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ABSTRACT 

Th* rabble Bed Eeactor i s a gas-cooled, graphite-KQtreraiee h4,gh-
te*?M*ranrr* reactor that i s continuously fueled with •saali "fpiieritai 
tuel *lei»ents, *B» projected performance was &iv*?i?A over a broad -
range; of neacrar appl icabi l i ty . Cal<ulatfi«iiv^i*riv dotte for 4 burner 

-v*.i: oa a uttowavay c^***.. a converter with w ^ y c l t , a prebreedr-x and 'l»rejB&sc» 
-rJ-? ;-̂ The thori«« fue-1 ^ycle was. t*»osid«yc^*«ing low, «**4i<flu <^caatttr«aft), 

'"'; • lb** Katie/ cra*c^U*5^j*is wet* carrle*! o*it f»r i S £ « « * * a i energy '•••••'.V:.^>\H; 

generation ie^'l7Q0 fftf plant. A steady-state , c©r;tinuows-£uelin& " 1 
eodel w *̂"tkrVc2Ap*<i and one- and tr idimensional calculat ions were us«d 
i o characterise performance. Treating a s ing le point in true e f f e c t s 
rerisiderabfe s*»vingp in conputer tine as opposed to following a long 
reactor history, permitting tv.«luai ion ot reactor performance over a 
broad range of design parameters and operating modes. 

The analysis of ore requirements and iuel costs indicates that; the 
concept should be competitive with others. Ihe best perfornance i s 
achieved with highly enriched uraniun recycle, and although fuel 
breeding i s poss ible , production of fuel at a s ignif icant rate i s 
l ike ly uneconomical. The following table summarizes key vesults of 
th i s perforBwnce assessment. 

This work was performed tor DOE under a technical information 
exchange umbrella agreement between the Federal Republic of Germany 
and the United States . Thf ef fort was primarily intended to produce 
re l iable resul ts independently froffi those generated with German atethods 
and data. 
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T:J1S i s a repor t jf ;:.tlcular icns 6<me- t: asse.-i tlw; pr<jecte^ 
performance of jSebble bed tiu»:leoi re-actf.-r.-*. -"V.* a i.'i.?si.s'v»s don* fcr 
JI)E under the ,tec*iniv-r;l intoxmat\.-3H excfc" •:»<%. ^abrcIKi *»?Tf cesser: t between 
the FJ&a and the J'S. Local 5*eth>*lA aar .".3-?** v>*-i U-M*!. 

1 " 

There i s s p e c i e ! i n t e r e s t »n tha ' i e* i> ; 4 t-c r e n t e r .-cticepr. in the 
PEG. Their 300 f&V IttHL d i i o n s t r a t i f i i»ia:i ' rs--->vird\-le^ to &a i»ro 
operation in 1983, ihi» appl ica t ion t<y V-t*'*-.'-"*".-' ^ c a u s e of_£he. 
excel lent perforw-K--,' -**: tfcs 1.5 Mite ~S£R -.uoty-tr'-- **lait' vi»leh has 
operated St a hi£*i r.¥ierB3l .efficicutf? *»tf sw ; - ^ . viu J1TIC a o s i of rhe 
tfffie. There is-;r.t.iiautoe. L:S fnte;^"i; _« *$•"•*• _.'±<o£ a t ^ - c o o J e d zeac to r 
concept which woull 'Aivr.i. J high cf'.er^} 1 ct:-,.; ^ P I C / 'Ahj&l;? &aesr j r e 
in e l e c t r i c energy ($«;nerotioi; plant-J cti in *-c-c.\s «.«ac />»}»/ t c t t i on*. 

TH t h i s repprf: v>> consider p w j ' lant -y / i i . v . , , »? ' y : th the 
following types o: opera t ion: 

1. Fully -r.ricned I-' 2" 1 feed.sit: thor'^.T, 
a) "chrowjway cycle (bur iv~) , •';. 
b). s e l e c t i v e reproces^ir.v and r>»/-?fle fiotivt-rter), 

2. Mkidiuvn -inriched (^20 pevceu U 2 5 5 ; ; : y J * u i t h thoKfer?> acl 
low f>irlciit»d, t;hrowj»way' cyc.'.A (butrMij, 

3. Denatured U 2 3 * in U* 3 6 with thorium, with :c-procjs<Lug and 
recycle ^converter) , 

4 . U2 * fuel (trm a prebr^edtr or ia?;V rearLor> vit.h. "thorium 
(conver ter , n^sar breeder , <>r breed- r >~.' 

5. Convert ins; fu ly enriched •».-''I5 fu<-„. . ' i th •. hovfuai-to U " 3 3 

rue's ( j r eb rueder ) . 

A coT(Si'4et;»t.o aracunt of ana lys i s has Ut*--,: vion*i nn th«* pebble bed 
concept in chv FRG, »*'*»-61'. ?, 18,.'$ Calcu la t ions have bet'.v 3one by the 
staff at LA!?I using the (ierman c^dts for ma-Virs*?. calciiJal 'to^s which were 
imported by t-'ivai for use in the U 3 ^ The enrty e f fo r t in t-n?.t'S was en 
assessment >>f "he performance of an advancf-i fcrtvder concept fueled with 
D 2 3 1 proposed hy the General E l ec t r i c Ccupft.v, . f-

Federal Petttblie of fiernuny 
But t h i s f s r t l i t y i s down due to.w.iter altering the core causing iron 
rus t and suUseijuent ca tn l ized carbon, .jxyfjea <-fi*;ction. dam/^iag pebb les . 

1 



Fnphabis at ORNL in the early effort w«:s on methods to treat the 
continuously fueled pebble bed reactor concept. An interim document 
vas issued reporting calculations done priibarily for an advanced breeder 
concept. Subsequent effort has shown that for the results reported, " ~̂ -: . 
the resonance shielding calculations left much to be desired, and-the >; - "S7J 

fission product absorptions were overestimated, causing the performance _.; "--? 
"to be underestimated, especially »t high exposure. However* tjbe sound ".'-.._ •";'-
conclusions draws wer*1-that the' U 2 3 3- inventory of ^p.^stism ^ss^ik^^Xy<j-Jf^t^f,zT^i 

,«it^ i plane a«st be-held d<:wn far the concept to be.etsanoprically". -- .;; ;^_ >>'V-^-^ 
' attractive and cowpetiriv^, -even for an â yatt*ed concept, jjmd 't^^'.^f-':^P'^'^^y^^00, 

break even fissile fuel .balance- is wore likely"than any significant / *": ":-"--'-̂  
r»ff proportion of. l'*3i fu*I with TJ* '*[ feed. . '' "'' " " " '.."" "'-.;,'" ..... v";' .- ;; 

This analysis effort vas a back-up "to that done in Germany. We 
claim originality only regarding some of the methods of analysis and 
thftir application. This work was intended tc produce reliable results 
quit-2 ir.dt.pt:n«]enLly of those generated with the Ger&an methods and data. 
Primary emphasis in this study was placed on the Jong-tena potential, 
not on a sptcific design, and variation in technolory lavel is considered. 
We consider the FRG arguments Supporting the once-through cycle, as 
opposed to rapid recycle, to be sound. 

The results of this study are presented and discussed in the main 
body of' r.'.its report. The unit costs used in this study are shown and 
che economic modeling is discussed in Appendix A. The resonance shield
ing model is described in Appendix B where certain reference resonance 
integrals are reported, and the broad group cross section collapse 
procedure is described in Appendix C, the calculations done with the 
NITAW1 and X5DRNPM models in the AMPX code system.8 The steady state, 
continuous fueling model Used for the base calculations by application of 
the VENTURE9 and BURNER10 codes is described in A. pendix D. The point 
reactor model survey calculations done with the PREMOR code 1 1 are dis
cussed in Appendix E. 

The drawing in Fig. 1-i indicates the geometric description used 
in these calculations. An average core power density of 5 Wth/cc was 
generall/ used. For a 1,?00 MWe plant 3,000 MW t h, this gives a core 
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size of 6 x io 8 cm 3 and the dimensions shown in the illustration. We 
label the two pebble types 4s ''priBary pebbles". (those loaded with fuel) 
and "fertile pebbles" (those loaded without ai»y/fuei,>v Reference is 

>m 
•/-.#,:- oa^e t o "cote residence time" t*hich is the time the ptxkarj. pebbles 

8': 

r500 cm 
Coolant FIJOW 

and 
Pebble Traverse 

Priaary 
" (Fueled) 
Pebble Feed 

,- Internal 
Radial 
Blanketing 
Region 

618 cm R 

__ ?ebble 
'Discharge 

Fig. l - l . A Simple Representation of a 3,000 MWth PebbJe Bed Reactor 
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A.relat ive ly thin i n l e t blanket region was usually included in the . 

'" model fejr considering the introducing of f e r t i l e pebbles above the primary -

pebble feed-point. -Primary treasons for using an a x i a l blanket \slre the ^ .. 

F^-f^^-P^^EorvTwtpairfftl^pKcu^^atteaEion has been focused .pn /ISie^^tEacJgLye^j^Tia^^vxg;*™ 

r? scheme iof ji^rooucli»g":pnly'fertile pebblesmear- the outside b'f ttX& ifeore i' *""' <> •/.f"" ' > y ^ \ 

.- tp'"effect an? internal blanket. ' _ • --; * * ->.H 

We discuss U_0„ pre consumption and commitment. -These, of course, 
3 o *' , ' * 

depend on the amount of energy produced and the details regarding „ 
enrichment from ore. Consumption is estimated directly from the dif
ference between fissile uranium feed and recovered fissile,uranium 
discharge. Commitment is estimated from total external fissile uranium -; 
feed, and thus it Is the amount of ore required to supply feed to one 
reactor" tover its life.. These are simple definitions, yet there are 
complexities, as regarding credit at the end of the reactor life. What 
.constitutes recoverable material on a throwaway cycle after it has been 
in a reactor? 

Regarding Potential Use and Development 

The pebble bed gas-cooled reactor concept has the potential for use 
to generate electrical energy in power plants. For the long term, the 
direct gas turbine cycle is of interest to eliminate a secondary steam 
system. The concept has the potential for production of high temperature 
process heat. Dual service to produce high temperature process heat and 
electricity has interesting applications which could be of considerable 
importance. 

L 
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.-?.> -". Operation of the reactor at a high temperature permits Rnergy conversion 
[ - •.;V-j,C>/'- a t a n*gh efficiency. . A plant operated at ,the low conversion efficiency of 
I •-• "^ -"'••••{Q.>V._ .-'-0.3 releases 2.33 units'of energy to the environment forevery unit prodoced." 

N--v--_fc; 

*fefi.v>".".-7- "riJsSS&jE**--;!:--?----..--.-^-*. •',.•-'• 3?-,* .•-, *•'.">*. .wc-v-'. -s ',<• ..-*-•».* .•••--, *-. ;"-.-.vv,-,<-v. •>••;'„ _-.. . • . _-•'•-: .•<••-. . ' - i . - . • ¥ • - . i/,tiv*-jr\~.^j^L'iA 

:?f*--- " ."v"'^^^p!v^'> , The;use of'-thorfun' in^a ihermal reactor shws a neutron economy "advan-- ' --v̂ -
*:•/;.~\ \}&$&£••: "•*. "tags'.over uranium because of the more favorable thermal nuclear properties'-

"/•"',• of 2 3 3 U over 2 3 9 P u and the higher isotope.mixtures. Short term non-
proliferation-rules can ..be satisfied using medium enriched uranium with 
thorium on a throwaway cycle. 

In addition to the considerations above, the pebble bed gas-cooled 
reactcr concept admits use in a variety of roles, from a burner to at 
least a break-even breeder, and a prebreeder to us«» 2 3 5 U fuel to produce 
2 3 3 U breeder fuel. Flexibility of the design anc» pebble management appear 
to admit superior performance — f o r example, once recycle of fueled 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. 
Blanket fertile pebbles may be removed and passed directly through the core 
to effect a high fissile content reducing reprocessing losses. 

Still the concept is not developed, and its development will require a 
considerable investment 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 is 
attractive considering the German commitment to develop the concept. Commit
ments may not be. forthcoming considering the problems of the Fort Saint Vrain 
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fixed fuel HTGR demonstration plant, especially if this plant will not 
operate at the design power level. Still, good performance of the FRG 
TKTR demonstration plant in the early 1980's could then change the 
situation. The current US effort is oriented toward the development of 
the fixed fuel concept. 

Development of the pebble bed concept faces technical hurdles. These 
lie in the areas of the requirements for control, heat "removal, instrumenta
tion, stability, Safety, pebble handling, and materials. The core could be, 
limited to a small and uneconomical size by the requirements. Favorable 
capital xnvesrmeht and fuel processing costs remain to be demonstrated.'; 
Licensing requirements remain to be established. Indeed a. preferred design 
Lot a large plant considering practical aspects remains to be identified. 

The pebble bed concept shows adequate promise for outstanding per
formance to justify a continuing investment in development. The tech
nical uncertainties must be reduced before the construction of a large 
plant could be seriously considered. 

Pebble Design an<. Exposure 

We believe that continuing development and testing will cause a pre
ferred pebble design to evolve which cannot now be predicted. It appears 
possible to achieve both the heavy raetal loadings assumed 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 n low carbon 
to heavy n.etal 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 reactor has apparently satisfied FRG licensing requirements with a 
pebble loading up to 16.5 gm and 100 MW -D/>gm HM exposure with consfd-

12 eration of control and safety as a demonstration plant. 

High expos.ire remains to be proven. The AVR experiment has demon-
12 straced the routine exposure of 180 MW -D/kgm HM, compared with 

values up to 250 considered in the calculations at a considerably higher 
21 power density. Test experience ha.s shown preferred designs, failure 

modes and achievable burnup. Actual requirements to contain the fission 
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products and effect a high exposure within an acceptable damage level 
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. 

Cross Sections 

The .microscopic cross sections used in this study have been used 
in the past - for analysis of gas coolad, graphite moderated reactors. 
They have a long history of^modification to improve results of calcu
lations compared with experiments, especially critical experiments"--and 
integral reaction rate measurements. Some of the data originated with 
the General Atomic Company. Some ENDF-IV data is deemed inadequately 
evaluated for thermal reactor calculations. cLittle of the current 
effort 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 resonance 
integral would not seriously affect the reported results. If the 
absorption rate in thorium were lower than estimated, the reported 
results could be obtained by modest changes from the selected pebble 
designs to increase the resonance integral, or by increasing the thorium 
loading, or vice versa. We have treated a realistic pebble design 
with a reasonable modeling scheme to account for resonance shield
ing, but recognize considerable unrertaintv due. to the simple methods 
used. 

It 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 challenge yet under study is 
that of establishing reliable properties for neutron transport across 
the reactor in the diffusion theory approximation given data for the 
pebble cell. Generally we have used n homogeneous, infinite medium 
spectrum obtained by specifying a buckling and representative reactor 
contents to generate collapsed few-group cross sections. Variations 
in temperature and nuclide concentrations have been ignored, except 
for the different thorium loading in two pebble types, in that a single 
set of microscopic cross sections was used for each reference condition. 



We have considered loading the pebbles vith ThO^. Sone si J iron 
was included, primarily to produce rear.1:ion rate infonsat ion to allow 
assessment of the dependence of performance on the amount of SiC used 
in the kernel coatings, if any. A significant aciount of graphite ••• --»n-
tamination was included. 

Mode1ing -

The steady state, continuous fueling model discussed in Appendix D 
is not a conventional method of calculation. The conventional method 
used in Geroany follows the reactor history from an initial "state. For 
this model we seject a point in the reactor history and assuaie that the 
feed composition, and rate have been fixed for some tine, causing the 
discharge composition and rate also to be fixed at a steady state 
condicion. A solution to the problem is obtained directly by adjust
ing r.v> fissile feed composition in ar. iterative process to effect the 
critical condition and. associated neutron flux distribution. This 
solution for the reactor properties at a point in the operating history 
is used to characterize performance. It is representative of all but 
the early history for throwaway of discnar^ed pebbles, but dots nor. 
account for the effect of fuel recycle after 'reprocessing and the build 
up of the higher actinides and the associated change in the reactor 
characteristics with time. The model was caosen to allow parameter 
studies to be done with a relatively sophisticated neutronirvj code at 
a rauch lower computation cost i.h=*n required to follow the apt. rating 
history. 

We note that although the critical reactor state is approximated 
directly, an iterative process is used to effect a solution. Many 
but not ail of the problems were tightly converged. Extrapolation 
-.-h'-me.? have been used to approximate c;v.verged solutions where neces
sary, and slight variations in results nay be due to incomplete con
vergence. I-ong reactor histories were calculated by exploiting a point 
reactor model which allows survey ca lcilaf ions to \>%: done at low cost. 
Account could be taken of selective recycle and an economic model appli 
i.o predict fuel cost for a single pebble type. 



Rt-^ardir^ fht •":.i!r-.tl.».tio;: >•: fuel costs *\<r U .VIT nlirtt .ipp! icat Lor. 
t \v re Is act a sinj>;e result, for a s i t u a t i o n . Many parameters can take 
on ranges in va lues , -and the si**r:ific.unt indi rec t c.ests depend en the 
d e t a i l s of the economic &\.t I . We report reference r e s u l t s based on 
choices which ntav or .ssay n : ;illi)v d i r e c t comparison? to be made v i t h 
r e s u l t s reported in .•>ther scudies , and s e l e c t i v e l y explore the effect of 
changes fr'oas the reference c a l c u l a t i o n . 

Primary <i»cuaent a t i on of the saethods of r ^ i e u l a t i o n i s found in 
the referenced r epo r t s covering the coriputer codes. 
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SECTION 02: BURNER PERFORMANCE WITH ENRICHED URANIUM 

We elected to make a majority of the needed exploratory calculations. 
with fully enriched U 2 3 5 feed vith thorium. There is interest- in the-
performance with this feed as a burner operation, the discharge saterial 
b£ing stored or possibly discarded. Complications frots changes in the 
resonance absorption of the plutonium isotopes are not severe as with 
low or medium enriched uranium fuel, simplifying analysis. . The calcu
lations produce information about the early operation vith recycle 
because a plant operated vith recycle must start without recycle. 
' • ~ ^ . - ; t . " A v ' • • ' O : ' - • . ' - : ' . • "•- • • • I , - ' : - ;̂ Pqtot;-ia6deI calculations ;werj> isade to survey long reactor h£storJ*s^* 
basic fuel cost data for such histories was generated and the effects 
from -Vaf.ia.lion in the economic data were determined. One-iimensional 
parameter studies were done by obtaining continuous fueling, steady -statr 
solutions. These one-dimensional parameter studies were made priasarily 
for a thick radial blanket (using a small radial buckling). Two-dinci
sional results were obtained for selected conditions, includinj; t W ast: 
of fertile pebbles to effect a radial blanket in the reactor, and flat
tening of the power density by variation in fuel enrichment (increasing 
it radially). Calculations wert* made to examine behavior after shutdown 
and after a power level change. Finally, two-dimensional discrete 
ordinates calculations were made to assess the cor*- nuclear properties* 
with and without an inlet axial blanket. 

At the start of FY 1978, a number of exploratory calculation.* wer<-
done before the calculational procedures had been fine tuned for t\.' • 

effort. An abbreviated fission product representation 
underestimated neutron losses, overpredicted the conversion ratio and 
underestimated the fissile feed rate. Conclusions drawn from this early 
effort served to guide the effort, and some of those, especially appli
cable to the throwaw. v r%'cle, are: 

1/ Decreasing the cor* height from that for a nuclear optimutr, 
bare reactor decreases the power density peak, an effect 
observed in the German analysis effort. 

2) The fissile feed rate varies slowly with changes in a design 
(such as change in the carbon to heavy metal ratio) for a giwn 
exposure, and this causes the fuel cost and the ^30g ore con-

~- sumption and commitment to vary slowly with design changes. 

http://-Vaf.ia.lion
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1} Once-recycle cf the fertile pebbles reduces the fissile feed 
rate ; nd hence reduces fuel cost and ore consumption (but the 
effect is less than expected). 

4) The economic opt imusjC/HN ratio was predicted to lie below 
the value of 125 chosen in Germany, for both throwaway and 
recycle wit!\ enriched uranium feed, using indirect costs 
representative of US utility companies. 

Selected results from these .aarly calculations are shown in Table 
2-1 for the steady state, continuous fueling model. These results show, 
for exasple, the effect of core height on the power density peak.. These 
results shov small inconsistencies reflecting the preliminary nature of 
the calculations done at the start of this work. Information about power 
density peaking and exposure by pebble type was made available after such 
early «.al<.ulati<j<i:> had betn ro-:ae by enhancing the analysis methods. 

Table 2-1. Results of Early Parameter Studies 
(One-dimensional, axial b lanke t , 1200 MWe p l an t , 

5 « t h / c c , atomic C/HM 325) 

Case E4A! B4B1 B4D1 t3Cl B3F2 S4C1 B4E2 B5C1 

Care Heiqht {enj 350 500 900 700 700 700 700 700 

Cycle ( p r i i w r y / f e r t H e i 1/1 1/1 !/! 1/1 1/2* 1/1 1/2 1/1 
Residence tia>e ( f a l l power yrs) 4 4 4 3 3 • 4 4 . 5 

Conversion Ratio .617 .637 .640 .676 .624 .63C .594 .605 
f i s s i l e Inventory i¥qfn) 1,267 1,125 1,030 1,019 1,123 1,065 1,122 1,093 
p*<»> A>,al Power Density 

'tt m; ' 11.fc 14.5 19.6 14.6 14.7 18.8 13.5 V.7 

Care LeaMoe Fraction .0355 .0695 .0584 .0555 .057! .0653 .0702 .0723 

Average f^posure (HW,h 

HfKqnWt 1 1 / . t, l i b . 3 118.1 90.22 141.3 117.3 )b/..H 142.7 
feed Rates {tCgm/D at f u l l power) 

Primary Th- • 5.6009 5.600? 5.6000 7.467? 7.4679 5.6009 5.600* '4.5430 

U "' 1.9819 1.3943 1.3930 1.9268 1.6696 1.9375 1.67.'!0 1.927! 

U * ' " .1056 .1010 .0999 .1028 .0882 .1030 .0895 .1023 

Fe r t i l e T h " 2 17.817 17.816 17.314 23.756 21.392 17.317 16.099 14.451 

Pa-' .0021 .0006 

u ' : .4476 .3329 
<)• • • .1508 .1339 
u •''' .0292 .0233 
U- " .0030 .010! 

a0ftee-recycle of the fertile ?ebb!es without reprocessing. 
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The initia? fissile loading at reactor start ap v--~ net usu.iliy 
obtained in chis effort. Hovever, it enter* the fuel cost calculations-
Selected results are shown in Table 2-2 for the clean core with a one-
dimensional model assuming radial blanketing. 

Table ̂ - 2 . initial Reactor State Conditions 
(One-dimensional, clean core) 

C/HM, nominal 115* 115b 1/5° 173 
Core height Cera) 500 700 300 700 
Fuel - i!*53 U 2 " : I T J S I T 5 5 

Fissile Inventory 
(Kgm) 2,128 2,162 i, 36i i,>5* 

Conversion Ratio 1.098 .916 ,856 .&6I 
Peak Axial Power 

Density (K /ec) 11.62 7.8J 11.41 7.63 

Only the upper half of Lhe core fueled. 
No ajcial blanket at the i n l e t . 
Mo.it of the fuel in the upper ha.'.r of the core . 

Primary r e s u l t s of one-dimensional parair>eter s tud ies are siovn in 
Table 2 -3 . These r e s u l t s indica te the improved fuel u t i l i s a t i o n rv .ticc 
recycle of the f e r t i l e pebbles without reprocessing. Radial blanket i::c 
was assumed in these cases . The "cycle" terminology 1/1 mearss fresh 
feed for both streams, while I / I / ? means fresh feed for both s t reams, 
but the f e r t i l e pebbles are recycled or.ee (wlthou. r p rocess ing) . 

Th" supplemental r e su l t s in Table 2—'. at a C/HM of 2iO display iht-
effect fron va r i a t ion in the i n l e t design, within the l im i t a t i ons of 
diffusion theory anrf t;he geometric represen ta t ion . The r e s u l t s for 
increases in ""he radi, ! '- irkHwg indica te the effect of increased 
neutron leakage, as woi>! : he the consequence of less e f f ec t ive r ad ia l . 
blanketing and/or a smaller reactor s i z e . Liter two-dimensional 

230 

700 
L . 2JS 

. 851 

7.67 

323 

700 

" 7 / <* 

.82-'» 

7.66 

400 

700 

620 

.793 

7.66 

http://Mo.it
http://or.ee
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Table 2 -3 . Results a t Several Heavy Metal Loadings 
. -..-• (One-DUnensional, Av.iat Blanket, 

1,200 MUe Plant, 5 K t h / cc ) 

&u »* 1 ! « 4 l »Q1 WK1 W l 

" • * * » # * • * « " . ' -of <for»if.> 

, i - ' -^«».!; 7 1 *" t ' V i K « r yrt> 

"%»-* S**rft<^ '*<T'/C *S *rfTT SOW'! 

f » « 
P* 

ft** 

r-53 

ES Yfi va «c ~A I X H»" 

v% HI '- ITS " 7 = ?SC KS J50 

v; « '7 5/1 T</2 V* m i/i.-2 

* J 7 5 3 * 4 
- . « ? _ "fc'sR \ -tr* .642 -«7? 6 5 5 Mi 
1,68ft l . V * '\ tv»? 2.123 V,JU M i s 3.551 
2C3«* ?'.'.9 i.in J.JK 2.224 -'ZSZ7 >.JM 

M.«' l*.< ?.e t i 3 JJ.3 - 16.6 - J.*.? 
.9C5 -ft » - - 0 « * .<»57 .9*68 .&« . » » 
A* .K !l . » » . . I l »» .MK .105* .1175 

TJ.e- «K.e i i 7 tv. 73.J * - 3 15«.2 
m/si.s !«*. '».? €7.7/! ' . . s IViVr- 17"'H.» 2 y y « . s 2357113 

l i . W i2.e?c 3'.. 67i M.UA 8 SKI 6.C17 e .«? i : 
^ »ĝ > 2.1387 3.173J i . *K! .. 2?2*« 2. USe 1.9232 

. 4 l « ._?!» .?€% ..1CS5 .H8t .mi .1033 

is.m ?e.sa: ; "• « /Vl K.1502 K-.505 22.V5C U.250 

^rlajry Ot*:>>*rs* W 

c ^ 1 

y?3*. 
' 32 
,233 
,.233 
.,234 

u 2 » 

FHKK Ca 
Ot*»r 9* 

f * n U e Ot$Cft**«t T h ? 3 2 

P | 2 3 3 

;,23« 

"nctf tn«t tn* P*bfc'« **»« about ttie 5*ew )o*S 11 «< * Z/W'.lt. 

it.-n » I . « 6 *:r.*rs ," 1 ? . « 2 7.997* , 5,931* 59t61 
MM. MX* ...51?* .3013 .0019 .13103 .0007 
. !4T7 ,?7?S . « ? « ' .279* .174* ,2 376 .1367 
.OM? .0775 . * » « * *yv» .(3451 .5M3 .0376 
.174? -US5 .7M9 "-1 .1324 -1?*!> .0863 .0890 
3171 .3rt68 .419* .2890 .3230 .3063 .:78s 

.0930 .1X71 .1409 .0815 .0930 .0ft87 .0807 

.0022 - .00?! ,K3ts ,oeo .1019 .0017 .0016 

.0019 oot:- •w*o .0C16 .3019 .0020 .0013 
18:W< u.»ia ;S.1M 6.8379 26.067 29.696 9.5523 

.0017 .cooe .01*3 .;»»; .0031 .0011 .0011 

.4380 .3573 .76% 16B9 .590* .«M4 .2115 
,1120 .3037 .!IJC .3690 .1530 .1397 .0928 
.CJS5 .0262 0IW .0223 .0297 .0307 .0252 
.0£4S .ooto .0015 . 0 ! U .0056 .0078 .0143 
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r a b l p : - 3 . (C&L'jIi'.. 

««1' .-!3t * : i «-.' s<-r*;.«*. C * ' Ux' 

K * 

II II 

325 V5 3*5 ". ?•- ' 1 - . 

' - ' > ' * • ' -: , : - '--

f £ * f'r" . 5 * : - " - ' " - -•* 

' • . - j , - • " - » - . • ; . ; ; - _ , V - . - . — , 

' ? . * - . •- i f . f '. V $ . " ! i - ~ 
..'»>: .i .-ft. .te>r ' "̂ Cvs ' . . V. f„ 

-, «:- ""-"-z i n-'.i n;: 

-.awe 
.2160 
.0005 
. i « e 
.3488 
.1116 
.ooie 
0017 

33.755 
.ca;s 
.6579 
.1576 
.0254 
.00*2 

6.9281 
- .5567 

.1503 

.0458 

.aeaa 

.321? 
0962 

. « 1 S 

.0019 
22.035 

.001* 

.4517 

.1438 

.0277 

.0068 

' it** 
» 0 . - , 

.aois 

.«S1T 

.1*36 

.'An 

.0068 
6.539* 

.0005 

.1530 

.5426 

.1X1 

.2675 

.0*29 

.-3)14 

.0016 
20.524 

.0013 

.4405 

.2080 

.0502 

.0276 

i/.ft'7 :-r-.3«r--

1 5.«a»7 
.0?>;2 
.1133 
.0*05 
.0542 
.5090 
.0684 
.0014 
.0020 

16.227 
.000* 
.3390 
.1276 
.0271 
.3066 

5.e861 
.owe 
.1265 
.0405 
.0*52 
.3077 

.aw 

.0014 

.0019 
18.694 

.0023 

.3794 

.0257 

.0073 

K--*< . , 

'-'?£* 

18.69*. 
.0023 
.i?5< 
. 126! 
.15:57 
.0073 

5.9174 
.0006 
.1291 
.0376 
.0794 
.2765 
.0814 
.0014 
.0017 

17.256 
.0018 
.3640 
.1754 
.0433 
.0275 

<V 
\A '• 

< *•'• -

L~w C708 
. 'TV .-'J4 

; '•*;.. 
• . ' 5 : '4 'H5 

.104 > 
n.iso? 

5.9012 
.0007 
.1277 
.0392 
.0711 
.2915 
.0853 
.0014 
.0018 

8.*265 
'.00 VV 
.1797 
.0680 
.0214 
.0138 

i t 
" 1 

*.04 

4 r : 

: .w. 

*ti~ 

n > 

9.222: 

29.453 

8.6688 
.0014 
.1734 
.3477 
.1366 
.3576 
.1122 
.0015 
.0017 

27.740 
.00*2 
.5446 
.1524 
.0246 
.0049 

* • 'e 
. 3 _ .52i .558 

n - - «<3. 567. 
2.J.*; ' » ; * 

7 - r ie.e 14. i . 
-'. «- vft33 .<J7?3 

- . J T"3C >'6* 

• : • •• 538.1 !5vf.7 
{ i - t 29=7 '63 a il l . M S 

f r i " - *,,. c 7-y.-
. •:-.. / 27;i 2.1156 

. *i * ,1207 . l !2S . 
!-?.'.-', 14.7-6 10.710 

5.6770 
.0003 
.1204 
.0416 
.•J65£ 

.3155 

. 1S06 

.0014 

.0020 
18.091 

.;oio 

.3653 

.1334 

.0251 

.0073 

'•13 

.1847 

.000'. 

.0896 

.1361 

.C3S9 

.09:8 

.3013 

.0021 

.307 

.0003 

.2704 

.1160 

.0238 

.0089 

6.2327 
.0010 
.i2S4 
.C390 
.J762 
.3101 
.0934 
1013 

.0017 

9.2093 
.0014 
. 1848 
.0925 
.0204 
.0127 
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Table 2-4. buppiemetital Results for Fully Enriched Feed 
(One-Dimensional, C/HM 250, 500 cm height, 

1,200 MWe, 5 W t h / cc ) -

Case AtiXl 3 AflX2 A»X3a AHX4a 

Reference Conditions 

Core Residence TiiFe (Yrs) 4.0 * .o . VO 4.C 
F e r t i l e Pebble Recycle Blanket Core Core Core 

•Axial Blanket 'ere) 35.71 35.71 0 0 
" Top Reflect iot; Weak - Weak Neafc Strong 

.Radial Buckling {car'') 0.7*10~ 5 0.7x10"' 0.7xlQ~ 5 0,7x10" S 

- Equivalent Core Radius (m)°- - . &09- 909 : - 909 909' r 

Conversion Ratio .62.1 . .627 .585 .601. 

F iss i l e Inventory (Kgm) 1,551 .1,508 1,651 1,436 
Peak Axial Power Density (W tj./cc) ??,« 13.0 12.4 T4.7 

Core Leakage Fraction .0614 .0598 .0781 .0696 

Fission Product Absorption Fraction .1175 .1185 .1155 .1169 

Exposure {MMthD/ltgm HH) 

Average 154.2 152. * 151.0 151.7 

Primary Fer t i l e 205/113 203/114 214/103 212/106 

Mass Balances (Kgm/D at fu l l power) 

Primary Feed T h 2 3 r 6:4210 6.4210 6.C21C 6.4210 

s 2 3 5 1.9232 1.8897 2.0867 1.9955 

U 2 J 8 .1033 .1007 .1112 .1064 

F e r t i l e Feed : T h 2 3 2 11.250 11.250 11.249 11.249 

Primary Discharge T h 2 3 2 5.9161 5.911/ 5.9152 5.9059 
Pa 2"'' .0007 ; .0007 .0009 .0007 
y2H .1367 .1363 .1381 .1364 
u??<. .0376 .0381 .0375 .0385 

u>" .0890 ; .0842 .1010 .0822 
..(|?3« .2785 .2733 .3034 .2857 
U'" 3 e .0807 .0791 .0872 .0836 

F iss i le Pu .0016 .0016 .0018 .0017 

Other Pu .0018 .0018 .0019 .0019 

Fer t i l e Discharge T h 2 * 2 9.5523 9.5379 9.6711 9.6392 

P a 2 " .0011 -0011 .0014 .0011 
U 2 * 3 .2116 .2103 .2163 .2122 
u 2 "* .0928 .0935 .0908 .0920 
U 2 ^ .0252 .0253 .0244 .0247 
(j/3f. .0143 .0146 .0125 .0133 

These cases hat about 0.0017 fraction neutron absorptions in silicon while 
bthe others had none (inadvertently). 
Actual core radius for 600 m3 is 618 cm (but with power flattening the 
effective radius may be less than this). 

cThis case treated 13 energy groups Instead of 4. 
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calculations allow comparison with spe.-ific two-dimensional models and 
. ..-- generally show less effective in-core radial blanketing than was assumed 

- * •'",. ?.-;'C-.' f o r C n e £ c calculations,-decreasing the conversion ratio and increasing 
•V. .. t.r-. VvL>''~~" t n e fissile .feed rate. 

Neutron balance data accounting for losses are shown in Table 2-7 
for selected cases. 

The data presented previously allows the assessment of perturbations 
from the reference cases. A 0.01 fraction increase in neutron loss 
causes about 0.02 loss in conversion ratio and 0.05 traction increase 
in the fissile feed rate. Thus removing the silicon and an associated 
absorption fraction of 0.0015 would be expected to increase the con
version ratio by 0.003 and reduce the fissile feed rate by less than 
0 0 1 fraction; doubling the silicon content to better contain the fission 
fragments in the heavy metal kernels would reduce the conversion ratio 
by-0,003 and increase the fissile feed rate by less than 0.01 fraction. 

Blanketing and Power Density Flattening 

Regarding power flattening, consider first the core without a radial 
blanket. By increasing the fissile feed enrichment radially outward, 
the exposure to a neutrjn flux which decreases radially outward can 
effect a nearly flat radial power density. Flattening reduces the peak 



19 

to average power density maximizing the power level for a given limiting 
heavy metal temperature. - - ' 

Variation in the radial power density directly causes the efficiency 

form exposure, avoiding a distribution about an average, which maximizes 
the allowable exposure before severe pebble damage. With a longer resi
dence time at the edge of the core, exposure increases. To effect the 
same exposure with a 25 percent variation in the residence time would 
require a peak to average power density of about 15 percent neglecting 
axial effects, while with a flat power density the exposure would vary 
approximately as the reciprocal of the residence time. (Axial depletion 
of fuel reduces the effect.) ^ 

Disadvantages of power flattening include increased neutron leakage 
decreasing the fuel conversion ratio aind increasing the fissile inventory 
and feed rate, increased power density near the reflector which may ex
ceed that inward due to neutron-flux peaking in and return from the re
flector, and elevated flux level in the reflector increasing the damage 
rate. The increased fuel requirement can be held tolerable by incomplete 
flattening, holding down the feed enrichment toward the outer edge of 
the core. This holds down the power density peaking near the reflector 
and reduces the flu:; level in the reflector. (However, the power density 
peak is not reduced as much as it could be.) The effect of the condition 
near the reflector is especially important because of the large volume 
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Table 2-5. Two-Dimensional Results for Fully Enriched 
U 2* 5 Feed With and Without Internal Radial Blanket 

(5 W t h/cc, 500 >=m height, 1,200 M W e ) a 

•s i C* i * 

¥%*•> .• > ^ ^ 1 ^ V 1 ^ C ^ ' ~ * £ " ' ai*nket fra-t .d of £ore , 
£w^ R«5*<lence.T";Be (foTf toner jtyl 

w e n - ,;>K3e "- - . K.iT "WZ34 SR2486 

255-J ,,250'-. 25ft , 3 0 ' 2SO. . . vV-: - ". 
• ' j i / i - • •"«. i n • - , . . . . 

v 4.0-:-,.. - r ,*.'av°; ' 

'"-• .'.- -*-S\ *.*!/> i r ^ - o 

- , 4 . 0 - "•'••>':;i\2: 

• ' • " • ' . . " - & 

. . - - M V v * t t . v 

/ ^ V -

sS^:-; ,' cxfwsure 0v t ( ! D/fa*.- » : 

Pr.miry/Fertlle by lone 0*t» 

-o: 
'2J 

. . (31-
(«i 
(5) 

-' («) 
Xsss Balances (KqR/D * t f u l l obwr ) 

J r i w r y Feed 

F e r t i l e Feed 

Primary Discharge 

F i s s i l e 

OWer 

F c t i l e O'icndriM 

Th ' 

u ;" 
; r ' 

Tn-"' 
rtr' 

f.' '** 

* ( • • 

p» 

Th" 

?»'•• 

' ! • ' 

V" 

U ' ! 

! J ; ' 

- - " • < . - " " ; -"S^5Mt."5V /•" '.-»..iff-V v ' '-;;"iTM«i',; '• 5.243-5 
— • . . ' - v 5 top.*. V ( - 7 H . 4 -. "5.~<nn.'f •• -S 64 V% 

' -* - '-"• i i 9 K - ^ "V-"7iOW-S -. 7.SW-S- • J.5«3-5 
—, fer i i le l •X.". fert i le fern ie fertite fer t i le 

fertile-: 'ert i lp ferti le , , Fertile fert i le 

i S t W ^ . ^ ^ j -

9 - .3 K . 2 31. « . l H . Z 

?5?/62 2Si,'60 - 246/57 2-51/56 242/56 
2H7/K 264/62 S6G/61 2ii /6C 253/60 
Zc0'56 268/SS 263/58 ? W S i 260/Stt 
2J»/36 239/37 263/40 273/40 270, 39 

- / ! 6 - /17 - - / J 9 - /25 - 720 

- / « - / 9 - iVi - / H - IV. 

5 U\H 5.121?, - 5.I2I8 5 1216 5.1218 
7.llt,l 2.2lfi6 2.7-/44 2.232? 2.2487 

; i % . • W2 . 1 If-6 , .I13C .1199 
2 S . « 5 » . • : " ' > 25.409 25.409 25.409 

4.6766 4.6?6? - 4.6787 4 . 6 « r 4.6794 
.0005 .0C05 ,3005 .0006 .0006 
-riJ4 .1135 ..?: V .tm . ,1151 
.0337 .0337 .0335 . 0 3 3 J .0336 
.1044 .1036 .1092 .1124 .1207 
.3U5 .3168 .3188 .3203 .3233 
.0899 .0897 .0904 .0908 .0912 
.00)9 .0019 .0020 .0020 .0021 
.03?2 .0022 ~ . .002? .0022 .0023 

23.611 23.601 23.591 23.687 23.587 
.OOJO .0021 .0021 .0021 .0023 
MV-. .4e44 .4903 .4932 .4970 
. !? ;» .17^6 .1294 .1296 .1308 
.0286 .0237 .0286 .0286 .0289 
.0078 .0078 .0076 .0075 .0074 
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Table 2-5. (Cont'd.) 

1F266 •R3J0 Mtf' l "P->'.2 SW326 •f>"e 

• - ^;-.:v-

2 % 325 

t / l / 2 c « / i 

0 . 2 0 

«.o i . 5 

.s« .571 

: ,V26 1,259 

S.Q " . 5 , 4 

: : . ' 20 S l r / f S -

.2*56 •• .0843-

. t l / 6 -5049 

4 . 7 2 6 - 5 * . i 22 -= 

5.327-5-

5. «27-5. 

7 . 3 2 7 - 5 

• e r t i l e . 

* e r t * l » 

325 , 3 2 5 3 ? ; 

i ' l ., I / I i / 1 

• J C c-
3.S 3 .5 3.5 

' .5C5 . . 5 6 4 " . 5 6 . ' -

•T,'3(S i . 3 3 3 1.329 

»e.2 ; 3 . J . ' 6 7 

« 2 / I 3 / * > / I i 41 /13 

.2B72 -0913 ' .C89>2> 

.1035 • ,1030 , ' • ' " -143J 

3 .356-5 2.645-5^ 3 . 4 0 7 - 5 

: 3.7.36-5 3 .475-5 3 . 7 4 4 - 5 
,«. 1 7 * _ ; i . 3 S i 5 ' " 4 . I . / 7 - J 

4 . 5 4 6 - 5 5 . 1 3 6 - - . 4 . 7 4 7 - 5 

4 .99€-5 S. 965-6. 5 3 4 ' - 5 

•^.'55f- t. 5 3 6 5 ' i 6 . 347 -5 

,3&4 

1.326 

1 6 - i 

• i ? / n 

-0£S8 

103* 

3 . 5 6 0 - 5 

3 .762-b 

~.JIS-3 

4 .458-C 

5.37.!-5 

5 : ? 2 - 5 

• / • • 

0 .1 

3 . 4 

.564 
t.282 

37.9 
« > I 4 ' 

.0776 
. " . ! « £ 

3 913-5 
,4.113-5 
4.3IJ-5 
4.353-5 
5 31'».i 

' e n t i l e 

325 
l.'J 
3.2 
3.3 

.55? 
1,241 

21 ,> 
55/16 L. 

.0/10 ' 
. vVOM'-' 

* . 3 « - r 
4.450-5, 

- 4.740-,-. 
' 34-V? 
fert i le 
*ert:l* 

€ 

to:.e !0i 6 m 

233/106 235 /56 200 /43 106/35 70; '47 ' 215>5: ' 3 ?.",."• 346 '57 

242/10? 23P./65 223/51 VMVl • .2.-1'5-; 2 2 3 ' 5 ; - Vi ; . - £ 2 5 2 ' 5 5 

255/53 2 3 4 / 5 ^ 24:9/55 243 /56 237/53 2 3 5 / 5 2 - 2 4 4 - 0 : 25.V57 

262/92 2 2 J / 4 3 245/--1 -7&C/54- 74g.'*-. 73«/47 24£/4£ 2 ' 3 . i 0 

- / 3 2 n 2 7 / 3 0 - 23S/J7 ?e«/4Q 243/35. 240/7,4 . 741.-7ST 
. " • ' " ' " ' 

. / 1 7 183/23 270/77 245 /29 224/25 221/24 - / l a - /} • ' • 

5 .1216 6 .4749 6.4749 6.4759 fc.4'49 6.47. ' . ; 5 .935? ^ .5605 

2 .T64* 2 .3253 " 2 . : 2 e ; 2 .3670 7 . 3 7 7 , 2 .36*6 2.2oc» 7 . 2 : 0 ! 
.1154 .1235 . 124.0 .1260 . 1 / 6 ' . ! 2 i ! ' .1215 . ! ' " 3 

16.392 2Q.559 20 .599 20.5-V, 7 0 . 5 - 0 2 2 . 3 H 2 4 . 'M 
4 .5965 5.9367 S.Wri ' 5 . 9 9 1 4 5.391c 6.701C 5.4691 4 . ? ; 5 ; 

.0005 .0007 .toy-. .0002; .000" .••:r-r- .9007 00C6 

.1151 

,0330 
.12 36 

.QJ24 

. ' 3 0 3 

.G;73 

.13 ' . ' , 

.03/6 

'.3 '.•; ' 

. 7 ; ; ? .03 "0 • .:.:-56 
. U 5 5 . i l ' - s -.1130 .!7:f. .U?i 1230 .1049 .38*4, 
.3154 .3349 1366 .1425 ' .3443 . 34-4 .3300 .1244 
.08155 .5996 .0997 .1012 . I K ! . 'or: 7969 .0937 
.0020 

.0021 
.0017 

.0020 

. 0 0 ! " .0?"!;: 

.007! 

. 0 0 ' . ' 

. 00 ,1 

. 0 0 ' -

.7.071 ' -

. 3 0 ! " 

-.0021 
.0017 

14.697 

.CC'O 

. . '37.! 

. 014? 

!:.ois 
.0022 

.3>,}2 

.1215 

. 0 2 4 / 

19.029 

.0073 

. i l l " , 

.1700 

19,038 

. 0024 

.1913 

. 1 1 ' / , 

. r, f. 

19.034 

.0027 

. .97 0 

. 17":0 

.07 1 7 

H . ' J / l 

.002 1 

.'1917 

.17 ,7 

.07 w" 

7 0 . 6 6 ! 

.:,"!? 1 

,!/'.-' 
1 60 

2- .45C 

00?' ' 

. U')4 

.177S 
, • ; • 

.0136 
.0066 . 00',/ .0061 ., ,-',.- . ) ! , ' • . ; : • / ' i 



22 

Table 2-6. Additional IVo-Dimensional Results for Fully Enriched U 
(5 W t h/cc, 5C J cm height, 1,200 Mtfe) 
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Table 2-6. (Cont'd.) 
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Tab It- 2-7. Oistribatioo «f Xeutron J^ostses 
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< 2 involved (volune proportional to r*). Flattening may significantly 
aggravate xenon driven flux oscillation increasing control requirements 

to limit the-damage rate to the graphite reflector.) Radial blanketing 
can also effect a bottom blanket with ported pebble exit due to natural 
pebble flow. The use of fertile pebbles for the radial blanket is 
attractive because they can be continuously,removed and then passed 
through the core without processing to effect sufficient fissile content 
to avoid both uneconomical- processing and high loss. A radial blanket 
likely disallow the location of control rods in the reflector. 

Blanketing 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 leakage would be reduced, increasing 
the conversion ratio and reducing the fissile inventory and feed rate. 
A 50 cm blanket above a 500 en high core adds 10 percent pebble loading, 
but these are unfueled pebbles. For effective blanketing, these pebbles 
should stack above the others. This would increase the coolant pressure 
drop, but less than by a factor of the relative height increase since 
the inlet gas tetnperture at the top of the core is low. 

The means to effett a near flat zone of pebbles at the top of the 
bed, with introduction of pebbles below it, would have to be invented 
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and demonstrated. Shorter residence time of-pebbles near the center 
tends to cause a voided inverted cone at the top which may be & severe 
impact. Indeed the requireaents for control and shutdown rods may be 
severely impact'd by an inlet blanket of moving pebbles. At least there 
would "be increased requirements for structural support to maintain free 

; rod passages, if these are required. The requirements for a demonstra
tion of satisfactory rod positioning capability and associated core in-
Strumcmtation appear to be impacted. With this study has coae the feeling 
'̂ifcSfc fl$&il* pebbles can not be 4ed under a fertile pebble blanket and 
an adequa^ i s suspended 

^.f&Bwe Jthe ciwr̂ i i&ich would require structure and rfee renoval,; replace
ment and reinsertion of the blanket pebbles into,-the core some way, 
•hopefully without plane shutdown. " 

Effect of Pebble Packing -

The dependence of performance on" tie pebbU packing fraction was 
calculated, with the following results: 

Pebble Packing Fraction 
Coolant Fraction 
Conversion R*tio 
Fissile Inventory (Kgra) 
Fissile Feed (Kgm/D) 
Peak Power Density 

Core 
Primary Pebble 
Fertile Pebble 

Fission Product Absorption Fraction 
Core Leakage Fraction 

10 Percent 
Reference Packing Increase 
0.61 0.671 
0.39 0.329 
0.6298 0.6523 
1,562 1,628 
2.160 2.133 

19.6 18.6 
53.5 48.6 
15.5 15.3 
.1037 .1003 
.0572 .0500 

Increased Problem Size 

More meshpoint.s and exposure regions would be used for design sup
port calculations than were used for these survey calculations. A few 
problems were solved to test the capability. The number of axial regions 
was Increased from 14 to 30 for the fueled pebbles (34 Including an 

k 



axial blanket), and the radial from 5 to 11, making 644 compositions to 
treat for exposure compared with 136 typically used in the analysis. 
The number of (R,Z) cashpoints was increased from SO ' 52 = 2,600 to 
53 • 88 = 4,664, J8,656 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 vas 

found at a small increase in the fissile feed rate, and relatively good 
flattening was found to be possible with only 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 present 
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 
Mw . 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 must 
be shielded, so an internal graphite reflector is necessary which would 
be subject to a higher damage rate than the external reflector, inviting 
adjacent blanketing with fertile pebbles. It may prove feasible to 
locate control rods in this internal reflector and also associated 
instrumentation, possibly attractive for control of xenon driven flux 
oscillation. A 75 cm radius concrete column and 36 cm reflector has 

2 2 
an area of 3.87 m compared to 120 m for a 618 en radius cylindrical 
core, an increase of only 3 percent and an outside core radius increase 
to 628 cm, not very significant in considering such aspects as capital 
costs. However, shielding of the concrete may require considerably more 
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 distributing the feed pebbles. This could reduct- the 
variation in pebble exposure allowing increase in the average. The re
quirements for power flattening do not appear to bt changed much, but 
the neutron flux which peaks ir. the annulus n-.ay not be as stable. The 
tendency for xenon driven radial flux oscillation within the annulus 
section is reduced but across the whole cor" (azimuthal) is greater. 
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Requirements in the the ratal, hydraulics area •ppear to be no more diffi
cult to satisfy, although multiple coolant entrance and exit ports may be 
even more attractive with the central plug • •..• ling through the reactor. 

Results for at- annular core with a 73 cm concrete plug and a 36 cm 
internal reflector were shown ic Table 2-6. 

After Shutdown 

After reactor shutdown, the level of 'Xe poisoning passes through 
a maximum due to 1 J S I decay and discontinued absorption loss, and then 
decreases to zero due to decay. Also, the. decay of 2 Pa to --' U fuel 
adds excess neutrons in a neutron balance. Wiih 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 special interest 
are how long the plant would stay phut down before startup is possible 
(Xe override requirements), and when the multiplication factor increases 
above unity 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 
fueling model explicitly is considered including ''Pa*-* U, I -*• Xe, 

l t ft I l» P I L QUI 

and the route to Sm involving 'Pm and F..i, at operating tempera
ture. Note the significant effect of the loading on behavior. 

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 below: 

Multiplication Factor 
ter Shutdown (Hours) Hot Cold 

0 1.0 1.0297 
6 .9516 .9799 
12 .9483 .9765 
18 .9591 .9876 
24 .9735 1.0024 
30 .9871 1.0164 
36 .9984 1.0281 
42 1.0071 1.0370 

13,140 1.0729 1.1047 
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Table 2-8 . Mul t ip l i ca t ion Factor After Shutdown 

2 3 3 U Feed 
C/HM 175 

Once Recycle 

2 3 5 U Feed 
C/HM 325 

Once Recycle 

2 2 5 U Feed 
C/HM 175 

Once Through 
Case Descri ;ption 3 Year Residence 3.5 Year Residence 1.5 Year Residence 
Time After Shutdown (Hrs) 

0 1.0 1.0 1.0 
3 .9761 .9587 .9772 
6 .9654 .9404 .9671 
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 1.0013 

Time After Power Level Reduced to Half (Days) 
.5 
1. 
1.5 -> *.. 
2.5 
3. 

.9986 

.9981 

.9976 

.9971 

.9965 

.9960 

1.0012 
1.0011 
1.0010 
1.0008 
1.0006 
1.0005 

Time After Power Level Increased i 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 * I0~r' per °C (without change in the 
graphite temperature), where the temperature rise would be the average 
.n all of the heavy metal (considering fissile and fertile content). 
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The after-shutdown situation may he examined for partial override 
capability. The following results are based on the two-dimensional 
calculation for shutdown with i C/HK of 250 without any allowance for 
delay in effecting power or temperature changes: 

Fraction 
Override 
Capability 

Worth 
i n keff 

Time in Hours Fraction 
Override 
Capability 

Worth 
i n keff 

Restart 
Allowed 

Restart 
not 

Allowed 

Restart 
reallowed 
to k ,,>1 eff 

0 0 0 37.4 o 
0.40 0.0224 1.9 24.5 11.0 . 
0.60 0.0336 3.1 is;? 15.6 
0.80 0.0448 4.8 12.4 20.2 
1.00 0.0560 always 0 37.4 

Note that if peak load occurred once daily 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 
worth of 0.0456 in k , f or just over 80% total override capability. 

This is an appreciable amount of neutron loss to tie up, amounting 
to about 0.09 loss in conversion ratio compared to absorption 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 startup. There is a basic dif
ference between a core with an axial blanket and one without regarding 
override. Without the blanket the required reactivity can possibly be 
tied up in control rods in place of axial leakage 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 neutron transport and 
consideration of startup at a temperature below normal operation and 
operation for a period at below design level. 
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From the viewpoint of Xe override and control requirements (and 
others such as stability from tighter eoupMng), a low C/HM is attrac
tive. 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 reactor would be expected to exhibit neutron flux level 
oscillation on a period of several hours, drivp.i by the X e I 3 S concen
tration changes. Increase in the flux level locally causes an increase 
in the destruction rate relative to the production rate due to the lag 
in the concentration of the I'1* precursor, and an equilibrium concen
tration of Xe 3* is approached only after'several hours delay. The 
long-time equilibrium concentration of X e 1 3 5 is higher at the elevated 
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 rate, increases 
and decreases, as with control rods, for cotes above some size to avoid 
excessive local power densities and unstable appearance in operation. 
The condition 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) iwo-dimensional problems were solved for 
the reactor with and without axial and radial blankets and the once-
recycle of fertile pebbles without reprocessing, for.a 500 cm high 
fueled core, a C/HM of 250, and a power level of 3000 Mw . (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 
for evaluating performance. Initially a perturbation was introduced 
to excite the oscillation mode: setting the X e 1 3 = concentration to 
zero in a few zones having high power densities. The peak power density 
approached an asymptotic stable value exhibiting dampened oscillation, 
and there is stronger dampening with blankets th?n without. We conclude 
that the core io stable in the (R—Z) plane and will not exhibit axial ~ 

oscillation driven by the Xe 1 3". The calculation was done without 
.temperature feedback and hence is conservative: temperature feedback 
would be a dampening effect through the increase in the T h 2 3 2 resonance 
integral from Uopplet broadening with increase in temperature adding 
local absorption with increase in the local flux level, power density 
and temperature. 

Examination of azmuthal stability is left to be done in the con
tinuing effort with temperature feedback to produce meaningful infor
mation. Assessing stability is, however, impacted by such complexities 
as two types of pebbles which have quite different power densities and 
temperature feedback. We note that only a small amount of neutron 
absorption would be required, even for * large core, considering the 
small change req,:*rvd in the neutron balance. The required instrumen
tation and mechanism for control remain to be established as well as 
the maximum core size for a specific design and operating conditions 
for which control is not needed. The location of movable absorber 
in the reflector or in a radial 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 inlet region. A reference (R-Z) case was 
chosen that had a thin axial blanket and 20 percent of the reference 
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 

13 calculations. Calculations were made with the DOT-IV code using P., 
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cross sections and S, quadrature (16 directions). Results are shown 
in Tabic- 2-9 for the original diffusion theory c?se, and for a DOT 
diffusion theory crsse (transport corrected) and for the discrete 
ordinates formulation with the inlet region represented (modest gas 
space and reflector). Results are also shown with the axial blanket 
removed and a thicker axial reflector, with no control absorber and 
with control absorber in the axial reflector, «nd also for the latter 
situation with a thicker radial reflector. The amount of absorber 
material included is apparently excessive, so a smaller perturbation 
is more realistic. Note, that the net axial and total external neutron 
leakage and hence the conversion ratio are dependent'on the reactor 
inlet design. Increased reflection reduces the leakage. Poisoning 
from control rods located in the axial reflector causes a spacial 
snift in the neutron flux that significantly affects reaction rates. 

The information generated allows assessment of the results obtained 
to characterize performance. The flux shape in the core.depends directly 
on the design of the top of the reactor and the position jf the control 
rods. The reactor contents depend on this flux shape, and therefore 
the peak power density and peak temperatures. Careful modeling will be 
essential to support design effort on a specific plant. 

To test the Monte Carlo method, case TX2TA was also modeled with 
22 the KENO code. It was found that after following a reasonable number 

of neutron histories, the results were sensitive to the spacial fission 
source distribution. Without a good initial source, early histories 
had to be discarded to obtain reliable results, so it is desirable to 
supply a Monte Carlo calculation with a reasonable initial source 
distribution. Results are shown below for comparison providing a 
"eliability check of the base discrete ordinates results: 

Method Discrete Ordinates Monte Carlo 

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. 
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Table 2-9. Tvo-Diaeasional Results wich the Reactor Top Modeled 

Castt TXOf TXIDA TX1TA TX2TA TX2TB TX2TC 

Axial Reflector (cat) 
" • ' ' " . 

30. - 30. 60. 60. 60. 
Axial Cas Space (cn> 46. 46. 100. 100. 100. 
Axial Blanket tea) 36. 36. 36. 0. 0. 0. 
Radial Reflector (cm) 30. 30 30. 30. 30. 60. 
Radial Blanket Fraction 0.2 0.2 0.2 0.2 0.2 0.2 
Rods in Axial Reflector No No No No Yes Yes 
Neotronics Theory' Diffusiou Diffusion Transport - Transport Transport . Transport 

"eff 1.0 1.0155 1.0073 1.0071 ^.9596 .9619 

Set Top Axial I-eakage 
From Core - .0648 .0621 .0620 .0606 -
FF-OO Blanket . .0456 .0327 - - -

External Leakage Fraction 
Top .0456 .0381 .0285 .0342 -0030 .0036 
Radial .0130 .0225 .0185 .0384 .0249 .0178 
Bottom .0036 -0021 .0028 .0031 .0049 JB052 
Tocal .0622 .0627 .0498 .0757 .0328 .0271 

Peak-to-Average Fission Source -
Internal 3.24 3.19 3.15 3.06 2.54 2.55 
Core Top 2.67 3.27 0.71 0.80 

Integrated Reaction Rates by Key Nuclides 
U 2 " Absorption .1980 .1888 .1913 .1901 .2156 .2191 
U 3 1 S Absorption .2799 .2968 .2898 .2906 .2376 .2347 
Pa 2 1 } Absorption .0109 .0115 .0112 .0107 .0106 .0104 
Th 2' 2 Capture .2876 .3015 .2961 .2671 .2753 .2795 
U2'* Capture .0115 .0107 .0109 .0110 .0132 .0132 

Simple Conversion Ratio .6119 .6280 .6236 .5659 .6220" .6305 
Critical Conversion Ratio .6119 .6433 .6309 .5730 .5799 .5909 

Peak Tota' »utron Flux Above 200 keV (n/r.»2-sec x 10"»2) 
Radial Reflector 5.66 5.73 6.07 6.84 7.53 9.85 
Axial Reflector — 9.59 9.90 50.8 23.1 19.9 

.Original case omitting inlet detail , supplied nuclide densit ies. 
Point peak relative to the average for total power generation in tl.e 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 modeled and various analysis methods are being applied to this 
problem in the c&ctinuing effort. Shown in Fig. 2-1 is the change in 
multiplication associated with incremental insertion of the bank of 
control rods as calculated by the discrete ordinates method.3 The 
calculations were of a survey nature to test methods and several 
aspects were ignored including the effects associated with radial 
reflection at the top of the reactor. A detailed design of a control 
rod was not represented, rather a solid cytindzc of absorption, and., 
it displaced material so that the core contents were not conserved. 
Still the shape of the curve should be representative and considerable 
variation in worth is expected with position. 

The results we have obtained indicate that the full reactor and 
control rods in detail can be modeled by the Monte Carlo method to 
determine the control rod bank insertion worth, but not the individual 
rod worth. A direct calculation of the reactivity importance of 
specific position changes appears feasible applying a perturbation 
Monte Carlo method; since a significant number of events of interest 
would have to occur for acceptable statistics, however, there are 
lower limits on the change in rod position and the number of rods that 
can be considered. Adequate capability to describe the geometry of 
many rods (and th£ pebbles explicitly toward the top of the core if 
desired) is not available in the production versions of the Local 
Monte Carlo codes. 

Regarding Temperatures 

Local capability for solving the thermal hydraulics problem is 
yet under development. Showi. in Fig. 2-2 are the key fissile nuclide 
concentrations and pebbly 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 
peaking with downward coolant flow is indicated. 

nonce Carlo results are also shown (also for discrete changes) for a 
modest number of histories. 
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The local effort on thermal hydraulics calculations continues. Of 
special concern is the dependence of the thermal conductivity on the 
high energy neutron flux exposure and the degree of annealing out of 
associated defects over the temperature history. Special considera
tions are involved for an adequate treatment of such details as a 
radial blanket and radial variation in the power density, and to 
assess the effects of flow blockage and the spacial distrioutions 
of more than one pebble type. The calculations that have been done 
shou that to hold down the temperature at the pebble center, it is 
necessary to effect distribution of the heat source over as much 
of the pebble as possible, requiring distributic . of the heavy metal over 
all but an outer protective shell some 0.5 cm thick (say 2.5 cm radius 
meat in a 3.0 cm radius pebble rather than smaller). 
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Point Mode] Results 

Point nodel calculations were used to model the pebble bed reactor 
arid predict performance over a thirty year operating history. The model 
considers a single pebble type. Results of calculations made for rhe 
throwaway cycle are shown in Table 2-10. Shown are estimates of the 
fissile feed, ore consumption and fuel cost for a representative cycle 
and for thirty year operation. The neutron loss fraction of 0.05 was 
selected to represent a blanketed core, while the 0.08 fraction is 
saore representative of a reactor without a blanket at a C/HH 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 partial 
refueling are shown in Table 2-11. These calculations with 1/3 reactor 
refueled art- identic.il with those done for the pebble bed reactor re
sults ir. Table 2-10 except that account was taken in the model of the 
rt-q.iir«—;«.-nt f<r control rod losses to offset the loss in reactivity*. 
and a s, hern- w.«s used which caus.'s the flux levels to be batch deoend-
ent. As the refueling fraction is made smaller, the approximation 
approaches continuous fueling (but we do not credit the pebble bed 
reactor with the advantage of flux levels dependent on the batch). 
Comparing the results, we estimate the required fissile feed to a 
pebble bed reactor and the ore consumption to be nearly 15 percent 
less than for a fixed fuel reactor, and fuel cost to be 10 percent 
less, if the fraction core neutron loss is about the same. Accounting 
for the lower coolant fraction and associated lower core neutron leak
age of the fixed fuel design, and allowing sorce excess reactivity (in 
control rods) for Xe override and control, reduce this gain by perhaps 
50 percent. 

Economics 

Shown in Table 2-K! are the calculated fuel costs for selected 
two-dimensional cases. The calculations involved a direct treatment 
of the steadv state cvrle and extension to estimate the effective fuel 

http://identic.il


Table 2-10. Point Model Results for the Continuously Fueled Reactor Throwawav Cycle 
(1,200 MW e plant at 0.75 load factor, .002 taila) 

9e*idence Tim» 
yvs at 

<ull power) 

Eiposure 
( * t h - D . ' 
tqm HM1 

f i s s ' l e 
Loadnc 

Conversion 
Ratio 

C/HK •j»0, S Wtn/cc. -OS neutron _1_qj_s_J_"VK_tH>n 

3 73.? 1,34? .6*4 
4 >4.3 1 ,4! ' 651 
> 118.6 1,514 .i.'t 

C.'^.-i.OuA-lti.'0^-•-'?? J^.V.p.9r.J°*i_/.ri,i".tJP,n. 
3 72.7 1.501 .631 
4 95.5 1.595 .603 
4 C 98.7 1.539 .596 
5 117.4 1,716 .575 

C.-'.H>A.-lOi. 7.5 Wth'cc, -OS neu trqn 10?_$.Jf ract i on 

7?.4 
106.1 
137.5 

1.074 .6CT 
1.179 .569 
1.310 .531 

cj'Jw..AQP.oJ^ta/Lrii.---PA./,.'.MAr.wL J p**. /.p4>J.'.9.n 

2 72.7 86? .6? 9 

3 106.7 924 .5911 
4 138.6 1,001 .55? 

C/_H* iP- l t 5 Wth/tc. .,08_ neutron los-._ / r a c t ion 

? 72.3 943 .584 
J 105.9 1,019 .148 
4 137.4 ! ,1!0 .51? 

(•:q")..T) 

1.564 
1.471 
1.45-1 

1.766 
1.655 
1.649 
1.631 

1.885 

1 .7 . : 

1.7)7 

1.661 
1.550 
1.559 

i.e..-: 
1.6-11 

1.686 

' jCy:'i~3*'t4"""_ 
"See" " 

C^ i<gn;tt:on 
(Mr/*** Vr) 

'46 
US 
137 

165 
15^ 
154 
153 

155 
145 
146 

170 
158 
15S 

••S-ueT-
C341 

t'Mill/ 

4.825 
4.620 
4. IV 

5.360 
5.13? 
5.097 
5,191 

5.397 
5.0<" 
5. )?4 

5.095 
4 74) 
4.834 

5.498 
5 . U 4 
5.191 

"WT.Vr-WftprV 
U-'- "red4 

(Kgn/0) 

1.637 
1.036 
1 514 

1.849 
1.7.11 

1.697 

1.945 
1,780 
1.762 

1.70S 
1.590 
1.588 

1.874 
1.737 
1.723 

SrV" h"" 
Com unpt ton" 

(Kgm./MW„! 

' " l-ur'T 
Cosi 

( M i l : , 

3,283 J.211 
J,066 4 Hit 

J,O;I 1. '? ' 

3.709 5.7?', 

3,454 5.380 
3.444 '.. \}o 

3.376 5 . : n 

3.964 5.160 
3.610 i.:\', 

3.561 <•.:„(• 

3,493 5 .43) 

3.24? 4,918 

3,236 4.H24 

3.831 5.86? 
3,540 5..306 
3,507 5.19? 

^Includes i n i t i a l inventory 
Ins ta l led capacity basis , UjOg 
teavy metal feed f u e d 
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Table 2-11. Point Model Results for the Fully 
Enriched Throwaway Cycle, Fixed Fuel Reactor 

(1,200 MW e plan; at 0.75 load factor, .002 tails) 

* .'** 
Senear Cirrfr"'^'-*-- f«eJ • 3're 

'*'.'• »o<w Se f jele<3 •T <•- •<r: 3,*" T'j 

f«eJ 
• ' S P . / ' * ^ ' r - • » l t l ; • -3F>" J j u »."«»/*,-; .'•:;! 

.... « v • " ) * • - r r 

i - f l -??.!, c 
* I f l / '.c._di " • J t ^ u ^ i«Si 'rKL'i? 

3 ;/• ?- 7 ' . H - .*!'•! •'..'•S 366 \ . ' *4 ' . 3 6 * i . 7 3 * 5.73a 
t ' '3 95.5 1 ,4V. 67« ' .757 i«a '•.7*4 : .794 3 . 5 « i . « M 

5 T . * . .116.} : .56v 5*,- 1 ™ . 163 5.4-J4 1.797- 3.-i3S J.410 
>,'4 / J .3 '.Hi .63? 1.70* 359 6.197 ».«oo 3.677 5.629 

4 !/« 35.6 M*5 .60! 5.67? »a 5.0*0 1.H6 5.38* 5.2.U 
c !.'« : *7.5 : . ' , ! £ • 5 * ? !.*!-' 151 5.138 1.705 3.J-1 5.1*5 

< we ».o S.42C .62 / ' .513 143 * m 1.634 3.396 4.987 

jmm*. 5 £*> c-5_i_-<* r e s t r w >3«_ *««'<» 
3 ! ; 3 "3.! i . M J .«a 1.994 '•87 5.S62 ^.Q9« 4.368 6 .31 * 

* ».'! 94.5 1.638 .531 1.896 177 i.m* 2.000 3.5t7 6.J3? 
5 i / 3 I ' . ' , . * >.,???. . 4 * I.87S Vi i.m 1.935 3.5IC 5.569 

3 V* *< . J 1 .5U .5S6 1.514 179 %.nc 7.0J.» 4 . O T J 6.135 
4 1/4 9* 4 1.53ft ->6/ 1.808 165 5- i60 l . l l i r.rrt 5/766 
c 1 . ' * 116.4 1.747 4.-1 : . 7i4 ;* 7 5.643 ! . « 6 3.736 5.675 

4 1/6 • * . : V.W .676 7.717 H i 5.303 7.534 7.636 5 5Cb 

£* ?«*_ ; E w» i \ /cc, . >1_ rw.tr. ir . i r •> f r *5 .v* ' 

.' I •' ! 71.=> 1.38* - .4 ' 7.117. 19S c . . « 4 r.j.55 4 4.> = 6 . 7 « 

i : . ' i JO*.!1 ' . 7 1 3 .<>' ! . vr> 164 r , . f ^ : 7. " 4 * 4 , ' / . ' 5.84% 
4 1/3 l i v * "'. i t . . ! ! . 96'? 33* * ^7"' 7. 36 •• 4 . H 3 T A C T 

7 i;-4 77. i i.c^; .«« 7.033 !5v C.-Tf,7 7..0S6 4,7;,-, 6. '03 

3 ' , '4 10', 1 i . m . i l l 3.879 '.76 ?,.47'3 1.961 : . f 3 3 5.6Jg 
4 1/4 l i t ? i . i j? .476 1.1:7! 176 £.553 1.365 3.593 5.569 

3 W6 135. >. 1.180 .542 1 . ?<>5 167 5 !?3 ' 8?0 3.73? 5.357 

1/HH 4 M , t *ta/ ̂ Cj . JM n*utro« ! « i f r t c r . io r 

5 1/3 7i .e V: l .616 i . 066 197 6 OS* 2.120 4,375 6.4C3 
3 1/3 104.7 J.V>7 471 ! . V ? 1*3 c . 747 K-396 4,04- '-.35 9 
4 l / i 13' .4 1.139 .434 1. V7 I ' - 5.'-i 34 I.39C 4.317 5.6:3 
? 1/4 u. :• 546 .5 56 1. 974 !65 '.aft; 7.045 4.154 6 708 

-3 i /4 H ' , . / l.tte . 495 i.av. !7? 5.605 i . -»! ! 3t.s5!> 6.676 

4 1/4 136.? V . / i .459 1.S73 171 ' 5-- " ; . • • * • , 3 . * ; « 5,667 

3 1/6 155.7 \ " .16 .'.?i '.. 74;' I t i l . ' i . ; . 5 i » 3.651 6 .41* 

Determined *t *n<s of cycle 
°!rit!u<Jes imtidl tA<er,tory 
[nsul led c*Mcity ti«si*. 

cost for a thirty year operating history. The costs are shovm 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 electrical energy con
version efficiency at 0.4 was assumed, 3000-MW for a 1200 MW plant. 

th e 



Table 2-12. Fuel Costfl for the High Enriched z t* Feed Burner Cases 
(30 year life, 0.75 plant load factor, 0.* plant efficiency) 

Schedule 1 Unit Costs, 0.10 InterestT 0.07 Discount 
, T S > S » J * 5 !t». 'H5« M . ' » ' « » ; i ' » - . • : •»> . I K . x t l H J S M <1»JI» 4 4 . - 1 4 <KJ?>H I M I ) « » 1 I ' « » l t ) »<• I .• • • V . I . 

T « » ^ » » » » t K 7 - H 
C P S * •>» T f T l » . 2 4 * . 0 4 . 7 4 * 1 4 , . % ? ' » 4 . 3 4 ^ 4 1 . 4 I 4 * l . i S i l 1 , 1 4 * 4 l . * 1 1 7 >, * I * ' 1 . 0 ? ; * 7 , ( . » « ' , 1 , 7 1 7 4 l , >u (4 i . i u . l . ' i -

• » S » 1 C » * 1 C " « 3 . 4 1 f j 4 0 . 4 4 * 7 . ' . J " " * ? . 4 ' 4 J > , 1 1 * 4 I ' . D ' . I • , . ' « • * * . ' . 1 ,••»*. » , n [ i C. i 71 J 0 , » r . * 0 0 . 4 V - 1 > , ( » i l . ' . « i " , 4 , ' 4 
?*r>>r<.-/«»**» o . j i?* . i . i ^ n :..1**4 ?.i7«,4 i . m * * o . i j ' i " , v '»« 1 . i 4 » . i .',14»4 c o * * * c. i f .84 ^ . i *. •» o •.'••<>;i • . ' • • • . « « . . 
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Ore Commitment and Consumption 

Calculated requirenents of ore, the commitment and the consumption 
for operation of a plant, are shown for selected cases in Table 2-13. s 

The subject is discussed further in section 10.;' " c 

f?-r"^YW&^~-- Recapitulation on Modeling .- - -':'1 "".'.. 

In reviewing the results of this analysis, comment is^,in;frder 

g ^ .'- will ibe requited ̂for a - specifier designanil control rod positioning : ..%*• " c 
'̂̂ -trsS1:—'" scheme. •'• " , , <_ „.., - ~ 

Under certain conditions, an unusually high power density peaking 
was found, so careful assessment will be essential for a specific 
design with accurate modeling: 

L 



W'.I ?. •"•'" V^.' ' 

C3SC 

C-"HM 
Residence line (yrs) 
Recycle Fertile 
Radial Potter Density 

flattening 
Radial Blanket Fraction 
Axial Blanket 
fissile Inventory 

initial reactor 
Steady state reactor 
Steady "itate systenjc 

V*. Consumption 
Gross Comitment 

Table 2-13. Estimated Ore Requirements Without. Fuefrf&pv'$<}?0a&ttg :. 
(Basis kgms U308/MW e i n s t a l l e d , operated 30«,yy*;Wt'?j^i^5{pi.&tt. 
f a c t o r , 0.4 thermal e f f i c i e n c y , and 0,002 .entrfeKniaBlSytalW-' 

AIS1 AM31 AW AB31 A031 MR314 MR32S MR281 ' MR293 / ANCJjVg'y HW'SW;' •rW?MA MS250 

175 
5 

No 
1-0 

Ves 

238 
376 
432 

250 
, 3 
No 
1-0 

Yes 

190 
260 
319 

250 
4 

No 
1-0 

Ves 

190 
272 
328 

325 
3 

No 
1-0 

Yes 

148 
?00 
?67 

400 
3 

No 
1-0 

Yes 

119 
176 
ill 

325 
3.5 
No 
Yes 

0 
Yes 

148 
255 
317 

3,377 3,51? 
3,809 3.831 

3,358 3.474 
3,686 3,741 

3.671 3.737 
3,908 4,054 

325 
3.4 
No 
Yes 

0.1 
Yes 

148 
246 
306 

3,609 
3.915 

250 
4,2 
No 
Yes 

0 
No 

' l 

190 
369 
436 

4,036 
4,^72 

250 

Ye* 
Yoii' 

0 . 
Nc . 

'S 

• 190 
367 

" 428 
3,eg? 

; •'•„',-'."iT* 

250 
,'4 

..ves 
ves 

6.2 
.Yes 

i 

350 
4.1 
NO 

'Yes 

.0.1 
Yes 

3 3 6 " ' , f ^ . 2.99.7' - 7 334 

056 . 4 , ) 3 2 V ' i * ' 9 l ^ S V^'2,773 ' 3,736 4,096 4,003 

190 
313 
.36° 

3,367 

HS281 MS250A'1 

250 
4.15 
NO 
Yos 

0 
NO 

190 

383 
3,712 

?50 
M.l 

Ho 
iv, 

0.1 
Yes 

190 
319 
379 

3,624 

aCase «S^50 was modeled in much more detail and the exposure and power density'were better W»tt«n*J;'*'.BdUcti5if(.t̂ 6̂ Jbjfiv from 18.6, to 15,7 W t h/cc at an 
apparent oenalty of 7.6 percent in the fissile feed, rate; the actual '"' .-'••>• •—.. -• • 
without power density flattening the ore for the.initial inventory w«s 
^Axial blanket used was only 35.7 cm high. 
inventory in the feed stream is charged ti>, the system. 
^Consumption was calculated directly from the feed rate at steady state. 

uci 'sn./ were O O U I P l̂ l<• l,ntnoM, rauuwtVH VN° " Q ^ ' irgin m.li, iu IJ,( Htirui. a i an 
flssile.bwrmip accounts for Zi469 ^^308/1^^' InstBl lQi l , ' , thhwaway for 1,155; 
s 171 but the peak power density 28/7^lttkSfc^«vl' '• .'}. 

i • ' - ' ,•"."-'<;'< i - i J . •* •• * ' ? ^- • • ' '• • , 

. . . . . '',rWf.:"-j ,-'•",'•• " ' 

7?m*%m., 

••••V.v;^afflBfc _ ^ . 



47 

SECTION 01: CONVERTER PERFORMANCE WITH HIGH ENRICHED URANIUM 

The incentives for reprocessing and recycle of fuel are to J - ver 
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. 

The converter performance was examined by solving successive steady 
state, continuous fueling problems with feed of material available for 
recycle. Two basic designs and modes of operation were considered: 

1) High ore utilization with a short residence time and a C/HM of 175, 
2) Low fuel cost with a long residence time and C/HM of 250. >-

The results of calculations are shown in Table 3-1. Note that with delay 
in availability of fuel for recycle and a load factor well below unitrv, 
the full power results cover about half of a thirty year operating history. 

This data was processed and the following estimate la given for the 
performance over a thirty year history: 

C/HM 175 250 
Nominal Residence Time (full power yrs) 
Conversion Ratio 
Fissile Inventory (kgm) 
Average Exposure (MWth-D/kgm) 
Total U 2 3 5 feed (kgro/MWe installed at .75 LF) 
Core Fissile Consumption (kgm/MWe-Yr) 
Ore Requirements (kgm L^Og/MWg installed) 

Load Factor 
Commitment 
Consumption 

Fuel Cost (mill/kWe-hr at 0.75 load factor) 
Fuel 
Fabrication 
Reprocessing 
Indirect 
Total 
Total at Half Indirect Charge 

Fuel Cost with Fuel Component Doubled (direct and indirect) 
Total 
Total at Half Indirect Charge 

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 

2 4 
0.78 0.66 
1,960 1,600 

35 94 
9.707 10.850 
1.162 1.167 

.75 .70 .75 .70 
2,240 2,150 2,500 2,360 
1,540 1,450 2,120 1,980 

1.567 2.072 
.926 .452 

1.634 .540 
2.364 2.214 
6.491 5.278 
5.309 4.171 

and ind i r ec t ) 
10.474 9.511 
8.446 7.324 
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Table 3-1. Two-Dimensional Results for High Enriched Feed with Full Recycle 
(5 W th/cc, 500 cm height, 1,200 MWe, 0.015 Processing Loss) 

,1C'4 .irn HK 

C.H« " 4 175 i .•;, 17!. ' r i rso ."<.'.) .H.c 
U c l e ! ! > '1 V I 4 / 1 SO ' 1/1 l ' i 1 / 1 

Renden>:e Time ( f u l l power y r s l ? ; 7 '' 4.1 ' •' 4 ' ' 4 . 1 

A«ial Blanket lew) 4 . 1 . 1 . 4 1 . <• 1.1.6 41.ti i\i,6 ./ .IS, 7 1 4 , ' 

Raa' j l Blanket (cm) 1 1 . ' n ' V . * 31.7 3 1 , " 1!,7 V :'• V '' 
Conversion R a t i o . " 1 1 . ' ' 4 . 'HI* . 7«? /. ,7?S .Mr, . f i l l ' .(.«! 
h » ' l e Inventor* (kgn) r , ' . ' ; • t , W 1,4"! ; , 0 , ' ' ?.»*!> >,w; l . i t iO 1 , M ' . 

Power O e n i U v (H t n. 'cc ) 

Cctre peak !..'.i k \ 4 1.1.:! 1 .'•,« io .s !'>.< ?o.i '• . ! '1 ." 

Pr.-narv pebble peak . " 7 . • ' 4 ' ' 4 . 1 ;.' i . 4 : i « . S l . S »,((,f 4». •'• 

c e r t i l e pebb'e peak •; J ' ' 0 '1. ' i -1 t> ' t^.f. ' 15 . I l M . 4 

Upou.re iMNth-D-'kqml ' 
P n - M r y p e b b l e i •V. 4 40.1. •I.'- 4 -*• ' . i S1) 9 .•.!•>. 4 .'.'.•'.4 . * :" . . I 

f e r t i l e pebble* t . \ > !.' " K'..' • ! ' . -1 11 h 4 8 . 1 4(.0 44 .1 

Average i v s !>> I V ) Ik. ' : .15 .1 V>.'. '14..' 71. 1 

• ' i i M O » PrO-luct Absorpt ion f r a c t ' 3 n . 064 ' . 060-1 . . " • ! ' .04;M Off J . io'<r 0-w» . ll'l ' . ' 
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processing costs) at a lower indirect charge. The penalty does decrease 
the higher the unit fuel cost relative to processing charges. 

Selected results of point modal calculi.'ons considering a single 
pebble are shown in Table 3-2 with recycle delayed 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 a single pebble, fixed fuel reactor with 
1/4 core refueling, and when considered, one cycle delay in recycle. 
Only small changes in performance characteristics are associated with a 
wide variation in the recycle of material. Selective or partial recycle 
may be the optimum due to the relative high cost associated with refabri-
cation of fuel. -

Infornation 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 below is a summary of data selected to present a composite 
picture: 

Fuel Cost 
Exposure Conversion Ore Requirement (roill/kWe-Hr) 

(MWth-D/kgm) Ratio (kgm l^Og/MWe Installed) Low 
Consumption Commitment Indirect/Reference 

128 .60 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 •>,320 4.4 5.5 
51 .75 1,610 2,230 4.7 5.9 
36 .78 1,450 .?,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 
is reduced much less by decreasing the exposure than is the consumption. 
The cost penalty to reduce the ore cons'.mption 34 percent is estimated at 
23 percent, but to reduce it 27 percent the cost would be increased only 
12 percent. 



Table 3-2, Point Model Results for Delayec' Recycle with Continuous Fueling 
(1,200 MW e plant at 0.75 load factor, 0.002 tails, 0,015 recycle lcfca) 

-y-~~-~yycTe'rjatii""" "" "~ Z~ZI~Z20i§y^K%£Q!5Z~T.'-' 
Residence Time Exoosure Fissile .•„.,.„,,„• ,77W c-i " ~7re* TueT"" u-"i''~ir*Bil* -''"*' t, '" o 1 

(yrs at («M t h-D/ Loadinp l ™ « ' " 1 0 n Vom/Dl Consumption Cost, [kom/D) Consumption" Cost 
full power) kgm HM) (kg*) R a t , ° (^/O) ( k y n /y w vr) (Hill/ iMWW.J (tqm/NW,,) Mil;,' 

VWfi Hr) 
. , , .„:. F . ,.„.- ~. M,~...™ -. .- • . 

C / . * *UM»._5 J ' t a / . H j . _i05j<*utTO?_Jos_s^fra c t i qn 

1 24,4 1,301 .803 .567 48 7,60 .?1R 1,107 ?.96fe 
I 48.4 1,303 .757 ,701 61 5.16 .937 1,447 6.3at 
J 71.7 1,393 .718 .805 7? 4.61 .943 l,f.,P 4,704 

1,301 .803 
1.303 .757 
1,393 .718 
1.464 .683 
l , f45 .651 

4 94.6 1.464 .683 ,917 8Z- 4 . 5 3 1.041 1,(364 4.494 
5 116.7 1.S45 .651 1.01' 9? 4.V0 1.1J4 2,0!-.' 4,461-

C_'Ĥ _ ?50, 5 W^/cc , ^08_ neut_»$n_Jpj£jrjct ion. 

3 71.3 1,536 .661 .980 9? 5.10 l . l . 'S ? , ( v 

4 93.6 1.653 .628 1.086. . lOi 5.06 :. 1..V0 \,'tVv '-.OM 
4^ 99.3 1,558 .615 1.110 104 5.00 I.S4"- 2..'79 4,961 
5 U5.J 1,751 .599 1,178 110 :..tl 1.309 2.376 4.966 

" V l * >i.?, y 5 Wth/CC, .08 neutron loss fracjtj.pn 

2 70.^ 1,154 .635 1.04.' 97 4.93 1,148 2,174 :>.!.'{! 
3 101.6 1.35J .589 1.'.97 11?. 4.87 ' t .59* . *!.44fl "4,845 
4 133.ri 1.416 .549 1.3,"5 l.?4 5.06 ' 1.417 2,689 4..W6 

w' H ' < * ' J < i i 5 HjUi.;cc,. ..05 n#utr.- loss f r i c t i o n , 

70. ' %• ,hf>) .943 ' stf 5.37 | ,038, 1,983 • S.454 
J 104.1 *70 .61;, 1.085 10.' 4.*? 1.169 ,\?5? "• 904 
4 135..» 1,M4 .575 1.J11 113 :• J? t.?«7 Z.JOO 4,?>H 

C'MX 4JO, 5 .^m/'c^, _.0P nru!'-0'- !ps_\ fV j i t i an ,.. 

7. : < . o « ,M3 i .o»: io : f - . v i . w 2 , ; B 5 •• 85? 
i 103.0 1,07' .<,** i . .^4 115 5.36 • '-. 1,313 .\f.39 ,'«;> 
4 m . ? ! , l? t i .b.i j 1.-36 1?5 5.44 ' l ; f t?l „',?61 5.^4*, 

Tre 
Consumption 
(kum/W eYr) 

Cost, 
( H i l l / 
KW„ Hr) 

_ „ e . _ 

u-.•!'» freed4 

(kqm/D) 
i'i 

48 7.6C .718 
61 5.16 .937 
7? 4.61 .943 

«;• 4,53 1,041 
9? 4.V0 1.134 

9? 5.10 l . l . 'S 
lOi 5.06 1..V0 
104 5.00 1.54 • 
110 !..»1 1.309 

97 4.93 1.15R 
11?. 4.87 1.594 ... 
l.?4 5,06 ' 1.417 

[ftv l^de* t n i t ' a l inventory 
Insta l led v J i a t t t > l u t u , 
*e«vv •^•tdl »«w,1 f\x«w 
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Table 3-3. Point Model Results for Fully Enriched 
Delayed Recvcle, Fixed Fuel Reactor 
(1,200 MW e ,.ant at 0.75 load factor, 
0.002 tails, 0.015 recycle loss) 

• -3- **? 
Cost 
'.till/ 

-4 T 

. * ! ' • ; - . - * * ~ - ? 

'.V:' 

-. ' " v i t ' . *.5*S 5. iS5 
l . . . t , > • ;•« : , *s; S.&A 

£,.»"»? : i ' S : .su 5.129 

« . * * I a * i : . « * i.oie 
i.Sfel i « ' i :.:az * . 8 & : 

i . t f > I ! K b 2.29? « . 8 « 

*.?6? 1 M s ? , M3 «.£?4 

* . ? * * t * i 2 ,0M 4 657 

- J » - 4 >*? . ' . • I * . 5.739 

=..'« *77 : , t « 5 . W 

- . . 1 * ! i c * :,?f, 5 . i * 9 

•: - . ; j : ;*» .'.;« i .GiS 
- - ,1} i,-.i :• .«& 5.»9« 

•.--"; : * • ; * • - r ''< ' : '-.;« 
s. - i . 3nt/ ;.!»: 

* f' «•*„• 

. *x 

-•. K* 

.5r« 
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Table 3-4. Point Mode] Results Which Display the- Effect of 
Fuel Management for a Fixed Fuel Reactor 

(1,200 MW e plant at 0.75 load factor) 
_"" '"" Ore 

Commitment 
(Kgm C3G8/ 
We f o r 

30 yr a t .75) 

vueV 
Recycle Reference 

Delayed Mater ia l Frac t ion 

- Exposure Conversion 
Rat io 

U- • - Feed 
!r.(p. U*:"V 

Ore 
Commitment 
(Kgm C3G8/ 
We f o r 

30 yr a t .75) 

Cost" 
f i R i l l / 

C/HM 250 , 0.05 f r a c t i o n i«?»i' : ro t loss 

U- • - Feed 
!r.(p. U*:"V 

Throwaway 101.2 .59f>3 1.424 3,597 5.176 

Mo U 1.0 98.7 .6160 1.017 2.570 4.636 

Yes u "- 1.0 99.0 .6170 1.035 2,CIS 4.355 

Yes U .98 99.0 .6167 1.043 2,634 4.854 

Yes u .90 99.2 .6157 1.Q73 2,710 4.3«2 

Yes U .30 99.4 .6143 1.111 2,306 4 .84 i 

Yes u.Pu ' . 0 99.0 .6163 1.034 2,615 4.8b6 

Yes U,Pu .98 99.1 .6163 1.043 2,634 4.8 54 

C/H!-' 400 , 0.05 f r a c t i o n neutron loss 

Throwaway 105.9 .5380 1.469 3,710 5.277 

:io U 1.0 101.8 .5548 1.114 2,813 5.020 

Yes u 1.0 102. : :S557 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 1.19C 3,005 5.412 

Yes U.Pu 1.0 102.5 .5553 1.122 2,835 5.413 

Yes U.Pu .98 102.6 .5551 1.129 2,852 5.417 

Installed capacity basis. 
°Cost accounting considers lead and lag 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 throughput, lower 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 Knrlched " 1 1 ,U Feed Converter Cases 
(30-year life, 0.75 plant load factor, 0.4 plant efficiency) 

Schedule 1 Unit Costs, 0.10 Interest, 0.07 niscount 

Schedule 1 Unit Costs, 0._05_Jjuerosjj_ 0_.07 I) 1 s_coun t 
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SECTION 04: BURNER PERFORMANCE WITH MEDIUM AND LOW ENRICHED URANIUM 

The recent concern with proliferation risk has brought about an 
interest in medium enriched uranium fuel as reacto" ̂ eed. For non-
proliferation purposes the enrichment mist be less than a predescribed 
lower limit needed for practical weapon production. Although opinions 
differ, the limit on enrichment is in the range of 0.20 for a U 2 ' 5 - U 2 3 e 

mixture and lower for U 2 J J - U / , e based on the quantity of material required 
for a weapon. 

The fuel cycle of most practical concern ie the throwaway cycle in 
.which the discharged fuel is not reproce1-ed (in which case the fissile . 
uranium; discharge is isolated.along the fuel cycle path, a possible pro-. _ 
liferation risk). The discharged fuel from the reactor does contain ... 
fiaatile ?u, but the Quantity is small and the fuel is "hot" due to its -
high activity at that time. 

Note on Calculational procedure . ' " ' , . 

Tb£ continuous flow, ateady state model requires iteration between_ 
a neutronics module and a fuel-depletion (burnup) module. In the neutronics 
module, a search procedure is performed to adjust the U / 3 S (or any nuclide 
if desired) atom density in order.to achieve critlcality. The global itera
tive -process converges quite well when the fissile U 2 3 i content is adjusted 
but may not converge if the U 2* 8 content is also adjusted to maintain a 
fixed feed enrichment (for high-enriched feed this problem does not occur). 
The medium and low enriched feed calculations were therefore performed for 
a fixed U*!* and Th'3* feed and the U' J 1 was adjusted to achieve criticaiity. 
The exact feed"enrichments 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 in overall reactor design on reactor performance 
was studied for fcigh enriched feed cases (Sec. 02) and was not repeated 
for LEU, MEU feed. The reactor design is fixed: 1200 MW , 3000 MW power 
rating; an average of 5 W _/cc in the core and a fixed "active" core height 
(not including the axial blanket) of 500 cm. 
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The pebbles were designed to achieve the- *»sired heavy metal load
ings. Shown below are the nominal specifications for the LEU and MEU 
pebble designs: 

Low Enriched and Medium Enriched Pebble Designs, 
One Feed Stream, Single Oxide (Uranium) 

Nominal C/HM 300 450 600 850 

Heavy Metal Loading (gm) 
Fuel.Grains Kernel Diameter (cm) 

Coating Thickness (cm) 
Pebble Heat Radius (cm) 
Packing Fraction 
Pebble Densities U 

(atoms/bn-cm) Th 

228 
232 

9.87 6.56 4.92 3.47 

.0800 .0800 .0800 .0800 

.0190 !0190 .0190 .0190 

2.500 2.500 21500, 2.500 

.0578 .0384 ,028o .0203 

1.9B7r-4 1.351-4 1.013-4 7.143-5 

0.0 0.0 0.0 0.3 

6.605-2 6.608-2 6.607-2 6.607-2 

tedium Enriched Pebble Designs. Two Feed Streams 

NqmirtAljC/HM 
Pebble 

C/m for Pebble 
Heavy Hetal Loading (gns) 
Fuel drains kernel Otameter (cm) 

Coating Thickness (cm) 
Petue Heat Radius (cm) 
Picking Fraction 
Pebble Densities 0' '•" 

(atoms/bn-cm) T h x i " 
C 

325 450 550 
Primary Fert i le Primary Fert i le Pr iwry 

5*6 

Fertile 

330 320 455 445 

Pr iwry 

5*6 544 

9.36 9.58 6.78' 6.93 5.6; 5.67 

UOO .0300 .0400 .0300 .040r .0300 

.0130 .0130 .0130 .0130 .0130 .0130 

2.381 2.356 2.381 2.332 2.381 2.324 

.0888 .1364 ,0fe«2 .1015 .0526 .0840 
1.676-4 - 1.213-4 - 9.927-5 ... 

- 2.200-4 - 1.590-4 - 1.301-4 

6.932-2 7.043-2 6.922-2 7.074-2 6.917-2 7.081-2 

The cross sections 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 Enriched Uranium Feed One-Dimensio.-al Parameter Studies 

The one-dimensional MEU feed parameter studies were performed for 
a fixed burnup of approximately 200 MW .D/Kg-HM in the primary pebble 
(pebble with fissile feed) over a range of L/HK ratios. Variation in 
axial blanket thickness was also studied to ascertain axial leakage 

— loss effects. 

Results obtained for the steady-state continuous fueling model in 
one-dimension are shown in Table 4-1 for medium enriched. U 2 3 5 feed over 
a range of parameters. The optimal.performance from an ore conservation 

..... standpoint is obtained at C/HH of 450. An axial blanket of fertile 
'.̂ v/.̂ ipebbles fed above the fueled core region and flowing, through the reactor ;• 
/""'• "was included In the modeling and the effect, of axial blanket thickness 

is demonstrated. An increase of blanket thickness decreases the leakage 
fraction resulting in an associated decrease in fissile inventory and 
fissile feed rate, -

After an initial pass of the fertile pebbles through the core there 
is a considerable amount of U ' present and the fertile pebble exposure 
is low in comparison to the primary pebbles, warranting recycle without 
reprocessing (or holdup) of the fertile pebble for throwaway cycles. 
The "cycle" reCerence number represents one pass of the fertile pebbles 
(1) or recycle to the top of the core (2). The results 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 about the nominal. Supplementary 
one-dimensional results for medium enriched IT*35 feed are listed in 
Table 4-2; included in the table are cases vith the U 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 changes 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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Table 4-2. Supplemental Results for Medium-Enriched. IT*'5 

(One-dimensional, two pebble types, 1200 MWe, 
5 Wth/cc, core height =500 cm) 

Feed 

CASE Bf2AL BY2BE. BY2CET 

"'v.z-'f'--' C ° r e height ( « ) 
Axial blanket Thickness (en) 

; " 3 ^ ^ l , C » l e < - - < » tor:2-R*SS>i,of'fe>-ttte peBbles) 
. ^i f4S> : " '^* r f a l f t /> i e i ** I*6 1*1 l*.*»? ratio} 

f-^es'ident :TUK' a t fs*t i^Powe* Cyrs J . - \ „• 
: -V-,--.JV-V, >.->.>.-•>'•:-V- -' • - - '•—•' 

^;^.wrefbB^'tV<>;?;*:; -" ; >*;'--".'~\-\_'"/.',:;"'-:- -
S W - W s s i t e inventory (Kg) . . . - • O . -••>-

c : ; ? i ^ i g £ ; ' * * e r * S e ? * * * Power Density (wajtts/cc) 
^t!V\?.%?"''-PeaJi Power Density i n Primary Pebble (wat ts /cc ) 
>V-' , J-;* - p e a k Power Density- i n F e r t i l e Pebbfe {wat ts /cc} 

Leakage Loss 
Fission Product Absorption Loss 
Average Bunwp (MM^ D/KgW!) 
Burnup in Primary Pebble (MU t | )D/KgHK) 
Burnup in F e r t i l e Pebble (NU^D/KgHN) 
Hass Flows (Kg/Day) 

Primary reed xi'"'-
U2J* 

Fertile Feed Th2» 
Primary Discharge u*« 

U 2 1 b 

U2H& 
Pu (fissile) 
Pu (nonfissile) 

Fertile Discharge Th*" 
P a 2 " 
u*» 
U23-. 
02i5 
(J236 

500 
71.4 
450 

,-, 2 - . 

.1.75 \ 

"-.Vis*"^ 

861 

10:36.. 

26.62 
8.03 
.0541 
.0887 
126 
158 
84 

2.1258 
i1 .4822 
10.1373 

.2574 

.3001 

TO.5520 

.1219 

.0919 

8.8648 
.0038 
.2348 
.0966 

.0217 

.0077 

5oe \ 
71.4 

450 V-J 

• " . 2 • ' -

•2 - 5 0 - - ' • : ' • 

^29?.-" 

•'"-,60lV-

12.31 
32.73 

8.15 
.0572 

.103.4-
175 

213 
121 

2.0340 
8.0376 
7.0961 

.1539 

.2949 

7.1649 

.0844 

.0783 
5.9104 

.0014 

.1617 

.0776 

.0195 

.0098 

500 . 
,71.4 
450 -. 

^ .226" ; -
., :5fT i 

922 / 
11.02 
34.87 
8.36 
.0722-
.1035 
185 
230 
121 

2.1729 
7.4475 
6.5752 

.1762 

.3150 

6.5979 

.0847 

.0762 

5.4674 

,0019 

.1568 

.0730 

.0190 

.0091 

BY2EE 

-500 

, 7 1 . 4 .. 

•• '• i * W i v * > i X V . ' . ' v . r i i : 

:.6t»; 
916'•'•"• 

30,74 
8.14 

.0563 

.0999 

162 
195 

111 

2.0439 
8.7365 

7.7132 
.1728 
.2953 

7.8493 

.0922 

.0815 
6.5063 

.0017 

.1768 

.0822 

.0201 

.0093 

Same as case BY2EE except the pebble packing f ract ion is smal ler , 0.52 comoared to 0 . 6 1 . 

k 
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The effects of variation in buckling and pebble packing fraction are 
indicated in.Tables '--1 and 4-2. 

The throwaway cycle has an economic optimum at C/HM = 450. Fuel-
"::A\~, cycle costs for the one-dimensional cases are listed in Table 4-3. 

••-•-^^HEU Feed Two-Dimensional Cases . . . "" 
--.'&&& -:- .. : : ' - .• -
'-..̂ S-V̂ r* J- ^ e two-dimensiopal jca'ses for! mediumenriched feed ( t f M 5 -JJ2** ' 
' Vijj^priiaary feed and T h " 2 fertile feed) were, restricted to a C/JHM ratio 

iljblankets; itia:#^ 
*J^^jevel" (<i4b HM t hD/Kg/HM)^ (2) a reference, technology - two pebble 
^ J ^ t y p e s ; an axial blanket thickness of 35.71 cm; no immediate recjjeiing 

:•''•''-• of pebbles; a burnup less than 210 MWtf,D/Kg/HM; and (3) a high <•£ 
technology — two pebble types; a 71.43 cm ixi'al blanket; imm?di£te 

cs -
recycle of thorium pebbles; a burnup less than 240 MW C nD/Kg/HM. s^ 

The following summary indicates the 2-D MEU studies as -'ientified 
by the case title. The cases were selected to examine the e fects of 
variation in residence time, variation in radial reflector densitvNand" 

:%^4&mm^ 

V>-. 

c- ~ 

SuRRiary of Two-Dimensional MEU Cases 

Case Technology 
Level 

Average Pebble 
Residence Time, 
F u l l Power Yrs 

2.00 

Radial Reflector 
Graphite Density 

(gm/cc) 

Radial Reflector 
Thickness 

(cm) • 

55.0 •-

Nominal o/TH 
Loadings 

(qms/pebble) 

4.4,2.47 

Number of 
Enrichment 

Zones 

T0CLC1 Low 

Average Pebble 
Residence Time, 
F u l l Power Yrs 

2.00 1.0 

Radial Reflector 
Thickness 

(cm) • 

55.0 •-

Nominal o/TH 
Loadings 

(qms/pebble) 

4.4,2.47 ' 1 

T0CLC2 Low 2.35 1.0 100.0 4 . 4 , 2 . V ^x 
TECLC Low 2.50 1.0 100.0 . 4.4,2.47 1 . ^ ; 
TORIA Low 2.50 1.0 • too.o , 3.4,3.47 1'^r-

TORLB Low 2.50 1.6 100.0 "$r'4,3.«7 .1 
TORLC LOW 2.50 1.6 100.0 4.4,2.47 ^ 2 
TOCRD Reference 2-&0 1.0 fOO.O 6.8/6,1)3 r 
TECRD Reference 2.6": 1.0 100.0 8.7/4.04 i 
TDRRA Reference 2.65 1.6 100.0 6.3/6.W i 
TDRRB Reference 2.65 1.6 100.0 8.7/4.<>4 2 
TDCHC High 3.00 1.0 35.0 P,. 7/4.94 1 
TDCHD. High 2.65 1.0 100.0 8.7/4.94 1 
TORHA High 2.90 1.6 100.0 6.8/6.93 1 
TDRHB High 2.90 1.6 100.0 8.7/4.94 3 
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thickness, variation in pebble loadings, and the effect of power flat
tening by varying the feed enrichment across the core. 

for a fixed U 2 3 8 loading. Also the cases representing pebble feed 
designs wich the higher Th 2 3* loading have a slightly lower fissile 

-- feed rate and fissile inventory but a higher enrichment. Nevertheless, 
use of the pebble designs with the higher U 2 3 8 fueled-pebble loading 
is more desirable since a longer residence time can be obtained while 
keeping the fissile feed enrichment (or maximum enrichment for cases 
with varying feed enrichments) below the "non-proliferation" limit of 
0.2. -

Comparison of the low technology cases indicates that an increase 
in the reflector thickness from 36 to 100 cm can result in a decrease in 
fissile feed by as much as nine^ percent and in fissile Inventory by 
four percent. An increase in reflector graphite density from 1.0 gm/cc 
(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 inventory (for a 100 cm reflector). 

The cases chosen as the best representative for each of the three 
technology levels (low, reference and high) are cases TDRLC, TDRRB, 
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T a b l e 4 - 4 . R e s u l t s for Medium-Enriched L" " ' Yvt-
( T w o - D i m e n s i o n a l , 1200 MV»'e, 5 'AVfi /'' ! t*» 

c o r e h e i g h t = 500 cm) 

Case J C L C I X L V . 2 

' ad ia l Reflector Thickness 'cr*>) 
In le t Axial Blanket Thickness (err.) 
Cere Radius, Fueled (cm) 

°.ddid"; Blanket Thickness fen) 

Cycle M or 2 passes of f e r t i l e pebWeS; 

Residence Time, Fu l l Power (yrs)* 1 

u.u 

616.04 

0.0 

7. GO 

612.04 

:-3' , . ' , 

6H.&4 

Fiss i le Fee d tnrichment .164 .165 . ! 76 
Fiss i le Inventory (K<jm) 1312 . 523? 259 
Peak Power in F i ss i l e Pebble (Kw/pebble; 2.4? 'i.i'i " . 35 

Leakage toss , f rac t iona l .0986 , .0«i4 .050S 
Fission Product Loss, f rac t iona l .0732 .Wii 086« 
Conversion Ratio .535 .543 53/ 

Average Burnup (MW th-D/Kg HM) 103 11?; 25 
Bumup by Zones (Primary/Fert i le) 

1 115 !25 3> 
2 .116 '125 31' 
3 1 1 "/ . / 3 
4 57 i ' 4 ;' \r 

5 
v 77 102 r!i 

6 i>2 % 05 

Feed Rates (Kg / fu l l power day) 

Pj-lMry. u - 3 ' 3.0072 ; - . 7 o - i j 6734 
U - ^ 15.3*37 13.336; 12 - . > : • 

Fer t i l e T h ; " ' ? 

10.7233 9.31*7 '-. 7*i V. 

Discharge Rates (Kg/ fu l l power oay) 
Prirnajry u- ! 

.6087 .VS.', i t . - /-
U r,H .404 7 .v<>\ 3 : : ;• 
\i<:*- 14.1106 :2.ioo; n !?•»? 

Pu(f) .2049 .1679 !6c.2 

Pu(n) .1210 .114! i l ' 2 
Fer t i l e T h J i J 10.7072 K.697»s '/>_ 146ft 

P a ; r i 

0046 .0034 •1030 
• J * - ' ' .2 762 . 2469 2365 
y . ' - i . 

(J-"* ' 
y / i f . 

. 0504 .05)2 060* 

rtTnere are s i x feed paths l-ounded by r(r.r-) - 276 .40 , 390.9b, 478 .73 , 552 .79 , 5S6 
618 .04 . The r e l a t i v e path ' ' low ra tes are 1.0, 1 .09 , 1.18, 1 .26. 1 . 3 1 , and 1.40 

Feed e n r i c h m e n t s : i nne r t h ree paths - . 167 , ou te r t h ree path*, .186. 

Feed en r i chmen t : inner t h ree paths - . 187 , outer two paths • .147. 

Feed e n r i c h m e n t s : inner t w paths •- .179 , t h i r d pat>. .1- .4, oo to r two ; i .uh ' , 
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1.ibl«? u-\,. Fraction of Total Neutron Losses for Selected Actinides 
for Two-Dimensional MEU Cases 

Pu- •'-
- - • - - • - - - —_ ._. » . . . - — 
iClC! ' .0?262 .03926 .a/." 66 .3021ft .00617 . IS 340 .13510 .04446 .03513 .00173 

y:ir.i .^7i£S .04291 .0019? .29056 smiH .15187 .13694 .0464 ' .03644 .002i2 

'• *~ i • ' .07721 -.04345 .00138 .29003 .0071% .15044 .13634 .04657 .03889 .00226 

1;S;A . { v ? r s . 366 '* .003IS .29746 .00744 .11725 .10762 .03734 .03208 .00194 

: - \ i . P 2 > : .0671? . 0 J 3 2 S .255 IS .00733 .11745 .10*07 03762 .03250 .00197 

' " ' - : • " . ."7754 .0441? .0CS99 .2HH57 .09707 . 11.027 .13655 .04680 .0393? .00226 

"JML .'u'ao- .o?9*5' . :04/G J.?Ai7 .00780 .1 346 .10453 .03684 .03213 .00211 

I'M'. .0^77* .05405 .00?73 .?r'M'' .00807 . U 4 3 9 .13196 .04611 .03944 .00260 

•*#*>A J2-.24 jMn .00444 ,'mt.i - -.0081?. 1.234 .10399 .03638 .03249 .00223 

'j*$i$ . 0^9? ; .0553! .00283 .28040 .00796 .14411 .13188 .04615 .03961 .00269 

DC*C .o^-./e ,07 '»3 00725 .28852 .00890 .12677 .11314 .03919 .03292 .00234 

"jf.*0 .090w .W^JO .30671 -ffefetj- . 00748 .140B1 .12787 .04522 .13^81 .0825? 

» - A . !?/'*i . i0450 .05025 .26125 .03*04 .10764 .09935 ,03534 .03188 .00230 

J*??*^ .0*VS! .C7^1^ .3070? .2637? .00800 . ' 3 ? 70 . 12676 .04582 .03954 .00274 

and TUKBK r e s p e c t i v e l y . In each of t h e s e c a s e s t he power i s modera te ]v 

t «-:'• tt.ne-d 3 < T O S S tin- co re bv u->e of r a d i a l feed zones wi th va r y ing 

en r i chmen t , ihe r e f e r e n c e t ecnno ioev r e p r e s e n t s a d e s i g n comparable 

v i t ' i s<*d and breed PBR c o n r c p i s c u r r e n t ly be ing i n v e s t i g a t e d in Oerraany 

Cosapareii to th* r e ' i - r enco t e c h n o l o g y , the lower t e chno io^v concept r e -

'I1* 5 ."•.-*- an i n c r e a s e In e x t e r n a l f i s s i l e feed o! a p p r o x i m a t e l y s i x 

p e r . - e c t ; .1 t u r n e r techn«lov.v l eve l could reduce t he f i s s i l e feed bv 

.i'.K-'.i: n ine ;>e r < e:it . 

KM- f r a c t i o n ot t o t a l neu t ron l o s s e s due t o a b s o r p t i o n in the 

f 'Hiri i io, uranium, and p lu ton ium a r t in i d e s a r e l i s t e d in Table 4-3 for 

a l l MfcS.' tiro-d irien >» i ona 1 r a s e s . A d e t a i l e d account i n s of a l l i. i-iitron 

io&ses a r e l i s t e d in 'tabU 4-6 for t h e r e p r e s e n t a t i v e ca se of each 

',<•' : Jjnologv l e v e l . 

Ku»l !•>•« le c o s t s a r e shown in Table 4-7 for a l l MEC 2-D c a s e s . 

V ' t e " ( a t t r l t re ; s not a s e p a r a t e f e r t i l e pebb le for the low techno logy 

a s e s and "repro< e s s f e r t i l e " i % i d e n t i c a l t o t he "throwawav r a s e " , 

wherease "bo th" r e f e r s t o t h e p r i a a r v pebble ( ; s ixed-oxide p e b b l e ) . 

.:-. i l l .t-.t-->, u_ pay . to recover the L" from the f e r t i l e p e b b l e , but 

i'. :•*.-» v not t*. e.-»»nofti,-,i! t o r« . over the spent 1" ' in t h e f i s s i l e 

p e b b l e . 
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Table 4-6. Detailed Account of Neutron Losses for 
Selected Tvo-Dimensional MEU Feed Cas s 

Case TDRLC TDRRB nRHB 
Actinide 
T h 2 3 Z .07764 .08898 .09031 
F a 2 3 3 .00358 ' ,00425 .00473 
u 2 3 3 

u 2 3 * ? W S ^ K X ;00199 
.05531 
.00283 

.07310 

.00702 
u 2 3 S f ^SL..28857. .28040 .26371 
u 2 3 6 

u 2 3 8 .. ""^S-00707 
'.«̂ --. 15027 

.00796 

.14411 
.00800 
.13870 

M « * 3 9 ' .00041 .00042 
Ptt?»* «- .13188 *-' .12676 
p t t * * % ""'""•..v v ~04680 .04615 .04532:. 
Pu 2* 1 ^ 0 3 9 3 2 0 .03961 .03954 
Pu 4* 2 ' > :00226 .00259 .00274 , 
A*** 3 .00069 .00087 .00099 

Fission Product ! • 

K r 8 2 .00015 .00018 .00028 
K r " .00068 .00077 .00110 
R h 1 0 i .00736 .00773 .00820 
R h 1 0 5 .00013 .00013 ,00014 
Ag 1" 9 .00082 .00089 .00092 
Xe 1* 1 .00455 .00501 .00590 
Xe>* 3 .00017 .00019 .00020 
Cs'«" .00403 .00454 .00552 
C s , J * .00052 .00064 .00095 
X e 1 3 5 .02160 .02123 .02079 
C s l 3 S .00011 .00011 .00012 
Sd 1" 3 .00908 .00979 .01142 
Nd 1" 5 .00278 .00310 .00375 
Pa** 7 .00480 .00509 .005*1 
Po 1" 8 .00081 .00092 .00101 
Pa 1*' 8 1 .00201 .00214 .00228 
Sm 1" 9 ,00731 .00736 .00742 
S o 1 5 0 .00146 .00168 .00206 
S » 1 5 1 ,00331 .00350 .00384 
S. 1 5* .00251 .06278 .00325 
E « 1 5 3 ,00154 .00174 .00214 
E u 1 5 * ,00105 .00125 .00164 
E u l 5 i .00123 .00141 .00179 
SSFP .00611 .00691 .00888 
51SFF .00254 .00290 .00368 

Other 
C .02664. .02657 .02946 
He .00006 .00006 .00007 
Si .00196 .00181 ."0180 
0 .00004 .00004 .00004 
Leakage ..̂ -PJll!! .07418 .06460 

Tot.il 1.0 1.0 1.0 

http://Tot.il
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LEU/MEU Single Pebble Type One-Dimensional Parameter Study 

One sf feet of putting the uranium feed into "primary" pebble and 
the thoriui^ feed into a "fertile" pebble is a significant increase in 
the peak pebble power density since a large amount of the power is being 
produced in the primary pebble alone. The benefit in keeping the fissile 
and fertile fuels separated is to achieve internal radial blanketing with 
fertile pebbles and then recycle them back to the core immediately. For 
a low level of technology, immediate selective, recycling of pebbles may 
not be achievable and one pebble type (mixed oxide or uranium) might be 
used.'..One-dimensional parameter studies were performed for a single 
pebble feed scream over a range of C/HM ratios, bumups, and'enrichments. 

For a fixed amount of U 2 3 B in the feed pebble and for a given C/HM 
ratio, the fissile enrichment varies as the residence time changes. 
A short residence time requires a large throughput of U" 1 3 5. The 
relationship is not proportional due to the buildup of the plutonium 
and the fission products. Thus, for a given C/HM and burnup (which 
increases ac residence time increases) there) is a fixed fissile enrich
ment needed to achieve criticaiity. 

The cases listed in Table 4-8 cover a range of C/HM ratios and 
residence times. All cores are for enr'ched uraniuir feed with no 
thorium. The cases with enrichments less than "- 15.2 are considered 
low-enriched. Note that low enrichments are achievable only at short 
residence times, and the optimum C/HM from an ore conservation stand
point is 600—800. 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 
t ime. 

The »ffect of putting thorium into the feed stream at the expense 
of a higher enrichment - is indicated by the results in Table 4-11 upon 
examination of cases 45004 to 45008. In these rases, the heavy nw'tal 
content Is fixed and thorium is gradually substituted for uranium. 
Note that cane 45009 gives essentially the same results of rase BX0 in 
Table 4-1. This is expected since the calculations are one—•timensional 
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Table 4-3. One-Dimerslonal Results for Sinqle Pebble, Low to Medium Enrlohed Uranium Feed, Power Density » 5 K, h/cc, 

Nominal c MN {atom ratio) 
Residence Tine at Full Power (yrs) 
Feed Enrichment 
Con»ersion Ratio 
fissile Inventory (kql 
peav »ower Density in Pebtle 

(watts'ccl 
F rac t ijjn levs. _0u_e_ to: 

leadaae 
Fission Product Absorption 

BurnU(s (»« t hO.'k9/H»5 
'J 4ton Density in Feed Pebble 

(atoms/in-i«) 
reed Rates U q ' D ) 

u • 
u- •' 

Discnaro^ Ra-les (kq/D) 
y. ,= 
u--

Pu (fissile) 
- - - - Pu (nonfissile) 

1200 HW e, Core Height • 500 en. *<o A«ial Riar.ket, R«dtal Buckling • 3.2-V 

300A 300B 300C 3000 410.'. 450B 450C 450D 600A • 600P 

th' 

600C 6000 850A 8508 850C 11500 

300 300 300 300 450 450 450 450 600 600 600- 600 850 £150 960 850 
1,0 2.0 •3.0 4.0 1.0 2.0 3.0 4,0 1,0 2.0 3.0 4.0 1.0 2.0 3.0 4.0 
.102 .141 .175 .206 ,100 .144 .184 .2?? • ,094 M2 ,138 .233 .103 ,!70 .23C ,217 
.624 ,586 .554 .526 .593 ,563 .633 .506 .552 - .527 .500 ,473 191 .465 .4.17 ' .411 
2925 3925 4755 5491 1794 242° 2988 3516 1113 , 1481 1839 2202 765 1008 1265 1537 

13.76 14.51 15.29 ls.92 13.90 14.63 15.59 16.25 14.19 15.46 16.53 . 17,24 14.79 17.03 18,58 20,08 

.0888 .0876 .0883 .0887 .1014 .0985 .0981 .0986 ..150 .1110 .1104 .1109 .VJ44 .1.103 .129)' , K100 

.0388 .0465 .0526 .0579 .<14f7 ,0570 .0648 ,0712 .0553" .0693" .0794 ,0871 .0651 .0838 .0%? ,1053 
34 (,5 94 121 50 96 137 174 68 128 182 229 95 176 .'45 .«.? 

2.23-5 3.31-5 4.28-5 5.2J-5 1.51-5 2,20-5 3,09-6 3.91-5 1,07-6 1,69-5 2,38-5 .3,12-5 8,72-6 1,48-6 2 .1^> 2.91-5 

8.9366 6.4741 5.5752 5.1129 5.9252 4.4922 4.0255 3,8228 4.1752 3,3133 3.0997 3,0506 3.41't 2,8912 2.820* ?,|!469 
78.7272 35.5636 26.2424 19.6819 53.5282 26.7641 17.81.*: ..3820 40.1362 20.0681 13,378? 10.0341 28,3014 14.150? 9.4338 7,0754 

5.9976 3.6149 2.7150 2.2249 3.2471 1.9018 1.4236 1,1757 1.6739. '.3*53 .6512 
.6014 .606C ,614? .6220 .5051 ,49j)6 ,6037 ,51'S .4390 ,.4253 .4273 

70.3204 37.1307 24.1415 17.69)5 51.3600 24.7&50 15,95.39 11.5963 33.2156 18.<'874 11.7093 
1.3546 1.0797 .o>lfr .8107 .9663 . .7250 .5966 , .5098 .6271 .4197' ,3227 

.2504 .2363 .2212 .2071 .23)3 ,204« .1844 .1678 .2147 .1800 .1665 

,637V .9260 .4413 .3068 .2488 
.4355 . .4169 .4056 .4110 ,4200 

8.4606 26.6749 12.6582 fi.0472 5,7774 
.2654 ,3696 .2103 .1482 .079!. 
,1387 .1743 .1397 .1171 ,1(i?2 

^4 

o 



Case 

Actin ides 
l < ' ' c 

u* '• 
u •' J 

\p s 

=V ''' 
E>u ' : 

AP ' * * 
Total 
1 7 ission ProdjK:ts 

\e • "• 
Others 

Total 

Other losses 
C 

S: 

Lealage 
Total 
Total 

Table 4-«. Fractional Neutron Loss Rates for Single Pebble, One-Dimensional, Uranium Feed Cases 
300A 3008 300C 100P 450A 450B 450C 4500 600A 600B 600C 6000 8S0A 8500 850C 8500 

37170 .35930 .35915 .36226 .33645 .32396 .32494 .33047 .31264 .30116 .30488 .31321 .31016 .30540 ,31384 .32498 
00334 .00655 .00974 .01289 .00325 .00632 .00944 .01262 .00319 .00613 .00919 .01237 .00337 .00652 .00980 .01317 
30052 .27736 .20037 .24635 .26326 .24794 .23269 .21985 .23688 .21867 .20481 ,1930fi .20016 .18316 .17018 .15942 
00053 .00045 .00041 .00037 .C3057 .00048 .00043 .00039 .00060 .00050 ;00044 .00040 .00061 .00051 .00045 .00040 
14S74 .16263 .16485 .16346 .16955 .17840 .17690 .17253 .17773 .18125 .17fj32 .16959 .16747 .16497 .15725 .14923 
02870 .03718 .04066 .04220 .04123 .04971 .05220 .05261 .04853 .05601 ,05710 .05627 ,05132 .05562 .05468 .05265 
00827 .01403 .01743 .01955 .01729 .02620 .03036 .03233 .02765 .03862 .04228 .04316 .03619 .04546 .04684 .04603 
00013 .00041 .00070 .00097 .00034 .00095' nmm .00197 .00064 .00166 .00248 .00307 .00098 .00225 .0031,2 .00368 
WOOl. .00004 .00009 ..00014 .00004 ,00014 •-OPPi? .00041 ifiPPpJ. .00033. .00060 .00084 ..000J1 ..J30062 ,00105. ,00138 
86194 .85845 .85340 .84819 .83698 ,83410 .82875 .82313 .30794 .80433 .79810 ,79199 ,77044 ,76«51 .75721 .75094 

.01662 .01427 .01271 .01155 .01920 .01728 .01589 .01478 .02139 .02017 ,01920 .01834 .02285 ,02224 .02167 .02107 
•?2y_6 ,.03220 ,03990 .04631. .02751, ..JM973 ,04895 ,05644 .03395 ,04918 .06021 ,.06381_ ...04228 .0615.2 ,..0.7458 .08423 
.03878 .04647 .00261 .05786. .04671 .05701 .06484 .07l22 .06534 .06935 ,07941 .08715 .06513 .08376 .09625 .10530 

.00834 

.00003 

.00201 

.00008 

.08882 

.09928 

1.0 

.00595 .00483 .00416 

.00002 .00001 .00001 

.00141 .00112 .00096 

.00008 .00008 .00008 

•Ĵ TJl? :587?1 :.r.PAa/i 
.09508 .09399 .09395 

1.0 1.0 1.0 

01271 .00888 .00707 .00596 .01928 .01360 .01072 .00889 .02759 .01970 .01542 .01266 
00004 .00003 .00002 .00002 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 
00207 .00143 .00112 .00094 .00238 .00167 .00130 .00107 .00242 .00172 .00133 ,S0109 
00006 .00006 ,00006 .00006 .00001 .00004 .00004 .00003 .00003 .00003 .00003 .00003 
.10143. ,..09849 ..09814. .09862.. OJ502 iLU5.l •J1043 JJjW.6 .0.3439. .0.3028 J1976 .12998 
11631 .10889 .10641 .10560 ,13672 .12632 .12249 .12086 .16443 .15173 .14654 .14376 
0 1.0 1 .3 1.0 1 1.0 1 1.3 1 .0 i l.'O 1 1.0 1.0 1 .0 1 .0 



Table 4-10. Fuel Costs for LEU/MEU Single Pebble Feed Cases 
(1200 m y 0.75 Load Factor, 30 Year Lifetime) . 

Linear Interest Rate » 0.1, Discount Factor • O.Of-
300k 

TH«om*»T BOTH 

3008 300C 3000 4 5 0 6 4 5 9 1 »50O 60 » 6008 600C 6909 8»©» 6508 850C 

CCST OF n n 10.3196 7 ,7713 6 . 9 1 0 * 6 .5206 8 . 1 * 1 5 6 . 3 7 ( 7 5 .6729 5 . 9 * 5 1 '11.8906 ( . 6 7 9 6 ( . 6 7 2 8 • . 9 9 9 1 ( , ( 1 8 8 » ,3998 
F68F IC IT IO* 1 . (291 0 .7677 0 . 5 * 7 3 0 ,«375 1.1822 0 . 6 3 6 1 0 . " " 6 0 1.1626 0 . 6 3 5 1 0 .461T 0 .3758- 1 .2 *07 0 .6891 0 .60 40 

sst»or/»**Ti 0 . 6 0 3 } 0 ,3019 0 . 2 0 1 1 0 . 1 5 0 8 0 . 3 5 8 9 0 . 1 * 2 * 0 . 0 8 9 * 0 . 2 6 3 2 0 .1290 0 . 0 8 * 6 0 .0627 0 .1929 . 0 . 0 8 6 7 0 .0578 
18MUC1COS1 1 .997* 2 , * 2 8 8 2 . 9 2 * 6 3 . *«2« 1.5690 2 .1775 J . 8 9 1 * 1 .1570 1.««80 1.9262 2 . 3 M 6 0 . 9 1 0 8 1 .2 (51 1.63 08 

TOT61 COST 1 * , 3 *92 11.2696 1 0 , 5 9 3 * 1 0 , 5 5 1 1 1 1 . 2 5 1 * '8 ,9336 9 .0286 6 ,5278 7 .0967 7 .0516 » .J5«9 , 7 . ( 9 3 5 ( . 6 * 2 7 6 . 5 9 3 * 

SSF80C8SS SOT 8 

CCST SF 7 U U 
l»BHC*T10» 

S I I S C C / I » S T I 
T6MW.CTC057 

4 .5890 
1.4291 
2 . 4 7 4 1 
2 .6096 

* , « 1 7 2 
0 . 7 * 7 7 
1 , 2 * 0 * 
2 , 4 7 7 * 

4 . 4 3 * 3 
0 . 5 * 7 3 
0 .8265 
3 .«697 

•4,5049 
0.4175 
0 . 6 1 9 1 
8 .0002 

4 .3604 
1.1922 
1.4636 
N.9105 

* . 2 6 7 6 
0 . 5 3 6 1 
0 ,7789 
2 . ( 8 2 5 

» .»019 
0 .3760 
0 ,4836 
3 , 2 0 8 1 

4 .0368 
1.1626 
1 .74* 1 
1 .2067 

3 . 9 * 1 6 
0 , 6 3 5 1 
0 . 9 7 9 * 
1 ,«6 (« ' 

TOT»r COS? 11.1070 

n n n t s s F I B T I I I 

C C S T o r n n 10,3146 
» » 8 « C » T I O * 1 . «2*1 

a m c c / » s i i 0 .6032 
I80 IKC7COST 1 ,447* 

9,«027 

7 ,7713 
0,7677 
0 ,3018 
2 , * 2 9 6 

9 . i 7 7 4 

6 . 9 1 0 * 
0 . 5 * 7 3 
0 , 2 0 1 1 
2,4 2*6 

4 .5673 

6 ,5206 
0.4375 
0 .1506 
3 , * « 2 « 

9 . * 3 6 6 

8 . 1 * 1 5 
1.1822 
0 .3589 
1,5690 

6 ,0651 

6 , 0 7 * 7 
0 . 5 3 6 1 
0 .1«2» 
2 ,1775 

8 .4696 

5 .67J9 
0 .3760 
0 .C88* 
2 . 6 9 1 * 

6 . 2 0 0 2 

5 . 4 * 5 ^ 
1.1626 
9 . 2 6 3 2 
1.167C 

6 , 9 * 2 6 

" . 9 8 * 6 
0 . 6 3 5 1 
0, 1290 
1 .» *80 

( , 0 » 1 0 ( . 1 8 1 3 3 .9979 
0 . 4 6 1 1 0 .3756 ;).i*W 
0 .5769 0.O273 1<6616 . 
1 ,8659 2 , 2 9 7 1 0<»921 

u 0327 ( .18.71 
0 6891 0 ,5340 
0 6062 0 .6245 
1 1835 1,550? 

6 , 9 8 * 6 7 . 2 7 1 * 7 ,7923 6 ,7116 6 ,7714 

4 ,6796 ' ( , ( 7 2 8 k , 9 4 9 1 
0 .4611 . 0 . 3 7 5 6 . ' 1 . 2 » C 7 
0 .0846 0 .0627 , 0 . 1 6 2 9 
1.8262 2 . 2 * 3 « 0 ,9608 

4 . ( 1 4 8 0.3*58 
0.6641 0.60*0 
0.0867 0.0578 
1.2641 1.6)08 

TOT61 COST 14 .3 *92 11.3696 1 0 . 5 8 3 * 10 .5513 11,2616 8 . 4 3 0 * 9 .0286 

Linear Interest Rate - 0.05, Discount Factor • 0.035 
8 . 5 3 7 8 7,04' .7 7,0516 7 . 3 f « 9 ' 7 , ( 0 35 6 , ( 6 2 0 6 . 6 4 1 * 

C»S* 390» 3008 300C 3009 (50 » v 4531 ( 5 0 0 600 » 6009 »C0C «'00P 

TH6CV61I11 8C1B 

CCST Of FOSl 10.1196 
• 6BRIC»T]0« 1,«291 

HUFCC/S^STI 0 ,6032 
U U 9 I C T C O S T 0 , 4 * 4 1 

7 ,7713 
0 ,7677 
0.1018 
1.1566 

6 . 9 1 0 * 
0 .6*7 .1 
0 .20 11 
1.3911 

6 .5?06 
0 . O 7 S 
0 , 1508 
1,6186 

8 .1416 
1.1822 
0 . 3 4 8 4 
0 .7511 

6 .0797 
0 .5161 
0 . 1 * 2 * 
1.0340 

5 .67 29 
0 .3760 
C.C88* 
1.3812 

5 , 4 * 5 1 
1 .1626 
0 . 2 6 3 2 
0 . 5 5 5 5 

( . 8 8 1 * * 
0 .6351 
0 .1290 
0 .69*4 

« , 6 7 9 ( 
0 . ( 6 1 1 
0 . 0 6 ( 6 -
0,8766 

( . 6 7 2 8 
0.37SH 
0 .0627 
1,0789 

850» 8608 

4 . 9 9 9 1 ( . 4 1 9 8 
1 , 2 ( 0 7 0 ,6891 
0 , 1 8 3 9 O.0667. 
0 , ( 7 27 0 .6102 

"B50i: 

( . 3 9 6 8 
O.6040 
0 .0678 

- 0 . / 8 8 1 

i n x I COM 13 .3060 9 .4464 9 , 0 * 9 4 8 , 7 * 7 6 10.4336 7 , 7 * 2 1 7 ,5186 7 , 4 2 6 3 6 . 3 ( 3 1 6 . 1 0 2 1 6 . 1 9 0 1 ' 6 , 8 4 5 * 5 .8078 4 ,7608 

6EF6CCSSS »C18 

CCST OF FB81 4 . 5 8 9 0 
HBRtClT lOX 1.4291 

FHRCC/VkSTt 2.4r743 
t* tJ4*CTC0ST 1 .3601 

4 .4112 «. M « 3 
0.7677 0 , 5 * 7 3 
1.2*04 0 .8265 
1.4244 1.6637 

4 , 4 0 9 9 ( . 3 ( 0 4 * . 2 6 7 6 « . ( 0 1 4 
0 .4175 1.1822 0 , 5 3 6 1 0 .1760 
0 ,6147 1.9636 0 . 7 7 6 9 0 .4636 
1.4175 0 .4216 1,1915 1.5346 

4 . 0 ) 6 6 3 .9416 4 ,0410 
1.1626 0 . 6 3 5 1 0 , 4 ( 1 ) 
1 . 7 9 * 1 0 .879* 0 . 5 ? * 9 
0 . 5 8 0 3 0 . 7 1 ) 6 0 . 8 4 ( 7 

( . 1 6 1 3 3 .9978 4 .0327 4 . 1 8 7 ) 
0 . 1 7 5 8 1 , 3 * 0 7 0 . ( 8 4 1 0 .5090 
O;«VJ 1 , (618 0 . 8 0 6 2 0 ,5255 
TV 100 5 0 . 4 2 8 3 0 . 6 ( 9 * 0 , 7 * 7 * 

7 C W I COST 9.7577 7 .8552 7 .»718 7 , * 9 « 6 9 . ( 4 6 0 ( . 7 7 * 1 ( . 8 0 1 0 7 . 5 7 3 8 ( . 1 ( 9 7 S.47S« 6 .0848 T,i2U ( . 0 9 7 6 5.9646 

iSF»ocrss r i i T U i 

CCST OF FOII 1 0 . 3 1 9 6 
FUSS 1 O T I C 11 1.4291 

8 H F O C / 4 4 S - 1 0 .6032 
tUIBFCTCOSJ C.4541 

7 , 7 7 1 3 6 . 9 1 0 * 
0 , 7 6 ' 7 0 . 5 * 7 3 
0 .3018 0 , 2 0 1 1 
1.1456 1.3911 

6 .6206 8 , 1 * 1 6 6 , 0 7 * " 5 .6729 
0 . 4 ) 7 5 1 .1822 0 . 5 3 6 1 0 ,3760 
0 . 1 5 0 8 0 . 3 5 ( 9 0 . 1 4 2 * 0 . ( 9 8 * 
1.6186 0 ,7511 1 .03 *0 1,3812 

5 . 4 * 5 1 «. 6846 4 .6796 
1.1626 0 , 6 3 5 1 0 ,»«11 . \ 
0 , 3 6 3 2 0 .1290 O,0B«« 
0.555.5 0 . 6 9 ( 4 0 . 8 7 * 6 

4 . ( 7 2 1 » ,9«91 4 . ( 1 9 6 « . ) 4 5 8 
0 .3758 1.-2*07 0 .6641 0 .5040 
0 .0627 0 . 1 ( 2 9 0 .0887 0 .0578 
1 .0786 . 0 . ( 7 2 7 0 . ( 1 0 2 0 . 7 8 6 1 

l O W l COST 13.3060 4 . 9 9 6 * 4 ,0499 8 . 7 * 7 * 1 0 . 4 1 3 * 7 . 7 4 2 1 7 ,5185 7 , 9 2 6 3 6 , 3 9 3 1 ( . 1 0 2 1 « ,Mf01 (J'.MS* 5 . 8 0 7 * 5 ,7508 
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and unblanketed and the only effect of= separate feed streams is the 
difference in peak pi.*er density. Cases 45001 —45002 are identical 
except for the use of different cross section sets. Case 45004 has a 
higher heavy metal loading than does 45003. 

Note on One-Dimensional LEU Calculations 

wm. .The one-dimensional LEO calculations cover a wide range of residence 
times and carbon to heavy metal ratios. These calculations are geared . 

v . llX&l̂ &r:'-"'',.-.for a scoping-typeleyaluatioji to determine treads.over these important r, 
parameters.. Morfe detailed calculations are performed inVtwo-diuiensionsr 

m:~ "--''" '''%£&&0?:i-• Xf^^'' a Y^l^*®** f? n8^ ofL£?3S*blfc fnel designs and residence tines as :v:f. " 
5$ "W^^^^'"'riVdi^ted;-by'^he"l^b-resnlt^. Thus, the i-D results are qualified: '*'" ̂ r s 

•"•ftJ-7?̂ -" >• uncertainty exists in the radial buckling chosen to approximate tlve 
. \rf-:' -,'.; effects of radial leakage, and the choice of a single.set of cross- " '-

sections limits the availability to account for burnup-dependent 
spectrum effect* caused by the depletion of U 2 3 5 and the buildup of 
the piutonium isotopes. This limitation is much more severe for the 
LRU single oxide cases than the "ffiU and HFU mixed oxide cases. 

Wl-P- Feed Two-Dimensional Cases 

The low-enriched uranism feed cases are represented by case title 
An the following summary: 

Summary of Two-Dimtisional LEU Cases 
Average Pebble Radial Ref.'ector Radial Reflector Number of 

Case Residence Time. Graphite Density Thickness Enrichment 
Full Power Yrs (gm/cc) (cm) Zones 

B21 v 3.0 1.0 36.0 1 
TD450 2.0 1.0 100.0 1 
TD451 2.0 1.6 100.0 1 
TD452 2.0 1.6 100.0 2 
TD600 2.0 l.C 100.0 1 
TD601 2.0 1.6 100.0 1 
TD602 2.0 1.6 100.0 2 



ic 

The results of the LEU 2-D cases are listed in Table 4-12. !. ce 
that increasing the graphite density decreases the fissile feed"r.re 
approximately five percent. Cases TD452 and TD602 have two feed-..nrich-
raent zones. With two zones, the power density is fairly flat across 
the core. The results indicate that the fissile feed rate is. les than, 
that predicted in. the I-B cases, but there is still a large de.cre:<se 
in the fissile feed requirement at a C/ffil of 575 compared.to C/HM 
of 435 or 276. Case TO602 is representative of the preferred T.EU : iei 

...cycle. .- --"• ., . ' - ,„ ,!"~, , .' 

.'. ..- > A detailed account of- neutron losses is listed_fpr cases TD452 ; -! 
p#a^>nik>02~i^^ /'''"" /- v'**",.:̂ *W" • "vv l;?y 
""*•«";.:.-;'--*', - "-••':.'- •-"-' - c V - - - " " ;-,. " "" .;-' ."'- "/'>->.: -' '" i . " * ; ^ ,•-"< 

v . :Fuel cycle costs for the LEU two-dimeitsionaJL' cases are given in *:-
Table 4-14. -As was the case for .the MEU low technology cases, the .. 
LEU cases have a single pebble type and in Table 4-14 "Both" will refer 
only to the feed pebble. 

Summary of Ore Requirements and Fue] Cycle Costs for LEU and MEU 
Two-Diiaensional Cases \ , 

The ore requirements and throwaway fuel cycle costs for the LEU 
and MEU two-dimensional cases are shown in Table 4-15* Consumption 
for a throwaway cycle refers to fissile feed required for the reactor 
after the initial loading. 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 cost requirements for the representative M_EU tech
nology level's and the LEU feed. Compared to the reference MEU tech
nology, low technology MEU feed will result in a six percent increase 
in U3O8 ore at ah 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; a Ll'.U feed cycle would increase the U3O8 require
ment by twelve percent at an increase in cost of nine percent. 

'--£-. 

1 
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Othejr 
C 

lit 
Si 
0 

I-cakagt.' 

.00327 

.00011 

.00285 

.00018 

.01935 

.000JO 

.00492 

.00131 

.00377 

.00060 

.00146 

.00652 

.00084 

.00267 

.00178 

.00092 

.00044 

.00066 

.00389 
•00172 

.01.955 

.00004 
,00193 
.00006 
.07645 

.ootfii 

.00047 

.00629 

.00015 

.00089 

.00385 

.00017 

.00330 

.00033 

.02135 

.00009 

.00707 

.00222 

.00424 

.00071 

.On 1.74 

.00699 

.00113 

.00306 

.00217 

.00123 

.00075 

.00096 

.00481 

.00204 

.02562 

.00006 

.00°10 

. O0OO4 

.08750 
Total 1.0 1.0 



,1c 4 - 1 4 . Oor.L.s fVr i.iM iv'o-.'ij rj;ws iniix i (..'^:>-
;i< t o r , J 200 MW ,} C'j'-i-yar l if«.-t.i-- , <).?'J load f 

f ."iH-.ir Int»-r«-:it Rate - O . i , Discount . i-V t o r = 0.f> 

C * * ! B21 TE.459 ?D»5 1 TB«rt2 •OfeT TO'.': 1 

rFfiwuwr-.T Enifc 
CC"7 ^F f*T?l. 

* f-FFGC/UAST J 
IBlTPSClCfJST 

8 . 1 9 " 7 5 .4250 5 . 1 * 2 7 5.172% -i.Uf " 1 4 . 2 u ' i 6 4 .267C 
O.H706 0 .6107 0 . 6 0 8 6 0 . 6 1 0 9 0 . 5 8 9 5 0 . 5 9 0 8 C.5947 
0 . 1 8 1 9 0 .174 3- 0 . 1 7 3 6 0 . 1 7 i 6 C .1273 C . ^ S fl.?2€* 
-*-.*9?3 1 .6365 1 . 5 6 3 6 1.S686 1.3G»1 1 . 2 4 1 0 1.2»P9 

TOTAL COST 3 .3387 7 .8464 7 . 5 0 8 6 7.52&9 .-;. 4 820 6.20-50 6 . 2 3 7 2 

CCS"! OF PHEl 4.eC42 
FAEFtr.»7lCt C.479B 

z?.i?rr/vhr,rf 0 . 7 0 8 1 
IKCTPECrro^T 4 .2422 

3.9621 3 . 8 1 * 8 
0 .6107 0 . 6 0 8 6 
0 /9250 0 . 9 2 2 9 
1 .7939 1 . 6 9 4 7 

J.H220 i . 7 6 2 2 
0 .61C9 0 . 5 6 9 5 
0 . 9 26 3 0 . 8 3 1 8 
1.699K 1 .296« 

3 .65" } 3.(F6 f 1 
0 - 5 9 0 8 E.594 7 
0 . P 3 1 1 -0.6 35?; 
1 . 2 & 9 * 1 .2177 

1C7HL CISC 1C.3253 7 .2917 7 . 0 0 1 0 7.<T5*1.7 6 . 4 7 9 9 ; . 2 8 1 7 6 . 3 1 2 5 

Linear, - I n t e r e s t _R£ty =• Q.O'i, i ) i S f o u n f f ' i i r ) 5 > r . = f } . - P ^ J 

C 

ClrSE 

THFCMWHT PfTH 

E21 

CCST OF POEI 8 . 1937 
mPTCATIOK C.47C8 

RPFRCC/minTF C.1819 
I*DI»ECTCOfiT 1 .6586 

tcuso 

5.4250 
C.6107 
0.1743 
C.7822 

TD451 

5 .16 27 
0 . 6 0 8 6 
0 . 1 7 3 6 
0 .7O73 

"D452 TD6GD TD6';1 TD6-?2 

5 . 1 7 2 8 
0 .6109 
0 .1736 
0 . 7 4 9 6 

4 . 0 6 1 1 
0 . 5 8 9 5 
0 . 1 2 7 3 
0 . 6 2 6 2 

4 . 2 4 6 6 
0 . 5 9 0 8 
0 . 1 2 6 5 
C.5961 

BfFFOCBSS FOTR 

COST OP FOIL 
MEFICMTTOR 

-*tt»«CC/-KAS*f*-
i»np*'c*fcn^T 

ft.8042 
C.47C8 
0,7C91 
2 . 0 8 35 

3.9621 
C.61C7 
0 , 9 2 5 a 
C.8609 

3 . 8 1 4 8 
0 . 6 0 8 6 
C . 9 2 2 9 
0 . 8 1 2 8 

3 .8220 
C.61C9 
0 . 9 2 6 3 
0 . 8 1 5 0 

3 . 7 6 2 2 
0 . 5 8 9 5 
0 . 8 3 1 3 
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.3.6651 
0 . 5 9 4 7 
0 . 8 350 
C.5803 

TOTAL CCST 8 . 0 6 / 6 6 .35e7 6 . 1 5 9 1 6 . 1 7 4 3 5 . 8 0 5 8 5 . 6 5 2 6 5 .6790 
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FU.feren>«.- f),irar.«̂t<.-r studies were done at a nominal 0/HM of HO. 
A lowr-r ratio s i;-;iif i>--»nr ly increases the fissile inventory. Results 
of or,*.—4isti-nfeiiiiiAi parameter studies are shown in Tabic 7-1. 

Special consideration wan given to feed-of pebbles produced iri"a t 

prebreeder for perhaps a fast reactor blanket) without reprocessing. 
Calmlat f' n«: indicate that a sufficient build up of fissile- content for 
primary pebble Feed is unlikely. A very long exposure would be required 
causing high contamination and serious degrading of the breeder per
formance by neutron absorption. The pebbles could be used to reduce the -
fresh fertile feed and take advantage of a low fissile content. 

Iwor-dimensional calculations were done with primary consideration 
given to in-core raaial blanketing and power density flattening. The 
results are shown in Table 7-2. Primary calculations were done with 
pure l ' / ' i feed find as high a C/KM value as would permit breeding 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 over a narrow range in C/HII are shown assuming 
that a 0,5 cm coating of graphite is required for the outer shell and that 
the kernel packing frnrtion can be increased to reduce the C/HM. 
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Tan? I • .-%? rwjI i -% .*r»* sb.-vc t.i 'mtilv J - i . !"b«-r«" i* * jjigttifi««srii 

In.Tsj^Ht- i« ;»*»-; - i t .iss'-.j i ^ i ^ wi th iw;r»\*.ssivi siw- «.sr*- six*.- -anil 

o p e r e t t a s : <*r „; r«-c i>—<J 5K*w#*r d f a ^ i t y . Ct«*tM£u«.xtion fr««t tis*- Ijigfeer c 

tw-awt .ur l>£st,»ry »••*}» -»I.*t ii>Ts*> *yiv --wfa* w i t h tiw* Jt-^iftt »»?i«~$ t o 

s»^.-oy«t i *r t"**. e f f > « t •>£ !•>;-?«-Je .vsA ..^ilii .»p ai £&*- h tg^vx ft»:i i n i d e * . 

.wjjf &tricrfv<i r*sa.ft,\t% a r e i*attiK*a in Izbl* 7—J» it>r tfs* i tfea! s if n a t i o n »f 

%•» yecfiL.it> S^tati. A»:*-<Ht3K£ iiix f*f a r*i-y^J«? {<&•« sftti ifrscijs;; *=*-*' TervcU-

<fe!a> ay. I . : - v*s>airs y i e l d s t h e r e m i t s i'i TahU- ?-&. -%'ote t h a t itw-. 

e x t e n t ; ; I ' " . M f i 1 p«s*«?j< t«irvH»£t; •« j^ir.ii-Kts- Ji1-. ttw: e>tiws<:r-.- i s in-'.r«.visu*<: 

li w - -e»»j 1 »s** r i*»-»t :h t J '!>>*!'«• &at»ri,-»I is: ih«- v."sr<-r», »*»t:i! invef*-

r , T " . .it the <-nrf ol t ?*»• f»l.in* ! iiY i-A >•.•! s».-->«i>*i.tr •:• i-v-.-rt.iiv •_-, * h«-n w».-

•:«.-ek T'.t,*; -:̂ :-».'tvjt. i<»n wii i 'h ~ s ;>. i a.i.N's ih«- :"i%-. iU- ;••«<*-*- ~h« r e - v t o r . 

fPrt'Kuaakiy t.J!.»r ssat»:r <-s; <it th». v«d •'»! f»i-int I H e wouM f n w n t nrv 

ano the r j»I»ni .} T!H- r e m i t s Kh«wn in ?.*hle 7-*i i n d i c a t e t h a t =in;s»a» 

e x t e r n a l feed on-Hrs. at «*n exposure- 01 aKs^t ^:* MWtj.-D'>-".£- f:>r -the 

s i n g l e pehb!< t T^itr^-y.t .m<J ,» O/HM f>i 11'"'. '>*» efjV.-t .1 1 . j n w r s j . w 

tati>> above ttni*. y <"»• r ti;«.- j i l«- r«.-r;u» x* .-> .» r c n i . T •S-,i.;n . .lii .h h;.H _i 

very l.-*w c f j ' t r t i v c uetit rttn J e s s ?r.i<:ti.>;i wiiirh pcsNibiy v<xi!U c**st »;rt-

rh-111 jus t i t iuii hv thp sss.-»Il r« du. ti<>f! in i -s t f rn. i l :•'«•:!. 

Ste.jav s ta t s* c o n d i t i o n s wi thout r r . v i 1*.- were .»!•*<• c a l c u h t t e d fn r 

a s e r i e s of i.-asrs t o ^ lh iw carap.irison w i t h r e s u l t s diA? SKS«-<J »-,irli»»r .m<i 

w i th r e s u l t s t r ^ a t i n r , t W i 1 ;tt\d t h r e e d i m e n s i o n s . Thesf r - s u S t s jrt «'!<>vn 

in Table ?-!. 
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Table 7-7. Point Model Breeder, Near Breeder Results Without Recycle 
(1,200 MKe pMant, 0.85 plant factor, 30-year life, 0.015 reprocessing 
loss;" 5 W t { l/cc, 0.015 neutron loss fraction, U 2 > 3 + hig"»er feed) 

RevdSJice ' "•* 
» 'ear r _ , , BecownsS 

_i£2 

(yrs »z » 'ear r _ , , BecownsS Vet y? S J C ^ 
fnit poiner/ • Km Hf) (>gr<; Sr*w _ Fee£_ " D'itMnjf r̂oauctiost »«r- Stet* 

" -.<*6*i J.Ci J.277 "r.0337 f.CJ35 ?..49*6 i.tiTi J . « ? 7 --.*i<£5 I5.S6* JJ.S43 
.765 i.67 ,f.3I6 1.023,; !_G230' 7.«5<>i ? . i .na ?.*?«. - ;!.'3 IS.**? ?0.*7« 
.35fci l £ . M - 2 , W i.3158 1.315* i-QS7£ 2.0*J» -• 2 die -.c:es ».«•-« s .*» 

\.ir-. ic * - r-;j97 I.JV.63 J. W S l.6«5f* 1.5*5.1 i.5*&; .-.ClfiJ ". .z^jr ? ,» i 
l . « £ S ?^.6 ?.«:5 -333J • 9i?J l.t3S<" "f.06^7 ?.<£*, -:CR5> ' ; ^ .£S? -ft,£*ff. 
3-.SS <9.& „- ?:ST3 - - . S « » ^M5& -6>7« .£27= .553% --06SS •5.667 • 4:.-;s 

*£ncl«tei firi't C«)re ir.<iirettcosti -v MJ-yMi\ history, 
V 

•• * -

Regarding Breeder Optimization 

The conditions which satisfy some objective function may be deter
mined from the results. Fortunately these two-dimensional problems were 
well converged so that the results do not display a significant 
variation from precise solutions for the situations treated. The results 
which consider only variation in the kernel packing fraction will be 
considered subject to constraints on such pa-king. 

Consider the reactor operation and associated fissile mass balances. 
Using effective values, 

R = (1-a) [F + Q(C-l)) (7-1) 

where R is the recovery rate 

a is the reprocessing loss fraction 

F is the feed rate 

C is the conversion (breeding) ratio 

0 is the rate of fuel consumption per unir time, i.e. 

Q ' P(dF"/dE), 

where P is the thermal power level, 
dF 
dE — is the amount of fuel consumed to produce a unit amount of 

thermal energy, and P - dE/dT, 
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^ § f e : 

We seek to maximize the number of reactors which can be supplied fuel, 
or rainicize the amount of make-up fuelv Ignoring the inventory require
ment (considering it to be a small factor relative to the feed component), 
we seek the maximum of the excess fuel produced relative to the feed, 

. *£ = £ (c-F (C-l) (1-OE) -a (7-2) 

m&i "-I 

This maximum occurs at the point where 

'"- '•; -•we----'-' _̂  :' ".";. .'"'----•' 

Aiftjdfcpfeadent.. of the repProcessing .loss ou.. 

. c(/-i> 

The opcimura so defined was estimated at different C/HM ratios frora the 
:da'-? £ot clean U ^ 2 3 feed as follows: 

Nominal Primary - 4 -Net Productions, 
C/HM Residence Exposure ^reeding h e e ° n o i o s s 

Time (yrs) (MW t h-D/Kgm) R a t i o . W ' 0 ' (Kgm/MWe -Yr) 

80 2.0 30.8 1.0305 6.4 .0346 
90 1-5 26.5 1.0287 7.0 .0325 

100 L i 21.5 1.0257 7.7 .0297 
110 0.9 19.0 1.0212 8.5 .0235 

-'-

Considering the C/HM variable, the primary variables are 

Y = i arbor, to heavy .netnl ratio, anH 

'L = Pe/F, the exposure, 

where e is the fissile enrichment of the fe«»d and P the associated power 
(for the primary if desired, but total for consistency with the earlier 
equations). Setting the partial derivations of X equal to zero leads to 
the desired optimum 

3F 
F?)Y and 

^1 _ i r _l 

~F')Z * '(c-i yd?. ' 

(7-4) 
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This result is independent of the reprocessing losses. 

Unfortunately, these partial derivatives arc far from constant. 
Using a"change in variables 

X = | | (C-l) (l^t) -a . (7-S) 

Fixing P as the total per er, the apparent optimum occurs at 

3e l ••' ,3C 
e3y (C-1>5Y. and 

(7-G) 
Z3e 
e3Z or. 

z |ieIm»L~\_ 1£( = c , - , - (1_7) 

The resale of processing the data available indicates chat as much 
thorium should be packed into the inner part of the pebble as possible 
to optimize as defined. Lowering the C/HM below 80 or even this low may 
not prove practical. At a C/ILM of 80, the effect of reprocessing loss 
on the net fissile production with clean feed is shown below: 

Reprocessing Loss Net Fissile Production 
(fraction) kgm/MWe-yr 

o.ooo. .0346 
0.005 .0246 
0.010 .0146 
0*015 .0046 
0.020 -.0053 
0.025 -.0153 

Another view is that the optimum desired is the condition for which 
the total externa] feed is minimized, which is approximately the system 
inventory. For a residence time of T in the reactor and delay for recycle 
of time H, the system and reactor inventories are related bv 
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Approximating rhe reactor inventory from the feed and discharge rates, 

D)(l+f) . I s = | (F + D) {1 + £ | . (7-9) 

At a given C/HM, the iast term is. the most important, so the driving 
force is to a long residence time (high exposure), and resulting low 
breeding ratio, the driving force Is also toward.a high C/HM to reduce 
,the inventory. „ . „ v':'--

'•Summary'"' - _ *- -t. /, , ' \ .. ~ . \ - .': .. ;'* '•"•''"-. "-.'.-- ^ ••. 

- Xhe.;xesults;^lchKaye :Jbeeifpresented indicate .'that the pebble ̂bedf;:̂  
-reactor ..caif"*e operated as la breeder with fuel which, is primarily U 2 3 3 . ,\ 
The fuel proaaction ̂ rate decreases from the peak for ait initial clean 
core and with recycle of reprocessed fuel due to buildup of the higher 
uranium actinides. After considering a reasonable processing loss, a 
break even fuel history is more likely than any significant fuel produc
tion. The amount of, external fuel required to fuel the system (reactor 
and associated fuel cycle system) through a plant life is an important 
consideration, along with fuel cost. The optimum design and operation 
considering the requirements and costs may well result in performance 
below the point of net breeding. A high C/HM ratio, high power density 
and long exposure are forced by these considerations. 

Large blankets are needed for a high breeding ratio, and elaborate 
reactor design analysis ;*ith consideration of control requirements is 
required for thorough assessment. The use of fertile pebbles in blankets 
will reduce the heat removal capability 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 fissile material). 
The ability to hold down this loss and the cost of holding it down remain 
to be demonstrated considering that the fissile content of much of the 
hea\y 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 a.id feed requirements will have to be established and a prac
tical design and mode of operation developed. ,, . 
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SECTION 08: PREBREEDER 

2 3 5 
The purpose of a prebreeder is the use of U feed, primarily . - -

.from ore, to produce a U 2 3 3 product which has sufficiently low content, 

.of the .higher uranium isotopes that this discharged material" will/serve 
adequately as fuel for a thermal breeder^ or'«e"ar'breeder."'' Calculations 

•vV^X'' were done, to assess the performance including the fuel^ production at a V 

V -

•-*s£^' 

W%£f^\&3&&&*"S/^l.-* -'-"'.vA special-'advantage 'wa^*iound'fx>r'OTcereWcie of-the fueled prinSStr * •" 
a=; ;^y-v>g^^'K",-^'r>""\;-''. ~* - :: . : *•*-''. •*^"- i" •'.- -" ^; ••"-• " >=.•,;• :'-'. .".'-*--$••' "-•^l^y' .!l ^pebbles. A short residence" .time of the fertile pebbles is needed tc -' 

'" -VV.̂ x* effect a high rate of U fuel production (rather than consume it in 
' place).' But fuel cost considerations force a long residence time of 
the primary pebbles. Both needs are met by once recycle of the primary 
pebbles without reprocessing. The pebble bed concept has unique capa
bility for prebreeder application if such recycle proves to be practical. 
As shown by the results, a disadvantage of such operation is the in
creased power density in the primary pebbles on their first pass. It 
may be desirable to reduce this power density peak by only partial 
recycle. With recycle, selective separation of oebbles would be most 
desirable to avoid long exposure, but tnis might prove to be costly. 

? 3 3 i 

More of the U product can be made available (without high con
tamination from U 2 3 * and U 2 3 b ) by loading the fertile pebble with a 
larger fraction of the total thorium. Results are displayed in Table 
8-2 Tor a selected distribution. Once recycle cf the primary pebble is 
also considered and a second cycle using reprocessed primary pebble 

\ discharge from a first cycle as feed. 
Results of two-dimensional calculations arc shown in TabJ.e 8-3. 

• Neutron accounting is shown in Table 8-4 for selected ccses. 
't ! Fuel costs wore determined for the prebreeder. Selected results 
t • are shown in Table 8-5 . 
\ 
i, 

! 

•^ n 
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,.2 3 5 Table 8-1. Prebreeder Results for Fully,Enriched V''* Feed to-
Produce U 2 3 3 (One-dimensional, axial-blanket, 1,200 MKe;plant, 

5 W t h/cc, C/HM 175, 500c»t height).. ? . . 

V " ' " I ' V ^ P I * « § r f * "'»•»« Balances. (Kg»/Q at f u l l p. 

" '«&§•£?? •".- ' P^Tntary Feed T h - i 2 

Fert i le Feed 
Primary Discharge 

U- "• 

U - " " 

Th •'' -

T h ' - ' -

P a - ' 

U- ' • 
[J2V, 

Pu 
Pu 

- P a * 1 - ' 
> - u i i i 

5 Product (Fert i le «bb!e stream) 
Fraction of U 
Kgm/Kgm Kissl le Feed 
Kgm/Kgm Fissi le consumed 

10.620 5.623? 3.9658 3.1792 4.8193 

Ffssi le 
Other 

Fer t i le Discharge 

.<VA .2'97 .2114 .1695 .2569 
163.005 t,l.6J2 54.335 40.751 40.751 
125.42 62.J98- 41.007 20.475 62.089 

.1664 .3518 .0236- .0128 .0510 

.9091 k.203 .6940 .5874 .8230 

.0524 .07:1 .0806 .0848 .0725 
7.0945 2.5619 1.256a .7209 2.1647 

.6410 .5452 r 74723 .4196 ,4716 

.5495 .2925 .1936 .1509 .2422 

.0085 .0059 .0045 .0036 .0050 

.0021 .0021 .0020 .0019 .0018 
161.32 79.854 52.714 39.158 39.108 

.2126; .0661 .0300 .0163 .0319 
1.1946 1.0691 .9007 .7600 77456 

.0699 . .0946 .1072 .1130 .1173 

.0032 .0081 .0128 .0166 .0175 

.0001 .0004 .0009 .0015 .0017 

.951 .917 .885 .856 .851 

.1325 .2019 .2347 .2442 .1613 
1.3536 1.085J .8879 .7288 .7889 

- - . . . » - . . _ . „ .-•_. - .. . „ - - — . —- _ 

h0nce recycle f e r t i l e pebbles, steady state condition. 
Once recyc'.e primary pebbles, steady state condition. 

rfF1rst recycle reprocessed primary pebble discharge plus makeup. 
Second recycle reprocessed primary pebble discharge plus makeup. 
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Tabtt ' 8 - 3 . Fuel C o s t s for Clio lMobrooiU'r Cflscs 
( H V v o a r l i t e , 0 .83 plavit load f a c t o r , O.'i p i . m l vificivrxcy) 
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We seek rtfi opt i»ua design i»ad mode of ope rati on of a prebre«?^er. 
An oconi>Eit optimum and «in ore utilization optinum for a system of 
prehreeder*J and breeders (or near breeders) are possible objectives 
here and a symbiosis calculation is in ordfc**. But what can be done 
vith a simple analysis? 

- Let ns assume indeea that if fuel is available, installation of 
breeders is econoaically attractive. Then the question cones down to 
what is optinwa for the prebceetier. The approximation nay be aade that 
only the prebreeder fuel costs «av.e significant ineresenta1 contribution 
and the associated electrical energy product-ion from the combined system 
is «>• ifitercst. Assure that the system fuel inventory associated with 
each breeder plant must be .-vai table as an «• rernal source at the time 
»'t is placed in operation, perhaps representative of a younr; industry, 
and that there is no additional external feed required nor excess fuel -
produced. Assume further that once in operation, a breeder continues 
to operate thereafter,, although a new plant would have to be built to 
replace one removed from Service at the end of its life. With discount
ing, the "present amount of energy" for perpetual operation is given by 
1/i with periodic compounding at the period rate of i. Thus a plant 
operated at a load .factor of 0.85 produces the associated present amount 
of energy relative to the time of installation of 

i kWe-hr/lnstalJed kWe 

.02 J72,300 

.04 186,150 

.06 124,100 

.08 93,075 

.10 74,460 

A prebreeder alr.o operated at a 0.85 load factor and a thirty 
year life has an associated present amount of energy relative to the 
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£i!fc. ^f i t s ins ta l l a t ion , vf 

___( '̂•ie~I-£/̂ Fs£j?j_l**^_ H**L. 

.02 . ?ft7,000 

.04 129,000 

.06 . 102.500 

- .08 S3.SCM 
.10 7G,?C0 " 

NowC that while the re i s l i t t l e difiVrenre between the worrit of 30-
year services-Hid perpe tu i ty a t .n discc*i;n. r a t e of 0 . 1 , there is a 
large di! ferenre a t a low t a t e . 

As-sutsu: tha t the :iao»«»t. of f i s s i l e mate r ia l ava i l ab le from a 
prt-breeder i s the steady s t a t e discharge r a t e D titnes a period of t i a e 
I. a f te r a recovery loss f rac t ion 'J.. [f the external fuel supply requi.red 
f..-r a breeder plant is. S . a 'breeder p'tant may be i n s t a l l ed a t the end 

U ' .• \ c • 

«--ich t i n e i n t e r v a l L, 

S p = D I. ( i - O . (8-15 

The -total present amount of <M\erg\ associated with the system of 
reactors is givea by 

30/L F + V f,, I n + l)'" F + Y h, ̂  n + l) "- , (8-1 

inhere Y is the delay in availability, and S^ and F.D are present amounts 
discussed above, 

S " " •- •> ̂ i • 
E B • 8,760 I.', f}j ; . (8-'i) 

where the load factor is shown as I". 
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A "present amount" of the-ore voco&itsent for a prehreeder p lan t 

any be titters!i.e<i as the i n i t i a l associated systen inventory S plus 

a pecio<i-<*. ~>v-:-; up., 

i r i-(i+i)"soi \ 
Op =8,760 Q<Sp+F p J -y J J , (8-4) 

where F is rhe annual fissile Feed rate-at the load factor per unit 
installed energy', -and Q the conversion from U i 3 to C^0 g ore. The 
ratio of «>re cossn,intent to total energy generation on a present worth 
basis is 

°p *K-PM} 
=1 k p - • w > : 3 0 ] +

 YUB 

30/L 

n=l 

(8-5) 

Argument ran be wade that the ore should not be discounted because 
it is committer* initially. This is removed from flq. 8-5 by replacing 
the discounting term in the numerator by 30 annual periods. 

Results are obtained for a reference set of data. Assuming 
li_ » U,. = 0.85, S D « 4.6 kgm/MWe, Q = 231 KRIT» U.,0o/kKm tr^.and using a 
r o D j o 

simple term for the delay of 

Y.- ( R i ) - ( H + l - 0 ) , 

where H i s the processing delay time, F.q. 8-5 becomes for 1 = 0.08 and 

H - 1.5 

0 0.231 S p + 2.60 F p 

u fdfL— * a n d (8-6) 
E T 9.57 + 8.76 y . .-nL 

n=l 
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30/L 

n=I 

-ni. 1 - ( l + i ) - ( 3 C > f L > 

I - (Hi) -L 
(8-7) 

with account for satisfying part of the fuel for a last plant Co nroduce 
a continuous result rather tl;an one with discontinuities for whole plants. 
Results are shown below for two discount rates and with and without ore 
discounting, estimating an initial inventory requirement for the prebreeder 
with dt?!av in reevele: 

'/r-t -t' ' IKJV Fees [i$n'/r; r„*i leaver/ iv.uru'.ttt 

•--I* 

•Vfc !MT-r .JT.'I TSTtr'-aT -V,^, 

••'V. 

',.•._,. « c . ' l '_•..>• r* _<•'}>'.' •''': ̂ f- ^v«- ',«r^w^«d. 

Thus.the'optimum considering ore utilization occurs at a relatively 
long fuel residence time for the prebreeder and a low rate of instal
lation of breakeven breeder plants. Parameter changes that reduce the 
ore commitmei.t may be noted. 

It Is difficult to 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 
production rate at T is 

P(T) 
Q[TFp + (Sp/Up)J 

1 + (l-o.) D(T-L) (U B/S B) 
(8-8) 
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and for T i«irge t h i s reduces to 

0 P_ 
P(T) 

? FP SB 
(1-a) D UBf(]-(L/T)] (8-9) 

Integrating the aenominator of Eq. (8-8) to place the result in the basis 
of energy produced, 

0„ Q | T F p + <S p /U p )J 

T + (~) (1-a) D U (T-L): 

(8-10) 

B 

The amount of ore required to Supply the prebreeder fuel relative 
fo the energy, produced is smaller: 

. The longer the period in time considered; 

. The higher the production rate of recoverable breeder fuel (but 
there is impact from increase in tb? feed rate to the prebreeder); 

. The lower the breeder inventory; 

. 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 breeder 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 

233 given without considering the value of U (except for indirect costs) 
by 

XP *KI (8-11) 

Accounting for total costs, the two components may be added without 
considering breeder fuel direct costs: 

'T,T 
V P [ i - q + i r 3 0 ] + C

B

Y U

K 

p r . . [ j - ( i + i ) - 3 ° ] + YUr 

30 /L 

n«l (1+1) 
3 0 £ (m)- n L " 
n*l 

(8-12) 
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Results are shown below for the data displayed using a reference cost 
for the breeder of C„ = 8.5 mills/kW_: 

Prebreeder Fuel Cost Component for the Complex 
Reference 

Residence Time -
Cost Component Prebreeder Only Prebreeder . and Breeder 

(Full Power Yrs) (mills/kWeHr) i=.04 i=.08 i=.04 i=.08 

0.5 19.0 6.64 6.46 11.00 12.50 
1.0 11.2 : 4.32 4.16 9.22 9,61 
1.5 8.2 3.41 3.24 8.41 8.37 
2.0 7.0 3.06 2.89 8.03^ 7.82 
1.0R1 8.2 3.17 3,05 8.42 8.38 
1.5R13 6.8 2.81 2.68 8.22 7.76 
2.0R1 5.8 2.53 2.38 8.22 7.27 

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

Now let us assume that" a breeder is to be installed every year over 
30 years in a mature economy. If sufficient prebrceders are installed 
initially to inventory the system associated with each of these breeders, 
the delay in use of produced fuel that was includec above; is avoided. 
Given the rate of fuel production of the prebreeder £, and the system 
external fissile fee..! associated with a breeder plant of S g, the 
required number of prebreeders is 

N„ * TTTT-rr . (8-13) D(l-a) 

(N p is the same as L above.) 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 installed, 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 

Once recycle of primary pebbles without reprocessing. 
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[ 30 _ -I 

S P + FP E ( 1 + i r j 

°P 41- u«) - T 
(8-J4) 

r« 
Results for the reference data used above are shown below: 

Prebreeder 
Residence Number 
Time (Yrs) Installed 

0.5 10.0 
1.0 12.57 
1.5 15.28 
2.0 v 17.82 
1.0R1 12.67 
1.5R1 15.08 
2.0R1 17.62 

Ore Per Unit Electrical Energy 
(kgra Uo0g/kWe -Hr) 

Ore Discounted Ore Not Discounted 
i=0.4 i=0.8 1=0.4 1=0.8 

107 
.106 
102 
.104 
.113 
.109 
.107 

195 .176 
180 .170 
167 .163 
165 .165 
183 .189 
171 .181 
164̂  .176 

.409 

.402 

.372 

.366 

.447 

.413 

.390 

The optimum so defined occurs at a ̂ relatively long prebreeder 
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 results 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 equations.: ~ 

Prebreeder Fuel Cost Component for the Complex 
Residence Cost Component Prebreeder Onlv : Prebreeder and Breeder-
Time |Yr) (oil.ls/kWe Hr) i=.04 i=.08 i=.04 i=.08 . 

0.5 19.0 5.82 9.35 11.93 14.17 . 
1.0 -/ 11.2 : 4.00 . = 16.15 V 9.52 _. 10.11 
1.5 8.2 3.30 4.90 ; 8.3? . ;8.3l" 
2.0 •y 7.o 3.08 4.43 ,7.80 7.48 
1.0R1 8.2 2.94 4.52 8.39 „ . s:m 
1.5R1 .6.8 2.72 4.11 7.78 7.41 
2.0R1 5.8 2.54 3;66 7.25 6.68 

The economic driving force for he developed industry is shown to 
be toward a long residence time in the prebreeder and a large number of 
prebreeders for each breeder installed annually. 
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SECTION 09: Tl'E COMPETITIVE POSITION 

The pebble bed reactor concept shows advantage over a fixed Fuel 
gas cooled, graphite moderated reactor. Operation with lower control 
rod absorptions and higher availability without the need to shut down 
for reEueling" are distinct, advantages of .-this concept. A higher out
let coolant temperature should be possible, important in both process 
heat and power plant applications. Low ore requirements and hence 
conservation of the. fuel resource az^ Indicated for the thr6waway>jcyclei^Vv^V^V'i^i¥^i s£i 

':fK?f~- compare Favorably-with the costs for oVher concepts. Therefore- the 
concept must be assigned a high competitive position, - ' • ' . ' 

Any study in which ore cotts play a dominant role will show that 
this concept woaId be installed rather uia^ most others, excluding the 
possibility of a lower cost oreeder concept. 

The primary difficulty in projecting the competitive position of 
this concept is the lack of accurate cost data. High capital and/or 
fuel handling costs would prevent,the concept from competing economically. 

Symbiosis rrudy of the future has been done. The results are quite 
dependent on the assumptions. Consider that any of the possible fission 
reactor concepts may be installed, and that a realistic set of rules and 

v 

mass balances are used. Without showing the details the following rather 
obvious conclusions may be drawn. 

u 

A. Licking 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 demand for energy from fission 
reactors, »nly breeder reactors (fast rather than thermal) would 
be installed without economic conr/ltfe rat ions or if the breeder 
had lower cents than other concepts (not n?v considered to be 
true). 

B. If the inventor) doubling time of the selected (best) breeder 
reactor exceeds the energy demand doubling time, then breeder 
plants and plants of a second type of converter reactor having 
lower costs wouid be installed. 

('.. Tf In the distant fut'-r.' the demand for energy from fisriion 
roactors Increases .-slowly and economic fuel from ore if> not 
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available* then a high ratio of inscsll&J low CBSL converters 
to installed higher cast breeders would be predicted, this 
ratio depending on not onlv the differencos in costs between 
the •" .o concepts bat also on. the dependence of performance on 
c:rthe cost and mode of operation of each type of reactor which 
admits selection to fit the conditions. A distinct possibility 
is jsaaay converter reactors for each breeder it the former have 
Significantly lower,-costs, and the economic: driving force ^ends 
to insove the costs df the two types of reactors toward each other: 
spend less on the-fereetter lowering the breeding ratio and more 
on the converter increasing its conversion ratio. 

ll^V^a^'^*-.'^%<: •\^oteK!:-ia.1 -f**r a direct cyelfe design with gas. turbine generator 
IM̂ ĵ W'l̂ '-'s''lis*-<>byiQus. Say that:it«> Ret plant efficiency can be increased 

' * i ^ ^ ^ 5 i S f ^ ^ » ^ fco 0.50. A plant v.*th the sane,size reactor would 
jWi^^^^^^^^'P^S^eat jBffiî 1.electricity and the-ore requirement and 
^^^^>|^iv;;i^«st would be reduced 20 percent on a per unit electricity" 

|'£It%'5^*r^8a^^^,':iHte'technology iff not yet available, but the requirements 
:££!^£'^{.-"1hj&''l^ direct cycle'appear to be a reasonable extrapolation of 
^Si^^l-^^Zrl^xr<mt^Bc.bxiolo^it. considering the operating temperature of the 
|̂ i';i/P'V̂ .̂ XC~.!PRfe AVR facility and developments on turbine technology. Costs 

are uncertain but the steam system would have a high capital 
cost, and its elimination would be expected to offset th« 
incremental cost of ih~ gas turbine. 

E. A prebreeder concept to produce breeder fuel using fuel from ore 
shows economic potential if it has a lower cost than the breeder,c 

' over a period where economic ore is available to fuel the pre
breeder. The prebre^.der, breeder combination on one fuel cycle 
(U ) 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 raore variety to be expected (dif
ferences between systems), and the more significant the effect 
of the conditions unique to the situation on the best choices. 

C. Accurate cost estimates are needed for assessing the future and 
to jMstify investment in development effort, hard though it may 
be to predict these. 

The above summary presuppose;: that the total cost of electrical 
energy f,rom nuclear reactor power plants is competitive with that from 
other sources. 

Costs and other considerations including complexity could result in no 
significant increase in the plant efficiency with a direct cycle. 

k 
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SECTION 1 0 : OSF. ISf. 

C 
v-.e surmarize here p red ic t ions or the l-0„ " re re.iuire.TsertLs co 

ftic.I paver plant r eac to r s of the gas cooled lu^hhlt- bed type , .-iistf compare 
rhese with the renuirt-zzer'.'rs fc-r .-:.).«r tyf*:s . f r t-.i. r.->r.-:. ?, rfornar.ro r.f 
p lan t s with enriched U' Fuel, with or without fuel recovery.by process
i n g , i s of primary i n t e r e s t . 

D i f f i c u l t i e s are presented by such a n a l y s i s . Jus t what should he 
c red i ted from the frore .and out of-eore inventor ies a t thus end of the 
reac tor l i f e i s a n a t t e r of judgetsettt. T h e - f i s s i l e aass balances depend 
on the assinaptioos aade regarding the core design,, the.f j iel aaitageaient t 

e t c - F i s s i l e nucl ides have ind iv idua l importance values assoc ia ted stftfc 
t h e i r use in a given r eac to r r-nd fuel cyc le , and rm»r.wfn»r.rc degrade 
performance. Given an economic tnodel, cost da ta , and mass balances an 
emnnnic optiraon can be determined and ore requirements predic ted for 
these- condi t ions . However, the ontiisun depends nn the _-«"ononic ciua and 
a l so on trio p rac t i ca l > •.•".sirier.it ions tiii<«-n in to a>: ••nmt r*-s:m i i n c rec/,:irf:-
iients fur t-perat ion, c.-i'sv in reeve!e , v t . . 

At only a snai l economic penal ty , ore requirements can be reduced 
frura thof.e for the economic opt irauia. This reduction i s '.no re s ign i f i can t 
far some reac to r concepts than o t h e r s , as indeed is the nacn it.ide of the 
associated eionoriiio penal tv . s. 

i.. - ' t f i s s i l e . •(•riHtiT.pt i en rt-^uirod to proda.-e ,.» quant! tv .>f 

e i« - ( t r i i a l er.erj.rv with fue I roenverv (not throwavav; < .m be t x i r i ss*-;i as 

•'» » '- (i-c.) , uo-n 

wh«re ' is the thermal t-f f i<- ien. ••,- and C r lie roir.vrsion rati-. . 

Home th»' associa ted fire consumpt ion is iiivi-n bv 

'> = !' <\~( I . i 1 1 • • - : . ) 

K<>tt tit.it C shcu l r t ho .'in r f f o , r i v . - v.i I u.- v i r h a i ! ov.tni 'o f o r l o s s o - : . 

Thus f o r two s i m i l a r s i ? a.it i n n s , trw- r a t if? of o r e r f ; a i ri.-~ent s i s •; i rip ! v 

t ru ' r a t i o s >•? t h e ti i f t t-r< n. . •*., : r • ••-, UP. i r v ••<' r "t n - ; nnvors i<>n r a t i o n . 

http://ornar.ro
http://�.�%22.sirier.it
http://�(�riHtiT.pt
http://er.erj.rv
http://tit.it


For .: r.;V-rna'. <•: : i. tern:-, of 0.4, ope rat i->n of a 1,000 MV plant 
ror -i ps-ri.!•;>.•! J-'l years at ri.7 load factor, fully enriched >'"" :" fuel 
ar;d O-'JOJr enriihaent tails <•'!? Ji j:as I' 0,/sir. fissile cnnsur.edj, we estimate 
consumption rdr tvpira! pebble h<->d r. a. tor conditions at 

i>,2^4(i-C) , l; 

ft,118(l-C)t , Pu** 1 

where 0 i s in Ei»nv, n o c o n t r i b u t i o n frora h i g h energy f i s s i o n i n o t h e r 

a c t { a i d e s i s i n c l u d e d , and f i s s i l e n u c l i d e s a r e assumed t o be nf e q u i v a 

len t worth t o L* ' ' ' f m « - n w ? . Note t h a t t h e d a t a above cou ld b* ifite-rprt-r 

t«.-cl a s r e l a t i v e wor ths of t h e s e n«i<1icjes, but only i f a s s o c i a t e d d i f f e r -

t-rfi-r-.s in '-(iiivi-rsinn r a t i o were i n t r u d e d ; .1 p e n a l t y of 28 p e r c e n t for. _ 

Pu' ' rei.itt '. '»• til f ' i s i n d i c a t e d ne*> l e c t i n ^ anv d i f f e r e n c e in t h e 

•-.iHiV.-r.sif'ri r a t i<>. • 

fiiis fit t .i nuiy he used t o approximate t'ne o re - requ i remert? fo r "a 

p - e s s u r i/erl water r e a c t o r wi th reeve l e . For 3 pe rcen t e n r i c h e d U 

feed , i fast e f f o r t of 0.0H, .» t h e r m a l ' e f f ic iency of O.J , a conve r s ion 

r a t i o of O.ft, energy from U' ' '! 'u' '/!' ':" *." a s , ! > / , 3 / . 2 , and a convers ion 

ra t io" - ' ? 0. ?'>, the or* t o r a p l an t i s e s t i m a t e d a t '3,400. 

l>.i*.)>' .in average if t h e da ta fur \" ' and !" ! " , tin- dependence 

isicnption ;>! a pebb le bed r e a e ' e r mi th> 

beh»w with .tit a l lowance f<>r. p r o c e s s im; "losses. 

o n < onsicnpt i on of a pebb le bed r e a e ' e r on t h e c o n v e r s i o n r a t i o i s shown 
a 

C unvvrs i > m Rat io Ore^k^jTi} 

Rt fereni e (Net a f t e r pr ' ( C S S in< -.) 
. 1 ( .491) 2,840 

.6 ( . , 8 8 ) 2 , '300 

.7 ..b8>> 1, 760 

• H r.7H0) 1,2 30 

.<> (.HbO) '; 700 

'See also the res'ilts of more detailed analysis in Chapter 3. 

http://rei.it
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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 
kgm by achieving a high conversion ratio. Such would require a low 
exposure (low burn up) which significantly increases the required capac
ity for fuel processing and increases the fuel cost by 25 percent or pos
sibly much more. Relative cost increase is lower the higher the fuel 
cost component, and there is a significant indirect cost component, which 
would be expected to increase witV increase in exposure when viewed as . 
relative to the direct cost (although tU? amount decreases due to decrease 
in the out-of-core inventory). The conversion ratio is increased by 
reducing the carbon to heavy metal loading, increasing the size of the 
blankets, and reducing the power density, which increases the cost of 
energy generation relative to the economic optimum. 

The results obtained frctf point reactor history calculations may be 
nê i ins detail. Shown below is a summa] 

using a carbon to heavy metal ratio of 250: 
examined ins detail. Shown below is a summary for a set of assumptions 

Residence Time (yrs) 1 2 4 
Exposure (Mw . -D/kgrn) 24 48 95 
Conversion Ratio .803 .757 .683 
Fuel Cost (mill/kwe-hr) ^ 

?~ Fuel 1.186 1.433 1.864 
Fabrication 2.232 1.140 .596 
Reprocessing 2.790 1.411 .726 
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 
indirect charges 

Total with processing 
7.087 4.684 3.8,n 

cost fixed 
Total doubling cost of 

6.687 5.134 5.130 

fitfl and fixing the 
processing cost 

9.633 8.209 8.283 

m „ — — : — ~~ 
The results of two-dimensional calculations show higher costs; here we 
consider the costs estimates be accurate only in the relative sense. 
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A special case is made of the reprocessing cost, so th-» effect of 
fixir.ft it is shown (the total amount of fission products to be handled 
is essentially fixed), somewhat extreme, lhen the cost of fuel is 
doubled. The resilts show not only that the location of the optimum is 
shifted, but also the economic penalty of operation at below the optimum 
exposure is sensitive to the data. The optimum conditions are indeed 
shifted by appreciable change in the cost of fuel (relative to other 
costs); the optimum exposure decreases with increased cost of fuel. 

Comparison of the ore requirements for various reactor concepts has 
been difficult. There is a large variation in the results'-reported in 
the literature. We cite certain information in what follows as judged 
to be the best information available- from private communications or 
information transmissions not documented in the literature. Recent 

14 data has been reported in a thorium utilization study and extracted 
results are shown in Tahle 10-1. Note the dependence on conversion 
ratio for the HTCR and the possibility of effecting a self-sustaining 
condition with the HKR. 

A summary of ore consumption for several reactor concepts is pre
sented in Table 16-2. To provide information on a consistent basis we 

14 have reached back to data generated ct ORNL in 1964. This old data 
should be qualified in several respects, especially regarding the low 
cost data used at that time. The ore requirement then estimated for 
the 1'WR, however, was considerably lower than indicated in the literature, 
and this estimate seems to have been reliable; (see for "omparison the 
data shown in Table 10-1.) Lower requirements were shown in this report 
for the prismatic HTGR than for the IWR(Th), using beryllium, results 
which are not used here. The HWR(U) requirements can be reduced con
siderably; what is not clear is where the economic 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 
(Kgr. U 30g^fW e at .75 Plant Factor 30 Year Operation, .002 Tails) 

Reactor Concept 

Commitment 

Uranium Cycle 
Natural throvaway 
Throwaway 
Full Recycle 

Thorium Cycle 
Fully Enriched, Recycle 
Denatured, Recycle 
Self-sustaining 

Consumption 
Uranium Cycle 

LWR SSR HWR 

4,757 
5,943 4,979 3,374 
3,902 

3,369 2,104 1,724 
3,637 2,214 

: 1,334 

HTGR* 

Natural, throwaway 4,327 
Throwaway 5,443 4,545 3,075 3,901 
Full Recycle 3,719 1,838 

Thorium Cycle 
Fully Enriched, Recycle 3,130 1,982 1,624 2,4G4 
Denatured, Recycle 3,402 1,996 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 
operation with partial refueling. The data we attribute to KFA is an 
interpretation of their results reported in 1977 and more recent assess-

12 ment, and yet subject t>> revision in their ongoing evaluation. The 
new ORNL estimates for the prismatic HTGR 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. 



124 

Table 10-2. Estimate s of Ore Consump ition for Several Reactor Concepts 

Reactor 
Type 

Data 
Source 

Initial 
Inventory 
(Kgro/MWe) 

Fissile 
Make-up 
(Kgm U 2 * V 
MW e Yr) 

Ore 
Consumption 
(Kga U 30 8/MW e 

For 30 yr at 0.70) 

Low Cost (Low Ore) 

Throwaway Cvcle 

PWR (U) ORNL-3686 2.06 1.16 5,480 (4,990) 
CE - 5,090 (4,330)C 

HWR (U) ORNL-3686 .58 1.29 5,400 
HTGR (U) GA 3,900 '-
HTGR (Th) GA 3,730 
. ORNL - 3,790 (3,470) 
PBR (Th) KFA • • . . - ' - .66 3,200 

- ORTIL 1.00 .68 3,400 (3,100) 

Fael Reprocessing and Recycle 

PWR (U) ORNL-3686 2.06 .78 3,490f 1 
CE ~ 3,220 

SSCR CTh) ORNL-3686 ^.34 .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) 
ORNL 1.44 .48 2,300 (1,900) 

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

Ore enrichment tails 0.002. 
Calculations done in 1964. 
"A 15 percent reduction from the apparent economic optimum is allowed 
here. 
Not calculated, 85 percent discharge fissile creJit, requires highly 
enriched make-up. 
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SECTION 11: SUMMARY OF PROJECTED PERFORMANCE 

An assessment was made of the requirements and performance to 
predict the effect from the level of technology- In any event, the 
basic assumption is made that the concept is technically feasible re
garding control, safety. a*"Z performance of materials. Three levels of 
technology are assumed: 

. Low Technology - single pebble, no axial blanket, modest if \ny 
radial blanket, exposure limited to 180 MW , -D/kgm HM for high 
enriched fuel, lower than reference (desiraole) operating temp-
erature and power density. 

. Reference - twG pebble types, radial and modest: axial blankets., 
225 MM -D/kgm fueled pebble exposure for high enriched -fuel. 

. High Technology - axial and radial blanketing, complicated pebble 
management, fueled pebble exposure to 260 Mto* , -D/kgm HM for high 
enriched fuel, higher than reference power density and temperature. 

The data selected from the results of the reported calculations at 
ORXL to summarize the projected performance of the pebble bed gas cooled 
thermal reactor concept are shown in Tabic 11-1 for a reference net 
energy conversion -efficiency of 0.4 after allowance for plant require
ments. Note that there are different conditions for the basis of costs 
and ore requirements (even different from the previous section). 

In projecting performance, we also consider that the net energy 
conversion efficiency will depend on the technology level. The Fort 
Saint 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 pebble bed reactor in the FRG consider an efficiency of 
0.40 with an outlet gas temperature of 985° C. Clearly the higher the 
gas outlet temperature, the higher the efficiency that can be achieved. 
Sti11, holding down the capital cost of a plant is of major concern and 
the optimum efficiency may be lowered by elevated costs. Thus we con
sider an economic driving force which reduces the heat exchanger surface 
areas and sophistication of the steam system. Although use of a direct: 
gas turbine cycle could increase the efficiency of plants, we do not 
consider here the effect of a large increase from this source. A primary 
attraction of the direct cycle is the associated easier siting because 
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Table 11-1. Performance Summary for the Pebble Bed Reactor Concept at a Net Plant efficiency of 0.4'1 

Service and 
Technology Level 

Nominal 
Carbon to 
Heavy Metal 
(Atonic) 

Nominal 
Fueled 
Pebble 
Residence 

(Full 
power yrs) 

Average 
Conversion 

Ratio 

Peak 
Pebble 
Power 

Fueled 
Pebble 
!>oosure 
(MH t n 0/ kgm HK) 

Fissile Inventory E J ^ ? I 
(kgm/Jnstalled me) T e e i 

Plant System (kgn/ 
MM e-Yr) 

Surner^ Low Enriched Uraniuw 
Reference Technology 575 2.0 
?^™*I.>_?tedim Enriched (denatured) Uranium Fuel 

,54 2.1 130. 0.9 1,3 .85 

, Fissile 
Comml fluent 
Installed 
MW e) 

20,5 

Ore Requirement 
(kgm U 3(yinst»lltm mt) 
Consumption Commitment 

fun) fosi 
(mtll/kW -Hr) 
Low p 

Indirect Reference 

4.360 4.6-.0 5.6 6.2 

Low Technology 450 2.5 •54 2,? 130. 1.0 1.3 .80 19.4 4,120 4,420 5.4 6.1 
Reference 450 2.6 .55 5.1 20S, 0,9 1.2 -,> ,76 18.2 3.690 4,170 s.o ft. 7 

?*i3h Technology 450 2.9 .55 5.9 220. 0.8 . 1 , ' ;' .69 16.6 3,530 '5.780 4.6 •6 .3 

^ J. r1i. r-'_ ? u ' l > . Enriched Uranium 
Low Technology 250 3.8 .55 2.1 90, 1.3 l.S .n 17.9 3,700 4.(WO 5.2 5.9 
Reference 250 4.0 .58 5.0 225. 1.3 1.5 ,66 16.8 3,400 3.800 • > • ' .5.6 
Hiqr Technology 250 4.2 .57 5.3 250. 1.4 1.6 .60 15.1 , -3.100 3,500 4.4 i t > - > 

Con.erter, Fully Enri ched Uranium, Recycle 
Luw Cost 

Low Technology 250 3.8 .63 2.1 95. 1.3 2.0 .45 11.4 2,220 2,620 4,5 5.6 
Reference 25> % 4.0 .65 5.0 225. 1.3 2.0 ,42 10.8 2.l'50 2,650. •'•' 4.2 5.3 &• 

High Technology 250 4.2 .67 5.8 250. 1.4 2,1 .40 10.4 1,980 2 ; .4' .?o • 4.0 5.1 
Low Ore J :. ,. 

Low Technology 175 2.0 .75 2.2 36. 1,6 2,7 .41 10.8 1,750 2,450 5.7 6.9 
Reference 175 2.0 ,78 3.3 90, 1.6 2.7 -.36 9.7 1,500 2.200 5,3 6,5 
- ?h Technology 175 2.0 .30 3.6 100. 1.7 2.8 , .32 8.7 1.330 2,080 5,1 6.'4 

'rebr-* >der. Fully Enriched yaEiwr 
b 

Low Co.*. • 175 2.5 .70 2.9 110. 2.0 2.8 .60 16,3 3,110 3,760 4.6 5.ft 
Referen e 175 1.5 .73 2.9 74. 1,9 3.0 .70 18.8 3,630 4,330 5.1 6.3 
High Pe> -'orroance 175 3.0 ,71 4.1 135. 2.2 2.8 • >o 16.6 3,6.10 4,280 4,il 5,9 
Mear_ B ree J •» r_,_ J r;>eder j J t ' l l .!«£}. 
Low Cost 250 4.2 .710 5.0 220. 1.1 1.6 .28 7.6 4.0 6.1 
Interred rate 1.5 .890 3.0 50. 1.1 2,3 .11 4,7 . 5.5 6,!' 
High Conversion 110 2.0 .990 3,3 40. 3.0 ' . 6 .030 6.3 i.fi a.i) 
Break even 90 1.5 1.023 2.8 26. 3.8 3.1 . „ - 8.1 • 7.9 11.3 
Breeder 30 1.5 1.036 2.7 24. 4.6 9 j ~T~ 9.8 9,0 13,0 

*Burr.er and converter load factor 0.75; prebreeder, near breeder, breeder are high technology, 
breeder fuel generation for the** cases in kgm/HWe-Yr (net); 0.28, 0.36, 0,38. 

load factor 0,85; ore enrichment tails .002, 30 year plant Hfo 
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of limitec locations where cooling water is available. However, a thermal 
efficiency of 0.5 could be achieved with the penalty of higher cost and 
increased complexity. The following net energy conversion efficiencies 
are arbitrarily assumed which could have a wider band of variation: 

Technology Outlet Gas Jfet Energy 
Level Coolant Temperature (°C) Conversion Efficiency 

.. Low - 900 .375 
Reference- 950 .400 
High >1000 .425 

Results obtained using/.-these efficiencies are shown in Table 11-2 
to present a summary of the projected performance. 

If the capital cost of a fewer plant were $600/MW capacity, 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 raill/kW -hr. A fuel 
cost of 5.3 then contributes 27 percent of the total. 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 alternative designs and modes 
operation. An attempt would be made to select the economic optimum with 
constraints satisfied and some penalty included for uncertainty regarding 
technical feasibility. A significant contribution to i\\<> total cost is 
the cost of the reactor core. Assuming a reference capital charge com
ponent of 1.6 mill/kW -hr for the core and a power of 0.7 dependence on 
size, this cost component amounts to: 

Relative Core Size Capital Chatqe (mill/kW(e)-hr) 

0.5 0.98 
0.75 1.31 
1.0 " 1.60 
1.25 1.87 
1.50 2.13 



Tat>le l ! - 2 . Performance Summary fo>- the fer t i le Bed Reactor Concept wi th the 

Service ano ^ 1 ^ 7 w S J , r W * " ^ ^ H W > ^ I l ^ y , 
Technology Level J i r 6 0 " ?, Pebble Conversion ^ J * Exposure vk*»/.n»a11ed MHe) • 

i t t l Y c * R« ' lence Ratio ! * * r { * t h 0/ <Mant s y u e « 

__ _ J25 e r_y ri.) _ _ 

Burner, ^ow Enriched Urarnin" 

Reference 57$ 2.0 .51 2.1 130. 0,» 1.3 
Burner. Mediur- Enriched Xdi5*?2ir*5.)J^I£IL'.u~Jii?J. 
low Technology 450 2.5 .54 2.3 130. 1.1 1.4 
Refe ren t 450 2.6 .55 5.1 205. 0.9' 1.2 
High Te^hnoloqv 450 2.9 .55 S.6 270. O- 7 1.0 
S - i f e r , r u l j j [nri_ched_ Uranium 
lex Technology 250 3.8 .55 2.2 90. 1.4 Kb 
Reference 250 4.0 .58 5.0 226. 1,3 1.5 
*ii9-\ Te.-nno'.osy 350 4 ^ .5? 5.5 250. 1.3 1.5 

Converter, ful^_l^ rJS*)S^, MT?'V i-r^^iSlt 
Li* Cost 

L O . Technology 250 3.3 .53 2.2 45. 1.4 2.1 
Reference 250 4.0 .65 5.0 225. 1.3 2.(1 
hiiji Technology 250 4.2 .6? ?.•"> 2S0. 1.3 2...' 

Low Ore 
lot. Tecnne'.oqy 125 2.0 .75 2.J 36. 1.2 ' 2.-'' 
Reference- 3"»5 2.0 .78 'J.3 - i t . 1.6 2.7 
*tiq»i Technology 175 2.0 .2.0 "..4 100. 1.6 2.6 

'."•ebreecjer,,,. . f . j 'J j ' t n.r'>2y.d y.r.a5.'_u.'n 

Low Cost 125 2.5 . "'0 2.7 45. 1,9 2.1. 

Reference 175 i.5 .73 .'.',' 79. l.S 2.:l, 
• . i q * CerfonMhce 125 3 .0 .21 J . * IJf i . J . l 2 . 6 

NearL Breeder,^__Breeaor, l^'' fuel ' 
Low Cost 250 4.2 .710 4.7 25C. 1.0 1.5 
Low Fuel 150 1.5 .890 2." 50. 1.0 2.2 
Hiqh Conversion 110 2 0 .W0 3.1 40. 2.8 5.3 
Break even 90 1.5 1.022 2.6 2S. 2,6 7,6 
Breeder 80 1.5 1.036 2.5 24. 4.3 9,2 

a5urner and converter load factor 0.75; prebreeder, near jirecder, breeder, are hiqh technology. 
''Breeder fuel generation for these cases in kqm,'MW,.-Yr (netl: 0.25, 0.32, 0.33; note that inc 

M a .t Efficiency Dependent on Technology level' 

Ore ReoMlrenent fuel Cost External F i ss i l e 

/ r c J d ' ' C C " f f i m r n l - -tkfli» U 3 O a / InsMl l *< l MW«1 h«H/KV«.»lr) 
t*.nm/ Ins ta l l ed Consumption Commitment . *•«" 

MWe-Yr).; HWe) / ind i rec t Reference 

.BS 20.5 4,360 4,6 '0 ">.6 

85 •• 20,7 rt 4,400 'V20 5,« 6.5 

?« 18.2 3,890 4,170 5 .0 
, ' * • ' 

65 15,6" 3.32C 3,560 • 4 ,3 5.H 

76 1 9 . 1 ' , 3,950 4.270 5.5 f.,3 

66 16 .a : i 3,400 3.S00: (.7 '5.6 

56 14.? : 2,920 3,290 4.1 •1.4 

.48 12.2 2, :370 2,790 4.H 6.0 to 

.42 10,ft 2 .15o 2.550 4 .2 5 .3 <X 

.38 9 .8 1,360 2,290 3.11 4.!l 

,44 11.5 1,870 2,610 6.1 . 7.4 

.36 9,? 1,500 2,200 5,3 6 .5 

.30 , ' n.2 1,250 ',"•50 4.S 6,0 

.56 15.3 2,930 3.640 4 .3 r, i, 

,66 17,7 ' 3,420 , : 4,076 4.(1 5. i ) 

.66 19.R 3,420 4 ,030 4.5 5.6 

,26 M ' ; 3.a 4.;1 

,10 4.4 : 5.7 'i.-1 

02B 5,9 
7,6 
9.2 

1 j . '' . 5,3 
7.4 

. fl.5 

7.5 
10.6 
12.2 

load factor 0.85; ore enrichment tails ,002. JO ye."' pl.tnt li'r, 
reaslnq the plant efficiency reduces the breeder fuel ,,ri.<imtiim, 



129 

Consider the use of some carbon pebbles containing no heavy metal, 
perhaps attractive to reduce processing costs. To effect the same 
temperature peaking conditions with 10 percent of the pebbles carbon, 
the capital cost penalty is estimated at 0.12 mill/kW -hr, a signifi
cant penalty likely making such use uneconomical. 

Consider the use of fueled and unfueled pebbles, instead of only 
one. It appears possible to effect nearly the same temperature peaking 
conditions with selective distribution of heavy metal and choice in the 
fraction of each type of pebble used as with a single pebble, if the 
residence time is relatively long, incurring no significant penalty. • 
However, deviation of the pebble distribution from the ideal would cause 
increased temperature peaKittg, and an associated penalty which should be 
assessed. In the case of a relatively short residence-time, as would be 
necessary to effect a high breeding ratio, there seems to be significant 
penalty, as much as 0.4 mill/kW -hr, offsetting the fuel cost economic 
incentive. 

Once-recycle of fertile 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 seccional area for blanket is estimated to 
add 0.10 mill/kW -hr. A lower bulk coolant temperature would also be 
expected to incur further penalty. 

Once-recycle of fueled pebbles without reprocessing shows advantage 
for a prebreeder, but the cost penalty is estimated at 0.25 mill/kW -hr. 

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

e 
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 removing heat, the associated penalty is 
estimated to be acreduction in the efficiency of energy conversion 
from 0.4 to 

tfY ,, 1000- 250 _ . » , , / 
_ • - . . - , . ( ° - 4 ) 925-250 °- 3 6^ \ 

-' ?' • 

ana this incurs a total capital cost penalty of 1.62 mill/kUT
e-hr, a 

< most important aspect u> consider. d 

v----- -:'--Corr.- Additional; information would be1 required to determine if .there is ^ " r' 
fe: • .'>i-;.45lv economic justification for the development .of this concept. The analysis 
%''. • '£**•?"-'• depends on capital costs, processing costs, the effective worth of money "' c" v 

(the discount factor), the likelihood of timely introduction with the *l 
neressary commitment of the industry, and the eventual use in process 
heat and electric power services. 

W 

k 
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SECTION* 12: PECARDIXG THE CAPABILITY FOR CORE DESIGN ANALYSTS 

.•#} 

Sir^l.K 

Many different computer codes are used to support the design and 
licensing of a nuclear plant, and one code may be used in different 
ways for different purposes. In the design" phase, usual practice is?~, 
to enhance the'available capability for ar-alysis to satisfy the,_ needs_.-
as identified during the effort. In thii section we address the aajor 
requireraents for analysis of a pebble bed reactor core to support^. *?-.. 
design and operation with emphasis on the core performance 
of the analysis capability^now used to'projec't performance of 
reactor concept is considered^'., ,. -...̂  /• 
Power Density (Local Temperature) 

The peak pebble power density must be kept below some design value 
to hold the limiting temperature of the fuel below an acceptable value; 
Coolant flow and properties are involved as are the pebble properties. "] 
Thus a fhermal hydraulics calculation is needed v o u p l e ^ t o a neutronics 
exposure calculation to assess conditions over the t?actor history. The 
effects from and requirements for the control of xenon oscillation and to 
provide override after shutdown must be examined. If two pebble types 
are involved, the situation is further complicated Ly feedback from the 
distribution of the pebbles according to some probability functon. Further 
complication comes from the variation in residence time of pebbles across 
the reactor, pebble redistribution and changing pebble packing fraction. 
In a large reactor, severe roll of the flux around the reactor (azmuth.il) 
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 . 
control and the associated instrumentation, and solution of the thermal 
hydiaulics problems in three dimensions with feedback to the core nuclear 
properties. Such three-dimensional calculations can be avoided only if 
judged, to be prohibitive in cost, as they once wire. Much supporting 
analysis can be done treating only two dimensions, but: a rather large 
uncertainty factor would have to b« assigned to results of su.-h analysis 
requiring lowering the core average power density, either reducing the 

:?m 
" s : '-V-1-£3^ 

mm&m 

•%mxm 

i 

http://azmuth.il
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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 available but not thermal hydraulics and feed
back. Even the adequacy of two-dimensional steady state thermal hydrau
lics to account for the fine scale remixing of coolant flowing over 
pebbles when modeling a large core remains to be demonstrated. 

Control 

Control of the reactor must be demonstrated by reliable calcula
tions, through start up, the operating history, load changes., and 
following shutdown. The amount of control to be vested in pebble 
management must be carefully confirmed by thorough analysis. The amount 
of control £s± be vested in control rods must be confirmed by thorough 
analysis.'-^doubtedly some three dimensional calculations must be made 
aod likely some of these will have to be done with the Monte Carlo 
approach for accurate representation of control rods in three dimensions 
to effect a high level of reiiawil'tv, capability which exists. 

Short time behavior must be assessed which requires coupled 
neutrotvic kinetics, thermal hydraulics calculations. Primary concern 
are the response to possible neutron balance perturbations, self-regula
tion capability, control requirements and the necessary rates of reac
tivity removal and required instrumentation for this. Three-dimensional 
calculations may be required. If fuel is loaded in only one of two 
pebble types, then.the behavior will be quite different than if ?. full 
tfcmperature rise were sensed by the fertile material (decreased Doppler 
coefficient). Behavior of an initial core will differ from that later 
in lift: as U 2 J 3 builds in. The calculations which will be required 
depend on the design and mode of operation and the considerations of most 
importance. Methods development is needed to treat the three-dimensional 
problems, specifically for the thermal hydraulirs and also the ueutronics 
at a lower cos>t than even finite-difference diffusion theory capability 
available. Close coupling of the neutronics thermal hydraulics calcula
tion is needed with feed-iack for analysis at reasonable cost. 
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Exposure Effects and Activity Levels 

Exposure effects must be analyzed. Here the basic information.is 
experimental measurement of such effects as caused by atom displacement 
from nuclear reactions including fission and generation of helium and 
fission products. Exposure information is generated by nuclear 
calculations which provide sufficient detail for assessment of the _: 
amount of exposure. Then analysis of stress, creep, nuclide transport, 
etc. is done as necessary to establish suitable performance of the 
components over the design life and to show activity levels will be 
below design level. Enhanced capability is needed to produce information 
about fission product behavior and uclide transport in general. 

Reactor Shutdown 

The requirements for safe shutdown must be satisfied and analysis v 

ntust be done to demonstrate this. Short time thermal hydraulics analysis 
is required to demonstrate the absence of problems after shutdown. 
Insurance against recriticality from Fa^ 3 3+ U 2 3 3 , X e 1 3 b decay must be 
demonstrated. Some of the required effort can be done treating two 
dimensions, but basic three-dimensional capability is needed to assess 
such effects 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 type, lumping 
of the actinides in kernels within the core of the pebble, and resonance 
overlap. Feed-back of temperature and nuclide concentration changes is 
needed to account for variations over the core to produce accurate results. 
Enhancing available methods is desirable. 

The Neutron Transport Approximation 

The methods used in design must be able to produce an accurate 
estimate of neutron transport. The capability to generate reliable 
transport data and then use it to produce accurate solutions remains to 
be demonstrated. Methods development and extensive proof testing is 
needed. 
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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 cor«-
sideration oZ possible severe damage configurations. 

Radiation Shielding 

Sophisticated analysis with available advanced methods is required 
tc establish adequacy of the design for shielding considering neutron 
transport over the energy range and gamma ray production and transport 
regarding local heating and exposure* 

Pebble Management 

More sophisticated capability will be needed to model the management 
of the pebbles, especially if pebbles are recycled. An adequate scheme 
of modeling would seen to depend on the details of pebble flow, control, 
feed variation, and any procedure for recycle (such as selection by 
activity for partial recycle without reprocessing). Further assessment 
of available neutronics capability is needed to establish development 
needs. Not only is an accurate representation of neutron transport neces
sary but also at least one scheme which has a iow application cost ?nd 
yet produces results of reasonable accuracy. Methods development must be 
supported by testing against experimental measurements and also against 
results obtained with sophisticated methods which accurately model neutron 
transport effects. 

Demand Load 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 of 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 fJow rates in a system is needed to assess the 
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inventory requirements, lead of feed material, and the effects of plant 
additions, outages and deletions. Of special concern is moving toward a 
near self-sustaining operation regarding the nuclear fuel. With different 
types of plants in operation on the grid, assessment ir.ust be made of the 
effects of different fixed and variable costs for operating different 
reactors, selected loading causing different load factors, and preferen
tial operation to satisfy needs somewhat in the future. 

Operation Support 

Special capability will undoubtedly evolve for supporting operation 
to account for the reactor contents, to aid^in decision making and to 
produce such needed information as required to interpret operating data. 

German vs. ORNL Methods for Predicting Performance 

Both the FRG and the 0RN1. methods of calculation appear sound for 
surveying projected performance. The German methods have rather severe 
limitations and available methods presently lack sophistication in treat
ing the resonance problem. The ORN'L methods lack the capability to treat 
temperature, nuclide density feedback and the recycle history (fuel 
management)'. Costs of both methods are high for a sophisticated calcu
lation, and both lack automation to treat t\^ operating history of a 
reactor with.it held critical. The capability to perform analysis with 
independent methods is very nice, but is not needed by a single design 
group. We would expert extensions to be made in Germany to the German 
methods to support design effort there, and likely extensions in the US 
to the ORN'L methods to support design effort here. (This report does 
not cover the assessment of the available thermal hydraulic capability 
made in this study.) 

A reasonably high level of quality assurance must be established 
for the methods and data used. Qualifying these involves applying theit 
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
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data may be 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 methods should be extended to satisfy the 
requirements. Special needs lie in microscopic cross section process
ing and in history calculations. Effort must go into the requirements 
for raising the level of quality assurance in analysis to improve re
liability. Major development is needed for neutronics, thermal hydraulic 
calculations to assess short time and very rhort time effects in three 
dimensions. 
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Appendix A: USIT COSTS AND ECONOMIC MODELING 

In this section we document the data used and discuss the modeling 
applied in determining fuel costs for economic analysis. Two basic sets 
of unit costs have been used called Schedule 1 shown in Table A-l and 
Schedule 2 shown in Table A-2. These cocts are approximately 1978 basis. 
Scheduled costs are estimates of what we expect would be used in the 
KASAP study. Schedule 1 costs may bz mote realistic, somewhat lower and 

reflecting an estimate of the difference between fabricating both fueled 
pebbles and fertile pebbles containing no fuel separately, b^. the re-
fabrication cost estimate may be low. , The break downs by pebble type 
were needed to treat two pebble types. For single pebbles we have 
selected data consistent with that shown. 

In Table A-l, reference unit values of individual nuclides are 
shown for fully enriched fuel. The reference of $45/Kgm for U* 3 5 was 
chosen arbitrarily, the U 3 value was arbitrarily set at 1.4 times the 
U 3 5 value, and other values were selected to reflect worths. On the 
throwaway cycle, the ratio of lT 3 i feed rate to U 2 3 j 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 requirement for comparative 
conditions of exposure. With the economics model usually 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 enters the calculation directly. Only with straight discounting 
would the results depend only on the worth of the material at the end 
of the reactor life and have a small impact due to remoteness in time. 

Given low enriched feed, the unit worth of U 2 3 i was determined 
from the diffusion plant H«.pardtion equations with fixed tails. Given 
ore and separative work rosts, worth of fully enriched I'23* was determined 
directly and worth of the other actinides, expecting Th 3'; and C, were 
made proportional to the values in Table A-l. 
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Table A - l . Schedule I Unit Costs 
(In'.uding Shipping and Waste Disposal] 

Nuclide 

T h z - J 

(J*33 

I f ? 3 * 

S/qm 

.029 

63. : 

-7.5 

-" 
| j 235 45. a 

-15. -: 

•JL.- Pu - 0 

c „- .001 . 

Nominal C/»! b UP 175 Hi 250 32_5 400 

Primary Pebbles0 

[C/HHJ 110 175 273 532 635 332 

Fabrication (S/Kgm) 210 270 361 602 804 1006 

Refabncation (S/Kgm) 420 540 722 1204 1608 2012 

Throwaway {$/Kgm) 185 185 185 185 185 185 

Reprocess (S/Kgm) 370 550 715 1150 1400 1650 

Fert i le Pebbles 

[C/HMJ 110 175 110 156 206 256 

Fabrication (S/Kgm) 160 200 160 183 217 250 

Throwaway ($/Kgm) 185 185 185 185 185 185 

Reprocess ($/Kgrn) 370 550 370 513 607 700 

For low e n r i c h e d , $104/kgm o r e , $80/kgm eq . sepa ra t i ve work , S3.5/kgm t r e a t m e n t , 0.002 
. f n . ta i l s . 
Nominal carbon to heavy metal rat io based on 50 percent of each of the two pebble types. 
Note that the C/HH is made the same in the two pebbles in one case at a nominal value of 
.175 and lower C/HM. 
This number may be low by as much as a factor of 2. 

L 
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Table A-2. Schedule II Unit Costs 

110 273 532 685 832 
171 318 628 812 , 988 
652 770 1443 1841 •'•>2'5. 
185 185 185 185 185 
345 73i 1535 1899 2249 

110 110 156 206 256 
171 171 - 177 262 297 
185 185 185 183 185 
345 345 639 759 878 

Nominal C/HM 110 175 250 32_5 400 

Primary Pebbles 

[C/HM] 
Fabrication ($/Kgm) 
Refabrication ($/Kgm) 
Throwaway (S/Kgm) 
Reprocess ($/Kgm) 

Fertile Pebbles 

fC/HM] 
Fabrication (S/Kgin) 
Throwaway (S/Kgm) 
Reprocess ($/Kgra) 

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. Resulcs are reported in wills per Kilowatt-hr elec
trical which is identical to US 1978 dollars per Megawatt-hr electrical. 
A number of assumptions have been made in the calculations inducing 
recoverable thermal energy per fission for each of the nuclides involved, 
and a conversion efficiency of 0.4 electrical to thermal. Generally 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. 

Considc.- 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 
and 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 value of the reprocessed material are 
determined. Direct costs in terms of money per unit produced electrical 
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energy art determined for each component by dividing cost ur return by 
energy. Sinn secondary components as shipping are included vith the 
primary costs. 

Indirect costs were determined with an interest'charge rat^ applied 
linearly. The calculation considers the Lime displacement Between when 
the cost or return occurred and the midpoint of the exposure period 
associated with the particle, referencing to the midpoint of energy 
production: 

Particle 
Path• ' • ._ 

Purchase, 
Fabricat ion 

Lead 

Exposure Period 
(energy production) 

4 
T 
2 

Reprocess, 
S e l l i 

Lag 

Reference Point 

Recycle after reprocessing was treated in the same way, with 
purchase of recycle material and make up feed, and sale of recovered 
material. For two particles with different reactor residence times, 
indirect costs were calculated separately modeling the individual 
histories- Throwaway fuel costs reported include waste disposal. 

Long reactor histories were treated b> levelizing the individual 
fuel cycle costs using a discount factor. Some calculations were also 
done with direct discounting for comparison (and elimination of 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 calculations 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 discounting at rate 0.07, Indirect costs at a different rate; 
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may be approximated by multiplying the estimated indirect cost for the 
interest rate of 0.10 by the ratio of a desired rate divided by 0.10. 
We consider these retorence values for indirect costs to be representa
tive of, or on the low. side of data appropriate for utility economic 
evaluation in terms of today's dollars, fjnewhat higher values might 
well be used for the operation of a private utility, especially if the 
calculation were to treat the decrease *n buying power of and produce 
results in inflated dollars. However, ne consideration has been given 
to the rate fixing aspects of utility economics nor the impacts fronr a • 
burden of high investment and uncertain future.of the economic history. 

Point model calculations do not account for blanket n>ate^ial and 
one-d:.mensional calculations don't accr int for radial blanket material. 
Simple adjustments can easily be made and were, made in this assessment, . 
but the uncorrected, raw information is reported consistent with the 
mass balance data. c 

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 
variety of design parameters are compared in the base one- and two-dimen
sional scesdy-ntate, continuous flow retctor calculations. In order to 
evaluate the relative economic feasibility among various designs, apart 
from symbiosis studies, the mass flow dat<. resulting from these calcula
tions was used Co determine fuel cycle costs ar.d to identify an economic 
optimum. 

Given equilibrium mass flow data, fuel cycle costs (direct and in
direct) for a single "milibrium cycle are calculated directly 3S outlined 
in the previous section. Reported fuel cycle costs, however, are average 
cycle cost for the entire reactor lifetime. Account is taken for: (1) 
charges for initial reactor inventory (indirect fuel costs and fabrication 
costs); (2) credit for radial blanket (fertile pebbles) recycle to the 
active core without reprocessing (thus reducing the amount of fertile -
feed 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 burned fuel is calculated, but the fuel is not 
recycled, and clean fuel fabrication costs are used for the entire reactor 
lifetime. 

The charges associated with initial inveijrory include direct and 
indirect charges for fabrication of the first core pebbles and an indirect 
charge for the cost of fuel in the first core. Tb'js, for 

F = unit fabrication cost, $/KgHM 
.'•?•* 1 = BOL heavy netal inventory, Kg 

i - '• P - electric power rating (1200 MWe) 
X. ,'v.li .; L = plant load factor 

B * plant lifetime, yrs (30 yrs) 
X = fabrication loss fabrication* 

then 

FI 
C " 87(MTPBL(1-XT V ( A - 1 ) 

vhere C if- the additional direct charge, added to the equilibrium costs -
associated with the fabrication of the initial inventory. An indirect 
charge.; factor for both the initial fuel cost and fabricat; n cost, R, 
is determined by 

R = (l+ST>'H0)/[l-(l+QrB) - 1.0, (A-2) 

where S = linear interest rate 
T • fabrication lead time, yrs 
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 PBlJl^xT " R ; ( A " 3 j 

a. is the cost associated with actinide i in $/Kg, b. is the feed rate of 
x l 
actinide i in Kg/D, and R is given by Eq. (A-2). 

Two-diisensional reacf r problems wijth a adial blanket consisting of 
fertile pebbles flowing down alongside the core were analyzed. An economic 
advantage results from recycling the fertile pebbles in the blanket through 
the active core because of the reduced external feed requirements. Thus, 
fex the steady-statej, continuous floy condition in which the fraction of 
the "total misjber of discharged fertile pebbles (core and blanket) avail
able for recycle is denoted fay X., the fabrication and reprocessing direct 
c^sts without recycle arc reduced by a factor of (1-X) when recycle is 
considered. The indirect charges tssociated with average residence times 
ir. the core and blanket of T and T respectively are proportional to 
X(T,+T ) + fi-2X)T with reeveie and to X T,+(1-X)T without recycle; the 

D C C ' D C . 
expressions are identical and indirect costs are essentially 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 certain Time period after reactor 
star'.up as fuel is reprocessed and refabricated. For a time lag period 
of L and a fabrication direct cost for clean fuel calculated at equilib
rium of C (mills/Kwhr), the fabrication direct cost averaged over reactor 

c , 
history, C , is given by 

ct * l l + ( 5 F ) ( u E ~1)] ' cc» ( A _ 4 ) 

c 

where B • reactor lifetime in years 
U = unit cost of fabricating recycled fuel, $/KgHM 
it » unit cost of fabricating clean fuel, $/KgHM. 
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The indirect charge averaged over life, C (mills/Kwhr), is 

where C = indirect cost for fabricating clean fuel 
Q = discount factor 
S = linear interest rate-

Note that C and C are calculated directly from the equilibrium mass flow 
rates, and the fabrication costs for closed cycles using recycled fuel 
is adjusted using Eqs. (A-4) and (A-5). 
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Appendix B: RESONANCE SHIELDING MODEL 

The resonance shielding model is a single-level, Nordhein: Integral 
treatment.-1- The calculations are performed using the NITAKL module of 
the AMPX code system 8. The NITAW1. code reads as input a master library 
of cross-section data; for the PBR analysis, the master iibrary has -i 
123 energy-group structure for all nuclides. For each nuclide with 
resonance data, the code selects the range of energy groups containing 
resonance parameters and produces energy and spatially shielded cross 
sections for fine groups in the resonance range. Each nuclide with 
resonance data is treated individually; all remaining fine group cross 
sections are passed through KITAWL unchanged.; 

As input the code requires a Dancoff Factor for each nuclide with 
resonance data. The bancoff Factor is the probability that a neutron 
leaving the surface of lumped absorber containing m elide i will have 
its next interaction with another lumped absorber containing nuclide i. 
For a bed of pebbles cooled by a non-absorbing gas, an expression for 
the Dancoff Factor was developed based upon transmission probabilities 
for spherical shells, the transmission probabilities being calculated 
analytically as a function of sphere shell thickness and total cross 
section of each sheJl. For pebbles of lumped absorber coated with a 
graphite shell, the transmission probabilities through the graphite 
coating are defined as follows: 

T, '- 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. 

IC T ^ the probability that a neutron entering the outer surf at: <. 
of pebble k with a random angular distribution will reach 
the lumped absorber in that pebble without interacting with 
the graphite coating. 

T - the probability that a neutron entering the outer surface 
of pebble k with a random angular distribution will escape 
from the pebble without interacting with the graphite coat
ing and without enterin;; the lurop<\' absorber in pebble k. 



These transmission probabilities are a function of the absorber radius 
and total cross section of the graphite shell. For Pebble Bed calcu
lations, the graphite coating density is fixed and T , T , and T 
can be calculated as a function of absorber radius alone. 

For the two-pebble-type reactor designs studied, there exist two 
distinct absorber lump designs: the primary pebble meat and the fertile 
meat. Once the primary and fertile meat radii are known, the graphite-
coating transmission probabilities are calculated for the primary and 
fertile pebbles. The Dancoff Factor can be expressed in terms of the 
graphite-coating Ltansmission probabilities and transmission probabili
ties of the absorber lumps. However, a simpler and more useful expres
sion for the Dancoff Factor results if the lumped absorber is assumed to 
be black (all neutrons entering the lumped absorber with an energy near 
a resonance peak will interact with the lumped absorber) in which case 
the problem of calculating the Dancoff 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 containing nuclide i. This proba
bility can be expressed solely in terms of the graphite-coating trans
mission probabilities of the primary and fertile pebbles; two cases exist, 
the Dancoff Factor for nuclide i, F., being expressed for each case as 
follows, with the additional assumption that there is a random distribu
tion of the two pebble types about a reference pebble: 

Case 1 - Nuclide i is found only in the primary fertile pebble 

Fi - X kT 0 I T I 0 

i k k k >-<\ \ 0 0 '«-V*c 0 0 > (B-l) 

where k represents the pebble type (primary or fertile) containing nuclide 
i; T 0 0 is the transmission probability through a solid graphite ball 

c 
[resulting from the assumption that a neutron passing through a pebble 
not containing i will react on the average with the graphite in the 
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meat or coating; note that T = T (r=o)]; X, is the type k pebble 
fraction of all pebbles in the reactor. For roost applications X. = 
0.5. 

Case 2 - Nuclide i is found in both the primary and fertile 
pebbles. 

f ^ . A l I0+(1-X)T/V i k p p p f 

l l - < V V"Va-Vxf°°,j , . . < „ , 
where p a n d f subscripts represent primary and fertile pebbles respec-

fc • • ' • " • ' . ' . . ' ' ' 

tively; F. is the Dance it Factor associated with nuclide i in pebbles of 
type k. Dancoff Factors for various reactor pebble designs are listed 
In Table B-l. The results shown in Table B-2 indicate that the black 
absorber assumption is accurate. 

The NITAWL 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 temperature 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 Chan the actual thickness used. Con
sider the inlet axial blanket to be at 500° C instead of 900° C. Con
sidering only the Th' ? z fertile pebbie epithermal cross section, the ratio 
of thorium cross sections for the lower to higher temperature is .93. 
(The actual difference in macroscopic removal cross sections considering 



B-4 

Table B-l. Dancoff Factors for Various Pebble Designs 

Low Enriched Feed 
(Single Pebble) 

Medium Enriched Feed 
(Two ^ebbles) 

High Enriched Feed 
(Two Pebbles) 

Breeder " 

Burner/Converter 

Nominal 
C/HM 

300 
450 

325 
450 
550 

90 

175 
250 
325 

Primary Pebble Fertile Pebble 
Meat 
Radius 
(cm) 

Dancoff 
Factor 

2.500 
2.500 

2.381 
2.381 
2.381 

2.5 

.444 

.444 

.183 

.183 

.183 

.444 

2.0 .273 
1.627 .175 

1.505 .134 

Meat 
Radius 
(cm) 

2.5 

2.500 
2.347 
2.170 

Dancoff 
Factor 

2.356 .174 
2.332 .167 
2,=324 .166 

.4*4, 

.345 

.240 

.178, 

scattering is, however, small.) Account should be taken of the tempera
ture differences in more refined calculations, but the discrepancy is 
acceptably small for survey calculations since the effect and magnitude 
are known to first order. 

Note on Fue1 Packing 

After the local capability to perform thermal hydraulics calcula
tions became 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 the 
products of fission. 



Table B-2. Effective Transmission Probabil ities and Dancoff Factor 
as a Function of Fuel Absorption Cross Section » w 

" (barns) a T o o 
X 

T 00 T XI 
„. 00E T X 

c Dancoff Factor 

r .= 1.50 1000 .2082 .5040 .2373 .0375 
10000 .2082 .0171 .2092 .0717 

m .2082 0.0 .2082 .0729 
r = 2.00 1000 .1813 .4070 .2443 .1214 

10000 .1813 .0096 .1828 .1875 
• " . • • ' » ' .1813 0.0 .1813 :.1890 

4 = 2.50 1000 .1306 .3320 .2588 .3480 
10000 .J306 .0062 .1330 .4^53 

oo .130GK 0.0 .1306 .4441 

If the absorber lumps are not assumed to be black, Eqs. (B-1) and (B-2) 
still apply if (1) T. 0 0 5 T. 0 0 E - T.°° + T. I 0T~ T? 1 where T °° is the 

1 * L i il i I QI ' 0 transmission probability through the absorber, and if (2) T. " T. 
00 x 1 

(1 - T.r ) in the numerators of the expressions. Note that by definition 
_ 00E x i 00 
lc lc ' 
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 X = 1.0. 

K 
Table B-3. Point (infinite medium) Spectrum Calculation 
Temperatures (° K) Th'':7- Resonanc 

Primary 
e Integral 
Fertile 

keff 
Graphite 

Th'':7- Resonanc 
Primary 

e Integral 
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 
900 900 1100 43.77 37.24 0.98501 

900 900 900 42.34 35.91 0.99158 
573 573 573 39.29 33.14 1.00725 
573 500 500 38.42 32.37 1.01117 

293 293 293 J5.31 29.64 1.03082 
293 900 293 35.3J 29.64 ^.03082 

" 



Table B-4. Resonance Nuclides and Resonance Integrals of Interest 

N u c l i d e s ' w i t h Resonance Da ta : 

T h * 5 2 p a * * 3 „2?» „ 2 « U* 

P u ^ " P u ^ 5 P u 2 * 1 P u ' 1 - 2 Am' 

/J 
Resonance I n t e g r a l 

- o JJZ38 

LEU - S i n g l e Oxide 

C/HM = 300 102 

C/HM = 450 124 

C/HM = 600 139 

C/HM = 8 5 0 160 

MEU - S e p a r a t e Pebb le Types 

C/HM = 325 119 

C/HM = 450 137 

C/HM = 550 150 

HEU — S e p a r a t e Pebble Types 

Breeder C/HM = 8 0 -

C/HM = 9 0 

C/HM - 100 -

C/HM = 1 1 0 

Conve r t e r C/HM = 250 227 

Eu 
Sm 

151 

151 

C/HM = 400 245 

Th 212 

53 
58 
60 

30.3 
31.3 
32.1 
32.9 
44 (fissile pebble) 
37 (fertile pebble) 
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 
directly due to the flux weighting. 
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APPENDIX C: Broad Group Cross Section Collapse Procedure 

The naster 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 XSDRNPM module of the 
AMPX code system.- The XSDRNPM module is a one-dimensional discrete 
ordinates code which computes the spatially dependent energy spectrum 
and collapses all cross sections to a desired few-group structure. An 
option is available to perform att infinite medium (point) calculation 
over the entire energy range or for any number of energy groups. 

The master library contains: shielded resonance cross sections as 
output from UITAKL Csee previous section), and in NITAWL the.cross-
sections for fine groups covering the resonances of a nuclide are 
spctialiy smeared over the pebble volume. An infinite-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 
XSDRNPM 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 one-dimensional calculations were compared for otherwise 
identical reactor core analysis. 



U-I 

Appendix U: I sir. SIKADY STATE, CONTINUOUS FUKI.INC MOD:;:. 

When the effort on the analysis of the rehhle bed re.- t-.-r started 
in 197 7 at ORNU, vt had inadequate local capability to directly charac
terize the reactor performance. Although some analysis capability had 
been developed under fluid fuel projects, our base methods development 
has been directed at fixed fuel concepts. The old CITATION code could 
have been used, bet not effectively, and the never VENTURE diffusion 
theory code would not be very useful even given depletion capability, 
lacking fuel management capability. Whereas considerable methods 
development may often be justified to'-support design and operation, 
only a modest effort could he supported on this project. We rejected 
the possible course of action of using the German methods being imported 
by the staff at EASL, l.ecause the contribution would be small. Appli
cation of independent methods would make a more worthwhile contribution. 

The most important information needed was a one-dimensional axial 
multigroup neutron flu:-: distribution for a critical reactor at steady 
stat*- given the necessar_. continuous feed compos it ion; next important 
would be ti • r«?o-diriensi.onal flux distribution. This • -latum would 
be for a point in time adequately representing a throwaway cycle (reevele 
could be considered with successive passes of reprocessed material J. An 
iteration process would be required to effect the solution by adjusting 
the fuel enrichment from an initial estimate and simultaneous resolution 
of the flu', 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 primarily for three-dimensional 
fast breeder calculat ions. These codes are modules in a flexible system, 
admitting use in a global iterative scheme. Further, the VF.NTURF. code 
has effective capability for solving the criticality search problem by 
adjusting the fissile loading, and would require 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-
dimensional problems. 
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Changes were required to the exposure code SUR2.TR, aad the fixed 
fuel expsourc- procedure was paralleled with one for continuous fueling. 

Consider that material in a zon is to be exposed for some interval 
of tisne in the fixed fuel model, 

C(G) -:—*- C(it) 

The continuous fueling model involves exposure of mater ia l enter ing to 

deterrairie what leaves , 

7r 1 C "- ~ [ C ( t ) + CCt+zit)] 

C(t+At) 

That is, the nuclide concentrations entering a zone are exposed to the 
zone average flux for the zone resonance time to produce exit concen
trations, and hence those entering the next zone alone; the flow path, 
arid J simple estimate is made of the average zone concentrations. The 
fixed fuel and the continuous fueling calculations are very similar. 

A natural scheme was already imbedced in the codes to treat two 
pebbles in that 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 pebbles, 
• Blanketing with one pebble type, 
• Flexible pebble recycle without reprocessing, 

L 
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- Fixed fuel blankets. 
• Variation in radial residence tine and i-.-<.d t-nri '•;-•.::: .-•!<! a Is.-? 

internal radial blanketing wich t_h:?ri-j:r. pi-hbl.s -. •:.:; nixing nc 
f ue I as ft-ed, 

• Subsequent behavior on a short time scale .is- a fixer: bed, ;:s 
to examine control rod worth, Xe override, tne effect of change-
in power level, and stability. 

Consider one difficulty. The neutronics code produces only zone 
power denr.ity without addressing th«£ subzone scale separately. Zone and 
subzone power density peaks are now edited by the BURNER code as well as -

the cumi'iative power along each flow path, allowing interpretation by - , '̂  xY*5^w 
pebble type when two are involved. The capabiUty to -rite an Lhte'^f'ZG&l:y-\:

:

:^BiS^M 

data file with power densities f or> each pebble type was ..dded to BURN0BL .'/.:•'—i^^ 
to support thermal iivdraulic and temperature peaking analysis. ; 

Comments are in order about the global iteration process loop over 
successive ueutronics, exposure calculations. The after-exposure average 
nuclide concentrations produced by BURNER go to the neutronics code. 

It adjusts the fuel concents in selected zones as instructed to satisfy 
the critical state. Simultaneously the fuel contents of feed boxes, 
false zones not in the geometric mesh,are adjusted in accordance with 
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 cf producing a new estimate of the flux distribution. 
Complete convergence of the problem would occur when no change in the 
fuel density is required in the neucronics calculation. 

A number of options are available to accelerate the rate of con
vergence or to stabilize oscillatory behavior, out these are not now 
automatically changed during a calculation. Ihe criticality search 
specifications are flexible; more fuel may be added to the feed boxes 
than to the reactor zones, or less. The nuclide concentrations pro
duced by BURNER may be weighted with those supplied to it, and a 
weighting may be made between two successive flux distributions for 
use in BURNER. The most effective step of acceleration was identified 
in tests with the point model discus sed in Appendix K: the average 
reacto' power is often poor after the expo'ure calculation (usually low). 

J 
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so the flux level can be renormalized and the exposure calculation 
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 concentrations. T h i s i s simple to do in some parameter studies, 
but not when the geometric description is altered* as to change a 
blanket size. It generally help? to put more fuel in the top of the 
core (near the inlet) rather than use a uniform distribution for the 
initial estimate of the fissile loading. 

One-dimensional problems generally converge quite rapidly with no 
need for taking special action other than repeating the exposure cal
culation once each pass td/fjprove the power level. 

Two-dimensional problems do not converge rapidly when the core has 
a relatively large radius causing weak, neutronic coupling. Severe 
radial flux oscillation occurs which must be dampened: a high local flux 
level causes high burnup which results in a low flux level the next 
pass. A combination of reexposure to effect tTie desired pover level, 
weighting of successive flux distributions, and weighting between after-
exposure and before-exposure nuclide concentrations effects acceleration. 
Selected search specifications for the neutronics calculation help, but 
unfortunately driving is often required in the early iterative history 
and dampening in thi later history (of the feed box fuel concentration 
changes). We continue to seek a needed improvement in the procedure 
and may have to implement a major change to reduce the cost of calcu
lations and improve reliability by effecting better convergence. 

A number of tests have been made to prove that the iterative 
procedure converges to a correct solution. Some of these are reported 
in reference 1. The use of dampening schemes impacts the assessment 
of convergence toward A true sqlution, especially when there is an 
oscillation involved. Typically in a computer run, a final pass has 
l»een made without dampening and without a critical ity search (to de
termine k , . ) . Experience in the interpretation of results has come 

eft r 

^rom this effort improving our ability to judge t'.-.- adequacy of results. 
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The results of successive iterations do not usually display a simple 
dominating error vector decay, but the results of alternate sets often 
do. This behavior is not wtll understood, but it appears to be driven 
by a feedback effect, and recognizing it allows ar, extrapolation pro
cedure to be used which is reasonably reliable. «n Sector notation, 
we consider a linearly independent set of error . ••ctors, with the domi
nant one behaving iteration n as 

where ~\i is the eigenvalue of the error vector, hopefully <1 for s. con
vergent process. Taking anyjintegral result such as the fissile loading 
f, the recursion relationship- above yields (not matrix notation now, but 

the scalar integral), 

i' - f , 
n — n-1 f . f _ n-1 - n-2 

and extrapolation to the apparent solution is given by 

f = f '• • ( i t ) ' ( v - ' - , ) 
Hopefu Tiy one value of ^ may be used for all of the key results im-lading 
power density peak and nuclide feed and discharge rates. The use of 
alternate iterative results involves the application of 

f - f -> _n nj-2 
f" ' - f "7 n-2 n-<» 

' . - ' • • ( & ) ( ' . - ' n ^ ) 
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Results from the iterative history for a problem art- shown be tow. 
The iterative process was stopped below a usual level of convergence 
and extrapolation of results for alternate iterations is shown: 

Iteration Fissile Material 
Feed 
(Kgro/D) 

Loading 
(Kgm) 

Conversion 
Ratio 

Peak Pebble 
Power Density 

(W t h/cc) 

0 
1 
2 

" 3 " " ' - ••''. ' 

4 
5 

6 
7 
8 

Extrapolated (n=7) 
Extrapolated (n=8) 

1.9063 
2.1041 
2 . M90 
2.1722 

2.2036 
2.1988 
2.2139 
2.2104 
2.220 
2.215 

Unkrit>yn 
1,288 
1,490 
1,581 
1,544 
1,576 
1,562 
1,575 
1,569 
1,574 
1,572 

.6201 

.5800 

.5625 

.5678 

.5609 

.5628 

.5600 

.5607 

.5589 

.5598 

29.01 
41.43 
37.79 
40.65 
39.22 
40.36 
39.81 
40.21 
40.54 
40.14 

No-.e 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 shown are likely within the accuracy of the calculation, but might 
not admit assessment of the effect of parameter changes. 

in summary, the steady state, continuous fueling model is applied 
by a direct iteration process to establish the critical reactor state 
representing a point in time, and the results are used to characterize 
the nuclear performance. 

Other Neuironics Methods 
.24 Tfu- synthesis code SYN3D from ANL has been incorporated into the 

local computation systt-ns containing the VENTURE code. The latter is 
used to generate one-dimensional trial functions for two-dimensional 
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problems 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 file proliferation using this synthesis code. 

A scheme which appears very attractive for survey calculations 
would generate importance data for subsequent use. It the importance, 
to the neutron accounting of each nuclide in the feed stream could be 
established, such data would allow a direct treatment of fueling and 
recycle at low cost. Sophistication would be required to produce dis
charge mass balances, power density peaking and exposure, and to account 
for variation in feed rate, carbon In heavy metal, and resident time. 
It is not clear that reliable results could be obtained over a wide 
range of values for the parameters, nor that all the desired results 
could be obtained. However, the continuously fueled reactor appears ^ 
especially amenable to the generation and the use of such data. Further 
investigation and testing are recommended because the return would appear 
to justify the effort in a continuing program. 
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Appendix E: THE POINT REACTOR MODEL FOR SURVEY CALCULATIONS 

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 
possibilities are explored that some scheme of simple modeling is needed 
for survey calculations. In this effort the results obtained *Jith the i 
point model were used to infer behavior and fuel costs considering the 
results-obtained with the steady state, continuous fueling model treating 
one or two dimensions. Of special interest here are the predictions of 
core behavior and the fuel cost calculation. 

A procedure of calculation was implemented to follow Jong operating 
periods, the code PREMOR. Minimum requirements for reasonable results 
were satisfied to minimize computation cost. Between successive fuelings 
a single point, two-group neutronics problem is solved, but thej 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 material are 
considered to be resident, each discharged and refueled successively to 
ir.odel either a reactor with continuous fueling or a fixei fuel reactor 
partially refueled. Thirteen actinide nuclides are treated (Th, U, Pu 
systems), a fixed structure, moderator, coolant pseudo nuclide, and ten 
fission product nuclides. Flexibility is allowed regarding 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 available. 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 neutron absorptions and effective eta values. 
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The code has been enlightening regarding effective, direct .iteration 
procedures and fuel cost evaluation. It was used in this study for 

out of thetrae^dimensional calculations inadvertently, slightly improving 
the calculated performance. Results with the point model are shown over 
a range in values of the key variable parameters. These cases were run a 
sufficient number of cycles to establish the quasi steady state condition 
for the throwaway cycle. Note that the fissile consumption to produce 
the desired amount of energy depends on the model because U 3 5 and U 2 3 3 

fuel are involved. 

It should be noted that for the continuous fueling pebble bee* 
simulation, conditions are estimated midway between successive batch 
fuelings to approximate the critical state without use of control rods. c 1. 
The thermal flux level could be assumed to depend on the batch, but. it "; 

is not in the^calculations done. Early emphasis was on applying the 
one batch approximation, but this model proved inadequate, so the three 
batch approximation has received primary emphasis. The use of more 
than one batch is especially desirable to reduce the exposure time 
between successive fuelings making the application of a single neutron 
balance to establish feed requirements more realistic. Also the early 
history of operation is more realistic and varied enrichment may be 



?i i considered over the initial feed batches to reduce the amount of the 
, %:* ., v initially loaded fuel removed during early operation (increasing the ' /^ 

fuel exposure on the average before removal). -

It should be noted that much of the data may be adjusted to effect 
desired results,. Individual microscopic 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 the properties of the two 
lumped fission products need to be tailored such that the fission product 
poisoning is realistic, not only for a reference case hut also for usual 
parameter changes. The data must be tailored po produce realistic results 
and the required adjustments depend on the model to be applied. It may 
be possible to treat the situations with and without blankets directly 
through the values of the core neutron leakage fractions specified, but 
the model is rather coarse for a fully blanketed core. 

i 



Regarding economic analysis, the fuel costs depend on the model"1 as 
well a& 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 the mass balance 
accounting but was in the economics model with the indirect charge and 
not with straight discounting, a slight discrepancy in the data for the 
different models as tsed in this demonstration. 

The base calculation applying a simple interest charge shows that 
the indirect cost decreases as the discount factor is increased. This 
is a direct consequence of the accounting for costs and return at the 
terminal point.of the interest charges 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. 

TatiU.- f - ? . the f f fee f of the :.concr>ic Moi!»i or f i j f i Co'.t 

Cycle rype Throw4*iy Delayd Recycle 
History Referencr- , . 15Tear " ,* ' , " " " 3ft Year 

account ftc t o r : , . _ d-9? '.'['" p7'P^ 0.14 ' T ' ' 0.O7 _''_ " "_ G.To"."_" _'6.'U 
Component 

V.a.pi? In<.erf-',t Chdrrjes .it rate 0.10 

' Co'.t f f u e l , fabr ic . ) ' io» j 'i./lf.l 3 . W - 3.96:79 3.9679 4.11B7 4.J406 4.2406 4.?4'jft 
; Return after Reprocess mq -.1656 -.WJr, -.\MH -. 1?,78 .6976 .7369 .7369 .7.16'; 

3 Direct ('!-?} 3.9V3 4.1457 ' 1457 4.146/ 3.6210 3.6037 3.6037 3.6.37 
4 Indirect 1. TiOfJ 1.'1464 1.0111 .9717 I.6QP0 '.3377 1..?934 1.M6.6 
6 Total (3*4) S.1223 6.<.^1 5.166*; 6.1174 6.1230 4.««14 4.7431 4.f„?95 

Straight Jr'.i renting (purchase only pake :ip f u e l , annual energy accounting) 

3 Direct 4.1467 4.1467 4.1467 3.4366 !.4-»66 3.4?,66 

4 Indirect .7778 l.!6a_7 1.6975 .9492 1.3/07 1.9473 

5 Tout 4.-9235 6..3-044 5.«43? 4.434a 4.R563 6.43?") 

Straight Discountingwith. FnerjyDiscounted on a One-Quarter Year Basil 

4 indirect ' .7407 U?7_6 1.6771 .1163 1.34?? l . V - 3 
6 Total 4.3,864 6.7733 6.-W8 4.4014 i.?,?7P. 6.413) 

A more precise accounting of the linear indirect changes for discrete 
costs and returns was adopted after the results reported here were 
obfained, including adjustments to the cycle costs to approximate the 
long history average cost. 
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Results for additional variations in the raodel are shown in Table 
E-3. The number of cycles that recycle material is delayed was varied, 
and a recovery loss fraction was also considered in generating the niass 
balances. 

Table E-3. Additional Effects of Modeling on the Fuel Cost 
(mill/Kw^hr) 

Cycles Recycle Del^y 0 1 2 -1 
Neutronics Recycle Loss Fraction 0: 0 0 0.015 

3.3103 3.5037 3.4747 3.4985 

1.3330 1.3377 1.3210 1.3369 

3.2911 3.4856 3.4579 3.4968 

.8100 .9492 1.0580 - .9486 

4.1011 4.4348 4.5159 4.4454 

Use of simple interest rate 0.10, discount at rate 0.07 

Direct 
Indirect 

Total 4.6433 4.8414 4.7957 4.8354 

Only discounting at rate 0.07 

Direct 
Indirect 

Total 

Only discounting at rate 0.10 

Direct 
Indirect 

Total 4.4716 4.8563 4.9745 4.866^ 

Only discounting at mte 0.14 

Direct 
Indirect 
Total 

3.2911 3.4856 3.4579 3.4968 

1.1805 1.3707 1.5166 1.3696 

3.2911 3.4856 3.4579 3.4968 

IJ>9_61 1.9473 2_._1332_ 1.9455 

4.9872 5.4329 5.5911 5.4423 
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It is of interest to note that the srherie used to apply a siraple 
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 
recycle of integer cycle numbers. This is of course realistic for a 
partially refueled, fixed fuel reactor (one reactor system), but it may 
not accurately account for the delay time desired in approximating the 
continuously fueled reactor. The accounting is consistent with the 
actual mass balances when only discounting'is done. The actual recycle 
delay time was 1.889 years; per cycle delayed compared with 1.5 years 
considered in the cost calculation. 

A value of the discount factor may be estimated from the data which 
produces the same indirect charges as tin- simple interest rate of 0.10 
and discounting at a rate of 0.07. The effective discount rate is 
estimated at 0.091 for throwaway using data from Table E-2 and at 0.097 
for one cycle delay ir. recycle using the data from Table E-2 which 
accounts for processing loss in the mass balances (three batch model). 
These values are reasonably close to the reference interest rate of 
O.ir,. and indeed this value is essentially what is obtained by inter
polating between the results for no delay and one cycle delay to esti
mate a 1.5 year real time delay. 

The dependence of cost on Che discount factor was illustrated in 
Tables E-l and E-2. Sho<m below is 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 
Total 

Delayed Recycle 
Indirect Charges 
Total 

.7388 
5.0523 

.6300 
3.6803 

U4777_ 2.2165 
5.7912 6.5300 

1.2600 1.8900 

4.3103 4.9403 



Th-3 effect cr. the ruel cost c: ~. aeclir.1."., -oac tatter was 
cct.-;rzir.ed. Ccr.r arir.g results for a decline f r.:-. in initial factor of 
0.75 to G.3 at 30 years relative to the cost fcr a fixed factor of 0-75, 
the indirect charges increased 30 percent and ch total fuel cost 8 per
cent vith. discounting at 0.07. : 

Consider the effect of the value of che discount factor "on the 
indirect cost associated'"with the Initial reactor :.ore (not capitalized). 
Assuming a unit cost relative to the total amount :f generated electrical 
energy forCthircy.years, and discounting annually 'revenue available at 
the end of each year) the results obtained for"a 30 year life are: 

Discount Factor Relative Init 
Indirect 

Core Fuel Cost_ 
Total 

'i.ZSk 

2 . 4 1 6 

3 . 3 1 6 

• i .234 

•. , ' s . . ' : . . : . ' . . ; v i t h t h v i n i t i a l f ' iu l iv . . : i s --A.*. 

' educe . - , c'-.-. ^r;tir;^t-:- a? i n d i r ^ c t c o s t s "for ..'X.ir.ple .";t r - .u - 0 . 0 7 and 

t o n t i n u c u - : '.' 1 ; .co : irt" :ro; •':>•'• "t-h'lt iv<- i.nciirt-."t c o s : i •; I'.-iiiici'd t o 1 . 3 9 3 

compared v ; j th '. . .\'h •/'.'•• r . i i i i . : ] ac con:.!, i n y . ) 

' cr>ti - i .:•; f '.:• vi- Jr,-;v , r."-: t :>••'-;.:.• r ^ ' i u l r s : .s - h a t t h e r e i s ••:.•!•;.•. i I .• 

.; r^irif. iv.r', y .•.:.'..•:•; .'..."i.'.-t :• :. I.r. *-:>•• •:•'. t i rs.-; t f i , - u : i ;"r,:;: .-in*. :.n p , ; ^ ; . t ' !, 

v j r :-it i on:; h L..-.- f. O.IO. . i ' '..:-i-.C ^.-i'j.'i -i ^n- i T i • s i L •.)-:•!: .'nr, i s r r i - . t c - i 
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superior to one of simple interest charges, because the worth of pro
duced fuel enters only for nonrecycled aaterial late in the hi;tory, 
but the equivalence of rates appears to depend on. the situation. Tht 
multi-batch model has been found to be far superior to the. single batch 
model for predicting performance, but the economic modeling is signifi
cantly Impacted if one attempts to apply a siaple indirect interest 
charge and levelize cycle costs. 


