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NOTICE 

A DISCUSSION ABOUT MODELING THE EFFlECTS OF NEUTRON FLUX EXPOSURE 
FOR NUCLEAR REACTOR CORE ANALYSIS 

D. R. Vondy 

ABSTRACT 

Methods used to calculate the effects of exposure to a neutron flux are described. The modeling of 
a nuclear-reactor core history presents an analysis challenge. The nuclide chain equations must be 
solved, and some of the methods in use for this are described. Techniques for treating reactor-core 
histories are discussed and evaluated. 
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INTRODUCTION 

The nuclide chain equations of the time dependence of the nuclide concentrations at  a location in 
space are expressed in a compact mathematical form as the matrix equation 

e 
where N is the nuclide concentration, a vector-, N its time derivative, and A the appropriate loss, 
coupling matrix operator. This equation has the solution for a A time interval of 

N ( A )  == NQo)e-*A 

if the coefficients in A are fixed. This might seEm to cover the calculation of the effects of exposure. 
The rather involved subject of modeling exposure is  examined in some detail in what follows. The 
analysis of short-time effects, dynamics-kinetics-naclear-stability-noise, is not addressed. 

There are controllable variables in reactor-core analysis. These can be core-design details, a 
control-rod positioning schedule, fueling and refueling details (loading, distribution, recycle), burnable 
poison, soluble poison, etc. Most any calculation would limit the variables, tailoring the modeling to 
represent those features of most importance considering the desired results. The accounting of nuclide 
concentrations, specifically representing their variation in time, must be done discretely since a precise 
representation of the gradual changes that follow exposure to a neutron flux that varies in space is not 
possible. The analyst relies on experience in the selection of a calculational procedure and in describing 
the situation of interest as a model that can be treated mathematically. 

A complication in the analysis of a situation involving radioactive material is that not only does the 
amount of the original material keep changing, but the daughter products propagate and accumulate. 
Neutrons in a reactor react with the various nuclei further complicating analysis. Occurrences outside 
of the fueled regions admit a somewhat simpler analyses there than is needed in the fuel. Thus the 
build-up of the products of neutron capture in the components of a pressure vessel or in other structural 
material located closer to the core may be readily followed with account for lossa of the products 
through neutron interaction and decay. Of special concern when treating the nuclear fuel is following 
the neutron economy (reactivity state), and a cornlplication is the build-up of the many nuclei that are 
produced by fission. 

This is a discussion about calculating the effects of exposure to a neutron flux. There are several 
techniques in use and many aspects to consider in usual analysis. Treating the effects of exposure may 
be a primary part of the calculation, or this may be auxiliary, moving the core contents to a desired 
state. The objective of a calculation may be to predict fuel temperatures, power density peaking, 
controllability, fueling requirements, etc., and usually more than one of these is of interest. Such 
analysis directly supports the design or operation of a nuclear plant or projections for a system or the 
industry. Results are used to allow choices to be made from among the alternatives. Often 
comparative evaluation i s  used to assess the effects associated with each choice. 
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Various requiremepts are imposed on an analysis and on the mcthsds of analysir that are applied. 
Differcat method& arc used to assess diffcreat aspects, and differcat types of nudew core dcs;gns or 
spedfk situations invite the usc of appropriate analysis teChRiqUtY. Usualiy it is neecssary and 
desirable to use available analysis capability familiar to the saalyst. 

Only a few of the actinidcs play milch role in the neutrm economy nf a reactcr core, so treating 
more than a few invites hut a data haadling burden cnless zdditienal ones are needed for. a special 
purpose. Certain nuclidcs impact the handhag of fuel waste and rrnist bc treated to su:9port analysis in 
this mea. Thus aspect; of real i m p t a n c e  interesting to the investigation are emphasized 4 i l e  others 
are downplayed. Whereas an estimate of detailed effects can be made treating ow: 1000 different 
nuclides at several thousand locations for one set of core coisditions, carrying out such an analysis 
representing three dimeaisions would involve so much data and calculation as to be impractical and 
uneconomical3 even if the capability to do so wcrc availabk. Oftcn computation cost,s are so high that 
rather coarse modeling is necessary; 100 locations are treated instead of 1000 cr more, 39 aiuc!i3es arc 
treated instead of 2000, and a coarse staging through time: must suffice to describc the history. 

Most calculations must bc done on the computer due t~ the complexity of thc prob!ems. Certainly 
simple calculations are often in order, however, to promote the understanding of a situation and of 
primary aspects, and the results with a simple model may oftm be used as check pinits. Even in tbc: 
use of the computer, the preference must be for a simple n;ode?ing of primary aspects applying familiar 
methods, not really to avoid complexities as such, but rather to avoid inconsistencies and errors, 
promoting reliability. 

A iather unfortunate aspect regarding the subject under discussion i s  inadequate zpplicatisn of whs! 
is known to cnhance analysis effort The implemented capability may be hard to usc due to 
unfamiliarity with its use or with the data requirements, or unwieldy to apply, or have poor availability, 
or be of questionable reliability. The computer codes and code systems contain limited capabiiity and 
have limited applicability and flexibility for application. Rather obscas~e restaictions often come iAt0 
play, especially when codes are used like black boxes with little iindesstanding of the sola!tion 
procedures by the user. 

Often but a modest investment is made in implementing capability for exposure calculations. 
Naturally this limits what can he eccomplished, especially regarding the flexibility for analysis and the 
reporting of uscful auxiliary informaticao, 

Results of exposure calculations tend to be used either in a re!a:ive sen?sr cr an absolute one. With 
comparative evaluation, the differences in ieslllts may often be used directly. When resdts are to be 
used in an absolute way, often adjustments must be made to allow a reasonable interpretation. The 
multiplication factor calculated for control rod insertion is usually riot as important as the differcnce in 
multiplication calculated for rods in and rods out. The ~ o d z l i n g  approximations cause distortion tba: 
needs to be corrected for an absolute interprctation of the resalts. For this correction to be made, an 
estimate is needed of the amount of the distortion. Is the pcak power density zandemtimatcd or 
overestirnatcd? How much reactivity should the model of thc core exhibit at refueling time with the 
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rods out? Is it calculated to be positive or negative? An integral part of reactor core analysis is 
associating reliability and uncertainty with calculated results. Special calculations are normally 
required to allow the quantification of reliability. 

A simple burn-up (depletion) code provides a capability to estimate the effects of exposure to a 
neutron flux for a period of time on a set of ma:erials. The difference between a burn-up code and a 
calculational procedure for core analysis includes capability of the latter for 

1. Modeling the situation and accounting for details that affect the history, 

2. Maintaining the core state over the period in a way that simulates operation, 

3. Producing auxiliary information essential for performance analysis, and 

4. Close coupling with other analysis capability, separate or integrated, for engineering 

Somewhat different techniques are applicable to different types of problems. Five quite different 

calculations, including thermal hydraulics. 

problems are discussed here 

I .  Simple exposure of material,’ 

2. The lifetime core history,2 

3. The equilibrium state or quasi-equilibrium repeating c ~ c l e , ~ . ~  

4. The detailed core history modeling (design s ~ p p o r t ) ~ , ~ * ’ * ~  

5. The detailed core history modeling to support 

SIMPLE GEBMETIUC MODELING 

The effect of exposure to a representative neutron-flux spectrum and level is of interest to support 
other analysis. Simple geometric modeling may be used: a point for resonanceshielding calculations 
and a cell for fast-effect enhancement and thermal-flux suppression and spectrum hardening. This 
allows an elaborate treatment of the neutron energy and the consideration of many nuclides at an 
acceptable cost. Collapsed cross sections and correlating data for a few group representation are 
essential for core analysis. Auxiliary information can readily be generated to indicate the importance of 
specific aspects and support the modeling of 0 t h  activities such as fuel processing and storage and 
elaborate economic assessment. 

THE LIFETIME CORE HISTORY 

It is not practical or economical to carry out a lifetime history with a detailed core model. Thus 
economic analysis, fueling options, and study of aspects of importance are done with a simple model. 
There is a limit to how simple the model can be made. Reasonable neutron accounting is necessary, the 
critical core state effected and fuel accounting done: by a nuclide mas balance. The exposure history of 
individual batches of fuel associated with partial core refueling may be followed. The conversion of 
mass to energy by the process of fission must be modeled accurately. Economic aspects may be stressed 
with elaborate treatment of the batch mass balance data. 

THE EQUILIBRIUM STATE OR QUASI-EQUILIBRIUM REPEATING CYCLE 

The objective of this calculation is to resolve a condition of the core or a repeating cycle without 
addressing how it is approved. It is assumed that there is such a condition and that the procedure of 
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produces a uuique so!ution. In simple sitiiati i q u e x s s  of a sc!-tion 
leaving only the question of wbelhcr or not a rcportcd 
solution may exist in a compkated situation, so a t be piuvcil to 52 
calculation may start by a rcascnabk rep, f u d d  core (or other point), and a 
simple iterative process t i z d  to affect a solution. In thc Lase of an qiiilibiiL1iz $ t a k  for cnniifitmis 
fueling, the hktory of thr; calculation does net r c s sd ik  the early O p 7 n ' ~ ~ g  5-  .story. With fixed f d ,  
the eady histoiy may be fOllG?:iCd. 
to approach the a,uasi-equilihriani state without recyek. [With iccjr:!e, sonc coristi airit is n.oc&d that 
fixes the solution rather than a l lo~ing  the conti~ii~ifig biiildup of nofi,:,cp,iablc prodlrct a c t i d e s  such as 

iq  an accuratc ,:sluiia:: 

With quaiter-care refuelinp, ~;crhaps ;F&C cyc 

236u. 1 

Whatcver t k  Eituatk bciag rnddekd, somc r x w 3  is n ~ c d c d  to acc ate th; 4&:!;317 process. 
Simple extrapolation of sirccessive iterate infoimatioil is attractive. That is, given swcces 
of the detailed core contents at the start of cycle, t hcx  rrrsj bc dr iwa  tomrd the mlution. It m u l d  be 
essential for thz situation to be truly repeating and fpill co nicatiw b;, c;tahIishod so RS to avoid 
leaving somcthirrg out. Successivc quarter-core aiay be v i w 4  as adding fuel to batcbcs cf 
zones 1 ,  2, 3, 4, 1, 2 ... . Full communicatinn e%$ e< nii the fanrih cyc!p_, so data for cyclss 4 ,  5 ,  
and 6 might be extrapdated althorl& the state o 01 cnfiznt ;;lay Dot allovr its e€fcxl;re rciimval 
If somc dcsircd end-of-cycle condition i s  to lie satisfied, additioiial ralcillations '..L 

move from an unacceptable h r t  converged solution or to effect r7em an a 
recalculation. Detailed fuel elemwt positioning oftm caiiscs the quasi-eq 
than one cyclr that may or may not &e e::sy is i:-mde,B 

state to iiivolve morc 

Very detailed calculations are done to support core desiga effort. 

Operation is suppcjited by following the coic tistory. TXNO y i t e  different sequircm-i.,cnts are satisfied. 
( 1 )  regulations on opexiion and safety, and ( 7 )  operation suppmt. ~h, forrncr has formal 
requirements to be satisfied with established set pxediires not easily changed. The latter gencictcs 
useful information and is availabic for projections such as wou!d Fir. necdcd t9 evahia'c fueling options. 
Of spccial utility in any reactor operation is thc modeling capability that is used to keep an upto datc 
version of t k  core coritcnts availabk for use. In either of these cmx, it is i w a l  to ineoiporate 
operating data into the calculation making the made? current and adcquatc, even t % ~ l ~ g $  this model 
may be rather coarse and pce haps the methods rather peinitivz. 

-, 

Tailored calculatisiial capability is required to a l l w  the i c d y  irrcnrporaiion of inforimtioil from the 
operation. 

The author has not been in the mainstream of uiate:-ies&tar de 
support. Instead my backgkoud has heen in iezctor-corc analysi 
itnplemcmtation for computer calculations in various areas of icactor a 
reactors. Kherefoic, this disciicfion is fi.sm a ssrnewhat differoat than usual vicwpaint. CLf SG~TEC 

considerdtion has been that a different and unfamiliar core C R ~  t a h y s  pieseats an analysis 
challenge, and the tendency is toward the 11s: of a more baqic and detail4 approach than might be 
considered in a mature situation v:hz,re expccrience allows emphasis m d  concentratio2 on the mnrc 
important aqxx:s. 
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THE EQUATIONS 

RADIOACTIVE DECAY 

Radioactive decay is a process that exhibits il statistical variation. We apply methods that ignore 
the statistical variation, unless it is important. When a large number of events is involved, it is 
appropriate to represent only the aggregate. The differential equation that applies to the decay process 
of a packet of material fixed in space with no source i s  

where N ,  is the concentration of a nuclide referenced n, and A, is its total decay constant, sec-' for 
time 1 in seconds. A volume integral of the nuclide concentration would give the quantity of it. 
Equation ( 1 )  indicates that the amount of a nuclide at a location decreases at a rate proportional to its 
concentration. The solution to Eq. (1 ) is 

where the concentration with 0 argument, N O ) ,  refers to an initial condition, and N(t) refers to that 
at an elapsed time after the reference initial condition. The amount of a radioactive nuclide falls off 
exponentially, the exponent being proportional ta the elapsed time. Here we should not ignore the 
popular characterizing quantity the half-life. When N,( t )  = 0.5 N,( 0), 

We may consider two decay processes, perhaps j9 and a to different daughter products, 

Thus the individual processes contribute independently, and for any number so contributing, there is a 
sum, 

x, = . 
fi3 

A situation may exist where a nuclide is generated at a constant rate, or it may be so approximated 
over a short interval of time, leading to 

where P, is a generation (source) rate, 



If t -F- m, N ,  goes to the steady stat:: value of f , , /A>;  ;.e., the nuciitlc cc;iccfil:ration chanses lrom i f b  

initial values until thc dxay  rate equals the Source ratc !icw lonp it takes lc: ttn, coatribotion from 
the initial conceniratisn to lose impo;:ance relative to that geilrratc? ? q x ~ l s  ori the dccq consiant, thc 
initial concentration, and the geacration rate. 

Note that for very small x, only the first two t e r m  of $he cxpansion of En, !X) arc asccded to evaluate 
e-x. However, simply accumulating thwc terms leads to a significant error in the edha t i :  s f  s ior 
large x. Considcr x -- 0.5. Accumulation of successivs terms yields 1, 0.5, 0.525, 0.6ell57, ..., each 
result moving closer to the true a n s w x  af 0.606531 .... i i3r x -- io, hovever, successive values zr: 1, 
-9, 41, - 125.7, 291, -543.2 .., compared with thc solcticra of 0.0000453999 ..., and sevel; digits of 
significance are lost in the solution procew. 

An altcrnate expansion for e-' is inore practical, 

and the calculation begins at the inside, so to spakc, avoiding the significance difficulty of Eq. (7 ) .  [he 
number of terms required for a de5ire2 significance i s  predictable, bat a check of the significance of 
each added term is not possible as it is the case with the iise of Eq. (8). 

Alternatively, a continued fraction faip'ir i s  in common use, as i i& for the calculational pioccduic 
for the computer library routinc for thc expoi~cntial function; for exarirpk 

i. ... 

Since 1 --e-' - 0 as x * 0, the ;csuk obtaincd by waluating ex and subtracting this f ion 1 ha5 a 
bcr smaQ A, it is essci,:ial to use a ixorc accuiatp relative error that incrcaw as x becoiiies snnakr. 

form, and ara expansion yields 

so one of a variety of possible fornn~llations may 'UP, mcd. Skcc  
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-x - 
_ _  e e x=- 

.- x '  

e' 

and for very small x, 

1 + &  X 

2 

A simple parent-daughter relationship is often of interest, as for the reactor-shutdown state with 
"5Xe build up from 1351 decay, and subsequent decline. 

where X1,z may simply be XI. This set of chain equations may be solved to yield (XI # X 2 )  

N , ( t )  = Nl(0)e-A'f  ; 

In the case of reactor shutdown, there is interest in the amount of peak absorption by 13'Xe, maximum 
N2, because compensating reactivity would have to be available to make the core critical to allow restart 
at this time. This peak occurs at  dNddr = 0, when the time satisfies 

ln is  ~ I I G  LII.., J~~~~~ nutiiiue in me main peaks is thus dependent on the ratio of the nuclide densities at 
the time of shutdown. This ratio, of course, varies with time but takes on an asymptotic value after 
much operation that is associated with the specific data involving the yield from fuel fission and the 
flux level. 

Given the time of maximum '35Xe concentratron, the concentration may be estimated applying Eq 
(14). The neutron absorption rate in I3'Xe is approximately proportional to its concentration. However, 
more elaborate calculations are often done to generate specific results for the reactivity override 
capability. 

The time when N 2 ( t )  returns to its initial value N z ( 0 )  may be determined by solving Eq. (13) by 
trial and error, or iteratively if it is recast, the core multiplication thereafter increasing above what it 
was at  shutdown due to decay of the poisoning I3'Xe. 

NEUTRON INTERACI'ION EFFECTS 

Several neutron-nuclide reactions are of interest. In any specific situation there may be special 
reaction types that must be treated. For the usual reactor core calculation, ucr cj and u(n, 2n) describe 



where cC is  the sum of all capturc eras scctims. Special rcactisns may be adeyately wcvuntzd for ifl 

this framewwk for usual reactor core analysis. 

Most neu!ronic codes do no: carry the (n,2n) rcaetion dhia Fepratdji. WatSer thaii burden ;he code 
with quite iinneceqsary data handling, usmw/ly an artificial absoiptiQa7 cross secticm 1s carricd to X C C O U J ~ ~  

for the net effect of om excess neutrnn each reaction. 

would be calculated rcquiring data for the ( t i ,  2 n )  loss cross section, ewn thoiigh this data I $  not aicded 
by the neiatlroiiics code The accounting of the concentration cf such a nriclide ;IF 23ei' recjiniics 
consideration of the (a, h) cross section and thus the use of uU, aot ab, because: thc (;i, 2n) reaction 
changes 238U to 237U. 

More than one capture reaction in a nuclide may he represented I or exarnplc, the coimccn:vtion of 
I4%m may be of interest, especially at  a high power density, became this nudidc ha< a 1 a r g ~  rsoss 
section Also it is stable and builds up after shutdown from i t s  P-vo piecxssrs, '4gF.i1 and the isomeric 
state 1 4 8 m P ~  at different decay rates depen&ing 0x1 thc i f i d i s i d 4  prPriirsor source streqgths. 
Accounting for the primary aspects requires treating the ixlividml capture ratcs of 147h to ' 4 8 P ~  and 
of 1 4 7 ~ l n  to Idsm~m.  TypncaUgr a total capture cross secticq i s  sperif:lt=t+ ftor 1 4 7 ~ i l i  a \  Is riiccird for a 
neutronics solution, and data for the fraction of total Captuic arc used in the c x p s u c  calciilation (A 
diagram showmg key fission products a i d  chain coarphag is shown lata.)  

It is inteiesting to note that had exposure methods development preceded that for ncutronics, the 
burden of uilravcling the information might wd! have btcn placed on the crutronics codes. Perhaps 01 
rnsst concern to note here is that what I : R ~  be modeled with availablc. coii-rp;rtation:r! cap;lEiJiij is oficn 
limited. Cotled procedures must us~nally be appdicd as they mist, with the exceptma of thc caw t*h~-rc 
enhancenicnt is allowed. Enhancement i s  eSpCCially difficult when ncw data reqiiircfiientf are imposcd 
The fact that the i i ~ e  of qualified and familiar pmccdurcs may produce better ififoiination than altercd 
procedurcs inadequately qualified tends to k:m't the changing of oiethodq thAt are iiilpleurentcd and 
qualified for the application. 

It should be noted that the local total-rcaction rate in a nuclide From an iiticgral over energy (OIYC. 

group data) is (1) N,, uo,,, (6 V.  Quite gencrally this milst be conscrvcd as we!! as the specific reaction 
rate (2) u ~ , ~  4, to conserve the effect of ncution abeori;:icn 'iherefxc Pj,Y and o ~ , ~ $  must be 
conserved. An 
example of this would Sc weight%g of cross sections for an isotnpic mixture to us? thi: ~ Z t t ~ i d I ~  

I f  exposure W Q P  not involvcd it could bt: p?rac:ical to effect ( 1  1 qvhile iporiiig ( 2 ) .  



occurring density of the mixture. Thus natural boron may be used when exposure is not treated, but 
'OB must be depleted. Fine scale heterogeneity can be eliminated and the actual nuclide density may be 
smeared for discretized volume elements 

The neutron flux may vary considerably in space and cnergy. 
situation is given by 

AdeqMate weighting for a simple 

where the flux-per-unit energy form is used for simplicity, and the discretized volume elements are 
considered for consistency with the nuclide csncentration weighting above. Note that special 
consideration must be given to the desired results when applying Eq. (20) to a situation where the 
nuclide concentration is zero or it is zero in some locations of interest. 

THX NUCLIDE CHAlN EQWATIONS 

For such a nuclide as z3sU having no source, the appropriate equation is 

h, being the specific total loss reaction rate, 

at some location, where the neutron-flux-per-unit energy is shown as b(E).  Since discretization in both 
energy and space is usual, essential indeed for mmt calculations, within zi discretized range at  some 
reference time 

where the sum-over-energy groups is indicated for the local specific absorption rate, & g r )  being an 
energy group and discretized special volume average of the neutron flux. To be explicit, for location r, 

(24) 

where 



LO 

where mmc than one precursor source q ,, is allowed. 
example, ' 3 5 ~ e  is produced by deczy of 1% aF as by fissim of any riw~idG, ~ a c  
is limited to a nuclide przciirsor that decays, traiasn~ites through a (nectmir, n l ~  
fissions. 
fixed nciitron source or circdating fbel can mi bL ;;eatcd with these eqiiatiorrs. 

Nccli oftco have =ore than one source, for 

Only the simple sourcc and loss terms shown are considered Special sit 

The set of Bq. (36) for all of the nuclides to be treated is often referred 10 cs the niiclidc chain 
equations, since groups of nrrclides are linhcd together cnc after the other by the co~~g,?ing cqilation. 
Thus sllccessive neutron zaplti~es ~ W T  "p t k  239Pu, 2 6 0 P ~ ,  2 " 1 F ~ ,  2 A 3 P ~   hai is. i l cpGitSi i ;  in IIEOS~ 

reactor-care calculations. 

but this is usuaily simplified to 

and these eqilaiions would bc sumined we, :he fissioning nidides fcr wc. 2irectly in Eq. (26). Sinw 
there is some variation in the energy cf the fission-prodxt yield valucs, the sum-@ver eraergy gioilps 
could 514: divided into bands. Mare common, however, i s  the us: of effective jricld wpighted over an 
appiopriate neatrosii cnergy spectrum. 

The coefficients in Eqs. (26) and (38) do not remain constant althoiigh they usually vary slowly in 
Usual solution methods ignorc the time variathil over a shcrt enough h i i e  irliewal Set-wen time. 

points in time, and discrete changes aic intidltccd as appioprktc. 

- 
The rekence to R spatial location 1 not be cariizd fMiiiiCT in :his sslon. 1 hc rquations 

~oac!d apply to each of the individual location? considered, and se.rcra1 !oratisns siiiD: bc coiis. 
account for the differenczs, as-lrsadcd or as the comequence s F  expcsure With qnader-ccx - 
the coarsest possible model is four !oc;ltianr., one for each of the differeat ages of t h i  fuel. This v u l d  
h a w  PO be increased to 240 or more locations for thrce-diimeasional ~ o d c l i z g .  Syminetry codiriorts arc 
imposed ivhenever possible tn r2d;ice thc size of tha problcx. espccialij t k  size. of the neiitroiricc 
problem that rmst be solved. 

Equatiov (36) applies to each of tlic a d i d e s  to be treated at each location. l h c  set of thcw 

If 2000 mclidcs arc ticated ;I a location, thc s i x  af A is ?.,OOO,CCC. 
Of COUiSc 2 s  the 

cqaations was exprcssed in matrix natation as Eq. (1) .  Given I nnciides, oi;zxtor .I iq  of s 
contains many zern cniiks. 
Techniques are use6 to reduce the sizr: of I and often some !imitations 3 ~ :  imposed 
compimters are in& !arger, such limitations becomc izlaxcd. 



more reasonable in fast-reactor analysis than fox the thermal core. For the latter, likely 13'Xe must be 
treated explicitly, often at equilibrium. 

The two-pseudo-nuclide model has also found use. The common lumping is of those fission products 
that tend to saturate slowly into one lump and the other nonsaturating into an other. By slow 
saturation is meant that the cross sections are large enough that significant loss occurs so the rate of 
neutron absorption deviates significantly from a straight line growth with time, and indeed it would 
become constant given enough time. The time when equilibrium of the slowly saturating lump would 
occur is much longer than the usual core exposure time, compared with but a few days for "'Xe to 
reach equilibrium. Including a secondary effect tends to improve the modeling accuracy; the capture in 
the slowly saturating lump coupled into the nonsaturating lump as a precursor. The two-nuclide model 
is used with explicit representation of several of the fission product nuclides, as is indicated Later. 

Another two-lump-nuclide model may be mose accurate. Consider that neutron capture in an odd- 
number nucleus makes an even-number nucleus. The nuclides having an odd atomic number tend to 
have similar nuclear properties while so do those having an even atomic number. Thus the natural 
model to apply is N 1  N2; 

where usually a1 = al -2 and a2 = a2+. 

formulation preventing their modeling with a generalized explicit solution. 
methods, such as the matrix exponential, can be used. 
equations, 

Unfortunately these equations require a special solution 
Alternative solution 

It is interesting that summing the above 

dN1 dN2 
__. + - - = Y , + Y , ,  

dt dr 

although this is of little utility for solving the equations, it provides a check, 

CONSIDERING DIFFERENT CONTRIBUTIONS1 

Advantage may he taken of the fact that with a linear differential equation, different contributions 
add independently to the solution. Consider 

and its solution 

thus the total result given here may be arrived at by separate calculations that cumulate the parts. This 
is especially important in applying the explicit. chain-solution scheme in that it extends the application 
from treating only a single chain to coverage of a variety of situations involving chain couplings. 



NUCLIDE TRAVEL 

IJsual calrdations consider the inaiaii;alq to bc fixed in space When the fuel ciiculates or coolant 
A f e r  sitnations arc flow is involved, the equations must take a form apprcprkte to thc. situation. 

considered hcrc to be infosm?tive. 

Consider fmi the simp!.: siiziation of ~ ~ i l t i i i u ~ ~  fud 
rcactm core with the core heid at a trne 
b3np sup~licd contintimnsly 6 t h  a fired 

feed composition. A reprix~taiivc 5; HPC t'arough the core 
is dividcd into inteivals, and here ttwus c m l s  chosen far 
illuqtration. Massrial eaieis 1 at the fed c,>ri~p~~ib:.on acd 
leave.; 1 with a ne*v composition. The feed to 2 is the 
discbargc from 1, and the discharge compositian fioi9-x 2. Icavw 
the care. If the rnatcriczl in 1 WE fixed, an expasure 
calculation   YOU',^ average cevditions to detei mine the 
co-ywsitiorr a h  iiosurc pesid A. Given a iesidznce 
time A, the cxpsilrc 3f the feed matceial for this p ~ i d  to 

Thus usual exposure capability can be altered to treat thc vcmen: m e  %y taking accc1lf-k of the 
material entering and the material leaving thc discrete volumes along each f lov path. An additional 
complication comes from the need for returning to the aeutronies code thc averag:: corriposition in caeh 
zone. Given a sufticiently fine discsctimtion, the averagc Setwezn the feed and discharge compositions 
may be uscd Only a few or inany flow paths may bc follo~ed to effect iepsessntative modeling. Such 
aspects as multiple passes, delayed recycle, and more than o m  stream a h ~ g  each path (cou 
fueling for examplc) are readily modeled. Implerrcntation amonrs:s to coding i5e 2liernative 
without significant changes to the expostare equationx. Cores having azimtithal symmetry a 
simply in tvo dimensions, an annijlar design requiring only the addition of w inner plug arid reflector. 
Up to 60 passes of pebbles along the flow paths havc becn tieatcd to reprcsx: a coimtiniiously I ' d c d  

average conditions -;; it to the COIlipOSitiOQ lewing 1. 

l h c  equations to mcdd t k  flow through an external loop 
are not a simple irrtcrpretat of the vsaial equations app!ied 
to fixed matcrial, althmgh certxis simpie 12proxim2ti;ans may 
be nsehil. Consider the core ~ i t h  an CI loop. IJsing 
subscripts c for core, 1 for loop and t for total, the a~oinnl  of 
any material is given by 

Nn,tv, A i v n , c v c  + lvn,/v/ (321 

where N is the average coccmtraiion and V the volume wit+ any nccwsa-y adjustment included for 
appropriate volume fractions. Note that the tctal anount of material in the systeni relative to that in 
the core is  given by 

These equatisas do not account for expepsure effccts. Such accounting is,  howtvler, imnpoiiant Evsn in 
a fixed s y s t ~ m  :)Bere is fuel on hand that should bc accouist-,d for irr this :"-y for hrcl management and 
economic analysis. 
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Consider a reactor core and an external loop with feed and discharge of material. There are several 
ways to model these, and what may be adequate in one situation may not be in another. 

A first approximation would ignore the loop and simply model the core. Ignoring spatial effects, a 
point model is applied that takes the form of a mass accounting, 

where F is the feed rate, D the discharge rate, G the generation or loss rate, C the consumption rate, 
and V the volume. Performing an integration for i i  fixed volume, 

thus the concentration of a nuclide increases at  the sum of the rates of its net input into the system 
(feed - discharge) and its net production (generation - consumption). The modeling is completed by 
replacing the symbolic rate terms with appropriate equations expressing the effects of exposure in the 
core and decay in the core and in the loop, involvirg the chain relationships. 

A very useful approximation, at least for coarse analysis, is to consider the system of the core and 
A point model for this s>ystem, Eq. (32) above, reduces to the usual chain the loop as a whole. 

equations with two changes, 

1. Feed and discharge rates are added, where rate terms are relative to the system volume, 
and 

2. The neutron flux level is decreased by multiplying it by the ratio to the residence time 
in the core to the total system transit time. 

If it is appropriate to assume rapid mixing, then a single concentration of each nuclide is 
appropriate. Considering the core and loop separately and a fixed flow rate coupling the two of r, the 
set of coupled equations is 

Thus the rate of movement of material, feed and discharge rates, and the volumes are involved. The 
appropriate equations must be solved for an accurata representation. 

An alternate representation is to consider a once-through pass without mixing. If this is done for 
the loop, the composition along the path can be related to the entering composition, and the location 
and time after entering are simply related allowing the form 

Of most interest likely is the composition returning to the core (since for most purposes only a coarse 
estimate of loop concentrations is adequate), the return concentration to the core without feed or 
discharge is 



N,, , ( t  -1-  € 1 )  - Nn,,(t )e 3 p [Gn,,(lr) *m,,(z')]nr' , (38) 

simply a sol:itiorm of the chain equations for the Ioop-tmrGt time roxidcring only decay without 
exposure. With fixed fced and discharge rates, 

wherc sarbscripts on the iaiej. are. d for discharge. f for feed, and I' for loop, znd for consideacy here rf 
- - Pd. 

The objective is to simulate a specific situation as accurately as is econooiically fea4Alc Fissile 
material is conmsun~d in a core, and the decrease in the fissile irivcntory milst wually be corrrpenssted 
with an elevation of the ncutron flux to hold the power level up. This change in the h a  :eve1 could be 
included in the equations, at  least as a linear appioximatiofi, bl;t sisch complexity is ! M y  unwairanted, 
and the correction is usually not known in advance. Thus, simplc soiatbn schzmes aie of intcrmt. and 
consideration is given to doing coniplicated things with simple capbd i ty .  '1"hc chain-equztion solutions 
shown here assume fixed coefficients implying constant specific iien:ion-rezctIoa ;wtzs. 

THE EXPLICIT CHAIN SOLUTION 

Thc general explicit solution is uwd extensively for the chain cquatiorls with simple chain coupling 
For rexior-core calculations it is appropriate to considcr a nearly coast~ni  povm Icvel. 1hcn the 
fission-product generation w u l d  be constant. except as the fissioning r7~cI:dr concentrations shift arid as 
fission rates vary locally. 'The actinide chaias may be solved first, and then thc fksion-piodvct yield 
rate can be determined from a simple avezage of tlic star i and a i d  fissilz iiudide concentretions, 

The explicit solution of Eq. (26) for an exposure period 'I is 

where 



and 

Adequate results should be obtained with single precision on a long word (64 bit) computer for most 
uses, but double precision is essential on a short word machine (<48 bit). Significance tests can be 
made and extraneous contributions discarded. When two specific loss rates are found to be identical, 
they can automatically be separated by a slight adjustment to avoid the gross error that results from the 
use of an incorrect equation. 

To achieve the necessary precision, terms should be changed from the form 

and the approximation of Eq. (1 1) used. This is important as b - z ) t  approaches 0. 

Flexible application of the explicit chain-soiution method requires that some sophistication be 
included in the calculational procedure. Chain intercoupling is permitted by allowing the contributions 
from different sources to be added. For the other solution methods, parent-daughter relationships with 
processes are given, while for the explicit chair.-solution method, the chain members and coupling 
processes must be described. 

'!ME AVERAGE GENERATION RATE METHOD 

Simplifying Eq. (26) to the form 

where Pn is an effective OF average generation rate, the exposure period T is divided into a fine scale of 
k intervals of time A each, A = T/L. A typical value for L would be 100 but a value much larger may 
be necessary in some applications to get a desired accuracy. An elementary finite-difference solution of 
Eq. (44) is 
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or 

When appropriate: a,A large, a higher order foimalation can bc used which coxcs directly from 
integration of Eq. (44), 

Use of the higher order form i s  especlally desirable; to avoid serious inaccuracy for imuclidcs which have 
a laige specific loss rate a, and approach an equilibrium cordition rapidly, 

To improve the estimate of the average generation rate, IV,(iz) for the prcciurws may bc r ; s d  to 

calculate P ,  if e < U.i  for exposure calculations or if qO.01 for shutdown calcr:la?:ms. A selected 
weighting for calculating P,, from the precursors is 

-U"A 

where the parameter a may be specified, but typically 0.5 is used simply sveraging the concentrations. 

The equation coefficients are assumed to not change with time and therefore aw calculatcd ody 
once. Passing through the speeiiications, the cnd of step concentratioas will be the s a m  as stait of step 
concentrations for those nuclides not yet trcabed, so the rcsc!ts depend an the ordce of processing. l'he 
actinide nuclides might be treated flist, preferably dc9w the co i ip l~g  chains, and then the fission 
products last. 

Consider a simple situation where there are no coupling terms, fio gemration rates, 

- a,N, . dNn .... 

dt 

After an exposure period A, the nuclide concentrations arc given by 

Expansion of the e x p ~ i i e ~ t i d  terms gives 
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or 

Consider the meaning of e ---, where A is a matrix; 

... A2 A3 
2 6 

e - u  = I  - &4 + - A2 - - A3 + 

1 1  =1--&4 [ 1 - p  A [ I - - j A [ I -  A ...I . 

With no coupling, A contains only diagonal entries, so w. (48) is the desired solution. The operation 
AA simply squares the diagonal terms. 

For the general problem, the off-diagonal terms in  A are coupling terms, and Eq. (26) is to be 
solved. With fixed entries in A, all positive terms a,,, on the diagonal, and the -am,# terms, rn # n, off 
the diagonal (all negative), this equation has the solution" 

N ( A )  =e-"N(O) 

for an exposure period A, where Z is the unit matrix. A single term ( I - A A )  can not be used because 
there is inadequate propagation through the coupling terms. Indeed matrix A contains only near-chain 
coupling. A2 increases this by one nuclide, so if the coupling band is nS1 nuclides, n couplings, A" is 
needed to effect propagation through the whole ch a h ,  evidently a minimum requirement. 

An advantage of the matrix exponential solution method i s  that it properly accounts for the full 
coupling between nuclides; alpha-decay feedback along a chain and muhiple routes can not be fully 
accounted for with explicit solutions for individual chains. It should be noted that the nuclide-ts- 
nuclide coupling (transmutation) terms include 1 he fissile nuclide, fission product nuclide coupling, so 
the generation of fission products is modeled directly. 

A procedure of calculation is desired that tends to minimize the amount of storage required, the 
Consider the amount of data transferred during calculation, .and the amount of arithmetic involved. 

solution cast in the form 

Let E = AA, Hi be a working column vector, and Mi be the estimate of the solution column vector, 
where j is a running index of the sweeps through the equations. Setting 
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M ,  = H ,  X(0)  , 

An accaptahlc solution is identified, K(A) = MJ, and thc calciilation terminated at j -li J when the 
ratio of any term in HJ to thc associated solution estimate (term in h f J )  i s  < lop6. A minimurn va1mb 
of J may be set by various wprays, such as J = max(An,,) plus t k  a;qnare mot of thc nntnber of actinide 
nuclidcs plus the square root of the number of fission-product I The n~.pk;ix E = CL4 neea not 
be set up as a square matrix. Instesd, two major compsncnls may bc stored separately: 

ej 

1. the diagonal entries Aa,, 

2.  the set of coupling terms Ab(m *a) plus the fission product yield terms, the latter 
typically being 

Underflow may be prevented by sctting any entry in IfJ equal to zcro (after it has been used) if it is 
within loz5 of the smallest number that can be stored. 

The convergence rate of the calculation can be accelerated a small amount for usual problerx-ks by a 
simple transformation. Consider 

\ V k l e X  B - ( A  - a) ; 

'The procedurc dcscribeb above is used with E -= A ( A  - a>, and the solution is N ( h )  7 e-mAMJ The 
main diagoaal term a is a selected ccnstant, a reasonable choice baing 

1 
cl: = 2- r i lRX t 54) 

The use of e-aA evaluated precisely at the end canses a slight distortion of thc reatalts. (AI? expansion 
of eAa to the nunil9zr of terms used in the calculation and we of its rcciprocal iaatead of :tr,as 
found to be less accuratc, apparaatly inconsistent.) 

A~~other procediire is of interest b e ~ a t m  of a ~ l i g k  gain in the significance of the iesults for large 
coefficients at a slight incresse in computation co~k. Consider the axpa nsion 



Grouping adjacent terms 

- e ' = l +  
X x3 - (x - 2) f - ( x  - 4) + ... 
2! 4! 

By such grouping the result is obtained by summing numbers which have greater differences in 
magnitude. For small x ,  the approximation 
monotonically decreases from unity and for large x it increases monotonically to a peak and then 
monotonically decreases. The procedure is as follows with the transformation introduced above, Let 

Integer subtraction can, of course, be done precisely. 

B = A(A - a) , 

M , = N ( O )  , 

E - - Z N ( O )  1 ; 
fori  = 1, ' -  2 

Then Fi = B - (2i)I , 
Hi = FiEJ ,and 

Mi = Mi.-, + Hi . ( 5 5 )  

The solution N(N) = MF-~'  would be obtained upon truncation at required convergence, I = 
J / 2  4- 1. About 15% more calculation is incurred by this procedure over the simpler one above, 
although testing has shown no significant increase in the required computer time in usual short chain 
application. Early termination of the expansion must be avoided because the combination of successive 
terms may make a small if not zero contribution. so a minimum number of terms is required to avoid 
false convergence indication, I > 4 2 .  

If an entry in A exceeds some value, the rewlts from these procedures would not have adequate; 
significance due to subtraction of numbers of nearly the same magnitude. The problem is illustrated by 
the expansion 

X L  

2! 
... e - x  = 1 -- x + - - 

This expansion peaks when 

x n  -- 1 X" 

n! (n -I)! ' 
-= -- 

x = = = n ,  

and since the signs of the successive terms alternate, the largest value involved is x"/n!, while the answer 
we seek is e-'. For six-digit significance in e-', it is required that the number of machine significant 
digits used to store the largest value be six more than the desired remainder considering the difference: 
x",/n!-e-'. If x is 12, the difference i s  18,614 -- 0.0000061, a loss of 10 digits requiring 9 4- 6 = 16 
machine; significant digits. If the effect of coupling coefficients is considered and the largest term i s  
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nearly equal to thr largest diagonal (loss) tezm, t k m  x a b v z  is twice the largcs; diagonal loss 
coefficient, the sum OF the absolute values of the cnt Szrs in colurnni of aatrix A, or if x .= 12, inax ( o , ~ )  

= 6. (The FA trailsformation distorts the operator norm evaluatina\.) 

In simple situations it is reascnablc to assume that a rraclide, having a lamz; vdirc of a, will take on 
the end-of-exposure steady state sdu t ix .  .4n alternate procedure i s  practical for mocidiag this. Giver. 
nudide n having large an, for all nt having coupling (in *n) and all I) having coupling In-*$!), replace al! 
(n-Q) with coupling coefficients 

drop nuclide n from the calculation, and f i n d ' y  set 

(5'7) 

where P,, is the generation rate of nuclidc n from all SQUTCCS. It may be possible to eliminate one or 
e ~ e n  several nuclides in thiS manner, 'There As loss of conservation of mass intioduced by Eq. (56). 

Advantage may be taken of another solution form. If the full solutio11 matrix Is  rctairiad without 
multiplying i n  the nuclide concentrations, as was done abwc, the sdution may be recast in thc matrix 
notation form'2 

That is, the result is obtained for the exposure step Aln, n being large emxgh ;o ens~re accuracy for 
the significant digits carried, and this result raised to the ) I  powx. Computation may be held r8ow.a by 
taking advantage of x.  x . x .  x = ( x ~ ) ~ ,  etc. 

EXAMPLE PROBLEM 

As an example, a simplc situation is treated here involving three fiuclides, 

There is no loss of material because loss show? up as source to the next nuclide and the last miclidc has 
no loss. One measure of thc accuracy of a calculation is the loss of material from the closed system. 
Initial condition.. selected are 
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The explicit results for an exposure step T are 

N 1 ( T )  = N1 (o)e-"IT , 

For comparing solutions with various methods, selected values are T =  1.0, al =0.4, and a2-0.3. These 
data give higher specific reaction rates than those typical of usual application. An explicit solution of 
the equations yields the following results precise to the digits shown, 

NI(T) =' 0.46922403 

N*(T) == 0.41964036 

Nj(T) =: 0.11113561 
sum 1.0 

For the average generation rate method, consider first the lower order finite difference approximation, 
1 - x ,  

N , ( t + A )  = N3( t )  + I- [N2( t )+N,(1  +A)]  
2 

(45) 

The dependence of the results on the number of steps taken over the exposure period is shown here, 
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1 7 4 8 
_______  - 

0.42 0.448 0.45927 0.464394 

0.434 0.42465 0.421 173 0.420504 

0.1101 0.11150 0.111455 0 111349 

0.9641 0.98415 0.991908 0.996341 

’Thus doubling the naumbcr of steps essentially halves the erior in this exampll;. This is a relatively 
slow satc of crror reduction. Of critical importance for prcducing aecuratc results i~ that all a,& << 1. 

Next consider the MSC of average generation rates with a precise integration of the diffcreniial 
equations, 

- 
N z ( t  + A) - N 2 ( t  )e + [ 1 ... e ”*] IN,(  t ) + N I ( t  + A)] , 

2a 2 

The depcindence of thc results on the number of steps takcn over the exposure period i s  shown here, 

Steps 1 2 4 8 

N I ( T )  0.4692 0.46922 0.469224 0.469224 

N2( l’) 0.424% 0.42079 0.419928 0.41 97 12 

N3(T) 0.1086 0.11053 0.110984 0.111098 

TOTAL 1 .BO21 1.00054 1 .O(>O: 35 1.0000311 

The result for the first miclids: is, of course, prccise {riot shown efitircly displaying f v v  digits). 

Thus the error i s  much smaller thali it was with the 1 0 ~ q ~ e i - d c p  fcrmulation, ami a relatively fast 
rate of error reduction is associated with the calcinlated nuclide conceiatiatioiis. Doubling the number of 
steps rcd~cies the ermr by a factor cf four. 
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For the matrix exponential approach, we consider the matrix 

0.4 0 

A = [ --;4 0.3 I , 
-0.3 0 

t 

0 8.3 1.0 

and the results as dependent on the number of terms taken in the expansion are 

Terms 0 1 2 4 8 

N l ( T )  0.7 0.42 0.476 0.468533 0.469280 

NZ(T) 0.3 0.49 0.4055 0.421417 0.419476 

Nj(T) 0 0.09 0.8185 0.11005 0.111244 

TOTAL 1.8 1.0 1.0 1 .o 1 .o 

Here the total is conserved. Measuring the error level as the square root of the sum of the squares of 
the differences of the final nuclide concentrations from fact, the error goes down as 0.08843, 0.01732, 
0.002194, and 0.000204 for the increasing number of terms used in the expansion; doubling the number 
of terms decreases the error level by about a factor of ten after full coupling is effected. 

1 
2 

The simple transformed matrix exponential method is now applied. Let a = - max (a,) = 0.2, 

0.2 0 0 
-0.4 0.1 0 

0 -0.3 -0.2 

The dependence of the results on the number of terms of the expansion is shown here, 

Terms 0 1 2 3 4 

N,(T) 0.7 0.458489 0.46995 1 0.469 187 0.469226 

NZ(T) 0.3 0.450302 0.417143 0.419777 0.419635 

N3(T) 0 0.073686 0.111757 0.110979 0.111138 

TOTAL 1 .O 0.982477 0.998851 0.999943 0.999999 
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'The expamion is iaOTC rapidly csnvetgcnk, althou$b cansenation of the :o:al was lost. For a 0.3, 
the results obtained m e  

Intervals 0 1 2 3 4 

N , ( T )  0.7 0.4667 0.469931 0.469222 0.469224 

N2(Tj 0.3 0.4297 0.41930 0.419649 0.419640 

N3(Y)  0 0.066'7 0.10'779 0.1 10863 0.1 1 1  120 
~ -- -. 

TOTAL 1 .O 0.963 1 0.93640 0.999734 0.999854 

IIcre 0.2 i s  judged superior to 0.3 for a. Increasing the value of a tends to reduce a weightcd exor 
level of the results with termination at a set number of ternis trp io some point rvheie the crror grows, 
the optimum depending on both the coupling coefficients and the magnitudes of the nuclide 
concentrations. 

STRATEGY FOR MODELING THE TIME VARIABLE 

Here the representation of exposurc io a neutron flux over a p r l d  of tinne is considered. Typically 
the levd and energy spectrum of the flux vary in s p e c  and over tirmc. Thus in a rezctor-core 
calculation those changes that O C C U ~  that affect thc space, energy neutron-flux distribution arc to be 
accoimted for. 'The accuracy of the modeling that is needed depends QII the type of calculation, the 
desired reliability of the results, and the importance of each aspect tzken collectively. The effects of 
changes or differences arc generally of more importance and interest dhm absolute results in many 
applications. For example, a bias factor may be required t o  adjust the calcis Aated multiplicatioe-r factors 
to an ahaohte result. It is common practice to adjust a calculated multiplication ;n this way ta estimate 
requirements for the critical conditiorns and petfoirnancs at that state. 

A calculation is to be donc for the period between refiielings. Generally t h ~  required funck loadiing 
and distribution, burnable poison, and control pos:tioning OF solcbk poison arc not k n o w  for a desired 
exposure period. Complications may 
include operation toward the end of the period at a reduced power level to maximire the amsunt of 
energy extracted from the fuel. Quite generdly the fuel and cladding tenperatures must be held within 
design limits, and since the economic considerations drive up the power rating, heat extraction must be 
effected by the coolant with a favorable power density distribution. The yow-sr denqity in fresh fud 
assemblies after partial refueling, and especially near rcflcctors, may be kc$ down by thc use of 
burnable poison. Likely much i s  known about how minch fuel and bnssnahle poison arc needed and 
about a rcasoraabk special variation in these. Optimizing ths power -density distribution preseats a 
challenge and generally requires exp~r ien~e  and experimentation sinw di.irct B S S ~ S S T O L ~ I ~  cniploying 

Alternately, the period of time before refueling is  not knowuz. 



importance techniques ~ ~ ~ ~ s i ~ ~ r i ~ ~  tEmd must yet ~ o m e  into ~ o m ~ o n  use. The objective function for 
such analysis tends to be radier invojlv causing simple solution prwe FBS to Back utility. 
Implemented capabiliiy i s  adequate only for producing an incomplete solution at  best or an estimate of 
results requiring further calculation of the trial-and-error type. When thermal hydraulic cons~d~r~ t ions  
are involved, constraini ng temperatures arc only crudely a p p r o x ~ ~ a ~ ~  nstaaining the power- 
density distribution, although a reasonable appro? hation of the csrrespon between 
and power density may, of C Q U ~ S ~ ,  be usefol. Primary calculations with ate core are 
supported by the results obtained with simpile m 

ures 

A direct calculation of the required concentration of burnable pison is attractive for a pnssurizd- 
water core (when a ~ ~ l ~ c ~ ~ l e ~ ~  hen control rads are to be positioned during the history, it ~~y be 
most practical to use a preset schedule of p s i t i ~ n i n g  the control rods with adjustment and r e c a ~ c u ~ a t ~ ~ ~  
when necessary. Enhancing such a procedure to effect automated optimization remains a challenge. 
Still even modest improvemenis to a preselected rod positioning schedule should be worth S Q I ~ I ~ ~  

investment in meth s d e v ~ ~ Q p i ~ e n t  and i r n p ~ e ~ e ~ ~ , a t ~ o n ,  

Typically the time when refueling must lake place is not known and must be established. Since 
exposure of materials i s  needed precisely to this time, a procedure is needed that effects just that. 
Some scheme of projection from known inforniation is needed, or the ability to back up to some 
previous point and redo the exposure to the desired time. 

Concern in the discussion ere is primarily about motieling-time effects. The experienced analyst is 
wary about using a time interval between neutronics solutions that is too long. 'There may or may not 
be difficulties depending mostly on the core size and makeup. A large core containing a low specific 
loading of the actinides may be weakly coupled. The neutron-flux distribution can be sensitive to 
differences. It is possible, for example, for the thermal flux to be high on one side and low on the 
other, and for this condition to reverse after some period of operation. The cases of very high-fuel 
burnup and high poisoning that burns out should be suspect. Evidently the modeling is somewhat more 
complicated when radical flux changes are involved. Instead in some calculations it has been found that 
radical flux shifting was a consequence of coarsc calculational modeling and not a phenomenon to be 
expected in real operation. 

The space, energy neutron- ux distribution wou~d be expected to be somewhat different after 
refueling than when the cycle ends for the next refueling. (Without a significant change over the cycle, 
the modeling would be simple.) Considering the application of basic capability separate neutronics and 
exposure calculations, considerable   aria ti on is possible, but the most attractive possibilities are limited 
to: 

1. Once through, niarchout, successive neutronics, exposure calculations, or 

2. recalculation techniques. 

The first involves breaking the exgosure period (cycle) into n intervals and performing a n e u ~ ~ o ~ ~ ~ ~  
calculation at each node point ( n - t l  calculations) with exposure done in between. The recalculation 
technique can be applied by initially carrying cut the expasure calculation to the end of the period 
(prehaps the full cycle) using the neutron-flux distribution obtained initially, calculating the flux at Bhc 
end, then repeating the exposure calculation with a weighting of the endpoint flux values, and Finally 
repeating the final neutronics calculation. These schemes are addressed in some detail below. 

The once-through marchout ~ ~ ~ c u ~ a t ~ ~ ~  is  a !ook-abead promdure. A neutsonics solution is obtained 
for the core contents at some rcference time, and the neutron flux distribution that is calculated is  



assumed to apply Q V C ~  a following period of time Tie desired power icvel shou'd and can be effected 
over this interval as is discussed later. Computation costs h c e  th.e use of long expc~sure intervals 
between neutroniss problem solutions while thc zipproximatien is  mcre accurate the shorter the exposure 
peciod Thus accuracy is sacrificed 2s necessary to allow adequate rcsnEts to be obtained at a 
reasrsraa%k cost. (Otlssr conipromises ale also involved including the detail of the geomctric model, thc 
neutron energy discretization, and the fueling and control rcpreszntation 1 The ieojttiremqot is to 
account for the feedback cffccts of exposure that alter the space, energy neutron. flux distribution. This 
may be a Seveie requirement in sonx situations but not in others If temperature peaking tends to 
nioderate from a worst condition after reheling, then a coaise modeling thcreaftcr may be quite 
adequate. Pushing the design and operation such that design limits are approached i s  to be expected, 
and modeling accuracy then increases in importance 

The choice of the exposure period between neutronics prcsblerns i s  dependent on several a p x t s  
Control-rod positioning, change in coolant denshy, and high-fuzl burniiip can cause special f lux  shifts. 
Changes in nuclear data due to shift in the fissile nirclidcs may have to he accounted for. So the 
reaction rates over the core mw4 be adequately resolved to satisfy the acciiracy requirement:, of the task 
at hand. Mow easy this is to say and yet how hard it is to quantify beforehand unless there is specific 
experience that i s  applicable. If the end of the cycle is to be established v k x i  refudiag is required, 
then shorter intervals may be necessary for projecting or to allow acemate interpolation Techniques 
are used to hold down thc flux shifts that would otherwise occur, such as preferential fuel loading and 
repositioning and the use of burnablc poison. The analyst tends to overkill when the error levels and 
the nature of the error arc unknown and when accurate mcthods of error compnsation or extraction 
are not known. 

A two-dimensional heterogeneous fast-reactor core e x p s z s ~  problem win solved without control-rod 
representation. The results for a traverse across the fuel assemblies r h o ~ n  in Table 1 were obtain& for 
an cxposure period of 5 11 days with fixed microscopic cross sections. The error in thc solutioa obiaincd 
with the marchout scheme is proportional to the reciproca: o f  the niurnb~r of pxiods (Additional 
information is presented later for this problem and the results obtained with recalculation are discussed 
in the ncxt section). The results ahow that there i s  a significant fractional error in the calculated 
reactivity swing associated with coarse representation in tinre. This is due in part to the small 
magnitude of the reactivity swing. The ratc of error reduction obtaiiacd wit11 the we of more exposure 
steps is significant, doubling the number of steps halves the el roc. ( 0 t h  modehg approximations can 
contribute more error, as is shown iater for this problem). 

Ncutronics Relative 
Calcdational Numbers Problems Processor Reactivity Fractional Error X T i m  

Method of Intervals So!ved time (min) swing Error 

Maicholtt 1 2 0.31 - 3.00439 16 0.45 0.14 

Marchout 2 3 0.48 --- 0.0036944 0.23 0.1 1 

Marchout 6 7 0.92 --6).0032458 0.08 0.07 

(Extrapolated) . -0.00301 - .  

Recalculation 1 3 0.42 ..- 0.0030999 0.03 0.013 
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By recalculation i s  meant that ~ n f o r ~ ~ a ~ ~ ~ t ~  generat 
calculation, hopefully ~ ~ p r ~ ~ v ~ n ~  the results. A special 
not limited to a ~ o ~ ~ - ~ h ~ a ~  a ~ p r o x ~ ~ a ~ ~ o ~ .  e west appropriate cross-section data, temperatures, etc. 
may be used to achieve accurate niode course a iong exposure perid might have to be treated 
in steps to achieve a high accuracy a uce adequate ~ n f o r ~ a i ~ o n  a b u t  the performance. The 
objective of recalculation i s  to effect an ~ m p ~ ~ ~ ~ ~ ~ ~ ~ ~  in the solution by improving the estimate of the 
specific reaction rates on the average over the interval. A d~sa~vantage of this technique is that a 
convergent process i s  not assured; successive itemtc. results may oscillate. It may not be simple to judge 
whether or not an exposure calculation for a long interval i s  accurate. Another disadvantage may be 
the lack of adequate data for p r ~ d e ~ ~ ~ ~ ~ ~ ~ ~ n g  t'.ne time when refueling should occur, although an 
iterative procedure may be used to establish this. 

from a calculation is used in repeatin 
vantage of recalculation is that the m 

A number of techniques can be used. ~ M i ~ d i ~ ~ e n t a ~ ~ y  different procedures are applicable to the 
cycle-by-cycle calculation and to the one-cycle ~ ~ a s ~ - ~ u i ~ ~ b ~ u ~  state. Survey calculations admit the 
use of a flux sdutiori at a single point in time, OK at most two, with u single-exposure period. Detailed 
analysis may require treating two or more exposure steps between fuelings. 

Consider a simple model fur survey calculations. The core is to be partially refueled annually with 
operation at a load factor below design, and it 4 1  be assumed that a truly repeating cycle will be 
established requiring identical. fuel element removal, repositioning and insertion at each refueling. The 
state at the time of refueling before fuel removal is taken as the reference for which a critical condition 
is required with the control rods nominally removed. A trial-and-error (iterative) solution procedure 
may be used to effect an acceptable solution for !he exposiire period between successive fuelings. The 
required fuel enrichment must be determined each cycle and an effective cycle-average neutron flux 
estimated. between successive fuelings needs to be broken 
into at least a few exposure periods when there is high fuel burnup so that the flux-level increase 
required to effect the desired power level, fuel consumption compensation, is modeled accurately. 
Starting with an initial flux estimate, likely for the startup case with a fresh-fuel loading, the 
calculation would proceed through the successive cycles with a specified convergence level satisfied at 
each by recalculation. The amount of calculation is minimized by using only the initial and the end-of- 
cycle flux distributions. Improving this with a midcycle flux solution requires two additional nzutronics 
problems be solved each cycle iteration. Note that with recalculation done for two intervals, five 
neutronics problems must be solved, an increase of only 67% over three neutronics problems for one. 
interval with recalculation once. Not only are techniques needed to accelerate the rate of convergence 
but also the data for the past history should he made available and recovered to hold down computation 
costs. The latter is especially important fw those prob%ems for which the result moves into a repeating, 
quasi-equilibrium conditisn. 

Typical applications show that the pcri 

The geometric model is tailored to the situation. Although one-dimensional m d e h  find some use, a 
two-dimensional model of a traverse through the fuel assemblies is usually essential to model reaction 
rates and reflector effects and to gewrate power density data, and the third dimension is often 
synthesized in some way. Modeling this third d ~ ~ ~ ~ ~ s ~ o n  is especially important to allow representative 
heat-removal calculations to be done to determine tern to establish fueling, 
burnable poison and c o ~ t r o ~ ~ ~ o s ~ t i o n ~ n ~  ~ ~ ~ u ~ ~ ~ f ~ ~ ~ n t ~  and effects. Only as much geometric detail need 
be represented as necessary to produce results of tldequmte quality for the purpose at hand. 

rature distributions an 

The point-reactor model i s  useful and interesting. Exposure of the materials is to a neutron flux 
having an energy spectrum a p ~ ~ o p ~ i ~ ~ e  lo the mixturee, an effective mrc flux. 
calculations for the individual batches achieves ~ ~ ~ ~ v ~ ~ u a ~  accounting. If ooe-fourth of the core is to be 
refueled each time, then jt contains four differest types of material, one at each of the four basically 

Separate ex 



differefit ages of exposure Wt'd -smual rcftdinq, these ages are at the time of <hutd~wta for rc.fueiip5 
1, 2, 3, and 4 years, and aftcr rrfueling thL> die Of  0, 1, 2 and 3 yeais. '1 br point m d z l  ignores spatial 
variation in the flux inclnding :he tendency for the flux level to be high in fresh fuel (unless huirable 
pisow i s  used) and low where high busnup lowe;s the f~md zoncentration An effective: COE n e ~ t ~ ~ i  10s 
rate must be supplied for rcalistic neutron account I d ~ n  allowed in S I L S ~  

a modcl On the other hand, irrfomative 103n/-cost calculations are po;sible @th fissile essa~qtiilg. 3 he 
net fuel consumptian can bt inadd to be coiiebt foi It,: energy generated XqGthin the limit of thc 
accuracy of fissik genaration. 

The investmmt of e f fa t  or7 methods development in silppoit of any major project generates useful 
analysis capability. .4tlcnticn to the spzcific project necds should tailor the capability t o w d  solving 
those problems of must intarest efficiently and economically. 

Differeat bitch 

One of the difficulties in applying special calcu!ational teshniqnes to reactor b:s';re=.y calculations is 
the possibility that the rriodcl was inadequate. A s  rrodzhg compkxity increases, the likelibnod of a 
discrepancy may increase md  ieliability may be hard to estahlish or test. Sensitivity arid inrporlance 
data are useful, as wel! as i s  redoing a calculation with some parameter chaogcd. 

The fast-reactor core-exposure problem discussed in the previous secrisn was solved applying the 
recalculation technique. Initial and final fltix values for a sirigle exposure step (over the 51  1 days) WCTC 
averaged , the exposure calculation was redone, and a final pieutronics problem was solved, The origin31 
calculation of two neutiOniCS problems and oiie expGsure treatment was thereby increaced 20 three 
neutronics problems and ~ W Q  exposure treatments at an increasc of 35% In the computer processor time. 
'The error in the calculated rcaceivity s v h g  was essentially eliminated as is shown in Table 1. 'IRe m o r  
is much less than was achieved with two marcbout intervals and i s  well below that achieved with six 
intervals. Thus the recalculation technique i s  shown f o  be a prefersed technique in this case, and the 
added computational cost i s  certainly justified if the enor coistcnt of the r ~ s i ~ l t  obtained with thc coarse 
model is of any consequence. 

Computation requirements for the different techniqua may be compared. Generally the computer 
time required for the exposure calculation is considerably less than for the ncutronics problcm. Letting 
E be the time for thc minimum exposure calculation, on@ step, and F be that for thc neutronics, a 
simple forward step. out calcdation for m intcrvals takes F+m(F+ E ) .  While subdividing each Emhenudl 
into n steps for power level renormalization increases this to Ft-r?m(F';+tK). 'Po allow for repcat 
calculations, let j be thc na~nibclr of times each step is done, j - 2 for one repeat, the time is incre,is;ed 
to F+jm(F+nE)  Note that foi i" >> E, n can be large with little pcaalty. However, it would be 
usual for n to be 3 without rcpeat and perhaps only 1 with repcat, while j may need not be inore thari 2 
or perhaps 3 

GEOMETRIC MQDELING 

A core niodcl is  selected that will be aclequate for the situation. TWQ dimcasions will be treated 
rather than three to hold dow-x analysis costs, if thz effects associated with the third coordinate can Pe 
estimated or done without. An appropriatc model depends 0% the task at hand, the core desigo, the 
quality of the results and detail that are needed, a i d  the available analysis capability. Useful results 
can be ohtairraed with a pint-cere miadd and rather sophisticated niodeltng capability that cou!d not be 
produced with a ope-dimensional model. 

A4 particularly useful three-dimensional model in some applicatiws i s  a two-dimensicnal slice 
through adjacent fuel assemblies representing the different ages with part iall core refueling phis a frill 
axial traverse to allow the assessme~t of heat axtraction, fucl enrichment variation, burnable poison use, 
and control positioning A full section through all of thc fue'u iissernblks across the core is not taken, 
rather a redvced section, considerably siimplifying the model by idllcing its size and reducing the 
number of differeat cornpositinns that mwt be takeo into account. 
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Fine scale h e t ~ r o g ~ n ~ ~ ~ y ~  as of fuel pins, i s  ~ ~ ~ i ~ ~ n a t ~  by ko~ogen~zat~on.  Care must be taken to 
effect an adequate r e ~ r e ~ e ~ t a t i o n .  iven a choice, materiais that are quite different are treated 
individually. Of special concern are retaining ~.uffic~ent information to reflect the changes in the 
reactivity from exposure and tailoring the modeling to allow the desired information to be extracted 
from the results. Sophisticated methods allow in terprethg the results for the original heterogeneous 
arrangement of materials. 

Exposure effects are a c c ~ ~ n ~ a ~ ~ e  for in a rmeutronics calculation with macroscopic cross sections 
associated with discrete volume elements. The average value of the neutron flux in each of the 
energy groups i s  used, a acial average, to calculate cific reactor rates, and a s ~ n 2 ~ e " e x ~ ~ ~ r ~  
calculation is done for eac ith each discrete volume element. Often 
only one material i s  assigned to each eXe.nerntaI volume. What is the preferred discretization? There 
are a number of considerations. Two c a ~ c u ~ ~ t i o n ~  are involved: neutronics and exjmsure. ~ i s ~ ~ e ~ ~ z ~ t ~ ~ ~  
for each must he resolved. 

There may be constraints to consider. A real Gonstraint may he the amount of data that rnust be 
handled. Another may be c o m p ~ ~ ~ t ~ ~ ~  cost, likely to some comb~~at ion of processor time and data 
handling costs. Others may be the total computer resources that will be tied up an associated delay in 
turnaround of results. 

Rather secondary modeling aspects may impose constraints. When refueling and repositioning of 
fuel assemblies are involved, requirements are imposed in that certain things must be adequately 
represented requiring a degree of discretization into distinct fuel elements. The available capability 
may have limitations regarding just what fuel movement can he modeled, and selection may be 
necessary from among alternative schemes to effect that rnost representative. Rotation or repositioning 
of a fuel element may muse the spatial differences in composition 
importance, perhaps forcing discretization at a finer scale than at the fuel-element level. The geometric 
description presented to the neutronics code must be carefully discretized for modeling changes and 
exposure effects while satisfying the neutronics calculational requirements regarding adequate 
discretization to produce results of sufficient quality. The coarser the mesh intervals and the 
discretization of the volumes, the larger the error to be expected in the results. When the power-density 
distribution and peaking are of interest, the modeling may have to have finer intervals than would 
otherwise be needed and possibly attention must be paid to  better resolution in certain locations of 
special interest or concern. 

ue to exposure to have increas 

Primary modeling capability causes the effect of exposure to be calculated for the materials locate 
in discrete volumes. A secondary capability may be available to treat a finer scale as an auxiliary 
calculation. The core must be discretized into a set of volumes. Thus the axial lengths are a r ~ i t r a ~ ~ ~  
selected for subdivisions of the fuel elements to allow adequate accounting of ex sure effects. The 
discretization is tailored to account for differences in the fuel loading, separating the old and the new 
material, and accounting for nuclide concentration variations. Thus burnable poison would be properly 
located as much as possible, rather than being distributed into adjacent materials, to properly account 
for the effect of its presence on the neutron flux distribution and lmal reaction rates. Control-rod 
modeling may impose a severe burden, even if only t~ admit evaluation of the insertion worth in a 
calculation that is adjunct to the core history problem. Explicit modeling of the cross-sectional area of 
control rods may be desirable to produce the most accurate results, but this i s  done only when necessary 
due to the computational burden. Note that desired axial-rod positioning may influence the axial 
discretization. Accurate modeling of the end of d control rod and local effects is usually beyond what is 
practical for core-history calculations, so a reasonable and convenient representation is usually chosen. 
The modeling is especially impacted by the separation of rods into several gangs positioned individually 

The reactivity swing over a 51 1-day exposure period between refuelings was calculated for a fast 
reactor with a set procedure. The results for the reactivity swing depend on the arrangement of the 
mesh points as shown below. 
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IT- 1 Re 6- and 24goimt cases are mcshpoint-centczed !ocatk~ns w h i k  thc othcrs are rncsh-corn;.sab 

locations. 

For estimating the relative erior, the ekirapolatim of the results nbE:ainzd vith the   no st detailed 
modeling w m  used as the solution. Note that thcre is a significant variation in :hi: rault ,  although thic 
rndy not be of much significance considering how small i t  is. It is aat simpk to establish adequate 
modeling requirerncnts A cost-befiefit analysis is  nezded with impor tame ~ssigiaed or bounds set on the 
accuracy of Q ~ G  or more of the resu!ts, 

The nuclear data has an association with materials. Thus the cross szctlons for the modcxator may 
vary from one locati~n to another to account for differenccs in the Focal dctail and in thc psition in thc 
core. Softening of the neutron spectrum in the reflector causes tb? r!saw~scatte; cross s c c t h  to increase 
a5 one moves outward when evcighted over a h a d  neatron-enmgy band I’hits the nuclidt- 
concentrations idate to locations and are associated with rii~ oscopic CHOSS sections. This asPociat+ 
can become somewhat invalved with fireliag changes and repositioning. Whcn a fuel elemst is moved 
do the associated cross sections go with it or are they associated 74th the location? Perhaps evcn plea 
data applies with repositioniog, requiring change in thc associatio?. The modding capability that is 
availabk may he quite flexible, icipiring carchl selection from a m o q  thc alternatives and special 
attention may have 10 bc paid to the detail5 of the inp;nt data dcwriptisns to effect what is desired 
What is desired may bc done autornatidlj  without special irssti-uctions. Orr the other hand, the 
modeling capability may be s-vercly limited, limiting vbat caii 1-x done or possibly forcing special 
action to be taken. 

This sc~tion is concl~ded with the abservatior that the gcorfiztric tr,dcling rsquiiemsnts foi the COiC 

that has been operated, for tlic time history representation, are quite different t h a ~  for thc new wre. 
Careful consideration is necessary of many aspects iachnd:ng the i~ature of thc dcsirad results and thc 
factors :hat influence these and their reliability. 

It is rather surprising that a very coacsc rcprcsentatior% of thc cfiergy dependence of the neutrons, 
the ene:.gy where reactions OCCPIT, is adequate. ’I’hc fi 0%. ncutvons start above 1 h4eY, and significant 
resonance absorption occurs in the keV range, w h i k  o half of all reat-thq in a therm31 I --O0t3r ,xLI. occur 
at thcrrnal energy in the neighborhood of 0.04 eV. Even the largc t ~ m p x a t i m  vaiiatioi? across a 
reactor core does not have a major impact and may m d y  be accounted for. Careful cross-serfkm 
weighting is,  of course, essmtial. High energy effeitt. [enhaficed fission and bn.2~:);, rcwnaace shielding 
and the thermal cell flux supprcssion, and ckum hardering are involved. 
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Calculations were done for a simple water-reactor problem. The dependence of the error in the 
results on the energy structure i s  shown below for an exposure period. 

Energy Groups Fractional Error in the 
Results at the end of 

Thermal Total the Exposure Period 

li__ 

- 
Fissile 

Inventory k 

1 2 0.027 0.0049 
I 6 0.02 1 0.0025 
4 14 0.005 1 0.003 1 

12 32 0.0056 
30 60 0.027 0.0007 

The fissile inventory is substantially the same calculated with two groups as with 60. Some 
improvement in the final multiplication factor may come from increasing the number of groups but not 
necessarily with the use of a few thermal groups. Compensation of the errors from the energy modeling 
and the time-history model make an intermediate energy-group structure attractive. (The error 
associated with the use of 60 groups would be eliminated by a better resolution of the spectrum changes 
with time,) These results illustrate the difficulty faced in reliability evaluation and in  selecting the 
modeling details. 

There is often a difficulty associated with t i e  use of only a few thermal neutron groups. The 
scattering is sensitive to the shape of the flux spectrum within the groups. A specific situation may be 
tested elaborately and then accurately reproduced with a set of collapsed few group data. Application 
of this data to another situation, specifically to changed conditions, may produce a spectral 
approximation that is far from accurate. it may prove better to use only one thermal group or he 
necessary to use a correlation of the scattering daia to accurately account for the effects of changes. 

MODELING NEUTRON TRANSPORT 

Reactor-core analysis requires modeling the transport of neutrons. This is done with diffusion 
theory for most core calculations. Enhancemenf in higher-order modeling has always been a promise 
yet to be fulfilled. Experience has shown that the special data requirements are difficult to satisfy. 
Statistical variations in Monte Carlo results are hard to deal with, especially when low reaction rates 
are poorly sampled. i t  is a common practice to generate a neutronics result for a point in time applying 
a high-order transport model for benchmarking. Only when experimental results are available for the 
situation has the higher order result proven very useful. Poor modeling, discrepancies in the 
representation and in the data, and generally inferior solutions must be avoided. Bias factors are in 
common use, but generally these are not selected on the basis of a single higher order neutron transport 
solution, and of course biasing is to be avoided if possible using accurate modeling and tailored data. 

Neutron transport across a reactor core is ilot the same thing as neutron transport within a cell 
model used for cross section collapse. The collapse of neutron transport cross sections for diffusion 
theory use is a rather complicated subject beyond this discussion; however, in order here is a caution 
regarding the need €or and the importance of specific experience in this area. 



The need for c?~sc-coupI~d enginecrirrg-iype calculatiocs should bc c r h v i w s  Qrr i i r ,  ~ p ~ 2 i d l ~ ,  resnl's 
such as temperature distrihiations are to be o p t h i a d  j m t  some intrrmediate infoorriiaiian), rcqrincing 
appiopriate capabiLty. 'I his aspect is not addressed here. 

Considving illat only a few sums arc reqenirtd, it is przcticd to cairy out the addrtional calculations 
i he averagr. powcr level is 

Inventory and averagc !iPtegral i-cachn rates by nt;cLde and by aaclidt: class 
to produce auxiliary rewks w%ilc the IISMF exposure calculation ptocecds 
necdcd, for exacnple. 
support analysis, and such d a h  axe easily collected. 

The average reaction rates over an exposurc Eaterva\ a-c the aucast representative of what i s  
happening, and these can be apprbximated adequately for short intervals by ushg the averagc c f  thc 
start and end nuclide densities. Perhaps the most confwhg aspzct of this generation of information for 
the average over the interval i s  that thc accounting is  often incomplctc or not entirely accurate. The 
basis is the neutron flux used for the exposure calclaAatio-ns, and this would have b ~ i ~  obtained at the 
start of the interval and not re?etermined, although o f  coursc that wzo? what vas used for the 
calculation. Other contalbutlors to the neutron accounting come from leakage and buckling ~ C S S  that 
were determined by the neutrmica calculation a? thc start of the intcrval. If control rods am being 
rernioved  wit!^ time applying any of a number of p c ~ & k  E ~ ' Y O J ~ S  (smexed absorhm, c ~ p l k i t  modeling 
pcrhaps with an intcrval black absorber surface soadition), then the data available at the start cf the 
step is inaccurate for the aVeiagB, of t h ~  interval. 

A complete and a c i ~ ~ i i t c  accci~cting would reqnirc sanae intcip3!ation of data over time, -vhilc the 
effort required LO implement this is s e k h ~  dcdicatcd The assignmeat of the xxatronies and er;po:aare 
tasks is usually donz i i i  separate calcirlational modules for flexibility with simple &ti a coupling. This 
causes the automated i@sollution of time-dependent sccosxriting difficdt to do. The analyst is often 
expected to mzkr coi rectiorrs to thz ~eportcd results with littll: notification or documented help. 
Application zxptxieaicc: is of much impm?ancc in any application when the rcxults that arc i-epated dir 
not seem to be entirely consistent. 

An important result that COPII~S from an ititma1 neutron accounting is the apparcot mdtiplication, 
the ratio of the l;rodliction rate from fission to the total lass rate that iFIC)llid normally be based on ths. 
average interval reaction iates. Since the neutron-flux clistributioa is corrcct only at thc ntash of th* 
interval (if then), an average k is an approximation subject to inteipretation. Mowcver, this value of k 
is vcxy msefiil, indicating the adeqiiacy of such modeling :.ac;ahlzs i is  thc leagth cf an exposure interval 
and the prsvisions mede to effect a critic21 system 

A ncutron accounting i s  gcncrated in a compact form by s?ace, incrgy inlegidtion of reaction rates, 
For examplie, the total fission rat:: ia, one nuclide i s  givci1 by 
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Note the use here of volumes that do not enter the chain equations. 
reduced to the form 

With discretization this is often 

where association is provided between CMSS section set x and zone z. Given the specific reaction rates 
required in an exposure calculation for each location, 

then 

the total fission rate is given by the sum 

and with a simple representation the core nower level is 

where W is thermal energy per fission. Impact comes to such a calculation from including other energy 
terms (a capture-gamma contribution), from inzluding energy dependence in the power-per-fission 
values, and with modeling cross-section dependence on local conditions. 

Reactor-core analysis involves the calculation of reaction rates and fissile-inventory accounting. A 
quantity often obtained, studied, and reported is the fissile conversion ratio called the breeding ratio if 
greater than unity. This ratio is formally defined as the ratio of the rate of fuel generation to the rate 
of fuel consumption, 

dt 

where the parts of the total derivative are shown. 
values are useful and used. A fissile-mass balance is given by 

Both instantaneous and average time-integrate 

where F stands for the fissile inventory. Combining these expressions and using f d t  = qdE, 



Several pieices of infcrmliatdon aie required to supp i  I the frssik inass accounting: the power lcvel, the 
thermal efficiency, the rate of fissile consumption pcr unit thermal cncrgy p r ~ d ~ ~ c d  and thc fissile 
convtisim ratio. T ~ P  form of Eq. ( 7 2 )  i s  especially useful since thc iatc d fiss 
energy prtdiiccd i s  relatively constant, altheugh it does chaog- as the fissio:rEgg iaucli4c come 
change. N?;trirally 235[J ir C O I ~ S U ~ ~ ~  while 230Pir i s  gccerai~d ky neiitian c;lp.trdrf: iirl 'lRIJ an3 24*Pu also 
builds up Typical specific consumptioa valucs for th:: fissile n;tclidcS are showc brlowk., th:: data tslkeil 
from a gas-cooled, graphite-moderated core calculation. 

Nuclidc 

233U 1.39 X 1 W ' O  
2 3 5 ~  1.52 X 
239Pu 1.95 x 10 
241P,Y 1.64 x 

The relatively high value for 2391ru is due to its hgli unp.i.oduclive capture cross sectioii gcmrating 
24@Pu. The. fact that 233U is th:: prefCircd fissi!e nuclide in this type of reactor is evident from this data. 

An effective fissile conversion ratio may be repnrtzd that a l h ~ s  for ou-of-reactor fissile Iesses. 
Equation (72) may be recast for sirch interpretation from fissile insentcaries. 

CROSS-SECTION VAWSATBON 

The high concentraiionq of ceitain nuclides such as 23RU7 232Th, and 2""TBn cause the large 
resonances to be shieldcd, ciecieasiag the reaction cross scciion with iacreasing conceQtraiion through 
flux suppression. A high cowcentrrilti~~~~ of biariiahle poison causcs flux suppressicsn, reducing its specific 
reaction ratc and decreasing its consurnpiion rcte; thus sowe control over its time-depnde~st absorption 
rate i s  possible by vaiying its degree of concentiaticm. T;mc generation of the p1,latonii.m isotopes 
following 238U neutron capture introdeaccs high cross sec~ions in the thermal-energy ra~ge ,  especially at 
the elevated energies, causing flux suppression that affects ih t  epx i f i c  rcaction rates in these nuclides 
as well as those in other nriclides. IZgh Cross s e ~ t i ~ i i  at low e y shifts the theanal spectrum up11'wrd 
in energy, affecting reaction rates. This may be caisei! by the presmse of 13%e, control-rod insertion, 
and burnable a i d  soluble poison. Relatively quick changes, as due to control-rod insertion, or changc: i a  
the I3%e OP the soluble boron calix shifts in the reactivity. 

One way to account for effects in the thcrmal-ene;gy iaiigc is  to \AW several, en;e:ay groups. 
Unfortunately poor nodeling of changes has bcen found v d ? ~  a coaist group structure, '11 
sensitivity of broad-grc?mp scattering data to the flux spec:iimm, forcing cither the use cf many groups or 
correlations, perhaps at the aacroscopic level. The other difficulty is that the nstronics problems are 
very hard to solve unlcss tailorcd procedures are used to reso hc thernial flux distilbution and 
spectrum, since up-scattering responsc is slcw with a simpk E%) 

iteration error vectors take on a coivg'nicated form frr leratioc proccduies. 

A way to account for cross-section ckaogzs is by correlation. An adequate repxsmtatioa dcpends 
on the needs. For exarnpk, if the coolant deiisity i s  to be fixed, then it nccd not @e colrsidsrerf. as a 
variable except as neccssar y to account for the local cw!ant-volumc fractiilw and tzmpemtur:: 
differences and changes. Calculations that do not coisidcr icr;lpeiaturc effccts, of coursz, da not nced a 
temperature coirelatiofi. 
independent variable affecting the cross section cf :\is nuclide. I'hc ir;iiuencc of the concectrations of 

'1-his leaves the exposure or the concentiatica of a nuc! 
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the other nuclides that may Ix represent er with a macroscopic cross section dependence. 
In addition, both a I / v  and a non I / v  factor irs likely needed for accurate rnodeling. Note that 
resonance shielding in a fixed geometry deptxds primarily on the nuclide temperature and 
concentration. Geometric variations are often of importance. For example, nuclides in the fuel pin next 
to the reflector experience less resonance shielding than in the interior pins. Fuel loadings may be 
varied to effect a preferred axial-power d ~ s t r ~ ~ u t ~ o n "  More than one fuel pin size may possibbly be 
involved. 

The amount of calculation that would be necessary and the amount of data that could be processed 
for a very accurate representation of rnicroscopi; cross sections and their changes is generally not 
justified. What is done is only to effect adequatc approximations. Capability is implement 
projects to satisfy the more important needs often using techniques developed for other ap 
where possible with but simple extensions. Generally the analyst must apply the procedures available to 
him to whatever situation is at hand. The specific modeling that is best used and opt 
exercised must be established by testing. Establishing the adequacy is, unfortunately, quite 
do, especially without the capability for accurate. reference modeling to benchmark against. 
testing must be done. 
accuracy of the results. Still gross effects can readily be accounted for. 

Simple 
Calculations are often done that risk a relatively large uncertainty in the: 

The best procedure of calculation to implement may well depend on the situation. The extension 
from treating two dimensions to treat three typically adds a considerable amount of data. For some 
calculations the nuclide concentrations need to be followed at only a few locations. In this case a 
somewhat elaborate cross-section generation scheme might be practical and less reliance placed on 
correlations. When many locations are involved, it is better to perform the necessary calculations 
initially and rely on a generalized representation that then requires little calculation and only a 
reasonable amount of data handling. Where the same conditions might exist at several locations, the 
same results are obtained from correlations, not from redoing elaborate calculations. 

It is noted here that macroscopic cross sections can be correlated with exposure (cumulative 
fissions). This avoids solving the chain equations. The information content of such calculations may or 
may not be adequate for any specific application, depending on the needed results and the actual 
modeling available. 

Note that data appropriate to an exposure step should be representative of conditions over the step, 
some average if nothing better. This is not the same as the requirements for a neutronics calculation if 
it is to be representative of the state at a point in time. As an example, there would not be any *35Xe in 
a clean or refueled core. If reactivity information for this state were desired, no I3'Xe would be 
included. If, on the other hand, the primary objective is to initiate a core-exposure calculation, 
equilibrium Ij5Xe might be included representing a condition that could establish only after a few days 
of operation. Cross-section data representative of an average of the start and end of the exposure 
period nuclide concentrations are more appropriate for use during this period than data representative 
of either endpoint. 

Here a simple example of a specific reaction rate that is linear in time will be used to study the 
effects of cross section variation and its modeling. Consider 

and let 



Hoping for an explicit sohtlon, 

If we approximate this with the form 

The preferred value of b to give the desired s d u t i m  &pads  m 6, 

If instead of b, C I  ~ e r e  I;sP,~> the relative error in the expooent of the solution is 

Note that this bends to zero *with A or C I / C I  tending to zero, bat for seasonah!i. A, this discrepancy 
may be significant. To keep the discrepancy less than sorne set amount E ,  

2c,t 
A < -  

c2 

Resiilts are shown helow using data of cl = 0.1, cz - 0.01. 
Fractional 
Relative 

A cI  A exp ( clA exp [ -(clA I -  c2A2/2)] Emor in N 

0.05 . O M  
0.1 .01 
0.25 .025 
0.5 $05 
1. .1 
2.5 .25 
5. .5 

10. 1. 

0.995 
0.998 
0.9753 
0.95 12 
0.9048 
0.9488 
O.SO65 
0.3679 

0.995 
0.930 
0.9750 

0.3003 
0.7548 
0.5353 
0.223 1 

0 . 9 m  

.oooo 1 

.00005 

.00031 

.00125 

.00501 

.031’7 
1.13 
1.65 
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A linear correlation of the microscopic crosi sections on the local temperature can use data at two 
reference temperatures, 

d C >  = u(C,) 4- x[u(@2) - @(C, ) ]  , (81) 

c-c, 
7 = = [ c - - - c I ] -  

where x = y, C being the temperature of interest, and e, and C2 being the temperatures at which the 
reference data applies (consistent subscript numbers). Note that the temperatures need not be absolute 
since only differences are involved. Mixing Centigrade and Kelvin values should be avoided. (Absolute 
temperature is often used, as for referencing scattering kernels, while the analyst may be used to using 
values in Centigrade, as for thermal hydraulic specifications such as the coolant inlet and outlet 
temperatures.) An evident advantage of this form of representation i s  that all controlled factors may be 
varied to produce data that is representative of two different situations; the actual correlating 
temperatures being nominal values, although some tie to real temperatures is necessary with a thermal 
hydraulics model to be very useful. 

The tendency is for incremental increases in the temperature to have less effect on cxss section as 
the temperature increases. Indeed some data may correlate better if divided by temperature. That is, 
assume cross section divided by absolute temperature is linear (or even constant in some applications). 

An improvement to a linear dependence of cross section on temperature was desired. Note that a 
quadratic fit would increase the data requirements by 50%. Unwilling to impose this burden an the 
codes, an arctangent correlation was used, setting 

y being the ratio of temperature differences shown above. A set value of a was used. (It would be 
possible to gain a more accurate representation by allowing cy to depend on the nuclide and possibly also 
on the reaction type and on energy). The use of the arctangent function has been found to give a 
reasonable curvature to the fit, although a simple correlation is subject to considerable error. 

Application of the arctangent function led to an obvious difficulty. If some local temperature to be 
treated is higher than the upper reference temperature, the correlation may be poor. It may be 
desirable to assure that the reference temperatures span the full range. Otherwise a spot check may be 
essential to make sure that the correlation does not break down. 

A less severe difficulty with the arctangent function is that it does not model the temperature 
variation of some cross sections very well. 

Cross sections may, of course, be correlated at  the macroscopic level. With a linear a ~ ~ r o ~ ~ ~ a ~ ~ o ~  
to the temperature dependence and linear contributions of the microscopic cross sections to the 
macroscopic cross sections, the calculation is separable, so the correlation may be applied to either. 
(The diffusion coefficient being proportional to the reciprocal of the transport cross section makes i t  
nonlinear and subject to a dependence on how it is calculated.) Note that application only eo 
macroscopic data would not be consistent with the use of microscopic data for the calculation of 
exposure effects. Thus there may not be much incentive to implement macroscopic correlations. 
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Core-history calculations are usually done at full power to represent usual operation carrying base 
load. In the simplest and cheapest calculation, exposure for a time interval is carried out fixing the 
specific nuclide reaction rates, integral &Y. However, to effect a derived power level, the neutron-flux 
level must be increased with time to compensate for fuel consumption. Applying equations that assume 
that the neutron-flux level is constant over an interval of time invites the use of some technique for 
compensating for the drift, 

One of the difficulties of the exposure problem i s  effecting a desired power level over a period while 
gencratilsg proof that such was maintained. A coarse estimate of what happened may or may not be 
adequate. For example, the end-point (start and end) power levels can be averaged to approximate 
what happened between them. However, the actual adjustment in the level of the flux that would be 
required to compensate for the change in the fissile-loading change tends to be linear only over a 
modest period of t h e .  The generation of *"Pu tends to increase the power level due to its high- 
thermal fission cross section and may more than compensate for the consumption of 235U. 

A first-level correction is to assume that the flux level is linear in time. If the slope were known 
prior to a calculation, 

then this information could be used. 

The simplest way to compensate for this effect is to use an average for a reasonable period of time 
that is higher than required at the start. Over an interval (O,T), the average i s  

Thus if the flux level is established at $(O) at the start for the desired power level, it would be 
multiplied by this ratio to cornpermsate for fuel consumption. A significant error is thereby reduced to 
an acceptable level for a reasonable time interval. The ratio b/a, relative slope, could be supplied, if 
known, adequately for any specific calculation. 

Even though the technique noted above may be quite adequate, the flux slope may not be known or 
it may change with time and depend on the situation at hand. An alternative procedure could be used 
to account for the level change. The time interval can be divided into halves, and the power level 
determined after exposure for the first half interval. Adjusting the flux level then to effect the derived 
power level, 

where P refers to the integrated power level. This leads to the power trace 
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thus returning the power to the desired level haIf way through the interval roughly halves the error. 
That would result with no adjustment. 

An improvement results if the requirements for a desired power level are effected on the average, 

giving the trace 
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Thus the discrepancy is effectively eliminated if the drift is linear. In the event of large flux-leve! 
changes, as may be associated with high fuel consumption, if more general scheme would allow the use 
of several subintervals, usually preselected. Consider a running average of the past history of the power 
level, estimated here as an average of the known values at discrete points at equal-time subintervals, 

- 
Desiring Pn.+, = Po, the power level for the interval (n,n+ 1) is needed, 

Note that this is unity, if the ratio of the average to the initial power level is unity. 

The adjustment of the flux level may be implemented as an adjustment in the specific reaction rates, 

where x is the factor for adjusting the power level at the start of the interval in time. Note that one 
complication is that, if after interval n - 1 the specific reaction rates were adjusted, after interval n the 
appropriate factor is given by 

Parallel data-processing procedures may be used that cause the reaction data to be resident in the 
computer in one case but on auxiliary storage in another. It is necessary to make the procedures 
consistent and correct. The data in auxiliary storage could be updated, or simply use Qn when data are 
resident and Xn when the original data is accessed from auxiliary storage. 

Additional calculations are required, as indicated above, to generate the information used to hold 
the power level constant by adjusting the specific reaction rates to account for the necessary change in 
the neutron-flux level. With no adjustments, calculations need not be done to indicate power levels. 
The analyst would, however, be left in the dark regarding the modeling and its reliability. An inferior 
calculation models a lower power level than desired; an error is introduced, and the fissile requirements 
underpredicted. 

LOCAL POWER DENSITY IMP 

Although operation is limited to temperatures well below where failure would be expected, design 
limits are pushed by economic considerations. Therefore, it is important to predict reasonable power- 
density distributions, especially peaks. In some analysis effort it is necessary to incorporate data that 
causes bounds to be applied. However, best estimates are usually desired with uncertainty applied to 
those. Of course, modeling is important so special attention must often be paid to the situation to 
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produce adequate results. Operation of a core at  5% below a reference power at  which it should be 
operated increases power costs 5%. 

FISSILE MATERIAL ACCOBI 

An essential result from core-exposure calcula!tions is the accounting of fissile material. The fissile 
inventory in the core decreases with operation (except for a breeder). The amount of material, the 
refueled loading, the loading before refueling, and the refueling and discharge batch sizes to be handled 
is of interest. The consumption is easy to predict, SQ a discrepancy indicates the presence of a modeling 
error. The analyst becomes familiar with and anticipates the amount of fuel that should be in the core 
after refueling. 

Mass-balance accounting is normally done b,y identifying an appropriate enclosing envelope and 
writing a balance equation that accounts for all changes, 

rIN, 
V-  = Feed - Discharge + Generation - 

dt 
Loss . 

The rate of change in the amount within the enclosed system equals the net of the rates of feed minus 
discharge plus generation minus loss. 

ECONOMIC IMPORTANCE 

Economic aspects often dominate other considerations in decision making. Of some importance is 
the time of occurrence of cost and return. When 'eturn that pays costs lags the costs, indirect charges 
(interest) accumulate increasing the required retur?. Deferred costs have negative indirect charges. A 
simple way of accounting for these indirect charge.; i s  to use an effective discount rate, and continuous 
compounding is considered here for simplicity. 

where cost C occurs at time t while the return for sale of Q (amount of energy, etc.) that pays for it at 
rate R is not available until an interval of time A later, i being the effective fractional annual discount 
factor. For small iA, eib = 1 i- iA, so a year delay adds about i fractional costs. Cumulating returns 
and costs, 

2 [QiRi(t)  - Cj(t - Aj)eiAj] = 0 , (93) 
i 

Simply summing return does not, however, assign it a time importance. An improved form is 

This is a discount or present value form. Taking 3 fixed rate, and recasting the form to the general 
form 
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Thus the discount factor eir i s  of relative economic importance. Costs that occur late in the life of a 
plant are of much smaller import than those occurring early. The effect of a year delay in initial plant 
operation is to increase the required return by i fraction. If there were no indirect charges, the direct 
contribution to the required return would be given with i = 0 and constant Q, 

and the indirect contribution is the difference, 

The indirect charges tend to be proportional. to the fissile inventory. Considering a plant or system of 
them, action is needed that reduces the fissile inventory and keeps the indirect charges under control. 
Thus the amount of new fuel on hand is kept down to what is needed. 

THE MULTIPLICATION FACTOR 

To the neutronics specialist, k is the most 
positive eigenvalue of the regenerative neutronics problem involving mathematical modeling of transport 
and reaction processes. The core analyst finds an earthy definition more useful, 

Here the neutron multiplication factor is considered, 

P k = 
A S k  ’ 

where P is the neutron generation rate from fission, A is the neutron absorption rate, and L accounts 
for all other losses including core leakage. These terms are space energy integrals. Thus k is the ratio 
of the rate of neutron generation divided by the total rate of loss. For modeling the reactor history we 
desire k = 1. If k < 1 likely there is a shortage of fissile material, and for k > 1 an excess may be the 
case. 

Many calculations are done using the approximation of allowing k to vary over a cycle between 
fuelings as an approximation to avoid the calculation of control losses. In effect, high-energy neutrons 
are lost rather than low-energy ones, and the approximation may or may not be acceptable depending 
on how much error is introduced. More accurate power-density distributions may be needed, the 
produced data being affected by the actual location of control absorptions, 

Refueling may be indicated by k = 1.0. However, excess reactivity may be deemed necessary 
Coast down with operation at a reduced power for operation, and this is provided for with k > 1. 

might bc modeled with full-power calculations ending in k somewhat below unity. 

MODELING THE CRITICAL STATE 

Of some concern in reactor-core calculations i s  an accurate modeling of the near critical state that 
must exist most of the time. This is 
achieved by compensation for changes causing a shift in the state, altering not only the rate of fuel 
consumption but also affecting the poisoning effect of the products of fission that build up. Reactivity 
increase is possible, as in a core having a fissile breeding ratio higher than unity, and also possibly due 
to changes in the fuel material or poison consumption. However, the usual trend is loss in reactivity. 
Compensation is from consumption of burnable poison, decreasing the soluble boron content of the 
cooling water for a pressurized water-reactor core, or control-rod removal in most cores. Certain small 
reactors use enhanced reflection for compensation. These aspects are considered in setting up an 

The multiplication factor is very marly unity all of the time. 
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acceptable model for the calculation; and, of coirse, primary attention is focused on those ~ Q t ~ b ~ ~ ~ ~ ~  
factors that are known to have the IIIQS~ influence on the R S M ~ ~ ~ S .  

It is relatively obvious that an exposure calculation modeling the behavior of a reactor care shod 
indicate that k is unity at startup initially or after refueling, and k is also unity w 
refueling. 
history between refuelings. Actually the preferred modeling may depend on how reactivity is 
maintained. 

What may not be so obvioiis i s  how the details that affect k are best 

Consider the core that has explicit fuel and fertilc: zones that would be continuously repositioned to 
The loss in reactivity is compensated, primarily by decreasing the integral effect the critical state. 

reaction rate in fertile material. 

A neutron accounting using integral reaction rates at  any point in time yields 

P 
A: = - 

L 

where L is the total loss rate, 
A is the absorption rate in fuel, 
B is the capture rate in fertile, 
Q is all other loss rate, 
P is the neutron production rate. 

With effective macroscopic data, 

P = v F ,  

where F is the fission rate, and 

A = vF/q 

v- = v-- 4- B 4- 0 F F  
k q  

; 

so the capture rate in fertile material i s  given by 

= vF[ 1 -- f ] - Q 

and the conversion ratio is given by the approximation 

(102) 

B c = - ,  or 
A 
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Assuming that the reference and desi:a;d state is k = 1, then if k > 1, C is low; and if k < 1, C i s  high. 
That is, a high value of k represents a state where there are excess neutrons not being put to g d  use. 
A low value of k indicates a state where the utilization is being overestimated, there are not enough 
neutrons to support the estimated fissile generation rate. 

We expect k to be unity on the average. If the effect of fissile consumption, reducing k, were 
ignored, the generation of fuel would be overestimated. The direct consequence of a calculation done ab 
k < 1 is overestimating fissile production and overestimating the length of time between reactor 
refuelings. 

TRe effect can be quantified. Consider that an exposure history is done between refuelings in 
That is, the 

Since Ak fewer 
intervals and the reactivity swing that must be compensated over the cycle is Ak. 
conversion ratio decreases from an initial value of Co to a lower final value, C,. 
neutrons are available for fissile conversion relative to B available initially, 

The average value of the conversion ratio is 

- 1  
2 C = - ( C o + C 7 )  1 

If the calculation were done in one step using initial reaction rates, the amount of fissile material at the 
end of time, T, would be estimated as 

where X is a conversion factor when it should be 

F( T )  
F ( O )  

The relative error in is 

Ak 
2B 

l e - .  

Carrying out the exposure over some interval in rn steps reduces this relative error to 

Thus the error is proportional to the reactivity decrease over the period. 
reduction is rather slow, and many steps could be necessary to generate an accurate answer. 

A linear rate of error 
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More accurate modeling is possible. A simple t e c ~ n i ~ ~ e  is to require k > 1 at the start of each 
interval to compensate for its ~ u b ~ q u e ~ t  decreag. 

All that i s  needed is the capability to m d e f  the problems to be solved. Direct sup 
by methods development shoplid cause the requirements to be satisfied. However, future requirements 
are not simple to predict; available methods imgc,se ~ i ~ j t a ~ ~ o n s  and restrictions, and problems involving 
fuel management tend to be complicated and not easily solved with simple methods. It is  not easy for 
an analyst to understand the unfamiliar scbemtx and to h o m e  expert in specifying their details, 
especially when the documentation may leave much unsaid. A change in what is done one cycle affects 
future cycles. Poor resolution of the fueling requirement at one time disrupts a calculation. Fueling 
requirements are not simply determined when Inter conditions (end-of-cycle) are to be satisfied and 
when significant changes occur as with fuel repsir ioning and recycle. 

Simple fuel-assembly repositioning is comFlicated by the nmd to carry along cross-section 
association (or not Leaving it position ~ e ~ n d e n t ~ "  Recycle involves conservation, as of partial 2 3 3 ~ a  - 
233tJ, while repositioning involves retaining materid that has been generated. 

A major challenge in implementing fuel-manzgement capability is making the association between 
the atom densities of the nuclides required by the neutronics and exposure codes and the mass contents 
of the fuel assemblies needed for accounting. The complication of this association needs somehow to he 
hidden from the analyst so that straightforward instructions are prepared for a calculation. Typically 
atom densities must be specified, cross-section associations made and maintained, re~ueling and 
repositioning done with other specifications, and results then reported at the pleasure of the code 
developer. Approaching the requirements from th;: viewpoint of reducing the user burden and reducing 
the likelihood of discrepancies, a more satisfactory input description would start with identifying fuel 
assemblies and how they are to be broken down for carrying nuclide densities on a subscale along with 
cross-section association for calculation macroscopic cross sections and accounting for exposure. Then 
fuel-assembly handling may be described directly with provision for repositioning, rotation, r e ~ u ~ ~ ~ ~ ~ ,  
etc. The system of codes that result when usual neutronic$-code data-input requirements are retained 
without change cannot be considered adequate f5r much analysis effort. Satisfying bask user needs 
must be considered to be important and essential coding justified tcr allow reliable routine application. 
Too often the requirements of an available neutroaics code have been retained thwarting the 
development of the most useful capability and limiting the utility of what is implemented. In this area 
there may be difficulty justifying the necessary coding and perhaps in interesting the developers in 
relatively uninteresting work considering that there are never-ending needs to enhance available 
methods. A careful look at the data input requirements should show that the probability of  error in a 
problem description increases directly with the complexity, amount of data, and redundancy. Reducing 
error and analyst time required to prepare quality data justify considerable effort. 

ACCURACY, IMP INTY 

How accurate i s  a calculated result? It may tske more effort to assign a reasonable uncertainty to 
a result than to calculate it. NoLe that assigning a large uncertainty may so discredit a result as to 
make it useless. Accuracy in an absolute sense IS, ~f course, harder to evaluate than the accaracy 
regarding results to be compared in a relative sense. Generally QIIC expects the reactivity swing over a 
cycle to have a larger relative uncertainty the smal er i t  is; hence there may he a strong depend, wce on 
the situation. 
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Evaluating uncertainty involves establishing the effects of all contributions from the data through 
the modeling. Whereas interest is in a coll~ctiw effect, most evaluation must he done at the individual 
contribution level. Thus calculations are done bo quantify effects, an3 a store of experience is 
accirniulated that i s  not available at the start of a project. 

Mow should uncertainty in results be reported? Likely a percentage i s  th:: nrost practical with the 
meaning of one standard deviation ( 1  u )  iinless spccified differently. (It is c0mm0a t o  misunderstand 
the possible magnitude of the error fi0111 such data,) Weighting of iadependent contribiitions in a usual 
statistical sense (mean of the square root of the sum of thc squares) i s  in order. Note, hoaalever results 
obtained from an uncertainty calculation and others obtained otherwise, as by perturbation, may not be 
simple to combine; both independent and related contributions may bc involved. 

An analyst establishes the accuracy needed in any results to be obtained. An analysis to be done is 
likely influenced by the required accuracy, the choice of calculaticnal methods being one option to be 
resolved. Preliminary calculations may be in order to support decision making. It may not seem very 
scientific, but it is often quite proper to produce a preliminary result, when possible, by a coarse method 
and refine it by adding sophistication to the calculation. A result produced by a coarse method often 
proves to be so useful that consideration should be given to starting this way. The most useful analysis 
capability allows a coarse modeling. 

Here the generation of auxiliary information i s  addressed that requires considerable computational 
capability to be implemented. It may be most usual for calcalations in this area to be done with less 
than the elaborate capability in use to treat the reactor-core history. Simple modeling may bc iised to 
hold down the cost of calculations. For example, useful information nay  be generated with calculations 
that assume that the same number of fuel elements are replaced and the same number repositioned 
each time of refueling so that a truly repeating history occurs, rather than modeling actual conditions 
that cause variations between successive cycles. Still the most useful information would come from 
application of the full modeling capability in use for base reactor-history calculations. 

Importance information supports core-performance analysis. Reaction-rate integrals are a form of 
importance; they show neutron economy, and a study of them is done to seek improvements. Treating 
time as a variable in importance analysis is a severe complication. Importance data allows assessment 
of the effect of chailges, and the reliability of such assessment is increased by increasing both the 
accuracy of the importance data and the sophistication of n~odehng of importance. Sensitivity data 
indicates the importance of contributing factors on specific: results. Generalized results span the range 
of interest and contain far more inforination than can be generated with discrete perturbations. First- 
order approximations are used because higher-order calculations seem uneconomicaly SO application may 
be somewhat limited. For example, first-order perturbation themy is seldom adequate for quantifying 
control rod worth. 

In rcactor core design and operation support it is important to understan aspects that have a strong 
influence on the prformance. Thus any tendency for the power density to shift from a favorable 
distribution to an unfavorable one is evidently to be avoided. It is also important to identify aspects 
that have a small influence on the results, removing them from consideration when improvement is 
undertaken. 

Generally the reactor-core history problem involves so many variables and is SO complicated that 
often the analyst needs more information than he has available. What is the preferred burnable poiison 
distribution and control-rod positioning schedule to optimize core material. temperatures? This question 
is not now answered by solving a single problem. Importance information helps. 



sophisticated uncertainly analysis is a rather ifferent sub-ject. In a sense project sucwss can be 
predicted, and, likely of more direct interest, individual aspects of a project evaluated. Can a system go 
critical'! How much a d d ~ ~ ~ o n ~ ~  fuei might be needed? Iff cross-section data improvements are needed, 
new measurement effort can be directed at an area where most needed or where the most improvement 
can be effected by seducing the ~ n c e r t a i ~ t y  in the results through data uncertainty reduction, 

It may or may not be difficult to determine what aspects or independent variables or the data are 
the most important i o  a calculation. Considering reactivity effects to be: paramount, then those things 
that affect the fissile inventory are quite generaily ~ m p ~ r t a ~ t .  ~ n ~ e r ~ s t ~ ~ a t ~ ~ ~  the amount of fuel that 
must be consumed to generate a certain amount of energy causes fueling ~ ~ ~ u ~ ~ e ~ e n t s  to be 
underestimated. 

The reactivity importance of fuel tends to decrease when moving away from the center of the 
reactor. The neutron-flux level also tends to decrease when moving away from the center. This resuits 
in a decreasing power density and a high-power oensity peak with a uniform hading. Loading the core 
with more fuel toward the edge to increase the p w e r  density there while reducing the peaking increases 
the fissile loading. Failure to consume all of the burnable pison that i s  used increases the fissile 
loading. Any positive reactivity requirement, suck. as f ~ r  ''%e override, increases the fissile loading. 

Whereas the scattering cross section of 218U can play but a small role in the neutron ~ ~ s t ~ ~ ~ u t i ~ ~ ,  
the total cross section does significantly affect the neutron accounting at a point in time. Considering 
the time variable, the 238U capture cross sectior causes 239Pu generation affecting the fuel inventory 
and, therefore, is a very significant considering importance in fuel accounting. In a thorium-loaded core 
these comments apply to 232Th. 

The consequence of uncertainty in nuclear data depends very much on the situation. Uncertainty in 
the 232Th cross section seems rather unimportant in t ~ o r ~ u ~ - u t i ~ i ~ a t i o n  calculations assuming there 
would be no physical. loading constraint. I f  the 232Th absorption cross section i s  higher than assumed, 
the calculated results would be effected with a higher loading. If the cross section i s  too high, a lower 
loading produces essentially the desired results, Of course there would be small changes, and the 
situation becomes complicated by variation in the loading, the use of larget fertile loaded pins than fuel 
pins, etc. 

A lot of data is required for u n ~ ~ a ~ n ~ y  analysis. It must be evaluated, made available, and be 
processed. 

Interesting uncertainty and importance results, however, can be obtained with the simple assumption 
that the relative uncertainties in all of the cross sections are ~ p ~ ~ o x ~ ~ ~ t e ~ y  the same. The change in 
the multiplication factor for a fixed relative ~ i f f e ~ € . ~ ~ ~ ,  g ,  in the cross sections is given by 

or 

The importance 
regular flux and 

data, dk/dZ,  are usually ~ p p ~ o ~ ~ ~ ~ ~ t e ~  by first-order perturbation theory requiring the 
the adjoint solutions and usual importance integrals over space an 



Assume a 
sense. With 
multiplication 

fixed uncertainty in each cross section, positive or negative, in the relative probabilistic 
effects acting independently, uncorrelated uncertainties, the result for uncertainty in the 
factor is 

Thus Ilk is  proportional to g and 6k i s  proportianal to J A 50% reduction in f would reduce 6k 
50%. 

It does seem that aften the cross-section uncertainties are not well known, and they may tend to hc 
underestimated. Arguments can be made that these uncertainties should be similar. The results that 
are generated with the sirnpk approximation above are considered to be very useful, and no severe data 
processing burden is involved. 

The uncertainty in k was found to have the contributions shown in Table 2 for a high-temperature, 
The dominating contributions from the thermal neutron-energy gas-cooled, graphite-nioderated core. 

range (group 4) are evident. 

Table 2. ‘l‘hermwl hig 
........__I_ ....___-_ __ ....... ___..- 

Core 
Average Flux Reactivity Uncertainty 

___.. Neutron Fertile Fissile Importance in k Due 
Upper Regular Adjoint Absorption Capture Absorption ....... to 1 w o  

Energy Energy + 6’ Rate Rate ak ak x Uncertainty 

Group (eV) (n/cm’.s) (Relative) (Integral) (Integral) (Integral) kaZa kav’f (Uncorrected) 

Rate .___ _____ 

..... ___.. ~___ ....... ___ .... ___..__ ........ __ 

1 1.5i-7 2.058-1-13 4.404 0.058+19 0.024+19 0.013+19 -99.4 99.5 0.0132 
2 1.84-5 3.2194-13 4.450 0.415i-19 0.303t19 0.077+19 -157.3 155.8 0.0463 
3 5 .8+2  2.629+13 4.594 2.925+19 1.573-t-19 0.708+19 -132.6 127.2 0.2975 
4 1.8 5.5824-13 5.582 8.995+19 1.6124-19 5.615+39 ----342.4 270.3 1.2620 

‘rota1 13.488 -t- 13 19.030 12.393 -t 19 3.5 12+ 19 6.41 3 + 19 1.2975 
I__._ __ _ _ _ _ ~  . ___ 

..... _..__l_l_ __...___..- ......... ___. 

Other analytical results are often of more interest than k. Consider the fissile conversion ratio and 
its uncertainty. ‘The primitive fissile conversion ratio is given by the rate of fuel generation divided by 
the rate of fuel consumption, 

C 
B - - A  ’ 

where C is the integral neutron-capture rate in fertile material. and A is  the integral neutron-absorption 
rate in fissile material. (Various techniques are used to account for other contributing factors, 
including the loss in fuel production from absorption in intermediate nuclides like 233Pa and variation in 
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importance of the ~ ~ ~ ~ ~ v ~ d u a ~  nucli es to make calculated values of the conversion ratio most 
representative and hence iiseful in analysis. d course, ~ ~ ~ o n s ~ t e n c ~ e s  are to be avoided.) A simple 
perturbation yields 

This leads to the uncertainty estimate of 

where the individual contributions from fertile capture and fissile absorption are shown. 

Uncertainty results are shown in Table 3 for a high-temperature reactor core. The direct 
contribution comes from the reaction rate changes from the reference state while the indirect 
contributions are obtained with a fissile conversion ratio importance solution specific to the situation. 

The above techniques must be extended t~ omider the somewhat mors: interesting and important 
situation at the nuclide and microscopic cross-section level. Here we are also interested in considering 
the effect of time. 

Table 3. Thermal high-temperature reactor uncertainty cornversion ratio 

Uncertainty Due to 100% Z Uncertainty (Uncorrelated) 

Direct Dire42 
Fertile Fissile Overall 

importance 4; 
Energy Source (Space 44: 
Group s‘ average) (Integral) Capture Absorption Dircct Indirect Overall 

1 0.236-15 0.5 14- 21 f0.026 0.0069 O.oQ21 0.0072 0.0049 0.0081 
2 2.305 - 15 0.52-21 -0.771 0.0863 0.0121 0.087 1 0.0744 0.1145 
3 12.84- 15  0.043-221. - 10.647 0 4479 0.1103 0.44 13 0.3576 0.5836 
4 -7.46-15 - 3.576 -- 2 1 - 158.343 0.4589 0.8755 0.9885 0.4088 1.0697 

-. l.-l_-_-__- 

Total 
__ .I__ _1.- I__ l_l_ l_l 

- 2.471-21 -169.735 0.6471 0.8825 1.0943 0.5482 1.2239 

Not much use has been made of importancc: and uncertainty techniques that include time as a 
variable. A reason for this is that generally a rderence solution over time is always needed for any 
calculation, and the generation of importance information doubles the amount of calculation as well as 
requires that special capability be implemented for solving the equations. Note that a simple auxiliary 
analysis does not change the result of the refei.ence calculation done with the best estimate data. 
(Distorted results from biased data would not be easy to work with.) 

Time-dependent importance theory is beyond t5e scope of Chis discussion. It is noted, however, that 
a variational technique is  used to minimize an appropriate integral. The result generally takes the form 
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and 

- aR - j -L 'dv  , 
ax, 

where R is a response function, X ,  is a dependent variable, AX, its change, and the appropriate 
Lagrange multiplier (importance) L' is integiatcd over phase space. A particular advantage of such an 
approach i s  that general irnportancc data can be generated for a problem not specific to a particular 
perturbation and these are then used for elaborate analysis. Restrictions corne in the limitation of the 
importance to a specific response, complexity in the situation of interest often involving several 
responses, and the limited accuracy of first order methods in some applications. 

EXAMPLE OF 1 LEMENTED CAPA 

In  a system for reactor-core analysis, an exposure code is  supplied nuclear data, neutron-flux data, 
and nuclide concentrations for the start of an interval. It is also given certain task assignment 
instructions. A common-task assignment i s  to return nuclide concentrations predicted for the end of an 
exposure period. Typically defaults are implernentc for coded options that are representative of usual 
application, and repeated application of the same instructions is common for successive task assignments 
(typically alternating with the use of a rmcutronics code to generate current neutron flam data). 

A calculational procedure: was implemented to sup t core analysis in the. breeder-reactor 
development program. The code BWRNER14 is a mdaule d to treat an expsure period given only 
information (neutron flux and nuclide densities) at the start. Shown in Fig. 1 is the exposure 
calculational procedure. Certain key points are noted here abo this procedure. A reactor-core 
problem is modeled with zones of material, each zone being con ered to be homogeneous for the 
purpose of the calculation wherein the nuclides have distinct asagelea roperties, '4 multigrsup neutron- 
flux spectrum is provided for each zone, generally a simple sparial averaging over the volume associated 
with each zone. A second level of representation is allowed in the form of S~XBXXX, each subzone being 
assigned to a zone. Thus several different co positions may be associated with a single zone, and to be 
exposed to its neutron flux the effects of exposure to be treated ~ ~ ~ ~ ~ ~ ~ ~ a ~ ~ ~ .  Thus as a simple example, 
the situation of countercurrent fueling may be rnodeled directly with two sets of nuclide concentrations 
assigned to each zone. In the case of moving fuel, the multipass of pbble-fuel elements may be 
modeled directly. Treat of an exposure period may be followed by a shutdown perid,  The 
capability to break the sure step into substeps is indicated, allowing the flux level to be 
renormalized to effect a desired power level on the average over the internal. After the primary 
calculation has been done, a fine-scale calculation may be done to generate detailed results for one or at 
most a few selected locations. 

The available procedures fGP sdving the chain equations are briefly 

1. the nnatrix exponential, 

2. the average generation rate, or 

3. the explicit solution. 
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ACCESS KEY INFORPIATION FROM INTERFACE FIT,ES 

- ALLOCATE S'CDRAGE, SELECT INPUT/OUTPUT -- PREPARATORY PROCESS INTERFACE DATA 

SETXCT IVE DOCUMENTARY E D I T S  

ENTER &-----.- 

___._I_-_ 

I--- CALCULATE S P E C I F I C  REACTION RATES AS NEEDED 

"t- b 
' CALCU1A"E EXPOSURE (see i n s e t )  L 

LOOP OVER ZOEJES, SUBZQNES 

RENORMALIZE I'OWER LEVEL 

!;PECLAL E D I T S  

- LOOP OVER E X P O S U M  TIME STEPS 

EDITS, WRITE INTERFACE F I L E S  

CALCUTSITE SHUTDOWN (see i n s e t )  

I LOOP OVER ZONES, SUBZONES 

S P E C I A L  EDTTS 

LOOP OVER SHI1TDOWN TIME STEPS 

EDIT RESULTS, WRITE INTERFACE FILES 

RETURN FOR EI.NE SCALE POINTWISE CAIXULATION 

E D I T S  W'RITE INTERFACE F I L E S  

( a l l  o r  Supplemental) 

--- INSET 
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Any one of these may be applied individually, or either 1 or 2 may be wed with 3. Thus, the 
instructions select a solution procedure. Not indicated arc options on the matrix-exponential method to 
use the detailed scheme or to drop out the short-lived nuclides for the equilibrium approximation. 

Additional options not shown include 

1. weighting neutron flux data (recalculation of exposure) and 

2, the application of a continuous fueling model that allows following fuel movement through 
the core. 

TASK ASSIGNMENTS TO CODE MODULES 

Clean data-interfacing lines must be drawn between the code modules. These become clear once 
task assignments have been made to the codes, problem-solving capability has been specified, and data 
requirements are identified. Unfortunately, with further developments come new requirements that 
were not foreseen and that can seriously impact the development process. 

Given the circumstances and based on our experience regarding needs, it was decided to constiuct a 
Each code would carry out a major task assignment in a prescribable 

calculational process. All data communication was from external files (data not contained in memory). 
Each code was to be a major one having extensive capability (coarse rather than fine blocking 
minimizing data communication). 

e system. 

Task assignments are of interest. Consider that in a complicated problem there may be one or more 
data files available. The primary task assignment to the neutronics code would be to solve the 
neutronics problem for the current reactor-core state. The code would be expected to selectively use the 
latest veesion of the nuclide concentrations, appropriate cross sections, and recover a point-wise flux 
distribution as the best starting place to generate a new neutron-flux solution. Such basic information 
as the geometric description and cross-section association would be available. FOK the exposure 
calculation, the neutronics code must produce zone-averaged group fliix values. It would also need to 
write a new nuclide concentration file if these were changed, a point-wise flux file for later recovery, 
and a power-density file if a thermal hydraulics calculation is to be done, and it may also need to save 
iteration solution data for recovery. Optional instructions to the neutronics code might includc solving 
the equilibrium I3’Xe concentrations that affect the flux distribution, and procedure and edit choices. 

The primary task assignment to an exposure code would be to carry out the exposure calculation or 
not, a possible alternative being to include shutdown calculation (only decay) or do exposure followed 
by shutdown. The instructions to the code would include the following 

1. Exposure time interval 

2. Shutdown time interval 

3. Solution method option. 

4. Solution method detail option 

5. Number of subinteivals (for flux level renormalization) 

6. Power level (likely relative) 

7. Flux level normalization option 
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8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

Edit option 

Debug edit option 

Cross section option 

Neutron flux option 

Auxiliary results option 

Nuclide concentration file writing option 

Auxiliary results file writing option 

Localized point exposure option 

Special modeling data 

Override coded abort rules 

Parallel data handlinglprocedure optic-n 

Accuracy, reliability data 

Constraint data 

Data for auxiliary calculations 

A task assigned to the neutronics d e  in this system, rather than to the exposure code, was prapcr 
normalization of the neutron-flux level to effeclt a desired power level. A reason for this is that 
exposure calculations can be done without the dztailed geometry data needed for flux normalization. 
Zone volumes are derived from the basic data describing the geometry. (They might be inconsistent 
with it.) Requiring proper normalization of the flux by the neutronics code is not really a burden here; 
it should have such capability to produce results that are user friendly, and calculation of the 
equilibrium I3’Xe imposes the requirement of proper flux-level normalization. 

A neutronics code solves the neutron-flux problem using macroscopic cross sections, Association of 
a set of these data is made with a discrete volunie in three dimensions. Data used by the neutronics 
code associates nuclide concentrations with microscopic cross sections for calculation of macroscopic 
cross sections. Naturally an exposure calculation used with a neutronics code would have to be entirely 
consistent regarding data association, details of the modeling, and instruction interpretation, Typically 
fine-scale details, such as of fuel plates and pins, have been eliminated by homogenization. A second 
level of representation is, however, often allowed, and this is called a subzone representation here. That 
is, there may be nuclides assigned directly to zone.< along with a volume fraction, and there also may be 
one or more subzones contained in each zone having associated volume fractions. The neutronics code 
sums all contributions when macroscopic cross sections are generated and then does not use the finer 
detail in solving a neutronics problem. Exposure must, however, be done at both the zone and the 
subzone levels when the latter modeling is used. 

The ”subzone” modeling bears explanation. Consider a pebble-bed reactor, the fuel embedded in a 
2.5-cm-radius sphere with a 0.5-cm graphite shell. With multiple pebble passes, the history sf the 
traverse of a pebble involves a first pass, a second pass, etc. Thus at any location on a relatively fine 
scale, for N passes there are N pebbles of different ages, different times of exposure. It wodd be 
impractical to represent the flux spectrum in each pebble for more than two million pebbles. Also the 
randomness of pebble locations makes explicit representation impractical. Instead, the appropriate 
nuclide data are volume weighted over discrete zones for the neutronics calculation. The exposure 
calculation, however, follows the history of representative pebbles through the reactor, one for each pass 
for each discrete zone, thereby accounting directly for the effects of exposure. 
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Alternatively the u ~ ~ ~ b ~ ~ n ~ n  modeling capability may be used to associate a single set of nuclide 
concentrations with a zone location. Then repositioning and refueling is done 088 this subzone basis, and 
cross-section association may be with the material (subzone) rather than with tht  position (zone). 

NUCLIDE CHAINS FOR 
AND NUCLIDE UvIPOW 

Only a few nuclides play a significant role in the performance of a reactor core in the sense of 
having much affect on the gross neutron accounting. Here the actinides and fission products will be 
considered but not the structure, moderator, coolant, reflector, control, or poisons requiring specific 
attention to the situation at hand. Note that if fuel were used in the form of enriched 1 1 0 2  or fissik 
material mixed in The, or if there is contamination, other nuclides W Q U ~ ~  be involved. 

The key actinide chain relationships are shown in Fig. 2. Often 238Np, 238Pu, 230Th, 231P;a9 2321J, and 
228t1.h nuclides would not be included since they are necded only for special purposes. Dropping these 
reduces the number in the set from 22 to 16, and if no tharium is involved there would be only 13 
including 234U. With plutonium recycle, a few higher actinides could be of interest. The decay of 241Pu 
is a small effect, while holdup of fuel as 233Pa is a significant effect. Short half-life intermediates are 
ignored. The fact that a neutron capture in 23eU produces 239U is of rao interest even though a large 
fraction of the neutrons in a reactor core are captured in 238U pr ueing 239U. Since the half-life of 
2391J is relatively short and the cross section for nuclear reaction is relatively small, its production may 
be ignored. The decay product 2 3 9 P ~ ~  i s  another matter, however, as its role as nuclear fuel. is quite 
important. 

The fraction neutron absorptions at the end of cycle before refueling are shown in Table 4 for a 
water reactor. The absorption rate indicates reactivity importance with consideration of the amount of 
the material calculated with the ORIGEN-§ code,'3 The fraction absorption drops below 1 %  for the 
seventh nuclide (in order of absorption importance), below 0.1% for the twelfth one, and below 0.01% 
for the sixteenth. 

The use of first-order perturbatisti theory allows rcactirity importance to be calculated with regular 
flux, adjoint weighting. Data are shown in Table 5 for a high-temperature thermal gas-cooled core with 
fully enriched fuel. The basis is a concentration increase of 1 atom/barn-cm. It may be noted that a 
fertile nuclide has a large negative reactivity importance, Increasing its concentration decreases the 
multiplication. However, fertile material is needed to generate fissile material and hence has a worth. 
More comprehensive importance data would consider the time effects and show relative merits of 
altering controllables such as the feed composition and the exposure time. Accounting for all of the 
contributions to some figure of merit is a challenge. Shown are the reactivity worths of the fissile 
nuclides in decreasing the order of 241Yu, "'Pu , 233W and 2351J, the large thermal cross sections of the 
fissile plutonium nuclides enhancing importance, Shown also are effcctive (one group) values of 9 = 
uaf/aa appropriately weighted over the energy spectrum indicating the importance of an absorption to 
the neutron economy. The preference for 23311 fuel. is indicated by the eta data. 

A reasonable representation of the fission products is shown in Fig. 3 using 29 nuclides including 
two lumped ones to account for the effects of all others (more than 20@@8) not treated. 1351 is included 
to allow treatment of the period after a shutdown (xenon override and long-time reactivity gain), even 
though the local equilibrium I3'Xe concentration may be calculated. Sone elaboration of the source to 
'49Sn is also included since it accumulates after a shutdown and requires override. A very simple 
modeling of the fission products may, however, prove adequate in a specific application using 
appropriately evaluated data. 
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Fraction neutron 
Nuclide absorptions 
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,264 
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.OOOOO72 
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.00oO00181 
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,00000000286 
,0000000023 1 
,000000000314 
,000000000263 
,000000000179 
.0m77 
.0000000000464 
.OO(HXWNXWN296 
.0000000000 177 
.0000000000048 
,00000000000Q548 
.OOOoO0000000202 
.000000000000107 
.0000000000000901 
.OOO0000000000179 
,0000000000000029 1 
.00000000000000251 
,00000000000000192 
,0000000000000064 
.00000000000000000273 
. O M 1 8  
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Nuclide 
Effective 

rt 

232Th 
233Pa 
2 3 3 ~  

2 3 4 u  

2 3 5 ~  

236u 

2 3 8 ~  

2 3 9 N p  

239Pu 
24QPu 

Z4lPU 

242Pu 
243Arn 
'35Xe 
'47Prn 

14"m 
148m~n1 
'49sma 
1 4 3 ~ d  

Slowly saturating 1FP 
Non-saturating FP 

- 1,501 
.--- 19,500 
1 8 9 , Q ~ ~  

-6,550 
-2,550 

- 22,908 
-- 3 1 ,580 

-42,900 
-2.2 x IO8 

-1.2 x lo6 
-2.9 x IO6 
-7.0 x 106 
- 28,000 

2,720 
- 258 

0.0053 
0.0068 
2.298 
0.01. 1 
1.992 
0.013 
0.016 
8.017 
1.785 
0.0032 
2.171 
0.01 1 
0.0056 
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1 I, c 
Ndl' '-4 SSFP ,-> NSFP 

( Slowly Sa t  u a t  irig ( Non - Sa 
Fission P r o d u c t )  Fission P r o d u c t )  

Nd14 

t r- - - - - - - - - -' - - 
YIELD I 

I I 
I I 
I I 
1 
I 

I 
I 

I I 
I KEY 1 
I I - - - - - _ - - _ _ _ _  

Fig. a. Fission pmr 
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Table 6 shows the importance of many of the fission products at refueling time for a ~ r ~ $ $ ~ ~ i ~ ~  
water reactor core. 

Fraction Fraction 
Nuclide absorption rate Nuclide absorption sate 

3.73-4 
3.44-4 
3.28-4 
2.12-4 
I .86-4 
I .77-4 
1.39-4 
1.36-4 
1.24-4 
1.17-4 
1.07-4 
1.01-4 
B .m-4 
1 .OB4 
9.78-5 
9.40-5 
8.97-5 
8.71-5 
8.65-5 
8.55-5 
7.90-5 
7.85-5 
6.94-5 
6.63-5 
6.63-5 
6.53-5 
6.12-5 
6.08-5 
5.17-5 
4.90-5 
4.87-5 
4.62"5 

Total (all fp) 0.1083 
Î___ _-_I__ ___I 
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RESULTS OF CALCUZAI'EONS 

Results of a few calculations are presentcd here to support continuing discussion on methods. The 
The methods that microscqJic. nuclear data was fixed and not dependent on nuclide concentrations. 

have been discussed were used. The BOLD VENTURE system of codes that implement these meth 
was ruin on the ORNL IBM-3033 computers. 

A URANIUM FUEL B EXPOSURE PROBLEM WI 

A reference probleni was described by M. V. Gregory sf  SWL in a contribution to the ANS 
Mathematics and Computation Division benchmark problem effort reference no. 15-A2. Given initial 
concentrations (Atoms/barn-cm) of 235U 7.4003-05 and 238U 6.936-03, 25 actinides plus an 
intermediate excited state are modeled, and 10 fission products also plus an intermediate are considered 
for an exposure of 50 days to a fixed fast flux of 6.1 X I O l 4  and a thermal flux of 2 3  X lOI4  
n/cm2-sec. The chain relationships are shown in Fig. 4. Note that as described there are a number of 
couplings which cause feedback in the problem. 

Results are shown for the matrix exponential, the average generation rate, and the explicit inethods 
of solution in Table 7. The generation rate of fission products is taken as the average between start and 
end step values with the explicit chain method, which is often quite good for usual reactor evaluations 
but rather poor when a desired power level is not maintained, as was the case in this problem (constant 
flux). The error caused by this approximation is shown to decrease when the exposure period is divided 
into substeps. The explicit chain treatments include an elaborate representation involving 33 chains 
(199 chain entries) which includes the B' decay of 242Am and only one cy decay, the feedback of 
238Fu_*234U. A primary chain representation was also used that requires 15 chains (229 chain entries) 
of which four are required to treat the fission products and no cy decay feedback. Matrix exponential 
method results were also obtained by setting the nuclide concentrations equal to equilibrium values at 
end of step for those nuclides having high specific loss rates. 

Processor times shown are totals for the exposure module use. Note that the average generation- 
rate method of solution is quite inefficient, and the full matrix exponential method is costly as coded. 
If this calculation must be done at 1,000 locations to treat a reactor core, 3.6 seconds translates into 
one hour computer time for a single step, generally unacceptable. 

Selection of a method for general use froin the data given would reduce to a choice between the 
explicit chain or the matrix exponential with special treatment of a few nuclides. 

AFASTREACTO 

A reference fast-breeder reactor benchmark core-history problem was set up in an interinstallation 
cooperative effort sponsored by the USDOE Division of Reactor Research and TechnoBogy. A two- 
dimensional core sector containing a heterogeneous arrangement of hexagonal fuel and blanket elements 
with 30" symmetry was described in detail and four-energy-group cross sections were provided. Except 
for minor differences, results obtained for a 5 1 1 -day exprosure period by the participating installations 
were in  substantial agreement. Key 
results are shown in Table 8 using both mesh-centered and mesh-cornered meshpoint arrangements on a 
triangular grid. The number of meshpoints, number of time steps, and the number of substeps were 
increased to reduce the modeling error. Also schemes of recalculating the exposure period to improve 
the accounting of the charge in the neutron-flux distribution were applied, and the reported results 
indicate that this approach has merit. 

Of interest here are the effects of discretization on the results. 
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Table 7. End-ob-step nuclide concentration obtained boa the uranium fael ~~~~~~~~ ~ X ~ Q S P ~ P ~  problem 

Nuclide 

Explicit cnain Marrix cxponcnLial 
assuming equiiibr,um 

EbdboralC Primary chains ( i  5 )  Matrix 
~ chains (33) 

0 step) (I step) 

0.428821-09 
oj8336y-04 
0286057-05 
0.356780-07 
069191s-02 
0.718360-08 
0 104739 06 
07Y0818-0'1 
0 102944-05 
0 132292-10 
0.441 710-08 
9 105746 04 

0334203-06 
0 L63743-07 
0.;36356- i 0  
0.586403 ~ 09 
0520998- l l  
0504831-11 
0457063-09 
0.638028- 13 
0.44968 i - I O  
09509'9-13 
0.206748- I O  
0.243334-12 
0.83200;-0S 
0862199-09 
0,772908 -07 
0.119566 06 
0.203043 - 06 
0460801-08 
O?B!JBSX-0X 
0,193223-O? 
0116169-07 
0. 145394 -04 

0 ? 9 ~ ~ ) 2 0 - 0 h  

(4 steps) 
(Less 8 nuclides) 

(2  steps) 
(Less 6 nuclides) 

( 5  steps) 
exponentiai 
(570 stepsi 

Average generation rate 

(24 steps) (loo steps) (768 stela) 

0428821 -09 
9.583389 -04 
0.285057 -05 
0356780-07 
0.69191 5-02 
071b360 -08 
0. IO4739 -06 
0.1805 I5 -09 
0 IO2944 -05 
0,132292- I O  
0.441710 08 

0.99591 9 -06 
3334203-05 
0 163650-07 
0 I 3 6 2 3  13 
0886403-09 
0.520998- 1 I 
0448086-11 
0456782-09 

u. 105746 -ne 

0.617637 i 3  
0.449681 -I0 
0,9509'9-13 
0206638-10 
0.243233 - I2 
0.812002 OS 
0.862 i 99 -0Y 
0.772908 -07 
0.1 IYS66-i)h 
0.203043 -06 
0460801-08 
0389li58-08 
0.193223 -07 
0 1:6169-07 
0.145394- 04 

0.428820-09 
0.583386-04 
0.286056 - 05 
0.356780-07 
(1.691914- 02 
0.7 I8359 -08 
0. I04739 - 06 
0780515-09 
0. I02944 -OS 
0.132292- I O  
044:710-08 
0.105747-04 
0.995924 - 06 
0.334204-06 
0.163650 ~ 07 
0.1 36279- ! O  
0.586404 - 09 
0520998-:1 
0.503844- ! I 

0637722-13 
0.44968; - 10 
0.950979- I3 
0.206653- 10 
0243223-12 
0 8725 I I -11% 

0.772677-07 
0.l21042-06 
0 202102-06 
0.457801 -08 
0.387359 -08 
0 198854-07 
0.1 19519-07 
0 145376-94 

0.456844 ~~ 09 

0 904i 86 -09 

0.428822-09 
0.5b3390-04 
0.286357-05 
9.356780-07 
0.69i 91 8 -02 
3.7 18359-08 
0.:04739 -06 
0.780Sl 5 -09 
0 102944-05 
0.1 32292- i o  

0.441888-08 
0.105786-04 
0.996650-06 
0.33461 i -06 
0,164041-07 
0.139598- 10 
0.58741 3- 09 
0.558162-11 
0505884-11 
0.471053-09 
0.6591 85- 13 
3.491413 ~ I O  
0 i3583Y-12 
02i5165-10 
0.254910- i Z  
0.8b34Ji -OS 
0915855-09 
0.778882-07 
0121i69-06  
0.201837-06 
0.457096-08 
0386767-08 
0.199704 - 07 
0122: i1-07  
0 145246-04 

0.42aa22-09 
0583390-04 
0.286057-08 
0.356783 -07 
0.69 1 91 S -02 
0.7 I8359 -08 
0 104739-06 
0.780515-09 
0.102944--05 
0.132292- I O  

0105786-04 
0.996660-06 
0.33461 I -Ob 
0.164032-07 

0.441 870- nL; 

o 13%e:-io 
0587.113-09 
0.52 19: 5 -  1 I 
0.505834- 1 I 
0.471028-09 
0.b5Y150- 13 
0450717-IO 
0.953659- 13 
0.?15:51 -10 

0.883481 -08 
0.PI5S55-03 
0.778882-07 
0. I21 169-06 
0.201 837-06 
0 457096-08 
0.386767-08 
0,199704-07 
0.1 19790-07 
0.145246-04 

0.254894- 12 

0428821 -09 
0.583399-04 
0.286057 -05 
0356780-07 
0.691 9; 5 -02 
0.718360-08 
0 104739-06 
0.7805 1 5 - 09 
0.102944-05 
0.1 32292- io 
0.441 809- OR 
0.105747-94 
0.995925-06 
0.334204 - 06 
0,163743-07 

0.586404- OY 

0.50483:-11 
0.457063 -09 
0638029-13 
0449681-10 
9950978-13 
0.236748- I O  
0.243333-12 
0.882752-08 
0914759-99 
0.771693 -07 
0.121 156-06 
0.201 8 i4-05 

0.386722-08 
0.199682-07 
0.119776-07 
0.145227-04 

0.136356- I O  

0 ~ 0 9 9 s - 1 1  

0 4 5 7 ~ 2 - 0 8  

0432797-09 
0.583390-04 
0286360-05 
0.3566 I5 -07 
3.69 $91 5 -02 
0.7 i83Y6-08 
0 104623-06 
0776410-09 
0. IO2944 -05 
0 l323M- I O  
0438590-08 
0.105503 -04 
0,993025-06 
0.332829-06 
0.163 :66-07 
0.118797 - 10 
0.584223 -09 
0,506562- i I 

0.503334- ! I  
0.469838-09 
0597'30-:3 

0.922981 - : 3 
0.216065- I 0  
0.258532- I 2  
0881344-08 
0.913341-09 
0.778203-07 
0. I2 1 106 -06 
0.20 161 2-06 
0.455253-08 
0.385151-08 
3.199: 35 -07 
3.1 IE19-07  
3 143144-04 

0.435962-iO 

0.429788 -09 
0.583390-04 
0256057-IJ5 

0.691915-02 
0.7 i 8368 -08 
0 104733-06 
0.7SO286-09 

0132294-10 
0.441678 -08 

0356773-07 

0102944-05 

o 105775-(w 
0.995450-06 
0.334>03-06 
0 163978-97 
3 135892-io 

0.520959- ! 1 
0,505735-i1 
0455217-09 
0.6221 7 1 - I 3  
0.449784- 10 
0.951678-13 
0 206454- 10 
0243011-12 
0.682146-03 0.9 144 14 -09 

0.77 I638 -07 
0.121166-06 
0.201824--06 

0.385674-08 
0. I9967 I -07 
0.119757 -07 
0 145241-04 

o 587227-09 

0.456989-08 

0.428948 -09 
0.533390-04 
0.286057-05 
0.356780-07 
0.691915 -02 
0.71h36i-38 
0 104739-06 
0.780513-09 
0.11)29~4-05 
0.132293- 10 
0441867-08 
0,105779 -04 
3.396522-06 
3.334535-06 
0.153978-07 
0:36541-10 
0.587227-39 
0.521732-;1 
0.505691 - I I 
0.457874-09 
0.638416- : 3  
0.450514-:0 
0.953147 - i 3  
0.20?59: - I O  
0.244637- 12 
9882832-08 
0,914828-09 
0 771630-07 
0.!21:6?--06 
0.201 833 4% 
0.457084 - 08 
0.386757-08 
0.19970-07 
0. I 19787 -07 
0.145243-04 

( 1  536 steps) 

0.425885-09 
0.583393-M 
0.286057-05 
0.356780-07 
0.69198 5-02 
0 718360-08 
0. IO4739 -W 
0 'BO5 1s -09 
0.10294~-05 
0.1 32293- IO 
0.441869-06 
0 135741 -3.1 
0.995817 - 06 

0.334147-Ob 
0 1637%-07 
0.136321-10 
0 5E627J-09 
0.520876- I I 
0.504700- I 1  
0.456923-09 
0637633-13 
0.449552- ! O  
0.950664- 1.3 
0.206595-10 
0.2431 2s- I2 
0.582737-09 
0.9 14740 - 33 
0.771 637-07 
0. I2 1 i 5 5  -06 
0.201a10--06 
0.457034-08 
,O.4867 I 5  -08 
0 i99678-07 
0.119774-07 
0.145224 -04 

l a M  360/91 
cpu lime 

(sec) 2 s2  1 3 1  1.62 .Ob I i 4  13 5 0.96 1.62 6.48 12.1 
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Table 8. Continued 

Peak power Depletion 
Depletion substeps Fissile density 

BRNL Points/hex zones Neutronics (flux k(T) - k(0) breeding IBM-3033 (Wthjcc 
code (meshpoints) (zones/Nex) time steps renormalized) k(O) (T = 51 1 days) ratioa CPU time b i n )  @T = 511) 

Baseb Total 
VALE 12 (900) 7 1 1 1.008753 -0.0051737 1.24672 

2 -0.0051844 1.24686 415.85 
10 -0.005 1841 1.24666 0.7 1 1.19 415.83 

274 ( 6 )  I 2 -0.0048 1 17 1.24401 0.79 1.88 401.91 
274 (6) 6 2 -0.0037350 1.2498'1 2.15 5.80 396.25 

VENTURE 24 ( 5 0 0 0 )  7 1 1 1.010336 -0.0059253 1.2465 1 41 5.04 
2 -0.0059306 1.24663 415.18 
IO -0.0059302 1.24644 3.40 3.82 415.18 

2 2 -0.00521 i 5 1.24926 4.59 5.00 409.84 
6 2 -0.0047563 1.25109 8.65 9.67 407.08 

2 -0.0053674 1.24752 415.38 
10 -0.0053571 1.24132 3.60 4.45 415.37 

52 (1) I 2 -0.004869 I 1.24458 0.74 1.20 405.74 

cn VALE 48 (3481) 7 1 1 1.009221 -0.0053596 1.24739 415.20 In 

274 (6) 1 2 -0.0049692 1.24460 3.38 4.75 
274 (6) 6 2 -0.0038974 1.25532 8.48 10.15 395.83 

EXTRAPOLATIONS: 
(Go) 7 1 2 1.00938 -0.00543 1.248 415. 
im) 7 io) (-1 -0.00319 1.250 405. 
(Go) 274 (6) 6 2 - 0.00395 1.250 394. 
(a) (Go) (m) (mi -0.00374 1.252 394. 

'Primitive based on mass balances requiring an estimate of the fissile consumption rate, excludes axial blanket time average value used when more than one ncutsonics problem was 

'Base processor time for neutronics and exposure solutions only. 
'30" symmetry, 1/12 of core cross-section; Ak rtsults accurate to not more than five digits after the decimal. 
d60" symmetry, parallogram 1 /6  core cross-section (less than half of the points are active arid actual problem treated was 1.346 times as large as necessary, but inactive p i n t s  have little 

eExpsure for the full pe i ld  done in one step, then redepletion done in one step using the average of the start and end flux data. 
lSarne as e except that the f i n d  redepletion was done in ten steps using a linear interpolation of the flux in time. 
gRenormalisation of the flux at the end of each step to effect the desired power (no anticipation of the ne& for further compensation). 

solved {note single precision). 

cost penalty). 



6 5  

It is noted that ~~~~~~~~~ of a fast breeder care usually presents no major challenge. The n e u t r ~ ~ ~ ~ s  
problems are easier to sohe khan for thermal-reactor ~ r o ~ ~ e ~ s ,  and even the h e t ~ r ~ ~ e ~ e ~ ~ s  
arrangement of fuel and fertile elements present 
however, shown of the swing in reactivity over 
differences i n  the: ~ e ~ ~ ~ ~ ~ ~ ~ e r  density a n  
coarsest results for these would be adequate far inost 
were known. Such data 6s shown is of ~ o n s i ~ e r a ~ ~ ~  
an adequate model for ctare analysis. However, the data must be applicable t~ the situation at hand to 
be of much utility. 

~ ~ ~ h - t e m ~ r a t u r ~  c o r ~ - i ~ ~ ~ e ~ ~ ~ ~ ~  c ~ ~ ~ u ~ a ~ ~ ~ ~ ~ s  were done for a thermal gas-cooled, graphite- 
moderated h ~ g h - t e m ~ r a t ~ ~ ~  core ~ ~ ~ ~ s t ~ ~ t e d  io Fig. 5 The core ~ o n s ~ ~ e r ~ d  has hexagonal fuel 
assemblies arranged in patches ~f seven for eor;mon coolant orifking and removal and stacked eight 
high. With one-quarter annual c ~ t e  refueling, at any time there would be batches of material that have 
been resident n, n -i- I ,  %I 4-2 and n $. 3 ye 7vh.ere n starts at 0 after refueling and becomes 1 just 
before refueling Full-core calculations cou not be justified, but a full axial traverse was needed to 
study heat removal and teniperabures, and the individual batches of fuel would have to be mdeied, A 
cut through the patches ~f four patches of assembiies is shown in Fig. 6 .  Note that such a cut will not 
model the situation very well because 

1. Geometric boundaries are not regular w en references from a coordinate system connecting 
patch centers, 

2. Isolation of these pieces of patches requires the application of reflecting boundaries not quite 
precise, 

3. The full core is not treated sacrificing modeling accuracy, and 

4. Variations in fueling from one cycle to the next are ignored. 

Still this is a good model for parametric studies of heat removal. 

A calculation was carried out for several cycles to establish a repeating condition. Then ~ a r ~ a t ~ o ~ ~  
were done to assess effects on the results for the next cycle. Special modeling was used for the 
burnable poison using two nuclides to simuliak the effect of cross-section shielding (local flax 
suppression in lumped mate that would be realistic only if the exposure interval was sub 
at least a few exposure pe . The im 
effecting the desired power Zevel (or correcting the results for the effective power level) is indicated. 
The problem i s  well behaved so that reasonably good results are obtained with a relatively coarse 
modeling of time. ~ o ~ ~ ~ ~ w l ~ a ~  ~ ~ r ~ ~ ~ ~ t o ~ s  results are o ~ t ~ j ~ e d  with a single xecalculstion calculation, 
another repeat showing much i The interval i s  rather long and the m 
somewhat complicated with burnabl enrichment zones for a single exposure step, 
even with the recalculation the res pletion can be used to advantage, although 
some sophistication is necessary to break up long ~ x ~ ~ ~ ~ ~ r e  steps. 

Results showti in Table 9 are self explanatory. 

ovement if any. 

A reference, ~ ~ e s s ~ r ~ ~ e ~ - ~ ~ ~ e r  reactor ~ e ~ ~ . ~ ~ ~ o ~  ~ ~ o b ~ e ~  was described by 
 he calculation ~ I W Q ~ V ~ X  two e ~ ~ ~ s u ~ ~  cycles with r ~ f u e ~ ~ ~ ~  and associates.I6 

assemhlies. Simple two-group nuclear ata were s p i f k  , ~ r ~ s s - s ~ t i o n  changes being ignored. The 
initial fuel loading and refuelin were specified for one-eighth C Q ~ C  symmetry. The 
the determination of the criti 1 soluble baron ~ ~ ~ ~ e ~ t ~ ~ t ~ o ~  over the cycles with 
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The end-of-cycle i s  
quarter-core, t w o 4  
to effect the desired power level by adjustin 

Continuous ~ ~ e ~ i n ~  of a ~ ~ ~ c ~ ~ a r - r e ~ ~ : t ~ r  core i s  attractive to ashime the est gssgible Reutron 
economy and to effect a high availability maximizing the energy autgut. Special c ~ ~ a ~ ~ ~ ~ t ~  i s  needed 
for effective analysis nf the the variables on the ~ e r ~ o ~ ~ a ~ c e ,  ~ n f ~ ~ ~ a t ~ ~ n  is presented here 
about calculations lor a B B  pbbk-heel core ~~t~~~~~~~ thorium. The annular core with a 
central concrete ds 7.5 met~rs  high and contains over iQ6 
diameter packed 
associated with 6: 

iteration process. The necessary feed corn sil:ion of fully enri&cd ~rsn iu  
materials in the core, and the neutron Ilux distribution are rcsolved for the critical e ~ ~ ~ ~ ~ ~ r ~ ~ ~ ~ ~  stste. 
The exposure of materials is calculated by following representative paths of the pebbles. 

and recycled for five passes before hiin 
operation :and continuma feed of a set co 

Results of t w o - d ~ ~ ~ e n s ~ o ~ ~ ~  calcu8;itions are shown in Table 11 for a coarse rn 
more detailed model. For the more detailed andel, the 
meshpoints) and the number of ex ure z o w  was doubl 
yet are significant. 

The d ~ s ~ r e ~ ~ ~ a t ~ o ~  errors are not Barge but 

A point to be made here i s  that the analyst always works with data that i s  less than Ideal. Some 
odeling effects cannot be ignored 
s are necessary to guide effort. 

results may be accurate while 
extraction is complicated and 
most effort, we rely on the best estimate possible at a reasonable investnienl c o ~ ~ ~ ~ $ r ~ ~ ~  the situation 
and the importance of Ihe ~ n f o r ~ ~ t i o ~  to be generated. Some cancellation of error is anticipated frotn 
the various sources. 

rs are quite in:rccumte. 
generally special calcula 

Given the results jn Table 9 1, what i s  the best estimate of the 
ext raplation changes. the reference best cdculatic n r ~ s ~ ~ ~  from 1.08 
a modest change. For most purposes, the resubi a 
would he quite adequate. However in c ~ ~ ~ ~ ~ r ~ ~ ~ y ~  ~ ~ ~ ~ ~ ~ t ~ ~ n  the effects of cha 
importance than absolute values, for example, effects of ~ a r ~ e t ~ r  c ~ a ~ ~ ~ s .  The 
tailored to effect accurate differences, 

fissile f e d  rate? Simple. 
r - ~ ~ ~ ~ " ~ w e ~  day to 1.0858, 

may be of m4xe 
eling needs to be 

with the coarse model, only 1.4% 

A calculation that involves t h: influence of t ine  requires ~ o ~ ~ ~ ~ n ~  the exposure effects, Typically, 
volumes of selected size are represented wherein the contents are a s s ~ ~ e ~  to be ~ ~ ~ ~ ~ ~ n ~ o u ~ ~  and the 
time effects are calculate The analyst must choose a 
discretization, and the ten ency i s  often to use a fine instead of a coarse r ~ ~ r e ~ ~ I ~ ~ ~ ~ ~ ~ n  (within cost 
constraints), unless definitive ~ n ~ ~ r ~ a ~ ~ ~ ~  about the situation er study i s  readily availabie. There i s  
the penalty of increasing cost with iiic g, effect increasing ~ ~ c ~ ~ ~ a c ~  of such 
generated information as the peak power 

on the basis of these average conditions 
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Meshpoinbs 
eplction ZOneS 

Fissile loading (kg) 
Fissile feed (kg/F 
Fissile discharge ( 
Fissile conversion ratio 
Peak power density ( ~ / c r n ~ )  
Peak reflector flux: (n/cm2-sec > 0.1s 

Temperatures ("C) 
C Q Q h t  pressure drop (atm) 

Peak coolant outlet 
Peak pebble surface 
Average fuel 
Effective fuel 
Peak fuel 

Fraction fuel > 800°C 

3,294 
60 
379.5 

0.591 

3.16 + 13 
0 462. 

8 34 
838 
432 
582 
854 
0.056 1 

13,176 
1-20 
968.7 
1.0895 
0.4699 
0.592 
1 1.04 
3.47 + 1 3  
0.4632 

842 
844 
63 1 
584 
869 
0.0648 

The continuously fueled core without external recycle i s  interesting to study regarding the firreness 
of the degree of modeling exposure effects. Affecli that would enter most problems are avoided here by 
solving directly for only the steady state, ContinUQltSly fueled ~ ~ u i ~ i b ~ ~ ~ ~  core eon ition. Thus, there ib 

a single problem to be solved for each set of specifications, albeit a rather complicated one since core 
conditions depend on exposure effects that are acczlr y resolved only when the core neutron flux 
distribution has been solved. An iteration process is us 0 dCterrtlline the feed CQlIlpOSitbfl that effe'ec%.s 
a steady state flelltfoK1 flux distribution, involving successive neutronics (based on the surrent estimate 
of nuclide densities) and exposure (based on the current estimates of the feed and neutron flux 
distribution). The approximate solution does depend to some extent on the method and the approach to 
the result. Well converged solutions are needed to show the effects of interest. The dependence of ?.he 
results on the number of exposure zones is to be established. It is noted that the average nuclide 
densities in a zone are calculated by the method in use simply as the average of the material snteriag 
and that leaving, and this loses accuracy with large changes. Bra independent variable of interest is the 
number of pebble passes; the pebbles are recycled an arbitrarily specified number of times (treated 
ideally) before discharge. One effect of increased recycle is to shift t e low-expsed fuel away frorn :he 
inlet effecting a P~KXC homogeneous core. Thus, cne might expect fewer axial zones to be required as 
the number o f  pebble passes i s  increased. To allow ~ o ~ ~ o w ~ ~ g  the nuchde concentrations the number of 
different sets of these carried is the product of the number of axial zones with the number of pebble 
passes. These problems are one-dimensional rather than the two or ree typical of usual analysis for 
simplicity and to hold down costs. The m.~mber of ~ ~ e s ~ ~ ~ ~ t s  was fix with 64 in the fueled core. 

Results of calculations are shown i a  Table 12. The effect of the number of axial zones on the 
results is displayed for a variety of pebble passes. The neutronics and the tbermal hydraulics 
calculations use the same mesh, and for the Patter the pintwise heat soiirce was made availabk as 
calculated without any mesh changes, A value for the mdtnplication factor, k ,  is reported that required 
a special neutronics calculation done at the end f a  composition adjustment I s  involved i o  the global 
solution iteration process); this k should be unity, :,BP variation from unity indicates vxne inaccllsacy in 
the results. Only a reasonable number of igits are shown i n  the results somewhat ~ B P n ~ t r a ~ ~ ~ ~ ~ ~  what 
can be done in the way of numericat analysis, yet w u t  is sbown s ~ ~ ~ ~ d ,  of ccurse, be ~ ~ g n ~ ~ ~ ~ ~ ~ ~ t .  



Table 12. The effect on the calculnted performance of a pebble bed reactor core 
of the number of axial exposlare zones 

PcbS1- p l 3 s d  1 I 1 1 

ExpsuYe compositions' I 2 4 8 
Arid IOIICS 1 2 4 8 

k 1.0003 1.0006 1.08oO 1.0002 
Fwik focd (kg/D) 0.704 0.759 0.835 0.875 
F ~ s d c  inventory (4) 437.4 4321 442.1 451.Q 
Peak pwe; density (W/cm') 

Z w c  kvel 5.159 7.471 9.594 9.764 
Pcb& (mans) lcvsl 6.691 10.65 14.66 15.37 

Fissile conversion ratio 0.765 0.753 0.732 0.727 
Core pressure drop ( a t r n j  3 459 0.509 0.523 5.518 
Tcrnpcrarurw ("C). coolant downflow, 300°C inlet, 850°C outlcl 
P& 659.8 885.4 860.8 861.0 
EifecLtve iuel 625.7 642.1 642.0 645.5 

>BSO"C 0 0.175 0.113 0.116 
>825"C 0 Q.299 0.328 0.300 

Fraction rue1 

1 
16 
I6 

0.9999 
0.885 
4528 

9 . w  
i5.14 
0.725 
0.516 

862.8 
642.8 

0.12; 
0.293 

1 
32 
32 

0.999 
0.886 
453.0 

9.265 
15.11 
0.724 
0.S I5 

862.6 
642.0 

0.121 
0.292 

2 
4 
8 

I .om7 
0.854 
457.7 

7.244 
12.33 
0.740 
0.5m 

864.1 
633.2 

0.097 
0.250 

2 4 
16 2 
32 8 

i.oO01 1.ooo1 
3.867 0.834 
462.1 456.5 

6.624 5.83? 
11.97 :0.L6 
0.736 0.750 
0.495 0.481 

869.6 848.5 
630.2 625.0 

0.109 - 
0.222 0.129 

4 4 
B 14 
32 64 

1.0011 0.9994 
0.856 0.856 
464.2 463.0 

5.81? 5.742 
11.30 11.33 
0.74% 0.943 
0.485 0.485 

871.7 872.9 
627.4 625.5 

0.W6 Q.100 
0.205 0.204 

8 
'4 
32 

0.9998 
0.847 
461.7 

5.370 
!0.58 
0.746 
0.475 

367.5 
625.4 

0.085 
0.216 

8 
16 
I28 

0.9999 
0.850 
462.9 

5.403 
1 I"&% 
0.745 
0.477 

874.5 
625.8 

0.100 
0. i 97 

15 16 
1 2 
15 32 

- 0.9998 
0.842 0.843 
46is1.2 441.0 

5.154 5.266 
8.635 9.41: 
0.748 0748 
0.449 0.465 

658.2 825.4 
623.7 622.4 

0 0 
Q 0 

16 
4 
64 

1 . m 3  
0.M7 
462.4 

5.239 
30.73 
0.747 
0.468 

869.4 
625.1 

0.083 
0.2'54 

16 
16 
256 

1 .ooo5 
0.848 
463.1 

5.239 
10.04 
0.744 
0.470 

817.1 
625.2 

0.WY 
0.187 

r2 



'1 3 

Days after 
shutdown k Ak/k 

0. 
8.5 
1. 
2.5 
5.  

10. 
2 s .  
io. 

100. 
250. 
500. 



A reactor-operating history of 30 years was calculated with the code PREMQRE” applying a 
simple geometric model and representing regular refueling of one-fourth of the core each time. Since 
the compacted results of such a calculation contain so niuch information, they are presented in 
Table 14 as the calculation of a thermal, gas-cooled, graphite-malerated reactor. The results of 
calculations ace shown for the operating period following start up and after each refueling indicating 
key nuclear reaction information and an economic analysis for each cycle between fuelings. At the end 
the operating history is summarized rand additional economic information is presented. 

These results are ho fully self-explanatory. The use of 232Th is considered to generate attractive 
233U fuel using highly enriched 235U feed. To effect reasonable neutron accounting a loss fraction is 
specified that would be determined with more elaborate core model. It may be noted that nuclide 
importance results are reported; these are of reactivity importance for the neutsonics problem, 2 3 2 ~ h  
having a large negative value that docs not reflect its contribution in time. The calculational procedure 
allows modeling fixed fuel (critical system at the time of refueling) or moving fuel (critical on the 
average), and special economic analysis is done at the end in the case of continuous fueling. Note also 
that the costs are somewhat sensitive to the economical modeling and the interest rate. 



Table 14. Reactor history calculation 

P G I N T  REACTOR E X P Q S U R E  MOOEL CALCULATION 12-  GROUP1 CODE PREMOR. ORNL VERSION I t  3 / 7 8  

BASE DATA FOR NUCLlOES 

NUCLIOE 
1 13-232  
2 PA-233 
3 U-233  
4 u-234 
5 u - 2 3 5  
C e-236  
7 U-238 
P w - 2 3 9  
9 PV-23s 

IO PU-240 
11 PU-241 
12 PU-242 
1 3  AM-243 
14 F I X E @  

15 1 - 1 3 4  
Ft5SZSN PP 

PEBBLE BE0 REACTOR OATAt C I H M  2501 S I G l l v 2 1  .001?684 LATE 7 7  

A DECAY H l C I S S  
232.1 0.0 3.12000E-I1 
233.1 2.930OOE-07 3.13OOOE-11 
233.1 0.0 3.130Wf-11 
234.1 0.0 3.0000E-11 
235.1 0.0 3. I 7 0 W E -  l i  
2 3 6 ~ 1  0.0 3.1BOOOE-l1 
238.1 0.0 3.24000E-11 
2 3 9 . 1  3041000E-0 t  3.20000€-$1 
239.1 0.0 3. i f000E- L 1 
240.1 0.0 3.29000E-11 
241 .1  1.68000E-09 3.30000E-11 
2 4 2 . 1  0.0 3 . 3  1000 E - L 1 
243.1 0.0 3.320WE-11 

I6 XE-135 

I 8  Pq-148 
1s PH148H 
20 PW-149 
21 W-149 
22 No-l'r3 
23 F P I  
24 FP2 

1 7  p n - 1 4 ~  

12 .0  0.0 0.0 

L35.0 2.87000E-05 0.0 
!OOVC?S 

135.0 Z.09000E-05 0.0 
14 1.0 B.29000E-09 0.0 
148 .0  1.4YOOOE-06 0.0 
148.0 1.9BOOOE-01 0.0 
149.0 3.63000E-06 0.0 
149.0 0.0 0.0 
143.0 0.0 0.0 
117.0 0.1) 0.0 
117.0 0.0 0 .Q 

F A S T  SIG-A ALPHA 
2.*2500 223.51846 

20.51001 137.04691 

3 3. I 2  000 1 3 7.000 00 
19.50999 0.61632 
16.32001 180 .33333  

6.21500 153.16953 

30.23000 0. a 5 5 2  

25.72OQO 97.084b0 
22 . l2000  0.71847 

9 .W400 23.75736 
35.21001 0.21546 
54.30000 235.08696 
I 6. 22OW 9 4 . 4 i  176 
0.000w 0.0 

- -  - 
1 1. W O O 0  

114.03000 
Zf60.00000 
1b60.00000 

0 .0  
49.89999 

3.91 600 
3.98200 
0.43600 

0.0 0 . 0  
0.0 
0.0 
0.0 
0.Q 
0.0 
0.0 
0.0 
0.0 

COST DATA, -- LEA0 TIME, LAG T I H E ,  
EXTRP, 12). FAR LOSS. PROC LOSS. OISCOUNT FACTOR 

ETA THERMAL S I G - A  ALP+& 
0.01043 2.98100 0.0 

2.06084 216.89990 0 . 1 3 2 4 0  
0.01947 35.16000 0.0 
1.51305 256,39990 0.18745 
0.01473 2.64800 0.0 
0.01101 1.15200 0.0 
0.0271b 22.89999 0.0 

0.12288 698.00000 3b72.68433 
2.41485 750.001700 0.36116 
0.01298 14.16000 0.0 
0.03462 126.89999 0.0 
0.0 *.00PDc) c.0 

F R b C T I O Y  Y I E L D  FROH U-233 
0.0 0.0 0.05630 
0.0 1080000.00 0.03220 
0.0 100.00000 0.01930 
0.0 t 36.00000 0.0 

0.0 0.0 0.03770 
0.0 
0.0 1 3 1 . 1 M 0 1  0.05930 
0.0 6.10000 f . O I O D 0  

0.01967 5e.a~)oo 0.0 

1.18135 6 o o . 0 ~ 0 0 0  o . c w 2 8  

0.0 ii4oo.oooa 0.0 

34lrDO.OQDO 0.0 

E T &  
3 . 0  
1.0 
2 .27042  

0.1) 0.0 0.47100 3 .10000 

NTERESTI F A P R I C A T I O N ~  RECYCLE FAR, P R U C E S S I Y G v  TH'IOYPWPY 

3 .0 
2 -3'lb I T  
3 . o  
3.0 
3 r O  

3.00078 
2.15404 
2 .o 
3 .O 

I ,790134 

3 . 3  
U-235 

3.00170 
3.00240 
8.02360 
3.0 
3 .O 
3.01130 
3.0 
5.06000 
I .08000 
3.30000 

' I G M  
0.0400 

60.0000 6 0 b  OOOG 

-10. 0CC0 
50.  OCOU 

-20. 0000 
0.0 

30.0000 
30.0030 

30.0000 
0.0 

0.0 
0.0 
U . U U l U  

0.0630 
0.0027 
O.02?0 
0.0 
0.0 
9. 01 30 
0.0 
0.0460 
1.2000 
3. BO00 

PU-239 

0.J0500 3.01300 3.0?900 0.50000 1.00000 0.10000 880~00000 880~000001120.000001050.00000 0.0 0.0 

RELATIVE INVENTORY 1.0000 START AN0 EM0 LOAD f.4CTORS 0 .7300  0.5000 

E) rR ICHM€NT DATA 140. WOO0 88.11999 b.00000 0.00711 0.00200 0.0 0.23070 



Table 14. Cont'd 

U-235 FtEO. SUBbOhES 4 4 VR F I X E 0  FUEL HTR MODEL. RECYCLE 
T H I S  CALCtJLATION TREATS SUBLONES. NUMBER 4 

CONTROLOPTIONS 2 0 1 1 - 3 0  I O  2 4 0 1 0  0 1 0  0 0 0 0 0 0 3 0 0 
3CTA i.000€*00 0.0 0.0 0.0 5.000E130 1.550E-33 5.000E100 2.000E112 4.000E-01 ?.00JE+03 5.300E-32 I . O O O F + O 7  
INITIAL COhCENTRATI6NS 1.327OE-04 0.C 0.0 0.0 P.0000E-05 0.0 5.2630E-01 G.2 
o,a 0.0 0.0 3.0 0.0 4.1400E-02 0.0 0. L' 0.3 0.0 

ADJUSTED I k I T l A L  CChCEhTRATIONS (SEARCH EIGENYALUE 1 . O O O O J  0.73587) 
1.627t-04 0.0 0.0 0.0 7.359E-06 0.0 3.073E-07 0-0 0.0 3.0 0.3 0.3 
0.0 4.740i-02 0.0 0.0 0 . 3  0.0 0.0 0.0 0.0 0.0 0.0 0.3 

DISCHARGE ACTINIDE CONCENTRATIONS. STEPS 2 
1.788E-04 4.058E-07 2.166E-06 2.136E-07 2.765E-06 7 ,842E-07  3.746E-07 1.L48E-10 5.05CE-09 1 . 3 0 7 E - 0 Y  7 . 5 6 8 E - L O  1 . 9 7 t  E-10 
1 .313E- l l  4.740E-32 

REFERENCE CONOlTlGkS F O R  THE EXPOSURE PERiOO K V R S 9  1.000 NORHALLV ELECTRl iAL PQWEP J A S I S ,  ! T E D  ATIONS i 8  
F I S S l L t  L O k O I N C  ( K G M I  2.8729E-03 F I S S I L E  FEED 2.8?29E-U6 M A X  3 0 d i R  DENSITY 4.4999Et00 

NUCLSDE 
TH-232 
PA-233 

-233 
U-234 
U-235 
U-236 
u-23 a 

NP-239 
PU-239 
PU-2c0 
PU-241 
PU-242 
AM-243 
FIXE0 
1-135 

XE-I35 
PM-147 
PN-148 
PC148M 
PU-149 
SH-149 
NO-143 

FP1 
FPZ 
CTHER 

sun 

DENSITY 
L.7878E-3C 
4.0580 E-07 
2.1 b64E-06 
2.1363E-07 
2.764tE-Ob 
7.04ZOE-07 
3.746ZE-07 
i.i476E-13 
5.0558E-09 

7.6683 E- IO 
L. 8765E-10 
1.3127E-11 
4.7400E-02 
2.832 2 E-10 
6.0131 E-L I 
6.7495E-08 
5.005OE-lr) 
5 .183 iE - iO  
7.3919E-10 
7.033: E-10 
2.3737E-07 
5.2170E-06 
1.631 5E-05 

i . 3 0 6 a ~ 0 9  

GRAMS 
6.8907E-02 
1.5708E-04 
8.3851E-04 
5.3045E-05 
1.0193E-03 
3.0146f -04 
1.4812E-04 
4.5 565E-08 
2.0075E-Ob 
5.2133E-07 
3.0701E-07 
7.5440E-08 
5.2992E-04 
9.4453E-01 
6.3492:-08 
1.3480E-08 
1.64?6€-05 
1.2440f-07 
1.2 I 38E-07 
1.8290E-01 
d.7402E-07 
5.6357E-05 
1.0 136E-03 
3.1699E-03 

1.0203E 100 

AbSORPl IC!H 
0 .348636  
0.011195 
0.21Q411 
0.005299 
0.254774 
O.OG3799 
0.001085 
3.000002 
3.301043 
0.000305 
0.000200 
O.aO0005 
0.000003 
0.032921 
0.0 
0.0 21 366 
0.0 05 296  
0 -000665 
o.ooz288 
0.3 
3. 007974  
0.3 106 10  
0.0 i o 7 7 4  
0.005372 
0.050000 
i.oooo1 a 

CAPTlRE 
0.347850 
0.011170 
0.022310 
0.005279 
0.045031 
0.005770 
0.001079 
0.000002 
0.000 39 4 
0.000305 
0.000052 
C).000005 
0.00000 1 
0.0 3292 I 
0.0 
0.02 1 366 
0.005 296 
0.000665 
0.002 28 8 
0.0 
3.0 0797 5 
O.JIJ610 
0.018174 
0.005372 

FISSION 
0.000772 
0.000024 
0.194093 
0.000020 
0.209715 
0.000028 
0.000006 
0.000000 
0.0 006 48 
3.000000 
0.000148 
0.000030 
3.000000 
0.0 
0.0 
0.0 
0.0 
3.0 
0.0 
0.0 
3.0 
0.0 
0.0 
0.0 

0.405455 

P R O O K  1: ON 
0.001 807 
0.0000b6 
0 -4 8585 8 
0.00005 5 
0.5 09 81 6 
0.000075 
0.0 00 0 i 7 
0.000000 
0.001 8 6 2  
0.i100001 
0.0011434 
0.300000 
0. OOJ 000 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.0 

0.999 99 1 

ETA I MPOPTPUC E 
0.005 1 8 4  -1.6600€*53 
0.005863 -2 .I 899E $04  
2.245075 I .4944.E+05 
0.01039 1 -2. I 2 4 7 E  t04 
2.001056 1.1633E105 
0.012997 -7.0496€*03 
0.015246 -2.7419E*03 
0.015675 -1.5385Et04 
1.786142 2.1847i+05 
0.00274a - i . 0 7 2 3 ~ + 0 5  
2. 168115 3.7513E135 
0. a l o e 7  I -2.4152i + 0 4  
0 .00465 3 -3.6 0 9 %  e34 

-5 -0676E-0 I 0.0 
0.0 0.0 
0.0 -2.5393E108 
0.0 -6.9078€*04 
0.0 -1.2527EIOQ 
0.0 -3.3438€+06 
0.0 0.0 
0.0 -8.1079Et05 
0.0 -3.2389E134 
0.0 -3.0258Et03 
0.0 -2.850 I E + 3 2  

2.112433 F I S S I L E  

FLUX. LDSSESI SIGA2. FLUX RATIO (21. 
1.1069€+14 3 . 3 6 4 5 E l l l  2.1260E-03 

SUM IMPOP 
1.32933 

T ANC E*N, MULT IPL I C  17 ION. R ECI PROCA i OOUBL I NG 
3.21481 0.24959 0.99998 -0.22646 

DEC4V KGMIHkF-VP 
0.3 L35.95898 
3.35339 451.b3194 
5 . 3  1.0671 1 
3.3 25 I. 59772 
3 . 3  i. 17957 
3 . 3  199.80025 
0.3 i 71.332 I 8  
3.30116 167.6R820 
0.3 1.5?1014 
3.3 1040.14355 
3.30003 1.29359 
2 .s 274.5971 7 

680.4Q341 0 .> 
0.3 0.0 
0.32415 0.0 
0.0031' 0.0 
0.30163 0.0 
3.30224 0.0 
0.30031 0.0 
3.30798 0.0 
0 .0 0.0 
3 . 3  0.0 
3.5 0.0 
0.3 0.0 

1.13319 

T l Y E  (YR-11. C O N V i P S 1 3 U  
0.64917 3.72671 

P AT 

FUEL C Y C L E  ECCNOMICS ---- POWER. VOLUMEI 'TIME. LOAD FACTOR. INTEREST, FEEDIKGHI 01 SCHARGE. WT-DIKGH 
I. 9999bE e00 1.00000E+00 1.00000Ev30 7.50000E-OI 1.300 00E-01 7.37987E-05 1.76991 E-05 2 . 4  72 R9 E + O i  

cos: RETURN DIRECT INDIRECT TOTkL NILLIKY-HR EL. MiDCVCCE PE4L Y9S 0.6b6567 
FABRICATION 3 .  ?254F3 0.0 3.725493 0.931370 *ab56863 

8.400343 1.557380 6.852902 2.357975 9.210936 FUEL 

SUM 12.125836 0.427220 11.698616 3.102651 14.801261. ENEPGV (MWE-VR). SUM 1.99996E-36 1.9999bE-3b 

PROCESS ING 0.0 - L . I Z O ~ ~ O  i . i z 0 1 6 0  -0.186693 0 .933461  

-I--_---- --_---_--- --_------ ---------- 

! O  121 

CVCLE. IT. K. F l S S  FEED. EXIT, POWER, C R I  VRSt COST 1 18 1.0000 2.8729E-06 5 . 1 9 3 3 6 0 7  2.0000E100 0.5492 3 . t 6 6 7  1L.8013 
CYCLE, I T .  K. F I S S  FEED. EXIT. POWER, CR. VRS. COS7 2 1 5  1.0000 1.3977E-06 4.2286E-03 2.0002F*OO 0 . 5 5 0 8  2.3012 6.4727 



Table 14. Cont’d 

CONTINUING WITH RECYCLE. CYCLE CCUNT. HICCYCLE TIME (FULL POWER YEARS) 3 2.500 

AUJUSTED I N I T I A L  CONCENTRATIONS (SEARCH EIGENVALUE 1.94611 1.089178 
i . azE-04  0.0 2.572E-06 2.136E-07 1.078E-05 7.842E-07 1.964E-07 0.0 5. I ?LE-09 I . 3 0 7 E - 0 9  7.5 68E-10 1 8 76 E- IO 
1.313E-11 +.?4OE-02 0.0 0.0 0.0 0.0 0.0 a .o 0.0 0.0 0.3 3 . 3  

OISCHARGE ACTINIOE COMCEHTRATIONSI STEPS 2 
1.714E-04 3.712E-07 3.051E-06 8.117E-07 4.8BZE-07 1.079E-06 3.526E-07 9.505E-11 4.515E-09 1.556E-09 l . ’ + l fE -09  1.597E-09 
3 .636-10  4.74OE-02 

R E F E R E M E  CONDITIONS FOR THE EXPOSURE PERIOD CYRSl 1.000 NCRUALLY ELECTRICAL PDWEP BASIS, ITERATIONS I 5  
f I S S I L €  LPADING I K G H l  3.0482E-03 F f S S l L E  FEE0 1.3016E-06 H A X  PDWER DENSITY ?.183BE*CO 

NUCLI M 
TH-232 
PA-233 

U-233 
U-234 
U-235 
U-236 
U-236 

NP-239 
PU-239 
PU-240 
VU-241 
P\I--L4L 
AM-243 

F IXE0  
1-135 

XE-135 
PM-147 
PH-1+8 
PM14Bn 
PH-149 
SM-149 
NO-143 

FP1 
FP2 
c i n m  

sun 

OEMSfTY GUAHS 
1.141bE-04 6.7124E-02 
3.6230E-07 1.4798E-04 
3.1835E-06 1- 2323E-03 
6.5505E-07 2.5464E-04 
2.18OTE-Oil 8.5i33E-04 
1.4673E-06 5.7526E-04 
5.429bE-07 2.1468E-04 
l. 7029E-10 6.7614E-08 
9.1978E-09 3.65196-06 
2. R400E-09 1.1323E-06 
2.5775E-09 8.7179E-0? 
1.48f)4E-W S.Y837C-01 

4.7400 E-02 9.4453 E-01 
2.8221E-10 6.3264E-06 
6.6134E-11 1.4826E-08 
6.4844E-08 2.0lIIE-05 
6.2 1OOE- 10 1.5262E-0? 
6.82T2.E-10 1.6779E-07 
1.5309E-10 1.8633E-07 
8.1402E-10 2.0!41E-O? 

1.1508E-05 2.2358E-03 
3.72TPE-05 7.2IZ8E-03 

1.0245E+0O 

2 .  ~ I ~ T E - I O  I.I~B~E-~? 

4. O ~ Z ~ E - ~ T  9.64?2~-05 

ABSORPTION 
0.314494 
0.009581 
0.283918 
0.015 100 
O.L f876 t  
0.01041 6 
0.00150E 
0.000003 
0.001681 
0.000586 
0.000504 
o. ouuu 5 E 
0.0000 1 2 
0.029192 
0.0 
0.020728 
0 .004Z i4  
0.000779 
0.002698 
0.0 
0*008142 
0.0 160 74 
0.038147 

0.050000 
0 1 9 9 9 9 8 1  

0.0 11 400 

CAPTURE 
0.3 13191 
0.009559 
O.OZS522 
0.015039 
0.03190+ 
0.0 IO 36 5 
0.0 01 499  
0+000003 
0.000636 

0.000 1 3 1  
U.IiOUOS? 
0.00001 2 
0.029192 
0.0 
0.020128 
0.006 21 4 
0.000179 
0.002698 
0.0 
0.008142 
0.016074 
0.038147 
0.0 1 I 4 0 0  

0. 0005e5 

FISSSON PRODUCTION ETA 

U.000022 0.000060 0.006264 
0.254386 0.636790 2.242869 
0.000061 0.000164 0.010852 

0.000051 0.000131 0.013138 
0.000009 0.000023 0.015435 
0.000000 0.000000 0.016303 
0.001044 0.003001 1.785694 
0.000001 o.owoo2 0.002941 
0.000373 0.001093 2. I 6 9 4 4 2  
~ . U O O U O O  U.6irOCOO U.Glb8W6 
0.000000 0.000000 0.005052 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0  0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0 .0  0.0 0.0 

0.403519 0,999966 2.146568 

o.oo0730 o.aoi709 0.005433 

0 . 1 4 ~ 8 4 2  0.3569ar 1.996950 

XMPCRTANCE 
-1.5839€+03 
-2.071 7E+04 

I *2984E*05 
-2.0300Et04 

9.9974€+04 
-66 8 1 7 7 t + 0 3  
-2*6503E+03 
- 1 . 4 T Z 3 € * 0 4  

1.8625FW5 
-1 65595EtJ5  

3.2389E+05 
-z . 3  935E c v4 
-3 r3874Ec04  
-4.7359E-01 

-2.3660E*08 
-6. b 1 3 0 €  e04  
-1 .2100E*Ob 
-3.1 4 1  3E e06 

-7.555 3 E +06 

-Z.8810E*03 
-2.723 l E W 2  

FISSSLE 

0 .o 

0.0 

-3 .0239~+a4  

OEC4Y 
3.3 
0.32002 
0.0 
0 .O 
3 . 3  
0.3 
3 .o 
0.00ihL. 
0 .o 
3.3 
3.30001 
0.3 
0.0 
0.0 
9.32314 
0.00395 
3.3020! 
0.00264 
0.30039 
0.00781 
0 -3  
0 .o 
0 ‘0 
3.3 

KGPIHHf-YR 
419.8012 7 
422.?5535 

1.085LR 
240.90838 
19 7-65  1.18234 5 b 7 

169.23766 
1b1.22743 

1.54056 
9 7  2.752 2 0 

1 . 2 9 2 8 1  
275.1ibji 
6 2 6 , 8 3 3 3 4  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 

1.12156 

0.0 

FLUlr. LDSSES. S l r J R Z .  FLUX RATIO 625, SUM IHPORTA#CE*N, HIJLTIPCICdTIDN, XECIPROCAL DOUBLIMG T f Y E  (VR-fIt C O N V E R S I O Y  P A T I C  121 
1.0158€+14 3 .5003E* l I  2.3391E-03 1.46761 1.33663 0.21642 0.99999 -0.40459 0.63805 0.69114 

FUEL CYCLE ECDNOHICS ---- POCltR. VOLUME, TIPE. LDAD FACTOR, IMTEREST, FEEOIKGNI.  Of SCHARGE. MWT-?)/KGY 
2 - 0 0 a O 8 € + 0 0  1.00000E*00 1~00000E+OO 7.46525E-01 1.00000E-01 1-91747E-05 1.69403E-05 7.13857E+01 

COST RETURN O l R E C T  INDIRECT TOTAL MILL/KH-HR EL. HIDCYCLE QEbL  Y X S  3.338630 
FA8RICATfON 0.967916 0.0 0.967916 0.307707 1.215623 
PPMESSING 0.0 - 1 ~ 0 7 2 0 7 0  1.072070 -0.322619 0.749451 
FUEL 3 .814868  1.133441 2.681427 1.553862 4.235289 

SUR 4.782784 0.061371 4.721413 1.538949 6.260363, ENERGY ( W E - V a l .  SUM 2.00038E-30 S .OO02OE-Jb  
---_--_--- _---_----- ---------- 

-4 
-4 

CYCLE, I T 1  A i  F I S S  FEED, EXIT, POWER, CR. YRS. COST 3 15 1.OOCO 1.30lbE-06 3.800OE-07 2.0001€+00 0.5381 3.3388 6 . 2 t O L  
CYCLE, I T *  K e  F I S S  FEED, E X I T ,  POHER, C R I  Y R S I  COST 4 1 1  1.0000 1.2907E-06 3.6074E-07 1.9998E130 0,5264 4 . 6 8 1 2  t . Z S C Z  



Table 1 4 .  Cont'd 

C0NTIMJ:FiG i i !TH RECYCLE. CYCLE CCUNTt M3OCYCLE T I W E  (FULL POWER YEARS1 10 9.500 

PDJUSTE 0 1 N 1 l I A L  CONCENT RAT IONS l SEARCH E l  GENYALUE 1.2 1969 1.2 1800 b 
1.827E-04 0.0 3.721E-06 1.413E-06 9.677E-06 2.307E-06 I.215E-06 0.0 1.111 E-08 3 . 8 7 3 ~ - 0 3  3.s 1 4 t - 3 9  5 . 9 2 8 ~ - 0 9  
2.I23E-09 4.740E-02 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0 

DISCHARGE ACTlFllO€ CONCENTRhTIONS, STEPS 2 
1.692E-04 3-32QE-07 3.419E-015 1.483E-06 7.530E-07 3.011E-Ot 9.951E-07 2.575E-10 1.+78E-08 5.252E-09 4.910E-09 9.335E-09 
3.812E-09 4.74JE-02 

REFERENCE CONDITIONS FOR THE EXPOSURE PERIUS IYRSI  P.000 NC3MBLLY ELECTRICAL PDWER BASIS. i r E R A T I ' 3 N S  t 
F I S S r L f  LOADINC ( K G M I  3.3625E-03 FISSILE FEED 1.3065E-06 M X  POWER DENSITY 6.7396E+JO 

NUCLIDE 
74-232 
PA-233 

U-233 
e 2 3 4  
U-235 
u-236 
U-238 

NP-239 
PU-239 
PU-240 
PU-241 
P G-242 
AH-243 

FIXE0 
1-135 

XE-135 
PM-147 
PH-148 
PH148M 
P H-149 
SP-149 
ND-1+3 

FP1 
FP2 
CT!?:ER 

SUM 

DENSITY GRAMS 
1.7417E-04 6.7127E-02 
3.4799E-07 I. 341OE-O4 
3.7056E-Ob 1.4344E-03 
1.4699E-06 5.7142E-04 
2.4W2E-06 9.405 5E-04 
3.1041E-06 1.217OE-03 
1.0899E-06 4.3092E-04 
3. i 3 6 3 E - I 0  i .2453E-07 
1- 9 3 5 4 i - 0 8  7.6843f-Ob 
6.3501E-09 2.5318E-06 
5.3249E-09 2.P318E-00 
7- 58875-09 3.0509E-00 
3.4261E-09 1.3831E-06 
4.7400E-02 9.4453t-01 
Z.623iE-10 6.3288E-08 
7.46b 7 E - l l  1.673%-OS 

6. 1629E- 10 1.5146E-07 
7.4515E-IO 1.8313E-07 
7.304 5E- 10 1 - 8 0  73E-07 
9.0535E-10 2.2401E-07 
4.MOOZE-O7 l .1399E-04 
1.3703E-05 2.6623E-03 
h 4 6 6 1 E - 0 5  8.61726-03 

1.0279Eb00 

~ . o ~ ~ E - o B  i.i1~8~-05 

ABSORPT ION CAPTVI, E 

0.007796 0.007776 

0.031125 0.030994 
0.1T1920 0.031065 
0.021005 0.020901 
O.OC2880 0.002864 
0.000005 0.000005 
0.003061 0.001 160  
0.001130 0.001129 
0.001068 0.000277 
0.000 1 B 1 0. OOOl80 
0 a 0 00 I 29  0.0 00 I2 9 
0.025306 0.025306 
0.0 0.0 

0.006 136 0.006 136 
0.000134 0.000734 

0.0 0.0 
0.001798 0.007798 
0.016426 0.016426 

0.012540 0.012540 
0.050000 
i . O ( W O 0 ~  

0.287722 0 . 2 ~ 7 ~ s  

0.289012 0.030382 

0.020148 0.02014e 

0.0025a5 0.002585 

o . 0 4 1 ~ 9 ~  0.3+1298 

FlSS ION PRCOUCTION 
0.000704 0.0016*8 
0.0OOOLY 0.000053 
0.250621 0.647397 
0.000132 O.UO0355 
0.140836 0.342402 
0.000 I05 0.0 002  79 
0.000017 0.000045 
0.000000 0.000000 
0.00 1902 5.505465 
0.000001 0.000004 
0.000791 0.002319 
0.000001 0.000002 
0.000000 0 . ~ 0 0 0 0 1  
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.403127 0.999968 

ETA !MPORTAHCE 
0.005727 -1.5009Et03 
0.006756 -1.9453Et04 
2.240037 1.0940E.05 
0.011393 -1.9263Ee04 
1.991639 8.2953Et04 
0.013293 -6 .551 3E+O 3 
0.015642 -2.5454Et03 
0.017034 -I -3994E104 
1.785103 1.5272Et05 
0.003196 -1 .4417Et05  
2.171171 2.7055E*05 
0.011040 -2.2916Et04 
0.005561 -3-1533E104 

-4.3884E-01 0.0 
0.0 0 .o 
0.0 -2.1851€+00 
0.0 -6. L 88 !E *04 
0.0 -1 -161 2E*06 

-2.9275E*O6 0.0 
0.0 0 .o 
0.0 -6.97 85 E t06 
0.0 -2.7939€*04 
0.0 -2.7239Eb03 
0.0 -2.5841E+02 

2.145059 F I S S I L E  

DE C P  Y KG W M W E  - YR 
3.3 3 9 8 . 2 1 9 4 8  
O a 2 9 L l ?  391. B349C 
3 .O 1.08957 
3.3 229.4661 I 
3 .O l .L85?5 
0.3 
3 .O 166.99451 
0 -30309  154.31039 
0.3 1.54111 
0 .J  8Yb.40210 
0.30003 1.29179 
0.3 26 5 . 4 4 3 6 0  
3 . 3  569.3843 3 
0.3 0.0 
3.32337 0.0 
5.00450 0.0 
0.00217 0.0 
0.00265 0.0 
0.30043 0.0 
0.00765 0.0 
0 .o 0.0 
0 .o 0.0 
0.3 0.0 
0 .o 0.0 

195.35979 

1. 1232 6 

FLUX. LOSSES, SIGAZI FLUX RAT10 4 2 ) .  SUM IMPORTAtlCEIN. HULTlPLICATiON. RECIPROCAL DOUBLING T I Y E  I Y R - l ) ,  CONVERSIOV R A T 1 2  121 
B.ba13f*13 3 . 4 6 6 6 E t l l  2.6203E-03 1.63928 1.49731 0.17432 0.99999 -0 .37545  0.62480 3.67559 

FUEL CYCLE ECONOMICS ---- POWERv VOLUME. TIME. LOAD FACTCRI INTEREST. FEEDlKGH1 I D'I SCHARGEr MW'-O/KGM 
2.J0W06E+W 1 ~ 0 0 0 0 0 E t 0 0  ~ ~ O O O O O E t O O  7.02050E-01 1.000M)E-01 1.94895E-05 1.71069E-05 9.36432E'Ol 

COST RETURN D i R E C T  INOIRECT TOTAL YILLIKW-HR EL. MIOCYCLE RE4L Y R S  12.94Ri56 
FABRICATION o.983~111 0.0 0.983a11 0.329458 1.313270 
PRMESS I N G  0.0 -1.082622 1.082622 -0.416679 0.565942 

3.65L1343 1,063251 2.591092 1.632989 5.224091 FUEL 

SUP 4.638153 -0.019371 4.657524 1.545768 6.203292. ENERGY (WE-VRI. SUM 2.00007E-36 1.Y9998E-05 
-___----_- -_--___-__ ------_-_ ---------- 

CYCFEv 17. K, F I S S  FEED. E X I T ,  POHER. C R v  YRS. COST 10 t 1.0000 1.3066E-06 4.3844E-07 2.0001E+30 0 . 6 2 4 8  12.9483 6.2033 
CYCLE. IT, K. F I S S  FEEO. EXIT. PCJWER. CR. YPS. COST I 1  9 L.0000 1.2976E-06 4-4449E-07 1.9999Et00 0.5251 14.3840 6.18LB 
CYCLE, : ? e  K, FISS FEED, EXIT. POWER. CR. YRS. COST 12 6 1.0000 1.3104E-06 4.4954E-01 1.9999EtDO 0.6241 15.8444 5 . 1 5 7 8  
CYCLE. i T .  Kr F I S S  FEEOt EXIT. DOI(ER, CR. YRS. 5 0 5 7  13 6 1.0000 1.3169E-06 4-5342E-07 Z.OOOLE*CIO 0 . 4 2 3 0  17.3333 6.1933 
CVCLEt X T p  K e  F l S S  FEE09 EXIT. POHEPI C4. YPS. b O S 7  14 6 1.0000 1.3225E-06 4.5475E-07 2.0000Et00 0.6220 18.8555 b.2319  



Table 1 4 .  Cont'd 
- _ _ _ ,  -" 1 

CONTIWlhG Y I T H  RECVCLE. CYCLE CCVNT. MICCYCLE TIME (FULL POWER YEARS1 20 19.500 

AOJLSTEO l N l T l A L  CCNCENTRATICNS ISEARCC EIGENVALUE 1.22296 1.22672) 
2. L69E-08 7,642E-09 7.14E-09 I 3 ROE-OB 1.02lE-04 0.0 3.841E-06 1.721E-06 9.971E-06 3.947E-06 1.843E-06 0.0 

t.972E-09 4.74OE-02 0.0 0 .o 0.0 0.0 0 .o 0.0 0.0 0.0 0 . 3  0.3 

D I S C H A R E  CONCENTRATfONS 
6.900t-04 1.343E-0b 1.522E-05 o.845E-06 1.085€-05 1.604E-05 6.703E-06 1.884E-09 1.24VE-07 4.lC9E-08 3.541E-08 5.894E-08 
3.41%-08 1.896E-01 1.135E-09 3.169E-10 3.715E-01 2.449E-09 3.093E-09 2.904E-09 3.844E-09 I -975E-06 5.*76E-05 1.180E-04 

REFERENCE CONDITIONS FOR THE EXPOSURE PER100 IYRSI 1.000 NORMALLY ELECTRICAL POWER ~ A S I S I  I T € R A T I O N S  0 
FISSILE LOAOINC IKGMt 3.544%-03 FISSILE FEEO 1.3477E-06 M X  POWER DENSITY 6.6481Ec00 

NUCLIDE 
TH-232 
PA-233 

U-233 
U-234 
U-235 
U-236 
U-238 

NP-239 
PU-239 
PU-249 
PU-2441 
PV-242 
AH-243 

FIXE0 
1-135 

XE-135 
PM-147 
PM-148 
PC148M 
PM-149 
SM-145 
NO-143 

F P l  
FP2 
CTHER 

SUM 

DENSITY GRAMS ABSORPT IMU CAPTURE 
1.745IE-04 6.7258E-02 O . Z ? 6 1 6 6  0.276060 
3.3565E-07 1.2992E-04 0.007142 0.001123 
3.8054E-06 L.4730E-03 0.278958 0.029400 
1. t l l 3 E - O t  6.6525E-04 0.034854 0.034103 
i1.71ZLJE-06 1.0591E-03 0.181531 0.033001 
4.5100E-06 1.76826-03 0.029836 0.024687 
L6756E-96 6.6252E-04 9.004326 0.004301 
4.7104E-IO 1.87OZE-07 0 ~ 0 0 0 0 0 7  0.000007 
3.1223E-OR 1.2391E-05 0.004619 0.001 150 
1.0423E-00 4.1557E-06 0.001731 0.001729 
8.8526E-09 3.5443E-06 0.001662 0.000431 
1.4736E-OB 5.9243E-06 0.000343 0.000341 
8.5482E-09 3.4508E-06 0.000304 0.000303 
4.1400E-02 9.44536-01 0.023683 0.023683 
2.8371E-10 6.3616E-08 0.0 0.0 
7.921 8 E-L 1 1.7?59E-08 0 -0 199 3 1  0- 0 1993 7 
9.2875E-08 2.2671E-05 0.006056 O.OM056 
6.1223E-10 1.5047E-07 01000712 0.000712 
7.7315E-10 1.9001E-01 0.002526 0.002526 
T.2607E-IO 1.7965E-07 0.0 0.0 
9.610SE-10 2.3779E-07 0.007722 0.001722 
4.9360E-01 1.1723E-04 0.015793 0.015793 
1.3690E-05 2.6598E-03 0.039491 9.03949? 
4.4489E-05 8.6436E-03 0.012013 0.012013 

0.050000 
lc0290E+O0 1.0'33023 

FISSION PRCDUCTION 
0.000693 0.001622 
0.000018 0.000050 
0.249470 0.624493 
0.0001Sl 0.000406 
0.1485f7 0.361084 
0.000149 0.000399 
0.000025 0.000068 
0.000000 0.000000 
0.002589 0.008245 
0.000002 0.000006 
0.001231 0.003609 
0.000001 0.000004 

ETA I MPaaTmc E 
0.005661 -1.4638E103 
0.006991 -l.E8%8E+04 
2.238659 1.0091E+05 
0.011638 -1.8798E104 
1.989038 7.5901€*04 
0.013339 -6.42706*03 
0.015131 -2.0965€+03 
0.011362 -1.3666E+O4 
1.78+819 1.3885Et05 
0.003322 -1 . H I  ZEtO5 
2.172024 2 . 4 8 4 2 E 1 0 5  
O.Ol I lZ3  -Z.i463€+04 

0.000001 0.000002 0 .005806  -3.0520E+04 
0.0 0.0 0.0 -4.2389E-01 
0.0 0.0 0.0 0 .o 
0.0 0.0 0.0 - 2 . l O ? t F * O B  
0. 0 0 .o 0.0 -6.l417Et04 

-1.1386E+06 0.0 0.0 0.0 
0.0 0.0 0.0 - 2 . 8 3 4 8 E c 0 6  
0 .0  0.0 0.0 0 .o 

-b.?314E*O6 0.0 0.0 0.0 
0.0 0.0 0.0 -2.7023Et04 
0.0 0.0 0.0 -2 .~540E+03 
0.0 0.0 0.0 -2.5217E.32 

0.403126 0.999901 2.136848 FISSILE 

O E C A Y  
0.3 
0.2 8325 
0.3 
0 . 3  
0 .3  
O.J 
0.3 
0,30463 
0 .O 
0.3 
0.30004 
3 . 3  
0 .o 
0 .O 
0.02345 
0.504?7 
3.30227 
0 dJ0263 
0.3004+ 
0.30739 
0 . 3  
0.3 
0.3 
0 .D 

KS P/MWE - Y R  
389. I1 32 8 
378.78 83 9 

1.0902 5 
224.63762 

1 . 1 8 6 8 3  
1 9 4 . 3 9 0 8  5 
16 6.0479 I 
1 5  1.39 192 

1.54158 

1.29128 
26 3.44 65 3 
545.14404 

e62 .79034  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1.12121 

FLLX, LOSSES. S I G A Z .  FLUX R b T f O  ( 2 8 ,  SUM IHPORTAME+N, MULTIPLICDTION~ RECIPROCAL WUBLING T I Y E  ( Y R - 1 1 .  C O N V E P S I O V  P A T I O  ( 2 )  
8.0908E+13 3.4120E+11 2.1603E-03 1.12373 1.57731 0.15454 0.99990 -0.2b934 0.61571 5.66331 

FbEL CYCLE ECONOMICS ---- POWER, VOLUPIE. TIPIE. LOA0 FACTOR. INTEREST. FEEDlKGHl 01 SCHARGE. HWT-D/#GM 
2,0000Ift00 1.00003E+00 1.00OOOE+OO 5.1Z265E-01 1.OWOOE-01 1.91864E-05 1.23034E-05 9.22355t+01 

COST RETURN O I R K T  INOIRECT TOTAL HILLIKU-HR EL. HIOCYCLE QE4L Y R S  29.108322 
FABRICATION 0.998826 0.0 0.99R826 0.147431 1.146257 
PRCCESS ING 0.0 -4.575882 4.575002 -1.797+05 2.77839? 
FUEL 3.575451 6.230789 -2.655338 2.975315 0.319977 

SUM 4.514216 1.654907 2.919369 1.325262 4.244631, ENERGY IMWE-YRI .  SUM 2.000JlE-06 3-99998E-35 
__________  -------_-_ --_------- ----t---- 

CYCLE THROWBWAY COST ESTIMATE,  DIRECT, TOTAL 5.64675 7.13940 

CYCLEt IT, Re F I S S  FEEOt E X I T ,  PWERI CRI YRS. C O S T  20 6 1.0000 I.347TE-Of 2.6701E-06 2~0000EtOO 0.6157 29.1083 4.2446 

SUPMED FERTILE FEEO. OISCHARGEt NET USAGE I KGHI 4.07496E-04 3.81025E-04 2.M710E-05 
SUMMED FISSILE FEED. MAKEUP. DISCHARGEI NET P R O D U C T I O N  1KGMt 2.78608E-05 1.997+7E-05 1.10392E-05 -1.bS296E-05 
FISSILE IKGMIMWE-YRI w COMERSIUN. AN0 RECIPROCAL OOUBLIWG T I M E  ( Y R S - l l  1.12444 0.62582 -0.11542 



Table 14. Cont'd 

SUBZONE FLUX R A T I O S  1.51567 1.80896 2.23155 1.33873 

SUBZOFlE FLUX L E V E L S  8 - 6 1 0 1 € * 1 3  ?.3958E*13 7.0522E+f3 9.1083E113 

ORE i d - 2 3 5  FED) PNITIALI  FEEO. DISCHARGE. NET i Y W I  6.627678E-07 4 .152595 i *00  2.546733E-36 4.15Z592Et00 

MAKE-UP F ISSILE  ASSOCIATE0 WITH ORE AN0 ORE 1-997473E-05 4.608177E-06 

FUEL COST PNALYSIS 

COST LEVELIZED OVER 20 FUEL CYCLES AT OISCOUNT FACTOR 0.0700 t REAL Y E A R S  30.084 ENERGY I M W F - V R J  3.39998E-05 

COST RETURN DIRECT INDIRECT 
FABRICAi lON 1.12162i 0.0 1.121621 0.475666 
PROCESSING 0.0 -1,258928 1.258928 -0.348844 
FUEL 3.a96006 1.367197 2.528809 1.775968 ---------- ---------- ----___-_- __---___-- 
S u r  5 . J I 7 4 i l  0.108269 4.905358 1.902769 

TOTAL MILCIKY-HR ELECTR!C 
I .  5972 87 
0.91 00 85 
4.304776 

6.612147 
- -- -- - -_ __ 

YCTAL H l T t i  QUARTERLY ENERGY ACCOUNTING 6.76046 

COST BY DISCOWITING CNLV AT REFERENCE PATE 0.07000 

FABRICATION 1.121621 0.0 1 - 1 2 i 6 2 1  0.384090 1.505712 
PROCESS ING 0.0 -1.258928 1.2589za -3.153534 1.1053% 
FUEL 2.874225 0.363161 2 . 5 ~ 1 0 6 4  1.254655 3 . 1 6 5 7 1 8  

_I_______ --_____-_- 
S U V  3.995846 -0.895768 4.891613 1.485211 6.376824 co 

0 

COST ONLY DISCOUNTING WITH OUARTERLV ENERGY ACCOWiT!NG 6.32844. AND AT TWICE T H E  R A T E  7.98121 

THROWAWAV COST ESTIMATEI D I R E C T .  TOTAL 6.19787 7.74978 TOTAL ANNUAL AN0 WAPTERCV ONLY OISC!IUYTING. 1 . 5 3 3 8 8  7 . 4 7 6 7 2  

THE CWNGE AND TOT4L COST FOR FIFTY PERCENT INCREASE I N  UNIT COSTS 

FABRICATION 0.798643 7.610790 
PRCCESSIM; 0.455042 7.267189 
FUEL 2.152388 8.964535 

JYSTRIBUTIOY OF THE COSTS AFTER THE INCREASE ay F I F T V  PERCENT 

COST RETURN D I R E C T  INDIRECT TOTAL MILL/KW-NR ELECTPIC 
FABkICATION 1.682431 0.0 1.682431 0.713499 2.395930 
PROCESS ING 0.0 -1.888392 1.888392 -0.523265 1.365127 
FUEL 5.846008 2.050796 3.793213 2.663951 6.457164 __________  _____----- --_----__- 
SUM 7.526440 0.162403 7.364037 2.854114 10.218221 

AOOITIONAL CONTIYUCUS FUELING CHARGES - FA8RlCATION DIRECT. I N D I R E C T .  FUEL INDIPECTt T O T A l  
ONE CYCLE 0.18627 0.28750 0.32413 0.79791 

HISTORY 0.04657 0.07188 0.08103 0.19948 

CCS? DEPENDENCE ON lNDIRECT C H A R G E S  

1 NTEREST P ATE 0.0500 0.0750 0.1000 0.1250 0.1500 
TCTIL FUEL COST 5.86075 6.33645 6.81215 7.28784 1 . 7 6 3 5 4  

SUMMARY OF PEAiTOR HISTORV. ENERGY I W E - Y R )  3.99998E-05 
PERIOD TIME I Y R )  LOAD FACTOR F I S S I L E  MAKEUP AND F E E 0  AND OISCtiARGE C@NVERSICN POWER COST 

1 0.66667 0.75000 2.87285E-06 2.67285E-06 5.19329E-07 0.6691 7 1.99996E*0> IC. E O 1  27 
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Table 14. Cont'd 

2 
3 
4 
5 
6 
7 
8 
9 

i o  
11 
I 2  
13 
14  
13 
16 
17 
I8  
19 
20 

OVERALL 

2.00120 0.14666 
3.33883 0.74653 
4.68119 0.74339 
6.03017 0.73923 
7.387 I2 0.73403 
8.755 94 0.72775 
10.13709 0.72036 
11.53362 0.71161 
12.94826 0.10205 
14.38403 0.69101 
15.84441 0.67661 
I?. 33334 0.66416 
18.85551 0.64932 
20.41644 0.63217 
22.022 84 0.61312 
23.68300 0.59194 
25.40739 0.50839 
27.20970 0.54196 
29.10832 0.51226 
30.06437 0.67 337 

1.397 7 3E-06 
7.8225qE-07 
8.67830E-07 
9.11031E-07 
9.1371!E-07 
8.68877E-07 

8.75998F-07 
ti. 7+784€-07 
8.62322 E-0 1 
8.7 192 IE-01 
8.12463E-01 
8.7 3001 E-07 
8. T533OE-07 
8.67291E-07 
8.74?11E-01 
8.76691E-07 

e. I C S B Z E - O ?  

8.783C6E-07 
8.81045E-07 

1.3CZbRE-Ob 4 . 6 7 0 0 4 E - 0 7  0.61710 
1.?4773E-06 2.67809E-00 0.61571 

1.99747E-05 2.78688E-05 1.1V392E-05 0.62 58 1 

1. 39T73E-06 
1.30 159E -0 6 
1.29069E-Ob 
1.29103E-06 
1.27445E-06 
1-28  193E-06 
1.291 13E-06 
I .  300ZOf-06 
1.30661E-06 
1.29fbZE -0 b 
1.31036E-06 
1.31694E-06 
1.32254E-06 
1 ~ 3 2 6 7 5 E - 0 6  
1.32204E-06 
l .  33310E-06 
1.3383OE-0 6 

4.22856E-07 
3.80001E-07 
3.60?36€-07 
4.13049E-07 
4.151 %E-07 
4.24199E-07 
4.3 1 822E-07 
4.35300E-07 
4.38442E-07 
4.44479E-07 
4.49536E-07 
4.53423E-03 
4.54745E-07 
4.583EoE-07 
4. bl6IOE-07 
4 64 330 E- 0 7 
4.66668E-07 

0.b5085 
0.63805 
0.62635 
0. 61914 
0.62520 
0.62581 
0.62 M)O 
0.62581 

0.62514 
0.62407 
0.62304 
0.62198 
0.82041 
0.62022 
0.61 92 1 
0.61816 

0.624eo 

2.00017E+00 
2.00008E'00 
1.99985El00 
1.99969E*00 
2.00006 E103 
1.99983t+03 
1.99999E103 
1.99995E+00 
Z.OOOOEE*OS 
1.99995ElOO 
1.9999+E+00 
2.00010E+03 
2.00002E*03 
2 00002 E 1 0 3  
1.99997Et00 
2.00000E+00 
2.00004E103 
Z.O0003E+OG 
2.00001E~OJ 
1.99999E103 

C O S T  ESTSt1PTE G X X i U N : i t + G  ENERGT CK W E  WSiS 3' ONE- W A R T E R  Y E A R S  
CCST ESTSWIITE D I S C O U h T I N G  ENERGY FRO4 RIC-CYCLE EXPOSURE POINTS lNOT A BETTER ESTIMATE)  

A DIRECT ACCOUNTING OF M E  TIflE OCCURANCE OF COSTS Y I E L D S  L FUEL COST OF ISEE SUMMPIPY A S U V E t  

6.47273 
6 . 2 6 3 3 6  
6 . 2 5 5  20 
6.22552 
5 .16455  
b.07584 
b.OYB74 
6.12'+50 
6 -203  29 
6 . 1 8 4 7 7  
0.15779 
6.19333 
6 . 2 3 1 9 0  
6.31813 
b.33708 
6.35783 
6 -02789 
5.66935 
4.24463 
7.75441 

b.81215 

CASE EN0 NORMllt. U-235 FEED. SUBZONES 4 5 VR FIXED FUEL HTP MOOELI RECYCLE , PROCESSOR ( S K I  9.43 

___ -~ 
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