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SUMMARY

A survey of equilibrium, fuel-cycle costs, associated with various
combiﬁations of lattice pitches, enrichments, and fuel-hole sizes, has
" been caffied out for a gas—cooled,‘unclad,'Uog-graphite reactor. The
U0, was assumed to be formed into pellets, with no coating applied. The
values of ehrichment exemined were: natural, 1, 2, 3, and 5%; of lattice
pitech: 9, 10.8, 13.0, and 14.8 in.; and of fuel-hole diameter:. 0.375
and 0.576 in. Nineteen U0, holes and 42 coolant channels of 0.576-in.
diameter were assumed to be drilled into a solid, hexagonal, graphite
log. Holes and channels formed a central cluster, arranged on an
equilateral-triangle spacing of 0.63 in.

Multigroup physics calculations were performed. The GAM-1 and
GAM-2 codes were used to calculate resonance-region, self-shielded cross
sectibns, and the THERMOS code was used to calculate weighted thermal
cross sections. An auxiliary investigation into the best method of
calculating Dancoff factors — best in the sense of producing GAM-2 calcu-
lated resonance-escape probabilities for 238y in agreement with
Hellstrand®s measurements on UO5 clusters — revealed the theoretiqa%u_.
tables (ANL-5800) of the Dancoff-Ginsburg factor to be most suitable. A
.method based on analogous, fast-group Dancoff factors was devised to
estimate the effect of heterogeneity on the fast-fission factor.

Depletion calculations utilizing the GAM-THERMOS cross sections were
made with a multigroup, zero-dimensional computer code. Bucklings were
supplied commensurate with the reactor sizes required to produce 1900 Mw
(thermal) and, under the assumption of 40% efficiency, 760 Mw(e). A
maximum UOp temperature of 3032°F, coolant inlet and outlet temperatures
of 720°F and 1470°F_respectively, a core height of 25 ft and a pressure
drop of 16.83 psia were specified thermodynamic parameters, which fixed
the power in the maximum-power-producing cell (fuel element) at 2.586 Mw.
Average power densities for the various cell sizes ranged from 5.35 to
1998.W'/cu13°

Economics calculations were made assuming equilibrium-cycle, graded-

expusure conditions. Only non-recycle modes were considered. Fixed
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charges on fuel inventories and fabrication plant working capital were
10%. Depreciating capital fixed charges on the fabrication and reproc-
essing plants were 22%. A plutonium credit of $10/g fissile was allowed.
Prices of uranium feed were taken from the current AEC cost schedule. A
single-purpose reprocessing plant and a single-purpose fabrication plant,
each of 15,000 Mw(e) capacity, were assumed to be located at the same
site. An average reactor plant factor of 0.8 was assumed.

Two sets of fabrication unit costs were estimated, using HTGR fuel
element data as a basig Tor extrapovlatluu. Oue sel was for ccllo (fucl
elements) with émall fuel holes, the other for cells with large fuel
holes. The difference between the two was considerable, primarily be-
cause a fuel element with large fuel holes has a linear density of UO»
more than twice that of a fuel element with small fuel holes.

Fuel-cycle costs were computed for the situation where the spent
fuel is repfocessed and sold, and for the situation where the fuel is

"thrown away,"

or stored. The minimum "throwaway cycle" cost was found
to be essentially the same as the minimum cost with fuel reprocessing for
the large-fuel-hole reactors [1.163 as compared to 1.160 mills/kwhr(e)],
and slightly lower for the small-fuel-hole reactors [1.3lh vs 1.348
mills/lwhr(c)]. Minimum fuel-cycle costs Wave ahtained lu Lhe 2=7% en-
richment range for the small-fuel-hole reactors and in the 1.5-2.0% range
for the large-fuel-hole reactors. 'The lower unit fabrication cost of the
large-fuel-hole reactors was principally responsible for their lower,
minimum total fuel-cycle costs.

For the set of small-fuel-hole reactors a minimum (throwaway) fuel-
cycle cost of 1.31% mills/kwhr(e) was found. Associated with this minimum
was a conversion ratio of 0.551 and a burnup of 41,083 Mwd/T. TFor the
set of large-fuel-hole reactors a lowest, but not necessarily minimum,

(reprocessed) cost of 1.160 mills/kwhr(e) was found.* Its associated

*Only the 13.0-in. and 14.8-in. lattice pitches were investigated
for the large-fuel-hole reactors. Fuel-cycle costs were still found to
be decreasing with increasing lattice pitch at 1.8 in.; whereas fuel-
cycle costs for the small-fuel-hole reactors passed through a minimum
in the broad range of 11 to 13 in.
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conversion ratio and burnup were 0.637 and 29,400 de/T, respectively.
The largest conversion ratio.reached in the study was.0.724 and was
obtained for a large-fuel-hole reactor of 1% enrichment. Its associated

fuel-cycle cost was 1.292 mills/kwhr(e).
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A SURVEY OF EQUILIBRTUM FUEL-CYCLE COSTS FOR A LOW-ENRICHED,
-UNCLAD, HELIUM-COOLED UOz-GRAPHITE REACTOR

C. M. Podeweltz

ABSTRACT

A survey of equilibrium, fuel-cycle costs associated with
various combinations of lattice pitch, enrichment and fuel-
hole size has been carried out for a gas-cooled, unclad;, UOs-
graphite reactor. The U0, was assumed to be formed into pel-
lets with no coating applied. Nineteen UO, holes intermingled
with 42 coolant channels comprised a central cluster region in
the graphite cell. Enrichment was varied in the range of
natural to 5%; lattice pitch in the range of 10.8 to 14.8 in.
Two fuel-hole diameters, 0.375 and 0.576 in., were investigated.
The reactor was assumed to deliver 1900 Mw(thermal) and 760 Mw(e).

Multigroup, point-depletion calculations of the homogenized
cell were performed utilizing GAM self-shielded, resonance cross
sections and flux-weighted THERMOS cross sections. For the set
of small fuel-hole reactors a minimum fuel-cycle cost of 1.31hk
mills/kwhr(e) was found. The reactor for which this cost ob-

- tained had a conversion ratio of 0.551, and a burnup of 41,083
de/T, For the large fuel-hole set the corresponding values
were 1.160, 0.637, and 29,400. ‘

I. - INTRODUCTION

1. Objectives

The study which is described herein was undertaken to determine
whether a gao-cooled, unclad, uranium-graphlite reactor of heterogeneous
structure might offer fuel-cycle cost advantages over a homogeneous, or
semihomogeneous reactor of similar material composition.

A primary cost advantage would be expected to arise from the utili-
zation of less highly enriched fuel. On the other hand a heterogeneous
lattice would require a larger inventory of uranium. This increased

inventory would tend to offset decreased enrichment. Adding to these



conflicting factors are the possibly considerable differences in the unit
costs for fabricating and processing the two types of fuels.

Finally — although fuel-cycle costs are the primary object of at-
tention in this study — it'should be borne in mind that capital costs for
the heterogeneous reactors would usually be higher due to their generally

lower power densities.

2. The Fuei Element and the Reactor

The basic cell investigated in this study was a cluster of 19 UOz-
filled holes intermingled with 42 (helium) coolant channels, all central-
ized in a hexagonal graphite log of varying dimensions. The cluster
dimension (across the flats) was held invariant at ~5 in. The coolant
chamnels were fixed at 0.576 in. in diameter and were spaced 0.630-in.
apart, forming hexagons around each fuel hole. The UO, holes were
arranged on an equilateral-triangle pitch of 1.091 in. Graphite occupied
the remaining space within the cluster. The cell, which was also taken
as the reactor fuel element in the econdmics calculations, is shown in
Fig. 1.

Three parameters, fuel-hole diameter, fuel enrichment, and cell
lattice pitch, were varied and their various combinations studied. The
first fuel-hole diameter was chosen as 0.375 in. Enrichment was varied
through the values natural, 1, 2, 3, and 5%; and lattice pitch (or cell
dimension across the flats) through the values 9, 10.8, 1%.0, and 14.8 in.
The effect of increasing the fuel-hole diameter to 0.576 in. was sub-
sequently studied over the same range of enrichments. The values of
lattice pitch, however, were limited, because of time considerations, to
13,0 and 14.8 in.

The reactor core was assumed to consist of approximately 1027 cells,
producing a combined total power of 1900 Mw(thermal) and 760 Mw(e). Power
in the central cell was limited to 2.586 Mw from temperature considerations,
and a radial peak-to-average power value of 1.4 was assumed. The core
length was fixed at 25 ft. A graphite reflector of effectively infinite

thickness was assumed to surround the core.
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IT. PHYSICS

1. General

The final steps in the physics portion of the analysis are multi-
group, point-depletion calculations programmed for the IBM 7090 computer.t
These computations of multiplication factors and time-varying nuclide con-
centrations assume fuel and moderator are homogeneously mixed. Because
this assumption is inherent in the calculation, the effects of cell het-
erogenelty must be introduced with the input in the form of self-shielded
cross section data.

The preparation of such data has entailed the use of methods which
in detail analyze the aspects of neutron behavior generally grouped, for
low-enriched fuel, under the convenient headings of fast fission, reso-
nance absorption and thermal utilization. In the latter two areas the
methods utilized were the GAM codes®2® and the THERMOS code? respectively;
while for fast fission, since no code was available, a one-group method
was devised for hand analysis of the heterogeneity effect.

In the case of thermal utilization — which for the purpose of corre-
lation with THERMOS calculations may be taken as covering the range 0.005
to 0.876 ev — the cluster was homogenlzed iulu a single inner cylindrical
region, with an outer region of pure graphite. The geometry, along with
the appropriate nuclide densities (including fission and capture products
and reduced uranium densities representative of the equilibrium condition)
were fed to the THERMOS code. 'lhe code then c¢alculated welghled, micro=-
scopic cross sections of the elements based on the flux distributions over
the outer and inner regions. Flux depressions within the individual fuel‘
elements, the so-called Y“fine structure," were neglected.

On the other hand, a knowledge of neutron absorption within an indi-
vidual fuel hole is essential to the evaluation of the effects of hetero-
geneous geometry upon the group-averaged, microscopic cross sections of
the resonance nuclides. 3But to gain this knowledge requires the solution
of a corollary problem concerning the effects of nearby fuel holes on the
resonance-energy fluxes at the surface of the fuel hole under consideration.

This problem is not solved by GAM-1 or GAM-2, and it is left to the code



user to supply the appropriate resonance-region Dancoff factor which
accounts for interaction with nearby fuel holes.

The solution to the problem of heterogeneous fast fission; as
presented in this report, similarly depends upon the estimation of a
Dancoff factor for the energy region above*é38U fission threshold.

The requirement for fairly accurate Dancoff factors, especially in
the case of resonance absorption calculations, prompted an auxiliary
investigation into the best method of estimating such factors. The
criterion for the "best method" was that it should give Dancoff factors
which, when used in GAM-2, 27U, resonance-absorption computations, would
yield resonancé-escape probabilities that were in good agreement with
those inferred from Hellstfand's measurements on U0, rods in cluster
geometry.>

The following paragraphs will briefly discuss the results of the
investigations into Dancoff factors and fast effect and will conclude
with a section on the point-depletion calculations. The thermal calcu-
lations need not be taken up further since a straightforward application
of the THERMOS code to the approximate cell geometry mentioned above
produced the thermal-region cross sections required for the point-

depletion calculations.

2. Resonance Absorption‘and the Dancoff Corrections

The calculations which were done to determine the best Dancoff factor
formed two parts. In the first, the experimental data of Hellstrand® was
used to establish the effective resonance integral of 228U in UO, cluster
geometry. The resonance-escape probability based on this integral then
provided the norm against which the theoretical GAM-2 calculations, com-
prising the second part of the calculations, could be compared.

The details of the calculations and the considerations entering into
the comparison are given in Appendix A. 1In effect, alternate methods of
hand calculating the Dancoff factor were tried: the rational approxi-
mation, Sauer's approximation,svand the Dancoff-Ginsburg tables of
ANL-58OO.7 Each factor thus obtained was entered into a GAM-2 calcu-
lation, and the associated resonance-escape probability of 278U was

computed from the output group cross sections.



The method which produced the best agreement with the resonance-
escape probability based on the Hellstrand data was the one which utilized
the ANL-5800 tables. The results of the calculations are exhibited in

Tables 1 and 2. - In Table 1 (S denotes the effective surface-to-

mass ratio of the UO, cluster,

Table 1. Resonance Integrals and Escape Probabilities for 228y,
Utilizing Hellstrand's Experimental Data for UOs Cluster

(S /M) Resonance- Atom Ratio: Resonance-
Lattice eff! "/U0, Intcgral? N./Noa Escape
(em®/g) (barns) (in cell) ProbabilityP
Small fuel-
hole, 9-in. 0.333 20.940 97.19 0.751
Large fuel-
hole, 13%-in. 0.151 15.867 93,35 0.799

fComputed from Eq. (A.2) of Appendix A.
bCom.puted from Eq. (A.3) of Appendix A.

%. The Fast Fission Eiftect

The fast effect is implicit in, but not explicitly determined by, the
point, multigroup calculation of kéff. When the fuel and moderator are
assumed homogeneously mixed, the fast effect is not given its proper
weight. This is because homogenization changes the neutron's probability
of colliding with fuel atoms before being degraded below fission threshold.

As in the cases of resonance and thermal reactions, it is possible
to rectify the situation by inputting "advantaged" parameters in order to
force the code to account correctly for thc heterogeneity of the cell.

The manner in which this was done is described in Appendix B.

The substance of the procedure is to calculate homogeneous and hetero-
geneous fast-fission factors (e) for the same cell by following the suc-
cessive collisions in the fast sub-cycle. Knowing these one can then
alter one or more parameters — in this study v, the number of neutrons

born per &80 fission — in such a way as to transform the homogeneous e



Table 2. GAM-2 Resonance-Escape Probabilities vs Dancoff Factor

GAM-2 Resonance-
Method or Approximation for Value of Dancoff Escape Probability
Computing Dancoff Factcr : Factor, C for 238y

A. Small Fuel-Hole Cluster, 9-in. Lattice

Isolated rod 0 0.731

Rational, infinite array (Cg) 0.hko7 0.780

Rational, finite cluster (Tg) 0.3112 0.767°
Sauer, infinite array (Cg) 0.3%9% 0.776

Sauer, finite cluster (Tg) - 0.2852 0.764P
ANL-5800 tables, infinite array (ED) 0.286 0.764

ANL-5800 tables, finite cluster (Tp) 0.195 0.753

Experimental, Hellstrand cluster data 0.175¢

B. Large Fuel-Hole Cluster, 13-in. Lattice

Isolatec rod 4 _ 0 0.761

Dancoff tables, finite cluster (Cp) 0.384 0.797

Experimental, Hellstrand cluster data 0.400°¢

. aDancoff factor interpolated, based on corresponding resonance-escape
probabilities. :

bCom.puted from Eq. (A.8) of Appendix A.

CDancoff factor inferred, based on experimental value of resonance-escape
prooability given in Table 1.



into a heterogeneous ¢. - It is shown in Appendix B ‘that an alteration of
parameters based on this criterion will then inject a correction for fast-
fission heterogeneity into the multigroup calculation, which is quite
"accurate for keff values near one.

Table 3 summarizes the homogeneous and heterogeneous €'s calculated
for the different lattices. Also given is the altered y value, p’, which,
when substituted into the expression for € (Eq B.2 of Appendix B),
produces the same value as that computed from the expression for €het
(Eq. B.1l) using the correct p value. Vm/V is the volume ratio of carbon
to UO%; C is the fast-group Dancoff factor; Pi is the Dancoff-corrected,

first-flight, fuel collision probability; ¢ and €pet 2TC the homo-

hom
geneous and heterogeneous fast fission factors.

Table 3.  Heterogeneous and Homogeneous Fast Fission Factors

Lattice Pitch f a f ’
(in.) A c “hom het

Small Tuel-hole

9.0 27.27%6 0.280 0.20% 1.0117 1.0182 3.609
10.8 42,082 0.280 0.20% 1.0078 1.0154 4.288
13.0 6%.119 0.280 0.20% 1.0053 1.01%6 5.246
14.8 84.199 0.280 0.20% 1.0040 1.0126 6.176

Large fuel-hole

13.0 26.175 0.447 0.355 1.0122 1.0275 4,753
14.8 35.103 0.k4l7 0.355 1.0092 1.0257 5.527

®The interaction between clusters was neglected, hence C and Pf
remain constant for a given cluster geometry.

4., Reactivity and Depletion Calculations

The L™ computer codel calculates the time-dependent concentrations
of fission-product and heavy-element nuclides on the basis of spatially
independent equations, and for a specified average reactor power density.

The finiteness of the system, and therefore the leakage, is carried in the



DB® term supplied for each energy group as input. The relation of the

B® value to the total power requirements will be discussed in the
economics section. In the small-fuel-hole lattices leakage accounted for
1% to 1.5% of the total neutron losses. In the large-fuel-hole lattices
losses of 1.5% to 2.5% were seen,

Equilibrium-cycle and graded-exposure conditions were assumed to
prevail. The fuel-residence time was determined as that time up to which
the time integral of the neutron productions equals the time integral of
the neutron losses (i.e., K pp

present in this study). The flux spectrum in LTM is not varied with time

= 1; no control poisons were assumed to be

but is computed from nuclide densities time-averaged over the fuel life-

time and maintained constant for a given fuel-cycle calculation. Since

the flux spectrum in turn determines the average nuclide densities, the

calculation is iterative. TFuel-residence times are recalculated until

the average nuclide densities over the last iteration cycle agree, within

a specified tolerance, with those from the next-to-last iteration cycle.
The treatment of fission-product nuclide chains conformed in general

to the "short fission-product treatment" described in Part II of the

advanced converter study.8 The use of two pseudoelements as non-satu{ating

and slowly saturating lumped fission products reduces the large number of

nuclide chains which are actually present to the most important chains.

175Xe, 146Nd, 1%7Pm, *®Pm, *9Sm’ 150gm, 15lsm, and 152Sm were treated

explicitly. The tfeatment of heavy-element buildup was terminated at

Z3TNp in the “°°U chain, and at 2*2Pu, omitting 2°Np, in the 238U chain.
Bince recycle of fuel was not considered in this study, the initial

fuel was fresh UQ5, in the proportion and enrichment characteristic of

the particular lattice under consideration. An option in LTM permitting

the printout of the keff

fore exercised to obtain the clean, effective-multiplication factor of the

value at the initiation of the cycle was there-

lattice. These are listed in Table L. - None of the natural uranium
lattices were critical at equilibrium conditions. The 1% enriched 9-in.,

small-fuel-hole lattice was also subcritical,
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Table 4. Clean, Effective-Multiplication Factors of
Unclad, UOs-Graphite Lattices

Piten® Enrichment (%)
(in.) Natural 1 2 3 5
9:@'?”(“'5‘)1’ Not critical? Not critical 1.120 1.284 1.356
10.8 (8) Not critical 1.068 1.301 1.399 1.483
13.0 (8S) Not critical 1.092 1.352 1.466 1.567
14.8 (9) Not critical 1.083 1.%63 1.488 1.604
1%.0 (L)7 - Nol critical - - 1,068 1,085 1.37) 1.6
14.8 (L) Not eritical - l.101 1.33%9 1.438 1.520

#Center-to-center distance between clusters, which are composed of
19 UOs holes,spaced 1.091 in. apart, intermingled with 42 helium coolant
channels of 0.288 in. radius, spaced 0.63 in. apart. The remaining
volume is graphite.

b(S) denotes small-fuel-hole lattice; radius of hole = 0.1875 in.
€(L) denotes large-fuel-hole lattice; radius of hole = 0.288 in.

d"Not critical" implies not critical in equilibrium condition.
III. ECONOMICS

1. General

Fuel-cycle costs associated with the different combinations of
lattice vnitch, enrichment, and fuel-hole size were computed by the eco-
nomics portion of the LTM computer code. As mentioned in the previous
section graded-exposure and equilibrium c¢ycle conditions were assumed.
The spent fuel was either considered to be reprocessed and sold, or
"thrown away," i.e., stored, upon discharge; costs were computed in each
case. Recycle of fuel was not considered, primarily because the results
obtained from a previous study of a homogeneous, carbon-uranium, coated-
particle system® showed non;recycle to be less costly for low-enriched
uranium fuels.

The general ground rules for the fuel-cycle analysis of.this study
were chosen from among the options considered in the advanced-cohverter

study.8 Thus, the size of the reactor industry was assumed to be 15,000
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Mw of electrical power, serviced by a single-purpose, privately-owned
fabrication plant and a single-purpose, privately-owned reprocessing
plant. Both are located at the same site'and utilize privately-owned

fuel. However the bases for estimating the unit costs of fuel fabrication,
reprocessing, and shipping need more specific discussion since they can-
not be inferred directly from data presented in the advanced converter
study. A full resume’ of the financial ground rules therefore is deferred
until the next section. A list of the fixed parameters assumed in the
study, excluding fabrication, reprocessing, and shipping unit costs, is
given in Table 5. v

The average power density supplied to L™ for a particular block size
was based on an allowable power output of 2.586 Mw for the maximum power
producing cell. A heat-transfer study based on the small-fuel-hole, 9-in.
lattice cell established this criterion.l® Other parameters assumed were
a core height of 25 ft, an inlet temperature of 720°F, an outlet témpera-
ture of 1470°F, and a pressure drop of 16.83 psia. ' The maximum fuel
temperature was limited to 303%2°F, implying a maximum average power density
for the 9~in. cell of 5.35 W/cm; and a total power output of 2.586 Mw.
Average power densities for the other size cells were obtained holding this
latter number constant. A change in fuel-hole size required no further
compensating changes in cell power density, since temperature conditions
do not change significantly if the coolant-channel parameters and power
output per unit length of fuel remain the same .

The geometric bucklings supplied to LTM'implied reactor sizes re-
quisite to a total core power output of ~1900 Mw (thermal), assuming a
radial peak-to-average power density ratio of 1.4. Eighteen hexagonal
rings of cells, or 1027 cells, would therefore be required, causing the
core diameter to range from 27 ft for the 9-in. lattice to 44 ft for the
14.8-in. lattice. An overall thermal efficiency of 0.4 was assumed, thus

fixing gross electrical power output at 760 Mw.

*

Actually a decrease in graphite thickness between fuel hole and
coolant channel will cause a small drop in the average graphite and fuel
temperatures.
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Table 5. Fixed Parameters Assumed in Economics Calculations

Thermal efficiency, % : 4o
Maximum fuel temperature, °F -303%2
Inlet coolant temperature, °F 720
Outlet coolant temperature, °F 1470
Pressure drop, psi : ' - 16.83
Number of coolant channels 42
Diameter of coolant channels, in. - 0.576 .
Distance between adjacent coolant channels, in. 0.63
Number of fuel holes per cluster 19
Diameter of fuel hole, in.
Small rod 0.375
Large rod ~ 0.576
Fuel hole spacing, in. ' 1.0901
Cluster-region area, in.= 21.11
Power density, w/cm’
9.0-in. lattice pitch 5.3%6
10.8-in. lattice pitch 3.71
1%.0-in. lattice pitch 2.58
14.8-in. lattice pitch 1.98
Buckling, cm™2
9.0-in. lattice pitch : 4.0 x 107°
10.8-in. lattice pitch 3.3 X 107°
13.0-in. lattice pitch 2.7 X 1075
14.8-in. lattice pitch 2.4 x 107°
Fixed charges on inventory, % 10
Fabrication and reprocessing plant amortization, % 22
Reactor plant lifetime, years , 30
Reacltor plant factor 0.8
Fabrication holdup time, days 150
Processing holdup time, days 150
Size of reactor industry, Mw(e) 15,000
Processing losses, % 1.0
Fabricalion scrap lusses, % ) 0.2
Unit feed cost, $/g of fissile material Current AEC cost
schedule

Plutonium price, $/g fissile _ 10.00




2. - Bases for Cost Estimates

Inventory Fixed Charges. Private ownership of fuel and of fabrication

and reprocessing plants was assumed. Inventory charges for fissile ma-
terial, whether in core or in the fabrication and reprocessing inventories,
were fixed at 10% per year. Core inventory charges were computed on the
worth of the equilibrium, total fissile inventory in the core. Fabri-
cation and reprocessing inventory charges were computed on the worth of
the fresh and spent fuel respectively, assuming pre-irradiation and post-
exposure holdup times of 150 days each.

Burnup. Unit feed costs as a function of enrichment were based on
the current AEC cost schedule. Credit for the reprocessed uranium
similarly was based on the enrichment with no penalty assessed for the
presence of the 236U isotope. Fissile plutonium was assumed to sell at
$10/g.

Fabrication Unit Costs. Rough estimates of fabrication unit costs,

based.on extrapolations from previous HTGR cost data generated for the
advanced converter study, were supplied by A. L. Lotts and T. N. Washburn.'l
In these estimates an amortization rate of 22% was assumed for fabrication-
plant capital investment. The 13.0-in. lattice was examined, first as- .
suming a small-fuel-hole cluster and then a large-fuel-hole cluster. The
uncoated U0, was assumed to be present in pelletized form. Unit costs
Were estimated for three values of throughputs: 170, 400, and 1100 MT/yr°
The results are plotted in Fig. 2.

The large increase in the small-tuel-hole unit costs over those of
the large-fuel-hole unit costs is attributable to two causes. The first
is simply the much smaller amount of UOs, per unit length of fuel element.”
The second is the result of choos1ng pellets as the fuel form. A greater
number of pellets per un1t length of fuel element are required in the
small fuel holes because the height-to-diameter ratio of a pellet is op-
timally held at one.

A change in cell dimensions for a given fuel-hole size would also

affect the hardware unit costs inasmuch as more graphite would have to be

* .
"Fuel element" should be understood as the whole cell.
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purchased per kg of uranium.‘ However, this effect is less important

since the material cost of the bulk graphite is small relative to the
total hardware cost of the finished product. No adjustment of fabrication
unit costs for different size lattices has been applied.

Shipping Unit Costs. R. Salmon calculated the unit shipping costs

for spent fuel.® In the most economical procedure, the pellets are re-
moved and shipped separately from the log. Further cost reductions may
be gained by cutting the log into parts. _

The calculations were carried out for the 13%-in. cell. Costs
associated wifh the shipment of the graphite were extrapolated to other
size cells by scaling the 13-in. value by the square of the ratio of
lattice pitcéhes (i.e., [9/13]3, [10.8/13]2, etc.). The unit costs associ-
ated with the shipment of spent UO, were constant for all lattices. Added
costs for‘canning the U0z and the graphite for separate'shipment were
estimated at $l/kg U each. The unit costs for spent fuel shipment are
plotted in Fig. 2. Fresh-fuel shipping charges were estimated at $2/kg U
for the small-fuel-hole lattices and $l/kg U for the large-fuel-hole.
lattices.

Reprocessing Unit Costs. Estimates of reprocessing costs were

supplied by J. T. Roberts.l® In accordance with the most economical
shipping procedures, the U0, pellets and graphite log are assumed ‘to
arrive separately at the reprocessing plant, whereupon the log is dis-
. posed of by dissolution in nitric acid. A single-purpose processing-
plant industry and an amortization rate of 22% were alco acoumcd:

Unit costs were computed for three cases, corresponding to through-
puts of 170, MOO, and 1100 MT of fuel per year. The results are plotted
in Fig. 2. |

Storage Unit Costs. In the event that no economic advantage accrues

trom reprocessing of fuel, the fuel is shipped elsewhere and stored. A
storage charge of $2.50/kg U was assessed therefore in "throwaway cycle"
calculations. The same shipping charges as those used for reprocessed
fuel were assuméd. ‘

Interest on Working Capital. Interest charges on the working capital

required for fabrication, shipping, .and reprocessing were computed using .
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the present-worth method. Quarterly payments and collection of revenue
were assumed to occur together. The time period for retirement of the
fabrication debt was taken as 60 days plus the fuel residence time. The
time period for accumulation of interest on the shipping and reprocessing

debts was taken as the fuel residence time plus 120 days.

3. Results

Conversion Ratios and Burnup. Tabulations of conversion ratios and

burnups for the different lattices are given in Part 1 of Appendix C.
Graphical representations of various relations among the independent
variables, enrichment and lattice pitch, and the dependent variables,
keff’ burnup, and conversion ratio, are presented in Figs. 3, 4, and 5.

In Fig. 3 burnup is plotted as a function of lattice pitch with
enrichment as a parameter. The small-fuel-hole burnup curves are ob-
served to pass through mild maximums at lattice pitches in the vicinity
of 11.5 to 12 in. The curves are guite flat; only the 9-in. lattices of
those investigated yielded appreciably smaller burnups than the maximum
values. Compared to the small-fuel-hole reactors the large-fuel-hole
reactors at the same enrichment and lattice pitch generally show slightly
higher burnups (an exception is the 5%-enriched, 13-in.-pitch case).

In Fig. 4 the conversion ratios are displayed functionally in the
same manner as burnup. Conversion ratios varied between 0.43 and 0.70
for the small-fuel-hole clusters, and between 0.54 and 0.72 for the large-
fuel-hole clusters. The usual trends are observed: conversion ratio
decreasing with increasing enrichment for a given lattice pitch and de-
creasing with increasing lattice pitch for a given enrichment.”

In Fig. 5 curves of constant initial k , burnup, and conversion

eff
ratio for the small-fuel-hole reactors are plotted in the two-dimensional
space of lattice-pitch and enrichment. The curves of conversion ratios
0.60 and 0.65 may not be extrapolated into regions much beyond lattice

pitches of 1k and 12 in.,respectively,because of criticality limitations.

*

Conversion ratio is defined here as the ratio of captures in the
fertile nuclides to the absorptions in the fissile nuclides based on the
steady-state concentrations of the nuclides.
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Fuel-Cycle Costs. Total fuel-cycle costs for each reactor are pre-

sented in Table 6. Both spent-fuel reprocessing and "throwaway" costs
are exhibited and it is apparent that little difference exists between
them. The study shows that it is somewhat more economically advantageous
to reprocess and sell the plutonium and remaining 235U for credit in the
large-fuel-hole cases. This is also true for all 2, 3, and 5% enrichment
cases of the small-fuel-hole lattices, with the exception of the 9-in.
lattice. It is slightly more advantageous to "throwaway" (i.e., store)
in the 9-in. lattice cases and in the 1%-enriched cases of the other
small-fuel-hole lattices.

A breakdown of the component costs are tabulated in Part 2 of
Appendix C. In addition, the specific power (thermal kilowatts per gram
of equilibrium fissile material) and the throughputs (metric tons of
U per year) are given. In computing the "throwaway" total costs, the
reprocessing and credit (a negative number) charges are omitted and the
storage charge is added.

The subsequent discussion of Figs. 6, 7, and 8 will be restricted to
the reprocessed-fuel cases in order to compare the economic effects of
enrichment, lattice-piteh, and fuel-hole variation on the same basis.
Moreover, the minimum total cost of the study, as well as costs closest
to the minimum, are those of reprocessed fuel.

In Fig. 6 the total fuel-cycle cost and the component costs for the
small-fuel-hole, 13-in. lattice, are plotted against enrichment. In
Fig. 7 similar curves are drawn for the large-fuel-hole, 13-in. lattice.
Hence, a comparison of the two figures shows the considerable effect of
fuel-hole size on both the magnitude and enrichment-dependence of fuel-
cycle cost., (In both figures total fuel-cycle costs for the remaining
lattices are added as dashed-line curves for the sake of comparison.)

The nearly factor-of-two higher, unit fabrication costs of the small-.
fuel lattices are sufficient to increase the total costs above those of
the large-fuel-hole lattices in the 1 to 2% enrichment range. This, of
course, is the range where fabrication costs are at their highest because
of the large throughputs. At enrichments higher than 2%, the large core-

inventory charges of the large-fuel-hole lattices, in combination with



Tabls 6.

Total Fuel-Cycle Costs [mills/kwhr(e)]

Enrichment (%)

Lattice

Pitch 1 2

(in.) T a 5 . . _

Cp Cm Cop Cm Cp Cm Crp Crm

2.0 (8) 1.545 1.682 1.545 1.652 1.760 1.879
10.8 (8) 1.783 1.864h . 1.348 1.323 1.%59 1.3%30 1.497 1.47h
12.0 (8) 1.811 1.829 1.371 1.324 1.%5 1.31k 1.440 1.398
14.8 (8) .2.03% 2.062 1.451 1.%93% 1.408 1.349 1.477 1.428
13.0 (L) 1.292 1..06 1.226 1.259 1.409 1.440 1.840 1.886
14.8 (L) 1.225 1.265 1.160 1.163 1.296 1.201 1.615 1.631

aFu.el rerrocessed and

bFuel not reprocessed

sold for credit.

but stored.

TS
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little further reduction.in fabrication cost, drives the total costs of
these lattices well beyond those of the small-fuel-hole lattices.

Although only the component costs of the 13-in. lattices are com-
pared, the comparison is similar for thé other lattices. The study shows
that the cost-minimizing enrichment moves to lower values when the fuel-
hole size iS increased° -In the small-fuel-hole lattices the minimizing
enrichment generally lies between 2.5 and 5.0%, whereas in the large-fuel-
hole lattices it lies between 1.5 and 2.0%.

In Fig. 8 the total fuel-cycle costs for all lattices investigated
are plotted as a function of lattice pitch, with enrichment as a pa-
rameter. Of the points actually calculated the large-fuel-hole lattice
of 2% enrichment and 1%.8-in. pitch provides the lowest total cost: 1.160
mills/kwhr(e). Its conversion ratio is 0.637. -However, another interest-
ing case, which is only slightly higher in cost, is the large—fuel—hole
lattice of 1% -enrichment and 13-in. pitch. Here the maximum conversion
ratio of the study, 0.724, obtains with.an associated cost of 1.292 mills/
kwhr(e).

Of the small-fuel-hole lattices actually calculated a minimum
(throwaway) cost of 1.319 mills/kwhr(e) is.reached at 3% enrichment and
13.0-in. pitch. The associated conversion rétio is 0.551. The cost
minimizing lattice pilches for all small-fuel-hole curves of constant
enrichment correspond fairly closely with the burnup maximizing lattice

pitches (Fig. 3).
IV. CONCLUSIONS

An analysis of fuel=-cycle costs associated with a limited number of
combinations of lattice pitch, enrichment and fuel-hole size has been
carried out for a heterogeneous, unclad, UOs-graphite reactor. A lowest
valuc of 1.16 mills/kwhr(e) was Lfound for the case whose characteristics
are summarized in Table To

Unit fabrication costs, decreasing by nearly a factor of two when
large-fuel holes are substituted for small-fuel holes, played the primary

role in detemmining & large-fuel-hole reactor as the minimum-cost case.
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Table 7. Summary of Characteristics of Lowest
Cost Lattice of this Study

Fuel S : A U0,

Initial enrichment, % “ 2.0
Lattice pitch, in. : - 14.8
Diameter of fuel hole, in. _ _ 0.576
Initial carbon-to-225U atom ratio . ' 6257
Equilibrium carbon-to-fissile atom ratio ' 13,451
Power density, w/cm® cell , 1.98
Initial specific power, w/g total U - 8.08
Equilibrium, fissile specific power,
w/g fissile : , 897.0
Equilibrium conversion ratio 0.637
Burnup

Cycle time, full-power days g . 355k

Fissions per initial fissile atom 1.556

Mwd/MT 29,410
Fabrication plant throughput, MT U/year ' 373.2
Unit cost fabrication, $/kg U _ : . 69.8
Unll vost reprocesslug, $/kg U o » LT3
Unit cost shipping, $ kg U o : 18.8

Fuel-cycle costs, mills/kwhr(e)

Fubrlcutlon (1ncludlng interest) 0.397
Processing (including interest) 0.0
Shipping (including interest) 0.0k1
Uranium feed 0.521
Core inventory 0.171
Fabrication and reprocessing inventory 0.024
Plutonium credit (0.089)
Total 1.160
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vIt should be recognized that the estimates of unit fabrication costs are
of an extrapolated and approximate nature and apply to a fuel:element
which is the lattice cell itself. The difficult question of whether the
graphite must necessarily be replaced every fuel cycle, and if not, what
cost reductions would be gained, was not taken up here. But the answer
would certainly bear on the minimum fuel-cycle cost of this type of
reactor.

The influence of unit-fabrication-cost assumptions on the optimum
lattice characteristics and minimum cost is further illustrated by com-

parison with a previous paper.®

There, based on the same conceptual
lattices and physics of this study, and the physics of a gas-cooled, semi=
homogeneous, - UC-graphite reactor utilizing more highly enriched uranium,
it was shown that the minimum (equilibrium): fuel-cycle costs for both
reactor types were obtained for throwaway cycles and were appfoximately
the same: 0.92-0.94% mills/kwhr(e). The unit fabrication cost vs
throughput curve (Fig. 5, Ref. 9) was assumed to be the same for the
semi-homogeneous model and for both large and small-fuel-hole lattices of
the heterogeneous type. The optimum heteroéeneous lattice using these
unit costs was found to be the small-fuel-hole lattice of 13.0-in. pitch
and 2% enrichment in contrast to the result of this study. The character-
istics and fuel-cycle costs for the minimum cost, semi-homogeneous and

heterogeneous cases of Ref. 9 are repeated here in Table 8.
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Teble 8. Summary of Characteristics of Ref. 9, Minimum Cost,
Semi-~Homogeneous and Heterogeneous HTGR's; for Low-Enrlched
Uranium Fuel Using Semi-Homogeneous Fabrication Unit Costs®

. b
Semi-Homogeneous

Heterogeneous
L
Fuel ue U0, -
Initial enrichment, % 8.09 2.0
Lattice pitch, in. N.A. 13.0
Diameter of fuel hole, in. N.A. 0.375
Initial carbon-to-225U atom ratio 10,000 11,254
Equilibrium carbon-to-fissile atom
ratio 24,013 25,458
Power density, w/cm® 5.0 2.58
Boquilibrium fissile specific power,
w/g fissile 6060 2230
Equilibrium conversion ratio 0.60 0.59
Burnup
Cycle time, full-power days 573 1400
Fission per initial fissile atom 1.52 1.4y
Mwd/MT 116,350 27,300
Fabrication plant throughput,
MT/year ok.3 403%.0
Unit cost fabrication, $/kg u° 86.00 58.50
Unit cost reprocessing, $/kg Ut 190.00 5%.00
Fuel-cycle cost, mills/kwhr(e)
Fabrication (including interest) 0.085 0.270
Uranium feed 0.753 0.561
Shipping plus storage 0.006 0.022
Core lnventory 0,018 0.066
Fabrication inventory 0.031 0.023
Total 0.923% 0.942

“No recycle, no reprocessing.

bBased on reoptimized fuel compositions for spent fuel discard.
Numbers here consequently differ at times from numbers in Tables 2 and

3 of Ref. 9.

®Based on curves of Fig. 5 of Ref. Q.

129 $/kg U. (Reprocessing unit cost would be 45 $/kg U.

It is interesting to note
that the fabrication unit cost for the heterogeneous case in this table
would be much higher if the value in Fig. 2 of this study were used:
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APPENDIX A

DETERMINATION .OF THE DANCOFF FACTOR

1. Application of Exberimental Data

In Ref., 5 Hellstrand presents two empirical fits to the effective
resonance integral of 238U in U0, rods, one a linéar function of the

effective surface-to-mass ratio of the oxide, the other varying as the

square root of the ratio. The former has been used in this study, i.e.,*

S
eff
)

RI = 11.6 + 22.8 ( 7

< 0.7) . (A.1)

In the case of‘cluster geometry the whole cluster is treated as a
rod which has a mass equal to the sum of the individual fuel masses.
The effective surface area, as defined by Hellstrand, is taken tc be the
rubber band area (i.e., the area defined by a rubber band stretched
around the cluster), augmented by an internal surface area contribution
which depends on the geometry and the internal moderator of the cluster.
The augmentation i1s negligible if there is no internal moderator. In
this study, due to the presence of graphite, the internal surfécé area
off for the ;mall—fuel—hole
cluster and 13% of Seff for the large-fuel-hole cluster.

contribution amounted to roughly 7% of S

Equation (A.1) holds for room: temperature conditions. The temperature
dependence given on page 14 of Ref, 14 was applied to estimate resonance

integrals at 727°C (1000°K). For T in °C Hellstrand!s formula becomes
RI(T) = 11.6[1.0 + 10-5(T — 20) ]

Seff

+22.8[1.0 + 3.1 X 107#(T — 20) ] ("),

(A.2)

*The linear fit has been used in the large-fuel-hole cluster even
though the S /M ratio is 0.15. This was done to maintain consistency
in the physicés comparison oi large- and small-fuel-hole clusters. The
study originally was projected only for the small-fuel-hole lattices
which had an Spff/M ratio of 0.33.



32

The value obtained for RI is then used in the following standard

formula to compute the resonance-escape probability for 2387 in U0s5,

(RI) Nog
] ; (A.3)

b =exp — {
N (o), + N (£0,) ) + Naa(£0, )z

where Nog, Ncg and No are the homogenized cell atomic¢ densities.for

238y, carbon, and oxygen; and (505)283 (gog)c, and (gos)o are their

respective slowing-down powers.,

By using these last two formulas, one obtains an effective resonance
integral for 2°8U at 1000°K exclusive of thc 1/v portion, and exclusive
of all neutron absorption above ~100 kev. Table 1, on page 6, summarizes
the results obtained from calculations of resonance integrals and reso-
nance-escape probabilities using Egs. (A.2) and (A.3). The calculations
were done for the 9-in. lattice in the small-fuel-hole case, and the
13-in. lattice in the large-fuel-hole case. These were the lattices for
which the purely theoretical calculations of resonance-escape prob-

abilities were made.

2. Theoretical Calculations

Boll lhe GAM-1 (Ref. 2) and GAM-2 (Ket. %) codes -contain auxiliary
computer routines which solve the resonance absorption problem for those
nuclides specified as "resonance absorbers," and prepare appropriately
weilghted microscopic absorption cross sections for a given energy grid.
In the present study the resonance treatments of 275U, 24YPy, and 2%=pu
were assigned to the GAM-1 code, while the more crucial matter of 238U
resonance absorption was handled by the GAM-2 code; All group-averaged
cross sections for the rest of the nuclides, as well as the scattering
cross sections for 278U, were calculated by the GAM-1 code. GAM-2
supplied only the fission and absorption cross sections of 238Q.

The investigation into the best way of estimating the Dancoff
factor — "best"” being taken in the sense described on page 5 — was
carried out utilizing the GAM-2 code exclusively. 238U dioxide was

specified as the fuel, graphite as the moderator, and the small-fuel-hole
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cluster geometry was assumed. Three different methods of calculating
the Dancoff factor (C) were. tried.*
In the first, the rational approximation, C (= CR) was computed for

an infinite array from the expression:

1
CR = —_—, (A.4)
1+2 2
m m

where Zm'is the effective, macroscopic total cross section averaged over
the resonance range for the moderator within the cluster. (In this study
the pure graphite cross section, ~0.39 cm™!, was weighted by the ratio
of graphite volume within the cluster to graphite plus coolant volume
within the cluster.) Eﬁ is the mean chord length of the cluster mod~-
erator and was taken to be

Z=2R—,

m [¢]
VO

where Ro is the radius of the fuel hole, Vo is the fuel volume in the
cluster, and V; is the non-fuel volume in the cluster.
In the second method, Sauer's approximation,® C (= CS) was computed

for an infinite array according to the formula:

exp[— 7Z D_] '
CS = =z — (A5)
1l + (l -7) Zm'em

where 1 is a geometric index, dependent upon the lattice arrangement.

For the hexagonal lattice of this study,

VA2 5 IR, -1
= e e — 0,12 .
(Vl/VO) T

Thex

*

‘ Reference to Dancoff factor calculations in the following discussion
implies only that the interaction between rods within a cluster is being
considered.
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In the last method recourse was had to the tables of the Dancoff-
Ginsburg factor appearing on pages 283-91 in Ref. 7, where each entry
gives the fractional reduction in flux upon the surface of a rod, of
radius p cm, by an identical rod d cm away — the intervening moderator
medium characterized by total cross section~2m. Factors for the nearest
neighbor (d cm away) and the next-nearest neighbor Q/?; d cm away) were
computed. Each of these factors was multiplied respectively by the number
of neighbors of that type which the rod would see from its particular
position in the cluster, the results added and further multiplied by the
number of rods having identical positions. These lact resulte were then
added and the total divided by nineteen to give the average Dancoff
factor for the cluster..  Letting Cn denote the nearest-neighbor factor
between two rods, and Cnn the next-nearest-neighbor factor, the average

Dancoff factor by this method (C = ED) is written in brief as,

_ 8+c +60C
Cp = 2 (A.6)
19 :

Factours compuled from these three Tormulas and also a factor of
zero were supplied to the GAM-2 code. The 9-in. lattice homogenized data
were chosen for the test cases. From the resulting output of group-
averaged cross sections, the £2CU resonance-escape probability assocluted
with each Dancoff factor was computed by multiplying together the indi-
vidual escape probabilities for each group, from group three to group

. * .
nine,” i.e.,

h .
% ZOS(C)
p(c) = 1 | =2——| , (A.7)
i=% L .
5 zrem(c) i
where Ziq is the homogeneous macroscopic outscattering cross section and
Z?ém is the homogeneous macroscopic removal cross section.

The resonance-escape probability associated with C = O, Po’ was

combined with the resonance-escape probabilities associated with CR and

*
Group three begins at 183 kev and group nine ends at 5.04 ev.
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Cgys Pgr and Pg respectively, in the following manner in order to produce

finite cluster-averaged probabilities for these two approximations:

- _ lLLPR or s ¥ 5po
pR OI'S— 19

(.8)

The cluster-averaged Dancoff factors via the rational or Sauer approxi-

mations, C_ and Eé, were then obtained by interpolation from a plot of

resonance-gscape probability vs Dancoff factor based on the GAM-2 results..
. It is observed (Table 2) that the use of the rational approximation
to the Dancoff factor results in an overestimate of the resonance-escape
probability, if the Hellstrand value is accepted as the best estimate.
This is consistent with previous findings'®s17,1® that the escape prob-
ability from a medium — in this case the cluster moderator — is under-
estimated and transmission probability overestimated by the rational
approximation; hence the shadowing effect is overestimated. Last of all
it is observed that the use of the Dancoff-Ginsburg tables of Ref. 16
provides a Dancoff factor in good agreement with the Hellstrand inferred

value.
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APPENDIX B

HETEROGENEITY OF THE FAST EFFECT

If intra-cluster moderation is small, the cluster may be homogenized
and viewed as a single fuel rod. The fast effect is then calculated
using a fuel collision probability based on the total macroscopic cross
section of this composite rod. If intra-cluster moderation is not small,
this procedure may still be used and the result further multiplied by
the ratio of ¢ for a single isolated pin to ¢ for a homogenized unit cell
associated with the pin, as suggested by Carlvik and Pershagen.'® Al-
ternatively, i1f intra-cluster moderation is appreciable the fast effect
may be calculated using parameters which pertain to the individual fuel
pin. In either case the magnitude of the pin-pin or cluster-cluster
interaction effect may be measured by a fast-group Dancoff factor.

The development whose results are discussed here was generalized to
Permit pin-pin type calculations as well as cluster-cluster calculations,
although in the latter case the intra-cluster moderator would be homo-
genized with fuel and cladding and all three would be considered as fuel
in the heterogeneous calculations.

We assume there are available suitable energy-averaged cross sections
for a one-fast-group model (as e.g., from the GAM codes). If moderator
absorption and leakage effects are neglected the fast fission factors for
the hetercgeneous cell and its homogenized equivalent cell may be written

as folléws:

ozt - Yl 4 xef) 4
_ T ntTes A (B.1)
€ = .
het T £f,.f . _f ?
oy PC(L,es + Any)
(Zf _ Zf _ XZf) Vf 4 opim yin | cem em ZE Vﬂ
c _ T es a og . 0Ss 085 . (B.2)
hom (Zf =5t . szf) Vf L opim yim o cem gem +'ZZ Vﬂ
T es iy 0os 0os . 0s

The superscripts "f", "im", "em", and "4" denote "fuel", "intra-
2 2 2 2

cluster moderator", extra-cluster moderator", and "cladding" respectively.
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The subscripts "es", "os", "f", "a", and "T" on the macroscopic cross

sections, %, denote "in-group transfer", "out-of-group transfer",
f f hif T m
"o FIUR | ) P " " (s — . : —
451551on , "absorption", and "total" (i.e., ZT = Zes + Zos + Za and.ZT

Zes + Z?S)Areactions respectively. V denotes a volume fraction in the

cell. p 1s the number of neutrons born per fast fission, and X is the
fraction of these born into the fast group.

Pi is the first-flight, Dancoff-corrected, fuel collision prob-
ability. To a good approximation Pi may be computed using Nordheim's
formilal®

(1.— Pg)(l - Q)

f
1—-F = 5 (B.3)
© 1-c[1- zézf(l —pf

)

where '
Pi = the isolated-pin, first-flight pollision probability tabulated
in the tables of Case, de Hoffman and Placzek,ZC
Bf = the mean chord length of the fuel pin,
C = the fast-group Dancoff factor for fuel-to-fuel interaction.

In the case of Pin-pin interaction where the pins are in clusters, C is
a suitable average, calculated by an averéging procedure analogous to
that described by Eq. (A.6) of Appendix A.

Both Eqs; (B.1) and (B.2) have been derived on the basis of de-
fining ¢ as the number of neutrons passing the fast-group's lower energy
limit per neutron born from the non-fast fissions., .The degradations from
an infinite sequence of fast sub—éyéle collisions are summed; weighted
by X, and added to 1 — X to obtain e.

In both derivations, an allowance is made for neutrons which suffer
"in-group"” scattering collisions in the moderator. Some of these there-
. fore remain available to cause further fést fission in the fuel. 1In the

heterogeneous case the quantities o and B incorporate this allowance:
_ 7 _ (ol yom _of _om f f f
a=1- (2 /z) "+ (1 P - P (wEp + £)/55]) (B.k4)

8 = x(zzs/zg)(l - fg - Pm)(vzi - zZ) . (B.5)
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When all moderator scattering is outscatter, a=1,p =0. ZES/Z¥ is
the average probability that a neutron stays within the fast group when
it collides in a moderator material. P"™ is the probability that a fast-
group neutron present in the moderator will make its next collision in
the moderator. Both are difficult to estimate when pin-pin interaction
is being considered in cluster geometry and internal and external
moderators are different materials. However in an array of clusters
(when the "fuel rod" is a cluster-composite rod) or in an array of pins,
with only void and one moderator filling the remaining volume,- Z /Z

a8
becomes Z /Z .p™ may be calculated from the reciprocity theorem.17

(1-P)ﬁf (1 - P") v . (B.6)

Pin-pin interaction was calculated for the lattices of this study
and the reciprocity theorem applied since internal and external moderators
were ildentical., The utilization of GAM-1, fast-group, energy-averaged
cross sections produced the results of Table 3.

In general, some corrective measure must be applied to homogeneous
point calculations to insure that the proper fast effect is present.

Since the usual multigroup, eigenvalue calculation does not concern it-
self with computing the fast effect per se but rather with the computation
of keff’ the implicit relation between the two, from the code's point of
view, must be established.

We shall assume in order to isolate this relation that the homo-

geneous code, supplied with properly self-shielded resonance and thermal

cross sections, computes the multiplication occurring below the fast

group accurately. The code's kOff value is obtained by summing the
neutrons produced in each group which result from an initial total source
of unity,
i-thermal hih
k_,o(code) = 2;1 (v5g9"), (B.7)

where the summation is over all energy groups i, and the superscript h

denotes "homogeneous".
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- Let group 1 be the fast group, and rewrite the above expression in
‘ terms of productions in group 1 and productions in all other groups. We‘
have assumed accurate multiplication by the code of those neutrons
entering the groups below group 1. Therefore, this multiplication is
designated as nprZ, where 1, p, and f are the familiar factors of the
four-factor formula, and PB
entering the groups below 1 are calculated by the code to be (Z ¢h)l +

is the non-leakage probability. The neutrons
1 — Xp,where ¢ is the flux. The rewritten expression is thus

k code) = (uz?¢h)l + nprﬂ[(ZgS¢h)l +1—%1] . (B.8)

eff(

To ascertain the ¢ implicit in keff(code), we define

k ff(code) = ¢(code) wpfP, , (B.9)
then
h h
(v=)1 9, e(code)
t : h  h
- : e(code) = + (zos¢ Y1 +1—% . (B.10)
keff(code)
In a zero-dimensional code, whose source is normalized to one,
X
h 1
¢y = . (B.11)

(=2 )1 + (20
Also
(Zgehr + (Fa = (g = (5 -

Dropping the subscript "1", recognizing that all quantities except keff

pertain to group 1, we find

Zg B 225 X2,
e(code) = 5 . (B.12)
h _h Ko
Z:T - Zes B
- keff(code)
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since =& = vigl 4 yifgim , yemgem | ybsb

R Vi G ol e Sl g
e(code) = 7 ‘ - . (B.13)
XvZ o
z£ _xf £ 1/vE(vimsin  yemgem | ylst
es 0os [o]5) os
k__.(code)

eff

e(code) is identical to the €pom OF EQ- (B.2) except for the keff(code)
appearing -in the denominator. If keff(code) is one or very close to one
(as it is for the equilibrium condition) any alteration of constants which
transforms ¢ into ¢ will also properly change the keff(code) to the

hom ‘het

correct value. - However, if k -1 is appfeciable, an error will still

be present. In this case an zizrative approach must be followed, using
Eg. (B.13) instead.

There are various ways in which constants may be altered to trans-
into ¢

form ¢ The one which was used in this study was to solve

hom het”
for a fictitious value of v, p', in the €hom expression which would make

= i.e.
€hom - €het’ ’

thom("') = Ehet(u) s (D.14)

vhere v’ is found from (B.14k) and (B.2) as
(e, , =1 [=E = =F 4 1vf(vm 4 vemsem Pt ) 4 xef
— _ het T -“es 0s oS 0s

o= & . - (B.15)
Chet 4y

If Eq. (B.13) were used p’ would be dependent on keff(code), since the
R.H.S. would be multiplied by keff(code), '
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APPENDIX C

TABLES OF RESULTS

Conversion Ratio and Burnup

Table C.1.

Conversion Ratio

29,410 (Z554)

Lattice Enrichment (%)
Pitch
(in.) ) 3 5
9.0 (8) 0.676 0.635 0.570
10.8 (8) 0.680 0.6%2 0.592 0.530
13.0 (8) 0.626 0.587 0.551 0.492
14.8 (8) 0.581 0.549 0.517 0.463
13.0 (L) 0.72k4 0.664 0.617 0.54k
14.8 (1) 0.690 0.637 0.592 0.521
Table €.2....Burnup, Mwd/MT U
(Cycle time in days)
Lattice Enrichment (%)
Pitch '
(in.) 1 2 3 5
9.0 (8)- o 20,854 (1068) 33,543 (1718) 52,984 (2713)
10.8 (8) 9,296 (476), 27,632 (1415) 41,589 (2130) 64,515 (3303)
13.0 (s) 9,740 (499) 27,285 (1397) 41,083 (2104) 64,198 (3288)
14.8 (S) 8,500 (435) 25,716 (1316) 39,247 (2009) 62,237 (3185)
13.0 (L) 10,163 (1228) 27,840 (3364) LO,740 (4923) 60,894 (7357)
4.8 (L) 11,749 (1420) L2, 754 (5167) 64,500 (7794)
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Table C.3. FIFA, Fissions Per Initial
Fissionable Atom

Lattice Enrichment (%)

Pitch -

(in.) 1 2 3 5

9.0 (8) 1.104 1.183 1.122
10.8 (8) 0.985 1.462 1.467 1.366
13.0 (9) 1.030 L. 1.0 1.359
14.8 (8) 0.902 1.361 1.385 1.317
13.0 (L) 1.076 1.h7h 1.438 1.289
14.8 (L) 1.24}4 1.556 1.508 1.%65

2. Specific Power, Throughput and Component. Fuel-Cycle Costs

Table C.4. Opecific Puwer alt Bguilibrlum
(kw/g fissile)

Lattice Enrichment (%)

Pitch -
(in.) 1 2 3 5
9.0 (8) 1.37308 1.022 0.679

10.8 (8) 2.539 1.903 1.529 1.089

13.0 (8) 2.767 2.229 1.871 1.417

14.8 (8) 2.7%2 2.29% 1.972 1.547

13.0 (L) 1.055 0.746 0.577 0.390

14.8 (L) 1,188 0.897 0.77L 0.511.
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Table C.5. TFabrication Plant Throughput
(MT U/year)

Lattice Enrichment (%)

Pitch

(in.) 1 2 3 >

9.0 (8) 527.0 327.5 207.4
10.8 (8) 1180.0 396.8 263.7 170.0
13.0 (8) 1127.7 402.5 267.3 165.3
14.8 (8) 1291.6 427.0 279.8 176.5
13.0 (L) 1081.0 394 .6 269.4 180.4
14.8 (L) 93%.0 373.2 256.5 170.2

Table C.6. Feed Costs
[mills/kwhr(electrical) ]

Lattice Enrichment (%)

Pitch

(in.) 1 : 2 3 5

9.0 (8) 0.7%5 0.79% 0.946
10.8 (8) 0.5%6 0.555 0.639 0.777
1%.0 (8) 0.51k 0.561 0.647 0.781
14.8 (8) 0.585 0.5% 0.678 0.805
13.0 (L) 0.491 0.550 0.653% 0.823
14.8 (L) 0.425 0.521 0.622 0.777
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Table C.7. Core Inventory Charges
[mills/kwhr(electrical) ]

Lattice Enrichment - (%)

Pitch

(in.) 1 2 3 5
9.0 (8) 0.153 0.234 0.413%
10.8 (9) 0.051 0.088 0.128 0.219
13.0 (8) 0.043 0.066, 0.092 0.149
14.8 (8) 0.0kl 0.063 0.085 0.130
13.0 (L) 0.125 0.235 0.3%59 0.652
14.8 (L) 0.099 0.171 0.255% 0.445

Table C.8. Fabrication and Reprocessing
Inventory Charges
[mills/kwhr(electrical) ]

Lattice " Enrichment (%)

Pitch

(in.) 1 2 3 5
9.0 (3) 0.039 0.040. 0.0L46
10.8 (8) 0.029 0.026 0.028 0.034
13.0.(8) 0.026 0.025 0.029 0.033
14.8 (8) 0.030 0.026 0.029 0.034
15.0 (L) 0.028 0.02¢ 0.0%0 0.0%6
1%.8 (L) 0.022 0.024 0.028 0.03%
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Table C.9., Fabrication Costs
(Including Interest)

[mills/kwhr(electrical) ]

Lattice Enrichment (%)

Pitch

(in.) 1 2 3 5

9.0 (8) 0.701 0.549. 0.453
10.8 (8s) 1.083 0.,603% 0.503 0.425
13.0 (8S). 1.056 0.610 0.508 0.413%
14.8 (8) 1.146 0.631 0.511 0.433
13.0 (L) 0.60% 0.400 0.37k 0.360
4.8 (L) - 0.%61 0.397 0.369 0.3%60

Table C.10. Reprocessing Costs
. (Including Interest)
[mills/kwhr(electrical)]

Lattice Enrichment (%)

Pitch

(in.) 1 2 3 5
9.0 (8) : 0.150 0.122 0.0%
10.8 (8) 0.191 0.134 0.111 0.084
13.0 (S) 0.186 0.132 0.111 0.085
14.8 (8) 0.191 0.138 0.114 0.086
13.0 (L) 0.168 0.099 0.072 0.043
14.8 (L) 0.158 0.095 0.068 0.03%9




Table C.11.
(Including. Interest)

L6

Fuel Shipping Costs

[mills/kwhr(electrical) ]

Lattice Enrichment (%)
~Pitch
(in.) 1 2 3 5
a.n (s) . n.0L2 N.028 .. 0.01A
10.8 (8) 0.137 0.042 0.026 0.015
15.0 (8) J.164 0.05% 00”2 0.018
14.8 (9) 0.227 0.067 0.040 0.022
13.0 (L) 0.134 0.038 0.021 0.011
14.8 (L) 0.136 0.041 0.02% 0.012.
Table C.12. Storage Charges for Spent Fuel
[mills/kwhr(electrical) ]
Lattice Enrichment (%)
Pitch
(in.) 1 2 3 5
.0 (8) 0.012 0.008 0.005
10.8.(8) 0.028 0.009 0.006 0.00k4
13.0 (8) 0.026 0.009 0.006 0.004
14.8 (8) 0.030 0.010 0.006 0.00k
13.0 (L) 0.025 0.009 0.006 0.00k4
14.8 (L) 0.022 0.009 0.006 0.004
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Table C.13. Spent-Fuel Plutonium and
Uranium Credit

[mills/kwhr(electrical) ]

Lattice Enrichment (%)

Pitch

(in.) 1 - 2 3 p)

9.0 (8) 0.275 0.221 0.210
10.8 (8) 0.244 0.100 0.076 0.057
13.0 (8) 0.178 0.076 0.05h 0.039
14.8 (8) 0.190 0.070 0.049 0.033
1%3.0 (L) 0.257 0.123 0.097 0.085
14.8 (L) 0.176 0,089 - 0.067 0.051

Table .C.14. Total Fuel-Cycle Cost (Spent-Fuel Re-
processed for Credit

[mills/kwhr(electrical)]

Lattice Enrichment (%)

Pitch

(in.) 1 2 3 5
9.0 (8) 1.545 1.545 1.760
10.8 (8) 1.783 1.%48 1.359 1.497
13.0 (8) 1.811 1.371 1.365 1.440
14.8 (8) 2.033 1.451 1.408 1.477
13.0 (L) 1.292 1.226 1.409 1.840
4.8 (1) 1.225 1.160 1.296 1.615
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Table C.15. Total Fuel-Cycle Cost ("Throwaway,"
Spent Fuel Stored)

[mills/kwhr(electrical) ]

Lattice Enrichment (%)

Pitch -

(in.) 1 2 3 5

9.0 (8) 1.682 1.652 1.879 .
10.8 (9) 1.864 - 1.323% 1.3%30 1.474
13.0 (8) 1.829 1.324 1.314 1.398 v
14.8.(9) 2.062 1.393% 1.349 1.428
13.0 (L) 1.406 1.059 1.440 1.88
14.8 (L) 1.265 1.163 1.301 1.671
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