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ABSTRACT

This study summarizes the neutronic and fuel cycle analysis
performed at Argonne National Laboratory for an oxide and a metal
fueled 3500 MWth LMR. These reactor designs formed the basis for a
joint U.S./European study of LMR ATWS events. The oxide and metal
core designs were developed to meet reactor performance specifications
that are constrained by requirements for core loading interehangeability
and for a small burnup reactivity swing. Differences in the computed
performance parameters of the oxide and metal cores, arising from basic
differences in their neutronic characteristics, are identified and
discussed. It is shown that metal and oxide cores designed to the same
ground rules exhibit many similar performance characteristics; however,
they differ substantially in reactivity coefficients, control strategies, and
fuel cycle options.

INTRODUCTION

Within the U.S. the emphasis for the deployment of LMRs have shifted from
maximizing breeding and minimizing doubling time to enhancing safety, improving public
acceptance, and minimizing capital costs. This changed emphasis in goals has motivated
new approaches to LMR core design and fuel management; recent core design activities
have placed emphasis on the enhancement of the inherent reactivity feedbacks, larger
thermal inertial attendant pool design, and the use of passive decay heat removal
systems. In addition, the interest in metallic fuel has been renewed as a result of
advances in metal fuel design1" and the passive safety tests121 conducted at EBR-II.
Recent U.S. core design efforts13'4'51 have shifted from 1000 MWe and greater reactor
sizes to much smaller outputs of 100 to 500 MWe. Traditionally, however, the optimum
reactor size was expected to be in the 1000 to 1350 MWe size range (2700 to 3500
MWth). Therefore, the current study characterizes the performance parameters of two
representative 3500 MWth size cores and assesses the neutronic and fuel cycle
performance differences between the metal and oxide fueled LMRs at a 3500 MWth
rating. The designs presented here form the basis on which detailed neutronic
performance and safety characteristics are calculated and analyzed. Control system
requirements are evaluated and compared against the available control rod worths.
Differences in the computed static performance parameters of metal and oxide cores
which arise from basic differences in their neutronic characteristics are identified and
discussed. Moreover, technical specialists from Germany, France, the United Kingdom
and the U.S. have joined together for comparative analyses of safety performance of
metal and oxide fueled cores for a range of accidents in a large (3500 MW), pool-type
liquid-metal-cooled reactor. The results of these studies are reported in References 6
and 7.



CORE DESIGN DESCRIPTION

Ground Rules

The metal and oxide reactor core designs were developed based on the general
reactor specifications summarized in Table I and the constraints of Table II. In addition,
it was taken as a requirement to develop metal and oxide cores which are
interchangeable in the following sense:

same assembly pitch,

same control rod locations and number of rods,

same overall assembly length, and

same (except for minor adjustments) radially heterogeneous core layout.

Detailed descriptions of the resulting core designs and their performance characteristics
are given in the following sections.

Assembly Designs

The assembly and pin design parameters for the various assembly types are shown
in Table III. The metal fuel assembly design is based on the designs used for the U.S.
modular systems. It uses the ferritic HT-9 cladding and duet material, a 0.285 inch
(7.239 mm) pin diameter with 75% smear density, and 271 pins per assembly. The large
pin size is chosen to increase fuel volume fraction and core internal conversion ratio.
The conservative clad thiekness 0.022 in. (0.559 mm) and plenum to fuel length ratio of
- 1.5 are consistent with the U.S. modular designs where a high temperature heat soak
must be accommodated in the event of a passive decay heat removal transient.

The metal driver assembly is fluence limited at 35»1022 fast neutron nvt. The
0.150 in. (3.81 mm) duct wall thickness and 0.200 in. (5.08 mm) inter-assembly gap was
selected to accommodate the metal core conditions. The oxide assembly is
geometrically identical to the metal assembly in the planar dimensions, and as a result is
a little over designed in view of a lower fast neutron peak discharge fluence which
results from the lower power density and the softer neutron spectrum in the oxide
assembly.

The oxide pin contains 40 in. (1016 mm) of fuel and 14 in. (355.6 mm) upper and
lower axial blankets of depleted UO2 while the metal pin contains 36 in. (914.4 mm) of
fuel and has no upper or lower axial blankets. The He-bonded oxide pin uses both upper
and lower fission gas plena while the sodium-bonded metal pin has an upper plenum
only. While the overall assembly length is taken to be identical for metal and oxide as a
constraint, the differences in core fueled height, axial blanket thickness, and plenum
location place the two core centerlines at different elevations.

The internal and radial blanket assemblies have an external envelope identical to
that of the driver assembly. However, there are 169 pins in the blanket assemblies; each
pin has a 0.392 in. (9.96 mm) outer diameter. The oxide blanket assemblies contain a
stack of UO, pellets 68 in. (1727.2 mm) high; the metal blankets are 36 in. (914.4 mm)
high and of 85% smear density UlOZr alloy.



The removable radial shield assemblies are of two types. The first row of the
radial shield consists of all steel assemblies, while the outer two rows of assemblies
contain B4C pins. The calculations used the ferritic steel, HT-9, for the inner rows as a
preliminary choice; the use of nickel-containing steel to close the iron window should be
examined, but has no major bearing on the results of this calculation of core
performance.

Core Layouts

The active zone of the reactor is comprised of a radially heterogeneous
arrangement of driver and internal blanket assemblies with one row of radial blanket and
three rows of removable shield as shown in Figures 1 and 2 for the metal and oxide cores,
respectively. The main motivations for using a radially heterogeneous arrangement
rather than the homogeneous layout are:

to obtain a less positive sodium density coefficient of reactivity,

a higher internal conversion ratio for the given driver pin size, and

a higher driver enrichment — allowing for a lower fluence to burnup ratio
in the fluenee-limited metal driver assemblies.

The oxide core layout was optimized first. The optimization goals were:

to obtain a low peaking factor

which changes very little with burnup,

which peaks in the mid or outer core (where the primary control rods are)

which keeps the peak linear heat rating (with discrete fuel management
effects accounted for) below 13.5 kW/ft (285.8 kW/m) within the core
height of 40 inches (1016 mm).

In addition, the optimization provided for 36 control rod positions which:

are separated by no less than two assembly pitches so as to provide
adequate space on the vessel head for rod drives, and

have no more than two of the six assembly faces adjacent to blankets.

The metal core layout optimization, which was done second, required only that:

six drivers in row 4 were replaced by internal blankets, while

all else remains the same in the two layouts (with a decrease of core height
to 36 inches (914.4 mm) and removal of axial blankets).

This fine adjustment relative to the oxide layout provided a better balance between
peaking and burnup control swing for the metal neutronics characteristics.

It is noted that the burnup control swing calculation for this exercise represents
only net fissile production vis-a-vis net absorber production and does not account for
reactivity lo?s due to irradiation induced axial fuel growth in either metal or oxide fuel.



While the axial growth effect cannot be ignored in detailed design for the metal core, it
is known that fine adjustments in the internal blanket smear density are capable of
nullifying the reactivity loss of fuel axial growth with the reactivity gain from enhanced
core internal conversion ratio. And as a result, a nominally zero burnup control swing
can be designed. In that case the size of the TOP initiator will be dominated currently
by the uncertainties in computing hot criticality and burnup swing, and will be dominated
ultimately by the variability associated with manufacturing tolerances on fuel and
structural components plus the variability in lockup properties of the core restraint
system. Thus, for the purposes of this calculated inter-comparison, it is judged to be
acceptable to neglect axial fuel growth.

Control Rod Banks

The layouts provide for 36 control rods whose locations are the same for the
metal and oxide cores. These are divided into two independent systems of rods. The
primary control rod system serves both a safety and an operational function. This system
has sufficient worth at any time in the reactor cycle to shut the reactor down from any
operating condition, and to maintain suberiticality over the full range of temperatures
expected during shutdown. Additionally, the primary control rod system is used to meet
fuel burnup and power control requirements for each cycle as well as to compensate for
critieality and refueling uncertainties.

The secondary control rod system has sufficient worth at all times in the reactor
cycle to shut the reactor down from any operating condition to the hot-standby
condition.

Both primary and secondary control rod systems are capable of performing their
specified functions independently, and even with the failure of any single active
component (i.e., a stuck rod). The required degree of subcriticality is taken to be 1$,
consistent with the U.S. modular designs.

Fuel Management

The cores are designed for three year fuel residence time with one year refueling
interval at 80% capacity factor. Under these conditions, relative to the constraints of
Table II:

the metal core is fluence limited*

while
31»1022 peak fast nvt at 114.3 MWd/kg peak burnup

the oxide core is burnup limited*

23«1022 peak fast nvt at 133.7 MWd/kg peak burnup.

Each core could perhaps accommodate a slight increase in driver residence time or in capacity
factor or a reduction in core height. However, we instead retained those margins to accommodate
the slight increases in local power density and flux which will result when discrete fuel
management calculations are done explicitly.



The internal blankets remain in-core 3 years while the radial blankets remain in-core
6 years.

The isotopic composition of the plutonium comprising the fresh fuel feed was
taken to be that isotopic distribution which is established in the fissile-self-sufficient
closed metal fuel cycle in the equilibrium mode for the U.S. innovative reactor designs.

While a discrete fuel management scheme has been developed for this layout, the
purposes of this calculational comparison can be met at lower computational cost by the
"equilibrium cycle" approximation discussed in the next section.

CORE PERFORMANCE CHARACTERISTICS
Methodology

A neutronics analysis was carried out for the metal and mixed oxide
heterogeneous core designs described above. The major objective of these analyses was
to establish the relevant static performance parameters and additional parameters
needed for performing safety evaluations * .

The basic cross section data used for the neutronics analyses were ENDF/B-V.2.
These data were processed through the MC2-2/SDX code system18'91 to generate
separate oxide and metal fuel broad-group libraries which explicitly take account of
resonance and spatial self-shielding effects. Nine group cross section sets were
generated for general use (in the depletion and rod worth calculations) and twenty-one
group sets were generated for the reactivity coefficient calculations.

Burnup calculations were carried out in three-dimensional hexagonal-z geometry
using the REBUS-3 code1101 and a nodal diffusion theory neutronics methodology"
based on the equilibrium cycle approximation. In this computational approximation the
driver and blanket compositions are each spatially smeared at BOEC — assuming a
scatter reload of 1/3 of the assemblies (1/6 of the radial blanket assemblies) — after the
enrichment of the fresh fueled assemblies has been adjusted so as to yield a just-critical
reactor at EOEC. As a result of the spatial smearing of the fresh and the partially
burned compositions for computational ease, the local power peaking which occurs at
BOEC when a fresh assembly is loaded into a position next to partially burned assemblies
is not modeled explicitly in the hex-Z flux solution used for depletion nor in the edited
peak power density. Moreover, the depletions are performed with all rods withdrawn to
the top of the fuel. The core performance evaluations of succeeding sections are based
on this equilibrium cycle neutronics approximation which, in separate studies, has been
shown to be quite accurate for global performance parameters. On the other hand, the
thermal/hydraulics evaluations and the orificing flow allocations do take account of the
assembly-wise local power peaking which arises upon introduction of a fresh driver into a
sea of partially burned neighbors by using an approximation based on multiplying the
assembly average flux from the equilibrium cycle calculation by the ratio of fresh to
BOEC-assembly-smeared macroscopic fission cross section.

The sodium void, sodium density, Doppler coefficient, fuel and structure worths
and axial and radial expansion coefficients of reactivity were determined in three-
dimensional hex-Z geometry for end-of-equilibrium cycle (EOEC) conditions. Flux and
adjoint distributions were calculated in 21 energy groups using the DIF3D code"21, and
these data were input to the VARI3D code so as to generate the appropriate spatial
distributions of reactivity worth coefficients.



Control rod worths were calculated in hex-Z geometry. However, the stuck rod
worths were calculated in 2D hex geometry using the full planar core layout. Azimuthal
tilts which result from asymmetric rod insertion or withdrawal patterns are thereby
scoped in that azimuthal tilts are smaller when the rods are only partially inserted.
Equilibrium Cyele Performance

A) Mass Flows

Table IV summarizes several of the salient massflow differences between the
oxide and metal cores. The oxide heavy metal loading and heavy metal mass flows are
substantially larger than those of the metal core mostly because of the presence of the
14 inch axial blankets and the correspondingly taller blanket assemblies, but also because
of the taller core. In particular, the oxide reactor (i.e. core plus blankets) volume is
some 70 percent larger than the corresponding metal reactor volume, and this more than
compensates for the lower heavy metal smeared density of the oxide vs. the metal fuel
form. While the 40 inch core height is required based on pin peak linear heat rating and
the goal of interchangeability in oxide/metal layout, and cannot be reduced, one could, if
desired, reduce the oxide axial blanket thickness, with corresponding reductions in
internal and radial blanket lengths, as a way to reduce the heavy metal
reprocessing/refabrication mass throughputs — since the oxide breeding ratio is ten
points higher than that of the metal core. This would have only small effects on safety
coefficients, linear heat rate and burnup control swing which are the focus of this
calculational intercomparison. Thus, we elected instead to retain the traditional oxide
goal of a -1.2 breeding ratio and separately maintain the traditional IFR goal of a net
fissile production only sufficient to overcome estimated reprocessing/refabrication
losses.

The oxide enrichment, initial fissile inventory, and fissile loading/year all exceed
those of the metal core basically because of the softer neutron spectrum and the lower
U235 loading to the internal blankets. The harder spectrum of the metal core both
increases n and leads to more U238 fast fission effect thereby giving a higher worth per
gram of fuel and requiring a lower enrichment for BOEC criticality.

B) Power Distributions

The driver plus internal blanket power fractions are 2 to 3% higher in the metal
core than the oxide because of the absence of axial blankets. In optimizing the layouts
shown in Figs. 1 and 2, major emphasis was placed on lowering, positioning, and
stabilizing the peak/average power density ratio — the peaking factor. The Fig. 2 layout
for the oxide core resulted from a substantial effort in this regard, produced a core
whose power peaking factor was 1.44 at BOEC and 1.52 at EOEC — within the
equilibrium cycle modeling approximation*. Moreover, the peak occurs in the outer core
at BOEC and shifts to the middle core by EOEC. This avoidance of inner core peaking
enhances the worths of the primary control rods located in the outer core regions.
Finally, the burnup control swing for this large-pin, optimized oxide core was only ~$2
loss in reactivity over one cycle**.

•Fresh fuel assembly local peaking effects would raise the BOEC value by about \5$.

••The TOP initiator is about the same for the two cores — but occurs at different times in life.



When the metal core assemblies were used with the core layout optimized for
oxide properties, Fig. 2, their different internal conversion ratio performance caused the
power peaking factors (1.51 at BOEC and 1.63 at EOEC) to shift inward (middle core at
BOEC and inner core at EOEC). Moreover, the burnup control swing was a =$3 increase
in reactivity over one cycle. However, the stability of power distribution which had been
achieved in the oxide layout allowed us to fine tune for the metal neutronics
performance with only a minor change; i.e. to replace 6 drivers in row 4 with internal
blankets. This change restored the radial power profile and its balance — shifting the
peaking factor outward 1.42 (outer core) at BOEC and 1.49 (middle core) a* EOEC.
Moreover, the outward shift of power lowered the gain in reactivity over one cycle to
about $2.

Table V summarizes the peak linear heat ratings for the metal and oxide core
layouts of Figs. 1 and 2 respectively. The lower part of the table includes the effect of
fresh assembly power peaking in the approximate way described previously — which is
known to be accurate with respect to more detailed analyses of discrete fuel
management. The oxide fuel pins remain below the rule-of-thumb limit of 13.5 kW/ft set
by fuel centerline temperature considerations, with the EOEC peak in the IB only slightly
exceeding the BOEC peak in the driver. With the shorter core length, the metal fuel
peak linear heat rating occurring in the driver pins is 13.9 kW/ft and remains below the
rule-of-thumb 15 kW/ft limit set jointly by fuel centerline and fuel/clad interface
temperature considerations. Alternately, because of the larger shift of power into the
internal blankets which results from the metal core's higher U238 concentration in
blanket pins, the EOEC blanket pin peak linear heat rating is 15.6 kW/ft. The increase in
fuel alloy solidus temperature with decrease in plutonium content allows for a higher
heat rating on blanket metal pins than in driver pins, so the 15.6 kW/ft lies within design
constraints.

C) Discharge Fluences and Burnup

Table VI summarizes the peak and average burnups by assembly type for the
metal and oxide cores while Table VII summarizes the peak discharge fast neutron
fluence. The average discharge burnups of the drivers differ between the oxide and
metal designs as a result of different heavy metal content in the drivers and different
blanket power fractions.

The metal core drivers are fluence limited with peak discharge conditions of
31»1022 fast nvt and only 114.3 MWd/kgHM average discharge burnups. Alternately, for
the oxide core, the fast neutron flux level is reduced relative to that in the metal core
for two main reasons. First, the average power densities are lower because of the taller
core and second, the oxide core neutron spectrum is softer with a higher fraction below
0.1 MeV because of the oxygen scattering*. The result is that the oxide core experiences
driver peak discharge conditions of only 23»1022 fast nvt for an average discharge
burnup of 133.7 MWd/kgHM and thus is burnup limited.

The higher enrichment and lower effective heavy metal density of the oxide fuel relative to the
metal fuel tend to cancel such that the fissile atom densities of the two cores differ by less
than ten percent; as a result enrichment differences are not the cause of the discharge fluence
differences.



While the metal core radial blanket peak discharge fluence at 6 years residence
time is 38•lO22 fast nvt, this point-wise maximum would in practice be eliminated by
blanket assembly rotation part way through life and therefore is not viewed with
concern.

D) Control Rod Systems

In conformance with U.S. practice, the control system is comprised of a primary
and secondary system. The primary rod bank is used:

to compensate fuel burnup control swing,

to control power level,

to trim small reactivity variations due to manufacturing tolerances,
structural variations, etc., and

to achieve reactivity scram.

The primary bank is required to be capable of taking the core to subcritical at reload
temperature even with one stuck rod.

The secondary rod bank, which is positioned at its fully withdrawn position at
normal operating conditions, is used:

to provide a diverse, redundant scram capability,

and must be capable of taking the core to subcritical at hot standby temperature with no
primary bank insertion and with one stuck secondary rod.

Here we define subcritical to imply greater or equal to 1$ in conformanee with
the U.S. modular design practice.

Tables VIII and IX summarize the control requirements for the metal and oxide
cores respectively; the "Hot-to-Cold" component compensates for the net reactivity
insertion due to the Doppler effect, radial and axial contraction, and sodium density
changes during reactor shutdown from the full-power operating temperature to the
refueling or hot standby temperature. The reactivity effect of thermally induced core
contraction is approximated based on coefficients of thermal expansion of the duct and
pin clad structural material and on expansion reactivity loss coefficients which are
computed by eigenvalue difference for uniform radial dilation of all material internal to
the core/radial reflector interface and for uniform axial dilation over the core fuel
height.

The "Maximum Reactivity Excess" component in Tables VIII and IX accounts for
the burnup control swing plus uncertainties and represents the maximum possible
reactivity excess at the BOEC, hot operating, all rods out condition. It is estimated
using the formula:

Max Reactivity Excess = 1.15 * (Burnup Control Swing) + 0.2% Ak



and, in these cores, is small because the burnup control swing is itself small*.

The low burnup control swing also leads to a low control requirement imposed on
both control systems for the "Rod Runout Reactivity Fault". This Rod Runout Reactivity
Fault is determined from the Maximum Reactivity Excess, including uncertainties, which
must be suppressed by a primary control rod bank, taking into account a first-out rod
interaction effect of 150%. Since this rod runout reactivity fault requirement is so
small, an alternative, more demanding requirement is imposed to determine control
system requirements. It is that both primary and secondary control systems must retain
a suitable "Shutdown Margin". For the purposes of this study, a shutdown margin of 1$
was assumed. In computing the ability to meet this margin, the control requirement for
cold criticality prediction uncertainty of 0.3% Ak which was used for Clinch River is
adopted here. The control requirement for fissile refueling tolerance, 0.3% Ak, is based
on a 0.5% uncertainty in batch fissile enrichments.

Based on the above considerations, the maximum reactivity control
requirements, including uncertainties, for the primary and secondary control systems are
1.878 and 0.626% Ak, respectively for the metal core and 2,465 and 1.246 % Ak for the
oxide core. The larger Doppler component in the hot-to-cold swing is the main reason
for the larger requirements in the oxide core.

Tables X and XI show, for the metal and oxide cores respectively, that natural
B4C rods meet the control requirements with margin. In fact only a small increase
in B10 enrichment would be required if it were desired to use a 1% Ak rather than 1$
shutdown requirement.

E) Reactivity Coefficients

The prompt neutron lifetime and delayed neutron fraction were calculated using
21 group sodium-in real and adjoint fluxes from a 3D hex-Z finite difference model. The
ENDF/B-V.2 delayed neutron data were used for all fissionable isotopes. Table XII shows
the global reactivity coefficients evaluated nt EOEC for the metal and oxide cores.

The sodium worth calculation was performed using first order perturbation
theory in a 21 group hex-Z finite difference model. In particular the flooded real flux
and adjoint flux were used with a perturbation defined by voiding the flowing sodium
from the core and axial blankets. Both the number densities of sodium and the
microscopic cross sections for all isotopes (reflecting the changes in spectrum and in
self-shielding) were changed in defining the perturbation. The leakage term was treated
rigorously. The sodium density coefficient of reactivity was computed in a way similar
to the sodium void worth exeept that all isotopic microscopic cross sections retained
their sodium-flooded values.

Two sets of Doppler reactivity calculations were performed; sodium-in and
sodium-out. For the former calculation, flooded real and adjoint fluxes were generated
in a 21 group hex-Z finite difference model, and for the latter the real and adjoint fluxes
were calculated for sodium voided from the core and blankets. These calculations used
the appropriate (Na-In, Na-Out) cross sections with all fuel isotopes at 1300°K for the

Note that the formula uses the absolute value of the burnup swing, and for the metal core which

gains reactivity with burnup, the Maximum Reactivity Excess occurs at EOEC.



oxide base case and 850cK for the metal base case. The Doppler reactivity for the fuel
was calculated by perturbing the cross sections of the heavy metal to reflect a
temperature of 2600°K for the oxide and 1700°K for the metal. Doppler reactivity for
the structural material (fuel pin clad and duct wall) was calculated as well. Here the
base case temperature of the structure was 750°K and the perturbed structure cross
sections were at 1500°K for both metal and oxide.

Radial and axial expansion reactivity loss coefficients ($/cm) are computed, for
example, by eigenvalue difference for uniform radial dilation of all material; then
divided by the change in radius of the core/radial blanket interface or alternately, for
uniform axial dilation over the model; then divided by the change in core fuel height. A
9 group hex-Z nodal model was used.

Control rod bank differential worths at their BOEC and EOEC full power
operating positions are computed by eigenvalue difference in hex-Z model (9 group) using
a special model with fine axial mesh near the rod tips. The purpose of these coefficients
is for the accounting for control rod driveline expansion in ATWS accident analyses.

Examination of Table XII shows that the harder spectrum of the metal core leads
to a sodium void worth and sodium density coefficient which are ab^ut 33 r-oreent more
positive than those of the oxide. The fuel and the xJoppler coefficients are somewhat
less than half as negative for the same reason. Alternately, the radial and axial
expansion coefficients, which are determined mostly by core size and H/D ratio, have
similar values for the two cores.

CONCLUSIONS

In this study, we have identified and quantified those physics parameters which
differentiate metal and oxide fuel types when the cores are designed to meet the
constraints of interehangeability and small burnup reactivity swing. The study shows
that although oxide and metal cores designed to the same ground rules may exhibit many
similar performance characteristics, they differ substantially in reactivity coefficients,
control strategies, and fuel cycle operations. For example, the metal fueled core was
shown to require smaller fissile and heavy metal loading and reduced control system
requirements. However, the more important differences relate to differences in
transient and safety performance which derive from differences in reactivity
coefficients and thermal conductivity of the fuel forms; the impact of these differences
are discussed in companion studies16' .
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Figure 1. Metal Core Planer Layout

Figure 2. Oxide Core Planar Layout



TABLE I
General Reactor Specifications

Reactor Power (MWt)

Reactor Outlet Temperature (°F), (°C)

Reactor AT (°F), (°C)

Cycle Length (days)

Capacity Factor (96)

Fuel Residence Time (cycles)
Core
Internal Blanket
Radial Blanket

3500

950, (510)

275, (153)

365

80

3
3
6

TABLED
General Design Constraints

Metal Oxide

Structural Material

Driver Fluence Limit (1022 fast nvt)

Fuel Material

Driver Smear Density Limit

Driver Pellet Density

Burmip Limit (MWd/kg HM)

Blanket Material (depleted)

Blanket Pellet Density

Blanket Smear Density Limit

Peak Linear Heat Rating ( - j r ) , (—]

HT-9
35

UPulOZr

75V/O

15.7 gm/ec

150

UlOZr

15.7 gm/cc

85 V/O

15

(317.5)

HT-9
35

UO2PuO2

82.5 TD

86.8 TD

150

uo2
95.7 TD

93.3 TD

13.5

(285.8)



TABLE m
Assembly and Pin Design

Oxide Metal

Assembly Design
Duct Design
Duct Pitch (in.)
Duct Wall Thickness (in.)
Duct Outer Flat-to-Flat (in.)
Inter-assembly Gap (in.)
Spacer Type
Number of Pins/Assembly (driver)
Number on Pins/Assembly (blanket)
P/D Ratio (driver)
P/D Ratio (blanket)

Driver Fuel Pin Design
Pin Outer Diameter (in.)
Cladding Thickness
Wire Spacer Diameter (in.)
Bond Type
Pellet Density (% T.D.)
Smear Density (96 T.D.)
Stoiehiometry (O/M)
Fuel Length (in.)
Upper Axial Blanket Length (in.)
Lower Axial Blanket Length (in.)
Fission Gas Plenum Length (in.)

Fuel Assembly Volume Fractions
Fuel (smeared)
Structure
Sodium

Internal/Radial Blanket Pin Design
Pin Outer Diameter (in.)
Cladding Thickness (in.)
Wire Spacer Diameter (in.)
Bond Type
PeUet Density (% T.D.)
Smear Density (% T.D.)
Stoichiometry (O/M)
Blanket Length (in.)
Fission Gas Plenum Length (in.)

Internal/Radial Blanket Assembly

Fuel (smeared)
Structure
Sodium

hexagonal, nonvented
6.131 6.131
0.150 0.150
5.931 5.931
0.200 0.200

straight-start wire wrap (12 in. pitch)
271 271
169 169

1.18 1.18
1.087 1.087

0.285
0.022
0.049

He
86.8
82.5
1.96

40
14
14
56

0.392
0.022
0.034

He
95.7
93.3
2.00

68
56

0.380
0.260
0.360

0.495
0.230
0.275

0.285
0.022
0.049

Na
15.7 gm/cc

75
—
36
0
0

52

0.392
0.022
0.034

Na
15.7 gm/cc

85
—
36
52



TABLEm
Assembly and Pin Design (Cont'd.)

Oxide Metal

Control Assembly Designs
Control Material Nat'l B4C

Primary
Control-In Volume Fractions

B4C (smeared) 0.390
Structure 0.213
Sodium 0.398

Control-Out Volume Fractions
Structure 0.067
Sodium 0.933

Secondary
Control-In Volume Fractions

B4C (smeared) 0.301
Structure 0.191
Sodium 0.508

Control-Out Volume Fractions
Structure 0.125
Sodium 0.875

Radial Steel Shield Assembly Volume Fractions
Shield Material HT-9
Structure 0.816
Sodium 0.184

Radial B.C Shield Assembly Volume Fractions
Shield Material Nat'l B.C
B4C (smeared) 0.597
Structure 0.219
Sodium 0.184



TABLE IV
Reactor Mass Flow Summary

Metal Oxide

Enrichment*5 (%)
Initial Fissile8 Loading (kg fissile)
Initial HM Loading (tonne)
Heavy Metal Mass Flow Rate (tonne/y)
Breeding Ratio

Drivers
Internal Blankets5

Radial Blankets"
Axial Blankets

Total

Net Fissile3 Production (kg/y)

14.4
4,403.3
59.50
18.12

0.595
0.424
0.106

1.126

138.6

19.0
4,982.7
86.25
26.32

0.510
0.446
0.109
0.157

1.221

258.3

aPu239 + Pu241.

"over fuil height; notice difference in heights of metal and driver IB's and RB's.

TABLE V
Peak Linear Heat Ratings

As Calculated
Driver
Internal Blankets
Radial Blankets

With Correction For Fresh
Driver
Internal Blankets
Radial Blankets

Drivers
Internal Blankets
Radial Blankets
Axial Blankets

Metal

BOEC

12.88
8.69
6.31

Assemblies
13.85
12.34

9.12

TABLE VI
Discharge Burnups

EOEC

12.51
12.76

6.19

13.35
15.55

8.21

Metal

Average Peak

79.7
23.8
18.3

114.3
39.7
45.7

Oxide

BOEC ]

11.47
6.91
4.98

12.50
10.17

7.31

Oxide

Average

90.9
16.3
12.0

3.7

EOEC

11.05
10.57
4.92

11.97
12.97

6.58

Peak

133.7
42.3
47.7
15.4



TABLE VU
Peak Discharge Fluence

Metal Oxide

Peak Discharge Fluence

(fast nvt * 1022)

Driver 31 23

Internal Blankets 30 21

Radial Blankets 38 28

TABLE
Estimate of Metal Control System Requirements (%Ak)

Primary System Secondary System

Hot-to-Colda

Reactivity Fault1*/
Shutdown Margin0

Reactivity Exeessd

Criticality Uncertainty6

Fissile Tolerance*

Total Requirement

Maximum Requirement

0.387±0.077

0.039/0.352

0.618±0.293

±0.3

±0.3

1.357±0.521

1.878

0.228±0.046

0.039/0.352

-

-

-

-J.580t0.046

0.626

aDetermined from total reactivity increase associated with decrease in temperature from operating
temperature to refueling temperature (505'K) for primary system or to standby temperature (630"K)
for secondary system. A 20t uncertainty is assumed.

Based on runout of one row-9 primary rod from maximum insertion (9.14 cm) at EOEC and a rod
interaction factor of 1.5.

CA shutdown margin of 1.0$ is used because it exceeds the rod-runout worth.

An uncertainty of 15£ of the nominal value +0.2jSAk is assumed.

eAssumed equal to CRBR value.

Based on an uncertainty of 0.5t in batch fissile enrichments.



TABLE IX
Estimate of Oxide Control System Requirements (%Ak)

Primary System Secondary System

Hot-to-Colda

Reactivity Fault"/
Shutdown Margin0

Reactivity Excess*1

Criticality Uncertainty6*

Fissile Tolerance*

Total Requirement

Maximum Requirement

1.059±0.212

0.033/0.330

0.526±0.279

±0.3

±0.3

1.915±0.550

2.465

0.763±0.153

0.033/0.330

-

-

-

1.09310.153

1.246

•"Determined from total reactivity increase associated with decrease in temperature from operating
temperature to refueling temperature (505"K) for primary system or to standby temperature (630"K)
for secondary system. A 20t uncertainty is assumed.

Based on runout of one row-9 primary rod from maximum insertion (10.2 cm) at BOEC and a rod
interaction factor of 1.5.

CA shutdown margin of 1.0$ is used because it exceeds the rod-runout worth.

An uncertainty of \5% of the nominal value +Q.2JAk is assumed.

eAssumed equal to CRBR value.

Based on an uncertainty of 0.52 in batch f issi le enrichments.

TABLE X
Metal Core Control Bank Worths

Primary Secondary

Total Worth 4.17% Ak 1.80% Ak

Stuck Rod 0.34% Aka 0.20% Akb

Minimum Worth 3.83% Ak 1.60% Ak

Based on a stuck row 9 primary rod.
Based on a stuck row 6 secondary rod.



TABLE XI
Oxide Core Control Bank Worths

Primary Secondary

Total Worth

Stuck Rod

Minimum Worth

4.43% Ak

0.28% Aka

4.15% Ak

1.99% Ak

0.26% Akb

1.73% Ak

aBased on a stuck row 9 primary rod.

"Based on a stuck row 6 secondary rod.

TABLE XH
Reactivity Feedback Coefficients at EOEC

Metal Oxide

Beta Effective

Prompt Neutron Lifetime, (s)

Sodium Void Worth, ($)
Driver
IB
RB
AB

Sodium Density Worth, ($)
Driver
IB
RB
AB

Doppler Coefficient, ( - I O ^ T
Flooded Doppler

Driver
IB
RB
AB

Voided Doppler
Driver
IB
RB
AB

Fuel

1.929
1.726
0.181

1.155
1.180
0.138

3.515-10"3

3.195-10"7

4.98
2.31

-0.03

4.51
1.99

-0.06

Structure8

0.508
0.174
0.015

0.378
0.136
0.012

Fuel

3.984
4.337
0.406
0.592

2.933
3.518
0.340
0.506

3.301*10

4.054*10

3.79
1.68

-0.08
-0.19

3.37
1.42

-0.11
-0.23

Structui

0.968
0.380
0.030
0.065

0.710
0.293
0.023
0.052

-3



TABLE XH
Reactivity Feedback Coefficients at EOEC (cont'd)

Metal Oxide

Axial Expansion Coefficient, ($/cm)
Fuel

Driver
III
RB

Fuel and Clad
Driver
IB
RB

Fuel and Total Structure
Driver
IB
RB

Radial Expansion Coefficient, ($/cm)

Control Rod Driveline Expansion
Coefficient"'0, ($/em)

-0.718
0.081

-0.004

-0.641
0.118

-0.007

-0.586
0.145

-0.008

-0.765

-0.116

-0.693
0.137

-0.007

-0.617
0.170

-0.009

-0.562
0.195

-0.010

-0.640

-0.0712

aStructure Doppler includes clad plus duct wal I.

bValue at BOEC = -0.0785 S/cm metal; -0.1183 S/cm oxide.

cSee Table XXI11 for bank positions at BOEC and EOEC.


