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ABSTRACT

A reactor physics analysis was performed for the Advanced Neutron Source reactor with
a three-element core configuration. The analysis was performed with a two-dimensional r-z
20-energy-group finite-difference diffusion theory model of the 17-d fuel cycle. The model
included equivalent r-z geometry representations of the central control rods, the irradiation
and production targets, and reflector components. Calculated quantities include fuel cycle
parameters, fuel element power distributions, unperturbed neutron fluxes in the reflector and
target regions, reactivity perturbations, and neutron kinetics parameters.






1. INTRODUCTION

The purpose of the proposed Advanced Neutron Source (ANS) neutron research facility is
to provide unprecedented experimental capabilities in the areas of neutron scattering, materials
research, and isotope production. The primary goals of the ANS project are to obtain neutron
flux levels that are 5 to 10 times larger than any existing facility and to provide irradiation
facilities that are at least as good as the High Flux Isotope Reactor (HFIR) at the Oak Ridge
National Laboratory (ORNL).

This report presents the reactor physics analysis of the ANS three-element core configu-
ration. Calculations have been performed using a two-dimensional 20-energy-group diffusion
theory model. Calculated quantities include fuel cycle parameters, fuel element power distribu-
tions, unperturbed neutron fluxes in the reflector and target regions, reactivity perturbations,
and neutron kinetics parameters.

A description of the ANS reactor is given in Sect. 2. The calculational models used in this
work are described in Sect.3 and calculational results are presented in Sect. 4. Final conclusions
are presented in Sect. 5.







2. DESCRIPTION OF THE ANS REACTOR

2.1 INTRODUCTION

The current ANS reactor core design consists of three annular fuel elements. Each element
consists of involute-shaped fuel plates of medium-enriched uranium in the form of U3Si; in
an aluminum matrix. Heavy water is used as the coolant, moderator, and reflector. Primary
control is by three hafnium rods located in the central hole of the annular fuel elements. Sec-
ondary shutdown capability is obtained with eight hafnium rods located in the reflector. The
experiment facilities, including beam tubes, cold sources, and a hot source, are also located in
the heavy water reflector.

In this section a description is given of the key components that are used in the modeling.
A more detail description of the conceptual two-element core configuration is available in ref. 1.

2.2 COMPONENTS OF THE ANS REACTOR

2.2.1 Fuel Elements

The current reference ANS reactor core configuration has three fuel elements, as shown in
Fig. 2.1. This overlapping configuration was chosen to maximize the thermal neutron flux in
the reflector while providing volume for the possible reduction of the fuel enrichment.? The fuel
element radial thicknesses are determined by fuel plate stability considerations. At the inlet of
each fuel element is a 50-mm unheated region that provides room for flow redistribution in the
event of a flow blockage. This region, along with 2 10-mm unheated region at the top of each
element, contains B4C to be used as & burnable absorber to hold down the core reactivity at
the beginning of cycle (BOC). The boron regions near the core midplane (bottom of inner and
outer elements, top of middle element) contain 3 g of B each, while each of the regions away
from the core midplane (top of the inner and outer elements, bottom of the middle element)
contain 2.5 g of 19B. The heavy water coolant flows upward through the elements, with each
element having a separate flow path.

2.2.2 Fuel Plates

Each of the elements is composed of involute-shaped fuel plates. The plates consist of
U3Siz/Al fuel (50% enriched in 25U) and an aluminum filler sandwiched between Al-6061
cladding. The fuel plates have a total thickness of 1.27 mm, which is the same thickness as the
coolant channels. The fuel plate geometry is illustrated in Fig. 2.2.

The fuel meat within each plate is graded in both the radial and axial directions to optimize
the power distribution. The current fuel grading is shown in Figs. 2.3-2.5 for each element.
In addition, a tabulation of the fuel meat thickness for 800 regions in each element is given in
Appendix A. A description of the fuel grading procedure is given in ref. 3.

2.2.3 Central Control Rods

The primary control system consists of three hafnium control rods located in the central
hole of the reactor. A plan view of the control rod layout is shown in Fig. 2.6. The hafnium
regions are 1060 mm long and have zircaloy-niobium followers. The central control rod drive
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Fig. 2.1. Vertical section of the ANS reactor (dimensions in mm).
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Fig. 2.2. Diagram of an ANS fuel plate (fuel jilate width exaggerated).




Inner Element Fuel Meat Thickness (mm)

—
=
L0
(3]
=
%)
2
L3
=
%]
z 0.4.. ..................................................... onef
0.2 -
0 , £
0 0.5 1
Relative Radius

Fig. 2.3. ANS inner element fuel grading.




Middle Element Fuel Meat Thickness (mm)
1

Relative Height

0.24

Relative Radius

Fig. 2.4. ANS middle element fuel grading.




Outer Element Fuel Meat Thickness (mm)

1

o'sd T T LTI Torre T

0.6+

Relative Height

0.4

0.2+

04 T
0 0.5 1
Relative Radius

Fig. 2.5. ANS outer element fuel grading.
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mechanisms are located below the reactor and push the control rods upward during the fuel
cycle. At full insertion the control rod hafnium regions are centered about the midplane of the
reactor core. A secondary shutdown system is provided by eight safety shutdown rods located

in the heavy water reflector. '

2.2.4 Irradiation and Production Targets

The region between the inner and outer elements contains both irradiation targets and
transuranic isotope production targets. The layout of the targets is shown in Fig. 2.6.

There are a total of ten irradiation targets, five instrumented targets (43 mm diam) and
five uninstrumented targets (16 mm diam). The irradiation targets consist of 87% aluminum
and 13% stainless steel. The targets are 507 mm long with the bottom of the target located at
the same elevation as the bottom of the fuel section of the inner and outer elements.

In additional to the irradiation targets, there are 30 transuranic isotope production rods.
These rods consist of actinide oxide in an aluminum matrix in 4.95-mm-diam pellets. The
pellets are clad in Al-1100.

2.2.5 Reflector Components

The experimental facilities are located in the heavy water reflector, which is separated from
the high-pressure core region by the core pressure boundary tube (CPBT). The reflector is
contained inside a 3.5-m-diam Al-6061 reflector vessel.

The ANS reflector contains a large number of experimental facilities. The major components
include seven beam tubes, a through-tube, the large slant beam tube, two cold sources, a hot
source, and several hydraulic tubes and rabbit tubes. A plan view through the midplane of the
reactor is shown in Fig. 2.7. In addition to the experimental facilities, eight safety shutdown
rods are located in the reflector.

2.3 SUMMARY

In this section a brief description of the key components of the ANS reactor has been
presented. In Sect. 3 the manner in which these components are modeled is discussed.
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3. DESCRIPTION OF THE ANS MODEL

3.1 INTRODUCTION

The ANS reactor has been modeled with the VENTURE? reactor analysis system. This
system includes finite-difference, diffusion theory neutronics and fuel burnup modules, along
with several other modules. The few-group cross sections required for the VENTURE calcula-
tions were created with the AMPX-77° cross-section generation system. This section discusses
the modeling methods and assumptions incorporated into the ANS model.

3.2 NEUTRON CROSS SECTIONS

The VENTURE code system requires few-group neutron cross sections as input for calcu-
lations. These cross sections were created using the AMPX-77 cross-section generation system.
A flow diagram of the cross-section generation process is presented in Fig. 3.1.

The initial cross-section input is obtained from the 99-group ANSL-V cross-section library ®
which was developed from ENDF/B-V specifically for the analysis of ANS. The group bound-
aries are given in Table 3.1. This library is a problem-independent master cross-section library
that must be further processed to correspond to particular reactor conditions. Modules from
the AMPX-77 system are used to perform resonance processing, spatial homogenization, and
energy condensation.

The resonance processing is performed by the BONAMI and NITAWL-1I modules of the
AMPX-T7 system. The BONAMI module uses Bondarenko factor data’ in a self-shielding
calculation. In the AMPX system, this approach is used primarily for the unresolved energy
range. In the ANSL-V library, two isotopes used in these calculations (23U and #5U) have
Bondarenko factor data. A one-dimensional slab model of a fuel unit cell was used to allow
BONAMI to calculate escape probabilities to account for the interaction between fuel lumps.
The NITAWL-11 module is used to process the resolved resonances. In the resolved resonance
processing, NITAWL-II performs the Doppler broadening of each resonance and then determines
the resonance shielding using the Nordheim Integral Treatment.®

After resonance processing, the XSDRNPM S;, transport code is used to calculate 99-group
fluxes over the fuel unit cell consisting of a single fuel plate and its associated coolant. These
fluxes were then used to create spatially homogenized 99-group unit cell cross sections. The
weighted cross sections account for the flux depression in the fuel plate and can be used in
homogeneous representations of the fuel region. Previous calculations, however, have shown
that for highly enriched uranium fuel and heavy water coolant the local self-shielding in the
fuel plates is rather small and that this step may not be necessary.?

The cell-weighted 99-group fuel cross sections were then used in an XSDRNPM model
of radial transverses through the inner and outer elements (upper core region) and a radial
trace through the middle element (lower core region). The calculated 99-group fluxes were
used to collapse the 99-group cross sections to a 20-energy-group structure. The energy group
boundaries of the 20-group cross sections are also shown in Table 3.1. Three cross section sets
were used in each fuel region along with several cross section sets for the Al-6061 structures and
the heavy water to account for the changing energy spectrum. Trace amounts of the nuclides
that make up Al-6061 alloy were added to the reflector region to create 20-group cross sections
for the reflector components.

13
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Calculation Flow Diagram

ANSL-V 99 Neutron Group Master Library
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v
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Fig. 3.1. Flow diagram of cross-section generation for the ANS analysis.
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Table 3.1. Neutron group structures for ANS calculations

Number of

energy groups

Upper energy

Number of

energy groups Upper energy

99 20 boundary (eV) 99 20 boundary (eV)
1 1 2.0000x10° 51 5.5000x 10°
2 1.5941x107 52 3.9110x10°
3 1.2706%10° 53 2.7811x10%
4 1.0127%10° 54 1.9776x10°
5 8.0722x 10° 55 1.4063x10°
6 6.4340x10° 56 7 1.0000x 10°
7 5.5234x 108 57 7.8600x 10"
8 4.7417x10° 58 6.1780x 10
9 4.0707x10° 59 4.8559x 10!
10 3.4946x10° 60 3.8168x10"
11 2 3.0000x 10° 61 8 3.0000x10*
12 2.7235%10° 62 2.4082x 10!
13 2.4725x10° 63 1.9332x 10°
14 2.2447x10° 64 1.5518x 10"
15 2.0378x10° 65 1.2457x 10}
16 3 1.8500x10° 66 9 1.0000x10*
17 1.7497x 10° 67 7.8600x10°
18 1.6548x10° 68 6.1780x10°
19 1.5651x 10° 69 4.8559x10°
20 1.4803x 10° 70 3.8168x10°
21 1.4000x10° 7 10 3.0000x10°
22 1.2816x10° 2 2.6996 x 10°
23 1.1732x 108 73 2.4292x10°
24 1.0740x 10° 74 2.1859x 10°
25 9.8315x10° 75 '1.9670x10°
26 4 9.0000x10° 76 11 1.7700x10°
27 7.6525%10° 77 1.3000x 10°
28 6.5068x10° 78 12 1.0000%10°
29 5.5326x10° 79 7.6500x10™?
30 4.7043x10° 80 13 6.2500x10~!
31 4.0000x10° 81 4.7900% 10!
32 3.0314x10° 82 14 3.9700x10~!
33 2.2074x10° 83 3.3000x10!
34 1.7411x10° 84 15 2.7000x 10!
35 1.3195x10° 85 2.1500x10~"
36 5 1.0000x10° 86 16 1.6200x 10!
37 7.0160x10* 87 1.0400x 10~}
38 4.9224x10* 88 17 5.0000x 102
39 3.4536x10* 89 3.0000x10~2
40 2.4230%10* 90 18 1.0000x10~2
41 1.7000x10* 91 4.4500x102
42 1.2017x10% 92 19 3.2500x10~2
43 8.4941x10° 93 2.6000x103
44 6.0042x10° 94 20 2.1500x10°3
45 4.2441x10° 95 1.8000x 103
46 6 3.0000x10° 96 1.4500x10™3
47 2.1368x10° 97 1.1500x103
48 1.5220x10° 98 8.5000%10~*
49 1.0841x10° 99 5.5000%10-*
50 7.7217x%10° 1.0000x 105
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3.3 VENTURE MODEL

The ANS reactor is modeled using two-dimensional r-z geometry using the VENTURE
reactor analysis system. The model has a mesh structure of 146 radial and 235 axial meshes.
A brief description of the modeling of each component is discussed in the following sections.
A diagram of the VENTURE ANS model, created from the VENTURE input, is given in Fig.
3.2; a closeup of the core region is given in Fig. 3.3. All calculations were performed with 20

energy groups.

3.3.1 Fuel Elements

Each fuel element is modeled as homogeneous regions representing fuel, filler, clad, and
coolant. The fuel grading in each element is represented with 800 fuel zones, each of which
has a uniform composition. Each of the 800 fuel grading zones also represents a depletion
zone. The burnable absorber regions at the top and bottom of each element are represented as
homogenized boron carbide, filler, clad, and coolant. Each boron region contains 15 zones for
depletion purposes.

3.3.2 -Central Control Rods

The central control rods (CCRs) are represented in the r-z model as a single cylinder of
hafnium. The dimensions of the cylinder (radius and thickness) were determined by matching
a single, annular control rod calculation to an explicit control rod calculation.

The equivalent model calculations were performed with one-dimensional models of radial
traces through the upper and lower core regions using the XSDRNPM S, code. The explicit
rod calculations were performed with the KENO multigroup Monte Carlo code.’® All of the
calculations were performed with 99 energy groups. By using a one-dimensional representation,
a substantial amount of computation time was saved. Treating the upper and lower regions
separately requires an additional constraint that the control rod geometry for each trace be
identical (i.e., same radius and thickness).

After performing the explicit calculations with KENO and performing several iterations on
the equivalent CCR geometry with XSDRNPM to match the multiplication factors, the hafnium
absorption rates and spectra, the final parameters were determined. The resulting equivalent
rod has an inner radius of 56 mm and a thickness of 7 mm. A comparison of the multiplication
factors and hafnium absorption rate is given in Table 3.2. The hafnium absorption rate as a
function of energy is shown in Figs. 3.4 and 3.5 for the upper and lower traces, respectively.

3.3.3 Core Support Structure

Above and below the fuel elements are additional core support structures, consisting of
Al-6061, in the form of ribs and vanes inside the core support tubes. In the VENTURE model,
these ribs were homogenized based on their volume fractions. The volume fractions for the
support structures below the inner, middle, and outer fuel elements are 0.121, 0.104, and 0.175,
respectively. In addition, there are core support structures above the inner and outer fuel
elements with volume fractions of 0.063 and 0.052, respectively.
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Fig. 3.2. VENTURE r-z model of the ANS three-element core reactor.
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Table 3.2. Comparison of multiplication factors (kes) and hafnium absorption rates between
the explicit and equivalent central control rod models (normalized to a power level of 1 W)

Upper trace Lower trace
Explicit Equivalent Explicit Equivalent
ket 1.3856 + 0.0010 1.3845 1.1880 £+ 0.0011 1.1896
Hf absorption rate (1012s-1)  4.66 +0.02 4.71 5.13 £+ 0.02 - 5.09
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3.3.4 Irradiation and Production Targets

The homogenized target model is based on a three-region homogenization, shown in Fig. 3.3.
One region represents the transuranic production target and irradiation targets, another region
represents the small and large irradiation target, and another region represents only the large
target. A one-dimensional unit cell calculation was performed to homogenize the transura-
nium target and associated DoO. Calculations of the effective multiplication factor were per-
formed with explicit KENO and equivalent, one-dimensional XSDRNPM models of a radial
trace through the upper fuel elements and targets. The target reactivity worth computed with
the explicit model is 1140 + 80 pcm and computed with the homogenized model is 1128 pcm.

3.3.5 Reflector Components

An equivalent reflector component model was obtained by adding Al-6061 to the upper
region of the heavy water reflector (where most of the experimental facilities and shutdown
rods are located) outside of a radius of 470 mm (the beam tube tip locations). The appropriate
amount of Al-6061 was added until the effective multiplication factor computed with VENTURE
was near unity. The CCRs were positioned at the axial position which yielded a near-unity
multiplication factor in calculations with an MCNP model with a detailed representation of the
reflector components.!! The calculation resulted in an Al-6061 volume fraction of 0.166.

3.4 FUEL CYCLE MODEL

The 17-d ANS fuel cycle is modeled with five depletion steps with calculations at 0, 1,
4.25, 8.5, 12.75, and 17 d. The first time step is used to provide an accurate representation of
the production of 135Xe. All calculations at 1 d and thereafter assume an equilibrium xenon
concentration to ensure that the effects of the xenon on the core fluxes and power distribution
are taken into account.

In the fuel cycle calculations, 31 fission products are represented explicitly. Two effective
fission product materials account for the remainder of the fission products. The selection of the
explicit fission products and fission product lumps is described in ref. 12. The fission product
chains represented in the burnup calculations are shown in Fig. 3.6.

3.5 COMPARISON OF VENTURE AND MCNP CALCULATIONS

A comparison of the power density calculations calculated with VENTURE and MCNP was
performed for a simplified ANS model, at BOC. In this simplified model, the in-core targets
and the reflector components were not modeled. The MCNP model contained an explicit
representation of the CCRs, while the VENTURE model contained the equivalent control rod
model model previously discussed. The fuel grading was represented by 16 regions in each fuel
element. The CCRs were withdrawn to 47.4 mm below core midplane.

The resulting effective multiplication factor from the MCNP calculation is 1.0715 + 0.0006,
while that from the VENTURE calculation is 1.0748, which represents an error of 0.3% k.
The power densities were compared in 70 nearly equal-volume regions in each element. The
results of the power density comparisons are presented in Figs. 3.7-3.9 for the inner, middle,
and outer elements. The power density comparisons show that, in comparison with MCNP, the
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average error in the VENTURE power density is approximately 2.5%, with a maximum error
of 11.3%. The largest errors occur along the outer edge of the inner fuel element and along the
inner edge of the outer fuel element.

3.6 SUMMARY

In this section a discussion of the VENTURE ANS model has been presented. The de-
velopment of 20-group weighted cross sections was discussed, along with the development of
equivalent models of the CCRs, targets, and reflector components. Comparisons of effective
multiplication factors and power densities from MCNP and VENTURE calculations for a sim-
plified ANS model were also presented.



25

‘0504 ¢ [Ppow §NV payijduils ay) Joj jusuiaje [anj Jauul SNV
ayj uj sapjisuap Jomod pajenofed THNLNAA PUe ANDW 243 jo uospedwo) °4°¢ ‘314

[ - 96 L3 994+ 19°C
Ty 1-/¢ E1° -7+ anI-/+ T0°B-/+ [ 28 8724 98°1-/¢ [}
Tos't 680ty 199° 90L° 109° 999
- sC°1- 90°- [ e €9°Ce Wi
01°3-/s 3=/ | 438 &7 16 -/+ €0 3-/+ 1€ 3-/+ 18°3~/+ []
[1i 44 tes” o8 "e’ b9 s 19
- i8°3- 0Tt~ ' [ 3 [ 1323 - To's-
80°3-/+ o8 -/+ $0°3-/+ 8% ~/+ 809 -/+ oi-/+ [ 148 &7 1 ]
Lot zo9* (1} [ R 169" [ 1
Wi [13¢ 3 03 €6+ T+ "w- ¥e'g-
18" -/+ [T Lt </ 8L -/ 98 -/+ - (158 BV 2 L
17N 999° s . e’ ¥E9" [N
26°0- 0 oz 09~ 1. 29°2- [
98" -/ 68" -/+ % -/ o/t 6L° ~/+ 10°3-/+ 1134 272 ]
ote" we Te9° 199° 918" Te9” 909°
v6°'9- %T- 13 8 ¥~ Tee- oL~
[ M 69’ «/+ wn -/ W -/+ 00°3-/+ 81°3-/+ ]
1% 29 9 [ 809° [ TN
0T (153 8 [ 1 & 99 90°3-
00°3-/+ 98 -/ T8 -/+ 18" ~/+ 99 -/ 80°3-/+ 4
198° oL 688" L1 iy’ oy’ 128°
9%°9- - 99°1- " 438 S [4 30 orz- 9L
1=/ 183/ 158 S¥ 23 90° ~/+ 0 -/ wer-/+ wi-/+ 3
109° 99 0es" tos* " oy ey’
€311~ 99°9- [TR A (148 &2 (1% 3 96°¢- 1e°9-
¥ ¥-/+ et-/+ ¥ i-/+ | {4 324 9 T-/4 99°8-/+ 1=/ 4
009° 308° 141N [ [Ty (11} e
1003 3 4aON/(4ON - TIALKIA) T s~ 9e- we- 6E'9~ 89°'9- e ¥6°9-
(%) ALMIVINADEN NOILVIAZQ QUVONVIS-RNO JXOM 687 T-/+ W 1-/+ or'I-/¢ Te T/ 19°1-/+ T8 3-/+ 10°T~/+ ¥
LLISKAQ WIAOd TAILVIAN JNOM  189° (110 00%° 89¢° e L1y oL’




26

"D0d ¢ [9powr SNV payiidwis a1} Joj Juawale [ony IpPIu SNV
ayy uj sepisuap Jomod pajemoed FUNLNIA Pue INOI o3 jJo uospredwo) g'g ‘3ig

09°4+ 19744 69°9¢+ 6 Le 1608+ 430+
158 £72% 1°3-/+ 6T 3-/+ 8T 1-/+ 06 3-/+ 138 8721 ot
19€°3 940°1 1ce” 0zo's we's s8e°t
o968+ | 75924 EL°d+ 41°9+ 81°9¢ 89°0+ (138 L]
83°3-/+ 61°1-/+ T I/ ¥E°¥-/+ €e3-/+ ws-/+ TH 3-/e L}
et /T’y €96’ €L’ €99° 960°1 6E9°T
(/1 3 §9°Ce 909+ 99°€+ ¥9° 9+ i 90°9¢+
W +/e oL 8L -/+ %" -/+ 19 -/+ ¥ -/+ te: /¢ L
488'3 a8ty €10°% 108° 08’ (1438 . 089°t
8- 80°8¢ £9°9¢ L6 Ti'se 09°T+
o/ -/ o -/ W -/+ 08 -/+ L
910°t 13 28 4 €e0°3 908" ”ne's 899°1
[ X4 10° 9+ 1 3 4 1338 44 116+
¥ o-/+ oW ~/+ w’t -/ u: -/ 68 ~/+ 9
ie's &' ite’ [ ]2 18L°
90°9- - (238 U 98+ 08"+ i9°-
9" </ 90w -/+ 69 -/+ oL /¢ 19 -/ ]
4848 8Tt €11’ e 18 U3
L1 38 A - 6L+ - L 138 34 90"+ 093~
9 -/ W /e ¥ -/+ 69 -/+ o -/+ 88 -/+ ¥
¥e'3 eee's $91°3 400°3 [ 138 4 et
1€ - | 114 1] 38 {J 40°%+ 9w €6'~
9 -/+ €9 -/¢ 8" -/+ 89 -/+ 8L -/+ W -/ €
§6€°3 [ 1148 1103 {1408 4 [ 84 et
€1°9- T e~ " - 8- w- ey
1w -/ w4+ 0L -/+ SL° /v 90" -/+ 16 ~/+ T
wet 198 [ 11384 1> M 900°% [ 72 ]
X007 = JNIN/(dNON - TNOALNZA) 26°9- 4 28 Ad 18- - 80°- | A 08 34 tee-
(%) ALNIVINZONN MOILVIAGQ QUVANYIS-SND 4XKOM 09" -/+ Wwo-/+ 69" /¢ 8" ~/+ -/ 8 -/+ 08" ~/+ 3
LLISKAQ VaAOd TAILVIN 40N et 16t "'y e’ o8 20y EIE'}




27

‘004 e [Ppows SNV payijduils a1} I0J Juswia[d [anj JaIno SNV

ayy uj sapjisuap Jomod pajemoed FUNILNAA PUe JNOW 943 Jo uosjredwio) ‘g'¢ 31J

%003 = JNON/({dNOM - SNOLINEA)
1) ANIVIVADNA NOTLVIAZQ QUYANVLIS-END dNOW
ALISNZG MAN0d RAILVIAN LNOM

€6°¢
88’ ~/+
ese°t

093~
09’ -/+
00T

038~
ow'e

we
89" ~/+
6ot

00°8-
59 -1+
wi't

49°C
& -4
00¥°3

80°3-

¥y







30

"juswae [anj Yowa uj DOH e dnuinq [euorjoely gez-wnjuern) ‘T'y ‘314

snIpey aAneRY

4
£0—
$1°0—

DN

L

i §0 0

0_
)\

jusuRyg 9inQ0

W3RH aAnePRY

smpey AnePRY

e\
o
|
) 50
l

L\
N

juawRy IAPPIA

WBI3Y aAnePY

snipey ALy

I 50 0
'

7N

_—

L

N

-
Q

40

-9'0

jusuid]y Jouuj

WBRY AneRy




31
4.3 FUEL ELEMENT POWER DISTRIBUTIONS

The core power distribution was computed at each time step throughout the cycle. Power
density contours at BOC, MOC, and EOC are shown in Figs. 4.2-4.4, respectively. Detailed
power density tables are given in Appendix B for each element and at each time point in the
fuel cycle calculation. Note that although the fission power level of the ANS reactor is 330
MW, roughly 10% of the energy is transported out of the fuel elements, resulting in a thermal
power level inside of the CPBT of approximately 300 MW.13

The fuel grading in each element is designed to push the power production near the bottom
of each element, where the coolant enters. Under ideal circumstances this results in axially
uniform thermal-hydraulic conditions yielding the maximum thermal-hydraulic margins. The
power density plots show that power is indeed peaked toward the inlet in the inner and outer
elements. In the middle element, however, the power density does not have this desired behavior.
This is a result of the large thermal neutron population at the core midplane, which results in
a natural tendency for the largest fission rates to occur near the core midplane (the inlets of
the inner and outer elements, the outlet of the middle element).

The largest power densities occur in the middle and outer element in the fuel regions that
are adjacent to the heavy water reflector. This occurs despite the reduction in the fuel loading
in those areas. Note also that since the inner element is shielded from the reflector, its power
production is rather low in comparison to the other two elements. Figure 4.5 shows the power
production in each element.

When considering the effectiveness of the current ANS fuel grading, it should be noted that
the fuel grading, was developed with a simpler VENTURE model then used in this work. The
simpler model did not include irradiation and production targets, which shift the power density
from the inner and outer elements to the middle element. In addition, these previous VENTURE
calculations were performed with four energy groups that, despite the use of spatially dependent
cross sections in the fuel elements, may lead to errors of 20% along the edges of the fuel elements.
Continued development of the fuel grading design would have addressed these issues and would
have resulted in a slightly different grading that would have nearly the same thermal-hydraulic
margins as the present fuel grading.

Table 4.2. Core reactivity balance at BOC, MOC, and EOC

Reactivity worth (pcm)

BOC MOC EOC
Central control rods 6401 2530 203
Burnable absorber 8927 3215 692
Fission products 0 7565 9385
Fuel burnup 0 20180 5048

Total 15328 15328 15328
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4.4 NEUTRON FLUXES

Unperturbed neutron fluxes were calculated for each of the time points in the fuel cycle
calculation. In these unperturbed flux calculations, the irradiation and production targets and
the homogenized reflector components are replaced with heavy water. The fuel element isotopics
and the CCRs positions are maintained at their respective values from the original fuel cycle
calculation, which had the targets and components present. This will, of course, result in an
effective multiplication factor that is significantly greater than unity, typically by 7 to 8%. The
effect of this greater-than-unity multiplication factor in the solution of the eigenvalue diffusion
equations is a reduction of the neutron production per fission until it matches the neutron loss
by absorption and leakage in a steady-state condition. Hence, the neutron source is less than it
would be in a critical system by a factor equal to the effective multiplication factor. The proper
unperturbed fluxes are therefore obtained by multiplying the calculated fluxes by the effective
muitiplication factor, which has been done for all neutron fluxes presented subsequently.

The unperturbed neutron fluxes are generally useful for making general design choices such
as choosing the approximate location for beam tubes or irradiation facilities. They are also use-
ful for comparison with other reactor systems since unperturbed fluxes are commonly reported.
Detailed calculations of the perturbed fluxes in many regions of the ANS reactor have been
performed using a very detailed three-dimensional model with the MCNP Monte Carlo code
and are presented in ref. 14, which should be consulted when the perturbed fluxes are required.

Note that the production of neutrons from photonuclear reactions with deuterium have not
been accounted for in the neutron fluxes presented in this section. Photoneutrons produced by
gamma. rays from 22 Al decay in the heavy water reflector tank make large contributions to the
fast neutron flux, which is very low in this region. As a result, the fast neutron fluxes calculated
with diffusion theory in these outer reflector regions are not accurate. The photoneutrons do
not make significant contributions in the core region (except in the kinetic response, which is
discussed later).

4.4.1 Neutron Fluxes in the Heavy Water Reflector

Contour plots of the neutron fiuxes are presented in Figs. 4.6-4.17 at BOC, MOC, and EOC
in the following energy ranges: E < 0.625 eV (thermal), 0.625 eV < E < 100 eV (epithermal),
100 eV < E < 100 keV, and E > 100 keV (fast).

4.4.2 Neutron Fluxes in the Target Region

The unperturbed neutron fluxes in the target region between the inner and outer fuel ele-
ments have also been computed. Axial plots of the thermal neutron flux, epithermal-to-thermal
flux ratio, and fast-to-thermal flux ratio are presented in Figs. 4.18-4.22.
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4.5 CENTRAL CONTROL ROD WORTH CURVES

By performing effective multiplication factor calculations at different rod positions, the
reactivity versus control rod position can be determined for any specific time in the cycle. The
integral and differential control rod reactivity worths are presented in Figs. 4.23 and 4.24,
respectively, for BOC, MOC, and EOC conditions. The results are also provided in tabular
form in Tables 4.3 and 4.4. The CCRs have the least differential worth when fully inserted or
when fully withdrawn from the core. The maximum differential reactivity worth occurs when
the rods are near midplane. At BOC, the burnable absorber causes a slight “dip” in the CCR
rod worth when the rods are located near the core midplane. This effect does not occur later
in the fuel cycle when much of the burnable absorber has been depleted.

4.6 REACTIVITY COEFFICIENTS

Calculations have been performed to estimate the impact that changes in fuel temperature,
heavy water density, light water contamination, fuel loading, and boron loading have on the core
reactivity. Direct effective multiplication factor calculations were performed for large changes
in conditions, which also required recalculation of the nuclear cross sections. The effect on
reactivity of small localized changes from the reference operating conditions were computed
using the PERTURBAT module!® of the VENTURE system, which is based on first-order
perturbation theory. The use of perturbation theory allows the calculation of the small reactivity
changes without performing an excessive number of eigenvalue calculations. In most cases, the
total change in reactivity caused by the perturbation was also computed using direct eigenvalue
calculations. The total computed from the direct eigenvalue calculation can be compared to
the sum of the perturbations computed using first-order perturbation theory to determine the
accuracy of the perturbation theory calculation. Note that since first-order perturbation theory
is linear, the total perturbation is simply the sum of the smaller perturbations, which is valid
only for small perturbations that do not effect one another.

4.6.1 Fuel Temperature

The isothermal Doppler coefficient was computed by creating an additional cross section set
at fuel temperature of 550 K (the standard cross section set was created with a fuel temperature
of 350 K) and evaluating the effective multiplication factor. Perturbation theory calculations
were used to evaluate the effect of a temperature change in each fuel element. The resulting
Doppler coefficients at BOC, MOC, and EOC are given in Table 4.5 for each fuel element and
the entire core. As these results show, the Doppler coefficients are negative and rather small.
This is a result of the medium enrichment fuel and the use of heavy water coolant that results
in a hard spectrum in the fuel region. Most of the neutron thermalization occurs outside of the
fuel elements and, therefore, many of the neutrons are not affected by changes in the resonance
absorption of the fuel.

4.6.2 Heavy Water Density

Calculations were performed to evaluate the effect of decreasing heavy water density in
the primary system (inside of the CPBT) and in the reflector. The results of the density
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Fig. 4.23. Integral central control rod reactivity worth curves.
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Fig. 4.24. Differential central control rod reactivity worth curves.
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Table 4.3. Integral central control rod reactivity worths

Control rod position Integral control rod worth (pcm)

(mm from midplane) BOC MOC EOC
-530 —4740 —8927 -12620
—476 ~4763 —8945 ~12680
—400 -4575 ~8724 —12460
-300 —3865 -7955 ~11630
-200 -2607 —6647 -10250
—100 -1100 -5043 -8529

0 442 -3181 —6380
100 1602 -—1695 —4572
200 2889 -3131 -3044
300 4314 1043 -1627
400 5493 2098 =527
476 6062 2624 46
530 6353 2914 385

Table 4.4. Differential central control rod reactivity worths

Control rod position _Diff. control rod worth (pcm/mm)

(mm from midplane) BOC MOC EOC
—503 ~0.4 —0.3 -10
—438 25 2.9 2.8
-350 7.1 7.7 8.3
—250 12.6 13.1 13.8
-150 15.1 16.0 ' 172

—50 14.9 18.6 - 21.5
50 11.6 14.9 18.1
150 12.9 13.8 15.3
250 14.2 13.6 14.2
350 11.8 10.6 11.0
438 7.5 6.9 7.5

503 5.4 5.4 6.3
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Table 4.5. Change in the effective multiplication factor as a result of a small increase in the

fuel temperature (calculated with perturbation theory unless otherwise noted)

Reactivity coeflicient

Location of (pcm/K)

perturbation BOC MOC EOC
Inner fuel element -02 -03 =05
Middle fuel element -06 -05 -0.4
Outer fuel element -04 -04 —0.5
Total -12 -12 -14
Total (from direct calculation) -12 -11 -12

calculations are shown in Figs 4.25 and 4.26 for a uniform density change in the primary
system and reflector, respectively. As expected, the calculations show that a decrease in the
heavy water density results in a negative reactivity insertion.

The effect of localized changes in density in the core region were computed using perturba-
tion theory and are summarized in Table 4.6. These calculations show that a decrease in density
above or below the fuel elements can result in a very small increase in reactivity. This occurs
because of the loss of absorption in the boron regions. As the boron is depleted throughout
the cycle, the effect lessens. Also note that there is good agreement between the results of the

direct calculation of the uniform density change as compared to the cumulative perturbation
results.

4.6.3 Light Water Content

The heavy water cleanup system in the ANS maintains the light water contamination at
a level of 0.2 mol %. Since hydrogen is a better moderator than deuterium, introduction of
additional light water into the system may result in increases in reactivity. Calculations similar
to those performed for the heavy water density were also performed for the light water content.
Results of calculations for uniform changes in the light water content in the primary system and
reflector are shown in Figs. 4.27 and 4.28. The perturbation results for the localized changes
are given in Table 4.7. At BOC, the insertion of light water into the primary system always
results in a positive reactivity insertion, whereas at MOC and EOC there is positive reactivity
insertion for light water levels only up to about 5 and 20%, respectively.

4.6.4 Fuel Loading

Using perturbation theory, changes in the effective multiplication factor, as a result of small
changes in the fuel loading, have been calculated. A summary of the results of changes in the
fuel loading by fuel element at BOC, MOC, and EOC are summarized in Table 4.8. The results
show that at BOC, changes in the fuel loading are most effective in the lower element. As

the cycle progresses, the inner and outer fuel elements become more important and the middle
element less important.
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Fig. 4.25. Reactivity effect of a uniform change in heavy water density in the primary coolant.
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Fig. 4.26. Reactivity effect of a uniform change in heavy water density in the heavy water
reflector.
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Table 4.6. Change in the effective multiplication factor as a result of a small decrease in
primary coolant density (computed with perturbation theory unless otherwise noted)

Reactivity coefficient

Location of (pcm/percent)

Central hole -10.2 -16.2 —-24.7
Inner fuel element -7.4 -10.4 -16.4
Middle fuel element -29.4 -22.1 -16.6
Outer fuel element -14.8 -14.8 -174
Below inner element -41.2 -34.8 -30.5
Above middle element -16.7 -21.8 —29.7
Below outer element -30.8 —24.6 —20.6
Bypass region -1.7 -1.5 -1.2
Below core : 0.1 0.1 0.0
Above core 0.5 0.5 0.6
Total -152 —146 —158
Total (from direct calculation) -149 -138 -143

Table 4.7. Change in the effective multiplication factor as a resixlt of a small increase in the
primary coolant light water content (calculated with perturbation theory unless otherwise

noted)

Reactivity coefficient
Location of ’ (pcm/percent)
perturbation BOC MOC EOC
Central hole 7.2 32.1 73.0
Inner fuel element 12.9 21.7 38.9
Middle fuel element 450 44 40.1
Outer fuel element 23.1 30.9 42.7
Below inner element 67.8 72.0 74.4
Above middle element 34.9 53.0 83.9
Below outer element 53.1 55.0 -53.7
Bypass region -3.7 —-4.3 —4.7
Below core -3.0 -0.4 —-0.5
Above core -15 -14 -1.2
Total 236 303 400

Total (from direct calculation) 215 288 386
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Fig. 4.27. Reactivity effect of a uniform change in light water content in the primary coolant.
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Fig. 4.28. Reactivity effect of a uniform change in light water content in the heavy water
reflector.
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4.6.5 Boron Loading

The impact on the effective multiplication factor caused by changes in the boron loading
in each of the fuel element endcaps was computed. The results are presented in Table 4.9.
The results show that changes in the boron loading result in the largest change in reactivity
at BOC. Small changes in the loading in the upper endcap of the inner element result in very
little reactivity change.

4.7 NEUTRON KINETICS PARAMETERS

Calculations of the delayed neutron fractions and the prompt neutron lifetime were per-
formed at different times throughout the fuel cycle. The contribution of photoneutrons to the
delayed neutron population were accounted for by using gamma flux distributions calculated in
previous shielding studies!® along with delayed photoneutron data in ref. 17. An additional cal-
culation was performed at BOC without reflector components. The results of the calculations
are summarized in Table 4.10.

The results show that both the prompt neutron lifetime and the delayed neutron fraction
decrease slightly over the fuel cycle. The delayed neutron fraction is based on the typical value
for thermal fission for 23*U of 0.0065.!7 The creation of the delayed neutrons at a lower energy
than the prompt neutrons increases their importance resulting in an effective delayed neutron
fraction of 0.00667. The production of photoneutrons results in an increase in the delayed
neutron fraction by 0.0006. In addition, a calculation was performed to estimate the effect
of the reflector components on the prompt neutron lifetime. When the reflector components
were removed, the prompt neutron lifetime increased from about 0.5 ms to nearly 1 ms. This
results because of the reduction of the neutron absorption in the heavy water reflector, where
the neutrons have a very long lifetime.

4.8 SUMMARY

In this section the results of the analysis of the ANS three-element core design have been pre-
sented. Results included fuel cycle parameters, power distributions, neutron flux distributions,
reactivity perturbations, and neutron kinetics parameters.
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Table 4.8. Change in the effective multiplication factor as a result of a small increase in the

235U loading (computed with perturbation theory)

Reactivity coefficient
Location of (pcm/percent)

perturbation BOC MOC EOC

Inner fuel element 28.1 46.1 60.1
Middle fuel element 94.3 107.7 85.7
Outer fuel element 52.5 74.8 85.2

Total 175 229 231

Table 4.9. Change in the effective multiplication factor as a result of a small decrease in the

108 loading (computed with perturbation theory)

Reactivity coefficient

Location of (pcm/percent)

perturbation BOC MOC EOC

Inner fuel element  upper endcap 0.0 0.0 0.0
lower endcap 4.9 7.1 1.5
Middle fuel element upper endcap 12.3 60 = 02
lower endcap 11.7 3.2 0.2
Outer fuel element  upper endcap 3.1 1.9 1.0
lower endcap 13.2 4.6 0.2

Total

45.2 228 3.1
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Table 4.10. Prompt neutron lifetime and effective delayed neutron fractions

Case Prompt neutron Delayed neutron fraction
(ms) without photoneutrons with photoneutrons
BOC 0.541 0.00667 0.00727
MOC 0.525 0.00657 0.00717
EQC , 0.499 0.00646 ' 0.00706
BOC (no refiec- 0.971 0.00663 0.00723

tor components)




5. CONCLUSIONS

In this report the reactor physics analysis of the ANS three-element reactor core has been
presented. The analysis included the development of ANS-specific, few-group cross sections and
an r-z reactor model with equivalent models for the CCRs, targets, and reflector components.
All calculations were performed with a 20-energy group, finite-difference diffusion theory model.

The results of several calculations were presented. These include fuel cycle parameters, fuel
element power distributions, unperturbed neutron fiuxes in the reflector and target regions,
reactivity perturbations, and neutron kinetics parameters.

Some comparison can be made with the base-line ANS two-element core configuration with
highly enriched fuel. The three-element core configuration, with medium enrichment fuel in
these calculations, requires 31 kg of 25U versus approximately 24 kg for the two-element con-
figuration. The peak thermal flux in the three-element core is smaller, 5 x 10'® m~2. 5! versus
7 x 10!® m~2. 5!, but just meets the minimum goals of the project.
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APPENDIX A

ANS THREE-ELEMENT-CORE FUEL GRADING
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