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1 GENERAL DESCRIPTION OF THE FACILITY

1.1 Introduction

This report contains the results of the design and safety analyses performed by
the School 6f Nuclear Engineering at Purdue University, and the Reduced Enrichment
for Research and Test Reactors (RERTR) Program at the Argonne National Laboratory
(ANL) for the conversion of the Purdue University Reactor (PUR-1) from the use of
Highly Enriched Uranium (HEU) fuel to Low Enriched Uranium (LEU) fuel. The
objectives of this study were to: (1) maintain or improve upon the present reactor
performance and safety margins, (2) maintain as closely as possible the technical
specifications and operating procedures of the present HEU core, and (3) utilize a

proven LEU fuel design.

The design and safety analyses in this report provide comparisons of reactor
parameters and safety margins for the PUR-1 HEU and LEU cores. Only those
parameters which could change as a result of replacing the HEU fuel in the core with
LEU fuel are addressed. Documents that were reviewed by Purdue as bases for the
design and safety evaluations were the PUR-1 Safety Analysis Report', the Technical
Specifications for PUR-1%, and the Safety Evaluation Report (NUREG-1283) for PUR-13.

1.2 Summary and Conclusions of Principal Safety Considerations
The conclusions of this conversion proposal is that the new LEU core for PUR-1
meets or exceeds all of the requirements specified in the PUR-1 Technical

Specifications [Ref. 2] and confirmed in the analyses of the SAR [Ref. 1].

1.3 Summary of Reactor Facility Changes

The LEU fuel assembly has the same overall design as the present HEU fuel
assembly, except that it contains a maximum of 14 fueled plates with LEU U3Si-Al fuel,
as opposed to a maximum of 10 fueled plates with HEU U-Al allby fuel. A detailed
evaluation of LEU U3Si,-Al fuel can be found in NUREG-1313 published by the USNRC*.

1.4 Summary of Operating License, Technical Specifications, and
Procedural Changes

There are no operational changes being proposed as a part of these analyses.

Proposed changes in the Safety Limit (SL) and the Limiting Safety System Settings

PUR-1 Conversion Analysis 1 July 2006



(LSSS) Technical Specifications are described in Section 14 of this document. An
additional change to the technical specification requiring inspection of fuel
representative assemblies instead of representative individual fuel plates is proposed as

well.

1.5 Comparison With Similar Facilities Already Converted

Similar pool-type, MTR reactors that are cooled by natural circulation have
converted to the same LEU silicide plate-type fuels proposed for the PUR-1 conversion.
They are the research reactors at the University of Missouri at Rolla and The Ohio State
University, which are licensed to operate at power levels of 200 kW and 500 kW,
respectively. Based on the performance of the fuel in these reactors, the LEU fuel

performance in the 1kW PUR-1 should be equally good.

2 SITE CHARACTERISTICS

The conversion of PUR-1 from HEU to LEU fuel does not impact the site

characteristics of the Purdue reactor facility as specified in Reference 1.

3 DESIGN OF STRUCTURES, SYSTEMS AND COMPONENTS

The conversion of PUR-1 from HEU to LEU fuel does not require any changes to
the design of structure, systems, or components. More details about this topic can be

found in Reference 1.

4 REACTOR DESCRIPTION

'PUR-1 is a heterogeneous, pool-type non-power reactor. The core is cooled by
natural convection of light water, moderated by light water, and reflected by water and
graphité. The reactor is located near the bottom of a water-filled tank surrounded and
supported by a concrete shielding structure as shown in Figure 4-1. An aluminum grid

_plate structure supports the reactor and control mechanisms at the bottom of fhe pool,
with additional support of the control mechanisms provided by a fixture at the top of the
pool. Three detectors used for monitoring reactor conditions are located in fixed
positions next to the reactor core. And the startup detector is located in a tube affixed to
a fuel element in the core, which allows the detector to be removed from the neutron

flux when the reactor is at power.
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Figure 4-1: PUR-1 Pool Layout

The reactor core is composed of sixteen fuel elements positioned in holes in the
aluminum grid plate. The grid plate contains a rectangular matrix of holes to allow the
changing of fuel element locations and the insertion of graphite reflector elements to
displace reflector water. Each fuel element consists of several thin metal plates
assembled into a unit about 7 cm by 7 cm with an active fuel length of approximately 60
cm. Fuel elements of this general configuration were first designed for and used in the
Materials Testing Reactor (MTR) and thus are referred to as MTR-type fuel elements.
Three of the fuel elements are fabricated without the four middle plates, providing space

for the insertion and movement of the reactor control rods.

Reactivity of the reactor core is changed by the operator moving the control rods
that are suspended from fail-safe electromagnets. The ionization chambers used for
sensing neutron and gamma-ray fluxes are located near the core. The control console,
from which the operator can observe the reactor pool and top structures, is located

adjacent to the reactor, and consists of typical read-out and control instrumentation.
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4.1 Reactor Facility
The HEU to LEU conversion of the PUR-1 facility requires only changes in the

fuel assemblies. All of the following aspects of the facility remain unchanged:
e Control rods and drives
« Neutron reflector’
o Neutron source’
¢ Reactor tank and biological shielding
¢ Core support structure
ke Reactivity control system
No modifications of facility equipment that affect safety are required by the conversion.

The HEU and LEU cores contain plates that differ in composition of fuel meat,
cladding material and thickness, enrichment and per plate fuel load. The current HEU
core and expected LEU core also differ in the number of plates per assembly, total
plates in the core, and number of fuel and dummy plates. Note that the expected LEU

core configuration may differ when the actual fuel loading is performed.

Table 4-1 provides a comparison of the key design features of the HEU and LEU
fuel. Table 4-2 presents a summary of the key reactor physics and safety parameters
for the HEU and LEU cores.

" The graphite neutron reflector elements will be removed from the current aluminum can assemblies and
placed into new assembly cans of 6061 aluminum to match the new fuel. No design or
functionality changes are being made to the assemblies, and no impact is expected on safety or
performance by this change.

' The current neutron source will be removed from the current aluminum can assemblies and placed into

a new 6061 aluminum can assembly. No design or functionality changes are being made to the
assemblies, and no impact is expected on safety or performance by this change.
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Table 4-1: Summary of Key Nominal Design Parameters of HEU (current)
and LEU (Expected) Cores

DESIGN DATA
Fuel Type
Fuel “Meat” Composition
Fuel Enrichment U-235 (nominal)
Mass of U-235 per plate (g, nominal)
Fuel Meat Dimensions

' Width (mm)

Thickness (mm)

Height (mm)
Fuel Plate Dimensions

Width (mm)

Thickness (mm)

Height (mm)
Cladding Composition
Cladding Thickness (mm)
Dummy Plate Composition
Dummy Plate Dimensions
Standard Fuel Assemblies

HEU
MTR Plate
U-Al Alloy

93%

62.7
0.508
600.1

70.2
1.52
638.6
1100 Al
0.508
1100 Al
Same as Fuel

LEU
MTR Plate
UsSiz-Al
19.75%
12.5

59.6
0.508
600.1

70.2
1.27
638.6
6061 Al
0.381
6061 Al
Same as Fuel

Number of standard assemblies 13 13
Number of plates per standard 10 14
assembly
Control Fuel Assemblies -
Number of control assemblies 3 3
Number of plates per control assembly - 6 8
Total plates in core (fuel and dummy) 148 206
Fuel plates in core (current, expected) 124 190
Dummy plates in core (current, expected) 24 16
Plate spacing in standard assemblies (mm) 5.26 3.71
Plate spacing in control assemblies (mm) 5.26 5.00
PUR-1 Conversion iAna!ysis 5 July 2006



Table 4-2: Summary of Key Reactor Physics and Safety Parameters
for the HEU (current) and LEU (Expected) Cores

4.2 Reactor Core

REACTOR PARAMETERS HEU HEU LEU
‘ Measured Calculated  Calculated
Fresh core excess reactivity (%Ak/k) 0.43 0.43* 0.47%
Shutdown margin (%Ak/k) -2.07 ~-1.93¢ -1.538
* Control rod worth (%Ak/K) .
Shim-safety 1 4.50 4.36 3.91
Shim-safety 2 2.52 2.35 2.00
Regulating Rod 0.28 0.27 0.29
Maximum reactivity insertion rate (%Askj
Shim-safety 1 1.12E-02 9.31E-03 1.84E-04
Shim-safety 2 7.45E-03 7.45E-03 1.07E-04
Regulating Rod 3.00E-02 2.25E-02 4.07E-05
| . - ( Y%Ak ] »
Avg. coolant void coefficient | — -9.88E-02 -1.68E-01
k -%void
%Ak - -
Coolant temperature coefficient ( ~ ) -7.46E-03 -9.75E-03
Fuel temperature coefficient (Z’N(EJ 0 -9.91E-04
Effective delayed neutron fraction (%) 0.795 0.787
* Neutron lifetime (us) 76.7 81.3

This section provides a description of the components and structures in the

reactor core. Comparisons between the HEU and LEU cores are presented when

. changes due to conversion are required.

* Includes a bias of 0.32%Ak/k for the HEU core, see Table 4-7: Comparison of calculated to measured
critical rod positions for HEU core. The calculated excess reactivity is 0.75% Ak/k. The
calculated shutdown margin is -1.61% Ak/k.

¥ Assumes the same bias as the HEU core. The calculated excess reactivity is 0.79% Ak/k. And the
calculated shutdown margin is -1.31% Ak/k.

" Calculated from 20-30°C.
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The conversion of PUR-1 from HEU to LEU will utilize the same configuration of
fuel assemblies, moderator, coolant, control elements, reflector, neutron source, and in-
core experimental facilities. The pool tank layout will also remain the same, as will the

grid support plate and core layout is shown in Figure 4-2.

Figure 4-2: PUR-1 Grid Plate

The PUR-1 core layout is a sixteen assembly (4x4 array), heterogeneous, light-
water moderated, graphite reflected, water cooled reactor fueled with HEU plate-type U-
Al fuel. Each of the thirteen standard fuel assemblies in the HEU core can hold up to 10

fuel plafes, or a mixture of fuel and dummy plates.

The reactor is controlled by three control rods located in the core region of the
reactor. There are two shirh-safety rods made of solid borated 304 stainless steel,
utilizing a magnet clutch between the blades and the lead screw operated drive
mechanisms, and a regulating rod, which is a screw operated direct drive and made of
hollow stainless steel. Each control blade is protected by an aluminum guide plate on

each side within the control fuel assemblies.

Each ten-plate fuel element for the standard assemblies, and each set of two

three-plate elements for the control assemblies, is contained in a 6061 aluminum
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container. The standard graphite assemblies and the irradiation facility graphite
assemblies are contained in similar 6061 aluminum containers. The startup neutron

source is located outside the core in a similar 6061 aluminum container.

Heat removal is achieved by natural convection, with a general flow up through
the nozzle at the bottom of the fuel assemblies. A drawing of the fuel assembly can is
shown in Figure 4-3. This drawing is oriented 90 degrees counter-clockwise from the

actual in-core orientation of the assembly can.

Figure 4-3: HEU fuel-assembly can with nozzle.

4.2.1 Fuel Elements
4.2.1.1 Fuel and Dummy Plates .

The HEU and LEU fuel elements have similar overall designs, i.e. they are both
composed of fuel plates consisting of a sandwich of fuel “meat” and aluminum cladding.
The plates are then assembied into the elements consisting of a number of fuel and
dummy pilates, which are in turn inserted into the assembly cans. Details about the
specifications of the PUR-1 LEU plates can be found in the Fuel Speciﬁcations.5

The major differences between the HEU and LEU cores are the fuel plates,
specifically the enrichment, plate thickness, and the cladding material and thickness.
The LEU fuel plates are thinner, with a thickness of 1.27mm (50 mils) versus the HEU
plates with a thickness -of 1.52 mm (60 mils). The cladding composition for the LEU
plates is 6061 aluminum versus 1100 aluminum for the HEU. And the cladding
thickness of the LEU cladding is 0.381mm (15 mils) versus 0.508 mm (20 mils) for the
HEU. This information is shown in Table 4-3.

f
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Table 4-3: Characteristics of fhe HEU and LEU Fuel Plates

HEU' | LEU

Fuel Type U-Al Alloy U3Siz-Al
Fuel Plate Dimensions , .

Width (mm) 70.2 ‘ 70.2

Thickness (mm) 1.52 1.27

Height (mm) 638.6 638.6
Fuel Meat Dimensions

Width (mm) 62.7 59.62

Thickness (mm) 0.508 0.508

Height (mm) 600.1 600.1°
Cladding Type 1100 Al 6061 Al
Cladding: 4

Along width (mm) 3.66 (min) 3.63 (min)

Along thickness (mm) 0.508 0.381

! Data taken from PUR-1 Drawing 117-0002, which corresponds to the LNP 1961 design.
2 Drawing #635463 from INL shows values between 58.9mm and 62.7mm for the width of the fuel meat.

3 Drawing #635463 from INL shows values between 571.5mm and 609.6mm for the height of the fuel meat. This size

was chosen to be the same as the HEU plates for the purposes of this analysis.

The HEU and LEU dummy plate dimensions are identical with their respective
fuel plate dimensions. The dummy plates consist of 1100 aluminum for the HEU

dummy plates, or 6061 aluminum for the LEU dummy plates.

-

4.2.1.2 Fuel Elements

Each standard HEU fuel element is composed of 10 plates, which may be either
fuel or dummy plates (see Figure 4-4). The water gap between the HEU plates is
nominally 5.26 mm. The bolt to bolt dimension is 71.25 mm. The LEU fuel elements
are composed of 14 plates, which may be either fuel or dummy plates (see Figure 4-5).
The water gap between the LEU plates is nominally 3.71 mm. The bolt to bolt

dimension of the LEU elements is 69.72 mm.
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Figure 4-4: HEU Fuel Element

Figure 4-5: LEU Fuel element
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Each of the three control rods inserts into the core via a control assembly. The
- HEU control assemblies each contain a set of two control fuel elements with three
plates each, which may contain either fuel or dummy plates. The water gap between

the plates is uniform across the element at 0.526 cm.

Figure 4-6: HEU Contfol’ Fuel Element.

For the LEU core, the control fuel assemblies will contain a set of two fuel
elements as well, with each element containing four plates, either fuel or dummy. The

water gap between the plates is uniform across the element at 0.500 cm.

Figure 4-7: LEU Control Fuel Elementy.
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4.2.1.3 Fuel Assemblies

Each of the standard fuel elements and the sets of two control elements are
placed into a 6061 aluminum assembly can. The cans are to be réplaced when the fuel .
is replaced, with newly manufactured cans of identical design, also made from 6061
aluminum. The gaps between the elements and assembly cans will be different
between the HEU and LEU assemblies due to a design change in the hardware used to
assemble the elements. The HEU fuel assembly is shown in Figure 4-8 and the LEU

fuel assembly is shown in Figure 4-9.

Figure 4-8: HEU Standard Fuel Assembly

Figure 4-9: LEU Standard Fuel Assembly
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4.2.2 Control Rods

No modifications of the control rods are required by the conversion of PUR-1
from HEU to LEU fuel. No changes to the design bases, mechanical design, absorber -
materials or core configuration will be made as part of the conversion process. The

HEU and LEU models used in these analyses use the same rods.

4.2.3 Neutron Reflector

The graphite n-eutron reflector for PUR-1 will be reused, but will be placed in new
6061 Al cans to match the new cans for the fuel assembilies. Inspectipn of a sample
graphite assembly in January 2006 showed that there has been no degradation of the
graphite integrity, and replacement is not necessary. The conversion of the fuel from
HEU to LEU is not expected to be affected by reusing the present graphite, nor is the
conversion expected to be affected by replacement of the graphite assembly cans with

new cans of the same alloy, 6061 aluminum.

4.2.4 Neutron Source Holder

No modifications of the startup neutron source configuration are required by the
conversion of PUR-1 from HEU fuel to LEU fuel. A new container of the same design,
function, construction, thermal and radiation properties, and construction material, 6061
aluminum, will replace the old one; however, no effects on performance are expected.

The source drive mechanism is to remain the same.

4.2.5 In-Core Experimehtal Facilities

Irradiation facilities in the graphite reflector elements, identified as F4-F9 (see
Figure 4-2 on page 7), are the only in-core experimental positions for PUR-1. These
consist of 6061 aluminum tubes within the surrounding graphite and are filled with
graphite for normal operation. The graphite in the tubes can be replaced with 6061

aluminum sample holders when the irradiation facilities are used.

The graphite reflector elements for PUR-1 are to be reused after the conversion
to LEU fuel. New 6061 aluminum tubes are to be fabricated, however, which will be

identical in design to the original facilities.
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4.2.6 Reactor Materials ,

The conversion of PUR-1 to LEU fuel requires changing the fuel and cladding
compositions. The LEU silicide fuel has been approved by USNRC for use in non-
power reactors, and more detailed information can be found in Reference 4. Table 4-4
compares the material compositions of the HEU and LEU fuel plates.

Table 4-4. Composition of HEU and LEU Fuel

HEU LEU
Fuel “Meat” '
Composition U-Al alloy UsSix-Al
Enrichment 93% 19.75%
Mass 2%°U per fuel plate ] 1259
Cladding composition 1100 Al 6061 Al

4.3 Reactor Tank and Biological Shield

No changes to the reactdr tank and biological shield are required by the

conversion from HEU to LEU fuel.

4.4 Core Support Structure

No changes to the core support structure are required by the conversion of PUR-
1 from HEU to LEU fuel. |

4.5 Dynamic Design

In order to best analyze the proposed LEU core, a detailed model of the HEU
core was developed to determine operational and safety related parameters and
compare them where possible to measured values and benchmarked data. Once a
credible model for the HEU core was built, the model was modified to represent the LEU
core model, making the geometry and material definition changes as necessary. These
calculations utilized the MCNP56 Monte Carlo code, with the ENDF-VI.5 continuous
énergy cross-section library. All calculations were done considering a fresh core
loading for both the HEU and LEU cores, since PUR-1 has negligible depletion at a
power of 1kW. 4 '
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~ This section first provides a.description of the HEU model, in:cluding the
geometry and material definitions, and a comparison to measured data from PUR-1.
The reference critical LEU model will then be described side by side with the HEU
- model to highlight the similarities and differences between the two cores. Where
applicable, the calculated physics parameters for the LEU core are compared side by
side with the HEU counterpart.

HEU Material Composition

The HEU reactor core was modeled as a fresh core only, since PUR-1 does noi
operate at a high enough power to consider depletion. Table 4-5 shows the elemental
breakdown for all materials considered in the HEU model. Where materials
characterizations were not available from the original vendors’ communications,

engineering assumpt'ions were made and published guidelines for weight percentages

were used.
Table 4-5: Material compositions used in HEU core model
Element Weight % Element . Weight %
HEU Fuel 1100 Al
235 : Al 99.0000
238 ' Si 0.3346
Al - Fe 0.6654
B , 0.00001
$S-304M (borated) - 6061 Al
C 0.0670 Al 97.9000
Cr ' 19.4000 Si 0.6000
Mn 1.6100 Cr 0.2500
Fe 67.2490 4 Mg 1.0000
“Ni 9.5400 Cu 0.2500
% 0.296 B 0.00001
P _ 10.0240
S 0.0100 Graphite
Si 0.6200 C 09.9999
B . 8.0E-06
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HEU Model Geometry

A detailed MCNP5 model was developed for the HEU core, based on available
engineering drawings and other available information. The regions included in the
models include the reactor core, moderator, reflector, the reactor grid plate, neutron

source, and the pool water surrounding the core.

HEU Model Verification |

Once the HEU MCNP model was developed, several cases were run to establish
the credibility of the model. An initial criticality case with all control rods at their upper

limit gave a keg of 1.00753. Thus the reactivity bias is 0.32% Ak/k, as shown in Table
4-6. :

Table 4-6: Calculated and Measured excess reactivity for fresh HEU core.

Measured Eigenvalue Calculated HEU Eigenvalue - Bias (% Ak/k)
1.0043’ 1.00753 0.32

Several cases were then run to compare the model to 5 measured critical rod
positions. The first two cases were With SS-2 or SS-1 controlling, respectively, and the
other rods at their upper limits. Case 3 was a banked rods condition. Case 4 had RR at
its lower limit, SS-1 at its upper limit, and SS-2 controlling. Case 5 had RR near mid-
core, SS-1 at the upper limit, and SS-2 controlling. Table 4-7 details the results.

Table 4-7: Comparison of calculated to measured critical rod positions for HEU core

RR Position S$S-2 Position  S$S-1 Position Bias
Case (cm) (cm) (cm) Eigenvalue %Ak/k
1 64.12 43.60 64.12 1.00305 0.30
2 64.12 64.12 49.68 1.00285 - 0.29
3 51.93 , 51.92 53.19 1.00327 0.33
4 1.89 54 .40 64.12 1.00340 0.34
5 31.44 48.47 64.12 1.00327 0.33
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The data from these cases reflect a consistent model bias, with an average bias
of 0.32%Ak/k. More cases were then run for additional comparisons to measured
reactor parameters. Control rod worths were calculated for each control rod and
compared to measured values, which are re-measured each year as part of the annual
inspection. This data, shown in Table 4-8, also shows good agreement between

measured and calculated values.

Table 4-8: Comparison of measured and calculated control rod worths for HEU core
' Measured Value (Ak/k) Calculated Value (Ak/k) Error %

Shim Safety 1 0.0450 0.0436 -3.11%
Shim Safety 2 - 0.0252 0.0235 -6.74%
Regulating Rod 0.0028 : 0.0027 -3.57%

Based upon the good agreement of the HEU model with measured core
parameters, an LEU model was then built that utilized a similar geometry to the HEU
core. A more detailed explanation of the differences between the HEU and LEU models

is in a later section.

The LEU Model

For the LEU model, the HEU plates and dummies are replaced with LEU plates
and dummies. Two of the three outer dimensions of the LEU plates are similar to their
HEU counterparts, namely the length and width. Nominal values for the HEU and LEU
plates are shown in Table 4-3. The material composition for the plates.was changed as
well, with the U3Si,-Al replacing the U-Al alloy, and 6061 aluminum replacing the 1100
aluminum cladding. Representations of the HEU and LEU plates are shown in Table
4-9. Another difference in the LEU model was the addition of 20 parts per million of a
boron-equivalent to the 6061 cladding material to account for impurities in the alloy.
The 1100 aluminum cladding of the HEU fuel was assumed to have a 10 ppm boron

content, as were the 6061 aluminum assembly cans.
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Table 4-9: Representation of HEU and LEU fuel plates.

Figure 4-10: HEU
plate in X-Z plane

Figure 4-11: HEU
plate in Y-Z plane™

Figure 4-12: LEU
plate in X-Z plane

|
|

Figure 4-13: LEU
plate in Y-Z plane."

I O

s s o

Figure 4-15: LEU plate in X-Y plane, cutaway view.*

" Note: This represents a cutaway view, near the middle of the plate, not the same scale as X-Z view, as
it was enlarged to show more detail. It also does not show the full length of the plate.

* Note: This represents a cutaway view near the middle of the plate, and is not the same scale as the X-
Z view, it was enlarged to show more detail. Green surrounding the plate is water.

PUR-1 Conversion Analysis

18

July 2006



The representations of the conmiplete standard and shim safety control fuel
assemblies for the HEU and LEU cores are shown in Figuré 4-16 and Figure 4-17
respectively. The regulating rod assemblies for the HEU and LEU core are shown in
Figure 4-18. There are two dummy plates in both the HEU and LEU standard
assemblies, which are the plates without the center fuel material in the figures. The
differences that should be noted in the standard assemblies are the plate thicknesses

and spacing. The assembly cans are identical in size and composition.

prcnese o

Figure 4-16: Comparison of HE Mstandard fuel assembilies.

The shim safety control assemblies contain no dummy plates, but do contain a
guard plate made of 6061 aluminum between the fuel elements and the control rods to
prevent any mechanical damage to the fuel from insertion of the control rods. The
control rods themselves, made of 'bo’rated stainless steel, are oblong shaped plates

inserted down the center of the assemblies. They are identical in both models.

-
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Figure 4-17: Corﬁparison of HEU and LEU shim safety fuel assemblies.

The regulating rod differs from the shim safety rods in that it is hollow, non-
borated stainless steel filled with water. The rest of the assembly is identical to the shim
safety rod assemblies for both the HEU and LEU cores. The regulating rod itself is

identical between the two models.

Rty
= R

Figure 4-18: Comparison of HEU and LEU regulating rod fuel assembl
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Figure 4-19 and Figure 4-20 are representations of the HEU and LEU cores,
respectively. The layout and overall core dimensions are the same between the two

models. The only differences are within the fuel assemblies.

~Figure 4-19: Representation of HEU core load

Figure 4-20: Representation of LEU core load
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Using the LEU model developed above, the pertinent core parameters and

conditions were evaluated for the analyses.

4.5.1 Control Rod Worths and Excess Reactivity
Excess reactivity of the LEU core in PUR-1 was determined to be 0.00468
(0.47%) Ak/k in a 190 fuel plate core (16 dummies), including a reactivity bias.of 0.32%
Ak/k. This value is within the Technical Specification limit of 0.6% for excess reactivity.
Control rod warths were calculated for the HEU core and compared with
measured data. - The calculated and measured control rod worth values are shown in
Table 4-10. Figure 4-21, Figure 4-22, and Figure 4-23 show the calibration curve data

comparison for Shim-safety 1, Shim-safety 2-and the Regulating Rod respectively

Table 4-10: Comparison of HEU and LEU calculated control rod worths.

HEU Calculated (Ak/k) LEU Calculated (Ak/k) |
Shim Safety 1 0.0436 0.0391
Shim Safety 2 0.0235 0.0200
Regulating Rod , 0.0027 0.0029
HEU S$8-1 Rod Calibration
o.obs
0.0045 -
0.004 -
< 0.0035 -
3
S 0.003 -
£ 0.0025
g ooy " Measured |
& 0.0015 - & MCNP5
0.001 -
0.0005 -
0 i . ; .
40 45 50 55 60 65
~ Rod Position (cm)

Figure 4-21: HEU control rod calibration for SS-1
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HEU SS-2 Rod Calibration
0.005
0.0045 -
0.004 -
. 0.0035 -
K3
£ 0.003
>
3 0.0025
S 0.002
& 0.0015 ¢ Measured
R BMCNP5
0.001 -
0.0005 -
0 - r y :
40 45 50 55 60 -~ 85
Rod Position (cm)
Figure 4-22: HEU controt rod calibration for SS-2
HEU RR Calibration
0.003
0.0025 E
£ 0.002 |
3 .
>
3 0.0015 -
&» 0.001 - & Measured
B MCNP5
0.0005
*
0 . r r : T T
o] 10 20 30 40 50 60 70
Rod Position (cm)

Figure 4-23: HEU control rod calibration for RR

The calibration curves were then done for the LEU core. Figure 4-24, Figure
4-25, and Figure 4-26 show the calculated control rod worth curves for each of the
control rods.
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LEU Core SS-1 Rod Calibration Curve
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Figure 4-24: Calibration Curve for SS-1 Rod in LEU Core
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LEU Core S$S-2 Rod Calibration Curve
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Figure 4-25: Calibration Curve for SS-2 Rod in LEU Core
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LEU Core Reg Rod Calibration Curve
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Figure 4-26: Calibration Curve for Regulating Rod in LEU Core

Using the rod worth curves in pfeceding figures, the maximum reactivity insertion
rates were determined by finding the maximum slope, or rate of change, of the curve.
The comparison of calculated and measured maximum reactivity insertion rates for the

LEU and HEU cores are shown in Table 4-11.

Table 4-11: Comparison of maximum reactivity insertion rates for HEU and LEU cores

Maximum Reactivity Insertion Rates for Control Rods (ﬁj
. - S

HEU Measured HEU Calculated LEU Calculated

Shim-safety 1 1.12E-04 9.31E-05 1.84E-04
Shim-safety 2 7.45E-05 7.45E-05 1.07E-04
Regulating Rod 3.00E-04 2.25E-05 4.07E-05

4.5.2 Shutdown Margin
The shutdown margin was calculated for the HEU and LEU cores, and compared
to the measured HEU core values in Table 4-12. The calculated shutdown margin for

the LEU core meets the technical specification (TS 3.1.a).
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Table 4-12: Comparison of shutdown margins for HEU and LEU cores

HEU Measured HEU Calculated LEU Calculated

SS-2 Worth -0.02366 -0.02350 -0.0200
Kexcess _ 0.00431 0.00423 0.00468
Shutdown Margin (Ak/k) -1.94% -1.93% -1.53%

4.5.3 Other Core Physics Parameters

Reactivity coefficients and reactor kinetics parameters were calculated for both
the HEU and LEU cores. These values are used to estimate the core reactivity
response to changes in properties of the fuel temperature, coolant/moderator
temperature, or coolant/moderator density. They are therefore essential for analyses of
reactivity-induced transients. These calculations were performed with the MCNP5 code

using the same core model as for the core design and power distribution analyses.

The reactor kinetics parameters evaluated for PUR-1 were the effective delayed
neutron fraction, Berr, and the prompt neutron lifetime, €. The effective delayed neutron
fraction is calculated using two eigenvalue calculations from MCNP5. Normal
calculations of ke include both prompt and delayed neutrons. A additional calculation of

ket is performed with delayed neutrons turned off in MCNP, yielding a kefr that depends

only on prompt neutrons, which is denoted by k7™ . The effective delayed neutron

fraction is then defined as
. kprompt
ﬂeﬂ = ]' - L

k.

The brompt neutron lifetime is calculated using the “1/v insertion method,” where
a uniform concentration of a 1/v absorber such as '°B is included at a very dilute
concentration everywhere in the core and the reflector. The prompt neutron lifetime, ¢,

is calculated by
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where k; is the kex of the system with a uniform concentration, N4, of a 1/v absorber,
and o, is the infinitely-dilute absorption cross section of the absorber for neutrons at
speed v. For this effort, the "B absorption cross section is assumed to be g,=3837

barns for a neutron speed of v=2200 m/s.

Reactivity coefficients provide an estimate of the reactivity response to changes

in state properties, given as:
Ap=a, -Ax

where ag is the reactivity coefficient due to a unit change in property x, and Ax is the
value change for property x. The reactivity coefficients are calculated assuming that
simultaneous changes in muiltiple state properties are separable. These are calculated
from core eigenvalue calculations with independent perturbations to state properties, as

shown here:

. _Ap_k-k 1 '
A kky (x5 —x)

PUR-1 operates at a maximum power of 1 kW and is cooled by natural
convection. The nominal conditions for the core used in the reactor design model
assumed fresh fuel (i.e., no fission products given the low burnup of the PUR-1),
isothermal cdnditions of 20°C, and impurities in the fuel, clad, and graphite based on the

best-available data.

The reactivity coefficients are calculated assuming separability of the reactivity
feedback effects due to changes in fuel temperature, water temperature, and water
density. After establishing a nominal state based on the conditions given above and a
critical rod configuration determined in the reactor design analysis, cases with

perturbations to the temperatures or water density were evaluated.

The fuel temperature changes are assumed to occur uniformly throughout the
reactor (i.e. the same temperature perturbation in all fuel plates), while the water

temperatures or densities were perturbed in different zones of the reactor depending on
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the proximity to the fuel plates. In the time ‘immediately after the initiation of a reactivity
induced transient, the water inside the fuel assembly can (shown in light blue in Figure
4-27) would heat up and have a féedback effect on the transient. However, the water
between the cans and also in the space between the control rod and guard plates
(shown in orange in Figure 4-27) would take some time to be heated as a result of a
power increase from the transient due to the slow water circulation time with natural
convection cooling. It would take even longer for the water in the reactor tank to be
heated. Consequently, cases were evaluated with the water temperature or density

perturbed:
e within the fuel assembly (light blue regions in Figure 4-27)

.o within the fuel assembly and the water between the assemblies (orange

regions in Figure 4-27), and

¢ within the fuel assembly, the water between the assemblies, and the pool or

reflector water (all of the water in the MCNP5 model).

For the evaluation of the reactivity induced transients, only the reactivity coefficients

calculated by perturbing the fuel assembly water will be used.

Figure 4-27: Figure showing water regions for perturbation models (LEU assemblies
- shown)
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A summary of the values determined in the analyses of the HEU and LEU reactor
physics parameters and reactivity coefficients is presented in Table 4-13. Explanations
of the analyses for the HEU and LEU cores are provided in Sections 4.5.3.1 and 4.5.3.2,

respectively.

Table 4-13: Comparison of other core physics parameters for HEU and LEU cores

HEU LEU
(calculated) (calculated)
%Ak ‘ 0 -9.91E-04
fuel % °C
o | (%Akj -7.46E-03 -9.75E-03
moderator k-°C
( Y%Ak j -9.88E-02 -1.68E-01
Gvoid T —
k -%void
Bert 0.795% 0.787%
€ (us) B 76.7 ‘ 81.3

4.5.3.1 HEU Core Results

| For the HEU core, five different critical rod configurations based on experiments
with the existing core were evaluated to benchmark the MCNP5 model (see Table 4-7).
Heating tallies with neutron and photon transport were used to determine the power
distribution in the reactor. It was found that the so-called “50-50-50" rod configuration,
in which the two shim and one regulating rods were banked with the rod tips at about 50
cm from the bottom of the fuel element, 'gave« the highest peak-to-average power
density. The resulting power distribution was used in the thermal-hydraulics analysis of
the HEU core. The HEU core model with this same rod configuration was used when

calculating the HEU reactivity coefficients and kinetics parameters.

Figure 4-28 shows the effects of the fuel and water temperature, and water
density' perturbations on the HEU core reactivity. Because of the low U-238 content in
the HEU fuel, increasing the fuel temperature causes a slight increase in the HEU core
reactivity because of broadening of the U-235 fission resonances. However, the

reactivity increase from a fuel temperature perturbation is negligible, especially when
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compared with the negative feedback effects from water temperature and density

effects.

Increasing the water temperature has a significant negative reactivity feedback.
The mean energy of neutrons in the thermal energy range increases, hardening the
neutron spectrum and decreasing the U-235 absorption cross section. The reactivity
decrease for a given temperature perturbation is largest when only the water inside the
fuel bundle can (labeled “FA Water” in Figure 4-28) is perturbed. Increasing the
temperature of the water between the cans (“IA”) or in the reactor tank outside the core
("REF”) reduces the neutron ca'pture rate in the water because of a reduction in the
hydrogen absorption cross section. Thus, the reactivity change becomes smaller in

magnitude, and is even slightly positive for small changes in the tank water temperature.

The reactivity feedback due to water density perturbations which would result
from temperature increases was also evaluated. The water density corresponding to a
given temperature was adjusted as shown in Figure 4-29, which shows the density of
sub-cooled water as a function of temperature. for water at 1.5 atmospheres. This
corresponds to the coolant pressure of the PUR-1, which is under about 15 feet of water
from the top of the reactor tank to the inlet to the fuel assembly channels. Decreasing
the water density hardens the neutron spectrum, and also increases the neutron
leakage. For a change in water conditions due to a given temperature change, the
reactivity feedback due to the water density is smaller in magnitude than that due to

temperature.

Table 4-14 summarizes the reactivity feedback coefficients for water temperature
and density perturbatiohs for the HEU core. The fuel temperature coefficient can be
treated as negligible, so it is not included in Table 4-14. Coefficients were calculated
based on a linear fit between the calculated data points. The water temperature
coefficient becomes more negative as the water temperature is increased. For the sake
of conservatism in the accident analyses, it is recommended to use the temperature
coefficient with the smallest magnitude, which occurs over the temperature range from
20°C to 30°C. It is also recommended to use the temperature coefficient that results
from heating of the fuel assembly water only, i.e.‘the water between the fuel plates,

neglecting any heating of the water between fuel bundles or in the reactor tank. The
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smallest magnitude for the water density (or void) coefficient occurs over the effective

temperature range of
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Figure 4-28: Effect of Fuel Temperature, Water Temperature and Water Density
Perturbations on HEU Core Reactivity.
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Figure 4-29: Density of Sub-Cooled Water at 1.5 Atmospheres.
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Table 4-14: Water and Fuel Non-Isothermal Temperature Coefficients for PUR-1 HEU
Core (Void coefficients are Shown in Units of Ap/°C and Ap/%void).

Fuel Assembly Water Only
Owater= | -7-460E-05 | Ap/°C | (20to 30 °C)
Cwater= | -1.192E-04 | Ap/°C | (30 to 60 °C)
Owater= | -1.384E-04 | Ap/°C | (60 to 100 °C)
Ooig= | -4.968E-05 | Ap’C | (20t040°C) | -1.650E-03 | Ap/% void | (O to 0.60% void)
Ovoid= | -4.480E-05 | Ap/°C | (40 to 60 °C) -9.878E-04 | Ap/% void | (0.60% to 1.50% void)
Ovoia= | -2.272E-04 | ApPC | (60t0 100 °C) [ -1.797E-03 | Ap/% void | (1.50% to 3.99% void)
Fuel and Inter-assembly water
Owater= | -3.182E-05 | Ap/°C | (20 to 30 °C)
Owater= | -5.446E-05 | Ap/°C (30 to 60 °C)
Oater= | -6.302E-05 | Ap/°C | (60 to 100 °C)
Qyoig= | -4.222E-05 ApPC (20 to 40 °C) -1.403E-03 | Ap/% void | (0 to 0.60% void)
Owoig= | -8.017E-05 | Ap°C | (4010 60°C) | -1.768E-03 | Ap/% void | (0.60% to 1.50% void)
Qo= | -2.018E-04 | Ap/°C | (6010 100 °C) | -1.596E-03 | Ap/% void | (1.50% to 3.99% void)
All Water
Owater= | 2.385E-05 | Ap/°C | (20t0 30 °C)
Owater= | -1.922E-05 | Ap/°C (30 to 60 °C)
Owater= | -2.987E-05 | Ap/°C | (60 to 100 °C)
tvor= | -3.974E-05 | ApPC | (2010 40 °C) | -1.320E-03 | Ap/% void ] (0 to 0.60% void)
Qo= | -7-867E-05 | Ap/°C | (40 to 60 °C) -1.735E-03 | Ap/% void | (0.60% to 1.50% void)
o= | -1.907E-04 | Ap°C | (60to 100 °C) | -1.509E-03 | Ap/% void | (1.50% to 3.99% void)
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The calculation the Prompt Neutron Lifetime and Delayed Neutron Fraction were
calculated for the HEU core using the methods described in Section 4.5.3. The prompt
neutron lifetime for the HEU core was calculated to be 76.7 us. The effective delayed

neutron fraction for the HEU core was calculated as Ber=0.795%.

4.5.3.2 LEU Core Results

v For the LEU core, two different critical rod configurations were determined from
the reactor design analysis. These were derived assuming the reactivity bias for the
LEU core model as determined for the HEU core. A rod configuration with the SSZ rod
inserted at 43 cm, and the SS1 and regulating rods fully withdrawn, was found td result
in the Iargést peak-to-average power density. The location of the SS2 rod is indicated
by the oblong steel rod shown in Figure 4-30. This critical rod configuration was

modeled in the LEU core reactivity coefficients and kinetics parameters calculations.

.

Flgure 4-30: PUR-1 Core Layout with LEU Fuel, SS- 2 Inserted to Critical Position with
SS-1 and RR Fully Removed.

Figure 4-31 shows the effects of the fuel and water temperature, and water
density perturbations on the LEU core reactivity. The LEU core has a negative fuel
temperature coefficient because of the Doppler effect on the U-238 capture resonances

in the LEU fuel. The fuel temperature coefficient is smaller than that from water
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temperature or density effects, but it is a non-negligible parameter for the LEU accident

analyses.

Thé behavior of the LEU core reactivity due to water temperature and density
perturbations is quite similar to that for the HEU core. The LEU core does have a
harder neutron spectrum under nominal conditions, so the spectrum hardening due to
the water temperature increase should have a smaller feedback effect on the core
reactivity. On the other hand, coolant voiding in the LEU core results in greater neutron
leakage because of the harder spectrum, so the negative reactivity feedback effect due

to the reduced water density is greater for the LEU core.

Table 4-15 summarizes the reactivity feedback coefficients for water temperature
and density, and fuel temperature perturbations for the LEU core.  As for the HEU core,
the water temperature coefficient becomes more negative as the water temperature is
increased. The temperature coefficient calculated over the range from 20°C to 30°C for
the “fuel assembly” water should be used for the accident analyses. It should be noted
that the water temperature coefficient over this range is actually larger than the HEU

‘core. For the water density feedbacks, the coefficient calculated over the range from

40°C to 60°C is the most conservative value for the accident analyses.

The effective delayed neutron fraction and prompt neutron lifetime were

calculated in the same manner as for the HEU core. The calculated values are

Ber=0.787% and ¢=81.3 us. The delayed neutron fraction is smaller and the prompt

neutron lifetime is longer for the LEU core because of the harder spectrum.
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Fuel Temperature Perturbation
PUR-1 190-Plate LEU Core
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Figure 4-31: Effect of Fuel Temperature, Water Temperature and Water Density
Perturbations on LEU Core Reactivity.
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Table 4-15: Water and Fuel Non-Isothermal Temperature Coefficients for PUR-1 LEU
Core (Void coefficients are Shown in Units of Ap/°C and Ap/%void).

Fuel Assembly Water Only

Owater™ | -9.747E-05 | Ap/l°C | (20 to 30 °C)
Owater= | -1.075E-04 | Ap/°C (30 to 60 °C)
Owater= | -1.229E-04 | Ap/°C (60 to 100 °C)
Oyoig= | -7.455E-05 | Ap/°C (20t0 40 °C) -2.476E-03 | Ap/% void (0 to 0.60% void)
Ovoig= | -7.627E-05 | Ap/°C (40 to 60 °C) -1.682E-03 | Ap/% void | (0.60% to 1.50% void)
ooia= | -1.209E-04 | Ap/°C | (6010 100 °C) | -1.913E-03 | Ap/% void | (1.50% to 3.99% void)
Fuel and Inter-assembly Water
Owater= | -3.777E-05 | Ap/°C (20 to 30 °C)
Owater= | -3.717E-05 | Ap/°C | (30 to 60 °C)
Owater= | -6.345E-05 | Ap/°C (60 to 100 °C)
Qyoig= | -7-455E-05 | Ap/°C (20 t0 40 °C) -2.476E-03 | Ap/% void (0 to 0.60% void)
Olyoig= | -6.628E-05 | Ap/°C (40 to 60 °C) -1.462E-03 | Ap/% void (0.60% to 1.50% void)
Ooig= | -1.360E-04 | Ap/°C (60 to 100 °C) -2.151E-03 | Ap/% void (1.50% to 3.99% void)
All Water
Owater= | 3.576E-05 | Ap°C | (20 to 30 °C)
Owater= | -1.655E-06 | Ap/°C (30 to 60 °C)
Owater= | -2.809E-05 | Ap/°C (60 to 100 °C)
Ovoia= | -5.415E-05 | Ap/°C (20 t0 40 °C) -1.799E-03 | Ap/% void (0 to 0.60% void)
Ovoig= | -8.968E-05 | Ap/°C (40 to 60 °C) -1.913E-03 | Ap/% void (0.60% to 1.50% void)
avoig= | -1.307E-04 | Ap/°C (60 to 100 °C) -2.068E-03 | Ap/% void (1.50% to 3.99% void)
Fuel Temperature Only
Qrer= | -9.914E-06 | Ap/°C | (20 to 127 °C)
age= | -1.387E-05 | Ap/°C (127 to 227 °C)
ane= | -8.398E-06 | Ap/°C (227 to 327 °C)

4.5.4 Operating Conditions

4.5.4.1 PUR-1 HEU Core Power Distribution

Heating tallies were included in the MCNP modeling of the PUR-1 HEU core to

evaluate the power profile within the reactor under clean, fuII-powef, critical conditions.

Tallies that account for heating due to fission, capture and photon scattering events

were utilized. The PUR-1 core is laid out in a 4x4 arrangement, surrounded by graphite

reflector blocks. In the HEU core, 13 locations contain 10-plate fuel assemblies, while
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two shim rods and one regulaﬁng rod can be inserted in the middle of certain
assemblies after removing 4 fuel plates. Figure 4-32 shows the HEU core layout
modeled in MCNP, and drawings of control and 10-plate fuel assemblies. The numbers
in parenthesis in the core layout drawing indicate either the number of fuel plates in the
10-plate fuel assemblies (the remainder are dummy plates of aluminum) or the label of

the control assembly (shim or regulating rods).

The heating profile in the PUR-1 was evaluated fdr five different critical
configurations. Table 4-16 compares the heating by bundie for the critical HEU core,
with the so-called “50-50-50" rod positions (critical position 3). Heating in non-fueled

components was also computed. The total core pbwer was normalized to 1 kKW.

The assembly power is highest for position 3-3 in the PUR-1 HEU core. This
assembly contains 9 fuel plates and is located in the interior of the core. More important
for determining the peak temperatures in the PUR-1 is the plate power. The plate
powers shown in Table 4-16 are the average for each bundle in the core. In this case, it
is seen that bundle 4-4, which is the location for shim rod SS1, has the highest plate

power, so likely the highest temperatures.

Table 4-17 compares the power in individual plates in bundles 4-4 and 3-3 for the
reactor control rods at critical position 3. The tallies were summed over the fuel meat in
each fuel plate, all clad, coolant, and the bundle can. The plates are numbered from
left-to-right in bundle 4-4, and from bottom-to-top in bundle 3-3 (seé the bundle
drawings in Figure 4-32).' It can be seen that plate 262 in bundle 4-4 has the highest
power (10.97 W). This plate is adjacent to the large water hole that the SS1 rod falls
into, and nearer the center of the reactor than plate 267 on the other side of the water

hole.

Figure 4-33 compares the heating tally profiles for the fuel plates in bundle 4-4.
Again, the control rods are at critical position 3 in this set of data. The SS1 shim rod is-
inserted about 10 c¢m in this reactor model, so the rod tip is in axial segment 13.
Consequently, the axial power profile is pushed slightly towards the bottom of the fuel.
The results show that plate 262 has the highest peak power of all the plates in bundle.
The peak power in plate 89 of bundle 3-3 is about 13% lower than that of plate 262, so

there is confidence that plate 262 is the limiting plate for thermal-hydraulic analysis.

PUR-1 Conversion Analysis 37 July 2006



Figure 4-34 compares the heating tally profile for plate 262 for each of the critical
rod configurations considered. These results confirm that critical position 3 provides the
highest peak power in this plate. Lastly, Table 4-18 provides the power for each axial

segment plate 262. ‘These data can be used for thermal-hydraulic analysis of the plate.

-

HEU Core Layout (154 Blates)

i

undle Drawings

S

Figure 4-32: PUR-1 HEU Core Layout
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Table 4-16: PUR-1 HEU Core Heating Tally Results for Crifical Position 3.

Core Component Power (W) Plate Power (W)
2-2 (RR) 40.00 6.67
2-3 59.78 7.47
2-4 (8S2) 47.79 7.96
2-5 41.59 5.20
3-2 60.23 7.53
3-3 84.68 9.41
3-4 75.12 9.39
3-5 59.19 7.40
4-2 63.37 7.92
4-3 79.88 9.98
4-4 (8S1) - 64.03 10.67
4-5 61.18 7.65
5-2 55.08 6.12
5-3 63.00 7.88
5-4 60.17 7.52
5-5 48.42 6.05
Inter-assembly water 3.71
Graphite reflector 10.53
Grid plate 2.52
Water reflector (pool) - 19.23
SS1 0.29
SS2 0.22
RR 0.04
Total Core Power 1000.00
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Table 4-17: Plate Power Computed from Heating Tallies in Bundles 4-4 and3-3 in PUR-

1 HEU Core.
Bundle 4-4 Power (W)
Plate 260 Meat 10.39
Plate 261 Meat 10.21
Plate 262 Meat 10.97
Plate 267 Meat 10.47
Plate 268 Meat 9.51
Plate 269 Meat 9.39
Clad 0.43
Water 2.38
Can 0.28
Total -l - Rl T 64208

Wl . 5
Bundle 3-3

Plate 80 Meat 8.63
Plate 81 Meat 8.38
Plate 82 Meat 8.38
Plate 83 Meat 8.63 -
Plate 84 Meat 9.06
Plate 86 Meat 9.33
Plate 87 Meat 9.23
Plate 88 Meat 9.47
Plate 89 Meat 10.22
Clad 0.53
Water 2.52
Can 0.28

8468

S ATotal - F
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Bundle 44 (5S1) Power Profile
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Figure 4-34: Heating Profile in Plate 262 of Assembly 4-4 for Critical Positions
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Table 4-18; Axial Heating Profile for Plate 262 of Assembly 4-4 with Critical Pbsftioh 3

(“50-50-50").
Axial Segment z-low (cm) z-high (cm) Power (W) "o

1 1.886 5.886 0.41 1.8%
2 5.886 9.887 0.55 1.6%
3 9.887 13.887 0.70 1.4%
4 13.887 17.888 0.82 1.3%
5 17.888 21.888 0.94 1.2%
6 21.888 - 25.889 0.98 1.2%
7 25.889 29.889 1.03 1.2%

8 29.889 33.890 1.06 1.2%
9 - 33.890 37.890 1.02 12%
10 37.890 41.891 0.96 1.2%
11 41.891 45.891 0.87 1.3%
12 45.891 49.892 0.73 - 1.4%
13 49.892 53.892 045 . 1.7%
14 53.892 - 57.893 0.25 2.4%
15 57.893 61.893 0.20 2.7%
Total ) 10.97 0.4%

4.5.4.2 PUR-1 LEU Core Power Distribution

The new LEU fuel plates will be fabricated with U3Si, dispersion fuel. Each LEU
fuel plate will have a nominal loading of 12.5 g U-235, compared with 1 U-235 in]
. the HEU fuel plates. The conversion to LEU fuel requires increasing the assembly
fissile loading to compensate for the increased capture in U-238. It is also expected
that the boron impurity content of the Al-6061 clad used in fabricating the plates will
increase from 10 to 20 ppm.  To provide the higher loading, the number of fuel’
plates/assembly will be increased from 10 HEU plates to 14 LEU plates; this will
increase the nominal fuel assembly loading from 165 to 175 g U-235. Likewise, the
number of fuel plates in the control locations will be increased from 6 to 8 plates. The
overall assembly size will remain the same as for the HEU core, so increasing the
number of plates decreases the coolant channel thickness from 5.258 mm to 3.708 mm
in the standard fuel bundle, and from 5.258 mm to 5.004 mm for the control bundles.
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A fresh LEU-fueled core with 190 fuel plates and 16 “dummy” aluminum plates
was evaluated. Figure 4-35 shows the LEU core .layout modeled in MCNP, and
drawings of control and 14-plate fuel assemblies. The numbers in parenthesis in the
core layout drawing indicate either the number .of fuel plates in the 14-plate fuel
assemblies (the remainder are dummy plates of aluminum) or the label of the control

assembly (shim or regulating rods).

The heating profile in the LEU-fueled PUR-1 was evaluated for two different
critical core configurations. The rod positions for these configurations were obtained by
moving the rods to achieve a calculated excess reactivity near the model bias of 0.32%
Ak/k. For critical position 1, the SS2 rod is positioned at 43 cm abové the bottom of the
fuel meat, and the SS1 and RR rods are fully withdrawn; the calculated ket for this
configuration is 1.00379+10 pcm. For critical position 2, the SS1 rod is positioned at 48
cm above the bottom of the fuel meat, and the SS2 and RR rods are fully withdrawn; the

calculated keg in this case is 1.00387+9 pcm.

Table 4-19 compares the heating by bundle and in non-fueled components for
the LEU core with the rods at critical position 1. The total core power was normalized to
1 kW in this calculation. Critical position 1 was chosen because it yields the highest

peak-to-average power density in the LEU core.

The total bundle heating is highest for bundle position 3-3 in the PUR-1 LEU core.
This bundle contains 13 fuel plates and is located in the interior of the core. More
important for determining the peak temperatures in the PUR-1 is the plate power. The
plate powers shown in Table 4-19 are the average for each bundle in the core. In this
case, it is seen that bundle 4-4, which is the location for shim rod SS1, has the highest
average plate power. It is also observed that bundle 3-4, which is in a grid position that
is symmetric With bundle .3-3 relative to the center of the core, has an average plate

power that is slightly higher than that in bundle 3-3.

Table 4-20 compares the power in individual plates in bundles 4-4, 3-3, and 3-4
for the reactor with the control rods at critical position 1. The tallies were summed over
the fuel meat in each fuel plate, all clad, coolant, and the bundle can. The plates are
numbered from left-to-right in bundle 4-4, and from bottom-to-top in bundles 3-3 and 3-4

| (see the bundle drawings in Figure 4-35). It can be seen that plate 1348 in bundle 4-4
has the highest power (8.66 W). This plate is adjacent to the large water hole that the
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SS1 rod falls into, and nearer the center of the reactor than plate 1355 on the other side
of the water hole. Plates 1188 (bundle 3-3) and 1215 (bundle 3-4) face each other
across the center-line of the core, and have the same power (6.20 W).

Figure 4-36 compares the local-to-average power density profiles for fuel plates
1188, 1215, and 1348 for the shim rods at critical positions 1 and 2, respectively. Plate
1348 has the highest peak power 6f all the plates in the LEU core and should be
evaluated in the thermal-hydraulics analyses. The “pinching” of the axial power profile
when the SS1 shim rod is inserted in critical position 2 is evident. The highest

peak/average power density of 2.206 occurs when the rods are in .Critical position 1.

The power density profilevs in plates 1188 and 1215 are nearly identical due to
their symmetric positioning. For these two plates, the highest peak/average density
(1.586) occurs in plate 1215 with the control rods in critical position 1. The peak power
density in plate 1215 is about 28% lower than that of plate 1348. However, the coolant
channel width in this standard fuel bundle is narrower than that in the control bundle
(3.708 vs. 5.004 mm). Therefore, thermal-hydraulics analyses of both plates 1215 and
1348 with natural convection cooling yvere performed to determine the temperature

profiles.

Photon transport and neutron capture events generate heat in the water and
structural components of the PUR-1. For the purposes of thermal-hydraulics analysis of
the natural convection cooling of the fuel plates, the direct heating of the water between
the fuel plates should be accounted for. This amounts to about 2.25 W in each fuel

assembly (see Table 4-20), or 3.5% of the total reactor power.

Neutron reflection at the edges of the fuel plates induces a power density profile
along the width of the fuel plates. This is shown in Figure 4-37 for plates 1215 and
1348 with the rods in critical positions 1 and 2. The radial segments are numbered from
left-to-right for plate 1215 and from top-to-bottom in plate 1348 (see the plate
orientations indicated in Figure 4-35). It is expected that the power density will be
higher at the edge of the plate closest to the core center-line. For critical position 1, the
SS2 shim rod is inserted in core location 2-4, pushing the power density towards the
right edge of plate 1215 even higher. When the SS1 rod is inserted in critical position 2,

the opposite effect is observed.
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For plate 1348, inserting the SS1 shim rod (critical position 2) has a small effect
on the shape of the radial power profile, but reduces the magnitude of the plate power
by about 9% compared to the case where only the SS2 shim rod is used for reactor

control.

Lastly, Table 4-21 and Table 4-22 provide the axial and radial power profiles for
plates 1348 and 1215, respectively. These data are used for thermal-hydraulic analysis

of the plate.
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Purdue LEU Core Layout (190 plates)

Figure 4-35: PUR-1 LEU Core Layout and Bundle Drawings.
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Table 4-19: LEU Bundle Powers Predicted by f7 and 6 Tallies in MCNP.

Bundle or Component Power (W) Power (W)
2-2 (RR) 38.66 4.83
2-3 61.88 4.76
2-4 (S§82) 43.28 5.41
2-5 48.90 3.76
3-2 62.33 479
3-3 78.20 6.02
3-4 73.02 6.09
3-5 . 62.31 4.79
4-2 63.88 4.91
4-3 77.32 5.32
4-4 (8S1) 64.38 8.05
4-5 65.07 5.01
5-2 48.69 4.06
5-3 64.39 495
5-4 62.83 4.83
5-5 50.99 3.92
Inter-assembly water 3.55
Graphite reflector 9.56
Grid plate 2.24
Water reflector (pool) 18.09
SS1 0.08
SS2 0.33
RR 0.01
Total 1000.00
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Table 4-20: Plate Power (W) Computed from Heating Tallies in Bundles 4-4, 3-3 and 3-

4 in PUR-1 LEU Core with 190 Fuel Plates.

Bundie 4-4
Plate 1345 7.56
Plate 1346 7.60
Plate 1347 7.93
Plate 1348 8.66
Plate 1355 8.37
Plate 1356 7.51
Plate 1357 7.05
Plate 1358 6.82
Clad 0.37
Water 2.27
Can 0.25
== To@r = . 6438 |
Bundle 3-3
Plate 1175 5.62
Plate 1176 5.50
Plate 1177 5.49
Plate 1178 5.55
Plate 1179 5.69
Plate 1180 5.93
Plate 1182 " 6.01
Plate 1183 5.84
Plate 1184 5.78
Plate 1185 579
Plate 1186 5.84
Plate 1187 5.97
Plate 1188 6.20
Clad 0.48
Water 2.24
0.25

an

ta :78:20";

Bundle 3-4

Plate 1215 6.20
Plate 1216 5.96
Plate 1217 5.83
Plate 1218 577
Plate 1219 5.82
Plate 1220 5.98
Plate 1222 5.89
Plate 1223 5.68
Plate 1224 5.60
Plate 1225 5.61
Plate 1226 572
Plate 1227 6.01
Clad 0.50
Water 2.21
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Power Profile (f6:n,p tally) in Plate 1188 (Bundle 3-3)
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Figure 4-36: Axial Profiles in LEU Plates 1188, 1215 and 1348 for Critical
Configurations.
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Radial Power Profile (f6:n,p tally) in Plate 1215 (Bundle 3-4)
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Figure 4-37: Radial Power Profiles in LEU Plates 1215 and 1348 for Critical
' Configurations
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Table 4-21: Axial and Radial Heating Profile (f6:n,p Tally) for LEU Plate 1348 of Bundle
4-4 with Critical Position 1.

Axial Segment | z-low' (cm) | z-high' (cm) | Power (W) c
1 1.886 5.886 0.303 0.51%
2 5.886 9.887 0.407 0.45%
3 9.887 13.887 0.511 0.40%
4 13.887 17.888 0.603 0.37%
5 17.888 21.888 0.678 0.34%
6 21.888 25.889 0.728 0.33%
7 25.889 29.889 0.762 0.32%
8 29.889 33.890 0.774 0.32%
9 33.890 37.890 0.753 0.33%
10 37.890 -41.891 0.721 0.34%
-11 41.891 45.891 0.659 0.35% -
12 45.891 49.892 0.580 0.37%
13 49.892 53.892 0.493 0.40%
14 53.892 57.893 0.389 0.45%
15 57.893 61.893 . 0.298 0.51%
Total 8.658 0.11%
Local/Avg
Radial y-low’ , y-high' Power
Segment (cm) (cm) " Density c
1 24.084 24.625 1.786 0.24%
2 24.625 25.167 1.724 0.24%
3 25.167 25.708 1.696 0.24%
4 25.708 26.250 1.676 -0.24%
5 26.250 26.791 1.654 0.24%
6 26.791 27.333 1.631 0.25%
7 27.333 27.874 1.617 0.25%
8 27.874 28.416 1.601 0.25%
9 28.416 28.957 1.579 0.25%
10 28.957 29.499 1.564 0.25%
11 29.499 30.040 1.568 0.25%

"Positions correspond to MCNP model of PUR-1.
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Table 4-22: Axial and Radial Heating Profile (f6:n,p Tally for LEU Plate 1215 of Bundile
3-4 with Critical Position 1.

Axial Segment | z-low’ (cm) | z-high' (cm) | Power (W) o
1 1.886 - 5.886 0.223 0.57%
2 5.886 9.887 0.294 0.51%
3 - 9.887 13.887 0.371 0.45%
4 13.887 17.888 ~0.436 0.41%
5 17.888 21.888 0.492 0.39%
6 21.888 25.889 0.528 0.38%
7 25.889 29.889 0.550 0.37%
8 29.889 33.890 0.557 0.37%
9 33.890 37.890 0.543 0.37%
10 37.890 41.891 0.508 0.38%
11 41.891 45.891 0.464 0.40%
12 45.891 49.892 ‘ 0.404 0.43%
13 49.892 53.892 0.337 0.47%
14 53.892 57.893 0.270 0.53%
15 57.893 61.893 0.225 0.57%
Total 6.203 0.12%
Local/
Average
Radial y-low’ y-high' Power
Segment (cm) (cm) Density ' c
1 24.084 24.625 1.223 0.29%
2 24.625 25.167 1.147 0.29%
3 25.167 25.708 1.108 0.30%
4 25708 26.250 1.093 0.30%
5 26.250 26.791 1.096 0.30%
6 26.791 27.333 1.099 0.29%
7 27.333 27.874 ’ 1.125 0.29%
8 27.874 28.416 1.152 0.29%
9 28.416 28.957 ' 1.209 0.28%
10 28.957 29.499 1.289 0.27%
11 29.499 30.040 1.421 0.27%

'Positions correspond to MCNP model of PUR-1.
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4.6 Functional Design of Reactivity Control Systems
The proposed conversion from HEU fuel to LEU fuel of PUR-1 does not require
any changes in the functional design of the reactivity control system. More details about

this topic can be found in Reference 1.

4.7 Thermal Hydraulic Characteristics

In this section, the results of the thermal-hydraulic analyses are discussed in
order to demonstrate that the PUR-1 LEU core design provides the cooling capacity -
necessary to ensure fuel integrity under all anticipated reactor operating conditions.

Analyses for behavior under hypothetical accident scenarios are presented in Section
13. |

4.7.1 NATCON Code Description

Thermal-hydraulic analyses were performed using the computer code
NATCON®® which can be used to analyze the’steady—state thermal-hydraulics of plate
type fuel in a research reactor cooled by natural convection. The reactor core is

immersed in a pool of water that is assumed to be at a constant average temperature.

NATCON computes coolant flowrate, axial temperatures in the coolant and fuel
plate surface and centérline, and the approach to onset of nucleate boiling (ONB).
Other safety related parameters such as the Onset of Nucleate Boiling Ratio (ONBR)
and Departure form Nucleate Boiling Ratio (DNBR) are calculated as well. And an

automatic search for the power at ONB can be performed.

Flow is driven by density differences in the coolant that are the result of coolant
heating by the fuel. Resulting buoyant forces are counter-balanced by viscous forces
that result from the flow. Hot channel factors may also be introduced for determining
safety margins. NATCON v2.0 documentation is included as Appendix 1 of this
document. It includes information on the calculation of hot channel factors, inputs, and

use of the code.

4.7.2 Fuel Element and Fuel Assembly Geometry

In PUR-1, each fuel plate element is loaded into its own assembly container, or

can, as described in Section 4.2.1. Diagrams comparing the relative sizes of the HEU
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and LEU standard and controfl‘jfgelvassembli'es are shown in Figure.4-38, Figure 4-39
and Figure 4-40. B ' '

The primary differences between the HEU and LEU standard fuel elements are
the number of plates, the plate spacing, and the outer hardware dimensions. Drawings
of the standard elements are shown in Figure 4-38. The HEU and LEU standard
elements are loaded into assembly cans made of 6061 aluminum. The HEU assem'bly.
cans are to be replaced with new cans of the same design for the LEU assemblies. The
cross-section of the HEU and LEU assembly cans with elements inserted is shown in
Figure 4-39.
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Figure 4-39: Comparison of HEU and LEU Standard Fuel Assembly

The control fuel assemblies contain two smaller fuel elements which are shown
in Figure 4-40. These assemblies are constructed with a channel down the center to
provide an insertion space for the control rods. This channel is separated from the fuel
element compartments by 6061 aluminum guard plates, which protect the fuel elements
from damage when inserting the control rods. Thus, the control fuel elements are

contained in their own space.

Figure 4-40: Comparison of HEU and LEU Control Fuel Elements
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Two types of channels are encountered in the PUR-1 fuel assemblies. One is
the channel between plates, and the other is the channel between the last plate of an
element and the assembly can wall. The plate-to-plate channel thickness is fixed by the
fuel plate spacers. The plate-to-wall space will be the thickness of the connecting
hardware bolt head, assuming that the bolt resfs against the assembly can wall. It
should be noted that the plate-to-wall channel is heated on only one side, so it can be
cbnservatively assumed that half of the heat from the fuel plate associated with the fuel
channel heats the coolant. Table 4-23 summarizes the channel types and thicknesses
in PUR-1.

Table 4-23: Channel Types and Thickness in PUR-1 Assemblies

Plate-to-plate (mils) Plate-to-wall (mils)
Standard Control Standard Control
HEU 207 . 207 160’ 160"
LEU 147 197 79 79

' This is the smaller of the two bolt heads on the HEU elements.

In the thermal-hydraulic analyses, the peak power plates identified in section
4.5.4 were analyzed using NATCON. The relative power densities in each fuel plate
were obtained from detailed MCNP5 criticality calculations. In the NATCON analysis,
the relative axial power profiles of the individual plates were utilized in each respective

case.

In the HEU core, the fuel plate with the highest power was plate number 262 in
Assembly G-3 (see Figure 4-32), which is adjacent to the control assembly guard plate.
As noted above there are two different types of coolant channels associated with the
plate. The thermal-hydraulic performance of both channels will be evaluated with
NATCON. | |

Ih the LEU case, two plates were identified as potentially being the limiting plate.
Plate 1348 is in a position similar to plate 262 in the HEU core. The plate-to-plate and
plate-to-wall channels will be analyzed for this plate. Plate 1215 is the last plate of
standard fuel assembly F-3 (see Figure 4-35). The plate-to-pléte channel aséociated
with this plate will be analyzed with NATCON. Because the plate-to-wall thickness for
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plate 1215 is the same as for plate 1348, and its plate power is lower, it is not necessary
to analyze the plate-to-wall channel.

Hot Channel Féctors are used by NATCON to account for dimensional variations
inherent in the manufacturing process, as well as variations in other parameters that
affect thermal-hydraulic performance. The geometry dimensions used in the NATCON
models for the HEU and LEU models are shown in Table 4-24.

Table 4-24: Model Dimensions for the HEU and LEU T-H Models

HEU LEU

Number of Axial Nodes . 14 14
Number of Plates 124 190
Thermal Conductivity (W/m*K) ,
Fuel Meat 143 80
Clad - 180 _ 180
Pool Temperature (°C) 27 27

inches mm Inches mm
Fuel Meat
Height 23.625 600.05 23.625 600.08
Width 2.468 62.688 2.345 59.563
Thickness 0.020 0.508 0.020 0.508
Channel i
Height 25.110 637.79 25.110 637.79
Width 2.832 71.933 2.832 71.933
Channel Thickness See Table 4-23.
Clad Thickness 0.020 0.508 0.015 0.381
Distance assembly can extends 0.450 11430 . 0.450 11.430
above fuel plate '

The hot channel factors that were used in the HEU and LEU cores are shown in
Table 4-25 and Table 4-26, respectively. The methodology for determining the hot
channel factors and for applying them in NATCON is described in Appendix 1. Values
for the tolerance fractions in Tables 4-25 and 4-26 were determined based on data in
Reference 5 or engineering judgment.

Based on INL discussions with fuel manufacturer BWXT, the coolant channel

thickness is anticipated to have an uncertainty of +20 mils. Because of the different

types of coolant channels present in PUR-1, multiple tolerance fractions and hot

PUR-1 Conversion Analysis 57 July 2006




channel factors are indicated in the tables. The appropriate values were utilized in the

NATCON analyses.

Table 4-25: Hot Channel Factors for {he HEU Core

Hot Channel Factors

et | Telermce | Contant | FimTomp | FELOC

emp. Rise Rise
Fuel meat thickness Random 0.050 1.000 1.050 1.050
U-235 Homogeneity Random 0.030 1.000 1.030 1.030
U-235 Mass per plate Random 0.030 1.015 1.030 1.030
Power Density Random 0.100 1.049 1.100 1.100

1 1 1

Channel Thickness Random 8?2;2 1 ;ggz : (1)2;2 1.000
Flow Distribution ' Random 0.200 1.200 1.000 1.000

- 1.312 1.154'
Random Uncertainties | Combined 1.:612 1.;32 1.120
Power Measurement Fq | Systemic 1.500
Flow friction factor Fy Systemic 1.000
Heat Transfer Coeff. Fy, Systemic 1.200
1. Plate-to-plate channel. 20 mil uncertainty on 207 mil channel thickness.
2. Plate-to-wall channel. 20 mil uncertainty on 160 mil channel thickness.
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Table 4-26: Hot Channel Factors for the LEU core

Hot Channel Factors
. FBULK FFILM
Uncertainty Type of Tolera_nce Coolant Film Temp FFLUX
Tolerance Fraction . . Heat Flux
Temp. Rise Rise
Fuel meat thickness Random 0.000 1.000 1.000 1.000
U-235 Homogeneity | Random 0.200 1.000 1.200 1.200
U-235 Mass per plate Random 0.030 1.015 1.030 1.030
Power Density Random 0.100 1.049 1.100 1.100
0.102' 1.175' 1.102°
Channel Thickness Random 0.1372 1.247° 1.137% 1.000
0.253° 1.5649° ©1.253°
Flow Distribution Random 0.200 1.200 1.000 1.000
' 1.321 1.248'
Random Uncertainties | Combined 1.3842 1.264° 1.226
1.679° 1.339°
Power Measurement Fo | Systemic 1.500
Flow friction factor Fy Systemic 1.000
Heat Transfer Coeff. Fy Systemic : 1.200

1. Plate-to-plate channel. 20 mil uncertainty on 197 mil channel thickness.
2. Plate-to-plate channel. 20 mil uncertainty on 146 mil channel thickness.
3. Plate-to-wall channel. 20 mil uncertainty on 79 mil channel thickness.

4.7.3 Thermal Hydréulic Analysis Results

The NATCON/ANL V 2.0 code was used to determine the thermal-hydraulics
performance of the PUR-1. First, the code was used to compute the power at which the
ONB is reached for the plates being examined in each of the HEU and LEU cores. This
was done to identify the limiting channel. Then the limiting channel was evaluated
under nominal operating conditions for both the HEU and LEU cores. The ONB results
provide verification that the Safety Limit (SL) and Limiting'Safety System Settings
(LSSS, trip points) of the Technical Specifications will indeed assure safe operation of
PUR-1 for the LEU core.
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4.7.3.1 NATCON Analyses

The reactor pool temperature varies throughout the year from about 22°C to
27°C depending on the ambient temperature and humidity conditions in the reactor

room. In all of the following calculations, the higher value 27°C was used.

The power search function of NATCON was used to determine the power level at
the Onset of Nucleate Boiling for both the HEU and LEU cores. Table 4-27 provideé a
summary of the ONB powers for each of the cases analyzed. For the HEU core, the
limiting channel/plate was the plate-to-plate (P-T-P) case, with an ONB power of 76.3
kW. For the LEU core, the limiting channel/plate was plate 1348 with the plate-to-plate
| channel, which had an ONB power of 96.1 kW.

Table 4-27: ONB Powers for HEU and LEU Cores

HEU Plate 262 LEU Plate 1348 LEU Plate
: 1215
Channel Type P-T-P P-T-W? P-T-P P-T-W P-T-P
ONB Power (kW) 76.3 149.5 96.1 187.8 165.6

1. Plate-to-Plate spaéing
2. Plate-to-Wall spacing

Using NATCON, the thermal-hydraulics parameters of the HEU and LEU cores at
the nominal operating conditions were also calculated. All hot channel factors are

included in these calculations. These results are shown in Table 4-28.

Table 4-28: 1 kW Operating Conditions for PUR-1 as Determined by NATCON

HEU (Plate 262) | LEU (Plate 1348)
P-T-P P-T-P
Max. Fuel Temp. (°C) 29.6 29.6
.| Max. Clad Temp. (°C) 29.6 29.6
Coolant Inlet Temp. (°C) 27.0 27.0
Coolant Outlet Temp. (°C) 28.7 29.3
Margin to incipient boiling (°C) 81.1 81.2
Coolant Velocity (mm/s) _ 6.04 511
Coolant Mass Flow Rate (kg/s) 0.0028 0.0018
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4.7.3.2 Safety Limits for the LEU Core

In PUR-1, the first and principal physical barrier protecting against the release of

radioactivity is the cladding of the fuel plates. The 6061 aluminum alloy cladding has an

incipient melting temperature of 582 °C. However, measurements (NUREG 1313, Ref.

4) on irradiated fuel plates have shown that fission products are first released near the

blister temperature (~550 °C) of the cladding. To ensure that the blister température is
never reached, NUREG-1537 (Ref. 11) concludes that 530 °C is an acceptable fuel and

cladding temperature limit not to be exceeded under any conditions of operation. As a

- result, PUR-1 has proposed a safety limit in its Technical Specifications requiring that

the fuel and cladding temperatures should not exceed 530 °C.

4.7.3.3 Limiting Safety System Settings for the LEU Core

Limiting safety system settings (LSSS) for nuclear reactors are settings for

~automatic protective devices related to those variables having significant safety

functions. When a limiting safety system setting is specified for a variable on which a

safety limit have been placed, the setting must be chosen such that the automatic

protective actions will correct the abnormal situation before a safety limit is reached.

"~ Table 4-29 shows the maximum power, the LSSS and operating power for PUR-1.

Table 4-29: Key Power Levels for Reactor Operation and LSSS for PUR-1

Maximum Power Level including 50% Uncertainty 1.8 kKW
Limiting Safety System Settings Power Level 1.2 kW
Operating Power Level : 1.0 kW

During steady-state operation, peak clad temperatures are maintained far below

530°C , as well as below the temperatures required for ONB (see Table 4-28).
NATCON was used to determine the minimum power for ONB for the HEU and LEU

cores in the limiting channels, as well as the thermal-hydraulic parémeters at these

calculated powers. The results of these calculations are shown in Table 4-30.

Table 4-30: Power Levels at the Onset of Nucleate Boiling for HEU and LEU Cores.

I HEU

|

LEU
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Power level at ONB (kW) 76.3 96.1

Max. Fuel Temp. (°C) 112.6 112.6

Max. Clad Temp. (°C) 112.5 112.5
Coolant Inlet Temp. (°C) ' 27.0 27.0
Coolant Outlet Temp. (°C) 414 ' 42.6 v
Onset of Nucleate Boiling Ratio 1.0 1.0

Coolant Velocity (mm/s) 55.3 53.3
Coolant Mass Flow Rate (kg/s) 0.021 0.019

The licensed operating power level of PUR-1 is 1 kW. The LSSS scram setting
of 120% power (1.2 kW) is well below the power level of 76.3 in the HEU core and 96.1
kW in the LEU core, at whic;h ONB would occur in the respective limiting channels.
Thus, the present LSSS on power at 1.2 kW (120% power) will protect the reactor fuel

and cladding from reaching the Safety Limit under steady state opérations.

Chapter 13 (Accident Analyses) analyzes two hypothetical transients based on
values of the Technical Specifications for the LEU core. These transients are: (1) Rapid
insertion of the maximum reactivity worth of 0.3% Ak/k of all moveable and non-secured
experiments, and (2) Slow insertion of reactivity at the maximum allowed rate of 0.04%

Ak/(k*s) due to control blade withdrawal.

'For the case of the rapid insertion, of 0.3% Ak/k, the reactor scram was initiated
based on the power level trip, assuming failure of the period trip. For the case of the
slow insertion of 0.04% Ak/(k*s), scram was initiated on the second power level trip,
assuming the first power level trip failed. The reason for this is that the period trip is

never reached for the case of this slow reactivity insertion.

Thus the selected LSSS is a conservative setting which e‘nsur‘es that the
maximum fuel and cladding temperatures do not reach the safety limit of 530 °C for the
range of accident scenarios that were analyzed. In summary, the selected LSSS wilf
protect the reactor fuel and cladding from reaching the safety limit of 530°C under any

condition. of operation.

5 REACTOR COOLANT SYSTEM

The conversion of PUR-1 from HEU to LEU fuel does not require any changes to

. the reactor coolant system. More details about this topic can be found in Reference 1.
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6 ENGINEERED SAFETY FEATURES

The conversion of PUR-1 from HEU fuel to LEU fuel does not require any

changes to the engineered safety systems.

7 INSTRUMENTATION AND CONTROL SYSTEMS

No changes to the instrumentation and control (I&C) systems are proposed ore

required by the conversion of PUR-1 from HEU to LEU fuel.

8 ELECTRICAL POWER SYSTEMS

No changes to the electrical power systems are required by the conversion of
HEU to LEU fuel for PUR-1.

9 AUXILIARY SYSTEMS
9.1 Systems Summary

No changes to the Auxiliary systems are required by the conversion of PUR-1
from HEU to LEU fuel.

9.2 Ventilation System

No changes to the confinement ventilation system are proposed or required for
the conversion of PUR-1 from HEU to LEU fuel. The new LEU fuel will be operationally

similar to the HEU fuel, and existing ventilation capabilities are adequate.

9.3 Heating and Air Conditioning Systems

No changes to the confinement heating and air conditioning systems are
proposed or required by the conversion of PUR-1 from HEU to LEU fuel. The new LEU
fuel will be operationally similar to the HEU fuel, and existing air conditioning and

heating capacities are adequate.

9.4 Fuel Element Handling and Storage

Existing procedures will be used for fuel element handling and storage. No
changes are necessary as a result of the conversion from HEU to LEU. The storage of
the extra LEU plates will be in a secure, dry location. Parametric eigenvalue

calculations were performed with MCNP5, varying the storage plate spacing in a
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hypothetical flooded condition to ensure that a critical configuration could not be
achieved. These results are shown in Figure 9-1. The maximum k-eff obtained in these
calculations was 0.41, which is less than the Technical Specification (TS 5.3.1)

requirement of less than 0.8 (see Ref. 2).

k-values for Extra LBU Plates in a Flooded Storage Facility
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Figure 9-1: k-eff Values for Flooded Condition of Fuel Storage Facility.

9.5 Other Auxiliary Systems

No other auxiliary systems as listed in Chapter 9 of NUREG 1537 will be affected
by the conversion of PUR-1 from HEU to LEU.

10 EXPERIMENTAL FACILITIES AND UTILIZATION

No change.s to experimental facilities or utilization are required by the conversion
of PUR-1 from HEU to LEU fuel.

11  RADIATION PROTECTION PROGRAMS AND WASTE
MANAGEMENT
The conversion of PUR-1 from HEU to LEU does not require any changes to the
radiation protection and radioactive waste management of the facility. More details

about this topic can be found in Reference 1.
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12 CONDUCT OF OPERATIONS

12.1 Organization and Staff Qualification
The HEU to LEU conversion does not require any changes to the organization
and staff qualification of PUR-1 personnel. More details about this can be found in

References 1 and 2.

12.2 Procedures
PUR-1 staff proposes to revise the core reload and approach to critical procedure,

in order to utilize additional data made possible by this analysis, and new technology

available since the previous procedure (Procedure 95-4-A) was written.

PUR-1 staff proposes to revise Procedure 95-5, “Standard Procedure for
Inspection of Fuel Plates” to “Standard Procedure for Inspection of Fuel Assemblies.”

See the revisions to Technical Specifications in Section 14.

12.3 Operator Training and Requalification

The conversion from HEU to LEU fuel requires minor changes to the
requlalification and training program for operators. Some modifications will be required
where fuel description, loading and safety limits are addressed, and operators will be
made aware of any changes. Modified procedures will become part of the training

documentation as necessary.

12.4 Emergency Plan

The only changes to the Emergency Plan for PUR-1 required by the conversion
of PUR-1 from HEU to LEU fuel will be in the description of the facility, Section 1.4.
“93% enriched” will be replaced with “19.75% enriched.”

12.5 Physical Security Plan

Any changes to the facility physical security plan required by the conversion will

be submitted under separate cover and withheld from public disclosure.

12.6 Reload and Startup Plan

The core reload and approach to critical procedure has been modified to utilize

the information developed in these analyses, and to take advantage of new technology
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in the process. This procedure is shown in “Appendix 2: New Core loading procedure”,

on Page 89.

13 ACCIDENT ANALYSIS

Four hypothetical accident scenarios are addressed: The Maximum Hypothetical
Accident (MHA), Rapid Addition of Reactivity Accident, Reduction in Cooling Accident,
and another accident involving the slow insertion of reactivity due to control rod

withdrawal.

13.1 Maximum Hypothetical Accident

The maximum hypothetical accident (MHA), failure of a fueled experiment (see
Ref. 1), does not involve the reactor fuel. - Therefore, the conversion of PUR-1 from
HEU to LEU fuel will not affect the MHA, and is not analyzed here.

13.2 Rapid Addition of Reactivity Accident

The analyses of this transient utilizes the reactor physics and reactivity
coefficients determined by MCNP5 as described in Chapter 4, and thermal-hydraulic
parameters determined by NATCON as described in Chapter 4, and the PARET/ANL'®

code.

| The original PARET code has been adapted by the Reduced Enrichment for
Research and Test Reactors (RERTR) Program to provide transient and thermal-
hydraulics analysis for research and test reactors with both plate and pin-type fuel
assemblies. The PARET/ANL version of the code has been subjected to extensive
comparisons with the SPERT | and SPERT Il (light and heavy water) expériments.
These comparisons were quite favorable for a wide range of transients up to and
including melting of the clad. Revisions of the code include new and more appropriate
heat transfer, departure from nucleate boiling V(DNB) and flow instability correlations,
improved edits, reactor trips, control insertion model, a decay heat power model, and a

loss of flow model.

The rapid insertion of the maximum worth of moveable and unsecured
experiments (0.3% Ak/k) as specified by the Technical Specifications was evaluated.
An assumption was made that the period trip (7s) failed, and scram was initiated on the

power trip at 1.2kW. Since the assumed measurement uncertainty on core power is
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50%, a core power trip setting of 1.8 kW was utilized in the accident calculation. A
delay of 0.1 seconds from the sending of scram signal to beginning of control rod
motion is assumed. Fuel/coolant channels that are representative of the hottest fuel

plates (as identified in section 4.7) were modeled in the PARET analyses.

Results of this transient are summarized in Table 13-1. The reactor power
increases from 1 kW to the trip setting of 1.8 kW in less than 2.5 seconds. There is a
negligible increase in the clad temperature as a result of this hypothetical accident. The

safety limit is never in danger of being reached.

Table 13-1: Transient Results for Rapid Insertion of 0.3%Ak/k for PUR-1.

Tclad.max (OC)
. Time of Peak
Core | Po (kW) | Pmax (kW) Power (s) @ t=0 Maximum
HEU 1.000 1.810 25 28.59 28.59
LEU 1.000 1.807 25 28.93 29.38

These results demonstrate the ability of the LSSS to protect the safety limit of
fuel temperatures not to exceed 530°C. The maximum temperatures achieved in the
fuel are well below temperature of incipient boiling as well. Therefore PUR-1 can

maintain the fuel integrity during this accident scenario.

13.3 Reduction in Cooling Accidents

The PUR-1 SAR (Ref. 1) evaluated a loss-of-coolant accident during full-power
operation. Due to the construction of the reactor pool, the possibilify of sudden LOCA
by unintentional drainage is extremely unlikely. Furthermore, if the pool drained
instantaneously while the reactor was operating, the loss of moderator would shut down
the reactor. ' |

In Reference 1, the fuel temperature rise in the HEU core was estimated to be
9.5°C assﬁming adiabatic conditions for 24 hours after a hypothetical LOCA. A similar
temperature rise that is far below the safety limit of 530°C is also expected for the LEU

core.
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13.4 Other Accidents

The other accident exam‘ined was the inadvertent removal of the control rod of
maximum worth, or the “runaway rod.” This accident assumes a stuck switch on the
control rod of highest worth (SS-1) while the rod is being raised starting from the 1 kW
full power level. The period trip is not reached in this accident, and it is assumed that
the first power trip fails. The reactor is then scrammed on the redundant LSSS power
trip. Allowing for a power level measurement uncertainty of 50%, the 1.2 kW trip level is
actually 1.8 kW,

A calculation was done for a slow insertion of 0.04% Ak/k/s. Results are
presented in Table 13-2. The clad temperature climbed less than 3°C as a result of this
accident. The resulting clad temperatures are much less than the temperature of
incipient boiling, and well under the safety limit of 530°C.

The maximum reactivity inserﬁon rate from the withdrawal of the SS-1 control rod
is 0.009% Ak/k/s and 0.018% Ak/k/s for the HEU and LEU cores, respectively. These
values are both beléw the reactivity insertion rate used in this hypothetical accident
analysis. Thus, the results for the runaway rod transient analyzed here demonstrate the

protection of the safety limit by the limiting safety system setting.

Table 13-2: Transient Results for Slow Insertion of 0.04%Ak/k/s for PUR-1.

Tclad,max (OC)
Time of Peak
Core P, (kW) Pmax (KW) Power (s) @ t=0 Maximum
HEU 1.000 1.825 6.000 29.03 31.90
LEU 1.000 1.814 6.000 28.93 29.38

14 TECHNICAL SPECIFICATIONS
For the conversion of PUR-1 from HEU to LEU fuel, PUR-1 staff proposes the

following changes to the Technical Specifications.

Safety Limit (T.S. 2.1)

The Safety Limit Technical Specification, Section 2.1, from the present Technical

Specifications (Ref. 2) reads as follows:
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2.1 Safety Limit

Applicability - This specification applies to the steady state power level.

Objective - The objective is to define a power level below which it can be predicted

with confidence that no damage to the fuel elements will occur.

Specification - The true value of the instantaneous power of the reactor shall not
exceed 50 kW. o

Basis - The Purdue University Reactor utilizes fuel of the same type as is used in
several similar reactors, such as the reactor at the University of Missouri, Rolla.
These reactors use natural convection cooling and are routinely operated at power

levels exceeding 50 kW with no apparent damage to the fuel.

The steady state power of 50 kW was ch{o'sen because calculations indicate that the
average heat flux from fuel into coolant would be less then 0.5 watts/cm, and that no
boiling would occur at this level. With fuel plate temperatures associated with this
power level no damage to the fuel elements will occur. The aluminum alloy cladding
does not melt below 1100 °F and is expected to maintain its integrity and retain
“essentially all of the fission fragments at temperatures below 1100 °F. For a step
input of reactivity equal to the available excess in the core, combined with a
postulated failure of the scram mechanisms such that all control rods Jjam out of the
core, it is estimated that the coolant temperature would rise to less than 130 °F. This
coolant temperature would restrict cladding temperatures well below 1100 °F thus

assuring retention of all fission fragments.
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The proposed change to the Safety Limit Technical Specification reads as

follows:
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2.1 Safety Limit

Safety limits for nuclear reactors are limits upon important process variables
that are necessary to reasonably protéct the integrity of certain of the
physical barriers that guard against the uncontrolled release of radioactivity.
The principal physical barrier is the fuel cladding.

Applicability - This specification applies to the temperature of the reactor fuel

and cladding under any condition of operation.
Objective - The objective is to ensure fuel cladding integrity.

Specification - The fuel and cladding temperatures shall not exceed 530 °C
(986 °F).

Basis - In the Purdue University Reactor, the first and principal barrier
protecting against release of radioactivity is the cladding of the fuel plates.
The 6061 aluminum alloy cladding of the LEU fuel plates has an incipient
melting temperature of 582 °C. However, measurements (NUREG-1 3134)
on irradiated fuel plates have shown that fission products are first released
near the blister temperature (~550 °C) of the cladding. To ensure that the
blister temperature is never reached, NUREG-1537"" concludes that 530 °C
is an acceptable fuel and cladding temperature limit not fo be exceeded

under any condition of operation.
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Limiting Safety System Setting (T.S. 2.2)

The PUR-1 proposes to modify the basis of the Limiting Safety System Setting
(LSSS) Technical Specification (TS 2.2, pages 7-8, Ref. 2).

The present LSSS Technical Specification reads as follows:
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2.1_Limiting Safety System Setting (LSSS)

Applicability - This specification applies to the reactor power level safety system setting
for steady state operation.

Objective - The objective is to assure that the safety limit is not exceeded.

Specification - The measured value of the power level scram shall be no higher than
1.2 kW.

Basis - The LSSS has been chosen to assure that the reactor protective system will be
actuated in such a manner as to prevent the safety limit from being exceeded during

the most severe expected abnormal condition.

The safety margin between LSSS and the SL is sufficient to assure that the peak power
achieved in a transient, starting at 1 kW with a 1-second period and terminated by
dropping a control rod, will not exceed 50 kW. The 1-second period corresponds to a

reactivity of .006 Ak/k, which is the maximum authorized to be loaded into the reactor.

The safety margin that is provided between the LSSS and the SL also allows for .

o
-
b
c
Q
£
T
c
@
E
<
c
(o]
=
©
o
=
O
i
jo3
(/2]
®
L
c
L
(o4
[
-
x
E
-
o)
et
&
C
2]

instrument uncertainties associated with measuring the above parameter.
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2.1 Limiting Safety System Setting

Applicability - This specification applies to the reactor power level safety system
setting for steady state operation.

Obijective - The objeétive is to assure that the safety limit is not exceeded.

Specification - The measured value of the power level scram shall be no higher than
1.2 kW.

Basis - The LSSS has been chosen to assure that the automatic reactor protective
system will be actuated in such a manner as to prevent the safety limit from being

exceeded during the most severe expected abnormal condition.

The function of the LSSS is to prevent the temperature of the reactor fuel and

cladding from reaching the safety limit under any condition of operation. During

steady-state operation, a power level of 96.7 kW is required to initiate the onset of

nucleate boiling. _This is far larger than the maximum power of 1.8 kW, which allows

for 50% instrument uncertainties in measuring power level.

For the transients that were analyzed, the temperature of the fuel and cladding

reach maximum temperatures of 31°C, assuming reactor trip at 1.8 kW after failure

of the first trip. This temperature is far below the safety limit of 530°C..
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Containment

The PUR-1 staff proposes to revise Technical Specification 4.4.d, describing the
requirement to inspect representative fuel plates annually should be removed. Based
on 44 years of operating experience, and excellent controlyvof pool water chemistry, no
“corrosion has been observed in fuel plates or assemblies. No new alloys will be
introduced into the reactor as a result of conversion from HEU to LEU fuel. The LEU
plates are planned to have boehmite surface which will enhance their resistance to

corrosion.

In order to maintain ALARA doses to reactor staff, and to limit exposure of the

LEU fuel plates to mechanical damage from handling, it is proposed that the Technical
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Specification 4.4.d, which reads: “Repreéentative fuel plates shall be inspected
annually, with no interval to exceed 15 months;” be changed to “Representative fuel

assemblies shall be inspected annually, with no interval to exceed 15 months.”

Fuel Assemblies

Technical Specification 5.2, “Fuel Assemblies,” describes the design features of
PUR-1 fuel. Specifications 5.2.1, 5.2.2, and 5.2.3 should be changed to reflect the new

fuel design. They should read as follows:

5.21 The fuel assemblies shall be MTR type consisting of aluminum clad
plates containing uranium enriched to approximately 19.75% in the U-

235 isotope.

5.2.2 A standard fuel assembly shall consist a maximum of 14 fuel plates

containing up to 185 + 8.75 grams of U-235.

5.2.3 A control fuel assembly shall consist of a maximum of 8 fuel plates

containing up to 105 + 5 grams of U-235.

15 OTHER LICENSE CONSIDERATIONS

15.1 Prior Utilization of Reactor Components

The conversion of PUR-1 from HEU to newly manufactured LEU fuel assemblies.

There are no prior use issues with the conversion.

15.2 License Conditions

The HEU core will not be kept at this facility after the conversion is completed,
therefore no changes to the license are necessary. Possession of both the HEU and
LEU cores for the duration of the conversion process is expected to be permitted by the

order to convert, and no modifications to possession limits are required.

15.3 Decommissioning |
The conversion of PUR-1 from HEU to LEU has no effect on the

decommissioning plan of PUR-1, as established in the previous license extension (See
Ref. 4). ;
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APPENDIX 1: NATCON DOCUMENTATION

NATCON Code Running Instructions (July 22, 2006)

1.

UNIX command to run NATCON: executable_filename < input_filename
/home/sol1a/kalimull/natcon/natconlf95.x < input_filename
Output file name: NATCON.PRINT

Figure 1 shows the geometry input data and the natural circulation flow circuit

that are modeled in the code.

The correspondence between hot channel factors used in NATCON and E. E.

Feldman'’s hot channel factors is shown on the next page.

The code analyzes a single coolant channel, including the effect of hot
channel factors. The channel gets heated by a single fuel plate (actually, by the
heat generated in half a plate on each side of the channel). The older NATCON
code version 1.0 uses three hot channel factors. The new version 2.0 uses six

hot channel factors, as described below.

Standard and control assemblies mentioned in the input data are treated alike
in the code.

Corrections:

(i) The last equation on page 2 in the code documentation [ANL/RERTR/TM-12]
is incorrect, which is now corrected. The error is not important because it
affected only the fuel center-line temperature which is usually not very different
from cladding surface temperature.

(i) The frictional pressure drop in all the unheated plate length, CHANHT-
FUELHT, is computed assuming the coolant to be at pool temperature. This
should be calculated assuming lower half of the unheated length at pool
temperature, and the upper half at the channel exit temperature. This is not yet
corrected.

Power in hot plate = QPLATE = FQ*RPEAK*CPWR / NPLATE , where

NPLATE = Total number of plates in standard and control subassemblies

= NSTDEL*NPLTSE + NCONEL*NPLTCE
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9. The spreadsheet for computing six hot channel factors, developed by E. E.

Feldman, from the uncertainties/tolerances of 9 engineering quantities is good

for forced flow only (laminar or turbulent). It is not applicablé to natural

circulation. For natural circulation, a recently developed Fortran program is

described below to find the six hot channel factors. The relationships between

bulk coolant temperature rise, reactor power and the power-induced flow rate,

needed by the program, are also developed below.

1. Hot Channel Factors in the NATCON Code Version 1.0

NATCON code version 1.0 [Ref. ANL/RERTR/TM-12] uses three hot channel factors
(FQ, FW, FH). Using the source code and documentation, the factor FH used in
NATCON is found to be the same as the factor FNUSLT used by E. E. Feldman. Table

1 shows the engineering uncertainties included in each of the six hot channel factors

used by E. E. Feldman. The correspondence between NATCON hot channel factors

and E. E. Feldman’s six hot channel factors is as follows.

- Feldman’s Hot Channel Factor

NATCON Input Variable

System-wide Factors:

FFLOW a factor to account for the uncertainty in total FW (approximately)
reactor flow

FPOWER  a factor to account for the uncertainty in total FQ
reactor power

FNUSLT a factor to account for the uncertainty in Nu FH

: number correlation

Local Factors:

FBULK a hot channel factor for local bulk coolant FBULK (new input)
temperature rise

FFILM a hot channel factor for local temperature FFILM (new input)
rise across the coolant film

FFLUX a hot channel factor for local heat flux from FFLUX (new input)

cladding surface
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2. Hot Channel Factors in the NATCON Code Version 2.0

Sections 2.1 and 2.2 develop two thermal-hydraulic relationships that are used in
section 2.3 to obtain formulas for the hot channel factors from user-supplied

manufacturing tolerances and measurement uncertainties.
2.1 Flow Rate in a Coolant Channel versus Power of a Fuel Plate

NATCON is a laminar natural circulation code. The flow rate is calculated in the code by
balancing the buoyancy pressure force to the laminar friction pressure drop. Following
this concept, an analytical relationship is developed here (with some approximation) for
the coolant flow rate in a single coolant channel in terms of the power generated in a
fuel plate and the channel geometrical dimensions. The analytical relationship is needed

for obtaining hot channel factors.

The hot channel factor FW used in the code to account for the uncertainty in coolant
flow rate is actually applied to the laminar friction factor in the code, that is, the laminar
friction factor is multiplied by FW2 It is not applied directly to the flow rate. The

relationship developed here explains how this technique works.

P, » T1 at channel outlet

I
|
| L =Channel height containing hot coolant (hotter than pool), m
| P =Power in a single fuel plate or the two half plates, W

| W=Upward flow rate in a single channel, kg/s

|

|

Lo, To atchannel inlet

Schematic of what the code analyses, that is, a single rectangular coolant channel heated by a

half of a fuel plate on each side (right and left sides).

The above schematic shows what the code analyses, that is, a single rectangular
coolant channel heated by a half of a fuel plate on each side (right and left sides). See

Fig. 1 for details. The buoyancy pressure force is caused by the decrease in water
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density due to heating in the channel. The temperature dependence of water density

can be written as

P(T)=po- P B(T—=To) (1
where

To = Water temperature at channel inlet, C

T4 = Water temperature at channel outlet, C

AT  =T4-Ty = Temperature rise in channel from inlet to outlet, C

Lo = Water density at channel inlet, i.e., the water density in the pool, kg/m®

Y] = Volumetric expansion coefficient of water, per C

P = Average coolant density in the channel, kg/m*

L = Channel height that contains hotter coolant (hotter than pool), m. It is the

sum of heat generating length of fuel plate, non-heat generating fuel plate
length at top, and the assembly duct length above the top of fuel plate

g = Acceleration due to gravity, 9.8 m/s?

The buoyancy pressure force is given by

BuoyancyAp =(p, - p)glL ‘ (2)
The average coolant density p is given by

P =05 (petp)= Py -05p, B(T1—=To)= p, -0.5p, B AT 3)
BuoyancyAp =05p, 5 AT gL (4)

The coolant temperature rise AT can be written in terms of the input power P generated
in a fuel plate, as shown by Eq. (5) below, and then the buoyancy Ap of Eq. (4) can be

written in terms of the input power P, as shown by Eq. (6).

AT =P/ (W Cp) (5)

PoELP

BuoyancyAp = SWC
P

(6)

Ignoring the minor losses at channel inlet and outlet, the laminar frictional pressure drop
in the channel is written below as Eq. (9) after using the laminar friction factor given by

Eq. (7), and after replacing the coolant velocity by mass flow rate using Eq. (8). The
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parameter C in Eq. (7) is a constant for a given channel cross section, but it depends
upon the channel cross section aspect ratio width/thickness, and varies from 57 for
aspect ratio 1.0 (square channel) to 96 for an infinite aspect ratio (infinitely wide

channel).

f=C/R.  (7)

W= pAV (8)
- ) _
Frictional Ap = pILV" _CuLW 9)
2D 2 p AD?
where
f = Moody friction factor for laminar flow in the channel
Re = Reynolds number in the channel = pVD/ u
A = Flow area of the channel cross section, m?
D = Equivalent hydraulic diameter of the channel cross section, m
Lc = Total coolant channel length causing frictional pressure drop, m.
Vv = Coolant velocity averaged over the channel cross section, m/s
w = Coolant mass flow rate in the channel, kg/s

1 (T) = Temperature-dependent dynamic viscosity of water, N-s/m?

7] = Average coolant dynamic viscosity in the channel, N-s/m?

The code equates the frictional Ap of Eq. (9) to the buoyancy Ap of Eq. (6) to find the
steady-state coolant flow rate W in the channel, as shown in Eq. (10) below. Equation

(10) can be rewritten as Eq. (11).

PoRLP _ CuL W (10)
2WC, 2 p AD? '
W2= Po IZ)ADZﬂgLP (11)
CuL.C,

Equation (11) is the main result. All parameters in this equation are constant except 1,

p, and the parameter C in the laminar friction factor. Based on Eq.(11), the relationship

between the flow rate W and these three parameters is given by Eq. (12) below.
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Equation (12) shows that if the friction factor parameter C is multiplied by the square of
an input hot channel factor FW, the flow rate W will be reduced approximately by the

factor FW. How good this approximation will be depends upon the sensitivity of the

coolant kinematic viscosity (z / p) to temperature.

2.2 Bulk Coolant Temperature Rise versus Power of a Fuel Plate

Equation (5) expresses, for laminar natural circulation, the bulk coolant temperature rise
in terms of fuel plate power, coolant flow rate and specific heat. Putting the value of flow
rate obtained in Eq. (11) into Eq. (5), the bulk coolant temperature rise is given by Eq.
(13) below, purely in terms of power and the geometrical dimensions of the channel.
The right hand side of Eq. (13) is rearranged into two factors in Eq. (14), such that the
second factor is sensitive to power and channel geometrical dimensions that usually
have manufacturing tolerances and measurement uncertainties, and the first factor is
insensitive to power and channel geometrical dimensions.

1/2

AT =| — CHLP (13)
Cr0 P AD fieL
1/2 ; .
- 1/2
AT =| —C#Le (PZ) (14)
Copo p L 4D

The nominal flow area and hydraulic diameter of a rectangular coolant channel are
given by

A=tcWne (15) A

Pw = 2 (thc + Wnc) (16)
D=4 A/Py= 2 the Wne/ (the + Wne) (17)
where |

t. = Channel thickness (spacing between fuel plates), m
toe = Nominal channel thickness (spacing between fuel plates), m
the = Minimum channel thickness in hot channel (spacing between fuel plates), m
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w. = Channel width, assumed not to change from its nominal value, m
P. = Wetted perimeter of the nominal channel, m

P.. = Power generated in a fuel plate, without applying manufacturing tolerances,
w

Pnc = Power generated in a fuel plate, after applying manufacturing tolerances, W

Because the channel thickness t; is much smaller than the channel width w¢ in most
experimental reactors, Eq. (17) reduces to

D~ 2t (18)
Using the channel area and hydraulic diameter given by Eqgs. (15) and (18) into Eq. (14),
the bulk coolant temperature risé can be written in terms of power, channel thickness,

and channel width. This is the desired relationship for use in finding hot channel factors.

1/2

- 12
AT=| —CHL [4 i } (19)
Crpy p BL Wele :

2.3 Formulas for Hot Channel Factors

For use in NATCON version 2.0 code, six hot channel factors (three global/systemic
and three localfrandom) are obtained ffom 9 manufacturing tolerances and
measurement uncertainties u,, u,.... ug that are defined below. These are fractional
uncertainties rather than percent. Of these nine uncertainties, those affecting a
particular hot channel factor are indicated in Table 1. The systemic hot channel factors
are given by Egs. (20) through (22), and the random hot channel factors are given by
Egs. (23) through (25). A utility computer program NATCON_HCF has also been

developed to compute the hot channel factors using these formulas.

FQ=1+u | (20)
FW=1+us (21)
FH=1+ug (22)

The ratio of the power generated in hot plate to its nominal power, caused by the
uncertainties in neutronics-computed power and in U-235 mass per plate, can be written

as

I;"” = (I+u)(1+u,) - (23)

ne
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The ratio of bulk coolant temperature rise in hot channel to the temperature rise in the
nominal channel, caused by the uncertainties in neutronics-computed power, U-235
mass per plate, and channel thickness, is obtained from Eq. (19). Only the quantity in
" the second parentheses is important here because the quantity in the first parentheses
is insensitive to these uncertainties. |

AT P 1/2 3/2 1 3/2 ‘
_AThcz(P_hc) (i_J = (1+u) "2 (1+u,)" [—1 uJ (24)
hc 5

nc hc

The uncertainty in flow distribution is assumed to reduce the channel flow to (1- ug)
times the flow without this uncertainty, and therefore the bulk coolant temperature rise is
increased by the factor (1+ ug). This uncertainty in bulk coolant temperature rise is
statistically combined with that given by Eq. (24) to obtain the following formula for the
hot channel factor FBULK for input to NATCON version 2.0 code.

2

3/2
FBULK = 1 + {(1+ul)”2(1+u2)”2(Lj —1} +ug (25)
—u,
The temperature drop across coolant film on the cladding surface at an axial location is
given by Eq. (26). Here the heat flux q” (W/m?) on the cladding surface is replaced by t;
q”’/2in terms of the volumetric power density ¢’ (W/m°) in the fuel meat.

oot qvn
Az}ilm :q—.: !
h 2h

(26)

The convective heat transfer coefficient h (W/m3-C) is given by Eq. (27). Here the
laminar Nusselt number N, is independent of flow rate, and varies only slowly with the
aspect ratio (width/thickness) of coolant channel. The main variation of the heat transfer
coefficient with channel thickness is due to the denominator of Eq. (27). The numerator

of Eq. (27) is considered to be constant.

— Nchool — Nchool (27)

D 21

h

Using Eq. (27) for the heat transfer coefficient, the temperature drop across coolant film

can be written as Eq. (28).
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qlll tf tc
AT, =——>°
fim N K

cool

(28)

Equation (28) states that ATﬁ,m is directly proportional to the fuel meat thickness (having

uncertainty us), the channel thickness (having uncertainty us), and the power density in
meat. The uncertainty in power density is caused by three uncertainties, that is, u4, u;
and uy. Statistically combining these five uncertainties gives the following formula for the
hot channel factor FFILM for input to NATCON version 2.0 code.

FFILM = 14+, 41,7+, 41, +u’ (29)
The temperature drop from fuel meat centerline to cladding surface is given by Eq. (30).
Here the heat flux q” through the cladding has been replaced by t; q”’/2 in terms of the
power density " in the fuel meat.

! ue " ! e t :
ATvmeml = Tmax _Twall = ! Iq - + cad (30)
2 4Kﬁ49/ Kclad

The expression within the parenthesis on the right hand side of Eq. (30) varies slowly
compared to the heat flux tye /2. Therefore, the ratio of the temperature drop from
meat centerline to cladding surface in hot channel to that in the nominal channel is
given by Eq. (31), and this ratio is the hot channel factor FFLUX for input NATCON

version 2.0 code.

et v Mg ), (31)
ATmetal,nc (tﬁ‘e’q' ' ')nc

In Eq. (31), the uncertainty in power density is caused by three uncertainties, that is, uy,

uz and us. The uncertainty in the meat thickness is given by us. Statistically combining
these four uncertainties gives the following formula for the hot channel factor FFLUX for
input to NATCON version 2.0 code. ‘

FFLUX = 1++Ju] +u,’ +u; +u,” (32)
where

U1 = Fractional uncertainty in neutronics calculaﬁon of power in a plate

Uz = Fractional uncertainty in U-235 mass per plate = Am/ M

us = Fractional uncertainty in local (at an axial position) fuel meat thickness
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Ug = Fractional uncertainty in U-235 local (at an axial position) homogeneity

Us = Fractional uncertainty in coolant channel thickness = (t - tic) / the

Us = Fractional uncertainty in flow distribution among channels

uz = Fractional uncertainty in reactor power measurement

Us = Fractional uncertainty in flow due to uncertainty in friction factor

Ug = Fractional uncertainty in convective heat transfer coefficient, or in the Nu
number correlation .

M = Nominal mass of U-235 per plate, gram

Am = Tolerance allowed in U-235 mass per plate, gram

Input Description of NATCON Code Version 2.0 of July 22, 2006
Card 0: Title card of 80 characters

FORMAT (A80)
Card 1: Major input options

FORMAT (816)

NN Number of axial heat transfer nodes in the fueled height of fuel

plate (maximum 20); number of node boundaries = NN+1
NTRANC =1 Include entrance effects in heat transfer coefficient

=0 Ignore entrance effects. Assume fully developed heat

transfer coefficient

NSTDEL Number of standard subassemblies (also called standard

elements)
NPLSE Number of fuel plates in a standard subassembly
NCONEL Number of control subassemblies (also called control elements)
NPLTCE Number of fuel plates in a control assembly
IPRT If non-zero, debugging output will be printed.

IONB =1 Use Bergles and Rohsenow correlation for onset of nucleate
boiling (ONB), (Recommended) |

=0 Use the Ohio State University correlation for onset of

nucleate boiling if p V¢, /x4 <700 and Tw > Tsar;

Otherwise, use Bergles and Rohsenow correlation; where
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p = Coolant density

Mg = Coolant dynamic viscosity

V = Coolant velocity

tch = Coolant channel.thickness

Tw = Cladding wall temperature
Tsar = Coolant saturation temperature

Card 2: Fuel plate geometry and thermal conductivity
FORMAT (6E12.5)
FUELHT Axial length of fuel meat in a plate, m
FUELWT Width of fuel meat in a plate, m
FUELTK  Thickness of fuel meat in a plate, m
FUELK Thermal conductivity of fuel meat, W/m-C
CLADTK Cladding thickness, m
CLADK Thermal conductivity of cladding, W/m-C

Card 3: Coolant channel geometry and pool temperature (see Fig. 1)
FORMAT (6E12.5)

CHANHT Coolant channel height (total height of a plate, i.e., fueled +
unfueled height), m

CHANWT Coolant channel width, m
CHANTK Coolant channel thickness (spacing between plates), m

DEPTH Distance from coolant pool free surface to the bottom of oolant

channel, m

CHIMNY  Unheated section of the assembly (also called element) above

fuel plates, m
TPOOL Average temperature coolant pool, C
Card 4: Convergence Criterion, Radial power factor, Nominal Reactor Power

FORMAT (4E12.5)
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DELTA Criterion for convergence criterion of frictional and buoyant forces
(per unit channel cross-sectional area) to the same value, N/m?
(Recommended 1.0E-6)

VGUESS Initial guess for coolant inlet velocity, m/s; A guess 100 times off
is acceptable.

RPEAK Radial power péaking factor, that is, the factor by which this
channel’s power differs from the average channel. |

CPWR Nominal reactor power level, if desired, kW. If this input is

zero or omitted, then the code will search the nominal power level

at which the ONB ratio is 1.0 with all six hot channel factors’

applied.
Card 5: Hot Channel Factors
FORMAT (6E12.5)

System-wide Factors:

FW A factor to account for uncertainty in total reactor flow due to
uncertainty in friction factor.
Note: The flow will be reduced by this factor approximately. This
is because FWZ s actually used as a multiplier for friction factor
and minor loss coefficients. The friction factor f = C/Re where C is
58 to 96 depending upon the width/thickness ratio of the coolant

channel.

FQ A factor to account for uncertainty in total reactor power

measurement.

Note: The natural convection flow rate in the coolant channel is
induced by the power FQ*RPEAK*(Average Power per Plate).

FH . A factor to account for uncertainty in Nu number correlation, or

convective heat transfer coefficient correlation.
Local Factors:

FBULK Hot channel factor for local bulk coolant temperature rise
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Card 6:

FFILM Hot channel factor for local temperature rise across the coolant
film
FFLUX Hot channel factor for local heat flux from cladding surface

Axial Power Shape in the fueled region of the plate, input at interfaces of

heat transfer nodes, NN+1 pairs

FORMAT (2E12.5)

(ZR(1), QVZ(I), I=1, NN+1)

ZR(1) Height at the lower end of axial node I, measured from the
bottom of the fuel meat, normalized such that the total height of
the meat in a fuel plate is 1.0. ZR(1) is zero and ZR(NN+1), the

_upper end of node NN, equals 1.0.

QvZ(l) Normalized power density at the lower end of axial node |
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Table 1. Uncertainties Included in the Six Hot Channel Factors Used in NATCON

Version 2.0 (X implies that an uncertainty affects a hot channel factor)

Uncertainty Fraction | FQ | FW | FH | FBULK | FFILM | FFLUX

Local or random uncertainties

1 | Neutronics  calculation  of

. X X
power in a plate, u4
2 | U-235 mass per plate, u, X X
3 | Local fuel meat thickness, us X X
4 | U-235 axial homogeneity, u, X X
5 | Coolant channel thickness, us X! X
6 | Flow distribution  among X X
channels, us

System-wide uncertainties

7 | Reactor power measurement
uncertainty, u;

8 | Flow uncertainty due to
uncertainty in friction factor, ug

9 | Heat transfer  coefficient
uncertainty due to uncertainty X
in Nu number correlation, ug

Note 1: Bulk coolant temperature rise AT = P / (W C;). Equation (11) is used to find the

change in flow W due to a reduced channel thickness.
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Figure 1: Reactor Geometry and Natural Circulation Coolant Flow Circuit Modeled in
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APPENDIX 2: NEW CORE LOADING PROCEDURE (DRAFT)
Procedure 06-1-CL

Standard Procedure for Core Loading
Purpose

The purpose of this procedure is to provide a series of steps for the safe
assembly of the PUR-1 core. This version of the procedure may be used to assemble a
new core, or also for cores exceeding any reassembly specifications in Procedure 95-4-
A (or other procedure), or when a plate-by-plate loading is required or specified. The

guiding considerations of this procedure are:

1. To ensure a safe procedure for the assembly of fuel into the reactor array
(core) so that an uncontrolled critical mass will not be assembled.

2. To ensure that the maximum excess reactivity, defined as the reactivity in the
‘core when all of the fuel has been inserted and the control rods are raised to
their upper limits, does not exceed 0.006 Ak/k.

Limits -

The Tech. Spec. excess reactivity limit (T.S. 3.1.d) for the PUR-1 core is 0.006

Ak/k (3.1.d.). The administrative limit is 0.005 Ak/k (0.003 to 0.005 Ak/k). Also (T.S.

6.1.12) during fuel changes and movement of large bulk experiments, an SRO will be

present in the reactor room.
Summary

This procedure provides a step by step method for assembling a core of ‘almost’
unknown loading. The ‘almost’ in the above line makes reference to the ‘code’ to be run
as a part of step 1 in the Initial Conditions section below. This procedure may be used in
conjunction with Procedure 95-4-A ‘Standard Procedure for the Disassembly and
Reassembly of the PUR-1 Reactor Core’ if at any step of 95-4-A fails to meet the
statistical requirements during reloading, cores that have an excess reactivity, pex, >
0.005 but < 0.006 Ak/k, or if equipment fails, or the 36 hour time limit cannot be met as
required in 95-4-A. This procedure may be used if for any reason a ‘full approach’ to the
critical loading is required.

This procedure is intended to achieve a critical mass right at, or very near the

upper limit of the control rods motion. Then it allows subsequent plate adjustments to

adjust the excess reactivity.
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Plate-by-plate loadings: It will not be considered a violation of this procedure if as a
part of any other procedure (Example Pi’ocedure 95-4-A) steps are omitted. Example
steps 1-5 and step 7 may be omitted but step 6 may be included. The SRO must decide
what steps are to be used. Graphs, and extrapolations must be done and steps or the

intent of steps should be followed as closely as possible.

Graphs: Several graphs or their calculated equivalent are required during the
assembly:
Graph Name
[LL-Ch-1] and [LL-AUX] Lower limit (LL) graph, these should not
predict critical with the expected fuel
loading. (Required) _
[Shim-CH-1] and [Shim-AUX] - Lower limit of the shim range, these
should not predict critical with the

expected fuel loading. (Required)

[50-CH-1] and [50-AUX] - (Recommended) Normal critical banked
rod height.
[UL-CH-1] and [UL-AUX] Upper limit (UL) of rod motion, these

graphs should be the first to predict
critical. (Required)

[# of plates CH-1] and [# of plates AUX] Plot of 1/M vs. rod height. This graph is
used to predict critical as the rods are
raised from (LL) through shim range and
on to (UL). (Required)

Note on [# of plates CH-1] and [# of plates AUX]: These graphs wiil be used
when the rods are raised to predict the critical rod height. Each time plates are added (a
single loading step), the previous graphs are set aside and two new graphs [# of plates
CH-1] are generated, with Cq being the counts at (LL). 1/M is plotted at shim range (SR),
50cm, and possibly (UL). It is intended that each graph would be labeled as to the
actual number of plates in the core as: “14 plates CH-1", but the plates, step number,

date and time may help to identify the graph if it is necessary to refer to them later.
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It will not be a violation of this procedure if extra graphs are generated or extra

data points are taken on any graph (i.e. stops at 45cm or 55cm etc.).

Core Loading: After the initial loading (source, FC, SS1, SS2, RR and unfueled
reﬂect_oré), only experimental data will be used for further core loading. As to the actual
loading, calculated models ‘codes’ may be used for checking, not for the loading of fuel.
Data taken during the actual experiment is the only data to be_ used for the prediction of |
the loading not precalculated data. The reciprocal of the measured neutron
multiplication ‘One over M’ (1/M) calculations, and the graphs 1/M vs. fuel loading (total
plate count) are required for this procedure. Core load predictions will be made using a
minimum of two detectors. The predictions will use straight line extrapolations from the

last two data points. Data from the most conservative detector extrapolation will be used

for core loading. No single loading step will exceed one-half of the most conservative
experimentally predicted critical loading. After the initial loading, the maximum single
loading step will be one fuel element. The minimum loading will be one plate. After the
initial loading, both shim safety rods must be ‘cocked’ (i.e. scramable and withdrawn to

at least the lower limit of the shim range) before any fuel element may be added.

Dummy plates are allowed in any assembly (i.e. element). Plate positions of
known dummies may be filled with aluminum dummy plates unless it is necessary to
add an additional fuel plate to meet the final loading conditions of excess reactivity.

Then, dummy plate position/s may be filled with fuel plate/s or vice versa.

Data: Extrapolations are required for any ‘core load prediction’ prior to the addition of
fuel. These extrapolations are typically plotted by hand; it will not be considered a
violation of this procedure if the extrapolations are done by hand or the use of any other
computing device. It will be necessary to ‘take data’ (take counts, calculate Cy/C, plot,
and extrapolate the 1/M line) with the rods at the lower limit, shim range (= 40 cm), and
upper limit. It is recommended that counts also be taken at 50 cm (i.e. the predicted
final critical rod position). If data from either the lower limit or shim range extrapolate
and indicate a critical loading will be achieved on any addition, the next addition may not
be added without consulting an SRO. Data at the rod heights of upper limit (UL) and 50

cm data will not be taken once critical is predicted at these rod heights.

Excess Reactivity: The unofficial excess reactivity may be estimated during a run at

the end of this procedure using a previous rod worth from the old core. The reported
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excess reactivity will require rod calibrations for the new core and will not be
immediately available at the completion of this procedure. It will not be considered a

violation of this procedure if plate adjustment(s) are required at a later date.

After criticality is achieved, the excess reactivity is adjusted to a value between
0.003 and 0.005 Ak/k by adding individual plates to any element.

Notes on Taking Counts: When k approaches 1.0 it will be necessary to wait a
minimum of three minutes after any reactivity change (i.e. the addition of a fuel element
or the movement of rods) before starting a count. When k is far from 1.0 any counts

may be started after waiting only a few seconds.

Note: Operators may gain a feel for k and the time to wait between counts by watching
Channel 3 ‘the linear channel’. Observe that Channel 3 will level fast when k is far from
1.0 and slowly near 1.0. As some counts are at LL and some are at SR and UL so too k

could be ‘far from’ and ‘close to’ 1.0 during one fuel loading.

Adjust the counting time(s) for a minimum of 4000 counts for each recorded
reading or sum successive counts from the same detector. If readings from two
detectors are not consistent, counts may be repeated and or any count time may be
adjusted. Operators may find it helpful to watch Channel 3 ‘the linear channel’ to look for

count rate level or counting inconsistencies.

Five minute counts are recommended. If counts of other times are used it will be

necessary to adjust the counts to keep all data consistent.

Criticality: Operators should take great care when raising the rods between fuel
additions as this is a point where criticality may be reached unexpectedly. The SRO
must watch as fuel is added. Watch for a critical (linear increase) or supercritical rise on
Channel 3, also period, or any other indication(s) of criticality. If Channel 3 (or any other
criticality indication) increases slowly and does not seem to be leveling in less than 5
minutes at SR or LL, lower the rods to the LL, or remove fuel, and do not proceed
without the SRO’s knowledge. |

Securing the Reactor: As this is a long procedure, it may not be possible to complete
the entire loading in one day. The reactor may be secured for the night or weekend in
the usual manner, the fuel handling tool must also be secured at the close of the shift.

Meet the initial conditions prior to continuing this procedure or after any 4 hour delay.
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Prestart note: If the procedure is delayed due to any reason the source or detectors

should not be moved during the prestart checkout before the next operation.

Fuel Inventory: During all fuel movements and any loading we are required to maintain

a complete fuel inventory of fuel plate serial numbers, plate orientations, fuel assembly

numbers, handle color coding, handle orientation, the locations on all fuel and installed

dummies. This may be done with the help of a loading board.

Log Book: Log as much of the raw data, calculations, extrapolations, estimates, plate

loadings, serial numbers, orientations, observations and etc. as this can help future core

work.

Initial Conditions

1.

A ‘code’ (computer program) for the purpose of calculating; the fuel loading, and
excess reactivity, of the reactor; must have béen tested, run, and approved by at
least one of the reactor senior staff (i.e. Laboratory Director, or Reactor
Supervisor). Backup code runs by an outside lab (such as Argon National Lab) or
another NRC approved lab or agency are currently required before an initial core

loading.

Exception: This procedure may be used without a code run for any subsequent

AL

loading such as: Loading adjustments of up to 14 plates, relocating any or all
dummies, installing new regulating rods, reflector changes, or anytime a plate-by-

plate loading of a previously loaded core is required.

Install an auxiliary (AUX) neutron detector, with associated counting system,
outside of the reflector and on the side of the core opposite from the neutron
source. It will not be considered a violation of this procedure if more than one

auxiliary detector is installed in any location.

An SRO is required to move the actual fuel or remove a control rod.
A minimum of two people must be present during all operations.
Complete the prestart checkout.

(Optional) With the control rods, neutron source, and fission chamber at their
lower limits, adjust the discrimination level of the fission chamber system
(Channel 1) to a point just above the alpha cutoff level to insure maximum

neutron sensitivity.
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7. Adjust the discrimination level of the auxiliary system to give the maximum

neutron sensitivity without detecting gamma rays or alphas.

8. A fuel loading board with all serial numbers, and dummies should be available
and/or in place.
Note: When performing the following step‘s the statement ‘move the rod(s) to the Shim

Range (SR)" means move the rod(s) to the lower limit of the SR.

Note: When the following steps are being performed as a part of a known core
assembly it will not be a violation on this procedure if it is started at any safe partial

loading step. That is to say this procedure may be started part-way through the

element list or simply as a plate-by-plate of the last element H-2.

Procedure

1. If not previously completed load all required reflector elements into the grid plate.
2. If not previously completed load the source into the source location at C-3.

3. Insure that both shim safety (SS) rods are fueled (record the orientation and
serial numbers of all fuel placed into the core, also dummy locations as

applicable), moving without binding, and at their lower limit (LL) then install the
two fueled shim safety rods into the following core locations. SS1 at G-3 and
SS2 at E-3.

4. Insure that the regulating rod (RR) is fueled (record the orientation and serial
numbers, etc.), moving without binding, and at its lower limit (LL). Install the RR
into location E-5.

5. If not previously completed install the Fission Chamber (FC) with its associated
fuel (record the orientation, serial numbers, locations, and dummiés) into location
G-5.

6. Test raise and lower each rod, the source and the fission chamber check them

for binding and insure that the ‘Jam’ lamp does not come on. Repair as

necessary.

7. Complete Procedure M-4 Procedure for Measuring Shim-Safety Rod Drop Times.

The drop time is not allowed to exceed 1 second. If the times are much beyond
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the normal times (times found in previous drops) recheck the rod for binding. If a
rod is found to be binding or scraping on the guard plates this is a good time to
repair the problem. The reactor may be secured and any binding or scraping may
be examined and/or repaired. Do this now as the core will be hotter after any
runs. Note: If the Source, FC, and rods were not previously removed step 7 may

be omitted.

8. With the source, FC, and all control rods at their LL, allow time for the count rates
to level, take and record the counts on ‘Channel-1’ and the ‘Auxiliary Channel’.
These are the initial counts Cy and should be used as such when calculating
graphs [LL-Ch-1] and [LL-AUX], respectively. Note: The first point is plotted as
1.0 vs. total plates loaded on all graphs.

9. Raise all three rods to 50 cm. Again allow time, take and record the counts from
‘Channel-1" and the ‘Auxiliary Channel’ and use as the initial counts Co when
calculating graphs [50-CH-1] and [50-AUX], respectively.

10.Raise all three rods to their upper limit (UL). Allow time for the count rates to level,
take and record the counts from ‘Channel-1" and the ‘Auxiliary Channel’ and use
as the initial counts Cy when calculating graphs [UL-CH-1] and [UL-AUX],
respectively. '

11.Move the SS rods to the lower limit of their shim range (SR) and the RR to 40cm.
This is considered ‘cocked’. Allow time for the count rates to level, take and
record the counts from ‘Channel-1" and the ‘Auxiliary Channel’ and use as the .
initial counts Co when calculating graphs [Shim-CH-1} and [Shim-AUX],
respectively.

12.With the rods still ‘Cocked’ at the (SR); before installing the element record the

fuel orientation, serial numbers, and the locations of any dummies; while

observing the instrumentation install element F-3.

13. Allow time for the count rates to level, then take counts, calculate Cy/C, and plot
as a data point on graphs [Shim-CH-1] and [Shim-AUX] vs. total plates loaded..
14.In each of the following steps allow time for the count rates to level after rod

motion. Then take counts; and on their respective graphs, plot the new data
points vs. total fuel plate count. Move the rods to the lower limit (LL) take data
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and plot it. Plot two graphs [# of plates CH-1] and [# of plates AUX] 1/M vs. rod
height, using (LL) and (SR) data, extrapolate and record the rod height where the
reactor will go critical when the rods are raised. If it is predicted that the reactor
will not go critical before 50cm then continue with the next step. Else, go to step
28.

15.Watching for critical carefully raise all rods to (50cm) take data and plot [50-CH-
1] and [50-AUX]. On the two graphs [# of plates CH-1] and [# of plates AUX] plot
rod height, extrapolate and record where the reactor will go critical via raising the
rods. If it is predicted that the reactor will not go critical before the (UL) continue
with the next step. Else, go to step 28.

16. Watching for critical carefully raise all rods to the upper limit (UL) take data and
plot it on the graphs [UL-CH-1] and [UL-AUX] and [# of plates ] extrapolate the
data estimate and record the banked rod height for criticality, then set both old [#
of plates] graphs aside. ’

NOTE: Because these steps are repeated remake two [# of plates CH-1] and [#
of plates AUX] graphs for each fuel addition. Use the more conservative of the
two individual graphs to predict the final critical rod height.

17.Using the last two data points on graphs [LL-Ch-1], [LL-AUX], [Shim-CH-1],
[Shim-AUX], [50-CH-1], [50-AUX], [UL-CH-1], and [UL-AUX], extrapolate the data
to Co/C = 0, predict and record the number of plates required for a critical core
loading.

18.If the extrapolated data shows that the next element to be added is less than
50% of the difference between the present core loading and the minimum
predicted critical loading, using the most conservative of the two upper limit
graphs [UL-CH-1] and [UL-AUX], continue with step 21 and install the next

element from the list into the core. If the predicted worth of the next fuel element

is greater than 50% of the difference, then a partial loading of the element must
be performed, by replacing fuel plates with aluminum dummy plates. If a partial
loading of a fuel element must be made, use step 19 and 20. If a whole assembly

can be added use step 21 to install the element.
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19.Keeping track of serial numbers and orientation, disassemble the fuel element.
{NOTE: The removed fuel should be in that part of the element furthest from the
center of the core.} Reassemble the element, substituting dummy aluminum
plates for any fuel plates that are removed (first pass) adding fuel with each pass.
The reassembled element should contain only enough fuel plates to meet the
condition of less than 50% of the difference between the present core loading

and the predicted minimum critical loading.

20.Repeat the taking of counts and extrapolating as in steps 14 through 21 until the
complete element has been safely inserted into the core and a new minimum
critical loading determined. If the new determination indicates that the next
element can be added under the conditions of step 18, continue with step 21;
else repeat step 19 and 20 (with 14-21) for that element.

21.'Cock the rods’ at the shim range (SR) by raisiné the RR to 40cm and both SS
rods to the lower limit of the SR. Record the orientation and serial numbers and
install the next element from the list below (i.e. step 22), allow time then take
counts and plot on the two graphs [Shim-CH-1] and [Shim-AUX].

22.Repeat steps 14 through 21, for each element. Add elements in the following
order: E-4, F-4, G-4, F-5, G-2, F-2, (Do step 23) H-4, H-3, H-5, and E-2.

23.Repeat step 7. Procedure M-4, Procedure for Measuring Shim-Safety Rod Drop
Times. (Unless there is any suspected binding {i.e. jam lamp or other indications}

step 23 is done only on the first pass. At this point the rods have most of the fuel

surrounding them.)

24.Using the last extrapolation on curves [UL-CH-1] and [UL-AUX] and rod height
extrapolation from graphs [# of plates CH-1] and [# of plates AUX], determine the

minimum number of plates needed in element H-2 to make the reactor critical

with all rods at their upper limit. If element H-2 becomes filled fuel may be added

to any element using steps 24 through 26 and substituting that element number

for H-2.

25.Dismantle fuel element H-2, replacing fuel plates with aluminum dummy plates.

Assembled element H-2 using enough fuel plates to approximate 50% of the
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number of plates calculated in step 24. Fuel plate positions should be filled,
starting with plates near the center of the core and working away from the core

center.

26.Repeat steps 14 through 21 to install the element (Step21) and also determine a

new critical loading.

27.Repeat steps 24 through 26, adding fuel plates in minimum steps of one plate

until the reactor can be made critical.

28.Operators may at their option complete an approach to critical using subcritical
muiltiplication Procedure #62 or 06-2-IS to find the rod height for banked rods and
gain confidence in the new core, or take the reactor critical with a normal startup
(Procedure 91-1) at very low power. In either case take the reactor critical, with
the regulating rod and SS1 fully withdrawn, level with SS2. Using the last control
rod calibration curve, estimate the excess reactivity pex of the core and record
this value in the log book. (Also record during iterations.) At some point it will be
necessary to find the critical rod positions in the four normal rod configurations;

this may be done at this time or at a later date.

29.For a new core, new control rod, or any time the control rod worths are not
known or suspected: use procedures 95-7-RR and 95-7-SS to find the control rod
worth curves then complete the following step 30 of adjusting the core excess
reactivity. |
Note: After the reactor has been made critical and (for a new core) the rod worths
have been determined (the rods calibrated) step 30 (with 24-28) may be used to
adjust the core dummy locations. For calibrated rods in an old core use step 30
(with 24-28) for adjustment as above.
30.Repeating steps 24 through 28, adding or removing one fuel plate at a time
(dummies may be removed or placed as needed in-any element of the core),
adjust the excess reactivity of the core to a value between 0.003 Ak/k and 0.005
Ak/k with a good fuel and dummy éymmetry.

31.Record the excess reactivity worth of any group or each added plate/s in the log
book.

32. Shutdown the reactor using ganglower.
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33.Restore the discriminator on Channel 1 to its normal setting.

34.1f no othér work is expected, remove the auxiliary detector from the reactor.
35.Secure the reactor.

36. Secure the fuel handling tool.

37.Record the serial numbers and secure any extra plates. Extra plates are allowed

to be stored in the pool.

38.1f the core has different fuel, a different number of fuel plates, or any dummy
plates are moved then change the date on the core loading stamp, stamp or

hand write the ‘core loading’ date on the next few pre-start sheets.
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