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EPRI PERSPECTIVE

PROJECT DESCRIPTION

The work reported herein, under RP620-32, is a follow-on to that reported in EPRI
Interim Report NP-1000. Related work is reported in EPRI Final Reports NP-1615,
Core Restraint and Seismic Analysis of a Large Heterogeneous Free-Flowering Core
Design; and NP-1617, Hardware Concepts for a Large Low-Energetics LMFBR Core.
These two reports and NP-1616 are the final reports of the project.

PROJECT OBJECTIVE

The objective of this project is to show the feasibility and practicality of large
liquid metal fast breeder reactor cores that have significantly reduced sodium
void coefficients of reactivity due to the placement of blanket subassemblies at
strategic locations within the core assembly. Such cores will have characteris-
tics that will reduce the energetics of a hypothetical core disruptive accident to
a very low value such that the impact on the vessel head would be tolerable.

PROJECT RESULTS

The objective has been accomplished. The reference core design is shown by
analysis to be a sound basis for final development of a safe, licensable, reli-
able, and efficient breeder core. Further improvements may be made in final
engineering and experimental verification. This reference design will be an
excellent "yardstick" with which to measure whether future refinements truly
represent real improvements in such areas as excess plutonium production, low
energetics, full-power days of power produced between shutdowns for refueling,
peak clad temperatures, maximum-to-average ratio of sodium temperature at the fuel
and blanket subassemblies outlets, maximum-to-average burnup ratios, and other
factors of merit.



This report is directed to LMFBR core designers, neutronics and thermohydraulic .
analysts.

R. K. Winkleblack, Project Manager
NucTear Power Division
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ABSTRACT

A numerical core/blanket design is presented for a large--1000-MW(e)--1iquid metal
fast breeder reactor (LMFBR) that has a much lower sodium void coefficient of
reactivity than would be the case for a core assembly made up entirely of fuel
subassemblies with an appropriate number of control rods. Blanket subassemblies
are placed among the fuel subassemblies to form a "heterogeneous" core/blanket
assembly that would have low energetics in case of a hypothetical core disruptive

accident (HCDA) but still retains good thermohydraulic performance, good breeding
gain, and a reasonable fuel cycle.






T O 2 2T xR &= T oM Mmoo o W

APPENDICES

Optimization of Parked Control Rod Position

Axial Blanket Optimization

Optimization of the Radial Blanket Residence Time

Cycle Length Sensitivity Analysis

Optimization of Enrichment Zoning

RZ vs. HEX-Z Sodium Void Reactivity Results

Thermal-Hydraulic Analysis of the 0.26" Fuel Pin Diameter Design
Fuel Life Analysis

Pin Diameter Selection

Discrete Fuel Management

Straight Burn vs. Multi-Batch Fuel Management

Natural Boron Carbide Control Rods with Fuel Assembly Followers
Adjustable Flow Split Analysis

Verification-of-Results Study

Impact of Blanket Power-to-Flow Ratios on Sodium Boiling Incoherency
Incentives for Vented Duct Designs

vii



APPENDIX A
OPTIMIZATION OF PARKED CONTROL ROD POSITION

Control rods in their parked position are usually Tocated at the axial blanket-
core interface. While further removal of the control rods does not significantly
affect reactor criticality, it has been shown that breeding performance is signi-
ficantly affected by the positioning of the parked control rods. The intent of
this study was to determine how breeding performance can be improved by moving the
parked control rod position farther away from the upper axial blanket-core inter-
face.

Methodology

Control rod worths were determined in hexagonal geometry. The reactor was then
mocked up in RZ geometry with the discrete control rods mocked up as control
rings. To assure equal reactivity worth, the poison number density had to be re-
duced by 30% for the RZ model. Then the assumption was made that this reduction
in number density does not only apply to the poison in the core region but also
to the poison located in the axial blanket region.

Results

The design parameters for this study are shown in Table A.1, and the core layout
is shown in Figure A.1. The results of this investigation are summarized in Fig-
ure A.2 which shows the doubling time as a function of the position of the parked
control rods and boron enrichment. Having all the control rods parked three
inches above the core-blanket interface rather than at the interface itself re-
duces doubling time by 0.7 to 0.9 years, depending on the boron enrichment. Mov-
ing the parked positions more than 9 inches above the core-blanket interface re-
duces the doubling time by more than 1.5 years. Moving the parked control rods
more than 15 inches above the core reduces doubling time by 2.4 years.

While these reductions are impressive, it must be remembered that it is physically
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Table A.1

DESIGN PARAMETERS

Fuel Pin/Blanket Pin

Cladding 0.D., in.
Cladding Thickness, in.
Fuel Smear Density, % T.D.

Fuel Assembly/Blanket Assembly

Pins Per Assembly

p/d

Lattice Pitch, in.
Duct Thickness, in.
Interassembly Gap, in.

Nominal Peak Linear Heat Rating, kw/ft

Core
Internal Blanket
Radial Blanket

Number of Assemblies

Inner Core

Middle Core

Outer Core
Internal Blanket 1
Internal Blanket 2
Internal Blanket 3
Internal Blanket 4
Control

Radial Blanket
Shield

[ow N an

OO U -

.26/0.425
.013/0.013

88/90

2717127

.197/1.070
.653/5.653
.113/0.113
.215/0.215

——t e
oo™ w
~ 0o £
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Figure A.1. Core Configuration for Reference
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Figure A.2. Parked Position of Control Rods vs. Doubling Time (CSBT)




impossible to have the control rods parked in these Jocations since the control

of the burnup requires the insertion of control rods. Until the end of. the oper-
ating cycle these rods will extend through the upper axial blanket into the core.
Therefore, in determining the impact of the location of the parked control rods

on the reactor breeding performance, it is more realistic to move only the parked
position of the secondary system over the core-upper axial blanket interface.
Table A.2 shows the :compound system doubling time for various axial blanket thick-
nesses and for:

a) all the control rods parked at the top of the upper axial blanket,

b) all the control rods parked at the core-upper axial blanket interface, and

c)  the secondary system parked at the top of the upper axial blanket and the
primary system parked at the core-upper axial blanket interface.

Moving only the parked position of the secondary system from the core-upper axial
blanket interface to the top of the upper axial blanket reduces the CSDT by about
one year. This is about one-half of the reduction resulting from moving all the

control rods to the top of the upper axial blanket.

NOTE: Please see Appendix L which reports a brief analysis of an alternate

approach using natural boron carbide control rods with fueled followers in a
manner similar to the EMR-II control rods.
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Table A.Z

COMPOUND SYSTEM DOUBLING TIME (CSDT)
(0.260 INCH FUEL PIN DIAMETER,
255.5 FULL POWER DAYS BURN CYCLE,
2-CYCLE CORE RESIDENCE TIME)

CSDT for an Uncontrolled reactor

* UAB
LB 12" 15 18"
12" 17.66 17.16 16.87
15" 17.16 16.69 16.41
18" 16.87 16.41 16.14
CSDT for Reactor with 90% Enriched Primary
Control Rod System Parked at the
Core-Upper Axial Blanket Interface
UAB
LAB 12" 15" 18"
12" 19.12 18.62 18.35
15" 18.53 18.07 17.81
18" 18.18 17.74 17.50
CSDT for Reactor with 90% Enriched
Primary and Secondary Control Rod Systems
Parked at the Core-Upper Axial Blanket Interface
UAB
LAB 12" 15" 18"
12" 20.15 19.69 19.45
15" 19.50 19.06 18.84
18" 19.12 18.70 18.49
*UAB = Upper Axial Blanket Thickness (inches)
*LAB = Lower Axial Blanket Thickness (inches)

A-6




APPENDIX B
AXIAL BLANKET OPTIMIZATION

Part of the performance optimization of a heterogeneous LMFBR is the optimiza-
tion of the axial blanket thickness. The performance parameters most affected by
the thickness of the axial blanket are compound system doubling time (CSDT) and
fuel cycle cost. The other figures of merit discussed in Section 4.2.2, will not
change significantly when the axial blanket thickness is changed.

Design Basis

The optimization of the axial blanket thickness was carried out for the reference
core layout using a 0.26 inch fuel pin (Appendix A). 90% enriched boron control
rods are in their parked position at the core~-upper axial blanket interface.

Methodology

The reactor was modeled in RZ geometry. The boron enrichment of the control rings
had been adjusted so that the rings have the same worth as 90% enriched boron rods
in hexagonal geometry. The control rods entering the reactor from the top intro-

duce an axial asymmetry.

Because of this axial asymmetry rather expensive full-core calculations would be
necessary unless it is possible to "synthesize" core performance from half-core
calculations. Table B.1. summarizes the fissile inventories of the following
types of burnup calculations for BOEC and ECEC conditions.

1. "Whole core" burnup calculations were carried out where the upper axial
blanket contains the parked control rods but the Tower axial blanket contains
none.

2. Half-core burnup calculations were carried out for control rod-in and control
rod-out configurations. The whole core fissile inventories were then "syn-
thesized" by adding the inventories of a half-core calculation with and a
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Table B.]

FISSILE INVENTORY
(15" AXIAL BLANKETS WITH CONTROL RODS PARKED
AT CORE-UPPER AXIAL BLANKET INTERFACE)

BOEC EQEC
Synthesized Synthesized
Whole Core Core Whole Lore Core
Inner Core 404.51 404.60 369.30 369.38
Middle Core 807.55 807.71 734.70 734.82
Quter Core ?2,557.26 2,657.74 2,356.35 2,356.69
Total Core 3,769.33 3,770.05 3,460.32 3,460.89
Internal Blanket 1 18.16 18.15 51.64 51.60
Internal Blanket 2 32.22 32.21 89.45 89.41
Internal Blanket 3 95.03 95.01 266.05 265.98
Internal Blanket 4 41.57 41.52 116.10 115.97
Total Internal Blanket 186.99 186.89 523.23 522.95
Axial Blanket 47.98 47.81 140.39 139.95
Radial Blanket 311.09 311.11 454,88 454,89
Total Reactor 4,315.39 4,315.86 4,578.82 4,578.68
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half-core calculation without control rods
The results in Table B.1. show less than 0.01% error in the BOEC and EQEC fissile
inventories. Therefore, CSDT and fuel cycle cost for the axial blanket optimiza-

tion can be determined from synthesized cores.

Doubling Time vs. Axial Blanket Thickness

The relationship between doubling time and axial blanket thickness was determined
for three control rod configurations:

1. Both the primary and secondary control system parked at the core-upper blan-
ket interface (indicated by "P/S CONTROL" in Figure B.1).

2. The primary control system parked at the core-upper axial blanket interface
and the secondary system parked at the top of the upper axial blanket (indi-
cated by "P CONTROL" in Figure B.1)..

3. Both control systems parked at the top of the upper axial blanket (indicated
by "NO CONTROL" in Figure B.1).

Figure B.1 shows CSDT as a function of the lower axial blanket length. Increas-
ing the upper and lower axial blanket thicknesses separately lowers doubling time
at rates which depend on the position of the parked control system. In case of

a control system which is parked at the top of the upper axial blanket, this
decrease in doubling time is the same for the same increase in upper or lower axial
blanket thickness. However, when the primary control system is parked at the
core-upper axial blanket interface, and even more so when both primary and second-
are control systems are parked at this location, lengthening the Tower axial blan-
ket is a slightly more effective means than lengthening the upper axial blanket.
Table B.2 shows that a three inch increase in lower axial blanket thickness from
12 to 15 inches reduces doubling time from 0.5 years (no control) to 0.65 years
(primary and secondary control system at interface). The same change in thick-
ness for the upper-axial blanket results in a 0.5 years and 0.46 years reduction
in doubling time, respectively. These differences in axial blanket effectiveness
are more pronounced when the blanket thicknesses are increased from 15 to 18
inches. For the case where primary and secondary control systems are parked at
the interface, the lower axial blanket increase yields a 0.38 year reduction in
doubling time whereas the lengthening of the upper axial blanket decreases doubl-
ing time by 0.24 years.
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Figure B.1.  Compound system doubling time vs. lower axial blanket thickness.
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Table B.2

COMPOUND SYSTEM DOUBLING TIMES FOR VARIOUS AXIAL BLANKET THICKNESSES
AND DIFFERENT PARKED POSITIONS OF THE 90% ENRICHED
CONTROL ROD SYSTEMS

Primary and Secondary Control Systems Parked at Top of Upper
Axial Blanket

w
+ AB 12 15 18

12 17.66 17.16 16.87
15 17.16 16.69 16.41
18 16.87 16.41 16.14

Primary Control System Parked at Core-Upper Axial Blanket

Interface
UAB
LAB 12 15 18
12 19.12 18.62 18.35
15 18.53 18.07 17.81
18 18.18 17.74 17.50
Primary and Secondary Control System Parked at Core-Upper
Axial Blanket Interface
UAB
LA 12 15 18
12 20.15 19.69 19.45
15 19.50 19.06 18. 84
18 19.12 18.70 18.49
*UAB = Upper Axial Blanket Thickness (inches)
+LAB = Lower Axjal Blanket Thickness (inches)
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While it is important to note the different effectivenesses of Tower and upper
axial blanket, the impact on doubling time is very small.

Fuel Cyclie vs. Axial Blanket Thickness

Fuel cycle costs have been calculated for different axial blanket thicknesses

and different control rod parked positions. The economic assumptions were those
used by the PRLCDS (Proliferation Resistant Large Core Design Stydy]). The

FUCOST2 program from General Electric Company was used for the fuel cycle cost
calculations. For the calculation of the fabrication cost the revised HEDL N-
factor 'lf"or*mu'la3 was ‘used. -Actual commercial costs Sh0u1d be significantly imoroved,

Fuel cycle costs for different axial blanket thicknesses and different control rod
parked positions, relative to the fuel cycle cost that results from a 12 inch upper
and Tower axial blanket without control rods, are presented in Table B.3. As the
Tower axial blanket thickness is increased from twelve to fifteen inches the
relative fuel cycle cost increases by 0.7%. An additional three inches increases
the relative cost by 1.3%. A similar trend is seen when the lower axial blanket
thickness is fixed and the upper blanket thickness is increased. Finally, Table
B.3 shows that if the thickness of the upper and Tower axial blankets are changed
uniformly, the trend is the same, i.e., as the blianket thickness increases the
relative fuel cycle cost increases at an increasing rate. The impact of the
control rods is similar to that observed for the CSDT, i.e., the relative costs
are displaced almost uniformly upward by about 5% when both control systems are
parked at the core-upper axial blanket interface.

Plutonium Recovery Costs vs. Axial Blanket Thickness

Another way to quantify the costs associated with different size axial blankets is
to consider the recovery cost of the plutonium generated in the blankets. In-
creasing the axial blanket size increases both fissile gain and the heavy metal
inventory. The total reprocessing costs are assumed to increase in proportion to
heavy metal inventory. Thus, the following question arises. To what price would
the plutonium value have to rise so that the value of the plutonium recovered from
an increased section of the axial blanket would offset the accompanying increase

in the total reprocessing costs? (The above and below assumptions maybe pessimistic.)

- Assuming that the total reprocessing costs are $595/kg of heavy meta11, the cost
of the plutonium can be determined as follows:
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Table B.3

RELATIVE FUEL CYCLE COSTS FOR DIFFERENT AXIAL
BLANKET THICKNESSES AND DIFFERENT CONTROL
ROD PARKED POSITIONS

Upper Axial Blanket Thickness, Inches

12 15 18
Lower Axial Blanket Thickness, Inches
12 1.000%
1.054P
15 1.0072 1.0162
1.060"
18 1.020° 1.027° 1.040°
? 1.074° 1.085P 1.700P

aw/o control
bParked control rods at upper axial blanket interface
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1. Determine the EOL heavy metal and plutonium inventories for a specified axial

blanket size.
2. Increase the axial blanket thickness and determine the new EOL blanket inven-

tories.

3. Multiply the difference of the heavy metal inventories by the total reproces-
sing cost per kilogram of heavy metal and then divide by the difference, in
grams, of the plutonium inventories to obtain the price per gram at which the
plutonium would have to sell to offset the increase in total reprocessing
costs.

The -CSDT changes and the-plutonium value irn-dollars per gram for changes-in-axial
blanket thickness,for a reactor with control rods parked at the core-upper axial
blanket interface,are given in Table B.4. The upper left hand corner represents

a system with a 12 inch upper and a 12 inch Tower axial blanket. Across the first
row, the upper axial blanket is increased in three inch increments while the Tower
axial blanket is held constant. Similarly, going down a column the lower axial
blanket is increased by three inch increments while the upper axial blanket is
held constant and diagonally hoth the upper and lower axial blankets are changed
by three inches. The CSDT for each reactor is given immediately under the axial
blanket thickness. Between the squares are the recovery costs of the plutonium in
dollars per gram for the additional three inches of blanket-six inches on the
diagonal. They are broken down into three cost items; the cost associated with
the axial blanket above the internal blankets, the cost associated with the axial
blankets above the core regions, and the cost associated with the axial blanket
portion of the radial blanket region.

Table B.4 can also be used to determine the plutonium recovery costs for a reactor
with the control rods removed as follows: C(Consider two reactors, with or without
control rods parked in the upper axial blanket, which differ only in the Tower
axial blanket thickness.

UB1 UB?
Py Pu

|.B1 LB?
Pu Pu
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TABLE B.4

Summary of plutonium values and CSDTS
for various axial blanket thicknesses with 90%
enriched control rods parked at core-blanket interface

Increasing Increasing
Lower Axial Upper Axial »
Blanket Blanket
ACSDT 0.46
12UAB AB$193 15UAB
12LAB IB§182 —}12LAB
20.15 RB$157 19.69
| |
ACSDT 0.6 ACSDT 1.09 ACSDT 0.63
AB$116 AB$145 AB$116
IB$121 IB$145 1B$121
RB$156 RB$195 RB$156
| X |
v T2URB ACSDT ;j;;\\\\1sgAB
15LAB AB$193 15LAP
19.50 IB$182 19.06
RB$157 ' \
ACSDT 0.38 ACSDT 0.36
AB$186 AB$186
IB$191 1B$191
RB$247 RB$247
| |
12UAB ACSDT 0.42 15UAB
18LAB AB$193 18LAB
19.12 IB$182 18.70
RB$157

12UAB
18LAB

———— 12" Upper Axial Blanket
———— 18" Lower Axial Blanket

19,12

Compound System Doubling Time in Years

ABS:

AB :
IB :
RB :
NOTE:

Plutonium Worth/gm in dollars for break-even.

Axial blanket--blanket above core region.

ACSDT 0.24
AB$329 T8UAB
1B$310 12LAB
RB$242 ]ng
ACSDT 0.61
AB$116
18$121
RB%]BG
ACSDT 0.22 TUAB
AB$329 15LAB
185310 18.84
RB$242 I
ACSDT 0.57 ACSDT 0.35
AB$238 AB$186
1B$236 1B$191
RB$306\\\\\\\\\ RB?247
ACSDT 0.21 TSUAB
AB$329 —118LAB
1B$310 18.49
RB$242

Internal blanket--axial blanket above internal core blanket.

Radial blanket--radial blanket above core-axial blanket interface.

$ figures are based on assumptions given on page B-6.

Actual costs bases

do not exist as yet for competitive commercial vreprocessing and refabrications.
It is conceivable that the actual costs will be much improved from those based

on government R & D projects.
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Since the upper and Tower blankets are decoupled,

UB1 usz

Pu = Pu
Thus, the net difference in the plutonium inventory is solely due to the differ-
ences in production in the lower axial blanket. The heavy metal loadings in the
reactors, with and without parked control rods, are approximately equal. There-
fore, if the upper axial blanket thickness is kept constant the plutonium recovery
cost is a function of the Tower axial blanket thickness and it is independent of
the presence of control rods. Also when the control rods are withdrawn, the
reactor is symmetrical and a three inch change in the upper axial blanket is the
same as a three inch change in the lower axial blanket. Thus, for a reactor with

no parked control rods the plutonium recovery costs are given by only the first
column of Table B.4.

In summary the following trends have been observed as the axial blanket thickness
is increased:

1.  The CSDT decreases as the blanket is made thicker; but as the thickness
increases the improvement in the CSDT becomes smaller.

2. The fuel cycle cost increases as the blankets become thicker. Further,the
cost increases at an increasing rate as the blankets are made thicker.

3.  The plutonium recovery costs substantially exceed the plutonium value for
thick (18 inch and over) axial blankets.

4, The presence of control assemblies in the upper axial blanket increases the
CSDT and the fuel cycle cost. The increase is weakly dependent on the axial
blanket thickness and directly proportional to the number of control assem-
blies parked in the blanket.

5. There is no apparent advantage in using different sizes for the upper and
Tower axial blankets.

A 12 inch blanket has the lowest cost, but the CSDT is too large. An 18 inch
blanket has the best CSDT. However, this CSDT is only 0.4 years less than the
CSDT of a 15 inch blanket and the plutonium recovery cost is over a factor of two
greater than the plutonium value ($100/gm) currently used.1 Considering these
trends a 15 inch upper and Tower axial blanket was chosen for the final design.




Axial Blanket Thickness vs. Axial Reflector Thickness

The partial replacement of the axial blanket by reflector material is expected to
improve the fuel cycle cost and penalize the reactor breeding performance. To de-
termine the impact of an axial reflector on the reactor breeding performance,
breeding ratios and fissile inventories have been determined for different axial
reflector and axial blanket thicknesses at BOL conditions. The results of these
calculations are shown in Table B.5.

If the axial blanket thickness is kept constant, the addition of an axial reflec-
tor does not give any significant improvement in the reactor breeding performance.
The breeding ratic increases by 0.07% when a 3 inch axial reflector is placed
above the 15 inch upper axial blanket. If the axial reflector is increased to

15 inches this gives a 0.13% increase in the breeding ratio,

The replacement of a part of the axial blanket (three inches) by an axial re-
flector decreases the breeding ratio and consequently, penalizes the reactor breed-
ing performance. The penalty is significant when the part of the radial blanket
below and above the core is replaced by reflector material. If the axial blanket
thickness is equal to 15 inches this replacement increases CSDT from 16.69 years
to 18.08 years, and the fuel cycle cost decreases only by 0.4%.

Other factors must be considered. Reflector/shield material is required above
and below the axial blanket material, in both the fuel subassemblies and blanket
subassemblies, to attenuate the neutrons escaping which would activate structural
and functional components above a tolerable level. The optimum thickness for
shielding will provide a thick reflector.



Table B.5

REACTOR BREEDING RATIO AND FISSILE INVENTORY
FOR VARIOUS AXIAL BLANKET AND AXIAL REFLECTOR THICKNESSES

«Fissile
Mass Breeding
kg) _Ratio
15" Axial Blanket 3,844 1.487
15" Axial Blanket
with 3" Reflector - 3,844 1.488
15" Axial Blanket
with 15" Reflector 3,844 1.489
12" Axial Blanket
with 3" Reflector 3,844 1.471
12" Axial Blanket
with 15" Reflector 3,844 1.472
Replace Axial Blanket
Region of Radial
Blanket with Reflector 3,842 1.457
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APPENDIX C
OPTIMIZATION OF THE RADIAL BLANKET RESIDENCE TIME

The residence time of the radial blanket affects the reactor breeding performance
as well as the fuel cycle cost. To determine an optimum residence time for each
row of radial blanket assemblies, the impact of their residence time on the reac-
tor breeding performance and on fuel cycle cost has been analyzed. For this
analysis the 0.280 in. fuel pin diameter design presented in Appendix I has been
used with a core fuel residence time of three cycles and a cycle length of 255.5
full power days. Relative fuel cycle costs have been calculated using the same
assumptions as in Appendix B.

Fissile inventories, compound system doubling times and relative fuel cycle costs
for different residence times for the first and second row of radial blanket
assemblies are presented in Tabies C.1 and C.2, respectively. As the residence
time increases the fissile inventory also increases and the fissile gain decreases.
Consequently, the doubling time increases as the residence time increases by ~0.18
years/year for the first row and by ~0.12 years/year for the second row. This
increase is larger for the first row than the second row because the production of
fissile material approaches saturation faster in the first row than the second row
(see Figure C.1). The relative fuel cycle cost reaches a minimum at a residence
time of five years for the first row and six years for the second row. There is

a very small increase in fuel cycle cost when the residence time of the second

row of radial blanket assemblies is reduced from six to five years. At the same
time there is 4 small improvement in CSDT. Therefore, a five year residence time
has been chosen for both rows of radial blanket assemblies.
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Table C.1

FISSILE INVENTORY, CSDT, AND FUEL CYCLE COST FOR DIFFERENT
RESIDENCE TIMES FOR THE FIRST ROW OF RADIAL BLANKET ASSEMBLIES

First Row Residence Time (years)*

3 10

Region BOEC  EOEC @.Qggbgqag 5.@.5_975%_9 BOEC EQEC
Core 4,034.7 3,773.2 4,023.8 3,765.1 4,013.1 3,757.2 3,998.2 3,746.2
Internal Blanket 366.7 690.5 362.0 682.0 357.3 673.7 350.6 661.7
Axial Blanket 115.3 225.1 114.7 224.0 114.1 222.8 113.3 221.3
Radial Blanket 1 93.4 181.7 182.1 265.7 265.5 344.4 379.0 451.0
Radial Blanket 2 105.8 156.3 111.8 165.1 117.6 173.5 125.8 185.4
Total Reactor 4,715.9 5,026.8 4,794.4 5,101.9 4,867.6 5,171.6 4,966.9 5,265.6
Gain 310.9 307.5 304.0 298.7
CSDT (Years) 15.09 '15.46 15.82 16.36
Relative Fuel Cycle 1.014 1.000 1.006 1.024

Cost

*The residence time of the 2nd row of radial blanket assemblies is 5 cycles.
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Region
Core
Internal Blanket
Axial Blanket
Radial Blanket 1

Radial Blanket 2

Total Reactor

Gain
CSDT (Years)

Relative Fuel Cycle
Cost

Table C.2

FISSILE INVENTORY, CSDT, AND FUEL CYCLE COST FOR DIFFERENT
RESIDENCE TIMES FOR THE SECOND ROW OF RADIAL BLANKET ASSEMBLIES

BOEC EQEC
4,025.6 3,766.1

363.2 684.2
114.9 224.4
180.8 263.9
57.1 112.4

4,741.6 5,051.0

309.4
15.22
1.025

Second Row Residence Time (years)*

BOET - EOEC BOEC—FOEC
4,023.8 3,765.1 4,022.1 3,764.1
362.0 682.0 360.8 680.0
114.7 224.0 114.5 223.5
182.1 265.7 183.4 267.6
111.8 165.1 164.1 215.4
4,794.4 5,101.9 4,844.9 5,150.6
307.5 305.7
15.46 15.68
1.000 0.997

*The residence time of the 1st row of radial blanket assemblies is 5 cycles.

10
BOEC EOEC

4,019.7 3,762.7

359.1 577.0
114.2 223.0
185.3 270.2
238.0 286.6

4,916.3 5,219.5

303.2

16.07
1.004
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Figure C.1.  Fissile material production in blanket zones vs. residence time.




APPENDIX D
CYCLE LENGTH SENSITIVITY ANALYSIS

Fuel cycle length affects the reactor breeding performance, the fuel cycle cost

as well as the sodium void reactivity. To determine the impact of the cycle
Tength on these figures of merit, CSDT, fuel cycle cost and sodium void reactivity
have been determined for different cycle lengths. The 0.26 in. fuel pin diameter
design described in Appendix A with an axial blanket thickness of 15 in. has been
used as a reference design. The fuel residence time has been kept to two cycles
for the core and internal blanket assemblies and to five cycles for the radial
blanket assemblies. The fuel cycle length has béen varied from 255.5 full power
days (70% capacity factor) to 325 full power days. At the end of each cycle one-
half of the core and internal blanket assemblies and one-fifth of the radial
blanket are replaced with fresh assemblies. It was assumed that the number of fuel
assemblies that are replaced at the end of each cycle does not vary with fuel cycle
length and therefore, a constant downtime of 109.5 days has been used. Thus,
increasing the fuel cycle length from 255.5 days to 325 days improves the capacity
factor from 70% to 75%.

Fissile inventory, fissile gain, CSDT and flowing sodium void reactivity for core
plus upper axial blanket voiding as functions of fuel cycle Tength are shown in
Figures D.1 and D.2, respectively. The sodium void reactivity has been determined
as described in Section 4.1.3.8 but the correction for 3-D effects has not been
included. Both the fissile mass and the fissile gain increase as the cycle
length increases. The reactor doubling time (i.e., the ratio of the in-core
fissile mass to the product of the fissile gain times the number of cycles per
year) increases from 14.6 to 14.8 years as the number of full power days is in-
creased from 255.5 to 325 days. However, for this increase in the fuel cycle
length there is a one year improvement in the CSDT. This is due to the reduction
in the external fissile inventofy that is included in the calculation of the CSDT.
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Figure D.1. Fissile inventory and gain for different burn cycle lengths.
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When the cycle length increases from 255.5 to 325 days the reactor fissile in-
ventory increases by 107 kg; the net fissile gain* is almost constant, 264 vs. 273
kg; and the external fissile inventory is reduced by 302 kg. Thus, the CSDT,
which is the ratio of the total fissile inventory (reactor plus external) to the
net fissile gain, decreases.

Fuel cycle cost is reduced by about 3% for each 25 day increase in the cycle
length. However, the sodium void reactivity increases as the cycle length
increases. Only for a cycle length of 255.5 days is the sodium void reactivity
near the design criterion of $2.50. Thus, despite the improvements in the CSDT
and the fuel ecycle cost, for cycle lengths -greater than 255.5 days the sodium
void reactivity criterion is violated for this pin diameter.

It must also be pointed out that as the cycle length increases the burn-up swing
increases too. Figure D.2 shows that increasing the cycle length from 255.5 to 325
days increases the burn-up swing by 60¢. Thus, in detailed calculations of CSDT,
the impact of the incremental control rod requirements, that arise from the Targer
burn-up swing, should be included.

*Net fissile gain = (fissile gain - processing losses - decay losses) x (number of
cycles per year).
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APPENDIX E
OPTIMIZATION OF ENRICHMENT ZONING

To determine the impact of the number of enrichment zones on the power peaking
factor, the breeding performance,and the fuel cycle cost, the 0.26 inch fuel pin
diameter design described in Appendix A has been analyzed with different enrich-
ment zones. The number of enrichment zones were varied from one to four and they
were defined as follows: 4th zone, the last ring of the outer core assemblies;
3rd zone, the rest of the outer core; 2nd zone, the middle core assemblies: Ist
zone, the inner core assemblies. When the four enrichment zones were reduced to
two, the 4th zone was retained and the rest of them were lumped into one zone.

The results of the analysis are presented in Table E.1. They Tead to the follow-
ing conclusions:

1. If the number of enrichment zones is increased from one to four:
a. The peak/average power density ratio is reduced by 3.5%,
b The breeding ratio does not change,
¢c. The fissile inventory increases by 0.3%, and
d If the aliowable peak power density is fixed, the power output increases
by 3.6% and the specific fissile inventory (kg/MW; is reduced by 3.2%.

2. Two enrichment zones are adequate although one enrichment zone does not give
a sighificant]y higher peak/average power density ratio.

3. Since the fissile inventory and the breeding ratio do not change significantly
as the number of enrichment zones changes, the fuel cycle cost and the breed-
ing performance do not vary significantly as the number of enrichment zones
changes.

4, If the allowable peak power density is fixed, increasing the number of enrich-
ment zones from one to two increases the power output by 2.5%.
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Table E.1

POWER PEAKING FACTOR, FISSILE MASS, SPECIFIC FISSILE
INVENTORY, AND BREEDING RATIO VS. NUMBER OF ENRICHMENT ZONES

Relative Enrichment Peak/Average Relative®

Number of Power Fissile Specific B
Enrichment Zone Zone Zone Zone Density Mass Fissile Breeding
Zones 1 2 3 4 Ratio (kg) Inventory Ratio

1 1.0000 1.0000 1.0000 1.0000 1.596 3841.9 1.000 1.2005

\
2 1.0000 1.0000 1.0000 1.0138 1.557 3845.1 0.976 1.2004
4 0.9628 0.9565 0.9457  1.0000 1.540 3855.0 0.968 1.2001

apeak power density is kept constant

bZD Hex calculation




APPENDIX F

RZ vs. HEX-Z SODIUM VOID REACTIVITY RESULTS

Since three dimensional (3D) multigroup calculations are expensive, sodium void
reactivities are usually determined using an RZ multigroup model. In this model,
internal blanket rings of hexagonal assemblies, even incomplete ones (broken rings),
are transformed into complete cy1indri9a1 rings. To check the validity of the RZ
model, sodium void reactivities have Bgen calculated from 3D direct Keff calcula-
tions. Two sets of calculations have been performed, one at BOL conditions for the
0.26 inch fuel pin diameter design (Appendix A) and another one at EOEC conditions
for the 0.28 inch fuel pin diameter design (Section 3.1). In these calculations
twenty-one neutron group cross sections have been used which were prepared for
sodium-in and sodium-out configurations. The resuits show that for core and axial
blanket voiding at BOL conditions the RZ model gives a 14% larger sodium void
reactivity (0.00537 vs. 00471 Ak/kz). The buildup of Pu during the burn-up in the
internal blankets reduces the heterogeneity effect and, at EOEC, the RZ model gives
only a 3% larger sodium void reactivity (0.01138 vs 0.01102 Ak/kz).
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APPENDIX G
THERMAL-HYDRAULIC ANALYSIS OF THE 0.26" FUEL PIN DIAMETER DESIGN

This Appendix presents the thermal-hydraulic analysis for the 0.26" fuel pin dia-
meter design that has been used as a reference for the sensitivity and optimiza-
tion analyses presented in the various Appendices. The plant conditions, the
orificing strategies, and the hot channel factors are the same as for the 0.28
inch fuel pin diameter design (Sections 4.2.1, 4.2.2.1 and 4.2.3, respectively).

The assignment of assemblies to orificing zones according to assembly and peak
assembly pin power are shown in Figures G.1 and G.2.

A total of nine orificing zones have been used; i.e., three for the core, four for

the internal and radial blankets, one for the radial reflector and one for the
control assemblies.

Assembly flow rates for the four orificing strategies discussed in Section 4.2.2.1
are given in Table G.1. The corresponding coolant velocities are given in Table
G.2. The total flow rate, including the cold by-pass flow, is equal to 122,592,903
Ib/hr.  The flow split among the different reactor regions depends slightly on the
orificing strategy. Thus, the core flow fraction varies from 69% to 75%, the

flow fraction allocated to the blankets varies from 24.5% to 30.50% and the flow
fraction allocated to control and shield assemblies is equal to 0.6%. The maxi-
mum assembly average coolant velocity depends on the orificing strategy too and
varies from 22.4 ft/sec to 24.6 ft/sec.

Nominal peak 1inear power ratings for BOL and EOL conditions are given in Table
G.3. The nominal peak linear power rating in the core is 13.8 kW/ft and occurs
at BOL. The linear power rating of the internal and radial blankets peaks at
EOL and is equal to 12.9 kW/ft and 9.5 kW/ft, respectively. Both peak linear
power ratings in the core and the blankets are below the design Timit values

of 15 kW/ft and 16.5 kW/ft, respectively.
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Table 6.1

ASSEMBLY FLOW RATES (1b/hr)

Assembly Assignment to Assembly Assignment to
Orificing Zones Based on Orificing Zones Based on
Assembly Power Pin Power
Equal Peak Equal Peak Equal Peak Equal Peak
Assembly Cladding Assembly Cladding
Orificing Number of Coolant Midwall Number of Coolant Midwall
Zone Assemblies Temperatures  Temperatures Assemblies Temperatures Temperatures
1 168 280106 267304 84 255024 275493
2 102 255933 258761 198 245055 256703
3 60 234030 249288 48 215172 234715
4 96 132456 131269 114 148816 127906
5 66 101808 107023 54 112788 96339
6 78 71787 74338 60 94859 82390
7 91 38976 44682 103 65742 56610
8 198 2119 2114 198 2107 2100
9 24 10734 10706 24 10682 10613

TOTAL 883 116,463,258 116,463,258 883 116,463,258 116,463,258




Table G.2

ASSEMBLY AVERAGE VELOCITIES (ft/sec)

Assembly Assignment to Assembly Assignment to
Orificing Zones Based on Orificing Zones Based on
Assembly Power Pin Power
Equal Peak Equal Peak Equal Peak Equal Peak
Assembly Cladding Assembly Cladding
Orificing Coolant Midwall Coolant Midwall
Zone Temperatures Temperatures Temperatures Temperatures
1 24.6 23.5 22.4 24.2
2 22.5 22.7 21.6 22.6
3 20.6 21.9 18.9 20.6
4 18.3 18.1 20.6 17.7
5 14.1 14.8 15.5 13.3
6 9.9 10.2 13.0 11.3
7 5.4 6.1 9.0 7.8
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Table G.3

NOMINAL PEAK LINEAR POWER RATINGS

(kW/ft)

Reactor Regian

Core
Internal Blanket

Radial Blanket

G-6

BOL

13.8
4.5
3.3

EOL

11.9
12.9
9.5




Axial distributions of the nominal and 20 cladding midwall temperatures in the

hot pin of each orificing zone are shown in Figures G.3 to G.30. In the same
figures are also presented axial distributions of the average coolant, duct,

and bundle temperatures for the assembly that contains the hot pin in each orific-~
ing zone. These temperatures have been ca]cu1ated by the ENERGY code and therefore,
interassembly heat transfer has not been taken into account. Cladding midwall
temperatures in the core fuel pins peak at the top of the core and, in the blanket
pins, at the top of the axial blanket.

Average assembly coolant temperatures for BOL and EOEC conditions at three axial
lTocations,i.e., core midplane, core-upper axial blanket interface,and top of upper
axial blanket, are shown in Figures G.31 to G.54. Average assembly duct wall temp-
eratures for the same conditions and at the same locations are shown in Figures
G.55 to G.78. The peak assembly coolant and duct wall temperatures as well as the
nominal and 2g peak cladding midwall temperatures that result from the four orific-
ing strategies used in this analysis are presented in Table G.4. The orificing
strategy that is based on assembly power and equal peak assembly temperatures,
yields the Towest peak assembly coolant and duct wall temperatures (977o F and
914° F, respectively) as well as the highest cladding midwall temperatures, i.e.,
1127° F for nominal and 1251° F for 25 conditions. The orificing strategy that

is based on pin power and equal peak cladding midwall temperatures, yields the
Towest peak cladding midwall temperatures, i.e., 1061° F for nominal and 1187° F
for 20 conditions.

The lowest peak nominal and 2¢ cladding midwall temperatures, for the (.28 in. fuel
pin diameter design (Section 4.2.4.3), are 20° F and 24° F, respectively, higher
than the corresponding temperatures for the (.26 in. fuel pin diameter design.

This is mainly due to the larger power swing from the core zones to the blanket
zones during burnup, that is present in the 0.28 fuel pin diameter design, which
has a three years fuel residence time.

Rod bundle frictional pressure drops have been calculated, using Novendstern's
method, for the flow rates resulting from the four orificing strategies used in
this analysis. Nominal values for these pressure drops are presented in Table G.5.
The 1imiting pressure drops occur either in the first core orificing zone or in the
first blanket orificing zone (orificing zone No. 4) and they vary with the orifici-
ing strategy from 54.7 psi to 59.0 psi. To balance the pressure losses in the re-
maining zones with the maximum pressure loss, additional losses have to be taken

in the shield/orifice region and in the core support module.

G-7



8-9

1300

1200

1100

1000

900

800

TEMPERATURE, deg F

700

600

500

| I T
20 PEAK CLAD MIDWALL

NOMINAL PEAK CLAD MIDWALL

AVE. BUNDLE

AVE. COOLANT

I I 1 | i ]

0 10 20 30 40 50 - 60

DISTANCE ABOVE BOTTOM OF FUEL, in.

Figure G.3. Nominal and 20 peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (First orificing zone, orificing

’ based on assembly power and equal peak assembly coolant temperatures.)
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Figure G.4. Nominal and 2¢ peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Second orificing zone, orificing
based on assembly power and equal peak assembly coolant temperatures.)
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Figure G.5. Nominal and 2¢ peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Third orificing zone, orificing
based on assembly power and equal peak assembly coolant temperatures.)
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Figure G.6. Nominal and 20 peak clad midwall temperatures and average
c¢oolant, duct and bundle temperatures. (Fourth orificing zone, orificing
based on assembly power and equal peak assembly coolant temperatures.)
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Figure G.7. Nominal and 2o peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Fifth orificing zone, orificing
based on assembly power and equal peak assembly coolant temperatures.)
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Figure G.8.  Nominal and 2o peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Sixth orificing zone, orificing based
on assembly power and equal peak assembly coolant temperatures.)
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Figure G.9. Nominal and 2¢ peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Seventh orificing zone, orificing
based on assembiy power and equal peak assembly coolant temperatures.)
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Figure G.10. Nominal and 2¢ peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (First orificing zone, orificing
based on assembly power and equal peak cladding midwall temperatures.)
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Figure G.11. Nominal and 2o peak clad midwall temperatures and average
coolant, duct and bundle temperatures. ({Second orificing zone, orificing
based on assembly power and equal peak cladding midwall temperatures.)}
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Figure G.12. Nominal and 2¢ peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Third orificing zone, orificing
based on assembly power and equal peak cladding midwall temperatures.)
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Figure G.13. Nominal and 2¢ peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Fourth orificing zone, orificing
based on assembly power and equal peak cladding midwall temperatures.)
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Figure G.14. Nominal and 20 peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Fifth orificing zone, orificing
based on assembly power and equal peak cladding midwall temperatures.
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Figure G.15. Nominal and 20 peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Sixth orificing zone, orificing
based on assembly power and equal peak cladding midwall temperatures.)
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Figure G.16. Nominal and 20 peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Seventh orificing zone, orificing
based on assembly power and equal peak cladding midwall temperatures.)
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Figure G.17. Nominal and 2¢ peak clad midwall temperatures and average
cootant, duct and bundle temperatures. (First orificing zone, orificing
based on pin power and equal peak assembly coolant temperatures.)

70




€2-9

1300

1200

1100

.
Q
O
o

900

800

TEMPERATURE, deg F

700

600

500

| |
2s PEAK CLAID MIDWALL

NOMINAL PEAK CLAD MIDWALL

AVE. BUNDLE

AVE., COOLANT

AVE. DUCT

I l | | 1 !

10 20 30 40 50 60 70
DISTANCE ABOVE BOTTOM OF FUEL, in.
Figure G.18. Nominal and 20 peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Second orificing zone, orificing
-based on pin power and equal peak assembly coolant temperatures.)
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Figure G.19. Nominal and 2o peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Third orificing zone, orificing
based on pin power and equal peak assembly coolant temperatures.)
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Figure & 20 Nominal and 2¢ peak clad midwall temperatures and average
coola "7, wuct and bundle temperatures. (Fourth orificing zone, orificing
based on pin power and equal peak assembly coolant temperatures.)
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Figure G.21. Nominal and 2¢ peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Fifth orificing zone, orificing
based on pin power and equal peak assembly coolant temperatures.)
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Figure G.22. Nominal and 2¢ peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Sixth orificing zone, orificing
based on pin power and equal peak assembly coolant temperatures.)
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Figure G.23. Nominal and 2o0 peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Seventh orificing zone, orificing
based on pin power and equal peak assembly coolant temperatures.)
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Figure G.24. Nominal and 2o peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (First orificing zone, orificing
based on pin power and equal peak cladding midwall temperatures.)
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Figure G.25. Nominal and 20 peak clad midwall temperatures and average

coclant, duct and bundle temperatures. (Second orificing zone, orificing
based on pin power and equal peak cladding midwall temperatures.)
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Figure G.26. Nominal and 2c peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Third orificing zone, orificing
based on pin power and equal peak cladding midwall temperatures.)
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Figure G.27. Nominal and 20 peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Fourth orificing zone, orificing
based on pin power and equal peak cladding midwall temperatures.)
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Figure G.28. Nominal and 2¢ peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Fifth orificing zone, orificing
based on pin power and equal peak cladding midwall temperatures.)
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Figure G.29. Nominal and 20 peak clad midwall temperatures and average

coolant, duct and bundle temperatures. (Sixth orificing zone, orificing
based on pin power and equal peak cladding midwall temperatures.)
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Figure G.30. Nominal and 20 peak clad midwall temperatures and average
coolant, duct and bundle temperatures. (Seventh orificing zone, orificing
based on pin power and equal peak cladding midwall temperatures.)
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(Orificing based on assembly power and equal

Average coolant temperatures (°F) at BOL at core-upper
peak assembly coolant temperatures.)

axial blanket interface.

Figure G. 32 .
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Average coolant temperatures (OF) at EQEC at core-upper

Figure G.35.

(Orificing based on assembly power and equal peak

assembly coolant temperatures.)

axial blanket interface.
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Average coolant temperatures (°F) at EOEC at the top of :he

Figure G. 36.

(Orificing based on assembly power and equal peak

assembly coolant temperatures.)

upper axial blanket.
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Average coolant temperatures (°F) at BOL at core-upper

Figure G.38.

(Orificing based on assembly power and equal

peak cladding midwall temperatures.)

axial blanket interface.
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(Orificigg based on assembly power and equal peak

Average coolant temperatures (°F) at BOL at the top of the

upper axial blanket.
cladding midwall temperatures

Figure G.39.
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(Orificing based on assembly power and equal peak

Average coolant temperatures (°F) at EQEC at core-upper axial
cladding midwall temperatures.)

blanket interface.

Figure G.41.
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(Orificing based on assembly power and equal peak

Average coolant temperatures (°F) at EQEC at the top of the
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Average coolant temperatures (°F) at BOL at core midplane.

(Orificing based on pin power and equal peak assembly coolant temperatures.

Figure G.43.
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(Orificing based on pin power and equal peak

Average coolant temperatures (°F) at BOL at core-upper
assembly coolant temperatures.)

axial blanket interface.

Figure G.44.
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Orificing based on pin power and equal peak assembly coolant
G-53

(

Average coolant temperatures (°F) at EOEC at the top of the upper

Figure G.48.
axial blanket.
temperatures.)
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Average coolant temperatures (°F) at BOL at core-upper

Figure G.50.

(Orificing based on pin power and equal peak

cladding midwall temperatures.)

axial blanket interface.

G-55



©

(T

o
B/ °

[+]

]
0
o

O@
& <

P~
@6

o4
(4

o d

6
a0

&3

(°F)

Orificing based on pin power a

nd equal peak cladding midwall

at BOL at the top of the upper

temperatures

lant

ge €00
(
)

Figure G.51. Avera
axial blanket.

temperatures

G-56



@s.
Igadaotn
agagadabiol

2

E) o g
_.“' &
8 @ 3
5] o
o "3
=g oy
B N :
o 3 = -
o

N
[
= 5
[L=
— 4
jo -]
T S
o— Q@
£ o
1=
L a
S A
Q
O
—
<+ @
o=
oy
[ )
Ll &=
o]
w om
o
4 o
O
~
0
L —
[ S
—
L
W o
v o
. O
=
3
T
) -
L o
a o
=
L T
= o
[t~}
s
[
o
—=
[o]
o

G-57



o
~
P
S

@7.
g
o/ <

a Ja
= &
08

&3
e
0
0

«Q
]
n
<
[
o)
o<

o

o
@
]
o
. @ K
7 § )3 @
©
<

{IER I D

«
5 o)

o] =]
AN @

o
)
P
5
pir
=4
=1
@

[)

]
[+
[
1Y

Average coolant temperatures (°F) at EOEC at core-upper axial

Figure G.53.

(Orificing based on pin power and equal peak cladding
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Figure G.55 Assembly average duct wall temperatures (OF) at BOL at core

(Orificing based on assembly power and equal peak assembly coolant

temperatures.)

midplane.
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(Orificing based on assembly power

Figure G.56 Assembly average duct wall temperatures (°F) at BOL at the
and equal peak assembly coolant temperatures.)

core-upper axial blanket interface.
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g based on assembly power and equal

(Orificin

Figure G.57 Assembly average duct wall temperatures (°F) at the top of
peak assembly coolant temperatures.

the upper axial blanket.
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Figure G.58 Assembly average duct wall temperatures (°F) at EOEC at core

(Orificing based on assembly power and equal peak assembly coolant

temperatures. )

midplane.
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Figure G.59 Assembly average duct wall temperatures (OF) at EOEC at core-
(Orificing based on assembly power and equal

upper axial blanket interface.
peak assembly coolant temperatures.
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(Orificing based on assembly power and equal

Figure G.60 Assembly average duct wall temperatures (OF) at EQEC at the top

peak assembly coolant temperatures.)

of the upper axial blanket.

G-65



b
o
0
o
©
0
@

Figure G.61 Assembly average duct wall temperatures (OF) at BOL at core

{(Orificing based on assembly power and equal peak .cladding midwall

temperatures.)

midplane.
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(Orificing based on assembly power and

Figure G.62 Assembly average duct wall temperatures (°F) at BOL at core-
equal peak cladding midwall temperatures.)

upper axial blanket interface.
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(Orificing based on assembly power and

Figure G.63 Assembly average duct wall temperatures (°F) at BOL at the

equal peak cladding midwall temperatures.)

top of the upper axial blanket.
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(Orificing based on assembly power and equal peak cladding

Figure G.64 Assembly average duct wall temperatures (OF) at EOEC at core
midwall. temperatures.)

midplanes
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Figure G.65 Assembly average duct wall temperatures (OF) at EOEC at core-
(Orificing based on assembly power and

equal peak cladding midwall temperatures.

upper axial blanket interface.
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(Orificing based on assembly power and

Figure G.66 Assembly average duct wall temperatures (°F) at EOEC at the
equal peak cladding midwall temperatures.)

top of the upper axial blanket.
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(Orificing based on assembly power and equal

Figure G.68 Assembly average duct wall temperatures (°F) at BOL at core-
peak assembly coolant temperatures.)

upper axial blanket interface.
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(Orificing based on assembly power and equal

Figure G.69 Assembly average duct wall temperatures (°F) at BOL at the top
peak assembly coolant temperatures.)

of the upper axial blanket.
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Figure G.70 Assembly average duct wall temperatures (°F) at EOEC at core

(Orificing based on assembly power and equal peak assembly coolant

temperatures.)

midplane.
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(Orificing based on assembly power and equal

Figure G.71 Assembly average duct wall temperatures (°F) at EQEC at core-
peak assembly coolant temperatures.)

upper axial blanket interface.
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(Orificing based on assembly power and equal peak

Figure G.72 Assembly average duct wall temperatures (°F) at EQEC at the top
assembly coolant temperatures.)

of the upper axial blanket.
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(Orificing based on assembly power and equal peak cladding midwall
G-78

Figure G.73 Assembly average duct wall temperatures (°F) at BOL at the core
temperatures.)

midplane.



Figure G.74 Assembly average duct wall temperatures (°F) at BOL at core-
(Orificing based on assembly power and

equal peak cladding midwall temperatures.)

upper axial blanket interface.
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(Orificing based on assembly power and equal

Figure G.75 Assembly average duct wall temperatures (°F) at BOL at the top

of the upper axial blanket.

)

peak cladding midwall temperatures.
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Figure G.76 Assembly average duct wall temperatures (OF) at EOEC at core

(Orificing based on assembly power and equal peak cladding midwall

temperatures.)

midplane.
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Figure G.77 Assembly average duct wall temperatures (°F) at EOEC at core-
(Orificing based on assembly power and

equal peak cladding midwall temperatures.

upper axial blanket interface.
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(Orificing based on assembly power and equal

Figure G.78 Assembly average duct wall temperatures (°F) at EOEC at the top

peak cladding midwall temperatures.)

of the upper axial blanket.
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Table G.4

PEAK ASSEMBLY COOLANT AND DUCT WALL TEMPERATURES, AND PEAK
NOMINAL,AND 20 CLADDING MIDWALL TEMPERATURES

Assembly Assignment to Assembly Assignment
Orificing Zones Based on Orificing Zones Based on
Assembly Power Pin Power
Equal Peak Equal Peak Equal Peak Equal Peak
Assembly Assembly Assembly Assembly
o Coolant Midwall Coolant Midwall
Temperatures(“F) Temperatures Temperatures Temperatures Temperatures
Assembly Coolant 977 997 1006 986
Assembly Duct Wall 914 927 934 912
Nominal Cladding
Midwall 1127 1065 1105 1061

20 Cladding Midwall 1251 1191 1239 1187

G-84



Table

G.5

ASSEMBLY PRESSURE DROPS (PSI)

Assembly Assignment to

Orficing Zo

nes Based on

Assembly Power
Equal Peak Equal Peak
Assembly Cladding
Orificing Coolant Midwall
Lone Temperatures Temperatures
1 59.0 54.1
2 49.9 51.0
3 42.4 47.6
4 43.8 43.0
5 27.0 29.6
6 14.3 15.2
7 4.7 6.1

Assembly Assignment to
Orificing Zones Based on

Pin Power
Equal Peak Equal Peak
Assembly Cladding
Coolant Midwall
Temperatures Temperatures
49.6 57.2
46.1 50.2
36.3 42.6
54.2 41.0
32.6 24.4
23.8 18.4
12.2 9.3
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APPENDIX H

FUEL LIFE ANALYSIS

H.1 INTRODUCTION

A parametric study was conducted to assess the impact of various design and operat-
ing parameters on fuel element performance which is characterized collectively by
complex phenomena such as plenum pressure histories, pellet-cladding gap closure,
fuel-cladding mechanical interaction, and cladding stresses and strains. The
design and operating parameters which are varied in the study are pin diameter,
residence time, plenum volume, cladding thickness, coolant outlet temperature,and
power history. The main objective of the study is to determine the sensitivity of
performance parameters, e.g., plenum pressure and cladding stresses, to changes in
design and operating parameters, e.g., plenum length or coolant temperature.

In view of the large number of possible combinations of design and operating para-
meters mentioned above, only a lTimited parametric study was conducted by restrict-
ing their range of values to those closely related to the current designs. The
range of values of these parameters is listed below:

pin diameter, in. o.d. 0.26, 0.28

residence time, cycles 2, 3

plenum length, in. 30, 40

cladding thickness, 1in. 0.013, 0.014, 0.015

coolant outlet temperature, °F 890, 1000, 1050

power history either constant flux,¢, or constant linear heat
rate, kW/ft.

A total of 13 designs were studied and they are characterized in Table H.1.1. For
the 0.26 in. o.d. pin, five different designs were investigated to determine the
effect of changes in plenum length, cladding temperature,and power history on fuel
pin performance. For the 0.28 in. o.d. pin, eight designs were studied and two

H-1
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Table

H.T.1

FUEL PIN DESIGN AND IRRADIATION PARAMETERS

Case 1 2 3 4 5 6 7 8 9 10 11 12 13
Design Parameters
§1adding 0.D., | 0.26 0.26 0.26 0.26 0.26 0.28 0.28 0.28 0.28 0.28 0.28 0.28 .28
in.
Cladding Thick-| 0.013} 0.013! 0.013; 0.013} 0.013} 0.014{ 0.014{ 0.014| 0.014} 0.014 | 0.014} 0.015} 0.015
ness, in.
Fuel Cladding 6.4 6.4 6.4 6.4 6.4 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Diametral Gap,
mil.
Fuel Smeared 88 88 88 88 38 88 88 88 38 88 88 88 88
Density, %
E]enum Length, {30 30 40 40 40 30 30 30 30 40 490 30 30
in.
Irradiation Parameters
Peak Power, 13.4 13.4 13.4 13.4 13.4 13.4 13.4 13.4 13.4 13.4 13.4 13.4 13.4
kW/ft
Power Depletion jno yes no yes yes no yes yes yes yes yes no yes
with Burnup
Peak Fast 1.48 1.48 1.48 1.48 1.48 1.97 1.97 1.97 1.97 1.97 1.97 1.97 1.97
Fluence nfcm™ x
]0—23
Peak Cladding 905 1060 905 905 1060 907 907 1016 1063 907 1063 909 1064
gidw811 Temp., 1(485) (571) (485) |{485) (571) |{486) (486) (547) (573) |{486) (573) {(487) (573)
F (C)
Coolant Cutlet | 890 1050 890 890 1050 890 890 1000 1050 890 1050 890 1050

Temp. , Of




additional variables were considered, i.e., residence time and cladding thickness.
The active fuel height is 40 inches for all cases. The smeared fuel density is held
at 88% of the theoretical density. In the constant flux assumption, to match as
closely as possible the design analysis results, the peak linear heat rate (kW/ft)
is reduced by 1.27% per atom percent burnup. The range of peak cladding midwall
temperatures (9050 to 1064° F) corresponds to three different coolant outlet temp-
eratures: 890, 1000,and 1050° F, which approximately represent the coolant outlet
temperatures for an average fuel pin, a higher-than-average fuel pin, and the hot-
test fuel pin. The coolant inlet temperature is fixed at 5959 F.

H.2 METHODOLOGY

The fuel element performance in terms of fission gas release and pressure, gap
closure, fuel-cladding mechanical interaction, cladding stress and strain was in-
vestigated with the LIFE—III1 code. The variables in the study are pin diameter,
residence time, plenum length, cladding thickness, coolant outlet temperature,and
power history.

The fuel element is divided axially into five equal-length fueled sections and one
plenum section. The axial sections are divided into seventeen cylindrical shells
(twelve cylindrical shells in the fuel and five in the cladding). The thermal and
mechanical conditions of the fuel element are calculated incrementally as functions
of time. The reactor operating conditions are average over each time step and the
behavior of the fuel element is calculated as a function of the reactor operating
history.

The thermal calculations are based on the assumption of steady-state conditions for
the radial heat flux in the fuel and cladding. The axial temperature distribution
in the coolant is calculated from the specified coolant inlet and outlet temperatures
and the axial power profile of the element. For every axjal section, the radial
temperature distribution is calculated from the local coolant temperature, the
local linear heat rating, the cladding-coolant heat-transfer coefficient, the
cladding thermal conductivity, the fuel-cladding heat-transfer coefficient, and

the fuel thermal conductivity. A1l thermal properties vary with the operating
conditions and are recalculated for every time step. The time steps are kept
sufficiently short (~32 hours) so that the thermal restructuring, gas release,and
mechanical analyses can be decoupled within the time step. Once the temperature
distribution is calculated for a time step, the incremental fuel restructuring and
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fission gas release, the thermal expansion of fuel and cladding, and the plenum .
pressure are calculated.

The mechanical analysis is based on the theory of generalized plane strain and the
method of successive elastic solutions. The plenum pressure, the coolant pressure,
and the axial loads imposed by the core restraint system provide the boundary con-
ditions. For an open fuel-cladding gap, the radial stress boundary condition

at the fuel-cladding interface is the plenum gas pressure. For a closed gap, the
fuel cladding interface pressure is calculated under the assumption that the fuel
and cladding displacement increments are equal at the interface. The incremental
deformat10n<1s calculated for every time step. Fuel deformation mechanisms are
thermal expansion, elasticity, creep, and irradiation-induced swelling. Fuel-
cladding gap closure and total cladding strain are determined by a combination of
all the deformation mechanisms.

Detailed descriptions of the analytical models and solutions procedures are given
in Reference 1.

H.3 SUMMARY OF PERFORMANCE ANALYSIS

Key performance parameters are given in Section H.4 and are summarized in

Table H.3.1. The end-of-1ife (EOL) fission gas release is in the range

of 80 to 90% of total produced. The EOL plenum pressure varies from 530

to 1074 psia. The pellet-cladding gap closure occurs at or before 200

hours after startup for all cases considered. The gap will re-open at a

time ranging from 8,000 to 13,000 hours, except for the designs with low

fluences and cladding temperatures whose gaps remain closed throughout their life.

Regarding the cladding deformation, the results of this study indicate the follow-
ing trends:

1.  There is an incubation period for both the cladding diametral change and
inelastic strain histories. For example, for the 0.26 in. 0.d. pin designs
with 1050° F coolant outlet temperature (Case 5), the maximum diametral clad-
ding change increases sTowly from about 0.95% at 50 hours toc approximately
1.25% at 6,000 hours, but then increases more rapidly to the 3.7% range at
12,000 hours. In a similar fashion, the inelastic strain increases slowly
from a zero value to approximately 0.25% at 6,000 hours, and then accelarates
to the range of about 1% at 12,000 hours.
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Table H.3.1

SUMMARY OF FUEL PERFORMANCE
CASE 1 2 3 4 5 6 7 8 9 10 11 12 13
EOL Fission Gas | 84.4 87.1 83.7 79.5 85.6 89.4 83.7 89.5 90.2 83.1 90.0 89.7 90.4
Release, % of
Total
EOL Plenum 5.44 5.67 4.09 3.65 4.28 7.26 6.28 6.96 7.11 4,67 5.4 7.41 7.23
?ressure, Mpa (789) (823) | (594) | (530} | (621} { (1053) | (911) | (1010) [(1031) | (678) | (784) (1074) {(1049)
psia) _
Gap Reopening yes yes no no yes yes yes yes yes yes yes yes yes
EOL Radial Gap 0.001 { 0.038 0 0 0.026 0.022 | 0.009 0.068 | 0.091 {0.007 | 0.073 0.022 | 0.089
Size at Peak (0.04) | (1.49 (0) (0) (1.02) | (0.85) | (0.36) 1 (2.67)| (3.58)](0.03)| (2.86)| (0.87) (3.50}
Cladding Defor- |~
mation, mm (mil)
ECL Cladding 0.97 1.33 0.96 0.91 1.28 1.17 1.08 1.51 1.72 { 1.05 1.62 1.18 1.72
Logitudina
Change, %é%
Max. Total 2.19 3.84 2.17 1.96 3.66 3.26 2.75 4.86 6.16 | 2.67 5.73 3.24 6.07
Cladding Diametral
Deformation,
7D
"D
Max. Cladding 0.56 - 1.11 0.53 0.49 0.94 0.90 0.73 1.38 1.96 | 0.65 1.56 0.85 1.86
Inelastic
Strain, %é%




2. For the design and operating conditions considered, increasing the cladding .

thickness by 1 mil does not significantly reduce inelastic strain. For
example, increasing the cladding thickness from 14 to 15 mils reduces the
peak cladding inelastic strains from 1.96 to 1.86% for the 0.28 in. o.d. pins
with 1050° F coolant outlet temperature (Cases 9 and 13), or from 0.90 to
0.85% for the 0.28 in o.d. pin with 890° F coolant outlet temperature (Cases
6 and 12).

3. Increasing the plenum length, as a means to reduce inelastic strain, is only
effective for the designs with high fluences and cladding temperatures. For
example, for a 890° F coolant outlet temperature, increasing the plenum length
from 30 to 40 inches has very little impact on the inelastic strain for both
the 0.26 and 0.28 in. o.d. pins (Cases 1 and 3; Cases 7 and 10). However,
when the coolant outlet temperature is raised to 1050O F, increasing the
plenum length from 30 to 40 inches reduces the inelastic strain by 25% from
1.96 to 1.56% (Cases 9 and 11).

4. Lowering the coolant ocutlet temperature has a large impact on reducing
inelastic strain for the designs with high fluences and cladding temperatures.
For example, decreasing the coolant outlet temperature by 50° F, from 1050 to
1000° F, achieves a 30% reduction in inelastic strain (from 1.96 to 1.38%) for
the 0.28 in. o.d. pin (Cases 9 and 8). To achieve another 30% a further re-
duction in coolant temperature decrease in inelastic strain temperature change
is required. This reduction is two times larger than the previous temperature
change of 50° F. This shows ther€ is a regime of diminishing returns (Cases
8 and 7).

5. Using a 6% total diametral change or a 2% inelastic strain as a tentative
fuel failure criterion, the designs analyzed will not fail. The 6% total
diametral change is based primarily on the irradiation tests in RAPSODIE2
Fortissimo core fuel elements. In the absence of other irradiation data,
which give such a large cladding deformation (>6%), this 6% Timit was used.
Furthermore, extensive analytical ca]cu]ations3 for pins in the EBR-II and
FFTF environment give end-of-life values for the maximum cladding diametral
changes and inelastic strains in the range of 7% and 2%, respectively,

In summary, for the design and operating conditions considered, small changes in
cladding thickness do not significantly reduce cladding inelastic strain. Clad-
ding temperature and plenum volume play a key role in determining cladding
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’ inelastic strain for the designs with high fluences. With a 6% total diametral
change or a 2% inelastic strain as tentative fuel failure criteria, the designs
will not fail.
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H.4 TABULATION OF TIME-DEPENDENT PARAMETERS .

The changes, with respect to time, of the parameters listed below, for the 13
designs analyzed are given in the following pages:

Plenum pressure

Plenum gas composition

Fission gas release

Cladding longitudinal change
Fuel center-line temperature
Cladding i.d/o.d. temperature
Gap size

Total cladding diametral change
Burnup

Linear heat rating




CASE 1

0.26" o.d. pin, 13 mil clad, constant kW/ft, 30" plenum, 890 °F coolant outlet

Time, hours Plenum Gas_Comp. Fission Clad (1+ é%*)
Pressure % Fissijon Gas Gas Release -
psi % of total
50 39.2 0.6 12.9 1.0077
1522 109.8 63.6 64.4 1.0077
2050 138.9 71.2 67.5 1.0077
2978 192.2 79.2 71.0 1.0077
4457 281.6 85.8 74.9 1.0078
5929 372.9 89.2 77.2 1.0078
8850 563.3 92.9 80.7 1.0085
12050 788.6 94.9 84.4 1.0097
12074 290.6 94.9 84.2 1.0019
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CASE 1

0.26" o.d. pin, 13 mil clad, constant kW/ft, 30" plenum, 890 °F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Fuel center-line temp., O
50 3225 4305 4526 4394 3503

1522 2444 3032 3216 3129 2706

2050 2365 2978 3162 3077 2673

2978 2273 2935 3123 3037 2646

4457 2209 2884 3080 2991 2613

5929 2163 2838 3047 2949 2578

8850 2149 2845 3076 2961 2572

12050 2161 2872 3101 2991 2614

12074 70 70 70 70 70

Clad i.d./o0.d. temp., °F
50 £682/639 763/703 838/774 897/840 925/886  886/886

1522 681/638 762/702 837/774 896/840 924/886  886/886
2050 681/638 762/702 837/774 896/839 924/885  886/886
2978 681/638 762/702 837/774 896/839 924/885  886/886
4457 681/638 762/702 837/774 896/839 924/885  886/886
5929 681/638 762/702 837/774 896/839 925/886  886/886
8850 681/638 762/702 837/774 896/840 925/886  886/886
12050 681/638 762/703 837/774 895/840 925/886  886/886
12074 70/70 70/70 70/70 70/70 70/70 70/70




CASE 1

0.26" o.d. pin, 13 mil clad, constant kW/ft, 30" plenum, 890 °F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Gap size, mils
50 2.028 0.810 0.420 0.766 2.026

1522 0.171 0 0 0 0
2050 0.111 0 0 0 0
2978 0.013 0 0 0 0.
4457 0 0 0 0 0.
5929 0 0 0 0 0 -
8850 0 0 0 0 0
12050 0 0 0 0.041 0.043
12074 2.179 2.160 2.040 2.320 2.733

Total clad o.d. change, % AD/D

50 0.587 0.665 0.744 0.813 0.855 0.834
1522 0.589 0.697 0.795 0.853 0.865 0.836
2050 0.591 0.708 0.810 0.866 0.871 0.837
2978 0.595 0.732 0.839 0.891 0.884 0.839
4457 0.623 0.776 0.891 0.933 0.906 0.842
5929 0.655 0.837 0.970 0.984 0.931 0.846
8850 0.743 1.006 1.340 1.437 0.993 0.854

12050 0.862 1.208 1.786 2.196 1.313 0.865
12074 0.222 0.507 1.014 1.358 0.441 0.017



0.26" o.d. pin, 13 mil clad, constant kW/ft, 30" plenum, 890 °F coolant outlet

Axial location, inches above bottom of active fuel

CASE 1

Time ,hours 4 12 20 28 36
Burnup, atom %

50 0.014 0.019 0.021 0.019 0.014
1522 0.792 1.136 1.247 1.136 0.792
2050 1.071 1.535 1.686 1.535 1.071
2978 1.561 2.238 2.458 2.238 1.561
4457 2.343 3.358 3.688 3.358 2.343
5929 3.120 4,472 4.911 4.472 3.120
8850 4.663 6.684 7.341 6.684 4.663

12050 6.353 9.106 10.002 9.106 6.353
12074 6.359 9.115 10.012 9.115 6.359
kW/ft

50 8.40 11.92 13.04 11.91 8.38
1522 8.28 11.84 12.99 11.82 8.24
2050 8.28 11.83 12.98 11.82 8.24
2978 8.28 11.83 12.98 11.82 8.24
4457 8.28 11.83 12.98 11.82 8.24
5929 8.28 11.83 12.98 11.81 8.24
8850 8.28 11.82 12.95 11.78 8.24

12050 8.27 11.81 12.92 11.72 8.22
12074 0 0 0 0 0




CASE 2

0.26" o.d. pin, 13 mil1 clad, constant ¢, 30" plenum, 1050 °F coolant outlet

Time, hours Plenum Gas Comp. Fission Clad
Pressure % Fission Gas Gas Release (14 2y

psi % of Total R

50 40.7 0.7 14.9 1.0091
1513 125.1 64.6 68.1 1.0091
2050 159.1 72.1 71.2 1.0091
4536 322.1 86.2 78.1 1.0091
6050 421.6 89.5 79.9 1.0091
8050 549.3 92.0 81.6 1.0099
12050 822.8 94.8 87.1 1.0133
12074 277.2 94.8 86.9 1.0045
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CASE 2
0.26" o.d. pin, 13 mil clad, constant ¢, 30" plenum, 1050 OF coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Fuel center-line temp., °F

50 3238 4332 4558 4460 3663
1513 2445 3034 3241 3183 2872
2050 2360 2968 3176 3123 2830
4536 2170 2821 3034 2985 2731
6050 2106 2742 2965 2913 2675
8050 2064 2693 2925 2887 2620
12050 2023 2641 3011 3321 2996
12074 70 70 70 70 70

Clad i.d./o.d. temp., 0F

50 697/654  810/751 923/861  1020/966  1079/1042 1050/1050
1513 696/654  808/750 921/861 1018/965 1077/1041 1050/1050
2050 696/654  807/750 920/860  1017/964  1076/1040 1049/1049
4536 694/653  804/748 916/857  1011/960 1071/1036 1045/1045
6050 694/653  802/747 913/855  1008/958  1068/1033 1042/1042
8050 692/651  797/743 903/847 995/945  1052/1018 1026/1026

12050 690/651  793/741 896/843 986/940  1044/1010 1018/1018
12074 70/70 70/70 70/70 70/70 70/70 70/70




CASE 2

0
0.26" o.d. pin, 13 mil1 clad, constant ¢, 30" pienum, 1050 F coolant outlet

Axial Tocation, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Gap size, mils
50 2.034 0.812 0.434 0.765 2.015
1513 0.178 0 0 0 0
2050 0.120 0 0 0 0
4536 0 0 0 0 0
6050 0 0 0 0 0
8050 0 0 0 0.063 0
12050 0 0 0.292 1.491 1.412
12074 2.198 2.255 2.574 3.011 3.458
Total clad o.d. change, % AD/D
50 0.604 0.717 0.840 0.954 1.032 1.020
1513 0.607 0.749 0.894 1.014 1.051 1.023
2050 0.609 0.760 0.909 1.043 1.065 1.025
4536 0.640 0.824 0.986 1.201 1.166 1.034
6050 0.671 0.888 1.055 1.320 1.238 1.043
8050 0.726 1.039 1.461 1.875 1.342 1.043
12050 0.871 1.382 2.535 3.843 2.605 1.071
12074 0.218 0.647 1.691 2.881 1.581 0.071



CASE 2

0.26" o.d. pin, 13 mil clad, constant ¢, 30" plenum, 1050 OF coolant outlet

Axial Tocation. inches above bottom of active fuel

Time, hours 4 12 20 i 28 36

Burnup, atom %

50 0.014 0.019 0.021 0.019 0.014
1513 0.784 1.122 1.231 1.122 0.784
2050 1.064 1.521 1.669 1.521 1.064
4536 2.349 3.346 3.667 3.346 2.349
6050 3.121 4.435 4.858 4.435 3.121
8050 4.129 5.851 6.402 5.851 4.129

12050 6.105 8.601 9.395 8.601 6.105
12074 6.110 8.609 9.403 8.609 6.110
kW/ft

50 8.40 11.92 13.03 11.89 8.37
1513 8.20 11.67 12.78 11.65 8.15
2050 8.17 11.60 12.70 11.58 8.11
4536 8.03 11.32 12.37 11.30 7.98
6050 7.95 11.16 12.17 11.13 7.89
8050 7.84 10.94 11.88 10.88 7.79

12050 7.63 10.51 11.30 10.40 7.56
12075 0 0 0 0 0




CASE 3

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 890 F coolant outlet

Time, hours Plenum Gas Comp. Fission Clad
Pressure % Fission Gas Gas Release (T+a2/2)
psi % of total

50 39.2 0.4 12.9 1.0078
1514 90.5 56.1 63.1 1.0078
2050 112.2 64.6 66.2 1.0078
2978 150.9 73.6 69.5 1.0078
4440 215.2 81.5 73.2 1.0078
6050 289.3 86.2 76.0 1.0079
8850 425.3 90.6 79.7 1.0085

12050 593.5 93.3 83.7 1.0096
12074 223.7 93.3 83.4 1.0018



CASE 3

0.26" o.d. pin, 13 mil1 clad, constant ¢, 40" plenum, 890 F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 60

Fuel center line temp., O

50 3224 4304 4525 4393 3502
1514 2421 3002 3186 3106 2682
2050 2342 2949 3133 3054 2649
2978 2239 2888 3077 2998 2610
4440 2174 2859 3055 2972 2589
6050 2134 2824 3031 2940 2561
8850 2128 2844 3073 2963 2560

12050 2144 2881 3112 2984 2592
12074 70 70 70 70 70

Clad i.d./o.d. temp., °F

50 682/639 763/703 838/774 897/840 925/886 886/886
1514 681/638 7627702 837/774 896/840 924/886 886/886
2050 681/638 762/702 837/774 896/839 924/885 886/886
2978 681/638 762/702 837/774 896/839 924/885 886/886
4440 681/638 762/702 837/774 896/839 924/885 886/886
6050 681/638 762/702 837/774 896/839 924/886 886/886
8850 681/638 7627702 837/774 896/840 924/886 886/886

12050 681/638 762/703 837/775 896/840 924/886 886/886
12074 70/70 70/70 70/70 70/70 70/70 70/70




CASE 3

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 890 °F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 60

Gap size, mils

50 2.029 0.812 0.422 0.768 2.027
1514 0.230 0 0 0 0
2050 0.153 0 0 0 0
2978 0.055 0 0 0 0
4440 0 0 0 0 0
6050 0 0 0 0 0
8850 0 0 0 0 0
12050 0 0 0 0 0
12074 2.125 2.224 2.104 2.360 2.179
Total clad o.d. change, % aD/D
50 0.587 0.665 0.744 0.855 0.855 0.834
1514 0.589 0.694 0.793 0.851 0.865 0.836
2050 0.590 0.706 0.808 0.864 0.871 0.836
2978 0.593 0.728 0.835 0.887 0.883 0.837
4440 0.618 0.771 - 0.886 0.929 0.906 0.840
6050 0.654 0.839 0.980 0.984 0.934 0.843
8850 0.744 0.999 1.334 1.424 0.996 0.849
12050 0.867 1.196 1.767 2.167 1.307 0.857
12074 0.223 0.495 0.995 1.331 0.437 0.013



CASE 3

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 890 °F coolant outlet

Axial location. inches above bottom of active fuel

Time, hours 4 12 20 28 i 36

Burnup, atom %

50 0.014 0.019 0.021 0.019 0.014
1514 0.788 1.130 1.241 1.130 0.788
2050 1.071 1.535 1.686 1.535 1.071
2978 1.561 2.238 2.458 2.238 1.561
4440 2.334 3.345 3.674 3.345 2.334
6050 3.184 4.564 5.013 4.564 3.184
8850 4.663 6.684 7.341 6.684 4.663

12050 6.353 9.106 10.002 9.106 6.353
12074 6.359 9.115 10.012 9.115 6.359
kW/ft

50 8.40 11.92 13.04 11.91 8.38
1514 8.29 11.84 12.99 11.82 8.24
2050 8.28 11.83 12.98 11.82 8.24
2978 8.28 11.83 12.98 11.82 8.24
4440 8.28 11.83 12.98 11.82 8.24
6050 8.28 11.83 12.98 11.81 8.24
8850 8.28 11.82 12.95 11.78 8.24

12050 8.28 11.81 12.92 11.72 8.22
12074 0 0 0 0 0
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CASE 4

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 890 OF coolant outlet

Time, hours Plenum Gas Comp. Fission Clad
Pressure % Fission Gas Gas Release (1+a /%)
psi % of total

50 39.2 0.4 12.9 1.0078
1522 89.9 55.8 62.6 1.0078
2050 110.7 64.1 65.4 1.0078
3010 148.9 73.3 68.6 1.0078
4521 210.9 81.2 71.8 1.0078
6050 274.8 85.5 73.9 1.0079
9234 407.3 90.3 77.0 1.0084

12050 529.9 92.6 79.5 1.0091
12074 202.9 92.6 79.3 1.0015
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CASE 4

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 890 oF coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 60
Fuel center-line temp., Of
50 3224 4304 4525 4392 3501
1522 2404 2968 3148 3074 2661
2050 2320 2904 3083 3012 2621
3010 2205 2821 3000 2934 2567
4521 2114 2757 2940 2874 2522
6050 2058 2691 2878 2812 2474
9234 2001 2624 2819 2755 2407
12050 1974 2595 2788 2726 2391
12074 70 70 70 70 70
Clad i.d./0.d. temp., OF
50 682/639 763/703 838/774 897/840 925/886 886/886
1622 680/638 760/702 836/773 895/839 923/885 886/886
2050 680/638 760/702 835/773 894/839 923/885 886/ 886
3010 680/638 760/702 834/772 893/838 922/884 885/885
4521 680/638 758/701 832/771 890/836 920/882 883/883
6050 679/638 765/700 829/770 887/834 918/880 881/881
9234 677/637 751/697 820/763 876/824 905/869 870/870
12050 676/636 748/696 816/760 871/822 901/865 866/866
12074 70/70 70/70 70/70 70/70 70/70 70/70
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CASE 4

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 890 °F coolant outlet

Axial location, inches above bottom of active fuel

Time,_ hours 4 12 20 28 36 60
Gap size, mils
50 2.030 0.813 0.423 0.769 2.028
1522 0.239 0 0 0 0
2050 0.166 0 0 0 0
3010 0.068 0 0 0 0
4521 0 0 0 0 0
6050 0 0 0 0 0
9234 0 0 0 0 0
12050 0 0 0 0 0
12074 1.991 2.324 2.288 2.517 2.681
Total clad o.d. change, % AD/D
50 0.587 0.665 0.774 0.813 0.855 0.834
1522 0.589 0.693 0.791 0.849 0.864 0.835
2050 0.590 0.704 0.805 0.862 0.869 0.836
3010 0.593 0.725 0.831 0.883 0.881 0.836
4521 0.615 0.768 0.879 0.922 0.903 0.836
6050 0.648 0.830 0.971 0.971 0.927 0.837
9234 0.748 0.996 1.328 1.425 0.988 0.829
12050 0.862 1.155 1.638 1.960 1.257 0.832
12074 0.219 0.464 0.885 1.147 0.409 0.012
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0.26" o0.d. pin, 13 mil clad, constant ¢, 40" plenum, 890 OF coolant outlet

Time, hours
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CASE 5

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 1050 OF coolant outlet

Time, hours Plenum Gas Comp. Fission Clad

Pressure % Fission Gas 9as Release (1+ 82

psi % of Total 1

50 43.7 0.5 14.9 1.0092

1519 103.7 57.4 66.9 1.0092

4521 246.8 82.1 76.5 1.0092

6082 323.4 86.4 78.8 1.0093

8050 417.0 89.5 80.7 1.0099

10829 557.1 92.3 83.9 1.0119

12050 620.7 93.1 85.6 1.0128

12074 212.9 93.1 85.3 1.0039

H-25



CASE 5

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 1050 °F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 60
Fuel center-line temp., °F
50 3237 4331 4557 4459 3662
1519 2418 3003 3211 3160 2853
4521 2138 2800 3013 2971 2717
6082 2081 2732 2953 2908 2668
8050 2043 2689 2920 2867 2616
10829 2018 2664 2892 3064 2707
12050 2007 2649 2896 3186 2838
12074 70 70 70 70 70
Clad i.d./o.d. temp., °
50 697/654 810/751 923/861 1020/966  1079/1042  1050/1050
1519 696/654 808/750 921/861 1018/965  1077/1041  1049/1049
4521 695/653 804/748 916/857 1011/960 1071/1036  1045/1045
6082 694/653 802/747 913/855 1008/957 1068/1033  1042/1042
8050 692/651 797/743 903/847 995/945 105271018  1026/1026
10829 691/651 7947742 898/844 989/941 1046/1012  1021/1021
12050 690/651 793/741 896/843 986/940 104471010 1018/1018
12074 70/70 70/70 70/70 70/70 70/70 70/70
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CASE 5

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 1050 % coolant outlet

Axial Tocation, inches above bottom of active fuel

Time, hours 4 12 20 28 36 60

Gap size, mils

50 2.035 0.815 0.436 0.767 2.016
1519 0.235 0 0 0 0
4521 0 0 0 0 0
6082 0 0 0 0 0
8050 0 0 0 0.003 0
10829 0 0 0 0.569 0.348
12050 0 0 0.055 1.023 0.808
12074 2.071 2.342 2.634 3.207 3.578
Total clad 0.D. change, % AD/D
50 0.604 0.716 0.840 0.953 1.031 1.020
1519 0.606 0.747 0.892 2.012 1.050 1.022
4521 0.634 0.820 0.987 1.192 1.165 1.028
6082 0.668 0.885 1.055 1.311 1.240 1.033
8050 0.724 1.033 1.453 1.846 1.343 1.027
10829 0.826 1.267 2.157 3.087 1.996 1.039
12050 0.876 1.370 2.466 3.661 2.472 1.045
12074 0.219 0.634 1.627 2.705 1.453 0.049
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CASE 5

0.26" o.d. pin, 13 mil clad, constant ¢, 40" plenum, 1050 °F coolant outlet
Axial Tocations, inches above bottom of active fuel

Time, hours 4 12 20 28 36 60

Burnup, atom %

50 0.014 0.019 0.021 0.019 0.014
1519 0.787 1.126 1.236 1.126 0.787
4521 2.342 3.335 3.655 3.335 2.342
6082 3.137 4,458 4.883 4.458 3.137
8050 4.129 5.850 6.402 5.850 4.129

10829 5.507 7.772 8.494 7.772 5.507

12050 6.104 8.601 9.394 8.601 6.104

12074 6.110 8.609 9.403 8.609 6.110
kW/ft

50 8.40 11.92 13.03 11.89 8.37
1519 8.21 11.67 12.78 11.65 8.15
4521 8.03 11.33 12.37 11.30 7.98
6082 7.95 11.15 12.16 11.13 7.89
8050 7.84 10.93 11.88 10.88 7.79

10829 7.70 10.64 11.48 10.51 7.62
12050 7.63 10.51 11.30 10.37 7.54
12074 0 0 0 0 0
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CASE 6

0.28" o.d. pin, 14 mil clad, constant kW/ft, 30" plenum, 890 °F coolant outlet

Time, hours Plenum Gas Comp. Fission Clad
Pressure % Fission Gas Gas Release (1+42/2)
psi % of Total

50 38.9 0.4 10.8 1.0077
5147 280.3 85.7 74.8 1.0078
8050 436.0 90.8 78.3 1.0080

13050 731.8 94.5 83.8 1.0095

15354 876.8 95.4 86.2 1.0105

17052 987.7 95.9 88.2 1.0113

18050 1052.8 96.2 89.4 1.0117

18074 388.5 %6.2 89.3 1.0039
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0.28" o.d. pin, 14 mil clad, constant kW/ft, 30" plenum, 830 °F coolant outlet

CASE 6

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Fuel. center-line temp., F
50 3185 4284 4533 4383 3467
5147 2186 2866 3057 2974 2598
8050 2133 2820 3029 2932 2562
13050 2149 2860 3079 2972 2597
15354 2156 2868 3079 3105 2763
17052 2162 2870 3071 3243 2974
18050 2165 2869 3085 3320 3115
18074 70 70 70 70 70
Clad i.d./o.d. temp., °F
50 684/640  765/705 840/777 899/842 927/8388 886/886
5147 682/639  764/705 840/776 898/842 926/887 886/886
8050 682/640  764/705 840/777 898/842 926/887 886/886
13050 682/640  764/705 840/778 898/843 926/887 886/886
15354 682/640  764/705 840/778 899/844 926/888 886/886
17052 682/640  764/706 840/778 899/844 926/888 886/886
18050 682/640  764/706 840/778 899/845 926/888 886/886
18074 70/70 70/70 70/70 70/70 70/70 70/70

H-30




CASE 6

0.28" o.d. pin, 14 mil clad, constant kWw/ft, 30" plenum, 890 % coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55

Gap size, mils

50 2.299 1.109 0.699 1.043 2.322
5147 0 0 0 0 0
8050 0 0 0 0 0
13050 0 0 0 0.032 0.027
15354 0 0 0 0.297 0.390
17052 0 0 0.004 0.626 0.970
18050 0 0 0.037 0.853 1.500
18074 2.439 2.240 2.206 2.736 3.721
Total clad o.d. change, % AD/D
50 0.589 0.667 0.747 0.816 0.857 0.834
5147 0.615 0.769 0.886 0.927 0.903 0.842
8050 0.671 0.888 1.101 1.064 0.946 0.849
13050 0.817 1.155 1.719 2.075 1.207 0.862
15354 0.894 1.286 2.013 2.597 1.659 0.869
17052 0.952 1.386 2.235 3.007 2.035 0.875
18050 0.987 1.445 2.372 3.258 2.265 0.878
18074 0.343 0.742 1.591 2.400 1.376 0.025
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0.28" o.d. pin, 14 mil clad, constant kW/ft, 30" plenum, 890 9F coolant outlet

CASE 6

Axial Tocation, inches above bottom of active fuel

Time, hours 4 1? 20 28 36
Burnup, atom %

50 0.012 0.017 0.018 0.017 0.012
5147 2.337 3.350 3.679 3.350 2.337
8050 3.660 5.246 5.762 5.246 3.660

13050 5.939 8.513 9.351 8.513 5.939

15354 6.989 10.019 11.004 10.019 6.989

17052 7.764 11.128 12.223 11.128 7.764

18050 8.218 11.780 12.939 11.780 8.218

18074 8.224 11.788 12.947 11.788 8.224
kiW/ft

50 8.40 11.94 13.07 11.92 8.38
5147 8.28 11.83 12.98 11.81 8.23
8050 8.28 11.83 12.97 11.80 8.23

13050 8.27 11.81 12.92 11.72 8.22
15354 8.27 11.81 12.90 11.68 8.19
17052 8.27 11.81 12.88 11.66 8.18
18050 8.27 11.80 12.87 11.67 8.19
18074 0 0 0 0 0
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CASE 7

0.28" o.d. pin, 14 mil clad, constant ¢, 30" plenum, 890 % coolant outlet

Time, hours Plenum Gas Comp. Fission Clad
Pressure % Fission Gas Gas Release (1+at/2)
psi % of Total

50 38.9 0.4 10.7 1.0077
5250 275.5 85.5 73.5 1.0078
8050 410.3 90.3 76.0 1.0079

12530 634.1 93.7 79.8 1.0090
14435 729.2 94.6 81.1 1.009%6
16355 825.3 95.2 82.4 1.0103
18050 911.2 95.7 83.7 1.0108
18074 341.7 95.7 83.5 1.0033
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CASE 7

0.28" o.d. pin, 14 mil clad, constant ¢, 30" plenum, 890 °F cootant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Fuel center-line temp., Of
50 3185 4283 4533 4383 3467
5250 2126 2765 2942 2876 2531
8050 2038 2656 2841 2777 2454
12530 1996 2606 2789 2732 2409
14435 1979 2581 2759 2704 2412
16355 1962 2552 2722 2733 2462
18050 1946 2525 2686 2809 2540
18074 70 70 70 70 70
Clad i.d./o.d. temp., °F
50 684/640  765/705 840/777 899/842 927/888 886/886
5250 681/639  760/703 834/774 892/838 921/884 883/883
8050 680/639  757/702 830/771 887/835 917/880 879/879
12530 678/638  752/699 822/766 878/827 906/871 869/869
14435 677/638  750/697 818/763 873/824 902/866 866/ 866
16355 676/637  748/696 815/761 869/821 898/863 862/862
18050 675/636  746/695 812/759 865/818 894/860 858/858
18074 70/70 70/70 70/70 70/70 70/70 70/70

H-34




CASE 7

0.28" o.d. pin, 14 mil clad, constant ¢, 30" plenum, 890 °F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Gap size, mils
50 2.300 1.109 0.700 1.044 2.322
5250 0 0 0 0 0
8050 0 0 0 0 0
12530 0 0 0 0 0
14435 0 0 0 0.009 0.036
16355 0 0 0 0.132 0.195
18050 0 0 0 0.357 0.438
18074 2.394 2.455 2.470 3.086 3.516
Total clad o.d. change, % AD/D
50 0.589 0.667 0.747 0.816 0.857 0.834
5250 0.612 0.766 0.879 0.919 0.899 0.839
8050 0.663 0.874 1.085 1.044 0.936 0.841
12530 0.793 1.089 1.558 1.806 1.103 0.840
14435 0.858 1.184 1.748 2.128 1.368 0.840
16355 0.928 1.280 1.933 2.456 1.683 0.840
18050 0.993 1.365 2.093 2.747 1.964 0.842
18074 0.348 0.677 1.343 1.932 1.116 0.022



CASE 7

0.28" o.d. pin, 14 wmil clad, constant ¢, 30" plenum, 890 OF coolant outlet

Axial Tocation, inches above bottom of active fuel

Time, hours 4 12 20 28 36

Burnup, atom %

50 0.012 0.017 0.018 0.017 0.012
5250 2.349 3.345 3.666 3.345 2.349
8050 3.577 5.077 5.558 5.077 3.577

12530 5.501 7.764 8.486 7.764 5.501

14435 6.304 8.878 9.695 8.878 6.304

16355 7.105 9.982 10.893 9.982 7.105

18050 7.805 10.942 11.933 10.942 7.805

18074 7.810 10.949 11.940 10.949 7.810
kW/ft

50 8.40 11.94 13.07 11.92 8.38
8250 8.03 11.33 12.38 11.81 7.99
8050 7.90 11.06 12.05 11.04 7.86

12530 7.70 10.65 11.54 10.58 7.65
14435 7.62 10.49 11.34 10.40 7.55
16355 7.53 10.32 11.12 10.20 7.45
18050 7.45 10.17 10.94 10.04 7.36
18074 0 0 0 0 0

H-36



CASE 8
0.28" o.d. pin, 14 mil clad, constant ¢, 30" plenum, 1000 oF coolant outlet

Time, hours Plenum Eas.Comp. Fission Clad
E§$ssure % Fission Gas gasz$;§g?e (1+ é%_%

50 42.0 0.5 11.9 1.0086
1763 120.9 64.4 67.1 1.0086
5238 306.9 86.0 76.7 1.0086
8050 459.1 90.6 79.5 1.0089
13050 739.5 94.3 84.5 1.0117
16346 924.0 95.5 88.4 1.0139
18050 1009.6 96.0 89.5 1.0151
18074 355,2 96.0 89.6 1.0067
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CASE 8

0.28" o.d. pin, 14 mil clad, constant ¢, 30" plenum, 1000 °F coolant outlet

Axial Tocation, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Fuel center-line temp.,
50 3195 4305 4560 4435 3580
1763 2446 3003 3199 3141 2805
5238 2142 2793 2991 2943 2673
8050 2061 2694 2903 2851 2601
13050 2014 2634 2871 3097 2732
16346 1985 2584 3033 3363 3145
18050 1969 2554 3142 3426 3266
18074 70 70 70 70 70
Clad i.d./o.d. temp., °F
50 695/651  798/739 900/838 985/930 1034/997 1000/1000
1763 693/651 796/738 898/837 983/830 1032/996 1000/1000
5238 692/650  793/737 893/834 977/925 1027/991 995/995
8050 691/650 790/735 889/831 972/921 1022/986 991/991
13050 688/648  783/731 878/823 958/910 1006/972 976/976
16346 686/648 779/728 870/818 950/903 997/963 966/966
18050 685/647  776/726 867/815 946/900 992/959 961/961
18074 70/70 70/70 70/70 70/70 70/70 70/70
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CASE 8

0.28" o.d. pin, 14 mil clad, constant ¢, 30" plenum, 1000 °F coolant outlet

Axial Tocation, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55

Gap size, mils

50 2.303 1.108 0.703 1.033 2.334
1763 0.269 0 0 0 0
5238 0 0 0 0 0
8050 0 0 0 0 0
13050 0 0 0.069 0.773 0.564
16346 0 0 0.535 2.065 2.517
18050 0 0 0.915 2.671 3.663
18074 2.403 2.411 2.810 3.844 4.727
Total clad o.d. change, % AD/D
50 0.601 0.704 0.814 0.913 0.979 0.963
1763 0.604 0.731 0.862 0.958 0.992 0.965
5238 0.626 0.802 0.951 1.073 1.068 0.969
8050 0.678 0.930 1.182 1.270 1.154 0.972
13050 0.822 1.257 2.143 2.953 1.847 0.976
16346 0.936 1.471 2.789 4,198 2.968 0.980
18050 0.999 1.580 3.126 4.860 3.575 0.982
18074 0.345 0.862 2.305 3.930 2.596 0.043
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CASE 8

0.28" o.d. pin, 14 mil clad, constant ¢, 30" plenum, 1000 Or coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55

Burnup, atom %

50 0.012 0.017 0.018 0.017 0.012
1763 0.791 1.131 1.241 1.131 0.791
5238 2.343 3.337 3.658 3.337 2.343
8050 3.577 5.076 5.558 5.076 3.577

13050 5.722 8.070 8.818 8.070 5.722

16346 7.101 9.977 10.887 9.977 7.101

18050 7.804 10.942 11.932 10.942 7.804

18074 7.809 10.948 11.940 10.948 7.809
kW/ft

50 8.40 11.94 13.06 11.91 8.37
1736 8.21 11.68 12.79 11.65 8.15
5238 8.03 11.33 12.38 11.31 7.98
8050 7.90 11.06 12.05 11.03 7.85

13050 7.67 10.59 11.42 10.48 7.60
16346 7.53 10.30 11.04 10.20 7.47
18050 7.45 10.15 10.87 10.07 7.42
18074 0 0 0 0 0
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CASE 9

0.28" o.d. pin, 14 mi1 clad, constant ¢, 30" plenum, 1050 % coolant outlet

Time, hours Plenum Gas Comp. Fission Clad
Pressure % Fission Gas gas Release (1+ AL
psi % of Total )

50 43.4 0.5 12.5 1.0091
5256 321.8 86.2 78.1 1.0091
8050 479.7 90.8 80.7 1.0095

13050 773.0 94.4 86.9 1.0131
16346 949.3 95.6 89.7 1.0158
18050 1030.9 96.0 90.2 1.0172
10874 350.0 96.0 90.4 1.0084
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CASE 9

0.28 " o.d. pin, 14 mi1 clad, constant ¢, 30" plenum, 1050 %k coolant outlet
Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55

Fuel center-line temp., F

50 3200 4314 4571 4456 3629
5256 2148 2804 3011 2970 2723
8050 2070 2709 2930 2884 2652

13050 2024 2649 3030 3312 2997
16346 1994 2595 3248 3490 3292
18050 1978 2565 3316 3522 3333
18074 70 70 70 70 70

Clad i.d./o0.d. temp., °F

50 699/656 813/754  926/865 1023/969  1081/1044 1050/1050 :
5256 696/655 807/751 919/861 1015/963  1074/1038 1045/1045
8050 695/654 804/749  914/857 1009/959  1067/1033 1039/1039

10350 692/653 797/745 902/849 994/947 1050/1017 1023/1023
16346 691/652 792/741  895/843 986/941 104171008 1012/1012
18050 690/651 789/740  891/841 983/938 1036/1003 1006/1006
18074 70/70 70/70 70/70 70/70 70/70 70/70

H-42



CASE 9

0.28" o.d. pin, 14 mil clad, constant ¢, 30" plenum, 1050 °F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55

Gap size, mils

50 2.304 1.108 0.705 1.035 2.335
5256 0 0 0 0 0
8050 0 0 0 0 0
13050 0 0 0.342 1.511 1.467
16346 0 0 1.123 2.922 3.791
18050 0 0 1.533 3.576 4.709
18074 2.438 2.493 3.004 4,654 5.578

Total clad o.d. change, % AD/D

50 0.606 0.720 0.843 0.957 1.034 1.020
5256 0.632 0.819 0.988 1.201 1.159 1.036
8050 0.684 0.952 1.234 1.540 2.273 1.052
13050 0.826 1.332 2.471 3.702 2.468 1.079
16346 0.938 1.577 3.325 5.297 3.813 1.097
18050 1.001 1.700 3.773 6.155 4.547 1.105
18074 0.343 0.968 2.917 5.168 3.506 0.112
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CASE 9

0.28" o.d. pin, 14 mil clad, constant ¢, 30" plenum, 1050 % coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 b5

Burnup, atom %

50 0.012 0.017 0.018 0.017 0.012
5256 2.351 3.349 3.670 3.349 2.351
8050 3.5%7 5.076 5.558 5.076 3.577

13050 5.722 8.071 8.818 8.071 5.722

16346 7.102 9.977 10.887 9.977 7.102

18050 7.805 10.942 11.933 10.942 7.805

18074 7.809 10.949 11.940 10.949 7.809
kW/ft

50 8.40 11.94 13.05 11.90 8.37
5256 8.03 11.32 12.37 11.30 7.98
8050 7.90 11.06 12.04 11.02 7.84

13050 7.67 10.59 11.39 10.48 7.60
16346 7.53 10.29 11.04 10.20 7.49
18050 7.45 10.14 10.88 10.06 7.43
18074 0 0 0 0 0
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CASE 10

Time, hours PTenum Gas Comp. Fission Clad
Pressure % Fission Gas Gas Release (1+ A0/9)
psi % of Total

50 29.3 0.4 11.3 1.0078
5240 205.2 85.5 73.5 1.0078
8050 306.5 90.3 76.1 1.0079
12530 474.0 93.7 79.8 1.0089
14424 544.8 94.6 81.1 1.0095
16361 616.3 95.2 82.2 1.0100
18050 677.9 95.6 83.1 1.0105
18074 259.8 95.6 82.8 1.0029
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CASE_10

0.28" o.d. pin, 14 mil clad, constant ¢, 40" plenum, 890 °F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 60
Fuel center-Tine temp., °
50 3202 4304 4551 4402 3484
5240 2125 2750 2932 2864 2529
8050 2037 2646 2836 2769 2451
12530 1995 2602 2795 2733 2406
14424 1978 2579 2768 2706 2397
16361 1960 2554 2737 2676 2389
18050 1945 2529 2705 2659 2405
18074 70 70 70 70 70
Clad i.d./o.d. temp., °F
50 683/640 765/705 840/777  899/842 924/888 886/886
5240 681/639  760/703 834/773  892/838 921/884 883/883
8050 680/639 757/702 830/771 887/835 917/880 879/879
12530 677/638 752/699 822/765  877/827 906/870 869/869
14424 677/637 750/697 818/763  873/824 902/866 866/866
16361 676/637 748/696 815/761  869/820 898/863 861/861
18050 675/636 746/695 812/759  865/818 894/859 858/858
18074 70/70 70/70 70/70 70/70 70/70 70/70
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CASE 10

0.28" o.d. pin, 14 mil clad, constant ¢, 40" plenum, 890 °F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 12 20 28 36 60
Gap size, mils
50 2.281 1.065 0.645 0.998 2.301
5240 0 0 0 0 0
8050 0 0 0 0 0
12530 0 0 0 0 0
14424 0 0 0 0 0
16361 0 0 0 0 0.010
18050 0 0 0 0.034 0.081
18074 2.375 2.468 2.550 3.006 3.434
Total clad o.d. change, % AD/D
50 0.589 0.667 0.745 0.815 0.857 0.834
5240 0.612 0.767 0.878 0.920 0.899 0.836
8050 0.663 0.874 1.081 1.042 0.936 0.836
12530 0.794 1.086 1.537 1.795 1.103 0.833
14424 0.858 1.178 1.718 2.107 1.356 0.835
16361 0.929 1.272 1.896 2.411 1.642 0.831
18050 0.994 1.354 2.047 2.671 1.897 0.831
18074 0.347 0.665 1.298 1.861 1.054 0.017
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CASE 10

0.28" o.d. pin, 14 mil clad, constant ¢, 40" plenum, 890 OF coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36

Burnup, atom %

50 0.012 0.017 0.018 0.017 0.012
5240 2.344 3.338 3.659 3.338 2.334
8050 3.577 5.076 5.558 5.076 3.577

12530 5.501 7.764 8.485 7.764 5.501

14424 6.300 8.871 9.687 8.871 6.300

16361 7.107 9.985 10.896 9.985 7.107

18050 7.804 10.941 11.932 10.941 7.804

18074 7.809 10.948 11.939 10.948 7.809
kW/ft

50 8.40 11.94 13.06 11.91 8.38
5240 8.03 11.33 12.38 11.31 7.99
8050 7.90 11.06 12.05 11.04 7.86

12530 7.70 10.65 11.54 10.58 7.65
14424 7.61 10.48 11.33 10.40 7.55
16361 7.53 10. 31 11.12 10.21 7.45
18050 7.45 10.16 10.94 10.04 7.36
18074 0 0 0 0 0
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CASE 11

0.28" o.d. pin, 14 mil clad, constant ¢, 40" plenum, 1050 OF coolant outlet

Time, hours Plenum Gas Comp. Fission Clad
Pressure % Fission Gas Eas Release (1+ AR
psi % of Total )

50 32.6 0.5 13.1 1.0092
5257 240.9 86.2 78.1 1.0092
8050 359.0 90.8 80.7 1.0096
13050 578.4 94.4 86.1 1.0127
16344 718.2 95.6 89.1 1.0151
18050 784.9 96.0 90.0 1.0162
18074 272.2 96.0 90.1 1.0074
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CASE 11

0.28" o.d. pin, 14 mil clad, constant ¢, 40" plenum, 1050 OF coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 60

Fuel center-1ine temp., Op

50 3216 4335 4536 4473 3645
5257 2147 2790 3004 2962 2715
8050 2069 2701 2931 2881 2645

13050 2023 2649 2919 3205 2849
16344 1992 2602 3088 3394 3180
18050 1976 2574 3164 3435 3259
18074 70 70 70 70 70

Clad i.d./o.d. temp., °F

50 699/656  813/754 926/865 1023/969 1081/1044 1050/1050
5257 696/655  807/751 919/860 1015/963 1074/1038 1045/1045
8050 695/654  804/749 914/857 1009/959 1067/1033 1039/1039

13050 692/653  797/745 902/849 994/947 1050/1017 1023/1023
16344 691/652  792/742 895/843 986/940 1040/1007  .1012/1012
18050 690/652  790/740 891/840 982/937 1035/1003 1006/1006
18074 70/70 70/70 70/70 70/70 70/70 70/70
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CASE 11

0.28" o.d. pin, 14 mil clad, constant ¢, 40" plenum, 1050 %F coolant outlet

Axial Tocation, inches ahove battom of active fuel

Time, hours 4 12 20 28 36 60

Gap size, mils

50 2.286 1.034 0.626 0.989 2.312
5257 0 0 0 0 0
8050 0 0 0 0 0
13050 0 0 0.092 1.076 0.835
16.+4 0 0 0.605 2.286 2.767
18050 0 0 0.992 2.860 3.749
18074 2.424 2.532 3.068 4.102 4,902

Total clad, o.d. change, % AD/D

50 0.606 0.719 0.843 0.957 1.034 1.020
5257 0.632 0.819 0.982 1.199 1.160 1.028
8050 0.684 9.951 1.220 1.530 1.275 1.037
13050 0.827 1.324 2.386 3.527 2.338 1.051
16344 0.940 1.561 3.162 4.966 3.534 1.061
18050 1.002 1.681 3.564 5.734 4,186 1.066
18074 0.342 0.949 2.717 4,759 3.156 0.080
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CASE 11

0.28" o.d. pin, 14 mil clad, constant ¢, 40" plenum, 1050 9 coolant outlet

Axial Tocation, inches above bottom of active fuel

Time, hours q _ 12 20 28 36 60

Burnup, atom %

50 0.012 0.017 0.018 0.017 0.012
5257 2.352 3.349 3.671 3.349 2.352
8050 3.577 5.077 5.558 5.077 3.577

13050 5.722 8.071 8.819 8.071 5.722

16344 7.101 9.976 10.866 9.976 7.101

18050 7.805 10.942 11.933 10.942 7.805

218074 7.810 10.949 11.940 10.949 7.810
kW/ft

50 8.40 11.93 13.04 11.90 8.37
5257 8.03 11.32 12.36 11.30 7.97
8050 7.90 11.05 12.03 11.02 7.84

13050 7.67 10.58 11.38 10.46 7.58
16344 7.53 10.28 11.00 10.16 7.45
18050 7.45 10.13 10.83 10.02 7.39
18074 0 0 0 0 0
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CASE 12

0.28" o.d. pin, 15 mil clad, constant kW/ft, 30" plenum, 890 °F coolant outlet

Time, hours Plenum 9as_Comp. Fission Clad
ggissure % Fission Gas gaéfR$li2?e (1+89/2)

50 39.6 0.4 11.2 1.0077
5969 281.9 85.6 75.0 1.0078
8050 445.3 90.8 78.7 1.0080
13050 747.4 94.5 84.2 1.0096
15122 880.2 95.4 86.3 1.0105
16786 990.5 95.9 88.3 1.0112
18050 1074.3 96.2 89.7 1.0118
18074 396.9 96.2 89.7 1.0040
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CASE 12

0.28" o.d. pin, 15 mil clad, constant kW/ft, 30" plenum, 890 OF coolant outlet

Axial Tocation, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Fuel center-line temp., °f

50 3197 4293 4538 4391 3477
5096 2194 2869 3060 2976 2603
8050 2141 2823 3035 2935 2567
13050 2156 2864 3084 2978 2603
15122 2163 2870 3083 3098 2751
16786 2168 2872 3075 3230 2951
18050 2172 2872 3089 3325 3130
18074 70 70 70 70 70

Clad i.d.70.d. temp., °F

50 687/640  769/705 845/776 903/842 930/888 886/886
5069 685/639  768/705 844/776 902/842 929/887 886/886
8050 686/640 768/705 8447777 902/842 929/887 886/886
13050 686/640 768/705 845/778 903/843 929/887 886/886
15122 686/640 769/705 845/778 903/844 929/888 886/886
16786 686/640 769/705 845/778 903/844 929/888 886/886
18050 686/640 769/706 845/778 903/845 929/888 886/886
18074 70/70 70/70 70/70 70/70 70/70 70/70
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CASE 12

0.28" o.d. pin, 15 mil clad, constant kW/ft, 30" plenum, 890 °F coolant outlet

Axial location, inches above bottom of active fuel

Time ,hours 4 12 20 28 36 55

Gap size, mils

50 2.305 1.101 0.694 1.038 2.319
5069 0 0 0 0 0
8050 0 0 0 0 0
13050 0 0 0 0.039 0.030
15122 0 0 0 0.276 0.353
16786 0 0 0 0.588 0.895
18050 0 0 0.040 0.867 1.557
18074 2.468 2.183 2.140 2.647 3.566

Total clad o.d. change, % aD/D

50 0.590 0.669 0.749 0.818 0.858 0.834
5069 0.613 0.763 0.876 0.920 0.900 0.841
8050 0.667 0.880 1.087 1.053 0.941 0.848
13050 0.801 1.140 1.704 2.061 1.198 0.860
15122 0.864 1.255 1.967 2.527 1.597 0.866
16786 0.916 1.350 2.183 2.924 1.959 0.872
18050 0.957 1.423 2.355 3.239 2.246 0.876
18074 0.317 0.720 1.574 2.381 1.356 0.024
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0.28" o.d. pin, 15 mil clad, constant kw/ft, 30" plenum, 890 °F coolant outlet

CASE 12

Axial location, inches ahove bottom of active fuel

Time,hours 4 12 20 28 36
Burnup, atom %

50 0.012 0.017 0.019 0.017 0.012
5069 2.340 3.3563 3.683 3.353 2.340
8050 3.721 5.333 5.858 5.333 3.721

13050 6.037 8.654 9.505 8.654 6.037

15122 6.998 10.031 11.017 10.031 6.998

16786 7.769 11.136 12.231 11.136 7.769

18050 8.354 11.975 13.153 11.975 8.354

18074 8.360 11.983 13.162 11.983 8.360
~ kW/ft

50 8.40 11.94 13.07 11.92 8.38
5069 8.27 11.83 12.98 11.80 8.23
8050 8.27 11.82 12.96 11.80 8.23

13050 8.27 11.81 12.92 11.71 8.22
15122 8.27 11.81 12.90 11.68 8.19
16786 8.27 11.80 12.88 11.66 8.18
18050 8.27 11.80 12.86 11.67 8.19
18074 0 0 0 0 0
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CASE 13
0.28" o.d. pin, 15 mil clad, constant ¢, 30" plenum, 1050 0F coolant outlet

Time, hours Plenum Gas Comp. Fission Clad
Pressure % Fission Gas 0Gas Release (1+ 2%
psi % of Total |4

50 44.1 0.5 13.1 1.0091
5117 323.8 86.1 78.2 1.0091
8050 489.2 90.8 81.0 1.0095
13050 787.5 94.5 87.1 1.0131
16090 953.4 95.6 89.7 1.0157
18050 1049.2 9.1 90.4 1.0172
18074 355.8 96.1 90.5 1.0085
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CASE 13

0.28" o.d. pin, 15 mil clad, constant ¢, 30" plenum, 1050 OF coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55
Fuel center-1ine temp., F
50 3211 4325 4574 4462 3639
5117 2156 2805 3012 2792 2724
8050 2076 2708 2930 2883 2651
13050 2028 2646 3030 3309 2990
16090 1999 2596 3233 3473 3274
18050 1980 2560 3310 3511 3325
18074 70 70 70 70 70
Clad 1.d./0.d. temp., °F
50 703/656  817/754 931/865 1027/969  1084/1044  1050/1050
5117 699/655 811/751 923/860 1019/963  1076/1038  1045/1045
8050 698/654  808/749 918/857 1012/958 1070/1032  1039/1039
13050 695/653  800/745 906/848 997/947  1053/1016  1022/1022
16090 693/652  796/741 899/843 989/940  1043/1008 1012/1012
18050 692/651  793/739 895/840 85/937  1037/1002  1005/1005
18074 70/70 70/70 70/70 70/70 70/70 70/70
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CASE 13

0.28" o.d. pin, 15 mil clad, constant ¢, 30" plenum, 1050 °F coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 55

Gap size, mils

50 2.039 1.070 0.676 1.030 2.320
5117 0 0 0 0 0
8050 0 0 0 0 0
13050 0 0 0.348 1.506 1.446
16090 0 0 1.065 2.771 3.573
18050 0 0 1.528 3.501 4.613
18074 2.392 2.508 3.804 4.629 5.557

Total clad o.d. change, % AD/D

50 0.608 0.722 0.846 0.959 1.035 1.020
5117 0.630 0.812 0.978 1.186 1.150 1.034
8050 0.679 0.942 1.220 1.527 1.262 1.049
13050 0.810 1.317 2.453 3.665 2.435 1.073
16090 0.905 1.538 3.233 5.106 3.640 1.086
18050 0.971 1.678 3.740 6.070 4.460 1.094
18074 0.317 0.947 2.885 5.085 3.421 0.104
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CASE 13

0.28" o.d. pin, 15 mil clad, constant ¢, 30" plenum, 1050 OF coolant outlet

Axial location, inches above bottom of active fuel

Time, hours 4 12 20 28 36 b5

Burnup, atom %

50 0.012 0.017 0.019 0.017 0.012
5117 2.354 3.353 3.675 3.353 2.354
8050 3.635 5.158 5.646 5.158 3.635

13050 5.813 8.197 8.956 8.197 5.813

16090 7.106 9.983 10.894 9.983 7.106

18050 7.927 11.110 12.114 11.110 7.927

18074 7.932 11.117 12.121 11.117 7.932
kW/ft

50 8.40 11.93 13.04 11.90 8.37

5117 8.02 11.32 12.36 11.30 7.98
8050 7.89 11.04 12.02 11.01 7.84
13050 7.66 10.56 11.36 10.46 7.59
16090 7.52 10.28 11.03 10.20 7.49
18050 7.43 10.11 10.85 20.03 7.42
18074 0 0 0 0 0
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APPENDIX I
PIN DIAMETER SELECTION

The selection of the fuel pin diameter is subjected to design and performance
criteria. The design criteria are:

- the outside flat-to-flat distance of the assembly should be less than 6 inches
- The fuel pin pitch-to-diameter ratio should be not Tess than 1.17.

The performance criteria consist of two groups: a) performance constraints, and
b) performance measures. The performance constraints are:

- sodium void reactivity of < $2.50
- doubling time of 15-16 year or less.

The performance measures used in addition to the above listed criteria in selecting
the optimum pin diamter are:

- fissile material gain per cycle
- fissile inventory

- burnup swing per cycle

- peak discharge burnup

- fuel cycle cost

This approach’ to optimize a fuel pin is somewhat more complex than the standard
optimizations which seek to minimize an objective function. The increased com-
plexity is a reflection of the complex problem of optimizing a quantity which is

constrained by data which are uncertain to some degree.

Ducts that are somewhat larger than 6 inches are not unfeasible.
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The p/d criterion is more substantive. For p/d ratios of less than 1.18, part of
the coolant flow will “stream" through the fuel bundle and not follow the wire
wrapping, thus reducing the cross flow. The mathematical modeling of the flow
conditions becomes more difficult and the difference between duct wall and average
cladding temperatures increases. This in turn increases bundle-duct interaction,
and reduces pin life.

A doubling time constraint, 15-16 years, is not violated by a doubling time of 16.1
years. The sodium void reactivity constraint of $2.50 is not violated by a system
which has a sodium void reactivity of $2.55. Both constraints are targets which
have to be approached as closely as possible.

The selection process is then carried further by comparing fuel cycle costs for
different systems. Here again, one has to realize that the parameters which effect
fuel cycle cost are very uncertain, too. Fabrication cost, reprocessing cost, cost
of waste disposal, and plutonium price are not much more than educated guesses.
Therefore, advantages in fuel cycle cost performance have to be substantial to be
significant.

The fissile material gain per cycle is an important parameter whenever large
supplies of plutonium exist, i.e., when the installation of LMFBRs is not
p]utpnium—]imited.

The fissile inventory requirements relate to the growth in a plutonium-Timited
economy as well as the fuel cycle cost. The higher the fissile inventory, the
higher the fuel cycle cost. The burnup swing per cycle is related to the number
of control rods needed in the primary and secondary system.

The peak discharge burnup finally relates to maximim achievable burnup based on
current irradiation experience.

Following is a discussion of the fuel pin optimization.
1. Duct Size

Varying the fuel pin diameter from 0.25 inches to 0.28 inches changed the duct
dimensions from 5.3 inches to 5.8 inches.
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Fuel Pin Pitch-to-Diameter Ratio

The variation in fuel pin diameter from 0.25 inches to 0.28 inches changes the

p/d ratio from 1.21 to 1.17 when the fuel bundle pressure drop is kept constant
at 72 psi. This means that the p/d ratio does not Tlimit the fuel pin diameter

selection.

Sodium Void Reactivity

The sodium void reactivity calculations were carried out in RZ geometry. They
were obtained from perturbation calculations which were corrected for the
difference between direct eigenvalue and perturbation calculations.

End-of-equilibrium cycle sodium void reactivities were determined for 2 and 3
year residence times for cores with 0.26, 0.27 and 0.28 inch fuel pins. The
following results were obtained.

Fuel 0.D., In. 0.26 0.27 0.28
$2.54 $2.48 $2.43 2 cycles
$2.80 $2.73 $2.65 3 cycles

The larger the fuel pin o.d., the lower is the sodium void reactivity. The
longer the residence time, the higher is the sodium void reactivity.

With approximately a $2.50 limit on sodium void reactivity, all 2 cycle cores
and the 3 cycle core with 0.28 inch fuel pins are feasibile. Three dimension-
al hexagonal-Z geometry calculations showed nearly 30¢ lower sodium void
reactivities than the RZ results for BOL conditions. For EOEC conditions,
this difference is expected to be smaller but still Targe enough to reduce

the $2.65 void reacitivity to the $2.50 range for the 0.28 inch fuel pins.
Doubling Time

The compound system doubling times for the three pin sizes are listed below:

Fuel 0.D., In. 0.26 0.27 0.28
16.7 16.6 16.6 2 cycles
15.7 15.5 15.5 3 cycles

It is known that heterogeneous cores show a broad minimum in doubling time vs.

fuel pin diameter plots. The above listed results bear out this earlier find-

ing. A one year reduction in doubling time is obtained when the fuel residence
time is increased from 2 cycles to 3 cycles.
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5. Fissile Material Gain per Cycle .
The gains in fissile material (kg) produced per cycle are listed below:

Fuel Pin 0.D., In. 0.26 0.27 0.28
295 310 324 2 cycles
277 293 308 3 cycles

As the pin diameter increases, the fissile gain per cycle increases, too.
Because of the higher fission product inventory, 3 cycle cores have lower
fissile gains than 2 cycle cores.

6. Fissile Inventory
The fissile inventories (kg) for the 6 different cores at BOEC conditions an
Tisted below:

Fuel 0.D., In. 0.26 0.27 0.28
4300 4497 4700 2 cycles
4398 4595 4800 3 cycles

As the fuel pin diameter increases, the fissile inventory increases. The
relative increase is less than the realtive increase in fuel volume since the
enrichment decreases. Extending the residence time from 2 to 3 cycles typically
increases the fissile inventory by 100 kg.

7. Burnup Swing per Cycle
The changes in fuel pin diameter also affect the burnup swing per cycle:

Fuel pin 0.D., In. 0.26 0.27 0.28
Burnup Swing, ak/k 0.007 0.006 0.005 2 cycles
’ 0.007 0.005 0.004 3 cycles

The larger the fuel pin diameter, the smaller the burnup swing. An increase
in residence time from 2 to 3 cycles reduces the burnup swing because of the
build-up of fissile material in the internal blanket assemblies which offsets
the increased fission product level.
3. Peak Discharge Burnup

The peak pellet discharge burnups for the different cores are:

Fuel Pin 0.D., In. 0.26 0.27 0.28
MWD/kg 85 78 72 2 cycles
124 115 107 3 cycles
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As the fuel pin diameter increases the peak burnup decreases. Going from a
2 cycle to a 3 cycle operation increases burnup by approximately 50%.

9. Fuel Cycle Cost
Fuel cycle costs were calculated for the various cores with different residence
times and fuel pin diameters. Fabrication costs were calculated for each
assembly using the HEDL-N factor formula. The costs were then normalized settina
the cost for the reactor with 0.28 inch pins and a 3 year residence time to
1.00. The relative costs are shown below:

Fuel Pin 0.D. In. 0.26 0.27 0.28
1.28 1.33 1.39 2 cycles
0.93 1.00 3 cycles

As the fuel pin diameter increases, fuel cycle costs increase slightly. These
differences, however, could be reduced by optimizing each design. The major
differences in fuel cycle costs occur when the fuel residence time is increased
from 2 to 3 cycles. This reduction is nearldy 30% and is far greater than any
savings coming from fuel pin or duct optimization.

In regard to fuel pin optimization, the following summary relates the
performance criteria to fuel pin size.

FAVORS FAVORS
PERFORMANCE CRITERION SMALL PINS INDIFFERENT LARGE PINS

Sodium Reactivity

Doubling Time

Fissile Material Gain/Cycle

Fissile Inventory X

Burnup Swing/Cycle

Peak Discharge Burnup X
Fuel Cycle Cost X

Clearly, large fuel pins have more advantages than disadvantages.
In regard to residence time both sodium void reactivity and peak discharge burnup

are adversely affected by an increase in residence time. But, for 0.28 inch fuel
pins both data are within accepted limits. The major advantage in going from a 2



year to a 3 year cycle is the reduction in fuel cycle cost.  While fuel inventary .
costs go slightly up and plutonium credit goes down somewhat, there are drastic ‘
reductions in fabrication and reprocessing costs.

Therefore, a 0.28 inch fuel pin with a 3 year residence time is selected as the
reference design/condition. Going to smaller pins would lead to a substantial
increase in sodium void reactivity. On the other hand, going to larger pins would
not jmprove the breeding performance significantly. The sodium void reactivity
could be further decreased. But, there are no obvious benefits to be derived.

Fissile inventory would increase and the p/d ratio would drop.well below 1.18.
Both are unfavorable design characteristics.




APPENDIX J
DISCRETE FUEL MANAGEMENT

J.1 Nuclear Analysis

As discussed in Section 4.1.3.1 the nuclear and the thermal-hydraulic performances
of the reactor analyzed in this report are based on the first cycle and an equili-
brium cycle where fresh and irradiated fuel are homogenized for the neutronic cal-
culations. To obtain a measure for the differences between this approach and a
discrete fuel management, a limited discrete fuel management analysis has been
performed for the first four cycles. This discrete fuel management has not been
optimized.

At the end of each cycle one third of the core fuel and internal blanket assemblies
and one fifth of the radial blanket assemblies are replaced with fresh assemblies.
The replacement is done in a scattered scheme and a 30° symmetry is conserved to
reduce computational cost. The core layout and the fuel management patterns
analyzed are shown in Figures J.1 to J.4. Two fresh fuel enrichment zones have
been used. The second enrichment zone consists of the last row of core fuel
assemblies and the enrichment split has been determined such that, at the end-of-
cycle, the power peaks in the two enrichment zones are equal. No control rods

are present in the reactor during burnup and the end-of-cycle keff is always equal
to 1.0000. Hexageonal-2D geometry has been used with an axial buckling to account
for axial leakage.

At the end of the third cycle, the core and internal blanket assemblies that are
discharged, one third of the total, have been irradiated for three cycles. This is
the first batch of assemblies that have reached EOL conditions. The core and
internal blanket assemblies discharged at the end of the fourth cycle are the
second batch of assemblies that have reached EOL conditions.

Average fuel enrichment, fissile inventories and fissile gain as well as breeding
ratios for the first four cycles and the equilibrium cycle are presented in Tables
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Figure J.2. Beginning of the second cycle



Figure J.3 Beginning of the third cycle
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Figure J.4. Beginning of the fourth cycle



J.1, J.2, and J.3, respectively. The results show that the core, internal blanket,
and radial blanket values of these quantities converge to their equilibrium values .
as we proceed from the first to the fourth cycle. The rate of convergence in-

creases as we move from the radial blanket to the internal blanket, to the core

and the whole reactor (in 2D hexagonal geometry).

Fresh feed-fuel enrichments and enrichment splits, the BOC control rod insertion

; patterns that minimize the BOC peak to average power density ratios, as well as

the BOC and EOC peak to average power density ratios are presented in Table J.4

The fresh feed-fuel enrichment splits (first enrichment zone/second enrichment
zone) vary from 1.000/0.931. to 1.000/1.336. The fresh feed-fuel enrichments vary
from 16.14% to 22.06%. Finally, the peak to average power density ratios vary from
1.48 to 1.67.

Nominal peak linear power ratings for .BOC and EOC conditions are given in Table
J.5. The maximum nominal peak linear power rating in the core is 14.2 kW/ft and
occurs at BOL. As has already been mentioned, only internal blanket assemblies
have reached EOL conditions. The maximum nominal value of the peak linear power
rating in the internal blanket is 16.4 kW/ft and occurs at the end of the third
cycle. Both maximum values of peak linear power ratings in the core and the
internal blanket are below the design limiting values of 15 kW/ft and 16.5 kW/ft,
respectively (Section 2.1).

Average and peak assembly discharge burnups are presented in Table J.6. The maxi-
mum peak discharge burnups for the core and internal blanket assemblies that reached
EOL conditions are 127,803 MWD/T and 29,463 MWD/T, respectively. The maximum

peak discharge burnup in the core is.~19% higher than the value determined from the
equilibrium ccycle analysis (Section 4.1.3.5). The maximum peak discharge burnup

in the internal blanket is ~12% Tower than the value determined from the equili-
brium cycle analysis.

J.2 Thermal-Hydraulic Analysis

As discussed in Section 4.2.4.3, the orificing strategy that is based on assigning

assemblies to orificing zones according to assembly peak pin power and on equaliz-

ing the peak cladding midwall temperatures, yields the lowest 2o peak cladding

midwall temperature. This orificing strategy has been used in the thermal-hydrau-

Tic analysis of the reactor for a discrete fuel management scheme. Since only four

cycles were analyzed, only two-thirds of the core and internal blanket assemblies .
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FISSILE ENRICHMENTS (%)

Table

J. 1

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Equilibrium
Reactor Region BOC ~ EOC | BOC  EOC | BOC  EOC | BOC  EOC | BOC  EOC
Inner Core 17.02 16.26 16.69 15.96 16.24 15.59 16.37 15.77 16.45 15.80
Middie Core 17.02 16.23 16.76 15.99 16.32 15.63 16.22 15.61 16.42 15.74
Outer Core 1 17.02 16.22 16.55 15.86 16.16 15.54 16.51 15.80 16.43 15.75
Outer Core 2 18.47 17.59 18.80 17.96 19.57 18.63 18.55 17.70 18.40 i7.58 ¢
Total Core 17.36 16.55 17.15 16.40 17.01 16.30 16.91 16.20 16.89 16.19
Internal Blanket 1 0.0 1.42 0.90 2.18 1.23 2.57 1.54 2.65 1.36 2.60
Internal Blanket 2 0.0 2.15 1.07 3.02 3.02 4.59 1.99 3.58 1.94 3.66
Internal Blanket 3 0.0 1.91 1.18 2.78 1.76 3.36 1.92 3.48 1.78 3.38
Internal Blanket 4 0.0 2.09 1.37 3.02 1.83 3.46 1.89 3.59 1.88 3.54
Total Internal Blanket 0.0 1.93 1.17 2.80 1.90 3.47 1.88 3.42 1.78 3.36
Radial Blanket 0.0 0.88 0.72 1.42 1.11 1.88 1.38 2.16 1.60 2.33
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Table J.2

FISSILE INVENTORIES AND FISSILE GAIN* (kg)

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Equilibrium
Reactor Region BOC ~ EOC  BOC  EOC  BOC  EOC  BOC  EOC  BOC  EOC

Fissile Inventories

Inner Core 462.2 428.7 444.3 412.4 427.2 398.3 431.2 404.7 434.3 405.6
Middle Core 924.4 854.4 893.7 825.7 860.3 - 799.2 848.2 794.3 865.5 805.6
Outer Core 1 1848.8 1707.9 1756.1 1633.8 1698.4 1588.4 1749.2 1624.4 1732.6 1614.1
Outer Core 2 1087.6 1007.3 1087.9 1012.0 1119.7 1036.5 1058.4 981.6 1054.2 980.3
Total Core 4323.0 3998.3 4182.0 3883.9 4105.6 3822.4 4087.0 3805.0 4086.6 3805.6
Internal Blanket ] 0.0 26.9 17.2 41.2 23.3 48.6 29.1 50.1 25.8 49.2
Internal Blanket 2 0.0 51.3 25.6 71.9 71.9 108.2 47.4 84.9 46.4 86.6
Internal Blanket 3 0.0 148.6 91.6 215.6 136.8 259.5 149.2 268.5 138.7 260.7
Internal Blanket 4 0.0 74.8 49.72 107.6 65.4 123.1 67.7 127.6 67.3 126.0
Total Internal Blanket 0.0 301.6 183.6 436.3 297.4 539.4 293.4 531.1 278.2 522.5
Radial Blanket 0.0 152.1 125.8 246.4 192.7 325.2 239.2 373.4 277.4 403.8

Total 4323.0 4452.0 4491.4 4566.6 4595.7 4687.0 4619.6 4709.5 4642.2 = 4731.9
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Reactor Region

Table J.2

FISSILLE INVENTORIES AND FISSILE GAIN* (kg) (continued)

*From 2D hexagonal calculations

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Equilibrium
BOC ~ EOC  BOC  EOC  BOC  EOC  BOC  EOC  BOC  EOC
Fissile Gain
129 75.2 97.3 89.9 89.7
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Reactor Region

Inner Core
Middle Core
Outer Core 1

Quter Core 2

Total Core

Internal Blanket 1
Internal Blanket 2
Internal Blanket 3

Internal Blanket 4

Total Internal Blanket

Radial Blanket

Total

Cycle 1
BOC  EOC
0.056 0.067
0.120 0.139
0.272 0.248
0.122 0.104
0.570 0.558
0.033 0.040
0.067 0.077
0.202 0.212
0.112 0.100
0.414 0.429
0.219 0.189
1.203 1.176

Tab

le J.3

BREEDING RATIOS

QO O o

Cycle 2 Cycle 3 Cycle 4 Equilibrium
BOC ~ EOC  BOC  EOC  BOC  EOC  BOC  EOC
.062 0.070 0.060 0.066 0,050 .060 0.055 0.063
.132 0.744 0.125 0.136 0.110 .126 0.119 0.131
.258 0.243 0.246 0.23] 0.262 .243 0.253 0.236
110 0.099 0.108 0.096 0.116 . 101 0.112 0.099
.562 0.556 0.539 0.529 0.538 .530 0.539 0.529
032 0.370 0.035 0.041 0.029 .036 0.033 0.039
.068 0.074 0.067 0.073 0.058 .067 0.064 0.071
.186 0.794 0.197 0.205 0.195 .203 0.196 0.204
.095 0.089 0.100 0.092 0.106 .098 0.103 0.095
. 381 0.394 0.399 0.411 0.388 .404 0.396 0.408
.180 0.162 0.209 0.187 0.218 .193 0.210 0.187
123 1.112 1.147 1.127 1.144 127 1.145 1.125




Table J.4

FRESH FEED-FUEL ENRICHMENTS, ENRICHMENT SPLITS, CONTROL
ROD INSERTION PATTERNS, AND PEAK TO AVERAGE POWER DENSITY RATIOS

Fresh Fuel
Enrichment Split
(Inner Zone/Outer
Zone)

Fresh Fuel Fissile
Enrichment

{Inner Zone/Outer
Zone)

Control Rod
Insertion Pattern
Row 11/Row 13

Peak/Average
Power Density
Ratio (BOC/EOC)

*EOEC

Cycle 1

1.000/1.085

17.02/18.47

1.0/9.873

1.484/1.511

Cycle 2

1.000/1.1777

17.59/20.70

1.000/9.873

1.598/1.670

J-11

Cycle 3

Cycle 4

Equilibrium

1.000/1.336

16.51/22.06

1.000/5.500

1.587/1.584

1.000/0.931

17.34/16.14

1.000/13.854

1.562/1.594

1.000/1.124

17.16/19.27

1.482*



Reactor Region

Core
Internal Blanket

Radial Blanket

*EOL

Table

dJ.

5

NOMINAL PEAK LINEAR POWER RATINGS (kW/ft)

Cycle ] Cycle 2 Cycle 3
BOC ~ EOC  BOC  EOC  BOC  EOC
14.2 13.6 14.1 13.9 13.9 12.8
4.8 9.6 10.2 13.8 13.2 16.4*
3.4 5.0 4.4 5.9 5.4 7.4

J-12

Cycle 4
BOC  EOC
13.7 12.8
12.7 15.6%
6.0 7.4




Cycle 1

Table J.6

Cycle 2

ASSEMBLY DISCHARGE BURNUPS
(MWD/T)

Cycle

Cycle

Subassembly Average Peak

Average

Peak

Average

Peak

Average

Peak

€42
€51
€52
€53
Co1
c72
C73
C74
€82
€83
C84
€101
€102
€103
€112
C114
C115
€116
121
C122
€123
C126
€132
C133
€134
€135

27230

28903

29014

25817

31348

25233
31437

30684

26539

35454

37529

37737

35346

42141

33997
44684

40894

34787

47534

57189

52756

47548

59967

48646

46515

CORE
66738

74460

73331

63714
79995

65940

71214

J-13

80650

77722

82859

77200

76617

69965

84482

75583

78071
74688

105974

100920

107634

105185

104008

91479

112825

98711

108010
100156

78672

82848

83582

75755

86513

73884
91288

83878

74167

102273

108738

109576

101284

116966

99646
127803

112313

98567



Table J.6

ASSEMBLY DISCHARGE BURNUPS (continued)

(MWD/T)
Cycle 1 Cycle 2 Cycle 3* Cycle 4%
Subassembly Average Peak Average Peak Average  Peak Average  Peak
CORE (continued)
C136 51146 67820
Cl44 22185 33459 67041 99925
C145 44303 65302
C146 64774 92756
C147 23534 34285 70576 102476
INTERNAL BLANKET

B11 2418 3120
B21 6244 9076
B31 2557 4026 12993 19914
B32 5575 8502
B62 22312 29463
B63 4386 5816 21192 28217
B81 9352 13467
B9 3795 5475 18283 26136
B92 16480 22545
B93 3256 4546 16331 21785
B94 14951 21454
B95 7956 11341
B104 8193 11393
B105 2786 3905 14560 20323
B113 4576 6296 20695 28228
B124 10756 14494
B125 18491 24538
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Table J.6

ASSEMBLY DISCHARGE BURNUPS (continued)

(MWD/T)
___Cycle 1 Cycle 2 Cycle 3% Cycle 4*
Subassembly Average Peak Average Peak Average Peak Average  Peak
RADIAL BLANKET
RB131 10480 17270
RB147 1286 2439
RB142 9148 16462
RB153 1451 2465
RB154 6944 12315
RB155 6042 10506
RB156 1575 3097
RB157 3827 6380
RB158 6722 11220
RB164 1288 2108
RB166 1122 1846
RB167 3383 5446
RB168 457 769

* AT1 core and internal blanket assemblies discharged at the end of cycles 3 and

4 have reached end of 1ife.

J-15



and none of the radial blanket assemblies reached EOL. For the assemblies that .

did not reach EOL conditions, EOL powers were obtained by extrapolating their power
history during the four cycles to EOL.

For each core assembly position, the peak pin power was determined during the four
cycles and the assembly position was assigned to an orificing zone according to
this peak pin power. For each blanket assembly position, the peak pin power at

EOL was determined and the assembly position was assigned to an orificing zone
according to this peak pin power. A total of nine orificing zones were used, i.e.,
three for the core, four for the internal and radial blankets, one for the radial
reflector, and one for the control assemblies. .The assignment of assemblies to
orificing zones is shown in Figure J.5.

Assembly coolant flow rates, coolant velocities, and assembly bundle pressure drops
are given in Table J.7. The flow fractions allocated to the core and blanket
assemblies are 72.4% and 27%, respectively. The flow fraction allocated tc control
and shield assemblies is equal to 0.6%. The maximum average coolant velocity is
22.8 ft/sec and occurs in the first core orificing zone. The maximum assembly
bundle average pressure drop is 54 psi and occurs in the first blanket orificing
zone.

Average assembly coolant temperatures, at the beginning and end of the four cycles
analyzed, at the top of the upper axial blanket are shown in Figures J.6 to J.13.
The peak average assembly coolant temperature at the top of the upper axial blanket
as well as the peak nominal and 2o cladding midwall temperatures are given in

Table J.8. The peak average assembly coolant temperature at the top of the upper
axial blanket is 1006° F and the peak nominal and 20 cladding midwall temperatures
are 1078° F and 1207° F, respectively.

Assembly duct wall temperatures and duct wall temperature differences at the
beginning and end of each cycle are shown in Figures J.14 to J.21. Maximum duct
wall temperature differences in the different reactor regions, at the beginning

and end of each cycle, are given in Table J.9. The maximum duct wall temperature
decreases in the core assemblies and increases in the blanket assemblies as we
proceed from the beginning of a cycle to the end of this cycie. The maximum duct wall
difference decreases in all reactor regions as we proceed from the beginning of a
cycle to the end of this cycle. The highest duct wall temperature and duct wall
temperature difference, for the core assemblies, occur at the beginning of the first

J-16
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Figure J.5, Assignment of assemblies to orificing zones



Orificing Zone

ASSEMBLY ASSIGNMENT TO ORIFICING ZONES BASED
ON PIN POWER, AND EQUAL PEAK CLADDING MIDWALL TEMPERATURES

Assembly Coolant
Flow Rate (Tbm/hr)

TOTAL FLOW

268,016
245,217
221,826
164,812
123,890
77,636
48,498
2,108
10,670

116,463,258

Assembly Average
Coolant Velocity

Assembly Rundle
Average Pressure
Drop (psi)




Orificing based on pin power and equal peak cladding midwall
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Orificing based on pin power and equal peak cladding midwall
J-20

.

Figure J.7. Average coolant temperature (OF) at EOC1 at the top of the upper

axial blanket
temperatures)
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Orificing based on pin power and equal peak cladding midwall
Jd-22

(

Average coolant temperatures (°F) at EOC2 at the top of the upper

Figure J.9.
axial blanket.
temperatures)
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Orificing based on pin power and equal peak cladding midwall
J-24

Average coolant temperatures (OF) at EOC3 at the top of the upper

(

Figure J.11.
axial blanket.
temperatures)
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Average coolant temperatures (OF) at BOC4 at the top of the upper
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Figure J.1
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Table J.8

PEAK ASSEMBLY COOLANT TEMPERATURES, NOMINAL AND
20 PEAK CLADDING MIDWALL TEMPERATURES (OF)

Coolant Cladding Midwall
Nominal 2g
Discrete Fuel Management 1006 1078 1207
Analysis Based on BOL
and EQEC Conditions 1002 1088 1220
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ARLL TEMPERATURES BOCT FOR GEOM28 Z2=/0.0

. Figure J.14 Average duct wall temperatures (°F) and maximum duct wall temperature
differences (“F) at BOC1 at the top of the upper axial blanket
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WNALL TEMPERATURES —0C1D FOR GEOM28 Z=70.0

. Figure J.15. Average duct wall temperatures (OF) and maximum duct wall temperature
differences (" F) at EOC1 at the top of the upper axial blanket
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NALL TEMPERATURES BOCZ FOR GEOM2B Z2=70.C0

. Figure J.16 Average ductowaH temperatures (OF) and maximum duct wall temperature
differences ("F) at BOC2 at the top of the upper axial blanket
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WALL TEMPERATURES EOC2 FOR GEOM28 Z=7/C.0

- -..I
(/(ﬁ%'l g

. Figure J.17 Average duct Haﬂ temperatures (OF) and maximum duct wall temperature
differences (“F) at EOC2 at the top of the upper axial blanket
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Figure J.18 Average duct gaﬂ temperatures (OF) and maximum duct wall temperature
. differences (“F) at BOC3 at the top of the upper axial blanket
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WALL TEMPERATURES COCS TOR GEOMZ2E Z=70.0
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temperatures (OF) and maximum duct wall temperature

' Figure J.19 Average duct wall
differences (°F) at EOC3 at the top of the upper axial blanket
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Figure J.20 Average duct ga11 temperatures (OF) and maximum duct wall temperature
differences (°F) at BOC4 at the top of the upper axial blanket
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WALL TEMPERATURES F0C4 FOR LEOM28 Z=7/0.0

faAdA

temperature (OF) and maximum duct wall temperatures

. Figure J.21 Average duct ga]]
differences (F) at EOC4 at the top of the upper axial blanket
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Reactor Region

Core
Internal Blanket

Radial Blanket

Core
Internal Blanket

Radial Blanket

Table

J.9

MAXIMUM DUCT WALL TEMPERATURES AND DUCT WALL TEMPERATURE DIFFERENCES

BOL

915.0
804.0
801.2

161.3
127.7
144.8

EQEC

869.6
844.8
819.2

93.4
55.5
94.3

BOC1

EOC1

BOC?

EQC2

Duct Wall Temperatures (OF)

904.4
812.1
785.5

Duct Wall Temperature Differences (OF)

895.6
848.2
798.6

887.1
859.9
799.2

148.8
131.1
135.3

141.9
112.8
133.0

101.6
79.3
93.1

B0C3

893.8
861.6
810.9

126.9
109.2
136.3

EOC3 BOC4 EQC4
870.3 892.0 879.1
873.4 849.3 866.9
827.5 810.1 816.8
87.9 123.8 85.6
72.6 126.2 73.8
106.5 115.6 102.4



cycle and they are 904° F and 149° F, respectively. In the blanket assemblies, the
highest duct wall temperature occurs at EOL conditions and the highest duct wall
temperature difference occurs at the beginning of the first cycle. Thus, the
highest duct wall temperature for the internal blanket assemblies occurs at the end
of the third cycle in an assembly that has reached end of 1ife and is 873° F. The
higest duct wall temperature differences in the internal and radial blankets are
131° F and 135° F, respectively. These trends are easily explained by noting that:
a) the maximum core power fraction and the minimum blanket power fraction occur at
the beginning of the first cycle, and b) in a blanket assembly, the maximum power
production occurs at EOL conditions.

For the same orificing strategy, a comparison of the results obtained from the
analysis based on discrete fuel management with the results obtained from the
analysis that was based on BOL and EOEC conditions (Section 4.2), shows the
following:

1. The assignment of assemblies to orificng zones is different for ~16% of the
core and blanket assemblies (Figures 4.2.2.2.2 and J.5).

2. Discrete fuel management gives about 4% higher maximum assembly bundle
average pressure drop (Tables 4.2.4.5.1 and J.7).

3. The difference in peak assembly coolant temperatures is negligible (40 F,
Table J.8).

4, The difference in peak nominal and 2¢ cladding midwall temperatures is small
(10° F and 13° F, respectively, Table J.8).

5. The difference in the highest duct wall temperatures and duct wall tempera-
ture differences is ~11° F and ~13° F, respectively (Table J.9).

6. If individual cycle information is not needed, the analysis based on BOL and
EOEC conditions is adequate and requires much less manpower and computation

“time than the cycle-to-cycle analysis.
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APPENDIX K
STRAIGHT BURN VS. MULTI-BATCH FUEL MANAGEMENT

Reactor performance characteristics such as:

fissile inventory

fissile gain

doubling time

fuel cycle cost

sodium void reactivity and

- O A O T @

cladding temperatures

are dependent on the fuel management scheme. To investigate the impact of the
fuel management scheme on the performance of the 0.28 inch fuel pin diameter de-
sign, in addition to the reference scheme discussed in Section 4.1.3.7, the
nuclear and thermal-hydraulic performance of the reactor was analyzed for the
following schemes:

a. two and three-year straight burn of the core and internal blanket fuel, and
b. refueling every year; core and internal blanket fuel residence time of two
years.

In the first case, the radial blanket fuel residence time was six years and at the
end of each cycle one third, for two-year straight burn, and one half, for three-
year straight burn, of the irradiated radial blanket fuel was replaced with fresh
fuel. In the second case, the radial blanket fuel had a residence time of five
years and at the end of each cycle one fifth of it was replaced with fresh fuel. 1In
all cases the assembly design is the same as for the reference design which was
based on core and internal blanket fuel residence times of three years, radial
blanket fuel residence time of five years, and refueling every year. The capacity
factor is 70% for the partial core refueling case.and 77.5% and 80% for the two-year
and three-year straight burn cores, respectively. For comparison purposes, the
results of this analysis are presented together with the corresponding results of
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the analysis for the reference design.
K.1 Nuclear Analysis

Average fissile fuel enrichments for BOL, BOEC, and EOEC conditions are given in
Tables K.1 to K.4. Fissile inventories for the same conditions are given in Tables
K.5 to K.8.

The equilibrium cycle fresh fuel feed enrichment increases with core fuel residence
time. The two-year fuel residence-time core with refueling every year has the
Towest fresh fuel feed enrichment, 17.06%, and the three-year fuel residence-time
core with straight burn has the highest fresh fuel feed enrichment, 17.35%. The
straight burn reactors have lower BOEC inventories than the corresponding partial
refueling reactors. The three-year core fuel residence-time reactor with straight
burn has the lowest BOEC fissile inventory, 4,573.7 kg, and its corresponding
partial refueling reactor has the highest BOEC fissile inventory, 4,761.6 kg.

The fractions of power produced in the different reactor regions are given in
Tables K.9 to K.12. The power swing from the core zones to the internal blanket
zones increases with fuel residence time and with switching from partial refueling
to straight burn. Thus, the two-year fuel residence-time core with refueling
every year has the smallest swing and the three-year straight burn core has the
maximum swing. In the first case, the fraction of power produced in the

internal blankets increases from 6.35% at BOL to 15.19% at EOEC. In the second
case, the fraction of power produced~in the internal blankets increases from 5.99%
at BOEC to 23.59% at EOEC.

Peak to average power density ratios for each reactor zone, as determined from
RZ calcualtions, are given in Tables K.13 to K.16. The fresh fuel enrichement
and the BOL control rod distribution that minimize the power peaking factor at
BOL and EOEC conditions as well as the core power peaking factor at the same
conditions are given in Table K.17. 1In all cases two enrichment zones have been
used. The second enrichment zone consists of the outer ring of core assemblies
and the rest of the core assemblies belong to the first enrichment zone. In all
cases the peak to average power density ratio is ~1.5%. For the cores that are
partially refueled every year, control rings 7 and 11 were used as a primary
system.

K-2



Table K.1

AVERAGE FISSILE ENRICHMENTS® (%)

(Core Fuel Residence Time of Three Years, Refueling Every Year)

Reactor Region BOL BOECP EOEC
Core 17.12 16.46 15.82
Internal Blanket 1 0.00 1.08 2.07
Internal Blanket 2 0.00 1.51 2.84
Internal Blanket 3 0.00 1.35 2.55
Internal Blanket 4 0.00 1.33 2.51
Axial Blanket 0.00 0.61 1.18
Radial Blanket 0.00 0.98 1.43

%Enrichment = izPu : EZ;P” ¥ 247 ¥ 0847 ¥735 + 238 'lli—g
3py, Pu Pu Pu pu T <0y 9

bEresh fuel feed enrichment = 17.17




Table

K.2

AVERAGE FISSILE ENRICHMENT® (%)

{Core Fuel Residence Time of Two Years, Refueling Every Year)

Reactor Region BOL BOECP EOEC
Core 17.12 16.69 16.00
Internal Blanket 1 0.00 0.53 1.52
Internal Blanket 2 0.00 0.78 2.20
Internal Blanket 3 0.00 0.70 1.98
Internal Blanket 4 0.60 0.73 2.06
Axial Blanket 0.00 0.31 0.90
Radial Blanket 0.60 1.04 1.52
*Enrichment - gipu : ijépu AT LT e ol 1

Pu Pu Pu Pu U u "

bFresh fuel feed enrichment = 17.06



Table K.3

AVERAGE FISSILE ENRICHMENTa (%)
(Two-Year Straight Burn)

Reactor Region BOEC EQEC
Core 17.12 15.61
Internal Blanket 1 - 2.11
Internal Blanket 2 - 3.00
Internal Blanket 3 —— 2.75
Internal Blanket 4 -—— 2.87
Axial Blanket -— 1.29
Radial Blanket 1.40 2.18
239Pu + 24]Pu kg

a .
Enrichment =
239Pu + 240Pu + 241Pu + 242Pu + 235U + 238U kg



Table K.4

AVERAGE FISSILE ENRICHMENTS® (%)

(Three-Year Straight Burn)

Reactor Region BOEC EOEC
Core 17.35 15.19
Internal Blanket 1 0.00 3.25
Internal Blanket 2 0.00 4.31
Internal Blanket 3 0.00 3.94
Internal Blanket 4 0.00 3.89
Axial Blanket 0.00 1.94
Radial Blanket 0.84 2.33
239, + 241
a . - Pu Pu k
Enrichment = xg
239Pu + 240Pu + 241Pu + 242Pu + 235U + 238U kg



Tabl

e K.5

FISSILE INVENTORIES, kg.
(Core Fuel Residence Time of Three Years, Refueling Every Year)

REACTOR REGION BOL BOEC EOEC

Inner Core 458.6 426.6 396.9
Middle Core 917.3 850.8 789.5
Outer Core 2884.8 2706.3 2536.9
TOTAL CORE 4260.7 3983.7 3723.3
Internal Blanket 1 0.0 35.9 68.6
Internal Blanket 2 0.0 63.3 118.3
Internal Blanket 3 0.0 183.7 346.1
Internal Blanket 4 0.0 83.5 157.2
TOTAL INTERNAL BLANKET 0.0 366.4 690.2

Axial Blanket .0 114.6 223.7
Radial Blanket 0 296.9 435.1
TOTAL REACTOR 4260.7 4761.6 5072.3



Table K.6

FISSILE INVENTORIES, kg

(Core Fuel Residence Time of Two Years, Refueling Every Year)

REACTOR REGION BOL BOEC EOEC
Inner Core 458.6 440.5 409.8
Middle Core 917.3 879.4 815.4
Outer Core 2884.8 2775.5 2590.2
TOTAL CORE 4260.7 4095.4 3815.4
Internal Blanket 1 0.0 17.6 50.4
Internal Blanket 2 0.0 32.7 91.6
Internal Blanket 3 0.0 95.5 269.6
Internal Blanket 4 0.0 45.9 128.9
TOTAL INTERNAL BLANKET 0.0 191.7 540.5
Axial Blanket 0.0 57.9 169.4
Radial Blanket 0.0 316.3 462.8
TOTAL REACTOR 4760.7 4661.3 4988.1



Table K.7

FISSILE INVENTORIES, kg
(Two-Year Straight Burn)

REACTOR REGION BOL BOEC EOEC

Inner Core 458.5 393.1
Middie Core - 917.3 780.0
Outer Core 2884.8 2479.0
TOTAL CORE 4260.7 3652.1
Internal Blanket 1 0.0 69.8
Internal Blanket 2 0.0 124.7
Internal Blanket 3 0.0 373.3
Internal Blanket 4 0.0 179.2
TOTAL INTERNAL BLANKET 0.0 747.0
Axial Blanket 0.0 243.5
Radial Blanket 348.9 660.0
TOTAL REACTOR 4609.6 5303.5
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Table K.8

FISSILE INVENTORIES, kg
(Three-Year Straight Burn)

REACTOR REGION BOEC EOEC

Inner Core 465.0 366.0
Middle Core 930.0 725.1
Outer Core 2924.8 2351.1
TOTAL CORE 4319.8 3442.2
Internal Blanket 1 0.0 107.2
Internal Blanket 2 0.0 177.6
Internal Blanket 3 0.0 530.7
Internal Blanket 4 0.0 241.0
TOTAL INTERNAL BLANKET 0.0 1056.5
Axial Blanket 0.0 366.1
Radial Blanket 253.9 705.1
TOTAL REACTOR 4573.7 5569.9
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(Core Fuel Residence Time of Three Years, Refueling Every Year)

Table K.9
POWER DISTRIBUTION® (%)

REACTOR REGION

Inner Core
Middle Core
Quter Core

TOTAL CORE

Internal Blanket 1
Internal Blanket 2
Internal Blanket 3
Internal Blanket 4

TOTAL INTERNAL BLANKET
Axial Blanket

Radial Blanket
Radial Reflector

aY—heating included

FIRST CYCLE

EQUILIBRIUM CYCLE

BOC EOC BOC EOC
9.83 9.96 9.33 9.21
20.69 20.63 19.60 19.13
59.44 51.04 52.61 46.49
89.96 81.63 87.54 74.83
0.43 0.96 0.88 1.39
1.21 2.66 2.37 3.50
2.77 6.20 5.79 8.72
1.94 3.35 3.22 4.16
6.35 13.17 12.26 17.77
1.36 2.09 2.05 2.78
2.12 2.90 3.93 4.39
0.21 0.21 0.22 0.23
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Table K.10

POWER DISTRIBUTION? (%)
(Core Fuel Residence Time of Two Years, Refueling Every Year)

REACTOR REGION FIRST CYCLE EQUILIBRIUM CYCLE
BOC EOC BOC EOC
Inner Core 9.83 9.96 3.96 9.17
Middle Core 20.69 20.63 19.11 19.20
Quter Core 59.44 571.04 56.35 48.93
TOTAL CORE 89.96 81.63 84,42 77.30
Internal Blanket 1 0.43 0.96 0.60 1.09
Internal Blanket 2 1.21 2.66 1.71 2.94
Internal Blanket 3 2.77 6.20 4,23 7.31
Internal Blanket 4 1.94 3.35 2.70 3.85
TOTAL INTERNAL BLANKET 6.35 13.17 9.24 15.19
Axial Blanket 1.36 2.09 1.69 2.40
Radial Blanket 2.12 2.90 4.42 4,88
Radial Reflector 0.21 0.21 0.23 0.23

aY-heating included

K-12



Table

POWER DISTRIBUTION® (%)
{Two-Year Straight Burn)

K. 1

REACTOR REGION BOL BOEC EOEC

Inner Core 9.98 8.16 8.89
Middle Core 20.93 17.87 18.56
OQuter Core 59.17 61.40 45.10
TOTAL CORE 90.08 87.43 72.55
Internal Blanket 1 0.43 0.36 1.38
Internal Blanket 2 1.21 1.02 3.55
Internal Blanket 3 2.74 2.57 9.06
Internal Blanket 4 1.92 1.98 4.44
TOTAL INTERNAL BLANKET 6.30 5.93 18.43
Axial Blanket 1.34 1.31 2.87
Radial Blanket 2.08 51.0 5.19
Radial Reflector 0.20 0.23 0.24

ay— heating included
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Table

POWER DISTRIBUTION® (%)

(Three-Year Straight Burn)

K.12

REACTOR REGION BOEC EOEC

Inner Core 8.63 8.65
Middle Core 18.68 17.81
OQuter Core 60.98 40.45
TOTAL CORE 88.29 66.91
Internal Blanket 1 0.37 2.04
Internal Blanket 2 1.06 4.58
Internal Blanket 3 2.60 11.93
Internal Blanket 4 1.96 5.04
TOTAL INTERNAL BLANKET 5.99 23.59
Axial Blanket 1.31 3.73
Radial Blanket 4.17 5.53
Radial Reflector 0.24 0.24

ay-heating included
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Table K.13

PEAK/AVERAGE POWER DENSITY RATIOS
(Core Fuel Residence Time of Three Years, Refueling Every Year)

REACTOR REGION FIRST CYCLE EQUILIBRIUM CYCLE
BOC EOC BOC EOC
Inner Core 1.328 1.301 1.302 1.279
Middle Core 1.348 1.310 1.308 1.272
OQuter Core 1.439 1.450 1.428 1.456
TOTAL CORE 1.420 1.517 1.441 1.492
Internal Blanket 1 3.600 3.110 3.095 2.830
Internal Blanket 2 2.184 2.234 2.211 2.175
Internal Blanket 3 2.599 2.414 2.398 2.326
Internal Blanket 4 2.074 2.218 2.178 2.198
Axial Blanket 3.068 3.203 2.931 3.160
Radial Blanket 4.946 4,794 4.680 4,527
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Table K.14

PEAK/AVERAGE POWER DENSITY RATIOS
(Core Fuel Residence Time of Two Years, Refueling Every Year)

REACTOR REGION FIRST CYCLE EQUILIBRIUM CYCLE
BOC EQC BOC EOC
Inner Core 1.328 1.301 1.318 1.293
Middle Core 1.348 1.310 1.321 ~1.290
Outer Core 1.439 1.450 1.421 1.427
TOTAL CORE 1.420 1.517 1.410 1.469
Internal Blanket 1 3.600 3.110 3.209 2.919
Internal Blanket 2 2.184 2.234 2.220 2.213
Internal Blanket 3 2.599 2.414 2.516 2.338
Internal Blanket 4 2.074 2.218 2.148 2.206
Axial Blanket 3.068 3.203 3.070 3.432
Radial Blanket 4.946 4.794 4.707 4.547
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Table K.15

PEAK/AVERAGE POWER DENSITY RATIOS
(Two-Year Straight Burn)

REACTOR REGION BOEC EOEC
Inner Core 1.332 1.274
Middle Core 1.337 1.268
Outer Core 1.405 1.432
TOTAL CORE 1.467 1.484
Internal Blanket 1 3.616 2.757
Internal Blanket 2 2.201 2.207
Internal Blanket 3 2.876 2.332
Internal Blanket 4 2.139 2.218
Axial Blanket 3.483 3.232
Radial Blanket 4,357 4,008
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Table K.16

PEAK/AVERAGE POWER DENSITY RATIOS
(Three-Year Straight Burn)

REACTOR REGION BOEC EOEC
Inner Core 1.332 1.243
Middle Core 1.338 1.229
Outer Core 1.416 1.480
TOTAL CORE 1.454 1.500
Internal Blanket 1 3.470 2.538
Internal Blanket 2 2.178 2.095
Internal Blanket 3 2.677 2.254
Internal Blanket 4 2.090 2.163
Axial Blanket 3.380 3.445
Radial Blanket 4.760 4,230
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Table K.17

FRESH FUEL ENRICHMENTS®, CONTROL ROD INSERTION
PATTERN, AND PEAK/AVERAGE POWER DENSITY RATIOS

Core Fuel Residence Time of Two Years, Refueling Every Year

BOL Equilibrium Cycle
Fresh Fuel Enrichments
Zone 1/Zone 2 0.1702/0.1847 0.1702/0.1854
Control Rod Insertion Pattern
Row 11/Row 7 9.873/1.0
Peak/Average Power Density b
Ratio 1.484 1.503

Core Fuel Residence Time of Three Years, Refueling Every Year

Fresh Fuel Enrichments

Lone 1//one 2 0.1702/0.1847 0.1716/0.1927
Control Rod Insertion Pattern
Row 11/Row 7 9.873/1.0
Peak/Average Power Density b
Ratio 1.484 1.482

Two-Year - Straight Burn

Fresh Fuel Enrichments

lone 1/Zone 2 0.1715/0.2092 0.1709/0.1953
Control Rod Insertion Pattern
Row 11/Row 13 12.0/1.0
Peak/Average Power Density b
Ratio 1.547 1.485
239Pu + 241Pu K

a . _ K9
Envrichment =
239Pu + 240Pu + 24]Pu + 242, + 235U + 238U kg

Pu

beoEc



For the two-year straight burn core, control rings 11 and 13 had to be used as a
primary system to optimize the BOL power distribution. As discussed later, the ‘
three-year straight burn reactor has a sodium void reactivity well above the de-

sign objective of $2.50 and consequently, power shape optimization has not been

performed for this design option.

Average and peak discharge burnups per reactor regions are given in Table K.18.
The core fuel peak discharge burnup increases with fuel residence time and with
switching from partial refueling to straight burn. Thus, the two-year fuel
residence-time core with refueling every year, has the lowest peak discharge burn-
up, 72,724 ‘MWD/T, and the three-year straight burn .core has the maximum peak dis-
charge burnup, 121,409 MWD/T. The internal blanket fuel peak discharge burnup
follows the same trend and varies from 17,610 MWD/T to 38,414 MWD/T, respectively.

Region-wise breeding ratios are given in Tables K.19 to K.22. Fissile inventories,
fissile gain, compound system doubling time, and relative fuel cycle cost are
presented in Table K.23. The average breeding ratio of the equilibrium cycle
decreases with core fuel residence time and with switching from partial refueling
to straight burn. The reactor that has a two-year core and internal blanket fuel
residence~-time with refueling every year, has the Targest equilibrium cycle aver-
age breeding ratio, 1.431, and the three-year straight burn reactor has the small-
est equilibrium cycle average breeding ratio, 1.386. The BOEC fissile inventory
increases with core fuel residence time in the case of the cores that are partially
refueled every year. The fissile gain shows the opposite trend. For straight
burn, the BOEC fissile inventory defreases and the fissle gain increases with core
fuel residence time. Finally, for the same refueling scheme, the compound system
doubling time decreases as the core fuel residence time increases. The straight
burn reactors have & lower compound system doubling time than the partially re-
fueled reactors and the three-year straight burn reactor has the lowest compound
system doubling time, 13.07 years.

Fuel cycle cost decreases as the core fuel residence time increases, and as partial
refueling is replaced by straight burn. Thus, the reactor that has a two-year core
fuel residence time with refueling every year, has the highest fuel cycle cost,

and the three-year straight burn reactor has the lowest fuel cycle cost.

Flowing sodium void reactivities are presented in Tables K.24 to K.26. Both
straight burn reactors have higher EOEC sodium void reactivities than the partially
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Table K.18

AVERAGE AND PEAK DISCHARGE BURNUPS

(MWD/T)

Core Fuel Residence
Time of Two Years,
Refueling Every Year

Core Fuel Residence

Time of Three Years,
Refueling Every Year

Two-Year

Straight Burn

Three-Year

Straight Burn

Average Peak Average Peak Average Peak Average Peak
Core 50520 72724 73200 107340 55090 81285 82200 127409
Internal Blanket 1 3410 10448 7130 21120 3800 12109 8540 25654
Internal Blanket 2 7943 17610 15350 33660 8810 19417 17980 38414
Internal Blanket 3 5913 14351 11450 27040 6740 17551 13780 33975
Internal Blanket 4 7535 16410 12870 28620 8650 18844 15340 32621
Axial Blanket 1340 4360 2470 7520 1530 5137 2980 10169
Radial Blanket 5289 24460 4710 21690 8750 35844 7860 35331




Table K. 19

BREEDING RATIOS

(Core Fuel Residence Time of Three Years, Refueling Every Year)

REACTOR REGION BOL BOEC FOEC
Inner Core 0.067 0.065 0.067
Middle Core 0.138 0.136 0.138
Outer Core 0.380 0.347 0.319
TOTAL CORE 0.585 0.548 0.524
Internal Blanket 1 0.046 0.047 0.051
Internal Blanket 2 0.093 0.090 0.091
Internal Blanket 3 0. 266 0.260 0.260
Internal Blanket 4 0.138 0.124 0.114
TOTAL INTERNAL BLANKET 0.543 0.521 0.516
Axial Blanket 0.151 0.149 0.151
Radial Blanket 0.230 0.213 0.192
REACTOR TOTAL 1.509 1.431 1.383
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Table K.20

BREEDING RATIOS
{Core Fuel Residence Time of Two Years, Refueling Every Year)

REACTOR REGION BOL BOEC EQEC
Inner Core 0.067 0.062 0.066
Middle Core 0.138 0.131 0.137
Outer Core 0.380 0.367 0.333
TOTAL CORE 0.585 0.560 0.536
Internal Blanket 1 0.046 0.044 0.049
Internal Blanket 2 0.093 0.086 0.090
Internal Blanket 3 0.266 0.255 0.258
Internal Blanket 4 0.138 0.132 0.118
TOTAL INTERNAL BLANKET 0.543 0.517 0.515
Axial Blanket 0.151 0.148 0.149
Radial Blanket 0.230 0.231 0.205
REACTOR TOTAL 1.509 1.456 1.405
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Table K.21

BREEDING RATIOS

(Two-Year Straight Burn)

REACTOR REGION BOEC EOEC

Inner Core 0.055 0.065
Middle Core 0.119 0.135
Outer Core 0.389 0.314
TOTAL CORE 0.563 0.514
Internal Blanket 1 0.038 0.050
Internal Blanket 2 0.078 0.089
Internal Blanket 3 0.246 0.255
Internal Blanket 4 0.140 0.111
TOTAL INTERNAL BLANKET 0.502 0.505
Axial Blanket 0.145 0.149
Radial Blanket 0.254 0.196
REACTOR TOTAL 1.464 1.364
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Table K.22

BREEDING RATIOS

(Three-Year Straight Burn)

REACTOR REGION BOEC EOQEC
Inner Core 0.057 0.066
Middle Core 0.122 0.137
Outer Core 0.380 0.333
TOTAL CORE 0.559 0.536
Internal Blanket 1 0.040 0.054
Internal Blanket 2 0.081 0.088
Internal Blanket 3 0.249 0.255
Internal Blanket 4 0.138 0.102
TOTAL INTERNAL BLANKET 0.508 0.499
Axial Blanket 0.145 0.152
Radial Blanket 0.244 0.177
REACTOR TOTAL 1.456 1.315
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Table K.23

FISSILE INVENTORY, FISSILE GAIN, AND COMPOUND SYSTEM DOUBLING TIME

Refueling Every Year

Straight Burn

Core Fuel Residence Core Fuel Residence

Time of Two Years Time of Three Years Two Years Three Years
BOEC EOEC BOEC EOEC BOEC EQEC BOEC EQEC

Fissile Inventory (kg)
Core 4095.4 3815.4 3983.8 3723.3 4260.7 3652.1 4319.8 3442.2
Internal Blanket 191.7 540.5 366.4 690.2 -- 747.0 - 1056.5
Axial Blanket 57.9 169.4 114.6 223.7 -- 243.5 - 366.1
Radial Blanket 316.3 462.8 296.8 435.1 348.9 660.9 253.9 705.1
TOTAL REACTOR 4661.3 4983.1 4761.6 5072.3 4609. 6 5303.5 4573.7 5569.9
Fissile Gain (kg)/
Cycle 326.8 310.7 693.9 996.2
CSDT (years) 16.30 15.7 14.46 13.07
Relative Fuel Cycle Cost 1.00 0.72 0.86 0.57




Table K.

24

FLOWING SODIUM VOID REACTIVITIES (%)
(Core Fuel Residence Time of Three Years, Refueling Every Year)

REACTOR REGION BOL EQEC
Perturbation Results
Inner Core 0.208 0.396
Middle Core 0.438 0.886
Quter Core 0.806 1.316
TOTAL CORE 1.452 2.598
Internal Blanket 1 0.006 0.041
Internal Blanket 2 0.204 0.268
Internal Blanket 3 0.406 0.553
Internal Blanket 4 0.266 0.247
TOTAL INTERNAL BLANKET 0.882 1.109
Radial Blanket -0.226 -0.140
Axial Blanket -0.190 -0.178
Core and Upper Axial Blanket 1.357 2.509
Corrected*
Core and Upper Axial Blanket 1.322 2.575

*Section 4.1.3.8
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Table K.25

FLOWING SODIUM VOID REACTIVITIES ($)
(Core Fuel Residence Time of Two Years, Refueling Every Year)

REACTOR REGION BOL EQEC
Perturbation Results
Inner Core 0.208 0.335
Middle Core 0.438 0.768
Outer Core 0.806 1.280
TOTAL CORE 1.452 2.383
Internal Blanket 1 0.006 0.028
Internal Blanket 2 0.204 0.244
Internal Blanket 3 0.406 0.499
Internal Blanket 4 0.266 0.254
TOTAL INTERNAL BLANKET 0.882 1.025
Radial Blanket -0.226 -0.157
Axial Blanket -0.190 -0.183
Core and Upper Axial Blanket 1.357 2.291
Corrected*
Core and Upper Axial Blanket 1.332 2.372

*Section 4.1.3.8
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Table K.26

EOEC FLOWING SODIUM VOID REACTIVITIES ($)
(Straight Burn)

RESIDENCE TIME

REACTOR REGION

2 Years

Years

Inner Core
Middle Core
Outer Core

TOTAL CORE

Internal Blanket 1
Internal Blanket 2
Internal Blanket 3
Internal Blanket 4

TOTAL INTERNAL BLANKET

Radial Blanket
Axial Blanket
Core and Upper Axial Blanket

Core and Upper Axial Blanket

*Section 4.1.3.8
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Perturpation Results

.394

0.917
1.445

o O o o

—_

.756

.041
.265
.558
.251

.115

.124

.176
.668

.738

Corrected*

.519
.186
.b41

.246

.077
L3N
.680
241

.309

.093

.158
.167

.222



refueled reactors. Especially, the three-year straight burn reactor has an EOEC .
reactivity of $3.22 which is much higher than the design objective of $2.50. The

reactor with a two-year core fuel residence time and refueling every year, has the
Towest EQEC sodium void reactivity, $2.37.

Since the sodium void reactivity of the three-year straight burn option is much
higher than the design objective of $2.50, this option will not be analyzed any
further.

K.2 Thermal-Hydraulic Analysis

As discussed in Section 4.2.4.3, the orificing strategy that is based on assigning
assemblies to orificing zones according to assembly peak pin power and on equalizing
the peak cladding midwall temperatures yields the lowest 2o peak cladding midwall
temperature. This orificing strategy has been used in the thermal-hydraulic
analysis of the 0.28 inch fuel pin diameter design for the fuel management schemes
investigated in this Appendix; i.e.,

a. Two years straight burn of the core and internal blanket fuel and,
b. Refueling every year, core and internal blanket fuel residence time of two
years.

The methodology used in this analysis is the same one discussed in Section 4.2.4.
For comparison purposes, the results of this analysis are presented together with
the corresponding results of the analysis for the reference design.

The assignment of assemblies to orificing zones is shown in Figures K.1 to K.3.
Assembly coolant flow rates, coolant velocities, and assembly bundle pressure drops
are given in Tables K.27, K.28, and K.29, respectively. The flow split among the
different reactor regions depends on the fuel management scheme. Since the power
swing from the core to the blanket assemblies increases as the core and blanket

fuel residence time increases, the flow fraction allocated to the blanket assemblies
also increases as the core and internal blanket fuel residence time increases from
two to three years. Thus, for the reactors that are refueled every year, increasing
the core and internal blanket fuel residence time from two years to three years
increases the flow fractions allocated to the blanket regions from 24.4% to 28.9%.
For the straight burn reactor the flow fraction allocated to the blankets is

equal to 26.2%. Since the flow splits among the different reactor regions depend
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Figure K.1. Assembly assignment to orificing zones (Core fuel residence time
of two years,refueling every year).
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Assembly assignment to orificing zones (Two-year straight burn).

Figure K.2.
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Figure K.3. Assembly assignment to orificing zones according to assembly
peak pin power (Reference design).
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Table K.27

ASSEMBLY COOLANT FLOW RATES (1bm/hr)

Core Fuel Residence Two-Year Core Fuel Residence
Orificing Number of Time of Two Years, Number of Straight Number of Time of Three Years,
Lone Assemblies Yearly Refueling Assemblies Burn Assemblies Yearly Refueling
1 156 280,750 156 283,921 156 263,435
2 138 254,457 102 245,665 - 138 238,972
3 36 236,148 72 221,258 36 222,336
4 108 133,293 126 132,228 126 161,478
5 60 105,326 36 98,363 24 117,395
6 72 63,703 72 78,972 66 76,330
7 91 33,786 97 47,646 115 47,920
8 198 2,109 198 2,109 198 2,107
9 24 . 10,673 24 10,673 24 10,673
TOTAL 883 116,463,258 883 116,463,258 883 116,463,258



Table K.28

ASSEMBLY BUNDLE AVERAGE COOLANT VELOCITIES (ft/sec)

Core Fuel Residence Two-Year Core Fuel Residence
Orificing Time of Two Years, Straight Time of Three Years,
Zone Refueling Every Year Burn Refueling Every Year
1 23.8 24.4 22.2
2 21.6 21.1 20.2
3 20.0 17.4 18.7
4 16.9 16.9 20.4
5 13.3 12.5 14.9
6 8.1 10.1 9.6
7 4.3 6.1 6.0
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Orificing
Zone

Table K.29

ASSEMBLY BUNDLE AVERAGE PRESSURE DROPS’({psi)

Core Fuel Residence Two-Year Core Fuel Residence
Time of Two Years, Straight Time of Three Years,
Refueling Every Year Burn Refueling Every Year

56.9 59.4 49.7

47.5 45.5 47.5

41.4 31.8 36.4

36.6 36.8 52.0

23.8 21.4 29.0

9.5 14.4 13.2

3.1 5.8 5.7
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on the fuel management scheme, the maximum assembly average coolant velocities and
the maximum assembly bundle average pressure drops depend on the fuel management
scheme too. Thus, the maximum average coolant velocity varies from 22.2 ft/sec to
23.8 ft/sec and the maximum assembly bundle average pressure drop varies from 52 psi
to 59.4 psi. The reactor that is refueled every year and has a core and internal
blanket fuel residence time of three years (reference design) has the lowest
maximum assembly bundle average pressure drop and the straight burn reactor has

the highest maximum assembly bundle average pressure drop.

Assembly coolant temperatures for BOL conditions at the top of the upper axial
blanket are shown in Figures K.4 to K.6.

Peak assembly coolant temperatures as well as peak nominal and 24 cladding midwall
temperatures are given in Table K.30. The peak assembly coolant temperatures are
practically the same for all three fuel management schemes examined. It must be
noted that the peak power assembly is not' necessarily the assembly that has the
peak pin. Consequently, peak assembly coolant temperatures and peak cladding
temperatures do not occur always in the same assembly. Since the power swing from
the core to the blanket assemblies increases as the core and internal blanket fuel
residence time increases, the reference design, that has a core and internal
blanket fuel residence time of three years, has a peak 20 cladding midwall tempera-
ture that is 18° F and 35° F, respectively, higher than the corresponding temperature
in the two-year straight burn reactor and the reactor that is refueled every

year and has a two year core and internal blanket fuel residence time.

K.3 Conclusions

A summary of the values of the main reactor performance parameters, i.e., fissile
inventory, fissile gain, doubling time, relative fuel cycle cost, sodium void
reactivity, and peak cladding temperature, for the designs analyzed in this Appendix,
is given in Table K.31. The reactor with three years core fuel residence time and
refueling every year, i.e., the reference design, is the best compromise.
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(Orificing based on pin power and equal peak cladding midwall

Figure K.4. Average coolant temperatures (°F) at BOL at the top of the upper

axial blanket.

)

temperatures, core fuel residence time of two years, refueling every year
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Figure K.5. Average coolant temperatures (OF) at BOL at the top of the upper
axial blanket. (Oricicing based on pin power and equal peak cladding midwall
temperatures, two year straight burn)
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Average coolant temperatures (°F) at BOL at the top of the upper

Figure K.6.

(Orificing based on pin power and equal peak cladding midwall

temperatures, reference design)

axial blanket.
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Table K.30

PEAK ASSEMBLY COOLANT TEMPERATURES, NOMINAL AM
20 PEAK CLADDING MIDMALL TEMPERATURES (°F)

Nominal Cladding 20 Cladding

Coolant Midwall Midwall
Core Fuel Residence
Time of Two Years,
Refueling Every Year 981 1060 1185
Two~Year
Straight Burn 996 1074 1202
Core Fuel Residence
Time of Three Years,
Refueling Every Year 1002 1088 1220
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Table K.31

FISSILE INVENTORY, FISSILE GAIN, COMPOUND SYSTEM DOUBLING TIME, FUEL

CYCLE COST, AND CORE PLUS UPPER AXIAL BLANKET FLOWING SODIUM VOID REACTIVITIES

Fissile Inventory
(kg)

Fissile Gain (kg)

CSDT (Years)

Relative Fuel Cycle
Cost

Sodium Void Reactivity ($)

20 Peak Cladding Midwall
Temperature (°F)

Refueling Every Year

Core Fuel Residence Time
of Two Years

Core Fuel Residence Time
of Three Years

BOEC EOEC
4661.3 4988.1
326.8
16.3

1.00
2.37
1185

BOEC EQEC
4761.6 5072.3
310.7

15.17
0.72
2.58
1220

Two Year - Straight Burn

BOEC

4609.6

693.9

14.46

0.86

1202

EQEC

5303.5

2.74



APPENDIX L
NATURAL BORON CARBIDE CONTROL RODS WITH FUEL ASSEMBLY FOLLOWERS

As discussed in Section 4.1.3.6, to satisfy the reactivity control requirements
established by the CDS ground rules, 60% and 90% enriched boron is needed for the
primary and secondary control systems, respectively. The feasibility of elimin-
ating the need for highly enriched boron was investigated. For this purpose,
control rod requirements and worths were determined for a control system that uses
natural boron rods with fuel assembly followers. This analysis was performed for
the reference 0.28 inch fuel pin diameter design.

The fuel assembly following the control rod was identical to the control assembly
with the only difference that the boron pellets were replaced by fuel pellets. The
fuel composition was the same as the fuel composition of the adjacent fuel assem-
blies. Since the reactivity worth of fuel changes with burnup, worths have been
determined for fresh and end-of equilibrium cycle fuel composition. The control
system worths resulting from using only boron carbide or only fuel as a control
material are shown in Table L.1. The primary and secondary control systems require-
ments established by the Conceptual Design Study(CDS) and the worths of these
systems, with fuel and natural born as control materials, are presented in Table
L.2. The maximum requirements are 2.65%Ak and 1.88%Ak for the primary and secondary
system, respectively. The worth of the primary system is 3.26%ak and 3.00%ak for
fresh and EOEC fuel compaosition, respectively, and the corresponding worths of the
secondary system are 2.10%Ak and 1.94%aAk. In all cases, the calculated worths
exceed the requirements. 