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Licensing a commercial nuclear reactor core involves a stringent amount of 

calculations that demonstrate the capability of safe reactor shutdown in the instance of an 

emergency transient event.  In a boiling water nuclear reactor the control blades and 

standby liquid control system are the two independent redundant safety systems utilized 

for shutting down the reactor.  In past fuel designs lower power cores with smaller cycle 

lengths resulting from lower core average enrichment caused shutdown by the control 

blades to be the most limiting strategy of the two modes for reactor shutdown.  This led 

to a lesser focus on fuel design strategies for standby liquid control system margin 

(SLCS).  Advanced modern core designs involve higher powers and increased cycle 

lengths resulting from higher core average enrichments, therefore causing SLCS to now 

become a more significant shutdown parameter.  This study characterized the most 

limiting fuel design parameters for maximizing the margin for safe reactor shutdown 

utilizing SLCS while maintaining the demanded cycle energy requirements. 
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This study examined perturbation effects of certain parameters in the fuel lattice 

development stage and the 3-dimesional reactor core simulator modeling.  Lattice 

enrichment perturbation response was examined first to determine the effects of average 

and local enrichment perturbations on SLCS.  Lattice gadolinium perturbation response 

was next investigated to determine the optimum concentration, number of rods, location 

and degree of clump of gadolinium rods necessary for enhancing SLCS.  Axial power 

shape perturbation utilizing both gadolinium and/or enrichment differencing in certain 

axial zones of the fuel bundle was then examined on the full core level to determine the 

optimum strategy for maximizing SLCS.    

This study concluded that the necessary strategy for maximizing SLCS depended 

upon the exposure point at which SLCS was most limiting.  Certain perturbations 

utilizing gadolinium exhibited maximized beginning of cycle SLCS; however, these 

strategies involved a modified operating strategy to meet the beginning of cycle 

operational requirements while not maximizing the limiting end of cycle SLCS.  Axial 

power shaping utilizing enrichment differencing maximized end of cycle SLCS and 

increased beginning of cycle SLCS margin but to a lesser magnitude than the gadolinium 

perturbation.  In all cases the amount of improvement to the margin was limited by a 

maximum value.  Therefore if the desired magnitude of improvement needed is within 

the achievable limits of the examined techniques, the choice of optimum strategy for 

enhancing SLCS to a desired value depends upon the magnitude of necessary 

improvement at the most limiting exposure points. 
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CHAPTER 1 
INTRODUCTION 

Boiling water nuclear reactor cores are major sources of revenue for power 

producing utilities. If the utility is able to maximize the amount of energy output from the 

nuclear reactor while minimizing the cost of the reactor operation then the utility will 

realize an increase in profit.  A utility may choose to maximize the energy output from 

their nuclear reactors in one of three ways.  Either the utility may increase the operating 

cycle length of the reactor thereby increasing the amount of energy per cycle and 

increasing the amount of time between refueling outages, or the utility may choose to 

increase the power level of operation thereby increasing the amount of available 

distributable energy at any given time, or the utility may choose to utilize a combination 

of both practices [2].  In either of the operational techniques the utility must increase the 

installed reactivity in the reactor core in order to meet the desired goal.   

  Increasing the amount of installed reactivity in a given cycle as compared with a 

previous cycle in order to aggressively improve reactor power output is termed 

“aggressive core loading.”  Aggressive core loading strategies involve higher fuel batch 

fractions with fuel bundles of higher average enrichment in order to increase the installed 

positive reactivity in the reactor core [2].  Greatly increasing the core power output in the 

internal core locations greatly increases the neutron flux and thus greatly increases the 

exposures of the interior bundles.  A twice-burned fuel bundle in the reactor core is at its 

least reactive state in bundle life and therefore in ordinary core loadings twice-burned 

fuel bundles can be an excellent power suppressor utilized to flatten the power 
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distribution in the internal core locations; however, in aggressive core loadings the high 

neutron flux in the interior of the core may causes twice-burned fuel bundles to exceed 

thermo-mechanically limited peak exposure.  Therefore in aggressive core loadings after 

bundles have burned two cycles they must be moved to the core periphery in order to 

inhibit surpassing peak exposure [4].  This leads to only fresh and once burned 

assemblies loaded in the interior core locations.   

Most of the gadolinium in a once burned fuel bundle is completely burnt up at the 

end of the previous cycle therefore these bundles are at the most reactive state.  Inability 

to suppress this energy output decreases the available margin to shutdown the core in an 

emergency situation.  Due to the aggressive core loading geometry, the only available 

power suppression comes from the fresh fuel bundles that are loaded into the core.  

However, with increased energy placed in the fresh bundles by increasing average 

enrichment in order to meet the increased power demand, these fresh bundles will have 

decreased power suppression capabilities.  Therefore with decreased power suppression 

capabilities, the reactor core becomes more limiting in emergency shutdown capabilities.  

One of the shutdown systems is the standby liquid control system and the margin in 

which the reactor core is shutdown utilizing this system is the standby liquid control 

system margin (SLCS).  If the reactor core becomes more limiting in SLCS due to the 

decreased power suppression capabilities of the core loading strategy, it becomes 

paramount to then determine the optimum bundle design utilized in order to improve 

SLCS in an aggressive core loading environment.  

A reactor core is never licensed without being able to meet all the necessary 

shutdown criteria, thermal limit characteristics, and cycle length requirements.  Therefore 
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operating reactor cores do not encounter a failure to meet SLCS because the reactor 

would not be allowed to operate if the reactor could not meet the SLCS requirements.  

Inability to meet SLCS with a certain reactor core fuel bundle configuration is realized 

and mitigated in the design phase of the reactor fuel cycle.   

The designer has many options to improve SLCS but any one option may endure a 

list of consequences some of which may result in extreme economic concern.   The 

designer may request that the reactor cycle length be decreased; obviously if the utility 

wishes to increase profit by increasing power output this option is not acceptable.  The 

designer may request the utility to increase the boron concentration or enrichment of B10 

in the boron solution utilized by the standby liquid control system.  However, this course 

of action is limited by increased aggravation caused from Nuclear Regulatory 

Commission (NRC) licensing, availability for the utility to plan for the change 

economically, ample time to complete the concentration increase in time for the next 

cycle loading, capabilities of the installed accumulator tank to support the concentration 

increase and ability to keep the boron soluble in solution.  The designer may choose to 

increase the amount of fuel bundles loaded in the cycle and load more fuel bundles with a 

smaller enrichment; however, this may cost the utility more than what was budgeted and 

therefore is not a viable option.   

The action that is demanded by the utility is for the designer to create a core design 

that meets the utilities budget and does not increase the amount of bundles that are loaded 

into the reactor core.  Therefore the designer must design a fuel bundle with inherently 

better SLCS characteristics.  In order to accomplish this task efficiently the designer must 
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know the set of limiting design parameters that may be utilized to enhance SLCS, and 

have a list of effective techniques that utilize the advantages of those parameters.     

The purpose of this study was to determine the fuel bundle design parameters that 

were most limiting in achieving the maximum possible enhancement for SLCS, and to 

determine the maximum amount of available improvement to SLCS by utilizing certain 

enhancement techniques that take advantage of those design parameters.  This will 

demonstrate the feasibility of designing a fuel bundle and core operating strategy that has 

the ability to meet SLCS without incurring the costs of adding extra fuel bundles in the 

design or decreasing cycle power output requirements. 

The Boiling Water Reactor System 

The boiling water reactor (BWR) system is a nuclear system that boils water 

creating steam that is converted into power.  The entire BWR system is composed of a 

reactor pressure vessel system, a turbine system, a generator system, a condenser system 

and the auxiliary control and heat removal systems.  Steam is created by boiling water in 

the reactor pressure vessel system.  The high quality steam then passes through a turbine, 

and causes the turbine shaft to rotate.  The turbine shaft is connected to a generator and as 

the turbine shaft rotates the generator converts the mechanical energy of the rotating 

turbine shaft into electrical energy.  Once the steam leaves the turbine system, it is sent to 

the condenser to be condensed into a sub-cooled fluid and pumped back into the reactor 

pressure vessel system.   

The reactor pressure vessel system is of primary concern to the nuclear reactor core 

designer.  Figure 1-1 is an illustration of a typical BWR reactor pressure vessel system.  

The reactor pressure vessel system consists of the control drive mechanisms, the active 
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fuel, the jet pumps, the moisture separators and steam driers as well as other inlets for 

emergency core cooling [16]. 

 
Figure 1-1.  BWR pressure vessel system [16]. 
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The active reactor fuel length is approximately 12 feet though actual fuel length 

may vary according to different types of fuel assembly product lines.  The fission power 

of the reactor converts the sub-cooled coolant into steam.  The steam then travels through 

the steam separators and driers to create a high quality steam that is then send to the 

turbine.   Each fuel assembly is composed of the fuel and water rods, intermediate spacer 

grids, upper and lower tie plates, and flow nozzle.  Figure 1-2 displays a typical BWR 

fuel assembly as well as a typical fuel rod.  Each fuel assembly is encased in a zircaloy 

fuel box in order to limit flow between adjacent fuel assemblies.   This allows the flow to 

any given fuel assembly to be orificed to maintain a constant exit steam quality as well as 

limit instability in core thermal performance [16].   

 
Figure 1-2.  A typical BWR fuel assembly and fuel rod [16]. 
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Fuel assemblies are loaded into the reactor in groups of four with a cruciform B4C 

control blade loaded in the center of the grouped bundles.  Displayed in figure 1-3 is a 

typical layout of four fuel bundles with a cruciform control rod loaded in the center of the 

grouped bundles.  The fuel assemblies are diagonally symmetric with themselves and are 

loaded so that there exists 1/8 bundle symmetry with the four grouped bundles.      

 
Figure 1-3.  A four fuel assembly group with cruciform control blade [16]. 
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By applying this loading scheme, symmetry may be utilized in modeling the fuel 

bundle thereby easing the computation time of the fuel assembly parameters [14].  Each 

BWR fuel assembly will contain fuel rods at certain enrichments that may vary radially 

and axially as well as gadolinium rods which may vary in placement and concentration 

radially and axially.  The modeling of SLCS will first involve modeling a 2-dimensional 

slice of a single fuel assembly at certain axial heights and then modeling the entire 3-

dimensional reactor utilizing the information from the 2-dimensional model.   

Boiling Water Reactor History 

The first two light water cooled nuclear reactor systems commercially available for 

power production were the boiling water reactor and the pressurized water reactor 

(PWR).  The concept of the commercial PWR was created from the technology 

developed for submarines by the navy nuclear program [7].  BWR development occurred 

at Argonne National Laboratory and the Nuclear Energy Division of General Electric 

(GE) [9].  The PWR concept is generally characterized as a system in which the bulk 

coolant is sub-cooled and contains boron.  The system utilizes an indirect dual-cycle that 

uses a steam generator.  The BWR concept is generally characterized as a system that has 

boiling in the reactor core, with the bulk fluid containing no boron, utilizing a direct cycle 

for power conversion (the demonstration BWR/1 plants utilized a dual cycle). 

The first BWR experiments conducted at Argonne National Laboratory utilized the 

BORAX in 1953.  BORAX-III produced steam-generated electricity for the town of 

ARCO, ID in 1955.  The experimental boiling water reactor (EBWR) was developed in 

1957 and ran until 1967.  This reactor produced 100 MWt and was utilized to 

demonstrate the BWR concept for electricity generation utilizing a variety of fuel 

enrichments.  The GE Valecitos boiling water reactor (VBWR) was the first commercial 
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nuclear power plant to be licensed by the United States Atomic Energy Commission 

(USAEC).  Utilized as an experimental reactor, VBWR examined BWR fuel cycle 

technology and determined the stable modes of operation.  In 1955 Dresden-1 became the 

first commercial BWR specifically constructed for commercial power [12].   

Dresden-1 was a dual cycle plant and fell under the category of BWR/1.  BWR/1 

designs were basically prototype designs of both dual and direct cycle utilized as 

demonstration plants that were custom made to meet individual utility specifications.  

Dual cycle BWR plants eventually fell out of favor because of the enormous capital cost 

involved in utilizing a steam generator.  Ouster creak was the first attempt at 

standardizing the BWR and marked the beginning of the BWR/2.  In 1963 BWR/2 plants 

were developed incorporating a direct steam cycle as the chosen method of power 

conversion.  The reactor concept utilized internal steam separators and forced flow 

circulation that pumped core flow through 5 variable speed recirculation pumps.  In 1965 

GE introduced the BWR/3, the Dresden-2 design, which incorporated the use of internal 

jet pumps eliminating the need for external flow circulation loops.   In 1966 the BWR/4 

or Browns Ferry design was introduced.  This design was similar to previous designs but 

incorporated a 20% increase in the core power density improving power producing 

capability of the reactor and thereby increasing its economic value.  The year of 1969 

marked the introduction of the Zimmer class of plants better known as the BWR/5.  

These plants utilized an improved emergency core cooling and recirculation system.  

Flow control in these reactors was accomplished through use of valve control rather than 

pump speed control allowing the plants to follow more rapid load change and decrease 

the capital cost of the control system [12].  The BWR/6 incorporated the used of higher 
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efficiency steam separators and multi-hole jet pumps as well as improved power 

flattening through enhanced coolant distribution and burnable Gadolinia zone loading.  

The original BWR/6 fuel design incorporated an 8X8 fuel assembly rather than the 

previously utilized 7X7 [12].  The current BWR technologies include the Advanced 

Boiling Water Reactor (ABWR) and the European Simplified Boiling Water Reactor 

(ESBWR) both of these concepts utilized passive safety features in order to alleviate the 

need for complicated control systems.  The history of the BWR is one that is based off of 

evolutionary concepts in order to increase core power and eliminate external moving 

parts that may fail during reactor operation.  

History of Fuel Bundle Development 

Over the years fuel bundle designs have undergone evolutionary changes in order 

to improve the thermal performance of the fuel and the reactivity features.  Each fuel 

bundle design incorporated a key feature that allowed for increased margin in controlled 

conditions, transients, and thermal limits.  The original fuel bundle concept utilized by 

the General Electric Company was the 7X7 fuel lattice design.  These were fat fuel rods 

with decreased surface area due to the large size of the fuel rods.  The decreased surface 

as compared to today’s designs lead to an increase in the maximum linear heat generation 

rate (kW/ft) in the fuel bundle leading to an increase in fuel duty [12]. 

With the creation of the BWR/6 came the inclusion of the 8X8 fuel lattice 

assembly.  Increasing the surface area of the fuel rods by decreasing there width and 

increasing the amount of fuel rods in the assembly decreased the maximum linear heat 

generation rate of the fuel rods.  In 1988 a fuel design study by Motoo Aoyama, Sadao 

Uchikawa and Renzon Takeda suggested that extended exposure of fuel assemblies was 

possible if 9X9 fuel assemblies were utilized with and optimized internal water rod width 
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thereby increasing the non boiling area inside the fuel lattice to increase moderation 

capability of the internal portions of the fuel lattice [1].  This design change increased 

fuel lattice efficiency.  Going to a larger amount of fuel rods in the lattice at smaller fuel 

diameter decreased the linear heat generation of the fuel rod by increasing the surface 

area of the fuel.    

The current design utilized today by BWR vendors is the standard 10X10 fuel 

lattice design.  Though the water rod locations vary from vendor to vendor the idea is the 

same; increase the moderation capabilities of the internal locations of the fuel lattice to 

boost reactivity in the areas that are most suppressed in power. 

Because the moderator density varies axially in the fuel assembly, the BWR has a 

distinct axial power shape.  Kazuki Hida and Ritsuo Yoshioka determined that there were 

optimum axial enrichment distributions that minimized enrichment requirements subject 

to thermal margins [9].  They proved that increasing enrichment in the top half of the 

core actually decreases the uranium utilization.  Therefore the interpretation of that study 

determined that fuel utilization was a key design constraint in creating optimum fuel 

bundles.  In order to mainstream fuel designs industry moved away from axial 

enrichment shaping and fabricated fuel rods of a single enrichment and utilized part 

length control rods that increased the moderation capability in the top half of the fuel 

assembly leading to an increase in fuel efficiency. 

In 1997 Yasushi Hirano, Kazuki Hida, Koichi Sakurada and Munenari Yamamoto 

created an algorithm for determining optimum enrichment loading schemes for fuel 

lattices [10].  Holding the position and concentration of the gadolinium rods as the 

constant, the algorithm optimized the enrichments in the fuel lattice in order to meet 

 



12 

certain thermal limit and local peaking factor criteria.  The gadolinium configuration 

utilized for the study was based off of a configuration that was supposedly optimized 

only for shutdown margin (SDM) and certain thermal limit criteria based off of previous 

fuel design experience.  However, this method lacked the ability to place the gadolinium 

and enrichment into the fuel lattice in such an optimum configuration such that all 

controls were satisfied.  If the chosen gadolinium configuration was only optimum for 

SDM yet not also optimum for SLCS then this method was to only be successful in 

designing a lattice to meet SDM.  What this method was lacking was the rules for 

understanding how the gadolinium needed to be configured to meet the SLCS, SDM and 

thermal limit configuration for a given average enrichment.    

The SLCS Event 

The standby liquid control system is initiated during anticipated transient without 

scram (ATWS).  The following is a list of the events that occur in the SLCS event: 

1. A transient even occurs in which it is necessary to SCRAM the reactor. 
 
2. The reactor control blades fail to insert. 

 
3. A calculated amount of steam is relieved from the reactor to the suppression pool at 

a rate that will not violate containment. 
 
4. The boron solution is injected into the core at a specified rate and concentration in 

accordance with 10CFR50.62. 
 
5. The reactor reaches an equilibrium shutdown condition.  
 

In 1984 the Nuclear Regulatory Commission (NRC) issued 10CFR50.62, 

“Requirements for reduction of risk from anticipated transients without scam events for 

light water-cooled nuclear power plants” (ATWS rule).  The law states: 

Each boiling water reactor must have a standby liquid control system (SLCS) with 
the capability of injecting into the reactor pressure vessel a borated water solution 
at such a flow rate, level of boron concentration and boron-10 isotope enrichment, 
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and accounting for reactor pressure vessel volume, that the resulting reactivity 
control is at least equivalent to that resulting from injection of 86 gallons per 
minute of 13 weight percent sodium pentaborate decahydrate solution at the natural 
boron-10 isotope abundance into a 251-inch inside diameter reactor pressure vessel 
for a given core design.  [17] 

This is equivalent 660 ppm boron concentration in current reactor designs.  The 

model utilized for determining if SLCS will satisfy the criteria mentioned in 10CFR50.62 

is a steady state point after the transient event has occurred.  The purpose of utilizing this 

method is to demonstrate that the reactor may be safely shutdown after the transient event 

has occurred.  Therefore the event modeled is a cold core (160oC), borated to an 

acceptable concentration that causes the reactor to be sub-critical by a specified amount. 

Project Scope 

This study was conducted at Global Nuclear Fuels in Wilimington, NC.  The study 

included both lattice physics analysis and full core modeling in the 3-d core simulator.  

The lattice physics work was further subdivided into the enrichment phase and the 

gadolinium phase.  For a reference BWR/3 the following projects were undertaken: 

1. Enrichment Phase 
 

a. Analyze the effects of homogenous average enrichment perturbation on the 
ability to maximize k∞ difference between the hot operating condition and cold 
borated condition. 

 
b. Determine the effect of localized heterogeneous enrichment perturbations on the 

ability to maximize k∞ difference between the hot operating condition and cold 
borated condition. 

 
2. Gadolinium Phase 
 

a. Ascertain the effects of gadolinium clumping on maximizing k∞ difference 
between the hot operating condition and cold borated condition. 

b. Resolve the effects of increasing the amount of gadolinium rods on maximizing 
k∞ difference between the hot operating condition and cold borated condition. 

 
c. Analyze the effects of gadolinium concentration on increasing k∞ difference 
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between the hot operating condition and cold borated condition. 
 
d. Determine a methodology for placing gadolinium rods in order to improve k∞ 

difference between the hot operating condition and cold borated condition.  
 

3. Full Core Modeling Phase 
 

a. Establish the maximum SLCS improvement utilizing an altered geometric 
gadolinium placement within freshly loaded fuel bundles. 

 
b. Determine the SLCS attainable from axial power shape perturbations utilizing 

enrichment differencing in certain axial zones of the fresh fuel bundles. 
 
c. Resolve the maximum SLCS gained from inserting extra gadolinium rods into 

the freshly loaded fuel bundles. 
 

d. Conclude the optimum design strategy for maximizing SLCS. 
 

 

 



CHAPTER 2 
MODEL AND METHODOLOGIES 

In order to determine the necessary strategies for enhancing a margin of shutdown 

it is necessary to have a clear definition of that margin.  A model and tools to analyze that 

model must then be selected that depict the physics of the problem as accurately as 

possible.  After the designation of a model and utilized tools, the design parameters that 

are to be perturbed within the model must be determined.  Finally, all other limiting 

parameters must be clearly defined so that it may be determined if the improvement to 

SLCS is feasible and will not cause the nuclear reactor to violate the thermo mechanical 

limits of the fuel.  

Standby Liquid Control System and Shutdown Margin 

The two shutdown parameters utilized for reactor core licensing are SLCS and 

SDM.  SDM is a measure of the amount in which the reactor core is shutdown utilizing 

all of the control blades excluding the highest reactivity worth control blade.   

eff

CHBWEeff

k
kk

SDM
−

=
           (2.1) 

CHBWE = controlled case highest worth blade excluded   

If keff = 1 then 

effkSDM −=1        (2.2) 

Therefore SDM is the reactivity needed to make the system critical or conversely viewed 

as the amount of reactivity in which the system is shutdown utilizing all of the control 

blades except for the highest worth control blade. 

15 
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SLCS is a measure of the amount that the reactor core is shutdown utilizing a 

homogenously dispersed boron poison solution.    

eff

Beff

k
kk

SLCS
−

=             (2.3) 

B = borated keff   

If keff = 1 then 

BkSDM −= 1        (2.4) 

Similar to SDM, SLCS is the reactivity needed to make the system critical or conversely 

viewed as the amount of reactivity in which the system is shutdown utilizing a 

homogenously dispersed boron poison solution. 

Both parameters depict the amount in which the reactor is safely shutdown; 

however, the difference in geometry of the poison causes the physics involved in each 

shutdown process to be significantly different.  Because shutdown margin calculations 

utilize a control blade, a heterogeneous poison located on the boundary of two sides of 

the fuel bundle, the power distribution of the SDM case is expected to be skewed radially 

across the fuel lattice with power peaking occurring in areas furthest from the control 

blade.  SLCS calculations utilize an evenly dispersed boron poison solution; therefore the 

power distribution in the lattice is expected to follow the power distribution dictated by 

the actual geometry of the fuel lattice.  

The two different modes of control have two separate types of lattice reactivity 

responses.  Due to this significant difference in reactivity response, it is possible that the 

ability to meet specified margin may be satisfied in one mode but not in the other.  

Understanding the reactivity response to each mode’s shutdown independently and then 
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utilizing the commonalities in maximized shutdown in each of the two modes ultimately 

leads to a fuel design that has maximized margin in both cases. 

Modeling Tools 

TGBLA 6 

TGBLA 6 is a static, multi-group, 2-dimensional, diffusion theory code with 

transport corrections factors that assumes infinite lattice behaviors.  The steady state 

multi-group diffusion equation that is solved is [14]: 

)()()(1)()()()()( ''
' '
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⎤

⎢⎣
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k
rrrrrD e

ggfg
g g

ggggggg φσνχφσφσ      (1.5) 

 
Because of the major differences in fuel bundle design, void fraction history, 

control blade history, enrichment distribution, gadolinium content and accumulated 

exposure, the fuel bundle’s nuclear characteristics in the core are very different  both 

radially and axially.  Neighboring fuel bundles also have an influence on the 

characteristics of the modeled fuel bundle; however, modeling the effects of these 

neighboring fuel bundles may be a daunting task because each neighboring fuel bundle in 

the core incurs nuclear characteristics that are unique from every other bundle.  Therefore 

assumptions have to be made in order to be able to achieve an effective and timely 

approximation of the fuel bundle’s nuclear behavior [5].  

TGBLA 6 makes key assumptions in order to accurately approximate a fuel 

bundle’s nuclear characteristics.  Because fuel bundle designs may be varied axially in 

bundle geometry, gadolinium content, enrichment, and void concentration, the influence 

of axial conditions are considered of primary influence to the fuel bundle’s nuclear 

behavior.  TGLBA 6 completes 2-dimensional lattice physics calculations at different 

exposure points for certain axial sections where there exists a known major variation in 
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fuel bundle geometry.  Because in certain defined axial zones the void concentration 

changes drastically and because the fuel bundle characteristics are also needed for certain 

temperature states, each fuel axial zone is modeled at 0%, 40%, and 70% void 

concentration.  Though potentially any parameter may be varied by TGBLA 6, the main 

variables manipulated in a lattice design are the pellet enrichment, number of gadolinium 

rods and gadolinium concentration in each gadolinium rod. As a result of utilizing 2-

dimensional calculations in certain axial zones of the fuel bundle, enrichment distribution 

and gadolinium content are only varied in the axial zones represented by the 2-

dimensional lattice physics calculations [5].   

Because the influence of neighboring fuel bundle was assumed a secondary 

influence on the bundle behavior, TGBLA 6 assumes infinite lattice behavior as a 

boundary condition.  Assuming infinite lattice behavior results in a good approximation 

of the lattice power peaking distribution as well as an accurate generation of group 

constants to be later utilized in PANAC11.      

Utilizing these design constraints and boundary conditions, TGBLA 6 uses the 

solution of the multi-group diffusion theory equation to generate group averaged cross-

sections for 3 energy ranges. Group constants are generated for the fast, epithermal and 

thermal energy range to be later used by 3-dimensional core simulator PANAC11.  

PANAC11 

After the multi-group cross sections were collapsed and generated by TGBLA6, 

Panac11 was utilized as the 3-dimensional full core simulator.  Panac11 is a static, three-

dimensional coupled nuclear-thermal-hydraulic computer program utilized to represent a 

BWR core by a coarse-mesh nodal, 1-1/2 group (quasi-two group), static diffusion theory 

approximation.  The program was utilized explicitly for detailed three-dimensional 
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calculations of neutron flux, power distributions, and thermal limits at different exposure 

steps during reactor core life.  The main variable parameters in PANAC11 were the 

control rod positions, refueling patterns, coolant flows, reactor pressures, reactor power 

level as well as other operational and design variables [8].    

The diffusion equations are solved using the fast energy group. Resonance energy 

neutronic effects are included in the model by relating the resonance fluxes to the fast 

energy flux. The thermal flux is represented by an asymptotic expansion using a slowing 

down source from the epithermal region.  A pin power reconstruction model is also 

implemented to account for the effect of flux gradients across the nodes on the local 

peaking distribution. 

Utilized Temperature States, Boron Concentrations and Lattice Types 

There was a combination of 4 main types of temperature states and boron 

concentrations investigated in the study.  These states included the hot uncontrolled state 

(HU), cold uncontrolled state (CU0), cold controlled state (CC) and a cold state 

containing soluble boron (CU###).  The HU state was defined to be the operating 

temperature state with no control blade placed next to the fuel lattice.  All cold states 

were to be defined at a moderator temperature of 160oC, and all the cold uncontrolled 

states also had no control bladed placed next to the fuel lattice.  The CU### condition 

was designated as a cold lattice containing a homogenously dispersed soluble boron 

solution at a specified boron concentration.  The CC condition represented a cold fuel 

lattice with a control blade placed in the upper and left side of the lattice.   

There were two fuel lattice types examined in the enrichment perturbation portion 

of this study.  A “C” lattice was defined to be a fuel lattice that exhibited the same 

amount of moderator spacing on all four sides of the lattice while a “D” lattice exhibited 
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slightly more moderator spacing in the vicinity of a control blade location.  Therefore the 

radial power distributions of the two different lattices are slightly different in lattice 

peaking characteristics.   

Measurement of SLCS and SDM during the Lattice Development Stage 

SLCS and SDM are both global parameters that describe a margin experienced by 

the entire nuclear reactor core.  Therefore the calculation of these parameters involves 

utilizing a 3-dimensional core simulation tool.  Fuel bundles are generally designed by 

first utilizing a 2-dimensional fuel lattice physics tool to create average collapsed group 

cross sections to then be utilized by the 3-dimensional reactor core simulator.  An 

abundant amount of energy groups are utilized in the lattice physics calculation in order 

to properly model the physics of the lattice.  Many bundles within the reactor core will 

exhibit similar characteristics due to the similar enrichment or gadolinium concentration 

within the fuel bundle.   Therefore by generating these average group cross sections for 

similar fuel bundles, the 3-dimensional core calculation is significantly faster because the 

calculation does not involve solving equations at an abundant amount of energies for 

many different points within the reactor core [14].    

The 3-dimensional simulator only utilizes few averaged group cross sections 

(usually 3 averaged groups).  The 3-dimensional core simulation tool utilized for this 

study, PANAC11 separated the reactor core into a series of 6 in. cubic nodes.  A flux was 

then solved in each individual node.   

Enhancement to the fuel bundle design therefore involvements modifications to the 

fuel design in both the lattice physics development stage and the 3-dimensional core 

simulation stage.  Since SDM and SLCS global parameters defined for the entire system, 
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a separate set of parameters must be utilized for characterizing how fuel improvements in 

the lattice development stage will affect the full core global parameters.   

Maximizing SDM and SLCS involves increasing the difference between the hot 

operating condition and the cold shutdown condition.  Therefore in the lattice 

development stage an enhancement in SLCS and SDM meant and improvement in the 

difference between the hot operating k∞ and cold shutdown k∞.   

The cold shutdown condition related to SDM is defined to be when the lattice is 

controlled by the placing a control blade next to it.  The parameter used to represent the 

maximized difference between hot operating k∞ and cold shutdown k∞ was designated 

HUCC, and calculated by the equation: 

lledColdControngHotOperati kkHUCC ∞∞ −=            (2.5) 

The cold shutdown condition related to SLCS is when the lattice is controlled by 

placing a homogeneously dispersed solution throughout the fuel lattice. The parameter 

used to represent the maximized difference between hot operating k∞ and cold shutdown 

k∞ was designated HUCU###.  The symbol ### represents the amount of parts-per-

million of boron in the solution.  HUCU### is calculated by the following equation:   

ppmtdSolutionaColdBoratengHotOperati kkHUCU ###### ∞∞ −=          (2.6) 

Maximizing these parameters in the lattice development stage will maximize the 

global parameters that these parameters represent in the 3-dimensional core modeling 

stage. 

Fuel Bundle Geometry 

The fuel bundle utilized in the lattice physics calculations was a typical 10X10 

boiling water reactor fuel bundle design with 92 fuel rods and two water rods.  Figure 2-1 
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displays a cross sectional view of the fuel bundle geometry.  Since each lattice physics 

calculations was completed utilizing a 2-dimensional model, the fuel bundle had to be 

sub-sectioned into 2-dimensional axial zones in order to accurately model the sections of 

the bundle that experience different void concentrations, decreased average moderator 

density, variable gadolinium and enrichment placement, and different lattice geometries.   

The axial zones utilized were designated naturally enriched bottom (NAT), power-

shaping zone (PSZ), dominant zone (DOM), plenum zone (PLE), vanished rod location 

zone (VAN), natural vanished rod zone (N-V) and natural top zone(N-T).  The NAT was 

a naturally enriched zone filled with all 92 fuel rods and no gadolinium.  This zone 

represented the first 6 inches of the bottom of the active core length.  Both the PSZ and 

DOM were enriched zones containing 92 fuel rods with gadolinium present in certain 

locations.  The PSZ zone was located on top of the NAT zone and was 48 inches in 

length. The DOM zone was located on top of the PSZ and was 30 inches long.  Though in 

2-D geometry these axial zones were identical, the zones are separated due to the 

different inherent thermo-hydraulic and neutronic characteristics experienced in each 

zone. 

The PLE was a 12 inch zone containing 78 fuel rods and gadolinium rods present in 

needed locations. This zone was used to model the interface of the part length rods and 

the vanished rod locations began.  On top of the PLE was the VAN.  The VAN contained 

78 fuel rods and 14 vanished rod locations and ranged between 37 and 48 inches in 

length.  On top of the VAN was the N-V.  The N-V contained natural enrichment and has 

pellets existing in 78 fuel rod locations.  The N-T was also naturally enrichment but only 

had pellets in locations where no gadolinium existed in axial portions of that specific rod. 
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Figure 2-1.  A cross sectional view of the modeled fuel bundle. 

As displayed in figure 2-2, there existed only 4 possible fuel rod geometries.  The 

DOM and PSZ had the same fuel rod geometry, and the VAN and N-V had the same fuel 

rod geometry.  In the N-T the locations marked “E” are used to represent empty fuel 

locations in the lattice of where gadolinium rods exist in the N-V.  In the N-V, N-T, and 

VAN the locations marked “V” are used to represent the vanished rod locations.   In the 

PLE the locations marked “E” are used to represent the area of the plenum tip of the part 

length fuel rods.   

Though 4 different possible fuel rod geometries exist only 3 different types of 

geometries were modeled in the lattice physics investigations.  The DOM, PLE and VAN 

region were modeled.  The N-T was not investigated because this region contained only 
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natural enrichment and therefore the low power level experienced in this region would 

never be most limiting in any cold shutdown condition.  

 
Figure 2-2.  The geometric setup of the fuel lattice axial zones. 

Thermal Limit Design Considerations 

Nuclear reactors are designed so that operation will not induce unnecessary risk to 

the health and safety of the general public.  Therefore thermal limits are imposed on 
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certain core parameters to ensure that radioactive release during reactor operation or any 

type of transient event does not exceed the acceptable limits imposed by the NRC.  

Constraining operation to within the thermal limits of the fuel guarantees that during 

normal operation and emergency transients the fuel integrity will be maintained.  For the 

applicability of this project the two main thermal limits monitored were MFLPD and 

MFLCPR.  These limits are set to limit boiling around the fuel rod locations and limit 

fuel rod power density in order to preserve fuel integrity [11].     

Linear heat generation rate (LHGR) is the amount of power produced per length of 

fuel and is defined as 

( )( )( )LengthRodFuelAssmeblyPerRodsFuelAssembliesFuelofNumber
OutputPowerThermalMaximumLHGRAverage

________
____ =  (1.6) 

A maximum average LHGR is specified for the utility in order to limit the plastic 

strain or deformation of the cladding.  A limit of 1% deformation of zicaloy cladding is 

considered a conservative limit below which fuel damage is not expected to occur.   

New pellets undergo slight densification during irradiation.  This causes the gap 

between the fuel and the cladding to increase and thus decrease thermal conductance.  

The pellet densification also has a shrinking axial effect.  If one of the pellets gets stuck 

during this process, a gap is created resulting in more fissions occurring in newly exposed 

faces of the pellets increasing heat flux in that area [6].  Therefore LHGR is adjusted for 

the possible elevated heat flux and is defined as  
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Where: 

LHGRdesign = Maximum LHGR allowable to prevent clad damage 
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LT = Total active core length 

L = Axial position in feet above the bottom of the core 

=⎟
⎠
⎞

⎜
⎝
⎛ ∆

maxP
P

 Maximum power spiking penalty 

In the core simulator LHGR is calculated for certain axial nodes.  MFLPD is the 

maximum fractional limiting power density for the most limiting node and is defined as    

it

node

LHGR
LHGR

MFPLD
lim

max_=      (1.8) 

As long as MFLPD is less than one LHGR is not exceeded.  However, because 

these calculations are based off of the assumptions of the maximum power spike penalty, 

and because the designer needs to be certain that MFLPD will never exceed one, the 

design basis requirement for MFLPD is 0.909 to ensure enough variation between the 

actual calculation and the measured data [8].   

Critical power is the bundle power required to produce transition boiling in a 

reactor channel.  If transition boiling were to manifest in a channel, it may lead to fuel 

rod dry out in the channel with the inability of the fuel rod surface to rewet.  This 

phenomenon leads to a decrease in the ability of the clad to reject heat to the water 

through convection and thus heat up the clad to the point of mechanical failure [6].  CPR 

is the ratio to determine how close the actual power is to transition boiling and is defined 

as:  

AP
CPCPR =      (1.9) 

CP = Critical power for transition boiling 

AP = Actual power.   

 



27 

CPR must always be below 1.0 for safe operation.  MFLCPR is the flow adjusted 

ratio of the operating limit CPR for a specific fuel type to the CPR of that bundle and is 

defined as:    

CPR
KLimitCPR

MFLCPR f*_
=      (1.10) 

Kf = Flow adjustment factor  

Since MFLCPR should never exceed one in any section of the reactor during 

operation, and since slight uncertainty exists in knowing the actual power of the reactor 

and the critical power for a specified bundle, the design basis for MFLCPR is set to 0.930 

to accommodate these uncertainties [8]. 

 

 

 



CHAPTER 3 
MAXIMIZING HOT-COLD BORATED k∞ DIFFERENCE UTILIZING 

ENRICHMENT 

TGBLA 6 was utilized to understand SLCS improvement by enhancing lattice 

behavior characteristics utilizing enrichment perturbations.   C and D lattices types were 

examined at 0%, 40% and 70% void fraction.  The four system states inspected were HU, 

CU0, CU###, and CC.  Lattices with a homogeneous enrichment distribution were 

examined to determine the effects of lattice average enrichment on the enhancement of 

the HUCU### and HUCC.  Next, Local and gross enrichment perturbations were also 

analyzed to determine the effects of these types of enrichment perturbations on 

HUCU### and HUCC.   

Since an enormous amount of combinations of temperature states, lattice axial 

zones, lattice types and void concentrations could be created, the homogenous 

enrichment work was utilized to determine which of these temperature states, lattice axial 

zones, lattice types and void concentration were most limiting in order to limit the 

amount of cases to investigate therefore only examining the most effective strategies for 

enhancement.   

Homogeneous Enrichment Distribution 

A homogeneously enriched distribution was defined to be a fuel lattice with 

constant enrichment throughout the lattice.  Therefore homogenous enrichment 

perturbations were defined as a change in enrichment to every fuel pin in the lattice by 

the exact same amount.   

28 
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Determining the Most Limiting Lattice Axial Zone and Void Concentration 

A variety of tests were completed to determine which lattice parameters were most 

limiting to HUCU### and HUCC.  Figure 3-1 depicts the effects of lattice type and void 

fraction on HUCU###.  Lattice type did not significantly affect HUCU###; however, as 

void fraction increased HUCU### decreased.   

For this case, at 0 GWD/STU the difference in HUCU### was solely related to the 

effective moderator density difference at increased void fraction.  At higher void 

fractions the average moderator density was decreased.  Because the average moderator 

density was decreased fewer neutrons were thermalized and absorbed by the fuel for 

fission, and an increased amount of neutrons were parasitically captured by the fuel [18].  

Therefore HUCU### was smaller for higher void fractions.   
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Figure 3-1.  Exposure dependent HUCU660 for the DOM at 3.95% enrichment.    

Initially U238 was the main parasitic neutron absorber in the fuel due to increased 

void concentration.  When U238 absorbed a neutron it became Pu239.   Because Pu239 had a 

high thermal absorption cross section (σa = 1015b) as well as multiple resonance 

absorption peaks, it became another main parasitic neutron absorber.  The increases in 
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build up of parasitic neutron absorbers lead to a decrease in the effectiveness of boron to 

capture thermal neutrons [18].  Therefore as the lattice burned, plutonium was built up 

thus increasing the content of competing neutrons absorbers and therefore decreasing 

HUCU###.  Furthermore, in the higher void history condition it took longer for 

plutonium production to reach an equilibrium state; therefore at increased void history 

conditions HUCU### decreases at a faster rate for a longer amount of time.   

Figure 3-2 illustrates the effects of the combination of axial zone and void fraction 

on HUCU###.  The DOM was the most limiting axial zone because of the maximum 

amount of fuel rod inventory present in the lattice and minimum amount of volume to 

place borated water.  A lattice geometry that allows for more moderator space allows for 

more ability to place borated water in the lattice; therefore since the VAN and PLE both 

have evacuated regions where more space exists to place a boron volume these axial 

zones were not the most limiting in terms of HUCU###.   

In order to maximize improvements in HUCU###, enhancements must be made to 

the most limiting conditions of HUCU###.  HUCU### was most limiting in the 70% 

void fraction and DOM case; however, in the core, on average, the DOM exhibits a 40% 

void fraction therefore modeling a DOM at 70% void fraction would not have been an 

accurate realistic model to examine SLCS.  The realistic model utilized which was most 

limiting was determined to be 40% void fraction in the DOM.   Therefore since lattice 

type did not significantly effect HUCU###, and the DOM 40% void fraction was the 

most realistic limiting condition state,  the C lattice type, DOM, 40% void fraction lattice 

was chosen as the base lattice in which all other perturbations were compared.  
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Figure 3-2.   Exposure dependent HUCU660 at varied void fraction and axial zone for the 

C lattice at an enrichment of 3.95%. 

Understanding the Exposure Dependent HUCU### Curve 

Understanding the exposure dependence of the HUCU### curve was paramount to 

determining the appropriate strategy for enhancing HUCU###.  Figure 3-3 depicts the 

two major portions of the exposure dependent HUCU### curve.  Portion A encompasses 

0 GWD/STU to roughly 11-15 GWD/STU depending upon geometry of the axial zone 

and void concentration.  Portion B encompasses the rest of the HUCU### curve. 

When a fissile isotope absorbs a neutron, the isotope may either undergo fission or 

parasitic capture.  The capture-to-fission ratio is defined by: 

fσ
σ

α γ≡       (3.1) 

In a thermal reactor the majority of the neutrons cause fissions at thermal energies in 

U235.  Therefore for most thermal reactor applications the capture-to-fission ratio is an 
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explanation of the fission efficiency of the thermal neutrons [13].  As α increases k∞ 

decreases because more thermal neutrons undergo parasitic capture and are removed 

from the system instead of undergoing a fission event and creating more neutrons [18].    

During portion A of the exposure dependent HUCU### curve, HUCU### is 

decreasing due to increased plutonium production.  Pu239 has a capture-fission-ratio of 

0.370 (2200 m/s neutron) while U235 has a capture to fission ratio of 0.175 (2200 m/s 

neutron) [13].   Therefore with an increased α plutonium acts as a competing neutron 

absorber that decreases boron worth thus limiting the effective absorption ability of the 

boron. 

The capture-to-fission ratio is a function of the system temperature.  Doppler 

broadening is a phenomenon in which due to the kinetic motion of the target atoms at 

elevated temperatures the resonance absorption cross sections broaden while the peak 

magnitude of the cross section decreases, and in most cases slightly preserving the area 

under the original resonance [3].  Therefore though the effective peak of the cross section 

has decreased, the width of the resonance is increased and therefore the resonance affects 

a greater range of energy of neutrons;  therefore causing a greater interaction rate in that 

energy interval and thus leading to more absorption and decreased flux in that energy 

interval [15].  At higher temperatures there is more kinetic motion of target particles and 

thus more Doppler broadening of the resonance cross sections.  With increased parasitic 

capture and decrease thermal-to-fast flux ratio, HU k∞ decreases at a much faster rate 

than CU### during Portion A of the HUCU curve because the worth of the plutonium 

produced is progressively worth more in the hot operating condition than in the cold 

condition. 
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The thermal-to-fast flux ratio is defined by: 

fast

thermal

φ
φ

α =1      (3.2) 

As the temperature of the system increases the average moderator density 

decreases.  Because the average moderator density is decreased the neutron spectrum has 

a higher density in the fast region.   In the hot operating condition the decreased average 

moderator density causes an increase in α1; therefore fewer neutrons are available for 

thermal fission events.   Since at elevated temperatures there exists greater Doppler 

Broadening as well as decreased average moderator density, the decrease in α1 leads to a 

decrease in k∞ of the system.  Therefore the increasing α and decreasing α1 in the hot 

condition leads to a decrease in the HUCU### curve because the hot k∞ is decreasing 

faster in comparison to the cold k∞.   
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Figure 3-3.  Exposure dependant HUCU### curve. 

During portion B, as plutonium production reaches an equilibrium concentration 

the difference between the hot operating condition and cold condition worth becomes 
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almost constant and therefore during this portion of the curve HUCU### experiences 

relatively no exposure dependence no exposure dependence.   

Enrichment and Boron Concentration Effects 

Figure 3-4 depicts the effects of increasing enrichment on HUCU### at different 

boron concentrations.  For each 1.0% increase in average enrichment 0.0188 HUCU### 

was lost.  Since the derivatives of HUCU### were equivalent at different boron 

concentrations, the amount of HUCU### gained from a boron concentration increase was 

linearly dependent on the boron concentration increase and not also affected by the 

average enrichment.  Equation 3.3 calculated 1.84 x 10-4 HUCU660 gained for each 1 

ppm or boron introduced to the lattice.  Therefore 99.6 ppm of boron was required to 

compensate for a 1.0% average enrichment increase. 
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Figure 3-4.  Beginning of cycled HUCU vs. enrichment in the DOM, at 40% void 

fraction, for a C lattice. 
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Power Peaking Distribution 

The lattice power peaking distribution was a function of the relative distance of 

fissile material from the moderating regions.  Moderation capability of certain lattice 

regions was a function of the water boundaries of that certain lattice region as well as the 

temperature state, boron concentration and geometry of poison utilized within the lattice.  

Power Peaking distributions for a homogenous 3.95% enrichment lattice at 5 GWD/STU 

are displayed in figure 3-5 for HU, CU0, CC and CU660.  Each fuel pin location is 

identified by the horizontal and vertical location in which the pin resides.  The water rod 

locations were marked with a zero in order to distinguish the water rod locations from the 

fuel pin locations. 

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

1 1.4366 1.2277 1.1229 1.0747 1.061 1.069 1.0925 1.141 1.2431 1.45 1 0.574 0.5629 0.57 0.5889 0.6158 0.6496 0.6943 0.7826 0.9954 1.397 1.30<x

2 1.2277 1.0067 0.9069 0.8697 0.8698 0.8909 0.9102 0.9391 1.028 1.2433 2 0.5629 0.5938 0.6241 0.6602 0.7062 0.7605 0.7999 0.8467 0.9828 1.3014 1.30>x>1.20

3 1.1229 0.9069 0.8188 0.8006 0.8319 0.9032 0.9162 0.8841 0.9392 1.1415 3 0.57 0.6241 0.6763 0.741 0.8326 0.966 0.9966 0.9429 1.0132 1.2937 1.20>x>1.10

4 1.0747 0.8697 0.8006 0.8148 0.9034 0 0 0.9164 0.9105 1.0932 4 0.5889 0.6602 0.741 0.8539 1.0385 0 0 1.0939 1.0628 1.3156 1.10>x>1.05

5 1.061 0.8698 0.8319 0.9034 0.9974 0 0 0.9035 0.8914 1.0699 5 0.6158 0.7062 0.8326 1.0385 1.2382 0 0 1.1297 1.0878 1.3403 1.05>x>1.00

6 1.069 0.8909 0.9032 0 0 0.9976 0.9037 0.8323 0.8704 1.0621 6 0.6496 0.7605 0.966 0 0 1.2982 1.1616 1.0421 1.0849 1.3629 1.00>x>0.95

7 1.0925 0.9102 0.9162 0 0 0.9037 0.8153 0.8013 0.8705 1.076 7 0.6943 0.7999 0.9966 0 0 1.1616 1.0313 1.0062 1.0962 1.3971 0.95>x>0.90

8 1.141 0.9391 0.8841 0.9164 0.9035 0.8323 0.8013 0.8196 0.908 1.1245 8 0.7826 0.8467 0.9429 1.0939 1.1297 1.0421 1.0062 1.0285 1.1454 1.4637 0.90>x>0.85

9 1.2431 1.028 0.9392 0.9105 0.8914 0.8704 0.8705 0.908 1.008 1.2296 9 0.9954 0.9828 1.0132 1.0628 1.0878 1.0849 1.0962 1.1454 1.2766 1.6035 0.85>x>0.80

10 1.45 1.2433 1.1415 1.0932 1.0699 1.0621 1.076 1.1245 1.2296 1.439 10 1.397 1.3014 1.2937 1.3156 1.3403 1.3629 1.3971 1.4637 1.6035 1.9164 0.80>x

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

1 1.4514 1.2196 1.1221 1.0847 1.0772 1.0853 1.1016 1.1378 1.2319 1.4621 1 1.3847 1.1859 1.1063 1.0779 1.0736 1.0808 1.0928 1.1197 1.1956 1.3923

2 1.2196 0.9727 0.8789 0.852 0.8593 0.884 0.8966 0.9106 0.9915 1.2329 2 1.1859 0.9675 0.8877 0.8669 0.8755 0.8985 0.9082 0.9165 0.9837 1.1963

3 1.1221 0.8789 0.7945 0.7877 0.8322 0.9256 0.9321 0.8677 0.9111 1.1395 3 1.1063 0.8877 0.8143 0.8111 0.8545 0.9434 0.9479 0.8826 0.9169 1.1209

4 1.0847 0.852 0.7877 0.8202 0.9418 0 0 0.9327 0.8977 1.104 4 1.0779 0.8669 0.8111 0.8444 0.9612 0 0 0.9484 0.9091 1.0946

5 1.0772 0.8593 0.8322 0.9418 1.0713 0 0 0.9266 0.8855 1.0882 5 1.0736 0.8755 0.8545 0.9612 1.085 0 0 0.9442 0.8998 1.0831

6 1.0853 0.884 0.9256 0 0 1.0717 0.9426 0.8335 0.8612 1.0806 6 1.0808 0.8985 0.9434 0 0 1.0853 0.9619 0.8556 0.8771 1.0762

7 1.1016 0.8966 0.9321 0 0 0.9426 0.8214 0.7893 0.8543 1.0885 7 1.0928 0.9082 0.9479 0 0 0.9619 0.8455 0.8126 0.8688 1.0809

8 1.1378 0.9106 0.8677 0.9327 0.9266 0.8335 0.7893 0.7966 0.8816 1.1264 8 1.1197 0.9165 0.8826 0.9484 0.9442 0.8556 0.8126 0.8162 0.89 1.1097

9 1.2319 0.9915 0.9111 0.8977 0.8855 0.8612 0.8543 0.8816 0.976 1.2246 9 1.1956 0.9837 0.9169 0.9091 0.8998 0.8771 0.8688 0.89 0.9702 1.1898

10 1.4621 1.2329 1.1395 1.104 1.0882 1.0806 1.0885 1.1264 1.2246 1.4576 10 1.3923 1.1963 1.1209 1.0946 1.0831 1.0762 1.0809 1.1097 1.1898 1.3894

Key

5 GWD,HU,3.95 Enrichment, Dom Zone, C Lattice 40% Void

5 GWD,CU0,3.95 Enrichment, Dom Zone, C Lattice 40% Void

5 GWD,CC,3.95 Enrichment, Dom Zone, C Lattice 40% Void

5 GWD,CU660,3.95 Enrichment, Dom Zone, C Lattice 40% Void

 
    Figure 3-5.  The power peaking distributions at 5 GWD/STU, 3.95% enrichment, 

DOM, C lattice, and 40% void fraction vs. temperature state and boron 
concentration.  
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Figure 3-5 suggests that there were significant differences between the HU and 

CU0 power peaking distributions.  In the HU state the outer borders of the lattice 

exhibited the greatest amount of power peaking due to the close proximity of large areas 

of water to that location and therefore displaying the greatest moderation capabilities.  

Due to the moderation of the internal water rod locations, fuel pins located near the 

internal water rods exhibited a higher relative power than locations that were located 

away from the borders of the lattice and away from the internal water rod locations. The 

lack of moderation for the fuel pins located away from the borders of the lattice and away 

from the internal water rod locations caused these locations to exhibit the lowest relative 

power.   

In the CU0 state, power was raised in the highly moderated areas.  With no voids, 

the outer borders of the lattice and the internal water rod locations exhibit a greater 

amount of power peaking than the areas of the lattice that were between these locations.  

Because of this effect, the importance of fuel pins located away from the borders and 

water rod locations were significantly decreased, and if a perturbation were to be made to 

a fuel lattice in order to improve inherent HUCU0 characteristics these locations would 

not play an important role.   

There were also significant differences in power peaking distribution for different 

poison types.  In the CC state a high anisotropy of power peaking was exhibited due to 

poison residing at the corners of the lattice.  Fuel pins located closest to the control blade 

exhibit the greatest power suppression; therefore if a poison introduction was necessary 

for power suppression in the HU state, placing that poison away from the greatest power 

suppressed pins in the CC condition will achieve the greatest improvement in HUCC. 
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In the CU660 state the boron caused the power to be suppressed in highly 

moderated regions thereby flattening out the power distribution of the lattice.  Because 

boron was present in the moderator, regions that had greater power peaking due to 

increased moderation capability also consequently had greater power suppression from 

the boron dispersed within the moderator.  Because of the flatter power distribution in the 

CU660 as compared with the HU state, placing power suppressors in peaked locations 

corresponding to the HU state did not necessarily have as severe an impact on the cold 

borated state.  However, this leads to a distinct design advantage because it may be 

possible switch locations of a distributed poison and have a miniscule effect on HU but a 

major effect on CU###.  Therefore in order to maximize HUCU###, power suppressors 

must be placed in areas where the CU### state exhibits a higher power peak than the 

power peak in the HU state.   

As enrichment increased the power peaking distribution in the lattice became more 

skewed.  Figure 3-6 displays that as average enrichment was increased in the CU### state 

the power peaked more in the border regions and internal water rod locations of the 

lattice.  Figure 3-7 displays that as average enrichment was increased in the HU state the 

power also peaked more in the border regions and internal water rod locations of the 

lattice. Therefore there exist fewer locations in which moving a distributed poison will 

not greatly affect the HU state while greatly affecting the CU### state.   

Unfortunately this demonstrates that in a power up rate or increased exposure 

design, it will be harder for the designer to create a design that improves SLCS and 

decreases the power peak in the HU state. Figure 3-6.  The power peaking distributions at 

5 GWD/STU, CU660, DOM, C lattice, and 40% void fraction vs. enrichment. 
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1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

1 1.1923 1.095 1.0595 1.0471 1.0462 1.0503 1.0557 1.067 1.0996 1.1929 1 1.4514 1.2196 1.1221 1.0847 1.0772 1.0853 1.1016 1.1378 1.2319 1.4621

2 1.095 0.9729 0.9336 0.9237 0.9297 0.9419 0.947 0.951 0.9822 1.0986 2 1.2196 0.9727 0.8789 0.852 0.8593 0.884 0.8966 0.9106 0.9915 1.2329

3 1.0595 0.9336 0.8963 0.8958 0.9245 0.9775 0.9802 0.9401 0.9511 1.0662 3 1.1221 0.8789 0.7945 0.7877 0.8322 0.9256 0.9321 0.8677 0.9111 1.1395

4 1.0471 0.9237 0.8958 0.9168 0.9912 0 0 0.9804 0.9474 1.0553 4 1.0847 0.852 0.7877 0.8202 0.9418 0 0 0.9327 0.8977 1.104

5 1.0462 0.9297 0.9245 0.9912 1.0681 0 0 0.9779 0.9424 1.0501 5 1.0772 0.8593 0.8322 0.9418 1.0713 0 0 0.9266 0.8855 1.0882

6 1.0503 0.9419 0.9775 0 0 1.0683 0.9916 0.9251 0.9304 1.0461 6 1.0853 0.884 0.9256 0 0 1.0717 0.9426 0.8335 0.8612 1.0806

7 1.0557 0.947 0.9802 0 0 0.9916 0.9174 0.8965 0.9246 1.0472 7 1.1016 0.8966 0.9321 0 0 0.9426 0.8214 0.7893 0.8543 1.0885

8 1.067 0.951 0.9401 0.9804 0.9779 0.9251 0.8965 0.8972 0.9346 1.0597 8 1.1378 0.9106 0.8677 0.9327 0.9266 0.8335 0.7893 0.7966 0.8816 1.1264

9 1.0996 0.9822 0.9511 0.9474 0.9424 0.9304 0.9246 0.9346 0.974 1.0953 9 1.2319 0.9915 0.9111 0.8977 0.8855 0.8612 0.8543 0.8816 0.976 1.2246

10 1.1929 1.0986 1.0662 1.0553 1.0501 1.0461 1.0472 1.0597 1.0953 1.1923 10 1.4621 1.2329 1.1395 1.104 1.0882 1.0806 1.0885 1.1264 1.2246 1.4576

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

1 1.3415 1.168 1.0965 1.0704 1.0665 1.0733 1.0846 1.1093 1.1771 1.348 1 1.4313 1.204 1.1166 1.0862 1.0816 1.0891 1.1016 1.1303 1.2141 1.4399

2 1.168 0.973 0.8995 0.8797 0.8876 0.9089 0.9184 0.927 0.9886 1.1775 2 1.204 0.96 0.8747 0.8534 0.8627 0.8873 0.8969 0.9043 0.9766 1.215

3 1.0965 0.8995 0.8312 0.8277 0.8679 0.9486 0.9533 0.8955 0.9273 1.1101 3 1.1166 0.8747 0.7969 0.7943 0.8409 0.9388 0.9429 0.8687 0.9048 1.1319

4 1.0704 0.8797 0.8277 0.8579 0.9645 0 0 0.9537 0.9191 1.0859 4 1.0862 0.8534 0.7943 0.8309 0.9588 0 0 0.9434 0.8979 1.1038

5 1.0665 0.8876 0.8679 0.9645 1.0768 0 0 0.9493 0.9099 1.0751 5 1.0816 0.8627 0.8409 0.9588 1.095 0 0 0.9397 0.8887 1.0919

6 1.0733 0.9089 0.9486 0 0 1.0772 0.9651 0.8689 0.889 1.0686 6 1.0891 0.8873 0.9388 0 0 1.0954 0.9596 0.8421 0.8645 1.0848

7 1.0846 0.9184 0.9533 0 0 0.9651 0.8589 0.829 0.8813 1.0728 7 1.1016 0.8969 0.9429 0 0 0.9596 0.8321 0.7959 0.8556 1.0898

8 1.1093 0.927 0.8955 0.9537 0.9493 0.8689 0.829 0.8328 0.9014 1.0993 8 1.1303 0.9043 0.8687 0.9434 0.9397 0.8421 0.7959 0.799 0.8773 1.1206

9 1.1771 0.9886 0.9273 0.9191 0.9099 0.889 0.8813 0.9014 0.9753 1.1712 9 1.2141 0.9766 0.9048 0.8979 0.8887 0.8645 0.8556 0.8773 0.9631 1.2086

10 1.348 1.1775 1.1101 1.0859 1.0751 1.0686 1.0728 1.0993 1.1712 1.3451 10 1.4399 1.215 1.1319 1.1038 1.0919 1.0848 1.0898 1.1206 1.2086 1.4372

5 GWD,CU660,0.71 Enrichment, Dom Zone, C Lattice 40% Void

5 GWD,CU660,3.2 Enrichment, Dom Zone, C Lattice 40% Void

5 GWD,CU0,3.95 Enrichment, Dom Zone, C Lattice 40% Void

5 GWD, CU660, 4.9 Enrichment, Dom Zone, C Lattice, 40% Void

 
Figure 3-6.  The power peaking distribution at 5 GWD/STU, CU660, DOM, C lattice, 

and 40% void fraction versus enrichment. 

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

1 1.2297 1.1219 1.0702 1.0443 1.0365 1.0418 1.0565 1.0836 1.134 1.2387 1 1.4366 1.2277 1.1229 1.0747 1.061 1.069 1.0925 1.141 1.2431 1.45 1.30 <x

2 1.1219 0.9972 0.9461 0.9245 0.9237 0.9351 0.9484 0.9674 1.0126 1.1328 2 1.2277 1.0067 0.9069 0.8697 0.8698 0.8909 0.9102 0.9391 1.028 1.2433 1.30 >x> 1.20

3 1.0702 0.9461 0.8997 0.8875 0.9065 0.9507 0.9614 0.9428 0.9675 1.0827 3 1.1229 0.9069 0.8188 0.8006 0.8319 0.9032 0.9162 0.8841 0.9392 1.1415 1.20 >x> 1.10

4 1.0443 0.9245 0.8875 0.8943 0.9499 0 0 0.9615 0.9486 1.0557 4 1.0747 0.8697 0.8006 0.8148 0.9034 0 0 0.9164 0.9105 1.0932 1.10 >x> 1.05

5 1.0365 0.9237 0.9065 0.9499 1.0071 0 0 0.9509 0.9354 1.0412 5 1.061 0.8698 0.8319 0.9034 0.9974 0 0 0.9035 0.8914 1.0699 1.05 >x> 1.00

6 1.0418 0.9351 0.9507 0 0 1.0072 0.9501 0.9068 0.9241 1.036 6 1.069 0.8909 0.9032 0 0 0.9976 0.9037 0.8323 0.8704 1.0621 1.00 >x> 0.95

7 1.0565 0.9484 0.9614 0 0 0.9501 0.8946 0.8879 0.925 1.0438 7 1.0925 0.9102 0.9162 0 0 0.9037 0.8153 0.8013 0.8705 1.076 0.95 >x> 0.90

8 1.0836 0.9674 0.9428 0.9615 0.9509 0.9068 0.8879 0.9001 0.9467 1.0698 8 1.141 0.9391 0.8841 0.9164 0.9035 0.8323 0.8013 0.8196 0.908 1.1245 0.90 >x> 0.85

9 1.134 1.0126 0.9675 0.9486 0.9354 0.9241 0.925 0.9467 0.9978 1.1215 9 1.2431 1.028 0.9392 0.9105 0.8914 0.8704 0.8705 0.908 1.008 1.2296 0.85 >x> 0.80

10 1.2387 1.1328 1.0827 1.0557 1.0412 1.036 1.0438 1.0698 1.1215 1.2291 10 1.45 1.2433 1.1415 1.0932 1.0699 1.0621 1.076 1.1245 1.2296 1.439 0.80 >x

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

1 1.3891 1.2063 1.1116 1.0668 1.0537 1.0614 1.084 1.1295 1.2217 1.4022 1 1.488 1.2493 1.1346 1.0837 1.0695 1.0778 1.1017 1.1527 1.2645 1.5017

2 1.2063 1.0102 0.9185 0.8828 0.8821 0.9017 0.9208 0.9495 1.0313 1.2218 2 1.2493 1.0004 0.8934 0.8555 0.8566 0.8793 0.8982 0.9262 1.0216 1.2649

3 1.1116 0.9185 0.8367 0.8183 0.8462 0.9106 0.9241 0.8981 0.9497 1.1298 3 1.1346 0.8934 0.7998 0.7826 0.8175 0.8965 0.9087 0.8688 0.9264 1.1533

4 1.0668 0.8828 0.8183 0.8296 0.9089 0 0 0.9242 0.9211 1.0845 4 1.0837 0.8555 0.7826 0.8003 0.8993 0 0 0.9089 0.8986 1.1026

5 1.0537 0.8821 0.8462 0.9089 0.9928 0 0 0.9109 0.9021 1.0621 5 1.0695 0.8566 0.8175 0.8993 1.0045 0 0 0.8969 0.8798 1.0789

6 1.0614 0.9017 0.9106 0 0 0.993 0.9091 0.8466 0.8827 1.0546 6 1.0778 0.8793 0.8965 0 0 1.0047 0.8997 0.818 0.8573 1.0709

7 1.084 0.9208 0.9241 0 0 0.9091 0.83 0.8189 0.8835 1.0678 7 1.1017 0.8982 0.9087 0 0 0.8997 0.8009 0.7833 0.8565 1.0853

8 1.1295 0.9495 0.8981 0.9242 0.9109 0.8466 0.8189 0.8374 0.9194 1.1128 8 1.1527 0.9262 0.8688 0.9089 0.8969 0.818 0.7833 0.8008 0.8946 1.1365

9 1.2217 1.0313 0.9497 0.9211 0.9021 0.8827 0.8835 0.9194 1.0113 1.2078 9 1.2645 1.0216 0.9264 0.8986 0.8798 0.8573 0.8565 0.8946 1.002 1.2517

10 1.4022 1.2218 1.1298 1.0845 1.0621 1.0546 1.0678 1.1128 1.2078 1.3909 10 1.5017 1.2649 1.1533 1.1026 1.0789 1.0709 1.0853 1.1365 1.2517 1.4913

Key

5GWD,HU,0.71 Enrichment, Dom Zone, C Lattice 40% Void

5 GWD,HU,3.2 Enrichment, Dom Zone, C Lattice 40% Void

5 GWD,HU,3.95 Enrichment, Dom Zone, C Lattice 40% Void

5 GWD, HU, 4.9 Enrichment, Dom Zone, C Lattice, 40% Void

 
Figure 3-7.  The power peaking distributions at 5 GWD/STU, HU, DOM, C lattice, and 

40% void fraction vs. enrichment. 
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Heterogeneous Enrichment Distribution 

 After determining the effects of average enrichment on the behavior of HUCU###, 

heterogeneous enrichment perturbations were then examined in order to determine if 

enrichment changes to individual fuel pins could affect HUCU###.  The two major types 

of enrichment perturbations investigated were localized enrichment perturbations and 

gross enrichment perturbations.  Localized enrichment perturbations were considered to 

be small sets of fuel pins that were either increased or decreased in enrichment by a 

certain amount holding the rest of the fuel lattice at constant enrichment.   Gross 

Enrichment perturbations were considered to be a large lump of fuel pins that were either 

increased or decreased in enrichment by a certain amount holding the average enrichment 

of the entire lattice constant.   

Localized Enrichment Perturbation 

Localized enrichment perturbation patterns were generated based on the power 

peaking distribution map.  The fuel pin locations were set into groups based on locations 

exhibiting similar power peaking in the homogeneously enriched lattice calculation.  

Since lattice power peaking was determined to be dependent on enrichment, 3.95% 

enrichment was chosen as the distribution for which the determination of the pattern type 

was made.  

Figure 3-8 displays the distribution of perturbations made to the lattice.  Each 

group of numbers represents a group of fuel pins that were either increased or decreased 

by 1.0% enrichment as the rest of the lattice was kept at a constant enrichment.  

Localized enrichment perturbations had no effect on HUCU### as depicted in figure 3-9.  

The minute difference of 0.00373 HUCU### in figure 3-9 was considered only a function 
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of the 0.2% average enrichment difference exhibited between each pattern utilized.  

Therefore localized enrichment perturbation did not greatly affect HUCU### behavior. 

1 2 3 4 5 6 7 8 9 10

1 1 2 3 4 4 4 4 3 2 1

2 2 5 7 8 8 8 7 7 5 2

3 3 7 9 9 9 7 7 8 7 3

4 4 8 9 9 7 W W 7 7 4

5 4 8 9 7 6 W W 7 8 4

6 4 8 7 W W 6 7 9 8 4

7 4 7 7 W W 7 9 9 8 4

8 3 7 8 7 7 9 9 9 7 3

9 2 5 7 7 8 8 8 7 5 2

10 1 2 3 4 4 4 4 3 2 1  
Figure 3-8.  Localized enrichment perturbation map. 
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Figure 3-9.  Exposure dependent HUCU660 for different localized enrichment 
perturbation patterns. 
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 Gross Enrichment Perturbation 

Gross enrichment perturbations were next examined in order to determine how 

these type of lattice perturbations would affect shutdown behavior.  Figure 3-10 displays 

an example pattern of gross enrichment perturbations and table 3-1 lists the enrichment 

perturbations made to that example pattern. 

Table 3-1.  Gross enrichment perturbation scheme for figure 3-10. 

Pattern 
Enrichment 
Perturbation (1-2) Pattern

Enrichment 
Perturbation (1-2) 

1 1.6%-4.9% 7 4.9%-1.6% 
2 2.4%-4.9% 8 4.9%-2.4% 
3 3.2%-4.9% 9 4.9%-3.2% 
4 4.4%-4.9% 10 4.9%-4.4% 
5 3.2%-4.4% 11 4.4%-3.2% 
6 3.6%-4.4% 12 4.4%-3.6% 

 
1 2 3 4 5 6 7 8 9 10

1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 1 1 1 1 2 2

3 1 1 1 1 1 1 1 1 2 2

4 1 1 1 1 1 W W 2 2 2

5 1 1 1 1 1 W W 2 2 2

6 1 1 1 W W 2 2 2 2 2

7 1 1 1 W W 2 2 2 2 2

8 1 1 1 2 2 2 2 2 2 2

9 1 2 2 2 2 2 2 2 2 2

10 1 2 2 2 2 2 2 2 2 2  
Figure 3-10.  An example of a gross enrichment perturbation map. 

Gross enrichment perturbation demonstrated no effect on HUCU###.  Though 

HUCU### was not a function of localized and gross enrichment perturbation, HUCC was 

highly dependent upon these perturbations.  Figure 3-11 and 3-12 display the difference 

in effect of gross lattice perturbation skewing.  Notice in figure 3-11 no effect was 

noticed on HUCU###; however, in figure 3-12 HUCC was highly dependent upon 

enrichment distribution.   
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Figure 3-11.  Exposure dependent HUCU660 at 40% void fraction, in the DOM, with a C 

lattice. 
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Figure 3-12.  Exposure dependent HUCC at 40% void fraction, in the DOM, with a C 

lattice. 

Placing a higher enrichment closer to the control blade location allowed for greater 

power suppression and thus enhanced HUCC due to the increased control the blade 

exhibited over the maximum power producing section of the lattice.  Therefore though 
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enrichment perturbation was not limiting in HUCU###, distorting the enrichment 

distribution had an effect on HUCC.  Though SLCS does not depend on local or gross 

enrichment perturbation, SDM is sensitive to this type of perturbation.  However, the 

designer may only enhance HUCU### by perturbing average enrichment of the entire 

lattice therefore as long as the average of the enrichment of the lattice satisfies SLCS 

requirements the enrichment may be perturbed to meet SDM without violating SLCS. 

 

 
 
 
 
 

 



CHAPTER 4 
MAXIMIZING HOT-COLD BORATED k∞ DIFFERENCE UTILIZING 

GADOLINIUM  

There were four different isolated studies examined for the purpose of determining 

the optimum strategies for utilizing gadolinium to enhance HUCU###.  Gadolinium rods 

were examined in a variety of clumped geometries in order to determine the lumped 

spatial self-shielding effects.  After the effects of self-shielding were determined, the 

effects of increasing the amount of gadolinium rods on HUCU### were investigated.  

Gadolinium concentration was next analyzed.  Finally, gadolinium rod placement was 

examined to determine the optimum gadolinium locations for enhancing HUCU### 

without diminishing HUCC.  

Spatial Self-Shielding Effects of Gadolinium Rods on HUCU### 

Gadolinium rods were clumped in a variety of geometries to determine the effects 

of lumped spatial self-shielding on HUCU###.  Four samples of examined clumped 

gadolinium rod geometries are displayed in figure 4-1.  Clumping the gadolinium rods 

decreased the BOL gadolinium worth because the gadolinium rods were effectively 

spatially self-shielding each other from the impinging neutron flux.  The self-shielding of 

the gadolinium decreased the effective surface area utilized for neutron absorption [15].  

Because the thermal-to-fast flux ratio was much higher in the cold state than in the hot 

state more neutrons were likely to be thermally absorbed in the gadolinium in the cold 

condition; therefore decreasing the effective surface area for neutron absorption decreases 
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the effectiveness of the power suppression from the gadolinium rods and thus decreasing 

HUCU###.  

 

Figure 4-1.  Four sample clumped geometries. 

Figure 4-2 depicts the effects of gadolinium spatial self-shielding on gadolinium 

worth.  Highlighted in red are the patterns corresponding to those displayed in figure 4-1.  

As gadolinium clumping increased, gadolinium worth decreased.  Face adjacent 

clumping of all four sides of a gadolinium rod resulted in a 38% decrease in gadolinium 

worth, and face adjacent clumping of two sides resulted in a 19% decrease in gadolinium 

worth.  Diagonal face adjacent clumping lead to a 7% decrease in gadolinium worth.  
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Figure 4-2.  Corresponding 0 GWD/STU gadolinium worth for the patterns displayed in 

figure 4-1.  
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Figure 4-3.  Corresponding exposure dependent gadolinium clumping effects on 

HUCU660 for the patterns displayed in figure 4-1. 
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Because clumping a group of gadolinium rods decreased the effective surface area 

for absorption, the exposure time required to burn out the gadolinium increased.  In figure 

4-3 as clumping increased the exposure point in which gadolinium burns out also 

increased.  Also depicted in figure 4-3 is the decrease in HUCU### as a function of 

increase clumping.  Therefore in order to design an optimum lattice to enhance 

HUCU### gadolinium rods must be spaced as far apart as reasonably achievable and face 

adjacent and diagonal adjacent clumping must be eliminated. 

The Effects of Increasing the Amount of Gadolinium Rods on HUCU### 

In a power up-rate and an increased exposure cycle, extra positive reactivity must 

be installed in the fuel bundle.  Placing extra positive reactivity will cause a greater 

skewing of the lattice power peaking as well as violating beginning of cycle critical 

eigenvalue requirements.  In order to decrease the beginning of cycle eigenvalue to the 

critical requirements and decrease power peaking to improve lattice efficiency and meet 

thermal margins, gadolinium must be placed in the fuel bundle.  As more positive 

reactivity is installed, more gadolinium rods at higher concentrations are needed.  

The effects of increasing the amount of gadolinium rods in the lattice on 

gadolinium worth are demonstrated in figure 4-4. The gadolinium rod placement 

geometry was held constant while 8 to 18 rods were placed in the lattice.  As the amount 

of gadolinium rods placed in the lattice increased, the degree of gadolinium clumping 

decreased due to the size limitations of the lattice.  In the increase of 15 gadolinium rods 

to 16 gadolinium rods, a clumped geometry was utilized that resulted in a decrease in 

gadolinium worth.  Each gadolinium rod insertion for the hot condition was worth -

0.0103 ∆k/k while each gadolinium rod insertion in the CU660 case was worth -0.0095 
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∆k/k leading to 0.5 m∆k/k difference in gadolinium worth between the hot and cold 

lattice states.   
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Figure 4-4.  The effects of increased number of gadolinium rods on the gadolinium worth 

at 0 GWD/STU. 

Increasing the amount of gadolinium rods decreased hot and cold k∞ by increasing 

the amount of neutrons removed from the system by absorption.  HUCU### also 

decreased as the number of gadolinium rods increased.  Figure 4-5 displays BOL 

decrease in HUCU660 as a function of increasing the amount of gadolinium rods placed 

in the lattice.   

The thermal-to-fast flux ratio is higher in the cold state than in the hot state due to 

the cold states increased moderator density, and the thermal-to-fast flux ratio is lower in 

higher boron concentration due to decreased thermal neutron availability after boron 

capture.  Gadolinium is dominantly a thermal neutron absorber therefore in the increased 
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thermal-to-fast flux ratio gadolinium was a more effective absorber.  The decreased 

thermal-to-fast flux in the hot state as compared to the cold borated states results in a 

decrease in HUCU### as each gadolinium rod was inserted because the gadolinium was 

worth more per rod insertion in the cold state than in the hot state.   

Gadolinium rod worth was also a function of the boron concentration utilized in the 

cold condition.  At 0 GWD/STU HUCU660 changes -0.0017 per rod insertion (10-13 

ppm boron equivalence) while HUCU935 changes -0.0025 per rod insertion (16-20 ppm 

boron equivalence).  This demonstrates that when a utility decides to go to a power up-

rate or increased exposure cycle, the increased amount of gadolinium needed to offset the 

increased installed reactivity will result in a decrease in the HUCU### parameter on the 

lattice level resulting in a decrease in SLCS margin on the core wide level. 
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Figure 4-5.  The effects of the number of gadolinium rods inserted on HUCU at 0 

GWD/STU. 
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The Effects of Increasing the Gadolinium Concentration on HUCU### 

The effects of increasing gadolinium concentration of a given gadolinium 

configuration on HUCU### was next examined to determine if gadolinium concentration 

was a design constraint for HUCU###.  Increasing the gadolinium concentration of the 

lattice had similar results to increasing the amount of rods in the lattice.  Figure 4-6 

displays the increase in gadolinium worth as a function of increasing concentration.    For 

CU660 at 0 GWD/STU a 1% increase in gadolinium concentration for 14 gadolinium 

rods is worth -0.002343 ∆k/k.  For HU at 0 GWD/STU a 1% increase in gadolinium 

concentration for 14 gadolinium rods is worth -0.004587 ∆k/k. 
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Figure 4-6.  The effect of increasing the gadolinium concentration for 14 gadolinium rods 

on gadolinium worth at 0 GWD/STU. 

The HU state exhibited 2 times greater worth in increasing 1% in gadolinium worth 

than the CU state; therefore increasing the gadolinium concentration will decrease 

HUCU###.  Figure 4-7 exhibits the decrease in HUCU### as the gadolinium 
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concentration is increased.  For a 1% Change In Concentration for 14 Gadolinium Rods 

at 0 GWD/STU, HU660 changes -0.004504 (33 ppm boron equivalent) and HU935 

changes -0.004906 (36 ppm boron equivalent). 
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Figure 4-7.  The effect of increasing the gadolinium concentration of 14 gadolinium rods 

on HUCU at 0 GWD/STU 

The Importance of Gadolinium Rod Location 

The lattice power distribution is never uniform. The effectiveness of gadolinium to 

suppress power while increasing HUCU### was highly dependent upon the location in 

the lattice in which the gadolinium was placed.  Since many parameters contributed to the 

power distribution within the lattice, determining an optimum location for gadolinium 

placement resulted from satisfying all the parameters that were most limiting.  The power 

peaking distributions for the HU, CU### and CC states differed therefore determining an 

optimum location for placing gadolinium involved placement in areas that maximized 
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improvement to the most limiting state without violating the parameter requirements of 

the other states. 

Two gadolinium rods were placed in series of different locations throughout the 

lattice to determine the areas in which HUCU### and HUCC could be maximized (two 

gadoliniums rods were used in order to preserve mirror symmetry of the lattice design).  

Figure 4-8 presents the locations examined and corresponding case numbers of the 

gadolinium location tests.   
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Figure 4-8.  Gadolinium rod placement diagram. 

The effectiveness of the gadolinium placement was a function of the power 

distribution.  The power distribution was a function of the moderation ability and poison 

geometry.  In the CC state as gadolinium rods were placed further from the edges of the 

control blade the worth of the gadolinium increased.  This was due to the decreased 

competition for neutrons between the gadolinium and the control blade.  If the 
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gadolinium was placed to close to the control blade then effectively the gadolinium and 

blade were spatially self-shielding each other and therefore decreased both of the 

poisons’ effective worth.    In the CU### case, the difference in worth of a certain 

gadolinium rod location was not a function of boron poison geometry (assuming no 

clumping) because the boron poison geometry was uniform; however, the difference in 

worth of certain gadolinium rod locations was related to the moderation capability of the 

fuel lattice.  Areas of the lattice exhibiting more moderation created more thermal 

neutrons, leading to a higher power peaking.  Gadolinium was worth more in these areas 

of increased moderation capability due to the increased amount of thermal neutrons 

available for absorption.     

Figure 4-9 displays the difference in gadolinium worth as a function of gadolinium 

location corresponding to the patterns in figure 4-8.   Certain pattern changes caused 

opposing worth differences in different temperature and boron geometry states.  In the 

change from pattern 4 to pattern 5 and in the change from pattern 15 to pattern 16, CC 

gadolinium worth increased while CU660 and HU gadolinium worth decreased.  In the 

change from pattern 10 to pattern 11, CC gadolinium worth greatly decreased while 

CU660 worth slightly decreased and HU worth slightly increased. 

  Placing a gadolinium rod in a higher power peaked area resulted in up to a 5% 

increase in gadolinium worth.  In the CC case, increasing the distance of the gadolinium 

rod from the center of the control blade increased gadolinium worth by 0.00525 until the 

water rods in the center of the lattice were reached.  Once the water rods were reached in 

the CC lattice (on the lower right diagonal half of the lattice), the power distribution and 

gadolinium rod worth become independent of the effects of the control blade.   
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Altering a current lattice design to improve SDM and SLCS while maintaining HU 

must include shifting gadolinium locations where both the CU### and CC states have the 

most significant worth improvement while HU only has slight gadolinium worth increase.  

Improving CC gadolinium worth involves placing the gadolinium away from the control 

blade so that the gadolinium does not compete for neutrons with the boron in the control 

blade for.  Enhancing the CU### worth involves spacing out the gadolinium so that 

spatial self-shielding does not occur and placing the gadolinium in the areas of highest 

power peaking exhibited by the cold power shape (areas of greatest moderation 

capabilities).  Enhancing the HU worth also involves spacing out gadolinium and placing 

them in areas of highest power peaking corresponding to the HU power shape.  The 

optimum gadolinium pattern for any given amount of gadolinium rods is the design that 

meets all three of these criteria. 
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Figure 4-9.  Gadolinium worth versus location for 0 GWD/STU, 7% gadolinium 

concentration,  

 



55 

Fuel Lattice Design Conclusions 

Certain parameters in the 2-dimensional fuel lattice design have a significant 

contribution to HUCU###.   Lattice enrichment may be utilized to enhance HUCU###.  

While local lattice enrichment perturbations do not contribute to HUCU###, decreasing 

the lattice average enrichment decreases the power distribution skewing of the lattice and 

therefore increases HUCU###.  However, with the demand for increased cycle lengths at 

higher powers, unfortunately higher average enrichments are needed to meet these 

requirements.  Therefore with the needed increased average enrichment of the bundles 

will result in an increase in power skewing of the lattice thus decreasing HUCU###.    

The addition of competing thermal neutron poisons decreases HUCU###.   Fuel 

designs with a tighter pitch between fuel rods lead to an increased production of 

plutonium.  Plutonium is a competing thermal neutron poison.  Therefore creating smaller 

fuel rods with a tighter pitch may increase the heat transfer of the fuel bundle, but also wa 

greater amount of plutonium is generated and therefore HUCU### is compromised.  Also 

utilization of mixed oxide fuels (MOX) introduces an increased plutonium inventory in 

the core therefore further decreasing HUCU###. 

Gadolinium is also a thermal neutron poison.  Enough positive reactivity must be 

installed into the reactor core at the beginning of cycle in order to meet the cycle length 

requirements.  Gadolinium must installed in each of the fuel bundles in order to make 

sure that with the installed reactivity the reactor core is critical throughout operation.  

Therefore though gadolinium competes for thermal neutrons thereby decreasing 

HUCU###, it is a necessary component of reactor operation. 

In order to enhance HUCU### while maintaining a cycle operation goal, only 

certain fuel lattice parameters may be varied.  Cycle length and power level is dependent 
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upon installed reactivity; therefore average enrichment of the fuel is a fixed parameter if 

the number of fresh bundles utilized in the design is fixed.  Plutonium production is 

related to power level, fuel lattice pitch, and isotope content of the fuel.  In most cases all 

of those are fixed.   

The only design parameter with room for enhancement is gadolinium.  If 

gadolinium is utilized effectively in certain locations of the fuel bundle, maximized 

differences between the HU and CU### may be created; therefore HUCU### is 

improved leading to an improvement in SLCS on the full core level.  However, in 

increased average enrichment cores more gadolinium rods are needed to meet critical 

eigenvalue requirements; therefore resulting in fewer locations to manipulate gadolinium 

rod placement for improvement in HUCU###.   Therefore if gadolinium has already been 

placed in the areas of maximized HUCU### enhancement further techniques must be 

utilized on the full core level to enhance HUCU###. 

 

 



CHAPTER 5 
FULL CORE SLCS MODELING  

The reference base reactor core analyzed was a generic BWR/3.  The reactor core 

was quarter core symmetric meaning that only a quarter of the full core had to be 

modeled to accurately represent characteristics of the full core. Figure 5-1 was the base 

reference core in which all perturbations were compared.  Two different average bundle 

enrichments of fresh fuel were loaded into the core for the investigated cycle.  The high 

enrichment bundles (fuel type 19) were 4.18% enriched, and the low enriched bundles 

(fuel type 20) were 3.89% enriched.   

Three major types of perturbations utilized to enhance SLCS were investigated on 

the full core level.  The perturbations were selected based on the knowledge generated 

from the lattice physics analysis, and fell into two distinct characteristic types.  The first 

type involved making a perturbation to the entire bundle.  Gadolinium rod placement 

perturbations to the entire bundle were examined in order to determine the maximum 

achievable enhancement to SLCS.  The second type involved perturbing the axial power 

shape.  Based on the fact that average enrichment was also a dominant parameter in 

enhancing HUCU### in the lattice physics calculations, axial power shaping techniques 

utilizing enrichment differencing in certain axial zones was next examined to determine 

the maximum achievable enhancement to SLCS by perturbing the cold axial power 

shape.  Gadolinium insertion in certain axial zones was also examined to determine if this 

method was also effective in enhancing SLCS by perturbing the axial power shape 

utilizing a poison.   
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Figure 5-1.  Reference base core fuel bundle loading map. 

In each perturbation case the critical eigenvalue, thermal limits, and SDM were 

monitored in order to determine if the enhancement to SLCS would violate the 

requirements of these margins.  Calculated eigenvalue was monitored for each case to 

determine if calculated eigenvalue varied more than 0.001 ∆k from the base case critical 
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eigenvalue.  At BOC rods patterns may always be adjusted in order to make the reactor 

critical and have critical eigenvalue deviate less than 0.001 ∆k; however, at EOC when 

all the rods are pulled out of the core and no other form of positive reactivity may exist in 

the core to supply reactivity for criticality any decrease in critical eigenvalue as compared 

from the base case resulted in loss of cycle exposure and decreases of cycle energy.  

MFLPD was observed to make sure no perturbation resulted in a MFLPD greater than 

0.909 as the BWR design basis requires.  MFLCPR was also monitored to be certain that 

no perturbation caused a MFLCPR to become greater than the design basis requirements 

of 0.930. 

A SLCS enhancement that leads to decreased cycle energy and results in loss of 

cycle exposure was unacceptable due to the $ 1,000,000 at day cost involved in shutting 

the reactor down early.  Furthermore, a core that does not meet thermal limits may not be 

licensed; therefore though SLCS may be improved through a certain modification, if that 

modification leads to unacceptable thermal margin, the core will not be licensed to 

operate.  The optimum enhancement for SLCS involves an enhancement that meets 

thermal limits and does not deplete EOC calculated eigenvalue. 

Enhancing SLCS by Perturbing the Location of Gadolinium Rods 

A gadolinium placement modification to certain lattice axial zones was made in 

each fresh fuel type separately.  The lattice physics calculations ensured that HUCU### 

improved with enhanced gadolinium location loading; therefore applying the technique to 

each fuel type individually determined the limiting effects of core radial and axial power 

weighting incurred on the enhancement of SLCS.  The gadolinium rods that were 

interchanged were chosen based on the fact that the cold power peaking map displayed an 
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increased worth for the new rod locations while the hot power peaking displayed a lesser 

change in worth.  Figure 5-2 displays the base DOM gadolinium geometry and the areas 

circled in red correspond to where the gadolinium pins were interchanged with normal 

fuel pins in the perturbed cases.  These perturbations were made to each axial zone 

individually and then to the entire bundle for each fresh bundle type. 

 A B C D E F G H I J

1 1.60 2.80 3.20 3.95 3.95 3.95 3.95 3.95 3.95 2.80

2 2.80 2.80 3.20 3.95 3.60 3.95
8.00 3.95 4.40

6.00 3.95 3.95

3 3.20 3.20 4.40
3.00 4.40 4.90

6.00 4.40 4.40
6.00 4.40 4.40

6.00 4.90

4 3.95 3.95 4.40 4.90
8.00 3.95 WR - 4.90 4.90 4.90

5 3.95 3.60 4.90
6.00 3.95 4.90 - - 4.90 4.90 4.90

6 3.95 3.95
8.00 4.40 WR - 4.90 4.90 4.90 4.90

8.00 4.90

7 3.95 3.95 4.40
6.00 - - 4.90 4.90 4.90

8.00 4.90 4.90

8 3.95 4.40
6.00 4.40 4.90 4.90 4.90 4.90

8.00 4.90 4.90
8.00 4.90

9 3.95 3.95 4.40
6.00 4.90 4.90 4.90

8.00 4.90 4.90
8.00 4.90 4.90

10 2.80 3.95 4.90 4.90 4.90 4.90 4.90 4.90 4.90 3.20
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Figure 5-2.  The perturbation diagram for the gadolinium rod perturbation cases. 

SLCS margin was improved by the greatest amount when every axial zone 

containing gadolinium was perturbed.  Figure 5-3 displays the maximum SLCS 

enhancement exhibited by each bundle type perturbation.  Case 1 and Case 2 represent 

perturbations made to every axial zone in the bundle containing gadolinium.  Case 1 

represents when the perturbation was only made to the high enrichment bundles, and 

Case 2 represents when the perturbation was only made to the low enrichment bundles. 

Case 1 exhibited a 0.0095 improvement in BOC SLCS margin while Case 2 

exhibited a 0.0341 increase in BOC SLCS margin.  The low enrichment bundles 

represented 69% of the total loaded batch fraction and the majority of these bundles 
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resided in the high power peak locations in the interior core region; therefore any 

perturbations made to these bundles demonstrated a more pronounced enhancement than 

perturbations made to the high enrichment bundles.   
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  Figure 5-3.  Exposure dependent SLCS for the reference base case, the case in which the 

perturbation was made to only all of the fresh low enrichment bundles (case 
2), and the case in which the perturbation was made to only all of the fresh 
high enrichment bundles (case 1). 

Though SLCS margin was enhanced, other limiting factors were greatly affected.  

Table 5-1 displays the effects of the enrichment perturbation on eigenvalue, and 

highlighted in red are the points in which eigenvalue deviated more than 0.001 ∆k from 

the critical eigenvalue.  All exposure points ending in an A represented the exposure step 

in which the control blade was shifted into the next pattern configuration.  Due to the 

slight increase in gadolinium utilization caused by the perturbation, BOC eigenvalue 

decreased; and due to the saved positive reactivity from BOC, mid-cycle eigenvalue 

increased.  In order to increase BOC eigenvalue and decrease mid-cycle eigenvalue the 
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control blade patterns were manipulated to offset this reactivity imbalance.  Table 5-2 

displays the exposure dependent MFLPD.  Case 2 improved most limiting MFLPD below 

the most limiting base case MFLPD after the rod pattern adjustment. Table 5-3 displays 

the exposure dependent MFLCPR.  The most limiting MFLCPR in case 2 was also 

improved below the base case after the rod pattern adjustment.  Therefore after the 

control blade adjustments were made both cases could meet critical eigenvalue 

requirements, but only case 2 could also meet MFLPD requirements as well.   

Table 5-1.  Critical eigenvalue at specified exposure points for the gadolinium rod 
location perturbation cases that exhibited greatest enhancement in SLCS.   

 
Exposure Critical Eigenvalue 

 (MWD/STU) Base Case 1 Case 1 Fix Case 2 Case 2 Fix 
0 1.0136 1.0123 1.013 1.0104 1.0129 
181 1.0142 1.0129 1.0139 1.011 1.0146 
907 1.0141 1.0129 1.0139 1.0111 1.0138 
1814 1.0128 1.0117 1.0125 1.0101 1.0124 
2722 1.0133 1.0123 1.0131 1.0108 1.0132 
2722A 1.0122 1.0112 1.0112 1.0095 1.0126 
3629 1.0128 1.0119 1.0119 1.0104 1.0136 
4536 1.0118 1.0111 1.0111 1.0098 1.012 
5443 1.0126 1.012 1.0121 1.0108 1.0134 
5443A 1.0119 1.0113 1.0114 1.0103 1.012 
6350 1.013 1.0126 1.0126 1.0116 1.0135 
7258 1.012 1.0117 1.0118 1.0108 1.0125 
8165 1.0134 1.0133 1.0134 1.0126 1.0135 
8165A 1.0123 1.0122 1.0123 1.0115 1.0123 
9072 1.0134 1.0133 1.0134 1.0129 1.0137 
9979 1.0135 1.0135 1.0136 1.0134 1.0138 
10886 1.0148 1.0149 1.0149 1.0153 1.0152 
10886A 1.0147 1.0148 1.0148 1.0152 1.0152 
11794 1.0149 1.0153 1.0152 1.0163 1.0155 
12570 1.0163 1.0168 1.0167 1.0182 1.0169 
12701 1.0157 1.0164 1.0162 1.0179 1.0164 
13608 1.0159 1.0168 1.0165 1.0186 1.0167 
13608A 1.0169 1.0178 1.0175 1.0195 1.0176 
14061 1.0159 1.0168 1.0165 1.0188 1.0167 
14334 1.0164 1.0174 1.0171 1.0195 1.0171 
14570 1.0163 1.0173 1.017 1.0193 1.0169 
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 Table 5-2.  Exposure dependent MFLPD for the gadolinium rod location perturbation 
cases that exhibited greatest enhancement in SLCS. 

 
Exposure MFLPD 

 (MWD/STU) Base Case 1 Case 1 Fix Case 2 Case 2 Fix 
0 0.846 0.829 0.815 0.866 0.821 
181 0.845 0.85 0.832 0.858 0.799 
907 0.806 0.811 0.796 0.82 0.779 
1814 0.807 0.814 0.803 0.821 0.786 
2722 0.781 0.789 0.778 0.795 0.763 
2722A 0.742 0.753 0.754 0.753 0.712 
3629 0.714 0.725 0.724 0.729 0.712 
4536 0.717 0.726 0.726 0.734 0.702 
5443 0.703 0.711 0.71 0.72 0.682 
5443A 0.838 0.842 0.84 0.858 0.822 
6350 0.849 0.857 0.853 0.878 0.824 
7258 0.847 0.865 0.859 0.884 0.825 
8165 0.889 0.917 0.912 0.923 0.886 
8165A 0.847 0.865 0.859 0.892 0.841 
9072 0.852 0.863 0.863 0.887 0.878 
9979 0.784 0.786 0.791 0.806 0.836 
10886 0.683 0.686 0.685 0.699 0.723 
10886A 0.72 0.724 0.729 0.717 0.755 
11794 0.704 0.713 0.711 0.718 0.706 
12570 0.704 0.709 0.706 0.73 0.693 
12701 0.704 0.708 0.705 0.736 0.691 
13608 0.854 0.855 0.851 0.878 0.852 
13608A 0.734 0.742 0.738 0.762 0.737 
14061 0.841 0.84 0.834 0.871 0.837 
14334 0.746 0.748 0.741 0.789 0.736 
14570 0.763 0.766 0.759 0.805 0.753 

 
Utilizing any type of gadolinium insertion will only enhance BOC SLCS.  Though 

BOC SLCS was enhanced in case 2 by gadolinium location improvement, once the 

gadolinium burned out (~11,000 MWD/STU for this specific case) the perturbed case 

became limiting again in SLCS.  Therefore if SLCS is enhanced utilizing this method, the 

designer must consider if the gadolinium burn out point is acceptable as well.  If at the 

gadolinium burn out point SLCS is not acceptable in magnitude, another method must be 

utilized to enhance SLCS.   
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Table 5-3.  Exposure dependent MFLCPR for the gadolinium rod location perturbation 
cases that exhibited greatest enhancement in SLCS. 

 
Exposure MFLCPR 

(MWD/STU) Base Case 1 Case 1 Fix Case 2 Case 2 Fix 
0 0.711 0.723 0.727 0.707 0.714 
181 0.721 0.729 0.727 0.713 0.715 
907 0.726 0.733 0.733 0.717 0.72 
1814 0.737 0.744 0.741 0.731 0.721 
2722 0.741 0.748 0.744 0.734 0.727 
 2722A 0.73 0.737 0.737 0.717 0.744 
3629 0.736 0.743 0.743 0.725 0.754 
4536 0.729 0.734 0.734 0.72 0.736 
5443 0.734 0.738 0.738 0.726 0.744 
 5443A 0.773 0.77 0.77 0.778 0.767 
6350 0.775 0.774 0.774 0.78 0.769 
7258 0.731 0.733 0.734 0.734 0.735 
8165 0.732 0.732 0.732 0.731 0.737 
 8165A 0.745 0.744 0.744 0.744 0.75 
9072 0.746 0.743 0.743 0.748 0.749 
9979 0.754 0.752 0.751 0.758 0.752 
10886 0.767 0.766 0.764 0.773 0.763 
10886A 0.757 0.756 0.754 0.766 0.755 
11794 0.79 0.793 0.792 0.789 0.785 
12570 0.824 0.828 0.828 0.838 0.817 
12701 0.825 0.83 0.829 0.836 0.818 
13608 0.829 0.836 0.834 0.841 0.821 
13608A 0.825 0.833 0.831 0.827 0.817 
14061 0.822 0.83 0.828 0.836 0.815 
14334 0.822 0.818 0.814 0.84 0.816 
14570 0.808 0.803 0.8 0.825 0.802 

 
Enhancing SLCS at the cost of SDM was not an acceptable option if SDM was 

already a limiting constraint from the original design.  Figure 5-4 demonstrates that the 

modifications made to the low enriched fresh bundles did not diminish SDM below the 

most limiting value of the base case.  For this perturbation, BOC SDM was improved 

0.0190 at the cost of decreasing EOC SDM; however, the decrease in EOC SDM did not 

fall below the most limiting SDM value, and therefore the perturbation yielded 

acceptable SDM consequence.   
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Figure 5-4.  Exposure dependent SDM for the gadolinium rod location perturbation cases. 

Utilizing a gadolinium location perturbation may be utilized to enhance BOC 

SLCS.  However, the magnitude of the improvement is limited by the ability to separate 

the gadolinium and move it into areas of greater effective worth.  As the amount of 

gadolinium rods in the lattice increases, the ability to move gadolinium rods to more 

effective locations decreases.  As fuel bundle designs move to higher average 

enrichments more gadolinium rods are needed in the fuel bundles to counteract the 

increased installed reactivity.  More gadolinium rods in the fuel bundle causes this 

technique to be less effective due to the inability to move the gadolinium to locations of 

greater effective worth due to the space constraints of the fuel lattice. 

Axial Power Shape Characteristics 

The base case most limiting power peak bundle location was bundle (15, 11).  

Because lattice physics work determined that the DOM was the most limiting geometry 

for HUCU###, decreasing the cold power peak in the DOM decreases SLCS.   
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The cold power shape and the hot power shape were not the same.  Figure 5-5 is 

the most limiting radial power peaking base case axial power distribution relative to its 

radial power peaking.  Superimposed in blue over figure 5-5 is an example of the cold 

power shape.  Though not to scale, the superimposition displays the difference in where 

the power peaking resides in the two conditions.  The BOC cold power shape was a 

cosine shape peaked in the DOM, and the hot power shape was a modified Bessel 

function peaked in the PSZ.  Therefore in the axial power shape perturbations this 

characteristic was utilized to maximize SLCS. 
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Figure 5-5.  The base case hot axial power shape with superimposed cold axial power 

shape. 

Enhancing SLCS through Axial Power Shaping Utilizing Enrichment Differencing  

The position of the cold axial power peak is the axial portion of the fuel bundle 

exhibiting the least amount of power suppression in the cold condition; therefore the cold 

axial power peak region is also the most limiting HUCU### region.  As previously 

displayed in figure 3-2, the DOM was the most limiting region for HUCU### due to the 

decreased availability of borated water locations in the lattice.  The VAN exhibited the 
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greatest HUCU### due to the increased availability to place borated water in the lattice 

as a result of the vanished rod locations.  Since the region of the cold axial power peak 

was the most limiting in HUCU###, shifting the cold axial power peak out of the DOM 

and into the VAN should increase SLCS. 

The cold axial power peak may be decreased utilizing enrichment differencing in 

the DOM and VAN.  Figure 5-6 illustrates the goal of enrichment differencing.  By 

increasing the enrichment in the VAN and decreasing the enrichment in the DOM, the 

DOM axial power peak is decreased thereby increasing SLCS.   
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Figure 5-6.  Cold axial power shape perturbation diagram. 

Axial power shaping, utilizing enrichment differencing, enhanced SLCS at BOC 

and at the gadolinium burn out exposure point.  Figure 5-7 displays the SLCS 
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enhancement utilizing axial power shape perturbation by enrichment differencing as well 

as SLCS enhancement utilizing gadolinium placement perturbations. Case 11 was the 

case that utilized enrichment differencing.  Gadolinium perturbations enhanced SLCS 

only at BOC; however, axial power shape perturbations utilizing enrichment differencing 

in the DOM and VAN enhanced SLCS at both BOC and the gadolinium burn out 

exposure point.  The BOC SLCS margin enhancement utilizing enrichment differencing 

was 0.035 and the gadolinium burn out exposure point enhancement was 0.0142.  

Therefore if improvement in SLCS is necessary in both BOC and gadolinium burn out 

exposure point the enrichment differencing method is the preferred method. 
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Figure 5-7.  Exposure dependent SLCS for the gadolinium location perturbation case 

(case 2) and axial power shape perturbation utilizing enrichment differencing 
case (case 11) that exhibited the greatest enhancement in SLCS. 

In the gadolinium perturbation case, the fresh bundles reached a maximum peak 

power point once the gadolinium burned out.  Once the gadolinium had burned out, the 

main parameters affecting the cold power shape were the enrichment distribution and 
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axial leakage of the bundle.  Since the axial leakage of the fuel bundle was a function of 

axial height (a fixed parameter) and controlled utilizing top and bottom natural zones, 

axial enrichment distribution was the main mode for altering the power shape at the 

gadolinium burn out exposure point.  Increasing the enrichment distribution in the VAN 

and decreasing the enrichment in the DOM resulted in a decreased DOM cold power 

peak at the gadolinium burn out exposure point due to the decreased availability of 

enrichment in the DOM.   

Figure 5-8 presents the SLCS enhancement as a function of enrichment difference 

between the DOM and VAN.  The maximum amount of SLCS margin enhancement for 

BOC and the gadolinium burn out exposure point occurs at 0.30% enrichment difference 

between the DOM and VAN.   
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Figure 5-8.  SLCS enhancement utilizing different magnitudes of enrichment differencing 

between the DOM and VAN. 
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An optimum enrichment difference arises from the fact that reactivity worth is a 

flux weighted.  As the enrichment was increased in the VAN, the flux increased in the 

VAN; and as the enrichment decreases in the DOM, the flux decreases in the DOM.  

Therefore the 0.30 enrichment difference represented the optimum decrease in flux 

weighting of the DOM and increase in flux weighting of the VAN that resulted in the 

greatest average cold borated negative reactivity insertion.   

Axial power shaping utilizing enrichment differencing alters the hot power shape 

and mode in which the core burns.  The BOC hot axial power profile utilizing enrichment 

differencing is displayed in Figure 5-9.  By increasing the VAN zone enrichment while 

decreasing the DOM zone enrichment, the DOM and PSZ zones exhibited a decrease in 

power peak while the VAN zone experiences and increase in power peaking. 
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Figure 5-9.  The hot axial power shape for maximum SLCS enhancement utilizing 

enrichment differencing. 
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The change in axial power shape slightly altered the calculated eigenvalue and 

thermal margins.  Table 5-4 demonstrates that critical eigenvalue of the enrichment 

perturbations case did not vary more than 0.001 k from the base case critical eigenvalue; 

therefore utilizing this method did not warrant a rod pattern adjustment.  The final 

calculated eigenvalue for the enrichment differencing case was 0.0007 k less than the 

critical base case eigenvalue; however, the increased mid cycle energy created could have 

been suppressed by utilizing a rod pattern adjustment if determined necessary.   

Table 5-4.  Critical eigenvalue at specified exposure points for the gadolinium rod 
location perturbation case and enrichment differencing case that exhibited 
greatest enhancement in SLCS.   

Exposure Critical Eigenvalue 
(MWD/STU) Base Case 2 Fix Case 11 
0 1.0136 1.0129 1.0142 
181 1.0142 1.0146 1.0143 
907 1.0141 1.0138 1.0143 
1814 1.0128 1.0124 1.0128 
2722 1.0133 1.0132 1.0133 
2722A 1.0122 1.0126 1.013 
3629 1.0128 1.0136 1.0136 
4536 1.0118 1.012 1.0125 
5443 1.0126 1.0134 1.0134 
5443A 1.0119 1.012 1.0121 
6350 1.013 1.0135 1.0133 
7258 1.012 1.0125 1.0127 
8165 1.0134 1.0135 1.0142 
8165A 1.0123 1.0123 1.013 
9072 1.0134 1.0137 1.0141 
9979 1.0135 1.0138 1.014 
10886 1.0148 1.0152 1.0153 
10886A 1.0147 1.0152 1.0152 
11794 1.0149 1.0155 1.015 
12570 1.0163 1.0169 1.0162 
12701 1.0157 1.0164 1.0156 
13608 1.0159 1.0167 1.0153 
13608A 1.0169 1.0176 1.0163 
14061 1.0159 1.0167 1.0151 
14334 1.0164 1.0171 1.0157 
14570 1.0163 1.0169 1.0156 
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MFLPD for the axial power shaping utilizing enrichment differencing case also 

was under the acceptable limit for all exposure points through out the cycle.  Table 5-5 

displays that most limiting MFLPD decreased by 0.026 from the base case.  Therefore 

utilizing this technique improves the MFLPD of the cycle.   

Table 5-5.  Exposure dependent MFLPD for the gadolinium rod location perturbation 
case and the enrichment differencing case that exhibited greatest enhancement 
in SLCS. 

Exposure MFLPD 
(MWD/STU) Base Case 2 Fix Case 11 
0 0.846 0.821 0.825 
181 0.845 0.799 0.834 
907 0.806 0.779 0.792 
1814 0.807 0.786 0.799 
2722 0.781 0.763 0.771 
 2722A 0.742 0.712 0.718 
3629 0.714 0.712 0.7 
4536 0.717 0.702 0.699 
5443 0.703 0.682 0.681 
 5443A 0.838 0.822 0.827 
6350 0.849 0.824 0.83 
7258 0.847 0.825 0.819 
8165 0.889 0.886 0.863 
 8165A 0.847 0.841 0.818 
9072 0.852 0.878 0.839 
9979 0.784 0.836 0.793 
10886 0.683 0.723 0.69 
10886A 0.72 0.755 0.735 
11794 0.704 0.706 0.707 
12570 0.704 0.693 0.692 
12701 0.704 0.691 0.691 
13608 0.854 0.852 0.829 
13608A 0.734 0.737 0.72 
14061 0.841 0.837 0.805 
14334 0.746 0.736 0.718 
14570 0.763 0.753 0.728 

 
Table 5-6 shows no significant difference realized in MFLCPR as compared with 

the base case.  Therefore utilizing this technique does not deplete the cores to meet any 

thermal margin requirements. 
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Table 5-6.  Exposure dependent MFLCPR for the gadolinium rod location perturbation 
cases that exhibited greatest enhancement in SLCS. 

Exposure MFLCPR  
(MWD/STU) Base Case 2 Fix Case 11 
0 0.711 0.714 0.724 
181 0.721 0.715 0.719 
907 0.726 0.72 0.725 
1814 0.737 0.721 0.734 
2722 0.741 0.727 0.741 
2722A 0.73 0.744 0.742 
3629 0.736 0.754 0.75 
4536 0.729 0.736 0.737 
5443 0.734 0.744 0.744 
5443A 0.773 0.767 0.763 
6350 0.775 0.769 0.767 
7258 0.731 0.735 0.741 
8165 0.732 0.737 0.741 
8165A 0.745 0.75 0.753 
9072 0.746 0.749 0.751 
9979 0.754 0.752 0.756 
10886 0.767 0.763 0.763 
10886A 0.757 0.755 0.753 
11794 0.79 0.785 0.787 
12570 0.824 0.817 0.821 
12701 0.825 0.818 0.821 
13608 0.829 0.821 0.825 
13608A 0.825 0.817 0.82 
14061 0.822 0.815 0.818 
14334 0.822 0.816 0.821 
14570 0.808 0.802 0.807 

 
 

The effect of axial enrichment differencing had a similar effect on SDM as the 

lattice geometric placement perturbation.  Figure 5-10 displays the exposure dependence 

effects of these perturbations on SDM at different exposure points.  SDM for both 

perturbations did not fall below the most limiting base case value; therefore both 

enhancements may be utilized to enhance SLCS if BOC SDM were to be in a limiting 

condition.  However, only axial power shaping utilizing enrichment differencing also 

improves the gadolinium burn out exposure point limiting condition. 
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Figure 5-10.  Exposure dependent SDM for the gadolinium rod location perturbation case 

and axial power shaping utilizing enrichment differencing case. 

Enhancing SLCS by Means of Axial Power Shaping Utilizing Gadolinium Insertion  

Enrichment differencing was not the only method for perturbing the axial power 

shape in order to decrease the power peak in the DOM.  Axial power shaping from the 

utilization of an additional gadolinium pellets in certain axial zones was also analyzed in 

order to determine if the negative reactivity insertion from adding additional gadolinium 

was more favorable than shifting the axial enrichment distribution to create similar types 

of perturbations.  The concept of utilizing the negative reactivity of a gadolinium rod 

insertion to decrease the power peak in the most limiting zone was similar to the concept 

of decreasing enrichment in the most limiting axial zone.  In both cases a negative 

reactivity insertion in the limiting axial zone caused the power to peak to decrease in that 

zone in which the gadolinium was inserted thus decreasing the worth of that axial zone to 

SLCS. 
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As displayed in figure 4-5 increasing the amount of rods in a lattice decreased 

HUCU###; however, k∞ of the lattice also decreased therefore leading to an improvement 

of SLCS due to the decreased cold k∞.  Figure 5-11 displays the gain in BOC SLCS 

utilizing a gadolinium rod insertion as compared with the other types of perturbations 

examined.   Case 26 represented a gadolinium insertion made in the PSZ, and Case 27 

represented a gadolinium rod insertion made in the DOM.  Because the cold power shape 

peaks in the DOM, inserting a gadolinium rod into the PSZ does not have as drastic of an 

effect on SLCS as placing a gadolinium rod in the DOM. 
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Figure 5-11.  Exposure dependent SLCS for the gadolinium location perturbation case 

(case 2), axial power shape perturbation utilizing enrichment differencing case 
(case 11), inserting a gadolinium rod in the PSZ (case 26) and inserting a 
gadolinium rod in DOM (case27) that exhibited the greatest enhancement in 
SLCS. 

The DOM gadolinium rod insertion yielded the greatest increase in BOC SLCS as 

compared with the other perturbations.  Inserting a gadolinium rod in the DOM enhanced 

SLCS by 0.422 while inserting a gadolinium in the PSZ only enhanced SLCS by 0.189. 
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Table 5-7.  Critical eigenvalue at specified exposure points for the gadolinium insertion 
into the DOM (case 27) and gadolinium insertion into the PSZ (case 26) that 
exhibited greatest enhancement in SLCS.   

Exposure Critical Eigenvalue 
(MWD/STU) Base Case 26 Case 26f Case 27 Case 27f 
0 1.0136 1.0127 1.0133 1.0116 1.013 
181 1.0142 1.0129 1.0136 1.012 1.0139 
907 1.0141 1.0131 1.0138 1.0121 1.0141 
1814 1.0128 1.012 1.012 1.0111 1.0121 
2722 1.0133 1.013 1.013 1.0121 1.0131 
2722A 1.0122 1.0121 1.0121 1.0112 1.0119 
3629 1.0128 1.0129 1.0129 1.0122 1.013 
4536 1.0118 1.0121 1.0121 1.0116 1.0117 
5443 1.0126 1.013 1.013 1.0126 1.0128 
5443A 1.0119 1.0122 1.0122 1.0118 1.0119 
6350 1.013 1.0133 1.0133 1.0129 1.0131 
7258 1.012 1.0124 1.0125 1.0119 1.0121 
8165 1.0134 1.0139 1.014 1.0133 1.0136 
8165A 1.0123 1.0128 1.0128 1.0122 1.0124 
9072 1.0134 1.0137 1.0137 1.0132 1.0134 
9979 1.0135 1.0135 1.0135 1.0134 1.0135 
10886 1.0148 1.0146 1.0145 1.0149 1.0147 
10886A 1.0147 1.0145 1.0145 1.0148 1.0147 
11794 1.0149 1.0143 1.0142 1.0151 1.0147 
12570 1.0163 1.0155 1.0161 1.0165 1.016 
12701 1.0157 1.0148 1.0154 1.0159 1.0154 
13608 1.0159 1.0147 1.0151 1.016 1.0154 
13608A 1.0169 1.0156 1.0162 1.017 1.0164 
14061 1.0159 1.0146 1.0149 1.016 1.0153 
14334 1.0164 1.0151 1.0148 1.0167 1.016 
14570 1.0163 1.015 1.0146 1.0165 1.0158 

 
Placing negative reactivity into one region of the bundle without introducing 

positive reactivity into some other region will cause a decrease in BOC eigenvalue.  

Therefore a rod pattern change was utilized in this method in order to achieve acceptable 

BOC eigenvalue requirements.  Table 5-7 displays the calculated eigenvalue as compared 

with the base case for inserting a gadolinium rod in the DOM zone and in the PSZ before. 

Inserting a gadolinium rod in the PSZ greatly reduced the BOC reactivity of the 

bundle; therefore the rod patterns had to be adjusted to meet the BOC condition. The 
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decrease in integrated power realized in the bundle due to the gadolinium insertion in the 

PSZ caused the core to fall 0.0017 k short of EOC critical eigenvalue requirements.  

However, inserting a gadolinium rod in the DOM zone caused only a 0.0005 k decrease 

in EOC critical eigenvalue.   

Distorting the hot axial power shape altered the thermal margins of the core.  

Figure 5-12 and figure 5-13 displays the distorted hot axial power shape caused from 

inserting a gadolinium rod in the PSZ and in the DOM.   
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Figure 5-12.  The hot axial power shape of the most power peaked fuel bundle caused by 

inserting a gadolinium rod into the PSZ. 

When inserting a gadolinium rod into the PSZ, the decreased power peak in the 

PSZ causes the hot axial power shape to flatten.  When inserting a gadolinium rod into 
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the DOM, the extreme decreased power peak in the DOM leads to an increased relative 

power peak in the PSZ. 
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Figure 5-13.  The hot axial power shape of the most power peaked fuel bundle caused by 

inserting a gadolinium rod into the DOM. 

 Table 5-8 displays MFLPD for the PSZ and DOM gadolinium insertions as 

compared to the base case.  Inserting a gadolinium rod in the PSZ decreased BOC 

MFLPD by 0.083, and also decreased most limiting MFLPD by 0.033.  However, 

inserting a gadolinium rod in the DOM yielded no significant enhancement in MFLPD.  

In both cases there was no significant alteration in MFLCPR as displayed in table 5-9.  

Therefore inserting an extra gadolinium rod into a certain axial zone of the fuel bundle 

does not hinder the ability to meet thermal margins. 
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Table 5-8.  MFLPD at specified exposure points for the gadolinium insertion into the 
DOM (case 27) and gadolinium insertion into the PSZ (case 26) that exhibited 
greatest enhancement in SLCS.   
Exposure MFLPD 

(MWD/STU) Base Case 26 Case 26f Case 27 Case 27f 
0 0.846 0.771 0.763 0.873 0.847 
181 0.845 0.772 0.762 0.875 0.839 
907 0.806 0.748 0.738 0.832 0.795 
1814 0.807 0.768 0.768 0.829 0.811 
2722 0.781 0.765 0.765 0.790 0.776 
2722A 0.742 0.707 0.706 0.746 0.738 
3629 0.714 0.710 0.709 0.716 0.707 
4536 0.717 0.722 0.722 0.718 0.718 
5443 0.703 0.698 0.697 0.703 0.700 
5443A 0.838 0.827 0.825 0.840 0.836 
6350 0.849 0.827 0.824 0.855 0.845 
7258 0.847 0.816 0.813 0.853 0.840 
8165 0.889 0.861 0.856 0.894 0.882 
8165A 0.847 0.807 0.804 0.854 0.840 
9072 0.852 0.841 0.839 0.849 0.850 
9979 0.784 0.812 0.815 0.776 0.789 
10886 0.683 0.710 0.713 0.687 0.688 
10886A 0.72 0.757 0.761 0.715 0.727 
11794 0.704 0.716 0.722 0.712 0.711 
12570 0.704 0.677 0.684 0.714 0.705 
12701 0.704 0.677 0.684 0.709 0.702 
13608 0.854 0.838 0.866 0.841 0.831 
13608A 0.734 0.703 0.720 0.749 0.741 
14061 0.841 0.821 0.859 0.822 0.807 
14334 0.746 0.719 0.710 0.744 0.737 
14570 0.763 0.736 0.727 0.755 0.749 

 
Therefore when a designer chooses to utilize this method for enhancing SLCS, the 

designer must decide which parameters are most necessary for achieving the required 

result.  If the designer is experiencing limiting MFLPD and willing to compromise cycle 

energy to meet this requirement, then placing a gadolinium rod in the PSZ is the better 

choice.  If the designer does not have limiting MFLPD, then inserting a gadolinium rod in 

the DOM zone is the better choice.  Therefore the choice of one method or the other 

depends on the thermal margins and the critical eigenvalue requirements. 
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Table 5-9.  MFLCPR at specified exposure points for the gadolinium insertion into the 
DOM (case 27) and gadolinium insertion into the PSZ (case 26) that exhibited 
greatest enhancement in SLCS.   
Exposure MFLCPR 

(MWD/STU) Base Case 26 Case 26f Case 27 Case 27f 
0 0.711 0.712 0.715 0.694 0.692 
181 0.721 0.708 0.712 0.683 0.683 
907 0.726 0.717 0.721 0.692 0.695 
1814 0.737 0.728 0.728 0.711 0.709 
2722 0.741 0.737 0.737 0.724 0.723 
2722A 0.73 0.724 0.724 0.708 0.717 
3629 0.736 0.733 0.733 0.723 0.732 
4536 0.729 0.729 0.729 0.723 0.724 
5443 0.734 0.738 0.738 0.732 0.734 
5443A 0.773 0.772 0.772 0.771 0.77 
6350 0.775 0.775 0.775 0.774 0.773 
7258 0.731 0.741 0.742 0.73 0.733 
8165 0.732 0.741 0.742 0.73 0.733 
8165A 0.745 0.752 0.752 0.742 0.744 
9072 0.746 0.748 0.748 0.745 0.744 
9979 0.754 0.751 0.75 0.754 0.751 
10886 0.767 0.758 0.757 0.768 0.763 
10886A 0.757 0.748 0.747 0.758 0.753 
11794 0.79 0.786 0.786 0.79 0.789 
12570 0.824 0.819 0.818 0.824 0.823 
12701 0.825 0.819 0.818 0.825 0.823 
13608 0.829 0.824 0.822 0.829 0.826 
13608A 0.825 0.818 0.815 0.825 0.822 
14061 0.822 0.817 0.814 0.822 0.819 
14334 0.822 0.81 0.805 0.824 0.815 
14570 0.808 0.796 0.791 0.809 0.8 

 
SDM was neither greatly enhanced nor greatly decreased utilizing gadolinium 

insertion.  Figure 5-14 displays SDM as a function of exposure for the base case and all 

three types of perturbations.  Therefore if a designer was limited in EOC SDM then 

inserting a gadolinium rod should be utilized in order to enhance BOC SDM. 

The decision to enhance SLCS margin by inserting a gadolinium rod into a certain 

axial zone of a fuel bundle is dependent upon the preexisting limiting conditions of the 

fuel design.  If the fuel designer decides that maximizing BOC SLCS without concern for 
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SLCS at the gadolinium burn out exposure point is the most limiting design 

characteristic, then inserting a gadolinium rod into the DOM will suffice as a solution to 

enhancing BOC SLCS margin.  If the designer cannot afford loss in EOC SDM, and only 

needs a minimal improvement in thermal margins as well as minimally enhanced BOC 

SLCS, then adding a gadolinium in PSZ at the cost of cycle energy may be an adequate 

solution to enhancing BOC SLCS. 
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Figure 5-14.  Exposure dependent SDM for the gadolinium rod location perturbation 

case, axial power shaping utilizing enrichment differencing case and the axial 
power shaping utilizing gadolinium placement case. 

Enhancing BOC SLCS margin utilizing gadolinium perturbations may cause the 

gadolinium burn out exposure point to become the most limiting in SLCS.  If SLCS at the 

gadolinium burn out exposure point is of acceptable magnitude, then the designer has 

utilized an acceptable technique for enhancing SLCS.  If, however, SLCS at the 

gadolinium burn out exposure point is of unacceptable magnitude, then the gadolinium 

insertion techniques are not feasible methods for improving SLCS.  Therefore the 
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decision to utilize this method is solely dependent upon the limitations of the gadolinium 

burn out exposure point. 

 

   

 

 

 



CHAPTER 6 
CONCLUSIONS  

SLCS is a core wide phenomenon that is dependent upon the HUCU### 

characteristics of each fuel bundle.  Introducing fresh bundles into the core with 

inherently enhanced HUCU### characteristics will improve SLCS.  HUCU### is 

improved by manipulating design parameters on the lattice design level as well as in the 

full core design.  Therefore understanding the most limiting design parameters in both 

design aspects and the capability of those parameters to increase HUCU### is paramount 

to improving SLCS.   

The ability of a certain type of fuel lattice design perturbation to enhance SLCS 

was determined by the limiting characteristics of that lattice perturbation.   HUCU### 

was highly dependent upon average enrichment.  As average enrichment of the fuel 

bundle was increased HUCU### decreased thereby decreasing SLCS on the full core 

level.  Increasing enrichment has a greater impact per percent increase of reactivity in the 

cold, collapsed void lattice state then in the hot Doppler broadened voided operating 

state.  Localized enrichment perturbations did not affect HUCU### therefore when a 

designer creates a lattice with SLCS in mind they need only be concerned with the 

average enrichment of the lattice and not how the local enrichment is schemed.    

Gadolinium rods also had a significant impact on HUCU### lattice behavior and 

therefore significantly impacted SLCS.  Gadolinium geometries that were clumped and 

incurred significant spatial self-shielding decreased HUCU### while gadolinium 

geometries that were spread out limiting the self-shielding exhibited an increased 
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HUCU###.  Increasing the amount of gadolinium rods in the fuel lattice decreased 

relative HUCU###; however, inserting the gadolinium also reduced k∞ thereby actually 

improving SLCS by decreasing the worth of the bundle to the entire core.  Therefore 

increasing the amount of gadolinium rods in the bundle had a diminishing return.  

Increasing the gadolinium concentration also decreased the relative HUCU###; however, 

increasing the gadolinium concentration also reduced k∞ thereby also improving SLCS 

for the whole core.  Optimum locations for gadolinium rod placement exist for certain 

amounts of gadolinium rods.  These optimum placement locations are realized by 

understanding the difference in power peaking between the hot and cold homogenously 

enriched power shapes (the power shape realized explicitly from geometry of the fuel 

bundle and flux level) and placing gadolinium rods in areas where the difference in 

power peak between the two states is the greatest. 

After understanding the 2-dimensional lattice physics calculations, perturbations 

were made to fuel bundles in the full core simulator in order to determine effects on full 

core criticality and thermal limits. Perturbing the placement of the gadolinium rods in 

order to maximize gadolinium worth utilized in the cold borated condition improved 

BOC SLCS at the expense of decreased BOC critical eigenvalue.  Therefore after 

perturbing gadolinium locations to maximize negative reactivity, the control blade 

patterns must be adjusted in order to introduce enough positive reactivity in the hot 

condition to meet the critical eigenvalue requirements.   Perturbing the axial enrichment 

distribution in order to decrease the power peaking in the axial zone most limiting to 

HUCU### decreased that axial zones flux importance to the SLCS calculation and 

thereby improved both the BOC and the gadolinium burn out exposure point SLCS.  
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However, utilizing this method causes an increased complexity in manufacturing of the 

bundle and therefore leading to an increased production cost.  Inserting an extra 

gadolinium rod into a certain axial zone in order to also perturb the axial power shape 

improved BOC SLCS without decreasing EOC SDM.  However, utilizing gadolinium 

perturbations only helped improve the BOC SLCS and did not enhance the gadolinium 

burn out exposure point SLCS.   

SLCS may always be improved by increasing the boron concentration or boron 

enrichment in the SLCS tank.  However, if the utility is limited by time, cost or 

aggravation then utilizing an acceptable design technique in order to enhance SLCS 

margin is solely dependent upon the limiting characteristics of the core behavior and the 

acceptable sacrifice in margin of those parameters.    

Unfortunately, not all core situations will have a possible remedy for SLCS.  The 

greatest increase in BOC SLCS utilizing any of the mentioned techniques was roughly 

0.5% and the gadolinium burnout point maximum improvement was 0.14%.  Therefore 

utilities exhibiting marginal SLCS fuel design difficulties that wish to have power output 

increases in their following cycles, increasing the average enrichment and gadolinium 

content in their core, will need to understand the limitations of the inherent fuel design.  

Utilities must then realize that an increase in boron concentration of their SLCS tank or 

utilizing enriched boron is needed if they wish to accommodate SLCS while not incurring 

the extra cost per cycle of loading extra bundles to flatten the power distribution and 

reduce SLCS.  

 

 



CHAPTER 7 
FUTURE WORK 

The purpose of this study was to conduct a sensitivity analysis in order to 

determine limiting fuel design characteristics for SLCS.  The methodology developed by 

Yasushi Hirano, Kazuki Hida, Koichi Sakurada and Munenari Yamamoto utilized a fixed 

gadolinium pattern and then generated an optimal enrichment distributions for a 2-

dimensional BWR fuel lattice [10].  Since this study proved that radial enrichment 

distribution was not a factor in SLCS and that SLCS was only limited by average 

enrichment, the possibility exists to expand on the enrichment distribution tool and 

develop a tool that determines an optimum SLCS gadolinium placement for a given 

lattice average enrichment.  The tool would basically compare homogenously enriched 

hot and cold lattice power distributions and determine an optimum gadolinium scheme 

based on the maximum difference in the two power distributions.  Because the placement 

of the gadolinium for SLCS is basically decoupled from the enrichment distribution, this 

problem does not become over-constrained, and therefore it is possible to obtain an 

optimum gadolinium configuration for SLCS while creating an optimum enrichment 

distribution for thermal limit and fuel efficiency requirements. 

The optimum enrichment distribution methodology was also a 2-dimensional 

methodology.  This study concluded that axial enrichment and gadolinium perturbations 

may be utilized to improve SLCS.  In modern core design strategy 2-dimensional lattice 

calculations are completed and then the group constants from the 2-dimensional codes are 

utilized by the full core simulators because of computational time constraints and 
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memory requirements of the processor.  With computers getting faster and distributed 

parallel computing schemes becoming more optimized, core design may reach a point 

where full 3-dimensional bundles are modeled assuming an infinite bundle approximation 

(or a more brilliant scheme) to get group constants for the full core simulator.  When this 

technology is available, utilizing the design criteria from this study for the SLCS portion, 

a full bundle axial and radial enrichment and gadolinium configuration optimization 

methodology may be devised that creates the optimum fuel bundle for SLCS, SDM, 

thermal margin and fuel utilization.  This will create an automated core design 

environment thus freeing the designer’s time to allow for examination of other pressing 

issues in the design strategy. 
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