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ABSTRACT 

This report describes the nuclear characteristics of the initial 

core loading for the Yankee Atomic Electric Company power plant. These 

include core reactivity, control rod and boron worths, and reactivity 

coefficients. In addition to operating characteristics, parameters for 

the cold and hot zero power cores are obtained for comparison with startup 

experiment data. Calculations to detennine these characteristics are 

based on final mechanical design specifications. 

, , oos 
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1.0 INTRODUCTION 

When the Research and Development Program for the Yankee Atomic 

Electric Plant was initiated in 1956, the preliminary reactor design made use 

of several imique features which, up to that time, had not been incorporated 

in previous reactors, and on which very little basic information was available. 

Yankee was the first reactor to make use of pressurized light water, stainless 

steel, and slightly enriched UO , a combination of material which yields a 

very hard thermal neutron spectrimi, and a significant fraction of epithermal 

fissions in U-235- It was also the first reactor to make use of a soluble 

neutron poison in the moderator to provide shutdown at ambient temperatures. 

Control rod worth suffers considerably in a hard spectrum thermal reactor 

because of the low thermal neutron diffusion length. The use of a chemical 

shutdown system in the Yankee reactor reduced the control rod requirements 

by roughly a factor of two. 

Since little reactor physics information was available for low 

enrichment reactors with such a hard neutron spectrum, one of the objectives 

of the Research and Development program was to obtain, by both analysis and 

experiment, a thorough understanding of the reactor physics aspects of stain­

less steel - UOp-light water reactor cores. The program consisted of both 

experimental and analytical studies. A series of part-core critical experi­

ments were carried out at the Westinghouse Reactor Evaluation Center in Waltz 
/l 2 

Mill, Pa. I-—^—. These experiments provided data which were used as "bench 

marks" to verify the analytical methods being developed and evaluated at 

the Westinghouse Atomic Power Department in Forest Hills, Pa. The results of 
/3 1+ 5 the experiments, and several comparisons of reactor theory with experiment̂ -̂ ^̂ —̂̂ -̂  

have been described in previous reports. 

An additional objective of the program was to arrive at an optimum 

analytical design for the Yankee core. The physics design of the first 

core was based on the following ground rules: 

1. A core size and a maximum-to-average fission power density such 

that the reactor would have a capability of 392 Mw thermal thro 

out life without exceeding thermal limitations of the fuel I—. 

<:ufc -(]7 
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2. A core life of 10,000 hours at 392 Mw thermal, 

3. Sufficient reactivity control in the form of control rods to 

provide J$ Ak „„ shutdown in the hot, clean, zero power core. 

1+. Sufficient reactivity control in the form of both control rods and 

boric acid dissolved in the moderator to provide 5^ Ak „„ shut­

down in the cold, clean, zero power core. 

It was found that 2l+ cruciform control rods with a span of 7- 865 

inches and a thickness of ,265 inches would satisfy the hot control require­

ment and still permit sufficient excess reactivity to yield the desired core 

lifetime. To account for reactivity uncertainties, provision has also been 

made to insert eight fixed cruciform neutron poison shim elements which can 

be used to reduce the excess reactivity of the core. Studies of reac­

tivity, lifetime and power distributions have been carried out and the 

results presented in previous reports ^-^—^. It is the object of this report 

to present the most up-to-date values for the reactivity and control character­

istics, as well as the kinetic characteristics of the Yankee reactor. These 

values have all been calculated using final assembly drawings for all dimen­

sions and material conpositions obtained during fabrication of fuel assemblies. 

A description of the mechanical design is presented in Section 2. 

The reactivity characteristics of the core were eval\iated using 

the MUFT-SOFOCATE-WANDA system of computer codes developed at the Bettis 

Atomic Power Laboratory. A semi-empirical method has been developed to 

provide input to the codes which takes account of the heterogeneity of the 

Yankee fuel lattice. This method has been quite successful in predicting 

results of the Yankee part-core critical experiments, as well as a large 

numberof other critical experiments performed on light water moderated, low 

enrichment lattices. Section 3 contains a description of the method, and its 

application to the Yankee core. 

The core characteristics presented in Sections 1+ and 5 allow the 

evaluation of clean core reactivity, control rod worth, and boron worth and 

a determination of their interaction. Some of the information presented was 

evaluated to provide a comparison with the experimental data generated during 

startup experiments. 
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In addition to a determination of basic reactivity and total control 

characteristics, control rod group worths for the reference control rod program 

have been evaluated to determine rod movements required for various operating 

conditions. Reactivity changes associated with xenon, samarium, and U-238 

Doppler effects have also been evaliiated for various power levels and control 

rod configurations. The latter variable must be considered because of the 

dependence of power distribution and neutron importance on control rod 

distribution. 

Section 6 contains a discussion of the kinetic characteristics of 

the core. These include the moderator temperature coefficient, Doppler and 

power coefficients, pressure and void coefficients, and prompt neutron life­

time. In all cases, the coefficients have been calculated for a critical 

core, and the effects of both control rods and chemical poison on the coeffi­

cients are evaluated. 

Section 7 contains a tabular summary of the nuclear characteristics 

of the Yankee first core. 

.Ub 



2.0 DESCRIPTION OF CORE 

Mechanical Design 

The initial core for the Yankee Reactor can be approximated by 

a right circular cylinder 75-^ inches in diameter and 91'^5 inches high 

(68''F), with a length-to-diameter ratio of 1.2. The core consists of 76 

vertical fuel assemblies, 2l+ control rods, and 8 fixed shim elements. The 

fuel assemblies are essentially square in cross section and are placed in 

a close-packed square lattice. Figure 2.1 shows a cross section of the 

core. 

The basic fuel element for the first core is composed of 0.3I+O 

inch CD. stainless steel tubes, which contain uranium dioxide fuel in the 

form of cylindrical ceramic pellets. The pellets are O.29I+ in. in diameter 

and 0.6 in. long. The pellets are produced by sintering a powder-compact 

of slightly enriched UO^. The required diametrical dimensional tolerances 

for the Individual pellets are obtained by centerless grinding after 

sintering. The uranium is enriched in the fissionable isotope U-235 to 

3.1+0 w/o. 

The fuel tubes are Type 3I+8 stainless steel with a wall thickness 

of 0.021 in. The pellets are placed in the fuel tubes in groups of 25 with 

a total of six groups. Each group is separated from the next by a perforated 

stainless steel disc. Each disc has a circumferential groove into which the 

tube is crimped during the pellet loading process (fixing its position). 

The discs are so spaced that each group of 25 pellets is allowed a free 

expansion space. Thus, the active fuel height contains the pellet stack 

of 90 inches, plus the 6 spacer discs of ol21 in. thickness and the 

6 expansion spaces of .I87 in. thickness, bringing the active length of 

the core to 91.85 inches. 

The fuel rods are assembled on a square lattice with a normal 

center-to-center pitch of 0.1+22 in. and on an odd pitch of 0.1+54 in. for 

those rows of tubes in line with the control rod vanes. Two final assembly 

designs are used which contain 30I+ and 305 fuel rods, respectively. Each 

assembly is basically a I8 by 18 rod square. Rods are omitted from, this 

- . rr. n 
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pattern as required to provide slots for passage of the vanes of the cruci­

form control rods, and to permit the insertion of an instrumentation 

channel in the center of the assembly (.375 inch O.D., .065 inch wall 

thickness), thereby reducing the n-umber of rods from 324, the number in the 

full 18 by 18 coniplement, to 304 and 305- The total number of rods which 

form the 76 fuel assemblies is 23,l42. The fuel rods and instrumentation 

channels are properly oriented by the use of tubxilar spacers, termed 

"ferrules," of 1/2 inch length, which are brazed to the fuel rods at 8 inch 

axial intervals. 

A fuel assembly is built up from 9 sub-assemblies tied together 

by tie straps. Rubbing straps are brazed to the outer tube row of an 

assembly at four axial positions to prevent undesirable rubbing of a control 

rod on a row of fuel tubes and to eliminate fuel rod surface contact 

between assemblies. The detailed design of the fuel assemblies is shown in 

Figure 2.2. Each fuel assembly has a total length of 111.25 inches, with 

a total fuel length of 91-85 inches. The assemblies approximate a 7.6l inch 

square in cross section. 

The 24 control rods are cruciform in shape. The control rods are 

fabricated from a silver-indium-cadmium alloy (80^ Ag., 15^ In., 5^ Cd. ). 

The rods are plated with 0.001 inches of nickel for protection against 

corrosion. The neutron scattering introduced by this coating is negligible 

in its effect on rod worth. Connected to the active portion of the control 

rod is a Zircaloy-2 follower which acts as a guide and prevents the formation 

of a "water slot" in the core when the control rod is withdrawn. 

In the reactor core, the types of fuel assemblies are limited to 

two, in order to simplify the fabrication process and the loading of the 

core. This results in a core having 32 cruciform slots plus a nimiber of 

slots along the periphery of the core at the inside surface of the baffle. 

The latter slots contain stainless steel "vanes" and "fillers" (Figure 2.1). 

Twenty-four of the cruciform slots are occupied by movable control rods. 

The remaining 8 cruciform slots are filled with fixed shim elements 

consisting of a boron stainless steel section (Type 304L stainless steel -

1- 35 w/o natural boron) and a Zircaloy-2 section with the same dimensions as 

the movable control rods. Each end of the rod is mechanically identical with 

Hi 9 
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the other, so that the rod may be inverted and either section may be used 

in the core. If little or no absorption effect is desired from fixed 

elements, Zircaloy-2 will be placed in the core with the boron stainless 

steel section as the extension. If an absorption effect is required for 

reactivity shim, boron stainless steel may be placed in the core with 

Zircaloy-2 as the extension. In either case, the shim element will reduce 

the undesirable neutron flux peaking which would occur if the water were not 

excluded from the slots. The decision as to which material to use will 

be made on the basis of the initial critical tests. A simmary of the core 

design data is given in Table 2.1, These dimensions yield a core with a 

volume of 4l6,100 in and a volumetric composition which is 49-11^ water, 

34.50^ UOg, 12..Olio stainless steel (IO.89/0 cladding, .4o^ ferrules plus 

straps, .34^ fillers, .24^ disks, .11^ instrumentation channels, .09^ 

vanes), 2.91^ Zircaloy-2 (or control rods) and 1.4l^ void. 

2.2 Materials Specifications 

Listed below are the compositions of the principal constituents 

present in the core*. 

2.2.1 Structural Material 

The material used to clad the fuel, the ferrules, spacer 

discs, rubbing straps, and instrumentation channels is Type 348 

stainless steel. Several different heats of steel are present 

in the core with slightly different compositions. It was neces­

sary, therefore, to use a weighted average composition based on 

the corresponding footages of each heat. The average chemical 

analysis of the steel used in the calculations is given in 

Table 2.2. 

Material specifications and final dimensions were obtained from the fabrica­

tion group shortly after completion of core fabrication. 

- 13 -



Table 2.1 

YANKEE REACTOR DESIGN DATA 

Core Description 

Average Core Diameter (cold) 
Active Core Length (cold) 
Number of Fuel Assemblies 
UO2 in the Core 
Uranium Enrichment 

Fuel Design Data (cold dimensions)* 

Pellet Diameter 
Pellet Length 
Avg. UO2 Density 
Fuel Tube Material 
Fuel Tube O.D. 
Fuel Tube I.D. 
Fuel Tube Center-to-Center Pitch - Normal 

- In line with 
control vanes 

Total Number of Fuel Rods 

Control Rod Data 

Number of Movable Control Rods 

Control Rod Material 
Control Rod Shape 
Control Rod Span (cold) 
Control Rod Thickness (cold) 

Number of Shim Elements** (Zr-2 or Boron Steel) 

Thermal and Hydraulic Design Data 

Coolant Flow, Total Rate, Ib/hr 
Operating Pressure, Normal, psi gage 
Pressure Drop Across Core, psi gage p 
Average Heat Transfer Flux, Btu/hr-ft 
"Active" Heat Transfer Surface, ft^ 
Temperature, °F 

Coolant in the Main Coolant System, Average 
Coolant Rise in Core, Average 
Film Drop, Average 

75.4 in. 
91.85 in. 
76 
52,334 lbs. 
3.4o w/o 

0.294 in. 
0.6 in. 
10.18 gms/cm-̂  
Type 348 S.S, 
0.340 in, 
0.298 in. 
0.422 in. 

0.454 in, 

23,1^2 

24 

Ag, 15^ In, % Cd. 
Cruciform 
7.865 in. 
0.265 in. 

8 

37.8 X 
2000 
16 
86,300 
15,500 

514 
33 
14.3 

10 

* Tolerances on fuel design data may be fo\ind in reference l4. 

** Same dimensions as movable control rods. 

.dUto 
015 
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Table 2.2 

WEIGHTED AVERAGE COMPOSITION OF STAINLESS STEEL 

Element 

Fe 

Cr 

Ni 

Mn 

Nb 

S i 

C 

Co 

Ta 

P 

S 

w/o 

67.13 

18.28 

10.95 

1.74 

•90 

.78 

.07 

.063 

.056 

.020 

-015 

Fuel 

The fuel consists of slightly enriched uranium compounded 

in the form of U0_. The fuel in the reactor was obtained from two 

soiirces, with the chemical analyses given in Table 2.3. 

Table 2.3 

CHEMICAL COMPOSITION OF UO PELLETS 

Analysis Mallinckrodt (W) AFD Weighted Avg. 

U-235/U (w/o) 3.391?̂  3.4o6^ 3=39^ 

Total U (w/o) 88.07?̂  88.05^ 88.06^ 

O/U (atomic 1-996 I.98 I.988 
ratio) 

The weighted average is based on an equal mixture of the respective 

loadings of the two vendors' pellets. 

An average chemical analysis of the impxirities present in 

the two sovirces of fuel is given in Table 2.4, together with the 

corresponding thermal macroscopic absorption cross sections, 

n i p 
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homogenized over the core. The total cross section represents a 

decrease in core reactivity of 0.06^. The reactivity calculations 

described in subsequent sections of this report neglected the 

effect of impurities. 

Impurity 

Al 

B 

Bi 

Cd 

Co 

Cr 

Cu 

Fe 

In 

Mn 

N 

Ni 

Fb 

Si 

Ti 

W 

Zn 

Table 2.4 

IMPURITY ANALYSIS OF 

(ppm) 
'average 

77.3 

.21 

.61 

• 51 

1.1 

50.5 

19.9 

567. 

1. 

3.1 

800c** 

63.4 

1. 

131.7 

5. 
20. 

20. 

UO2. PELLETS 

Total 

E 
a 

(10^ cm"""")* 

.140 

3.102 

— 

3.18 

.146 

.596 

.250 

5.437 

.350 

.158 

22.73 

10.52 

— 

.129 

.124 

.442 

.069 

47.4 

* Evaluated at 2200 m/sec. 

** The concentration of N may be high - the experimental analysis was not 
conclusive. 

- 16 -



Control Rod Followers 

The control rod followers consist of an alloy of zirconiian-

Zircaloy-2. The weighted average composition of several heats of 

the Zircaloy in the core is given in Table 2.5. 

Table 2.5 

WEIGHTED AVERAGE COMPOSITION OF ZIRCALOY-2 

Element 

Zr 

Sn 

Fe 

Cr 

Ni 

Impurity 

w/o 

98.27 

1.43 

.10 

.10 

.04 

.06 

In the calculations it was assumed that the control rod 

followers consisted of 100^ zirconium. This assumption involves 

an underestimate of the thermal absorption cross section of the 

followers by about 10^. This difference, however, does not 

represent a significant effect on the reactivity of the core for 

two reasons: 

(1) The followers make up less than 3^ of the total core volume. 

(2) The absorption cross sections of either the alloy or 

zirconium itself are small compared with other materials 

in the core. 

^ub C18 
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3-0 METHODS OF ANALYSIS 

The procedure used for criticality calculations is based on an 

extensive survey and analysis of critical lattice configurations carried out 

\inder the Yankee Research and Development program and described in Reference 4. 

This system of computational methods utilizes a sequence of hand calculations 

and computer programs for the computation of few-group macroscopic parameters 

which are used in diffusion theory calculations of multiplication factors. 

3.1 Nuclear Constants 

The heterogeneous array of fuel, stainless steel, water, control 

rod or control rod follower which makes up a characteristic fuel assembly 

in the reactor is divided, for purposes of computation, into three discrete 

regions: homogenized "fuel", control rod or control rod follower, and a 

water slot adjacent to the control rod or follower. The "fuel" consists of 

the UO pellets, stainless steel cladding, ferrules. Instrumentation channels, 

discs, and rubbing straps, and the water not included in the slot associated 

with the control rod or follower, all homogenized on a volume fraction 

basis. 

The calculated material number densities in the homogenized "fuel" 

region are modified to accoimt for spatial self shielding by the use of 

thermal flux disadvantage factors obtained from the I computer program '-—. 

Flux weighted number densities in the "fuel" region are then used as input 

to the SOFOCATE code ̂ —, developed at the Bettis Atomic Power Laboratory 

for the calculation of macroscopic thermal cross sections utilizing the 
/12 

method of Wigner and Wilklns '• . The high energy limit chosen for the 

thermal neutron group is O.625 ev. The SOFOCATE code provides, as output, 

the macroscopic thermal cross sections and diffusion coefficient needed for 

a diffusion theory calculation of criticality, as well as microscopic 

thermal cross sections averaged over the energy spectrum defined by the input 

number densities. 

Group constants in the "fuel" region for non-thermal neutrons 
/13 are calculated by means of the Bettis computer program MUFT IV^—-, This 

54-group machine code is used to obtain 5) ectrum averaged cross sections 

- 18 -
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for use in two group diffusion equations. The spectrum computed by the 

MUFT IV code is based on the assumption of one dimensional rectangular 

geometry with a group independent buckling. 

The major uncertainty involved in the use of the MUFT IV code is 

associated with the specification of "self shielding factors" (L-factors) 

for use in calculating absorption in the resonances of both U-235 and U-238, 

An empirical scheme has been developed on the basis of a fit to a large 

number of critical experiments for the calculation of the ratio of 

resonance capture in U-238 to removal from the resonance group '-—. The 

MUFT IV code has been modified to carry out an "L-factor search" which 

permits the selection of an L-factor for U-238, adjusting the MUFT IV 

results to the empirical fit. The L-factor for U-235 was assumed to be 

unity (no resonance self-shielding), Few-group cross sections are then 

available as MUFT output data. 

The thermal group cross sections in the control rod follower and 

water slot are obtained from the SOFOCATE calculations in the "fuel" region 

(Appendix A). The thermal energy spectrum in the water slot and follower 

are assumed to be the same as the spectrum in the "fuel". 

Two sets of thermal constants are used in the control rod, 

depending on their application in a particular computer program (see 

Section 3.2). In one-dimensional diffusion theory calculations, where 

a control rod is represented by a discrete region, the thermal constants 
/28 

are based on a hand calculation for the diffusion length in the rod ̂  , 

In analogous two-dimensional programs a ratio of thermal neutron current to 

flux at the surface of the rod, characteristic of a free boundary, is 
-1> specified (.4695 cm ). No thennal neutron constants are required interior 

to the rod surfaced 

Fast group cross sections in the control rod follower and water 

slot are obtained by weighting three fast group microscopic cross sections 

with group averaged fluxes based on the fission spectrum in the Yankee core 

as calculated by the MUFT IV computer program. The three-group cross 

sections themselves have been obtained by comparing the macroscopic cross 

sections of homogeneous mixtures of the element of interest with a reference 

homogenized reactor core medium for several concentrations of this element. 
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A fast absorption cross section of 0.12 cm" , a diffusion 

coefficient of 1.0 cm. and a removal cross section of zero are used in 

the control rod. These values represent a fit to enipirical data obtained 

in critical experiments ̂ —i 

The two-group constants for each of the discrete regions defined 

in the fuel assembly were obtained at the ambient and operating temperatures 

and several concentrations of chemical absorber. 

3.2 Diffusion Theory Calculations 

Additional machine codes used in the calculations were WMDA ^ 
/l6 

and PDQ ̂ —. WANDA is a one-dimensional, few-group diffusion theory code 

for the IBM-704, which solves the diffusion equation with appropriate 

boundary conditions for a system composed of many regions in plane, spherical 

or cylindrical geometry, PDQ is a two-dimensional few-group diffusion 

theory code for the IBM-704 which can treat either X-Y or R-Z geometry. 

In the case of the X-Y option, there is a sufficient number of internal 

mesh points to represent explicitly the control rods, rod followers, and 

water gaps for control rod arrays in the Yankee core which have quarter-core 

symmetry. Both the one and two dimensional computations are performed with 

two groups of neutrons. It is possible to specify a transverse buckling as 

part of the WANDA or X-Y PDQ input so that leakage in the direction normal 

to the direction(s) of coiirputation is taken into account in the neutron 

balance. 

3.2.1 One Dimensional Calculations 

One dimensional axial WANDA computations were performed 

when it was desired to simulate a banked movement of all control 

rods in the core. Radial WANDA's were used when it was desired to 

represent groups of fully inserted control rods. 

In the one-dimensional WANDA's it was necessary to 

homogenize the discrete regions of the fuel assembly into either 

"rodded" or "unrodded" core regions depending on whether or not 

the assembly contained part of a control rod or a control rod 

follower. 

.̂ub 
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A summary of group constants for the cold and hot cores i 

given in Appendices C, D, and E. The "homogenized" constants in 

Appendices C and D have been flux weighted according to a procedure 

described in the following section. 

Axial WANDA Calculations 

A series of axial WANDA's with different boron concentra­

tions, banked control rod heights, and temperatures were run to 

obtain the quantitative variation of the effective multiplication 

factor with these three parameters. This information was then used 

to calculate: 

(1) Variation of critical boron concentration with banked 

control rod height. 

(2) Incremental banked control rod worth as a function of 

the critical position of the rods in the core. 

(3) Boron worth as a f\inction of boron concentration and 

banked control rod height. 

(4) Moderator temperature coefficients. 

In the axial WANDA's the blanket movement of control rods 

was acconiplished by varying the position of the interface between 

the rodded and unrodded regions of the core. A constant radial 

buckling was used in all problems, the assumption being that the 

radial neutron leakage was independent of banked control rod 

height. 

A flux weighting technique was used to obtain homogenized 

constants in the rodded and unrodded areas of the core. One 

dimensional \inlt cells comparable in geometry to a fuel assembly 

and containing the "fuel", water slot, and control rod (or rod 

follower) were defined such that the volume ratios and surface to 

vol\ime ratios in the core were maintained in the cells. The WANDA 

code was then used to obtain region-integrated fl\ix;es in the unit 

cells which, in turn, served to weight the region constants in the 

homogenization process. 

Ti O '> 
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The constants for the axial reflectors were obtained by 

homogenizing the steel and water into a single region and running 

MUPT's and SOFOCATE's, assiiming a fission neutron spectrum in the 

reflector. The control rods extending through the upper reflector 

were homogenized by the "super cell" method '-—-. 

Radial WANDA Calculations 

The twenty-four control rods in the Yankee Reactor are 

divided into six groups of rods symmetrically located about the 

axis of the core. A radially symmetric arrangement of control rods 

is necessary to eliminate neutron flux tilting in a horizontal 

plane within the core. A series of radial WANDA's were run to 

determine the integral worth of each of the six control rod groups 

at the operating temperature in the reactor. 

In the radial WANDA's, individual control rod groups were 

represented by subdividing the core into four anniilar regions of 

liniform properties and assigning each control rod group to an 

annulus; groups 1 and 2 to annulus 1, groups 3 and 4 to annulus 2, 

group 5 and l/2 of group 6 to annvilus 3, and the remaining half of 

group 6 to ann\ilus 4 (see Figure 3.1). The effect of the control 

rods was represented by -uniform fast and thermal neutron absorption 

cross sections added to the uniform fast and thermal unrodded cross 

sections of each annulus ̂ —. The control rod absorption cross 

sections were obtained by smearing the control rods over the 

surrounding water slot and "fuel" using the "super cell" technique, 

in which the neutron current into the control rod surface is con­

verted into an equivalent poison cross section homogenized over 

the cell. That is, a neutron balance was used to convert a boundary 
/l7 leakage to a homogeneous poison '•—~. 

Homogenized iinrodded nuclear constants were taken to be 

the same in each annulus. A flux weighting technique, described in 

the previous section (Axial WANDA Calculations), was used to homoge­

nize the constants in the "fuel", water slot, and control rod 

follower which make up the annuli. 

z U o \ i.o 
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3.2.2 Two Dimensional Calculations 

Two dimensional X-Y PDQ calculations were performed 

primarily to determine the shutdown capability of the control rods 

in the core at the operating temperature. 

In PDQ, the cruciform shape of the control rods and the 

control rod pitch may be preserved. Since the "fuel" and water 

slot may also be represented explicitly, no smearing of nuclear 

constants is required other than that used in the "fuel" of the 

unit cell. 

A summary of group constants for the cold and hot cores 

is given in Appendices C and D. 

Approximations 

3.3.1 Non-Uniform Fuel Rod Pitch 

The basic assumption of an average uniform fuel rod pitch 

throughout the fuel regions of the core was used in all of the 

nuclear calculations of the Yankee startup experiments. 

The Yankee fuel assemblies were manufactured such that 

the fuel rod pitch along the outer row of fuel tubes was .45^", 

with the remainder of fuel rods in the assembly at a uniform pitch 

of .422". This non-uniformity of fuel rod pitch over the assembly 

made it impossible to calculate resonance escape probabilities and 

thermal disadvantage factors based on a representative unit cell. 

In order to simplify the calculation of two group constants used 

in the analysis, a uniform .4256" pitch was used in all of the work. 

PDQ's in X-Y geometry were run for the two types of cells. 

One cell was based on a uniform .4256" pitch and another with an 

outer region of .454" pitch and an inner region of .422" pitch. 

Thermal and fast constants for the three regions of 

different pitch were obtained using SOFOCATE and MUFT codes. Dancoff 

corrections in the resonance escape probability calculations were 

determined for the .422" and .4256" fuel pitch regions and for the 

^ub 02b 
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region along the edge of the fuel assembly consisting of fuel rods 

with both the .422" and .454" pitch L-l^ 

The eigenvalues from both unrodded and half-rodded cell 

PDQ's with the actual combination of fuel rod pitches and the average 

fuel rod pitch were compared. In the unrodded cell, the average 

.4256" pitch approximation led to an underestimate in k of .043^. 

In the half rodded cell the approximation resulted in an overestimate 

in k „„ of .067^. Both differences represent relatively small 

effects on reactivity. 

3.3.2 Blanket Control Rod Representation 

The axial WANDA problems described in Section 3.2.1 took 

into account the neutron flux disadvantage factor for the control 

rod followers and adjacent water slot, but included two basic 

assumptions concerning control rods: 

(a) The cruciform absorber may be represented geometrically 

by a one dimensional absorber; i.e., the assumption was 

made that the loss in neutron absorption at the inside 

corner of the cruciform is offset by the increased absorp­

tion at the tips. 

(b) The control rods are uniformly distributed in the core. 

(The rods are actually preferentially located toward the 

center of the core.) 

A study was conducted utilizing cell PDQ and WANDA calcula­

tions at operating temperature to evaluate the first approximation. 

It was found that the effect of the estimated thermal absorption 
/28 cross sections m the control rod *• and the one dimensional 

approximation in WAMDA resulted in an underestimate of cell reac­

tivity of about 1^ (Ak/k) or an overestimate in control rod worth 

of 7^ for a f\illy rodded cell. 

A quantitative estimate of the second approximation at the 

operating temperature of the core was obtained from a comparison be­

tween corresponding full core axial WANDA and XY-PDQ calculations 

zUb i zo 
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combined with the evaluation of the first approximation. The results 

indicate that control rods uniformly distributed in the core are 

worth 29^ less than the actual configuration which has a greater 

concentration of control rods in the high neutron importance region 

toward the center of the core. The axial WANDA's were therefore 

conservative in their estimate of the shutdown capability of the 

control rods in the reactor at the operating teiiiperatxire in the core. 

The effect of the two approximations taken together is a 

22^ underestimate of control rod worth in the axial WANDA problems. 

This represents an overestimate in the fully rodded core reactivity 

of 3-2^ at the operating temperatures. 

Constant Radial Reflector Savings 

In all axial WANDA computer problems the radial buckling 

was based on a reflector savings of 8„0 cm ̂ —, No consideration was 

given to a possible variation of the reflector savings of the core 

with temperature, boron concentration, or control rod configuration. 

However, it has been shown experimentally that the radial reflector 

savings is relatively independent of boron concentration ̂ —. Also, 

the reflector savings used in the calculations is midway between the 

value meas\ired at ambient temperatxire anl the value expected at 

operating temperature. In addition, it may be shown that a devia­

tion from the above radial reflector savings by as much as 1 cm 

represents only a 0.05^ change in the multiplication factor of the 

core. Since a more significant departure than this from the value 

used in the calculations would not be anticipated, the reflector 

savings, and thus the radial buckling of the core, are assumed 

independent of these three variables for one dimensional axial 

calculations. 
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4.0 REACTOR CHARACTERISTICS AT AMBIENT TEMPERATURE 

This section summarizes the results of reactivity calculations per­

formed for the Yankee reactor at ambient temperature (lOO°r). In addition to 

the nuclear parameters of interest from the design standpoint, critical boron 

concentrations and incremental banked control rod worths were calculated for 

comparison with data to be obtained in the nuclear startup experiments. Since 

detailed control rod group worth information is not required in the cold 

reactor, only one dimensional calculations were performed for banked control 

rods. Inherent in this procedure is the imderestimate of total control rod 

worth discussed in the previous section. 

A table of pertinent nuclear design data at ambient temperature is 

included in Section 7-0. 

4.1 Core Reactivity 

The Yankee reactor has a cold, unrodded multiplication factor of 

1.167. The excess multiplication must be provided in the cold, clean core 

to maintain criticality at operating temperature for the desired core life­

time. Specifically, the relatively large negative temperature coefficients 

(moderator plus Doppler), fuel burnup, and equilibrium xenon and samariiMi 

poisoning dictate the amount of reactivity required in the core above that 

needed for criticality in the cold, clean condition. Control of the Yankee 

reactor is provided by a combination of control rods and a chemical neutron 

absorber dissolved in the coolant-moderator (boric acid). Complete control 

by control rods alone would involve a larger nimiber of control rods, 

precision drive mechanisms and penetrations in the pressure vessel head, 

in addition to subdividing the fuel assemblies. The greater number of 

penetrations in the vessel head would complicate fabrication and introduce 

uncertainty in the structural integrity of the vessel. The twenty-four 

movable control rods are used to control reactivity at operating tempera­

tures. Boric acid is added for intermediate temperature range shutdown 

and to render the core subcritical in a clean condition at room temperature. 

Table 4.1 contains the results of axial WANDA calculations of 

k for various combinations of boron and control rod poisoning for the 
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Table 4.1 

COLD MULTIPLICATION FACTORS FOR VARIOUS CORE CONDITIONS 

No Control Rods - No Boron 1.167 

Fully Rodded - No Boron 1.043 

Fiilly Rodded - 560 ppm Boron 1.000 

Fully Rodded - 1275 PPm Boron 0.950 

Fully Rodded - 160O ppm Boron 0.929 

core at ambient temperature. Since the above calculations assumed a uniform 

radial distribution of control rods, the k j,„'s in the table are somewhat 
eti 

high (Section 3-3-2). With the actual radial control rod distribution, 
for example, 1275 PPm boron will render the core subcritical by more than 

5^ (Ak „„) indicated in the table. 
' eff 

4.2 Boron Concentration Vs. Banked Control Rod Position 

The WANDA computer program was used to study the interdependence 

of the concentration of boron in the critical core and the banked movement 

of control rods. The axial position of the interface between the rodded 

and unrodded regions in the core, at each of several boron concentrations, 

was varied to represent banked control rod movement in an effort to bracket 

a critical multiplication factor. At each of the chosen boron concentra­

tions, then, a banked control rod height corresponding to a critical 

reactor was obtained. The results of the calculations are plotted in 

Figure 4.1. The slope of the curve in Figure 4.1 and consequently the 

worth of the control rod is the greatest between banked rod heights of 

10 and 20 inches. This is due to a shift in power to the lower, unrodded 

core, which occurs in this interval of control rod withdrawal, such that 

the region of maximum power density is located between 10 and 20 inches 

from the bottom of the core. 

4.3 Boron Worth 

The WANDA results from Section 4.1 were also utilized in deter­

mining the boron worth in the core. At each of several banked control rod 

heights, values of k „ from a series of WANDA's corresponding to a range 

- 28 -
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m boron concentration of 0 to I9OO ppm were used to obtain values of 

l/k 9k/Sc_ (approximated by the expression, l/k Ak/AC ). The 

l/k dk/5c_'s at the critical boron concentration for control rod heights 

from 0 to 4o inches are plotted in Flgxire 4.2. Values of l/k^ Ak^/AC_ 

for the completely rodded and unrodded cores were also calculated and 

plotted in the figureo At control rod heights greater than 20 inches, 

the boron worths in the critical core are essentially the same as those 

in a completely unrodded core because at these extended rod heights the 

power density (and neutron importance) is greatest in the unrodded core. 

Leakage effects on boron worth are very small, since boron has little 

effect on the neutron slowing down length. For control rod heights below 

10 inches, the boron worth in the critical core approaches that in a com­

pletely rodded core, also illustrated in Figure 4.2. 

Banked Control Rod Worth 

The results of the WANDA problems in Section 4.1 were also used 

to determine the change in l/k Sk/Bh with banked control rod height in a 

critical core. To obtain the variation of l/k dk/Sh with h (banked control 

rod height), a histogram was developed in which l/k Sk/3h was assumed to 

be constant at a value equal to l/k Ak/(h -h ) in the region between h and 

h_, for boron concentrations very close to k ^^ = 1. A curve was then 
d eff 

superimposed on the histogram to represent a more precise estimate of the 

variation of l/k 5k/5h with control rod withdrawal. The histogram and 

curve are plotted in Figure 4.3- The curve has a peak at a rod height of 

approximately 12.5 inches. In the vicinity of 12.5 inches the peak power 

shifts from the lower to the upper core region. When this shift is com­

pleted, a rapid reduction in l/k Sk/5h occurs. 

At extended control rod heights it would be expected that the 

reactor would behave like a single region unrodded core. This was found 

to be true, in that l/k Sk/Sh varied with the inverse cube of control rod 

height as would be predicted from a single region expression for the 

multiplication factor, accounting for the rodded core by a constant re­

flector savings. 
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A series of multiplication factors for the completely rodded and 

unrodded cores were calculated at various boron concentrations. The ratio 

of rod worths in the borated core to the worth in a clean core are plotted 

in Figure 4.4*. The worth of the control rods will decrease with increasing 

boron concentration, according to the figure, because of the competition 

for thermal neubrons afforded by the boron. 

Rod worth was defined in terms of a reduction factor, R, where R = ratio of 

the multiplication factors in the rodded core to the unrodded core. 
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5.0 REACTOR CHARACTERISTICS AT OPERATING TEMPERATURE 

The nuclear characteristics at operating temperature of the core are 

extremely important from the standpoint of operation, and have therefore been 

subjected to a more detailed analysis than the cold characteristics. Control 

rod group worths for the reference control rod withdrawal sequence have been 

evalixated using both one and two dimensional techniques. These worths are 

valuable in estimating control rod movements required to compensate for various 

reactivity effects. They also yield values for the total rod worth and the 

hot clean shutdown capability of the control rods. The change in reactivity 

associated with xenon and samarium poisoning, and the Doppler effect on reso­

nance absorption in U-238 have also been studied for various power levels and 

control rod configurations. These characteristics depend on the control rod 

distribution because of the effect of control rods on power distribution and 

neutron importance weighting function. In addition to the above parameters, 

both boron worth and banked control rod worth were studied in order to provide 

calc\ilations which could be compared to data obtained during the startup 

ej^jeriments. 

5.1 Core Reactivity Effects 

Since the Yankee core has a negative temperature coefficient of 

reactivity, the effective multiplication factor of the hot core is less 

than that of the core at ambient temperature. Table 5-1 contains calcu­

lated values of k „„ for various combinations of boron and control rod 

eff 
poisoning. 

Table 5.I 

HOT (0 POWER) MULTIPLICATION FACTORS AND REACTIVITY 
SWINGS FOR VARIOUS CORE CONDITIONS 

Reactivity 
eff Swing"̂  (j) 

No Control Rods - No Boron 1.113 -4.8 

No Control Rods - 1750 ppm Boron 1.000 -2.0 

Fully Rodded - No Boron .942 -7.4 

* Reactivity changes are expressed in terms of (I/R - l), where 

^ " ̂ final/^initial* 
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The unrodded values of k „„ quoted in the table are based on 
eft 

one dimensional calculations. The fully rodded multiplication factor 

given in the table is the result of a full core X-Y PDQ calculation. 

It indicates that the design objective for the first core of providing 

sufficient control with 24 control rods to render the \jnborated core 

at the operating temperature and zero power 3^ subcritical will be met. 

It is of Interest to compare these values with those at ambient tempera­

ture to evaluate the cold-to-hot reactivity swing. Table 5-1 also gives 

the reactivity difference between ambient and operating temperatures for 

three core conditions. These values Illustrate the effect of temperature 

on control rod worth and boron worth, as well as reactivity. During 

reactor startup, reactivity control will be maintained by some combina­

tion of control rods and boric acid, so that the reactivity swing will be 

somewhere between the limits given in Table 5-1' 
Boron Concentration Vs. Banked Control Rod Position 

The WANDA computer program was used to study the effect of 

boron concentration on the banked control rod position in the critical 

core at the operating temperature (5l4°F). A series of computer problems 

analogous to those at the ambient temperature were riin with a maximum 

boron concentration of lOBo ppm. To determine the critical banked con­

trol rod height at boron concentrations above lOBO ppm, the results of 

the axial WANDA's were graphically extrapolated as illustrated by 

Figure 5-2. At a banked rod position of 50 inches, for example, the 

critical boron concentration was taken to be l490 ppm. The complete 

variation of boron concentration with banked control rod height in the 

critical reactor is summarized in Figure 5«1-

Boron Worth 

The results of the WANDA calculations of Section 5-2 were used 

to determine the boron worth in the core at the operating temperature. 

The procedure described in Section 4.3 was followed in calculating values 

of l/k Ak /AC in the fully rodded and unrodded cores and l/k ^^/hC^ in 

the critical core. The results are plotted In Figure 5-3- Here, as at 

ambient temperature, it will be observed that for banked control rod 
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heights greater than 20 inches the boron worths in the critical core 

are eq\ial to those in a fully unrodded core. Comparing Figure k.2 with 

Figure 5-3̂  it appears that the boron worth in the core at the ambient 

temperature is greater than the worth at the operating temperature. 

This is due to the fact that there is less water, by weight, in the hot 

core than in the cold, and therefore less boron at a constant value of 

"parts-per-milllon" in the hot core. That is, the macroscopic absorption 

cross section of boron decreases, with increasing temperature, at a 

greater rate than the cross section of the core. 

Banked Control Rod Worth 

The results of the axial WANDA problems in Section 5-2 were 

used in a procedure identical to the one in Section k.k to obtain the 

effect of the banked control rod position in the core on l/k 9k/3h. The 

same general conclusions which were drawn at the ambient temperature may 

also be drawn about Figure 5.^. Between control rod heights of 0 and 

12.5 Inches, the curve has been dotted to indicate that the reactor is 

subcritical. It is fairly obvious in comparing Figure 4.3 with Figure 

5.4 that the control rods are worth more in the core at the operating 

temperatures. This is due to the fact that the neutron migration area 

in the hot core is greater than in the cold because of the decreased 

density of the moderator. The neutrons travel farther from their point 

of origin in the fuel in the process of thermallzation in the hot core 

and, therefore, the effective "range" of the control rods as a neutron 

sink in the core becomes enlarged. The variation of rod worth with 

temperature is essentially linear up to a temperature of approximately 

470°F. At higher temperatures, the density of the water decreases more 

rapidly and rod worth increases with temperature at a greater rate than 

below 470°F. Based on axial WANDA calculations, the total rod worth at 

100°F is 11.9^, where worth has been defined in terms of a reduction 

factor according to Section 5.5. At k'JO'''F, the worth is lit-.2̂  and in­

creases to ik.&f at 530°F. 

At operating temperature, control rod worth is also dependent 

on the boron content of the core. The result of calculations similar 

to those which were completed at the ambient temperature are plotted in 

^Ub ^kl _^^_ 
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Figure 5.5- Comparing this figure with Figure k.k it would appear that 

the boron is worth more in the core at the ambient temperature than at 

the operating temperature; that is, the boron seems to have a greater 

effect on control rod worth in the cold core, confirming the results of 

Section 5.3. 

Control Rod Group Worth 

Control rod worth was defined in terms of effective core multi­

plication factors according to the expression below: 

Control Rod Worth = (I/R - l), 

where 

R = k /k 
with rods' without rods" 

Both WANDA and PDQ computer programs were used to obtain the required 

multiplication factors. Table 5«2 summarizes the results of the calcula­

tions. 

It will be noticed in the table that the worth of a control rod 

group in a particular rod array was obtained. (See Figure 3.1 for identi­

fication of control rod groups in the core.) The worth of a control rod 

group is effected by the presence of other control rods. For example, 

the worth of one of the outer rod groups, such as group 6 will be greater 

with an inner group present than without. The inner control rods would 

tend to increase the flux around the outer edge of the core such that 

group 6 would be in a relatively high neutron importance area. The 

sequence of arrays was therefore chosen to correspond to the control rod 

withdrawal program which will be followed during the lifetime of the core. 

Only the worth of completely inserted control rods was obtained. The 

worth of partially inserted rods was calculated only for the blanket 

movement of all rod groups already discussed in Section 5-4. 

Examination of Table 5.2A indicates good agreement between one 

and two dimensional calculations for large n-unibers of control rods. Since 

the PDQ calculation is a more accurate representation of the core geometry, 

it is expected to yield more reliable rod worths. WANDA, which represents 

control rods with a vmiform absorption cross section smeared over a large 

- k2 -
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Table 5.2-A 

REACTIVITY WORTH OF SEVERAL CONTROL ROD GROUP PATTERNS AT 5l4°F 

Rod Pattern 

0 

1 

51 

351 

2351 

î 2351 

6U235I 

k 

WANDA 

1.113 

1.091 

1.065 

1.025 

1.015 

0.994 

0.943 

eff 

PDQ 

1.067 

1.033 

1.025 

0.999 

0.942 

Reactivity 

WANDA 

2.1 

4.6 
8.6 

9.7 
12.0 

18.1 

Worth {j>) 

PDQ* 

4.3 
7.7 
8.6 

11.4 

18 2 

Table 5.2-B 

REACTIVITY WORTH OF CONTROL ROD GROUPS IN THE REFERENCE 

CONTROL ROD WITHDRAWAL SEQUENCE AT 5l4°F (6-4-2-3-5-1) 

Rod Group 

6 

4 
2 

3 
5 
1 

Reactivity 

WANDA 

6.1 

2.3 

1.1 

4.0 

2.5 

2.1 

Worth 

PDQ 

6.8 
2.8 

0.9 
3.4 
___ 

Based on the WANDA unrodded k „ (I.II3). 

L, Ub pii5 
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radial region, is not capable of representing aximuthal flux variations, 

and will be in error in determining reactivity differences involved in 

insertion of a small number of control rods which do not have aximuthal 

symmetry. 

Steady State Doppler and Fission Product Poisoning Effects 

In the core at operating temperature during power operation, 

there are two important effects which influence reactivity. The first is 

a fuel teniperature effect. At elevated fuel temperatures, resonance 

absorption in U-238 increases due to the Doppler broadening of neutron 

capture resonances. The second is a poison effect caused by the build-up 

of Xe-135 and Sm-l49 - decay products of the two fission products Te-135 

and Nd-l49, respectively. 

The WANDA computer code was used to calculate the reduction in 

reactivity due to the Doppler effect, Xe-135 and Sm-l49, and a combina­

tion of both at half and full power. The Doppler effect was represented 

by adding a fast absorption cross section, AE , to the zero power fast 

absorption in the form, 

Ap a (P /P ) 

^ a f , = Ap a k / P T ^ 1 (\f ^ ̂ r -̂  ^f ̂  )(S-^ APP^-'^^^ ̂ ) - (5.1) 
R -̂  p ^ R' avg 

Where, the subscript "R" refers to a particular region in the radial 

WANDA, and, 

Ap = fractional power (lOO at full power). 

Op = power coefficient per ̂  power (See Section 6.2). 

p = ratio of power in a region to the average power in the 
avg 

core. 
Z * = fast absorption cross section of the core at zero power 

(cm" ). 
* / -Iv 

Z = core removal cross section (cm ), r 

* 

D * = core fast diffusion coefficient (cm). 
2 -? 
B = core geometric buckling (O.OOO7OI cm" ). 

See Appendix D. 



The xenon poisoning was represented by adding a thermal absorp­

tion cross section, Z ^ , to the clean thermal absorption in the form: 
' a,Xe' -̂  

R T;- + ̂ 2 (V^2 ) 
Xe avg avg 

where. 

y„ = yield of Xe-135 per fission (.064), 

(CFE„) = (cp̂  Z + qp Z ) = sum of fast and thermal fission I avg d td 1 11 avg -p __ _, 
reaction rates (I.83 x 10 cm sec ). 

\ . = decay constant for X3-I35 (2.11 x lO" sec" ). 
1 Q p 

a = microscopic absorption cross of Xe (l.44 x 10 cm ). Xe 

^2 
-1-3 _ p _•] 

<p̂  = average core thermal flux (l. 9 x 10 cm sec ). 
avg 

(cp̂ p/cpo ) = ratio of thermal flux in a region to the average core *'2R' ̂ 2 
avg thermal flux. 

Sm was assumed to be uniformly distributed. The thermal Sm 

cross section was obtained from: 

£ = ^ ^ £-S^ (See Appendix B), (5-3) 
^Sm ^2 

avg 

where, 

y = yield of Sm-l49 per fission (O.OII5). 

The concept of a reduction factor was utilized to determine the 

worth of the Xe and Sm and the Doppler effect. Here the reduction factor 

was defined as: 

R = 
k (Xe and Sm and/or Doppler 

k (clean, zero power) 

Assuming the power in the core to be uniformly distributed 

(P-3/P = 1) and neglecting the effect of fuel depletion and plutonium 

build-up, the worths of xenon and samarium poisoning and Doppler broaden­

ing in the fuel, as calculated by WANDA, are plotted in Figure 5-6. 

- - ' • ' • ' . , . 
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statistical weight factors which may be applied to Figure ^.6 

were also calculated to accoimt for non-uniform power distributions in 

the core. The variation of xenon poisoning and Doppler broadening with 

power was taken into account in the radial WANDA's by inserting values 

of AE „ and Z based on the corresponding values of Pp/P in each 
° R T(e. 
af„ Ay V. x^ i- V. s ^^ R' av? 

'R 
radial region. Foixr radial regions were used in WANDA calculations as 

illustrated in Figure 3.1= ^or various control rod configurations the 

worths calculated for the non-unifomi power distribution were divided by 

the corresponding worths assuming a uniform power distribution. These 

so-called "statistical weight factors" were calculated at half and full 

power and are tabulated below„ 

Table 3-3 

STATISTICAL WEIGHT 

Rod Arrays 

0 

1 

351 

î 2351 

DOPPLER AND 

n)oppl 

1.95 

i.5î  

1.27 

1.39 

100^ 

1.95 

1.5^ 

1.27 

1.39 

FACTORS FOR NON-
XENON EFFECTS 

^e 

50^ 

1.19 

1.11 

1.03 

1,6k 

loafi 

i.i6 

1.10 

1.03 

1.04 

UNIFORM 

total 

509̂  100^ 

1.3^ 1.32 

1.19 1.18 

1. 06 1. 06 

1.09 1.09 

'f) of full power 

Contributing to the shutdown of the core near the beginning of 

life should it be necessary to render the core subcritical, would be the 

build-up of any Samarium-lij-9. Samarium-lit-9 is stable and represents a 

negative contribution to reactivity throughout the lifetime of the core. 

Xenon-135, of course, also has a poisoning effect on reactivity, but, 

because of decay, would not be effective after a prolonged shutdown. 

The combination of equilibrium xenon and samarium represents 

approximately 3^ in excess multiplication. Samarium makes up about one-

fourth of this amô unt or 0.7^ in excess k „_. 
' ef f 
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6.0 KINETICS CHARACTERISTICS 

Two very important characteristics of the pressurized light water 

reactor are its large negative moderator temperature coefficient and its 

negative Doppler coefficient. The large moderator tenperature coefficient is 

a result of the rapid rate of change in H O density with temperature for 

press\irized H^O at elevated temperatures, while the negative Doppler coeffi­

cient is a result of the broadening of neutron capture resonances as the fuel 

temperature increases. The moderator temperature coefficient contributes to the 

overall stability of the plant and is important in the control of slow transients 

and power changes. The Doppler coefficient contributes to the stability of the 

reactor in the event of rapid changes in reactivity and power level. In this 

section, the moderator temperature coefficient, Doppler and power coefficients, 

press\ire and void coefficients, and the prompt neutron lifetime and effective 

delayed neutron fraction are obtained. In all cases, the coefficients have 

been calculated for a just critical core. That is, a core with such a combina­

tion of control rods and boric acid dissolved in the moderator as to make 

^eff " -'-• 

6.1 Moderator Temperature Coefficient 

This coefficient is associated with changes in moderator tenrpera-

ture. It is a slow coefficient, con̂ jared to the fast Doppler coefficient 

associated with changes in fuel temperature. A change in the fission rate 

results in an immediate change in fuel temperature, but there is a time 

constant of the order of 10 seconds for the transfer of heat from the fuel 

to the moderator. The temperature coefficient will be defined as the frac­

tional change in effective multiplication factor per degree change in 

moderator temperature. 

The temperature coefficient was obtained by calculating k __„ as a function 

of temperature and taking the slope of the ciorve of k „„ against tempera­

ture. The coefficient was calculated at three moderator temperatures and 

for various boron concentrations. The reactor was made critical at each 

h9 ^Ub 050 



temperature and boron concentration by banked movements of control rods. 

The methods of analysis described in Section 3 were used to calculate 

rodded and unrodded core constants and axial WANDA problems were run to 

obtain k „„. 
eit 

The fuel pellets were expanded with a UO^ coefficient of expan-

-6 

sion of 6.2 X 10 /°F. The stainless steel cladding was expanded with a 

SS-3U8 coefficient of 9.7 x 10~ /°F The H O volume was expanded with 

the same coefficient as stainless steel, since the water is contained in a 

stainless steel structure. A mass balance of all materials except water 

was maintained within the reactor boundaries. The atom densities of UOp, 

stainless steel and Zr were obtained from the values at 68°F and 5l4°F 

by assuming a linear relationship with temperature. The H O atom densities 
/ig 

were obtained from thermodynamic properties of compressed water '•—-, A 

constant value of reflector savings was used in obtaining the geometric 

buckling. This should have a negligible effect on the calculations since 

leakage is small in a reactor of the size of Yankee. Before taking the 

derivative of the curve of k against temperature, the calculated points 

were fitted to a polynomial by using the POLYFIT code. 

Figiire 6.1 shows the teinperature coefficient as a fimction of 

boron concentration and temperature. The coefficient is negative and 

increases in absolute magnitude with temperature. The largest negative 

contribution to the coefficient is the change in U-238 resonance escape 

probability. At elevated temperatures, this change is a result mostly of 

the large change in moderation with temperature. Approximately 8o^ of 

the coefficient is a result of density changes, mostly H O , while the 

remaining 20̂ ^ are spectrum and Doppler effects. This temperatiire coeffi­

cient should be properly called a zero power temperature coefficient, 

since the fuel was at the same temperature as the moderator in the calcula­

tions. One would expect a different rate of change in resonance escape 

probability with moderator temperature at higher fuel temperatures, but 

this should only amount to a few percent. A fourth degree polynomial fit 

was used to obtain the points of Figure 6.1, The slopes obtained from a 

parabola fit differed from these by approximately 10^, Since only two 

boron concentrations were considered at each temperature the second 

- 50 - AUto 
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derivatives of the curves in Figure 6.1 are not known and these are 

therefore arbitrary. Since the second derivatives are probably very 

small, straight lines were drawn for each temperature. 

The values shown in Figiire 6.1 are somewhat different from 

previous values given in former calculations of the Yankee kinetic 
/g 20 

characteristics ̂ -̂-̂  r The difference is mainly a result of the use of 

different methods of calculation*. One drawback of the method used in 

this report to calculate the temperature coefficient is the use of the 

MUFT fast constant code. The cross section library of the code, as it 

is now written, is temperature independent, and the code probably under­

estimates the resonance capture in U-235' It should be noted that these 

have only minor effects on the moderator temperature coefficient since 

the variation in water density with temperature is included in the MUFT 

calculations. As stated above, the water density variation is the most 

important effect and it determines in a very large part the variations 

in resonance absorption and the fast spectrum. 

Since the temperature coefficient was calculated for a banked 

rod configuration, calculations were performed to study the effect of 

programmed rods on the temperature coefficient. This was done by running 

radial WANDA problems for various control rod configurations and comparing 

these with the axial WANDA problems for essentially critical configura­

tions. To achieve this, the critical axial buckling was used in the 

calculations of the temperature coefficient for the programmed rod con­

figurations. There was no difference between the temperature coefficients 

calculated for banked and programmed rod configurations. This study 

indicates that, for a uniform temperature distribution, the temperature 

coefficient is sensitive to the amount of reactivity being controlled by 

control rods, and relatively insensitive to the distribution of control 

rods required to achieve a given reactivity reduction. 

* The moderator temperature coefficient in YAEC-73 was calculated on the 
basis of the four-factor formula. The calculation neglected epithermal 
fission in U-235 a-nd resonance capture in coolant and structural materials. 
The largest difference is probably due to the different contributions of 
leakage since the calculations in YAEC-73 were done for a non-critical core. 
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The temperature coefficient is very sensitive to the type and 

amount of control in the core. The boron is a positive contribution to 

the coefficient while control rods are a negative contribution. The 

positive effect of boron is due to the decrease in thermal absorption 

with temperature, and the negative effect of control rods results from 

the decrease in core cross-section with teirperature, which makes a black 

rod relatively more effective. If we define the effective multiplication 

factor as a product of an imrodded k and a control reduction factor R, 

the temperature coefficient may be written 

rClr 
1 eff 1 Sk , 1 S R ,(• „s 

F — -^r- = k ^ "" R 3T • ^^•2'' 
eff 

Figure 6.2 shows the contribution of the boron and of banked control rods 

to the temperature coefficient at operating temperature, together with the 

value of the temperature coefficient for a core without control. A 
Ik 

neutron cycle model leading to a seven factor criticality formula '•— was 

used in the computation of the"no control"moderator temperature coeffi­

cient. The variation of each factor with moderator temperature was 

calculated, and the 'ho control"coefficient was obtained from the sum of 

the seven individual temperature coefficients. 

Two methods were used in the calculation of the contribution of 

control rods to the moderator temperature coefficient. In the first 

method the contribution was obtained directly from the variation of the 

control rod reduction factor R with moderator temperature. In the second 

method, it was assumed that control rods influenced the moderator tempera­

ture coefficient only through thermal leakage and the thermal utilization. 

The contribution of control rods to the temperature coefficient was then 

obtained from a comparison of thermal leakage and thermal utilization 

coefficient for rodded and unrodded cores. The curve on Figure 6.2 

represents an average of the results obtained from the two methods. 

Figure 6.2 can be conveniently used to obtain the temperature coefficient 

for various combinations of boron concentration and control rods. Because 

of the approximations made in obtaining these curves, Figure 6.2 is 

expected to conipare to within 20^ of the results of Figure 6.1. 

3̂ " ^ub nsn 
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The most important effect of reactor life on the moderator 

temperature coefficient arises from the removal of control rod to main­

tain criticality as depletion proceeds. As Figure 6.2 shows, the presence 

of fully inserted control rods adds a negative contribution of 0.7^ x 10 / 

°F to the moderator coefficient. The effect of fission products, Pu 

buildup and fuel depletion on the unrodded temperature coefficient was 

obtained by using n\jmber densities from a study of fuel depletion performed 

with the use of the TURBO code L- as input to SOFOCATE, since most of the 

change is expected to occur in the contribution of thermal utilization to 

the coefficient. The fission products Xe and Sm were represented explicitly 

and the other fission products were combined and assumed to have a l/v 

cross section of 71 barns at 2200 m/sec. The changes in temperature 

coefficient are shown in Tab]e6.1 for the hot core. 

VARIATION 

Temperatiire 
°F 

51^ 

514 

OF THE 

Table 6 . 1 

UNRODDED ZERO BORON 
COEFFICIENT WITH REACTOR 

Life 
(Hrs . ) 

100 

5,500 

10,000 

Llt'E 

^^eff ^ 

loV°F 

+ 0.05 

+ 0.20 

+ 0.31 

TEMPERATURE 

Kg Pu 
Kg U-235 

0.093 

0.173 

The table also gives values of kilograms of Pu/kilogram of 

U-235. At 100 hours, the change is due to the presence of Xe. The 

positive effect of Xe results from the rapid decrease of the Xe cross 

section with temperatxare. The firrther increase in temperature coefficient 

during lifetime is predominantly a result of U-235 depletion and Pu-239 

buildup. The positive contribution of Pu-239 is a result of the resonance 

at 0.3 ev. The calculations used a value of a (capture to fission ratio) 
/25 

of 0.65 at the peak of the resonance. Recent measurements '• would 

indicate a value which is 5 to 10^ larger. This would make the positive 

Pu-239 contribution slightly less. Pu-240 is a negative contribution. 

^Ub 
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Thus, further increase in the Pu concentration would make the effect of 

Pu less positive. Such an effect was noticed in previous calculations ^ . 

The effects of fuel depletion and Pu buildup on the fast spectrum 

and the resonance capture contribution to the moderator temperature coeffi­

cient are not included in the values given in Table 6.1. Here again, these 

are minor effects compared to the effects of water density variation. The 

negative contribution of control rods at beginning of life is approximately 

Oo6 x lO' /°F. Using the values given in Table 6.1, as core life proceeds 

and the control rods are completely removed, the coefficient varies from 

-3.2 x 10 /°F to -2.3 X 10 /°F. 

6.2 Doppler and Power Coefficients 

The Doppler coefficient of reactivity arises in heterogeneous 

reactors such as Yankee because of changes in temperature of the uranium 

oxide which results in a change in the thermal agitation of the uranium 

nuclei. Since a cross-section is a fxinction of the relative energy of 

the neutron and the target nuclei, a change in temperature, which results 

in a change in the relative energy of neutron and nuclei, will affect the 

cross sections, especially fast varjrlng cross-sections such as a resonance. 

The width, F, of a resonance increases with temperature and this results 

in a change in resonance escape probability, p. In a lumped fuel element, 

where the absorption is much larger than the scattering, the change in 

p is due mostly to the change in the width of the resonances. 

The Doppler coefficient will be defined as the fractional change 

in multiplication factor per degree change in fuel temperature. We re­

strict our attention to the change in the U-238 resonance escape probability, 

p o, and neglect the effect of U-235. The Doppler coefficient QL is thus 

defined 

ou = - — (6.3) 
^ ^28 ST^ 

where T„ is an effective fuel temperature. As mentioned above, the Doppler 

coefficient is a fast coefficient compared to the slower, although larger 

in magnitude, moderator temperature coefficient. In calculating the 



Doppler coefficient it has been assimied that only the fuel temperature 

varied, while the moderator temperature stayed constant. If p^o is 

defined as 

^28 
" l2~ ̂ ^28 

P28 = ^ ' (6-^) 

2̂8 
coefficient can be written 

where RÎ p̂  is an effective resonance integral for U-238, the Doppler 

1 ^^^?8 
CV, = ^ n p g ^ ^ . (6.5) 
^ 2b Rlgg ^-^ 

The U-238 resonance Integral teraperatiore coefficient is a function of 

fuel temperature and rod size. The expression used in this report was 

1 ^"^28 a = • 2 ,, , 

where 

a = .00696 - .000262 (S/M)"-*" (6.7) 

and S/M is the surface to mass ratio of the urani-um oxide. The expressions 

given in equations (6.6) and (6.7) are the result of a Monte Carlo study 
/21 

of the Doppler effect in UOp fuel ̂  . This assianed a parabolic distribu­
tion of fuel temperature in the pellets. These expressions give results 

/22 
which are in good agreement with recent measurements by Hellstrand -̂  . 

Figure 6.3 shows the variation of the U-238 resonance integral temperature 

coefficient with fuel temperature. The coefficient is positive, since the 

Doppler broadening of the U-238 resonances increases the effective resonance 

integral. The coefficient decreases with temperature since, once a 

resonance is broadened such that it overlaps neighboring resonances, 

further broadening will little effect the absorption. It should be noted 
-1/2 

that this does not explain the T ' law which seems to be a fortuitous 

result of conflicting trends. 

Figure 6.h shows the Doppler coefficient for two moderator 

temperatures, 6o°F and 5l4°F. The Doppler coefficient is negative and 

n r Q "57 
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becomes less negative with temperature, since the resonance broadening 

becomes less important as the temperature is increased. 

Since the fuel temperature is usually not a measurable quantity, 

what one actually measures in an experiment is a power coefficient. The 

power coefficient can be obtained from the Doppler coefficient at a con­

stant moderator ten5)erature of 51^°F. This coefficient is a function of 

the effective fuel temperature. In obtaining a relation between effective 

fuel temperature and power, the following heat transfer coefficients were 

assumed. The teraperatiire drop across the stainless steel clad and the 

coolant film was assumed constant at a value of 30°F. The drop in the 

gap between the fuel pellets and the stainless steel clad was obtained 

by assuming a constant heat transfer coefficient between zero and full 

power. The gap drop AT in °F as a function of percent full power is then 

given by 

m = k.hS P (6.8) 
g 

The variation in UO thermal conductivity with fuel terape rature was 

calculated from* 

^°2 T^ + i|-60 

where T is in °F and KL̂  has the unit of Btu/hr-ft-°F. The effective 

fuel temperature is given oy 

T„ = T + .35 (T - T ) (6.10) 
f s max s 

where T is the fuel surface temperature and T is the temperature at s ^ max ^ 
the center of the fuel and (T - T ) is a function of power. The 

^ max s' 

effective fuel temperature in °F as a function of percent full power is 

then given by the expression 

T, = ^^^ ^^-^^l . (6.11) 
1 - .65 X 10 -̂  P 

* Personal communications - L. S. Tong, Westinghouse Electric Corporation, 
Atomic Power Department 

<Ut, 
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The power coefficient is shown in Figure 6.5 as a function of 

power. Although the power coefficient varies by only 5^ from zero to 

full power, the Doppler effect will depend strongly on the power shape in 

the core. The curve of Figure 6.5 assumes a uniform power distribution. 

A statistical weight factor which depends on the power shape should there­

fore be applied to the power coefficient. Radial WANDA problems were run 

for various control rod configurations using equation (5-l) of Section 5.6 

with the appropriate values of P-p/P« to represent the Doppler effect in 

each radial region, R. In some of the problems the radial distribution 

in coolant temperature was taken into account by the expression 

T = 1.99 -H (33/2) Pĵ /P °F. (6.12) 
d. K 

Statistical weight factors were obtained by comparing the Doppler effect 

for uniform and non-uniform power distributions. Table 6.2 gives the 

statistical weight factors for the power coefficient for four control 

rod configurations. An axial weight factor of 1.26 was applied in all 

cases. This factor (K . -,) was coniputed from perturbation theory. The 
&<XX£LJ.. 

fast flux was taken to be self-adjoint and a constant fast to thermal fliox 

ratio was assumed in the axial direction. The axial variation in power 

was assumed to be a chopped cosine in all cases. K , is thus given by 

(6.13) 

"CAL WEIGHT 

Rod Array 

0 

1 

135 

123î 5 

axial 

Tabl 

FACTORS 

9 ^ 

e 6.2 

FOR THE 

^ 

1.79 

1.1̂ 8 

1.31 

1.32 

VT 

1.95 

1.5̂  

1.27 

1.39 
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In Table 6.2, K_ takes into account the power shape while Kp ^ takes into 

account both the power shape and coolant temperature distribution. The 

values given in Table 6.2 indicate that the negative power coefficient 

will increase as core life proceeds and control rods are removed. The 

effect will not be as great as indicated since the non-uniform fuel de­

pletion will tend to flatten the power in the core and reduce the values 

of the statistical weights. The statistical weight factors for Xe and Sm 

given in Section 5-6 were obtained by a similar method and the use of 

equations (5-2) and (5.3)- In this case the axial factors were l.o6 for 

Xe and Sm, and 1.09 fo^ Doppler and Xe and Sm combined. 

6.3 Press\3re and Void Coefficients 

The pressure coefficient was obtained from the temperature 

coefficient by separating the density from the spectrum and fuel effects, 

thus obtaining a rate of change in k „„ with HpO atom density. The 

density contribution of other core materials was neglected. The varia­

tion of HpO atom density with pressure at a constant temberature was then 

obtained from reference ^— - and the pressure coefficient calculated. 

A void coefficient was calculated by assuming that a change in 

H O atom density corresponded to a change in percent void present in the 

core. This coefficient assumes a uniform distribution of voids in the 

reactor. Table 6.3 shows the pressure and void coefficients at 51̂ °̂ '' 

and two boron concentrations. 

Temperature 

°F 

5lî  

51k 

Table 6.3 

PRESSURE AND VOID COEFFICIENTS 

Boron Cone. Pressure 
(ppm) (psig) 

0 2000 

1080 2000 

1 ^^eff 

^ff '^ 

(10^/psig) 

+ 2.5 

+ l.k 

i ^/i Void 

-.22 

-.12 
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The pressure coefficient is positive and therefore opposes the temperature 

coefficient since an increase in temperature tends to cause a corresponding 

increase in pressure. In general, this will only slightly decrease the 

effect of the temperature coefficient because of the presence in the coolant 

loop of a pressurizer which tends to maintain a constant system pressure and 

because the pressure coefficient is much smaller in magnitude*. 

It should be noted, as regards the void coefficient, that no 

voids are expected at any time in Yankee, If voids were present, a 

statistical weight factor should be applied to the void coefficient since 

the effect of voids depend on their locations in the core. For a large 

reactor such as Yankee, the leakage effect is small and the effect of 

voids will be mostly a change in k resulting from a change in Ppo due to 

the decrease in moderation caused by the voids. One should also take 

into account the fact that the production of voids depends also on the 

power shape. As a rough approximation, the statistical weight factor 

applied to the power coefficient in Table 6.2 can be applied to the void 

coefficient. 

The effect of fission product buildup, Pu buildup, and fuel 

depletion on the pressure and void coefficients has been shown to be less 

than 10^ during the lifetime of the reactor ̂ -̂ -̂—. 

6.4 Prompt Neutron Lifetime 

The prompt neutron lifetime Z was calculated by the following 

two-group expression ^—-: 

^f 1 + TB^ ^S 

' 2 8 - M 1 . - . (6.11,) 
'28"= - ^1 ^ 1 + L^ B^' 

where the subscripts f and s refer to the fast and thermal groups, v is 

the neutron vellcity, Vpo is the number of neutrons emitted per fast 

fission in U-238, € is the fast fission factor and p is the multiplication 

This is true of most practical cases; however, if the pressurizer steam 
"bubble" is collapsed, the pressure coefficient would override the 
temperature coefficient. This occurrence is guarded against by proper 
sizing of the pressurizer and thus does not present a plant hazard. 

6k -



factor for epithermal fission in U-235. The values of neutron velocity 

were obtained from outputs of MUFT and SOFOCATE, and unrodded core 

constants were used in equation (6.1^). Criticality was maintained by 
2 

using a critical buckling for B . This in effect assumes that the 

banked movement of control rods corresponds to a change in water height 

for the core. Table 6.k gives the prompt neutron lifetime at 51^°^ and 

two boron concentrations. 

PROMPl' 

Temperature 
°F 

5lh 

5lî  

B 

Table 6.k 

NEUTRON LIFETIME 

oron Cone, 
(ppm) 

0 

io8o 

&* (10^ sec'^) 

.20 

.18 

6.5 Effective Delayed Neutron Fraction 

The effective delayed neutron fraction, p „„, differs from the 

delayed neutron fraction for U-235 because the fast fission in U-238, 

with its gieater delayed neutron yield, tends to increase the delayed 

neutron fraction for the core, and because delayed neutrons are born with 

an energy spectrum significantly different from that of the prompt neutrons. 

This in effect gives delayed neutrons a different importance or effective­

ness in contributing to the neutron cycle. It is convenient to define 

P „ as the product of an average delayed neutron fraction P, averaged 

according to the fission rates and delayed neutron yields of U-235 and 

U-238, and a delayed neutron Importance function I. The derivation of 
/26 

the Inhour formula by the perturbation method ^ leads to a definition 

of P „„ as the ratio of fission neutrons produced by capture of the delayed 

neutrons to the total number of fission neutrons produced by cycle. Since 

P „ was defined as the product of the average delayed neutron fraction p 

and the importance function I, this importance function is then defined as 

the ratio of fission neutrons produced with a source of one delayed neutron 

to the number of fission neutrons produced with a source of one prompt 

neutron. The SOFOCATE thermal constant code and the MUFT fast constant 
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code were used with both prompt and delayed neutron source spectra to 

calculate I. A ratio of U-238 fissions to U-235 fissions of O.O9 was 

used in the calculation of p. The delayed neutron data was that of 

Keepln-̂ —i. These calculations yielded a value of p of 0.00720 and a 

value of I of 1.0121, or a value of 0.OO729 for p , for the hot, 

clean core at beginning of life. 

6.6 Xenon and Samarium Transient Effects 

Figure 6.6 shows the buildup of Xe-135 after shutdown at the 

beginning of core life. The curve was calculated with the use of xenon 
l2h 

tables J-— and assumed equilibrium xenon at shutdown. The peak occurs 

at about 6 hours after shutdown and the maximum negative reactivity 

introduced by xenon is approximately 2.6^, In using this curve, it 

should be noted that Sm-li4-9 has not been considered. At equilibrium, 

the samarium poisoning in Yankee is about one-third that of xenon. For 

a thermal flux of the order of that encountered in Yankee, the equilibrium 

promethium concentration, in terms of samarium atoms, is about one-fourth 

that of samariixm. Then after a shutdown, Sm will build up to approximately 

125^ of its equilibrium value, but the half life associated with this 

buildup is longer than that for xenon. Based on these estimates, the 

maximum Sm poisoning after shutdown is approximately Yja. It should also 

be noted that since Sm-lij-9 is a stable isotope, the negative reactivity 

introduced by Sm constitutes a permanent reduction in k . 

Since Figure 6^6 assumes a uniform power distribution in the 

core, statistical weight factors should be applied to it. This statistical 

factor is of the order of the statistical factor applied to the equili­

brium Xe and Sm, but it will be time dependent, since the xenon poisoning 

is time dependent. 
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7.0 SUMMARY OF NUCLEAR DATA 

(Beginning of Core Life) 

Reactivity Characteristics 

k „„ (cold, clean) 
eii 

k __„ (hot, clean, zero power) 

k „ (hot, clean, full power ) 

k „„ (hot, equilibrium poison, full power) 

Control Characteristics (2^ Control Rods) 

Rod Worth (68°F, zero boron) 

(68°F, 1200 ppm boron) 

(5l4°F, zero boron) 

Boron Worth (cold, zero boron) 

(hot, zero boron) 

Kinetic Characteristics 

Moderator Coefficient (cold, 1200 ppm boron) 

(hot, 1200 ppm boron) 

(hot, zero boron) 

Power Coefficient (zero power) 

(full power) 

Pressure Coefficient (hot, zero boron) 

Void Coefficient (hot, zero boron) 

Delayed Neutron Fraction 

Prompt Neutron Lifetime 

1.167 

1.113 

1.089 

1.060 

11^.8 

13-8 

18,2 

-k, 
0.8 X 10 /ppm 

0.7 X 10 /: ppm 

- 3 . X 10"V°F 

-k, 
- 2 . X 10 / ° F 

-ki 
- 3 . X 10 / ° F 

- 1 . 3 X 10~ fi) power 

-1 .2 X 10" /i power 

+2.6 X 10" / p s i g 

-2 .2 X 10"^ /^ void 

0.007 

-k 
0.2 X 10 sec . 

* * 

392 Mw Thermal 

( I / R - 1 ) ; R = k , , , ^ / k . _ , 
' wi th rods wi thout rods 
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APPENDIX A 

THERMAL CONSTANTS IN DISCRETE SLOT WATER AND ZIRCONIUM REGIONS 

Slot Water 

By definition, 

^tr = 3 T = ^a "" ̂s (̂  - ^^' ''̂ ^̂ ^ 

Z = thermal transport cross section (cm ) 

Z = thermal absorption cross section (cm~ ) 

T. = thermal scattering cross section (cm" ) 

D = thermal diffusion coefficient (cm). 

The thermal constants (D, L ) for the "fuel" region, defined in Section 3.I, 

were obtained directly from SOFOCATE problems. It follows that. 

3^ - ̂ a) = h^^-^^= I h [% (1 - ̂ )j^ ^ \ 0 [̂s (̂  - ^̂ Ĥ̂ o 

E N J a (1 - |i) = sum of scattering contributions of all elements where Z 
1 

in the "fuel", except water, to the "fuel" thermal transport cross section. 

Then, 

(̂ tr̂ Ĥ O = \ 0 (2 '̂ a,H ̂  '̂ a,o) "̂  ( 3 ^ " \ ) " J ^i R ^^ " ̂ ] , ' 

Accounting for the B-10 in the water slot, 

^̂ â HpO + B-10 = V o (2 CT̂ Ĥ + '̂ a,0̂  ^ ^B-10 ('̂ a,B-10̂  
2 

and 

^̂ Ĥ 0 + B-10 
2 

^{(VH^O^VIO fa-s'-^j^J 
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All microscopic absorption cross sections were obtained from the SOFOCATE 

output while values of cr (l - jj.) were obtained frcm the SOFOCATE cross 

section library. 

Zirconium 

2 = N„ a „ 
a Zr a,Zr 

D = 1 

The microscopic cross sections were obtained from SOFOCATE as above. 

The simplified expression used for zirconium may be used because the 

quantity a (l - |i) is independent of energy within the thermal energy group, s 

However, the scattering cross section for hydrogen in the slot water does 

vary with energy and a spectrum averaged cross section must therefore be 

used. 

'^3- n^U 
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APPENDIX B 

EQUIVALENT ABSORPTION CROSS SECTIONS OF DOPPLER AND 
FISSION PRODUCT POISONING EFFECTS 

Doppler 

The power coefficient is defined as follows; 

_JL ^eff 
P ' k̂ ff Ap 

or 

At zero power, 

where 

a Ap = - ^ . 
P ^ff 

^ , "^f f ̂ r 
êff A^ A^ Ag ' 

^1 = ^f^'-^^f-^^r 

A^ = D B^ + Z . 3 s as 

At power, 

1 "^ff "^ff^r 
^eff - A^ + AE^f ^ (Â  + AE^f) A^ ' 

where AE = contribution of Doppler broadening of the capture resonances 

in U-238 to the fast absorption cross section in the core. Subtracting 

I AE 

^eff " ^eff " ̂ eff ~ \ff 
af 

A, + AE „ ' 1 af / 

^ = a Ap = ^-^ 
^ P ^ - ^ ^ a f ' 

- 7^ - 0^"^ 
\ 1 ̂  Zub 



solving for AE „, 

AE 
'af 

^P Ap 
(̂  Ap + 1| 1 

In a multiregion core the power generated in each region is simply 

Ap. 
•R P 

\ average 

where 

P_ = average power in region R 

P = average power in the core, 
average 

A regionwlse power coefficient may then be defined as, 

I average' 

Therefore, AE „ per region is given by, 

-^ a (P /P ) _ 

^af,R • AP a \PJ T . 1 (̂ af ^ ̂ r * "f = > 
p R' avg' 

Xenon 

The equilibrium concentration of Xe Is given by: 

Y^ (cp, E„, + cp̂  E_) ^ 
„ Xe ^1 fl ^2 f2'avg 

or 

•̂ ^ ^Xe ^ ^Xe ^2,avg 

^ ^Xe (̂ 1 ^fl ̂  ^2 ̂ f2^avg 
a,Xe - 7^^ 

+ cp̂  
^Xe 2,avg 

Y„ = yield per fission of Xe. 

7v̂  = decay constant for Xe 

(jy = Xe thermal absorption cross section. 

n 1 •-; 
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The subscripts "1 and "2" refer to fast and thermal energy groups. The 

regionwlse cross section is therefore: 

^ _ ̂ Xe (^l^fl-^^2^f2)^VW 
a,Xe,R \ 

^ + cp̂  (PjP ) a^^ ^2,avg R' avg' 

Samarium 

Assuming a vmiform distribution of Sm in the core, the absorption 

cross section is given by, 

E = N a = Ŝtn ̂ ^1 ̂ fl "̂  ̂ 2 ̂ f2) 
a,Sm Sm Sm cp^ ' 

^2 avg 
/ik where N„ is the equilibrium concentration of Sm * . 
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APPENDIX C 

NUCLEAR CONSTANTS OF CORE AND 
REFLECTOR AT 100°F 
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Table C-5 

Region 

Fuel 

Water Slot 

Zirconium 

Cg (ppm) 

0 

860 

1510 

2160 

0 

860 

1510 

2160 

0 

860 

1510 

2160 

E 
a 

.14476 

.15424 

.16121 

.16807 

- 013978 

.036195 

.05239^ 

.068228 

.oo49o4o 

.0048222 

.0047639 

.0047085 

REGIONWISE CONSTAJWS 

Thermal 

^^f 

.21838 

.21438 

.21155 

.20886 

D 

- 27756 

.27881 

.27962 

.28033 

.2i64o 

.21713 

.21756 

.21791 

.95700 

.95725 

.95736 

.95755 

AT 100°F 

D 

1.14077 

1.i4l07 

1.I4l30 

1.14152 

1,20768 

1.20791 

1.20811 

1.20828 

1.28327 

1« 28337 

1.28344 

1.28351 

Fast 

E 
a 

.013306 

.013513 

.013666 

,013818 

.00057255 

.0010030 

.0013249 

.0016458 

.00010649 

.00010629 

.00010613 

.00010598 

^r 

,019310 

.019136 

0 019006 

.018878 

.044864 

,044777 

.044712 

,044648 

.00021713 

.00021671 

.00021640 

.00021609 

VE^ 

.009906 

. 009894 

.009884 

.009874 

— 

— 

— 

— 

— 

— 

— 

— 
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APPENDIX D 

NUCLEAR CONSTANTS OF CORE AND 
REFLECTOR AT 514°F 
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c 

Co 
Ci3 

Region 

Fuel 

Water Slot 

Zirconium 

Cg (ppm) 

0 

540 

1080 

0 

540 

1080 

0 

54o 

1080 

E 
a 

.11660 

.12074 

.12485 

.0091052 

.018285 

.027354 

.0040563 

.oo4o304 

.0040059 

Table D-5 

REGIONWISE CONSTANT 

Thermal 

VE^ 

.17705 

.17586 

.17471 

D 

.36054 

.36047 

.36037 

,30664 

.30612 

.30558 

.96353 

.96361 

.96367 

Fast 

1.26653 

1.26676 

1.26696 

1.52906 

1.52929 

1.52949 

1.28031 

1.28037 

1.28042 

.012872 

„012975 

.013071 

.00043827 

.00064703 

.00085533 

.00010476 

.00010463 

.00010450 

.oi4i26 

.oi4o4i 

.013962 

.034761 

.034716 

.034675 

.00021361 

.00021333 

.00021308 

VE, 

.009485 

.009477 

.009469 
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APPENDIX E 

CONTRIBUTION OF CONTROL RODS TO THE ABSORPTION CROSS SECTION 
OF THE CORE AT 514°F USING THE" 

"SUEERCELL" REPRESENTATION OF CONTROL RODS 

,.,,c !\:0 -89-
(1- U N̂  



Table E-1 

CONTRIBUTION OF CONTROL RODS TO THE ABSORPTION CROSS SECTION OF THE CORE AT 

5l4°F USING THE "SUPERCELL" REPRESENTATION OF CONTROL RODS 

Radial Region --

Rod Array 

0 

1 

51 

351 

2351 

42351 

642351 

I 

0 

4 

4 

4 

2 

2 

2 

Fuel Assemblies/control Rods 

II 

0 

0 

0 

4 

4 

2 

2 

III 

0 

0 

6 

6 

6 

6 

3 

IV 

0 

0 

0 

0 

0 

0 

7 

Fuel Assemblies/control 

2 

3 

4 

6 

7 

Rod 
^^aCR^Fast. 

' .003917 

.002519 

.001857 

.001217 

.001038 

^ aCR Thermal 

.01628 

.01000 

.007223 

.004638 

.003934 

C-Ub 
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