
3. REACTOR 

3.1 DESIGN BASES 

The reactor core is a three-region cycled core consisting of 193 fuel as

semblies, with 53 rod cluster control (RCC) assemblies similar to those used 

in Connecticut Yankee and San Onofre for reactor control. In addition to these, 

a soluble neutron poison in the form of boric acid is employed for long term 

reactivity control augmenting the RCC assemblies. The reactor core is designed 

to produce 2758 MW which is the license application rating.  

The fuel rods are cold worked Zircaloy tubes containing slightly enriched 

uranium dioxide fuel. These tubes are designed to be free standing under re

actor operating conditions. The fuel assembly is of the canless type with the 

basic assembly consisting of the RCC guide thimbles welded to the grids and 

the top and bottom nozzles. The fuel rods are held by the spring clip grids 

in this assembly which provide a very stiff support for the fuel rods.  

The 53 rod cluster control assemblies are inserted into the guide thimbles 

of the fuel assemblies. The absorber sections of the control rods are fabricated 

of silver -indium -cadmium alloy sealed in stainless steel tubes. The control 

rods, being long and slender, are relatively free to conform to any small mis

alignments. Tests have shown that the rods are very easily inserted and not 

subject to binding even under conditions of severe misalignments.  

The control rod drive mechanisms are of the magnetic latch type and are 

the same as used in the San Onofre and Connecticut Yankee plants. The latches 

are controlled by three magnetic coils, and are so designed that the rod cluster 

control assembly is released upon a loss of power to the coils and falls by 

gravity to trip the reactor.  

Preliminary design core characteristics are reported in Table 3.2-1 and 

experimental measurements from criticals or operating reactors or both are 

used to validate the methods to be employed in the final design. During final 

design, nuclear parameters will be calculated for every phase of operation of 

the first core cycle and, where applicable, will be compared with design limits 

to show that an adequate margin of safety exists.  
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In the thermal -hydraulic design of the core, the maximum fuel and clad 

temperatures during normal reactor operation and at the maximum overpower 

are conservatively evaluated and are consistent with safe operating limitations.  

A design safety margin, expressed as the minimum ratio between the 

Departure -from -Nucleate- Boiling (DNB) heat flux at a given point and the local 

heat flux, or a minimum D epartur e-from -Nucleate -Boiling Ratio (DNBR) of 1.30 

is established and the Reactor Control and Protection System is designed to 

prevent the reactor from reaching conditions corresponding to a margin smaller 

than the design safety margin.  

Based on values for hot channel factors, reactivity coefficients and other 

design parameters which are established in this analysis, and are supported by 

the previous experience with many other plants of the same type, it is shown 

that this reactor can be operated safely at power levels at least as high as the 

license application rating.
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3.2 REACTOR DESIGN 

3.2.1 NUCLEAR DESIGN AND EVALUATION 

The nuclear parameters which contribute to the safety of the reactor are 

presented in this section. In evaluating the nuclear characteristics of the core 

to demonstrate its safety, a two-step approach is taken. First, detailed de

scription of the methods used in the calculation of the nuclear parameters is 

presented along with their expected range of variation. Second, a justification 

is given for the methods of calculation employed. Experimental measurements 

from critical facilities or operating reactors or both are used to validate the 

methods employed for design calculations. In this manner, it is shown that 

the calculations can predict core operational conditions, and that the nuclear 

characteristics will have a high confidence level.  

A general description of the core with the method of operation and types 

of control is given in Section 3.2.1.1. Section 3.2.1.2 contains a description of 

the calculational methods and justification of methods for neutron multiplication, 

power distribution and depletion. Data from more than 100 critical experiments 

have been used to test the calculation of neutron multiplication and power dis

tributions. Data from an extensive analysis of the depleted Yankee Core I have 

been used to validate the depletion calculations.  

Section 3.2.1.2 also describes the important reactivity control aspects of 

the nuclear design. The description of control by chemical shim and control 

rods with the methods of analysis is included.  

The methods of calculating the moderator temperature and pressure co

efficients, the void coefficients and the Doppler and power coefficients are il

lustrated and their expected range of variation is also included. Finally, a 

justification is given for the calculated control rod worthis and reactivity co

efficients. Calculated rod worths are compared to measured values from crit

ical experiments forming a mockup of the rod cluster control (RCC) assemblies.  

Data from operating power reactors indicate that the methods used to calculate 

reactivity coefficients are valid.  
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A preliminary evaluation has been performed on the spatial stability of 

the power distribution for the proposed core design. The following conclusions 

have been reached: 

a) There will be no tendency for self-induced xenon oscillations and 

therefore there will be no power redistribution and spatial stability will 

exist.  

b) Any induced xenon redistribution due to unforeseen mechanisms or un

expected operations will be damped and the instrumentation and control 

systems will have sufficient flexibility to detect the redistribution and 

correct the problem.  

c) The negative Doppler coefficient provides sufficient damping to prevent 

the occurrence of moderator coefficient induced power redistribution oscil

lations.  

The details of this evaluation are given in Appendix C.  

3.2.1.1 Nuclear Characteristics of the Design 

a) Core Description 

The core is arranged to form a unit that is roughly cylindrical in 

shape. The active fuel length of the core is 144 inches and the equivalent 

diameter is 133.7 inches, which result in a length to diameter ratio of 

1.08. The core, containing 193 fuel assemblies, employs non-uniform, 

multiregion loading and fuel cycling with shim control by soluble chemical 

absorber.  

The fuel loading scheme of the first core is based upon a division of 

the core into three approximately equal volume, concentric regions with 

higher enrichment toward the outside of the core.  

Reactivity control is provided by neutron absorbing control rods and 

by a soluble chemical neutron absorber (boric acid) in the reactor coolant.  

The concentration of boric acid is varied as necessary during the life of 

the core to compensate for: (1) changes in reactivity which occur with
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change in temperature of the primary coolant from cold shutdown to the 

hot operating, zero power conditions; (2) changes in reactivity associated 

with changes in the fission product poisons xenon and samarium; and (3) 

reactivity losses associated with the depletion of fissile inventory and 

buildup of long-lived fission product poisons (other than xenon and sama

rium).  

The control rods provide reactivity control for: (1) shutdown; (2) 

reactivity changes associated with changes in the average coolant tem

perature above hot zero power (temperature is varied with power level); 

(3) reactivity associated with any void formation; (4) reactivity changes 

associated with the power coefficient of reactivity.  

In a core in which all of the control is supplied by control rods, 

the maximum burnup is limited by the maximum number of rods that can 

be inserted in the core. However, when chemical shim is used to con

trol the installed excess reactivity necessary for burnup, this limitation 

no longer exists. For increased burnup in a chemical shim core, the 

extra control is achieved by the addition of more boron and the number 

of control rods is not affected except for the compensation of a small 

decrease in rod worth with increasing boron concentration. In any event, 

the control rods will always provide the minimum shutdown margin of one 

per cent reactivity following trip to hot, zero power conditions with the 

most reactive RCC assembly stuck in the fully withdrawn position.  

The first core average burnup will be about 21,800 MWD/MTU. In 

order to achieve this burnup, the fuel enrichments in the first core are 

approximately 2.23 w/o, 2.38 w/o and 2.68 w/o in the center, intermediate 

and outer core regions, respectively. The region boundaries for the first 

cycle loading are shown in Figure 3.2-32.  

An initial effective multiplication for this core is estimated to be 

1.275 in the cold, clean core at beginning of life. Of the total excess 

reactivity, 0.050 is allotted for the increment from cold to hot zero
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power conditions, 0.02 for the change from zero to full power and 0.035 

for equilibrium poisons. The remaining 0.17 is provided for long term 

depletion of reactivity with burnup.  

To a large degree, the power capability of a reactor core is estab

lished by the ratio of the peak-to-average power density in the core.  

There are three limitations to the local power density in the core: 

1. The lineal power density, 

2. The fuel cladding surface heat flux, 

3. The enthalpy rise of the coolant.  

Because the first two of these are local power density limitations 

for a given fuel rod size, a limitation is imposed upon the maximum-to

average ratio for the distribution of power density to achieve a given core 

power capability, which is related to the average power density. This 

ratio, FN, is known as the heat flux nuclear hot channel factor. The 
q 

third limit, rather than being a limit to local power density is a limit 

to the line integral of the power density along a vertical trace through a 

coolant channel from bottom to top of the core. A limitation to the max

imum-to-average ratio of this line integral is imposed to achieve a given 
power capability. This ratio, FN is known as the enthalpyr n 

AH i knon a theenthlpyrise nuclear 

hot channel factor. In the simplified situation where the radial and axial 

power distributions are assumed to be separable, FN and F are related q A 
by the maximum-to-average power density ratio along the core axis, the 

ratio of FN and FN being F N 

q AH bein N~ The design nuclear hot channel factors for FN and F are 3.12 
q F~are31 

and 1.75, respectively, for the core capability of 2758 MWt. In the final 

design, a power distribution analysis of the first core will be made to 

verify the hot channel factors.  

A summary of the principal nuclear design data is given in the 

Table 3.2-1.
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TABLE 3.2-1 

PRELIMINARY NUCLEAR DESIGN DATA 

(A) STRUCTURAL CHARACTERISTICS 

1. Fuel Weight (as U0 2 ), lbs 215,319 
Zircaloy Weight, lbs 43,785 

2. Core Diameter, inches 133.7 
Core Height, inches 144 
Reflector Thickness & Composition 

Top - Water plus steel ~10 in.  
Bottom - Water plus steel -10 in.  
Side - Water plus steel -15 in.  

3. H2 0/U, unit cell (cold) 3.48 

4. Number of Fuel Assemblies 193 

5. U0 2 Rods per Assembly 204 

(B) PERFORMANCE CHARACTERISTICS 

1. Heat Output, MW 2758 

2. Loading' Technique 3 Region, Non-Uniform 

3. Fuel Discharge Burnup, MWD/MTU 
Average First Cycle 12,000 
Average First Core 21,800 
Equilibrium Core Average 27,000 

4. Feed Enrichments, w/o 
Region 1 2.23 
Region 2 2.38 
Region 3 2.68 
Equilibrium 2.92 

(C) CONTROL CHARACTERISTICS 

1. Effective Multiplication (beginning of life) 
Cold, No Power, Clean 1.275 
Hot, No Power, Clean 1.225 
Hot, Full Power, Clean 1.205 
Hot, Full Power, Xe and Sm 1.170 

Equilibrium 

2. Rod Cluster Control Assemblies 
Material 5% Cd - 15% In - 80% Ag 
Number of RCC Assemblies 53 
Number of Absorber Rods 

per RCC Assembly 20 
Total Rod Worth 7%
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TABLE 3.2.4 (cont'd)

3. Boron Concentrations: 

To shut reactor down with no rods 
inserted, clean 
Cold/Hot 3400 ppm/3500 ppm 

To control at power with no rods 
inserted, clean/equilibrium xenon 
and samarium 2800 ppm/2300 ppm 

Boron Worth, Hot -1% Ak/k / 150 ppm 

Boron Worth, Cold -1% Ak/k / 120 ppm 

(D) KINETIC CHARACTERISTICS 

1. Moderator Temperature Coefficient +lxl0- 4 to -3x10- 4 

6k/k / OF 
2. Moderator Pressure Coefficient -lx10-6 to +3x10-6 

6k/k / psi 
3. Moderator Void Coefficient +lxlO- 3 to -3x10- 3 

6k/k / % void 
4. Doppler Coefficient -lx10- 5 to -2x10- 5 

6k/k / OF 

b) Reactivity Control 

The concept of chemical shim in a water moderated reactor permits 

a significant reduction in the amount of reactivity which must be con

trolled by movable control rods. Since the soluble absorber concentra

tion requires a significant time for adjustment, it cannot be employed for 

compensation of rapid reactivity variations, and some control rods are 

required. The reactivity requirements which are controlled by rods in

clude the variation with power resulting from both Doppler broadening in 

U-238 resonances and changes in the core average coolant temperature, 

as well as the shutdown margin of 1 per cent reactivity at hot conditions 

with the assumption of a stuck RCC assembly. Boric acid addition sup

plements rod cluster control for xenon decay and plant cooldown. Funda

mentally, the reactivity control by rods is based upon the requirements 

for rapid shutdown or trip. These requirements are in excess of any 

operational control band requirements.  

1. Control by Chemical Shim 

Control to render the reactor subcritical at temperatures 

below operating range is provided by chemical absorber (boron) in 

the coolant. The boron concentration necessary to provide adequate
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shutdown for the initial fueling of the core at room temperature 

with all rods out of the core is estimated to be about 3400 ppm.  

This concentration is well within the solubility limits of boric acid 

at ambient temperature. The boron concentration to insure the min

imum shutdown margin at ambient and operating temperature will 

also be verified. The boron concentration throughout the first cycle 

lifetime will be predicted, since boron will be used to compensate 

for fuel depletion and fission product buildup reactivity changes.  

The boron worth (WB), defined as the fractional change in 

effective multiplication factor (K) per ppm of boron (GB) added to 

the moderator, 

WB = 1/K (6K/ 6CB) 

will be calculated at different temperatures from ambient to the 

operating conditions, for boron concentrations up to the maximum 

expected during operation.  

The multiplication factor will be calculated for the various 

cases using the two-dimensional PDQ-5 Cof1e(37 ). Fast and thermal 

macroscopic constants for input to PDQ Code will be calculated by 

LEOPARD( 2 2 ) code using the mixed number density (MND)( 19 ) ther

mal approximation. The PDQ calculations will be performed in x-y 

geometry representing each fuel element in detail.  

2. Control by RCC Assemblies 

Neutron absorbing control RCC assemblies provide reactivity 

control to compensate for rapid variations in reactivity. The RCC 

assemblies may be divided into two categories according to the 

function performed by each group. Some' assemblies are used to 

compensate for changes in reactivity due to variations in operating 

conditions of the reactor such as power or temperature. These 

assemblies are called the control groups of rods. The remaining 

assemblies are those which provide shutdown reactivity and are 

termed shutdown rods. Enough shutdown rods are supplied to pro

vide adequate shutdown with the most reactive ROC assembly in the 

fully withdrawn position. In order to specify the number of control 

rods required, ground rules are established to determine the control 

requirements. These ground rules are discussed in detail in Refer

ence 2, and are summarized below.  
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Reactivity Control Requirements of Control Rods: 

The requirements for control rods in the chemically shimmed 

core are discussed in the following paragraphs along with the rea

sons for each requirement.  

Control rod insertion necessary to maintain a minimum incre

mental worth is known as control rod "bite"~. This incremental 

worth will be large enough to ensure that the reactivity insertion 

rate will be sufficient to compensate for reactivity variation due to 

changes in power and temperature caused by a ramp load change of 

five per cent per minute, a step load change of ten per cent, and 

a loss of forty per cent of rated load without reactor trip by steam 

dump to the condensers. Based on exerience, however greater 

capabilities are to be expected as operating conditions will probably 

not be as pessimistic as those used for the design basis.  

The value of the minimum available reactivity insertion rate 

and consequently, the value of the minimum insertion with the se

lected speed, will be established so as to be adequate for the most 

adverse combinations of power And moderator coefficients.  

Operational Maneuvering Band: 

At full power, a given amount of reactivity will be supplied by 

RCC assemblies for an operational maneuvering band. This amount 

of reactivity will be sufficient to compensate for xenon maneuvering 

and boron and temperature mismatch. When the assemblies reach 

either limit of this band, a change in boron concentration will be 

made to compensate for any additional change in reactivity.  

Hot Zero Power to Hot Full Power Reactivity 
Variation Due to the Doppler Effect: 

ROC assemblies compensate for the reactivity change incurred 

with a change in power level due to the Doppler effect. The ex

pected change in reactivity from zero to full power due to the 

Doppler effect is about 2.0% Ak/k. The computation for this is 

based on a method developed by a correlation of experimental re

sults of the Yankee, Saxton, BR-3 and SELNI cores.  

Void Content: 

The void fraction in the core is very small and is restricted 

to local or statistical boiling. On the average this statistical boil

ing will only give about a hal of one per cent void in the core at 
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full power. This amount of void will amount to no more than 

0. 1% A k/k.  

Variable Average Coolant Temperature: 

The average temperature of the coolant is varied with power 

level in the core. This change is actually a part of the power 

dependent reactivity change and, along with the Doppler effect and 

void formation, the total associated reactivity change must be con

trolled by rods. The largest amount of reactivity that must be 

controlled is at the end of life when the moderator temperature 

coefficient is the most negative. At beginning of life, when there 

is a very small moderator coefficient, this requirement becomes 

minimal.  

Shutdown Margin: 

The RCC assembly worth specification will be based upon 

making the core subcritical by at least one per cent following trip 

at hot, zero power conditions with the most reactive RCC assembly 

stuck in its fully withdrawn position. Boric acid addition is to be 

used to supplement rod control for xenon decay or plant cooldown.  

Summary of Control Rod Requirements: 

The requirements will be separated into those which must be 

supplied during power operation and are included in the control 

groups, and those which furnish the excess reactivity insertion for 

shutdown and are included in the shutdown group.  

In order to be sure of obtaining the total required rod worths, 

an additional amount will be added to account for uncertainties and 

assumptions which are not included in the rod worth calculations.  

These include loss of rod worth because of the change in core 

spectrum with lifetime, depletion of the poison material in the rods 

and possible error in rod worth calculations.  

Calculations will be performed to determine the net effect of 

burnup on rod worth. A gain will occur due to boron removal and 

possibly gross power redistribution. A loss in worth will arise 

from increase in core blackness and local power redistribution 

adjacent to the rods.
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3.2.1.2 Nuclear Evaluation Methods

a) Neutron Multiplication Calculations 

The basic methods of computation employed in the nuclear design 

of the core are based upon multigroup neutron diffusion theory. The 

design assumes the separability of the spatial and energy dependence of 

the neutron flux. A series of computer codes has been employed to de

velop the computational method summarized below which has been veri

fied by comparison of analysis with numerous experimental critical con

figurations (3, 4).  

1. Fast Neutron Constants 

Initially, a set of spatially independent spectral calculations is 

performed to obtain the energy dependent neutron flux distribution.  

This is done in two parts. A "fast" neutron calculation( 5 ) is per

formed in which the thermal motion of the material constituents of 

the reactor core is ignored. All neutrons which have an energy 

well above the thermal energy of the core are treated in this cal

culation. A standard break point or lower energy limit for fast 

neutrons is taken to be 0.625 ev. This particular value is selected 

specifically to avoid absorption resonances as well as to be sub

stantially above the thermal energy to assure an "asymptotic" spec

trum for the transition from the fast to the slow neutron calcula

tions.  

The fast neutron spectrum is computed by means of an approx

imation to the Boltzman transport equation which is correct in angu

lar dependence to the first moment or P1 term in the notation of 

spherical harmonics. The spatial dependence is suppressed through 

the technique of spatial Fourier transforms( 6 ) which, for reasonably 

large systems (i.e., 10 mean free paths), is equivalent to the assump

tion that the neutron leakage is related to the flux level by a geo

metric buckling. Specifically, an effective neutron removal cross 

section for leakage of D BGj results. The energy dependence is 

based upon an approximation of the energy variation by means of 

moments(7 ) in the logarithm of energy (lethargy). By a particular 

grouping of terms in the series expansion in moments, an equation 

is obtained which is exact for hydrogen and is accurate to the order 

of the fourth moment for heavy moderating materials. It, therefore,
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is significantly better for heavy moderators than age theory which 

is accurate to the order of the first moment. This approximation 

is applied consistently to both the flux and current equations in the 

Pl approximation. A computer calculation based upon this approx

imation, MUFT( 5 ), has been programmed by Bettis Atomic Power 

Laboratory. The version of MUFT used contains the library pub

lished in WAPD-TM-224( 8 ) with the exception that the capture to 

fission ratio for U-235 in the resonance range is set equal to 0.5.  

Resonance absorption is not computed directly by the fast neutron 

spectrum code, MUFT. This is primarily because the spectral 

analysis is by finite difference techniques and the characteristic 

energy range over which a resonance applies is so small that the 

mesh spacing would be unreasonably small. To avoid this situation, 

the analytic solution to the slowing down approximation employed in 

MUFT is found for an isolated Breit-Wigner resonance and then 

used to find the rate of neutron capture. This solution is inserted 

into the MUFT calculation in the appropriate mesh interval in the 

calculation.  

The major approximation in the MUFT calculation is the as

sumption that a homogenized mixture of materials will yield the 

same results as the usual heterogeneity encountered in a reactor 

core. In general, this is a valid assumption because of the fact 

that cross sections tend to be low at higher energies; thus, the 

"optical thickness" of an individual material region in a nominal 

PWR lattice tends to be quite low. There are two situations for 

which the approximation of homogenization may not be valid. First, 

because all neutrons are formed in the fuel region and not uniformly 

throughout.the core material, there may be a "first flight" type of 

correction which accentuates the high energy absorption and fission 

interaction with the fuel. Detailed analysis demonstrates that al

though this effect is detectable, it is relatively small in normal PWR 

lattices( 3 ). Second, the important instance in which the assumption 

of homogenization fails is in the consideration of resonance absorp

tion. Although this absorption is not evaluated directly by MUFT, it 

is possible to apply a correction to the analytic solution to account 

for the heterogeneity of core lattice. This correction or "L" factor
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is an input to the calculation. A semi-empirical technique for 

evaluating the "L" factor for U-238 (the most prominent resonance 

absorbing material in a PWR core) has been developed which has 

been demonstrated( 3 ) to correlate U02 rod, U metal rod, and ho

mogeneous mixtures of scattering material and U-238. With one 

exception, all other resonance bearing materials are sufficiently 

dilute that the approximation of homogeneity appears to be adequate 

and the "L" factors are generally set equal to unity. In high burnup 

calculations, however, the Pu-240 concentration becomes too large 

to ignore self-shielding. In these cases an "L" factor equal to that 

used for U-238 is applied to Pu-240 resonances.  

Another approximation is that involved with the assumption 

that the core material has no thermal motion. This is certainly a 

valid assumption as far as scattering kinetics considerations are 

concerned; however, the effect of thermal motion on the resonance 

absorption is not insignificant. The thermal agitation results in a 

neutron of given energy relative to the resonance absorber and, 

therefore, under certain circumstances having an increased prob

ability of being absorbed. This is the well-known Doppler broaden

ing effect. This is incorporated in the MUFT through the same "L" 

factor used for the spatial effects(3 ).  

A final consideration is the matter of inelastic scattering. The 

MUFT calculation considers this as an effective absorption with con

current neutron emission in the appropriate mesh interval. An in

elastic scattering matrix is used for each element, where appro

priate, to account for all possible energy transitions.  

2. Thermal Neutron Constants 

The thermal neutron spectrum is computed on the basis of 

inconsistent P 1 theory in which only the zeroth energy moment in 

current is retained and up to the second energy moment in flux is 

employed. Spatial effects are suppressed by means of a Fourier 

transform as in MUFT. The scattering transfer function is taken 

to be that for a unit mass scatterer. The motion of this scattering 

kernel is incorporated in the evaluation of the scattering kernel, 

after the method of Wigner and Wilkins. This calculation has been 

programmed( 9 ) and the BAPL library(10) is used with the exception 

of data for Pu-239 which is based on Leonard's results(1 1 ).
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Because of the bound states of vibration and rotation of the 

water molecules, the water molecule in a PWR core exhibits an 

apparent scattering mass in the range of unity rather than 10 as 

the chemical formula would predict so that the assumption of unit 

mass scattering by the water is reasonable. A comparison of ex

perimental data( 1 2 ) has demonstrated that SOFOCATE( 9 ) (the code 

which performs the Wigner-Wilkins scattering calculation) is rea

sonably accurate although more refined analysis( 1 3 ) can lead to 

perceptible changes.  

The SOFOCATE code calculation uses a homogeneous mixture 

assumption with a flux weighting correction(14 ) applied as a function 

of energy in SOFOCATE. This correction, a mono-energetic cal

culation applied pointwise in an energy dependant solution, does 

appear to agree with more exact analyses( 1 5 , 1 6 ) although its deriva

tion is not completely rigorous.  

3. Spatial Distributions and Neutron Multiplication 

Having obtained the neutron spectrum for a reactor core 

(assumed constant over a large region) effective, few-group con

stants are determined by flux weighting. If an experimental mate

rial buckling is known for a given core configuration, the analysis 

can be checked by using the B m with the few group constants to 

evaluate the predicted neutron multiplication which, of course, should 

be unity. In a two-group scheme 

V~ 2 ; 2 F fl1 + Frl + D2 B 2 

1 Za2 + 2 B 

k= 1=2 2 
Za1+ Z r1 + D 1 B 

where: 

zf =Fission cross section 

Zr Removal cross section from the group 

Z = Absorption cross section 

DB 2 = Removal cross section for leakage m 
v = Number of neutrons per fission 

1,2 refer to groups 1 and 2 respectively.
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A large number of experiments have been examined with the 

technique( 3 ) described above and the agreement is found to be good 

(standard deviation equal to 0.32%) for criticals performed at West

inghouse for the slightly enriched, oxide lattice PWR.  

For non-uniform cores, however, a more complete analysis is 

required and a distribution code is employed in either one(l) or 

two( 1 7 ) dimensions. This analysis is based upon a few neutron 

groups, usually either one or three fast groups plus one thermal 

group. The group boundaries are selected to collect significant 

physical processes together. That is, group 1 may include all 

energy from 0.821 Mev to above the source range for fission neu

trons. This is the U-238 fast fission group. Group 2 may be from 

5.500 kev to 0.821 Mev. There is little significant absorption in 

this range, and it may be termed the slowing-down group. Group 3 

may be from 0.625 ev to 5.500 key. This is the range where res

onances are predominant and it may be termed the resonance group.  

Finally, group 4 is for all energy below 0.625 ev and is termed the 

thermal group.  

Few group constants are obtained using the calculational 

scheme described above with the following exception. For the aver

aged thermal macroscopic data, the Mixed Number Density thermal 

activation model( 1 8 ) is used as input to a distribution calculation.  

The MND model is used because it gives considerably better agree

ment with experiment(19 ) when the effects of water slots or water 

holes are being evaluated. The neutron distribution analysis in each 

group is based upon Pl theory in which the energy variation is sup

pressed (zero lethargy moment). The source term in each group is 

either slowing down from the next higher group, fission, or both.  

An iterative process is employed in which the value of the total 

integrated source of neutrons is maintained at unity by dividing v 

(neutrons per fission) in each group by the static neutron multipli

cation X .  

Burnup, conversion, fission product production and decay can 

be studied by coupling material conservation equations to the dis

tribution calculations to obtain depletion characteristics in either 

one( 2 0 ) or two(2 1 ) dimensions. These codes retain few group micro

scopic cross sections which are assumed to be independent of burnup.
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A code has been developed which evaluates the effect of burnup on 

neutron spectrum but suppresses spatial effects(2 2 ). This code 

called LEOPARD is employed in selecting the constants to be used 

in spatial calculations to account in an average fashion for the 

depletion effects on spectrum.  

The effective fission product cross section in LEOPARD has 

been adjusted to predict the observed Yankee core lifetime perform

ance and is assumed to vary according to the results of time de

pendent analysis performed at BAPL(2 3 ). The energy per fission is 

based upon direct fission yield as well as concurrent neutron capture 

energy release.  

The above methods for the evaluation of water reactor lattices 

involve the replacement of a typical unit cell which includes uranium 

dioxide, clad and coolant associated with a fuel rod by a set of ho

mogenized few-group constants. Lack of homogeneity in the uniform 

lattice requires separate treatment to evaluate its effect on power 

distribution and eigenvalue. In the core, two design features lead 

to such lattice distortions. These are water slots between fuel 

assemblies, and water holes within fuel assemblies to accommodate 

absorber rods required in the core.  

The approach adopted in LEOPARD to evaluate the distortion 

in the uniform lattice is the treatment of material outside the ho

mogenized unit cell as a separate region. A prescription for the 

determination of constants in a consistent fashion is employed on 

the basis that it reproduces the results of a series of critical ex

periments designed to test the analysis( 2 4 ). This prescription in

volves the use of "soft spectrum" macroscopic constants in the 

extra water regions; i.e., macroscopic constants from a non-fuel 

spectrum as opposed to those from the harder fuel spectrum.  

The two-dimensional depletion code TURBO( 2 1) with LEOPARD 

microscopic library constants, MND thermal constants and "soft 

spectrum" water hole, water slot and reflector constants will be 

used to evaluate the burnup performance of the first cycle. The 

boron concentration will be varied throughout the core lifetime so 

that the core will always be just critical in the calculation.
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In performing the depletion analysis in TURBO, the non-uniform 

burnup in t he axial dimension is treated in the following manner. An 

effective axial buckling, Bzeff, is that value of B in a uniform axial 

calculation which gives the same neutron multiplication as a non

uniform axial calculation.  

Axial hot channel factors are obtained for RCC group with

drawal using a modified version of the few-group neutron diffusion 

code FOG(25 ) which is similar to the AIM-5(l) code. This is a 

one-dimensional analysis. The modifications allow the code to in

corporate the effects of non-uniform Doppler broadening as well as 

the non-uniform distribution of equilibrium xenon. In order to 

account for the transverse leakage in these axial problems, a con

stant radial buckling is used as input to the code. Representation 

of the group of RCC assemblies as a radially uniform dispersion 

of absorber is accomplished by increasing the few group macro

scopic absorption cross sections in that portion of the core height 

which contains rods.  

The modified FOG code simulates the non-uniform effect of 

Doppler broadening of U-238 resonances by varying the core fast 

absorption macroscopic cross section as a function of the power 

density distribution.  

The modification to the code that permits the non-uniform 

equilibrium xenon to be calculated is such that the homogenized 

Xe-135 number density is computed at each mesh point of the fuel 

bearing regions with the standard relationship. It is not possible 

to find the distribution as a result of non-equilibrium xenon with 

this code.  

4. Basis for Confidence 

The calculational scheme described has been tested on a wide 

range of experimental lattices. A summary of the results and dis

cussion of the agreement with measured values is given in the fol

lowing paragraphs.  

Reactivity Analysis: 

Data from 55 oxide and 56 metal lattice critical and exponen

tial experiments have been evaluated 3 . The results of these studies 

are summarized in Table 3.2-2. The values of neutron multiplication
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factor k computed using experimentally measured material bucklings, 

and should equal unity. Table 3.2-2 demonstrates that much of the 

scatter can be attributed to variations in results from one experi

mental laboratory to another, whereas the evaluation demonstrated 

that errors do not develop with variations of certain significant 

parameters. As the calculational accuracy is independent of varia

tions in hydrogen to uranium ratio, uranium enrichment, pellet di

ameter and buckling, extrapolation from experiments to operating 

cores or extrapolation from one operating core to another should 

not lead to any significant error.  

It can be seen from Table 3.2-2 that if only WAPD experi

mental results are considered, the computational method predicts k 

to a standard deviation of 0.36 per cent which is a better estimate 

of the accuracy of the method because of the more detailed inf or

mation available. Much of the additional scatter in the standard 

deviation for the other cases can be attributed to insufficient inf or

mation on the dimensions and results of many of the cases published.  

TABLE 3.2-2 
RESULTS OF CALCULATIONS AS A FUNCTION OF 

LABORATORY PROVIDING EXPERIMENTAL DATA( 3 ) 

TYPE OF NO. OF CALCULATED 
LABORATORY EXPERIMENT EXPERIMENTS k + a 

Westinghouse Atomic Power Critical 16 0.9968 ± 0.0036 
Division (WAPD) 

Bettis Atomic Power Critical 14 0.9940 ± 0.0022 
Laboratory 

Brookhaven National Exponential 35 0.9964 ± 0.0051 
Laboratory 

Hanford Atomic Products Exponential 20 0.9953 ± 0.0105 
Operation 

Babcock and Wilcox Critical 26 0.9885 ± 0.0094 

Depletion Analysis: 

Data from the Yankee spent core analysis have been compared 

with calculated data using the design techniques. The results are 

summarized in Figure 3.2-1 through 3.2-3. Uranium depletion and 
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net plutonium production have a direct bearing on the core lifetime.  

The figures show the comparison between calculations (solid lines) 

and measured concentrations of the various isotopes. Although some 

small deviations can be observed between analysis and experiment, 

they are not considered serious.  

Power Peaking Analysis: 

A series of critical experiments was carried out at the 

Westinghouse Reactor Evaluation Center (WREC) to determine the 

power peaking in fuel rods adjacent to water holes and to determine 

the effects of voids on power distribution.  

The power peaking experiment was performed in a 30 x 30 

array of 2.72 per cent enriched fuel with a water -to-uranium ratio 

of 3.5 with and without boron in the moderator. The pattern of 16 

water holes was symmetrical about the center of the core. The 

core arrangement and pattern of fuel rods scanned are shown in 

Figure 3.2-4 for the unborated core and Figure 3.2-5 for the same 

core with 479 ppm boron in the water.  

The analysis consisted of PDQ calculations using two-group 

constants obtained from LEOPARD. Mixed Number Density thermal 

constants were used, and "soft spectrum"' microscopic constants 

were used in the reflector and water holes. In the PDQ analysis, 

two mesh spacings per fuel rod were used. Also, in the unborated 

core a calculation was performed for one mesh space per fuel rod.  

The experimental data were normalized to the PDQ results using 

the average of the four central rods. The experimental and calcu

lated results for the borated and unborated cores with two mesh 

spacers per fuel rod are shown in Figures 3.2-6 and 3.2-7, respec

tively, and in Figure 3.2-8 for the unborated core calculated with 

one mesh spacer per fuel rod. The data are presented numerically 

using 1/8 core symmetry. Each block in the figures represents a 

fuel rod. The experimental values correspond to the average values 

of counts taken at five positions on the fuel rod.  

The agreement between analysis and experiment is within 2 to 

3 per cent and is of the same order as the scatter in the experi

mental data. There is no consistent difference in over estimating 

or underestimating peaking using the one mesh per fuel rod or two 

mesh per fuel rod representation.
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The void experiments were performed for two different core 

configurations. The first series of experiments was carried out in 

a 47 x 47 square core of 2.7%/ enriched fuel with a w/u of 2.9, 

with no boron. The second series was performed using a 53 x 53 

square core of 3.7% enriched fuel with a W/U of 2.9, and with 1046 

ppm boron in the water. In both cores voids were simulated by 

empty 0.1875 inch O.D., 0.022 inch wall aluminum tubes inserted 

between fuel rods. The moderator in the voided region consisted 

of 11.52% aluminum, 16.29%/ void and 72.19%/ water. Data were 

taken for the following cases: 

1. No void tubes 

2. Four void tubes (2x2) located around the central fuel rod 

3. Sixteen void tubes (4x4) at core center 

4. One hundred ninety-six void tubes (14xl4) at core center 

The analysis again consisted of PDQ using two-group constants 

f rom LEOPARD, with MND thermal constants and "soft spectrum" 

water hole and reflector constants. The calculated power distribution 

is compared with the experimental power scans in Figure 3.2-9 and 

3.2-10 for the unborated and borated cores for the four cases ex

amined. The agreement between experiment and calculation is good 

except at the transition region between voided and non-voided regions.  

Here the calculated peaks are higher than those obtained by experi

mental measurements.  

The reactivity effects of the void tubes were calculated assum

ing a constant axial reflector savings. Calculation and experiment 

for each case examined are compared in Table 3.2-3. Calculations 

overestimate the reactivity effect of the voids by approximately 10%, 

which is good agreement in view of the small magnitude of the effects 

being studied.  

TABLE 3.2-3 
CALCULATED AND MEASURED REACTIVITY EFFECTS OF VOID TUBES 

Reactivity Change %A0,k/k 

Type of Core No. of Tubes Measured Calculated 

Unborated Core 0 
4 -0.03 -0.034 

16 -0.11 -0.125 
196 -1.33 -1.416
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TABLE 3.2-3 (cont'd)

Reactivity Change %Ak/k 

Type of Core No. of Tubes Measured Calculated 

Borated Core 0 
4 -0.017 -0.020 

16 -0.076 -0.085 
196 -0.850 -0.942 

Gross Power Distribution Analysis: 

The ability to evaluate power distributions in multiregion 

critical cores with no burnup has been evaluated in detail( 1 9 ).  

Agreement for all situations, including those with large enrichment 

variation and small regions, is found to be good as is illustrated 

in Figure 3.2-11. The ability to evaluate power distributions in 

depleted cores at power has been demonstrated by core evaluation 

programs using in-core instrumentation data from Yankee and 

Saxton. Other pertinent data will be obtained in the future from 

other Westinghouse reactors including large PWR cores controlled 

by chemical shim and will be factored into the final design.  

As an example of such a comparison, a power distribution is 

shown in Figure 3.2-12 for the end of life in Yankee Core I, which 

was not controlled by chemical shim. A comparison of the burnup 

distribution is also presented in Figure 3.2-13.  

In both cases two calculated values are given which show the 

effect of a rod program interchange during life. These results have 

been taken from Reference 26.  

b) RCC Assembly Worth Calculation 

The RCC assembly worth necessary to satisfy the requirements 

pointed out in the preceding paragraphs will be calculated( 2 7 ) using the 

two-dimensional PDQ code for both the beginning and end of core life.  

In both of these situations, the rod cluster control (RCC) rods, water 

slots and water holes in assemblies which do not contain RCC rods will 

be represented as explicit regions, with one exception. In the stuck rod 

analyses, a full core geometric representation is necessary, as opposed 

to 1/4 core representation for all other calculations. Because of mesh 

point limitations, it will be necessary to homogenize the RCC rods and 

the unrodded water holes with some of the fuel. The homogenization
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scheme that has proven the most successful is a ring homogenization in 

which the 20 RCC rods (or water holes) are homogenized with the fuel 

constants in a ring within the fuel assembly by volume weighting and 

choosing values of Zsuch that the controlled multiplication equals that 

of the discrete representation. The control rods in the discrete geometry 

will be represented by diffusion constants in the fast energy group and as 

a black region with an extrapolation distance in the thermal energy group.  

This method of RCC rod representation, as well as the ring homogeniza

tion, is discussed in Reference 2.  

1. Maximum RCC Assembly Worth Calculation 

As outlined in Section 12.1, an analysis will be made of the 

hypothetical situation in which one of the rod cluster assemblies is 

ejected from the core during power operation. The most reactive 

situation that could occur is when the most reactive RCC assembly 

is ejected from the fully inserted position. Therefore, the worth of 

the most reactive RCC assembly will be calculated when completely 

removed from the core.  

2. Differential and Cumulative RCC Assembly Worths 

Differential worths will be obtained for various RCC assembly 

group worths under hot zero power and hot full power core conditions.  

The hot full power calculations include the effects of the pointwise 

variation of Doppler broadening and equilibrium xenon. These effects 

will be calculated in the same manner that was described for neutron 

multiplication calculations. In the full power calculations, the xenon 

and Doppler will be assumed to have time to redistribute to the rod 

position after the incremental rod movement.  

3. Effect of Control Group Insertion on Nuclear Hot Channel Factor 

Since the radial nuclear hot channel factor for a rodded core 

is nearly always higher than for the unrodded core, and since in

serting the rods into the core causes an increase in the axial nuclear 

hot channel factor, RCC assembly insertion will be considered in 

determining the total nuclear hot channel factor of the core.  

An estimate of the behavior of FJ astecnrlgopNr 

inserted will be made in the following manner: it will be assumed 

that the enthalpy rise along a channel can be obtained by weighting 

the local to average ratio of enthalpy rise in the unrodded and
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rodded portion of the core by the fraction of energy generated in 

each portion. This analysis will be performed for the channels 

containing the peak in the rodded (upper) and unrodded (lower) por

tions of the core, and also for other channels which in one cross 

section of* the core may not be limiting, but which may be limiting 

in combination.  

The behavior of the axial power distribution with burnup de

pends on the position of the RCC assemblies. The same is true 

for differential RCC assembly worths and fractional power below 

the RCC assemblies. The axial power distribution will be measured 

at intervals throughout the life of the core,' so that these quantities 

will be known as a function of core burnup. Therefore, the in-core 

instrumentation will be employed to determine the nuclear hot chan

nel factors over the life of the core.  

c) Reactivity Coefficients 

The response of the reactor core to plant conditions or operator 

adjustments during normal operation, as well as the response during 

abnormal or accident transients, is evaluated by means of analog compu

tations. In these calculations, reactivity coefficients are required to 

couple the response of the core neutron multiplication to the variables 

which are set in part by conditions external to the core. The discussion 

in this section pertains to these coefficients. This includes the moderator 

temperature and pressure coefficients, moderator void coefficient, and 

Doppler and power coefficients of reactivity. A more detailed discussion 

on reactivity coefficients in pressurized water reactors is given in Ref

erence 36, which is included as Appendix B attached to this report.  

1. Moderator Temperature Coefficient 

The moderator temperature coefficient in a core controlled by 

chemical shim is less negative than the coefficient in an equivalent 

rodded core. One reason for this difference is that control rods 

contribute a negative increment to the coefficient and, in a chemical 

shim core, the rods are only partially inserted. Of greater impor

tance, however, is the fact that the chemical poison density is de

creased along with the water density upon an increase in tempera

ture. This gives rise to a positive component of the moderator 

temperature coefficient due to the reduction in absorber density in
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the core. This latter effect is directly proportional to the amount 

of reactivity controlled by the dissolved absorber.  

The moderator temperature coefficient is defined as the frac

tional change in effective multiplication factor per degree change in 

moderator temperature.  

am =1/k 6 k/6Tm 

This coefficient will be obtained by calculating the neutron 

multiplication for a series of moderator temperatures from ambient 

conditions to 600OF (315 0C) with a temperature increment of 10OF 

(5.5 0 C) at each temperature studied. Only the moderator tempera

ture and density will be changed in the calculations, so that the 

coefficient calculated will be a true moderator temperature coeffi

cient. The values of neutron multiplication for the various cases 

will be determined using the one-dimensional AIM-5 code. These 

calculations will be performed for a cylindrical geometry repre

senting the three region core. Fast and thermal macroscopic con

stants used as input to AIM-5 will be calculated by LEOPARD.  

The moderator temperature coefficient becomes more negative 

with increasing burnup. This is due to the buildup of plutonium and 

fission products with burnup, and the decrease of boron concentration 

required in the coolant.  

The expected range of variation of the moderator temperature 

coefficient is reported in Table 3.2-1.  

2. Moderator Pressure Coefficient 

Under any given set of reactor conditions, the moderator pres

sure coefficient has an opposite sign to the moderator temperature 

coefficient and, therefore, tends to oppose it. The effect on the 

total coefficient will be small because the pressure coefficient has 

been found to be about 100 times smaller in reactivity worth per 

change in psi as compared to reactivity worth per OF.  

3. Moderator Void Coefficient 

A uniform void coefficient will be calculated by assuming that 

a uniform change in the moderator atom density corresponds to a 

direct change in the amount of void present in the core. The ex

pected range for this coefficient is reported in Table 3.2-1.
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4. Doppler and Power Coefficients 

The Doppler coefficient is defined as the change in neutron 

multiplication per degree change in fuel temperature. This coeffi

cient will be obtained by calculating multiplication as a function of 

fuel temperature by LEOPARD. The expected range of Doppler 

coefficient is reported in Table 3.2-1.  

In order to know the change in reactivity with power, it is 

necessary to know the change in effective fuel temperature with 

power as well as the Doppler coefficient. An empirical approach 

will be taken to calculate the power coefficient, based on operating 

experience of existing cores. This method will be discussed in 

some detail later in this section.  

d) Reactivity Control Analyses 

The calculations described below for reactivity control have been 

formulated and tested by comparing them with many experimental results.  

These experiments include criticals performed at the Westinghouse Reactor 

Evaluation Center (WREC) and other facilities, and also measured data 

from operating power reactors.  

1. RCC Assembly Worth Analysis 

In the control rod calculations performed by PDQ, the RCC 

rods are represented by internal boundary conditions (a's) in the 

fast and thermal groups. These boundary conditions are applied to the 

unit cell in which the absorber rod, its clad and the associated 

water are homogenized. The values of these a's will be determined 

to make the calculated rod worth of a single fuel assembly equal to 

that calculated by a more refined model. The better model repre

sents each absorber rod explicitly and is used to analyze an exten

sive set of critical measurements. Approximately 30 different crit

ical measurements were made for uniform and cluster arrays of 

absorber rods with different enrichments, rod diameters, water-to

uranium ratios and boron concentrations. In the analysis of these 

measurements, the rods were represented by a theoretically deter

mined thermal boundary condition and by a diffusion region in the 

single fast group. The fast absorption cross section was empirically 

determined from the measured rod worth to give agreement between
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analytical and experimental results. The development of this cal

culation scheme for RCC rod worth and a description of the meas

urements is given in Reference 27. Figures 3.2-14 and 3.2-15 are 

reproduced from this reference to show the fast absorption cross 

section as a function of the radius of the absorber which fits the 

experimental measurements for cluster and uniform cases, respec

tively. The solid lines were obtained by a least square fitting of 

the experimental data.  

2. Moderator Coefficient Analysis 

Inasmuch as the safe operation of any plant is closely associ

ated with the ability to predict the behavior of that plant, correla

tion of analysis with experiment will be presented to show that the 

moderator temperature coefficient is quite predictable. Measure

ments were made during the startup and operation of the SELNI 

core to get data for a core operated entirely by chemical shim.  

During the startup, the core was heated from room to operating 

temperature at a constant boron concentration of 1600 ppm. Figure 

3.2-16 shows the results of the moderator coefficient measurements 

taken during this core heatup, and also the comparable calculated 

values. The calculations were performed with the one-dimensional 

AIM-S code with LEOPARD input constants as described for neutron 

multiplication calculations. The agreement between calculation and 

experiment is good over the entire temperature range.  

In order to measure the moderator coefficient at different 

boron concentrations, control rods were traded for boron during the 

hot, no power startup tests. This procedure permitted moderator 

coefficient measurements to be made over a range of boron concen

trations from 1300 to 1800 ppm. The method of analysis for the 

case of trading rods for boron is, of necessity, different from the 

method discussed above. The AIM-S code was again used, but an 

axial calculation was performed with an homogenized bank of ab

sorber used to represent the moving control rods. The results of 

analysis and measurement are shown in Figure 3.2-17. The cal

culations were performed in the same manner as the measurements; 

i.e.., the control group was inserted as boron was removed. When 

the contwl group was fully inserted, further boron removal was
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compensated for by insertion of all rods banked. PDQ analyses 

were also performed for the all rods in and all rods out end points 

and the results are given in Figure 3.2-17. It can be seen that the 

one-dimensional calculations in which rods are represented by an 

homogenized absorber predicts the measured data very well.  

The effect of burnup on the moderator coefficient has been 

measured in the core evaluation program performed on Yankee Core 

1(28). Yankee Core I was controlled by cruciform blade rods, and 

so it was necessary to separate the effect of control rods from the 

effect of burnup on the moderator coefficient. Figure 3.2-18 illus

trates these components and the agreement between analysis and 

measurement. The effect of rods was evaluated by treating the 

rods as an equivalent absorption area (approximation 1 in Figure 

3.2-18) with a correlation for the effects of resonance absorption 

(approximation 2 in Figure 3.2-18). The results of the analysis lie 

within the experimental uncertainty and the burnup effect on the 

moderator coefficient results in a more negative coefficient with 

increasing burnup.  

3. Doppler and Power Coefficient Analysis 

As the fuel pellet temperature increases with power, the 

resonance absorption in U-238 increases due to Doppler broadening 

of the resonances. In order to predict the reduction in reactivity 

caused by this effect, it is necessary to know the temperature of 

the fuel as a function of power level, the position and burnup of 

fuel in the core, as well as the radial distribution of temperature 

within the individual fuel rods. However, uncertainties arise during 

operation at power which make it difficult to predict accurately the 

temperature of the fuel pellet. For example, pellets do not remain 

intact (i.e. uncracked) and in a concentric relationship with the clad, 

as has been observed from the Yankee spent fuel analysis( 2 9 ). In 

addition, the composition of gases in the gap changes with burnup 

because of diffusion of fission product gases to the gap. This gen

erally results in an uncertainty in the temperature drop across the 

gap as a function of power level and burnup.  

A semi-empirical model has been developed for calculating 

the effective fuel temperature (Teff) based on fitting the measured
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power coefficients of the Yankee, Saxton, BR-3 and SELNI reactor 

cores. The measured power coefficient 1/k 5k/6P can be written 

1 6k 1 6k 5Teff 
k 6P k 6Teff 5P 

The first term in the product on the right side of Equation (1) 

is the Doppler coefficient which can be computed without knowing 

the heat transfer behavior of the fuel pellet or the relationship of 

Teff and power. The second term on the right side of Equation (1) 

can then be related to the measured values of power coefficients.  

In this manner an empirical expression for the effective fuel tem

perature is obtained which makes it possible to relate Teff to power, 

and thus calculate the power coefficient.  

The method of analysis described in the preceding paragraph 

assumes accuracy of prediction of the Doppler coefficient as a func

tion of the effective fuel temperature. This assumption indicates 

that the behavior of the U-238 resonance integral with a change in 

the fuel temperature is well known. Data is presented here to 

support this assumption. A correlation has been developed for the 

U-238 resonance integral which is known as the metal-oxide corre

lation(3 ). This correlation has been found to agree with Hellstrand's 

uranium metal(3 0 ) and uranium dioxide( 3 1 ) correlations for isolated 

rods. The correlation is also consistent with Hellstrand's temper

ature correlations( 3 2 ). Thus, a single correlation replaces the four 

Hellstrand correlations. The metal-oxide correlation is 

R.I. 28 = 2.16X + 1.48 + (0.0279X - 0.0536) Teff 1/ 2 

where Teff is in degrees Kelvin and 

Z so o 28 /2 
X W _2 o+ N028 

Eso = scattering cross section of the fuel (10.7 barns for 
uranium and 3.8 barns for oxygen) 

N0
2 8 = U-238 number density in the fuel region 

10 = mean chord length in the fuel 

D = shielding factor (calculated by Sauer's Method( 3 3 )) 

Po = 1 - Pc (Pc is tabulated in Reference 34)
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This form of the resonance integral is not strictly rigorous, 

but its validity is demonstrated in Figure 3.2-19 (taken from Ref

erence 3) where it is compared with Hellstrand's results for differ

ent temperatures.  

An extensive evaluation of power coefficient measurements has 

been made for the Yankee, Saxton, BR-3 and SELNI cores. The 

results of these measurements are given in Figure 3.2-20 which 

shows the change in the effective fuel temperature per kw/ft as a 

function of core average kw/ft. From these data an empirical equa

tion for Teff has been developed which will predict Teff as a func

tion of power level(3 5 ). This equation for Teff is given below.  

Teff (P/Po) = 0.55 ATfuel + a(q") 6" + 1.571 P/P o ATo(clad + film) + Tcoolant 

where 

P/Po = fraction of full power 

ATfuel = difference between maximum and surface fuel 
pellet temperature (function of power) 

= empirical parameter dependent upon average 
heat flux 

= ratio of the cold diametral gap to the inner 
diameter of the clad 

= average surface heat flux to the pellet 

ATo(cold + film) = temperature drop across clad and film 
(function of power) 

Tcoolant = average temperature of the coolant 
(function of power) 

The empirically determined a is given in Figure 3.2-21 as a 

function of pellet surface heat flux. The difference in the effective 

temperature obtained from the experimental data of Figure 3.2-20 

and from the correlation employing Figure 3.2-21 is shown in Fig

ure 3.2-22 as a function of surface heat flux. It can be seen that 

even though there is some scatter in the experimental data (Figure 

3.2-20), all the experimental points fall into a small band when the 

Teff correlation is used. The most scattered experimental data 

points deviate from the predicted value (solid line) by no more than 

±80OF. It is concluded that the Teff correlation can predict Teff at 

any power level to within ±800 F which constitutes less than ±5% of 

the effective fuel temperature at full power.
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3.2.2 THERMAL AND HYDRAULIC DESIGN AND EVALUATION

3.2.2.1 Thermal and Hydraulic Criteria' 

The main thermal-hydraulic criterion for core design is that departure 

from nucleate boiling (DNB) will not occur during normal operation. Normal 

operation includes conditions, that may occur as a result of normal system per

turbations. A safety margin from DNB during normal operation is maintained 

by setting a minimum allowable DNB ratio. The Reactor Control and Protection 

System is designed to provide actuation of automatic reactor trip to prevent 

expected plant transients from producing core conditions which would give a 

DNB ratio lower than 1.30 based on the W-3 correlation(').  

A second criterion is that there shall be no melting of the uranium dioxide 

fuel during any anticipated operating conditions.  

3.2.2.2 Thermal and Hydraulic Characteristics of the Design 

a) Departure from Nucleate Boiling (DNB) 

DNB is a combination- of hydrodynamic and heat transfer phenomena 

and is affected by the local and upstream conditions including the flux 

distribution.  

In the reactor design, it is not only the power associated with DNB, 

but also the location of DNB that is important. The DNB location affects 

the magnitude of the local fuel rod temperature after DNB. The correla

tion includes both local and system parameters for predicting the local 

DNB heat flux ratio. This correlation includes the non-uniform flux effect 

and the upstream effect (inlet enthalpy or length). The local DNB heat flux 

ratio indicates the actual allowable uncertainty of heat flux without reaching 

DNB.  

Explained in the paragraphs that follow are details of the local DNB 

heat flux prediction for a non-uniform flux distribution when the W-3 cor

relation is employed.  

1. Objective of This Correlation 

The W-3 DNB correlation(l) has been developed to predict the 

DNB flux and the location of DNB equally well for a uniform and an 

axially non-uniform heat flux distribution. This correlation replaces 

the preceding WAPD q1' and AH DNB correlations published in Nudle

onics(2 ) May 1963, in order to eliminate the discontinuity of the latter 

at the saturation temperature, and to provide a single unambiguous 

criterion of the design margin.  

3.2-32



The sources of the data used in developing this correlation are: 

WAPD-188 (1958) CU-TR-No. 1 (NW-208) (1964) 

ASME Paper 62-WA-297 (1962) CISE-R-90 (1964) 

CISE-R-63 (1962) DP-895 (1964) 

ANL-6675 (1962) AEEW-R-356 (1964) 

GEAP-3766 (1962) BAW-3238-7 (1965) 

AEEW-R-213 and 309 (1963) AE-RTL-778 (1965) 

CISE-R-74 (1963) AEEW-355 (1965) 

CU-MPR-XIII (1963) 

The comparison of the measured to predicted DNB flux of this 

correlation is given in Figure 3.2-23. The local flux DNB ratio 

versus the probability of not reaching DNB is plotted in Figure 3.2-24.  

It should be emphasized that the inlet subcooling effect of this 

correlation was obtained from both uniform and non-uniform data.  

The existence of an inlet subcooling effect is demonstrated to be real 

and hence the actual subcooling should be used in the calculations. The 

W-3 correlation was developed from tests with flow in tubes and 

rectangular channels. Good agreement is obtained when the correlation 

is applied to test data for rod bundles.  

2. Local Non-Uniform DNB Flux 

The W-3 correlation gives the equivalent uniform DNB heat flux, 

q"t DNB,EU" The heat distribution upstream of the DNB point affects 

the value of the DNB flux. This influence is accounted for by the 

F-factor, described in Reference (3) and in Section 3.2.2.3. The non

uniform DNB heat flux, q"DNBN, is given by 

q"DNB,N = q"DNB,EU/f" (1) 

3. Definition of DNB Ratio (DNBR) 

The DNB heat flux ratio is defined as 

DNBR = q" DNBNq1loc = q"DNB,EU/F q"loc (2) 

The F-factor may be considered as a DNB hot spot factor due to the 

axial heat flux distribution. An alternate, although improper, DNB 

ratio could be defined as q"DNB,EU/q"loc instead of 

q"DNB,EU/F q"loc. Since the F-factor at the minimum DNBR loca

tion is generally greater than unity, this alternate DNBR would be 

greater than the proper DNBR as defined by equation (2). Because 

this alternate DNBR does not consider the effects of the non-uniform
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flux distribution, it does not give the correct physical meaning to 

DNB and is therefore not used in the evaluation of DNB ratios.  

4. Procedure for Using W-3 Correlation 

In predicting the local DNB flux in a non-uniform heat flux 

channel, the following two steps are required: 

i) The uniform DNB heat flux, q"DNB,EU, is computed with the 

W-3 correlations using the local reactor conditions.  

ii) This equivalent uniform heat flux is converted into corre

sponding non-uniform DNB heat flux, q"DNB,N, for the non

uniform flux distribution in the reactor. This is accom

plished by dividing the uniform DNB flux by the F-factor 

described in Reference (3). Since F is generally greater 

than unity q"DNB,N will be smaller than q"DNB,EU" 

To calculate the DNBR of a reactor channel, one may evaluate 

the values of q"DNB,N/q"local along the channel and take the mini

mum value as the minimum DNBR of the channel.  

The W-3 correlation depends on both local and inlet enthalpies 

of the actual system, and the upstream conditions are included through 

the F-factor. Hence, it gives a realistic safety margin on heat flux.  

b) Film Boiling Heat Transfer Coefficient 

Heat transfer after departure from nucleate boiling is conservatively 

assumed to be limited by film boiling immediately, and the period of transi

tion boiling is neglected. The heat transfer coefficient in film boiling 

was obtained by correlating the existing data as shown in Figure 3.2-25.  

c) Central Temperature of the Hot Pellet 

The temperature distribution in the pellet is mainly a function of the 

uranium dioxide thermal conductivity and the local power density. The 

absolute value of the temperature distribution is affected by the cladding 

temperature and the thermal conductance of the gap between the pellet and 

the cladding.  

The occurrence of nucleate boiling maintains maximum cladding sur

face temperature below about 659 0 F at nominal system pressure. A con

tact conductance of 1000 Btu/hr-ft 2 -F at the hot spot is estimated(4 ) when 

the pellet contacts the clad with zero contact pressure.  

The thermal conductivity of uranium dioxide was evaluated from 

published results of recent work at ORNL(5 ), Chalk River( 6 ), and
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WAPD( 7 )( 8 ). The design curve for thermal conductivity is given in Figure 

3.2-26. The section of the curve at temperatures between 0°F and 3000OF 

is based on the data of Godfrey, et al(5 ).  

The section of the curve between 3000OF and 5000OF was based on 

two factors: 

i) In-pile observations of fuel melting dictate a positive temperature 

coefficient for conductivity above approximately 30000 F. The tem

perature dependence in this range should conform to an exponential 

curve since this reflects the most credible physical interpretation 

of the high temperature conductivity increase.  

ii) The area under the recommended curve is such that the integral 

fk dt is equal to approximately 97 w/cm as given by Robertson, 

et al(9 ) and Duncan( 1 0 ). This value is based upon the interpreta

tion of fuel melt radius as determined at Hanford(1 1 ) and Chalk 

River( 1 2).  

Thermal conductivity can be represented best by the following equa

tions: 

Temperature Range - 0 --- T - 1650 0 C 

40.4 -4 1.88 x 10 - 3 T 
k- 4 6 4 + T+. 3 2 x e 

Temperature Range - 1650 0 C < T -- 28000 C 

-41.88 x10 -3 T 
k = 0.019 + 1.32 x 10 - 4 e 

with k in w/cm°C for 95 per cent dense U0 2 and T in 0C.  

Based on the above considerations, the maximum central temperature 

of the hot pellet at steady state is 4150OF for the conditions shown in 

Table 3.2-5. This temperature is well below the melting temperatures of 

the irradiated U0 2 which is assumed to be 4800°F(1 2 ). The central tem

perature is about 4250°F during the maximum overpower transient of 112%.  

A more detailed discussion of fuel element operation at specific powers 

of 18.5 Kw/ft is given in Appendix A attached to this report.  

d) Hot Channel Factors 

The total hot channel factors for heat flux and enthalpy rise are 

defined as the maximum-to-core average ratios of these quantities. The 

heat flux factors consider the local maximum at a point (the "hot spot"), 

and the enthalpy rise factors involve the maximum integrated value along 

a channel (the "hot channel").  
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1. Definition Engineering Hot Channel Factor 

Each of the total hot channel factors is the product of a nuclear 

hot channel factor describing the neutron flux distribution and an 

engineering hot channel factor to allow for variations from design con

ditions. The engineering hot channel factors account for the effects 

of flow conditions and fabrication tolerances and are made up of sub

factors accounting for the influence of the variations of fuel pellet 

diameter, density and enrichment; fuel rod diameter; pitch and bowing; 

inlet flow distribution; flow redistribution; and flow mixing.  

The engineering hot channel factors for the 2758 MWt design 
E and 1.075 for F E The subfactors used in obtaining are 1.04 for Fq AH 

these values are described in the following paragraph.  
2. Heat Flux Engineering Subfactor, FE 

Fq 

This subfactor, determined by statistically combining the toler

ances for the fuel diameter, density, enrichment and the fuel rod 

diameter, pitch and bowing is 1.04. Measured manufacturing data 

from the first three Yankee cores, the SELNI core and Indian Point 

Unit No. 1 Core B show this factor is conservative in comparison to 

the value obtained for a probability limit of three standard deviations.  

Thus it is expected that a statistical sampling of the fuel assemblies 

of this plant will also show this subfactor is conservative.  

3. Enthalpy Rise Engineering Subfactors, F E 
4H 

Pellet Diameter, Density and Enrichment and Fuel Rod Diameter, 

Pitch and Bowing: 

Based on the applicable tolerances and consistent with the 

probability limit of three standard deviations for the measured Yankee, 

SELNI and Indian Point data, a value of 1.08 was selected for this 

subfactor.  

Inlet Flow Maldistribution: 

The inlet flow maldistribution was studied in a one-seventh scale 

hydraulic model of a typical pressurized water reactor(19)( 2 0 ). Com

bining the flow distribution with the power distribution in the core 

indicated that an inlet plenum hot channel factor of 1.03 is reasonable.  

Flow Redistribution: 

Differences in the hydraulic resistance in the local boiling region 

and adjacent regions in the core which are not in local boiling cause 

a flow redistribution.
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The amount of flow redistribution due to local boiling between 

the neighboring channels has been calculated with the CAT( 13 ) code.  

This code computes the flow in the hot channel by equating the pres

sure gradient in the hot channel to the pressure gradient in the aver

age channel. The code results indicated the effect of flow redistribu

tion due to local boiling on the hot channel enthalpy rise could be 

accounted for by using a hot channel subfactor of 1.05.  

Flow Mixing: 

Mixing vanes have been incorporated into the spacer grid design 

for this core. These vanes induce flow mixing between the various 

flow channels in a fuel assembly and also between adjacent assemblies.  

This mixing reduces the enthalpy rise in the hot channel resulting 

from local power peaking or unfavorable mechanical tolerances.  

Flow mixing studies have been performed on fuel assemblies 

with mixing vanes at Westinghouse APD( 14 ). These tests were per

formed in a single fuel assembly and indicated mixing reduced the 

enthalpy rise hot channel factor by 8%. Thus a mixing factor of 0.92 

is used for the flow mixing hot channel subfactor. Since mixing be

tween fuel assemblies was not included, this value is conservative.  

The above subfactors are combined to obtain the total engineering 

hot channel factor for enthalpy rise of 1.075. Table 3.2-4 is a tabu

lation of the design engineering hot channel factor s.  

4. Basis for Confidence 

Generally, in the early stages of design the engineering hot chan

nel factors are estimated using the allowable manufacturing deviations 

to determine each engineering hot channel subfactor. These subfactors 

are combined by multiplication which gives a resulting engineering hot 

channel factor with the maximum deviations occurring simultaneously 

at the hot spot or hot channel. These estimated engineering hot 

channel factors are combined with the nuclear hot channel factors to 

establish the design objective.  

After the core fabrication tolerances have been established by 

measurements, the engineering hot channel subfactors are re-evaluated 

as a check on the estimated numbers used in design.  

One would expect deviations in fabrication to occur in a statis

tical manner( 17 ), and sample measurements taken during fabrication 

of the first three Yankee cores, the SELNI core, and Indian Point
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Core B, show that variations in the fuel rod fabrication tolerances 

are, in fact, normally distributed. As a result, the subfactors related 

to these variations can be treated statistically( 1 8 ). The subfactors 

related to flow distribution, redistribution, and mixing, however, do 

not lend themselves readily to a statistical prediction, but are de

termined from flow tests and computer studies.  

TABLE 3.2-4 
ENGINEERING HOT CHANNEL FACTORS 

2758 MWt 

f Pellet Diameter, Density, 1 

FE Enrichment and Eccentricity 1.04 
q Rod Diameter, Pitch and Bowing 

Pellet Diameter, Density, ] 
Enrichment 

1.08 
Rod Diameter, Pitch and Bowing 

E 
FAH Inlet Flow Maldistribution 1.03 

Flow Redistribution 1.05 

Flow Mixing 0.92 

Resulting FAH 1.075 

e) Bulk Boiling 

During normal operating transients, bulk boiling is permitted in the 

hot region of the core. In order to avoid premature DNB possibly caused 

by flow pattern instability, the local void fraction at the exit region of the 

non-statistical hot channel of this reactor will be limited to 32%. (Equiva

lent to about 7% quality by weight at 2250 psia.) Experimental evidence 

has shown that bubbly flow is stable at this void fraction.(2 1 ,22) Bulk 

boiling in the hot channels causes additional flow redistribution which is 

not accounted for by the 1.05 hot channel subfactor. Under these conditions 

this subfactor is recalculated and the DNB ratios are determined using this 

greater adverse flow distribution.
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f) Total Coolant Flow Rate and Bypass Flow 

The total coolant flow rate at operating temperature and pressure is 

136.4 x 106 lb/hr. This flow enters through four inlet nozzles, is deflected 

downward through the annulus formed by the core barrel and the vessel 

wall. The thermal shield divides this flow into two paths. At the bottom 

of the vessel the direction of the coolant flow is changed 1800. The 

coolant then flows upward through the core and exits through four outlet 

nozzles located at the same elevation as the inlet nozzles.  

Ninty-one per cent of the total coolant flow rate is effective for heat 

removal from the core. The remaining nine per cent is considered as by

pass flow as it is not fully effective for removing heat generated in the 

core. This bypass flow includes the flow through the RCC guide thimbles, 

the flow between the core baffle and barrel, the leakage across the outlet 

nozzles, the flow deflected into the head of the vessel for cooling the upper 

flange, and the excess flow in the flow cells surrounding the RCC guide 

thimbles.  

The total pressure loss across the reactor vessel, including the inlet 

and outlet nozzles, is about 50 psi; this value includes a 10%1 uncertainty 

factor. The pressure drop across the core is about 32 psi which also 

includes 10%1 for uncertainties.  

g) Variation of Reactor Coolant System Temperature and Pressure 

1. Pressure 

The maximum steady state primary system pressure variation, 

including instrument errors and deadband, is ± 30 psi.  

2. Temperature 

The maximum steady state temperature variation from the ref

erence temperature, including temperature control deadband and in

strument errors, is ± 40 F.  

h) Hydraulic and Thermal Design Parameters 

The preliminary hydraulic and thermal design parameters are given 

below in Table 3.2-5 for operation at 2758 MWt.  

TABLE 3.2-5 
HYDRAULIC AND THERMAL DESIGN PARAMETERS 

Total Heat Output, MWt 2758 
Total Heat Output, Btu/hr 9413 x 106 
Heat Generated in Fuel, %1 97.4 
Maximum Overpower 12%
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TABLE 3.2-5 (cont'd)

System Pressure, Nominal, psia 2250 
System Pressure, Minimum Steady State, psia 2220 
Hot Channel Factors 

Heat Flux, Fq 3.25 
Enthalpy Rise, FAH 1.88 

DNB Ratio (W-3) at Nominal Conditions 1.81 

Coolant Flow 
Total Flow Rate, lbs/hr 136.2 x 106 
Effective Flow Rate for Heat Transfer, lbs/hr 124.1 x 106 
Effective Flow Area for Heat Transfer, ft 2  48.4 
Average Velocity along Fuel Rods, ft/sec 16.1 
Average Mass Velocity, lb/hr-ft 2  2.56 x 106 

Coolant Temperatures, OF 
Nominal Inlet 543 
Maximum Inlet ce to Instrumentation 

Error and Deadband, OF 547 
Average Rise in Vessel, OF 53.0 
Average Rise in Core 57.0 
Average in Core 572.7 
Average in Vessel 570 
Nominal Outlet of Hot Channel 643 

Average Film Coefficient, Btu/hr-ft 2 -F 5900 
Average Film Temperature Difference, OF 30.0 

Heat Transfer at 100% Power 
Active Heat Transfer Surface Area, ft 2  52,200 
Average Heat Flux, Btu/hr-ft 2  175,600 
Maximum Heat Flux, Btu/hr-ft2  570,800 
Average Thermal Output, kw/ft 5.7 
Maximum Thermal Output, kw/ft 18.5 

Maximum Clad Surface Temperature at 
Nominal Pressure, OF 659 

Fuel Central Temperature, OF 
Maximum at 100% Power 4150 
Maximum at 112% Power 4250 

Thermal Output, kw/ft 
Maximum at 112% Power 20.7
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3.2.2.3 Thermal and Hydraulic Evaluation

a) W-3 Equivalent Uniform Flux DNB Correlation 

The equivalent uniform DNB flux q"DNBEU is calculated from the 

W-3 equivalent uniform flux DNB correlation as follows: 

q? ID1_4BEU (18 177 - 0.004129p)X] 
0EU [(2.022 - 0.0004302p) + (0.1722 - 0.0000984p)e 

1l06 

* [(0.1484 - 1.596X + 0.1729XIXI) G/10 6 + 1.037] x [1.157 - 0.869X] 

x [0.2664 + 0.8357e- 3 "15IDe]x [0.8258 + 0.000794 (H sat - Hin)] (3) 

The heat flux is in Btu/hr ft 2 and the units of the parameters are as 

listed below. The ranges of parameters of the data used in developing this 

correlation are: 

System pressure, p = 800 to 2000 psia 

Mass velocity, G = 0.5 x 106 to 5.0 x 106 lb/hr ft 2 

Equivalent diameter, De = 0.2 to 0.7 inches, 

Quality, Xloc = -0.15 to +0.15 

Inlet enthalpy, Hin =: 400 Btu/lb 

Length, L = 10 to 79 inches 

Heated perimeter = 0.88 to 1.00 
Wetted perimeter 

Geometries = circular tube and rectangular channel 

Flux = Uniform and equivalent uniform flux converted from non
uniform data by using F-factor of Reference (3).  

b) Local Non-Uniform DNB Flux 

The local non-uniform q"DNB,N is calculated as follows: 

SDNB,N DNB,EU/F (4) 

where 

F = C IDNB C(fDNB - z) 
-C0DNB of q"(z)e dz (5) 

q local, at fDNB (1-e 

(1 - XDNB
) 7 .9 

C = 0.44 inch-1 (6) 

(G/10 ) 

In determining the F-factor, the value of q"local, at fDNB in 

tion (5) was measured at z = IDNB- For a uniform flux, F becomes unity
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so that q"'DBN reduces to qYI)NB uniform as expected. The comparisons 

of predictions by using W-3 correlations and the non-uniform DNB data 

obtained at B&W( 15) , Winfrith(1 6 ) and Fiat are given in Figures 3.2-27, 

-28, -29, and -30. The criterion for determining the predicted location of 

DNB is to evaluate the ratio of the predicted DNB flux to the local heat 

flux along the length of the channel. The location of the minimum DNB 

ratio is considered to be location of DNB. It can be seen from the above 

figures that the agreement in DNB flux is excellent and the prediction of 

location is conservative.  

c) Application of the W-3 Correlation in Design 

During steady state operation at the nominal design conditions the 

DNB ratios are determined. Under other operating conditions, particularly 

overpower transients, more limiting conditions develop than those existing 

during steady state operation. The DNB correlations are sensitive to 

several parameters. In addition, thermal flux generated under transient 

conditions in also sensitive to many parameters. Therefore, for each case 

studied, the most adverse combination of the following factors was used.  

1. Calorimetric Error 

This is always assumed to be negative: that is, the -indicated 

heat balance data are assumed to be less than the actual reactor 

thermal power output. An error of 2 per cent is assumed although 

the instrumentation to be used for Indian Point Unit No. 2 will have 

a probable error less than two per cent.  

2. Maximum Overpower 

Maximum errors are assigned to the nuclear instrumentation due 

to drift and reactor trip set point reproducibility. The trip setting 

selected is such that the maximum thermal overpower level, including 

the effects of calorimetric, drift and set point errors, will be 112 per 

cent. For operation at 2758 MWt, a 112 per cent maximum thermal 

overpower level includes a conservative allowance for errors due to 

control rod motion.  

3. Axial Flux Distribution 

This plant will operate with chemical shim and the axial flux 

distribution was calculated on the basis of a modified cosine function 

with a maximum to average value of 1.78.
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4. Hot Channel Factors, 2758 MWt 

The design hot channel factors are: 

Nuclear F N 3.12 F N= 1.75 
q AH 

Engineering FE F E = 1.075 
q = 1.04 AH 

F = 3.25 FAH = 1.88 
NN 

F H is determined as stated in Section 3.2.1. FN is the 
q 

product of the maximum to average value of the flux distribution 

and the nuclear factor, F N 

AH* 

For transient accident conditions where the power level, system 

pressure and core temperatures may increase, the DNBR is limited 

to a minimum value = 1.30. The Reactor Control and Protection 

System is designed to prevent any credible combination of conditions 

from occurring which would result in a lower DNB ratio.  
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3.2.3 MECHANICAL DESIGN AND EVALUATION

The reactor core, shown in cross-section in Figure 3.2-31, consists of 

193 fuel assemblies containing slightly enriched uranium dioxide pellets clad 

in Zircaloy tubes to form a lattice, roughly cylindrical in shape. The overall 

active height is 144 inches and the equivalent diameter is 133.7 inches. De

mineralized light water flows upward through the lattice and acts as both mod

erator and coolant.  

The core is divided into three concentric regions. The two outer regions 

contain 64 fuel assemblies with the central region containing 65 fuel assemblies.  

The loading arrangement of the three regions for the initial cycle is indicated 

on Figure 3.2-32. Refueling takes place generally in accordance with an in

ward loading schedule. Sixty-four spent fuel assemblies are removed and sixty

four new fuel assemblies are loaded at each refueling. The sixty-fifth element 

in the central region will be in the core for four cycles.  

The control elements, designated as Rod Cluster Control (RCC) assemblies, 

are clusters of cylindrical absorber rods which insert directly into guide thim

bles which form an integral part of the fuel assemblies. Figure 3.2-33 shows 

a schematic of these assemblies. The 53 RCC assemblies are located at se

lected active core locations as shown on Figure 3.2-31.  

The 193 individual, replaceable fuel assemblies will be held in position be

tween a lower core plate and an upper core plate. The core is surrounded by 

a form-fitting baffle which confines all but a small portion of the upward flow 

of coolant within the fuel bearing zone. Outside. the baffle and surrounding it, 

there is a core barrel. A small amount of coolant is allowed to flow in a 

downward direction between the barrel and the baffle for cooling. Table 3.2-6 

is a tabulation of the basic core mechanical design parameters.  

TABLE 3.2-6() 
CORE MECHANICAL DESIGN PARAMETERS~1 

Active Portion of the Core 

Equivalent Diameter, in. 133.7 
Active Fuel Height, in. 144.0 
Length- to- Diameter Ratio 21.08 
Total Cross-Section Area, ft2  97.3 

(1) All dimensions are for cold conditions.
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TABLE 3.2-6 (cont'd)

Fuel Assemblies

Number 
Rod Array 
Rods per Assembly 
Rod Pitch, in.  
Overall Dimensions, in.  
Fuel Weight (as UO2 ), pounds 
Total Weight, pounds 
Number of Grids per Assembly

193 
15 x15 
20A() 

0.556 
8.426 x 8.426 
215, 319 
273, 408 
8

Fuel Rods

Number 
Outside Diameter, in.  
Diametral Gap, (clad to pellet) in.  
Clad Thickness, in.  
Clad Material

39,372 
0.422 
0.0065 
0.0243 
Zircaloy

Fuel Pellets

Material 
Density (% of Theoretical) 
Feed Enrichments, w/o 

Region 1 
Region 2 
Region 3 
Equilibrium 

Diameter, in.  
Length, in.  

Rod Cluster Control Assemblies 

Neutron Absorber 
Cladding Material 
Clad Thickness, in.  
Number of Clusters 
Number of Control Rods per Cluster

UO2 sintered 
94 (Except for Region 3, 

1st Core) 
2.23 
2.38 
2.68 
2.92 
0.3669 
0.600

5%'Cd - 15% In - 80% Ag 
Type 304 SS - cold worked 
0.019 
53 
20

Core Structure

Core Barrel I.D./O.D., in.  
Thermal Shield I.D./O.D., in.

148.5/152.5 
158.5/164.0

3.2.3.1 Internal Layout 

The reactor internals are designed to support and orient the reactor core 

fuel assemblies and control rod assemblies, absorb the control rod dynamic 

loads and transmit these and other loads to the reactor vessel flange, provide 

(2) Twenty-one rods are omitted: twenty to provide passage for control rods 
and one to contain in-core instrumentation.

3.2-46



a passageway for the reactor coolant, and support in-core instrumentation. The 

reactor internals are shown in Figure 3.2-34. These components are designed to 

withstand the forces due to weight, preload of fuel assemblies, control rod dynamic 

loading, vibration, and earthquake acceleration. Under the loading condition, indlud

ing conservative effects of earthquake loading, the structure will be designed using 

stress values prescribed by Section MI, ASME Nuclear Vessel Code. The dy

namic loading from the induced vibration depends mainly on the natural fre

quency of the internals and the flow velocity. The maximum velocity in this 

design will be approximately 32 feet per second. The dynamic criteria for design 

and the stress levels of the internals in this plant will be in the order of magnitude 

of those in Connecticut Yankee and the stress levels will be within the fatigue limits 

of the materials used. These internals will be analyzed in a manner similar to 

Connecticut Yankee, SCE, SELNI, Saxton and Yankee.  

The components of the reactor internals are divided into three parts consisting 

of the lower core support structure (including the entire core barrel and thermal 

shield), the upper core support structure and the in-core instrumentation support 

structure.  

a) Lower Core Support Structure 

The major containment and support member of the reactor internals is 

the lower core support structure, shown in Figure 3.2-35. This completely as

sembled structure consists of the core barrel, the core baffle, the lower core 

plate and support columns, thermal shield, intermediate diffuser plate and the 

bottom support forging which is welded to the core barrel. All the major mate

rial for this structure is Type 304 stainless steel. The core support structure 

is supported at its upper flange from a ledge in the reactor vessel head flange 

and its lower end is restrained in its transverse movement by a radial support 

system attached to the vessel wall. Within the core barrel there are axial 

baffle plates which are attached to the core barrel wall through former plates and 

form the enclosure periphery of the assembled core. The lower core plate is 

positioned at the bottom level of the core below the baffle plates and provides 

support and orientation for the fuel assemblies.  

The lower core plate is a two-inch thick member into which the nec

essary flow distributor holes for each fuel assembly have been machined.  

Fuel assembly locating pins (two for each assembly) are also inserted into 

this plate. Eighty-four columns are placed between this plate and the bot

tomn support forging of the core barrel in order to provide stiffness to this 

plate and transmit the core load to the bottom support forging. Intermediate 
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between the support forging and lower core support plate is positioned a 

perforated plate to diffuse uniformly the coolant flowing into the core.  

The one piece thermal shield is supported from the core barrel by 

lugs positioned at the bottom of the shield and by a separate radial sup

port system between the thermal shield and the core barrel. This thermal 

shield radial support consists of four lug and clevis joints just below the 

top of the thermal shield. Irradiation baskets in which materials samples 

can be inserted and irradiated during reactor operation are attached to the 

reactor vessel.  

The lower core support structure and principally the core barrel 

serve to provide passageways and control for the coolant flow. Wnet 

coolant flow from the vessel inlet nozzles proceeds down the annulus be

tween the core barrel and the vessel wall, flows on both sides of the ther

mal shield, and then into a plenum at the bottom of the vessel. It then 

turns and flows up through the lower support forging, passes through the 

intermediate diffuser plate and then through the lower core plate. The flow 

holes in the diffuser plate and the lower core plate are arranged to give 

a very uniform entrance flow distribution to the core. After passing 

through the core the coolant enters the area of the upper support structure 

and then flows generally radially to the core barrel outlet nozzles and di

rectly through the vessel outlet nozzles.  

A small amount of water also flows downward between the baffle 

plates and core barrel to provide additional cooling of the barrel. Simi

larly, a small amount of the entering flow is directed into the vessel head 

plenum to provide cooling of the head. Both these flows. eventually are 

directed into the upper support structure plenum and exit through the ves

sel outlet nozzles.  

Vertically downward loads from weight, fuel assembly preload, con

trol rod dynamic loading and earthquake acceleration are carried by the 

lower core plate partially into the lower core plate support flange on the 

core barrel shell and partially through the lower support columns to the 

bottom support forging and thence through the core barrel shell to the core 

barrel flange which supported by the vessel head flange. Transverse loads 

from earthquake acceleration, and vibration are carried by the core 

barrel shell to be distributed by the lower radial support to the vessel 

wall and the core barrel flange. Transverse acceleration of the fuel 

assemblies is transmitted to the core barrel shell by direct connection 
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of the lower core support plate to the barrel wall and by a radial sup

port type connection of the upper core plate to four slab sided pins 

pressed into the core barrel.  

The main radial support system of the core barrel is one of support

ing the core barrel by six lug and clevis joints to the reactor vessel wall.  

At each of the six equally spaced points around the circumference, an In

conel block is welded to the vessel I.D. The item, referred to as the 

clevis, is attached to each of these blocks, and the clevis has a "keyway" 

geometry. Opposite each of these is a "key" which is attached to the in

ternals. During assembly, as the internals are lowered into the vessel, the 

keys engage the keyways in the axial direction., With this design, the in

ternals are provided with a support at the furthest extremity, and may be 

viewed as a beam fixed at the top and simply supported at the bottom.  

Radial and axial expansions of the core barrel are accommodated but 

transverse movement of the core barrel is restricted by this design. With 

this restricted amplitude of maximum possible vibration, cycle stresses in 

the internal structures are always much lower than the fatigue limit thus 

eliminating the possibility of fatigue failure.  

The one piece thermal shield is fixed to the core barrel at its lower 

end by bolting and dowel pins. The radial support of the thermal shield 

to the core barrel is a system of four lug and clevis joints between the 

shield and barrel. The upper end of the thermal shield is keyed to the 

core barrel in much the same arrangement as the main core barrel radial 

support system.  

b) Upper Core Support Assembly 

The upper core support assembly, shown in Figure 3.2-36, consists 

of the top support plate and upper core plate between which are contained 

36 support columns and about 61 guide tube assemblies. The 36 support 

columns establish the spacing between the top support plate and the upper 

core plate and are fastened at top and bottom to these plates. The support 

columns transmit the mechanical loadings between the two plates and serve 

the supplementary function of supporting thermocouple guide tubes. The 

guide tube assemblies, shown in Figure 3.2-37, sheath and guide the con

trol rod drive shafts and control rods and provide no other mechanical 

functions. They are fastened to the top support plate and are guided by 

pins in the upper core plate for proper orientation and support. Additional
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guidance for the control rod drive shafts is provided by the control rod 

shroud tube which is attached to the upper support plate.  

The upper core support assembly is removed as a unit during re

fueling operations and is positioned in its proper orientation with respect 

to the lower support structure by flat-sided pins pressed into the core 

barrel which in turn engage in slots in the upper core plate. At an ele

vation in the core barrel where the upper core plate is positioned, the 

four flat-sided pins are located at angular positions of 00, 900, 180 and 

2700. Four slots are milled into the core plate at the same positions.  

As the upper support structure is lowered into the main internals, the 

slots in the plate engage the flat-sided pins in the axial direction. Lateral 

displacement of the plate and hence the upper support assembly is re

stricted by this design. Fuel assembly locating pins protrude from the 

bottom of the upper core plate and engage the fuel assemblies as the 

upper assembly is lowered into place. Proper alignment of the lower core 

support structure, the upper core support assembly, the fu el assemblies 

and control rods is thereby assured by this system of locating pins and 

guidance arrangement. The upper core support assembly is restrained 

from any axial movement by a large circumferential spring which rests 

on top of this assembly and is compressed between the reactor vessel 

head flange and the upper assembly.  

Vertical loads from weight, earthquake acceleration and fuel assembly 

preload are transmitted through the upper core plate via the support col

umns to the top support plate and then through the circumferential spring 

to the reactor vessel head. Transverse loads from earthquake accelera

tion, and possible vibrations are distributed by the support columns to the 

top support plate and upper core plate. The top support plate is particu

larly stiff to minimize deflection.  

c) In- Core Instrumentation Support Structure 

The in-core instrumentation support structure consists of an upper 

system to convey and support thermocouples penetrating the vessel through 

the head and a lower system to convey and support flux thimbles penetrat

ing the vessel through the bottom.  

Th6 upper system has five reactor vessel head penetrating port col

umns that are slip connected to in-line columns that are in turn fastened 

to the upper support plate. A total of about 65 thermocouples are carried 

through these port columns and the upper support plate at positions above
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their readout locations. The thermocouple conduits are supported from the 

support columns of the upper core support system. The thermocouple con

duits are sealed stainless steel tubes.  

In addition to the upper in-core instrumentation, there are fifty-six 

reactor vessel bottom penetrating port columns which carry the retractable, 

cold worked stainless steel flux thimbles that are pushed upward into the 

reactor core. Conduits extend from the bottom of the reactor vessel down 

through the concrete shield area and up to a thimble seal line as sche

matically shown in Figure 3.2-38. The minimum bend radii are 90 inches 

and the trailing ends of the thimbles (at the seal line) will be extracted 

approximately 15 feet during refueling of the reactor in order to avoid 

interference within the core. The thimbles are closed at the leading ends 

and serve as the pressure barrier between the reactor pressurized water 

and the containment atmosphere. Mechanical seals between the retractable 

thimbles and the conduits are provided at the seal line. During normal 

operation, the retractable thimbles are stationary and they will be moved 

only during refueling or for maintenance, at which time a space of approx

imately 15 feet above the seal line must be cleared for the retraction op

eration. A schematic of the drive system is shown in Figure 3.2-39.  

The in-core instrumentation support structure is designed for adequate 

support of instrumentation during reactor operation and is rugged enough to 

resist damage or distortion under the conditions imposed by handling during 

the refueling sequence.  

3.2.3.2 Fuel 

a) Fuel Assembly 

The fuel assembly shown on Figure 3.2-39 and 3.2-40 is of the "can

less" type. The RCC guide thimbles and grids form the basic assembly.  

The 15 x 15 array of fuel rods is located on a square pitch and sup

ported axially at eight locations along the length by Inconel spring clip grid 

assemblies. Five of the grids are mixing grids which increase the degree 

of inter-mixing flow within an assembly and also between adjacent assem

blies. The mixing action of these grids reduces the temperature gradient 

within an assembly.  

At the grid locations, each fuel rod is supported in two perpendicular 

directions by formed spring clips whose forces (11-14 lb) are opposed by 

two rigid support dimples as shown in Figure 3.2-41. This method provides
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a very stiff support for the fuel rod. Since the spring fingers are not 

physically bound to the fuel rods, the rods are free to expand axially pre

venting undesirable reactivity effects due to thermal bowing.  

The main support structure of the assembly is formed by welding 

the twenty control rod guide thimbles to the grids and to the top and 

bottom nozzles. The top nozzle is not assembled to the structure, how

ever, until after the fuel rods have been loaded by inserting them through 

the grids.  

The fuel rods are conservatively restrained from axial motion due 

to hydraulic forces by the spring loads of the grids and are limited from 

gross movement by the top and bottom nozzles. The possibility of any 

lifting of the entire fuel assembly due to abnormal hydraulic forces has 

also been eliminated by providing hold-down leaf springs in the top nozzle 

assembly which bear against the upper core support plate. The top and 

bottom grids are spaced so that the unsupported overhang of the fuel rod 

will be less than 3/4 inch, thus fixing the ends of the rods.  

All fuel assemblies of the core are of the same basic mechanical de

sign. In locations where control rods will not be used, a plugging device 

will be installed in the upper nozzle to restrict the flow through the unused 

control rod guide thimbles. This plug also includes an end flow mixing 

device to assure that these fuel assemblies have approximately the same 

cooling flow as the assemblies containing ROC assemblies and also to ob

tain a mixing action for the thermocouples in the preselected exit nozzles.  

Each fuel assembly has an identifying number on the top nozzle so that 

fuel elements of the proper enrichment are loaded into their proper region 

of the core.  

1. Bottom Nozzle 

The bottom nozzle assembly is a box-like structure forming a 

plenum to distribute the flow through the fuel lattice. "Cut-outs" 

along the bottom and on the face of the sideplates permit part of the 

flow to be directed to the sides and then upwards between adjacent 

fuel assemblies. The main portion of the flow is directed upward 

through the interior of the assembly.  

The weight of the fuel assembly is supported by the bottom noz

zle and distributed through four corner "feet" to the lower core plate.
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The individual fuel rods are bottomed on the cross bars which are 

brazed to the sideplates. These cross bars are also the structural 

members to which the control rod guide thimbles are welded.  

The spacing between cross bars is less than the fuel tube diam

eter making it impossible for a fuel rod to pass the lower nozzle.  

Two holes are provided in diagonally opposite corners on the bottom 

of the nozzle, which mate with the locating pins in the lower core 

plate for positioning the fuel assembly. The entire lower nozzle as

sembly is fabricated from Type 304 stainless steel.  

2. Top Nozzle 

The top nozzle is also a box-like structure forming a plenum 

space where the heated coolant mixes and is directed toward the flow 

holes of the upper core plate. It also serves as the upper structural 

member of the fuel assembly, tying the control rod guide thimbles 

together, and locating the upper end of the fuel assembly relative to 

the upper core plate. As in the lower nozzle, two holes are located 

in diagonally opposite corners of the top plate which mate with the 

locating pins on the upper core plate. A third smaller hole is pro

vided for orienting and handling the assembly properly for installation 

of the end mixing device. The bottom component of the nozzle is a 

relatively heavy brazed grid to which the control guide thimbles are 

welded.  

Leaf springs are fastened to the upper plate, parallel to the 

sides, to provide hold down forces to oppose abnormal hydraulic 

forces which could cause the assembly to lift. The springs are 

clamped by bolts which are later lock-welded to prevent loosening in 

service. The ends of the spring are bent downward and captured in 

slots in the plate. To insure that the capture is permanent, even in 

the event of spring fracture, welded-in lock pins are used to close 

the slots after the springs have been installed. Rotation of the free 

end is prevented by the closeness of fit of the spring in the slot.  

Rotation at the clamp end is prevented by the fit of the spring in the 

undercut on the bottom of the clamp. The clamp cannot rotate since 

it is bolted and welded.  

The springs are made from Inconel 718 and the bolts from In

conel 600. All other components of the upper nozzle are made from 

Type 304 stainless steel.
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The selection of Inconel 600 as the bolt material precludes the 

possibility of loosening of the clamp due to thermal expansion. Since 

the clamp is stainless steel, which has a higher coefficient of thermal 

expansion than Inconel, the tendency is to increase bolt tension with 

temperature.  

3. Grids 

The spring clip grid is made by stacking individual slotted 

straps, much like an "egg-crate", and furnace brazing them to per

manently join the individual straps at their points of intersection.  

Details, such as spring fingers, support dimples and mixing vanes, 

are punched and formed integral to the individual straps.  

The mixing vanes on the outside strap, aside from performing 

their mixing function, guide adjacent assemblies during loading and 

unloading of the core. The small tabs on the underside and the ir

regular contour of the outside straps are also for this purpose.  

The grid material is Inconel 718 which has been selected for 

its mechanical properties in order to provide the necessary spring 

forces on the fuel rods. After the grids are brazed together they 

are solution heat treated to obtain the desired properties.  

A mixing vane grid can be seen in Figure 3.2-42. Small vanes 

are positioned on the edges of the grid straps to provide the desired 

mixing action. The grids without the mixing vanes (#l, #2 and #8) 

are similar with the exception that there are no mixing vanes on the 

internal straps. Mixing vanes are retained on the outer straps for 

guidance purposes.  

b) Fuel Rods 

Each fuel rod consists of a Zircaloy tube, containing the uranium di

oxide pellets, sealed at each end by means of an end plug welded to the 

tube. Sufficient void volume is provided at the top end of the assembled 

fuel rods to accommodate fission product buildup and axial thermal ex

pansion of the fuel column relative to the tube. Before the top end plug 

is installed, a compression spring is inserted into the void volume to pre

vent shifting of the fuel column during shipment. The spring is preloaded 

during installation to a load of approximately six times the fuel weight.  

The tops of the fuel rods are identified by a distinctive chamfer on the 

the end plugs to preclude improper loading into the fuel assemblies. Fuel
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rods of various enrichments have distinguishing marks on the top end plug 

to facilitate loading into the proper assembly.  

The cladding material is Zircaloy which has been slightly cold worked 

to improve its mechanical properties. The cold diametral clearance be

tween the pellet and tube wall is reduced by the relative thermal expan

sion of the pellet, thereby providing good heat transfer at operating tem

peratures. At the hot spot, the clearance is computed to be essentially 

zero for beginning of life conditions.  

The fission gas release and the associated buildup of internal gas 

pressure will be calculated by the FIGHT code based on experimentally 

determined rates. The increase of internal pressure in the fuel rod due 

to this phenomenon is included in the determination of the maximum clad

ding stresses at the end of core life when the fission product gap inven

tory is a m aximum.  

The maximum allowable strain in the cladding, considering the com

bined effects of internal fission gas pressure, external coolant pressure, 

fuel pellet swelling and clad creep will be limited to about 1/2 to 1 per 

cent throughout core life. The associated stresses will be below the yield 

strength of the material under all normal operating conditions.  

To assure that manufactured fuel rods meet a high standard of ex

cellence from the standpoint of functional requirements, many inspections 

and tests are performed both on the raw material and the finished product.  

These tests and inspections include chemical analysis, tensile testing of 

fuel tubes, intergranular corrosion tests, dimensional inspection, X-ray of 

both end plug welds, ultrasonic testing and helium leak tests.  

c) Fuel Pellets 

The basic component of the core is the fuel pellet which is manu

factured by sintering slightly enriched uranium-dioxide compacted pow

der. Each pellet is a right circular cylinder with concave or dished ends.  

The pellets in the outer region have a density of approximately 10.19 g 

per cc (93% theoretical density) while the pellets in the two inner regions 

have a density of approximately 10.30 g per cc (94% theoretical density).  

The fuel in the outer region is made less dense to accommodate the- effects 

of higher burnup. The pellets in a given region are of uniform enrichment.  

Sintered, high density uranium dioxide is chemically inert with respect to 

the cladding and enclosed gases at core operating temperatures and pres

sures. In the event of cladding defects, the high resistance of uranium
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dioxide to attack by hot water protects against fuel deterioration or de

crease in fuel integrity. Thermal stress in the pellets, while causing 

some fracture of the bulk material during temperature cycling, does not 

result in pulverization or gross void formation in the fuel matrix. As 

shown by operating experience and extensive experimental work in the 

industry, the thermal design parameters conservatively account for any 

changes in the thermal performance of the fuel element due to pellet 

fracture.  

The consequences of a breach of cladding are greatly reduced by the 

ability of uranium dioxide to retain fission products including those which 

are gaseous or highly volatile. This retentiveness decreases with increas

ing temperature or fuel burnup, but remains a significant factor even at 

full power operating temperatures in the maximum burnup element.  

A survey of fuel element behavior in high burnup uranium dioxide~1 ) 

indicates that for an initial uranium dioxide void volume which is a func

tion of the fuel density, it is possible to conservatively define the fuel 

swelling as a function of burnup. Since Region 3 will be retained through 

three cycles of reactor operation, the pellet density has been reduced to 

93% to accommodate the effects of increased burnup.  

3.2.3.3 Control System 

a) Rod Cluster Control Assembly 

Fifty-three individually driven rod cluster control assemblies are 

provided to control the reactivity of the core under operating conditions.  

The rod cluster control assembly is shown in Figure 3.2-43.  

The rod cluster control assembly consists of a cluster of twenty in

dividual absorber rods grouped by fastening to, a common hub called the 

spider. The control rods are inserted directly into the fuel assembly 

where guide thimbles are provided to assure free passage.  

The absorber material used in the control rods is silver-indium

cadmium alloy which is essentially "black" to thermal neutrons and has 

sufficient additional resonance to significantly increase its worth. The ab

sorber alloy is first extruded into single lengths and inserted into stainless 

steel tubes to prevent the absorber material from coming in direct contact 

with the coolant.  

The overall control rod length is such that when the rod has been 

withdrawn through its full travel, the tip remains engaged in the guide
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thimble so that alignment between rod and thimble is always maintained.  

Since the rods are long and slender, they are relatively free to conform 

to any small misalignments between the rod and the guide thimble. Pro

totype tests have shown that the ROC assemblies are very easily inserted 

and not subject to binding even under conditions of severe misalignment.  

1. Absorber Rod 

The absorber rods are constructed by inserting silver-indium

cadmium rods into cold worked stainless steel tubing. The rods 

are sealed at the bottom and the top by welded end plugs. Sufficient 

diametral and end clearance are provided to accommodate relative 

thermal expansions a id to limit the internal pressure to acceptable 

levels.  

The bottom plug is made bullet-nosed both to reduce the hydrau

lic drag during a reactor trip and to guide smoothly into the dashpot 

section of the guide thimble. The upper plug is threaded for assem

bly to the spider and has a reduced end section to make the joint 

more flexible.  

Stainless steel clad silver- indium- cadmium alloy absorber rods 

are resistant to radiation and thermal damage thereby ensuring their 

effectiveness under all operating conditions. Rods of similar design 

have been successfully used in the Saxton and SELNI reactors.  

2. Spider Assembly 

The spider assembly is the center hub with radial vanes from 

which the absorber rods are suspended. Handling details, and de

tails for connection to the actuator drive shaft, are machined into 

the upper end of the hub. A spring-loaded piston is assembled into 

the bottom of the hub to stop the RCC assembly at the end of a 

trip insertion and to absorb the impact energy. The radial vanes are 

joined to the hub, and the rod mounting adapters are joined to the 

vanes by furnace brazing. The centerpost which holds the snubber 

piston and spring stack is threaded into the hub and welded to pre

vent loosening in service. All components of the spider assembly are 

made from Type 304 stainless steel except for the springs which 

are Inconel 718 alloy.  

3. Final Assembly 

IThe f inal assembly of the absorber rods to the spider is done 

securely so as to assure trouble-free service. The rods are first
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threaded into the mounting adapters and then pinned to maintain 

joint tightness, after which the pins are welded in place. The end 

plug below the pin position is designed to permit flexing.  

b) Control Rod Guide Thimbles 

The control rod guide thimbles provide guided channels for the in

sertion and withdrawal of the control rods. They are fabricated from a 

single piece of Type 304 stainless steel tubing, which has been drawn 

to two different diameters. The larger inside diameter at the top provides 

a relatively large annular area for rapid insertion during a reactor trip 

and to accommodate a small amount of cooling flow during normal opera

tions. The bottom 20.58 in. of the guide thimble is of reduced diameter, 

resulting in a reduced clearance with the control rod to provide a dashpot 

action when the rods are dropped into the guide thimbles upon a reactor 

trip. The transition zone is conical in shape so that there are no rapid 

changes in diameter in the tube.  

Six 1/8" diameter flow holes are provided just above the transition 

of the two diameters to permit the entrance of cooling water during normal 

operation, and to accommodate the outflow of water from the dashpot dur

ing reactor trip.  

The dashpot is closed at the bottom by means of a welded plug which 

has a bayonet extension which in turn is welded to the bottom nozzle dur

ing fuel assembly fabrication.  

c) Control Rod Drive Mechanism 

The control rod drive mechanisms are used for withdrawal and in

sertion of the rod cluster control assemblies out of and into the reactor 

core and to provide sufficient holding power for stationary support.  

Fast total insertion (reactor trip) is obtained by simply removing the 

electrical power allowing the rods to fall by gravity. Typical total inser

tion time is about 2 to 3 seconds.  

The complete drive mechanism, shown in Figure 3.2-44, consists of 

the internal (latch) assembly, the pressure vessel, the operating coil stack, 

the drive shaft assembly, and the position indicator coil stack.  

Each assembly is an independent unit which can be dismantled or 

assembled separately.  

Each drive is threaded into an adaptor on top of the reactor pressure 

vessel and is connected- to the control rod (directly below) by means of a 

grooved drive shaft. The upper section of the drive shaft is suspended
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from the working components of the drive mechanism. The drive shaft 

and control rod remain connected during reactor operation, including trip

ping of the rods.  

Main coolant fills the pressure containing parts of the drive mecha

nism. All working components and the shaft are immersed in the main 

coolant and depend upon it for lubrication of sliding parts.  

Three magnetic coils, which form a removable electrical unit and 

surround the rod drive pressure housing induce magnetic flux through the 

housing wall to operate the working components. They move two sets of 

latches which lift or lower the grooved drive shaft.  

The three magnets are turned on and off in a fixed sequence by cam 

switches which are operated by a rotating cam shaft. One rotation of the 

shaft moves the control rod 3/8 inch (one step length).  

The sequencing of the magnets produces step motion over the 144 

inches of normal control rod travel.  

The mechanism develops a lifting force of 400 lbs. The total load 

on the mechanism is approximately 350 lbs. Therefore, extra lift capacity 

is available for overcoming mechanical friction between the moving and 

the stationary parts. Gravity provides the drive force for rod insertion 

and the weight of the whole rod assembly is available to overcome any 

resistance.  

The mechanisms are designed to operate in water at 650 0 Fand 2485 

psig. The temperature at the mechanism head adaptor will be much less 

than 650 0 Fbecause it is located in a region where there is limited flow of 

water from the reactor core, while the pressure is the same as in the 

reactor pressure vessel.  

A multi-conductor cable connects the mechanism operating coils to 

the 125 volt d-c power supply. The power supply includes the necessary 

switchgear to provide power to each coil in the proper sequence.  

1. Latch Assembly 

The latch assembly contains the working components which 

withdraw and insert the drive shaft and attached control rod. It is 

located within the pressure housing and consists of the pole pieces 

for three electromagnets. They actuate two sets of latches which 

engage the grooved section of the drive shaft.  

The upper set of latches move up or down to raise or lower the 

drive rod by 3/8 inch. The lower set of latches have a 1/32 inch
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axial movement to shift the weight of the control rod from the up

per to the lower latches.  

2. Pressure Vessel 

The pressure vessel consists of the pressure housing and rod 

travel housing. The pressure housing is the lower portion of the 

vessel and contains the latch assembly. The rod travel housing is 

the upper portion of the vessel. It provides space for the drive 

shaft during its upward movement as the control rod is withdrawn 

from the core.  

3. Operating Coil Stack 

The operating coil stack is an independent unit which is installed 

on the drive mechanism by sliding it over the outside of the pressure 

housing. It rests on a pressure housing flange without any mechanical 

attachment and can be removed and installed while the reactor is 

pressurized.  

The operator coils (,B and C) are made of round copper wire 

which is insulated with a double layer of filament type glass yarn.  

The maximum operating temperature of the coils is 400 0F as 

determined by resistance measurement. Forced air cooling along 

the outside of the coil stack maintains a coil temperature of approxi

mately 200 to 2500 F 

4. Drive Shaft Assembly 

The main function of the drive shaft is to connect the control 

rod to the mechanism latches. Grooves for engagement and lifting 

by the latches are located throughout the 144 in. of control rod 

travel. The grooves are spaced 3/8 inch apart to coincide with 

the mechanism step length and have 45 0 angle sides.  

The drive shaft is attached to the control rod by the coupling.  

The coupling has two flexible arms which engage the grooves in the 

spider assembly.  

A 1/4 inch diameter disconnect rod runs down the inside of the 

drive shaft. It utilizes a locking button at its lower end to lock the 

coupling and control rod. At its upper end, there is a disconnect 

assembly for remote disconnection of the drive shaft assembly from 

the control rod.
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During plant operation, the drive shaft assembly remains con

nected to the control rod at all times. It can be attached and re

moved from the control rod only when the reactor vessel head is 

removed.  

5. Position Indicator Coil Stack 

The position indicator coil stack slides over the rod travel 

housing section of the pressure vessel. It detects drive rod posi

tion by means of cylindrically wound differential transformers which 

span the normal length of the rod travel (144 inches).  

6. Drive Mechanism Materials 

All parts exposed to reactor coolant, such as the pressure ves

sel, latch assembly and drive rod, are made of metals which resist 

the corrosive action of the water.  

Three types of metals are used exclusively: stainless steels, 

Inconel X, and cobalt based alloys. Wherever magnetic flux is car

ried by parts exposed to the main coolant, stainless steel is used.  

Cobalt based alloys are used for the pins and latch tips. Inconel X 

is used for the springs of both latch assemblies and 304 stainless 

steel is used for all pressure containment. Hard chrome plating pro

vides wear surfaces on the sliding parts and prevents galling between 

mating parts (such as threads) during assembly.  

Outside of the pressure vessel, where the metals are exposed 

only to the reactor plant container environment and cannot contami

nate the main coolant, carbon and stainless steels are used. Carbon 

steel, because of its high permeability, is used for flux return paths 

around the operating coils. It is zinc-plated 0.001 inch thick to pre

vent corrosion.  

'7. Principles of Operation 

The drive mechanisms shown schematically in Figure 3.2-45 

withdraw and insert their respective control rods as electrical pulses 

are received by the operator coils.  

ON and OFF sequence, repeated by cam switches in the power 

supply, causes either withdrawal or insertion of the control rod.  

Position of the control rod is indicated by the differential transformer 

action of the position indicator coil stack surrounding the rod travel 

housing. The differential transformer output changes as the top of the
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ferromagnetic drive shaft assembly moves up the rod travel 

housing.  

Generally, during plant operation, the drive mechanisms hold 

the control rods withdrawn from the core in a static position, and 

only one coil, the movable gripper coil, is energized on each mech

anism.  

Control Rod Withdrawal: 

The control rod is withdrawn by repeating the following 

sequence: 

(1) Movable Gripper Coil - ON 

(2) Stationary Gripper Coil - OFF 

(3) Lift Coil - ON 

The 3/8 inch gap between the lift armature and the lift magnet 

pole closes and the drive rod raises one step length.  

(4) Stationary Gripper Coil - ON 

The stationary gripper armature raises and closes the gap be

low the stationary gripper magnet pole. The three links, pinned 

to the stationary gripper armature, swing the stationary gripper 

latches into a drive shaft groove. The latches contact the shaft 

and lift it 1/32 inch. The load is so transferred from the mov

able to the stationary gripper latches.  

(5) Movable Gripper Coil - OFF 

The movable gripper armature separates from the lift armature 

under the force of three springs and gravity. Three links, pinned 

to the movable gripper armature, swing the three movable grip

per latches out of the groove.  

(6) Lift Coil - OFF 

The gap between the lift armature and the lift magnet pole opens.  

The movable gripper latches drop 3/8 inch to a position adja

cent to the next groove.  

('7) Movable Gripper Coil - ON 

The movable gripper armature raises and swings the movible 

gripper latches into the drive shaft groove.  

(8) Stationary Gripper Coil - OFF 

Gravity causes the stationary gripper latches and armature to 

move downward until the load of the drive shaft is transferred
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to the movable gripper latches. Simultaneously, the stationary 

gripper latches swing out of the shaft groove.  

Control Rod Insertion: 

The sequence for control rod insertion is similar to that for 

control rod withdrawal: 

(1) Stationary Gripper Coil - ON 

(2) Movable Gripper Coil - OFF 

(3) Lift Coil - ON 

The movable gripper latches are raised to a position adjacent 

to a shaft groove.  

(4) Movable Gripper Coil - ON* 

The movable gripper armature raises and swings the movable 

gripper latches into a groove.  

(5) Stationary Gripper Coil - OFF 

The stationary gripper armature moves downward and swings 

the stationary gripper latches out of the groove.  

(6) Lift Coil - OFF 

Gravity separates the lift armature from the lift magnet pole 

and the control rod drops down 3/8 inch.  

The sequences described above are termed as one step or one 

cycle and the control rod moves 3/8 inch for each cycle. Each 

sequence can be repeated at a rate of up to 40 steps per min

ute and the control can therefore be withdrawn or inserted at 

a rate of up to 15 inches per minute.  

Control Rod Tripping: 

If power to the movable gripper coil is cut off, as for tripping, 

the combined weight of the drive shaft and the rod cluster con

trol assembly is sufficient to move the latches out of the shaft 

groove. The control rod falls by gravity into the core. The 

tripping occurs as the magnetic field, holding the movable grip

per armature against the lift magnet, collapses and the movable 

gripper armature is forced down by the weight acting upon the 

latches.  

d) Prototype Testing 

To prove the mechanical adequacy of the fuel assembly and ROC as

sembly, functional test programs were conducted on full scale San Onofre 

mock-up versions of the fuel assembly and control rods.(2
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1. Reactor Evaluation Channel (REC) Tests 

The prototype assemblies were tested under simulated reactor 

operating conditions (1900 psig, 5'75 0 F, 14 fps flow velocity) in the 

Westinghouse Reactor Evaluation Channel (REC).  

The components were subjected to a total environmental ex

posure of 1245 hours during which the rod cluster control assembly 

experienced a total travel of 16,630 lineal feet. The travel was made 

up of 12,518 ft of normal driven travel and 4112 ft of reactor trip 

travel. Five hundred fourteen (514) trips were made, which is ap

proximately equivalent to thirty years of service or one plant life

time.  

The fuel assembly remained in excellent mechanical condition.  

No measurable signs of wear on the fuel tubes or control rod guide 

tubes were found.  

The control rod was also found to be in excellent condition, 

having maximum wear measured on absorber cladding of approxi

mately 0.001 in.  

The control rod unassisted free-fall time against 125% of nom

inal flow was found to be 1.4 sec. to the 2/3 insertion limit and 

2.1 sec. to full insertion.  

2. Loading and Handling Tests 

Tests simulating the loading of the prototype fuel assembly into 

a core location were also successfully conducted to determine that 

the proper provisions had been made for guidance of the fuel assembly 

during refueling operation.  

3. Axial and Lateral Bending Tests 

In addition, axial and lateral bending tests were performed in 

order to simulate mechanical loading of the assembly during refuel

ing operation.  

Although the maximum column load expected to be experienced 

in service is approximately 250 lb. the fuel assembly was success

fully loaded to 2200 lb. axially with no damage resulting. This in

formation was also used in the design of fuel handling equipment de

signed to establish the limits for inadvertent axial loads during re

fueling.
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HYDRAULIC AND THERMAL DESIGN PARAMETERS 

Total Heat Output, MWt 

Total Heat Output, Btu/hr 

Heat Generated in Fuel, % 

Maximum Overpower 

System Pressure, Nominal, psia 

System Pressure, Minimum Steady State, psia 

Hot Channel Factors 
Heat Flux, Fq 
Enthalpy Rise, FAH 

DNB Ratio at Nominal Conditions 

Coolant Flow 
Total Flow Rate, lb/hr 
Effective Flow Rate for Heat Transfer, lb/hr 
Effective Flow Area for Heat Transfer, ft2 

Average Velocity along Fuel Rods, ft/sec 
Average Mass Velocity, lb/hr-ft2 

Coolant Temperatures, OF 
Nominal Inlet 
Maximum Inlet due to Instrumentation 

Error and Deadband, OF 
Average Rise in Vessel, OF 
Average Rise in Core 
Average in Core 
Average in Vessel 
Nominal Outlet of Hot Channel 

Average Film Coefficient, Btu/hr-ft2 -F 
0 Average Film Temperature Difference, F 

Heat Transfer at 100% Power 
Active Heat Transfer Surface Area, Ft2 

Average Heat Flux, Btu/hr-ft2 

2' Maximum Heat Flux, Btu/hr-ft 
Average Thermal Output, kw/ft 
Maximum Thermal Output, kw/ft

E

3.41 
1.88 

1.90 (W-3)

3.25 
1.88 

1.81 (W-3) 

136.2 x 106 

124.1 x 106 

48.4 
16.1 
2.56 x ,O 6

67.1 
61.1 
25.1 
15.1 
2.43

547 
53.0 
57.0 
572.7 
570 
643 

5900 

30.0

TABLE 2-1 
COMPARISON OF DESIGN PARAMETERS 

INDIAN POINT #2 'BROOKWOOD 

2758 1300 

9413 x 106  4437 x 106 

97.4 97.4 

12% 12% 

2250 2250 

2220 2200

93.6 x 1066 
84.24 x 106 
40.5 
12.1 6 
2.31 x 10x 06

560 
49 
54 
584 
581 
644 

5830 

30.0

52,200 
175,600 
570,800 
5.7 
18.5

28,500 
151,800 
517,500 
4.90 
16.7

546 

550 
41 
46 
566.5 
569 
633 

4750 

29.0 

36,400 
134,500 
437,200 
4.25 
13.8
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. P 

CONNECTICUT YANKEE 

1473 

5027 x 10 
6 

97.4 

18% 

2065 

2040 

3.25 

2.11 

2.00 (w-2)



TABLE 2-1 (Continued)

Hydraulic and Thermal Design Parameters (Cont'd.) 

Maximum Clad Surface Temperature at 
Nominal Pressure, OF 

Fuel Central Temperature, OF 
Maximum at 100% Power 
Maximum at Over Power 

Thermal Output, kw/ft at Maximum Over Power 

CORE MECHANICAL DESIGN PARAMETERS 

Fuel Assemblies 
Design 
Rod Pitch, in.  
Overall Dimensions, in.  
Fuel Weight (As UO2 ), pounds 
Total Weight, pounds 
Number of Grids per Assembly 

Fuel Rods 
Number 
Outside Diameter, in.  
Diametral Gap, in.  
Clad Thickness, in.  
Clad Material

INDIAN POINT #2

4150 
4250 

20.7

BROOKWOOD

659 

3920 
4150 

18.7

RCC Canless 
0.556 
8.426 x 8.426 
215,319 
273,408 
8

RCC Canless 
0.556 
7.763 x 7.763 
117,527 
151,632 
8

39,372 
0.422 
0.0065 
0.0243 
Zircaloy

21,480 
0.422 
0.0074 
0.0243 
Zircaloy

CONNECTICUT YANKEE

645

- 3900 
- 4100 

16.3

RCC Can 
0.553 
8.426 x 8.426 
170,000 
211,300 
7 

34,605 
0.4115 
0.0045 
0.016 
Stainless Steel

Fuel Pellets 
Material 
Density (% of Theoretical) 
Diameter, in.  
Length, in.  

Rod Cluster Control Assemblies 
Neutron Absorber 
Cladding Material 
Clad Thickness, in.  
Number of Clusters 
Number of Control Rods per Cluster 

Core Structure 
Core Barrel I.D./O.D., in.  
Thermal Shield I.D./O.D., in.

U02 sintered 
94-93 
0.3669 
0.600 

5% Cd-15% In-80% Ag 
Type 304 SS-cold worked 
0.019 
53 
20 

148.5/152.5 
158.5/164.0

U0 2 sintered 
94-93 
0.366 
0.600 

5% Cd-15% In-80% Ag 
Type 304 SS-cold worked 
0.019 
32 
16 

109.0/112.5 
114.5/122.5

U0 2 sintered 
94 
0.375 
0.550 

5% Cd-15% In-80% Ag 
Type 304 SS-cold worked 
0.019 
45 
16 

131/134.6 
138.5/146.5
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TABLE 2-1 (Continued)

PRELIMINARY NUCLEAR DESIGN DATA 

Structural Characteristics 

Fuel Weight (as UO2 ), lbs.  
Clad Weight, lbs.  
Core Diameter, inches (Equivalent) 
Core Height, inches (Active Fuel) 
Reflector Thickness & Composition 

Top - Water plus steel 
Bottom - Water plus steel 
Side - Water plus steel 

H2 O/U, Unit Cell (cold) 
Number of Fuel Assemblies 
UO2 Rods per Assembly 

Performance Characteristics 

Loading Technique 
Fuel Discharge Burnup, MWD/MTU 

Average First Cycle 
Equilibrium Core Average 

Feed Enrichments, w/o 
Region 1 
Region 2 
Region 3 
Equilibrium 

Control Characteristics 

Effective Multiplication (beginning of life) 
Cold, No Power, Clean 
Hot, No Power, Clean 
Hot, Full Power, Xe and Sm Equilibrium 

Rod Cluster Control Assemblies 
Material 
Number of RCC Assemblies 
Number of Absorber Rods per RCC Assembly 
Total Rod Worth 

Boron Concentrations: 
To shut reactor down with no rods inserted, 
clean 
Cold/Hot

INDIAN POINT #2

215,319 
43,785 
133.7 
144 

10 in.  
10 in.  
15 in.  
3.48 
193 
204

3 Region, non-uniform 

12,000 
27,000 

2.23 
2.38 
2.68 
2.92

1.275 
1.225 
1.170

5% Cd-15% In-80% Ag 
53 
20 
-7% 

3400 ppm/3500 ppm

BROOKWOOD

117,527 
24,208 
96.5 
144 

10 in.  
10 in.  
15 in.  
3.32 
120 
179

3 Region, non-uniform

12,000 
21,800 

2.35 
2.50 
2.80 
3.05

1.275 
1.225 
1.205

5% Cd-15% In-80% Ag 
32 
16 
-7% 

3400 ppm/3500 ppm

CONNECTICUT YANKEE

17.0,000 
41,300 
119 
120 

10 in.  
10 in.  
15 in.  
3.14 
157 
225 or 209

3 Region, non-uniform

12,000 
21,800 

3.4 
3.8 
4.2

1.257 
1.205 
1.185

5% Cd-15% In-80% Ag 
45 
16 
- 7-1/2% 

3360 ppm/3250 ppm
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TABLE 2-1 (Continued)

Preliminary Nuclear Design Data (Continued) 

To control at power with no rods inserted, 
clean/equilibrium xenon and samarium 
Boron Worth, Hot 
Boron Worth, Cold 

Kinetic Characteristics 
Moderator Temperature Coefficient 

Moderator Pressure Coefficient 

Moderator Void Coefficient 

Doppler Coefficient

REACTOR COOLANT SYSTEM 
CODE REQUIREMENTS 

Component 

Reactor Vessel

Steam Generator 
Tube Side 

Shell Side

Pressurizer

Pressurizer Relief Tank 
Pressurizer Safety Valves 
Reactor Coolant Piping

PRINCIPAL DESIGN PARAMETERS OF THE 
COOLANT SYSTEM 

Reactor Heat Output, MWt 
Reactor Heat Output, Btu per hour 
Operating Pressure, psig 
Reactor Inlet Temperature 
Reactor Outlet Temperature 
Number of Loops

INDIAN POINT #2 

2800 ppm/2300 ppm 
1% 6k/k / 150 ppm 
1% 6k/k / 120 ppm 

+lxl0- 4 to -3x10- 4 

6k/k / OF 
-lxl0 -6 to +3x10

-6 

6k/k /3psi 
+lxl0- to -3x10 3 

6 k/k / % void 
-lxl0- 5 to -2x10 - 5 

6k/k / OF

Codes 

ASME III Class A 

ASME III Class A 

ASME III Class C 

ASME III Class A 

ASME III, Class C 
ASME II 
ASA B31.1

2758 6 
9412 x 10 
2235 
543.0 
596.0

BROOKWOOD 

2800 ppm/2300 ppm 
1% 6k/k / 150 ppm 
1% k/k / 120 ppm 

+lxlO -4 to -3x10
-4 

6k/k / OF 
-lxlO- 6 to +3x10- 6 

6k/k / psi 
+lxl0 -3 to -3x10-3 

6 k/k / % void 
-lxlO -5 to -2x105

6k/k / OF

ASME III Class A 

ASME III Class A 

ASME III Class C 

ASME III Class A 

ASME III, Class C 
ASME III 
ASA B31.1

1300 
4437 x 106 

2235 
556 
605.4

CONNECTICUT YANKEE

2800 ppm/2300 
1% 6k/k / 150 
1% 6k/k / 120

ppm 
ppm 
ppm

0 to -2.4x10
- 4 

6k/k / OF 
0 to +2.4x10- 6 

6k/k / psi 
0 to -2xl0 3

6 k/k / void 
-0.5x10 0- to -2.1x10 "5 

6 k/k/ °F

ASME VIII, 1270N, 
1273N

ASME 
1273N 
ASME 
1273N 
ASME 
1273N 
ASME

VIII, 1270N, 

VIII, 1270N, 

VIII, 1270N, 

VIII, Par. UW-2

ASA B31.1

1473 6 
5027 x 10 
2050 
546 
587.0
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TABLE 2-1 (Continued)

Principal Design Parameters of the Reactor 
Coolant System (Continued) 

Design Pressure, psig 
Design Temperature, OF 
Hydrostatic Test Pressure (cold), psig 
Coolant Volume, including pressurizer, cu.ft.  
Total Reactor Flow, gpm 

PRINCIPAL DESIGN PARAMETERS OF THE 
REACTOR VESSEL

INDIAN POINT #2.  

2485 
650 
3110 
12,209 
358,800

BROOKWOOD 

2485 
650 
3110 
6238 
180,000

CONNECTICUT YANKEE 

2285 & 2485 
650 
3735 
8635 
248,400

Material

Design Pressure, psig 
Design Temperature, OF 
Operating Pressure, psig 
Inside Diameter of Shell, in.  
Outside Diameter across Nozzles, in.  
Overall Height of Vessel and Enclosure 
Minimum clad thickness, in.  

PRINCIPAL DESIGN PARAMETERS OF 
GENERATORS 

Number of Units 
Type

Tube Material 
Shell Material 
Tube Side Design Pressure, psig 
Tube Side Design Temperature, OF 
Tube Side Design Flow, lb/hr 
Shell Side Design Pressure, psig 
Shell Side Design Temperature, OF 
Operating Pressure, Tube Side, Nominal, psig 
Operating Pressure, Shell Side, Maximum psig 
Maximum Moisture at Outlet at Full Load, % 
Hydrostatic Test Pressure, Tube Side (cold), psig

Heat, ft.-in.  

THE STEAM

SA-302 Grade B, low alloy 
steel, internally clad with 
Type 304 austenitic stainless 
steel 
2485 
650 
2235 
173 
245 
42-4 
5/32

Vertical U-tube with 
integral-moisture separator

Inconel 
Carbon Steel 
2485 
650 
34.05 x 106 
1085 
600 
2235 
1005 
1/4 
3110

SA-302 Grade B, low 
alloy steel, internally 
clad with Type 304 
austenitic stainless steel 
2485 
650 
2235 
132 
220 
39-0 
5/32

Vertical U-tube with 
integral- moisture 
separator 
Inconel 
Carbon Steel 
2485 
650 
38.55 x 106 
1085 
600 
2235 
1005 
1/4 
3110

SA-302 Grade B, low 
alloy steel, internally clad 
with Type 304 austenitic 
stainless steel 
2485 
650 
2050 
154 
234 
41-6 
5/32

4 
Vertical U-tube with 
integral- moisture 
separator 
Inconel 
Carbon Steel 
2485 
650 
23.4 x 10 
985 
600 
.2050 
~910 
1/4 
3735
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TABLE 2-1 (Continued)

PRINCIPAL DESIGN PARAMETERS OF THE 
REACTOR COOLANT PUMPS 

Number of Units 
Type

Design Pressure, psig 
Design Temperature, OF 
Operating Pressure, nominal, psig 
Suction Temperature, OF 
Design Capacity, gpm 
Design Head, ft.  
Hydrostatic Test Pressure, (cold), psig 
Motor Type 

Motor Rating 

PRINCIPAL DESIGN PARAMETERS OF THE 
REACTOR COOLANT PIPING 

Material 
Hot Leg - I.Do., in.  
Cold Leg - I.D., in.  
Between Pump and Steam Generator - I.D., in.  

CONTAINMENT SYSTEM PARAMETERS 

Type

Design Parameters 
Inside Dia., ft.  
Height, ft.  
Free Volume, ft 
Reference Incident Pressure, psig

INDIAN POINT #2

Vertical, single stage radial 
flow with bottom suction and 
horizontal discharge

2485 
650 
2235 
543.0 
89,700 
272 
3110 
A-C Induction 
single speed 
6000 Hp

Austenitic Stainless Steel 
29 
27-1/2

Steel lined, Reinforced 
Concrete, Vertical Cylinder 
with flat Bottom and Hemi
spherical dome

135 
212 
2,610,000 
47

BROOKWOOD

Vertical, single stage 
radial flow with bottom 
suction and horizontal 
discharge 
2485 
650 
2235 
557 
90,000 
252 
3110 
A-C Induction 
single speed 
5500 Hp

Austenitic SS 
29 
27-1/2 
31

Steel lined, Reinforced 
Concrete, Vertical Cylin
der, flat Bottom and Hemi
spherical dome Pre
stressed in vertical direc
tion and prestressed rock 
anchors

105 
146 
972,000 
60

CONNECTICUT YANKEE 

4 
Vertical, single stage 
radial flow with bottom 
suction and horizontal 
discharge 
2485 
650 
2050 
546 
62,100 
240 
3735 
A-C Induction 
single speed 
4000 Hp

Austenitic SS 
27-1/2 
27-1/2 
29

Steel lined, Reinforced 
Concrete, Vertical Cylin
der with flat Bottom and 
Hemispherical dome

135 
180 
2,057,000 
40

V 
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TABLE 2-1 (Continued)

Containment System Parameters (Continued) 

Reference Incident Energy, BTU (El) 
Energy Required to Produce Incident Pressure (E2 ) 
Ratio: E 1 /E 2 
Ratio: (E2 - EI)/E 1 
Concrete Thickness ft.  

Vertical Wall 
Dome 

Containment Leak Prevention and Mitigation 
Systems 

Gaseous Effluent Purge 

ENGINEERED SAFEGUARDS 

Safety Injection System 
No. of High head pumps 
No. of Low head pumps 

Containment Fan Coolers 
No. of units 
Air Flow cap'y, each, at accident condition 

Post-Accident Filters 
No. of Units 
Air Flow Cap'y, each, at accident condition 
Type 

Filtration reduction rate 
q fR/Vc (7f - 0.9 per pass) 

Containment Spray 
No. of Pumps

INDIAN POINT #2 

305,290,000 
349,880,000 
0.873 
0.146 

- 5-1/2 
-4-1/2 
Continuously Pressurized 
Double Penetrations, Liner 
Weld Channels and Access 
Openings; Isolation Valve Seal 
Water System automatically iso
lates Piping, where required.  
Continuous leak rate Monitoring 
of containment and pressurized 
areas. None of above require out
side power to operate.  
Vent discharge from top 
of Containment (-150' above 
grade)

5 
65,000 cfm

65,000 cfm 
Roughing/absolute/charcoal 

6.75 hr1 (5 units) 

2 (See Note 1)

BROOKWOOD 

156,030,000 
168,300,000 
0.928 
0.0785 

3-1/2 
2-1/2 
Double Penetrations 
and Seam Welds backed 
with Channels capable 
of Leak Test. Automatic 
Isolation Valves in Piping, 
where required.  

Vent discharge from top 
of Containment facade 
(-115' above grade)

4 
38,000 cfm

65,000 cfm 
roughing/absolute/ 
charcoal 

8.5 hr - (4 units) 

2

CONNECTICUT YANKEE 

227,800,000 
245,090,000 
0.927 
0.0759 

4-1/2 
2-1/2 
Automatic Isolation 
Valves in Piping, 
where required.  

Discharge through Stack

3 
2 

4 
65,000 cfm 

4 
40,000 cfm 
roughing/absolute/ 
charcoal 

4.19 hr - (4 units) 

2

NOTE 1 - Spray Contains Chemical Reagent for Halogen Removal
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TABLE 2-1 (Continued)

Engineered Safeguards (Continued) 

Emergency Power 
Diesel-Generator Units 

Engineered Safeguards Operable 
From Diesels (Minimum)

INDIAN POINT #2 

3 
(2 of 3 diesels) 
1 high head SI pump 
1 low head SI pump 
4 fan-cooler units 
I spray pump 
1 service water pump

BROOKWOOD 

2 
(1 of 2 diesels) 
1 high head SI pump 
1 low head SI pump 
2 fan-cooler units 
(or 1 spray pump) 
1 service water pump

CONNECTICUT YANKEE 

1 
(1 diesel) 
1 low head SI or spray 
pump 
4 fan-cooler units 
1 service water pump
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2.3 DESIGN HIGHLIGHTS 

The design of Indian Point Unit No. 2 will be based upon proven concepts 

which have been developed and successfully applied in the construction of pres

surized water reactor systems. In subsequent paragraphs, the principal design 

features of the Indian Point Unit No. 2 are listed which represent variation or 

extrapolations from units presently authorized and under construction such as 

San Onofre and Connecticut Yankee.  

2.3.1 POWER LEVEL 

The license application power level for Indian Point Unit No. 2 is 2758 

MWt. The increase in this power rating over 1473 MWt for Connecticut Yankee 

is achieved by a 43 percent increase in heat transfer surface area and a 30 

percent increase in maximum heat flux as indicated in Table 2-1. The increased 

heat transfer surface area is due to 14 percent more fuel rods, each 20 percent 

longer and 2.5 percent larger in diameter.  

The increase in maximum heat flux and the 18.5 KW/ft linear power rating 

resulting are justified by the results of in-core experiments by Westinghouse and 

others at much higher specific power ratings as described in Appendix A.  

2.3.2 REACTOR COOLANT LOOPS 

The Reactor Coolant System for the Indian Point Unit No. 2 will consist of 

four loops as compared with three loops for San Onofre and four loops for 

Connecticut Yankee. The use of four loops in the Indian Point Unit No. 2 for 

the production of 2758 MWt requires an attendant increase in the size and ca

pacity of the Reactor Coolant System components such. as the reactor coolant 

pumps, piping and steam generators. These increases represent reasonable 

engineering extrapolations of existing and proven designs.  

2.3.3 FUEL CLAD 

The fuel rod design for the Indian Point Unit No. 2 will utilize Zircaloy as 

a clad material which has proven successful in the CVTR Plant and in recent 

operations in the Saxton Reactor as described in Appendix A.  

2.3.4 FUEL ASSEMBLY DESIGN 

The fuel assembly design will incorporate the rod cluster control concept 

in a canless assembly utilizing a spring clip grid to provide support for the 
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fuel rods. This concept incorporates the advantages of the Yankee canless fuel 

assembly, the Saxton spring clip grid with the rod cluster control scheme.  

Extensive out-of-pile tests have been performed on this concept and operating 

experience will be available in the future from the San Onofre and Connecticut 

Yankee Plants.  

2.3.5 MODERATOR TEMPERATURE COEFFICIENT OF REACTIVITY 

For a limited period after the initial startup, the reactor will have a 

slightly positive moderator temperature coefficient of reactivity. Although this 

condition is a departure from previous pressurized water reactor designs, it is 

not a significant change with respect to the stability, control and protection of 

the reactor since the over all power coefficient is strongly negative. A detailed 

report on reactivity coefficients in pressurized water reactors is given in Ap

pendix B.  

2.3.6 CONTAINMENT SYSTEM 

The containment vessel will be a steel lined, reinforced concrete vertical 

cylinder with a hemispherical dome and a flat base similar to Connecticut 

Yankee. Provisions included in the containment system design will allow leak 

testing of the containment and provide continuously pressurized double contain

ment of the penetrations and liner welds. Where required, the containment 

isolation valve seal water system permits automatic rapid sealing of pipes which 

penetrate the containment so that, in the event of any loss-of-coolant accident, 

there will be no leakage from the containment to the environment.  

2.3.7 ENGINEERED SAFEGUARDS 

The engineered safeguards provided in addition to the pressurized penetra

tions and weld channels and the seal water systems are of the same types pro

vided for the Connecticut Yankee plant. There is a Safety Injection System of 

the Connecticut Yankee type which can be operated in part (any one of three 

high head pumps and any one of two low head pumps) from emergency on-site 

diesel power. The system design is such that it can be tested while the plant 

is at power. There is air recirculation cooling and filtration for post-loss-of

coolant containment cooling and fission product removal which utilizes the normal 

ventilation fans that are running during operation. The particulate and activated 

charcoal filtration units will not be in the normal ventilation system flow path
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so that deterioration is not expected. Provisions will be made for periodic 

testing to check the automatic louvers which place the filters in operation and 

to determine the condition of the filter material. There will be a Containment 

Spray System which automatically provides a cold, borated water spray to the 

containment atmosphere for additional cooling capacity. The spray water will 

also contain a solution of sodium thiosullate which will react chemically with 

any elemental iodine in the containment atmosphere or on surfaces to provide 

a separate system for rapid fission product removal.  

2.3.8 EMERGENCY POWER 

In addition to the tie to outside sources for emergency power, three diesel 

generator units will be provided as backup power supplies for the case of loss 

of all outside power.  

2.4 RESEARCH AND DEVELOPMENT REQUIREMENTS 

The design of Indian Point Unit No. 2 will be based upon proven concepts 

which have been developed and successfully applied to the design of pressurized 

water reactor systems. Results of work already completed under the Nuclear 

Safety Research and Development Program being conducted by the Atomic Energy 

Commission will be incorporated in the design and evaluation of applicable por

tions of the engineered safeguards systems and no research and development 

programs affecting safety are needed with respect to features and components 

of this plant.  

2.5 IDENTIFICATION OF CONTRACTORS 

Consolidated Edison, as owners, has engaged Westinghouse Electric 

Corporation to design and construct the Indian Point Unit No. 2. However, 

irrespective of the explanation of contractual arrangements offered below, 

Consolidated Edison is the sole applicant for licenses and as owner and appli

cant is responsible for the design, construction, and operation of the Indian 

Point Unit No. 2.  

The Indian Point Unit No. 2 will be designed and built by the Westinghouse 

Electric Corporation as prime contractor for Consolidated Edison. Westinghouse 

has undertaken to provide a complete, safe, and operable Nuclear Power Plant 

ready for commercial service by June 1969. The project will be directed by 

Westinghouse from the offices of its Atomic Power Division in Pittsburgh,
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Pennsylvania and by Westinghouse representatives at the plant site during 

construction and plant startup. Westinghouse has engaged United Engineers 

and Constructors of Philadelphia, Pennsylvania to provide the design of certain 

portions of the plant.  

The plant will be constructed under the general direction of Westinghouse 

through United Engineers which will be responsible for the management of all 

site construction activities and which will either perform itself or subcontract 

the work of construction and equipment erection. Preoperational testing of 

equipment and systems at the site and initial plant operation will be performed 

by Consolidated Edison personnel under the technical direction of Westinghouse.
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COMPARISON OF RESONANCE INTEGRAL CORRELATIONS
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FUEL TEMPERATURE CHANGE vs. POWER DENSITY FIG. 3.2-k%,
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aX Versus Pellet Surface Heat Flux
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A PRESSURE 
INDEX PSIA SOURCE REFERENCE 

E A 3000 B8W ASME 61-WA-20i 
8 2600 BW ASME 61 - WA- 201 

C 3130 8aW ASME 61- WA-201 

D 2844 SIEMENS AEC- tr - 4033 
G H E 2980 SIEMENS AEC-tr -4033 

- F 2840 SIEMENS AEC-tr-4033 

G 2560 SIEMENS AEC - tr -4033 

- - H 2414 SIEMENS AEC- tr - 4033 

1 1500 HANFORD HW -47892 
J 1400 G.E. GEAP 3703 

-D - K 2000 MSA TR -62 

hO* /elnw)(cp/L )w2 

FOR 5,000 1 RE : 50,000 

1 800< p : 2,200 PSIA 

L/
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CORE CROSS SECTION 

-POSSIBLE CONTROL ROD LOCATIONS 

(X)-ACTUAL CONTROL ROD LOCATIONS

FUEL ROD DATA 
TOTAL NO. FUEL RODS IN CORE 39,372 
TOTAL NO, FUEL ASSE'4BLIES 193 
TOTAL MO.CONTROL ROD LOCATIONS 97 
TOTAL NO. TUBES PER CONTROL ROD Z_0 
TOTAL NO, FUEL RODS PER FUEL AS SY (WITH CONTROL ROD)-_204 
TOTAL NO. FUEL RODS PER FUEL A55"Y (WITHOUT CONTROL ROD)- 20+ 
TOTAL NO. FUEL ASS'Y AT CONTROL ROD LOCATIONS 41_ 
TOTAL NO. FUEL ASS'Y WITHOUT CONTROL RODS. - 3 2 
FUEL COLUMN HEIGHT 144.0 IN.  

4 PRESENT ESTIMATE- LOCATIONS NOT YET 5ELECTED (Seg-.t of 540-F-878)

CORE CROSS SECTION 
FIG. 3.2-31t'
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FUEL ROD

ASSEMBLY 

ABSORBER ROD 
GUIDE SHEATHS

GRID 
ASSEMBLY 

BOTTOM

CONTROL CLUSTER ASSEMbL ," 

FIG. 3.2-3'
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CONIROI ROD 
hl CIIANISM 
IIOISING 

I I[TIN( LUG 

UPPER SUPPORT 
PLATE 

INTERNALS 
SUPPORT LEDGE 

CORE BARREL 

SUPPORT COLUMN 

INLET NOZZLE 

UPPER CORE PLATE 

THERMAL SHIELD 

REACTOR VESSEL 

ACCESS PORT 

RADIAL SUPPORT 

CORE SUPPORT 

NOTE: SAFETY INJECTION 
NOZZLES NOT SHOWN

REACTOR VESSEL AND INTERNALS" 
FIG. 3.2-34 / El



472.188 DIA.

ALL DIMENSIONS ARE IN INCHES
ED SK 282441-J LOWER CORE SUPPORT ASSEMBLY 

(FORMERLY. CORE SUPPORT BARREL) 

LOWER CORE SUPPORT ASSEMBLY 
FIG. 3.2-35

333.50

148.50 DIA.
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UPPER CORE SUPPORT ASSEMBLY 
FIG. 3.2-36'
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37.00 REF _________ _

ASSEMB.. EO T'S. I , 5MAKE -R G. 2 
A5SEM6LY OF I TS. 3,5 16 MAKE UP GR. I E.D.SK. 319263-F 
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FIG. 3.2-37
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DRIVE UNIT5 t TRAN5:ER.  
DEVICE5 TO BE MOUNTED 
IN THI5 AREA

IN-CORE FLUX INSTRUMENTATION 
FIG. 3.2-38
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I "' FIG. 3.2-41 '



SPRING CLIP GRID ASSEMBLYt 
FIG. 3.2-42
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CONTROL ROD DRIVE MECHANISM ASSEMBLY.  

CONTROL ROD DRIVE MECHANISM ASSEMBLY 
FIG. 3.2-44

OPERATING COIL STACK 
ASSEMBLY 

THERMAL SLEEVE 

HEAD ADAPTER 

DRIVE SHAFT ASSEMBLY-_



LI FT MAGNET 
POLE 

LIFT COIL->

LIFT ARMATURE

MOVABLE GRIPPER 
COIL 

MOVABLE GRIPPER 
ARMATURE " 

MOVABLE GRIPPER 
LATCHES 

STATIONARY GRI PPER 
COIL -

STATIONARY GRI PPEP 
MAGNET POLE 

STATIONARY GRI PPER 
ARMATURE

STATIONARY GRIPPER LA

PRESSURE HOUSI

MAGNETIC JACK CONTROL ROD DRIVE 
SCHEMATIC

MECHANISM

E.D. SK. 318661-D , 
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FIG. 3.2-45
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