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4.2  FUEL SYSTEM DESIGN

4.2.1  Design Bases

4.2.1.1  Fuel Assembly

The fuel assemblies are required to meet design criteria for each design 

condition listed below to ensure that the functional requirements are met.  

Except where specifically noted, the design bases presented in this  

section are consistent with those used for previous Westinghouse Electronic 

Company(WEC) 16 x 16 fuel assembly designs.  

a. Nonoperation and Normal Operation (Condition I)

Condition I situations are those which are planned or expected to  

occur in the course of handling, initial shipping, storage, reactor 

servicing, and power operation (including maneuvering of the plant). 

Condition I situations must be accommodated without fuel assembly 

failure and without any effect which would lead to a restriction on 

subsequent operation of the fuel assembly.  The guidelines stated   

below are used to determine loads during Condition I situations:

1. Handling and Shipping

Loads correspond to  the maximum possible axial and lateral loads  

and accelerations imposed on the fuel assembly by shipping and  

handling equipment during these periods, assuming that there is   

no  abnormal  contact  between the  fuel  assembly  and any  surface  

and  that  there is no  equipment malfunction.  Irradiation  effects  

on material properties are considered when analyzing the effects   

of   handling   loads  that  occur  during   refueling.   Additional  
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prevented for any Condition III situation in any area not subject to 

extreme local conditions (e.g., in any rod not immediately adjacent to 

the impact surface during  fuel handling  accident).  Incidents  

classified as emergency conditions are listed below:

1. Complete loss or interruption of primary coolant flow at 100%

power, excluding reactor coolant pump locked rotor

2. Steam bypass malfunction

3. Minor fuel handling accident (fuel assembly and grapple remain

connected)

4. Inadvertent loading of fuel assembly into improper position.

d. Faulted Conditions (Condition IV)

Condition IV situations are postulated accidents (as discussed in   

Chapter 15) and the safe shutdown earthquake  (SSE), LOCA (mechanical 

excitation only), combined SSE and LOCA, and major fuel handling  

accident whose consequences are such that integrity and operability of  

the nuclear energy system may be impaired.  Mechanical fuel failures  

are  permitted, but they must not impair the operation of the   

engineered safety features (ESF) systems to mitigate the consequences   

 of the postulated accident.  Accidents classified as faulted 

conditions are listed below:

1. Safe shutdown earthquake (SSE)

2. Loss-of-coolant accident (LOCA)

3. Locked reactor coolant pump rotor
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  Su = Minimum unirradiated ultimate tensile strength

  Fs = Shape factor corresponding to the particular cross section  

    being analyzed* 

  S'm = Design stress intensity value for faulted conditions

The definition of S'm as the lesser value of 2.4 Sm and 0.7 Su is  

contained in the ASME Boiler and Pressure Vessel Code, Section III.

4.2.1.1.2  Material Selection

The GUARDIAN fuel assembly grid cage structure consists of 10 Zircaloy-4 

spacer grids, 1 Inconel 625 GUARDIAN spacer grid (at the lower end), 5 

Zircaloy-4 guide tubes, 2 stainless steel end fittings, and 4 Inconel X-750 

coil springs.   ZIRLO and M5 selected for fuel rod cladding and Zircaloy-4 

selected for guide tubes,and spacer grids, have a low neutron absorption cross 

section and high corrosion resistance to reactor coolant environment. ZIRLO 

and M5 selected for fuel rod cladding, has a superior corrosion resistance and 

lower in-reactor irradiation growth.  Also, there is little reaction between 

the cladding and fuel or fission products.  As described in Subsection 4.2.3, 

ZIRLO and M5 as cladding, Zircaloy-4 as a CEA guide tubes, fuel rod endplug, 

and spacer grids have demonstrated their ability. 

The bottom spacer grid of the GUARDIAN fuel assembly is Inconel 625 and is 

welded to the lower end fitting.   In this region of local inlet turbulence, 

Inconel 625 was selected rather than Zircaloy-4 to provide additional strength 

and   relaxation resistance.  Inconel 625 is a very strong material with good 

ductility, corrosion resistance and stability under irradiation at 

temperatures below 1000  ̊F (537.8  ̊C).

* The shape factor, Fs, is defined as the ratio of the "plastic" moment
(all fibers just at the yield stress) to the initial yield amount
(extreme fiber  at the yield stress and all other fibers stressed in
proportion to their  distance from the neutral axis).  The capability of
cross sections loaded  in bending to sustain moments considerably in
excess of that required to   yield the outermost fibers is discussed in
Timoshenko (Reference 1).
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 b.  Mechanical Properties

     

The minimum values of yield strength, tensile strength and total 

elongation at room temperature are specified. A bending test is 

performed to ensure adequate formability.

                                     

4.2.1.1.6  Stainless Steel Castings

All stainless steel castings are fabricated in accordance with Grade CF-8, 

ASTM A744, with the following addition:

Heat treatment is specified to meet designated cooling rate and the 

acceptable level delta ferrite.

The stainless steel precision casting for PLUS7 fabricated in accordance with 

Grade CF3 are inspected by tensile test at room temperature, liquid 

penetration test and radiographic test.

4.2.1.1.7  Stainless Steel Tubing

All stainless steel tubing is fabricated in accordance with ASTM A269, with 

the following addition:

Carbon content is limited on tubing to be welded.

The stainless steel tubing for PLUS7 fabricated in accordance with Grade 304 

or 304 L is additionally controlled for cobalt content.
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4.2.1.1.8  Inconel Compression Springs

All Inconel springs are fabricated in accordance with AMS 5699, with the 

following additions:

a. Specific lubrication coating is specified to avoid copper              

contamination.

b. Microstructures are examined to ensuree limination of process related  

surface defects.

All Inconel wires for PLUS7 fabricated in accordance with Grade Inconel 718 

are inspected for alloy composition, grain size, tensile properties at room 

temperature and eddy current test, The compression springs are inspected by 

the penetration test.

4.2.1.1.9  Inconel Bottom Spacer Grid Strip Material

Inconel spacer grid strip material is procured in accordance with the 

specification for nickel-chromium-molybdenum-columbium alloy plate, sheet, and 

strip, Specification ASTM B443, with the following additional requirements:

The Inconel strips for PLUS7 fabricated in accordance with Inconel 718 are 

inspected for alloy composition, hardness, bending properties, microstructure 

including grain size, and tensile properties at room temperature.

4.2.1.2  Fuel Rods

4.2.1.2.1  Fuel Cladding Design Limits

The fuel cladding is designed to sustain the effects of steady-state and 

expected transient operating conditions without exceeding acceptable levels of 

stress and strain.  Except where specifically noted, the design bases 

presented in this section are consistent with those used for previous WEC and KNFC 

core designs.  The fuel rod design accounts for cladding irradiation growth, 

external  pressure, differential  expansion of fuel and clad,  fuel swelling, 
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densification, clad creep, fission and other gas releases, initial      

internal helium pressure, thermal stress, pressure and temperature     

cycling, and flow-induced vibrations.  The structural criteria discussed   

below are based on the following for the normal, upset, and emergency   

loading combinations identified in Subsection 4.2.1.1.  For a discussion of 

the thermal/hydraulic criteria, see Subsection 4.4.1.

a. During normal operating and upset conditions, the maximum primary 

tensile stress in the clad shall not exceed two-thirds of the 

minimum unirradiated yield strength of the material at the 

applicable temperature. The corresponding limit under emergency 

conditions is the material yield strength and the limit for faulted 

conditions is the smaller value of 1.6 times the yield strength or 

0.7 times the ultimate strength. The use of the unirradiated 

material yield strength as the basis for allowable stress is 

conservative because the yield strength of clad increases with 

irradiation. The use of the  two-thirds factor ensures 50% margin to 

component yielding in response to primary stresses. This 50% margin, 

together with its application to the minimum unirradiated properties 

and the general conservatism applied in the establishment of design  

conditions, is sufficient to ensure an adequate design.

b. Net unrecoverable circumferential strain shall not exceed 1% as 

predicted by computations considering clad creep and fuel-clad 

interaction effects.

   



△ε



YGN 3&4 FSAR

Amendment 339
2007.01.09

4.2-15

   For the cycle strain limit design curve, O'Donnell and Langer 

curve(Reference 13) is used considering a minimum safety factor of 2 

on the stress amplitude or a minimum safety factor of 20 on the number 

of cycles, whichever is more conservative(Reference 69).

As discussed in Subsection 4.2.1.2.5, the fatigue calculation method 

includes the effect of clad creep to reduce the pellet-to-clad 

diametral gap during that portion of operation when the pellet and 

clad are not in contact. The same model is used for predicting clad 

fatigue as is used for predicting clad strain. Therefore, the effects 

of creep and fatigue loadings are considered together in determining 

end-of-life clad strain. From the calculated strain and the cyclic 

strain limit design curve, the permitted number of cycles and thus 

the cumulative strain cycling usage defined as above is evaluated.

e. There is no specific limit on lateral fuel rod deflection for

structural integrity considerations except that which is brought about 

through application of cladding stress criteria. The absence of a 

specific limit on rod deflection is justified because it is the fuel 

assembly structure and not the individual fuel rod that is the 

limiting factor for fuel assembly lateral deflection.

f. The fuel rod internal pressure increases with increasing burnup, and

toward end-of-life, the total internal pressure, due to the combined

effects of the initial helium fill gas and the released fission gas,

can approach values comparable to the external primary coolant

pressure.  The maximum predicted fuel rod internal pressure is

consistent with the following criteria:
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1. The primary stress in the cladding resulting from differential
pressure does not exceed the stress limits specified earlier in
this section.

2. The internal pressure does not cause the clad to creep outward
from the fuel pellet surface while operating at the design peak
linear heat rate for normal operation. In determining compliance
with this criterion, internal pressure is calculated for the peak
power rod in the reactor, including accounting for the maximum
computed fission gas release. In addition, the pellet swelling
rate (to which the calculated clad creep rate is compared) is
based on the observed swelling rate of "restrained" pellets
(i.e., pellets in contact with clad), rather than on the greater
observed swelling behavior of pellets which are free to expand.

 The criteria discussed above do not limit fuel rod internal 
pressure to values less than the primary coolant pressure, and the 
occurrence of positive differential pressures would not adversely 
affect normal operation if appropriate criteria for cladding 
stress, strain, and strain rate were satisfied.

g. The design limits of the fuel rod cladding, with respect to vibration
considerations, are incorporated within the fuel assembly design.  It
is a requirement that the spacer grid intervals, in conjunction with
the fuel rod stiffness, be such that fuel rod vibration, as a result
of mechanical or flow induced excitation,does not result in excessive
wear of the fuel rod cladding at the spacer grid contact areas.

h. The cladding tubes undergo at slow rates in reactor operation. This
causes tinning of the cladding tubes walls and impairs heat transfer 
to the coolant. The burnup extension of fuel rod causes the increase 
of the corrosion and the resultant enhanced corrosion can impair 
mechanical integrity of fuel rods. An extensive corrosion and high 
burnup program showed that PWR fuel rods retain their mechanical 
integrity during normal operation and handling up to a corrosion 
layer thickness of 100 ㎛ with sufficient safety margin against 
failure. Therefore, as a proper restricted value, a circumferential 
averaged corrosion layer thickness of 100㎛ is specified for design 
limit.
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4.2.1.2.2  Fuel Rod Cladding Properties

4.2.1.2.2.1  Mechanical Properties

a. Modulus of Elasticity

  Young's Modulus is as follows.

E(psi) = 1.685x10
7
-7.5x10

3
xT (T:

o
F) (ZIRLO)

E(MPa) = 1.0606x10
5
-47.64xT (T: K) (M5)

b. Poisson's Ratio

   Poisson's Ratio is as follows.

ν = 0.3699 - 4.092x10-5xT (T: oF)  (ZIRLO)

ν = 0.37     (M5)

c. Thermal Coefficient of Expansion

  Thermal coefficient of expansion in the diametral direction is as   

 follows.

ΔR/R = 3.22x10-6x(T-70) (T: oF)  (ZIRLO)

ΔR/R = 8.31x10-6x(T-20) (T: oC)  (M5)

d. Yield Strength

Yield strength is as follows.

ZIRLO: 531 MPa

M5:    250 MPa

e. Ultimate Strength

   Ultimate tensile strength is as follows.

ZIRLO: 710 MPa

M5:    400 MPa
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b. The oxygen-to-uranium ratio is maintained between 1.99 and 2.01.

c. The sum of the cross sections of impurities shall not exceed a

equivalent thermal neutron capture cross section of natural boron 

specified in material specification:

d. The total hydrogen content of finished ground pellets is restricted.
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b. Poisson's Ratio

The Poisson's Ratio of polycrystalline UO2 has a value of 0.32 at 25 ̊C
based on Reference 23.  The same reference notes a 10% decrease in 

value over the range of 25 ̊C to 1800 ̊̊ C̊. Assuming the decrease is

linear, the temperature dependence of the Poisson's Ratio ( υ ) is 

given by the following equation:

  υ  = 0.32 - (T-25) x (1.8 x 10
-5
)     (4.2-12)

 at 25  ̊C ≤ T ≤ 1800 ̊C

  where:

  υ = Poisson's Ratio

  T = temperature in  ̊C

At temperature above 1800  ̊C, a constant value of 0.29 is used for
Poisson's Ratio.

4.2.1.2.5  Fuel Rod Pressurization

Fuel rods are initially pressurized with helium for two reasons:

a. To preclude clad collapse during the design life of the fuel.

Internal pressurization, by reducing stresses from differential 

pressure, extends the time required to produce creep collapse beyond 

the required service life of the fuel.
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of component dimensions and properties, and accounting for dimen- 

sion changes during irradiation,including the effects of cladding 

creep,cladding growth, pellet densification, pellet swelling, and 

thermal expansion. Each minimum pressure history is inputted to 

the cladding collapse model (References 26 and 65) to establish 

the acceptability of the associated plenum length.

b. For each plenum length, there is a resultant range of acceptable

initial fill pressures.  The optimum plenum length is generally

considered to be the shortest, which satisfies all criteria related to

maximum and minimum rod  internal pressure including a range sufficient

to accommodate a reasonable manufacturing tolerance on initial fill

pressure.

c. Additional information on those factors that have a bearing on

determination of the plenum length are discussed below:

1. Creep and dimensional stability of the fuel rod assembly influence

the fission gas release model and internal pressure calculations,

and are accounted for in the procedure of sizing the fuel rod

plenum length. Creep in the cladding is accounted for in a change

in clad inside diameter, which in turn influences the fuel/clad

gap. The gap change varies the gap conductance in the FATES

computer code (References 15, 63, 64, 69 and 73) with resulting change

in annulus temperature, internal pressure, and fission gas release.

In addition, the change in clad inside diameter causes a change in

the internal volume, with its resulting effect on temperature and

pressure. Dimensional stability considerations affect the

internal volume of the fuel rod, causing changes in internal

pressure and temperature. Fuel pellet densification reduces the

stack height and pellet diameter. Irradiation-induced radial and

axial swelling  of the fuel pellets  decreases the internal
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volumewithin the fuel rod.  In-pile growth of the fuel rod cladding 

contributes to the internal volume. Axial and radial elastic 

deformation calculations for the cladding are based on the 

differential pressure the cladding is exposed to, resulting in 

internal volume changes. Thermal relocation, as well as 

differential thermal expansion of the fuel rod materials, also 

affects the internal volume  of the fuel rods.

2. The maximum expected fission gas release in the peak power rod is

calculated using the FATES computer code. Rod power history input 

to the code is consistent with  the design limit peak linear heat 

rate set by LOCA considerations, and therefore, the gas release 

used to  size the plenum represents an upper limit. 

  Because of time-varying gap conductance, fuel temperature and 

depletion,and expected fuel management, the release rate varies as   

a function of burnup.

4.2.1.2.6  Fuel Rod Performance

Steady-state fuel temperatures are determined by the FATES computer program.  

The calculational procedure considers the effect of linear heat rate, fuel 

relocation, fuel swelling, densification, thermal expansion, fission gas re- 

lease, and clad deformations.  The model for predicting fuel thermal per- 

formance, including the specific effects of fuel densification on increased 

LHGR and stored energy, is discussed in References 15, 63, 64, 69 and 73.

Significant parameters such as cold pellet and clad diameters, gas pressure 

and composition, burnup, and void volumes are calculated and used as initial 

conditions for subsequent calculations for stored energy during the ECCS 

analysis.  The coupling mechanism between FATES calculations and the ECCS 

analysis is described in detail in Reference 27.
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Discussions of uncertainties associated with the model and of comparative 

analytical and experimental results are also included in References 15, 63, 64 

67 and 68.

4.2.1.3  Burnable Poison Rods

4.2.1.3.1  Burnable Poison Rod Cladding Design Limits

The burnable poison rod design, similar to the fuel rod design, accounts for 

external pressure, differential expansion of pellets and clad, pellet 

swelling, clad creep, fission gas release, initial internal helium pressure, 

thermal stress, and flow-induced vibrations.  Except where specifically noted, 

the design bases presented in this section are consistent with those used for 

the fuel rod design.  The structural criteria for the normal, upset, and 

emergency loading combinations are identified in Subsections 4.2.1.1 and 

4.2.1.2 and are highlighted as follows:

a. During normal operating and upset conditions,the maximum primary

tensile stress in the clad shall not exceed two-thirds of the

minimum unirradiated yield strength of the  material at the applicable

temperature.  The corresponding  limit under emergency conditions is

the material yield strength and the limit for faulted conditions is

the smaller value of 1.6 times the yield strength or 0.7 times the

ultimate strength.

b. Net unrecoverable circumferential clad strain shall not  exceed 1% as

predicted by computations considering clad creep and poison pellet

swelling effects.

c. The clad is initially pressurized with helium to an amount sufficient

to prevent gross clad deformation under the combined effects of 

external pressure and long-term creep. For conservatism, the clad
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   design does not rely on the support of the holddown spring in the 

plenum region.

4.2.1.3.2  Burnable Poison Rod Cladding Properties

Cladding tubes for burnable poison rods are purchased under the specification 

for fuel rod cladding tubes.  Therefore, the mechanical, metallurgical, chemi- 

cal, and dimensional properties of the cladding are as discussed in Subsection 

4.2.1.2.2.

4.2.1.3.3  Gd2O3-UO2 Burnable Poison Pellet Properties

4.2.1.3.3.1  Thermal-Physical Properties

This section describes evaluations of gadolinia-urania properties and of 

thermal conductivity and melting temperature correlations appropriate for 

gadolinia-urania compositions of interest in PWR applications of Gd2O3-UO2 

burnable absorbers.

The material properties that influence the thermal performance of gadolinia- 

urania fuel have been reviewed to ascertain how UO2 properties are influenced 

by the addition of gadolinia.  These include the thermal conductivity,  

solidus temperature, specific heat, and the coefficient of thermal expansion.  

The effects of gadolinium addition on these properties are discussed in detail 

in Reference 28.

4.2.1.3.3.1.1  Thermal Conductivity

The thermal conductivity (k) is calculated as the product of the measured 

thermal diffusivity ( ), density (½), and specific heat (Cp) according to the 

following relation:

 k =  ½ Cp     (4.2-13)
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The effects that Gd2O3 addition have on the corresponding UO2 material 

properties for each of these three properties are discussed as follows:

a. Density

   When a solid solution of Gd2O3-UO2 is formed, gadolinium atoms replace 

some of the uranium atoms in the UO2 crystalline lattice.  This 

substitution by lighter gadolinium atoms causes a reduction in the 

theoretical density of UO2 and in the lattice spacing.  Combining the  

effects of reduced atomic weight in the unit cell, due to the lighter 

gadolinium atoms, and reduced unit cell volume, due to changes in 

lattice spacing, yields the following correlation for the theoretical 

density of Gd2O3-UO2 solid  solutions:

 ½th    = 10.96 - 0.033x   (4.2-14)

 where:

 ½th = the theoretical density of Gd2O3-UO2 solid solution in  

gm/cm
3

  x  = the weight percent of Gd2O3

b. Specific Heat

   The relatively recent work of B&W (Reference 29), although  limited to 

temperatures below 1800℃, shows that the specific heat of  gadolinia-

urania mixtures of up to 8 wt.%  Gd2O3 does not differ significantly   

from that of pure UO2. Within the temperature range of 900℃ to   

1800℃, the  reported specific heat of the mixture is slightly higher  

than that of pure UO2.  Determination of the specific heat of   

gadolinia-urania mixtures in the temperature and composition ranges   
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of interest in PWR application is  included in the workscope of a     

research program for the determination of the properties of           

gadolinia-urania sponsored by the Nuclear Fuel Industry Research      

Group (NFIR). 

Based on the existing information, and considering that the Gd2O3 

content is not likely to exceed 12 wt.%, the specific heat of 

gadolinia-urania solid solutions can be conservatively  assumed to be 

identical to that of pure UO2.  This assumption is conservative 

because the measured  specific heat of either form of pure gadolinium 

is higher than that of UO2 within the measured range of temperatures. 

Thus, the use of UO2 specific heat will result in a low value for 

gadolinia-urania conductivity.

   c.  Thermal Diffusivity

A review of the literature reveals that five separate experimental 

studies have been done on the thermal  diffusivity of sintered 

gadolinia-urania solid solutions (References 29, 30, 31, 32, and    

33).  The early work of Lee  and Kim (Reference 33) was not used in 

this evaluation  because no information was given on characterization 

of the fuel except for its composition. The remaining data sets were 

utilized to quantify the influence of gadolinium addition on the 

thermal diffusivity of gadoliniam-urania fuel.

       A problem was noted, however, in that while the individual experi- 

mental data are internally consistent (i.e., diffusivities decrease 

with increasing Gd2O3 additions and high temperature mixture dif- 

fusivities approach pure UO2 values), absolute values of diffusivities 

at common compositions  and  temperatures  vary between  experiments.
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       Experimental parameters that might contribute to  inconsistencies, such 

as sample preparation techniques, specimen densities, specimen 

stoichiometry, specimen  homogeneity, and measurement techniques, were 

apparently  similar among the experiments.  Therefore, the reason(s) 

for this variation has not been determined.

       In order to utilize the data in a consistent manner, and to  smooth out 

variations among experiments, a normalization procedure was developed.  

This enabled development of the   needed correlations of the variation 

in properties with gadolinia content.  For a given experiment, each 

individual diffusivity value was normalized to the pure UO2  

diffusivity  measured by that experiment at the same (or an 

interpolated) temperature.  These "normalized" diffusivities, which 

provide the ensitivity of diffusivity to Gd2O3 concentration, were used 

with the WEC expression for pure UO2 conductivity to derive a 

conductivity expression for gadolinia-urania fuel.

 

  d.  Thermal Conductivity

     The values of Gd2O3-UO2 conductivity were generated using above  

mentioned data with the expression for UO2 conductivity.  A least- 

squares analysis was performed with these data and a modified form of 

the CE conductivity expression for pure UO2 to obtain the following 

relation for  the conductivity of 95% dense gadolinia-urania fuel.

     The specific equation that defines the thermal conductivity of the 

Gd2O3-UO2 mixture is contained in Reference 28.  At 0 wt.% Gd2O3, this 

equation reduces to the conductivity for  pure UO2 given in Reference  

15.  For bulk densities other than 95% of theoretical density, 

conductivity given by the equation is adjusted by the Maxwell-Eucken 

correction (References 15 and 34) used for pure UO2.
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4.2.1.3.3.1.2  Solidus Temperature

The most recent study of the gadolinia-urania solidus temperature is being 

conducted by Battelle Northwest Laboratory under the sponsorship of NFIR 

(Reference 30).  Although this investigation is incomplete, the preliminary 

results indicate that within the accuracy of the measuring technique (~10℃), 

the addition of 4 wt.% Gd2O3 produces no measurable decrease in solidus tem- 

perature from that of pure UO2.

Based on existing data in the literature, the best estimate of the solidus 

line in the dilute solid solutions of gadolinia-urania is that supported by 

the data of Wada et al. (Reference 35) and Newman et al. (Reference 29).  

Specific data points which support a linear decrease in solidus temperature 

with increasing Gd2O3 content are shown in Reference 28. 

4.2.1.3.3.1.3  Specific Heat

As discussed in Subsection 4.2.1.3.3.1.1, the available data on the specific 

heat of gadolinia-urania, although limited, do not suggest that any 

significant difference exists between the specific heat of uranium and 

gadolinia-urania up to 8 wt.% Gd2O3.  Based on these data, the specific heat 

of pure UO2 is used in modeling the thermal performance of gadolinia-urania 

solid solutions.

4.2.1.3.3.1.4  Coefficient of Thermal Expansion

Data presented by Newman et al. (Reference 29) indicate that up to at least 

1600℃ (i.e., the upper limit of their data) the Gd2O3 content has very little 

effect on the linear thermal expansion of Gd2O3-UO2 solid solutions.  It is 

reasonable to assume (see Reference 35) that the thermal expansion correlation 

for pure UO2  can be used for  dilute solid solutions  of Gd2O3-UO2  beyond the 
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absorber materials are listed in Table 4.2-1.

4.2.1.4.2  Compatibility of Absorber and Cladding Materials

The cladding material used for the control elements is Inconel Alloy 625.  The 

selection of this material for cladding is based on a consideration of 

strength, creep resistance, corrosion resistance, and dimensional stability 

under irradiation and also upon the acceptable performance of this material 

for this application in other WEC reactors currently in operation.

   a.  B4C/Inconel 625 Compatibility

      Studies have been conducted by HEDL(Reference 36) on the  capability   

of Type 316 stainless steel with B4C under irradiation for thousands   

of hours at temperatures between 1300 ℉ (704.4℃) and 1600 ℉     

(871.1 ℃).   Carbide formation to a depth of about 0.004 inch (0.1 mm) 

in the Type 316 stainless steel was measured after 4400 hours at     

1300 ℉ (704.4℃).  Similar compound formation depths were observed 

after ex-reactor bench testing.  After testing at 1000 ℉ (537.8 ℃), 

only 0.001 in/yr of penetration was measured.  Since Inconel 625 is  

more resistant to carbide formation than Type 316 stainless steel, and 

the expected pellet/clad interfacial temperature in the standard   

design is below 800℉ (426.7℃), it is concluded that B4C is   

compatible with  Inconel 625.

4.2.1.4.3  Cladding Stress-Strain Limits

The stress limits for the Inconel Alloy 625 cladding are as follows:

          a.  Nonoperation, normal operation, and upset conditions:

          Pm ≤  Sm

         Pm + Pb ≤ FsSm
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           4.  Pellet Porosity

Experimental evidence is available(Reference 43) which shows that   

for pellet densities below 90%, essentially all porosity is open 

at beginning-of-life.  Irradiation-induced swelling does not 

change the characteristics of the porosity, but only changes the 

bulk volume of the specimens. Therefore, the amount of porosity 

available at end-of-life is the same as that present at beginning- 

of-life.

       b.  Inconel 625

          1.  Swelling

Available information indicates that Inconel 625 is highly re- 

sistant to radiation swelling.  Exposure of Inconel 625 to a 

fluence of 3 x 1022  nvt (E > 1 MeV) at a temperature of 400℃ 

(725℉)showed no visible cavities in metallographic examinations 

(Reference 44) so that swelling, if any, would be very minor. 

Direct measurements made after exposure of Inconel 625 to a 

fluence 5 x 10
22
 nvt (E > 1 MeV) as LMFBR conditions showed no 

evidence of swelling (Reference 45). Further exposure to 6 x 10
22
 

nvt (E > 1 MeV) at 500℃ (932℉) showed essentially no swelling 

as measured by immersion density, but did show small cavities.  

Thus, Inconel 625 is not cted to swell below fluences of 3 x  

10
22
 nvt (E > 1 MeV).

        2.  Ductility

The ductility of Inconel 625 decreases after irradiation.   Ex-   

trapolation of lower fluence data on Inconel 625 and 500 indicates  

that the values of uniform and total elongation of Inconel 625    
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after 1 x 10
22
 nvt (E > 1 MeV) are 3% and 6%, respectively.

        3.  Strength

The value of yield strength of Inconel 625 increases after 
irradiation in the manner typical for metals. However, no credit 
is taken for increases in yield strength in the design analyses 
above the value initially specified.

4.2.1.5  Surveillance Program

4.2.1.5.1  Requirements for Surveillance and Testing of Irradiated Fuel Rods

The surveillance program for ZIRLO clad has been performed in the North 
Anna-1. The program included a poolside examination campaign after first and 
second operational cycles. The examinations include visual inspection for 
overall performance, dimensional measurements and cladding oxide measurements 
to track corrosion behavior of ZIRLO material. Results after the first and 
second cycle operations indicated the fuel behaved as expected with no 
indications that would alter the planned fuel management scheme for the WEC 
fuel. 

The surveillance program has been performed in the YGN Unit 4 to observe the 
spacer grid-to-rod fretting wear performance of the ZIRLO fuel cladding in the 
GUARDIAN grid fuel assembly. The results showed that the grid-to-rod fretting 
wear depths were less than the design limit and would not be a concern in the 
GUARDIAN grid fuel assembly.

An irradiation program for the PLUS7 fuel assemblies are being performed in 
the UCN Unit 3. Four PLUS7 fuel assemblies were loaded from the cycle 5 and 
will be operating for the following two cycles. In particular, based on the 
third cycle irradiation performance results, one fuel assembly will be loaded 
again for fourth cycle operation for evaluating the high burnup fuel 
performance. The poolside examinations include visual inspections for overall 
performance, dimensional measurements to characterize growth behavior, and 
cladding oxide measurements to track corrosion behavior of the ZIRLO material. 
Results after the first and second cycle operations indicated the fuel behaved 
as expected with no indications that would alter the planned fuel management 
scheme of the PLUS7 fuel.The same examination will be done for the third cycle 
irradiated fuels. Also hot cell examinations by non-destructive and 
destructive tests are planned for the third or fourth cycle irradiated PLUS7 
fuels.

4.2.2  Description and Design Drawings

This subsection summarizes the mechanical design characteristics of the fuel 
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system and discusses the design parameters that are of significance to the 

performance of the reactor.  A summary of mechanical design parameters is 

presented in Table 4.2-2.  These data are intended to be descriptive of the 

design; limiting values of these and other parameters will be discussed in the 

appropriate sections.

4.2.2.1  Fuel Assembly

a. GUARDIAN Fuel Assembly

The fuel assembly (Figure 4.2-6) consists of 236 fuel and gadolinium (poison) 

rods, 5 guide tubes, 11 fuel rod spacer grids, upper and lower end fittings, 

and a holddown device.  The outer guide tubes, spacer grids, and end fittings 

form the structural frame of the assembly.

The fuel spacer grids (Figure 4.2-7) maintain the fuel rod array by providing 

positive lateral restraint to the fuel rod but only frictional restraint to 

axial fuel rod motion.  The grids are fabricated from preformed Zircaloy or 

Inconel strips (the bottom spacer grid material is Inconel) interlocked in an 

egg crate fashion and welded together.  Each cell of the spacer grid contains 

two leaf springs and four arches.  The leaf springs press the rod against the 

arches to restrict relative motion between the grids and the fuel rods.  The 

perimeter strips contain features designed to prevent hangup of grids during a 

refueling operation.

The ten Zircaloy-4 spacer grids are fastened to the Zircaloy-4 guide tubes by 

welding, and each grid is welded to each guide tube at eight locations, four 

on the upper face of the grid and four on the lower face of the grid, where 

the spacer strips contact the guide tube surface.  The lowest spacer grid 

(Inconel) is not welded to the guide tubes due to material differences.  It is 

supported by an Inconel 625 skirt, which is welded to the spacer grid and to 

welded to the perimeter of the lower end fitting.
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The five guide tubes have the effect of ensuring that bowing or excessive 

swelling of the adjacent fuel rods cannot result in obstruction of the control 

element pathway.  This is so for two reasons:

1) There is sufficient clearance between the fuel rods and the guide tube

surface to allow an adjacent fuel rod to reach rupture strain due to

excessive swelling without contacting the guide tube surface.

2) The guide tube, having considerably greater diameter and wall thick- 

ness (and also, being at a lower temperature) than the fuel rod, is

considerably stiffer than the fuel rods and would, therefore, remain

straight, rather than be deflected by contact with the surface of an

adjacent bowed fuel rod.

Therefore, the bowing or swelling of fuel rods would not result in obstruction 

of the control element channels such as could hinder CEA movement.

The fuel assembly design enables reconstitution, i.e., removal and replacement 

of fuel and poison rods, of an irradiated fuel assembly.  The fuel and poison 

rod lower end caps are conically shaped to ensure proper insertion within the 

fuel assembly grid cage structure; the upper end caps are designed to enable 

grappling of the fuel and poison rod for removal and handling.  Threaded 

joints that mechanically attach the upper end fitting to the control element 

guide tubes will be properly torqued and locked during service, but may be 

removed to provide access to the fuel and poison rods.

Loading and movement of the fuel assemblies is conducted in accordance with 

strictly monitored administrative procedures and, at the completion of fuel 

loading, an independent check as to the location and orientation of each fuel 

assembly in the core is required.



YGN 3&4 FSAR

Amendment 339
2007.01.09

4.2-49

The serial number provided on the fuel assembly upper end fitting enables 

verification of fuel enrichment and orientation of the fuel assembly.  The 

serial number is also provided on the lower end fitting to ensure  

preservation of fuel assembly identity in the event of upper end fitting 

removal.  Additional markings are provided on the fuel rod upper end caps  

as a secondary check to distinguish between fuel enrichments and burnable 

poison rods, if present.

During the manufacturing process, the lower end cap of each rod is marked  

to provide a means of identifying the pellet enrichment, pellet lot, and  

fuel stack weight.  In addition, a quality control program requires that 

measures be established for the identification and control of materials, 

components, and partially fabricated subassemblies.  These means provide 

assurance that only acceptable items are used and also provide a method of 

relating an item or assembly from initial receipt through fabrication,  

installation, repair, or modification to an applicable drawing,  

specification, or other pertinent technical document.

b. PLUS7 fuel assembly

The PLUS7 fuel assembly(Figure 4.2-6a) consists of 236 fuel and 

gadolinium(poison) rods, 5 guide tubes, 12 fuel rod spacer grids, upper and 

lower end fittings and a holddown device. The outer guide tubes, spacer grids, 

and end fittings form the structural frame of the assembly.

The twelve spacer grids such as Figure 4.2-6a consist of nine ZIRLO mid spacer 

grids, one Inconel top and bottom  grids, and one Inconel protective grid 

(Figure 4.2-7a)and maintain the fuel rod array by providing positive lateral 

restraint to the fuel rod but only frictional restraint to axial fuel rod 

motion. The grids are fabricated from preformed ZIRLO or Inconel strips 

interlocked in an egg crate fashion and welded together. 

Each cell of the ZIRLO spacer grid contains 2 contoured springs and 4 

contoured dimples. The mid grids have the mixing vane to improve the thermal 

performance by enhancing the coolant mixing ability. Inconel top and bottom 
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grid consist of 2 springs and 4 dimples. Inconel top grid is designed to have 

reduced spring force to minimize the potential for fuel rod bow, whereas  

Inconel bottom grid has a high spring force that is capable of providing fuel 

rod support up to design burnup. Inconel protective grid contains compliant 

dimples that provide a coplanar four point contact with fuel rod in each grid 

cell. With small holed nozzle and fuel rod solid endplug, Inconel grid is 

designed to trap and filter foreign materials. Outer strap of grid has a 

design characters to prevent the hang-up on grid of adjacent fuel assembly 

during the  reloading operation

Using mid grid sleeve that is attached to mid grid by welding, ZIRLO mid grids 

are welded to guide tubes and instrument tube to fix their axial position in 

fuel assembly.Inconel top and bottom grids are fixed through the sleeves which 

are wleded to guide tube and instrument tube.

The upper end fitting is an assembly consisting of two cast type 304 stainless 

steel plates, four machined outer posts, and four helical Inconel springs. The 

upper end fitting is attached to the guide tube assembly using inner extension 

inserted into outer guide post to serve as an alignment and locating device 

for each fuel assembly and has features to permit lifting of the fuel 

assembly. The lower cast plate, called flow plate, located at the top ends of 

the guide tubes and is designed to prevent excessive axial motion of the fuel 

rods.

 

The Inconel 718 was selected for hold down spring application not only because 

of its previous use for coil spring but also good resistance to relaxation 

during operation. The design requirements and function of PLUS7 holddown 

spring and holddown plate are same as those of Guardian‘s.

The lower end fitting is consisting of a plate with flow holes, a support leg 

at each corner(total of four legs), a skirt plate and a cylinderical 

instrument guide. The flow plate is machined and has functions to filter the 

foreign materials with Inconel protective gird.  The support leg aligns the 

lower end of the fuel assembly with the core support structure's alignment 

pins. Each alignment pin is required to position the corners of four lower end 

fittings.
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The four outer guide tubes are welded to the internally threaded flange at the 

upper end.  Connection with the upper end fitting is made by passing the 

externally threaded end of the inner extension into the outer guide post and 

guide tube flange and the inner extension is threaded into guide tube flange 

and the upper head of inner extension crimped to prevent un-torqueing at the 

upper portion of outer guide post. Each outer guide tubes is, at its lower 

end, welded to the internally threaded endplug. The lower end fitting is 

attached to the guide tube endplug  by thimble screws which penetrate through 

the flow plate of lower end fitting and protective grid washer. The screws are 

locked in place by expanding a thin walled section of the screw cap into 

cutout in the underside of the plate.

PLUS7 fuel assembly have the same functional and design requirements of 
GUARDIAN fuel assembly except for above features

4.2.2.2  Fuel Rods

The fuel rods consist of slightly enriched UO2 cylindrical ceramic 

pellets, a round wire Type 302 stainless steel compression spring, and  

bottom alumina spacer disc (for GUARDIAN) all encapsulated within a  

clad tube seal welded with Zircaloy-4 end caps.  The fuel   

rods    are internally pressurized with helium during assembly.  Figure 4.2-8 

and Figure 4.2-8a depict the GUARDIAN fuel rod and PLUS7 fuel rod design, 

respectively. PLUS7 fuel rod uses axial balnket(low enriched UO2 pellet) to 

reduce axial neutron leakage in the top and the bottom of fuel rod stacked 

region in UO2 fuel rod.

Each fuel rod includes both a serial number and a visual identification  

mark.  The serial number ensures traceability of the fabrication history of 

each fuel rod component.  The identification mark provides a visual check  

on pellet enrichment batch during fuel fabrication.
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The fuel cladding is cold-worked and stress-relief-annealed ZIRLO and 

recrystallized M5 tube.  The actual tube forming process consists of a   

series of cold working and annealing operations, the details of which       

are selected to provide the combination of properties discussed in Subsection 

4.2.1.2.2.

The UO2 pellets are dished at both ends in order to better accommodate  

thermal expansion and fuel swelling.  The density of the UO2 in the pellets  

is 10.44 g/cm
3
, which corresponds to 95.25% of the 10.96 g/cm

3
 theoretical 

density (TD) of UO2. However, because of the volume of the pellet dishes and 

chamfers, the average density of the pellet stack is reduced to 10.114 g/cm
3 

for GUARDIAN fuel and 10.313 g/cm
3 
for PLUS7 fuel, respectively.   This number 

is referred to as the "stack density."

The compression spring located at the top of the fuel pellet column   

maintains the column in its proper position during handling and shipping.   

The alumina spacer disc at the lower end of the GUARDIAN fuel rod reduces the 

lower end cap temperature. The fuel rod plenum, which is located above the     

pellet column, provides space for axial thermal differential expansion of   

the fuel column and accommodates the initial helium loading and evolved 

fission gases (see Subsections 4.2.1.2.5.1 and 4.2.1.2.5.2).  The specific 

manner in which these factors are taken into account, including the 

calculation of temperatures for the gas contained within the various types   

of rod internal void volume, is discussed in References 15 and 63.

4.2.2.3  Burnable Poison Rods

The burnable absorber (poison) rods are included in selected               

fuel assemblies to reduce the beginning-of-life moderator             

coefficient.  They  replace fuel rods at selected locations.               

The poison rods (Figure 4.2-9 and 4.2-9a) are mechanically similar to  fuel 

rods, but GUARDIAN fuel rods consist of Gd2O3 admixed in natural UO2 in the 
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central rod portion of the effective fuel region and natural UO2 at the top 

and bottom portions of the effective fuel region. PLUS7 fuel rods consist of 

Gd2O3 admixed in low enriched UO2 in the central rod portion of the effective 

fuel region and low enriched UO2 at the top and bottom portion of the 

effective fuel region. The total column length is the same as the column 

length in the fuel rods.

Each poison rod assembly includes a serial number and visual identification 

mark.  The serial number is used to record fabrication information for each 

component in the rod assembly.   The identification mark is unique to poison 

rods and provides a visual check on the pellet gadolinium content during fuel 

bundle fabrication.

4.2.2.4  Control Element Assemblies

The control element assemblies (CEAs) consist of both four and twelve neutron 

absorber elements arranged to engage the peripheral guide tubes of fuel 

assemblies.  The neutron absorber elements are connected by a spider structure 

which couples to the control element drive mechanism (CEDM) drive shaft exten- 

sion.  The neutron absorber elements of a four-element CEA engage the four 

corner guide tubes in a single fuel assembly.  The four-element CEAs are used 

for control of power distribution and core reactivity in the power operating 

range.  The twelve-element CEAs engage the four corner guide tubes in one fuel 

assembly and the two nearest corner guide tubes in adjacent fuel assemblies.  

The twelve-element CEAs make up the balance of the control groups of CEAs and 

provide a bank of strong shutdown rods.  The control element assemblies are 

shown in Figures 4.2-3, 4.2-4, and 4.2-5.  The pattern of CEAs (total of 73) 

is shown in Figure 4.2-10.  Note that up to eight additional CEAs may be 

installed if desired for additional flexibility or future use.

Part-strength CEAs are differentiated from full-strength CEAs by using alpha- 

numeric serialization instead of the numerical system used on the full- 

strength CEAs.

The control elements of a full-strength CEA consist of an Inconel 625 tube 

loaded  with a stack of  cylindrical absorber pellets.   The absorber material
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4.2.2.5 Neutron Source Assemblies

The function of the neutron source assembly, shown in Figure 4.2-11, is to 

provide a base neutron flux level such that required monitoring of neutron 

flux level can be accomplished during fuel loading, refueling, and shutdown 

conditions.

However, in case that the irradiated fuel assemblies provide at least 0.5 

counts per second on the source range detectors, the neutron source  

assemblies can be removed from the reactor core.

4.2.3. Design Evaluation

4.2.3.1 Fuel Assembly

4.2.3.1.1 Vibration Analyses

Four of external excitation are recognized in evaluating the fuel  

assembly susceptibility to vibration damage. These sources are as follows:

a. Reactor Coolant Pump Blade Passing Frequency

Comprehensive vibration assessment programs on previous WEC reactors 

indicate that peak pressure pulses are expected at the pump blade 

passing frequency (120 Hz), with a lesser but still pronounced peak at 

twice this frequency.

b. Lower Support Structure Motion

Random lateral motion between the fuel assembly and the lower support 

structure is expected to occur with an amplitude similar to that of 

other CE reactors in the frequency range of between 2 and 10Hz.
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c. Flow Induced Fuel Rod Vibration Resulting from Coolant Flow Through

the Fuel Assembly

The expected amplitude of such vibration is 0.004 inches(0.1016 

mm)or less.

d. Flow-Induced Control Element Assembly Vibration

YGN 3&4 incorporates design features that minimize possible CEA 

vibration so that no significant wear is produced in the guide   

tubes.

These sources of potential excitation are not expected to have an adverse 

effect on the performance of the YGN 3&4 fuel assembly.

The capability of the YGN 3&4 fuel assembly to sustain the effects of 

flow-induced vibration without adverse effects has been demonstrated in 

the dynamic flow tests as reported in Appendix 4B1.

4.2.3.1.2  CEA Guide Tubes

The CEA guide tubes were evaluated for structural adequacy using the  

criteria given in Subsection 4.2.1.1 in the following areas:

a. Steady axial load due to the combined effects of axial hydraulic

forces and upper end fitting holddown forces.

For normal operating conditions, the resultant guide tube stress  

levels are significantly less than the design limits.

b. Short-term axial load due to the impact of the spring loaded CEA

spider against the upper guide structure support plates at the end

of a CEA trip.
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To qualify the complete fuel assembly, full-scale hot-loop testing has been 

conducted.  These tests evaluated fretting and wear of components, refueling 

procedures, fuel assembly uplift forces, holddown performance and compati- 

bility of the fuel assembly with interfacing reactor internals, CEAs and CEDMs 

under conditions of reactor water chemistry, flow velocity, temperature, and 

pressure.  The details of the hot loop testing are reported in Appendix 4B1.

4.2.3.1.3  Spacer Grid Evaluation

The function of the spacer grids is to provide lateral support to fuel and 

poison rods in such a manner that the axial forces are not sufficient to 

buckle or bow the rods and that the wear resulting at the grid-to-clad contact 

points is limited to acceptably small amounts.  It is also a criterion that 

the grid be capable of withstanding the lateral loads imposed during the 

postulated seismic and LOCA events.

Fuel assemblies are designed such that the combination of fuel rod rigidity, 

grid spacing, and grid preload will not result in significant fuel rod defor- 

mation under axial loads, and the long-term effects of clad creep (reduction 

in clad OD), the reduction of grid stiffness with temperature and the partial 

relaxation of the grid material during operation ensure that this criterion is 

also satisfied during all operating conditions.  Moreover, inspection of 

irradiated fuel assemblies from previous WEC plants -- Maine Yankee (14 x 14), 

Calvert Cliffs (14 x 14), Palisades (15 x 15), Fort Calhoun (14 x 14), and 

ANO-2(16 X16) reactors -- has not shown significant bowing of the fuel rods.  

Also in case of PLUS7 fuel, Inconel top grid has a low spring force than 

Inconel bottom grid to prevent fuel rod bowing. 

In view of these factors and the similarity of these designs to the YGN 3&4 

designs, it is concluded that the axial forces applied by the grids on the 

cladding will not result in a significant degree of fuel rod bow.  The 

influence of fuel rod lateral deflection is discussed further in Subsection 

4.2.3.2.6.  Additional discussion of the causes for and effects of fuel rod 

bowing are contained in Subsection 4.2.3.2.5 and in Reference 47, 69 and 73.
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The capability of the grids to support the clad without excessive clad     

wear is demonstrated by out-of-pile flow testing on the Standard System 80  

assembly and PLUS7 assembly design and by the results of postirradiation 

examination of grid-to-clad contact points in Maine Yankee fuel assemblies, 

which showed  only negligible clad wear (Reference 69).

The capability of the grid to withstand the lateral loads produced during   

the postulated seismic and LOCA events is demonstrated by impact testing     

of the reference grid design, and comparing the test results with the 

analytical predictions of the seismic and LOCA loads.

The Zircaloy-4 and ZIRLO spacer grid material is of the almost same 

composition as the fuel rods and grid tubes with which it is in contact, 

thereby eliminating any problem of chemical incompatibility with those 

components.  For the same reason, adequate resistance to corrosion from the 

primary  coolant is assured (see Subsection 4.2.3.2.3, item a, for additional 

information relative to the corrosion resistance of Zircaloy-4 in the   

primary coolant environment).

The Inconel material used for the lowest spacer grid in GUARDIAN fuel and for 

the top, bottom and protective spacer grids in PLUS7 is in contact with the 

coolant, the Type 304 stainless steel lower end fitting (to which            

it is welded), the fuel rods, the poison rods, and the guide tubes.  The 

mutual chemical compatibility of these materials in a reactor environment has 

been demonstrated by WEC's use of  these materials in fuel assemblies that 

have been operated in other WEC reactors and for which post-irradiation 

examination has yielded no evidence of chemical reaction between these 

components.  In addition, experiments have also been performed at WEC on 

Inconel-type alloys and Zircaloy-4 which showed that eutectic reactions did 

not occur below 2200℉ (1204 ℃), a temperature far in excess of that 

anticipated at the lower grid location in the event of a LOCA.
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4.2.3.1.4  Dimensional Stability of Zircaloy Alloys

Zircaloy and ZIRLO components are designed to allow for dimensional     

changes resulting from irradiation-induced growth.  Extensive analyses of 

in-pile growth data have been performed to formulate a comprehensive model   

of in-pile growth (Reference 3 and 70).  The in-pile growth equations are  

used to determine the minimum axial differential growth allowance which    

must be included in the axial gap between the fuel rods and the upper end 

fitting.  For determining the gap between the fuel rods and the upper end 

fitting, the growth correlations for fuel rod and guide tube growth are 

combined statistically such that the minimum initial gap is adequate to 

accommodate the upper 95% probability level of differential growth between 

fuel rods and guide tubes in the peak burnup fuel assembly.  For predicting 

axial and lateral growth of the fuel assembly structure (thereby    

establishing the minimum initial clearance with interfacing components),    

the equations are used conservatively to ensure adequate margins to 

interference are maintained.  The manner in which the in-pile growth  

equations are used in design is described in References 4,49, 69, and 73.

4.2.3.1.5  Fuel Handling and Shipping Design Loads

Three specific design bases have been established for shipping and     

handling loads:  

a. When the fuel assembly supported in the new fuel shipping container, 

the GUARDIAN fuel assembly shall be capable of sustaining the effect of 

5g axial, lateral, or vertical acceleration and the PLUS7 fuel assembly 

shall be capable of sustaining the effect of 4g axial, 6g lateral or 

vertical acceleration without sustaining stress levels in excess of 

those allowed for normal operation.  The criterion was originally 

established experimentally, and its adequacy is continually confirmed 

by the presence of impact recorders, as discussed in the following 

paragraph.
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Impact recorders are included with each shipment which indicate if 

loadings in excess of shipping load criteria are sustained.  A record 

of shipping loads in excess of shipping load criteria indicates an 

unusual shipping occurrence, in which case  the fuel assembly is 

inspected for damage before releasing it for use.

The axial shipping load path is through either end fitting to the  

guide tubes. A axial shipping load produces a compressive stress level 

in the guide tubes less than the two-thirds yield stress limit that is 

allowed for normal condition events. The fuel assembly is prevented 

from buckling by being clamped at grid locations.  For lateral or 

vertical shipping loads, the grid spring tabs have an initial preload 

which exceeds shipping load times the fuel rod weight.  Therefore, the 

spring tabs see no additional deflection as a result of shipping load 

of the shipping container.  In addition, the side load on the grid 

faces produced by the shipping load is less than the measured impact 

strength of the grids.

b. The fuel assembly shall be capable of sustaining a 5000-pound (2268- 

kg) axial load applied at the upper end fitting by the refueling 

grapple (and resisted by an equal load at the lower end fitting) 

without sustaining stress levels in excess of those allowed for normal 

operation.  The 5000-pound (2268-kg) load was chosen in order to 

provide adequate lift capability should an assembly become lodged.  

This load criterion is greater than any lift load that has been        

encountered in service.

c. The fuel assembly shall be capable of withstanding a 0.125-inch 

(3.175-mm) deflection in any direction whenever the fuel assembly is 

raised or lowered from or to a horizontal  position without sustaining 

a permanent deformation beyond  the fuel assembly inspection envelope.
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Fuel handling procedures require the use of a strongback to limit the 

fuel assembly deflection to a maximum of 0.125 inch(3.175 mm) in any 

direction whenever the fuel assembly is raised or lowered from or to a 

horizontal position. This limits the stress and strain imposed upon 

the fuel assembly to values well below the limits set for normal 

operating conditions. The adequacy of the 0.125-inch(3.175 mm) 

criterion is based on the inclusion of this limitation in 

specifications and procedures for fuel handling equipment, which is 

thereby constrained to provide support such that lateral deflection is 

limited to 0.125 inch(3.175 mm).

4.2.3.1.6 Fuel Assembly Analysis Results

The results of the fuel assembly analysis confirm that the design criteria of 

Subsection 4.2.1.1, regarding stress, strain, and fatigue, are satisfied 

including seismic and LOCA conditions.

4.2.3.1.7 Fuel Assembly Liftoff Analysis

The results of the analysis confirm that the fuel assembly will not lift off 

during reactor operation. This analysis considers the appropriate combination 

of forces as described in Subsection 4.2.2.1.

4.2.3.2 Fuel Rods

The evaluations discussed in this section are based on assumed fuel rod opera- 

tion within certain linear heat rate limits related to avoiding excessive fuel 

and clad temperatures. Information concerning the bases for these limits is 

contained in Section 4.4.

The results of fuel rod analysis confirm that fuel rod integrity is maintained up to 

rod average burnup of 60,000 MWD/MTU in the reference 69, 72, and 73.
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4.2.3.2.1  Results of Vibration Analyses

Three sources of external excitation are recognized in evaluating the fuel rod 

susceptibility to vibration damage.  These sources are described in Subsection 

4.2.3.1.1.

These sources of external excitation are not expected to have an adverse 

effect on the performance of the fuel rod.  Subsection 4.2.3.2.4 includes 

additional information on fuel rod response to the sources.

4.2.3.2.2  Fuel Rod Internal Pressure and Stress Analysis

A fuel rod cladding stress analysis is conducted to determine the circum- 

ferential stress and strain resulting from normal, upset, and emergency con- 

ditions.  The analysis includes the calculation of cladding temperatures and 

rod internal pressures during each of the occurrences listed in Subsection 

4.2.1.1.  The design criteria to be used to evaluate the analytical results 

are specified in Subsection 4.2.1.2.1.  Fuel rod stresses resulting from 

seismic events are calculated using the methodology described in Reference 46.

The results of the fuel rod analyses confirm that the design criteria of 

Subsection 4.2.1.2.1 regarding rod internal pressure, stress, strain and 

strain fatigue are satisfied, including seismic and LOCA conditions.  Seismic 

and LOCA analyses have been performed using the methodology described in 

Reference 46.  The results of the analysis are within the acceptable limits.

4.2.3.2.3  Potential for Chemical Reaction

a. Corrosion

The clad corrosion is mainly affected by cycle length, local heat 

flux, coolant temperature and coolant chemistry condition. The 

analysis result with the corrosion evaluation model(reference 69 and 

73) confirm that the design limit of section 4.2.1.2.1 regarding

cladding corrosion is satisfied for the rod average burnup of up to 

60,000 MWD/MTU.
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Coolant chemistry parameters have been specified that minimize corrosion 

product release rates and their mobility in the primary system.  

Specifica1ly, the precore hot functional environment is controlled (pH and 

oxygen) to provide a thin, tenacious, adherent, Protective oxide film.   

This approach minimizes corrosion product release and associated inventory  

on initial startup and subsequent operation. During operation, the   

recommended lithium concentration range (0.2-3.5 ppm) effects a chemical 

potential gradient or driving force between hotter and cooler surfaces   

(fuel cladding and steam generator tubing, respectively) such that soluble   

iron and nickel species will preferentially deposit on the steam generator 

surfaces. The associated pH also minimizes general corrosion product   

release rates from primary system surfaces. Moreover, the specified   

hydrogen concentration range ensures reducing conditions in the core,  

thereby avoiding low solubility Fe
3+
. Additionally, dissolved hydrogen 

promotes rapid recombination of oxidizing species. (Recall that oxidizing 

species and a fast neutron flux are synergistic prerequisites to   

accelerated corrosion.)

During operation, lithium, dissolved oxygen, and dissolved hydrogen are   

monitored at a frequency consistent with maintaining these parameters   

within their specifications.
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This localized hydrogen absorption by the cladding results in a  

localized fuel rod failure. Work performed at the Institute for 

Atomenergi, Halden Norway, of which WEC is a member, demonstrated that  

a threshold value of water moisture is required for hydride sunbursts 

to occur (Reference 51). Through a series of in-pile experiments, the 

level of this threshold value was established.  The allowable hydrogen 

limit in the fuel complies with this requirement, ensuring that 

hydride sunbursts will not occur in the fuel rods with the  

cladding tubes.

d. Crud

Crud layers on zirconium oxide films are usually porous and  

noninsulating.  As an example, heavy, but noninsulating, crud layers  

have been found in Yankee Rowe (WCAP-3317-6094, Yankee Core Evaluation 

Program, Final Report, 1971).  With porous crud, water is free to flow 

through the crud and provides heat transfer by convection. Under these 

conditions, crud-enhanced corrosion should not occur.

Because of rigorous water chemistry monitoring, heavy buildup of crud  

has not occurred in WEC reactors which are reference model. 

Water chemistry monitoring is a continuous process and should ensure 

no dense crud buildup.

e. Fuel-Cladding Chemical Reaction

An in-depth postirradiation examination has been conducted wherein 

fuel-cladding chemical reactions were among those items studied  

(Reference 52). This study concluded that early unpressurized elements 

containing unstable fuel were more susceptible to stress corrosion   

attack than are the  current elements that utilize stable fuel and 

pressurized cladding.  By carefully monitoring the primary coolant  

activity of operating reactors, it has been concluded that the current 

fuel designs are not susceptible to stress  corrosion cracking during 

normal plant operation.  
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Since stress corrosion attack is the result of a combination of stress 

imposed by the fuel on the cladding and the corrosive chemical species 

available to the cladding, irradiation programs have been pursued to 

define the conditions under which pellet-clad interaction will damage   

the cladding.  These programs have been conducted at Halden, at Petten  

in the Netherlands, and at Studsvik in Sweden, and have  confirmed that 

current fuel designs are not susceptible to failure by stress   

corrosion cracking during normal plant  operation.

4.2.3.2.4  Fretting Corrosion

    Since irradiation-induced stress relaxation causes a  

reduction in grid spring load, spacer grids must be designed for 

end-of-life conditions as well as beginning-of-life conditions to prevent 

fretting caused by flow-induced tube vibrations.

The fretting wear in the clad supported by spacer grids is evaluated in 

Reference 69 and 73. The results show that the clad integrity is not impaired 

by the spacer grid-to-rod fretting-wear. 

4.2.3.2.5  Fuel Rod Bowing

Experience has proved that any specific criterion on allowable 

deflections (bowing), with respect to the effects which such 

deflections might have on thermal-hydraulic performance, is not  

necessary beyond the initial fuel rod positioning requirements of the   

grids.  This variation in spacing is accounted for in the   

thermal-hydraulic analysis through the introduction of hot channel 

factors  in  calculating  the maximum  enthalpy  rise  in calculating  DNBR. 
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This adjustment is called the pitch, bowing, and clad diameter enthalpy    

rise factor, which is conservatively applied to simulate a reduced flow    

area along the entire channel length.  The value of this factor is given in 

Table 4.4-1 and its application is discussed in Section 4.4. 

The subject of fuel rod bowing is discussed in Reference 47,69 and 73.

4.2.3.2.6  Irradiation Stability of Fuel Rod Cladding

The combined effects of fast flux and cladding temperature are considered    

in three ways as discussed below:

a. Cladding Creep Rate

The in-pile creep performance of clad is dependent upon both         

the local material temperature and the local fast neutron flux.  The   

functional form of the dependencies is presented in Reference 15, 26, 

65, 69, and 73.

b.  Cladding Mechanical Properties

The yield strength, ultimate strength, and ductility of clad         

are dependent upon temperature and accumulated fast neutron      

fluence. The temperature and fluence dependence is discussed in 

Subsection 4.2.1.2.2.1. Unirradiated properties were used depending 

upon which is more restrictive for the phenomenon evaluated.

c.  Irradiation Induced Dimensional Changes

Clad has been shown to sustain dimensional changes (in               

the unstressed condition)as a function of the accumulated fast fluence.  
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These changes are considered in the  appropriate clearances between  

the various core components. The irradiation induced growth  

correlation method is discussed in Reference 3 , 69 and 73.

4.2.3.2.7  Cladding Collapse Analysis

A cladding collapse analysis is performed to ensure that no fuel rod in  

the core will collapse during its design lifetime.  The clad collapse 

calculation method (References 26 and 65) itself does not include  

arbitrary safety factors.  However, the calculation inputs are deliberately 

selected to produce a conservative result.  For example, the clad  

dimensional data are chosen to be worst-case combinations based either  

upon drawing tolerances or 95% confidence limits on as-built dimensions;   

the internal pressure history is based on minimum fill pressure with no 

assistance from released fission gas; and the flux and temperature   

histories are based on conservative assumptions.  The result of the   

analysis confirms that cladding collapse does not occur.

4.2.3.2.8  Fuel Dimension Stability

Fuel swelling due to irradiation (accumulation of solid and gaseous fission 

products) and thermal expansion results in an increase in the fuel pellet 

diameter.  The design makes provision for accommodating both forms of pellet 
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4.2.3.2.1O Fuel Burnup Experience

The WEC fuel rod design is based on an extensive experimental data base and by 

an extension of experimental knowledge through design application of WEC fuel 

rod evaluation codes. The experimental data base includes data from WEC and 

WEC/Kraftwerk Union (KWU) joint irradiation experiments, from WEC and KWU  

operating commercial plant performance, and from many basic experiments con- 

ducted in various research reactors which are available in the open litera- 

ture. Some of these sources are discussed below. Evidence currently  

available indicates that UO2 fuel performance with ZIRLO cladding and with 

OPTIN cladding tubes are  satisfactory to exposures up to 60,OOO MWd/WTU based 

on the experience of operation of WEC PWR rod.

a. Public Information

General fuel performance information available in the open literature 

has provided part of the WEC fuel rod design data base. The following 

particular experiments have been cited in the past as key references:

1. Determination of the effect of fuel-cladding gap on the linear

  heat rating to melting for UO2 fuel rods, conducted in the 

 Westinghouse test reactor.

2. Shippingport irradiation experience,

3. Saxton irradiation experience,

4. Combined Vallecitos Boiling Water Reactor (VBWR) Dresden

irradiation,

5. Large Seed Blanket Reactor (LSBR) rod experience, and
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6.  Joint U.S.-Euratom Research and Development Program to  evaluate 

central fuel melting in the Consumers Power Co.  Big Rock Point 

Reactor.

Since the information from these programs is available in the open 

literature, they will not be described here.  

b.  Operating Fuel Experience

ZIRLO clad was initially irradiated in the North Anna-1 that is a WEC 

type plant since 1987 with 2 LTAs and operated for 3 cycles. Since 

1991, the ZIRLO clad has been irradiated in the WEC plants and non WEC 

plants which is currently 32 regions and 65 regions, respectively, 

after V.C summer plant, some with the average burnups I excess of 

60,000 MWD/MTU.

M5 clad was initially irradiated in the Chinon B3 plant as well as 

plants in France since 1989 with LTAs and operated above 65,000 

MWD/MTU. Since 1999, the M5 clad has been irradiated in the 28 plants 

more than 1150 fuel assemblies, some with the average burnups in 

excess of 60,000 MWD/MTU.

c.  Fuel Irradiation Programs

WEC is involved in diversified fuel irradiation test programs to 

confirm the adequacy of the WEC fuel rod design bases and models by 

experiment.  Some of these programs involve safety-related research 

while other programs provide confirmatory data on performance 

capability or evaluate design and fabrication variables or methods 

which may improve and extend WEC's current knowledge of fuel rod 

performance.  

The key fuel performance evaluation programs that are  summarized 

below include the following:
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1. Fuel densification experiments at the Battelle  Research 

Reactor (BRR).

2. Joint WEC/KWU fuel densification experiments including  tests

in the MZFR reactor at Karlsruhe, West  Germany, and the EEI  

experiments in the General  Electric Test Reactor (GETR),

3. Direct participation in the Halden Project in Norway  with

access to all Halden base program fuel test  data.

4. Irradiation of special instrumented fuel rods to  obtain  

dynamic in-reactor measurements in Halden  experimental rigs.

5. Ramp test programs on fuel rods to evaluate fuel  load-follow

capabilities and the pellet clad interaction/ stress corrosion 

phenomenon in both the  Studsvik and Petten test reactors.  

Other in-reactor  experiments have been conducted in the 

Obrigheim  pressurized water reactor.

6. Irradiation of special test and surveillance  assemblies in

operating WEC reactors.

d. WEC Fuel Densification Experiments

WEC has conducted several experiments which provided data on the in- 

reactor densification behavior of various UO2 fuel types.  These 

include the BRR, EEI, and MZFR densification experiments.

e. BRR Fuel Densification Experiment

The object of this program was to examine the in-pile densification 

behavior of various fuel types and microstructures fabricated with and
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without pore formers.  The nonpore former fuel types had initial 

theoretical densities of 93% to 94%  with a grain size of less than 6  

m and with a large fraction of pores less than 4 um in diameter.  The 

pore former fuel types had initial densities of 93% to 95% and were 

characterized by a combination of large grain size and/or large pore 

size.  Fuel pellets of each experimental type were irradiated in six 

BRR capsules at linear heat ratings between 2.8 and 4.6 kW/ft (91.9- 

150.9 W/cm) for periods of up to 1500 hours.  Post irradiation 

examination of the BRR results showed significant differences in the 

densification behavior between pore former and nonpore former fuel.  

The pore former fuel showed little change in density (high stability) 

while the nonpore former fuel densified rapidly. A trend towards 

increased densification with lower initial density was apparent in the 

nonpore former fuel.  It was concluded that the UO2 micro- structure 

played a dominant role in the kinetics and extent of in-reactor 

densification.  Consequently, fuel exhibiting the desirable 

microstructural features to reduce in-reactor densification (i.e., 

large fraction of the pore volume in the large pore size range) became 

part of the standard WEC fuel design.

f.  WEC/KWU Fuel Densification Experiment (MZFR)

As a follow-up to the WEC experiment in the BRR, a joint WEC/KWU program   

has been conducted in the German MZFR to evaluate the performance of 

several nondensifying fuel types at higher power levels for longer 

times and to higher burnups.

Sixteen full-length fuel rods each containing a different fuel type 

were irradiated at powers up to 11 kW/ft (360.9 W/cm) for burnups up 

to 4000 MWd/MTU.  Included in these rods are UO2 and UO2-PuUO2 fuels, 

most of which were fabricated using techniques intended to minimize 

densifi- cation.   Six rods employed WEC-fabricated UO2 fuels, five of 
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which included pore former additives and one fabricated without a pore 

former to serve as a control.  Eight rods were fabricated using KWU 

experimental fuel, representing a wide range of sintering times and 

temperatures, initial densities, and enrichments.  The remaining two 

rods were fabricated using UO2-PuO2 fuels of two different densities, 

with and without a pore former additive.  Each of the fuel pellet 

types and fuel rods was extensively characterized before testing to 

permit comparison with similar postirradiation measurements.

The results of the postirradiation examination showed that fuel types 

fabricated with pore formers (similar to current production fuel) 

experienced significantly less in-pile densification than those 

fabricated without pore formers.  The data also support use of a 

standardized out-of-pile resintering test developed by WEC to 

characterize expected in-pile densification at the time of fabri- 

cation.  This simulation test has been submitted to the NRC and 

approved for use by WEC in LOCA calculations.

g.  EEI Fuel Densification Experiment

The prime objective of the EEI Fuel Irradiation Test Program conducted 

in the General Electric Test Reactor (GETR) was to isolate and 

characterize the in-reactor densification behavior of pore former (or 

stable) fuel types.  WEC and KWU were among eleven participants in the 

program.

This program entitled WEC to obtain densification data on nine base 

program fuel pellet types with varying microstructures.  An additional 

four fuel types were fabricated by WEC and KWU.  These included WEC fuel 

types, two with and one without a pore former additive, and a KWU 

standard production fuel.  The pellets in the program were well 

characterized  before  irradiation.   Four  of  the  fuel  types  were
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irradiated in one pressurized (53 atmospheres) capsule.  Two of the 

fuel types were also irradiated in a separate nonpressurized capsule 

(one atmosphere).  Each of the capsules contained thermocouples to 

continuously monitor capsule power generation during irradiation to 

assure that the desired operating conditions were maintained.  

Postirradiation examination of these test capsules confirmed that UO2 

fuel with specific ranges of microstructural characteristics, such as 

produced by pore former additives, are stable with respect to 

densification.  The largest in-reactor density changes occurred for 

those types having a combination of the smallest pore size, the 

largest volume percent of porosity less than 4  m in the smallest 

initial grain size, and the lowest initial density (Reference 52).

h.  Halden Program Participation

The experimental facilities and programs of the OECD Halden Reactor 

Project in Norway represent one of the most advanced efforts in 

quantifying the effects and interaction of the various design 

parameters of Zircaloy-clad fuel rods through measurements made in 

reactor.WEC has been a member of the project since 1973.WEC reviews 

the data generated by the project in considerable detail and utilizes  

the results in various fuel development programs.

The Halden test reactor has unique capability for measuring fuel rod 

operation during irradiation. This capability has been utilized by WEC 

with specific experiments to provide information in the following 

areas:

1.   Fuel densification phenomenon including measurements  of the 

rate of fuel column shortening as a function  of the initial 

fuel density, power level, and fuel  fabrication process
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2.  Fuel clad mechanical interaction involving studies of the 

effects of pellet design (shape and density) and  operating 

parameters on cladding deformation

3.   Modeling of fuel rod behavior with emphasis on heat  transfer 

characteristics

The first three test assemblies sponsored jointly by WEC and KWU   

contained 24 well characterized fuel rods.  These assemblies included 

the following range of design and operating parameters:

1.   Helium fill pressures from 22 to 35 atmospheres

2.   Initial fuel theoretical densities from 91% to 96%

3.   Linear heat ratings to 15 kW/ft (492.1 W/cm)

4.  U-235 enrichments from 6% to 12%, nine rods  fabricated with 

mixed-oxide fuel

The objectives of these tests were to determine the dynamic changes in  

fuel rod internal pressure, fuel centerline temperature and fuel stack 

length during operation as a function of burnup.  Two of these 

assemblies (six test rods each) were discharged from the reactor after 

receiving a peak burnup of 24,000 MWd/MTU.  The third rig (12 rods) 

was irradiated to a peak burnup of 40,000 MWd/MTU so that fuel   

swelling and gas release behavior can be evaluated to high burnups. 

The objectives of a fourth six  rod test assembly were to evaluate the 

effects of such design variables as pellet-clad gap, fill gas   

composition, and linear heat rating (to 15 kW/ft)   on heat transfer 

characteristics.  This experiment also provided gap conductance data 

on  UO2  and mixed oxide fuel.  This test was   discharged from the 

reactor after reaching a peak burnup of 4,000 MWd/MTU.
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Instrumentation used to measure fuel behavior during irradiation   

includes centerline thermocouples, internal pressure transducers, 

linear variable-differential transformers (LVDTs) for fuel column 

length changes, and flux monitors for axial and radial power  

profiles.

The fuel column length change data that were obtained support the data 

generated by the EEI, BRR, and MZFR experiments and confirm the in- 

reactor stability of WEC pore former fuel types.  In addition, the 

internal pressure monitors and centerline thermocouple data have 

confirmed the adequacy of the WEC thermal performance design models.

In addition to these WEC/KWU test assemblies, WEC has designed and 

irradiated three rods in the Halden high-temperature, high-pressure 

loop to simulate PWR coolant temperature and pressure conditions.  The 

purpose of these experiments was to distinguish the effects of pellet 

configuration on the formation of circumferential ridging and on the 

elongation of the rods.  Each rod contained three pellet types with 

one type as a standard.  This program in combination with the results 

of other experiments gives WEC a firm basis upon which to optimize fuel 

rod design with respect to dimensional changes and to improve fuel 

performance models developed to predict rod dimensional stability.

i.  Power Ramp Programs

WEC and KWU participated in the Studsvik and Pathfinder/Petten programs 

to evaluate fuel rod performance under ramp conditions to power levels 

not recently attained.  These can occur either after refueling or 

after extended periods of low power operation or during control 

element maneuvers.  The effects of various fuel rod design variables 

on power ramp limits are also investigated as a means to further 

optimize design.   The Petten/Pathfinder program, which began in 1973,
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is being conducted jointly by WEC and KWU in the Obrigheim PWR reactor 

and Petten test reactor facilities.  One special test assembly has 

been irradiated each year from 1973, to 1980 in the Obrigheim reactor.  

Included in this assembly, which is designed to facilitate fuel rod 

removal and replacement, are well-characterized segmented rods or 

"rodlets" that are axially connected to form a complete fuel rod.  

These rodlets were "preirradiated" in the Obrigheim reactor for one to 

four operating cycles and then separated and irradiated in a test 

reactor to evaluate performance under ramp conditions.  Ninety-nine of 

these rodlets irradiated in Obrigheim have been discharged and ramped 

in Petten.  An additional 40 of these rodlets have been tested at the  

R-2 reactor at Studsvik.  Postirradiation, hot-cell examination 

programs form an integral part of both the Petten/Pathfinder and 

Studsvik experiments to characterize fuel rod behavior, particularly 

with respect to dimensional stability and fission product release.  

These test programs are designed to distinguish between fuel rod power 

ramps which occur on startup and those which might occur during 

reactor power maneuvering operations.

Operating flexibility of a plant requires that the fuel rods maintain 

integrity during periodic changes in power.  Power cycling tests of 

this type have been jointly conducted by WEC/KWU in Obrigheim and 

Petten.  In the Petten test, a single unpressurized fuel rod was power 

cycled between 9 kW/ft (295.3 W/cm) and 17 kW/ft (557.7 W/cm) at a 

power change rate of about 3 kW/ft/min (98.4 W/cm/min).   The fuel rod 

successfully completed 400 cycles and achieved a burnup of 8000 

MWd/MTU.  Power cycling tests were then conducted in Obrigheim on 

eight short pressurized and unpressurized fuel rods.  The test fuel 

rods were attached to a control element drive mechanism and driven 

from the low power to a high power position on a nominal cycle.  Power 

changes from 50% to 100% at rates of 20% per minute for 880 cycles 

were included.  After successfully completing the experiment, the test 



YGN 3&4 FSAR

Amendment 339
2007.01.09

4.2-81

rods achieved a peak burnup of 30,000 MWd/MTU without substantial 

cladding deformation or fuel rod perforation.  More recent information 

has been published in Reference 58.

j.  Fuel Surveillance Programs

WEC has conducted a number of fuel surveillance programs on fuel in 

operating plants.  Thus far, a number of poolside fuel inspection 

programs of varying detail have been performed by WEC (see Table 4.2- 

4).  A large number of assemblies have been visually examined, and 

dimensional measurements have also been obtained on a large number of 

these assemblies.  Fuel bundle disassembly operations have been 

conducted either to obtain information of particular aspects of 

performance of interest or as part of test assembly surveillance 

programs.  A poolside fuel surveilance program for KSNP ZIRLO clad has 

been being initiated(Refernce 74) and currently for PLUS7 fuels is 

undertaking(Reference 4.2-7). 

4.2.3.2.11  Temperature Transient Effects Analysis

4.2.3.2.11.1  Waterlogged Fuel

The potential for a fuel rod to become waterlogged during normal operation is 

discussed in Subsection 4.2.3.2.9.  If a fuel rod does become waterlogged at 

low or zero power, it is possible that a subsequent power increase could cause 

a buildup of hydrostatic pressure.  It is unlikely that the pressure would 

build up to a level that could cause cladding rupture because a fuel rod with 

the potential for rupture requires the combination of a very small defect 

together with a long period of operation at low or zero power.
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Tests conducted using intentionally waterlogged fuel rods (capsule drive core 

at SPERT) (References 59 and 60) showed that the resulting failures did eject 

some fuel material from the rod and greatly deformed the test specimens.  

However, these test rods were completely sealed, and the transient rates used 

were several orders of magnitude greater than those allowed in normal 

operation.

In those instances where waterlogged fuel rods have been observed in 

commercial reactors, it has not been clear that waterlogging was the cause, 

and not just the result, of associated cladding failures; and WEC has not 

observed and is not aware of any case in which material was expelled from 

waterlogged fuel rods or in which the fuel cladding was significantly deformed 

in a normal power reactor.

It is therefore concluded that the effect of normal power transients on water- 

logged fuel rods is not likely to result in cladding rupture, and even if 

rupture does occur, it will not produce the sort of postulated burst failures 

that would expel fuel material or damage adjacent fuel rods or fuel assembly 

structural components.

4.2.3.2.11.2  Intact Fuel

The thermal effects of anticipated operational occurrences on fuel rod 

integrity are discussed in the following paragraphs:

a.  Fuel rod thermal transient effects are basically manifested as the 

change in internal pressure, the changes in clad thermal gradient 

and thermal stresses, and the differential thermal expansion between 

pellets and clad.  These effects are discussed in Subsections 

4.2.3.2.2 and 4.2.3.2.11.

b.  Another possible effect of transients is an axial expansion of the 

pellet column against a flattened (collapsed) section of the clad.  
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However, the fuel rod design includes specific provisions to 

prevent clad flattening, and therefore, such interactions will not 

occur.

4.2.3.2.12  Energy Release During Fuel Element Burnout

The reactor protective system provides fuel clad protection so that the 

probability of fuel element burnout during normal operation and 

anticipated operational occurrences is extremely low.  Thus, the potential  

for fuel element burnout is restricted to faulted conditions.  The LOCA is  

the limiting event since it results in the larger number of fuel rods 

experiencing burnout; thus, the LOCA analysis, which is very conservative  

in predicting fuel element burnout, provides an upper limit for evaluating  

the consequences of burnout.  The LOCA analysis explicitly accounts for the 

additional heat release due to the chemical reaction between fuel  

cladding and the coolant following fuel element burnout.  LOCA analysis 

results are discussed in Subsection 15.6.5.

4.2.3.2.13  Energy Release on Rupture of Waterlogged Fuel Elements

A discussion of the potential for waterlogging fuel rods and for  

subsequent energy release is presented in Subsection 4.2.3.2.9.

4.2.3.2.14  Fuel Rod Behavior Effects from Coolant Flow Blockage

An experimental and analytical program was conducted to determine the 

effects of fuel assembly coolant flow maldistribution during normal   

reactor operation.  In the experimental phase, velocity and static pressure 

measurements were made in cold, flowing water in an oversize model of a WEC 

14 x 14 fuel assembly in order to determine the three-dimensional flow 

distributions in the vicinity of several types of flow obstruction.  The 

effects of the distributions on thermal behavior were evaluated, where 

necessary, with the use of the TORC thermal and hydraulic code (Reference 

61).  Subjects investigated included the following:
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The calculational procedure considers the effect of linear heat rate, fuel 

relocation, fuel swelling, densification, thermal expansion, fission gas 

release, and clad deformations.  The model for predicting fuel thermal 

performance is discussed in detail in References 15, 63, 64, 70 and 74.

Two sets of burnup and axially dependent linear heat-rate distributions are 

considered in the calculation. One is the hot rod, time-averaged, distribu- 

tion expected to persist during long-term operation, and the other is the 

envelope of the maximum linear heat rate at each axial location. The long- 

term distributions are integrated over selected time periods to determine 

burnup, which is in turn used for the various burnup-dependent behavioral 

models in the FATES computer program.  The envelope accounts for possible 

variations in the peak linear heat rate at any elevation which may occur for 

short periods of time and is used exclusively for fission gas release 

calculations.

The power history used assumes continuous 100% reactor power from beginning- 

of-life.  Using this history, the highest fuel temperatures occur at 

beginning-of-life.  It has been shown that fuel temperatures for a given power 

level at any burnup are insensitive to the previous history used to arrive at 

the given power level.

Fuel thermal performance parameters are calculated for the hot rod.  These 

parameters for any other rod in the core can be obtained by using the axial 

location in the hot rod whose local power and burnup corresponds to the local 

power and burnup in the rod being examined.  This procedure will yield 

conservatively high stored energy in the fuel rod under consideration.

The maximum power density, including local peaking as affected by anticipated 

operational occurrences, is discussed in Sections 4.3 and 4.4 and in Chapter 

15.
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a. GUARDIAN fuel assembly

The CEA guide tube joints (between the tube and threaded upper and lower ends) 

are butt welds between the two Zircaloy subcomponents.  The welds are required 

to be full penetration welds and must not cause violation of dimensional or 

corrosion resistance standards.

The joint connecting the upper end fitting center guide post to the lower cast 

flow plate has a threaded connection that is prevented from unthreading by 

tack welding the center guide post to the bottom of the lower cast plate using 

the gas tungsten arc welding (GTAW) process.  Each weld is inspected for 

compliance with a visual standard.

The spacer grid welds at the intersection of perpendicular Zircaloy-4 grid 

strips are made by the laser welding process.    Each intersection is      

welded top and bottom, and each weld is inspected by comparison with a   

visual standard.

For the spacer-grid-to-CEA-guide-tube weld (both components Zircaloy-4), each 

grid is welded to each guide tube with eight small welds, evenly divided 

between the upper and lower faces of the grid.  Each weld is required to be 

free of cracks and burnthrough, and each weld is inspected by comparison to a 

visual standard.  Also, sufficient testing of sample welds is required to 

establish acceptable corrosion resistance of the weld region.  Each guide tube 

is inspected after welding to show that welding has not affected clearance for 

CEA motion.

The lower spacer grid welds at spacer strip intersections and between spacer 

and perimeter strips (all components Inconel 625) are made using the laser welding 

process and are all inspected for compliance with the appropriate        

visual standards.
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The lower spacer grid to-lower end fitting (304 stainless steel) weld is made 
using the GTAW process and each weld is inspected to ensure compliance with a 
visual standard.

The lower end fitting is fastened to the Zircaloy guide tubes using threaded 
connections.  The connections are prevented from unthreading by stainless   
steel locking disks welded to the lower end fitting.  Each disk is tack welded 
to the end fitting in four places using the GTAW process, and each weld is 
inspected for compliance with a visual standard.

The inspection requirements and acceptance standards for each of the welds are 
established on the basis of providing adequate assurance that the connections 
will perform their required functions.

b. PLUS7 fuel assembly
Except the below paragraphs, welding type and function of PLUS7 fuel assembly 
is the same as those of GUARDIAN. 

Inconel top and bottom grid welds at the intersection of perpendicular Inconel 
grid strips are made by the brazing welding process and are inspected for 
compliance with the appropriate visual standards.

Inconel protective grid welds at the intersection of perpendicular Inconel 
grid strips are made by the laser beam welding process and are inspected for 
compliance with the appropriate visual standards.

Protective gird welds at intersection of grid washer with grid strips are made 
by the laser beam welding process and are inspected for compliance with the 
appropriate visual standards.

For the spacer grid to CEA guide tube weld, sleeve welded the grid is welded 
to each guide tube with four small welds. Each weld is required to be free of 
cracks and burnthrough, and each weld is inspected by comparison to a visual 
standard. Also, sufficient testing of sample welds is required to establish 
acceptable corrosion resistance of the weld region. Each guide tube is 
inspected after welding to show that has not affected clearance for CEA 
motion.

The lower end fitting is consisting of a plate with flow holes, a support leg 
at each corner(total of four legs), a skirt plate connected to legs at the 
side and a cylindrical instrument guide. A leg and skirt is manufactured as 
one structure by casting process and welded to the flow plate. The instrument 
guide tube is threaded in the underside of the flow plate and is locked in 
position by TIG-tack welds and each weld is inspected for compliance with a 
visual standard.  

4.2.4.1.2  Other Quality Assurance Measures

All guide tubes are internally gauged ensuring free passage within the tubes 
including the reduced diameter buffer region.

Each upper-end-fitting-post-to-guide-tube joint is inspected for compliance 
with a visual standard.

The spacer-grid-to-fuel-rod relationship is carefully examined at each grid 
location.

An alpha smear test is performed on the exterior surface of the fuel rods.

Each complete fuel assembly is inspected for cleanliness, wrapped to preserve 
its cleanliness, and loaded within shipping containers which are later purged 
and filled with dry air.
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All finished fuel rods are visually inspected to ensure a proper surface 

finish (scratches greater than 0.001 inch (0.025 mm) in depth, cracks, 

slivers, and other similar defects are not acceptable).

Each fuel rod is marked to provide a means of identification.

4.2.4.3  Burnable Poison Rods

4.2.4.3.1  Burnable Poison Pellets

The Gd2O3-UO2 pellets that are added to the UO2 fuel pellets are fabricated 

with essentially the same as for UO2 fuel pellets.

                   The fabrication of Gd2O3-UO2 pellets employs dry   

blending and mixing of the necessary quantities of UO2 and Gd2O3 powders.  As 

with UO2 pellets, these powders are then pelletized by blending and sintering 

processes similar to those employed in the manufacturing of UO2 pellets.  The 

sintering process promotes formation of a solid solution of UO2 and Gd2O3.  As 

with UO2 pellets, the Gd2O3-UO2 pellets are tested for, and must meet, 

stringent specifications on density, grain size, and homogeneity.    In 

particular, the density and densification specifications (% TD), grain size 

requirements, and blending requirements are essentially the same as for a UO2 

mixture.
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tolerances is below the force which could significantly increase scram 

time.

In addition to the basic measures discussed above, the manufacturing process 

includes numerous other quality control steps for ensuring that the individual 

CEA components satisfy design requirements for material quality,  detail 

dimensions, and process control.

After installation in the reactor, but before criticality, each CEA is 

traversed through its full stroke and tripped. A similar procedure will also be 

conducted at refueling intervals.

The required 90% insertion scram time for CEAs is 4.0 seconds under worst case 

conditions.  Verification of adequacy has been determined  by testing  in  the 

WEC TF-2 flow test facility as reported in Appendix 4B1.  This test facility 

contained prototypical (System 80) reactor components consisting of fuel 

assemblies, CEA shroud, control element drive mechanism, and a simulation of 

surrounding core internal support components.  The test conditions simulated 

the range of temperatures and flow rates predicted for normal plant operation.
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TABLE 4.2-2 ( Sh. 1 of 5)

MECHANICAL DESIGN PARAMETERS

CORE ARRANGEMENT

           Parameter                              Value(GUARDIAN)  Value(PLUS7) 

Number of fuel assemblies in core, total  177 177

Number of CEAs                                      73 73

Number of fuel rod locations                        41,772 41,772

Spacing between fuel assemblies, fuel rod surface
to surface, inches(cm)                        0.208 (0.528) 0.216 (0.549)  
 
Spacing, outer fuel rod surface to core shroud, 
inches (cm)                                         0.214 (0.544) 0.218 (0.554)

Hydraulic diameter, Nominal channel, feet (cm)      0.0393 (1.198) 0.04147(1.264)

Total flow area (excluding guide tube), ft
2
 (m

2
)    44.831 (4.165) 46.209 (4.293)

Total Core area, ft
2
 (m

2
)                    82.6 (7.67) 82.6 (7.67)

Core equivalent diameter, in (m)                   123 (3.124) 123 (3.124)

Core circumscribed diameter, in (m)                130 (3.302) 130 (3.302)

Total fuel loading, assuming all rod locations 
are fuel rod, lb U (kg U)                  167.4 × 10

3
 168.1 x 10

3

                             (75.93 × 10
3
)   (76.25 x 10

3
)

Total fuel weight, assuming all rod locations
are fuel rod,lb UO2 (kg UO2)                       189.9 × 10

3
190.7 × 10

3

                                     (86.15 × 10
3
) (86.50 × 10

3
)

                                    
                                                         

Total weight of Zircaloy, lb (kg)                  54,327.5 44,023.7
                                                (24,642.5)  (19,968.81)

Fuel Volume, including dishes, ft
3
 (m

3
)             300.8 (8.518) 292.6 (8.286)
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TABLE 4.2-2 ( Sh.3 of 5)

FUEL ASSEMBLIES (Cont'd)

      PARAMETER                     VALUE (GUARDIAN)          VALUE (PLUS7)  

Spacer Grid

    Type Leaf spring

    Material Zicaloy-4   ZIRLO

    Number of assembly 10 9

    Weight each, lb (kg) 2.0 (0.907) 1.9 (0.852)

(Top,PLUS7)Bottom Spacer grid

    Type Leaf spring

    Material Inconel-625 Inconel-718

    Number per assembly 1 2 (top,bottom)

    Weight each, lb (kg) 2.1 (0.953) 1.4(0.651)

Protective grid

    Material Inconel-718

    Number per assembly 1

    Weight each, lb (kg) 0.9(0.415)

Weight of fuel assembly, lb (kg) 1,437.0 (651.8) 1,409.6 (639.4)

Outside dimensions                      7.972 x 7.972 7.964 x 7.964

  Fuel rod to fuel rod, in(cm)          (20.25 × 20.25) (20.23 x 20.23)

Fuel rod

    Pellet material UO2
    Pellet diameter, inches (cm) 0.325 (0.826) 0.3225 (0.819)

    Pellet length, inches (cm) 0.390 (0.991) 0.387 (0.983)

(enriched)            (enriched)

0.40 (1.016)

                (axial blanket)

    Pellet Density, (g/cm
3
)           10.44

    Pellet theoretical density,(g/cm3) 10.96

    Pellet Density, (% theoretical) 95.25

    Stack height density, (g/cm
3
) 10.114 (enriched) 10.313 (enriched)

    Clad material ZIRLO ZIRLO or M5

    Clad ID, inches(cm)        0.332 (0.843) 0.329 (0.836)

    Clad OD, nominal, inches (cm) 0.382 (0.97) 0.374 (0.950)

    Clad thickness, nominal, in (cm) 0.025 (0.0635) 0.0225 (0.05715)

    Diametral gap,Cold,nominal,in(cm) 0.007 (0.01778) 0.0065 (0.01651)

    Active length, inches(cm) 150.0 (381.0) 150.0 (381.0)

    Plenum length, inches(cm) 8.248 (20.95) 10.0 (25.4)
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TABLE 4.2-2 ( Sh. 5 of 5)

FUEL ASSEMBLIES (Cont'd)

POISON ROD (Cont'd)

              PARAMETER                   VALUE (GUARDIAN)      VALUE (PLUS7) 

Pellet density, % theoretical density 95.25 

Theoretical density, UO2, g/cm
3 

       10.96

Theoretical density, Gd2O3, g/cm
3

7.41

Clad material   ZIRLO ZIRLO or M5

Clad ID, inches(cm)          0.332 (0.843) 0.329 (0.836)

Clad OD, inches(cm)   0.382 (0.970) 0.374 (0.950)

Clad thickness, nominal, inches(cm) 0.025 (0.064) 0.0225 (0.05715)

Diameteral gap, cold,nominal, inch(cm) 0.007 (0.01778) 0.0065 (0.01651)

Active length, inches (cm) 150.0 (381.0)
1)

150.0 (381.0)
1)

Plenum length, inches (cm)    8.248 (20.95) 10.0 (25.4)

                                        

1) Include top and bottom Axial Cutback region
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TABLE 4.2-4

POOLSIDE FUEL INSPECTION PROGRAM SUMMARY

                                 CYCLE AVERAGE

                     SHUTDOWN       BURNUP     

  REACTOR          DATE/CYCLE     (MWD/MTU)        INSPECTION PROGRAM SCOPE       

       

Palisades      1973.8/IA      6,800             Visual exam, Gama Scanning, 

                                                    Crud sampling

BR-3 - 62.6

                                 (Rod Average)      Irradiation growth

BR-3 - 67.9         Clad corrosion

                                 (Rod Average)

North Anna-1 -    > 40.3 

                                 (Rod Average)1)    Irradiation growth

North Anna-1 - 62.0  

                                  (Rod Average)2)   clad corrosion

YGN 4      EOC-8
2)

47.6          Visual exam, clad outer 

 (Assembly average) diameter, grid-to-rod fretting  

                                            wear

 

UCN 3      EOC-7
3)

Visual exam, irradiation 

                                                   growth, clad outer diameter, 

                                                   clad corrosion

                                            

1) estimated from fast neutron fluence of 10x10
21
 n/cm

2

2) Planned at November 2005

3) Planned at March 2007
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FUEL ASSEMBLY

Figure 4.2-6 a
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Implementation in the Technical Specification is via a power operating 

limit based on peak linear heat generation rate.

    b. The thermal margin to a minimum DNBR of 1.21 (using the KCE-1 CHF 

correlation as discussed in Subsections 4.4.2.2 and 4.4.4.1) is 

available to accommodate anticipated operational occurrences.

4.3.4.1.2  Fuel Temperature Dependence on the Core Average Linear Heat Rate

The average effective fuel temperature dependence on the core average linear 

heat rate described in Subsection 4.3.2.3.7 is expressed as the following 

semiempirical formula for PLUS7 fuel:

T f(p)=T MOD (p) +( ∑
3

i=0
B i ×M

i
) × p + ( ∑

3

j=0
C j  × M

j
) × p

2

    +( ∑
3

k=0
D k  × M

k
) × p

3

                 (4.3-15)

TMOD is the average moderator temperature (℉), M is the exposure in MWd/MTU, p 

is the linear heat generation rate in the fuel in kW/ft, and Tf is the average 

effective fuel temperature (℉).  The coefficients Bi, Cj, and Dk are 

determined from least squares fitting of the fuel temperature generated by 

FATES (Reference 35). For a PLUS7 fuel rod, the following values apply:

       B0 =  128.0 C0 = -0.5793  D0 = -0.8422 x 10
-1

       B1 =  0.1767 x 10
-2

C1 = -0.9705 x 10
-3  

D1 =  0.1597 x 10
-4

       B2 = -0.2376 x 10
-6

C2 =  0.5008 x 10
-7  

D2 =  0.2712 x 10
-8

       B3 =  0.2348 x 10
-11 C3 = -0.6352 x 10

-12  D3 = -0.1278 x 10
-12

The second factor of the first term in Equation 4.3-2 represented in 

Subsection 4.3.2.3.7 is obtained as follows for PLUS7 fuel assembly:
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TABLE 4.3-16

REACTIVITY COEFFICIENTS, KINETIC PARAMETERS, AND SHUTDOWN MARGIN FOR

PLUS7 EQUILIBRIUM CYCLE

COEFFICIENTS CALCULATED
USED IN CALCULATED VALUE FOR
ACIDENT VALUE FOR GUARDIAN

PARAMETER ANALYSIS PLUS7 CORE   CORE  

Moderator Temperature Coefficient, x10-4Δρ/℉
Hot, full power, BOC  0.0 -0.61 -0.02
Hot, 75% power, BOC  0.0 -0.39 -0.01
Hot, full power, EOC -3.8 -3.59 -3.49
Hot, zero power, BOC  0.5  0.09  0.26
Hot, zero power, EOC -3.3 -2.00 -2.25

Doppler Temperature Coefficient, pcm/ K
Least negative -132 -145 -140
Most negative -240 -212 -219

Delayed neutron fraction βeff (cycle average) %
Maximum 0.79 0.62 0.63
Minimum 0.41 0.52 0.52

Neutron lifetime (cycle average) microseconds
Maximum 35.0 26.2 26.4
Minimun 15.0 16.5 16.0

Inverse Boron worth, ppm/%Δρ (BOC/EOC)
Hot, 594℉ (312℃) N/A 137/108 145/108

Shudown margin, %Δρ
BOC 5.5 7.69 6.56
EOC 5.5 8.04 6.79
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4.4  THERMAL AND HYDRAULIC DESIGN

This section presents the steady-state thermal and hydraulic analysis of the 

reactor core, the analytical methods, and the experimental work done to sup- 

port the analytical techniques.  Discussions of the analyses of anticipated 

operational occurrences and accidents are presented in Chapter 15.  The prime 

objective of the thermal and hydraulic design of the reactor is to ensure that 

the core can meet steady-state and transient performance requirements without 

violating the design bases.

4.4.1  Design Bases

Avoidance of thermally or hydraulically induced fuel damage during normal 

steady-state operation and during anticipated operational occurrences is the 

principal thermal hydraulic design basis.  The design bases for accidents are 

specified in Chapter 15.  In order to satisfy the design basis for steady- 

state operation and anticipated operational occurrences, the following design 

limits are established, but violation of these will not necessarily result in 

fuel damage.  The reactor protection system (RPS) provides for automatic 

reactor trip or other corrective action before these design limits are 

violated.

4.4.1.1  Minimum Departure from Nucleate Boiling Ratio

The minimum departure from nucleate boiling ratio (DNBR) shall be such as to 

provide at least a 95% probability with 95% confidence that departure from 

nucleate boiling (DNB) does not occur on a fuel rod having that minimum DNBR 

during steady-state operation and anticipated transients of moderate 

frequency.  A value of 1.21 using the KCE-1 correlation coupled with the CETOP 

code provides at least this probability and confidence.
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4.4.2.2  Critical Heat Flux Ratios

4.4.2.2.1  Departure from Nucleate Boiling Ratio

The margin to DNB in the core is expressed in terms of the DNBR.  The DNBR is 

defined as the ratio of the heat flux required to produce departure from 

nucleate boiling at the calculated local coolant conditions to the actual 

local heat flux.

While the DNB correlation used for design of the core loaded with 16X16 

standard (HID-1B or HID-1L) or GuardianTM fuels is the CE-1 correlation 

(References 1 and 2), the DNB correlation used for design of the core loaded 

with 16X16 PLUS7
TM
 fuels is the KCE-1 correlation (Reference 3). Based on the 

statistical evaluation of the CE-1 and KCE-1 correlations and relevant data, 

it is concluded that the appropriate minimum DNBR is 1.20 (References 2 & 4) 

and 1.124 (References 3), respectively.  The design minimum DNBR has increased 

with the application of statistical combination of uncertainties (SCU) methods 

(Reference 5).  Engineering enthalpy rise factor, engineering heat flux 

factor, systematic variation of the rod pitch and clad diameter, and core 

inlet flow factor uncertainties are combined with other uncertainty factors at 

the 95/95 confidence/probability level, and this combination is expected to 

yield a higher design limit of 1.21 on KCE-1 minimum DNBR.  This limit is then 

used in conjunction with a CETOP model based on nominal dimensions (see 

Subsection 4.4.2.9.5).  Table 4.4-1 gives the value of minimum DNBR for the 

coolant conditions and engineering factors in the table, for the radial power 

distributions in Figures 4.4-1 and 4.4-2, and for the 1.26 peaked axial power 

distribution in Figure 4.4-3.  Values of minimum DNBR or maximum fuel 

temperature at the design overpower cannot be provided with any meaning.  The 

concept of a design overpower is not applicable for the YGN 3&4 cores since 

the reactor protection system prevents the design basis limits from being 

exceeded.
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used for DNB analyses for the average and the hot fuel rods are given in Table 

4.4-1.

The effects on local heat flux and subchannel enthalpy rise of deviations from 

nominal dimensions and specifications within tolerance are included in thermal 

margin analyses by certain factors called engineering factors.  These factors 

are applied to increase the local heat flux at the location of minimum DNBR 

and to increase the enthalpy rise in the subchannel adjacent to the rod with 

the minimum DNBR.  Diversion crossflow and turbulent interchange mixing are 

not input as factors on subchannel enthalpy rise but are explicitly treated in 

the TORC and CETOP codes analytical models.

Uncertainties in the power distribution factors are discussed in Subsection 

4.4.2.9.4.

SCU methods were used to statistically combine the uncertainties associated 

with the thermal hydraulic code system input parameters.  In this methodology 

the plant specific data for YGN 3&4 has been statistically combined with KCE-1 

CHF correlation statistics at 95/95 confidence/probability level to yield a 

design DNBR limit.  This design DNBR limit is 1.21 when the following 

uncertainties are combined:

a. Uncertainty in the inlet flow distribution

b. Systematic variation on fuel rod pitch

c. Systematic variation on fuel clad OD

d. Engineering enthalpy rise factor

e. Engineering heat flux factor

f. Penalty on DNBR (minimum) due to fuel rod bowing

g. Statistics associated with the KINS approved 1.124 DNBR limit

(Reference 3)

h. Penalty on code uncertainty imposed by NRC.
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                                       The 1.21 DNBR limit is used in safety 

analysis, core protection calculators (CPC) trip setpoints and COLSS power 

operating limit calculations in conjunction with a CETOP model based on a 

nominal geometry.

4.4.2.2.2.1  Power Distribution Factors

Power distribution factors account for variations in rod radial power, axial 

power, nuclear power, total heat flux, and fuel pellet augmentation effects.  

Values for these factors are listed in Table 4.4-1.

a.  Rod Radial Power Factor

    The rod radial power factor is the ratio of the average power per unit 

length produced by a particular fuel rod to the average power per unit 

length produced by the average-powered fuel rod in the core.  The 

maximum rod radial power factor is the ratio of the average power per 

unit length produced by the highest-powered rod in the core to the 

average power per unit length produced by the average-powered fuel rod 

in the core.  Radial power distributions are dependent upon a variety 

of parameters (control rod insertion, power level, fuel exposure, 

etc.).  The core-wide and hot-assembly radial power distributions used 

for a typical DNB analysis are shown in Figures 4.4-1 and 4.4-2.  The 

maximum rod radial power factor for those figures is selected as 1.60 

for comparison with Arkansas Nuclear One Unit 2 and CESSAR.  The 

actual maximum rod radial power factor in the core will normally be 

lower; but it is not limited to a maximum value of 1.60.  The only 

limits are those specified in Subsection 4.4.1.  The protection system 

in conjunction with the reactor operator utilizing the core operating 
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power factors.  For comparison with Arkansas Nuclear One Unit 2 and 

CESSAR, a value of 2.35 is selected for computing maximum heat fluxes.  

The actual value of the nuclear power factor is normally lower 

throughout the cycle, but is not limited to a maximum value of 2.35.  

The design limits are those specified in Subsection 4.4.1.  The 

protection and supervisory systems assure that those design limits are 

not violated.

d. Total Heat Flux Factor

   The total heat flux factor is the ratio of the local fuel rod heat 

flux to the core average fuel rod heat flux, excluding the effects of 

fuel densification.   The total heat flux factor is the product of the 

nuclear power factor, the engineering heat flux factor, and the ratio 

of the hot to the average rod energy deposition fractions. 

e. Augmentation Factor

  Fuel densification may lead to axial gaps in the fuel pellet stacks 

and can cause increased localized power peaking.  An augmentation 

factor is applied to the total heat flux factor to determine the 

maximum local heat flux.

  The augmentation factor, defined as the ratio of the local heat flux 

to the unperturbed heat flux, accounts for the effects of gaps 

occurring between the fuel rod pellets caused by fuel densification.  

The axial length over which the localized power perturbation is 

considered to occur is called the gap length.  However, the 

densification of modern fuel is insufficient to cause the formation of 

significant axial gaps.  Therefore, the augmentation factor is 1.0.  

The effect of this factor on DNBR is discussed in Subsection 

4.4.2.2.3.
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4.4.2.2.2.2  Engineering Factors

Engineering factors account for local variations in heat flux, linear heat 

rate, enthalpy rise, and subchannel pitch and bow effects.  Values for these 

engineering factors are listed in Table 4.4-1.

a. Engineering Heat Flux Factor

  The effect on local heat flux due to normal manufacturing deviations 

from nominal dimensions and specifications is accounted for by the 

engineering heat flux factor.  Design variables that contribute to 

this engineering factor are initial pellet density, pellet enrichment, 

pellet diameter, and clad outside diameter.

  These variables are combined statistically to obtain the engineering 

heat flux factor. The design value used for the engineering heat flux 

factor is based on drawing and specification tolerance limits for the 

YGN 3&4 fuel.  The engineering heat flux factor is applied to the rod 

with the minimum DNBR and increases the heat flux when calculating 

DNBR.  It does not affect the enthalpy rise in the subchannel; the 

effect on the enthalpy rise in the subchannel due to normal 

manufacturing deviations from normal design dimensions and 

specifications is accounted for by the engineering enthalpy rise 

factor.

b. Engineering Factor on Linear Heat Rate

  The effect of deviations from nominal fuel rod design dimensions and 

specifications on fuel temperature is accounted for by the engineering 

factor on linear heat rate.  The method used to calculate this factor 

is described in Appendix B of Reference 8.  Since the final value is 

less than 1.03, using the value 1.03 is conservative.
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where:

hdb = heat transfer coefficient, Btu/hr-ft
2
 -

o
F

k = thermal conductivity, Btu/hr-ft-
o
F

De = equivalent diameter = 4A/PW, ft

NR = Reynolds number, based on the equivalent diameter and coolant 

       properties evaluated at the local bulk coolant temperature

Npr = Prandtl number, based on coolant properties evaluated at the local

       bulk coolant temperature

A = cross-sectional area of flow subchannel, ft
2
 

PW = wetted perimeter of flow subchannel, ft

No specific allowance is made or considered necessary for the uncertainties 

associated with the Dittus-Boelter correlation because the Dittus-Boelter cor- 

relation is not used directly in computing thermal margin, but rather plays a 

part in determining pressure drop and cladding temperature.  The validity of 

the overall scheme for predicting pressure drop is shown by the excellent 

agreement between predicted and experimental values obtained during the DNB 

test program and described in CENPD-161 (Reference 6).  The uncertainty 

associated with the cladding temperatures calculated for single-phase heat 

transfer is not a major concern because the limiting fuel and cladding 

temperatures occur where the cladding-to-coolant heat transfer is by nucleate 

boiling.

The temperature drop across the surface film is calculated from the following 

equation:

    ΔTfilm = q"/hdb      (4.4-2)

where:

q" = fuel rod surface heat flux, Btu/hr-ft
2
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The maximum fuel rod heat flux is the product of the core average fuel rod 

heat flux and the total heat flux factor (refer to Table 4.4-1 and Subsection 

4.4.2.2.2).  Nucleate boiling may occur on the clad surface.  In the nucleate 

boiling regime, the surface temperature of the cladding is determined from the 

Jens and Lottes correlation (Reference 11):

Twall = Tsat + 60 (q" x 10
-6)0.25  [exp (-P/900)]   (4.4-3)

where:

P   =  pressure, psia

Tsat  =  saturation temperature, 
o
F

Nucleate boiling is assumed to exist if Twall is less than the sum of Tcoolant 

plus  ΔTfilm. 

The cladding surface temperature is calculated by summing the temperature of 

the coolant at the particular location and the temperature drop across the 

surface film; if nucleate boiling occur.  It is calculated directly from the 

Jens and Lottes correlation.

4.4.2.7.2  Core Irrecoverable Pressure Drop Loss Coefficients

Irrecoverable pressure losses through the core result from friction and geo- 

metric changes.  The pressure losses through the lower and upper end fittings 

were initially calculated using the standard loss coefficient method and then 

verified by test (refer to Subsection 4.4.4.2.2).  The correlations used to 

determine frictional and geometric losses in the core are presented in 

Subsection 4.4.4.2.3.
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4.4.2.7.3  Void Fraction Correlations

Three separate void regions are considered in flow boiling.  Region 1 is 

highly subcooled where a single layer of bubbles develops on heated surface 

and remains attached to the surface.  Region 2 is a transition region from 

highly subcooled to bulk boiling where the steam bubbles detach from the 

heated surface.  Region 3 is the bulk boiling regime.

The void fraction in Regions 1 and 2 is predicted using the Maurer Method 

(Reference 9).  The calculation of the void fraction in the bulk boiling 

regime is discussed in Subsection 4.4.4.2.3.

4.4.2.8  Thermal Effects of Operational Transients

Design-basis limits on DNBR and fuel temperature are established so that ther- 

mally induced fuel damage will not occur during steady-state operation or 

during anticipated operational occurrences.  The COLSS provides information to 

the operator so he can assure that proper steady-state conditions exist.  The 

RPS ensures that the design limits are not violated.  The COLSS provides the 

reactor operator with a comparison of the actual core operating power to the 

licensed power and to the limiting power based on DNBR and linear heat rate.  

An alarm is sounded if the operating power reaches one of the limiting powers.  

The limits are maintained by LCO using COLSS (or CPC when COLSS is out of 

service) to provide sufficient margin not to exceed the design-basis limits in 

the event that the most limiting anticipated operational occurrence occurs 

simultaneously with the operating power being at the limiting power in steady 

state.

The COLSS thermal margin algorithm is an analytical approximation to the 

standard thermal margin design methods described in Subsection 4.4.4.5.2.
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this location where nucleate boiling occurs.

4.4.2.9.4  DNBR Calculation Uncertainties

a.   The uncertainty in the calculation of minimum DNBR is the result of 

     the following uncertainties:

1. The uncertainty in the input to the core analytical model, the  

TORC code.  This includes the core geometry, power distribution, 

inlet flow and temperature distribution, exit pressure distribu- 

tion, single-phase friction factor constants, spacer grid loss 

coefficients, diversion crossflow resistance and momentum 

parameters, turbulent interchange constants, and hot fuel rod 

energy deposition fraction.

2. The uncertainty in the analytical model used to compute the actual 

distribution of flow and the local subchannel coolant conditions.

3. The uncertainty in the KCE-1 correlation to predict DNB.

b. The following paragraphs discuss the above uncertainties and the 

allowances for them, if needed, in the thermal margin analysis of the 

core.

1. Uncertainty in the Input to the Core Analytical Model

a) Uncertainty in core geometry, as manifested by manufacturing 

variations within tolerances, is considered by the inclusion 

of engineering factors in the DNBR analyses; see Subsection 

4.4.2.2.2 for discussion of the method used to compute 

conservative values.
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b) Uncertainties on the power distribution factors are applied in

the COLSS and RPS (see Subsection 7.7).

c) The core inlet flow distribution is obtained from flow model

testing discussed in Subsection 4.4.4.2.  Uncertainties in the

core flow distribution are included in the design method for

TORC analyses.

d) Uncertainties in the core inlet temperature distribution and

core exit pressure distribution are addressed in the design

method for TORC analyses.

e) The Blasius single-phase friction factor equation for smooth

rods is given and shown to be valid in Subsection 4.4.4.2.3.

The spacer grid loss coefficient is obtained from pressure

drop data discussed in Subsection 4.4.4.2.3.

f) The value  of  minimum DNBR  is  relatively  insensitive to

cross flow resistance and momentum parameters (Reference 6).

g) Subsection 4.4.4.1 describes the testing to determine the

inverse Peclet number, which is indicative of the turbulent

flow interchange between subchannels.  The inverse Peclet

number is input to the TORC code and is used to determine the

effect of turbulent interchange on the enthalpy rise in

adjacent subchannels.  The selection of inverse Peclet number

0.0101 for PLUS7
TM
 fuel is based on justification provided

based on the similarity of geometric parameters with other

Westinghouse fuel mixing vane grid designs for which inverse

Peclet numbers have been previously addressed.

h) The same fuel rod energy deposition fraction is used for the

hot rod as for the average rod.  The hotter the rod, the lower

the actual value of energy deposition fraction with respect to
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that for the average rod.  A lower energy deposition fraction 

reduces the hot rod heat flux and thereby increases its DNBR.  

The use of the average rod energy deposition fraction for the 

hot rod is therefore conservative.  See Section 4.3 for a 

discussion of the calculation of the energy deposition 

fractions.

2. Uncertainty in the Analytical Model

   The ability of the TORC code to accurately predict subchannel 

local conditions in rod bundles is described in CENPD-161 

(Reference 6).  The ability of the code to accurately predict the 

core wide coolant conditions is described in CENPD-206 (Reference 

13).  However, an allowance for TORC code uncertainty is included 

in the SCU analysis as discussed in Subsection 4.4.2.9.5.

3. Uncertainty in the DNB Correlation

   The uncertainty in the DNB correlation is determined by a 

statistical analysis of DNB test data.  

4.4.2.9.5  Statistical Combination of Uncertainty

Use of a 1.21 minimum DNBR limit with a best estimate design CETOP-D model 

ensures, with at least 95% probability and 95% confidence, that the hot rod 

will not experience a departure from nucleate boiling.  The 1.21 minimum DNBR 

limit includes explicit allowances for system parameter uncertainties, CHF 

correlation uncertainty, rod bow penalty, and the NRC penalty for the TORC 

code uncertainty.  
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Several conservatisms are included in the SCU methodology (Reference 5).  The 

significant conservatisms include the following:

a. Combination of system parameter probability density functions (PDFs)

at the 95% confidence level to yield a resultant minimum DNBR limit at 95%

confidence level.

b. Use of pessimistic system parameter PDFs.

c. Derivation of the new minimum DNBR limit such that it applies to both

four-pump and three-pump operation.

d. Use of single most adverse set of state parameters to generate the

response surface.

e. Application of NRC imposed code uncertainty penalty.
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4.4.2.10  Flux Tilt Considerations

An allowance for degradation in the power distribution in the x-y plane (com- 

monly referred to as flux tilt) is provided in the protection limit setpoints 

even though little, if any, tilt in the x-y plane is expected.

The tilt, along with other pertinent core parameters, is continually monitored 

during operation by the COLSS (described in Section 7.7).  If the core margins 

are not maintained, the COLSS actuates an alarm to signal the operator to take 

corrective action.  The CPCs actuate a trip if limiting safety system settings 

are reached.

The thermal margin calculations used in designing the reactor core are 

performed using the TORC and CETOP codes.  The TORC and CETOP codes described 

in Subsection 4.4.4.5.2, are based on an open-core analytical method for 

performing such calculations and treat the entire core on a three-dimensional 

basis.  Thus, any asymmetry or tilt in the power distribution is analyzed by 

providing the corresponding power distribution in the TORC and CETOP input.

4.4.3  Description of the Thermal and Hydraulic Design of the Reactor

  Coolant System (RCS)

A summary description of the RCS is given in Section 5.1.
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Fuel

Assembly

Geometry

No.

Heated

Rods

Lateral

Power

Distribution

Heated

Length

ft (m)

Axial

Grid Spacing

in (cm)

16 x 16 32 Non-Uniform 12.5(3.81) 15.72(39.93)

16 x 16 36 Non-Uniform 12.5(3.81) 15.72(39.93)

DNB at the calculated local coolant conditions to the actual heat flux.

The KCE-1 correlation (Reference 3) is used with the TORC computer code 

(Reference 6) and the CETOP computer code (Reference 7) to determine DNBR 

values for normal operation and anticipated operational occurrences.  The 

KCE-1 correlation was developed in conjunction with the TORC code specifically 

for DNB margin predictions for fuel assemblies with the PLUS7
TM
 mixing vane 

spacer grids.  Topical Report KNF-TR-SGH-04001/N/A (Reference 3) provides 

detailed information on the KCE-1 correlation and source data.  In brief, the 

correlation is based on data from tests conducted for PLUS7
TM
 fuel development 

at the Chemical Engineering Research Laboratories of Columbia University.  

Those tests used electrically heated 6 x 6 array rod bundles corresponding 

dimensionally to a portion of a 16 x 16 assembly with the mixing vane spacer 

grids. 

The KCE-1 correlation (Reference 3) was developed from DNB data for 2 test 

sections with the following characteristics:
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Local coolant conditions at the DNB location were determined by using the TORC 

code in a manner consistent with the use of the code for reactor thermal 

margin calculations.  The local coolant properties for the non-uniform axial 

power distribution were assumed to be those for the uniform axial power 

distribution.  The assumption is conservative since the critical heat flux for 

the uniform axial heat flux distribution is higher than that for the 

non-uniform axial heat flux distribution in general.  The KCE-1 correlation 

was developed based on the conservative assumption and the same functional 

form of CE-1 correlation.  The KCE-1 correlation predicted the 225 source data 

with a mean and standard deviation of the ratio of measured and predicted DNB 

heat fluxes of 0.9866 and 0.05304, respectively, which support the use of a 

1.124 DNBR limit. The applicable parameter ranges of KCE-1 correlation are as 

follows:

  Pressure   1395  to  2415 psia

 (98.1  to  169.8 kg/cm2A)

  Local Coolant Quality     -0.150  to  0.275

  Local Mass Flux     0.85 x 10
6 
 to  3.15 x 10

6
lbm/hr-ft

2
)

 (4.15 x 106 to  15.4 x 106  kg/hr-m2)

One important factor in the prediction of DNB and local coolant conditions is 

the treatment of coolant mixing or turbulent interchange.  The effect of 

turbulent interchange on enthalpy rise in the subchannels of 16 x 16 fuel 

assemblies with mixing vane spacer grids is calculated in the TORC code by the 

following equation:



Pe  GD e

w

Pe

D e
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4.4.4.2  Reactor Hydraulics

4.4.4.2.1  Reactor Flow Model Tests

A scale flow model test has been conducted for the YGN 3&4 reactor design as 

part of the NSSS system design. Reactor flow model tests have been conducted 

by CE in the past for several different classes of reactor design, including 

the System 80 reactor design.  An open-core design approach was used for the 

model core to obtain test data for confirmation of input for the CE open core 

thermal margin analysis methods.  Details of the YGN 3&4 reactor flow model 

test program are presented in Appendix 4A.

Hydraulic design parameters derived from reactor flow model test results 

include the core inlet flow distribution and core exit pressure distribution 

and pressure drops in the reactor vessel.

a.  Core Inlet Flow and Core Exit Pressure Distributions

    The core inlet flow and the core exit pressure distributions are 

required as input to the TORC code for core thermal margin analysis 

(refer to Subsection 4.4.4.5.2).

    The core inlet flow distributions and core exit pressure distributions 

(for four-loop and three-loop operations) used in TORC analysis are 

based on the results obtained from the YGN 3&4 reactor flow model test 

program as described in Appendix 4A.
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b.  Reactor Pressure Losses

    Reactor vessel pressure drop predictions other than for the core 

region have been verified by flow model test results.  Where appropri- 

ate, corrections have been made to flow model test results to account 

for differences in Reynolds number and surface relative roughness 

between model and reactor. Reactor pressure drop predictions for the 

core region are based on data from CE 16 x 16 fuel assembly components 

tests (see Subsection 4.4.4.2.2).  YGN 3&4 reactor vessel pressure 

drop predictions based on those test results are given in Table 4.4-4 

(see Subsection 4.4.2.6.2).

4.4.4.2.2  Components Testing

Components test programs have been conducted in support of all WEC reactors.  

The tests subject a full-size reactor core module comprising one to five fuel 

assemblies,  control element assembly and extension shaft, control element 

drive mechanism, and reactor internals to reactor conditions of water 

chemistry, flow velocity, temperature, and pressure under the most adverse 

operating conditions allowed by design.  Two objectives of the programs are to 

confirm the basic hydraulic characteristics of the components and to verify 

that fretting and wear will not be excessive during the components' lifetime.  

When the reactor design is revised, a new program embodying the important 

aspects of the latest design is conducted.

Thus, components tests have been run on the Palisades design, the cruciform 

control elements, on the Fort Calhoun with CEAs and rack-and-pinion control 

element drive mechanisms (CEDMs), on the Maine Yankee design with a dual CEA 

and a magnetic jack CEDM, and on the Arkansas design with a 16 x 16  fuel 

assembly, a CEA, and magnetic jack CEDM.
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During the course of the tests for PLUS7 fuel assembly components, information 

is obtained on fuel rod fretting and on fuel assembly uplift and pressure 

drop.  The first subject is discussed in Section 4.2.  The second is discussed 

below.

As part of the assessment of fuel assembly margin to uplift in the reactor, 

measurements are made of the flow rate required to produce fuel assembly lift- 

off.  To obtain the desired information, the point of fuel assembly lift-off 

is determined from accelerometer signals.  

Data reduction involves the calculation of an uplift coefficient, describing 

the hydraulic uplift force acting on the assembly; the coefficient is defined 

as follows:

Kup = Wo/( γV
2
A/2g)   (4.4-5)

where:

Wo =  wet weight of assembly, lbf

V =  flow velocity in assembly at the point of liftoff, ft/sec

A =  envelope area of assembly, ft
2

γ =  water specific weight, lbf/ft
3

g =  gravitational constant,ft/sec2
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A plot of the Kup data shows that they can be fitted by the relation:

Kup = α NR 
-β

  (4.4-6)

where α and β are peculiar to the particular components test being run and the

standard error of estimate is typically 4%, including replication and instru- 

ment error.

The uplift coefficient and its associated uncertainty are employed in the 

analysis of the uplift forces on the fuel assemblies in the reactor.  The 

force is determined for the most adverse assembly location for startup and 

normal operating conditions.  Additional input to the calculation includes 

analytical corrections to the coefficient for the absence of the CEA, for crud 

formation, and for small geometrical differences among the fuel assemblies for 

the different reactor designs all nominally describable by the same components 

test.

Pressure measurements are also made during the components test to verify the 

accuracy of the calculated loss coefficients for various fuel assembly compo- 

nents.  Direct reduction of the pressure drop data yields the loss coeffi- 

cients for the lower and upper end fitting region, while the spacer grid loss 

coefficient is evaluated by subtracting a calculated fuel rod friction loss 

from the measured pressure drop across the fuel rod region.

Experience has shown that the experimental end fitting loss coefficients are 

essentially independent of Reynolds Number and, with their sample standard 

deviations, are in reasonable agreement with the predicted values used in the 

calculation of core pressure drop (Subsection 4.4.2.6).  The design value for 

the 16 x 16 PLUS7 fuel assembly spacer grid is based upon experimental results 

from the 16 x 16 fuel assembly design components test program.
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As described in Section 4.2, a components test was performed on the System 80 

reactor design.  The test hardware consists of five fuel assemblies, core sup- 

port structure, CEA shroud, control element assembly, and drive mechanism.  

4.4.4.2.3  Core Pressure Drop Correlations

The total pressure drop along the fuel rod region of the core is computed as 

the sum of the individual losses resulting from friction, acceleration of the 

fluid, the change in elevation of the fluid, and spacer grids.  The individual 

losses are computed using the momentum equation and the consistent set of 

empirical correlations presented in the TORC code (Reference 65).

In the following paragraphs, the correlations used are summarized and the 

validity of the scheme is demonstrated with a comparison of measured and 

predicted pressure drops for single-phase and two-phase flow in fuel assembly 

with CEA-type geometry.

For isothermal, single-phase flow, the pressure drop due to friction for flow 

along the bare rods is based on the equivalent diameter of the bare fuel 

assembly and the Blasius friction factor:

f = 0.184 NR
-0.2

 (4.4-7)

The pressure drop associated with the spacer grids is computed using a grid 

loss coefficient (KSG) given by a correlation that has the following form:

KSG = D1 + D2 NR
D3
  ± Standard Error of Estimate    (4.4-8)
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The constants, Dn, are determined from pressure drop data obtained for a wide 

range of Reynolds Numbers for isothermal flow through a big guide tube-type 

fuel assembly fitted with the mixing vane spacer grids.  The data come from a 

components test program on a 16 x 16 fuel assembly design (Subsection 

4.4.4.2.2).  The standard error of estimate associated with the loss 

coefficient relation includes replication and instrument error.

To compute pressure drop either for heating without boiling or for subcooled 

boiling, the friction factor given above for isothermal flow is modified 

through the use of the multipliers given by Pyle (Reference 14).  The 

multipliers were developed to incorporate the effects of subcooled voids on 

the acceleration and elevation components of the pressure drop as well as the 

effect on the friction losses.  Consequently, it is not necessary to compute 

specifically either a void fraction for subcooled boiling or the individual 

effects of subcooled boiling on the friction, acceleration, or elevation 

components of the total pressure drop.

The effect of bulk boiling on the friction pressure drop is computed using a 

curve fit to the Martinelli-Nelson data (Reference 15) above 2000 psia (140.6 

kg/cm
2
A) or the Martinelli-Nelson correlation (Reference 15) with the 

modification given by Pyle (Reference 14) below 2000 psia (140.6 kg/cm
2
A).  The 

acceleration component of the pressure drop for bulk boiling conditions is 

computed in the usual manner for the case of two-phase flow where there may be 

a nonunity slip ratio (Reference 16).  The elevation and spacer grid pressure 

drops for bulk-boiling are computed as for single-phase flow except that the 

bulk coolant density ( ρ) is used, where:

ρ=αρ V+(1-α)ρ L    (4.4-9) 
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and where:

α = bulk boiling void fraction

ρV= density of saturated vapor, lb/ft
3

ρL = density of saturated liquid, lb/ft
3

The bulk boiling void fraction used in computing the elevation, acceleration, 

and spacer grid losses is calculated by assuming a slip ratio of unity if the 

pressure is greater than 1850 psia (130 kg/cm2A) or by using the Martinelli- 

Nelson void fraction correlation (Reference 15) with the modifications pre- 

sented by Pyle (Reference 14)  if the pressure is below 1850 psia (130 

kg/cm2A).

To verify that the scheme described above accurately predicts pressure drop 

for single-phase and two-phase flow through the 16 x 16 assembly, geometry 

comparisons have been made of measured pressure drop and the pressure drop 

predicted by TORC (Reference 6) for the rod bundles used in the DNB test 

program at Columbia University (refer to Subsection 4.4.4.1).  Figure 6.7 of 

CENPD-161 (Reference 6) shows some typical results for a 21-rod fuel assembly 

of the 16 x 16 fuel assembly geometry (5 x 5 assembly with four rods replaced 

by a control element guide tube).  The excellent agreement demonstrates the 

validity of the methods described above.

4.4.4.3  Influence of Power Distributions

The reactor operator, utilizing the COLSS, will restrict operation of the 

plant such that power distributions that are permitted to occur will have an 

adequate margin to satisfy the design bases during anticipated operational 

occurrences.  A discussion of the methods of controlling the power distribu- 

tions is given in Subsection 4.3.2.4.2.  A discussion of the expected power 

distributions is given in Subsection 4.3.2.2.3, and typical planar rod radial 

power factors and axial shapes are given in Figures 4.3-3 through 4.3-23.  The 
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full power maximum rod radial power factor is taken as 1.60 and is used in the 

calculations of the core thermal margins that are given here in Section 4.4.  

Comparison with expected power distributions, discussed in Section 4.3, shows 

that this integrated rod radial power factor is at least 3% higher than all 

the calculated values and, therefore, is a meaningful value for thermal margin 

analyses.

If CEAs or PSCEAs are inserted in the core, the same planar radial power 

distribution does not exist at each axial elevation of the core, nor does the 

same axial power distribution exist at each radial location in the core.  From 

the analysis of many three-dimensional power distributions, the important 

parameters that establish the thermal margin in the core are the maximum rod 

power and its axial power distribution (Reference 13).  Examination of many 

axial power distributions shows that 1.26 peaked axial power distribution in 

Figure 4.4-3 to be among those giving the lowest DNBRs.  The combination of 

that axial shape and the maximum rod radial power factor of 1.60 is therefore 

a meaningful combination for DNB analyses.  The maximum linear heat rate at a 

given power is determined directly from the core average fuel rod linear heat 

rate and the nuclear power factor.  The value of 2.35 for the nuclear power 

factor is selected and corresponds to the 1.60 rod radial power factor 

combined with the 1.47 peaked axial shape shown in Figure 4.4-3.  As stated 

before, the supervisory and protection systems measure the maximum rod radial 

power factor and the axial power distribution in the core and ensure that the 

design limits specified in Subsection 4.4.1 are not violated.

4.4.4.4  Core Thermal Response

Steady-state core parameters are summarized in Table 4.4-1 for normal four- 

pump operation.  Figure 4.4-8 shows the sensitivity of the minimum DNBR to 

small changes in pressure, inlet temperature and flow from the conditions 

specified in Table 4.4-1.  The same 1.26 peaked axial power distribution and 

1.60 maximum rod radial power factor are used.
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4.4.4.5.2  Thermal Margin Analysis

Thermal margin analyses of the reactor core are performed using the TORC code 

which is an open core analytical method based on the COBRA-III C code 

(Reference 17) and the CETOP code.  A complete description of the TORC code 

and application of the code for detailed core thermal margin analyses is 

contained in CENPD-161 (Reference 6).  A simplified procedure used to apply 

the TORC code for design thermal margin calculations is described in detail in 

CENPD-206 (Reference 13).  The CETOP code, derived from the same theoretical 

bases as TORC, is streamlined for use in the thermal margin analyses.  A 

complete description of CETOP is provided in CEN-214(A) (Reference 7).  A 

brief description of the codes and their use is given here.

The COBRA-III C code solves the conservation equations for mass, axial and 

lateral momentum, and energy for a collection of parallel flow channels that 

are hydraulically open to each other.  Since the size of a channel in design 

varies from the size of fuel assembly or more to the size of a subchannel 

within a fuel assembly, certain modifications were necessary to enable a 

realistic analysis of thermal-hydraulic conditions in both geometries.  The 

principal revisions to arrive at the TORC code, which leave the basic struc- 

ture of COBRA-III C unaltered, are in the following areas:

a. Modification of the lateral momentum equation for core wide calcula- 

tions where the smallest channel size is typically that of a fuel

assembly.

b. Addition of the capability for handling nonzero lateral boundary

conditions on the periphery of a collection of parallel flow channels.  

This capability is particularly important when analyzing the group of 

subchannels within the hot fuel assembly.
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c. Addition of the capability to handle nonuniform core exit pressure

distributions.

d. Insertion of standard WEC empirical correlations and the ASME fluid

property relationships.

Details of the lateral momentum equations and the empirical correlations used 

in the TORC code are given in CENPD-161 (Reference 6).

The application of the TORC code for detailed core thermal margin calculations 

typically involves two or three stages.  The first stage consists of calcu- 

lating coolant conditions throughout the core on the coarse mesh basis.  The 

core is modeled such that the smallest unit represented by a flow channel is a 

single fuel assembly.  The three-dimensional power distribution in the core is 

superimposed on the core coolant inlet flow and temperature distributions.  

The core inlet flow and core exit static pressure distribution are obtained 

from flow model tests discussed in Subsection 4.4.4.2, and the inlet 

temperature for normal four loop operation is assumed uniform.  The axial 

distributions of flow and enthalpy in each fuel assembly are then calculated 

on the basis that the fuel assemblies are hydraulically open to each other.  

Also determined during this stage are the transport quantities of mass, momen- 

tum, and energy that cross the lateral boundaries of each flow channel.

In the second stage, typically the hot assembly and adjoining fuel assemblies 

are modeled with a coarse mesh.  The hot assembly is typically divided into 

four to five partial assembly regions.  One of these regions is centered on 

the subchannels adjacent to the rod having the minimum DNBR.  The three- 

dimensional power distribution is superimposed on the core coolant inlet flow 

and temperature distributions.  The lateral transport of mass, momentum, and 

energy from the stage-one calculations is imposed on the peripheral boundary 

enclosing the hot assembly and the neighboring assemblies.  The axial distri- 

butions of flow and enthalpy in each channel are calculated as well as the 
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transport quantities of mass, momentum, and energy that cross the lateral 

boundary of each flow channel.  In some cases, the hot assembly detail nor- 

mally included in the second stage is included in the first stage, thereby 

eliminating the need for the intermediate stage.  In these cases, the second 

stage is the subchannel model discussed below.

The third stage involves a fine mesh modeling of the partial assembly region 

that centers on the subchannels adjacent to the rod having the minimum DNBR.  

All of the flow channels used in this stage are hydraulically open to their 

neighbors.  The output from the stage-two calculations, in terms of the 

lateral transport of mass, momentum, and energy, is imposed on the lateral 

boundaries of the stage three partial assembly region.  Engineering factors 

are applied to the minimum DNBR rod and subchannel to account for uncertain- 

ties on the enthalpy rise and heat flux due to manufacturing tolerances.  The 

local coolant conditions are calculated for each flow channel.  These coolant 

conditions are then input to the DNB correlation and the minimum value of DNBR 

in the core is determined.

A more detailed description of this procedure with example is contained in 

CENPD-161 (Reference 6).  This procedure is used to analyze in detail any 

specific three-dimensional power distribution superimposed on an explicit core 

inlet flow distribution.  The detailed core thermal margin calculations are 

used primarily to develop and to support the simplified design core thermal 

margin calculational scheme discussed below.

The method used for design calculations is discussed in detail in CENPD-206 

(Reference 13).  In summary, the method is to use one limiting hot assembly 

radial power distribution for all analyses, to raise or lower the hot assembly 

power to provide the proper maximum rod radial power factor, and to use the 

core average mass velocity in all fuel assemblies except the hot assembly.  

The appropriate reduction for the hot assembly mass velocity is determined 

based upon the results of the YGN 3&4 flow model tests (see Subsection 



YGN 3&4 FSAR

Amendment 339
2007.01.09

4.4-46

4.4.4.2.1).  This methodology is used in the thermal margin analyses of the 

YGN 3&4 reactors.

The CETOP code (Reference 7), a variant of the TORC code, is used as a design 

code for YGN 3&4 thermal margin analyses.  CETOP has the same theoretical 

bases as TORC, but has been improved to reduce execution time.  The CETOP code 

uses the transport coefficients to obtain accurate determination of diversion 

crossflow and turbulent mixing between adjoining channels with a less detailed 

calculational model.  Furthermore, a prediction-correction method is used to 

solve the conservation equations, replacing the iterative method used in the 

TORC code, and thereby reducing execution time.  The conservatism of CETOP 

relative to TORC is assured by benchmarking analyses which demonstrate that 

CETOP yields accurate or conservative DNBR results relative to TORC.

4.4.4.5.3  Hydraulic Instability Analysis

Flow instabilities leading to flow excursions or flow oscillations have been 

observed in some boiling flow systems containing one or more closed, heated 

channels.  Flow instability phenomena are a concern primarily because they may 

lead to a reduction in the DNB heat flux relative to that observed during a 

steady flow condition.  Flow instabilities are not, however, expected to 

reduce thermal margin in WEC PWRs during normal operation or anticipated 

operational occurrences.  This conclusion is based upon available literature, 

experimental evidence, and the results of core flow stability analyses.

Review of the available information on boiling systems has resulted in the 

following qualitative observations.  Flow instabilities that have been 

observed have occurred almost exclusively in closed-channel systems operating 

at low pressures relative to PWR operating pressures.  Increasing pressure has 

been found to have a stabilizing influence in many cases where flow instabili- 

ties have been observed (Reference 18), and the high operating pressure 

characteristic of PWRs minimizes the potential for flow instability.  For PWR 
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operating pressures, experimental results (Reference 19) have shown that, even 

with closed channel systems, operating limits due to the occurrence of 

critical heat flux (CHF) are encountered before the flow stability threshold 

is reached.  It would be expected that the low resistance to coolant crossflow 

among subchannels of WEC PWR fuel assemblies would have a stabilizing effect, 

and that expectation is confirmed by experimental results (References 20, 21, 

and 22), which show that flow stability in parallel heated channels is 

enhanced by cross connections between the channels.

Experimental evidence that flow instabilities will not adversely affect ther- 

mal margin is provided by the data from the rod bundle DNB tests conducted by 

WEC (References 1 and 2); many rod bundles have been tested over wide ranges 

of operating conditions with no evidence of premature DNB or of inconsistent 

data that might be indicative of flow instabilities in the rod bundle.

Analytical support for the conclusion that flow instabilities will not reduce 

the thermal margin of WEC PWRs is provided in Reference 23.  That document 

presents an assessment of core flow stability for a typical WEC PWR.  The 

assessment was made using the CE-HYDNA code, the WEC version of HYDNA flow 

stability code presented in Reference 24. In addition to the WEC PWR flow 

stability assessment, Reference 23 contains the following information:

a. A description of the CE-HYDNA flow stability code

b. A user's manual and FORTRAN listing of the CE-HYDNA code

c. Results of sensitivity studies and of code verification through 

comparison with experimental data

The CE-HYDNA code provides the fundamental analytical tool for the assessment 

of flow stability in WEC PWRs.  The code has the capability of analyzing 

transient one-dimensional flow phenomena in several groups of laterally closed 
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channels with common entrance and exit plenums.  The use of CE-HYDNA for 

analysis of open-array WEC PWR cores is conservative because the stabilizing 

effects of interchannel communication (References 20, 21, and 22) are 

neglected.

The results presented in Reference 23 are for a WEC 3450 MWt class reactor but 

those results are representative of all WEC PWRs.  It was found that, for 

nominal coolant conditions, the flow is stable throughout the range of reactor 

power levels examined (100% - 250% rated power).  Additional calculations were 

performed covering a wide range of operating conditions.  These calculations 

showed that, even under severely adverse operating conditions, the flow is 

stable at greater than 100% of rated power.  The results provide additional 

evidence that flow instabilities will not adversely affect core thermal margin 

during normal operation or anticipated operational occurrences.

4.4.5  Testing and Verification

Data descriptive of thermal and hydraulic conditions within the reactor vessel 

will be obtained as part of the startup program.

4.4.6  Instrumentation Requirements

The incore instrumentation system will be used to confirm core power distribu- 

tions and assist in the calibration of the excore flux measurement system.  

Further descriptions are contained in Section 7.7.
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 TABLE 4.4-3

   DESIGN REACTOR COOLANT FLOWS IN BYPASS CHANNELS

  ＊      PERCENT OF TOTAL
 BYPASS ROUTE  PATHS     VESSEL FLOW  

Outlet nozzle clearances     1   1.30

Alignment keyways   6   0.60

Core shroud annulus    3   0.39

Instrumented center guide    2   0.07
tubes

Non-instrumented    4   0.20
center guide tubes

Corner guide tubes     5   0.45

Total bypass    All     3.00

* See Figure 4.4-6
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  TABLE 4.4-5 (Sh. 1 of 2)

   DESIGN STEADY-STATE HYDRAULIC LOADS

 ON VESSEL INTERNALS AND FUEL ASSEMBLIES

  (Postcore Load Values at 500℉)

 STEADY-STATE LOAD

  COMPONENT    DESCRIPTION    LOAD VALUE 

1. Core support    Radial pressure differential   96.8 lb/in2 (6.81 kg/㎠)

barrel  directed inward opposite

 inlet duct

 Uplift load  1.11 x 10⁶ lb (5.0 x 10⁵ kg)
 Lateral load    0.17 x 10⁶ lb (7.7 x 10⁴kg)

2. Upper guide    Uplift load 0.62 x 10⁶ lb (2.8 x 10⁵ kg)

  structure

 Lateral load    290 x 10
3⁳ lb (132.0x103kg)

3. Flow skirt   Radial pressure differential   43 max. psi (3.02 kg/㎠)

 directed inward                19 avg. psi (1.34 kg/㎠)

 Axial load directed downward   2348 max. lb/ft of circ. 

  (3494 kg/m)

  1072 avg. lb/ft of circ.

  (1595 kg/m)

4. Instrumentation   Lateral drag load directed  14.9 psi max. support

plate supports    inward  (1.05 kg/㎠)

5. Instrumentation   Uplift load   964 lb (437 kg)

support plate

6. Instrumentation   Lateral drag load directed  2244 lb max./tube (1018 kg)

tube              inward

7. Bottom plate    Drag load directed upward      58,600 lb (26,581 kg)













 T
A
B
L
E
 4
.
4
-
8
 
(
S
h
.
 1
 o
f
 
2
)

 R
E
A
C
T
O
R
 C
O
O
L
A
N
T
 
S
Y
S
T
E
M
 G
E
O
M
E
T
R
Y

  
 
F
L
O
W
 P
A
T
H
  

  
 
T
O
P
 (
d
)
  

  
B
O
T
T
O
M
 
(
d
)
  
 

 M
I
N
I
M
U
M

 L
E
N
G
T
H
  

  
 
E
L
E
V
A
T
I
O
N
  
 

 E
L
E
V
A
T
I
O
N
  

  
F
L
O
W
 
A
R
E
A
  
 

 V
O
L
U
M
E
  

  
 
C
O
M
P
O
N
E
N
T
  
 

  
f
t
(
m
)
 

  
 
f
t
(
m
)
  
 

  
f
t
(
m
)
 

  
 
f
t
2  
(
㎡
)
  

  
 
f
t
3 (
㎥

)
  
 

H
o
t
 L
e
g
 

  
 
1
4
.
3
6
 (
4
.
3
8
)
  

  
2
.
4
0
 
(
0
.
7
3
1
)
  
-
1
.
7
5
 
(
-
0
.
5
3
)
  
 
  
9
.
6
2
 
(
0
.
8
9
)
  
 
  
 
1
3
8
.
1
5
 (
3
.
9
1
)

R
e
a
c
t
o
r
 C
o
o
l
a
n
t
 
P
u
m
p
  
 

  
S
u
c
t
i
o
n
 L
e
g
  

  
2
4
.
6
8
 
(
7
.
5
2
)
1
.
0
4
 (
0
.
3
2
)
-
9
.
9
6
  
  
(
-
3
.
0
4
)
4
.
9
1
(
0
.
4
6
)
 
1
2
2
.
5
3
 (
3
.
4
0
)

  
D
i
s
c
h
a
r
g
e
 L
e
g
  

  
 
1
9
.
2
9
 (
5
.
8
8
)
  

  
1
.
2
5
 
(
0
.
3
8
)
  
 
-
1
.
2
5
 (
-
0
.
3
8
)
  
  
4
.
9
1
 
(
0
.
4
6
)
  
 

 9
5
.
6
5
 (
2
.
7
1
)

  
P
r
e
s
s
u
r
i
z
e
r
  
 

  
 
1
8
1
5
.
(
5
1
.
4
0
)

  
L
i
q
u
i
d
 L
e
v
e
l
 @
 
F
u
l
l
 P
o
w
e
r
  

  
-
-
-
 

  
 
3
1
/
5
8
 (
9
.
6
2
)
  
  
 
  
-
-
-
 
  
 

  
 
5
0
.
0
7
 (
4
.
6
5
)
(
a
)
  
  
9
0
0
 
(
2
5
.
4
8
)

  
S
u
r
g
e
 L
i
n
e
  

  
-
-
-
 

  
 
m
a
x
.
 2
5
(
7
.
6
2
)
  
3
.
8
9
 (
1
.
1
8
)
  

  
0
.
5
6
 
(
0
.
0
5
2
)
  
 
  
m
a
x
.
4
9
 
(
1
.
3
9
)
(
e
)

  
 
m
i
n
.
 1
8
.
8
7
(
5
.
7
5
)
  

  
m
i
n
.
4
0
 
(
1
.
1
3
)

S
t
e
a
m
 G
e
n
e
r
a
t
o
r
(
b
)

  
I
n
l
e
t
 N
o
z
z
l
e
  

  
 
 2
.
7
2
 (
0
.
8
3
)
 
  
 
  
7
.
2
1
 
(
2
.
2
0
)
  
 
  
4
.
1
1
 
(
1
.
2
5
)
  
 

 9
.
6
2
 (
0
.
8
9
)
 

  
 
2
6
.
1
7
 (
0
.
7
4
)

  
I
n
l
e
t
 P
l
e
n
u
m
  

  
 
 3
.
3
8
 (
1
.
0
3
)
 
  
 
  
9
.
0
4
 
(
2
.
7
6
)
  
 
  
3
.
3
5
 
(
1
.
0
2
)
  
 

 6
6
.
7
9
 (
6
.
2
0
)
 

 2
2
5
.
7
6
 (
6
.
3
9
)

  
O
u
t
l
e
t
 P
l
e
n
u
m
  

  
 
4
.
4
3
 (
1
.
3
5
)
  

 9
.
0
4
 (
2
.
7
6
)
 

 3
.
3
5
 (
1
.
0
2
)
 

  
 
5
0
.
9
6
 (
4
.
7
3
)
  
  
 
2
2
5
.
7
6
 (
6
.
3
9
)

  
O
u
t
l
e
t
 N
o
z
z
l
e
  

  
 
2
.
0
  
(
0
.
6
1
)
 
  
 
  
5
.
6
3
 
(
1
.
7
2
)
  
 
  
3
.
8
6
 
(
1
.
1
8
)
  
 

 4
.
9
1
 (
0
.
4
6
)
 
  
 
  
 
 9
.
8
1
 (
0
.
2
8
)

  
T
u
b
e
s
(
A
c
t
i
v
e
 &
 I
n
a
c
t
i
v
e
)
 

 6
7
.
1
2
 (
2
0
.
4
6
)
 

 4
5
.
7
 (
1
2
.
9
3
)
 
  
 
9
.
0
4
 (
2
.
7
6
)
  
  
2
.
4
E
-
3
 
(
2
.
2
E
-
4
)
(
c
)
 1
3
3
4
.
8
8
 (
3
7
.
8
0
)

R
e
a
c
t
o
r
 V
e
s
s
e
l

  
I
n
l
e
t
 N
o
z
z
l
e
  

  
 
 4
.
2
 (
1
.
2
8
)
 

  
 
1
.
4
7
 (
0
.
4
5
)
  
  
 
-
1
.
4
7
 (
-
0
.
4
5
)
  
  
 
4
.
9
1
 (
0
.
4
6
)
  

  
2
0
.
5
0
 
(
0
.
5
8
)

  
D
o
w
n
 C
o
m
e
r
  

  
1
9
.
9
 
(
6
.
0
7
)
  
 
  
 
1
1
.
7
 (
3
.
5
7
)
  

 -
1
9
.
8
 (
-
6
.
0
4
)
 
  
 
2
5
.
2
8
 (
2
.
3
5
)
  
  
 
1
0
6
6
.
4
2
 (
3
0
.
2
0
)

  
L
o
w
e
r
 P
l
e
n
u
m
  

  
 
 5
.
8
 (
1
.
7
7
)
 

 -
1
9
.
8
 (
6
.
0
4
)
 

  
-
2
5
.
3
 
(
-
7
.
7
1
)
  
 
 3
2
.
0
1
 (
2
.
9
7
)
 

  
3
0
1
.
7
7
 
(
8
.
5
5
)

  
L
o
w
e
r
 S
u
p
p
o
r
t
 S
t
r
u
c
t
u
r
e

  
&
 I
n
a
c
t
i
v
e
 C
o
r
e
 
  
 

  
2
.
9
 
(
0
.
8
8
)
  
 
  
-
1
8
.
2
 
(
-
5
.
5
5
)
  
 
  
-
2
0
.
6
 
(
-
6
.
2
8
)
  
 
 2
3
.
6
2
 (
2
.
1
9
)
 

  
1
9
9
.
5
 
(
5
.
6
5
)
 

  
A
c
t
i
v
e
 C
o
r
e
  

 1
2
.
5
 (
3
.
8
1
)
 

  
-
5
.
1
9
 
(
-
1
.
5
8
)
  
 
 -
1
7
.
7
 (
-
5
.
3
9
)
 
  
 
4
6
.
2
1
 (
4
.
2
9
)
  

 5
9
9
.
9
 (
1
6
.
9
9
)

  
U
p
p
e
r
 I
n
a
c
t
i
v
e
 C
o
r
e
 
  
 

 2
.
6
 (
0
.
7
9
)
 

  
-
3
.
4
7
 
(
-
1
.
0
6
)
  
 
 -
5
.
1
9
 (
-
1
.
5
8
)
 
  
 
3
4
.
1
9
 (
3
.
1
8
)
  

 1
6
3
.
5
 (
4
.
6
3
)

  
O
u
t
l
e
t
 P
l
e
n
u
m
  

  
 
7
.
3
 (
(
2
.
2
3
)
  
  
 
 1
.
9
5
 (
0
.
5
9
)
 

 -
2
.
2
  
(
-
0
.
6
7
)
  
 
 1
4
.
6
5
 (
1
.
3
6
)
 

  
3
8
0
.
2
2
 
(
1
0
.
7
7
)

  
C
o
r
e
 S
h
r
o
u
d
 B
y
p
a
s
s
 
  
 

 1
6
.
4
 (
5
.
0
0
)
 
  
 
  
-
3
.
6
 
(
-
1
.
1
0
)
  
 
  
-
1
8
.
2
 
(
-
5
.
5
5
)
  
 
  
0
.
0
7
 
(
0
.
0
1
)
  
 
  
 
2
2
8
.
9
 (
6
.
4
8
)

  
C
E
A
 S
h
r
o
u
d
 A
s
s
e
m
b
l
y

  
&
 T
i
e
 T
u
b
e
s
 
  
 

  
1
9
.
4
 
(
5
.
9
1
)
  
 
  
 
1
5
.
4
 (
4
.
6
9
)
  

 -
5
.
1
9
 (
-
1
.
5
8
)
 

 0
.
2
9
 (
0
.
0
3
)
 

  
1
0
3
7
.
2
 
(
2
9
.
3
7
)

  
U
g
s
,
 C
E
A
 S
h
r
o
u
d
 
A
n
n
u
l
u
s
  
 
  
 
1
0
.
6
 (
3
.
2
3
)
  

 1
2
.
9
 (
3
.
9
3
)
 

  
 
2
.
3
 (
7
.
0
1
)
  

  
1
.
1
5
 
(
0
.
1
1
)
  
 

 1
7
9
.
8
 (
5
.
0
9
)

  
T
o
p
 H
e
a
d
  

  
3
.
2
 
(
0
.
9
6
)
  
 
  
 
1
9
.
1
 (
5
.
8
2
)
  

 1
2
.
7
 (
3
.
8
7
)
 
  
 
  
 
5
.
6
1
 (
0
.
5
2
)
  

  
3
0
2
.
7
 
(
8
.
5
7
)

  
O
u
t
l
e
t
 N
o
z
z
l
e
  

  
 
3
.
2
7
 (
1
.
0
0
)
  

 1
.
8
7
 (
0
.
5
7
)
 

 -
1
.
8
7
(
-
0
.
5
7
)
  

 9
.
6
2
 (
0
.
8
9
)
 

  
 
 4
1
.
5
 (
1
.
1
8
)

․ ․

․









Amendment 339
2007.01.09

ASSEMBLY NUMBER
AVERAGE ROD RADIAL POWER FACTOR
MAXIMUM ROD RADIAL POWER FACTOR

1
0.533
0.950

2
0.645
0.996

3
0.474
0.714

4
0.334
0.657

5
0.912
1.247

6
1.132
1.386

7
1.072
1.218

8
1.233
1.447

9
0.347
0.641

10
0.898
1.164

11
0.973
1.096

12
1.119
1.248

13
1.392
1.524

14
1.197
1.273

15
0.334
0.655

16
0.898
1.165

17
1.154
1.291

18
0.922
1.070

19
1.480
1.600

20
1.152
1.225

21
1.139
1.238

22
0.912
1.248

23
0.972
1.093

24
0.922
1.074

25
1.327
1.431

26
1.097
1.172

27
1.315
1.466

28
0.953
1.016

29
0.533
0.952

30
1.132
1.384

31
1.119
1.252

32
1.392
1.519

33
1.099
1.172

34
0.883
0.944

35
1.071
1.179

36
1.294
1.416

37
0.645
0.994

38
1.072
1.220

39
1.392
1.510

40
1.153
1.228

41
1.318
1.470

42
1.073
1.180

43
1.071
1.156

44
1.054
1.191

45
0.474
0.714

46
1.233
1.447

47
1.197
1.273

48
1.139
1.238

49
0.953
1.016

50
1.294
1.416

51
1.054
1.191

52
0.799
0.830

 KOREA HYDRO & NUCLEAR POWER COMPANY

 YONGGWANG 3 & 4 

    FSAR

CORE-WIDE PLANAR POWER

DISTRIBUTION FOR SAMPLE

DNB ANALYSIS

Figure 4.4-1
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DNB ANALYSIS

Figure 4.4-2
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3.2  Fuel Assemblies

3.2.1  Details of Design

Fuel assemblies closely matched the production reactor fuel design, as 

described in Subsection 4.2.2, with the following differences:

a. Fuel Rod Loading

   46% of the fuel rods (544) were of prototype construction, with  

   depleted UO2 pellets.  54% (636) were dummy rods of solid stainless   

   steel.  Prototype rods were used in all positions of concern with  

   respect to fretting wear.

b. Lower End Fitting Leg Braces

   Braces are deleted between legs of the lower end fitting. The test 

   design, with braces, is considered less favorable with respect to 

   fretting wear.

c. Inside Dimension of Guide Tubes and Upper End Fitting (UEF) Posts

  The ID in upper ends of guide tubes and in UEF posts for production 

  fuel are enlarged relative to the test fuel slightly as a precaution,  

  allowing use of wear sleeves if needed.  The tube enlargement has 

  little effect on guide tube wear tendency, and speeds CEA scrams very  

  slightly.

3.2.2  Spacer Grip Spring Settings

All spacer grip springs were set for the minimum restraint of fuel rods 

expected during the fuel lifetime.
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3.2.3  Fuel Array in Test

The array of five fuel assemblies is shown in Figure 4B-3, with relationships 

to the fuel shroud and CEA.

3.3  Control Element Assembly

WEC System 80 reactors utilize both 4-rod and 12-rod control element 

assemblies.   The 12-rod CEA was chosen for hot loop tests because it has a 

lower weight per rod ratio (hence slower scrams) and is a more complex 

structure.  The test CEA was functionally identical to that shown in Figure 

4.2-4.

3.4  Support Structures

The support structures were prototypical sections of a WEC System 80 reactor and 

provided support and alignment of the fuel assemblies and CEA.  The lower ends 

of the fuel assemblies engage alignment pins on an open grid beam array.  The 

fuel shroud cross section is noted in Figure 4B-3.  All possible corner shapes 

and fuel-to-shroud clearances were included.  Shroud tubes in the upper guide 

structure were held by the upper guide structure support plate (UGSSP) and 

fuel alignment plate (FAP), and engaged the four posts of each fuel upper end 

fitting.  The region between the FAP and the UGSSP is an outlet plenum, where 

flow passes up around the shroud tubes and exits the outlet nozzle.  Effects 

of a pressure gradient across the reactor outlet plenum were included in 

tests.  The gradient causes flow circulation through small holes in the UGSSP 

upward near the reactor centerline and downward near the outlet nozzles.  In 

TF-2 the flow circulation was driven through external piping, employing a CEA 

shroud and seal assembly above the UGSSP.





YGN 3&4 FSAR

Amendment 339
2007.01.09

4B1-5

change of flow conditions, the CEA was raised to a new position.  Conditions 

included the maximum pressure differences expected across the reactor UGSSP, 

both upward and downward, and an intermediate equalized condition.  Following 

the tests, all CEA guide tubes were inspected with an eddy current probe.  The 

four tubes which gave the largest indications were removed and sectioned 

longitudinally (clamshelled) for precise inspection.  Greatest wear occurred 

for the UGSSP upflow condition, at points of CEA rod tip contact in guide 

tubes.  Guide tube wear at the highest rate observed in tests will not 

contribute to violation of stress limits in Subsection 4.2.3.
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3.2   Fuel Assemblies

3.2.1   Details of Design

3.2.1.1   Fuel Assembly in FACTS Loop Test

The fuel assembly used in the FACTS loop test closed matched the production 

reactor PLUS7 fuel design as described in Subsection 4.2.2, except for using 

depleted UO2 pellets instead of enriched UO2 pellets in the fuel rod. 

3.2.1.2   Fuel Assemblies in VIPER Loop Test

The fuel assemblies used in the VIPER Loop Test closed matched production 

reactor GUARDIAN and PLUS7 fuel design as described in Subsection 4.2.2, 

except for using depleted UO2 pellets instead of enriched UO2 pellets in the 

fuel rod.

3.2.2   Spacer Grid Settings

All spacer grid springs in FACTS loop test were set for as-built grid cell 

size and spacer grid springs in the VIPER loop test were set for the minimum 

restraint of fuel rods expected during the fuel lifetime.

3.2.3   Fuel Array in Test

The array of two fuel assemblies in VIPER loop test is shown in Fogure 4B2-5, 

with relationships to the fuel shroud. 
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