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fuel rod assemblies, the fuel pellets are short and
dished with a mean fuel density of theoretical. Ffor gadolinia burnable
poison rod assemblies, if part of the fuel assembly design, the fuel pellets

are the same configuration as the standard U0, pellet with Gd.,0, dispersed

4

3

in a U0, matrix, The bi-metallic spacers are a Zircaloy-4 structure

with Inconel springs. The fuel assembly upper tie plate is

mechanically locked to the Zircaloy-4 quide tubes to allow inspection

of irradiated fuel rods and the capability to replace a fuel rod.
This generic document is divided into seven sections.
Section 2.0 describes the ENC 14x14 fuel assembly.

Section 3.0 summarizes the design criteria and technical bases

for the fuel performance analysis and includes material properties and property

behavior models and cladding stress, strain, and collapse requirements.

Section 4.0 discusses corrosion, corrosion-mechanical, and
mechanical fuel failure mechanisms.

Section 5.0 contains the mechanical analysis for individual
components and the total fuel assembly.

Section 6.0 summarizes the fuel thermal analysis.

Section 7.0 is references,
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2.0 FUEL ASSEMBLY DESCRIPTION

The ENC 14x14 reload fuel assembly design with zircaloy quide tubes
for Westinghouse 2-loop reactors is a 14x14 square array with 179 fuel
rods, 16 control rod quide tubes, and one (1) instrumentation tube.

The fuel rod cladding is Zircaloy-4 cold worked and lightly stress
relieved. Each standard fuel rod contains a 144.0 inches long column of
fuel pellets pressed and sintered to theoretical density. The pellets
are dished on both ends

Gadolinia
poison rod assemblies, if part of the fuel assembly design, contain fuel
pellets the same configuration as the standard UO? pellet with
Gd203 dispersed in a UO2 matrix. The pellet column has an alumina (A1203)
disc at each end to lower the temperature of the fission gac and reduce
the transient thermal gradients in the lower end cap.

The fuel rod upper plenum contains an Inconel compression spring
to prevent fuel column separation during fabrication and shipping. The upper
end cap is a Zircaloy-4 plug-type end cap with design features to allow
remote under water fuel rod handling. The lower end cap is a lZircaloy-4
plug-type end cap with a truncated cone exterior to aid fuel rod reinsertion
into the fuel assembly during inspection and/or reconstruction in the
reactor fuel storage pool. Both end caps are seal welded to the cladding

during fuel rod assembly. Fuel rod identification is mainta‘ned by a
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3.0 DESIGN CRITERIA

XN-NF-78-34 (NP)

3.1 FUEL DESIGN CRITERIA SUMMARY

%

3. 0.8

3:3.3

3.1.4

(w0

T3

The fuel assemblies shall be mechanically compatible

with the reactor core, steam supply system, fuel handling
too!s and system, existing fuel, control rods (full and
part length), burnable poison, and thimble plugging
devices.

The EAC fuel shall be compatible with the existing fuel
assemblies on the basis of coolant flow and neutronic
characteristics.

The fuel shall be designed to achieve a minimum departure
from Nucleate Boiling Ratio of > 1.3 at design overpower
conditions using the W-3 correiation (or an equivalent)
plus correction factors which have been accepted by NRC
for the purpose of licensing the fuel design described
herein,

The design shall incorporate a 14 x 14 square fuel rod
array.

The fuel assemblies shall be designed to minimize the
peak cladding temperature following a1 postulated loss

of coolant accident (LOCA) consistent with current

licensing criteria.



|, Reactor Conditions for Desian Analysi
The reactor condit.ons a

sumed for mechanical desiqr

were compiled from data on individual Westinghouse reactors witt

1ssemblies and were selected to produce the t onservative
Rated Heat OQutput 1520-1650 MWt
Nominal System Pre ire 250 psia

: . g t

Total Coolant Flow Rate 67.3-68.2 x 107 1bs/hy
{ D 5 ¢
Effectiv2 Coolant Filow Rate 61.3-6" 10° 1bs/hr
Average Flow Velocity, ft/seq 14.8
Nominal Inlet Temperature 530.0-545, 3°¢f
Total Plenum to Plenum Fuel 24 .8 ps1 a. core
A« ,|’|’?I“yv “v‘p(? ure :"v‘():) .'"“'m]. A',/x;”( i?,’, o b £
No. of Assemblies in Core 121

“LIAMNTCA
MECHANICAL DE!

3.2. 1 Fuel Rod Design Criteria

Y &5 G S S D 4 w n O R m m e
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Jof D ihermal Design Criteria
a) The maximum fuel temperature (at overpower) shall not
exceed the fuel melting temperature.
b)

3.3 MATERIAL PROPLRTIES
The material strength properties of major components are summarized
in Table 3.1.
3. 3.1 Physical Properties of Zircaloy-4
a) Thermal Conductivity
Thermal conductivity for Zircaloy-4 is based on

data published by . The relationship is as follows:

where:
T = temperature, F°
b) Thermal Expansion
Thermal expansion used for Zircaloy-4 is
as established by
¢) Elastic Modulus and Poisson's Ratio
The temperature dependence of the modulus of

elasticity, E, is based on as follows:
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Poisson's ratio for design calculations is as

follows:
Room Temperature , u =
Elevated temperature, u =

d) Effect of Temperature on Strength and

Ductility
The effect of temperature on longitudinal ultimate

(3)

and yield stress for Zircaloy-4 cladding is shown in Figure 3-1. Based
upon ENC test data, the minimum yield strength as a function of temperature
over the range of interest for fuel rods is deccribed by the following
equation:

Tyield ~
where:

T = temperature in °F
For design calculations, transverse strergth is considered equivalent to
longitudinal strength. However, the transverse strength in a biaxial stress
condition, such as an internally pressurized fuzl rod, is greater than longi-
tudinal strength by 35%, assuming isotropic behavior, and about 55% for

anisotropic behavior. Hi]l(a) and Backofen, et al., (5) have shown that the

plane stress yield condition for an anisotropic material can be represented by:

;2 (RAP+1) . 2 5, R ). 2
% \rFir+ A 4

where:

>
n

longitudinal yield strength

~
1]

transversa (circumferential) yield
stress for subject stress ratio
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R is defined as the ratio of the centractile strain in the radial
direction to the contractile strain in the circumferential direction as
determined in an uniaxial longitudinal tensile test. For isotropic
material, R is equal to 1.0, and the percent of wall thinning 1s the
same as the percent of diameter reduction. For a hexagonal lattice
material such as zircaloy with only one slip system, isotropic behavior
in tubing occurs only when the basal poles are oriented 45° to the

radial direction.

Ductility (total axial elongation) of ENC tubing as
a function of temperature is shown along with data from Reference 3 in

Figure 3-2.






At temperatures above 350°C (622°F), data fro

results in the h‘zlv'w!'l: equation for creend rate:

wheére:

Figure 3-5 compares the two equations for creep
analysis. Figure 3-6 compares the calculated strain rates with measured
l,‘ ) ‘u]] ])\
strain rates,

q) Plasticity
For all aralyses, the steady state plastic
deformation is assumed to be a creep mechanism described by the equations
v : AN \ 13)
above. These creep relationships are discussed in the RODEX manual
53,4 Physical Properties of Fuel
a) Thermal Expansion

The thermal expansion model for U0, is based on

relationship:

where:

T

temperature, °C



Gl T = T S E E E E S O E W e
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The curve provides a
conservative design limitation over the entire UO2 temperature spectrum

as compared to the data of

b) Thermal Conductivity

The thermal conductivity function for uo, is

from data:
K(T) =
where:
T temperature,
K(T) = thermal conductivity of
Uo,, watts/cm°C.
This equation applies to UOZ; the curve of conductivity versus

temperature is shown in Fiqure 3-7.
Since this condictivity curve is only applicable
for fuel, a density (porosity) correction factor is applied for

fuel with densities other than with the following expression

c) Melting Point
The value for the UO? melting point (unirradiated)

is 2805°C (5C61°F). Based on measurenents by (18)



the melting point

w'!"v e
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Swelling

the fuel swelling model is based on the empiric

(19) ‘
' 9 which ncorporates the following erfect

In the lower temperature fuel reqion s small
oubbles form and redissolve, fthe low swelling
rates are largely dependent upon the solid

fissi1on product contribution.

In the highey temperature fuel reqgions where

fuel restructuring occurs, bubbles can migrate
to grain boundaries and coalesce to produce a
higher swelling rate until the grain boundary
bubbles final ly interconnect to form nassaqges
to open porosity and cracked interfaces ( The

exposures where gross interconnection occurs in

LMFBR fuel rods, for which the mode)l was developed,

(NP)

are -”‘Q‘;”l"' fhil” those experioend ed 1In the | WR Q“,-'

rods., )
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For the reference after densification design of 0.965 which is in the

AEC report on densification(co). the resultant incubation period

corresponds to a burnup of 6,800 MWD/MTU.

e) Dersification

Densification of a UOP fuel pellet can resuit in
decreased fuel pellet volume and increased clearance in the cladding gap.

(20)

AEC evaluation of available data led to a model to calculate the effect

of densification data on radial gaps. The model is:

0.9€5 - p, + 20
s " 1T "] "ps

AC
"Jmax

where:

= radial gap increase

rps = nominal as-fabricated pellet radius

p: = nominal as-fabricated density, fraction
of theoretical

y = standard deviation of the fabricated density
A 20 limit on pellet density maximizes the
calculated radial shrinkage and yields conservatively low gap coefficients.
The 20 1imit results in a higher level of initial stored energy in the
fuel than the case where radiai shrinkage of the fuel is not considered.
Although the maximum magnitude of possible radial shrinkage for the gap
coefficient evaluation has been identified, the kinetics of this phenomenon

have not been fully established.
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Examination of density changes in irradiated fuel
have reportedly shown that no temperature-independent densification occurs
for exposure times of less than 14 hours of power operation, but that aftrr
2000 hours of reactor operation fuel densification has probably been

completed(zo).

This time frame for fuel densification is also supported
by observations of in-core neutron flux distribution measurements which
indicated local power spikes only after several hundred hours (300 to 40G
reactor full power hours) of reactor operation(zl).

Furthermore, it has been shown qualitatively that
a diffusion-controlled process of pore annihilation provides densification
times that are consistent with the in-reactor neutron flux distribution
measurements. Therefore, a time-dependent model for the fuel densification
has been included in the ENC RODEX(]3) program. The model assumes the fuel
densifies to within hours of start of reactor operation.

The expressions for the density increase which
results from dersification are a function of initial pellet density and

irradiation time, For initial densities of 92.0% and higher, the following

expressions are applicable:

”’./M;mdx

An/fAD
[ATY /uhmax

Ao/ Ap -

max
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where:

A A = o
(5Pt i

max 1

nominal as-fabricated pellet
density.

In the above expressions, t is effective full power hours (EFPH). These

densification rate expressions were developed from the experimental data
2

of Hanevik, et a1, (22)

f)  Cracking (Pellet Relocation)

[t is clear from experimenta! observations that
an oxide fuel pellet will experience thermal stresses sufficient to cause
significant crd;kinq.(ZJ')A) The most noticeable physical result of
cracking s an increase in the radial dimensions of the fuel pellet. A
detailed investigation of approximately 80 irradiated fuel pellet cross-
sections has shown that pellet cracking results in substantial closure
of the pellet-to-cladding qap(zs). This conclusion was based on observation
of fuel with a broad range of physical parameters irradiated in nine
reactors. These fuels exhibited a mean clnsure of 65% of the as-fabricated
gap at room temperature after about 600 hours of irradiation (the first
two or three power cycles).

Because the gap closure measurements reported
in Reterence 25 were based on the as-fabricated gap at room temperature,

the radial dimensional change in the fuel pellet due to cracking is

evaluated on the basis of cold peliet-to-cladding clearance as follows :






Minimum Tensile Strength Requirements

Room Temperature ETevated Temperature
[tem Material Ultimate (psi) Yield(psi) Ultimate(psi) Yield(psi)
Cladding Zircaloy-4
End Caps Zircaloy-4
Tie Plate
Castings 304L SS
Guide Tube Zircaloy-4
Guide Tube
Lower Sleeve Zircaloy-4
. ~>
Guide Tube
Upper Sleeve lircaloy-4
Guide Tube
fap Screw 304L SS
Guide Tube
Locking Ring Inconel
and Lug X-750
Spacer Grid Zircaloy-4
Spacer =
~ » 4 ' :
Springs Inconel 718 P
m
Ho 1ddown o
-~ » 4 7 y .
Springs Inconel 718 W
Coil Springs Inconel =
,l—,’&)O e







- ~ - - n
- - - >
< O
“ <<
~ o~
o b . 5
-3 - -
: - -
- -
v B .
. 4 ~
Q > Lid
— o~ ’ I
= e —t
» p— =P
L g -
! = S €
o ™
~ - T -
A A = A A A A
~ < Y. : - J -
€ 45yt A 'Y B A
P LOR Qg Sels) + CLAY el
L L T st !






E T E N S B o PR EE B AR N G B T e O o

- - < <
P — A e > pe
J ﬂlll'uf — SPRr—— 4,lll.||.m e R 5
! - - -~
! — el %
4 - ” IA
& 2
’I. " -
A = <I
, 4
, v
oL = | c << =
e T &L
! L
| - - : 5
. : ~
4
| ] 3
|
. ! &
ﬁ .
— #




R R N N S N P> B S A T G oh = i B

T | e i ‘
80} 3
60} "
40+t “
ot | N
: O+ 7
20} i
Ll : | | |m e l” i
10 Tol i0 1C 0. ¢



Rt L LS R B =9 §
a ] . L <z
| | | ZE 8
. = £ 3
< i =
| |
| -
| | = < x

| [ &
" .
| | r
b
- 5 e . :
| 1< .
. - 4 - 5 o
, 2 M a
. c b Y
| - % A
' 1
|




S —— e

EMPER

PEEP

ner

AT

ATURS

RATE
Vi o

M
Ui

OF

o -
IEN
] J

ZIRCALOY

400



hour

Rate

alin

vt r

“easureac

»




S S U8 = S e

( dN) Tt

UOq THERMAL CONDUCTIVITY AS A FUNCTION
“ OF TEMPERATURE (Reference 16)



——
A
)

=
|

-
NGNS IS VI, TS Jm—S— .
v,

|

"
|
}}, — A — . —— _ — e - S 'FV
r o A ' 3 : I . o , ¥ B S - — IR ES S S FENE—— T L W W W W e, . B . } UF .= | J







32 XN-NF-78-34 (NP)

4.1 CORROSION FAILURE
It is well established that zircaloy corrosion rates are
(27)

temperature dependent, It is also apparent that irradiation

) : (23-31)
increases the corrosion rate;

however, the irradiation effect
has not been fully established. The history of fuel performance in
PWR's shows a smail but definite increase in corrosion rates a tributable
to irradiation. Under some conditions, the effect of irradiation on
corrosion rate is significant but may also depend on alloy composition
and environment, Even though high corrosion rates have been observed,
oxidation of the clad, per se, has not been a limiting factor for
estimated local cladding temperatures greater than 850°F.

Based on available data and assumed control of coolant water
chemistry (e.g., halides, hydrogen, and oxygen), the post transition
corrosion rate (w) in the temperature range 575°F to 675°F (302°C to 357°C)

(31)

& e

Weight gains, corrosion allowances, (e.qg., reduction in wall
thickness), and hydrogen absorption can be estimated from this corrosion
rate. The relationship between corrosion rate and hydrogen absorption

for fuel cladding is:(3])

H
ppm

A G Oy Gy B e & A - T S e = =
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is required to accomodate fuel thermal expansion and swelling in addition
to thermal *ransients and power cycle shifts. The cladding must not only
meet all of these requirements, but also have mechanical properties that
minimize creep rates in order to prevent cladding collapse.
§.2.2 Pellet-Cladding Interaction

High localized cladding strains caused by pellet-cladding
interactions can result in fuel failure. The failures occur when the fuel
is held at one power level followed by a rapid increase in operating power.
Localized cladding strain occurs at pellet interfaces and at pellet crack
locations. Localized ductile cladding cracks are associated with circumferential
ridges. If ridging is minimized, then the probability of pellet-cladding
failure is reduced. Increased pellet-to-cladding gap, pellet dishing, reduced
pellet length, chamfered or beveled pellet edges, and thicker cladding all
reduce ridging.(36> The ENC fuel design incorporates dished, short pellets,
thick cladding, and a controlled pellet-cladding diametral gap to minimize
the potential of pellet-cladding interaction failures.

b) Rod Growth

Axial extension of fuel rods results from both
irradiation growth and pellet-clad interaction. Excess axial extension
of fuel rods can interfere with tie plates and result in rod bow and
possible failure.

Irradiation growth of

tubing is based on

illustrated in Figure 4-1 and is approximately linear with fast flux
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The strain limit must be reduced when the strain
rates are appreciably greater than for creep or fuel swelling. The basis
for limiting high strain rate strains is to avoid exceeding the intrinsic
uniform strain for the cladaing material at the prevailing conditions.
High rates of cladding strain are likely after fuel shuffling when
fuel elements which have accumulated appreciable burnup in low power

I o)

regions are moved to high power regions. At fast fluence «1080 n/cm®,
the cladding can accommodate fuel shuffling; while at fluences -10?) n/cw:.
fuel shuffling should be as infrequent as possibie. ENC provides quide-
lines to utilities to minimize the potential for excessive cladding strain.
4.2.4 Stress Limiting Phenomena
a) Membrane - Steady State Stresses

The ENC cladding design criteria requires that
all steady state stresses be within the American Society of Mechanical
Engineer's (ASME) Section III, Boiler Code Limits(39) as shown in Table
5.1. As the cladding thickness increases, for a given cladding strength,
the stress limit margin increases. Therefore, the ENC etched fuel design,
with a nominai cladding thickness of 30 mils, requires less prepressurization
to maintain the same stress margin as a fuel rod with a 24 mil nominal clad
thickness. Stress limit margins for unetched 31 mil thick cladding are

further increased. The calculation methods for the various types of membrane

stressas are presented in Section 5.0.
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stack removes the support for the cladding. Pellet stack separation is
ittributed to fuel densification and pellet hangups. Pellet hangup is
reduced by a high pellet stack preload (a spring with low irradiation
induced relaxation), large diametral gaps, smooth ID cladding finishes,
and tight tolerances on pellet end face perpendicularity. High initial
pellet density and thermally stable pellets limit in-core densification.

Thick cladding and internal prepressurization help to prevent cladding

11apse if pellet stack separation does occur. The ENC fuel incorporates

Y

dished pellets with precision ground cylindrical surfaces and a high pel

stack preload to reduce pellet-cladding hangup. Thick cladding and fuel rod

prepressuation reduce the probability of creep collapse. Details of the
creep collapse analysis are in Section 5.0 of this report.
4.3 MECHANICALLY ASSISTED FAILURE MECHANISM
4.3.1 Stress Corrosion

(43)

Rosenbaum's analysis of fuel failure was one of

the earlier discussions of stress corrosion failure. Fission product iodine

’
was suspected as the major corrosion agent and tensile stresses resulted
from pellet-cladding interactions. Laboratory testing has confirmed that
zircaloys are susceptible to stress corrosion cracking in an iodine vapor
(44)

atmosphere,

Stress-corrosion cracking is sensitive to stress

level, For any degree of pellet-cladding interaction, the stress level is

reduced as cladding is increased in thickness. Therefore, the ENC

(NP)

let
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ladding has a lower

thinnar ~Yas n pPLUDR 1
hinner cladding PWR 2iS Ln

030 inch thick zircaloy

very difficult to reach stress levels sufficie 0 cau C

an .odine environmen

for

failure has a high potential

I ranco s " . ~ - o ¢ e : s p 3 A
currenc ) , jned fuel assembly due to flow-induced

INn=reactoci ;:,;;Ezy‘jeAy;<‘_(A _.]1';'\1 testing of

nearly identical the potential for

corrosion failure is very low for the proposed assembly design.
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The calculations ure performed on a time incremental basis with conditions
updated at each calculated increment so that the power history and
path dependent processes can be modeled. The axial dependence of the
spatial power and burn-up distributions are handled by dividing the
fuel rod into a number of fuel segments which are modeled as radially
dependent regions whose axial deformations and gas release are summed.
Power distributions can be changed at any desired tii e and the coolant
and cladding temperatures are readjusted at all -xial nodes. Deformations
of the fuel and cladding and gas release are incrementally calcuiated
during each period of assumed constant power generation. Gap conductance
is calculated for each of these incremental calculations based on
gas release throughout **° rod and the accumulated deformation at the
center of each axial .cgion within the fueled region of the rod.
These deformation calculations consider fuel densification, swelling and
cracking, thermal expansion, cladding creep down, irradiation induced
growth, and fuel creep and crack healing.

The pellet-cladding interaction during reactor operation
is dependent on the power history. The peak discharge burnup fuel rod was
analyzed, and the design basis power history is summarized in Table 5.3.

The RODEX strain analysis for the power history are summarized as:
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Based upon the design criteria and technical bases criteria of a maximum
(steady-state) strain of the RODEX calculated strains are acceptable
for the corresponding design criteria batch average discharge burnup.

The clad strain due to transient power changes was
calculated with the RAMPEX code.(sa) This code calculates the pellet-
cladding interaction during a power ramp. The initial condition is
obtained from RODEX output. The RAMPEX code considers the thermal
condition of the rod in its flow channel and the mechanical interactions
that result from fuel creep, crack healing, claddina creep, and cladding
plastic deformation at any desired plane in the rod during the power ramp.
Any plastic strain which results due to the power ramp is compared with
the strain limit criteria for transient occurrences.

fransient analyses were performed for the peak discharge
burnup fuel rod history summarized in Table 5.3. The fuel rods were ramped
when pellet/cladding steady state strain was a maximum. At this time,
maximum cladding creep down and pellet densification had occurred and
resulted in maximum pellet clad interaction during the subsequent power

ramp. The power was ramped

The power was increased at a






Short fuel pellets have the following advantages :
) reduced "hourglassing" during reactor operation, ?) reduced "hour
glassing” in the sintering process which results from a mere uniform qreer
pellet density, and 3) reduced pellet grinding which reduces pellet
: - : (H6-59)
chipping and debris contamination. As evidenced from Halden experience
as shown in Figure 5-1, the reduced hourqglassing results in less pellet-
cladding interaction and fuel rod elongation.
Dished Versus Nondished Pellets
Axial Elongation
The parabolic radial temperature distribution
in a fuel pellet results in a much larger thermal expansion of the
center portions of the pellet as compared to the edge regions. [he

|

differential axial expansion of the pellets can be accommodated by
sufficient axial clearance (plenum) at the end of the fuel stack provided

that the pellets do not interact with the cladding. Thus, axial cladding

elongation in a free-standing cladding is controlled by the diametral qap

and a plenum to accommodate the axial movement of the fuel. Notley,
(60) v

et al., evaluated dish geometry and concluded that axial expansion

was inversely related to diameter expansion as shown in Figure 5-2 The

results should be interpreted in a qualitative sense because initial
diametral clearances, the cladding strength, the peak heat ratinag, and
the rate of any power changes must be known before the data can be compared

with other tests.
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Circumferential Ridaes

A pellet dished to the edge of the outside diameter

produces the smallest axial elongation and the largest ridges. A dished-
shoulder design is a compromise between a flat pellet and a fully diched
peilet. The various geometries can be compared on a relative scale

(three being the least desirabls, as follows:
Circumferential

Pellet Geometry Axial Elongation __Ridging
F ldt, 3 ]
Full Dish 1 5.
Dish-Shoulder 2 2
5.1.8 Fuel Rod Bow Analysis
To date, ENC has a data base of over fuel rod-
to-fuel rod and fuel rod-to-guide tube spacing measurements from inspection

of irradiated ENC fuel in three (3) separate PWR's to a maximum exposure of
MWD/MTU. Fuel rod-to-fuel rod spacing measurements for ENC H. B.
Robinson reload fuel is presented in Figure 5.3, and fuel rod-to-quide tube
spacing measurements are presented in Figure 5.4. The measurement data
have been statistically reduced so that a 95/95 confidence level of
fractional channel closure could be calculated. The from the
bottom of an assembly consistently has the maximum fractional
channel closure for the respective assembly. Fractional channel closure vs.

assembly average burnup is summarized in Figure 5.5.



Thus, rod bow is expected to have minimal, if any, effect on current
technical specification limits.

Special features of the ENC fuel desian significantly
reduce the extent of fuel rod creep bow as compared to the existing fuel
design, These features include:

¥ Thicker etched cladding

A 5 point rod support system (4 dimples and 1 spring
“

versus 4 dimples and springs) which results in

less axial restraint. This feature is illustrated

A deeper spacer qrid which produces a higher
rotational restraint on rods at spacer support
points.,

Fuel rods supported independent from upper and

-

lower tie plates to reduce axial loads.

1\

. (61) p—
The AXIBOW' code was developed by ENC to evaluate

in-reactor fuel rod bow., The computer program is a finite element code

with beam elements that have axial thrust and linear spring elements for
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AXIBOW Prediction
Measured Fuel Rod Bow
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Comparison of the AXIBOW predicted bow with the irradiated fuel measurement
1 B i |
indicates that the ENC AXIBOW analvtie y prediction methods are nservat
5 TIE PLATH
) . ¢ | ';‘-““, v D crint n
The upper tie plate assembly is the upper structural
component of the fuel assembly and locates the upper end of the assemt 1y

5 T ) v w g . ma . . . 1

retative to the upper reactor core plate. The upper tie plate assembly
{ T 3 )

1S a4 cast gri tructure and a holddown spring system. The holddown

"y 3 < ¢ y < . (4) < /

spring system 1s fouy 4) sets of double leaf springs designed to apply

a nominal holddown load of approximately
n

. "
Double leaf springs give wmore deflectior

capability without yielding than is possible with a single leaf design.

Y 5 4 . . '
h“, extra spring (U!l‘[l";dl)( e vI{i_L'_ S the sprinag ,j}-(,:](”; lpcce GO tive to
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as specified in the design criteria. The tie plate cornfiguration shall
be consistent with the matino surfaces of the reactor core support syste
and the reactor control rod cluster and drive mechanisn.

Removability

The upper tie plate shall be designed with a
positive locking mechanism to allow removal from and reattachment to the
fuel assembly. With the upper tie plate removed, fuel rods can be inspected
and/or replaced.

Holddown Load

The holddown sprinas must provide a nominal
holddown load on a fuel assembly to prevent levitation under normal
operating conditions. The springs shall have an operating length range
L0 accommodate differential thermal expansion and still maintain sufficient

holddown forces,

Components shall be sufficiently corrosion resistant
to provide the required design functions throughout life.
v.£.3 Holddown Spring Analysis
Holddown forces to prevent hydraulic lifting of the

fuel assembly are supplied by four (4) cantilever leaf spring assemblies.

The spring assemblies are depressed by the upper core plate when closing
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The bottom section of the guide tubes produces a dashpot action to
deaccelerate a dropped control rod dur ing a reactor trip. The reduced
diameter section at the dashpot is conical shaped for a smooth transition
in diameter,

Flow holes just above the transition permit cooling
water to enter during normal operation and allow water flow out of the
dashpot during a reactor trip.

5.3.2 Design Criteria

With the guide tubes, spacers, and tie plates
assembled into a framework, the guide tubes and attachment hardware
provide, throughout the design life of the fuel assembly, adequate
strength to support the weight of the fuel assembly, suppert the hold-
down forces, resist forces from fuel rod-quide tube differential
thermal expansion, and provide channels for control rod insertion.

The guide tube design shall provide for (1) sufficient
coolant flow to cool the absorber rod at any insertion distance, (2)

a maximum scram time of 1.8 seconds from signal initiation to control rod
entry into the dashpot region, and (3) damping the control rods such that
the control rod assembly spring shall not be deflected more than 0.75 inch
beyond the preload condition during a scram.

5.3.3 Mechanical Design Analysis

The guide tubes, along with the upper and lower tie

plates and spacers, provide the structural framework for the fuel

assembly. Guide tubes are considered as restrained columns and are
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order of 100°F between the fuel rod cladding and quide tubes might be
required at full power to cause slip at spacer locations upon decrease
in power. Thus, it is uncertain whether significant slip will occur.
For the sake of conservatism, it is assumed that sufficient temperature
gradients develop for the fuel rods to slip through ail but the central
spacer,

Axial loading of guide tubes by spacer-fuel rod
interaction through differential thermal expansion may be cumulative
over more than one (1) spacer interval. The fuel assembly quide tubes
and spacers form a rigid skeleton through which the fuel rods slide against
the frictional resistance of springs and dimples in the spacer grid. It is
assumed that external loads are transmitted through the fuel assembly via
the guide tube - tie plate framework without acting on the fuel rods. Since
the fuel rods are suspended from the spacer grids without reaction at the tie
plates, the forces on the fuel rods must be in equilibrium with the reactions
at the spacers. A force center point where axial thermal forces are
at a maximum may be assumed at the central spacer. At the central spacer,
the maximum axial force per fuel rod will be the sum of the frictional
resistances to sliding of the fuel rod through three (3) grid spacers in
the fuel assembly. The force transmitted to the fuel rods is estimated

by:
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control rod assembly spring shall not b

deflected more than 0.75 inch.
The velocity of the control rod assembly is limited by the forces

with the hydrodynamic and mechanical drag which oppose the downwa

acceleration of the control rods. he hydrodynamic drag becomes

important in the dashpot region. The quide tube design provides fi

rapid control rod insertion time and a low settling velocity.

The ¢ ontiol rod as sembly i« rapidly deacce

entering the dashpot. The dashpot 15 desiqgned to rapidly reduce t

rod velocity without excess internal pressure tha* could rupture ti

tube. To accomplish these objectives, the dashpot design is stonj
length of the dashpot and the inner diameters are such that a low
pressure pulse is generated as the control rod assembly is deceler

The burst pressure for the guide tube dashpot

{ .)\
is calculated as: '
R - R
D ) C \) 1
“CYa R +R
0 1
where:
P burst pressure
R = external radius
0
H‘ internal radius

Su ultimate tensile stress
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Spring Design Criteria

The lateral stiffness of each spacer-rigid dimple
support must force a vibration node at that level. When the fuel
rods vibrate, the lateral deflection amplitude at the rod midspan should
be much greater than at the spacer location.

The spring must be flexible enough to elastically
accommodate manufacturing tolerances and deflections during assembly
and fuel rod diameter changes to a maximum of one percent during the design
life. These requirements must be met without exceeding the working deflection
span of the spring which is equal to the lateral displacement by a fuel
rod from contact with the support dimples to contact with the backup lobes
on the springs.

A minimum spring force is required to prevent fretting
and to suppress thermal and as-fabricated fuel rod bow. The maximum
spring force

unacceptable fuel rod scrat~hing during assembly. In addition,

the frictional load in the spacer due to the fuel rods sliding during
differential thermal expansion must not overstress either the spacer
structure or guide tubes or cause unacceptable creep bow of the fuel rods.
Irradiation-induced relaxation of springs must also be considered in

calculating the minimum spring force.
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SV amplitude of flow induced vibrations at rod midspan
calculated from Paidoussis's equation
El = bending stiffness of clad
L = minimum span length
iv
I
}v
|

The zircaloy fuel rods are expected to relax at a
significantly greater rate than the springs, and complete relaxation of
tne fuel rod is expected by EOL. Therefore, only loading sufficient to
overcome flow-induced vibration loads is required at EOL. With a minimum
initial load of irradiation-induced spring relaxation of

would be permissible., Current irradiation data irdicates relaxation
values on the order of at EOL as shown in Figure 5-7

At BOL, the spring force, Fv , required to prevent
2

liftoff from one (1) dimple while rocking on the other dimple, (the mode

pictured in Figure 5-9) is

‘alculated by:

where:
= flow induced vibration amplitudes
b = dimple spacing

Ky = support dimple stiffness =
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Therefore:

The unrestrained fuel rod bow is due to manufacturing
tolerances (mechanical bow) and diametral temperature differences during

operation (thermal bow). The net free curvature is the sum of these effects:

1/R = 1/R,, + I/R{
where:

]/RM = mechanical curvature

I/Q} thermal curvature
If the restrained rod contacts all support dimples, it must be essentially
straight. The moment in the rod required for zero restrained curvature
15!
M= EI/R

Referring to Figure 5-9, the moment on the end of the
rod at incipient liftoff at the upper dimple of the top support is equal
to Fb/2.

[f the free curvature is uniform along the rod, this moment

imposed at the top and bottom grids will make the rod completely straight,

and it will contact all support points. If the curvature varies along the

rod but remains the same sign, the required spring force at the interior

grids will be non-zero. An upper limit on the required spring force is:
- ‘ 1

02 = (2/b) E'/Rmax

where:

I/Rmax = maximum free curvature along the span



radius of curvature

nere:

therefore:

M
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where:

n the fuel rod

1S estimated to be
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coefficient of thermal expansion of the cladding
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the maximum radial temperature difference

Tha i €3 , ( L
the coefficient of thermal expansion of Zircaloy-4
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The maximum free curvature is then:

lvlldl

and the required spring force is:

To require contact at each support dimple is overly
conservative since one (1) dimple in contact at each grid level will still
be a stable configuration. For this condition, the support stiffness is
K"'p = f‘\(’ + K. = which is still much greater than
Kmin' Thus, the minimum spring force from a bowing consideration is that
force required to maintain contact at one (1) dimple of each spacer. Contact
at each spacer also limits mid-span bowing deflection.

The spring force required for contact at a single dimple
at each spacer level is estimated on the basis of the model shown in
Figure 5-10. The bow is assumed to be synmetrical with respect to the

center spacer, The minimum spring force, assuming uniform curvature, is

defined as F,,
D,

.~

where:
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o

Therefore:

The total minimum required spring force to maintain
contact at one (1) dimple per spacer is conservatively taken to be the

higher Fv and }v plus FD » aiving:

] 2 ]

F . =F + F
min v )
max ]

The minimum BOL spring force of

meets this requirement with ample margin.
5.4.4 Structural Integrity

Figure 5-11 illustrates two types of spacer Joading
that could potentially occur during reactor refueling. In one case, the
assembly being placed in the core is supported by spacers on two (2)
adjacent assemblies. Another possible case is restriction of assembly motion
by an adjacent assembly and a core baffle. The static load on the edge of
a spacer could be in the order of one-half the bundle weight in water,
Impact loading could increase the effective loading but should not double it.

tdge loading tests on 14x14 PWR production spacors(h?)
have been performed. The tests were on two (2) 14x14 production spacer

assemblies and were performed with a piece of fuel rod cladding in each

cell to simulate a fuel assembly spacer. One of the spacers was hydrided
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along the length of the fuel assembly. The spacers are welded to the
guide tubes and mechanically attached to the upper and lower tie plates.
The spacers, guide tubes and tie plates form the structural framework of
the fuel assembly.
9.3.2 Design Criteria

The mechanical ¢~ ‘yn criteria for the fuel assembly
are as follows:

Compatibility

The ENC fuel assemblies are designed to be dimensionally

and structurally compatible with existing fuel assemblies in the reactor core.

The locating holes on the tie plates must match locating pins on the core
support and holddown structures. The upper tie plates shall be marked to
visually identify the orientation of the fuel assembly in the reactor core.

Fuel Column Position

The vertical position of the fuel column in each fuel
rod of each fuel assembly shall be compatible with existing fuel and the
operating range of the control rods in the reacter. The nominal height of
the lower end of the fuel column at room temperature shall be
inches above the bottom of the lower tie plate.

Envelope

The assembly shall pass through an envelope described
by a right parallelepiped 7.803 inch square. The diagonal dimension of
n assembly at any cross-section shall be less than 10.870 inch. The
overall assembly length shall be 159 , excluding the holddown

springs.
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ENC has run fretting-corrosion tests on prototype
PWR assemblies and prototype BWR assemblies. Although these tests cover
wide variations in design, the design philosophy and design details for
fuel rod support are substantially the same in most cases. Test periods
ranged from at reactor conditions of temperature,
pressure and flow. fuel rod wear depths at spacer contact points has
typically ranged from although wear of up to
in depth has been occasionally observed. Examination indicates that the
wear is due primarily to fuel rod loading and unloading and not fuel rod
motion during the test. There has been little or no difference between
observed wear for i hour tests. No active
fretting corrosion has even been observed on any test rod in spite of
the fact that spacer springs have been relaxed up to in several
test assemblies.

Examination of a large number of irradiated rods
has not revealed wear significantly difrerent from that observed after
loop tests. Due to the similarity with fully tested designs, no long
term fretting corrosion tests are expected for this design.

Fuel Dimensional Analysis

Fuel assembly compatibility and orientation require-
ments have been met through dimensional analysis. Critical dimensions
have been met through dimensional analysis and are identical to thuse of

existing fuel assemblies to assure compatibility.
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