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SUMMARY

The long and short term behavior of light water reactor stain-
less steel clad fuel has been investigated in order to establish more
adequate or applicable operation/design criteria. The performance
record of stainless steel clad fuel used in both the Connecticut
Yankee and San Onofre 1 power stations has remained essentially un-
marred until the recent past. While the San Onofre 1 plant has main-
tained this record, the Connecticut Yankee station has experienced a
number of fuel element failures since 1977. Consequently, emphasis
has been placed on cladding behavior for anomalous operation experi-
enced by the Connecticut Yankee reactor prior to its first observed
coolant activity increase.

In order to predict cladding behavior, a fuel performance code
(STRESS) has been developed with the capabilities of analyzing long
term cladding creepdown behavior, cladding conditioning, and behavior
during up-power ramping and power maneuvers. The effects of varied
i1l gas pressure and cladding creep rate on the stress/deformation
behavior of stainless steel cladding for these performance areas have
been investigated. Similar calculations are also performed for
Zircaloy clad fuel so that a comparison can be made between these
materials. Code limitations are discussed and some methods which
compensate for insufficient modeling are reviewed.

Fuel element design and reactor operation recommendations are
made for Connecticut Yankee (and San Onofre 1) stainless steel clad
fuel. These include fill gas pressurization level, up-power ramp

rate limitations, and possible cladding material preference. These



recommendations are based on the results of the STRESS code and the

trends which may be inferred from them.



1. INTRODUCTION
1.1 Objective

Proper reactor operation and design guidelines are necessary to
assure fuel integrity. The occurrence of fuel rod failures for
operation in compliance with existing guidelines suggests the need for
more adequate or applicable operation/design criteria. The intent of
this study is to develop such criteria for 1ight water reactor fuel
rods with stainless steel clad and to indicate the nature of uncer-
tainties in its development. The performance areas investigated
herein are:

- long term creepdown and fuel swelling effects on

clad dimensional changes and on proximity to clad

failure; and

- short term clad failure possibilities during up-
power ramps.

1.2 Observed Behavior

The performance record of stainless steel clad fuel used in both
Connecticut Yankee and San Onofre 1 reactors has remained essentially
unmarred until the recent past. While the San Onofre 1 plant has
maintained this record, Connecticut Yankee has experienced a number of
fuel element failures since 1977. The only notable difference between
element designs for these reactors is the fill gas pressurization level
(recent San Onofre 1 rods have been pressurized).

An overview of operational history and observed coolant activity
for Connecticut Yankee suggests a correlation between operating events
(1ess than full power) and increased activity. Sipping results and
visual examinations (Ref. 1) indicate that most failures are unique to
one batch (batch 8: 36 out of 48 assemblies were identitied as leakers).
It has been estimated that approximately 1% of the fuel elements in this

batch had failed (Ref. 2).
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Similar non-full power operation has occurred since the removal
of batch 8. However, return to full power was t a reduced rate as
recommended by BNFL (Ref. 2). It is not known if any fuel element
fai]ures** resulted from this maneuver.
1.3  Approach
In order to develop design/operation criteria, a somewhat com-
prehensive picture of the behavior of stainless steel clad fuel elements
under operation characteristic 0f Connecticut Yankee must be established.
This entails the development of computational methods which attempt to
simulate rod behavior. It should be mentioned that even the most de-
tailed (also benchmarked and calibrated) state of the art fuel per-
formance modeling codes often lack the deterministic capabilities in-
tended in their design. It is in this light that the approach also
includes a comparative study.
The following outlines the steps used to classify the behavior
of stainless steel. They are
- to perform rough calculations (énd subsequent detailed
calculations) which determine the approximate burnup
for initial Pellet-Cladding Mechanical Interaction (PCMI)

due to long term cladding creepdown;

- to investigate the concept of cladding conditioning
and deconditioning;

- to model various short term up power ramps and
operating events coincident with jncreased coolant
activity levels; and

- to compare results with similar calculations done for
rods of different design/material.

This operation occurred in 1979. At that time, about 160 rods with
identical fabrication as batch 8 were still in the core.

* There is a present estimate of 2-6 failed rods; correlation with this
maneuver has not been established.



The above procedure is also repeated for variations in cladding creep
rate, necessitated by the lack of benchmarking data and more detailed

modeling of PCMI.



2.  BACKGROUND

2.1 Observed Fuel Performance

Information on performance of the Connecticut Yankee fuel (all
with stainless steel - type 304 cladding) has been obtained from dis-
cussions with Northeast Utilities personnel and from detailed
records (Ref. 3 ). Coolant activity levels have remained at low values
(indicative of few, if any, fuel element failures) until 1977.

The average specific degassed activity values for Connecticut
Yankee from 1975 to mid-1978 are shown in Fig. 2-1. Cycle refueling
periods between cycles V through VIII are also indicated. Significant
activity increases (above an earlier level averaging about 0.4 uc/mg)
are observed in:

- the latter part of cycle VII, September 1977
(average degassed activity value = 0.75 uc/me);

- cycle VIII, December 1977 (1.75 uc/mg); and

- cycle VIII, April 1978 (2.23 uc/ms).
Operational events and conditions just prior to these increases are
given special scrutiny and initially serve as a base for the selection
of specific fuel assemblies for detailed analysis.

2.2 Representative Fuel Power Histories

The largest increase in coolant activity occurred in April 1978,
as noted in Section 2.1. A representative fuel assembly was selected
from each batch of fuel in the Connecticut Yankee core at that time.
Selection was based on the fuel assemblies having the highest nuclear

*
heat flux hot channel factor (Fg) in March 1978.

*More detailed information and preliminary calculations _suggested the
inclusion of the batch 8 assembly having the highest Fg value just
prior to the first observed activity increase. This assembly (denoted
8-H22) has been selected for further analysis rather than assembly
8-H16 which has a higher FJf value in March 1978.
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The channel factors and relative assembly power values were sup-
plied (Ref. 4 ) from the results of 100% full power core flux maps
analyzed with the INCORE code and are plotted in Fig. 2-2 as a function
of core equivalent full power days. For example, consider the set of
curves labeled 8-H22. These apply to assembly H22 in fuel batch 8.

This assembly is shown to be present in the core during cycles VI, VII,
and VIII. The assembly average depletion (MWD/kgU) is given as 6.5,
21.4, and 30.9 at the end* of each of the three cycles. The peak values
of Fg are 1.37, 1.74, and 1.36 at the beginning of cycles VI, VII, and
VIII, respectively.

2.3 Operational Information

Unusual operation, particularly at times just prior to activity
increases, may be related to the observed fuel rod fai]ures.** Review
of the daily average reactor thermal output data from July 1974 to
November 1978 indicates several possibly significant periods of non-
full power operation (Ref. 3 ). Special attention has been given to
events just prior to the above mentioned coolant activity increases.
The following list, which also includes refueling dates, summarizes
these events. In chronological order they are for 1975:

- Cycle V-VI refueling, mid-May to July 1;
for 1976:

- Cycle VI-VII refueling, mid-May to Mid-July;

{

Cycle VIII data is only complete through November 1978.

* An alternate explanation is that the fuel has failed earlier and that
power changes cause increased release.



Nuclear Heat Flux Hot Channel Factor - Fg (upper curve)

Relative Assembly Power (lower curve)

Cycle V VI VII VIII
1.57
el
— — — — —— —  amcsvem D e mv— nv— —— e e ——
Assembly Assembly average
10-K13 burnup (MWD/kgU) —=f=——e= 10.3
] 1 } . 1 i 1
1.72
1.05
= N
9-J02 7.8 18.5
1 i ) i 1 i |
1.74
y— 1.37 1.36
/-__'-’_'—-
8-H22 6.5 21.4 30.9
i i 1 [ N i 1
1.68
1.12 ‘ -‘5::
1 12 34 27 9
7-G36 | 8i4 . 18.4 , N Ah»B C L 27
0 200 400 600 800 1000 1200 1400

Core Equivalent Full Power Days
Figure 2-2 Connecticut Yankee Representative Fuel Assembly Power Historie

A-Activity increase (400-425 EFPD, Cycle 7) Sept. 1977

B-Activity increase (~0-25 EFPD, Cycle 8) Dec. 1977

C-Activity increase (~100-125 EFPD, Cycle 8) Apr. 1978

1-Non-full power operation (~375-390 EFPD, Cycle 7) Aug. 9-20, 1977.
2-Multiple power changes (~v5-25 EFPD, Cycle 8) Dec. 10-30, 1977
3-Three loop operation (~90-100 EFPD, Cycle 8) Mar. 23-30, 1978
4-Multiple power changes (~120-130 EFPD, Cycle 8) Apr. 29-May 4, 1978



10

for 1977:
- Cycle VII, operation at approximately 1170 MW(th) from
August 9 to 15 followed by operation at approximately
1285 MW(th) to August 20 (note that full power operation
is 1825 MW(th);
- Cycle VII-VIII refueling, October 15 to December 1; and

- Cycle VIII, numerous power changes in the period
December 10 to 30;

for 1978:
- Cycle VIII, operation at approximately 1200 MW(th) from
March 23 to 30 for replacement of reactor coolant pump
seals (3 loop operation); and

- Cycle VIII, 5 subsequent power changes ranging from 760
to 1825 MW(th) during the period April 29 to May 4.

Many full to zero power changes have been omitted from this list.
Detailed power ramp information on these (and the above listed) oc-
currences may indicate some that should be included. The four non-
refueling events are indicated by numerals in Fig. 2-2.

2.4 Interpretation

In order to establish a plausible cause for fuel element failure,
careful consideration of both operational information and coolant activity
levels must be made. As stated in Section 2.3, the near coincidence of
operation events/activity increase* does not confirm a cause/effect
relation between a given maneuver and fuel element failure. Fuel which
has previously failed could exhibit increased release during power
changes. A key therefore to the cause/effect relation is the judgment

of whether previous failure (during steady operation) had occurred.

*Power changes followed by coolant activity increases.
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If batch 8 satisfies an "all things equal" batch fabrication
assumption, then steady state failure is not expected (few or no
failures occurred with seven previous batches and roughly equivalent
steady state operating conditions). If batch 8 is not sufficiently
similar to previous batches, then no conclusion regarding causes from
steady operation versus low power/ramp operation ca~ be made. In the
remainder of this study, the work is directed toward occurrences during
power ramps after low power operation. The possibility of alternate

explanations as indicated in this section should be noted, however.
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3. METHODS FOR STRESS/DEFORMATION CALCULATIONS

This chapter is specifically dedicated to the computational
procedures used in the STRESS code (a listing is provided in Appendix
D). 1Its development was based on an axisymmetric fuel/cladding model
in which the fuel remains intact (uncracked). Local effects of pellet-
cladding mechanical interaction (PCMI), such as stress concentrations
due to fuel pellet hourglassing, have not been considered. An outline
and discussion of the more detailed models and computational methods
used in the STRESS code are now presented.

3.1 OQutline of Computer Code

The STRESS code capabilities are both versatile and two-fold.
Its structure may be viewed as two separate main routines utilizing
identical subroutines. Depending on the choice of input variables,
the STRESS code predicts

- long term cladding creepdown/fuel swelling from
BOL to fuel/cladding contact; or

- fuel/cladding behavior for rod conditioning at a
prescribed burnyp and subsequent power maneuvers.

The analysis is performed for a particular assembly, the historical
data for which is provided internally as block data. Either stainless
steel or Zircaloy may be investigated for a given (semi-tunable)
creep acceleration facfor. Variations in rod prepressurization level
or any other mechanical design data change must be edited.* A simpli-

fied flow diagram is provided in Fig. 3-1.

*This is not input data but is a part of the code as is block data.
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The output is designed to extract a wealth of pertinent thermal
and mechanical data characterizing the state of the fuel element at
various time intervals. Its structure and interpretation is discussed
in Appendix D. The input format and procedure is also presented therein.

3.2 Element Power Characteristics

3.2.1 Linear Heat Generation Rate Calculations

The linear heat generation rate (LHGR) at a particular location along

a rod may be simply calculated as

q' =q' FS(B) ;

where
q' = Tocal LHGR (kW/m);
q' = core average LHGR (kW/m); and
Fg(B) = nuclear heat flux hot channel factor at a given

core burnup, B.

In the Connecticut Yankee case, the monthly Fg values predicted for a
given assembly by the INCORE code correspond to different rods and
locations within that assembly. The STRESS code LHGR calculation
assumes that these values are for a single rod and location, typifying
"worst" conditions.

In order to avoid voluminous data entry, only beginning of cycle
(BOC), end of cycle (EOC). and two in-cycle Fg values are used (a set
of 4 for each of 3 cycles experienced by a given assembly). These
values are entered as block data with their corresponding core burnup

values. The Fg value at any core burnup value may now be approximated

by Tinear interpolation.



15

A similar representation using 4 in-cycle points (6 total per cycle)
is employed for Zircaloy. The hot rod data for this case was obtained
from Maine Yankee (Ref. 5 ).

Figure 3-2 shows the linear representation used in Fg (and also

relative assembly power) calculations for Connecticut Yankee. Thus,

(F ] i+ (Fg}i,j:l (6 -5, ) + (F)

Bi,i#1 7 Biyj DY
where
B = some cumu]at1ve core burnup between B j and
i= assemb]y cycle value (1, 2, or 3); and
1 - 3 for Connecticut Yankee
j =

1 - 5 for Maine Yankee.
It should be noted that all burnup values used in this code are cumu-
lative (see the following section).
3.2.2 Local and Average Assembly Burnup Calculations
Local (or maximum) and average rod burnup calculations are per-
formed using the representations for Fg and relative assemble power*

as shown in Fig. 3-2. Integration of these linear approximations

yields

*
Indicative of relative rod power.
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ik
Y +Y
LR _ m,n m,n-1 )
B E: E: ( 2 ) [Bm,n Bm,n-1]

1,J+1 i,J
+ ¥y, [B - By 4
where
BL’R = local or average rod cumulative burnup (MWD/kgU);
Y - J nuclear heat flux hot channel_factor, Fg, for BL;
relative assembly power for BR;
B = some cumulative core burnup between Bi j and
Bi,j+] (MWD/kgU) s i
i = assembly cycle value (1, 2, or 3);
. 1 - 3 for Connecticut Yankee;
J 1 - 5 for Maine Yankee; and
K - /4 form < i.
j form = 1.

It should be noted that the phrase "cumulative burnup" means the
burnup experienced in the present cycle (either core, local, or
average for cycle i) plus any previous cycle burnup values. For
instance, the cumulative core burnup for an assembly in its second
cycle is the core burnup at that time for that cycle plus the core

burnup at the end of its first cycle.
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3.2.3 Fast Flux and Fluence Calculations

The fast flux model consists of a piece-wise linear approxima-
tion to data supplied by Northeast Uti]ity Service Company (Ref. 6 ). These
values were converted from neutron flux energies greater than 1.85 eV to 0.1
MeV using a 0.543 conversion factor. Fast fluence calculations are performed
in a similar fashion to burnup calculations presented in the previous sec-
tion. The only major differences are that flux vaiues are entered along
with core EFPD rather than burnup and cycles are divided into 2 rather
than 3 sections.

Figure 3-3 shows the fast flux representation and calculated
fluence va]ues* for typical converted flux data. It should be men-
tioned that these converted values are used directly in the creep
equations for both materials (Section A.6) regardless of the
flux energy restrictions placed therein. This would tend to enhance
creep rates.

3.3 C(Cladding Representation

Both stainless steel (type 304) and Zircaloy cladding are
modeled using a single element represehtation. Stress, strain, and
deflection calculations are based on original cold beginning of life (BOL)
dimensions and any Zircaloy anisotropy effects have been neglected. The
model does not compensate for the interactive pellet/clad axial force
(i.e., no pellet/clad friction). Details of the representation follow.
3.3.1 Single Element Model for Cladding

Advancement of computer technology has permitted the development of

finite element or finite difference methods which

* - . 3 -

This representation is for Connecticut Yankee assembly 8-H22. Unavailable
flux data for cycle 6 (the first cycle shown) was taken from cycle 8 data.
This same representation is used in the Zircaloy case.
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very much simplify an otherwise complex analytic thick shell problem.

In this study, it has been decided to represent the cladding as a

single element or ring (Ref. 7). This approach provides a more realistic
analysis than a thin shell model and is considered sufficiently accurate

such that multiple elements are not necessary.

The single element component strains are related to the cladding

inside and outside deflections by

] -1
€y b-a b-a b
1 1 u
€o b+a b+a a

where

€= total radial strain component (%%—;

€™ total tangential strain component (%%);
U= cladding inside surface deflection (mm);
u = cladding outside surface deflection (mm);
a = BOL cladding inside radius (mm); and
b = BOL cladding outside radius (mm).

Alternatively, the element deflections may be expressed in terms of

element strain components as

*
Since the axial strain component does not enter calculations, it is
not included.



21

§b+a2 -(b-a

Up

(b+a) b-a)

2 Ep

The force/stress connection is derived using *he principle of

virtual work so that on an energy basis the forces will be consistent

with deflections.

The work per unit axial length due to the product

of forces acting on the element and virtual displacements is balanced

by the element strain energy. This requirement yields

where

= w(bz-az)

-1 1 0
b-a (b+a) Iy
1 1 0
b-a (b+a) %%
0 0 ] g,

inside cladding force per unit length;

outside cladding force per unit length;

axial force acting on the element cross section;

radial stress component (MPa);

tangential stress component (MPa); and

axial stress component (MPa).

The element forces can be expressed in terms of the internal and ex-

ternal rod pressures.

Internal rod pressure is due to the combination

of gas and contact pressures. Thus,
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Fa 2a 2a 0 Pg
Fb =71}] 0 0 -2b p
c
2 2
Fz a 0 -b PB
where
Pg = hot internal rod gas pressure (MPa);
P. = fuel/cladding contact pressure (MPa); and
PB = bulk coolant pressure (MPa).

The final step is to relate the component stresses to the

pressures by equating the above expressions for element forces. The

result is
o -a -a -b P
r (b+a) (b+a) (b+a) g
= a a -b P
% b-a (b-a) (b-a) c
o -_?EE__ 0 __:EE__ p
z (b -a2) (bZ_aZ) B

It should be noted that the above forms for axial force and stress do
not consider pellet-clad interaction. As mentioned previously, the
model assumes that a pellet in contact with the cladding will "slide"
in the event of differential axial fuel/cladding thermal expansion or
deformation. Also, the hot internal rod pressure is held constant over

1ife at an estimated value of twice the BOL fill gas pressure.
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3.3.2 Cladding Creep Flow Rules

Uniaxial creep strain results are generalized to multiaxial
stress states using flow rules developed by Levy and von Mises
(Ref. 8 ). The model assumes that creep deformation occurs under con-
stant volume and that strain rate is not affected by hydrostatic
stress components. The relations presented below are, in a strict
sense, only applicable to axisymmetric materials. However, since
anisotropic effects are ignored, they are adequate for both stainless
steel and Zircaloy. The component creep strains, expressed in in-

cremental form, are

c
Ae 2 -1 -1 o
r Ae r
. 209
Ase -1 2 -1 g
%
and
I RV Ry 24172
7g = 7 Loy0)” + (070,)" + (5,70)"]
where
c _ . . mmy .
en = radial creep strain (mm)’
c . . mmy .
€g = tangential creep strain (ﬁﬁ)’
_ . . mmy .
eg = generalized creep strain (mm)’
o = generalized stress (MPa); and

Ops Tgs 0, = radial, tangential, and axial stresses (MPa).
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The increment of generalized strain is calculated during the

solution for total component creep strains using

Ae = ¢
eg egAt

M
]

generalized creep strain rate (given in Section A.6); and

+
1]

time (in consistent units).
The numerical techniques used to solve the differential creep strain
rates are presented in Section 3.6.2.

3.3.3 C(Cladding Elastic Strain Calculations

The cladding elastic strain calculations are based on Hooke's
Law for linear elastic materials. The model does not compensate for
any directional dependence of elastic modulus or Poisson ratio. The

familiar relations for component elastic strain are

el 1 - - o]
€ v v r
=1
E
el 1
€g -V mv %
92
where
eﬁle = radial and tangential strain components (E%);
0. o = radial and tangential stress (MPa);
E = cladding modulus of elasticity (MPa); and
v = cladding Poisson ratio.
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The temperature dependence of elastic modulus and Poisson ratio for
both stainless steel and Zircaloy are given in Sections A.3 and A.4,
respectively. Since the cladding temperature varies across the ele-
ment, the elastic modulus corresponds to a volume averaged quantity
and Poisson's ratio is evaluated at the cladding average temperature.
The averaging process is analogous to that performed for thermal
strain which is presented in the following section.

Repetitious calculations may be avoided by relating the elastic
strains to the pressures acting on the element. Since the bulk coolant
and internal gas pressures are constant, the elastic response due to
them does not have to be re-evaluated every time the pellet/clad

contact pressure varies. Thus,

eiz a2(1-2v)—ab(1+v) a2(1-v)-ab(1+v) -b2(1-2v)+ab(1+v)
- 1
T2 2
b-a%)E
et B 212y sab(1a) [ @2(1-v)sab(1+) | -b2(1-20)-ab(19)

where all symbols are previously defined.

3.3.4 Temperature Profile and Thermal Strain Calculations

The cladding temperature profile solution begins with the one-
dimensional heat flow equation which may be written in cylindrical

coordinates as

 dT

q '—'—ZTTY‘C-d—F
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where
q' = linear heat generation rate;
kC = cladding thermal conductivity; and
T = cladding temperature;

all in consistent units. Any internal heat deposition is neglected.

Rearranging and integrating yields

where
To = outside cladding temperature;
T = cladding temperature at radius r; and
b = BOL outside cladding radius.

Since the form of cladding thermal conductivity for stainless steel
and Zircaloy differ (see Appendix A.1), two separate solution pro-
cedures are used.

The thermal conductivity for SS304 has the form
2 3

T +C, T 5

k. = C0 + C] T+ C2 3

C

where the constants are defined in Section A.1. Integrating over
temperature yields a quartic equation which can be iteratively solved.

By making the substitution

T=T +aT
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the amount of calculations performed in the iterative loop may be

reduced. The final form is

2 3 4 _q' b .
a]AT + az(AT) + a3(AT) + a4(AT) = o oo
where
ay = C_ 4 CT_ +CTo 40T
1 0 1T'o 20 3'0 ?
C
-1 3,12 .
3, = 2+ LTy + 5 03T,
C)
a3 = —§-+ C3T0 ; and
C
=3
4 = 7

The iterative solution uses the bi-section convergence method dis-
cussed in Section 3.6.1 and the calculated temperature is accurate
to + 0.001°C.

The temperature profile solution for the Zircaloy case was
taken from Ref. 9, using the same form for thermal conductivity as

given in Section A.1. In this case, the temperature is solved ex-

plicitly as

T = -1.015x10° {1.3959x10° - [1.9485x10
+1.9704x107° (1.3959x1o'270 ¥ 4.9261x1o‘6T§
Q" byyq1/2
+ - ()]0}
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where
T = cladding temperature at radius r (°C);
T, = outside cladding temperature (°C); and
q' = LHGR (kW/m).

Having a method of calculating cladding temperatures allows the
computation of various volume averaged, temperature dependent (there-
fore radius dependent) quantities. The following outlines the method
of solution for averaging cladding thermal strain, however, the tech-
nique is directly applicable for averaging cladding temperature and
elastic modulus by replacing the argument. This calculation, as all

previous ones, uses beginning of 1ife (BOL) cold cladding dimensions.

The form is
. b
T_ 2 T
EC bz_az fEC r dr
a
where
ez = average cladding thermal strain;

ez cladding thermal strain at radius r;

and a,b are the cold BOL inner and outer radii. The thermal strain
expressions for either material are found in Section A.2. Integra-
tion is performed using Simpson's one-third rule over 30 equispaced

radial intervals.

3.4 Pellet Representation

The fuel pellet is represented as a solid cylinder with the

densification and swelling characteristics discussed in Section A.11.
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It is assumed that pellet-cladding mechanical interaction (PCMI) has no
effect on pellet swelling (i.e., ignores restrained swelling or creep
deformation effects) and, as stated in Section 3.3, does not impose an
axial friction force condition at the pellet/clad interface. The only
forces acting on the pellet are due to the hydrostatic gas pressure and
the normal contact pressure force at the pellet surface (if PCMI exists).

The pellet stress state may be represented as

o -1 -1 Pg
Ty = -1 -1 Pc
o, -1 0

where
O 6,2 " radial, tangential, and axial stresses (MPa);
Pg = hot internal rod gas pressure (MPa); and
PC = fuel/cladding contact pressure (MPa).

Unlike the cladding calculations, the fuel does not use cold
beginning of life (BOL) dimensions. Depending on the burnup, the
densified or swelled cold radius at the beginning of a ramp or set

of maneuvers is used. This radius may be calculated using

d
- _0,1/3
R-RFO(d)

F
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where

)
1]

F densified or swelled cold fuel radius (mm);

RF = BOL cold fuel radius (mm);
0
d0 = BOL cold fuel density (%TD); and
d = fuel density at a prescribed burnup (%TD).

The representation used for fuel density at a given local burnup is
given in Section A.11. With this definition of fuel radius, the

radial deflection of the fuel surface is calculated as

4p = Re (" + ep + <)
where
u. = deflection of the fuel surface (mm);
egl = fuel tangential elastic strain component (E%);
;E = fuel average thermal strain (%E); and
ey = fuel vo]ume.strain with respect to a refgrence i
volume strain at the burnup used to obtain Re (ﬁﬁ).

A more in-depth discussion of volume strain is given in Section A.12.
Fuel elastic and thermal strain calculations are presented in the
following sections.

3.4.1 Fuel Elastic Strain

Like the cladding, the fuel pellet elastic strain calculations
are based on Hooke's Law for a linear elastic material. Also, it is
assumed that the elastic modulus and Poisson ratio are independent of
direction. Since the fuel elastic strain relations are based on the
same assumptions used for the cladding elastic strains, the stress/

strain relations (of Section 3.3.3) are directly applicable.
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The modulus of elasticity and Poisson ratio for the fuel are averaged
quantities. These temperature dependent relations are given in Sec-
tions A.9 and A.10. The averaging process is analogous to that done
for fuel average thermal strain (Section 3.4.2).

The fuel pellet elastic strain components may be expressed in

terms of the gas and contact pressures as

es

€, ] (1-2v) (1-v) Pg
- T E

el

€g (1-2v) (1-v) Pc

Note that the relations for these components are identical. Also, if
Pc is set to zero, the relations reduce to hydrostatic form.

3.4.2 Fuel Temperature Profile and Thermal Strain

The first step in the solution for fuel temperature profile

begins with Poisson's steady state heat conduction equation of the form

_V(KfvT)‘:ql
where
g"" = volumetric heat deposition rate;
Kf = fuel thermal conductivity; and
T = fuel temperature.

Solution of this equation in cylindrical coordinates yields the fol-

Towing conductivity integral equation (Ref. 9 )
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where

U0, conductivity integral (E%);

.
ko dT
0

- q' = linear heat generation rate (5% :
R = densified or swelled fuel outside radius cold (mm);
T, = fuel pellet outside surface temperature (°c); and
T =

fuel pellet temperature at some position r < RF (°c).
The temperature and porosity dependent relations for fuel thermal con-
ductivity and conductivity integral are given in Section A.7.

Assuming the fuel pellet surface temperature is known, the tem-
perature at a given radius may be determined. This is achieved by
relating temperature to the conductivity integral using a cubic spline

curve fit. The general form is

-

T

= 1 )

X"—kodT,
0

PF = porosity factor (see Section A.7); and

A, B, C, D, o = constants.
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Table 3.1 Constants for Cubic Spline Fit
Temperature

Range (°C) A B C D
0<T<276.3

(0<x<2) 1.641 12.962 105.627 0

%;E;3§{<478-3 2.056 22.808 177.177  276.250

478.3<1<738.2 4 977 28.974 228.959  478.290
(3<x<4)

738.2<T<1066.3
(4EX<§) 0.347 34.905 292.838 738.200

1066.3<T<1461.3

(5<x<6) -4.646 35.946 363.689 1066.290

1461.3<T<1895.1 g 795 22.010 421.645  1461.280
(6<x<7)

1895.1<7<2698.0
(7<x<9) -5.025 -7.3749  436.280  1895.140
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These constants have been determined for the temperature range
.O < T <2698 °C (0 < x <9) and are presented in Table 3.1. Tempera-
ture values generated by this method are accurate to + 0.01 °C.

If the fuel temperature distribution is known, average values
for temperature dependent fuel properties can be calculated. The

average fuel thermal strain may be determined using

R

‘[.al r dr
0

T
EF

N
M NI

where

-

ep = average fuel thermal strain; and

e; = fuel thermal strain at radius r.
The expression for fuel thermal strain is given in Section A.8. Inte-
gration is performed using Simpson's one-third rule over 40 equispaced
radial intervals.

3.5 Gap and Interaction Characteristics

3.5.1 Fill and Fission Gas Mole Fraction Calculations
The initial moles of helium fill gas are calculated using the

ideal gas law of the form,

where

number of helium moles;
fill pressure;

i1l volume

absolute temperature; and
universal gas constant.

O~ <O
wowowonon



35

The fi11 volume may be more specifically defined as the summation of

the cold beginning of 1ife (BOL) gap and plenum volumes, neglecting any con-

tributions due to dished and chamfered pellets. The plenum volume for Con-

necticut Yankee was estimated from Maine Yankee data by assuming equivalent

fuel-plenum volume ratios (Maine Yankee fuel-plenum volume ratio =

11.89 ). The resulting helium mole expression for Connecticut Yankee is

n = 8.4325 x 1070 p
where

P = Helium fill gas pressure (kPa)
at an assumed fill temperature of 298° K.

Only two dominant fission product gases, Xenon and Krypton, are
considered in the mole fraction and gas conductivity calculations.
Their U-235 thermal fission yield fractions* were estimated from data

supplied in Ref. 16 and are

]

B 0.2183

)

By, = 0.0386.

In order to calculate the mole production of these rare gases, the

total amount of rod fissions must be estimated. Thus,

*Possible differences due to U-238 and Pu-239 fissions are neglected.
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0o B E LR
F = B
N CF
= 4.346 x 10'° gR
where
F = total fissions per rod;
BR = cumulative average assembly (or rod) burnup as

MWD, .
kgu’?
P, = Connecticut Yankee full power thermal output (thh);

calculated in Section 3.2.2 (

N = number of core fuel rods;

= -2 .
Cy = 2.825 x 1072 EFPD__ ./ (MND/kgU);
C = 5.4 X 1023 MeV/MWD; and
C; = 200 MeV/Fission.

The fraction of fission gas released is determined using Con-
necticut Yankee graphical data supplied by Northeast Utility Service
Company. Figure 3-4 illustrates the piece-wise linear model used to.

approximate this data. The Tinear representation may be summarized as

1x107%4 for T <190
7.899x10°%7 - 0.13108  for 190 < T < 309
fr = ﬁ 2.6241x10°T + 0.03192  for 309 < T < 450
8.3893x107°T + 0.11225  for 450 < T < 748
-4.529x107°T + 0.2089  for 748 < T < 1300
\ 0.15 T > 1300
where
fr = fission gas release fraction; and
T =¢C BR = rod average burnup expressed in EFPD.

B
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Table 3.2 MaineYankee Mole Fraction Data (from Ref. 5)
Eﬁﬁalp Mole Fraction
(MWD/kgU) He Xe Kr
0 1 0 0
.2 1 0 0
0 .997 .002 .001
10 .987 .01 .002
20 .967 .029 .004
30 .932 .060 .008

40 .890 .097 .013




39

The moles of Xenon and Krypton which are released and contribute to

gap conductivity degradation may now be directly computed from,

=
|

Xe F Bxe fr >

and

"Kr F BKr fr 3
thus supplying all the necessary values for Connecticut Yankee mole
fraction calculations.

The Zircaloy case mole fraction values are obtained by linear
interpolation of Maine Yankee data. This information corresponds to
the core hot rod and is given in Table 3,2. Note that local burnup
values are given rather than rod average.

3.5.2 Pellet Surface Temperature and Gap Conductance

The fuel surface temperature is obtained using a variation of

the covective heat transfer relation of the form

F a ZWRF h the

g
where
TF = pellet surface temperature;
Ta = inside cladding temperature;
q' = linear heat generation rate;
Rp = cold densified or swelled fuel radius from Section 3.4;
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h
9

he

gap gas conductance; and

fuel-cladding contact pressure conductance from Section A.14.

The gap conductance is related to the gas mixture thermal conductivity by

kmix

hg = (s¥57+57)

thermal conductivity of gas mixture from Section A.13
evaluated at the gap average temperature;

=
x

§ = hot gap width;
6& = root mean square cladding surface roughness; and
6% = root mean square fuel surface roughness.

3.6 Solution Technigues

3.6.1 Bi-section Convergence Method

The bi-section convergence method is an iterative procedure
which guarantees convergence on a variable to a predetermined accuracy.
The method only requires that the dependent function be monotonically
increasing or decreasing with respect to this independent variable.
The method is now detailed for the case of a monotonically increasing
function.

Using a temperature argument for convenience, a non-analytic

functional relation of the form

may be rearranged to
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y(T) = f(T) - g(T)

where

y(T) = a ficticious, monotonically increasing function of
temperature ;

and has the unique solution
y(T*) = 0

An initial guess of Tg < T* would yield a negative value for y(Tg)
and conversely, positive for Tg > T*,

Assuming that y(Tg) is negative, a prescribed quantity, AT, is
added n times to Tg until the sign of this function is reversed. At
this point, the temperatures which encompass the root, T*, may be

defined as
T =T, + (n-1) AT; and

T, =T + n AT;

which satisfy

<
L
—
S

]

negative quantity; and

<
———
—
+
A
]}

positive quantity.

The next temperature guess is the midpoint

; ) T, + T
mid 2

and if
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y(T

y(Tmid) > 0, replace T_ by T

mid) < 0, replace T_ by Tmid;
mid’
This replacement procedure is repeated m times to achieve a

final temperature of the accuracy

(T_sg) = T* + aT/2"
Although the above solution procedure is specialized for a monotonically
increasing function whose initial value, y(Tg), is negative, it estab-
lishes a format which may be easily altered to accomodate other cases.

The bi-section method is used to solve for cladding temperature
profile and fuel pellet surface temperature. Figure 3-5 illustrates
the pellet surface temperature solution strategy. Once this temperature
is known, all other variables which characterize the state of the fuel
element are known.

3.6.2 Numerical Solution of Creep Rate Equations

The radial and tangential creep strain rate components are solved
using a combination of numerical techniques (Ref. 10). The primary
solution method is that of Adams-Moulton, but initiation of this method
requires the knowledge of four starting values for each strain rate
component. These values are generated using a fourth order Runge-Kutta
starting method. The component creep strains are solved for simultan-
eously using the following rate relations inferred from the creep flow

rules of Section 3.3.2,
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.C
€ : 2 -1 -1 O
= 249
v %
€g -1 2 -1 Ty
92

where
é& = radial component of creep strain rate; and
ég = tangential component of creep strain rate.

A1l other symbols are defined therein.

The fourth order Runge-Kutta method utilizes the following

algorithms
(o _ C At ‘
€r’n+] = Er’n + —6 (Cf-'l + 2(12 + 20.3 + 0«4)

€ontl = Son * 6 (81 + 28, + 284 ¥ 84)

where
=.C
%17 %e,n
_*C ;. C c
T Ep (Er,n’ €o,n° ty) s
o B
R L | st
0"2 = EY((EF,n 2), (€e’n + 2): (t + 2))’

* 83), (t, + At));
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and similarly,

By = ég,n
= ée(sﬁ,n’ eg,n’ t,)s
B, = egler +~g%), (eg,n + E%), (t + ég.),
By = &5llep o * i%)’ (eg.n * -8—2-), (t, + 252 and
By = ég((ei’n + a3), (eg’n + 33), (tn + At)).

Other symbol definitions are,

n=0,1, 2, 3 =step sequence from beginning of solution;

t, = time to the nth step in consistent core equivalent full
power time units;

At = selected time increment in consistent core equivalent

full power time units;
and the quantities at the beginning of the solution, ei,o’
Eg,o’ and to are known. Time interval selection and estimated
accuracy are discussed at the end of this section.
Once the first four creep strain and strain rate values for each
component have been obtained, the remainder of the solution may be
performed using Adams-Moulton method. This procedure involves a

predictor-corrector concept, which for the radial component is,

Predictor:
c _c At .c .C c . ,
Crontl - fpon T 20 (55 €pon T 59 €ron-1 7t 37 r,n-2 ~ 9 Er,n-3)’
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Corrector:

c - C At .C °C °C
o+l = ron T 27 (9 *18 el -0

€r,n+l r,n €r,n-1

-C
+ .
€r,n-Z)’

and a similar set of relations for the tangential component.

Two convergence restrictions are placed on the time interval

selection for the Adams-Moulton method. They are,

At < s 8/3 5
ler or e,nl
and
c c
[(er or e,n+])corrector - (Er or e,n+1)predictor}

with the accuracy criterion

c
- (er or e,n+1)

]

c
[(er or e,n+1)corrector predictor

’10N<

8/3

At|e

- 10N < 14

where N is an indication of decimal place accuracy. Typical strain

o
r or 6,n

rate values are in the range of 10"6 - 10'8(hr)-] for stainless steel

and 1074 - 107’ (hr)'] for Zircaloy. The upper end values correspond

to maximum creep acceleration factors (on the order of 100) and general-

jzed stress values (~200 MPa), indicative of extreme conditions.

these values, a conservative estimate of predictor-corrector differ-

ences is,

10'6 At for stainless steel; and

4

107" At for Zircaloy;

Using
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where At < 10 (hr) for the majority of computer calculations. Sub-
stitution into the above convergence and accuracy relations shows that
the convergence criteria is easily satisfied and the Timiting decimal
place accuracy is

N

6 for stainless steel; and

N

]

4 for Zircaloy.

For the cases investigated in this study, 7th and 5t' place accuracies
(for stainless steel and Zircaloy, respectively) are more realistic
estimates. Since the local errors associated with both solution
methods are of the same order, the Runge-Kutta starting method is

assumed to have similar accuracies.
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4.  ILLUSTRATIVE EXAMPLES

This chapter highlights the results of calculations made using
the STRESS code. In most cases, the Zircaloy clad fuel results are
presented so that a comparison may be made between this material and
stainless steel. The effects of different fill gas prepressurization
and cladding creep rate are also investigated for certain cases.

As mentioned in Section 3.1, the stainless steel and Zircaloy
case historical data used in these calculations is provided as block
data. Some of this information is displayed in Figs. 3-2 and 3-3
while the remainder may be found in the code listing (Appendix D).
Other characterizing data may also be found therein. It should be
noted that the following stainless steel results pertain to assembly 8-H22.

4.1 Creep-down Predictions

Pellet cladding mechanical intéraction (and its associated
deleterious effects) is probably the major contributor to fuel element
failure. Therefore, it is important to know when hard pellet-clad
contact\takes place. For instance, if a utility experiences what they
feel is PCMI related failures, it is important to know which batches
are the most likely candidates.

Figures 4-la and b show the creepdown to contact predictions of
the STRESS code for stainless steel using a creep acceleration factor
of 11 (Ref. 11). Both pressurized and unpressurized cases are pre-
sented as indicated. The upper line represents the inside cladding
radius and the lower, the fuel outside radius. The cladding is forced
to creep inward since the bulk coolant pressure is much greater than

the internal rod pressure. The creep rate appears constant within a
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Figure 4-1la Unpressurized SS304 cladding creepdown behavior for a
creep acceleration factor of 11 (fill gas pressure = 101 kPa)

4.96 | l i
| Legend:
| 1 = cladding inside

4.9 l : | surface ]
2 = fuel surface
I |
4.92 N
[ 2 I -
4.90 | -l
b l
4.88 L 11 1 i | ] i | A
0 10 20 30 40 5

Local Burnup (MWD/kgU)

Figure 4-1b Pressurized $S304 cladding creepdown behavior for a
creep acceleration factor of 11 (fill gas pressure = 2068 kPa)
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cycle, but differs from cycle to cycle due to a variation in fast flux.
The discontinuity between the first and second cycle curves is due to
fuel and cladding thermal expansion (increased LHGR).

The fuel initially densifies and after 10 MWD/kgU begins to
swell. Contact occurs in the region of fuel swelling although the
fuel appears to be densifying. The fuel is actually thermally con-
tracting due to gap closure and increased gap conductivity. Comparing
the results of both pressurizations shows that the prepressurized rod
has an extended contact burnup of about 4 MWD/kgU (Tocal).

Figures 4-2a and b show the creepdown to contact predictions for
stainless steel in the absence of accelerated creep. Pellet clad con-
tact does not occur until well into the third cycle. It should be
mentioned that the results do not show this cycle in its entirety.*
This is the reason for the extrapolated curves in the prepressurized
case. A review of these figures and those for accelerated creep
(Figs. 4-1a and b) predict that hard contact is expected to occur in
the latter second to third cyc]es.** Preliminary cladding outside
diameter measurements (selected batch 8 fuel rods) favor the accele-
rated creep results.

Maine Yankee (Ref. 5 ) has predicted contact for Zircaloy at
about 25 MWD/kgU. A similar conclusion was reached using the Zircaloy
creep relation of Section A.6 with no creep acceleration. Details of

this calculation are not included in this report.

This information was not available for the remainder of cycle 8
(denoted "third cycle").

** Regions near pellet interfaces are expected to contact earlier if
local effects (i.e., pellet hourglassing) are considered (see

Section 4.3.1).
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Figure 4-2a  Unpressured SS304 cladding creepdown behavior without
accelerated creep (fill gas pressure = 101 kPa)
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Figure 4-2b  Pressurized SS304 cladding creepdown behavior without
accelerated creep (fill gas pressure = 2068 kPa)
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4.1.1 Temperature Predictions

Some of the benefits of prepressurization may be realized by
examining the behavior of fuel surface and centerline temperatures for
both fill pressurization cases during cladding creepdown to contact.
Figure 4-3 illustrates the differences in temperature behavior as pre-
dicted by the STRESS code for a creep acceleration factor of 11.
Initially, both pressurization levels exhibit similar behavior since
the fission gas inventory is minima].* In each case, the fuel tempera-
ture increases rapidly at BOL due to increasing gap size from fuel
densification. As burnup continues, the increasing amounts of fission
gas have a greater impact on the gap conductivity of the unpressurized
rod since the initial amount of helium fill moles is less. The result
is higher fuel temperatures regardless of the increased gap closure as
indicated in the previous section.

If the temperature range for equiaxed grain growth is 1300-1650°C
and 1700-2150°C for columnar growth (Ref. 12), the centerline tempera-
tures of the unpressurized case extend well into the fuel restructuring
regimes over substantial periods of time (burnup). The non-accelerated
creep case (Figs. 4-2a and b) would yield higher temperatures over

longer periods of burnup. The benefits of prepressurization are sig-
nificant regardless of the creep acceleration.

*Degradation of gap gas conductivity is primarily due to increasing
relative amounts of Xenon and Krypton fission gas in the gap gas mix-
ture. It is interesting to note that different pressurization levels
of a single component gas has little or no effect on its conductivity
(the conductivity relations of Section A.13 show temperature depen-
dence only). Such is the case at or near BOL when helium is the only
or primary gas component.
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4.2 (Cladding Conditioning

The conditioned cladding definition adopted in this study is one
in which the cladding inside surface and fuel surface deflection rates
are equivalent and constant. If this requirement is met, a steady state
constant stress situation exists (and therefore a constant pellet-cladding
contact force). The time to achieve this state may be termed "conditioning
time" and is unique, as are the stresses, for different fuel swelling
and cladding creep rates. In the STRESS code calculations, a 30 EFPD
time limit is placed on conditioning. In other words, if the above
steady state stress condition is not achieved within 30 EFPD after just
contact, the remaining calculations for that creep model are not based
on fully cond}tioned cladding.

Figure 4-4 shows the hoop stress variation experienced after just
contact (in a region of fuel swelling, constant power) for unpressurized
stainless steel cladding. The pfateau region after just contact for
the lower acceleration cases is only evident for unpressurized rods.
This is due to marked fuel thermal contraction since the contact con-
ductance plays a major role in overall gap conductivity. The effect of
this for the faster creep models appears less significant since this
stage occurs rapidly.

The results for higher creep acceleration factors (i.e., 55 and
110) are included as compensation for the effects of fuel restrained
swelling, creep deformation, and cracked pellet relocation which has
been ignored in the fuel pellet model. In a previous study of Zircaloy
conditioning and power ramping (Ref. 13) a creep acceleration factor
of about 100 was employed for adequate compensation. Additional results

for the pressurized stainless steel and Zircaloy cases are illustrated in

Figs. 4-5 and 4-6.
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An alternate perspective on the 30 EFPD conditioning phenomenon
may be gained by examining Figs. 4-7a,b, and c. The lower curve shows
cladding inside mechanical deflection for 40 EFPD after "just contact".
The upper curve shows the same but first contact occurs 10 core EFPD
1ater.‘ Complete conditioning for 30 core EFPD should yield insignifi-
cant differences between curves at or before 698.5 EFPD.* Figure 4-7a,
which corresponds to a creep factor of 11, is the only case where
conditioning is not achieved in 30 EFPD. Deflection curves for lower
powers yield similar results. It is interesting to note that the
steady state hoop stresses are in compression but the cladding is
actually mechanically deflecting outward.

4.3 Up Power Ramping

Having a method of conditioning, up power ramps from various
lower power conditioned states may be performed and cladding hoop
stress variation with different ramp rates may be investigated.**
Intuitively, it is expected that low ramp rates or large creep ac-
celeration factors would allow more cladding stress relaxation. In
the other extreme, a very rapid power increase would just result in a
cladding elastic response with little or no creep deformation/stress
relaxation.

Figure 4-8a shows the hoop stresses developed in a 60% pre-
conditioned unpressurized rod ramped to 100% FP at rates ranging from
1%/hr to 50%/hr. The corresponding LHGR values are typical of stain-

less steel clad fuel recently in the Connecticut Yankee core. These

*Note that 688.5 core EFPD (19.45 core MWD/kgU) roughly corresponds to

the core average cumulative burnup for batch 8 at the time of the
Connecticut Yankee-August 1977 maneuver.
fE]adding hoop stresses are caused by differential pellet-cladding
thermal expansion.
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curves are for a creep acceleration factor of 55 which is about half
of the 100 value suggested and used by daSilva for Zircaloy (see
Section 4.2). Benefits due to reduced ramp rates are insignificant
until 5%/hr or less. The Zircaloy case results are shown in Fig. 4-8b
for a 60% pre-conditioned rod using a creep acceleration factor of 58.
Notable differences exist between these curves and the stainless steel
results. By comparison, Zircaloy cladding exhibits far more stress
relaxation. Consequently, stainless steel may be classified as a much
more creep resistant material than Zircaloy.

Figures 4-9a and b show the results of unpressurized stainless
steel for creep acceleration factors of 11 and 110, respectively.

Using the lower creep factor of 11 shows little or no benefit of stress
relaxation during these same ramp maneuvers. On the other hand, using
a higher creep factor of 110 indicates a good deal of stress relaxation
as expected. Once again, however, no significant benefits are realized
until 5%/hr or less. Figure 4-10 illustrates the results of a 60% pre-
conditioned pressurized stainless steel rod. Comparing the hoop
stresses developed in this case with those of the unpressurized case
(Fig. 4-8a) show that no major differences exist.

Additional results for 80% pre-conditioned unpressurized stainless
steel using creep acceleration factors of 55 and 110 are provided in
Figs. 4-11a and b. The hoop stresses developed in these cases are much
Tower (than the 60% pre-conditioned stress values) since ramping is
from a higher conditioned power level. Conversely, ramping from a

lower conditioned power level would yield higher hoop stresses.
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4.4 Connecticut Yankee Maneuver

The Connecticut Yankee - August 1977 power maneuver discussed
in Section 2.3 is shown in more detail in Fig. 4-12. Thisoperating
event is analyzed by the STRESS code using the modified representa-
tion shown in Fig. 4-13. Downtime periods are not included in this
model since no fuel-cladding dimensional changes are expected during
these times. Small fluctuations in Tess than full power constant
operation are ignored and the only power ramp considered is on return
to full power (about a 9% full power per hour ramp rate).

Hoop stress variation during this maneuver for the unpressurized
stainless steel case is shown in Fig. 4-14. Differences due to creep
acceleration factors of 11, 55, and 110 are also shown. The factor
of 11 creep model is the only case in which the cladding is not fully
conditioned at the start of the maneuver (hoop stresses are increasing -
see the conditioning definition of Section 4.2). For all three cases,
an initial reduction in power to 64% opens the gap (hoop stress = -188.5 MPa).
The factor of 11 creep model exhibits very little creepdown and main-
tains an open gap throughout lower power operation until just prior to
return to full power. In this case, the increase in hoop stress as a
result of this maneuver is not significant and it remains in compression.

The other two creep models recontact within the first couple of
days of reduced power operation and begin conditioning at this level.

An increase in power to the 70.5% level is accompanied by an increase
in stress as expected. Return to full power shows that the hoop stresses
for these models change from compression to tension, increasing over

100 MPa from their steady state full power conditioned values. The
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stainless steel pressurized case results, illustrated in Fig. 4-15,
show similar behavior (the open gap hoop stress is -142.1 MPa). What
is interesting to note is that pressurization has a minimal effect on
the predicted end-of-maneuver hoop stress values. Improved behavior,
from a stress state point of view, would be indicated by a reduction
in these values. The pressurized Zircaloy case results for this
maneuver are given in Fig. 4-16 for comparison. Tensile hoop stresses
are not as great for this material. This is due to increased stress

relaxation and elastic compliance.
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4.5 Guideline Methodology

The first step in establishing ramp rate limitations is to
define a cladding threshold stress (in this case tangential or hoop)
which places an upper 1imit on stresses realized in a given up-power
maneuver. The basis of this threshold stress may be one of stress
corrosion cracking (SCC) or yield. In order to compensate for the
effect of local stress concentrations which may not be considered
in a code (such is the case for STRESS), a fractior of this threshold
value may be used as the limiting value. For instance, daSilva
(Ref. 13) uses a 296.4 MPa Zircaloy stress corrosion cracking thres-
hold. In order to compensate for local stress concentrations, half
this value was used as an upper limit on allowable hoop stresses.

An estimation of hourglass local stress concentration values for both
materials is presented below.

4,51 Stress Concentrations

An estimation of stress concentrations at fuel pellet ends due
to pellet hourglassing may be made using the information supplied in
Fig. 4-17 (Ref. 14 and references therein). This figure illustrates
the difference between end and mid-pellet radial displacement (thermal
expansion induced) as a function of pellet length to diameter ratio.
The additional thermal radial displacement at the pellet end may be

estimated by
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where
Au; = additional thermal radial displacement at the pellet
ends due to hourglassing (mm);
AF = fuel pellet amplification factor (from Fig. 4-1 );
RF = densified or swelled cold fuel radius as defined
in Section 3.4 (mm); and
AEE = change in fuel average thermal strain from "just contact” (gﬁ).

The increase in cladding hoop stress may be estimated on an
elastic basis using the equations of Sections 3.3 and 3.4. The ad-
ditional radial thermal displacement is compensated for by both
cladding and fuel elastic deflections. For the cladding, the increase

in deflection is

al = (bra) es  (b-a) es
a 2 ‘e 2 °r

aAPC b2+a2 . .
""‘—"‘E _‘"‘7b2 -a AV >

and for the fuel,

R-AP
eL F™ ¢
AUF - EF (]'\)F) )
where
Augz = increase in inside cladding elastic deflection (mm);
Aule:2 = increase in fuel radial elastic deflection (mm);
APC = increase in pellet-cladding contact pressure to

produce these deflections (MPa); and

all other symbol definitions are as in Section 3.
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Since the pellet and cladding are initially in contact and
remain contacted, the increase in pellet-cladding contact pressure
may be obtained by equating the fuel and inside cladding surface

deflections. Thus,

and manipulation yields

Au;
APC = >
(T-Re | af P4,
E E\. 22"V
F b~-a

which may be directly related to an increase in hoop stress using

The results of this calculation for both stainless steel and Zircaloy
are presented in Table 4-1. The very large increase in stainless
steel cladding hoop stress (about 130 MPa) for the pellet hour-
glassing phenomenon alone, exemplifies the importance of considering

the effects of stress concentrations when choosing a limiting stress

va]ue.* The additional cladding hoop stress for Zircaloy is much lower,
demonstrating the greater elastic compliance (lower elastic modulus)
of this material. Remember that these stresses are in addition to those

predicted for the maneuver of Section 4.4.

*Other local stress concentrations may be caused by pe’let cracks,
pellet chips lodged within the gap, or even Tocal power peaking.
It should be mentioned that stress relaxation is not considered
in the hourglassing example.
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Table 4-1 Hourglassing Stress Concentration Results Due to
the August 1977 Maneuver

Value
Connecticut Maine
Yankee Yankee
Symbo1 Definition SS304 Zircaloy-4
E Cladding Elastic Modulus 177.39 76.69
(GPa)
v Cladding Poisson Ratio .318 .253
Ep Fuel Elastic Modulus (GPa) 169.35 170.62
Vg Fuel Poisson Ratio .301 .300
a Cold BOL Cladding Inside 4,940 4.877
Radius (mm)
b Cold BOL Cladding Qutside 5.359 5.588
Radius (mm)
RF Cold Swelled Fuel Radius (mm) 4.890 4.808
L/D  Pellet Length to Diameter 1.158 1.158"
Ratio
AF Hourglassing Amplification .46 .46
Factor
fc Creep Acceleration Factor 55. 58.
AEE Increase in Fuel Average .1767 .2503
Thermal Strain After
"Just Contact" (%)
Ace Additional Hoop Stress 126.0 75.0

*
Assumed value
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4.5.2 Possible Failure Modes

As mentioned previously, the threshold stress criterion may be
based on stress corrosion cracking or yield. Yield in itself does
not necessarily constitute failure, however, other possible failure
modes may gain importance for stresses of this magnitude. Such is
the case for irradiated stainless steel. Stress corrosion cracking
has been observed in both stainless steel (chlorine SCC) and Zircaloy
(iodine assisted SCC) but has only been established itself as a
dominant failure mode in Zircaloy.

Figure 4-18 shows the effect of irradiation on the yield and
ultimate tensile strengths of SS304. An estimate of fast fluence
(E > 0.1 MeV n/mz) experienced by a Connecticut Yankee assembly near
the end of its second cycle (typical of batch 8 near the August 1977
maneuver) is also indicated on this graph. What is interesting to
note is that although both the yield and ultimate tensile strengths
increase with irradiation, the ultimate tensile stress does not
increase in proportion to yield. This implies that very little
strain hardening takes place after yield and a phenomenon known as
plastic instability may occur (Ref. 12). If this high stress region
is entered, high local cladding strain rates are expected.

Deformation channels have been observed in irradiated type 304
stainless steel (Ref. 15). This phenomenon produces deformation
bands due to highly localized strain which may lead to fracture at
lower engineering strains. Channel ffacture is believed to occur from
extensive slip (due to shear) with a possible contribution from

irradiation produced voids.
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5. CONCLUSIONS

The following concluding sections are based on the particular
reactor/fuel element design investigated. The stainless steel clad
fuel results are derived from operation/design characteristic of the
Connecticut Yankee plant (assembly 8-H22), while the Zircaloy clad
fuel results are primarily based on operation and design character-
istic of Maine Yankee (hot rod assembly). The only design variation
investigated is the fill gas pressurization level of the stainless

steel clad fuel rods.

5.1 Effects of Fill Gas Pressure

Stainless steel pressurized rods (about 2 MPa Helium) have been
shown to have at least two distinct advantages over unpressurized rods
(atmospheric pressure Helium). The first is a time (burnup) extension
for initial hard pellet-cladding contact due to long term cladding

creepdown/fuel swelling. The STRESS code predictions show about a

4 MWD/kgu (local) extended contact burnup for two creep models investigated.

The second and more significant advantage is lower fuel temperatures.
It has been estimated that fuel centerline temperatures much greater
than 1400°C are unlikely with pressurization, while temperatures in
the 1700°C range may be expected without it. The higher temperatures
predicted for the unpressurized case extend well into the fuel re-
structuring regimes over substantial periods of time (burnup).

Lack of pressurizétion does effect fuel behavior at initial
pellet-cladding contact but has a minimal effect once good contact

(contact pressure > 1 MPa) has been established. This is the only
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notable difference between the conditioning behavior for the pressur-
ized and unpressurized cases. Up-power ramping and maneuvering results
show no significant differences between the final hoop stresses rea-
lized in each case.

5.2. Effects of Creep Acceleration Factors

If no creep acceleration factor is used, long term stainless
steel cladding creepdown to contact is expected to occur in the latter
part of the third cycle. However, some experimental findings (Ref. 11)
indicate that these creep rates may be multiplied by a factor of 11.
Preliminary outside cladding measurements suggest that the higher creep
factor may be more realistic. Initial hard contact is expected to occur
in the latter part of the second cycle for this factor. If this is the
case, cladding conditioning should be considered prior to up-power ramps
or maneuvers at these burnups.

Higher creep acceleration factors (i.e., 55 and 110) are inves-
tigated for conditioning and ramping calculations. They are included
as compensation for the effects of fuel restrained swelling, creep
deformation, and cracked pellet relocation which has been ignored in
the fuel pellet model. The cladding hoop stresses realized for up power
ramping from a 60% preconditioned state are of the same magnitude for
each creep factor, but more stress relaxation is exhibited for the higher
ones. In these cases, the benefits of stress relaxation due to reduced

ramp rates are insignificant until 5%/hr or less.
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5.3 Zircaloy Differences

From a hoop stress behavior point of view, Zircaloy cladding
appears to be the superior performer. The up-power ramping and
maneuvering examples of Section 4 show much lower final hoop stresses
for this material when compared to stainless steel. This reduction
in stress is basically due to two factors. The first is the higher
creep deformation (and therefore stress relaxation) exhibited by
Zircaloy. This characteristic alone allows greater flexibility in
power maneuvering since reduced ramp rates considerably increase
stress relaxation. The second is the increase in elastic compliance
for this material (much lower elastic modulus). This allows the
Zircaloy cladding to elastically respond to a thermally expanding
pellet by about a factor of two (for a given hoop stress) over
stainless steel. In other words, if the inside cladding surface for
each cladding material is elastically deflected outward the same
amount, the increase in hoop stress for the Zircaloy cladding would
be roughly half of that for stainless steel.

5.4 Connecticut Yankee Design/Operation Recommendations

Fill Gas Pressurization

The present Connecticut Yankee fuel rod fill gas pressurization
level is approximately 101 kPa Helium (this corresponds to 1 atmos-
phere pressure - denoted "unpressurized" throughout this study). An
alternate pressurization of about 2 MPa, indicative of rods presently
in the San Onofre 1 station, has also been investigated. As stated
in Section 5.1, pressurization extends the burnup for initial hard

pellet-cladding contact. Also, it has been estimated that fuel
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centerline temperatures much greater than 1400°C are not expected
with pressurization while temperatures in the 1700°C range are quite
likely without it. The higher temperatures predicted for the un-
pressurized case extend well into the fuel restructuring regimes over
substantial period of time (burnup). There are at least two un-
favorable effects associated with fuel restructuring. The first is

a possible increase in fission gas release which would tend to aug-
ment fuel temperatures (a positive feedback effect). The second is a
possible increase in fuel swelling. For these reasons, an increase
in fill gas pressure to about 2 MPa Helium is recommended.

Ramp Rate Limitations

The up power ramping examples of Section 4.3 illustrate the
"stubborn" nature of stainless steel cladding. Even the use of a
creep multiplication factor of 110 does not show a large spread be-
tween final hoop stress values for the various ramp rates investi-
gated. However, a much larger spread (increased creep deformation/
stress relaxation) would be expected if stress concentrations were
included in these calculations. 1In this case, the final hoop stresses
would certainly be greater but creep deformation and stress relaxa-
tion would be enhanced since the generalized stress also increases in
magnitude.* Regardless, what may be inferred from the results of
the up power examples is that benefits of stress relaxation due to

reduced ramp rates are minimal for a reduction from 50 to 5% of full

*The stainless steel creep rate equation of Section A-6 is directly
proportional to generalized stress.
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power (FP) per hour. However, a good deal of benefit may be realized
for ramp rates less than this. In this light, an upper limit of 5%
FP per hour is recommended for up power ramping.* This is approxi-
mately half the ramp rate used for return to full power at the end of
the August 1977 maneuver discussed in Section 4.4.

Cladding Material Choice

As concluded in Section 5.3, from a "hoop stress behavior" point
of view, Zircaloy cladding is the superior performer. This material
has been shown to exhibit much more creep deformation/stress relaxa-
tion than stainless steel. It has also been shown to develop much
lower cladding hoop stresses as it elastically responds to a thermally
expanding pellet. However, it is not within the scope of this study
to recommend a change in cladding material from stainless steel to
Zircaloy. There are many other limiting criteria such as strain rate
(from a ramp rate viewpoint) or Zircaloy hydriding (from a stress
threshold viewpoint) which may render Zircaloy inferior. Material
performance under accident conditions such as a loss of coolant oc-
currence (LOCA) must also be considered. Ultimate cladding material
choice should be made only after all pros and cons have been carefully

reviewed and weighed.

*In other words, the benefits of stress relaxation due to reduced
ramp rates are only significant for rates below 5% FP/hr.
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A. MATERIAL PROPERTIES
A.1l CLADDING THERMAL CONDUCTIVITY
The thermal conductivity for SS304 (Ref. 17) is calculated using

a third order relation in temperature of the form

keg = 9.01748 + 1.62997x107°T - 4.80329x107°1% + 2.18422x1071°
where

keg = SS304 thermal conductivity (W/m-K); and

T = cladding temperature (°K).

The Zircaloy-4 conductivity relation was taken from CENPD-218

(Refs.18 and 9) and assumes the linear form

G, = 13.959 + 9.8522x10°T

where
I?r = Zircaloy-4 thermal conductivity (W/m-K); and
T = cladding temperature (°C).

The above two conductivity relations are shown in Fig. A-1, illus-
trating this thermal property difference between materials.
A.2 CLADDING THERMAL STRAIN

The cladding thermal strain correlation for SS304 was derived

from the following average coefficient of thermal expansion relation

(Ref. 17)

o = 1.7887x107° + 2.3977x107°T + 3.2692x10713T%
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where
a = average coefficient of thermal expansion (m/m-K); and
T = temperature (°K).

The thermal strain was determined as follows

T~ J[ adT =a (T-T)
; 0
0
S0
i -3 -7 11,2
er = (1.7887x10 ~ + 2.3977x10°'T + 3.2692x10° " 'T1°) (T - To) H
where
er = 55304 thermal strain (%)s
T = cladding temperature (°K); and
T0 = 298.15 °K.

The Zircaloy-4 thermal strain relation was taken from MATPRO (Ref. 19)

'(applicable in the range 27 < T < 800°C) and is

er = -2.373x107 + 6.721x107%

where
er = Zircaloy-4 thermal strain (%); and
T = cladding temperature (°C).
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A.3 CLADDING MODULUS OF ELASTICITY
Young's modulus for SS304 was modeled using a linear approxi-
mation from data obtained in Ref. 20. This property was assumed to

depend just on temperature as follows

Eqs = 202.82 - 7.4707x1074T 5

where
Ess = SS304 modulus of elasticity (GPa); and
T = cladding temperature (°C).

The temperature dependent elastic modulus for Zircaloy-4 was taken
from MATPRO. Although cladding temperatures above 862°C are not
expected, it is included in the code.

For T < 862°C

E; = 114.8 - 5.99107% (T + 273.15)
and for T > 862°C
E;. = 100.5 - 4.725x107% (T + 273.15) ;
where
E7p = Zircaloy modulus of elasticity (GPa); and
T = cladding temperature (°C).

These relations are plotted in Fig. A-3. Since elastic strains are
inversely proportional to these values, the elastic resnonse to fuel-

cladding contact pressures would be less for SS304.
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A.4 POISSON RATIO FOR CLADDING
SS304 Poisson ratio is calculated using a temperature dependent

linear fit through data suppliied in Ref. 20. This relation is

vss = 0.304 + 1.7102x10™* (T - 260)
where

Ve = Poisson ratio for SS304; and

T = cladding temperature (°C).

The Zircaloy relation was obtained from MATPRO and is

for T < 397°C

vy, = .333 - 1.26x107% (T + 273.15)

for T > 397°C

T 0.248

where
Vzp = Poisson ratio for Zircaloy; and
T = cladding temperature (°C).

Values for both materials are plotted in Fig. A-4.
A.5 CLADDING MEYER HARDNESS

Meyer Hardness values are necessary for use in gap contact
pressure conductance evaluation. The the SS304 case, this hardness

number was found to be related to the Brinell Hardness number using
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_ 9.807 (BH) .
"o 59
BH
where
MH = Meyer Hardness for S$S304 (MPa); and

BH = Brinell Hardness for SS304 (Kg/mmz).

Typical Brinell Hardness values for steels near 25°C are in the range
of 150 Kg/mm2 (Ref. 21). The corresponding Meyer Hardness

number for this value is found to be about 1571 MPa and is assumed to

vary with yield strength (Ref. 22) as follows

3.448x10°

MH 3

MHO) S 5 and

w
]

290 - 0.245 (T - 25)

where
MH = Meyer Hardness for SS304 (MPa);
MHo = MH at 25°C (MPa);
S = SS304 yield strength (MPa); and
T = cladding temperature (°C).

The variation in MH with temperature may be more accurately represented
by tensile strength variation, but due to data scatter either appear
appropriate.

The Zircaloy Meyer Hardness was obtained from MATPRO (see also
Ref. 9) and is
for T < 25°C

MH = 1960
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for 25°C < T < 727°C

MH 3

6.48x10° - 23.6 (T + 273.15)

3.209x1072 (T + 273.15)2

+

1.568x107° (T + 273.15)3

for T > 727°C

MH

100

where

MH

Meyer Hardness for Zircaloy (MPa); and

T cladding temperature (°C).
Comparison of these representations for both materials is shown in
Fig. A-5.
A.6 CLADDING CREEP STRAIN RATE

The SS304 cladding creep relation was taken from Ref. 11 with
some modifications and approximations. The correlation was obtained

by differentiating the steady state representation for annealed SS304

and is

m
]

fc C ¢ Ug 3 and

1.4504x10°37 [1.25 - 2.2x1073 (T - 177)]

(e}
It
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where
é; = generalized creep strain rate (s™');
fc = creep acceleration factor (dimensionless);
C = creep coefficient (n-MPa/m%)™1;
s = fast flux (E > 0.82 MeV n/m’-s);
og = cladding generalized stress (MPa); and
T = cladding temperature (°C).

The creep coefficient is represented as a linear approximation to
graphical data supplied in the above reference.

The Zircaloy creep strain rate relation was obtained by
modifying the tangential creep relation taken from Ref. 23. This
relation was developed for 20% cold worked and stress relieved

Zircaloy-2 and has the form

-c _ m n .

eg ~ fc K ¢ o exp(BSog) ;
where

K = 1.3585 o o u " exp[-Q /R(T+273.15)] 3

2Q
B = ° ; and
Y3 1 R(T+273.15)

u = 6.8947 [4.77x10° - 1.906 (1.8T + 32)]
and where

é; = generalized creep strain rate (hr)'];

f = creep acceleration factor (dimensionless);

C
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fast flux (for E > 1 MeV n/m2-s);

¢ =

°g = cladding generalized stress (MPa);

u = shear modulus for Zircaloy-2 (MPa); and
T = average cladding temperature (°C).

Constant values are

o = 0.020
m = 0.613
n = 1.130
¢y = 0.05x10]7 (n/mz-s)
Q0 = 8851.5 (cal/mole)
T = 2697.9 (MPa)
A.7 FUEL THERMAL CONDUCTIVITY

The uranium dioxide thermal conductivity relation was taken

from EPRI (Ref. 24; see also Ref. 9) and is of the form

)3

=~
i

3.824 -14 )
Fe PF < 207 4+7) T 6.12x10 " "(T+273 ; and

op = 1:1316(1-P)

1+P+10P
where
ke = U0, thermal conductivity (kW/m-K);
PF = porosity factor normalized to 95% TD (dimensionless);
P = fuel fractional porosity (dimensionless); and
T = fuel temperature (°C).

Fuel thermal conductivity and porosity factor are illustrated in

Figs. A-6 and A-7, respectively.
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The fuel conductivity integral was obtained using the above

correlation and 0°C as a reference lower limit. Integration yields

.
ke dT = PF {3.824 n(1 + =) + 1.53x10" "% (1+273)% - 8.4985x10°%} .
F 1023

o}

where
ko dT = UO2 conductivity integral (kW/m); and
T

fuel temperature (°C).
A graphic representation of this integral is given in Fig. A-8.
A.8 FUEL THERMAL STRAIN
The fuel thermal strain correlation for uranium dioxide was
taken from MATPRO (Ref. 19; see also Ref. 9) and normalized for zero

thermal strain at 25°C. This modified relation is

11.3

el = 1.18x107 12

+ 2.581x10°712 + 7.107x107%

T -1.7929x107%

UO2 thermal strain (%); and

-
1]

fuel temperature (°C).

This relation is plotted in Fig. A-9. The original root of this
equation existed at about 68°C yielding a negative 0.0318% strain at
25°C. The modification was just the simple addition of this value

to the MATPRO relation.



10 I L 1 | ! 1
8- o—
E 61
~
=
=
l_.
ke
|
4
t—-%o 4 - -
2._ -
] i | | 1 ]
0 400 800 1200 1600 2000 2400 2800

Temperature (°C)

Figure A-8 Uranium Dioxide Conductivity Integral

Lot



Thermal Strain (%)

|
2000

]
2400

2

00

Figure A-9

| ]
400 800 1200 1600

Temperature (°C)

ranium Oxide Thermal Sirain

201



103

A.9 FUEL MODULUS OF ELASTICITY

Uranium dioxide modulus of elasticity was taken from Ref. 25
and references therein. It is expressed as the product of a porosity
dependent relation evaluated at 25°C times a temperature dependent

correction factor. The model is

EF = CF [223 (1 - 1.92P)]

1-1.6x107% - 2.0x10781%  for T < 2000°C
CF =

T °
0.6 - 0.35 (_555 - 2) for T > 2000°C
where

EF = UO2 modulus of elasticity (GPa);
P = fuel fractional porosity (dimensionless);
CF = temperature dependent correction factor (dimensionless); and
T = fuel temperature (°C).

The correction factor was fit to graphical data obtained in the above
reference and was found to be better represented by different segments
for T < or > 2000°C. The fuel modulus of elasticity relation is shown
in Fig. A-10 for 100% TD U02 (zero porosity).
A.10 FUEL POISSON RATIO

The Poisson ratio for uranium dioxide was calculated by first

calculating the shear modulus (Ref. 25) and using the relation

Er
ve =| e - 1]
F =\ 26;

GF [84.2 (1 - 1.66P)] 3

oD
-
1]
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where
vg = U0, Poisson ratio (dimensionless);
EF = UO2 modulus of elasticity (from A.10) (GPa);
GF = UO2 shear modulus (GPa);
CF = temperature correction factor (same as in A.10); and
P = fractional porosity.

Notice that the temperature dependent correction factor cancels,
leaving only a porosity dependent relation. This is graphically
illustrated in Fig. A-11.
AN FUEL DENSIFICATION AND SWELLING

Information on fuel densification and swelling was obtained
from Ref. 26. The simple model assumes maximum densification to a
value of 96.5% TD in the first 2 MWD/kgU local burnup. Half of this
densification occurs linearly with burnup in the first 0.2 MWD/kgU
and the remainder occurs in the next 1.8 MWD/kgU or

for 0 <Bl < 0.2 (MWD/kgU)

= L .
d =2.5B" (9.5 - do) + dO 3

L

for 0.2 <B~ < 2.0 (MWD/kgu)

A——SLEQ-(96 5-d.) + 0.5 d_ + 48.25

£

where
d = fuel density (%TD);
do = beginning of life fuel density (%TD); and
B = 1ocal burnup (MWD/kgU).
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The fuel density remains at this densified value (96.5% TD)
until 10 MWD/kgU. Measurable fuel swelling, due to both solid and
gaseous fission products, is assumed to initiate after this period.
Density relations for burnups greater than 2 MWD/kgU are summarized
as follows

for 2.0 <B-< 10.0 (MWD/kgU)

d=96.5 ;

for 10.0 <B" < 20.0 (MWD/kgU)

d = 96.5 - 0.148 (B=10);

for 20.0 <B- < 30.0 (MWD/kgU)

d = 95.02 - 0.145 (820); and
forB" > 30.0 (MWD/kgU)

d = 93.57 - 0.141 (8%30).

A11 symbols and units are as above.
It is assumed that both densification and swelling occur iso-
tropically. The above relations are plotted in Fig. A-12 depicting

both phenomenological effects on fuel density with burnup.
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A.12 FUEL VOLUME STRAIN
Fuel tangential volume strain, with respect to a prescribed
reference value at some point in burnup, is calculated using the

following linearized approximation

d
- 100 r "o _ N .
ey =3 Lg V11 eyper 3 and
€ :J_O_O_[_do___]] .
vref 3 dref
where
€y = incremental or decremental fuel tangential volume
strain (%);
Eypef - reference fuel tangential volume strain (%);
d0 = BOL fuel density (%TD);
Ao = fuel density at some prescribed reference burnup (%TD); and
d = fuel density for burnup values greater than reference

burnup (%TD).
This relation is shown graphically in Fig. A-13 for a reference strain
equal to zero at beginning of Tife (BOL).
A.13 FILL AND FISSION GAS CONDUCTIVITIES
Individual and mixed fuel-cladding gap gas conductivities were
taken from MATPRO (Ref. 19). The overall thermal conductivity for a

monatomic gas mixture is calculated from



m

(M;-M;) (M;-0.142M; )

b:: [T+ 2.41

<
n

ij = i 2 g
(M)
[0+ (k;/k )0 2w m)0-2572
435 = ] . ;
i
1.5 0.5
2 (1 + Mi/Mj)
where
Kyiy = 985 mixture thermal conductivity (kW/m:K);
n = number of gas components in mixture;
X = component mole fraction;
M = component molecular weight; and
k = thermal conductivity of individual component (kW/m-K).
The three gas components considered in this study are
4o = 3.366x107° 70668
e
ke = 4-0288x1078 70-872 5 apg
- -8 .0.923
Kgp = 4.726x10 ~ T ;

k = gas thermal conductivity (kW/m-K); and
T = gas temperature (°K).
The above three conductivities are shown in Fig.A-14illustrating

the superior conductivity of helium.
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A.14 FUEL-CLADDING CONTACT CONDUCTANCE

Pellet-cladding mechanical interaction (PCMI) requires an additional
conductance term. The relation used in this study for fuel-cladding con-
tact conductance was taken from Ref. 27 and is

_ km A PC 0.5
hc R LTT) >

2 kf k

_ c .
kn = %+ k3 @nd
f “c

A = exp[0.5825 en(R-10%) - 3.508]
where
h_ = fuel-cladding contact conductance (_jQ[_ ;
¢ mz-K
kF = fuel thermal conductivity at fuel surface (kW/m-K);

ke = cladding thermal conductivity at inside surface (kW/m-K);
R = fuel surface roughness (m);

P = fuel-cladding contact pressure (MPa); and

X
]

Meyer Hardness of inside cladding surface (MPa).

The variation of contact conductance with fuel surface temperature
is shown in Fig. A-15. Other data used to obtain this graph was taken
from assembly 8-H22 operating at 100% full power at an average core
burnup of 18.6 MWD/kgU. The contact pressure is set to unity so that
variations with this parameter can be found if multiplied by /5&. It
should be noted that contact pressure and fuel surface temperature may

be strongly coupled, especially for poor gas conductance values.
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B.1 FUEL ROD DESIGN PARAMETERS

The Connecticut Yankee fuel rod design parameters used in this
study (listed below) were supplied by Northeast Utility Service Company.
The lower pressurization value for the stainless steel case is specific
to Connecticut Yankee (Haddem Neck) while the higher value is an esti-
mate for rods in the San Onofre 1 plant. Fuel and cladding roughness
values for both cases, as well as Zircaloy case design values (specific

to Maine Yankee), were taken from Ref. 26.

Connecticut Maine
Design Parameter Yankee Yankee
Cladding Material SS304 Zircaloy-4
Fill Gas Helium Helium
Fi11 Pressure (kPa) 101.35, 2068.4 2068.4
Fuel Density (%) 95.17 95.00
Fuel Surface Roughness (um) 0.991 0.991
Cladding Surface Roughness (um) 1.500 1.500
Fuel Pellet Radius (mm) 4.870 4,782
Cladding Inside Radius (mm) 4.940 4.877
Cladding Qutside Radius (mm) 5.359 5.588

B.2 OUTSIDE CLADDING TEMPERATURE REPRESENTATION

Thermal hydraulic and heat transfer calculations necessary to
obtain outside cladding temperature are by-passed by the development
of a simple piece-wise Tinear relation dependent on Tocal linear heat
generation rate (LHGR) value alone. A more detailed prediction of this
temperature at a particular axial location along a rod requires a great
deal of unavailable data. Therefore, a simple model based on obtainable
data is deemed appropriate and allows straightforward and reasonable
prediction of outside rod temperature essential for further fuel rod

performance calculations.
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Development of the simplified model can be viewed as a two-part
procedure. The first goal is to calculate, as realistically as possible,
actual LHGR and corresponding outside cladding temperature for a given
rod at various power levels. The piece-wise linear model is then ex-
tracted from these results. Both nominal and hot rod cases are developed,
providing some information on model sensitivity anc the nature of the
final steps in model formulation.

This representation has been utilized in a past fuel performance
study (Ref. 9), the results of which serve as the Zircaloy case pre-
dictor. A summary of this work is provided in Section B.2.2.

B.2.1 Connecticut Yankee Outside Cladding Temperature

The outside cladding temperature model developed for Connecticut
Yankee incorporates a good deal of data characteristic of this unit
(supplied by Northeast Utility Service Company (NUSCO)). Pertinent informa-
tion and methods for its interpretation are summarized below. Actual data

from cycle 8 was used in place of design values if major differences exist.

Thermal-hydraulic Data Value
Core heat output at 100% power (MW) 1825

Coolant system nominal pressyre (MPa) 13.89
Core effective flow rate (10° kg/s) 11.22
Average coolant velocity along rods (m/s) 3.97

Core average LHGR (kW/m) 18.22
Core average temperature rise (°C) 29.28
Mechanical data - hot Value
Fuel rod outside diameter (mm) 10.77

Fuel rod pitch (mm) 14.36
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The coolant inlet temperature at different power levels is
shown in Fig. B.1. The inlet temperature at 100% FP was
changed to 276.6°C and held constant for core powers greater
than this. Core powers ranging from 60 to 140% FP were investigated
to produce sufficient data for model extraction.

Actual axial flux profile information during cycle 8 (core
position J09, 11/15/78) was utilized as axial power profile data. This
is graphically illustrated in Fig. B-2 and assumes the 35 axial nodes
are located at the center of 35 axial sections of active fuel length.
Grid spacer locations are depicted by flux depressions along the
essentially flat profile. It is assumed that this axial power dis-
tribution function is applicable at other core powers.

Bulk coolant temperature and linear heat generation rate (LHGR)
calculations rely on integrated values of this profile. Numerical
techniques, namely Simpson's three-eighths and one-third rules, were

applied with the following assumptions:

- the profile curve may be extrapolated at the beginning
and end of active length as shown in Fig. B-2; and

- values at nodes 1 and 35 are taken as the midpoint

between measured and extrapolated curves and held
constant from these nodes to respective rod ends.

With this information, the bulk coolant temperature at an axial

height, Z, may be expressed as

To =T, +faT

and
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where
Tg = bulk coolant temperature at channel height Z (°C)s

T; = inlet coolant temperature (°C);

>
=
"

temperature rise for given rod (°C);

f = linear integral fraction of total integrated axial
power distribution;

F = axial power distribution function; and
L = active fuel length (# of axial sections).

With the knowledge of coolant inlet temperature and temperature
rise, the bulk coolant temperature depends only on the function f which
is shown in Fig. B-3.

A Tinear heat generation rate (LHGR) correlation for this power

distribution may be simply defined as

Q' =T f R,
q''= D, q" ; and
f' = ;

-
o = -
M
(o8
N
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where
q' = local (at height Z) LHGR (kW/m);
q' = core average LHGR (kW/m);
q" = core average heat flux (kW/mz);
D = fuel rod outside diameter (hot) (m);

f' = local to average power factor (see Fig. B-2); and

(1 for nominal roc
( 1.28 for hot rod

F = radial peaking factor
It is assumed that the radial peaking factor used in the hot rod
case remains constant in the axial direction.
The 100% FP enthalpy rise for both the nominal and hot rod cases
were obtained using available temperature information and thermodynamic
data (Refs. 28, 29). The average core temperature rise was used for

enthalpy calculations in the nominal case,which served as a base for

generating all other temperature/enthalpy rise data using

sh = (ah), o Fx—y ;
where
sh = bulk coolant enthalpy rise (kJ/kg);
(ah), = bulk coolant enthalpy rise for 100% FP nominal case (kd/kg)s
fP = fraction of core full power; and
Fx-y = radial peaking factor as above.

Inlet enthalpy values were obtained using inlet temperatures

supplied in Fig. B-1, thus, exit enthalpy and corresponding temperature

values could be determined. The previously tabulated value of bulk
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coolant nominal system pressure was used in the above and remaining
analysis (i.e., inlet pressure variations and core pressure drop
ignored).

With coolant pressure and inlet/exit temperatures, all other
necessary bulk coolant inlet/exit properties are characterized.
Further calculations are simplified by employing

average property values defined as

& - Ah
CP NG

where
Eb = average specific heat (kJ/kg-K);
ah = enthalpy rise (defined above) (kJ/kg); and
AT = temperature rise (°K).

Also,

density, o (kg/m3);

thermal conductivity, k (kW/m-K); and

dynamic viscosity, u (kg/m-s);
use the following general form

y; vy
1 e
y = 7

where
¥s ¥i» Yo = p» K, Or u average, inlet, and exit values, respectively.
Computed property values for all investigated power levels are

given in Table B-1 for the nominal rod case and Table B-2 for the hot rod.



Table B-1 Nominal Rod Averaged Properties

= < W

Percent AT Ah C, o k
core core P -5 kg
Full Power (°C)  (kika)  (k/ke)  (kgmd)  Gmek) (0@
60 18.5 93.5 5.06 760.9 0.587 10.00
80 24.3 124.6 5.14 751.7 0.578 9.84
100 29.3 155.8 5.32 737.1 0.565 9.63
120 34.8 186.9 5.38 731.1 0.558 9.51
140 40.1 218.1 5.44 725.0 0.551 9.42
Table B-2 Hot Rod Averaged Properties
60 23.6 119.6 5.07 757.2 0.583 9.96
80 30.4 159.5 5.25 744 .6 0.572 9.76
100 36.9 199.4 5.40 728.7 0.555 9.47
120 43.1 239.3 5.55 720.6 0.547 9.34
140 48.9 279.1 5.71 712.4 0.538 9.26

vel
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A1l the above informationgis integrated into the final expressions

for outside cladding temperature and are (Ref. 30) for TO < TSat (336°C)

=9
To TR + TB ; and
0¢C
- K,.8 .4 . . )
hC .023 ﬁE-Re P (Dittus-Boilter)
and for To > TSat
oL 15: 10%7D 1
= . X TUqg _ .
To® T8 explP/6.205] ' Tsat  (Jems-lottes)
where

T0 = outside cladding temperature (°C);
TSat = bulk coolant saturation temperature (°C);
To = bulk coolant temperature (°C);
q' = Jocal LHGR (kW/m);
hC = Dittus-Boelter convective heat transfer coefficient (kW/mz-k);
Do = hot fuel rod outside diameter (m);
De = hydraulic diameter (using hot dimensions) (m);
Re = Reynolds number (dimensionless);
Pr = Prand1t number (dimensionless); and
P = nominal system pressure (MPa).

Axial variation of bulk coolant and outside rod temperatures are

shown in Figs. B-4 and B-5 for the 100% full power nominal and hot rod

cases.
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The final step in model formulation is shown in Fig. B-6 for
the nominal case. The profiles illustrate outside cladding temperature
and corresponding LHGR values along the nominal rod for various core
power levels. The simplified model involves "compressing" this informa-
tion into the piece-wise representation indicated by the heavier
lines. Thus,

for q' < 18 (kW/m)

Ty =279 + ].6} q'
for 18 < q' < 29 (kW/m)

T, = 308 + 2.73 (g' -18)
and for q > 29 (kW/m)

T0 = 338

—
]

outside cladding temperature (°C); and

= Jocal LHGR (kW/m).

L0
|

Although the ultimate model choice seems quite arbitrary, its
design reflects the general trend of actual data. The same representa-
tion may be used for the hot rod case (Fig. B-7) and illustrates the

insensitive nature of this model.
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B.2.2 Maine Yankee Qutside Cladding Temperature

The model used as the Zircaloy outside rod temperature predictor
was taken from a fuel performance study done by Maki and Meyer for
Maine Yankee (Ref. 9). Since axial power profile data was unavailable,
a chopped cosine distribution was used. The remaining analysis was
done in a fashion similar to that presented in the prior section. The
results are graphically displayed in Figs. B-8 and B-9 and may be

summarized as

T, =282 +2.6q' for 0 <q' <25 (kW/m); and
Ty = 347 for q' > 25 (kW/m);

where
T, = outside cladding temperature (°C); and

Tocal LHGR (kW/m).

LO
il
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C ANALYTIC CONDITIONING MODEL

A closed form solution for fuel-cladding contact pressure (and
therefore cladding stresses) is derived for stainless steel. The
concept of constant power "conditioned" adopted in this study represents
a state in which the contact pressure has attained a steady state
value (i.e., the fuel and inside rod surfaces deflect at a constant
rate). The model provides a desirable analytic solution which predicts
stress behavior after "just contact" for constant power operation in
the region of fuel swelling (burnup > 10 MWD/kgU). Conditioning time
and differences due to parameter variations may be investigated without
detailed computation. Comparison to code results and discussion of
model approximations/limitations are also given.

C.1 Stainless Steel Conditioning Model

Using the single element model discussed in Section 3.3.1,
the inside cladding deflection from its "just contact" position may

be represented as

A3

[
L

: P
= 3 [eS(b+a) - co(b-a)] + =5 [C,(b+a) - C (b-a)]

and

1 v
o = [{boaT * Tova)

(]
i

o v
Cr = - ¢ [pvaT * Toa)
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where

Uy = inside cladding radial deflection (mm);

a = cold BOL inside cladding radius (mm);

b = cold BOL outside cladding radius (mm);

PC = fuel-cladding contact pressure (MPa);

eg,ei = tangential and radial creep strains, respectively (mm/mm);

v = cladding Poisson ratio;

E = cladding modulus of elasticity (MPa).

Further analysis requires an expression for deflection rate since
the creep strain values depend on an integrated time dependent contact
pressure. Thus,

. 1 recC .C F.’c

u, = 5 [gg(b+a) - e (b-a)] + — [C,(b+a) - C (b-a)]
where time differentiation is represented by a dot above the appro-
priate symbols.

The creep strain rate relations incorporate single element
stress expressions from Section 3.3.1 and component relations of
Section 3.3.2 (symbols defined therein). Factoring out contact

pressure yields

m
n
~h

C(fpe_)
P'0 2a a 0 0 0 .
Pe ((b-a) i (b+a7) + (20g -0 -0} 3 and

™
i

0
(203 - og - oz) :

. C(fps,) 5
C._¥ 0 P ((b+§) + (b?a)
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where
ég,éﬁ = tangential and radial creep strain rate components (s']);
fP = fraction of core full power;
% = 100% full power fast flux (E > 0.82 MeV n/mz-s);

og,cg,cg = zero contact pressure cladding stress components (MPa).

The above deflection rate may now be written in the simplified

form of
YUa - Kopc * K1 fc Pc * K2fc
where
Ky = [Cqlbra) - C.(b-a)]/2
_ CfP¢o a(3b2 + a2) .
K =Tt 2 77 |}
L b~ - a

Ky = F, —g | (b+a) (200-02-03) - (b-a)(20p-0g-o0, } ;

-

£ =8.64 x 10% (s/day)

t
and all symbol definitions are as above.

Under the assumption that the fuel thermal strain remains essen-
tially unchanged (i.e., constant power, negligible contact conductance
effect) and the radial component of volume strain is one-third of the

total volume strain, the fuel surface deflection may be expressed as
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Up = Rp 33,’ - Re “;:F) c
where
ug = fuel surface radial deflection (mm);
RF = cold swelled fuel radius (mm);
ey = fuel volume strain (mm/mm);
PC = fuel-cladding contact pressure (MPa);
Vg = fuel Poisson ratio; and
EF = fuel modulus of elasticity (MPa).

The time dependent relation for volume strain may reduce com-

plexity if linearized as

g, = % -1
v ¢,-C,t
\-] 2
B d
d oC
1 C
L 1
where
d0 = beginning of Tife (BOL) fuel density (%TD); and
t = real time after contact (days).

The coefficients C] and CZ are determined from the appropriate
density relation supplied in Section A.11 (applicable in the fuel
swelling region). The general form is

d=d, -A@B--B) ;

1
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where

d

local fuel density (%TD);
BL

Tocal fuel burnup (MWD/kgU); and
d],A,B = constants as defined in Section A.11.

By using the following two relations

and core burnup after "just contact" (MWD/kgU)

- -2
ABC = 2.825 x 10 fp t

the burnup dependent form may be redefined as

d = C] - C2 t
= [d,-A(B5B)] - [2.825 x 1072 £, A FV] ¢
17" Pg . P~ T
where
Bt== local burnup at “just contact" (MWD/kgU);
Fg = local nuclear heat flux hot channel factor at 100% full power; and
fp = fraction of core full power;

and all other symbol definitions are as above.
The constant power assumption also restricts Fg to remain constant
over the conditioning interval. It should also be noted that the co-

efficient in the core burnup expression converts core EFPD to MWD/kgU.
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Taking the time derivative of fuel surface deflection and
equating it to the inside cladding deflection rate results in the

following differential equation

SR L e A
¢ " K, fe T X

-n
i

RF (]-vF)/EF ;
2,
= RF d0 62/3 C] ;
and all other symbols are as previously defined in this section.

-
—
i

Using the boundary condition of zero contact pressure at a
"just contact" reference time of zero, contact pressure behavior takes
the form
(Fi/K) = (K, /Ky) f
p = 17 2" ¢ (1 - e-t/r)

c fc

where the time constant is

= (K +F)/K FL s

and where
PC = fuel cladding contact pressure (MPa);
T = "conditioning" time constant (days); and
t = real time after contact (days).
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Variation in cladding hoop stress may now be simply calculated using

the relations of Section 3.3.1, thus

The results of this equation for creep acceleration factors of

11, 55, and 110 are given in Fig. C-1 for a non-pressurized rod and in

Fig. C-2 for the pressurized case. The values used to generate these
curves are given in Table C-1.

While analytic and computational results agree well for the
pressurized case (see Fig. 4-5), notable differences exist without
pressurization (see Fig. 4-4). The complex thermal behavior, encountered
when contact conductance appreciably alters overall gap conductivity,
has not been accounted for in'the above model. However, once the gap
thermal characteristics "stabilize" (i.e., increased contact pressure
has minimal impact on fuel surface temperature), the model predicts
curve shape and steady state pressure values reasonably well. A more

detailed discussion of code results is found in Section 4.
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Table C-1
Value

Symbol Definition No Prepress. Prepress.

EC Cladding Elastic Modulus 177.39 177.39
(GPa)

Ve Cladding Poisson Ratio .3°8 .318

Ef Fuel Elastic Modulus 169.35 173.19

Ve Fuel Poisson Ratio .301 .301

03 Zero Contact Cladding -7.86 -9.75
Radial Stress (MPa)

o Zero Contact Cladding -188.50 -142.12
Tangential Stress (MPa)

02 Cladding Axial Stress (MPa)  -98.18 -75.93

) Fast Flux

0 (E > 0.1 Mev o) 1.379x10'8 1.379x10'8

m-s

Tavc Cladding Average 340.4 340.4
Temperature (°C)

RF Cold Swelled Fuel 4.890 4.890
Radius (mm)

BL Local Burnup (MWD/kgU) 27.16 27.16

Unpressurized case results:

140.8 f_ + 1317.2 -tf_/397.4
o, (MPa) = (1-e ) - 188.5

f
Cc

Pressurized case results:

9.1 f_ + 1269.8 -tf /381.4
o, (MPa) = (1-e ) - 142.1

f
C
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D. STRESS COMPUTER CODE

The following section reviews the input format and procedure for
use of the STRESS code. As stated in Section 3.1, the code capabilities
are versatile and two-fold. However, some changes may improve its
versatility and allow parametric studies made more readily. Computa-
tion time may also be reduced by use of the stainless steel analytic
conditioning model of Section C.1.1. Sample output is given in
Section D.2 and a listing is supplied in Section D.3.

D.1  Input Procedure and Format

The STRESS code Tisting supplied in Section D.3 is designed to
run on the Multics System (Honeywell Fortran compiler). The input is
entered entirely from an interactive on-line terminal (for long term
cladding creepdown/fuel swelling to initial hard contact behavior) or
accompanied by file input (designated FILE 7 for conditioning, ramping,
and maneuvering calculations). The first input data is the program
selection,

1 for condition and ramp.

nprog =

2 for creepdown to contact.
The second input data value designates the desired creep factor, fc’
as mentioned in Section A.6. These options are given in Table D-1
for each material. Since these factors are prescribed, one improve-
ment to the code would be to enter the actual creep multiplication
factor desired. This could be done by changing the input format to
read a floating point variable designated "accel" (changed from "mod")

and the variable list and logic of Subroutine Creep.
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Table D-1 Creep Acceleration Factor Options

Input Creep Factor

Value SS304 Zircaloy
1 1 1
2 11 2.3
3 22 5.8
4 55 11.5
5 220 23.1
6 110 57.7
7 115.5"

*
Not recommended for use due to accuracy criteria.
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*
If the program selection "nprog" is equal to 2, the only other

interactive data input is for cladding material selection, or

1 for SS304.
mat =
2 for Zircaloy.
No information is required from file 7 and program execution begins.
A11 other information is supplied internally in program statements or
block data. These must be edited if alternate values are necessary.

If the program selection."nprog" is equal to 1, information

from file 7 is read. This file contains the following variables:

mat = cladding material;

number = number of ramping or maneuvering cases;

pow = fraction of full power (%);

bc = prescribed cumulative core burnup (MWD/kgU); and
days = EFPD to condition cladding prior to ramping

Or maneuvering.
The remaining input from file 7 is the number of ramps in each case,
the initial and final power of each ramp or maneuver, and the time
between these power levels. The input format for this information

may be found in the program listing.

*This option is not available for Zircaloy.
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D.2 Sample Output

This section illustrates the output for an unpressurized stainless

steel fuel rod conditioned at 100% fuel power.

As mentioned previously,

these results pertain to operation characteristic of Connecticut

Yankee assembly 8-H22.

et Sems @aen cose sov suse Sese Soue 4100 Sae Sewe G0t GBe8 isw Seit Sebe BOse S1SD Gede Smis Gaat 4-is Sess Tass SHAS 4408 G448 Bers Geke Sess Somm etes Tise sase Beve Sits sers & ke Ties wese Sese Gabs Hamy becs Sewe seme s Seke
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OFERATING CONDITIONS
Rullk coolant rressure (MPs
Helium fill rressure (MP32
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A

Fuel/cladding "just contact" data continued.
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26,34 1 11.57 | 27,85 | 1.5759 ~0,2883 0.5899 | 0,00 ! 959,5 | 73,51
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Transient conditioning data continued.

e e Mt D R A e T T e el LT peppepp—

54
20.25
100.00
.‘..\.) . \5")
63
23,63
100.00
2630

. o
27,00
100 00
26.28

w«*-““,m.ym

80
30.00
100.00
qﬁ.?é
All
FLUX inm

FLUENCE im 10E235

]
]
]
]
o
]
]
!
I
o
]
]
!
]

units

- 1.379

635
-47,.87
12 26

1.379
6439
“w/oég
1&068

I.Z??

4043
~47 .44
12.94

0se sose suse eres arae sues sesa

1.379
6.46
“47019
13.08

es w00t ease sast base Sese sree tess serd ases B

im Frevious table

P 478,75
bo19.17
I 19.09

b 27.99

19.:-3*}3

ma&:o
19.37
19.32

eve sver sove aoms dors bocs sese suss o

()88 * \.‘0
19.45
19.42

i
|
|
oo
!
|
]
1 28,27
+
i
}
|
I 28,39

10E18 (rn/m¥¥2 &)

(ri/m¥¥2)

!
!
!
+
!
!
!
!
4m
!
!
!
!
f
!
!
!
!

6 sese s0es G4se sepe Sann sese sene B0se Tere o

0.6138
0.0177
Q9597
1ﬁﬁ912

0.6136
0.0147
0.9757
'le )60
Q. ("»17"
0.0161
0.9910
1.6206
0‘é134
Q.0157
1.0044
l 6?3&

048 Sess Seen cams S0t 300t Sme sa0e $908 PUIN sese Gese SerE sEse COSE Peas BROS B

0.46138
~0. 0047
-0.8905
“OoQSiﬁ

oot eeas seen goen see Sams ass 00% smce Sems svws sass Sase emot e seet o

0.6136
~0.0019
=0 3863
0 ?@6

0.&1%5
=0+ 0002
-0 8809
~0. 26746

0.6134
0.0008
~0.8756
~0.2614

0.5573
~0.0050
0.0434
0.5957

055464
=0, Q052
0.0506
0 6019

O.J%aﬂ
=0 005

008 'I’S'l

0.600%

0. 5558
~0.0053
0.0643
0 6142

ess 4a44 s04s veeb s0ra Srus ieh 5se sase Seet 4PRe mese S4eh S500 Spes sare S0se S4SO 6448 SEGS SSG SRS Sees S4Se VeRw G000 B3as 40U FIGP OPUS GUF TI4S Febw SOPE Saee Nene

b -11.16 1 330.7 | 13,74 |
I ~17.83 | 349.9 | -43,97 |
29,13 1 379.3 1 -928.18 !
! 0.00 1 957.9 1 74,10 !
*w“mmm*mwiﬂn~m-”u+mmmmmmwm!
P =10.77 1 330.4 1 -13.95 !
I =17.50 | X49.9 | -38.9¢ !
Po29.43%3 1 378.9 1L -98.18 |
! 0 00 P 986.8 1 74.92 |
+ - * ummmk.} T e |
! ”10.38 I 330.6 ! “14 07 !
P =-17.17 1 349.8 | -35.%4 |
PoR9.75 1 378,86 1 -98.18 !
! 0.00 1| 955.5 1 75,59 !
e e e e s s s s 2t |
I ~10,04 | 330.5 ! ~14.14 |
I «16.88 | 349.7 | ~34.24 |
I 30.04 1 378.4 ! -98.18 |
! 0,00 | 954,71 76,01 !

tee seen aes 0080 shes sess Sevs smer bess sbbe

0sL
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¥ ¥ CONDITIONEDR ROD DATA ~  30.0 CORE EFPD AFTER CONTACT % %

oatt Seam 404s 3ete 44e0 S0 S SERS SOSs BRSE SEWE G008 GAew F0eE $9es Pebu GGt dess fote SRy Smed 4668 4050 Mud ran 1s nos S0ss Fueh L46n S10e Sess GUNS Sen S0 S0me AN Svee GAFS SOws SONP S6ES S0es KBse Geat SAI0 SSAT MG IUD Gabe Sete Semw Seme SeRS beRe PeSe Mew b

! OFERATING CONDITIONS !
F e e e oo ns s e S 53 s o e 2 e e i S S5 0 ol 1 18 SR 455 <k e S B 4R 8 18 P 450 S 0 R 10 S S5 2 12t o 2 1 v e e 4 v s e o e e e |
I Bullk coolsnt rressure (MPa) ! 14.925 !
Helium fill rressure (MFa) ! J.101 (0.203 HOT) !
Clad-fuel contact rressure (MPs) | - 13.084 !
% Full rower oreration ! 100.0 !
Local LHGR (kW/m) , ! 26.264 !
Core averase burnur (HUD/bkall ! 19.45 !
Fel. assembly burnur (MWDl ! 19.42 !
Local/max FAN burmue (MWD/ZEEWD ! 28.39 !

B rvee eer onen s000 203 were smee 5200 s ghes s000 10 41ae S oxsn <300 S Auve Seme S0 SRVS S S0k 4400 10 b4es 410 4RkD 4092 e S0 & 2 Srem v Snoe 40 anek S Sing B0AD S0 S4sn $105 g0 ke Smed S0y Sren wons S b oo som saes wits s et sum |

! FILL AND FISSION GAS RELEASE DATA ‘ !

§ vee 4200 sove sume o sase s0mp 4une e som $120 Sens 4o H4rm sere Sa0e SB00 S4ke SSAD b0t ime 1sa s0rs Sebs fom tine seme semi S —
!

come cam twms B tum temm cewm

< o ane seae s 300 488 S22 e e S 59 4208 e 410 4000w 400 9208 ave o 0}

I Fraction released i 0.1699 !
Helium mole fraction ! 0.122 !
Xenon mole fraction ! 0.746 I
Kruston mole fraction ! 0.132 !

e e e w2 e s e o S s S e 2 S e e 5 s s 1 3 8 1 1 S 08 15 15 S S 1 i st S 1S4 S S S 2 o S 0 0 o o 4008 i o2 o |

AVERAGE HOT MATERIAL FROFERTIES !

sase s 560 s sma Stn 2020 sth. 10 et S0 4 vem 24 Sn70 e Se e S50 emn S B stt g S 1+ 4ran are mns s 420 G308 2 20 s S0t o 4054 42 5o eme bemt S e 228 e Fna 0w e S0 s S sebn nt one |}
T2

!
{
!
!
)
1
} I 85 304 ! FUEL. }
! ] .m_._.,..‘........................*.........__......_.........._._.!
! Younsg’s modulus (GPa) 1 177.432 ! 172.798 |
' Poisson ratio ; ! 0,318 | 0.301 !
I Inside clad Mewer hardness (MPa) ! 1140.08 | I
I ! 1.50 | 0.99 1!
]
|

1+ sa1s vms s2sn 44es snen 2108 0200 Som Suan 4 Se0s 24 e m%e S SRED BSOS B Suv S04 G0 S G20 S W S S0t F048 Sk oett seve mi bve0 et |

Surface roushrness (um)

4050 cose asn eses susm 100 ErES SUL S20s Bese Bmbe 4ree SUA BiSh SEBe SB4e Bess A0%S B80S ees Semt sebe Siis s

DIMENSTONS/VALUES !

i I BOL COLD ! HOT/CONID |
) ] ..............................‘.......’.._............................!
P Outside clad radius (mm) b5.35920 ! 5,.3490 |
P Inmside clad radius  (mm) I 4,9400 ' 4,9205
I Outside fuel radius (mm) bo4,8700 t 4,9205
P Clad-fuel dgax (um) ' 70,000 0.000
I Fuel dermsitw (72 TID I 95,170 1 93,804

¢ v vess semm Sems
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Conditioned rod data continued.

-

§ e oo e o e e e s i o2 S s 2 e s S 1 S0 e o S5 £ b 20 18 1 1 i 0 o e ki o 0 e o 0 A e 5 s e i s i e s o sk s st et

I ELEMENT STRESS/STRAIN/TEMPERATURE VALUES !
e e e e s e s o a7 ot s e s e 2 9 1 1 8 58 1 e 5 S ot i St e S Sk S 5 e S S et 1 s 18 s i s e S0 10 s o s et o s v |
I Radial stress (MFa) ! ~14.14 !
' Taendgential stress (MPa) } -X4,24 I
I Axial stress (MFa) ) -98.18 !
I Thermal strain (%) ! 0.6134 !
! Elastic stresin —- R (D ! 0.0197 !
! Elastic strainn -~ T (%) ! 0.0008 !
! Creer strain - R i ! 1.0044 !
I Creer strain - T %) ! ~-0.8756 !
' Total strain ~ R (%) ! 1.6335 t
1 Totasl strain ~ T &) ! ~0,2614 i
I QOutside radial deflection (um) ! -~10,034 !
V' Inside radial deflection  (um) ! -19.533 !
! Imside mech, deflection (udm) ! ~-47.191 !
Vo OQutside clad temrerasture (C) ! 330.52 !
! Inmside clad temrersture () ! 349 .73 !
I Averasdge clad temrerature (C) ! 332.3% !
I '
! !
! !
! !
! !
! !
1 }
! !
} !
) i
! }
! }
! !

€400 soat 0ess 40ss Gass 00e sace Sesn Sess 4008 400 Boes 4908 buse 4045 Sare ses Sl Smis SEas Shes Sree Nete Tese S4st aiee S4th S14s SIes 800k 4se eete See ame SUES Bbes Se0R SEne Suct SeUE Seu Gete 04T SOeB S006 Sedu G800 B4t 40us $O4s 0TS Dok seee Sear S0SS et sede rese

FUEL STRESS/STRAIN/TEMPERATURE VALUES

@vet care bons mnt Svee Son Svee S0 Gess $US4 eoe BOee Sane sede thee Seem seed enee we 4 ase savs sier mee vets tes eees Gnbe @ sa HSS Gess S8k 4 V4 Rosu e & ey Secm Send SEgu bem Geas 1ive Suem emcd s4Ee Sets & Ta bu 4 Surh Seed Guee GO0E 1000 asne $O00 bess

Radizl stress (MFa ~13Z.29

' “ b Al
Tandential stress (MPa) ! ~13.29
Axial stress (MF&) ! -0 o 20
Thermal strain (%) ! 0.5553
Elagtic strain (%) ! ~-0.0053
) 0.0643
! 0.6142
1
!
!

J0.0346

Inc. volume strain (%)

Total strain (%)

OQutside radial deflectiorn (um)
Outside fuel temrerature o 378,44
Fuel centerline temrerature (C3 954,75

v s4ms 050 ssns seee buss 48se T80 SeRS SIBs sres 8404 S04 Se seeP Sese Sest F4Ns et 508 Yese G0S: FOSh Fess BESE 08 SeRS Fese Seim eS Sece S004 Feve Sses Smma SIS SEJe cedt So8S OIS G060 PEee Sase $4es SAS et TeDe 8703 Ge 4 SEs Tars LOvS Gecs PESe Gies Seve it seen



D.3 STRESS Computer Code Listing 153

common/ramo/aranc(ilf.<)stramol(il)
commen/burnue /buloe.t) +DI3{1iT«8)sDtot(2,2W)
commen/ fisgas/wt{3)ecd(3)etm(3)freal
cormen/segline/sol (3,43)

commen/ fluence/fx{(by=),tfx(73,ffcon
commcn/zqas/ tmz{(743)

commen/stressi/ratemodonitengencoflyotillsonulk,
* EUr DUl ¢ BDCIDCCIDCONICONV et g fIXgtNTat XYy TTxedays
commaon/stressi/emrceemtyvceviecritfofruff,
* hneharderQerierd.rfosule«aan,dersin,dnew
commen/stressé/srestyszesaselrsel totscoacreectsiest,
* tsfyevfaevoldectotfyecrersecrateyacrtransacttran
common/stressit/aCceaicafos00nWsDORigdelpomy
¥ celtimecrampitlstiyt2etavceeccrroecontyct
common/geroa/sncroaq
C
c
c¥¥&¥¥¥¥4¥4¥4¥¥¥44¥4 IZE R RTINS PR LSRR RER R LY SN R L NS
c
rit=11
Cc
read(5,z%)norca
read(5,25)mod
iflnprogecaesllgoto &4
10 read(?7.,clsend=16435)ImatenumberscCuebcydavs
20 formatllleicefllec+2¢7.2)
25 format(ii)

goto 4S5
40 read{5,c%)mat
45 ifimat.eas2)acto 50

SS304 rcau dats

D00

rd=5.35¢9
ri=4,340
r2=4.8740
den=95.17
cruff=1.¢
fruff=,c91
cfiti=28¢€8.4
pbulk=14.925
hard=1571.1
conv=2.825e-2
goto 610

Zirc roo data

60060

58 rg=5.58¢
riz=4.877
r2=4.782
cen=95,04
cruff=.54(8
frufft=,ccy
pfilti=20¢8.0
cbulk=.5 052

-conv=2,S%e~-2

640 continue

{flnorcas.eae.clgotec 15G8
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100

200
300

400

154

nit = nurber of ti-sactions
roroa = ¢rodarzm selection
2 = cendition and ramp
2 = creepacHwn to contact
mod = creep acceleration fzctor selectior (sz2 subrevtine crae
mat = cladding material setzcticn (i = SS30us ¢ = Zircalcy)
rumber = pumher of cases
cays = EFPD tc "“conaition™ cladcina
tow = fractlor of full ocwer (2)

t¢c = core burrup (MUD/Kkal)

rd = 30L cola outside cltad radius (mm)
ri = BOL cold inside ctad radius (mm)
r2 = 30L cold cutsida tuel rsdivs {(mm)

den = R0L fuel density (47T0)

crufft = cltad surface rouahness {(um)
fruftf = fuel! surtszce roughpess (um)
cfill = BOL ¢il1l aas nressure (kP3)
tbulkx = cperating rominal coolar? pressura {(MPa)

Maln crecgram for fuel/cladding *“lust contact' ccrditicns

tc=bc-days*corv

call gcend(matebcynto) f .
ac=afp*gcw/ 0Ll

call burn{(femetebcebutybur)

call rtuelclriesgensbulyrfoedn)

call aas(matesbulsburenfiti)
ti=tero({mat.cc)

catl ctsi{matyacerBerivtlstistavceemc, tsc)
htn=hardnrn{mat, ti,hard)

pfi=ofili*¥(1.€-3)

tg=Z.%0f |

£gn==pgqg

gc=0,

call ces{mat,rdsrispcenaspbuiketavcsemcoevcrelirseit,
sSrestyszyeconreecont)

gaon={.

t2=t1

tola=t2 :

catl temo2(mateacsrfostist2yicriLtfoafrutfynceaansdrshn)
diff=told~-tc .
If(aiff)20047C04300 -
t2=t01d+100. ‘

goto 1G4

1=0

ti=totd~200.

tr=told

tmid=(ti+irds 2.

t2=tmid

call tercZ2imateacerfoetistcscrLityfruffepcedsanedrenn)
j=1+1

iIt{}ecaenitiqcta 791

cifft=tmia=-tZ

161l AT ESENCNAr PN rom
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noaoon

6nn

500
630

700

833

900
1000
1100

1400

ti=tmid 155

Goto 4G¢GC

tr=tmid

goto 4LOG

calt freslacerfcst2enConasdnsemfoviytstycsfoct)
evf=0,

evolo=(cen/dn=-.)/3.

call cutif(C)

*aln crcgram for fuel/conditioned claacaira aimensiors

call flux(matelabcefixetnf)
icase=0

tcon=t¢

ecrtran=ecr

ecttran=ect

crarcpl=gcow

celoow=0,
Geltim=osys*2400./p0w .
lval=5.%(l.%*davs*50./0p0w)
call solvelicasesdeltimeivalelerS,t5)
€ecr=ecr+rsS

gCct=ect+ 1S

tc=bco

qc=ai

caliy outl(l)

¥ain prccram for transient values

Iflnumberesea.l)goto 10

call flux{mateslebcytixstnt)

60 930 icase=i{.rumber

read{7,1c¢6d)nramo

read{(7.1200) ({aramo(men) «n=142) ym=2iynrame),
(tramo(r)esn=1,nramp)

tnew=b¢e

co 932 iramp=1l.rramp

tcon=bnew

it{iramoe.ne.<)aoto 830

ecrtransecr

€ecttran=ect

cramol=cramol(iramo.i?
celpon=(aramp(iramoysZ)=-arampl)
dettim=tramoliramn)
Ival=_Ce¥(liettrampliramp)/4Be)tabs{delipow)
call sclveliczsesdeltimeivaleiramo,yrs5,15)
ecrtran=ecrtranirs

ecttran=ecttrant ts

bnew=bcc

cantinue

fermatlil)

format{1.17.2)

goto il

centinue

q0%t0 17G¢0

¥aln orcaram for cladding creegcown t¢c contact



00006000

15060 rec=0. 156

cfiI=pfit1*¥(1s€=3)
cq=2-‘07'
cqn=~gq
€evold=0.
€cr=0.
ect=0,
cow=100.
Cramoi=cow
de{pow={e
rfo=r2
cn=den
call vurn(Cematelelenul ybur)
call flux{matsJelaloefixytnf)
co 1660 ip=1,3
jb=jb+(mat=-1)*3
bc=buljt.l)
tcon=bc
ecrtran=ecr
ecttran=ect
kb=4+2*%(rat-1)
days=(bu{lbskbB)=bul(ih.1))/conv
celtim=cays*24.
ivali=days*conv*i.
call solvelisceltimgyivaleibeyrs5,13)
€Cr=ecr+rb5
ect=ect+15S.
1608 cortinue
stop
1700 continue
end

Sotuticr to differentiatl eauaticn

subroutine solvelicasesdeltimeivaleirampers,75)
dimensicr csrriu) yecsrt(y)
common/gcrog/neroaq
rrame=jvel+l
giv=ival
cel tx=aeltim/giv
if{norog.eaq.2)aoto 5540
a=ival’
t=arsq.
c=int{b)
Iskip=c
lad=(b‘c)*10-
{a=1
1f(l3decasd) la=¢
ib=1
Sg0 tim=0.,
sro=1J.
sto=T,
Co 830 k=245
fc=k=-1 :
call cltacsr(timysrosstoecri.ctl)



700
800

903

csrriic)=crl

csrt(lc)=cti ?57

fftlkeeqgecdcall cutZlicaseyiramnenraan.d)
If(norcce.eaeldqgetc 7133

lo=lbtlskip+la

it{loene.lclacte 8353

istep=ip=-2

calt cutclicaseyirampemramo, (SteD)
ib=1lo

lad=lad=-2

If{ladelesd)la=(

goto A3Q

call cutélicasesiramrosmramp,.CC050D)
lt(keraeS)aotc 900

rkri=del tx*cri

rkti=del tx*cti

tt=timdceitx/2s

rss=srotrkri/2.

tss=stotrktli/Z,.

Calil cladsr{ttirssetssecridsct?)
rkr2=del tx*cr?

rkt2=del tx¥ct2

rss=sro+r«rl/ce.

tss=sto+rktl/ce.

call cladsr(tterssytssscr3ectl)
rkr3=cdeltx*cr3

rkt3=del tx*ct2

tt=timtacitx

rss=sro+rkrd

tss=sto4rkt3

call claagsr{ttyrssetssecriscty)
rkru=cdel tx*cri

rkty=del tx*cty

tim=t¢t
Sro=sro+{rkri4Z2.*rkr2+2.*rkr3¢rkri)/6,
STo=Sto+(rkti42.%rkt2#2.%rkt3+rkt4)/b .
contirue

cri=csrr{l)

crg=csrr(2)

cr3=csrr (3)

cri=csrr (i)

cti=csrt(l)

ct2=csrt!l2)

ct3=csrt(3)

cti=csrt (i)

r4=src

t4=sto

¢o 1130 k=S.mramp

rS=r4+de I Tx* (S5 %cr=59.%cr3+37%crd=3.%cri) /24,
19=tl4de I IX*(55,%CtL~53,*Cc13+37.*%Ct2~9.%ct1)/24.
tt=tt+deltx

call clagsr{tterSyt5,cr5,ct5)
rS=ri4delt*(C *crS4+iC,¥Ccru=5.,%cr3¢crc)/ih,
I5=tL4de it X ¥ (9, ¥Ct5+LG ,¥Ctu=5,%ctr34ct2) /24,
call claasr(11.rS541t5,cr5,¢ct5)
if(norog.eas2laoto 935¢

to=lb+lskipntia

If{losnes)gcto 1030

istep=ic-1

call nutilicaseyiramoemrampelsten)



aOOonNnoon

350
1600

1100

50
60

lb=1o 158
fac=tlad-1
{f(tadelesC)ta=C

goto 1043 _
call out2licase,iramcemramp,2303CJG0)
cri=crd
cre=cr3
crd=cry
cry=crs
cti=ct2
ct2=cr3
cti3=cty
cti4=ct5
r4=rs ' -
t4=15

continue

return

end

Clad strain rate and transient vslues

subroutine cladsr{tXx .SrxyStxeCrxyctx)
common/stressi/matymodsenitendenCDflepfilisonutk,
BUrbul sBCebBCIotCONreCcOoNVetXefixetntfotxxy *fxx,davs
commen/stressé/emceemfovceviocruffyfrutt,
hnyharderloeriyr2.rfosulsqapsderdn,dnewv
common/stress3/srySteySzZesaselresctitotsceecr,ectyecst,
tsfeevtsevoldeetntfyccreryecretsecrtransecttran
coOmMmMon/sStressa4/aCyesGi« 1f0+00WOCVivdaiDON,
celtimecrampietlystiestletavceecorr,econtect
commen/gcroa/ncroq

tTx=txx

cowi=delgcon*tx/deltimeoramni
bcc=bcont(conv¥*tx*powi/iCle/24,.)

catl qcerdi{matybcos,afn)

ci=afp*rowi/100.

calt burn{ismstebcosbul srur)

call rtuclic(rfosdnebul erdumednen)
evi=(den/dnen~1.)7/3.-€evolia

call gas(matebulsbur.ofitl)

if{norog.eas.i)goto S

calt fluxi{mate,i,bcosfix, tnf)

frxx=fix

tfxx=tnf

goto AJ

fxx=fix*oowi/ 103

tfxx=tx* {fxx+fix*arampi/200,)/2.+tn¢
tl=temol(rateci)

call cts(nmatecisrQoriletlotistavciemcy tsc)

call ces{ratyrlserliepcynaspbutkstavceenrcovcocireelt,
SrsSteySzeseconreecont)
eac=(eccnt*(rG+ri)=-econr*(ri~ri1))/2.
€crerzecrtrantsrx

ecret=ecttrantsty

ear=(tsceelr+ecrer)

eat=(tsc+eltsecret)
vaz=eat*(rl+ri)/2e=esr*{rl=-r.)/c.

hn=hardn{mat, tiyhard)
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200

300
434

500
600

650

740

6ago

900
1001

1050
ii00
12490

1300

159
kfumo=0
i'(OCQ| teleb) k‘Umozl
tad=100d .
t2=1t1
totd=t2
catl ftes{alesrfoetCencenqedn,emfovietstecstfyct)
etotf=(tsteesftpc*cteevt)
rth=rfo*(l.+etott)
yl=zua+pc*eac
gao=((ri+ul)-rfr)*(i,.e+t3)
if(gap)2030430G,300
cc={rfo*(l.+rsfeesfeavt)-ri-ual)/(eac-rfo*cf)
gar=0.
goto 430
cc=0.
call templ(matygisrfoetist2ecrutfyfruffenceaansdr,cn)
cift=totlta=-t2
1f(diff)509,23C3+.640
+2=toid+ tad
goto 130
ifl{kjumceeae.d)qoto 650
if{t3deleeitoluoto H5C
t2=told=-tad
tad=tad/il.
goto 108
1=0
ti=told=-tad
tr=told
tmid={(tis+tr)/2.
t2=tnid
call fteslaisrfost2sncendedneemtoviytstyesfect)
ctotf=(tsfeesfrpc¥cftevt)
rth=rfo*(l.+etot?)
ul=ua+oc*esac
gap=((rituld=-rfr)*(1,e+3)
it(aan)800,900.3C0
gap=J.
cc=(rfo*(l.+tsfresfrevt)-ri-ualsleac-rfo*ct)
goto i1GC3J
cCc=0.
call terc2(mateyCierfostiot2ecruffafruffynceaansdrohnd
=) 41
if{legeenit) goto 13G0
citt=tmid=t2
if(alte)2203+230C022C0
ti=tmid
qoto 700
tr=tmiqd
goto 7340
ifl)ecaeniteandetCec1edeG)aoto 15517
calt ces(maf‘rG.r‘-oc.oq-obulk.tavc,emc.Vu’elr.eif.
SreSteSZe€caonryecont)
call ttes(aisrfcet2esnconaednsenteviststfiesfoect)
etotf=(tsfrastecc*cfrtevt)
rth=rto*{(l.+ctott)
vi=u3tnc*eac
sq={{(sr=-st)*¥2+(st=s7)¥¥2e(sZ=Sr)¥¥C)/C)**.5
call creep(matercdeySreStsSZeSgefxxstavcecrxectx)
return
end
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Cata decleration subnrouaranm

bltock data

common/burnuo/bulb«6) +blali246)ebt0t(2,24)
commen/ tisaas/wt(3)ecdl3)ytm{3),frel
common/splina/spl (345)
common/fluence/fx(HesVytfx(7)y1tccn
commen/zgas/ftaz(7,3)

FQN values for assemnly B=H22

dats ((b[a(m.n),n=1-u!.m=1’3)/
10372,1033001.333g1q32b'107“501.5970
2 elBE 0L e b28 93 0369102630 2e187 444193/

Relzative zassembiy cower values

gata ((bla(m.n).n=1,4).m=h.6i]
0e637 000731 e0 7520078703 e2bBy2,224,
1018841 ai7202408991.06h01e0ZA01a024/

corresocndinag core ournuo vafues

data ((eulmen)en=Lle4) em=1,3)/
Colv2e9U40960e2520847234847294.240364164325,
€le1310210131424.365,427e657+430.139/

FLII and tission aas moltecufal waight values
Cata (Wt(n) oyn=1431/40003¢131¢30483486/

Fuel integral koT vs tempersture curve fit constants

cata ({sollmer)en=1e5)em=1,31/
10661002269620+:254637000eledelolebuilesi2el023,
105e637000e09060902¢0556422¢8077 ¢177¢1768427662502037

data ((sbl(m'n).n=1.5).m=&~6)[

1697684280974 4922849538¢U7Be2%¢3000043472034906¢E,

292 e83R0 97384201 bele~de6450035.CUb4e363e68924106F¢29,5.,3/
cata ((sol(men)ynN=1,5Vem=749)7
-9.79%9.22.6097.&21.6952.1&61»2&.6.0.-5.0259.-7,37%9-&36.2799’
1895.1“07.00‘5.02500‘7037“90“360279901895.1“.703/

Fast flux (10€E+18 n/m**2/s) anc correspondinag core EFPJ values

¢cata ((fx(m'n).n=1o2)'m=1g6)/
1.22291.3369;o336,1o37902.61532-55;v
2e55192e534924352420302420e302024324/
Gats ((fx(men)er=3.4)4m=i,6)/
0e0+200¢00230400309¢19309e3+50%¢095034C
TLB a0 a4 EaloeGUB 090300 iltal/

Fast flux conversion factor (i.85eV to (. MeV)

cata ffcon/0.543/
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Corrasocnalng burnupn values for Zirc case

data {(bulmeyn)sn=1i+6) ym=bL,yE)/
De0ecCeletwalsFalsBale Cel9iTeT9lCeloibaloinede
1840020609200 092240024e092he3e2Pe0e30407

FQN values for irc case

data ((Blalmsnr) en=1eh)em=7,9)/
1081311.7‘6001068291.6q30 1962“'105959‘.-51“0
1ol90 ¢l e 784l e45291e00391e375,6%1,3045/

Fersdial (relctive power) values for Zirc case

data ((cla(mer)yn=1end)ym=20,12)/
E¥1 elC 91 0380 030 0ledtglealIlelelRelel5+6%0.95/

#ole frection gsta for Zirc cacse

cata ((tmzimen)en=2143)em=147)/
10090e09CaC0leCel000%e29Ce3974Ce0329240»
Be987 40601191 Cale0e8h7404029¢2040,
0e93240+C6092CeleleBI0s04097445407

€nd

LHGR catculaticn

subrourtine acend(mat,byq)
cemmon/turnup/bu{o.o) +b13(12+6)ebtot(2424)
if{mateece2)gcto 130
la=1

iz=3

1z=4

r=J

gavg=18.134

goto 206

la=4

iz=6

12=6

=3

gava=13.75

co 309 i=ial.iz

do 330 J1=1.17
lflb-l*obu(ivl’,qot'o Ld G
Ei=tulisj)=buliel~1)
yi=tlali+my]~-1)
yi=blal(i4me])
tg=b-bulies]~-2)
y={vli-v()*¥ba/tci+vl
c=y¥*aavg

return

end

Local and avearsae assemtly burnuo calculations
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subroutine burn(iskio.m3tesbsbista)
cemmon/burnue/bu(b.6) sblall2d)entot(,24)
it{mat.ec.2)acto 19¢

ia=0

tc=3

kc=1

1a=1

12=9

goto 230

ila=1

1c=5

ke=4

ja=19

1z2=24

ifliskipegagsl)aooto 350

do 300 i=i,2

tad=0. ’

=0

coe 303 I1=)a,lz

k=kc+(}=-1a)/lc

I=(+1 '

if(legtelc) i=1

ig=itia

tad=bad+oral (igskelebulkei+i))
ttotlis})=rac

continue

tto=0.

tac=¢.

1s=1a*3+L

{f=1se+2

kt=(c+l

do 430 J=]se.lf

Co 400 k=2.kf
iftobesltettul}yk))goto 5030
tio=btot(li.13)

tac=btot(241a)

Ja=)a+l 8
igl=iast 4
iga=jia+2

I=sk=1

bi=bicetgral ligieleled)
ta=bao+grallicass]etlsb)

return

end

Inteqration rcutine for subroutine burn

function aral(ibekel+d)
common/burnup/bu(Be6) ¢b 1 3{il46Yehtot(2,24)
ti=builkel+i)-tbulk, )

hq=b-bu(k,l)

lizk+(ip=-1)*3

vO;bla(il.l)

yi=ol13aliiqal+2)
gral=(yi-yl)*tg**2/0./2.+vi*bq

return

end
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Cotd fuel raaius calculation fer local ournun

subroutine rfuelc(rsdnieherf,d)
[tlbstlesfeZlaucto 100
iff{oslesleliacto 250
iflbeteellalgcte 30D

If(bo feecls)acto &G0
jflbeteelledacto Sud
G="‘001‘+1¥(b‘3cc)*93-57

qoto 600

c=(96«5=0ni ) ¥c/ttdn

goto €U0

d=(96.5=cndV*(b=.2)/ 3.6+08,25+cnC/2.
goto 63C

¢=96.,5

goto 6040

C==0e24B*(h~=10.)+9€.5

coto 600

c=-0.1h5*(b'23.)+95.32
rft=r*((cnC/a)**¥(L./3. 1)

return

end

Filtl anag fissiocn aas mole fraction calcutaticns

subroutine gas{mat.bl+basat)
commen/ fisaas/wt(3V,cd(3)sfm{3)4fr
commen/zaas/tmz(7,3)
[tf{mat.eqge2lgoto 700
t=ba/(2.825e~-2)
if(teteelislelgoto 10
if(te1ee309s)qot0o 260
if(telesltSCedgoto 3C2
If(telae74B8edqoto 4GE
1f({teleel300e)g0t0 53C
fr=0.15

goto 604§

fr=(l.e=4)*t

goto €30
fr={7.8SGe~4)*¥t=-0,13.08
goto 6040
tr=(2.624le=4)*1t+3,1915e=2
goto 634
fr=(8.,38S3e=5)*t+0,1125
goto 6040
fr=-(4.52%e~-5¥*1t+0,23539
fgas=(_.537a+20)*%?
gxe=fqgas*fr*f.2.83
gkr=fgas*tr*({,0346
che=(h,32G8e+18)*gf
xtot=qghe tgxetqgkr
fm{i)=gre/xtot

fm(2)=axe/xtot

fm(3)=gkr/xtot

return

co 800 k=1,7
[ttbl.l1tefmz(kye3V)agota 9CC
ti=ftmz(k 43)=frpzlk=2,3)
cg=bl=frz(k=2,43)
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tr(l)sfrzik=Lel)¢bo¥(fmz{kel)=fa. (k=143))/n
tM(2)=fr7({K=1e2)+ba* (M7 (KeZ)=fr7(k=2,2))/01
tMm(2)=Llel=tm(V=afmlZ)

ghem=(4,4325e~6)*af
8=(1.02%u4e=2)*{(.218340s0380)*tc*tm(1)
tr=ghem*(i.-frli))/a

return

end

Cutsides clagdina tsmnerature celculation

OO0 0

functicn temol(mat,n)
it{matseas.2)acto 300
[1f(aeledl8a0)temoli=273.4+(284/758,)*q
it ta.qtei8, 0, teﬂ‘nc=328.¢(3€./1;.)*(0-16.)
if(0.9te2%.0)terp0=333, .
return ,

106 if(aelte25.0) temo8=222.042.6%0
1t1aegee25.0) temol=347.C
return
end

Cladding averzge therm3l strzin, temneratures snC mcoouius

On0o6bd

SUbroLtine CtsimatsgearD.raethetastaveemysst)
ta=tin{ratyaerberasth)
celt=(ro=ral)/30.

suma=0.

sumt=1,

sume=0,

c¢o 100 1=2,30

rad=rh=(i-1)*del
tr=tin({ratea.rbyradetd)
coaf=(=1,)1%%j+3,

sumas suwa*coef'rao*etoha(mat.fr)
sumt=sumr t4coef®*rad*tr
emod=emcdul (matytr)

163 sume=sumetcoef*raa*emod
rtd=rb*alphalrat,td)
rti=ra¥*aiehalrat,ta)
SSt=2.*Cel*(rtlésrtitsumnal/3./{(rc*¥2=-ra**2)
rt=(ra*ta+rbd*1tp)
tav=2.%cel*(rt+sunt) /3.7 (rb*¥2=-ra*+2)
el=rb*ercdul{aat, td)
el=ra*emcdul (mat.ta)
em=2e.*del*¥(eltei*tsuma)/3. /(rb*'z -ra**z)
return
end

Claddiing temceratura nrofitle calcutation

Nnonooon

functior tin{anzatecsrberry,th)
if{matsea.2)acto 93C
t=tb+¢273.15

ck=q*iG00C.

ratio=rb/rr

shi=(agk/2. /3..4159)¥aloq(rafto)
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c0=9,31748
C1=1-62997e‘2
c2==4,80329%¢e=-6
c3=2.13422e-9
Sl=cl4ci*teci¥r¥*¥24ci*t**J

32=Cil/2 «4CC* 1 4(34/2) *cI*t2*2

a3=c2/3.4c3*?

ab=c3/L.

=9

1=

dtemp=shi/al
rhsz=ai*ctemp+aZz¥*cdtemo*¥2+a3*atenp**3J+as*dtemp™**i
fun=rhs-snhi

1f(tun)2CleB8IQ4360

1=1

itt)eseaesidaorc 460G

cti=dtenc

cdtemp=dtemp+3ie.

ctr=dterc

ageto .00

=1

iflle2aaetdaote &35C

dtr=dtemrc

cdtero=dtemp-~3G.

otl=aterc

goto 138

v=J

ctmid=(ctli+dtr)/2.

gtamp=dtrid .
rhs=ai*ctemptal*dizro**2+a3*%aferp*¥I+ab¥atemp**s
m=m+l

lft(me.eaeiS)¥agoto 830

fun=rhs=-shi

itlfun)eli.800,730

cti=dtnmic

Goto 506

ctr=dtmio

goto 530

tin=th+ctemp

return

ratio=rt/rr

shi={a/2./3.-41529)*%atoalratio)

cl==1.01%e+5

c2=1.395€Ce=2

c3=1.G485e~-4

c4=1.97CLe=-5

c5=L,5%2¢c.e~b
tinzci*(c2-(c3+cu*(c2*tb+cS¥tb*¥*¥24sni) ) **¥,5)
return '

end

165

Cltaading therral exvansion calculation

furctior aloha(mat,t)

Lf(mat.ecas.2)acto 11C

Z2=14273.1i5

tret=238,15
slecha=(1.7887e=542,3377e-9%72+3.2hQ2e~13*2%*2)*(7~-trat)
return
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100 Slehaz(€e721e=0)*t=(2.373e=4)
return
end

Claading modulus of 2alasticity calculation

OO0

functior emcdul{mat,t)

iftmateeqe2lacto 140
emoduli=(248¢3)* (18340 tB3%(CH0s=t)/02001)
return :

103 if{telee862¢Clemagui=(1,168e45)-53.9*(1+273,i5)
if(teqteR6ZeG)emroaul=(143C5e¢5)=47425%(1+273,15)
return
end

Cladding #Mever rardr<ss calculstion

Ono0o0n

function hPardri{mat.tahnum)
itimateeces2lactn 106
¥yStz230 «=0e24S*{ta=25,)
taran=hrunr*yst/298.
return
169 Z=t54273.45

it(tadl1.25.0)herdn=2.962+3
if(fSOQQQZSQGQBﬂQQfao'?072700)

* raron=(€.48e+3)1=23,6*2+(3.23e=2)%2¥¥2=(Le503e=5)¥2%*3
If(t3eae«727.0)hardn=130.0
return
end

2

60600

Clacaing stress and straln calculations

subroutine ceslmatyrb,rasNCeDBeChotsemeveereet,
¥ sresteszseconrsecont)
sr==(rb*cb+ra*{pc+pal)/(rb+ra)
st=(ra*{cc+p3l)=ro*pgb) /lrb-ra)
SZ={(0a*ra**2-pb*rb*¥2)/ (rH**22irz*+2)
if(mat.eae2)qcto 120
¥=ﬁo3g“‘00019’(?‘2681)/11101
qcto 236G .
100 Pf(1e120636740)v=0e333=(1200=U)*(14273.,13)
if(teqte3S7.C)v=0.203
200 er={(-{rb*pb+rz*o3)/(rbtrs)=-v*{{r3*pa=-rb*pb)/
¥ {rb=raj+sz))/em
et=((ra*ca-rb*ph)/{rb-ral=v¥*(sz-(ro*ob+ra*os)/
¥ (rb+ral))/em
econr=={(ra/(rb+rad+v*ra/irb=-ral))/en
econt=(ra/lrb=-ral+v¥ra/lrb+ral))/senm
return
end |

Fuel surface temnerature csfculztion

006060

subroutire terp2imatsaertetsett,cruf, frufsncesI0eanshni
commen/ tisgas/w(3)ec(3) et (3)sfrel
tcon=17.,
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cy=cdn/100.

if(OCo‘eoCo,QO?O 130

tc=1t3+¢273.15
CR=(9,0170R4(1.629972=2)*tCc=(4,80329z=-F) tCc**2
+(2.18u2le~9)*tc** ¥ (L,0~3)
if(mateeoac)ck=23.953e=-3+1a*3,8522e-0
cf=1.1316¥dv/ (Ce~av+. . (a* {1 .=dv)**2)
Th=0f*(3.824/7(4J2eutt )+ Betla=14)% (114273, )%%3)
CM=Ce¥Chk¥fk/(cktfik)

xl=zexp({ .5825%3l0g(fruf)~3,538)
rcon={cr/(fruf*i.e=-p) ) *x{*(cc/hr) *%,5
tg=(tc+1tf)/2.4273.15

cli1)=(3,3€6e-€)*tqg**,hb613
cl2)=(4,(28Ba~R)Y ¥t g%+ 372
c{3V=(u,.726e~-8)%tq**,923

it(f{c)eneelellgcta .51

sumb=c(1)

goto 406

sumb=13,.

o 330 i=143

suma=Je.

co 233 1=1,3

1f()eensidaoctec 2C0

Sl=(i o4 ({c{i)/cIN)*+ 5 ) *{(w () /w(})))** 25)%%C
a2‘11.+(u(1i/u())))**.5*(2 *r1 .8

a3=ai/ac

c“’(ﬂ(k)‘ﬂ(l)'*(N(L)‘Uo;“Z*W(])"2 42 /((w(t)*wtll)** :)
35=a3¥%(1.+a)*t(1V/7¢( )

suma=sumz+as

continue

gb=c(i)/(ile+suma)

sumb=surbt+ab

hfg=sumb*(l.e4h)/(frufecrut+gp)

dencom=(E .2831Ce=-3)*¥rf¥(hcon+htq)
tf=tata/denon

return

end

Fuel thermal and efastic strain calcuiations

subroutine ftes(aerfstfosncepqgedreemiosveftrefe,sct)
e={(1le-dn/710G.)

e25=(20239§5)*(10‘1092‘0,

g25=(A.4ze+l) *(L.~1.56%D)

sumt=J.

sume=1J.

suma=0,

gel=rf/4g.

co 103 k=1,39

&=

r=rf-a*cel

tr=tint(ceyrferstf,0)

epfr=tstr{tr)

coef=3,=(=1.)%*k

sumt=sunr t+coef¥*r*ectfr

If(trel te2000)rat=ie~(lebe~uV*tr=(lse=3)%tr**2
if(?r.qe.ZGGc.’ra?=ﬁ.6-3.35*(?r/1000--2.)
ef=rat*ecs

G=rat*azcs
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sume=sure+coe f¥rreat

sumgssumrg+coeferrg

coo=fs*tr{*+f)

ft=2e*del*(coc*rfesumt) /34/rfe*;
if(?f.'?-ZQUGo)raleo“(;cEE?%’*tf'(Zoa‘5,&*f"z
if(ff.Qé.ZGOO.)Pa?=§.6'J.3F*(?fILGGJo'Z-)
emf=2.,%¥del*(rat*e25¢5umal)/3./rfes?2
Gf=2e.*del*(rat*q254suna) /3. /rf*s2
v=(emft/qf/2.=1,) -

fe==-pg* (i.=2.%v)/enmt

cf==(is=v)/emt

return

€nd

Fuel thermat strain relation

tunctlor fstr(t)
fsfr=(1.ike-13)‘?**3*(2.581@-9)*1**£+(7.;J?e-5)*f
=1.7929%¢~4

return

end

Fuel temcerature calculation

functior tint(aerferestt,n)
commen/scline/spli(9,453) )
Cf=10136"1.‘0)/(10*0*1&.*0*‘2'
fint2=3.2824%3100(Li.411/L22,4)¢
(l.53e~1“)*(ff*273.)**6-(8¢&985€~5)
tintr=a*(Le=(r/rf)**2)/.2.56837/0f+fint2
m=fintr+i,

8=sni(m,e5)

temor=scl{m, L )*(fintr-3)**3+spl(m,2)*(fintr-a)**zs
Spl Me3)*¥(fintr=3)4sni(meis)

tint=tapor

return

end

Fast fttux and fluence calculaticns

subroutine flux(mat, Jumposbusfixetnf)
cermen/ fltuence/fx(Bed ) ot (7)), foct
if{lumpeeasllgoto 152

sumf=3,

tfx{1)=3,

do 100 I[=1.6
a=lfx(igc)+fxlivid)/Ce
E=fxlisL)=fx(i,3)
c=a*n*ffct*(B.6Le+22)

sumf=sumr f+c

ttx(ji¢1)=sumt

continue

cenom=2,8c2%e=¢
[fi{rat.ege2)denom=2.49G4e =2
t=pu/carcm

it(t.les200s)got0 20
if(t.teea30QaV00tns 300
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if(teta.c03s)gotc 403
if(f.'e.?‘#so’QO?o 5300
Lf(tele.BUB,)GgOot0 K03

r=6

Goto 730

m=1

qato 70¢C

r=2

goto 700

=3

gqoto 70¢€C

r=4

Ggoto 7040

=5
x={fx{meZ)=fx(my2))*{3.6¢421)*ttct
v={fx(ms)=tx(my3)I*24,
z=(t~-fx(me3)) ¥24.,
filx=x*2/y+fx({nmel)*(3.0c+l1)*ffct
tNf=tfx(m)ex*2¥%2/y/2+42%tx(mey1)*(3,0e+22)*t1CHt
return

€nd

GCenerztized aro comrponent creep straln rata calcelztion

subrcutire creecimst«mod«SreStsSZySIefXXstAVCyCruyCt¥)
iflmate€ce2)lacto 130

if{mocde€cesidaccel=1.J

iflrodeecgel)accel=11.0

If{mode€ca3daccei=22.0

If{modeec.udaccel=55,.1

Lf(mcdeeceS)accei=22] a0
CONST={1425-0e55%(tavc=177)/250)%(Lt45002=31)
€gen=corst*fxx*sg*accel
crx=egen*{(2.¥sr-st=-sz)/sq/2.
ctx=eggen*(2.*st=sr-s7)/sa/2.

return )

if{mecdeegei)accet=1ei
Iflmcdecce2)accel=tel/(3,%%,5)
if('ﬂOdcer3’acce|=1ao/(3o¥‘.5,

U084 7% (Lo 7e43=1.200" (Z.R¥TEVC+3Ce))¥(3e**e5) /2
Gri=exp{=8851.5%(1e=5a%2e/34%*.5/72€974S8)/1.98/(tavc+273.15),
€aen=J+ 0Z2¥((Fux/{1.6a+10V)*¥% 1) *¥((sa/ul**1..3G)*
erl*accel*(2./73.%*%.5)

crx=egen*{(2.*sr-st=sz)/sa/le.
ctx=egen*(Z.*st=sr~sz)/sa/2.

return

end

o]

Frintout of congitioned values

subroutine outi{icheck)

comman/ fisqas/wt(3)ecal3Vyfm(3)gfre’
common/stressi/matemodenitetaenceofleptillenhulk,
BUr s DUl 4 ECsDCCHDCOPsCONVatXxsflxytnf,fxx,tfxxadays
cemmen/stressc/emcyemtovcovigscriutfofrufe,
rnehardyrCerisr2erfosuisgansdereinsdnew
comMmMON/Stress3/sreySteSZeSaselirgseliteatsceacrez2ctyesct,
tsfeevisevoldsetotfeacrerqyecreteacrtransacttran
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COMMCN/ STressi/0Ccs0i+NtDsPOWDCH’ sdeinOw,
celtimecrampletletiet2yt3vCeacarryecontycf
a1=" Ss*

82=" 334"

it{materesl)acto 133

ai=|| le

32=ICIRC (1]

cgn=-04qg

£goc==-pg=pcC

cnx=dn
itlichreckera.1)anx=dnaw
elaf=asfepcect
totsf=tsfeclafecyf
rtcon=rfo*(i.+totsft)
ulcen=ricon=-ri
cor={l.=cdn/10d.)
tci=tintloc«r fo.GeotZopor)
ci=rl-r1

a2=rj+ri1
glar=efr+ecenr¥cc
elat=clt+econt*oc
if(ichackegt.C)coto 150
crek=(2¢¥sr=s1=57)/(2*st=sr=57)
ect=(2.%ulcontelr*di-el t*dZ=2,%tsc*ri) /(d2=crak*gl)
gCr=crek*ect
€tt=tsce+eclat+ect
etr=tsc+eclartecr
ulmech=(ect*(ri+r(l=ccr*(ri-ri)1/2.
udcen={etr*di+ett*d21 /2,
u2con=rfc*totsft
r@con=rJ+ulcon
riccn=ril+ulcon
ceap={ri=r2)*(i.e+3)
vi=1.e=3

vi=emc*v{

v2zemf*y{

v0=10G.

vi=tsc*v(

v4=elar¥*v(

vS=elzt*v0

vb=ecr*v{

v7=ect*v(i

v8=etr*vy{

v3=ett*v(

vii=ulcecn*iG3 0.

vii=ulcecn*i000.

viZ=tsf*v{

vi3=elaf*vl

vik=totsf*y

viS=u2cen*1iile.

vibo=evt*¥yl

vi7=ulmech*i0G0,

Itlicheckeeae0Iwrite(6,140)
itlicheckesensldwrite{be12l) davs

Write{b,200) cbulkeDt loDGeDCoLOW

writel(6,300) acetcebursbul.frel

write(oe«400) fm(i).fn(Z).fm(3).e;.a£'vl.VE.VCov1
write(€45C0) Precruftatrufferd,riconsrisricon
Writel(6,600) rZ.rtcen,cuian,u3nscensdnxesrest,sz
Write(oe700) V3sVvueV3 VB eV7eVvBsVIeVidevis
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write(beB00) vi7.10stletavceogpcCcopinc

write(5+S00) ransviZ.viy

it{icheckseaeldwritel(e,41L30) vie

writa(he1100) vids,viset2a.tcl

fermat{(/ /777780 ="*)/79(" 1) /7Q(*"="VY/// . Rx"* ¥ FUEL/CULATDING *JUST
¥CONTACT® QOATA * +) :

format(/8xe* * CONDITIONEN KROC NATA =" efBele™ COIRF EFPT AFTER C
¥*ONTACT * %)

format(/71GCxe SR (=" /A% 4" 1"y L9% ,"CPERATING CONDITICHNS" s2 39X "1 /uX "
U 53 ) g mmee=1"/0y "t Rulk co0lant pressure (MPa)™ 7 x, "1, fL3
% e BXe™MIT/A% 4™t Helium fill cressure (MP3) " 744" 1" fo0e3e™ (415,
23, HOT) '“/9x,*"! Clad=fuel contact oressure (MPz) 1 L 34248x4"
*U0U/9%,™t % Full cower o0Deration™sl1exs "' ef13e14Rx,"t")

fermat(Ix 4! Local LHGR (KW/m) gl 7xy 1"y fL3e2 8% 41" /Cx " Core
*3veraqe burnud (MW/xaU) e 123,24 8xe" 1"/ 3xs"™?t PRele. asserbly
*pburnup (MWD/kql)) €0 48130248 %4"1%/9%x 4! Locat/max FGN turnup (M
*WE/kqU)d 10 o f13e2 0B g™t /) " 1Y T (M mmmmccma®™) (M a8 /Gy I 1l "
*FILL AND FISSICN GAS RELFASE DATO " 413x e 1 /aAxX 4"t 7 (W ewommmana Y gt
$wl™/9% 4"t Fraction ra2leased™ s17 xes 1 e 134482, ")

fermat(Ix,™! Heltur male tracticn™ylix e ™ fl3e3 6%/ Ixy™ Xe
*nen mole fFractTion™eiSx e ! efi3ed 8%, 4"/8x,?! «Kryotcr mole fracti

“00".13)(0"!""13.395)‘."!"/qxo"!"q'f("“““"", .tl-- !11/Q‘x.cl!li’13x.olav

FERAGF HOT MATEFRIAL FPRNPER TIES ™ 4atXe ! /0K ¢ 1@ 7 (P acnecana™) Haattty

LS

FL0(" =)o t"/9x,"t  Youna's moduiiLs (GPal”e13x+™ 1" 48,3, 1,343
BYOUN/Gx a3 Mt PCiSSON ratioMeCixe Mt B3y 1, 4,3, 1)

fecrmat(9x,™? Inside clad Mever Fardness (MPa) TR, R ,24% 1,2 0x%,
¥ /9% 4"t Surface roughriess (Umd ™ e i2xe™ 1 e fR 24" 1%, fBe2e" /9
¥R I V(M mma ) e /O g M L2 UG CDIMENSIONS/ VALUES 9y cuxy "1/ 9
U g N g T (M mmmmcaaa®) Mt /Gy I 3BXe"! BOL COLD ' HOT/COKD ''/9x,
B O™ Uy LT (=) e My L (=) 41/ Qutside clz¢ radius (mm
) 100%™ Mg fAL U™ 1V, 8.4, 1%/3%x,"?! Inside cled redius (an)*,
A0 a1 e f8al o™  ITat8.Uy ™)

termat{9Ix ! Qutsicge fuel radius (Mm) 10X 1 afB8elhe™ 1T FfBan,"
* 19/9x% 4"t Clac~fuel aao (UM) “elExy 1" ,18.3,4" 199 ,43,3," 1%/ Gy 4!
¥ Fuel density (7 TD) " elSxe™ 1M e fR{34* 19,8834 1M/0x 4™ 1"y 7 (Y wm=
¥omowe) (Meel /Oy 1, I "ELEMENT STRESS/STRALIN/TEVMPERATURE VALUES™
¥ O g I /G 1N T (Y mamcanaat) (Cea /gyt Rayd ial stress (MPa) "™
%1l e™ Mty FL34248BXe™1™/Gx¢"! Tangantial stress (MFalr“,11ix."1",f13.
#248x%x4"1"/CG%xy**! Axizl stress (MPa) e lixXe 1™ e fl3ele8x4*"t™)

format (3x e Thermzl strain (7)) e dl2% eVt g L3 alheBxe """ /9x,""4
¥YElastic strain = R (Z) 412%™ 1" e 113 albe Bxs" 8" /9Ix,*"*! Etastic strain
¥ o T (Ul el2X e ™1 e f130beAXe" 1" /Gx,"! Creeo strain - R ()" 422x%a
090 120 4eBXe™1™/A%e"Y Creep strain - T (7)) e idXe* 14 fl3ts8x,"
*31%/3x%¢*"t Total strain - P (7)) Cel2%e™!"efi3ale8xy"1"/Gx,"?Y Tota
*{ strain - 7T (LY e il %o 1" e Fi3aleB8xy*™?1*"/9%y™! Outsice radist oef
*lectlon (um) ™ elaxe® !y f13.3e8Bx+"1"/9x4"?! Insida radial deflection
* (um) 19 £13e348%xy"")

fcrmat(9x,*!? Inside mech, deflection {um) 19, 013,3,8%9"“ 1"/ Gx
*,"! Nutside clad temperature (CI " ebXe 1 e f1342+8x¢"!1"/9x+"Y 1Insi
*ge cltad temperzture (C) W oxe™ 'y fi3elvBxa"1""/3x,*"? OLveraage ciaa
*temoerature (C) et X e ! e fi3aCeBx ™"/ 9x "1 7 (v mcneaa ) o -= 1Sy
# %8, 10%, “FUEL STRESS/STRAIN/TEMFERATURE VALUES ¢ 2xe ™1™/ Gx "1, 7
¥V mmccmaaa™) et /gy, Ragial stress (MP3) " Xyt 23 vdX
#4M0%/3x 4" ! Tangential stress (MPa)"elixe"!" e fl3.248x%x,"1™)

foermat (Ix, ! Avist stress (MPa) " a Li et et lale@Xe" /G0,
¥ Thermatl Strair (£) M e Dxe ™ efLl2auy 8% 1"/9x,4*"? tlastic streun %
‘)"1:.6Xo“!"'f130‘01 Exe™1")

‘gx.il!lt.36x.lt!lc'zaz"!l !cc’io FUEL !“/qx.li!u.3bx’lt!tl 40(11-0')’1i*.1'

1000 fcrmat(Ix,"? Ince volume strain (Z) " eldx e ! et SelhoaBry™t™)
1100 fcrmat(9x,*“?t TYotal strain (7)) lbX e 1" 3213 ele®xg™ /8%t Quts



0006

¥*jice radlal deflection (um) 190 P234348xe™!"/Ixe ™Y (utsias fyel
*remperature ) 1% £ 32,851/ 9%, Fuel cantirlir: temper
*ature (C) 1 e f13aC o3 1"/ LI 029" ==""Y1///)

return

end

Printout for transient values

subroutine out2licasz2.irampemrarn,isten)
cermen/ramo/aranc{ite2) e tramp(20)
cbmmon/s1ressi/ma$,woa.ni?.c;.cc'ofl.cfitl,nbulk,
¥ pursbul sbCcocesbCONesCcOenVetXeflxatnfefxxy tfxxy,davs
commen/stressi/emcy@mifsvcovigereffyfruff,
2 Anehardeyrlerisr2ertosulscaneden,dn,dnem
cemmen/stressd/srestesZesacelryeltytsceccryectiasty
* tsfyevfs,evoldyetotfyecrersecretsacrtransacttran
/ common/straess4/acyai«afo.oonencwisgatoon,
* deltimycramnietiatie®Zotavcoecerreecontyct
al=" §s3°
aa:.!oh "
if{mat,eceslacte 108
ai=" ZIF*
a =0!c "
160 ifl{agelccreeqeledeorstramolirameo).edes0)aotas 150
rzagefcen/tranpliramn)
150 etar=lelr+econr*oc)
etat={al t+tecont*nc)
etr={tsct+elar+ecrer)
ett=(tsceelattecret)
elaf=esfpc*ct
uezrfo*etott
Ul=(ett*(rd+rdretr*(rj-ri)r/2.
cor=(le=dn/7.303.)
tet=tint{al ¢rfoeledet2sp0r)
uimech=(ecret*{ri+ri) -ecrer*(ri-ri))/2.
vi=fxx/3.€e+21
ve=tfxx* (1.0e=25)
v0=100.
v3=tsc*vi
vi=elar*vi
vS=elat¥*vl
vb=ecrer*vi
vi=ecrat*vy
vB=etr*vi
vi=ett*vi ‘ !
vild=tsf*v(
vii=elat*v(
vi2=etot f*v]
vi3=ul*1G00.
vig=u1*1¢00.
viS=uz*1CCL.,
vié=evf*vi
vi7=uilnechr*1G30,
txday=tx/24,
e€fpd=bcc/conv
Ittistece.ne.llo0ot0o 350
11 (icaseegeceieandeirsmnecnsiluritelpo,43l) icase
if(actiocweeqeled)write (R 500) cowi
IttdelpcnenesledIwritalbhlo) rr
wrltelb64+7C0) rodealeal
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writelo,800)

Writel6,300) I1stensviscfcaevigqv3esvilevidetissr

Write(Dei000) tXAAVIVIaDCOaVEVEVILqVihiaTi ot

Write(641000) DOWLWWiTaDUreVa eV 7eVaneviBSetiesz

Write(Boi000) alepCoUl s VBW VI, viZeqanytclesa

itl{(lstecti) aresmramolraturn

Itlicasescaeddnritel(n,1100)

Iflicasesgeelidnriteln .i2C0)

FCrmat (O e e e BT (=) s “e™/6xe" 1" 428xa"* CASE™eide® *%,28x """ /5%x,"
*....67(“_‘.”‘..'.///,

FCrMat (Axy 77 (" =") /"1y Ax "% ¥ TRANSTENT DATA FOR CONSTANT POKER A
‘T”.f7.2'" (Z FP’ » .‘"Q‘BX'“!"/"!“077(“-"' 'u!n)

fermat (Ixe77 (=) /"1, 13x,"* * TJRANSIENT DATA FOR™,f8,3." (% FP/h
1) RAMP % ¥ 1 3x 1M/ MU (77 (V=""),"1") :

tormat(**t CREEP MODEL 2 "eilellx a1 e7xXe"STRATN (%)™ 47x4"'2EFLECY
*#9 TEMP ¢ STRESS 1™/t CLAD MATERIAL 2" 9234e2%X ¢! " eS5x"CLAN-R,T/FU
FEL"eBXe™! {um) ' (C) v (MPa) 1N/ 20 ( =T g T G241 -) y e, 8
*(“-I.,’O'+“.7(Ol-lﬂ".l¢00'5(0'-.','ll!cllil' STEP ! FL.\JX ' EF‘PD !IQ’SX.
$UTHERMAL® 4Gx o ? ugc L ! SR 1)

fermat (™! TIME IFLUENCE ! RU=C 1" ,8X%Xe"™CLASTIC"Ix,"! Ui b
* 71 ! ST 10 /"1y POWER 1 Uirach ¢ RAU=R 1Y By "CRYEF/SWELL®S,
“7xy"? U ¢ 72 ' SZ 1/ KGR ¢ Pc 1t 8- 1*,9x
® NTOTAL"™ 910%™ tHOT GAP ¢ TCL ¢ SG ")

'crma?(..!.l's(s(t.-.l,'!Q,..O.).2“(10-0')"l*ll.,‘(l'-!."I‘+‘.’7(0'-“"ll+li.a(0|-ll"
B gt T e T T30 1 et 7 a2y M3 (70 ealX) 9T 07424y Myt eln
Xl !u.fr‘z’" !u)

1000 fermat (™t y3{f7e2¢™ 1" D)o 3 (fTaualn) o™t e f74024% 1M f0.1+" 1%4f7424"

1)

1100 fermat(ix 77 ("=")/ixe"All units 23 in oreviocus tatle™/ix,"FLUX [n

*1CEL8 (N/m**2 sS)"/1x,"FLUENCE In L0E25 (n/m**2)"///)

1208 fermatlix 77 ("=*)/7/)

end
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