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. 1. INTRODUCTION

The ELESTRES code is a computer code de-
signed to model the behavior of the Canada deu-
terium-uranium nuclear fuel elements under normal
operating conditions. It models a single element by
accounting for the radial and axial variations in
stresses and displacements. The constituent models
are physically (rather than empirically) based and
include such phenomena as fuel-to-sheath heat
transfer; temperature and porosity dependence of
fuel thermal conductivity; burnup-dependent neutron
flux depression; burnup- and microstructure-depen-
dent fission product gas release; and stress-, dose-,
and temperature-dependent constitutive equations
for the sheath.

The finite element model for the pellet deforma-
tion includes thermal, elastic, plastic, and creep
strains as well as swelling and densification; pellet
cracking; and rapid drop of U02 yield strength with
temperature. It uses the variable stiffness method
for plasticity and creep calculations and combines it
with a modified Runga-Kutta integration scheme
for rapid convergence and accuracy.

Comparison of code predictions with experi-
mental data indicates good agreement for the calcula-
tion of gas release and pellet-midplane and pellet-end
sheath strains.

The ELESTRES code is designed to model the
thermal and mechanical behavior of Canada deute-
rium-uranium (CANDU) nuclear fuel elements under
normal operating conditions. It was developed from
the ELESIM fuel performance code" 2 by replacing the
one-dimensional stress-independent fuel expansion
model of the latter with a two-dimensional axisym-
metric finite element stress analysis of the fuel pellet.
The primary motivation for ELESTRES development
is to provide more accurate estimates of the effects
of stress-dependent processes, in particular, sheath
strain during power ramps and the axial variation in
strain (due to pellet-end effects). Because the fission
product gas release model includes a dependence
on pellet stress, some improvement in this calculation
was also anticipated.

There are several other fuel performance codes" 7

developed independently that share some common
features with ELESTRES. The purpose of the present
paper is not to make a detailed comparison of the
features of these codes, but to report a portion of
the Canadian fuel modeling efforts in recent years.

In the two previous papers on ELESIM by
Notley," 2 the models for such phenomena as fuel-
to-sheath heat transfer, temperature and porosity
dependence of fuel thermal conductivity, bumup-
dependent neutron flux depression, bumup- and
microstructure-dependent fission gas release, fuel
thermal expansion, swelling, and densification have
all been described. In the present paper,-attention is
focused on the ELESTRES equations governing the
thermal and mechanical behavior of the fuel element,
the approximations, boundary conditions, and meth-
ods of solution. Individual models for the above
phenomena are referenced at appropriate times.

:'N -V� "I".. ��mr �;� 5�� 11-100�� 1; .'I

*Present address: Ontario Hydro, 700 University Avenue,
Toronto, Ontario M5G IX6, Canada.

+Present address: Atomic Energy of Canada Limited, Sheridan
Park Research Community, Mississauga, Ontario, L5KIB2,
Canada.

NUCLEAR TECHNOLOGY VOL.57 MAY 1982 0029-5450/82/0005.0203S02.00/0 Q 1982 ANS 203



Wong et al. FINITE ELEMENT FUEL MODEL

Comparison of the code's predictions of sheath
strains and gas release with ELESIM predictions
and experimental data is presented.

I.A. Problem Description

Our main objective is to develop a model that
can be utilized to predict effects of changes in
design parameters on nuclear fuel performance. The
two major variables of interest are the sheath strain
and gas release in a single fuel element. The element
is subjected to reactor coolant conditions and a
neutron flux that, in general, has a nonuniform
distribution in the axial direction as well as in the
radial direction across the fuel element. To reduce
the size of the modeling problem, several basic
simplifications have been made; it is assumed that
there is no axial neutron flux variation and that
axisymmetry exists within the element. These sim-
plifications allow us to use two- or even one-
dimensional models instead of three-dimensional
ones.

Let us now consider the geometry as shown in
Fig. 1. The U0 2 pellets, in the form of right circular
cylinders, are clad in a thin-walled Zircaloy-4 sheath.
The bombardment of U0 2 by neutrons results in
the release of thermal energy. This energy is con-
ducted out of the U0 2 fuel, across the fuel-sheath
gap, the sheath, and transferred to the coolant
(Fig. 2). The coolant is under high pressure. To
compute the deformations in the fuel element, we
must solve the static equilibrium equations (mech-
anical problem) in the pellet and the sheath. The
pellets deform under the influences of thermal
expansion, densification, swelling, and external
forces, and interact with adjacent pellets and the
sheath. A major driving force in pellet deformation
is that due to temperature gradients. Hence, we must
solve for the temperature distribution in the fuel
element (thermal problem) before we can proceed
with the mechanical problem. These two problems
are fundamental in the analysis of fuel behavior.
We shall now examine the method of solution of
each problem together with how they interact and
affect each other.

11. GOVERNING EQUATION AND SOLUTION
METHOD FOR THE THERMAL PROBLEM

The temperature field within the pellet and the
sheath is approximated as one dimensional, since
axisymmetry and no axial neutron flux variation
in an element are assumed. This analysis is identical
to the one used in ELESIM. The governing differen-
tial equation for conduction heat flow in a solid
circular cylinder (U0 2 pellet) with internal heat
generation can be written as

d (k dT) +h = O.

where

k = thermal conductivity

r = radial coordinate

T= temperature

h = heat generation rate per unit volume.

The boundary conditions are
dTJ = o

dTr r-o

and
T(r=a)= Tpo .

(1)

(2)

where a is the outer radius of the pellet and Tpo is
the temperature at the, pellet surface. At any point
in time t = to, the coolant temperature and element

g I _IT
Fig. I. Geometry of fuel element to be modeled.

(
Sheath
(Zircaloy)

Coolant Flow
at Pcj, Td

' Pellet-Sheath Gap

' Tpo
(Surface Temperature
of Pellet)

Fig. 2. Radial-axial cross section of the fuel element.
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power are assumed known. If the sheath-coolant
film coefficient and the pellet-sheath heat transfer
coefficient are known, Tp o can be accurately esti-
mated by performing simple heat balances. In
ELESTRES, thermal conductivities of U0 2 and
Zircaloy are modeled using equations recommended
in MATPRO (Ref. 8). The internal heat generation
rate is modeled using an equation for the neutron
flux distribution that was recommended by Robert-
son9 and later modified to account for the neutron
flux depression across the fuel radius.2 The film
coefficient may be input at various times along the
power history. The fuel-sheath total heat transfer
coefficient is computed using equations originally
suggested by Ross and Stoutelo and modified by
Campbell et al.11

Because of the nonlinearities involved in the
coefficients, Eq. (1) is solved numerically using a
simple finite difference scheme.

111. GOVERNING EQUATIONS AND SOLUTION
METHOD FOR THE MECHANICAL PROBLEM

where

IFIC = nodal forces that are statically equivalent
to the boundary stresses and distributed
loads on the element

[K]' = elemental stiffness matrix that relates
nodal displacements I1 le to nodal forces

IFI10 = nodal forces due to initial strains Jeol

IFIeo = nodal forces due to initial stresses IaoIl

[B] = matrix relating displacements to strains
in an element,

Ile= [B]15je (7)
[DI = matrix relating strains to stresses in an

element,
jule = [DI jeje . (8)

The global set of finite element equations is as-
sembled from the elemental finite element equations
following a standard procedure. The global equations
have the same form as Eq. (3), i.e.,

III.A. Governing Equations of Static Equilibrium
for the Pellet

The stress and displacement fields within the
pellet are approximated in this analysis as being

i symmetric about the central axis and about the
midplane. Azimuthal independence reduces the di-
mensionality of the problem from three to two,
namely, from (rO,z) to (rz) and leads to a/aO =
v = 0, where a/aO is the variation with respect to 0,
and v is the displacement in the 0 direction. The
resulting governing equations of static equilibrium
for the pellet are solved using the finite element
method. A mesh of 54-56 triangular finite elements
(Fig. 3) is used to represent a quarter pellet with or
without a dish, land, and chamfer.

The elemental finite element equation based on
a force balance is derived following the displacement
approach given in Zienkiewicz12:

Axial
Direction

lFle=[KI~e11e +1FI~e + IFie (3)

Here,

[K]'=fffl[B]T[D][BIdV,
V

Ifeo =-fff [lIT[)]1eoldV,
V

(4)

(5)

and

IFI'o= fff [BITIOl dJV,
V

Fig. 3. Two-dimensional axisymmetric finite element repre-
*(6) sentation of a segment of a radial-axial cross section

of a fuel pellet.
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IFI = [K]161 + lFle0 + IF10 (9)

except that the superscript e has been dropped to
denote that this equation is valid for the whole body.
After the assembly is carried out, each member of
IF1 is equal to the sum of the component forces
contributed .by the elements meeting at that node.
This in turn must equal the external concentrated
forces (which may be zero) at the nodes in order to
satisfy the static equilibrium requirement. Hence, if
we denote the set of external concentrated forces at
the nodes as IRI, Eq. (9) becomes

fRI = [ K]161 + IF;l 0 + IFl * (10)

This equation can be solved to give the nodal
displacements. Using Eqs. (7) and (8), the strains
and stresses in each element can then be calculated.

The above equations are equally valid for linear
and nonlinear problems. In ELESTRES, the presence
of plasticity and creep behavior renders the problem
nonlinear. Thus, the quantities IRJ, 181, IF1f , and
IF10o are taken as incremental external forces, nodal
displacements, and nodal forces due to initial incre-
mental strains and stresses, respectively. The total
values of nodal displacements and strains and stresses
are simply the sum of the current increment and
the previous total.

To solve Eq. (10), we must specify the appro-
priate displacement and force boundary conditions,
nodal forces due to initial strains and stresses, and
constitutive equations.

III.B. Nodal Displacement and Force Boundary
Conditions for the Pellet

The nodes in the mesh can be classified as either
interior or boundary nodes. The boundary nodes
have prescribed displacements or external forces.

The nodes along the centerline are constrained
to have zero incremental radial displacement. Due
to geometric symmetry, they also have zero incre-
mental external axial force.

The nodes along the midplane have zero incre-
mental axial displacement initially and zero external
radial force. If, at any time during the calculations,
a tensile axial force develops at a midplane node,
an axial crack is allowed to develop. A crack may
"heal" if the cracked node returns to its original
position at a later time.

The nodes facing the sheath have incremental
loads due to the pellet-sheath interfacial pressure,
which is calculated by performing a force balance
on the sheath (Section III.G).

The nodes facing the adjacent pellet are con-
strained according to the type of interaction among
the two pellets and the sheath: (a) no pellet-pellet
interaction, (b) pellet-pellet interaction resulting in
relative axial slip between the pellets and the sheath,
(c) pellet-sheath axial interaction with no relative

slip and no axial sheath yielding, and (d) pellet-
sheath axial interaction with no relative slip and
with axial sheath yielding. The appropriate type of
interaction is determined by the amount of axial
clearance between two adjacent pellets, total axial
gap in the element, and the axial force required to
yield the sheath.

Ill.C. Nodal Incremental Forces Due to "Initial" Strains
in the Pellet

The incremental strains due to temperature
changes and irradiation induced densification and
swelling for the current time step are considered as
incremental "initial" strains. The thermal strain
increment is calculated using the same model for
the thermal expansion coefficient as in ELESIM,
and densification and swelling strains are modeled
as described by Notley.2 The respective nodal forces
are then calculated using Eq. (5) and utilized in
Eq. (3).

III.D. Nodal Incremental Forces Due to "Initial" Stresses
in the Pellet

Incremental stresses arising due to pellet radial
cracking (tensile hoop stress), temperature associated
changes in flow stress, and material creep are con-
sidered as incremental "initial" stresses.

IIID. 1. Initial Stresses Arising from the
Pellet Radial Cracking Model

The ELESTRES code simulates radial cracking
by enforcing a "plane" stress deformation mode on
those finite elements that have been identified as
cracked. The [D] matrix in the c-c constitutive
equation [Eq. (8)] is modified to give zero hoop
stress for a cracked element Only elements whose
centroidal radii are greater than a limiting radius
and whose hoop stresses exceed the fracture stress
are allowed to crack radially. Besides the change in
the element stiffness matrix [KJY when an element
cracks radially, the hoop stress that is present in the
element prior to the formation of the radial crack
must be accounted for. The correction takes the
form of an "initial" stress. The procedure in
ELESTRES parallels that given by Zienkiewicz.'3
The incremental forces resulting from these initial
stresses are equal to [from Eq. (6)]

i'

WFI 0 = fff I| I- -U dV .

These nodal forces are then utilized in Eq. (3).

(I1l)
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lII.D. 2. Initial Stresses Arising from a Reduction
in Flow Stress

Incremental initial stresses may also arise from
a reduction in the flow stress associated with a
temperature increase in an element. The appropriate
stress correction Iaol is

1. for a radially uncracked element:

1001 = a WI .
U

[D] = elasticity matrices for elements exhibiting
creep behavior.

The elasticity matrices for elements exhibiting creep
behavior are presented later. To take large time
intervals in a single calculation of incremental dis-
placements due to creep, the incremental initial
stress term is modified for those finite elements
that exhibit a very rapid relaxation of their stresses.
These elements are treated as if they exhibit a
pure stress relaxation of their effective stresses
(constant total strain). The resulting incremental
initial stresses for these elements are

I l _=3 E ll-exp[-CE(dt)]l[D][j]Io'l , (17)2 E

where thequantities are defined as in Eq. (15)
except that [D] is the elasticity matrix for elements
exhibiting elastic behavior.

where

'3

a = effective stress

dB'= difference between the effective stress U and
the uniaxial yield stress a

a' = deviatoric stresses;

2. for a radially cracked element:

lool = _ d2 JlS'I, (13)

where

I S'l = SI 01 O.3, S4} TIST

S= atSI + oa 3+ 2rzS4

St=E
-v2 (a, + Pa..)

S3 = E^ (pat + 0")

S4 = + V Trz - (14)

The terms E and v are the Young's modulus and
Poisson's ratio, respectively.

III.D.3. Initial Stresses Arisingfrom the Creep Model

Material creep gives rise to an incremental initial
stress term with magnitude

10ol =2 Cdt[D][jjcr'I, (15)

where

C = creep function i/u
= creep strain rate, defined by an equation

suggested by Armstrong' 4

a = effective stress

dt = time increment
1 000

[i]= 0 1 0 0 (16)

o 0 1 0

LO 0 0 2j

III.E. Pellet Constitutive Equations Relating Incremental
Strains to Incremental Stresses

The only term that remains to be defined in
Eq. (10) is the global stiffness matrix [K]. From
Eq. (4), it can be seen that the elemental stiffness
matrix [K]' depends on [B] and [D]. Matrix [B],
the coefficient matrix relating displacements to
strains, can be easily derived for given shape func-
tions. Matrix [D], the coefficient matrix relating
strains to stresses, will vary depending on the type
of behavior exhibited by the finite element (e.g., elas-
tic, elastic-plastic, or time-dependent creep). Matrix
[D] has to be derived for each case using the
following constitutive equations: (a) Hooke's Law,
(b) Hencky-Von Mises yield function, and (c) Prandtl
Reuss' plastic flow rule.

Table I summarizes the different [D] matrices
corresponding to the various material behavior that
an element may exhibit.

The static equilibrium equations for the pellet
are now ready to be solved. In the preceding four
sections, the finite element equations for the pellet,
the incremental nodal force and displacement con-
straints, and the constitutive equations have been
presented. In the next section, the solution procedure
is discussed.

X I.F. Solution Procedure for the Pellet

The basic approximation in this solution proce-
dure is that the pellet behavior, influenced by
continuous temperature changes during a time in-
terval corresponding to a given bumup increment
and linear power, can be simulated sequentially as
two independent types of behavior; namely, in-
stantaneous deformation due to instantaneous
changes in temperature, and isothermal, time-depen-
dent deformation due to fuel swelling, densification,
and creep. In ELESTRES, up to eight sequential
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TABLE I

Summary of the Different [DI -Matrices Corresponding to the Various Material Behavior That an Element May Exhibit

[D] Uncracked Radially Cracked Radially

Elastic [ -v v v 0 f10 v 01
behavior I I -v v 0 000 0

[D]'e I+V)l- 2 ) V I - V 1 D]e,Ck = V O I O(I + v)(1 - 2v) Iv01 0
LD~e=, O 1-2V I 1-2vI[o 0 0 12vJ [000 Ii-

_

Instantaneous [D] E = [D]e- 3 Pck= [D\e*¢k-SStS 5T
plastic f'low [DP De2U Kl+v[ DIP] =I~.~ssIsI
behavior where where

7= effective stress S = orS, + o.S 3 + 2TtzS4

a'= deviatoric stresses SPIT ={ ' ° ' S3 S}4

S T = (Or + voz)

S3 = XEv (vat + az)

54 = | + VrZ

Time. -a 2- b2 b(b - a) b(b - a) 01 O b 0
dependent b(b-a) a2 -b 2 b(b-a) 0 0 00 0
creep I creepck =[b 2
behavior [D]creeP= b(b-a) b(b-a) a2 -b 2 0 . [D0]ce-ck) b 0 -a 0

0 0 0 d 0 0 0 b2- as

where

a = E-+ dt, b =E-_-dt , c= 2£ E ) +l.Cdt , d=a(a2 -b 2 )+2b2 (b-a)

dt = time increment (h) , C= creep function (i/u) , 6 = effective stress (Pa)

Elastic and (D]'P =R'[D]e + (I-R')[D]P , [D]eP.Ck = R'[D]eck + (I _ R)[D]p~ck

plastic where R' is an estimate of the fraction of stress where R' is an estimate of the fraction of
behavior increment during which the element behaves elas- stress increment during which the element

tically. behaves elastically.

calculations of incremental displacement are per-
formed to simulate the pellet behavior during a time
interval corresponding to a given bumup and linear
power. The first three sequential calculations are
designed to give pellet deformation due to instan-
taneous temperature changes and the remaining five
calculations are designed to give pellet deformation
due to time-dependent creep. Therefore, in each of
these eight sequential calculations, only some of

the incremental forces due to incremental initial
strains and stresses are applied. The global set of
equations [Eq. (10)] is solved by Gaussian elimina-
tion. The calculations are repeated if the results vio-
late the assumed states of pellet-pellet interaction
and pellet axial cracking. Otherwise the resulting
incremental displacement and stress fields are added
to the previous totals to give current total displace-
ment and stress fields.

a
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III.G. Governing Equation of Static Equilibrium
for the Sheath

Consider now the static equilibrium problem
for the sheath. The analysis is carried out by
performing independent one-dimensional force bal-
ances at seven axial locations along the pellet length.
The pellet is assumed to be rigid (temporarily) and
any interaction between the sheath and the pellet is
taken care of through the use of interfacial pressure.
The force balance on the sheath is written as:

2tsa h=(Pe+Pl-Pc1)D , (18)

where

t, = sheath thickness

uh = sheath hoop stress

Pz = internal gas pressure

Pi = pellet-sheath interfacial pressure

Pa1 = coolant pressure

D = current internal sheath diameter.

Here, the stresses in the axial and radial directions
are not considered. The constitutive equation which
relates the stresses to the strains is given by
Hosbons et al.,'s Coleman et al.,"6 and Holt et a".'7
In this model the expressions for strain rate include
strain rate sensitivity, work hardening, irradiation
hardening, and strain softening. The elastic and
plastic (including primary and secondary creep)
strain components are calculated for given hoop
stress, time increment, sheath temperature, neutron
dose, and flux conditions.

The sheath thickness and the coolant pressure
are both input parameters. The internal gas pressure
is calculated from the initial filling gas volume at
STP, the volume of fission gas released at STP, and
the voidage available for gas storage. The fission
gas release is calculated using the model described
by Notley and Hastings.' The interfacial pressure
and hoop stress calculations depend on the existence
of a pellet-sheath gap. If the gap exists, then the
interfacial pressure is zero and the sheath strains
can be calculated from known hoop stress [Eq. (18)].
If the gap does not exist, then the internal diameter
of the sheath is set equal to the current pellet
diameter. The interfacial pressure is then obtained
from Eq. (1 8), using a secant iteration scheme.

We have now covered the solution methods to
the thermal and mechanical problems at any given
time t = to. To simulate fuel behavior under an
arbitrary power history, the calculations are se-
quenced using a history model. This model is
discussed next.

IV. THE HISTORY MODEL

Consider the idealized power history as shown
in Fig. 4. The linear power, ramp rate or ramp time,
and burnup or time at power are the quantities that
must be supplied at predetermined points along the
power history. Central to this model is the idea that
the fuel is subjected to either instantaneous power
changes or constant power operation. The ramp rate
(or time) supplied during input is used only in
determining an appropriate time interval, after an
instantaneous power change, during which stress
relaxation and creep are allowed to take place. It
can be seen (from Fig. 4) that if the power change
between one history point and the next is taken as
a series of smaller power changes, the power history
can be more accurately followed. The stress field
will also be more accurate since the smaller steps
can prevent the excessive buildup of stresses before
stress relaxation is allowed to occur. Therefore, to
maintain computation accuracy, there is a maximum
allowable power change in any one single calculation
of fuel behavior. During constant power operation,
the fuel behavior is expected to change at a much
slower rate than during a power change, hence
much longer bumup increments may be taken.
In ELESTRES, if the bumup increment supplied
exceeds a predetermined maximum, the calculations
related to stress relaxation and creep are performed

Total power change from B to C is simulated
in four smaller power increments.

Power
Total burnup increment from C to D is
simulated in two small burnup increments.

C I DE F

a --
0
0

t. I 6B2 U, U4 Bs Burnup
t, t, t3 t4 t5 Time

Fig. 4. Sample power history.
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once at the very end of the total burnup increment,
but the thermal solution and the gas release calcula-
tions are performed repeatedly at every maximum
allowable increment. The strategy employed here
ensures computational efficiency as well as accuracy
in gas release predictions.

The calculation sequence in ELESTRES can be
broadly divided up into three parts: inputs and
initialization, calculation of fuel behavior, and out-
puts. In inputs and initialization, the as-fabricated
fuel geometry, material properties, and the initial
operating conditions are defined. In the calculation
of fuel behavior, the fuel defect probabilities, ramp
rate, and power increment are defined for those
calculations of fuel behavior subjected to power
changes. For calculations of fuel behavior subjected
to constant power operation, the appropriate burnup
increment is defined. The solution to the thermal
problem follows. This includes the calculations of
heat generation rate, sheath temperatures, sheath
and fuel material properties, and the temperature
distribution within the U02 pellet. Using the current
temperature distribution, the amount of fission gas
arriving at the grain boundaries via molecular dif-
fusion and grain boundary sweeping is calculated.
This last calculation is not performed for burnup
increments associated with power changes because
the time available for these processes to occur is
short and the amount of gas arriving at the grain
boundaries is considered negligible.

The volume of gas released into the voidage
is calculated as the difference between the total
amount of gas that has arrived at the grain bound-

50 I I I

0 ELESIM.MOD9 *
* ELESTRES.M9C 0

40 -

E 20 Is

.30

20

aries since the start of the history and the amount
of gas that can be retained, in the form of gas
bubbles, at the grain boundaries under present
reactor and fuel conditions. The solution to the
mechanical problem begins with the calculation of
densification and swelling strains. The finite element
analysis of stress-strain is performed for all burnups
associated with power changes, but it is performed
only once at the end of the supplied bumup incre-
ment associated with constant power operation.
Using the new pellet geometry, the sheath stresses
and strains are calculated. A new total fuel to sheath
heat transfer coefficient is next defined before
control is returned to the beginning of the next
calculation of fuel behavior. The gas pressure, sheath
strains, center temperature, percentage gas release,
etc. are output at the end of supplied power changes
and burnup increments (i.e., at points A, B, C,.. ., I
on Fig. 4). Calculations proceed until the end of the
supplied power history is reached.

V. COMPARISON OF ELESTRES PREDICTIONS
WITH EXPERIMENTAL DATA AND WITH
ELESIM PREDICTIONS

The ELESTRES code was run for 18 cases
covering a wide range of power-burnup histories.
Predictions of percent gas release, diametral sheath
strain at pellet midplane and at pellet end, all taken (
at the end of power history, are compared with the
ELESIM predictions and available experimental data.

Figure 5 shows a comparison of predicted versus
measured percent gas release. It can be seen that the
predictions of ELESTRES and ELESIM are very
similar. It should be noted that the small amount
of "fine tuning" of the gas diffusion coefficient
performed in ELESIM (Ref. 2) was not required in
ELESTRES to obtain comparable percent gas release
predictions. This is mainly due to differences in the
calculation of stresses used in the gas release model.
In general, the calculated values, making allowance
for a ±5% power uncertainty, compare well to
experimental values.

Figure 6 shows the final plastic sheath strain
comparisons for the pellet midplane and pellet end.
The ELESTRES sheath strain prediction variations
due to a ±5S% change in power are also shown. In
geineral, the agreement is quite reasonable between
predicted and measured plastic sheath strains when
the limits of power estimate and measurement
accuracy are both considered.

Table II summarizes some simple statistics with
regard to the above comparisons. It can be seen that
ELESTRES predicts gas release as well as ELESIM
without the "fine tuning" mentioned above, and in
addition it has the capability of computing the
circumferential ridges. This is accomplished with a

I

10 20 30
Measured Gas Release (%)

Fig. S. Gas release comparisons.
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I I

0 ELEST M.MOD9, Midplane Prediction
* ELESTRES.M9C, Midplane Prediction
a ELESTRES.M9C Pellet-End Prediction ,

.1

1.5 -1.

CZ01.0 1

.~0.5 -,

±0.2% Uncertainty in
/ 41/' Measured Sheath Strain

- 1 ~5% Increase in PowertNominal Power
0.0 ' ~~~~~% Decrease in Power

0.0 0.5 1.0 1.5
Measured Sheath Strain(%

Fig. 6. Comparison of predicted versus measured final plastic
sheath strains.

relatively small penalty (a factor of 3 to 7) in terms
of the computation time.

VI. SUMMARY AND CONCLUSIONS

The ELESTRES fuel performance code simulates
fuel element behavior under normal operating con-
ditions with one- and two-dimensional physically
based models. The principles of conservation of
energy and conservation of momentum are applied
in the form of the heat conduction and the static
equilibrium equations for the analysis of fuel be-
havior. To solve for the fuel temperature, a one-
dimensional finite difference method is used. A
two-dimensional finite element method is employed
for the pellet stresses and strain in conjunction with
one-dimensional calculations for deformations in the
sheath.

The ELESTRES predictions of percent gas release
and final sheath strains are compared with ELESIM
predictions and with experimental data. The predic-
tions are found to be in good agreement with the
experimental data.
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pellet midplane (%)

Meana 0.0 0.0
2 b 0.5 0.5

Final sheath strain at
pellet end (%)

Mean" N/A 0.2
2 u b. N/A 0.6

aMean = mean deviation

N
- 3 (predicted-experimental)i/N.

I

ba = standard deviation

=( N . e/2
[(predicted-experimental)g - mean]2/N }.
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