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Abstract

Babcock & Wilcox has recently urdertaken development of two new computer codes for
the analysis of the thermal and mechanical behavior of light water reactor fuel rods.
Early work in this program, in conjunction with the Univeristy of Virginia, has resulted
in a two-dimensional finite element model for the fuel rod cladding. In the elastic
regime a classical displacement based solution scheme has been successfully benchmarked.
To solve the creep problem the strain rates (velocities) as well as the displacements are
approximated with finite element basis functions. The resulting system of nen-linear
equations is solved employina Mewton's method in conjunction with a variatioral iteration
scheme. Time integration is handled in a rovel way by applying the backward Euler Method
directly to the stresses rather than indirectly thrcugh the creep strains.

1. Introduction

For the past two years, Babcock & Wilcox in corjunction with the University of
Virginia has been developing new computer methods to accurately describe the behavior of
fuel rods in a nuclear reactor. One of the products of this effort is the FUMAC-84 cecde
which is designed to predict the mechanical performance of the fuel - especially the
stress state of the cladding. Because the focus of FUMAC-84 is the ciadding rather than
the pellet, early efforts in code development have sought to derive a detailed yet
efficient model of the cladding. After a careful consideration of the complex boundary
conditicns and the non-linear nature of the problem, & finite element representation was
chosen.

Use of commonly available finite element codes was considered. However, the demands
for complete solution of this problem are specialized. The code of choice must be capable
of modeling an anisotropic material for both elastic and viscoplastic response to changing
thermal and mechenical boundary conditions. A capability to "customize" material models
is reguired in order to inclucde the effects of temperature and irradiation. Beyond this,
some "transparency" of the coding is required so that sciution methods could be optimized
during rapid creep which has been described by Nuno et.al.[1], as inherently unstable. AT1
of these demands could not be met by any code considered so it was decided to develop a
highly specialized fuel rod code (FUMAC-84) which has some unique features. Figure 1
illustrates the logic flow for the code.
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The FUMAC-84 code is portable - written in ANSI standard FORTRAN77. A1l necessary
routines for matrix manipulation and solution are included so that no special mathematical
library calls are required. The geometry description is specialized to fuel rods so that
the physical model is quickly defined by node generation techniques thus eliminating the
need for node/element incidence tables. Design-specific models for anisotropic elastic
and viscoplastic response as well as irradiation damage are allowed. Finally, an
implicitly stable solution scheme is employed for the solution is the creep problem.

The purpose of this paper is to present some background on the general linear finite
element model being employed for FUMAC-84 and to explain in detail the unique solution
technique which has been derived for the non-linear part of the solution. First, a short
description of the physical problem being modelled is in order. The case of interest for
the failure analyses of fuel is when the pellet is in hard contact with the cladding.
Thus, the modelling of both pellet and cladding is required.The extreme complexity of the
fuel pellet behavior recommends an empirical approach. The cladding, on the other hand,
can be realistically dealt with using finite elements. Ring elements which have seen
large use due to computational simplicity, fail to describe the problem completely.
Higher order finite elements provide more detailed interpretations of stress and strain.
The appropriate use of two-dimension finite elements can solve both the lateral ridging
problem as well as predict azimuthal stress concentrations which may initiate Stress
Corrosion Cracking (SCC). 1In our approach the hehavior of the pellet is basically
considered to be an interactive boundary condition on the cladding, The solution proceeds
iteratively in a quasi-static manner in time.

2. The Linear Model

Modeling of the fuel rod cladding is currently being approached through the use of 2D
finite elements in both axisymmetric and plane stress/strain geometries. It is expected
that a combination of the information obtained from each of these model geometries will
adequately predict the behavior of the cladding. If in fact 3D modeling becomes
necessary, it may be possible to use the 2D calculation to predict when full 3D modeling
should begin, thereby speeding program execution during initial time steps.

Either 4 or 9 node isoparametric elements can be chosen to span the cladding for both
of the above geometries. In the case of plane stress/strain, 9 node elements with their
quadratic shape functions are recommended to better represent the curved boundaries
encountered (see Figure 2).

Solving for stress, strain, and displacement in the cladding is begun by obtaining an
elastic solution for either of the above geometries, given an initial loading. The
physical model is that of linear elasticity. It is assumed that cladding displacement
will be described by the following equation:

[Klu=F eq. (1)
where [K] represents the elastic stiffness matrix, u is a vector of displacements at each
node and F is a vector of loads associated with each node. Solution of the above equation
for u gives the condition of the cladding in elastic equilibrium. From u it is possible
to obtain the stress and strain fields from the equations below.

Strain = tD] u eq. (2)

Stress = [E] Strain eq. (3)
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[D] represents a matrix of derivatives which relate displacement to strain. For plane
stress/strain [D] is given by:

a/ox 0
[pJ=| 0 /vy eq. (4)
/3y 3/8x
and for an axisymmetric model by:
a/er 0
1= | 9 % eq. (5)
a/dz  d/ar

[E] is the material properties matrix with terms defined by the Young's modulus, shear
modulus, and Poisson's ratio for the cladding material.

In order to verify the correctness of the code for the elastic solution, it was
benchmarked against the analytical solution for an internally pressurized cylinder with
end boundaries fixed in the axial direction and assuming material isotropy. For such a
cylinder, the geometry is axisymmetric and displacements are independent of z, hence a
plane strain situation. The dependence of the radial displacement on r, for plane strain,

is given by:
2

2
u = E (ﬁ) (1+9) [(1 - 20)r + 2 eq. (6)

Here, P is the pressure, E is the Young's modulus, v is the Poisson's ratio, a is the

inner radius of the cylinder, and b is the outer radius. Using the following parameters:
a = .,50 in

b = .55 in

P = 1500 psi

E = 1.1254E+7 psi

v = .3478,

the results shown in Table 1 were obtained. The numerical displacement solution was

indeed independent of z and the radial displacements agreed extremely well with the

analytical values (see Table 1).

and

In the numerical analysis of cladding creep, the elastic solution provides the
initial conditions needed to begin the subsequent iteration over time. In addition, the
elastic stiffness matrix, which is also needed in the creep solution, is retained and need
not be recalculated as long as the material properties remain constant. In the next sec-
tion we describe the time iteration algorithm used to solve for creep.

3. Modeling Creep Behavior

A basic assumption in modeling creep behavior is that the total strain can be expres-
sed as the sum of the elastic, creep, and thermal strains (Note: irradiation growth
strains are treated in a similar fashion.)

€ij = e?i E?j + e::—? eq. (7)
The creep strain rate can be related to the stress using a modified equation-of-state
approach. We use

c .
€55 = Si5 eq. (8)
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where Sij is the component of the deviatoric stress tensor, which for isotropic bodies is
given by

- 1 eq. (9)
437 %43 3 % Sije
and where
2c
eq. (10
yom %. === q. (10)
a
where €€ = f(o, T, t) effective creep strain rate and o is the Von Mises effective stress

given by

5= (% S4 sij)* eq. (11)

The creep strains can also be represented by
L -yIs)e eq. (12)
where [S] is a matrix of coefficients obtained from eq. (9).

The elastic strains are related to the stress by

o= [E] €® = [E](e - ¢ - ™) eq. (13)
and the thermal strains are computed from
M- o, (8 - 8pls, eq. (14)

where 6 = (1, 1, 1, 0, 0, 0) and & and op represent’ temperatures.
If (13) is differentiated with respect to time, one obtains

o= [ENE - ¢ - &™) = [ENDIv - 4[5To - ¢™ eq. (15)

where v are the velocities and [D] is the operator matrix incorporating the strain-
displacement relations. Equation (14) can be integrated in time using either the backward
Euler method or the trapezoidal rule. Below, for simplicity in exposition, we use the
backward Euler method. Suppose the displacements and velocities are discretized by

u-= ; NUg v o= ; NoVy eq. (16)
where the Ni are basis functions and the Ui and V1 are nodal values. Then the equilibrium
equations may be expressed by

f181%0 da = R eq. (17)
Q
where [B] = [DIN and
R=f Nfda+ [ Nodr. eq. (18)
Q T
o

where the following nomenclature applies:

@ 1is the solution domain,



r is the boundary of the solution domain, and
f and ; are the body and traction forces, respectively.

At each time step, our algorithm can be expressed as

1. set tHaty(0) _ t taatylo) _ty

2. For i=0,1,2,... until aAV+0
tat (i+1) _ t
a a

a. At each stress determination point, solve
+ At[E](BT t+AtV(1) _ t+AtY(1+1) [s) t+Atc(1+l) _ t+At€TH)

for t+At0(1+1) by Newton's method

b. Solve

it (iel) | %f (tratp é gl t+Ata(i+1)dQ)

for t+AtAV(1.+1) where [K] = [B]T[E][B] is the elastic stiffness matrix.
c. set traty(i+l) _ teat (i) , trat,,(i+1)

t+AtéTH -

The thermal strain rate be computed from

t+A;TH 1 [t+AtETH _ tETH] eq. (19)
at
t+AteTH and teTH are determined from eq. (13). The total strain can be calculated
anytime it is desired from
trat, _ ppytraty,

where

eq. (20)
where

t+at t A}_(t+AtV + tV) eq. (21)

U= 5

U=

Our algorithm is contained in [2]. It differs from previous techniques to solve creep
problems in that the creep strains do not need to be explicitly solved for at each time
step. Experimental results presented in [2] have shown it to be up to twice as fast over
many time sFeps for the same accuracy as the algorithm used in ADINA [3].

4. Conclusions

In the course of solving the problem of creep in fuel rods, a new solution algorithm
has been devised. This method promises to be faster and more stable than previous
approaches. The cladding model described is part of a larger effort to model fuel
mechanical behavior in a simple yet accurate fashion. The basic approach is to focus on
the cladding as the primary constituent of the problem and treat the pellet thermal and
mechanical behavior as dynamic boundary conditions. Future work will be directed at
interfacing these boundary conditions with the cladding model.
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Table I
Results of Linear Analysis Benchmark

o,
Ur(x 107" in)

Numerical Numerical

r (in Analytical Linear Elements¥** Quadratic Elements**
.5000 6.477 6.476 6.477
.5125 6.384 6.383 6.384
.5250 6.296 6.295 6.296
.5375 6.214 6.213 6.214
.5500 6.137 6.136 6.137
* 4 elements in radial direction

** 2 elements in radial direction
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