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THE FSIATE CODE

by

C. C. Meek

ABSTRACT

A transient, two-dimensional code has been developed to

provide a detailed description of fuel-clad conditions during a

TOP accident. Emphasis has been directed toward development of

a framework within which fuel motion and ejection can be viewed

following pin failure. All code modules have been rigorously

verified. Illustrative application of the code, with the exer-

cise of its many and varied features, has been included.

I. INTRODUCTION

A. Background and Purpose

Motion of molten fuel during a hypothetical reactor accident is generally

accepted as an important feature of the accident progression, providing the

potential for dispersion, leading to reactor shutdown, or compaction, leading

to increased reactivity. In most cases, molten fuel is produced near the

centerline of the fuel pins, and is initially contained by a shell of solid

fuel and the intact cladding.

In the loss-of-flow (LOF) accident, cladding generally melts before large

fuel melting occurs in subassemblies with 3 high power-to-flow ratio. Follow-

ing cladding melting, molten fuel may be ejected through cracks locally, but

the dominant effect is thought to be a gross disruption of the remaining solid

fuel with axial motion following under forces arising from fission gas, sodium-

vapor streaming, or stainless steel vaporization. While the molten-fuel ejec-

tions may be highly two-dimensional, the gross disruption is probably one-

dimensional, at least when large cumbers of pins are considered. In other

words, any individual pin may behave asymmetrically, but the asymmetries do

not appear to be systematic in nature.

On the other hand, in the transient overpower (TOP) or LOF-driven TOP

situations, cladding does not melt early, but suffers a localized failure.

For brevity both TOP and LOF-driven TOP situations are lumped as "TOP" in this

report. It is thought that cladding failure can be characterised by an initial

breach, at one azimuth and of limited axial extent. (Under some circumstances,

the axial extent of failure is of great importance. However, this motion is
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beyond the scope of the present discussion.) This breach may grow due to

heat-transfer perturbations or mechanical effects. In any case, it is through

this breach that material ejected from the fuel pin must pass.

Although the present generation of breeder-reactor whole-core-accident

analysis codes, such as SAS1 and MELT2, treat a single-pin representation of

each channel, only as azimuthally symmetric, the cladding failure and imme-

diate postfailure events are clearly not axisymmetric. In the accident-

analysis codes, the failure is represented by a rip area and/or length, and

fuel motior, is calculated by treating the breach as an orifice. Fuel motion

begins immediately upon cladding failure. These techniques probably yield a

reasonable result given proper choices of the input variables, and perhaps

introduction of a delay time for fuel motion and a variable-area orifice.

More detailed analysis leading to proper choices of the one-dimensional vari-

ables requires more complex calculations in two dimensions. The principal

purpose of the FSTATE code reported here is to provide the tool for performance

of such two-dimensional analysis.

It should tl recognized that the FSTATE code can also be used to analyze

the effects of azimuthal asymmetries arising from sources other than fuel-pin

failure. For example, local variations in coolant conditions near the duct

wall have been shown to significantly affect the local thermal-hydraulics3. A

two-dimensional fuel-pin behavior code is needed to evaluate the effects of

asymmetric boundary conditions on fuel transient response. in conjunction with

multidimensional thermal-hydraulics methods for a subassembly. Certain other

effects may contribute to asymmetric behavior. These might include local

cooling variations such as from spacer wires, flow variations due to bowing,

flow-induced vibrations, local flow blockages, variations in local gap con-

ductance due to pellet offset or cracks, and local variations in heat genera-

tion due to flux gradients on fuel quantities.

In general, it is expected that FSTATE will be used in conjunction with

one-dimensional calculations of prefailure conditions. In some cases, such as

analysis of peripheral pins in seven-pin TREAT experiments, the entire tran-

sient must be considered, perhaps with some boundary conditions provided by

one-dimensional calculations.

B. Scope and Status of FSTATE

In its overall concept, the FSTATE code is intended to include analysis

of heat transfer, fuel and cladding mechanical response, fuel and cladding
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melting, fission-gas release and swelling, and molten-fuel motion. Only one

axial segment is considered, but the method could be extended to multiple

axial segments in principle. Coolant temperatures are assumed given. Certain

other conditions, such as molten-zone pressure and cladding-failure times, can

be derived from one-dimensional analysis or calculated internally.

The present status of the code is detailed in the succeeding sections of

this report. A two-dimensional heat-transfer module is fully implemented, as

is fission-gas release, and redistribution, and intragranular swelling using

the POROUS6 and PFRAS9 concepts. A rudimentary mechanics model is also inclu-

ded. Coupling between the PFRAS fuel-swelling values and the local stresses

has been achieved, with feedback from the stress analysis to the PFRAS gas-

release and swelling circulation. As it stands, the mechanical model is

considered only to be an interim module. Finite-element modeling has been

developed but is not yet implemented.
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II. HEAT-TRANSFER MODULE

A. General Discussion

The heat-transfer module developed for use in FSTATE was tailored speci-

fically for single-pin TOP accident analysis. As a consequence, no attempt

was made to model axial heat transfer, but rather a single axial slice of fuel

was considered. Neither coolant nor subassembly-structure thermal modeling

were performed as conditions at these points entered the analysis as boundary

conditions. Focus was directed entirely upon fuel and cladding. By so doing

detailed understanding of pin response to a variety of externally imposed

situations could be examined.

As developed, the heat-transfer module presents a transient, two-dimen-

sional (r,6) thermal picture of a fuel pin. Half-plane symmetry is assumed.

The transient heat-conduction equations are discretized in space (r,O) and

time (t) with the resulting equations solved by means of Alternating Differ-

ences techniques . Such a scheme was found to be numerically stable for

reasonably large time increments. Indeed the requirements of stability deter-

mined the time step used. The general capability of the heat-transfer module

includes:

1. performance of transient, two-dimensional, fuel and cladding temper-

ature calculations;

2. accommodation of arbitrary reactor-power forcing functions;

3. accommodation of power profiles within the fuel which vary either

azimuthally or radially;

4. azimuthal variation of gap and film conductance;

5. accommodation of latent heat effects;

6. utilization of temperature-dependent materials properties.

Incorporation of these features with the general solution technique pro-

vides an ability to consider in some detail azimuthal variations produced by

localized phenomena associated with fuel failure or localized asymmetric

effects. It furnishes the driver code necessary for subsequent investigation

of fission gas and fuel/clad mechanical effects. It also provides a general

two-dimensional numerical scheme appropriate to the solution of diffusion

equations such as those representing redistribution of fission gas within the

fuel.
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B. Governing Equations

The governing equations used in the heat-transfer module stem from per-

forming energy balances on specific (r,0) elements. Figure 1 depicts one such

energy balance.

q

Fig. 1. Typical Volwne Element Energy Balance.

Basic energy conservation requires:

Heat stored - heat in - heat out + heat generated.

Accounting for heat fluxes at the four boundaries (axial heat transport

is neglected) together with the fission energy deposited suffices to yield the

desired governing equation for any given element. Such an energy balance may

be described formally as

PCVaT - gr+rAr+r + grAr - A0+ q+A0++Q , (1)

where V - [(r + Ar)2 - r2]HAO/2;

Ar - HrAO;

Ae iHAr;

qr ok r r

*-kT

Q * heat source;

and p is the density, C the heat capacity, H the height of the volume element,

and r the radial density. Application of appropriate conditions at physical

boundaries closes the set of equations.
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C. Boundary and Initial Conditions

The heat-transfer module requires four spatial and one temporal boundary

conditions. Two of the spatial conditions must be radial constraints; the

other two are azimuthal. Specifically, conditions employed are:

1. half-plane symmetry is assumed: T(r,e) - T(r,-6).

2. The heat flux at the fuel-clad gap is treated using a gap-conductance

formalism rather than an explicit treatment.

3. Newton's law of cooling is used to describe the heat flux at the

clad-coolant interface.

4. The coolant temperature as a function of time is an input variable.

5. An initial temperature profile across the fuel-clad-coolant system

is supplied.

A further condition which is used to define the state of the central

cavity is

6. The central cavity temperature is obtained from an azimuthal average

of the surrounding fuel nodes.

Specification of these boundary and initial conditions together with the

reactor-power forcing function allows solution of the governing equations.

D. Numerical Solution

As noted previously, the numerical technique used to solve the governing

equations is the Alternating Directions method. This method, first introduced

by Peaceman4 , requires transient, two-dimensional equations to be finite-

differenced such that the total time step is divided into two halves. During

the first half time step a march forward in one dimension is accomplished,

holding all energy fluxes in the other dimension to their previous half-time-

step value. The time step is then completed by marching forward in the other

dimension, this time holding the energy fluxes in the first direction to their

values calculated during the first half time step. As a consequence the

method results in two sets of equations of the form:

S- T = D (2)

whose coefficient matrix A is tridiagonal and T the temperature vector.

Requirements on diagonal dominancy of this matrix can be used to set an upper

bound on the time step employed. As an example of the application of Alterna-

ting Direction methods to the problem at hand, consider the governing equation

(1) for a generalized volume element. Taking i - radial index, j - azimuthal

index, and k - time index, the first half-time-step expression may be written

as
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C (r2  -r 2) (Tk -Tk /k+1 k k+1i+1 , pLrAT1 --rk 2rkP 2 At i2Ari-

2k(ri+1 - r ) T,j+1 j+rTk+ + T -1 j jT -T

ri+1 r \ Jr/ i2+1l2Ar

2k(ri+i - ri) T - T ,-
+ A 191+ Qi (r1.,.1 - (3)

r i+1 + r AA 1,9j +1 i 2'

where T - (Tk+l + Tk)/2 , (Tk+l - Tk)/At and Q the volumetric heat genera-

tion rate. A march forward in the i-direction is accomplished during this

half time step. Note that all fluxes in the j-direction are evaluated at the

previous half time step, k:

q aT ATk
0 e o A0

This, as noted above, is the essence of the Alternating Directions method.

For the second half time step, the finite-differenced form of the gover-

ning equation is

i+1 k+2 _k+l\ k+l _k+lr)
C(r 2+1 -r 2) T -T -r ilk +1k(ri+1 - ri)

2 A At / ri k Ar+r+ + r
i-1i+l i

k+2  k+l k+2  k+l k+l k+1
Tj+1 Tij+l T -T T+ r A ki+1hj - Tk(r-i+ r)

AB /+i+l\ Ar 9- ri+ 1 + r

k+2 k+1_ k+2 _ k+l

T1 +1 + T - T - Ti.-1+k2rk+2 r - 2 A. (4)
AB Ti 1 -,i 1  Qj (r+ 1  ri 2'

During this half time step a march forward in the j direction is undertaken

with all fluxes in the i direction being evaluated at the previous half time

step, k + 1:

a ATk+l
r ar Ar
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In consideration of (3) and (4), it should be noted that bothequations have

been linearized insofar as temperature-dependent properties are concerned. In

general, dependence of material properties on temperature introduces non-

linearities into the analysis. The present treatment has chosen t, evaluate

these properties at the previous half time step, where temperatures are known.

Other methods utilizing extrapolation techniques1 can be employed to obtain

updated properties. However, it was not deemed necessary to use such methods.

The incremental time steps employed in most analyses were of such magnitude

that little error was introduced by this linearization.

Rearrangement of (3) and (4) yields:

-r k k+ C(r2 -- r krk r+k k -r+1k
i-1,j (rk)+ TP A - r Ar + r + Ti+1, j__r

k r k k 4k(ri+1 - ri) k C(r2+1 -ri) rk

= Ti-l,j r- + T ri+l + ri) Ti,\ j At Ar1

ri+lk 8k(ri+1 - r) krik\ k /4k(r i+ i- r)

Ar A + / Ani+1, j Ar + i,j+1\Ae'(ri+1 + ri)

k+l(2 -(5)

+ Qij (r21+1 - r )()

and

k+2 -2k(ri+1 -r i) k+2 (C(r2+l - r2) +4k(ri+1 - ri) k+1
Ti~j-1 AA ri+1 + ri)+Ti ,jP At +0(ri+i + r) + Ti, j+

(-2k(ri - r1)\ k+1 2rk k+l 2k(ri - r ) k+

AO(rj+1 + ri) iT1 - 1,( Ar +T1 i, j.1  (ri+1 + Tktl

(C(r2+1- ri) 2rik 2ri+ k 4k(ri+ - r1) /k+l 2r +1k
At Ar 1 r - A ri+1 + r) + Ti+1, j Ar

Tk+l 2k(ri+1 - ri) + k+2r2 - r2).
i,j+I\A8A(rF+1 + r + Qij(ri+1 - i(6)



15

The tridiagonal nature of the resulting coefficient matrix on the temper-

atures to be updated is clearly evident. Application of the several boundary

conditions serves to close the set of finite-differenced equations for any

given time step and to produce the final tridiagonal form. Inversion of the

coefficient matrix and solution of the system of equations (2) result in the

desired fuel and cladding temperatures.

E. Effects of Latent Heat

The melting of fuel and cladding are treated in much the same manner as in

SAS1 . Temperatures in both fuel and cladding are initially calculated neglect-

ing any melting during the half time step considered. Should melting in fact

occur during the time step, and apparent temperature rise above melting is

calculated:

(ATij) Tit -Tmelt

The temperature is then held constant at the melting temperature until this

apparent temperature rise exceeds the latent heat divided by the specific heat

of the material. At this point complete melting has occurred, and the all-

liquid temperature rise above the melting temperature is obtained by adding the

excess of the apparent temperature rise over the ratio of the latent to speci-

fic heat. The appropriate melt fraction X is taken to be the ratio of the

enthalpy rise corresponding to the apparent temperature to the latent heat:

C(ATi j)

X - --- app

ij Hlatent

Once this value exceeds one, complete melting has occurred. The above proce-

dure is reversed for a cooling process.

F. Central Cavity

Insofar as the heat-transfer module iR concerned the central cavity acts

as a volume into which molten fuel can expand. As noted in Subsection C, the

temperature in the central cavity is taken to be an azimuthal average of the

surrounding fuel nodes. Once melting does occur, molten fuel is allowed to

enter the cavity to fill the existing volume. Such treatment is tantamount to

requiring that the small axial segment under ,nsideration is representative of

the axial behavior of the entire fuel column. A more accurate calculation must

involve the entire axial length of the cavity and must permit movement of

molten fuel from one axial region to another.
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G. Module Verification

In order to confirm the adequacy of the model presented and the numerical

scheme employed in the present analysis, a series of test problems were calcu-

lated using FSTATE and THTB5 . A standard set of input parameters, listed in

Table I, was used. Both azimuthally symmetric as well as azimuthally asym-

metric cases were considered. Both steady-state and transient situations were

considered. Both steady-state and transient situations were analyzed.

TABLE I. PARAMETERS USED IN THERMAL VERIFICATION

Fuel Inner Radius

Fuel Outer Radius

Clad Outer Radius

Steady-State Fuel Power

Temperature of Sodium Coolant

Fuel Density

Fuel Thermal Conductivity

Fuel Specific Heat

Fuel-Clad Gap Conductance

Clad Density

Clad Thermal Conductivity

Clad Specific Heat

Clad Film Conductance

10- m

2.54 x 10"3 m

5.921 x 10-3 m
1.67 x 105 W/kg

753 K

104 kg/m3

2.45 W/m - K

3.97 x 102 J/kg - K

104 W/m2 - K

7.0 x 103 kg/m3

2.5 W/cm - K

6.37 x 102 J/kg - K

2 x 105 W/cm2 - K

NOTE: In these thermal-verification studies, materials,.properties, and the
gap and film conductances were held constant.

Figure 2 shows an FSTATE comparison with THTB for symmetric, steady state

heating. Good agreement is seen to exist. Figure 3 presents a similar com-

parison for asymmetric, steady-state heating. The azimuthal asymmetry involved

was produced by lowering the film heat transfer coefficient over 10% of the

cladding circumference. In this case FSTATE predictions are again seen to

agree well with THTB calculations. Figure 4 is a comparison of symmetric

transient heating immediately prior to fuel melting. As in the case of symme-

tric, steady-state heating, good agreement is evident. Asymmetric, transient

heating, immediately prior to fuel melting, shown in Fig. 5, again results in

exce lent predictions.
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These calculations, while not exhaustive, are believed to span adequately

the physical domain for which FSTATE is intended. Comparison of the results

with standard, multidimensional, transient heat-transfer code calculations

forms the basis for the thermal-module verification. Relatively good agree-

ment between calculational results for the various cases considered provides

the requisite verification.



20

III. MODULE FOR FISSION-GAS REDISTRIBUTION

A. General Discussion

One consequence of asymmetric temperature distributions during accident

transients is the asymmetric release of fission gas, as well as redistribution

and fuel swelling. With a knowledge of thermal conditions in both space and

time, estimates of transient fission-gas release, intragranular swelling, and

gas redistribution within the fuel porosity can be made. Since fission-gas

effects have been suggested to be of particular importance to the character of

the accident progression following initiation, careful delineation of gas

behavior is necessary. The present transient, two-dimensional treatment pro-

vides an ability to obtain a detailed view of such behavior.

In FSTATE, the module for fission-gas redistribution is a transient, two-

dimensional (r,O) representation, much like the POROUS code6 developed earlier

for one-dimensional (r) redistribution. As in the case of the thermal module,

half-plane symmetry is assumed. The transient gas-flow equations are discre-

tized in both space (r,O) and time (t). Solution is by means of Alternating

Directions methods. Features of the redistribution module include:

1. performance of transient two-dimensional (r,O) calculations for

fission-gas redistribution;

2. use of Darcy's law cf flow through a porous medium to model gas flow

through the fuel porosity;

3. use of PFRAS9 to ascertain both intragranular fission-gas release and

unrestrained fuel swelling;

4. allowance for radial cracks of any depth at any aximuthal location;

5. Allowance for the development of localized clad breaches at any time

during the transient, at any (or multiple) circumferential location;

6. provision for spatial variation of fuel porosity and permeability.

Fission-gas redistribution is treated as occurring only within the fuel

porosity. No fission-gas motion past the fuel-cladding interface is considered

(with the sole exception of passage of gas through cladding breaches). Move-

ment of gas to and from the central voil is modeled; however, no explicit model

of gas-plenum communication with either the central void or fuel cracks has

been developed.

B. Governing Equations

The governing equations used in the module for fission-gas redistribution

are essentially those developed for the one-dimenvional case. Mass balances
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are performed on the four boundaries (recall the neglect of axial gas trans-

port). This together with intragranular fission-gas release to the fuel-grain

boundaries (i.e., a source term) provides the desired gas-continuity relation-

ships. Figure 6 depicts a mass balance for a typical nodal element.

mrmNe~me

Fig. 6. Typical Volwne Element Mas Balance.

Such a balance may be formally described as:

eV =-r+ArAr+ArRTr + rArRT -r-m+AA RT +A + 06AARTr

+ + QVRT, (7)

where V - volume of element

c - porosity

p - pressure

R - gas constant

r u r r

me ara8e 

K - permeability

N - viscosity

Q - fission gas source.

Appropriate boundary conditions close the set of equations.

C. Boundary and Initial Conditions

As in the case of the heat-transfer module, four spatial and one temporal

boundary conditions are required for the redistribution for fission-gas module

for any given set of circumstances. Specific conditions include:

1. half-place symmetry: p(r,8) -p(r,-9);
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2. allowance of fission-gas interchange between fuel matrix and central

cavity prior to fuel melting;

3. no transport of fission gas at the fuel-cald interface unless a clad

breach has occurred;

4. coolant-channel pressure as an input variable;

5. gas pressure within cracks as an input variable (although explicit

calculation of this parameter can in principle be done);

6. supply of an initial pressure profile across the fuel;

7. continuity of mass fluxes at the boundary between restructured and

unrestructured fuel.

Specification of these boundary and initial conditions together with the fuel

thermal conditions allows solution of the equations governing fission-gas flow

through the fuel porosity.

D. Numerical Solution

The numerical technique used to solve the governing equations of fission-

gas redistribution is the Alternating Directions method. During the first half

time step a march forward in one dimension is made by holding mass fluxes in

the other direction to their previous half time step values. The time step is

then completed by marching forward in the other dimension, holding the mass

fluxes in the first direction to their values for the first half time step. As

a consequence, the method results in two sets of equations of the form:

Pi D, (8)

where P is the pressure vendor.

As an example of the application of Alternating Directions to the problem

of fission-gas redistribution consider the governing equation (7). By taking i

as the radial, j as the azimuthal index, and k as the time index, the first

half time step expression may be written as

AO(r2 + -r 2 )e /( - p r + KTk+1T p ++ P
2 At k+l k k

1i Ti+1,j +Tij(k+lj+p k -pk+l - k D. -r K k+l k2  k2
i+1,j+i+ 1,j ij + 2 rKi+1-Ti pij+ id,

2Ari i+ + ri)k+16 Tk + Tk
ij ij+1 ,j



k+l k k k+1 k _k

k+1 Tk + Tk 2Ari-1
j j i,1 -,j

k+l k2  _k2 2 k+l
K1T1  pi -A 9(ri+1 r- r2 ) T

k+1Ae Tk - Tk 2 2Tk+l
9j i, j ,9j-1 1ji,

+1+ r-f- _ - 2 1+1 - -r

1+1+ r

+, + ,j

+ Qk+1RTk+1 (9)

where p + pk)/2 and p = (pk k)/At. A march forward in the i direc-

tion is accomplished during this first half time step. Note that all fluxes in

the j direction are evaluated at the previous time step, k:

kMe ae Ae

For the second half time step the Inite-differenced form of the governing

equation is
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i,jAri Ti+,j +Ti /
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i j ,+j
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-r
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i + ij+- 1, - + AG (ri+1 - 1 )id Ti k+2

+ / 4Tk
4 2  i,j
ij

(r k+2 k+1 kl+1 k+2 k+
ri+ - 191 +pi j-1 )1,u+ p .

r i+l+ r ) k+2 Tk+1 + Tk+l
+1j\i,j ij-1

k+2

AG

+ pk+1)
it j

k+1

k+2 Q 2+ - 2 k+2 .0T (j2 ri+l r1)RT1,1 .

23

(10)



During this half time step a march forward in

complete the entire time step (i.e., k+k+2).

are held constant at their previous half time

k+l

r ar Ar

the j direction is undertaken to

All fluxes in the i direction

step value:

Fission gas viscosity is temperature-dependent, and hence creates a nonlinear

situation in (9) and (10). As with the material properties in the heat-trans-

fer module, viscosity was linearized by assuming that it could be evaluated at

the previous half-time-step temperature. The incremental time steps used in

most analyses were such that little error was introduced by this linearization.

Rearrangement of (9) and (10) yields

k+1 -T r(p +Ki-1,j k+l 
k

Sii,j1(i,j +

k+1 k k
+T ri+1 +1, + )

k+l k +k
Ui,j ri(Ti+1,j + T ij

pi-l ) k+l ei(r2+ - r)

Tk pi,j At
i-1,j

+ k

+ Tk )i--l,j

+

k+ (-'K T r+1 + k ) k _ir2+_ - r2)

+ Pi+i,j k+ 1 ( i + Tk i,j at
ijAri( l +, j Ti jA

c(r
2  - r2)'I

i i+ 9
2T k+1

i,j

i+1 i j

2T k+1
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k+lkr T+ +Tk

( - k+1 k2  _k
(ri+1 r KiTi pi j+1 P i

ri+1 + r k+l Tk + Tk+ i~ KiT j i
\il i, ij ,j+

k+1 /k 2  k2
K T ri+1  -pi+, i,l+

k+r Tk + Iuii Ar \T +T /j
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both of which are seen to have a tridiagonal coefficient matrix on the gas

pressures to be updated. Application of the boundary conditions closes the

set of finite-dif ferenced equations for a given time step. The resulting

system is readily solved to yield the desired pressures.

E. Effects of Latent Heat and Central Cavity

As indicated in Subsection C, prior to fuel melting communication between

fission gas in the central cavity and the surrounding fuel is allowed. Sub-

sequent to melting such communication is not permitted. Once fuel melting

begins, gas present both in molten fuel and in the associated interconnected

prorsity is assumed to move to the available volume in the central cavity.

The fraction of gas that so moves during any time step is equal to the nodal

melt fraction. Thus, once melting of a node begins, its gas inventory is

frozen and fractionally released to the central void according to the progres-

sion of nodal melting. Such a procedure acts to isolate melting nodes and

25

F (r2 - r2)
i i+ i
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effectively to remove them from further consideration in redistribution calcu-

lations. This represents the calculational procedure presently available in

the code. Another option is to treat pressure in the central cavity as a

known boundary condition to be user-supplied, perhaps based on FPIN7 calcu-

lations.

F. Interface between Heat-transfer and Fission-gas-redistribution Modules

In calculations using FSTATE the first level of calculations involves the

thermal driver routine. Temperatures and vector gradients of these tempera-

tures are passed to PFRAS to be used to ascertain behavior of the intragranular

fission gas. Initial temperature calculations fix an appropriate thermal time

step. Following thermal calculations, fission-gas redistribution is calcula-

ted in the form of pressurization of internal porosity. During these calcula-

tions the thermal time step is examined to determine whether it is appropriate

for the gas-pressurization calculations. If it is, the calculations proceed

apace. If a smaller time step is required, however, a return is made to the

thermal driver module to recalculate fuel (and cladding) temperatures using

the new pressure time step. In general, it has been found that

At pressure < At thermal.

G. Treatment of Radial Cracks

The present two-dimensional, Alternating Directions formalism conveniently

lends itself to the treatment of radial fuel crack effects on gas pressuriza-

tion. Such cracks enter the calculation as azimuthal boundary conditions.

Gas can flow both into or out of them. In this respect they appear much like

the central cavity prior to fuel melting. Although at present no explicit

model to predict transient crack pressurization has been developed, inclusion

would not be difficult. Perfect communication between crack occurs at an

angle, 0, an equivalent crack must exist at -8. Variable radial crack depths

are permitted.

H. Modulo Verification

Verification of the module for fission-gas redistribution can be obtained

through comparison with: an analytical equation for the steady, isothermal

flow of gas through a porous annulus, and POROUS6 a transient, one-dimensional

code for fission-gas redistribution. In the former case it is known8 that the

pressure distribution of steady, isothermal flow through a porous annulus is

expressible as
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p2 - p 2  lu(r/r) (13)

p2 -p2 lu(r1/r)
2 1 2 1

where the subscripts 1 and 2 refer to the inner and outer radii of the annulus

respectively. Comparison of this 2.1
equation with FTATE prediction is

shown in Fig. 7. Parameters of 2.0

interest are listed in Table II.

Excellent agreement is observed. 1.9

Comparison between FS'ATE and

POROUS are shown in Figures 8-10.

Parameters of interest are listed in 1.7

Table III. Figure 8 details release

of intragranular fission gas to grain 1.6

boundaries as calculated by both ,
o I.5-

codes. Good agreement provides
a-

evidence for equivalent fission-gas 1.4

sources in both codes. Since the two

use Gruber's PFRAS9 routine, this is 1.3

to be expected, although confirmation

is necessary. Figures 9 and 10 1.2-- ANALYTICAL

furnish the transient comparison. SOLUTION

Figure 9 shows the transient fission- 0 PRESENT WORK

gas pressure internal to the fuel I.Q
.5 06 0.7 0.8 09 10 1.1

porosity at the radial midpoint of r/ir0
the fuel unrestructured region. Both

codes predict similar behavior. Fig. 7. FSTATE Comparison wi th

Initially, pressurization remains low Theory, Syvetrio, Steady-statec Gas Redistributicn
due to the relatively slow release of

fission gas to grain boundaries. As fuel temperatures (and temperature gra-

dients) rise, an increase in release occurs with a concomitant increase in

internal pressurization. Comparisons indicate that FSTATE predictions tend to

be somewhat lower in magnitude that given by POROUS (roughly by 3% maximum).

This difference is, however, only apparent during the initial stages of the

transient and disappears as the transient proceeds. Figure 10 is a radial

profile of internal pressurization imediately prior to incipient fuel melting.
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TABLE II.

PARAMETERS USED IN VERIFICATION OF STEADY-STATE GAS REDISTRIBUTION

Porosity 10,1

Permeability 10-12 m2

Inner Pressure 0.1013 MPa

Outer Pressure 0.2026 MPa

Inner Radius 10-2 m

outer Radius 2 x 10-2 m

TABLE III.

PARAMETERS USED IN VERIFICATION OF FISSION-GAS REDISTRIBUTION

Unrestructured Fuel:

Porosity

Permeability

Inner Radius

Outer Radius

Gas Concentration

0.09

10 17 m2

1.5 x 10-3 m

2.54 x 103m

1 x 1026 atoms/m3

Restructured Fuel:

Porosity

Permeability

Inner Radius

Outer Radius

Gas Concentration

Gas Properties:

Molecular Weight

Viscosity

Plenum Pressure

0.02

6.67 x 1019 m2

1.5 x 10 m3

1.5 x 10-3 m3

0.0 atoms/m3

131.3

10 Pa-u

1.013 !Qa
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Good agreement again is observed. As before, FSTATE predictions are slightly

lower than those of POROUS. This deviation is of the same order as noted

above, approximately 3% maximum, and is not considered to be important in the

present context. The source of this difference probably lies in the different

solution schemes used. In the case of FSTATE a single matrix-inversion solu-

tion is used per time step. POROUS uses an iteration loop in addition.

As in the case of the thermal comparisons, these calculations, while not

exhaustive in extent, are nonetheless representative. Comparison of FSTATE

with previously verified results, both analytical and computer-code, serves as

a means to verify its basic formalism. The relatively good agreement observed

is evidence of verification.
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IV. MECHANICAL-BEHAVIOR MODULE

A. General Discussion

The previosuly discussed two modules involved transport phenomena. As a

consequence a generalized numerical solution scheme appropriate to both could

be developed. This section, however, deals with mechanical behavior, whose

numerical treatment is altogether different. Due to the co , Lexities of des-

cribing in two-dimensional detail fuel-clad behavior certain simplifications

will be made. Although a departure from the rigorous standard set in the

development of the thermal and fission-gas modules, these simplifications will

be shown to result in calculations of reasonable accuracy.

In what follows both the fuel and cladding are treated as thermoelastic.

An analysis suggested by Kramerl 0 is used to determine fuel behavior. This

method presupposes an initially cracked fuel state. Cladding is treated via a

finite-element approach1 1 . An iterative scheme is employed to determine the

fuel-clad contact pressure. Features of the mechanical behavior module

include:

1. a simplified two-dimentional description of thermoelastic mechanical

behavior of the fuel and cladding;

2. use of PFRAS to provide information on fuel swelling due to intra-

granular fission gas;

3. accommodation of the fuel-clad gap;

4. a treatment of multiple radial cracks in the fuel.

B. Fuel Treatment

Following Kramer, consider a typical wedge from the cracked zone as shown

in Figure 11. The inner and outer radii are "a" P^' "b", and the included

angle is 20. It is assumed that

tractions 0ra' 0rb, and ao act normal

to the faces shown, and that a trac-

tion a acts on the top and bottom of

the segment so as to maintain a state e eo

of plane strain. If the included rb

angle is small, the stresses and

displacements may be expanded in
Fig. 11. Fite Z-ClZad Geome try for

power series about 0 - 0. Meohanial-behavior
Module.
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Symmetry constrains the stresses or and ao as well as the radial dis-

placement "u" to have the form

(Ulur'O0) = f(r) + 01012, (14)

while the shear stress TrO and the tangential displacement are constrained to

the form

(v,Tre) = g(r)0 + 0|0|3. (15)

Application of the boundary conditions shown in Figure 11 shows that, to

the order |012,

Tr0 0. (16)

Hence no shear forces are considered.

Equilibrium in the radial direction requires the radial and circumferen-

tial stresses to be related by

ar(r) - pv + dr, (17)

where pv is the central cavity pressure. For overall equilibrium, the integral

in equation (15) must be such that

or(b) - pfc, (18)

(where pfc is the fuel-clad interfacial pressure) if a0 is constant, (17) may

be integrated directly. Applying the interfacial-pressure boundary condition

at r - b yields an expression for the circumferential stress:

ap - bpfc
S- a- (19)

This stress is constrained to be less than zero. Should (19) predict a posi-

tive value, the stress is arbitrarily set to zero. The radial stress

becomes

apv - bpfc apf - apv b
rr) b-a + b-a r)
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Notice that (19) and (20) are equivalent in form to expressions for thin-wall

analysis of cylinders.

If the cracked fuel is assumed to be elastic, the strains e are related

to the stresses through Hooke's law:

cr r - Vfae - VfaZ] + S, (21)

where v is the Poissin ratio for the fuel. Similar expressions are obtained

for ce and cz. Here "S" explicitly represents the volume change associated

with thermal expansion as well as volume change associated with fission-gas

swelling.

The three normal strains are given by

z-=0 (plane strain); (22)

C au; (23)

lay r39,(24)

where u and v are the respective radial and azimuthal displacements. Substi-

tuting (21) into (23) and integrating give the radial displacement "u" at the

outer fuel radius:

u(b) - u(a) + [-(1 -v )a[lu(b/a)](pv + ae) + (b - a)a(1 - Vf - 2v)]
f

+ (1 +Vf) f S(r)dr . (25)

Examination of (25) shows the radial displacement of the outer fuel is depen-

dent, through ao, upon the interfacial fuel-clad pressure when a, is negative.

In the case when azimuthal stress is set to zero, interfacial pressure is

determined via an inverse "r" relationship much like that used in the module

SAS/FCI of SAS.



C. Cladding Treatment

An elastic, thin-shell finite-

element analysis was used to treat

the cladding. In such a treatment

the cladding is divided into a series

of free-body segments as shown in

Fig. 12. Radial forces acting at

each nodal point may be related to

displacements through the expression:

F - - u

F, 2 M2

a r

h 
1

~

M,

7 Fr

(25) Fig. 12. Free-body Element for
Cladding.

where u is the radial-displacement

vector and & is the so-called stiffness matrix. The displacement represents

the amount of radial deformation undergone by the cladding as a result of the

fuel expansion. Numerically, it is simply the radial fuel expansion at the

fuel exterior less the initial fuel-clad gap and cladding thermal expansion.

The stiffness matrix is tridiagonal in form, and in the present instance may

be written as

2K11 2K12 0

K21 K11 + K12  K12

0 K2 1 K11 + K12

0

0

K1 2

K1 2

K1 1 + K2 2

2K21

0

K12

2K22

, (27)

where

Kul - K22- D/G;

34

(28)
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K12 - K21 = (Bsins - Dcoss)/G; (29)

B - b - (ac/s1); (30)

D - (a2/s2) - c; (31)

G = b[(2ac/s1) - b] + c[d - (e2/s1)] + a2d/s1; (32)

a = (8 - sins); (33)
C

b - r (cos - sin2t - 1); (34)

c =r33 - 2sins + sings ; (35)

d=-. -3 28+ ;i (35)

ElI 2 4
C

d -=r3  8;si.n (36)

C

'- r, (38)h3

-12' (39)

where Ecis the young modulus for the clad, and h, r, and t are defined in Fig.

12. Division of the forces F derived in (31) by the cladding area over which

they act results in an expression for interfacial pressure. Therefore (25) and

(26) represent the basis for an iterative scheme to determine this pressure.

It is to be noted that while (26) is a general formulation, the expres-

sions for the individual components of the stiffness matrix relate to defor-

mation produced by induced bending moments. Actually, the total strain energy

on the free body shown in Fig. 12 includes additional contributions. In

addition to the bending moments, longitudinal as well as shear forces should be

included. In the present case, however, the effects of these are minor in

comparison with bending moments. As a consequence, it is assumed that the

strain energy depends entirely upon the bending moments.
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Once the interfacial pressure is known an average circumferential stress

in the cladding can be obtained. By use of the half-plane symmetry assumed in

the present treatment the circumferential stress may be calculated using the

usual thin-shell expression:

% ,c Fc (40)

This average cladding hoop stress can be used to infer the timing of cladding

failure. A Larson-Miller approach similar to that used by Straalsund12 is

employed in the present instance. The general idea in such a scheme is to

evaluate a so-called life-fraction integral during each time step. When this

fraction reaches unity, cladding failure occurs:

Jt* dt 1,(41)t (a,T)

Where t* = failure time;

tr =stress rupture life of the cladding;

a = average cladding hoop stress;

T = average cladding temperature.

The stress rupture life of the cladding is defined as

tr = Aexp(BL/T), (42)

where A and B are constants, and L is the Larson-Miller parameter which is

dependent upon the average cladding hoop stress. Several different correla-

tions exist for this parameter for both irradiated and unirradiated cladding.

Once failure does occur, it is assumed to have occurred at the point on the

cladding periphery where radial deformation is greatest. At this time fission

gas within the pores of the fuel is allowed to escape via the failure site

into the coolant stream.

D. Iterative Scheme

In order to determine fuel and cladding defkormation as well as fuel-clad

interfacial pressure, equations (19-26) are utilized in an iterative scheme.

An initial guess at the interfacial pressure is made. From this guess, values

for the fuel stress state are obtained using (19) and (20). From a knowledge

of this stress, information on the fuel outer expansion can be determined

using (25). To implement (25) an initial guess for the inner displacement is
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made. Correcting the outer fuel radial expansion for any initial fuel-clad

gap results in the radial expansion for the cladding. By use of (26) radial

forces acting on the cladding are determined. Division of these forces acting

on the cladding are determined. Division of these forces by the areas over

which they act produces the desired interfacial-pressure information. A check

is made. to determine whether this newly calculated pressure differs by more

than a specified amount from the previous pressure. If the difference is

sufficiently large, another iteration is undertaken; if not, the desired

interfacial pressure has been obtained.

E. Interface between Mechanical-behavior Module and Previous Modules

The mechanical-behavior module is such that a single calculational pro-

cedure is performed at the end of each time step. No time-step division is

made. No limitation on the time step is imposed. The module as a whole is

strongly tied to both the thermal and fission-gas modules. By recalling (25)

it is evident that outer fuel radial deformation depends upon thermal as well

as fission-gas-induced fuel swelling. Indeed, calculations indicate that

these two terms dominate.

Outside of minor dimensional changes there is little feedback from the

mechanical module to the thermal module. The process relating these two is

primarily unidirectional. Information from the thermal module is transmitted

to the mechanical module, with little useful information being returned. Such

is not the case for fission-gas-induced fuel swelling, however, PFRAS results

depend strongly upon the hydrostatic pressure state of the fuel containing the

fission gas. Changes in the mechanical state of the fuel caused by volumetric

expansion are reflected in changes in intragranular fission-gas swelling and

release. These changes in :urn are reflected in the mechanical state of the

fuel. Consequently a strong coupling between the mechanical-behavior and

fission-gas modules exists. In the present instance an additive scheme is

utilized to determine total hydrostatic pressure in the fuel. Internal pres-

surization due to fission-gas redistribution is added to the pressure calcul-

ated from a knowledge of the fuel stress state. This summed quantity is then

fed back into PFRAS to result in updated conditions, from whence new values of

gas swelling and release can be obtained. These new values are in turn passed

to the mechanical-behavior module to be used in updated hydrostatic-pressure

determinations, and so forth. Inclusion of such interaction produces very

different results than otherwise would obtain from their neglect.
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F. Module Verification

As noted in the introductory Section of this chapter, the present mechan-

ical treatment is not as detailed as the earlier discussed thermal and fis-

sion-gas treatments. The term "verification" must therefore be used in a

loose sense. Consequently, qualitative, rather than quantitative, verifica-

tion is to be sought.

Comparison is made with the FPIN code7. This code provides transient,

one-dimensional, multiaxial-node fuel-clad-mechanics information with thermal

calculations optional. Fuel cracking is calculated explicitly. Due to the

axisymmetric character of FPIN, the comparison FSTATE calculation is also

axisymmetric. The calculations are both thermoelastic with no fission-gas

swelling effects considered. Parameters of interest are listed in Table IV.

TABLE IV.

PARAMETERS USED IN VERIFICATION OF THE MECHANICAL-BEHAVIOR MODULE

Fuel Inner Radius 1.5 x 104 m

Fuel Outer Radius 2.54 x 101 m

Clad Outer Radius 2.921 x 10-1 m

Initial Fuel-Clad Gap 0.0 m

Fuel Thermal Expansion 1.55 x 10-5 m/m-K

Fuel Young's Modulus 1.13 x 101 Pa

Fuel Poisson's Ratio 3.05 x 101

Clad Thermal Expansion 2.24 x 10r5 m/m-K
Clad Young's Modulus 1.287 x 10I Pa

Clad Poisson's Ratio 3.25 x 101

Plenum Pressure 1.013 MPa

Figure 13 presents cladding radial deformation as calculated by both

codes. A thin-clad treatment was used to calculate cladding stress. As no

initial fuel-clad gap was assumed, this deformation is equivalent to that

experienced by the outer fuel radius. FSTATE is seen to predict somewhat

higher values (15%) than FPIN. This difference can readily by explained by

reference to Sect. B above. From (19) the circumferential stress in the

wedges of cracked fuel is taken to be constant. Such an assumption can only



be regarded as an approximation. In

actuality this stress varies radially.

Toward the center of the fuel it tends

to be negative, whereas toward the

outer regions of the fuel it tends to

be positive. By assuming the stress

to be constant, a single, usually

negative, value results. Consequently,

when used in (25) to ascertain the

outer fuel radial displacement, an

error in estimation occurs. The

integral involving the circumferential

stress is seen to provide a positive

contribution to radial deformation if

the circumferential stress is nega-

tive, and vice versa if it is positive.

Since the actual stress varies in sign

across the radius, its total contribu-

tion can easily be less than if the

stress is held to a constant, negative

value. That the effect of the error

is minor is attributable to the fact

that the thermal-expansion term in

(25) dominates radial deformation.

Azimuthal stress provides only a weak

secondary contribution.

Figure 14 presents the inter-

facial fuel-clad pressure. Again,

FSTATE prud icts high values relative

to FPIN. Since the formulation used

direcLly couples clad (in this case,

outer fuel) deformation to interfacial

pressure such overprediction is to be

expected. Its magnitude is that of

the overprediction in clad deformation.
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As noted in the introductory paragraph to this Section rigorous verifi-

cation of the mechanical-behavior module is not the goal of this exercise.

The models employed are simplified and can only be used for qualitative

comparison. Nevertheless, the reasonable agreement between FSTATE and FPIN

serves to vest confidence in the ability of the mechanical module. Despite

its shortcomings it can furnish insight into the mechanical state of the fuel

and cladding, and can -also provide a means of assessing the effects of fis-

sion-gas swelling.



V. CLOSURE

A. Summary of FSTATE Code

In the preceeding chapters, the FSTATE code, providing a transient, two-

dimensional capability for fuel-behavior analysis has been described. This

code provides for (r,O) calculation of heat transfer, fuel and cladding

mechanics, fission-gas release and redistribution, and intragranulai swelling.

The modules which calculate heat transfer and fission-gas-related quantities

are truly two-dimensional, solving the finite-difference equations by an

Alternating Directions scheme. However, the mechanical module is more rudi-

mentary. Fuel mechanical response is limited to calculation of independent

wedges separated by cracks, each of which behaves essentially independently of

the others. This mechanical treatment is considered to be an interim measure.

A finite-element treatment developed by Rossow13 is available and will be

incorporated into FSTATE.

The heat-transfer module provides the capability to represent the effects

of azimuthal variations in cladding-to-coolant heat transfer, gap conductance,

and power generation. Variation in these quantities with time can be accommo-

dated. The fission-gas-behavior module provides for calculation of local gas

release and swelling as indicated by the local temperatures and temperature

gradients. Two-dimensional gas redistribution is calculated, including the

effects of radial cracks and cladding failures. Thus, rates of gas release

through failures can be estimated for various geometry and parameter assump-

tions. Effects of failure on swelling can be calculated. Even in its simpli-

fied state, the fuel-mechanics module allows estimates of the effect of azi-

muthal variation in fuel temperatures and swelling on fuel-cladding interface

pressure. Feedback from the mechanics module to the other calculations is

included through the effect of local hydrostatic pressure on fuel swelling.

The cladding treatment is somewhat more complete than that for the fuel, and

it reflects local variations in loading. In principle, the effect of asymme-

trics on time and location of failure can be estimated.

B. Illustrative Application

Calculations have been performed Lo illustrate the capabilities of the

FSTATE code when applied to analysis of a TOP accident. Conditions represon-

tative of TREAT test E714 were chosen, as this test incorporated many of the

features which FSTATE is intended to model. No attempt was made in these

calculations to match FSTATE results to experiment, as the purpose was to
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illustrate the code capabilities. Certain assumptions are made which will

tend to produce early prediction of failure, such as zero initial gap, an

average hoop stress value, and plane strain.

The E7 test was a simulation of a 3$/s TOP accident in FTR. It comprised

six peripheral pins surrounding a central pin, all immersed in flowing sodium.

All pins were preirradiated in EBR-ii at high power to a nominal burnup of 4.5

a/o. Azimuthal as well as radial power skews existed in the peripheral pins.

The central pin was azimuthally symmetric in power production. On the whole,

greater power production existed in the outer peripheral pins than in the

central pin, which was shielded by the peripheral pins. Well-developed central

cavities existed in all pins, as did radial fuel cracks.

Two FSTATE calculations were performed for E7. One involved the azimu-

thally symmetric central pin. The other involved an "average" peripheral pin.

COBRA values for coolant temperatures were used as input. Calculations suggest

initial failure occurred in the peripheral pin at 7.21 s. Failure in the

central pin occurred somewhat later, at 7.325 s. In both cases failure occurred

prior to fuel melting, and was due to differential thermal expansion and

fission-gas swelling in the fuel. These times are to be compared with an

experimentally inferred time of 7.45 s. As expected, this time is somewhat

later than that theoretically calculated.

Figure 15 shows an azimuthal

profile of the outer fuel temperature

at 7.45 s (i.e., postfailure). The

well-developed azimuthal variation in '

the peripheral pin has two causes. A

general trend for azimuthal symmetry

is due to the asymmetric power gener-

ation noted previously. This asymmetry

existed throughout the duration of the

test and, hence, its impact was felt

throughout. At failure an additional

asymmetry developed due to localized

heat-transfer loss at the cladding

breach. The loss of heat transfer pro-

duced the noticeable temperature rise in

1400
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CENTRAL PIN
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Fig. 15. Poe tfaiture Azimuthal
Temperature Profile for
Teaot E.

the angular region less than 100.

Compared with the peripheral pin, the central pin provides little evidence of

PERIPHERAL PIN

E7. OUTER FUEL TEMPERATURE, 745 s
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azimuthal asymmetry. This is due to the fact that no initial asymmetric

heating existed prior to cladding failure, thereby ensuring a symmetric pre-

failure temperature distribution. Subsequent to failure, loss of heat trans-

fer at the failure location introduced a localized asymmetry. However, since

central-pin failure antedated peripheral-pin failure, asymmetric heating at a

particular time was not so pronounced in the central pin.

Figures 16 and 17 present azimu-

thal intraporosity-fission-gas pressur-

ization at the interface between the

fuel and cladding. Figure 16 shows

prefailure conditions and Fig. 17

illustrates postfailure values. In

both cases, substantial azimuthal

asymmetries obtain. Figure 16 depicts

several different types of asymmetries

for both the central and peripheral

pins. For both pins four radial

cracks were assumed to penetrate from

the fuel surface to the central cavity.

As the figures present only a half-

plane, two cracks are shown to be

acting in both Figure 16 and 17. The

wedges of fuel defined by these cracks

are not identical in volume. As a

consequence, a slight asymmetry in

pressurization exists, even for the

nominally symmetric central pin. This

is evident in Fig. 16, where maximum

pressurization in the two larger

wedges of the central pin exceeds that

of the smaller wedge. For the peri-

pheral pin this particular asymmetry

is further exacerbated by the presence

of asymmetric power production in the

fuel.

fuel.
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large wedges (at 0 and 1800) which are of equivalent volume. Notice that for

the central pin no such difference arises. In both the central and peripheral

pins the effect of fuel cracks is pronounced. In both cases, differences in

pressurization between the wedges and their adjoining cracks is several tenths

of a MPa.

Figure 17 shows the same azimuthal pressure profiles after clad failure.

In these cases, loss of pressure at the point of failure (0*) is clearly

evident. The peripheral pin, having failed earlier, is seen to have suffered

the greater loss. Pressure in the wedges away from the failure location iie for

the most part unaffected. This is due to the manner in which gas flow to fuel

cracks is modeled. From the discussion in Chapter III concerning crack treat-

ment it is evident that insofar as each wedge is concerned, it acts indepen-

dently of each adjoining wedge due to the presence of the intervening radial

crack. These cracks, being modeled as constant-pressure sinks, serve to

decouple adjoining wedges.

Figure 18 presents azimuthal 6.0 ~ E7' CLAD RADIAL DEFORMATION, 7.45 ~

distributions of the radial deformation 2 so -

experienced by the cladding following 2 40 PERIPHERAL PIN

failure. (Deformation due to plastic 3
. -3.0

instability is not considered.) Since 5
$ 2.0 --

no initial fuel-clad gap was assumed, - CENTRAL PIN

this also is the radial deformation of 1.0

the outer fuel. Little azimuthal
0 20 40 60 80 100 120 140 160 180

variation occurs. A gradual increase AZIMUTHAL ANGLE, degrees

in deformation is noted in the case of Fig. 18. Postfailure Profile for

the peripheral pin, but is not noted Azimuthal Cladding Defor-
mation for Test E7.

for the central pin. Consequently,

this increase in the case of the peripheral pin must be ascribed to the effect

of the azimuthal asymmetric temperature distribution inherent in the pre-

failure fuel. Although this prefailure asymmetry is relatively minor, its

presence can serve to define a site of cladding failure. Jo such definite

assignment can be made for the symmetric central pin.

These calculations illustrate the range of capabilities of the FSTATE

code. While it is clearly premature to draw conclusion from the limited

applications of the code, one sees that cladding failure can have an important

effect on the fuel and cladding conditions. Similarly, if the heat generation
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and boundary conditions are sufficiently asymmetric, noticeable effects can be

realized. However, these asymmetries seem to be less than those associated

with failure. Further, the asymmetries estimated for the peripheral pin in

the above calculations do not appear to be major. An exception is the clad-

ding temperature and deflection, which will combine to localize the Zailure.

Thus, two-dimensional analysis seems most important in study of the events

associated with and following failure.

C. Recommendations for Future Work

Future FSTATE-code development should focus on three areas. First, a

more sophisticated mechanics model is needed to treat fuel, especially follow-

ing failure. In order to establish reasonable time delays for molten-fuel

motion, one must investigate the behavior of fuel and cladding in the failure

zone as they restrain molten fuel in the cavity. Significant progress has

already been made in finite-element modeling related to this problem. Second,

a treatment of molten-fuel motion through cracks is needed. Experimental

evidence suggests that this is an important phenomenon, even though the amount

of fuel moving may be small. This model must account for the crack width

which must come from tce mechanical model. A parametric approach may be

needed here due to the complexity of the problem. Some progress has also been

made in this area. Third, a coupling must be made between one-dimensional

calculations of the whole fuel pin and the two-dimensional calculations of a

single elevation. This coupling is necessary to calculate proper molten-fuel

pressures and axial loading, as well as motion of molten fuel to the failure

zone.

A number of other areas require clean up work, such as subroutines for

the fuel and cladding, and gap-conductance equations. However, these areas do

not represent substantial modeling advances.

In spite of its limitations, the FSTATE code offers a capability not

otherwise available for two-dimensional (r,O) calculation of fuel behavior

during transients. It is a useful first step towards understanding and

modeling the process of fuel ejection following failure.
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