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ABSTRACT

The methodology used to develop the LMFBR carbide/nitride fuels code,

LIFE4-CN, is described in detail along with some subf eties encountered in code

development. Fuel primary and steady-state thermal creep have been used as .in

example to illustrate the need for physical modeling and the the need to recognize

the importanoe of the materials characteristics. A self-consistent strategy

for LIFE4-CN verification against irradiation data has been outlined with emphasis

on the establishment of the gross uncertainty bands. These gross uncertainty

bands can be used as an objective measure to gauge the overall success of the

code predictions. Preliminary code predictions for sample steady-state and

transient cases are given.

*Work supported by the U.S. Department of Energy.
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1. INTRODUCTION

LIFE4-CN is a combined code for steady-state and transient performance

analyses of mixed-carbide (U, Pu)C and mixed-nitride (U,Pu)N fuels in the

advanced Liquid-Metal Fast-Breeder Reactors (LMFBRs). The code is based on the

combined code, LIFE-4(SZL41), assembled at Argonne National Laboratory (ANL)

for steady-state and transient performance analyses of mixed-oxide (U, Pu)0_

fuels. In addition, both UNCLE (ANL) [1], and LIFE-3C (Westinghouse, WARD) [2J

provided guidelines for incorporating the relevant models and properties of

mixed-carbide/nitride fuels into LIFE4-CN.

In this paper, we shall summarize the work done during the development of

LTFK4-CN. Specifically, we shall describe the overall code structural changes,

models and properties, test cases and the methodology for code verification.

*Work. supported by the U.S. Department of Energy.



In each of these areas, our aim is to show a rational approach to code develop-

ment in which the strengths and weaknesses of the behavioral models of the materials

are equally considered, the model develcnment and computer implementation are

equally emphasized, and finally, an outline is made for a self-consistent strategy

in performing code verification against the irradiation data.

2. OVERALL CODE STRUCTURAL CHANGES

LIFE4-CN retains the same code structure as LIFE-4(SZL41). Billone and

Zawadzki have described [3] the changes made in generating LIFE-4(SZL41) from

the developmental version of the steady-state LIFE-4 cod , L4PL41, the transient

LIFE-4 code, L3PL3, and an optimized version of LIFE-4, SZLF4 [4], created at

ANL in February 1978. The major coding changes in LIFE-4 (SZL41), hence in

LIFE4-CN, involve the elimination and recombination of old subroutines into new

subroutines, the creation of new subroutines, and extensive coding reorganization.

In many cases, the motivation for coding modification is the improvement of code

efficiency as well as the anticipation of future demands for overlaying the code.

Within the context of the overall code structural modifications, perhaps the

most significant computational improvement in LIFE4-CN is its capability for

combined steady-state and transient fuel-performance analyses. The code can now

be run in one job step for problems that undergo a series of uternate steady-

state and transient power histories. Prior to this modification, a change from

the steady-state to the transient mode (or vice-versa) necessitated storage of

intermediate results on a tape in order to continue the analysis of the problem.

Since LIFE4-CN is based on the assumption that the thermal and the mechanical

analyses can be decoupled within a small analysis time step (internally chosen

and generally much smaller tha.. the history-card time step), the major difference

between the steady-state and transient analysis modes is the temperature calcula-

tion; i.e., heat capacity enters for the transient, but not for the steady-state



mode. The code selects the steady-state or transient mode through a specification

on a history card which also contains pin power and coolant temperature. The

fuel-pin geometry at the beginning of the analysis time step and the power and

coolant conditions at the end of the time step are used to calculate temperatures

and temperature-dependent (but stress-independent) quantities at the end of the

time step. These quantities are then used to determine self-consistent stresses,

thermoelastic strains, incremental changes in inelastic strains, and displacements

at the end of the time step. The fuel-pin geometry is updated after mechanical

convergence has been obtained for calculation of temperatures for the next time

step. A consistency check is made on the gap-conductance values calculated for

the old and the new geometry to ensure that the decoupling is a reasonable

approximation for the internally chosen time step. With the decoupling assumption,

the mechanical analysis is basically the same for both the steady-state and

transient histories. Chow and Shack [5] have developed a classical plasticity-

analysis algorithm, and this analysis capability permits one to switch from low

strain-rate (i.e., creep, swelling) to high strain-rate (plasticity) deformation

models if the p-oblem warrants it.

The decoupling assumption would no longer be valid for a very fast transient

with fuel melting. Under these circumstances, the mechanical coupling term in

the energy equation and the inertia terms in the equation of motion may have

to be included [6]. tor most design-basis in-reactor transients, however, the

transient durations are much larger than the thermal time constant of the fue], and

the heating rates are mild enough to justify the decoupling assumption.

For steady-state histories, the Poisson equation (with heat source) and

the Fourier equation (with no heat source) are solved, respectively, for fuel

and cladding temperature distributions. For transient histories (chese include

histories with relatively small time stej"•? compared to the thermal time constant

of the fuel), the general heat-conduction equation is solved. Heat transfer



across the fuel-cladding gap and across the cladding-coolant interface are treated

the same way in steady-state and transient analyses through conservation of energy.

In LIFE4-CN, the thermal analysis has been arranged so that the quantities

required for both steady-state and transient thermal analyses are computed first.

Depending upon the analysis mode, i.e., steady-state or transient, the temper-

ature distributions are then calculated accordingly. When either of these two

modes of analyses is completed for a time step, the code proceeds through the

mechanical analysis before entering the next calculational time step.

We wish to remind that both the steady-state and transient heat-transfer

analyses in LIFE4-CN are applied only to heat flow in the fuel-pin radial direc-

tion, with axial and azimuthal heat transfer in the interior of a fuel pin

neglected. The numerical method for solving the transient heat-conduction equa-

tion is an explicit finite-difference scheme adapted by Roth [7] from the ARGUS

code 'eveloped by Schoeberle et al. [8], For transient irradiation experiments

conducted in a static TREAT capsule, an option is being developed in LIFE4-CN to

calculate the transient temperatures by taking into account t ^ expanded cylindrical

configuration and the static environment of the TREAT capsule.

3. MODELS AND PROPERTIES

Tables 1 aud 2 list the properties and models considered in LIFE4-CN. Most

items on these lists are similar to those described in the LIFE-III User's Manual

[9], and hence do not require any further discussion. In this section, we shall

first make a few general observations on the considerations involved in the

model development and computer implementation. We believe the two are intimately

related and are essential to the appreciation of both the strengths and the

weaknesses of the code. We will also give a specific example related to the new

model developments in LIFE4-CN to illustrate the general considerations.



3.1 General Considerations

The various models used in LIFE4-CN have been developed mostly on the basis

of either out-of-pile or in-pile experimentation. Typically, these experiments

were performed under a controlled test environment, and were designed to isolate

a specific subject for investigation (creep, swelling, etc.). Because they are

mostly subject-oriented, they may be called separate-e"fects studies. The range

of test variables in these separate-effects studies seldom spans the entire

spectrum needed, and the characteristics of the test samples (materials composition

microstructure, etc.) are often representative of a rather restricted group of

materials, which may or may not be the materials actually used in service.

Given the above situation, several general considerations in model develop-

ment and computer implementation become apparent. First, to be able to extrapo-

late with some confidence outside the data range, one should use physically

based models in representing the data. Second, one should understand the various

assumptions and limitations in the existing analytical framework, within which the

physical models and property correlations are to be incorporated. This under-

standing is essential in order to use the code properly and to interpret the

results obtained. For example, the reduced mrdulus approach [9] and the accompany-

ing algorithm developed for fuel-cracking analysis in LIFE-4 is an attempt to

model a cracked fuel wit'i an "equivalent" homogeneous and isotropic material.

This approach simulates fuel relocation and weakening, which necessarily occur due

to fuel crackine, but does not account for the local cladding stress and strain

concentrations induced by the fuel cracks. Third, when the materials character-

istics differ from those of the test samples, the knowledge on the trends of

changing materials behavior with deviations in the materials characteristics is

required to assess whether the physical models will over- or underestimate the

materials behavior. Frequently, judgments based upon circumstantial evidence may



have to be made, and examples of that are given in Sections 3.4 and 3.5. Fourth,

the synergistic interplay among the various separate effects can only become evident

in integral fuel-pin-irradiation experiments.

3.2 Examples of Major New Developments

As mentioned earlier, many of the properties and models in LIFE4-CN are

similar to thoje in LIFE-III. A large part of the modifications necessary for

mixed-carbide/nitride fuels analyses has been nade in a single subroutine,

CONSTS, in LIFE4-CN. This subroutine now contains more than 250 values for

physical properties and materials constants of the fuel, cladding and coolant,

as well as for the code adjustable parameters to account for experimental

uncertainties. The large set of property values arises from the separate sub-

sets of property values for the various code options (.i.e., two fuel options,

five cladding ODtions, and two bond options, etc.). For each fuel-cladding-bond

combination, the code automatically retrieves the appropriate properties and

uses the relevant models to perform the analysis. The code is therefore compact

in that no redundant algorithms are programmed. In its present form, suLroutine

CONSTS can also be easily expanded for other fuel systems such as blanket fuels

and metal fuels.

The major new developments in LIFE4-CN are in the areas of fuel cracking

and crack healing, fuel thermal creep, and the treatment of advanced cladding

alloys. Except for the advanced cladding alloys, where properties and model

correlations were taken as is (because the data are not published), we have gone

through the first three general considerations mentioned in the preceding section.

In the following, the work on fuel thermal creep will be used as an illustrative

example.

3.3 Fuel Thermal Creep

Table 3 summarizes the thermal-creep study on mixed-carbide fuel pellets

performed by Singh [10]. The sample characteristics and the range of test



variables (stress and temperature) are of special significance, but we will defer

our discussions until later. Singh developed two equations for the primary and

steady-state thermal creep:

•th . m-1 I Q l \ /1N
Ep = Al a C 6XP " i f • (1)

and

.th 3+0.5 / Q2
Ess = A2 ° exp " RT

where a, t, T, and R are the stress, time, temperature, and universal gas constant;

e , 0., A and m, and e , Q9, and Ao are the strain rates, apparent activationP l l ss z z

energies, materials constants, respectively, for the primary and steady-state

thermal creep. Based on the stress exponent of 3 in Eq. 2 and the value of

the apparent activation energy, Singh concluded that the steady-state thermal

creep within the range of test temperatures and stresses is likely to be governed

by the Nabarro dislocation climb mechanism, with the extrinsic diffusion of

uranium in the fuel matrix as rate controlling. However, Singh also indicated

that, based on the stress exponent alone, the Weertman dislocation glide mechanism

controlled by solute drag cannot be ruled out definitely.

From Eqs. 1 and 2, the following equation is written to represent the creep

behavior of mixed-carbide fuels in LIFE4-CN:

eF = A1(l + F1P) exp(-Q1/RT)at
Tn~1 + A2(l + F2P) exp(-Q2/RT)a

n + BFa ,

(3)

where an additional component due to fission-enhanced creep, BFa, is added with

F being the fission-rate density; and the dependence of the total fuel creep-



strain rate, e , on the fuel porosity, P, is also added with F , Fo and B beingF 1 ^

empirical constants. The creep strain-rate dependence on porosity has been

observed for ceramic materials and has to be included because of the rather high

porosity-content (up to ̂ 20%) fuels that are used in the mixed-carbide irradiation

experiments.

The measurements of creep are usually done at constant temperature and

stress and the total creep obtained to time t can be given by the integral of

Eq. 3:

eF = Ax(l + F^V) • expC-O^RT) • a • (t)
m/m

+ A2(l + F2P) exp(-Q2/RT)a
nt + BFat . (4)

In a reactor the temperature and stress vary and the appropriate effective time t*

can be obtained numerically from Eq. 4 using the final values of temperature T

and stress, a*, and accumulating the equivalent creep strain £. on the left side

of Eq. 4, without regard to changes in "direction" (i.e., using the assumption of

strain hardening).

In case of steady-state creep, LIFE code first estimates the best total

strain in each structural region simultaneously, as determined by the current

iterative sequence of elastic calculations. Then (previous to checking this

estimate) it determines consistent stresses (and inelastic strains) in each

structural region separately, using the Newton-Raphson procedure. In this procedure,

the root of an explicitly given function is found numerically by assuming linear

behavior of this function in the neighborhood of the approximate value of the

argument and improving this value through a solution of the resulting linear

T To

equation. Thus, in LIFE the estims'.; of the change of total strain (e - e ) and

the elastic strain, e , at the beginning of time interval yields



. T To, eo , n no. e ....
(e - e ) + e = (e - e ) + e (5)

and provides the estimate of the sum of change of nonelastic strain (e - e )

and final elastic strain e . The deviatoric portion thereof

ed = a*/3G + e(a*,t*) • At , (6)

where G is the shear modulus, furnishes us with an equation for calculating the

final deviatoric stress a*. If the creep rate e depends on effective time t*, a

second equation is needed for determining the two unknowns. Equation 4 supplies

that information. The creep experienced during the present time step is as

used in Eq. 6, the effective creep strain accumulated before the present time

step is reached is known numerically, and Eq. 4 can be written as

G1(a*,t*) = 0 , (7)

where G is a known function of a* and t*. Equation 5 can also be written as

a known function

G2(a*,t*) = 0 . (8)

An essential part in Newton-Raphson solution scheme [12] is the use of partial

derivatives G. and G. defined by

G±a = 8G../3a, i = 1,2 , (9).

and

Git E 3G-;/3t> i = 1,2 , (10)

where the G.'s are given in Eqs. 7 and 8. The difference in the primary creep

equations between the mixed-oxide fuels used in LIFE-4(SZL41) and the mixed-

carbide fuels (Eq. 3) requires that all partial derivatives G. and G , i = 1,2,
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in LIFE-4(SZL41) be rederived. Similar modifications have also been made to

the treatments of strain rate approaching infinity as t approaches zero in EGI. 3,

and of strain-rate discontinuity at t = t , where t is an arbitrary, small time
o o

step introduced to overcome the strain-rate infinity problem. Both numerical

problems have been resolved by Sundquist [11] and will not be discussed here.

In the following, the significance of the sample characteristics and the

range of test variables will be discussed in terms of the ability of the physical

models to be extrapolated outside the data range. Again, we will use fuel thermal

creep as an example, but the discussion also applies to other models.

3.4 Significance of the Range of Test Variables

The governing mechanism for materials plastic deformation depends strongly

on temperature [13]. At intermediate temperatures, 0.3 < T/T < 0.5, where T

m m

is the materials melting point, and at moderate stress levels, the plastic

deformation of materials is often assumed to be governed by a dislocation climb-

and-glide mechanism for which a power-law stress dependence is frequently observed.

However, at temperatures above 0.5T/T and/or lower stress levels, where diffusion
m

becomes more important, a stress exponent of one often prevails in ceramics, and

the diffusion-controlled mechanisms are usually assumed to be Nabarro-Herring

creep and Coble creep for plastic flow in the materials matrix and along grain

boundaries, respectively. Singh's thermal-creep experiments were conducted at

0.5 < T/T < 0.65. Although his power-law creep equation (Eq. 2) appears to

represent the test data well, Eq. 2 is not expected to holr1 at higher temperatures.

Therefore, under high-power, high-temperature fuel-pin operating conditions, there

will be uncertainties in applying Eq. 2 for extrapolation. Additional thermal-

creep experiments extending to the higher temperature regime should be performed.

3.5 Significance of Sample Characteristics

With regard to the sample characteristics, note that even with small

deviations in the stoichiometric ratio (C/M or N/M) and impurity content, orders-
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of-magnitude variations can result in the elastic, diffusional and mechanical

properties [14]. For example, Matzke and Bradbury [15] found distinctively

different microstructures in the hyper- and hypostoichiometric uranium carbides.

A typical Widmanstatten structure of UC~ needles dispersed in the UC matrix was

observed for hyperstoichiometric UC ,., whereas free uranium metal was seen to

segregate at grain boundaries for hypostoichiometric UC- „. With these greatly

different microstructures, UC ,_ and UC q~ can be expected to exhibit different

mechanical behavior. Another example of the importance of microstructure is

related to the presence of a second phase, such as sesquicarbide (U^C.,), in

the fuel matrix. The fuels that are actually used in the mixed-carbide irradia-

tion experiments in the EBR-II Reactor typically contain 6-10 vol % U_C_. These

fuels are quite different from the single-phase test samples used by Singh. In

his therml-creep study using uranium carbide single crystals, Matthews found

the primary creep strains always larger for single-phase specimens than •"" se

specimens with changing structure during the tests [16]. Although the grain-

boundary contribution to the overall creep deformation cannot be discerned from

Matthews' single-crystal work, the effect of a second phase (U2
C,) on creep

deformation can probably be deduced on the basis of a precipitation-hardening

type argument. Equation 2, therefore, is likely to overpredict creep deformation

when it is applied to fuels containing a second phase.

The discussions in Sections 3.1-3.5 have illustrated the general consider-

ations required in the model development and computer implementation. The

synergistic interplay among various effects will be discussed after the test-

case results are presented in the following section.

4. TEST CASE

The test case used to check the steady-state and transient-analysis capa-

bility of LIFE4-CN is a helium-bonded, mixed-carbide fuel pin (K6B-86) irradiated
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in EBR-II at relatively low linear power (70 kW/m) up to a peak burnup of 6.2 at.%.

The same pin was subsequently used in the transient TREAT experiment as HC-2,

where the peak pin power and the maximum fuel centerline temperature had reached

164 kW/m and ^1600°C, respectively. The LIFE4-CN results were compared to both

postirradiation-examination (PIE) data and the results obtained from the UNCLE-T

code.

In comparing LIFE4-CN results to UNCLE-T results, one must note that UNCLE-T

has been verified against data from a set of fuel pins (including K6B-86).

LIFE4-CN, although using the same adjustable parameter values as those in UNCLE-T,

contains a number of improved models, properties correlations, and user conveniences.

Some of the updated properties correlations (e.g., thermal conductivity and

thermoelastic constants) differ from the older correlations used in UNCLE-T

by 10-20%, while others (e.g., fuel creep, cracking, and healing) differ by as

much as an order of magnitude. Thus, models such as fission-gas release and

swelling will behave differently in LIFE4-CN than they do in UNCLE-T because they

are receiving different input variables (e.g., temperature).

Generally speaking, the agreements between the LIFE4-CN and UNCLE-T pre-

dictions are reasonably good, considering the various changes made to LIFE4-CN.

However, the fission-gas release p-edictior. is a factor of 2 higher in LIFE4-CN

than in UNCLE-T. The reason the calculated fission-gas release is considerably

higher in LIFE4-CN than in UNCLE-T appears to be as follows: The fuel centerline

temperature calculated by LIFE4-CN (Fig. 1) becomes increasingly larger than that

calculated by UNCLE-T toward the end of K6B-86 steady-state run. Although not

shown in Fig. 1, the same trend is also true for the ring-averaged fuel temper-

atures. The key parameters in the current semiempirical fission-gas release

model in LIFE4-CN are the gas-bubble migration velocity (with surface diffusion

being the assumed governing mechanism) and the concentration of the short-cir-

cuiting paths for gas release such as grain boundaries, dislocations, and micro-
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cracks [9]. Both of these parameters are expressed as exponential functions of

temperature, with the activation energies and the preexponential factors treated

as adjustable parameters. Theory [17] suggests that an estimate for the activa-

tion energy of surface diffusion, Q , may be obtained from data on the heat of.

vaporization, AH^ , of the fuel (i.e., 0 = -ir AH ) . Whether the concentration of

sliort-circuiting paths can be reasonably represented by an exponential function

of temperature requires further investigation.

It is much more complicated to account for the discrepancy observed in the

calculated fuel centerline temperatures. We have checked the variati' . of the

radial gap sizes and the gap-conductance values as a function of burnup. The

fuel centerline temperatures are consistent with these variations, but the relative

influences of the various factors that determine • .i<~ gap size and gap conductance

have yet to be sorted out. Several factors probably contributed to the discrepancy.

With regard to gap size, the main factors are fuel thermal expansion, fuel cracking

and healing, and fuel thermal creep. With regard to gap conductance, the main

factors (in addition to gap size) are fission-gas dilution effects when the gap

is open and fuel-cladding contact pressure when the gap is closed. Many of

these factors are interrelated, and more work is required to differentiate between

their roles.

The comparison between the LIFE4-CN and UNCLE-T results also yielded clues

indicating that the new models in LIFE4-CN are performing adequately. For fuel pri-

mary thermal creep, we notice that the stresses in the fuel calculated by LIFE4-CN

are lower than those calculated by UNCLE-T, which does not contain a primary

thermal-creep component in its analysis. Also with LIFE4-CN, the rate of stress

reduction diminishes with increasing burnup, indicating the saturation of primary

creep strain under steady-state operation. The fuel-cladding contact pressure

during fuel-cladding mechanical interaction is lower in LIFE4-CN than in UNCLE-T,

which again indicates a partial creep relaxation from the primary thermal-creep
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component. Finally, by comparing the total thermal-creep strain to the fission-

induced creep strain, we found that the latter dominates. This is reasonable

since the life- and the volume-averaged fuel temperature is below 1200°C [14].

At this temperature, crack healing is not significant, and LTFE4-CN supports that

conclusion.

Even though LIFEA-CN uses an explicit scheme, whereas UNCLE-T uses an implicit

finite-difference scheme (adapted from the BEHAVE-SST code [18]) in transient-

temperature calculations, the agreement between the two is satisfactory, as shown

in Fig. 1. The offset in the transient peak temperatures is about the same as

the offset in temperatures at the end of steady-state i-neration. Although a

smaller time step is usually required for an explicit scheme than for an implicit

scheme to ensure numerical stability, the penalty on computing cost is negligible

for an HC-2 type transient.

After detailed examination of the test-case results, we are satisfied with

the performance of LTFE4-CN, and the code is ready for verification against the

integral fuel-pin irradiation data.

5. VERIFICATION METHODOLOGY

There is often a misunderstanding about the procedure involved in code

verification, primarily because of its direct connection to the use of adjustable

parameters in certain models to produce good agreement with the data. In this

section, we will try to correct the misunderstanding by showing the need for such

parameters, and by outlining a self-consistent strategy in performing code

verification.

We believe there are three main reasons that make the use of those adjustable

parameters a necessity. First, the mechanistic content of the various models

in the code is not necessarily well balanced, but can range from detailed mechan-

istic models and semiempirical models to purely empirical correlations. The

reason for such a mixed nature of models may be either due to our present lack
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of understanding of the phenomena, or due to the difficulty in performing and/or

analyzing prototypical experiments. Second, as most fuel pins in the irradiation

experiments deviate somewhat in materials characteristics (e.g., stoichiometry

and microstructure) from the test samples in the separate-effects studies, one

can expect differences in behaviors. Third, even without the above shortcomings

ard with all mechanistic models developed from separate-effects studies, one is

still uncertain about the synergistic interplay among the various separate

effects. As we mentioned earlier, this synergistic interplay can onljr become

evident from integral-fuel-pin irradiation experiments.

In LIFE4-CN verification, a set of fuel pins is selected from the irradiation

experiments (Table 4) that represent a wide range of fuel-pin characteristics

(e.g., fuel density, gap size, pin diameter, cladding type), and operating

variables (e.g., pin power, cladding temperature, burnup). The adjustable para-

meters in the code are fine-tuned to produce the best overall agreements between

the code predictions and the PIE data of these selected pins. Since these

adjustable parameters are mostly in the semiempirical models, it is often possible

to establish physical bounds such that these parameters cannot and should not

be altered indiscriminately. An example of this has already been given on the

activation energy of surface diffusion used in the fission-gas release model in

LIFE&-CN (see Section 4).

For certain types of PIE data such as fission-gas release and fuel re-

structuring, one can adjust relatively few parameters in the associated models to

obtain agreements for each selected verification fuel pin. However, it is very

difficult to ascertain the exact roles of the various models (let alone their

adjustable parameters, if any) on the gross cladding deformation -measured at the

end of irradiation. An important part of LIFE4-CN verification is therefore to

establish an objective measure to gauge the success of the code predictions

against the data of all the selected verification fuel pins. One way of doing
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this is to establish gross uncertainty bands during verification in terms of the

measured key fuel-performance indicators sucn as fission-gas release and cladding

strain measurements, etc. By following physically sound guidelines and by a

judicious selection of the values of the adjustable parameters, one should be able

to narrow these gross uncertainty bands somewhat. Having done so, one should also

compare the gross uncertainty bands, on a normalized basis, to the uncertainty bands

in the individual models. This will give indications as to whether the uncertain-

ties in the individual models (developed from separate-effects studies) offset each

other when the models are interacting, or the uncertainties in the individual models

accumulate.

Figure 2 is a schematic diagram illustrating the concept of the gross uncertainty

bands to be established in the LIFE4-CN verification procedures. Note that we have

divided the ongoing verification work into phases I and II, largely because of the

current availability of the PIE data. After phase-I verification is completed and

we are satisfied that the models in LIFE4-CN perform adequately, a separate set of

fuel pins (independent of the phase-I pins) will be selected to test the predictive

capability of LIFE4-CN. Ag^in, these phase-II verification pins will be chosen

from irradiation experiments that represent a wide range of fuel-pin characteristics

and operating conditions. During phase-II verification, however, no further change

is made to the adjustable parameters determined from LIFE4-CN phase-I verification.

Gross uncertainty bands for all measured key fuel-performance Indicators will also

be established and contrasted with the gross uncertainty bands obtained from phase-I

verification. It is quite likely that the uncertainty bands in phase-II verifica-

tion will be wider than the corresponding ones in phase-I verification, both because

of the synergistic interplay among the models and also because not all models in

LIFE4-CN are totally mechanistic.

Two things are worth noting In Fig. 2. First, there are three sets of

gross uncertainty bands (for each measured key fuel-performance indicator) that
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correspond to measurements taken at low, medium, and high burnups. These are

the results of the interim and final fuel-pin postirradiation examinations, which

ar1?. usually scheduled at discrete burnup levels. The types of PIE data of direct

interest to LIFE4-CN verification are not always available at each discrete

burnup level because they must be obtained from destructive examinations (e.g.,

fission-gas release, fuel microstructure). Second, the gross uncertainty bands

at high burnup may be expected to be wider than those at low burnup because of

the large uncertainties in the materials behavior at high burnup. Chemical

effects and fuel thermal-conductivity degradation due to fission-product accumu-

lation are only a few examples that can lead to large uncertainties. LIFE4-CN

has taken into account some of these high-burnup effects, but more study remains

to be performed.

The dual function that the procedure illustrated by Fig. 2 performs at the

completion of LIFE4-CN verification can be recapitulated. The figure will

provide an objective measure for the predictive capability of LIFE4-CN in terms of

the measured key fuel-performance indicators. With the selection of verification

fuel pins that cover a wide range of fuel-pin characteristics and operating con-

ditions, one can be relatively certain that, for fuel pins similar to those

used in the LIFE4-CN verification, the code predictions for these pins will be

bounded within the gross uncertainty bands. An additional function that the

procedure illustrated in Fig. 2 performs is to bring to attention the high-

priority areas for model improvement, i.e., whenever the gross uncertainty bands

become exceedingly large.

6. SUMMARY

An approach has been taken in the development of LIFE4-CN, in which both

the strengths and the weaknesses of the code are considered. In addition, both

mechanistic model development and efficient computer implementations are exemplified.

Fuel thermal creep has been used as an example to illustrate the need for physical
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modeling and the need to recognize the importance of the materials characteristics.

From detailed comparison of a test-case results, LIFE4-CN performs reasonably

and is ready for verification against the irradiation data. A self-consistent

strategy for LIFE4-CN verification has been outlined. Here the emphasis is on

the use of physically sound guidelines in selecting the adjustable-parameter values

during verification, and on the establishment of the gross uncertainty bands.

These bands then can be used as an objective measure to gauge the overall success

of the code predictions.
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Table 1. Physical Properties in LIFE4-CN

FUELa BONDb CLADDING0 COOLANTd

Density

Melting temperature

Specific heat

Thermal conductivity

Emissivity

Thermal-expansion
coefficient

Shear modulus

Poisson's ratio

Hardness

Yield stress

Fracture strength

NU

NA

NU

NA

NA

NA

NA

NA

NA

NA

NU

NU

NA

NA

NA

NA

NA

NA

NA

NA

(U,Pu)C and (U, Pu)N.

Helium and Sodium.

C20% CW-316 SS and advanced alloys.

Sodium.

NA = Not applicable, NU = Not used.



Table 2. Physical Models in LIFE4-CN

Thermal Models

Coolant-cladding heat transfer*

Fuel-cladding gap heat transfer*

Restructuring

Pore migration

Plutonium migration

(fuel)

(fuel)

(fuel)

Mechanical and Irradiation Models

Cracking and crack healing

Hot pressing

Fission-gas release

Fission-product swelling

Thermal creep

Fission-enhanced creep

Void swelling

Sodium wastage

High strain-rate plasticity-

Stress rupture and Cumulative damage

Fuel-cladding mechanical interaction

(fuel)

(fuel)

(fuel)

(fuel)

(fuel and cladding)

(fuel and cladding)

(cladding)

(cladding)

(cladding)

(cladding)

*Contains additional physical properties not shown in Table 1.



Table 3. Summary of Thermal-Creep Study on Mixed-Carbide Fuels

Sajnple Characteristics

Stoichiometric (UQ gPu(J ^)C^ Q

Single phase

Theoretical density: 93%

Grain size: 30 vim

Major impurities: oxygen (350 ppm) and introgen (177 ppm)

Experimental Conditions

Constant-load compression creep test

Temperature range: 1300 < T < 1600°C

Stress range: 6.9 < a < 69 MPa

Test duration: 50-70 hours

Data Measurement

Primary creep data: Obtained within maximum sample strain of 2-3%

Steady-state creep data: Obtained near total sample strain of 10%



Table 4. Selected Candidate Fuel Pins for LIFEA-CN Verification (Phase-I)

Fuel Pin
Identification

K6A-52

K6A-61
K6A-62
K6A-53
K6A-64
K6B-91
K6B-82
K6B-89
W32-01
W32-10
W32-20

K4-14
K4-4
K4-1
K7-2

HC-1
HO 2**
11C-3**
SC-4**

fuel
Type

Bond
Tvpe

Cladding
Type

Peak Power
(kW/tn)

Fuel
T(T )°

I

Clad
T(Max.)°C

Burnup
(at.%) Pin Design*

c

c
c
c
c
c
c
c
c
c
c

c
c
c
c

c
c.
c
c

He

He
He
He
He
He
He
He
He
He
He

Na
Na
Na
Na

He
He
He
He

20%CW-316SS
(Core 1)

tt

ii

M

"

II

II

II

N-Lot
Core 4
Core 4

20%CW-316SS
II

tl

U-Lot

2O%CW-316SS
Core 1
Core 1
N-Lot

71

71
66
72
72
70
64
73
106
106
105

69
88
74
78

120
164
249
245

1650
1600
2300
1850

557

557
541
557
557
550
536
563
616
614
613

544
576
551

650
720
970
980

8.4

8.8
12.1
11
12
6
6
12.4
8.1
7.9
8.5

8.0
5.6
9.4
8.4

0.0
6.1
6.1
8.4

(81)(0.13)(7.87)(0.51)

(81)(0
(81)(0
(81)(0
(87)(0
(82)(0
(87)(0
(88)(0
(87)(0
(80)(0

25)(7
25)(7

87)(0.
87)(0,
.87)(0.
87)(0,
,87)(0
,87)(0
,87)(0
,40)(0
.40)(0

•25)(7
.25)(7
.13X7
•25)(7
.29)(9
.29)(9
.13)(9.40)(0.51)

51)
51)
51)
51).
51)
51)
51)
.51)
.51)

(99)(Shrouded)(7.87)(0.30)
(99)(Shrouded)(7.87)(0.30)
(99)(Shrouded)(7.87)(0.30)
(99)(Shrouded)(7.87)(0.38)

(87)(0.25)(7.87)(0.51)
(87)(0.25)(7.87)(0.51)
(87)(0.25)(7.87X0.51)
(99)(Shrouded)(7.87)(0.38)

*(%TD)(Diametral Cap, mm)(Cladding OD, mm)(Cladding Thickness, mm)

**HC-2, 1IC-3, and SC-4 were previously irradiated in EBR-II as K6B-86, K6B-84, and K7-6, respectively.
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Fig. 2. Schematic diagram illustrating the gross uncertainty bands to be established in
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