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ABSTRACT

The metal fuel version of the FPIN2 code' which provides
a validated pin mechanics model is coupled with
SASSYS/SAS4A Version 3.02 for single pin calculations.
In this implementation, SASSYS/SAS4A provides pin
temperatures, and FPIN2 performs analysis of pin
deformation and predicts the time and location of cladding
failure. FPIN2 results are also used for the estimates of
axial expansion of fuel and associated reactivity effects.
The revalidation of the integrated S AS-FPIN2 code system
is performed using TREAT tests.

I. INTRODUCTION

SASSYS and SAS4A computer codes are being
developed as part of the Integral Fast Reactor (IFR)
Program.2 SAS4A mainly addresses the issues related to
severe, core disruptive undercooling and overpower
accidents sequences. SASSYS, on the other hand,
basically simulates primary and secondary coolant loops
and provides a tool for analysis of passive safety response
mechanisms. Both codes share a common object library
which consists of basic thermal, hydraulic, neutronic, and
mechanical analysis modules.

Since fuel element behavior during fast reactor
transients can significantly affect the accident energetics,
an accurate and detailed model for the mechanical
response of the fuel pins is needed in safety assessments.
During transients which lead to overheating of fuel and
cladding, plastic straining of the cladding due to internal
fission gas pressure may result in cladding rupture and
release of fission products to the primary coolant. In
addition to fundamental concern for cladding failure, fuel
axial expansion can also have an important role due to
associated negative reactivity potential.

The FPIN2 is a validated computer code which
provides mathematical models that simulate the fuel and

cladding mechanical response and predicts the fuel
element performance over a wide range of transients.1 It
performs analysis of metal fuel and cladding deformation,
including the impact of fuel-cladding chemical
interactions, and estimates cladding failure locations and
times.

FPIN2 is incorporated into SASSYS/SAS4A code
system for mechanical analysis of individual fuel pins.
This paper summarizes FPIN2's mechanical model and
SAS-FPIN2 coupling methodology, and presents results of
integrated model verification and validation work.

II. BRIEF DESCRIPTION OF FPIN2 CODE

The FPDM2 code has been developed over the past
10-15 years to analyze the thermal-mechanical phenomena
which control fuel pin behavior during fast reactor
transients.1 A wide range of material behavior is modeled
in the code which describes elastic, plastic, thermal, and
swelling performance of fuel elements. Although the early
versions of FPIN2 were based on characteristics of oxide
and carbide ceramic fuels, it has recently been adapted for
the analysis of metallic fuels.3

Since the primary emphasis in FPIN2 is on the
mechanical analysis of the fuel and cladding, temperatures
are calculated using a simple model based on pin-in-a-pipe
geometry and single-phase flow. The mechanical model
uses an implicit finite element method with linear shape
functions. It is based on a rigorous force-displacemeiit
formulation. The finite element scheme used allows
convenient modular coding in which different models for
material behavior and improvements in specific algorithms
can easily be implemented. The elements are defined in
an (r,z) mesh; however, axial symmetry and generalized
plane strain are assumed so that the analysis is essentially
one-dimensional. The elements are allowed to interact
only at the radial boundaries (nodes), and the
displacements within the elements are approximated by



linear functions of the nodal displacements. established.

The mechanical analysis basically provides the fuel
and cladding stresses, a, and nodal displacements, 5, for
each element during overpower and undercooling events.
The finite element equilibrium equations are derived from
equations of virtual work which leads to a force balance
of the form:

= F" (1)

The external source vector in this equation describes the
external loads at the cavity and the cladding outer
surfaces. The internal force vector depends on the
unknown stress field which must be found to satisfy
equation (1) and the constitutive laws for the materials.
When this generally non-linear set is linearized and the
equations for both the fuel and cladding elements are
assembled together for the unknown nodal displacements
at each axial segment, the resulting linear equation set can
be written symbolically as:

[K)S=F (2)

where [K] is the stiffness matrix. An elastic-plastic
approximation is used to derive [K\ involving the total
derivatives of the constitutive equations. The force vector
in equation (2) includes the external loads, thermal and
other initial strains, and pseudo-forces involving
approximations to the plastic and/or creep strains.

The equilibrium equations (1) and the linear
equations (2) are solved iteratively for each axial segment
by making use of residuals. In this scheme, first the
stiffness matrix, [K], and an initial guess for the force
vector, FQ, are assembled using available information from
previous time step. Then, the linear equations (2) are
solved for the new nodal displacements, and from them
the increments of total strain are obtained. Assuming that
the total material strain is superposition of elastic, plastic,
thermal, and swelling strains, the elastic component of the
increments of total strain are separated and used in
calculating the stress field throughout the pin that satisfies
the material constitutive equations. These stresses, then,
are used to obtain the residuals from equilibrium equations
(1) as follows:

R = F"' - Fin(a) (3)

where n is the iteration index. Using these residuals,
initial estimate for the force vector in linear equations (1)
are modified according to

F = F +/?
—n-1 —n — n

(4)

The procedure is repeated until the convergence is

This basic scheme described above is generalized in
FPIN2 to include analysis of additional material
performance in fuel and cladding such as cracking ;md
melting. The FPIN2 uses a continuous cracking model
which allows cracks in the radial and/or transverse planes.
Although a one-dimensional analysis cannot represent the
details of the two-dimensional stress field at the tips of
actual cracks, it is shown that the model used in FPIN2
can determine (he stable crack growth to a reasonable
accuracy.4

Transient swelling model for analysis of the metallic
fuels is based on diffusive growth of grain boundary
bubbles. The distribution of fission gas retained in the
fuel matrix is specified as input in FPIN2, and the
remainder of the gas is assumed to be in solutiou or in
small bubbles within the fuel grains. Fission gas that is
retained in the fuel during steady-state irradiation provides
a source for expansion of both solid and liquid fuel during
overheating. This expansion is an important mechanism
for metallic fuels since it provides negative reactivity
feedback which limits the severity of transients. The
amount of gas in the pin plenum is also important since
the plenum pressure is a major contributor to cladding
loading and, therefore, cladding failure. Analysis
performed with STARS code indicate that the fraction of
the retained gas on the grain boundaries increases with
burnup as more gas is released and as the plenum pressure
becomes significant compared to surface tension constraint
on the grain boundary bubbles.3

Models for molten cavity, gas plenum, fuel-cladding
eutectic, and opening/closure of the fuel-cladding radial
gap are also provided in FPIN2 to complement the pin
mechanics calculations. Internal pin pressure is calculated
using straightforward volume accounting models of the
central cavity and gas plenum. The molten fuel cavity in
FPDM2 is located by the axial and radial extent to which
the fuel has reached its solidus temperature. Elements
inside the cavity boundary are dropped out of stress-strain
calculations. Of those, ones which may not have reached
their solidus are assumed to occupy a volume in
proportion to their density and contribute to the volume
and mass balance iteration which determines the cavity
pressure. For cases where the initial fuel melting occurs
below the top axial segment, plenum pressure calculation
is decoupled from molten cavity pressure calculation.
Once melting reaches this interface, the two pressures are
assumed to equilibrate and plenum/cavity pressure-volume
equations are solved together to give common pin pressure
Mid amount of molten fuel extruded into the plenum.



Cladding rupture is predicted in the code by using
the life fraction criteria. The life fraction over a time step
is determined from the rupture time for the instantaneous
average cladding temperature and hoop stress. The hoop
stress in the cladding is calculated by the uiin-sheli
equations used in developing the life fraction correlations.
The location of the failure is then the first cladding
segment to reach a life fraction of 1.0. An additional
complication for metallic fuel is the existence of a low
melting point eutectic between the fuel and the cladding
which can contribute to pin failure during the transient
overheating events. The primary effect of the liquid
eutectic on pin failure is the wall thinning. Bauer
correlation5 is used to calculate the change in cladding
wall thickness for temperatures above the eutectic
threshold. The effect of eutectic is then included FP1N2
by considering only the thickness of unaffected cladding
that is available to carry the load.

III. SAS-FPIN2 COUPLING METHODOLOGY

A general purpose SAS-FPIN2 interface has been
designed and most of the communication between the two
codes is established at this interface minimizing the
impacts of coupling on both codes. This coupling strategy
allows for maintaining the stand-alone capability of the
two codes while assuring that any future improvements to
FPIN2 are automatically reflected in SASSYS/SAS4A.

In principle, FPIN2 may run inside SAS with or
without interfacing it. In the stand-alone mode, FPIN2
reads its own input deck and executes without linking to
SAS. This mode is provided to allow FPIN2 to continue
its role as a tool for analysis of individual fuel pins;
however, it is restricted to single pin calculation only. In
the interfaced mode, FPIN2 replaces SAS fuel pin
mechanics module DEFORM-5, and FPIN2 results are
used in the analysis of accident energetics. In this mode,
the input necessary to run FPIN2 is either included in SAS
input decks, or interpreted from corresponding SAS
variables.

The SAS-FPIN2 interface mainly consists of a
steady-state and a transient FPIN2 driver routines. Steady-
state driver performs setup of FPIN2 for interfaced
calculation and initializes FPIN2 input from SAS data for
proper pre-transient pin characterization. Since FPIN2 has
been primarily developed for the transient analysis of fuel
pins, it lacks models to describe pre-transient irradiation
features such as fuel restructuring, fission gas retention
and fuel-cladding gap narrowing. These pre-transient
conditions are to be provided as input for the metallic
fuels.

The irradiated pin geometry, fuel elongation, fission
product and porosity distributions, and effect of fast
neutron fluence on cladding are typically obtained from
relevant in-reactor fuel performance database at a desired
burnup, or from fuel performance computer codes such as
LIFE-M and STARS. FPIN2 has the capability to receive
input directly from the steady-state fuel behavior code
LIFE-M. This capability is also extended to the integrated
SAS-FPIN2 model.

The transient FPIN2 driver routine incorporates the
time-advancement scheme and interfaces dynamic
variables between the two codes. In (he interfaced mode,
FPIN2 heat transfer may be by-passed by setting an input
flag. The option for including FPIN2 pin heat transfer is
mainly provided for debugging and code verification
purposes. It requires information regarding heat
generation rate and cladding outer surface temperature for
each axial segment at each time step as dynamic boundary
condition.

Normally, FPIN2 heat transfer is by-passed and pin
temperatures are interfaced with SAS calculated fuel,
cladding, plenum, and cavity temperatures. To accomplish
this by-pass, ihe FPIN2 mechanics/thermal-hydraulics
boundary is identified, and routines that are used in pin
heat transfer calculations are isolated. All the common
block variables that are used in the mechanics calculations,
but altered in one of these heat-transfer routines, are
linked with their SAS counterparts. The FPIN2 results for
stresses and displacements, in turn, are used in SAS for
the estimates of axial expansion of fuel and associated
reactivity effects, time and location of cladding failure,
and the condition of the fuel at the time of failure.

The consistency between the initial mesh structures
of the two codes is accomplished by pulling SAS-
calculated mesh information into FPIN2 common blocks
and forcing FP1N2 to use the same mesh structure in fuel
and cladding for the interfaced calculation. When FPIN2
heat transfer is by-passed, however, an interpolation
between the temperatures of two neighboring nodes is
necessary for the mesh centered temperatures of the
boundary nodes in the fuel and cladding.

Although the pin mechanics model of FPIN2 uses an
implicit solution scheme, the interaction between the SAS
thermal-hydraulics and FPIN2 mechanics calculations is
explicit. In SASSYS/SAS4A code system, a multi-level
time-step hierarchy is used in which a main time step is
divided into one or more primary-loop, heat transfer, and
coolant dynamics time steps. The control over die length
of a computational time step is performed using variety of
internal and user-specified restrictions. FPIN2 mech;inic;il



calculations are performed at the each heat transfer time
step using newly calculated temperatures. Limitations
imposed by stability and accuracy requirements assure that
heat-transfer time steps are small enough to remove any
inconsistencies due to explicit coupling of codes.

IV. VERIFICATION AND VALIDATION RESULTS

Integrated SAS-FPIN2 code system verification is
performed by comparing the integrated code results with
stand-alone FPIN2 calculations. The revalidation of the
integrated SAS-FPIN2 code system for prototypic IFR fuel
is performed using TREAT Tests M5-M7.6-7

A. Integrated Model Verification

For verification purposes, integrated SAS-FPIN2
model calculations are compared with stand-alone FPIN2
results for a wide range of overpower transients from mild
to severe which include fuel melting and coolant boiling.
For consistency, material thermal properties are calculated
using FPIN2 routines and used in S AS as tabulated input
as function of temperature. Also, the fuel-cladding gap is
assumed to be closed in these comparisons to eliminate
the discrepancy due to difference in gap conductance
models of the two codes.

The agreement between the results of interfaced and
stand-alone calculations is generally very good and
observed discrepancies are well within the expected range.
As an example, comparison of fuel centerline temperature
and cladding average hoop stress at several axial locations
are presented in Figs. 1 and 2 for a mild overpower
transient in which 70% increase in power is realized in 7
seconds. The largest observed discrepancy in these figures
is less than 2%. These verifications demonstrate that the
SAS-FP1N2 coupling methodology and interface
algorithms work correctly.
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Fig. 2: Comparison of cladding average hoop stress. Solid lines
are from integrated SAS-FPIN2 model and data marks are
from stand-alone FPIN2 calculations.

Fig. 1: Comparison of fuel centerline temperatures. Solid lines are
from integrated SAS-FP1N2 model and data marks are
from stand-alone FPIN2 calculations.

B. Integrated Model Validation

Experimental validations are performed to
demonstrate that the phenomena describing the fuel pin
behavior are modeled correctly and the integrated SAS-
FPIN2 code system can be used for the analysis of fast
reactor transients. The experiments used for the integrated
model validation are the TREAT tests M5, M6, and M7.M

These in-pile transient overpower tests were performed to
study the behavior of the reference ternary alloy fuel of
the IFR concept Each test contained two EBR-U
irradiated fuel pins in separate flow tubes within a Mark-
IIIC sodium loop. The transients were designed to be
sufficiently severe to cause extensive fuel damage (an
exponential power rise with 8 sec. period at full flow)
which were terminated at, or near, cladding failure with an
overpower of 3.5 to 4.5 times the nominal. A
comprehensive description of these tests and results of
earlier FPFN2 analysis of the fuel pins used have been
given previously.3 Current analysis includes several new
modifications to the validation models which reflect a
better understanding of these tests and takes advantage of
new information on material properties.2

A brief description of the six pins studied in TREAT
tests M5-M7 and a comparison of measured and calculated
cladding failure times are presented in Table 1. Relevant
pre-transient fuel pin characterization is based on sibling
pin information67 and STARS code calculations.3 The
fraction of fission gas retained in the fuel matrix and in
solution are calculated with STARS code as a function of
burnup. The STARS code results give a detailed self-
consistent picture of the distribution of the gas between
the fuel matrix, grain boundaries, edge tunnels, large
pores, and the plenum.



Table 1 : Comparison of Measured and Calculated Pin Failure Times for Six Pins in TREAT tests M5, M6, and M7.

TF

1

M5

M6

M7

JBAT
"est

Pin 1

Pin 2

Pin 1

Pin 2

Pin 1

Pin 2

Fuel
Type

U-19Pu-10Zr

U-19Pu-10Zr

U-19Pu-10Zr

U-19Pu-10Zr

U-19Pu-10Zr

U-lOZr

Clad
Type

D9

D9

D9

D9

D9

HT9

Burnup
(at.%)

0.8

1.9

1.9

5.3

9.8

2.9

Measured Failure

Time (s) Location

No Failure

No Failure

No Failure

13.24

17.72

Top of fuel
column

Top of fuel
column

No Failure

Calculated Failure

Time (s) Location

No Failure

No Failure

No Failure

13.28

17.66

17.38

Top axial
segment

Top axial
segment

Top axial
segment

As indicated in Table 1, M5 transients were not
severe enough to fail the cladding, in agreement with the
experiments. (In test M5, it was necessary to subject to
pins to two transients because the first transient was
terminated prematurely. In this analysis, these transients
are treated as separate tests.) In tests M6 and M7, high
burnup pins are predicted to fail at a time fairly close to
the measured failure time. However, integrated SAS-
FPIN2 model also predicted a failure for the low burnup
binary fuel with HT9 cladding in test M7 which was not
observed during the experiment. For all cases, the
estimated failure location was at the top of the fuel
column, in agreement with the experimental data.

Integrated SAS-FPIN2 model calculations indicate
that observed failures in tests M6 and M7 are primarily
due to pressure loading and resulting plastic strain in
cladding. The predicted low burnup pin failure in test M7,
on the other hand, was due to excessive eutectic attack.
Bauer correlation5, which is essentially developed for
ternary fuel, suggests a rapid eutectic penetration for
temperatures in excess of 1353°K. The measured flowtube
temperatures of nearly 1300°K almost certainly require
that inner cladding surface temperatures exceed this limit.
Therefore, the lack of agreement on pin failure for this test
suggest that the eutectic model does not accurately depict
the behavior of binary fuel with HT9 cladding. Indeed,
previous analysis performed with FPLN2 code which
assumes no acceleration in penetration rate did not predict
a cladding failure for this test, in agreement with the
experiment.3

Measured flowtube temperatures along the fuel
column are compared to calculated coolant temperatures
from the integrated SAS-FPIN2 model. In each of the
TREAT tests, thermocouples were mounted to the outside
of the flow tubes. In general, a good agreement is
obtained especially near the channel outlet. As an
example, comparison of the measured and calculated
flowtube temperatures for the high burnup pin in test M7
is shown in Fig. 3.

Fig. 3: Comparison of flowtube-1 temperatures in TREAT test
M7. Solid lines are the results of integrated model
calculations. Calculations are performed until the
anticipated pin failure at 17.7 s.



The oscillations in the thermocouple readings
indicate flow vibrations due to resonate movement of the
pins. These deviations in flow geometry introduce
uncertainties to calculated results as they were not
accounted for in the thermal-hydraulic model. A separate
sensitivity analysis is also performed in order to assess the
effects of these and other uncertainties such as power
coupling factors for each pin. The analysis indicate that
the results for high bumup pin in test M6 is somewhat
sensitive to changes in flow rate. No failure is predicted
for that pin when inlet flow is slightly increased. The
uncertainty in flow rate, however, does not explain
unexpected low-burnup pin failure prediction in test M7.

Post-irradiation destructive examinations of ternary
fuel pins irradiated in EBR-II reveals significant migration
of plutonium and zirconium. Effects of this alloy
redistribution are studied by comparing a single and three
radial zone models for the failed pin in test M7. As
shown in Fig. 4, due to substantial zirconium migration
from middle to central and outer regions, the initial
melting of high burnup ternary fuel does not occur at the
fuel centerline. Post-test examination of unfailed pins
reveals the existence of unmelted regions near the fuel
centerline and supports the integrated SAS-FPIN2 model
results. Since the boundary of molten cavity is determined
by the outermost radial element that has reached the
solidus temperature, solid elements inside the cavity
boundary are assumed to be in a hydrostatic state of stress
equal to the cavity pressure in three radial zone model.

In all TREAT tests analyzed, initial fuel melting is
observed below the fuel-plenum interface resulting in a
larger cavity pressure than plenum pressure as shown in
Fig. 5 for pin 1 in test M7. Once melting reaches top
axial segment, the two pressures equilibrate to give
common pin pressure. The temporary imbalance between
the cavity and plenum pressures is important in
determining the amount of molten fuel extruded into the
plenum.

Transient fuel motion and relocation in TREAT tests
were measured using the fast neutron hodoscope.6 Lower
gas retention due to higher operating temperatures, higher
diffusion coefficients, and finer grain structures in Pu
bearing fuels results in less extrusion of molten fuel (2-
5%) in comparison with metallic U-Fs fuel. Integrated
SAS-FPIN2 analyses yields results in agreement with this
observation and show 3-6% extrusion in TREAT tests M5-
M7. As an example, integrated model results for test M7
show 3.3 and 4.0% extrusion for pin 1 and pin 2,
respectively, compared to hodoscope-measured 2.1 and
3%.

Fig. 4: Effects of alloy redistribution OD fuel melt fraction for
TREAT test M7, pin 1. (a) Single radial zone, (b) three
radial zone models.

Legend
a = Cavity
o = plenum

,
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Time ( s )

Fig. 5: Calculated cavity and plenum pressures for pin i m
TREAT test M7.



The fuel-cladding contact pressure for the top axial
segment of high burnup pin in test M7 is shown in Fig. 6.
The discontinuity in the curve is due to cladding axial
constraint model of FPIN2. Fuel that is in contact with
the cladding is assumed to be locked axially to the
cladding, either by metallurgical bonding or by friction, at
temperatures below the eutectic threshold. At this
temperature, there is a sudden drop in stress as the fuel
expands slightly in the axial direction and contracts in the
radial direction due to elastic recovery (Fig. 6). At
temperatures above the eutectic threshold, the fuel and
cladding are assumed to slip freely because of the liquid
phase that form at the fuel cladding interface.
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Fig. 6: Fuel-cladding contact pressure for pin 1 in TREAT test
M7.

In this study, SAS4A in-pin and ex-pin fuel
relocation modules, PINACLE and LEVITATE, are not
included since the communication between the FPIN2 and
these modules are not yet fully established. Therefore, the
analyses performed cover the transient sequences until the
anticipated pin failure.

V. SUMMARY AND CONCLUSIONS

FPIN2 code is coupled with SASSYS/SAS4A
Version 3.0 for single pin calculations. Two modes of
SAS-FPIN2 coupled operations are provided. In the
stand-alone mode, independent FPIN2 input is used and
FPEN2 is executed without interfacing to SAS. In the
interfaced mode, SAS calculated fuel and cladding
temperatures are transferred to FPIN2, and the updated
dimensions, stresses, ans strains are returned to SAS to be
used in the analysis of accident energetics.

Verification and validation of the integrated SAS-
FPIN2 code system are performed by comparing the code

results with stand-alone FPIN2 calculations and TREAT
tests. The six metallic fuel pins in TREAT experiments
are analyzed using the integrated SAS-FPIN2 model and
the calculated results for thermal-mechanical response of
the pins are compared to available information such as
flowtube temperatures, cladding failure time and location,
fuel axial expansion, and molten fuel extrusion. In
general, the calculated results indicate a good agreement
with the experimental data for the key parameters related
to timing, characteristics and the magnitude of the thermal
and mechanical response of the fuel pins.

The implicit treatment in FPIN2 is somewhat
inconsistent with explicit nature of S ASS YS/S AS4A codes
system and it often results in a notable increase in
computation time. However, the capabilities gained by
this coupling are often well worth the cost.

ACKNOWLEDGMENTS

This work was supported by the U.S. Department of
Energy, Nuclear Energy Programs under Contract W-31-
109-ENG-38.

REFERENCES

1. T. H. Hughes, J. M. Kramer, "The FPIN2 Code - An
Application of the Finite Element Method to the
Analysis of the Transient Response of Oxide and
Metal Fuel Elements," Proc. Conf. Science and
Technology of Fast Reactor Safety, Guernsey, (May,
1986).

2. J. E. Cahalan, "Advanced LMR Safety Analysis
Capabilities in the SASSYS and SAS4A Computer
Codes," these proceedings.

3. J. M. Kramer, T. H. Hughes, E. E. Gruber,
"Validation of Models for the Analysis of the
Transient Behavior of Metallic Fast Reactor Fuel,"
Proc. Int. Conf. Structural Mechanics in Reactor
Technology, Anaheim, California (August 1989).

4. J. M. Kramer, T. H. Hughes, "Modeling of Fuel
Cracking and Fuel Plasticity in LMFBR Fuel Pins
During Accident Transients," Proc. Seminar on
Mathematical/Mechanical Modeling of Reactor Fuel
Elements, (August 1977).

5. T. H. Bauer, G. R. Fenske, J. M. Kramer, "Cladding
Failure Margins for Metallic Fuel in the Integral Fast
Reactor," Trans. 9th Int. Conf. Structural Mechanics
in Reactor Technology, Lausanne (1987).

6. W. R. Robinson, et al., "First TREAT Transient
Overpower Tests on U-Pu-Zr Fuel: M5 and M6,"
Trans. Amer. Nucl. Soc, 55, 418 (1987).

7. A. E. Wright, et al., "The IFR Overpower Test M7
in TREAT," Trans. Amer. NucL Soc, 56. 383
(1988).


