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The FPIN2 code simulates the thermal-mechanical response of fast reactor fuel pins to transient
events. Temperatures of the fuel pin and coolant are calculated using a simple p1n-1n-a-p1pe
9eonetry. The mechanical analysis uses an Implicit finite element formulation with linear shape
functions which allow for general material behavior 1n the fuel and cladding Including cracking and
melting. This formulation provides a very convenient structure for Implementing different models
and Improvements in algorithms. The paper summarizes the FPINZ methodology and presents results
for the transient response of both oxide and metallic fuel pins under similar overpower transients.

INTRODUCTION
1. The FPIN2 computer code has been devel-

oped to analyze the complex thermal-
mechanical phenomena which govern fuel and
cladding behavior during fast reactor acci-
dent transients. The analysis provides the
fuel pin temperatures, stresses, and
displacements under hypothetical TOP, LOF,
and LOF-dr1ven-TOP transients. These results
aid in the analysis of accident energetics by
providing estimates of (1) axial expansion of
fuel, (2) time and location of cladding
fai lure, and (3) the condition of fuel at the
time of cladding fai lure. The basic program
Includes a group of subroutines to calculate
the temperature of the fue l , cladding,
coolant, and outer wall , a separate group of
subroutines to calculate the mechanical
behavior of the fuel and cladding, and f a c i l -
i t ies to couple to other related programs.
The heat transfer section 1n FPINZ uses an
implicit f inite difference algorithm and the
mechanical analysis makes use of a nonlinear
finite-element procedure. A major reason the
finite-element method was chosen Is because
it allows for convenient modular coding of
the fuel pin mechanics such that different
models for material behavior and Improvements
in specific algorithms can be Implemented
easily Into the code. The FPIN2 computer
program has evolved over the past decade
based in i t ia l ly upon the characteristics of
oxide fuel . At one time a separate metallic
fuel version of FPIN2 was planned, but 1t was
found that the FPIN2 structure 1s
sufficiently robust to easily allow for the
additions required to handle metallic fuel .

2. The FPINZ code simulates a single clad
fuel p-'n which may be a representative of a
particular subassembly or may simulate a fuel
pin In an actual transient test. Axial
symmetry of temperatures and external loads
is assumed. The fuel pin 1s assumed to be
cooled by flowing sodium contained 1n an
annular coolant channel. At the start of the

analysis, the fuel pin Is assumed to be
stress-free with steady-state thermal condi-
tions.

3. In paragraphs 4 through 13 of this
paper we outline the models and algorithms 1n
FPINZ and describe In somewhat more detail
the various features of the code that we feel
are unique. In general we use Iterative
methods to solve the nonlinear problems 1n
order to assure ourselves that the Inaccura-
cies in our results are due to the models
used and not to errors due to nonconverqent
algorithms. A variety of calculations have
bc-en performed using the FPINZ code as an aid
to the understanding of small-bundle fuel-pin
transient tests, as a check on Individual
sections of the code, and as a guide In
understanding the behavior of proposed fuel
pin materials and designs. Starting at
paragraph ZO we use FPIN2 to demonstrate some
of the differences between the transient
response of oxide and metallic fue l .

HEAT TRANSFER
4. Although the primary emphasis 1n the

FPIN2 code 1s on the mechanical analysis of
fuel and cladding, a complete heat transfer
analysis 1s also Included. The basic assump-
tion Is that heat Is conducted only radially
In the fuel and cladding and convected
axially by the sodium coolant. Two overall
options for the temperature calculation are
available. In the first, temperatures are
calculated for a symmetric system consisting
of a single fuel pin surrounded by an annular
coolant flow channel with an outer boundary
formed by a cylindrical outer wall. In this
case, the user must supply the coolant Inlet
temperature and flow rate as a function of
time. For the second option, the user
supplies the clad outer surface temperature
history and only the fuel and cladding
temperatures are calculated. The following
comments summarize the major features ind
approximations In the FPIN2 heat transfer



calcu la t ion: (1) Only radial heat conduc-
t ion 1s considered in the f u e l , cladding, and
outer wa l l . Adiabatic conditions are assumed
at the fuel center (or central void surface)
and the outer surface of the outer wall Is
assumed to be in contact with a constant
temperature heat sink. (2) The f i ss ion
energy generation rate 1s user supplied and
can vary ax ia l l y , r ad ia l l y , and with t ime.
(3) Thermal properties are temperature- and
porosity-dependent where appropriate. (4)
The effect of the fuel-c lad radial gap on the
thermal behavior is accounted for by a gap
conductance term. (5) The energetics of
melting fuel is handled by keeping track of
the f ract ion of each radial element that has
melted and incorporating a latent-heat
source-sink term Into the heat conduction
equation. (6) The coolant channel model Is
very simple, using bulk properties and a un i -
form channel area.

5. Trie one-d1mers1onal heat conduction
problem for the f u e l , cladding, and outer
wall is solved us in j the Crank-Nicholson
Impl ic i t f i n i t e difference method. Since the
thermal conductivity and heat capacity are
temperature-dependent, the resul t ing f i n i t e
difference equations are nonlinear. These
equations are solved by a simple I tera t ion 1n
which the material properties are evaluated
using the most recently calculated
temperatures so that the f i n i t e difference
equations become l inear . Convergence of th i s
direct i terat ion 1s very fast for the time
steps generally used 1n FPIN2. The spatial
f i n i t e difference equations are derived using
an energy balance and the concepts of thermal
resistance. For each axial segment the
equations for the f u e l , cladding, coolant,
and outer wall temperatures are combined Into
a system of l inearized equations of
tr idiagonal form. The temperatures for the
ent i re fuel pin and coolant syster are
calculated by solving the nonlinear equations
for each axial segment 1n turn s tar t ing at
the coolant i n le t and working up to the
ou t l e t . No I te ra t ion is required between the
coolant and cladding temperatures. A simple
direct-decomposition procedure 1s used to
solve the tr idiagonal set of equation at each
axial e levat ion.

FINITE ELEMENT MECHANICS
6. The mechanical analysis 1n the FPIN2

code uses the f inite-element method based
upon a force-displacement formulat ion. Axial
symmetry and generalized plane st ra in are
assumed so that the analysis 1s essent ia l ly
one-dimensional. The f i n i t e elements are
defined by f i r s t d iv id ing the fuel and
blanket portion of the fuel pin Into a number
of axial segments {as many as 20) and then
further d iv id ing each axial segment rad ia l l y
into a number of rings (as many as 20 In the
fuel and up to 10 In the cladding). The e l e -
ments are assumed to Interact only at the
radial boundaries or nodes and the displace-
ments U) at the nodes are the basic unknowns
In the analysis. The displacements wi th in
elements ire approximated by simple l inear

functions of the nodal displacements It).
7. The finite-element equi l ibr ium

equations are derived from the equations of
v i r tua l work. For each axial segment, the
equations for both the fuel and cladding e le -
ments tre assembled Into a single set of
equations for the unknown radial and axia l
displacements. In th is way, fuel-claf lding
contact forces come out of the analysis w i t h -
out separate I t e r a t i o n . Simple modifications
during equation assembly are used to account
for the fuel and cladding being ei ther locked
together or free to s l ip 1n the axial d i rec-
t i o n . When fuel melts, the number of radial
elements Included 1n the mechanical analysis
decreases. In F'JIH2 the number of

equi l ibr ium equations 1s kept f ixed and the
extraneous equations describing molten fuel
are replaced by indent i t ies with simple
modifications to other equations.

8. By using the concept of v i r tua l work
the equil ibr ium equations lead to a force
balance at the nodes which can be wr i t ten
symbolically as

{F1n(o)> - ( F e X t ) . (1)
The only nonzero terms 1n the external force
vector (F e x t ) describe the external loads at
the cavity surface, exter ior of the cladding
and at the top of the f ue l ^nd cladding. The
Internal force vector {F (a)) depends upon
the unknown stress f i e l d which must be found
to sat is fy th i s equation and the const i tu t ive
laws for the materials. Equations (1) are
generally nonlinear and various approxima-
t ions are employed to reduce them to a set of
l inear equations necessary to calculate the
nodal displacements (6) . These l inear equa-
t ions are wr i t ten 1n the form

[K] U l • <F> (2)

where [K] 1s the stiffness matrix and the
force vector (F) Includes the external loads,
thermal and other Ini t ia l strains and pseudo-
forces Involving approximations to the
plastic and/or creep strains. In i t ia l ly we
used Hooke's law and forward-t1me-d1fference
approximations to the plastic strains to
derive an "elastic* stiffness matrix.
However, when using the Iteration scheme des-
cribed in the next paragraph, convergence to
a solution of equation (1) was slow even for
very small time steps. We now use an
elastic-plastic approximation to derive [K]
Involving the total derivatives of the
constitutives equations. This has speeded up
convergence somewhat, but work is s t i l l
needed 1n this area.

9. The equilibrium equations (1) are
solved 1terat1vely by a sequence of steps
that modify the linear equations (2) by
making use of residuals. Each axial segment
of the fuel pin 1s calculated separately
using the following procedure:

S J Assemble Stiffness Matrix [K]
4 Ini t ia l Value of (F)o

Solve [K] «) „ for



new nodal displacements U ) n

constitutive equations

Step 4. Calculate Residuals to Eqs. (1)

|R|n • IF" ' ! - iF^toj l
5tep 5. Update: ( F ) n + i • {F)n + {R)R

Step 6. Convergence Test, i f not
Converged, Return to Step 2

The above procedure has been wr i t ten 1n terms
of to ta l forces and displacements whereas the
FPIN2 codes solves the problem in terms of
increments over one time t tep . The
Incremental form of the problem allows us to
handle large strains by updating the geometry
at each time step. The choice of convergence
test must balance solution accuracy wi th
computational expense. We have t r i ed various
tests and are current ly using the root-mean-
square norm of the residual force vector.

MATERIAL BEHAVIOR
10. The structure of FPIN2 and the e q u i l i -

brium equations form and solut ion procedure
is general enough to allow for a wide range
of material behavior. Superposition of
strains is assumed to hold. The to ta l
material s t ra in , ( c 4 ) , can be wr i t ten a; a
sum of the elast ic s t ra in , ( e e ) , the p las t i c
s t r a i n , UP), the thermal s t r a i n , U 9 ) , and
the swelling s t r a i n , U s ) :

Fuel cracking strains are also included but
in a special way. This equation and the re-
quired constitutive equations enter the
analysis 1n the following way: We f i r s t
solve the finite-element equilibrium
equations for improved estimates of the nodal
displacements and from them obtain the Incre-
ments of total strain. Next, the algorithm
described below is used to decompose the
increments of total strain into elastic and
nonelastic parts such that a l l constitutive
equations are satisfied. Knowing 'the elastic
strains, we can then calculate the stresses
and the correction terms for the f in i te-e le-
ment equilibrium equations. These steps are
repeated until a l l equations are satisfied to
acceptable accuracy. t

11. The increments of total strain(dt } are
known from the solution of the equilibrium
equations ajd the thermal strain
Increments (de ) are known from the heat
transfer calculations. He must therefore
calculate the plastic strain incre-
ments |dEP| and the swelling strain increment
de in ordere to find the elastic strain

increments {de j and stresses (o). In order
to simplify the following discussion we
assume that the only nonelastic strains are
thermal and swelling and Ignore for the
moment cracking and plastic strains. Al l
quantities of interest, such as stresses and

st ra ins , are known at the beginning, t ( , of j
time step and the to ta l s t ra in increments

(dc ) are known at the end, t t + a t ,
of the step. The algorithm used to f i nd
swelling strains that sat is fy the swell ing
const i tu t ive equation can be broken into the
fol lowing six steps.

Step 1. Calculate approximations to the
e las t i c stra in Increments by subtracting the
estimated increment in swelling st ra in from
the to ta l stra in Increments at t 1 + l :

where the inr-ement In thermal

strain and the brackets 0 denote a column
vector of three components. Since this
procedure is i terat ive, an Iteration counter,
N, has been introduced as a subscript. For
the starting value (N • 1) for the swelling
strain Increment, we use zero.

Step 2. Use the generalized Hooke's law
to calculate the stresses:

where [C] 1s a 3x3 matrix of e last ic coef-
f i c ien ts and the to ta l e las t i c strains U e ) N

are calculated using the equation

N , N
Step 3. Calculate the time rate-of-change

of the swelling strain fromUS / 4 t
S

Determine the mean stress

) / 3"mH ' (arN + °6* + °zN

and calculate the swelling function

9N(< mN'
for the chosen swelling model. The algorithm
is terminated when gN 1'. sufficiently close
to zero so that the constitutive equation g-0
1s satisfied to the desired accuracy.

Step 5. Calculate the change 1n swelling
strain increment from

Ac,
N dg /de

nwhere

4i_ . ,3K »£_ • »S_ • i - ! i
S 3(J S At -S

dc m 3c 3c
and K 1s the bu lk modulus.

Step 6. Use t h i s est imate of the change i n
the swelling strain increment to update the
swelling strain Increment for the time step:

. s . s . . s
dc N+l

six steps

+ 4'.
N'

These six steps are repeated unti l the
constitutive equation 1s satisfied to an
acceptible accuracy. When cracking and
plast ic i ty are included, the same procedure



is used with additional terms and constitu-
tive equations to be satisfied. For the time
steps and constitutive equation used 1n
FPIN2, we find that three or four iterations
are Sufficient.

FUEL CRACKING
12. The fuel cracking model used 1n FPIN2

allows cracks in the radial (9-constant)
and/or transverse (z=constant) planes. To
account for the four possible crack patterns,
we have defined four types of elements as
follows:
Type I: Uncracked fuel.
Type II: Only radial cracks (oe» - p

q ) .
Type III: Only tranverse cracks (oz » -Pq)»
Type IV: Both radial and transverse cra?ks.
The type of a particular element 1s determined
by a fracture and crack closure rule. Since
all radial elements are treated in the same
manner, fuel cracking and crack closure can
occur at any point and cracks are not forced
to proceed from the outer Surface inward.

13. The particular set of cracking rules
coded into FPIN2 is the continuous cracking
model. If an element 1s uncracked 1n, for
instance, the 0 plane, it 1s reasonable to
assume cracking will occur if the tensile
stress os across that plane exceeds some
fracture stress osp. At that point, the ele-
ment type will change (say from Type I to
Type II) and a non-zero crack strain c. will
begin to accumulate. Should at some *.1me
during the subsequent deformation the crack
close ( £

e
l 0). the element type would switch

back to one which does not have radial cracks
(Type I or III). As long as ae 1s compres-
sive and greater in magnitude than the gas
pressure Pq, the element will remain a Type I
or Type III element. However, 1f OQ exceeds
Pq at some time, the element type will again
change and c9 will be non-zero. Obvious
modifications can be made to this cracking
model to accommodate other crack-related phe-
nomena such as an Initial crack opening
and/or crack healing. One problem with the
model, however, is that by Insisting that an
entire element crack at once, large unphysi-
cal perturbations may be Introduced Into the
mechanical analysis giving unrealistic
results and causing difficulties with
the convergence of the basic solution
algorithm. In reality, of course, stable
crack growth will not necessarily penetrate
across an entire element of fuel during a
single time step. Consider an element with a
radial crack only partially across the
element at a given time. If the tangential
stress in the uncracked part of the element
is assumed to have reached the fracture
stress o.p, it is easy to show that the
average tangential stress for the element Is
just

o = a -(o +P ) x / I (3)
9 ef ©F g

where l is the width of the element and x Is
the penetration distance.

14. Equation (3) suggests a means of
defining a continuous cracking mode).

Suppose that the crack penetration distance x
1s assumed to be directly proportional to the
average crack opening strain cZ. He can then
write r I

(4)V + <°eF * V C8/Co
for radial cracks and

°z • °tf
 + < V + Pg> 'z'S

 (5)

for transverse cracks. In Eqs. (4) and
(5). e. 1S a positive constant. The sign
change in going from Eq. (3) to (4) 1s due to
the fact that Increased penetration leads to
crack opening, and crack opening strains are
negative by definition In the FP1N2 Code.
The continuous cracking laws In Eqs. (4) and
(5) produce a stress across the fracture
surface of a finite element that varies
smoothly from the fracture stress down to the
gas pressure as the crack strain increases
from zero to e£. Of course, once c or

cz exceeds «', It is assumed that the stress
across the fracture surface remains equal to
the gas pressure.

IS. It should be realized that no o.ie-di-
mensional stress analysis can represent the
details of the two-dimensional stress field
at the tips of actual cracks. What this
means for one-d1mens1onal fuel pin analysis
Is that phenomena such as unstable
propagation of startup cracks 1n the fuel
cannot be represented. Fortunately, restruc-
turing of the fuel during steady-state opera-
tion will heal startup cracks out to the
point where any subsequent cracking would be
expected to be stable. If the cracks are
sufficiently numerous, 1t can be shown (ref.
1) that the one-d1mens1onal cracking model
given above reasonably approximates two-
dimensional cracking calculations. The one-
dimensional model therefore can be used to
determine stable crack growth.

CENTRAL CAVITY AND PLENUM
16. The calculation of the Internal fuel

pin pressure makes use of straight-forward
volume accounting models of the central
cavity and gas plenum. In the case of oxide
fuel It 1s assumed that once the fuel starts
to melt, the resultant molten fuel and
fission gas mixture Is contained within the
remaining solid fuel with no connection be-
tween the molten cavity and the fission gas
plenum. This "gas bottle" model of the mol-
ten cavity leads to fairly large Internal pin
pressures ana 1s based on the following
observations: (1) solid fuel and cladding
deformation must occur to augment the fuel
porosity In response tc the 10-20J expansion
upon melting, (2) the low fuel thermal con-
ductivity means that the axial profile of the
fuel centerline temperature 1s dominated by
the axial power profile with most melting
occurring somewhat above the fuel pin center
height and (3) oxide fuel pin designs contain
Insulation pellets, knit mesh plugs, etc.,
which, along with condensed fission products,
effectively block Interaction with the



plenum. The situation with metallic
fuel pins leads to rather low transient
induced internal pin pressures because (1)
fuel porosity of up to 25% easily
accommodates the fuel volume expansion upon
melting of about 3.5%, (2) the high fuel
conductivity means that fuel melting begins
at or near the top of the fuel column with
the axial profile of the fuel centerline
temperature closely following the coolant
temperature profile and (3) metal fuel pins
have a less restrictive flow path for fission
gas passage to the plenum. We assume that
pressure equilibrium 1s maintained throughout
the length of the molten cavity (and also
plenum for metallic fuels) and do not attempt
to calculate pressure variations of short
time scale.

17. The first level iteration, or outer
loop, in the mechanical analysis section of
the FP1N2 code is the search for the Internal
gas pressure. The FPIN2 calculation sequence
is such that the temperatures of the cavity
materials are known at ths new time before
the cavity pressure 1s found. Using these
temperatures, the following Items can be
calculated: (1) cavity boundary changes due
to melting, (2) total mass of cavity gas,
including gas released upon melting, (3)
average temperature of the gas, (4) volume
available from porosity released at melting,
and (5) fuel vapor pressure at the hottest
fuel element. Since we assume that the pres-
sure 1s not large enough to compress the
solid and liquid fuel, the cavity pressure 1s
the sum of the pressure of the gas mixture
and the pressure of the fuel vapor. The gas
mixture is assumed to obey the Ideal gas
law. Since the fuel vapor pressure, the mass
of gas, and the average temperature of the
gas are known, the ideal gas law reduces to
an Inverse relationship between the volume
and pressure. Once the volume available to
the gas is determined, the cavity pressure
can be found. This volume is determined by
the solid fuel displacements, as well as
other factors that can be calculated once the
temperatures are available. Therefore, 1n
order to find the cavity pressure, two rela-
tionships between volume and pressure mist be
satisfied: the Ideal gas law and the
relationship between pressure and fuel
displacement. During the development of
FPIN2, various root finder methods have been
used to find the pressure. Difficulties
often occur because the method chosen must
treat both the case of cold, strong fuel and
rHdding when large changes in pressure only
result in small deformations, and the
opposite case when the deformation of hot,
weak cladding is very sensitive to cavity
pressure. A unique feature of FPINZ Is the
very fast and effective method that has been
developed. If for a given pressure P, the
yas volume using the ideal gas law 1s Vg and
the volume available du? to boundary
displacements u is called V , then the func-
tion f(P) - Vg(P-Py) - VU(PJ will be zero at
the desired cavity pressure. The turn! Pv Is
the fuel vapor pressure. The Newton

Iteration equation, ?u, • P, - f(P, )/f • (P.),
where 1 is the Iteration counter, requires
the derivative of Vg and Vu with respect to
P. The derivative of Vg is easily calculated
from the Ideal gas law, and the derivative
of V 1s found using a finite difference quo-
tient from two calculations of Vu at two
values of P. The Iteration at a new time 1s
started using a pressure estimate found by
linear extrapolation from the two previous
time steps.

PLENUM MODEL
18. In the FPIM2 code detailed

calculations Involve only the fuel column and
axial blanket portions of the pin. Early
versions of FPIN were constructed for oxide
fuel, did not contain a fission gas plenum
model and assumed a constant plenum pressure
during a transient. For metallic fuel pins
we have added a simple volume accounting ple-
num model consisting of a cladding tube con-
taining sodium and a gas mixture. The model
has the following feature: (') Pressure is
unifcrm throughout the plenum. (2) The ple-
num portion of the fuel pin is assumed to be
at a uniform temperature of the coolant at
the top of the fuel column. (3) Sodium
compressibility Is Ignored, but thermal
expansion of the fill sodium and U s
expulsion from the fuel-clad gap as the gap
closes is accounted for. (4) The
deformation of the cladding tube in the
plenum region is treated as elastic thin-
shell behavior. (5) The molten cavity
materials and the plenum materials are
accounted for separately so that the
extrusion of cavity material into the plenum
can be calculated.

VERIFICATION PROBLEMS
19. As part of the development or the

FPINZ code over the past decade, a variety of
calculations have been performed. Many
small-bundle fuel-pin transient tests 1n the
TREAT reactor have been analyzed with
particular emphasis on the time and location
of cladding failure. The latest TREAT
experiments analyzed are Jl, L02, L03, C05,
fS-1, TS-2. MZ and the canisters In the P4
experiment 1n the ETR reactor. As a more
fundamental check on the FPINZ code we have
made calculations of simple Idealized pro-
blems having analytical solutions. While
these problems bare little relationship to
the complex behavior of a fuel pin, their
correct solution by FPIN2 is a necessary pre-
requisite to more realistic problems.

DEMONSTRATION PROBLEM
20. A subject of current Interest 1s the

comparison between oxide and metallic fuels
during transients. As a demonstation of the
complete capabilities of TPIN2 we calculated
the behavior of both a mixed oxide fuel pin
and a U-Pu-Zr alloy metallic fuel pin
undergoing an overpower transient of 10 s
period from normal operating conditions
to cladding failure. Both pins are
assumed to have the same overall dimensions,



to have experienced medium burnup, and
to be operating at the sane power and flow
conditions.

21. We hive summarised in Table 1 below
some of the key events 1n order to contrast
the behavior of metallic and oxide fuel. At
time zero, prior to the transient, the peak
fuel temperature 1n the metallic fuel 1s
considerably less than that for the oxide and
tends to occur at a higher relative axial
location X/L because of higher thermal
conductivity of the metal. However, relative
to their absolute melting points both pins
are operating at about 0.7 times their
solidus temperature. As the power Increases
the oxide pin experiences first melting near
the midplane at a relative power P/Po * 2.1
compared to first melting 1n the metallic
fuel at P/Po • 3.2 near X/L > 0.75. Prior to
fuel melting there was no significant
cladding plastic strain calculated for either
pin. In the metallic pin the similarity 1n
fuel and cladding expansion coefficients and
temperature histories produced little
differential thermal expansion. In the oxide
pin, jpen startup cracks effectively
transmitted any differential expansion
loading to hotter regions near the center of
the pin where fuel could creep Into the
central void.

22. As the transient continues, fuel
melting eventually progesses to the top of
the column at X/L * 1.0. However, the time
between first fuel melting and melting to top
of the column is much less rapid for the
oxide pin. During this time the pressure in
the central cavity of the oxide pin 1s
calculated to increase to about 10 times the
plenum pressure. If there were no axial
blanket or only short insulator pellets, It
would be reasonable to expect that this
pressurization could be arrested by axial
motion of molten fuel. However, we have
assumed for the calculation reported 1n Table
I that fuel will freeze 1n the narrow gaps of
the blanket region so that pressurization
continues to a maximum of 80 HPa at 11.5s
before cladding plastic deformation 1n the
top quarter of the pin acts to relieve the
pressure. In contrast, liquid metallic fuel
would not be expected to freeze because the
sodium outlet temperature 1s not far below
the fuel solidus temperature of 1373K and
because liquid fuel and cladding form a low
melting point eutectic.

23. The onset of rapid plastic straining
in the oxide pin is nearly coincident with
the often-used 50% areal melt fraction
failure criterion because this Is roughly
the point where all of the available volume
for fuel and fission gas expansion has been
consumed in the medium power pin. The
calculations presented here used a life
fraction failure rule based on Independent
out-of-reactor cladding burst tests. The
fact that the life fraction reached a value
of 1.0 near the same time where plastic
straining of the cladding Is rapid tends to

confirm that FPIN2 is correctly calculating
the cladding loading. Satisfaction of the
life fraction failure criteria In the oxide
pin occurred nearly si iwltaneously over the
top 301 of the pin at a power of about 100
KW/m. It should be noted that similar FPIN2
calculations for FFTF driver pins without
long axial blankets result In failures that
are delayed by l-2s. Failure of the metallic
fuel pin Is delayed even longer because of
the equilibration of the pressure 1n the
molten fuel with the plenum pressure.
However, at about 140 KW/m the Interface
temperature between the fuel and the cladding
has reached a point where rapid eutectic
penetration of the cladding Increases the
cladding stress so that failure follows
shortly. The failure location as given 1n
the table is at the very top of the active
fuel column where cladding temperatures are
highest. These results are In general
agreement with the results of the recent
TREAT tests on metallic fuel.
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Table 1. Comparison of Transient Event Sequences

Time:
s

0.0

7.4

10.0

11.5

12.0

12.0

12.0

12.1

12.8

15.9

16.0

Peak ?ower:
K'W/m

29

61

79

91

96

96.

96.

97.

104.

142.

143.

.0

.0

.0

.5

.0

.0

.0

.0

,0

.2

5

Event
Metal

Peak fuel temp.
942K @ X/L =0.75

—

—

First melting
(a X/L = 0.75

—

—

Coolant outlet
temp. = 1106K

Melting & X/L =1.0

—

Rapid eutectic
attack 0 X/L =1.0

Cladding failure
<a X/L = 1.0

Oxide

Peak fuel temp.
2118K @ X/L =0.6

First melting
@ X/L =0.6

Melting @ X/L =1.0

Peak cavity press.
= 80 MPa

50% Areal melt
frac. & X/L = 0.6

2% clad strain,
X/L > 0.85

Coolant outlet
temp. = 1022K

Cladding failure
X/L < 0.85

Cladding failures
0.70 < X/L < 0.85

—

—


