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Abstract

Kalman f i l t e r methodology has been applied to in-
pile liauid-metal fast breeder reactor simulation ex-
periments to obtain estimates of the fuel-clad thermal
gap conductance. A transient lumped parameter model of
the experiment is developed. An optimal estimate of
the state vector chosen to characterize the experiment
is obtained through the use of the Kalman f i l te r . From
this estimate, the fuel-clad thermal gap conductance is
calculated as a function of time into the test and
axial position along the length of the fuel pin.

Introduction

Adequate characterization of off-normal nuclear
reactor operation is of obvious concern to the reactor
safety analyst. Conditions arising from inadequate
coolant flow, loss of pressurization, spurious reactiv-
i ty insertion, etc., can be expected to adversely im-
pact normal operation and must therefore be under-
stood. This is particularly true of the so-called fast
reactor systems. These differ significantly from the
thermal reactor systems currently in use and have spe-
ci f ic characteristics unique to their composition.
Thermal reactors typically use low enrichment fuel
which is placed in a near optimal reactivity configura-
tion. Quite often water is employed as a coolant.
While off-normal conditions can have severe conse-
quences in such systems, as evidenced by the accident
at Three Mile Island, off-normal conditions in fast
reactor systems can be equally devastating, sometimes
with extreme rapidity. Fast reactors use high enriched
fuel which is not placed in Its most reactive configur-
ation. Often liquid sodium is used as a coolant.
Since this reactor type is driven by high energy neu-
trons which have relatively short lifetimes in the
reactor core, the fast breeder can respond quickly to
changes in conditions. An understanding of the conse-
quences of these varied responses is imperative.

For many years a concerted effort has been under-
taken at Argonne National Laboratory and other instal-
lations to investigate hypothetical core disruptive
accidents in fast breeder systems. Experiments using
small scale assemblies in conjunction with computer
code simulations have provided much insight into core
behavior during accidents. I t has been determined that
core disruptive behavior is rimarily influenced by
thermal effects. While non-thermal perturbations are
the most common source of accident init iation their
inevitable expression is in terms of off-normal (and
sometimes extreme) thermal effects. To understand and
predict their magnitude and consequences a basic know-
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ledge of parameters important in heat transfer 1s ne-
cessary. This knowledge is primarily to be obtained
via experiment. I t is to an analysis of such experi-
ments that this paper is directed.

Lack of certainty in the determination of the
conductance of the fuel-clad gap is often the largest
single uncertainty in post-test analysis of fuel f a i l -
ure experiments. Unknown impurities in the gap gas,
nonuniform swelling with fuel burnup, asymmetric ther-
mal expansion, and pin bowing during transient heating
all contribute to dif f icult ies in analytical modeling
[1,2] . Lack of an abil i ty to measure fuel and clad
conditions directly results in further uncertainties in
the ncnitude of the gap conductance [3 ] . The present
work utilizes the methodology of the linear Kalman
f i l t e r , which has the potential of incorporating these
uncertainties into a unified analysis scheme.

The Kalman f i l t e r [4] represents a class of linear
minimum error variance sequential state estimation
algorithms. Both discrete time and continuous time
versions have been developed. While this methodology
has been applied to numerous physical systems, particu-
larly those involving navigation, space vehicle guid-
ance, and orbit determination, its application to nu-
clear systems (and in particular to experiment analy-
sis) has been limited [5,6] .

Methods

The theory of discrete optimal linear recursive
f i l ters is well known and will not be repeated here.

In this paper, the system being modeled 1s that of
a single fuel rod surrounded by flowing sodium enclosed
in associated structure. Available measurement data
consist of inlet and outlet coolant flow and tempera-
ture, as well as structure temperature along the axial
length of the exterior surface of the test section. To
develop a model of the system involved, a linearized,
multinodal, lumped parameter system of equations is
formulated. All material properties are assumed temp-
erature dependent. Coolant flow is taken to be one-
dimensional, incompressible and its magnitude known as
a function of tima. Reactor power 1s assumed to be
known both spatially and temporally. Cross-flow ef-
fects in the coolant are ne-lected as is internal re-
sistance. With these â  i.nptions a general energy
balance can be established ror a representative axial
node:
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1 required by the Kalman f i l te r , time derivatives and

spatial derivatives were approximated as:

3t At
(5)

where At is the time step employed; and

Here, subscript j refers to the particular compo-
nent (or material) under consideration whether fuel ( j
= 1), cladding ( j = 2), coolant ( j = 3), or structure
(j = 4). Therefore, Eq. (1) is a genertl representa-
tion for the system of four energy equations describing
the node as a whole. The le f t side of the equation
describes the energy storage in material j as a func-
tion of time. The f i rs t term on the right side of Eq.
(1) represents the convective component of energy from
the base of the node to i ts top. This term is nonzero
only for the coolant. The next two terms on the right
side of the equation describe the flux of energy to and
from the j component from or to i ts neighboring materi-
als. The final term on the right side of Eq. (1) is a
volumetric energy production term. I t is nonzero only
1n fuel and blanket material s.

The equation of continuity for the flow is taken
to be:

3Z
(2)

Furthermore, by neglecting frictional effects in
the one-dimensional flow, the momentum equation is
reduced to

Gj = G(t) . (3)

Ini t ia l and boundary conditions are:

T^z.O) = T(0) ,

T^O.t) = T(t) ,

and

G(z,t) = G(t)

These three equations together with their associ-
ated Initial and boundary conditions, characterize
transient behavior of the system.

Five state variables were chosen to describe the
process, the four material temperatures and thj heat
flux from fuel to clad:

'1

X = T-, (4)

Measurement data was limited to the structure:

Finite differencing Eq. (1) and casting i t in the form
required by the recursive algorithm provided the tran-
sition and deterministic input matrices as well as the
deterministic variables; uncertainties in the system
model were estimated via a method described by Ulenbeck
and Ornstein [7] , To reformulate Eq. (1) into the form

K K-l
8T i 1

K K-l
' i -1 1-1

2AZ
(6)

where the subscripts refer to node boundaries, and AZ
is the node length. Discretization of Eq. (1) accord-
Ing to Eqs. (5) and (6) produced a form from which the
transition and deterministic input matrices could be
obtained. The transition matrix elements were various
combinations of materials properties, geometric condi-
tions, and time step. The elements of the determinis-
tic Input matrix primarily Involved coolant flow and
fuel energy generation. Uncertainties in the model
were estimated by assuming that each element of the
state vector was comprised of a deterministic plus a
random component. Utilizing Eqs. (1) through (6) or
their equivalents the variance of the f i r s t four compo-
nents could be calculated using the methods of
Uhlenbeck and Ornstein [7] . In their method the vari-
ance in state variables 1s determined via a double
Integration procedure. Assuming no cross covariance
between the variables and that the time correlation for
each is a sharp function, 1t can be shown that the
desired variances may be expressed as functions of the
thermal time constants derivable from Eq. (1). Asymp-
totic values of temperature variances may be obtained
from a 4x4 matrix equation whose coefficient matrix
depends solely upon these thermal time constants and
which 1s driven by variances in reactor power and cool-
ant flow. The asymptotic values so derived are modi-
fied by a time dependent function whose rate of in-
crease 1s dependent upon each material's thermal time
constant. Variance 1n the fuel-clad heat transfer was
determined by a knowledge of variances in the fuel and
clad temperatures.

Two types of accident simulation experiments were
analyzed -- a hypothetical loss of coolant leading to
fuel melting and slumping causing a rapid rise in fuel
power (15 and L7 experiments); and a large and small
reactivity induced transient overpower accident (E7 and
H5 experiments). Mixed Pu-U oxide fuel pins used in
these experiments were prototypic of LMFBR design com-
position and geometry but were 1/3 the design length.
Three test pins 1n prototypic latt ice geometry were
used 1n the L experiments; seven in the E and H experi-
ments. The assembly of test fuel pins with instrumen-
tation was placed in a recircuiating sodium loop and
Irradiated In the TREAT reactor. Reactor operation was
pre-programmed to provide a desired fuel power history
that was equivalent to the accident conditions being
simulated.

Sodium flow 1n the test loop for all experiments
was held constant durino the f i r s t 3 seconds of steady
state reactor operation to establish the desired fuel
and coolant temperature distributions. Loss-of-flow
conditions were established by computer control of the
sodium pump on the loop. Power histories in the test
fuel were established by computer control of the TREAT
reactor.

Instrumentation Included thermocouples at several
axial locations on the exterior of the test fuel holder
wall, sodium pressure and temperature measurements at
the top and bottom of test pfn, and the coolant flow
rate into and out of the test flow channel. Loop data



and the TREAT power history were recorded on analog
tape that was later digitized in 1 ms time Intervals
for the present analysis.

Lengths of data tracks used to determine the mea-
surement noise covariance were selected to ensure weak
stationarity of the data track. I t was found that 0.5-
s time tracks provided the required weak stationar-
i ty . To begin the calculations with the Kalman f i l t e r ,
the gain was set to zero and an i n i t i a l estimate was
chosen for the gap conductance based upon a representa-
tive analytical calculation [ 2 ] .

Within the context of the model and the available
measurements, implementation of the Kalman f i l t e r pro-
vided optimal estimates of the five state variables.
From these estimates an estimate of gap conductance
axially and as a function of time could be made. Know-
ledge of the fuel and cladding temperature together
with the heat flux between the two provided the effec-
tive gap conductance. This, in turn, depended upon
thermal resistances in the fuel and cladding as well as
the actual conductance between the fuel and the clad-
ding. Once these former effects were corrected for
this lat ter parameter could be determined:

(7)

where

gp
r12

T2

gap conductance
the interfacial radius between the fuel
and cladding
the volume-averaged radius of the fuel
the volume-averaged radius of the clad
thermal conductivity of the material.

Discussion or tumults

Consistent with the lumped parameter assumptions
of the physical model, averaged values of gap co.-iouc-
tance as a function of space and time were obtained for
several experiments. Representative of the general
results are those for quasi-steady state operation.
Figure 1 presents the axial dependence of the gap cc.-
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Fig. 1. Axial dependence of the gap conduc-
tance at 10 s into the L-7 quasi-
steady state test as determined by
the Kalman f i l t e r methodology.

ductaiice during such operations. A significant axial
variation is noted. This variation is produced by the
efferts of the axial power generation withi.. the
fuel . Axial power generation increased from the base
of the fuel rod roughly to the midplane of the fuel and
decreased thereafter. A similar behavior is noted for
the gap conductance. Since i t is to be expected that
gap conductance should be invesely proportional to the
gap between the fuel and cladding (which is minimum at
the axial location of maximum power generation) the
observed behavior confirms expectation.

Figure 2 presents the transient behavior of the
gap conductance at the base, the axial midplane, and
the top of the fuel rod in the same experiment. As can
be seen an in i t i a l rapid increase in gap conductivity
is followed by a gradual approach to equilibrium. This
is due to the approach to steady state thermal condi-
tions 1n the system as a whole. Decreases in the fuel-
cladding gap are significantly greater during the in i -
t i a l heat up phase than later. As a consequence, re-
gardless of axial location a value characteristic of
steady state (at the given conditions of power and
flow) eventually is achieved.
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Fig. 2. Time dependence of the gap conduc-
tance in the L-7 quasi-steady state
test at the top (83 cm), bottom (5
cm), and midheight (43 cm) of the
test fuel pin.

In this quas1-equ1libr1um example the gap between
the fuel and clad never closed. As a consequence the
gap conductance would be expected to be inversely de-
pendent upon this gap (and i t was). Indeed a particu-
lar ly simple model may be used to explain observed
behavior in this realm: thermal gap conductance is an
average gap thermal conductivity divided by the sum of
an average jump distance plus the fuel-clad gap. the
former two parameters, average thermal conductivity and
jump distance, are dependent upon a variety of factors
associted with conditions in the fuel-clad gap. the
helium-fission gas composition of the gas in the gap,
the presence and amount of solid fission products in
the gap, and even geometry asymmetries al l can be im-
portant in influencing average thermal conductivity and
jump distance. As many of these factors are tempera-
ture (and hence time) dependent the value of these
quantities must be expected to vary both temporally and
spatially. Such is readily inferred from Figs. 1 and
2.

More generally, however, fast reactor accident
sequences result in gap closure. Under these circum-
stances the simple gap conductance model discussed



above becomes inapplicable and instead a more compli-
cated picture resul ts . Once gap closure occurs the
bearing of the fuel upon the clad enhances conduction
of thermal energy, the in ter fac ia l pressure than can
i?2 brought to beor in such situations is l imi ted both
by the y ie ld characterist ics of the clad and by thermal
creep in the fue l . These are complicated functions of
the synergi sties of the system as a whole and cannot
easi ly be quantif ied. Careful experiment analysis i s
necessary to aid the understanding of th is complex
problem.

In the present analysis several experiments were
analysed which had gap closure. Generally, the simple
"gap open" behavior proceeded to the more complex "gap
closed" behavior in a re la t i ve ly smooth t r ans i t i on .
This can be attr ibuted at least par t ia l ly to the aver-
aging characterist ics of the methodology employed.
Abrupt changes in heat transfer between fuel and clad
can feedback to resul t in gap restoration with subse-
quent reclosure. An al ternat ing sequence of such res-
torat ions and reclosures present a f a i r l y smooth t ran-
s i t i on when averaged via the lumped parameter model
employed here. I t is also to be anticipated that so l id
f iss ion products present in the gap w i l l add a further
thermal resistance to heat transfer which can serve to
moderate any tendency toward abrupt increases in gap
thermal conductance. Not to be obscured by the smooth-
ness of the t rans i t ion , however, 1s the general ten-
dency for enhanced gap conductance durinc, condi t ion: of
gap closure.

In summary, i t has been shown that the l inear
Kalman can provide a useful analysis tool with which to
in fer fuel-clad gap conductance under conditions of
actual LMFBR accident simulation. Knowledge of the
magnitude and behavior of th is parameter is important

to the adequate modeling of off-normal reactor opera-
t i on . Various models have been proposed to predict gap
conductance. Unfortunately, no one model 1s uniformly
effect ive in predict ion. Data derived from careful
experiment analysis must be forthcoming to correct
these def ic iencies.
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