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ABSTRACT

Periodic testing of the passive shutdown system in a metal fueled liquid metal
reactor has been proposed as a Technical Specification requirement. In the
approach to testing considered in this paper, perturbation experiments performed
at normal operation are used to predict an envelope that bounds reactor response
to flowrate, inlet temperature and external reactivity forcing functions. When
the envelope for specific upsets lies within safety limits, one concludes that
the passive shutdown system is operating properly for those upsets. Simulation
results for the EBR-II reactor show that the response envelope for loss of flow
and rod reactivity insertion events does indeed bound these events.

INTRODUCTION

Intrinsic design features that act to safely linit reactor response during upsets
are incorporated in a number of advanced reactor concepts. Such systems have the
potential to perform more reliably than active systems since they do not depend
on electro-mechanical components but only on the natural laws governing heat and
fluid flow. The operation of a passive system is, however, still subject to
design or fabrication oversights that can prevent it from meeting Technical
Specifications. Thus, there needs to be a mechanism for checking for proper
operation in the actual plant.

The Integral Fast Reactor (IFR) is a reactor concept for which periodic testing
has been proposed as a means for verifying proper operation of the passive
shutdown system. In the IFR concept, metallic fuel and sodium coolant provide
sufficient negative reactivity to safely limit reactor response during a number
of unprotected upsets (Ref. 1). Since the feedback mechanisms that provide for
this are always operating, one should be able to test for proper operation
inobtrusively while at full power.

A method for verifying proper operation of the passive shutdown capability in a
reactor based on the IFR concept was reported earlier (Ref. 2). There are four
steps. First, a model structure for the reactor is assumed based on a general
consideration of physical laws. Second, the reactor forcing functions are
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perturbed to determine the values of key reactor parameters that govern upset
response. Third, the validity of this identified model is tested by checking for
statistical consistency between the model and the measurements. This identified
model comprises a measured basis from which unprotected reactor response to
upsets can be predicted. Fourth, a statistical envelope that bounds the reactor
response for specific unprotected accidents is computed from the identified
model. If the envelope is within safe limits, then one concludes that the
mechanisms for safe shutdown are in place for these upsets.

This paper reports simulation results obtained for the Experimental Breeder
Reactor-II (EBR-II). This reactor (Ref. 3) is prototypic of the IFR concept,
using metal fuel and sodium coolant. While the thermal power of EBR-II is much
smaller than commercial designs based on the IFR concept (about 60 MWt compared
to 1000 MWt), the passive safety characteristics of EBR-II have been shown to be
preserved in the larger designs. This fact, combined with the fact that EBR-II
is an operating reactor available for test purposes, makes it a candidate for
eventual demonstration of the method.

MODEL STRUCTURE

The scope and complexity of developing a model structure is simplified by two
observations. First, the region of space over which measurements need to be
collected in order to predict reactor response to upsets is limited to the
envelope surrounding the core. The reason is as follows. The behavior within
this envelope is affected by only three boundary conditions -- reactor flowrate,
reactor inlet temperature and external reactivity. In turn the behavior of these
boundary conditions is encompassed by five upset classes (Ref. 1). For each
class, simple methods exist for determining a priori the limiting behavior of the
boundary conditions. Therefore, if a model for the processes within this
envelope can be obtained from current measurements, then the current response of
the core for these five upset classes can be predicted and from this the safety
status of the core for unprotected upsets can be determined. The model structure
task is then one of obtaining a model for the processes inside the envelope.

The second observation is that the important safety related features of the
reactor response -- temperature rise and power -- correlate, at least to the
first order, with just a few parameters. The values of these parameters can be
determined from measurements in an empirical manner without having to decompose
the parameters into their underlying constitutive components. The nature and
origin of these parameters is made more clear by separating the behavior of the
core into quasi-static and dynamic components as follows. On the time scale that
primary flow, rod position and inlet temperature change during the five upset
classes, all reactivity feedbacks with the exception of the one group neutron
precursor population behave quasi-statically. The coolant temperature, the
cladding temperature, the fuel temperature, the temperature of core structures
(hex can and load pads) and the grid plate temperature all remain essentially in
instantaneous equilibrium with the power, the flow rate and the inlet tempera-
ture. (Actually, the control rod time constant lies between 10 and 30 seconds,
which is decidedly not quasi-static. However, treating it as quasi-static only
increases the width of the confidence bands on the core response prediction, but
does not invalidate the method.) when all reactivity feedbacks but the precursor
population are in equilibrium with the instantaneous power, flow and inlet
temperature, the net reactivity can be written as



p = AC1 - P) +B fl - | J + C*Ti + p.xt (1)

where

F = normalized power,

W = normalized flcwrate,

5T± = reactor inlet temperature change,

p,xt = external reactivity,

and where A, B and C are integral parameters that are functions of the reactivity
feedback coefficients for fuel temperature, cladding temperature, coolant density
and structure temperatures. The dynamic behavior of the plant is then well
approximated by

where

A — one group neutron precursor decay constant.

Thus, the state of the reactor, including those phenomena which are difficult to
model accurately by analytic means -- fuel-cladding mechanical interaction,
number density dependence on burnup, and reactivity effects associated with
radiation induced swelling -- are embedded in the measured values of the four
integral parameters A, B, C and A.

These equations must be transformed into sampled data form for proper interfacing
with the plant data acquisition system before parameter values can be estimated.
Let the reactor flowrate, reactor inlet temperature and rod reactivity forcing
functions be represented by the input vector u which can change values only at
times tk (k-0,1,2...). Similarly, the power is represented by the output vector
v. which is sampled only at times tk. Integrating these equations across a sample
interval gives a set of equations of the general font

) = f fx(k), u(k),a(k)] (3)

and

where f and g are vector functions and a is a vector of parameters.

These equations, however, do not convey any information about how well they
describe the plant. To achieve this, the equations are augmented with the
random vectors Iu(k) , £x(k) and n(k) to give



) = f[x(k). u(k), ̂ ( k ) ] +ix(k) (5)

and

v.(k) = £ Is(k), u(k), ̂ ( k ) ] + n(k) (6)

In this idealization, iu(k) is taken to represent the uncertainty in the values
of the forcing functions and the parameter vector, £x(k) is taken to represent
process noise and model error and n(k) is taken to represent sensor noise. The
sequence generated by each of these vectors is assumed to be zero mean Gaussian
white noise. Each vector is assumed uncorrelated over all time with each of the
other vectors.

PARAMETER ESTIMATION

Parameter values are estimated in a manner that decomposes the parameter
optimization task into several optimization subtasks. Opportunities for
decomposing the problem arise in two ways. First, the behavior of the plant for
quasi-static transients depends on a subset of parameters. This subset can be
identified by a slowly varying transient leaving the remaining parameters to be
identified through a fast transient. Second, for a particular identification,
whether quasi-static or dynamic, both the mean and variance of each parameter
must be estimated. The mean values can be estimated using the least squares
method which does not require that variances be estimated. The variances can
then be identified using the maximum likelihood method. These two means of
partitioning the problem help ensure that if there is a unique set of parameter
values, then it will be found.

The SASSYS reactor systems code (Ref. 4) was used to construct simulated
measurements. This code provides a detailed thermal hydraulics and neutron
kinetics treatment of the reactor core and is especially suited to off normal
transients. The simulation of the EBR-II reactor included 11 core channels to
represent subassemblies grouped together based on similarities in composition,
flowrate and operating power. The reactivity contribution from subassembly
bending was assumed linear with reactor temperature rise. All simulations were
performed with reactor inlet temperature held constant. Simulated measurements
were generated by forcing the reactor through the rod reactivity and flowrate
boundary conditions. The simulated plant measurements were formed by adding
white noise to these forcing functions and to the reactor power response.

Parameter values were estimated by performing four separate maneuvers about the
full power operating point. First, the variance of the power measurement was
determined at steady state full power. Second, the mean and variance of B/A were
estimated from the reactor response to a slow change in flowrate that took power
from 100 to 95 percent while rod reactivity remained constant. Third, the mean
and variance of A were estimated from the reactor response to a slow insertion
of rod reactivity that took the power from 100 to 105 percent with reactor
flowrate remaining constant. Finally, the mean and variance of A were estimated
from the reactor response to an input of rod reactivity that resembled a sawtooth
waveform. The peak to peak change in power was five percent.



VALIDITY TEST

The statistical properties of the identified model must be consistent with the
measured data before the nodel is declared valid. The test used in this work
checks for whiteness of the measurement residuals (Ref. 2). This test is
particularly good at detecting dynamic states that have not been modeled.

The validity test was performed using the measurement data from the last
transient described above. The model passed the test. While the noise added to
the simulation data was Gaussian and white, consistent with the assumptions in
Eqs. (5) and (6), future work will investigate how the outcome of the validity
test is affected when this is not the case. It is known, for example, that the
noise on the primary flowrate signal in EBR-II contains non-Gaussian time
correlated elements.

Strictly speaking, the outcome of the validity test holds only in the neighbor-
hood of where the test is applied. However, if the phenomena that control off
normal behavior are the same as those present during normal operation, then the
identified model can be used to predict off normal conditions. This will be the
case for the IFR since Eqs. (1) and (2) describe reactor behavior during both
normal and off normal operation. Testing for model validity under off normal,
that is, accident, conditions in the IFR obviously will be ruled out for safety
reasons.

PREDICTION

The validated model was used to predict the stochastic envelope for an
unprotected loss of flow event and a rod reactivity insertion event. The flow
halving time in the loss of flow event is 14 seconds which leads to a peak power
to flow ratio of 1.8, about the same size as that for commercially sized advanced
IHRs. The reactivity added in the rod withdrawal event is 16 cents added over
30 seconds. This leads to a peak normalized power of 1.5, again typical of a
commercial size LMR. The stochastic envelope in both cases should contain the
response for the event as calculated by SASSYS.

The success with which the methodology predicts the reactor response is evident
in Figures 1 and 2. The figures compare the prediction generated by the reactor
model containing the B/A, A and X identified froa neasurements, termed the
"identified" model, with the "actual" plant response. The dotted line shows the
three-sigma confidence level predicted by the identified aodel; the solid line
is the actual plant response, that is, the response from SASSYS. The solid line
is seen to generally fall within the dotted line as it should.

SUMMARY

Simulations performed with the SASSYS reactor systeas code indicate that the
behavior of the EBR-II reactor during upsets can be bounded using perturbation
experiments performed at full power. The maximum likelihood method was used to
process the power response to flowrate and reactivity changes to generate a
stochastic model for the reactor. The prediction envelope from this model for
rod reactivity insertion and loss of flow events was then shown to bound each of



these events. When the prediction envelope lies within safety limits, one
concludes that the passive shutdown system for these events is operating
properly.
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