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Abstract

Framatome ANP Richland, Inc. has developed an integrated, automated, statistical
methodology for Pressurized Water Reactors (PWRs). Margins for transients and
calculated trips are confirmed using several new applications of probability theory.
The methods used for combining statistics reduces the conservatisms inherent in
conventional methods and avoids the numerical limitations and time constraints
imposed by Monte Carlo techniques.

The new methodology represents the state of the art in the treatment of uncertainties
for reactor protection systems. It all but eliminates concerns with the calculated trips
for PWRs and by improving the margin for all transients will allow for far more
aggressive peaking limits and fuel management schemes. The automated nature of
the bulk of this process saves Framatome ANP time and effort, minimizes the
potential for errors and makes the analysis for all cycles and plants consistent. The
enhanced margins remove analytical limitations from the customer and allow for
more economical operation of the plant.

Introduction

Framatome ANP Richland, Inc. has developed an integrated, automated, statistical
methodology for the evaluation of non-LOCA transients and setpoints in Pressurized
Water Reactors (PWRs). This methodology differs from traditional treatments of
probability in reactor safety analysis [1,2]. The methods selected for combining
statistics and propagating uncertainties in Framatome ANP's methodology are based
on several new applications of probability theory and extend the techniques
available. This new formulation provides a compact, accurate methodology in which
uncertainties are treated in more detail than in the traditional formulations or even
improved formulations [3]. The detailed treatment of non-linear terms and case-
specific terms result in the overall penalty associated with the uncertainties being
minimized.



OGOO
The basis for the evaluation of transients and setpoints is the confirmation of margin
to limits. Margins for transients as well as calculated trips and Limiting Conditions of
Operation (LCOs) are confirmed. The confirmation of the setpoints, which involves a
large number of computer runs and data transfers, and the calculation of the
probability of Departure from Nucleate Boiling (DNB) have been automated, making
a detailed treatment of each of the uncertainties feasible.

This new approach has received NRC approval for analyzing calculated trip
setpoints and non-LOCA transients for PWRs. The methodology includes an
automated tool for setpoint verification and has been implemented by Framatome
ANP to allow calculation of a cycle-specific limit on the linear heat generation rate
corresponding to fuel center line melt, the verification of the calculated trips and the
core safety limit lines.

The current implementations are for the analog systems in Combustion Engineering
(C-E) plants and Westinghouse plants. The methods are general and can be
extended to other configurations, including those plants with digital protection
systems.

Combination of Probabilities

There are several methods commonly used for combining uncertainties. A method
used quite often to combine uncertainties involves summing the squares of the
standard deviations of each of the variables and taking the square root to get the
overall standard deviation (RSS). It is common because it is simple and easy to
apply. However, it is exact only when the random variables are added or subtracted.
When the variables are combined in any other manner, this method becomes
approximate and can lead to relatively inaccurate results. It is also important that
the standard deviation be used for the combination rather than some tolerance limit,
such as the 95% coverage (±2a range), particularly if all the variables being
combined are not represented by the same distribution. Assuming that a reasonably
accurate calculation of the standard deviation of the combination can be made, it is
still necessary to postulate the distribution of the combination in order to deduce
statistical limits. Typically, the final distribution is assumed to be normal. This is
quite often not the case and it becomes necessary to introduce sufficient
conservatisms to ensure that the normal distribution is bounding.

A Monte Carlo simulation does not suffer from the drawback inherent in the RSS
method and is relatively simple to implement. It provides a good approximation of
the probability distribution and can be used to infer both probability and confidence
based on the sample size used in the simulation. It does suffer from some
drawbacks. Because of the very slow convergence of the distribution with sample
size, obtaining high precision in the results requires a very large sample size. When
a large number of cases need to be analyzed statistically, it can be time-consuming
and the accuracy of the calculation is limited. Increasing the number of points tends
to provide improved sampling and statistics, provided the sampling is truly random.
Monte Carlo simulations use pseudo-random-number generators. The sequence of
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numbers depends on the choice of the "seed", that is, the first random number in the
sequence. As the number of points is increased the pseudo-random numbers may
begin to cycle which would ultimately limit the accuracy of the calculation to a value
less than that implied by the sample size considered.

It is possible to analytically combine probabilities and obtain overall probability
distributions by numerical integration. The approach places few limitations on the
probability distributions of the variables to be combined, on the manner in which the
variables are combined or on the probability distribution of the combined variables.
In this sense, it shares several advantages with Monte Carlo simulations [3]. It has
some advantages over Monte Carlo simulations in that it can be implemented in a
simple fashion, the precision is limited only by the numerical integration and it does
not introduce a confidence level because of a finite sample size.

The analytical combination of probabilities is based on the definition of probability.
That is, suppose a random variable, Z, is related to a set of variables, Xi, via a causal
relationship, z = G(xi,x2...xn). In this case, for any particular value of z, allowable
combinations of Xj which could correspond to this case would be constrained by the
causal function. This is not to say that the random variables are constrained
fundamentally, it just says that the probabilities which can contribute to the
probability for Z are constrained by the requirement that z > G(Xj).

P{Z > Z) = Fz (Z) = J fXi^ ^ (xi,X2."Xn) dXl dX2- dXn
Dfz>G(x],x1,...xJ]

where the notation on the integral denotes that the domain of integration is limited
such that z > G(xi,x2,...xn). The above equation defines the combination of the
uncertainties. The general case with interdependent random events is difficult to
address, because the joint probability distribution is seldom known. The most
common cases involve the combination of independent random events.
Independent events are characterized by the fact that the probability for all of the
events to occur simultaneously is the product of the probabilities that each would
occur separately. This can be written as

Pr{A!,A2 AJ = Pr{A1}Pr{A2}...Pr{An}

The probability distribution for Z can be written as

J fXl(Xl)fX1(XlJ'.'fXl\ Xn)dXldX2-dXn
D[z>G(xux2,...xJ]
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This is the form used in the automated process. The implementation of this equation
for each combination of uncertainties requires only the determination of the
appropriate domain of integration.

Propagation of Uncertainties

In general, the cases that need to be evaluated as a part of a safety analysis involve
the propagation of uncertainties in the input to a process (trip systems, monitoring
systems, code calculations, etc.) to determine the uncertainty in the safety
parameter. Since the RSS method of combining uncertainties is implicitly linear, the
propagation of uncertainties is quite often modeled using the linear term from a
Taylor Series. In a large number of cases, the calculated parameter does not have a
linear relationship to the input variables. To compensate for the deficiencies in the
modeling of the propagation, bounding estimates of the response are usually made
to ensure that the uncertainties for the safety parameter are conservative.

For a parameter (final or intermediate) coming from a code calculation, a response
surface can be created that represents a good local approximation to the code's
response to input variations over the expected range of input variation. This
response surface is usually a polynomial fit to the code output based on variation in
the input, although it does not have to be. This response surface can be used to
convert the uncertainties in the inputs to the uncertainty in the parameter using either
direct integration or a Monte Carlo simulation.

In many cases, the parameter of interest is related to an input parameter by a
simple, often non-linear, expression; y=g(x). When a Monte Carlo simulation is
used, the relationship can be expressed explicitly in the simulation and the
uncertainty of the safety parameter calculated directly. When direct integration is
used the uncertainty can be propagated by

dx

where the expression on the right is evaluated for all values of x corresponding to y.

Setpoints

Setpoints consist of calculated trip functions and LCOs. The trip functions, in
conjunction with the LCOs, protect against DNB, hot leg saturation and Fuel
Centerline Melt (FCM) for a range of transient events. The implementation of these
protective functions is somewhat different in C-E plants and in Westinghouse plants.
Although digital trip systems are not the focus of this paper, they provide the same
protection functions and the statistics could be treated in the same manner. The
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differences in the form the protective functions take in each of these cases reflects
the hardware available and the original philosophy of the designers.

Calculated setpoints for a typical Westinghouse analog plant consist of two trips
based on measured temperatures in the hot and cold legs of the reactor. These are
denoted as the Over-Temperature A-Temperature (OTAT) trip, which protects
against DNB and hot leg saturation, and the Over-Power A-Temperature (OPAT) trip,
which protects against FCM. These trips have dynamic compensation terms which
provide correction for the loop transport times from the core to the location of the
temperature sensors and the time delays in the sensors. Verification of the efficacy
of these dynamic compensation terms is based on transient simulations. The
confirmation of the trips in steady state, where they take on the general form,

where AT0 is the hot-to-cold-leg temperature difference at 100% power, T is the
average temperature, P is the pressurizer pressure (not in OPAT Trip), Al is the core
axial offset multiplied by power and F(AI) is the reset function, which lowers the trip
setpoint linearly with Al when the axial power shape falls outside a specified
deadband (See Figure 1). The subscript, 0, on T and P denotes the initial values.
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Figure 1 Typical Reset Function for a Westinghouse Plant

C-E plants have two trip functions: one to protect against DNB and hot leg
saturation, the Thermal Margin/Low Pressure (TM/LP) trip, and the other to protect
against FCM, the Local Power Density Limiting System Safety Setting (LPD LSSS).
There are also two Limiting Conditions of Operation (LCOs): the DNB LCO, which
protects against DNB for several transients, and the LPD LCO, which prevents the
plant from exceeding the lineal power density used in the LOCA analyses.
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Figure 2 Typical LPD LSSS Function for C-E Plant

All of the LCOs and LSSSs for the C-E plant, with the exception of the TM/LP, are
expressed as "barns" generally similar to that shown in Figure 2. The TM/LP is a
pressure trip that auctioneers between a floor pressure and a calculated trip
pressure, called Pvar- Pvar is calculated based on the Axial Shape Index (ASI), the
power and the inlet temperature.

where

QDNB = QR, x QA

and

TCAL° T intet

B is the thermal power. The power signal to the trip is the maximum of the thermal
power, measured by loop temperatures, and the neutron flux power, as measured by
the ex-core detectors. QRi is the power, adjusted for part-power rodding effects.
QA is a function of ASI that increases the pressure to account for skewed axial
shapes.

Confirming Setpoint Margins

The statistical setpoint methodology used by Framatome ANP is based on
confirming the efficacy of existing trip setpoints to provide protection against DNB,
hot leg saturation and FCM. Framatome ANP takes this approach since it is the
most convenient approach when a set of trips and LCOs is already in place for a



plant. In addition, it is the only way to really determine the margin provided by a trip
or an LCO, since the statistical adjustment from the uncertainties is dependent on
the trip or LCO itself. Figure 3 summarizes the general flow of the automated
process for confirming existing setpoints.

XCOBRA-IIIC is Framatome ANP's proprietary code for calculating core thermal
hydraulic conditions and MDNBRs. The data processing module builds all of the
input decks for XCOBRA-IIIC necessary for the analysis. The box denoted as
XCOBRA-IIIC runs is included to represent the large number of calculations using
XCOBRA-IIIC that result in nominal cases and response surfaces. The nominal
cases do not consider the effects of any of the uncertainties. The response surfaces
are created to allow the propagation and combination of the uncertainties associated
with parameters that are not measured. There are usually about 100 points in a
response surface, which is fit with a polynomial depending on each of the
parameters.

Combining the nominal case with the response surface is sufficient to determine the
uncertainty coming from all of the inputs not specifically measured by the trip or
LCO. These are then combined with the nominal value and the measurement
uncertainties of the trip or LCO to produce an uncertainty adjusted margin to the trip
or LCO. Usually, the margin is expressed as the difference between the power
corresponding to DNB (or hot leg saturation) and the power at the trip or LCO,
adjusted for uncertainties. For the TM/LP trip, it is expressed in terms of difference
between the trip pressure and the pressure corresponding to DNB or hot leg
saturation.
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Figure 3 Schematic Flow of Setpoint Verification

The FCM power is calculated as a part of the automated process. It is a
deterministic process that uses the fuel rod design code to determine the relationship
between power and burnup and the melting temperature of the fuel. To ensure that
gadolinia-bearing rods are not limiting with regard to melt, the FCM power for the
urania rod is set such that the gadolinia-bearing rod does not exceed its melt
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temperature, based on the concentration of gadolinia and the burnup of the rod. The
assembly depletion histories are used to determine relative powers and burnups for
all rod types. The,relationship between power, burnup and melting temperature for
each fuel rod type is used to determine the maximum power for the urania rod in the
assembly.

The calculation of the margins to the LHR limit and the margin to the FCM trip do not
utilize a response surface calculation, since the relationship between power at FCM
and the core power is given by

Power =
LHR Limit

tLHRa

T x Rated Power

where LHRumit is the melt limit for the trip and LOCA limit for the LCO, LHRave is the
average lineal power density at full power and FQ is the peaking.

Transients

The transient methodology is quite flexible and addresses challenges to the fuel
integrity, the primary vessel pressure limit and the secondary pressure limit
statistically. The statistical methodology for both C-E and Westinghouse plants is
the same. The figures of merit for fuel integrity are the calculated probability of DNB
and the power margin to FCM. The acceptance criteria for ANS Condition II events
are that the probability of DNB on any rod be less than 5% and that there be a
positive margin to FCM. Pressure margins are based on the difference between the
pressure limit and the calculated peak pressure (vessel or secondary-side), adjusted
for uncertainties, and must be positive. Figure 4 shows a schematic of the transient
methodology for the calculation of the probability of DNB.
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Figure 4 Calculation of the Probability of DNB for a Transient
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The techniques for combining and propagating uncertainties used in the statistical
analysis of the DNB margin, pressure limits and FCM are the same as those used for
the setpoint analysis. There are two computer code calculations involved: the
system simulation using RELAP5 and the MDNBR calculations using XCOBRA-IIIC.
For each of these calculations a response surface is created. The probability of DNB
is then calculated. A large range of parameters may be treated statistically with this
approach.

Normally, the largest contributors to the uncertainty in DNB are treated statistically
and the remainder are set at a deterministic limit. This is done to limit the number of
variables in the integration to get the probability. An automated process to calculate
the probability of DNB has been prepared which treats a subset of the most
significant contributors (power, peaking, correlation, etc.) statistically. For cases with
more contributors than considered in the automated process, the analysis makes
use of a Monte Carlo simulation to calculate the probability of DNB.

For pressure transients, a response surface in peak pressure is created and the
statistically-adjusted margin to the limit calculated using a Monte Carlo simulation.
For FCM margins, the XCOBRA-IIIC runs are not required as the power at FCM and
the uncertainties can be calculated directly. As with the DNB transients, a subset of
the most important contributors (power, peaking, etc.) are combined statistically in an
automated process to determine the uncertainty-adjusted power margin to FCM.

Treatment of Non-Linear Propagation

One thing that the new methodology does is to treat non-linear propagation of
uncertainties in more detail. This improves the accuracy and increases the margin to
the limits. Two examples of the treatment of the propagation of uncertainties are
discussed in this section. The first is the calculation of the power margin for a DNB
LCO function and applies to the treatment of the F(AI) function for a Westinghouse
plant. The second is the treatment of auctioneered powers.

Figure 5 Typical DNB LCO Function for a C-E Plant
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Figure 5 shows a typical DNB LCO for a C-E plant. Like the F(AI) function, it has a
"flat" region at the extreme of the function, with sloped lines on either side. When
this function is treated using a RSS, the usual probability density for power is based
on a normal distribution with the standard deviation scaled by the maximum absolute
slope and the mean shifted to the nominal value of the power corresponding to the
ASI.

This approximation works quite well in the sloped regions of the LCO, but when the
ASI falls near the upper corners, it is not a good approximation at all. When the
nominal ASI is near an upper corner, the correct probability density function is much
more like that shown in Figure 6.

Figure 6 Probability Density Function for Power based on ASI Variation

In Figure 6, the curve begins as a segment of the same normal distribution implied in
the RSS method of combining and propagating variables. However, when power
reaches 100%, the function has no sensitivity to ASI and the probability density
becomes infinite. The vertical segment in the figure denotes a Dirac 5-function at
100% power. This probability density provides a benefit compared to the nominal
margin, since the probability for powers higher than the nominal power, which reduce
the margin, is much less than that for powers less than the nominal power.

In this case, inclusion of the ASI uncertainties would increase the margin. In
contrast, the RSS method would apply the same statistical penalty at the corner as it
does everywhere else. In most cases, the smallest margin occurs at the corners of
the function of ASI (or Al for the reset function in a Westinghouse plant). Thus,
treating the uncertainty propagation more rigorously results in increased margins for
the calculated trips for a Westinghouse plant and increased margin for the DNB LCO
for C-E plant.
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The power for a C-E plant (digital or analog) is the maximum of the thermal power
calculation and the excore power signals. When the RSS method is used to
combine and propagate uncertainties, the uncertainty in this function has been
treated by either ignoring the thermal power calculation or by taking the mean and
standard deviation of whichever is larger. These approximations result in significant
conservatisms in the calculated power uncertainty.

Figure 7 shows the correct distribution for the auctioneered power for the case in
which both power distributions (thermal and excore) have the a mean of 100% power
and the thermal and excore powers are represented by normal distributions having
standard deviations of 3.6% and 1.2%, respectively. The correct distribution is
skewed and has a mean of 101.1% power and a lower, one-sided, 95% limit of
98.7% power. The net gain on the lower limit, compared to using just the excore
power is about 0.7%. The mean value improvement will propagate throughout the
calculation and will provide an overall improvement in margin of nearly 1 % of rated
power.

102.5 103.0 107.9
Auctioneered Power

Figure 7 Probability Density for Auctioneered Power

Conclusions

The methodology described in this paper represents the state of the art in the
treatment of uncertainties for reactor protection systems. By treating the
uncertainties in a formally exact manner and by addressing the propagation of
uncertainties in more detail, the methodology provides a more accurate
representation of the uncertainties than existing methods. The treatment of the
uncertainties reduces the penalties associated with them to the point that it all but
eliminates concerns with the calculated trips for PWRs. It also improves the margin
for all transients, which together with the improvements in the setpoints, can allow for
far more aggressive core peakings and fuel management schemes. The automated
nature of the bulk of this process allows for a much more detailed treatment of
uncertainties, minimizes the potential for errors and makes the analysis for all cycles
and plants consistent.
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