SNL
| daho National
Laboratory

INL/EXT-11-23600

Integration of Reliability
with Mechanistic
Thermalhydraulics:
Report on Approach and
Test Problem Results

Completion of Level 2 Milestone
M2LI11IN07040204 — “Report on Approach and
Test Problem Results”

J. S. Schroeder
R. W. Youngblood

July 2011

The INL is a U.S. Department of Energy National Laboratory
operated by Battelle Energy Alliance



INL/EXT-11-23600

Integration of Reliability with Mechanistic
Thermalhydraulics:
Report on Approach and Test Problem Results

Completion of Level 2 Milestone

M2LI1INO07040204 — “Report on Approach and
Test Problem Results”

J. S. Schroeder
R. W. Youngblood

July 2011

Idaho National Laboratory
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy
Office of Nuclear Energy
Under DOE Idaho Operations Office
Contract DE-AC07-05ID14517



(This page intentional left blank)



TABLE OF CONTENTS

T INETOAUCTION ...t b bbbt b et bt eae et bt et ebe s e ebeense e 5
1.1 BACKGIOUNG ...t ettt sttt ettt b et e 5
1.2 The Problem addressed in ThisS Task ........cccccioieiiiiieieeee e 6
1.3 SUMMAIY ..ottt et e e et e e be et et e s be e st et e ebeesaesbeereessetesasensesbesreensbenns 7

2 REFERENQGES ...ttt b et b ettt eb e bt e s ene 8

APPENDIX 1 Heartbeat Model for Component Failure Time in Simulation of Plant Behavior ......9

APPENDIX 2 “Class Pipe_Pui_FSM,” Chapter 16 of “R7 Documentation”, describing the R7

implementation of a model of stress corrosion cracking in @ pPipe.....c.cccceveeeeeeeecviciccecceceeeeee 19

APPENDIX 3 “Class Pump_Pui_FSM,” Chapter 24 of “R7 Documentation®, describing the R7

implementation of a model of pump unreliability ..........cccoooeieiiiiee e 36



(This page intentionally left blank)



1 Introduction
1.1 Background

The Risk-Informed Safety Margin Characterization (RISMC) pathway of the Light Water
Reactor Sustainability Program is developing simulation-based methods and tools for analyzing
safety margin from a modern perspective. [1]

There are multiple definitions of “margin.” One class of definitions defines margin in terms of
the distance between a point estimate of a given performance parameter (such as peak clad
temperature), and a point-value acceptance criterion defined for that parameter (such as 2200° F).
The present perspective on margin is that it relates to the probability of failure, and not just the
distance between a nominal operating point and a criterion. In this work, margin is characterized
through a probabilistic analysis of the “loads” imposed on systems, structures, and components,
and their “capacity” to resist those loads without failing. Given the probabilistic load and
capacity spectra, one can assess the probability that load exceeds capacity, leading to component
failure.

Within the project, we refer to a plot of these probabilistic spectra as “the logo.” Refer to Figure
1 for a notional illustration. The implications of referring to “the logo™ are (1) RISMC is focused
on being able to analyze loads and spectra probabilistically, and (2) calling it “the logo” tacitly
acknowledges that it is a highly simplified picture: meaningful analysis of a given component
failure mode may require development of probabilistic spectra for multiple physical parameters,
and in many practical cases, “load” and “capacity” will not vary independently.
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Figure 1. “The Logo:” just a position of a probabilistic load spectrum and a
probabilistic capacity spectrum.



Refer to Figure 2, which shows how work is organized within the RISMC pathway. The portion
in the upper right labeled “Technical Framework for Margin Management” is where the safety
case is formulated in terms of “margins,” analyzed in the manner stated above. The simulation
tool for analyzing margin, R7, is indicated in the blue portion in the middle of the figure. This
diagram shows R7 as an integration of the purely “Mechanistic Simulation of Phenomenology”
and the “Generation / Quantification of Scenarios.” That integration is the subject of this report.
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Figure 2. The Risk-Informed Safety Margin Characterization (RISMC) Pathway.
1.2 The Problem addressed in This Task

A completely mechanistic simulation of the behavior of a system unambiguously predicts that
system’s future evolution from physical laws. The solver in R7 is well equipped to do precisely
that. However, in order to “do the logo,” we need not only to model the physics, but also to
include variations in component behavior. Unfortunately, in practice, we do not know when a
given component will fail, although we know something about the distribution of failure times
for a nominally homogeneous population of components; correspondingly, in reliability analysis,
component failure is generally treated with models that are aleatory in nature (rather than
mechanistic). Moreover, although we do not know when a component will fail, theory and
practice show that certain stressors acting on certain components will change their time of
failure; this limits the applicability of a simple approach based on presuming a component failure
time a priori in a given simulation, without regard to time-history-specific stressors.



The problem treated in this report is how to deal with the latter considerations within a
simulation code that is based on a physics solver.

1.3 Summary

Material provided in the attachments shows how to put aleatory degrees of freedom into the
simulation to reflect component reliability, allowing for time-history-specific stressors on the
components, without changing the way in which the solver works. Attachment 1 summarizes the
conceptual background; Attachments 2 and 3 are actually part of the living documentation of R7
itself. This demonstration accomplishes the purpose of this task, and correspondingly satisfies
the milestone. It presently appears that this way of addressing aleatory models in R7 can be
applied more widely than just to component reliability. Suitably generalized, it might be applied
to human performance as well.

The basic idea is described in the paper “Heartbeat Model for Component Failure Time in
Simulation of Plant Behavior” [Ref. 2], furnished here as Appendix 1. The idea is based on an
analogy between a homogeneous population of components and a homogeneous population of
people. Note that “homogeneous” does not mean “absolutely identical,” which would imply that
all components in the designated population fail at the same instant, and all people in their
designated population die at the same instant. A homogeneous population of light bulbs will fail
at different times, even if they are all constantly “on” at the same voltage, and an analogous idea
pertains to the people. Many years ago, it was popularly imagined that each human is born with a
particular quota of heartbeats, and when these are consumed, that human dies, unless some other
cause of death has occurred first. Within this model, a lifestyle that causes an average increase in
heart rate will lead to a shorter life; but at identical stress levels imposed on a population of
people, there will still be a variation in their life spans. Similarly, a homogeneous population of
components will have different failure times, each of which could be shortened if certain kinds of
wear and tear were to accumulate more rapidly, owing to application of different stressors to the
components (e.g., different voltages to the light bulbs).

This “heartbeat” idea is not currently taken seriously for people, but serves as a metaphor for the
“cumulative damage model of component failure.” A given component will fail when its
cumulative damage (wear and tear) exceeds that component’s threshold. The probability density
function of component failure time is then seen as a distribution over cumulative damage
thresholds, assuming a constant nominal rate of damage accumulation.

In the present implementation, when a component failure mode (implying an aleatory degree of
freedom) is spawned into the simulation of a given time history, random sampling is done to
determine that component’s destiny (the value of the cumulative damage threshold at which that
component will fail), and the evolution of the system is completely mechanistic thereafter. This
is like drawing a component at random from the homogeneous population. As the simulation
progresses in time, it tracks the accumulated “damage” (the wear and tear) to that component,
based on current values of the stressors, and compares the current level of damage with the
component-specific, time-history-specific failure threshold. This calculation can easily reflect
scenario-specific variations in the rate of damage accumulation. A suitable collection of time



histories will appropriately sample the range of this component’s reliability behavior in the
context of the actual stressors experienced in that environment.

The above idea can be applied either to active components or to phenomena such as crack
growth. The practical point is to keep the aleatory contribution out of the loop of the physics
solver. An R7-compatible model of crack growth is described in Reference 4 and has been
implemented in R7.

As an integral part of R7 development, code documentation is developed concurrently with
source code [3]. Accordingly, the R7 implementation of the above idea for active components
and for passive components is documented as part of R7’s overall documentation, and the
relevant chapters of Ref. 3 (chapter 24 and Chapter 16 respectively) are provided here as
Appendices 2 and 3. Appendix 2 is based on Reference 2; Appendix 3 is based on work
documented in Reference 4.
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ABSTRACT

As part of the Department of Energy’s “Light Water Reactor Sustainability Program”
(LWRSP). we are developing a methodology and associated tools for risk-informed
characterization of safety margin that can be used to support decision-making about plant life
extension beyond the first license renewal, Beginning with the traditional discussion of “margin™
in terms of a “load™ (a physical challenge to system or component function) and a “capacity” (the
capability of that system or component to accommodate the challenge). we are developing the
capability to characterize realistic probabilistic load and capacity spectra, reflecting both aleatory
and epistemic uncertainty in system behavior, This way of thinking about margin comports with
work done in the last 10 years. However, current capabilities to model in this way are limited: it is
currently possible, but difficult. to validly simulate enough time histories to support quantification
in realistic problems, and the treatment of environmental influences on reliability is relatively
artificial in many existing applications. The INL is working on a next-generation safety analysis
capability (widely referred to as “R7") that will enable a much better integration of reliability- and
phenomenology-related aspects of margin, In this paper, we show how to implement cumulative
damage (“heartbeat™) models for component reliability that lend themselves naturally to being
included as part of the phenomenology simulation. Implementation of this modeling approach
relies on the way in which the phenomenology simulation implements dynamic time step
management, Within this approach, component failures influence the phenomenology, and the
phenomenology influences the component failures.

Key Words: Safety margin, reliability, phenomenology. cumulative damage, R7
1 INTRODUCTION

Coupling reliability and phenomenology in simulation of complex systems has been a
research topic for many years. It has long been known how to assess complex system reliability
efficiently by simulating time histories, provided that certain simplifying assumptions are made
about component reliability; and it has long been possible to simulate phenomenological (e.g.,
thermal/hydraulic, or T/H) behavior, typically with component success and [ailure status dictated
by the simulation user in an input deck for the phenomenological simulator (or perhaps modeled
in the simulator’s “control” system). However, simulating reliability and phenomenology
together is more difficult, especially if the plant’s physical state influences component behavior.
Recent decades have seen “dynamic probabilistic risk assessment (PRA)” [1, 2, 3] efforts to
improve on this, but we do not know of existing T/H simulators that address time-history-
specific phenomenological influences on component reliability within the simulation, except in a
highly simplified way (e.g., extremely coarse sampling).
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Currently, the INL is developing a “Next-Generation Systems Analysis Code,” commonly
called R7 [4, 5]. R7 simulates the behavior of reactor systems, and moreover does so in a way
that supports realistic decisionmaking: namely, by analyzing probabilistically-significant classes
of scenarios that are chosen through the sampling of key aleatory and epistemic variables. The
development of R7 so far includes certain aleatory variables, and even some coupling between
component behavior and the physical plant state. This paper presents and illustrates a class of
component reliability models suitable for incorporation into R7, in which the component’s
aleatory behavior is coupled to the plant’s physical state in a natural way.

Section 2.1 compares two approaches to simulation of reliability time histories, and suggests
that one of these two approaches comports with R7’s dynamic approach to time step control.
Section 2.2 then presents and illustrates a class of component reliability models that fit naturally
into this simulation approach. These models are not in themselves new, but they lend themselves
to implementation in R7. Section 2.3 generalizes the discussion [rom its implicit focus on active
components (such as pumps) to passive components (such as pipes and vessels). Finally, Section
3 offers interim conclusions.

2 RELIABILITY MODELING

2.1 Event-Driven Simulation Versus “Exhaustive” Simulation

Suppose that we wish to estimate the reliability of a system whose complexity makes it
impractical to compute reliability directly (for example, by evaluating a closed-form expression
for reliability in terms of component reliability models). One common way of estimating
complex system reliability is to simulate a large number of time histories, sampling over
different instantiations of component failure time; if the sampling is done appropriately, then the
reliability can be calculated in terms of the number of time histories in which the system
succeeded, and the total number of time histories simulated.

One way of simulating a time history is the following.
(1) initialize the component states,

(2) increment the system clock by a small time step dl,
(3) for each component,

sample a random number and compare it with A*df to determine whether that
component fails in the current time step; if so, propagate the effects of that state change
through the system configuration;

(4) return to step (2);

continue iterating until the entire mission has been analyzed, tracking reliability, availability, and
performance-related metrics as appropriate throughout the current time history.,

Another way of developing time histories is the following. Instead of determining each
component’s failure time by marching along the time axis one df at a time, and waiting for a
random number generator to decide which time step will yield a transition, sample once per
component to determine its failure time directly from its failure time distribution. This is
illustrated in Figure 1; the random-number sampling process (or this component furnished the
random number 0.7, which yields a failure time of about 51. Carrying out a similar process for
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all of the aleatory degrees of freedom, and knowing all of the scheduled events (like testing) a
priori, one immediately determines all of the state transition times in this time history; one can
then immediately assess the reliability / availability / performance (RAP) metrics in this time
history, and move on to the next time history.

Weibull Distribution for Component
Failure Time
Scale=50, Shape=4

e

- %

0.2 /
/

0 o T T T 1

0 20 40 60 80 100
Time Units

0.7

Cumulative| Probability

~51

Figure 1. Sampling from the cumulative failure time distribution to determine a time-history-specific
component failure time.

This latter approach (most commonly called “event-driven” simulation) has been used for
generations to assess RAP metrics [or very large-scale, very complex systems (an early example
1s furnished in [6]). It is much faster than evaluating RAP metrics over a long mission time by
generating stochastic events in each small time interval ¢, But in event-driven simulation,
dependencies among components, or between component behavior and current physical state, are
either not reflected, or are modeled rather selectively, because each component’s failure time
distribution is written down a priori, and does not reflect time-history-specific developments that
might influence the component’s behavior in that time history. “Exhaustive” simulation, which
generales state transitions (or not) in each time step df, “knows” everything about past history
and current state, and can model a broad range of influences on the stochastic or deterministic
state transitions based on this knowledge, but this modeling flexibility comes at a high price in
terms of execution time,

2.2 Cumulative Damage Models for Component Reliability

The literature of accelerated life testing relates component reliability characteristics to the
imposition of stressors, such as elevated temperature or mechanical loading. The illustration
presented here is based on Weibull distributions, which are widely used in reliability modeling,
and which lend themselves to interpretation in terms of a “cumulative damage™ idea, but others
can be used. See [7] among many other references on this general topic.

Page 3 of 9
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The general idea of the cumulative damage model 1s that damage to a component
accumulates over time as a function of the applied stresses, and that a given component fails
when its particular damage threshold is exceeded. In this picture, a cumulative distribution of
failure time is interpreted as the distribution over a component population of the times at which
those components’ damage thresholds will be reached. At nominal conditions (constant
stressors), the reliability is written as follows, assuming a damage rate that is constant in time:

“(L')ﬁ
R(Zaﬂﬁﬁ):e g

where

R is the reliability as a function of time.
t 1s time,

17 1s the scale factor,

B is the shape factor.

The cumulative distribution in Figure 1 above is

F(tana/g) :l—R(fﬁaﬁ),

with shape and scale parameters as given in the figure.

In order to understand what this formulation is saying, suppose that the shape parameter
p=>1. Then when t<n, (#/n)"p 1s a very small number, R ~ | and F ~ 0. The equivalent
vernacular statement is that it typically takes about 1 time units for damage to reach the failure
threshold; the damage necessary to fail the item simply has not accumulated when 7 << n.
However, when ¢ >> p, the situation is reversed; the probability that the item is failed now
approaches unity. The transition to failure mostly occurs around 7 ~ 77, when sufficient damage
has accumulated. The character of the shift in probability is determined by the value of /3 the
larger the value of £, the more narrowly the transition is focused near 7 = 7. In a nutshell, as
implied by the appearance of #/7 in the formula above, 7 sets the time scale.

The cumulative damage models work by modifying 7. If stressors change such that damage
accumulates at twice the normal rate, then 7 is halved. Moreover, at least in simple cases, they
assume that the current rate of damage accumulation is determined by the current stressors, and
not (for example) by history.

2.2.1 Arrhenius Model

The Arrhenius model is a widely used idea, according to which an underlying *“reaction rate™
is governed by an activation energy Ea and the temperature T, thus:

rate < Ae *

where
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A 1s a proportionality constant,
k is the Bolltzmann constant.

For present purposes, we associate damage rate with reaction rate. Within this formulation,
then, the damage rate at a temperature 7., differs from the damage rate at the nominal
temperature 7, by a factor of

By
e k 'THGH]' T

cHrrent

Figure 2 compares Weibull distributions whose underlying parameters are the same excepl
that they correspond to different temperatures, and thus have different scale parameters given by
the Arrhenius model.

Cumulative Weibull Distributions for Two Different
Temperatures (Other Parameters Equal)

1
z [ /
08
: /
[+ %
@ U.n
: /
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§ 0 4_/ v
0 20 40 60 80 100
Time Units

Figure 2. Weibull distributions of failure time for two different temperatures.

Figure 2 illustrates the point that applying the Figure | process to determine a component’s
failure time in a given time history will yield a failure time that is earlier if the component is
operating at a higher temperature. (The horizontal line in Figure 2 corresponds to a sampled
random number of about 0.6, which intercepts the T=300K curve at around 50 time units, but
intercepts the T=500K curve at around 30 time units.)

Consider now the case where a component is subjected to varying temperature. The upper
plot in Figure 3 shows an illustrative temperature history in which T=300K at time zero, rises to
500K and remains there between about 7 = 20and # = 32, and then goes back down to 300K as of
about = 57. The lower plot is a plot of cumulative damage as a function of time; at constant
temperature, corresponding to constant damage rate, the damage accumulation lies on a straight
line (the purple line in the plot). If temperature increases, the rate of damage accumulation
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increases; the green line corresponds to the temperature history, and damage accumulates fastest
where temperature is highest.
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Figure 3. Rate of Damage Accumulation Varying with Temperature.
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2.3 Time-Step Control and Compatibility of Cumulative Damage Models with R7

The numerics of R7 are well beyond the scope of this summary, but it is important to
understand that when variables are changing rapidly, the time step is small. This is suggested
notionally in Figure 4 below.

Rate of Change of Rate of Change of
T/H Variable 1 T/H Variable 2

o
1
L
o+
IS
\

N — — sl Time
Large Time Step Small Time Step
Slow Changes Rapid Changes

Figure 4, Adaptive Time Stepping in R7.

Implementation of cumulative damage models in R7 means that besides monitoring rates of
change of T/H variables, as in Figure 4, R7 needs also to be aware of whether component state
transitions are occurring in the near [uture, so that the time step can be modified appropriately.
Referring back to Figure 3, for example, suppose that in a particular time history initiated at 7 =
0, a particular failurc mode’s aleatory damage threshold is determined to be 0.62, and the implied
timing information is conveyed to R7’s time step controller. That timing estimate 1s predicated
on nominal conditions; in the case of the temperature history shown, it will become clear shortly
alter = 20 that the damage threshold will be reached sooner than the time sampled at the
beginning of the time history, and R7 will need to shrink the time step accordingly.

This leads to a notional criterion for R7 compatibility for models of aleatory component
failure modes:

Based on the current plant state, the component model should be able to project a component
failure time well enough to appropriately inform R7’s time step control.

The simple cumulative damage models described above satisfy this criterion. In those
models, when a component lifetime is spawned within a simulated time history, a single aleatory
degree of freedom is sampled to initialize an estimate of failure time, and this failure time is
modified with causal models as the plant state evolves.

Note that the cumulative damage models satisfy this criterion because after their aleatory
aspects are sampled at the initiation of the models, they are causal in nature: the prognostication
of failure time will not have a large random component that might mislead the time step control.
2.4 Models of Passive Component Failure

The discussion carried out above was not focused on any particular component type. In this
subsection, we focus on passive components, and on degradation of those components due to
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factors such as mechanical cycling, thermal stress, neutron fluence, and perhaps even water
chemistry.

As an example, consider the following model of passive component failure due to crack
growth. In each time history, at #= 0, the component model is seeded with a crack distribution.
This is the aleatory part of the model. Thereafier, the crack grows “mechanistically,” i.¢., as a
result of certain mechanisms linking particular phenomenological stressors (mechanical stress,
cycling, ...) to crack growth. Within cach time step, “damage” is accumulated, and a
prognostication of component failure is developed and fed back to R7 time step control.

Even though crack growth can accelerate as catastrophic failure is approached, this, too,
satisfies the R7 compatibility criterion. It is simply necessary to code the model in such a way
that R7 sees the catastrophic [ailure coming.

3 SUMMARY

The class of models discussed in this paper can be applied within R7 in order to achieve full
two-way coupling between component failure modes and scenario physics, as suggested in
Figure 5.

This discussion would not appear relevant to evaluation of scenarios spanning only a few
hours (e.g., from “initiating event” to cold shutdown). However, it currently appears that R7 has
the potential to examine not only such traditionally-analyzed accident scenarios, but also very
long stretches of operating time, and to do so in a way that allows for characterizing the spectrum
of operating stresses to which a given component may be subjected over long periods.

In order to be R7-compatible, a component unreliability model must fit into R7’s time step
control paradigm. This requires models to provide a current

estimate of failure time so that R7 can determine how long its Fully Phenomenology ComPenent
time step can be without introducing additional inaccuracy. Coupled Fejats Thoas
A class of R7-compatible component reliability models was

Figure 5, Full Coupling Between

- oy b - kil s
discussed above, In these “cumulative damage models, an Phenomenology and Component Behavior.

aleatory degree of freedom 1s sampled at component birth,

and used, together with all the rest of the physics and component status information in the
simulation, to project and update the component failure time. Depending on the component,
damage (wear, total heartbeats, ...) accumulates based on calendar time, or run time, or run time
influenced by time-history-specific scenario physics.

Some of the parameters in some of the models in this class are not known very well at
present. For now, this limits the predictive applications of this capability. However, the capability
is expected to prove to be very useful for characterizing the potential implications of emergent
results from materials behavior research, or cascading (ailure situations as well.
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5 DISCLAIMER

This information was prepared as an account of work sponsored by an agency of the U.S.
Government. Neither the U.S. Government nor any agency thereof, nor any of their employees,
makes any warranty, expressed or implied. or assumes any legal liability or responsibility for the
accuracy, completeness, or uscfulness, of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. References herein
to any specific commercial product, process, or service by trade name, trade mark, manufacturer,
or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the U.S. Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the U.S. government or any agency
thereof.

6 REFERENCES

Y. H. Chang and A. Mosleh, “Cognitive modeling and dynamic probabilistic simulation of
operating crew response to complex system accidents — Part 1: Overview of the IDAC
Model,” Reliability Engineering & System Safetv, 92, pp. 997-1013 (2007).

U. Catalyurck, B. Rutt, K. Metzroth, A, Hakobyan, T. Aldemir, R. S, Denning, S. Dunagan,
and D. Kunsman, "Development of a Code-Agnostic Computational Infrastructure for the
Dynamic Generation of Accident Progression Event Trees," Reliability Engineering &
Svstem Safety, 95, pp. 278-304 (2010).

3. Hakobyan, T. Aldemir, R. S. Denning, S. Dunagan, and D. Kunsman, B. Rutt, and U.
Catalyurek, "Dynamic generation of accident progression event trees," Nuclear Engineering
and Design, 238, 3457-3467 (2008).

4. Light Water Reactor Sustainability Research and Development Program Plan Fiscal Year
2009-2013, INL/MIS 08 14918, Revision 2.

5. R. Nourgaliev, N. Dinh, and R, Youngblood, “Development, Selection, Implementation, and
Testing of Architectural Features and Solution Techniques for Next Generation of System
Simulation Codes to Support the Salety Case of the LWR Life Extension,” September 30,
2010.

"TIGER Users Manual (Version 8.21),” NAVSEA TE660-AA-MMD-010 (1987).

7. K. Sobczyk and B. F. Spencer, Jr., Random Fatigue: From Data to Theory, Academic Press,
Inc., 1992.

o

Page 9 of 9



APPENDIX 2

“Class Pipe_Pui_FSM,” Chapter 16 of “R7
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model of stress corrosion cracking in a pipe
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Chapter 16

Class Pipe Pui FSM

OMPONENT Pipe_Pui_FSM is one of two R7 components that use an in-

ternal finite state machine (FSM) to implement stochastic calculations in the
context of an R7 simulation. The other component, Pump_Pui_FSM, uses the
FSM to implement a simple two-state reliability model. The Pipe Pui FSM
component implements a multi-state physics model of passive component aging.
The multi-state physics model was provided by Unwin et al. [eallb] and fea-
tures a cumulative damage (or heartbeat) formulation for pipe crack formation
and growth.

CompLib:Companent MISC:OneD
T '
|

CompLib:DG_10_CV

T

CompLib:DG_1D_PY MISC:ThermalHydraulics

f ;
\

CompLib:Pipe_Pui Entity
t | i

| CompLib:Pipe_Pui_FsM

Fig. 16.1 : Inheritance tree for Class Pipe Pui _FSM.

Pipe_Pui_FSMisderived from Pipe_Pui as shownin Figure 16.1. Pipe_—
Pui handles the pipe thermal-hydraulic state representation. Pipe Pui_FSM ex-
tends Pipe _Pui, adding stochastic behavior to the component. The FSM func-
tionality is incorporated by also deriving from the Ent ity base class as shown in
the figure. The Ent ity class provides basic FSM functionality; component-spe-
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cific behavior is produced by coding state-specific behavior into separate state ob-
jects. In this case, the pipe stochastic behavior is encoded in PipeOwnedStates.

Background

Coupling reliability and phenomenology has been a research topic for genera-
tions. It has long been known how to assess complex system reliability efficiently
by simulation of time histories, provided that certain simplifying assumptions are
made about component reliability; and it has long been possible to simulate phe-
nomenological (e.g., T/H) behavior, one time history at a time, typically with
component success and failure status dictated by the simulation user in an input
deck for the phenomenological simulator. However, doing the two together is
more difficult. Recent decades have seen “dynamic PRA” efforts to improve on
this, but we do not know of existing T/H simulators that address time-history-spe-
cific phenomenological influences on component reliability within the simulation,
except in a highly simplified way (e.g., extremely coarse sampling).

Two classes of simulation-based approaches to reliability / availability analysis
have been widely used. They are variously called “event-driven simulation” and
“discrete-event simulation.” It seems that different individuals use these names
differently. Here, we will call one approach “destiny-based” and the other ap-
proach “painstaking.” The traditional destiny-based approach is one in which the
failure time of each component is determined a priori by sampling from the ap-
propriate cumulative failure time distribution. The destiny approach has the great
advantage of being much faster than approaches based on painstakingly integrat-
ing along the time axis, methodically assessing evolutions and transitions within
each small dt. The painstaking method can model all sorts of interactions ex-
plicitly; traditionally, people have not been able to do that very well within the
destiny approach, which works extremely well when everything is uncoupled and
the phenomenology can be simplified.

The problem we are solving here is to unify the analyses of reliability and plant
phenomenology with no more simplification than R7 already has. The present
idea is to proceed by incorporating the destiny approach into R7, and couple it
to phenomenology. This is distinct from addressing failure of components for
essentially mechanistic reasons (such as pump failure due to loss of suction head);
it is about capturing phenomenological influences on essentially aleatory failure
modes.
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The Heartbeat Model and the Cumulative Damage Model

It has been suggested by some that each of us is born with a heart that is capable
of a certain maximum (individually unique) number of heartbeats, and that we die
when that personal number of heartbeats is consumed (if we have not died earlier
as a result of other causes). Within this model, an individual’s lifetime is length-
ened if the average pulse rate is lowered, as may be achievable by conditioning
exercise. (The pulse rate may increase during the exercise period itself, but de-
crease the rest of the time, incurring a net benefit.) On the other hand, chronic
stress would reduce lifetime if it increased the average pulse rate. Therefore, if
one were updating predictions of an individuals time of death, given knowledge of
his total heartbeat endowment and his life history, one would track consumption
of heartbeats to date, and model expected future consumption in terms of vary-
ing heart rates induced by life-style-induced stress. This has obvious analogs in
analysis of component lifetime.

Although the heartbeat model was probably originally formulated only as a
metaphor, it turns out that there is a literature of cumulative damage reliability
models that is closely analogous to it. Think of an electronic component whose
lifetime ends when a certain amount of damage is accumulated. Suppose further
that the failure time distribution is Weibull, with a scale parameter n and a shape
parameter (3, thus

F(t,n,B)=1-R(t,n,B) (16.1a)

t

B
R(t,n, 8) = ¢ () (16.1b)
where

F' is the component unreliability, the probability that the item is not
working at time ¢ (given that it was new and working at ¢ = 0),

R 1s the component reliability, the probability that the item is still
working at time ¢,

7 1s the Weibull distribution scale parameter,

B is the Weibull distribution shape parameter.

The Weibull distribution is widely discussed because its form allows it to rep-
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resent a broad range of failure-time behaviors, including the simple exponential
(constant-failure-rate) model, which corresponds to 5 = 1.

In order to understand what this formulation is saying, suppose that the shape
parameter 3 >> 1. Then when t < 7, (t/n)? is a very small number, R ~ 1
and ' =~ 0. The equivalent vernacular statement is that it typically takes about
7 time units for damage to reach the failure threshold; the damage necessary to
fail the item simply has not accumulated when ¢ << 7. However, when t >> 7,
the situation is reversed; the probability that the item is failed now approaches
unity. The transition from good to failed mostly occurs around where ¢ ~ 7, when
sufficient damage has accumulated. The character of the shift in probability is
determined by the value of [3; the larger the value of 3 , the more narrowly the
transition is focused near ¢ = 7). In a nutshell, as implied by the appearance of
(t/n) in the formula above, 7 sets the characteristic time scale.

The literature of the cumulative damage topic also contains models that relate
stressor magnitude to 7. The Arrhenius model, for example, relates temperature
to aging rate. This is like elevating the pulse rate in a heartbeat model. Formulae
are given below. The underlying intuition is that whatever form of damage it is
that leads to failure, that damage accumulates at a rate that is influenced by the
environment.

The above discussion tacitly assumes that even if the environment influences
the damage rate, the rate is constant in time. In discussions of accelerated aging,
the treatment generalizes to consider aging rates that are piecewise constant in
time, and simply accumulate the damage as a function of time by applying the
above idea within each interval of constancy, and summing damage straightfor-
wardly as a function of time.

The spirit of the present treatment is to retain the cumulative damage idea, at
least initially, while applying it to situations in which the rate of damage accu-
mulation varies. Within an R7 time step, we will initially take the damage rate to
be constant, noting that the R7 time step is adaptive, and automatically becomes
small when it needs to be small for reasons of accuracy (potentially including a
high rate of change in the damage rate). From this point of view, the only new
thing we will be doing within R7 from a heartbeat point of view is using the basic
idea to generate time histories within a powerful simulation environment.

Tracking the Damage

As stated above, the parameter that fixes the characteristic time scale is 1. The
present framework operates by adjusting 7 as a function of component stressors,
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and thereby speeding up or slowing down the heartbeat (damage) clock relative
to the real time clock. It will be shown below how 7 changes as a function of
stressors; but generally, within this class of n-based approaches, within an R7
time step dt, we accumulate component damage of

ap (16.2)
Ne
where 7, is the sampled aleatory characteristic lifetime conditional on nominal
stress, and 7). is the adjusted characteristic lifetime according to the current stress.
Thus, for example, if

1

L~ =1, 16.3
e~ 51 (16.3)

an hour of clock time at this stress level consumes two hours’ worth of heartbeats.

Scaling the Damage Rate: Inverse Power Law

The inverse power law can be used to relate some generic stress, V', to character-
istic lifetime, 7. The scale parameter, 7, of the Weibull distribution can then be
expressed as

1
V)= :
V) = 7=
For changing V' the rate of damage accumulation also changes; the characteristic

lifetime 7 goes down as V' increases.
Within an R7 time step, we therefore accumulate damage as

Kv» "
dt Z—” —dt K“;nc — dt <¥) . (16.5)

(16.4)

Scaling the Damage Rate: Arrhenius Model

The Arrhenius lifestress model is probably the most common lifestress relation-
ship mentioned on the web and in accelerated life testing literature. It has been
widely used when the stimulus or acceleration variable (or stress) is thermal (i.e.
temperature). It is derived from the Arrhenius reaction rate equation proposed
by the Swedish chemist Svandte Arrhenius in 1887. The Arrhenius reaction rate
equation is

R(T) = Ae~=* (16.6)
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where

R 1is the speed of reaction,

A is an unknown nonthermal constant,

E4 is the activation energy (eV),

K is the Boltzman’s constant (8.617 x 10°eV K1),

T is the absolute temperature (K).

The Arrhenius life-stress model is formulated by assuming that life is pro-
portional to the inverse reaction rate of the process, thus the Arrhenius life-stress
relationship is given by

L(V)=Ce ¥ (16.7)

and the Arrhenius-Weibull model probability distribution function (PDF) is ob-
tained by setting

n=L(V)=Ce Vv . (16.8)
We will, of course, still accumulate damage within an interval dt according to

it (16.9)
Ne
Substituting for 7 gives a damage contribution within d¢ of

B

Tn 1 1
g G gy B ) (16.10)
Ne CeTc

in which we have allowed B to absorb the activation energy and the Boltzmann
constant K.

16.1 Input options

Inputs for components of type Pipe Pui_FSM are specified in
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“INPUT/DefineComponents/ComponentName.inp”

files, where “ComponentName” is a unique name of the component, as defined
in the file “INPUT/ListOfComponents.inp”. To declare the component
“ComponentName” to be of the type Pipe_Pui_FSM, one must set

[Define]
type = Pipe_Pui FSM

I

Currently input for components of type Pipe Pui_FSM is identical to com-
ponents of type Pipe_Pui. Parameters of the pipe cracking model are set in the
ParseInputData () method, and in the constructors of the pipe state objects,
and not read from the input file.

16.2 Governing Equations

The cumulative damage model for this component is implemented in the following
way. A particular simulation trial is initialized by sampling the time to the first
state transition. The sampled state transition time is referred to as the transition
destiny, or t,4. Transitions destinies may currently be described in two ways; those
not subject to cumulative damage, and those that are.

State transitions that are not subject to cumulative damage are characterized
using an exponential distribution with the following probability distribution func-
tion (PDF) and cumulative distribution function (CDF)

f(t) :ie(ﬁ) (16.11a)
F(t) =1 —e(-3) (16.11b)

where 1 1s the mean time to a state transition event. State transition destinies, ¢,
are then obtained by picking a uniform random variate, U (0, 1), setting it equal to
F(t) and solving equation (16.11b) for ¢, or

tg=F Y U)=-puln(1-0U). (16.12)

The R7 implementation of equation (16.12) uses random number generation rou-
tines provided by Galassi et al. [eal 1a].
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State transitions that are subject to cumulative damage are characterized using
a Weibull distribution with PDF and CDF

£(1) :%tble[_(;)b] (16.13a)
Pty =1 — ()] (16.13b)

where a is a scale factor and b is a shaping factor. As in the exponential case,
transition destinies, ¢4, are then obtained by picking a uniform random variate,
U(0, 1), setting it equal to F'(¢) and solving Eq. (16.13b) for ¢, or

S

tg=FYU)=a[-In(1-U)] (16.14)

After a transition destiny is obtained, cumulative damage will be evaluated as
the simulation develops. This is accomplished by relating a component stressor
or stressors to the Weibull scale factor, a, as discussed in the background sections
above.

The cumulative damage calculation works by adjusting a as a function of the
stressors, and thereby speeding up or slowing down the damage rate relative to
the simulation clock. In each R7 simulation time step the R7 solver queries FSM
components for the maximum allowable timestep. This request from the R7 solver
triggers an evaluation of accumulated damage by the FSM. Damage within the
current timestep is evaluated as

dt— (16.15)

dt =RT7 time step,
a, = scale factor evaluated at nominal stressor level,
a. = scale factor evaluated at current stressor level.

Damage is then accumulated in each R7 time step until the total damage is equal
to or greater than the sampled transition destiny, or

N -
Zdtiﬂ >ty (16.16)
=0

a’C’L
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where the current timestep is N + 1. If the condition in Eq. (16.16) is satisfied
in the NV + 1 timestep, the state machine will set the new state to the state spec-
ified as the transition target state. If Eq. (16.16) is not satisfied in the current
timestep, the state-machine calculates a maximum timestep such that Eq. (16.16)
will not be true during the next time step, given conditions in the current timestep
persist through the end of the next time step. A safety factor is then applied so
that if component stressors change more than expected during the next timestep,
accumulated damage will not over-shoot the transition destiny significantly. The
estimated maximum timestep is returned to the R7 solver, which plans the next
solution timestep accordingly.

Lastly, it is possible to specify multiple transitions out of a given component
state into one or more target states. The state-machine keeps track of all such
transitions and acts on the first scheduled to occur in either the current or next
timestep.

The multi-state physics model for this component is completely specified when
all ten state transition destinies are specified. The following sections provide the
equations used determine the transition destinies for each state transition in the
model.

16.2.1 Micro Crack Initiation

The duration of the initial state, before transition to the micro crack state, is spec-
ified as follows. The Weibull model is used to relate the cumulative probability
of crack initiation by time ¢ to component stressors by setting the Weibull scale
factor to

(e, T) = Ao"e(7r) (16.17)

where
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A = afitting parameter,

o = the explicit stress dependence,

n = a stress exponent factor,

() = the activation energy (eV),

T = the absolute temperature dependence (Kelvin),
R = the universal gas constant.

The cumulative damage (heartbeat) formulation for the crack initiation time is
then

T Ao, el 7t) n
dtn(ff ) >=dt on'e Cj :dta e(%_ﬁ%) (16.18)
77(007 TC) Agcne( RTC> o"

where the subscripts n and ¢ on 7, o, and 7' refer to nominal or reference condi-
tions, and to the current conditions in the current time step.

16.2.2 Microcrack to Radial Macrocrack Transition

Following crack initiation, the transition to a radial macrocrack is represented with
a response surface of the form

Inn = 25,2487 — 0.12P — 36.4 (16.19)

where

n = characteristic time in the microcrack state, before macrocrack
T = material temperature in degree K,
P =material stress loading (pressure) in MPa

The cumulative distribution function for the distribution of transition times is

Ft)=1—el-(G)] (16.20)
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which gives the radial macrocrack transition destiny as

ta=FY(U)=n[-In(1—-U), (16.21)
and heartbeat formulation for this transition as
P, T, (25,248Tn_170.12Pn736.4)
g1 ) _ e _ . (16.22)
U(Pc, Tc) 6(25,248TC 1—0.12Pc—36.4)

16.2.3 Radial Macrocrack to Leak Transition

The rate at which radial macrocracks become leaks is based on continuing the
growth of a microcrack past the size at which it is considered a radial macrocrack,
to the size at which it is considered a leak. Hence the governing equations are
identical to those in the preceding section. The transition destiny determined for
the transition between microcrack and radial microcrack is therefore reused with
a multiplier of approximately 1.3 to determine the transition destiny from radial
macrocrack to leak. The same cumulative damage formulation also applies.

16.2.4 Microcrack to Circumferential Macrocrack Transition

The microcrack transition to circumferential macrocrack is also modeled with a
response surface that is nearly the same as in the preceding section, or

Inn = 25,2627~ — 0.12P — 37 (16.23)

where

n = characteristic time in the microcrack state, before macrocrack
T = material temperature in degree K,
P = material stress loading (pressure) in MPa
The cumulative distribution function for the distribution of transition times is

F(t) = 1 —exp {— (%ﬂ (16.24)

which gives the circumferential macrocrack transition destiny as

2=

tg=F Y U)=n[-In(1-0U)]~, (16.25)
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and heartbeat formulation for the transition as

P,. T, (25,2627, =1 —0.12P, —37)
T = i’ - (16.26)
T’(PC’ TC) 6(257262Tc 1_0-12Pc_37)

16.2.5 Leak or Circumferential Macrocrack to Rupture Tran-
sition
The rate at which leaks or circumferential cracks transition to rupture is not presently

formulated as dependent on simulation variables. The cumulative distribution
function for time to rupture is

F(t) =1—exp(—¢t) (16.27)

where ¢ is the rupture rate. The rupture time transition destiny is then

tg=F1U) = —% In(1-70) (16.28)

16.2.6 Repair Transitions

Detection and repair of cracks is not dependent on simulation variables. The cu-
mulative distribution function for the time to crack detection and repair is

F(t) =1—exp (—wt) (16.29)

where w is the detection and repair rate. The repair time transition destiny is then

tg=F1U) = —é In(1-10) (16.30)

16.3 Interfaces

The Pipe_Pui_FSM interface is the same as Pipe_Pui. It can interface with
the following components:

Pipe Pui: see Chapter 37.

Elbow Pui: see Chapter 37.



16.4. VERIFICATION & VALIDATION 225

16.4 Verification & Validation

Verification of the Pipe_Pui_FSMcomponent comprises the following test cases:

1. Two-State Heartbeat Model Test. This is a simple two-state test of the heart-
beat model. The failure times are Weibull-distributed and sensitive to tem-
perature-related heartbeat stress. The PWR60 model is simulated until the
pipe component fails. This test was performed with an earlier implemen-
tation of a heartbeat model coded in component Pump_Pui_HB. It has not
yet been redone in the context of Pipe_Pui_FSM. The results are included
here to demonstrate the impact of equation (16.10)

2. Multi-State Pipe Cracking Heartbeat Model Test. This test is a six-state
test of the heartbeat model and corresponds to full implementation of the
multi-state physics model of passive component aging.

The PWR60 model transient consists of an initial period at hot-standby, heat
up to full power conditions, and finally cool down to hot-standby. The transient
is initially scheduled for a one year duration. The model includes one Pipe_—
Pui_FSM component; the surge line. At the time these tests were performed the
R7 pressurizer model was not functioning well so the pressurizer was replaced
with a constant pressure boundary condition. The result is a transient of relatively
constant pressure, but with annual variations in temperature. The layout of the
PWR60 model is shown in Figure 16.2

16.4.1 Test Case 1
Problem Formulation

This test case verifies that the cumulative damage calculation for the Heartbeat
model is working correctly. The pump failure times for this test are input as
Weibull-distributed with with parameters = 1000. and 5 = 3.00. The char-
acteristic lifetime of the pump varies as

n(V)=Ce v (16.31)
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C' 1is a constant of the Arrhenius-Weibull model. Value set to 15.0 for
this test case.

B is a constant of the Arrhenius-Weibull model. Value set to 1260.0
for this test case.

V' is the reference value for the stressor. In this case the stressor is the
average fluid temperature of the pump component, 300.K.

For this test case the fluid temperature in the pump remains constant at a value
close to 400.K. With the test case fluid temperatures 100.K greater than the refer-
ence temperature, the pump failure time distribution is expected to shift to the left
of the input distribution. The new characteristic lifetime is given by (16.31) with
V' = 400.K. The expected pump failure times for this test case should therefore be
Weibull-distributed with scale parameter = 350. and shape parameter 3 = 3.00.

Results

Figure 16.3 shows the pump failure time density distribution plotted against the
expected densities for the input distribution, and for the left-shifted distribution
expected as a result of the fluid temperature through the pipe being 100.K higher
than the reference temperature. The results show good agreement, indicating that
pipe failures are occurring as expected based on the model inputs.

16.4.2 Test Case 2

Problem Formulation
The multi-state problem involves a full-scale simulation of the PWRG60 transient
for prolonged periods.

Results

Verification results for Test Case 2 have, for the following reasons, not yet been
generated:

1. The parameters specified by [eal 1b] require very long transients (on the
order of 50 years) to have a reasonable expectation of seeing transitions
between the various crack states.
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Fig. 16.3 : Pipe failure time density. Solution with 1000 simulation runs.

2. Because of the previous item, a large number of simulation trials would have
to be performed to achieve reasonable variance in the simulation output.

3. The discovery and repair of cracking modes is specified by the current
model as random through out the simulated transient. The reality is that
discovery and repair of cracks may only occur during periods of shutdown
operation. Leaks may be discovered at any time, but only repaired during
shutdowns. Capturing these nuances is not easily achievable with the cur-
rent model.

4. There is, at present, no solution that includes the temperature and stress
dependence that exists in this model. So there is no result to verify the
simulation solution against.

Because of the above issues no attempt was made to make the simulation runs
required for verification and validation of the full model. The model was veri-
fied to some extent using accelerated transition rates and closely observing code
execution to verify state transitions where occurring as programmed.
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Class Pump Pui FSM

OMPONENT Pump_Pui _FSM is one of two R7 components that that use an
Cinternal finite state machine (FSM) to implement reliability calculations in
the context of an R7 simulation. The other component, Pipe Pui _FSM, uses the
FSM to implement a physics-based pipe cracking and cumulative damage model
sometimes referred to as a heartbeat model. The reliabilty calculation for Pump_—
Pui FSM uses the same FSM algorithm as Pipe Pui FSM. However, the pump
reliability model is a simplified two-state model that was developed first, to al-
low benchmarking a relatively simple model before the more complicated pipe
cracking model was developed.

CompLib:Component MISC:OneD
T [y

Complib:DG_1D_CY

T

CompLib:DG_1D_PY MISC: The rmalHydraulics
t []
ComplLib:Pipe_Pui

T

CompLib:Pump_Pui Entity
i | t

| CompLib:Pump_Pui_F5h

Fig. 24.1 : Inheritance tree for Class Pump_Pui_FSM.

Pump_Pui _FSMis derived from Pump_Pui as shown in Figure 24.1. Pump _—
Pui handles the pump physical state representation. Pump_Pui_FSM extends
Pump_Pui by adding reliability elements to the model. The FSM functionality is

298
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incorporated by also deriving from the Ent ity abstract base class as shown in the
figure. The Ent ity class provides basic FSM functionality; component specific
behavior is produced by coding state-specific behavior into separate state objects.
In this case, the pump reliability behavior is encoded in PumpOwnedStates.C.
The two states modeled are “running” and “failed”.

24.1 Input options

Inputs for components of type Pump_Pui_FSM are specified in
“INPUT/DefineComponents/ComponentName.inp”

files, where “ComponentName” is a unique name of the component, as defined
in the file “INPUT/ListOfComponents.inp”. To declare the component
“ComponentName” to be of the type Pump_Pui_FSM, one must set

[Define]
type = Pump_Pui FSM

I

Currently input for components of type Pump_Pui_FSM is identical to com-
ponents of type Pump_Pui. Parameters of the reliability model are currently set
in the constructors of the pump state objects, and not read from the input file. Only
two parameters must be input to change the model behavior: 1) the pump failure
rate, and 2) the pump repair rate.

24.2 Governing Equations

The governing equations comprise both a physics model and a reliability model.
The physics model is decribed in Section 22.2. The reliability model for Pump _—
Pui _FSM is a two-state Markov model that incorporates both pump failure and
repair transitions. The operable state for the pump is state 0, and the failed state
is state 1. The transition rate from state O to state 1 is A and the repair rate from
state 1 back to state O is u. The Markov state equations are

IR a4
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with boundary conditions

{ Pi(t=0) } - { 0.0 } ' (24.2)
The solution of the above equations can be shown [Reference] to be
Pot) =t ¢ A -G (24.3a)
Apu A+p '
A
Pi(t) = —— [1 — e~ Ot 24.3b
(1) = 3 e (24.3b)

where Py(t) is the component availability and P, (¢) is the component unavailabil-
ity.

24.3 Interfaces

The Pump_Pui FSM interface is the same as Pump _Pui. It can interface with
the following components:

Pipe Pui: see Chapter 37.

Elbow Pui: see Chapter 37.

24.4 Verification & Validation

A “PWR60” model transient was simulated for 1000 trials with transition rate
A = 1.0 x 1073 hr~! and repair rate ;x = 1.0 x 10~! hr~!. The pump availability,
Py (1), is plotted against equation (24.3a) in Figure 24.2. The pump unavailability,
P (t), is plotted against equation (24.3b) in Figure 24.3

Figures 24.2 and 24.3 demonstrate reasonable agreement between the simula-
tion output and the expected state probabilities.
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Chapter 25

Pump Control Components

COMPONENTS of the PumpControl family are designed to control or specify
pump’s (class Pump, Section 22) power history, Figure 25.1.

25.1

CampLib:Campanent

T

CompLib:zdummy Component MISCuControlSystem MISC:ZeroD
t ; f
[
‘ CampLib:PumpCantrol |

CompLib:PumpControl_F Sk CompLib:PumpPrescribedHistory

Fig. 25.1 . Inheritance tree for Class PumpControl.

Class PumpPrescribedHistory

CompLib:Component

I

CompLib:dummyComponent MISC:CaontrolSystem MISC:ZeroD
t ; i

CampLib:PumpCantral

[ CampLib:PumpP rescribedHistory |

Fig. 25.2 : Inheritance tree for Class PumpPrescribedHistory.

The class PumpPrescribedHistory (Figure 25.2) is the simplest con-
trolling component for pumps. This component is designed to set pump’s power
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“Class Pump_Pui_FSM,” Chapter 24 of “R7
Documentation®, describing the R7 implementation of a
model of pump unreliability
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Chapter 24

Class Pump Pui FSM

OMPONENT Pump_Pui _FSM is one of two R7 components that that use an
Cinternal finite state machine (FSM) to implement reliability calculations in
the context of an R7 simulation. The other component, Pipe Pui _FSM, uses the
FSM to implement a physics-based pipe cracking and cumulative damage model
sometimes referred to as a heartbeat model. The reliabilty calculation for Pump_—
Pui FSM uses the same FSM algorithm as Pipe Pui FSM. However, the pump
reliability model is a simplified two-state model that was developed first, to al-
low benchmarking a relatively simple model before the more complicated pipe
cracking model was developed.

CompLib:Component MISC:OneD
T [y

Complib:DG_1D_CY

T

CompLib:DG_1D_PY MISC: The rmalHydraulics
t []
ComplLib:Pipe_Pui

T

CompLib:Pump_Pui Entity
i | t

| CompLib:Pump_Pui_F5h

Fig. 24.1 : Inheritance tree for Class Pump_Pui_FSM.

Pump_Pui _FSMis derived from Pump_Pui as shown in Figure 24.1. Pump _—
Pui handles the pump physical state representation. Pump_Pui_FSM extends
Pump_Pui by adding reliability elements to the model. The FSM functionality is

298



24.1. INPUT OPTIONS 299

incorporated by also deriving from the Ent ity abstract base class as shown in the
figure. The Ent ity class provides basic FSM functionality; component specific
behavior is produced by coding state-specific behavior into separate state objects.
In this case, the pump reliability behavior is encoded in PumpOwnedStates.C.
The two states modeled are "running” and “failed”.

24.1 Input options

Inputs for components of type Pump_Pui_FSM are specified in
“INPUT/DefineComponents/ComponentName.inp”

files, where “ComponentName” is a unique name of the component, as defined
in the file “INPUT/ListOfComponents.inp”. To declare the component
“ComponentName” to be of the type Pump_Pui_FSM, one must set

[Define]
type = Pump_Pui FSM

I

Currently input for components of type Pump_Pui_FSM is identical to com-
ponents of type Pump_Pui. Parameters of the reliability model are currently set
in the constructors of the pump state objects, and not read from the input file. Only
two parameters must be input to change the model behavior: 1) the pump failure
rate, and 2) the pump repair rate.

24.2 Governing Equations

The governing equations comprise both a physics model and a reliability model.
The physics model is decribed in Section 22.2. The reliability model for Pump _—
Pui _FSM is a two-state Markov model that incorporates both pump failure and
repair transitions. The operable state for the pump is state 0, and the failed state
is state 1. The transition rate from state O to state 1 is A and the repair rate from
state 1 back to state O is . The Markov state equations are

)= L] a4
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with boundary conditions

{ Pi(t=0) } - { 0.0 } ' (24.2)
The solution of the above equations can be shown [Reference] to be
Pot) =t ¢ A -G (24.3a)
Apu A+p '
A
Pi(t) = —— [1 — e~ Ot 24.3b
(1) = 3 e (24.3b)

where Py(t) is the component availability and P, (¢) is the component unavailabil-
ity.

24.3 Interfaces

The Pump_Pui FSM interface is the same as Pump _Pui. It can interface with
the following components:

Pipe Pui: see Chapter 37.

Elbow Pui: see Chapter 37.

24.4 Verification & Validation

A “PWR60” model transient was simulated for 1000 trials with transition rate
A = 1.0 x 1073 hr~! and repair rate ;x = 1.0 x 10~! hr~!. The pump availability,
Py (1), is plotted against equation (24.3a) in Figure 24.2. The pump unavailability,
P (t), is plotted against equation (24.3b) in Figure 24.3

Figures 24.2 and 24.3 demonstrate reasonable agreement between the simula-
tion output and the expected state probabilities.
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Pump Control Components

COMPONENTS of the PumpControl family are designed to control or specify
pump’s (class Pump, Section 22) power history, Figure 25.1.
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Fig. 25.1 . Inheritance tree for Class PumpControl.
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t ; i

CampLib:PumpCantral

[ CampLib:PumpP rescribedHistory |

Fig. 25.2 : Inheritance tree for Class PumpPrescribedHistory.

The class PumpPrescribedHistory (Figure 25.2) is the simplest con-
trolling component for pumps. This component is designed to set pump’s power
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