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Abstract

The authors are in the process of developing the techniques for analyzing
the availability of fusion power plants. A computer code employing some of
the ideas and utilizing the Monte Carlo approach is being developed and
tested. Some preliminary results for the WITAMIR-I and TASKA mirror reactors

have been compiled and they suggest a low availability of these plants.



1. INTRODUCTION

This work has been undertaken in order to assess the expected availabili-
ty of future fusion power plants. These plants use many components and
systems that have not been tested or built full scale. The sheer complexity
and numbers of these engineering systems may represent reliability problems
when these plants are built in the future. Various kinds of plants can be
compared as to their availabilities, using the methodology developed in this
work (e.g., comparison of tokamak vs. mirror concepts). Changes can be sug-
gested in the plant layout that might improve overall system availability.

For instance, weak links (i.e., unreliable subsystems impacting most on the
overall unavailability) can be identified. Then, depending on the cost of
each option, increased maintenance, redundancy, quality assurance or different
design may be suggested.

In order to accomplish this task, a fusion power plant of a given kind is
broken up into its functional subsystems. A logic diagram of the plant is
produced, which shows the interconnection of the subsystems and the logic
gates (AND and OR). A computer program was developed to simulate the failures
of various subsystems using the Monte Carlo approach. Given the logic diagram
of the plant, the computer program will predict the behavior (i.e., the avail-
ability) of the whole system either in the steady state mode or as a time
dependent quantity. The same computer program can also be used to predict the
reliability of a given subsystem, given the necessary data on its constituent
components and their logic interconnections. The computer code can at this
time take into account such features as redundancy, overdesign and repair. In
the future, time dependent failure rates can be incorporated into the program,

as well as preventive maintenance strategies.



The lack of hard data presents a problem. One has to rely on experience
with similar systems, or ask experts in the field to quantify their "gut
feelings" as to the reliability of various subsystems (i.e., their failure
rates and repair rates). This introduces uncertainties that have to be dealt
with. Suggestions can be made as to which data need improvement.

Reliability of an engineering system has been receiving increasing atten-
tion in recent years (especially with NASA systems). Safety of nuclear power
plants has been studied using similar probabilistic methods. However, in
safety work, large error bounds in the final answer are tolerable; this is not
the case with the availability analysis. This work is one of the few attempts
to deal with the problem at such an early stage of design. It is hoped that
improvements can be suggested and costly mistakes avoided before these plants
are built. Certainly, availability of such plants is one of the key elements
that will determine their ultimate economic viability, and therefore accept-
ance.

2. THE FUNCTIONAL BREAKUP OF A TANDEM MIRROR PLANT

The main subsystems of a tandem mirror reactor plant are: plasma region
itself (plugs, thermal barriers and the central cell), neutral beams, RF heat-
ing, direct convertor, vacuum pumping, cryogenic subsystem, magnets, fueling/
tritium handling, blanket, shield, balance of plant (similar to BOP of con-
ventional nuclear power plants), control and instrumentation subsystem. These
subsystems will each be described and their functional and logic interconnec-
tions will be presented. Thé descriptions will be more or less taken from the
WITAMIR-I reactor design, developed by the Fusion Engineering Program at the

University of Wisconsin.



The reactor layout of the WITAMIR-I reactor is presented in Fig. 2-1.
The plasma is contained within the device mainly by the three sets of cryo-
genic magnetic coils: the central cell coils, the barrier coils and the plug
coils. Most fusion reactions between the deuterium and the tritium ions occur
in the central cell. The plug regions each contain a magnetic mirror that
prevents the ions from leaking through the ends of the reactor. The neutral
beams and the RF are used to heat up the plasma. The neutral beams also
contribute to fueling of the plasma since some of them inject the deuterium
species; some neutral beams are employed to maintain the thermal barrier po-
tential for more effective confinement purposes. The fusion energy of the D-T
reaction is converted into electricity by virtue of the conversion into
thermal energy of the blanket coolant and subsequent steam cycle conversion
into electrical energy. A certain fraction of fusion power is directly con-
verted into electric power via the direct convertor that traps the ions leak-
ing out of the ends of the reactor. The blanket material is also a tritium
breeding medium via capture of fusion neutrons. Other subsystems are self-
explanatory.

2.1 Neutral Beams

The neutral beam subsystem is used for heating the plasma and pumping the
plug electrons in the thermal barriers. The energy is transferred to the
plasma via a stream of high energy neutral particles, usua1]y atoms of a
hydrogen species (this means that a partial fueling of the plasma is also ef-
fected by this method). There are three kinds of beams in the WITAMIR-I
design: the 9.6 keV low energy barrier pumping beams, the 190 keV high energy

barrier pumping beams and the 500 keV plug beams.
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The engineering parameters of these beams are given in Table 2-1, and the
Tayout with respect to the reactor in Fig. 2-1.

The 500 keV beams will have to use negative ion technology (explained
below). The trapping fraction for the 500 keV beams is 0.128, necessitating
the use of a 16 MW thermal dump, whereas the plug beams have essentially 100%
trapping fraction.

An efficiency of 50% is expected for the 190 keV and 500 keV beams,
whereas an 80% efficiency is expected for the low energy beams.

The Tow energy beams have a 3-out-of-4 operation, meaning that 4 beams
are operating, while only three are needed for the successful operation of the
reactor. There is no redundancy provided for the 190 keV beams, due to space
limitations. A redundant beam can be provided for each 500 keV beam 1ine
(perpendicular to the plane of Fig. 2-1). This redundant beam is not shown in
the original design of WITAMIR-I, but it will be assumed for the purposes of
this study.

As far as availability of this technology at present is concerned, there
should be no major problem for the 9.6 keV beams. 50 A-deuterium equivalent
beam sources have been operated at 20 keV for 10 msec, and 30 A-equivalent
deuterium at 120 keV have been operated for 1 sec. Hence, the main problem is
increasing the pulse length for continuous operation. Continuous operation
will likely decrease the 1ife expectancy of the sources.

Both the 190 keV and the 500 keV neutral beams need negative ion tech-
nology, which requires considerable development at the present time.

The design for a negative ion, 400 keV neutral beam is shown in Fig. 2-2.
This subsystem consists of a power supply, ion source, acceleration grid,

double charge exchange cell, neutralizer cell (stripper), ion deflector and



Table 2-1. Neutral Beam Specifications

Power Current
(both plugs) Energy (both plugs) Injection

Beam (MW) (keV) (A) Angle Species
Low energy 12.7 9.6 1320 10° d
barrier pump

High energy 42.5 190 224 10° d
barrier pump

Plug 18.4 500 36.8 90° P



Fig. 2-2
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ion removal sub-subsystems. Associated circuitry (mainly for arc suppression)
and a cryogenic system are also necessary for operation of this subsystem. 1In
the WITAMIR-I design, a thermal dump has to be operational for the 500 keV
beams, due to the small trapping fraction in the plasma.

2.1.1 1Ion Source

The critical component of the neutral beam subsystem is the ion source;
we must assure its continuous, reliable and efficient operation for at least a
year. To that end, we must increase cathode life, provide grid cooling and
form beams that are 80-90% atomic ions.

For energies higher than 150 keV for deuterium and 75 keV for hydrogen,
negative ion sources are required for efficient operation. The reason is that
positive ions have a decreasing charge-exchange cross section with energy;
this drastically reduces the efficiency of neutral production at high energies
(see Fig. 2-3).

The ions must first be accelerated using an electric field, and then
neutralized when the desired neutral beam energy is attained.

The critical component in the ion source is the cathode. The negative
ion source needs more development than the positive ion source (which has
already been used in several fusion devices). In the latest design proposals
for the negative ion source concept, it is assumed that negative hydrogen ions
can be formed directly; these are then accelerated to the desired energy and
neutralized using the photodetachment technique.

2.1.2 The Accelerator Grid

This is another sensitive component of the NBI subsystem, and must be

protected against voltage surges and arcing. Electrodes in this grid will



Fig. 2-3
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have a certain lifetime. Other critical components may be insulators and the
high voltage protective circuit (see Fig. 2-4).

2.1.3 The Photodetachment Cell

This is a relatively recent concept in ion neutralization, and replaces
the old metal vapor neutralization cell (with its disadvantages of plasma
contamination). Basically, it is proposed that the hydrogen ions be stripped
of their excess electron by using finely tuned laser 1light.

2.1.4 The Beam Dump

Some method must be provided to dispose of the unneutralized ions (and
also, later, of the uncaptured neutrals in the plasma). This is the purpose
of the beam dump. The purpose can be accomplished via direct energy conver-
sion or via thermal energy conversion. Thermal energy conversion, though less
efficient, could be easier to implement at this time.

2.1.5 Vacuum Pumping

Due to the inefficiencies of the neutral beam subsystem, a tremendous
volume of gas must be pumped relative to the neutral beam current. Hence, the
vacuum subsystem must operate efficiently. The vacuum pumping is accomplished
by employing cryopanels (Fig. 2-55 where any remaining gas molecules in the
system are collected on the liquid helium surfaces.

2.1.6 The Logic Diagram of the Neutral Beam Subsystem

The Togic diagram of the neutral beam subsystem is presented in Fig. 2-6.

2.2 The ECRH Subsystem

ECRH (electron cyclotron resonance heating) is another method used to
heat the plasma in the WITAMIR-I design. Electromagnetic waves of certain

frequencies are used to impart energy to the plasma electrons. In this

10



Fig. 2-4
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Fig. 2-5
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designs, there is an 8.2 MW and two 16.6 MW subsystems, each with a standby
(redundant) subsystem.

The main components of the WITAMIR ECRH subsystem (see Fig. 2-7) are:
gyrotrons, parabolic and flat mirrors. Gyrotrons should be replaceable (like
a TV tube) and they do burn out, possibly once a year. Mirrors may lose their
reflectivity due to radiation damage.

The Togic diagram of this subsystem is given in Fig. 2-8.

2.3 The Direct Convertor

The direct convertor is used to increase the efficiency of the machine
~and to capture the ions leaking out the ends of the reactor. It therefore
converts the kinetic energy of the charged particles into the electric enerqy
of d.c. current. The design of the WITAMIR-I reactor is set up so that the
ions are preferentially lost through one end of the machine, hence only one
direct convertor is provided (it may be possible to provide for another direct
convertor at the other end as a backup in case of failure).

A temporary loss of the direct convertor can be tolerated (with a loss in
the overall efficiency of the plant), but after a certain period of time a
replacement must be provided or the plant shut down, because the ions will
probably damage the walls of the reactor under prolonged exposure. Of course,
this can be avoided by having a redundant direct convertor, as explained
above, or providing special cooling for the reactor walls at the ends.

The direct convertor is another item that needs much development before
it can be implemented. Several ideas for this concept have already been
tested in various facilities at LBL and LLNL. A design proposed for the

WITAMIR-I reactor is shown in Figs. 2-9 and 2-10.

14
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Fig. 2-9
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Fig. 2-10

Seven sections of entrance grid.
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The failure mode of this device will probably be radiation damage of the
grid plates and the insulators. In addition, divertor magnet coils have to
operate in order for the direct convertor to work. The logic diagram of the
device is presented in Fig. 2-11.

2.4 The Vacuum Pumping Subsystem

Exceptional vacuum pumping requirements exist for a fusion reactor. On
the one hand, the neutral beam and fueling subsystems inject a large number of
atoms into the reactor; on the other hand, to prevent loss of ions, very low
pressures within the vessel are required (on the order of 1.E-5 torr). In
current experiments, the gas input into the plasma is 100 torr-liters/sec;
future experiments will require an order of magnitude improvement over that
figure, and reactor pumping requirements will be even more stringent.

The task will be accomplished by employing titanium gettering surfaces in
the plasma chamber during the plasma buildup, by use of cryotrapping tech-
niques (e.g., cryopanels in the neutral beam injection subystem) and by cryo-
pumping. The cryopumps now being tested (see Fig. 2-12) work on the principle
of condensation of gases on a surface cooled by liquid helium. Therefore, a
supply of liquid helium and Tiquid nitrogen must be assured for this subsystem
to work. Whether or not some type of mechanical failure can be a significant
factor in failure rates of these pumps is not yet clear.

A simplified logic diagram of this subsystem is shown in Fig. 2-13.

2.5 The Cryogenic Subsystem

The cryogenic subsystem is a very important part of the overall system
design, because so many other subsystems depend on its operation (magnets and
confinement, neutral beams, vacuum pumping). This subsystem has conventional

components (compressors, turbines, pumps, heat exchangers), so its design

19
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Fig. 2-12
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should be a pretty straightforward extrapolation of the present technology,
and failure rate data should not be hard to obtain. The cryogenic subsystem
in the WITAMIR-I reactor supplies both the 4.5 K and the 1.8 K liquid helium
to the magnets and other subsystems.

A schematic diagram of the cryogenic subsystem is given in Fig. 2-14.

2.6 The Magnets

The superconducting magnets are used to confine the plasma by providing
the necessary variation of the magnetic field in the fusion reactors. Basic-
ally, in the tandem mirror reactor design there are three plasma regions, and
therefore, three sets of magnets: the central cell, end plugs and the thermal
barriers. The magnetic field profile looks as depicted in Fig. 2-15. The end
plug, yin-yang magnets form magnetic mirrors which confine the hot ions in the
central cell (see Fig. 2-1 for the reactor layout). Since the electrons
escape from the plug region more quickly than the ions (due to higher velocity
and collision rate), a positive potential is built up that traps the ions in
the central cell region, where a bulk of the fusion power is produced. The
fons in the central cell region are confined radially by the solenoid magnets
there. The thermal barrier coils have been added in order to decrease the
required plasma density in the end cells, thus lowering the demands on power
consumption and technology. Thus, electrons in the end plugs can be heated
independently, hence higher plug potential is reached.

Almost no redundancy is provided in the magnet coils of the WITAMIR-I
reactor; in the central cell, 21 out of 22 magnet coils have to operate for
successful confinement. If any other magnet should fail, the plant will have

to be shut down.
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The major cause of magnet failure will probably be failures in the cryo-
genic subsystem (magnets are connected to the 4.5 K 1iquid helium supply; one
coil of the thermal barrier magnet is connected to the 1.8 K supply). Other
causes of magnet failure may be mechanical failure of the superconducting
cable (due to mechanical or thermal stresses; the mirror magnets may be more
reliable in this regard than the tokamak magnets, due to the steady state
nature of the formers' magnetic field). Other sources of failure may be
localized random loss of superconductivity (which can spread) or maladjustment
of power supplies. A simplified logic diagram of the magnet subsystem is
shown in Fig. 2-16.

2.7 Fueling/Tritium Separation

Hydrogen isotope pathways in the WITAMIR-I reactor are shown in Fig. 2-17.
Tritium is bred by neutron absorption in Li-6 and Li-7 that circulate through
the blanket as LiPb. This tritium is extracted using chemical separation
techniques not yet sufficiently developed. Some deuterium (the other compo-
nent of the necessary fuel mixture) and tritium are recovered from the plasma
(i.e., direct convertor ion leakage) and from the neutral beams. Deuterium
and tritium are separated using cryogenic separation columns. Pellets are
made and injected into the reactor via pellet injector. For some of these
sub-subsystems, data should be available from the chemical industry.

The Togic diagram for this subsystem is shown in Fig. 2-18.

2.8 Blanket/Shield

This subsystem insures tritium breeding and transport of energy to the
secondary heat transfer loop; it also protects other subsystems (e.g.,
magnets) from radiation damage. The tritium breeding medium and primary

coolant, the LiPb eutectic, circulates through the blanket.
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Causes of failure of this subsystem may be in the blanket modules, in the
pumps or in the steam generator. The logic diagram of this subystem is given
in Fig. 2-19.

2.9 Steam Generators/Balance of Plant

This subsystem is similar to a conventional plant, with a few exceptions
(e.g., d.c. input from the direct convertor, liquid metal in the steam gene-
rators), so most conventional power plant data should be applicable, as to the
most frequent modes of failure and failure rates.

2.10 Control and Instrumentation Subsystem

Not much is known about this subsystem for fusion power plants at the
present time. It is proposed that, for now at least, data be used from the
conventional nuclear power plants as to the frequency and consequences of this
subsystem failure.

2.11 Preliminary Description of the Whole System

A functional diagram of the WITAMIR-I plant is given in Fig. 2-20. The
corresponding logic diagram is shown in Fig. 2-21. Since a preliminary analy-
sis has also been done for the TASKA reactor (tandem mirror materials testing
facility), its simplified logic diagram is shown in Fig. 2-22. Tables 2-2 and
2-3 exhibit the necessary information used in the computer runs and in drawing
the above figures.

3. MODEL FOR COMPUTING AVAILABILITY OF FUSION POWER PLANTS

The purpose of this computer model is to estimate the availability of a
fusion power plant, knowing the failure and repair rates of components, their
configuration in the plant, maintenance strategies, etc. Weak links can be
identified and ways of improving their reliability can be suggested. Cost of

each improvement option may be considered and the most cost-effective one
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BLANKET MODULES

PUMPS BLANKET

STEAM GENS.

FIGURE 2-19 LOGIC DIAGRAM OF THE BLANKET SUBSYSTEM
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Subsystem

Cryogenic subsyst.

Solenoid coils
End plug coils
500 keV NB

8.2 MW ECRH

TB coils

9.6 keV NB

190 keV NB
16.6 MW ECRH
Divertor coils
Fueling

Direct convertor
Vacuum

Shield

Blanket

BOP

Instrumentation

Table 2-2.

Main Subsystems in WITAMIR-I

Number

of Unit

1

22
1/side
2/side
2/side
3/side
4/side
2/side
4/side

1

1

1

S

35

Redundancy

0

o o o o o o o

o O O O o o o o o©

Min.
No.

21



Table 2-3.

Main Subsystem in TASKA

Susbystem

Shield

Blanket

CC coils (1 side)
CC-TB coils

Plasma cross
section coils

Yin-yang coils
Recirc. coils
TB coils
Cryosystem and vacuum
Neutral beams (1 side)
250 keV
50 keV
76 keV
2 keV
ECRH (1 side)
ICRH

Direct convertor (1 side)

Instrumentation
Balance of Plant

Tritium System

Number

1
1

[ o = gy

16

of Units

36

Redundancy

0

o O

o

o O o

o o o COO

o

Min. No.

O b=t b

13

1
either side

1
1



proposed. Similar analysis can be undertaken for each subsystem (e.qg.,
neutral beams, ECRH, etc.).

The computer code proposed to model this system uses the Monte Carlo
simulation method, whereby randomness of failure is simulated by generating
random numbers and using them to determine if a component fails or normally
operates. The states of all components are then combined in the logical dia-
gram of the system, from which it is determined whether the system is up or
down in this time step. The process is repeated for each time step, until the
mission time expires. One can then compute the availability of the system,
knowing the total mission time and the total system up time. To get better
statistics on this average system availability, one would have to repeat the
above procedure for a number of trials.

The advantage of the Monte Carlo approach over a deterministic model is
that the former may be more straightforward to use for complicated systems and
for analyzing time-dependent behavior. Another advantage is that uncertain-
ties in input data can be handled employing the Monte Carlo method. Also,
complex time variations of A (see below) can be handled using this method.

3.1 Definitions

Availability of a system is defined as the fraction of the time that the

system is up and capable of delivering 100% of its rated output, i.e.:

A = (up-time)/(up-time + down-time) .

If q(t) represents the time dependent instantaneous unavailability, then the

average unavailability, q, over a one year period is
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where T = one year.

Each component has a quantity known as the failure rate, A, which is the
probability that a failure will occur within a specified time interval.

The inverse of a failure rate is the mean time between failures, MTBF,
which is the statistical mean of the time that the component operates between
failures.

Similarly, the mean time to repair a component, MTTR, is the statistical
mean of the time it takes to repair the specified component.

One can define the mean installation time in an analogous fashion.

Now, both the failure rate and the repair rate are often assumed to be
constant in time. A constant failure rate means that the instantaneous reli-

ability of a component is a falling exponential:
R(t) = exp(-At)

where R(t) is the probability that the component is working at time t.
However, in reality, components oftentimes have a time-dependent failure
rate distribution. The most commonly used time-dependent failure rate distri-

bution is the Weibull distribution:
A(t) = ACBtB'l A. = const., B = const.

C

Failure rate distributions often resemble a bathtub curve (see Fig. 3-1).
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In the first (burn-in) period, the failure rate decreases with time, as
the components are debugged, and defective ones discarded. Here, B8 < 1. The
second period is characterized by an approximately constant failure rate, due
to random failures, 8 ~ 1 in this period. In the third period, the failures
occur with an increasing frequency. For this "wear-out" period, B > 1.

At present, we will model components using A = const., due to lack of
data on B.

If the system fails n times out of N trials, the average unavailability

of the system is:

a = n/N
The variance of a is:
UE - q(lN- q)
q

(binomial distribution).
This can give us a clue as to how many trials are necessary in order to
estimate a to a given percentage accuracy.

3.2 The Random Number Generator

The random number generator employs a congruential recursive method.
This means that a random number is used for generation of the next random
number. Random numbers generated are between 0. and 1.

First, the variables M, A, and Xo are initialized. For our case, the

best initial values are:
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M = 220
210 4 3 |

>
1

For Xo’ a different value will have to be used for each mission, otherwise the

sequence of random numbers will be repeated. (A value of X, that worked well

in the past is 566387.) Next, a variable Xp is calculated: X, = mody(A.X,).
X, then becomes X, for the next random number; the nth random number

itself is calculated as:

Nn = modM(Xn . A)

3.3 The Monte-Carlo Approach

In order to determine whether a certain component is up or down in a
certain time interval, At, the instantaneous reliability of this component, is

computed as:

R(t) = e~Adt

Now a random number N, between 0. and 1. is generated. If N < R(t), no
failure occurs in this time interval. If N, > R(t), failure of this component
occurs in this time interval.
3.4 Repair

After a unit has undergone a failure, and the failure has been detected,
the unit may go into the repair facility. The repair can be either immediate

or deferred.
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In immediate restoration, the repair of failed elements begins immediate-
1y upon failure. In deferred restoration, the repair of failed elements is
deferred until the whole facility is shut down. This may be true of compo-
nents that require the use of remote maintenance equipment (RME) to effect
repairs.

Repair can also be parallel or serial. Parallel repair means that the
repair facility has enough capacity to handle any and all components of the
same type at the same time.

These options (immediate and deferred, parallel and serial repair) have
not been employed in the computer code at this time.

At this stage, if a component failure is detected, and there are no
readily available redundant or spare components of the same type, the exe-
cution of the main program is interrupted (this program keeps track of the
total up time of the system) and subroutine REPAIR is entered. Within this
subroutine, the component is not considered repaired until the elapsed time is
equal to or greater than the component's mean time to repair (MTTR).

Should there be more than one type of component in the repair facility,
the control is not returned to the main program until all of the components
are "repaired". This effectively means that the system is shut down until all
the vital components are operational.

If a redundant component fails, the main program is not interrupted.
Instead, it just keeps track of the time that this redundant component has
been down. When this time is greater than or equal to the MTTR of the compo-
nent, it is considered repaired, and the number of available components of the

given kind is updated by one.
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Hence, in the present version of the computer code, the repair is immedi-
ate and parallel.

In order to include the deferred repair option, components will have to
be identified that require the use of the RME. These components will be
"flagged", such that if one of them fails, it would not be repaired concur-
rently with the system operation, but only after the system is shut down.

Serial repair can be included by somehow determining the maximum number
of components of a given type that can be repaired simultaneously.

When the plant is shut down for repairs, that does not necessarily mean
that all the unfailed subsystems have a zero probability of failure. Some
subsystems will still be subjected to stresses that may be lower than during
normal operation. The "idle" mode of operation is entered, whereby the
failure rates of individual elements are adjusted, or multiplied by an off-
Tine factor (OLF), between 0. and 1. Then the Monte Carlo procedure is
repeated with these adjusted failure rates. At this point, it is uncliear how
the offline factors are to be obtained.

The scheduled maintenance is treated such that a 28-day period is set
aside each year for this purpose. It is assumed, for now, that no residual
failures occur when the plant is shut down.

3.5 Types of Components

We have considered, so far in this program, constant failure rate compo-
nents that are continuously being monitored, with the probability of failure
detection equal to unity.

The features incorporated to increase element reliability are redundancy,

m-out-of-n operation and spares.
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Redundant components are handled in such a way that a failure of one of
them does not necessarily bring the system down. In other words, as explained
above, the subroutine REPAIR is not called, unless all of the redundant compo-
nents have failed. Instead, the component is "repaired" concurrently with the
operation of the system, i.e. the "up-time clock" is updated as if nothing had
happened.

m-out-of-n operation means that out of n components of a certain type
that are on line, only m components are needed for the successful operation of
the system. This means that first n-m failing components of this type are
treated as redundant; failure of a greater number of components will bring the
system down.

Spares. Some components will have spares on-site, due to excessive down-
time required for repair. Spares usually require a certain installation time.

3.6 Improvements and Sophistication in the Type of Components Considered

Several improvements can be made in the code as it stands now. We can
introduce the Weibull distribution in the failure rates of the components.
This will also enable us to consider maintenance strategies, which would mean
replacement of components in their wearout phase. One can also introduce
periodic monitoring of redundant components, with a certain probability that
the monitors will fail to detect a failure. Standby components can also be
tested periodically, with probability that tests will themselves induce
failures.

3.7 Gating

Individual components are represented by logic elements which are com-

bined to form a system, using a collection of AND and OR gates. Each gate at

its inputs can have individual logic elements and/or the outputs of other
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logic gates. The particular way in which components and gates are intercon-
nected is read in as input to the computer program.

There are two ways to mathematically describe the logic gates, depending
upon whether one is interested in the static or dynamic availability of the
system.

For an AND gate, and for the static case, the availability at the output

is equal to the product of availabilities at the input (see Fig. 3-2):

A=T1 a

N
j=1
where A is the output availability and a; is the availability at the ith
input.

For the dynamic case, the output of an AND gate is a "1" if and only if
all of its inputs are "1", otherwise the output is a "0".

For an OR gate, and for the static case (Fig. 3-3):

N
A=1-07T1( - ai) .

i=1
For the dynamic case, the output of an OR gate is a "0" if and only if all of
its inputs are "0", otherwise the output is a "1".
The availability of the system is then equal to the availability at the
output of the last logic gate in the schematic diagram of the system.

3.8 The Computer Code

The flowchart of the computer code is presented in Fig. 3-4 and a sample

input, output and the listing are appended to this chapter.
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Fig. 3-3
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Sample Input
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Sample Output
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BeXOT REFLUE, ARS
@ADD INPUT,

INFUT DATA
FLRT MTTR REDLIN IMRFR MOFN
- 4000~04 - 7000+01 0 1 o
- AAO00-05 « 2EIO+F05 (o] 1 0
- 4E600-05 » 2EIOFOS 4] 1 Q
. 2E50-03 BA40+03 0 1 [¢]
- ASE70-03 2400403 ] 1 0
«AEOO-05 C2E30+H05 ¢] i Q
460005 . 2630+05 Q i 0
 4A0O0-05 L Z2EH0+H05 [¥] 1 0
L 2550-03 - BEAO+03 (4] 1 1
.5550~03 . 8440+0% (o] 1 (o]
- 4570-03 . 2400+03 v 1 4]
L AEQO-05 < 2E20+05 4] 1 0
.1140-03 L BEA0H03 O 1 0
2200-032 LPS00+03 1 1 Q
.5710-04 L BRAOH03 O 1 0
. 2280~04 L ATZOHOE Q 1 (8]
171003 S 1Z200+03 0 1 0
. 110003 L BDEOF0OF 0 1 0
L 2550-03 L BEAO+03 0 1 ]
L 4570-03 L 2400+03 Q 1 0
- 2E50-03 . BA40+03 Q 1 0
LAS70-03 L 2400+03 4] 1 0
. 4570-03 2400403 ] 1 0
. 4570~03 . 2400+03 (o] 1 Q
LB700-04 . 1440+03 V] 1 0
SYSTS DELT TOTAL NO. OF TIME STEPS NUMBER OF HISTORIES
25 L 1000+02 10000 4
SYSTEM 10 NG. NUMBER OF IDENTICAL COMFONENTS OF SAME KIND
1 1
2 21
3 1
4 1
S 1
& 1
7 1
8 1
k4 4
10 1
11 1
1z 1
13 1
14 1
15 1
14 1
17 1
18 1
19 1
20 b
21 1
22 1
23 1
24 1
25 1
NUMBER OF AND GATES = 26 NUMBER OF OR GATES = 4
SYSNQ TOTAL FAILURES UfF TIME DN TIME AVAILABILITY
1 . 0000 L PRVIHOS . 0000 . 1000+01
2 . 3000+01 . 2924405 . 7073405 e 2924+00
3 . Q000 PV . 0000 ) « 1000+01
4 2000+01 . PEZSH0S . 1740+04 . 9826+00
S « 7000+01 CFRELIHOS « 1ASO+04 - SPEIZE00 -
6 . 0000 FAVIHOT » 0000 . 1000+01
7 . 0000 . FYVIHOS . 0000 . 1000+01
3 . 0000 L PPIIH0S - OO0 . 1000+01
@ «1100+02 L RERSH0S « 1740+04 . PELEH00
10 . 3000+01 RO L 2H10+04 v7dw+uo
11 - S000+01 705 . 1200+04 +00
12 - 0000 PR IE05 - 0000 < 1000+01
13 . 0000 L PVVIHOS . Q000 . 1000+01
14 - 1000+01 o PRPAHOG « 0000 . 1000+01
15 - 1000401 o PRESHOS « 2400403 PPEEFOQ
16 - 1000+01 L3005 L GEOO+0Z S FRI2H00
17  2000+01 . « PIEZIHOS . SEO0+Q3 . PRERH00
18 « F000+01 L IBYTHOS « 1020+04 . FEP3+00
19 . 2000+01 L PE2EH05 - 1740+04 L RPEZ26+00
20 . SO00+01 . FETIHOS < 1200+04 L PEBO+00
21 « 3000+01 « PT732+05 « 2610+04 . P739400
22 . 3000+01 P PR27+05 . 7200+03 . PP2E+00
23 . 3000+01 . 9R27+05 . 7200403 . 9928+00
24 . 3000+01 PIZTHOS . 7200+03 . FRZB+00

25 « 1000401 » VIE4+05 59 - 1500+03 « PFEE+00



W70 SCEDULED MAINTENANCE W/SCHEDULED MAINTENANCE

AND GATE NUMERER AVAILABILITY AVAILARILITY

1 « PE2EH00 - PO72+00

2 « RT3IP+00 . 8992+00

2 . F7 39400 . 3992400

4 » PE2EQ0 . 2072400

5 . FEH2E400 « 7072400

& « PEEI400 . 83346+00

7 - PIIE+00 L P231+00

o « PYITHO0 . P230+00

K L IIVIHO0 . PE23IZ+00
10 . FEFL+00 ’ L F225+00
i1 . FES5+00 8914400
12 . 2158+00 « 2455400
13 . 2924400 » 2700+00
14 . 1000401 » W2334+00
15 « 1000+01 . 233400
1é& < 1000+01 . P2334+00
17 . 1000+01 . F2334+00
i3 DFEEAQO . P202+00
19 . 1000+01 . F233+00
20 . 1000+01  P233+00
2 . 1000+01 23300
22 - 1000+01 - ricict Jule]

23 e 2573+00 « 2375400
24 < PT2EHQ0 « 9044+00
25 . PPI0+H00 . 7168400
24 - 24994+00 . 2307+00

W/ SCEDULED MAINTENANCE W/SCHEDULED MAINTENANCE
OR GATE NUMEBER AVAILABILITY AVAILABILITY

1 . TIFIE00 . 232400

2 PRI HO0 . P232400

3 » PIVIHQ0 o F2ZEIH00

4 FRPEHQ0  F229+00

SYSNUG TOTAL FAILURES LIF TIME ON TIME AVAILABILITY

1 L 2000+01 . 1001+06 . 1000+02 » FOP9+00
Z . 2000+01 < A749+05 e 5260403 . 4745+00
=2 - 0000 . 1001+06 » 0000 . 1000+01
4 . 3000+01 . IT743+05  2610+04 HT7 39400
2 LAO00+01 . VELEH0OS - «1440+04 . PESE+00
& . Q000 1001406 » 0000 . 1000401
7 « 0000 - 1001+06 » 0000 . 1000+01
b] » 0000 L 1001+06 . Q000 « 1000+01

» . 180602 3 POG reOs . 3480+04 vPEB2+00
10 . 4000+01 e V661 +0S . 3480+04 . 7652400

- 11 < 10002 . 9745405 . 2640404 «9736+00
12 < VOO0 . 1001406 « 0000 « 1000+01}

3 D0+0 L . 9941405 . 6800+03 . 9932+00
14 . OO0+ 0] . P967+05 +«S5200+03 « 9948+00
15 o QOOQ . 1001+06 . 0000 « 1000+01
16 00«0 . ¥941+0S . 6800+03 . 9932+00
17 o QOO0 ] . 973408 - 3600+03 « 9964+Q0
13 R EAVE . FFQ7+0S . 1020+04 .« 7393+00
1= RESRIVISE DY « 7661 +0S +» 3430+04 . 9652+00
) L IGOeD D . 7721405 . 2880+04 «2712+00
21 PRIRIVE IVD | . PBISH0OS «1740+04 . 9826+00
s Llle0n L7650 . 2400+04 . 7760+00
. EE S UUNE TS0 . F745+05 « 2640+04 «P726+00
4 BTSRRIV | . P71 3+05 « ?2600+03 . 9904+00
25 PR EFIRINE JRD! L 9994+05 « 1500403 . 9985+00

W/0 SCEDULED MAINTENANCE W/SCHEDULED MAINTENANCE
whD SATE NUMEER AVAILABILITY AVAILABILITY
1 . V735+00 . 8991+00
= < 7E825+Q0 « 9072400
3 CTESLHO) «8911+00
3 . 651 +00 «8911+00
3 . 651400 . 8911400
A L FE15+00 . 8600+00
7 . VIVIEO0 LI2274+00
& - #RE5+00 . 9219400
v «VIIS+00 . 9223+00

1o L 2IGL+00 « 9225400

11 L P315400 - 8600+00

12 . 2677 +00 .8011+00

13 .4734+00



« 4330400

14 . 999400 . 9232+00
15 . VY9400 . 9232+00
16 LIVISS00 . 9232400
17 . FFVIH00 . 9232400
18 . IIIVH00 . 9232+00
17 L FPIIHO0) . 72321400
20 < FYIZ+00 . 9231+00
21 . FFVEE00 . 9231400
22 . Y47 +00 . 7124400
23 . 2313+90 . 3525+00
24 . F73%+00 «7044+00
25 . TTIR+00 . 7135+00
26 « 2ETSH0O0 e 3TPIFO0
W/ LCEDULED MAINTENAMCE W/S5CHEDULED MAINTENANCE
OR GATE NUMBER AVATLABILITY AVAILABILITY
1 L IANT #0000 L I2Z0+00
2 LI A00 9226400
3 . LR T 400 . Y231400
4 LIS 00 H22T400
SYSNO TOTAL FAILURES UP TIME DN TIME AVRILABILITY
1 . 1000+01 CIETESOS . 1000+02 L FDIIE00
2 « 2000+01 LAT YOS L S260+09 .47 33400
-3 . 0000 . FIIIHOG . 0000 ' . 1000+01
4 - 3000+03 . FSBL+0S . 4130+04 . 9322+00
-] . 7000+01 LIBZLA0S . 1430+04 L PBIZHQ0
6 . 0000 P0G . 0000 . 1000+01
7 . 0000 . 9P99+05 . 0000 « 1000+01
] . 0000 . FIIIH05 . Q000 - 1000+01
2 . 1900+02 . PEEBHOS L 3B10+04 . PELTHO0
10 . 4000+01 ‘ < PETLH05 . 3420+04 S FESZH00
11 . 7000+01 ol R LT . 1680404 - PEIZ+00
12 - 000 P0G . 0000 . 1000+01
13 . 1000+01 . PROLH0OR « J34O0+0OI- - -~ P POLEHI0 - -
14 . 4000+01 PRPEH0T . 1040+04 . PEREHO0
15 . Q000 L PPVPHOG L O000° . 1000+01
16 . 1000+01 S FIILH05 . AR00+03 L FIIZH00
17 . 4000+01 L PREL+0S . 4300+03 L FRE2400
12 . Z000+0] . PEPTHOS . 1020404 . TBI2+00
19 - &000+01 P47 7405 L S220404 . FAT724+00
20 - 1000+02 GTHIH0T . 2300+04 . VT HO+00
21 . 2J000+01 . P7IEH05 - 2610+04 . P7EF+00
22 L AO00+01 L FEIE405 . 1440+04 . PEGL+00
23 . 2000+01 L PEO7+05 . 1920+04 . 9802+00
24 L 2000+01 LHRETHOS : L 7200+03 FI224+00
25 . 1000+01 L PIBLH05 « 1500+03 . 99BE+00
W/0 SCEDULED MAINTENANCE W/SCHEDULED MAINTENANCE
AND GATE NUMBER AVAILARILITY AVAILARILITY
1 L PE21L+00 . B2446+00
2 « 27384+00 8991400
3 L REH1+00 . 3911+00
4 . P477+00 « 8750+00
5 . PELI+00 . BP2464+00
& . 2146+00 .844 +00
7 . FPIFH00 229400
2 . PER2400 L P226400
k4 e ely] . P2304+00
10 . FRTE+00  P21324+00
11 247400 » 8630+00
12 . 8365+00 . 77248400
13 » 4739400 L 4376400
14 L DFVIH00 L 9232+00
135 TFIHO0 . I232400
16 L SRVIHO0 L P2324+00
17 «FFVIH00 L F232400
168 - PPIRH00 L 23200
19  HFPRH00 LF231400
20 . FIEO0 L PRILH00
21 L FPIEH00 L P231+00
22 < PEISHOO0 - P13E+00
23 . 3A3F4+00 . 3406400
24 .P783+00 . POIZ+00
25 L YRLA+O0 . 1546400
26 . 3526+00 - 3265+00

54



W/0 SCEDULED MAINTENANCE W/SCHEDULED MAINTENANCE

OR GATE NLUMEBER AVAILARILITY

1 SH23ILH00
2 : « TE2VH00
2 LRIV EO0 L F2IZH00
4 - FPEIHO0 FZZER00
SYSN TOTAL FAILURES UF TIME ON TIME AVAILABILITY
1 . 0000 L PYIOH05 . QDO0 . 1000+01
2 . 2000401 - F3704+05 « EZVH05 S3T7 1400
3 - 1000+01 . TEL9H05  2LEZ0+05 L 7370400
4 L FO00+01 L RT IR0 - 2610+04 HTITHO0
bl . B000+01 - PEOTHO5 . 1920+04 - FROS+H00
& . Q000 IS - 0000 - 1000+01
7 0000 . PIPIL0OR . QOG0 « 1000+01
2 . 0000 . FIVIHOG . Q000 . 1000+01
£ . 2000+01 . IPPH0S . 0000 . 1000+01
10 . 2000+01 . 7825405 . 1740+04 . FBLA+00
11 . S000+01 . FR7I+0OS . 1200+04 L FEZO+00
12 . 0000 . TFIIH0G . 0000 . 1000+01
13 . Q000 L TFRYHOS . Q000 . 1000+01
14 . 1000+01 »PIIIH0G 0000 . 1000+01
15 - 1000+01  PREEH0S . 3400+02 L PVEEAO0
14 . 1000+01 SFPRL405 . AZO0+03 L FPIZH00
17 L 2000+01  FRTSHOS « 2800403 PPTE+00
12 L 2000401 LPRILH05 » ABOO+03 S HPIZH00
19 . 1000+01 SFRL2405 . 8700+03 < FFLIF00
20 - 4000+01 SPPOIH0T SFAEOOH0D FPOE4+00
21 L 2000+01 eyacic v 2610404 « R729400
22 - 5000+01 L ARTIH0H . 1200+04 . FBRO+00
23 . 4000+01 - FROIH0OS L PEQO+OR  FP04+00
24 L 2O0O0+01 L FIELH0S . 4300+03  FVR2400
25 . Q000 FAVIHOS . 0000 . 1000+01
W/ SCEDULED MAINTENANCE W/SCHEDULED MAINTENANCE
AND GATE NUMBER AVAILABILITY AVAILABILITY
1 . F739+00 L BP92400
2 » 2729+00 - B9924+00
I . P8264+00 L RPOT72+00
4 «FRLEH00 . P1S2+00
5 L 1000+01 L FR2IIH00
& . P740+00 L E99I+00
7 . FPVEHO0 » FR2294+00
2 . PRS00 LP2314+00
o L HIIIHO0 . P2I2+00
10 » FIELH00 9220400
11 . 1000+01 F2II+00
i2 . P422+00 < 8760+00
12 5371400 . 4959400
14 e 7370+00 . &2044+00
15 . 1000+01 L F2334+00
16 . 1000+01 L PRIZF00
17 . 1000+01 e R ele]
] « FREE+HO0 . PZ0Z24+00
19 5431400 ) L S015+00
20 . 1000+01 L PRITH00
21 . 1000+01 . PR2IIH00
22 . 1000+014 . FRIAIF00
23 2782400 . 2541400
24 LPE41+00 . POREHD0
25 L PREZ2H00 . PLRO+00
26 P 2EIZH00 . 24286+00
‘ W/ SCEDLULED MAINTENANCE W/ECHEDIULED MAINTENANCE
DR GATE NUMBER AVAILABILITY AVAILARILITY
1 L REVIH00  F2I1400
e DELDEO0 - F2E2H00
k] . 1000+01 . PR233IH00
4 » PII+H00 L P2274+Q0



Computer Code Listing




(Z*TINUI=WNW
(TTI=14(T11HENSYI) ‘Qy3ay
TOZ OLO9CO 83" T4l
(T*IYNYI="1T
ONYIWIN ¢ T=1 IT 1
Aaz¢232 T=I¢(ET=r*(Mr*I)INYI)) <Iv3y
TOT QLODCO 03" AONVWNN) 4T
HOWMN “ONYWNAN (0L 49)311HM
(SLEAS =P C(M)IFWANST)  (S949)ILIMM
; : (027:2)3LIHM
C e R ‘,,,Laiv;.?-<mJ¢HmhstthH.hJND.ﬁHm>m (S5°2)3LT4UM
. HOWRIN ¢ ONYIWNN <193y
Arh3>o.ﬁ1?.aﬁvzm:z Ajvm&mzm,ﬂﬁ.jvz:amm (FIMLLWE (M) L) (OF ©7)3LTHM
(OT*2)3LIMM
Hm>wwﬁlj.ﬂﬁvzucz AﬁvmmmzH Aﬁ.jvzznmm (PIMLLW (M) IMTTd) (= <S)ay3ay
: (SLEAS  T=" ()Y HWNN) «ay3ad
X : )qumk Jmthh LT ¢S LSAS 10N
L e e : " LEEI9S=D0X
Y EH0T##T=y
- OZ##T=AANNIMWW
M4 93
HLIW w3
, o “ ¢ MIDILNI
NATIH STOTHL *TIMLIWIL¢SLSAS HIOIALNI
o v (OS)YHHNN/AX /NOWWOD
- ) v TIYUAY/ AX/NORWWOD
IHTA A MAMWT CNADW CNOTFY CSTIYTHLZAX ZNOWWDD
LT S LEAS/AXY /NOWWOD
X ¢4 AANNWKW/Z 232/ NOWKWOD
AIYVAT UL LW A TIHLWI L/ AXE/NOWWRD
Aaaﬁvz>3u (QOTIWAYD NOISNIWII
(05)TIPAY NOISNIWIA
(OGS LM TA ¢ (OS5I HAMWI ¢ (0TI NADW ¢ (2 COSINMIIAY NOISNIWIO
(OS)HHLLW S (OS)TIYAT NOISNIWIA
(OZ<QOTIHDOI “(OZTO0OT)IINYOT QT *QQTYEN=DI ¢ (O
,Daﬁvmch,acw,:Danzan.Aaq.osﬁ,m:an.Aa:ﬁvmmu.ﬁaoﬁVDZQJ NOTISNIAWNIT
(Z00THMOT “(Z00TINYI NOISNAWIO

(

n

d1v9
31007 HIYA 40 Lnding IHL 1Y »PHJHM¢JH¢>¢ IHL OALYINDWI ONY SILYD 21907 ONY-

SWILZAZANS SNOIMUYA FHL NIFIMLIT NOTLIENNDIMILINT 3HL Sayad ZHQZ ANILNOYENS
: i  (ZTINIUW - (T

. §
Zt

-
i

L

-

YSNAIM#TII7T2LTE

T NOND D
—

NIVW ENdaY S*1l¥c



FINUNIINIUW dFMNIIHIS HLIM I FLYD (ONY 40 ALITIHYIIVAY (I WAYD
FINYNILNOYW ITNAIHIS LNOHLIM I JLY9 ONY 40 ALITEYTIVAY (1) INYD
CT 319 ONY 0L ATLI3MIA JILIANNDD SILPD MO 40 MIAWNAN (S TINYI

I 3199 ONY 0L ATLDEMIA G3LI3INNDD SIULYO aNY 40 M39 WNN (2 1)INYI

I 3199 aNY 0L ATLD3HIT J3L03ANNDD SWALSASHNS 40 MIAWNN (T ¢I)NYI
SALYD HO H0 HIAAWNN HOWNN

SALYD NG 40 MIFWNAN ONYWNN

INYTS M3IMOD IHL 40 NOTLUMIL0 O

JHL ONIMIVAWI LOOHLIM NMOO 09 NUD aNIHM © 40 SWIALSASANS ANYW MOH  (P)NADW
. ALYTAINWI LON MIYL3IM 41 O
P WILSASANS 40 MIVLAIY JAUIOINWI MO4 T (7)) MdMWI

P SWILSASENS INYANNIIM 3EYIIYAY ANYW MOH (2 ) NOT3EY

M WALSASHNS HOd SWILSASHNS LNUONNIEY ANUW MOH (T <) NMay

M WILSASHNS 40 MISHIM 0L 3WIL NI (MYMLLW

M OWALSASHNS 40 3LV 39NIY4 () 14

SIYIML 40 M3IFAWNAN  WIML

54305 FWIL 40 MIFWON WAMIXYW  IMIWIL

3713 4345 3WIL  173d

SWALSASHNS 40 MIAWNIN  SLSAS

SATEYINYA AD NOILAINISI0

ANNILINOD
(NN<T=T1¢(T1¢T)HI0T ) “I93y
ZT OL0O(O *@B3° NN) AT
(£¢1)M0I=NN
(W T=T14 (14T ANYAT) 93y
YOZ OLOD(O "B3° WW) AT
(Z¢1)MDI =MW
I T=T¢ (T D ENS0T) “0Yay
£0Z DLOOCO *H3* 1) A]
(T¢D)HDI="1
MOWANT=1  Z1 0
CHDWNN S T=T ¢ (S ¢ T=r < (P THHOT) ) <I9ad
ZOT OLOD(O "B3° HOWMIN) 41
| NN LNDD
(NN T="1¢(1¢1)H0UI ) “Ov3aN
IT DLO9¢O *B3° NN) AT
(£¢I)NYI=NN
(W T=T1¢ (74 1) ANYYT ) <a93N
ZOZ OLO9(O  *B3* WW) Al

U I

[

£

™4

oo TS T U T O O O T i TR T A O 0

Tot
T

™~
o
™

O 0 8O

Lo IR g IR

-]
3]

W W u

7

A P Y B

17

15
05
% 14

Ly

2

54
v
b4 4

-

184

h8



RaR—

e = PR N |
(S3LYD MO MO SALYO ONY ¢ WILSASHNS HALIAHM) SUINANI T 40
SALYLE IHL INNDIIY OUANI ONIMYL 3199 ONY HLI 3HL 40 SNIYLS 3HL L9 WoYs 2
LOZ- D109¢O 53" Yy Al
"T=(I)INYD

L3

(TIINDI=I Q0o
ANNILNDD e
TES DLO90 0 "L71° (N)YMYOD) AT
(FSIMHIHLD T- $I3LYTINITWI AQYIMY AT "0 MO TTISNUIYLE SAT 51 (N)YMOO 3
(M IHMOYI=N
3199 ONY HLII 3HL 40 LNdNI 3

HLT 3HL 0L O3LIENNDD ATLIINIT ST LUHL 3099 MO FHL 40 NIFWAN 3HL ST N 343 o
MN ¢ T=" Eat s 13 |
Z0Z DLOOO "3 NN)Y AT

(Z*TINYI=NN B0
ANNTLINOD ZES
Tes L0900 "L (MNOINYD) 41
(d31YINIYDI N3FF LON SUH N MIFWAN 319D aNY 4T a
I-  HI3LYTINIWDI ADUIMTIY 4T "0 MO 1) 3IY0 LYHL 40 ALYLS IHL N3HL ST (N)ANYD a
(1 IOINYYI=N
31e0 ONY HLT a
AHL H0 ANGNT HLT 3HL 01 J30D3NNDD 3099 (NG 3HL 40 MIFWAN 3HL ST (T I OINYYI A

Wi ¢ T=" T 0
SOS 0LOS¢CO "3 WW AT
. (Z*TINYT =N
25 01090 39" (IINYI) 4T
A1
AZ 05 IFLUMDEI NI AQYANTW SUH JL9D HLI 40 FLYLS FHL SNYaW 0 39 (1) INYD
ONGWNN * T=1 125 00
TT-=(I)INYD [0S
ONUWNN * T=1 105 0g
TT-=(I)H0D 10105
HOWNN ¢ T=1 TOTOS Od
ZOT QL0900 "3 " ONYWON) 41
HOD ONY ONYD J7IWILINI J
NIV T2
STWIMLT=11 05 o Z01

L |

AYIML 3WIL HIYA MOA A
WOMOOMA ALITIAYTIIVAY WALSAS 3
FINUNILINTYW a

A3WIEHIS HLIM T 31090 HO 40 ALITIAVIIVAY S1 (1DWADD ONY  IINUNILINIUMW
JITNI3HIS LNOHLIM I 3199 MO 40 ALITTIEYTIIVAY OL SHIAIM (DHHID AMYIIWIS
(A9YHINY THL NO MYIA M34 SH33M )

LA R

LS 1

1

¢t o
I B B

el

i i
-t
-t

BT

LT1
711
STY
LAR!
211
1T
TT1
otT
=01
20T
LO1
70T
501
Yol
zol1
ZOt
101
Q0T
&

o6

Lé

&

SE

s

) vt ‘K"J I
)

-
-’
238

XEER s I

[

b

1,

Q0

EaAlEn s}

[nx]

=0T S OIS

23]

59



AHL 0L J3LI3NNOD ATLIIYIT ¢

O ANYI= " 1) % (1)HDI= (1 )N0a

. S ("I ANYOI=W
Wi * T=1" by 0d
. PIZ 04090 93" W) AT
7S DL09
ANNILNDD

A.ZVJH¢>¢I.ﬁV*Auvtiglamvmtg
(rcDHAINsNI=N
’ rres = 2 A NN |
TT=0I) M0

21T 040900 o3 )41

(TCIMOI=

ANNILNODD
(MNYMOI) AT
(T I)HDI=N

Tvs 0L09c o 1.

NN ¢ T="1 Evs 0

Z1E 0L090 B3t NN A1
(2¢T)MOT=NN

TS 0109070 "L (NYONYD) 4T

(T¢IOINUYDI=N
W ¢ T=" b5 0g
T1Z DLODCO 03" W) 4I
(Z1IHOI=WK
ﬁ¢ﬁ QLIDC 0 "19° (I)XH02) 4]
HOWAN ¢ T=1 IvS o1
J1Lu9 MO qum MO J3L9434 MON ST 3NA32044d IWYS IHL
"T-=(I)H00
MOWNN ¢ T=1 Z035 o}
PS oOLO9CO B3 " MOWNND 41
ANNT LNDD
(NDIYMOI% (I INY D= (1 ) IINYD
(P I MY I=N
NN ¢ T=1 SEE 0d
TES 4090 "3" NN)YAI
! G ONY 4 (D) ONGD= (T )H)INYD
(I ANYY I =KW
W ¢ T =1 ves Od
202 0L0900 a3 W) 41
(N T1IYAY# (T )Y ANYI=( I YOINYD
(<D EnsYI=N
Y9 (NY HLI 3HL 40 ANdNI HLr
SI AYHL W3LEAZANS JHL 40 MIFWON 3HL SI (P IHAnsvl

£

o

[y
i
L Byl

R
T -
b ™

iz
Zhs

59T
91
EYT
zI1
191
071

EST

Do ] g
Dk

LS
75l
GET
st
251
Z5T
151
L |
ab T
2v1
Ly
21
SPT
il
EvT

!:7".

DI B R U A IR I B B B T

- 00 0N 0D

-

b

e’

1
b

I~ O3 0N

}
[ I

™

< U3

60



(CCALTTIAYIIUAY - “G5LCALTTITHYTIVAY . <SZL0 ¢ MIAWNN FLYD INY. © ) LYWMOA
\ U
E10.= 534D HO 40 UIFTWAN. ‘XSS .= SILYD (ONY 40 MIEWOAN. © . ) LOWNOS
(EIOZL 2T ¢ ) LYW

(ONTH WYz

A0 SININOSWMOD TYITINIAT A0 HIAWON. *OZL ¢, "ON 01 WILSAS. ¢ . <Y LUWMOA

(ET0LLLTOPL Y OTICOZTL ST, ./ .SATHOLSIH 40 MIgWN

N COLL®-S431S AWIL 40 "ON WAOL. 0P 17130, ‘OT L . SISAS . ¢ . PR N RN
(P POTASSL P TOTIAGTL ST XTI . ) LYWL

(P OTIBSL P OTIGTZLET “XT . ) LUWNEDS

EIC06L 2T “OLLET“OSL Y OTI0OEL Y 0TI OTL . ) LYW

CoNADW. COAL* - MAMMT - 3

COLLS NATIM, OGLC HLLW. “OEL 1M, “OTL . /. 91YT LNdNT. ¢ ) LY A
JOLE

ANNI LNOD

(DWADD (1M (Ob *2)ILTMM

HOWNN “ T=1I 25 0d

(0&2)3LTHM

L (02T ¢2)3LTHM

(CIMHODIREST “0~-LLO"T) / (IIVUDDIHEEZTE " O=( I INADD

HOWMN ¢ T=1 s48L 00

S 05 01090 "B3 " YHOWNN) JI
Lo (IWAYI (I)INGD T (O “2)ILIHM
ONYWNN < T=1 IS O

(0= ¢9)3LIMM

) (OST ¢9)ILIMM
COIVINUDSHEET *0-£20"T) /(DY ANYIRESTE *0= (1 ) WAYD
OANUWNAN < T=I T4TZ 00

FIS Q409(0 "33° ONUWNMN) AT
T OLO9CT “53° TINI®  "MO° T "©53° T1INJI)AI
T=TINDIPC"O "L (I)MOI) I
HOWON ¢ T=  £Z4 0

TAZL 0109(0 "B3° MOWNN) 41
F=TAINJIIC 0 171" (I)ONYD) JI
OINUWIN < T=I 204 ]

TL20L QLO09CO0 "3 " (OINUWIIN) ST
Q=T LNI"

O=TINII

ANNILNGD

(I)HOD-"T=(I)HDD

COND M=) # (T MOD= (1) MDD
(rI)HOOI=N
NN T=" St Od

IvS 0LDACO “B3a" NN)AI
IV 2LDA

(3

2.
(8}
OF:

O

01

05
Fa=

| YA YA

TLZL
LIL

TLOL
L0OL

4
s

g PToad
v

KA A4
iz

(RR
08
=0
LOT
207
SO
OL
208
Z0OZ
108
QO
&5 T
Sal
LAad
PET
Gal
YEaT
L )
il
141
&l
AET
=3
LaT
=T

ay)

LA N]

000

0 0]

D - MM D
~ AL
TR Ty e

N
NN
v—t

L1
52T
LT
=40
ZLT
121
0oLT
&1
2917
A
271

61



mhm>m.ﬁn7

05T 00 &l

ANNILNDD 00t =Tl

CT T )YNAIIM+ (7)) NADW= (Z ¢ ) NrvI3aM LT
FHNTIY4 ON O dX 2 7T
37194 SUH 1 W3LSASHNS T dI (r)I1vdI 2 a2
D= () IYAI =

M WALSASHNS 40 ALITITAYINEY ()13 a3 £z
T=()"13d ZZ
S W3LEASHNS 40 >HuJHm¢J~¢>¢ (r)I1YAY 2 1z
TO=(")11YAY 0z

O=(rYWILdaM [

mhm>m.an1 001 a2t

SAITHLOW JZIWILIND D A

(O *2)3LTMEM 71

HilW Y3 |

NOCIEM HIOFINI LA

THIWIL*SLSAS H3OILINT 21

COS)FWNNZAX /NOWKWOD T

TIVAY/ AX/NOWWOD [
LA HAMWT CNADW NI <STIHLZAX /NDWRIID o1
LAIT SLESAS/ AXY/ NOWWOD &

! (OS)TIVAT “ (COSIHLLIW TTHIWT L/ AXH/NOWKOD ]
X3ANT 71 (2 CO5) AT /389 7 NOWRDD L

(OS)MAMWI NOTSNIWIO 7

(OS)NADKW NOTSNIWIO =

CZCOS)INNIIY NOISNIWII 14

: (OS)WILAFY NOISNIWII N

(05) 138 ¢ (QOOS)ONZAS ¢ (OS) TIYAY * (OS) LM NOTSNIWIIT =
I

C-AINUNIINIGW I3 NTAHIS/M <551 ¢

SALITIAYTIIVAY . <561 ¢ ALIMTAYTIVAY . <581 ¢

AAINUNILNIV dJ37Na3ns

INIYIW INTLO0HEIns
(LTD)ZNIVW  (T)SNAAN*TT99T2LT

INTUW "%

SNd43Md S LM
Y4 LIX3T———
IIN3 21
(-IINYN % S1Z
O/M- S0 -0.0) LYWMD 4 027 vz
(3 L3
AMIAFWNN FLYD MO f. L) LUWHNA Qs ZIg
(.# 1



T=1NGJI
FLYLE 37194 NI WILSASHNS SITHINOIS T=(r)1Iv41 2
I=(r)1v4dl
TO=() 13
SWILSASHNS ™ 3THYIIVAY  LNWONMOIN ANY IMIHL 39y 2
ISE OL0900 "IN (Z0)NNTIEY) 41

NMOIT ST & W3LSASHNS 3I2YD SIHL NI |
TTHECPYATII=CE M) A0 (=

00 0L09
0S8 OLDDC(M)ONSAS "L71° (r)1aM) 41
NMOO MO o0 ST M W3LASSNS 41 INIWMILIT 0L NIOD JHL SEOL 3
: LT3 () AM14-) AX 3= (™) 713
M WILSASHNS 40 ALITTIAYIIEM 2
ONU= (") ONZAS
(ONY) ONONSS 190
BWILSAS HLIM MIFWNN WOONYY JLYI00SS A
Wb ¢ T =24 00 00 | =15
™) HWNIN=1dWWW TLvL
=28 0109
COZ MY NATIE= (P ) NAOW ) ~ (1) SWNN=W W
TLYL OLO9C(P)INADW "39° (2 0)NMIIY) A1
O LTMFAHCT M) HIA= (T ) AT op
. "TO=()WIL43
P2 )NNI3Y=(Z /™) NI
Ore OLOOC(MMLIW "1 (MWIL43Y) 4T
13T+ ()WL LA3M= ()W L43M
SWILEAS IHYLS CINUINNIAIN 40 MIvd3N 3
QS DLOA(0 "83° (P)IMIHWNI) AT

ObL 0109 (((P)INJIW+(T *PINATIY) B3 (ZMINMI3AY) AT
SAMYLS CHIVAIY  “T3WWT ¢ ADNYTINIIEN MO HIAIAHD 2
. SLSAS * T= 0O0E ol
O=LNDII
T+71="
XAOINT ¢ 1=1 0Ob O
THAWI L=XANT
O="1
, , : O 0=(I‘MH1 051
MIML LNIHYAD ONIMIT J3MWING SYH P WILSASENS S3INNTIYL 40 MAAWNN (410 o
. AWIL NMOT 9400 (Zr)AT0. a
AWIL dn 13s4y3 (T )40 0

Ser=1 051 ]

St

(24 /4
b
It
Ot

.
i,
e

LE
7E

e
bain

e

LS it

el e
LS %

o=

63



e
MMM
(O3l /NX)XTAT = (P /NX ) =DNY
NX=0X
HAHWON WOINGY  LX3N IHL 40
NOTLOMINID MO 4305 ONTAIMYLE FHL SU d350 ST MIFWON WOONSY INIHMND 3HL 40 NX
(W /7G3#0X ) X T AT #d—-#0X=NX
Y HIOIINI
0X Y W/ 2300/ NORIWDD
dOHLIW TYILININYONDD IATSHNI3Y
ONISN A T dNY O NIIMLIF SHIFWAN WOINYY ZS319IN3TI90 ONAONYY 3NI LN0NAnsS
(ONG) ONAONGY NI LA0MENS

J

=T
i1
01
)

= MM S OND

(Z)ONINYM " (T)SNATYHT 199192

DINEINGM "SN43Y S0
IMd LIXTmm e

(N3

(PTOT3*0LL Y OTIOSL L OTI0OEL P "OTICOTLET ¢ . ) LUWHOS

(AALITIAVTIIVAY . *OLL %

AWIL NI 050 FWIL AN, COEL-STUNTIVE TYLOL. COTL L ONSAS. ¢ L) LYWMDA
NYNL3IN

(FITIVAY S (A AT (T M) ATII (S MIATD T (0T C7)ILIHM

TIML 3WIL SIHL NI ALITIAYTIIVAY SLI LY WIDWI “WALSASHS HOY3 MOd
CCZT)Y AT CT M) AT AT ) H1D= () TIYAY

ALTITHYTIIUAY W3LSAS 3990

SLSAST= 54 0

AN T LN
TOv OLOO(XIANI 39" N4l
W+1="

(WXHIVATIY IV
AMUSEIDIIN MIU43Y ON O=1NDDI
00y OLOD(O "83" LNDDI)Y AT
CANNT NG
(33X
194 0L 3d 4N 3N0 d32N) SWALSASENS ¢ LNWINMIEY 40 ALINIAYIIYAY 3HL 3SYadad
T=CZ M) NMIAM=(Z ™) N3
002 0109
Od371IV4 SYH WILSASINS IND L5937 1Y I=L1NDII

1ot
ooOY

a

Qo

DO I

o N
AU Ry Y

i

0

OO0 W 0 D OO D0 000 O

c ot 0T U SN

oD
N

LR
¥ 0

N
~

< 9
PSS

s
~

=L

-t
I~

64



AHL NUHL H3LY3ANO ST 3WIL HIY43y 0

aINF
NMMLIY

ANINT ANGD

TOS 01LO09(0 B3 J41)41
: NN LNQD
O=(")11vd1

O=7141

OO0 D100
LFAHCT DI HII=CT )0
008 0LOD

OS54 OLODC(MYLIIW “30° YWILYAM) AT

T=041

thE+AN.?v£JUHAN.1VHJU,

L30T+ (P YW LM AM = (P ) W LM
0S8 DLOD(O 83" (C)IY4I) 41

SLSAS < I=/ QO ol

TO2 OLOSO(XIAINT "39° WWW) 4T
T+ =N

, =W

X3INTI < t="1 o0& Tl

T =W

O=(I)WILMNAY

SLEAS  I=] 007 0

THLIWIL *S1SAS M3IOIUANI

HLIW Y3

XAOANT 1T 4T3/ 8803 7 NOIIWGD
TIVAT “HLLW IHLWI L/ AXE/ NOWWDD
L13T S LSAS/AXY /NOWWOD
(OS)WILIMNAY NOISNIAWII
(Z°05)HTI NOISNIWIT
(OS)HLLW (0S)TIVAT NOISNIWIA

AWIL MIYA3M ™ W3LSASANS
ISdYTIE FHL TANND 3WIL 3HL SANUW LT <s3o]

LI 41 eMIUL3ENM S033N LI 41 335 0l WILEASANS HIYI SHI3HD MIYVLIM IWILNONANS

(WIMTYDAY INTLNOMANS

IRE)E IS '3 P u—

108
OO0&

QO

054

0o

Q07

[ ]

o

]
-

-

A

oo WD
0

-

-
0 N Mo

PN

)
™

i et Y

L

i

0N

P I Y

!

<
i

) |

IR
—

™,

i
vt

b
i

=& O NG

CYDINIVLAIY " (1) SNATIURT T2 T9LTEE

HIY43H "Sn43M

<

4 LM AR

65



READ DATA Fig. 3-4 THE COMPUTER CODE FLOWCHART
COMBINE
[ - AVAILABILITY OF
EACH SUBSYSTEM
CALL RANDOM UPDATE
NUMBER GENERATOR TIME STEP
REPAIR
FACILITY
UPDATE ELAPSED TIME
SUBSYSTEM GREATER
THAN
) MTTR 2
Y
e
ANY
v MORE
SUBSYSTEMS
?
COMPUTE COMBINE SUBSYS. AVAILABILITY
AVAILABILITY OF[ " INTO GATES [ = UPTIME / TOTAL
EACH GATE TIME
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The input consists of:

* Number of components; time interval; number of time intervals one wants to
Took at; number of trials (or histories of the whole system);

* number of identical components of each kind;

+ for each component: failure rate; MTTR; number of redundant components;
immediate repair (l-yes, 0-no); m-of-n, i.e. how many components of the
given kind are operating above the necessary minimum number;

« number of AND gates; number of OR gates;

+ for each AND gate: number of individual components at inputs; number of
AND gates at input; number of OR gates at input;

for each OR gate: number of individual components at inputs; number of AND
gates at inputs; number of OR gates at inputs;

« for each AND gate: ID number of each component at its inputs; ID number of
each AND gate at its inputs; ID number of each OR gate at its inputs;
» for each OR gate: ID number of each component at its inputs; ID number of
each AND gate at its inputs; ID number of each OR gate at its inputs.
4. DATA
This chapter will present the techniques and the sources that we employed
to garner the data for the analysis to be undertaken. We will also show how
the data may be manipulated to obtain more useful information.

4.1 Types of Data Needed

The data needed are the mean times to repair and the failure rates of
components. This data is obviously needed as input because we are using the
exponential failure probability distribution; mean time to repair is used in
the REPAIR subroutine. The above data is very hard to come by, especially for

components that have never been built, so sometimes, rough estimates will be
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used. In order to evaluate the impact of not having "hard" data, we have
asked our sources to estimate the confidence level that they have in the
numbers they have supplied.

4.2 Sources of Data

Acquisition of good failure data is often the most important and frus-
trating part of reliability analysis. Most of the data sources give only the
average constant hazard rate, rather than time dependent values. Reliability
and availability analysis is a relatively recent branch of engineering analy-
sis, and for many components and systems, data simply have not been compiled.
Other systems or components for this study are relatively new, or in the
research/development stage, so no appreciable operating experience really
exists.

In order to obtain failure rate data, many failures of a given type of
component have to be observed; also the total population size must be known;
some of these records are difficult to keep track of. In addition, the reli-
ability of a component is a function of its design and quality of manufacture
as well as the operating environment (temperature, pressure, electrical and
mechanical stresses, cycling-of-operation, etc.).

In order to judge the effect of environmental factors and the quality and
frequency of maintenance, other information must be associated with failure
data:

1. modes of failure experienced (e.g., "fails open", "fails closed", "fails
under load", etc.)
2. sample size

3. environmental or special working conditions
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very limited number of failure data exists.

the number of successful functions in relation to the failures, particu-
Tarly in the case of equipment subject to an intermittent cycle of oper-
ation

true running time during the survey period, particularly for equipment
which is run for standby or backup purposes at random times during the
survey period

repair time

time intervals between failure

frequency of, or intervals between, periodic inspection of proof tests.

Number 2, sample size, is important because for many components only a

cost devices, because fewer tests have been performed on them.

4.3 Sources of Failure Data

until a few years ago, most of the data was of a specialized nature, pertain-

Collecting failure data for a variety of devices is an enormous task.

ing to military, aeronautical and space applications.

sti1l being expanded by the Nuclear Regulatory Commission) using sources such

as

As a part of the Reactor Safety Study, a data base was compiled (and is

incident reports at nuclear facilities, Edison Electric Institute failure

data, and military sources.

Other sources include:
IEEE STD-500-1977 gives reliability figures for electronics, electric and

sensing components in nuclear power plants. Similar data are compiled in

MIL-HDBK-217B for military electronic components. For non-electronic

components in military hardware, one can go to the Non-electronic Parts
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Reliability Databook (NPRD), put out by the Rome Air Development Center of
the Air Force.

* Another possibility is the Government-Industry Data Exchange Program
(GIDEP) operated by the Navy. This is a cooperative program between the
government and the industry, where maintainability-reliability data and
alert reports on potential problems can be found. Much of the data is not
processed into an immediately useful form, such as failure rates.

* As for the human factor, some research has been done, indicating that the
human operator error rate is dependent on the level of stress in a particu-
lar situation (see Fig. 4-1). For high stress situations such as a Loss of
Coolant Accident in a nuclear power plant, a rough error rate estimate is
0.2 to 0.3. It is possible that this can be decreased with increased
training.

Some representative failure rates and human error rates are given in
Table 4-1; Data used in the TASKA analysis is shown in Table 4-2. However,
for many of the components to be used in a fusion power plant, there are no
published data available, nor has there been any operating experience with a
full size model.

In this case, one can possibly use data for existing analogous equipment;
for example, one could use data on accelerator failure for certain components
of the neutral beam system. Another approach, which will be used to a great
extent, will be to talk to people in the field, who are expert in the particu-
lar subsystem of interest (e.g., neutral beams, ECRH, cryogenics, etc.) and
ask them what they feel would be reasonably achievable reliability figures for

that particular subsystem.
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Table 4-1. Hazard Rates, Failure Probabilities and Error Rates

for Mechanical and Electrical Equipment and Human Operators

Hazard Rates N and Demand Failure Probabilities Q4 for
Mechanical Hardware®®

Assessed range

oa probability Computational Error
Components Failure mode of occurrence median factor
1. Pumps
(includes Failure to start on demand Q¢ I x 107 =3 x 1073/d i x 10-3/d 3
driver) : Failure to run, given start A, (normal 3 x 107 -3 x 10-*/hr 3 x 10°%hr 10
environments)
Failure to run, given start A, (extreme, 1% 107 =% x (0°*/hr I x 1073%/hr 10
post-accident envi inside
containment) :
Failure to run, given start A, (post- 3 x 107 =3 x 10~%hr 3 x 107%/hr 10
ident, after envi J
recovery)
2. Valves
a. Motor Failure to operate (includes driver) Q4 3 x 107 -3 x 167Y/d 1 x $0-3/d 3
operated: Failure® to remain open (plug) Q4 I % 107 -3 x 1074/d t x 10-Y/d 3
A, 1% 1077 -1 x 10-%hr 3 x 1077/hr 3
Rupture A, 1% 10® -1 x 10-"/hr i x {0~%hr 10
b. Solenocid Failure to operate @ 3x 107 -3 x 10-%/d 1% 1073/d 3
operated: Failure to remain open, Q4 (plug) 3>x 107 -3 x 1074/d 1 x 10°4/d 3
Rupture A, : 1 x 107" -1 x 10"7/hr 1 x 10%hr to
c. Air-fluid Failure to operate 0/ 1% 107 -1 x 107%/d I x 107Y/d
operated: Failure to remain open Q, (plug) I x 107% =3 x 10~/d 1 x 107¢/d 3
A, X 1077 <1 x 10%hr 3 x 10~"/hr 3
Rupture A, 1 x 107 —1 x 10~"/hr 1 x 10/ e 10
3. Check valves Failure t0 open Q, 3 x 107 -3 x 10°%/d I x 10-4/d 3
Internal leak A, (severe) 1x 1077 =1 x 10"%hr 3« 1077/ hr 3
Rupture A, 1x10°® -1 x 10-7/hr 1 x 10~/ hr 10
4. Vacuum Failure to operate Q4 Ex 107 -1 x 107/d 3 < 10°%/d 3
valve
S. Manual valve Failure to remain open @, iplug) 3 x 1073 -3 x [0-Y/d 1 x [0~Y/d 3
Rupture A, I x 107 -t x 10~7/hr 1 x 10""/hr 10
6. Relief valves Failure to open Qg 3x 107* -3 x 107%/d I x 1073/d 3
Premature open ), 3% 107% -3 x 10~3/hr 1 x 10°%hr 3
7. Test valves, Failure to remain open Q (plug) 1> 10°* =1 x 1073/d 3 x 1074/d 3
flow meters,
orifices,
Rupture A, I % 107 -1 x 10-"/hr I x 10-*/hr 10
8. Pipes
a. Pipes 7S Rupture/ptug A, A, 3 < 107"-3 x 10~*/hr 1 x 10-*hr 30
cm diam
per sec-
tion
b. Pipe> 7.5 Rupture A,. A, 3 x 1071%-3 x 10~*/hr I x 107" hr 30
em diam
per sec-
tion
9. Clutch, Failure to operate Q4 P x 107 -1 x 107%/d 3 x 1074 3
mechanical
10. Scram rods Failure to insert 3 x 107 -3 x 10~/d I x 107¢/d 3
(single)
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Table 4-1. (Continued)

Hazard Rates \ and Demand Ffzilure Probabilities Q4 for
Electrical Equipment*?

Computational Emor

Component Failure mode Assessed range median factor
1. Clutch, electrical Failure to operate Q 1> 10~ ~1 = 107%/4 3 x 10-Y/d 3
Premature disengagement A, 1x 10771 x 10~%hr 1 x 10-%/hr 10
2. Motors, electric Failure to start Q, 1 x 107-1 x 1073/4 3 x 107/d 3
Failure to run, given stant A, (normal 3 x 107%-3 x 10~%/hr I x 10°%hr 3
environment)
Failure to run, given start A, (extreme Px 10™~1 » 10°¢/hr 1 x 10-3/hr 10
environment)
3. Relays Failure to energize Q@ 3 x 1073-3 x [0-*/d 1 x 10-%/d 3
Failure of NO contacts to close, given 1% 1077—1 x 10%/hr 3 % 167 /hr 3
energized A,
Failure of NC contacts by opening, 3 x 107*-3 x 10~%/hr 1% 107"/hr 3
given not energized A,
Short across NO/NC contact A, 1> 107°-1 x 10~%/hr 1 x 107*/hr 10
Coil open A, 1x 10°°-1 x 10~%/hr 1 x 10°%/hr 10
Coil short to power A, 1x 10™*-1 x 10~%/hr 1% 10"*/hr 10
4. Circuit breakers Failure to transfer Q, 3 x 1073 x 107Y/d 1 x 1073/d 3
Premature transfer A, 3 x 10°7-3 x {0~%hr 1 x 107%hr 3
S. Switches
a. Limit Failure 10 operate Q, 1x 107~ x 107%/d 3 x 10-4/a 3
b. Torque Failure 10 operate 0, I x 10723 x 107/d 1 x 16~/d 3
¢. Pressure Failure to operate Q, 3 x 1073 x 107Yd 1 x 10-4/d 3
d. Manual Failure to transfer O, 3 x 107*-3 » 10°%/d 1> 1073/d 3
6. Switch contacts Failure of NO contacts to close given b x 107*~1 x 10%hr t x 10°7/he 10
switch operation A,
Failure of NC by opening, given no 3 x 107*-3 x 10~"/hr 3 x 107/hr 10
switch operation A,
Short across NO/NC contact A, Ix 107%1 x 10°"/hr i x 10°%hr 10
7. Bartery Failure to provide proper output A, I x 1071 x [0~%hr 3 x 107%hr 3
power systems
(wet cetl)
8. Transformers Open circuit primary or secondary A, I x 1077-3 x 10-%hr tx 10-%hr 3
Short primary to secondary A, 3 x 1077-3 x 10~%hr 1% 107%hr 3
9a. Solid state Fails to function A, 3 x 1077-3 x 10-%/he 3 x 10~%hr 10
devices hi
power applica-
tions (diodes,
transistors, etc.)
Fails shorted A, 1 x 10°7=1 x 10-%hr I3 10~/ hr 10
b. Solid state Fails to function A, 1x 10771 x 103 hr 1 % 10~%/hr 10
devices, low
power applica-
tions
Fails shorted 1> 107°-1 x 10~%hr 1 107"/ hr 10
10a. Diesels (com- Failure to start Q, 1 x 1071 x 10°'/d 3 x 10°%/d 3
Piete plant) .
Failure to run, emergency conditions, 3 % 107-3 x 10"*/hr 3 x 10™%hr 10
given start A,
b. Diesels (engine Failure to run, emergency conditions, 3 x 107°-3 x 10-3/hr 3 x 10°'/hr 10
only) given start A,
1. Instrumen- Failure to operate A, I x 10771 x 10~ hr I x 10°%hr 10

tation—general
(includes trans-
mitter, amplifier,

and output
device)
Shift in calibration A, 3 = 107%-3 x 10~*/hr 3 % 1073 hr 10
2. Fuses Failure to open Q, 3 x 107%-3 x 107/d I x 10-%/d 3
Premature open A, I X 107723 x 107%/hr t x 10°%hr 3
13. Wires (typical Open circuit A, P 1071 x 10°%hr 3 x 107%/hr 3
circuits, several
joints)
Short, to ground A, 3 107%-3 x 10°%/hr 3 x 1077/ hr 10
Short to power A, I 107%-1 x 107/ he 1< 10 *'hr 10
14. Terminal boards Open connection A, P2 107 -1 ~ 10%hr b 107"/hr 10
Short to adjacent circuit A, 1< 1% x |0°"/he 1% 107*hr 0
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Table 4-1. (Continued)

Human Error Probabilities*®

Demand
failure
probability

Activity

10~
1073

3 x 1073

10-2

3 x 1073
3 x 102

1/x

10~

10~

§$ x 107
0.2-0.3

ztll—l)x

~1.0

9x 107!

Selection of a key-operated switch rather than a nonkey switch. (This value
does not include the error of decision where the operator misinterprets situa-
tion and believes key switch is correct choice.)

Selection of a switch (or pair of switches) dissimilar in shape or location to the
desired switch (or pair of switches), assuming no decision error. For exam-
ple, operator actuates large handled switch rather than small switch.

General human error of commission, e.g., misreading label and, therefore,
selecting wrong switch.

General human error of omission when there is no display in the control room
of the status of the item omitted, c.g., failure to return manually operated
test valve to proper configuration after maintenance.

Errors of omission where the items being omitted are embedded in a procedure
rather than at the end as above.

Simple arithmetic errors with self-checking but without repeating the calcula-
tion by redoing it on another piece of paper.

Given that an operator is reaching for an incorrect switch (or pair of switches),
he or she selects a particular similar appearing switch (or pair of switches),
where x = the number of incorrect switches (or pairs of switches) adjacent
to the desired switch (or pair of switches). The 1/x applies up to 5 or 6 items.
After that point the error rate would be lower because the operator would
take more time to search. With up to 5 or 6 items, the operator doesn’t
expect to be wrong and therefore is more likely to do less deliberate search-
ing.

Given that an operator is reaching for a wrong motor operated valve MOV
switch (or pair of switches), he or she fails to note from the indicator lamps
that the MOV(s) is (are) already in the desired state and merely changes the
status of the MOV(s) without recognizing that he or she had selected the
wrong switch(es).

Same as above, except that the state(s) of the incorrect switch(es) is (are) not
the desired state,

If an operator fails to operate correctly one of two closely coupled valves or
switches in a procedural step, he or she also fails to correctly operate the
other valve.

Monitor or inspector fails to recognize initial error by operator. Note: With
continuing feedback of the error on the annunciator panel, this high error
rate would not apply.

Personnel on different work shift fail to check condition of hardware unless
required by checklist or written directive.

Monitor fails to detect undesired position of valves, etc., during general walk-
around inspections, assuming no check list is used.

General error rate, given very high stress levels, where dangerous activities are
occurring rapidly

Given severe time stress, as in trying to compensate for an error made in an
emergency situation, the initial error rate x, for an activity doubles for each
attempt, n, after a previous incorrect attempt, until the limiting condition of
an error rate of 1.0 is reached or until time runs out. This limiting condition
corresponds to an individual's becoming completely disorganized or ineffec-
tive.

Operator fails to act correctly in the first 60 seconds after the onset of an
extremely high stress condition, e.g., a large LOCA.

Operator fails to act correctly after the first 5 minutes after the onset of an
extremely high stress condition.

Operator fails to act correctly after the first 30 minutes in an extreme stress
condition.

Operator fails to act correctly after the first several houss in a high stress
condition.

After 7 days after a large LOCA, there is a complete recovery to the normal
error rate x, for any task.
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Table 4-2. Failure Rates and Mean Times to Repair for

Various Subsystems in TASKA

Subsystem x (hr-1) MTTR (hr)

Shield 2.3E-5, 1.9E-5, 5.7E-6 24., 240.
Blanket 1.7e-4, 1.1E-4, 1.9E-5 120., 240.

A1l Coils 3.8E-5, 4.6E-6, 2.9E-6 1056., 3600., 26298.
Cryosystem (Vacuum) 5.7E-5, 4.1E-5, 2.3E-5 24., 432., 4824,
A1l Neutral Beams 1.4E-3, 2.3E-4, 5.7E-5 24., 240., 864.
A1l ECRH 1.0E-3, 4.6E-4, 1.1E-5 240., 480.

ICRH 1.1E-4, 5.7E-5 240.

A1l Direct Convertors 2.3e-4, 1.1E-4, 2.3E-5 950.
Instrumentation 5.7E-5, 2.3E-5 144,

Balance of Plant 1.1E-4, 5.7E-5 240.

Tritium System 2.3E-5 60.
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We have broken down each subsystem into its main components, and asked
our sources to evaluate the mean time between failure (MTBF), the mean time to
repair (MTTR) and the confidence level they have in these numbers. These
numbers will then be used in the computer code.

A sample fill-out form is shown in Fig. 4-2.

4.4 Data Manipulation

In order to obtain useful numbers out of this analysis, we have to mani-
pulate the raw data from the sources, because there are confidence levels at-
tached to it. 1In some instances, an interval estimate (i.e., high and low
value) rather than a point estimate of failure rates is given or a sample size
from which the data is drawn may be too small.

When we have a small sample, the cumulative probability of failure of
components in the sample is given in Table 4-3. This information can be used
to fit the data to a specified distribution of cumulative failure probability,
thus obtaining the parameters of the distribution (e.g., failure rate).

For example, ten identical devices are tested with failures occurring at
1.7, 3.5, 5.0, 6.5, 8.0, 9.6, 11., 13., 18., and 22. (*100) hr. It is be-
lieved that the data may be fitted with a Weibull distribution.

For the Weibull distribution, we will plot accumulated probability of
failure on the ordinate using a log log scale, vs. time to failure on the
abscissa, using a lTog scale. This is because the cumulative failure proba-

bility for a Weibull distribution is given by:
F(t) =1 - exp {-(t/8)%}

SO

In 1n [1 - F(t:)]'1 =-alnpg+alnt
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Fig. 4-2

ECRH
TIME TO CONFIDENCE* TIME TO CONFIDENCE*
COMPONENT FAILURE LEVEL REPAIR LEVEL

GYROTRON

MIRRORS

POWER SUPPLY

*Confidence levels: > 95%, 80-95%, 60-80%, 40-60%, < 40%

Sample data solicitation form.
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Table 4-3.

Cumulative Probabilities for a Small Sample

Table of Median Ranks r for Different Sample Sizes n

Sample size n

78

r 1 2 3 4 5 6 7 8 9 10
1 0.5000 0.2929 0.2063 0.1591 0.1294 0.1091 0.0943 0.0830 0.0741 0.0670
2 0.707! 0.5000 0.3864 0.3147 0.2655 0.2295 0.2021 0.1806 0.1632
3 0.7937 0.6136 0.5000 0.4218 0.3648 0.3213 0.2871 0.2594
4 0.8409 0.6853 0.5782 0.5000 0.4404 0.3935 0.3557
s 0.8706 0.7345 0.6352 0.5596 0.5000 0.4519
6 0.8909 0.7705 0.6787 0.6065 0.5481
T 0.9057 0.7979 0.7129 0.6443.
8 0.9170 0.8194 0.7406
9 0.9259 0.8368
10 0.9330
Sample size n
r 11 2 13 14 15 16 17 18 19 20
1 0.0611 0.0561 0.0519 0.0483 0.0452 0.0424 0.0400 0.0378 0.0358 0.0341
2 0.1489 0.1368 0.1266 0.1178 0.1101 0.1034 0.0975 0.0922 0.0874 0.0831
3 0.2366 0.2175 0.2013 0.1873 0.1751 0.1634 0.1550 0.1465 0.1390 0.1322
4 0.3244 02982 0.2760 0.2568 0.2401 0.2254 0.2125 0.2009 0.1905 0.1812
5 04122 03789 0.3506 0.3263 0.3051 0.2865 0.2700 0.2553 0.2421 0.2302
6 0.5000 0.4596 0.4253 0.3958 0.3700 0.3475 0.3275 0.3097 0.2937 0.2793
T 0.5878 0.5404 0.5000 0.4653 0.4350 0.4085 0.3850 0.3641 0.3453 0.3283
8 0.6756 0.6211 0.5747 0.5347 0.5000 0.4695 0.4425 0.4184 0.3968 0.3774
9 0.7634 0.7018 0.64954 0.6042 0.5650 0.5305 0.5000 0.4728 0.4484 0.4264
10 0.8511 0.7825 0.7240 0.6737 0.6300 0.5915 0.5575 0.5272 0.5000 0.4755
I1 0.9389 0.8632 0.7987 0.7432 0.6949 0.6525 0.6150 0.5816 0.5516 0.5245
12 0.9439 0.8734 0.8127 0.7599 0.7135 0.6725 0.6359 0.6032 0.5736
13 0.9481 0.8822 0.8249 0.7746 0.7300 0.690% 0.6547 0.6226
14 0.9517 0.8899 0.8356 0.7875 0.7447 0.7063 0.6717
15 0.9548 0.8966 0.8450 0.7991 0.7579 0.7207
16 0.9576 0.9025 0.8535 0.8095 0.7698
17 0.9600 0.9078 0.8610 0.8188
18 0.9622 0.9126 0.8678
19 0.9642 0.9169
20 0.9659
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Table 4-3.

(Continued)

Sample sizen

21

22

23

24

25

26

27

28

29

30

OO NN S W N e

0.0330
0.0797
0.1264
0.1731
0.2198
0.2665
0.3132
0.3599
0.4066
0.4533
0.5000
0.5466
0.5933
0.6400
0.6867
0.7334
0.7801
0.8268
0.8735
0.9202
0.9669

0.0315
0.0761
0.1207

'0.1653

0.2099
0.2545
0.2992
0.3438
0.3884
0.4330
0.4776
0.5223
0.5669
0.6115
0.6561
0.7007
0.7454
0.7900
0.8346
0.8792
0.9238
0.9684

0.0301
0.0728
0.1155
0.1582
0.2009
0.2437
0.2864
0.3291
0.3718
0.4145
0.4572
0.5000
0.5427
0.5854
0.6281
0.6708
0.7135
0.7562
0.7990
0.8417
0.8844
0.9271
0.9698

0.0288
0.0698
0.1108
0.1517
0.1927
0.2337
0.2746
0.3156
0.3566
0.3975
0.4385
0.4795
0.5204
0.5614
0.6024
0.6433
0.6843
0.7253
0.7662
0.8072
0.8482
0.8891
0.9301!
0.9711

0.0277
0.0670
0.1064
0.1457
0.1851
0.2245
0.2638
0.3032
0.3425
0.3819
0.4212
0.4606
0.5000
0.5393
0.5787
0.6180
0.6574
0.6967
0.7361
0.7754
0.8148
0.8542
0.8935
0.9329
0.9722

79

0.0266
0.0645
0.1023
0.1402
0.1781
0.2159
0.2538
0.2917
0.3295
0.3674
0.4053
0.4431
0.4810
0.5189
0.5568
0.5946
0.6325
0.6704
0.7082

0.7461°

0.7840
0.8218
0.8597
0.8976
0.9354
0.9733

0.0256
0.0621
0.0986
0.1351
0.1716
0.2081

0.2445.

0.2810
0.3175
0.3540
0.3905

0.4270
0.4635
0.5000
0.5364
0.5729
0.6094
0.6459
0.6824
0.7189
0.7554
0.7918
0.8283
0.8648
0.9013
0.9378
0.9743

0.0247
0.0599
0.0951
0.1303
0.1655
0.2007
0.2359
0.2711
0.3063
0.3415
0.3767
0.4119
0.4471
0.4823
0.5176
0.5528
0.5880
0.6232
0.6584
0.6936
0.7288
0.7640
0.7992
0.8344
0.8696
0.9048
0.9400
0.9752

0.0239
0.0579
0.0919
0.1259
0.1599
0.1939
0.2279
0.2619
0.2959
0.3299
0.3639
0.3979
0.4319
0.4659
0.5000
0.5340
0.5680
0.6020
0.6360
0.6700
0.7040
0.7380
0.7720
0.8060
0.8400
0.8740
0.9080
0.9420
0.9760

0.0231
0.0559
0.0888
0.1217
0.1546
0.1875
0.2204
0.2533
0.2862
0.3191
0.3519
0.3848
0.4177
0.4506
0.4835
0.5164
0.5493
0.5822
0.6151
0.6480
0.6808
0.7137
0.7466
0.7795
0.8124
0.8453
0.8782
0911
0.9440
0.9768



which is the equation of a straight line when the above mentioned scales are
used.

The ordinates corresponding to the given times to failure are found from
Table 4-3 under sample size 10, to be: 0.0670, 0.1632, 0.2594, 0.3557,
0.4519, 0.5481, 0.6443, 0.7406, 0.8368, 0.9330.

Now, we draw a best straight 1ine through the data (see Fig. 4-3). The
value of B is equal to the value of t corresponding to F(t) = 1. - e~l = 0.632.
Hence, B8 = 1100 hr. To obtain a, a line parallel to that through data is
drawn through the point A with coordinates (2.718, 0.632). The intercept of
the line through A with the vertical line H, passing through abscissa 1., will
give the value of a, read off the scale on the right hand side of the graph.
In this case, a = 1.5,

A similar technique can be used for estimating A in the exponential
distribution.

It is not clear at this time how the confidence levels are going to be
incorporated into the analysis. One might, for example, take the statement:
“40% confidence level that the average failure rate is X" to mean the
following: 40% of the the population of failure rates will fall within, say,
10% of either side of X, and then, assuming a Gaussian distribution, one can
estimate o, the standard deviation. One can then look at X - ¢ as the lower
limit, and X + o as the upper limit of the failure rate of this device, and
input these two values in the computer program; otherwise, some kind of

sampling technique of the Gaussian failure rate distribution can be used.

80



F{t)

0.99

Fig. 4-3

0.98

0.97

0.95

0.90

e~ H

0.85

0.80

0.75

0.632

|~y
<
SN,

0.60

0.55

0.50
0.45

0.40

0.35

0.30

0.25

0.20

0.17

0.15

0.12

Accumulated frequencies

0.10

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0.1

Fitting the data to the Weibull distribution.

0.2

04 0608

2 4

(10?2 hr)

81

6 810

20

40 60 B0 100

-1



5. PRELIMINARY RESULTS

For WITAMIR-I:

It was found that the steady state availability for WITAMIR-I was around
20% when no redundancy in major subsystems was assumed. Data used were
those employed for the analysis of the ETF facility, which represent an
average between the pessimistic and the optimistic data. Assuming redund-
ancy increases the availability markedly.

« The availability drivers were magnets (due to long repair time) and the
neutral beam subsystem.

For TASKA:

« The results for the steady state availability under the above assumptions
and assuming a 28-day scheduled annual shutdown period, are as follows:
24-30% for the most pessimistic set of data;

40-48% for the most reasonable set of data;
74% for the most optimistic set of data.
Due to the simplifying assumptions employed, the true values may be lower.

* The availability drivers are magnets, because there are so many of them and

because their MTTR is relatively long (~ 40 days), due to the long time for

warm-up and cool-down required for these cryogenic components. In order to
improve the overall availability, the quality of magnets must be increased.

The same holds true to a smaller extent for the neutral beam and the RF

heating subsystems.
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