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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, or any of their
employees, makes any warranty, expressed or implied, or assumes any legal liability of re-
sponsibility for any third party's use, or the resu;ts of such use, of any information, apparatus,
product or process disclosed in this report, or represents that its use by such third party would
not infringe privately owned rights.
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Availability of Reference Materials Cited in NRC Publications

Most documents cited in N RC publications will be available from one of the following sources:

1. The NRC Public Document Room,1717 H Street, N.W.
Washington, DC 20555

2. The N RC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listing tl'at follows represents the majority of docurt.ents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include NRC correspondence and internal N RC memoranda: NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO S4:es
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission issuances.

Docunients available from the National Technical information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and speciat technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federal Register notices, federal and
state legislation, and congressienal reports can usually be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations,and non-NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.

Single copies of NRC draft reports are available free, to the extent of supply, upon written request
to the Division of Technical Information and Document Control, U.S. Nuclear Regulatory Com-
mission, Washington, DC 20555.

Copies of industry codes and standards used in a substantive manner in the N RC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating-organization or, if they are American National Standards, from the
American National Standards Institute,1430 Broadway, New York, NY 10018.
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Until recently decision makers on the Nuclear Regulatory Commission staff
have had to evaluate proposals for new maintenance and inspection requirements
at nuclear power plants without the benefit of quantitative comparisons between
the risk potential averted by the new requirement and the occupational risk
created at the same time. While it was fully recognized that the generation of
quantitative information of high precision would not be possible, it was also
recognized that improved analytical techniques for quantitative comparisons
could contribute substantially to the decision making process. Therefore
funding was requested for a research project to develop an appropriate
technique, to de:ument it, and to provide comprehensive supporting material
which would enable users to understand its strenths and weakness and to
evaluate the rationale'on which it is based. The pro' ject was awarded to SAI,
Inc., and it has, I believe, been very ably carried out by the SAI staff.

f ^

,

Robert E. Alexander, Chief
Occupational Radiation Protection Branch
Office of Nuclear Regulatory Research
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ABSTRACT
1

!

The methodology- presented in this report formulates an apprcach for .the<

optimization of Denefits resulting from MC decision making processes. Recent
increases in occupational exposures in nuclear power plants resulting from NRC
regulatory practices have led to the questioning by NRC of the overall benefit
of specific regulations. The optimization methodology in this report provides

; a tool for the determination of the cost-Denefit of proposed MC regulations.
Detailed methods are presented for the modeling of plant safety systems
undergoing-inspection, testing, and/or repair. This methodology utilizes
dynamic Markov modeling techniques with extensive additional model development

, associated with operator errors involved in tre inspection, test, and repair
i activities of the plant. Closed form solutions to the Markov models are'

provided. The report appendix presents the Markov model solution process in
detail sufficient for model verification. Other methods necessary for the
optimization process are discussed in lesser detail. An application of the

; methodology dealing with steam generator inspection frequency and steam
'

generator tube rupture events is presented. The exanple determines the steam
generator inspection intervals which minimize expected costs and total
expected occupational and public dose.
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1. INTRODUCTION

4

This report presents a sunnery of the tools that can be utilized to optimize
practices associated with pub 1.ic and occupational radiological risk. A mejor,

. portion of the report presents an expansion of a particular method used to model
'

nuclear power plant inservice inspection, testing, and repair activities. This
methodology is developed in depth because it is not a standard approach and thus

1 is not well known and has not been utilized in past efforts associated with risk *

analysis. A specific example related to steam generator tube inspection4

j practices is presented to demonstrate the techniques involved. !

! 1.1 BACKGROUND

! Following the Three Mile Island II accident, the Nuclear Regulatory Connission
iglemented many procedures and retro-fit desity) changes to prevent similar

i; incidents in other reactors. In addition, normal NRC regulatory practices
; required uti): ;ies to perform numerous plant activities that involved
; radiation exposure to their personnel. The resulting efforts of the MtC to
i reduce public risk seemed to be effective, however, the occupational exposures

that occurred during the years following the TMI II accident were higier then
previous years [1-3). It became a concern that the public risk reduction

! activities were leading to significant increases in occupational radiation
j exposure and risk.

| About this time, the NRC began to search for some methods that would allow them
to make decisions that dealt with trade-offs between public risk and1

i occupational risk. An. approach was required to make sound decisions with the
; aim of an overall reduction in risk. The tremendous costs associated with the
; TMI accident put another factor into the decision making process; costs of
; various actions and/or inactions.

,

f An initial attegt at the methodology for making " optimum" decisions was
1 developed in support of the new value-imact analysis approach that was being

required by NRC in its decision process [4). This format provided the decision
; maker with information dealing with costs, risk reduction, occupational
| igacts, as well as other factors. Although this step was a mejor advance, a
| means of concining this information into a single measure or rating was still,

not available. Inis single measure was needed so that radiation exposure
information could be evaluated in the same process as cost informetion.

!

The ICRP's recent publication of ICRP-26 [5] and ICRP-37 [6] beo'hese documentsen to formulate
| a method for the incorporation of cost factors and doses.
I presented the information as the recoemended approach of a conmission both '

,

knowledgeable in the area and well respected. Thus, this stag of approvalI

increased the likelihood of the optimization concepts being accepted by the
nuclear industry. The efforts of the ICRP were directed at occupational doses

|

|
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b with little mention of public risks. The ICRP methods do not directly address
pec-requirements which have more emphasis on concerns dealing with pttlic
risks.

.

+

; - Many organizations ard individuals have directed efforts at filling this gap .

!associated with p@lic and occupational risks. All of these efforts have'

|
formulated a basis for the methods and concepts presented in this report. The ;

-following discussions will not redevelop methods that already exist and are 3
iwell emnted. Instead, the established methods will be put into the proper

4

i perspective for use in optimization and the methodology that appears to be
missing will be developed and e mnted for the user of this report. j

|

~ 1.2- USES OF THE OPTIMIZATION PRINCIPLES IN THIS REPORTt
1

j The optimization project started with a literature search for incorporation of .

: occupational dose considerations in risk analyses. The results of the t

literature search are reported in the first [7] of the three volumes of this
;i . :study. The basic findings were that little effort has been made in the past to

consider the eqected occupational dose associated with accidents or normal ,

releases from nuclear power plants. It was pointed out that the effort ,

' associated with incorporating occupational exposures into risk assessments :

I would be major due to the coglexity of modeling operator actions and location
,

;

! during accidents and cleanup activities. Occupational dose has recently been ,

[ included in the IGC value-impact analysis efforts as a line item in a listing of - |
'

| igortant variables and has not been directly incorporated into a cost / benefit
|

structure as proposed by this study.
%

| Based on the preceding results, it is reconsended that risk analysis procedures ,

i should only incorporate occupational doses for cleanup operations and not for
| accident responses. Since this optimization study is being conducted to
|- support NRC in regulatory decision making, the methodology must be geared to
| conparisons between current practices and proposed practices. In these
i coliparisons, the accident analyses will be weighted by their respective ;

probabilities which will reduce the inpact of occupational dose exclusion. In !

addition, the dose to operators in accident response should be small compared to
'

public doses and cleanup doses due to the relatively small number of personnel t

involved and the short time duration of the accident. Therefore, for the :

purposes of conparison with regard to NRC decision making, the inpect of |t
;

! excluding occupational dose associated with accident response from the overall
'

|-
risk computation is not sipificant and should not result in significant errors !

in rule making by WC: .

The second volume [8] of this optimization study provided discussion dealing
with a dollar cost equivalent for collective radiation dose and with the
conparitive worth of public and occupational radiation dose. The results of the
study recommended that p@lic and occupational dose be treated equelly; that
is, a man-rem of public dose is equivalent to a men-rem of occupational dose.
Collective dose was recommended as a measure of radiation detriment. Hipi ,

consequence events of low probability (such as core melts) should be treated as
equivalent to low consequence events of high probability (such as routine ;

releases or weste handling accidents) that have equal expected risk. No

discounting of future detriment should be included in the methodology. Early
deaths attributed to non-stochastic effects should be assiped a surrogate

i

I

1-2 |
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value of 205Eo4 man-rem for the purposes of cost / benefit calculations and the
cost effectiveness of dose reduction should be based on a value of $100/ man-rem.
These reconmendations are based on the review of a wide range of literature. The
formulations presented in the second volume are supported by discussions of the
review findings. The equation for computation of the net collective dose
equivalent provides for computations under assu@tions other than those
presented above to allow sensitivity analyses for assumption 1@act .

The methodology presented in this volume of the report was developed to utilize
the results of the first two volumes. The intent behind the development of these
methods was to provide a tool for use in NRC decision making processes involving
multiple options, as was stated earlier. These methods are not intended to be
used to give precise estimates of risk or cost but are to be used in the
cogarisons of these decision making options. This usage allows siglification
of the models, to some extent, and removes much of the igact of data
uncertainty from consideration. Sensitivity studies should still be done in
those cases where the data uncertainty is high to assure the analyst that the
conclusions drawn are insensitive to the data variations. If this is not the
case, the high uncertainty input data should become a key assu@ tion in the
analysis. Sensitivity results and justification of the final data case
selection should be presented along with the cnosen option.

In the selection of options for study, the null option should always be
included. The null option is the result of doing nothing or making no changes to
the current process. Thus, if a retro-fit study was to be conducted, the options
would not only include the retro-fit design but also the option of not changing
the current design. The null option can be used as the base option for
Co@drison of all other options.

Often, the options selected may require multiple applications of the
methodology. If a problem exists which has many different potential solutions
and the solutions tnemselves have variations, the methodology must be used in a
multi-step process to arrive at the final decision. For exa@le, if a
particular valve is found to be creating a risk-related problem due to its low

'

reliability, options for solution can include; do nothing (null option), test
the valve frequently, or replace the valve with a higher reliability valve. The
testing option has its own variations due to the need for a selection of a test
frequency. This problem would be solved in stages. First, the do-nothing
option would be analyzed for cost (both for operations and exposures). The
replace option would be easily analyzed utilizing the base case option by
changing the valve reliability and including the costs associated with the
installation of the new valve as well as occupational exposure costs from old
valve removal and new valve installation. The testing option could be analyzed
next by finding the test interval for valve testing which minimizes costs and
then using the resulting minimum cost test option in comparisons with the other
two options. hethods to perform the test optimization are presented in this
report along with guidance on the procedures for other option cost analysis.

1.3 REPORT ORGANIZATION

The remainder of this report presents a discussion of a methodology to perform
| cost / benefit analysis dealing with nuclear power plant risks to both the public )'

and plant personnel. The methods presented rely heavily on existing

:
L
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methodologies except in the area of dynamic modeling of plant activities.

Section 2 of the report presents a discussion of the approach to be used as a
basis for the fornulation of a cost / benefit methodology. Exanple applications
to the nuclear power industry are given along with discussions of the approaches
to be taken in solving example related problems.

Section 3 discusses the results in the second volume of this report and their
application to the methods used in this volume. Single occupational dose models
are provided. This section primarily deals with occupational dose modeling but
does not address the problems associated with data base support for most
occupational mooels other than to mention that the problem exists.

.

Public dose modeling is discussed in Section 4. Existing methods are presented
along with the formJ1ation of a methodology for the modeling of system
availability as a function of inspection, test, and repair plant activities.
This methodology uses Markov modeling techniques. Due to the limited
application of Markov techniques in previous studies, the Markov models
developed in this report are presented in great detail to permit direct
application of the overall approach without extensive research efforts on the
part of future users of these methods.

Section 5 briefly covers hardware and labor cost models, and a sumary of the
report is presented in Section 6. These sections are fcllowed by a detailed
exanple of an application of the methods to the problem of steam generator tube
rupture and inspection frequency. The exanple is presented in Section 7
followed by a reference section and an appendix which presents the details of
the development of the Markov models in Section 4. ,

|
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2. FORM 1ATION OF APPROACH

The fo11oming section discusses the basis of the approach adapted by this
Methodology as it applies to nuclear power plants. A general cost-benefit ,

formJ1a is presented and discussed followed by specific situations in nuclear
poner plant operations that could utilize the methodology.

2.1 GDERAL COST-BEEFIT FORMLA

The ICRP presented a systematic approach for dose limitation in its p@lication
of ICRP-26 [5] in 1977. This system was expended u
improved in the recent publication of ICRP-37 [6] pon and its definition was,

in 1983. The cost-benefit;

approach taken in this study on nuclear power plant dose optimization or
minimization uses the ICRP system as a basic f ramework.

t

The ICRP system was developed to ensure two objectives which relate to the work
presented in this report. First, an activity associated with radiation
exposure should only be conducted if the activity prot 1Jces a benefit that
exceeds the costs associated with the activity. An activity which costs more in
actual production costs and/or in dose detriment costs than the reduction in
costs (of a similar nature) resulting from the activity does not produce a net
benefit. Second, an activity associated with radiation exposure should be,

|.
conducted such that the resulting dose is kept as los as is reasonely
achievable. This implies that the activity can have an optimum. There is some

i point where the protection costs and resulting dose are marginally espivalent;
| 1.e., a protection dollar spent before this point buys r. ore than a dollars worth
J of dose benefit and the same dollar spent after the point buys less then.a'

dollars worth of dose benefit. Figure 2-1 indicates this relationship. The
i typer curve represents the sum of the two underlying curves. The lower curve
; which starts high and decreases represents dose cost, and the lower curve which

,

; starts low and increases represents protection costs. The point at which the
upper curve is at a minimum is where the marginal cost of the dose curve aquels,

i the marginal cost of the protection curve.

; The MtC could utilize both of the above objectives in seking
; licensing / regulatory decisions. For example, the first objective may be
; applicable to decisions dealing with retro-fit situations. Would a retro-fit
: produce a sufficient rockaction in expected p@lic dose and accident costs to
! warrant the costs associated with the retro-fit and the occipational doses

encountered in the retro-fit process? This is primarily a yes or no decision|

l situation and does not cover a wide range of options that would lend themselves
I to an optimization approach. However, a situation which requires a decision on
) frequency of inspection would cover a wide range (almost continuous) of options
; and would lend itself to determining an optimJm. This would be similar to the ;

second objective discussed. at.9ve. Therefore, the decision maker could
determine a frequency of inspection which results in the lowest overall cost
associated with both actual dollar cost items, such as labor, and dose detriment

I

2-1

. - - - . _ . - - - _ - , _ - . - - - - - - - _ _ - - - - - , - -



. . _ , _ _ __ _ . _ _ _ . . . . _ _ _ _ _ . _ _ _ . _ _ __. __

.

F

f, -
-

costs for p@lic and occupational exposures.

The.above approach assumes that the net berefit of an activity involvin0'

i
radiation exposure is equivalent to the difference between the gross benefit of

i the activity and the sun of three other components: 1) the basic production
costs, 2) the cost of achieving a selected level of protection over the basic!

.
production cost, and 3) the cost of the detriment due to radiation exposure

i associated with the activity. Inherent in this methodology is the assumption-
|

' that the detriment due to radiation exposure can be represented as a cost and

}
' thus be another input into the overall cost of an activity. D ICW presented )

the relationship for net benefit in the following form: :t

i .

i t

B = V - (P * X + Y)- ;

,.

' '' ,}'5 , ', -

,

t

g "fc

I
'

[ B = net benefit '
|

!
',^

V = gross benefit
*

P = productLon costs'

X = incrementalprotection costs
Y = radiation detrisent costsj ,;

>

3

' + 4r

i .The <above formulation assumes :that the detriment due to radiation is no
'

>

I - difforent then any other cost.
,

5 /%

j For the purpose of nuclear poser plant decision ' making, the ICr formula is
overly brood and does not reflect the. trade-offs associated with -the MIC ,

licensing /regalatory decision process. Houever, the concept represented by ;;

j ',

the formula is valid and will be used as a Desis for the proposed formulation.
Ij

{
The Icp system attempts to find the optimum by maximizing the not benefit. In
nuclear poser plant applications, the net benefit is usually not of interest. - '

The benefit to society of the pwr being produced by the plant is not of concern .
to the MIC in its decision onking. Thus, most activities of nuclear power plants

!do not result in positive net benefits. The activities are attempts to reduce
the overall costc but do not get incorporated into the power plants gross / net
benefit. -The reason that this occurs stems from the neglecting of the true [
benefits of the power production caped 111ty of the nuclear pcuer plant. It is
basically assumed that the nuclear pouer plant does produce a msitive net
benefit if all factors are incorporated in the benefit computatLon. For the

i purposes of this analysis technique, the gross benefit of nuclear pouer is not t
i '

,- - considered. The aim of this application-is to remace the detrimental costs
associated with nuclear poser and not to incremos its gross benefit. Thus, the V
term in the eowe equation is not of interest for most decision makin0

- situations. . If the decision seking process dealt with shutting a plant coun or :
,

allowing a plant to operate, it m1@t be of.value to reincorporate the gross ;

benefit portion of the equation to determine if the decision is optimizing the
'

! result for the p@lic or if the decision is mode outside the true benefits of the
,

,

! - pouer production. |
t

The shion is no longer a benefit equation but deals only with detriennt. The !

- ob,)ective =is to minimias this detrisent throup the selection of. proper
5

decision alternatives or by finding optimum situations associated with various
activities. The base production costs are not of interest in this process since

;

I
,
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they tend to be constant. Only the costs associated cith each cit:rnative and
"

the dose detriment associated with each alternative remain as variables of
interest.: sThe sue of the costs of .these variables is a measure of sorts for a<

i

particular alternative. : This sum will be denoted as an alternative's Figure of
Merit. : The equation presented earlier can be rewritten and will now look like
the following for each alternative:,

n .a ,e <

,

[' ,i r Y ,'
_ ;IF , I' ',

'

'

4 - Alternative Figure of Merit =-Alternative Dollar Cost .' '

+ Alternative 00se Detriment Cost
' or

' '

FN(A)=00LL(A)+00SE(A)
'

, .
,

~ '

For cases whEre alternatives are rht based on variables that can be' treated as
continuous but deal;with specific discrete options,' the Figure of Nerit of each,

'

alternative can be computed and comparisons mode. For alternatives with a
j continuous variable or one which can be modeled as such (inspection intervals,

shielding thickness, etc.), the equation can be differentiated with respect to
the variable, set equal to zero, and solved for the value of the variable which.;- is optimum. 'Many situations.may have a coseination of these two variable types
and may thus require intial optimization of some options for a later comparison,

j with other options which are separate from the continuous variable optimized
situations. '

,

i 2.2 ' TRADE-OFF SITUATIONS IN NUCLEAR P0eER PLANT DECISION MAKING
|

| The remaining discussions in this section deal with the variety of traje-off !
situations that' occur in nuclear power plant decision making. Four general

| categoriesof trade-offsarepresented. Thesecategoriesare:
~

\ '

~ ) occupationaldose -- protection cost ~1
t

i 2) occupationaldose -- public dose

j 3) occupat'ional and public dose '-- protection cost [_

; ; 4) public dose -- protection cost
|

'

Example situations for each category will. be discussed in the following;

; subsections.
>

,

| 2.2.1 Occuoationa100se -- Protection Cost
,

Plant activities that occur in radiation environments all fall into thisj trade-off category even though they may be activities associated with safety
| and public protection. Most exposures to personnel that are associated with a
; routine activii.y can be reduced with an increase in expenditures for shielding,
) ventilation, training, special tooling, special radiation protection gear, or

remote devices. It is only a question of how great an expenditure is reasonable
for the protection given. The following discussion describes how problems ;

associated with this trade-off situation may be solved using the methodology |

!
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presented in this study.4

Increased expenditurca in shielding, ventilation, and training can be4

evaluated using optimization principles .in most cases. Special tooling,.

special radiation gear, and remote devices are more discrete options and thus, ,

can be evaluated by option comparisons rather then solving for some minimum or'

i optimus value. In all the above cases, the data base to s@ port the evaluations
relies heavily on plant experience dealing with times to perform plant j,

| activities and on accurate measurements of the radiation environments in the ;

i area of the plant activity being addressed.
1

In the case of shielding, the parameter which can be used as the basis for
optimization is the thickness of the shield. Other shield options can bes

! evaluated unich deal with shield materials and the nuseer and plarmant of
shields. Shield thickness can be directly related to cost based on the extra
meterial involved in construction. If the radiation environment is well

! defined, the effect of the shielding on occupational exposure over specified
time intervals can be evaluated using standard shielding equations. The

|
| exposure to the plant personnel can be equated to a cost and thus the minimum
4 cost solution can be found as a function of the shield thickness.
;

I Ventilation system sizing and air flow can be important, in some plant areas,
'

for reducing the aeount of occ@etional radiation exposure due to inhalation.
Thus, the air flow throup a room can be used as a parameter for optimization.;

Air flow increases rahse ventilation system costs but reduce inhaled
i radioactive particulates and thus reduce costs associated with occupational
,

j exposure. The option of no ventilation system should also be examined as a
j cosperative option with the optimum air flow result. ;

| The amount of time spent in training to perform a particular plant activity can
i impact the resulting length of time that the plant personnel are exposed to

radiation. Increased training time raises the costs of training due to the
| manpower costs for the trainer and for the personnel involved. .Also, the
; training may require mechanical aids unich would increase costs but can be
i included in an optimization process. The minimization process for the costs
! associated with the meterials used as training aids would have to deal with the
| aids as comparative options within the optimized training time situations. The j

increase in training time will decrease plant activity time and exposure. The'

j formula describing the relationship between the time in training and the time in
performing the plant activity would be difficult to derive and may require4

testing to formulate the curve. The curve should look like a decreasing
,

exponential curve indicating that as training time increases the amount of |

reduction in activity time decreases. This is a case of diminishing returns but |;
'

| it is of value to determine the optimum within the limitations of the data base
; utilized.
! t

The discrete options associated with tooling, protection gear, and remote
i devices must be evaluated on a case by case basis. Options can then be cospered .|

to find the minim a cost option. As stated earlier, cases may exist uhere
discrete options and options dealing with continuous variables exist for the
same problem. In these cases, optimize the continuous variaDies first and then :,

'

compare the remaining options with the optimized results to find the overo11 i;

optimum. ,

!
'

|
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2.2.2 Occupational Dose -- PW11c Dose

The trW-off between occ@ational dose and public dose usually includes costs
,

of equipment and/or manpower but, tle tvtka;,(Jc dictated by MP increasing of!

occ@etional dose in order to reduce public risk. Retention of gaseous
radraste, inservice inspection, maintenance, testing, and retro-fits all can
be e.ssociated with this category of trade-offs.

| Often, situations which fall in this category are decided by costs other than |

| those associated with exposure detriment. The example in Section 7 unich deals
, with steam generator tube inspection begins by looking for the optimum
I inspection interval for steam generators to reduce risk associated with rupture

events. The optimum solution to the problem is nearly independent of the dose
aspects of inspection, repair, and accident consequences and response but is,
dominated by the costs associated with inspection outages and accident outages.

In the case of gaseous radmaste retention, short-half-life isotopes of elements
in the form of radioactive gases unich are generated by the processing of the1

'

primary coolant can be retained prior to release to the environment. The longer
the retention, the greater the decay of the radioactive ges to non-radioactive
gas. Retention would require the construction of large tanks and conpression
systems and would result in increases of nceupational exposure during plant,

operation. In this case, the variable which can ba optimized is time of
retention. Note that material costs are a part of the problem and must be
included in the analysis. The study should not be restricted to dose

| computations alone.

The reliability or availability of the c0sipOnents or systems of the plant can be
increased by inservice inspection, maintenance, and testing. These operator
intervention activities can discover certain failures which are precursors to
major failures or which are major failures in stan@y systems. This ability to

! detect and resolve failures before they become critical to plant safety and
operation reduces the risk to the public of major releases of radioactivity.
However, the operator actions often result in occupational exposure and thus

! increase the risk to operators of the plant. The tradeoff between occupational
i exposure and public exposure can be optimized by determining the frequency of
1 inspection, maintenance, or test which minimizes the total occupational and

public dose. This particular problem requires a metiodology for assessing the
| availability of systems as a function of the frequency of operator

intervention. Section 4 of this report presents the details of such a
1 methodology for inspection and testing. Naintenance activity modeling'

methodology is not covered in this report but could be developed without
significant ef fort f rom the models presented.

r

Certain retro-fit design actions fallinto this cateJory of trade-off. A system
change to reduce system failure probability and t1us reduce p@lic risk may

'require the installation of new equipment in systems which are contaminated.
,

The installation activity would result in an occupational dose to the workers
involved. Depending on the retro-fit, this dose to Iersonnel may be significant

| and require numerous workers each receiving the alloted dose limit. The problem
| can be analyzed by comparing the two alternatives or options involved using
; their costs of materials and labor as well as dose detriment.
i

|
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.2.2.3 nn-tional and P211c Dose --- Protection Cost 2 -
-

,

: .es . ,m ,,. . . ... _.m . . - . . _ _ - , .~ - . .. r

Trade-offs that reduce both occ@ational and p@lic. dose.sluith' increases. in :t

i other costs are covered by this category. ;The reduction in occupational dose'is'
a not reductionE 0ftenJthe:isplementation of the. option ney resultiin an;;

j initial occupational dose but the option will eventually reduce .operationell
j doses such that the net occupational dose conunitment is regative.' Situations -

that fall into this category are not normally found in plant studies. .The plants ,
are designed in a menner that reouces the likelihood of the identification of.an;,

i option of this sort; ; General examples irclude new designs for_ future plants,
! some retro-fit designs, add-on * facilities or equipment,("and some plant.:

,

! operations. _ 1| ; y }g.g 4 ,43y,
,

Future plants any change designs in'a menner that reduces botNthe'occupationaP
dose and public dose expected from plant operation.''These new' designs could -;

cost more than current designs which leads to the trane-off . ituation. .This.s'

{
particular exanple.is not generally in the scope of NRC rule making as long as; *

j the plant meets the' current guidelines and regulations /It:would provide.an;
! interesting alternative study for future plants or(for couperisons~to p'lant?*i^'> ^ 2 '

designs of foreign countries.' "' ',
-

: x wm . :n w .

--

| Assume a particular couponent that has applications in. nucleier powerjilants has h

< .

~

! '

a major design breakthrou@ uhich would greatly reduce the need for inspection, 7[j
maintenance,. testing and repair! The installation of the new; component may

! result ' in an - initial occ@ational dose with a long* term ' re&ction in';

i occupational dose and p@lic risk. This type of retro-fit' situation ~is'ani
exanple 0f this category of trade-offs., ,_

. a_., i, # r . .

~ 2The use of robotics for certain plant activities may~ permit more frequent
{

inspections / ' automatic and' frequent ' testing,' and3some remote maintenance >
j activity eith a corresponding decrease in the current occupational' dose.~ These i
] add-ons would be . expensive and may require their'own maintenance and repair but"

" ' ' C W r "I w
! could result in a net decrease in dose. ' ; m m , ,.'. u m y m cp x

.

. .my: ,a .

- .x

Plant operations that fall |into tids category can be illustrated tiy an example:
dealing with steam generator tube problems. 'The addition of a'very hi@ quality 3:

1 secondary water chemistry. program; would " reduce ~ the degradation of : steam; i

j generator tubing t This reduction would decrease the need'for' inspection of; I

j steam generators unich has hi@ occupational dose consequences' It would also:.

!
decrease the amount of tube repair required during a steam' generator inspection-

|
and thus decreases occupational doseb 3More reliable steam generators ~would

j ret 2Jce the risk' to the public of rupture ~ sequences leading to major releases' of ;

|
radioactivity. Thus, a secondary water chemistry program could fall'into this:

! type of trade-off due to its reduction of both occupatLonal and p@lic doses at
the expense of equipment, materials,' and training associated with the programT

' + "' ' a ~ ^J' "h MnP*Minplementationi "
u, c y y y , o . s :, e,+ , s . ,

,

O^" i F! 2.2.44 Public Dose ',- " Protection Cost -
* 5 * '

o

n' x- 1 y' -

- .c ,
,

. . ,

:| IThe reduction of'public' dose with'nolinpact on occupationel dose is:another;
situation with a limited nunter of actual examples.' Examples may include spent
fuel transportation cask' design and improvements in containment designs '7 These.

cases would be evaluated using the technitpes discussed in s@secthons 2.2.1
through 2.2.3, as appropriate. The extreme example of this ca ry is the

j shutting down of an operating plant due to some licensing issue. sts would
,

|
, ,

I
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include replacement power costs, nuclear power plant capital c genditures,
etc. Dose reduction would have to be evaluated against the current egected
p@lic and occtpational doses associated with the faulted plant. It would be
interesting to evaluate some of the current plants with mejor licensing issues
such as Diablo Canyon and its earthquake fault and the several plants with
extreme quality control problems. The difficulty in the lai.ter cases is
determining the current design weaknesses in an accurate manner. Poor quality
control does not necessarily mean poor quality; it sigly increases the

' likelihood of poor quality. ;
:
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3. RADIATION DOSE N00ELING

This section of the report provides a discussion of some approaches for the
modeling of radiation exposures to the public and plant personnel. No new
methodology is presented for this topic and the methods discussed can be found
in the literature. The section begins with a recap of some of the information
presented in Volume 2 of the optimization report [8] dealing with the modeling
of radiation exposure in cost-benefit applications. An extrapolation of the
Volume 2 methods is presented to provide a more general tool for modeling doses
and dollar costs. This is followed by a description of some models dealing with
shielding and ventilation systems. These models are used in evaluation of
occupational exposures.-

3.1 GEERAL COST NO RADIATION EXPOSLE N00EL

An in-depth discussion of the treatment of radiation exposure modeling in
cost-benefit analysis is provided in the second volume of this optimization
report. The basic formulation for the determination of the net collective dose
equivalent is as follows:

Co - (p Cop ) , q(p . 00 a)a
n 0.

where

con is the net collective dose ewivalent
00p is the p@lic collective dose
C00 is the occtpaticnolcollective dose

i p is the probability associated with the option

q is an equivalence factor for relating occupational dose to public
| 00**

a is the risk aversion factor

The risk aversion factor is used to esphesize hi@ consequence events even
,

though their probability may be lov. If the value of the factor is greater then '

one, the high consequence events are given more we1@t then low consecpence
| events because the factor is raising the consecpences to a power. The factor can

be removed from the analysis by simply assicping it the value of one. More,

| complete descriptions of the terms can be found in the second volume.

The Volume 2 report provides rernmendations for the values of some of the
factors in the above formula. The only change from these rm==ndations is to
assign a value of one to the risk aversion factor. The recommendation of the
earller report ses to use a value of 1.2 for the risk aversion factor. This
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factor is oriented to perceptions of risk rather than actual risk. The approach
taken in this voltme is to initially perform an objective analysis which may be
followed by s@jective analysis dealing with perceived risks. If the
recommended values of the above factors are placed in the formula, the net |
collective dose formula siglifies considerably to the following: )

,

CDn = p * (cdp + CDo)
)

This formJ1ation assumes that the risk aversion factor is one and the
equivalence factor for occtpational and public dose is one. Sensitivity
studies can 'be conducted on the values of these parameters for specific
applications.

.
.

This initial formulation is the basis of the overall formula presented below.
The dose equation is expanded to include other costs such that the net cost of an
option can be determined. Costs arise from initial iglementation, operation,
and accident response and consequences. A formula for the expected net cost of*

an option is:

CN=CI+ CON + C NR

where

CN is the expected net cost of an option

CI is the cost of initialiglementation
CON is the net cost of operation

CRN is the expected net cost associatod with accidents

The net cost of operation is found by suming the dollar costs of the operation
and the cost equivalence of the occupational and public exposures due to normal
operation. This is shown in the following formula:

con Co + Cg(copo + q Co )aoo

where,

Co is the dollar cost of operation

Copo is the public collective dose during operation
CDoo is the occupational collective dose during operation

Cg is the cost equivalence of dose in $/nen-rem

, ,

j~,

3-2

- _ - _ ______-_- - . . . -. . - .



.

The egocted net cost associated with accidents is found by summing the egected
costs of eadiaccident:

cm = c i + c 2 + ... + canu m

where each expected accident cost is found by adding accident dollar costs with
dose equivalent costs and weighting the result by the accident probability as
shown below:

CRNi " Pi[Cg(C0pi + q 00gi)a . Cai]

~ ' '

where

CDpi is the public collective dose for the ith accident
C0 1 is the occupational collective dose for the ith accident0

Cai is the dollar cost of the ith accident
pi is the probability of the ith accident

The above formulation can be used for most evaluations associated with NRC
decision making. The recomendation of this report is to assign values of one
for the risk aversion factor (a) and for the occuaational and ptelic dose
equivalence factor (q). The cost equivalence factor is recomended to be set at
$100/ men-rem. All other variables are found during the evaluation process for
specific applications. It is also recomended that the above factors be tested
for sensitivity and that the results indicate the findings of the sensitivity
studies.

t

3.2 OCCUPATIONAL EXPOSURE N00ELS <

The following subsections present several models related to the analysis of
occupational e gosures. In general, the modeling of occupational dose is
dependent on the data base associated with the particular plant activity. This
data base is all that is needed in many cases. However, there are some cases
which require additional model development and lend themselves to optimization
studies. The cases discussed below deal with shielding problems and
ventilation system problems and are presented in limited detail .f , ,

' 4

3.2.1 Shield hodels

Snielding is used to reduce Mrsonnel exposure to radiation sources near work
areas. The cost of shielding can be conputed easily and the reduction in

. radiation can also be determined readily. A source of uncertainty in shielding'

models results from not knowing the actual location of the recipient of the
ra01ation as well as not knowing the duration of the egosure. The shield modeli

! that is presented below assumes an average dose rate for the work area and
| predicts duration and f requency of e90sure using an average occomicy factor,
j If better deta is ava11aule, the e90sure portion of the mudel ccand be inproved
| significantly. ,

'
I
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The occupational collective dose as a function of shield well thickness can be
egressed in the following menner:

st
C000 = H*f N T e

uhere
H is the existing annual dose rate with current shielding

f is the ocoteency factor for the aree per person
N is the numer of personne11n the egosed groLp

T is the life of the facility inyears
u is the shield's offactive absorption coef ficient
t is the shield well thickness

This standard formula has been presented by the ICRP [6] as well as in a NUREG/CR
dealing with M. ARA programs (9). Shield costs are primarily functions of the
aeount of meterial used in the construction of the shield. The costs also very
with the type of meterial used in the shield. Additional costs can arise from
st@ port facilities and/or equipment needed for shield well construction. The
corresponding formula for the cost of the shield is sigly:

,

C1 = Cs'h*l*t * Cos

dere

C3 is the cost of installed shielding per voltme
i h is the helytt of the shield

1 is the lengthof the shield
t is the shield sell thickness

i Cos is other support costs associated with shield well installation
1
;

Us ttyt formulas presented in the preceding discusCons, the net cost of the
;

shie aptionis:
,

:

l

Cw c1 + Cow
and

CoM Cg 00ao

yielding

CN Cs'h l*t + Cos + Cg H'f'N'T'e-ut
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Thus the cost of the detriment, CON, and the cost of 15plementatiert C , are bothI

functions of the shield mall thickness, t. This lands itself to an optimization
process by difforentiation of CN with respect to the shleid well thickness, t.
This differentiated sum is set to Zero and solved for t, the optisum shield
thickness uhich will ainimize the net cost.

3.2.2 Ventilatitst SystemNodels

Ventilation may not be as great a concern in a nuclear power plant as it is in
other fuel cycle facilities. However, cases do arise where workers sust
function in areas that may contain some airborne radioactive particles. The
inpact of the airtsorne particles can be reeced by increasing the air flow
through the area. The ventilation system model shown below asstmes that the
cost of the operation of the ventilation system over the life of the facility
will greatly exceed the cost of system installation. This model is also
presented in an ICRP pte11 cation [6].

The collective dose associated with people in a confined space is proportional
to concentration of airborne radioactive particles in the area. This
concentration can be shown to vary inversely with the area ventilation flow
rate. The occgetional collective dose in this case can be calculated as:

C000 = f*N T f 'A/0d

where

f is the occupancy factor for the area per person

N is the numer of personnel in the exposed grot 4)

T is the lifeof tre facilityinyears
Fo is a dosimetric factor converting activity concentration to dose
A is the input rate of airborne radioactive particles
Q is the ventilation flow rate

Under the assunption that the operating costs of the system dominate the overall
system costs, the ventilation flow rate can be directly related to the system
costs. Thus, the operating costs can be repre::ented by the following formula:

Co a Ce'Ec'Fo'T'O; -

!

unere

Ce is the cost of electricity1

Ec is the energy expended to circulate a volume of air

Fo is the fraction of time the Ventilation system 0perates
j T is the 11fe of the facility in years
r
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Again, using the aeove formulas for not cost, the follovirg equations can be
obtained:

CN = CON

enere

CON = CO + Cg * C0oo

yielding ,

N = c Ec'Fo T'Q + Cg'f*1'T*F 'A/0C e d

Thus, the detriment, 00ao, and the operating costs, Co, are Doth functions of
the ventilation flow rate, Q. An optimum solution can be found by
dif ferentiating the net cost equation, C , with respect to Q, setting the resultN
equel to zero and solving for the optimum ventilation flow rate value of Q unich
minimizes the not cost.
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4. PUBLIC DOSE N00ELING
'

,. .

I

This section of thh report provides a discussion of approaches to the modeling
of public, risk. fThe' discussion refers to probabilistic risk' assessments,a i

consequence modeling, and other methods associated with the performance of I

public risk analysis. New methodology is presented for the modeling of dynamic j

plant activities (activities which have the potential for operator alteration
of the system failure status at a given point in time). These activities
generally include inservice inspection, maintenance, repair and testing.' Each
of these activities has the potential to change the failure status of.the
conponents of the system involved or to initiate another activity which would
change conponent status. This methodology can be used as an input for existing
PRAs to provide estimates of system failure probability.

.

-

4.1 EXISTING ETH000 LOGY FOR PUBLIC DOSE N00ELING;

Current approaches ' to codeling public risk resulting . from - normaln plant !

activities .and from; accident situations are discussed in the Jfollowing
subsections. Details of the methods are not presented due to their widespread ,

1 usage in the industry.
' ' ~

.,

4.' 1.1 . Normal Releases .
'

Nuclear power plants do have some release of radioactivity resulting from the
day-to-day operation of the plants. These releases generally originate from
the radweste handling portion of the plant. Primary coolant undergoes a type'uf.

. cleaning operation which removes unwanted chemicals and radioactive particles-
that'are picked up frcm the fuel elements.in the reactor. core.* Much of the. y.

radweste that is recovered in this process is in the form of gasec'n ekments of
some radioactive isotopes. The gaseous portion of the radwaste is held for some
length of time.to reduce activity levels and then is released out trea plant [.stack. The final release still contains radioactivity but is'at levels that are
accepule for public risk. ' '

. . g
a,

"'i The methodology used in the analysis of the risk associated with releases of 3 '

this type is generally termed consequence modeling. Gaseous plume dispersion n ~'-
. models have been developed and utilized for this problem for many years. The

~

'
-

I dispersion models generally assume a Gaussian distribution of the plume'at any-
point with tne rate of dispersion dependent on the distancti from the release

,.

point and the wind and weather conditions at the time of.the rdlease. :The modbls '

account for temperature inversions, stack height, population demography, wind-
direction and tuttjulence. ' From the application of these models, en analyst can 7"
determinethewholebodydoseandtheinhalationdosefor,the| surrounding <j
population. -Normal release analysis generally assumes thetithe'.Mratt.er
conditions are average for the site and do not atteept to devejr.g~ worst cese t
conditions since the releases occur regularly and will tend toward the average

~

over the long term. { .

-

'

g

! - q
'

''
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Other normal releases include some liquid effluent primarily from the radweste-

handling section of the plant or from the secondary steam side of a PWR and the
i turbine systemof aBUR.

4.1.2 Accidenta1 Releases
,

Accident analysis methodology is extensive and has been applied in major !

!programs such as WASH-1400, RSSMAP, IREP, and RMIEP. The techniques generally
used include event tree methodology, fault tree methodology, external event
analysis, human factors analysis, consequence modeling, Failure Modes and ,

Effects Analysis (FMEA), and other methods for specific problem solution.
i

'

The consequence modeling discussed under the normal release methodology !

section is also applied to the accident modeling situations. The weather l
'

conditions are not averaged, however. The analysis utilizes worst case weather
conditions for the evaluation in order to determine an upper bound for the'

accident risk.

System failure probability is generally determined using fault tree analysis
! methods. The IREP program has recently provided detailed procedures for the

development of system fault trees for applicatjons in risk analysis. Most PRAs ,

of nuclear power plants utilize this form of system modeling. The shortcoming
of this approach is the limited capability of fault tree models to analyze .

'

operator interaction with the system. The methods presented in the following
section provide a tool for performing this type of analysis.

The plant failure model is generally developed using event tree methods . System
failure probabilities, intiating event probabilities, and the likelihood of
certain operator actions are inputs into the event tree. These methods develop
a listing of accident scenarios showing all possible outcomes of a specific

< initiating event. Each outcome can be evaluated for its resulting public dose
by using the appropriate consequence models.

.

'

The methodology developed in the following section provides a system failure .

probability which can be used as an input.into the event tree and thus can igact
the consequence model by changing the likelihood of the scenario and the
resulting risk. The methods are used to model operator diagnostic actions and
their igact on the system failure probability. Thesa methods are appropriate
for risk analysis but have a tendency to be difficult to develop and apply. This4

} difficulty has resulted in the usage of the less coglex fault tree methods
instead of dynamic modeling techniques such as Markov modeling. The following

pq sections describe Markov modeling techniques in detail and provide Markov
|, models for application.
10
F 4.2 A DYNANIC PODEL FOR APPLICATION IN PWLIC DOSE N00ELING
:

The material in this s@section describes the steps involved in the application
of the Markov models developed to analyze inspection, testing, and repair
activities at nuclear power plants. A detailed discussion of the development
of the models is presented in the appendix of. this report. An exagle
application is provided in Section 7 to aid in the understanding of the

,

approach.4

tv !
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4.2.1 I_ngoection and Testino of Direct Failures

Operator activities associated with inspection and testing provide an
opportunity for the discovery and repair of failures which occur in a system.
This interactica with the system creates inaccuracies in static models of the
system failure probability. Static failure models provide estimates of system

j reliability which is the likelihood of the system being capable of performing
'

its function at the end of some time interval. In general, this iglies that
there is no interaction with the system during the time interval. Systems in
nuclear power plants, particularly standby systems, can be modeled more,

accurately using a dynamic model which provides estimates of system
availability. Availability is the likelihood that the system will be available
to perform its function at any point in time. Thus, when the system goes down for;

test and repair, it becomes unavailable and the dynamic model would be able toi

account for the outage.

Reliability models can be used to model dynamic situations but become very
cumbersome. This is particularly true of systems comosed of redundant
elements which have alternating test or inspection intervals. A reliability
estimate could be computed for the inspection interval and then the analyst
could keep track of the redundant train re11 abilities after each interval.
Updates would be performed at each interval and probability would be assigned to
the multitude of possible outcomes of the system status. The accounting system
associated with this process quickly becomes excessive. Dynamic models,
although more complex and difficult to apply than a normel reliability model,
greatly simplify the modeling of the the above process.

The following section addresses a Markov model which can be used to evaluate the
availability of a system susceptible to direct co m onent failures. Directi

failures are failures which, if observed by some diagnostic activity, are true
failures of the component rather than precursors of failure. A crack in a pipe
is an example of a precursor to a failure of the pipe. A rupture of the pipe is an
exagle of the true failure of the pipe. The precursor failure modeling can be
done using dynamic models and a Markov model for that purpose is developed in the
subsection following this Markov model

The model presented is a closed form solution to the defined Markov model. A
closed form solution does not require computer usage to solve the set of
simultaneous differential equations normally associated with Markov analysis
models. The results of the closed form solution are sets of exponent 161
equations which can be solved by hand. This aspect of the developed methodology
is particularly of value because it makes application of the methods
straightforward once the method is understood.

4.2.1.1 Model description

The model was developed to be applicable to many situations found in nuclear
power plant systems. The system that is modeled is assumed to be composed of two
redundant legs or sections of similar components which have another section of,

! cogonents or leg in common. The failure of the system would require failure of
both redundant legs or failure of the common leg. Figure 4-1 presents a
si@lified diagram of the system. As shown in the figure, each leg of the system
has an associated set of failure rates, one for detectable failures and one for
undetectable failures. The failure rates associated with these two modes of

| failure are dependent on the diagnostic activity being modeled. A detectable
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f ailure is one which the operator can discover in the process of performing the
diagnostic activity. An undetectable failure cannot be discovered by the i

operator in the process of the activity. Thus,.the failure rates for detectable I
and undetectable failures for inspection activities would probably be'

^

different from those associated with testing activities. In fact, the testing
,

~ detectable failure rate for a leg should be greater than or equal to the;

inspection detectable failure rate for the same leg This is because testing'

.

should unccver more failures than inspection on most equipment and should never i+

uncover fewer failures.
!-
: A mechanism for the determination of detectable and undetectable failure rates
| for a piece of equipment is to utilize an FNEA for the cogonent, if one exists.
! Each failure mode of the component would be listed in the FNEA. These failure

modes can be examined to determine if the particular diagnostic activity being
i modeled would detect the failure associated with the failure mode. Once each

failura mode is evaluated, the failure rates associated with the failure modes
that are detectable can be summed to yield the detectable failure rate for the
component for that diagnostic activity. The undetectable failure rate would be
found by taking the component overall failure rate and subtracting the *

oetectable portion. If no FtEA exists for the component, the overall failure
rate of the cogonent could be partitioned using engineering jtegent applied;

to past failure records of the cogonent. In cases where there is uncertainty
associated with this process, it is recommended that the split be treated as a;

parameter of the study and that model result sensitivity to this parameter
i should be determined by performing numerous model cogutations for multiple

values of the parameter and statistically evaluating the results for,

significant variation. The purpose of the analysis is to provide additional-

information for a decision making process. This should be kept in mind when
developing the data base.

.

Returning to Figure 4-1,. the failure rates for the legs are assigned variable >

names of "A", "B", "C", and "0" . "A" is the undetectable failure rate of the,

common leg of the system. "B" is the corresponding detectable failure rate for
the common leg. If "A" and "B" are both assigned the value of zero, the common leg

;

: has no failure rate at all and the system siglifies down to a sigle parallel
system composed of two redundant legs as shown in the figure. Likewise, "C" is

: the undetectable failure rate of one of the redundant legs (both redundant legs
; have the same failure rates) and "D" is the detectable failure rate for a
j redundant leg. If both "C" and "D" are equal to zero, the system becomes a sigle
; series system. This capability of the model allows the evaluation of many

configurations of system piping. It is not necessary to have the common section;

! of piping preceding the redundant legs of the system, for exagle. The common
piping can be fed by the redundant legs or can exist on both sides of the
redundant legs. If the common leg is actually on both the suction and discharge
sides of the system, the diagnostic activities associated with the two sections :

of actual piping must be equivalent and simultaneous. If this is not the case,
the model as stated in this report is not sufficient and the actual evaluation
would have to apply multiple Markov models of the type in this report to
determine the systemavailability.

In order to model this systesL two harkov models were developed. The first |
1harkov model, which is called the Primary Model, is used to evaluate the entiret

system but treats the two redundant legs as being indistinguishable. The second
model, the Supporting hodel, evaluates only the redundant legs of the systembut'

treats them as distinguishable legs. If the two models were coe ined, the j

|

!
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resulting Narkov model would be too larty to find a closed form solution without
. extensive and lengthy evaluation. The splitting of the model results in a
slipitly more cunt)ersome product, but reduces the time for the determination of1-

: a closed form solution by a least a factor of five. The appendix gives some
indication of the effort involved in finding the current model solutions.

The reason the redundant legs must be treated as distinguishable legs in the
system arises from the normal sequence of performing diagnostic activities.,'

' Usually, one leg of a re(Ondant system is inspected or tested at a time. The next
inspection or test is performed on the other redundant leg. _ To keep track of-

which leg has been inspected or tested and which is-due to be inspected or '

tested, the model must be able to identify each leg as a separate entity. The
discussion in subsection 4.2.1.2, which deals with model application, provides
more details associated with the need for redundant leg identification.

Markov models are represented by definitions of system states and transitions
between the defined states. Table 4-1 presents the state definition for the
Primary Model. As can be seen, the model is composed of 15 states. Each state is
unique and all states together define the entire range of possibilities for the,
system. In other words, at any time, the system can be shown to be in one and only~

- one of the defined states. The differences between states deal with various '

combinations of detectable and undetectable failures in the three legs of the
system. State 15 is defined as having either an undetectable failure in the
common leg or both redundant legs having an undetectabh failure. The table
does not define state 15 in this detail. State l is the all okay system state with
no failures of any type. This is usually used as the starting state of the Markov,

'

analysis. The system changes state by the occurrence of failures in the legs of
: the system. States with detectable failures have the potential of repair and
; thus of moving to a state with fewer failures. Of the 15 states, states 1, 2, 4,

and 5 do not represent system failure. Note that the redundant legs are referred
to as trains and that there is no distinction between redundant legs..

The state definition for the Supporting Model is shown in Table 4-2. State 13 is -

defined as both redundant legs having an undetectable failure. In this model,
each redundant leg of the system is defined separately. This can be seen by
cogaring states 2 and 3 which have the same type of failure but in different4

legs. Both states 2 and 3 in the Supporting Model are represented by state 2 in;

the Primary Model in Figure 4-1.

It is interesting to note that in both the models shown in the tables, the
elimination of failure rates by assigning a failure rate variable to zero will
greatly reduce the coglexity of the model in many cases. If "A" is zero, there

'

is no i@act on the Supporting Model and limited 1@act on the Primary Model.
However, if "B" is zero, the Primary Hodel will not contain states 8 - 14. If "C"

i is zero, the Primary Model loses states 4, 5, 6, 7, 11, 12, 13, and 14. The
l Supporting Model would lose states 5, 6, 7, 8, 9,10,11,12 and 13. If "D" is

zero, the Primary Model loses states 2, 3, 5, 6, 7, 9,10,12,13, and 14 and the
i

Supp.orting Model loses. states 2, 3, 4, 7, 8, 9,10,11, and 12. The models don't )
,

actually lose the states in these cases, it just becomes i@ossible to be in the: '

| identified states under the stated assumption. The modeling of a sigle series
'

system by setting "C" and "0" to zero will eliminate the need for ti e Supporting
Model.

The assu@tions associated with the transitions between states for the above
models are presented in the appendix along with the details of the model

i
!,-
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solution process. The remaining discussion presents the results of the
solution of the models. The results are presented in the form of exponential
equations for the probability of being in a particular state at a specified
time. The equations used in their present form would provide an estimate of the
availability of the system at a specified time. Often, it is more meaningful to
find the average availability over a specified time interval. This can be done ,

by integrating the formJlas for state probabilities and dividing by the time |
interval. These integrated formJlas are not presented in this report.

ITable 4-3 presents a tabulated version of the probability equations for the
states of the Primary hodel. The table is divided into three basic groupings of I

'colums. The "P" colum is used to identify the state probability being
defined. Most state probabilities require more than one row of the table to i

express the exponential equation. A blank row separates one state probability I

definition from another. The "K1" through "K15" colums show the coefficients
of the initial condition matrix associated with the state probability. The "A" i

through "D" colums show the coefficients of the failure rates that appear in
the exponent of the exponential expression. As an example, the probability of
the system being in state 5 at time T can be written:<

PS = 2K1 e-(A + 8 + 2C + 20)T

- (2K1 + K2) e-(A + 8 + 20 + D)T

- (2K1 + K4) e (A + B + C + 20)T
-

+ (2K1 + K2 + K4 + KS) e-(A + 8 + C + D)T

where

PS is the probability of the system being in state 5 of the Primary
hodel

Kx is the probability of the system starting in state x of the
Primary Nodel

A-D are the failure rates of the system legs as defined earlier

T is the time of interest when a diagnostic activity is to occur

The "Kx" values are the entries in the initial conditions matrix. The system
model has the potential to start in states which represent failures. This is
particularly true when the failures have occurred in the leg of the system which
is not being inspected or tested. The first application of the model would find
that the value of Ki would be one and the other K values would be zero. This
corresponds to the assumption that the system starts with everything in a ready
condition, not failed. As the model application repeats for intervals between
diagnostic activities that occur further in the future, these K values will not
be a one and zeros but will have various probabilities allocated among the

I

states. The K values must add up to one.
\

|
|

|

4-6

. . .- ___ _



Similar equations can be written for the other tabulated state probabilities.
An additional exanple is presented below for state 14 of the Primry Model.

P14 -2Ki e-(A + B + 20 + 20)T

- (4K1 + 2K2) e-(A + B + 20 + D)T

+ (2K1 + 2K2 + 2K3) e-(A + B + 20)T

. (2K1 + K4) e-(A + B + C + 20)T

+ (4Kl + 2K2 + 2K4 + K5 + K6) e-(A + 8 + C + 0)T

- (2K1 + 2K2 + 2K3 + K4 + K5 + K6 + K7) e-(A + 8 + C)T

- (2K1 + 2K8) e-(A + 20 + 2D)T

+ ( AK1 + 2K2 + 4K8 + 2K9) e-(A + 20 + 0)T

- (2K1 + 2K2 + 2K3 + 2K8 + 2K9 + 2K10) e-(A + 20)T

+ (2K1 + K4 + 2K8 + Kil) e-(A + C + 20)T

- ( AK1 + 2K2 + 2K4 + K5 + K6 + 4K8 + 2K9 + 2K11 + K12 + K13)

e (A + C + D)T
-

4

+ (2K1 + 2K2 + 2K3 + K4 + K5 + K6 + K7 + 2K8 + 2K9 + 2K10 + K11

+ K12 + K13 + K14) e-(A + C)T

i.
The state probability for Primry Nodel state 15 is found by suming the values
of the first 14 states and then subtracting the sum from one. As can be seen from
the two exanples, a listing of the equations written as above would be
cunt)ersome. Therefore, the probability expressions are tabulated as found in
Table 4-3.

An equivalent probability expression development for the Supporting Nodel is
found in Table 4-4 The Supporting Model defines its state probabilities as
"Sx" values instead of "Px" values which are used in the Primary Model. Also,
the state starting probabilities are labeled as "Lx" in the Supporting Model

| Versus the "Kx" values in the Primary Model. Note that the failure rates
associated with the Supporting Model are only the "C" and "0" failure rates for

( the redundant legs. As in the Primary Model, the state probability for the final
state, state 13, is found by suming the state probabilities for states 1

|
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throu@ 12' and subtracting the sum from one. An exanple state probability
. equation for the SL41 porting Model is as follows:

S12 = - L1 e (2C + 20)T
j' -

+ (2L1 + L2 + L3) e (2C + D)T
-

- (L1 + L2 + L3 + L4) c (20)T j
-

+ (L1"+ L6) e-(C + 20)T

- (2L1 + L2 + L3 + 2L6 + L8 + L9) e (C + D)T
-

+ (L1 + L2 + L3 + L4 + L6 + L8 + L9 + L12) e (C)T
-

5 Similar equations can be developed for the other state probabilities of the
Supporting Nodel.

;- These state probability equations for the Primary and Supporting Models could
-easily be conputerized to allow rapid application of the methodology. Anb
additional set of equations associated with average availability conputations
could also be developed by the integration of the above formulas over the time

: interval of evaluation and division by the time interval value.
!

4.2.1.2 Model application

The application of the dynamic system model described above begins with an
initialization of the Primary Nodel (PM). It is appropriate to start the
analysis assuming that the system is in perfect condition. An examination of
Table 4-1 indicates that PH state 1 represents the state in which the system has
no failures. Thus, the probability assigned to the starting probability of PN
state 1 is one. The remaining state starting probabilities are assigned zero
values. Therefore, the following listing is developed:

;

K1 = 1.0 K2 = 0.0 K3 = 0.0 K4 = 0.0
i
1 K5 = 0.0 K6 = 0.0 K7 =0.0 K8 = 0.0

K9 = 0.0 K10 = 0.0 K11 = 0.0 K12 = 0.0

K13 = 0.0 K14 = 0.0 K15 =0.0
i

Note that the sum of the "K"s is always equal to one. This is also true of the sum'

of the "P"s, "L"S, and "S"S..

! The PN is now exercised to find solutions for the state probabilities at a
i

specified time interval. The time interval is set as_the first time that an
operator diagnostic activity is to be performed on the system. Inputs to this'

step of the analysis are the "K" values shown above and the failure rates for the
system legs, "A", "B", "C", and "D". This input information is applied in the
tabulated equations of Table 4-3 to calculate the PH state probabilities. Tre
value of P15 is found by summing the values of the P1 through P14 results and
subtracting from one. The solution process now has a set of "K" values and a set

|
I
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of "P" values. The probability of being in a particular state at the end of the
time interval of interest is now known. |

,

Before determination of the results of the diagnostic activity on the model
states, the State prCabilities for the PH must be partitioned to reflect the
likelihood of being in a leg of the system which is associated with the
diagnostic activity. The partitioning process is only necessary if the values
of either "C" or "0" are not zero. If both values are zero, the analyst should
proceed to the application of Tables 4-9 and 4-10 or Tables 4-17 and 4-18,
directly. These tables are discussed later in the text. The partitioning for
the case when either "C" or "0" are not zero is acconplished by application of
the Supporting Model (SN). Initialization of the SN is performed following the
assignments found in Table 4-5. The SN is to be exercised twice which explains
the usage of the A and 8 following the "Lx" identifiers. The A and 8 following the
"Kx"s in the table can be ignored for this first iteration. On this iteration,
the values of L1A and L18 are one and the remainder of the "L"s are zero.

The SN is now ready to be evaluated two times. Using the "LxA" values first, a set
of "SxA" values is determined from application of Table 4-4 formulas. Then
using the "Lx8" values, a set of "Sx8" values is also determined. This
distinction is necessary in those cases where the common leg of the system has
its own diagnostic interval which is different from the redundant leg
diagnostic intervals. Otherwise, the A and 8 solution sets should be
equivalent.

It is now possible to partition the PH state probabilities to reflect the
distinction between the two redundant legs. The rationale behind the
nartitioning process can best be illustrated with an exanple. Assume that the

.

system is conposed only of two redundant legs. Also, assume that the diagnostic
activity being considered is the alternate inspection of the two legs every
month. That is,, at the end of the firSt month, the first leg will be inspected; at
the end of the second month the other leg is inspected; at the end of the third
month, the first leg is reinspected; etc.. The exanple will only look at what
happens with state 2 of the PM. This state represents a single detectable
failure in one of the redundant legs of the system. For. ease of discussion and
understanding, the two redundant legs will be called the east and west leg of the
system.

The first month elapses and the inspection of the east leg is to take place. The
likelihood of being in state 2 is conputed to be 0.4. But state 2 encompasses

, failures in either the east leg or the west leg. So, the likelihood for having a
| failure in the east leg should be one-half of the state 2 likelihood since the

two legs have equivalent failure rates. Assuming that the inspection process,
as well as the repair process, is perfect, 0.2 of the state 2 probability can be
removed and placed in the state 1 probability bin. This leaves 0.2 probability

| in state 2 at the start of the next interval. This remaining probability, which
may include other probabilities that are added to it from transitions from other
states following the inspection, is called the starting probability of the
state or the state initial condition.

The next interval is addressed by conputing the state probabilities as before
but the starting values are different. Now the state 2 probability is found to
be 0.35. We know that the state 2 probability was 0.2 at the start of the interval
and that all of that probability was associated with a failure in the west leg.
We also know that one-half of the probability entering from state 1 will be

|
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associated cith the west-leg and the other half cill correspond to east leg
failure. What is not known is how much of the. original 0.2 probability was<

- associated with transitions to other states as well as how much of the new |

probability from state 1 is associated with transitions out of state 2. Using
only the PN model does not permit the analyst to evaluate this situation. There
is no way to determine how much probability is associated with west leg failure
in state 2. Thus there is no way to assess the inpact of the inspection on the
system. The need for the SN becomes apparent at this point.

l

[ Using the same starting conditions associated with the redundant legs, the SH
computations yield tne fractional split between the east and west legs. The :

results of the SN computations are not accurate but the relative probability
split is thou@t to be accurate in this model. In the case of the exanple, the SN
starting probabilities would have reflected the 0.2 probability associated |'

with the west leg at the start of the second interval. SH states 2 and 3 would ;

represent the new fractional split of PN state 2 for the east and west lens.'

The fractional split of probability is performed with a ratio conputation. ,

Table 4-6 presents the formulas for the calculation. Note that the PN starting '

probabilities are now divided into an A and a 8 category. The A category always
reflects the leg being inspected or tested. Thus, the A and B values must be4

switched af ter each computation to provide input for the next interval when the<

alternate leg is inspected or tested. The formulas shown in the table indicate
that the SH must be exercised twice as stated earlier. The "P" values in the
formula column are the results of the PN calculations for the appropriate'

1

interval. The partitioned probabilities are the values to use in the diagnostic'

activity evaluation process which is discussed next.
!The methodology presented in this report can be used to model inspection and

,

| testing activities as well as the associtted repair activities. Operator
i errors related to these activities are also modeled. The activity models

presented are the following:
'

!

i Inspection of a redundant leg,

Inspectionof thecommonleg,'

j Inspection of the comon leg and one redundant leg,

j Inspection of the comon leg and both redundant legs,
|Testingof aredundantleg,4

| Testing of the comon leg, 1

i Testing of the comon leg and one redundant leg,

Testing of the comon leg and both redundant legs.

These eight models can be used in cont)ination or by themselves to model the J
diagnostic activity. For exanple, if the system contains all three legs of the i

full model, the inspection process may look like: 1) inspect a redundant leg, 2) i

inspect the coman leg and the other redundant leg, 3) inspect the first )

inspect the comon leg and a redundant leg, 2)y also proceed in the manner: 1)
redundant leg, . . . . The inspection process ma l

inspect the comon leg and the (
other redundant leg, 3) inspect the common and the first redundant leg, . . . . The ,

!
I!
!

!
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l
application of the above models is up to the analyst but.should attengt to

- provide reasonable coverage of a11 parts of the system.

The operator errors that can ce modeled within the above activity models are the
following:'

. Operator makes no error,

Operator f ails to detect a detectable error in a redundant leg,,

Operator fails to detect a detectable error in the common leg,

Operator creates a detectable error in a redundant leg during;

repair,;

Operator creates a detectable error in the common leg during i

repair,
Operator creates a detectable error in a redundant leg during

testing,
; Operator creates a detectable error in the comon leg during
; testing,

Oparator creates an undetectable error in a redundant leg
during repair,

Operator creates an undetectable error in the common leg
during repair,

Operator creates an undetectable error in a redundant leg
during testing,,

Operator creates an undetectable error in the comon leg<

! during testing.
t
'

With the inclusion of the no operator error event, it is possible to model the
maximum benefit that could result from the diagnostic activity. The operator
error modeling allows the analyst to check the sensitivity of the results to

| various types of operator error. Data bases to support the degree of modeling'

depth presented here may not be in existence. However, the inpact of the errors
, can still be evaluated or can be igriored by the methodology. The analyst has a
| choice in the level of application of the models by assigning zero or non-zero
; values to the inputs.
| These models are presented in pairs of tables. The first table of each model

shows the potential transitions between states within the PN that can take place
following a diagnostic activity. The second of the tables presents the formulas
used to calculate tne transition probabilities. These tables are presented for

:
I

i
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E ithe'eight diagnostic activities presented above. The corresponding table
numers for the activity models are:

#

Tables 4-7 and 4-8 Inspection -One Redundant i

Tables 4-9 and 4-10 Inspection -Comon

Tables 4-11 and 4-12 ' Inspection - Common and One Redundant j

Tables 4-13 and 4-14 Inspection - Comon and Both Redundant

i -Tables 4-15 and 4-16 Testing -One Redundant

Tables 4-17 and 4-18 Testing -Comon

Tables 4-19 and 4-20 Testing -Common and One Redundant

Tables 4-21 and 4-22 Testing -Comon and Both Redundant

Only Tables 4-11 and 4-12 will be discussed in any detail. The remaining tables
all follow the same format.

Table 4-11 indicates the possible transitions' that can occur following
inspection of the common leg and one redundant leg. The transitions occur
between the partitioned states of the PN. Transitions are indicated by an "X" in
a row-column position in the table signifying the (from state) - (to state)
transition. For exanple, the row corresponding to state 10 has seven "X"s
shown. This indicates that if the system is in a state 10 condition at the
beginning of the inspection of the two legs, there is a potential for the system

' to be in any of seven states following the inspection. The transitions all
depend on the operator errors that are made during the inspection.;

The transitions shown in Table 4-11 are defined in detail and conputational
formulas are tabulated in Table 4-12. This second table is a coded listing of
the formulas used to calculate the further partitioning of state probabilities:

! due to the inspection process. The resulting state probabilities are the new
starting probabilities for the next inspection interval.'

The table is constructed in the form of an equation. The new state probability
is represented by the state numer in the lef tmost colum. The next colum shows1

an equal sign and plus signs for the probabilities that will be sumed to conpute
,

. the new state probability. The next colum indicates what old state probability
is weighted by operator error probabilities reflecting a transition from the'

old state to the new state. The remainder of the table displays the potential
operator errors and indicates the appropriate error for the transition being;

|_ computed. The error portion of the table uses three syeols to indicate the form
| of the probability expression. An "X" indicates tnat the error associated with

that colum has been comitted. An "0" indicates that the error has not been,

l comitted and that the conputational formula must include the success of the
error condition. The "W" is similar to the "0" but is used in the case where the
detectable and undetectable failure errors are not being comitted. The "W" is;

| .always found in a pair that is associated with detectable and undetectable
failures. The rationale for .this stems from an assunption of the model that an
individual operator will not comit more than a single error per leg diagnostic
activity other than comon mode errors. Thus, the probability of the operator

,

not comitting detectable or undetectable failure errors is not sinply the i

4-12
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v

.

' product of the Casplement of the probabilities of the errors being committed;
rather, it is the cosplement of the sum of the error probabilities. Call the
detectable failure error probability OD and the undetectable failure error.
probability 0U. Normally, there are four results possible as outcomes._ These i

outcomes and their probabilites are:
,

,

. Operator makes a detectable failure error -
probability is 00*(1-0U)-

Operator makes an undetectable failure error
probability is 00*(1-00)

, ^

Operator makes both failure errors
probability is 00-0U

Operator makes no error
probability is 1-above probabilities

! -1-00*(1-0U)-0U*(1-00)-00-0U
j = 1-00+00-0U-00+00-0U-00-0U

[ = 1-00-00+00-0U

= (1-00)*(1-0U)

However, the assumption that the operator can only commit one error of this type>

,

: per leg diagnostic activity eliminates one of the four outcomes, that outcome
! associated with two errors being mace by the operator. Thus, the probability of
t making no errors.is:

Operator makes no error
. probability is 1-00*(1-0U)-0'J-(1-00)

1-00'-0U'

This formulation and simlification aids in the application of the model. The
i "X" values in the transition probability tables correspond to the 00' and 00'
j values and the "W" values es a pair correspond to the 1-00'-00' values from
+ above.

The entire process of conputation is best illustrated with an exanple. Looking
at the 28 conputation in Table 4-12 indicates that there are six transitions'

j- that can occur into state 28. . This is also apparent from the 28 colum shown in
| Table 4-11. Both tables indicate that transitions can occur from states 28, 3,

7A, 98,10,- and 14A. Each of these transitions will be discussed in detail and
J .the development of the probability expression for.the transitions will be
j described. The new probability for state 28 is initialized at zero for the

purposes of the exanple and its discussion. The colum headings displayed ini

L Table 4-12 whicn start with the letter "0" indicate operator errors. The next
letter in each heading indicates if the error occurs in a redundant leg, "R", or
in the common leg, "C". The next letter indicates when the failure occurs. The
letter."I" stands for inspection, ."R" stands for repair, and "T" stands for
testing. The final letter in the colum headings indicates either the form of
the error "0" stands for omr.ission - or the type of resulting failure "D"

!
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' stands for detectable failure by comission and "U" stands for undetectable
failure by colunission. The colum heading labeled by "ttA.T" is used to indicate

i

| :those cases where more than one error must occur for the transition to take
place..

I

L The transition from state 28 to state 28 is marked in Table 4-12 under the colum ;

i titled "NA". The "NA" stands for not applicable and indicates that the !
-

; transition is not dependent on the actions of the operator but happens
automatically. This is true because the operator is inspecting the otherI

j redundant leg and the comon leg. The failure in the redundant leg indicated by
state .28 is not discoverable during this inspection even though it is a

; detectable failure. Thus, the new probability for state 28 is incremented by
the old probability for state 28 times one. ,

,

1 \

The transition from state 3 to state 28 is indicated by an "X" in the "NE" colum,
an "0" in the "0RIO" column, and "W"s in the "0RRD" and "0RRU" colums. The "NE" i

column stands for nn operator error and flags that there will be "0"s and/or "W"s
j in the row. State 3 is a detectable failure in both of the redundant legs of the
i system. The transition would require that the operator notice the detectable
; failure in the inspected redundant leg and correct it without error. The

remaining detectable failure would be in the uninspected redundant leg which!

corresponds to state 28. The "0RIO" colum stands for operator ommission error
in the inspection of the redundant leg. The usage of an "0" in that colum
indicates that the error is not committed but that the complement probability

.

must be considered. The "W" columns deal with operator comission errors in thet

'

repair of the redundant leg. The usage of the "W" indicates that the errors were
not committed but that the complement of the paired probability must be
considered. This leads to the following probability formula which is
multiplied by the old state 3 probability and then added to the new state 28

1

i sumetion-
,

-

!
'

'

'1-0RIO)=(1-0RRO-0RRU)
!
i

| The transition from state 7A to state 2B has a similar construction to the
j transition associated with state 3 and state 28. The only difference between
~

state 3 and state 7A is the undetectable failure that is found in the inspected !

redundant leg. This failure would be corrected when the leg was repaired '

following the discovery of the detectable failure. The remaining discussion ;

would be equivalent to the state 3 transition discussion and is not repeated.

The transitions from states 98,10, and 14A are the same as those discussed above
,

except they require the operator discovery and correction of the detectable '

failure in the common leg. The probability development would be the same with
the additional terms for the common leg correction. Thus, each term would be ;

multiplied by the following expression:

(1-0CIO)-(1-0CRD-0CRU)
,

'
:

|
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h

; 'AftGr performing the above probability computations, the new probability for
i state 28,'K28, is found as:
|

K2B = P2B + P3*(1-0RIO)*(1-0RRD-ORRU)

L + P7A*(1-ORIO)*(1-0RRO-0RRU)

| + P98*(1-0CIO)*(1-0CRD-0CRU)

+ P10*(1-0RIO)*(1-0RRO-ORRU)*(1-0CIO)*(1-0CRO-0CRU)

+ P14A*(1-0RIO)*(1-0RRD-0RRU)*(1-0CIO)*(1-0CRO-0CRU)
|

'

The remaining "Kx" values are found in a similar manner.

The next step in the process is extremely important. The "Kx" probability,

; values associated with the A and B terms must be switched to reflect the change
in the redundant leg which is to be inspected. The model always assumes the A leg

L
is the inspected leg of the redundant pair. Thus the old B leg must become the new
A leg. The "Kx" values following the switch of the A and 8 terms are the new-

starting probabilities for the PM. The process begins again with the;

; reinitialization of the SN as discussed before.

; This process can be iterated until the probability values for the PM do not
; change significantly. This point is called the steady state condition of the
i system model and would be a good long term estimate of the system availability.
| The availability is found by summing the steady state probabilities, "Px"s, for

states 1, 2A, 28, 4A, 48, 5A, and 58. This same analysis can be conducted usings

[ the average availability of the system. Note that the computation of the
j average availability must be done separately from the computation process
| described above. Integrated formulations are not used in the partitioning
| process.
:

4.2.2 Inspection of Sequential Failures;

: <

j Nany types of conponents in nuclear power plants have degraded states of '

! operation or degraded conditions prior to the actual failure of the conponent.
These degraded conponent conditions are often detectable by inspection
activities. Thus, an opportunity exists for the operator to replace conponents
that are showing degradation before they actually fail and cause plant outages
or safety concerns.

The following Markov model can be used to evaluate the situation described
above. It can be applied to components which have a sequential failure
mechanism; that is, components that first degrade in a detectable manner and
then fail, but that cannot fail without first going through the degraded
condition. Piping failures can be modeled under these assumptions. Pipes
normally leak or crack prior to rupture. Both leaking and cracking are

- detectable degradations. Since they de not affect the functioning of the pipe,,

they are not considered failures but could be called precursors to failure.
Equipment which moves in some manner, such as pumps, fans, and conpressors, can
show signs of wear or vibration prior to failure. This type of equipment can be
modeled using the sequential failure Markov model for a portion of its failure
modes. Steam generator tubing degrades by thinning which is detectable. This

|

!
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exagle is developed in Section 7 and uses the following Markov model.

The model is presented in closed form and thus does not require conputer
computation. The states of the model are as follows:

State 1 Coaponent(s) Okay

State 2 Component (s) degraded in a detectable manner

State 3 Component (s) f alled

This single model can be used to evaluate single conponents or groups of
i.conponents that are nspec et d together.

Two failure rates are required for the model. The first is the rate at which the
conponent becomes degraded in a detectable manner. The second is the rate at
which the conponent fails given that it is degraded in a detectable manner. The
first failure rate will be denoted, "D", and the second as, "F". The closed form

4

equations for this model are shown below:

-0TP1 = K1 e

P2 = (0 K1 + (0-F) K2)/(0-F) e-FT - 0 K1/(0-F) e-DT

P3 = 1 - (0 K1 + (0-F) K2)/(D-F) e-FT . p.K1/(0-F) e-DT

where

P1 - P3 are the state probabilities at time, T,
K1 - K2 are the initial probabilities of states 1 and 2,
0 is the rate of component degradation to detectability,

F is the rate of conponent failure from a degraded state.

Application of the model is straightforward. Difficulties arise in the
estimation of the failure rates needed as input into the model. Of ten it is easy
to obtain information for the rate of degradation. It is much more difficult to
estimate the rate of failure given oegradation. If failure data is also
available, the rate of failure given degradation can be back conputed based on
the observed nunters of failures and the known rate of degradation. This
process is used in the steam generator tube rupture / inspection interval exanple
presented in Section 7.

!

1
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i FIGLRE 4-1. PRIMARY MARKOV MODEL SYSTEM DIAGRAM

,

: TWO REDUNDANT LEGS WITH CONHON LEG

&
"

A IS UNDETECTABLE FAILURE

RATE FOR COMMON LEG C IS UNDETECTABLE FAILURE
RATE FOR REDUNDANT LEGSm

"
D IS DETECTABLE FAILURE

B IS DETECTABLE FAILURE RATE FOR REDUNDANT LEGS

RATE FOR CONHON LEG m
v

I

|

SIMPLE' PARALLEL SIMPLE SERIES !
'

,

&
v

i
V

;

! '
'

\

A=0, B=0 C=0,D=0I

1

1

!

|
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( |
1
1
iTABLE 4-1. PRNARY MODEL STATES

PRIMARY MARKOV MODEL STATE DEFINITION

!

SYSTEM CObOITIONS

STATE
CObNON Off TRAIN OTFER TRAIN

DETECTAOLE USETECTABLE DETECTAOLE UWETECTAOLE DETECTABLE teeETECTABLE

1 NO NO NO NO NO NO

2 NO NO YES NO NO NO

3 NO NO YES NO YES NO
;

4 NO NO NO YES NO NO
I

5 NO NO YES YES NO NO

6 NO NO YES NO NO YES'

7 NO NO YES YES YES NO

8 YES NO NO NO NO NO

i 9 YES NO YES NO NO NO

10 YES NO YES NO YES NO

11 YES NO NO YES NO NO

12 YES NO YES YES NO NO

13 YES NO YES NO NO YES

14 YES NO YES YES YES NO

15 YES YES YES-- ---

t
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TABLE 4-2. SUPPORTING MnnR STATES

SUPPORTING MARKOV MODEL STATE DEFINITION

SYSTEM COM)ITIONS

STATE
TRAIN A TRAIN B

DETECTA0LE INSETECTABLE DETECTABLE 4ASETECTABLE

1 NO NO NO NO

2 YES NO NO NO

3 NO NO YES NO

4 YES NO YES NO
.

| 5 NO YES NO NO

6 NO NO NO YES

7 YES YES NO NO
4

|

8 NO NO YES YES
I

9 YES NO NO YES

10 NO YES YES NO

|

| 11 YES YES YES NO

|
12 YES NO YES YES

13 YES YES-- --

l
1
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TAEM.E 4-3. PRNARY MnnFI EQUATION DEFINITION

_

PRIMARY MODEL PROBABILITY EQUATIONS

P G K2, O K4 5 K6 K7 K8 K9 00 01 K12 K13 04 K15 A B C D
l

P1 1 j 1 1 2 2

P2 -2 1 1 2 2

2 1 1 1 2 1

1 1 2 2
P3 1

-2 -1 1 1 2 1

1 1 1 1 1 2 0
i

1

P4 -2 1 1 2 2

2 1 1 1 1 2

! P5 2 1 1 2 2

-2 -1 1 1 2 1

-2 -1 1 1 1 2
__

2 1 1 1 1 1 1 1

M 2 1 1 2 2

-2 -1 1 1 2 1

-2 -1 1 1 1 2

2 1 1 1 1 1 1 1

|

|

l

l
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|

TAERE 4-3. PRIMARY MnnFI EQUATION DEFMTION (CONTD) |

:

PRIMARY N0 DEL PROBABILITY EQUATIONS (CONTINUED) |
P K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11 K12 K13 K14 K15 A B C D

P7 -2 1 1 2 2

4 2 1 1 2 1

2 1 1 1 1 2

-4 -2 -2 -1 -1 1 1 1 1

-2 -2 -2 1 1 2 0

2 2 2 1 1 1 1 1 1 1 0

.

PS -1 1 1 2 2

1 1 1 0 2 2

P9 2 1 1 2 2

-2 -1 1 1 2 1;

-2 -2 1 0 2 2
,

i

2 1 2 1 1 0 2 1

PIO -1 1 1 2 2

2 1 1 1 2 1

-1 -1 -1 1 1 2 0

1 1 1 0 2 2

-2 -1 -2 -1 1 0 2 1

1 1 1 1 1 1 1 0 2 0

Pil 2 1 1 2 2

-2 -1 1 1 1 2

-2 -2 1 0 2 2

2 1 2 1 1 0 1 2

|
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TAELE 4-3. PRNARY bennFI EQUATION DEFNTION (CONTD)

PRIMARY N0 DEL PROBABILITY EQUATIONS (CONTINUED)

P K1 K2 K3 K4 K5 K6 K7 K8 K9 00 n1 02 03 K14 05 A B C D

P12 -2 1 1 2 2

2 1 1 1 2 1

2 1 1 1 1 2

-2 -1 -1 -1 1 1 1 1
- -

2 2 1 0 2 2

-2 -1 -2 -1 1 0 2 1

-2 -1 -2 -1 1 0 1 2

2 1 1 1 2 1 1 1 1 0 1 1

P13 -2 1 1 2 2

2 1 1 1 2 1

2 1 1 1 1 2

-2 -1 -1 -1 1 1 1 1

2 2 1 0 2 2
,

-2 -1 -2 -1 1 0 2 1
|

-2 -1 -2 -1 1 0 1 2

2 1 1 1 2 1 1 1 1 0 1 1
,

i
~

,

4

i

,

j
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TAER.E 4-3, PRNARY MODEL EQUATION DEFNTION (CONTV)

PRINARY N0 DEL PROBABILITY EQUATIONS (CONTINUED)
P K1 K2 K3 K4 O K6 K7 K8 K9 G0 K11 K12 K13 K14 K15 A B C D

P14 2 1 1 2 2

-4 -2 1 1 2 1

2 2 2 1 1 2 0

-2 -1 1 1 1 2

4 2 2 1 1 1 1 1 1

-2 -2 -2 -1 -1 -1 -1 1 1 1 0

-2 -2 1 0 2 2

4 2 4 2 1 0 2 1

-2 -2 -2 -2 -2 -2 1 0 2 0

2 1 2 1 1 0 1 2

-4 -2 -2 -1 -1 -4 -2 -2 -1 -1 1 0 1 1

2 2 2 1 1 1 1 2 2 2 1 1 1 1 1 0 1 0

i

|

r

-

t

|
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|

TAELE 4-4. !R.PPORTPG MnnF1 ' EQUATION DEFINmON |
|

|

SUPPORTING.HODEL PROB EQUATIONS

P L1 L2 13 L4 L5 L6 L7 L8 L9 L10 til L12 C D

f$1 1 2 2

$2 -1 2 2

1 1 2 1

i

i

$3 -1 2 2

1 1 2 1

,

i $4 1 2 2

-2 -1 -1 2 1

j
1 1 1 1 2 0

i

1

55 -1 2 2
1.

! 1 1 1 2
,

S6 -1 2 2

1 1 1 2

57 1 2 2

-1 -1 2 1 |

|

-1 -1 1 2 )

1 1 1 1 1 1

|
|
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TABLE 4-4. SLMORTNG MnnR EQUATION DEFNTION (CONTD)

SUPPORTING MODEL PROB EQUATIONS (CONTINUED)
P L1 L2 L3 L4 L5 L6 L7 L3 L9 L10 L11 L12 C 0

$$ 1 2 2

-1 -1 2 1

-1 -1 1 2

1 1 1 1 1 1

$9 1 2 2

-1 -1 2 1

-1 -1 1 2

1 1 1 1 1 1
,

!

=
,

510 1 2 ?

-1 -1 2 1

-1 -1 1 2

1 1 1 1 1 1

511 -1 2 2

2 1 1 2 1

-1 -1 -1 -1 2 0

1 1 1 2

-2 -1 -1 -2 -1 -1 1 1

f 1 1 1 1 1 1 1 1 1 0

4-25
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.

|
.

TAE.E 4-4. 5.PPCRTNG dennF1 EQUATION DEFMTION (CONTV)

SUPPORTING MODEL PROB EQUATIONS (CONTINUED):!

|

P Li L2 L3 L4 L5 L6 L7 Lt L9 L10 L11 L12 C 0

$12 -1 2 2

2 1 1 2 1 |

-1 -1 -1 -1 2 0

!- 1 1 1 2 >

-2 -1 -1 -2 -1 -1 1 1

i
1 1 1 1 1 1 1 1 1 0

i

!
4

mmenuummR>

f

i

}

J

L

U

1

1

,

|-

'
i

I

;

!

,

1

I

l
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TABLE 4-5. INITIALIZATION OF SLFPORTING NMROV N00EL
>

SLPPORTING PRIttARY
STATE INITIAL STATE INITIAL

PROBASILITY PROBASILITY

LIA K1

L2A K2A

L3A K28

L4A K3

LSA K4A

L6A K48

L7A KSA

L8A KSP

L9A K6A

L10A K68

L11A K7A

L12A K78

L13A DIFl*
L18 K8

L28 K9A

L38 K98

L48 K10

L58
'

KilA
L68 K118

L78 K12A

L88 K128

L98 K13A

L108 K138

L118 K14A

L128 K148

L138 DIF2*
|

* DIF1 = 1.0 - K1 - K2A - K28 . . . - K7A - K78

| DIF2 = 1.0 - K8 - K9A - K98 . . . - K14A - K148
I

,
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TABLE 4-6. INITIAL PARTITIONING OF
PRIMARY STATE PROBASILITIES

PARTITIGED PRWABILITY
PROBASILITY FORMlLA

P1 P1

P2A P2 * (S2A/(S2A+S3A))
P2B P2*{S3A/(S2A+S3A))
P3 P3

P4A P4*{S5A/(SSA+S6A)}
P48 P4 * (S6A/(S5A+S6A)}
PSA PS * (S7A/(S7A+S8A)}
PSB P5 * {S8A/(S7A+S8A)}

i P6A P6 * {S9A/(S9A+S10A))
P68 P6*{S10A/(S9A+S10A))
P7A P7 * {S11A/(S11A+S12A)}
P78 P7 * {S12A/(S11A+S12A))
P8 P8

P9A P9*(S28/(S2B+S38)}
P98 P9 * (S38/(S28+S38)}
P10 P10

'

P11A P11*{S58/(S58+S68)}
P118 P11*{S68/(SSB+S68))
P12A P12 * {S78/(S78+S88)}
P128 P12 * {S88/(S78+S88)}

| P13A P13 * {S98/(S98+S108))
P138 P13*{S100/(S98+S108))
P14A P14 * (S118/(S11B+S128))
P148 P14*(S128/(S11B+S128))
P15 P15

4-28
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TAELE 4-7. PnRsn F TRANSITIONS FOL LOWING INSPECTION '~ -

OF Off REDUPOWT TTG34 '

- _,

INSPECTION OF REDUrOANT TRAIN A
'T

T0- 1 1 1 1 1 1 1 1

2 2 4 4 5 5 6 6 7 7 9 9 1 1 1 2 2 3 3 44 1

FROM 1 A B 3 A B A B A B A B 8 A B 0 A B A B A B A B 5
t

1 1 s:___
'2A X X X -

,

-c.
2B 1 p- t, . '?'

-

3 X X X F
.

4A 1 <t ! n '

.1 - w-

48 1 " .h- a (!
-'

-

SA X X X X p 't,

O5B " 1 -
,

6A X X'

X+

'

68 1 . , ,
,

- q ._

7A X X
. X X - -

" y
,

78 X X | I, X,

8 1 -
i

9A X X X
' _

._

9B
'

O 1;a
''10 X' X X -

x u
11A 9,* 1

11B l ' 1
s

'

12A X X X X'.

128 ~ 1 a

"' ' '

,L X X ^' X13A '

138 |L ' f 1
' '

|
,

'

14A J- 'X X X X<'

148 h. -, y X S'' X X..
15- j / ' !' L" 1

W. _.

"
,y

'#

6

f
i a

5 & !

h k

4-E9 >n
.

h
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TAEILE 4-6. TRANSITION PODBABLITIES FOR INSPECTION

OF OE REDLAOANT TRAIN |
|

INSPECTION OF TRAIN A

MW OLD O O O O O O O O O O M

EPOING N N R R R R R C C C C C U iINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB + PROB O D D U U O D D U U T,

p 1 1 X-

2A X O W W+

SA X O W W|
+

! 2A 2A X-

2A O X+
, .

SA O X+

28 2B X-

3 X'O W W+

7A X O W W+

3 3 X-

3 0 X+

+ 7A O X

2A O X4A -

4A X+

5A O X+

48 48 X-

1

L M X O W W+

1

I
'

SA X jSA -

,

i |
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|

| TAER.E 4-8. TRANSmON PROBABLITES FOR INSPECTION

OF OPE REDlkOANT TRAN (CONTV)
i
!

| INSPECTION OF TRAIN A (CONTINUED)
;

BEW OLD O O O O O O O O O O M
INITIAL EBOING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L
t

i PROB PROB O D D U U O D D U U T+

58 58 X-

78 X O W W+

6A 6A X-

+ 6A O X

68 3 0 X-

68 X+

7A O X+

|

7A 7A X-

78 7B X-

7B O X+

.i

( 8 8 X-

9A X O W W+

12A X O W Wj +

l

9A 9A X-

+ 9A O X

12A O X+

|

|

| 98 9B X-

10 X O W W+

14A X 0 W W+

!
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T/ ELE 4-8. TRANSITION PROBA8 LITES FOR INSPECTION |

OF OE REDLN3 ANT TRAN (CONTD)

! INSPECTION OF TRAIN A (CONTINUED)
'

l

WW RD O O O O O O O O O O M

ENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

10 10 X-

10 0 X+

+ 14A O X

9A O X11A -

11A X+

+ 12A O X

!

118 X11B -

13A X O W W+

2

12A X12A -

128 X128 -

|148 X O W W+

!13A 13A X-

13A O X+

|

! 138 10 0 X-

l + 138 X i

l

14A O X |+

14A 14A X-

4-32
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|

TAELE 4-& TRANSITION PROBABLITIES FOR INSPECTION

OF ONE REDLN3 ANT TRAN (CONTD)

!
r

| INSPECTION OF TRAIN A (CONTINUED)
|'
I bEW OLD O O O O O O O O O O M
r

INITIAL EBOING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L
PRO 8 PRO 8 O D D U U O D D U U T+

148 148 X-

148 O X+

,

15 6A O X-

78 O X+

13A O X*

148 O X+

15 X+

..

,

|

|

|

t

4-33
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| TAELE 4-9. PnRmR F TRANSITIONS FOLLOWING INSPECTION
OF COtt10N TRAIN

INSPECTION OF cot +10N TRAIN

'
TO 1 i i i i i i t

;

2 2 4 4 5 5 6 6 7 7 9 9 1 1 1 2 2 3 3 4 4 1

FROM 1 A B 3 A B A B A B A B 8 A B 0 A B A B A B A B 5

'

1 1

2A 1

28 1

3 1

4A 1

48 1

SA 1

! 2 1

6A 1

68 1

I 7A 1

' M 1

8 X X X'

9A X X X

M X X X

10 X X X

!.
11A X X X

'

118 X X X

12A X X X

12 X X X

13A X X X

138 X X X

14A X X X

148 X X X

15 1

|

|

4-34

- - _ - _ - _ _ _ _ . . . _ _ _ - _ _ . _ - _ - . - . _ _ _ _ _ _ . . _ _ . .-.



TABLE 4-10. TR/NSmON PROBNHLmES FOR INSPECTION
OF CObHON TRAIN

!
__

, INSPECTION OF COFNON
|

| MW RD O O O 0 0 O O O O O M
INITIAL EM31NG N N R R R R R C C C C C U

-

PRIM / PRIM A E I R T R T I R T R T L
PROB PROB O D D U U O D D U U T+

1 1 X-

8 X O W W+

2A 2A X-

9A X O W W+

28 2B X-

98 X O W W+

3 3 X-

10 X O w w
' +

:

4A 4A X-

11A X O W W+

48 48 X-

118 X O W. W+

| SA SA X-

+ 12A X O W W
!

sB sB x-

128 X O W W+

|

6A 6A X-

13A X O W W+

t

,
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:
I

TABLE 4-10. TRANSITION PROBABR_mES FOR INSPECTION!

OF COtt10N TRAIN (CONTD)

INSPECTION OF COttiON (CONTINUED)
1

mW a0 0 O O O O O O O 0 0 M |

EBOING N N R R R R R C C C C C U
| INITIN. -

PRIM / PRIM A E I R T R T I R T R T L
|

PROB O O O U U O O D U U TPROB +

'

68 X68 -

138 X O W W+
|

7A X7A -

+ 14A X O W W

i

78 X78 -

148 X O W W+

!
|

f 8 8 X-

8 O X+

9A Xi 9A -

9A O X+

l

98 X98 -

98 O X+

10 X10 -

10 0 X+

|

11A X11A -

11A O X+

l

118 X |118 -

I
iib O x+

i

|

4-36 |
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TABLE 4-19. TRANSITION PROth86LITIES FOR NFECTION

OF COPNON TRAN (CONTU)

INSPECTION OF CObNON (CONTINUED)

NEW OLD O O O O O O O O O O M
INITIAL EBOING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L
PROB PROB O D D U U O D D U U T+

12A 12A X-

12A O X+

i 128 128 X-

+ 128 O X

13A 13A X-

13A O X+

138 138 X-

138 O X+

14A 14A X-

14A O X+

148 148 X-

+ 148 O X

4-37
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TAEK.E 4-10. TRANSITION PROBABLITIES FOR NSPECTION

OF CObNON TRAN (CONTT$-

INSPECTION OF COFNON (CONTINUED)
i_

bEW OLD O O O O O O O O O O M

EPOING N N R R R R R C C C C C U |INITIAL -

PRIM / PRIM A E I R T R T I R T R T L'

PROB C D D U U O D D U U TPROB +

8 O X5 -

9A O X+

+ 2 0 X

10 0 X+

+ 11A O X

! 11B O X+

12A O X+

128 0 X+

! 13A O X+

13B O X+

:

14A O X+

14B O X+

+ 15 X

,

>

!

T I
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'

TMLE 4-1L PnRMRI F TRANSITIONS FOLLOWNG INSPECTION

OF CObNON MO OPE REDLNMNT TRAN
-

INSPECTION OF CObNON TRAIN MO REDUPOANT TRAIN A

TO+

1 1 1 1 1 1 1 1
2 2 4 4 5 5 6 6 7 7 9 9 1 1 1 2 2 3 3 4 4 1

FRON 1 A B 3 A B A B A B A B 8 A B 0 A B A B A B A B 5
.

1 1

2A X X X
i m 1

3 X X X
4A 1

2 1,

'

5A X X X X

| 2 1
i 6A X X X
! M 1

| 7A X X X X
78 X X X
8 X X' X

9A X X X X X X X
90 X X X
10 X X X X X X X

11A X X X
118 X X X
12A X X X X X X X X X ;

128 X X X
13A X X X X X
138 X X X
14A X X X X X X X X X
148 X X X X X
15 1

|
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i

TAELE 4-12. TRANSmON PROBABLITES FOR NSPECllON
OF CObHON APO ObE REDLAOANT TRAIN

i
i

i

INSPECTION OF cot 41]N AtO TRAIN A 1

I

ffW OLD O O O O O O O O O O M

ErOING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O O D U U O O D U U TPROB +

! 1 1 X-

i 2A X O W W+

SA X O W W+

8 X O W W+

9A X O W W O W W+

12A X O W W O W W+

>

2A X2A -

2A O X+

SA O X+

+ 9A X O W W

9A O X O W W+
'

12A O X O W W+

2B X28 -

3 X O W W
|

+

7A X O W W+

90 X O W W+

10 X O W W O W W+

14A X O W W O W W+

l

i

4
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|

TNLE 4-12. TRANSITION PROBMMLITES FOR INSPECTION'

OF CObt4CN MO ObE REDUPOANT TRAIN (CONTD)

!

! INSPECTION OF COtt40N AND TRAIN A (CONTINUED)
|

tEW OLD O O O O O O O O O O M

EWING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +
,

'

3 3 X-

3 O X+

7A O X+

10 X O W W+

+ 10 0 X O W W
14A O X O W W+

2A O X4A -

4A X+

SA O X+

9A O X O W W+

11A X O W W+

12A O X O W Wj +

as ae x-

6A X O W W+

+ 118 X O W W
13A X O W W O W W+

l
|

SA SA X-

+ 12A X O W W

58 X58 -

78 X O W W+

128 X O W W+

148 X O W W O W W+

4-41
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TMLE 4-12. TR/NSITION PROBABLITES FOR INSPECTION

OF COPNON MO OE REDUPOANT TRAN (CONTV)
,

INSPECTION OF Cort 10N MO TRAIN A (CONTINUED)
!

MW OLD O O O O O O O O O O M ;

|EBOING N N R R R R R C C C C C UINITIM. -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

6A 6A X-

+ M O X

13A X O W W+

13A O X O W W+

3 0 X60 -

68 X+

7A O X+

| + 10 0 X O W W
130 X O W W+

)
14A O X O W W+

i
j
'

7A X7A -

I + 14A X O W W

78 X78 -

+ 78 O X

148 X 0 W W+ ,

148 0 X O W W+

8 X8 -

8 0 X+
|

+ 9A O W W X
+ 9A O W W O X

12A O W W X+

+ 12A O W W O X

4-42
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TAELE 4-12. TRMETEN PRGMBLITES FCR NSPECTION

OF CObNON MO Off MDLDOnNT TRAN (CONTQ

f

INSPECTION OF CObNON NO TRAIN A (CONTINUED)

NEW OLD 0 0 0 0 0 0 0 0 O O M
INITIM. ENDING N N R R R R R C C C C C U

-

PRIM / PRIM A E I R T R T I R T R T L
PROO PROB O D D U U O D D U U T f+

9A 9A X X 2
=

9A X O X 2+

9A O X X 2
+

9A O X 0 X 2
+

12A O X X 2
+

12A O X O X 2
+

,

.

: ge ge - X.
..._

t

98 0 X+

/ 10 0 W W X+

10 0 W W O X+

14A O W W X+

14A O W W O X+

'

1 10 10 X X 2
-

10 X 0 X 2| +

10 0 X X 2
+

'

10 0 X 0 X 2
+

+ 14A O X X 2
14A O X O X 2

+

|

|

|
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TMILE 4-12. TRANSITION PROBABLITES FOR INSPECTION !

OF COPHON MO OPE REDLDOANT TRAN (CONTD)

INSPECTION OF cot 440N NO TRAIN A (CONTINUED)

NEW OLD 0 0 0 0 0 0 0 0 0 0 M

EPOING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

+ PROB O D D U U O D D U U TPROB

9A O X X 211A -

9A O X O X 2' +

11A X+

+ 11A O X

+ 12A O X X 2

12A O X O X 2+

118 X118 -

11B O X' +

13A O W W X! +

13A O W W O X+

12A X X 212A -

12A X O. X 2+

128 X128 -

+ 120 0 X
'

148 0 W W X+

+ 148 O W W O X -

!
'

13A X X 213A -

13A X 0 X 2+

13A O X X 2+

+ 13A O X 0 X 2

( |

4-44
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TAELE 4-12. TRANSITION PROBABLITES FOR NSPECTION'

OF COP +10N MO OPE REDUM3 ANT TRAIN (CONTD)
:

INSPECTION OF CObt10N MO TRAIN A (CONTINUEO)

NEW OLD O O O O O O O O O O M

INITIAL EPCING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L

PROB PROB O D D U U O D D U U T+

138 10 0 X X 2-

10 0 X O X 2+
,

138 X+
;

138 0 X+

+ 14A O X X 2

14A O X O X 2+

14A 14A X X 2-

+ 14A X 0 X 2

4

148 148 X X 2-

i 148 X O X 2+

148 O X X 2+

148 O X 0 X 2+

,

|

$

|

! em

I

-

,
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TME.E 4-12. TRANSITION PROBABLITES FOR IN!PECTION

OF COPNON MO OPE REDUPOANT TRAIN (CONTQ

'
INSPECTION OF COVr10N MO TRAIN A (CONTINUED) !

NEW OLO O O O O O O O O O O M

INITlM. EPOING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L

PROB + PROS O O D U U O D D U U T

15 6A O X-
i

78 O X+

+ 8 O X

9A O X+

+ 2 0 X

10 0 X+
;

+ 11A O X'

11B O X+

+ 12A O X
'

128 O X+
_

13A O X+ -

+ 13A O X-

138 O X+
,

'

14A O X+

+ 148 0 X -

i + 148 O X-

15 Xj
,

+

|

i

)

|

4-46
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TAELE 4-13. POMMI F TRANSITIONS FOLLOWNG INSPECTION
| OF COPNON MO BOTH REDLkOANT TRANS

|

INSPECTION OF CObNON TRAIN NO BOTH REDUNJANT TRAINS

TO
1 1 1 1 1 1 1 1

2 2 4 4 5 5 6 6 7 7 9- 9 1 1 1 2 2 3 3 4 4 1
FROM 1 A B 3 A B A B A B A B 8 A B 0 A B A B A B A B 5

:

1 1

2A X X X

2B X X X

3 X X Xi

i M 1

48 1

I 5A X X X X
4 58 X X X X

6A X X X;

j 2 X X X
7A X X X X
78 X X X X

| 8 X X X
| 9A X X X X X X X
j 98 X X X X X X X
| 10 X X X X X

11A X X X
118 X X X
12A X X X X X X X X X

1 128 X X X X X X X X X
13A X X X X X
12 X X X X X
14A X X X X X X X
148 X X X X X X X
15 |1 1

|

|

4-47
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TAELE 4-14. TRANSITION PROBABLITIES FOR INSPECTION

OF CObMON MO BOTH REDLN3 ANT TRAINS

|
INSPECTION OF COFNON AND BOTH TRAINS |;

ffW OLD O O O O O O O O O O M ,

fEPOING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L
'

PROB O D D U U O D D U U T'

PROB +

1 X1 -

2A X O W W< +

I 2 X O W W+

3 X O W W+

SA X O W W+

58 X O W W+

7A X O W W+

7B X O W W+

8 X O W W+

9A X O W W O W W+

98 X O W W O W W+
1

10 X O W W O W W; +

12A X O W W O W W: +

128 X O W W O W W+;

! + 14A X O W W O W W

148 X O W W O W W; +

|

!
2A X2A -

+ 2A O X

SA O X+

9A X O W W+

9A O X 0 W W+

12A O X O W W |+
i

|
1

4-48
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TMLE 4-14. TRANSITION PROBABLITES FOR IN5FECTION

OF CObNON AFO BOTH REDLNMNT TRANS (CONTD)
, ,

INSPECTION OF COFNON AND BOTH TRAINS (CONTINUED)

NEW OLD O O O O O O O O O O M

ENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

28 2B X-

28 O X+

58 O Xl +

98 X O W W+

+ 98 O X O W W
128 O X O W W+

|

3 3 X-

! 3 O X+
|
'

7A O X+

+ 7B O X

| 1B X O W W+

10 0 X O W W+

14A O X O W W+
,

+ 148 O X O W W
|

2A O X4A -

'
4A X+

+ SA O X
+ 68 X O W W
+ 9A O X O W W

11A X O W W+

12A O X 0 W W+

138 X 0 W W O W W+

!
i

|

|
'
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T/WLE 4-14. TRANSITION PROBABLITES FOR INSPECTION

OF CObNON MO BOTH REDLMPNT TRANS (CONTD)

INSPECTION & CObNON MO BOTH TRAINS (CONTINUED)

NEW OLD O O O O O O O O O O M

INITIAL EbOING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L

PROB PROB O D D U U O D D U U T+,

48 28 O X i
-

40 X+

2 0 X+

6A X O W W+

98 O X O W W+
.,

118 X O W W+

+ 128 O X O W W
13A X O W W O W W+

,

SA 5A X-

+ 12A X O W W

58 58 X-

128 X 0 W W' +

'

6A X6A -

1

6A O X| +

13A X 0 W W+

+ 13A O X O W W,

60 68 X-
i

f 2 0 X+

| + 138 X O W W
138 0 X O W W+

,
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TMR.E 4-14. TRAMET10N PROBABLITES FOR NSPECTION {

OF CObHON MO BOTH REN TRANS (CONTD)

INSPECTION OF COtNON MO BOTH TRAINS (CONTINUED)

NEW OLD O O O O O O O O O O M
INITIM. EBOING N N R R R R R C C C C C U

-

PRIM / PRIM A E I R T R T I R T R T L
PROB PROB O O O U U O D D U U T

+

7A 7A X-

14A X 0 W W+

F

78 78 X-

+ 148 X O W W

8 8 X-

8 0 X
9A O W W X
9A O W W O X
90 0 W W X,

9B O W W O X
10 0 W W X
10 0 W W O X

12A O W W X
12A O W W O X

|
128 0 W W X
128 O W W O X
14A O W W X
14A O W W O X
148 0 W W X
148 0 W W O X

|
|

4-51
1

.. - . - . - . _ - _ . . . . - . - . . . . . _ . . - - - - . - . - . , . - - - - - _ . , _ - - - - - - - . - . , - . .-



_ . _ _ __

TMLE 4-14. TRMGTION PROS /WLI1ES FCR NFECTKN
OF COP 910N MO BOTH REDLDOWT TRANS (CONT 1])

INSPECTION OF COtt10N NO BOTH TRAINS (CONTINUED) ;

NEW OLD 0 0 0 0 0 0 0 0 0 0 M

EPOING N N R R R R R C C C C C UINITIN. - ,

PRIM / PRIM A E I R T R T ! R T R T L

PROB O D D U U O D D U U TPRO 6 +

9A X X 29A -

9A X 0 X 2+

9A O X X 2+

9A O X .O X 2+

+ 12A O X X 2

12A O X 0 X 2+

;

98 X X 298 -

!
+ 2 X 0 X 2! <

>

+ E O X X 2
; '

+ 2 0 X 0 X 2

128 0 X X 2+

128 O X 0 X 2+

10 X X 2
: 10 -

+ 10 X 0 X 2
,

+ 10 0 X X 2

10 0 X 0 X 2+

2+ 14A O X X
_ _ _

+ 14A O X 0 X 2
|
> =

+ 148 0 X X 2

148 0 X 0 X 2' +

|
~

|

6
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TAER.E 4-14. TRANSITION PROtMBLITES FOR NEPECTION
,

OF COP 940N MO BOTH REDLkOWT TRANS (CONTD) ;

INSPECTION OF COr4<)N NO BOTH TRAINS (CONTINUED)

NEW OLO O O O O O O O O O O M
IN111M. EPOING N N R R R R R C C C C C U-

'
PRIM / PRIM A E I R T R T I R T R T L
PROS PROS O O O U U O D D U U T+

11A 9A O X X 2-

+ 9A O X 0 X 2

11A X+
.

11A O X+

+ 12A O X X 2

12A O X 0 X 2+

138 0 W W X+

138 0 W W O X+

4

118 98 0 X X 2-

98 0 X 0 X 2+

11B X+;

! + 118 0 X
128 O' X X 2

+

125 0 X 0 X 2+

13A O W W X !
+

13A O W W O X+

t 12A 12A X X 2
-

+ 12A X 0 X 2|

i

128 128 X X 2
-

128 X 0 X 2_
+

-

|

l
l

{
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TME.E 4-14. Titan 5tTION PROBM! LITES FOR HFECTION

OF COP +10N MO BOTH REDLNMNT TRANS (CONTV)
,

IN5PECTION OF Cort 10N MO BOTH TRAINS (CONTINUED) .;

|

ffW OLD O O O O O O O O O O M j

EPOING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROS +

13A X X 213A -

13A X O X 2+

+ 13A O X X 2 !

+ 11% 0 X 0 X 2

130 X X 2138 -

+ 138 X 0 X 2

+ 138 0 X X 2!

+ 130 0 X 0 X 2

14A X X 214A -

14A X 0 X 2+
,

148 X X 2i 148 -
,

148 X O X 2
|

+

;

|

:

|
1

i

|
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TAELE 4-1A TRM6 TION PROBMILITES FOR NFECTION

& CO910N MO BOTH REDLDOHT TRANi (CONT'D)

INSPECTION OF CObt10N NO BOTH TRAINS (CONTINUED)

NEW OLD O O O O O O O O O O M
INITIAL EPOING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L
PROB PROS O D D U U O D D U U T+

I 15 3 0 X-

6A O X- +

l
+ 68 O X

7A O X+

78 0 X+

8 0 X+,

+ 9A O X
98 0 X; +

10 0 X+ -

10+ O X-

11A O X+
,

_

| 118 O X+

12A O X+

! 128 0 X+

! 13A O X+ -

| 13A O X+ -

138 O X+ -

138+ O X-

14A O X+ -

14A O X+ -

+ 148 O X -

+ 148 O X-

+ 15 Xi

l
1
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TABLE 4-15. PNH F TRANSITIONS FOLLOWING TESTING

f OF OM REDLSOANT TRAIN

l

TESTING OF REDUNDANT TRAIN A I

i

T0 g i i t i g g 1
>

2 2 4 4 5 5 6 6 7 7 9 9 1 1 1 2 2 3 3 4 4 1

FRON 1 A B 3 A B A B A B A B 8 A B 0 A B A B A B A B 5
.

'

j 1 X X X

2A X X X

2B X X X

3 X X X

4A X X

48 X X X

5A X X X

SB X X X

6A
' X X X

68 X X'

___

i 7A X X X

! 78 X X X

| 8 X X X

! 9A X X X

90 X X X

10 X X X

11A X X

11B X X X

: 12A X X X

! 128 X X X
_

| 13A X X X

! 138 X X
!

14A X X X j
1-

X X X l
! 148

,

15 1

4-56

- . . _ _ - . - - . _ . - _ - . - _ . _ . - . _ - - . - . . . _ _ . - . - - - . _ - - .- _



._. _ _ , y . . .; _, . . .,

., ; .
*

;:

.,t
' I

*
e 1.

%

TAfLE 4-16. TRM6ITION PROBABLITES FOR TESTING

OF OE REDLPOANT TRAN3

TESTING OF TRAIN A
,v

l

MW OLD O O 'O O O O O O O O M,

INITIAL ENJING N N R R R' R'tR C'. C C C C U-

<

PRIM / PRIM A E I R T R T)~ l R T R. ,T !! L

PROB O D D$ U [U O D D U Ul Tl '"PROB +

"
- =

1 X - W ].W1
"

-

2A X W. W+

'5A X W W' '

.

I 2A 'I's X- '

2A X 1
+

*SA X+ ,,
_

28 2B X W - |W-

t
,--

3 X W W+
-_

. --

7A X W W l
'<-

,

#. _

' q'1-

| 3 2B X-
3

,

! I3 X+
<

_

7A X J ;+ '

4 >
,

-,
4A 1 X ~-

_

-

2A X ;F
,

i +

| + 4A X W W
'' '

+ 4A X
-

SA X (-+ ,

j i a

48 X 5 ', W W48 '- < -

6A X W W+

,,

\q h
~

5A 4A X ' - ' ' '

.-|
-

i .-

, ,

t

i

5
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TAELE 4-16. TRANSITION PROBABLITJES FOR TESTING,.

OF ObE REDLDOANT TRAIN (CONTD)
___

l
TESTING OF TRAIN A (CONTINUED) )

NEW OLD O O O O O O O O O O M

EBOING N N R R R R R C C C C C UINITIAL -
,

j PRIM / PRIM A E I R T R T 1 R T R T L
i PROB PROB O D D U U O O D U U T+

58 58 X W W-

78 X W W+

6A 48 X-

6A X+

l 2 M X-

i 3 X+

68 X W W+

68 X+

7A X+

68 X7A -

56 X7B -

78 X+

8 X W W8 -

+ 9A X W W
12A X W W+

9A 8 X j-

9A X+
,

|

12A X+

i

,

1

4-58
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TMILE 4-16. TRANSITION PROBABLITIES FOR TESTING

OF OPE REDLDOANT TRAN (CONTO)

TESTING OF TRAIN A (CONTINUED)

EW RD O O O O O O O O O O M i

INITIAL EBOING N N R R R R R C C C C C U
-

PRIM / PRIM A E I R T R T I R T R T L !
,

PROB'
PROB O D D U U O D D U U T

'+

% E X W W-

;

10 X W W+

14A X W W+

10
_

98 X-

10 X+ '

14A X+

11A 8 X-
.,

9A X+

+ 11A X W W
11A X+

12A X+

11B 11B X W W-

13A X W W+

12A 11A X-

128 128 X W W-

148 X W W+

13A 11B X-

13A X+

t

0
,

!

|
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TABLE 4-16. TRANSITION PROBABILITIES FOR TESTING

OF OPE REDUbOANT TRAN (CONTV)
|

TESTING OF TRAIN A (CONTINUED) i

mW aD o o o o o o o o o o M

ENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L
;

| PROB PROB o D D U U O D D U U T+

l 138 98 X-

10 X+

13B X W W+

138 X+

14A X+
,

| 138 X14A -

f
l 148 128 X-

148 X+

4B X15 -

2 X|
+

6A X+

! 7B X+

118 X+

128 X+

13A X+

148 X+

15 X+

|

|

l
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TABLE 4-17. POSSIBLE 1RANSITIONS FOLLOWING TESTING

OF CObt40N TRAIN

|
|

TESTING OF COr4T)N TRAIN,

TO
i i i i i i i 1

2 2 4 4 5 5 6 6 7 7 9 9 1 1 1 2 2 3 3 4 4 1

FRON 1 A B 3 A B A B A B A B 8 A B D A B A B A B A B 5

1 X X X

2A X X X

2B X X X
3 X X X

M
_

X X X
48 X X X

5A X X X
58 X X X
6A X X X
6B X X X
7A X X X
78 X X X
8 X X X

9A X X X
98 X X X
10 X X X

11A X X X
11B X X X

12A X X X
1m X X X

13A X X X

138 X X X
14A X X X

! 148 X X X
15 X | X

:

|

4-61

|
._ -.- ---.



TABLE 4-18. TRANSITION PROBABILITIES FOR TESTING

OF CObNON TRAIN

TESTING OF COMMON

bEW OLD O O O O O O O O O O M

ENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O O D U U O D D U U TPROB +

1 X W W1 -

8 X W W+

2A X W W2A -

9A X W W+

2B 2B X W W-

98 X W W+

3 3 X W W-

10 X W W+

,

4A X W W4A -

11A X W W+

48 48 X W W-

; 11B X W W+

SA 5A X W W-

12A X W W+

i

2 2 X W W-

| 128 X W W+

6A 6A X W W-

13A X W W+
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TABLE 4-18. TRANSITION PROBABILITIES FOR TESTING

OF CObNON TRAIN (CONTV)
|
|

TESTING OF COFNON (CONTINUED)

! NEW OLD O O O O O O O O O O M

INITIAL ENDING N N R R R R R C C C C C U-

PRip / PRIM A E I R T R T I R T R T L

PROB PROB O D D U U O D D U U T+

68 68 X W W-

138 X W W+

7A 7A X W W-

14A X W W+

'

.

78 78 X W W-

148 X W W+

8 1 X-

8 X+

i

9A 2A X-

9A X+

98 2B X-

98 X+

10 3 X-
,

+ 10 X

11A 4A X-

11A X+

11B 48 X-

11B X+

4-63
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|-. TABLE 4-18. TRANSITION PROBABILITIES FOR TESTING |

OF cot 440N TRAIN (CONTD) |
|
|

| TESTING OF COMMON (CONTINUED)
|

|

NEW OLD O O O O O O O O O O M

ENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O O D U U O D D U U TPROB +

SA X12A -

12A X+

58 X128 -

128 X+

6A X13A -

13A X+

68 X138 -

138 X+

7A X14A -

14A X+

7B X148 -

148 X+

:

I

-- ;.

l.
I I, ,,
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! TABLE 4-18. TRANSITION PROBABILITIES FOR TESTING
| OF COFNON TRAIN (CONTV)
l

TESTING OF COFNON (CONTINUED)

NEW OLD O O O O O O O O O O M i

( INITIAL ENDING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L
' PROB PROB O D D U U O D D U U T+

| 15 1 X-

2A X+

'
2B X+

3 X+

+ 4A X
| @ X+

' + 5A X
l
! + 58 X

6A X+

68 X+

7A X+

78 X+
,

8 X+

9A X+

9B X-

10 X+

11A X+

11B X+

12A X+

128 X+

13A X+

138 X+

+ 14A X

148 X+

15 X+

l

l
i
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TABLE 4-19. POSSIBLE TRANSITIONS FOLLOWING TESTING

OF cot +10N APO ObE REDLAOANT TRAIN

TESTING OF cot +10N TRAIN AND REDUNDANT TRAIN A

E 1 1 1 1 1 1 1 1

2 2 4 4 5 5 6 6 7 7 9 9 1 1 1 2 2 3 3 4 4 1

FRON 1 A B 3 A B A B A B A B 8 A B 0 A B A B A B A B 5

1 X X X X X X X

2A X X X X X X X

2B X X X X X X X

3 X X X X X X X
I 4A X X X X X

48 X X X X X

SA X X X X X X X

58 X X X X X

6A X X X X X

2 X X X X X

: 7A X X X X X X X

78 X' X X X X
_

8 X X X X X X X

9A X X X X X X X

98 X X X X X X X

10 X X X X X X X )
11A X X X X X |

'

118 X X X X X
,

12A X X X X X X X

128 X X X X X'

13A X X X X X

138 X X X X X l

14A X X X X X X X

148 X X X X X

15 1 I

|
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TABLE 4-20. TRANSITION PROBABILITIES FOR TESTNG

OF COtt10N AFO ON REDUbOANT TRAIN

TESTING OF COr+0N AND TRAIN A

bEW OLD O O O O O O O O O O M
INITIAL ENDING N N R R R R R C C C C C U

-

PRIM / PRIM A E I R T R T I R T R T L
PROB PROB O D D U U O O D U U T

+

1 1 X W W W W f
-

2A X W W W W+

SA X W W W W+

8 X W W W W+

9A X W W W W+

12A X W W W W+

2A 1 X W W-

2A X W W+

5A X W W+

+ 8 X W W
9A X W W

+

12A X W W+

28 2B X W W W W
-

3 X W W W W
+

7A X W W W W
+

90 X W W W W
+

10 X W W W W+

14A X W W W W+

_

.
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TABLE 4-2tl TRANSITION PROBABILITIES FOR TESTING

OF CObNON abo OPE REDUPOANT TRAIN (CONTD)
i

TESTING OF CObNON abo TRAIN A (CONTINUED)
!

NEW OLD O O O O O O O O O O M

fENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

2B X W W3 - ,

3 X W W+

7A X W W+

98 X W W+

10 X W W+

14A X W W+

1 X W W4A -

2A X W W+

4A X W W W W+

+ 4A X W W

5A X W W+

8 X W W+

9A X W W+

11A X W W W W+

11A X W W+

12A X W W+

48 X W W W W48 -

6A X W W W W+

118 X W W W W+

13A X W W W W i+

4A X W WSA i-

+ 11A X W W |
!
I

I.
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TAER.E 4-20. TRANSITION PROBABILITIES FOR TESTING

OF COP 940N MO OtE REDLh0 ANT TRAIN (CONTD)
,

i

TESTING OF COMMON Ato TRAIN A (CONTINUED)

NEW OLD O O O O O O O O O O M
INITIAL ENDING N N R R R R R C C C C C U

-

PRIM / PRIM A E I R T R T I R T R T L
PROB PROS O D D U U O O O U U T

+

58 58 X W W W W-

78 X W W W W+

128 X W W W W+

148 X W W W W+
i

6A 48 X W W
-

6A X W W+

118 X W W+

13A X W W+

6B 2B X W W
-

3 X W W+

68 X W W W W+

6B X W W+

7A X W W
+

98 X W W+

10 X W W+

130 X W W W W+

+ 138 X W W
14A X W W+

7A 6B X W W
-

13B X W W+

4-69
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| TAELE 4-20. TRANSITION PROBABR_ITES FOR TESTING

OF CObNON MO OE REDLDOWT TRNN (CONTD)

1ESTING OF COMMON ATO TRAIN A (CONTINUED)
[
!

MW OLD O O O O O O O O O O M

EfCING N N R R R R R C C C C C UINITIM. -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O O O U U T
PROB +

58 X W W78 -

78 X W W+

128 X W W+

148 X W W+
.

1 W W X
! 8 -

2A W W X+

SA W W X+
,,

8 W W X+

9A W W X+

12A W W X+

1 X X 29A -

2A X X 2+

SA X X 2+

8 X X 2+

+ 9A X X 2

12A X X 2+

28 W W X98 -

3 W W X+

7A W W X ;+

98 W W X '

+

10 W W X+

14A W W X+
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TABLE 4-20. TRANSITION PROBABILITIES FOR TESTNG

OF CObHON abo OMI REDLN3 ANT TRAIN (CONTD) ,

!

TESTING OF COFNON abo TRAIN A (CONTINUED)

NEW OLD O O O O O O O O O O M
INITIAL ENDING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L
PROB PROB O D D U U O D D U U T+

10 2B X X 2-

3 X X 2+

+ 7A X X 2

98 X X 2+

10 X X 2+

14A X X 2+

11A 1 X X 2-

2A X X 2+

4A W W X+
,

5A X X 2+

8 X X 2+

9A X X 2f +

11A W W X+

12A X X 2+

11B 48 W W X-

6A W W X+

|
+ 11B W W X

13A W W X l+

12A 4A X X 2-

11A X X 2+
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' TABLE 4-20. TRM4SITION PROBABILlTIES FOR TESTING

OF CONNON AFO ObE REDUCANT TRAIN (CONTD)

|
| TESTI'G OF COFt10N AND TRAIN A (CONTINUED)

NEW OLD O O O O O O O O O O M

ENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L |

PROB O D D U U O D D U U TPROB +
,

SB W W X128 -

7B W W X+

128 W W X+

148 W W X+

48 X X 213A -

6A X X 2+

11B X X 2+

13A X X 2+

2B X X 213B -

3 X X 2+

68 , W W X+

7A X X 2+

! E X X 2+

10 X X 2+

138 W W X+

14A X X 2+

|

68 X X 214A -

!

138 X X 2+
t

|2 X X 212 -

|
78 X X 2

128 X X 2

| 148 X X 2 l
;
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| |

TABLE 4-20. TRANSITION PROBABR_lTIES FOR TESTING

OF COPNON APO OPE REDLN3 ANT TRAIN (CONTD)
-

TESTING OF COtt10N AND TRAIN A (CONTINUED)

|NEW OLD O O O 1 0 0 0 0 O O O M
INITIAL EPOING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L
PROB PROB O D D U U O D D U U T+

15 1 - - X-
|

2A - - X+

28 - - X+

3 - - X+

+ 4A - - X
48 X - -+

48+ X- -

- - X {SA+

58 X+ - -

58 - - X+

+ 6A X - -

6A - -+ X
68+ - - X
7A - - X+

78 X - -
+

78 - - X+

+ 8 - - X
9A+ X- -

98 - -+ X
10 - - X+

11A+ - - X
11B X - -

+

11B - - X+

12A - - X+

128 X+ - -

|128+ X- -

4-73
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TMLE 4-20. TRANSITION PROBABR_ITES FOR TESTING

OF CObNON MO OE REDUM3 ANT TRAIN (CONTD)
_

TESTING OF COMMON AND TRAIN A (CONTINUED)

EW OLD O O O O O O O O O O M

EbOING N N R R R R R C C C C C UINITIM. -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

13A X - -15-CTD +

- - X13A+

138 - - X+

14A - - X+

+ 148 X - -'

148 - - X+

15 X+

;

l

|

I

|

|

l

i
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TAER.E 4-21. PrYNH F TRANSITIONS FC1.LOY/ING TESTNG

OF CObNON NO BOTH REDLtOANT TRAINS

TESTING OF CObNON TRAIN MO BOTH REDUtOANT TRAINS

TO
1 1 1 1 1 1 1 1

2 2 4 4 5 5 6 6 7 7 9 9 1 1 1 2 2 3 3 4 4 1
FROM 1 A B 3 A B A B A B A B 8 A B 0 A B A B A B A B 5

1 X X X X X
2A X X X X X X X X X X X X X X X X X
2B X X X X X X X X X X X X X X X X X
3 X X X X X

4A X X X X X
48 X X X X X
SA X X X X X X X X X X X X X X X X X

_, _

sB x x x x x x x x x x x x x x x x x
6A X X X X X X X X X
68 X X X X X X X X X
7A X X X X X
78 X X X X X
8 X X X X X

9A X X X X X X X X X X X X X X X X X
98 X X X X X X X X X X X X X X X X X
10 X X X X X

11A X X X X X
118 X X X X X
12A X X X X X X X X X X X X X X X X X
128 X X X X X X X X X X X X X X X X X

|

13A X X X X X X X X X
138 X X X X X X X X X
14A X X X X X
148 X X X X X,

15 1
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TABLE 4-22. TRANSITION PROBAB! LITES FOR TESTING

OF CObNON MO BOTH REDLh0 ANT TRAINS

TESTING OF COMMON AND BOTH TRAINS

NEW OLD O O O O O O O O O O M

ENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

1 X W W W W1 -

2A X W W W W W W+

2B X W W W W W W+

3 X W W W W+

SA X W W W W W W+

58 X W W W W W W+

7A X W W W W+

78 X W W W W+

8 X W W W W+

9A X W W W W W W+

98 X W W W W W W+

10 X W W W W+
q

12A X W W W W W W+

128 X W W W W W W+

14A X W W W W+

148 X W W W W+

!

2A X W W W W2A -

2B W X W W W+

SA X W W W W- +

58 W X W W W+

| 9A X W W W W+

98 W X W W W+

12A X W W W W+

+ 128 W X W W W
|

l

;

1
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| TAELE 4-22. TRANSITION PROBABLITIES FOR TESTING

OF CONNON APO BOTH REDUPOANT 1 RAINS (CONTD)
i
i

| TESTING OF Cort 10N ArO BOTH TRAINS (CONTINUED)
|
| NEW OLD O O O O O O O O O O M

ENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

2A W X W W W28 -

2B X W W W W+

5A W X W W W+

5B X W W W W+

9A W X W W W+

98 X W W W W+

12A W X W W W+

128 X W W W W+

3 1 X W W-

2A X X W W 2+

2B X X W W 2+

+ 3 X W W
SA X X W W 2+

5B X X W W 2+

7A X W W+

78 X W W+

8 X W W+

9A X X W W 2+
r

9B X X W W 2+

10 X W W+

12A X X W W 2+

128 X X W W 2+

14A X W W+

148 X W W+

|
t
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t TAELE 4-22. TRANSITION PRCBABILITES FOR TESTNG

OF CONNON APO DOTH REDUCANT TRAINS (CONT *D)

TESTING OF COFNON APO BOTH TRAINS (CONTINUED)

NEW OLD O O O O O O O O O O M

EfCING N N R R R R R C C C C C UINITIAL -

| PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

M W X W W WM -

28 W W X W W+

4A X W W W W+

SA W X W W W+

58 W W X W W+

68 X W W W W W W+

68 W W X W W+

9A W X W W W+

98 W W X W W+

11A X W W W W+

12A W X W W W+

128 W W X W W+

! 138 X W W W W W W+

138 W W X W W+
|

l

|

|

|

|

I

|

|

4-78
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TABLE 4-22. TRANSITION PROBMMLITES FOR TESTNG !,

! OF CObNON APO BOTH REDLDOWT 1RANS (CONTV) !
! 1

TESTING OF COMMON Ato BOTH TRAINS (CONTINUED)j

NEW OLD O O O O O O O O O O M

ENDING N N R R R R R C C C C C UINITIAL -

i
PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

2A W W X W W; 48 -

28 W X W W W+

48 X W W W W+

5A W W X W W+

5B W X W W W+
,

6A X W W W W W W+

6A W W X W W+
,

9A W W X W W' +

98 W X W W W+

11B X W W W W+

12A W W X W W+

128 W X W W W+

13A X W W W W W W+

13A W W X W W+

6B W X W W WSA -

138 W X W W W+

6A W X W W W58 -

I 13A W X W W W+

.

|

! 4-79
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TAELE 4-22. TRANSITION PROBABILITIES FOR TESTING

OF COF940N MO BOTH REDLh0HT TRAINS (CONTD)

TESTING OF COr4TN AND BOTH TRAINS (CONTINLED)

NEW OLD O O O O O O O O O O M

ENDING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L
i

PROB O D D U U O D D U U T !PROB +

2A X X W W 26A -

2B X X W W 2+

SA X X W W 2+

SB X X W W 2+

6A X W W W W+

9A X X W W 2+

98 X X W W 2+

12A X X W W 2+

128 X X W W 2+

13A X W W W W+

68 2A X X W W 2-

2B X X W W 2+

SA X X W W 2+

58 X X W W 2i +

68 X W W W W+

9A X X W W 2+

% X X W W 2+

12A X X W W 2+

128 X X W W 2+

138 X W W W W+ -

l 7A 4A X W W-

68 X X W W 2|
+

+ 11A X W W
138 X X W W 2+

4-80
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TAEE.E 4-22. TRANSmON PROBABLITES FOR TESTNG

OF CObNON APO BOTH REDUM3 ANT TRANS (CONTD)

TESTING OF COr4T)N APO BOTH TRAINS (CONTINUED)

NEW OLD O O O O O O O O O O M

ErOING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U T, PROB +

I

7B 48 X W W-

6A X X W W 2+

11B X W W+

13A X X W W 2+

8 1 W W X-

2A W W W W X

2B W W W W X

3 W W X

SA W W W W X

5B W W W W X

7A W W X

78 W W X

8 W W X

9A W W W W X

9B W W W W X

10 W W X
;

'

12A W W W W X

128 W W W W X

14A W W X
1

148 W W X

|

l

|
'
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TMLE 4-22. TRANSITION PROBABLITIES FOR TESTING

OF CObHON MO BOTH REDLEOANT TRAINS (CONT *D)
.

|

TESTING OF COtt10N NO BOTH TRAINS (CONTINUED)
l

bEW OLD O O O O O O O O O O M i

EPOING N N R R R R R C C C C C U |INITIN. -

PRIM / PRIM A E I R T R T I R T R T L
'

PROB O O D U U O O O U U T. PROS +

2A X W W X 29A =

28 W X W X 2+

SA X W W X 2+

50 W X W X 2+

9A X W W X 2+

90 W X W X 2+

12A X W W X 2+

128 W X W X 2+
4

98 2A W X W X 2-

2B X W W X 2+

SA W X W X 2+

58 X W W X 2+

9A W X W X 2+

90 X W W X 2+

12A W X W X 2|
+

| 128 X W- W X 2+

'

.

I
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TAEE.E 4-22. TRANSITION PROBMMLITES FOR TESTPG

OF COPNON APO BOTH REDLNMNT TRANS (CONTD)

TESTING OF COFNON MO BOTH TRAINS (CONTINUED)
|

I| ffW OLD O O O O O O OO O O M

INITIAL ENDING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L
PROB O D D U U O D D U U TPROB +

10 1 X X 2-

2A X X X 3+
,

2B X X X 3+

3 X X 2+

SA X X X 3+

5B X X X 3+

7A X X 2+

7B X X 2+

8 X X 2+

9A X X X 3+

E X X X 3+

10 X X 2+

12A X X X 3+

128 X X X 3+

14A X X 2+

'

148 X X 2+

--

4-83

_ _ _ . _ __ -- _ _. _ _ _ _ _ _ __ . _ _ - - - - , _ -



- _

t

TAER.E 4-22. TRANSITION PROBABLITIES FOR TESTING

OF Cort 10N N BoTH REDLN3 ANT TRAINS (CONT *D)

!

TESTING OF cot 44]N Ato BOTH TRAINS (CONTINUED)

MW ao o o o o o o o o o o M

EtOING N N R R R R R C C C C C UINITIAL -

PRIM / - PRIM A E I R T R T I R T R T L

. PROB o D D U U o O D U U TPROB +

2A W X W X 211A -

28 W - W X X 2+

4A W W X+

SA W X W X 2+
,

58 W W X X 2+

68 W W W W X+

9A W X W X 2+

98 W W X X 2: +

11A W W X+

12A W X W X 2- +

128 W W X X 2+

138 W W W W X+

2A W W X X 2118 -

2 W X W X 2+
,

48 W W | X+
;

'

SA W W X X 2+

58 W X W X 2+

6A W W W W X+

9A W W X X 2+

98 'N X W X 2+

118 W W X+

+ 12A W W X X 2

128 W X W X 2+

+ 13A W W W W X

i '
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//j $. TAER.E 4-22. TRANSITION PROBABILITES FOR TESTING ;
r, ,

,
_

OF CONCN APO BOTH REDLJOANT TRAINS (CONTD)
~

. .-,

'

W TESTING OF Cort 10N ABO BOTH TRV.NS (CONTINUED)
-y s e

n bEW OLD ), O O O O O O O O's O O M - *,

ENDING )'N
-

< ", s,'

INITIAL N R R R R R' C C C C C U, l' ,
-

i,. g '"

PRIM / PRIM A E I R, T R T I RicTl R T L''

. p ,a a i , ,

PROB PROB O ; DD U U O D iD U U T+
- -

:-

12A 69 W X W X 2-

:
,1M gW X W X 2+

hi )

128 6A W X W X 2-
4

13A W X W X 2+
,

5 s
u

13A 2A X X X 3-

+ - ' 2B X 'X l' X 3 |
'

n,
'

5A X iX X 3
^

') +,

58 X X X 3+
,

,.

'*
- * 6A X W W X 2

'

9/n l' ' X X X - 3
~

,.
'+

+-
,

98 ~ ' . X X X 3+

12A X X i$ X 3
]'

"+

X X f, ' X l~ 3128 '+ .

.-

T13A ' c. X W W X 2+
'

. , ,

i. i/ i a e

f
,

<- 'z,'
s

e

'

| 1 .

> > >
: . -

'y>

184

*\ g
..v-

4

e - a

'w
''

.

I

41 ,

#
4 ,

.

%
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TAELE 4-22. TRANSITION PROBABILITES FOR TESTING

OF CObNON abo BOTH REDLN3 ANT TRAINS (CONTD)'

|

TESTING OF COr+10N AND BOTH TRAINS (CONTINUED)
.

bEW OLD O O O O O O O O O O M

EPOING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

2A X X X 3138 -

2B X X X 3+

SA X X X 3+
:

58 X X X 3+

68 X W W X 2+

9A X X X 3+

90 X X X 3+

12A X X X 3+

128 X X X 3+
,

138 X W W X 2+

4A X X 214A -

68 X X X 3+

11A X X 2+

138 X X X 3' +

48 X X 2148 -

6A X X X 3+

118 X X 23 +

13A X X X 3+

|

1

i

)
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TAEE.E 4-22. TRANSITION PROBABLITES FOR TESTNG

OF COP 910N APO BOTH REDLDOANT TRAINS (CONTD)

!

TESTING OF COMMON AND BOTH TRAINS (CONTINUED)

NEW OLD O O O O O O O O O O M

EfCING N N R R R R R C C C C C UINITIAL -

PRIM / PRIM A E I R T R T I R T R T L
t

PROB O D D U U O D D U U T| PROB +

1 X - -

| 5 -

'

X1 - -+

2A X X - - 2+

2A - - - - X+

+ 28 X X - - 2

28 - - - - X+

3 X - -+

3 - - X+
,

4A < - -+

- - X4A+

2 X - -+
,

48 - - X+

SA X X - - 2+

5A - - - - X+

+ 58 X X - - 2

58 - - - - y,

6A - - X+ - - -

6A - - - - X.

X - - -+ 66 - -

X2+ - - - -

7A X+ - -

X7A+ - -

78 X - -+

X78+ - -

+ 8 X - -

8 - - X+
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TMR.E 4-22. TRANSITION PROBABILIT]ES FOR TEST]NG

OF cob 910N MO BOTH REDLM3 ANT' TRAINS (CONT'D)

TESTING OF CCMiON AND BOTH TRAINS (CONTINUED) I

bEW OLD O O O O O O O O O O M :

|INITIAL ENDING N N R R R R R C C C C C U-

PRIM / PRIM A E I R T R T I R T R T L

PROB O D D U U O D D U U TPROB +

15-CTD 9A X X - - 2-

9A - - - - X+

98 X X - - 2+

98 - - - - X+

10 X+ - -

10 - - X+

11A X - -+

11A - - X+

118 X - -+

118 - - X+

12A X X - - 2+

12A - - - - X+

128 X X - - 2+

128 - - - - X+

13A - - X - - -+
,

13A - - - -

| X+
.

+ 138 - - X - - -

|

138 - - - - X+

+ 14A X - -

| + 14A - - X

148 X+ - -

148 - - X+

15 X+

|

4-88
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5. PROTECTION COSTS

l'
|

| This section gives a brief description of some of the cost considerations that
! must go into optimization studies. The general types of costs that may be

involved in nuclear power plant decision making processes are presented along;

| with a discussion of discounting and how it may relate to nuclear power plant
costs.j

5.1 EXAPPLE COSTS ENCOUNTERED IN NUCLEAR POWER COST-BENEFIT ANALYSIS
,

4

Costs associated with the iglementation of PRC guidelines and/or regulations
can fall into a numer of general categories. There may be materials that must ,

,
' be purchased such as equipment or tooling. Analyses may be necessary prior to
i iglementation which would require payment to consulting services or manpower

costs within the plant organization. Any labor associated with the
installation, future maintenance, test, inspection and repair of equipment
would have to be considered. If plant outages occur as a result of the
iglementation process, the replacement power costs become igortant. Any
future utility needs of installed equipment, such as electric power or water,,

should be considered in the analysis. The discussions below attegt to organize
the multitude of costs that may be encountered into general categories for ease
of consideration.

i The first general category in this listing is labor costs. Labor is used through
all phases of the implementation process. It can take the form of physical work

I or. mental effort. Initia11 abor tasks may include the following: engineering
analysis, design, evaluation, licensing document preparation, licensingi

hearings, presentations, and datacollection. The actualiglementation of the
guideline or regulation may include the following forms of labor: data

| collection, analysis associated with iglementation, training, special tool
design and fabrication, equipment fabrication and asseely, installation,
procedure writing, cleanup, testing, and post installation data collection.

j Long term labor considerations may include: inspection, maintenance, test,
repair, accident response and cleanup, future training, retraining, and future'

data collection and evaluation. The above listing of laoor cost considerations
,

may not be complete but is intended to give users of this methodology a sagling>

of the types of labor that may be involved in various options under
consideration.

The second category of general costs includes costs associated with hardware.
,

; At the time of iglementation the hardware costs may include the following:
| special tooling, shielding construction, installed equipment, tegorary

support equipment, protective gear for workers, and waste handling equipment.
Long term hardware costs may include: spare parts, special tooling,
refabricated equipment, and replacement equipment.

'

The third general cost category covers supporting utility costs. - These costs
include consideration of the following types of support: electric power,

5-1
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water, oil or other 1@ricants, fuel oil, pneumatic systems, health physics
testing materials, other testing materials, and steam.

The fourth and final general category for costs covers miscellaneous costs such
as replacement power, document publication, travel, court fees, lawsuit
settlements, accident cleanup, and p@licity. As stated earlier, the above
lists are not necessarily couplete but are intended to give an overview and some

! guidance on the types of costs that could arise in a cost-benefit analysis.

5.2 OISCOUNTING COSTS |;

There are two applications of discounting that are presentedYn v.his report.|

The first deals with present worth evaluations and the second covers
; annualization of present costs.

,

Discounting to determine the present worth of a future cost requires |,

consideration of a time-related wei@ ting factor. This factor utilization is'

equivalent to the reciprocal of compounding interest. It determines the amount,

i'

of money that would have to be invested now in order to obtain a specific future
amount. The present worth, PW, of some future cost, FC, in a specified nunter of
years, Y, given a defined discount rate (like an inflation rate or interest
rate), R, can be computed using the following formula:

!
'
.

FCpg =

| (1 + R)Y

! This formula can be used to find the sum of costs over a plant's life as well as
! the sum of benefits or cost reductions over the same time period. By treating
| the Y value as a variable and summing the above formula for different values of Y

up to the plant life value, the resulting summation would give the present worth
'

| of all future costs and/or benefits of a p/ticular option. The net value of
present worth can be found by treating the costs and benefits separately. Usingr

different discount rates for each may be desired. This would inply that a future
cost has a different value in present worth than a future benefit of the same
value. Also, the benefit surnietion may be for a different set of years than the
cost susnation. In cases where the costs or benefits are constant irtvalue from
year to year, the summation can be replaced with an annuity factor which is
simply the algebraic solution to the sunnation of the discount rate formula
given above. This annuity factor is defined as follows for N years of plant
life:

,

N {
! PW = FC * (

* ~

R(1 + R)N

I
lThe reciprocal of the annuity factor can be used to calculate the future costs

associated with making loan payments on currents costs unich required borrowed
money. Thus, to pay off a loan associated with the purGase of some equipment
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and/or associated activity for a specified amount, LA, over the period of a
given nunter of years, Y, the annual cost, AC, is found by:

,

Y

AC == LA . R(1 + R)

(1 i R)Y 1

The previous forms of discounting are standard techniques. They can be applied
to cost-benefit analysis associated with nuclear power plant decision seking
procedures. It is recommended that usage of discounting be well doctmented to
provide reviewers with sufficient information to perform sensitivity studies
associated with discount rates. As with any process that attenpts to predict
the future, discountin
cost-benefit analysis. g factors add uncertainty to the results of theThe best approach for reducing the ispect of this
uncertainty on the results is to provide some form of sensitivity stut:y along
with the results. In most cases, the results of a cost-benefit analysis dealingi
with nuclear power will be insensitive to the discount rate unless one option
has high initial costs and another option has high operating costs. Situations
where options do not differ significantly on their cost distribution with time
should be insensitive,

i

e

i

i

i
!

!

|

i
,

t
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6. SUMMARY OF OPTIMIZATION NETH000 LOGY

l
.

The methodology presented in this report can be used in the NRC decision making
i processes to select the optimum of multiple alternatives. This methodology

relies heavily on the existence of a supporting data base, particularly in the
case of occupational doses related to plant activities. Also, the methodology
incorporates many of the past dose and risk analysis methods and presumes that
the user has access to these analytical tools. Detailed methods develooment is
only provided in the area of modeling the igact of inspection and testing on
system fallure probability,

i

Cost-benefit methods are applicable to problems associated with occupational
and public exposures. Dose detriment can be treated as a cost item in decision
making processes in order to determine the most cost-effective alternatives for

'

solution to dose related problems. Concerns about proper values for dollar
equivalence of dose can be handled by utilizing sensitivity study techniques to,

'

determine if the decisions reached by the methods are impacted by the dollar
equivalence value chosen. Other factors used in the cost-benefit analysis can
be treated in a similar menner.

The key to the usage of this methodology is to realize that the information
obtained in the process is nothing more than input into the decision process and
is not intended to represent reality beyond what is necessary to make a
decision. Thus, cost values obtained for an option are not intended to
represent actual costs associated with the option. It may turn out that they do
estimate actual expected costs and the objective of the analysis is to come as
close to representing reality as'is possible. However, the methodology is
developed to provide a cogarative tool for measuring alternatives and is not
developed to provide estimates of actual costs. It is the cogarative nature of

| the methodology that allows siglification. Also, the data base which supports
most of the analyses is not sufficient at this time to justify accurate and/or
precise estimation of cost or dose.

Another key factor in application of the methods is to always provide for the
alternative of no action. It is not safe to assume that every problem's optimum
solution necessarily requires a change. Current design and/or plant activity|

may be the best choice in the long run for the dollars spent. The assumption that
a change is necessary to solve every problem rather than determining if the
current approach is optimum may have led to the observed increase in
occupational exposure at nuclear facilities. The NRC's awareness of this trend
and their willingness to examine the problems from a new viewpoint has resulted
in the development of this methodology.

The detailed development asscciated with the Markov models presented in this
study provides a new tool for use in both cost-benefit analysis and risk
analysis. The models were developed to be applied in both areas and the
documentation is detailed enough to instruct users in their proper
i@lementation. Markov analysis has been utilized in risk assessments in past

6-1 |
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projects and provides a very valuable tool in determining the ippact of operator
diapostic activity on the ave 11 ability of stanoby or operating systems. These
models could be evanded to cover maintenance activities without difficulty.
It is also possible to utilize the models as pieces of larger system models but
the application of the methods in this manner requires care.

A detailed example application of the methods is presented in the following
section. The sequential failure Markov model is used in an analysis of the
optimum inspection interval for steam generator tubing. The exanple is current
and provides a good demonstration of the power of the methods to supply

- additional information to the NRC decision making process.

;

.
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7. STEAM GElERATOR TIME RUPTURE EXAPPLE

,

This section of the report presents an exagle application of the optimization
| methodology that has been discussed in earlier sections. The example chosen

,

[ deals with the recent safety issue associated with steam generator t2e rupture t

i events in PWR plants. The example was selected due to the availability of data, ;

L the author's recent involvement in the SGTR value-inpact analysis conducted for
; IGC, and the fact that the problem exercises a portion of the harkov methods
; discussed in Section 4.

,

( 7.1 TE PROBLEN
!

: Pressurized Water Reactors utilize large heat exrtaraprs to transfer heat from
the primary coolant system to the feedwater system. This heat transfer converts;

! water to steam on the feedwater side of the heat exchanger which is then used to
'

drive a turbine-generator for power production. Since the heat exchanger is
involved in the water-to-steam conversion, this large piece of equipment is:

! called a steam generator. It is composed of thousands of tubes which provide the
large surface area for heat transfer. These tubes are the portion of the steam,

J generator which is of concem.

j The steam generator tubing experiences tremendous stresses due to high
tenperatures, water chemistry problems, hig1 pressures, and flow induced;

| vibration. These stresses tend to degrade the tubing over long time periods.
| Tecnniques do exist to detect the degraded tubes in a steam generator. A testing
i technique called oddy-current testing is relatively reliable in determining if

the tube examined has experienced extensive wear. Tubes that are found to be
defective are repaired by either tube plugging or tube sleeving. Plugging a
t@e prevents primary water from circulating thrcugh the tube and thus,

eliminates the safety concem associated with tube degradation. Sleeving addsi
'

an extra boundary between the primary and secondary sides of the steam generator
and thus reduces the likelihood of leakage of the wom tube.

Tube wear, if unchecked or if ignored, will eventually lead to tube rupture. A
1

ruptured steam generator tube creates a small LOCA condition in the primary '

coolant system as well as providini a direct path for the radioactive primary
coolant to go to the atmosphere. Th:,s event also places the plant in a situation
which relies hoevily on tie operators' responses rather than relying on the
plant automatic safety systems. Without operator response, the LOCA will not be
contained and the primary coolant will, in the worst case, decrease to the point
of uncovering the core causing a core melt. Thus, the event of an SGTR is of
concom, not only because of tne potential for a core melt, but also due to the
release of radioactive primary coolant to the atmosphere.

The steam generator t@ing is inspected to reduce the likelihood of tube
rupture. The process is costly to the utility because of the potential power
outage as well as the labor and meterials costs. The inspection is done inside

j the steen generator which in older plants can be highly radioactive and lead to
!

7-1

_ _ _ _ - ~ . _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _ _



. ._. .. .__ . _ . _ _ . _ .. . . _. ._. _.

-et

i

} hi@ operator or technician doses during the inspection process and during tube
repair. Thus, the inspection process is not done without significant cost and<

|
should be done only as often as is necessary to assure safety.

The problem is to find or determine the optimum inspection interval for steam
generator teing. ($timug in this case, refers to a minima cost for both-

dollar expenditures for labor and materials and dose detriments for
occupational and public exposures. Hi@ inspection frequencies reduce the :

potential for public dose from an accident, reduce the likelihood of
; occupational dose from cleanup and repair, reduce costs associated with
| accident cleanup and repair, increase costs associated with tube inspection and
i repair, and increase occupational dose from inspection and repair. Low

| inspection frequencies switch these trends. The methodology for crimization
: presented in this report is applicable to the solution of this problem.
' 7.2 THE SOLUTION APPROACH
,

To begin the solution of this problesL data sources mJst be identified to
determine model depth and model definition. Steam generator repair experiencei

data for PGEG-0886 [10]!
for 26 Westingnouse PWRs exists as part of the working'his data is displayed in| Which deals with steam generator tube experience.

; Table 7-1. For the 26 PWRs listed, information dealing with tube experience and
j plant experience is presented. The first data colum gives the numer of steam
(. generators at the plant. The second colum is an estimate of the numer of tubes ,

j in each steam generator at the plant. This information was based on a
' back-calculation from a percentage of tubes repaired. Thus, the numers are

probably not accurate but should be close enough to the actual values to be i

useful for this study. The next colum presents the total numer of t@es that
have been repaired at each plant during the life of the plant as far as the

i records went. The final colum gives the numer of operating months of
i experience of the plants but does not reduce operation by outage times. Note

that the new steam generators in the Surry plants are not included in this data
,

! base. This data tends to be dominated by the three reactors with large numers
of repaired tubes.'

| The consequence data for SGTR events comes from two sources; the recent
! value-inpact analysis dealing with steam generator tube degradation and

rupture [11) [and the safety issue prioritization guideline document,{
NUREG/CR-2800 12]. Tables 7-2 and 7-3 present the data extracted from those|

|- documents. The WASH-1400 [13) release categories for PWRS were used as a basis
i for consequence categorization. The value-inpact analysis defined the
i likelihood of SGTR events resulting in the various release categories with the ,

addition of two partial categories which are fractions of PWR category 9.
Categories 3, 4, and 5 deal with core melt sequences with various containment
performances. Categories 8, 9, 9(1/2), and 9(1/10) deal with LOCAs with no core
melt and reflect degrees of release associated with the event and its response.
Each category is assigned a conditional probability given that an SGTR event has
occurred. The repair costs for an SGTR are constant and do not vary with the
resulting accident severity. Accident cleanup costs do vary, however, with the
severity of the accident. Note that core melts have the same costs and that
LOCAs are divided into two degrees of cost. The dose to the steam generator
repair team is the same for all outcomes. From Table 7-3, the doses to the pelic
and the resulting occupational exposures for cleanup and repair of the reactor
(not the steam generator) following the various releases indicate the range of

j the consequences covered by the release categories. Note that no cleanup or

! 7-2
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;

'

repair doses are shown for the smaller LOCA accidents.

The only other source of data used in this study is the SGTR experience given in
NUREG-0651 [14] and NUREG-0909 [15]. There have been four SGTR events to date.
Of the four, two were caused by loose parts in the steam generator which caused
degradation due to friction. These two events are not appropriate for this
analysis unich deals with tube degradation over time due to normal conditions -,

i experienced by the tubing. Thus,. there have only been two SGTR events of the
type evaluated in tnis exagle.r

;

Additional data was extracted from the value-igact analysis dealing with costs
associated with steam generator inspection and repair. 00se information for
the same activities was also obtained from the report. Each steam generator
inspection costs $2.46E+5 and results in 12 men-rem of exposure. In addition,'

each tube that is repaired in the steam generator costs $1.6E+3 and produces one
man-remof exposure.

The approach taken to determine the optimum inspection interval for the
prevention of SGTR events proceeds in the following manner:,

,

1) determine the tube degradation rate based on the,

observedexperienceof the26PWRs;

2) determine the tube rupture rate given tube degradation
; based on the observed experience of the 26 PWRs

| 3) determine cost and dose expected following an SGTR

4) cogute the probability of observing various nunters of:

ruptures for candidate inspection intervals
1

] 5) compute the expected numer of tubes requiring repair
; for candidate inspection intervals as well as appropriate

fractions of inspection intervals
'

6) cogute the expected total yearly cost and dose for each
candidate inspection interval>

i

? Using the above steps, it will be possible to determine the optimum inspection
: interval for minimizing cost and dose associated with steam generator tube
! degradation and r@ture.
.

j 7.3 TE SOLUTION
,

. The tube degradation rate is coguted from the data presented in Table 7-1. A
( total of 10,671 tube repairs have been required in 1.73E+10 tube hours of

experience. The tube hours of experience are determined by multiplying the
i

numer of tubes per steam generator times the numer of steam generators in the
. plant times the numer of months in operation times the nuncer of hours in a
| month for each plant, and then sunning the results for each plant. The tube

degradation rate is sigly the ratio of the tubes requiring repair and the |
| numer of hours of experience. The ratio yields the result of approximately
i
i

i
'
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i - 6.17E-7 degraded tees per tube hour of experience.

LThe Ltube rupture rate given a degraded tube is back conputed using the
sequential failure Markov model from Section 4. Several assumptions nJst be

,i made at this point to allow the modeling of this situation. First the fact that
degraded tees of ten leak prior to rupture is to be ignored for this analysis due
to the couplexity that would be encountered in the modeling of the actual,

situatiun. This assumption will result in conservative risk estimates for'

i public exposures but in non-conservative estimates in the occupational
exposure portion -of the model. These errors can be attributed to the4

overlooking of plant outages and steam generator tube repairs that would be the
result of leaking tubes. An average plant is assumed to be representative of the

1 industry for the purposes of this optimization process. The average plant is
assumed to have 3.15 steam generators with 3290 tubes per steam generator. The
industry is assumed to have had only two SGTR events of the type involved in this,

exercise. Also, the average plant is assumed to have had an average inspection4

E interval of 2.5 years. This last assunption can be supported to some extent by
the observed experience at most plants but it is not calculated in a rigorous
fashion.-

j. Using the sequential failure harkov model requires the definition of two
; failure rates. In this case, the first failure rate is associated with the rate

of steam generator tube degradation. The second failure rate is associated with4

the rate of steam generator tube rupture given that the tube has degraded. It is:
; assumed that two failures have occurred in the recorded experience of the plants
j in the data base. The rate of tube degradation is estimated and the average
; inspection interval is assumed to be 2.5 years. From Section 4, the probability

of experiencing the second failure in a sequential set of failures is:'

| l

P = 1. - R /(R -R )*exp(-R *T) + R /(R -R )*exp(-R *T)1 i 2 2 2 1 2 1

i

f' The R1 corresponds to the tube degradation rate and the R2 corresponds to the
tuce rupture rate. The T is the time between inspections. This formula can be

. used'as the probability of having a single tube rupture during the inspection
interval. Multiplying tnis value times the nuncer of actual tube experience
hours would give the expected nunber of ruptured tubes in the data base history.

;

Since this is assumed to be equal to two, the time Detween inspection is assumed'

| to De 2.5 years, the tube degradation rate is estimated to be 6.17E-7 failures
per tube hour, tne average plant has 3290 tubes in its 3.15 steam generators andi

! there have been 199.6/2.5 inspection intervals, the equation can be solved for -
the rate of tube rupture. The equation is now:

!

2.0={1.0-6.17E-7/(6.17E-7 - R )*exp(-2.5*8640.0*R )2 2

+ R /(6.17E-7 - R )*exp(-2.5*8640.0*6.17E-7)}2 2

"3290.0*3.15*199.6/2.5
,

I

|
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A tabulition of the results for the solution of the above equation for R fi 2 or
i various inspection intervals in terms of years is shown below.

I

{
INSPECTION i

INTERVAL (YEARS) R2

1.0 4.21E-8

2.0 2.11E-8
2.5 1.69E-8

3.0 1.41E-8
4.0 1.06E-8

The value of 1.69E-8 tube ruptures per degraded tube hour was selected from the
'

above listing representing the inspection interval of 2.5 years on the average.

The expected costs and public and occupational doses that result from an SGTR
event can be computed from the data in Tables 7-2 and 7-3. Summing the costs and
doses for each PWR release category, weighing each sum by the likelihood of the
category, and then summing the weighted values will give the expected doses and
costs. The results of this process yield the following results:

Expected public dose 345 man-rem

Expected occupationaldose 353.3 man-rem

Total expected dose 698.3 man-rem
Expected accident cost $3.77E+5

Expected repair cost $3.56E+7

Total expected SGTR cost $3.60E+7

The probability distribution for ruptured tubes is the next item requiring
definition in the analysis. Using the formula that was used to conpute the
rupture rate based on an inspection interval of 2.5 years, the probaMlity of a
single tube rupturing in a given inspection interval can be conputed. The
formula is given below with the failure rates that were determined earlier.

I

'

P = 1.0 - 6.17E-7/(6.17E-7 - 1.69E-8)aexp(-Na8640.0*1.69E-8)

+ 1.69E-8/(6.17E-7 - 1.69E-8)"exp(-Na8640.0*6.17E-7)

Using this value for P in a binomial probability distribution function, it is !

possible to conpute the likelihood of observing an exact nurmer of tube ruptures
'

I in an inspection interval for the average plant with 3290 tubes in each of 3.15
!
!

!
,

I
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,

steem generators. The binomial formula used in the comput!. tion of these values
is:

1

4

P = M!/(N!*(M-N)!}*(1.0-P)(M-N).pN

l
where*

1

M is the totalnumer of tubes
N is the numer of ruptures

P is Ine probability of a tube rupture for a single tube
! is the syeol for factorial . . . M! =M*(M-1)*(N-2)*. . .*2*1'

i

| The above procedure war followed and computations were tabulated for inspection
i intervals from one to ten years in steps of one year. The results are shown in
i Table 7-4. Note how the likelihood of a single tube rupture increases as the

inspection interval increases. This is expected since the longer one goes
without checking and making intermediate repairs, the more likely one is to see'

a major failure. Also, it is interesting to note that the likelihood ofi

i observing two failures becomes rather sigrdricant for long inspection
intervals. The likelihood of going ten years between inspections and not having

i a tube rupture is only .673. It would appear that the average plant of this
example could not endure lengthy inspection intervals without experiencing

,

tube ruptures. RKall that the data base used to develop this example was,

,
dominated by three or four plants with high incidence of tube repair. Plants

! with low tube repair would not have tube failure probabilities of the type shown
in Table 7-4.

.

i

At each inspection, there is a chance that degraded tubes will be found and thus
! the expected cost and dose of each inspection is not constant but is a function
i of variations in the numer,of tubes requiring repair. Using the intervals
! created by Table 7-4 by assuming tube ruptures will occur at equally spaced
} periods within the interval of inspection, the expected nu m er of repaired
4 tubes at the inspection can be computed. For exanple, for a six year inspection

interval, Table 7-4 indicates that there is a possibility of zero, one, two, and-

threa ruptures being observed. For the case of zero ruptures, the inspection
,

! Will look at tubes degraded for six years. For the case of one rupture, the
; rupture is assumed to occur at the three year mark and the inspection will look

at tubes degraded for the remaining three years. The two rupture case will have
an inspection of two year tubes with ruptures occurring at the two and four year .

marks. Finally, the three rupture case will have ruptures at the 1.5, 3, 4.5 !
year marks and tubes will have degradation of 1.5 years. This variation in years |

Of degradation results from the assumption of conplete steam generator repair
following an SGTR event.

Table 7-5 presents the expected numer of tubes requiring repair based on the
probability of a tube degrading times the numer of tubes that could )
potentially degrade for the intervals resulting from Tele 7-4 manipulation as ;

discussed above. Additional values are given for even longer inspection -

intervals than required for this problem. The formula used for the likelihood

I
!

,

|
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of 0 single t2e deGradin0 is found in Section 4 as St;te 2 of the sequential- ,

failure tiarkov model. It is repeated below with the appropriate substitutions.

P = 6.17E-7/(6.17E-7 - 1.69E-8)*{exp(-T*8640.0*1.69E-8)*

- exp(-T*8640.0-6.17E-7) }
.

This probability is multiplied by the rueer of tubes in the average plant after
assigning the appropriate value for T (inspection interval fracti ).

.

All the information is now available for the cogutation of the expected yearly
; costs and doses due to various inspection intervals. The results of this '

computation are shown in Table 7-6. The co g utation process can best be
illustrated by an exagle. To compute the values shown in the table for the row

,

representing the six year inspection interval with one tube rupture:i

f 1) the rupture occurs at the three year mark and leaves a
three year interval before the inspectiont

2) in a three year interval,164.3 tubes will require repair
1

from Table 7-5
i

3) the cost of this repair is $1.6E+3 per tube plus $7.75E+5!

: for inspection of the steam generators

; 4) this yields a repair and inspection cost of $1.04E+6

f 5) the SGTR expected cost is $3.60E+7

| 6) the totalcost wouldbe $3.70E+7

| 7) the likelihood of a single tube rupture is .1244 from
| Table 7-4 ;
J

! 8) the expected costs over six years is $4.60E+6

9) the average yearly cost is approximately $7.67E+5
(differs from the result in Table 7-6 due to round-off,

: errors)
I

| The remainder of the table is coguted in a similar fashion.

7.4 CONCLUSIONS

! The results shown in Table 7-6 are plotted in Figures 7-1 and 7-2 for the
expected yearly doses and costs, respectively. It turns out that the optimumi

inspection interval for dose reduction occurs at the five year mark and the ;4

optimum interval from a cost standptint (excluding dose detriment) occurs at
i the two year interval. If dose is added to cost using either $100 or $1000 per !

| man-resL the minimum cost still occurs at the too year mark. This is due to the
i dominance of the costs associated with steam generator inspection, repair and

rupture repair costs. Particularly in the case of the rupture repair, the costs

|

!
| 7-7
!
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associated tith replacement power are extremely large. Dose detriment is not a
concern in this particular case for the average plant. Plants with lower rates
of t@e degradation may have different conclusions due to the reduced
likelihoodof tuberupture.

It is interesting to note that the industry average inspectico interval of 2.5
years is almost the optimum inspection interval. Note however, that the results 1
of this analysis are for an average plant which is heavily influenced by plants ;

-

with poor steam generator performance. Also, the fact that leaking tubes were i

not included in this analysis results in the introduction of error. The forced
outage associated with a leaky t2e would drive expected costs up and lower the
costs associated with accidents because of the extra chance for repair of
degraded tubes prior to actual rupture. The overall results of the analysis,
although not exact, do provide insights into the problem of steam generator
inspection interval determination and the trade-offs associated with plant
operating costs and occupational exposures.

The occupational dose associated with this problem dominates the total dose.
The public dose and occupational dose resulting from an SGTR event are nearly
equal but the occupational dose from normal inspection and repair is
significantly higher than the accidental dose. Thus, the problem is controlled
by the costs and doses associated with steam generator inspection and repair for
the normal and accident situations. It is in the best interests of the plant
owner to optimize to reduce plant operation costs and personnel exposures.!

;

|

1

i

!

l

i

4

|

!

! i

!

l
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TABLE 7-1. STEAN GENERATOR EXPERIENCE OF SAMPLED PWR PLANTS

NUWER OF TUBES PER NUM ER OF OPERATING
PLANT STN GEN STN GEN REPAIRS NONTHS

Yankee Rowe 4 1620 115 210

San Onofre 1 3 3790 2243 154

Haddam Neck 4 4000 71 1%

Ginna 1 2 3260 221 140

Robinson 3 3235 1064 134

Point Beach 1 2 3240 767 132

Point Beach 2 2 3240 115 113

Turkey Point 3 3 3180 384 104

Indian Point 2 4 3265 59 95

Surry 1 3 3280 2576 99,

Surry 2 3 3280 2154 66

Turkey Point 4 3 3200 400 102

Zion 1 4 3380 25 93

Prairie Island 1 2 3400 13 %
Kewaunee 2 3330 0 77

Zion 2 4 3380 13 94

Prairie Island 2 2 3380 29 83

Cook 1 4 3330 0 81

Trojan 4 3300 42 66

; Indian Point 3 4 3260 335 70
' Beaver Valley 1 3 3388 0 50

Salem 1 4 3380 30 50

Farley 1 3 3388 8 54

North Anna 1 3 3388 2 22

Cook 2 4 3330 0 46

Farley 2 3 3388 5 8

l
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TABLE 7-2. DATA BASE DEALING WITH SGTR EVENTS FR0t1
SGTR VALUE-ItFACT ANALYSIS j

|

PWR RELEASE RELEASE RUPTURE CLEANUP RUPTURE |
CATEGORY PROBA8ILITY REPAIR COST COST REPAIR DOSE

3 2.7E-5 $3.56E+7 $3.00E+9 350

4 4.5E-5 $3.56E+7 $3.00E+9 350

5 2.7E-7 $3.56E+7 $3.00E+9 350

8 1.0E-3 $3.56E+7 $1.00E+7 350

9 1.5E-2 $3.56E+7 $1.00E+7 350

9(1/2) 1.3E-6 $3.56E+7 $1.00E+4 350

9(1/10) 4.0E-2 $3.56E+7 $1.00E+4 350
.

i

I
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TAER.E 7-3. DATA BASE DEALING WITH ACCIDENTS
FR0rt 10 REG /CR-2800 .

|

PWR RELEASE ACCIDENT REACTOR REACTOR
CATEGORY PUBLIC DOSE CLEANUP DOSE REPAIR DOSE

3 5.4E+6 1.2E+4 7.8E+3

4 2.7E+6 1.2E+4 7.8E+3

5 1.0E+6 4.6E+3 3.1E+3

8 7.5E+4 6.7E+2 1.2E+3

9 1.2E+2 -- --

9(1/2) 6.0E+1 -- --

9(1/10) 1.2E+1 -- --

.

:

i
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TABLE 7-4. PROBABILITY OF TUBE RUPTURES AT A PLANT
FOR DIFFERENT INSPECTION INTERVALS IN YEARS

INSPECTION SINGLE TUBE PROBABILITY OF MULTIPLE RUPTURES
'

INTERVAL (VR) RUPTURE PROB. 0 1 2 3 4

1 3.884E-7 .9960 .0040 -- -- --

2 1.551E-6 .9841 .0158 0001 -- --
.

3 3.483E-6 .9646 .0348 0006 -- --
.

4 6.180E-6 .9380 .0601 0019 -- --
.

5 9.639E-6 .9049 .0904 0045 .0002 --
.

6 1.385E-5 .8663 .1244 0089 .0004* --
.

7 1.882E-5 .8228 .1605 0157 .0010 --
.

8 2.454E-5 .7754 .1972 0251 .0021 .0001.

9 3.100E-5 .7252 .2330 0374 .0040 .0003.

10 3.821E-5 - .6730 .2665 0528 .0070 .0007.

t

4

I
I
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TABLE 7-5. EXPECTED NUMER OF TUBE REPAIRS
FOR VARIOUS TIES BETWEEN INSPECTIONS..

.

TIME EXPECTED TIE EXPECTED TIE EXPECTED

INTERVAL (YR) REPAIRS INTERVAL (YR) REPAIRS INTERVAL (YR) REPAIRS

.5 27.6 2.5 137.1 5.0 272.4

.67 36.9 2.6 142.6 5.5 299.2

1.0 55.1 2.67 146.4 6.0 326.0

1.25 68.8 2.75 150.7 6.5 352.7

1.33 73.2 2.8 153.5 7.0 379.3

1.5 82.5 3.0 164.3 7.5 405.8

; 1.6 88.0 3.25 177.9' 8.0 432.3

1.67 91.8 3.33 182.2 9.0 485.0

1.75 96.2 3.5 191.5 10.0 537.4

1.8 98.9 3.67 200.7 11.0 589.6

2.0 109.9 3.75 205.0 12.0 641.4

2.2 120.8 4.0 218.5 13.0 693.0

2.25 123.5 4.33 236.3 14.0 744.3

2.33 127.9 4.5 245.5 15.0 795.3

2.4 131.7 4.67 254.6

4

1

r

4

|
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TABLE 7-6. EXPECTED COSTS AND DOSES FOR VARIOUS INSPECTION INTERVALS
.

YEARS NUPSER EXPECTED EXPECTED EXPECTED EXPECTED
BETWEEN OF COSTS PER TOTAL DOSE PER TOTAL
STM GEN RUPTURES YEAR FOR COSTS PER YEAR FOR DOSE PER
INSPECT IN INT. RUPTURE # YEAR RUPTURE # YEAR

1 0 $8.60E+5 92.5
1 $1.47E+5 3.1

$1.01E+6 95.6
2 0 $4.68E+5 72.7

1 $2.9tE+5 6.3
2 $3.64E+3 .1

$7.63E+5 79.1
3 0 $3.34E+5 65.0

1 $4.28E+5 9.5
2 $1.46E+4 .3

$7.76E+5 74.8
4 0 $2.64E+5 60.1

1 $5.55E+5 12.7
2 $3.46E+4 .7

$8.54E+5 73.5
5 0 $2.19E+5 %.1

1 $6.69E+5 15.8
2 $6.56E+4 1.4
3 $4.36E+3 .1

$9.58E+5 73.4
6 0 $1.87E+5 52.5

1 $7.68E+5 18.7
2 $1.08E+5 2.3
3 $7.26E+3 .1

$1.07E+6 73.6
7 0 $1.62E+5 49.0

1 $8.50E+5 21.3
2 $1.64E+5 3.5
3 $1.56E+4 .3

$1.19E+6 74.1
: 8 0 $1.42E+5 45.6
i 1 $9.15E+5 23.5
! 2 $2.29E+5 5.0

3 $2.86E+4 .6
4 $1.81E+3 0

$1.32E+6 74.7

|
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TABLE 7-6. EXPECTED COSTS MO DOSES FOR VARIOUS INSPECTION INTERVALS (CONT'D)

YEARS NUMBER EXPECTED EXPECTED EXPECTED EXPECTED
BETWEEN OF COSTS PER TOTAL DOSE PER. TOTAL
STM GEN RUPTURES YEAR FOR COSTS PER YEAR FOR DOSE PER
INSPECT IN INT. RUPTURE # YEAR RUPTURE # YEAR

9 0 $1.25E+5 42.1
1 $9.62E+5 25.4
2 $3.04E+5 6.6
3 $4.84E+4 1.0
4 $4.83E+3 .1

$1.44E+6 75.2
10 0 $1.10E+5 38.7

1 $9.92E+5 26.9
2 $3.86E+5 8.5
3 $7.63E+4 1.6
4 $1.02E+4 .2

$1.57E+6 75.9

:

!

:

|

|

!
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APPENDIX. DEVELOPhENT OF THE PRINARY~ NARK 0V N00EL

:

The purpose of this appendix is to provide the technical details associated with
the development of the Primary Model. Similar details are not provided for the
Supporting Model and the Sequential Failure Nodel discussed in Section 4.
However, the approach is the same for the development of all the Markov models
presented in this report. For this reason, duplication of the development
process would not benefit the user of the methods. Confirmation or validation
of the models which are not developed in this appendix would require additional
documentation or extensive effort on the part of the reviewer. It is not felt
that in-depth validation is necessary for this report at this point in time.
Validation of the Primary Nodel material that is to be presented would, by
itself, be extremely time consuming and tedious. However, the information is
provided for the purpose of validation as well as to demonstrate the coglexity
and the effort involved in the development of the models in this report.

The appendix assumes that the reader is familiar with the description of the
Primary Model already given in Section 4 of the report. Many of the details of
the model are not repeated in this discussion unless expansion of a particular
aspect of the model is necessary for better understanding of the development
process and model assumtions.

The Primary Model is used to eveluate the system shown in Figure A-1. This
system is a generalization of many of the systems found in nuclear power plants.
The purpose of the Markov mocel is to aid in the evaluation of the 15act of
inspection or testing on system availability. The system shown in the figure is
developed witn this objective in mind. The actual piping of most systems in
nuc1bar power plants does not match the sig listic representation shown in
Figure A-1. However, the manner in wnich the
modeled using the provided sy3 tem which is co@y are inspected can be grossly

,

osed of sigle redundant legs
with some comon elements. Since the methodology is primarily intended for
comarative analyses, the inaccuracies created by the siglified model should
not igact the decision process significantly.

As presented in the figure, the model is capable of being manipulated to analyze
system configurations that are sig lier than the general model. This was
another objective of the model development; to provide as diverse a tool as
possible within the limitations of the development time and costs. Thus, three
general system configurations are capable of being modeled using the Primary
Model.,

Markov models are defined by a set of system conditions or states. This set must1
;

be mutually exclusive and collectively exhaustive. This means that the system
can never be in two stetes at the same time and that the system can never not be in
a state within the framework of the model. No other states exist within the
model framework and each state is distinct. This does not mean that another set

,

! of stateJ (i.e., a dif ferent model development) does not exist.
i

1

5
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' ' , The first step Wthe Markov model development process is to define the system .
model states CThe state definition for the Primary Model is shown in Table A-1. ,

;
The model is composed of> 15 states which represent various coeinations of the''

failures of tte system's legs'. There is no distinction made by this model ,

t .between the two redundant legs of the system. A detectable failure in one of the'

redundant legs is no different to the model than a detectable failure in the,
| :.

. Other redundant leg'.' It:is sigly treated as a detectable failure in a_ redundant - .

|-
! leg. The model cocpYexity increases significantly if a distinction between .

1

redundant legs is m01eled. ,

:
' $State 15 of th6 model is an adsorption, state in this analysis. Once the system

i
reaches state 15, there is mo recovryy possible. This is conservative Out

[
should not igact the result's of the, analysis of systems which are well designed
and maintained. The likelihood of reaching state 15 s%ould be very small for a

* most applications. Note that the state is a coeinat1Gn of two basic sets of
c

'

|feilures. State 15 is either an undetectable failure in'the comon leg or an
dndetectable failure in both of the redundant legs! Detectable failure status''

F does not matter in this particylar state because of the assumption that state 15
#j is an adsorption state with ncrecovery. g < ,

,

The next step in the model deve10hment proce[s is to define the trans'itibs that
'

d can occur between states and to 1etermine the rate' bf the transitions. farkov'* s
analysis assumes that,this transition system behaves as a Markovian prccess. .74" *

This process assumption would indicate th3t the likelihood of leaving any state*

is independent of the manner in which the state was entert3 in the first place. A
simple exagle of a Markovian procesiis the random 'welk. Given that the

, , ' ^ ,

|. individual is at a certain location, the likelihood of the person going lef t is
' q, always the same, no matter how the individual got to the present location. This!

type of assumtion is generally true ,in nuclear power system analysis.
.

,

Cogonents whose failure rates change as a function of time would not be modeled-

accurately under this assumption unless the model was incrementally solved with
appropriate alteration of the cogonent failure rate. A case which might not
fit this model assugtion would be the evaluation of a co@onent which when'

repaired would not behave the same as anew cogonent. This type or behaviorala
,

6

change of components was not usually modeled in past PRAs and this model also
..!

'

,

! does not accomodate the behavior. In summary, the assumption of a Markovian
: process does not differ significantly from past analysis assumptions dealirg

with static models using fault tree analysis techniques. J4
,

! Another assugtion associated with4 Harkov analysis is that failures occur one -

at a time. Simultaneous independent failures cannot occur in the model, This ,

does not exclude comon mode failures which can be modeled using harkov
'

techniques. This does exclude ,the tiansition from one state to another state .
,

which has niore than one additional failure. Thus, transition from a state with4,3 g

!r one failure to e state with three or more failures cannot occur unless toe.
transition is due'to a common mode failure' mechanism. This assumption has

1

M little or no impact 0.1 the analysis bubis 1@ortant 10 defining the possible
transitions. f ^

| J ;,*-

Figure A-2 is a graphical representation of the possible, transitions associated
With the Primary Model. All transtions are shown except for :the transitions to*

state 15. All states in the model can have a transition to state 15. The figure
Radicates that the model is basically a two tiered system. Transitions among* '

states 1 through 7 are mirrored by transitions among states 8 throup) 14. Each'

4 state in the upper group has an additional trimition to its corresponding state
! '

{
t

4

i ') 'g
-
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in the lower groupe That transition results from the occurrence of a detectable
failure in the conson leg of the system. The figure indicates, for example, that,

state 2, which represents a detectable failure in a redundant leg, can progress
to state 3, a detectable failure in both redundant legs, to state 5, an

L undetectable failure in the same redundant leg as the detectable failure, to
state 6, an undetectable failure in the redundant leg which does not have the

% detectable failure, and to state 9, detectable failures in the comon leg and ;

one redundant leg. Other state transitions can be determined by examining the
figure and Table A-1.

| The transitions shown in Figure A-2 are tabulated in Table A-2 along with the
rate of transition. The table shows the starting state and the ending state and '

a numer or numers under columns marked with the four input failure rates.
These nuncers reflect the coefficients of the column failure rates which yield
the rate of transition between the two states. For exanple, the table shows that
state 1 goes to state 2 with a rate of 20, or two times the rate of detectable
failures occurring in redundant legs. This is because state 1 has no failures

i and there are two redundant legs, each of which can fail in a detectable manner.
i Thus the rate of detectable failures in the redundant legs is double the rate of

detectable failures in a single leg. Note that the transition of state 2 to,

state 3 is only a rate D. One detectable failure has already occurred in state 2
and the remaining detectable failure of a redundant leg occurs at the normal
rate since there is only one leg left to fail. The transition from state 5 to
state 15 occurs with rate A plus C. State 5 has an undetectable failure in one of

| the redundant legs and total system failure as represented by state 15 can occur
'

if an undetectaDie failure occurs in the common leg with rate A or if an
undetectable failure occurs in the remaining redundant leg with rate C. Note
that the table gives no transitions associated with state 15 to anything else.
This is due to the assunption that state 15 is an adsorption state as indicated

'

earlier.
,

Once the transitions for the model are defined as functions of the failure rates
| of the system legs, it is possible to write a set of differentia 1 equations which
i

characterize the system mode 1 probability structure. This set of differential
equations is. presented in Table A-3. The table indicates that the rate at which

| a state changes can be shown as the difference between the rate at which other
j state transitions to the state occur and the rate at which transitions occur
i from the state. For exanple, the rate of change in state 7, P7', is found by'

suming the rates of transitions to state 7 from state 3, 2 cap 3, state 5, DaPS,
and state 6, D=P6, and subtracting the rate of transition from state 7,

!(A+B+C)aP7. The "Px"s signify the probability of being in state x.

The formulation of Table A-3 equations is a result of the manipulat 1Ji of the
information in Table A-2. Using the exanple from the preceding paragraph, the
rates of transition to state 7 can be found by looking under the T0 column of
Table A-2 for any entries that are sevens. There are three found; one in the
first column set in the row for state 3 with rate 20 and two in the second column
set for rows corresponding to transitions from states 5 and 6 each with rates of
D. The rate of transition from state 7 is found by suming all the rate entries
for any rows with a seven in the FRON column of the table.

Often the model development is ended at thb p) int and the information presented
in Table A-3 is coded as input into an iterative conputer program for solving
simultaneous linear differential equations. This is fine if you don't mind
having to run a code every time you want an analysis result and don't mind the

A-3
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expense associated with any iterative co@ uter procedure. Also, the results
are not exact. There is some error associated with the process and this aust be
reduced to acceptable levels by decreasing the time step increment of the code
and thus lengthening the analysis runtime and cost.

An alternative to the above iterative process is to find the closed form
solution of the dif ferential equations. This can be done by the usage of Laplace
transforms. Two transforms are needed for the equations shown in Table A-3.
They deal with the transform of a variable and the transform of the differential
of the variable. The transform fortmJ1as are:

L(a Px) - a Xx

L(Px') = Xx S - Kx

wnere

L(-) is the Laplace transform function
a is a constant

Kx is a constant associated with the transform

xx is the transformof the Px Variable

Applying the above two formulas to the differential equations in Table A-3
yields tne results shown in Table A-4. The procedure for evaluation does not
require the oetermination of a solution equation for every variable since the
final result of the probabilities must add to one. Thus, one variable can be
excluded and the probability of that term can be coguted by subtracting the sum
of the other variable probabilities from one. The variable chosen for exclusion
is X15.

Once the X15 variable is excluded, the remaining equations can have a
substitution uf variables as a siglification process. The "S + A" term that
would appear in every equation is replaced by "W". The resulting secondary
transform equations are shown in Table A-5. The next step is to solve the
equations simultaneously for the "Xx" variables. This process starts by
solving for X1 which is readily accoglished by dividing both sides of the first
equation by (W + 8 + 20 + 20) . The next step is to substitute the value of X11n the
second equation and solve for X2. This process is continued until the solution
to X14 is obtained. The resulting equations are displayed in two sets of tables,

l The first set shows the numerator terms of the solution and the second table
shows the denominator terms of the solution equations. The numerator terms are
shown in Table A-6. As shown in the first page of the table, the numerator of the .

|X1 solution equation is K1. The table shows the coefficient of the Kx values in
the numerator and the powers of the W, 8, C, and D terms. As an example, the i

|

| numerator term for the X2 solution, shown in the second page of Table A-6, can be |
written as: |

|

K2*W + K2*B + 2K2aC + (2K1 + 2K2)*0 ,

1
i
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The numerator terms for the X3 solution uhich are shown in the third page of the,

: table can be written as:i'

L

K3*W2 + [2K3aB + 4K3aC + (K2 + 3K3)a0]~W

+ K3a82 + 4K3*BaC + (K2 + 3K3)aBa0 + 4K3 C2
'

2+ (2K2 + 6K3)aCa0 + (2K1 + 2K2 + 2K3)a0

As can be seen, these formulas become larger as each row in Table A-5 is
addressed. The numerator terms for the solution for X14 take 24 pages of tables
to express. This gives some indication of the reasoning behind stopping at the
earlier point and finding conputer solutions.

The denominator terms for the equations are made up of cont)inations of the!

parenthetical expressions found in Table A-5. Table A-7 displays the term
containations graphically. The parenthetical expressions are shown across the
top of the table. The first column stands for (W + B + 20 + 20). The final column

| stands for (W + C). Remaining columns follow the same pattern of formulation.
If the colunn is darkened in the row cf a particular variable, the expression at"

the top of the colunn is found in the denominator of the solution equation for
the chosen variable. Thus, X9 has four terms in the denominator and X14 has 12
terms.

The next step is to find the inverse Laplace transform of the identified
'

equations for eacn variable. This is done by finding the coefficient over each
of parenthetical expressions in the denominator of the equation that when

*

recont)ined would give the numerator term. For exanple, the equation for X2 has '

two terms in the denominator; (W + B + 20 + 20) and (W + B + 2C + D). The numerator
terms are K2-W + K2=8 + 2K2aC + (2K1 + 2K2)=0 as shown before. The solution
process finds the values of the "T"s in the following equation:

Tl*(W + B + 20 + D) + T2*(W + B + 20 + 20)
=

K2-W + K2*B + 2K2*C + (2K1 + 2K2)a0

Substituting W = - 8 - 2C - 20 yields:

Tla(-D) = 2Kla0

i

Thus T1 = -2K1. Substituting W = - 8 - 2C - D yields:

|

T2a0 = (2K1 + K2)*0

|

!

! A-5
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Thus T2 o (2K1 o K2). The inverse Laplace transform can be performed on the
formulas:

1

-2K1/(W + B + 20 + 20)

(2K1 + K2)/(W + B + 20 + D)

The inverse Laplace transform of interest is:

L-I(a/(S + b)) = aae-bT

Therefore, the inverse Laplace of the sum of the above two formulas is as
follows:

-2Klae-(A + B + 20 + 2D)T (2K1 + K2)*e-(A + B + 20 + D)T+

This result is tne solution to the P2 probability equation where the "KX"s are
the initial probabilities of the x states. The remaining probability
expressions are found in the same manner and are displayed in Table A-8. The
format for the table has already been described in Section 4.

This concludes the discussion of the development process for the Primary Model.
Tno determination of the final equations was a long involved process and
required great patience and painstaking care. It is hoped that the effort
produces a product which is utilized by tnose interested in system availability
and are willing to try new techniques for system analysis.

I

l
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FKLRE A-1. PRIMARY MARKOV MODEL SYSTEM DIAGRM4

TWO REDUNDANT LEGS WITH CONMON LEG

&
"

A IS UNDETECTABLE FAILURE
RATE FOR COMMON LEG C IS UNDETECTABLE FAILURE

RATE FOR REDUNDANT LEGS&
' "

D IS DETECTABLE FAILURE

B IS DETECTABLE FAILURE RATE FOR REDUNDANT LEGS

RATE FOR CONNON LEG m

|
|

|

SIMPLE PARALLEL SIMPLE SERIES

&
v

| &

&

|
'

A=0, B=0 C=0,D=0

4

|
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FXX.RE A-2. TRMSmCN [XAGRM4 FOR PRNARY MX]EL
GEyn i m STATE 15)
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l
1

l

T.*.*."a E A-1. PRMARY MODEL STATES
l

1

i
PRIMARY MNtKOV MODEL STATE DEFINITION |

SYSTEM COtOITIOt4
STATE

CObNON Off TRAIN OTlfR TRAIN
DETECTABLE UlGETECTABLE DETECTMLE UleETECTABLE DETECTABLE 12EETECTABLE

1 NO NO NO NO NO NO

2 NO NO YES NO NO NO

3 NO NO YES NO YES NO

4 NO NO NO YES NO NO

5 NO NO YES YES NO NO

6 NO NO YES NO NO YES

7 NO NO YES YES YES NO

8 YES NO NO NO NO NO

| 9 YES NO YES NO NO NO

10 YES NO YES NO YES NO

11 YES NO NO YES NO NO

12 YES NO YES YES NO NO

13 YES NO YES NO NO YES

14 YES NO YES YES YES NO

15 YES YES YES-- - --

A-9
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TAELE A-2. TRANSmON RATES FOR PRNARY pennR

|

FFD1 10 A B C D FfDI 10 A B C D FID1 10 A B C D

1

1 2 2 4 11 1 9 12 1

1 4 2 4 15 1 1 9 13 1

1 8 1 5 7 1 9 15 1

1 15 1 5 12 1 10 14 2

2 3 1 5 15 1 1 10 15 1

2 5 1 6 7 1 11 12 1

!

! 2 6 1 6 13 1 11 13 1

|

2 9 1 6 15 1 1 11 15 1 1

2 15 1 7 14 1 12 14 1

3 7 2 7 15 1 1 12 15 1 1

3 10 1 8 9 2 13 14 1

3 15 1 8 11 2 13 15 1 1

<

4 5 1 8 15 1 14 15 1 1

4 6 1 9 10 1

1

1

A-10



TABLE A-3. DIFFERENTIAL EQUATIONS FDR THE PRIt1ARY 110 DEL
;

| P1' = -(A + 8 + 20 + 20)P1

P2' = 20 P1 - (A + B + 20 + D)P2

P3' = D P2 - (A + B + 2C)P3

P4' = 2C P1 - (A + B + C + 2D)P4

P5' = C P2 + D P4 - (A + B + C + D)PS

P6' = C P2 + D P4 - (A + B + C + D)P6

P7' = 2C P3 + D P5 + D P6 - (A + B + C)P7

P8' = 8 P1 - (A + 2C + 2D)P8

P9' = B-P2 + 2D P8 - (A + 20 * D)P9

P10' = B*P3 + D P9 - (A + 20)P10

P11' = B P4 + 2C P8 - (A + C + 2D)P11

P12' = 8 P5 + C P9 + D Pil - (A + C + D)P12

P13' = B P6 + C P9 + D P11 - (A + C + D)P13

P14' = 8 P7 + 20 P10 + D P12 + D P13 - (A + C)P14

P15' = A P1 + A P2 + A P3 + (A + C)P4 + (A + C)P5

+ (A + C)P6 + (A + C)P7 + A P8 + A P9 + A P10

+ (A + C)P11 + (A + C)P12 + (A + C)P13 + (A + C)P14

A-11
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TABLE A-4. INITIAL TRANSFORM EQUATIDNS FOR PRIt'ARY NODEL

X1 S + (A + B + 20 + 20)X1 2 K1

X2 S + (A + B + 20 + D)X2 = K2 + 2D-X1

X3*S + (A + B + 20)X3 = K3 + D X2

X4 S + (A + B + C + 20)X4 = K4 + 2C X1

X5 S + (A + B + C + D)XS = K5 + C X2 + D X4

X6 S + (A + B + C + D)X6 = K6 + C X2 + D X4

X7 S + (A + B + C)X7 = K7 + 2C X3 + D X5 + D X6

X8 S + (A + 20 + 2D)X8 = K8 + B X1

X9 S + (A + 20 + D)X9 = K9 + B X2 + 20 X8

X10 S + (A + 2C)X10 = K10 + B X3 + D X9

X11 S + (A + C + 20)X11 = K11 + B X4 + 20 X8

X12*S + (A + C + D)X12 = K12 + B XS + C X9 + D X11

X13 S + (A + C + D)X13 = K13 + B X6 + C X9 + D X11

X14 S + (A + C)X14 = K14 + B X7 + 2C X10 + D X12 + D X13

X15 S = K15 + A * X1 + A X2 + A * X3 + ( A + C)X4 + ( A + C)XS

+ (A + C)X6 + (A + C)X7 + A X8 + A X9 + A X10

+ (A + C)X11 + (A + C)X12 + (A + C)X13 + (A + C)X14
|

t

I

A-12
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TABLE A-5. ALTERNATE TRANSFORN EQUATIONS FOR THE PRIMARY N0 DEL
~

,

l

(W + B + 20 + 20)X1 = K1

(W + B + 20 + D)X2 = K2 + 20 X1

(W + B + 20)X3 = K3 + D X2

(W + B + C + 20)X4 = K4 + 20 X1

(W + B + C + D)X5 = K5 + C X2 + D X4

(W + B + C + D)X6 = K6 + C X2 + D X4

(W + B + C)X7 = K7 + 2C X3 + D X5 + D X6

(W + 2C + 2D)X8 = K8 + B X1

(W + 20 + D)X9 = K9 + B X2 + 20 X8

(W 20)X10 = K10 + B X3 + D X9

(W + C + 2D)X11 = K11 + B X4 + 2C-X8

(W + C + D)X12 = K12 + B X5 + C X9 + D X11

(W + C + D)X13 = K13 + B-X6 + C X9 + D X11

(W + C)X14 = K14 + B X7 + 2C X10 + D X12 + D X13
.

A-13 |
1

i
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TABLE A-6. t4.NERATOR TERMS OF TRANSFORtED

EQUATION SOLUTIONS

,

NUtfRATOR TERMS FOR X1 SOLUTION PAGE1OF1

POWERS COEFFICIENTS |:

| W B C D K1 K2 K3 K4 K5 K6 K7

;
-

1
1

* * * *

I

1
'

l

|

|

|

|

|

|

|
,

A-14
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i
;

l

!
TABLE A-6. MRTRATOR TERMS OF TRANSFORNED |

EQUATION SOLUilONS (CONTD)
-

;
,

!

NUMERATOR TERMS FOR X2 SOLUTION PAGE 1OF1

! POWERS COEFFICIENTS
l W B C D K1 K2 K3 K4 K5 K6 K7
i

|
1 1

. . . .

- 1 1

| 1 2

1 2 2
. . . .

r

.

1

i

l

A-15
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TAE1.E A-6. MkfRATOR TERMS OF TRANSFORefD
'

EQUATION SOLUTIONS (CONTD)
|
,

NUbERATOR TERMS FOR X3 SOLUTION PAGE 1OF1 )

POWERS COEFFICIENTS

| W B C D K1 K2 K3 K4 K5 K6 K7

2 1

* * * .

1 1 2

1 4

1 1 3
. * * .

- 2 1

1 1 4

1 1 1 3

2 4 i

1 1 2 6

2 2 2 2
. . . .

|

| |

1
|

|

|

|

A-16
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TAELE A-6. PAFERATOR TERMS OF TRANSFORFED;

EQUATION SOLUTIONS (CONTD)

- NUtfRATOR TERMS FOR X4 SOLUTION PAGE 10F 1
!

POWERS COEFFICIENTS
W 8 C D K1 K2 K3 K4 K5 K6 K7
1 1

. . . .

- 1 1

1 2 2

1 2
. * * *

i

e

l
i

A-17
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TABLE A-6. MkERATOR TERMS OF TRANSFORtfD

EQUATION SOLUTIONS (CONTV)

|

NUtTRATOR TERMS FOR X5 SOLUTION PAGE 1OF1

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

3 1 ;

. . . .

2 1 3

1 1 5

1 1 5

. . . .

1 2 3

1 1 2 10

1 1 2 10 .

2 3 8

1 1 4 4 4 17

2 3 8

. . * *

- 3 1

2 1 1 5

2 1 1 5

1 2 3 8

1 1 1 4 4 4 17

1 2 3 8

3 2 4

2 1 6 6 4 14

1 2 6 4 6 14

3 2 4

. . . .

| A-18
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( TABLE A-6. M.FERATOR TERMS OF TRANSFORPED
i EQUATION SOLUIlONS (CONTD)
|

NUFERATOR TERMS FOR X6 SOLUTION PAGE1 OF1|

|-

POWERS COEFFICIENTS

| W B C D K1 K2 K3 K4 K5 K6 K7
'

3 1
. . . .

2 1 3

1 1 5

1 1 5
. . . .

1 2 3 1

| 1 1 2 10

1 1 2 10

2 3 8

1 1 4 4 4 17

2 3 8
- . . -

- 3 1

2 1 1 5
2 1 1 5

1 2 3 8
1 1 1 4 4 4 17

| 1 2 3 8
! 3 2 4

2 1 6 6 4 14

1 2 6 4 6 14

3 2 4
. . . .

|

A-19
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d

TABLE A-6. MhERATOR TERMS OF TRANSFORMED

l EQUATKN SO.UTIONS (CONT'D)

NLAERATOR TERMS FOR X7 SOLUTION PAGE 1 OF 3
I

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

5 1

. . . .

4 1 5

1 2 8

1 1 1 6

. . . .

3 7 10

1 1 8 32

1 1 4 4 24

2 12 25

1 1 4 12 7 7 39
,

2 2 5 5 B
. . . .

2 3 10

2 1 12 48,

2 1 6 6 %
1 2 % 5

1 1 1 12 36 21 21 117

1 2 6 15 15 39

3 26 38

| 2 1 18 54 18 18 93

1 2 12 18 26 12 27 27 65

3 6 8 8 12

. . . .

1 4 5

3 1 8 M
3 1 4 4 24

_

2 2 36 4

|

A-20
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,

TAELE A-6. M.DERATOR TERMS OF TRANSFOR>fD

EQUATION SOLUTIONS (CONTD)
,

NUbERATOR TERMS FOR X7 SOLUTION (CONTINUED) PAGE 2 OF 3
:

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

1 2 1 1 12 % 21 21 117

2 2 6 15 15 39

1 3 52 76

1 2 1 % 108 % M 186

1 1 2 24 % 52 24 54 54 130

1 3 12 16 16 24

4 24 28

3 1 26 78 20 20 %
2 2 % 54 78 24 48 48 106

1 3 24 24 24 24 30 30 42

4 4 4 4 4
. . . .

5 1
-

4 1 2 8

a 1 1 1 6

3 2 12 25

3 1 1 4 12 7 7 39

3 2 2 5 5 13

2 3 26 38
'

2 2 1 18 54 18 18 93

2 1 2 12 18 26 12 27 27 65

2 3 6 8 8 12

1 4 24 28

1 3 1 26 78 20 20 %
1 2 2 % 54 78 24 48 48 106

|

t 1 3 24 24 24 24 30 30 42

1 4 4 4 4 4

5 8 3

A-21
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TME.E A-6. P4.bERATER TERMS & TRAN!FORPED

EQUATION SOLUTIONS (CONTD)

NUrfRATOR TERMS FOR X7 SOLUTION (CONTINUED) PAGE 3 OF 3

'

POWERS COEFFICIENTS

W B C D K1 K2. K3 K4 K5 K6 K7
- 4 1 12 % 8 8 %

3 2 28 40 % 16 28 28 %
2 3 % % % 24 28 28 %

1 4 8 8 8 8 8 8 8 I

. . . .

1

I

l
|

.

!

i
!

|

-

1

I

A-22
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TAEE.E A-6. M.kfRATOR TERMS OF TRANSFORtfD

EQUATION SOLLMONS (CONTD)

NUbERATOR TERMS FOR X8 SOLUTION PAGE 1 OF 2

|POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

1

. . . .

1 1-

1

1

. . . *

r

!
|

|

A-23
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| TAELE A-6. M.N5RATOR TERMS OF TRANSFGMD
!

| EQUATION SOLUTIONS (CONTT$

NUrfRATOR TERMS FOR X8 SOLUTION PAGE 2 OF 2

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

1 1

w w w w

- 1 1

1 2 ;

1 2
w w w w

i

,'

I

!

i

!

A-24
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TAELE A-6. POERATOR TERMS OF TRANSFORbED

EQUATION SOLUTIONS (CONTD)

NUtfRATOR TERMS FOR X9 SOLUTION PAGE 1 CF 2 |

|

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

!
. . . .

2 1 1

1

1

. . . .

1 2 1

1 1 4

1 1 4 4
'

2

1 1

2
. . . .

- 2 1 2

2 1 2 2
I 1 2 4

1 1 1 8 8
,

1 2 6 4

3

2 1

1 2

3

. . . .

I

;

i
i

A-25
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TAELE A-6. bAJfRATCR TERMS OF TR/NSFORbED

EQUATION SOLUTIONS (CONTD)

NUtfRATOR TERMS FOR X9 SOLUTION PAGE 2 OF 2

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

3 1 i

. . . .

2 1 2

1 6

1 2 5
. . . .

1 2 1

1 1 8
.

1 1 4 7

2 12

1 1 8 20

2 6 8

* * * *

- 2 1 2

2 1 2 2

1 2 8

1 1 1 8 14

1 2 6 6

3 8

2 1 8 20

1 2 12 16
| 3 4 4

. . . .

A-26
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TAELE A-6. M.bERATOR TERMS OF TRANSFORFED 1

EQUATION SOLUTIOMi (CONT 4,

| M.bERATOR TERMS FOR X10 SOLUTION PAGE1OF4

POWERS COEFFICIENTS
f

W B C D K1 K2 K3 K4 K5 K6 K7 ,

5
. . . .

'

4 1 1

1,

1

. . . .

'3 2 2
,

I

1 1 8

1 1 2 6

2

1 1

| 2
. . . .

2 3 1

| 2 1 12

2 1 3 9

1 2 24

1 1 1 12 36

1 2 6 9 13

3

2 1

1 2

3
. . . .

1 3 1 4 l

3 1 1 3

2 2 24

2 1 1 12 36 i

A-27
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TAELE A-6. M.bERATOR TERMS OF TRANSFORtfD

EQUATION SOLUTIONS (CONTV)

NUtTRATOR TERMS FOR X10 SOLUTION PAGE 2 OF 4

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

1 2 2 6 9 13

1 3 32

1 2 1 24 72

1 1 2 24 36 52

1 3 12 12 12

4

3 1

2 2

1 3

4

. . . .

- 3 2 4

3 1 1 2 6

3 2 2 2 2

2 3 16

2 2 1 12 36

2 1 2 12 18 26

2 3 6 6 6

1 4 16

1 3 1 16 48

1 2 2 24 36 52

1 1 3 24 24 24

1 4 4 4 4

5

4 1

3 2

2 3

1 4
.

|

A-28
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TABLE A-6. MJPERATOR TERMS OF TRANSFORPED

EQUATION SOLUTIONS (CONTD)

PAGE 3 OF 4NUtfRATOR TERMS FOR X10 SOLUTION

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

5 1

. . . .

4 1 3

1 10

1 1 6
i

[ . . . .

( |

| 3 2 3 '

'
1 1 24

1 1 3 15

2 4
|

1 1 8 48

2 2 5 13

. . . .

2 3 1

2 1 18

2 1 3 12*

1 2 72

1 1 1 18 90

1 2 6 12 26

3 80

2 1 24 144

1 2 12 30 78
|

3 6 8 124
. . . .

| 1 3 1 4 )
( 3 1 1 3

2 2 %
2 1 1 12 48,

|
|

,

A-29
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* ^T/H_E A-4. fGERATOR 7ZRMS OF 17<ANSFORPED

EQUATION SOLUTJONS (cot @D) |

.

'
s

NUPERATOR TEF+tS FOR X10 SOLUKON PAGE 4 OF-4'
.

N ia- t

POWERS CCEFFICIENTS -
'

,
,

o' W B C' D K8 K9 K10 K11 K12 K13 K14

1 2 2 6 9 .15

1 3 'l / % 's

1 2' 1
'

36 180

1 1 2 24 48 104

1 3 12 14 18
'

,,

4 PO

3 'l 32 192
'

2 2 24 60 1%
2

1 3 14 32 48
"

~4 4 4 4
e a e . -

- 3 2 4 .

..

3 1 1 2 6''

3 2 2 2 2 4

2 3' 24
'

<

*
,

2 2 1 .;12 48

2 1 2 12 18 3D f
2 3 6 6 6

1 4 '48' ' ,' .. .

1 3 1 24 120
'

P
~--- r~ w

1 2 2 24 48 104 i '< h,,- - - -, . _ _

1c 1 3 24 28 36 . /
'

' * 1 4 4 4 4
. - . .

5" 32

4 1 16 % ,

3 2 , 16 40 104

2 3 24 32 48
.-

1 4 G 8 8 ]

,

' '

y .

,
,

" ' , ~ [ A-30=
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TME.E A-6. M.7 FRATER TERMS CF TRANSFORPED

| EQUATION SOLUTIONS (CONTD)

M.tERATOR TERMS FOR X11 SOLUTION PAGE 1 OF 2 |

| POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

3
e e a n

2 1 1

1

1

e e a n

1 2 1

1 1 4 4
l-

1 1 4
' 2
l

1 1

2

a w w w

- 2 1 2 2

2 1 2

1 2 6 4

1 1 1 8 8

1 2 4

3

2 1

1 2

3
* w w e

A-31
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TAELE A-6. M.bERATOR TERMS OF TRANSFORMED

EQUATION SOLUTIONS (CONTD)

NUMERATOR TERMS FOR X11 SOLUTION PAGE 2 OF 2

POWERS COtteICIENTS
W B C D K8 K9 K10 K11 K12 K13 K14

3 1

. . . .

2 1 2

1 2 5

1 6
. * * *

1 2 1 |

i 1 1 4 7

! 1 1 8

2 6 8

1 1 8 20

2 12

. . . .

- 2 1 2 2

2 1 2

1 2 6 6

1 1 1 8 14

1 2 8

3 4 4

2 1 12 16

1 2 8 20

3 8,

( . . . .

|
|
|

|
,

| A-32
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TABLE A-6. M.kERATOR TERMS OF TRANSFORtfD

EQUATION SOLUTIONS (CONTD)

NUbfRATOR TERMS FOR X12 SOLUTION PAGE 10F 10

1 POWERS COEFFICIENTS !
| \

| W B C D K1 K2 K3 K4 K5 K6 K7

| 7

. . . .

6 1 1
l

1

1

. . . .

5 2 3

1 1 2 10

1 1 2 10
,

2

1 1

2
. * * .

4 3 3

2 1 5 25

2 1 5 3

1 2 15 41

1 1 1 12 18 18 84

1 2 15 41

3

2 1

1 2

3.

. . . .

3 4 1,

i 3 1 4 20

3 1 4 20

2 2 30 82

|

| A-33
1
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TMEE A-6. MkERATOR TERMS OF TRANSFORPfD |

EQUA110N SOLUTIONS (CONTV)

NTOR TERMS FOR X12 SOLUTION PAGE 2 OF 10

POWERS COEFFICIENTS |
W B C D K1 K2 K3 K4 K5 K6 K7

3 2 1 1 24 36 36 168

2 2 30 82

1 3 44 88

1 2 1 72 108 64 278

1 1 2 72 64 108 278

1 3 44 88

| 4

3 1

1 2 2

i 1 3

4
|

. . . .
~

2 4 1 1 5
'

4 1 1 5

| 3 2 18 49

3 1 1 16 22 22 101

3 2 18 49

2 3 66 132

2 2 1 108 162 % 417

2 1 2 108 % 162 417

2 3 66 132

1 4 63 104

1 3 1 160 238 112 452

1 2 2 324 288 288 697

1 1 3 160 112 238 452

1 4 63 104

5

4 1

A-34
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TABLE A-6. M.PERATOR TERMS OF TRANSFORbED

EQUATION SOLUTIONS (GNTD)

NUtfRATOR TERMS FOR X12 SOLUTION PAGE 3 OF 10

POWERS COEFFICIENTS
W B C D K1 K2 K3 K4 K5 K6 K7
2 3 2

2 3

1 4

5
. . . .

1 4 2
_

3 8
4 1 1 4 4 4 17

4 2 3 8

3 3 26 52

3 2 1 48 66 40 167

3 1 2 48 40 66 167

3 3 26 52

2 4 63 104

2 3 1 160 238 112 452
2 2 2 324 288 288 697

2 1 3 160 112 238 452

2 4 63 104
; 1 5 44 64

1 4 1 1% 228 % 360

1 3 2 480 424 336 764

| 1 2 3 480 336 424 764

1 1 4 1% % 228 360
1 5 44 64

6

5 1
'

4 2

3 3

| 2 4

: A-35
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TAELE A-6. P4.PERATCR TERMS & 1RANSFCRFEDj

EQUATION SOLUTIONS (CONTD)

| NUPERATOR TERMS FOR X12 SOLUTION PAGE 4 OF 10

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

1 1 5

6
. . . .

i
- 4 3 2 4

4 2 1 6 6 4 14

4 1 2 6 4 6 14

4 3 2 4

3 4 12 20

3 3 1 36 48 24 90

3 2 2 72 60 60 140

3 1 3 36 24 48 90

3 4 12 20
'

2 5 22 32

2 4 1 78 114 48 180
t 2 3 2 240 212 168 382

2 2 3 240 168 212 382

| 2 1 4 78 48 114 180

2 5 22 32

1 6 12 16

1 5 1 % 80 32 112

| 1 4 2 234 204 144 308

1 3 3 356 248 248 424

1 2 4 234 144 204 308

1 1 5 % 32 80 112

1 6 12 16

7

6 1

5 2
,

A-36
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|

TABLE A-6. bAJERATOR TERMS OF TRANSFORPED |

EQUATION SOLUTIONS (CONTV) i
l
I

( NUPERATOR TERMS FOR X12 SOLUTION PAGE 5 OF 10

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

4 3-

- 3 4
,

2 5

1 6

7

* * * *

,

9

I

i

|

|

|

A-37
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TAELE A-6. MDERATOR TERMS OF TRANSFGRED

EQUATION RUTIONS (CONTV)

NUrfRATOR TERMS FOR X12 SOLUTION PAGE 6 OF 10

| POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

7 1

| * a a n

6 1 4

1 1 11

1 1 11
a w w w

5 2 6

; 1 1 4 M
1 1 4 38

2 9 51

1 1 4 10 10 104

2 9 51
. . n a

4 3 4

2 1 6 48

2 1 6 %
1 2 30 148

1 1 1 16 34 34 302

1 2 30 148
' 3 33 129

2 1 30 75 41 403

1 2 30 41 75 403
|

3 33 129
. . . .

1

'

3 4 1

3 1 4 26

3 1 4 26

2 2 36 151
_

,

A-38
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TAELE A-6. PLFERATOR TERMS OF TRANSFORFED '

EQUATEN SOLl1TIONS (CONTD)

NUtfRATOR TERMS FOR X12 SOLUTION PAGE 7 OF 10;

POWERS COEFFICIENTS

W B C O K8 K9 K10 K11 K12 K13 K14
;

3 2 1 1 24 42 42 309 1

2 2 36 151

1 3 88 302

1 2 1 % 204 114 945

! 1 1 2 % 114 204 945

1 3 88 302
4

4 63 192

3 1 88 220 88 818

2 2 180 246 246 1253

1 3 88 88 220 818
i

i 4 63 192
. . . .

2 4 1 1 5

4 1 1 5
~

3 2 18 62
'

3 1 1 16 22 22 128

i 3 2 18 62

|
2 3 79 233

2 2 1 108 189 109 734

2 1 2 108 109 189 734

2 3 79 233

1 4 126 340

1 3 1 212 449 188 1453

1 2 2 432 513 513 2228

1 1 3 212 188 449 1453

1 4 126 340

5 66 168

4 1 126 315 104 916

A-39
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TAEM.E A-6. N.tERATOR TERMS OF TRANSFORffD
EQUATION SOLUTIONS (CONTV)-

!

NUbERATOR TERMS FOR X12 SOLUTION PAGE 8 OF 10

'

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

2 3 2 3% 541 3% 1913

2 3 3% 3% 541 1913

1 4 126 104 315 916

5 66 168

- . . .

1 4 2 3 8

4 1 1 4 4 4 17

4 2 3 8

3 3 26 64
|

| 3 2 1 48 66 40 206

3 1 2 48 40 66 206

! 3 3 % M

2 4 75 176

2 3 1 160 277 124 761
|
! 2 2 2 324 327 327 1171

2 1 3 160 124 277 761

2 4 75 176

1 5 88 200

i 1 4 1 204 429 152 1096

1 3 2 636 753 564 2295

1 2 3 636 564 753 2295

1 1 4 204 152 429 1096
i

1 5 88 200

6 36 80

5 1 88 220 64 536

4 2 378 516 312 1432

3 3 580 580 580 1952

2 4 378 312 516 1432

|

A-40
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TMLE A-6. NUtTRATOR TERMS OF TRANSFORrTD

i EQUATION SOLUTIONS (CONT'D)

| NUtfRATOR TERMS FOR X12 SOLUTIONS PAGE 9 OF 10

POWERS COEFFICIENTS

W B C|D K8 K9 K10 K11 K12 K13 K14
,

1 1 5 88 64 220 536

6 36 80

. . . .

- 4 3 2 4

4 2 1 6 6 4 14

4 1 2 6 4 6 14

4 3 2 4

3 4 12 24

3 3 1 36 48 24 108

3 2 2 72 60 60 168

| 3 1 3 36 24 48 10E
__

3 4 12 24

2 5 26 52

2 4 1 78 132 52 290
I

2 3 2 240 240 186 612

2 2 3 240 186 240 612

| 2 1 4 78 52 132 290

2 5 26 52

1 6 24 48
,

| 1 5 1 72 150 48 324

1 4 2 306 360 228 870
,

1 3 3 468 414 414 1188

| 1 2 4 3% 228 360 870
'

1 1 5 72 48 150 324

1 6 24 48 |,

| 7 8 16

6 1 24 61 16 128

5 2 132 11 0 % 420
r

|

A-41

t
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| TAELE A-6. M.bERATCR TERMS & TRANSFORPED

| EQUATION SOLUTIONS (CONTV)
i
i

[

NUMRATOR TERMS FOR X12 SOLUTION PAGE 10 OF 10
i

i POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

4 3 276 276 228 732-

'
3 4 276 228 276 732

2 5 132 % 180 420

1 6 24 16 60 128

7 8 16
. . . .

i

.

i

|

A-42
1
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|

TAELE A4, MkfRATOR TERMS OF TRANFORPED

EQUATION SOLUTIOMB (CONT 4

NUPERATOR TERMS FOR X13 SOLUTION PAGE 1 OF 10
'

POWERS | COEFFICIENTS
W B C DI K1 K2 K3 K4 K5 K6 K7;

7
. . . .

6 1 1

1

1

. . . .

] 5 2 3

1 1 2 10

1 1 2 10,

2

1 1

| 2
. . . .

i

4 3 3

| 2 1 5 25
2 1 5 25

1 1 2 15 41!

1 1 1 12 18 18 84
1 2 15 41

3

2 1

| 1 2

3
. . . .

3 4 1
| 3 1 4 N

3 1 4 20

2 2 30 82

A-43
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TABLE A-6. f4kfRATOR 1ERMS OF TRANSFORMD
'

EQUATION SOLUTIONS (CONT'D)

NUtERATOR TERMS FOR X13 SOLUTION PAGE 2 OF 10

POWERS COEFFICIENTS

j W B C D K1 K2 K3 K4 K5 K6 K7
'

3 2 1 1 24 36 36 168 |

2 2 30 82 |
:i 1 3 44 88

1 2 1 72 108 64 278
-

1 1 2 72 64 108 278

1 3 44 88

4

3 1

2 2

1 3

4

. . . .

2 4 1 1 5

4 1 1 5

3 2 18 49

3 1 1 16 22 22 101

j 3 2 18 49

i 2 3 66 132

2 2 1 108 162 % 417

2 1 2 108 % 162 417,

2 3 66 132;

1 4 63 104

1 3 1 160 238 112 452

1 2 2 324 288 288 697

1 1 3 160 112 238 452

1 4 63 104

5

4 1

I

|

A-44
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TABLE A4 M.PERATOR TERMS OF TRANSFORPED

EQUATION SOLUTIONS (CONTD)

|
NUFERATOR TERMS FOR X13 SOLUTION PAGE 3 OF 10

-

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7
2 3 2

2 3

1 4
,

5

. . . .

1 4 2 3 8

4 1 1 4 4 4 17|
4 2 3 8

3 3 26 52

| 3 2 1 48 66 40 167

3 1 2 48 40 66 167

! 3 3 26 52

2 4 63 104

2 3 1 160 238 112 452

2 2 2 324 288 288 697
r

2 1 3 160 112 238 452

j 2 4 63 104

| 1 5 44 64

1 4 1 156 228 % 360

1 3 2 480 424 336 764

1 2 3 480 336 424 764

1 1 4 156 % 228 360

1 5 44 64

6

5 1

4 2

3 3

2 4

A-45
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TAER.E A-6 MPERATOR TERMS OF 1RANIFORMED

EQUATION SOLUTIONS (CONT'D):

NUMERATOR TERMS FOR X13 SOL.UTION PAE 4 OF 10

POWERS COttelCIENTS

W B C D M M M K4 M M K7
|

1 1 5

6

| . . . .

| 4 3 2 4-

4 2 1 6 6 4 14

4 1 2 6 4 6 14

4 3 2 4;

3 4 12 20

|
3 3 1 36 48 24 90

| 3 2 2 72 60 60 140

I 3 1 3 36 24 48 90

3 4 12 20,

2 5 22 32

2 4 1 78 114 48 180

2 3 2 240 212 168 382

2 2 3 240 168 212 382
'

2 1 4 78 48 114 180
| 2 5 22 32

1 1 6 12 16

1 5 1 % 80 32 112

1 4 2 234 204 144 308

1 3 3 356 248 248 424

1 2 4 234 144 204 308

1 1 5 % 32 80 112

1 6 12 16

l
!

6 1

5 2
,

A-46
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TAER.E A-6. M.PERATOR TERMS OF TRANSFORPEDt

|

| EQUATION SOLUTIONS (CONTV)
|

NUtfRATOR TERMS FOR X13 SOLUTION PAGE 5 OF 10

POWERS COEFFICIENTS
W B C D K1 K2 K3 K4 K5 K6 K7

| - 4 3

3 4

2 5
i 1 6

7

. . . .

4

.

i

|

1

,

e

i

|

'
i

I

A-47
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TMLE A4L MkfRATOR TERMS OF TRAN5FORPED

EQUA110N SOLUTIONS (CONTU)
.

NUPERATOR TERMS FOR X13 SOLUTION PNE 6 OF 10

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

1 7 1

i . . . .

6 1 4

1 1 11

1 1 11

. . . .

5 2 6

1 1 4 M
- 1 1 4 38

2 9 51

1 1 4 10 10 1041

2 9 51;

| . . . .

.,
4 3 4

2 1 6 48
,

| 2 1 6 4
'

1 2 30 148

I 1 1 1 16 34 34 302

j 1 2 30 148

3 33 129

2 1 30 75 41 403

i 1 2 30 41 75 403

3 33 129
. . . .

3 4 1

3 1 4 3
3 1 4 3

2 2 . 36 151

A-48
I
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|

TMILE A-6, NUNERATOR TERMS OF TRAN5FORPED

EQUATION SOLUTIOPS (CONTT$ |

|

fWFERATOR TERMS FOR X13 SOLUTION PAE 7 OF 10

POWERS COEFFICIENTS
' W B C D K8 K9 K10 K11 K12 K13 K14

3 2 1 1 24 42 42 309
2 2 36 151

1 3 88 302
1 2 1 % 204 114 945

1 1 2 % 114 204 945

1 3 88 302
4 63 192

! 3 1 88 220 88 818

2 2 180 246 246 1253

1 3 88 88 220 818,

4 63 192
. . . .

1 2 4 1 1 5

4 1 1 5
3 2 18 62
3 1 1 16 22 22 128

3 2 18 62
2 3 79 233
2 2 1 108 189 109 734

2 1 2 108 109 189 734

2 3 79 233

1 4 126 340
1 3 1 212 449 188 1453

i 1 2 2 432 513 513 2228
t

i 1 1 3 212 188 449 1453
'

1 4 126 340
1 5 66 168
{ 4 1 126 315 104 916
:
i

|

A-49
i

.

1
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TME.E A4. POERATG4 TERMS & TRAN! FORMED

EQUATION SOLUTIOf4 (CONTD)

:

NUrTRATOR TERMS FOR X13 SOLUTION PAGE 8 OF 10

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14 i

|2 3 2 3% 541 3% 1913

2 3 3% 3% 541 1913

1 4 126 104 315 916

5 66 168

. . . .

1 4 2 3 8

4 1 1 4 4 4 17

4 2 3 8

3 3 26 64

3 2 1 48 66 40 206

3 1 2 48 40 66 206

3 3 26 64

2 4 75 176

| 2 3 1 160 277 124 761

2 2 2 324 327 327 1171

2 1 3 160 124 277 761

2 4 75 176
^

1 5 88 200

1 4 1 204 429 152 1096

1 3 2 636 753 564 2295

i 1 2 3 636 564 753 2295

1 1 4 204 152 429 1096
,

'

1 5 88 200

| 6 36 80

| 5 1 88 220 64 536

1 4 2 378 516 312 1432

3 3 580 580 580 1952

2 4 378 312 516 1432

A-50
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i

TMEE A-6. S8JERATER TERMS OF TRANSFORPED

EQUATKN SOLUTIOPS (OCNTT])

NUPERATOR TERMS FOR X13 SOLUTION PAE 9 OF 10
|

| POWERS COEFFICIENTS
: W B C D K8 K9 K10 K11 K12 K13 K14

1 1 5 88 64 220 536
6 % M,

. . . .

- 4 3 2 4
4 2 1 6 6 4 14

. 4 1 2 6 4 6 14

|
4 3 2 4
3 4 12 24
3 3 1 36 48 24 108
3 2 2 72 60 60 168
3 1 3 36 24 48 108

I 3 4 12 24
2 5 26 52
2 4 1 78 132 52 290

1 2 3 2 240 240 186 612
2 2 3 240 186 240 612
2 1 4 78 52 132 290
2 5 26 52
1 6 24 48
1 5 1 72 150 48 324 ,

1 4 2 306 360 228 870
1 3 3 468 414 414 1188
1 2 4 306 228 360 870
1 1 5 72 48 150 324
1 6 24 48

7 8 16
6 1 24 60 16 128
5 2 132 180 % 420

A-51
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|

TME.E A-6. PEDERATCR TSW6 & TRAN!FORPED
EQUATION SOLUTIOPS (CONTQ |

BAkERATOR TERMS FOR X13 SOLUTION PAE 10 OF 10

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

4 3 276 276 228 732-

3 4 276 228 276 732

2 5 132 % 180 420

1 6 24 16 60 128

7 8 16
i

e e e e

,

5

i

!

|

A-52
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TMLE A-6. FAJfRATCR TERMS OF 1RANSFCRPED ||

EQUATION SOLUTIONS (CONT'D)

NUrfRATOR TERMS FOR X14 SOLUTION PAGE 1 OF 24

POWERS COEFFICIENTS

| W B C D K1 K2 K3 K4 K5 K6 K7
m

1 11

. . . .

10 1 1

1'

1

I . . . .

: 9 2 5

1 1 4 16

l 1 1 2 2 12

| 2

1 1

2
.

I
. . . .

8 3 10

2 1 18 72
,

_
__

2 1 9 9 %;

1 2 54 114

1 1 1 12 48 30 30 174

1 2 6 21 21 62

3

2 1

1 2

3

. . . .
I I

7 4 10 |

3 1 32 128

| 3 1 16 16 %

| 2 2 216 4%
,

!

|
'

A-53 |
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1

!

TAELE A-6. bR.tERATOR TERMS OF TRANSFORtfD

EQUATION SOLUTIONS (CONTD) |

NUPERATOR TERMS FOR Xia SOLUTION (CONTINUED) PAGE 2 OF 24

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

7 2 1 1 48 192 120 120 6%

2 2 24 84 84 248

1 3 320 476

1 2 1 144 576 198 198 1,110

| 1 1 2 48 120 248 84 282 282 806

1 3 48 92 92 180

4

3 1,

2 2

1 3

4

. . . .

6 5 5

4 1 28 112

4 1 14 in 84

3 2 336 709

l 3 1 1 76 300 187 187 1,083

3 2 38 131 131 385

2 3 1,120 1466
! 2 2 1 504 2,016 693 693 3A85

i 2 1 2 168 420 868 294 987 987 2A21

2 3 168 322 322 630

1 4 1,092 1,289

1 3 1 748 2,988 754 754 4,086
)

1 2 2 504 1,260 2A04 510 1441 1,641 4,539 l

1 1 3 336 4% 720 588 1,090 1,090 2,070

1 4 154 217 217 321

| 5

l<

|

A-54
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|

TAaLE A-4. NUMERATOR TERNE OF TRAN!iFORMED

EQUATION SOLUT10>5 (CONTT$

|

FAlbERATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 3 OF 24

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

6 4 1

3 2

2 3

1 4

5
. . . .

'

5 6 1

5 1 12 48

5 1 6 6 36,

{ 4 2 252 531

4 1 1 60 228 141 141 813)
4 2 30 99 99 287

3 3 1A92 2218
3 2 1 684 2,700 927 927 5,181

'
3 1 2 240 576 1,168 402 1,323 1,323 3,757

3 3 228 430 430 834

2 4 3,276 3A67
'

2 3 1 2244 8,964 2262 2262 12258

2 2 2 1,512 3,780 7A12 1,530 4,923 -1323 13417
2 1 3 1,008 1A88 2,160 1,764 3270 3270 6,210

2 4 462 651 651 %3
,

1 5 2,364 2,364

1 4 1 2,1 % 8,748 1A24 1A24 9,558

; 1 3 2 2256 5416 11,584 1,752 5A00 5A00 14A52

1 2 3 3,024 4A64 6A80 3,D60 SA84 5A84 10,104

1 1 4 936 1,D92 1284 1420 2226 2226 3,210

1 5 252 296 296 360

6
1

|
,

| A-55
,
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TABLE A-6. MDERATOR TERMS OF TRAN!*TORMD 1

EQUATION SOLUTIONS (CONTD)

NUFERATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 4 OF 24

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

] 5 5 1
'

4 2

3 3

2 4

1 5
' 6
'

. . . .

4 6 1 2 8

6 1 1 1 6

5 2 90 189

5 1 1 24 84 51 51 291

5 2 12 36 36 101

4 3 930 1,380

4 2 1 450 1,710 585 585 3,240

4 1 2 180 390 750 270 840 840 2,340

4 3 150 270 270 510 -

3 4 3430 4233
| 3 3 1 2,536 9,996 2,524 2,524 13414

3 2 2 1A00 4,320 8,760 1,758 5,514 5,514 15,1194

3 1 3 1200 1,716 2.a % 2D10 3.Asa 3454 6A64

3 4 518 719 719 1,051

2 5 5,910 5,910

2 4 1 SA90 21A70 4,560 4,560 23A95
2 3 2 5440 14,040 28,960 4,380 13,500 13,500 36,130

2 2 3 7,560 11,160 16200 7,650 13,710 13,710 25260
2 1 4 2,340 2,730 3210 4,050 5,565 5,565 8,025

2 5 630 740 740 900j
1 6 3,366 2,972

A-56
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TMLE A-6. MDERATIR TERMS & TRANFORPED

| EQUATION SOLUUCNi(CONTD)

!

| NUbERATOR TERMS FOR X14 SOLUTION (CONTNJED) PAGE 5 OF 24

POWERS COEFFICIENTS

W B C'D K1 K2 K3 K4 K5 K6 K7
'4 1 5 1 3,984 15A04 2,904 2,904 14,724

,

| 1 4 2 5,580 13,770 28,290 3,720 10,980 10,980 28A33
'

l 1 3 3 11,280 16,596 24,036 8,760 15,174 15,174 27,114

1 2 4 7,020 8,190 9A30 7,668 9,949 9,949 13249
1 1 5 1,320 1,376 1A40 1,590 2,044 2,044 3,060

1 6 220 232 232 248
,

'

7
i

; 6 1

5 2

4 3

j 3 4

2 5'

1 6

; 7

| e a e .

I 3 6 2 12 25,

6 1 1 4 12 7 7 39

6 2 2 5 5 13

5 3 264 390

5 2 1 144 504 171 171 927

5 1 2 72 132 228 90 249 249 663

! 5 3 48 78 78 138
'

4 4 1,800 2,121

4 3 1 1,332 5,D52 1,278 1,278 6,798

4 2 2 1,080 2,340 4,500 966 2A23 2A23 7,543

4 1 3 720 952 L272 LD80 1A58 1A58 3,378

4 4 266 353 353 497

3 5 5,224 5224

A-57
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T/WLE A-6. PufRATOR TERVS OF TRANSFORMD
;

EQUATION SOLUTIONS (CONTV)
'

NUW_RATOR TERMS FOR X14 SOLUTION (CONTINUED) , PAGE 6 OF 24

POWERS COEFFICIENTS '

W B C D K1 K2 K3 K4 K5 K6 K7

3 3 4 1 4,956 19A76 4,072 4,072 21,204 j

3 3' 2 5,384 12A % < . 25,956 4,064 12,128 12,128 - 32,088

3 2 3 7,200 10,296 14416 7,032 12,308 12,308 22,368

3 1 4 2224 2,5 % 2,920 3,664 4.948 4,948 7,0 % '

3 5 552 640 640 768
' '

2 6 | 6,732 - 5,944

7,968 31408 5A08 5A08 29A482 5 1 "

2 4 2 11,160 27,540 56580 7A40 21,% 0 21,% 0 %,866

2 3 3 22,560 33,192 48,072 17,520 30,348 30,348 54,228

2 2 4 14,040 16,380 19260 14,076 18A58 18A58 26A98

2 1 5 2440 2,752 2A80 4A40 5,128 5,128 6,123
f 2 6 440 464 _464 4%

_

1 7 3,152 2,528

1 6 1 4,572 18,0 % 3,040 3,040 14,928
4

1 5 2 8,232 20,052 40,948 4,992 14,112 14,112 35,368 j

1 4 3 22,320 32A16 47,016 IA883 24,912 24,912 43,164

1 3 4 20,944 24,376 28400 16,144 21,088 21,088 28A64

1 2 5 7,920 8,256 8A40 '7,752 8A04. 8A04 10,308

1 1 6 992 992 992 1,568 1,640 1A40 1,7 %

'1 7 % % % %'

8 "

7 1 ,

6 2
,

,

5 31 |_i _
'

4 4 I

3 5 '
-. -

2 6

1 7 |1
,

< ;

A-N8 -
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TAEE.E A-6. P4.DERATOR TERMS OF TRAN5FORtfD

EQUATION SOLUTIONS (CONTU)

NUrfRATOR TERMS FOR X14 SOLUTION (COffTINUED) PAGE 7 OF 24

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

3 8
*

. . . .

2 6 3 N 2

6 2 1 18 54 18 18 93

6 1 2 12 18 26 12 27 27 65

6 3 6 8 8 12

5 4 378 444

5 3 1 318 1,110 282 282 1A52

5 2 2 324 594 1A26 252 639 639 1h08
5 1 3 216 252 300 270 414 414 6%
5 4 60 72 72 92

4 5 1S26 1,926

4 4 1 1,944 7,344 1,548 1,548 7311
4 3 2 2A36 5214 9,974 1J16 4h92 4492 12A02

4 2 3 3240 4284 SJ24 2A98 4J52 4,752 8,292

4 1 t 996 1,074 1,170 1A46 1A57 1A57 2529
4 5 198 220 220 252

3 6 4A46 3B28

3 5 1 5,382 21,054 3A88 3A88 19,560

3 4 2 8A28 18,862 37,962 5232 14A32 14A32 37A47

3 3 3 16,152 22A76 32A96 12.192 20522 20,522 36,042

3 2 4 10A08 11A12 13,140 9442 12457 12457 17A85

3 1 5 1A72 1,928 1,992 2,952 3,362 3,362 3,954

3 6 272 284 284 300

2 7 4,728 3J92;

| 2 6 1 6A58 27,054 4,560 4,560 22392
2 5 2 12,348 30A78 61A22 7A88 21,168 21,168 53,052

|
2 4 3 33A80 48 S24 70324 22,320 37,368 37,368 64J46

1

A-59

|
. .-. ._ .. __ ...



_ _ _ _ _ _

!

TMLE A-6. M.bERATOR TERMS OF TRANSFON
EQUATION SOLUTIONS (CONTV)

NUtfRATOR ...'J4 FOR X14 sot.UTION (CONTINUED) PAGE 8 OF 24
-

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

2 2 3 4 31A16 36,564 42,900 24216 31A32 31432 43296

2 2 5 11A80 12,384 12,960 11428 1326. 13206 15A62

2 1 6 1A88 1A88 1A88 2,352 2A60 2A60 2A04

2 7 144 144 144 144

1 8 1A72 1,392

1 7 1 3,240 124 % 2A16 2,016 9400

1 6 2 7,236 17,334 35,118 4,128 11,184 11,184 27,144

1 5 3 24h % 35,724 51,132 14,976 24240 24240 40,728

1 4 4 31,068 35,982 42,030 20392 26232 26232 34,972

1 3 5 17,712 18A40 19272 13,392 14,960 14,960 17,184

1 2 6 4A64 4A64 4A64 4,152 4,308 4,308 4,516
_

1 1 7 384 384 384 528 528 528 528

1 8 16 16 16 16

9

6 1

7 2

6 3

5 4

4 5 |

3 6

2 7

1 8
. . . .

1 6 4 24 28

6 3 1 26 78 20 20 %
_,

6 2 2 36 54 78 24 48 48 106

6 1 3 24 24 24 24 30 30 42

6 4 4 4 4 4
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TABLE A-6. MJWRATOR TERMS OF TRANSFORHD .

EQUATION SOLUTIONS (CONTV)

NUrfRATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 9 OF 24

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7 ;

1 5 5 264 264
-

5 4 1 306 1,062 228 228 1,116

5 3 2 492 882 1,506 312 720 720 1,704

5 2 3 648 756 900 504 726 726 1,152

5 1 4 192 192 192 228 264 264 324

5 5 24 24 24 24

4 6 1,080 956
-

4 5 1 1,398 5250 984 984 4A36

4 4 2 2A48 5,112 9A72 1,512 3A52 3A52 9A14

4 3 3 4A72 6,380 8A60 3A32 5,348 5,348 8,928

4 2 4 2,988 3222 3,510 2h04 3,228 3228 4,236

4 1 5 552 552 552 732 798 798 894

4 6 52 52 52 52

3 7 2,072 1A64

3 6 1 3,078 11,970 2432 2A32 9A88

3 5 2 5,964 13,746 27,394 3,552 9,552 9,552 23,500

3 4 3 16,056 22,5 % 31,716 10A64 16,920 16,920 28A86

3 3 4 14,968 16,996 19A92 11,176 14248 14,248 19,096

3 2 5 5,616 5,784 5,976 5220 5434 5A34 6,714

3 1 6 704 704 704 992 1,028 1428 1,076

3 7 48 48 48 48

2 8 1A72 1,392

2 7 1 3240 12,6 % 2A16 2,016 9,600
|

f 2 6 2 7236 17,334 35,118 4,128 11,184 11,184 27,144

! 2 5 3 24A% 35,724 51,132 14,976 24240 24240 40,728

2 4 4 31,068 35,982 42430 20,592 26232 26232 34,972
;

2 3 5 17,712 18A40 19272 13,392 14,% 0 14,% 0 17,184

2 2 6 4A64 4A64 4A64 4,152 4,308 4,308 4,516
|
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TAELE A-6. MPERATOR TERMS OF TR/WSFORffD,

EQUATION SOLUTIONS (CONT'D)

NLtfRATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 10 OF 24

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

1 2 1 7 384 384 384 528 528 528 528

2 8 16 16 16 16

1 9 640 448

1 8 1 1,296 5,040 768 768 3,552

1 7 2 3,504 8,232 16,520 1,920 4,992 4,992 11,744

1 6 3 14A72 20464 29,304 8,256 12,928 12,928 21,072

1 5 4 22A% 26,328 30,552 13A24 17,184 17,184 22,320

1 4 5 17A% 18,168 18,936 11A24 12,560 12,560 14,160

1 3 6 64 % 64 % 64 % 4A32 4,976 4,976 5,168

1 2 7 1,152 1,152 1,152 %D %0 %0 %0

1 1 8 64 64 64 64 64 64 64

10

9 1

8 2

7 3

6 4

5 5

4 6

3 7

2 8
. . . .

- 6 5 8 8

6 4 1 12 36 8 8 36

6 3 2 28 40 % 16 28 28 %
6 2 3 36 36 36 24 28 28 36

6 1 4 8 8 8 8 8 8 8

5 6 72 64

5 5 1 108 372 72 72 336

i
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TAELE A-6. MkERATOR TERMS OF TRANSFORMED
I

EQUATION SOLUTIONS (CONTV)

NUrTRATOR TERMS FOR X14 SOLUTION (CONTINUED) . PAGE 11 OF 24,

|
*

POWERS COEFFICIENTS

W B C D K1 K2 K3 K4 K5 K6 K7

5 4 2 252 432 720 144 300 300 664-

5 3 3 492 564 660 312 420 420 624

5 2 4 288 288 288 216 240 240 280

5 1 5 48 48 48 48 48 48 48

4 7 248 200

4 6 1 3% 1A76 256 256 1212

4 5 2 924 1A60 3A60 528 1,248 1,248 2,908

4 4 3 2A48 3,144 4,104 1512 2232 2232 3,552

4 3 4 2248 2A04 2,5 % 1,552 1452 1A52 2,332

4 2 5 828 828 828 672 716 716 780

4 1 6 104 104 104 104 104 104 104

3 8 408 304

3 7 1 724 2,7 % 448 448 2,112

3 6 2 1,764 3,960 7A00 992 2,528 2,528 5,996

3 5 3 5,964 8,260 11A60 3,552 5312 5,512 9,012

3 4 4 7A40 8,376 9,528 4A08 5,948 5,948 7,724

3 3 5 4200 4,312 4A40 3,048 3,340 3,340 3,756

3 2 6 1,056 1,056 1,056 8% 920 920 952

3 1 7 % % % % % % %
2 9 320 224

2 8 1 648 2,520 384 384 1,776
_

2 7 2 1,752 4,116 8260 %D 2A% 2A% 5A72 ,

2 6 3 7,236 10,332 14,652 4,128 6A64 6A64 10,536

2 5 4 11A48 13,164 15276 6,912 8,592 8,592 11,160

2 4 5 8,748 9,084 9A68 5,712 6280 6,280 7,080

2 3 6 3,328 3,328 3,328 2A16 2A88 2A88 2,584

2 2 7 576 576 576 480 480 480 480

2 1 8 32 32 32 32 32 32 32

1

!
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TABLE A-6. bA.kfRATOR TERMS OF TRANSFORPED

EQUATION SOLUTIONS (CONTD)

NUMERATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 12 OF 24

POWERS COEFFICIENTS

W B I C D K1 K2 K3 K4 K5 K6 K7

- 1 10 % 64

1 9 1 224 864 128 128 576

1 8 2 720 14 % 3288 384 %D %D 2,192

1 7 3 3,504 4,928 6,912 1,920 2,912 2,912 4408

1 6 4 64 % 7,632 8,784 3A08 4424 4,624 5A%

1 5 5 6A32 6h% 6,912 3A40 4,160 4,160 4A08

1 4 6 3288 3288 3288 2,080 2,128 2,128 2,192

1 3 7 864 864 864 576 576 576 576

1 2 8 % % % 64 64 64 64

11

10 1

9 2

8 3

7 4

6 5

5 6
_ _ _ _

4 7

3 8

. . . .
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TABLE A-6. f4kfRATOR TERMS OF TRANSFORtfD

EQUATION SOLUTIONS (CONTD)

|
'

NUMERATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 13 OF 24
|
'

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

11 1

* . . .

10 1 6

1 2 17

1 1 1 12

. . . .

9 2 15

1 1 12 93

1 1 6 6 66

2 30 130

1 1 4 24 16 16 186

2 2 11 11 62
. . . .

8 3 20

2 1 30 210

2 1 15 15 150

1 2 162 642

1 1 1 24 132 87 87 924

1 2 12 60 60 310

3 200 590
'

2 1 54 324 114 114 1,284

1 2 12 42 124 30 159 159 868

3 18 51 51 180

. . . .

7 4 15

| 3 1 40 250

f 3 1 20 20 180

! 2 2 360 1293
|
t
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TAELE A-6. POERATOR TERMS OF TRANSFORrfD

EQUAllON SOLUTIONS (CONTT))

NUITRATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 14 OF 24

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

7 2 1 1 60 300 195 195 1A75

2 2 30 135 135 633

1 3 %D 2,598

1 2 1 288 1,584 555 555 5A91

1 1 2 72 228 620 162 777 777 3A75

1 3 % 250 250 810

4 780 1,765

3 1 320 1,920 476 476 5,1 %

2 2 144 504 1A88 198 1A11 1,011 5,345

1 3 % 184 360 240 658 658 2250

4 66 129 129 321

. . . .

6 5 6

4 1 30 165

4 1 15 15 120

3 2 420 1J52

3 1 1 80 360 230 230 1,980

3 |2 40 160 160 672

2 3 1A66 4,593

2 2 1 630 3,150 1,098 1,098 10,149

2 1 2 180 510 1266 360 1,545 1,545 6,%3

2 3 210 4% 498 1A64

1 4 3276 6A22

1 3 1 1A94 8214 2A43 2,043 20229

1 2 2 7% 2,394 6,510 948 4,359 4,359 20,977

1 1 3 504 892 1A20 1,134 2A48 2A48 8,910

1 4 308 560 560 1284
_

5 1,970 3A53

1

A-66

__. _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _



__

TMR.E A-6. MkERATOR TERMS OF TRANSFORPED

EQUATION SOLUTIONS (CONTD)

NUrTRATOR TERMS FOR X14 SOLUTION (CCNTINUED) PAGE 15 OF 24

POWERS COEFFICIENTS>

W B C D K8 K9 K10 K11 K12 K13 K14

6 4 1 1,092 6,552 1289 1289 13A44

3 2 748 2A14 7,714 754 3,709 3JO9 18,991

2 3 1,008 1,932 3,780 1,386 3A76 3A76 12,174

1 4 308 434 642 770 1A63 1A63 3,531

5 126 192 192 360
. . . .

5 6 1

5 1 12 574

5 1 6 6 42,

4 2 270 768

4 1 1 60 240 150 150 1,140

4 2 30 105 105 388

3 3 1A64 4,129

3 2 1 720 3240 IJ22 1J22 9234
3 1 2 240 600 1,344 420 1,590 1,590 6,384

3 3 240 512 512 1,344

2 4 5A54 10,368
,

2 3 1 2A02 13,998 3A95 3A95 31,053

( 2 2 '2 1A20 4,590 11,394 1,836 7,506 7,506 32A93
l 2 1 3 1,030 1,752 2,928 2,160 4,920 4,920 13,908_t

' 2 4 576 966 966 2,014

| 1 5 7,092 12,141

1 4 1 4,374 24,030 4,779 4,779 45,711

1 3 2 3,372 10A50 28,934 3,138 13A27 13A27 64,199
'

1 2 3 4,536 8428 14,580 5,688 13J70 13,770 41,574

1 1 4 1,392 1A48 2,568 3,120 5,502 5,502 12,198'

1 5 504 724 724 1260

6 3A66 5,336

A-67
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TABLE A-6. MJbERATOR TERMS OF TRANSFORtTD

EQUATION SOLUTIONS (CONT'D)

NUMERATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 16 OF 24

POWERS COEFFICIENTS
'

W B C D K8 K9 K10 K11 K12 K13 K14'

5 5 1 2,364 14,184 2,364 2,364 24282

4 2 2,1% 7A50 22,554 1A24 8A46 8A46 42A85

3 3 4A88 8,588 16,788 4,524 11A06 11A06 37,218

2 4 2,772 3,906 5,778 3A10 7,035 7,035 16A59

1 5 504 592 720 1260 1A76 1A76 3A20

6 132 168 168 248
. . . .

4 6 1 2 8

6 1 1 1 6

5 2 90 222

5 1 1 24 84 51 51 336

5 2 12 36 36 114

4 3 996 1,959

4 2 1 450 1A00 618 618 4A58
4 1 2 180 390 776 270 885 885 3,104

4 3 150 283 283 648

3 4 4,530 7,784

3 3 1 2468 11,988 3,007 3,007 23A52

3 2 2 1A00 4,500 10,080 1A24 6,522 6,522 25,002

3 1 3 1200 1,768 2488 2,100 4282 4282 10,752
,_

3 4 544 832 832 1,548

2 5 9A28 15A17

2 4 1 6A40 34,110 6A73 6A73 58,713

2 3 2 6,036 17,028 42,198 5,154 20,052 20,052 83,337
|

2 2 3 8,100 13,140 21,960 9,180 20,067 20,067 54A92

2 1 4 2A% 3,108 4,028 4,944 8,022 8,022 16,112

2 5 780 1,048 1,048 1,668
|

1 6 10,098 14A26

A-68
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TAELE A-6. M.PERATOR TERMS OF TRANSFORtfD

EQUATION SOLUTIONS (CONTD)

| NUMERATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 17 OF 24

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14 |

4 1 5 1 7,902 43,362 7,362 7,362 68A67
1 4 2 8280 26,010 70,53G 6A20 27,105 27,105 121A29
1 3 3 16A60 29,768 53,988 15490 36402 36402 106A02
1 2 4 10A40 13A60 19260 14,304 24402 24402 47,772

1 1 5 1,920 2,168 2,520 3,000 4272 4272 10A80
1 6 440 536 536 744

7 3,940 5,500

6 1 3,366 20,1 % 2,972 2,972 29452
5 2 3,984 13A12 40462 2,904 13272 13272 63A01
4 3 10,980 20,940 40A60 9,120 22433 22,633 70278
3 4 10276 14A58 21,362 10,354 18,577 18,577 42,113

2 5 3,780 4A40 SADO 5,190 7,548 7,548 13,368

1 6 440 464 4% 1,100 1,376 1,376 1,984

7 72 80 80 %
. . . .

3 6 2 12 25

6 1 1 4 12 7 7 39

6 2 2 5 5 13

5 3 264 453

5 2 1 144 504 171 171 1A59
I5 1 2 1 72 132 228 90 249 249 741

5 3 48 78 78 150 i

4 4 1,926 2,955

4 3 1 1,332 5,316 1,341 1,341 9,177
;

4 2 2 1A80 2,340 4A56 966 2,955 2,955 9414 I

i 4 1 3 720 952 1296 1,080 1,936 L9% 4212 j
4 4 266 365 365 589

l 3 5 6,508 9271
|

|

A-69
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|
TAELE Adi. M.FERATOR TERMS OF TRANSFORtfD

I EQUATION SOLUTIONS (CONTD)

!

NUITRATOR TERMS FOR X14 SOLUTION (CONTINUED) P/EE 18 OF 24

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

3 3 4 1 5208 23,328 4,777 4,777 35,913

3 3 2 5,384 13,364 29A44 4,190 14,123 14,123 51433

1 3 2 3 7200 10408 16,128 7,296 14,198 14,198 34A38

3 1 4 2224 2,584 3,096 3A20 5438 5438 10,062

3 5 576 716 716 1,020

2 6 11,178 15,096

2 5 1 9A94 49206 8,544 8,544 70212

2 4 2 11,916 33,318 82278 8,592 31,788 31,788 126A01

2 3 3 24,144 39,024 65,064 20416 43218 43218 1124 38

2 2 4 14,976 18448 24,168 16A30 26A03 26A03 51,019

2 1 5 2,784 3,016 3,336 5,376 7,042 7,042 10A42

2 6 536 620 620 7%

1 7 9A% 12264

1 6 1 9,018 49A10 7A64 7A64 66,768

1 5 2 12,084 37,650 101,798 8,304 33,;J0 33A00 1452 86

1 4 3 33,120 58,188 105228 25480 57,722 57,722 162,138

1 3 4 31,024 41,104 57,024 28,780 47A98 47A % 98A58 |

1 2 5 11,520 13,008 15,120 14256 19A98 19A98 31A90

1 1 6 1,376 1A24 1A38 2,984 3,572 3572 4A36

1 7 192 208 200 240

8 3,120 3,920

7 1 3,152 18,912 2,528 2,528 24,528

! 6 2 4,572. 15,750 46278 3,040 13A08 13A08 62,512

! 5 3 15,936 30236 58A36 11A16 27A % 27A% 83A92

4 4 20,076 28,158 41,502 16A72 29,068 29,068 63A36

3 5 11,184 13,120 15,936 11256 15,988 15,988 27A92>

2 6 2,640 2,784 2,976 3,616 4A44 4A44 6252

1 7 192 192 192 480 528 528 624
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TABLE A-6. M.bERATOR TERMS OF TRANSFORtfD

EQUATION SOLUTIONS (CONTD)

NUPERATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 19 OF 24;

| POWERS COEFFICIENTS'

W B C D K8 K9 K10 K11 K12 K13 K14

3 8 16 16 16 16
. . . .

2 6 3 26 38

6 2 1 18 54 18 18 93

6 1 2 12 18 26 12 27 27 65

6 3 6 8 8 12
~

5 4 378 510

5 3 1 318 1,110 282 282 1A41
5 2 2 324 594 1,026 252 639 639 1,779

5 1 3 216 252 300 270 414 414 750

5 4 60 72 72 %
4 5 2A58 2A34
4 4 1 1,944 7,722 1,614 1,614 10A79
4 3 2 2A36 5214 10,316 1,716 4E81 4A81 15,314

4 2 3 3240 4284 SA32 2A98 4,923 4,923 10,140

4 1 4 996 1A74 1,178 1A46 1,911 1,911 2,945

4 5 198 224 224 276

3 6 5,526 6A10
3 5 1 5A46 25,170 4A94 4A94 32,307

3 4 2 8A28 19A38 43,578 5,364 17,013 17,013 59263 1
3 3 3 16,152 23A60 35A20 12,570 23,312 23,312 53,262

3 2 4 10,008 11,628 13,932 9,984 14202 14202 24250
3 1 5 1A72 1,944 2,040 3,060 3,708 3,708 5,100

3 6 280 304 304 352
2 7 7A36 9,384

2 6 1 8A78 42A12 6,552 6,552 51A40
2 5 2 13,140 36,252 89,046 8A% 29A80 29A80 114,399j
2 4 3 35,748 57,348 95,148 25,776 51,795 51,795 129A74i

,

'
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TABLE A-6. NUtfRATOR TERMS OF TRANSFORffD

EQUATION SOLUTIONS (CONTD) j
=
7'

NUMERATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 20 OF 24 ;
--

POWERS COEFFICIENTS -

W B C D K8 K9 K10 K11 K12 K13 K14 $
2 2 3 4 33A68 41,550 53,702 28,374 43,017 43,017 79A77 ,

2 2 5 12,528 13,572 15,012 13,770 17,574 17,574 26,130 a
2 1 6 1,536 1,560 1,592 2,7 % 3,180 3,180 3,980 Z
2 7 168 176 176 192 -

=
1 8 5,616 6,576 e

1 7 1 6,348 34,716 4A00 4A00 41,592 ]
1 6 2 10A76 32292 86,976 6424 25,764 25,704 107,340 $

-

1 5 3 36252 63216 113A20 24,912 53,964 53,964 146 2 02

1 4 4 45448 60228 83268 35,304 56,718 56,718 113240 }
1 3 5 25,632 28,900 33440 23,580 31A62 31A62 49E30

1 2 6 6,192 6A08 64 % 7400 8A20 8A20 11,636 ]
1 1 7 480 480 480 984 1A56 1,056 1200 y
1 8 32 32 32 32 m

9 1400 1A40 h
8 1 1A72 11232 1,392 1,392 13,152 {
7 2 3240 11,076 32A68 2,016 8492 8,592 38A88 2

6 3 13,716 25A48 50,112 9,120 21208 21208 61A00 f
5 4 21,792 30A20 44468 15A88 26,928 26,928 57292
4 5 16,308 19A80 23,112 13,536 18,780 18,780 31,344 k
3 6 5A24 6,136 6,552 SA48 7,060 7,060 9484 | -:-|

2 7 864 864 864 1,176 1280 1280 1A88

1 8 32 32 32 80 80 80 80 g

1 6 4 24 28,

6 3 1 26 78 20 20 % g
6 2 2 36 54 78 24 48 48 106

6 1 3 24 24 24 24 30 30 42 5

6 4 4 4 4 4 1

i

T

.

'5
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TABLE A4. M.MERATOR TERMS OF TRANSFORrfD

EQUATION SOLUTIONS (COPED)

| NUITRATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 21 OF 24
1

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14
1 5 5 264 300

5 4 1 306 1,062 228 228 1248
5 3 2 492 882 1,506 312 720 720 1,866

5 2 3 648 756 900 504 726 726 1230,

5 1 4 192 192 192 228 264 264 336

5 5 24 24 24 24 |
4 6 1,152 1,284

4 5 1 1,398 5,514 1,020 1A20 6288
4 4 2 2A48 5,112 9,996 1,512 3,984 3,984 11J82
4 3 3 4A72 6,380 8416 3A32 5510 5,510 10,704

4 2 4 2,988 3222 3534 2h04 3,306 3,306 4A40
4 1 5 552 552 552 732 810 810 966
4 6 52 52 52 52

3 7 2368 2A20
3 6 1 3,222 14274 2,316 2,316 15,936

3 5 2 5,964 14274 31,370 3,624 10A00 10,800 35A22
3 4 3 16A56 23244 34,884 10J28 18,938 18,938 41,166

3 3 4 14,968 17,308 20436 11500 15,748 15J48 25h64
3 2 5 5416 5,832 6,120 5376 6,340 6,340 8,388

~

3 1 6 704 704 704 1,016 1,088 1,088 1232
~

| 3 7 48 48 48 48

2 8 3,096 3,360

2 7 1 3,984 19,656 2A32 2A32 21,600

2 6 2 7,666 20J90 50J06 4h08 15A06 15A08 56A40
2 5 3 26280 41,688 68452 16,992 32J24 32J24 78A26
2 4 4 33,012 40,734 52,350 23464 34,662 34h62 61J92
2 3 5 18448 20,156 22236 15316 19286 19286 27454

| 2 2 6 4h08 4480 4J76 4A12 5,376 5,376 6,544

|
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T/WLE A-6. P4JPfRATOR TERMS OF TRANSFORbED

EQUATION SOLUTIONS (CONT'D)

NUMERATOR ERMS FOR X14 SOLUbON (CONTINUED) PAGE 22 OF 24

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

1 2 1 7 384 384 384 600 624 624 672

2 8 16 16 16 16

1 9 1,920 2,064

1 8 1 2,520 13,752 1,776 1,776 14,928

1 7 2 4,992 15,192 40,728 2,976 11,088 11,088 44,760

1 6 3 20,952 36,180 64,764 13248 27472 27472 72,336
,

1 5 4 33,240 43,584 59,944 22A00 35,520 35,520 68A52

1 4 5 25,056 28,164 32,580 19248 25,060 25,060 38A24

1 3 6 9,152 9A64 9A80 8264 9,548 9,548 12268 ;
_

'

1 2 7 1A40 1A40 1A40 14 % 1,760 1,760 1,968

i 1 8 64 64 64 112 112 112 112

10 480 512

9 1 640 3A40 448 448 4,128

8 2 12 % 4,392 12A40 768 3,168 3,168 13,936
,

7 3 6A80 12,112 23,376 4,032 9,088 9,088 25A80

6 4 12A56 17280 25248 8288 13A64 13A64 28,176
,
'

5 5 11,712 13448 16A64 8,544 11,584 11,584 18,768

( 4 6 5,592 5A80 6264 4A40 5,504 5,5C4 7,360

3 7 1,248 1248 1,248 1248 1,344 1,344 1,536

2 8 % % % 128 128 128 128

. . . .

6 5 8 8|
-

6 4 1 12 36 8 8 36

6 3 2 28 40 % 16 28 28 %

6 2 3 36 36 36 24 28 28 36

6 1 4 8 8 8 8 8 8 8

5 6 72 72

5 5 1 108 372 72 72 372
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TABLE A-6. M.kfRATOR TERMS OF TRANSFORffD

EQUATION SOLUTIONS (CONT'D)

NUrfRATOR TERMS FOR X14 SOLUTION (CONTINUED) PAGE 23 OF 24
!

| POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14
- 5 4 2 252 432 720 144 300 300 720

5 3 3 492 564 660 312 420 420 660

| 5 2 4 288 288 288 216 240 240 288

5 1 5 48 48 48 48 48 48 48

4 7 264 264

4 6 1 3% 1,548 264 264 1,548

4 5 2 924 1A60 3,572 528 1284 1284 3,572

4 4 3 2A48 3,144 4,176 1,512 2288 2288 4,176

4 3 4 2248 2A04 2412 1,552 1A88 1A88 2412
4 2 5 828 828 828 672 724 724 828

4 1 6 104 104 104 104 104 104 104

3 8 504 504

3 7 1 7% 3,324 504 504 3,324

3 6 2 1,764 4,104 8,904 1,008 2A20 2A20 8,904

3 5 3 5,964 8A84 12,564 3A24 6,084 6,084 12,564

3 4 4 7A40 8,520 10,056 4,920 6A80 SA80 10,056

3 3 5 4200 4,344 4,536 3,120 3,576 3,576 4,5%

3 2 6 1,055 1,056 1,056 912 %D %0 1,056

3 1 7 % % % % % 96 %
2 9 528 528 *

2 8 1 792 3A88 528 528 3A88

2 7 2 L848 4,908 11A68 1,056 3,360 3,360 11A68
'

2 6 3 7A68 11,988 19,548 4A08 8,508 8,508 19,548

2 5 4 12,120 14A20 18A84 7A00 11A40 11,040 18A84

2 4 5 9,180 9A76 10A M 6A80 7A44 7A44 10A36

| 2 3 6 3A24 3A72 3,536 2,728 2,992 2,992 3,536

2 8 32 32 32 32 32

|

|
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TMLE A-6. M.PERATOR TERMS OF NORPED
EQUATION SOLLMONS CONT 4

MJERATOR TERMS FOR X14 SOLUTION (CONTINUED) PNE 24 OF 24

POWERS COEFFICIENTS

W B C D K8 K9 K10 K11 K12 K13 K14

288
1 10 288-

1 9 1 432 2,352 288 288 2,352

1 8 2 1,008 3A2a 8A64 576 2A64 2A64 8A64

1 7 3 4,992 8,520 15,144 2,976 6A00 6,000 15,144

1 6 4 9576 12A% 17,016 6,D48 9,144 9,144 17A16

1 5 5 9A72 10,152 11488 6,192 7A72 7A72 11488

1 4 6 4A40 4,584 4,776 3,360 3A16 3A16 4,776

1 3 7 1,D56 1,056 1E 912 960 960 1,D56

1 2 8 % % % % % % %

11 64 64

10 1 % 576 64 64 576

9 2 224 752 2,192 128 512 512 2,192

8 3 1,296 2A00 4408 768 1480 1,680 4A06

7 4 2,928 4B2 5A56 1A24 2,928 2,928 5A56

6 5 3,312 3A40 4A08 2,208 2,928 2,928 4,608

5 6 1,968 2,064 2,192 1A40 1480 1480 2,192

4 7 576 576 576 480 512 512 576

3 8 64 64 64 64 64 64 64

. . * *
|

'

l
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, T/WLE A-7. DENOMNATOR TERMS OF TRANSFORffD |

| ECMADON SOWHONS
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|
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TAELE A-8. PRP4eRY MODEL EQUATION DEFNTION

PRIMARY N0 DEL PROBABILITY EQUATIONS

P K1 Q K3 K4 5 K6 K7 K8 K9 00 01 02 03 K14 05 A B C 0

P1 1 1 1 2 2

P2 -2 1 1 2 2

2 1 1 1 2 1

p3 1 1 1 2 2
h

-2 -1 1 1 2 1

1 1 1 1 1 2 0
.

P4 -2 1 1 2 2
' ~

2 1 1 1 1 2

M 2 1 1 2 2

-2 -1 1 1 2 1

-2 -1 | 1 1 1 2
_

2 1 1 1 1 1 1 1

>

P6 2 1 1 2 2 II. . -

-2 -1 1 1 2 1 - |,
'

|

-2 -1 1 1 1 2 ,

2 1 1 1 1 1 1 1
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TABLE A-a. PRNMtY MnnFI EQUADON OEFNDON (CONTD)

PRINARY N0 DEL PR08 ABILITY EQUATIONS (CONTINUED)

| P K1 K2 U M 5 M U M E9 GO U1 U2 03 04 US A B C D j

P1 -2 1 1 2 2

4 2 1 1 2 1

2 1 1 1 1 2

-4 -2 -2 -1 -1 1 1 1 1

l
-2 -2 -2 1 1 2 0

;

;,

2 2 2 J 1 1 1 1 1 1 0 |
|

|

PS -1 1 1 2 2

1 1 1 0 2 2

|

l P9 2 1 1 2 2

-2 -1 1 1 2 1

-2 -2 1 0 2 2

2 1 2 1 1 0 2 1

P10 -1 1 1 2 2

2 1 1 1 2 1 ,

'

-1 -1 -1 1 1 2 0

1 1 1 0 2 2|

-2 -1 -2 -1 1 0 2 1

1 1 1 1 1 1 1 0 2 0

P11 2 1 1 2 2

-2 -1 1 1 1 2

-2 -2 1 0 2 2

2 1 2 1 1 0 1 2

i

|

|
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TME.E A-8. PRNARY MnnFI EQUATION DEFMTION (CCNTV)

PRIMARY MODEL PROBABILITY EQUATIONS (CONTINUED)

P K1 K2 K3 M 2 M K7 M K9 K10 K11 K12 K13 K14 K15 A B C D

! P12 -2 1 1 2 2

2 1 1 1 2 1

2 1 1 1 1 2

-2 -1 -1 -1 1 1 1 1

2 2 1 0 2 2

-2 -1 -2 -1 1 0 2 1

-2 -1 -2 -1 1 0 1 2

2 1 1 1 2 1 1 1 1 0 1 1

P13 -2 1 1 2 2

2 1 1 1 2 1

2 1 1 1 1 2

-2 -1 -1 -1 1 1 1 1

' 2 2 1 0 2 2
'

-2 -1 -2 -1 1 0 2 1

-2 -1 -2 -1 1 0 1 2
_

2 1 1 1 2 1 1 1 1 0 1 1

|

|

|

.
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TAELE A-6. PRNARY MODEL EQUATION DEFNTKN (CONTU)

|
'

PRIMARY N0 DEL PROBABILITY EQUATIONS (CONTINUED)
P Q K2 K3 K4 O K4 K7 K8 K9 K10 Q1 02 K13 04 05 A B C D

| P14 2 1 1 2 2

( -4 -2 1 1 2 1
;

2 2 2 1 1 2 0
t

! -2 -1 1 1 1 2 |
! l

4 2 2 1 1 1 1 1 1 |

-2 -2 -2 -1 -1 -1 -1 1 1 1 0

-2 -2 1 0 2 2
|

4 2 4 2 1 0 2 1

-2 -2 -2 -2 -2 -2 1 0 2 0

2 1 2 1 1 0 1 2

-4 -2 -2 -1 -1 -4 -2 -2 -1 -1 1 0 1 1 |,

|

2 2 2 1 1 1 1 '2 2 2 1 1 1 1 1 0 1 0

1

|

|
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