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UNAVAILABILITY MODELING AND ANALYSIS 
OFREDUNDANTSAFETYSYSTEMS 

by 

Jussi K. Vaurio and Dominic Sciaudone 

ABSTRACT 

Analytical expressions have been developed to estimate 
the average unavailability of an m-out-of-n (m/n, 1 s m s n s 4) 
standby safety system of a nuclear power plant. The expressions 
take into account contributions made by testing, repair, equip­
ment failure, human error, and different testing schemes. A 
computer code, ICARUS, has been written to incorporate these 
analytical equations. The code is capable of calculating the 
average unavailability, optimum test interval, and relative con­
tributions of testing, repair, and random failures for any of three 
testing schemes. 

After verification of the methodology and coding in 
ICARUS, a typical auxiliary feedwater system of a nuclear power 
plant was analyzed. The results show that the failure modes 
associated with testing and true-demands contribute considerably 
to the unavailability and that Diesel generators are the most 
critical components contributing to the overall unavailability of 
the system. 

I. INTRODUCTION 

A. Foreword 

, 
The development of nuclear power as a viable energy source has put 

added emphasis on making reactor systems as safe as possible. Reactor 
designers bear the responsibility of designing systems in which accidents are 
rare and of developing special systems to mitigate. the conf?equences of an 
accident .i.f one ~:;hould occur. As a result, redundant standby safety systems 
are built into nuclear power plants. These systems do not operate under 
normal conditions, but should be ready to respond if some emergency situa­
tion develops. The emergency c.ore cooling system (ECCS) and the auxiliary 
feedwater. system (AFWS) are two examples of this type of standby safety 
system. These systems are periodically tested to ensure prompt availability 
upon demand. 

9 
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Due to the nature of mechanical components and the human inter­
actions with them, there is a finite probability that the standby system may 
fail to function once it has been called upon. The factors contributing to this 
unavailability may range from the random failure of a component in the system, 
to simply taking the component out of service to test its operability. A method 
capable of estimating the unavailability of a system as a function of various 
types of failure modes would greatly aid in determining which factors con­
tribute most to the unavailability and may lead to modifications to the system 
or maintenance schedules that would reduce the probability of failing to 
start upon demand. 

B. Terminology 

Before discussing som~ of the previous work done on this subject, 
we will present some basic backgrouhd and terminology. 

l. n1/n Systen"ls 

A system is designated as being m-out-of-n (m/n) when it is made 
up of n redun¢lancies, m of which must be available for the system to be 
available. Clearly, m must be less than or equal ton. For example, an 
emergency power system may consist of three separate devices, any one of 
which can supply the demand. This system is designated as being a 
1/3 system. 

Each redundancy and system may be composed of single components 
in parallel (Fig. l) or a series of components in parallel (Fig. 2). For sim­
plicity, further references will be to single- rather than multicomponent 
redundancies where each redundancy will be referred to as a component. 

· Fig. 1. Single-component Redundancies Fig. 2. Multicomponen~ Redundancies 



Each component in the system is tested periodically, and the 
following definitions are used: test interval, test period, repair period, and 
operational standby period. 

2. Time Periods 

The test period 1s the time when the component is checked to see 
if it is operational. If necessary, the component then goes into a repair period. 
Here, all repairs are done and the component is retested to make sure the 
repair was successful. Finally, the tested and repaired component· goes on 
operational standby until the next test period. A test interval is the time 
between the start of successive test periods. These periods are shown 
schematically in Fig. 3. 

Test Repair 
Period Period 

1--~~ Time 

Component 
Test Interval 

Operational 
Standby Period 

Fig. 3. Testing, R~pair, and Operational Standby 
Periods of Component Test Interval 

A test interval can be 
identified for an individual 
component within a system or 
for the system itself. In either 
case, the test interval will be 
determined by the testing 
scheme, which may be uniformly 
staggered, simultaneous, or 
random. In the uniformly stag­

gered testing scheme, the testing of the components is performed at equally 
spaced times throughout the test interval as indicated in Fig. 4. In the si­
multaneous testing scheme, all n components are tested at the beginning of 
the test interval, as shown in Fig. 5. No two components are voluntarily taken 
out of service exactly simultaneously, but one after another. Finally, in the 
random testing scheme, each component is tested at randomly shifted times 
during the test interval. 

Fig, 4 

Uniformly Staggered Testing Scheme 
(Three-component system, 720-h test 
interval) 

System 
test Interval 

0 

0 240 480 
Time. h 

240 

720 

System 
Test Interval 

2 

Time, h 
480 

3 

720 

Fig. 5 

Simultaneous Testing Scheme 
(Three-component system, 720-h 
test interval) 
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3. Unavailability Rates 

If a component has only random mechanical failures, then its 
availability or reliability is simply a function of its random failure rate, A.. 
If R{s} is the availability at some time s, then the availability at any time 
s + ds can be written as 

. R(s + ds} = R(s}(l- A. ds}, 

where A. ds is the probability of the component failing during time ds. 

( 1) 

The availability at any time s is found by rearranging Eq. 1 and 
by th~ c ale ulu!:> to yield 

where it is assumed that R(O} is unity. 

If A. is constant during the time interval of interest, 

R(s} = exp(-A.s). (2} 

Another way to use this result is to note that, if the availability 
falls off exponentially, then the failure rate is a constant and can be interpreted 
as being equal to the reciprocal of the mean time to component failure. 1 

The unavailability of the component is defined as the complement. 
of the availability and is given the symbol u(s}. Thus, for a constant failure 
rate, 

u{ s) = 1 - exp(- A. s). {3} 

The unavailability o£ a component at the end of a test interval due to random 
failures o:r:ly during the test interval T, is given by 

u(T) = 1 - exp(- A. T). ( 4} 

How~v~r, at the end of an arbitrary test interval, we would expect the un­
availability to be at some different value than this, since the component may 
have been taken out of service during testing or underwent some repair during 
the test interval. An asymptotic state is defined when the value of u(T} no 
longer changes so that the unavailability at any time is then equal to the 
unavailability at that same time in any subsequent test interval. This ideal­
ization is· a sensible approxima,tion, especially after two or. three test intervals, 
when the initial system faults have been worked out. 



The average unavailability u is defined as 

u:(T) = 

. T J" u(s)ds 
0 ( 5) 

In the asy'mptotic state, u is a function of only the test interval, 
T, not of the absolute time from the beginning of the plant operation. There 
exists an optimum value for the test interval such that the lowest average 
asymptotic unavailability for the sys tern will be achieved. This value, T 0 , is 
defined by 

du 
dT 

= 0. (6) 

If a system undergoes only random failures, then the average un­
availability can be determined by Eqs. 3 and 5 to be 

u(T) = 1 - 1/f..T + (1/f..T)exp(-/..T). 

Using Eq. 6, we find the optimum test interval T 0 to be 

T 0 = 0. 

This result means that, as long as the component is continually 
tested, the system is always available.. Although this is not realistic since, 
for example, downtime during testing has been neglected, Eqs. 5 and 6 can be 
applied to more rigorously derived unavailability equations and more meaning­
ful values of the average unavailability and optimum test intervals can be 
determined. ·These topics are covered in Chapter II of this report. 

C. Literab..1r"=' .R.f;\viP.w 

Several researchers have add res sed the subject of unavailability 
analysis and optimum testing intervals. Dressler and Spindler2 have analyt­
ically calculated the time-dependent and average unavailabilities for all 
periodically tested safety systems with m/n ( 1 :s: m :s: n :s: 4) redundancy for 
both staggered and simultaneous testing schemes. The methodology assumes 
constant failure rate, repair time, and test intervals, along with a test-period 
duration of zero. Testing is assumed not to take the component "off-line," 
thus allowing no errors during testing. 

The results for a 1/1 system give rise to a sawtooth- shaped curve 
shown in Fig. 6. Since the failure of the component is due only to random 
causes, the optimum test interval is zero. Although many realistic failure 
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modes are missing in this model, it contains perhaps the most comprehensive· 
analytical equations currently available for the unavailability of m/n standby 
systems. 

1.0 

UuHVallHhl1.J.:y 

s 
) T 0 r.o 

Time 

Fig. 6. · 1/1 System Unavailability Curve from Dressler and S pindler2 

Signoret3 attempts to analyze the contributions made to component 
failure not only from random failures 1 but from other SO\lr~~s as well. As 
in the previous reference, the failure rate and test interval are assumed to 
be constant and the test duration is zero. The repair period, however, is 
presented in the form of a constant repair rate or mean time to repair. Also 
included is the probabllity of failing to start rlnP. to :1. t.est~r.a\l.sed failure a.nrl. 
the probability of failing to start due to a true demand. These results give 
rise to the curve in Fig. 7. 

The discontinuity of the curve al::; = 0, T, ZT, etc., is due to the 
probability that a test fails the component. The curve then drops off exponen­
tially as· a result of the constant repair rate before increasing again due to 
the constant failure rate. Analytical expressions are not derived for the other 
m/n (m, n > 1) systems. Instead, 1/1 curves such as is found in Fig. 7 for 
various components are multiplied or <~.dded together to get numerical results 
for multicomponent systems. 

A further step toward a more realistic assessment of safety-system 
unavailability has been taken by Apostol;:~.kis and Bansal. 4 An attempt is made 
to recognize the contributions of human errors and common-cause errors to 
system unavailability where a finite probability is given for leaving a tested 
component in a failed state. The probability of failure due fo a real demand 
is also taken into account. 



1.0 

Unavailability 

0 s ) T,O s ) 
Time 

Fig. 7. 1/1 System Unavailability Curve from Signoret3 

Other assumptions made by Apostolakis and Bansal are the use of 
constant failure rates, constant test interval, and constant test duration. 
Furthermore, it is assumed that the component is down throughout the test 
period and that this period includes all the repair time needed to bring the 
component on line. The unavailability as a function of time for this method 
is found in Fig. 8. Note that the component is completely unavailable [u(s) = 

·1.0] throughout the test (0 < s s: Tt). Another feature of this curve is the 
linearization of the random-failure contribution to the operational standby-phase 
unavailability. This assumption is discussed further in Appendix A. 

1.0 -+----. 

Unavailability 

s 
) T,O 0 s T 

Time 

Fig. 8. 1/1 System Unavailability Curve from Apostolakis and Bans:H4 
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Vesely and Goldberg 5 • 6 have. developed the FRANTIC computer code, 
which calculates time- dependent and average -qnavailabilities due to the effects 
of test downtime, repair time, test-caused failures, and test staggering. The. 
failure rate, test interval, test time, and repair time are constant, and all 
detectable failures are assumed to be detected and repaired. A typical un­
availability curve for the FRANTIC code methodology is shown in Fig. 9. 
Note that the unavailability is constant during testing {0 < s s: Tt) and repair 
(Tt < s s: Tt + Tr) and that the linearization for the random-failure contribution 
is used. The FRANTIC code is discussed further in Chapter IV. 

1.0 

Unavailability 

·O 

T 
r 

s T,O s 
) 

T1mf: 

Fig, 9, J,/J. ~yst~m Unilvailability Curve trom Vesely and l.olclhP.re5 

T 

A comprehensive unavailability model has been developed by Vaurio7 

for a single standby component and for a series system consisting of several 
components. Reference 7 can be viewed as a theoretical framework and basis 
!or many assumptions made in this work. 

D. Scope._and Ob.iectives 

The scope of the present work js to identify as many types of failure 
modes as possible and to include them j_:n the development of analytical ex­
pressions for ~stimating the unavailability of redundant safety systems. (The 
word "type" is used in this context to distinguish between human, random, 
and mechanical failures.} To achieve this, the basic equations from FRANTIC 6 

are modified and new variables incorporated to represent new types of failures. 
Average unavailabilities are then calculated for all m/n systems (1 s; m s: n s; 4} 
for uniformly staggered, nearly simultaneous, and random-testing schemes. 
In addition to this, the optimum test interval and fractional•unavailabilities due 
to testing, repair, and random failure are evaluated. 



A computer code', ICARUS, has been written to incorporate the new 
equations. Since the exact integrals and de·rivatives indicated in Eqs. 5 and 6 
have been analyt;i.cally programmed, no time-consuming numerical methods 
are used in arriving at the average unavailabilities and optimum test intervals. 
Consequently, the running time is short, and coupling with the probabilistic 
response-surface code PROSA8 to do sensitivity analysis of the input data is 
facilitated. Several sets of simple systems have been analyzed with ICARUS 
to test the efficacy of the new equations and programming. 

A final objective of this work is to apply the ICARUS code to an actual 
standby safety system. Using data collected from various sources, we analyzed 
an auxiliary feedwater system of a pressurized water reactor (PWR). 

E. Presentation of Material 

Chapter II describes the basic equations for treating a single-component 
(1 / 1) system. Each parameter is defined, and the unavailability equations for 
testing, repair, and operational standby periods are developed. 

The system average unavailability equations are derived in Chapter III 
for m/n systems where 1 ~ m ~ n ~ 4. Included are the system unavailability 
equations for the random, uniformly staggered, and nearly simultaneous testing 
schemes that have been programmed into the ICARUS computer code. 

Chapter IV compares the ICARUS and the FRANTIC computer codes. 
A short description of FRANTIC is followed by a comparison of results be­
tween the two codes for single- and multicomponent redundancy systems. 
Details of the ICARUS computer code inCluding flow charts, listing, and a 
users' manual are given in the appendices. 

An auxiliary feedwater system is described and analyzed using the 
ICARUS code in Chapter V. An analysis is performed to determine the sen­
sitivity of s elec:teci output variables to the input data. 

Finally, iii Chapter VI, the conclusions drawn from this research are 
presented along with recommendations for future work. 

17 
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II. UNAVAILABILITY EQUATIONS FOR SINGLE-COMPONENT SYSTEM 

In this chapter, the terms used in the development of the unavailability 
equations are defined and discussed. Also, the unavailability equations for the 
test, ·repair, and operational- standby periods are developed leading to the 
average unavai.lability and optimum test interval of a 1/1 system. 

A. Definition of Terms 

Although some of the methods and ideas developed by the authors of 
previous works were the same, different symbols were used in many cases to 
represent the same concept. The most commonly used symbols will be used 
in this work. 

' l, Tlrn.e Periods 

~he test interval, T, is defined as the time between the starts of 
two consecutive tests for any one component .. The variable s is the time 
since the beginning of the interval. The interval, therefore, starts at s = 0 
and ends at s = T. The test interval is typically one month (720 h) long. 

'l'he beginning of a test interval is marked by a component test. 
The length of this period, Tt, depends on the component undergoing testing. 
Immediately after the test, a repair period is begun and lasts for a period T r· 
Again the length of .,. r is dictated by the component. The sum of the test and 
repair times is given the symbol e. At time s = e, the component is ready 
to go into operational standby for the remainder of the test interval. 

2. Failure Probabilities 

During the test period, a component may be taken "off-line" for a 
certain amount of time to perform the test. The variable, q 0 , is defined as 
the fraction of the test period that the component is unavailable· to answer a 
real demand. 

There is a finite probability that when the safety system is tested, 
the very act of operating the component may cause it to fail. This can occur 
in two ways in the testing period. With a probability of Ye (per test); a failure 
is caused that is detected and the component is repaired and ready to go into 
operational standby at s = e. With a probability of Pu (per test), a failure is 
caused that is not repaired after the test. This nonrepair could be due to 
human negligence or some type of hidden failure not detected by testing. 

The component breaks down on the initiation of a real or true 
demand with a probability of Yr (per true demand). The dis~inction between 
Ye and Yr is the initiating event. Human errors may play a larger role in Ye 

. and Pu than in y r· 



This work assumes that true demands are rare events compared 
to the testing frequency. With this assumption, the unavailability (= the 
probability that t{le component does not perform its function if needed at 
time s) c ar1 be w~i tten as 7 

u(s) = Yr + (1 =- Yr)u(s hr = 0), 

where u(s l'v r = 0) contains contributions from all failures other than those 
caused by true demands. 

A component may go into a test in a failed state due to the failure­
rate contr_ilmt.i.on A., or any of t_he test-related failures. This probability is 
designated u. It may, however, not be detected as being failed, or, if detected, 
not properly repaired. This may be due to human testing error, repa1r error, 
or some kind of detection error. This is defined as occurring with a proba­
bility of Pf (per test). 

The terms and their meanings relative to this work are summa­
rized in Table I. 

T 

s 

'l'r 

e 

Pu 

" u 

TABLE I. Variable Symbols and Defi:nitions 

Test interval 

Time since beginning of test interval 

Test-period duration 

Repair-period duration 

Sum of 'l't and 'I' r 

Fraction of 'l't that component is down 

Probability of faih~re due to a test demand that 
is repaired 

Probability of failure due to a test demand that 
is not repaired 

Probability of failure due to a true demand 

Probability that a failed component is ,not detected 
by a test or not repaired 

Failure rate of component 

Probability that a component enters the test failed 

Pf - Pu 

1 - a, where a is any of the previously defined 
pro babili ties 
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B. Derivation of Unavailability Equations 

l. Unavailability durin·g Te-sting 

A component may be unavailable in: its test period because it 
carne into the test failed, it failed during the test, or it may be down a fraction 
of the test time to perform the test. These events are mutually exclusive, and 
by using the definitions in Table I, the unavailability during testing, UT, can be 
written as 

0 < s ~ Tt, uT(s) = qo + CloYe +qoYeYr +CioYeYrPu +<ioYeYrPu~ 

+ CiuYeYr'PufiA s, 

A. s = linearized probability of random component failure. (See 
Appendix A for further dis ~us sions.) 

If y e• y r' and Pu are small (<<1 ), *. Eq. 7 can be written as 

2. Unavailability during Repair 

(7) 

(8) 

A component in its repair per.iod may be unavailable due to a. 
failure occurr.i.ng before or during the repair perJ.od. Again these are mutu­
ally exclusive, and the unavailability can be written, as 

Again note that, ifye, Yr' and Pu are small (<<1), Eq. 9becomes. 

T t < s ~ 8, u R ( s) = Y e + yr. + Pu + u + ( 1 - u )!.. s. ( 1 0 )· 

3. Unavailability durln.g OJJerational Standby 

In this period, a component may be failed because of a previous 
C!VC!nt; nr l"o"'-"Y f.~il UU.'ol Lu a :real dcmo.:nd or ranuOHl failure. The unavailability 
during this time can be written as 

( 11) 

The term up£+ upu evolves from the fact that the probability of a 
failure not being detected prior to testing can only be valid if the component 
is failed before the te.st (u), and i£ it was not failed (G), the 'Pu probability is 
valid. 

*y e• r r' and Pu are usually on the order of 10-3. 



Neglecting second- and higher-order terms gives 

(i2) 

Using Eq. 12, we can develop an expression for u. It was previ­
ously said that u was the probability of entering the test period in a failed 
.state. This w~uld correspond to u(T), given that there were no true demand 
failures (yr = 0). This line of thought is used since true demands are few 
(i.e., rare events), and if a failure during a true demand should occur, steps 
would be taken .to repair the component immediately. Thus, 

u = u(T 1Yr = 0), or u = Pu +AT + u(pf - Pu), 

and ( 13) 

A 
Pu +AT 

u = 
1 - 5 ' 

where 

5 = p f - Pu· 

Equation 13 can be inserted into Eq. 8, giving 

. ( p ) AT J + A s 1 + l ·~ 
5 

+ ~ ( l - A. s) . (14) 

Since A 'rt is usually orders of magnitude less than Pu' Eq. 14 can be written 
as 

Using the same method and approximations, we can rewrite Eq. 10 
as 

() 2-6 AT 
'r t < s s 9, uR s = y e + Yr + Pu ~ + A s + ~ . (16) 

Finally, ·Eq. 12 can be written as 

9 < s s T, u(s) = ·yr + /~ 
5 

+A( s + l 
5
: 

5
). (1 7) 
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4. Simplification of Equations 

To derive the unavailability formulas for the various systems, the 
basic .unavailability equations must be simplified. Equation 15 can be written 
as 

(18) 

where 

and 

a = ( 1 -. q0 )X • 

The t..s term was dropped since the ATt contribution to uT(s) is 
small compared to the rest of the terms. This can also be interpreted as if 
random failures are immediately repaired during the testing and repair 
periods. Also, since 8 << 1, the (1- q 0 )t../(l- 8)termwas simplified to 
(1 - q 0 )t.. in the expression for a. 

where 

and 

where 

and 

Using the same logic, we can write Eq. 16 as 

' 
T t < s ~ e' UR (s) =. B : bT' 

2 - 8 
B = Y e + Y r + Pu 1--=-5 

b-A. 

For the .operational standby phase, the unavailability is 

8<s:::;;T,l.l(s)::;: C+c::T+D':\s, 

C
. Pu 

= Yr +~, 

1..8 
c = 

1 - 8 ' 

D' = 1.0. 

(19) 

(20) 



Equation 20 can be further 'simplified by setting ·c - 0 and redefinit1g the D 1 

terms to account for the loss. At s = T /2, 

u(T /2) = C + cT + D 11. T /2 = C + Dt. T /2, 

which leads to 

So, 

D = 1 + 8 
1 - 8 ,• 

9 < s ~ T, u(s) = C + Dt. s. (21)' 

This preserves the average unavailability in the interval and makes the term 
easier to work with. 

C. Average Unavailability 

A 1/1 system has one component that must always be available f'br the 
system to be available. For this system, the average unavailability is given 
by 

- 1 rT 1 r9 1 rT 
U = T Jn t uT(s)ds + T J. uR (s)ds + T Jc u(s)ds. 

0 Tt 9 
(22) 

Integrating and rear ranging terms yield 

where 

A 1 = A - C and B 1 = B - C. 

Since 9 << T, T 2 
- 9 2 =- T 2 and Eq. 23 can be written 

(24) 

D. OptimUin Test Interval 

The optimUin test interval is the solution of dU / dT = 0 for T 0 or· 

-(l/T~)(T0 1 + Tz.B 1
) + D'A /2 = 0, 

so that 

(25) 
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These result~ follow directly from the concepts developed in Chapter I, 
Eqs. 5 and 6. 

E. Summary 

The terms used in this work were discussed in Sec. II.A. They were 
then used to develop the basic unavailability equations for a component in each 
of its three test-interval periods. From these equations, the average unavail­
ability equation for a 1/1 system was calculated. This also allowed the calcu­
lation of the optimum test interval. 

The 1/1 system equations form the cornerstone on which more compli­
cated system equations can be built. The unavailability equations derived for 
a component in its three phases of operation are summarized in Table IT. 

TABLE II. Unavailability Equations during Testing; 
Repair, and Operational-standby Periods 

Period 

Testing 

Repair 

Standby 

wher~ 

A = 
a = 
B = 
b = 
c == 

and 

D = 

Time 

0 < s s; '~"t 

'~"t < s s; 8 

8<ss;T 

Unavailability Equation 

·A+ aT 

B + bT 

C + Dt..s 

qo + (1 - qo){'Ye + 'Yr + ('lu[(?. - I;, )/(1 - IS)]}, 

(1 - q 0 )A , 

Ye + Yr + Pu[(Z - 5)/(1 - 5)), 

A., 

Y r + PlJ / (1· - 6) • 

(1 + 5)/(1' - o). 



III. SYSTEM UNAVAILABILITY EQUATIONS 

A. Introduction 

This chapter will introduce and develop the average unavailability 
equations for all m/n single-component redundancy systems with 1 s m s 
n s 4,-for the random, uniformly stag'gered, and nearly simultaneous test­
ing schemes. 

B. Random. Testing Scheme 

In the random testing scheme, the components are tested at randomly 
shifted times throughout the interval. The average unavailability for any 
m/n system can be given by the expression 

n 

Um;n = I ( ~) uk(1 - u)n-k, 
k=n-m+1 

(26) 

where U is the U of Eq. 24 and (~) is the bi~omial coefficient n! /[ (n - k)! k! ]. 

All systems tested in this random scheme have the same optimum 
test interval. This interval, T 0 , is defined by Eq. 25 and is thought of as being 
the optimum average test interval. 

The equations for the average unavailability of any m/n ( 1 S m s n S 4) 
system tested using the random testing scheme are listed in Table III. 

m/n 

l/2 

2/2 

1/3 

2/3 

3(3 

where 

TABLE III. Average Unavailability Equations for 
m/n Systems with Random Testing Scheme 

Um;n m/n Um;n 

1]2 1/1 {)4 

20- uz 2/4 4U3 
- 3 if 

(j3 3/4 6uz - su3 + 3U4 

3tF - 2u3 4/4 4 U - 6 {)Z + 4 U3 
- U4 

3U - 3uz + l:P 

(Eq. 24) 

C. Uniformly Staggered Testing Scheme 

I~ the uniformly staggered testing scheme, the components are tested 
at times s = 0, T /n, 2T /n, .. ; , (n - 1 )T /n. The average unavailability equa­
tions for a 1/1 system are equivalent, no matter which testing scheme is used. 
Thus, the equations for systems with two or more redundancies will be 
presented. 
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1. Two-component Systems 

· If two components are in the system, it can be either a 1/2 system 
(only one need be available) or a 2/2 system (both available). 

a. One-out-of-two (l/2) Syste~. For a 1/2 system, the unavail­
ability is the probability that one component is unavailable times the prob­
ability that the second component is also unavailable. This product is simply 
U(s)U(s + T /2) for each of the three periods or 

and 

0 < s s; ,.t, U(s) = (A+aT)(C+Dt..T/2), 

'rt < s s; 8, U(s) = (B + bT)(C + Dt..T/2), 

8 < s s; T/2, U(s) = (C + Df..s)(C + Df..(s + T/2)]. 

(2 7) 

(28) 

(29) 

Since the durations of both the test ('rt) and the repair ('rr) are 
short compared to T, the unavailability of the component that is on operational 
standby is held constant while the first component is undergoing test and repair. 

The average unavailability for this system is 

2 rT/2 
Ul/7. = T ,

0 
U(s)U(s + T/2)ds. (30) 

Note that the integration is performed over only hal£ the interval since, when 
the first component reaches time s = T/2, the second component begins 
testing. 

Integrating Eq. 30 and gathering terms yields 

= (ZC/T)(,.tA' + ,.l·B') +' 2C(-rta. + T rb + c/z) + Df..(TtA; + T rB') 

+ Dt.T(,.ta + ,.rb) + (2/T)(2CD>. + Dz.f..z.T/Z)(T~/4- E:l~) 

+ (~Dt../3T)(T3 /8- 83
). 

,, 

( 31) 

If T. = 720 h, ,.t = 2 h, and ,. r = 15 h, Tables IV- VI show 
the errors incurred by making various approximations. For n > 1 and 
k = 2, 3, 4, approximating (T jk)n - en by (T /k)n gives rise to an error of less 
than 1 o/o in each case. These approximations will be used in the applicable 
system unavailability equations. 



TABLE IV. Errors in (T /2)n - en "" (T I 2)n Approximation 

n 

1 

2 

3 

4 

5 

a 

n 

1 

2 

3 

4 

5 

a 

n 

1 

2 

3 

4 

5 

a 

(T /2)n 

360 

l.30xl05 

4.67 X 107 

1.68 X 1010 

6.05 X 10 1Z 

en 
----- X 100o/o. 
(T /2)n - en 

en 

17 

2.89xl0z 

4. 91 X 10.3 

8. 35 X 104 

1.42 X 106 

Percent 
Errora 

4.96 

0.22 

0. 01 . 

4.97 X 10-4 

2.35x10-s 

TABLE V. Errors in (T /3)n - en """ (T /3)n Approximation 

Percent 
(T /3)n en Errora 

240 17 7.62 

5.76 X 104 2.89x10z 0:504 

1.38 X 107 4.91 X 103 3.56 x 10-z 

3.32 X 109 8. 35 X 104 2.52 X 10-3 

7.96 X 10 11 1.42 X 106 l. 78 X 10-4 

TABLE VI.· Errors in (T/4)ri - en "" (T/4)n Approximation 

Percent 
(T /4)n en Erro1~,a 

100 17 10.43 

3.24 X 104 2.89 x 10z 0.90 

5,83 X 106 4.91 X 103 0.084 

1.05 X 109 8.35xl04 7.96 X 10-3 

1.89 X 1011 1.42 X 106 7. 51 X 10-4 

en 
X 100o/o. 

(T/4)n- en 

27 
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Equation 31 can be simplified to 

(32) 

b. Two-out-of-two {2/2) System. In the 2/2 system, it is easier 
to think in terms of the availability of the system, { 1 - Uz!z). In this case, the 
system is available only if both components are available: 

or 

So for this system, 

and 

0 < s ~ Tt, U(s) = 1 - [1 -(A t·aT))[1 - (C + Dt..T/2)), 

Tt < s ~ 8, U(s) = 1- [1- (B + bT)j[1- (C + Dt..T/2)), 

(33) 

(34) 

(35) 

8 < s ~ T/2, U(s) = 1 - [1 - (C + Df..s)){1 - [C + Df..(s + T/2))}. (36) 

The average unavailability is then given by 

- DA.(-rtA' + TrB')- {C- 1)z- Df..T(Tta + Trb + C- 1) 

- (5/24)DZt..ZTz. ( ~ 7) 

2. Three -component Systems 

II Lhere are three components in the system, it can be a 1/3, 2/3, 
or 3/3 sysh:m. The average unavailability il::i given by 

3 JT/3 
U = T 

0 
U(s)ds. (38) 

a. One -out-of-three ( 1/3) System. For a 1/3 system, the un-
availability is the product of the unavailability of the three c;omponents: 

0 < s ~ Tt. U(s) = (A+ aT)(C + Df..T/3)(C + 2Df..T/3), (39) 



Tt < s s 9, U(s) = (B+ bT)(C +Df-T/3)(C + 2D}.;T/3), (40) 

and 

9 < s::;; T/3, U(s) = (C + Df-s)(G+ Df-(s + T/3))(C + Df-(s + 2T/3)). (41) 

Again, since the durations of the test and repair periods are 
much shorter than T /3, the unavailabilities of the components on operational 
standby can be treated as being constant. 

The average unavailability for a 1/3 syst~m is 

ul/3 = (3C 2 /T)(TtA' + 'frB') + 3C 2(Tta + 'frb) + 3CDf-(TtA' + TrB') 

t C 3 + Df-T(3C(Tta t ,- rb) t (2/3)Df-(TtA' t TrB') t (3/2)C 2
) 

+ (2/3)D2 f- 2T 2(Tta + Trb +C)+ (l/12)D3 f- 3 T 3
• (42) 

b. Two-out~of-three (2/3) System. A 2/3 system is unavailable 
when any two components are unavailable: 

(43) 

The unavailabilities in each of the periods in the test 
interval c;tre 

0 < s s Tt, U(s) = (AtaT)(C+Df-T/3)+(A+aT)(Ct2Df-T/3) 

+ (C + Df-T/3)(C + 2Df-T/3)- 2(A + aT)(C + Df-T/3)(C + 2Df-T/3), (44) 

Tt <s ::;;S,U(s) = (B+bT)(C+Df-T/3)+(B+bT)(Ct.2Df-T/3) 

+ (C + Df-T(3)(C + 2Df-T/3) - 2(B + bT)(C + Df-T/3)(C + 2Df-T/3). (45) 

and 

9 < s S T/3, U(s) :.: (C + Df-s)[C + Df-(s + T/3)f+ (C + Df-s) 

· [C + Df-(s + 2T/1)) + [C + Df-(s + T/3)](C + Df-(s + 2T/3)) 

- 2(C + Df-s)[C + pf-(s t T/3))(C + Df-(s + 2T/3)). (46) 

Integrating and rearranging terms give the average unavail-
ability of the system . · 
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( 4 7) 

c. Three-out-of-three (3/3) System.· For a 3/3 system, it again 
becomes more practical to think in terms of availability: 

or 

(48) 

The unavailability is given by 

0 < s s; Tt. U(s) == 1- (1- (A+ aT))(l- (C t Df..T/3))[1- (C + 2Dt..T/3)], (49) 

Tt < s s; e, U(s) = 1- [1- (B + bT)][l- (C + Df..T/3)][1- (C + 2Dt..T/3)], (50) 

and 

e < s s; T / 3 , T r ( R ) = 1 - [ 1 ·- ( c -1 n;.. .!5 ) J ( 1 - [ c + D ;.:( s + T 1 5 ) )} 

· {1-(C + Df..(s + 2T/3))}. (51) 

And the ~veragP- nn.avaibhility of the oy::~ten1. is 

u3/3 = (3/T)(C- 1) 2(TtA' + TrB') + 3(C- 1) 2(Tta + Trb) 

I· 1 + (C - l)a + 5(C - UDMrtA' + r,.B') 

+ 3Df..T[(2/9)Df..(TtA' + '~"rB') + (C- i)(rta + Trb) + (l/2)(C l) 2
] 

+ (2/3)D2 f.. 2 T 2(Tta + Trb + C- 1) + (l/12)D3 A. 3 T 3
• (52) 

3. Four-component Systems 

When four components are in a system, the system can be either 
1/4, 2/4, 3/4 .. or 4/4. The average uriavailability is given by 

- .. 4 JT/4 
U = T 

0 
U(s)ds. (53) 



a. One-out-of-four (1/4) System. For a 1/4 ~ystem, the un-
availabilities during testing, repair and standby are given by 

0 < s S Tt, U(s) = (A+ aT)(C + Dt..T/4)(C + Dt..T/2)(C + 3Dt..T/4), (54) 

Tt < s s 9, U(s) = (B + bT)(C + Dt..T/4)(C + DA.T/2)(C + 3Dt..T/4), (55) 

and 

9 < s s T/4, U(s) = (C + DA.s)(C + Dt..(s + T/4))(C + Df..(s + T/2)) 

· (C + D~(s + 3T/4)). 

The average unavailability for this system is 

+ CDt..T[6C(Tta + Trb) + (11/4)Df..(TtA' + TrB') + 2C 2
] 

t (l/8)D2 A. 2 TZ(22C(Tta t Trb) t 3DA.(TtA' t TrR') t llC2
) 

+ (3/8)D3 A. 3 T 3 (Tta + Trb +C)+ (251/7680)D4 A. 4 T 4
. 

(56) 

(57) 

b. Two-out-of-four (2/4) System. In a 2/4 system, any three of 
the components being down causes the system to be unavailable:_ 

(58) 

Thus, the unavailability equations for the three periods in the test interval 
are 

0 < s s Tt, U(s) = (A+ aT)(C + Dt..T/4)(C + DA.T/2) +(A+ aT)(C + Dt..T/4) 

(C + 3DA.T/4) +(A+ aT)(C + Dt..T/2)(C + 3Dt..T/4) + (C + DA.T/4) 

(C'+ bt..T/2)(C + 3DA.T/4)- 3(A + aT)(C + DA.T/4)(C + DA.T/2) 

( C + 3 DA. T /4); (59) 

Tt < s S 9, U(s) = (B +. bT)(C + DA.T/4)(C + DA.T/2) + (B + bT)(C + Dt..T/4) 

(C + Dt..T/2) + (B + bT)(C + Dt..T/4)(C + 3Dt..T/4) + (C + Dt..T/4) 

(C + Dt..T/2)(C + 3DA.T/4) - 3(B + bT)(C t Dt..T/4)(C + Dt..T:/2) 

(C + 3Df..T/4), (60) 
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and 

8 < s S T/4, U(s) = (C + DAs)[C + DA(s + T/4))[C + DA(s + T/2)) 

+ (C + DAs)[C + DA(s + T/4))[C + DA(s + 3T/4)) + (C + DAs) 

· [c + DA(s + T/2))[c + DA(s + 3T/4)] + [c + DA(s + T/4)] 

{C + DA(s + T/2))[C + DA(s + 3T/4))- 3(C + DAs)[C + DA(s + T/4)) 

[C + DA(s + T/2))[C + DA(s + 3T/4)). ( 61) 

Intog:ruting and ,.t":<'~.t' r·~ ~~~i.ng terms gtve the average unavail­
ability of a ?./4 sy~tem as 

+ D AT { ( ll /4 )( l - 3 C) D A ( ,. tA 1 + T r B 1 
) + 6 C [ ( 2 - 3 C)( 1" ta + 1" :r b) 

+ C(l -C))}+ (l/~)DZAZTZ[22(1 - 3C}('~"ta + '~"rb) 

- 9 D A ( ,. tA 1 + 1" r B 1 
) + l l C ( 2 - 3 C ) ] 

- (3/8)D3 A3 T 3
['(Tta + '~"rb +C)- l) ·- (251/2560)D4 A4T 4

• (62) 

c. T_h_rec-out-of-four (3/4) System. In a .7,/4 ~ystem, if any 
two components are down, the systP.m is down. In terms of the availability, 
this becomes 

l - U3 ; 4 = (1 - U1)(1 - U2)(1 - U3 )U 4 + (1 - U1)(1 - U2)(1 - U4 )U3 

· + (1- U 1)(1- u'i)(l- U4 )Uz + (1- u~)(l- TT3)(l- U4)u. 

+ (1 - U1)(1 - Uz)(l U3 )(1 - U4) 

01" 

(63) 

. 1.-



0 < s ~ Tt, U(s) = (A+ aT)(C + DATI4) +(A+ aT)(C. + DATI2) +(A+ aT) 

· (C + 3DATI4) + (C + DATI4)(C + DATI2) + (C + DATI4)(C + 3DATI4) 

t (C + DATI2)(C + 3DATI4)- 2(A + aT).(C + DATI4)(C + DATI2) 

- 2 (A + aT)( C + DATI 4) (C + 3D AT I 4) - 2 (A + aT)( C + DATI 2 )( C + 3D AT I 4) 

- 2(C + DATI4)(C + DATI2)(C + 3DATI4) + 3(A + aT)(C + DATI4) 

· (C + DATI2)(C + 3DATI4), 

Tt <: s ~ 8, U(s) = (B + bT)(C + DATI4) + (B + bT)(C + DATI2) + (B + bT) 

· (C + 3DATI4) + (C + DATI4)(C + DATI2) + (C + DATI4)(C + 3DATI4) 

+ (C + DATI2)(C + 3DATI4)- 2(B + bT)(C + DATI4)(C + DA~I2) 

(64) 

- 2(B + bT)(C + DATI4)(C + 3DATI4)- Z(B + bT)(C + DATI2)(C + 3DATI4) 

- 2(C + DATI4)(C + DATI2)(C + 3DATI4) + 3(B + bT)(C + Dt-TI4) 

· (C + Dt-TI2)(C + 3DATI4), (65) 

and 

8 < s ~ Tl4, U(s) = (C + DAs)(C + DA(s + Tl4)] + (C + DAs)[C + DA(s + Tl2)] 

+ (C + DAs)[C + DA(s + 3TI4)] + [C + DA(s + TI4)][C + D\(s + Tl2)] 

+ [C + DA(s + TI4)](C + DA(s + 3TI4)] + [C + DA(s + Tl2)] 

· [C + DA(s + 3TI4)]- 2(C + DAs)[C + D\(s + TI4)][C + DA(s + Tl2)] 

- 2(C + D\s)[C + DA(s + TI4)][C + DA(s + 3TI4)]- 2[C + D\(s + Tl2)] 

· [C + D\(s + 3TI4)](C + DAs) ..,, 2[C + DA(s + TI4)][C + DA(s + Tl2)] 

· [C + D\(s + 3TI4)] + 3(C + DAs)[C + DA(s + TI4)][C + D\(s + Tl2)]. 

· (C + DA(s + 3TI4)]. (66) 

The average unavailability for this system, then becomes· 
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U3 14 = (12C/T)(C - 1) 2(-rtA 1 + -rrB 1
) + 3C4 

- 8C3 + 6C 2 + 12C(1 - 2C) 

~ (-rta + -rrb) + 6Df...(1- 4C)(-rtA 1 + ·,.rB 1
) + 18C2Df...(-rtA 1 +·-rrB 1

) 

+ 12C3 (-rta + -rt-b) + Df...T[6(-rta + -rrb)(3C- ·1)(c- 1) 

+ ( 1 1 /4) D ~ ( 3 C - 2) ( 'f tA 1 + 'f r B 1 ) + 6 C( C - 1) 2 ] 

+ D2 f... 2 T 2((9/8)Df...(-rtA 1 + -rrB 1
) + (ll/4)(3C- 2)(-rta + 'frb) 

+ (ll/8)(3C- 1)(C- 1)] + D3 f... 3 T 3[(9/8)(-rta + -rrb) 

. + (3/8)(3C - 2)] + (251/2560)D4 f.. 4 T 4
• (67) 

d. Four-out-of-four (4/4) System. ·Finally, for a 4/4 system, 
all the components must be available for the system to be up. In terms of 
availability, 

or 

u4 ; 4 = 1 - (1 - U 1)(1 - u 2)(1 - u3)(1 - u4), 

0 < s ~ -rt, U(s) = 1 - [1 -(A+ aT)][1 - (C + Df...T/4)][1 - (C + Df...T/2)] 

· [1 - (C + 3DA.T/4)], 

-rt < s :5; 8, U(s) = 1 - (1 - (B + bT)][1 - (C + Df...T/4))[1 - (C + Df...T/2)] 

· [1 - (C + 3DA.T/4)], 

and 

8 < s s '1'/4, u(s) = 1 - [1 - (c + DA.s).]{1 - [c + lJA(s + '1'/4)]} 

· {1 - [C + DA.(s + T/2)]}{1 - [C + Df...(s + 3T/4)]}. 

The average unavailability fo;r this 1/1 Dystem then becomes 

(68) 

(69) 

(70) 

( 71) 

U414 = (4/T)(C- 1)3 (-rtA 1 + -rrB 1
) + 1 - (C- 1)4

- 4(C- 1) 2[(C- 1)(1"ta + ,.rb) 

+ (~/2)Df...(-rtA 1 ,+ 'frR 1
)]- ?.(C:- l)DA.T((c.·- 1) 2 + 1(C.- 1)(-rta + -rrb) 

+ (11/8)DA.(-rtA 1 + i"rB 1
)]- (1/8)D2 f... 2 T 2[11(C- 1) 2 + 22(C- 1) 

(72) 



D. Nearly Simultaneous Testing Scheme 

When a system is tested using the nearly simultaneous ·testing scheme, 
the components are tested at times s = 0, 'ft. 2Tt, ... , (n - l)'ft· Following 
each test, the repair begins, allowing one test and one repair crew to service 
all the components. If the testing was done exactly simultaneously, n crews 
would b~ needed. 

l. Two-component Systems 

The average unavailability equations for the 1/2 and 2/2 systems 
are presented in the following sections. Because of the method in which the 
tests are staggered, the equations will generally be more involved than for 
the uniformly staggered scheme. 

a. One-out-of-two (1/2) System. For a 1/2 system, the unavail­
ability for the system is calculated from 

and 

0 < s ~ ,.t,. U(s) = (A+aT){C+Df.T), 

,.t < s ~ 2Tt. U(s) = (B + bT){A +aT), 

2Tt < s ~ 8, U(s) = (B + bT) 2
, 

8 < s ~ 8 + 'ft> U(s) = (C + Dt.8){B + bT), 

8 + Tt < s 5<. T, U{s) = (C + Df.s) 2
• 

(73) 

(74) 

(75) 

(76) 

(77) 

In Eq. 73, unavailability of the second component is assumed 
to be constant. This is valid, since ,.t << T. This a-ssumption is also made 
in Eqs. 76 and 77 .. One criterion that is essential to make this set of equa­
tieon~ valid b lhal 0 ~ 2Tt 01 T:r ;:::: Tt· Iu gem:!l'ci.l, .fur llH:! tu/u ::;y::;letllo 

( 1 ~ m ~ n S 4) using nearly simultaneous testing, ,. r must be greater 
than (n - 1)Tt· This is acceptable based on current testing and repair practice 
at nuclear power plants. 

The average unavailability for this system is 

U1; 2 = ( 1 /T)[ Tt(AB + AC + BC - 3C 2 + BDI.8) + ~{B2 
- C 2

)] 

+ Tt[A(b + Df.) + a(B + C) + b(C + Dt.8)] + 2Bb~ + C 2 

+ T[Tta(b + Df.) + b2iJ. + CDI.] t (1/3)D2 1. 2 T 2
, 

where j..l. = e - 2'ft· 

(78) 
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In terms other than C 2 we integrated Eq. 77 from 0 to T 
rather than from 8 + T t· The errors from this. approximation are smaller 
than the errors found in Table VII. · For n > 1, the errors are less than 0.1 o/o·. 
The errprs are acceptable .. 

n 

2 

3 

4 

5 

a 

TABLE VII. Errors in Tn - (9 + -rt)n =- Tn Approximation 

Percent 
Tn (9 + Tt)n Errora 

720 19 2. 71 

5.184 X 105 3.61 x lOZ 6.97 x 10-z 

3.73 X 108 6.86 X 103 1.84 X 10-3 

2.69 X 10 11 1.30x105 4.85 x 10- 5 

1. 93 X 10 14 2.48 X 106 1.28 X 10-6 

(9 + ,.t)n 
n n x 100%. 

T - (9 + ,. t) 

b. Two-out-of-two System. The unavailability equations for a 
2/2 syster:n are 

and 

0 < s s:; Tt•· U(s) = l.: [l- (A+ aT)][l- (C + Df..T)j, 

Tt < s s:; 2Tt, U(s) = l - [l - (B + bT)][l - (A+ aT)], 

2Tt < s :; 0, U(s) = l ~ [l • (D l bT)]~, 

8. < s S 8+ Tt, U(s)::; l- [1- (C + Dt.8)][l- (.B + bT)], 

8 + T t < s s:; T, U( s) = l - [ l - ( C + D:X. s) )2
• 

(79) 

(80) 

( 81) 

(82) 

(83) 

The average unavailability for the system is 

Ul/2 = (lj'l')[tt(2A + 2B - 4C -. AB .: AC BC + 3C 2 
- BD/..8) 

+~(B.- C)(Z- B- C)] +C(Z- C) +Tt'[a(2- B- C) +b(2- A- C) 

D:X.(A + b8)] + 2~b(l B)+ T[D:X.(l -C)- Tta(b + D:X.)- ~J.b 2 ] 

(lj3)D2 ;x. 2 T 2
• (84} 

2. Three-component Systems 

The development of the average unavailability equations for 
three-component systems is again similar to the development for uniformly 
staggered testing, except for the more complicated test- staggering procedure 
at the start of the test interval. 



a. One -out-of-three ( 1 /3) System. For a 1/3 system, the un­
availability of the system at any time in the test interval is given by 

and 

0 < s ~ Tt> U(s) = {A+aT){C+Df..T)z, 

Tt < s ~ 2Tt. U(s) = (B+bT){A+aT){C+Df..T), 

2Tt < s ~ 3Tt, U(s) = (B + bT)Z(A +aT), 

3Tt < s ~ 8, U(s) = (B +bT)3 , 

8 < s ~ 8 + Tt• U(s) = .(C + D:\8){B + bT)z, 

8 + Tt < s ~ 8 + 2Tt, U{s) = (C + nt..e)z(B + bT), 

8 + 2Tt < s ~ T, U(s) = (C + Df..s) 3
. 

(85) 

(86) 

(8 7) 

(88) 

(89) 

(90) 

( 91) 

Again the assti.mption is made that if any component is in test 
or repair, the system unavailability is constant. The average unavailability 
for this system is: 

U 1; 3 = (1/T){-rt[ABz +ABC+ ACz + BzC +BCz - 5C3 + BD:\8(B + 2C + D:\8)) 

+ 'V(B3 - C 3 )} + -rt(AD:\(B + 2C) + Ab(C + 2B) + a(Bz + BC + Cz) 

+ b(C + Df..8){2B + C + D~8)) +·3\JBzb + C3 + T{-rt[aD:\(B + 2C) 

+ AD:\(b + Df..) + ab{2B + C) + bz(A + C + D:\8)) + 3'VBbz + (3/2)CZD;>..} 

where -.) = 8 - 3Tt· 

Again the integration of the last unavailability equation, 
Eq. 91, was performed over the interval 0 to T for terms other than C 3

• 

The errors are smaller than those shown in Table VIlE 

TABLE VIII. Errors in Tn • (6 + 2Tt)n ~ Tn Approximation 

n Tn 

no 
z 5:184 x lOS 

3 3. 73 X 108 

4 2.69 x.l0 11 

5 l. 93 X 10 14 

a 
(9 + ZTt)n 

X 100%. 
Tn- (9 + 2Tt)n 

(9 + Z'~'tt 

21 

4.41 X 10Z 

9.261 X 103 

1. 94 x lOs 

4.08 X 106 

Percent 
Errora 

3 

1.51 x 10-z 

2.48 X !0"3 

7.24 x 10-s 

2.llxl0"6 

(92) 
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b. Two-out-of-three {2/3) System. For a 2/3 system, the un-
availability equations are 

and 

· 0 < s s; '~"t• U{s) = 2(A + aT){C + Df-T) + (C + Df-T) 2 

- 2(A + aT){C + Df-T) 2
, 

'~"t < s s; 2'~"t> U(s) = (A+ aT){B + bT) +(A+ aT){C + Df-T) 

· + (B + bT)(C + Df-T)- 2(A + aT){B + bT)(C + Df-T), 

2'~"t < s s; 3'~"t• U{s) = 2(A + aT)(B + bT) + (B + bT) 2 

- 2(A + aT){B + bT) 2
, 

3Tt..: s ~ 8, tJ(s) = 5(B + bT)!- 2(B + bT)3 , 

9 < s S: 9 + '~"t. U{s) = (B + bT) 2 + 2(B + bT){C + Df-9) 

(93) 

(94) 

(95) 

(96) 

- (B + bT) 2(C + Df-9), (97) 

9 + '~"t < s s; 9 + 2'~"t. U{s) = (C + Df-9) 2 + 2(B + bT){C + Df-9) 

.- 2 ( B + b T )( C + D A 8) 2 , ( 9 8) 

8 + 2Tt < s s; T, U(s) = 3(C + Df-s) 2
- 2(C + Df-s) 3 • (99) 

The average unavailability for this system is 

U2 ; 3 = (l/T){-rt((1 - 2A)(C 2 + BC) + 3AC + AB(3 - 2B) + 2B 2 + 2B(C + Df-9) 

· (2- B)+ (C t Df-6) 2 (1 -~B)- 5C 2(3 2C)) I '.JD2 (J = ZB)- vC 2(3 -~G)} 

+ '~"t{(l - 2C)(2ADA + Ab + a:S) t 2C[DA + r~(l -.C))+ DA(A + B "2AD) 

+ C(a +b)+ 2b(1 - 2b){A + C + Df-8) + 2aB(1 -.B)+ 4Bb + 2b(C + Df-9) 

· (1 - C - Df-8)} + 6'1JBb(1 - B) + C 2 (3 - 2C) + T('ft{(1 - 2C)(2aDA + ab) 

+ (1 - 2A){b2 + bDA + D2 f- 2
) + (1 - 2B)(aDA + 2ab) + b2(l - 2(C + Df-8))} 

+ 3'Vb2{1 - 2B) + 3CDf-(l - c)) - T2(2a'~"t(b2 + bDf- + D2 f- 2) + 2'Vb3 

( 1 00) 



c. Three-out-of-three (3/3) System. For a 3/3 system, the 
unavailability at any time is given by: 

and 

0 < s ~ Tt, U(s) = 1- (1- (At aT)](1- (C + Df..T)]Z, 

Tt < s S 2Tt, U(s) = 1 - (1 -(A+ aT))(1 - (B + bT)) 

(iol) 

· [1 - (C + Df..T)), (102) 

2Tt < s S 3Tt,.U(s) = 1 - (1 -(A+ aT))(1 - (B + bT)]Z, (103) 

3Tt < s S 8, U(s) = 1 - (1 - (B + bT)p, (104) 

8 < s ~ 8 + Tt> U(s) = 1 - (1 - (B + bT)) 2(1 - (.C + DI.S)), (105) 

8 + Tt < s ~ 8 + 2Tt, U(s) = 1 - (1 - (B + bT))(1 - (C + DI.S)JZ, (106) 

8 + 2Tt < s S T, U{s) = 1 - [1 - (C + Df..s)]l. ( 1 07) 

These equations give rise to the average unavailability equation 

U3 ; 3 = (1/T){5Tt(1 - c)3 + Tt[(A- 1)(c- 1)(B + c- 2) +(A- 1)(B- 1) 2 

+ (B - 1)(1 - C - Dt.8)(2 - B - C - DI.S)) + (1 - C) 3
\) + (B - 1)3

\)} 

+ Tt{(c - 1)[2(A - 1)Df.. + a(C - 1)] + (A - 1)(B - 1)Dt. + b(A - 1) 

· (2B + C - 3) + a(B - 1)(B + C - 2) + b(1 - C - D/..8)(3 - 2B - C - Df..S)} 

+ 3(B- 1)2 \)b + 1 + (C- 1)3 + T{Tt(a(C- 1)(b + 2Df..) +(A- 1) 

· (b2 + bDf.. I D2 1.~) I a(D - 1)(2b + Df..) • b2 (1 "" C - DXO)) + 3(B - 1)·v1./ 

+ (3/2)Df-(C- 1)2
} + T 2[aTt(b2 + bDA + D2 f.. 2

) + \)b3 + (C- 1)D2 f..2) 

. (108) 

3. Four-component Systems · 

The average unava.ilability eq-qations for the 1/4, 2/4, 3/4, and 
4/4 systems are presented in the following· sections. 

a. One-out-of-four (1/4) System. The unavailability of a 1/4 sys-
tem at any time s is given by 

0 < s S Tti U(s) = (A+aT)(C+Df..T)3 , ( 109) 
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. d.IH} 

,.t < s S 21"t, U(s) = (A+ a T}(B + bT}(C + D~ T} 2
, 

. 21"t < s S 3it, U(s} = (A+ aT}(B + bT) 2(C + D:X.T}, 

31"t < s ~ 41"t, U(s} = (A+ aT}(B + bT} 3
, 

41"t.< s S 9, U(s) = (B+bT)4 ,· 

8 < s s 8 + 'l"t. U(s} = (B + bT) 3 (C + D:X.8), 

8 + 'l"t < s S 8 + 21"t. U(s) = (B + bT) 2(C + D:X.8) 2
, 

8 + 21"t < s ~ 8 + 31"t, U(s) = (B + bT)(C + D:X.9) 3
, 

9 + 31"t < s S T, U(s) = (C + D:X.s) 4
• 

( 110) 

( 111) 

( ll2) 

( 113) -

( 114) 

(1'15) 

( 116) 

.(117)' 

Integrating and taking the average yields 

U1 ; 4 = (1/T)(,.t{A(B3 + C 3
) + ABC(B +C)- 7C4 + B(C + D:X.9)[B2 + B(C + D:X.8) 

+ (C + D:X.8} 2]} + cr(B4 - C4 )) + 'l"t{(AD:X. + aC}(B 2 + BC +. C 2 ) 

+ ACD:X.{B + 2C) + AbC(2B .f- C)+ B2[3Ab + aB + 3b(C + D:X.9}) 

+ b(C + D:X.8)l(2B + C + D:X.S)} + 4crB~b + C4 + T{,-tJ(AD:X. + aC) 

· (3CD:X. + BD:X. + bC + Bb) + (aB + Ab}(CD:X. + BD:X. + bC + 3Bb) 

+ b 2(C + D:X.8}(3B + C + D:X.8)) + 6crB2b2 + 2C3 D:X.} + T 2 (1"t{{b + D:X.) 

· [D\(AD:X. + 2aC) + b(2aB + Ab)] + a(B + C}(b2 + D2
\

2
) + b3 {C + D\.8}}. 

+ 4oBb3
_ +. 2C 2D2

\
2

) + T 3(a1"t(b + D\}(b2 + D2
.\ 2} + crb4 + CD3 \

3
) 

( 118) 

The integration of Eq. 117 for terms other than C 4 was done 
over- the entire test interval. The subsequent errors arc smaller than those 
listed in Table IX. 



TABLE IX. Errors in Tn - {9 + 3Tt)n "" 'fn Approximation 

n 

2 

3 

4 

5 

Tn 

720 

5,.184 X 105 

3. 73 x 1,08 

2.69 X 10 11 

1.93 X 1014 

a (9 + 3Tt)n 
n . . n x .100%. 

T - {8 + 3Tt) 

Percent 
{9 + 3Tt)n Errora 

23 3.3·0 

5.29xl02 1.02 X 10-l 

1.22 X 104 3.26 X 10-l 

2.80.x 105 1.04 X 10-4 

6.34 X 106 3.33 X 10-6 

b .. Two-out-of-four (2/4) System. The unavailability equations 
for a 2/4 system ~re · 

.0 < s ~ '~"t• U(s) = 3(A + aT)(C t DAT) 2 + (C + DAT) 3
- 3(A +aT) 

· (C + DAT) 3 , (119) · 

,. t < s ~ 2 ,. t, U ( s) = 2 (A + aT)( B + bT )( C + D A T) + (A + a~)( C + D A T) 2 

+ (B + bT)(C + DAT) 2 - 3(A + aT)(B + bT)(C .+ DAT) 2 , ( 120) 

2 '~"t < s ~ 3 ,. t, U ( s) = 2 (A + aT)( B + b T )( C + D A T) + (A + aT)( B + b T) 2 

+ (B + bT) 2(C + DAT)- 3(A + aT}(B + bT) 2(C + DAT), ( 121) 

3'~"t < s ~ 4'~"t. U(s) = 3(A + aT)(B + bT) 2 + (B + bT) 3 - 3(A +aT) 

· (B + bT)3 , (122) 

41"t < s ~ 8, U(s) = 4(B + bT)3 - 3(B + bT)4
, ( 123) 

8 < s ~ 8 + ,.b U(s) = 3(B + bT) 2(C + DA8) + (B + bT)3 - 3(B + bT) 3 

· (C + DA8), (124) 

.8 + Tt < s ~ 8 + 2Tt, U(s) = 2(B + bT) 2(C + DA8) + 2(B + bT)(C + D11.8)2 . 

8 + 2'~"t < s ~ 8 + 3'~"t. U(s) = 3(B + bT)(C + DA8) 2 + (C + Dfl.8) 3 

,.. 3(B + bT)(C + DA8} 3 , (126) 
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and 

8 + 31"t < s.s: T, U(s) = 4(C + DA.s)3
- 3(C + DA.s)4

• ( 127) 

The average unavailability for a 2/4 system is 

U 2 ; 4 = ( 1 /T)( -rt{3AC 2( 1 - C) + C 3 + ABC(2 - 3C) + C 2(A + B) + B2(A + C) 

+ B(2 - 3B)[AC + (C + DA.8) 2
] + 3B2(1 - B)(A + C + DA.8) + 2B3 

·. 

- 7C3(4- 3C) + 2(C + DA.8)B2 + 3B(C + DA.8) 2 + (1 - 3B)(C + DA..8)3
}. 

+ crB3(4 - 3B) - crC 3 (4 - 3C)) + 'Tt{C(2 - 3C)(3ADA. + Ab + aB) 

+ 3C2(a( 1 - C) + DA.] + 2ABDA.( 1 - 3C) + C(2DA.(A + B) + C(a + b)] 

+ (2 - 3B)B(ADA. + aC + 3b(A + C + DA.8)] + 2b(1 - 3B)(AC + (C + DA.8) 2
] 

+ B 2(a + DA.) + 2Bb(A + C) + 3a:B2(1 - B) + 6B2b + 4Bb(C + DA.8) 

+ 3b(C + DA.8) 2(1 - (C + DA8)]} + 12crB2b(1 -B)+ C3(4- 3C) 

. + T('~"t{DA.(1 - 3C)[3ADA. + 2(Ab + aB)] + aC(2 - 3C)(b + 3DA.~ 

+ D 2 A. 2(A + B + 3(C - AB)] + 2(a + b)CDA. + b(1 - 3B)(2(ADA. + aC) 

+ 3b(A +C.+ DA.8)) + aB(2- 3B)(3b + DA.) + 2Bb(a + DA.) + b 2rA + C 

+ 3(2B - AC)] + b2(C + DA.8)[2 - 3(C + DA.8)]} + 6crBb2(2 - 3B) 

+ 6C 2DA(l -c))+ Tt(,-da(1 - 3C)[b2 + DA.(2b + 3DA.)] + (1 - 3A) 

· .(P3 A. 3 + b2 DA. + b3
) + D2 A. 2[a + b- 3(Ab + aB)] + ab(1 - 3B)(3b + 2DA.) 

I b3[1 - 3(C + D/-.0)]} + 4uu~(1 - 3B) + 2CD2 A. 2(2- 3C))- '1' 3 [5a'~"t(b + lJA) 

( 128) 

c. Three~o~~.:-of-four (3/4) SystP.m. The llT).availability at any 
time s for a 3/4 system is given by · 

0 < s S: '~"t• U(s) = 3(A + aT)(C + DA.T) + 3(C + DA.T) 2
- 6(A + aT)(C + DA.T) 2 

· 

- 2(C + D>-TP + 3lA + aT)(C + DA.T) 3 , 
. . ( 129) 

-rt < s S: 2'Tt, U(s) =·(A+ aT)(B + bT) + 2(A + aT)(C + DA.T) + 2(B + bT) 

(C + DA.T) + (C + DA.T)3
- 4(A + aT)(B + bT)(C + Df..T) - 2(A +aT) 

(C + DA.T) 2
- 2(B + bT)(C + D:\T) 2 + 3(A + aT)(B + bT)(C + DA.T), (130) 

\ 



2Tt < s S: 3Tt, U(~) = 2(~ + aT)(B + bT) +(A+ aT)(C +PAT)+ z.(B + bT) 

· (C + DAT) + (B + bT) 2 
,. 2(A + aT)(B + h'r)~ .,. 2{B + bT)Z(,C +;OAT) 

- 4(A + aT)(B + .bT)(C + DAT) + 3(A + aT)(.B + bT) 2(:C +PAT); (131) 

3Tt < s ~ 4Tt, U(s) = 3(A + aT)(B t bT) + 3(B + bT) 2 
.,. 6(1\. + aT)(lB + b.T) 2 

- 2(B + bT)3 + 3(A + a T)(B + bJ') 3
, , 

4Tt < s ~ 9, U(s) = .6(B + bT)~ - .8.(B + hT) 3 + 3(B + bT)4
, 

e < s s e + Tt, u(s) = J(c + PAEl)(B + bT) + 3(B + bT) 2 
- 6(.c + PA-9) 

· (B + bT)Z- 2(B + bT) 3 + 3(C + DA9)(B + bT)3
, 

(132) 

( 133) 

( 134) 

e + Tt < s ~ e + 2Tt> p(s) = (B + bT)2 + (c + D.A9)2 + 4('8 + bT)(C + DAEl) 

- 4(B + bT) 2(c + DAe) - 4(B + J:?T)(C + DA9) 2 

( 13 5) 

e + 2Tt < s s e +.3Tt> u(s) = J(c + PA9)(B + hT) + 3(c + DA9) 2
- 6(B + bT) 

(C + DA9) 2 
- 2(C + DA9)3 + 3(C + DA9)3 (B + bJ'), (136) 

and 

9 + 3Tt < s s T, U(s) = 6(C + DAs) 2
- 8(C + DAs)3 + 3(C +·DAs) 4

• (137) 

Integrating these equations gives rise to the average unavailability equation: 

U3 ; 4 = (l/T)b{3AC(C - 1) 2 + 2C2(2 -C)+ ABC(3(B +C) - 8) - 7C~(6 7 8C + 3C 2
) 

+(A+ B)(B + 3C - 2C 2
) + B(A + C)(l - 2B) t. B3(3A - 2) + B2(7 - 2B 

- 6(C +me +A))+ 4AB + 3B(C + m.e)[l + B 2 + (C + D)..e - nzJ + 2(C + D)..8) 2 

· (2 - (C + me)J + B(C + me)[3B(C +me) - 4(C + D"-e + I\ ~ l)J} 

+ aB2(3B 2 
- SB + 6) - rrC 2(3C 2

- SC + 6)) + Tt{3?-C{C - 1)2 + (3C - l)(C - l) 

· {3AD).. + Ab + aB) - 2C{C - l)(a + b +3m)+ zm[A{l - 2B) + B{l - 2C) 

+ C.{l c lA)] + (Ab + aB)[H1 2 + 3 + C(:H~- 4)] t 'b(A + C)_(l - 4B) 

+ BD)..{6AC - 4A + l) + {A+ B)DA + {a+ b)(2B + C - 6B2
) - 2B2{a + DA) 

+ 3AB{Bm + bC) + b(A + 2B + 6AB2
) - 6Bb(2{C + D"-6 - l + A)+ B) + b(C + me) 

. [9B2 + _7 - SB + 3{C +me - 1)2] + 2b(C + me)2{3B - 2)} + l2Bbcr{B - 1)2 

+ C 2(3C 2 - sc + 6) + T[ Tt(3aD)..{3C " l){C - l) + D2 ).. 2[3AB - 2{A + B) - 6C + 4] 
( 138) 

(Contd.) 
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+ (3C - 2)DA[2(Ab + aB) + 3ADA] + abC(3C - S) + ab(9Bz + 1) + b(1 - 4B)(4a + m.) 

+ (Ab + aB)[3(BD). + bC) - 4DA] +(a+ b)(b + 3DA - 4CDA)'+ bz(3 - SA - 2C) 

+ 3Bb(ADA + aC + b(3A - 2)] + bz{3[(C + DA9)(3B - 2) - 2B + 1] + (C + D:\9 - 1) 

· [3(C + D).9) - 1]}) + 6obZ(3B- 1)(B- 1) + 6CDA(C - l)z] + Tzh{(3A- 2.) 

· (b3 + D3 ). 3 ) + aDA(3C - 2)(2b +3D).)+ 3DA(aB + Ab)(b +D).) - 2Dz).z(a +b) 

+ ab[3(BD). + bC) - 4DA] + bz(9aB- Sa - 2DA) + b3[3(C + D).9) - 2]} + 4ob3(3B - 2) 

+ 2Dz,._z(3c - 1)(c - l)) + T 3[3a(bz + nz,._z)(b + D).)Tt + 3ob4 + D3 ). 3(3C - 2)] 

+ (3/5)D4
). 

4 T 4
• 

( Contd.) 
( 138) 

d. Four-out-of-four (4/4) System. Finally, for a 4/4 system. 
the unavailability equations are 

and 

0-< s ~ ·rt. U(s) = l- [1- (A+ a'l')][l- (C +'DAT))', 

'~'t < s ~ 2Tt. U(s) = 1 - [1 - (A+ aT)][1 - (B + bT}] 

· [1 - (C + DA.T)]Z, 

2Tt < s ~ 3Tt. U(s) = 1 - [1 -(A+ aT)][1 - (B + bT)] 2 

( 139) 

(.140) 

· [1- (C + DA.T)], (141) 

3Tt < s ~ 4Tt. U(s) = 1 - [1 -(A+ aT)][1 - (B + bT)]l, (142) 

4Tt < s ~ 9, U(s) = 1 - [1- (B + bT)]4
, (143) 

e < s $ e + '~'t. U(s) :: 1 - [1 ~ (B + bT)]3[1 - (c + Df..9)], (144) 

9 + '~'t < s ~ 9 + 2Tt, U(s) = 1 - [1 - (B + bT)] 2[1- (C + DA.9)] 2 , (145) 

9 +2Tt < s ~ 8 + 3Tt> U(s) = 1.- (1- (B+ bT)] 

· [1- (C + DA.9))3, ( 146 

e + 3 'I' t < s S T, U ( s) = 1 - [ 1 - ( C + D A. s) ]4 • ( 147) 

The average unavailability for this system is 



u4/4 = (l/T)(7,.t(l C)4 
- ,.d(A - 1)(c ·"" 1)3 + (B - 1)[{A - 1)(c - 1)2 

+ (C + Df-8 - 1)3 ] + (B "" 1)2((A - 1)(C - 1) + (C + Df-8 - 1)2
) +. (B - 1)3 . 

(A+ C + Df-8 - 2)} + (C - 1)4cr - (B - 1)4cr) + 1.- Td(C - 1)2[(A - 1) 

(b-!- 3Pf-) + a(B + C - 2)] + (A - 1).(B -:- 1)[b(C - 1) + Df.(B + l)] 

+ (B - 1)[~(B :- 1) + b(A -· 1)](B + C - 2) + b(B - 1)2(2(A - 1) 

+ ~(C + Df-·8.- 1)] + b(~'+ Df-8 - 1) 2(~B + t .t Df-(7 - 3)}- 4(B- 1Ycrb 

- (C- 1)4
- T(Tt{((A- 1)Df. + a(C 1

- 1)](3(C- 1)Df. + b(B- 1)] 

+ (c:t(B - 1) + b(A. - 1)]((C - j)(b + 2Df.) + (B - 1)(3b + Df-)] + (A - 1) 

·. (.B -l)D2 f. 2 + ab(C - 1)2 + (C + Df-8 .:. 1)b2(3B + C + D:X.8 - 4)} 

+ 6(B - 1)2 b2cr + 2(C -. 1)3 D:X.) ~ T 2(Td[a(B - 1) + b(A - 1)] 

· (b 2 + bD:X. + D 2 :X. 2 ) + ( C - 1 )a(b2 + · 2bD:X. + 3D2 :X. 2 ) + D:X.[ab(B - 1) 

+(A - 1)D2 :X. 2] + 2a(B - 1)b2 + b3(c + D:X.8 - 1)} + 4(B - l)b3cr 

+ 2(C - 1)2 D2 :X. 2 )- T3 [~.Tt(b2 · +. D2 :X. 2 )(b + D:X.) +·crb4 + (c,. l)D3 :X. 3 ] 

- ·(l/5)D4 :X. 4 T 4
. . 

E. Calcula~ion of Optimum Test Interval 

(J48) 

Each of the average unavail~bility equations for the ~niformly 
staggered and nearly simultaneous testing schemes presented in the previous 
sections were of the form . . 

n 
· U(T) = 01/T + L ~iTi, ( 149) 

i=o 

where n = number- of redunqancie$ in t}:le systerp, and th~ coefficients 01 and · 
. ~i ~re given by the appropri;a.te equati<;>ns in th¢ prec;eding secti~ns ·depen~ing 
up<;>n th.E;! .type of system a11d testi~g scheme (see Table X). 

TABLE X. Equalion Numbers for System Unavailability 

Uniformly f<!early u~.ifornily Nearly 
Staggered Simultaneous Staggered Simultaneous 

System TestiQg Testing System Testi~g · Testing 

II? 32 78 V4 57 118 

2/2 'T 84 2/4 62. ~?II 

In 42 92 3/4 67 138 

213 47 100 4/4 l2 148 

3/3 52 108 
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Taking dU(T)/dT and s,etting it equal to zero yields an equation of 
the form 

n 
L if3i Ti+l - Ci = 0. 

i::~: 1 

( 150) 

To solve this equation, we use the Newton-Raphson method9 for finding the 
roots of an equation. This method works in the following manner. An initial 
guess is made at the optimum test interval. (In this case, T 0 from Eq. 25 is 
sufficient since it is usually within a factor of 1. 5 from the true optimum.) 
A new estimate is obtained from 

'l'n - ( 151) 

where f(Tn) is the value of Eq. 150 evaluated .atTn, and f'(Tn) is the deriva­
tive of Eq. 150 with respect to T and evaluated at Tn· 

If the convergence criter.ion is met (Tnt1 - Tn less than some specified 
value), the process is halted. If not, the new guess, Tntl• is substituted for 
Tn on the right-hand side of Eq. 151. 

F. Calculation of Fractional Unavailabilities 

Occasionally, it becomes desirable to know'how the contributions to 
the average unavailability break down among testing, repair, and random 
failures. 

Consider a system· having an average unavailability of U and the input 
test interval T. · If the fraction of time the component is down during testing, 
q0 , is set equal to zero, a new value for the average unavailability, UNT• is 
obtained. The fraction of the average unavailability due to testing, £1 , is then 

( 152) 

To find the contribution made from repair, the parameters B and b 
from Eq. 19 are set equal to zero while maintaining q

0 
at zero. This average 

unavailability UNTNR is used to find the repair contribution, fz,. using the 
formula 

u - UNTNR - CD - UNT) 

u 
= ( 153) 

c. 



The fractional_ unavaiiability' due 'to random failure is sunply what 
remains, or 

( 154) 

These results can be used to determine w4ether testing and repair 
procedures s;hou1d. be modified to increase the reliability of the system. 

G. Summary 

The average unavailability equations for all m/n ( 1 ~ m ~ n ~ 4) 
systems 'for random, uniformly staggered, and nearly simultaneous testing 
schemes have been develQped. The equations for the uniformly· staggered 
and nearly simultaneous testing schemes are listed in Table X. These 
equations, along with the methods for calculating the optimum test interval 
and fractional··unavailabilities, have been incorporated into a computer 
code ICARUS .. A user's manual for ICARUS is found in Appendix B. 

' .. 

' .... 
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IV. COMPARISON OF ICARUS AND FRANTIC 

This chapter presents various sets of numerical comparisons between 
ICARUS and FRANTIC to determine the validity of the methodology and accu­
racy of the coding found in ICARUS. Also, multicomponent redundancies are 
treated. 

A. Introduction 

FRANTIC is the acronym for the Formal Reliability Analysis including 
Normal Testing, !nspection, and Checking computer code developed at the NRC. 
It calculates time- dependent and average unavailabilities, and also the break­
down of the unavailability contributions from. testing, repair, a.nd random 
failures, 

FRANTIC is able to treat four kinds of components: consta.nt­
unavailability components, nonn~prtirable components, monitored components, 
and periodically tested components. The main emphasis in this study is to 
obtain the average unavailability of periodically tested components given such 
information as the test duration time, repair time, test-override capability, 
and test efficiency. 

B. Differences between ICARUS and FRANTIC 

1. Testing Schemes 

In compo.ri11g ICATI.U3 a.uu FRANTIC, we must recognize that 
FRANTIC is more general than ICARUS. IGARTTS ~r::ts developed to treat only 
periodically tested c·omponents, while FRANTIC is o.ble to hundlc a. variety o! 
components. Also, FRANTIC calculates time-dependent and average unavail­
abilities for any test interval (not necessarily in the asymptotic: state). Since 
this option is available, the user can choose the len.gth of the first test interval 
for each component and thus stagger the test intervals for the components in 
whatever manner is desired. ICARUS. on the other hrt.nrl, r.::tl.i71.1late5 the 
average unavailability only in the asymptotic state. As a consequence, with 
ICARUS, the user must choose one of the three available testing schemes 
rather than creating a particular testing scheme through the input, as with 
FRANTIC. 

2. Numerical Calculations 

In regard to numerical calculations, FRANTIC calculates the 
average unavailability hy multiplying the unavailability of each component at 
specified times, and performing trapezoidal- rule integration. Consequently, 
FRANTIC cannot calculate the optimum test interval internally, whereas 
ICARUS, which is totally analytical in its treatment of the average unavail­
ability equations, calculates the optimum test interval by direct differentiation. 



Also, the anaiytical treatment in ICARUS avoids any inhe'rent numerical error. 
FRANTIC, for example, can give errors up to a factor of _2. 5 for quadruply 
redundant systems.· 

3. Component Types 

FRANTIC can treat systems ~acie up of different types of com­
ponent, whereas ICARUS assumes the redundancies i_n the system to be iden­
tical. A formulation has been deve1oped to ·treat multicornponent redundancies 
in !CAR US a~d is presented in Sec. IV .D ·below 

4. Failure Modes 

·Finally, ICARUS is able to treat three failure modes not form.d in 
FRANTIC: 

and 

Yr• failure to start due to true demand, 

p f• failure to dete~t or repair a failure, 

Pu:• failure due to a test demand that is not repaired. 

Since the purpose of this research is to incorporate as many failure modes 
as possible and to evaluate tl~eir importance, a more in-depth study of these 
failure modes is perfor;m.ed in Chapter V. . 

C. Comparison of ICARUS and FRANTIC Simple Systems 

To verify the coding and accuracy of the average unavailability equa­
tions found in ICARUS, we used iCARUS and FRANTIC to calculate the average 
unavailabilities of systems rp.ade up of one valve per redundanc,y. This was 
done for both staggered and nearly simultaneous testing schemes using only 
the failure modes common to both codes. 

1. · Comparison of Uniformly Staggered Testing Scheme 

The comparison data for a single valve are given in Table XI. 
Table XII shows the average unavailability value obtained by the two codes 
and the percent difference between them. All the differences are less than 
2. O% with the majority less than 1. 0%. Since this kind of study usually requires 
order-of-magnitude accuracy, the differences here are well within acceptable 
bounds. 

2. Comparison of Nearly Simultaneous Testing Scheme 

The data in Table XI were also applied to the nearly simultaneous 
testing scheme. Note that Tt = 3.0 hand Tr = 10.0 h; therefore, Tr is always 
greater than (n - lht for all n =s: 4. Table XIII gives the results of the com­
parisons. Aga..ill, a.ll Lht: u.ifft:rt:uces are Sinal! (:S:l.lo/o). 
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TABLE XI. Input Data for Single.:valve Redundancy 

Failure rate (A.) 

Fraction of downtime during test (q0 ) 1.0 X 10-l 

Probability of failure due to test demand (Ye) 1.0 X 10- 3 /d 

Test period duration·(,. t) 3.0 h 

Repair period duration (,- r) 10.0 h 

Test interval (T) 720 h 

TABLE XII. Comparison o£ ICARUS and FRANTIC Results 
for Uniformly Staggered Testing 

u Percent 

System ICARUS FRANTIC Differencea 

1/4 1. 73 X 10- 15 1 .. 73 X 10- 1S 0 

1/3 1. 45 ~ 10- 11 1.46 X 10- 11 0.68 

J/ 1 6.01 n 10-1.1 6.00 X 10- 11 () 1 7 

1/2 1.04 X 10-
7 

1.06 X 10- 7 
1.88 

2/3 3.16 X 10- 7 ~.16-x 10- 11 0 

3/4 6.34 X 10- 7 6.31 X 10- 7 0.48 

1/1 5. 46 X 10- 4 5.45 X 10- 4 0.18 

2/2 1~ 10 X 10- 3 1.09 X 10- 3 0.92 

3/3 1. 65 X 10- 3 L64x10- 3 0.61 

4/4. .2.21 X 10-3 .2.18 X 10- 3 1. ~~ 

aluF- Uri 
UF 



TABLE XIII. Comparison of ICARUS and FRANTIC Results 
for Nearly Simultaneous Testing 

System •" ICARUS 

1/4 9.24x 10- 13 

1/3 7.66 X 10-IO 

2/4 
.. . ! 

3,05x 10-9 

1/2 6.33·x 10- 7 · 

2/3 1.89 X 10- 6 

3/4 3. 77 X 10- 6 

1/1 5.46 X 10- 4 

2/2 1.09 X 10-l 

3';3 1..64 X 10- 3 

4/4 2.18 X 10- 3 

F.RANTIC 

9.24 X 10- 13 

7.67 X 10-IO 

• 3.05 X 10- 9 

6.40 X 10- 7 

1.91 X 10- 6 

3.81 X 10- 6 

1.09 X 10- 3 

1.63 X 10- 3 

2.18 X 10- 3
. 

Percent 
. a 

Difference 

0 

0:13 

0 

1. 09 

1.05 

1.05 

0.·18 

0 

0.61 

0 

Note that the unavailabilities for the uniformly staggered testing 
sche!lle were lower. thC!-n the n~arly simultaneous testing scheme in all cases, 
except for the n/n systems, where the average ~n<;~.vailab.ilities were calf1:1lated 
to be virtually indentical. 

. . ·, .. 
D. Treatment of Multi component Redundancies 

~· . 
As stated before, the ICARUS code was written to handle systems . ; . . . . . . ~ 

made up of single-component red~dancies. However, we can represent a 
ID\llticomponent redundancy by an effective "single" component and thus apply 
ICARUS to the more complicated multicomponent systems if each u£ the nine 
ICARUS input parameters are handled correctly. The method for handling 
·each parameter is discussed in the following section~. The theoretical basis 
for the definitions can be found in Ref. 7. 

1. Test Interval, T eff 

Since the components in the redundancies are all assumed to have 
the same.test interval T, it remains unchanged. Thus Tef£ = T. 

2.. Test-.period Duration, Tteff 

. . 

Each component in the redundancy must be tested. i,n .. the. test 
period. Therefore, Tteff wilfbe the sum of the individual Tt's for the compo­
nents in the redundancy. That is, 
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,. teff = ( 155) 

where k equals the number of components in the redundancy. 

3. ~epair-period Duration, '~"ref£ 

The repair-period duration, ,. r• of the redundancy depends upon 
the probability of the components in the redundancy failing, and the time re­
quired to repair a failed component. The probability that a component is 
repaired after a test (per test) is given by 

R - u(l 

For the redundancy, the effective repair-period duration is 

( 156) 

where the repair times ,. rj of components j are· weighted by the Rj values 
defined above for each component. 

4. Fraction of Downtime during Teoting, 'loeff 

The total downli1ne due to testing is assumed to. be the sum of the 
downtimes of the components in series. Thus, the effective fractional down­
time value is calculated from 

= 

k 
" 'T"t•q . L J oJ 
j=l 

,. teff 

!:i. !{emainder of the .Parameters 

( 157) 

The remainder of the parametersc.-the constant failure rate (A.), 
failure to start. on true demand h·r), failure due to test demand (repaired, Ye; 
not repaired, Pu), and failure to detect or repair a failure (pu)- -are treated 
the same way as the test-period duration. The values for the parameter in 
question for each component are added together to get an effective value for 
that parameter. 



E. ICARUS and "FRANTIC Comp'arisons for Two-valves-per-redundancy 
Systems 

. ICARUS and FRANTIC values·for the average unavailabilities were 
compared for a. set of systems thatcontain_ed two valves in series for each 
redundancy. For FRANTIC, the values of each parameter for a single valve 
are given in Table XlV. 

TABLE XIV. ICARUS and FRANTIC Input Values 
for Multicomponent Redundancies 

~CAR US FR.A.NTIC Value 
Parameter Value (per Valve) 

Ye 0.002 0.001 

A. 6.0 X 10- 7 /h 3.0 X 10- 7/h 

qo 1.0 x 10_ 1a l.Ox 10-1 

Tr 10.0 h 10.0 h 

Tt 6.0 ha 3.0 h 

T 720 h 72'0 h· 

~ICARUS will change these values internally ifneces­
. s ary, to meet the input c rite.ria. 

With the methods of Sees. IV.D: 1.:..IV.D. 5, the values used in ICARUS 
for two valves in series (one r~dundaiJ.cy) are also given in Table XIV. 

1. · Curnpar il::iuH of Uniforr11.ly Staggered Testing Scheme 

The average unavailabilities calculated by ICARUS and FRANTIC 
for the two-valve-per-redundancy systems are listed in Table XV for the 
uniformly staggered testing sch~_me. 

In each case, the difference is less than 3%, indicating that the 
averaging scheme used by !CAR US to represent m"\llticomponent redundancies 
is adequate. 

2. Comparison ofNearly Simultaneous Testing Scheme 

The average unavailabilities for the two-valve-per-redundancy 
systems tested nearly simult.<~ .. :neously are listed in Table XVI. Unlike the 
previous comparisons, large differences appear in five of the ten cases. It is 

·not clear which of the codes is incorrect since fairly good agreement between 
Lhe Lwu was established in earlier comparisons. 
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TABLE XV. Comparison of ICARUS and FRANTIC Results for 
Two Valves per Redundancy and Uniformly Staggered Testing 

' 
u 

Percent 
System ICARUS FRANTIC Difference a 

1/4 2.790 X 10- 14 2. 741 X 10- 14 1. 79 

1/3 1.169 X 10-IO 1.152 X 10- 10 1.48 

2/4 4.852 X 10-IO 
10 

4.771 X 10 2. 99 

1/2 4. 213 X 10- 7 4.159 X 10- 7 
1. 70 

2/3 1.274 X 10~ 6 1.255 X 10- 6 1. 51 

3/4 2. !JG2 X 10-Q 2.!Jl7 X 10-l, 1,-79 

1/l 1.101 X 10-' 1. 090 X 10•' 1.01 

2/2 2.212 X 10- 3 2.179x10- 3 1. 51 

3/3 3. 332 X 10- 3 3.268 X 10- 3 1. 96 

4/4 4. 360 X 10- 3 4.356 X 10-:l 0.09 

a!UF- DII 
X 100o/o. 

UF 

TABLE. XVI. Comparison of ICARUS and FRANTIC Results for 
T'.t!Q VillV~i p~!" F.~dund&mcy and NQarly Simult:J.nAouF: TAF:t;ng 

u 
Percent 

System ICARUS FRANTIC Differencea 

1/4 1.473 X 10-ll 1.357 X 10-IZ 985.48 

1/3" 6.087 X 10- 9 3.147 X 10- 9 93.42 

2/4 2.429 X 10-0 7.YD X 10- 9 206.96 

1/2 2. 534 X 10-b 2.506x 10- 6 1.12 

2/3 7. 556 X 10- 6 6.294 X 10- 6 20.05 

3/4 1.504 X 10-~ l.U~l x lU-~ 4l.'1'1 

1/1 1.10lx10-3 1.090 X 10-l 1.09 

2/2 2.204 X 10- 3 2.177x10- 3 
1.24 

3/3 3.296 X 10- 3 3.263 X 10-l 1.01 

4/4 4.360 X 10- 3 4.348 X 10- 3 
0.28 

ajuF - TI1I 
X 100%. 

UF 



One possible s'ource· of er.ror is the\nurnerical-integri:i.tiori scheme 
used by FRANTIC to calculate the average unavailability. FRANTIC chooses 
points on the time-dependent unavailability curve .where <<;:hanges· in slope occur. 
Then, using trapezoidal-rule integration, we obtain the area under the curve. 
When a:pplyirig ·this to nearly· simultaneous' testing, note that the changes in 
slope occur at the start of the interval during test and repair. The rest of 
the interval is dominated by random failure upon which the method may break 
down. To show this would require an exact calculation of the average un­
availability of one of the systems in question. 

, 3·. Exact Calculations for Average 'Unavailability. of l/3 System 

·,. The exact calculations fo~ ·.the average· unava'ilability. of a 1/3 sys-
tem with two valves per redundancy were performed using the following 
equations, whe·re for notational simplicity., A 0 - l (A·+ aT) and B 0 = l 
(B + bT): 

T - 5Tt < s s: T- 4T , U(s) = {l - A 0[l - A(s + 4T )]}{l - [1.- A(s + 3Tt)] 
t . . t. ' 

. [l - A(S + 2Tt)]}{l - [l - A(S + Tt)](l - AS)}, (158) 

T- 4Tt < s s: T, -. 3Tt'r· U(s) = (1 -.:S,oA0){1,- (1-:.- A(s 1+}T~)][1, .-:- A(s, +Z~t)~~ . , 

· {1 - p - A(s +. Tt)](~ - As.)}, 
' ' 

. (1 :- AS)}, 

. ' 
T - 2Tt< _s ~ T - Tt, U(s) =, (~ -~ B~)(1 B 0A 0){1 [l 

T•Tt<s:<T, 
2 2 

U(~) = (1 - Bo) [1 -- A 0 (1 - As)], 

2 2 
U(s) = (1 - Bo) (1 - BoA0), 

2 3 
- 4Tt, U(s) = (1 - B 0 ) , 

·, .. ;, 

( 159) 

. ( 160) 

A(S + Tt)](1 AS)},. 

. :. · .. ., ; 

( 161) 

( 162) 

( 163) 

( 164) 

( 165) 

( 167) 
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Tr- Tt< S ~ Tr' U(s) :, {1- (1·- f..(s + 5Tt)](l- f..(s + 4Tt)]}{l- (1- f..(s + 3Tt)] 

· (1 - f..(s + 2Tt)]}(l - B~), (168) 

T r < s ~ e' U(s) = {1 - [1 - f..(s + 5Tt)][l - f..(s + 4Tt)]}{l - [1 - f..(s + 3Tt)] 

( 169) 

and 

[1 - f..(s + 2Tt)]}{l - [1 - f..(s + Tt)](l - f..s}}. ( 170) 

These equ(i.tions result from knowing that the unavailability of two 
valves in series is 1 - (1 - U1)(1 - U2 ). Thus for three parallel sets ·of two 
valves in series, the unavailability is 

U113 = [1- (1- U1)(1- Uz)][l- (1- U3)(l- U4)][1- (1- Us)(l- U6)]. 

( l 71) 

Also note that for this set of equations, T'r must be greater than 3T t· 

With the data in the first column of Table XVII for each valve, 
the average unavailability of the system was calculated to be 3.111. x 10- 9• 

TABLE XVII. Parameter Vaiues for Test System 

.b.:xact ICARUS FRANTIC 
Parameter Calculation Input Input 

f.. 3. 0 X 10- 7 /h 6. 0 X 10-
7 
/h 3. 0 X 10- 7 /h 

Ye 1.0 X 10-3 2.0 X 10-l 1.0 X 10;~ 

qo 0.10 0.10 0.10 

Tr 10.0 h 10.0 h 10.0 h 

Tt 1.5h 3.0 h 1.5h 

T 720 h 720 h 720 h 

With the data in the second column of Table XVII for each redun­
dancy, the average unavailability for the same system was calculated using 
ICARUS. The value obtained for this method was U113 =. 3.145 x 10- 9

• 



Finally; with the data from the third column·of T.able XVII, the 
average unavailability was calculated using the FRANTIC code. The value 
obtained. was 2. 310 x 10- 8 , which is significantly different from the !CAR US 
value. To identify wh:Y the difference in valu~s occurreq, we made two more· 
FRANTIC runs. In the first run, the q

0 
value was halved and the Tt value 

doubled to maintain the q Tt value of testing unavailability. The error is 
0 . 

small since, in the testing period, the equations are 

Exact U = (Tt/T)[q
0 

+ (1 q
0
){ye + ;\T)] 

= (.Tt/T)[qo + (1 ., qo)ye] + (1 - qo)ATt 

Approximate U = {2Tt/T)[q/2 + {1 - q/2){ye + ;\T)] 

= (Tt/T)[q + {2 - q )ye] + {2 - q )ATt· 
0 0 0 

( 172) 

( 173) 

This leads to an error of about 1% in this case. The value obtained using these 
data is U113 = 1. 610.x 10- 9• This is closer to the ICARUS value . 

. Next, the original q 0 was multiplied by 2 and Tt was halved. The 
value obtained for this case is ul/3 = 3.112 X 10- 9 . This is nearly the exact 
answer calculated by ·analytical means. 

F. Summary 

It is not clea·r what problems arise in modeling_ nearly simultaneously 
tested systems using FRANTIC. The three cases presented above should give 
approximately the same answers, but instead differ by an order of magnitude 
in at least one of the cases. 

As for !CAR US, the averaging methods used to simulate rnulticomponent 
redundancy systems appear adequate in light of previous verification runs. 
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V. ANALYSIS OF AN AUXILIARY FEEDWATER SYSTEM 

In this chapter, the ICARUS code is used to calculate the average un­
availability of an auxiliary feedwater system for the three testing schemes. 
Also, the sensitivity of the unav.ailability values to the ICARUS input is 
determined. 

A. Description 

The auxiliary feedwater system (AFWS) provides feedwater to the 
secondary side of the main steam generator upon the loss of main feedwater. 
Figure 10 is a simplified flow diagram of the AFWS. 

From 
Storage 

Pumps 

~'rom ---r----------- To 
Main Ot<!aw 
Feedwater --+---T------- Generators 
Pumps 

Tank -----1 

Fig. 10. Simplified Drawing of Auxiliary Feedwater System 

The following paragraphs are taken· from WASH-1400, 10 and describe 
an auxiliary feedwater system for a typical PWR 3 -loop design. 

11 Given a need for the AFWS, the three pumps, two electric 
(350 gpm) and one turbine (700 gpm) can be started either automat­
ically or manually. The electric pumps are started automatically 
when: (1) a Safety Injection Control System signal is present; 
(2) loss of off site power is detected; (3) main feedwater pumps shut 

·off; or (4) low water level is detected by a steam generator. The 
turbine pump is started when low water level in a steam generator 
is detected or loss of offsite power is detected. 



11 All pumps are aligned to the 110,00.0 gallon condensate tank via 
separate. suction lines at all times, except when maintenance is being 
performed on a pump. The three pumps deliver water to two headers 
which penetrate containment. Inside containment, each steam gener­
a tor can receive condensate from either header. 

11 All the decay }?.eat produced can be r.emoved 'by ap.y one of three 
steam generators. The amount of fe.edwater decreases with time, and 
the operators can throttle flow to steam g~nerators by shutting off ~e­
dundant pumps, and then utilizing the motor operated valves inside 
containment, decrease the flow as necessary to match the steam pro­
duced and released. 11 

The pump test is perfor:rp.ed by closing the valve{s) leading to the 
heade.r, opening the valve{s) on a return loop to the 110,000-gal {416-~3 ) res­
ervoir, and then operating the pump. In this way, the pump is tested without 
draining the auxiliary feedwater supply. During the test, the. pump is not 
available since it is valved off from the secondary loop. 

:S. Data Base 

Components such as pumps, valves, and Diese.l generators are not ex­
clusive to the nuclear industry. Because of this, a large data base is avail­
able for component parameters such as failure rate.s ,. test-period durations, 
and repair-period durations. Extensive data .were analyzed and reported in 
WASH-1400 and will be used in this work whenever. appropriate. 

1. Valuesofpuandpf 

The data available on human error are small and not as easily 
found as data on equipment failures. In particula~, there is no source of 
numbers from which to assign values to the failure modes Pu (test fails com­
ponent and is not repaired) and p f {test fails to detect a component as failed). 
Millan and Edison 11 have tabulated a list of auxiliary-feedwater-system fail­
ures that occurred in 1974-1976, the plants at which they occurred, their. 
causes, and the docket number for each occurrence. The list was studied, 
and possible candidates for the failure modes (p u and p f) were selected. The 
dockets were then read, and each selected failure was assigned a Pu or Pf 
designation. Case failures are summarized in Appendix F. 

In all, there were six p u failures and two p f failures. In the .three­
. year· period, there were 3209 PWR reported occurrences, 95 of which wel;"e 
auxiliary-feedwater- system failures. During this period, also, the 3 5 power 

"plants .studied ll.ad accumulated about 83.3 years of operating experienc~. If 
we assume that each plant had an auxiliary feedwater system with three r.e­
dundancies, and each redundancy was tested monthly, the total number of test 
demands on the components is about 3000. A value fat' Pu can b~ calculated 
using 

P u = 6 failures/3000 demands = 2. 0 x 10 -:;/d. 
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Calculating a number for p f is not quite as straightforward. A 
p f failure can only occur if there had been a previous failure of the system 
and an unsuccessful repair. The value of pf is thus calculated from 

Pf = 2 failures/95 AFWS failures = 2.11 x 10- 2
• 

Although the value of Pf is greater than that of Pu• the contribu­
tion it makes to the average unavailability of the system is not as large, since 
the probability of an auxiliary-feedwater-system failure is in itself small. 

2. Values of Ye and Yr 

S1nce the auxiliary-feedwater-system failure data were available, 
it was decided to calculate v~lues for t~Rt ilnn tr11P-d'='m~nd !a.iluroo; Ye o.nd 
y 1., dire':tly; Sinoo, the only diffe.Lcm:e udween Ye and Yr 1s the time at which 
the failure (initiating event) occurs, the total number of failureR on demand 
was used to calculate the values of both Ye and Yr· 

In Ref. 11, three instances of failures on demand were found among 
the 3000 demands. These are also given in AppencU:x F. To be on the conser­
vative side, the value obtained for failure on demand was assumed to be valid 
for both Ye and Yr• giving 

Ye = Y r = 3 failures/ 3000 demands = 1.0 x 10- 3
/ d. 

C. Nmueric.:al Analysis 

Computer rune of ICARUS were r:nade Lo c.:alculate the average un­
availability o£ the. auxiliary feedwater system in three cases: 

' 
Case I: plant steam available, offsite power available. 

Case II: no plant steam, offsite power available. 

Case III: no plant steam, no offsitc powG,~. 

1. Case I: Plant Steam Available, Offsite Power Available 

Case I models the auxiliary feedwate:r system when steam is 
available to power the turbine pump and offsite power is present to operate 
the two electric pumps. The auxiliary feedwater system would be called upon 

·if, for example, a low water level was detected in the steam generators. To 
simplify the system for an ICARUS calculation, the system was idealized to 
look like the one in Fig. 11. This is a 1/3 system since only one pump is 
needed to supply the steam generators. Also, since these are multicomponent 
redundancies, the averaging equations presented in Chapter IV are used to 
model the system. 
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Fig. 11 

System Drawing for Cases 'I and II 

a. 
of Downtime. 
Table III 5--l: 

Effective Duration of Redundancy Test Period and Fr:action 
The following values of Tt were obtained from Ref. 10, 

TtPump = 1. 4 h, ,.tValve = 0.86 h. 

However, since the pump and valves are tested at the same 
time, .. the test-period duration of the effective component redundancy is that 
of a pump plus s~n~e additional time to -~lign the ._;.alves properly {approxi­
mately one valve-test duration time) or 

Tteff = 2.26 h. 

As for q0 , all the cotr?-ponep.ts are tak~n offline wh~n testing. 
is done. Thus, the value of q0 for the effective component redundancy is 1.0~ 

b. Effective R·epair-period Duration of Redundancy. The effec­
tive repair.:...period duration of the redundancy is "equal to the average of the 
repair times for each component weighted by the R factor of Eq. 156 for each 
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component (i.e., by .the probability of having to repair the component). The 
following data were obtained from Ref. 10, Table III 5-3: 

,. rvalve = 7.0 h and ,. rPump = 19.0 h. 

The R term was derived previously as 

R = y e + u( 1 - p f - y e) """ y e + p u + AT. (1 74) 

The values of Ye• Yr• and Pu obtained in Sec. V .B.2 were for a single redun­
dancy rather than for individual components. Since three components make 
up each redundancy in Case I, the Ye• Yr, p f, and p u values obtained in 
Sec. V.B.2 are divided by 3 to obtain valnP.A for each con"lponent in there­
dundancy to be used to determine the repair-period duration. Th-gE;>, for the 
three components. 

A value for the c.onstant failure rate is also needed for each 
component, and a problem arises since the failure rates found in WASH-1400 
are for components in operation rather than on standby. To obtain a standby A, 
the probability of failure on demand, Qd, for each component (Ref. 10, 
Table Ill 4-2) was divided by the length of one test interval to obtain a failure 
rate, since 

( 17 5) 

For a valve, Qd = 1.0 x 10- 4 ~ For a tP.st i.nterva1 o£ 720 h, 
Av = 1.389 x 10- 7/h. The R value for a vrllve equals 

R = 3.33 X 10-4 t 6.67 X 10-4 t 1.0 X 10-4 = 1.1 X 10- 3 . 

For the pump, Qdp = 1.0 x ~o- 3 • For a test interval of 720 h, Ap = 
1.389 x l0· 6jh. The H. value equals 

R = 3.33 X 10-4 t 6.67 X 10-4 t 1.0 X 10- 3 = 2.0 X 10- 3 • 

The value of 'T r for thP. p,ffective component redundancy is calculated from 

,. = 2Rv'T rv + Rp'T rp = 
ref£ 2Rv + Rp 

12.7 h. 

c. Redundancy Failure Rate. The failure rate for the redundancy 
can be approximated as the sum of the failure rates of the components in the 
redundancy: 



d. ICARUS Results for Randon'l Testing Scheme. The average 
unavailability, optimum test interval, and unavailability fractions due to test­
ing, repair, and random failures were calculated for the system by ICARUS 
assuming completely random testing. The results are shown in Table XVIII. 
The major contributor to the average unavailability is testing, followed by ran­
dom failures and, finally, repair. The large testing factor is due to the sys­
tem being completely unavailable during the test-period duration (qoeff = 1.0 ). 

TABLE XVIII. ICARUS Results for Case I 

Tes~ing 

Scheme 

Average 
Unavailability 

Optimum 
Test 
Interval, h 

AverC:Lge 
Unavailability 

at ToPTIMUM 

Unavailability 
due to Testing (%) 

Unavailability 
due to Repair (%) 

Unavailability· 
due to Random 
Failures (%) 

Completely 
Random 

3.23 X 10- 7 

1624.4 

2.03 X 10- 7 

2.11 x 10- 7 

(83.7) 

2.90 X 10- 9 

(0. 90) 

4. 97 X 10- 8 

(15.4) 

Uniformly 
Staggered 

1.-77 X 10- 7 

1183.2 

1.62 X l0- 7 

1.25 X 10- 7 

(70. 6) 

2.81 x 10- 9 

(1. 6) 

4.92 X 10- 8 

(27.8) 

Nearly 
Simultaneous 

3.7 5 X 10- 7 

1381.3 

3,22 X 10- 7 

3.17x10- 7 

(84.7) 

6.56 x io:.. 9 

( 1. 7) 

5.10 X 10";' 8 

(13.6) 

The optimuq-1 average test interval is 68 days, which is longer 
than the 30 -day standard. In general, this points to a large test and repair eon­
tribution and, as seen in Table XVIJI, these two contributions m~ke up about 
85% of the average unavaiiability. 

The average unavailability at the. optimum test interval is a 
factor of 1. 6 times lower than that at the 30 -day interval. Average unavail­
abi~ity versus test interval is plotted in F,'ig. 12. T~e curve decreases rapidly 
with time at short test intervals, but after reaching a minimum, incre!ases 
rather slowly. 
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Fig. 12. Average Unavailability vs Test Interval for Case I 

e. ICARUS Results for Uniformly Staggered Testing. The re­
sults of ICARUS runs made for the uniformly staggered testing scheme are 
also shown in Table XVIII. Again the testing of the system contributes the 
most (70.6%) to the average ·unavailability. Also, the optimum test interval 
i~ aboul 49 days. This is ionger than for the once-per-month test, ·but less 
than the optimum using random testing. The longer test interval is again du~ 
to the high test contribution to the average unavailability. 

Average unavailability versus test interval is plotted in 
Fig. 12. The curve is of the same shape as the curve for the random testing 
scheme, .except that the magnitude at each test interval is smt=~.ller 

f. ICARUS Results for Nearly Simultaneous Testing. The re­
sults for the nearly simultaneous testing scheme for Case I are also shown 
in Table XVIII. The average unavailability contribution due to t~stinfi is very 
high and makes the overall average unavailability the highest of all three test­
ing scht!rnes for test intervals greater than 600 h. The optimum test interval 
is long (57.6 days) due to testing, and the unavailability at the optimum is the 
highest of all the schemes. Average unavailability versus test interval is 
plotted in Fig. 12. 

2. Case II: Plant Steam Not Available, Offsite Power Available 

Case II models a plant at a time when no steam is present to op­
erate the turbine pump, but the electric pumps do have an outside power 



source. This system would look like the one in Fig. ll with the turbine pump 
having an unavailability equal to 1.0. ';I'his is a 1/2 system having the same 
ICARUS input as Case I. 

a. ICARUS Results for Random Testing Scheme. The results for 
the ICARUS run of the 1/2 system are shown in Table XIX. The average un­
availability for the random testing scheme is primarily due to testing 70.2%), 
with random failure (28. 7%) and repair contribution~ (1.1%) following in order. 
The average unavailability for this 1/2 system is about 150 times greater than 
for the same scheme in Case I. The removal of o'ne redundancy can thus 
greatly affect the performance of a system . 

. TABLE XIX. ICARUS Results for Case II 

Testing 
Scheme 

; Average 
Unavailability 

Optimum 
Test 
Interval, h 

Average 
Unavailability 

at ToPTIMUM 

Unavailability 
due to T.esting (%) 

Unavailability 
due to Repair (%) 

Unavailability 
due to Random 
Failures(%). 

Completely 
Random 

4. 71 X 10- 5 

1624.4 

3.45x1o- 5 

3.31 X 10- 5 

(70.2) 

5.20 X 10- 7 

( 1. 1) 

1.35 X 10-S 
(2 H. 7) 

Uniformly 
Staggered 

· 3.68 ·X 10-S 

1403.1 

3.19x10- 5 

2.28 X 10- 5 

(62.1) 

5.13 X 10- 7 

(1.4) 

1.35x1o- 5 

(36. 5) 

Nearly 
Simultaneous 

· 5.05 X 10- 5 

1572.7 

4.13 X 10- 5 

3.59 X 10- 5 

(71.1) 

9.44 X 10- 7 

. (1. 9) 

1.37 X 10- 5 

(27.0) 

The optimum test interval is again 68 days (see. Sec. III. B), 
and the average unavailability at this interval is only a factor of 1.37 times 
li:Hn; Ll1an for the onr:c-per month test. AvP.rage unavailability versus test 
interval is plotted in Fig. 13 .. The random scheme has v:ery high unavailabil­
ity for short test intervals because the probability of having both components 
of the system tested near or at the same time becomes more probable as the 
test interval shorte.ns. 
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Fig. 13. Average Unavailability vs Test Interval for Case II 

b. ICARUS Results for Uniformly Staggered Testing. The re­
sults for the uniformly staggered testing scheme are listed iri Table XIX. 
The average unavailability is again lower than for random testing, as .it; Lhe 
average unavailability at the optimum test interval. The contribution to the 
unavailability is mostly from testing, The optimum test interval occurs at 
58.8 days. Figure 13 is a plot of average. unavailability versus test interval. 

c. ICARUS Results for Nearly Simultaneous Testing. Table XIX 
presents the results of the Case II analysis with nearly simultaneous testing. 
The average unavailability is again the highest of the three testing schemes 
for test intervals greater than 630 h. Testing is the dominant factor in the 
unavailability, driving the optimum test interval up to 6 5. 5 days. The average· 
unavailability at the optimum is 1.22 times less than for once-per-month 
nearly simultaneous testing. Average unavailability versus test interval is 
plotted in Fig. 13. 

3. Case Ill: No Steam Available, No Offsite Power Available 

In Case III, both main power sources for the pumps are gone. 
There is no steam to drive the turbine pump, and the electric pumps must 
rely on Diesel generators to operate. The idealized system is shown in 
Fig. 14. Since all the components in each redundancy must operate, the s e­
ries system averaging equations of Chapter IV must be used. 



From 
Feedwater 
Reservoir 

To 
Steam 
Generators 

System Drawing 
Jor Case III 

a. Duration of Redundancy Test Period and Fraction of Downtime. 
The two valves and pump are down during testing, 'and since the test-period 
duration of the Piesel generator is the same as that of the pump, 1.4 h (Ref. 10, 
Table III 5-l), it is assumed that the generator is tested concurrently with the 
pump; Tt ·.= 2.26 h, q0 = 1.0. 

b, Duration of Redundancy Repair Period. To calculate the re­
pair period duration, Tr, we must calculate the R term for each component. 
As for the Ye. Yr. Pu• and Pf terms in Sec. V.C.l.b, each is divided by the 
number of components in the redundancy;. This yields 

Ye = Yr = 2.5 x lo-4, Pu = 5 x 10- 4
, Pf = 5.28 x 10- 3

, 

and 

2Rv,. rv + RpT rp + Ro;cr rD/G 
,T ref£ = 2Rv + Rp + RDjG 

·- 20.0 h. 

The value ofT rD/G = 21 h wa-a obtained from Ref. 10, Table III 5-3. 
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c. Redundancy Failure Rate. The redundancy failure rate is the 
swn of the failure rates. of the components in t}le redundancy: 

where 'Av and 'Ap were evaluated previously and AD/G is derived from the fact 
that QD/G = 'AT = 3.0 x 10-z. 

d. ICARUS Results for Random Testing Scheme. The results 
for the random testing scheme for Case III are shown in Table XX. This is 
a very unreliable system due to the high failure rate of the Diesel generators. 
This is evident in the contribution of random failures to the average unavail­
ability. It now dominates and drives the optimum test interval down to 
13.4 days. Also, since the rep~i:r time for the DiP.RP.l gf7'neriil.tor is long, the 
repair contribution becom.es significant (6.8%). 

TABLE XX. ICARUS Results for Case Ill 

Testing 
Scheme 

Average 
Unavailability 

Optimum 
Test 
Interval, h 

Ave ,rage 
TJ na vail ability 

at ToPTIMUM 

Unavailability 
due to Testing (o/o) 

Unttvailabilily 
due t.o Repair (%) 

Unavailability 
due to Random 
Failures (%) 

Completely 
Random 

5.43 X 10-4 

320.5 

3.36 X 10-4 

1.32 X 10-4 

{24. 3) 

3.70 x Io-& 
{6.8) 

3.75 X 10-4 

(68.9) 

Uniformly 
Staggered 

4.83 X 10-4 

201.7 

2.41 X 10-4 

l.16x10- 4 

(24.1) 

3.59xlo·~ 

(7 .4) 

3.31 X 10-4 

(68.5) 

Nearly 
Simultaneous 

7.20 X 10-4 

214.8 

3.85 X 10~;,1, 

2.20 X 10":" 4 

(30' 5) 

· 3.85 x io-s 
(5.3) 

4.62 X 10 '' 4 

(64.2) 

Figure 15 is a plot of average unavailability versus test in­
terval for the testing scheme. At short test intervals, the slope of the un­
availability curve is not as steep as in the previous two cases since testing 
does not contribute as greatly as before. 
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Fig. 15. Average Unavailability vs Test Interval for Case III 

e. ICARUS Results for Uniformly Staggered Testing. The re­
sults for the uniformly staggered testing scheme are also listed in Table XX. 
The average unavailability is also high for this scheme and system, most of 
it again due to random failure. 

Figure 15 shows the curve for average unavailability versus 
test interval. The optimum test interval is only 8.4 days and would seem to 
be unreasonable, even though the reliability of the system could be doubled. 
Manpower to pe~form the tests in such short intervals would be scarce, given 
the other tests and repairs that must be performed. 

f. ICARUS Results for Nearly Simultaneous Testing. Table XX 
shows the results ·for the nearly simultaneous testing ·scheme. This is. again 
the least desirable testing scheme for test intervals greater than 216 h. 

Figure 15 is a plot of average unavailability versus test in­
terval. The optimum test interval is short, 9.0 days, but reduces the average 
unavailability by a factor of 2.03. At short test intervals, the simultaneous 
scheme has a smaller average unavailability than the random scheme. 

4. Summary of Results 

The pertinent data• from all ,.thrt::~ cases·: are summarized in 
Table XXI. For the auxiliary feedwater· system, the 1/3 configuration is 
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TABl.f XXI. Sulilmary of Data from All Cases 

:::ase 1 Case II Case Ill 

Testing Scheme Random Sta~gered Simultaneol.IS Random Staggered SimultaneoLs Random Staggered Simultaneous 

Average Unavail-
3.2 X 10-7 1.8 x m-r 3.3 X ·1tf7 t..7 < w-5 3.7 x w-5 5.1 x w-5 5.4 x w-4 4.8 x w-4 7.2 X 10-4 ability at T = 720 h 

Optimum Test 
Interval, h 1624.4 1183.2 138l.3 1624.4 1403.1 1512.7 ., 320.5 201.7 214.8 

Average Unavail-
ability at Optimum 

·2.0 X 10-j 
., 

3.2 x w-7 3.5 : w-5 3.2 x w-5 4.1 X 10-5 3.4 x w-4 2.4 x w-4 3.9 x w-4 Test Interval 1.6 ( w-· 

Average Unavail-
ability Relative 
to Case Ill 10007 0.13 1.0 



206 times more available than the l/2 system (Case I versus Case II) for the 
720 -h -test interval and ·staggered testing. If the Diesel generator is needed 
in the l/2 system, the system suffers an availability drop of a factor of 7.5. 
The Diesel gener~tors are the most unreliable components in the series. 

With data from Table XXI, a·yearly average unavailability can be 
calculated for the three testing schemes. If the probability of having both off­
site power and steam available to run the pumps (Case I) can be estimated to 
be about 0. 70 and the probability of losing offsite power is taken to be O.ljyr3 , 

·then the prob~bility of Case II is calculated to be 0.27, which is simply the 
probability 'of no steam (0. 30 )·times the probability of off site power (0. 90 ). 
The probability of Case III is the remaining 0.03. 

For each testing scheme, the yearly ·average unavailability, as­
suming a .test i-nterval of 720 h is: .. 

Random testing, 

Uyr = 0.70(3.2 x 10- 7
) + 0.27(4.7 x lO-s)+ 0.03(5.4 x 10- 4

) = 2.91 x 10- 5 • 

Uniformly staggered testing, 

Uyr = 0.70(1.8 x 10- 7
) + 0.27(~.7 x 10- 5 ) + 0.03(4.8 x 10- 4

) = 2.45 x 10- 5 • 

Nearly simultaneous testing, 

Uyr = 0.70(3.8 x 10- 7
) + 0.27(5.1 x 10- 5 ) + 0.03(7.2 x 10- 4

) = 3.56 x 10- 5 • 

With the most reliable scheme, the average unavailability is 
2.45 x 10- 5 , of which 59% is due to the Case III unavailability. With the plots 
in Figs. 12, 13, and 15, an optimum test interval for the yearly average un­
availability can be found. The yearly optimum test interval is 473 h for the 
staggered testing (most reliable) scheme and gives rise to an average un­
availa?ility of 2.22 x 10- 5

, a factor of 1.10 times less than the average un­
availability with a 720-h test interval. 

5 .. Sensitivity of ICARUS Results 

The ICARUS code was incorporated as a set of. sub.routines into 
the probabilistic response surface code PROSA8 in order to study the sensi­
tivity of the ICARUS results to the various input parameters. To perform 
this analysis, PROSA as signs selected probability distributions .to each pa-· 
ram.eter being evaluated, and then selects combinations of these in.put param­
eters to determine the sensitivity of. the res.ults or consequences to the input. 

,Only Case III r,esults were analyzed, since its contribution to the 
. . 'f • 

average unavailability was the greatest . .The user-defined. consequences 1n 

71 



72 

this case were· the average unavailability and the optimum test interval. The 
log normal distribution was assigned to all the. input parameters except for 
q0 , which was held constant at 1.0. For the parameters Yr, Ye, Pf, Pu• and A., 
90% confidence limits within a factor of 3 from the nominal values used in 
Sec. V.C.3 were chosen. For '~"rand '~"b 99.9% confidence limits and for T a 
nearly 100% confidence limit were used within the same factor of 3 from 

nominal. 

For Case III, uniformly staggered testing, the average unavail­
ability was sensitive to the input parameters in the order listed in Table XXII. 
The numbers in the third column are the magnitudes of the sensitivity rela­
tive to the least sensitive parameter. Note that the Pu• Yr• and Pf parameters 
are third, fifth, and sixth, respectively, in order of sensiHvity. This ~how!? 
the importance of the new failure modes included in the equations derived 
earlier. For Case I and II, these modes are even more significant, since for 
these the random failures (A. T) are not dominating as in Case III. 

TABLE XXII. Results of Sensitivity Studies 

U Sensitivity ToPTIMUM Sensitivity U11 z/U113 Sensitivity 

Relative Relative Relative 
Ranking Parameter Importance Parameter Importance Parameter Importance 

A 793.0 A 188.5 A 1011.1 

2 T 134.1 Tt 46.6 T 198.1 

Pu 85.? Pu 37.1 Pu 132.0 

4 Tt 47.0 ·Yr 17.0 Tt 67.6 

Yr 42.1 Pf 6.3 Yr 40.0 

6 Pf 35.5 Tr 4.2 Pf 45.8 

7 Tr 17.7 Ye 1.0 Tr 17.5 

8 Ye 1.0 T 0 Ye 1.0 

The optimum test interval of 201 h had a standard deviation of 
about the same magnitude. The order of the sensitivity of the optimum test 
interval to the input is also listed in Table XXII. As shown, the p,_l., Yr, and Pf 
terms were the third, fourth, and fifth most significant terms in determining 
the optimum test interval. 

A final analysis was performed in which the ratio of the average 
unavailability of the Case lil system {1/Z) to the same type of system with 
three redundancies (1/3 system with Diesel generators) was found to be 56 
with a standard deviation of 46. In other words, increasing the system from 
1/2 to 1/3 would increase the reliability by a factor of 56, but the uncertainty 
of this value is high (standard deviation = 46 ). 



The order of sensitivity of the ratio to the input is listed in col­
umns 6 and 7 of Table XXIL Note that this is the same order as for the av­
erage unavailabili~y of the l /2 system. 

D. Summary 

The results of the analysis show that the average unavailability of the 
·auxiliary feedwater system over a one-year period is 2.45 x 10- 5 for the most 
reliable testing scheme (uniformly staggered testing). Most of this unavail­
ability is due to the Diesel generators being part of the system when no out­
side power source is available. 

The sensitivity analysis of the input shows that the new failure modes 
introduced in ·this report are important parameters when evaluating the aver­
age unavailability of the auxiliary feedwater system. 
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. VI. SUMMARY AND CONCLUSIONS 

A. Summary 

Standby safety. systems at nuclear power plants are called upon to 
function if an emergency situation develops. The system, however, may fail 
to respond due to mechanical breakdown or human failure. It is therefore-of 
interest to be able to calculate the average unavailability of the system in or-
der to quantify this probability of failure to respond. · 

Efforts have been made in the past to develop methods to calculate the 
average unavailability of a system as a function of various failure modes and 
testing practices. For the most part, however, these efforts were either 
severely limited in the number and typP. of ·failures that could be treal~:::tl, or 
dld not allow for the calculation of other paramete:~;s of interP.Rt rPl<'~ted to the 
average unavailability, such as the optimum test interval. 

In order to treat a variety of failure modes and to apply the treatment 
to the calculation of the average unavailability in such a way that the optimum 
test interval of the system could also be easily calcuJated, analytical equations 
for all' m-out-of-n (m/n, 1 s: m s: n s: 4) safety systems were developed for 
completely random, uniformly staggered, and nearly simultaneous testing 
schemes. A. computer code, ICARUS, was written to incorporate these equa­
tions in such a way that the contribu.tions of testing, repair, and random fail­
ures could also be calculated. Since the average unavailability equations were 
analytically derived and then prog:ran1med, the nmning time of the computer 
code is short (<1 s for analysis of all m/n syotcms with 1 :-;: m:!.. n :s: 4). 

To verify the coding in ICARUS, c;omparison runs were made between 
ICARUS and FRANTIC using options common to both codes. For single­
component redundancy systems, the results showed adequate agreement for 
both uniformly staggered and nearly simultaneous testing. 

Since most systems have redundancies made up of more than one 
con1.pouent, it was clear that some special treatment would be needed in o:rqer. · 
to apply ICARUS to these systems. In this work, the multicomponent reduri-' 
dancie s were represented by a single effective component. Each input param­
eter was modified to reflect the 11 effective 11 component characteristics. 

Comparison runs were then made with FRANTIC for systems having 
two valves in series making up each redundancy. For the uniformly staggered 
testing scheme, the agreement was again acceptable for all rrt/n (1 s: m s: n s: 4) 
systems. In the comparison of the nearly simultaneous testing scheme, the · 
highly redundant system comparisons displayed large errors. After checking 
against a hand calculation of a 1/3 system, we concluded that FRANTIC cannot 
suitably treat these highly redundant systems, which are nearly simultaneously 
tested. 



Finally, ICARUS was used to calculate the average unavailability of an 
auxiliary feedwater system. Data for testing practice and failure modes was 
obtained from the literature in order to make a realistic assessment of the 
unavailability .. The auxiliary feedwater system Cf=ln take on various configura­
tions, depending up~n the presence of steam and offsite power. A yearly aver­
age unavailability for the system was calculated taking into account different 
configurations. The uniformly staggered testing scheme was found to be the 
most desirable. Also, the configuration that has Diesel generators driving the 
electrical pumps acco"unts for 59o/o of the yearly average unavailability. 

A ·sensitivity analysis using the PROSA code was performed to deter­
mine which of the ICARUS input parameters were the most important. We 
found that the failure modes in !CAR US that are not in FRANTIC are important 
enough so that their omission in any unavailability analysis may lead to in­
accurate results. 

B. Recommendations for Future Work 

The equations developed for the !CAR US code represent an extensive 
development of average unavailability equations for redundant systems. How­
ever, additions could be made to the code that would even more realistically 
model the system in question. The most important ~f these is the treatment 
of common-mode or c.ommon-cause failure, since common-mode failure has 
played an important part in system failures in the past. 

A second task that might be undertaken would be the modification of 
the ICARUS code to handle multicomponent redundancies directly. Each re­
dundancy could be treated as a set of miniature systems whose average un­
availabilities could be calculated using the existing ICARUS equations. 
Depending upon the configuration of the components in the redundancy, the 
average unavailability of the redundancy and then of the system could be cal­
culated. To be able to calculate the optimum test interval directly, the calcu­
lation of the ;;~.vP.rage unavailability should be in terms of coefficients of the 
powers of the test interval T (see Chapter III). The calculation of the optimum 
test interval is ·one of the main features found in ICARUS. 

Another line of development includes modifications in the FRANTIC 
code such that the main features of the !CAR US code, as well as. the models of 
Ref. 7, can be merged to a general availability-analysis code. 
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APPENDIX A 

Linearization of exp(-t..s) 

In order to simplify the average unavailability expressions, an ap­
proximation for exp(-A.s) would be in order. Expanding exp(-t..s) in a Taylor 
series about the origin (Maclaurin series) yields 

(A.l) 

Taking the first two terms of the expansion, we can write exp(-t..s) as 

exp( :-A. s) ::;: 1 - A, s. (A.Z) 

The unavailability at any time s can be found from 

U ( s ) = 1 - ex p (-A. s ) = 1 - ( 1 - A. s ) 

or (A.3) 

U(s) = A.s 

Table A.l shows the errors incurred using this approximation. For 
values of A. s less than 10-3

, which is typical for this study, the error is less 
than 0.1%. · 

TABLE A,1, '>. s vs 1 - P.¥p(-A ~) 

1.0 

0.5 

1,o:x 1u· 1 

S.O x 10-z 

1.0 x 10-z 

5.0·x 10 a 

1.0 X 10-3 

5.0 X 10-4 

1.0 X 10-4 

1 - exp(-A.s) 

0.6321 

0.3935 

9.52 X 10-l 

4.88 x 1 o-z 

9.95 x 1o-3 

5.98·x lOmj 

9.995 X 10-4 

4.999x 10-4 

9.9995 x lo-s 

at.. s - [1 - exp(-A. s)] 
__ _:__ __ _:_.:____;_~ X 1 00 o/o. 

1 - exp(-A.s) 

Percent Errora 

58.20 

27.07 

5.08 

2.52 

0.501 

0.250 

0.050 

0.025 

0.00~ 



APPENDIX B 

ICARUS Users' Manual 

1. Program Summary 

The progran1 calculates the unavailability characteristics of a period­
ically tested standby' safety 'system with m-out-of-n redundancy (1 ~ m ~ n ~ 4). 

The main functions o£ the progran1 are to calculate the average un­
availability, the optimum test interval, and fractional unavailabilities due "to 
testing, repair, and random failures for three different testing strategies. It 
will also calculate the average unavailability- as a function of the test interval 
at each point in the range 0.2ToPTIMUM to 1.8ToPTIMUM at intervals of 

0.2ToPTIMUM· 

The code can be us~d· to evaluate sensitivities to diff~rent failure 
modes· and data as well as ·current testing/repair strategies to determine if 
changes to these strategies will optimize the system availability. 

2; Program Abstra:ct 

a. Name of Program. ICARUS 

b.· Computer for Which Program Is Designed. IBM 370/195 

c. Description of Problem. The problem is to determine the average 
unavailablllty of a standby system wi.th m/n redundancy~ given that it can fail 
due to testing, maintenance, mechanical failure, or human error. The m/n 
redundancy me.ans that the system has n parallel components, each with 
1 OOo/o/m capacity; i.e., operatio.O: of .m -component's is needed· to perform the 
safety function. · 

!CAR US first calculates the average unavailability, opt~mum test 
interval, and average unavailability at the o"ptimurri test· interval,_ given the 
system configuration and testing scheme. If de sired, the code then calculates 
the.ave~age ®availabilities at points around the optimumtest interval·and 
aiso calculates the unavailabil~ty contributions due to testing, repair, and 
random failure's. 

d. Method of Solution. As input data, the program needs the system 
configuration (m and n}, testing scheme, testing and repair paran1eters, and 
values for the testing, repair, and standby failure modes: Using these data, 
the pro'gra.In calculates the average unavailability for the sy.stem and solves 
for the optimum test interval of the system using the unavailability equation. 
Since the analytical equations for each system and testing strategy are .pro-
grammed into the code, computational time is ·very short. . 
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If desired by the user, the code calculates the average unavail­

ability in the interval 0.2ToPTIMUM to 1.8ToPTIMUM at each 0.2ToPTIMUM 
increment. The program then calculates the contributions (numerically and 
in pe~cent) that testing, repair, and random failures make to the average 
unavailability. 

e. Restrictions 
figuration can only be m 
safety systems currently in use. 
code are: 

Random 
Uniformly stagge1·ed 
Nearly 'simultaneous. 

of the Problem. The system con­
~ m ~ n ~ 4, which is sufficient for most 
The three testing strategies allowed in the 

In the random testing scheme, the components are tested at 
randomly shifted times throughout the test interval. The uniformly staggered 
testing scheme has the component tests being performed at equally spaced times 
throughout the test interval. Finally, in the nearly simultaneous testing scheme, 
all the components are tested consecutively at the beginning of the test interval. 

The equations assume only one component per redundancy. How,.. 
ever, redundancies with several components in series can be analyzed by 
properly defining the failure data for a series system in terms of the data for 
individual components. 

£. Typical Rw1ning Time. Typical running time for all m/n (1 ~ m 
~ n s; 4) systems and all three testing schemes is <1 son an IBM 370/195. 

g. Unusual Features of the Program, The analytical unavailability 
equations for all 28 systems (1 /1 system plus nine systems times three test­
ing schemes per system) are separately programmed in the code. For each 
system, the equations (divided into coefficient equations) are polynomials with 
both positive and negative powers of the test interval. This allows for the cal­
culation of the optimum test interval by taking the derivative of the average 
unavailability equation with respect to the test interval, setting that equal to 
zero, and solving for the optimum test interval. When a numerical solution 
is required, the Newton-Raphson method, which converges quickly for poly­
nomial equations of this type, is used. Dired analytical equations are avail­
able for the random testing scheme. 

h. Related and Auxiliary Programs. The ICARUS code can be used 
with the PROSA response surface analysis code to determine the sensitivities 
and probability distributions of the unavailabilities and optimum test intervals. 

i. Status. The program is operational at ANL. 



j. References.· Publications "i.n preparation. 

k. Machine Requirements. IBM 370/195; card reader; line printer. 

l. · Programming Language Used. FORTRAN IV. 
! . 

m. Operating System. IBM System/370 Model 195; FORTRAN IV (G) 
or (H) compiler with optimizer. 

n·. Other Programming or Operating Information or Restrictions. 
All ·floating-point variables are· double precision. 

o. Name and Establishme-nt of Author. Dominic Sciaudone; University 
of Lowell, Nuclear Engineering Department, l tTniversity Avenue, Lowell, 
Massachusetts 01854. J. K. Vaurio, Argonne National Labor·atory, Bldg.;_208, 
9700 S. Cass Avenue, Argonne, Illinois 60439. 

p. Material Available. Source decks, sample proble:rp., control cards. 
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q. Category. P. General Mathematical and Computing System Routines. 

. . 
r. Keywords. Availability, human errors, periodic testing, redundancy, 

redundant, reliability, safety· system·, testing, test interval; unavailability.· 

3. Program Use 

ICARus· can be directed to perform four different tasks. The· task to 
be executed is specified by the input variable IT ASK. The tasks are described 
in Sec. a below. The input for each task is specified in Sec. b below. The flow 
charts for the program are presented in Appendix C, and the function .of each 
subroutine is b:r:iefly described in Sec. c below. 

;;~. Task Descri,ptions 

Each execution of the progra.In performs· any one of the following 
four tasks specified by the variable IT ASK. After each case, the program 
control returns to. the beginning and a new c:·a.s·e starts (number of cases speci­
fied by NCASE).' 

(l) Task l (I TASK = l ): Selected System Unavailabilitie s. 
Calculates and pri~ts thP. r~.vP.rage "Wl.;:tvailability,_ optimum test interval, and 
average unavailability at"the optimum test interval for any system, testing 
scheme, ·and failure-mode probabilities specified by the user. 

(2) Task 2 (!TASK = 2):, Selected System Total and Fractional U 

(a) Performs sarn:e task as Task l . 
. . 

•' 
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{b) Calculates and prints the average unavailability of each 
point in the interval 0.2T OPTIMUM to 1.8ToPTIMUM at an increment of 
0 · 2 TOPTIMUM· . 

{c) Calculates the average unavailability contributions due 
to testing, repair, and random failures in the form of numerical values and 
percents. 

(3) Task 3 (!TASK= 3): All S stem Vnavailabilities. Performs 
the san1e task as Task 1 for all m/n systems 1 :s; m :s; n :s; 4) and testing 
schemes using one set of component input values. There are 28 systems in 
all. 

(4) 'J.'ask 4 (!TASK = 4): All System Total atld Fi·~dlun.al 
Uli.d.vd.ilaullltles. Performs the.same task as T<1sk 2 but for ::~11 sy!iitiims and 
testing scheme's using one set of component input values. 

b. Input Instructions 

Card 1 

Variable Columns Format 

NCASE 1-6 I6 

Card 2 

Variable Colwuul:i Format 

I TASK 1-6 16 

Card 3 

Variable Columns Format 

I TITLE l-80 20A4 

Description 

Number of cases to be run 

Description 

Task indicator (see Sec. n. ::~.hove) 

Description 

Title of case 

Card 4 {Optional; only needed for ITASK = 1 or 2) 

Variable Columns 

NSYSTM 1-6 

Card 5 

Variable Columns 

!MARK l-12 

Format 

16 

Format 

!12 

Desc:ription 

Nwnber of systems to be run for case 

Descriptions 

Mr~.r.ker for system and testing scheine. 
Three-digit integer. First two digits 
specify system (12, 1/2 system, etc.) 
Last digit specifies testing scheme. 
1 = random , 
2 = uniformly staggered 
3 = nearly simultaneous. 

Use !MARK = 100 when ITASK = 3 or 4. 



Card 5 (Contd.) 

Variable 

GAMMAE 

GAMMAR 

LAMBDA 

QZERO 

RHOF 

Card 6 

Variable 

RHOU 

TAUR 

TAUT 

TUP 

Columns 

13-24 

25-36 

37-48 

49-60 

60-72 

Columns 

l-12 

13-24 

25-36 

37-48 

Format 

Dl2.5 

Dl2.5 

Dl2 . .5 

Dl2.5 

Dl2.5 

Format 

Dl2.5 

Dl2.5 

Dl2.5 

Dl2.5 

Descriptions 

Probability that a test causes a failure 
that gets repaired. 

Probability that a true demand causes 
a failure. 

Failure rate per hour of component 
redundancy. 

Fraction of downtime for a component 
during a test. 

Probability that a·component that had 
failed before the test is not detected or 
not repaired due to human testing error, 
detection error, or human repair error. 

De sc ri ptions 

Probability that a te.st caused a failure 
that does not get repaired befor~ the 
next test (negligence or hidden failure). 

Duration of repair period. 

Duration of test period. 

Duration of test interval. 

c. Subroutine Functions 

CALC 

COMB 

FRACUN 

ITERAT 

MAIN 

·The function of each subroutine is described below. 

Calculates average unavailabilities and writes all results. 

Calculates the binomial coefficient. 

Calculates fractional unavailabilities ·and. writes ~esults 

Calculates optimum. test interval using Newton-Raphson method. 

·Reads data, calculates unavailability coefficients, and performs 
overall routine control. 
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APPENDIX C 

Flow Diagrams for ICARUS 

Figures C.l-C.3 present the logic used in the calculational subroutines 
of the ICARUS computer code. 

no 

Fig. C.l. Flow Diagram for MAIN Routine 
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yes 

~· 

-.; 

,Fig. C.l (Contd.)_ 

,,. 
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Call 
CALC 

Call 
ITERAT 

Return 

no 

no 

no 

Fig. C.l (Contd.) 

no 

yes 

yes 

Fig. C.2. Flow Diagram for CALC Subroutine 



Guess at 
optiii!Um T 

Is va1ue less 
than THETA? 

no 

Set va1ue 
to guess 

Is convergence no 
criterion met? 1---==-------J 

yes 

Fig. C .3. Flow Diagram for. IT ERA T'Subroutine 
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APPENDI:?C. p . 
ICARUS Program Liating 

The following is a computer listing of the iC4US ~ompute~··~o~e. 

c 
c 
c 

c 

HAIN PROGRAM 

IMPLICIT REAL*8CA-H,O-Zl 
REAU•8 LAHODA 
CON~ION/INTVAR/N, ntRK, IHRK1, IT ASK, I WRITE, NN! 28 l, I FLAG, I SIGN, NNSYS 

1,ITT 
COmiON/FL TVAR/GAHMAE, GAHHAR, LAMBDA, QZERO, RHOF, RHOU, TAUR, TAUT, T.UP, 

1ERR,A,B,C,D,E,F,TOPT,AP,BP,CP,UBAR1,UBOPT1,TOPT1,UBP,UBT,UBT1,UBT2 
2,UBT3,UBT12,UBT22,UBT32,THETA . . 

DIMENSION ISYSnH 450), !TITLE ( 20) . 
DATA ISYSTH/109*0,1,10*0,2,3,4,7*0,8,9,10,7*0,17,18,19,77*0,5,6,7, 

17*0,11,12,13,7*0,20,21,22,87*0,14,15,16,7*0,23.24.25,97*0,26,27,28 
2.7*0/ 

DATA ITITL,/20~~H 
IREAD=5 
ICASE=O 
ERR= 1. OD-03 

C INPUT DATA DEFINITIONS 
c 
C NCASE 
C !TITLE 
C !TASK 
c 
c 
c 
c 

.C 
C !MARK· 
c 
c 
c 
C NSYSTM 
C GA~I~I.~E 
C G~'JinAR 
c u-.~:sDA 
C QZC:RO 
C RHOF 
c 
c 

I C 
C RHOU 
c 
C TAUR 
C TAUT 
C TUP 
c 

NU~II3ER OF CASES TO BE RUN - 1 CARD ONLY 
TITLE OF CASE TO BE RUN - 1 FOR EACH CASE 
ITASK=1 FRINTS UBAR, T OPTIMUi1, AtiD UBARITOPTl FOR SYSTHIS 
DESIGNATED BY VARIABLE !HARK 
ITASK=2 FRII\"fS IHS!<= 1 INFORriATION PLUS UBAR!TOPTl FOR VALUES 
OF .2*TOPT TO 1.8;·;·TOPT, At>D THE FRACTIONAL UNAVAILABILITIES 
ITASK=3 FiUtiTS UB:\!:, T OPTH!Ui·l, AND U8A~(TOPTl FCR ALL SYSTHlS 
ITASK=4 FRINTS ALL INFORMATION FOR ALL THE SYSTEnS 
Ht.RKER TO DESIGN!.<TE S'r'STEH DESIRED - .122 DEI-:OTES 1/2 SYSTEII, 
STAGGERED TESTING. FIRST 2 INTEGERS ARE SYSTEM CONFIGURATION 
LASI INTEGER IS TESTH~G SCHHIE: i-RANDO!I 2-STAG. 3-SHIULT. 
IF !TASK IS CRCATER THAN 2, SET IMARK TO 100 
NUti8ER OF SYSTWS TO BE INVESTIGATED < OliL Y IF IT ASK < 3 l 
PR03ABILITY THAT A TEST CAUSES A FAILURE THAT GETS REPAIRED 
PROJA!HLHY OF A TRUE DHtAtm r.nm::m:wT FAILURE 
CONSTANT FAILURE RATE FCR A SINGLE COHFONENT 
FRACTION OF DO:ltl THiE DURWG A TEST 
FROBABILITY THAT A. cm;PONENT 1-!HICH HAD FAILED BEFORE THE TEST 
IS RANDQ;iL Y t;QT DETECTED AS BEit:G FAILED BY A TEST OR DOES NOT 
GET REPAIRED I HUi·t-\N TESTWG ERROR, DETECTION ERROR, OR HUnAN 
REPAIR Ef::RQR) 
FRCS~BILITY THAT A TEST CAUSES A FAILUR~ TIIAT DOES NOT GET 
REP.UREO P.FFr.RF THF. NEXT TEST I tiEG.LIGEt·!CE OR HIDDEN TYrC rAILU!ZE l 
REPAIR.Tii:E 
TESTitiG THIE 
TESTING WTERVAL 

C READ NmlBER OF CASES TO E)E RUN 
c 

REI\0( !READ .1000) tiCASF. 
c 
C START OF NCASE LOOP 
c 

1 CotlTINUE 
c 
C INITIALIZE FOR CASE 
c 

ICASE=ICASE+1 

-~ ... 



c 

!HARK=O 
N=O 
NNSYS=O 

C READ TASK HUMBER 
c 

READCIREAD,1000l ITAS~ 
c 
C READ AHD WRITE CASE TITLE 
c 

READIIREAD,1300l CITITLE!Il,I=1,20l 
WRITECIWRITE,1200l ICASE,CITITLECIJ,I=1,20l 

c 
C IF ITASK<3 READ NU:IBER OF SYSTE~IS TO BE INVESTIGATED 
c 

c 

IFIITASK.GT.2l GO TO 2 
READCIREAD,1000l NSYSTMi 
GO TO 3 

2 CONTIHUE 
NSYSTH=28 

3 CONTit;UE 

· ... · 

C IF ITASK>2, READ VARIAOLE INPUT ONLY ONCE. IF NOT, READ NSYSTH INPUTS. 
c 

IFCIHARK.EQ.100l GO TO 4, 
READ( I READ, 1 i 00 l Itl>4RK ,GAHI·tAE. GAt1i1AR, LMIBDA, QZERO, RHOF ,RHOU, TA!JR·, 

1TAUT, TUP 
QZC:ROP=QZERO 
T:~UTP=TAUT 

4 CONTINUE 
c 
C INITIALIZE FOR SYSTEM 
c 
C R~SET TESTING VARIABLES 
c 

c 

QZERO=QZEROP 
Tt,UT=TAUTP 

C ITT DEFINES ~HICH INPUT CRITERION WAS NOT MET !IF ANY). 
c 

ITT=O 
c 
C !FLAG DEFINES ~HICH FRACTIOHAL UNAVAILAS!LITY IS BEING CALCULATED. 
c 

c 

IFLAG=O · 
~1·='1·1+ 1 
NtlSYS=NNSYS+ 1 
IFCHODCITASK,2l.HE.Ol GO TO 8 

C SET TESTING PARAMETERS FOR FRACTIOtlAL UHAVAILABILITY IITASK=2,4l 
c 

44 COHTIHUE 
IFLAG=IFLAG+1 
IFCIFLAG.EQ.2l GO TO 6 
'"0 TO 9 

6 CGilTINUE 
QZERO=O.ODO 
GO TO 9 

8 CONTINUE 
IFLAG=4 

. ,· 
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c 

9 CONTINUE 
IFIITASK.GT.2J GO TO 5 
N=ISYSHH !NARK l 

5 CONTINUE 

·c NN DEFINES SYSTEM AND TESTING SCHEME. 
c 
c 
C !SIGN DEFINES THE TESTING SCHEME. 
c 
c 
C IV DEFINES THE NUMBER OF SYSTEM REDUNDANCES. 
c 

ISIGN=NNINJ-INN!NJ/10J•10+1 
IV=! INN! N l/ 10 l* 10-1 NNI N l/100 li<·lOO J/10 

c 
C HAKE SURE INPUT CRITERIA ARE HET FOR EACH SYSTEM. ADJUST VALUES TO ~iE~T 
C CRITERIA IF POSSIBLE. IF NOT, PRINT ERROR ~ESSAGE. 
c 

c 

IFIISIGN.NE.4l GO TO 19 
IFITAUR.LT. 1.00-501 GO TO 112 
THETA=TAUT+TAUR 
GO TOI19,15,16,17J,IV 

15 CONTifiUE 
HIU=Tr;ETA-2. 0'-'TAUT 
IFITMU.GE.O.ODOl GO TO 19 
Tt!U=O. ODO 
TAUT=TAUR 
ITT=1 
GO TO 18 

16 CONTINUE 
TNU=THETA-3.0l~TAUT 
IFITNU.GE.O.CDOl GO TO 19 
n-:U=O.ODO 
TAUT=T.~UfV2. COO 
ITT=2 
GO TO 18 

17 CONTINUE 
TSIG=THETA-4. O*TAIIT 
IFITSIG,GE.O.ODOl GO TO 19 
TSW-O. onn 
TfiUT=TIIUR.t3.0DC' 
ITT=3 

18 cc:nu~uE 
QZE~O=QZEROP•TAUTP/TAUT 

19 CC:ITINUE 
IFIQZERO.GT.1.0D0l GO TO 112 

C VARIABLE DEFINITIOflS 
c 

c 

THETA=TAUT+TAUR 
GDELTA=F.HOF-F:I-lOU 
GDEL=l. 0-GDEL TA 
CUP=GAtmAR+RHOU/GDEL 

C WITH ~lt!UL TAtlEOUS TESTING, AUP USED IN INTEGRATING FROM 0 TO T. 
C WITH RANDOl·! AND STAGGERED TESTING, AU?-CUP IS USED. 
c 

AUP=QZER0+!1.0-QZEROJ•IGAHMAR+GAMMAE+RHOU•I2.0-GDELTAJ/GDELl-CUP 
ADN=I1.0-QZEROJ•LAM3DA 



c 

BUP=GAHHAR+GA~IHAE+RHOU*I 2. 0-GDEL TA l/GDEL-CUP 
BD!l=LAHBDA 
IFIISIGN.HE.4t GO TO 12 
AUP=AUP+CUP 
BUP=BUP+CUP 

12 CONTiliUE 
AUP2=AUP*AUP 
ADN2=ADN~<AON 

C SET REPAIR PARAMETERS FOR FRACTIONAL UNAVAILABILITY. 
c 

c 

IFIIFLAG.NE.3l GO TO 11 
BL'P=O. 000 
BDN=O.ODO 

11 CONTINUE 
BUP2=8UP*BUP 
BOI'-:2=GON>!BDN 
CUP2=CUPl<CUP 
DUP=!1.0+GDELTAl/GDEL 
SUP=TAUT*AUP+TAUR*BU? 
SDN=TAUT•ADN+TAUR*GDH 
DLI'I=DUP*LAI l3DA 
DL~I2=DL~I*DLH 
CDT=CUP+DLM•THETA 
CDT2=CDT*CDT 
80DUl=BD~I+OL~I ,'. , . 
AAGB=AU?*BDN+BUP*ADN 
A8=ADN+8DN 
BA=AUP+8UP 
CB=l3UP+CUP 
CA=AUP+CUP 
AP.IIl=AUP-1.0 
AP:·I2=AP~I1 *APH 1 
BP:·ll=BUP-1.0 
BPI12=BPH 1*BP111 
Cf':11=CUP-1. 0 
CPi'l2=CHll*CP~I1 
A=O.O 
8=0.0 
C=O.O 
D=O.O 
E=O.O 
F=O.O 
AP=SUP 
BP=SDN+CUP 
CP=DLH/2.0 
TOPTl=DSQRT!AP/CPl 
IFITOPT1.LT.1.0D-20l TOPT1=1.0D-20 
UaAR1=AP/TUP+8P+CP*TUP 
USOPT1=AP/TOPT1+BP+CP*TOPT1 

C GO TO SYSTEM DESIGNATED BY ISYSTHIIHARKl. 
c 

.. 

GO TO !10,20,30,40,50,60,70,80)90,100,111,120,130,140,150,160,170, 
1130,190 ,200 ,210 ,220,230,240,250, 260 ,•27.9 ,2801 ,N . 

c 
c 
c 
c 

111 SYSTEM 

10 CONTINUE 

89 
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CALL CALC 
IF!IFLAG.LT.3l GO to 44 
GO TO 110 

C . 1/2 SYSTEM - COMPLETELY RANDOM TESTING 
c 

c 

20 CONTINUE 
CALL CALC 
IF!IFLAG.LT.3l GO TO 44 
GO TO 110 

C 112 SYSTEM - cmiPLETEL Y STAGGERED TESTING 
c 

c 

30 CONTINUE 
A=2.0*CUP*SUP 
B=2.0*CUP•SDN+DLM•SUP+CUP2 
C"'OLHli('SUN+CUP J 
0=5. 0124. O~"!)Lt!Z 
Ci\LL CIILC 
IFIIFLAG.LT.3l r,n Tn 44 
GO TO 110 

~ 112 SYSTEM - SIHUL TANEOUS TESTING 
c 

c 

'tO CONTINUE 
A=TAUT*!AUP*CB+BUP*CDTJ+TI!U*9UP2 
B=TAUTlf( AUPlf800UHADN*CB+BDtHCDT l+2. O*BUP•BON~tTMU+CUP2 
C=T AUT*AD ~l'iS!JD Lt-1+80:12•TNU+CUP"D LH 
0=1. 013. O•<DUl2 
CALL CALC · 
IF!IFLAG.LT.3l GO TO 44 
GO TO 110 

C 212 SYSTEM - CmiPLETEL Y RANDOM TESTING 
c 

c 

50 CONTINUE 
CALL CALC 
IF-IIPLIIG.bT.3l GO TO~~ 
GO TO 110 

C 212 SYSTE~l - COllPLETEL Y ~TAGGERED TESTT!'IG 
c 

c 

60 CONTINUE 
A=2.0•!CUP•!THETA-SUPl+SUPJ 
B=-2. O*SDtl*CP111+DLM*! THETA-SUP l +2. O•CUP-CUP2 
C=-1.0•DLH•!SDN+CPH1l 
D=-5.0/24.0i<OLM2 
CALL CALC , 
IF!IFLAG.LT.3l GO TO 44 
C30 TO i1il 

C 212 SYSTEM - SIMULTANEOUS tESTING 
c 

70 CONTINUE 
A=TAUT•! -CPt!1•AUP+2.•BUP+CUP-BPHf•!AUP+CDTl l+TMU•BUP•!2.0-BUP l . 
B=TAUT•! -APM 1*BDOLI"I+ADI~*( 2'. -CR ltBI)tllf( 1. -COT) H~. O*niU*BDN*BPN1+CUP 

1*!2.0-CUPJ 
C=-1. O• ( ADN*TAUT•BDOLM+ niU*BDN2+DLM*CPM 1 l 
0=-1. 0/3. O•DL~I2 
CALL CALC 
IF!IFLAG.LT.3l GO TO 44 



.i 

GO TO 110 
c 
C 113 SYSTEM -' COMPLETEL'( RANOOH TESTING . 
c 

c 

80 CONTINUE 
CALL CALC 
IFIIFLAG.LT.3l GO T0·44 
GQ TO 110 

C 1/3 SYSTEM - Cb~PLETELY ~tAGGEREb TESTING 
c 

c 

90 CONTINUE 
A=3.0*CUP2•SUP 
B=3.0•CUP2*SDN+3.0~CUP•DLM•SUP+CUPl!CUP2 
C=DLH*I3.0~CUP*SDN•2.0/3.0*DLM*SUP+1.5•CUP2l 
0=2. 0/3. 0'-'Dlt!Z•I SO!·I.rCUP J .. 
E=1.0/12.0vDLH•OLM2 
CALL CALC 
IFIIFLAG.LT.3J GO TO 44 
GO TO 110 

C 113 SYSTEM - SHIUL TANEOUS TESTING. 
c 

c 

100 CONTINUE 
A=TAUT•IAUP*ICUP2+SUP•CUP+BUP2J+8UP•CDT•IBUP+CDTJJ+TNU•BUP2•BUP 
B=TAUT~IAUP•DLHMI8UP•2.0oCUPltAUP•BDN*I2.0•BUP+CUPJ.rAONn(8UP2+BUP* 
1CUP+CUP2J+BDN•CDTvi2.0nBUP+CDTIJ+3.U•TNU•BU~2~BDN'CUP•CUP2 . 
C=Tt1UT•I AQlJ;;OUHI BUP+2. Q;<CUP J +AUP•DLH+<8llDl~I+AOi~;;BONxl 2. O•BUP+CUP I+ 
1BD~2•1AUP+CDTll+3.C*T~U6GUP*BDN2+1.5xCUP2•DLH 
O=TAUT*I ADNifQLH'<BDDLM+AON*8DN2 J + TNUl<9DN•<BDN2+CUP•DLH2 
E=. 25lf0UJ••DLI'l2 
CALL CALC 
IFIIFLAG.LT.3l GO TO 44 
GO TO 110 

C 2/3 SYSTEM - CO~iPLETELY RANDOM TESTING 
c 

c 

111 CONTINUE 
CALL CALC 
IFIIFLAG.LT.3J ~q.T0.44 
GO TO 110 

· .. 
' . ... . 

C ~/3 SYSTEM - :cmtPLETELY .STA!;>GERE~ TESTING 
c 

c 

120 CONTINUE 
A=3.0•CUP•I2.0•11.0-CUPJ•SUP+CUP•THETAJ 

· B=J.UMULMMt I.0~2.0*CUPJ~suP-G.OMCUrKCrM1~soN~3.0¥CUP*n'H*THETA+CUP 
12•13.0-Z.O*CUPJ 
C=3.•DLM•I1.-2.*CUPJl!SDN+2./3,•DLH2*1THETA-2.•SUPJ-3.•CUP*DLH•CPM1 
D=-2.0/3.0•DLH2•12.0•1SDN+CUPJ-1.0J 
E=-1.0/6.0•DLH•DLM2 
CALL CALC 
IFIIFLAG.LT.3l GO TO 44 
GO TO 110 

C 2/3 SYSTEM - SH:UL TANEOUS TESTING 
c 

130 CONTINUE 
A=IAUT•II 1.-2.*AUPJHICUr2,0UP•CUPJ+3.0¥AUP•CUPt~IP*BUP*C3.Q-~.O•BU 
1PJ+2.*BUP2+2.•BUP•CDT•I2.-BUPJ+CDT2•11.~2.•BUPJI+TNU•BUP2*(3,-2.*e 

9-1 



92 

c 

2UPl 
B=TAUT•II1.-2.•CUPl•I2.•AUP•DLH+AABSl+2.*CUP*IDLH-ADN•CPM1l+OLM*(A 
1UP~BUP-2.*AUP•BUPl+CUP•AB+2.•BDN•I 1.-2.*BUPl•IAUP+tOTl-2.•ADNxBUP*. 
2BPH1+4.•BUP•BDN+2.*BDN•CDT•I1.-CDTll-6.*TilU•BDN•BUP*BPM1+CUP2*13.-
32.•CUPl 
C=TAUT*I2.*ADN•GDOLH*I1.-2.*CUPl+!1.-2.*AUPl*(DLH2+BDN*DLH+BON2l+( 

11.-2.*BUPl•2.*ADN*BDDLM+BDN2•11.-2.*COTll+3.*TNU•SON2•11.-2.•GUPl-
23.*CUP*DLHNCPH1 . 
0=-2. 0•1 TAUT*ADN*IBDN2+BON•OLH+OL~I2 l+TNU*BDN•BON2-0LH2*1 .5-CUP l l 
E=- .5*Dlf"I;;Dlf-12 
CALL CALC 
IFIIFLAG.LT.3l GO TO 44 
GO TO 110 

C 313 SYSTEM·- COHPLETELY R~NDOH TESTING 
c 

c 

140 CONTINUE 
CALL C~\LC 

IFIIFL~G.LT.3l 00 TO 44 
GO. TO 110 

C 313 SYSTEM - COMPLETELY STAGGERED TESTING 
c 

c 

150 CONTINUE 
A=3. O•l THETA+CF1·12*1 SUP-THETA l l 
8=3. O*CP~I2~S~tl+3. O•CPi·ll*DLI"I*( SUP-THETA l +1. 0 +CPNl*CPH2 
C~3.0•DLH•!2.0/9.0•DLM•ISUP-THETAl+CPH1*SDN+.5*CPM2l 
0=2. 013. O•DU!2* I SDN+CPi·l1 l . 
E= 1. 0112. 0¥DL~I•DUI2 
CALL CALC 
IFI!FLAG.LT.3l GO TO 44 
GO TO 110· 

C 313 SYSTEt1 - SH!UL TANEOUS TESTING 
c 

c 

160 CONTitlUE 
A~5.0~TAUT•TAUT*lA~MIMCPH1•!Ce-2. l+APM1•BPM2+BFM1*11.-COTI*(2.-BUP 

1-CDTl l+TNU+THV;;gp;f1;<f3P!·!2 
B~1.00•TAUT•ICPH1•12.MARI1wOLH~ADN*CPH1l+A~H1•BPH1•DLM+SDN•AP~1N(2 

1. *BU?+C:UP-~. ) +t:!)N .. SF11111( CB-2. ) I DC HI!( ·1. -CDTl·!t( :5.-2. *8U?-C0Tl) +3. •TN 
2U*8Dtl•Br:·J2+CP~lHCri·i2+ 1. 0 

C=H.UTll( ADtl~CPi·l1*( BON+2. O•DL~: I+AP~l1*( BDN2+DLH*BDN+OUI2 l+AON•SFill*( 
12. O•BDN+DLH l -BDN2*( 1. 0-CDT I l + 3. O*BP111•TtlU:>:EDN2+ 1. S•CPi iZ*OL~I 

D=TAUT!H ADt;*DUiliGDDL~I+A!Jtl:;SDN2 l + niU;;SOH*BDtl2+CFM 1*DL~12 
E=. 25;~DU·HDU·\2 
CALL CALC 
IFfTFI OG.I.T.3l GO TO '1'1 
GO H) 110 

. C 114 SYSTEM - CO~IPLETEL Y RANDOM TESTING 
c 

c 

170 CONTINUE 
CALL CALC 
IFIIFLAG.LT.3l GO TO 44 
GO TO 110 

C 114 SYSTEM - COHPLETEL Y STAGGERED TESTING 
c 

180 CONTINUE 
A=4.0*CUP*CUP2*SUP 



c 
c 
c 

c 
c 
c 

c 

B=CUP2*CUP2+4.0*CUP•CUP2!!SON+6:0*CUP2*DLH*SUP 
C=CUP*DLH•!6.0*CUP•SDN+2,75•DLH•SUP+2.0•CUP21 
D=.125*DLH2•!~2.0•CUP•SDN+3.0*DLH•SUP+11.0~CUP2l 

. E=3.0/8.0xOL~I•Dl~I2*CSDN+CUPl · 
F=251.0/7630.0K~LM2~DLH2, 
CALL CALC 
IF!IFLAG.LT.3l GO TO 44 · · 
GO TO 110 

1/4 SYSTEM S!t:UL TANEOUS TESTING . 

190 CONTINUE 
A=TAUT*IAUP*IBUP•BUP2+CUP*CUP2l+AUP*BUP*CUP*CB+SUP*CDT*!BUP2+CDT2+ 

1BUP•CDT l l + TSIG•BUP2' 'ElUP2 . 
B=TAUT*IIAUP•DLH+AC~•CUPI*ICUP*CB+OUP2l+AUP*CUP•DLH•!BUP+2.*CUPI+A 

1UP*BDN'fCUP• ( 2. O>i6U?+CUP I +BUPZ*( 3. 0 *AUP><BDN+BU?•ADN+ 3. O•BDt:•CDT I +BD 
2N•CDT2•!2.0~2UP+CDTll+4.0•TSIG•BUP*GUP2HBDN+CUP2•CUP2 

C=TAUT*I I AUP·*DU·:+:\Ct~:<H!P P<( 3. O•CUP*DLH+B!JP•DLHi S!)N!<CUP l+AABB*I CUP• 
1DLH+SUP•DLM+BDN~CUP+i.•BUP•BDNl+BUP*BDN~(AUP•DLH+ADN5CUPl+BDN2•CDT 
Z•c 3. O•BU?+CDT 1 1 +6. onsrG~su:=2•Botl2+2. o;.;cur2*CUP*DU1 

D=TAUT*I BDOLt1*( DL~H AUP;;Qlf·i+2. •ADN><CUP l~GDN•< AUPllBOti+2. •AON;o;BUP l l+ 
1ADN•CB•! EDii2+DU12l +SDN2•BO~:,;CDT l +4. *TSIG•BUPl:8DN•SD:l2+2. *CUP2•DU12 
E =AO:l*T ;\UT * C DLM2;. Eml,21 +<GOD Ll'l +BON2;,BON2*TSIG +CUP•D LH·:<D Ui2 
F= .2i<-Dltl2•DU12 
CALL CALC 
IF!IFLAG.LT.3l 'GO TO 44 
GO TO 110 

2/4 SYSTEM - COMPLETELY RANDOM TESTING 

200 CONTINUE 
CALL CALC 
IFCIFLAG.LT.3l GO TO 44 
GO TO 110 

C 2/4 SYSTEM- COHPLETELY'STAGGERED TESTING 
c 

c 

210 COtlTINUE 
A=4.0HCUP2•<-3.0•CPM1•SUP+CUP*THETAl 
B=6. OliCUP•DU·\lf( 2.-3. i<CUP l*SU?-12 .•CUP2*CPH1*SDN+6. *CUP2•DLH•THETA-
13.0*CUP2•CUP2+~.0•CUF2•CUP 
C=OLH*I2.75•DLH*C(1.0-3.0•CUPl•SUP+CUP*THETAl+CUP•!6.0•!2.0-3.0*CU 

1 P l •SDN-6. OliCUP•CPi11l l 
D= 1./8. *DL~l2•! 22. *I 1. -3.•CUP l•SDN-3. *DLH•! 3. *SUP"' THETA)+ 1l.•CUP*I 2 

1.0-3.0•CUPl l 
E=-3.0/8.0*!3.0•!SDK+CUP)-1.0l•DLN*DLM2 
F=-251.0/2560.0•DLM2•DLH2' 
CALL CALC 
IF!IFLAG.LT.3l GO TO 4~ .. 
GO TO 110 . 

C 2/4 SYSTEM - SH1ULTANEOUS 'TESTING 
c 

220 CONTINUE 
A=TAUT•!-3.0•AUP•CUP2MCPM1~CUP2•CUP+AUP•BUP~CUP•!2.0-3.0*CUPl+CUP2 

1ti3A+BUP2•CA+OUP•!2.-3,NBUPl*ICUP4AUP+COT21-3.•BUF2MBPH1,CAUP+COTl+ 
22.*BUP•BUP2+2.*CDT*SUP2+3.•GUP*CDT2+CDT~CO-T2•!1.-3.'*SUPll+TSIG•BUP 
3•BUP2•!4.-3.•BUPl · .. 
B=TAUT•!CU?•I2.-3.*CUPl*(3.•AUP•DLH+AABBJ+3.•cUP2•(0LH-CPc11•ADNl+2 
1.*AUP•BUP•DLM•I1.-3.•CUPJ+2.•BA*CUP*DLH+CUP2•AB+I2.~3.•BUPl*BUP•!A ·. 

93 
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c 
c 
c 

c 

2UP•DLH+AON•tuP+3.•BDN•IAUP+CDTll+2.•BDN•I1.-3.•BUPl•ICUP•AUP+CDT2l 
3+BUP2•1AON+OLHl+2.•BUP•BDN•CA-3.•AONMBUP2*BPM1+6.•BUP2•BDN+4.*8UP• 
4SDN"CDT+3.•8Dtl•CDT2•11.-CDTll-12.•TSIG•BUP2*BDN•BPH1+CUP2•CUP•I4.-
53.*CUPl . 
C=TAUT•IDLH•I1.-3.•CUPl•I3.•AUP•DLH+2.•AABBl+ADN•CUP*I2.-3.•CUPl•l 
18DN+3.•DLHl+OLH2•1BA+3.•!CUP-AUP~BUPll+2.•AB•CUP•DLH+BDN•!1.-3.•SU 
2Pl•i2.•!AUP•~LH+ADN•CUPl+3.*BDH•!AUP+COTll+ADN•BUP•!2.-3.•BUPl*!3. 
3•BOtl+DLH l +2. •BUPHBDN• I ADti+OL~I l +8Dtl2•1 CA+3. t<( 2. •BUP-AUP*CUP l l +SDIQ• 
4CDT•I 2.-3. •COT l l +6. •TSIG*3UP•Botl2•1 2. -3. •SUi' l -6. •CUP2•DLH*CPN1 
ri=TAUT•!ADN•I1.-3.•CU?l•!BDN2+DLN•I3.•DLH+2.•BDNll+I1.-3.•AUPl•IDL 
1M*DLt12+BDN2•DL~I+BDNxS:JN2 l +0Ul2•! AB-3. •AASB l +ADN!fSDt:*l 1.-3. •BUP H~l 3 
2.•BDN+2.•DLHl+BDN•BDN2•11.-3.•CDTll+4.•TSIG•SDN*BDN2•11.-3.nBUPl+2 
3.•CUP•DLH2•12.-3.•CUPl . 

E=-3.•ADN*TAUT•BDDLH•I BDti2+DLH2 l-3.•TSIG•BDN2•BDN2+DLH•DU12•1 1. -3. 
1•CUPl 
F=-3.01S.O•DLM2•DLH2 
CALL CALC 
IrtirLAG.LT.3l GO TO~~ 
r,n rn 110 

314 SYSTEM - CmiPLETEL Y RANDOM TESTING 

230 CONTINUE 
CALL CALC 
IF!IFLAG.LT.3l GO TO 44 
GO TO 110 

C 3/4 SYSTE~l - CCNPLETEL Y STAGGERED TESTING 
c 

c 

240 CONTINUE 
A=4.0•CUP•ICUP•THETA•C3.-2.•CU?l+~.lfC:PM2!!SU?l 
B=3.0•CUP2•CU?2-3.0•CUP*CUP2+6.0nCUP2+6.0nDLM•I1.0-4.0•CUPl•SUP+6. 
10•CUF•DLH•I-2.0•THETA•CF111+3.0•CUP•SUPl+12.0~CU?•SDN•CPM2 
C=6.•DLH•SDN•CPH1•13.MCPH1+2.l+2.75•DLH2•113.•CPH1+1.l•SUP-THETA•I 

12.*CFH1+1. l l+6.•CUP•CP~i2•DLM 
D=9.18.*DLH2;~LMNSUP-.75~DLM2•DLH•THETA+2.75•DLM2*13.•CPM1+1. l•SDN 

,, 11 ..'3. ut 3. ~o~cr:l1·' r. l !iCPt lh·nll12 
E=9 ./(L •DL~I*DL~;;'¥-3DN+3 ./(L •DLN;,DL~I2•1 3. •CPH1 + 1. l 
F=25 1.,12560. •DLI·I2*DL~i2 
CALL CALC . 
!F(IFLAG.LT.3l GO TO 44 
GO TO 110 

C 3/4 SYSTEM - SIMULTANEOUS TESTING 
c 

250 CONTINUE 
A=TAUTMt3.•AUP•CUP¥C~8•2.~CUP2•12.-CUPl+AUrxDUP•CUP•t3.•CB-8. J+!B 

1UP+3.•CUP-2.•CUP2lMBA+DUP•CA•t1.-2.•8UPl+BUP*BUP2•t3.•AUP-2.l+BUP2 
2•t7.-2.•BUP-6.•!CDT+AUPll+4.*AUP•8UP+3.•BUP•CDT•t1.+BUP2+1CDT-1. l• 
3•2 l +2. •CDT2•( 2. -COT J+BUP*CDT*( 3, •BUP•CDT-4. *' r.nT+RPM1))) + T~!Gl-<3 1JP2 
4•(3.•BUP2-8.•BUP+6. l --
B=TAUT•I3.•ADN~CUP•C~I2+!3.•CUP-1.l•CPM1•t3.•AUP•DLH+AABBl-2.•CUP•· 
1CPN1•tAB+3.•DLHl+2.•DLM•tAUP•t1.-2.•BUPl+BUP•I1.-2.•CUPl+CUP~t1.-2 
2.•AUPll+AADB•I3.•BUF2+3.+CUP•t3.•8UP-4.ll+SDN~CA*(1.-4.•3UPl+BUP~O 
3UH 6. i!AUP•CUP-4. •AUF+ 1 .. J +BA"DL~l+t.B•I 2. ~SUP+CUP-6 .11BUP2 l ··2. ~DUI'2H 
4ADtl+DLH )+3. •AUP*BUP*( BUP•DLH+BDN*CUP l +BON»( AUP+2. •BUP+6. •AUP*BU!'2 l 
5+6.•GUP•SON•I2.-2:•AUP-BUP-2.•CD~l+BDN•CDT•I~.*BUP2+7.-8.•8UP+3.•( 
6COT-1. l••2 l+2. •Botl•CDT2•t 3. *BUP-2. l l+ 12. •BUP*BDN•TSIG•BPH2+CUP2•1 3 
7.•CUP2-8:*CUP+6.l 
C=TAUT•(3.•ADN•DLM•t3.•CUP-1. l•CPH1+DLM2•t3.•AUP•BUP-2.•BA-6.•CUP+ 



c 

14. l+( l.*CUP-2. l*DL~l*l 2.*AABB+3.*AUP~<DLM l+ADN•BDH*CUP*( 3.•CUP-8. l+A 
2DN•BDN*I9.•BUP2+1. l+BDN*I1.-4.*BUPl*I4.*ADN+DLHl+AABB~<l3.•1BUP*DLM 
3+BDN•CUPJ-4.*DLMl+AS•!BDN+3.*DLH-4.•CUP•DLHl+BON2•13.-t.*AUP-2.*CU 
4Pl+3.*BUP*BDN*IAUPHOLH+ADN•CUP+BDN*I3.*AUP-2. ll+BDN2*13.•!CDT*I3.* 
5BUP-2.l-2.•BUP+1.l+ICDT-1.l*(3.•CDT-1.lll+6.*TSIGNBDN2•!3.•BUP-1.0 
6l•BFM1+6.•CUP•DLH•CPH2 
O=TAUT*((3.•AUP-2.l•IBDN2*BDN•OLH•DLH2l+ADH*DLH•(3.*CUP-2.l*(2.*BD 

1N+3. *DL~l l +3. *DLH*AA:OS•GDOLH-.2. *DU12*AB+ADtl•BDN><! 3. *( BUP*DL~1+8DN*CU 
2P l-4. *DLH l+BDN2•1 9. !fAQN><BUP-8. *ADI~-2. *DUll +BD!lliBON2•1 3. *CDT-2. ll+4 
3.*TSIG•BDN*BDN2*13.MBUP-2. l+2.*DLH2•!3.•CUP-1. l•CFM1 

E=3.*ADN•!BDt42+DLH2l•BDDLH*TAUT+3.*TSIG•BDN2*BDN2+DLH2*DLM*(3.*CUP 
1-2. l 
F=3./5.•DLH2*DLH2 
CALL CALC 
IF!IFLAG.LT.3l GO TO 44 
GO TO 110 

C 4/4 SYSTEM- COMPLETEL~ RANDOH.TESTING 
c 

c 

260 CONTINUE 
CALL CALC 
IF!IFLAG.LT.3l GO TO 44 
GO TO 110 

C 4/4 SYSTEM - CO~:PLETEL Y STAGGERED TESTING 
c 

c 

270 CONTINUE 
A=4. 0*1 THETA-CPH1•CPi-12*( SUP-THETA l l 
B= 1. 0-CPI·I2*CFII2-4. •CF112*1 CPH1*SDN+ 1. 5*DLH·*( SUP-THETA ll 
C=-2. •CPII1*DLH*I CP/·:2+ 3. *CPH 1•Sot4+ 11 ./8. *DL~I*( SUP-THETA ll 
D=-1./8. *Dlfl2*( 11. ,CP1-12+22. *CPH1*SDN+3. *.DUlif( SUP- THETA l l 
E=-3./8.*DU12*DLN*ISDN+CPM1l . 
F=-251./7680.•DLH2•DLM2 
CALL CALC 
IF!IFLAG.LT.3l GO TO 44. 
GO TO 110 

C 4/4 SYSTEM- SU:ULTA~EOUS TESTING 
c 

280 CONTINUE 
A=7.*TAUT-TAUT*IAPHl•CPH1*C~12+BPH1~1APH1*CPH2+1CDT-1.l**3l+BPH2*1 

1API·I1*CPN1 + ( CDT-1. )i>-'*2 l +BPH1•BPl12•1 AUP-2. +COT l l+TSIG-8Fr-12•BPn2•TSIG 
B=1.-TAUT•ICPH2•1AFM1•18DN+3.liOLMl+ADN•ICB-2.ll+APH1*BPH1•1BDN•CPH 

11 +DU1•1 BUP+1. ll+BP/-11;f( ADt·p!BPri1+.API11•BDN l•l CB-2: l+BO~H8Pi12*( 2. •APN1 
2+3. *( CDT-1. l J +BDNif(CDT.:.1. l••'2•C 2 .*BUP+CDT -3. ll-4. *BPr!2•BP1·11*TSIG*B 
3DN-CP~I2*CP~12 
c--1. !>!TAUT*! c ArH1 xoLN+AOt~!o!CP!11l~<! 3 .. ~·cPH1l<DLH+RnN*RP~I1 >• c ADN•GPH1tB 

1DN*APH ll*( CPH1•C BDN+2. *DLH l +8P~I1*1 3. •BDt~+DLH ll+AP~i1;o:BP~11•DLH2+ADN* 
28DN*CP~!2+( COT +1. )*80142'<( 3. *BUP+CDT -4. l l-6. •BPr12•BDN2•TSIG-2. *CPII1* 
3CPI12*DLH 
0=-1. O*TAUT•I ( ADN"-13PH 1+8DN*APt11 )*( BDN2+BDNif0LH+Oll'l2 l +CP~I i•ADN•! BON 

12+2.*BDN*DLH+3.*DLH2l+OLH•IADN*BDN•BPH1+APM1*DLH2l+2.•ADN•BPH1*BDN 
22+8DN2•BD!'l*l CDT-1. ll-4. •BPI·11•TSIG*SDN2•BD!'-I-2.•CFH2•DLH2 

E=-1. *ADt1;<( BDN2+0Ul2 J•BDDLfi*TAUT.:. TSIG*BD~42*BDN2-CPti1*DUI2*DLH 
F=-1. 0/5. O*D'.H2*DU:2 
CALL CALC 
IFIIFLAG.LT.3l GO TO 44 
GO TO 110 

c . 
C WRITE ERROR·HESSAGE AND STO~ IF !~PUT CRi~ERIA NOT MET. 
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c 

c 

112 CONTINUE 
WRITEIIWRITE,14~0J 
STOP 

110 CONTINUE 

C CHECK FOR LAST SYSTEM AND CASE. 
c 

c 

IF!NNSYS.LT.NSYSTHJ GO TO 3 
IF!ICASE.EQ.NCASEJ GO TO 300 
GO TO 1 .. 

300 CONTINUE 
STOP 

1000 Fm~IAT! 216 J 
1100 FORMATII12,5D12.514D12.5J 
1200 tUR~lAT! 1H 1, 1301 1H* J//62X ,4HCASE ,I3//25X,20A4//1301 1H* l/// l 
1300 FORMATI20A4J 
1400 FORHATI///13011HwJ//20X,70H•**** INPUT ERROR***** CHECK TO SEE 

lTHAT THE' V~IIIF~ nF tAUT, T/\LIR, //20X,3'ii-IAND Q2CRO IIEET THE III!"UT C 
2RITERIA.I/130!1H•JJ 

H!D 
BLOCK DATA 
COi'1t1C!N/INTVAR/N, HIRK, IIIRK 1, !TASK, !WRITE ,NNI 28 J, !FLAG, ISIGN,NNSYS 

1 ,ITT. 
DATA NN/110,121,122,123,221,222,223,131,132,133,231,232,233,331, 

1332.333,141,142.143,241,242,243,341,342,343,441,442,443/ 
DATA IWRITE/6/ 
END 
SUBROUTINE CALC 

C THIS SUBROUTINE PERFORMS CALCULATIONS AND WRITES THE RESULTS. 
c 

c 

IMPLICIT REAL•81A-H,O-Zl 
REAU<8 LA~!BDA 
C0!1t·lON/INTVAR/N, IHRK, HIRK 1, !TASK, !WRITE, NNI 281, !FLAG, ISIGN,NNSY$ 

1,ITT 
CO!'li·IQ!VFL TVAR/GA~~lsl.E ,G:l.tlHAr-, LAHBDA,QZERO,RHOF ,RHOU, TAUR, TAUT, TUP, 
1ERR,A~B,C,D,E,F,TOPT,AP,BP,CP,UBAR1,UBOPT1,TOPT1,UBP,UBT,U8T1,UBT2 
7 ,IIBT),UBT12 ,L'3T22 ,U8T32, THETA 

C UBP IS TOTAL SYSTEM UNAVAILABILITY. 
c 
C. 
C UBT IS THE UNAVAILABILITY CALCULATED THIS STEP !DEFINED BY IFLAGJ. 
c 
c . 
C UBT1 IS THE FRACTION OF UNAVAILABILITY DUE TO TESTING. 
c. 
c 
C UBT12 IS THE UNAVAILABILITY DUE TO TESTING. 
c 
c 
C UBT2 IS THE FRACTION OF UNAVAILABILITY DUE TO REPAIR. 
c 
c 
C UBT22 IS THE UNAVAILABILITY DUE TO REPAIR. 
c 
c 
C· UBT3 IS THE FRACTION OF UNAVAILABILITY DUE TO RANDOM FAILURES. 
c 



· .. 

c 
c 
c 
c 
c 
c 
c 

c 

'• 

UBT32 IS THE UNAVAILABILITY DUE TO RANDOM FAILURE. 

IHRK DEFINES M OF H/N SYSTEM. 

IHRK=NN!Nl/100 
IHRK1=!NN!Nl-100*IHRKJ/10 
GO TO !20,20,30,40l,ISIGN 

C CALCULATIONS FOR H/N SYSTEM, RANDOM TESTING. 
c 

c 

20 CONTINUE 
USARR=O.O 
UBO?TR=O.O 
KP=IMRK1-IMRK+1 
DO 1 KK=KP,IMRK1 

C CALL COHB TO CALCULATE BINOMIAL COEFFICIENT 
c 

c 

CALL COt IS ( CD:-!BI, KK, II1RK 11 
UBARR=U3ARR+COMBI*U8tR1•*KK*!1.0-UBAR1l*•!IHRK1-KKl 
UBOPTR=UBOPTR+Cot-~3I;;·USOPT1.**KK*( 1.0-UBOP.TJ ).**( HIRKl-KK l · 
COilTINUE 
IF!HOD!ITASK,2l.EQ.O.AND.IFLAG.NE.1l GO TO 22 
IF!NNSYS.NE.1l WRITE!I~~ITE,1249l 
IF(ItlRK1.EQ.1l GO TO 2 
!o!RITE (!~RITE, 2000 l ni~K, II1RK 1 
GO TO 3 

2 COtlTWUE 
WRITE! !WRITE, 2500 l H1RK, HIRK1 

3 CONTINUE 

C WRITE INPUT AND RESULTS. 
c 

c 

~lRITEI !WRITE ,2600 l GM!HAE ,GA~IMAR, LAHBDA,QZERO,RHOF ,RHOU, TAUR, TAUT, 
1TUP 
WRITECIWRITE,23001 U3ARR,TOPT1,UBOPTR 
IF!IFLAG.EQ.11 GO TO 21 
RETURN ., .. 

21 CONTINUE 
IF!DABSCTOPT-THETAI.LE.1.0D-05l GO TO 6 
WRITE (!WRITE, 1250 I , •, 
GO TO 7 

6 CONTINUE 
WRITE! II~RITE, 1251 l 
TOPT=TUP 

7 CONTINUE 

C CALCULATE AND HRITE USAR VALUES FOR INTERVAL FROH .2 TO 1.8*TOPT. 
c 

DO 5 J=2, 18,2 
TJ=J 
T J=. 1*T J*TOPT1 
UB1=AP/TJ+BP+CP*TJ 
UB=O.O 
KP=IHRK1-IHRK+1 
DO 4 KK"KP,IHRK1 
CALL CQ}IB!COHoi,KK,It-:RK1 l 
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c 

UB=UB+COHBI*UB1**KK*C1.0-UB1l**CIHRK1-KKl 
4 CONTINUE 

I:RITE!II-IRITE,1300l TJ,UB 
5 CONTINUE 

UBP=UBARR 
RETURN 

22 CONTINUE 
CALL FRACUN!IFLAG,UBARRl 
RETURN 

C CALCULATIONS FOR MIN SYSTEM, STAGGERED TESTING. 
c 

30 CONTINUE 
UBART=A/TUP+B+C*TUP+D*TUP**2+E*TUP**3+F*TUP**4 
IF!tiOD!ITASK,2l.EQ.O.AtlO.IFLAG.NE.1J GO TO 33 

c 
C CALL ITERAT TO CALCULATE OPTI!-IUII TEST INTERVAL. 
c 

c 

CALL ITERAT 
TOPTT=TOPT 

·. UE OPTT=AITOPTT +B+C*TOPTT +D*TOPTT**2+ E *TOPTTn3+ F*TOPTTu4 
IF!tHiSYS.NE.1l WRITECIWRITE,1249l 
~RITE!IWRITE,2100l IHRK,IHRK1 
WRITE! IliiUTE ,2600 l GAntiAE ,GA!IMAR,LAHBDA,QZERO,RHOF ,RHOU, TAUR, TAUT, 

1TUP 
WRITE! H~RITE ,2300 l UBART, TOPTT ,UBOPTT 
UBP=U8ART · 
IF!IFLAG.EQ.1l GO TO 31 
RETURN 

C CALCULATIONS FOR MIN SYSTEM, SHIULTANEOUS TESTING. 
c 

40 CONTINUE 
UOARI=A/TUP+B+C*TUP+D*TUP**2+E*TUP**3+F*TUP**4 
IF!NOO!ITASK,2J.EQ.O.AIID.IFLAG.NE.1J GO TO 44 

t; 

C CALL ITERAT TO CALCULATE OPTI!tUi1 TEST INTERVAL. 
c 

c 

CALL ITERAT 
TOPTI=TOPT 
UBOPTI=A/TQPTI+6+C*TOFTI+D*TOPTI**2+E*TOPTI~~3tF*TnPTT**4 
IF! I~NSYS.NE. 1 l I·~RITE! !WRITE ,1249 J 
I-IRITE!I~RITE,2200J INRK,H!KK1 
~RITE! !WRITE ,2600 r GAt·l~lAE ,GAH~!AR, LAHBDA,QZERO,RHOF ,RHOU, TAUR, TAUT, 

1TUP 

C INFORM USER OF INPUT VALUE ADJUSHIENT IF APPLICABLE. 
r. 

IF!ITT.EQ.1) HRITE!IWRITE,2700l 
IF!ITT.EQ.2J ~lRITE!HlRITE,2800J 
IF!ITT.EQ.3J I-IRITE!II-IRITE,2900l 
I~RITE! IW!UTE, 2300 l UBARI, TOPTI ,UBOPTI 
UBP=UBARI 
IFCIFLAG.EQ.1l GO TO 31 
RHIJRtl 

31 CONTINUE 
IFCDABS!TOPT-THETAJ.LE.1.0D-05l GO TO 8 

· WRITECII-IRITE,1250l 
GO TO 9 

8 CONTINUE 



WRITE!IWRITE,1~~1l 
TOPT=TUP 

9 CONTINUE 
c 
C CALCULATE AND ~RITE UBAR VALUES FOR INTERVAL FROH .2 TO 1.8•TOPT. 
c 

c 

DO 42 J=2,18,2 
TJ=J 
TJ=.1•TJ•TOPT 
UB=A/TJ+B+C•TJ+D*TJ•*2+E*TJ**3+F•TJ**4 
HRITE!IWRITE,1300l TJ,UB 

42 CONTINUE 
RETURN 

33 CONTINUE 
CALL FRACUN!IFLAG,UBARTl 
RETURN 

44 CONTINUE 
CALL FRACUN!IFLAG,U8ARil 
RETURN 

1249 FO::\IUT! 1H1 l 
1250 FCRtfAT! 6! / J,25X ,801-!AVERAGE UNAVAILABILITIES FROM TIHES .2•TOPT TO 

11.8•TOPT AT INTERVALS OF .2*TOPT://49X,4H T ,29X,4HL'BAR/l 
1251 FORMAT!6!1l,25X,80HAVERAGE UNAVAILABILITIES FROM TIMES .20•T TO 

1 1.8•T AT INTERVALS OF .20•T ://49X,4H T ,29X,4HU3AR/l 
1300 FORMAT!45X,1PD12.5,20X;lPD12.5l 
2000 FORitAT!28X,10!1H*l,I2,7H OUT OF,I2,43H SYSTEM- COMPLETELY RANDOM 

1TEST INTERVALS ,10! l!i'<fl/) . 
2100 FORMAT!27X,10!1H*l,I2,7H OUT OF,I2,45H SYSTEM- UNIFORMLY STAGGERE 

1D TEST INTERVALS ,10!1H•lll 
2200 FDRIIAT!27X,10!1H•l,I2,7H OUT OF,I2,45H SYSTEM- NEARLY SIMULTAt~EOU 

1S TEST INTERVALS ,10!1H•lll 
2300 FORMAT(/125X,22HAVERASE WIAVAILABILITY,5X,1PD12.5//25X,21HOPTIMUM T 

1TEST INTERVAL ,6X, 1Fu 12.51 125X,47HAVERAGE UNAVAILABILITY AT OPTHlUrl 
2 TEST INTERVAL,5X,1?D12.Sl 

2500 FORMAT!46X,10!1H•l,I2,7H OUT OF,I2,8H SYSTEM ,10!1H•lll 
2600 FOK~IAT! I 125X, 6HGA~!i !AE, 2X, 1PD 12.5, 1 OX, 6HGAMMAR, 2X, 1PD 12.5, 10X, 6HLAM 

1BDA,2X,1PD12.5125X,tHQZERO ,2X,1PD12.5,10X,4HRHDF,4X,1PD12.5,10X,6 
2HRHOU .~X,1F012.5125X,6HTAUR ,2X,1PD12.5,10X,6HTAUT ,2X,1FD12.5 
3,1QX,6HT ,2X,1FJ12.5l 

2700 FOR~IAT! //25X ,80! 1H* l/25X ,8( 1H• l ,4X,S4HTHE TAUR. GT. TAUT CRITERION H 
lAS NOT MET. THE VALUES OF ,6X,8!1H•l/25X,8!1H•l,4X,SSHQ2ERO AND TA 
2UT HAVE BEEN CHANGED TO SATISFY THE CONDITidN.,2X,8!1H•l125X,80!1H 
3*)) 

2800 FORNAT! //2SX,80! 1H* l/2SX ,8( 1H* l ,4X,56HTHE TAUR. GT. 2•TAUT CRITERION 
1 WAS NOT tlET. THE VALUES OF ,4X,8! 1H* l/2SX,8! 1H* l ,4X,53HQZERO AND 
2TAUT HAVE BEEN CHANGED TO SATISFY THE CONDITION.,2X,3!1H•li25X,80! 
311i);)) . . 

2900 FORtlAT!//2SX,80!1H*l125X,8(1H*l,4X,S6HTHE TAUR.GT.3•TAUT CRITERIO~ 
11-:AS NOT 11ET. THE VHUES OF ,4X,8!1H•l125X,8f1H*l,4X,S8HQZERO AND 
2TAUT HAVE BEEN CHAtlGED TO SATISFY THE CONDITION.,2X,8!1H*l/2SX,80! 
31H* J J . 

END 
SUBROUTINE CCHB!COMB1,IK,IIHRK1J 

C THIS SUBROUTINE CALCULATES THE BINOMIAL COEFFICIENT. 
c 

IP=1 
DO 1 IJ= 1, IItiRK 1 
IP=IP*IJ 
CCNTINUE 
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c 

UP=IP 
!0=1 
DO 2 IJ=1,IK 
ID=ID*IJ 

2 CONTINUE 
UD=ID 
!02=1 
UD2=1.0 
IIK=III1RK1-IK 
IFII!K.EQ.Ol GO TO 4 
DO 3 IJ= 1, IIK 
ID2=ID2*IJ 

3 CONTINUE 
UD2=ID2 

4 COlHII~UE 
cmm 1 =llP/r rm*rrn2 J 
RETURH 
END 
SUBROUTINE FRACUHIIF,Ul 

C THIS SUBROUTINE CALCULATES THE FRACTIONAL UNAVAILABILITIES. 
c 

c 

IMPLICIT REAL*~HA-H,O-Zl. 
REALl<8 L.~~lBDA 
Cmii10WINTVAR/N, IMRK, WRK 1, IT ASK, I WRITE ,NNI 281, I FLAG, !SIGN, NNSYS 

1,ITT . 
COMi·IONIFL TVAR/GA!·!tiAE ,GA~fnAR, LA~lSDA, f~ZERO, RHOF, RHOU, TAUR, TAUT, TUP, 

1ERR,A,B,C,D,E,F,TOPT,AP,BP,CP,USAR1,UBOPT1,TOPT1,UBP,UBT,UBT1,UBT2 
2,UBT3,UBT12,UST22,UBT32,THETA 

UBT=U/l!BP 
GO TO t4,2,3,4l,IF 

2 CONTINUE 
l.!BT1=UBT 
RETURN 

3 CONTINUE 
UBT2=UBT1-UBT 
UBT1=1.000-U9T1 
LIS I i<::=UI:li-'*UI:! 11 
UBT22=UBP*UBT2 
UBT3=1.0DO-UBT1-UBT2 
UST32=UBP,~UBT3 
HRITE ( IHRITE, 2400 l l!RT1? ,IIRT1, IIRT2?., 1.18T2, LIBT3Z, UBT3 
RETURN 

4 COtHII~UE 
RETUR~l 

2400 FORt1AT!6!/l ,25X,29HL1NAVAILABILITY DUE TO TESTING, 13X,1PD12.5,5X,2P 
.1F6.2,2X,8HPER CENT//2SX,28HUNAVAILASILITY DUE TO REPAIR,14X,1FD12. 
25;5X,2PF6.2,2X,8HPER CENT//25X,37HUt~AVAILABILHY OU!:: TO RANDOM FAI 
3LURES,SX,1FD12.5,SX,2?F6.2,2X,3HPER CENT///) 

END 
SIIRROUTri'IE ITERfl T · 
IMPLICIT REAL*BIA-H,O-Zl 

C THIS. SUBROUTINE USES THE NEI-ITON-RAPHSON METHOD TO FIND THE OPTHIUH 
C TEST INTERVAL FOR THE SYSTHI. 
G 

REAL*8 LM!BDA 
cm:~ION/INTVAR/N, IHRK, HIRK 1 , IT ASK, IWR ITE, NN ( 28 l , I FLAG, !SIGN, NNSYS 

1,ITT 
COW10N/FL TVAR/GAHHAE ,GAI·IHAR, LAIIBDA,QZERO,RHOF ,RHOU, TAUR, TAUT, TUP, 



1ERR,A,B,C,D,E,F,TOPT,AP,BP,CP,UBAR1,UBOPT1,TOPT1,UBP,UBT,UBT1,UBT2 
2,UBT3,UBT12,UBT22,UBT32,THETA 

TOLD=TOPT1 
co:nrNuE 
FX=4.0~F•TOLD••S+3.0•E•TOLD••4~2.0•D•TOLD••3+C•TOLD••2-A 
FXP=20.0•F•TOLD*•4+12.0*E*TOL0••3+6.~•D•TOLD••2+2.0•C•TOLO 
TT=TOLD-FX/FXP 
IF!TT.LE.THETAl. GO TO 3 
IF!DASS!TT-TOLDl.LE.!ERRt<TTll GO TO 2 
TOLD=TT 
GO TO 1 

2 CmiTINUE 
TOPT=TT 
GO TO 4 

3 CONTINUE 
TOPT=THETA 

4 CONTINUE 
RETURN 
END 
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APPENDIX E 

ICARUS Input· and Output 

Presented is a sample computer run·of ICARUS for two systems: a 
1/3 system tested using the uniformly staggered testing scheme and a 2/4 sys­
tem using the uniformly staggered testing scheme. The task flag is set to 
calculate the average unavailability as a function of test interval and also to 
calculate the fractions of the average unavailability due to testing, repair, 
and random failures. 

There were eight input cards, and they appeared in the following order: 

Card l, NCASE :c 1, cnlunm 6 

Ga:rd ?.. , .I: TASK ::-:: 2, eolun.u1 6 

Card 3, ITIT LE = ICARUS Documentation Run, columns 29-52 

Card 4, NSYSTM = 2, column 6 

Card 5, IMARK = 132, columns 10-12 

GAMMAE = l.OD-03, columns 18-24 

GAMMAR = l.UD-03, columns 30-36 

LAMBDA= 3.0D-07, columns 42-48 

QZERO = l.OD-01, columns 54-60 

RHOF = l.UD-03, column~ 66-72 

Card 6, RHOU = l.OD-03, columns n-12 

TAUR = 7.0, columns 22-24 

TAUT = 3.0, columns 34-36 

TUP = 720.0, columns 44-48 

Card 7, IMARK = 242, columns 10-12 

Rest of Card 7 is the. same as Card 5. 

Card 8 is the same as Card 6. 

The output is arranged in the following manner. The case title is printed 
first with each of the systems to be studied following. The system title is 
printed, as are the values that ICARUS uses to do the calculations. (These 
may be different from the input if ICARUS 1nakes internal modifications to the 
input.) Next, ICARUS pr.ints the average unavailability, the optimum test in-. 
terval, and the average unavailability at the optimum test interval.·· 

If the task flag is set, the code will print the ave rage unavailability for 
values of the test interval that range from 0.2 to 1.8 times the optimum. The 
same flag will calculate and print the fractional unavailabilities. 



···················································•******************************************************************************* 
CASE 

ICARUS DUCUMENTATlON RUN 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

********** j OJT OF 3 SvaTE~ • UNlFUWMLY STAGGERED TEST lNTt.R~ALS ********** 

GAMMAE t~ooooOD•03 GAMMAR t.uooooD-o3 LAMBDA j • 0 U 00 O.U•07 
QZERO 1.0001)00·01 RMOF t.ouuooo.o3 iiHOU t.OOUOOLI•03 
TAUR 7·.oooooo oo TAUT 3.oooooD uo ·T 7.2uOOOLI 02 

AVE'IUGE UNAVAILABILITY 1.5298!1D•Utl 

OPTIMUM TEST INTERVAL I.Bt92D ol 

AVEUGE UNAVAILNBILITV Al nP.TIMU~ TEST lNit.WVAL I • II 1.2911D•08 

AVERAGE UNAVATLHIJUTJES FRUM TI~ES .c!•TOI'l TO t.!!•TUPT AT INlEI'lVALS U.f oc!elUI'T I 

T 

2.b&3R4D .02 
s.3i7o80 02 
7.991~2D 02 
1.06SS4D 03 
I.JJt920 03 
1.598300 03 
1.8&4690 03 
2·. I J I 07D 03 
2.397800 03 

UNAYAILAIILlTY DUE TO TESTING 

UNAVAILAIILITY DUE TO REPAIR 

UNAUILAUUTY· DUE TO RANorJM· FA'ILURES. 

UEIAR 

2o311oiiSD•06 
t.o7958D•o8 
f.II9317D•08 
1.1128220~08 
1.11129110•08 
1.42]4111.)•08 
1.4491170•08 
1.485930•08 
t.S3oooo•o8 

5.529550•09' 

2.87t250•10 

Jo.14 PEH C~NT 

1.88 PEH CENT 

...... 
0 
\.1.) 



********•* 2 OUT 0~ 4 SYATEM • UNIFUHMLY STAGGE~EO TEST lNTER~ALS ********** 

GAMMAE t.IJOOOOD•03 SAf'IMAR 
QZE~O t.ooooOD•Ot ~HOF 

TAUP 7·.oooooo 00 TAUT 

AVEIUGt UNAVAILABILITY ,;.,btSqU.ut! 

UPTJMUM TEST INTERVAL : 1.ltJtU30 uJ 

AVE II! AGE UNAVllLABILJTY A~ cPTI !'Ill"' TEST 

T 

2.bBi!obD ()2 
5,364t3D ().2 

8.0411&1;0 Oi2 
t.OTl8~D 03 
t.34ti\!D O•J 

. 1. bO«Jl.:jD OJ 
t.871a5D t)3 

2.145.50 03 
2. q neoo 03 

UNAVAILABILITY DUE TO nESTI~G 

UNAVAILABILlTY DUE TO REPAJH 
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APPENDIX·F 

Data Base.for Pu• Pf• Ye• and Yr Type Failures 

The following reported occurrences were used as the bases for the 
values of the parameters Pu, Pf• Ye, and Yr in the aU.Xiliary-feed-water-system 
analysis of Chapter V, 

Failure Type: Pu 

Plant: Zion Unit 2 Docket No.: 50-304-183 

Event: Three Related Abnormal Occurr.ences with Diesel Generation 

Date: Fe.bruary 17, .1974 

Cause: The unit was operating at 25o/o power with two auxiliary feed­
wate.r pumps inoperable. During the daily testing of the third pump, the 
st~ndby ac power- supply Diesel generator started, but tripped out on over­
speed. Due to an operator error, the synchro- speed setter had been set on 
13.5 instead of 12. After it was reset, the Diesel operated properly. Then 
the ontput breaker would. not close on the bus so that the D/G control panel was 
latched closed. A loose screw was lodged in the pivot. The screw was re­
moved. The lapsed time to correct these defects exceeded the 4-h limit of 
operating without an AFWS pump by 2. 7 h. 

Failure Type: Pf 

plant: Turkey Point Unit No. 3 Docket No.: 50-250-230 

Event: Malfunction of Auxiliary Feedwater Pumps 

Date: May 8, 1974 

Cq.use: All three auxiliary feedwater pumps had been tested satisfac­
torily on May 7, 1974, according to the operation procedure OP7304.1, which 
is the monthly test. After the test, the pump packing was adjusted on the 
A and B pumps. Apparently, the packing was tightened with the pumps secured, 
and lhe packing was tight enough to. prevent the pumps from starting. The 
pu:mps were not tested for operability after the packing was tightened. 

Failure Type: Pu 

Plant: Prairie Island 
Nuclear Generating Plant I Docket No.: 50-282-2 74 

Event: Failure of No. 12 Auxiliary Feedwater Pump to Start 

Date: August 13, 1974 

Cause: During testing with the reactor at 1 OOo/o power, an electric 
n.u.."Ciliary-fl;'\f:nwater- system pump failed to start. During maintenance 
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on August 6, 1974, someone inadvertently opened the breaker for the. auxiliary 
lube oil pump. Thi~ ·action prevented the No. 12 auxiliary feedwater pump , . . . 

from starting due to the lube-oil pressure interlock. 

Failure Type: Pu 

Plant: H. B. Robinson Unit No. 2 Docket No.: 50-261-454 

Event: Overspeed Trip of Steam-driven Auxiliary Feedwater Pump 

Date: November 19, 1974 

Cause: Investigation revealed the wpodward governor manual setting 
was out of adjustment. It could not be determined if the setting was inadver­
tently moved after a previous test or changed by noncognizant personnel 
working in the area.. · 

Failure Type: Pf 

Plant: Oconee 3 Docket No.: 50-287-268 

Event: Inoperable Emergency Feedwater Pump 

Date: April 30, 1975 

Cause: Maintenance was performed on the emergency feedwater pump 
to repair a leaking packing gland on April 19, 1975. The packing was appar­
ently set too tight, and the pump was returned to service without verifying 
operability as is required by procedure. 

Failure Type: Pu 

Plant: Trojan Nuclear Plant Docket No.: 50-344-249 

Event: Diesel-driven Auxiliary-feedwater-pum.p Failure to·Start 

Date: January9, 1976 

Cause: This occurrence was causen by a c:::hange in, engine co.nditions 
{uil and water temperatures, etc.) from those under which the governor had 
last been aligned. 

Failure Type: Pu 

Plant: Trojan Nuclear Plant Docket No.: 50-344-387 

Event: The Turbine-driven Auxiliary Feedwater Pun1p Failecl to 
Automatic Start 

Date: October 19, 19 76 

·cause: The trip throttle valve {MO 3071) was not properly reset by 
an auxiliary operator for an automatic start. 



Failure Type: Pu' Ye· Yr 

Plant: Millstone Unit 2 Docket No.: 50-336-539 

Event: Pump Inlet Steam Valve Fails to Open 

Date: July24, 1976 

Cause: The cause of the valve- shaft shearing prohibiting the valve 
from opening was discovered to be improper torque switch setting (reported 
October 22, 1976). 

Failure Type: Ye• Yr 

Plant: Zion Unit 1 Docket No.: 50-295-324 

Event: An Auxiliary Feedwater Pump Found Inoperable 

Date: June 6, 1974 

Cause: On J:une 6, 1974, at 2115 h with the unit 1 reactor operating 
at 7 5o/o power level and the steam- generator load at 750 MW, the shift 
supervisor, during a tour of the plant, found the overs peed trip valve on the 
lA steam-turbine-driven auxiliary feedwater pump in the tripped position. 
The trip valve was reset, and an attempt was made to run the pui:np. The pump 
started normally, but water accumulation in the turbine exhaust pipe caused 
an excessive water hammer that broke one of the exhaust pipe hangers. 
Because of this, the 1 A auxiliary feedwater pump was shut down and declared 
inoperable pending repairs. 

Failure Type: ye, yr 

Plant: Zion Unit 1 Docket No.: 50-29 5-606 

Event: Auxiliary Feedwater Pump Fails to Start 

Date: March 5,'1976 

Cause: The pump had been started and stopped several times to 
maintain steam- generator pres sure. Because of this, moisture accumulation 
was higher than normal in the turbine -and moisture could not drain off prop­
erly. The pump thus became waterbound and failed to start. 
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