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SUMMARY 

In conventional system reliability calculations, each component may be in the 
Operable state or the Under Repair state. These calculations derive system 
unavailability, or the probability of the system's being down for repairs. By 
introducing a third component state between Operable and Under Repair--namely, 
Defective, But Defect Undetected--the methods developed in this report enable 
system safety projections to be made in addition to availability 
projections. Also provided is a mechanism for computing the effect of 
inspection schedules on both safety and availability. A Reliability and 
Safety Program (RASP) is detailed which performs these computations and also 
calculates costs for system inspections and repairs. RASP is applied to a 
simplified wind energy conversion system example. 
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SECTION 1.0 

INTRODUCTIOR 

In the electric power industry, a standard methodology has been developed for 
calculating system reliability [ 1-3].. Under this methodology it is assumed 
that each component of a system o~cupies either of two states: Operable or 
Under Repair. The duration of residence in the Operable state is the "time to 
failure," and the duration of residence in the Repair state is the "time to 
repair." This construction assumes that the Operable state lasts until fail
ure and that the Repair state begins immediately thereafter. 

In this simple form, the reliability methodology assumes perfect knowledge of 
the inoperabi1ity or "failure" of a component. For many components, however, 
there is an intermediate state between Operable and Under Repair which is of 
serious concern. This intermediate state we shall call "Defective, But iJefect 
Undetected." Thus the cycle of performance for each component may be dia
grammed as in Figure 1-1. 

EF'EI:TIVE, 
DEF'EI:T 

DETEr.TF.D 

OPERABLE 

and Inspection 

DEF'EI:TIVE, 
DEF'EI:T 

UNDETEXJTED 

Figure 1-1. Pe:rformance Cyele for Each Component 

Possible 
->Catastrophic 

Failure 

By identifying this intermediate·state between Operable and Under Repair, we 
can calculate not only the system's reliability---i.e., its unavailability, or 
probability of being down for repairs--but also the probability of catastro
phic failure due to undetected defects. 

1 
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The method so developed will be applied to determining the reliability and 
safety of a simplified wind energy conversion system. Work on wind energy 
conversion system reliability is nascent. A failure modes and effects analy
sis has been performed by Kaman Aerospace Corporation [4], and a systems anal
ysis study has been completed in Canada for a large vertical axis wind 
turbine [5]. Analysis by General Electric on component failure modes was 
recently completed for .the Mod-1 wind turbine [6]. Boeing has studied 
reliability and maintainability for the Mod-2 [7]. Calculations of system 
reliability and safety will surely be required as wind power moves toward 
commercialization. 

2 
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SECTION 2.0 

THE DEFECTIVE STATE 

A component resides in the "Defective, But Defect Undetected" state if it is 
either 

• operating substandardly and thereby degrading system performance (but 
not enough to occasion immediate detection), 

• in danger of experiencing total failure (even if not currently degrad
ing system performance), or 

• totally failed, if a standby component. 

We shall refer to the "Defective But Defect Undetected" state as simply the 
"Defective" state. 

. . 

There is some arbitrariness about the boundary between the Operable and Defec-
tive states. The threshold at which a component has degraded to the point of 
being called "substandard" is arbitrary. So is the point at which the danger 
of total failure becomes significant. We shall use as a working definition of 
the Defective state: a defect which would be identified, if detected during 
an inspection, as warranting nonroutine main~enance or repair. Crack develop
ment beyond a specified size is one example of defect development. 

A component in the Defective state might experience total failure before its 
defectiveness is detected. The possibility of a component's going from defec
tive to failed is a matter of concern only if failure of the component affects 
system safety. We shall refer to the total failure (as opposed to the defec
tiveness, or susceptibility to failure) of components affecting system safety 
as "catastrophic failure." A datum which will be required for such a compo
nent is its rate of catastrophic failure, given that it is defective . 
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SECTION 3.0 

A SIMPLE EXAMPLE 

Consider a special automobile braking system, consisting of the usual foot 
brake and an independent emergency brake. Suppose that the rate of defect 
development (such as braJ<e fluid leak) is once in five years for both brakes 
and that the rate of catastrophic failure, given that the brake is defective, 
is once in ten days. To restate, each brake can be expected to perform an 
average of five years before becoming defective and, once defective, can be 
expected to last ten days before failing ·completely. 

The foot brake is used constantly. A defect like a brake fluid leak will be 
noticed fairly quickly. Assume an average time of one day until detection of 
this defect in the foot brake. The emergency brake, on the other hand, is 
used only as backup for the foot brake. A defect in the emergency brake will 
be discovered only during inspection, which takes place at regular four-month 
intervals. Thus, the expected time (in a probabilistic sense) until detection 
of a defect in the emergency brake is equal to the expected time until the 
next inspection, or two months. 

Assume for this example that repair of either brake requires two days, but 
that inspections take negligible time. 

The data for the two· components of the braking system are given in Table 3-1. 

Table 3-l. BRAKING SYSTEI-t DATA 

Parameter 

Expected Time to: 

Defect Development 
Defect Detection 
Repair 

Total Cycle Time 

Catastrophic Failure 
Rate, Given Defective 

5 
1 
2 

Foot 
Brake 

Years 
Day 
Days 

5.0082 Years 

• 
1/(10 Days) 

Emergency 
Brake 

5 Years 
2 Honths 
2 Days 

5.1721 Years 

1/(10 Days) 

It is apparent that the expected time to defect development is identical to 
the expected residence time in the Operable state. Further, the expected time 
to defect detection is the expected time in the Defective state and the ex
pected time to repair is the expected time in the Repair state. Table 3-2 
gives the state residence probabilities which are normalized to the Total 
C:y!71P TimP. 

5 
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Table 3-2. STATE RESIDENCE PROBABILITIES 

Probability of: 

Operable 

Defective 

Under Repair 

Foot 
Brake 

0.9984 

0.0005 

0.0011 

Emergency 
Brake 

0.9667 

0.0322 

0 .OOll 

Assume that, once defective, each brake is subject to a constant failure 
rate. This implies that the failure distribution is exponential, so that the 
probability of a failure of either brake within time t ·in days after defect 
development is 1 - ~xp(-t/10). Therefore, the probability that the foot brake 
will fail during its expected one day until defect detection is 1 - exp(-1/10) 
or 0.0952. The probability that the emergency brake will fail during its ex
pected 60 days -(two months) until defect detection is 1 - exp(-60/10) or 
0.9975. 

We shall need to know the probability that each brake resides in the "cata
strophically failed" state. If T is the duration of residence in the defec
tive state,* then the expected duration in the failed state is 

T 
f(T-t) Pr {failure occurs during time dt} 
0 

T 1 
f(T-t) - e-(l/lO)t dt 
0 10 

T - 1 0 [ 1 - e xp (-
1 --T)] 10 

For the foot brake, T = one day. Therefore, the expected residence time in 
the failed state during one cycle is 1 - 10 (1 - exp(-1/10)] = 0.0484 day or 
0.00013 year. Since one cycle spans 5.0082 years (from Table 3-1), the proba
bility that the foot brake is in the failed state is 0.00013/5.0082 or 2.6 x 
10··S Similarly, the probability_that the emergency brake is failed is 

{60- 10[1- exp(-60/10)]}/(5.1721·365) = 0.0265 

Table 3-3 shows the state residence probabilities of Table 3-2 expanded to in
clude the probability of re!'idence in the failed state. 1t also states the 

*We have assumed in these calculations that the duration of residence in the 
Defective state is deterministic, although it is really a random variable. 
This approximation is warranted since some choice of a probability distribu
tion must be made, and the one-point distribution--while unrealistic--is 
simplest and likely to produce as good an approximation as any other assump
tion. 

6 
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failure rates on a per year basis. 
liability and safety calculations. 

These are all the data needed for the re-

Table 3-3. STATE RESIDENCE PROBABILITIES EXPANDED TO INCLUDE 
FAILED STATE 

Probability of: 

Operable 
Defective 
Under Repair 
Failed 

Failure Rate, Given 
Defective (per year) 

Foot 
Brake 

0.9984 
0.0005 
0 .OOll 
2.6 X 10-S 

36.5 

Emergency 
Brake 

0.9667 
0.0322 
O.OOll 
0.0265 

36.5 

Catastrophic failure of the two-brake system occurs whenever one brake fails 
and the other has already failed. (Failure of both brakes at the same instant 
is an event with a vanishingly small probability.). 

The probability that catastrophic failure occurs during the instant t.t is 
therefore equal to 

- Pr{foot brake failed} • Pr{emergency brake defective} 
• (emergency brake failure rate) • t.t 
+ Pr{emergenc.y brake failed} • Pr{foot brake defective} 
• (foot brake failure rate) • t.t 

(2.6 X 10-5 • 0.0322 • .36.5 + 0.026.5 • 0.0005 • 36.5) • t.t 
0.0005 t.t 

This implies that the probability of catastrophic failure of the braking 
system is about 0.0005, or one in 2000, per year. 

Note that a figure for unavailability of the system due to repairs may also be 
obtained from the data. The system is unavailable when either the foot brake 
or the emergency brake is being repaired. The probability is 

Pr{foot brake under repair} + Pr{emergency brake under repair} 
- Pr {foot brake under repair} • Pr {emergency brake under repair} 
= 0.0011 + 0.0011 - 0.0011 .• 0.0011 = 0.0022 

Therefore the system is available 1 - 0.0022 = 0.9978, or 99.78% of the time. 
Of course, this is not meaningful in practice since components of the system 
other than brakes have not been considered. In a realistic example, all com
ponents of the system should be included in the availability calculation. 

7 
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SECTION 4.0 

GENERALIZED COMPONENT CALCULATIONS 

We now proceed to the calculations for the general case. 

The inputs required for each component of the system are as follows: 

Q, 

mean time to defect development (in years) 

expected time (in days) until catastrophic failure, given that compo
nent is operating defectively (required only if component failure 
affects system safety) 

frequency of inspections of this component. (number per year) 

time in man-hours required to inspect this component 

probability of detecting an existing defect during an inspection 

inspection cost in dollars allocable to this component 

mean time to defect detection (in days), if less than time until next 
inspection 

mean time to repair (in days) 

average cost in dollars to repair/replace this component 

Also required is ~-1, the number of workers on the inspection and maintenance 
team (this input is system-specific, not component-specific). 

The duration of an inspection is 

H H 
B\-1 (days) = BW /365 .(years) 

H 
2920W (years) 

assuming an 8-hour work day. 

Ther.P.fore, 

·1 H 
time between inspections=--- (years). 

Ni 2920W 

If a component is currently in the operating mode (either Operable or nefec
tive), then the expected time until the next inspection is 

1 ( 1 H ) 
2 Ni 2920W 

9 
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If the component is defective but the defect is not discovered until the (k + 
l)'st inspection, then the operating time un~il detection is 

1 ( 1 H ) 
2 Ni 2920W 

The probability that a defect is discovered during the (k + l)'st inspection, 
but not until then, is Q • (1 - Q)k. Therefore, the expected operating time 
until a defect is discovered by inspection is 

H · k 
) 

00 

2920W Q L (2k + 1) (1-Q) 
k=O 

which equals 

2 -Q (1 II ) 
2Q Ni 2920W 

The expected time until defect detection, however, may be less than the ex
pected time for a defect to be found through inspections. The.input, td, is 
provided to cover this eventuality. For example, the defective foot brake is 
discovered not through shop inspections but through observation of its behav
ior in use. To summarize, the expected time Td in years until defect detec
tion is exp~essed by 

Td = minimum [ 
2 

2; Q ( 29~0W ) 3:~ ] 
The inspection time as a fraction ot the nominal operating time (i.e., all but 
the time down tor repairs) is 

H 1 NiH 
f = 2920W/ N l = 2920W 

Then the elapsed time which is actually spanned by the first two states of the 
component's cycle (Operable and Defective), when time down for inspections is 
included, is (T

0 
+ Td)/(1 ~ f). 

Letting Ti = inspection and maintenance time during component cycle, 

Ti ~ (T
0 

+ Td)/(1 - f) - (T0 + Td) = f (T0 + Td). 
1 - f 

Letting Tc be the time required to complete one component cycle, 

10 
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The associated state residence probabilities are 

Po = To/Tc 

pd :: Td/Tc 

pi :: Ti/Tc 

Pr :: Tr/Tc 

The failure rate of the component, given that it is defective, is 

A. = 365/Tf per year 

and the probability of residence in the fai,~~d state is 

-A.Td 
Pf = p _ 1 - e 

d XT 
c 

The expected inspection and maintenance cost per year is 

and the expected repair/replacement cost per year is Cr/Tc. 

The above calculations assumed that the component is not operating during in
spections or repairs. It is easy to adjust the calculations for cases when 
these assumptions are not true. These adjustments are incorporated as options 
in the computer program listed in Appendix B. 

11 
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SECTION 5.0 

GENERALIZED SYSTEM CALCULATIONS 

A generalized system is described through its minimal path sets and minimal 
cut sets. A "path set" of a system is a set of components such that, if all 
are in working order, then the system is in working order.· A minimal path set 
is a path set such that no proper subset is a path set. Obviously, any compo
nent which is not in a specified minimal path set can be labeled redundant. A 
"cut set" of a system is a set of components such that, if all are not in 
working order, then the system is not in working order. A minimal cut set is 
a set of components such that no proper subset is a cut set. 

If all the minimal path sets of a system are specified, then the minimal cut 
sets can be derived and vi.c.e versa [ 8]. Nevertheless, the co~puter program 
li$ted in Appendix B requires both minimal patn sets and minimal cut sets as 
input. An algorithm deriving one from the other could be added easily as a 
front end to the program. However, it is a useful exercise in qualitative 
analysis of the system for the program user to list both the system's minimal 
path set~ and minimal cut sets. 

The system reliability and safety calculations to be presented are based on 
the assumption that the performance cycles of the components in the system are 
independent of one another. For example, the time to· defect development of 
component A is assumed to be independent of the time to defect development of 
component B, and the time to repair component A is assumed to be independent 
of the time to repair component B. This is an assumption which .may not apply 
to some systems. Care should be taken to consider the possible invalidity of 
this assumption before applying the methodology. 

We shall describe in detail the calculation of two system statistics: the 
probability of the system's being down for inspection and maintenance or re
pairs (i.e., system unavailability), and the probability of catastrophic fail
ure (i.e., system safety). Other statistics--the probabilities of normal and 
defective system operation and the annual inspection and repair costs--also · 
are computed in the Reliability and Safety Program listed in Appendix B. (See 
Appendix A for sC!mpJ.~ c;mtptlt.) 

System unavailability, the probability of being down for inspection or repair, . 
is easily calculated. The probability that the system is down due to inspec
tion or repair of some component is the probability of the union over all k of 
the events {component k is undergoing inspection or repairs}.* Let rk = Pi+ 
Pr for the k'th component. The probability of a union of events can be com
puted from the probabilities of the events themselves by means of an elemen
tary law of probability (see, for example, [9], page 27) sometimes call~d- the 
General Law of Add:i. ti.on. Thus, the probability of system unavailability for a 
system of m components is 

*Assuming the system 
inspection or repair. 

is shut down whenever any component is undergoing 
The prog-ram in Appendix B relaxes this requirement. 

13 
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To compute the-. rate of. system catastrophic failure, we first note that system 
failure will be determined by some sequence of component failures. Any one of 
the components may be the last to fail. . 

Suppose that the k' th component is . the last to fail. System failure due to 
failure of the k'th component will occur during the instant Llt if: 

(1) All the other safety-related components in some cut set to which com
ponent k. L~luugs have already failed. 

(2) ComponeJlt k is defective (hut not failed). 

(3) Component k passes from defective to failed in the subsequent instant 
~t. 

Let the minimal cut sets containing component k be designated s1 , ••. ,SN, and 
let En denote the event kll safety-related components in Sn (except component 
k) have failed}. 

Letting qj = Pf(j) = the probability that component j is in the failed state 
(= 1 if component j does not-contribute to system safety), 

The probability that- all of the safety-related components exC'~pt component k 
have fa.iled in at least one of the_ C\,lt sets s1 , ••• , SN ·r i. P.; that event (l), 
above, occursj is Pr (E1uE 2u ••• UEN). But by -the General Law of Addition we 
have 

(\ = Pr{cvcnt (1)} - Pr(E1UE2U ... UEN) 

N 
= L Pr(F.n) - L Pr(E:m~n) + ... + (~l)N+l Dr(El ~ ••. &l:N) 

n=l min 

N 

I 
n=l 

rr- q . 
• e:s J 
J n 

I 
min 

jfk 

n q. 
j e:s us J 

.m n 
jlk 

+ (.:.l)N+l- rr . .. + N q j 

j£ us 
n=ln 
jlk 

The probability that events (2) and (3)· occur is· 

14 
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Hence, the probability that events (1), (2), and (3) occur is 

The probability that catastrophic system failure occurs during time t.t is 
simply the sum of these probabilities over all components k. Letting AS be 
the rate of catastrophic system failure, so that A8 t.t is the probability of 
catastrophic system failure during the instant t.t, we have 

(5-3) 

-·· , . ... 

The mean time to system catastrophic:· fi:l{iure is then 1/ A8 , and the probability 
of catastrophic failure in a single year can be assumed to be ·1 - exp(-A8 ), or 
approximately AS (if AS is small). 

15 
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SECTION 6.0 

A SIMPLIFIED WIND ENERGY CONVERSION SYSTEM EZAMPLE 

The general methodology described in the previous section is capable of treat
ing systems containing many components. One reason for developing the method
ology was for use in analyzing the reliability and safety of wind energy con
version systems. 

A recently reported wind turbine accident involving the collapse of a 150 ft 
vertical axis machine was, in fact, closely related to one component, a set of 
drag brakes, having been in the "Defective, Defect Undetected" state [10]. 
Similar undetected defects seem to have been responsible for the collapse of 
several small wind turbines. While many of these problems have· been due to 
lack of quality control in the production of research and demonstration 
machines, the possibility of wind turbine catastrophic failure is not 
insignificant. The following examples are fairly realistic but are simplified 
considerably to illustrate the methodology's application. 

Figure 6--1 diagrams a skeleton wind energy conversion system (WECS). Note 
that this is a highly simplified version of a WECS, including no pitch-control 
or yaw-control mechanisms. Furthermore, a large or sophisticated WECS will 
include many auxiliary safety devices such as vibration, loss of line voltage, 
overspeed, and other.critical parameter sensors. 

The WECS diagrammed in Fig. 6-1 has only a braking system to control the 
rotor. The primary brake is the disc brake, which is applied to the shaft of 
the rotor. The drag brake, which serves as backup, is located near the outer 
extremities of the rotor and extends to offer air resistance against the 
rotor's angular momentum. The failure probability of such a system has been 
analyzed previously using conventional electric power systems reliability 
methods [5). 

Modes of catastrophic failure of this system are: 

• both brakes fall, resulting in an uncontt·ollable rotor; or 

• the rotor fails catastrophically of its own accord--i.e., breaks and 
collapses. 

The gear box and generator can become defective also, but we can assume that 
their defectiveness will not pose a safety hazard. Their defectiveness, how
ever, will have a negative effect on system performance. As a result, the 
defectiveness of either gear box or generator would probably be di"scov~red 
simply t:hrough observing the system performance over time. 

As the above discussion implies, the cut sets of this system are: 

• rotor; 

• di~c brnke and drag brake; 

17 
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BRAKE 
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GEAR 
BOX 
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Figure 6~1. SIMPLIFIED WIND ENERGY CONVERSION SYSTEM 
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•- gear box; and 

• generator. 

That is, the system is operating defectively (or in danger) if all the compo
nents in one of these four sets are Defective. 

The path sets of the system are: 

• rotor, disc brake, gear box, and generator; and 

• rotor, drag brake, gear box, and generator. 

That is, the system is operating normally (i.e., it is safe and performance is 
not degraded) as long as all the components in one of these two sets are. 
Operable. 

Appendix A shows the output of the Reliability and Safety Program (RASP) for 
this example. Pages A-2 and A-3 list the component ·inputs which were used. 
Page A-4 lists the minimal path sets and minimal cut sets that were input. 
These inputs were chosen in order to represent as realistically as possible 
those of a real wind energy conversion system, but they are still illustra
tive. 

Page A-7 gives the system outputs. The probability of a catastrophic failure 
as calculated by Eqs. 2 and 3 is 0.012 per year in this example, and the mean 
time to catastrophic failure is 81.4 years. The unavailability due to mainte
nance or repairs (Eq. 1) is 1.3%. 4.2% of the time the system will be operat
ing but defective. Thus the system is available for normal operation 94.5% of 
the time. The cost of maintenance and repairs averages about $3900 per year. 
These numbers are probably reasonable ·for a wind turbine of intermediate size, 
but note that O'ther protection devices, such as pitch and yaw controls on a 
horizontal axis wind turbine, have not been included. 

The subsequent tables on pages A-7 and A-8 show the effect of improving each 
of the components, either by increasing its mean time to defect development, 
by decreasing the time to defect detection, or by decreasing the time to re
pair. For example, on page A-7 it is shown that increasing the mean time to 
rotor defect development by 50% increases the mean time to system fai~ure by 
43.5%. On the other hand, increasing the mean time to defect development for 
either brake has a much smaller impact on system safety. This shows clearly 
that the rotor is the most safety-critical component. If maintenance and re
pair costs are a concern, however, improvement of the drag brake will have the 
most favorable impact (-7. 79%). Such sensitivity calculations provide valu
able input to a design-to-cost project, in which the systems engineering of a 
wind energy conversion system is optimized while the system cost is minimized. 

As an improvement to the system, let us consider the addition of a crack 
sensing device which would detect major cracks developing in the rotor blades. 
Figure 6-2 diagrams the system with this addition. Only system safety is 
being considered so the gear box and generator are irrelevant and are shown in 
dashed lines. 

The crack sensor will be attached so as to activate the disc brake if a major 
crack is sensed. 
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For the objective of system safety, the cut sets become: 

• rotor and crack sensor (because if the rotor becomes defective and the 
crack sensor is not working then the system is in danger); 

• rotor and disc brake (because if the rotor becomes defective and the 
disc. brake is not working then the crack sensor . has no means to stop 
the rotor) ; and 

• disc brake and drag brake (as abov~). 

The fact that the crack sensor is a rather unreliable device is expressed by 
its being assigned a one-year mean time to defect development (which we shall 
assume is followed immediately by or is synonymous with failure). Assume the 
crack sensor is inspected four times a year, but that the probability of 
detecting and correcting ~ clefect is only 0. 8. 

The result of rerunning RASP with the crack sensor .included is that the proba
bility of catastrophic system failure becomes 0.0044, about three times less 
than that of the system without the crack sensor. 

The above example shows how system reliability and safety projections can be 
made when data on component defect development and failure rates are avail
able. . It cannot be emphasized enough that component failure rates are often 
unknown or highly uncertain. This is the case, for example, for the rotor in 
a large wind turbine. Additional testing and experience will make better 
component failure rates available, which will improve the meaningfulness of 
system reliability and safety estimates. Even in the absence of good 
component failure rate estimates, however, the Reliability and Safety Program 
can compare different system designs to determine their relative reliability 
and safety. 
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SECTION 7.0 

CONCLUSION 

The methodology embodied in the Reliability and Safety Program can be used to 
determine both system ava.ilability and the probability of catastrophic system 
failure. By investigating the sensitivity of these statistics to changes in 
the reliability of individual components, the methodology can identify_ criti
cal components, thereby aiding in decisions relating to inspection and mainte
nance schedules, durability of various components, and system redundancies. 
Although the program was developed for wind energy conversion systems1 it is a 
general one and would be useful for any system for which reliability and 
safety are major concerns. 
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Output of 
Reliability and Safety Prograa 
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R E L I A B I L I T Y Ft N· D :S: Ft F E T Y PR013RFtt1 

SIMPLIFIED SKELETON WIND ENERGY CONVERSION SYSTEM 

FUNCTION: RELIABLE AND S:AFE OPERATION 

COMPONENT: 

MEAN TIME TO DEFECT 
DEVELOPMENT (1'EARS> 

DOES FAILURE AFFECT 
:SYSTEM SAFETY? 

1. 
ROTOR 

20.1)1) 

( 1 =YES~ O=NO) 1 

EXP~ TIME IN DAYS TO 
CATASTROPH-IC FFHLURE,. 
GIVEN DEFECTIVE 1000.00 

DOES FAILURE CAUSE 
IMMED. SYSTEM FAILURE? 1 

·• OF INSPECTIONS OF 
THIS COMPONENT PER YR. 1 • 00 

TIME REQD. TO !NSPECT 
IN MAN-HOURS 16.00 

PRQB. CF DETECTIN~ n~-
FECT DURING INSPECTION .8000 

SYST~H SHUT DOWN 
DURING INSPECTION? 1 

COMPONENT OPERABLE 
DURING INSPECTION? 0 

INSPECTION COST IN$ 1000.00 

MEAN TIME TO DEFECT 
DETECTION (IIA'r'S) -1. 0000 

MEAN TIME TO REPAIR 
<IIFt'lS:> 

Ft'·..'ERFtGE CO:ST IN $ 
TO REPtH R/REPLACE 

SYSTEM SHUT DOWN 
DUP. I N1; REP.H-I R? 

7.00 

5000.00 

1 

DI:SC BRAKE 

5.00 

1 

10.00 

I) 

1.00 

4·. I) I) 

• '3-001) 

1 

I) 

250.00 

1.0000 

1.00 

1000.00 

1 
A-2 

.-, 

.;... 

DRAG BRAKE 

5.1)1) 

1 

10. (II) 

I) 

2.00 

1 • I) IJ 1_1 IJ 

1 

0 

2'5(1.(10 

-1.0000 

{. (II) 

s ooo. ·~o 

1 



CDt1PONEtH: 

MEAN TIME TO DEFECT 
DEVELOPMENT (YEARS) 

DOES FA I LU~:E AFFECT 
:::\':S:TEI'l SAFET'r'? 
( 1 =YES,. O=NO) 

EXP. TIME IN DAYS TO 
CATFtSTP.OPH I C FA· I LURE,. 
r::; I VEN DEFECTIVE 

DOES FFtiLURE CAUSE 
IMMED. SYSTEM FA1LUP.E7 

= OF INSPECTIONS OF 
THIS COMPONENT PER YR. 

TIME REQD. TO INSPECT 
IN t·1AN-HOURS 

PP.OB. OF DETECTING DE-

4. 
(:;EAR BO::<: 

20.00 

0 

0.00 

I) 

1.00 

+.00 

FECT DURING INSPECTION .7000 

SYSTEM SHUT DOWN 
DURING INSPECTION? 1 

COMPONENT OPERABLE 
DURING INSPECTION? 0 

INSPECTION COST IN$ 250.00 

t·1EAt·1 T I t1E TO DEFECT 
DETECTION (DAYS) 30.0000 

t·1EFtN TIME TO REPFtiR 
(DA\':::> 

A'·/ERFtt3E CO:S:T IN $ 
TO REPAIR/REPLACE 

SYSTEM SHUT DOWN 
DUR I ~t6 REPAIR.,. 

'7. 00 

3000.00 

1 

c:-·-·· 
GENERATOR 

25.00 

(I 

0.00 

I) 

1.00 

4.00 

.7000 

1 

0 

250.00 

30.0000 

7.00 

3000.00 

1 
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MINH1AL PATH- SETS 

ROTOR 
DISC BRAKE 
GCnR DO)( 
GENERATOR 

ROTOR 
DRAG BRAKE 
GEAR BOX 
GENERATOR 

MINit1AL CUT SETS 

ROTOR 

DISC BRAKE 
DRAG BRAKE 

GENERATOR 
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ROTOR 

DISC BRAf<:E 

DRAt:; BRAJ<E 

r::;EAR BO:X: 

GENERA-TOR 

ROT OF: 

!II:S:C BRAKE 

DRAt::; BRAKE 

.G-ENERATOR 

EXPECTED STATE RESIDENCE DURATIONS: 
FOR INDIVIDUAL COMPONENTS 

UN '-tEARS> 

NORMAL DEFECTIVE REPAIR 
OPERATION OPERATION 

---
20.00000 • 74-795 .01918 

5.00000 ;.00274 .00274 

5 .. 00000 .. 24-%6 .01918 

20 .. 00000 • 08219 .. 01'~18 

·25. I) 0 I) (II) • 08219 .01918 

STATE RESIDENCE PROBABILITIES 
FOR I ND IV I DUftL CDt·1PDI'~ENT:S: 

NORMAL DEFECTIVE REPAIR 
OPERftTION OPERATION 
----· ----· 

• ·~6 042 .. 0:35•32 . 00092 

·:..·::v.::.·;:,-:, 
• -· ... '-'1.-L.. . 00055 . 00055 

.·:4768 . 04-7:32 . oo::::63 

• ·~942:3 . 0 040'~· . o l:ro·~5 

• ·:;952:3 . 00:327 . 00076 

A-5 

INSPECTION & 
t'1A I NTENANCE 

.00274 

.• I) I) 068 

• 00 068 

.. 00068 

I tE:PECT I On :1 
t'tft I NTENAtK:E 

.00274 

• (I (11)6;3 

• 00136 

• (I (I (16:::: 

• 0006:3 



ROTOR 

DRFtt3 BRFtk:E 

GENERATOR 

f'1A·INTENANCE AND REPAIR CO:S:TS ($ PER \'EAA> 

INSPECTION :s. 
MAINTENANCE 

~9.08 

24'7. 76 

2246 .. 70 

A-6 

REPAIR OR· 
REPLACEI'1ENT 

24-(1.11 

14:~. 14 

11 '7. 43 

TOTAL 

44'~. 51 

•"·""-~----

:::·~· (12. 7 (I 



SIMPLIFIED SKELETON ~IND ENERGY CONVERSION SYSTEM 

FUNCTION: RELIABLE ANI• SAFE OPERATION 

S'(STEM AVAILABILITY 94.5 PERCENT 

UNAVAILABILITY DUE TO MAINTENANCE AND REPAIRS 1.3 PERCENT 

PERCENTAI:;E DEFECTIVE DR SUB-STANDARD OPERATION 4-.2 PERCENT 

t1EAN· TIME TO CATASTROPHIC FAILURE :31.4- YEARS: 

PROBABILITY OF CATASTROPHIC FAILURE • 12E-O 1 PER '·rEAR 

COST OF MAINTENANCE AND REPA-IRS ($) 3';J 02. 70 PER .';'EAR 

SENSITIVITIES TO 50 F'CT. INCREASE IN ~1EAt·i TIME 
TO DEFECT DEVELOPMENT~ FOR EACH COMPONENT 

S'l:S:TEM t1Effi'l TIME TO t·1A I NTENANCE Al'iD 
A'>.•' A I LAB I L I T'l CATA:STROPH I C FA I LURE REPAIR CO:S:T:S: 

ROTOR 1.256 PCT 4:3.50 PCT -1.·~·~ PCT 

DI:sc BRAi<::E .040 PCT 2.23 PCT -1.70 PCT 

DRAG BRAKE • 15::: PCT 2.15 PCT ...,. ......,.,:. -·.- ..... PCT 

13EAR BO::< • 1 :31) PCT o.oo PCT -1.27 PCT 

13ENERATOR • 14':f PCT 0.00 PCT -1.02 PCT 
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RUT OR 

DIS:C 

DRAt:; 

I:;EAR 

:SEN:SITIVITIES TO 51) PCT. DECREAGE IN l'1EAN TH1E 
TO DETECT DEFECT~ FOR EAO+ C01'1PONENT 

:SY:STEM l'1EAN T H1E TO t·1Ft I NTENAI'1CE Atm 
AVAILFtBILIT'r' CATAS:TROPHIC FFtiLURE REPAIR COS:TS 

1. 4-59· PCT 1424.51 f"•:T • 09 PCT 

BRAfo::E -. 06:3 PCT 6.54 PCT -.00 PCT 

BRAKE -.142 PCT 2.90 PCT C'C' 
•• ,j._l PCT 

Bm< .128 PCT I). I)•) PCT • I) 1 PCT 

t;i-ENERATOR • 1)90 PCT o. 0•) F·CT • 00 PCT 

~EliDP. 

D I :SC 

DP.Ft6 

:3~MR 

:SEttS:ITIVITIES TO 50 PCT. DECREFt:::E IN r1EAf~ TIME 
TO REP~IR~ FOR EACH- COMPONENT 

:S:'-r':STEI"! MEFtt~ TIME TJ . r·1AH~TE~fAI'K:~ 8·m 
AVAILA-BILITY CATASTROPHIC FA-ILUF.:E ;·E?A-IR CCET:S 

. 1)42 ~CT . (1.:1. PCT -(!1 PCT 

BRA+<E . 026 PCT -. I) (I PCT . 0(1 PCT 

BF.~Ft~:.E . 172 PCT - ~ 01 PCT . 07 ?C:T 

BO:=< . 04S PCT 0. 1)!) PCT . I) 1) ~·cT 

t;i-E~~ERFrTOR . 0:36 PCT !). 1) I) PCT . 00 PCT 
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PROGRAf'l RASP (I NPIJT !t OUTPUT!' TFtPE5 !t TAPE6) 
c c ......................................................................... .. 
C• 
C• 
c• 
C• 

R E L I A B I L I T Y A· N It SAFETY 

(RA-SP) 

P R 0 t:; R A· t·l 
• ... .. ... ... 

c•••••••••••••••••••••••••••••••••••••••••••••••• ..................... ..... 
c 
c 
C THIS: PROGRAM COMPUTES!' FOR A t:; I VEN S'r'STEM OF C0t1PONENTS: 
c 
C SYSTEM AVAILFt:B ILITY 
C .- MEFtfi- TIME TO CA-TASTRIJPI+IC FfHI,IIRE 
c - MAINTENANCE COSTS 
c , .... ______ _ 
_, ------------------·---------------------c 
C INPUTS REQUIRED ARE: 
c ----------
c 
C FOR EACI+ COMPONENT 
C -NFtME OF COMPONENT (IN 15 CHARACTERS OR LESS> 
C -DOES FAILURE OF THIS COMPONENT AFFECT SYSTEM SAFETY? IF '-.-"ES!' 
C -E:-.<:PECTED TIME IN DAYS UNTIL CA-TASTROPHIC FAILURE!' 
C GIVEN THft-T COMPONENT IS OF'ERATINt:; DEFECTIVELiy' 
C -DOES FAILURE OF THIS COMPONENT CFtiJS:E IMMEDIATE :SYSTEt1 FAILURE·? 
C -FP.EQIJENCY OF INSPECTIONS OF THIS C0t1PONENT (NUMBER PER YEAR) 
C -TIME REQUIRED TO INSPECT THIS COI"lPONENT <MAN-HOUF.:S) 
C -PROBABILIT'r' OF DETECTING DEFECT DURINt3 INSPECTION 
r:: -IS SYSTEM SHUT DOWN DURING INSPECTION OF THI:S: COI'lPONE:NT? IF NO, 
C -IS t;QMPONENT OP£RABLE DURING I N:SPECT I ON? 
C -INSPECTION COST ALLOCABLE TO ·rHIS: COf'IF'ONENT ($) 

C -t1EAN TIME TO DEFECT DETECTION!"" IF LESS THt=tti TIME UtH!L 
C NEXT INSPECTION 
C -!'lEAN TIME TO REPA--IR <DA'r'S) 
C -AVERAGE COST TO REPA-IR/REPLACE THIS COf'1PONENT ($) 

C -I :s :S'r':STEM :SHUT DCMN DUR I Nt; REPAIR OF THIS: COf'1F'OI'1ENT "? 
c 
C FOR SYSTEM 
C -SYSTEM STRUCTURE~ OR RELIABILITY BLOCK DIAGRAM!' AS SPECIFIED BY: 
C (1) ALL MINIMALLY SUFFICIENT SETS OF COMPONENTS FOR 
C tiORf•tAL OPERA-TION <PATH ;~:ET:S> !I" Af·W 
C (2) ALL MINIMALLY SUFFICIENT SETS OF-COMPONENTS FOR 
,-. DEFECTIVE OPERATION <CUT SET:s::• 
C -NUMBER OF PERSONNEL IN I N:S:PECT I ON Atm MA I tHEt'IFttK:E TERM 
c 
c---------------------------------------~~-----
c: 
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c 

'CDt1MON/~<:/TITLE (:3) ~FNCTN (:3) :oCNAf"lE .::2~ 100> ~ DT d OO> ~FT (1 OO> ~i-~I'H (1 OO> ~ 

& H<100::0:oQ(100)~CI<100):-DD<100>~RTC100>~CRC100)~DDT(100>~ 
:1, TIM(lOO:i) ~PN<100) ~PDd00) ~PR(!OO> ~PIM(100> :oFRd00) :oPF(lOO> ~ 
& ISC100):-JI<100>~KI(lOO>~LR<tOO>~IDPC100:o30)~NCP<100):o 
& IDC<30~100>~NCCC30>~NP~Nc~N~Z(100>~IM<100) 

DATA- UND/ ,. ------· .-"' 

C READ IN NAME OF SYSTEM FOR THIS RUN 
REFtD lO~TITLE 

10 FORMAT (8A10) 
c 
C READ IN FUNCTION OF SYSTEM FOR THIS RUN <E.G. RELIABILITY DR 
C :S:AFET'v' DR BOTH) 

REFtD 10!~FNCTN 
c 
C READ NUt1BER OF DIFFERENT COMPONENTS: IN S'lS:TEM CUP TO 1 0 0) 

READ 20~N 
20 FORMAT <I3) 

c 
C REFtD COI'1PONENT INPUTS FOR ErtCH CDt·1PONENT 
C <COMPONENT I.D. NUMBERS WILL BE ASSIGNED IN INPUT ORDER) 

DO :30 I =1 :oN 
:30 READ 4-lh CNAME ( 1 :o D :o.CNFtME (2, D, DT ( D, IS ( D ~FT (l) ~ It-H D :o ~"<NI (!) ~ HO::D ~ 

& Q(I),JI(I)~KICl),CI(I),DDCI):oRT<I),CR(I),LR<I> 
40 ~ORMATCFtlO~A5~F10.2,I2•F8.2~I2,F7.2~F6.2,F6.4,2I2,F10.2:oF10.4/ 

:~< 2F10. 2~ I2) 
c 
C CNAME = NAME OF COMPONENT (15 CHA-RACTERS> 
C DT =: MEAN TIME TO DEFECT I1EVELOPMENT ClEA-RS> . <F 1 0. 2) 
C IS = 1 IF FFt I LURE OF nH :s: COMPONENT AFFECTS SY:S:TEM SAFET'r' 
C = 0 IF NOT (! 2> 
C FT = E::<:PECTED TIME IN DA'r':S UNTIL CATASTROPHIC FAILURE, GI\·'EN THAT 
C CDt1PONENT IS OPERATIN6 DEFECTIVEL'r' <BLANK IF IS=O) CF8. 2) 
C IM = 1 IF FA-ILURE CFtU:S:ES IMt·1EDIATE :S:YSTEM FA-ILURE 
C =.0 IF NOT <I2> 
C :=<NI = F=REG!UENCY OF IN:S:PECTIONS OF THI:S CDr1PONENT (~/YP.) <F7 .2) 
C H = TIME IN t1AN-HOURS REG!UIRED TO IN:S:PECT THIS CDt-1PDr-iEt'IT CF6. 2) 
C Q = PROBABILITY OF DETECTING DEFECT DURING INSPECTION CF6.4) 
C JI = 1 IF SYSTEM IS SHUT DOWN DURING INSPECTION OF THIS COMPONENT 
C = 0 I F NOT ( I 2) 
C ~<I = 1 IF CDt-1POI'~ENT x::;; OPERABLE DURHH3 INSPECTION 

-C = 11 IF NOT, OR IF .JI=1 .:.I2> 
C CI = INSPECTION COST I~$ ALLOCABLE TO THIS COMPONENT CF10.2) 
C DD - t'lEAN TIME TO DEFECT DETECT l Ot·h IF LE:S::S: THAN T H1E UtH I L 
C t-tE:=<:T INSPECT I ON CDA'·.-·:s> CF 1 0. 4) 
C = 1'1HiU:S Dt-tE~ IF TIME TO DEFECT DETECTIDt'i t·-IOT LES::S: THAI'~ TH1E 
C UNTIL NEXT INSPECTION 
C RT = t·1EAt-i TIME TO REPAIR CDAY:S) <F10.2> 
C CR = A'..·'ERAGE COST IN $ TO REPA·I R/REPLACE THI :s: COMPDr-~ENT CF 1 0. 2> 
C LR = 1 IF SYSTEM IS SHUT DOWN DURING REPAIR OF THIS COMPONENT 
C = 0 IF t"iOT <I!::> 
c--------
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c 
C PRINT OUT COMPONENT INPUTS 

PRINT 50~TITLE,FNCT~ 
50 FORMAT<lO(/),Tll, 

~ ~R E L I R B I L I T Y A N D 
& /Tll~59<~-/)~5(/)~8Al0//8Al0) 

DO 70 I=t~r·+,J 
,..1=1+2 
IF (t1.t:;T. t·D M=N 
PRINT SS,(K~K=I,M> 

:S:AFET'/ 

55 FORMA-T <5 (/) , 1 0:=<:' ···COMPONENT: '" , T 15' :3 < 16::< ~ I :3' ··· • ···)) 
PRINT 60,<<CNAME<J,K)~J=1,2)~K=I,M> 

60 !=OR MAT <2 O::<, :3 <5:=<, FH 0,. FtS>) 
PRI~T 6~,(UND!tUND,K=I,M) 

65 FORMAT <2 o::.: !' :3 <5>::, Ftl 0, A-5::0) 
PRINT 7t,<DT<K),K:I,M> 
PRINT 72,<IS<K),K=I:tM) 
PRIN-T 73, <FT 0() ~K=I :tM) 
PRINT 74,(!M(K)~I<:=I,MY 
P~INT 75~<X~I(K),K~I~M> 
P~INT 76:t(H(K),K=I:tM) 
PRINT 77,(Q(K),K=I,M) 
PRINT 78:t<JI<K):tK=I,M> 
PRINT 79,(KI<K>:tK=I,M) 
PRINT :3th <C I 00 , K=I , t'l) 
PRINT St,<DDCK),K=I,M> 
PRINT 82,(RT<K)~K=I,M) 
PRINT 83:t<CRCK),K:I,M) 

70 PRINT 84,(LR<K),K=I:tM) 

P R 0 G R A t·1··· 

• 

71 FORMAT (...-·s::<:, ·' t1EFtf't TIME TO DEFECT.- /5::<, ···DEVELOPMENT <YEFtR:S) ,. ' 
& Tl6!t3(10X,F10.2)) 

72 FORMAT (....-5::<:, ,. DOES FFti LURE AFFECT'" /5:=< !'"· ·' :S\':STEM SAFETY?··· .... ·s;.~' 
·:~. ,. ( 1 :'···E·:::- • II=NO'• ··· • T 14 ·3 ( t•::t!:<' • I 1··, ·., ·-·~ ·. I .,., . • , . ~ . ·. .... ' I • .. , 

7:3 FOF.:MAT<:...-·5~=:,-·E::.:P. TIME IN DFtY·.s T0·'/5;-::,.·'CATA:S:TROPH·IC FAILURE,.··· 
& /SX,'"GIVEN DEFECTIVE',T16,3<10X,F10.2)) 

74 FORMAT(/5X~'"DDES FA-ILURE CAUSE~/5X~ 
:s: ··· !MMED. ::Y:STEM FAILURE?'"~ Tl~3 (1·3'::<~ I l.J ::0 

75 FORMAT (/5:=<:, ··· ~ OF Il'iSPECT! OtiS OF' /5:><: ~ ·· TH- I :S CDr'lPOt'IE~H PER \'R. ··· ~ 

76 FORMAT(/5X~'"TIME REQD. TO INSPECT~/sx,~IN MAN-HOURS~, 
:~. T16,J(l4i<!'F6.2:•) 

77 FORMATO::/SX~,PPOB. OF DETECTING DE-//5X~ 
:~., ... FECT DUF.: H~t:; Hf:S:PECT I Oti ··· ~ T 16,. :3 q 4::·:: !t F6. 4::0 > 

78 FORMRT0::/5X~ ... SYSTEM SHUT DbWN//5X~~DUR!NG INSPECTION?~~ 
:~., T 1 4 ~ 3 0:: 1 ·:;.;:.:: ~ ! 1 ::0 ::0 

7·? FORMAT ( .. ···s:=<!t ,.CDt1POt·tEl'tT· OPEPA·BLE··· .. ·'5:=<:o ···nuR!i'tG IN:S:PECTICt·r-::·.··, 
:}: T 1 .:1. • ;::: 0:: 1 '!"*::.: :- I l :·, ::0 

80 FORMAT(/5x,~INSPECTION COST IN ~~:>T16,3(10~~Fl0.2)) 
:::1 FORMAT o::>·s::-~:o ·'MEAN TIME TO DEFECT·' ... ··5::-::!t ···neTECiiDr·~ O:DA\"::> ··· !t 

:l.: T 1 ::t :o :3 0:: 1 o:=<: !' F 10. 4) > 
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c 
C READ SYSTEM INPUTS 

·c 
C READ NUMBER OF MINIMAL PAT~ SETS (UP TO 30) AND NUMBER OF 
C MINIMAL CUT SETS 

READ 90,NP,NC 
90 FORMAT<2I3::0 

c 
C READ NUMBER GF COMPONENTS IN EACH MitiiMAL PAT!+ SET, HND I. D. 
C NUMBERS OF COMPONENTS IN IT 

c 

DO 110 .J=1,NP 
READ 1Oth NCOMP, (!DP (!, .J), I =1 ,NCOt·lP) 

1 00 FORMAT (20I 4) 
11 0 NCP (.J) =~KOI'1P 

c: REA·D NtJt1BER · OF C;Ot1PCtiENTS IN EAt:H- t·l I ti I MAL C:UT S:ET, 
C AND I.D. NUMBERS OF COMPONENTS IN IT 

.~ ... 

DO 115 .J=1,NC 
READ 100,NCOMPi<IDC<I,.J>,I=1,NCOMP) 

115 NCC (.J) =MCOMP 

C PRINT PATI+ SET INFO 

c 

PRINT 120 
120 FORMAT <1 0 (/),. T32, ''MINIMAL PAT!+ SETs-· /T32' 17 .::-· -'·)) 

DO 140 .J=1, NP 
NCOMP=NCP (J) 

PRINT 130 
13 0 FORMAT (/) 

DO 140 I=-1 ,NCOt·lP 
140 PRINT 1SO,CNAME(l,IDP<I,.J)),CNAME(2,IDP<I,.J>> 
15 0 FORMAT <T33, A 1th A5> 

C PRINT CUT SET INFO 
PRINT 160 

160 FORMAT ( 10 V), T3:3, ,. t·1I Nit1AL CUT :S;ETS ·' . ...-T33, 17 ( ··· -···)) 
DO 170 .J=1,NC 
NC0t-1P=NCC (.J) 

PRINT 130 
DO 170 I=1,NCOMP 

170 PRINT 150,Ct~AME(1,IDCO::I,J>),CNAt1E(2,IDC(!,.J)) 

c 
{ REFtD NUI'lBER OF PERSONNEL ON ItiSPECTIOti AND t·1AINTENA-NCE TEAI'l 
C O::MA'·( BE FRACT I m~AL> 

r;:•EAD 1:30' PER:S; 
1::: 0 FORMAT <FEr. 2) 

c 

B-5 



c 
C COt·1PUTE :STA-TE RE:S I DENCE DURATION::: At·HI PP.OBt=tB I LIT I E:S: 
C FOR EACH COMPONENt 

DO 1'?0 I =b r-i 

C FIND ~'ATIO OF HEPECiiGN TIME TO NOF.:t1AL 
C D~ DEFECTIVE OPERATION TIME 

F.: AT I O=><tH 0:: D ~ 0:: D _,. 0::2'?2 0 • ..PERS> 
!F O::RATIO.t3T •• '?'?'?'?)RA-TIO=. ·;..·:;.·?9 

C FIND EXPEC7ED TIME TO DETECTION OF DEFECT 
DDT 0:: I :0 = ( 1 •. ·<=•:N I (I) -H (I)/ 0::2'?20. +PER:S)) •(2. -;~ 0:: I)) -" <2 .. ~ 0:: I> > 
IF <DD <D .LT. 0. > DD·n;. ='?99-'?9'?'?'3-. . 
LF <DDT (I) • t3T. <DD (I) ..... :365. > ) DDT (I) =DD 0:: I) ..-·:365. 

C COMPUTE DOWN TIME FOR INSPECTION AND MAINTENANCE DURING CYCLE 

c 

TIM (I)= (DT (I) +DDT (D-DT (I) .PA-T I O•<: 1 .. -._1 I (I)) •I( I (I) ::o 

:~., ~FtTIO/ <1.-RA·TIO) 

F!ND DOWN TIME FOR COMPONENT REP~IR 
RT ( D =RT (!) +t.R (D /365. 

C COI'1PUTE DEFECTIVE OPERA-TION TIME, INCLLIDINt3 PO:S:SIBLE OPERFtTIOt·t 
C DURING REPAIR OR MAINTENANCE 

DDT d) -DDT <D +RT <D •(1-LR (!))+TIM <D •d-.JI O::D > 

C FIND COMPONENT CYCLE TIME 
Z (!) =DT (!)+DDT(!) +RT d>+TIM(l) 

C FIN-D E:=<:PECTED INSPECTION AND MFt!NTEN~NCE CO:::T PER '/EAA 
C I ( D =::.:r-u (!) .. :I ( D ...::DT (I) +DDT d> +TIM d)) ,-z (D 

c 
C FIND E:=<PECTED REP A-I R . ...-REPLACEMENT COST PER 'lEFtR 

C FIND PROBABILITY OF NORMAL OPERF'tTIOtt 

c 
C FIND PROE:ABILIT'r' OF DEFECTIVE OPERA-TION 

,-. . _, 

PDO::D=DDTO::D/Z(D 

FIND PROBABILITY OF BEING UNDER RE?AIR 
PR r: I> =RT < D .. ···z ( D 

C FH+D PROB~BILITY C!F IN:S:PECTimt Fit·tD r'IA!NTE~H1·t"'tCE 
P It'1 d) =TIM 0:: D ..... : d) 

C cm~PUIE Fr;ILURE P!o'=t-TC:, I_,IHEti DEFECi!i..·'E 
IF 0:: I::; <I> • Et).. O> FR (I> =-0. 
IF<ISO::I>.EQ.O>GO TO 185 
IF· <FT 0:: I) • EG2. 0. > FT <I) =1 • E-6 
F?. (I) ==-·36.5. /FT o:.I> 

C C8MPUTE PROBABILITY COMPONENT IS F~ILED 
1 ::: 5 ! ~ < ! :s: .:. I _:. • E ,;! • 0) P F ( I ) =I) • 

IF~ISO::!::O.~Q.O>GO TO 1~0 
E><Pt'tT=FR 0.: D •DDT (I> 
IFO.:EXPNT.GT.~O.>EXP~T=~O. 
p~: I> =PD I D -<1. -E>=:P ( ::=<PI'H> > ...- o:.z o:. D -F~ < D > 
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C PRINT OUT STA-TE RESIDENCE DURATIONS: Al'm PROBABILITIES: 

c 
c 

PRINT 200 
200 FDRt'1AT ( 1 0 (/), T24!' "E:x:PECTED S:TA-TE RES: I DEt''ICE DURA-TIONS:··· /T28!' 

& 'FOR INDIVIDUAL COMPDNENTS:'//T36!t'CIN YEARS:)'//) 
PRINT 210,(CNAME(1,I>~CNAME(2~I),DT(I)!tDDT<I>,RT(I)!tH(I)!'I=1,N) 

210 FDRMAT<T28,"NDRMAL',T40,'DEFECTIYE'!>T55,'REPA1R',T66, 
::;. "I NS:PECT I ON :s. ,. /T26 !',.OPE RAT I Dt-V , T ~h ···OPE RAT I ow· , T6 7, 
& 'MA-INTENANCE'/T26~9("-"),T40,9('-'>,T55,6('-'),T66,12('-/) 
:~., , (/5~·:, Al 0, A5, 4F 13. 5) > 

PRINT 220 
220 FORMAT <5 (/) 'T26!t- '"S:TA-TE RESIDENCE F'RDEABILI TIES,. ,.··T28, 

e ... 'FOR INDIVIDUAL COMPONENTS"//) 
PRINT 210,CCNAMEC1,I>~CNAME<2,I),PN<I>,PD(I),PR<I),PIM<I),f=1,N> 

C PRINT OUT MA-INTENANCE AND REPA-IR COSTS 

c: 
c 

PRINT 230 
2:30 FORMA-T (10 (/) ,T20, "MAINTENANCE AND REPA-IR COSTS: ($ PER 'r'EAR> "/// 

~ ... T29'" INSPECTION &··, T4'?, ·'REPA--IR DR" /T3 o, ,. MAitHENANCE", T4B, 
::;. "REPLACEMENT·'·, T6.9' ''TOTAL" /T29,.12 (" --· >, T4B, 11 ( ··· -··· >, T6·;., 5 ( ··· -··· >) 

CIM=O. 
CRR=O. 
DO 250 I=1,N 
CTOT=CI <D +CR <D 
PRINT 240, CNAME (1, D 'CNAME <2~ D ,CI <D ,cR (I) ,CTOT 

240 FDRMF+T (_...·5:=<:, A 10' A5, :3F 18. 2) 
CIM=CIM+CI (I) 

25 0 CFi:R=CRR+CR (I) 
CTOT=CIM+CRR 
PRINT 260,CIM,CRR,CTDT 

2E· 0 FORMAT VT21, 3 ( 1 O:x:, 8 ( ,. -")) . ...-/2::<, ···TOTAL S:''f'S:TEM COS:TS: ,. , T21, 3 <F 1::1. 2) > 

C G:F-tL.L CR~tSP TO COf'1PUTE :S'f':STEM Fi:ELIABILIT'l AND :SAFETY :::TATI:~:TIC:~; 
CALL CRA:::;:p CA,UI'1F.:,.DEF,FTIME!>FPRDB> 

c 
C PRINT :S:Y:STEM RELIABILITY AND S:AFETY STATISTICS 

c 

PRINT 270,TITLE!>FNCTN,s:A,UMR,DEF,FTIME,FPROB,CTDT 
270 FOF.:MAT (15 (..···) !t8A1 (V/8A1 0///4~<:, ···s'lSTEt't AVAILABILITY···, T54,2PF15.1, 

:~., t::-::, ···PERCENT···....- .. -·.:+:=~, ···uNAVAILA-BILIT'l DUE TO t'1AII'HENAt-K:E AND REPAIRs···, 
:~., T54,2PF15. 1, t:=-~, ···PERCENT'. //4-i•:, 
:~., 'PERCENTAt3E DEFECT I'·/E DR S:UB-STAf'iDARD DPERAT I ow·, T54·, 2PF 15. 1, 1 ::<, 
:~, ··"PERCENT··· //4::<, ·'MEAN TIME TO CATA-STROPHIC FAILURE···, T51, OPF1.8. 1, 
:~< 1 :x:, ·····;'EARS:··· //4-i·=: !" ···PROBABILITY OF CATFt:STROPH.I C FA-ILURE···, T54-!I-E 15. 2·, 
:~., 1 ::<:, ,. PER YEAR_,/ /4-i<: ~ ·'COST OF MA- I NTENAt·KE AND REPAIRS ($> ··· ~ T54~ 

~ F15.2~1x,~PER YEAR~> 
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c 
C I N'·.·'E:ST I GATE :SEI't:S: IT I •.,J IT I E:S TO 50 PCT. I NCREFt:S:E I t'l t1EFtt·i T I t·1E TO 
C DEFECT DEVELOPMENT, .FOR EACH COMPONENT 

.-. . _. 

PRINT 2:31) 
2:30 FORMAT (:3 c....-::o ~ T18~ ·':S:ENS:ITI'·liTIE:S TO 50 PCT. H~CREA:S:E Hi t'lEAr·~ Tit1E··· / 

::?. T2 0 ~ ,. TO IIEFECT DEVELOPMENT~ FOR EFtCH C0t1PONENT ... ::0 

PRINT 290 
2'? 0 FORMFtT (/ /T22, "'CHANGE IN: , . .,- /T27 ~ ··· :S'r'STEM _, ~ T 42,. ···MEAN T I t1E TO ... ~ T6 0 ~ 

:;;, ,. t1AI NTEttFtNCE AND'. /T24, ··· AVFtiLABI Ll T'r' ,. , T3:3 ~ ··· CA-TFt:S:TROPH-IC FA I LURE'.!> 
:1< T61' ... REPFti R COS:TS"' /T24' 12 ( ,. -··· > , T38, 2 0 ( ... -"') , T60 ~ 15 ( ·' _ ... > > 

DO :30 0 I =1 ~ ti 
ZNEW~1.5•DT(I)+DDT(!)+~T<I>+TIMO::I) 

P·N < D =1. 5•DT ( D /ZNEI."' 
.PD(l)~DDT(l)/ZNEW 

PR (!) =P.T (!) /ZNEI.v 
PIMO::I>=TIM<I>/ZNEW 
FF=PF O::D 
PF (I> =2 <I) *FF..,·ZNElo:l 
CALL CRFtS:P O:::SAN ~ Ut1PN, DEFf"b FT I MEN' FPROBN) 
CAV=:S:AN-:S:A 
Ct1TTF=FT I MEN/FT I ME-l 
PN r:.i) =DT (!) /Z < D 
PD (!) =IIDT (!) /2 (!) 
PRd>=RT (I) /ZO::D 
PII"t {!)=TIM(!) _..,z <D 
PF O::I) =FF 
C I NEI.t.I=C I < D •Z < D •(ZNEW~T ( D >,.. (2NE1 .•. 1+·(Z ( D -RT ( D > > · 
C:RNEh.I=CR (!) •Z (I) /ZNEW 
CC= O::CTOT-C I C: I) -CR 0:: I)+(: I NEI.,I+CRNEI.,I) /CTOT -1. 

:~: 0 0 PRINT :31 0, CNAME ( 1 ,. I) , Cl'tAME <:2,. I) ~ CFtV, Ct1TTF ~ CC 
310 FORMFtT(/5X,FtlO,Ft5,2PF10.3~1Xr-'PCT"'~2PF14.2,1X,.,PCT-',2PF14.2,1X, 

C Il'~'·lE:STI13ATE :S:Et'I:S:ITIVITIES TO 50 PCT. DECREFt:S:E IN r·lEFtN Tit1E 
C TO DETECT DEFECT 

PRINT :320 
320 FORMFtT0:::3o:: . ....-::o ,T1:3,.·':S:ENS:ITIVITIE:S TO 50 PCT. DECREFt:S:E IN r·1EAt'i T!t'1E'./ 

:~., Ta3' ,. TO DETE•:T DEFECT' FOR EFtCH CDr·1PDriE~tT ,· > 
PRINT 290 
DO :3:~:0 I=bN 
ZNEI .•. I=DT O::D +. 5•DDT (!) +F.'T <D +2. •THto::D 
PD<I>=.S•DDT<I>/ZNEW 
PI M-:" I·:· =;2. •T I l't ·;·I> .-·::NE:!.\1 
P!'f 0:: I> =DT <I> _.,.zt'IEl,.l 
PR <D ~T r::D .·-·Z!'iEl.~i 
FF=PF <I> 
IF (I:: (I> • EC!. 0) PF 0:: D =0. 
IF<IS<I>.EQ.O>GD TO 325 
E::<PNT=·. 5•;=;;. r:: D *DDT 0:: D 
IF <E::O::PNT. t3T. ·;.o. > E::<:PNT=·?O. 
PF <D =PD o::I> -0::1. -E::<P <~><PNT::O > ..... .:"i=? •. D •Zt·iEl.•.i> 

::;:2'5 CALL CRFt:S:P. (:S:Ftl'i !< Uf•1F..N ~ DEFI'h FT I MEN!" FPP.O:BN:·· 
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c 

CAV=S:AN-:S:A 
01TTF=FTIMEN/FTit1E-1. 
Prt ( D =DDT ( D /Z ( D 
PI M <: D =TIM <: D /Z ( D 
PN (!) =DT (!) /Z (I) 

PR <:D =RT (I) /Z (D 
PF(I) =FF-

. CINEIAI=CI (!) •Z (!) •(ZNEI.~I-RT <:D)_,.. (ZNEI.t;~•<:Z (I) -RT (!))) 
CRNEI.o.I=CR (I) .Z (I) /ZNEI.oJ 
CC= (CTOT -C I (I) -eR (I> +C I NEM+eRNEI.o.l) .....-cTOT -1 • 

:::::;:o PRINT 31 0:PCNAt1E (1 ~I) ~CNAt1E (2, I> ,CAV~ CMTTF,CC 

C INVESTIGATE SENSITIVITIES TO 50 PCT. DECREASE IN MEAN Tlt1E TO REPAIR 
PRINT 341) 

:340 FORMAT(8(/)~T18,'SENS:ITIVITIES TO 50 PCT. DECREASE IN MEAN TIME~~ 
~ T26,/TO REP~IR, FOR EACK COMPONENT') 

PRINT 290 . 
DO 350 !=1 ,.N 
ZNEI.~I=DT ( D +DDT ( D +. 5•RT ( D +TIM ( D 
PR ( I> =. 5-.RT (I) / ZNEI.o.l 
PN ( D =DT (I> .....-zNEt...l 
PD (I) =DDT (I) /ZNEl~l 
PIM C:D =TH1 (I) /ZNEI...I 
FF=PF<:I) 
PF (I) =Z <:I) -.FF.....-ZNEI.tl 
CALL CRASP CSAN, 1Jt1RN, DEFN,. FT I MEN,. FPROBW 
CAV=S:AN-SA· 
CMTTF=FTIMEN...-FTIME-1 •. 
PN (!) =IIT (I) /Z (I) 

PD (I) =DDT (I> _,-z (I> 
PR <:I:> =RT (I) /Z (I) 
PIM (I) =TIM(!) .....-z (!) 
PF (!) =FF 
CINEI.o.I=CI (I) •Z (!) •(ZNEt...l-. 5•RT (I)>_,. O::ZNEI.,I•O::Z ( D -RT (D)) 
CRNEI .•. I=(:R (I) ~ (I) /ZNEI .• J 
CC=·<CTOT -C I (I) -CR (I) +C I NEJ...I+CRNEI,_I) /CTOT -1 • 

:~:50 PRINT ::::1 0, Cl'tAME.:. 1, 1) , CNAME (2 :PI) 'Cr=t'·.·'' Ct'lTTF' CC 
:::TOP 
END 

Note: Subroutine CRASP is available upon request. 
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