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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 wmechanism 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 inspectlons and repairs. RASP is applied to a
simplified wind energy conversion system example.
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SECTION 1.0

INTRODUCTION g

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 occupies 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 residehce 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 inoperability 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 Defect
Undetected.” Thus the cycle of performance for each component may be dia-
grammed as in Figure 1-1.

OPERABLE
DEFECTIVE, DEFECTIVE, Possible
DEFECT DEFECT |- -- -- - _»Catastrophic
DETRCTED UNDETECTED Failure
Observation

and Inspection

Figure 1-1. Performaince Cycle for Each Compénent

By identifying this intermediate state between Operable and Under Repair, we
can calculate not only the system's vreliability——i.e., its unavailability, or
probability of being down for repairs—-—but also the probabllity of catastro-
phic failure due to undetected defects.
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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 wmoves toward
commerclalization.
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SECTION 2.0

THE DEFECTIVE STATE

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

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

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

e totally failed, if a standby component.

We shall refer to the "Defective, But Defect Undetected” state as simply the
"Defective™ state. o

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 maintenance 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, cousisting of the usual foot
brake and an independent emergency brake. Suppose that the rate of defect
development (such as brake 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 3-1. BRAKING SYSTEM DATA

. Foot Emergency

Parameter Brake Brake
Expected Time to:

Defect Development 5 Years 5 Years

Defect Detection 1 Day 2 Months

Repair 2 Days 2 Days
Total Cycle Time 5.0082 Years © 5.1721 Years
Catastrophic Failure .
Rate, Given Defective 1/(10 Days) 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 unormalized to the Total
Cycle Time. '
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Table 3-2. STATE RESIDENCE PROBABILITIES

Foot Emergency
Brake Brake
Probability of:
Operable ' 0.9984 ’ 0.9667
Defective A 0.0005 0.0322
" Under Repair 0.0011 ' 0.0011

Assume that, once defective, each brake is subject to a constant failure
rate. This implies that the failure distribution 1s exponential, so that the
probability of a failure of either brake within time t in days after defect
development is 1 - exp(~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. 1If 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

3(T—t) L (1100t g o o[ - Lo1)]
10 e t=T-1 1 - exp ( 5 T)
0

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
107°?. 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 regidence probabilities of Table 3-2 expanded to in-
clude the probability of reSidence in the failed state. It 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.
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failure rates on a per year basis. These are all the data needed for the re-
liability and safety calculations. '

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

Foot Emergency
Brake Brake
Probability of: »
Operable : 0.9984 - 0.9667
Defective 0.0005 0.0322
Under Repair 0.0011 0.0011
Failed 2.6 x 1077 0.0265
Failure Rate, Given - .
Defective (per year) -36.5 . 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 At is
therefore equal to

Pr{foot brake failed} . Pr{emergency brake defective}

* (emergency brake failure rate) °* At

+ Pr{emergency brake failed} * Pr{foot brake defective!l

* (foot brake failure rate) °* At

= (2.6 x 107> -+ 0.0322 - 36.5 + 0.0265 * 0.0005 ° 36.5) °* 4t
= 0.0005 At

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 1s 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. 1In a realistic example, all com-
ponents of the system should be included in the availability calculation.
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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:

Tos

Tf,

r?

s

r?

~

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 W, 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 N _ H
(days) = §ﬁ-/365 (years) —-Egiaﬁ-(years)

assuming an 8-hour work day.

Therefare,

. time between inspections =

'1__—_H__.(ear)
N, ~ 2920w VSATS

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

1/r __H
2 \N; 7920w |
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If the component is defective but the defect is not discovered until the (k +
1)'st inspection, then the operating time until detection is

1 (1 H 1 B\ _1(1 _
7(ﬁ 2920w> +k(ﬁ'{ "'.29zow>“2<Ni 29zow>(2k*1)‘

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

1 1 H Iy k
> s=-53=) Q ) 2k +1) (1-Q)
2 ( NiA 2920w> Km0

which equals

2-Qf1 __H
2Q N;  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, ty 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 expressed by

_ 2 - g 1 H tq
Ta = mi“im“m[ 2q ( N, ~ 79208 ) > 365 ] '
The inspection time a4s a fraction ot the nominal dperating time (i.e., all but

the time down tor repairs) is N

R S
2920w’Ni 2920w

f

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, + Td)/(l - f).

Letting Ti = inspection and maintenance time during component cycle,

Tp = Ty + T/ = ) - (Ty + T = —E— (T, + 1)

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

C

T. = To + Td +:Ti + Tr.

10
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The associated state residence probabilities are

Py = To/Te
Py @ Td/Tc
Pi = Ti/Tc
Pp 2T,/T. -

The failure rate of the component, given that it is defective, is
A = 365/T¢ per year

and the probability of residence in the failed state is

P =P, - 1l - e d .
f d XTC

The expected inspection and maintenance cost per year is
CyN; (T, + Tq + Ti)/Tc
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 1is a cut set.

If all the minimal path sets of a system are specified, then the minimal cut -

sets can be derived and vice versa [ 8]. Nevertheless, the computer program
listed in Appendix B requires both minimal path 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 sets and minimal cut sets. -

The system reliability and safety calculations to be .presentéed 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 sample output.)

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 r, =Py +
P, 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 called the
General Law of Addition. Thus, the probability of system unavailability for a
system of m components is

*Assuming the system is shut down whenever any component is undergoing
inspection or repair. The program in Appendix B relaxes this requirement.

13
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br, - 1 I Y ey = ... + (DT oI (5-1)
K % T oem T ke

To compute the rate of . system catasttophic 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 & if:

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

(2) Component k is defectlve (hut nnr failed).

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

Let the minimal cut sets containing component k be designated S;,...,Sy, and
let E denote the event {311 safety-related components in S (except component
k) have failed}.

Letting q.; = Pf(j) = the probability that component j is in the failed state
(=1 1f component J does not- contribute to system safety),

Pr(E ) = I qj , - . N
I8, ' ‘
i*k

The probability that all of the safety-related components except component k
have failed in at least one of the cut sets S5;,...,Sy [1.e., that avent (1),
above, occurs] 1is Pr (E{UE,U...UEy). But by .the General Law of Addition we
have . .

m T Prievent (1)} = Pr(ElUEQU...UEN)

= n21 Pr(F ) - %ﬁ Pr(E_9€. ) +...+ (1)1 pr(E 0., amy)
= m# -
=1 ‘Tqy- ) i 0 $o o4 (-1HTH ¥a,
n=1 jes m#n J§mUSn 38 US_ (5-2)
jtk j#k n=1"
j#k

The probability that events (2) and (3)-occur-iS'.

14
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[pa(k)-P£ (k) ] Ak) .
Hence, the probability that events (1), (2), and (3) occur is

Py [Pd(k)—Pf(k)] Ak) At.

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

g = E A [Py () - B ()] AK) (5-3)

The mean time to system catastrophicfféiiﬁfe:is then 1/Ag, and the probability
of catastrophic failure in a single year can be assumed to be 1 - exp(—ks), or
approximately AS (if XS is small).

15
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SECTION 6.0

A SIMPLIFIED WIND ENERGY CONVERSION SYSTEM EXAMPLE

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 1is 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 1ln an uicontrollable rotor; or
e 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 genmerator would probably be discovered
simply through observing the system performance over time.

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

e rotor;

e diac brake and drag brake;

17
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e gear box; and

e generator.

That 1s, the system 1s 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:

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

e 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 8l.4 years. The unavailability due to mainte-
nance or repairs (Eq. 1) is 1.3%Z. 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 other 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 failure by
43.57. 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 1is
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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ROTOR

DRAG
BRAKE

GCNCRATOR

SIMPLIFIED WIND ENERGY CONVERSION SYSTEM WITH CRACK SENSOR :
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For the objective of system safety, the cut sets become:

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

e 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 '

e disc brake and drag brake (as above).

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 a defect 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 availability 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 systems,it is a
general one and would be useful for any system for which reliability and
safety are major concerns. ‘
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APPENDIX A

Output of
Reliability and Safety Program
) for .
Simplified Wind Energy Conversion System Example



RELIARBILTIT?Y # N D T RFETY PROGRAM

SIMPLIFIED SKELETON WIND EMERGY COMYERSIOM ZYITEM

FUNCTIOMN: PRELIRBLE AND ZRFE UPEEHTIDH

COMPONENT: 1. 2. 2.
ROTOR DIZC BRAKE DERG BRRKE

MEAN TIME TO DEFECT '
DEVELOPMENT <YERR3)> c0.0n S5.00 _ 5.0

DOES FRILURE RFFECT
SYSTEM SAFETY?
(1=YESs 0=NO» 1 1 1

EXP. TIME IMN DRAYZ TO
CRATRSTROPHIC FRILURES

5IVEN DEFECTIVE 1000.80 10.00 10,00
DOES FRILURE CRUSE

IMMED. SYSTEM FRILURE? 1 ] !

: OF INSPECTIONS OF

THIS COMPONENT FER YR. 1.00 1.00 2. 00
TIME RERD. TO INSPECT

IN MAN-HOURE 15. 00 4, D0 400
FROB. OF DETECTING NE—

FECT DURIMG INSPECTION <3000 <200 1.
SYSTEM SHUT DOWN

DURING IMNIZPECTIONT 1 1 1
COMPONENT OPERRELE

DURING INIPECTIONT 0 0 Y
INSPECTION COST IN 5 100,00 250, 01 S0, 00

MEARM TIME TO DEFECT ‘
DETECTIOMN <DRYZH —1.0000 1.0000 -1.0000

MERN TIME TO REPRIR
U (]S ON T 31 1.00 .0

AYERRE COZT IM B
TO FEPRIR-REPLRCE SO00.90 1000, a0 Sann,. a0

ZYSTEM ZHUT DOWN
DURINS REPRIRTY 1 1 1



COMPOHENT ® +

SERF EBOX

MERN TIME TO DEFECT
DEVELOPMENT CYERRI S, 00

DOE=: FRILURE RFFECT
EVETEM ZRFETYT
Ll=YEI» 0=MH0 ]

ExP. TIME IN DRYZ TO
CRTRETROFMIC FRILURES. :
=IVEN DEFECTIWE 0, a0

DOE= FRILURE CRLUZE
IMMED. =Y¥ITEM FRILUREY i

# OF INSPECTIONE: OF
THIZ COMPONENT PER YR. 1.00

TIME REGD. TO INZPECT
IN MAN-HOURE 4. 00

FROE. OF DETECTING DE-
FECT DURIMNG: IMZPECTION ST

)

ZVZTEM ZHUT DOWM
DURIME IMZPECTIOMT ' 1

COMFPORENT OPERRELE
DURIMG: IMZFECTIOMY i

IMZPECTION COST IM 3 250,00

MERM TIME TO LDEFECT

DETECTION <DRYZH 0. 0000

MEARH TIME TO REFPRIR
CORY RS . TN

RYERAGE COZT IN %
TO REPRIR-REFLRACE 000,00

ZYETEM ZHUT DN
DR IME REFRIRY 1

GEMERATOR

29. 1

1.00

4, 00

LY

S50, nn



MINIMAL PATH SETS

ROTOR

DISC BRAKE
GLNR DOX
GENERARTOR

ROTOR
DRAG BRAKE

GERR ROX
GENERATOR

MINIMAL CUT SETS

ROTOR

DISC RRAKE
DRAG BRAKE

GENR DDOX

GENERRTOR



&

rROTOR

DIZC BRAKE
DRMR> BRAKE
~ERR BOX

ENERRTOR

FOTOR
DIZZ BRAKE
IRz BRAKE

ERR BOX

FENERRTOF

EXPECTED STRTE REIIDENCE DURRTIONE

FOR INDIVIDURL COMPOMEMTE

LIMN YERRI?

NORMAL DEFECTIVE REPRIR
OPERAT ION OFERRAT ION
20. 00000 .?4?95.f ,.;I;I;-
S. 0000 L O0ET4 . ONETH
S. 30000 . 24356 | . 01913
20. wnnnn . 03219 L01313
25, D000 . 03219 L1913

ZTRTE REZIDENCE PEUBHBILfTIEE
FOR IMDIVIDURL COMPOMENTZ

NORMBL DEFECTIYE REFRIF
OPERRT I0OM OFERBTION

.B;Z:E-l -Tn: S32 .EEE;;—

I e HnNsSs . HOSS

S . N7 « BNZRE

i TR s

. FS5EE .hu:&? o DIITR

INZPECTION %

MRINTEMANCE

- 00E74

. BNB3

INZPECTION

)
4

MR INTENARMCE
. ORETS

o 0SS

S cEA



()

MRINTENANCE AND REPRIR COZTIZ OF FPER YVERED

INZPECTION % REFPRIF OR.
MR INTENAMCE REPLRCEMENT TOTARL

ROTOR QoS 13 240,11 1233.13
DISC BRAKE 243, 36 193, 84 $4%, 51
DRAG BREKE ' 433,13 24T B 1345, 835

>eRF B 2, TH 143 14 Rt BT

PEMERRTOR 243,51 113,43 IRB, 34

o S A S S

v 1556, 01 L) P

n
m
4
L ]

TOTAL SYITEM COITS
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SIMPLIFIED SKELETOM WIND EMERGY COMVERSIOM ZVWEITEM
FUNCTION: RELIRBLE AND ZRFE OPERRARTION

IYSTEM RYRILARBILITY 94,5 PERCENT
UMAYRILABRILITY DUE TO MARINTENARNCE AND REPHIéS 1.3 PERCENT
PERCENTRSE DEFECTIYE OR SUB-ITAWNDARD OPERRTIOM 4.2 PERCENT
MERN TIME TO CRTRSTROPHIC FRILURE 31.4 YERRE
PROBREILITY OF CRTRSTROPHIC FRILURE -12E-01 PER TERR
COET OF MRINTENANCE AND REPRIRI: (B> 3Fe2. V0 PER YERE

SENZITIVITIES TO S0 FCT. INCRERZE IN MERM TIME
TO DEFECT DEVELOPMENTs FOR ERCH COMPONENT

CHRNGE IM:

3YITEM MERHY TIME TO MRINTEMAMCE AMD
AVYARILARBILITY CRTRESTROPHIC FRILURE REPRIR COZTE

rROTOR | 1.250 PCT 43.50 PCT —-1.33 PCT
DIZC BRAKE 040 PCT 2.23 PCT -1.70 PCT
IRMs BRRARKE . 192 PCT 2.19 PCT -Y.r? PCT
FERR BOX L1300 PCT D;DD PCT -1.37 PCT
SEMERRTOR 143 PCT Be 0 F'CT‘ -1.02 PCT



SENSITIVITIES

TO DETECT DEFECT.

CHANSE IN:

FGR

TO S PCT. DECREREE IN MERM TIME
ESCH COMPONEMT

IVITEM . MERN TIME 7O MRIMTENRMZIE HMD
PYRILABILITY CRTARITROPHIC FRILURE REPRIR COZTZ
RUTOR 1.43% PCT 1424.51 PCT < 0% PCT
DIZC BRRKE - 1532 PCT S.5¢ PCT -. 00 PCT
DERS BRRKE —. 142 PLCT Sy PCT .53 PCT
>ERF BOX .1239 PCT D,y PCT . N1 PCT
FENERRTOR 00 PCT .00 FCT , 11 POT
IEMZITIVITIEZ TO SO PCT. DECRERIE IM MERM TIME
TO RPEPRIRs FOR ERCH COMPOMENT
CHEMIZE IN3
IYITEM MERM TIME T3 | MRINTEMRMCE ~HD
HTHILﬁBILITT CRTRITROPHIC FRILURE FEF&IF COEZTE
~aToOe s NdE RCT —a st FOT -t PCT
DIZC BRRKE 025 PCT e LI Sl 00 RO
LRz BRERKE L1772 PCT - 11 PLCT LT PIT
== 30 NS PCT .0 PCT L0 =eT
FEMEFSTO I PCT Dy FCT D PLT
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PROGREAM FERIP CINFUT»OUTPUT» TRPES TRPES?
C

L o000ttt tretrttttttttttttttttitittdt ettt ttdtttttttttdttttttdtrttartdtdtttdsd

Ce -
Ce RELIRBIULITY A ND SRFETTY PROGRANM >
Ce : >
Ce ¢ R R = P 2 >
C. ’.

D OO0 OO0 aomTI T

L

o S0Pttt tttteett bt tttP ittt tttbd bttt it nttttrttadOtt ettt st rtadsttotdos

THIS PROGRAM COMPUTES. FOR B IYEN SYSTEM OF COMPONENTE:

IYSTEM AYRILRBILITY .
MERAMt TIME TO CATASTROPHIC FRTLIIRE
MAINTEMFAMCE LCOSTE

INPUTS REGQUIRED RRE:

FOR ERCH COMPOMNENT
-NARME OF COMPONENT <IN 1S5 CHARRCTERS OR LESSH
-DOES FRILURE OF THIS COMPOMENT RFFECT SYSTEM SRFETYT IF YESs
~EXPECTED TIME IN DAYS UNTIL CRTR:TROPHIC FRILURESs
=IYEM THRT COMPOMENT IS OFERRTIMG DEFECTIYELY '
-~DOES FARILURE OF THIS COMPOMENT CAUZE IMMEDIATE ZYETEM FRILUREY
~FREQUUENCY OF INSPECTIONE OF THIS COMPOMEMT (NUMEBER PER YERRD
-TIME REGUIRED TO INSPECT THIZ COMPONENT <MAM-HOURZ)

C -PROBABILITY OF DETECTIMS DEFECT DURING IMIPECTION
r —IZ IYSTEM IHUT DOWN DURIMG INSPECTION OF THIZ COMFONENTY IF NOs
=z -I1Z COMPONENT OPERABLE DURING INSPECTIONT

—~INSPECTION COZT ALLOCABLE TO THIZ COMPOMENT (B>

-MEMAN TIME TO DEFECT DETECTIONs IF LESE THAN TIME UNMTIL
NEXT INSPECTION '

~-MERM TIME TO REPRIR <DRYZI)

-AVERMRGE COZT TO PEPRIR/REPLACE THIZ COMPOMEMT <3

-IZ EYSTEM ZHUT DOWM DURING REPRIR OF THIS COMFOMENT?

FOR ZYVETEM
-I¥ETEM STRUCTUREs. OR RELIABILITY EBELOCK DIRGRAM. AZ SPECIFIED EY:
13 ALL MINIMARLLY SUFFICIEMT ZETE UF COMPONEMTE FOR
HORMAL OFERPATION <PRTH ZETZ) s AMD
(2x ALL MIMIMALLY ZUFFICIENT ZETS OF COMPOMNENT:E FOR
DEFECTI%YE OPERRTIOM J(CUT ZETE:
~MIMBER OF PERZOMNEL IM IMNIPECTION AMD MRINTEMRMIE TEAM

LI O I T W B o I B w E I a R o B
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LRSI N ]

[

Lo B}

CCOMMOM S/ TITLE (20 o FNCTNERY s CHAME €2 1002 s DT C1 002 o FTCL 003 e AMT 1000 »
LML e 100 s CT LD s DDCI D s RTCIN0Y s CROLDO s DDT 01002 »
B TIMCLOD »PNO100 v PDC1OND s PRCLOID S PIMCIO0D o FROLDID o PFCI 0 o
Z ISCIOD o dT 1000 s KI 10 s LR 100 « IDPCI 00300 o NCP 1000 »
B IDCC20. 1000 sMICC200 NP NCeNe 2100 o ITM 100N
IRTAR LMD~ "

-

FERD IN MAME OF SYSTEM FOR THIZ RUN
FERD 10STITLE
10 FORMART (3RO

RERD IN FUMNCTIOM OF SYSTEM FOR THIZ RUN (E.i5. RELIRBILITY OR
ZRFETY OFR BOTH:»
RERD 10sFNCTN

FEAREF NUMBER OF DIFFERENT COMPOMENTE IMN EYEITEM (UP TO 1003
READ 20sM
20 FORMRT <13

FERD COMPOMNENT INPUTS FOR ERCH COMPOMENT
CCOMPOMENT I.D. MUMBERE WILL BE ASSISHED IN IMNPUT ORDER?
DO 30 I=1eN
21 READ S0-CNRME (1o ID »CNAME (@ ID s DT CIX s ISCID o FT (I s IMCTIS o KHICID s HID e
B QI e JICID sKI I «CICID »DDCI) o RTCID s CRID +LRCID
40 FORMAT (A1 0«sRSF10. 2> I2sFB. 22 12y Fr. 2sFB.2sFo. 4 212F1 0. 22F1 0. 4

T SFlo.2e1I22

W |_'“,| D] |_",|'|_ U I R OO T T S Y S B B |

DI N TN R T Y I

CNAME = NAME OF COMPOMNENT (1S CHARRCTERS)
MEAN TIME TO DEFECT DEVELOPMENT C<YERRSI (F10.2)

DT =
I =1 1IF FRILURE OF THIZ COMPOMENT RFFECTZ ZWITEM ZRFETY
=0 IF NOT I
FT = EXPECTED TIME IN DRYI UNTIL CRTASTROPHILC FRILUREs SIVEN THRT
COMPOMENT IS OPERRTIMG DEFECTIYELY C(BLANK IF IZ=0) (FSL.En
IM =1 1IF FRILURE CRUZES IMMEDIRTE ZYITEM FRILURE
= IF NOT <I2>2
“NI = FREQUEMCY OF INIPECTIONS OF THIS COMPONENT <s-%R> CF7 .2
H = TIME IN MAN-HOLURPI REGQUIRED TO INIPECT THIZ COMPOMENT <dFo.22

@ = PROBARBILITY OF DETECTIM: DEFECT DURING IMIPECTION <Fo.4)
1 IF Z¥3ITEM 13 ZHUT DOWH DURING INZPECTIOM OF THIZ COMFOMENT

J1 =
= i IF MOT I2»
Bl = 1 IF COMPOMENT 13 OFERARBLE DURIMG INZPECTIOM
=10 IF HOT. OF IF JI=1 LIS
CI = IMZPECTIONM COZT IM 5 RLLOCAEBLE TO THIZ COMROMEMNT  <F1a.20
DD = MEAN TIME TO DEFECT DETECTIOM. IF LEZE THAN TIME LMTIL
NE«T IMNIPECTION “DRYIX O = QU )
= MINLZ OMNEs IF TIME TO DEFECT DETECTIOM HMOT LEZZ THAM TIME
DHTIL MEAT IMZPECTION
RT = MERM TIME TO REPRIR «<DRYIH DA WY A
CR = AYERRGGE COZT IN 3 TO REPRIP-REPLACE THIZ COMPOMEMT <F10.32
LR =1 IF ZYZTEM I3 ZHUT DOWM DURIMI REPRIR OF THIZ COMPOMEMNT
= 3 IF HOT T1Es




PRIMT QUT COMPONENT IMPUTE
FRINT SO TITLESFMCZTN

S0 FORMRT 100 2sT1le -
2 RELIASZILCITY A MND T RFETY PROGRERHR
B oT11e 09 =" S0/ 0 3R1D- 2R 00 :

DO TN I=1sle2

M=I+2

IFM.5T. N M= .
FPRINT SSsiKsk=IsMM:

FORMRAT (S 0oL 0s "COMPOMEMT: "o T1Ss3 (10 I3e", "5

PRINT Sl CCCHNAME (Je K e l=1s2 vK=1sMr

FORMAT (20Rs 30 SHKs R1 DA

PRINT 63-fHHD~UHD-K=IoM‘

FORMRT (2NHe 3 IS e L N 4D

PRIMT T1ls (DT ik) sK=1sM>

PRINT TR il (K sK=Isp

PRINT T3 (FTiKI sK=TsM

PRINT Tas{IMiKyeK=]eMy ’

PRINT 7O (ANI dls sK=I o

PRIMT 7y (HiK) s K=I M

n
il

J
Pl

D
o

BRINT 77vs (kK sk=IT M)
PRIMT T3 (JI k) sK=Ioi ' -
PRIMT T3 (KIiKrsK=Tei1»
PRINT 3Ds sCI (K s K= oI
PRIMT S1s DDCK) sK=LeMn
PRINT 232 (RTIK) o K=I M2
FRINT 33y (CR{K)sK=IsM>
TN PRIMT 3dsiLRIK) sK=IsM
T1 FORMAT (~Sxe “MERN TIME TO DEFECT~Sxs "DEVELCPMEMT (YERRID o
B T1eea3010HeF10.200 ,
T2 FORMAT - Sxe "DOEZ FRILURE RFFECT -~Sxe "3WITEM ZAFETYT Tk
CTOL=VES s =NOY TeT14e 301 e 1100

=2 FORMAT ¢-S4s “ExP. TIME IN DRYS TO®~Sis CATRITROPHIC FRILURES-

n o SHe CGIYEN DEFECTI“E’-lev*lIH«'PI“ O
T4+ FORMAT (~F:s “DOET FRILURE CAUZET<SRs .
% “IMMED. IVITEM FRILURET sT14+2¢ 14~-11:.

TS FORMAT C-Sis < OF IMSPECTIONS OF’-SHs THIZ COMPOMNENT FER WVE.-

B Ilb' "i.u T e

TE FORMART (-Sxe " TIME REGD. TO INSPECT  ~Sie "IN MAM-HGOURI "y
B Tiae3i1dKeFm . gun

TT FORMAT (-Siés PROB. OF DETECTIMT DE~"~Sx.
1 “FELCT DURIMS IMIPECTIOMN +T15+3013:F

T3 FORMAT C-Sxe "IYITEM SHUT DOMNT ,ﬁ~--DhF
 T1de 301 3EeIlnn

T3 FUORMAT -~Ses " COMPOMEMT QPERRBLE - ~Sis "DURIME INIZPECTIOHT -
B T1adeZii@cellnn

20 FORMBT £-Ses “ INTPECTION COST IN S e Tlas 2ol s r1 0,20

21 FORMBT (-Sis “MEFM TIME TO DEFECT  ~SHs "DETECTION CDRWIEN 7
B OT13e3 1nr-p1u S NN

Bl
INiz

& IMZFECTIONT »

2E FORMRT C-Sxs “MESN TIME TO REPRIR - SHe  (DRYII s T 10w
3i1uH;F10.c a1

3T FORMRT (-SHs “HERPEE COST IM 37 -S4, 'TO REFRIR-FERFLAIIZ .
TiRe I il FL, S0

23 FORMRET
S 3 )

Ve CTYSTEM THUT DOWMY ~Sie  DURIMG SEBSIRTY s Tide
)
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LS LA

FERD EVETEM INPUTS

FERD MUMEER OF MIMIMRL FRTH ZETE J<UP TO 305 AND
MIMNIMAL CUT ZETS

0

RERD Si1sNPsNC
FORMRT <213

HNLIMEER OF

READ MUMEER BF COMPONENTZ IN ERCH MINIMAL PRTH SETs AND I.D.
NUMBERS OF COMPONENTE IMN IT

100
119

RERD NUMBER OF COMPOMENTS IN ERCH MIMIMARL CUT

DO 110 J=1sNP

REFRD 100«MCOMPy (IDP (I Js » I=1+NCOMPS
FORMAT <2014

NCP ¢ 1> =MCOMP

AND I.D. NUMBERS OF COMPONENTS IN IT

115

DO 115 J=1sHC
READ 100+ NCOMPs <IDC CIvJy s I=1sNCOMPY
ML €2 =NCOMP

PRINT PRTH SET INFO

120

120

140
150

PRINT 120

ZETs

FORMART (10 /2« T332y “MINIMRL PRTH ZETS /T32s 17 =03

DO 140 J=1sMNP

NCOMP=NCP <J>

PRINT 134

FORMRT .

DO 140 I=1.NCOMP

PRINT 150sCNAMEC1s IDP I o sCNRME (2 IDPCI o il
FORMAT (T323+A10s R

PRINT CUT SET INFO

XX

1Fo

PRINT 15D

DO 170 J=1<N0C
NCOMP=MNCC ()

PRINT 131

DO 170 I=1.HC0OMP

FRINT 100sCHRME Sl IDC I s Jox s CHRME (2 IDC CT o Jn

FORMAT (10 ¢/ » T332 "MINIMAL CUT SETE . T33s17¢ —

READ MNUMEBER OF PERSOMMEL ON INIPECTION AMD MRINTEMANCE TERM
cMAyY BE FREARCTIONAL:

130

RERD 130sPERE
FORMBAT JFa. 28
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DU
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O
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COMPUTE ZTRTE REIIDEMCE DURARTIONT AMD FROEREILITIES
FOR EsCH COMPOMENT
0Dg 130 I=lsH

FIMD BRTIO COF IMNIPECTICM TIME TO MCRMAL
Jr LDEFECTIVE OPERPRTION TIME
FRTIO=SMI (I e0Ix - 2320, «PERSH
IFRRTIO.ET. « #3330 AT IO=, #3599

FIND EXPECTED TIME TO DETECTION OF DEFECT
DDT{I)=£1./KHI<I)-H'IW'f5Q=D SRERI) v @2, AT A2, e I00
IFCDD Iy LT, 3.0 DD I =305 _
LFcDDT <I» 3T. ¢DD 1) ~3R35. -DDT I»=D0Dv1r»3B5.

CCMPLUTE DOWM TIME FOR IMIPECTIONM AMND MRAIMTENRMCE DURIM> CYCLE
TIMIIs=iDT IO +DDTII0=DT (I oRATIOS(L , —JT T oI (100

5. eRATIO A (L. -RATID

FIND DQN TIME FUP COMPOMENT FEPHIP
FTCIx=RT I eLRTs #3585,

COMPIUITE DEFECTIWE OPERRTION TIME. INCLUDING POZZIBLE OFERRTIONM
DURIMS REPRIR OF MRINTEMNRNCE
DODTCIx=DDT (DD +RT (1)1 =LR IO +TIMCID o1 —=d] T2

FIND COMPOMENT CHYCLE TIME
ZCIo=DTCIx+DOT (LD +RT (I STIMCIN

FIND E<FECTED INISPECTIOM ANMD MRINTENSNCE COZT FER YVEMR
CIoId=sHICI ol 1o eiDT(ID+DDT LI +TIMIID s 212

FIMD ESFECTED FREPRIR-EREPLACEMENT COZT PER WVERR
CRilr=CROIY 201D

FIMND PROBREILITY OF NORMARL OFENATIONM
PHOIs=DTls 2]

FIMND PROEREILITY OF DEFECTIVE OPERATION
FDCIa=DDTCIs - ZCI0

FIND PROBREILITY OF BEIMNS LUMDER REFPRIR
FPROIZ=RT (12010

FIMD PROBRBILITY SF INSPECTION AMD MAINTEMAMCE
PIMIs=TIM<Ix <D0

COMPUTE FRILURE FRATEs WHEM DEFECTIVE

IFIISCIn ER. s FROI =,
IFCIZ tIA.:U.U-hJ TO 1aS
IFFTiIr JER. D 0FTiIn=1 . E=s
Fmels=3m3,

SET I

.
=
3

COMPUTE PRCEREILITY !uMP"NEH IZ FRILED
S OIECIZ Ll (BRI PRI =0,

IFCLICIN JBS.0i30 TO 130

SEPNT=FR LI DDOT CI2

[FVEPMT 3T, 2., -:HPHT=~H

FECIN=POIIl =0l (=EuP (=SuPMTr s w2l @R CIhn
0 RCIsHOI S 2320, eRERTD



Dt By

CHUa0

FRINT OUT ZTRTE REZIDEMNCE DURATIONI AMD FROBREILITIES
PRINT 200
S0 FORMAT (10 -2« T24s “"EXPECTED ZTRTE REZIDENCE DURARTIOMZ - Te!
L “FOR INDIWIDURL COMPOMNENTZ /T2 JIN YERRI) v
PRINT 210 cCNAME (1 12 sCNAME 22 10 s DT (IS s DDT (10 o RT CID s HID s I=1 0 M2
210 FORMAT <T28s» "NORMAL "+ T40s "DEFECTIVE s TSSe “REPRIR » THHs
% “INIPECTION &7 -T25» "OPERRTION’» T4« “OPERRTION »ToTs
L TMARINTEMANCE </ TEHs3( = 3 s TAOs I = 0 s TOSs B =" s TRE 120 =3
oy (/SR Ds AS4F 15,500
PRINT 220
220 FORMRAT (SC 2 »TCBs "STRTE RESIDENCE PROEBABILITIES ~T23s
% “FOR INDIVIDUAL COMPOMNENTS .,/
PRINT 210s (CNAME €1 IX »CNRME C29 10 s PNCID o PDCIN s PRCID «PIMCID s =101

L4

i

PRINT OUT MAINTENANCE AND REPRIR COSTS
~ PRINT 230
220 FORMAT (10<-2 »T20» “MAINTENANCE AND REPRIR COSTS <3 PER YERR) ‘. »»
& T29»’ INSPECTION &°sT4?» "REPRIR OR‘ T30y “MAINTENANIE  » T4Ss
% REPLACEMENT s TES» " TOTRL’ /T2 127~ 2 »TdBa 11" =3 s TE22 S = 33
CIM=0.
CRR=0,
DO 250 I=1+N
CTOT=CI (I3 +CRCDD
PRINT 240s CNAME (12 I3 s CMNAME (25 I3 »C1 (I3 +CRCID »CTOT
240 FORMAT (/S A1D RS 3F13.2)
CIM=CIM+CI (12
250 CRR=CRR+IR (I
CTOT=CIM+CRR
FRIMT 260sCIM:CRRSCTOT
ZED FORMAT (- TE1r3 010K 3 =722 »2Ks "TOTAL SYITEM COITS sT21»3(F1&.

e

o3

CRLL CREZP TO COMPUTE =Y3ITEM RELIRRILITY RAND ZRFETY ZTRTIZTICE
CALL CRRARZP(EZRsUMR+DEF~FTIME.FPROR:

PRINT Z¥ZTEM RELIRBILITY AND ZRFETY STRTIZTICE
FRIMT 270=TITLEsFNCTNy SR-UMRSDEFsFTIME-FFPEOE-CTOT
SFN FORMAT (15 ) » 3R1 M-3RI 07773 “SYETEM AVRILABILITY  » TS4s2FPF1S. 1y
% 1He "PERCENT 7 wrdeds “UNRYRILABILITY DUE TO MARINTEMANCE RAMHD REPRIRI -«
L TSd4»2PFIS. 114y "PERCENT " g
"PERCENTRGE DEFECTIYE OF ZUB-ITHMDARD OFPERATION  »TS3«2PF1S5.1s 1K
% "PERCENT #-4xKs "MEAN TIME TO CRTRITROPHIC FRILURE sTS1s0PF13.1s
L 1Me TWERRE oo 3s TPROBREILITY OF CRATRETROPHIC FRILURE s TS4eE1S.3»
1¥s “PER YERRZ <-4, “COZT OF MRINTENRMCE AMND REPRIFE OB "« TSd.
. F13.2« 18 "PER YERR Y
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D W W]

DO I

IMYESTIGRTE ZEMIITIVWITIEZ TO S0 PCT. INCREASE IN MERM TIME TO
DEFECT LDEYELOPMEMT. FOR ERCH COMPOMEMT
PRIMNT 230
220 FORMRT (3 s T13s "ZENSITIVITIES TO S0 PCT. IMCRERIE IM MERM TIME -~
% TE0sTO DEFECT DEWELOFMENTs FUR ERCH COMPOMEMT 2
FRINT 29
230 FORMAT (. /-T22s “CHAENGE IN: /s TET» "IYSTEM »Ta2s "MERN TIME TO s Tl
L MRIMTEMAMCE RAMD - T24s "RYRILARBILITY "+ T33« "CRTRITROPHIC FRILURE  »
2 Toles "REPRIR COSTS /T2 12 ( = "2+ T332 201 =" o THONs 15" =720
DO 2090 I=ten
SMEW=1 ,S5eDTI>+DDTCIx+RTCIN+TIMID
PNiI)=1.5eDT (1I» ~ZMEW
PDCIN=DDT (I 7INEW
PROIN=RT CI) 7ZHEW
PIMCIx=TIM Iy ~ZNEW
FrR=pF I
PRI =2 010 oFF-ZNEW
CRLL CRRIP CSANS LIMENy DEFNsFTIMENS FFROEBM:
CRY=IAN=-ZR
CHMTTF=FTIMEN-FTIME—-1
PNelx=DT (I 241>
PRI =DDT CI> 21>
PRIZ>=RTCIDAZCDD
PIMCI>=TIMCIM 7T (I
PF o Ix=FF :
CINEW=CIC(I @2 IV o (ZMEW=RT (1) A (ZMEWSZ (I ~RT (I
CENEW=CR (I eZ (10 7/ ZNEN
CosCTOT—CI (I =CROID T INEW+CRNEW) ~2TOT-1 .
Z00 PRINT 3S10sCHAME 1 eI s CHRAME (2o L2 s CRAY s CMTTFSCLC
23110 FOPMAT /SHeRIOsRS e SPFIN.3e 1ke "PCT s EPF14. 25 1Ks "PCT s SFF13. 201
% CPLTY

IMYEZITIGATE SENSITIVITIEZ TO S0 PCT. DECRERIE IM MERN TIME
T3 DETECT DEFECT
FRINT 2320
TSN FORMRT O30 -2 o T13e 3
L TRI»"TO DETECT DE
PRINT 290
DO 330 I=1sNM
ZNEW=DT iIs +. SeDDT (I +RT oI +2, T IM I
PDiIr=.SeDDT I ~ZNEW
PIMS T =2.eTIM I 7 TNEW
PMCIN=DT I3 ~ZNEW '
PRI =RT (10 ZMEW
FE=pF I
IFCIZ Il JEG.DxPF Iy =0,
IFCIZ Oy ER.NZD TO 3285
ExPNT=, Serp (Il o0DT oI
IFCEAPNT 3T, 3, s ExPNT=210,
PRI =PD I =01, =EuP i=ELPNTI» -~ (FR [ «IMEWD
TES CRLL IRAIRCIAMYUMEN GEFMNe FTIMEM. FRROTM

EMIITIWITIEEZ TO S0 PCT. DECRERZE IMN MERN TIME-~
FECTs FOR ERCH COMPONEMT 2
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CRVY=ZRN-ZR

CMTTRF=FTIMEN-FTIME~1.

POCIX=DDT I #ZCID

PIMCI»=TIMCI) /2 (12

PNCIX=DT{Id 21D

PRCIX=RT (I2/Z(1

PF(I>=FF
CCINEW=CI (I) &2 (I3 &(ZNEW-FT (I35 (ZNEW® I ID-RT (I35
CRENEW=CR (13 o2 (1) 7ZNEW
CC=CCTAOT-CI (I3 =CRCIX +C INEWM+CRNEW) ~CTOT~—1.

230 PRINT 310+CNRAME (11D sCNRME (2 I s CRAYSCMTTFCC

INVESTIGATE SENSITIYITIES TO S0 PCT. DECRERSE IN MEAN TIME TO REPRIR
PRINT 344
340 FORMAT (3¢ 2»T13»SENSITIVITIES TO 50 PCT. DECRERSE IN MEAN TIME® .~
5 T26s°TO REPRIRs FOR ERCH COMPONENT >
PRINT 230
DO 350 I=1sN
ZNEW=DT (I3 +DDT (I +. SeRT I3 +TIM (>
PR (I =.SeRT (I3 ~ZNEW
PMNCI3=DT (I /ZNEW
PD<I>=DDT <I»ZNEW
PIMCI>=TIMCI) #ZNEW
FF=PF (1)
PF (1> =Z (1 FF-ZNEW
CRALL CRASP (SFNs UMRNs DEFN+FTIMENsFPROBM)
CRY=SAN—3f
CMTTF=FTIMEN-FTIME-1.
PN CI>=DT ¢I>/Z (I
PD (1> =DDT (I>/Z (I
PRCID=RT <1 ~Z(ID
PIMCIx=TIMCIN /2 (DD
PF (1) =FF
CIMEW=CT <12 Z (12 #<ZNEld—. SeRT (I3 / (ZNEWSCZ (13 —RT (1D )
CRMEW=CR (13 2 (I3 /ZNEW
Co=(CTOT-01 (10 ~CR {13+ IMEMHIRNEW) ~CTOT-1.
350 PRINT Z10sCMAME (1s 13 s CHAME (25 10 s AV CHTTF o CC
zTOP
END

Note: Subroutine CRASP is available upon request.
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