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1 INTRODUCTION

1.1 The purpose of an Availability Demonstration is to establish that Availability
performance of the equipment is better (or not) than a specified level, with some degree of
confidence. It is assumed in this Chapter that the demonstration is carried out on a sample of
a population. The sample is the equipment under test, which is representative of the total
population of equipment produced, or intended for production.

1.2 The test equipment is considered as being either in an up or down state. The test is
started with the equipment in the up state. After a period a failure occurs, causing the item to
enter the down state, and a new cycle begins. PtCCh24 gives guidance to what down time
should be considered relevant, depending on the Availability measure (i.e. Operational,
Intrinsic or Effective Availability) which is specified in the requirement.

2 CONCEPTS AND TERMINOLOGY

2.1 General

2.1.1 Availability demonstrations are hypothesis tests (see PtDCh7). The essential first step
is the definition of the hypothesis about the parameter to be tested.
2.1.2 There are three standard forms of test which can be used:

a) Fixed number of failures terminated

b) Fixed time terminated

c¢) Sequential.
2.2 Consumer’s Risk

2.2.1 In any test of a sample there is a risk of accepting ‘bad’ equipment. Whatever the
minimum standard the consumer sets, there is a finite probability that the sample will be such
that a population worse than this standard will be accepted. This risk is quantified by the
following definitions:
a) Minimum Acceptable Availability (Ag) is a value selected such that the risk
associated of accepting the equipment of the value is tolerable.
b) Consumer’s Risk ([]) is the probability of accepting the equipment with a true
Availability equal to the Minimum Acceptable Availability (Ag). Typically, [ lhas

a value of between 5% and 20%.

2.3 Producer’s Risk

2.3.1 The reverse of Section 2.2.1 is also possible, in that there is also a risk of rejecting
‘good’ equipment. To ensure that the producer has a chance of passing the demonstration, he
must design for a target Availability which is significantly greater than the Minimum
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Acceptable Availability. The producer’s target Availability (A,) is dependent on the
Consumer’s and Producer’s Risk, and the duration of the test.

2.3.2 The Producer’s Risk ([]is the probability of rejecting the equipment with a true
Availability equal to the target Availability. In other words, the probability of rejecting
equipment with a true Availability greater than A, will be less than [ITypically, [Jhas a

value between 5% and 20%.

2.4 Discrimination Ratio

2.4.1 The Discrimination Ratio (D) is a parameter which measures the ‘power’ of the test.
The smaller the D, for a given [land [ ] the steeper is the Operating Characteristic (OC) curve
(see PtDCh7) and the better is the test. For an Availability Demonstration, the discrimination
ratio is the ratio of the consumer’s minimum acceptable unavailability (1-A,) the

producer’s target unavailability (1-Ag)

1-A,
D=
1-A,

2.4.2 The selection of the producer’s and consumer’s risks will be a compromise between
test accuracy and cost. The nearer the discrimination ratio is to one, the more expensive the
test will be, but the better the test is at discriminating between good and bad.

2.4.3 Typical values for the Discrimination Ratio range between 1.5 and 3 with 2 being the
most common. This is the same as other statistical demonstrations.

2.5 Distribution Assumptions

2.5.1 The test plans discussed in this Chapter are based on the following assumptions
regarding up times and down times:

a) The up times are negative exponentially distributed

b) The down times are gamma distributed

The probability density functions of the negative exponential and gamma distributions are
discussed in Pt D Ch 7. The test plans are only valid if these assumptions are true for the
equipment under test. Any assumptions regarding the distribution of up times and down
times should be based on previous experience, and in some cases supported by information
about the physics of failure. If an equipment has a constant failure rate, the up times will be
negative exponentially distributed. This is normally true for equipment which is not subject
to early life failures or wear out failures, or repairable equipment made up of many
components. Within a complex repairable equipment each component has its own failure
characteristic, and may wear out and be replaced many times before others reach the wear out
stage. Thus a complex repairable equipment never wears out, if components are replaced on
failure. However, if no information is available about the equipment failure time
distributions, the exponential may be used as an approximation, and checked using the Chi-
Square or Kolmorgorov-Smirnov Test (see PtDCh7).
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2.5.2 The Availability Demonstration test plans illustrated in this Chapter are based on the
assumption of a gamma distribution for down times. BS 5760 states that this distribution is
used for mathematical convenience and is not critical to the test plans, and that repair rate
functions may be approximated to a gamma distribution, even if the true distribution is nearer
to a log-normal. The shape of the gamma distribution is dependent on the shape parameter
‘p’. When p = 1, the gamma distribution results in a negative exponential distribution and as p
increases the probability density function tends to a lognormal distribution. Details of the
gamma distribution and the effect of the shape parameter on the probability density function
are illustrated in PtDCh7.

2.5.3 At the end of the demonstration, the up times must be scrutinised for trends. If the up
times have an increasing or decreasing trend, the steady-state availability assumption will not
be valid. This does not necessarily mean that the equipment is unacceptable. For example, if
the equipment passes the test and the up times are tending to increase, obviously the
equipment is acceptable. The consumer and producer may agree to undertake a trend and
distribution test, or agree the assumptions before the demonstration test and thereby avoiding
any disagreements of interpretation.

3 STATISTICAL TEST PLANNING

3.1.1 The statistical test plans result in either an accept or reject decision, as to whether the
equipment satisfies the Availability requirement, given the associated risk levels, [1 and [1 A
test plan should be designed using the following steps:

a) The plan should include the Availability requirement, Availability measure (i.e.
Operational, Intrinsic, Effective), the classification of states and times, failure
definitions, the consequences of rejection and the acceptable value of steady state
unavailability.

b) The consumer and producer need to agree the shape parameter ‘p’, for the assumed
gamma distributed down times. Estimations of the mean up time and mean down
time must be determined, such that a predicted equipment unavailability can be
calculated.

c) Acceptable risk levels, [ and [, are selected and the test parameters determined in
accordance with the appropriate test plan.

4 DEMONSTRATION TEST PLANS

4.1 Fixed Number of Failures

4.1.1 The plan designs a demonstration for a minimum number failures (n) which satisfies
the following inequalities:

Fi_o(2pn,2n)x F_p(2n,2pn)<D(1-Ug)/(1-DUy) (1)

Where

Fi_q (] the 1-[] fractile of the F-distribution (see Table 1)
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Fig [l the 1-[] fractile of the F-distribution (see Table 1)

p = shape parameter for gamma distribution down times
n = number of failures

D = discrimination ratio

Uy = minimum acceptable unavailability

4.1.2 The accept/reject decision is as follows:
Reject if DT/UT > F_,(2pn,2n)x Uy /(1-Uy)

Where :
DT = accumulated down time
UT  =accumulated up time

Accept otherwise

4.1.3 Example: The minimum acceptable Availability for an equipment is 90.0% and the
producer’s target Availability is 95.0%.  Therefore, U, = 0.05 (producer’s target

unavailability) and U, = 0.1 (minimum acceptable unavailability). The down time (gamma
distribution) shape parameter, p = 2. The consumer’s risk (L) = 0.10 and the producer’s risk
(1) =0.10.

D(1-U,)/(1-DU,) = (2)(0.95/(0.9) = 2.111

Determine the number of failures (n) which ensures the inequality equation [1] is satisfied.
The result of Fy_,(2pn,2n) x F;_g(2n,2pn) can be determined from the F-distribution in Table

1. For example, for 5 failures F,_, (2(2)(5),2(5)) x F,_5(2(5).2(2)(5)) = F;_,(20,10) x
Fi_5(10,20) = 2.2 x 1.94 = 4.268. Calculating relevant values:

Number of Failures (n) 10 18 19 20

3.749 2.146 2.103 2.059

Fra (2pn, 2n) x F18 (20, 2pm)

Therefore, the test should run until 19 failures and restorations have occurred and reject if :
DT/UT> F,_,2pn2n)x U, /(1-U,)

ie DT/UT > 0.0784.
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0.80 fractiles
% \ 2 4 6 8 10 20 30 40 60 120
2 4.00 424 432 436 438 443 445 446 446 447
4 247 248 247 247 246 244 244 244 243 243
6 2.13 209 206 204 2.03 2.00 1.98 1.98 1.97 1.96
8 1.98 1.92 1.88 1.86 1.84 1.80 1.78 1.77 1.76 1.75
10 1.90 1.83 1.78 1.75 1.73 1.68 1.66 1.65 1.64 1.63
12 1.85 1.77 1.72 1.69 1.66 1.61 1.59 1.58 1.56 1.55
14 1.81 1.73 1.67 1.64 1.62 1.56 1.53 1.52 1.51 1.49
16 1.78 1.70 1.64 1.61 1.58 1.52 149 148 147 145
18 1.76 1.67 1.62 1.58 1.55 1.49 1.46 1.45 143 1.42
20 1.75 1.65 1.60 1.56 1.53 147 1.44 1.42 141 1.39
30 1.70 1.60 1.54 1.50 1.47 1.39 1.36 1.35 133 131
40 1.68 1.57 1.51 1.47 1.44 1.36 1.33 131 1.29 1.26
60 1.65 1.55 1.48 1.44 141 1.32 1.29 1.27 124 1.2
120 1.63 1.52 145 141 1.37 1.29 1.25 1.23 1.20 1.17
0.90 fractiles
i 2 4 6 8 10 20 30 40 60 120
2 9.00 924 9.33 9.37 9.39 9.44 9.46 047 947 948
4 432 4.11 4.01 395 392 3.4 3.2 3.80 3.79 3.78
6 3.46 3.18 3.05 298 2. 2.84 2.80 278 2.76 274
8 3.11 2.81 267 2.59 254 242 238 236 234 232
10 2.92 261 246 238 232 220 2.16 2.13 211 2.08
12 281 248 233 224 2.19 2,06 201 1.9 1.96 1.93
14 273 239 224 2.15 2.10 1.96 191 1.89 1.86 1.83
16 2.67 233 2.18 2.09 2.03 1.89 1.84 1.81 1.78 1.75
18 262 229 2.13 204 1.98 .34 1.78 1.75 1.72 1.69
20 2.59 225 209 2.00 1.94 1.79 1.74 1.71 1.68 1.64
30 249 214 1.98 1.88 1.82 1.67 1.61 1.57 1.54 1.50
40 244 209 1.93 1.83 1.76 161 1.54 1.51 147 142
60 2.39 204 1.87 1.77 1.71 1.54 148 1.44 1.40 1.35
120 235 1.99 1.82 1.72 1.65 1.48 141 1.37 1.32 1.26
0.95 fractiles
\ 2 4 6 8 10 20 30 40 60 120
2 19.00 1925 1933 1937 1940 1945 19.46 1947 1948 19.49
4 6.94 6.39 6.16 6.04 5.96 5.80 575 572 5.69 5.66
6 5.14 453 428 4.15 4.06 3.87 3.81 377 3.74 3.70
8 446 3.4 3.58 344 335 3.15 3.08 34 301 297
10 4.10 348 32 3.07 298 277 270 2,66 262 258
12 3.39 326 3.00 2.85 2.75 2.54 247 243 238 2.34
14 374 3.11 285 2.70 2.60 239 231 227 222 2.18
16 3.63 301 274 2.59 249 228 219 215 211 2.06
18 355 293 2,66 251 241 2.19 211 2.06 202 1.97
20 349 2.87 260 245 235 212 204 1.9 1.95 1.90
30 332 269 242 227 2.16 1.93 1.84 1.79 1.74 1.68
40 323 261 234 2.18 2.08 1.84 1.74 1.69 1.64 1.58
60 315 253 225 2.10 1.9 175 1.65 1.59 1.53 147
120 3.07 245 2.18 202 191 1.66 1.55 1.50 143 1.35

Table 1: F-Distribution

4.2 Fixed Time Test Plan

4.2.1 This test plan designs a demonstration with a duration (T) using the expression below.
The test will result in duration of at least 15 times the estimated mean up time (m,) which is

required input for this plan. Pt C Ch 36 describes Reliability Prediction.
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2
uys (1-DUy VD
ul_a I_UO +

= 1-U,
T=m (1+p™) O-1) (2)
Where:
T = test duration
m, = the estimated mean up time
p = shape parameter for gamma distribution down times
u, [Ithe 1-[ fractile of the standardised normal distribution

u;_g  [Jthe 1-[7 fractile of the standardised normal distribution

Up = minimum acceptable unavailability
D = discrimination ratio

Values for u;_, and u,_; are illustrated in Table 2.

1-a U-q
1-B ui-p
0.80 0.842
0.90 1.282
0.95 1.645

Table 2: Standardised Normal Distribution

4.2.2 The accept/reject decision is as follows:
Reject if DT/(UT +DT) > Uy,

Where :

DT = accumulated down time

UT  =accumulated up time
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[wuP0-Uy)+u¥DI-DU, )
" o, (1-Ug)+u, ,/D(1-DU,)]

Upm =U 3)

Accept otherwise.

4.2.3 Example: Using the same values as for the example for the fixed number of failures
plan in Section 4.2.3. Substituting these values into equation 2:

2
1.282\/E+{]'282(1\7%0.05)\/§}
95
T:mu (1+2—1)
(1)
2
=m, (].5){1.2495451.6317}

12.45m,

Therefore, for an estimated mean up time of 100 hours, the test duration should be 1,245
hours. Reject if the DT/(UT+DT) is greater than:

U —0.05 1.282.2(.95)+1.282\]2(1 - 2.0.05)
T 1.282(.95)+1.28242(1 - 2.0.05)

—0.05 2.4358+1.6317
1.2179+1.6317

=0.07137

4.2.4 An alternative fixed time test plan, designs a demonstration with a test duration (T)
based on the relationship between T and the discrimination ratio, D, given in Tables 3, 4 and
5. The test should only be applied when the ratio of mean down time and mean up time is
less than 0.05. Pt C Ch 36 and Ch 37 detail Reliability and Maintainability prediction
respectively.

4.2.5 The accept/reject decision is as follows:
Reject if DT/(DT+UT) > Uy,
where Ui, 18 a function of the duration (T) from Tables 4, 5 and 6.

Accept otherwise.

4.2.6 Example: Using the same values as for the example for the fixed number of failures
plan in Section 4.2.3. Using the values of D =2, p =2, a = = 0.10, Table 4 gives:
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T/m, - 17.78.

U, /U, =1.387

Assuming m, = 100 hours, the test duration should be 1,778 hours. The producer's target
unavailability (U, ) is 0.05, and therefore a reject decision is DT/(UT+DT) is greater than

0.06933.
p=1
T/m, o =p=0.05 o =p=0.10 o =B =0.20
D Uiim/Uo D Ujim/Uo D Ujim/Uo

1.0 24.73 3.92 15.01 2.91 7.37 1.86
1.2 20.01 3.64 12.39 2.75 6.30 1.83
1.4 16.88 3.42 10.64 2.63 5.56 1.80
1.6 14.66 3.24 9.38 2.52 5.03 1.77
1.8 13.01 3.10 8.44 2.44 4.63 1.74
2.0 11.73 2.98 7.70 2.36 4.31 1.71
2.5 9.52 2.75 6.42 2.22 3.74 1.65
3.0 8.12 2.58 5.59 2.11 3.37 1.61
3.5 7.15 2.45 5.01 2.03 3.10 1.57
4.0 6.44 2.34 4.58 1.96 2.90 1.54
5.0 5.46 2.19 3.98 1.86 2.61 1.49
6.0 4.82 2.07 3.58 1.78 2.42 1.45
7.0 3.46 1.99 3.29 1.72 2.28 1.42
8.0 4.02 1,92 3.07 1.67 2.17 1.40
9.0 3.75 1.86 2.90 1.63 2.08 1.37
10.0 3.53 1.81 2.76 1.60 2.01 1.36
15.0 2.88 1.65 2.33 1.49 1.78 1.29
20.0 2.53 1.56 2.10 1.42 1.65 1.26

with Shape Parameter (p) =1

Table 3: Discrimination Ratio (D) and Rejection Limit for Test Plan 3
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p=2
T*/my a=p=0.05 a=p=0.10 a=p=0.20
D Uiim/Uo D Uiim/Uo D Uiim/Uo
1.0 18.94 3.47 11.74 2.69 6.01 1.87
1.2 15.43 3.22 9.78 2.54 5.19 1.81
1.4 13.11 3.04 8.46 2.42 4.63 1.76
1.6 11.45 2.89 7.52 2.33 4.22 1.72
1.8 10.22 2.77 6.80 2.25 3.91 1.69
2.0 9.26 2.67 6.25 2.18 3.66 1.66
25 7.62 2.47 5.28 2.06 3.22 1.60
3.0 6.56 2.33 4.65 1.96 2.93 1.55
35 5.83 2.22 4.20 1.89 2.72 1.51
4.0 5.29 2.13 3.87 1.83 2.56 1.48
5.0 5.54 2.00 3.40 1.74 2.33 1.44
6.0 4.05 1.91 3.09 1.67 2.17 1.40
7.0 3.70 1.84 2.87 1.62 2.06 1.37
8.0 3.43 1.78 2.70 1.58 1.97 1.35
9.0 3.22 1.73 2.56 1.54 1.90 1.33
10.0 3.06 1.69 2.45 1.51 1.84 1.31
15.0 2.54 1.56 2.10 1.42 1.65 1.26
20.0 2.26 1.48 1.92 1.36 1.55 1.22

Table 4: Discrimination Ratio (D) and Rejection Limit for Test Plan 3
with Shape Parameter (p) =2

pP=5
T/m, o =p=0.05 o =B =0.10 0=p=0.20
D Uiim/Uo D Ujim/Uo D Ujim/Uo
1.0 15.37 3.14 9.64 2.52 5.05 1.83
1.2 12.72 2.93 8.19 2.38 4.48 1.77
1.4 10.87 2.77 7.15 2.27 4.04 1.72
1.6 9.54 2.64 6.38 2.19 3.71 1.68
1.8 8.55 2.54 5.80 2.11 3.45 1.61
2.0 7.78 2.45 5.36 2.05 3.25 1.61
2.5 6.47 2.28 4.57 1.94 2.89 1.55
3.0 5.62 2.16 4.06 1.85 2.65 1.51
3.5 5.03 2.07 3.70 1.79 2.47 1.47
4.0 4.59 1.99 3.43 1.73 2.34 1.44
5.0 3.98 1.88 3.04 1.65 2.15 1.40
6.0 3.58 1.80 2.79 1.60 2.02 1.36
7.0 3.29 1.73 2.60 1.55 1.92 1.34
8.0 3.07 1.68 2.46 1.51 1.84 1.32
9.0 2.90 1.64 2.34 1.48 1.78 1.30
10.0 2.76 1.61 2.25 1.46 1.73 1.28
15.0 2.32 1.49 1.96 1.37 1.57 1.23
20.0 2.09 1.42 1.80 1.32 1.48 1.20

Table 5: Discrimination Ratio (D) and Rejection Limit for Test Plan 3
with Shape Parameter (p) =5

4.3 Sequential Test Plan
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4.3.1 This test plan designs a demonstration with a duration which depends on the observed
Availability of the equipment during test. After each repair, a decision is made as to whether
the test should bed terminated or continued. The decision limits depend on the number of
failures (n), that have occurred up to that instant of time.

The decision is based on the following rules:
Reject if DT/UT > Re(n) x U,/(1-U,) (4)
Accept if DR/UT < Ac(n) x U,/(1-U,) (%)
The test continues if neither of the above inequalities determine a reject or accept decision.
Where DT = Accumulated downtime
UT = Accumulated up time

U, = Producer's target unavailability

Re(n)= (2= GO ¢ 1, [A=B)e]

p[G(n) 1] p.In(D)
else Re(n) = o0

[D - H()] [1-p/a]

AC(H)ImifH >lnm

else Ac(n) =0.
Where G(n) = DD [(x /(1- B)]l/(n+np)
H(Il) _ Dl/(1+p) [(1 _ a)/B]l/(n+np)

4.3.2 Example. Using the same data as before, i.e. Uy, = 0.05, a = =0.1, D =2 andp

= 2. Table 6 below illustrates an example of how a demonstration test can be monitored and
an accept/reject decision determined. The first failure occurred after 60 hours, with 17 hours
downtime, the second failure after 344 hours of uptime, followed by 28 hours downtime, etc.
The table shows the values calculated for each parameter to make a decision, based on the
rules in equations 4 and 5. Note, ND signifies no rejection is possible in this case, as the
value for Re(n) is either negative or infinity.

Table 6: Calculated Parameters for Sequential Test Plan Examples
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