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Abstract:

In this paper we made a reliability analysis of power system pumps by using

the dimensional reduction method which over comes the problem due to unavaialability of
enpugh data in the actual systems under many different operational environments. Hence
a resonable method was proposed to determine the optimum maintenance interval of given
pump in thermal power stations. This analysis was based on an actual data set of pumps
for over ten years in thermal power stations belonged to Kyushu Electric Power Company,

Japan.
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1. Imtroduction

Since a frequent preventive maintenance is a costly
process, the determination of optimal solution has been
a research interest to many researches. Raze [1] pro-
posed a reliability prediction technique for mechanical
equipments considering their components. Some other
different planned maintenance procedures were proposed
in literature [2] - [8]. The results of most researches are
still circulated only among maintenance researches but
are not applied by maintenance practitioners. We found
several major factors for this unfortunate situation. Gen-
erally, the reliability analysis of mechanical equipments
sucht as power system pumps are rather difficult and es-
pecially the involvement of many external as well as in-
ternal parameters together with less information lead to
extreme difficulties in developing a valid prediction tech-
nique.

In this paper. to achieve the above needs with some
modifications, we used the dimensional reduction tech-
nique [9] which we previously proposed. Dimensional
reduction method can be used to analyze a small set
of data subjected to many external and internal physi-
cal environments. We analyzed several hundred of ac-
tual pump data of 11 thermal power stations in Kyushu
island, Japan and the effects of different operating en-
vironments on the failure rate are taken into account
with the adaptation of dimensional reduction technique.
With such a tool, maintenance engineers can identify
pumps most likely to fail and the pump type or the size
which contribute to its poor reliability. Since the failure
data was available for only a small window of time rela-
tive to the average age of pump failure, the future pump
failures were predicted using the assumption of Weibull
distribution function. Thus, in general, for a profit ori-
ented industry, the reliability or maintainability charac-
teristics themselves do not give adequate measure, and
should be combined with the costs for the final judge-
ment. Hence we finally proposed a simple cost model to
find the optimum maintenance interval of given pump.

2. Data Analysis through Dimensional
Reduction Technique

2.1 Data acquisition and organization

Failure and population statistics of total 592 pumps in
11 thermal power stations of Kyushu Electric Company,
Japan were analyzed. We made an effort to include the
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influence of all significant factors on the pump failure
rate and examined the effects of varying operational en-
vironments and other physical parameters which were
related to the failure rates of pumps. We distinguished
seven most common and significant usage types of pumps
in thermal power stations as feed water, steam, air, oil,
combustion gas, sea water and condensed water. The
pumps data were allocated into 3 size groups, five main-
tenance intervals (AT}) each with 4,500 hrs width which
have being used for the maintenance process so far and
seven time to failures levels, each of 25,000 hrs width.

2.2 Dwumensional reduction and TTF distribution of

given pump

Since usage and size of pumps showed a close inter-
correlation, those two parameters were combined to form
the parameter X,,." According to the above classifica-
tion, pumps failure data were allocated to form a three
dimensional distribution with the parameters: opera-
tional usage and size X,,, average maintenance interval
AT; and time to failure Ty. The failure intensity of each
level of the distribution A(X,,, AT;, ) can be ideally
calculated as
NI X, AT Ty)
Nt (X, AT, Ty)

where X,, is the m!" level of operational usage and
size, AT} is the j** level of average maintenance in-
terval, Ty is the k** level of time to failure of pumps,
NS (Xm, AT}, Ty) and N* (X, AT;, Ty) are number of
failure pumps and total number of pumps exposed to
failure in (X, AT}, Tk) level where m = 1 to 17, j = 1
to 5. and k = 1 to 7. Due to unavailability of enough
data, most of the levels of the three dimensional distri-
bution have zero elements and the direct calculation of
failure intensity as in (1) is not appropriate. To solve
this problem, we employed the dimensional reduction
method with some modifications. In the dimensional
reduction techmnique, the appropriate parameter selec-
tion of the primary distribution is very important and
must be carefully done. Further any inter-correlations
between parameters must be checked before they are se-
lected as parameters in the distribution. The following
sections give the details of dimensional reduction tech-
nique.

)‘()(WJAI_‘]'7T]C): (1)



Table 1 The equivalent failure intensities with the pa-
rameter X, (operational usage U and size 5) where U
- feed water, U, - steam, Uz - air, Uy - oil, Us - combus-
tion gas, Us - sea water and U; - condensed water

Xm Usage Size NU(Xp) N/ (Xm) MXm) W(Xm)
[pumps]  [pumps] [1] [1]
X, [ S, 13 3 230 1.00
Xa U Sa 73 10 37 1.68
X U, Sa 29 5 172 1.33
X4 Us S1 33 1 .030 7.62
X U/, Sh b 1 .125 1.85
Xe [’y Sa 356 3 086 2.69
X7 U, 5 32 2 062 3.69
Xa Us S5 25 1 040 5.77
N9 Uy Sa 3 - - -
Xq0 U 5> 23 1 .043 5.31
An Us Sa 34 1 .029 7.85
X2 U 5 101 2 019 11.65
X2 U So 11 - - _
Xia Us Sa 14 - - -
X1s U s 51 1 019 11.77
X6 U, Sy 97 1 010 22.40
X7 Us Sa 6 - - -

2.2.1. Reduction to a 2 dimensional distribution

Failure intensity of each X, level, A (X,,) was calcu-
lated as

N f (‘X»m.)

Nt (X))

where N/ (X,,) and N (.X},,) are number of failures and
total number of pumps exposed to failure in X,, level
(see Table 1). Selecting the level X as the base level
for the parameter X, . the weighting factors which are
necessary for the dimensional reduction process were cal-
culated for each X, level (W (X)) as
. A(XY)
Wi\ = —— 3
( n /\ ()& m) ( )
Table 1 shows the values of A (X,;,) and W (X,,,). Failure
data 1 each X, level was transferred to X; level and
equivalent number of failure pumps of each (ATj, Ty)
was calculated with respect to X level as
17
NIUAT; T /X1) = D N (XN AT TO)W (X)) (4)
m=1
and the total number of pumps exposed to failure at
(AT;. Ty) level was given by
17
NYAT) Tx) = > N'(Xm, AT} T) (5)
m=1
According to the equations (4) and (5). with the elimi-
nation of parameter .X,,,. three dimensional distribution
was reduced to a two dimensional distribution. Failure
intensity at any level of two dimensional distribution was
written as

’\(‘\ym) = (2)

i NI(AT;, T/ X1)
/\(AETI\/‘\'I) - [vz (AT;,Tk) (6)
In the dimensional reduction process, the actual raw
data was used without loss of generality and only teh
failure data were subjected to the dimensional reduction.

2.2.2. Reduction to onc dimensional distribulion

In order to reduce the dimension of the distribution to
one dimensional distribution, the two dimensional distri-
bution formed 1 the above section was further reduced

Table 2 The equivalent failure intensities with AT; (av-
erage maintenance interval

AT, NY(AT,) NF(AT,) NT(AT,/X1) MAT;/X1) W(AT)

[pumps]  [pumps] [pumps] (1] (1]
ATy 111 3 4.37 039 1.000
AT, 218 13 36.94 169 233
AT, 126 11 48.52 385 102
AT, 65 4 25.08 386 102
AT, T2 1 3.69 .051 772

by selecting the parameter AT). Equivalent number of
failure pumps of any AT} level with respect to X level
of two dimensional distribution is

7
NT(AT /X0 =Y NTAT Ti/X0) (1)
k=1
and the total number of pumps exposed to failure at any
AT; level is

7
N'(ATy) = S N' (AT}, T)) (8)
k=1

The equivalent failure intensity of AT} level is
NT(AT;/X1)
MAT; /X)) = ——2L—= 9
(AT;/Xy) NT(AT)) (9)

where N* (AT}) is the total number of pumps exposed to
failure in the AT} level. Weighting factors of each AT;
level was calculated with respect to ATy level (W(AT;))).
A(AT/Xq)
X(AT, /X))
Table 2 shows the values of A (AT;/X;) and W (AT;).

Finally, three dimensional distribution was reduced to
one dimensional distribution by calculating the equiva-
lent failure intensity of T} level with respect to selected
base levels X; and AT) as

2

NT(Ty/ X1, AT1) = Y NT (AT}, Ti/ X1) W (AT))

j=1
(11)
and equivalent failure intensity of each T} level with re-
spect to (X1, AT))

W (AT;) = (10)

NI (Ti/ X1, ATy)
Nt (Tk)

where NY(T}) is the total number of pumps exposed to
failure in Ty.. Table 3 shows the value of A (T%/X. ATY).

MTe/ Xy, ATY) =

(12)

2.2.3.  Determwnation of failure intensity at any level

By following the above procedure, the initial three di-
mensional distribution was reduced to obtain the equiv-

Table 3 Equivalent failure intensities with T} (time to
failure) and cumulative intensities of Ty - F(T},)

T, NI(Tw) NJ(To/X:ATy) MTi/X:.ATy)  F(Ty)
[hrs]  [pumps] [pumps] [1] (1]
T 6 5.62 .009 009
T 4 4.68 .010 019
Ta 8 2.79 .008 027
Ty 4 4.40 .021 048
T 5 4.71 .037 086
Te 4 2.37 034 119
17 1 1.19 .020 1139
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alent failure mtensity of any 7; level with respect to
X; and ATy. The actual failure itensity for given
(X,,,,ATJ,TL) MNpm AT, Ty) can be calculated by us-
ing the dimensional expansion as

A(T: /X0, AT (13)
W (’\ym )IV (An) '

Since the values of W(.X,,), W(AT;) and MTy/ X, ATY)
are already known in (3), (l()) and (12) respectively, the
necessary calculations can be done to find the actual
failure intensities of any given level of the distribution.

/\( maAT IA)

3. Prediction of future failures

Since the failure data are available only for a small
window compared to the average age of actual pumps,
it is needed to determine the pump failures for the re-
maining time period. Since the Weibull functions with
different parameter values could cover a wide range of
distribution shapes, it was selected to obtain adequate
fit. over the entire time frame. Hence the future failures
of pumps were extrapolated.

3.1 Assumption of Webull TTEF distribution

TTF of pumps were assumed to follow a two parame-
ter Weibull distribution with parameters ¢ and J as
) d-1 a
i) = 2 - (1) (14)
o a
where ¢ and 3 are scale parameter and shape parameter
of the Weibull distribution respectively and the cumula-
tive Weihull function becomes

F(Ty) = 1 —exp(—(Ty /o)’ (15)
Since the actual TTF data exists only fox T < T,
T
(T )d Ty = histogram (16)
| >

For the range T3 > T%. TTF intensities were extrapo-

lated to satisfy the requirement
e

H)dTly = 1 (17)
J0

The Weibull parameters o and 7 of corrseponding dis-
tributions were determined from the presently available

data set by rearranging the equation (15) as

[ :

lnln(m) =dIn(T)— Flne (18)
By using plots of Inl n (1/1 — I'(T})) agamst In{T}) for
each AT; with each .\, level. tlw corresponding Weibull
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Fig. | Extrapolation of future failures by Weibull distri-
bution for (X1, AT)) level

Table 4 The values of Weibull parameters with different
maintanence intervals AT for X; level (feed water [/,
-medium size Ss)

AT, a A MTTF 1/MTTF
10° [hrs] 107% [hrs—1]
ATy 2.96 1.57 2.64 3.70
AT, 2.15 1.63 1.93 517
AT 1.00 1.97 (.88 11.26
ATy 1.00 1.97 0.88 11.31
AT 0.47 1.82 0.43 213,24

parameters were obtained. As an example, we selected
feed water medium size pumps (X level) aud failure
intensities of T; of pumps for the maintanence interval
AT; was replaced by Weibull distribution function with
corresponding Weibull parameters. Fig. 1 shows the
currently available TTF intensity data (in bars) and the
Weibull curve that was used to extrapolate the remaining
pump failures in feed water pumps with medium size
(Xy level). Simillary Weibull parameters for cach AT;
level was obtained. Table 4 shows the parameters of the
Weibull distributions of X; level for each ATj. Following
the same procedure, the all Weibull distributions of X'
to Xjr were calculated for each ATj.

3.2 Cdleulation of MTTF for given mainlenance inter-
val
The mean time to failure (MTTF) of the pumps for
each maintenance interval AT; was found by using cor-
responding weibull parameters as

MTTF = ol ((L+3)/3) (19)
where T' shows the gamma function and will be given as
I(a)= / pte Idp (20)

0

Since the values of Weibull parameters ¢ and ¢ were al-
ready found for each maintanence mterval AT;, MTTF
of all maintanence intervals were calculated as m the
equation (19) for X, level and tabulated in Table 4.

4. Cost consideration for determination of
optimum maintenance interval

The above results in Fig. 2 shows that the frequent
maintenance decreases the chance of failure of pumps

[x10°]

N
i
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MTTF of pumps in X1 level [hrs]

AT1 AT2 AT3 AT4 ATS
Average maintenance interval [hrs]

Fig. 2 Actual MTTF variation with average maintenance
interval for X level



Table 5 Total expected cost with different maintanence
mtervals for Xy level (feed water [/; -medium size S,).
The optimum maintenance interval which corresponds to
minimum total expected cost, 15 ATy (4,500-9000 hrs).

AT, Cc C,/AT, C;/MTTF Cr
ATy 100 13.2 7.5 120.7
AT, 100 6.7 10.3 117.0
AT 100 4.4 22.5 126.9
ATy 100 3.3 22.6 125.9
AT, 100 2.6 46.5 149.1

and increases the reliability. In a profit oriented organi-
zation, the provision of higher reliability is not enough
and the overall cost must be considered for the opti-
mal solution. With this in mind, we discussed a cost
model which considers the pump cost including installa-
tion cost, failure cost and maintenance cost.

4.1

The decision problem is to find the optimal preventive
maintenance time such that the expected system main-
tenance cost per unit of operation time is minimized. If
the maintenance interval of a pump was assumed to be
a constant through out the life time, the total expected
cost of a pump per unit time (C'7) for given maintenance
interval AT; can be calculated as the addition of pump
cost per umit time, pwump malntenance cost and pump
failure cost.

The total expected cost per unit time C'r can be writ-
ten as

Construction of cost model

Cr=0Cp+Cn/AT; + Cy/MTTF (21)

where (', is the exepected cost of a pump per unit
time, 'y, is the average cost of a maintenance and C is
the average cost of a failure. If the values of Cy, Cp,, Cy
and MTTF are known the value of optimum mainte-
nance interval can be found as the value of AT} which
corresponds to the minimum total expected cost (Cr).
It can be seen that the shape of the cost curves for each
type of pump has a minumum which guaranties the ex-
istance of an optimal solution.

4.2

In order to demonstrate the characteristics of the pre-
ventive maintenance scheduling model, the overall ex-
pected cost function C'r against the average maintenance
interval AT are calculated. As an example, X level
was selected and the variation of total expected cost of
a pump with the average maintenance interval AT is
tabulated in Table 5. For the illustration of the results,
the cost factors in (21) were asswned as follows: (7, =
100, 7, = 10,000 and (*; = 2.000.000. The above cost
factors are not exact values in the power station that we
analyzed data. The optiunal maintenance interval was
selected as the one with the minimum overall expected
cost. According to the analysis, the optimun service in-
terval of X level ( feed water Yy - medium size Sy) Is
ATy (4,500-9.000 hrs). Although we showed minimums
for overall cost in the above example, the exact values
will be varied according to the values of cost factors in
the model. This results shows the validity of the model
and will give an 1dea of how to select the optimum main-
tenance mterval.

Hlustration of results
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1. Analysis of small set of data:

1)

2)

8)

9)

. Future failure extrapolation:

5. Discussion

Due to unavailabil-
ity of enough data and involvement of many param-
eters, it has been found some gap between the relia-
bility theory and actual practice. In our attempt to
analyze such data, we employed the dimensional re-
duction method with modifications. The technique
used in this paper i1s proved to be applicable with
appropriate selection of parameters, to any kind of
such environments.

In most cases. the
failure data of actual systems represents only a small
time period relative to the actual life time. Under a
such situation, an extrapolation of future failures
are necessary for any reliability process. In this
analysis we extrapolated the future failures of the
pumps by using a distribution function of weibull
from the present failures.

Consideration of a constant maintenance intervals:
If the system ages the post-maintenance failure rate
drops to some newer value, the successive mainte-
nance interval must be treated as a decreasing one.
But the failure rate of the actual pumps in ther-
mal power stations were relatively small and to be
considered as a constant through out their opera-
tion. Hence, in this paper we treated this prob-
lem by considering a constant maintenance interval
through out the total age of operation of pumps.
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