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ABSTRACT

This study ig concerned with the determination of
the optimum level of the reliability for 5x4 SK and KSK
pﬁmps, made by the Allis-~Chalmers Mfg. Co., Box 512,
Milwaukee 1, Wisconsin, and used commercially and aboard
alrcraft carriers of the U, S. Navy.

The different parameters which might effect the
optimum reliability level of these pumps are identified
and evaluated to minimize the total cost of such pumps
to the user. The following three parameters which can
~effect the optimum level of reliability are concentrated
upon :

I. Cost of money procurement to the manufacturer

and td the customer
II. Life of pump
I1I. Maintenance schedule time

Different preventive maintenance policies are dis-
cussed and optimum preventive maintenance times for main
components of the pump are then numerically determined.

A math model is also developed for manufacturert's

and customer's total cost versus reliability picture.

xiii



CHAPTER 1
INTRODUCT ION

In recent years considerable time and money have
been spent in the development and improvement of optimiza-
tion techniques. These techniques have been used reéently
to determine the optimum level of reliability that should
be designed into a product so that its total cost to the
user is minimum. The urgent need for missiles has forced
reliability engineers to concentrate on-optimizing "one~
shot devices," whereas, relatively little has been done
for the systems which fail and undergo repair repeatedly
during their operating life. There is a great need,
therefore, to study and optimize the reliability of such
repairable éystems, which substantially outnumbe} the
population of missiles. |

Whether a product should be manufactured at the
- lowest selling price or manufactured at the highest pos-
sible reliability level is in essence a problem of balance
in interest from the viewpoint of the manufacturer and the
customer. . This aspect of the problem has been studied by
several investigators who have proved that there exists

an'optimum reliability level at which the customer?®s



total cost of purchasing and operating the equipment, for
its intended 1life is minimum. Such studies are now begin-
ning to infiuence‘manufacturers and customers in seeking
the optimum level of reliability at which their products
~should be'&anufactured and bought, because this results in
both of them "saving dollars.®

Ryerson (l)*‘and RCA (2) develop'a complete cost
picture as shown in Figs. 1 and 2. In Fig. 1, Curve A,
which increases with reliabilit#, represents the customert®s
initial cost. Curvé B, which decreases with increasing
reliability, represents the support cost. Curve C is the
sum of these two curves and represents the customer's
total cost. - In developing the optimum reliébility point
for the customerﬂsrminimum total cost,‘both of the referred
to studies do not consider the manufacturer?s total cost
picture and no actual cost‘data in sdpport of these
curves are provided.

Delco-Remy (3) point out the existence of an opti-
mum quality for the manufacturer. This study. considers
quality versus cost rather than reliability versus cost.
Also it does not consider the customer?s total cost plc«
ture. The result is similar to Curve C, in Fig. 1, repre=-

senting the manufacturer?s total cost.

e Numbers in parentheses refer to those 1n the
BIBLIOGRAPHY.



Cost

Manufacturer's
Selling Price

£ Manu-
facturer's
A T?fﬁi,fﬂiiafz’ Manufac-
turert's Cost
Manufacturer's Before Ship-
Cost After Ship- — ment
ment - (Warranty,
Goodwill, and Sometimes T
Installation) -
0 Rom 1

Useful Life Reliability

Fig. 1 (15, Fig. 1) - Effect of Level of Reliability
on the Manufacturert's Total Product Cost

*Royy = Optimum reliability for minimum manufacturer's
selling price.



C Customer Total Cost

Purchase Price

T-Decreasing

Cost

Scheduled Maintenance
Cost

Seheduled Mainten-
ance Cost

Fig. 2 (15, Fig. 2) Reliability and the Customer's Total
Cost Picture Showing the Relative Effect of a
Different Scheduled Maintenance Time.

*Roy Optimum Reliability for Minimum Manufacturer's
Product Cost

**Roc = Optimum Reliability for Customer®s Minimum Product
Cost.



Carhért and Herd (4) develop a simple cost model
for optimizing reliability. This model ié utiliged to
describe a means of allocating expendiﬁures between devel~
opment and operating requirements by selecting that reli-
ability which will minimize the total cost. The major
»difficulty in using this cost model is the lack of required
~data.

Millef (5) proposes a method to optimize total
mission cost wersus reliabiiity in a complex weapon system.
He suggests different variables which can effect the total
cost per mission. Though the mddel developed takes into
ac§0unt the complexity, operating time, variable costs
which must be increased in order to increase reliability
in the system, and state-of-art of equipment reliability,
the amount of data available is found tclbe very limited
to use these cost models. | |

Kalbach (6) présents’a simplified mathematical
model which provides a working hypothesis of relationships
between the amount of preventive maintenance and the
reliability of electronic data processing machines. Due
to insufficient data, the relatibnships have not been
thoroughly tested; however, several years of actual exper-
ience appear to support the theory. .

" Price (7) derives a "Reliability-Economic Decision

Equation®™ on the basis that if a net monetary saving can



be -realized, the reliability improvement should be made.
The major difficulty is found in :the prediction of the
cost-saving data.

Cox and Harter (8) derive a reliability optimiza-
tion model for a one-shot mission. They dévelop curves
between the reliability improvement effort and the reli-
ability resulting from this effort for one-shot devices.

Stevens (9) shows that in the long run the cost
of‘reliability improvement of electronic subsystems for
military aircraft is more than offset by the dollars
saved on maintenance. |

‘McLaughlin and Voegtlen (10) determine the sup-
port cost of special purpose and waveguide tubes in prime
gearch radar and navigation aid and UHF communication at
four Air Control and Warning sites.located within the

‘Central Air Force Defense Command. Seventy-five percent
of the true equipment failures, as well as an equal pro-
portion of replacements, are found to be due to tube |
deterioration and failure. Forty percent of the total
maintenance hours are found to be required to maintain
these tubes. It is concluded that develépment of improved
parts and state-of-art advances in this area are moét
urgently required to reduce the present heavy burden of
support. They find out that the preéent practice 6f con=-

sidering only unit purchase price in. the procurement of
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equipment is inadequate, and sﬁate that means must be found
for basing development and production decisions on the
total cost of the equipment for iheir service life,

Welker (11) constructs a mathematical model to
~describe the expected average hourly-operating cost when
the simple equipmenﬁ is subjected to periodic parts |
replacement. When failuré rate inéréases with time, he
determines an optimum replacement interval, that is,
interval yielding minimum expected average hourly cost.
‘This study does not consider the dollar value of specific
reliability improvements. »

" Barlow and Hunter (12) and (13) present excellent
math models for system reliability. Theytsuggest two‘
types of preventive maintenance policies to be considered
to investigate the repair feature of the model. The opti-
" mum times to perform preventive maintenance are, in each
case, unigue solutions of certain integral eqﬁations
:depending on the failure distribution. The same modéls'
gi#e-minimum cost solutions when average times to repair
ars faplaced by costs to repair. The major difficulty in
the ﬁse of these models is the knowledge of different
param@ters required to evaluate the expected reliability
of the syétemrunder both types of preventive maintenance

policies.



Bazovsky, MacFarlane, and Wunderman (14) develop
generalized mathematical, linear and non-linear cost mod-
els for single component and also for complex equipment.
They-calculate the failure rates, the number of unsched-
uled and preventive maintenance actions, part wearout
life, time between failures, maintenance time, part re-
placements, and costs of repair maintenance and preventive
maintenance, and the resulting total maintenance cost. In
»doing this they establish optimum reliability levels to
minimize the total maintenance cost of a steam turbo-pump
aboard BuShips surface ships. Because of lack of suffi-
cient high—coﬁfidence level operating, reliability, main-
tenance and cost data, they feel handicapped in applying
their theory in its totality.

Kececioglu and Hughes (15) undertook the first
ma jor effort in developing actual-manufactufer*s and
customer?'s cost data for a class of pumps used commer-
cially and aboard aircraft carriers of the U. S. Navy.

The manufacturer®s total cost was based on his cost before
and after shipment and his profit; whereas, the customer's
total cost was based on his cost of buying and maintain-
ing these pumps, including downtime cost, for their life.
From a combined plot of these data, the optimum level of
reliability to which the pumps should be designed and

manufactured is determined for both the manufacturer and



the customer. This study does not consider the cost
of money procurement, assumes a pump life of 30,000 hours,
and does not optimize the preventive maintenance schedule
based on the assumption that the manufacturerts recom-
mended maintenance schedule was élready at the optimum.
Among the purposes of this thesis are included the con-
sideration of the first and iést factor and the determin=-
ation Qf the effect of differsnt pump lives'ohfthe
optimum pump réliability, |

| Bazovsky (16) presents excellent numerical evalu-
- ation of thé reliability and maintainability parameters
which will permit realistic estimation of maintenance
manhours, spare parts supplies, total maintenance cost
for long~ﬁerm operations, ahdlopfimization of preventive
mainténance periods for minimum cost, predetermined oper-
ational reliability and operational availability. These
mathematical‘mcdels are applied to shipboard machinery
and it is found that basic information on failure rates
and longevity of mechanical parts is not easily avail-
able. |

Sasaki (17) presents a mathematical method of

designing the‘sysfem having the highest reliability.'
 This method can determine the optimum types and quanti-
ties of redundant components that should be used in order
to make the electronic system as reliable as possibie,

subject to a given cost, weight, volume and other
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constraints. The same meﬁhod can also determine the mini-
mum values of cost, volume, weight, and other matters
necessary for achieving a designated system reliability.

Diederich (18) discusses in general terms the
nature of trade~offs among réliability, performance, cost,
and maintenance schedule. He also describes the ﬁée of
these trade-offs in program-management. '

Webster (19) discusses the problem of finding a
system configuration which will have the higheét reliabil-
ity with the lowest over-all system production cost,
weight, and maintenance . and stock costs. He expands the
procedures to include consideration bf the different |
types of redundancy and various probability combinations
of open and short component failures.

This,study'coﬁsiders the effect of cosi of money
procurement and life of équipment on reliability-cost
optimization. As the availability of data is the major
requirement for such a study, the equipment selected must
have the neceésary»data availaﬁle. The eqﬁipment selec=~
ted is 5x4 SK and KSK pumps manufactured by Allis-
Chalmers Mfg. Co., Box 512, Milwaukee 1, Wisconsin.

This study also considers theveffect of maintenance

schedule time on the optimum reliability of these pumps.



CHAPTER 2

COST OF MONEY PROCUREMENT

2.1 Time Value of Money

Generally, money cannot be borrowed without an
agreement to pay interest; therefore, interest is a part
of the cost. The investment in a machine or structure
should, hence, be considered to be the original invest;
ment plus interest over the 1life of the machine or the
structure.

Even when ownership funds are available without
borrowing.money, interest should still be considered as
a cost just as much as if it had to be paid out, because
there is an economic sacrifice of a possible income that
‘.might have been obtained by investment elsewhere.

Mogt economists include interest as a cost be-
cause of the business fact: "If you borrow money, it is
necessary to pay interest; if you have money, you can
get interest for it.® Thus it is necessary to recognize
the time value of money in cost studies, regardless of

whether or not money is to be borrowed.

11
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2.2 Historical Behavior of Capital

As the costs of, various types of securities are
constantly changing, the question arises whether it is
appropriate to use as ﬁhe capital cost what the firm
originally paid for its capital or what the capital would
cost at the present time. By the economic principle of
opportunity costs, the historical costs of a particular
igssue are not important as the likely costs of the next
issué; but costs in the near future may be inferred, as
a~firs€ approximation from the present level and historic
behavior of the market. In other words, the firm should

charge as the cost 6f its capital what the capital would
.ccst if it were cufrently to be acquired rather than what
it happened to have cost when the capital wasg acquired.
According to Weston (20), therefore, the cost of debt
would not be the coupon rate but the current yields on
its bonds at the time of the calculation.

Thus it is cbncluded that for current decisions,
current facts must be used and not the historical infor-

mation.

2.3 Cost of Capital

Cost of capital is defined as the burdens of a
particular security to the amounts that can be raised by
issuing that security. There are two ways to determine

the cost of capital contained in a financing arrangement:
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1.  Find the difference between the net proceeds
actually made available to the company and the total'bur-
den incﬁrred during the arrangement. ' 7

'2; Find the rate that must be earned on the net
proceeds to provide the cost elements of the money bor-
rowed at thé times they are due. |

In this study, éosﬁ of capital will‘be éxpressed
in terms 5f rate of interest, i.e.,

_ interest paid on the money bor-
Cost of capital rowed over that period
over some period = net proceeds available

2.3.1 Cost of Preferred Stock and Long-Term Debt
Accérding»to Howard and Miller (21), pre-
ferred stoék and long-term debt are fixed income securi-
ties, where compensation to the investor in the form of
dividends is fixed by the amount specified at the time of
issgue.

, »,The cost of capital is thé annual percentage ouit
lay on the deollars providéd, The dollars provided are
Ehe net proceeds available for investment in corporate
activity, i.e., the sum provided by the investor, less
the costs of issue, including thé amount retained by the
investment banker handling the issue, and the expenditures
incurred directly by the issuer.

As the costs of issue and other costs mehtioned

above are insignificant compaied with the total dollars
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provided, for the purpose of this study one hundred percent
of the normal value of the pref@rfed stock and long-term
debt will be considered as the market value.

2.3.2 Cost of Common Stock

There are two major ways of calculating the

cost of common stock:

1. The dividend-yield basis

2. The price~earnings ratio basis.

in view of wide variations in divi&end ?a&«out
‘policies, the use of dividend«yiéld basis is clearly not
appropriate. Competent studies alsc indicate that the
dividend pay-out rate, whether high or low, doés not have
a generally marked influence on stock prices. The main
‘influence on stock prices is the firm's ﬁnder}ying earning
power rather thén the percentage of its éafnings paid out
- in dividends. The price«eafnings ratio is the most depen-
dable basis for caiculating the cost of common stock; |
and this is the ratio that will be empldyed.

2.3.3 Cost of Retained Earnings

Frequently the point of view is encountered
that the cost of retained earninés is zero because the
company did not pay anything in order to obtain the
retained earnings. This view, however, is clearly wrong.
Retained earnings represent funds left in the business by

" the owners of the business and should be treated the same
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way as the initial investment in the common stock of the
company. JSome authorities have guggested that only fifty
percent or seventy-five percent, or some fraction of
retained earnings be counted as the net worth. However,
as a practical matter, the problem does not arise if the

market values are employed.

2.4 Cost of Capital Calculations

As discussed earlier, the most meaningful and
recommended method for the calculation of the coét of
capital is to use the market values of the’éecurities and the
current yields as the rate to be aﬁplied to these securities.
Calculations can be made either before taxes or after taxes.
As business decisions must consider after»tax effects, the
calculations of the cost of capital will be made after
taxes. | |

Since the calculation is intended to be after taxes
and a fifty percent corporate tax rate is used, the rate
of long-term debt will be reducéd by fifty percent. The
current earning-price ratio of the common stock will be
applied to the market value of the common stock. |

Moody?'s Industrial Manual (22) gives the consoli-
dated balance sheet (Table I), as of December 31, 1963,
of Allis-Chalmers Mfg. Co. To calculate the cost of cap-

ital, we have to consider long-term debt, prefefred stock



16

TABLE I

(Ref. 22, pages 1359-1362)

CONSOLIDATED BALANCE SHEET, AS OF DEC. 31, 1963

ALLIS-CHALMERS MFG. CO.

Assets
$
Cash 22,293,617
Notes & Accounts
Receivable
(net) 144,756,752
Other Current
Assets 903,659
Inventories 205,187,724
Progressive
Billing &
" Advertising
Collect on
Contracts cr 17,782,371
Total Cur-
rent
Assets $335,359,381
Net Property
(after de-
ducting de-
preciation) 120,795,585
Investment in
Subsidiaries 34,787,976
Other Assets 10,941,826
Total $521,884,768

Liabilities
Notes Payable 40,000,000
Current Payment
(long-term debt) 3,670,000
Accounts Payable
& Payrolls 46,014,855

Reserved for

Completion of

Contracts billed 6,463,675
General Taxes

Accrued 6,725,229
Federal & Canadian

Income Taxes

Accrued 1,734,240
Sundry Items L, L24,757

Total Current

Liabilities $109,032, 765
Long-Term Debt 82,465,000
Reserved for

Discontinued

Operations 16,904,244
4 .08% Preferred

Stock (par $100) 9,441,600
Common Stock

(par $10) 88,932,630

Retained Earnings
(earned surplus,
unappropriated) 119,289,927

Capital Surplus 95,818,602
Total $521,884,768
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and common stock as given in the consolidated balance
sheet.

As explained earlier, to evaluate the market price
of long-term debt and preferred stock, one hundred percent
of the normal value will be considered. The market value
of the common stock (par value $10) is approximated as
$19 per share {(high 23-7/8, low 15-3/L) according to the
figures given in ®The Wall Street Journal,® Vol. LXXI, No. -
107, Pacific Coast Edition, Nov. 30, 1964, page 22. Also
the recent price for common stock (Allis-Chalmers Mfg.
Co.) is given as $19 in "Standard & Poor's Industry Sur-
veys,® Vol. 2(M), Standard & Poor's Corporation, New York;
N. Y., June 11, 1964, page Mi.

"Standard and Poorfs Industry Surveys® also give
the Price Earning Ratio of the common stock (Allis~
Chalmers Mfg. Co.) as 26.0. From this we get Earning
Price Ratio as 3.85 percent. This is the rate of inter-
est for coémon stock.

Allis-Chalmers Mfg. Co. has a long~term debi
note with rate of interest varying from 3-5/8 percent to
L-7/8 percent (Ref. 22, page 1361). As this figuré has
to be reduced by fifty percent to account for the corpor-

ate taxes, 2.5 percent will be taken as the rate of inter-

est for long-term debt notes.
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Table II gives the market values and dollar costs
of the securities to be accounted for calculating the cost
of capital. Then the weighted average cost of capital
will be the sum of dollar costs divided by the sum of mar-
ket values of each form of financing.

Average cost of sum of dollar costs
capital = sum of market values

8,472,264
= 200,878,577

= 3.25 percent

This is the cost of money procurement.

2.5 Effect of Coat of Money Procurement on the Optimum

Reliability of 5x4 SK and KSK Pumps

To incorporate the effect of cost of money pro-
curement, reference is made to work done by Kececioglu
and Hughes (15), who have given the actual manufacturer's
costs for 5x4 SK and KSK pumps. They divided all the
pumps into eight different groups depending upon shaft,
bearings, fittings, etc. As these pumps experienced
cost fluctuations because they were manufactured over a
span of ten years (1954 to 1964), they established 1954
as the base year and reduced all the cost figures to a
1954 cost basis to present unbiased comparisons and thus
eliminate the fluctuations caused by inflation, wages,

and market changes.
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MARKET VALUES AND DOLLAR COSTS OF THE SECURITIES

ALLIS-CHALMERS MFG. CO.

Normal Value

Market Market Value Rate of Dollar

Price Interest Cost
After
Taxes
Long-Term
Debt $82,465,000 100%  $82,465,000 2.5% $2,061,625
Preferred
Stock 9,441,600 100% 9,441,600 4.08% 385,217
Common
Stock
($10) $19
(8,893,263 per
shares) 88,932,630 share 168,971,977 3.85% 6,025,422
Total $260,878,577 $8,472,264
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Table ITI (Ref. 15, Table XV) gives the actual
manufacturer’s cost for 5x4 SK and KSK pumps without the
cost of money procurement adjustments. For the simpli-
city of calculations, a base value has been selected and
all the cost figures are expressed as relativé to that
base. Figure 3 (Ref. 15, Fig. 21). gives a picture of
the manufacturer’s total cost versus pump reliability.
To obtain this figure, 2ll the failure rates of different
pump groups had to be adjusted to a common application and
operation environment to permit comparison. Thus, all
the pump failure rates are adjusted to a shipboard envir-
onment pumping sea water. As the cost figures have been
taken from Table III, this picture does not include the
cost of money procurement. In the figure, Curve A repre-
sents the manufacturer’s cost before shipment; Curve B
represents the manufacturer?’s after shipment cost; Curve
C represents the manufacturer?s total cost; and Curve D
represents the manufacturer?®s selling price which is 7%
greater than the manufacturerf®s total cost. Seven per-
cent is the amount of profit which is accepted by the
Department of Defense according to the contract signed by
the manufacturer, Allis-Chalmers Mfg. Co. From the figure
it is seen that the optimum level of reliability for mini-
mum total cost odcurs in a range of 250 to 275 fr/106 hr.

for the manufacturer.



TASLE III (Ref. 15, Table XV)

ACTUAL MANUFACTURER'S RELATIVE COSTS FOR 5x4 SK AND KSK PUMPS

WITHOUT COST OF MONEY PROCUREMENT ADJUSTMENT

Pump Groups

No. Manufacturert's 1Units —t — e

Costs* I 11 ITT v v VI VIiI VIII

1 Spec. Cost Relative 3.78 3.78 4.22 4.22 12.26 11.93 3.57 3.57
(Matrl., to Base
labor, burden)

2 R&D Eng. (For Spec. % 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
Improvement)

3 Net Eng. Spec. 4 5.9 5.9 5.9 5.9 6.2 6.2 5.9 5.9
Expense (Prod-
uct Section)

L Eng. Change Spec. % A A Ay A A A A A
During Mfg.

5 New Patterns Spec. % 2.0 2.0 2.0 2.0 1.0 1.0 2.0 2.0
(Repair + Storage?

6 Small Tools Spec. % .5 .5 .5 .5 A A .5 .5
(Drills, Fix-
tures, etc.)

7 Adjusted Mfg. Spec. 4 3.9 3.9 L.6 4.6 9.8 8.8 3.6 3.6
Burden
(Correction)

8 Shipping Expense
(Crate + Labor) Spec. %4 3.0 3.0 3.0 3.0 4.0 4.0 3.0 3.0

1¥4
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TABLE III (Ref. 15, Table XV) (Contd)

ACTUAL MANUFACTURER'S RELATIVE COSTS FOR 5x4 SK AND KSK PUMPS

Manufacturer's
Costs

WITHOUT COST OF MONEY PROCUREMENT ADJUSTMENT

Units Pump Groups

IIT IV v VI

T 11 V1l V111

10

11

12

13

14

Miscellaneous
(Variance
Costs)

Total % of
Spec. Cost

Total Relative
Costs Added to
Spec. Cost

Manufacturert's
Total Relative
Before Shipment
Costs

After Shipment
Costs (No-Charge
or Goodwill and
Warranty Costs)

Manufacturerts
Total Relative
After Shipment
Costs

Spec. % 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

in % 19.0 19.0 19.7 19.7 25.1 2.1 18.7 18.7

Relative 0.72 0.72 0.83 0.83 3.07 2.88 0.67 0.67

to Base

Relative
to Base

4L.50 4.50 5.05 5.05 15.33 14.81 4.24 4.24

Spec. % 1.6 2.1 2.6 0.5 0 0 0.2 3.8

Relative 0.061 0.080 0.067 0.021 O 0]

to Base

0.007 0.136

ce



TARLE IIT (Ref. 15, Table XV) (Contd)

ACTUAL MANUFACTURER'S RELATIVE COSTS*FOR 5x4 SK AND KSK PUMPS
WITHOUT COST OF MONEY PROCUREMENT ADJUSTMENT

No. Manufacturerts Units Pump Groups
Costs I 1T ITI IV Vv VI VII VIII

15 Manufacturert's Relative 4 561 4 580 5 117 5 071 15.33 14.81 L4.247 4.377
Total Cost to Base

16 Manufacturer's Relative 4 87 4 89 5.47 5.42 16.40 15.85 4.53 L.68
Selling Price to Base
X

* Do not include costs which do not affect, or are not affected by, reliability.

%% With 7% Fee as accepted by the Department of Defense.

€2
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Manufacturer's
141 Total Cost

Manufacturer's
121 Selling Price-m

0
(2]
3 107
()]
2 8
a A
o
2
e 6 .
D Q
Cl-=—-
47 A
I Manufacturer's Cost
E Before Shipment-©
27 I Manufacturer's Cost
) After Shipmentj;;;7
0 : B
MTBF-Hours  Roy I, 000 5,000 6,670 10,000 20,000
Failures/106 250 200 150 100 50
hr 300
Group No. I 1II IV VIII VII \'4 VI III

Fig. 3 (15, Fig. 21) Reliability and Manufacturer's
Cost (without cost of money procurement ad-
justment) for a 5x4 SK and KSK Pump (Shipboard
Saltwater Environment)
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" Table IV gives the manufacturer“sirelative.ﬁo£al
cost including cost of money procurement. This results in
~an increase in both the manufacturer®s:total cost and
Vselling price.
Figure 4 shows the picture of reliability versus
_manufactﬁrer?s total cost includingAcost of money pro-
" curement adjustment. The effect on the optimum level of
‘ reliability for the minimum total cost still remains in
the same range of 250 to 275 fr/lQ6 hr. for the manufac-
turer. |
As the customer?s cost must be compared on.pump
opération in the same environment,; all the customer?s‘
costs are determined as if all the groups were operating -
on shipboard pumping sea water.
| The adjusted customer“s,relative costs for.all
groups are tabulated in Table V (Ref. 15, Table XIX)
for the pumps operating in a shipboard sea water environ—'_
. ment, per 1000 hours of o@eration, and are plotted versus
" failure rate and MTBF in Fig. 5 (Ref. 15, Fig.v22)o
| The total cost picture shows that the optimum
reliability is in the range of 125 - 145 £r/10° hr.
Table VI gives the adjusted customer?®s relative costs
per.lbOO hours of pump operation including cost of
moneyvprocurement ad justment for 5x4 SK and KSK pumps.
Figure 6 shows the picture of customer®s total cost

including cost of money procurement adjustment versus



TABLE IV

MANUFACTURER'S RELATIVE TOTAL COST INCLUDING

COST OF MONEY PROCUREMENT

Manufacturer's Cost Units Pump Groups
1 11 117 Ig 8 V1 V11 Vil
1. Manufacturer's Relative 4.561 4.580 5.117 5.071 15.33 14.81 4.247 4.377
Total Cost to Base
2. Cost of Money Relative 149 149 166 .165 498 481 .138 J142
Procurement to Base
(3.25 percent of
Manufacturer's
Total Cost)
3. Manufacturer?'s Relative 4L.710 4.729 5.283 5.236 15.828 15.291 4.385 L.519
Total Cost to Base
Including Cost
of Money
Procurement
4. Manufacturer's Relative 5.040 5.060 5.653 5.603 16.936 16.361 4.692 - 4.835
Selling Pricex to Base

* With 7% Fee as accepted by the Department of Defense.

92
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Fig. 4. Reliability and Manufacturer's Cost

(Including Cost of Money Procurement
Adjustment) for a 5x4 SK and KSK Pump
(Shipboard Saltwater Environment)



TABLE V (Ref. 15, Table XIX)

ADJUSTED CUSTOMER'S RELATIVE COSTS* FOR 5x4 SK AND KSK PUMPS

WITHOUT COST OF MONEY PROCUREMENT ADJUSTMENTS

Group No. .
Cost Ttem I IT IIT IV Vv V1 VII VIII
1. Purchase Price 0.162 0.163 0.182 0.181 . 547 .528 0.151 0.156
2. Unscheduled 0.505 0.300 0.140 0.191 274 .065 0.350 0.289
Replaced Parts
3. Unscheduled 0.155 0.112 0.046 0.095 .053 .032 0.117 0.083
Labor
4. Unscheduled 2.92 2.11 0.865 1.78 .995 602 2,20 1.56
Downtime Cost
Total Unscheduled
Repair Costs 3.580 2.522 1.051 2.066 .322 .699 2.667 1.932
5. Scheduled Re- 0.302 0.304 0.340 0.339 .02 .96 0.282 0.291
placed Parts
6. Scheduled Labor 0.094 0.094 0.094 0.094 .0%4 .09, 0.094 0.094
Total Scheduled
Repair Cost 0.396 0.398 0.434 0.433 114 .054 0.376 0.385
Total Customer
Cost 4.138 3.083 1.667 2.680 .983 .281 3.194 2.4.73

* Relative cost per 1000 hours of pump operation

8¢
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for a 5x4 SK and KSK Pump (Shipboard Saltwater
Environment)



TABLE VI

ADJUSTED CUSTOMER'S RELATIVE COSTS* FOR 5x4 SK AND KSK PUMPS
INCLUDING COST OF MONEY PROCUREMENT
Group No.
Cost Item T 11 IT1 IV N VI V1T VIiT
1. Manufacturer's 4.710 4.729 5.283 5.236 15.828 15.291 4.385 4.519
Total Cost In- .
cluding Cost of
Money Procure-
ment
2. Customer's 5.040 5.06 5.653 5.603 16.936 16.361 ,.692 4.835
Purchace Price*xx
3. Customer's 0.168 0.169 O 188 0.187 0.565 0.545 0.156 0.161
Purchase Pricex=
L. Total Un- 3.580 2.522 1.051 2.066 1.322 0.699 2.667 1.932
scheduled Repair
Costs*
5. Total Scheduled 0.396 0.3G98 0.434 0.433 1.114 1.054 0.376 0.385
Repair Costs*
6. Total Custo- L.144 3.089 1.673 2.686 3.001 2.298 3.199 2..478

mer's Cost In-
cluding Cost of
Money Procurement

e
»

Relative Cost Per 1000 Hours of Pump Operation
*% With 7% Fee as accepted by Department of Defense.

0]
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Reliability and Customer's Cost, including
Cost of Money Procurement Adjustment, for
a 5x4 SK and KSK Pump (Shipboard Saltwater

Environment)
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failure rate and MTBF. Say, theoretically, customer?s cost
of money procurement should be included in Table VI: how-
ever, this as in the case of the manufacturer would insig-
nificantly affect the optimum customer'®s reliability;
consequently, this has not been added to item 2 of Table
VI. From the figure, optimum level of reliability is
found to be in the same range of 125 - th‘fr'/lO6 hr.

This may be because of the fact that out of three major
cost components shown in Fig. 5, the initial purchase

price is the lowest and if the cost of money procurement
is added to this initial cost, it will not cdnsiderably
affect the customerfs total cost picture. Consequently,
the optimum reliability for the customer*s minimum total

cost remains -in the same range of 125 - 145 fr/106 hr.



CHAPTER 3

MATH MODELS BETWEEN TOTAL COSTS FOR THE
MANUFACTURER AND THE CUSTOMER AND RELIABILITY

3.1 Difficulties in Obtaining Exact Mathematical Formula

_ Development of a math model for any considerable
number of points is liable to require an excessive amount
of numerical nature and the model developed will be long
and unwieldly for practical applications. This shows
that it is not advisable to go for absolute accuracy,
gince simplicity in the formula is an important practical
consideration.

| The object of a method of approximation is to
obtain the simplest mathematical formula which will rep-
resent given data with sufficient accuracy to serve the
purpose for which the formula is intended. There are vari-
ous methods of approximation, the most important and most
frequently used one being "Approximation b& Method of
Least Squares.®

In this study, the method of least squares is
used to develop a math model between total costs for the

manufacturer and the customer and reliability.

33
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3.2 Math Model for Manufacturer's Total Cost with Cost

of Monev Procurement Adjustment and Reliability

Here we have to develop a math model to represent

a curve of the manufacturer's total cost with the cost

of money procurement adjustment versus reliability

(Fig. 4). This is done by selecting the following four

points on the above curve:

Failure Rate (A ) Manufacturerts Total Cost (CM)

f£r/10° hr. Relative dollars
100 15.6
125 8.5
175 5.6
225 L.7

Now let us assume the math model to be in the form

a+bA+c AN=g (3.1)

M

and substitute the given values for A and CM’ obtaining

a + 100 b + 10,000 ¢ = 15.6
a+ 125 b + 15,625 ¢ = 9.5
a+ 175 b + 30,625 ¢ = 5.6
a+225b + 50,625 ¢ = 4.7
L a + 625 b +106,875 ¢ = 35.4 (3.2)
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We now multiply each equation by the coefficient

of a in that equation and add, as shown above: next we

multiply each equation by the coefficient of b in that

equation and add; then we multiply each equation by the

coefficient
100
125
175
225

of ¢ in that equation and add, as shown below:

a

a

a

+

+

+ 30,625 b + 5,359,375

+

10,000 b + 1,000,000 c
15,625 b + 1,953,125 ¢

(o]

1

50,625 b + 11,390,625

0

i

1,560.0
1,187.5

980.0
1,057.5

625

and
10,000
15,625
30,625
50,625

+106,875 b + 19,703,125

+

+

+

+

(o]

1,000,000 b + 100,000,000 c
1,953,125 b + 244,140,625 ¢
5,359,375 b + 937,890,625
11,390,625 b + 2,562,890,625

#

4,785.0 (3.3)

il

156,000.0
148,437.5
171,500.0
237,937.5

#

Q
¢

0
o

106,875

19,703,125 b + 3,844,921,875 ¢

713,875.0
(3.4)

Solving simultaneously the three equations just

obtained, we find a = 47.63, b = -0.433, ¢ = 0.00108, so

that the desired equation is

Cy = 47.63 -0.433 A + 0.00108 A 2

(3.5)
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3.3 Math Model for Customer's Total Cost with Cost of

Money Procurement Adjustment and Reliability

In the same way, here, we have to develop a math
model to represent a curve of the customer's total cost
with the cost of money procurement adjustment versus
reliability (Fig. 6). From the above curve, the following
four points are selected:

Failure Rate (>\) Customer's Total Cost (CC)

fr/lO6 hr. Relative dollars
75 2.5
125 2.0
175 2.5
225 3.2

Substituting these values of A and Co in equation

3.1, we get
a+ 75b+ 5,625 C = 2.5
a+ 125 b+ 15,625 ¢ = 2.0
a+ 175 b + 30,625 ¢ = 2.5
a + 225 b+ 50,625 c =3.2
L a + 600 b + 102,500 ¢ =10.2 (3.6)

Next we multiply each equation by the coefficient
of b in that equation and add; then we multiply each equa-
tion by the coefficient of ¢ in that equation and add, as

shown below:
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75 a + 5,625 b + 320,625 ¢ = 187.5
125 a + 15,625 b + 1,953,125 ¢ = 250.0
175 a + 30,625 b + 5,359,375 c = 437.5
225 a + 50,625 b + 11,390,625 ¢ = 720.0

600 a + 102,500 b + 19,023,750 ¢ = 1,595.0 (3.7)

Q
|

and
5,625 a + 320,625 b + 31,640,625 ¢ = 14,062.5
15,625 a + 1,953,125 b + 244,140,625 ¢ = 31,250.0
30,625 a + 5,359,375 b + 937,890,625 ¢ = 76,562.5
50,625 a + 11,390,750 b + 2,562,890,625 ¢ = 162,000.0

102,500 a + 19,023,750 b + 3,776,562,500 ¢ = 283,875.0 (3.8)
Solving simultaneously these three equations, we
get a = 1.71, b = 0.0062, ¢ = 0.0000034, so that the
desired equation is
Cp = 1.71 + 0.0062 A - 0.0000034 X 2 (3.9)
It is to be pointed out here that the above cost
versus reliability math models are based on the pump life
of 30,000 hours and with the assumption that the customer
follows the preventive maintenance schedule suggested by
the manufacturer. In the following sections the effect

of change of 1life and maintenance schedule on optimum

reliability is analyzed.



CHAPTER 4
MAINTENANCE COST OPTIMIZATION

4.1l Necessity of Preventive Maintenance

The costs of maintaining equipment usually con-
stitute an important part of the total costs of operating
the equipment, especially if the equipment is subject to
frequent failure and if service interruption entails
gignificant costs in addition to those involved in the
actual répair, vMaintenance policies are, therefore, get-
ting more and more important and industries have to '
emplby thousands of mechanics to maintain and repair the
parts which have come to the end of their finite lives.

In some cases, it is possible to reduce the
maintenance éosts by establishing a preventive-mainten-
ance policy consisting.of periodic, scheduled réplacement
of parts prior to their wearout failure in bperation;
When the schedule for such preventive replacement is cor-
fectly chosen, considerable savings can result. However,
if preventive replacement is performed on the wrong time

schedule, maintenance costs can be even.higher thaﬁ those
obtained when maintenance consists solely of repair of

in-service failures.

38
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The total cost to the user of the equipment con-

sists of: '

1. Initial cost of the system

2 Corrective and preventive maintenance costs

3. Operation costs (personnel and training,

support and administration, transportation
and supply, etc.)
The operation costs and other costs, such as installation
and floor space, do not affect the optimum reliabilityg
consequently, they are not considered in this study.

The object of this study is to minimize the total
cost to the user so that the utilization of the available
money to the customer is maximized. This total cost would
tend to decrease with a deérease in system failures due
to wearout until the increased cost required to obtain a
system with fewer failures overwhelms the saving in total
maintenance expenses. Thus, saving of dollars is direct-
1y concerned with the finding of the optimum level of
reliability and scheduled maintenance policy which will

bring the total cost of the pump to the usger over its

life to a2 minimum.

L.2 Types of Maintenance Actions
A1l repairable systems which are in operation for -
some time are subject, at one time or another, to mainten-~

ance. The importance of maintenance is understood when
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one realizes the fact that "properly maintained equipment

never really dies.® When maintenance becomes a very
~ costly affair, then the equipment is junked.

There are two basic types of components: those
that upon fallure or wearout can be repéired and those
that cannot be repaired. Servicing is performed regu-
larly during operation or at suitable intervals for com-
ponénts which require such attention as lubrication,
refueling, cleaning, adjustment, alignmént, etc. For all
the components, there are two main types of maintenance
action: |

1. Corrective or repailr or unscheduled rn?ain’t:err=
'énCG, which takes place when the machinery fails to
perform its function. Its purpose is to restore system
‘operation as soon as possible by replacing or repairing
the part 6r parts which cause the failure. Here the
" part usually fails by chance. |

2. Preventive or scheduled maintenance which
takes place at scheduled intervals. Here parts nearing
wearout or fatigue are replaced 6r other necessary.
arrangements are made to avoid normal wearout or fatigue
failures during equipment operation. |

Demands for greater,preventivé maintenance effort
are based generally on the belief that a high level of

scheduled preventive maintenance will result in longer
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failure-free operating periods, reduced unscheduled main-
tenénce, and less unscheduled downtime. Preventive main-
tenance thus increases the operational reliability of
equlipment by eliminating a substantial portion of w&ér
and fatigue failures. However, chance failures are not
affected by preventive maintenance, since they are un-

: predictable and occur suddenly.

Therefore, by scheduling some gystem time for
careful periodi¢ inspection and testing of equipment'to
locate and replace weak components, clean certain surm’
faces9 apply lubricants, and correct misadjustment,'it is
'possible to eliminate the cause of many potential failures
which otherwise would have produced unscheduled interrup~
tions in productive operating time. Assuming that the
most important preventive mainténance procedures would be
handled first; a small amodnt of system time devoted to
preventive maintenance would be expected to yield a worth-
while improvement in reliability by reducing the number
of potential failures. Increasing amounts of system
time devoted to preventive maintenance can be expected
to yield further reductions of the remaining potential
failures, but eventually the point of saturation will be
reached where even all the system time devoted to preven-
tive maintenance cannot detect all potential weaknesses

nor can it preveént catastrophic failures.
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]

Thus, one has to search for an optimum solution.
The optimum solution can be one which maximizes reliabil-
ity at aﬁ economically bearable maintenance cost or
minimizes maintenance cost for an acceptable reliability

- level.

4.3 Types of Different Policies for Optimum Preventive

Maintenance

There are two basic preventive maintenance poli-
cles. |

Policy T

Perform preventive maintenance after T hours of
continuous operation without failure. The possibility
 £hat T may be infinite, shows that in that case no pré«
ventive maintenance can be scheduled. If the system
| fails before T hours have elapsed, perform maintenance
at the time of failure. Preventive'mainténance is then
rescheduled. .In other words, the component is preven-
tively ré%laced always after it has been in operation
for T hours and is correctively replaced when it fails.
Also, in this policy it is assumed that the system is as

- good as new after any type of maintenance (or replacement)

is performed.
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Poligy IT |

Perform preventive maintenance on the system
after it has been opérating a total of T hours regardless
of the number of intervening failures. Again the possi-
bility that T may be infinite shows that there will be
some failures and it is assumed that after each failure
only minimal repair is made and that the system failure
rate is not disturbed after performing minimal re?air,
| For less complex equipment, repair or replacement
at the time of failure may actually correspond to general
overhaul and, therefore, Policy I may be used. However,
for more compleXISystems, preventive maintenance is com=
monly scheduled after a certain number of operating hours
have accumulated and, therefore, Policy II may be used.

Because a centrifugal pump is & complex system
containing many components, Policy II will be employed

to find out the optimum preventive maintenance time.

‘A.h Determinatibn of Scheduled Overhaul or Replaéement
; Time _ :
The main function of a scheduled overhaul is to

prevent the component to enter the wearout portion of
its life. An extension of this overhaul time will thus
depend upmnkﬁhe equipment’s mean wearout life and its |

standard deviation.
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When the equipment is subject to wearout failures,
as 1is the case for the pump under consideration, then the
scheduled replacement time, To, may be obtained from

To =M - ko (4.1)
where

M = mean wearout life

o~ = gtandard deviation

k = the value read from normal tables depending

upon the maximum allowable percent of fail-
ures between two regular overhauls.

Table VII gives the assumed value of the mean and
standard deviation of some of the main centrifugal pump
components. Ninety-five percent confidence level, fail-
ures not exceeding one percent, and a sample size of nine
are assumed for all components.

The replacement time, T for the pump casing is

o’
obtained as follows: Lower confidence limit of the mean
wearout life, L, is given by (23, p. 198)
A s
L=M-t 2 (4.2)
‘*’n‘ljﬁ

where percent confidence level = 95% = 100 (1- =X ) %, esti-

A
mate of mean wearout life = M 60,000 hours,estimate of

standard deviation = 8 = 6,000 hours. Number of samples =

n=g9. £0.05, 8 = 1.86 from 't' tables.



Therefore,

standard deviation, Su, from Chi square tables is given

6,000
L = 60,000 - 1.86 ~'3

Upper one-sided confidence limit for component

by (23, p. 233)

(S I~ - I

n-1

= 56,280 hours.

=‘i/ X2 where X20.9,8 = 3.49
l-ac,n-1

8
= 6,000 [—— = 6,000 .51
N 3.49 x 1.513

il

MEAN WEAROUT LIFE AND STANDARD DEVIATION OF THE MAIN
COMPONENTS OF 5x4 SK AND KSK CENTRIFUGAL PUMPS

Component

Casing
Impeller
Shaft

Shaft Sleeve

Ball Bearing

9.078 hours.

TABLE VII

Mean Wearout Life

BASED ON NINE SAMPLES

45

(4.3)

Standard Deviation

Hours
60,000
20,000
12,000

8,000
12,000

Hours

6,000
2,500
1,500
1,000
1,833
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The pump casing replacement time, TO, with 95%

confidence is given by (23, p. 233)

is

L -k Su (14) where k = 2.34 from normal tables for

failures not exceeding 1 percent

56,280 - 2.34 x 9078

35,040 hours.
Similarly, the replacement time for the impeller

obtained from

2,500

= 20,000 - 1.86 =4

= 18,450 hours
v/ n-1
S =35 2
u
X l-wc,n-1

= 2.500 x 1.513

= 3782 hours
T =1 -k Su

= 18,450 - 2.34 x 3782
= 9,607 hours



The replacement time for the shaft is obtained

from

S

A
L=M-t g
~,n-1 [n

1,500
3

12,000 - 1.86

it

11,070 hours

n-1
u 2
X l-<,n-~1

= 1,500 x 1.513

2,269 hours

T =1L -k Su

i

11,070 - 2.34 x 2,269

5,761 hours

The replacement time for the shaft sleeve is

obtained from

L= <
- - «<,n-1 /n

1,000
8,000 - 1.86 53—

7,380 hours

47
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a = n-1
“u iJ/ X2
l-=x,n-1

= 1,000 x 1.513
= 1,513 hours

T, =L -k 5
u

7,380 - 2.34 x 1,513
3,840 hours

Finally, the replacement time for the bearings is

obtained from

A 8
L=M=-1t =
o,n-1 /—r;

= 12,000 - 1.86 x 1.833

3

= 10,864 hours

l-x,n=-1

= 1,833 x 1.513
= 2,773 hours
To= L -k Su

= 10,864 - 2.34 x 2,773

= 3,959 hours
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L.5 Grouping of Various Pump Components According to Their

'Scheduled Replacement Time under the Policy of Perform-

ing Preventive Maintenance after Every T Hours Regard-

less of the Number of Intervening Failures

Centrifugal pump is a complex mechanical system
and there is the'possibility of many types and degrees of
failure. If the system fails because the ith component
has failed, then the system is said to have failed in the

ith mode and the probability of failure in the ith

mode 1is
the probability that 1h component fails before any of the
other components.

Therefore, for this complex system, we have to
adopt the preventive maintenance policy in which the
schedule of preventive replacements does not alter after
a failure has been replaced. Thus, under this policy
there is no need to keep intensive records of the in-
service failures of éll the components.

To effect such a preventive maintenance policy,
it is necessary to categorize all the pump components
into groups according to their scheduled replacemeﬁt
times and accessibility. Here, all the components will
be divided into three groups according to their scheduled
replacement time, and the . effect of accessibility of

different components will be considered at the end of

this chapter.
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Let the categorizing of different pump components
be represented as: |

Group 1 - Those having scheduled replacement

| times over 12,000 hours
Group 2 - Those having scheduled replacement
times between 6,000 hours and 12,000
hours
Group 3 - Those having scheduled replacement
times under 6,000 hours.

Table VIIT gives a list of all components used in
5xk SK and KSK centrifugal pumps distributed under these
three groups. The scheduled replacement time of some of
the major components is already discussed in the previous
section. As the wearout failure data of other components
are not presently available, assumption is made that all
other minor components have higher wearout life resulting
in scheduled replacement time of over 12,000 hours.
Therefore, all these components are categorized under
Group 1. In practice, however, as indicated before, while
performing the preventive maintenénce for Group 2 or Group
3, some of the components under Group 1 are readily acces-
sible and they may also be preventively replaced.

Table VIII also gives the approximate‘cost which

is arrived at by discussions with Roy C. Hughes
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‘ TABLE VIII

COST AND MEAN GENERIC FAILURE RATE OF ALL COMPONENTS OF
5xl, SK AND KSK CENTRIFUGAL PUMPS

Group 1
Mean Generic

Ttem Cost Failurg Rate
No. Component Name (dollars) {fr/10° hr.)
3 Shaft Nut R. H. 1.0 0.0042

I3 Shaft Nut L. H. . 0.00L42

5 Casing Ring (2)* . 0.10

6 Casing Bushing (2) 10. 0.1084

7 Ball Bearing Adapter (O.E.) . 0.137

8 Adapter Cap (0.E.) . 0.012

9 Spacer Sleeve (0.E.) . 0.050
11 Bearing End Plate Style #1 .

@

12 Bearing Lock Washer (0.E.)
13 Bearing Lock Nut (O.E.)

A Ball Bearing Adapter (C.E.)
15 Adapter Cap (C.E.)

16 Spacer Sleeve (C.E.)

18 Bearing Lock Washer (C.E,)
19- Rearing Lock Nut (C.E.)

20 Alemite Fitting (2)

21 Straight Key

22 Step Key

23 WOW Ring

25 Impeller Ring

26 Machine Screw (12)

27 Lock Washer (12)

] o

AT\ B AT e O\ DD\ = Ot oot O\
QOO0 COCOCQOQOOOOOOoVNICOOOMIOOOOQOO

O00C0O1 I OCOOOCOOCOOOOOCCO
Q
O

29 Casing éUpper Half) 300

30 Casing (Lower Half) 4,25

31 Bearing End Plate Style #2 5. .088
32 Gland (4 Halves) 20. .125
33 Gland Bolts (4) 2. .034
34 Seal Cage (4 Halves) 15. .05

Note: Rotating Asgembly (28) is mainly made of the follow-
ing components: 1, 2, 3, 4, 8, 9, 10, 11, 12, 13,
15, 17, 18, 19, 20 21 2.
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TABLE VIII
(Contd)

COST AND MEAN GENERIC FAILURE RATE OF ALL COMPONENTS OF
5x4 SK AND KSK CENTRIFUGAL PUMPS

Group 1
(Contd)
e . Mean Generic

Item ” Cost Fallurg Rate
No. Component Name (dollars) (fr/10
35 0il Hole Cover (2) 1.0 0.0000
36 Alemite Collar (2) 2.0 0.0000
37 Valve Stem (2) 5.0 0.336
38 Packing 2.0 0.70
39 Gasket Suction 5.0 0.138
40 Gasket Discharge 5.0 0.138
L1 Straight Dowel (2) 10.0 0.008
42 Pipe Plug 2.0 0.0000
L3 Aircock Tee Handle 2.0 0.084
L S. F.Hexagonal Nut (4) 2.0 0.016
L5 Drive Screw (20) 4.0 0.04
L6 Casing Gasket 5.0 0.138
L7 Hex. Set Screw (2) 1.0 0.0084
L8 Crankcase Sealer 5.0 0.01
49 Bearing Cap 2.0 0.2666
50 #0 Taper Dowel 3.0 0.016
51 #1 Taper Dowel 3.0 0.008
52 Cap Screw 1.0 0.04L4
53 Coupling Lock Nut 1.0 0.04

Group 2
24 Impeller 100.0 0.15

Group 3
1 Shaft 50.0 0.35

y Shaft Sleeves (2) £50.0 0.30

10 Ball Bearing O.E.g 50.0 1.570
17 Ball Bearing (C.E. 50.0 1.340

* The number in parentheses indicates the number required.
The cost and failure rate given in the columns are
multiplied by the number.



53

(co-author, Ref. 15). The mean generic failure rates are
taken from Table VI, Ref. 15.

As Group 1 components have high scheduled replace-
ment time, let us assume that these components are
replaced correctively if and when they fail; whereas, let
Group 2 components be preventively replaced after every
Ty hours and Group 3 components be preventively replaced

after every T2 hours where T1 will be greater than T,.

4.6 Maintenance Cost Optimization

The calculations for numerical reliability evalua-~
tion are based on the long-term average failure rates of
the parts. The stabilized average failure rate of the
machine is approximately

n-k-s k

S
:\M = > L5 i_ + > i (4.5)

h=1 M i=1 My(T. ) §=1 My(T)

(Ref. 16, p. 43)

where
Mh = mean time to failure of the nth component
from Group 1
Mi = mean time to failure of the ith component

from Group 2 which is preventively replaced
after every Tl hours

th component from

M. = mean time to failure of the j
Group 3 which is preventively replaced after

every T2 hours.
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This is a general equation when n-k-s parts given in
Group 1 are only correctively replaced, k parts given in
Group 2 are replaced preventively after every Ty hours,
and s parts given in Group 3 are replaced preventively
after every T, hours.

Mean time to failure of the part

o0

(4L.6)
Mh = th (t) dt

o
for the hth part of the n-k-s parts.

Assuming that early failures caused by deficient
materials or poor workmanship are preventively eliminated,
reliability of each component is then the product of the
exponential probability of surviving, Rc (t), and the

nonexponentlial probability of surviving wearout, Rw (t).

R (t) = R, (t) x Ry (t) (4.7)
of
= e'Act x ff (t) dt (4.8)
t

Assuming that wearout failures of well-designed
long-life mechanical parts can be approximately repre-

sented by a normal, Gaussian distribution,



1o 8,
x t-M, 2
-3t -3 (==)
M = J/; ¢ —t e o dt dt
o2
0 t
Let
t-M
T ="
dt =o-dT
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=
Therefore
0 1
o0
At - T2
M=%° L e 3 ar
2
o) t-M 4
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(4.9)

(4.10)

For example, if one of the components given in Group

1 has mean wearout life (M) equal to 120,000 hours, a

standard deviation (o) equal to 15,000 hours and a chance

failure rate (%c) equal to 0.09 £r /109 hours, then, by

substitution in equation 4.10, we get,

0 — Y
A 6 72
-0.09x10" -t 1 -~
M = e '277« e
o) t-120,000
| ©15,000

dT

dt
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The value of the integral inside the brackets can be found
by taking different values of t and finding the correspond-
ing areas under the normal curve from normal tables. Then
by plotting different values of t as the abcissa and the
preduct of exponential term and the area found from normal
tables at those values of t as the ordinate, the value
of the whole integral can be found as the area under this
plot from t = o to t =0,

Table IX gives the value of exponential term and
Table X gives the area under normal curve for diffefent

values of t. Table XI gives the prodﬁct of these two

| terms for various values of t. Figure 7 shows the effect
of t on the product of exponential term and the area
under normal curve. From this figure, the area under the
curve is found to be approximately 120,000 hours which
is the value of the whole integral.

Similarly, the value of M, (mean time to failure)
for other components given in CGroup 1 can be found.

As the components given in Group 2 are preventively
replaced, the procedure to obtain their failure rate is

different than for CGroup 1, and is as follows (Ref. 16,

p. 41):
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TABLE IX

CHANCE RELIABILITY [ﬁc (t)\

..x t
VALUE OF EXPONENTIAL TERM e ¢ FOR DIFFERENT VALUES OF t

FOR A PARTICULAR COMPONENT UNDER GROUP 1

Value of t Rc (t)

(hours) -Act
Corresponding Value of e

6

hours)

(Rc = 0.09 fr‘10

0 1.0000

1,000 0.9999
5,000 0.9995
10,000 0.9991
20,000 0 9982
30,000 0 9973
40,000 0.9964
50,000 0 9955
60,000 0.9946
70,000 0.9937
80,000 0.9928
90,000 0.9919
100,000 0.9910
110,000 0.9901
120,000 0.9892
130,000 0.9883
140,000 0.9874
150,000 0.9865
160,000 0.9856
170,000 0.9847
180,000 0.9838
190, 000 0.9829
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TASLE X

WEAROUT RELIABILITY (Rw) FOR DIFFERENT VALUES OF t
FOR A PARTICULAR COMPONENT UNDER GROUP 1

M = 120,000 hours and o~ = 15,000 hours.

o0 _1?
1L, - daT
K s
Value of t
t-120,000
(Hours) —"—TﬁfﬁﬁU
Area under Normal Curve
0 1.0
1,000 1.0
5,000 1.0
10,000 1.0
20,000 1.0
30,000 1.0
40,000 1.0
50,000 1.0
60,000 1.0
70,000 0.9996
80,000 0.9962
60,000 0.9773
100,000 0.9088
110,000 0.7475
120,000 0.5000
130,000 0.2525
140,000 0.0912
150,000 0.0227
160,000 0.0038
170,000 0.0004
180,000 0.0000

190,000 0.0000
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TABLE XI

PRODUCT OF CHANCE AND WEAROUT RELIARILITIES FOR DIFFERENT
VALUES OF t FOR A PARTICULAR COMPONENT UNDER GROUP 1

R (t) x R, (t)

Value of t (—7 4T
(hours) 2/
t-120 OOO
15,
0 1.0000
1,000 0.9999
5, > 000 0.9995
10,000 0.9991
20 , 000 0.9982
30,000 0.9973
1,0, 000 0.9964
50,000 0.9955
60,000 0.9946
70,000 0.9933
80,000 0.9890
30,000 0.9694
100,000 0.9006
110 000 0.7401
120,000 0.4946
130,000 0.2495
140,000 0.0901
150,000 0.0224
160, 000 0.0037
170,000 0.0004
180,000 0.0000
190, 000 0.0000
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T
fl Q (t) at
1 - O
My (Ty) T (4.11)
Tlf R (t) dt
0
Ty
T. - / R (t) dt
1
= o (4.12)
T
T jf R (t) dt
0

T, = Preventive replacement time

Q (t) = Unreliability

=)
o«
"

Reliability

t = Operating time

Where the value of R (t) is determined in the same
way as shown before. Tables XII, XIII, XIV and XV give
the chance reliability,wearout reliability,and their
product for the impeller, shaft, shaft sleeve and bear-
ing, considering different values of preventive mainten-
ance time. While calculating the chance reliability for
any component, its mean generic failure rate has been

multiplied by ten (Ref. 15, Table XII). This figure is
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CHANCE AND WEAROUT RELIABILITY OF THE IMPELLER

FOR DIFFERENT VALUES OF PREVENTIVE MAINTENANCE TIME (Tl)

Preventive
Maintenance
Time (Tl)

(hours)

5,000
10, 000
15,000
20,000
25,000
30,000

Chance Wearout Product of

Reliability Reliability Chance and

R (t) R, (t) Wearout

¢ Reliability
(t)xR  (t)

1.0 1.0 1.0

0.9925 1.0 0.9925

0.6850 1.0 0.9850

0.9775 0.9772 0.9552

0.9700 0.5000 0.4850

0.0625 0.0227 0.0219

0.9550 0.0000 0.0000
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TABLE XIII

CHANCE AND WEAROUT RELIARILITY OF SHAFT FOR DIFFERENT
VALUES OF PREVENTIVE MAINTENANCE TIME (T2)

Preventive Chance Wearout Product of
Maintenance Reliability Reliability Chance and
Time (T,) R (t) R (t) Wearout

¢ W Reliabilit

R (t)x Rw (t

0 1.0 1.0 1.0
1,000 0.9965 1.0 0.9965
2,000 0.9930 1.0 0.9930
3,000 0.9895 1.0 0.9895
L, 000 0.9860 1.0 0.9860
5. 000 0.9825 1.0 0.9825
6,000 C.9790 1.0 0.9790
7,000 0.9755 0.9996 0.9752
8,000 0.9720 0.9962 0.9685
9,000 0.9685 0.9773 0.9461

10,000 0.9650 0.9098 0.8720

11,000 0.9615 0.7486 0.7191

12,000 0.9580 0.5000 0.4790

13,000 0.9545 0.2514 0.2400

14,000 0.9510 0.0901 0.0857

15,000 0.9475 0.0227 0.0215

16,000 0.9440 0.0038 0.0036

17,000 0.9405 0.0004 0.0004

18,000 0.9370 0.0000 0.0000




TABLE XIV
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CHANCE AND WEAROUT RELIABILITY OF SHAFT SLEEVE

FOR VARIOUS VALUES OF PREVENTIVE MAINTENANCE TIME (T2)

Preventive
Maintenance
(T

Time

2)

1,000
2,000
3,000
L, 000
5. 000
6,000
7,000
8,000
9,000
10,000
11,000
12,000
13,000

Product of
Chance and
Wearout
Reliability

R c(t)wa (t)

Chance Wearout
Reliability Reliability
R, (t) R, (t)
1.0 1.0
0.9970 1.0
0.9940 1.0
0.9910 1.0
0.96880 1.0
0.9850 0.9986
0.9820 0.9772
0.9790 0.8413
0.9760 0.5000
0.9730 0.1587
0.9700 0.0227
0.9670 0.0013
0.9640 0.0000
0.9610 0.0000

.0

-9970
-9940
.9910
.9880
.9835
.9596
.7513
. 4880

<1545
.0220
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CHANCE AND WEAROUT RELIABILITY OF BEARING FOR VARIOUS

TABLE XV

VALUES OF PREVENTIVE MAINTENANCE TIME (TZ)

Preventive
Maintenance
Time (T2)

1,000
2,000
3,000
4,000
5,000
6,000
7,000
8,000
9, 000

10,000

11,000

12,000

13,000

14,000

15,000

16,000

65

Product of
Chance and
Wearout
Reliability
R, (t)yr  (t)

Chance Wearout
Reliability Reliability
R (t) R (t)
c "

1.0 1.0
0.9843 1.0
0.9686 1.0
0.952¢0 1.0
0.9372 1.0
0.9215 0.9999
0.9058 0.9995
0.8901 0.9968
0.8744 0.9854
0.8587 0.9495
0.8430 0.8621
0.8273 0.7088
0.8116 0.5000
0.7459 0.2619
0.7802 0.1379
0.7645 0.0505
0.7,88 0.0150

elolojolojoloJoloojololoNololal

.0

. 9843
. 9686
9529
9372
.9214
.9053
.8873
.8616
.8153
. 7267
.5864
. 4058
.2323
.1076
.0386
.0011
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approximately the product of the application factor (kA),

the operating factor (k,,), and the design factor (kg).

op
Figure 8 gives the picture of reliability versus preven-
tive maintenance time for these components.

The cost equation for minimizing maintenance costs

of these parts is given by (Ref. 16, p. 43)

n-k-s C F K CiP C.F s C.P C.,[F

=5 b, (A= ) es— (3 i)
W gm Wy T T T T, ¥;(T,)

where (4.13)

CP = Preventive replacement cost

Cp = Corrective replacement cost

To determine the repair time and the repair labor
cost, it is necessary to know how long it takes to reach
each component and which components must be removed to
reach a given one. This information is conveniently
obtained with the help of an accessibility tree. An
accessibility tree is a display of information which tells
both the approximate time to reach and remove a given part
or parts, and which part might be conveniently preven-
tively maintained at the same time. It is assumed that
disassembly times are the same as assembly times and,
therefore, total time required to preventively replace
any component will be twice the disassembly time of that

component as given in Fig. 9.
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Fig. 8 Product of Chance and Wearout Reliability Versus
Time for Different Components of  5x4 SK and KSK Pumps.
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Case I - Remove packing (assume reverse for replacing packing)

Gland Gland- Seal
Bolt —t Half Packing Cage —1 Packing
|_1st side 2nd side
Manhours:
0.1 0.1 0.2 0.2 0.2

Case IT - General Pump Repair (assume reverse for replacement)

Uncouple Casing-~ Bearing Rotating Step
Motor —1 Upper Cap —1 Assembly Key
Half R .
Manhours: 0.2 0.2 0.1
0.2 0.6
Casing
Ring
0.2
Branch A
Ca Adapter Ball Beart <|Bearing Bearing Ball
Sc?ew Cap ing Adap- Lock Nut - Lock Bearing
C.E.or O.E.|ter CE or|{OF or Shaft Washer CE or OE
~ _ —— hut ud —
Manhours: Vo I
0.1 0.1

Fig. 9

Pump Given in the Form of an Accessibility Tree

Manhours Required for the Disassembly of the Different Parts of the

Remove one
Bearing

Remove one
shaft sleeve

Remove Impeller

Remove Impeller
Ring

Shaft

89



Branch B

Bearing Spacer Shaft Nut Casing Shaft
End Plate|l_| Sleeve | _{RH or LH | _{Bushing | { Sleeve
Style 1-2 CE or OE
Manhours:
0.1 0.2 0.2 0.2 0.1
Branch C
Branch Branch Impeller
A BR B —
Manhours:
0.2 0.8 0.6
Branch D
Impeller
Ring
Manhours:
0.3
Branch E
Branch Branch Branch Branch Remove
A A - B - B __{ Impeller Coupling Shaft
(C.E.) (0.E.) (C.E.) (0.E.)
Manhours:
0.2 0.2 C.8 0.8 0.6 0.05 0.05
Fig. 9 (Contd) Manhours Required for the Disassembly of the Different
_ Parts of the Pump Given in the Form of an Accessibility Tree o
0

Note:

C.E.

Coupling End; O0.E. = Other End
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This figure considers the following main compon-
ents of the pump: packing, bearing, shaft sleeve, impel-
ler, impeller ring and shafﬁ.
Assuming pump remains bolted to floor and to
piping and drainage pipes are not taken into account,; the

general disassembly of the pump requires manhours as

follows:
Step Manhours
Required
Uncouple motor 0.2
Unbolt and remove top half of casing 0.6
Remove packing glands and packing 0.2
Remove bearing caps 0.2
Lift out rotating assembly 0.2
Remove coupling 0.05
Remove bearings (assembly) 0.2
Remove shaft sleeves 0.8
‘Remove impeller 0.6
Remove impeller ring 0.3
Remove casing ring 0.2

With this basic information, the manhours required
fof the diassembly of different parts of the pump are
worked out as shown in Fig. 9. ‘

As packing could be replaced without remo?ing the
casing, it is treated separately to calculate the total

manhours required for its disassembly. This is given
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under Case I of the above figure. Replacement of all other
components first requires the removal of the upper half
of the casing and is, therefore, given under Case II of the
figure.

Case II is further divided into four branches:

Branch A - to remove one bearing
Branch B - to remove one shaft sleeve
Branch C - to remove impeller

Branch D - to remove impeller ring

The manhours required to disassemble each branch
are given separately in the figure.

After having the above information, the cost
equation for the pump can be numerically evaluated. As
there is 1 component to be preventively replaced after
every Tl hours, and 5 components to be preventively re-
placed after every T2 hours, and remaining 106 components are

to be correctively replaced, from equation 4.13, we get

h ,5__ cP CF 5 CP CF
C = + — 2z +
M § I E Tt o
— — M
h=1 'h i=1 Bl (T)) =T T2 Mj(TZ)
(4.14)

where the impeller is to be preventively replaced after
every Tl hours. The shaft, 2 bearings, and 2 shaft
sleeves are to be preventively replaced after every T2
hours. Remaining 106 components of the pump are to be

correctively replaced.
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Crp = hours to repair (cost ’hr downtime + cost’hr
labor) + cost of component. For the impeller,

Cp = 5.8 (100 + 6) + 100

714.8 dollars

it

hours to repair (cost’hr labor) + cost of
component. For the impeller,

Cp = 5.8 (6) + 100

Cp = 134.8 dollars

Therefore, the total corrective and preventive

maintenance cost for impeller is given by:

Cimpeller = 13:.8 + ;%:.? (dollars) (4.15)
1 1l

Table XVI gives this total cost of maintenance for

the impeller for different values of preventive mainten-

ance time Tl‘ The value of M(% ] is calculated from

equation 4.12 as explained earl}er. For example,

1000
1000 - .// R (t) dt
peller) = o)
M{1000) 1000
1000 jf R (t) dt
1000 °
The value of Jf R (t) dt is found from Fig. 8 as 998,

o
therefore,



TABLE XVI

TOTAL MAINTENANCE COST FOR THE IMPELLER FOR DIFFERENT

Preventive
Maintenance

Time (T
hours

10,000
11,000
12,000
13,000

11,000 -

15,000
16,000
17,000
18, 000
19,000
20,000
21,000
22,000
23,000

21,000

25,000

VALUES OF PREVENTIVE MAINTENANCE TIME (Tl)

Preventive Corrective

Maintenance Maintenance -
Cost /hr Cost ’hr
0.01348 0.00036
0.01225 0.000L45
0.01123 0.00050
0.01036 0.00053
0.00962 0.00059
0.00898 0.00064
0.00842 0.00071
0.00792 0.00110
0.007,8 0.00161
0.00709 0.00222
0.0067L 0.0029.
0.00641 0.00370
0.00612 0.00452
0.00586 0.00545
0.00561 0.00639
0.00539 0.,00740

Total

Mainten=-
ance

Cost /hr

.01384
.01227
.01173
.01089
.01021
.00962
.00913
.00902
.00909

SO0 OOOCO
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2
M{1000) §%8, 000

6

= 2 x 10” approximately.

Therefore, the total cost of maintenance per hour (impeller)

134.8 714.8
1000 2.10

0.01348 + 0.00036
0.0138L4 (dollars)

i

For the shaft, the total cost of maintenance/hr

_ C4P L C4F

T M(T
2 ( 2)

_ 8(6) + 50 + 8(6 + 106) + 50

T2 M(TZ)
= 294.§2§ (dollars) (4.16)
T2 M(TZ)

Table XVII gives this total cost of maintenance
for the shaft for different values of preventive mainten-

ance time, T2.
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TARLE XVII

TOTAL MAINTENANCE COST FOR THE SHAFT FOR DIFFERENT
VALUES OF PREVENTIVE MAINTENANCE (T2)

Preventive Preventive Corrective Total
Maintenance Maintenance Maintenance Mainten-
Time (T ) Cost/hr Cost/hr ance
hours <2 $ $ Cost/hr
6,000 0.01633 0.00100 0.01733
7,000 0.01400 0.00148 0.01548
8,000 0.01225 0.00170 0.01395
9,000 0.01088 0.00192 0.01280
10,000 0.00980 0.00240 0.01220
11,000 0.00890 0.00389 0.01279
12,000 0.00816 0.00755 0.1561

For the shaft sleeve, total cost of maintenance’/hr

CP CF
2+ 2

T M(T )
2 2

4.2(6) + 25 + 4.2(6 + 100) + 25

T2 M(Tz)

50.2 + 470.2

T2 M(Tz)

(4.17)

Table XVIII gives this total cost of maintenance

shaft sleeve for different values of preventive maintenance

time, T2.
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TABLE XVIII

TOTAL MAINTENANCE COST FOR THE SHAFT SLEEVE FOR DIFFERENT
VALUES OF PREVENTIVE MAINTENANCE TIME (T2)

Preventive Preventive Corrective Total
Maintenance Maintenance Maintenance Mainten-
Time (T ) Cost /hr Cost /hr ance
hours ‘ Cost /hr
6,000 0.00836 0.00066 0.00902
7,000 0.00717 0.00198 0.00915
8,000 0.00627 0.00451 0.01078
9,000 0.00557 0.00843 0.01400
10,000 0.00502 0.01300 0.01802
11,000 0.00456 0.01719 0.02175
12,000 0.00418 0.02071 0.02489

For the bearing, total cost of maintenance/hr

T M(T
2 (2)
_ 3.0(6) + 50 3.0 (6 +100) + 50
T M(T )
2 2
- 68, 368 (4.18)
T M(T_)
2 2

Table XIX gives the total cost of maintaining
bearing for different values of preventive maintenance

time, T2.
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TABLE XIX

TOTAL MAINTENANCE COST FOR BEARING FOR DIFFERENT
VALUES OF PREVENTIVE MAINTENANCE TIME (T )
, 2

Preventive Preventive Corrective Total
Maintenance Maintenance Maintenance Mainten-
Time (TZ) Cost/hr Cost/hr ance
hour $ $ Cost /hr
6,000 0.01133 0.00279 0.01412
7,000 0.00971 0.00285 0.01256
8,000 0.00850 0.00287 0.01137
9,000 0.00755 0.00297 0.01052
10,000 0.00680 0.00320 0.01000
11,000 0.00618 0.00372 0.00990
12,000 0.00566 0.00478 0.01044

Table XX gives the total cost of maintenance for
all the components to be preventively replaced after every
T, hours for different values of T,.

From the equation A4.1h, the sum of the total costs
for all the components to be preventively replaced after
every Tl hours represented by :g; is plotted in Fig. 10
as a function of a variable, Tl. As there is only one
component (impeller) to be preventively replaced after
every Ty hours, the total cost of maintenance per hour is
obtained from Table XVI, whereas, the sum of the total
maintenance costs for other components to be preventively

S
replaced after every T2 hours represented by = 1is
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TABLE XX

TOTAL MAINTENANCE COST/HOUR FOR ALL THE COMPONENTS
TO BE REPLACED AFTER EVERY T2 HOURS

Preventive Total

Maintenance Maintenance Cost/Hr Mainten-
Time (T.) ance
hours <2 Shaft 2 Bearings 2 Shaft Sleeves Cost/hr
6,000 0.01733 0.02824 0.01804 0.06361
7,000 0.01548 0.02512 0.1830 0.05890
8,000 0.01395 0.02274 0.02156 0.05825
9,000 0.01280 0.02104 0.02800 0.06184
10,000 0.01220 0.02000 0.03604 0.06824
11,000 0.01279 0.01980 0.4350 0.07609
12,000 0.01561 0.02088 0.04978 0.08627

plotted in Fig. 11 as a function of variable T,. As there
are five components to be preventively replaced after
every T, hours, the total cost of maintenance per hour is
obtained from Table XX.

From the minimum of these two curves, the optimum
values of Tl and T2 for the minimum total maintenance
cost are obtained as

T, = 17,500 hours

1

T2 = 7,500 hours

It may be possible to achieve a further saving by
making Tl an integer of T2, so that Tl becomes a major

preventive overhaul, and T2 a minor preventive overhaul.
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Finally, as explained earlier, considering the
accessibility of components, it will be worthwhile to
replace the impeller ring aiong with the impeller after
every Ty hours and to replace the shaft nuts, straight
key and step key along with the shaft, shaft sleeves and

bearings after every T, hours,
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CHAPTER 5
EFFECT OF VARIATION IN PUMP LIFE ON OPTIMUM RELIABILITY

5.1 Variation in Life of 5xl SK and KSK Pumps Manufactured

by Allis-Chalmers Mfg. Co.

The study by Kececioglu and Hughes (Ref. 15), which
ig used as the basis for this thesis, reveals that a pump
1life of 30,000 houré is assumed with the fellowing reason-
ing:

A pump does not have a well-defined 1life. Parts
can be readily replaced indefinitely and the pump
will not reach a worn-out condition even though
every part in the pump will probably have to be
replaced to prevent it. Therefore, the pump®s

life is the period before its design or application
becomes obsolete. Considering the pump application
invelved in the study, a life of 30,000 hours was
chosen or about 10 years of average age (8 hours/
day).® -

Here two cases will be considered having life
periods of 20,000 and 40,000 hours. It must be mentioned
that with increase in equipment 1life, the total maintenance -
costs per 1000 hours of pump operation will normally
increase. This is because the total maintenance costs
increase with the number of years the pump is in operatidn°
And, thus, when we vary the equipment life, the maintenance
schedule as found out in the last chapter is also'likely to

change. o
82



5.2 Effect on Optimum Reliability 83

' The manufacturer‘'s total relative cost for the
pump remains stationary even though there is some variation
in the assumed pump life. And, thus, the manufacturer®'s
optimum reliability aléo remains the same.

In the study by Kececioglu and Hughes (Ref. 15),
édjusted customer's relative purchase price per 1000
hours of pump operation is obtained by dividing customer's
purchése price by the one thouséndth part of the assumed
life., The same procedure is adapted to find out adjusted
cuétomer's purchase price per 1000 hours of pump opera-
tion for different pump lives.

The custémer’s relative costs are determined
from the actual field data suppliedAby the customers.
From these data, customer‘®s scheduled and unschéduled
maintenance costs per 1000 hours of pump operation are
boﬁtained as given in Table VI. So, in fact, these figures
represent the stabilized customer's relativevmaintenance
costs. Therefore, when we assume the change in pump
life, we can aiso assume that in this particular case
the customer's scheduled and unscheduled relative mainten-~ .
ance costs per 1000 hours of pump operation will not
deviate from the stabilized customer's coét figures
which have been determined from large-scale field data

supplied by various customers.
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The -ad justed customer'®s relative costs per 1000
hours of pump operation for different pump lives are given
in Table XXI.

Figure 6 is the original picture of reliability
versus adjusted customer's relative costs for a pump
life of 30,000 hours. The optimum réliability is found
to be in the range of 120 to 140 fr/10° hours. Figures
12 and 13 give the same picture for the customer for pump
1life of 20,000 and 40,000 hours respectiﬁely. From these
figures, the customer's optimum reliability is found to
be in the same range of 120 to 140 fr/lO6 hours.

Therefore, it is concluded that in this particu-
lar case, a variation of 10,000 hours of pump life from
the assumed pump life of 30,000 hours will have little
effect on the optimum reliability of the pump frbm both

manufacturer's and customer's point of view,



TABLE XXI

ADJUSTED CUSTOMER'S RELATIVE COSTS* FOR 5x4 SK AND KSK PUMPS

WITH PUMP LIFE OF 20,000 HOURS AND 40,000 HOURS

Group No.

Cost Ttem T 11 111 v v V1 VII VITI

la. Purchase Price for 0.252 0.253 0.281 0.278 0.847 0.818 0.235 0.242
Pump Life of 20,000
Hours

lb. Purchase Price for 0.126 0.127 0.140 0.139 0.423 0.409 0.117 0.121
Pump Life of 40,000
Hours

2. Total Unscheduled 3.58 2.522 1.051 2,066 1.322 0.699 2.667 1.932
Repair Costs

3. Total Scheduled 0.396 0.398 0.434 0.433 1.114 1.054 0.376 0.385
Repair Costs

4a. Total Customer Cost 4.228 3.173 1.766 2.777 3.283 2.571 3.278 2.559
for 20,000 Hours
Pump Life

4b. Total Customer Cost 4.102 3.047 1.625 2.639 2.859 2.162 3.160 2..438

for 40,000 Hours
Pump Life

* Relative Cost Per 1000 Hours of Pump Operating Including Cost of Money
Procurement.

$8
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Customer's
Total Cost

T —Unscheduled
Repair Cost

Relative Cost/1000 Hours of Operation

A — Scheduled
Repair Cost

o— Purchase
Price \ A
B &—A

; — +
MTBF - HOURS 4,000 5,000 6,670 Ry, 10,000 20,000
Failures/10® Hr. 250 200 150 100 50
Group No. I II IV VIII VII \'f VI TIII

Fig. 12 Reliability and Customer's Cost for a 5x4 SK and
KSK Pump and 20,000 Hours Life (Shipboard Saltwater
Environment)
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Customerts
Total Cost

0]
B

[l — Unscheduled
Repair Cost

Relative Cost/1000 Hours of Operation

17 & — Scheduled

O— Purchase __\ Repair Cost

Price

A o?cpAf J?ng ! B . © N
MTBF-HOURS 4,000 5,000 6.670 ROC 10,000 20,000
Failures/106 Hr. 250 200 150 100 50
Group No. I II IV VIII VII ' VI III

Fig. 13 Reliability and Customerts Cost for a 5x4 SK and
K3K Pump and 40,000 Hours Life (Shipboard Salt-

water Environment)



CHAPTER 6
CONCLUSIONS

The following conclusions are drawn from the results
of this study: ‘

1. For the manufacturer and the customer, the cost
of money procurement has very little effect on optimum
reliability of the pump. The reason for this is that the
initial cost of the pump is substantially less than the
total cost. As in the majority of cases, this is found to
predominate inclusion of cost of money procurement in the
optimization of reliability with respect to total cost and,
therefore, will not significantly change the optimum
reliability.

2. It is necessary for the manufacturer and the -
customer not only to optimize reliability with respect to
cost but also to consider the optimum preventive mainten-
ance schedule. In the case of the centrifugal pump it
is found that the components can be divided iﬁto three groups.
The first group needs to be replaced only correctively:

however, the second group, consisting of the impeller,
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should be preventively'réplaced‘every T, = 17,500 hours
for minimum preventive maintenance cost and the group
three components, consisting of the shaft, shaft
gleeves, and bearings, should be preventively replaced
every T2 = 7,500 hours for their minimum preventive
maintenance cost. Furthermore, as Tl is very close to
twice TZ’ the preventive maintenance schedule can be
convenientlymmade up so that when group three components
are preventively replaced,every other time the impeller
should also be replaced preventively. In addition, it
is desirable to replace thé impeller ring along with
the impellerrafter every Tl hours and to replace the
shaft nuts, straight key and step key along with the

shaft, shaft sleeves and bearings after every T, hours.

3. Manufacturert®s and customerts optimum reli-
ability remains the same even if there is variation of
10,000 hours on the assumed pump life of 30,000 hoursn
This is because unscheduled and scheduled repair costs
are baséd on stabilized field cost data and would remain
constant for different pump lives. Although the custo-
merts purchase price per 1,000 hours of operation changes,
this change is small in comparison to the total repair
costs, consequently influencing the optimum reliability

of the customer insignificantly.



CHAPTER 7

RECOMMENDATIONS

Special efforts should be made to collect the
following data:
1. Component cost data
2. Component wearout failure data
Replacement time data
Failure analysis
. Component availability data

Component replacement data

o v W

This will make it possible to accurately bpti;
mize total cost with respect to reliability and preven-

tive maintenance period of the Type II kind.

S0
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