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Abstract

The applicability of systems reliability and replacement analysis to the
marine industry, in particular to marine diesel enéines, is discussed, in a
comprehensive survey of both the scholarly literature and industry practices.
The paper begins with a discussion of reliability methodology and its vital
contributions to failure made analysis. A review of general maintenance,
repair and replacement models is then undertaken as a guide to potential
adaptation to and/or development of such analyses for marine diesel engines.
An overview of current maintenance, repair and replacement practices of
several U.S. Great Lakes operators whose vessels are equipped with diesel

engines is finally presented.
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1. Introduction

Reliability engineering was first introduced in non-marine fields,
especially in the space program, beginning in the early 1950's. Maintaina-
bility engineering was introduced about ten years after reliability
engineering. Reliability and maintainability theory and applications are
widely used by the U.S. Air Force, Army and Navy, because of their significant
impact on mission performance and safety.

Reliability and maintainability statistical techniques are widely applied
in maintenance support and operations, such as in the determination of the time
between overhauls and of the extent of overhauls of major aircraft assemblies
by the Air Force. Major aircraft manufacturers have reliability and maintaina-
bility groups, which are responsible for reliability and maintainability
prediction and assurance.

The Bureau of Ships and its successor, the Naval Ship Systems Command,
have been applying formal reliability and maintainability requirements to
electronic systems and equipment acquisitions since 1960. Commercial airlines
have been using reliability and maintainability techniques for about twenty-
five years [PANE 71],

Even though it has been long demonstrated that using the results of
reliability analysis to optimize repair, maintenance and replacement decisions
makes economic sense, merchant shipping operators have traditionally taken the

above decisions in a rather arbitrary and at best empirical way.

2. Use of Reliability and Replacement Techniques in Marine Propulsion Systems.

There are several definitions of reliability, all containing the basic
idea of the probability that a device will operate under the specified
operating conditions and during a specific interval, or up to a certain time

(instantaneous or interval reliability).



In recent years reliability analysis has been applied to problems in the
marine industry because of rising operating costs and safety requirements
[(MANS 84], [HORI 79], [2IGA 82]. Using the tools of reliability and
replacement analysis, merchant vessel operators can improve their predictions
on the frequency of failures and on the associated costs of repairs and
inspections. Moreover, they can use this information to optimally schedule
planned maintenance and replacement of worn-out parts. This may ultimately
result in reductions in their total operating costs. Indirectly, it may also
help them maintain their schedule and minimize turn-around times.

Traditionally, most operators schedule their maintenance periods to
coincide with regulatory inspection periods, without considering any analytical
techniques. Reliability and replacement analysis techniques have the potential
to improve the prediction of maintenance and repair requirements and,
ultimately, to improve the probability of mission success and/or to minimize

total operating costs over the life of the vessel.

2.1 Reliability Methodology

It is very important to define both system and equipment failures
accurately. Misinterpretation of failure definition may cause significant
reliability data collection and Processing problems.

As an example, one shipowner may replace seals periodically and consider
them as a part of scheduled maintenance, while another owner may report a
cracked seal, which is discovered during maintenance, as a failure [ARPI 79].
Actually a cracked seal is a failure, but the time to failure (TTF) is not
synonymous with the time to discover (TTD) it. This has a crucial effect on
the accuracy of failure rates, which are vital inputs in any reliability
analysis. The risk assessment procedure is shown in figure 1, which is based on

reference [NPRD 83].
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There are three basic categories of equipment failures.

a) Failure on demand: Some units such as switches are required to

function at a specific instant of time. Failure to respond as
required is described as failure on demand.

b) Standby failure: Some units may fail during a non-operational period,

resulting in breakdowns when they are needed.

c) Operational failure: Some units may start without failure but may not

successfully operate during the entire time interval required.

There are two classes of operational failures. First, there are failures
of specific unit classes, resulting in the immediate failure of the whole
system. Second, there are failures which reduce the effectiveness of the'
system and sometimes, if not detected, might lead to failure of the whole
system in the long run.

D. C. Bridges [BRID 74] also defines “"deliberately taking the functioning
unit out of service" as a third operational failure class. Actually, this
third type should not be considered as a failure, since it is just a
replacement.

As we know, most marine propulsion systems are composed of conservatively
and traditionally developed configurations. Space/weight restrictions are not
as severe as in the aircraft industry, thus allowing much more liberal design
margins. Some methods, such as duplication of vital components recommended by
reliability theory, have long been common practice.

Reliable back-up for automatic devices are provided by human operators.
Since human operators are constantly on duty, incipient failures may be
detected and vital failures may be prevented before they occur. Replacement
times and inspection times of marine propulsion systems are conservatively

established [WOOD 631,



The above reasons make the reliability of marine propulsion plants very
high. However, the acquisition costs of these plants are significantly higher
than what they would be if they were not overdesigned.

To quantify and improve systems reliability, the following techniques
have been developed:

Failure Modes and Effects Analysis (FMEA) helps to systematically analyze

all contributing component failure modes and identify the resulting effects on
the system. FMEA is frequently used at the first stage of an analysis, or
when a detailed analysis involving fault trees and event trees (see below) is
not required. To use this method, the analyst should assess the effect of any
failure mode on the overall performance of the system. FMEA is an inductive
approach. FMEA flow chart is shown in figqure 2, which is based on [DHIL 81].
This method is simple to apply, providing an orderly examination of the hazard
conditions in a system. FMEA considers only one failure at a time and not
multiple or common cause failures. This fact, coupled with the inability to
provide any quantitative information about the system and its failure rates,
comprises the main disadvantage of this method [McCO 81)}. FMEA is a useful
tool for developing fault trees and for pProviding rough numerical estimates
for a subsequent fault tree analysis [ALDW 82].

Event tree and Fault tree methods are the most frequently used failure

analysis techniques [NPRD 83]. Fault trees include component failures as well
as the effects of maintenance. Event trees are developed inductively. Event
trees and fault trees are system models that are used to characterize the
potential outcomes of postulated failure-initiating events.

An event tree consists of several system-accident sequences. These con-
sist of initiating events and combinations of various system successes and
failures that lead to an identifiable system state. A generalized process of
event-tree development is shown in figure 3, which is based on reference

[NPRD 83].
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In fault tree analysis, a failure event is first specified. The system
is then analyzed to find all credible ways in which the failure can occur.
The fault tree is a graphic model comprising the various parallel and sequential
combinations of faults that will result in the initially specified failure
event. The fault tree approach is a deductive process. A fault tree does not
necessarily contain all possible component failure nodes or all possible fault
events that could result in system failure. A generalized process of fault-tree
system modeling is shown in figure 4, which is based on reference [NPRD 83].

The Modular Fault-Tree Logic Model consists of a detailed fault logic for

each subsystem. Common units like valves and pumps are classified by type and
subtrees are developed for each [NPRD 83]. The modular approach reduces the
time required to develop specific trees. The modular logic was recently deve-
loped at Sandia National Laboratories with specific application to nuclear
plants.

Reliability Block Diagrams (RBDs) are composed of blocks which represent

distinct units or components appropriately interconnected in series, parallel or
standby configurations. "The intent of the RBD is to combine, either directly or
using the fault-tree logic as input, similar components that are in series in
each system train into one supercomponent and then link together parallel
supercomponents to form a summary model of the system" [NPRD 83].

The GO method is a success-oriented system analysis technique. 1In this
method, a set of standardized operators are used to describe both the logic of
the operation, as well as the interaction and combination of various system
components. The GO method is very useful in estimating the success or failure
probabilities of individual subsystems [NPRD 83]. The method is not appropriate
for complex systems.

Markov modeling can be applied to the random behavior of systems that

vary discretely or continuously with respect to time and space. To be able to
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apply Markov analysis, the behavior of the system should be memoryless. This
means that the future states of a system should be independent of all past
states except the immediately preceding one. Also, the states of the system
should be identifiable.

It is not possible to represent all failure and repair processes using
Markov modeling, especially if their failure rates are not constant. However,
there are some techniques available for modeling non-random failures using
artificial, constant failure (or repair) rate states, and then using Markov
analysis [BILL 83].

Markovian reliability analysis may be used to complement event and fault
trees or to solve specific analytical problems. For more complex systems,
simulation techniques should be used to predict system reliability. However,
simulation techniques place heavy demands on computing facilities and com-

puting time, they are relatively expensive [BRID 74].

2.2 Acceptability of Risks

In order to use the various reliability techniques summarized in the
previous subsection to assess the safety of a system, we need to develop
proper risk acceptance criteria. By these we mean permissible failure
occurrence rates [ALDW 82].

Benjamin [BENJ 75] described three common rules, each of which may be
used to obtain the acceptability of a risk. These rules are the "reasonable
rule,"” the "mini-max rule" and the "expected value rule."

The "reasonable rule” does not require that a decision maker attempt to
study the probability of occurrence or its consequences. It is adequate that
the decision maker consider the action to be "sensible." This sweeping
approach is mostly used by governments and legislators.

The "mini-max" rule assumes that the worst ("max") possible accident will



occur in the long run and suggests that a decision maker must try to minimize
("min") the risk.

The "expected value rule" is a more rational approach than the previous
ones because it considers the probability of a failure and its possible
consequences from a mathematical standpoint. It could be applied as a mini-
mization of total expected costs or of the probability of system failure, or

of some other system performance index.

2.3 General Maintenance, Repair and Replacement Models

Mathematical analysis helps planners to determine the maintenance and
inspection requirements of repairable items and to make effective logistics
decisions.

There is considerable literature on machine repair, maintenance and
replacement problems. Sherif and Smith [SHER 81] have given a rather compre-
hensive list of references until 1981, classified in various sub-categories.

Pack [PACK 71] developed an "Extended Replacement Model," which is not
stochastic, for ships and marine engines. This consists of two mathematical
models: one for the optimal "challenger,” i.e. new equipment that may replace
the old or ("defender"), and the other for the optimal replacement year
selection. Pack developed an optimization method using a transformation of
the objective function that converts a problem with constraints to an uncon-
strained one. To solve the latter, a sequential unconstrained minimization
technique was then used.

This transformation involves the following penalty function:

P(X“' see 4 Xn, rk) =F(X1’ cee , Xn)



where
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F

a given objective function

gi = the equality or inequality constraints

X; the decision variables R i=1, .., n

ry the controlling multiplier which is repeatedly reduced.

J

the number of inequality constraints

Optimal Replacement Year Selection: In his model, the two decision variables

are the defender's life and the challenger's life. Here the defender

represents the ship currently in service, whereas the challenger represents a

brand-new ship. From a network of possible "paths" of ship replacements the

optimal path can be obtained using the following expression:

and

where:

1j

mj

f, = maximum [Chx + fx1
k=n+1,...,N
for n = N=-1, N-2, ... , 1

FN=0'

= the NPVI value of the optimal challenger purchased at 1 and kept

for j years (Each value Cij is calculated by the optimal challenger
selection model, except that in some cases the procedure has been
NPVI is the net present value index. It is defined as the ratio of
NPV over P, where P is the investment and NPV is its net present
value.

the final time period in the planning horizon

N-1, N-2, N-3, ..., 1

the sum of all Cij along the combination of paths leading from N to

n which maximizes the total NPVI value

= the defender's NPVI value at m years of age if it is kept j more

years before it is replaced.



Using a sensitivity analysis, Pack determined the importance of
parameters for the optimal replacement year. The cargo forecast is the most
important parameter, followed by the obsolescence rate (including capacity
obsolescence) and the interest rate of return. The rate of deterioration,
initial cost and salvage value were found to have smaller effects than the
above three parameters. Inflation was found to have a very small effect.

Pack's conclusion was that missing the optimal year by a year or two in
either direction may result in a relatively small cost increase.
A policy of periodic replacement with minimal repair at failure was first
introduced by Barlow and Hunter {BARL 60]. Their model assumes that the
failure rate of the system is independent of the failure and subsequent repair
of the system. Boland and Proschan [BOLA 82a] generalized the Barlow and Hunter
model by assuming increasing minimal repair costs. Their assumptions are the
following:
1) Replacements or complete overhauls are made at times T, 2T, 3T, eee
If the system fails at any time other than the multiples of T, minimal
repair will be performed. Time to repair is neglected. After repair,
the system failure rate does not change.

2)Mmmmmmorwmhwo%mwhdomtmehwinmeum
interval (0,s). The number of breakdowns obeys a Poisson distribution
with parameter R(s).

3) System has a continuous life distribution (F), where F(0) = O.

4) It is assumed that cp (cost of minimal repair on the kth breakdown
since the last replacement) is of the form ¢ = a + kc, where a and c
are constants and a > 0 , ¢ » 0. c¢ is the cost of each additional
repair, and cg is the cost of a replacement (or of a complete

overhaul),
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*
and ¢ = Cq + Cy + ces + Cge For optimal periodic replacements over a finite
time horizon, C(T) is defined as the expected cost over the interval (0,t),

and is given by:

o . -R(T) *
keg + (k + 1) § JRID/3 e cy if y=T
J:
@ . -RT *
C(T) = kcg + k ) (RI(T)/jt) e Cp
j=1
@ . -R(t-kT) * )
+ ) 1(RJ(t - kT)/j!)e Cj, if y < T.
J—
where 0K TK ¢,
t=kT+ y
O<Ky<«T

By assuming that the jth minimal repair cost to the system is of the form

cy = at+jc , for j = 1,2,3, ..., one obtains
*
J

cy = ja + (j(§+1)/2)c

C(T), which is evaluated on the set {t, t/2, t/3, ...}, is minimized at Tp=t.

This shows that the optimal policy is one of no planned replacements

(overhauls).
For optimal periodic replacement over an infinite time horizon, the

average long run cost per unit time is given by:

- -]

c(m) = (. (RE(T)/k1)e R(Dey* + cq)/T.

The period T=Ty which optimizes expected costs per unit time can be found from

the following equation:

(a + ¢)[Te(T) - R(T)] + ¢[Te(TIR(T) = R2(T)/2] = cq
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Boland [BOLA 82a)] derived the following expression for the expected
minimal repair cost in an interval in terms of the cost function and the
failure rate of the system.

R(T)
Ey (E(C(ty) + ovu + C(ty)/Ne=k)) = [ crR-Y(t)at ,
t 0
where R(t) is the hazard function of the system, and Ni is the random variable
which denotes the number of minimal repairs performed on the system in the age
interval [0, T]. Ng has a Poisson distribution with parameter R(T).

Most ship operators use age replacement policies. Some ships are not in
operation throughout the entire year (e.g. Great Lakes ships.) Therefore, it
is advantageous to consider no demand periods for the purpose of preventive
replacements.

For intermittently demanded units, their operational age (rather than
their chronological age) determines the time to failure, whereas for
continuously operating units, calendar time determines the time to failure.
Therefore, the age replacement policy should be modified for intermittently
demanded units.

Berg [BERG 84] proposes a “"Modified Age Replacement Policy" (MARP),
obtained by making the following assumptions:

1) The demand process is an alternating renewal process

of demand periods and no-demand periods.

2) A unit can fail only during operation, and its failure rate only

depends on the operational time and the demand process.

3) The time to failure of a unit is random and is not a function of the

operational time and demand process.

4) Expectations are positive and finite.
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The optimal critical operational age d* of a unit can be found by using
the following [BERG 82]:

Only d=d* satisfies C(d) = n(d), where

C(d) = (e16(a) + c8(a)) / ( 7 Gtwau + Fo*(a) ), d > 0, and where

0
n(d) = the marginal cost of a preventive replacement at age 4

n(d) = (cq - c3) h () a> 0
h(d) = the hazard function of the demanded unit
ci = the replacement cost of a unit after its failure

¢y = the replacement cost of a unit when it reaches age d

Q
o)
[]

the expected cost per unit of time,

G (.)= survival function of a positive r.v. Y, which is the lifetime
of a continuously demanded unit. Fgz (.) denotes the cumulative distribution
function of a random variable Z. Also, Fi (o) =1 - Fg (.), and F; (.)
denotes the Laplace Transform of Fj (.).

Bean, Lohmann and Smith [BEAN 83] proposed a "deterministic dynamic
infinite horizon replacement economy decision" model. Their model includes
the effects of technological changes in future challengers. Their conclusion
is that "the traditional assumption of repeatability may lead to a significant
number of uneconomical decisions and a correspondent long-run economic loss
when the future challengers do not repeat themselves." They also observed
that the equivalent finite horizon time was frequently just beyond the
economic service life of the optimal current decision.

Oakford, Lohmann and Salazar [OAKF 84] generalized Wagner's dynamic
programming model for the replacement economy decision problem. Their model
allowed the decision maker to specify the cash flows without reformulating the
dynamic program for each replacement problem.

Lohmann [LOHM 84] presented a Stochastic Replacement Economy Decision

Model. This model allows the cash flows to be a random variable. «..
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M. H. Agee [AGEE 86] described a microcomputer-based decision support
system to determine and evaluate maintenance requirements of repairable item
populations. In the following, a brief description of the model will be
presented. The model can generate maintenance requirements of repairable
items, which operate under steady-state or unsteady-state conditions for their
total life cycle. It is assumed that an "end item" is composed of a group of
components, which can have their own independent rates of failure. Aan end
item represents a sub-system which can cause a fatal failure of the whole
system. Component cumulative failure probabilities may follow any general
distribution. Failure rates of components may vary at different stages of
their life cycle.

The model is implemented on a microcomputer. When the user inputs the
data, the model generates the maintenance requirements for end items, then
sums the results and finally generates maintenance requirements for the entire
population of repairable items. The cost of the associated logistics policy
and the availability of the population of the end items are also calculated in
the process. If the decision maker has no control over an input variable, it
will be considered as a parameter. The model is very helpful to produce

trustworthy maintenance requirements output.

2.4 Brief Review of Reliability Applications in Marine Engineering

While the other industries are increasingly utilizing probabilistic methods
for the rational assessment of reliability and safety, rising operating costs
and the current poor shape of shipping are forcing the marine industry to adopt
these methods and, in parallel, to start developing its own methods of dealing
with its unique reliability and maintainability requirements.

One of the earliest steps in that direction was the Conference on Advanced

Marine Engineering Concepts of Increased Reliability, jointly sponsored by the
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Office of Naval Research and the University of Michigan, held in February,
1963. The importance of the conference was that for the first time
representatives from all segments of the Marine Industry were brought together
with reliability experts from other industries to present and discuss various
means of improving the reliability of ships. However, the conference 4id not
stimulate any major use of reliability engineering by the Marine Industry. It
did create a general awareness of the available techniques, and it helped to
focus attention on the limitations, particularly the lack of data.

Recently, the American Bureau of Shipping (ABS) and CONOCO joined forces
with the industry and started an intensive effort to develop a reliability-
based design criterion for tension-leg platforms (TLP's) [MANS 84]. The U.S.
Navy has also been using reliability techniques to evaluate maintenance,
repair and replacement requirements of steam turbines.

The development of marine reliability and maintainability will inevitably
follow along the lines of past non-marine activity in the field. "Thus blind
alleys can be avoided and reliability-maintainability costs minimized if
rigorous study is given to lessons learned from past events in the non-marine

field." [PANE 71].

2.5 Reliability Applications in Marine Diesel Propulsion Systems.

The failure rate data of components are essential in applying the
reliability techniques to the evaluation of maintenance, repair and replace-
ment requirements.

Failure rate data available for the hull are different in nature from
those for machinery. The hull is ; structure which is composed of a complex,
highly redundant arrangement of standard structural elements. With the
exception of corrosion, the hull structure does not generally exhibit "wearout"

characteristics. Marine propulsion systems are composed of many components
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that are integrated into systems with some redundancy, exhibiting both random
and wearout failures. The failure pattern of these systems is a function of
maintenance and operational strategies [ALDW 82]. The remainder of this paper
will be focused on marine propulsion systems, in particular Marine Diesel
Engines.

T. Hashimoto and K. Ishizuko [HASH 73] obtained failure rates for several
marine propulsion subsystems. Their findings are summarized below. The first
figures show the probability that a specific machinery type will fail during
the initial failure period of the first twelve months. The second
figures show the probability that a specific machinery type will fail during
the random failure period of twenty-five months after the initial

twelve-month operation.

Main Engine: 20.9/36.2%
Deck Machinery: 28.6/26.0%
Automation Equipment: 27.1/10.2%
Generator: 5.4/9.9%
Auxiliaries: 8.5/9.9%
Electrical: 3.1/5.1%
Instrument and tank: 0.8/1.3%
Piping and valves: 0.8/1.3%

The survey shows that the main engine is one of the most troublesome units.
The recent dramatic increases in various ship operating costs, and

the effect of the overall economic situation, as well as some new trends, such

as the use of low-grade fuels has been to worsen the reliability of marine

diesel engines significantly [BOHM 79].
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In the case of four-stroke engines, the burning of heavy fuel oil made
exhaust valves, injection valves pistons and piston rings very critical. 1In
the case of two stroke engines, the exhaust valves became the most critical
{BOHM 79]}. The wear of cylinder liners and the piston rings of two-stroke
engines also needs critical attention. Wear rates of piston rings (especially
the top one) have drastically increased, with a reported increase in such
failures up to 100%.

According to the survey made by Y. Okamoto [OKAM 77], the most common
failures of the main engine components are the following:

Cylinder covers and liners: Most of the failures of the fire contact

surface of the cylinder cover are cracks which occur on the edge of each valve
hole. Failures of the cooled sides of the cylinder covers are mainly
circumferential cracks.

Pistons: Cracks on the piston top and the rib root constitute a large
portion of the failures of the cooled surface of the piston.

Cross pins, piston pins, crankshafts and bearings: The failure rates of

the four-stroke engine components around the combustion chamber are smaller
than those of two-stroke engines. Furthermore, the failure rates of the
components which are under the influence of the lubricant are higher than
those affected by thermal stress.

Cams and cam drive systems: The failures include wear and breakage of

cam parts, and breakage of cam shaft drive unit teeth.

Base plates, columns, tension bolts and foundation bolts: Most of the

failures of plates and columns are cracks.

Supercharger: Supercharger failures are caused by corrosion and the wear

of casing.
To improve the reliability and to reduce the maintenance, repair and
replacement costs of various components, several engineering design equipment

and materials changes have been attempted.



For example, the coating of normal grey cast-iron rings with special
chromium carbides, combined with molybdenum and perhaps nickel, has already
reduced the wear rates of four-stroke piston rings to about 50 percent in
standard operation [BOHM 79]. The coating is applied with the aid of a plasma
jet, which compared with normal flame spraying, results in far higher compaction.

Beyond these improvements, computer-aided fault diagnosis methods, are
becoming quite popular [ZIGN 85]. Vibration monitoring is an example of a
recently developed method to diagnose deviations from normal conditions.

However, in order to locate and identify these failures, vibration monitoring

should be combined with overall performance monitoring [WHIT 84].

3. Current Industry Practices (Great Lakes Shipping)

3.1 General

In this section, we will present a summary and a discussion of the
information obtained from an informal survey of the maintenance, repair and
replacement practices of several (almost all) U.S. Great Lakes operators whose
vessels are equipped with Diesel Engines. This survey is part of an ongoing
research project funded by the National and Michigan Sea Grant Programs,
directed by the first author.

The Great Lakes Shipping maintenance /repair/replacement problem is quite
different from the similar problem for oceangoing ships in more than one
respect. First and foremost, the existence of the winter lay-up in Great
Lakes shipping allows operators to do most of their maintenance work during
that non-operating season, and minimize failures, repairs, and maintenance
that may lead to significant time losses during the operating season. Second,
Great Lakes ships almost always move in restricted waters close to major

equipment supply centers, and may reach several such ports-centers every day.
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Therefore, it is much easier for them to order and receive spare parts
(especially if they use Detroit Diesel or EMD engines) than, for example, to a
tanker routinely traveling between the Persian Gulf and Japan. Despite this
convenience, Great Lakes vessels routinely carry (on board) significant
numbers of spare parts. It seems to us that current practices are perhaps too
conservative and should be revised. The result of fewer parts is not only a
small reduction in ship weight and associated fuel costs, but, much more
importantly, a substantial decrease of the "inventory value" of those spare
parts, i.e. a reduction in the money tied-up in the purchase and storage of
those parts for months (or years) before they will be needed.

Normally, winter lay-up is utilized for performing major repair and
conversion work, such as main bearing renewals. The type and number of Diesel
Engines aboard a vessel will have a significant impact on the extent of the
winter maintenance and replacements. For example, a vessel having four
Electro Motive Diesel (EMD) engines, of 20 cylinders each, will be able to
operate even if a significant number of these (80) cylinders is not operating
properly, and even if one turbocharger fails. Catastrophic failures are rare,
and even if they occur, they could be fixed in a few hours at the next port of
call (e.g. power pack failure and associated change). A vessel having a
different type of engine (such as 2 Colt/Pielsticks with 16 cylinders each)
ray have more serious problems in this respect, and probably needs more

extensive maintenance and replacement work during the winter.

3.2 Discussions with Great Lakes Shipping Engineers

In the following, summaries of the discussions of the first author with
engineers from various Great Lakes shipping companies will be presented.
In some cases, the discussions will be rather brief, to avoid repetition of

points made in other parts of this section.
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Cleveland Tankers, Inc. uses two-cycle and four-cycle, 16-cylinder,

turbo-charged) EMD engines. Due to the ready parts availability, only a small
number of spare parts is kept. The preventive maintenance system is mostly
based on the engine manufacturer's recommendations. However, these are some-
times too conservative, since the part that should be replaced after 16,000
hours may still be in good operating shape after 24,000 hours. Moreover, the
5-year (2~year, for 15 days, for oceangoing ships) continuous machinery survey
under ABS provides another opportunity for preventive maintenance ("since we
have to take it apart, we might as well change (replace) some parts that would
soon have to be replaced anyway").

Current economic difficulties in the region and consequently in its.
shipping, have made excessive replacement practices, however, quite
unattractive. However, it is not obvious that, especially in the long run,
the effects of a reduced preventive maintenance and replacement policy will
produce lower overall operating costs.

Erie Sand Steamship has two small ships equipped with Detroit Diesel

engines. An index card system for failures and major overhauls is kept.
Manufacturer's recommendations are followed on most cases, and "seem to work
out pretty well." Power packs, cylinder pistons, cylinder heads are replaced
roughly every 12,000 hours of operation. No computerized data management in
place.

Amoco 0il Company in Indiana also largely follows manufacturer's

recommendations in maintenance and replacement procedures for its EMD 645 E-6
and V-71 series Detroit Diesels. Record keeping exists in a card file, where
important failures and other data are transferred from the "shirt pocket" of

the chief engineer. No computerized database management system exists.
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Inland Steel Company engineers find manufacturer's recommendations rather

conservative. Specific items as power packs and piston rings fail rather
frequently, whereas others like valves are more reliable. Unusual failures
also occur, such as a recent failure of the drive disk of the crankshaft,
which took five days to fix. Engines are operated at a low RPM, both due to
price considerations and also due to the existence of a critical speed level
below which they have to operate to avoid excessive vibration. The use of
performance monitoring devices is contemplated. No computerized database
management system exists.

National Gypsum Company (Cement Division) follows the manufacturer's

recommendations for the two EMD engines (low RPM, directly connected to the
propeller). Checks are frequently made by taking off cylinder heads, and
taking out the pistons, connecting rods, bearings and mains. In most cases,
these are put back in without any repair or replacement. We were told that
one of the ships, built in 1953, was never down during an operating season.
Some non-critical maintenance work is done during the operating season, as
cleaning parts from accumulated carbons in the 2-cycle engine and rebuilding
fuel pumps. It was the estimate of the engineer we talked to that one more
month of operating season wouldn't make any difference to the ships, who would
still not have any major failures during the extended season. The company
does not have any (computerized or not) database management system for
maintenance and replacement work.

Bethlehem Steel Company also largely follows the manufacturer's sugges ted

guidelines for the maintenance of its 2-cylinder, 3500 HP, 900 RPM EMD
engines. Typical failures like turbocharger, liner, piston or piston ring
failures, occur mostly due to wearout of these units. No card-based or

computerized maintenance database.
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Oglebay-Norton Company keeps two logs of failure and maintenance data, of

which one log for maintenance on board the ship. Manufacturer's recommendations
are followed for overhaul periods(é.g. §16-18,000 hours for bearings). Again, no
computerized maintenance database system exists.

U.S. Steel Company has vessels with two types of engines, one burning

light fuel and the other using heavier fuel with high sulfur et al content.
Winter maintenance has to be thorough enough to guarantee 5000-6000 hours of
trouble-free operation. Problems arise with several specific parts such as
cylinder liners (lots of them replaced, mostly due to poor fit) and the
maintenance of fuel systems on Pielstick engines and engines using heavy fuel.
Normal maintenance hopefully allows 20,000 to 30,000 hours.

During each May/June, a list of winter maintenance work is put together
before major overhauls. A total inspection of each ship is then done during each
fall (while the ships are traveling). That enables the planner to lay out the
winter work schedule and budget, including any major overhauls or inspections.
A charging system aboard each ship, still in manual form, produces reports on
each piece of equipment, the work done on it and the number of man-hours to be
charged. A note explains if the item was removed (changed), repaired or left
alone. For example, in Colt engines, new injectors are installed roughly every
1000 hours.

For preventive maintenance purposes, a "Logging Abstract" is kept and
updated monthly. It contains readings at full power of all vital engine
parameters. By comparing it to past records, trouble spots may be located and
investigated. Contents of the Abstract include engine hours, various air pres-
sures, exhaust gas temperatures, governor settings et al.-the list is quite long.

The company also maintains computerized Mechanical Report Forms, including

checks and routine inspections, remarks, and several other details, as well as

=
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costs during the operating season and during the winter layup. Finally, fuel

rates are controlled all the time, and the relevant data have been quite useful

to the company. "Workbooks" for that purpose are kept on board all vessels.
From the above informal survey it becomes clear that of the dozen or so

Great Lakes shipping companies utilizing marine diesel engines, several have

no maintenance/repair records whatsoever, and are content to follow (in most

cases) manufacturer's recommendations. Some other companies keep manual

records of failures/repairs and replacements, and try to use them in

subsequent decisions in a rather empirical way. Very few companies have tried

using a computerized database management or decision support system. Along

with U.S. Steel Shipping Company, American Steamship and Interlake Steamship

Company, are the only Great Lakes Shipping Companies with any computerized
maintenance database management system in operation or under construction to

date. Interlake Steamship (Pickands-Mather & Company), for which a database

management system was built in the summer of 1984 at the Department of Naval
Architecture and Marine Engineering of the University of Michigan [NIKO 84al].
This system, utilizing the "Knowledgeman" database management software, has
been in use since January 1985. However, the records developed also contain
information obtained manually before that time. The data are for three 1000
foot vessels of the company and for Colt-~Pielstick engines.

American Steamship Company is currently developing a computer program for

the scheduling preventive maintenance work for its vessels. All its vessels
have EMD (Electro-Motive Diesel) engines, which are quite different from the
Colt-Pielstick engines of Interlake Steamship. The present manual preventive
maintenance system at American Steamship was described as quite loose and very
different from ship to ship. This latter difference, coupled with the fact

that there are frequent and extensive crew movements (due to crew seniority
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considerations and other reasons) from ship to ship, provides substantial
motivation for constructing a "universal" computerized maintenance system for
the entire fleet. This way, a sailor moving from vessel A to vessel B will be
already familiar with the maintenance records and management in the new ship.

Given the fact that personal computers are already quite inexpensive and
are getting even less expensive and much more powerful with time, engineers at
American Steamship are convinced that using a computerized system for preven-
tive maintenance work can only help the company further reduce operating
costs. The system developed will be capable of "calling up" the maintenance
history for every machine on board any of the company's ships from any on-
board terminal. However, as in the case of Interlake Steamship, the system
will not perform any optimization of maintenance and replacement intervals to
produce the lowest total operating costs.

The computerized system currently developed by American Steamship Company
is an outgrowth of a 1980-82 project funded by the company and the U.S.
Maritime Administration, titled "Computer-Aided Maintenance and Operations
Management System" ([BASS 82], [BASs 83]}, In our communications with company
engineers, it became clear that the project was excessively complex, if it
were to be of any value to shipboard personnel, and perhaps it should be used
by shoreside office personnel. They also underlined that their maintenance
and replacement procedures follow very closely those established by the
manufacturers. In some cases, replacement or service schedules are altered
whenever appropriate by the Chief Engineers to coincide with seasonal mainte-

nance period (e.g. winter lay-up).
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4. Concluding Remarks:

While other industries have been increasingly applying the results of
reliability analysis to optimize their maintenance and replacement decisions,
the marine industry has long been in a "wait and see" position.

Merchant vessel operators have been using manufacturer's recommendations,
registers' requirements and empirical "rules-of-thumb" to make the above
decisions. With the downturn in today's shipping markets, more rational
maintenance, repair and replacement policies are needed to insure the shipping
company's profitability.

Systems reliability and replacement analysis has the potential to help in
minimizing ship operating costs. It may also enable the merchant ship operators
to obtain lower insurance rates and longer requlatory inspection intervals.

None of the replacement models reviewed in this paper is, by itself,
proper for modeling the maintenance, repair and replacement process for Great
Lakes diesel-powered ships. A special stochastic replacement model will have
to be developed, taking into account the pecularities of the operating
conditions, such as the winter lay-up.

The National and Michigan Sea Grant Programs have recognized the need for
this optimization, and have awarded the first author of this paper a three
year sponsored research project (1986-1988). The aim of the project, as
stated in its proposal, will be to develop optimal maintenance repair and
replacement policies for Great Lake vessels, focusing on their main Diesel
Engines and the auxiliaries necessary for their operations. The database
developed on our department for Interlake Steamship [NIKO 84] will be used.

Most or all of the work will be programmed on an IBM-PC (XT or AT).
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