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Abstract

The maintenance of the diesel engine parts in any electric power station contains many problems that lead to
stopping. Several reasons lead to such problems; these reasons should be analyzed and evaluated in order to eliminate
their effects. This paper is based on evaluation of the main causes that lead to diesel engine injector failure as a main
part of electric power stations, using fault tree analysis (FTA). The FTA is the most broadly utilized strategies in the
industrial area to perform reliability analysis of complex designing frameworks. A fault tree is a logical representation
of the relationship of basic events that lead to a given unwanted event (i.e., top event).

Starting with introducing the FTA and how it could be utilized in analyzing the reasons of main issues that lead to
that the injector stops working, in which the probability of occurrence of each issue is calculated. The application of the
root cause analysis principle of diesel engine injector failure in diesels Haditha station is chosen as a case under study.
According to the probabilities’ evaluation by using the FTA based on of the causes under the top event its value was
(0.80). It is concluded from the analysis that the three largest values of the occurrence of a problem with the diesel
engine injector are 0.50 for fuel problems, 0.20 for overloads, and 0.18 for nozzle head corrosion. Plant management
can define a specific plan with taking into consideration the calculated value of each cause in order to reduce their
impacts and to avoid long downtime hours compared to operating hours. Finally, recommandations are suggested to
overcome these causes.

Keywords: Fault tree analysis (FTA), Fault tree symbols, injector, qualitative assessment.

1. Introduction

Given the importance of maintenance of all
kinds, it is recommended implementing it and
adhering to the time and operating hours specified
for its work. Providing all maintenance
requirements and tolerance for one minute under
any circumstances, especially during peak work
times, is essential in order to avoid a damage that
may be caused to parts of the generating units and
expose them to a stoppage. This state leads to
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energy loss, stopped production, and losses in
lives and money.

Most engineering systems are maintained the
mainteance work when they fail, and the
maintenance work is performed on them to keep
their operation. [1]

Fault tree analysis (FTA) is one of the analytical
methods for tracking events, which can be
contributed to identify the most important parts
that cause the malfunction or stoping the work.
Accordingly, the sub-causes of the problem is
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displayed and the probability of an undesirable fault
event is calculated.

In this paper adopting the FTA is considered in

the proposed methodology to determine the main
and sub causes, and their probabilities of the parts
of power plants’ stoppage.
The focus on the most influential causes
probabilities in order is essential to find the
solutions to these causes which significantly reduce
the rate of breakdowns.

2. Fault Tree Analysis (FTA)

An FTA begins with a top fault event and
continues deductively by inquiring, "How could
this event have occurred?". Immediate contributing
causes to this top fault event are distinguished and
afterward recorded as a component of the following
lower level of analysis (sub-faults). These sub-fault
events are then associated as affecting contributions
to the upper-level event by the same token either
"AND" gates or "OR" gates. A definitive outcome
is a qualitative fault tree ending in a bunch of basic
faults and undeveloped events. [2]

The FTA is a technique for planning a fault

tree that intelligently examines the causal
relationship of a framework disappointment, and
discovers the likelihood of a framework
disappointment. [3]
The FTA is deductive in nature implying that the
analysis begins with a top event (system failure)
and works in reverse from the highest point of
the tree towards the leaves of the tree to decide
the root causes of the top event. [4]

Failure itself can be characterized as the
interruption of an item's capacity, from a
component to a complex system, to carry out its
function. The failure of a part can be classified
into three groups [5]: 1) Primary failure, 2) A
component is in a damaged state (non-working
state), and 3) Command faults.

3. The Symbols used in the FTA

The essential symbols utilized in the FTA are
assembled as events, gates, and transfer
symbols. Fig.1 shows them with their definitions

(6] [7] [8]:

Symbol Meaning

Circle

definition

Means an essential problem
occasion or the fault in the
elementary part

Event not update further
because of deficient data or
there is no information

Intermediate
Event

OR gate

ANDgate

Undeveloped
Event

The rectangle denotes a fault
event that results from the
combination of fault events

Says that every one of the input
sub faults all by itself is adequate
to produce the upper-level event

Necessitates that all sub failure
events are fundamental for an
upper-level occasion to occur

Fig.1. The fault tree symbols.
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4. Research Methodology

The research methodology is based on
applying the FTA to evaluate and calculate the
failure rate of the part under study. To arrange the
work steps, a flowchart is used to define processes
in sequence. The utilization of standardized
symbols for represent the steps of methodology
makes the flow chart simpler to decipher. [9]

4.1. Proposed Flow Chart Methodology

The main steps in the proposed methodology
are as follows:
1. Describing of the whole system, and studying
its work, to select the part with frequent failure
with the ability to be maintained.
2. Collecting all the data on faults and dividing
them into main faults, in which the root causes of
the main problems branch off, as to be illustrated
in details in the qualitative assessment method
followed.
3. After clarifying all the reasons that led to the
failure of the part under study, the FTA is drawn
to analyze the problems more accurately and
clearly.
4. Applying steps (6) (to be illustrated in the
following section), according to the type of gate
(OR or AND) in order to get the top event and
draw the fault tree with related values
(quantitative assessment).
5. A bar chart is drawn to illustrate the most
influential causes and to choose an appropriate
maintenance plan that reduces breakdowns and
costs.
6. Suggesting solutions to reduce the influence of
the occurrence are given.

25

7. If the suggestions improve the faults rates, then
the aim is reached. But if not, new suggestions are
given.

Fig.2. represents the steps of the proposed
methodology processes.

4.2 The Assessment of Problem:

A fault tree is evaluated as Qualitative
Assessment or Quantitative Assessment.
Qualitative Assessment is the kind of evaluation
of an issue that has effectively occurred in a
venture, to analyze the causes behind this issue.
[10]

In Quantitative Analysis, the probability of the
top event and other quantitative dependability
files, for example, significant measures are
numerically determined, given the failure rate or
probability of individual system component. [4]
Two equations are used according to the type of
gate (AND or OR) for quantitative analysis[11]:
For AND gate out fault event E, is given by:

P(E,) = I[i.s P(E) (1)
and for OR gate out fault event Xo is given by:
P(Xo)= 1_1_[?::1{1_1'30{:')} ..(2)

Concerning analysis procedures, recognizing
qualitative the FTA is performed, which thinks
about the construction of the FTA; and
quantitative FTA, which estimate the numbers, for
example, disappointment probabilities for fault
trees. [12]

Both qualitative and quantitative analyses bring a
bunch of basic ways, often named "cut sets" or
"min sets." These are group of parts that, when
they happen, will cause a top fault event. [2]

In the case study of this research, both qualitative
and quantitative assessment are shown.
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Choose a maintainability

product

)

Collect failure data and divide it into

main faults and sub _ causes faults

)

Drawing FTA diagram showing the

ualitative assessment
(Q ) main faults and their sub _ causes

!

Obtaining the rates of the basic

causes of faults table (1)

!

Calculating the rates of failure with two

equations according to the type of gate:
for AND gate P(E,) = [[\-, P(E))
ORgate P(X,) = 1 - [[.,{1 - P(X,)}
v
Drawing (FTA} in
Quantitative assessment numeric values

:

Bar chart drawing to illustrate the

most influential causes

Y

Suggest Solutions to reduce

¥

The influential causes

Has the Faults rate
improved?

Fig. 2. The flowchart of steps of the processes flow.
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5. Adopted Case Study

The case study adopted in this paper is the diesel
engine injector in Haditha diesels station. The
engine is a type of four-stroke internal combustion
engine. Under such circumstances, the focus will be
on the injector as a highly effective part of the
diesel engine. It is one of the parts of the fuel
system whose function is to inject fuel in the form
of a mist with a force (3000bar) that reaches the
combustion chamber. The presence of the injector
results in more efficiency and lower cost in terms of
fuel exchange. The injector is shown in Fig.3.

Fig. 3. The Injector.

6. Drawing the Fault Tree and Calculations

The fault tree is drawn from the data that the
researcher collects (values and events) and were
recorded through his attendance at the station and
with the help of the engineer who is supervising the
work and the workers. According to the data
recorded in the power station foles, main and sub-
causes are named. Table (1) lists the main problems
and sub-causes events that cause the injector to stop
working in order to draw a fault tree which
represente the qualitative assessment as shown in
Fig.4.
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Tablel,

The nomenclature of the main problems of the
occurrence of malfunctions and their sub-causes.

Symbol of Event Name of Event

El No maintenance
order

E2 High fuel
temperature

E3 Work for long
periods

E4 Fuel laden with
water

E5 Water leakage from
the
heat sink

E6 Fuel laden with
impurities

E7 Fuel filter has
stopped
working
Accumulation of

E8 previous
fuel impurities

E9 Neglect of
maintenance manger

E10 Urgent need for

Ell Increased pressure

E12 High temperature

E13 Other reasons

El4 Excessive pressure at
the
attached nozzle

El5 Over load

El6 Poor Maintenance

E17 Water in fuel

E18 Viscosity of the fuel

E19 Impurities in the fuel

E20 Injector vibration

E21 Other reasons

E22 Water pressure

E23 Defect
in the washer

E24 Fuel heat

E25 Overloads

E26 Delay maintenance
time

E27 Nozzle head
corrosion

E28 Nozzle head does not
pump fuel

E29 Fracture of the injectot
hull

E30 Fuel problems

E31 O-ring I

E32 O-ring 1I

E33 Diesel engine injector

mal functioning
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Diesel engine injector mal functioning

E33

L

Overloads Delay maintenance Nozzle head Nozzle head does Fracture of the Fuel problems O-ring | O-ring Il
time corrosion not pump fuel injector hull
E25 E26 i | E29 E30 E31
Neglect of . Over Poor Defect
maintenance Urgent Increasec s load Maintenance Injector Water inthe

manger

need for

ES

No
maintenance
order

E1l

operation

E10

pressure

Ell

El12

Other
reasons

E13

pressure at

vibration

pressure washer

E16 Water in Viscosity Impurities E20 E22 E23 B2
= fuel of the fuel in the fuel
E19 Other
reasons

E21

High fuel
temperature

Work for
long periods

leakage from
Jthe heat sink

Fuel filter has
stopped
working

Fuel laden
with
impurities

Accumulation
of previous fuel
impurities

E7

E6

injector.

mne 1

Fig.4. Fault tree analysis of diesel eng
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The presence in the station and data collection
were done based on the realized events (previous
faults) and calculating the probabilities of the
basic events is shown in Table (2).

Table 2,
The probability of occurrence of basic events.
Events Number
El 0.1
E2 0.55
E3 0.89
E4 0.05
E5 0.05
E6 0.04
E7 0.10
E8 0.06
E10 0.05
Ell 0.30
El2 0.60
E 13 0.05
El4 0.05
El6 0.20
E18 0.30
E20 0.20
E21 0.50
E22 0.50
E23 0.01
E24 0.05
E25 0.20

Using the data provided by Haditha diesel
station company, according to their records as
shown in Table (2) and the FTA the following
calculators are performed, by apply 'OR' or '"AND'
equation, as given:

1.The probability of event occurring E32 is (O-
ring I = 0.06), which means that the injector has
stopped working due to a malfunction or breakage
in the O-rings of the refrigeration system, as given
P(E;)=1—-{1—-P(E;:)H1
— P(E,,)}

—1—{(1—0.01)(1—0.05)]

= 1—{(0.99)(0.95)}

1-0.99=10.06 (A very small percentage)

2.The probability of event occurring E31 is (O-
ring I = 0.05), meaning that the injector stops are
due to a malfunction or breakage in the fuel
system's O-ring.

29

P(Ealj = P(Ezu] P(Ezlj P(Ezzj

= (0.20)(0.50)(0.50)
= 0.05 (A very small percentage)

3. The probability of event occurring E19 is
(Impurities in the fuel = 0.20) caused by (E6
=Fuel laden with impurities, E7 =Fuel filter has
stopped working, and E8 =Accumulation of
previous fuel impurities) as given:

P(EIH) —1- {1 - P(Eb)}{l

— P(E;)}{1— P(Eg)}
=1-{(1-0.0H(1-0.10(

—0.07)}
=1 —{(0.95)(0.90)(0.93)]
=1-0.80=0.20

In addition, the probability of an event occurring
E17 is (Water in fuel = 0.10) caused by (E4 =Fuel
laden with water, and E5 =Water leakage from the
heat sink) as:

P(EIT) =1- {1 - P(Eﬂ}{l - P(Eaj}
=1—{(1—-0.05)(1—0.05)]
=1—{(0.95)(0.95)}

=1 0.90=0.10

With the probability of an event occurring E18 is
(Viscosity of the fuel = 0.30), giving the
probability of an event occurring E30 as:

P(Ezu] =1- {1 - P(_Em]}{l
— P(E;p)H1—P(E10)}
=1—-{(1—-0.10)(1—-0.30)(1
—0.20)}
=1-—{(0.90)(0.70)(0.80)}
=1-0.50=0.50 (Half the amount of

failure)

4. The probability of an event occurring E15 is
(Over load = 0.50) caused by (E2 =High fuel
temperature, E3 =Work for long periods) as
follows:

F(Ela) = F(Ez) F‘:Ea)
= (0.55) (0.89)
=0.48= 050
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The probability of an event occurring E15 (Over
load) with probability of an event occurring E16
(Poor maintenance) give the probability of an
event occurring E29 as follows:

F(Ezuj = P(Em] P(Eisj
= (0.50)(0.20) = ﬂ'lﬂ(Small percentage)

5. The probability of an event occurring E28 is
(Nozzle head does not pump fuel =0.10) as:

P(E;s)=1-{1-P(E;)}H1

—P(E)}
=1—{(1—-0.05)(1-0.05)}
=1 —{(0.95)(0.95)}

=1-090=0.10 (Small percentage)

6. The probability of an event occurring E27 is
(Nozzle head wear =0.18) as:

F(Ez?) = P(En] P(Elzj
= (0.30)(0.60)

=0.18 (Medium rate of faults)

7. The probability of an event occurring E9 is
(Neglect of maintenance manager =0.10) caused
by one event (E1 =No maintenance order) as:

P(E,) = P(E,) = 0.10

With the probability of an event, occurring E10 is
(Urgent need for operation =0.05), giving the
probability of an event occurring E26 as follows:
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P(Egr,] = 1 — {1 - P[Eg}}{l - P(Em}}
=1-{(1-0.10)(1—0.05)}

=1 —1{(0.90)(0.95)}
=1—0.855=0.145 = 0.15 (\jegium

rate of faults)
8. The probability of an event occurring E25 is

(Over Loads =0.20)

9. Calculation the probability of occurrence of the
top event E33 is (Diesel engine injector mal
functioning =0.80) as follows:

F(Eaa) =1- {l - F(Eaz)}{l
— P(E3 )1 — P(Es) H1
— P(L39) 1 — P(E) H1
— P(E;;)H1 — P(E;0) H1
— P(E;5)}

=1—-{1—-0.06}{1—0.05}1
—0.50H{1-0.10}{1
—0.10H1 - 0.18}{1
—0.15H{1 - 0.20}

= 1 — (0.94)(0.95)(0.50)(0.90)
(0.90)(0.82)(0.85)(0.80)
=1—(0.20) = 0.80 (7op event)

Fig.5. shows the FTA with the values of the
probability indicating the given error event and
their occurrence with the calculated probabilities.
(quantitative assessment).
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E33
0.80

E25
0.20

=)

E26
0.15

E27
0.18

E28
0.10

E9
0.10

O

E3
0.89

E29
0.10

E30
0.50

E31
0.05

E32
0.06

D

E15
0.50

E17
0.10

E18
0.30

E19
0.20

E6

0.04

.

E21
0.50

ES

0.06

Fig. 5. Fault tree analysis with the values.
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7. Results and Discussion

After calculating the failure rate of each cause
that lead to injector failure and plotting the FTA

with the values as shown in Fig.5., a bar chart is
drawn to show the differences between the rates
of faults causes and the most influential failures,
which is shown in Fig.6.

Rates of faults

0.e0

0.50

0.40

0.30

E27

E25
0.20
E26
E28
0.10 l
0.00

Nozzle head
corrosin

Over lods Delay

maintenance

Nozzle head
does not pump
time fuel

Fig. 6. The faults that occur to the diesel engine injector.

The bar chart is the best choice for comparing
the calculated data to be represented in a way that
shows the data which divided into nominal,
numeric, and even symbolic categories. Here, the
vertical bar chart is chosen, so that the longer bar
is the greater size of the category. In Fig.6., the
sum of rates gives a percentage of 98% and not
100%, this means that 2% is still not calculated
and represents “other reasons” affecting the diesel
engine injector malfunction, which is unknown
factors.

Looking at the shape of the chart and based on
the columns that represent the probability of faults
occurrence, we find that the largest is fuel
problems, followed by over loads, and then nozzle
head corrosion. By analyzing the main reasons for
the occurrence of these faults through the FTA
several solutions are suggested to reduce these
faults.

For discussing these results and according to the

presentation and calculations, the followings

points are highlighted:

1. In the FTA, the focus of the researcher is to
identify the main causes firstly and then to
identify their sub-causes, with assuming that
no error occurs in identifying the causes.
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Fracture of the
injector hull

E30

E29

E31 E32

Fuel problems O_ring | O _ringll

2. For logical consideration, the two gates OR
and AND are used for linking in the plotted
fault tree.

3. To solve the root causes, it is possible to
significantly reduce the percentage of errors
that causes the injector to stop working.

4. The bar chart is used to compare the results of
the data, showing the largest failure rates
according to the length of the vertical bar.

5. It is concluded from the bar chart that the three
largest values of the occurrence of a problem
with the diesel engine injector are E30= 0.50
(fuel problems), E25= 0.20 (overloads), and
E27=0.18 (nozzle head corrosion).

8. Conclusions and Recommendations

Through the calculations, it is found that the
main and sub-causes lead to the clarity of the
probability of failure by 80%, which was a high
percentage of failure. By studying the ratios of the
main causes as shown in the bar chart in Fig.6.,
we have to focus on the most influential causes in
order to find the solutions to these causes which
significantly reduce the rate of breakdowns.
Several plans and ideas have been proposed to
solve and reduce these rates:
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1. New maintenance plan is determined in which
not only the rate of failures but also cost is
reduced. The new maintenance plan depends on
two types of maintenance according to the type of
malfunction, these are:

a. Preventive maintenance (periodic) is done by
supervising an engineer with (4-6) workers.

b. Corrective Maintenance (emergency) is done
by workers with or without the supervising an
engineer who performs quick and sudden.
Maintenance such as a leak or breakage in a part
of the injector that is replaced or repaired
immediately to restart the engine; this type of
maintenance does not depend on a specific time.

2. The cause E30 = 0.50 (fuel problems) can be
reduced by:

a. Replacing the fuel filter every certain period of
time to reduce the amount of impurities.

b. Checking the fuel before filling it into the
engine to ensure its purity.

3. The cause E25 = 0.20 (overload), the rate of
failures due to overloading increases with high
temperatures, high pressures and electrical energy
consumption, especially in summer. This rate can
be reduced by:

a. Supplying water cooling systems to cool the
injector.

b. Organizing a schedule for operating the motors
to avoid power outages due to excessive loads.

4. The cause E27 = 0.18 (nozzle head corrosion)
can be reduced by adjusting (O-ring) the nozzle of
the cooling system, to prevent water leakage
causing rust in the injector head.

Notation

P (Eo) = occurrence probability of the AND gate
output fault event, Eo

n = total number of independent input fault
events
P (Ei) = probability of occurrence of input fault
event Ei, fori=1, 2, 3,... n.
P (Xo0) = occurrence probability of the OR gate
output fault event, Xo

k = total number of independent input fault
events
P (Xi) = probability of occurrence of input fault
event Xi, fori=1, 2, 3,... k.
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