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Abstract: - Power systems are usually based on thermal-electric power units as they have several advantages,
such as predetermined installation and operation cost, easy active and reactive power control and high
reliability. The reliability of a thermal power unit is usually quantified by the Unavailability or Forced Outage
Rate (F.O.R.) indicator expressing the unexpected and unforeseen failure rate. It can be calculated from fault
data records obtained during diesel engine lifetime. However, a thermal electric power unit is a sophisticated
system with several subsystems. In case of a diesel engine driven electric power unit the respective subsystems
constituting the unit are diesel engine, electric generator, frequency controller, automatic voltage regulator, and
the circuits of compressed air, oil, fuel, water cooling, air cooling etc. In this paper, the reliability analysis of a
ship diesel engine power unit is carried out based on a bottom-up approach and the assumption of having
constant expected failure rate and constant repair rates for each sub-system’s component. In this way,
unavailability of diesel engine can be accurately determined and the most frequently malfunctioning parts of
the unit can be identified so as proactive measures for increasing overall reliability of the engine could be
decided.
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1 Introduction assess FOR improvement obtained by these
In small autonomous electric power systems, measures. Afterwards, the final power system
such as ships, airplanes, reliability of their power reliability improving measures could be decided
units is a crucial factor affecting even the based on techno-economical criterions. _
survivability of their users. For a separate unit Bottom-up reliability analysis is usually avoided,
reliability is quantified by the Unavailability (U) or as the data collection required for the modeling of
the Forced Outage Rate (FOR), which represents the the power unit is a time-consuming process.
number of hours the unit being in forced outage However, if FOR improvement based on a
over the total number of hours of the examined time systematic approach is aimed then this analysis
period. FOR is necessary for the calculation of two should be carried out. o
major indicators quantifying the unavailability rate In authors” previous work bottom-up reliability
of a power system: (1) Expected loss of load power analygls mcludlng two subsystems of a thermal
(LOLP), which represents the equivalent time per electric power unit has been introduced, assuming
year in which load demand is not completely constant expected failure rate for all its components
satisfied by the generation power system, (2) [3]. In this paper, the respective reliability analysis
Expected loss of load energy (LOLE), which is carried out taking mtq con3|derat!on all the
represents the amount of active energy not supplied subsystems of the power unit and assuming constant
to the load in a year [1-2]. expected failure and repair rates for all its
The knowledge of the FOR of each power unit is components. A diesel engine driven electric power
satisfying regarding design and operation purposes. generator has b_een ch(_)sen, as it constitutes the main
However, additional information about the most prime mover in marine applications, autonomous
frequently malfunctioning parts of the thermal small power systems and also serves as emergency
power unit remains crucial for the operator of the power source in hospitals, large buildings, industrial
system. This information would enable operator to installations etc. o _
compare possible proactive-improving measures, In section 2, the reliability basic theory and
such as replacement of a component, ensuring definitions are _brle_ﬂy analysed. In section 3,
uninterruptible operation of sensitive components problem formulation is deployed and the subsystems
with the use of spares connected in parallel, etc. and of a typical diesel thermal electric power unit are
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presented. Moreover, diesel engine FOR and the
subsystems’ expected failure rates relation is
obtained. Next, the operation of all diesel engine
subsystems is described and the respective
theoretical reliability analysis is carried out. In
section 4, the practical application of the
methodology and the respective sensitivity analysis
are presented while in section 5 the major
conclusions drawn by this work are discussed.

2 Reliability Analysis’s Introduction
2.1 General
System reliability deals with the probability a
system operating normally during its lifetime under
proper quality and operation conditions. Reliability
is related with the reparability that is the probability
of restoring a system back to normal operation after
a failure in a predefined time interval. Major
reliability terms are listed next.
= Expected failure rate 4, is the ratio of the mean
value of the observed failures K’ to the respective
operation time 7’ during the observation time
period:

(1)

The expected failure rate of a component varies
during its lifetime and it comprises three separate
parts: (1) initial failures, (2) casual failures and
(3) decay failures, which occur during initial
operation, main life and decay periods,
respectively. It is known that the expected failure
rate is practically constant during the main life
period.

» Reliability function R@ of an element is the
probability of the element not failing for the time
period, [0 #]. According to Bayes theorem, R(?) is
obtained by:

R(t):exp[—f(:/l(t)dt} @
If failure rate A is constant then reliability

function R(z) follows the exponential (Poisson)
probability distribution:

R(t)=exp(-2-1) (3)
= Mean time to failure m (MTTF), is the mean

value of the time intervals between sequential
failures during the observation time period:

(4)

In case of constant failure rate /1 the mean time to
failure, m, is equal to the inversed expected
failure rate A (m=1/2).

= Mean time to repair, r (MTTR), is the mean

T/
m :F[h]
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duration of the repairing time intervals. In case
of constant mean time to repair, r, the expected
repair rate, yu, is constant and equal to the
inverse mean time to repair » (u=1/r).
= Unavailability U or Forced Outage Rate
(FOR) is the ratio of the mean time to repair » to
the sum of the mean time to repair » and the
mean time to failure m:
L _r_ 4 ©)
m+r T u+Al
Where T is the cycle time or the mean time
between failures (=m+r).
= Availability 4 is the supplement of the
unavailability. It equals the ratio of the mean
time to failure m to the sum of the mean time to
repair » and the mean time to failure m:
_ __m _ H
A=1 U_m+r_,u+/1 ©)
In case of a complex system comprising »
components connected in series, system reliability
function Rj..s(f) is given by the product of the
reliability functions R,(¢) of system components:

&mm=ﬁ&m

Where, i denotes the i-t2 system component.

If the failure rates of all components are
constant, then the respective total failure rate, A ies
is given by:

(7)

/’i’series = Z:ll /11 (8)

Based on Markov methodology and assuming
constant repair rates for all components then the
respective total repair rate, sees, IS given by:

/useries = n s (9)
z A1
i=1
Vievies =~ — (10)
‘ A :useriex j’xeries

Assuming that,
i A1 >>

(//il'rl)'(//i’z.ré)""'(ﬂ“n'rn)
with any combination of two, three, ... or n combinations
and that the mean time to failure myeies (L Agerics) 1S
significantly bigger than the mean time to repair
Tseries then the unavailability of the complex system

comprising »n components connected in series
becomes:
v » n
Useries = — = ﬂ’series ’ rseries = Zﬂ'l ’ 7’; (ll)
mseries + r.'series i=1

In a complex system comprising » components
connected in parallel, if its operation depends on the
operation of only one component and each
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component has very small repair rate then the total
reliability function R,,.u.(f) is given by the
following equation:

Rpara[[e[ (t) = l_]j(l_Ri (t)) (12)

The development of a general equation for n
components connected in parallel is not possible;
however for 2 components the following equations
stand based on Markov analysis [1]. If the repair
rates of the components are constant, then the
respective total repair rate s, 1S Obtained by:

:uparal/e/ = :LL.I. + :u2 (13)
1 1 1 nr
=—+—= rpara[[el =12 (14)
rpamllel n r n +r 2

Also, if the failure rates of the components are
constant then the respective total failure rate 4,4 e
is given by:

_ ﬂi'/lz'(”l‘*"”z) -
parallel_mzﬂl.ﬂ'z'(rl-'_rz) (15)

In usual systems it can be assumed
thatVi: A, -r, <<1. With the additional assumption

that the mean time to failure m,uuuer (F1 Aparaier) 1S
significantly bigger than the mean time to repair
Foaratier the unavailability of a system comprising 2
components connected in parallel becomes:

Uparallel = //i’parallel : rparallcl = /11 : ﬂ? hrn (16)
In case of three components the following
equations stand,

upamllel = 1L11 + /’12 + ILJ3 (17)
1 1 1 1
e
rpamllel n r 3
ner-r
rparallel = e (18)

}"1'7‘2 +I"2'}"3 +I’3'}"1

]’parallel;Al'ﬂz.ﬂﬁ'(rl"a_{—rz"%_‘_’%"i) (19)
Upratier =44 A 11y 13 =U,; U, Uy (20)
In addition, it can be assumed that system fails if
the 1% element fails followed by the 2™ element and
finally the 3" element fails during the overlapping
repair period of elements 1 and 2, or for any other

combination of fault occurrence in these elements.

In case of complex systems with components
connected in series and parallel, the respective
calculations can be realized simplifying the
examined system step-by-step into subsystems.

2.2 Generation unit model

The probability of the unit being on forced outage
mode is mainly used to assess its reliability. and it is
either given by unit unavailability or unit forced
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outage rate (FOR) as obtained in eqg. (5).
Alternatively, it is equal to:

thowntime
(21)
Ztup time + thown time
In the case of a base load power unit (with

relatively long operating cycles) the two-state model
of Fig. 1 can be used.

U=FOR=

Unit A »  Unit
up e A down
(i) (i)

Fig. 1. Two-state model for a base load power unit

[4].

3 Sub-systems Reliability Study of A

Diesel Electric Power Unit

3.1 General

A diesel engine driven electric power unit is a
simple power unit compared with power units
employing steam, gas turbines or nuclear power
units. It has small initial investment capital but large
operation cost. Diesel engines are very common in
marine applications used as main or emergency
electrical power unit.

Typical configuration of a diesel electric power
unit for marine applications includes the sub-
systems and major components listed in the
following with the respective expected failure rates
and mean time to repair given in brackets:
= diesel engine (Apzs, 7pizs),
= electric generator (Agen, 6en),
= frequency controller-governor (Arc, rrc),
= automatic voltage regulator (14yz, 74rz),
= circuit breaker — electrical panel (Acgr, csr),
= compressed air circuit (A, 74z),
= lubricating oil circuit (Aor, roir),
= fuel circuit (}-’FUEL! rFUEL);
= treated water circuit (Arw, rrw),
= sea water cooling circuit (Asy, 7sw).

If the aforementioned rates and times are known
then the total failure rate of the system, total mean
time to repair and unavailability are calculated as:

— {X’DIES + AGEN + j’FC + ﬂ’AVR + ACBR

(22)
+um + Aon + Arver + Arw + Asw

tot
Apigs *Tois + Acen *Toen + Arc Tre

+ A0k Tave + Acsr Tesr + A T

+ow Tor + Arver Truer

+ Ay Fry + Agy
n = Arw Ty sw/irsw 23)

tot

FOR=U,; = Ay 1oy (24)
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The application of eq. (22) up to (24) constitutes
the last step of the bottom-up reliability analysis of a
thermal electric power unit and they are based on
the assumption that if one system fails, the entire
unit fails. It is noted that for this type of reliability
analysis the two-state model of Fig. 1 is used.

The calculation of the expected failure rate and
the mean time to repair for each sub-system requires
good knowledge of each sub-system structure and
operation. Next, all sub-systems are analyzed
assuming that all failure rates and mean times to
repair are constant, and the general assumptions of
section 2 are valid. Detailed description of the
operation and internal structure of the respective
sub-systems can be found in [5]-[8].

3.2 Compressed air circuit

Compressed air circuit is shown in Fig. 2. Next, the
elements composing compressed air circuit are
listed with the respective numbers used in Fig. 2
given in brackets [3]:

= 30 bar electric air-compressor (1),

= 30 bar non-return valve (2),

= 30 bar pressure regulating valve (3),

= 30 bar air-vessel (4), (two are used in parallel
connection),

30 bar pipes (5),

10 bar regulating-reducing valve (6),

10 bar safety valve (7),

10 bar air-filter (8),

10 bar pipes (9) except pipes between points F
and H,

10 bar solenoid valve (10),

10 bar remote pressure-gauge (11),

10 bar non-return valve (12),

10 bar slide valve (13),

10 bar over-speed solenoid valve (14),

10 bar pipe from point F to point H (slide valve
(13)) (15),

10 bar pressure switch with 6 bar alarm (16),

10 bar air-tank (17),

pneumatic starter (18),

lubricator (19),

booster servo-motor (20),

non-return valve (21),

air capacity (22),

10 bar to 4 bar pressure reducing valve (23),
start-pilot equipment (24),

start limiter equipment (25),

4 bar pipes (26),

governor (27).

The supplied to the unit compressed air actuates
the pneumatic starter and provides the energy
required for engine starting (18). It also controls fuel
supply and pressurizes speed governor on engine
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starting. Finally, compressed air enables engine
tripping (in emergencies) when it enters injection
pump filling fuel drain chambers after having
actuated the slide valve (13).

The 30 bar pressurized air generated by electric
compressor (1) is stored in vessels (4), through a
non-return valve (2) and a pressure regulating valve
(3). Next, the air passes through a pressure reducing
and safety equipment including one pressure
regulating-reducing valve (6) that reduces the air
pressure to 10 bar, one safety valve (7) and one
filter (8). The duct connecting filter outlet to
solenoid valve (10) comprises a boss allowing the
fitting of

(i) a remote pressure-gauge (11),

(ii) an over-speed solenoid valve (14) with a non-

return valve (12) allowing the air tank (17) being

filled.
The air tank (17) comprises a pressure switch (16)
with alarm control activated if air pressure is lower
than 6 bars. It is noted that the over-speed solenoid
valve (14) feeds the slide valve (13) with air.

The solenoid valve (10) comprises a device
allowing manual handling in case of a 24V current
cut-off. After solenoid valve (10) the air is led to
two pipes. The first leads air to the starter (18) to
lubricator (19) (by-pass) and to the servo-motor
(20). The second pipe is connected to a compressed
air capacitor (22) via a non-return valve (21) and a
pressure reducing valve (23). Pressure reducing
valve (23) regulates air pressure at 4 bar and directs
it to the start-pilot (24) and start limiter (25)
equipment.

When the engine is automatically started,
solenoid valve (10) opens and air reaches to the
pneumatic starter (18) driving a toothed-crown
attached to fly-wheel coupling. This actuates the
fuel-limiting device (13) and the booster servo-
motor (20). The slide valve (13) moves a rod that
reduces the fuel linkage. Boost servo-motor (20)
supplies the governor (27) with pressured oil
stopping immediately the injection pump fuel
leakage. Thus, the engine starts immediately without
waiting oil pressurization by the gear pump inside
the governor.

The activation of emergency stop, over-speed trip
function and lubricating oil low-pressure switch
energizes the emergency stop solenoid valve (14).
The solenoid valve (14) is provided with air from
the air tank (17) in order to supply the safety slide
valve (13) that controls the injection pump.

Reliability analysis of the examined subsystem is
as follows:
= The expected failure rate of the i-th element is

denoted with Az
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lubricator
i W
pneumatic
starter (18)

. reducin start pilot
10 barair- e atg4 equipment
(24)
D
solenoid pipe| (26)
‘{valve (10) servo booster [
over-speed solenoid motor [ (20) G
F o valve (14) J N
remote
pressure 10 bar air-vessel (17)
gauge (11)
pressure
switch (16)
pipe|(9)

filter (8) regulating reducing

valve at 10 bar (6)

30 bar air-vessel (4)

Pressure

) regulating

.(

vaslz\i/fee t();) pipel ®) { valve (3), A electric
—L ¢ W‘ p¢ B compressor
| non-return Q)

) valve (2)

30 bar air-vessel (4)

(12), (21): non-return valve, (25): start limiter equipment, (27): governor
Fig. 2. Compressed air circuit of a typical diesel thermal electric power unit for ship.

The mean time to repair of the i-th element is
denoted with 74z,

The elements (1) to (3) are connected in series. If
one of them fails then the respective section of
the compressed air circuit fails. Applying eq. (8)
and eq. (10), the equivalent failure rate Z,z.4 5
and the mean time to repair ryr,p are
calculated as following:

3
ﬂ’AIR—A—)B = le /IAHH (25)
-
Z Auiri*Tamgi
VAIR-4—>B = l:lﬂ— (26)
AIR-A—B

The two 30 bar air-vessels (4) are connected in
parallel with the set of components between A
and B as only one of them is needed compressed
air circuit operation. Assuming that the two air-
vessels (4) have the same expected failure rates
A4 and the same mean time to repair r4z.4, the
respective equivalent failure rate, A+ , Of the
triple air-supply is obtained by eq. (19):
ﬂ’AIR—A—)B "LﬂR—4 '/1,4112—4 ’

ﬂ*AIR—p4 =

{(” AiR-d—B " Vair—a T air-a Vam-a T aira " TatR-4>B )}

j—y

~ 2
A’AIR—p4 = Ayir-asp Hira '<2‘rAIR—AaB +rAIR—4)‘rAIR—4
(27)
The respective equivalent mean time to repair,
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rarps, OF the triple air-supply is obtained by eq.
(18):

Vair-a-B " Vair—4 " Tair-4

Vair—a—B "Vair-a T Vair-a " Vair-a * Vaip—a "V air—a—>5

(28)

PalR-4—>B " Tair-4

=>r =
APty AIR-A—>B T Tair-4

Three compressed air sub-circuits are considered.
The first one (between A and G) operates at 10
bar during engine starting and governor
operation. Components (5) to (12), (18) to (21),
and the equivalent component (p4) are connected
in series. Applying eq. (8) and eq. (10) the
equivalent failure rate A4z.4c and the mean time
to repair r4z.4_c are obtained as following:

12 21
/1A1R—A»G = /IAIR—pll + Zﬂ“AIR—i + Z /1A1R—i (29)
i=5 i-18

/IAIR—p4 Tap-pa T

12 21
ZJ’AIR—i Fyp—i T Z Agirei “Vamrei
i=5

=18

TaiR-4-G = 1 (30)
AIR-A—->G
The second compressed air sub-circuit (between
F and H) operates at 10 bar during engine
starting and operation. Components (13) to (17)
are connected in series. With use of eg. (8) and
eqg. (10) the equivalent failure rate A,z and
the mean time to repair r4r.r_x are obtained as

following:

Volume 9, 2014



WSEAS TRANSACTIONS on POWER SYSTEMS

17
Aum-rm = ZA’AIR—i (31)
i-13
17
z Auiri " Tair-i
_ 13
PAIR-F—sH = 1. (32)
AIR-F—~H

It is noted that the first sub-circuit (between A
and G) is an alternative air-supply of
components (16)-(17) meaning that the first sub-
circuit is connected with components (16)-(17) in
parallel and their group in series with (13)-(14)-
(15). With use of eq. (15) and eq. (14) the
equivalent failure rate, A4z, , and the mean time
to repair, 74, , Of the aforementioned group of
elements are obtained as following:

/1A1R—gp = AAIR-A»G '/1A1R—16_17 '(’” -4 1T AIR—16_17) (33)

VAlR-4—>G "Vara6_17

r = (34)
AIR—-gp
Tgir-a->6 T air-16_17
with
17
X’AIR—16717 = Z j’AIR—i (35)
i=16
17
Z At Tair—i
=T
Viir-16_17 = — (36)

/’i’A[R—lG_U

= The third compressed air sub-circuit operates at 4
bar during the engine starting and it is ignored in
this study.

= The governor (27) is not considered here as it is
integrated with frequency controller.

The two compressed air sub-circuits located
between F - H and D - G points, respectively, should
be in operation when the engine operates while the
third sub-circuit should not. With use of eg. (8) and
eg. (10) the equivalent failure rate, A4, , and the
mean time to repair, 4., , Of the compressed air-
circuit when engine is in normal mode of operation
are obtained as following:

15
/IAIRop =Aum-asg + //{“A[ngp + Z A (37)
=13

AiR-45G " TaIR-4>G +/1A[R—gp Tyir-gp

15
+Z Agirei “Vammi
i—13
rAlRop = l (38)

]’A]R—op

3.3 Lubricating oil circuit

Lubricating oil circuit is shown in Fig. 3. Next, the
elements composing oil circuit are listed with the
respective numbers used in Fig. 3 given in brackets
[3]:

= 0il sump (1),

= strainer (2),
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gear driven pump (3),

thermostatic valve (4),

temperature-switch (5),

sea-water heat-exchanger (6),

pressure regulating valve (7),

self de-polluting horizontal filter (8),

2 bar pressure switch (9),

2.5 bar pressure switch (10),

3 bar pressure switch (11),

pipes of the main oil circuit (12),

service oil tank (13),

pre-lubricating electric-pump (14),

safety valve (15),

lubricating oil / treated water-exchanger (16),
non-return valve (17),

0.5 bar pressure-switch controlling electric-pump
(18),

= 3 bar pressure-switch controlling electric-pump
(19),

pipes of the electric-pump oil circuit (20),
hand-pump (21),

non-return valve (22),

pipes of the hand-pump oil circuit (23),
thermometer (24),

oil filter drains pipe (25),

pressure gauge (26),

differential pressure gauge (27).

Lubricating oil from unit service and the
respective leakages are drained in the oil sump (1)
located in the lower part of the engine.

Once the engine is started, the oil in the sump is
drawn through a strainer (2) by gear driven pump
(3) located inside engine frame. This pump (3)
delivers oil to thermostatic valve (5) through a pipe
comprising two bosses. This arrangement connects
temperature switch (4) and thermometer (24). The
temperature-switch (4) controls an audible and
visible alarm. It also trips the engine if the
temperature rises above a threshold, i.e. 90° C.

Thermostatic valve (5) acts as a distribution valve
and provides heat-exchanger (6) with the necessary
flow in order to maintain the engine inlet oil
temperature at its normal value. This is achieved as
the non-cooled flow is mixed with the cooled oil at
the outlet of the exchanger (6). The pressure
regulating valve (7) is connected to the circuit after
the heat-exchanger (6). The excess of oil directly
returns to oil sump. Then the main oil flow is
purified by a self de-polluting horizontal filter (8)
and finally distributed to engine moving parts,
turbo-charger and fuel injection pump. After the de-
polluting filter the lubricating oil returns to the oil
sump through a drain pipe (25).
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pressure
gauge (26) SERVICE
TANK (13)
pressure switch
pressure
P<3 bar (11) switch P>3

pressure switch

P<2.5 bar (10)

pressure switch
P<2 bar (9)

bar (19)

temperature
switch (4)

thermometer (24)

gear driven]
pump (3)

-—--=

A}
AY

heat exchanger (6) i

LA
thermostatic hand pump

valve (5) pipe (23) (28
safety valve (15)
g

non-return

valve (22)
<

pressure switch
P<0.5 bar (18)

—>
electric oil pump (14)
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differential pressure |glauge (27)

X X
Oil sump (1) - highlighted filter (8)
...... dotted frame_ ... _ filter drains
Lopipe 25)
.................. —.a
pressure regulatingx
valve (7) pipe (12)

(2): strainer

non-return
valve (17)

Pipe (20)

lubricating oil / treated
water exchanger (16)

Fig. 3. Lubricating oil circuit of a typical diesel thermal electric power unit for ship.

Oil pressure control sub-system is also connected
to a distribution block supplying the following
equipment:
= A 2-bar pressure switch (9), which trips the
engine immediately after the pressure decreases
below 2 bar.

A 2.5-bar pressure switch (10), which controls an
alarm and trips the engine with time delay after
the pressure decreases below 2.5 bar.

A 3-bar pressure switch (11), which controls an
alarm after the pressure decreases below 3 bar.

A 3-bar pressure switch (19), which stops the
electric pump if the pressure increases above 3
bar.

A pressure gauge (26).

In stand-by mode, an electric pump (14) equipped
with a safety valve (15) draws the oil from the
distribution pipe end through the distribution block
and sends it to the lubricating oil and treated water
heat-exchanger (16). Then the oil flows through a
non-return valve (17) and the oil filter (8) to the
engine block. In this way, oil temperature and
viscosity are retained in desired levels. Pressure
switch (18) controls an audible and visible alarm
and turns the starter off, when the oil pressure
decreases below 0.5 bar.
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Reliability analysis of the oil circuit is as follows:
The expected failure rate of the i-th element is
denoted with A¢;;.;.

The mean value to repair of the i-th element is
denoted with oy

The oil circuit comprises a major loop with the
elements (1) up to (13) that is activated when
engine is operating. A second loop (electric
pump circuit) of elements (1) up to (4)and (7) up
to (20) is activated in stand-by mode. Finally, a
third loop (hand-pump circuit) of elements (1) up
to (4), (7) up to (13) and (21) up to (23) is
activated in trial mode of operation. The last two
loops are ignored in the following.

Elements (24) up to (27) are ignored as their
malfunction does not put oil circuit out of
operation.

Elements (1) up to (13) that are connected in
series are needed during engine starting and normal
operation. If one of them fails then the respective
section of the lubricating oil circuit fails. With use
of eqg. (8) and eq. (10) the equivalent failure rate
Aoiw-op and the mean time to repair roy.,, are
obtained as following:

13
/101Lop = Z /101L—i
i=1

(39)
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13
Torop = Z/IOIL—I‘ Tor-i / /101Lop (40)

i=1

3.4 Fuel circuit
Fuel circuit is shown in Fig. 4. Next, the elements
composing fuel circuit are listed with the respective
numbers used in Fig. 4 given in brackets [3]:
fuel tank (1),
pipes (2),
solenoid valve (3),
gear fuel pump (4),
relief valve (5),
fuel filters (6), (two connected in parallel),
remote pressure gauge (7),
pressure switch - boss (8),
slide valve (9),
fuel injection pump (10),
fuel pipes connecting injection pump with
burners (11), (eight fuel pipes are used one for
each fuel burner),
8 cylinder fuel burners (Al- B4) (12),
drip tank (13),
hand-pump (14),
non-return valve (15).
Fuel circuit operation is briefly described next.
Gear fuel pump (4) pumps fuel from fuel tank (1)
and delivers it to the duplex filters (6) at a specific
pressure (usually not exceeding 1,5 bar). Relief
valve (5) discharges the excessive fuel flow at
higher pressures.

Fuel is supplied to slide valve (9) by a duct at the
outlet of the filter (6). The duct is fitted with two
bosses to connect a remote pressure gauge (7) and a

E. C. Nasioulas, G. J. Tsekouras, F. D. Kanellos

pressure switch-boss (8) that activates pressure
alarm if pressure decreases below a specific level
(usually 0,5 bar). Slide valve (9) allows the fuel
reach the injection pump (10) which delivers it to
the injectors through two sheathed pipe sets. Both of
discharges connected to the barrels are joined for
direct return (2) of excess fuel to the daily tank (1).
The drain that is connected to the drip tank (13)
collects booster pump (4) leakage, duplex filter (6)
draining, leakage at injection pipe couplings,
injector leakage collected at cylinder-head outlets,
slide-valve piston leakage and overflows.

One hand-pump (14), which is attached to the
engine at the air-intercooler level, draws fuel
downstream the booster pump (4) and delivers it
through a no-return valve (15) placed before filter
(6). It allows pressurizing and draining on the
engine fuel circuit.

Reliability analysis of fuel circuit is as follows:
= The expected failure rate of the i-th element is

denoted with Agyzr.i.
= The mean value to repair of the i-th element is

denoted with rryg;.;.
= The filters (6) are connected in parallel as only
one filter is needed for the circuit to operate.

Assuming that the two filters have the same

expected failure rates, Ayz. s and the same mean

time to repair, rruzs the respective equivalent
failure rate of the duplex filter, Arygrps IS

obtained by eq. (15):

ﬂ’FUEL—pG = Aruer—6  Arusss '(’” rueL-6 T TruEL-6 ) =

ﬂ“FUEL—pG =2 //L[%UEL—B “TruEL—6 (41)

Fuel drains pipe (2)
(9): slide valve —m
(20): fuel injection pump
(11): fuel pipes connecting ]
injection pump with burners solenoid
(12): cylinder fuel burners valve (3)
........................... gear fuel
ump (4) .
- pipe (2)
Pipe|(2)
g hand
remote pressure relief pump (14)
gauge (7) Il. valve (5)
. o
Injector Leak ‘ b
DRIP Detection H pressure switch  filter (6) non-return
TANK (13) Fuel drains boss (8) valve (15)

Fig. 4. Fuel circuit of a typical diesel thermal electric power unit for ship.
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The respective equivalent mean time to repair of
the duplex filter, rzyz;.,6 IS Obtained by eq. (14):

_ TrueL-6 "TruEL-6 (42)

, _ YruEL-s
FUEL-p6 — =

Truer-6 T TruEL-6 2

= The eight burners (12) are connected in series as
if one burner fails then the diesel engine is
immediately shut down for safety reasons. The
same also applies in case of fuel pipes
connecting injection pump burners (11).

= The drip tank (13) and the hand pump (14) are
not considered as crucial elements for the
operation of diesel engine and are not included in
reliability analysis.

= The isolation valves, the no-return valve (15) and
the pipes of the circuit are grouped and referred
to as “pipe” (2).
Hence, the equivalent expected failure rate Aryg;

and mean time to repair rryg; Of the fuel circuit are

obtained by:

/lFUELfl + //{“FUEL—Z + //{“FUEL73 + /IFUEL74 +

2
/1FUEL—5 +2- ﬂ’FUEL—G Ypupr-e t /1FUEL—7 + (43)

A =
FUEL
Arver-s + Arver-o T Arver-10
8- /1FUEL—11 +8- lFUEL—lZ
ArvgL—i “TruEL-i
1 i=1,2,3,4,5.7,8,9,10
_ . 2 2
Truer = 1 +Azver -6 *Trurs-o (44)
'FUEL 12
+8- Z Arver—i TrUEL—i
11

3.5 Treated water circuit

Treated water circuit is shown in Fig. 5. Next, the

elements composing treated water circuit are listed

with the respective numbers used in Fig. 5 given in

brackets [3]:

= centrifugal electric pump (1),

= electric heater (2),

= temperature sensor (3),

= il / water exchanger (4),

= pipe (5) (group of elements between points A
and B),

= non-return valve (6),

= expansion tank (7),

= |ow level switch (8),

= pipes (9) (between points B and C),

= engine driven centrifugal pump (10),

= pressure gauge (11),

= pipes originating from point B and connected to
8 inlet pipe jackets of the respective cylinders
(12),

= Set of pipes originating from 8 outlet pipe
jackets and terminated to point D (13) including
the return-pipe of the cylinder bank, turbo-
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chargers water inlet and outlet pipes and the
central outlet pipe,
= turbo-chargers cooler (14),
= temperature switch (15),
= inlet pipe — jacket of cylinder —outlet pipe for the
cooling of the cylinder (16), (eight components,
one for each cylinder),

= jacket water / sea water heat exchanger (17),

= thermostatic valve (18).

Treated water circuit cools the cylinders and
cylinder-heads, as well as the turbo-charger exhaust
casing before it is cooled by the sea water. In engine
normal operation, treated water circuit is pressurized
by the engine driven centrifugal pump (10) while in
stand-by mode of operation by a centrifugal electric
pump (1). In the second case, water circulation
allows temperature to be maintained at 40°C at the
engine inlet by means of electric heater (2). At
heater outlet, a temperature sensor (3) provides the
measurement so as to maintain water temperature at
50°C. Lubricating oil is circulated by an electric-
pump and it is heated within an oil-water heat
exchanger (4). The circuit is pressurized by the
expansion tank (7) placed outside of the engine.
Expansion tank is connected to an engine driven
centrifigural pump (10). At the upper point of the
circuit (water outlet), a small recycling pipe is
connected to the tank (7).

Once the engine is started, pump (10) delivers
water into the engine through two main pipes placed
alongside outside of the engine. Water flows
through short pipes towards the lower part of the
jackets, then it circulates within the jackets (16) and
flows upwards to the cylinder-heads. The outlets of
the cylinder-heads are collected into a return-pipe.
Turbo-charger water inlet and outlet pipe, as well as
the respective cooler (14), are by-passed with the
rightward return pipe bank. Both return-pipes
(rightward and leftward) are then joined to deliver
the entire water flow to the outlet pipe.

Temperature-switch (15) is located on the outlet
of the pipe banks and it trips the engine if water
temperature is above 95°C. At the outlet of the pipe,
water flow is distributed in two lines, one leading to
the jacket water-sea water heat exchanger (17) and
the other to the thermostatic valve (18). At heat
exchanger outlet, the flow is returned to the
thermostatic valve, where high temperature of outlet
flow is achieved (i.e. 77°C).

In shut-down mode, the water is delivered by the
electric pump (1). The non-return valve (6) allows
preheating circuit to be isolated while engine is in
operation mode.
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D
Pipesf (13)

low level
switch (8)

temperature

O switch (15)
pressure
gauge (11) ._"‘_

Engine driven

(16)

A L thermostatic Centrifulggl
. valve (18) B pump (10)
_‘_-4
jacket water / (6) pipes (12)
sea water heat - 5
> 4 exchanger (17) pipes (9)
oil / water
exchanger (4)  (6): non-return valve

electric  electric
pump (1) heater (2)

(14): turbo chargers cooler

(16): inlet pipe — jacket of

temperature cylinder —outlet pipe for the
sensor (3) cooling of the cylinder

Fig. 5. Treated water circuit of a typical diesel thermal electric power unit for ship.

Reliability analysis of treated water subsystem is

as follows:

= The expected failure rate of the i-th element is
denoted with Azy.;.

= The mean value to repair of the i-th element is
denoted with rzy.;.

= The isolation valves and the pipes included in "
each section of the circuit are referred to as
“pipe” ((5), (9), (12) and (14)).

= The elements (1) to (6) located between points A
and B are connected in series. If one of them
fails then the section of the treated water circuit
they belong fails. This group of elements "
operates if the engine is in standby mode and it is
ignored in this study.

= The elements (17) and (18) operate in parallel
regarding their hydraulic behavior. However,
regarding their effect on the reliability of treated
water circuit they should be considered to be
connected in series, as, if one of them fails, then
the respective section of the treated water circuit
fails. This group of elements operates if the
engine is in normal operation mode. With use of
eq. (8) and eq. (10) the equivalent failure rate
Amw-4_p @nd the mean time to repair rry.4_p are
obtained as following:

18
ﬂTW—/HB = ;ﬂ’rwﬂ' (45)
18
Z Arw—i Trw—i
Trw_asp = FﬂﬂT— (46)
W—A—B

The inlet pipe, the jacket of the cylinder and the
outlet pipe for the cooling (or pre-heating) of one
cylinder constitute the component (13). The
above elements are connected in series as if one
of them fails then the engine is shut down
immediately for safety reasons.

The elements (7) up to (16) are placed between
points B — C — D — A and they are connected in
series. If one of them fails then the engine is shut
down immediately for safety reasons. With use
of eg. (8) and eq. (10) the equivalent failure rate
Arw-_4 @nd the mean time to repair rry.5_4 are
obtained as follows:

Arw-psa = iﬂTWi +8: Arw 16 (47)

15
Z Arw i Vrw—i T8 Ay 16 Frw 16
=

Trw_psa =
ATW—B»A

In engine normal operation the equivalent

(48)

expected failure rate Az, and the equivalent mean
time to repair rpy,, Of the treated water circuit are
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given by:
//iTWop = ﬂTW—AaB + ATW—B»A (49)

_ Awoas Tow-ass T Aw o Tiw-poa (50)

7 TWop ATW
op

3.6 Sea water cooling circuit

Sea water cooling circuit is shown in Fig. 6. Next,
the elements composing sea water cooling circuit
are listed with the respective numbers used in Fig. 6
given in brackets [3]:

= sea water inlet (1),

= pipes (2) (from point A to point B),

= filter (3),

= high pressure centrifugal sea water pump (4),

» non-return valve (5),

= pipes (6) (from point B to point C),

= air-intercooler (7),

= |ubrication oil-sea water exchanger (8),

= generator air-cooler (9),

= thermostatic valve (10),

= treated fresh water-sea water exchanger (11),

= pilot-valve (12) with sensors and control

equipment (12)),
= sea water outlet (13),
= pipes (14) (from point D to point B),
= non-return valve (15),
= fire-fighting sea water circuit (16).

Through flow-type tube exchangers the sea water
successively cools the charge-air delivered by the
turbo-charger, engine lubricating oil, the alternator
cooling air loop and engine cooling treated water .

pilot valve (12)

E. C. Nasioulas, G. J. Tsekouras, F. D. Kanellos

One direction sea-water flow is achieved with one
high-pressure centrifugal pump (4) driven by the
diesel engine and a non-return valve (5). After the
sea water exits the filter (3) is first delivered by the
pump to the air-intercooler (7) and then to the
lubrication oil-sea water heat exchanger (8), where
the sea water chills the lubrication oil. Then it flows
through the thermostatic valve (10) and it is partly
directed to the alternator generator air-cooler (9),
with the remaining water flowing through the pipe
(17). According to the temperature measurement
obtained by the sensor of the thermostatic valve (10)
the flow is directed in the air-cooler (9) and the by-
pass pipe (17). The alternator air-cooler outlet and
the by-pass pipe are joined together in order to
deliver the entire flow into treated water-sea water
exchanger (11).

Treated water-sea water heat exchanger (11)
outlet is connected to the pilot-valve (12) in order to
prevent from undesirable sea water temperature
variations at circuit entrance by re-circulating a part
of the heated sea water and casting the remaining
part out to the sea. The re-circulating pipe is
connected to pilot valve equipment (12). This
equipment senses and controls the temperature of
the cold sea-water mixture inside the engine. If
necessary, the fire-fighting electric pump may be
used instead of the engine-driven pump (4) by
means of the no-return valve (15).

Reliability analysis of sea-water cooling circuit is
as follows:
= The expected failure rate of the i-th element is

denoted with Agy..

pipes (6) (
\4 2 ( (11) F—
] H\ treated fresh water
pipes| (6) '\ ~ Air-intercooler Isea water exchanger pipes||(6)
c E From f|{e flghtlr)tg (6) generator
e | sea water circui =TTcooTeT
: N
outlet (13)  PP*|@ | ©
i
sea water i :
> pipes| (14) B
filter (3) E
_ n pilot valve ¢onprifigal non-return’ ol
pipesf (2) equ(llpzrgent pump (4) valve (5)
A pipes | (6) _
sea water lubrication oil/ sea  thermostatic by-pass
inlet (1)

water exchanger ~ Valve (10) *pipe (17)
8
O =

Fig. 6. Sea water cooling circuit of a typical diesel thermal electric power unit for ship.

E-ISSN: 2224-350X

Volume 9, 2014



WSEAS TRANSACTIONS on POWER SYSTEMS

The mean value to repair of the i-th element is
denoted with rgy...

The isolation valves and the pipes of each section
of the circuit are referred to as “pipe” ((2), (6)
and (14)). Especially, “pipe” (6) corresponds to
the by-pass pipe (17).

The elements (1) up to (5) located between
points A and B are connected in series, as if one
of them fails then the respective section of the
sea-water circuit fails. Applying eq. (8) and eq.
(10) the equivalent failure rate Asp.4z and the
mean time to repair rsy.,_p are obtained as
following:

5
;LSW—AAB = Zl;tSW—i (51)
-
Z Asw_i Tsw;
Tsw-asp = Flﬂv— (52)
SW—A—>B

The elements (6) up to (13) located between
points B and C are connected in series. If one of
them fails then the entire engine is shut down
immediately for safety reasons. With use of eq.
(8) and eq. (10) the equivalent failure rate Agy.
sc and the mean time to repair reypc are
obtained as:

13
Z’SW—B—>C = Z;,ﬂswﬂ' (53)
13 .
Z Asw i Tswi
Tsw-psc = I:G;L— (54)
SW-B—C

In sea water pump (4) malfunction the fire-
fighting sea water circuit can be used. The
respective elements, (14) up to (16) located
between points D and B are connected in series.
If one of them fails then the respective section of
the sea water circuit fails. With use of eq. (8) and
eq. (10) the equivalent failure rate Agy.p_p and
the mean time to repair rsy.p_,5 are obtained as:

16
Asw-p>p = Z;/vswﬂ' (55)
16 [
Z Asw—i Tsw—i
Tsw_p—sp = 12141— (56)
SW-D—B
Sea water cooling circuit sections located

between points A and B, D and B are connected
in parallel as only one of them is necessary for its
operation Based on the equivalent expected
failure rates estimated with eg. (51) and (55) and
using eq. (15) the respective equivalent failure
rate Asy.,5 is obtained as:

ﬂswpr = ﬂ’SW—A—)B 'ﬂ’SW—D—>B ’(” sw-d—p T SW—D—>B) (57)
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Based on the estimated by eq. (52) and (56)
equivalent mean time to repair, the respective
equivalent mean time to repair rgy.,5 is obtained
by eq. (14) as following:

T -7
_ Ysw-usB Tsw-DoB
Tsw_pp = (58)

Tsw_asp TVsw_p_p

Hence, the equivalent expected failure rate Agy
and the equivalent mean time to repair rgy of the sea
water cooling circuit are obtained by eq. (59) and
(60).
(59)

Asw = Asw_pp T Asw_psc

Asw—pg *Tsw—pp + Asw_pc " Tsw-poc (60)

ﬂ’S w

Tsw

3.7 Rest sub-systems

Except from the circuits analyzed above the electric
power generation unit also includes the main diesel
engine, the electric generator, the frequency
controller, the automatic voltage regulator and the
main electric circuit breaker. Despite the fact that all
these components comprise hundreds of elements
the correct approach to consider them as a single
unit. If the electrical or electronic equipment such as
circuit breaker, frequency controller etc. fails, it is
preferred to be replaced using identical equipment
as its repair requires specialized staff, usually not
available facilities and time. The major breakdowns
of diesel engines (i.e. ball-bearing damage, main
shaft of crack) and electric generators (i.e. windings
short-circuit, insulation leaks) require the general
inspection and repair of the respective component.
Hence, each one of these engine sub-systems is
usually treated as one unit with its total failure rate
and mean time to repair.

3.8 Bottom-up reliability analysis

In order to obtain the total failure rate and the mean
time to repair, eq. (22), (23) should be applied for
diesel-engine operation mode:

_ ﬂ“D]ES + ;i’GEN + 2’FC + ﬂ’A VR + ﬂ’CBR (61)
tot—op
. +ﬂ’AlROp + Z’OILop + A‘FUEL + ﬂTWop + A’SW

Apigs “Tois + Aen *Torn T Are *Tre
+yr Tayr + Acsr Tepr + /IAIRop “Td1Rop

+/101Lup Tomop + Arver *Truer

+/1TW0p Trwep T Asw *Tow
7,

tot—op — 1
tot—op

In case of a base-load electric power unit eq. (61)
and (62) are compatible with the two-state reliability
model of Fig. 1.

(62)
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4 Case Study

4.1 General

In this case study all expected failure rates and the

mean time to repair are assumed constant for all

engine elements. The respective typical values of 97

basic elements of the examined diesel engine driven

electric power unit have been used. The target of

this analysis is to study the behaviour of the forced

outage ratio estimated by eq. (5) for a base-load

electric power unit. The obtained value for FOR.

is equal to 1.1287% for our case study. It is noted

that the respective elements have been enumerated

as following:

e 1% up to 26" elements are the 26 elements
composing the air-circuit,

e 27" up to 46™ element are the 20 elements
composing the oil-circuit,

o 47" to 58" element are the 12 elements
composing the fuel-circuit,

e 59" up to 76™ element are the 18 elements
composing the treated water -circuit,

e 77" up to 92™ element are the 16 elements

composing the sea water-circuit,

93" element is the main diesel engine,

94" element is the electric generator,

95" element is the frequency controller,

96™ element is the automatic voltage regulator

and the 97" element is the main electrical circuit

breaker.

4.2 Sensitivity analysis
Next, an analytical sensitivity analysis is carried
out, where the expected failure rates and the mean
times to repair of the major unit elements are varied.
Specifically, the expected failure rate of each
element is varied from 10% up to 200% of its
typical value with a step of 10%. Moreover, the
mean time to repair of the same element is varied
with the same manner. This means that 400
scenarios are examined for each element and the
respective 3-D graphic plots are obtained for each
statistical index. As an example, the F.O.R. of a
base-load electric power unit with respect to the
failure rate and the mean time to repair of the 11"
element of the fuel circuit (fuel pipes connecting
injection pump with burners) is shown in Fig. 7.
FOR relative variation because of the variation of ;"
element reliability indices is calculated, as:
max_FOR;-min_FOR
= ‘ 'V(/l./'rj)
basic_FOR,
This process is repeated for the entire group of
the 97 major elements of the diesel power unit
resulting in 38800 scenarios. The target of this

var; =

(61)
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analysis is to assess FOR sensitivity to major
elements and detect the most affecting ones. In Fig.
8, F.O.R. sensitivity with respect to the examined
major elements of the electric power unit is shown.
According to this analysis, 57" element (fuel pipes
connecting injection pump with burners) results in
the biggest FOR variation (55%).

FOR for a base load power unit [%]
r

=
05
mean time to repair [h/event] g 2 0

B 2 -+
failure rate [events/h] X 10

Fig. 7. F.O.R. of a base-load electric power unit,
FORy, With respect to the failure rate and the mean
time to repair of the 11" element of the fuel circuit

60
50
40 ~
30
20
10

Relative variation [%0]

o,
RN TN AN R I R G e
No. of element

Fig. 8. FOR;.. sensitivity with respect to the major
elements of the electric power unit.

In Table 1 the ten elements affecting most the
FOR of a base load electric power unit according to
the obtained results, are registered. It becomes
evident from the above analysis and the obtained
results that the proposed method provides the
operator with a tool for the detection of the
equipment mostly affecting FOR. In this way, the
operator can set up an effective maintenance
schedule or timely decide any precautionary action.
The above technical analysis can be completed with
the economic evaluation of any action the method
proposes in order to come up with the final
decisions.
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TABLE 1
ELEMENTS AFFECTING MOST THE FOR OF THE BASE
LOAD ELECTRIC POWER UNIT

Relative

Element .
variation (%)

Fuel pipes connecting injection pump
with burners (11" fuel circuit’s
element — 57" from 97 elements)
Cylinder fuel burners (12" fuel
circuit’s element — 58" from 97
elements)

Heat exchanger using sea water
circuit (6™ oil circuit’s element — 32"
from 97 elements)

Inlet piper — jacket of cylinder —
outlet piper for the cooling of the
cylinder (16" treated water circuit’s
element — 74" from 97 elements)
Jacket water / sea water heat
exchanger (17" treated water
circuit’s element — 75" from 97
elements)

Air intercooler (7" sea water circuit’s
element — 83" from 97 elements)
Lubrication oil / sea water exchanger
(8" sea water circuit’s element — 84™
from 97 elements)
Generator air-cooler (9™ sea water
circuit’s element — 85" from 97
elements)

Treated water / sea water exchanger
(11" sea water circuit’s element —
87" from 97 elements)

Main diesel engine (93" from 97
elements)

55.11

33.11

27.60

27.60

27.60

27.60

27.60

27.60

27.60

20.71

5 Conclusions

This paper presents the bottom-up reliability
analysis of a diesel engine driven electric power unit
assuming constant expected failure and repair rates
of the components of the unit. First, reliability
analysis of the major subsystems of the electric
power unit, such as air, lubricating oil, fuel, treated
water and sea water circuits, is provided. Next, the
forced outage rate of a base-load electric power unit
is calculated using the failure rates and the mean
times to repair of each element of the unit. The
proposed sensitivity analysis can help the operator
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to identify the elements mostly affecting unit
availability. FOR variation assessment for common
pre-determined range of failure and repair rates of
each element can be used for this purpose. This also
may allow the operator to determine a set of
precautionary actions in order to improve the unit
reliability. Future possible expansion of the method
is to be completed with the economic assessment of
any action it proposes in order to enable the operator
of the electric power unit to make its final decisions.
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