
Chapter 3

RELIABILITY ANALYSIS AND IMPROVEMENT OF OPEN
CYCLE AND CLOSED CYCLE COOLING WATER SYSTEMS

3.1 OCCW and CCCW Systems

The OCCW and CCCW systems are interrelated and function to carry away the

waste heat generated by operating equipment of the power plant. The CCCW system

spread over the power plant and circulate through various equipments and auxiliary

systems to absorb the waste heat. The OCCW system absorbs the heat from CCCW

system and carries away to the sea.

CCCW system mainly absorbs waste heat from generator, hydrogen system, main

lube oil system, electro-hydraulic oil system, generator sealing oil system, Boiler

Feed Water Pumps (BFP), condensate pumps and all most all the bearing and

winding coolers of major rotating devices. De-mineralized water is used in CCCW to

avoid corrosion of major equipments and to have a less conductive cooling medium

for generator windings. The CCCW consists of a storage water tank, two CCCW

circulation pumps and two heat exchangers. One pump and one heat exchanger are

operating at a time and others are standby. The CCCW pump circulates de-

mineralized water through the entire system and absorbs heat. After absorbing heat,

the heated water is cooled when it passes through the heat exchanger.

The function of OCCW system is to absorb the heat from CCCW system and carry

away the heat to the sea. The sea water is circulated through the OCCW system. Sea

water is taken from inlet pipe of main CWS. The OCCW system consists of one

debris filter, two OCCW pumps and two heat exchangers. These exchangers are

common for both OCCW and CCCW systems. Both the sea water and de-

mineralized water flows through these heat exchangers and do not mix with each

other. Inside the heat exchangers heat is transferred from de-mineralized water to sea

water. One OCCW pump and one heat exchanger is enough for full capacity and

others remain standby. Once sea water absorbs heat from heat exchanger, it is



discharged to the sea through outlet pipe of main CWS. Diagrams of CCCW and

OCCW systems are shown in Figure 3.1 and Figure 3.2 respectively.
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Figure 3.1: Closed cycle cooling water system
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Figure 3.2: Open cycle cooling water system

3.2 Main Components of CCCW System

3.2.1 Expansion tank

The expansion tank stores de-mineralized water which fulfill the makeup water

requirement of the CCCW system. Since CCCW system is a closed system, unless

there is leaks, no additional water is required. The tank has capacity of 10m3 and two

water inlets. First one is the outlet of condensate transfer pump, which supply de-

mineralized water to the whole plant. Second one is- the outlet of condensate

extraction pumps, which pump condensate water from condenser to de-aerator.

Except to storing of water, this tank allows space for expansion of water when its

temperature rises. This tank has level sensors and motor operated inlet and outlet

valves.
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3.2.2 CCCW pump

There are two centrifugal CCCW pumps in the system and one is standby while other

is in operation. This pump maintains the water circulation throughout the system.

Each pump has a capacity of 400 kW.

3.2.3 Heat exchanger

The heat exchanger transfers the heat of CCCW system to OCCW system. These

heat exchangers are tube and shell type. The tubes of these heat exchangers are made

of titanium which has good resistance against corrosion. Sea water flows through

these tubes and de-mineralized water of CCCW system flows through the shell.

There are two heat exchangers and one of it remains standby while other is in

operation.

3.3 Main Components of OCCW System

3.3.1 Debris filter

The OCCW system has one debris filter. When this debris filter is out of service

there is a bypass line, where sea water can flow through without filtering. The design

of this debris filter is same as the debris filter described in section 2.1.4. But the

capacity is smaller.

3.3.2 OCCW pump

The OCCW pump takes sea water from inlet of main CWS and pump through heat

exchanger and discharges to the outlet of CWS. There are two centrifugal pumps and

one is in standby. Each pump has capacity of250 kW.

3.4 Reliability Analysis of CCCW System

In order to analyze the reliability of CCCW system, the methodology described in

section 2.2.1 is used. The outage data of individual components of CCCW system

from 1st July 2011 to 31 st December 2012 are shown in Appendix F. The MTBF,

MTTR, failure rate, repair rate and availability of the individual components are

calculated using the outage data.
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3.4.1 Reliability calculation of expansion tank

For calculating the reliability indices of water expansion tank of CCCW system,

sufficient data is not available. But similar tank is available in main cooling water

pump motor and bearing cooling system. Therefore the data of that tank during the

considered period is used to calculate the reliability indices of water storage tank.

The calculated reliability indices are shown in Table 3.1.

Table 3.1: Reliability indices of expansion tank

~~TBF(hh:rnm)
I Expansion Tank

4112:54t:0TTR(hh:mm)
--

430:39
Failure Rate(per year) 2.l

--
Repair Rate(per year) 20.3
Availability 90.5%

3.4.2 Reliability calculation of CCCW pump

The CCCW pumps took outages mainly due to failures of gland seals of the pumps.

The gland seals of both the pumps fail time to time and leaks water. Calculated

reliability indices based on the outage data of CCCW pump A and B are shown in

Table 3.2. CCCW pump is a critical pump in the plant. This pump should run during

the normal operation of the plant as well as after the plant shutdown, Failures in

these pumps lead not only to plant outage, but also to permanent damage to other

critical equipment such as boiler, turbine and generator. Therefore the shown

reliability indices in Table 3.2 should be further improved.

Table 3.2: Reliability indices ofCCCW pump

[-. -- ,-----_ ..
CCCW Pump B I AvemgeVaiues_~ccwpumpAI MTBF(hh:mrn) - . 2164:54 899:14 1532:04

r-- .-i MTfR(hh:mm) 42:06 +- 51 :07 I 46:36
Failure Rate(per year) 4.0 9.7 6.8I

Repair Rate(per year) 208.l 171.4 189.7
Availability 98.0% 94.6% 96.3%

-
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3.4.3 Reliability calculation of heat exchanger

The heat exchangers took outages due to leakage of the titanium tubes. Once tubes

develop leaks it takes considerable amount of time to repair or replace. The

calculated reliability indices of heat exchangers are shown in Table 3.3.

Table 3.3: Reliability indices of heat exchanger

Heat Exchanger A Heat Exchanger B Average Values
MTBF(hh:mm) 2992:20 2970:52 2981:36
MTTR(hh:mm) 410:12 343:33 376:52
Failure Rate(per year) 2.9 2.9 2.9
Repair Rate(per year) 21.3 25.5 34.1
Availability 87.9% 89.6% 88.7%

3.4.4 Reliability calculation of butterfly valve

The butterfly valves used in CCCW system are motor operated butterfly valves.

During the considered period no faults are recorded in these valves. Therefore the

reliability indices are calculated based on theoretical data. The MTBF of similar type

valve is 7864 hrs [7] and MTTR is 12 hrs [7]. Based on this theoretical data

reliability indices are calculated.

Failure rate = 1.1 per year

Repair rate = 73O. a per year

Availability = 99.8 %

3.4.5 Reliability calculation of complete CCCW system

The summery of calculated reliability indices of each components of CCCW system

are shown in Table 3.4. Except the butterfly valves, availability of all the other

components should be improved. Although the availability of CCCW pump is 96%

its failure rate is high compared to other equipments in the system. Its reliability

should be further improved due to its criticalness. When there is more than one

identical component exists, averages values are taken for calculation.
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Table 3.4: Reliability indices of each component ofCCCW system

MTBF -rM1TR Failure Repair Availability
Component hh:mm hh:mm Rate-A. Rate-u

(per year) (per year)
Expansion tank 4112:54 430:39 2.1 20.3 90.5%
CCCWpump 1532:04 46:36 6.8 189.7 96.3%

-- f-----

Heat exchanger 298] :36 376:52 2.9 34.1 88.7%
Butterfly valve 7864:00 12:00 1.1 730.0 99.8%

Based on these reliability indices the reliability of the complete system can be

calculated. The rel iability diagram which used to calculate the reliability of CCCW

system is shown in Figure 3.3.
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Figure 3.3: Reliability diagram ofCCCW system

Considering the series and parallel connections of the component failure rates and

availability of the system can be calculated. The results are as follows.

Failure rate = 4.7 failures/year

Availability = 89.0%

3.5 Reliability Analysis of OCCW System

3.5.1 Reliability calculation of debris filter

The problems encountered with OCCW system debris filter are same as the problems

encountered with CWS debris filters. These problems are discussed in section 2.3.6.

The calculated reliability indices are shown in Table 3.5. Availability of 83% is not

sufficient, because there is no redundant debris filter for the system. When this debris
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filter is out of service, sea water flows through bypass line without filtering. This can

results block heat exchangers and damages.

Table 3.5: Reliability indices of debris filter

==c Db' F'Ie rIS Iter
MTBF(hh:mm) 1400:28
MTTR(hh:mm) 285: I0
Failure Rate(per year) 6.2

f--
Repair Rate(per year) 30.7
--------- _.

LAvailab~~ __ 83.0%
--

3.5.2 Reliability calculation of OCCW pump

Sam as the CCCW pumps OCCW pumps also have the problem of failure of gland

seals. Once the gland seals fail water leaks from gland and outlet pressure of pump

reduces. The calculated reliability indices ofOCCW pumps are shown in Table 3.6.

Table 3.6: Reliability indices ofOCCW pump

GTBF(hh:mml
IOCCWPumpA OCCWPumpB Average Values

I 944:46 1787:05 1365:55
I MTTR(hh:mm) 76:29 115:04 95:46

-
Failure Rate(per year) 9.3 4.9 7.1-_.
Repair Rate(per year) 114.5 76.1 95.3
Availability 92.5% 94.0% 93.2%

3.5.3 Reliability calculation of complete OCCW system

The heat exchanger is common for both CCCW and OCCW systems. Therefore

calculated values under section 3.4.3 are taken for reliability calculation of OCCW

system as well. The butterfly valves used in both the systems are same. Therefore

reliability indices under section 3.4.4 are taken for OCCW system reliability

calculation. The summery of the calculated reliability indices of each component of

OCCW system are shown in Table 3.7. The debris filter and OCCW pump reliability

indices are poor compared to other components.
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Table 3.7: Reliability indices of each component of OCCW system

MTBF

I
MTTR Failure Repair Availability

Component hh:mm hh:mm Rate-A Rate-u
(per year) (oer vear)

Debris filter 1400:28 285:10 6.2 30.7 83.0%
I

OCCWpump 1365:55 95:46 7.1 95.3 93.2._-_.-

Heat exchanger 2981 :36 376:52 2.9 34.1 88.7%
I Butterfly valve 7864:00 12:00 1.1 730.0 99.8%

Based on these reliability indices the reliability of the complete system can be

calculated. The reliability diagram which used to calculate the reliability of CCCW

system is shown in Figure 3.4.

Figure 3.4: Reliability diagram ofOCCW system

Figure 3.4 shows, that the OCCW system is a system of series and parallel

connections. Therefore the failure rate and availability can be easily calculated using

the equations in section 2.2.1. The calculated results are as follows.

Failure rate = 8.0 failures/year

Availability = 82.1%

3.6 Reliability Improvement of CCCW System

For improving the reliability of CCCW system, the method described in section 2.3.1

is used. First the solutions are given to the reliability issues of individual

components. Secondly improvement of the complete system is discussed.
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3.6.1 Reliability improvement of expansion tank

For calculating the reliability of expansion tank, the data of the expansion tank of

main cooling water pump motor and bearing cooling system was considered.

Therefore the improved reliability indices of that tank are considered here. The

reliability issues and improvement methods of that tank will be discussed under

section 4.4.1. The improved reliability indices compared with the existing reliability

indices are shown in Table 3.8.

Table 3.8: Improved reliability indices of expansion tank

~
Expansion Tank

Existing Indices Improved Indices
I MTBF(hh:mm) 4112:54 5543:37
MTTR(hh:mm) 430:39 288:45
Failure Rate(per year) 2.1 1.6

Repair Rate(per year) 20.3 30.3
Availability 90.5% 95.0%

3.6.2 Reliability improvement of CCCW pump

The major problem of the CCCW pumps is frequent failure of gland seals of the

pumps. The pipes of CCCW systems are made of metal. Therefore the water passing

through the pumps is contaminated by dirt particles. Iron oxides, chromium oxides,

grit, aluminum oxides, mica, and many other minute contaminants [8] exist in the

system. Since these solids are denser than the water, they are centrifuged and

concentrated at the outer edge of the volute casing. This contaminated fluid is then

passed, at pressure, directly into the pump gland. Whatever material is used to seal a

stuffing box if it is cooled by fluid contaminated by solids its surface can change

producing an effective grinding surface. The grinding surface rapidly wears out the

glands and causes leak. To improve the life of the gland and reliability,

contaminations from the cooling water are to be avoided.
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Figure 3.5: Stuffing box arrangement

Source: Goulds Pumps Incorporation

The arrangement of the stuffing box and gland seal are shown in Figure 3.5. The

purpose of the lantern ring is to provide a balancing pressure within the packing set

and to allow the cooling water to flow evenly around the gland. The pressure within

the gland is greater than the pump suction pressure but less than the discharge

pressure of the pump and is explained by following equation [8].

Pressure within the gland = SP+ (DP-SP)/4

Where

SP = Suction pressure

DP = Discharge pressure

To get rid of this problem fluid is taken from a tapping line in the volute casing and

piped directly into the lantern ring. When impeller is rotating at high speed it acts as

a very efficient centrifuge. Any dirt particles entrained in the fluid will be flung to

the outer limits of the volute casing leaving the less dense fluid clean until the

streams re-unite at the impeller throat on their way out of the pump. The dirt particles

are at the periphery of the impeller and clean fluid exists at the impeller center.

Therefore the gland is supplied with clean fluid, will no longer be subject to
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contaminations to the same degree as at now. It results a longer interval between

adjustments and replacements of the gland packing.

After the gland seal failure problem is overcome, the improved reliability indices

CCCW pump A and B will be as in Table 3.9 and Table 3.10.

Table 3.9: Improved reliability indices ofCCCW pump A

I CCCW Pump A

f---- +isting Indices Improved Indices
MTBF(hh:mm) 2164:54 4381:43
MTTR(hh:mm) 42:06 27:25

~~re Rate(per year) t 4.0 2.0
Repair Rate(per year) 208.1 319.5

I
---

Availability 98.0% 99.4%

Table 3.10: Improved reliability indices ofCCCW pump B

F-- --
CCCW Pump B

Existing Indices Improved Indices
I MTBF(hh:mm) 899:14 1407:31
I MTTR(hh:mm) 51:07 66:32
Failure Rate(per year) 9.7 6.2

Repair Rate(per yearLi 171.4 131.6
94_6% 95.5%Availability

3.6.3 Reliability improvement of heat exchanger

Both the heat exchangers recorded availability less than 90%. The leaks of titanium

tubes inside the heat exchangers result the outages. Heat exchangers are installed in

the turbine hall below the turbine generator set and among many other large rotating

devices. Even though heat exchangers are stand alone equipment they expose to

vibration generated by other equipments due to its location. When for a long period

of time heat exchangers are exposed to vibration, titanium tubes inside the heat

exchangers crack. Sea water leaks through these cracks and mixes with de-

mineralized water of the CCCW system.
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Mixing sea water with de-mineralized water in CCCW system is very dangerous. It
adversely affects all the equipment cooled by CCCW system. Especially the

conductivity of generator winding coolers increases and harms the generator.

There is no practical method to reduce the vibration in the turbine hall, as it is not

generated by single equipment. Therefore using tubes which are more vibration

tolerant is a solution. The titanium tubes can be replaced by roped tubes which are

more vibration tolerant. Due to the roped shape of these tubes they can withstand in a

high vibration environment. Roped tubes are available made of stainless steel and

titanium.

Figure 3.6: Roped tube

Another alternative solution to reduce the vibrations lS to insert dimpled and

corrugated metal strips to the heat exchanger tube bundle. As seen in Figure 3.7,

corrugations on each strip acts as a wedge to slightly deflect the tubes. The dimples

on one end of each thin strip provide a locking mechanism to hold the strip in place.

These strips are inserted in alternate lanes, only in the regions of the bundle where

the tubes are vulnerable to damages by vibration. By these dimples and corrugations,

tubes are held tightly. These strips are fabricated from titanium, carbon steel, brass

or stainless steel [9].
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Figure 3.7: Strip installed in bundle

Once these solutions for vibration minimization are applied, the reliability indices
can be improved as in Table 3.11 and Table 3.12.

Table 3.11: Improved reliability indices of heat exchanger A

Heat exchanger A
Existing Indices Improved Indices

MTBF(hh:mm) 2992:20 4358:38
MITR(hh:mm) 410:12 62:02
Failure Rate(per year) 2.9 2.0
Repair Rate(per year) 21.3 141.2
Availability 87.9% 98.6%

Table 3.12: Improved reliability indices of heat exchanger B

Heat exchanger B
Existing Indices Improved Indices

MTBF(hh:mm) 2970:52 4379:15
MITR(hh:mm) 343:33 31:07
Failure Rate(per year) 2.9 2.0
Repair Rate(per year) 25.5 281.5
Availability 89.6% 99.3%
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3.6.4 Reliability improvement of complete CCCW system

Summary of the improved reliability indices compared with the existing reliability

indices are shown in Table 3.13. Reliability of butterfly valve is not considered for

improvement since theoretical values are taken. For calculating improved reliability

of the system average values of improved indices are considered.

Table 3.13: Improved reliability indices of each component of CCCW system

r I Existing Indices Improved Indicesr--.-.--------- i FaiJiJI:er-RepairI Failure Repa;T----
i I Rate-A Rate-u I Availability R.tO-A Rate-u I Av.lIability I
I Component I (per (per I (per (per~--'---'-----'------r'- yea!:L_t-year) - '----- year) year) -- --
r~xpansion i~nk 2.1 i 20.3 90.5% 1.6 30.3 9_5_.0%
~CC2..~2~~£A T 4.0 208.1 98.0% 2.0 319.5 99.4% i
I CCC~ump B =H- 9.7 I 171.4 94.6% 6.2 131.6 95.5%--i
~eat exchanger A 2.9 21.3 87.9% 2.0 141.2 ~.6~j
LHeat exch~nger B _ 2.~ _2 __5_._5-----' 8_9_.6_o/t_o_-'-I__ 2_.0__ -'--_2_8_1._5~ 9_9_.3_%._o_

Since there are standby equipment for CCCW pump and heat exchanger, no major

design changes are required to improve the reliability. The same reliability diagram

in Figure 3.3 can be used to calculate the new reliability. The availability and failure

rate of the system can be calculated considering series and parallel components. The

improved reliability indices compared with the existing reliability is shown in table

Table 3.14: Improved reliability indices ofCCCW system

r--·---- Existin&-i.s_ - -, Improved I~diCes--'---l

rl__ ~~~~:~y~::'~-I'I ~~:~labili~ Fa;~~~ey~~~-±'_Avail.biiityl

l 4.7 I 89.0% 2.9 94.8%_______ ._--1-_________ __

314.

3.7 Reliability Improvement of oee,,' System

When considering the existing reliabilities of components of accw system,

reliability of debris filter, OCCW pumps and heat exchangers are needed to improve.

Reliability improvement of heat exchangers is already discussed under section 3.6.3.
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The OCCW pumps also have the same problem as CCCW pumps which is failure of
gland seals. The solution discussed under section 3.6.2 can apply to improve the

reliability of OCCW pumps also. Since the design of debris filter of OCCW system

is same as in CWS, the solutions discussed under section 2.3.6 can be applied here.

Once the previously discussed improvement methods are applied to the individual

components, the improved reliability indices are as in Table 3.15.

Table 3.15: Improved reliability indices of each component ofOCCW system

Existing Indices Improved Indices
Failure Repair Availabilit Failure Repair
Rate-A. Rate-u y Rate-A. Rate-J! Availabilit

Component (per (per (per (per y
year) year) year) year)

Debris filter 6.2 30.7 83.0% 4.6 459.4 99.0%

OCCWpumpA 9.3 114.5 92.5% 3.3 480.0 99.3%

OCCWpumpB 4.9 76.1 94.0% 2.6 1183.8 99.8%

Heat exchanger A 2.9 21.3 87.9% 2.0 141.2 98.6%

Heat exchanger B 2.9 25.5 89.6% 2.0 281.5 99.3%

For the new design of the OCCW system, reliability improved components are used.

In the existing system, only one debris filter is available. When this debris filter is

failed sea water flows through by pass line without filtering. This cause block and

damage to the tubes inside heat exchanger. To overcome this, standby debris filter is

provided in the new design. The new design is shown in Figure 3.8.

To cooling water
outlet pipeHeat exchanger A

Debris
filter B

OCCW
pumpB Heat exchange B

Figure 3.8: OCCW system new design
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For calculating the reliability indices of new design, reliability diagram shown in

Figure 3.9 is used. The improved reliability indices compared with the existing

reliability indices are shown in Table 3.16.

Figure 3.9: Reliability diagram of OCCW new design

Table 3.16: Improved reliability indices ofOCCW system

h-----E;--is-ti;;g-l-n-diccs -I-m-p-r-o-v-e-d-I-n-d-ic-e-s------

la:~~~ey~:~~-AlAvailabilityJ-F-a-~~-~-~ey~::~-AAvailability

l~ 8J- ~ -82-.-1-o/t-o--J======O:.3======:====9=9=.=9°=Yo==-_--_,

After the improvement, the availability of the OCCW system is almost 100%. The

failure rate of the system has reduced to 0.3 failures per year which is a 96%

reduction.
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