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This Master’s Thesis was done for Wärtsilä Technical Services. The goal was to write a 

guideline for Wärtsilä’s engine combined cycle that will be used as a training material 

and in means of troubleshooting. The information was gathered from the internal 

documentation and discussions with personnel from Wärtsilä Energy Solutions and 

Technical Services, and literature. As a part of this thesis work a calculation tool for 

steam system performance and a measurement sheet was developed for the use of 

condition monitoring. Performance tests and validation of this calculation tool was done 

during a visit to a power plant. 

In this work troubleshooting theory and hands-on examples of troubleshooting an 

engine combined cycle power plant is presented. Troubleshooting requires system 

knowledge, and therefore the basic principle and main components of an engine based 

combined cycle power plant are also described. 
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List of abbreviations and terms 

Abbreviations 

ACC   Air-cooled condenser 

AL   Action level 

AVT   All volatile treatment 

CBM   Condition based maintenance 

CC   Combined cycle 

CCGT   Combined cycle gas turbine  

CO   Carbon monoxide 

CO2   Carbon dioxide 

CW   Cooling water 

DF   Dual Fuel 

ECC   Engine combined cycle 

ESV   Emergency stop valve 

g   g-force 

HC   Hydrocarbon 

HFO   Heavy Fuel Oil 

HRSG   Heat recovery steam generator 

HT   High Temperature 
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LAH   Level alarm high 

LAL   Level alarm low 

LALL   Level alarm low low 

LCH   Level control high 

LCL   Level control low 

LFO   Light Fuel Oil 

LIC   Level Indicator Controller   

LT   Low Temperature 

NOx   Nitrogen oxides 

NWL   Normal water level 

OEM   Original equipment manufacturer 

O&M   Operation and maintenance 

PRDS   Pressure reduction and desuperheating system 

PIC   Pressure Indicator Controller 

PM   Particulate Matter 

SC Simple cycle (e.g. only engines running in CC 

plant) 

SO3   Sulphur trioxide 

SOx   Sulphuric oxides 
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T   Temperature 

TTD   Terminal Temperature Difference 

Terms 

Attemperator A devise for steam temperature reduction 

usually by introducing water into a steam 

piping system 

Motive steam A steam system that supplies the steam turbine 

for the purpose of power production 

Pinch point Minimum temperature difference between 

exhaust gas and fluid to be heated. 
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1 INTRODUCTION 

This Master’s Thesis was done for Engine Auxiliary Systems –team in Wärtsilä 

Technical Services. The purpose of this work was to gather information from Energy 

Solutions and Technical Services into one guideline that is being used by Technical 

Services for means of troubleshooting and as a training material. Part of this work is 

presented herein as the official Thesis. 

It is important to document the “silent knowledge” of the technical and maintenance 

experts so that it is not lost when the current generation leaves the field. The same 

mistakes should not be made again and good procedures should be improved further. 

This work gathers information and distributes it to the next generations. 

In 2nd chapter the main functionalities and typical configurations of an engine combined 

cycle are presented. In 3rd chapter the working principle of its main components are 

described. The troubleshooting theory is introduced in 4th chapter and examples of 

troubleshooting in chapter 5.  

1.1 Wärtsilä as a company 

Wärtsilä is a global leader in both marine and power plant business offering its 

customers advanced technology and complete lifecycle power solutions. Wärtsilä was 

established in 1834. Today the core products of Wärtsilä comprise of large reciprocating 

engines used in cruise ships, ferries and power production.  Wärtsilä serves its 

customers through the lifecycle of the products providing services from the initial build 

up all the way to operations and maintenance. Wärtsilä also offers solutions for renewal 

of existing power plants. (Wärtsilä 2016a) 

In 2015 Wärtsilä’s net sales was 5 billion euro. Wärtsilä operates in over 70 countries 

around the world and employs approximately 18 800 people. Wärtsilä is divided into 

three main businesses; Energy Solutions, Marine Solutions and Services supporting 

both markets. Energy Solutions supplies power plants for flexible power generation 
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operating on various gaseous and liquid fuels up to 600 MW. The solutions include 

baseload, peaking, reserve, load-following and balancing renewable energy. Energy 

Solutions provide also utility-scale solar PV power plants, LNG terminals and 

distribution systems. (Wärtsilä 2016a) 

Services provide technical support to its customers through the lifecycle of their 

installations by optimising efficiency and performance for both Energy and Marine 

markets.  Technical Services is a department within Services providing technical 

support for customers and Wärtsilä’s internal stakeholders through the products 

lifecycle. Technical Services also develops and maintains the technical knowledge and 

expertise, and uses the field experience and feedback to enable product improvement. 

(Wärtsilä 2016a) 

1.2 Troubleshooting 

Troubleshooting means the art and the work that is done in order to find the cause for 

certain symptom or failure. In a nutshell, troubleshooting includes the following actions: 

detecting a problem, data collection, developing hypotheses of the possible cause, 

testing and demonstrating these hypotheses and suggesting correction. These actions are 

shown as a simple action diagram Figure 1. 



13 

 

Figure 1. Troubleshooting action diagram. 

Troubleshooting consists of data collection and development and testing of hypotheses, 

which require system knowledge, procedural knowledge, and strategic knowledge from 

the person who performs troubleshooting. (Jonassen 2000, 78) Therefore in this 

document the system is described first, so that the reader with proper background will 

be able to understand the process, its dynamics and the purpose of each component. 

Secondly, common troubleshooting procedures and strategies are introduced and finally 

troubleshooting examples are presented. 

Troubleshooting is linked with condition monitoring and condition based maintenance 

(CBM). Condition monitoring is basically monitoring the plant measurements and 

performance parameters derived from these measurements, and reading the trends. 

Condition based maintenance is based on condition monitoring. The idea in CBM is to 

minimize maintenance costs by performing maintenance actions only when there is 

evidence of approaching failure or component deterioration.  

Troubleshooting activities are required to find an emerging fault in order to perform 

preventive maintenance actions when using CBM strategy. 
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1.3 Thesis objections and limitations 

The purpose of this guideline is to work as a training material for employees who work 

with engine combined cycle and as a help for troubleshooting. This guideline focuses on 

Wärtsilä’s engine combined cycle system named Flexicycle® including all its necessary 

auxiliaries. 

This guideline does not cope with reciprocating engines apart from the fact they act as 

prime movers for the steam system. Instead it concentrates only on troubleshooting the 

equipment used in electricity production from engine exhaust gases with HRSG and 

steam turbine.  
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2 ENGINE COMBINED CYCLE 

The purpose, the main functionalities and typical configurations of an engine combined 

cycle power plant are presented in this chapter. 

There is a significant amount of energy lost via exhaust gases, approximately 30 % of 

the total energy from the fuel, Figure 2 (Kela 2015, 12). The main purpose of the steam 

cycle in engine combined cycle power plant is to use this otherwise wasted energy from 

the exhaust gases to generate additional electricity and increase plants overall electric 

efficiency. 

The total electric efficiency can be improved from 43 – 46 % in simple cycle mode up 

to 46 – 50 %, or even more, by using an efficient engine combined cycle (ECC) called 

Flexicycle®. It includes engines as prime movers combined with steam turbine 

generator. This design combines the advantages of a flexible simple cycle power plant 

and the efficiency of combined cycle. (Eerola 2015, 2-4) (Helander 2014, 2-4) 

 

Figure 2. Heat balance of a diesel engine as a Sankey diagram. (Kela 2015, 12) 

Engine combined cycle can be installed to large engine power plants using several large 
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combustion engines such as Wärtsilä’s W18V50DF, W18V46DF or W20V34SG each 

with electric output of 10 - 20 MW. It can be installed into both: gas and liquid fuel 

fired power plants. 

Main components of an engine combined cycle are: 

Ø Heat recovery steam generator (HRSG) 

Ø Steam header 

Ø Steam turbine 

Ø Condenser and condenser cooling system 

Ø Feed water system 

Ø Auxiliary boiler (Optional) 

This chapter explains the general working principle of an engine combined cycle and its 

main components. The components are discussed in further detail later in Chapter 3, and 

their essential parameters in troubleshooting in 4.4. 

2.1 Process description 

A reciprocating engine power plant is converted into an engine combined cycle by 

adding a heat recovery steam generator (HRSG) into the exhaust gas line, see Figure 3 

and . Each engine has its own HRSG connected to a common condensing turbine 

generator. The heat from engine exhaust gases is recovered by an HRSG that typically 

consists of an economizer, an evaporator and a superheater. The superheated steam from 

HRSGs is transferred first to a common steam header. From the steam header the 

superheated steam is led to the steam turbine and other consumers, such as the feed 

water tank for heating. (Eerola 2015, 3) (Helander 2014, 4) 
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Figure 3. Layout of Flexicycle® engine combine cycle power plant. (Wärtsilä 2015b, 4) 

 

Figure 4. Typical engine combined cycle process diagram. 
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The exhaust steam from the steam turbine is condensed in a steam condenser. In case of 

condensing turbine, the condenser keeps the turbine exhaust pressure close to vacuum, 

typically around 0,1 bar(a), in order to maximize the energy output of the turbine. The 

exhaust pressure depends on available cooling media and temperature. Possible 

condenser cooling systems consist of water cooling with cooling tower, raw water 

cooling and air-cooled condenser systems (ACC). (Eerola 2015, 5-6) (Helander 2014, 

15-17) 

The condensate is pumped back to the feed water tank via preheaters. These preheaters 

can use for example HT engine cooling water and feed water. Feed water tank is 

equipped with deaerator and chemical dosing to maintain the required feed water 

quality. Feed water is pumped from the feed water tank to the HRSG. (Helander 2014, 

17) (Tyni 2014a, 15-18) 

When HRSGs are not in operation auxiliary boiler can be used to produce LP steam. LP 

steam is also produced in LP evaporator in liquid fuelled plants. Gas fuelled power 

plants do not produce LP steam during normal operation. The LP steam is used for 

preheating the engines, feed water tank, steam drums and steam piping, and in liquid 

fuelled power plants, also for fuel heating during operation. The fuels such as heavy 

fuel oil (HFO) and crude oil need heating to achieve the required fuel viscosity for the 

engine. The LP condensate is led back from the usage to feed water tank. (Eerola 2015, 

3) 

As mentioned earlier, Flexicycle® power plants can run on multiple fuels. Main 

difference between liquid and gas fuel powered plants is that due higher own steam 

consumption the liquid fuel powered plants generate LP steam also in the HRSG 

whereas gas fuel powered plants only in auxiliary boiler. (Eerola 2015, 2-4) (Helander 

2014, 3-4)  

There are some special characteristics for engine combined cycle when compared to 

other combined cycles. In addition the following is characteristic to Flexicycle® design: 
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Ø Fast ramp up time and load flexibility (Figure 5) 

Ø Relatively low exhaust gas temperatures result in low pressure and temperature 

in steam (15 bar and 300 – 400 °C)  

Ø Pulsating exhaust gas flow that sets some requirements for the boilers and their 
structure 

Ø Separate boilers and steam drums for each engine 

Ø Several common units: steam turbine, condenser, feed water tank, feed water 
pumps 

Ø Piping and cabling between each engine and common units 

(Helander 2014, 2) (Tyni 2016) 

 

Figure 5. W50SG Flexicycle® - power plant starting, load follow and shut down in 

simple cycle (SC) and combined cycle (CC). (Wärtsilä 2015b) 

2.2 Benefits of engine combined cycle 

In the world where the costs of energy are raising and climate change is the biggest 

global problem, it is important to increase the efficiency of power production. 
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Electricity production has been traditionally achieved by converting thermal energy in 

to mechanical (rotational) energy, which is finally transformed into electric power by 

generator. 

Depending on the fuel and process, the electric efficiency varies. Typical steam power 

plants which use boilers to burn fossil fuel have approximately 33 % efficiency in 

average. When comparing single cycle gas turbines and internal combustion engines the 

latter is superior. The efficiency of single cycle gas turbine is around 30 to 40 % with 

gas and 25 % with fuel oil, whereas internal combustion engine can achieve almost 50 

% efficiency. (Wärtsilä 2016b) 

Most of the wasted energy is wasted through the hot exhaust gases. This energy can be 

recovered by adding a steam cycle. Combined cycle means combining multiple 

thermodynamic processes to generate power. The combined cycle gas turbine power 

plants can achieve efficiencies just over 60 %, whereas the ECC can achieve 

efficiencies just above 50%. (Power Engineering International 2016) However ECC can 

achieve that efficiency also with part load whereas the CCGT cannot. 

When the CCGT power plants are used for load-follow operation, with frequent starts 

and stops or part-load operation, this cycling can cause thermal stress and eventually 

damage some of the HRSG components. Especially the mechanical life of HP steam 

drum and superheater, which is exposed to the highest exhaust gas temperatures, can be 

reduced. (Aurand 2014) 

The HRSG’s for CCGT have to be designed to withstand turbulent exhaust flow, 

corrosion of HRSG tubes and high steam pressures. Bypass systems can be installed to 

control the pressure and temperature increase during start-up in HRSG components. 

However their use is often limited to gas powered plants since the pollution control 

equipment is often integrated with HRSG. The start-up of CCGT is the most critical part 

of its operation and doing it improperly can cause shortening of the HRSG components’ 

mechanical life. (Pasha and Taylor 2009) 
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When gas turbines are ramped up to load quickly, the temperature and flow rate in the 

HRSG may not yet be enough to produce steam. The lack of steam heating in the 

superheater tubes cause metal overheating. Typically the hot start of a CCGT takes over 

30 minutes and cold start much longer. (Pasha and Taylor 2009) A combustion engine 

can be started and reach its full load under “Hot start” within 2 minutes. A “hot start” 

condition means that the engine cooling water is preheated and maintained over 70 °C, 

engine bearings lubricated and the engine cycling (turning slowly). Combustion engine 

based combined cycle can generate sufficient steam pressure with only some of the 

engine running. A combined cycle start up takes 30 – 60 minutes when the steam 

system is kept warm.  (Wärtsilä 2015a) 

In ECC the HRSG’s are simpler with usually one steam pressure level (around 15 bar) 

due to lower temperature of the exhaust gases. One engine and HRSG can be used to 

preheat all the HRSG’s in order to keep the steam system in hot start condition. In 

Flexicycle®, each internal combustion engine set has its own HRSG. The advantage of 

ECC is its high efficiency in simple cycle and modularity of multiple engines supplying 

the steam turbine. To allow flexible and efficient power production the steam turbine 

can be run with only 25 % of the engines at full load. (Wärtsilä 2016b) 

Engine combined cycle efficiency is better with part load than gas turbine combined 

cycle and since most of the energy output comes from reciprocating engines, it can 

produce almost 100 % of its output really fast. 
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3 COMPONENTS 

In this chapter the most important components of the secondary steam production in 

engine combined cycle power plant are discussed. The purpose of this chapter is to help 

new employees to learn the components of engine combined cycle and their working 

principle in detail. In order to keep the focus of this thesis in troubleshooting and to 

keep it compact enough, some parts have been left out of the scope.  

3.1 Heat recovery steam generator 

The heat recovery steam generator (HRSG), shown in Figure 6, recovers heat from the 

engine exhaust gas producing steam. The exhaust gas flows downwards in order to 

avoid additional exhaust gas ventilation. A pulsating exhaust gas is characteristic for 

reciprocating engines. An exhaust gas pulse is created every time the exhaust valve 

opens in a cylinder. Since the exhaust valves open at different time in each engine 

cylinder, this generates a pulsating exhaust gas flow. This exhaust gas flow generates 

vibration that the boiler and its structure must cope with. 

  

Figure 6. Alfa Laval Aalborg AV-6N heat recovery steam generator. (Alfa Laval 
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Aalborg Oy 2016a) 

The amount of exhaust gas entering the HRSG and led to the by-pass duct is controlled 

by an exhaust gas damper in each HRSG unit before the boiler exhaust gas inlet. The 

damper can be set to by-pass and lead the entire exhaust gas flow go pass the boiler if 

certain conditions occur. During start up the exhaust gas is led through the by-pass, until 

the required engine load is reached. (Wärtsilä 2016b) 

There are two main types of boilers used to recover heat from flue gases: Smoke and 

water tube boilers. Auxiliary boilers are smoke-tube type boilers, where the fire is and 

the smoke flows inside the tubes and water flows outside the tubes in a common space. 

However, typically water tube boilers are used as HRSGs to recover heat from the 

engine exhaust gases for combined cycle purposes. (Tyni 2014b, 3) 

Water tube boiler is a boiler, where water flows inside the tubes and the exhaust gases 

outside the tubes in the common boiler space. They are typically low in weight, 

compact, flexible in operation with different engine load conditions and can use 

extended heat surfaces. Water tube boilers can also be divided to natural and forced 

circulation boilers (Figure 7). (Tyni 2014b, 3) (Tyni 2009, 6)  
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Figure 7. The principle of natural and forced circulation (Stultz and Kitto 2005, 1- 4 fig. 

8). 

The saturated water from the drum flows through down comer tubes to the evaporator 

or riser tubes. The down comer tubes or tube are typically unheated and situated outside 

the boiler. The water flowing inside the down comer tubes is heavier than the 

evaporating mix of water and steam inside the riser tubes. As a result, natural 

circulation is achieved and the boiling water rises back to the steam drum. (Teir 2013, 

54)  

Circulation rates of water tube natural circulation boilers are typically around five to six 

times the steam production. The main difference between natural and forced circulation 

is that the forced circulation boilers need a circulation pump to achieve the circulation. 

Natural circulation cannot be used with boilers that have pressures over 170 bar. (Teir 

2013, 54-64) However, this is never the case in engine combined cycle, where the 

pressure level is always around 10% of that.  
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The preferred solution in Flexicycle® power plants is to use natural circulation but 

project specifically also forced circulation has been used when it has been evaluated to 

be the more suitable technology. For example the low pressure (LP) cycle can be forced 

circulation type. (Tyni 2014a, 4) 

3.1.1 Steam drum 

For a water-tube boiler, steam drum (Figure 8) is a key element. Steam drums are used 

in both natural and forced circulation boilers. Its main purpose is to separate water from 

the steam. In addition to that it has the following tasks: 

• Mixing of the feed water with circulating water 

• Supplying saturated water through the down comers to the evaporator and 

receiving the water/steam mixture from the evaporator 

• Supplying saturated steam to the superheater (or other consumption) 

• Storing water for load changes 

• Controlling chemical balance of water by chemical feed and blowdown. 

• Removing impurities (Teir 2013, 73-74) (Tyni 2014a, 5)  
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Figure 8. The cross-section of a steam drum of a natural circulation boiler. The steam 

drums used in Flexicycle® power plants are smaller and have only one water outlet and 

water/steam inlet. (Tyni 2014a, 5) 

In steam drum the steam/water separation is based on the density difference between 

water and steam. The primary separation occurs in the drum naturally, as water flows 

downwards and the steam upwards. This is not always enough and steam separators can 

be installed in order to prevent water droplets to be sucked into the steam outlet. Typical 

separators used in steam drums include cyclones, plate baffles that change the flow 

direction and steam purifiers. There can be several stages of separation called primary 

and secondary separation, and drying. (Teir 2013, 75) 

3.1.2 Heat transfer surfaces 

The heat in exhaust gas is transferred to boiler water and steam through heat transfer 

surfaces. The HRSGs heat transfer surfaces can be divided into different parts that 

operate in different temperatures. The different stages in descending order from the 

highest temperature: 
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Ø high pressure (HP) superheater 

Ø HP evaporator 

Ø HP economizer 

Ø low pressure (LP) evaporator, only included for liquid fuel plants 

(Eerola 2015, 3) 

 

Figure 9. Typical steam boiler system, 1-pressure system on the left and 2-pressure 

system on the right. (Helander 2014, 5-6) 

The heat transfer surfaces are typically finned tubes set across the exhaust gas boiler. 

Usually HRSGs utilize tubes with fins of constant thickness. Rectangular or square 

shaped vertical fins are most common. Both single and double tube configurations are 

used. Helical circular fins and serrated design in Figure 10 (right hand side) are also 

popular, but limited to clean exhaust gas applications. (Laaksonen 2015, 33) 

Cleaning the heat transfer surfaces is major concern especially with exhaust gases that 

contain ash and other particles, for example exhaust gases from fuel oil powered 

engines. In-line tubular arrangement is used by most of the HRSG manufacturers 
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because they are easier to clean. The fin selection depends also on the allowed pressure 

drop across the boiler. (Laaksonen 2015, 33) 

 

Figure 10. Different finned tubes (Ekströms Värmetekniska. 2016) 

H-type finned tube is typically used in the waste heat recovery systems. H-type finned 

tube usually comprises of two separate plates welded on either side of the tube with a 

narrow slit between the plates as shown in Figure 11. The advantage of the rectangular 

fins with in-line tubular arrangement is that they offer minimal resistance to the exhaust 

gas flow and straight flow paths to prevent fouling. (Laaksonen 2015, 33-34) 

 

Figure 11. H-type double finned tube heat transfer surface. (Laaksonen 2015, 34) 
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3.1.3 Soot blowing 

The exhaust gas contains soot (unburned particles of fuel/lubrication oil and ash) that 

appears in the exhaust gas system and gets stuck on boiler surfaces. The content of soot 

in exhaust gases depends on the fuel composition, the combustion quality, engine load 

and boiler regulating strategy. (Tyni 2014a, 10-11) 

Industrial experience and observations have shown that the deposition of soot is faster 

with low temperatures and exhaust gas velocity. Therefore a minimum exhaust gas 

velocity should be maintained through the boiler. It is also important to ensure that the 

exhaust end temperature and the economizer water inlet temperature are high enough. In 

addition the fouling rate depends on heating surface and soot composition (wet or dry). 

(Tyni 2014a, 10-11)  

Soot accumulation is not desired because soot on heating surfaces decreases the heat 

transfer properties and therefore: 

• Boiler efficiency is reduced 

• The risk of soot fire is increased due to too high surface temperatures. Soot fire 

can lead to a serious boiler break down. 

(Tyni 2014a, 10-11) 

The effect of soot blowing is roughly estimated as an illustrative picture, shown in 

Figure 12. Without soot blowing the boiler output decreases rapidly after the first hours 

of use. (Laasanen 2006, 56)  
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Figure 12. Typical trend of boiler output as a function of running hours. (Laasanen 

2006, 56) 

The formation of soot must be reduced as much as possible, by means of a high 

maintenance standard for both engines and exhaust gas systems. Soot blowing is used to 

keep tube surfaces clean and gas passages open. For the liquid fuel powered plants soot 

blowing equipment for load cleaning is usually supplied as standard. (Tyni 2014a, 10-

11) (Knookala and Tyni 2015, 4) 

Typically high pressure steam is used for soot blowing, however also water, LP steam 

or compressed air. Also infrasound can be used, but with wet exhaust gases (often the 

case with diesel engines) it is not optimal solution (Tyni 2009, 17-18). A soot blower is 

typically a lance with nozzles that is operated by a motor valve in its root. Manually 

operated, fixed lance with a large number of nozzles is the simplest soot blower that can 

be fitted to small boilers. (Tyni 2014a, 10-11) 

Rotating soot blower has a lance that can rotate in addition to move on horizontal trail. 

Usually this type blower is equipped with automatic electrical or pneumatic sequential 

control. The size is increased and the amount of nozzles decreased compared to the 
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more simple models. (Tyni 2014a, 11) 

Rake soot blower shown in Figure 13, is the most advanced soot blower and therefore it 

is recommended to use always with heavy fuel oil (HFO) engines (Tyni 2014a, 11). The 

lance in rake soot blowers is as long as the heat transfer area. Nozzles are pointed 

directly towards the tube bank and they can deliver more cleaning energy than the 

rotating blowers. (Stultz and Kitto 2005, 24 - 9) 

 

Figure 13. Rake-type sootblower. It can clean only the tube banks downstream from it.  

(Stultz and Kitto 2005, 24 - 9 Fig.10) 

The exhaust gas from a gas engine contains fewer particles that form soot than the 

exhaust gas from liquid fuelled engines. Therefore the operation and maintenance 

requirements for gas fuelled power plants are typically not as demanding. Also the soot 

blowing equipment, with project specific consideration, can be reduced. (Tyni 2014a, 

11) 

Soot blowing is typically performed at least a couple of times per day. The soot blowing 

frequency and duration depends on the soot accumulation on the heating surface. (Tyni 

2014a, 10) It must be understood that the fouling cannot be stopped completely and soot 
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blowing only decreases the fouling rate (speed of fouling). Therefore manual cleaning is 

recommended to be performed at project specific interval due to the differences in 

engine fuel and lube oil quality as well as operating parameters and boiler type. Typical 

manual washing methods are water washing and chemical solvent wash. (Rahko 2016) 

3.2 High pressure steam system 

High pressure steam system is in charge of transporting the high pressure steam from 

the HRSG to the steam turbine and other use. HP steam system consists of: 

• HP Steam header 
• Flow meter 
• Droplet separator 
• Dynamic dirt separator 
• Blow down system 

3.2.1 High pressure steam header 

HP steam header is a large pipe that collects the HP steam from several boilers and 

leads it to the steam turbine and other use. Steam header pipe is equipped with a blind 

flange, so that it can be expanded afterwards. Steam connections are directed upwards 

to avoid condensate shocks. Steam header has motor actuated start-up and blow-out 

valves, manual main steam valves, steam traps, sampling points and temperature and 

pressure transmitters. (Söderling 2015, 16) (Knookala and Tyni 2015, 6-7) 
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Figure 14. Steam header configuration. (Spirax Sarco 2016) 

Steam header should be slightly inclined towards the drip leg, which is equipped with 

appropriate steam trap. (Fulton 2016, 22) 

3.2.2 Flow meter 

Typically a flow meter is installed between the steam header and the steam turbine, 

because there are multiple HRSG and measuring the feed water flow would not directly 

indicate the steam flow to the steam turbine. The flow meter shall be installed with flow 

straightener so that the minimum distance from a disturbance source is maintained (min. 

20 pipe diameters upstream and 10 downstream). The flow meter can be for example 

flow nozzle (Figure 15), venture tube or orifice type. (ASME 2004, 30) 
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Figure 15. Flow nozzle type flow meter and its arrangement. (ASME 2004, 30) 

3.2.3 Droplet separator 

Droplet separator or drain separator uses centrifugal force inside a vessel to separate the 

water droplets from the steam. Removing water will also remove some of the dissolved 

material from the steam. A typical droplet separator design is shown in Figure 16. The 

steam quality could still be improved by using steam filters. (Merritt 2016, 124-126) 

  

Figure 16. A typical droplet separator design. (Merritt 2016, 126) 
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Droplet separator is installed relatively close to the steam turbine but upstream to the 

dirt separator and steam turbine main stop valve.  

3.2.4 Dynamic dirt separator 

A dynamic dirt separator (Figure 17) is used to remove dirt from the steam. In dynamic 

dirt separator the steam will go to the steam turbine whereas the dirt will continue to 

move tangentially and collect against the flange. This dirt can then be removed 

manually during an outage. The dynamic dirt separator is located as close to the turbine 

emergency stop valve as possible. This dynamic dirt separator is designed to prevent the 

possibility of introducing dirt and condensate into the turbine, which could destroy 

turbine blades. (Rahko 2016) 

 

Figure 17. Dynamic dirt separator. 

3.2.5 Blow down system 

Boiler feed water contains always some amount of impurities such as suspended and 

dissolved solids. These impurities can be inside the boiler and accumulate while running 

the boiler. In order to avoid problems, these impurities are periodically 
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discharged/blown down from the boiler. This keeps the boiler water quality within the 

acceptable level (Chapter 4.4.1 Water quality) set by the manufacturer.  

3.3 Steam turbine 

In this chapter the main principle of steam turbine is presented. In addition several 

important components are discussed. However to keep this thesis within the limits, and 

in order to concentrate on the troubleshooting, many equally important components are 

left out of the scope of this thesis. 

Steam is lead from several HRSGs to steam header and the superheated steam from the 

steam header is then distributed to the steam turbine (Figure 18). Usually ECC power 

plant is equipped with one common steam turbine for all HRSGs. The superheated 

steam expands through a set of stationary and rotational blades transforming some of its 

thermal energy into mechanical (rotating) energy. The rotational power is then used to 

drive a generator in order to produce electricity. (Helander 2014, 11) 

 

Figure 18. The basic principle of steam turbine. (Helander 2014, 11) 

There are two types of steam turbines: impulse (action) and reaction turbines. The basic 

difference is that in impulse turbine, reaction and pressure drop happens only in fixed 

blades and in reaction turbine that happens in both fixed and moving blades. This is 
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shown in Figure 19. (Bloch 2009, 2-5) 

In an impulse turbine the steam expansion takes only place in the stationary blades and 

the change in momentum in the rotary blades causes the work. The reaction force 

created by the pressure drop across the stationary blades develops a high velocity jet 

steam. The energy from jet steam is then utilized at the moving blades. In a reaction 

turbine the steam expansion takes place in both stationary and rotary blades. Typically a 

reaction turbine has more stages than an impulse turbine for the same amount of power. 

(Bloch 2009, 2-5) 

  

Figure 19. The pressure reduction in one stage of impulse and 50% reaction turbine. 

(Wikipedia 2014) 
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In reaction turbines the moving nozzles are designed to both utilize the steam jet energy 

from the stationary blades and to act as a nozzles themselves. The reaction force is 

produced by the pressure drop across the moving blades. This reaction force 

supplements the steam jet force of the stationary blades. However, reaction turbine must 

be designed to have minimum leakage around the moving blades to operate it 

efficiently. To achieve this, the internal clearances are made relatively small. Some 

typical features of impulse and reaction turbines are shown in Figure 20. In addition 

reaction turbines need a balance piston to counteract large axial forces. These large axial 

thrust loads are generated since there is higher pressure on the entering side than on the 

leaving side of each stage. (Bloch 2009, 2-5) 

 

Figure 20. Features of impulse and reaction blades. Notice the pressure losses and the 

small clearance of reaction turbine. (Bloch 2009, 3) 

Because in impulse turbines there is theoretically no pressure drop over the moving 

blades, internal clearances can be large and there is no need for balance piston. These 

characteristics make the impulse turbine strong and durable machine for heavy-duty 

applications. Since there is little or no pressure drop across moving blades, energy is 
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transferred to the impulse turbine rotor entirely by the steam jets striking the moving 

blades. (Bloch 2009, 5) 

Turbines can be compared also according to their application. Turbines used in 

Flexicycle® are typically condensing type, but turbines can be also back pressure, 

extracting or induction type as shown in Figure 21. Condensing type turbine is used for 

maximizing the electricity generation. Back pressure type turbine is used when process 

steam is needed and extraction turbine if process steam of different pressures is needed. 

Extraction turbine can be back pressure or condensing type. If steam of different 

pressures is available induction turbine can be the best choice. (Helander 2014, 11) 

 

Figure 21. The different steam turbine processes (Helander 2014, 12) 

Steam turbines have three operating modes: sliding, throttle and load limit mode. First 

in throttle mode, the governor valve throttles the steam keeping the pressure in turbine 

at the set point. When the steam flow increases, the governor valve opens gradually still 

keeping the pressure at the set point. Secondly in sliding mode, the governor is fully 

open and the pressure starts to increase until it is reaches its high set point. If the steam 

flow increases further the by-pass valve opens (load limit mode). (Söderling 2015, 21)  

3.3.1 Rotor 

The most sensitive part of steam turbine is its rotor. It operates in high temperature and 

centrifugal forces. Rotor (Figure 22 and Figure 23) consists of shaft and wheels with the 
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moving blades. There are two basic construction categories for rotors: (Bloch 2009, 81) 

• Build-up rotors: The wheels are shrunk onto a shaft. This type is not 

recommended because there have been a lot of problems with this type. Water 

and steam can get between the shaft and the wheels, which causes corrosion and 

in worst case allows the wheels to get loose. (Rahko 2016) 

• Solid rotors: The wheels and shaft are machined from a single, integral forging. 

The build-up rotors are built by first making the shaft, wheels and the blades separately. 

The blades are then assembled in the wheel rim by inserting blades to dovetail groove 

one by one. The last blade that is attached is a locking blade. It locks all the other blades 

and is locked itself by a locking pin that is fitted into a drilled and reamed hole and 

passes axially through the wheel rim. The bucket shroud is attached after all the blades 

are completely assembled in the wheel. (Bloch 2009, 84-86) 

The wheels are assembled into the rotor by first heating the wheels in a furnace in order 

expand the bore enough. Shrinking proceeds usually by placing the shaft vertically with 

the exhaust end down. The wheels are taken from the furnace and placed starting from 

the last stage. When the wheel cools it shrinks tightly on the shaft. The problem with 

this construction is that over time corrosion can occur between the shaft and disc. 

Eventually the disc can come loose on the shaft. This type of rotors can be found on 

inexpensive steam turbines. (Bloch 2009, 86-88) (Rahko 2016) 

The solid rotors are machined from a single forging and the machining of shaft and 

wheels is combined into one integrated machining sequence. The blades are assembled 

to the wheels similarly than in the case of build-up rotors. (Bloch 2009, 89) 
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Figure 22. Solid rotor construction. (Bloch 2009, 89) 

 

Figure 23. Steam turbine rotor with new blades fitted. (Stork Turbo Blading 2016) 

It is important to balance the rotor before delivery. Any imbalance might result in 

severe failure in operation. Rotor balancing is done when the rotor is fully built and all 

the blades are attached to it. The rotor blades are left with a room for machining. Rotor 

balancing comprises low-speed and high-speed or at-speed balancing. High-speed 

balancing is not always done and for example some turbine manufacturers use only low-

speed balancing in their turbines. (Rahko 2016) 

3.3.2 Glands 

Steam turbine needs gland sealing to prevent several leakages. Steam leakage at high 
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pressure side out to the atmosphere, steam leakage over a stage or stationary blade and 

air leakage to the low pressure side are not desired. All leakages will decrease turbine 

efficiency, steam leakages because less steam is available for turbine use. Air leakages 

will decrease turbine efficiency, because they will increase the outlet pressure, and thus 

decreasing the pressure difference, which is the driving force in turbine. 

Typical gland sealing choice is a labyrinth seal. Other options include labyrinth seal 

used with abrasive coatings and brush seals alone. 

The labyrinth seals (Figure 24) are made of rings that are equipped with collars and 

recesses and of alternating higher and lower strips on the rotor. The leakage steam (or 

air) flows through many restrictions and corresponding spaces of the seal, which drops 

rapidly its pressure and increases its volume. This limits the quantity that can pass the 

final restrictions and divides the total pressure difference into smaller pressure drops.  

Labyrinth seal leaks always a little, so its function is to limit this leakage to an accepted 

rate. (Reunanen 1995, 6) 

 

Figure 24. Labyrinth seals. (Reunanen 1995, 7) 

The purpose of abrasive coating (Figure 25) is to reduce the clearance in labyrinth seals. 

The abrasive coating allows the sealing strip to take the space that is needed for free 

rotation. The groove in the abrasive coating will act as labyrinth. The coating is sprayed 

only on the part that does not contain the sealing strip. (Rahko 2016) 
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Figure 25. Abrasive coatings in a labyrinth seal. 

Non-driving end schematic of the steam turbine is shown in Figure 26. In addition to the 

steam labyrinth seals, also the bearing oil is kept at the oil chamber by a labyrinth seal. 

Normally the leaking oil will flow to the drain and any evaporated oil fumes are 

evacuated from the space between the oil labyrinth and the vacuum chamber. (Christofi 

2014) 

 

Figure 26. Non-driving end schematic of the steam turbine. (Christofi 2014) 
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The vacuum chamber collects both the steam leaking from the steam labyrinth seal and 

the oil leaking from the oil labyrinth seal.  

3.3.3 Sealing and leak steam system 

The purpose of sealing and leak system or gland sealing system is to prevent 

atmospheric air from entering the turbine casing. The sealing and leak steam system 

handles the leak steam and ensures the supply of gland steam to the turbine seals. It 

consists of sealing steam supply line, pressure control valve, gland steam condenser, 

labyrinth seals etc. For labyrinth seals refer to chapter 3.3.2 Glands. 

Before starting the turbine, a vacuum must be created to the condenser. Without the 

gland sealing steam system this would be impossible since the atmospheric air would 

enter the turbine casing and the condenser from the small gaps between the turbine shaft 

and casing. These gaps are there to allow the turbine rotor to rotate freely. To restrict the 

air entering the turbine and to allow the vacuum being pulled during the startup, 

external sealing steam is supplied to both HP and LP glands (the gland sealing steam – 

line in Figure 27). (Shanger 2016) 

 

Figure 27. The gland sealing steam system. (Shanger 2016) 
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When the steam turbine starts to take load, steam at the inlet (HP) side will try to escape 

due to pressure difference across the gland seals. That is when the gland sealing steam 

supply can be stopped to HP side. (Shanger 2016) Steam turbine can take the gland 

leakage steam from the HP gland to seal the LP side.  

3.3.4 Oil system 

The oil system supplies the lubrication oil needed in the turbine, reduction gear and 

generator. A simplified main flow diagram of the oil system is shown in Figure 28  

The oil system consists of: 

• Oil reservoir 

o Equipped with electrical heater 

• Oil pumps 

o Main, auxiliary, emergency (and control) 

• Oil filters 

• Side flow filtering unit 

• Oil temperature control 

• Oil coolers 

• Oil mist fan 

• Oil discharge line with adjusting valves 

(Bloch 2009, 125-126) 
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Figure 28. Typical oil system schematic.  

3.4 Condenser and auxiliaries 

A condenser condenses the exhaust steam from the steam turbine or from the by-pass. 

There are two types of condensers used in power plants: Water-cooled condenser and 

air-cooled condenser. The possible cooling methods for the water-cooled condenser are 

cooling tower cooling or once through cooling. The air-cooled condenser is cooled by 

airflow. 

A condenser unit is equipped with a vacuum system in order to produce a vacuum 

inside the condenser at startup, and extract air and other non-condensable gases during 

operation. Since the pressure difference over the turbine acts as a driving force for the 

turbine, lower pressure in condenser means higher turbine output. Condensate pumps 

are needed to pump the condensate from the condenser back to the feed water tank. On-

line tube cleaning system can be added to the condenser system to clean the condenser 

waterside tubes. 
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3.4.1 Water-cooled condenser 

Water-cooled condenser is the most common system used in power plants. It can utilize 

either evaporative or once through cooling. A typical water-cooled condenser is a 

surface condenser. A simple layout of a water-cooled surface condenser is shown in 

Figure 29.  

 

Figure 29. A water-cooled surface condenser diagram. (Baychok 2007) 

The condenser is typically a one shell, two-pass, and two water box surface condenser. 

The steam is condensed by the cooling water that flows inside the tubes. The tubes are 

arranged across the condenser. The water boxes are round type and designed to provide 

cooling water through all tubes uniformly. (Modern Energetics 2014, 6) 

The condensate flows down to the bottom of the condenser (hotwell). The condensate is 

pumped to feed water tank via vacuum unit and gland steam condenser. The condensate 

is used for cooling in gland steam condenser, condensate preheaters and feed water 

cooler. Part of the condensate is re-circulated back to the condenser in order to keep the 

water level in hotwell between the limits. (Söderling 2015, 21-22) 
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The low limit for hotwell is set in order to protect condensate pumps from damage. On 

the other hand with too high hotwell water level, water can ingress to the steam turbine 

exhaust end. High hotwell level can for example indicate a leaking cooling water tube. 

A leak in cooling water tube makes it possible for dirty cooling water to get into the 

condenser and boiler water cycle.  

The vacuum unit is attached to the condenser at the side of the steam inlet section. The 

non-condensable gases are transported from the condenser shell, cooled while flowing 

through condenser pipes and drawn through the vacuum unit to the atmosphere. 

(Söderling 2015, 21-22) (Shin Nippon Machinery 2016, 370) 

The condenser has several other connections too, such as the by-pass steam, condensate 

recirculation and thermometer connections. The condenser material selection depends 

on the cooling water quality. The selection should include assessment of its lifecycle 

costs including the estimated life, predicted number of outages and associated costs, the 

capital costs of material and re-tubing costs, heat transfer efficiency and compatibility 

with other cooling water systems. (Modern Energetics 2014, 4 - 4.1.3) 

Typical condenser tube materials consist of copper-nickel and titanium. Copper based 

materials can be used if steam corrosion conditions are at acceptable levels and a good 

safety margin is maintained between operational conditions and the impingement attack 

threshold. If the conditions concerning erosion or steam side corrosion are not 

appropriate for copper-based material, titanium should be used. Titanium can cope with 

higher cooling water velocities and lower water quality than the copper based materials. 

(Modern Energetics 2014, 4 - 4.1.3) 

3.4.2 Vacuum system 

Vacuum system is needed in both water and air cooled condensers. Vacuum system 

creates the vacuum conditions within the steam side of the condenser at startup and 

removes non-condensable gases and the air leaked into the condenser during operation. 

Both non-condensable gases and air disturb the heat transfer at the condenser.   
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The vacuum system consists of steam-jet air ejectors or water ring pumps. The vacuum 

system has usually two vacuum units. A vacuum unit consists of vacuum ejector or 

water ring pump, vacuum tank control valves, instrumentation and cooler. When the 

unit is operating in normal operating conditions, one pump is enough to extract air and 

other non-condensable gases. During start-up, both units can be in operation in order to 

produce vacuum faster into the condenser. (Heat Exchanger Institute 2014, 2) 

Water ring pumps are driven by electrical motor. The mixture of air and other non-

condensable gases are pumped out from the condenser to a vacuum tank. From the 

vacuum tank the gases are discharged to atmosphere. The vacuum tank is cooled by 

cooling water typically from the same circle than the condenser. In addition, the vacuum 

tank has filling water connection and drains. (Modern Energetics 2014, S4.10.3.4) 

Steam ejector (Figure 30), using steam instead of electricity, is an alternative way to 

produce vacuum. However, they require steam piping, which is more challenging to 

design than electrical cable and the steam used to produce vacuum is away from the 

turbine electrical output.  

In a steam jet ejector a high-pressure motive steam enters the steam chest and expands 

through the converging-diverging nozzle, which results in an increase in velocity and a 

decrease in pressure. Simultaneously, the suction fluid enters at the suction inlet and 

mixes with the high velocity motive fluid. This mixture is then recompressed through 

the diffuser. The outlet pressure is much lower than the motive steam inlet pressure but 

higher than the suction air inlet pressure. (Modern Energetics 2014, S4.10.3.3) (Hage 

2016) 
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Figure 30. A diagram of a steam-jet ejector (Hage 2016) 

3.4.3 Air cooled condenser 

If cooling water is not available or water conservation is desired, air-cooled condenser 

(ACC) can be selected. Ambient air is used to condensate the exhaust steam flowing 

inside finned tubes. To achieve adequate cooling the ambient air has to be circulated 

either by fans or natural draft. The natural draft system uses high hyperbolic tower with 

multiple heat exchangers. However due to its high (possibly over 100 m) construction, 

the natural draft systems are rarely used. A typical ACC system shown in Figure 31, 

uses fans to force air to circulate over the heat exchangers. (Wurst 2008, 1) 
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Figure 31. Air-cooled condenser. Exhaust steam enters the ACC at the blue pipe on top 

of the heat exchanger. It flows down, condensates and is collected in the pipes at the 

heat exchanger base. (Wurst 2008, 1) 

Since water is better coolant than air, water cooled condensers typically achieve better 

vacuum and therefore, more power is available from the turbine. In addition, ACC’s 

require more durable and expensive materials to cope with the hot steam. Therefore 

ACC’s are more expensive than water-cooled condensers with cooling towers or raw 

water cooling. (Bengtson 2010) 

The condenser comprises rows of tube bundles, of which each bundle has one or more 

tube rows. Each tube bundle has a condenser part and a reflux part, where steam enters 

the tubes from the top and condensate flows downwards to the collector. The reflux part 

is used to condensate the last part of the steam and to remove non-condensable gases. 

(ALZ GmbH 2016) 
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3.5 Feed water system 

The purpose of feed water system is to provide feed water to the boiler. The feed water 

system should be able to supply feed water of adequate pressure, temperature and 

quality at all load rates. (Teir 2013, 77) 

The feed water system consists of 

• Feed water tank 

• Make-up water unit 

• Feed water pumps 

• Feed water cooler (for gas engines) 

• Chemical dosing unit 

3.5.1 Feed water tank 

A boiler should have a feed water reserve sufficient for safe shutdown of the boiler. The 

feed water tank is used as a feed water reserve and usually it needs to be designed to 

have a reserve of 20 minutes steam production. (Teir 2013, 78) 

The main outlet connections for feed water tank are: the HRSG and auxiliary boiler feed 

water outlets, blow out and drain. A schematic of feed water tank is shown in Figure 32. 
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Figure 32. Feed water tank. (Tyni 2014a, 16) 

A deaerator is located on the top of the feed water tank. The condensate and the make-

up water are sprayed through the deaerator to the feed water tank. The condensate and 

make up water are deaerated by an upward steam flow. This steam flow transports 

oxygen and other gases from the feed water tank through the blow-out connection. The 

blow-out venting valve is kept fully open and an orifice assures correct flow rate. 

Either high or low pressure steam is used to heat the feed water. Its purpose is to heat up 

and keep the feed water at the saturation temperature in order to ensure removal of 

residual gases (O2 and CO2) from the make-up and condensate water at the deaerator. 

Oxygen removal requires feed water tank temperature to be at its boiling point, which is 

the temperature where water cannot anymore hold the dissolved oxygen. The oxygen 

solubility in water in relation to the temperature and pressure is shown in Figure 33. The 

steam-gas mixture is released to atmosphere through orifice or valve. (Teir 2013, 78) 
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Figure 33. Oxygen solubility in water in relation to temperature and pressure. The units 

changed from a chart in (Merritt 2016, 176). 

Sufficient oxygen removal efficiency in the deaerator requires a sufficient temperature 

difference between the condensate inlet and the feed water tank temperature. Typically 

the condensate should be at least 10 °C colder than the temperature in feed water tank. 

In the deaerator the condensate and make up water are deaerated by upward steam flow. 

(Rahko 2016) When the water is released to the deaerator, the gases divide into steam 

and water phase. Larger temperature difference speeds up the transformation from the 

water phase to the steam phase. A smaller temperature difference increases the size and 

thus the prize of the deaerator. (Vakkilainen 2016). 

The dissolved gases and a small portion of the steam is then released through the blow-

out valve. Typically the water is heated in the deaerator up to 2 – 3 °C of its saturation 

temperature. The water then falls from the deaerator to the storage area in the feed water 

tank. (The Energy Solutions Center Inc 2016) 
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3.5.2 Make-up water system 

The make-up water is supplied to the deaerator from the top of the feed water tank. The 

make-up water system should be able to provide make-up water up to a situation that 

only part (~95 %) of the condensate is returned to the feed water system. This means 

about 10% of total steam production, since condensate losses, sample cooling and the 

blow down tank cooling consume also water.  

Make-up water is taken from the power plant’s water treatment unit. The water supply 

system consists of 

• Water treatment units with filtration and chemical dosing capability 

• Tanks for storing different quality water 

• Booster units to increase the water system pressures to the required level 

(Wärtsilä Finland Oy 2016) 

Typically the make-up water treatment includes two desalination plants in parallel. The 

desalination plants can be based on ion exchange or reverse osmosis. (LUT 2015, 20) 

Reverse osmosis requires always some filtering upstream. 

3.6 Cooling system 

A cooling system is used to cool the water-cooled condenser. There are two types of 

cooling systems for water-cooled condenser, cooling tower and once-through cooling.  

The cooling system comprises also cooling water pumps to circulate the water to the 

condenser.  

3.6.1 Cooling water pumps 

There are multiple pumps, of which one is on stand-by in order to keep the cooling 

system working in case of one pump fails. The pumps are equipped with frequency 

converters. 
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The cooling water pumps are set to maintain constant pressure at the cooling tower. 

They can be run either with manual or automatic mode. In manual mode the pumps 

rotational speed can be changed to run at a constant rotational speed and in automatic 

mode the pumps rotational speed changes to match the target pressure at the cooling 

tower nozzles. 

The cooling water pump speed can be limited in case of too low pressure inside the 

condenser. Cooling water is provided also to turbine lube oil system and vacuum unit 

from the same cooling tower cycle. The cooling water is delivered to these auxiliary 

systems by auxiliary cooling pump unit which has two pumps, one operational and on 

stand-by.  

(Söderling 2015) (Johansson 2015) 

3.6.2 Cooling tower 

The cooling tower cooling is based on the evaporation of water. The heated water is led 

to the upper part of the cooling tower, from where it is sprayed through nozzles. Water 

is cooled by the upward airflow and pumped back to the condenser from the cooling 

tower basin. Cooling towers can be either natural or forced draft type. (SPX Cooling 

Technologies, Inc 2009, 8-10) 
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Figure 34. Typical cooling tower. 

The use of evaporative cooling makes it possible to achieve cold water temperatures 

below the atmospheric air temperature.  

The natural draft is achieved by the density difference between the heated air (less 

dense) inside the stack and the relatively cool (more dense) air outside the tower. These 

towers are typically large and used only in large power plants. These hyperbolic natural 

draft towers are more expensive than mechanical draft towers. They are most suitable 

for large unified heat loads and therefore for large power plants with high annual 

operating times. (SPX Cooling Technologies, Inc 2009, 8) 

Induced forced draft cooling towers (Figure 35) are commonly used with in smaller 

power plants. They have one or multiple fans that provide a known volume flow 

through the tower. Because the airflow is produced by fans, there is a possibility to 

regulate the air flow in order to compensate the changing atmospheric or load 

conditions. In induced draft towers the fan is located at the airflow exit. (SPX Cooling 

Technologies, Inc 2009, 10-11) 
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Figure 35. An induced draft cooling tower. (SPX Cooling Technologies, Inc, 11) 

Inside a cooling tower, below the water spray nozzles, there is so called fill or exchange 

surface, which works as a heat transfer surface and maximizes the contact time between 

air and water. However, while promoting the contact time of air and water it should 

restrict the airflow as little as possible. The fill is typically either a splash or film type. 

A splash type fill interrupts the vertical movement of water by repeatedly stopping the 

water from falling, splashing it into small droplets and wetting the surface of individual 

splash bars. A splash type and a film type fills are shown in Figure 36. 

A film type fill spreads the water into a thin film over a large area in order to promote 

maximum contact with water and the air. At the same size it is more effective than a 

splash type fill. However, it is sensitive to water distribution and there might also occur 

air blockages and turbulence if designed poorly. The filling is typically made of PVC. 

(SPX Cooling Technologies, Inc 2009, 49-51) 
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Figure 36. Cooling tower fills. A splash type (left, (SPX Cooling Technologies, Inc 

2009, 50)) and a film type fill (right, (Scam T.P.E. 2016, 6)). 

Drift eliminator is placed above the water spray nozzles. The purpose of drift eliminator 

is to remove the entrained water from the discharge air flow. Drift eliminator works by 

forcing the air flow to make sudden changes in direction causing the drops of water to 

separate and collect on the eliminator surface by centrifugal force. The water flows then 

back into the cooling tower. A typical drift eliminator is shown in Figure 37. Like the 

filling, also drift eliminator is usually made of PVC. (SPX Cooling Technologies, Inc 

2009, 51-52) 

 

Figure 37. A typical drift eliminator. (Scam T.P.E 2016) 

The cooled water drops to the cooling tower basin that serves two important functions. 

It collects the cold water and works as the tower’s primary foundation. Because it also 
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collects foreign matter washed out from the air by the circulating water, it has to be 

accessible, cleanable, drainable and have screening in order to protect the circulation 

pumps. Typically cooling water basins are made of concrete with steel or wood frames. 

(SPX Cooling Technologies, Inc 2009, 37-38) 

Due to evaporation, the concentration of impurities is higher in the basin than in the 

make-up water. In order to remove these high concentrations of impurities, part of the 

water is bled off. The bleed-off valve is controlled according to specific conductivity 

measurements. The opening interval can be adjusted manually. The raw water quality 

and amount of evaporation have an effect on the required amount of bleed off. 

(Söderling 2015, 30-31) 

3.6.3 Once-through cooling 

Once-through or raw water cooling (Figure 38) uses large volumes of water and 

discharges the once-through directly to waste. This system can be used when the capital 

costs of raw water cooling are lower than other systems, which might be the case if:  

• water source is close enough 

• quality of raw water available is acceptable 

Once-through cooling systems use rivers, lakes and sea water as their cooling water 

source. Typically the only treatment for once-through cooling is mechanical screening 

in order to protect downstream equipment from serious damage due to intrusion of 

foreign material.  
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Figure 38. Typical sea water cooling system. (Bachal 2012) 

In sea water cooling system the water is first led through three stainless steel sea water 

strainers, starting from the coarsest mesh to the finest. After the strainers there are sea 

water pumps and a sea water filter before it is led to condenser and other heat 

exchangers (turbine lube oil and vacuum unit) like in other systems. (Bachal 2012)  
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4 THEORY OF TROUBLESHOOTING 

The main purpose of troubleshooting is fault state diagnosis. If some part or parts of a 

system do not function properly, it results in a set of symptoms that are then diagnosed 

and matched with the user’s knowledge of various faults. (Jonassen 2000, 78) 

Troubleshooting includes data collection and testing in order to develop and 

demonstrate the hypotheses about the fault sate. This requires system knowledge 

(components), procedural knowledge (problem solving procedure and testing), and 

strategic knowledge (search and replace, serial elimination and space spitting). 

(Jonassen 2000, 78) 

All of this knowledge is integrated and organized by the troubleshooter’s experiences. 

The primary difference between the expert and the novice troubleshooter is the amount 

and organization of system knowledge. The troubleshooting starts from understanding 

the system and observing the symptoms. According to Johnson & Satchwell (1993) the 

best way to learn the system that is being troubleshot is by functional flow diagrams. 

Troubleshooting continues by forming hypotheses on potential causes and can include 

measuring and tests to eliminate these possible causes. (Jonassen 2000, 78) The lists in 

chapter 5 can be used to make the hypotheses and detect the fault. 

4.1 Fault detection 

Modern power plants are equipped with a standard monitoring system for power plant 

operation. It consists of measurements of the main process parameters (temperatures, 

pressures, flow rates etc.). The information from the power plant monitoring system can 

be used for fault detection. Monitoring single measurement values is rarely enough to 

monitor the performance of the plant. Instead often one needs to use an indirect method 

to detect the fault. These methods include different models, calculating key figures of 

the process from measurements and monitoring variables from trends. (Hälikkä 1998, 

36) Often it is even necessary to perform tests and inspections at the site. However 

plenty of things can be figured out only from the on-site measurement data.  



63 

The instant process parameters do not always indicate the fault clearly enough or it is 

not economical or otherwise possible to install as many sensors as required for fault 

detection. Then one has to monitor the change of key figures that utilize existing 

measurements to detect faults. These key figures are compared to optimal reference 

values (for example performance tests, guaranteed values, and values of clean boiler). 

Typical key figures include efficiencies, energy- and mass balance, and heat transfer 

coefficients. (Hälikkä 1998, 42) 

Calculating overall efficiencies is a simple task, since measurements of power, 

temperature, pressure and mass-flow belong to regular process instrumentation. 

However, calculating only the turbine efficiency is not enough to define the fault 

precisely, it only express its existence. More detailed analysis, such as stage efficiencies 

of entropy drop tests, give better more detailed information but require more 

measurement locations. (Hälikkä 1998, 42) Since small steam turbines are rarely 

extraction type, other key figures and procedures have to be used for fault detection. 

Decreased heat transfer coefficient is a good indicator of deterioration in heat transfer 

surfaces. Deterioration of heat transfer surfaces can also be noticed from increased 

terminal temperature difference or decreased temperature change in steam or exhaust 

gas flow. (Hälikkä 1998, 43) However, typically maintenance actions are done if 

exhaust gas outlet temperature rises over a set limit. It is a good approximation, but it 

can rise also if the exhaust gas temperature is higher (e.g. low engine load or 

turbocharger fouling).  

Monitoring trends of different process variables can be effective, if accurate enough 

trends are available. It is common for a modern power plant to have an accurate 

monitoring system. Filtering the process trend can help to detect dynamic changes from 

the measurements. Filtering can be done for example with moving average filtering. 

This makes it easier to detect slow changes. (Hälikkä 1998, 45-46) The effect of three 

and five point sliding average filtering are shown in Figure 39 and Figure 40. 
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Figure 39. Three point moving average compared to the original data. 

 

Figure 40. Five point moving average compared with the original data. 

From Figure 39 and Figure 40 it can be detected that with averaging it comes clearer 

that the trend values are rising. The risk is however that the fast changes may stay 

unnoticed. (Hälikkä 1998, 46) In this work averaging was not used. Even though it is 

not as clear as with averaging, a rising trend can also be observed by eye.  
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One general troubleshooting procedure is pattern recognition. It uses observed 

symptoms of a problem and compares them to known symptoms for each possible 

problem trying to find the best match. (Greg Stanley and Associates 2013) This method 

can be demonstrated with a fault condition table, Figure 41. It shows a positive matrix 

mapping of observed symptoms (01 – 05) and causes (C1 – C5) (Hall, Hansen and Lang 

1997, 4). Using a fault condition table can help to differentiate the cause.  

 

Figure 41. Fault condition table. (Hall, Hansen and Lang 1997, 5) 

Fault detection and differentiating is based on logic. For example if symptoms 01, 03 

and 05 are observed, but 02 and 04 are not, the symptoms are probably caused by cause 

C1 and C3. Combination of multiple causes (e.g. C4 and C5 in Figure 41) can have 

similar spectrum of symptoms than another single cause (C2). (Hall, Hansen and Lang 

1997, 5) 

The fault detection table can also be made negative (Hall, Hansen and Lang 1997, 5). 

This means that it is not used to detect faults directly but to rule out as many causes as 

possible, that do not seem to have an effect on the performance changes. The causes that 

are left are the probable sources of the symptoms.  By this way the causes can be 

confined to a certain machine or its part, and finding the specific cause is then easier 

with tests or other methods. 

Within this work, the fault condition tables were not utilized due to the characteristics of 

the faults. However it could be useful for example when detecting increased condenser 
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pressure (Chapter 5.6) or other similar, where there are common symptoms with 

different causes.  

One possible fault detection method includes creating procedures for making decisions 

based on the observed data. Decision tree is an example of this. Typically these trees are 

based on the knowledge of the developers or based on other models. Often these 

applications require human input, where diagnosis is supporting the decision rather than 

directly defining the conclusion. (Greg Stanley and Associates 2013) 

One common fault in combined cycle power plant is an instrument failure. Instrument 

failure in control circuit can in addition cause unwanted operation or a trip. Therefore it 

would be important to be able to monitor sensors, and the entire control circuit in order 

to detect measurement error. (Hälikkä 1998, 49) 

Typically a failure in sensor or transmitter can cause a relatively large and fast deviation 

in the measurement data. The size of the change can be utilized in fault detection by 

setting a measurement range for each sensor. Normally the range is set so wide that the 

measurements do not cross the limit even in case of failure. Therefore, if the limits are 

crossed, it is assumed to be caused by a sensor or transmitter fault.  (Hälikkä 1998, 50) 

Changes in power plant processes are slower than the sensor faults and therefore fast 

measurement signal change indicates a sensor fault. Fast change in a measurement data 

can be detected by monitoring a trend or setting an upper limit for the change of 

consecutive measurements. The real changes are then compared with the set upper 

limits. Sensor operation can be also monitored by estimating the measurable value in 

question according to other measurements. (Hälikkä 1998, 50) 

When global service providers such as Wärtsilä Services have the O&M in their 

responsibility, the power plant operators are mainly in charge of the condition 

monitoring. If an unexpected incident occurs they can rely on technical support from the 

experts of company’s worldwide organisation (e.g. Technical Services). The 
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improvement of IT means that often the experts can have remote access to power plant 

monitoring system and communicate easily with the site staff. 

If the fault or its cause cannot be clarified, the broken equipment can be sent to further 

investigation, or the OEM’s Technical Services can send an expert to the site, where 

he/she will use his/her expertise, measurement equipment, trends, interviews etc. to 

detect the fault. 

In this work troubleshooting is tackled with an analytical approach. The possible 

failures and their symptoms are discussed and presented in the text in order to help 

troubleshooters to develop hypotheses and detect faults. In addition this troubleshooting 

chapter 5 will help the operators to understand the importance of monitoring certain 

parameters. 

4.2 Condition monitoring and condition based maintenance 

Fault detection and condition monitoring are linked together. Condition monitoring can 

also be thought to be the first part of troubleshooting. In order to detect certain fault you 

need to understand the plant conditions.  Condition monitoring is a part of usual O&M 

strategy and the same tools can be used for troubleshooting. 

Condition monitoring means basically comparing the individual condition 

measurements. It can consist of different key parameters and for example trends (value 

vs. time) can be used. Condition monitoring is used to identify a significant change in 

process parameters, which indicates a developing fault. It can also help to find slowly 

developing faults for example if raising path is noticed (like in Figure 39 and Figure 

40). 

Condition based maintenance (CBM) is a maintenance methodology based on the 

condition monitoring. CBM optimization means attempting to minimize maintenance 

costs by taking maintenance action only when there is evidence of approaching failure 

or deterioration of component. Effectiveness of CBM depends on the accurate 
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component/equipment condition prediction. In CBM a triggering event can be for 

example an increased pressure difference or decreased temperature difference. A 

triggering event determines when recovering maintenance tasks are required. (Tian, Wu 

and Chen 2014) The benefits of CBM are for example minimized production loss, 

reduced maintenance labour and materials costs, and extended equipment lifetime 

(Blann 2013). 

A failure can be thought as a process, not an event. Causes for failure can be for 

example wear, stretch, deterioration, misalignment and contamination. These failures 

are inevitable but it typically takes time for them to develop to a level that causes an 

actual failure. (Blann 2013) 

While a little deterioration of contamination is not necessary a problem, a lot of wear, 

deterioration etc. is almost always a problem. When a problem takes time to create a 

failure, the corrective action can be chosen. If the consequence of failure is small or 

negligible doing nothing is also an alternative. Nevertheless, when the consequence of 

failure is not negligible, like when the production loss or costs of repair is high. Then it 

will almost always be worth the effort to detect the failure as early as possible before 

the failure and take the corrective actions required to either avoid or at least reduce the 

consequences of a failure. (Blann 2013) 

A P-F curve (Potential failure, Functional failure) is a typical way to illustrate the 

behaviour of an asset before actual functional failure. A P-F curve is shown in Figure 42 

and Figure 43. 
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Figure 42. P-F curve plotted with the potential indicators of a potential failure. (Blann 

2013) 

 

Figure 43. P-F curve. The inspection interval should be shorter than P-F interval. (Blann 

2013) 
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In Figure 42 and Figure 43 the horizontal axis represents the time-in-service for an asset 

and the vertical axis represents some performance, rate or condition of an asset. The P-F 

interval gives the time to prioritize, plan and execute the necessary maintenance 

activities before the failure. The longer the P-F interval the better, typically it can be 

days, weeks or months. (Blann 2013) 

In condition based maintenance the intention is to detect the emerging/potential failure 

beforehand, as close to point P in the P-F curve as possible. Whereas, troubleshooting 

starts from the failure (point F). However, the principle of fault detection is still similar. 

It starts from data collection and continues by finding the abnormalities, forming 

hypotheses and verifying the fault.  

Until 1980’s condition monitoring included only basic and simplified systems implied 

by the constructor. Any improvement of the condition monitoring was usually only a 

concern of large power plant operators. The improvement of data acquisition, handling, 

processing, storage and long-distance communication has provided improvements in the 

availability of condition monitoring systems. Today’s tendency to transfer the 

responsibility from the owner to the original equipment manufacturer (OEM) by means 

of long-term global service contracts has shifted the development effort for better, more 

cost-effective condition monitoring systems from the owner to the global service 

provider. (De Michelis, et al. 2011, 39) 

Modern power plants are equipped with standard monitoring instruments that are used 

to control the main process parameters such as temperatures, pressures and flow rates. 

However they have rarely any specific monitoring of structural degradation of key 

components. Moreover, some specific process parameters are not routinely monitored 

even though they can significantly impact the overall power plant performance. (De 

Michelis, et al. 2011, 39) 

Nowadays, the unpredictable maintenance costs and unavailability costs are treated as 

risk. The utilities often transform them to a fixed O&M cost by means of long-term 

service contracts, which are basically insurance contracts where the risk is transferred to 
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the manufacturer. (De Michelis, et al. 2011, 99) For the most critical equipment, where 

the consequence of failure is high, there is almost always a relevant technology 

available to measure it. (Blann 2013) 

In addition to this increased use of remote monitoring the following trends are found: 

• Increased automation, data processing, screening and presentation 
• Increased tendency to present diagnostics in the form of usable images 
• Continued interest for non-contact tools and improved models of the power unit 

in order to enable cheap, quick and precise understanding of the current 
condition (like the calculation tool developed as a part of this work) 

(De Michelis, et al. 2011, 99) 

As a part of this Master’s Thesis, a calculation tool and measurement sheet was 

developed for condition monitoring. This tool will be used to track deterioration of the 

parts of engine combined cycle by using static models. The measurement sheet includes 

all the measurements required for the calculation tool. 

The measurements shall be done using permanently installed measuring equipment as 

far as possible for the ease of measuring. The power plant (engines, HRSG’s, steam 

cycle) should be running at nominal load and the site conditions should be maintained 

within the conditions specified for performance tests to make comparison of results 

easier. 

This calculation tool can be used to calculate characteristic parameters for different 

components and the entire system. Such characteristic parameters that will help 

troubleshooting are for example: 

• Secondary energy production efficiency (Electric power from the steam cycle 
divided by transferred thermal power in the HRSG) 

• Turbine efficiency 
• Boiler efficiency 
• Condenser cooling water temperature change 
• Cooling tower efficiency 
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Monitoring and keeping track of the power plant condition can help OEM to optimize 

the overall life-cycle costs of a power plant. Nowadays, the power plant’s operator 

screens and the data can be read remotely via internet. This can be used for remote 

troubleshooting, condition monitoring and even operating the power plant. 

All in all, these tools (calculation tool and the measurement sheet) will help Wärtsilä to 

monitor and keep track of the engine combined cycle power plants’ condition. 

4.3 Condition monitoring and troubleshooting 

The steam system condition should be constantly monitored. During daily routines, 

operators shall monitor the parameters in the operator’s workstation and local gauges. In 

case of deviation from previous readings the reasons for the deviations shall be 

investigated. In case of failure the cause for it should be detected in the means of 

troubleshooting. 

For the troubleshooting several people may take part. First of all, the power plant staff 

by recognising and starting the troubleshooting process by observing the fault and 

collecting data.  Secondly this failure shall be reported to the O&M service provider’s 

experts, who may help with the troubleshooting if needed and will suggest corrective 

actions. If the fault cannot be detected in desired precision, O&M service provider may 

send own experts to the site in order to troubleshoot the incident.  

In addition to the daily monitoring, the steam system performance should be monitored 

yearly in order to find out if there has been deterioration of the equipment. Yearly steam 

system performance monitoring consists of steam system performance tests and 

calculating important parameters such as steam, boiler and cooling tower efficiencies 

etc. These tests should be made not long after manually washing the boiler in order to 

minimize the effect of fouling. 

The tests should also be made as close as possible in similar ambient conditions as the 

previous tests to minimize the effect of ambient conditions to the test results. Especially 

cooling tower performance will be affected by the ambient conditions. 
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There are multiple causes for changes in the engine combined cycle process parameters. 

The parameters shall be monitored and compared to normal values. It is natural that the 

efficiencies will degrade (boiler degradation shown in Figure 12), but the degradation 

should be controlled. 

4.4 Essential parameters for engine combined cycle 

In order to keep the power plants operating with high usability, they are operated within 

a certain limits. These limits are set in the most important parameters and if they are 

exceeded the equipment will be put under excessive stress. This will cause progressive 

wear and eventually a failure in the equipment put in danger.  

The essential parameters for engine combined cycle include  

• the steam/water quality (discussed more in chapter 4.4.1) 

• main steam pressure and temperature 

• exhaust gas pressure and temperature 

• water or water/steam level in all tanks such as condenser feed water tank, steam 

drum etc. 

• parameters for monitoring steam turbine 

o output, rotational speed 

o inlet, outlet and wheel chamber pressure 

o exhaust temperature 

o vibration, bearing temperature 

• by-pass steam temperature 

• condenser temperature and pressure 

• cooling water temperature and pressure 

• cooling tower fan speed 

• pressure over several filters, pumps 

All essential parameters should be monitored continuously or with frequent 

measurements. If action or alarm levels are exceed, corrective and/or protective actions 
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should be performed. 

4.4.1 Water quality 

Water and steam quality shall be monitored and maintained continuously in order to 

prevent water or steam caused corrosion and wear out of the steam system equipment. 

The requirements of water treatment depend on the raw water quality and the steam 

cycle. Cooling towers can use either the same make-up water than engine cooling 

system or the raw water that is used to make engine make-up and steam system make-

up water. All of them have different requirements for their quality.  

Nowadays, the steam system has often an online-monitoring system for monitoring 

several important parameters. These parameters include: total conductivity, cation 

conductivity, pH and dissolved oxygen, and they can be measured from for example 

feed water, condensate and the steam. 

The cation conductivity measurement is one of the most sensitive and reliable tool to 

detect small amounts of contamination in feed water and steam. Specifically the purpose 

of cation conductivity measurement is to detect chloride and sulphate contamination. 

They contribute in steam turbine blade corrosion and therefore measuring cation 

conductivity is important. An early detection of contamination can give time to correct 

this before it causes deposits and corrosion in turbine. (Daniels 2008) 

pH has a significant influence on the corrosion of non-alloyed and low-alloyed steels 

that are common in power plants. The required pH-level is achieved by dosing non-

volatile or volatile alkalizing agents into the boiler water. (VGB PowerTech 2011, 30) 

Ammonia is the most common volatile alkalizing agent used in all volatile treatment 

(AVT). It is important to keep the pH of demineralized water around 9.5 to achieve the 

minimum solubility of iron and minimize the material wear due to corrosion. If copper 

materials are present the upper limit must be set according to the condenser design 

characteristics and materials. Generally the upper limit is below 9.4. (VGB PowerTech 
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2011, 44) 

High quality boiler water ensures that boiler heat transfer capacity and turbine 

performance are maintained during long operation time. Improper maintenance of water 

treatment will lead to problems inside the water/steam cycle. 

To remove all the required oxygen from the steam system oxygen scavenging is used. 

With proper deaeration it is possible to reach the required condition for AVT-

conditioning. Hydrazine is the most commonly used oxygen scavenger in AVT. It 

matches all the high pressure chemistry and steam turbine requirements, since it does 

not decompose into problematic by-products. Hydrazine reduces the iron solubility by 

oxidizing the primary corrosion product, iron hydroxide that creates the necessary 

conditions for protective oxide layer. (VGB PowerTech 2011, 42, 44) 

Other oxygen scavengers are also effective but add carbon dioxide and acid components 

to the water leading into increased acid conductivity. (VGB PowerTech 2011, 43) This 

increased conductivity can easily be higher than the allowed limit for steam turbine 

operation, because of higher silica content.  

An action level (AL) control system is used in controlling the water quality. The 

purpose of the action level control system is to avoid the shutdown requirement as long 

as there is realistic chance to eliminate the source of trouble. These actions are managed 

by plant specific measures. However, guidelines for typical values are presented in this 

chapter. (VGB PowerTech 2011, 52) 

The most significant parameters, so called key parameters, should be monitored 

continuously, if possible. If continuous monitoring is not possible, these parameters 

should be monitored by laboratory analysis from grabbed samples. The risk of a failure 

in the power plant is reduced by operating it continuously within these levels: on long 

term (N – AL1), intermediate term (AL1 – AL3) and short term (outside AL3). (VGB 

PowerTech 2011, 52) For start-up the requirements are not as stringent as for the 

continuous operation. 
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The detailed definitions of action levels are shown in Table 1. Typical requirements, 

normal and action levels for feed water quality, boiler water quality and steam turbine 

steam quality are shown in Table 2, 3 and 4.  
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Table 1. Definition and characteristics of action levels. (VGB PowerTech 2011, 54) 
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Table 2. Feed water requirements on feed water for drum boilers. (VGB PowerTech 

2011, 57) 
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Table 3. Requirements on boiler water for drum boilers with AVT and OT treatment. 

(VGB PowerTech 2011, 64) 
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Table 4. Requirements on steam for condensing steam turbines. (VGB PowerTech 

2011, 65) 
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5 CONDITION MONITORING AND TROUBLESHOOTING 

EXAMPLES 

In this chapter typical issues related to the steam system of an engine combined cycle 

are presented. Effects of lack of proper maintenance and the ways to detect these 

failures are discussed. Some of the failures discussed in this chapter relate to the 

condition monitoring and are rather triggering events for corrective actions than real 

failures. Efficient and safe operation of power plant is achieved only when the 

equipment is properly maintained.  The lack of maintenance and service can result in 

human injury and threaten lives as well as in severe damage to the power generation 

equipment.  

The main concerns in the engine combined cycle power plant are: 

• The cleanliness of HRSG heat transfer surfaces 

• Water quality, and the state of water treatment and water/steam priming 

equipment 

• Cleanliness of equipment inside the water/steam cycle. 

• Correct operating temperatures 

The instructions for maintenance and service are given for every installation. This is 

typically named operation and maintenance manual. The instruction has to be carefully 

studied and followed. Maintenance and service intervals are typically based on running 

hours (HRSG running hours or steam turbine running hours). In addition operating 

conditions have to be taken into consideration, since they possibly shorten the service 

interval.  

The operation service personnel’s daily monitoring may give valuable indications for 

needed un-scheduled maintenance and service. In case of unexpected wear, the related 

components must be evaluated and replaced when needed. 

Main components related to maintenance and service procedures in the steam system of 

an engine combined cycle and their most typical problems related to lack of 
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maintenance are as follows: 

• HRSG 

o Dirtiness of heat transfer surfaces 

o Soot blowing 

o Water quality 

• Steam drum 

o Bottom and scum blow out 

• Steam turbine 

o Steam quality 

o Vibrations 

o Bearing metal temperatures 

• Feed water tank 

• Pumps 

o Cavitation 

• Filters 

o Deposits clogging the filters 

• Water treatment 

o Deposits on strainers and filters 

One of the most important issues is the boiler water quality. High quality boiler water 

ensures that boiler heat transfer capacity and turbine performance are maintained during 

long operation time. Improper maintenance of water treatment will lead to problems 

inside the water/steam cycle. For example, in case of poor water quality, carryover 

deposits (iron oxide and sodium carbonate hydrate) from the steam drum can collect to 

superheater and to steam turbine blades and nozzles causing enhanced erosion.  

Lack of proper maintenance will wear out power plant faster than normally, increase the 

downtime and costs significantly. 

In the following sub-chapters the effect of lack of proper maintenance and/or operation 
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of engine combined cycle power plants is discussed, component by component. 

5.1 Heat recovery steam generator 

High exhaust gas outlet temperature is caused by dirty boiler surfaces. If the cleaning 

procedures: manual cleaning and soot blowing (if equipped with soot blowers) are 

neglected it is possible that soot will accumulate into the boiler heat transfer surfaces. 

Also high differential pressure over boiler can indicate fouling of heat transfer surfaces. 

The cleaning frequency is determined case by case, depending on the exhaust gas 

quality, temperature, operation intervals, load factor etc. The cleaning intervals are 

based on inspections and experience. (Alfa Laval Aalborg Oy 2016b, 41) 

In worst case, fouling in heat transfer surfaces can result in soot fire, which can damage 

the boiler completely, as shown in Figure 44. 

 

Figure 44. Damaged boiler heat transfer surfaces. (Rahko 2016) 

Low exhaust gas temperature, low exhaust gas velocity or low feed water temperature 

will increase fouling of the heat transfer surfaces. High exhaust gas temperature (e.g. 

low engine load) will increase creep deformation and material degradation. High 

exhaust gas temperatures can cause evaporation in the economizer increasing the steam 

drum pressure. During the start-up there is no flow through the superheater. Therefore 

the pipes can exceed the design temperature, which can lead to material degradation. 
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(ORS Consulting 2015) 

Wrong operation of HRSG can cause problems not only to itself but also to the other 

components. For example high steam drum level (e.g. at start up) can cause potential 

damage to steam turbine and superheater. High steam drum level increase the risk of 

water carry–over and therefore the risk of water droplets getting into the superheater 

and steam turbine. (ORS Consulting 2015) 

If water droplets will be carried over to the superheater they will evaporate inside it 

leaving chemicals there. The non-volatiles (such as NaOH used as boiler chemical) stick 

to into the tubes and can cause stress corrosion cracking. Even though a demister on 

outlet of steam drum decrease the risk of droplets getting into the superheater, at high 

water level a significant amount of droplets will still be carried over to the superheater. 

(ORS Consulting 2015) 

Low steam drum level can cause in the worst case evaporation tubes drying and soot 

fire. Closing the exhaust gas damper does not totally eliminate the consequence since 

there is typically a minor leakage through the damper even in fully closed position. 

Thus the water inside the evaporator will eventually dry out without water supply. (ORS 

Consulting 2015) 

High pressure losses in steam/water side indicates fouling inside the pipes. Settling of 

deposits in lower parts of boiler tubes due to poor water quality reduces efficiency of 

the evaporator. This can be seen in reduced steam generation and in reduced turbine 

output. Chemical treatment and blow down procedures are used to minimize the settling 

of deposits. (ORS Consulting 2015) 

5.2 Soot blower 

Like the heat transfer surfaces, the soot blowing tubes may suffer from corrosion. In 

case of severe corrosion in soot blowing tubes, the soot blowing will be less effective 
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than before and can cause enhanced fouling and corrosion also in the heat transfer 

surfaces. 

Other soot blower components are also exposed to the corrosive exhaust gases. For 

example broken wall boxes, blowers, air filters and air relief valves have been reported 

from sites. (Alfa Laval Aalborg Oy 2013) Operating a boiler without air filter increases 

the risk to break the blower and increase the risk of sand etc. to get inside the boiler and 

to stick on the heat transfer surface. Exhaust gases will leak through the all the leakages 

in the boiler (such as the defective wall boxes) and reduce its efficiency. (ORS 

Consulting 2015) 

5.3 Valves 

High iron levels (from manual sampling) will indicate blockage/blockages in drain 

valves. If drain valves are not cleaned regularly they may get stuck. Drain valves are 

used to remove impurities from the boiler water and therefore, if they get stuck the 

water quality will drop substantially.  

Low primary steam flow or steam turbine output can indicate leaking drain valves 

(Figure 45) or unintentional flow through steam trap.  

 

Figure 45. Leaking valves at the steam drum. (Alfa Laval Aalborg Oy 2013) 
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Transient events can cause serious damage to the equipment and extreme danger to the 

operating personnel. For example, condensate is very susceptible to flashing to steam if 

the system pressure drops. Any valve opening has the potential to drop pressure causing 

extreme pressure surges when the condensate flashes. (ORS Consulting 2015) 

5.4 Steam traps 

Steam traps are used to remove condensate in order to avoid water hammer and to 

improve the steam quality. Steam traps are attached to high pressure and low pressure 

steam line drains.  

If steam traps don’t work properly, they can cause several unwanted issues: water 

hammer, decrease of thermodynamic efficiency when water collects in heat exchanger 

tubes and expensive repairs and danger when water droplets entrained to the steam flow 

wear out the plant equipment such as steam turbine blades or walls on the outside edge 

of pipe bends.  (Emerson Process Management 2013, 1-3) 

If deposits form in the steam trap upstream from the steam header for some time, it can 

lead to degradation of the steam trap. In worst case this could lead to water entering the 

steam turbine causing damage. (ORS Consulting 2015) 

During start up the steam trap in the steam header can receive more condensate than it is 

designed for. This leads to a reduced efficiency of the steam trap and in worst case 

filling of condensate to steam header. (ORS Consulting 2015) 

5.5 Steam turbine 

The most typical flaws in steam turbines are related to the auxiliaries: lubrication and 

control systems. For example loss of lubrication oil due to pump failure or a leakage. 

Another common problem is a failure in steam turbine speed control, which causes 

turbine trip. Turbine blade damages, shaft and turbine casing fractures and problems in 

condensers result in more severe damage to the equipment and longer un-usability. 
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(Hälikkä 1998, 28-31) 

Turbine blade damages can be caused by material fatigue due to high frequency 

resonance. Tension corrosion and fractures enhance cracking to blades and rotor. Shaft 

and turbine casing damages are typically caused by water-strike or tension due to fast 

temperature changes during start-ups. Other serious damages that cause prolonged 

downtime are rotor axial displacement. (Hälikkä 1998, 31)  

Low superheated steam temperature (below the start-up limit) can cause erosion the 

steam turbine running blades (typically it the leading edge) due to increased wetness 

towards the exhaust end of the turbine. Also low turbine load can also cause erosion in 

the last turbine stage blades, but usually in the trailing edge. With no-load and with low 

load operating conditions part of the flow separates from the inner walls of the flow 

path due to the centrifugal forces overtaking the momentum of the flow (Figure 46). 

This can cause a recirculation flow, resulting in local heating, loss of power and trailing 

edge erosion if part of the cooling water spray is caught up in the recirculation. (Team 

CCJ 2013) (Dave Moelling 2015) 

 

Figure 46. Simplified last stage steam flow patterns at various loads. (Team CCJ 2013) 

Erosion in high pressure part of the turbine are typically caused by solid particles (e.g. 

Iron oxide) in the steam.  Iron oxide particles are left in the steam system if they are not 

removed by blowouts during the steam system start up. (GE Power & Water 2012, C-
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18) 

Increased wheel chamber pressure indicates turbine fouling in the first stages. This can 

be seen from Figure 47. It can be caused for example by water carryover from the steam 

generator or from the dynamic dirt separator if the steam trap has failed and filled up the 

dynamic dirt separator with water. Water carryover from the steam generator happens 

most likely during the start-up and when the steam drum water level is high. Typical 

chemical components that get stuck on the turbine blades are silica and different 

silicates. (GE Power & Water 2012, C-18) 

 

Figure 47. Gradual steam turbine fouling showed by increased stage pressures and 

decreased capacity by 5% during a 15-month period. (GE Power & Water 2012, C-18) 

Water washing the steam turbine if the deposits are water soluble or in case of non-

soluble deposits of-service cleaning by blasting with soft grit material is required to 

remove the deposits. Water washing should be supervised and the turbine 

manufacturer’s recommendations followed carefully, because wrong procedures can 

cause severe damage to the turbine. (GE Power & Water 2012, C-18) 

Pitting, corrosion fatigue and stress corrosion cracking occur in steam turbines. Sodium 

hydroxide, chloride, sulphate and sulphates are the main corrodents. The amount of 

these corrodents in steam is not usually enough to corrode the turbine, but when the 
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pressure and temperature decrease the solubility of these corrodents in steam decreases. 

They condensate on the surfaces increasing their concentration building up corrosion.  

Pitting is associated with chloride deposits and occurs most likely when moist, high 

oxygen atmosphere develops in out-of-service turbines. Corrosion fatigue and stress 

corrosion cracking is associated with sulphates, chlorides and crevice. They are most 

likely to occur in the low pressure section of the turbines, with high stresses and 

operating conditions in the moist steam region. (GE Power & Water 2012, C-18) 

Increased exhaust pressure can indicate a failure in sealing system, which makes it 

possible for air to get inside the exhaust end of steam turbine. Increased exhaust 

pressure can also be caused by air-leakage to the condenser, condenser fouling or 

otherwise insufficient cooling (high cooling water temperature, low cooling water 

flow). Increased exhaust pressure to the condenser or steam turbine exhaust end will 

reduce steam turbine output.  

Unintentional loss of steam (e.g. blow out valve opening or leakage) can cause reverse 

power when the generator is still coupled to a network. However, this is protected with 

the generator reverse power protection. (ORS Consulting 2015) 

Increased vibration can indicate a blade failure. For example in one specific installation 

the turbine exhaust end vibration increased from 0.8 mm to 1.2 mm, and the inspection 

carried right away revealed that a piece of the turbine blade detached during the turbine 

start-up (Figure 48). After the incident the blade was grinded and the steam turbine 

balanced again and it has been running well since that (Rahko 2016). (Arshad 2014, 3) 
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Figure 48. Broken blade on the last stage of the steam turbine. (Arshad 2014, 4) 

5.6 Condenser 

Increased cooling water temperature or low of cooling water flow through the condenser 

have potential to increase the condenser pressure and decrease the turbine output. If the 

cold water temperature is higher than the cold water face value (the value from cooling 

tower performance tables), it indicates problems in cooling tower. Too low cooling 

water flow indicates pump failure or leaks in the cooling water piping. (ORS Consulting 

2015) 

High condenser level indicate either condensate pump failure, closure of valve on the 

suction line of the active condensate pump or a leakage from cooling water system to 

the condenser. Increased water level in condenser can cause water ingress to steam 

turbine. Cooling water leakage will decrease the condensate quality, which can be 

noticed from the on-line monitoring. (ORS Consulting 2015) 

Low condenser level can be caused by level control valve failing into closed position. 

Low level can cause damage to condensate pumps due to cavitation  

Air leak into the condenser (e.g. from flanges) increase the risk of corrosion in the heat 

recovery system due to oxygen ingress. Total dissolved oxygen is monitored in online 
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monitoring in order to indicate air leakages. High dissolved oxygen level in condensate 

can indicate air leak in condenser. Deaerator in the feed water tank is used for reducing 

the dissolved oxygen from the condensate. (ORS Consulting 2015) 

Increased condenser pressure can be caused by several causes. Monitoring only 

condenser pressure is not very useful. However, the cause can be differentiated by 

monitoring the condenser temperatures:  

• Air accumulation in condenser 

o Increased temperature approach (Tsat – TCW,out) and increased 

temperature difference between Tsat and condensate temperature (Tsat – 

Thotwell) 

• Cooling water side fouling 

o Increased temperature approach 

• Reduced cooling water flow 

o Increased cooling water temperature rise (TCW,out – TCW,in) 

Also high cooling water inlet temperature causes increased pressure in condenser. 

Increased condenser pressure decreases the maximum available output for the steam 

turbine. (Progressive Thermal Engineering 2012, 7-9) 

Possible locations for air leaks in condenser are shown in Figure 49.  
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Figure 49. Air leakage points for steam condenser. (Progressive Thermal Engineering 

2012, 10) 

5.7 Cooling tower 

Improper chemical dosing will increase the amount of fouling in cooling tower and its 

equipment. The cooling tower water quality has an effect on the equipment in the 

cooling water cycle. Poor quality cooling water can block the auxiliary cooling line 

strainers very quickly (within a day or so).  

Increased cold water temperature indicates a) higher water flow b) too low air flow c) 

heat load higher than design d) fouling in fill e) too small air intake area f) high wet 

bulb temperature g) water bypassing fills h) inlet nozzles not sprinkling the water 

correctly. (Advance cooling towers Pvt. Ltd 2016) 

Too low airflow indicates a) too low fan speed b) incorrect fan blade angle c) chocked 

air inlet. 

Too low water flow indicates a) blocked filter b) chocked nozzle pipes c) too low pump 

rotational speed d) too small pump. (Advance cooling towers Pvt. Ltd 2016) 
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Water carry over indicates a) blocked fill b) defective drift eliminator, or c) that the 

nozzles are too high above fill. (Advance cooling towers Pvt. Ltd 2016) 

5.8 Generator 

The most common failures in generators are related to protections and generator switch 

caused by magnetization equipment or generator control system. Also external electric 

grid can cause reverse power protection or main switch release. The most downtime is 

caused by sliding ring getting dirty and wearing out. (Hälikkä 1998, 28-31) 

Bearing and coupling related problems are also common with generators. Bearing 

problems are discussed in the 5.9. Problems with the coupling between the steam 

turbine and generator can cause problems in turbine and generator bearings. 

Misalignment of rotating machinery shafts cause reaction forces to be generated in the 

coupling which will cause vibration. Other types of coupling such as flexible and gear 

coupling can handle slight misalignment better than others such as rigid coupling. 

5.9 Bearings 

Bearings are found in steam turbine, generator and all other rotating machines such as 

pumps. The bearing life of an antifriction, or rolling contact bearing is around 100 000 

hours (12 to 15 years). The fluid film or sleeve bearings that are used in the largest 

machines: steam turbine and steam turbine generator, should have basically an infinite 

lifetime. To achieve long lifetime the bearings need to be correctly sized and 

dimensioned or the lifetime can be significantly shortened. (Hoppler and Errath 2007, 

230) 

In this chapter typical common bearing problems are discussed. Problems in bearings 

can for example be caused by: wrong installation, insufficient lubrication or cooling, 

vibration caused by external forces or coupling related problems. The most common 

reasons for bearing failures are shown in Figure 50. 
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Figure 50. The most common reasons for bearing failures. (Hoppler and Errath 2007, 

233) 

Impending bearing problems can be detected from a change in the bearing operation. 

Increased temperature, higher vibration level or higher noise level will indicate a 

potential bearing problem. The bearing temperature and vibration can be checked easily 

from trend logs. The possible causes for different indicators are shown below.  

High bearing temperature can be caused for example by: 

• Too little oil in the sleeve bearing or too little grease in the antifriction bearing 

causing rubbing 

• Insufficient bearing oil cooling due to too high temperature or not enough 

cooling water 

• Over greasing the antifriction bearing forcing bearing balls to push through 

excess grease as they rotate leading to a sharp temperature raise 

• Too high radial forces on the bearings 
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• Too high ambient temperature 

• Using incompatible greases that do not provide adequate viscosity 

Different bearings withstand vibration differently. Roller bearings are damaged easily 

from vibration when the motor is not running. Therefore they need to be locked during 

transportation. Ball bearings can sustain more vibration when not running than roller 

bearings. Both bearings can sustain single and un-frequent shocks of 2 to 3 g without 

damage. Sleeve bearings can sustain single and infrequent shocks of 3 to 5 g. This type 

of rotor needs also to be locked during transportation. (Hoppler and Errath 2007, 231) 

Vibration is normally caused by: 

• Unbalanced loads 

• Operating in the areas of resonance points 

• Damaged bearings 

• Exceeded axial forces 

• Misalignment radially or axially between the motor/generator and the load 

machine/turbine 

o The shaft locater off-center of its bearing (e.g. in start-up) 

• Coupling half is not balanced correctly 

• In generators and electric motors 

o Lack of uniformity in the magnetic field 

o Partial short circuit in the windings 

(Hoppler and Errath 2007, 231-232) 

Misalignment of bearing supports caused oil to leak into the space between the oil rings 

and the vacuum chamber. This oil vapour mixed with high temperature steam in the 

vacuum chamber heating the oil until it formed hard, carbonized “coke” which built up 

until a rub occurred. This rubbing occurred for a couple minutes at a time until the 

carbon deposits were rubbed away. Eventually the leaking oil would form more coke 

and repeat the cycle. (Christofi 2014) 
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Higher noise 

• The sleeve bearings do not make any noise and ball bearings are more noisy 

than roller bearings 

• Damaged bearings create higher noise 

• Antifriction bearings without adequate grease create more noise 

(Hoppler and Errath 2007, 231-232) 

The bearing problems can cause permanent damage to the bearings and reduce their 

lifetime. In case of rubbing between stationary and rotating parts, it will cause localized 

heating at the rotor metal contact point and finally shaft bending. 

5.10 Pumps 

The most common problems in pumps are impeller blade and bearing failures. 

Cavitation and incorrect shaft balancing wears out bearings and impeller blades. 

Failures occur also in guiding nozzles, rotor casing and sealing. Sealing leaks do not 

usually cause shutdown, but increase plant’s own energy consumption. (Hälikkä 1998, 

29-31) 

A reduced differential pressure over the operating pump will indicate a clogging filter. 

A blocked filter upstream a pump results in reduced suction pressure and therefore can 

cause cavitation and damage to the pump. (Mckay 2008) 

Cavitation, air entrainment and recirculation are the most typical problems in pumps. 

They all cause rattling noise and vibration. Which is the cause can be detected by 

throttling the discharge valve, thus reducing the flow. (Mckay 2008) 

If the noise and vibration will be reduced or it goes totally away, it indicates that the 

cause is cavitation. By reducing the flow, lower net present suction head (NPSH) is 

required and thus cavitation is eliminated. Cavitation depends on the temperature as the 

vapour pressure increases when the temperature increases. The higher the water 

temperature is, the higher pressure is required to avoid cavitation. (Mckay 2008) 
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If the noise and vibration gets worse, it indicates that the pump is going into a worse 

condition and thus it is having a problem with recirculation. When little or no difference 

is experienced, it indicates an air entrainment problem, which the flow rate doesn’t 

affect. (Mckay 2008) 

5.11 Water quality 

Cation conductivity is designed to detect changes in chloride and sulphate 

concentrations. Actually it is cation exchanged conductivity. It measures the 

conductivity after passing the solution through a strong acid cation exchange resin, 

which exchanges all the cations into hydrogen ions. Chloride and sulfate cause 

corrosion in turbine blades, especially in the low-pressure section. Even relatively low 

levels of chloride and sulfate can cause damage in long-term. 

If only chloride anions are in the solution, the cation conductivity will not indicate the 

amount of chloride contamination well. For example in case of a condenser tube leak, 

chloride, sulphate, carbonate and many other anions contaminate condensate and feed 

water. This combined effect of all the contaminants will raise the cation conductivity 

over the normal conductivity limit (0.2 µS/cm). However, with large amounts of CO2 or 

other organic acids in the water this problem might remain unnoticed. (Daniels 2008) 

Oxygen is one of the most common corrosion sources in boiler system causing pitting 

and iron deposition. (Bhatia 2016, 13) 
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High pH can cause caustic cracking and foaming. Low pH can result in corrosive acid 

attack. The corrosion rate is highly sensitive to the pH – level so that too high or too low 

pH causes corrosion (Figure 51). Also the speed of oxygen scavenging reactions 

depends on pH levels. (GE Power & Water 2012, C-11) 

 

Figure 51. High or low pH corrodes boiler steel. (GE Power & Water 2012, C-11) 

Make-up water after the reverse osmosis unit 

Low flow rate through RO unit / poor permeate quality indicates poor raw water quality 

or that the RO membranes are dirty. The raw water quality and pre-treatment operation 

shall be checked, and RO membranes washed according to supplier recommendations if 

they are dirty. (Tyni 2014b, 11) 

Boiler feed water 

Too high oxygen content indicates a) air leakage in the water and steam cycle b) too low 

feed water tank temperature (too low heating steam flow) c) unreliable oxygen analyzer. 

(Tyni 2014b, 11)  

Too high or low pH indicates a) unreliable pH analyzer b) too high or low ammonia 

dosing. (Tyni 2014b, 11) 
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Too high cation conductivity indicates a) unreliable analyzer b) exhausted cation 

exchange resin column c) poor make-up water or condensate quality d) poor LP steam 

quality c) air leakage in the water and steam cycle. The cause shall be located and fixed 

by e.g. changing analyzer, cation exchange resin or blocking the air leakage. (Tyni 

2014b, 11-12) 

Boiler water 

Too high specific conductivity indicates a) unreliable analyzer b) too high or low 

phosphate dosing c) too small blow down rate from the steam drum d) too high boiler 

feed water pH. In case of a), b) and c) check them and correct dosing or blow-down 

rate. In case of d) check feed water, condensate and make-up water quality. (Tyni 

2014b, 12) 

Live steam 

Too high cation conductivity indicates a) unreliable analyzer b) too high chemical 

dosing c) exhausted cation exchange resin column d) poor boiler water quality and 

boiler water foaming on the drum e) air leakage in the water and steam cycle. The 

analyzer, chemical dosing, cation exchange resin column, boiler and feed water quality 

and blow-down rate shall be checked, and in case of air leakage, it shall be searched and 

fixed.  (Tyni 2014b, 12-13) 

Condensate 

Too high cation conductivity indicates a) unreliable analyzer b) too high chemical 

dosing c) exhausted cation exchange resin column d) poor steam quality. The analyzer, 

chemical dosing, cation exchange resin column and steam quality shall be checked. 

(Tyni 2014b, 13) 

Too high oxygen content indicates a) unreliable analyzer b) too low LP steam flow to 

the deaerator c) too low feed water tank pressure d) air leakage in the steam and water 

cycle. The analyzer, LP steam flow and feed water tank pressure shall be checked, and 



100 

in case of air leakage, it shall be searched and fixed. (Tyni 2014b, 13) 

Too high or low pH indicates a) unreliable analyzer b) too high or low ammonia dosing 

c) poor feed water, boiler water and steam quality. The analyzer, ammonia dosing, feed 

water quality, boiler water quality and steam quality shall be checked. (Tyni 2014b, 13) 
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6 CONCLUSION 

Troubleshooting is a procedure that starts from the failure. The failure is detected and 

located by using symptoms and the system knowledge. One common way is to use 

failure patterns as an asset. The failure patterns can be used to make a fault condition 

table or by listing as in this work. 

In general the purpose of maintenance is to maximize the profit and minimize the costs. 

Condition based maintenance reduces the costs of annual maintenance by targeting the 

maintenance actions to the most critical parts and the parts that are failing. Condition 

monitoring is used to detect the failing equipment, so that there is enough time to decide 

whether maintain it or to let fail. 

The plant staff is often left responsible for condition monitoring and thus their training, 

implemented procedures and work approach is important. The plant staff is responsible 

for example for cleaning the strainers when pressure over them increases over set point 

and cleaning the HRSG’s when temperature difference over the boiler decreases or 

pressure drop over the boiler increases. 

To detect long-term deterioration a calculation tool for periodical condition monitoring 

was developed as a part of this work. This requires performance measurements to be 

taken yearly at the engine combined cycle power plants. This tool can also be used to 

locate the failure for example in case of decreased turbine efficiency or at least to notice 

that something is wrong.  

The methods to detect faults (troubleshooting) and emerging faults (condition 

monitoring) are basically similar. They start from recognizing symptoms and then 

comparing them with lists, own experience and system knowledge. Often also key 

figures such as energy and heat balance, heat transfer coefficients and efficiencies can 

be used for the fault detection. 

One of the most important concerns in the industry is to transfer the “silent knowledge” 

to the next generations. There is plenty of “silent knowledge” among the technical and 
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maintenance experts, which needs to be distributed to the following generations and 

employees. This work participates in this field and some of the knowledge will be 

shared to the future employees. This knowledge is important, so that the same mistakes 

will not be made again and new procedures can be invented. 

Many of the common failures can be prevented by correct operation of the power plant. 

Excessive temperature, poor water quality and for example small failures that cause 

poor water quality can cause severe accidents and high repair costs. Detecting these 

failures is an important task and the responsibility of it lay on the shoulders of the plant 

operators. However, often they can trust to get remote help for troubleshooting from the 

O&M or OEMs experts. 

Remote systems that are becoming more common and cheaper can be used for condition 

monitoring, troubleshooting and in some cases for remote operation. These remote 

systems, good worldwide communication and using expert services for O&M are used 

increasingly. This long-term trend is based on the thought that unpredictable 

maintenance and unavailability costs are risks. The utilities commonly transfer this risk 

to a fixed O&M cost by long service agreements with OEM or global service providers. 

Therefore the OEMs are trying to develop more cost-effective condition monitoring 

systems. 

The use of remote systems and the digital revolution developing better data acquisition, 

handling, processing, storage and long-distance communication has generated many 

improvements in condition monitoring systems. Still, even though these improved 

systems in the field of maintenance engineering exist, there are plenty of things where 

the experience and knowledge of an expert is invaluable. In practice the development to 

use more condition based monitoring needs a lot of system knowledge, experience and 

system data to develop failure models.  

The same can be counted true for troubleshooting. In order to develop good fault 

condition tables, which helps to find the right cause from several symptoms requires a 
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lot of data, system knowledge and experience. This data and knowledge has to be 

documented and then distributed to the next generations.  
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