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ABSTRACT 

Plants failure is one of the major problems encountered in hydro power plants. Several hydro 
power plants in operation are ageing, so the plants exhibit performance deterioration, part 
damage, high energy consumption and other operational failure. This consequently influences 
the operational health and safety of the plant.   

The present work is concerned with the review of the condition monitoring of cavitation 
phenomenon of hydropower plants and the selection of the most efficient technique for the 
detection of the phenomenon. 

Furthermore to accomplish this, a detailed study of the various condition monitoring 
techniques that are in use was done. Four methods were most prevalently used for cavitation 
detection among the known condition monitoring techniques; virbo-acoustic, vibration, 
acoustic emission analysis and visual observation. 

Based on the literature review carried out on hydropower failure; a pair comparison with 
respect to chosen parameters of performance (i.e delectability, reliability, contact and 
operability) of the condition monitoring techniques was done. The selection of the most 
appropriate technique was made using AHP (Analytical Hierarchy process) analysis.  The 
result from the priorities in hierarchies shows that vibro-acoustic method is the most suitable 
method for cavitation detection in hydropower plant.  
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1.0 INTRODUCTION 

1.1 Background 

Energy is considered to be one of the key factors in economical development .There is no 
doubt that human have become more energy dependent than any time in history. A primitive 
life that was virtually energy independent has developed through time to modernity where life 
without energy is impossible .Necessity encourages innovation; almost every century has seen 
particular innovation in the field of energy. The result is that today there are several sources of 
renewable energy and countries supply their demands according to their natural resources and 
the ability to buy. Renewable energy is any natural source that can replenish itself naturally 
over a short amount of time such as solar, power, wind, running water and geothermal energy. 
Today, exploiting the movement of water to generate electricity known as hydroelectric 
power is the largest source of renewable power in the United States and worldwide, used to 
produce electricity (1).  It has also continued to grow especially in the developing countries 
(2). 

 Hydroelectric power is a renewable energy that could make a substantial contribution to 
national economic and environmental development by mitigating security risk, and enhancing 
effectiveness of energy systems in location where other resources are not available(3). 
Therefore, hydropower is important for maintaining the electrical grid. .Hydropower provides 
an important means of regulating the flow of electricity, unlike other plants that. Hydropower 
facilities can quickly increase and decrease the amount of electricity being generated. 

Since, sustainable development demands a sustainable supply of energy source. One of the 
most important implications of this statement is that, sustainable development in a society 
requires a supply of energy that in a long term, is sustainable and readily available at 
reasonable cost and be utilized for all required tasks without causing negative social effect 
(greenhouse gas emissions and  other gas emissions)(4). As against supply of such energy 
resource which is finite, hydropower are generally considered renewable and therefore, 
sustainable over a relatively long term (5). The benefits of using hydropower remain 
consistent worldwide. It is a clean, and renewable energy supply, compared to other source of 
green power, e.g.; solar, wind, geothermal, Etc; Hydropower accounts for 92% of the world 
renewable energy supply (2), it has continued to be the most efficient way to generate 
electricity .Modern hydro turbines can convert as much as 90% of the available energy into 
electricity and the best fuel plants are about 50% efficient.(6) 

The impoundment of hydropower creates reservoirs that offer a variety of recreational 
opportunities, notably fishing, swimming and boating. Most hydropower installations are 
required to provide some public access to the reservoir to allow the public to take advantage 
of these opportunities. 

Also hydroelectricity offers a significant contribution to development such as hydroelectric 
installations like bring electricity, highways, industry and communities, also developing the 
economy, expanding access to health and education, and improving the quality of life. 
Hydroelectricity is also a technology that has been known and proven for more than a century.  
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Although, hydroelectricity increases the stability and reliability of electricity systems, since 
the operation of electricity systems depends on rapid and flexible generating sources to meet 
the peak demands, maintain the system voltage levels and quickly re-establish supply after a 
blackout. Energy generated by hydroelectric installations can be injected into electricity 
system faster than that of any other energy source. The capacity of hydroelectric systems to 
reach maximum production from zero in a rapid and foreseeable manner makes them 
exceptionally appropriate for addressing alteration in the consumption and providing ancillary 
service to the electricity system, thus maintaining the balance between the electricity and 
demand.(7) 

Moreover, hydropower plants have many advantages over other energy sources, it also have 
some disadvantages that have to do with the environmental impacts like the reservoirs that are 
associated with large dams can cover land and river habitat with water and displacement of 
human populations. Also insufficient stream flow degrades habitat for fish and other aquatic 
organisms in the affected river below the dam. 

Hydropower project can also affect aquatic organisms directly by blocking the upstream 
movement of migratory fish such as salmon and downstream-moving fish can be drawn into 
the power plants intake flow and pass through the turbine. These fish are exposed to physical 
stresses that can lead to death. Hydropower can affect water quality and flow which causes 
low dissolved oxygen levels in the water which is harmful to riparian (riverbank) habitats and 
is addressed using various aeration techniques which oxygenate the water.  

1.2 Hydropower systems 

 HYDRO means water and power means energy, so hydropower is a technology that uses 
water to power machinery or makes electricity. When water constantly pass through global 
cycle by evaporating from lakes and rivers forming clouds and precipitating as rain or snow 
and then it flows back to the ocean and this energy of the water cycle which is driven by sun, 
can be tapped to produce electricity or for mechanical tasks like grinding grain. The water is 
not reduced or used up in the process because the water cycle is endless, but constantly 
recharging system, that’s why hydropower is considered as renewable energy. During this 
process the flowing water is captured and turned into electricity and this is called 
hydroelectric power.  

For more than a century now, the technology for using water to create hydroelectric has been 
existing and the evolution of hydropower turbine began in the mid-1700s when a French 
hydraulic and military engineer, Bernard forest de Belidor wrote Architecture Hydraulique 
and in this four volume work, he described using vertical-axis versus a horizontal-axis 
machine which was improved further. In the 1700s and 1800s a direct current technology was 
used to provide street lighting at Niagara falls, new York, by using an arc light dynamo driven 
by a water turbine, which was also used to provide theatre and storefront light in grand rapids, 
Michigan. 

Since then the invention of the electric generator in the late 1800`s produced a new way to 
exploit hydropower for the growth of civilization. By coupling water turbine to generators 
with belts and gears, a reliable source of electricity was created (8) with the help of 
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transformer which converts the AC to higher voltage current. All these are parts of the 
hydropower system or plants which can be understood clearly with the help of diagram below.  

 

Figure 1: Components of a conventional hydropower plant (9). 

As shown in figure 1 hydroelectric power is produced through the kinetic energy of falling 
water or water under pressure. In most common application, water is diverted from river or 
stream or impounds by a dam and is then steered through a penstock pipe where it develops 
pressure and is then channeled into a turbine. 

Thereafter the turbine is forced to rotate by the force of this water pressure; the turbine is 
mechanically connected to a generator, which is then forced to rotate, thereby generating 
electricity. The shaft from the turbine goes up into the generator, which produces the power, 
power lines are connected to the generator and then transformer so that it will transform the 
voltage and current to be distributed. Moreover, it is found that the amount of water flow, 
along with the amount of water pressure (or head) together determines the amount of 
mechanical energy that the turbine will be able to extract from the water as harnessable 
energy; it also determines the appropriate turbine type. It has been observed by Iftikhar A. and 
Abdur R. (10) that the hydraulic generator, the power transformer and the turbine runner are 
the three most important and cost intensive of electro-mechanical equipment in a hydropower 
plants or system and most of the hydropower failures come from them (10). 

 1.3 Major Plant´s power failure 

The studies of Pakistan`s major hydropower plants have revealed that, hydraulic generator, 
power transformer and the turbine runner are principal causes of power failure in a 
hydropower plant (10). Due to deteriorations that occur based on old age of the plants leading 
to damages or trouble with the equipment and altering the conditions of the initial design of 
the plant. 
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1.3.1Hydraulic generator 
Generator as the name implies produces or generates electricity by rotating a series of 
magnets inside coils of wire and the process moves electrons which produce electrical current.  
Generator is made up of certain basic parts namely shaft, excitor, rotor and stator. And with 
the help of the Air-gap , the distance between the rotor and stator, can be measured ,which is 
very important or critical to the life of a hydroelectric generator. This is one of the most 
important parameters for proactive condition monitoring. A non–concentric rotor and stator 
can cause various problems that may lead to generator damage; example of such is 
magnetically induced overheating or rotor-to-stator rubbing (10). Studies have shown that 
40% of the serious motor and generator problem are due to the deterioration of the stator 
winding insulation. Rapid deterioration of the stator end winding can occur due to various 
reasons resulting in wear of coil insulation and fatigue cracking of conductors. Both 
conditions can eventually lead to failure of the generators (10). 

1.3.2 Power Transformer 
Transformer is highly reliable and efficient equipment used for bulk transfer of power from 
one voltage level to another and is always under the influence of electrical, mechanical, 
thermal and environmental stresses which cause the degradation of insulation quality and the 
ultimate failure of a transformer leading to major breakdown of the power system itself.  

Some of the faults like partial discharge overheating, winding circulating currents, arcing and 
continuous sparking can cause the deterioration of the insulation. Power transformer 
insulation condition is the basic indicator of the best operation of the transformer. The power 
transformer insulation is affected by aging, transient voltage and high operation temperature 
(10). As critical clamping pressure relax with age, the life hood of the transformer failure 
increase due to short-circuiting (11). 

1.3.3 Turbine 
Turbines are the core of our hydropower because practically every form of electric power is 
generated by a turbine. By taking an input and generating an output by extracting energy from 
a fluid such as; water, steam, air, combustion gases. Turbine is made up of a series of blades 
typically made of steel, but sometime ceramic which can withstand high temperature. The 
fluid goes in from one end pushing the blades and causing them to spin, then gets ejected out 
from the other end and this fluid leaves the turbine with less energy than it had going in. A 
portion of the difference is captured by the turbine.. Studies made on some hydropower plants 
have shown that the most serious factor that causes turbine failure and production loss is the 
erosion of the turbine due to cavitations or abrasive erosion.  Cavitations are the formation of 
vapor or bubbles /cavities in a flowing liquid due to the abrupt in the pressure. These cavities 
implode or collapse as they move to higher pressure against the metal surface of the turbine 
runner. While the  abrasive erosion is the mechanical removal of metal by the action of 
suspended solids in water, the presence of silt or sand in the water causes wearing of the 
runner blade surface (10).  

Moreover, a considerable part of the damage to turbo-generator occurs from vibrations and 
fatigue failure. The resulting effects of vibrations include; loosening of joints in the stator line 
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and its mounting on the foundation, disturbance of the normal distribution of the generators 
magnetic flux, imbalance of the rotor, misalignment, bearing instabilities  

Therefore, the problem mentioned above is the main cause of failures in turbine-generator 
systems, although there are still other causes or malfunctions that can occur since the hydro 
turbine is coupled to generator with belts and gears. There can be looseness of belts and gears 
which can lead to vibration and other faults like misalignment, excessive turbine vibration, 
bearing fatigue, bearing overheating, stator winding vibration, rotor rim movement, 
stator/rotor out of round , stator/rotor concentricity ,loose stator laminations unbalanced air 
gap force, blocked stator ventilation ducts, over heated stator coils etc. 

 1.4 Solutions to the causes of failure in hydropower plant. 

Most of the time, in old hydropower plants that are still in operation there are always 
deterioration, damages or trouble with the equipment that leads to the alterations of conditions 
from the initial design and operational performance which lead to plant’s failure. Because of 
this, many types of equipment today are required for condition based maintenance so that they 
can function well within their intended lifetimes. Dismantling them for inspection is 
expensive and the owners need to consider all relevant information in making the decision 

which has to do with maintaining the equipment to avoid failure.  

Maintenance is defined as the activities necessary to keep a piece of equipment in or restore it 
to a specified condition. This includes all work relating to the economical preservation of 
facilities or equipments and system. The main mission of carrying out maintenance is to 
improve equipment availability, system reliability, minimize breakdowns, achieve optimum 
life cycle cost (LCC), reduce risk, enhance safety, and increase overall equipment 
effectiveness. To achieve this, we need to use the proper maintenance techniques and also 
adopt best maintenance programme.  

Maintenance could be broadly categorized based on the technique, aim, and time it is carried 
out. An overview of the different types of maintenance is presented in figure 2  

 

 

 

 

 



 

6 
 

 

Figure 2: Condition based maintenance (ss13306
1
)  

                1 - Swedish standard SS-EN13306 [www.sis.se] 

 

Corrective maintenance, as the name implies, are the maintenance activities that are carried 
out for restoring a failed unit. May be little repair to re-design of equipment. It is a very fast 
process. Thus it included in both planned and unplanned maintenance. Work out to eliminate 
the offline jobs of lower order priority and to eliminate/reduce repetitive breakdown. 

While in Preventive maintenance, it is define as the combination of all actions in a plant to 
prevent failures and detect failure early. Also it can be define as maintenance that is carried 
out at intervals in order to reduce the probability of failure or the performance degradation of 
an item. There are two parts of preventive maintenance: 

(i) Condition monitoring (actions that detect failures by monitoring some parameters of 
condition)  

(ii) Predetermined Maintenance (already scheduled actions to prevent failure) 

Based 
on the above two types of preventive maintenances, the best way of keeping our plants in 
order to prevent failure is by implementing condition monitoring and improving on its 
practices. This has to do with using the advanced technology to determine the asset and 
infrastructure condition so that we can be able to predict the failure before it occurs. Figure 3 
can help to explain how condition monitoring works 
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Figure 3: P-F intervals and deviation from normal condition (37) 

Figure 3 shows that the items are inspected and left in-service on the condition that they meet 
specified performance standards. And the frequency of this inspection is determined by the 
potential failure (p-f) interval, which is the interval between the emergence of the potential 
failure and its decay into a functional failure (37). 

Point where failure starts to occur it is define as the initial point, at which an evolving failure 
can be observed using the correct detection technology,. The actual discovery of the potential 
failure occurs as the subsequent condition based maintenance (CBM) inspection follows.  

The point where we can find out that it is failing, can be define as a potential failure (P-f) –an 
unambiguous indication that a functional failure is imminent. A potential failure may be 
declared at the moment of detection by a CBM inspection; however, it requires physical 
confirmation prior to recording this event as a potential failure on the work order.  

Maintenance can be improved by implementing and improving on condition monitoring. 
Condition monitoring is one of the most important tools in maintenance domain. It provides 
validated information, decision-support tools for maintenance processes. This is necessary for 
the implementations of advance maintenance strategies. In addition, condition monitoring 
system provides process condition information to technical management systems and control 
systems (12).           

As reported by Leger (1999), presently companies spare no effort to raise their competitive 
powers in the market through increasing reliability & availabilities, and decreasing the 
maintenance related costs & losses for their equipments. The maintenance strategies of those 
companies are progressing from the preventive maintenance dominated towards CBM 
(Condition Based Maintenance) or predictive Maintenance dominated (12)  
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Moreover, the incentive for establishing a program of machinery condition monitoring is 
based on the need to assess and understand the trend of the condition of operating equipments 
in order to minimize risk and economic impact of an unexpected shutdown or failure (13). 

Hydropower machineries and systems deteriorates with time and in other to monitor, control 
and take appropriate decision on safety, reliability and cost, condition monitoring is normally 
undertaken with the help of different monitoring tools and instrumentation. In fact regular or 
continuous measurements of parameters of condition are taken in order to determine the 
physical state of the system. Some of the measurement technologies that are used in condition 
monitoring include, Vibration analysis, lubrication and oil analysis, thermography, 

ultrasonic, Acoustic emission and eddy current, etc                                                                                                                                               

Condition monitoring was done offline in early days, where maintenance could be either 
regular or irregular periods. This practice restricts asset or utilities to wait for periodic 
shutdown or failure due to any defect or damage (10). Today condition monitoring is 
undertaken on-line. The on-line monitoring of equipment facilitates the transformation of 
maintenance programs from periodic to time based condition monitoring. On-line monitoring 
involves continuous observation of the system parameter without system or equipment 
interruption (10). Hydropower Companies have adapted different condition monitoring 
practices for each hydropower station as per the requirement and prevailing situation at that 
time. Therefore there is a need to undertake a review of the condition monitoring practices as 
in use . 

 

1.5 Objective of the project 

The objectives of this project are to: 

i. To study hydropower station operation and maintenance, and evaluate possible 
improvement potential. 

ii. To study the condition monitoring tools and techniques for cavitations defects. 

iii. To find out which condition monitoring  technique is more appropriate to detect 
            cavitation of water turbine. 
 

 1.6 Scope of the Study 

The scope of this project includes; 

i. A literature study of the condition monitoring concept, theory and tools were 
undertaken 

ii. Visit to hydropower station study of the various conditions monitoring practice as in 
use. 

iii. Use of AHP (Analytical Hierarchy Process Technique) to analyze the more 
appropriate monitoring techniques that are more suitable to measure cavitations of a 
water turbine were undertaken. 
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2. LITERATURE REVIEW 

2.1 Formation of Cavitation 

The management of small hydropower plants for achieving higher efficiency of hydro turbine 
with time is an important factor. The turbines show declined performance after few years of 
operation; they get severely damaged due to various reasons. One of the most important 
reasons is erosive wear of the turbine due to high content of abrasive material during monsoon 
and cavitations (11). According to Bernoulli’s equation, if the velocity of flow increases, 
pressure will fall. In case of liquid, the pressure can not fall below vapors pressure. It may 
happen that a stream of water cuts short of its path giving rise to eddy and vortices which may 
contain voids or bubbles. These bubbles are carried by the stream to higher pressure zones 
where the vapors are condensed to liquid again, this results in the formation of a cavity and 
surrounding liquid rushes to fill it. The phenomenon which manifest itself in the pitting of the 
metallic surfaces of turbine part is known as cavitations because of the formation of cavities 
due to sudden collapsing of the bubbles on the metallic surface (11)  

  

Kjolle in his paper after the studies of the causes of damages in hydro-turbines found that the 
main causes of damage of water turbine were due to cavitations problems, sand erosion, 
material defects and fatigue. The runners and draft tube cones of Francis and Kaplan turbines 
are parts of the turbine that is exposed to cavitation erosion (11). The effect of cavitation 
erosion was found to be reduced by improving the hydraulic design and production of 
components and adopting erosion resistant materials and arrangement of the turbine for 
operation within the good range of acceptable cavitations conditions. 

 Kumara et al (11) illustrated the benefits of cavitation monitoring in hydraulic turbine using 
vibration technique. The technique was used in a large Francis turbine in order to validate 
light modification of its distributor, which was intended to reduce the cavitations 
aggressiveness and thereby the associated erosion. Cavitations induced vibrations were 
measured in fixed parts of the turbine pro-type and compared to those measured in a similar 
and non- rehabilitated turbine (11). 

Furthermore, information about cavitations given by kumara include, cavitation repair, 
cavitation damage inspection, frequency of inspection, cause of pitting, runner modifications, 
cavitations pitting locations, methods of cavitations pitting repair and areas of high stress in 
runner.  
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Typical areas of cavitations pitting as described by Kumara et al are shown below (11) 

 

 

Figure 3: Typical areas of cavitations pitting (11) 

Also Kumara (11) presented a new cavitations erosion device producing vortex cavitations. A 
comparative study between various cavitations erosion situation was carried out to verify the 
ability of this vortex cavitations generator to produce realistic cavitations erosion with respect 
to that observed in hydraulic machinery  

Huixuan et al. (36), carried out an on –line monitoring system for water turbines. Both audible 
sound (20 hz- 200 kHz) and ultrasound (50-300 kHz) were continuously monitored. The 
signal characteristics such as standard noise level and frequency compositions were evaluated 
and the sound emitted by cavitations was distinguished from the others such as water flow 
sound and mechanical sound. The cavitations intensity on different water head and power 
were traced out. 

The degree of cavitation erosion was estimated according to the cavitations intensity at a fixed 
operating condition such as rated power and designed water head. 

 2.2 Detection of cavitation in Francis Turbine 

Based on the experimental investigation carried out by Escalera et al. (2008) he used the 
analysis of structural vibrations, acoustic emission and hydrodynamic pressure  in order to 
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detect and evaluate the cavitations in actual hydraulic turbines (30) .The results obtained for 
the various type of cavitations found in the selected machine are as shown in figure 5. 

 

 

Figure 4: Different type of cavitations in Francis turbine (11) 

Different type of cavitations in Francis turbines are (a) Leading edge cavitation (b) Traveling 
cavitations and (c) Draft tube swirl (d) Inter- blade vortex cavitations. 

From experimental point of view, it was found that inlet leading edge cavitation is the most 
severe type of cavitation affecting the operation of the water turbines due to its erosive 
capability. The bubble cavitation at the out let of the blade affects the performance and 
efficiency of the machine and draft tube that limits the reliability of the operation. 

  2.2.1 Monitoring of steady-state flow behavior 
The presence of cavitations can be detected by monitoring the steady state flow behavior of a 
fluid power component; this occurs when pressure downstream from a valve is reduced, 
sufficiently flow rate does not increase with the increasing pressure drop across the valve. By 
measuring the characteristic curve of a valve, an activating range can be determined.(11)(14) 

2.3 Experimental Study of Cavitations in Kaplan Turbine 

Grekula and Bark (2001) studied the cavitations in Kaplan turbines with high-speed filming, 
video filming and visual observation with stroboscopic light; a periodic pattern of the 
cavitations tip vortex was observed. The main feature of this pattern is cavitation vortex bent 
towards the blade surface and transformed into cloud formations and these clouds collapsed in 
a manner that suggest this to be an erosive process .(16) 

The aim of the experiments is to gain general knowledge of the different cavitations processes 
that appear in Kaplan turbines and also to identify cavitations processes that may result in 
erosion. This experiment was carried out on a Kaplan model turbine at the hydraulic machines 
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laboratory of GE energy (Sweden) AB with a model runner that has four blades and a 
diameter of 500 mm. A discharge ring with windows, offering visual access from four 
circumferential positions around the runner was used to trace any flow in homogeneities. The 
discharge ring was made of Plexiglas and provided with a strengthening shell of steel with 
four openings allowing visual access to the runner. And the video filming was used to trace 
flow in homogeneities because they are small enough for filming through all four windows in 
right space between the discharge ring and the spiral case. And video recordings made in 
stroboscopic light, with one flash per turbine revolution, were enough for a general overview 
of the cavitations behavior.(16) 

It was suggested that there are re-entrant jets in the attached sheet cavities at the blade leading 
edge observed and that they are of major importance to the shedding of cavitations vortices 
and cloud cavitations. 

Morever since the cavities at the blade root seem to be mainly of sheet type or travelling 
bubble type, depending on the running condition, several facts indicate the contribution of 
vortex motion as well however it was not possible to draw any finial conclusion as the type of 
these cavities because some flow disturbances that most likely influence the root cavitations 
were also found. 

2.4 Methods for vibro-acoustic diagnostics of turbine cavitations 

During the experiment carried out by Bajic (2002) noise sampling, signal processing & 
analysis, data processing & interpretation in vibro–acoustic diagnostics of turbine cavitations 
are investigated in a series of prototype and model experimental. This technique enables 
extraction of data on cavitations details and early detection of detrimental effects in turbine 
exploitation. 

The study of vibro-acoustic technique suggests that reliable and informative diagnosis of 
turbine cavitations may be obtained by the following actions.(17) 

• Integrate the analysis in four domains – noise frequency, runner’s angular position, 
sensors position, parameters specifying turbine operational condition. 

• Make the procedure multidimensional, rather than a series of step restricted to a single 
domain without resolving in the other. 

• Base the analysis on empirical models to highlight relationships and construct the 
model iteratively. Use reliable estimates of background components base on peak –
selective spectra. 

• After having identified different cavitations mechanisms, process them separately and 
combine results into an estimate of the total effect and proceed similarly for 
cavitations related to different turbine parts. Quantify a cavitation mechanism or the 
role of turbine part by using estimate based on the entire spectra related to them 
averaged over a set of representative sensor positions. 
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The simplest way of making vibro-acoustic diagnosis of turbine cavitations of using one 
sensor location, noise level in a frequency band as an estimator may yield erroneous 
results(17)(18). A study of problems of sampling , processing, analyzing and interpreting 
vibro-acoustic diagnostic data, based on the prototype  and model experiments, revealed this 
and some other weak points in the current diagnostic procedures  

 2.5 Analysis of Hydraulic Turbine with over 10 years in operation  

Phet-asa and Suchantakul, in their work aimed at the evaluation of the damages of cavitations 
on a 10 year 13MW Francis turbine of a selected hydropower plant. This damage was 
measured by monitoring the vibration of turbine shaft and the draft tube, during the study the 
load of the turbine is varied from no load to overload. (19) 

The vibrations of ‘13mw xhpp turbine’ are measured by mounting the 2 vibration transducers 
at turbine guide bearing position ‘b2’ and draft tube ‘d2’. The vibration data was collected by 
using vibration analyzer type csi 2115dx and accelerometer model 36il having frequency 
response between 2.0 Hz and 10 Hz. The detailed experiment could be read in the reference 
sited. 

It was found that vibration at the draft tube is higher than that of turbine guide bearing. 
However two measuring points give the same result that the vibration of turbine is very high 
at no load and it decreases with the increasing of load till the turbine load reaches 6.5 mw and 
at this point the vibration of turbine is at the lowest and if the turbine load is higher than 6.4 
mw the vibration is increased again and at the over load of 14.2 mw the vibration of turbine is 
highest. And since the major source of turbine vibration is cavitations so to avoid the 
cavitations it is better to run the turbine for at a constant 6.5mw.(19) 

Therefore it is better to run turbine at half load instead of the full load because if turbine is run 
at full load then cavitations cannot be avoided. 
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3. CONDITION MONITORING MEASURING TOOLS 

 

Condition monitoring is a system of regular scheduled measurements of plant and machinery 
health. Condition monitoring systems use various tools to quantify plant health, so that 
change in condition can be measured and compared. This can be done by collection, storage, 
comparison, and evaluation of data taken from a machine to establish the running condition of 
the machine. This condition monitoring of the mechanical, electrical and thermal condition of 
plants can be carried out by identifying efficiency, losses and safety of critical defects. One of 
the objects of condition monitoring is not only to identify defect but also to identify the root 
cause of the failure, in order that it can be engineered out. Condition monitoring tools with 
their uses are mentioned below. 

3.1 Thermography 

Thermographic survey is used mostly in any organization as a means of identifying areas 
where heat losses and wastage can be minimized thereby resulting in lower operating costs 
and carbon emissions. Thermographic surveys are not only suitable for identifying problems 
when equipments get hot but also applicable on equipments with relatively low temperature. 
Every object with a temperature above absolute zero (-273°c)(20) emits infra red radiation 
meaning that thermal imaging can be suitable for identifying issues with virtually any system. 

 The basis of the infrared thermography is quite simple. All objects emit heat or infrared 
electromagnetic energy, but only a very small portion of the energy is visible to our eyes. 
Thermographic analysis is done by using thermal imaging cameras and the camera detects the 
invisible thermal energy and converts it to a visible image. Also the thermographic analysis 
uses thermal imaging camera to obtain temperature distribution maps across electrical panels, 
looking for hot spot or loose connections. Also in mechanical applications it is more useful 
for locating a problem area than for indicating the root cause of the problem (21). 

 3.1.1 How thermal imaging works. 
 

 

  

 

 

 

               

 

Figure 5: Thermal imaging camera (20) 
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A thermal imaging camera is a digital camera with the ability to see infrared electromagnetic 
energy. Also the thermal imaging camera detects the different intensities of radiation and 
assigns a colour. The colour range is set by the user and it is normally kept the same through 
the survey 

All objects above absolute zero (-273°c or 0 Kelvin) do emit infrared radiation and the hotter 
the object becomes the higher the intensity of the radiation it emits radiation. Even though 
visible and infrared light are in immediate succession in the electromagnetic spectrum, human 
cannot see infrared radiation due to the wavelength. And with the use of the thermal imaging 
camera you can detect this infrared radiation and convert it into visible light. This image is 
then interpreted and analyzed by an appropriate thermograph. 

 

 3.1.2 Types of Thermography 
Thermography is a non-invasive imaging technique that is intended to measure temperature 
distribution of various machines, organs and tissues. The two most common types of 
thermography are: 

Liquid Crystal Thermography: Sheets impregnated with cholesterol liquid crystal do change 
colour in response to variations in surface body temperature. 

Infrared Thermography: An infrared camera or computer senses body temperatures and 
demonstrate area of differing heat emission by producing brightly colored patterns. Each color 
represents a specific temperature level. To start with infrared (IR) thermograph, thermal 
imaging cameras and thermal video are the common types of infrared imaging technology. 

Thermal Imaging Camera: In most cases infrared thermal imaging camera detects 
radiation in the infrared range of the electromagnetic spectrum and produce images of 
that radiation called thermogram. According to black body radiation law it said that 
object emits infrared radiation base on its temperature (22). Infrared thermal imaging 
cameras make it possible to observe a surface/environment with or without visible 
illumination. The amount of radiations emitted by an object increases with 
temperature. 

Thermal Video System: Some thermal video system combines 320 and 240 micro 
bolometer focal plane array and 3.8 in color LCD swivel display. Camera measures 
temperature difference as small range of  8-14 micro real-time image analysis tools 
include 10 spot meters, isotherm and line profile tools, multiple colour and gray scale 
palettes ,and status area which displays current object parameters for emissivity and 
background temperature. 

Infrared Thermography is a non- contact device that detects infrared energy (heat) and 
converts it into an electronic signal which is then processed to produce a thermal image on a 
video monitor and perform temperature. Calculations on heat sensed by an infrared camera 
can be very precisely quantified or measured allowing you not only to monitor thermal 
performance but also to identify and evaluate the relative severity of heat- related. 
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 3.1.3 Application of thermograph. 
The applications of thermograph are shown below: 

Power transformer 
 

 

                        Figure 6: Power transformer (21) 

Electrical faults can lead to break downs and can increase the potential for fire hazards. Both 
threats can cause losses, and repairs could be costly. Electrical equipment can suffer from 
numerous faults which will show an increase in temperature. Examples are corroded surfaces, 
connections loses, imbalanced loads, insulation damage, incorrect voltage, deterioration due 
to ageing. The hot connection on the top left image was detected or seen by the help of 
infrared thermal imaging. Infrared thermal imaging can also be used to check the oil level in 
the tanks on the transformers. Also to check the high and low voltage bushing and they are 
showing any heat effect. There could be unusual heat inside the transformer that would cause 
the oil to turn to flammable gasses which could cause a fire or explosion. 

 

3.1.3.2 Line switches 
 

 

 

 

 

 

 

Figure 7:  Line switches (19) 
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It is widely known that as temperature in a conductor rises so does its resistance so likewise, 
as resistance increase (in mostly conductors) temperature rises. A loose connection effectively 
reduces the surface area in which current can flow and consequently an increase in the contact 
resistance. Also oxidation built up at the connection point can also cause a rise in resistance 
The origin  of most conductor, insulator and component problems can be traced to a poor 
connection using an infra-red camera 

The above line switches show heat likely from time and corrosion in the slip connection. If 
they get worse enough to fail, this would cause a major power outage and the facility down 
time could be very expensive. 

The largest users of thermographic instruments are the power generation, transmission and 
distribution authorities. Electrical transmission faults lend themselves to this kind of 
inspection because faults such as poor contacts, short circuits, overheating components, open 
circuits invariably produce heat, etc.(23). It is also used to check switches, substations, circuit 
breakers, distribution line, cable runs, motors, pumps and fuses. 

Some power company also have developed the possibilities of inspecting distribution 
networks from air, Heilbronn fault detection and thermographing is an effective way of 
measuring and documenting the condition of power lines. 

3.1.4 Disadvantage of thermography 
One of the major disadvantages of thermograph is that it can only locate a problem area but 
does not give detail information about the root cause of such problem.(21) 

Measuring temperature with infrared methods is complicated because there are three sources 
of thermal energy that can be detected from any object; energy emitted from the object itself 
energy reflected from the object and energy transmitted by the object. Only emitted energy is 
important. (20) 

3.1.5   Advantages of thermography 
A key benefit of thermograph is that it is non-contact and instant faults can be identified 
quickly without introducing on the object. This advantage decreases the risk while checking 
live circuits, hot surfaces and potential hazardous substance /equipment.(20) 

Thermograph can also be used to see the temperature when viewed through thermographic 
camera making the warm object to stand out on the cooler backgrounds. These advantages 
outweigh the risk whilst checking live circuits, hot surface and potential hazardous 
substances/equipment. 

 

3.2 Vibration analysis 

Vibration analysis (VA) monitors vibration which is the response of a system to an internal or 
external stimulus causing it to oscillate while it is moving. The vibration itself leads to 
another phenomenon which damages machines. The damage is done by dynamic stress that 
causes fatigue of the materials; this dynamic stress is caused by vibration. Furthermore 
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different machine has different tolerance to vibration (20). Vibration analysis technique of 
condition monitoring is a well established technology. The parameter which can be measured 
without stopping on equipment and which will give the maximum information about its 
working condition is vibration (24). Vibration analysis is the dominant technique used for 
condition monitoring programme. Consequently, since the greatest population of typical plant 
equipment is mechanical; the technique has the widest application and benefits in a total plant 
programme (23). Condition monitoring can be achieved by several techniques, dominantly 
used are; vibration and oil wear partial analysis (24)(25). Among these two processes in 
condition monitoring, the vibration measurement is considered to be most informative and 
reliable. Asart Crawford said that of all the parameters that can be measured non-intrusively 
in industry today the one containing the most information is vibration signature (24). 
Similarly vibration monitoring has been widely accepted as one of the most powerful 
parameters which can be employed to diagnose and prevent machinery failure (13). As 
vibration is oscillating movement, we could simply just measure the amount of movement in 
the system this is called displacement and this displacement is usually expressed as the 
distance from one extreme of travel to the other or peak to peak displacement. The unit of 
such displacement is micrometer (0.001mm=micrometer) and it is however related to 
frequency. 

3.2.1 Collection of data in Vibration Analysis 
In order to do a vibration analysis survey the vibration needs to be converted into an electrical 
signal by introducing a vibration transducer. And the most common sensors used in vibration 
analysis nowadays are based on piezoelectric technology. It works by a weight inside the 
transducer pressed against a series of piezoelectric disc and an electric signal produced is 
proportional to the vibration. This is called an accelerometer. We can obtain a full spectrum 
vibration signature in the three axes (horizontal, vertical and axial) on both ends of the motor 
and on the driven equipment. This is done to avoid unexpected machinery failure damages. 
When studying a vibration signature it helps in studying the multiples of the rotating speed 
because not all equipment operates at the same speed this help to simplify analysis because 
most mechanical problems show up at different rotating speed. The vibration frequencies at 
higher multiple of the rotating speed correspond with the number of components in a specific 
rotating part. 
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Figure 8:  Vibration acceleration in frequency domain (20)) 

It must be noted that each source of vibration contributes to the ultimate fatigue of the 
machine. But the vibration analysis determines the overall condition of the machine by 
measuring the vibration that takes into consideration all frequencies of vibration with 
relatively equal weighting. This is accomplished by using the first differential of displacement 
called vibration velocity. Because when an item is struck, it will tend to vibrate or ring at its 
natural frequency, example if a flaw exists on bearing this will act like a tiny hammer and 
cause the bearing to ring its natural frequency. Thus this gives a vibration analysis reading 
that is directly proportional to the amount of metal to metal contact in a system. The unit of 
this parameter is “gse” (gas spike energy). Since it is a high frequency vibration analysis 
reading, spike energy does not travel very far, thus the highest spike energy reading 
corresponds to the highest amount of metal to metal contact (20). 

3.2.2   Categories of Vibration analysis 
The Analytical techniques for the study and evaluation of vibration can generally be divided 
into two categories: 

(i) Time domain analysis  
(ii)  Frequency domain analysis 

(i) Time domain analysis  

It was introduced about 20 years ago with the hand held mechanical vibro-graph. As long as 
the waveform under examination is relatively simple the vibro-graph trace of amplitude 
versus time provides the analyst with a convenient means to determine frequency and 
amplitude which is relatively easy to interpret. 

General time domain is difficult to utilize with complex signals containing more than two or 
three components. There are, however, exceptions to this such as time domain averaging and 
various correlation techniques using digital computers which can be applied advantageously 
to enhance specific characteristic contained within highly complex signals. Also the electronic 
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display of the time domain waveform on an oscilloscope quickly followed introduction of the 
non contacting shaft displacement sensor has proven to be a highly useful tool for analysis; 
combining the signals from two sensors spaced 90 degree apart in the same radial plane to 
form a Lissajou (26)] 

(ii) Frequency domain analysis: It is accomplished with a manually tuned filter introduced 
shortly after the vibrography. The use of this instrument allows the analyst to tune in each 
individual frequency and display its amplitude in terms of trend detection. This has proven to 
be effective method of predictive analysis which is currently in widespread use  

3.2.3 Disadvantage of vibration analysis 

The disadvantages of vibration analysis are listed below 

(i) Sensitive for random vibration 
(ii) Provide no information about the tension pressure within the material. 

 3.2.4 Advantages of vibration analysis 
The advantages of vibration analysis are listed below: 

(i) It is a tested technique.  Also it has a good exact data covering and with this property it 
can be used as a trending tool for condition monitoring and a regular programmed of    
vibration analysis via data collection is necessary. 

(ii) Since the sensor does not need to be installed in the defect area, it is Suitable for 
rotating machinery and the few problems that can be detected by vibration analysis: 
examples below 

a. For Shaft and rotors: unbalance, bent shaft, misalignments e.t.c. 
b. For gear: tooth meshing faults, worn teeth, misalignments etc 
c. For bearings: distortion, loss of lubricants, damages to race and elements  
d. For Detecting fatigue cracks and pitting. 

3.3 Acoustic Emission (AE) 

Acoustic emission occurs when a small surface of a material is displaced due to elastic wave 
generated by the release of localized stress energy. It is the energy that emits from surface 
waves, when a deformation happens in a material that is exposed to load. Locating the source 
of significant acoustic emission is often the main goal of an inspection, although the 
magnitude of the damage maybe unknown after AE analysis (25). The particle strength of AE 
is its ability to directly detect the processes associated with wear and degradation, friction, 
impacts, crushing, cracking, and turbulence e.g. Another convenient features of AE signals is 
that they generally have a high signal to noise ratio (SNR) which means that the signal related 
to machine condition can be clearly seen and are not buried in other inconsequence signals. 

 3.3.1   AE source location techniques 
Source location techniques assume that AE waves travels at a constant velocity in a material. 
However, various effects may alter the expected velocity of the AE waves (e.g. reflections 
and multiple wave modes) and can affect the accuracy of this technique. Therefore, the 
geometric effects of the structure being tested and the operating frequency of the AE system 
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must be considered when determining whether particular source location techniques is 
feasible for a give test structure  

 

 3.3.1. Linear location techniques.  
 

 

 

Figure 9: Linear location techniques (27) 

 

Several source location techniques have been developed based on the method. One of the 
commonly used computed-source location techniques is linear location principle shown 
above. When the source is located at the midpoint; the difference in the time of arrival for the 
wave at the two sensors is zero. If the source is closer to one of the sensors, a difference in the 
arrival time is measured to calculate the distance of the source location from the midpoint; 
arrival time is multiplied by the wave velocity.  
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 3.3.1.2 Zonal location techniques 

 

Figure 10: Zonal location techniques (27) 

As the name implies, zonal location aims to trace the wave to a specific zone or region around 
a sensor. This method is used in anisotropic materials or in other structures where sensors are 
spaced relatively far apart or when high material attenuation affects the quality of signals at 
multiple sensors .zones can be lengths, areas or volumes depending on the dimensions of the 
array. When addition sensors are applied arrival times and amplitudes help pinpoint the 
source zone. The ordered pair in lower right fight represents the two sensors detecting the 
signal in the zone and the order of signal arrival at each sensor when relating signal strength 
to peak amplitude. The largest peak amplitude is assumed to come from the nearest sensor, 
second largest from the next closet sensor and so forth. 
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3.3.1.3 Point location 

 

 

Figure 11: Point location (27) 

In order for point location to be justified, signals must be detected in a minimum number of 
two sensors for linear, three for planar, four for volumetric. Accurate arrival time must also be 
available. Arrival times are often found by using peak amplitude or first threshold crossing. 
The velocity of wave propagation and exact position of sensor are necessary criteria as well. 
Equation can then be derived using sensor away geometry or more complex algebra to locate 
more specific point of interest  

3.3.2 Application of acoustic emission. 
 

Some of the applications of acoustic emission are listed below: 

(i) Fiber-reinforced polymer-matrix composites, in particular glass-fiber reinforced parts 
or structures (e.g. fan blades) 

(ii) Material researches (e.g. investigation of material properties, breakdown mechanisms 
and damage behavior 

(iii)Inspection and quality assurance (e.g. wood drying processes, scratch test) 
(iv) Real-time leakage test and location with various components (small valves, 

streamlines, tank bottoms) and  
(v) Detection and location of high-voltage practical discharges in transformers Bridges   

etc 

3.3.3 Disadvantages 
Some of the disadvantages of acoustic emission are listed below 

(i) Comparatively expensive measuring equipment. 
(ii) Sensitive to other interference vibrations making it difficult in locating the 

emission source and frustrating process because emitters can be large or 
completely hidden. 
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(iii) Another frequent problem is extraneous noise,  

3.3.4 Advantages 
(i) By far the most significant advantage is that acoustic emission is a nondestructive 

method. This is opposed to prototype testing, in which a vessel is actually destroyed 
under controlled conditions.  

(ii) Portability is another advantage , with the help of acoustic emission microcomputers, 
technicians can take their service out of the laboratory and into the field, tests can be 
conducted virtually anywhere being limited only by weather conditions and 
availability of a stable source of electric power. 

(iii)Other advantages include; 
� Tested technique 
� Sensor will not require constant current 
� Delivers data about crack propagation within the material  
� Exact measurements  
 

3.4 Lubrication analysis 

Any machine that uses oil as a lubricant, insulation or power medium can have their condition 
monitored by taking periodic samples of that oil for oil analysis. Also it is known that oil can 
tell a story and provides a working history of your equipment as well as the condition of your 
lubricant. Oil sampling and oil analysis is an important condition monitoring procedure for 
rotating equipment that require a lubrication (28). The process of oil analysis involves taking 
a sample of lubricating oil and carry out selected test to establish if its properties are still 
suitable for continued use or not and similarly to determine the possible source of problem. 
Studies have shown that some failure mechanisms, such as misalignment, are better detected 
using vibration, most experts including those that specialize in vibration analysis- recognize 
that oil analysis will generally detects active machine wear before vibration analysis. The true 
value of vibration analysis is its inherent ability to localize the problem (inner race, outer race, 
cage wear, etc) rather than any ability to find a problem earlier in the failure cycle. In truth the 
combination of oil analysis for early detection coupled with the advanced diagnostic 
capabilities of vibration analysis make the benefits of these two techniques greater when 
treated as team mates rather than opponents. 

Moreover, electrical oils used in transformers and switch-gear are tested for electrolytic 
strength, water content, acidity and discoloration, regular sampling can give early warning of 
critical failure and also give cause for the impending failure. The lubrication oil used in 
gearboxes and bearings are tested for moisture, changes in viscosity, contamination and wear 
components and the presence and identification of wear particles can not only give indication 
that the unit has worn but which parts has worn. And monitoring the condition of the 
lubrication in gear boxes has an advantage over vibration analysis on slower speed items 
because vibration on slow speed shaft is very time consuming and very difficult due to the 
duration of a pulse or knock with respect to the time taken for a shaft to rotate (20). The oil 
laboratory service (USA industrial group 2002) in their website listed close to twenty different 
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types of oil tests and their purposes, they include water test, sculpture test, viscosity flash 
point and elemental analysis among others (28).  

 3.4.1 Types of lubricants and lubricant selection. 
The type of lubricant has significant impact on the life time performance and reliability of a 
machine. And optimal lubrication selection and lubrication management depends on 
understanding the lubricating regime i.e. boundary, mixed or hydrodynamic lubrication, 
lubrication properties, established classification and e.t.c. Lubricant types and lubricant 
selections are also selected base on the respect to their application. 

(i) Physical properties: The most significant physical property of a lubricant is its 
viscosity and viscosity varies with temperature and shear rate.  

(ii) Pour point: pour point is defined as the lowest temperature at which oil can flow under 
the influence of gravity. And when selecting oil we have to make sure that pour point 
is at least 10 lower than the lowest anticipated ambient temperature. 

(iii) Cloud point; and cloud point is known as the temperature at which components of oil 
such as paraffin wax start to crystallize and separate from oil. 

Lubricants are selected base on their suitable application.To help improve the quality of the 
lubricant, additives are added to the base oil to enhance the viscosity index, the lubricity under 
boundary lubricating conditions and the lubricant life, which enhances the life time 
performance of the machine. Some of these additives are classified under viscosity index, 
boundary lubrication additives, anti wear and extreme pressure and others (29). 

 3.4.3 Disadvantage of oil analysis 

The oil sampling and oil analysis is mostly limited for monitoring rotating equipment. 

3.4.4 Advantage of oil analysis 
The main strength of oil analysis is its ability to identify both wear and contamination at an 
early stage, and also monitor wear trends 

 

3.5 Vibro-acoustic 

It is a reliable diagnostic technique for condition based maintenance. It gives the possibility of 
assessing the technical condition of a machine during normal working condition by 
observation of vibroacoustical processes with good information content. Vibroacoustical 
processes encompass all dynamic process taking place in equipment or its surroundings; it 
could be vibrations, noise, pulsation of medium, acoustic emissions occurring within the 
frequency range of 0-1MHz and more. Vibroacoustic signals are analysed and transformed 
into signatures that relate to the technical condition of the analyzed component or equipment. 
Furthermore from this signature one can obtain symptoms indicating the progression of wear, 
unbalance of rotor, condition of rolling bearing and it can show the presence of cavitation (17, 
18).  
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In vibro-acoustic monitoring, there are three important questions which are to be answered: 

i. What and where should be measured? 

ii. How to measure? What parameters, symptom? How often? 

iii. How to infer? Limit conditions, preventive measures. 

This condition monitoring technique finds application during design, manufacturing, use and 
overhaul of equipments. It gives useful diagnostic information during the mentioned stages of 
equipment life which invariably helps in optimizing the objective function of such equipment. 
This technique makes diagnosis of the equipment’s health, gives origin of failure and 
prognosis of time horizon of future changes of condition. It has a good versatility since it is 
applicable not only in cavitation detection in turbines but also in several other industries 
(Chemical, Mining, Production etc). It increases safety, productivity, and production quality. 

 

3.6 Visual Observation 

This is another important tool in condition monitoring used when there is need for close 
inspection of the object of interest. It is commonly used in the detection of cavitation in 
several units such as ship propellers, hydropower turbines and so on. It works using time lapse 
observation. The technique is based on the assumption that the cavitation is periodical and 
repeats itself every revolution. Other conventional time lapse recording could give a 
suggestion of the dynamics that are not present or overlooks dynamics that are important for 
erosion but a high speed video records the entire process of cavitation (16). 

In its operation, a high speed video visualizes the complete process of cavitation in detail in 
order to estimate the erosion aggressiveness of the implosion in a more reliable way. The tests 
are carried out in depressurized conditions. Information obtained from this technology include  

i. The distance of the implosion to the surface, mostly propeller blade 

ii. The collapse velocity 

iii. The collapse area 

This method is not restricted by time lapse resolution. It gives a reliable impression of the 
position and the type of cavitation at various conditions and also gives a good evaluation of 
the cavitation dynamics. 
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3.7 Selection Method 

 Machinery condition monitoring is the sense of a machines ability to continue to perform its 
intended function in an efficient manner, .unfortunately there is no way to directly measure 
machine condition and so it is necessary to infer it form indirect measurements. For condition 
monitoring purposes a range of technologies are available each having its own strengths and 
weaknesses (12)(27). CM toolkit helps to select the tool that will detect the defect or make the 
measurement with the highest sensitivity and reliability. Furthermore it is well recognized that 
no single condition monitoring techniques is the universal answer to the prediction of 
equipment failure (12). The table below provides some guidance in the selection of method 
for common flaw detection and measurement 
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Table 1: Condition monitoring method selector (13)

 

 
 

 

 

 

 

 

 

  
 

 

 
 

 

 

 

Bearings x x  x x x   x   x x  x   

Belts              x  x  

Blowers/fans x x      x  x x x x   x  

Boilers/heat exchangers   x        x x x x x x  

Brazing/welding equipments        x x  x     x  

Casting/foring machine            x x   x  

couplings x x        x    x  x  

Guillotines/cutting machines x x  x x x x x   x   x  x  

Earthmoving/excavating plant x x  x x x x    x x x  x x  

Electricmotors generators x x      x    x x   x  

Elevators/hoppers/conveyors x x      x    x x x x   

Escalators x       x      x    

Filters/separators/valves    x x x x    x    x x x 

Gearboxes x x  x x x x  x x x x x x x x  

Vacuum equipment x x  x x x x    x x x  x x  

Incinerators/furnaces/autoclaves    x x x x  x  x x x  x x  

Internal combustion engine    x x x x  x  x x x  x x  

Loaders/stackers    x x x x x   x    x x  

Machine tools mechanical x x  x x x x     x x   x  

Machine tools hydraulic x x  x x x x    x x x   x  

Pressure vessels/accumulators   x        x x x x x x  

pumps x x  x x x x    x x x  x x x 

Structures/rigging x            x x    

Transformers     x x x x   x x x  x x  

Turbines/aero engines x x  x x x x  x x x x x  x x  

Wire/cable making              x  x  

Winding/lifting machinery   x           x  x  
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4. EVALUATION FROM THE INVESTIGATIONS 

The cavitation erosion in hydropower turbines is always a restricting factor of their 
profitability, which necessitates periodic inspections and repairs. Detection of cavitations in 
hydropower turbines with reliable and accurate methods has always been a major concern for 
hydro-generators researchers in order to diminish or even eliminate its damaging 
consequences. In order to track, monitor and give a remedy to cavitations challenges 
mentioned in previous chapter, the suitability of the different monitoring tools should be 
evaluated. This evaluation could be accomplished by analyzing the advantages and 
disadvantages of the monitoring tools. Several literatures and case studies that used different 
monitoring tools in cavitations monitoring were investigated and brief evaluation of their 
result is as follows: 

4.1 Acoustic Emissions 

4.1.1 Disadvantages of Acoustic Emissions  
(i) The complex geometric characteristic of turbine runner may prove to be difficult to allow    

application of the techniques 
(ii) Although detection can be accomplished but is still in attesting phase 

4.1.2 Advantages of Acoustic Emissions 
Some of the advantages of acoustic emissions are listed below: 

(i) The attack of the surface which may lead to damage is detectable with acoustic 
emission sensors. 

(ii) The initial attack characteristic of an out-of –plane (oop) source on the runner blade is 
detectable by acoustic emission sensors. 

(iii) Although recent developments in the sensors designs have led to transducer which is 
equally sensitive to both out of plane (OOP) and in plane (IP) sources.  

(iv) Mounting one of these dual IP-OOP sensors on the turbine guide bearing prove 
promising both in detecting the presence of cavitations and the extent of the damage. 
The technique has proven successful for detection of both IP  and OOP  source in the 
thick steel plates  

(v) Monitoring the ratio of IP to OOP levels will provide not only the onset cavitations 
damage but the domination of the ratio by IP source, is an indication that damage is 
becoming more severe.  

4.2 Vibro-Acoustic 

4.2.1 Disadvantages of vibro- acoustic 
(i) One of the disadvantages of the usual approach to cavitations monitoring is its lack of 

adaptability. 
(ii) Choosing the threshold value of the measured quantity does not suffice to optimize the 

monitoring and have it match the peculiarities of particular turbine. 
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4.2.2 Advantages of vibro–acoustic 
This technique has been successfully tested for turbine cavitations diagnostics of turbine with 
the following advantages: 

(i) Optimizing plant operation with respect to cavitations erosion  
(ii) Predicting change of the erosion accumulated for new operating conditions. 
(iii)Identifying turbine parts that is susceptible to cavitations 
(iv) Identifying different cavitations mechanism 
(v) Showing detailed cavitations characteristic of a turbine. 

4.3 Vibration Analysis 

4.3.1 Disadvantages of vibration analysis  
(i) When they are to be used in actual prototypes their correct application become more 

complex because cavitations can take different forms and appear on various locations 
depending on the machine operating condition. 

(ii) It can only detect the presence of cavitations and not the type of cavitations. 
(iii)It requires the use of acoustic emission sensors serves to extend this analysis to upper 

frequencies that the accelerometers cannot reach.(30) 

4.3.2 Advantages of vibration analysis. 
Some of the advantages of vibration analysis are: 

(i) It tends to reduce the cavitations aggressiveness. 
(ii) This analysis is advantageous since hydropower generation is not affected. And such 

detection methodologies have been developed from basic knowledge of cavitations 
phenomena reproduction in laboratory under simple and controlled conductions. 

 

 4.4 Visual Observation 

4.4.1 Disadvantages of visual observation 
(i) Reasons for this limitation are that the cavitations type treated are often the dominant 

ones and the erosion on the runners occurs on the suction side, although other 
cavitations can appear on other area on the turbine than the dominant once 

(ii) One of the drawbacks is that the duration of the lighting is limited and that the exact 
distribution of light in time and space is hard to predict. 

(iii)And also one of the disadvantages of high-speed camera is its restricted image 
resolution because it is about the half the resolution of conventional video recordings. 

(iv) Even with the maximum number of flash bulbs that could be attached to the 
observation window, the duration of the light cover almost one turbine revolution. 
Thus experience led to the conclusion that this procedure requires a lot of time and 
film.(16) 

(v) Another drawback of a high-speed digital video system maybe a short recording 
period, due to the restricted memory of the camera. 
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4.4.2 Advantages of visual observation 
(i) High speed video is a necessary tool for a reliable assessment of the risk of erosive 

cavitations  
(ii) High speed inspections give information about the erosive risk factor; the distance of 

the implosion to the surface, mostly the propeller blade. 
(iii)Visual observation also shows the collapse velocity which is very important for 

evaluating the collapse strength and the erosion aggressiveness of the cavity (31) 
(iv) Also the high-speed observation gives a better impression of the cavitations processing 

and also shows a complete cavitations dynamics. It show also the possible area 
affected by cavitations. 

4.5 Assessment of cavitation detection methods in hydropower plant  

After an extensive literature review of articles and technical information of the different 
condition monitoring methods that are presently in use for cavitation detection, four 
predominant methods are selected for analysis in this thesis work.  

These methods that have been selected (Vibaration analysis, Acoustic emission, Vibro 
acoustic analysis, and Visual investigation) were thoroughly studied. They were also 
subjected to assessment process to sort out and rank some performance parameters in order to 
find out a suitable technique for detection of water turbine cavitation. The assessment used in 
this case is “AHP” (Analytical Hierarchy Process) technique (32). AHP breaks down a 
problem into smaller and smaller constituent clusters and then lead the decision makers 
through a series of pair wise comparisons to express relative strength or weakness in each 
parameter (33). Four different quality parameters are selected, detectability, reliability, 

contact and operability. 

Detectability (D) 

It is defined as the extent to which the method is able to detect cavitations on the measuring 
object. 

Reliability (R) 

Reliability is the ability of the system to maintain and perform its functions overtime 
regardless of any circumstances. 

Contact (C) 

This defines the method if it is in contact or contact, when installed on the measuring 
equipment .The parameter is a vital aspect due to the fact that it affects the measurement to a 
high extent. 

Operability (O) 

This is the ability to keep the system in a functioning operation condition. 
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 4.6 The Assessment with Priority Hierarchies Model  

The four quality parameters have been assessed with “Saaty`s scale” of relative importance 
(see Table 2) 

The four quality parameters and the four different methods (sub criteria) have been subjected 
to pair wise comparison and finally ranked to provide support for the maintenance personnel 
in the choice of cavitations detection method. 

Table 2: Saaty's scale of relative importance 

1 Equal importance Two factors contribute equally to the objective 
3 Somewhat more important One is slightly better than the other. 
5 Strongly more important One factor is strongly favoured  over the other 
7 Very strongly more important One factor is very strongly favoured over the other. 
2,4,6. Intermediate values  For compromises between two established points of 

importance 
 

The four parameters were weighted to obtain their individual priority. The four selected 
methods were then prioritized with respect to each of the detection methods; visual 
observation ‘VO’, vibration ‘V’, vibro acoustic ‘VA’ and acoustic emissions ‘AE’. 

 

Table 3: The assessed judgment matrices 

Overall Weight for Parameters of Quality 

  D R C O 
D 1,000 2,000 5,000 3,000 
R 0,500 1,000 3,000 2,000 
C 0,200 0,333 1,000 1,000 
O 0,333 0,500 1,000 1,000 

Detectability   
  VA V VO AE 
VA 1,000 4,000 2,000 5,000 
V 0,250 1,000 0,333 2,000 
VO 0,500 3,000 1,000 4,000 
AE 0,200 0,500 0,250 1,000 

Reliability   
  VA V VO AE 
VA 1,000 3,000 1,000 4,000 
V 0,333 1,000 0,333 2,000 
VO 1,000 3,000 1,000 4,000 
AE 0,250 0,500 0,250 1,000 
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Contact         
  VA V VO AE 
VA 1,000 3,000 1,000 2,000 
V 0,333 1,000 0,333 0,333 
VO 1,000 3,000 1,000 2,000 
AE 0,500 3,000 0,500 1,000 

Operatability   
  VA V VO AE 
VA 1,000 2,000 1,000 4,000 
V 0,500 1,000 0,500 3,000 
VO 1,000 2,000 1,000 4,000 
AE 0,250 0,333 0,250 1,000 

 

After the pair wise comparison, the assessment matrices shown in figure 3 were solved to 
obtain the overall ranking of the various methods based on the parameters. The result is 
shown Table 4 

Table 4: Pair wise comparison and result 

D R C O 
PARAMETE

R 
Overall 
weight METHOD Result 

VA 0,490 0,384 0,345 0,359 D 0,486 VA 0,428 

V 0,126 0,143 0,099 0,200 R 0,273 V 0,138 

VO 0,305 0,384 0,345 0,359 C 0,107 VO 0,338 

AE 0,079 0,088 0,210 0,082 O 0,134 AE 0,096 

 

The calculation of the vector of importance for the pair wise comparisons of the parameters 
and other calculations for this priority hierarchy modeling were done in excel sheet. A 
summary of the calculation is presented in the appendices attached to this report. 

A very important point of note in the use of the pair wise comparison approach is that there is 
always degree of inconsistence due to individual judgments. This inconsistence can depend on 
many different reasons for example; improper conceptualizations of the ranking, assessment 
and weighing systems or a lack of sufficient information. Saaty (1987) provided a way of 
measuring the inconsistency by developing a consistency ratio (CR) which can be calculated 
using the consistency index (CI) and random index (RI). For this analysis the RI value used is 
0,90, as recommended by Oak Ridge National Laboratory (Saaty 1987). 
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5. DISCUSSION AND CONCLUSIONS 

 

5.1 Discussion 

It is important to note that in this thesis work the four condition monitoring techniques for 
cavitations detection in hydropower plants were selected based on literature study and 
information obtained from some hydropower plants. Likewise, the performance parameters 
used in the Priority Hierarchy Process were limited to four parameters for easy formulation of 
the assessment matrices and well focused assessment. Furthermore the parameters 
detectability, reliability, contact and operability are the most important parameters for the 
assessment of the performance of the maintenance techniques considered in this work.  

 

The Priority Hierarchy Process analysis was divided into two; the pair comparison of the 
quality parameters (Parameter weight) and secondly, the pair comparison of the cavitations 
detection methods with respect to this each parameter. From table 3, the first section explains 
the weight of each parameter with respect to another, it could be deduced that the increasing 
order of importance or priority of the parameters is detectability, reliability, operability and 
contact. This will help in determining which method is most suitable. A test of consistency of 
this estimation was done using consistency ratio, acceptable values of CR less than 0.10 were 
obtained.   

 

Also from the later part of table 3, the hierarchy of suitability of the detection methods is as 
follow, VA, VO, V and AE. Similarly for reliability, operability and contact, VA and VO 
have same priority while V and AE have lower priorities.  

 

Overall ranking of the methods is presented in table 4, the result was obtained by a 
multiplication of the vector of priorities of each parameter and the parameter weights, this is 
explained in appendix 5. The result shows that the most suitable method for the detection of 
cavitation defect in hydropower plants is VA, since it has the highest weight of 0,428 and AE 
is obviously the most unsuitable method with a value of 0,096. High degree of consistency 
obtained in the ranking analysis further substantiates the validity of the judgment done in this 
work and also the effectiveness of the ranking process. 
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5.2 Conclusion 

This paper has presented and discussed various cavitations detection methods. These various 
methods are expounded with their scopes and limitations. To detect the presence of 
cavitations in water turbine, an extensive search of literature and case study have been 
performed to find out the best condition monitoring techniques and tools that could be used to 
detect the cavitations. 

Based on the outcome of the priority hierarchy assessment, the hydro turbine maintenance 
personnel can select the suitable condition monitoring tools using ranking process as 
discussed in this thesis work. Technical evaluation with ranking done in this work show that; 
vibro-acoustic is the most preferred condition monitoring technique for cavitation detection, 
followed by visual observation, vibration and acoustic emission in hierarchical sequence. 

For future work cost parameter could be considered for a more reliable evaluation of the 
investigated condition monitoring technique. It could be challenging to get comprehensive 
information about cost of the techniques; however it will improve the validity of the hierarchy 
evaluation process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36 
 

REFERENCE 

 

1. Frey, G., W., Linke, D.J., (2002), Hydropower as a renewable and sustainable energy resource 
meeting global energy challenges in a reasonable way. Energy Policy , Vol. 30, pp. 1261-1265. 

2. Kaygusuz, K. (2004),  Hydropower and the World's Energy Future., Energy sources Vol. 26, pp 
215-224. 

3. Yuksek, O., Kaygusuz , k., (2006), Small hydropwer plants as arenewable energy source. Energy 

Sources, 2006, Vol. 1pp 279-290. 

4. Dincer I., (2003), On eneryg conservation policies and implementation practices, International 

Journal of Energy Research, Vol. 27 pp 687-702. 

5. Kaygusuz. k., Yuksek. O., Sari .S., (2006),  Renewable energy sources in the European union 
Markets and capacity, Energy Sources. 

6. Yuksek O., Kankai M., Komurcu M.,Onsoy H., and Akpinar A., (2009), The importance of 
hydropower in Turkey's energy planning, International congress on River Basin Management, pp 720-
732. 

7. US Geological survey, (Feb. 2010), Advantages of hydroelectric power production and usage, 
http://ga.water.usgs.gov/edu/hydroadvantages.html. [Online] 

8. Condition Monitoring in the the 21st century (Feb. 2010),  Plant maintenance Resource Center, 
http://www.plant-maintenance.com/articles/ConMon21stCentury.shtml, [Online] 

9. Bonsor, Kevin (Jan. 2010). How hydropower plants works. 
http://www.howstuffworks.com/search.php?terms=How+hydropower+plants+works  [Online] .  

10. Iftikhar A., Abdur Rashid (2007), On line monitoring of hydropower plants in pakistan, 
Information Technology Journal, 2007, Vol. 6, issue 6, pp 919-923.  

11. Kumara, P., Saini, R. P., (2009), Study of cavitaition in hydro turbines - A review, Renewable and 

Sustainable Energy Reviews, Vol. 14, pp. 374-383. 

12. Liu, Yongqian, (2002),Contributions to the methodologies and technologies for the Intelligent 
Control Maintenance -technical Management System (ICMMS) in hydropower plants. PHD Thesis pp 
83-91.  

13. Rao, B.K.N., (1996) Handbook for conidition monitoring. Elsevier advanced technology Ltd,. 
ISBN 1856172341. 

14. Abdolreza D., Ahmad N. (2005), Modern Trends in detection of cavitation erosion in hydropower 
plants, 20th International Power system conference.  

15. U S department of the interior bureau of relamation, (Feb 2010), Cavitation Detection in hydraulic 
Turbine, http://www.usbr.gov/pmts/hydraulics_lab/hydstructures/cavitate.html. [Online] 

16. Grekula, M., Bark G., (2001), Experimental study of cavitation in a kaplan model turbine,. 
Chalmers University of Technology, Göteborg. 



 

37 
 

17. Branko B., (2003), Methods for vibro-acoustic diagnostics of turbine cavitation. Journal of 

Hydraulic Research, Vol 41, pp 87-95. 

18. Branko B., (2000), Vibro-acoustical diagnostics of turbine cavitation. Hydrovision 2000 

Conference 

19. Phet-asa K., and Suchantakul T.,( ) Damage Analisis of hydraulic turbine with over 10 years in 
operation .  

20. Erisks industrial products and serivices (Jan. 2010), http://www.eriks.co.uk/. [Online] 

21. Peterson C., (Jan. 2010), Peterson predictive maintenance. 
http://www.petersonpredict.com/index.php. [Online] 

22. Thomas net news (Feb. 2010). Thermal video system provides preventive maintence. 
http://news.thomasnet.com/fullstory/16617. [Online] 

23. Davies  A., (1998) Handbook of Condition monitoring Techniques Methodology.Thompson 
science Publishing London ISBN 0412613204. 

24. Chari, S .B., (Feb. 2010) Maintenance world article archive. 
http://www.maintenanceworld.com/Articles/chari/condition-monitoring.html. [Online] 

25. Peng Z., Kessissagion N.,J., Cox M. A., (2005), Study of the effect of contaminant particles in 
lubricants using wear and debris and vibration condition monitoring techniques,  pp 1651-1662. 

26. Mitchell J. S.,  (Feb 2010), Vibration analysis - Its evolution and use in machinery health 
monitoring. http://www.endevco.com/resources/tp_pdf/tp265.pdf. [Online] 

27. N D T Education resource center, (March 2010). http://www.ndt-ed.org/index_flash.htm. [Online] 

28. Kwambai B. C., (2008), Analysis of management methods and application to maintenance of 
Geothermal power plants. M.Sc. thesis- Department of Mechanical and Industrial Engineering, 
University of Iceland.  

 29. Beek A. V.,  (2006),  Advanced engineering design ,Lifetime performance and reliability. 
Published by Delft Universtiy of Technology . 

30. Escaler. X., Egusquiza. E., Farhat.M., Avellan F., Coussirat M., (2004), Detection cavitation in 
Hydraulic Turbines Science Direct, Vol. 20, pp. 983-1007. 

31. Kuiper G., Tukker J., (Jan 2010), High-speed video observations and erosive cavitation. 

http://www.marin.nl/upload_mm/f/b/4/1806814280_1999999096_TVW0173.pdf. [Online] 

32. Saaty.I.T., (1980), The Analytical Hierarchy Process., McGraw-Hill, New york  

33. Saaty.I.T., (2008), The Analytical Hierarchy and Analytical Network Measurement:Applications 
to decisions under risk, European journal of pure and applied mathematics, Vol. 1, pp. 122-196.  

34. Wright, G. (March 2010), Imaging Technology. 
http://www.wgimagino.com/resources/tp_pdf/tp25.pdf  [Online] 



 

38 
 

35. Huixuan, S., Zhaohui, L., Yaxiong, B., (2007), An on-line cavitation monitoring system for large 
kaplan turbines, IEEE pp 1-6. 

36. Holroyd T., (March 2010) Maintenance world. 
http://www.maintenanceworld.com/Articles/maintenanceonline/Condition-Monitoring-Acoustic-
Emission.html. 

37. Optimal Maintenance Decisions Inc., (Jan 2010), Elusive P-F Interval 
http://www.omdec.com/wiki/tiki-index.php?page=The+elusive+PF+interval [Online] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

39 
 

APPENDICES 

Appendix 1: Comparison of the parameters with Overall weights estimation  

  D R C O 
D 1,000 2,000 5,000 3,000 
R 0,500 1,000 3,000 2,000 
C 0,200 0,333 1,000 1,000 
O 0,333 0,500 1,000 1,000 
  2,033 3,833 10,000 7,000 
  D R C O VP     
D 0,492 0,522 0,500 0,429 0,486 1,970 4,057 
R 0,246 0,261 0,300 0,286 0,273 1,106 4,048 
C 0,098 0,087 0,100 0,143 0,107 0,429 4,012 
O 0,164 0,130 0,100 0,143 0,134 0,540 4,019 

Eigen 
value 4,034 
C.I 0,011 
R.I 0,900 
C.R 0,013 

 

Appendix 2: Comparison of the condition measuring techniques with respect to detectablity  

  VA V VO AE 
VA 1,000 4,000 2,000 5,000 
V 0,25 1 0,333333 2,000 
VO 0,5000 3,000 1,000 4,000 
AE 0,200 0,500 0,250 1,000 
  1,950 8,500 3,583 12,000 
  VA V VO AE VP     
VA 0,512821 0,470588 0,55814 0,416667 0,489554 1,999084 4,083481 
V 0,128205 0,117647 0,093023 0,166667 0,126386 0,507831 4,018111 
VO 0,25641 0,352941 0,27907 0,333333 0,305439 1,243861 4,072374 
AE 0,102564 0,058824 0,069767 0,083333 0,078622 0,316085 4,020311 

Eigen 
value 4,048 
C.I 0,01619 
R.I 0,9 
C.R 0,017989 
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Appendix 3: Comparison of the condition measuring techniques with respect to reliability 

  VA V VO AE 
VA 1 3 1 4 
V 0,333333 1 0,333333 2 
VO 1 3 1 4 
AE 0,25 0,5 0,25 1 
  2,583333 7,5 2,583333 11 
  VA V VO AE VP     
VA 0,387097 0,4 0,387097 0,363636 0,384457 1,549951 4,031528 
V 0,129032 0,133333 0,129032 0,181818 0,143304 0,575171 4,013643 
VO 0,387097 0,4 0,387097 0,363636 0,384457 1,549951 4,031528 
AE 0,096774 0,066667 0,096774 0,090909 0,087781 0,351662 4,006125 

Eigen 
value 4,020706 
C.I 0,006902 
R.I 0,9 
C.R 0,007669 

  

Appendix 4: Comparison of the condition measuring techniques with respect to Contact 

  VA V VO AE 
VA 1 3 1 2 
V 0,333 1 0,333 0,333 
VO 1 3 1 2 
AE 0,5 3 0,5 1 
  2,833333 10 2,833 5,333 

  VA V VO AE 
Vector of 
Priority     

VA 0,352 0,3 0,352 0,375 0,345 1,409 4,081 
V 0,117 0,1 0,117 0,062 0,099 0,399 4,018 
VO 0,352 0,3 0,352 0,375 0,345 1,409 4,081 
AE 0,176 0,3 0,176 0,1875 0,210 0,853 4,062 

Eigen 
value 4,061104 
C.I 0,020368 
R.I 0,9 
C.R 0,022631 
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Appendix 5: Comparison of the condition measuring techniques with respect to operability 

  VA V VO AE 
VA 1 2 1 4 
V 0,5 1 0,5 3 
VO 1 2 1 4 
AE 0,25 0,333333 0,25 1 
  2,75 5,333333 2,75 12 

  VA V VO AE 
Vector of 
Priorities     

VA 0,363636 0,375 0,363636 0,333333 0,358902 1,446023 4,029024 
V 0,181818 0,1875 0,181818 0,25 0,200284 0,804924 4,018913 
VO 0,363636 0,375 0,363636 0,333333 0,358902 1,446023 4,029024 
AE 0,090909 0,0625 0,090909 0,083333 0,081913 0,328125 4,00578 

Eigen 
value 4,020685 
C.I 0,006895 
R.I 0,9 
C.R 0,007661 

 

Appendix 6: Overall ranking of the Condition Monitoring Methods for cavitation Detection 

  D R C O PARAMETER 
Overall 
weight 

VA 0,490 0,384 0,345 0,359 D 0,486 
V 0,126 0,143 0,099 0,200 R 0,273 
VO 0,305 0,384 0,345 0,359 W 0,107 
AE 0,079 0,088 0,210 0,082 O 0,134 

METHOD RESULT 
VA 0,428 
V 0,138 
VO 0,338 
AE 0,096 

 

 


