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The objective of this thesis was to develop a calculation tool for the commissioner
to estimate guide vane leakages of vertical axis Kaplan and Francis hydro turbines. The calculation was intended to be based on guide vane clearance measurements. The background of the work was challenges related to the determination of guide vane leakages, as the current method does not always guarantee
reliable results. The work was commissioned by Fortum Power and Heat Oy and
it was carried out as a Fortum Research & Development project.
There was utilized articles and expert discussions at the work to gain insight into
the function of the guide vanes and their inspections. In addition, other methods
by which guide vane leakages could be determined were investigated. The calculation of guide vane leakage was viewed from the perspective of Bernoulli
equation. The basics of the calculation were simplified, and certain deviations
were made.
The obtained calculation method was considered to be sufficiently accurate and
reliable to use. The result of the work was a workable Excel-based calculation
tool, which the client intends to use in its inspections. The tool was used to calculate guide vane leakages from turbines for which measurement data were
available. The results were compared with another method in use and compared
to this, the leakages obtained were slightly higher with the calculation tool. The
results obtained by the calculation tool were evaluated on the basis of the economic losses caused by them, the results of which can be used for possible improvement purposes.
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1 INTRODUCTION
The background of this thesis are challenges related to the determination of guide
vane leakages in hydropower turbines. Today, the leakage of the guide vanes is
determined by dropping the intake gates, but this method ignores the consequences of intake gate seals, which in some cases can leak really profusely.
Leakage of gate seals makes it difficult to trust the result of this method and thus
its interpretation is challenging. In the context of the current method in use, there
should also be another method that could most reliably determine the guide vane
leakage.
Regarding the starting points and challenges of the work, the main objective of
this thesis is to develop an Excel-based calculation tool for the use of Fortum
Power and Heat Oy, the commissioner of the work, for estimating guide vane
leakages of vertical-axis Kaplan and Francis turbines. The calculation is intended
to be based on clearance measurements of the guide vanes, the results of which
are placed in the tool. The calculation tool is also used to determine guide vane
leakages from hydropower turbines for which guide vane clearance measurements have been made in recent year. The aim is to clarify previous measurement data on guide vane clearances about 30 different turbines. The results obtained are evaluated from the perspective of economic losses.
In addition to the calculation tool, the aim is to become familiar with other alternative methods for determining guide vane leakages. At the beginning of the
work, only one method in use is known, which is commonly used in hydropower
plants. The report introduces the operation of the guide vanes and the inspections
performed on them. According to the calculation tool, the research is limited to
more general properties of vertical axis hydro turbines.
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2 FORTUM HYDRO
Fortum Oyj is an energy company founded in 1998, operating in more than 40
countries. Business operations of Fortum are divided into five segments, which
are Generation, Russia, City Solutions, Consumer Solutions and Uniper. Generation-segment is responsible for the electricity generation of Fortum in the Nordic
countries. This segment comprises hydro, nuclear, thermal and wind power generation, as well as trading, industrial intelligence, power portfolio optimization and
global nuclear services. (1.)
Hydropower is a significant part of the Generation-segment. Fortum has a total
of about 140 hydropower plants in Finland and Sweden, with a total production
capacity of 4,677 MW in 2019. These power plants accounted for 33 % of the
electricity generation of Fortum in 2019, which means 20,3 TWh of electricity produced. In addition, Fortum is co-owner in several hydro power plants. (2.)
Fortum invests up to 50-80 million euros annually in hydropower plant improvement projects. The capacity of hydropower plants can be increased in connection
with refurbishments. The refurbishments will, among other things, improve the
design of runner, modernize the turbine control system and reduce generator
losses. Over the past 10 years, the refurbishment of hydropower plants has increased production capacity by about 120 MW. As an annual benefit, an average
of 250 GWh more electricity has been generated. (3.)
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3 THE ROLE OF HYDROPOWER IN ELECTRICITY GENERATION
The demand for electricity has increased significantly with the development of
society and the number of people. Previously, demand has been met by increasing the share of fossil fuels, but limited energy sources have forced the development of more environmentally friendly and sustainable solutions. The use of renewable energy sources such as solar, wind, hydro and geothermal energy have
increased in recent decades. The share of renewable energy in energy production will increase significantly in the coming years. (4.)
The share of renewable energy sources in electricity generation has increased
the need for regulating power. The regulating power is the production of electricity
that can react to fluctuations between electricity production and consumption.
The need for regulating power has also been increased by the general increase
in electricity demand, but also by the decrease in separate electricity production
based on thermal power. Most of the Nordic countries regulating power is generated nowadays by hydropower because it can respond to rapid changes and its
production is stable. (5.)
Hydropower is produced by hydraulic turbines that are expected to operate under
changing conditions. Hydro turbine operations consist of start, stop, load variation, speed-no-load and non-normal operation such as emergency shutdown and
runaway. Changing and abnormal hydrodynamic conditions may provoke severe
fluctuations in the turbine, for example on the runner blades. These different operating cycles can affect the stability of the machine and reduce the life of its
components. As a result, the need for regular renovation will increase in the future. (4.)
The role of hydropower as a regulating power is reflected in its use. There is
normal variation in the use of hydropower between different rivers and power
plants. Generally, the aim is to optimize the use of the hydropower units so that
the maximum benefit is gained from their production. However, there are certain
restrictions on the use of hydropower such as water surface level limits and
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agreements on minimum rivel flows. Therefore, hydropower plants must operate
within all these constraints. (6.)
Figure 1 shows the variation of the river water flow at the Montta hydropower
plant in Oulujoki in 2020 and the average variations in the history. The river flow
at the Montta is a good example of how the flow can vary very within one year.
Montta has minimum flow requirement of 50 m3/s.

FIGURE 1. River water flow at the Montta hydropower plant (7)
The flow at Montta has varied widely during the year but has largely followed the
average of previous years. The flow has been lowest in the summer months,
when it has been up to several hundred cubic meters lower than, for example, in
the spring. The changes are essentially due to the natural cycle, but also to the
flexible availability of hydropower. Montta is a good example of the fact that the
use of hydropower is not stable throughout the year and normal use of a hydropower turbine also includes downtime.
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4 DISTRIBUTOR
Distributor is a central part of the turbine of a hydropower unit and is located
around the turbine runner. Kaplan and Francis turbines are reaction turbines
where the distributor is responsible for directing water to the runner. Although the
runners of these reaction turbines are completely different, their distributor is
practically similar. The main components of the distributor are spiral case, stay
vanes and guide vanes including their regulating system (figure 2). The operation
of these components is considered for the vertical-axis Kaplan and Francis turbines. (8, p. 198.)

FIGURE 2. The main components of the turbine (9)
The guide vanes are the most important functional part of the distributor, which
regulates the amount of water passing to the runner. Guide vanes are arranged
regularly around the circumference of the runner. The angular position of the
guide vanes is changed by means of a regulating ring. In Kaplan turbines, the
discharge is controlled simultaneously by adjusting the guide vanes and the runner blades. Francis turbines differ from Kaplan turbines that they only adjust the
position of the guide vanes and thus change the angle of attack and the amount
of water flowing. (8, p. 200.)
10

4.1 Waterways
Waterways are a large structural part of a hydropower plant (figure 3). Waterways
are a system in which water is guided from an upper reservoir through a turbine
to a tailrace. The length of waterways varies from ten meters to several kilometers, depending on the power plant. Waterway structures are usually made entirely of concrete and some wall structures are covered with steel plates. (10.)

FIGURE 3. Lognitudinal-sectional view of the waterways of a typical hydropower plant (11)
The inner waterways are delimited at the beginning by trash track that prevent
debris and other harmful objects from entering the waterways. At the water inlet,
water enters either a water tunnel or a penstock, depending on the type of a
power plant. Penstock means a tubular inlet pipe and water tunnel is a channellike structure filled with water. The water inlet is equipped with a gate system
needed for emergency and maintenance situations. Before the turbine, the crosssectional area of the waterways narrows in a spiral case, where the water is directed towards the guide vanes and thus to the turbine. Water flows through the
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runner into the draft tube and from there into the tailrace. In several cases, the
waterways can be closed below with a draft tube gate. (10.)
4.2 Stay vanes
In the spiral case of waterways, water is directed towards the set of fixed blades
called stay vanes. Stay vanes are a structurally supportive element between the
bottom ring and the turbine cover (figure 4). The main function of the stay vanes
is to support the turbine cover to prevent its extra movement. The stay vanes thus
allow small operating clearances for the guide vanes. Stay vanes feed the guide
vanes at the right flow angle to minimize flow losses. (12, p. 2.)

FIGURE 4. Rope attached to the stay vanes during maintenance work (13)
4.3 Guide vanes
The function of the guide vane is to adjust the amount of water passing to the
runner and direct the water at the right angle to the runner blades. When the
guide vanes are completely closed, water should not flow into the runner. The
movement of the guide vane is enabled by a regulating system that rotates the
guide vane to a suitable angle. The guide vane is usually partially hollow, and its
12

body is normally made of either stainless steel or cast steel. The surface of the
guide vane is hydraulically shaped to be high quality and smooth. (8, p. 244.)
The structure of the guide vane includes an upper pivot and a lower pivot. The
pivots can be cast in steel as part of the guide vane or die-forced in one piece.
The upper pivot is mounted on the head cover and the lower to the bottom ring.
The upper pivot is wider than the guide vane body, making its pivoting motion
softer. In practice, the function of the lower pivot is to allow a stable rotation of
the guide vane and to keep it in the correct position. Figure 5 shows the guide
vanes mounted on the bottom ring. (8, p. 244.)

FIGURE 5. Installation of new guide vanes for the refurbishment of unit (13)
The guide vanes have bearings fitted in the lower and upper covers around the
pivots. The bearing types vary depending on when they have installed. The original bearings have been grease lubricated bronze bearings with a seal only in the
upper bearing. Because the lower bearing does not have a seal, it is exposed to
water. The lower bearing is lubricated by grease from above the guide vane
13

through the body of it. Grease-lubricated bearings have been long lasting, up to
30-50 years without replacement. However, the problem of lubrication has been
the release of grease into the water and the problems it causes for the environment. In addition, the handling of grease involves their storage and disposal,
which in turn requires more detailed measures. (14, p. 7.)
Grease-lubricated bearings have been replaced in recent decades by so-called
self-lubricating bearings. These bearings have been replaced mainly during the
refurbishments of units. Self-lubricating bearings have no need for external lubrication, which makes them maintenance-free. Self-lubricating bearings have better load capacity, and they can operate on a smaller sliding contact area. The
removal of grease has improved the environmental friendliness of the bearings
and the release of harmful substances into the environment. (15, p. 1.)
The previously replaced self-lubricating bearings have been coated with a PTFE
foil that is also known as Teflon. Since bearings with PTFE foil, other self-lubricating bearings have become more common, such as Deva BM bearings with
sintered bronze and graphite. The Deva BM bearings have also been upgraded
with a technically suitable seal. (15, p. 5.)
Self-lubricating bearings also include composite Orkot bearings, which have recently become more common as guide vane bearings. Orkot bearings have the
advantage of good friction and wear properties in both dry and wet conditions.
(16.)
4.4 Regulating mechanism
Simultaneous movement of the guide vanes is ensured by the operation of the
regulating ring. The regulating ring is rotated around the main axis of the turbine.
It is attached to the guide vanes by various link assemblies, levers and pins. The
regulating ring is rotated by one or more servomotors. The function of the regulating ring is to distribute the power of the servomotor evenly through the linkage
system to the guide vanes. When the regulating ring is turned, the links turn the
pivots of the guide vane and then the opening angle of the guide vane changes.
(8, p. 208.)
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The operation of the servomotor is based on the cylinder inside which the piston
moves by means of oil pressure. The piston rod is connected to the regulating
ring, pushing it into the required position required for the opening angle of the
guide vanes (figure 6). The servomotor is controlled by a hydraulic proportional
control valve that receives the position requirement from the control system. (17.)

FIGURE 6. The piston rod of the servomotor as attached to the regulating ring
Linkage system transmits the movement of the regulating ring to upper pivots of
the guide vanes. The levers and links included in the linkage system are connected to each other by bolts and pins, as they need to move flexibly over the
entire opening angle of the guide vane. The linkage system must also act as a
security element of the regulating system if something prevents the normal movement of the guide vanes. (18.)
The regulating mechanism can lead to situations where a foreign object, such as
stone, wood or ice is trapped between the guide vanes. The servomotor still tries
to close the gap between the guide vanes, causing the pressure to increase before any part breaks or moves. For such situations, a member of the linkage system is required to break or move when the guide vane is unable to close normally.
Safety measures of the linkage system include either a breaking link, a bending
arm or a friction coupling, as well as various combinations of these. (19, p. 21.)
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In the breaking links, every second link is made in a slimmer cross-section or
machined neck, whereupon it breaks or twists as the tensions increases due to
blockage (figure 7). In some situations, the arms are the weakest point and they
bend when an excessive load is generated. Similarly, every other arm can be
dimensioned with a lower bending stress, whereby the weaker arm bends sooner.
The operation of friction coupling is based on the torque at which they are adjusted to operate under normal operating conditions. When the torque of the friction coupling becomes too high, it slips out of place and prevents other parts from
breaking. (19, p. 23.)

FIGURE 7. Stored breaking links
The advantage of the safety elements is that even if some of the guide vanes
would remain in the wrong position due to the problems, they do not affect the
adjustment of the other guide vanes. Nowadays, systems are equipped with detectors that indicate deviations in breaking links and friction couplings. Broken or
only bent link is replaced by a similar link. In the case of friction coupling, nothing
breaks, but it must be repaired after it has slipped. The torque of the friction coupling is adjusted and the position of the guide vane is checked with the correct
tools. (20.)
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5 GUIDE VANE LEAKAGE
Guide vanes are in the closed position when the turbine is stopped. The function
of the guide vanes is then to be tightly closed and to keep the water stored above
the turbine from passing the runner. However, clearances remain between the
closed guide vanes and cover plates, from which water is discharged due to the
pressure difference. This type of leakage is called a guide vane leakage, which
is also wasted electrical energy. (21, p. 1.)
Guide vane leakages occur for a variety of reasons, such as guide vanes structure and control system. The guide vanes are inspected at regular intervals,
mainly during unit inspections, to ensure their normal operation and condition. If
significant changes in the condition of the guide vanes is observed compared to
previous inspections, improvements are necessary.
5.1 Inspections
The condition of the guide vanes is part of the general condition classification of
the unit. Guide vane inspections are scheduled throughout the life cycle of it. Inspections are made within unit inspections when the unit has been shut down
and waterways is empty. The condition of the guide vanes can be assessed in a
variety of ways. The most important things to inspect are the structure and the
clearances of the guide vane. (22, p. 145.)
The structure of the guide vanes is visually inspected for the damage to its surface, such as paint peeling, corrosion and cracks. In the unit inspections is also
checked the movement of the guide vanes. The guide vanes opening angles are
checked to ensure that they are in the correct position relative to the local display
and control room. The lower and upper facing surfaces of the guide vane are
inspected to ensure that it does not rub against the surrounding structures. Rubbing can cause sticking to the cut and prevent normal movement of the guide
vane. (22, p. 146.)
Clearance measurements are made on closed guide vanes to check the axial
clearances at the top, and bottom surfaces and radial clearances between closed
17

guide vanes. The clearances are measured using thin metal plates to test the
suitability of plates of different thicknesses between the surfaces. The measuring
tools used are normally about 0.1-2.0 millimeters thick. The clearance is determined by the thinnest plate fitted between the surfaces. If none of the plates fit
the inspection surfaces, then the clearance is zero. In figure 8, the clearance between two closed guide vanes is measured. (20.)

FIGURE 8. Clearance check between two guide vanes
The results of the clearance measurement are important for the terms of guide
vane leakage. If the measured clearances are within the previously defined tolerance, no action is required. When there is a larger deviation in the clearance
measurements, it is necessary to find out from where the clearances are caused.
As the clearances increase, the guide vane leakage also increases as more flow
area is created. The measures are intended to restore the clearances to the previous levels. (20.)
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5.2 Reasons and corrective actions
Clearances occur axially above and below the guide vane, but also radially between the closed guide vanes. The premise is that there must always be some
axial clearance so that the guide vane can move open and closed without rubbing. From a design point of view, there should be no radial clearance between
the closed guide vanes, as they are designed to press together completely. (23.)
5.2.1 Axial clearance
The axial clearance is mainly due to structural reasons for how the operating
clearances of the guide vanes are designed. The amount of clearance can vary
above or below the guide vane, for example due to the movement of the turbine
cover, but its total amount remains practically the same. Some hydropower turbines have sealing strips installed to reduce the clearance above and below the
guide vane. The sealing strips are usually made of brass and are placed above
each closing vertical seam (figure 9). However, sealing strips can wear over time,
for example because of cavitation of the leaking water, and the amount of clearance increases. (23.)

FIGURE 9. Sealing strip screwed into the structures above the guide vane (13)
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The most important measure in reducing horizontal clearance is sealing strips. In
different situations, it is possible to either install completely new sealing strips or
adjust the existing ones to a better position. (23.)
5.2.2 Radial clearance
The radial clearance between the guide vanes is due to problems with control
system. The wear of the regulating ring and its clearances cause problems in the
regulation of the guide vanes. In this type of situation, the servo cylinder can push
the regulating ring to one edge so that the guide vanes do not close completely.
There may also be problems with the operation of the servo cylinder itself if it
does not have enough compression to turn the guide vanes evenly. Other problems arise from the linkage system if their operation is disrupted. The guide vanes
do not close normally if, for example, the breaking link is broken, or the friction
coupling has slipped. (23.)
There is no possibility of affecting the clearances of the regulating ring, without
installing a new one, which would require a large-scale operation. The operation
of the servo cylinder can be affected by checking its condition and the normal
operation of the main parts. Correspondingly, interference in the linkage system
can be corrected by replacing the breaking link or adjusting the friction coupling
back in place. After the changes to the linkage system, the position of the guide
vane must be checked. (23.)
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6 METHODS TO DETERMINE LEAKAGE
There is one commonly used method for determining guide vane leakages, the
Gate Method, which utilizes the intake gate of waterways. In addition to this
method, there are no other actual methods to determine only guide vane leakages. There are methods for measuring flows during the normal operation of the
turbine, but their suitability for measuring guide vane leakages is uncertain. Methods for measuring flows are presented in several standards such as IEC-60041.
6.1 Gate method
The traditional method to measure guide vane leakage is a so-called Gate
method. The method determines the flow of water through the closed guide
vanes. This method is based on the intake gates of the hydropower turbine (figure
10). Hydropower turbine generally has one or more intake gates that close the
waterways upstream of the turbine.

FIGURE 10. Intake gates of Jylhämä G1
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In the leakage determination, the guide vanes are in closed position and the waterways are closed by dropping the intake gates. In this way the area between
the intake gates and the guide vanes is delimited. Water can only disappear from
the delimited area from the clearances of the guide vanes. The leakage measurement is started when the intake gates are completely closed. The purpose of
the measurement is to measure how long it takes for the water level to drop by
one meter. The change in water level can be checked as simple as by means of
a rope attached to a bottle (figure 11). When the water level has dropped by one
meter, the time measurement is stopped, and the guide vane leakage is calculated as shown in formula 1.

FIGURE 11. Instruments for measuring the change in water level surface
6.1.1 Leakage of Jylhämä G1
Guide vane leakage is usually determined at the beginning of the unit inspection.
As an example, the guide vane leakage of the first generator of Jylhämä is calculated by formula 1. In this measurement, the water level dropped by one meter
in exactly 4 minutes and 5 seconds. The area inspected was 40 square meters.

22

𝑞𝑣 =

𝐴×ℎ

FORMULA 1

𝑡

qv = guide vane leakage [m3/s]
A = the area delimited by gates and structures [m2]
h = decrease in water level [m]
t = time of the measurement [s]
𝑞𝑣 =

40 𝑚2 ×1 𝑚
𝑠
4 𝑚𝑖𝑛 ×60
+5 𝑠
𝑚𝑖𝑛

= 0,16326

𝑚3
𝑠

≈ 163

𝑙
𝑠

The guide vane leakage of the first turbine of Jylhämä, as determined by this
method, is 163 l/s.
6.1.2 Challenges
There are also challenges and uncertainties associated with using the gate
method. It is not possible to carry out the measurement at every hydropower
plant, as not all of them have intake gates. However, the biggest problem with
using the Gate method is the seals of intake gate, which can leak extra water into
the delimited area. As a result, the change in water level is not realistic and the
measurement takes a longer time. Gate seal leakages may not always be noticed
and even if they are noticed, it is difficult to assess their impact on the outcome.
Such a situation arose in the Jylhämä G1 measurement, due to which the calculated leakage is incorrect, and the actual leakage is much larger than the calculated one. (23.)
6.2 Mapping of alternative methods
IEC-60041 is an international standard that presents various flow measurement
methods such as Tracer, Velocity-area, and Ultrasonic method (24). These methods are based on different starting points and techniques for measuring water
flows in hydropower plants. Methods are considered in terms of their techniques
as well as possible limiting factors to apply them to measure guide vane leakages.
In addition to the standard methods, the idea of measuring leakage sound with a
leak detection camera is presented.
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6.2.1 Tracer
The Tracer method measures at the same time the passage of time and the concentration of water. The concentration uses a non-radioactive substance such as
a salt that is added to the water. The progress of the added substance is monitored between two measuring points in the inlet pipe from which the flow of the
water is determined. This method requires a long inlet pipe to mix the substance
evenly with water. (24, p. 88.)
6.2.2 Velocity-area
The Velocity-area method measures local flow rates. The flow rates are measured in large conduits with propeller flow meters that measures the local component of flow rate (figure 12). The relationship between propeller rotation speed
and water flow rate has been determined experimentally. Correspondingly, in
small conduits, the measurement is made with impact pressure velocity meters.
The measurement utilizes a Prandtl tube where the flow rate is due to the dynamic pressure and it is measured as the difference between the total and the
static pressure. The flow rate is determined for the entire measuring area by integrating the distribution. The flow is determined by the measured flow rate and
cross-sectional area. (24, p. 88.)

FIGURE 12. Illustrative drawing of propeller-type current meter (24, p. 88)
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6.2.3 Ultrasonic
The Ultrasonic method utilizes the transit time of acoustic pulses between two
measurement paths. The acoustic probes include transmitter-receiver pairs that
are placed on different sides of an inlet pipe. Ultrasonic method is based on the
sum of vectors including the velocity of the ultrasonic wave and the average flow
rate. To determine the flow rate, the passing time, or frequencies of the transmitted and received signals are used. The usual errors of the measurement of transit
time are minimized by use of two planes that include eight cross-measurement
paths. The advantage of the Ultrasonic method is that it can measure flows
online. (25.)
The use of this method involves various requirements to be used. In the absolute
method, only devices based on the transit time are allowed. The flow rate should
be at least 1,5 m/s and the pipe diameter at least more than 0,8 m (figure 13). In
addition, there should be a straight pipe section at least 13 times the inner diameter before the measuring location. (25.)

FIGURE 13. An example of placing measuring points in an inlet pipe (25)
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6.2.4 Leak detection camera
Fluke has developed an industrial ii900 leak detection camera capable of detecting leakage sounds from multiple sources. The camera has very sensitive acoustic microphones that detect sound and ultrasonic waves. The advantage of the
device is that it can filter results according to intensity and frequency range. The
camera thus makes it possible to trace very precise individual sounds generated
from certain sources. (26.)
With a leak detection camera, it could be possible to measure sounds caused by
guide vane leakages. The best location for the camera is probably at the level of
the guide vane control system, where it is easiest to install and the noise of leakages is best carried there. It may not be possible to measure the actual amount
of leakage with the leak detection camera, but it could be intended to measure
situations where both the noise and the amount of leakage increase. In this way,
it would be possible to locate situations where the amount of leakage increases
and thus benefit from a rapid response. (23.)
6.2.5 Suitability of alternative methods
Tracer, Velocity-area, and Ultrasonic methods are the flow measurement methods presented in the standard IEC-60041. Tracer method is based on the utilization of substance, such as salt, which may not be acceptable to add to river water.
The applicability of the method is otherwise uncertain at low flows. Placing the
equipment required for Velocity-area method in the inlet pipes of existing plants
can be challenging. In addition, the method requires clear flow cross-sectional
profiles so that the flow rate can be determined uniformly. There is also no more
detailed information on the flow rate limitations of the Velocity-area method.
The ultrasonic method has not received the approval of several experts as the
method to be used because its development is still in progress, although the
method is already used in some places. However, this method is a potential alternative in the future if there are developments around the method. Correspondingly, leak detection camera is a different method of measuring leak-based sound
rather than the amount of leakage itself. This method would be an indirect way to
26

detect leakages, but a very flexible solution to detect rapid changes in leakage
growth if, for example, system calibration is possible.
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7 CALCULATION METHODOLOGY
The calculation of guide vane leakages based on clearances is performed using
the Bernoulli equation. Guide vane leakages are caused by a pressure difference
that occurs on different sides of the guide vane clearances. Water is leaked
through the clearances from the upstream side of the guide vanes to the downstream side. The amount of leakage is affected by both the clearances and the
main dimensions of the guide vanes, which forms the flow area.
7.1 Bernoulli equation
Bernoulli equation is the energy balance of a stationary fluid flow in a piping system. The Bernoulli equation describes the flow of ideal substances whose flows
are frictionless and affected only by pressure and gravity. Under the Energy Conservation Act, there is the same total energy between two different hydrostatic
levels. The equation is applicable to several different form. (27, p. 11.)
The pressure form of the Bernoulli equation is used to calculate guide vane leakages. The equation considers the propagation of fluid in a piping system between
two different static, hydrostatic, and dynamic pressures (27, p. 11). The surface
of the upper water reservoir and the horizontal midline of the guide vanes are
selected as the levels (figure 14). The horizontal midline of the guide vanes best
represents all areas of the clearances. The starting points for the calculation are
simplified so that the pressure drop caused by the clearances is not considered
at all.
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FIGURE 14. Specified levels to the use of Bernoulli equation, edited image (28)
The pressure form of the Bernoulli equation for levels 1 and 2 is shown in formula
2, from which the water flow rate v2 must be solved. (27, p. 13.)
1

1

𝑝𝑠𝑡1 + 𝜌𝑔ℎ1 + 2 𝜌𝑣12 = 𝑝𝑠𝑡2 + 𝜌𝑔ℎ2 + 2 𝜌𝑣22 + 𝑝𝑙𝑜𝑠𝑠

FORMULA 2

pst1 = static pressure at level 1 [Pa]
h1 = fluid level 1 [m]
v1 = flow rate at level 1 [m/s]
pst2 = static pressure at level 2 [Pa]
h2 = fluid level 2 [m]
v2 = flow rate at level 2 [m/s]
ρ = water density [kg/m3]
g = gravitational acceleration [m/s2]
ploss = head loss in the inlet pipe [Pa]
The head loss in the inlet pipe can be converted to another form (formula 3). (27,
p. 13.)
FORMULA 3

𝑝𝑙𝑜𝑠𝑠 = 𝜌𝑔ℎ𝑙𝑜𝑠𝑠
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The significance of the static pressure difference is negligible, so the equation
can be converted to the form of formula 4.
1

1

𝜌𝑔ℎ1 + 2 𝜌𝑣12 = 𝜌𝑔ℎ2 + 2 𝜌𝑣22 + 𝜌𝑔ℎ𝑙𝑜𝑠𝑠

FORMULA 4

The water reservoir above the hydropower plant is large, so that its surface level
does not change in the short observation range, so v1 = 0. In addition, the water
density can be taken as a common factor (formula 5).
1

𝜌𝑔ℎ1 = 𝜌(𝑔ℎ2 + 2 𝑣22 + 𝑔ℎ𝑙𝑜𝑠𝑠 )

FORMULA 5

The density of water can be reduced off, changing the equation to the form of
formula 6.
1

𝑔ℎ1 = 𝑔ℎ2 + 2 𝑣22 + 𝑔ℎ𝑙𝑜𝑠𝑠

FORMULA 6

All terms containing variable “g” can be moved to the left of the equation, so that
it can be taken as a common factor (formula 7).
1

𝑔(ℎ1 − ℎ2 − ℎ𝑙𝑜𝑠𝑠 ) = 2 𝑣22

FORMULA 7

The equation is solved to calculate the flow rate v2. Both sides of the formula are
multiplied by two and the square root is taken (formula 8).
FORMULA 8

𝑣2 = √2𝑔(ℎ1 − ℎ2 − ℎ𝑙𝑜𝑠𝑠 )

The water flow rate is determined by the difference between the surface heights
h1 and h2, from which the head loss hloss in the inlet pipe is deducted. The hloss is
probably very small, but its insignificance must be proved by calculation.
7.1.1 Head loss in the inlet pipe
As an example, the head loss in a very long and narrow inlet pipe is considered.
The quality of the flow is determined by the Reynolds number (formula 9). (27,
p.18.)
𝑅𝑒 =

𝑞𝑣 𝐷

FORMULA 9

𝜈𝐴
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qv = guide vane leakage [m3/s]
D = inner diameter [m]
ν = kinematic viscosity [m2/s]
A = cross-sectional area of the pipe [m2]
The cross-sectional area of the pipe is calculated from formula 10.
𝐷

𝐴 = 𝜋( 2 )2

FORMULA 10

The area defined by formula 10 is placed in the formula 9 to solve the Reynolds
number. In the example situation, the inner diameter of the inlet pipe is 2,0 meters, and the guide vane leakage is 0,1 m 3/s. The kinematic viscosity of water is
0,000001 m2/s.

𝑅𝑒 =

𝑚3
×2 𝑚
𝑠
𝑚2
2
0,000001
×𝜋( 𝑚)2
𝑠
2

0,1

= 63 662

The flow is turbulent because the Reynolds number is more than 2350. The head
loss of the incompressible fluid flow is determined from formula 11. (27, p. 25.)
𝑙

1

𝛥𝑝 = 𝜆 𝐷 𝜌 2 𝑣 2

FORMULA 11

λ = friction factor
l = length of the inlet pipe [m]
v = flow rate [m/s]
The variable λ is estimated from the Moody diagram (appendix 1). The surface
roughness of the concrete inlet pipe is estimated to be 3 mm. Based on the Moody
diagram, λ = 0,024. (27, p. 25.)
The flow rate is determined based on the flow and the cross-sectional area of the
pipe (formula 12).
𝑣=

𝑣=

𝑞𝑣

FORMULA 12

𝐴
𝑚3
𝑠
2
𝜋( 𝑚)2
2

0,1

= 0,03183 𝑚/𝑠
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When the length of the inlet pipe is 150 meters, the head loss in the pipe is calculated from formula 11.
𝛥𝑝 = 0,024 ×

150 𝑚
2𝑚

× 1000

𝑘𝑔
𝑚3

1

× 2 × (0,03183 𝑚/𝑠)2 = 1,824 𝑃𝑎

The pressure drop is further converted to meters by the formula 3.
ℎ𝑙𝑜𝑠𝑠 =

𝑝
𝜌𝑔

=

1,824 𝑃𝑎
1000

𝑘𝑔
𝑚
×9,81 2
𝑚3
𝑠

= 0,000185 𝑚

The calculation has shown that even in the situation of a very long and narrow
inlet pipe, the head loss due to the flow in the inlet pipe is negligible.
7.1.2 Rated head
The head loss in the inlet pipe is small and irrelevant in the calculation, so its
effect can be ignored. The difference in the heights of the water surfaces means
the rated head of the turbine, so it can be used directly in the formula 13.
FORMULA 13

𝑣2 = √2𝑔(ℎ1 − ℎ2 ) = √2𝑔ℎ𝑡𝑢𝑟𝑏𝑖𝑛𝑒
hturbine = rated head of the turbine [m]

However, there are structural deviations between hydropower plants that affect
the determination of heights. The height difference between the middle of the
guide vanes and the tailwater surface must always be checked on a case-bycase basis. In general, surface heights can be checked from building drawings.
Another possible situation is one in which the tailwater surface does not reach
the horizontal midline of the guide vanes, and then the variable h 2=0 (formula 14).
Since the surface of the draft tube flattens below the guide vanes, the tailwater
does no cause back pressure on the other side of the guide vanes.
FORMULA 14

𝑣2 = √2𝑔(ℎ1 )

h1 = height difference between upper water surface and the horizontal midline of
the guide vanes [m]

32

7.2 Flow areas
The clearances of the guide vanes form flow areas from which water can leak.
The flow areas are determined based on the main dimensions of the guide vanes
and the results of clearance measurement. The guide vane clearances are measured as shown in figure 15 from seven different measurement points. The axial
clearances above the guide vane are checked from the leading edge at point A
and from the leaving edge at point B. The measurement is made in a similar way
below the guide vane at points C and D. From the vertical seam of the guide
vane, the radial clearance is checked at three different heights at points E, F and
G.

FIGURE 15. The guide vane clearances are checked at A-G (29)
The flow area formed by the radial clearances is calculated from formula 15. The
average clearance of the vertical seam is used in the calculation because it
reaches the same result in terms of area. The size of the clearance at different
heights is irrelevant because the flow rate is equal at each point.
FORMULA 15

𝐴𝑣 = ℎ × 𝑙𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒
Av = vertical flow area [mm2]
h = the height of the guide vane [mm]
Iclerance = the average of the clearances E-G [mm]

To calculate the upper and lower flow areas, more detailed information on the
widths of the guide vane pivots is required. The guide vane pivots reduce the
actual flow area (figure 16). The pivots are usually of different thicknesses, so
their widths must be measured separately. The width of the upper or lower pivot
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is subtracted from the width of the guide vane to determine the free width. In
addition, there are overlaps in the closed guide vanes, in which case they still
need to be subtracted from the width. The overlap must be assessed in the best
possible way.

FIGURE 16. Guide vane pivots are of different sizes (30)
The actual free width of the upper guide vane clearance is calculated by the formula 16.
FORMULA 16

𝑤𝑓,𝑢𝑝𝑝𝑒𝑟 = 𝑤 − 𝑤𝑝𝑖𝑣𝑜𝑡,𝑢𝑝𝑝𝑒𝑟 − 𝑤𝑜𝑣𝑒𝑟𝑙𝑎𝑝
wf,upper = upper free width [mm]
w = width of the guide vane [mm]
wpivot,upper = width of the upper pivot [mm]
woverlap = overlap between two guide vanes [mm]

The free width of the lower guide vane clearance is calculated accordingly (formula 17).
FORMULA 17

𝑤𝑓,𝑙𝑜𝑤𝑒𝑟 = 𝑤 − 𝑤𝑝𝑖𝑣𝑜𝑡,𝑙𝑜𝑤𝑒𝑟 − 𝑤𝑜𝑣𝑒𝑟𝑙𝑎𝑝
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wf,lower = lower free width [mm]
wpivot,lower = width of the lower pivot [mm]
When determining the upper and lower flow areas of the guide vane, the areas
formed by the axial clearances are considered to be common. The determined
free width is multiplied by the average of the two clearances to determine their
common flow area. The flow area of the upper clearances is determined by the
formula 18.
FORMULA 18

𝐴𝑢 = 𝑤𝑓,𝑢𝑝𝑝𝑒𝑟 × 𝐼𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒
Au = the upper area formed by the clearances [mm2]
Iclerance = the average of the clearances A and B [mm]

The flow area of the lower clearances is determined by the formula 19.
FORMULA 19

𝐴𝑙 = 𝑤𝑓,𝑙𝑜𝑤𝑒𝑟 × 𝐼𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒
Al = the lower area formed by the clearances [mm2]
Iclerance = the average of the clearances C and D [mm]
7.3 Flow

The flow is calculated based on the flow rate and the flow areas. The water flow
rate v2 is determined to be equal by the Bernoulli equation through each clearance. The areas of the clearances are calculated as previously described. From
formula 20, the amount of water flowing through clearances is calculated (27, p.
11).
FORMULA 20

𝑞𝑤 = 𝑣2 × 𝐴
qw = leakage of the water [m3/s]
v2 = flow rate at level 2 [m/s]
A = vertical, upper or lower flow area [m2]

By summing the leakage flowing through all the clearances, the total leakage
amount is determined.
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8 RESULTS
The objective of the work has been to develop a calculation tool that calculates
the guide vane leakage of a hydro turbine utilizing the clearance measurements
made on the guide vanes. To calculate leakage with clearances, the calculation
methodology presented in the work is used. Thus, a calculation tool has been
developed in which the information required for the calculation of the guide vane
leakage is placed and thereby an estimate of the leakages is obtained based
directly on the clearance measurements.
The calculation tool has been used in accordance with the objectives of the work
to determine the guide vane leakages for hydropower turbines of the commissioner. There have been finally 26 turbines in the calculation of the guide vane
leakages, all of which have been calculated using accurate data on clearances
as well as the turbine. The results of this determination have also been evaluated
from an economic point of view to what extent the leakages are estimated to
cause economic loss. This report provides only an example of a single guide vane
leakage and the economic loss it causes. The example calculations show the
determination of the leakage of the guide vane of the first turbine of Nuojua.
8.1 Calculation tool
The calculation tool is developed in Microsoft Excel because it has good calculation and formatting capabilities. The tool is suitable for use with Kaplan and Francis turbines with a vertical axis. It includes three calculation-related tabs named
“Input”, “Calculations” and “Results”. The tool also includes “Read me first” tab
that provides instructions for the calculation, but this tab is not shown separately
in this report.
The tool works by placing the required information in the open cells, after which
it calculates the guide vane leakage separately for each clearance. The leakage
through the clearances is added together, dividing them into upper axial, lower
axial and radial clearances. In addition, the result obtained is compared with the
rated flow of the turbine, which describes more the relative amount of leakage.
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8.1.1 Initial data
The initial data for the calculation are summarized in Table 1. The required data
are entered on the “Input” tab of the calculation tool.
TABLE 1. Information required for the calculation
Initial data
3

Rated flow [m /s]
Rated head [m]
Number of guide vanes
Height of the guide vane [m]
Upper width (free) [m]
Lower width (free) [m]

Symbol
qv,rated
hturbine / h1
h
wf,upper
wf,lower

8.1.2 Input tab
The initial data required in Table 1, including clearance measurements, is placed
on the “Input” tab. The data must be filled in the correct unit of measure so that
the formulas used in the calculation give the correct result. Figure 17 is a screenshot of the Input tab in which the initial data of the Nuojua G1 is placed.

FIGURE 17. Nuojua G1 input data for the leakage determination
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The results of the guide vane clearance measurements are also placed on the
“Input” tab. In the clearance measurements, the clearances of each guide vane
are checked at seven different points marked A-G. The clearance values are
placed in millimeters in the table at the correct marked positions (figure 18).

FIGURE 18. The guide vane clearances entered on the Input tab
8.1.3 Calculations tab
Guide vane leakages are calculated stepwise in three different tables on the Calculations tab (figure 19). The tab has three separate tables which are Tables 1,
2 and 3. The yellow cells in the table contain ready-made formulas that calculate
the desired data directly.
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Table 1 calculates the average of the clearance measurements for each guide
vane for the upper, lower, and sealing strip clearance seams. The measured
clearance values for a one seam are added together and divided by the number
of measurements. Table 2 utilizes the average values of clearances from Table
1 to calculate the area formed by clearance. The flow area is calculated based
on the main dimensions of the guide vane. For this purpose, formulas 15, 18 and
19 are used.
Table 3 uses the formulas 13, 14 and 20 to calculate the guide vane leakage for
each clearance seam. The areas defined in Table 2 are used in the calculation of
this table. The calculation indicates the amount of water leaking through each
clearance in liters per second. Leakages in the upper, lower, and vertical clearances are added together. The results of the leakages are transferred to the Results tab.

FIGURE 19. View from the Calculations tab
8.1.4 Results tab
The Results tab compiles the leakage results from the Calculations tab. The
amount of leakage is divided into upper axial, lower axial and radial clearances.
The estimated total leakage is the sum of all split clearances (figure 18).
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FIGURE 18. Guide vane leakage of Nuojua G1
With the calculation tool, the guide vane leakage in the case of Nuojua G1 is 203
liters per second. The amount of leakage is estimated in proportion to the rated
flow of the turbine. If the relative proportion is less than 0,5% of the rated flow,
then the result is acceptable, leaving a green traffic light next to the result according to the specified limits. Similarly, if the relative proportion were greater than
0,8%, the traffic light would turn red and the amount of leakage would be large
according to the criteria.
8.2 Comparison of methods
The results obtained with the calculation tool can be compared with the results
obtained by the gate method. Comparable results were available for a total of five
different turbines. Table 2 shows the guide vane leakage results for turbines A-E
as determined by two different methods. The results are compared as the difference in liters per second.
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TABLE 2. Comparison of leakage determination methods
Turbine
A
B
C
D
E

Gate method [l/s]
345
150
188
390
220

Calculation tool [l/s]
363
237
216
418
262

Difference [l/s]
+18
+87
+28
+28
+42

Difference [%]
+5 %
+58 %
+15 %
+7 %
+19 %

Based on the comparison, the calculation tool gives slightly larger results than
the Gate method. The results obtained with the calculation tool are larger because small simplifications have been made in the calculation, such as the frictionless flow through the clearances. The results of the Gate method may also
have been affected by the leakage of the gate seals. The leakages obtained by
the Gate method are thus actually larger than the measured result.
8.3 Economic losses
Guide vane leakages cause economic loss for hydropower turbines because the
leaked water is economically untapped energy that could have been converted
into electrical energy during the next operation of the turbine. The actual extent
of guide vane leakages is affected by the utilization factor of the units, as leakages occur only when the unit is stationary. Guide vane leakages do not necessarily have to be very large because if the utilization factor of a unit is low, it will
increase the annual number of leakages.
The developed calculation tool has been used to determine the guide vane leakages of several units, the results of which will be used to estimate economic
losses on an annual basis. The outcome of the estimation can be used for possible follow-up. The economic losses caused by the leakages can be compared to
the costs and benefits of the remedial measures. If the payback period for the
remedial measures to reduce leakages is short enough, it is worthwhile to implement them.
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8.3.1 Utilization factor
Utilization factor is the ratio of operating time to the maximum possible operating
time (formula 21). Most commonly, utilization rates are considered on an annual
basis, with a maximum utilization time of 8760 hours. The utilization factor can
also be expressed as the ratio of its energy produced to the capacity of it.
𝑈𝐹 =

𝑇ℎ𝑒 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 [ℎ]

FORMULA 21

𝑇ℎ𝑒 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑡𝑜𝑡𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 [ℎ]

8.3.2 Calculation of economic losses
The economic losses due to guide vane leakages are calculated on annular basis. As an example, the economic loss due to guide vane leakage in the first
generator of Nuojua is calculated.
The guide vane leakage of Nuojua G1 has been calculated by the calculation tool
to be 0,203 m3/s. The turbine has a rated flow of 150 m3/s and a rated head of 22
m. From formula 22, an approximate power loss due to guide vane leakage is
calculated.
FORMULA 22

𝑃 𝑙𝑜𝑠𝑠 = 𝑞𝑣,𝑙𝑒𝑎𝑘𝑎𝑔𝑒 × 𝐻 × 𝑝
Ploss = power loss as a leakage [MW]
qv,leakage = calculated guide vane leakage [m3/s]
h = rated head [m]
p = approximate constant = 8,7 [kg/m2s2]
𝑃 𝑙𝑜𝑠𝑠 = 0,203

𝑚3
𝑠

𝑘𝑔

× 22 𝑚 × 8,7 × 𝑚2 𝑠2 = 38,85 𝑘𝑊

The utilization factor of the first generator of Nuojua is 69 %. The utilization factor
is used to calculate the annual electrical energy lost from formula 23.
𝐸𝑙𝑜𝑠𝑠 = (8760 ℎ − 𝑈𝐹 × 8760 ℎ) × 𝑃𝑙𝑜𝑠𝑠
Eloss = lost electrical energy [MWh/a]
UF = utilization factor of the unit
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FORMULA 23

𝐸𝑙𝑜𝑠𝑠 = (8760 ℎ − 0,69 × 8760 ℎ) ∗ 0,03885 𝑀𝑊 = 105,5 𝑀𝑊ℎ/𝑎

The lost electrical energy is converted into economic value if it had been sold
(formula 24). The price of electricity is estimated to be 30 €/MWh.
FORMULA 24

𝑒 = 𝐸𝑙𝑜𝑠𝑠 × €𝑒
e = economic loss from guide vane leakage [€]
€e = electricity price [€/MWh]
e = 105,5 𝑀𝑊ℎ/𝑎 ∗ 30

€
𝑀𝑊ℎ

≈ 3165 €/𝑎

The annual economic loss of Nuojua G1 is approximately 3165 euros due to the
guide vane leakages. The economic losses of the guide vane leakages have
been estimated for a total of 26 hydropower units, of which 22 are in Finland and
four in Sweden. The results of the evaluations are not presented in this report as
they are available in encrypted annexes that have been provided only for the use
of Fortum.
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9 DISCUSSION
At the end of the work, a few more things related to the calculation were noticed,
but they were not considered. Other small gaps were observed at the root of the
pivots of the guide vane, from which water can flow to the other side of the guide
vane. The significance of these leakages is difficult to assess, but it must be borne
in mind that they are also leakages that cannot be affected by the adjustment of
the guide vanes.
In addition to the above-mentioned challenge, it was found that in high head turbines, a higher water pressure is applied to the guide vanes and the turbine cover,
which affects their clearances. Since the clearances must be measured without
water pressure, it is ignored that the water pressure can increase the clearances
and the situation then does not correspond to reality. In this case, the turbine
cover moves upwards due to the water pressure and increases the clearance
above the guide vane.
On the other hand, it is good that the work focused only on calculating the leakage
of guide vane based on clearances, because changes can still be made on them.
Despite the subsequent findings, the calculation tool is suitable in the context of
unit inspections to determine leakages caused by clearances, which was initially
also the main objective of the work.
In connection with the written study, other alternative methods for determining
guide vane leakages were also examined. The methods found in the standards
were suitable for measuring normal flows in hydro turbine, but there were no
guarantees of their suitability for determining guide vane leakages, which are very
low flows. This review also showed that there are no formal methods to determine
leakages other than the Gate method. The study further identified challenges to
the Gate method, which is why it is not always a reliable method for determining
leakages.
A possible follow-up from a research point of view after this thesis is to investigate
other methods presented in the work for measuring guide vane leakage. At least
the idea related to the leak detection camera is good to take forward and plan
44

more possibilities for its use or also to carry out tests at power plants on its operation. It could be a good opportunity for the topic of next thesis. Development
work related to guide vanes can be seen as important and it is good to continue
to invest in it.
The topic of the thesis was interesting and very different because this work focused on a small single functional part of a hydropower turbine, that was guide
vane. During the research phase, it was noticed that there is not much information
on the topic, for example on the Internet. In any case, the work included interviews with experts on key topics. Without the help of experts in the interviews,
the information would not have been gathered so well.

45

10 CONCLUSIONS
In this thesis, the main objective of the work was to develop an Excel-based calculation tool for the use of the work commissioner, with which the leakage of
guide vanes can be estimated based on clearance measurements. Another objective was to use the tool to estimate leakages in about 30 turbines for which
sufficient data were available. The turbines whose leakages were calculated by
the tool were to be assessed for the economic loss they caused. In the written
study, one detail was to find out if there are other ways to determine the guide
vane leakage.
The objective of the calculation tool, which became practical and will be used in
connection with guide vane inspections, was achieved in the work. Some simplifications were made to the basis of the calculation, such as the friction lessness
of the flow. The calculation tool was eventually used to determine the guide vane
leakage of a total of 26 turbines. The review required clearance measurements
and dimensions of the guide vanes of each of turbines to make calculation as
accurate as possible. The results obtained with the calculation tool were compared with another method in use. The results of the calculation tool were slightly
larger compared to the results of the Gate method. The discrepancy is due to the
simplifications made in the calculation, but also the problematic seal leakages in
the Gate method.
The results obtained were also evaluated from an economic point of view based
on turbine utilization factors and capacities. As a result of the evaluation, it was
found that the guide vanes are mainly in good condition and no excessive discrepancies were found in the review. The commissioner will use the results in
possible follow-up.
The written study found no other method for determining guide vane leakages.
Sources such as contacts from partner companies were widely used in the study,
but no other methods in use were found. Currently, the Gate method is the only
known method in use for determining guide vane leakages in hydropower turbines.
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