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Abstract: With the requirement of flexible operation of hydraulic turbine units, Francis
turbine units have to adjust their output into extended operating ranges in order to match
the demand of the power grid, which leads to more off-design conditions. In off-design
conditions, hydraulic excitation causes excessive stress, pressure pulsation, and vibration
on the machines. Different designs of Francis turbines cause different hydraulic excitations
and vibrational behaviors. To conduct better condition monitoring and fault prognosis,
it is of paramount importance to understand the vibrational behavior of a machine. In
order to reveal the influence factors of the vibration behavior of Francie turbine units, field
tests have been conducted on two similar-designed Francis turbine units and vibration
features have been compared in this research. The vibrational behavior of two Francis
turbine units installed in the same power station is compared under extended operating
condition. Field tests have been performed on the two researched units and the vibration
has been compared using the spectrum analysis method. The vibration indicators are
extracted from the test data and the variation rules have been compared. By comparing
the vibration behavior of the two machines, the design and installation difference of the
two machines have been analyzed. This research reveals the effects of different designs and
installations of Francis turbines on the vibration performance of the prototype units. The
obtained results give guidance to the designers and operators of Francis turbine units.

Keywords: Francis turbine; vibrational behavior; comparative analysis; condition indicator

1. Introduction

According to the World Energy Outlook, in 2023, the global average surface tempera-
ture was already around 1.2 °C above pre-industrial levels, and greenhouse gas emissions
have not yet peaked [1]. To deal with this scenario, efforts are being made worldwide to
develop clean energy. Investment in clean energy has risen by 40% from 2020 to 2023. Most
of this rise has been contributed by the solar photovoltaic and wind energy, which are more
intermittent compared to traditional energy sources such as coal and nuclear power [2].
The intermittent nature of clean energy causes more instability in the power grid, which
is detrimental to energy safety [3]. Among all types of energies, hydropower is still the
largest power that can be adjusted in real time [4]. To deal with the higher fluctuation in
power supply introduced by clean energy, hydro power plants must operate under a wider
range of loads. In recent years, more hydraulic turbine units have been designed to be able
to run in a full range instead of a 40-100% rated load [5]. However, for hydraulic turbine
runners with a fixed rotational speed, the discharge can inevitably influence its operation
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stability because of the hydraulic phenomenon in the off-design conditions. The most
common hydraulic phenomena are rotor-stator interaction [6,7], cavitation [8-11], blade
vortex [12,13], vortex rope [14,15], etc. These phenomena introduce hydraulic excitations
to the machine. Strong hydraulic excitation causes excessive vibration and stress [16]. Such
vibrations not only affect the performance and lifespan of the machinery but can also cause
mechanical failures and damages, which will induce significant economic losses to the
power plant [17,18]. The vibration of hydropower units directly affects the safe operation,
load distribution, and power supply quality of the units. Without sufficient control, this
vibration will cause serious accidents.

Apart from hydraulic origin excitation, the other main sources of excitation of hy-
draulic turbines are mechanical origin and electromagnetic origin [19]. Francis turbine
units contain hydraulic turbine, generator, shaft, runner, and auxiliary components, most of
which are rotation machinery. The unbalance mass in rotation machinery causes vibrations,
the frequency of which are related to rotation speed [20]. In addition to the vibration
caused by mechanical sources or hydraulic sources, it is also necessary to consider the
electromagnetic force acting on the generator part and the influence of the fluid dynamic
pressure acting on the flow part of the turbine on the vibration of the system and other
components [21]. The frequencies of mechanical and electromagnetic origin vibration are
all related to the rotation speed of the shaft, while the frequencies of hydraulic excitations
often have wide bands. This is because of the vortices induced by the hydraulic phenomena.
When the natural frequencies are coordinated with the frequency bands, the vibration am-
plitude will increase significantly because of resonance [22]. When the unit is in operation,
the three parts (fluid, machinery, and electromagnetic) influence each other [23]. For exam-
ple, when the water flow excites the vibration of the rotating part of the unit, the air gap
between the rotor and the stator of the generator will be asymmetric [24], and the magnetic
pull generated will also aggravate or dampen the vibration of the rotating part of the unit.
Conversely, certain changes in the motion state of the rotating part will inevitably affect the
water flow field of the turbine and the magnetic field of the generator [25]. Therefore, the
vibration of hydro-turbine units is coupled with the vibration of the electrical, mechanical,
and fluid parts. It is complicated to study the vibration of the system completely due to
the coupled relationship of these three factors. Given the complexity of the problem, it
is currently difficult to establish a mathematical model that can be used for analysis and
calculation, and it is also not easy to consider the mutual influence of the above three factors
in the experiment at the same time. Therefore, it is necessary to understand the vibration
behavior by means of field test and to reveal the factors that influence the behavior of
the machine.

In the actual operation of the hydropower station turbine unit, the cause of vibration
is often difficult to determine. Most of the time, vibrations and pressure pulsations from
different resources are mixed together, which also adds difficulty to the work of tracing
the cause, which is important for fault diagnosis of machines. For a long time, due to the
lack of understanding of the vibration characteristics as well as the backward of detection
and analysis methods, hydropower plants must conduct regular maintenance on the unit
to ensure normal operation. This time-planned maintenance method brings unnecessary
losses and waste to the power plants. With deeper understanding of stability and fault
characteristics, as well as the development of sensors and signal detection and processing
technology, it is possible to monitor the stability of the turbine and identify the fault
characteristics. With the help of advanced testing and analysis technology, it is easier to
determine the operating status of the unit and facilitate early diagnosis of the fault. This
condition monitoring maintenance method, based on relevant information such as the
unit condition and signs of abnormality, can correctly monitor the operation of the unit,
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prevent accidents in the incipient stage, and facilitate the creation of reasonable maintenance
plans, thereby greatly improving the utilization rate of the unit. Gokhan Kahraman and
Osman Ozdemir discussed the causes of vibrations depending on unbalanced hydraulic
forces in rotating and non-rotating components in hydraulic plants and created a new
non-linear proportional order mathematical model for the fault diagnosis and prediction in
hydropower plants [26]. Casanova has reported the fracture of the draft tube connecting
bolts in a 95-MW Francis turbine at partial loads and performed stress measurements and
fracture surface analysis [27]. Alexandre Presas tried to estimate the stress level of the
runner and the remaining useful life of the key components by means of strain and vibration
measurement [28,29]. Lei Zhu et al. researched the effective of different strategies on the
suppression of pressure vibration in Francis turbine draft tube by means of computational
fluid dynamics [30]. A. Agarwal and L. Mthembu investigated the application of the
finite element method on the vibration analysis of Francis turbine units [31]. The previous
work has revealed the relation between the excitation, structural response, and vibration
of the structure. However, the vibration behavior of a prototype unit is still unclear.
The installation influence on the vibration behavior of Francis turbine units needs to be
researched further.

The influence of structural response and excitations on the behavior of the structure
has been deeply examined in the previous studies. However, the structural response of
prototype machines is influenced by the installation, which has not been researched in
detail. In this research, the vibration behavior of two low-head Francis turbine units with
similar design from the same power plant is analyzed and compared. In Section 2, field
tests are conducted on the two machines and the vibration indicators are extracted from
the measured signals. In Section 3, the vibration indicators are mapped in the whole
operation range to form vibration behavior hill charts. The vibration characteristics of
the two machines are compared. In Section 4, the main results are summarized and a
discussion on the vibration behavior is presented. The main conclusions are presented in
the last section. This research analyses the effect of design on the vibration characteristics
of low-head Francis turbine units. The conclusions give guidance for the monitoring and
diagnostics of hydraulic turbine units.

2. Field Test Design
2.1. Researched Turbine Units

The two researched low-head Francis turbine units are installed in the same power
plant, so the main parameters of the two units are the same. The basic parameters of
the two units are listed in Table 1. From the table, it can be seen that the rated head,
number of blades and guide vanes, and rotating speed are exactly the same between the
two researched units. The main difference between these two units lies in the design of the
spiral casing and the process of the center hole of the shaft: Unit A has no special processing
on the center hole of the shaft, while an extension tube is mounted on the center hole of the
shaft of Unit B. The extension tube has the same diameter as the center hole of the runner.
The thickness of the extension tube is 8§ mm and the length of the tube is 2 m. Small holes
have been drilled on the extension tube in order to uniformize the air injection from the
extension tube to the draft tube. A sketch of the extension tube is shown in Figure 1. To
reveal the effect of the different designs on the vibration behavior of the machine, field tests
are conducted on both units.
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Table 1. Basic structure parameters of the researched Francis turbine units.

Structure Parameter Value
Runner diameter 3.5m
Number of blades Z, 13
Number of guide vanes Z, 24
Rated head H, 54.5m
Rated speed n 166.7 rpm
Rated rotating frequency f; 2.78 Hz
Rated output P, 44.6 MW
Blade passing frequency f, 36.11 Hz
Best efficiency 94.14%

Figure 1. The sketch of the researched units A and B and the extension tube mounted in Unit B.

2.2. Measurement Setup

As shown in Figure 2, vibration sensors, proximity probes, and pressure transducers
are used in the comparative test. The vibration sensors (marked by “v”) are installed in X
and Y directions of upper (marked by “U”) and lower brackets (marked by “L”) and head
cover (marked by “T”) to measure the absolute vibration of the stationary components. The
proximity probes (marked by “d”) are installed on the upper generator bearing (marked
by “U”), lower generator bearing (marked by “L”), and turbine bearing (marked by “T”)
to measure the relative vibration between the stationary components and the shaft. The
pressure sensors (marked by “p”) are installed on the spiral casing inlet, vaneless region
(marked by “VL”), and draft tube inlet (marked by “DT”) of the unit. The sensors are
connected to an A/D converter and the vibration and pressure data are saved in the
computer. The sampling frequency is 4096 Hz. The two machines are tested under different
outputs, ranging from speed-no-load condition (0 MW) to overload condition (49 MW).
Measurement conditions (Figure 3) of ten outputs are selected between speed-no-load
condition and overload condition. The tests are carried out under two different heads
(55.8 m and 57.0 m). The output of the machines is decreased and then increased during
the test to increase the measurement accuracy.
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Figure 2. Design of field measurement positions.
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Figure 3. Operating conditions for measurement.

2.3. Signal Processing Methodology

Root-mean-square (RMS) value of frequency band level or peak-to-peak level are
extracted as the vibration or pressure indicator depends on the type of signal. For the
vibration signal, the RMS values of certain frequency bands are calculated. For displacement
and pressure signals, the peak-to-peak level is calculated. The frequency band of vibration
is selected between 1/3 rotation frequency (f) and 3 times of blade passing frequency. For
the researched turbine units, the rotation frequency is 2.78 Hz, so the frequency band range
is 0.93 Hz to 108.36 Hz. The vibration signal wave is transferred to frequency domain. The
band values between 0.93 Hz and 108.36 Hz are calculated by Equation (1):

V= rw (1)

where y; is the amplitudes of the lines in the range of the frequency band as shown in
Figure 4. The obtained value represents the power of the calculated frequency band.
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The peak-to-peak level of the displacement data measured by proximity probes and
pressure data measured by pressure sensor are extracted as the shaft relative displacement
dp-p and pressure pulsation Py, indicators, respectively. To reduce the impact of the
extreme random values, a 95% confidence interval is used in the peak-to-peak value
calculation. As shown in Figure 5, the 95% confidence interval is dependent on the standard
deviation multiplying factor of £2 o, which is the standard deviation of the recorded
signal. dx and dy represent the range of the shaft axis displacement on X and Y directions,
respectively. Pp., represents the amplitude of the pressure pulsation.
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Figure 5. Peak-to-peak value calculation by different confidence intervals.

3. Machine Behavior Comparison

3.1. Pressure and Pressure Pulsation Comparison
3.1.1. Pressure Comparison

The pressure has been measured on the end point of spiral casing, vaneless region,
head cover, and entrance of the draft tube. The variation of the pressure with different
loads in Unit A and Unit B is displayed in Figures 6 and 7. Figure 6 mainly shows the
comparison among different measurement points while Figure 7 compares the difference
between Unit A and Unit B. From Figure 6, it can be seen that the variation trends of the
pressures are the same between the two units. The space distribution of the pressure level
within the machine is determined according to the location of the measurement points:
the pressure decreases from upstream to downstream. The pressure at the end point of
the spiral casing almost equals the elevation difference between the upper reservoir and
the measurement point and it changes little with the variation of discharge. The vaneless
region is the location most sensitive to the load: the pressure in this location increases from
200 kPa to more than 400 kPa with the increase of output. The measurement points of head
cover and draft tube are located in a low-pressure region, in which the pressure levels are
much lower.
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Figure 6. Pressure variation of different measurement points in Unit A and Unit B.
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Figure 7. Pressure variation under different loads.

For all the figures in Figure 7, the range of the vertical coordinate axis has been set
to 100 kPa (except the vaneless region, which has a much larger range) to compare the
variation trend between different measurement points. Because Unit A and Unit B are
tested separately, the level of upper reservoir of Unit A is 0.4 m higher than Unit B during
the test. This difference causes higher pressure of Unit A in the end point of the spiral
casing. It is worth noting that although the pressure of Unit A is higher than Unit B in the
spiral casing, the pressure in the vaneless region is lower in Unit A. This is mainly caused
by the different design of the spiral casing. The pressure level and variation trend of the
head cover are the same between the two units. The location of the head cover pressure
measurement point is between the gap and upper clearance seal. The pressure has been
greatly decreased by the gap. For the pressure in the draft tube inlet, the pressure has been
decreased by the runner. Both of the pressures in these two locations are in a low level. The
pressure in the outlet of the draft tube equals the elevation difference between the lower
reservoir and the measurement point. Similar than the Psc, the Pproyt of Unit A is 12 kPa
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higher than Unit B. The same elevation difference has ensured the same head between
these two units.

3.1.2. Vibration Behavior Comparison

Figure 8 shows the variation of vibration behavior of the upper generator bearing,
lower generator bearing, and headcover of Units A and B, where the vibration of X direction
is shown on the left and the vibration of the Y direction on the right. The red and blue
lines represent the limitation values of TRIP and ALARM level, respectively, defined by the
ISO standard. From the figures, it can be seen that variation of the vibration level shows
the same trend on both units. The vibration level increases to its highest level at around
30% rated output. Then the vibration decreases until the machine is operating at the best
efficiency point. The absolute vibration level increases again when the machine increases
its output. In the range of low load, the absolute vibration levels of the head cover are
almost the same between the two machines on all the measurement points. The highest
vibration level of the two machines is 1.1 mm/s, which is measured from the head cover.
From 50% load to overload, the vibration of the head cover shows different absolute values
between the two units, despite the same trend. The vibration level of Unit A decreases to
almost zero when the output increases to rated load, while the vibration level of Unit B
shows a smaller decrease with the increase of load. Under the rated load, the vibration
velocities of Unit A and Unit B are 0.7 mm/s and 0.1 mm/s, respectively.
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Figure 8. Vibration overall level curve comparison between the two units on different
measurement points.

To determine the reason that causes the vibration difference on the head cover (vTyx and
uTY), the vibration spectra under different loads (10%, 50%, 75%, 100%) are calculated and
compared. The waterfall figure of the spectra of the selected loads are displayed in Figure 9.
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From each figure on both left and right, the wide band vibration exists in both machines.
However, the wide band vibration almost disappears under rated load. This implies the
high level of the vibration under partial load conditions is caused by turbulence or vortices,
which cause a wide-frequency hydraulic excitation. Comparing the wide band vibration
between Unit A and Unit B, the level of wide band vibration of Unit A is higher than Unit B.
From the spectra of Unit B, the peaks at 66.7 Hz and 133.2 Hz, which equal 24 and 48 times
of rotating frequency of the runner (f; = Z; x frand 2f; = 2Z, X fy), respectively, can be
found. These peaks, with one and two times of guide vane passing frequency, are caused
by the rotor-stator interaction (RSI). Comparing the partial load spectra between Unit A
and B, the amplitude of RSI in Unit B has much higher level than Unit A. Under low load
conditions, the high level of RSI in Unit B compensates the high level brought by wide
band vibration in Unit A, which causes similar overall level (v.s) between the two units.

Unit A

Velocity (mm/s)

0
110% P,
90% P;
70% P, ~gpmampeigiiiteit— e
50% P, 1K
Operating 30% P, <&
ey 9,
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50 100
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5
condition 1% P, 200

100 150
Frequency (Hz)

Figure 9. Spectra waterfall of the head cover vibration under different loads of Unit A (in blue) and
Unit B (in orange).

In order to compare the influence of f; frequency and the wide band frequency on
the vibration level of the units, the coordinate bands are selected and the band levels are
calculated. As shown in Figure 10, the band of f; and 2 x f, with a band width of 2 Hz are
selected to represent the amplitude of f; and 2 x f,, respectively. The wide bands 1 to 4
(WB1, WB2, WB3, and WB4) are selected according to the common high-amplitude band
from the waterfalls of Unit A and Unit B. The ranges of the bands are listed in Table 2.
The band values of the selected six bands are calculated according to Equation (1). The
calculated band values are shown in Figure 11. The highest level of Unit A is WB1 (between
30 and 50 Hz), while the highest level of Unit B is f;. When the load increases from zero
to full-load, the wide band vibration level decreases in Unit A, which causes the decrease
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of the overall vibration level of Unit A. For Unit B, the amplitude of f; is low under deep
part load. This is because the distance between the guide vanes and the runner blades is far.
When the output of Unit B increases to 25%, the amplitude of f; increases from 0.20 mm/s
to 0.94 mm/s. Under this load, the f; band level of Unit A is only 0.10 mm/s. The band
value of f¢ in Unit B is nearly 10 times that in Unit A. From 25% rated load to rated load,
the level of f¢ has a slight decreasing trend but maintains a high level. This causes the
difference in the overall vibration level under higher loads between Unit A and Unit B.
It can be inferred that the high level of f; on Unit B is caused by the uneven guide vanes,
which result in uneven pressure in the circumferential direction.

——— Vibration spectra
Selected bands

0.5

Velocity (mm/s)

0
110% P,
90% P;
70% P,

Operating
condition
100 150 200
50

Frequency (Hz)

Figure 10. Definition of the vibration frequency bands.

Table 2. Band ranges of the selected bands.

Band name Center Frequency Band Width
fe fe +1.00 Hz
2 X fe 2 X fo +1.00 Hz
WB1 41.55Hz 8.75Hz
WB2 100.30 Hz 13.90 Hz
WB3 153.50 Hz 8.60 Hz
WB4 190.45 Hz 9.55 Hz

Figure 12 shows the variation of shaft axis deviation on the location of upper generator
bearing, lower generator bearing, and headcover of Units A and B, where the displacement
of the X direction is shown on the left and the vibration of the Y direction on the right.
This displacement means the relative displacement of the shaft with respect to the bearing
housing. From the figures, it can be seen that the variation of the displacement level shows
different trends on the two units. The displacement shows a decrease trend in Unit A
while remains almost constant on Unit B. Only the displacements on turbine bearing show
similar trend on both units. On turbine bearing, the displacement level increases to its
highest level at around 60% rated output. Then it decreases monotonically until overload.
The displacement level of Unit A is always higher than Unit B, which implies that the
stability of Unit B is better than Unit A. For Unit A, the lowest displacement appears on
turbine bearing. For Unit B, the lowest displacement appears on lower generator bearing.
Generally, turbine bearing withstands the highest hydraulic force on radial direction. It
is normal to have higher displacement on turbine bearing. Therefore, it is not common
to have the case of Unit A with lowest displacement on turbine bearing. For Unit A, the
highest displacement occurs on the Y direction of the upper generator bearing. The level is
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216 pm, which surpasses the ALARM level. The highest displacement level of Unit B occurs
in the upper generator bearing. The level is 128.38 um, which is within the ALARM level.
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Figure 11. Highest amplitude of the spectra of the head cover vibration under different loads of
Unit A and Unit B.

The shaft orbit is one of the most important indicators in the diagnosis of hydraulic
turbines. It contains more information than the displacement of the shaft on the X and Y
directions. In this research, the shaft orbits of the two machines under different loads are
compared. The shaft orbits are measured by proximity probes installed on the X and Y
directions of the upper generator bearing, lower generator bearing, and turbine bearing.
Four loads are compared, which are 10%, 50%, 75%, and 100% rated output. Ten rotation
cycles were conducted in the shaft orbit. As shown in Figures 13 and 14, each row in the
figure represents the shaft orbits in the same position, while each column represents the
shaft orbits in different positions under the same load. From Figure 13, it can be seen that
the orbits of Unit A are all circular-shaped under different loads. However, the sizes of the
circles show different variation trends in different positions. Under low load, the radius of
the shaft orbit increases from the turbine bearing to the upper generator bearing. Under
rated output, the shaft orbit of the lower generator bearing shows the largest size. The
deviation size of the turbine bearing is always the smallest in the whole output range.
Under low load conditions, the shaft axis significantly vibrates along the shaft orbit. Under
rated output conditions, the shaft axis keeps close to the orbit, which shows the stronger
regularity of the shaft axis. The shaft orbit of Unit B in Figure 14 shows a greater difference
from the ones of Unit A. The orbits show non-circular shapes under the whole operating
range. The part with the smallest deviation is the lower generator bearing. The orbit with
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the best regulation appears under 10% load rather than the rated load. The shaft orbit and
its changing rule are totally different between the two units.
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Figure 12. Shaft axis displacement curve comparison between the two units on different
measurement points.
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Figure 14. Shaft orbit of Unit B.

3.2. Discussion and Outlook
3.2.1. Discussion

It is well known that the vibration behavior of a structure depends on the excitation
force and its dynamic response (eigen frequency, modal shapes, damping, etc.). The
variations in the design of hydraulic turbine units cause different excitation forces, which
result in different vibration behavior. However, the impact of installation has not been
analyzed in detail. The installation will influence the vibration behavior by changing the
following factors:

Excitation force: installation error, such as shaft misalignment, angular deviation, and
so on, might cause unbalanced hydraulic forces, discharge unevenness of spiral casings, etc.
These hydraulic phenomena might contribute significantly to the excitation forces applied
on the machine.

Structural response: the installation determines the stiffness of the structure, which
influences the natural frequency of the machine. When the main frequency is close to one
of the natural frequencies, there is resonance, which causes serious vibration.

3.2.2. Outlook

In this research, Unit A and Unit B have similar designs. The pressure characteristics
and overall vibration levels are close to each other. However, the vibration spectra and short
orbit have great difference between these two units. The results obtained by this research
imply that the installation error has great influence on the vibration behavior of hydraulic
turbine units. The operators need to notice that significant differences in vibration behavior
might hide behind similar overall vibration levels.

4. Conclusions

In this study, the vibrational behavior under the whole range of operating conditions
of two Francis turbine units with similar designs has been compared. Field testing has
been performed on the researched units. The vibration indicators are extracted from
the tested signal. By comparing the vibration curves of the two machines, the vibration
behavior differences of the two machines have been analyzed. The main conclusions of this
research are:
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(1) The design of the spiral casing has a great influence on the pressure in the runner
inlet, which is significant for the performance of the machine.

(2) The amplitude of pressure pulsation is lower at deep-low load conditions and rated
operating conditions, and is higher at part load condition. The pressure pulsation
directly causes the variation of vibration.

(3) The intensity of vibration caused by RSI difference can reach 10 times difference
between two similar hydraulic turbine units with different designs. Greater attention
should be given to the design of the inlet of the runner and the guide vanes.

(4) Even with similar designs, installation error can result in significant differences in
vibration behavior hidden behind the same overall vibration levels.

This research reveals the effects of different designs and installations of Francis turbines
on the vibration behavior of the prototype of the units. The obtained results give guidance
to the designers and operators of Francis turbine units. More attention needs to be paid to
the installation of the prototype units since even machines with similar designs can have
distinct vibration behavior.
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