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Abstract

Thus, it indicates deviations from international specifications.

The article presents a case study on the Investigation of lateral vibrations in the turbine-generator unit 5 of the Inga 2 hydroelectric power plant in the Democratic
Republic of the Congo. Lateral vibrations were experimentally determined using twelve proximity and eddy-current probes, positioned on each measurement plane.
The results were analyzed using the Dasylab and R software. Hence, it was observed that the vibration amplitudes of the upper guide bearing, lower guide bearing,
and pivot/rotor exceeded acceptable or critical limit values of the international vibration standard for a rotating speed between 100-250 rpm. These excesses can lead
to rotor mass imbalances, the eccentricity of the rotor axis relative to the rotation axis of the shaft, and the deformation of the coupling shaft between the upper rotor
shaft and the turbine rotor shaft. Subsequently, the means and the variances of the vibration amplitudes were evaluated and compared to the reference values of the
international standard. The results of the compliance analysis revealed statistically significant differences between the measured amplitudes and the reference values.

Department of Electromechanical Engineering, Polytechnic Faculty, Boma, Kongo Central,
DR Congo, Email: simmlicem57@gmail.com

Introduction

The turbine-generator unit 5 of the Inga 2 hydroelectric
power plant, which was operating at a power output close
to its nominal power of 162 megawatts, presented multiple
defects in its components due to overheating of the pivot.
This hydroelectric unit had been in operation for 245869,02
hours without a major overhaul and had undergone a series
of interventions since February 14, 2018, due to excessive
overheating of the pivot. Initial investigations suggested
that the excessive friction and overheating of the results
were not satisfactory for a sustained period and that the
excessive friction and overhearing of the pivot were due to
misalignment, but the results were not satisfactory for a
sustained period as the overheating persisted. Additionally,
other incidents, such as misalignment detections, were not
resolved.

This study aims to evaluate the lateral vibrations of the
turbine-generator unit 5 of the Inga 2 hydroelectric power
plant, following the last alignment correction intervention
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on the unit through the leveling of the cone support pivot.
This study was conducted both in static and dynamic
conditions, where compared to the value of the amplitude
according to the international standard [1] and under the
solicitations related to hydraulic [2], mechanical, and
electrical phenomena that occur during water intake in
the penstock, rotation of the turbine, tensioning of the
alternator, coupling, and load pick-up of the unit [1,4-10].
The study also includes a conformity analysis to determine
the statistically significant difference between the measured
amplitude values and the international standard.

The study also includes a compliance analysis to
determine statistically significant differences between the
measured amplitude values and international standards.
Lateral vibrations in turbine-generator groups, such as
Francis turbines, play a crucial role due to their significant
impact on the performance and reliability of these systems
essential for electricity production. Excessive vibrations
can result in premature failures of mechanical components,
disrupt energy conversion, cause undesirable fluctuations in
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the electrical grid, and control these vibrations to optimize
performance, improve equipment durability, and ensure
reliable electricity production [2,10].

Materials and methods
Materials used

The materials used in this study were twelve proximity
sensors with probes that were installed and disposed of on
each measurement plane as follows:

Two displacement sensors near the upper guide
bearing (GEN1Y, GEN1 X);

— Two sensors were placed upstream AM at (0°) and the
other downstream RG at (90°) on the measurement
plane o1, located 200mm above the center of the
upper guide bearings;

— Four sensors near the rotor-shaft turbine coupling
(GENY, GEN X) and (GEN’Y, GEN’ X);

— The first two sensors (GEN Y, GEN X) were placed
upstream AM at (0°) and the other downstream RG
at (90°) on the measurement plane 02, located at the
lower rotor bracket, where the mobile guide bearing
is fixed, while the other two sensors (GEN’ Y, GEN’
X) were placed upstream AM at (0°) and the other
downstream RG at (90°) on the measurement plane
02’ located upstream of the bottom sump cradle point
towards the turbine shaft;

- Two displacement sensors near the lower guide
bearing (TURB Y, TURB X). The two sensors were
placed upstream AM at (0°) and the other downstream
RG at (90°) on the measurement plane 03, located
950 mm above the center of the lower guide bearings.
The actual values of radial displacements at the lower
guide bearing will be deduced based on this 950 mm
height.

Using four measurement planes to record lateral
displacements of the shaft line using proximity probes in
hydroelectric group 5 (Figure 1), namely:

—  Plane o1 (upper guide bearing): GEN1;
—  Plane o2 (Pivot/Rotor): GEN;
—  Plane 02’ (Pivot/shaft): GEN’;
—  Plane 03 (lower guide bearing): TURB.

The sensors recorded signals that were analyzed using
the Dasylab software, which is a data acquisition and
evaluation system using a visual programming language
[12,13], and Microsoft Excel, using a calculator. The signal
characteristics, locations, and names of the sensors recorded
are detailed in Table 1.
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Figure 1: Sensor location on each measurement plane [16]. ‘

Method

In the context of collecting and analyzing data on the
lateral vibrations of turbine generators, proximity sensors,
and probes are installed to measure the amplitudes. The
captured signals are then transmitted by the Dasylab
software. The data undergoes preprocessing to eliminate
errors and outliers [13]. Using the R software, a specific
technique called conformity testing is applied. This test
compares the amplitudes measured by the sensors and
probes against established standards. Statistical analyses are
used to evaluate the conformity of the measurements [14].
The obtained results are interpreted to determine whether
the measured amplitudes comply with the established
standards.

Compliance analysis is a useful method for comparing
measured data with standard values to determine the
conformity or non-conformity of the data [15]. In the
referenced article, this method was used to assess the lateral
vibrations of a turbine-generator unit by comparing the
measured values with international standard values [2] and
Table 3 [1] at a significance level of 5% using the R software.

Through the seven start-stop cycles, dynamic vibration
data was obtained, as shown in Table 2:

Results

Measurements were taken in static and dynamic
conditions of the shaft line of the hydro-generator unit, both
in the upstream-downstream (AM-AV) and left bank-right
bank (RD-RG) directions in the figures (Figures 2,3) show
the shaft line at two rotor positions offset by 180°.
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Table 1: Sensor names, locations, and characteristics.
Signals Definition Type Brand Range Channel
. . . . . Telemecanique
1 | Shaft displacement in the upper guide bearing following (X) GEN1 X XS4 PISABI20 PVC 356 1716 (4-20mA)/(0-8mm) 4
. ) . ) . Telemecanique
2 | Shaft displacement in the upper guide bearing following(Y) GEN1Y XS4 PISABI120 PVC 356 1722 (4-20mA)/(0-8mm) 5
3 Shaft displacement in the pivot/rotor following (X) GEN X/GEN’ X Bently Nevada 03F0034P (7,87V)/(1mm) 0
P P & 3300 XL MM ’
4 Shaft displacement in the pivot/rotor following (Y) GEN Y/GEN' Y Bently Nevada 03F0034C (7,87V)/(1mm) 1
P P & 3300 XL MM ’
5 | Shaft displacement of the lower guide bearing following (X) TURB X Bently Nevada 03F0034E (7,87V)/(1mm) 2
. . . . Bently Nevada
6 | Shaft displacement of the lower guide bearing following (Y) TURBY 3300 XL 8MM 03F0034G (7,87V)/(1mm) 3
. Télémécanique
7 Group rotation speed REPH XS4 PISAB120 PVR 37 281 0924 (4-20mA)/(0-8mm) 6
Note :
—  GENIX s where the sensors are located on the upper guide bearing following X.
— GENT1Y is where the sensors are located on the upper guide bearing following Y.
—  GENXis where the sensors are located on the pivot/rotor following X.
— GENY is where the sensors are located on the pivot/rotor following Y.
—  TURBX s where the sensors are located on the lower guide bearing following X.
— TURBX is where the sensors are located on the lower guide bearing following Y.

Table 2: Seven start-stop cycles of the turbine-generator unit 5.
Date

Start-stop Cycles
11h15°UT to 11h24’ UT ( be it 00h09”)
12h57°UT to 17h18’UT (be it 04h21°)
09h16’UT to 09h39’UT (be it soit 0h33’)
13h26’UT to 17h18’UT (be it 03h52)
13h40°UT to 13h56’UT (be it 16 min)
10h58'UT to 16h58'UT (be it 06h00°)

10h14’UT to 16h47°UT (be it 06h33’)

Start 01/ run without injection
23/10/2019

Start 02/ run without injection

Excited start 03/ run with injection

24/10/2019
Excited start 04/ run with injection

25/10/2019
13/11/2019
19/11/2019

Excited start 05/ run with injection

Start 06/ run without injection

Excited start 07/ run with injection

Table 3: Permissible vibration values of the turbine-generator unit (double amplitude in mm).

Rated speed (r/min)
Name Items
<100 100-250  250-375  375-750
Horizontal vibration of head cover 0.09 0.07 0.05 0.03
. Vertical vibration of head cover 0.11 0.09 0.06 0.03
Turbine el vibrati i beari

Vertical vibration of thrust bearing 0.08 0.07 0.05 0.04

support
Horizontal vibration of guide bearing 011 0.09 0.07 0.05

G support
enerator Horizontal vibration of the stator frame | 0.04 0.03 0.02 0.02
The vibration of the stator core 0.3 0.03 0.03 0.03

Based on the two presented graphs, the following
phenomena were observed in the turbine-generator unit 5
at Inga 2:

— Shaft fractures in top shaft-rotor and turbine shaft-
rotor couplings;

— Strong eccentricity of the rotor axis concerning the
axis of rotation of the shaft line;

— On these graphs, only the minimum values recorded
on each measurement plane are shown, to illustrate
the most unfavorable static positions of the shaft line;

— The clearances in the guide bearings also represent
the maximum lateral displacements that the shaft
line will be able to perform dynamically;

— These graphs represent the section of the shaft line
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between the upper guide bearing and the turbine
guide bearing (Figures 2,3).

These data, once the characteristic vibration frequency
(1x) of the recorded vibration signals in static conditions,
are as follows on the pivot/rotor: 3,15 mm for the x-axis,
1,45 mm for y-axis; upper rotor: 2,5 mm for x-axis, 2,00
mm for y-axis; upper guide bearing: 0,7 mm for x-axis, 0,55
mm for y-axis lower guide bearing: 0,85 mm for x-axis, 0,45
mm for y-axis. In transient conditions (star, the values are
presented in Table 4 and shown in Figure 4 for the last two
start-ups performed.

The nominal voltage stage in Figure 4 has a larger
amplitude value compared to the rated speed stage.

The results of the compliance analysis indicated
statistically significant deviations between the measured
values and the standard values at a 5% significance level and
a rotational speed of 107,1 rpm [16] of the turbine generator
unit 5. This indicates that the lateral vibrations exceed the
specified limits in the standard in Tables 5-8.

Discussion

Apart from the compliance analysis that implies
comparing the measured amplitude values using the
Student’s t-test to the standard, the above-mentioned result
follows the evaluation requirements as reported by the
following researchers: [1] in their study on safety operation
for large hydroelectric generator units in Japan They found
that the double amplitudes of horizontal vibrations (0.2 mm,
0.35 mm, 0.36 mm, and 0.65 mm) and vertical vibrations
(0.29 mm, 0.3 mm, 0.89 mm, and 1 mm) significantly exceed
the standard, which is 0.07 mm for horizontal amplitude
and 0.09 mm for vertical amplitude, at a normal speed of
100-250 rpm under all operating conditions. Also [2] in
their vibration testing for assessing the hydro unit condition
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Figure 2: Shaft lines along the upstream-downstream axis.

‘ Figure 3: Shaft lines along the left bank-right bank axis.

Table 4: Summary of the second series of recordings (start-ups: 06/07).
Dynamic amplitude measurement [pum]
Start-up Measurement axes
Different phase = PGS | PIVOT/ROTOR| PGI
X 810 1804 1014
Acceleration 0°
Y 606 2224 893
X 810 1865 1013
Idle run 200°
Y 606 2220 890
X 442 2033 840
Hot idle run 198°
Y 338 2066 837
X 853 3223 1386
Excited run 192°
Y 549 3283 1314
X 454 3235 1303
Hot excited run 191°
Y 322 3216 1314
X 827 1678 967
Deceleration 203°
Y 597 1963 896

in different operating modes in Austria observed that the
results of vibration amplitude measurements and analysis
of vibrations did not show a shape increase in vibration
amplitudes compared to the guidelines on permissible
vibrations of such rotary machines, which belong to the

group of machines 3 ISO 10816 and according to ISO 7919-5
to the values of relative vibrations.

Firstly, the average amplitudes of the upper guide
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Table 5: Amplitude value of the upper guide bearing in the x direction measured and compared to
the standard in mm
Axis(x) PGS Mean Deviation Deviation® Variance :::,l:t:: Standard ddl| t |p-value
1 0.81 0.11 0.01
2 0.81 0.11 0.2
3 0.44 -0.27 0.07
4 0.85 0.7 015 0,02 0.04 0.2 0.07 5 7.64 0.007*
5 0.45 -0.25 0.06
6 0.83 0.13 0.02
The difference between the mean of the measured value of the upper guide bearing in the x direction
is 0.7 £ 0.2 and it is highly significant compared to the standard.

bearing along the x-axis show a deviation of 0.7 £+ 0.2
mm from the allowed standard value of 0.07 mm. This
significant deviation indicates substantial non-compliance
and can have implications for the overall performance of the
turbine. Higher amplitudes can result in excessive friction,
increased temperature, and energy inefficiency. Moreover,
the average amplitudes of the pivot/rotor on the x-axis
exhibit a deviation of 2.31 + 0.72 mm from the allowed
value of 0.07 mm. This substantial difference may indicate
serious issues of misalignment or wear in the pivot or rotor,

which can affect the stability and reliability of the turbine.
The average amplitudes of the lower guide bearing along

April 22, 2024 - Volume 2 Issue 4
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Figure 4: Evolution (cloud) of the overall (peak-to-peak) displacement values for the last two tart-ups (06/07).

Table 6: Amplitude value of the pivot/rotor in the y direction measured and compared to the

standard in mm.

Axis Standard
PIVOT Mean Deviation Deviation® Variance . . Standard ddl| t | p-value
(x) deviation
1 1.80 -0.50 0.25
2 1.87 -0.44 0.19
3 2.03 -0.27 0.07
231 0.52 0.72 0.07 5 | 7.57 | 0.00**
4 322 0.92 0.09
5 3.24 0.93 0.84
6 1.68 -0.63 0.01

The difference between the mean of the measured value of the pivot/rotor in the x direction is 2.31
+0.72 and it is highly significant compared to the standard.

Table 7: Amplitude value of the lower guide bearing in the x direction measured and compared to
the standard in mm.

Axis Standard
PGI | Mean | Deviation | Deviation? Variance . Standard | ddl | t | p-value
(x) deviation
1 |1.01 -0.07 0.01
2 |1.01 -0.07 0.01
3 10.84 -0.25 0.06
1.1 0.04 0.21 0.07 5 11.82| 0.00***
4 1.4 0.3 0.09
5 |1.30 0.22 0.05
6 097 -0.12 0.01

The difference between the mean of the measured value of the lower guide bearing in the x direction
is 1.1 £ 0.21 and it is highly significant compared to the standard.

Table 8: Amplitude value of the lower guide bearing in the y direction measured and compared to
the standard in mm.

Axi Standard
g PGI Mean Deviation | Deviationt® Variance an e.u' standard | ddl, t | p-value
(y) deviation
1 089 -0.13 0.02
2 0.8 -0.13 0.02
3 1084 -0.19 0.03
1.02 0.05 0.23 0.09 5 10.14 0.00**
4 131 0.29 0.08
5 131 0.29 0.08
6 089 1.02 0.02

The difference between the mean of the measured value of the lower guide bearing in the y direction
is 1.02 + 0.23 0.023 and it is highly significant compared to the standard.
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the x-axis also display a deviation of 1.1 + 0.21 mm from
the permitted value of 0.07 mm. The significant deviation
may suggest precision or deformation problems in the
lower guide bearing, which can influence the performance
and durability of the turbine. Last but not least, the average
amplitudes of the lower guide bearing along the y-axis show
a derivation of 1.02 + 0.23 mm from the allowed value of
0.09 mm. This significant difference may reflect issues of
misalignment or wear in the y-direction, which can affect
the efficiency and safety of the turbine. These statistically
significant deviations between the measured amplitudes
and the standard values raise important concerns regarding
the performance and compliance of the turbine-alternator
group. These potential problems can lead to reduced energy
efficiency, permeable component wear, an increased risk of
failure, and safety issues.

Conclusion

The study revealed that the vibrations of the rotating
turbine-generator unit 5 are excessively dangerous for
the machine, both on the rotor side and the turbine guide
bearing side and upper guide bearing side. The results of
the compliance analysis show that the difference between
the mean vibration amplitudes and the vibration standard
values is statistically significant at a rotation speed of 107,1
rpm. It is necessary to stop the unit to perform a complete
alignment of the fixed and movable components to restore
the verticality of the turbine-generator unit axis and align
the shaft line. Furthermore, the study highlighted the need
to measure turbine pressure fluctuations, thermal problems,
and degradation of turbine and generator elements, such as
loss of elasticity in the membrane system, wear of the water
wheel, bearing, and labyrinth seals, ovalization of the stator
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and rotor, unreliability of temperature instrumentation,
and loss of sealing between the flanges and the suction cone.
These issues also require urgent intervention to ensure the
proper functioning and safety of the turbine-generator
unit 5.
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