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ABSTRACT

Continuous turbine discharge monitoring is an important tool for securing efficient
utilization of water by the power plant and by a group of power plants with none, or
relatively small capacity of reservoirs. None of the IEC Code of discharge measurement
methods accepted to date lends itself for the continuous discharge monitoring. The
acoustic and Winter-Kennedy type of flow meters are the only available options. Unless
incorporated during the construction stage, the instaliation of these flow meters may be
difficult, time consuming and rather expensive.

Most of the Winter-Kennedy type of flow meters in Guri power plant are out of function
because of damaged embedded piping. Acoustic flow meters were installed in the
penstocks of some turbines, but most of the Units were left without any flow meter.
Looking for the best, inexpensive way to monitor the discharge of those Units, the most
promising appeared the method relating the discharge to the guide vane opening and
the net head. Since the definition of discharge by this method leaves aside the turbine
output, it should also give a good indication of the turbine efficiency.

Several series of tests conducted with 3-730 MW turbines equipped with the acoustic
flow meters confirmed the feasibility and a reasonable accuracy of this (GVO-H)
method. This paper describes the principals of the method, presents the selected test
results and discusses the future improvements.

" Vice President. Harza Engineering Company. Chicago. ilinois. U.S. A. /Caracas, Venezuela
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175



TURBINE DISCHARGE MONITORING BASED ON THE
GUIDE VANE OPENING AND THE NET HEAD

INTRODUCTION

With the increasing demand for energy and diminishing number of sites where the non-
polluting hydroelectric power plants can be, or are allowed to be developed, the owners
of the existing plants are striving to increase the efficiency of their installations. In
addition to rehabilitation and refurbishment of the older Units, the most efficient
utilization of the available water resources is high on the list of their priorities.

To achieve this goal, it is important to monitor the performance of each Unit and take
necessary actions when the efficiency starts to deteriorate. In the case of a cascade of
power plants with none, or relatively small capacity of reservoirs, it is necessary to
coordinate their operation, avoiding the unnecessary large head fluctuations or spiltage
of water. This underlines the importance of the continuous discharge (and efficiency)
monitoring of all Units.

None of the IEC Code methods for absolute discharge measurement accept to date
lands itself for a practical continuous discharge measurement. The acoustic and Winter-
Kennedy type of flow meters are the only available options for large Francis: axial and
diagonal flow turbines. The acoustic flow meter is by far the best option for the medium
and high head turbines with a reasonable length of straight, uniform penstock If
properly arranged, it is more accurate and it does not rely on the validity of the model-
prototype relationship. It aiso may be more reliable, since it does not include any
embedded piping, which may brake or get clogged. in the case of the low head Units
with the intake located just upstream of the semispiral case, the acoustic flow meter
may not provide accurate enough discharge measurement, since the water passage is
short and non-uniform and the flow is far from axial. In these cases the choice for a
continuous discharge monitoring is limited to the Winter-Kennedy type of flow meter. If
higher accuracy is required and the funds are available, both methods can be calibrated
using any suitable Code accepted method.

Unless incorporated during the construction stage, the installation of both the acoustic
and the Winter-Kennedy types of flow meter may be rather difficult, time consuming,
expensive and not always justifiable. All this and the need for continuous discharge
monittoring of large number of Units in EDELCA’s Guri Power Plant created the need to

look for some simple, reliable and inexpensive method of the continuous discharge
monitoring.
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TURBINE DISCHARGE MONITORING IN GURI AND LLOWER CARONI RIVER
POWER PLANTS.

Guri and Lower Caroni River hydroelectric developments are described and illustrated
in Ref. 1 (V. Biela and A. Marquez, IGHEM-Montreal’98). When Guri Powerhouse No. 2
was being designed some 23 years ago, the acoustic flow meter was in the initial stage
of development, with little experience in prototype applications. Consequently, all 20
Francis turbines included in two Powerhouses were furnished with Winter-Kennedy type
of flow meters. None of these was calibrated by a Code accepted discharge
measurement method. Due to the differences in vibrations and deflections of the spiral
case steel and the surrounding concrete, the %" embedded piezometer pipes started to
brake at their connections to the pressure tapings located in the spiral case. To avoid
seepage of water under high pressure into the concrete structure, all pressure tapings
were plugged and Guri Units were left without the flow meters. During late eighties and
early nineties, three acoustic flow meters were instalied in the Powerhouse No. 1 (one
for each size of the Units) and three in the identical, 730 MW Units in the Powerhouse
No. 2. The installation details and resuits of the tests conducted with Powerhouse No. 2
acoustic flow meters are given in the above mentioned reference.
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Figure 1. Guri and Lower Caroni river Hydroelectric Development

As indicated in Fig. 1, Guri (Radi Leoni) Dam with its large reservoir capable of multi-
annual flow regulation created conditions for very economical hydroelectric
development on the Lower Caroni River. Twelve 216 MW Francis turbines located in
Powerhouse No. 2 and 2-88.2 MW Kaplan turbines in Powerhouse No. 3 of Macagus i
Development, fully completed and in commercial operation, are furnished with acoustic
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flow meters. Without any flow meters at this time are the 6-70 MW Francis turbines in
Macagua, Powerhouse No. 1, which was placed in operation in early sixties.

Twelve 188 MW Kaplan turbines of Caruachi development (under construction) were
specified with acoustic flow meters. However, due to the experience gained with this
type of flow meters installed in close-coupled intakes of Macagua I, Powerhouse No. 3,
this concept has been abandoned. Instead, Winter-Kennedy type flow meters with
differential transducers and computerized data processing will be provided. To increase
the accuracy of monitoring, these flow meters may be calibrated utilizing a Code
accepted method of the turbine discharge measurement. The discharge monitoring
method described in this paper may also be used for back-up and experimental
purposes. Tocoma development (design stage) is similar to Caruachi and the turbines
will be furnished with the same type of flow meters.

As shown in Fig. 1, the Lower Caroni River Power Plants have reservoirs of much
smaller capacity than that of Guri. To secure the best coordination of operation of the
whole group of power plants, a reliable continuous discharge monitoring of Guri turbines
is essential. So far, 6 out of 20 Guri turbines are furnished with the acoustic flow meters
and the same type of flow meters can be instalied in the remaining 14 Units. However,
considering the sophistication, time and expenses related with such approach, we
started to look for a different method of turbine discharge monitoring. The acoustic flow
meters installed in Powerhouse No. 2 played an important role in the development and
Justification of the discharge of monitoring method described in this paper.

PRINCIPLES OF DISCHARGE MONITORING BASED ON THE GUIDE VANE
OPENING AND THE NET HEAD

The discharge of water through the opening formed by two adjacent guide vanes, the
outer head cover and the bottom ring can be considered as a discharge through an
orifice of identical shape, throat area, flow pattern and pressure distribution upstream
and downstream of the same. Hence we can also consider the total of openings
between all guide vanes as a large, sophisticated orifice which under the given net head
H (m), the gravity constant g (ms™) and the guide vane opening GVO (%), allows to
pass the discharge

Q 1, cvoy = Kovo (2gH) 2

The discharge coefficient Kgvo is primarily a function of the guide vane opening. The net
head variation may have a small influence on the coefficient. However, the combined
Inaccuracies of the measurements do not allow a meaningful investigation at this time.

The discharge coefficient Kgvo may be obtained from the model test report or from the
prototype tests of one or several turbines of the identical hydraulic design and size. The
use of prototype test data eliminates the uncertainty of model-prototype relationship and
leads to more reliable results. Three Guri 2 turbines furnished with the acoustic flow
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meters were utilized to obtain data required for determination of the GVO-discharge
relationship at the given net head.

All three flow meter-equipped turbines were tested in close time sequence. The
fluctuations of the water levels and of the net head during this test series were:

Reservoir level 0.34m
Tail race elevation 0.92m
Net head 2.46m

The output and discharge data obtained during the tests were adjusted for near-average
unified net head Hu= 137 m. The actual net head during these tests was within + 0.91 %
of the selected unified net head. The discharge at the guide vane openings GVO from
30 to 100 %, the selected governing discharge (3-Unit average corrected to form a
smooth “lead curve”) and the differences between the measured and the calculated
discharges, all for the unified net head Hu=137m, are shown in Table 1.

GVO QM=C/Qr Average|Lead Curve| AG=((Gm-Gi27)/G12)"100 (%)
(%) |Unit 12| Unit 14| Unit 18] ZaM3 | q,, Unit 12 | Unit 14 | Unit 16
30 | 0.2934| 0.3053[ 0.2924] 0.2970]  0.2992] -1.94 2.04 200

40 | 0.4088| 0.4156| 0.4138] 0.4127 0.4128| -0.97 0.68 0.24
50 | 0.5256| 0.5317| 0.5376 0.5316 0.5320{ -1.20 -0.06 1.05
60 | 0.6440| 0.6427] 0.6479] 06449 0.6459) -0.29 -0.50 0.31
70 | 0.7439| 0.7491| 0.7530| 0.7487 0.7505| -0.88 -0.19 0.33
75 | 0.7955] 0.7938] 0.8003] 0.7965 0.7967f -0.15 -0.36 0.45
80 | 0.8385| 0.8348| 0.8415| 0.8383 0.8405{ -0.24 -0.68 0.12
85 | 0.8794] 0.8803| 0.8874| 0.8824 0.8826| -0.36 -0.26 0.54
90 | 0.9173} 0.9197| 0.9310] 0.9227 0.8233[ -0.65 -0.39 0.83
95 | 0.9533| 0.9589| 0.9659] 0.9594 0.9595) -0.65 -0.06 0.67
100 | 0.9862| 0.9930( 0.9975 0.89922 0.9921] -0.59 0.09 0.54
90 | 0.9187] 0.9207f 0.9322| 0.9239 0.8233[ -0.50 -0.28 0.96
80 | 0.8415] 0.8368( 0.8455] 0.8413 0.8405| 0.12 -0.44 0.59
| 70 | 0.7485| 0.7512]| 0.7557 0.7518 0.7505| -0.27 0.09 0.69
60 | 0.6430{ 0.6450{ 0.6511] 06464 0.6459| -045 -0.14 0.81
50 1 0.5310] 0.5381] 0.5418| 0.5370 0.8320{ -0.19 1.15 1.84

TABLE 1. Relative Discharge at the Net Head Hu=137 m
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The symbols used in the text and in the Tables are:

Qar= Discharge measured by the acoustic flow meter (m°fs)
Q.= Maximum expected discharge (m>/s) at the unified net head
Hu=137 m
gm= Qae/Q, = number representing the relative discharge measured
by the acoustic flow meter at any net head
qa7= Relative discharge number given by the lead curve at Hu=137 m
qc= Calculated relative discharge number

The “lead curve” included in Table 1 replaces the discharge coefficient Kevo. The
discharge at any net head is given by the equation Qavow = Qavorran(Hx/137)"

VERIFICATION OF THE GVO-H METHOD OF DISCHARGE MONITORING

The difference between the measured and calculated discharge of the Units tested at
the common net head Hu=137 m is shown in the last 3 columns of Table 1. The
maximum deviations are noted at the minimum tested guide vane opening of 30%.
Considering that the normal operating range of Francis turbines, including its temporary
extremes, is confined between 60 and 100% of the guide vane opening, the deviations
are between +0.83 and - 0.88%.

Numerous tests of Guri turbines were performed during past 4 years at the net heads
between 128 and 143 m. The test results (acoustic flow meter readings) were compared
with the values calculated as explained above. The corresponding data for
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013 00 048 0 | £&F | 0413 0456 1.5 | QB | 0FTHE0EH 10
N®  05E6 0545 OB | 990 06071 0597| 124 | 0 . 0513 05142 006

oo ' 0EMB OFR QB | &3 | 07312 0774 0% 813 @ 06219 0eS7 Q8
00 | 07831 074 03 | 7784 | 0837 08Hd4) Q16 0 | 07X 0751 QO
7873 | 0&R Q8B4 Q@ | 8314 | 08D 08B 03 7/@ | Q7744 0701 Q56
7081  085B 0855 QM | BB | 0O 0gX6, 047 112 | 08148 08134 018
sae) . 04 08571 064 | BL | 10034 08B 0¥ =10y 08 0831 Of2
OB OB 015 07 | &3 | 0316 09E9| Q73 Om | g4 084 101
3418 Q%40 097X 0L | o4 08D 08F/| OB B0 | 0TI 0T 086
@& 100 10114 Q6 | 7Bm 08157 0B111) 05 BT | BB OHED 040
BB | 0[H 0HG 05 | 423 | Q7B QA3 117 s 0PN 0gEy 049
7981 0/ 0859 QB || 5163 | 058 Q610 265 D@ | 0908 OER4 0O
00 0767 Q74 016 | 5163 | 058 05610] 283 8477 | Q847 08612 Q7
Do | 0FEH 0684 019 | 4138 | 04571 Qa4 314 0O | 08161 08124 045
O3B 0538 05419 040 | T 03X 033H| 04 7487 - Q7780780 051

TABLE 2. Comparison of Measured and Caiculated Discharges at Different Net
Heads ag= ((am-qc)/qc)*100
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n/mmax

the maximum (Unit No. 12),the near maximum and the minimum tested net heads (Unit
No. 16) are shown in Table 2.

it can be observed that at both extremes of tested heads the calculated discharges are
within = 1.0% of the measured values Everything eise being equal, the differences
between the measured and the calculated discharges have the same percentage
influence in the computed turbine efficiencies. Both relative turbine efficiency curves for
Units No. 12 and No. 16 are shown in Fig.2.
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Fig. 2 Relative Turbine Efficiency
A-Discharge measured by acoustic flow meter
B- Calculated discharge

FUTURE IMPROVEMENTS

All Guri turbine tests were done first increasing the output and approaching the test
points by opening the guide vanes and then reducing the output. The data in Tables 1
and 2 are presented in the same sequence. It was noticed that slight differences exist
and the measured discharge qm is a little larger when the very same test point is
reached by closing the guide vanes. At present time, the guide vane position is
determined by reading the millimeter servomotor position scale and converting the
readings into the guide vane angle or percentage opening. The data obtained for each
turbine during the commissioning stage are used to make the conversion. it became
quite obvious that clearances and deflections of the guide vane operating mechanism
enter into the picture. The whole mechanism is under different strain, depending
whether the guide vanes are maving along with or against the hydraulic torque acting on
them. This creates a hysteresis in the train of components between the servomotors
and the vanes themselves. The influence of this phenomena upon the measured
discharge at the net head Hu=137 m is snown in Table 3.

For the proposed method of discharge monitoring, the hysteresis of guide vane
mechanism introduces an additional error, which may be growing in time due to the
increasing wear of its components. To eliminate this error, the guide vane opening must

181



be measured directly and not determined in relation to the servomotor stroke. For
experimental purposes, the angle transducers are being instalied at the upper end of
two guide vane stems of Unit No. 12 and preparations for comparative testing are on
the way. This Unit was selected because of expected higher precision of its acoustic
flow meter (Ref. 1).

GVO Unit 12 Unit 14 Unit 16 Average
L (%) | gm(c) | gmio} [ AT (%) || am(c) | am(o) | Ad™(%) || am(c) | am(o) | AG™(%) || AG*(%)
50 0.5310( 0.5256 (| 1.0274 || 0.5381] 0.5317)1 1.2037 § 0.5418; 0.5376! 0.781 1.00
60 0.6440; 06431 0.1399 || 0.6450| 0.6427| 0.3579 || 0.6511| 0.6479] 0.494 0.33
70 0.7485{ 0.7439| 06184 || 0.7512] 0.7491]| 0.2803 || 0.7557] 0.7530 | 0.359 0.42
80 0.8415] 0.83851 0.3578 I 0.8368| 0.8348 0.2396 || 0.8455| 0.8415| 0475 0.36
80 0.91871 0.91731| 0.1526 || 0.9207] 0.9197 0.1087 || 0.9322] 0.8310{ 0.129 0.13

TABLE 3. Error caused by Hysteresis of the Gate Operating Mechanism
Suffix “c” identifies the measured relative discharge when the servomoter position is reached by closing
and “o" by opening the guide vanes
Ag' = ({gme-gmo)/igmo)* 100

In the near future, four guide vanes in all ten- Powerhouse No. 2 turbines will be
provided with angle transducers. Adding the necessary hardware and finishing the
required software, the continuous discharge monitoring will be secured. This work will
be done in conjunction with the scheduled rehabilitation of the turbines. The relationship
between the guide vane angles and the corresponding prototype guide vane clearances
will be checked at the same occasion. Similar work will be done for Powerhouse No. 1
turbines in conjunction with the rehabilitation and possible upgrading of the Units.

CONCLUSIONS

(1) Continuous discharge and turbine efficiency monitoring is important for preventive
maintenance and for the power plant operation planning.

(2) Continuos discharge monitoring based on the guide vane opening and the net
head measurements (GVO-H method) is a feasible and affordable soiution for
larger turbines which are not, or cannot be provided with the acoustic flow meters.

(3) Direct and precise guide vane angle monitoring is essential to improve the
precision of this method.

(4) Calibration by a recognized turbine discharge measurement method of at least one
hydraulically and physically identical turbine helps to improve the precision of
continuous discharge monitoring by the GVQ-H method.
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