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Abstract. This paper describes recent experiences withnéineoflowrate monitoring system
designed for hydraulic turbines. The angular indethod used in this paper was developed by
Hydro-Quebec with the goal of delivering an acomrand affordable system to monitor
flowrate under all circumstances. Accuracy and iappllity of the method is demonstrated
using code accepted experimental results for a MU0 Francis and a 110MW propeller
turbine. The last section describes in details¢iggirements to apply the method.

Introduction
For a hydroelectric utility like Hydro-Québec (H@ho relies almost exclusively on hydropower to
produce its energy, knowledge of the flowrate affidiency of its powerhouses is essential. It akow
for production optimization at various levels inettompany going from short term efficiency
monitoring to long term reservoir management.

While many tests on efficiency and flowrate areelo
internally to provide an accurate picture of thechiae
operation at a given moment, there always aris&tsins
where additional data would be helpful. Becausey tre
more sensitive to head changes, low head plants seex
particularly affected by a number of factors such a 3“\.
interactions between groups, impact of aeratiohwater L
level, trash rack clogging and so on... Unfortulyateany
of the testing procedures concerning Iow head prevative
large (and costly) experimental setup. ;

A research project was thus started to addresse thos
difficulties. The goal of this project is to obtaam accurate
and affordable mean to monitor the flowrate in drhylic
turbine. In the long run, such system should previd —
experimental efficiency hill and improve operatibna
practices. By pinpointing when the turbine is opedan a '
non-optimal regime, an improvement in the energipoiu
for a given amount of water is expected. While #sw
designed with low head turbine in mind, it shoukbavork
on higher head machines.

\

Figure 1 : Overview of the angular
index measurement system on a
propeller turbine
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This paper is divided into four parts. The firseqgorovides an overview of the method. Then, the
results obtained on two very different powerhouses presented. The last section provides
experimental details for those who want to repredihe method.

1. Description of the measurement system
The angular index was first presented in [1] wittbanbination of numerical and experimental results.
It is illustrated in figure 1 for an axial propeallirbine. As most relative methods, the anguldein
system is based on a pressure difference buts aaihe says, it also integrates the angular posifio
the guide vane. For this system, the pressureréifte is measured between the spiral casing intet a
a location behind the guide vane. Because of thgngiveam probes, the pressure difference is
strongly correlated to the angular position of guéde vanes. This interaction is taken care offHay t
modification of the index coefficient Kop in egwhich is not a constant but an expression.
Calibration of the coefficient Kop should normalbhe provided by an absolute method. The
variation of the index coefficient translates thetfthat the flow inside the spiral casing evolwath
the opening. A simple polynomial expression is Ugusnough to describe the coefficient evolution
with the position. As an index method combines dyicapressure and streamlines losses, two
phenomena that evolve with the velocity square,itidex exponent should be fixed at exactly 0.5.
Madification of the exponent is no longer necesssryause the slight changes in the flow distrilsutio
are taken into account by coefficient variation.

Q=K. *AP* (1)

The system remains accurate with head fluctuateoms is almost insensitive to adjacent unit
operation. This is because the measured pressifieeedce is sizeable and the distributor acts as a
filter that smears local phenomena happening atiritet. The angular index system provides a
description of the flow. To obtain the unit effioy, it is also necessary to monitor the power wutp
and the head.

2. Experimental investigation of a 200 MW Francidurbine
A first system was installed on a 200 MW Francis
turbine. The upstream pressure was taken at the
very beginning of the spiral casing while thef
downstream probes were located in the sma
space between the guide vane and the runn
(figure 2). The main reason for choosing this
powerhouse was that an 8 paths acoustic tran:
time (ATT) flowmeter, previously installed in the
penstock, was available as a reference.

First a calibration of the system was needec\
For this, the reference data from ATT flowmeter
were used to determine the coefficient curve o
Kop. The calibration points are presented i
figure 3 where the calibration curve appear ‘
smooth and predictable. In this case aa2der ' -
polynomial equation was found accurate enough
to describe the coefficient evolution. Figure 2 : Angular index installation on a Francis

turbine
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Once calibrated, the evaluation of the performaotéhe angular index could start. Figure 4
presents 10 days of monitoring for both the ATTwiaeter and angular index method. The period
shown was not included in the calibration. The tiata series were not discernable one from another
which is quite remarkable for two independent mdshdtatistical analysis was needed to obtain an
objective evaluation of the accuracy of the anguldex method and is presented in table 1. While
both systems provided excellent flowrate monitoritng angular index dispersion was half the one of

Kop
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Figure 3 : Calibration of the angular index coeéit Kop
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Figure 4 : 10 days of flowrate monitoring for thenk and angular index method

Table 1.Performance of the angular index for a 200 MW Eisaturbine

Elowra'te RMS
dispersion
ATT flowmeter +1 s 05 %

(reference)
Angular index +0.5 ni/s 0.2%
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At one point during the measurement, a constasebtietween the two methods occurred. At first,
it was thought that something went wrong with ohthe pressure probes of the angular index but this
was discarded after observing that all the presgrtobes exhibited the same behavior. The origin of
the discrepancy became apparent by plotting thdigiesl flowrate against the guide vane opening.
Then, it appeared that the offset originated from ATT flowmeter. In figure 5, we can see the two
parallel curves for the ATT flowmeter that indicathat the measured reference flow was divided in
two series. Distinction between the series wasdasethe date. The angular index was not affected.
Also noticeable in this figure is the spread of theasurement around its mean. Again, it is cleatr th
the angular index method has a very low disperaiahthus is able to predict accurately the flowrate
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Figure 5 : Flowrate against angular displacementife ATT reference and angular index

3. Experimental investigation of a 110 MW propelleturbine

A second experimental set of the angular index om@asg system was installed on a low head 110
MW propeller. In this case, since there was no qunes probe adequately placed at the semi-spiral
casing inlet, one of the outer WK probe was usetkad. Because there is ample room between the
guide vane and the runner, the downstream pregsabe was installed mid-way on the upper cover
as shown in figure 1. The coefficient calibratioame from previous measurements that were
performed some years before with current meters.

11

e angular index 25.5 m = Flowmeters 25.5
e angular index 27.5 m = Flowmeters 27.5m
o angular index 30 m Flowmeters 30 m

v

Qnorm

65 67 69 71 73 75 77 79
Opening [%]

Figure 6 : Comparison of the flowmeter and angurdex at various head
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The two main interests of testing the system is gfowerhouse were to see if the concept was
applicable to different types of turbines and talaste its performance with head fluctuations. ®o d
this, the data from a two months production pevigie used. They were classified by head and then
compared to the measurements obtained at 3 diffessads on a similar unit. In figure 6, we can see
that the angular index is able to follow head fliations. Also, despite the more complex naturéef t
flow distribution in the semi-spiral casing andtdisutor, the flowrate dispersion remained in the
same range than with the Francis turbine as showabie 2.

Table 2. Performance of the angular index for a 110 MW pliep

Flowrate
dispersion RMS
Angular index +0.95 /s 0.25 %

Even though there was no continuous reference mdtiat was available for this powerhouse, a
simple online monitoring system was designed ttoWolthe turbine flowrate and efficiency. It also
allowed to evaluate the effectiveness of the actugbmatic power frequency regulation (PFR)
procedures and to compare those with optimal ohessimulate the optimal operating mode, the
operator was asked to periodically adjust the ogeof the unit. A clear indication of the optimaltp
(in red) on the efficiency hill was provided alowith a band of +/- 3 Afs. A capture of the system is
presented in figure 7 while the operator did a gobdof keeping the group near optimal operation.

Exploitation du groupe le 16 aolt 2011
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Figure 7 : Flow monitoring during optimal operati@head vs flowrate)

Then, the automatic system took place. It has tifferdnt operating modes. In the first one,
designed to keep the operation optimal, the autersgstem was able to partially correct the realire
power with the head variation, but was usually ggting to lay on the optimal line (figure 8, left).
With the second automatic mode, having less omaraliconstraints, the correction just did not
happen (figure 8, right) which led to non optimgleaation. Clearly, while it is acknowledged that
efficiency is not the only issue here, there migket some room for improvements. The online

monitoring system allows just that by providingleac picture of the turbine operation that would be
difficult to obtain otherwise.
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Figure 8 : Flow monitoring during automatic opevatof the turbine

4. Description of experimental setup
This section is provided for those who are inte@$h deploying a similar system.

List of material
* pressure transducer
* angular encoder
* manifold
* Dbleed valves
» steel tubing & valves
» data acquisition & control system

4.1. Pressure probes

The upstream (or high pressure) tap should bem@sgentative as possible of the low velocity inlet
conditions but should be located behind the trask.rldeally, probes located at the beginning ef th
spiral casing should be used. If not available, ¥ternal probes can also provide useful information
The downstream (or low pressure) taps should kedinogether with a manifold to average the spiral
casing flow non uniformity (figure 9). We found that least 4 probes were necessary to maintain a
realistic average of the flow behind the guide ey should be disposed about 90 degrees from
each other in the distributor cover ring. The exacation of the downstream probes is not so
important as long as it is the same for each sebifierent positions will lead to different caldtions

but the method should remain effective. Howeveppssible, the wakes of the guide vanes and the lip
of the spiral casing should be avoided. In someasiins where the flow in the distributor is thotigh
to be strongly non-uniform, more probes could bedeel. An important point to mention is that
pressure holes can usually be drilled without émgethe spiral casing.

It is very important to install automatic bleedwed on pressure probes to make sure that no air
enters the system. They should be allowed to wiigt aach startup and on a daily basis to keep the
system operational. For the pressure sensor itselfpuld be as accurate as possible but keeprid m
that it will measure the full head when the guidees are closed.
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Figure 9 : Manifold for pressure mixing Figure 1Angular encoder attached to the guide
vane axis

4.2. Position of the guide vane

The angular encoder (figure 10) gives an accuraasorement of the guide vane position and is
preferred to servomotors stroke that is easilycaéie by the operating ring mechanism preloading and
might slightly differ from one group to the oth&ince the angular index method is very sensible to
the position of the guide vane, great care shoelthken to obtain the best description of this tjtyan

4.3. Calibration of the coefficient Kop

The calibration of the system should be providedabyode accepted method [2] [3]. A number of
points on the curve should be adequate. Basedruiedl experience, a second order polynomial fit is
usually enough to describe the variation of theffmient. Since the system is able to capture
moderate head changes, calibration only needs peffermed at one head.

4.4. Acquisition of the signal

It is suggested to average the signal over a pafi@)0 seconds and to exclude the points where the
guide vane moves more than 0.2 degrees. Obviadlgypoints where the bleed valves are in function
should also be excluded.

Conclusion

This paper intended to demonstrate the applicghéitd usefulness of the angular index. Being a
relative method, it is complementary to absoluteasneements and open the way for fine tuning
hydraulic production. It allows for accurate prditic of the flowrate when head change or other
phenomena occur. While being applicable to a wamétturbine, it is one of the only reliable and

affordable relative methods that can be used wath head plant to investigate the flow over long
period.

Future plans include the design of a new, morestrdi, experimental set that should be more
accurate and more robust. It should be installeadnnmber of units for the powerhouse mentioned on
this paper. The integration of the online flow detahe various HQ systems also begun. The data wil
be provided to the various business units whotwdh decide how to use it.
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