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ABSTRACT

Results of experimental tests of Kaplan water turbine in Ivaylovgrad HPP, Bulgaria, have
been presented in the paper. The flow rate values for the turbine have been determined over the
whole output range. Two different flow rate measuring methods have been applied: by measuring the
spiral case inlet section mean velocity and by the Winter-Kennedy method.Measuring method has
been developed and on its base the required facilities and measuring system have been designed and
manufactured. The possibility for reliable determination of the value of the base factor k in the flow
equation in the Winter-Kennedy method by calculations has been proven experimentally.
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I. INTRODUCTION

Results of experimental tests of Kaplan water turbine in Ivaylovgrad HPP, Bulgaria, have
been presented. Three hydro aggregates have been installed in the power plant, each of them
consisting of Kaplan vertical turbine and synchronous generator. Each turbine has a spiral case with
circular and oval cross sections, cylindrical guide vanes and elbow-shaped draft tube. The subject of
investigations is to determine experimentally the flow rates for several operating modes in the
operating range of Turbine No. 1 prior to its modernization. Two independent methods have been
used to measure the flow rates.

ILI. INVESTIGATION LAYOUT

Figure 1 shows the measuring system layout.

2.1. Instrumentation

Pressure transducer of P31AP/100B1 type (accuracy class of 0.05) manufactured by
Hottinger Baldwin Messtechnik (HBM) has been used for pressure measurements at the turbine inlet
(measuring point 1 — Fig. 1).
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Fig. 1: Measuring system layout

In the measuring section B, the pressure is measured in 3 points (B1, B2 and B3) where
pressure transducers have been connected. These pressure transducers are of P31AP/100B1 (point
B3) and PSAP/100B (points B1 and B2) types and of accuracy class 0.3. In the measuring section C,
the pressure difference between measuring points C1 and C2 is measured using differential pressure
gauge of PDE 200/20 type.

The signals from the pressure transducers are transferred to the DMCplus digital measuring
device. The values transformed into digital codes are monitored and are saved online by personal
computer (PC — Fig. 1). The computer processes the experimental data using CATMAN® specialized
software developed by HBM company. The data are recorded for 40 seconds with 1 second interval
in files and then are processed by specialized software together with the data from other instruments.
The measurements have been performed for several turbine operation modes according to the actual
regulator settings (according to the gate-vane relationship [5]).

2.2. Calculation of the flow rate using the mean flow velocity

In the A section (Fig. 1) two identical flow velocity measuring tubes (tube A1l and tube A2)
have been installed. They have been designed and manufactured specially for this investigation. The
dimensions of the active part of these probes (known as Pitot differential tube or Pitot-Prandtl tube)
comply with the Central Institute of Aerohydrodynamics (CIA) recommendations [2]. As we know,
for the CIA tube, the maximum measuring deviation of the dynamic pressure with a change of
orientation by + 20° does not exceed + 3 %. Because of the limited lengths of the flow velocity
measuring tubes as well as the limited (by the operators) measuring time for the investigations,
determination of full velocity profile for each operation mode was not possible. Therefore, the
following method has been adopted: with maximum turbine load, the velocity profile has been
determined within the probe range. On the base of the obtained results has been found the mean
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value of the flow velocity and its position in the section, respectively. Obviously, this is a case of
developed turbulent velocity profile in cylindrical tube (the Reynolds number over the whole range

of investigated ranges is within Re=9.244.10° +1.307.10’) for which the mean velocity can be
measured for r, =k R radius and the factork, = f(Re)[4] andRis the radius of the circular

section(R=2.2m). With the specified values of the Reynolds number(Re) for thek, factor it is
recommended to apply the value k, =0.862+0.868 . In this specific case the value of the radiusr, is

determined experimentally by the flow velocity profile in the measuring section. The determination
of the mean value of the flow velocity is performed by averaging the flow rate. In this case the flow
rate through the discussed section the following can be presented, as follows:

R
Q=2z[c(r)dr (1)
0
According to the continuity principle the mean velocity will be:

27rfc(r)dr ZTc(r)dr
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The velocity in any measuring point is calculated using the dynamic pressure which is
measured by the flow velocity measuring tube and the differential pressure gauge (Fig. 1). Once the
dynamic pressure Ap, has been measured, the flow velocity can be calculated by the following

expression:

o= 2Ap, 3)
\ o

where pis the water density (determined according to the IECStandard 60041 [7]

recommendations according to the pressure and temperature). The integral of the mean velocity
equation is solved numerically and the radius value related to the mean value is calculated by cubic
interpolation. The measurements showed practically equal values of the dynamic pressure for both
probes.

An assessment of the measuring errors has been made (the measuring errors of the flow rate
equation values have been taken into account). In such conditions, the following is obtained for the

mean relative quadratic error of the flow rate measurements: 0, =+0.019 . This value is within the
recommendations of Standard 60041 [7] for this method.

2.3. Flow rate measurements according to Winter-Kennedy method

This flow rate measuring method for water turbines is based on the principle of the so called
centrifugal flow rate transducers [4]. There, the pressure difference along the radius for flows in
curved tubes is measured. This difference is caused by the continuous action of the centrifugal
acceleration. In this case, the pressure increase can be determined by the following equation [4]:

2

dp = chdr “4)
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If some mean velocity (determined for example according to the continuity equation) is
assumed for the velocity between two points of 7, and r, , respectively, the pressure difference
between these points is:

2
Ap = ’DSQLlnr—2 . (4a)

where S is the cross-section area.

In the reaction turbine spiral cases, conditions for the use of this method are available;
therefore it is applicable especially for low-pressure water turbines where in general the options are
limited. This method is called the Winter-Kennedy method after the names of both researchers who
suggested it for the first time as a measuring method for the flow rate in reactive water turbines [10].
The kinematic configuration of the flow in the spiral case is considerably more complex than the
configuration described above. The difficulties are related mostly with the determination of the radial
velocity distribution. In general, the flow rate determination formula according to this method is of
the following type:

Q =kh", (6)whereh=Ap/ pg is the pressure difference between the pressures at the two
points (inmWS ), andkis a dimension factor which takes into account the measuring section
geometry, the pressure measuring points, the flow parameters and the modes. The exponent value
maccording to the recommendation in [10] is m=0.48+0.52. Also, the same recommendation
underlines the ISO Standard 41 [7] (Art. 15.5). There are several methods suggested by various
authors to determine the k factor [1, 3, 5, 7]. The most reliable method is calibration by means of
other method or model investigation. In the latter case k = Ak, , wherek,, is the value of the factor

obtained during the model investigations and A is a similarity factor. The value of A remains the
same for similar turbines (e. g. model and original) as the hydraulic losses have an impact over the
pressure in both points and the pressure has to be measured. For cases where it is possible to perform
model investigations, Sheldon L. [8] offers the use of the following formula in order to determine the
exponent: m=a+blog(h).

There are also theoretical (computational) methods for determination of the k factor on the
base of analysis having impact on the flow kinematics in the spiral case [3, 6]. For example, in [3]
it has been proved that if the spiral canal has been sized with constant velocity momentum
(c,r =const, [5]) the k factor value can be obtained according to the following equation:

2RR\/_IY(X) o

JRE-R: 5, x

WhereR; and R, are the radiuses of the external and internal measuring points, respectively
(Fig. 1, Fig. 2);
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Fig.2: Layout of the measuring sections B and C

e y,x are the coordinates for the measuring section of the spiral case (Fig. 2);
® x,,Xx; - coordinates of end points of the cross section along the x axis.

Actually, the equation given in [6] is a special case of equation (4) for spiral case of circular
sections. The integral of equation (4) for the k factor is solved by numerical integration as the
integrand has been determined (the spiral case geometry is known).

The measurements are made in both measuring sections — B and C (Fig. 1, Fig. 2). The
locations of these sections is in conformity with the standard requirements [7] and in order to
determine their coordinates and dimensions more accurately they are selected according to the
locations of the guide vanes (along the radius of blades No. 5 and No. 8, respectively, downstream of
the spiral inlet section), and the standard requirements [7] have been met. Figure 2 shows schemes
and basic dimensions of the measuring sections.

The determination of the flow rate value has been performed by equation (6) and the equation
(7) has been used for the k factor; and a value of m=0.5 has been used as an exponent. It is relevant
to note that the flow rate value calculated by equation (6) is valid for the measuring section (actually,
this is the flow rate entering the turbine vanes along the spiral range downstream of the measuring
section). Therefore, the total turbine flow rate should be calculated by the following equation:
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where ¢ e is the angle between the measuring section and the spiral inlet section. The angle
values for both sections (Fig. 1) are@, = 67.5°; Q.- =11 2.5”, respectively (within the limits
recommended by the Standard 60041[7]). The equation (8) is valid in case that the spiral distributes
evenly the flow rate over the turbine guide vane perimeter (this is one of the main requirements to
each turbine case [5]). The check of the spiral case of the HG1 turbine of Ivaylovgrad HPP with the
theoretical layout showed that this requirement has been met.

Error estimation for the measurements has been carried out and the measuring errors for the
flow rate equation have been taken into consideration. The mean relative square error of the
measurements in both sections is calculated to be: 0,,, =10.0154; 0, =+0.0157 .These values

meet the recommendations of Standard 60041.
II1. RESULTS

Main results of the field investigations performed on turbine No. 1 of Ivaylovgrad HPP have
been presented graphically on Fig. 3 and Fig. 4. Fig. 3 shows the change of the flow rate based on
various values of the generator active power (P,) in the hydraulic unit operation range. This curve is
valid for the measurements for mean velocity in section A (Fig. 1).
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Fig.3. Flow rate characteristic (through measurements of the mean velocity)
Similar curve of Fig. 4 is valid for the flow rate measurements using the Winter-Kennedy

method in both measuring sections (B and C — Fig. 1). For Section B, the measurements have been
carried out in the B1 — B2 and B1 — B3 measuring points.
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Fig. 4. Flow rate characteristic (acc. to Winter-Kennedy method)
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Fig. 5. Comparison between flow rate characteristics

Fig. 5 shows the comparison between the measuring results following both methods with the
flow rate values calculated indirectly by measuring the turbine output, pressure and efficiency. It is
obvious that there is good coincidence between the flow rate values in the whole investigated range.
The maximum difference between flow rate values measured by the Winter-Kennedy method
(section B, pointB1-B2) and through the mean velocity is 40=0.843 m’/s (1 % of the flow rate
average value); and compared to the indirect flow rate measurements the difference is 40=1.65
m’/s(1.88%). These differences are valid for maximum output operation.
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CONCLUSIONS

The main results of the field test performed on Kaplan water turbine Nol of Ivaylovgrad HPP

are the following:

1.

The flow rate values for the turbine have been determined over the whole output range. Two
different flow rate measuring methods have been applied: by measuring the spiral case inlet
section mean velocity and by the Winter-Kennedy method.

Measuring method has been developed and on its base the required facilities and measuring
system have been designed and manufactured. Also, specialized software has been developed
for measuring data processing.

The possibility for reliable determination of the value of the base factor k in the flow equation
in the Winter-Kennedy method by calculations has been proven experimentally.

The investigation results show that the methods and systems developed for determination of the
flow rates and the experience gained can be implemented successfully to solve similar
problems with various types of low-pressure water turbines equipped with spiral turbine cases.
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