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Abstract

The standard cquations for hydraulic efficiency on turbines and pumps given by standards as
IEC, ISO or ASME include pressure, kinetic, geodetic and thermal energy. The kinetic energy is
calculated from the assumption of uniform velocity distribution without a swirl component,
which is rather the exception than the rule for hydraulic machines. A non-uniform velocity
profile will increase the kinetic energy, and if a swirl component exists cven more kinetic energy
is present. This is earlier presented by T. Staubli and S. Deniz (1994) in the article”™ Analyzing
draft tube flow kinetics™. The article focus on the fact that the assumption of uniform velocity
distribution underestimates the actual loss of kinetic energy at the exit of draft tubes. As
advanced measuring techniques as Laser Doppler Velocimetry, LDV, and Particle Image
Velocimetry, PIV, have been introduced to hydraulic laboratories researchers have become
aware of the importance of the turbulent kinetic energy, TKE. This is another property that 1s not
taken into consideration when the hydraulic efficiency is calculated.

In a study of swirl flow in draft tubes at the Norwegian University of Science and
Technology. NTNU, Ole G. Dahlhaug (1997) used LDV to measure the flux of TKE upstream
and downstream of diffusers and bends. These measurements show that the flux of TKE varies as
the swirl varies. For a hydraulic turbine, there is usually no swirl at the inlet but at the outlet it
will vary as the load changes. At the inlet the flux of TKE only changes due to increased or
decreased flowrate, but at the outlet it will also change due to varying swirl. In the measurements
carried out at NTNU, the TKE represents a considerable amount of the kinetic energy stored in
the mean velocity. Knowing that the TKE does not change much at the inlet of a turbine, the
change of TKE at the outlet will represent another component that does not come into
consideration when the hydraulic efficiency is calculated. This paper will discuss the influence of
TKE on the hydraulic efficiency on low and high head turbines.



Introduction

The turbulent kinetic energy, TKE. as given in equation | represents an amount of Kinetic
energy that 1s difficult to mcasure in turbines. A measurement of TKE requires special
equipment such as laser doppler velocimeter, LDV, or particle image velocimeter, PIV. The
presented measurements in this paper are carried out by using 3D-LDV measurements.

The technique of using Doppler shift of laser light to determine velocities was first
demonstrated in 1964 by Yeh and Cummings, and it is described in detail by L.E. Drain (1980),
Richard ). Goldstein (1996) and Gunnar Johansson (1993). The technique has proven to be good
for several laboratory testcases, and it is ideal for measurements in model turbines, but it has a
limited applicability for measurements in prototype turbines because of its size and the limited
range of the light beams.

In a Francts turbine with 100-meter head, the losses are likely to be distributed as shown in
figure 1. Here it can be scen that the draft tube losses increase for higher loads. This is due to the
swirlflow that occurs in the draft tube at high load. In figure 2, it is shown that losses in the draft
tube are decreasing at higher head turbines. It is therefore interesting to look closer into the flow
in the draft tubes in order to analyze these losses.

Figure 1. Losses in a Francis turbine Figure 2. Losses in Francis turbines
versus turbineload. versus head.

The presented measurements are carried out at the Hydropower laboratory at the Norwegian
University of Science and Technology, NTNU, and it focuses on the turbulent properties in draft
tubes. A 3D-LDV technique was used on a simplified testrig made for the purpose of studying
the turbulent properties within circular tubes, diffusers and bends. This will be used to see if the
turbulent kinetic energy, TKE, should be taken into consideration when a measurement of
hydraulic efficiency of a wrbine is carried out. -
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Testrig and measurement details

The experiments were carried out at the Hydropower
Laboratory, at the Department of Mechanical -
Engineering, NTNU in Trondheim. The test rig is : p
designed to set up a swirl flow which can be studied in
detail, and with varying swirl strength. A tangential inlet
generates the swirl. The swirl flow inducer also has an
axial inlet as shown in figure 3. Valves controlled both N A
the axial and tangential inlets. The first measuring %
section is mounted 18 diameters downstream the swirl
flow inducer. The test rig is made in stainless steel, with
some  sections in  plexi glass, which give good
visualization. The diameters used in the measuring e
sections were 100 mm and 150 mm.

The experimental Joop is shown in figure 4. The pump
is a centrifugal pump and the flowmeter was of the S
electromagnetic type. The outlet tank was at all time R e
pressure controlled in order to avoid cavitation in the
vortex center which would have disturbed the LDV- Figure 3. Tangential entry swirl
measurements, flow inducer.

The Reynolds number, equation 2, was kept constant at
2.8x10° throughout all the experiments. Assuming
independence of the Reynolds number, the swirl number will be the main variable parameter for
the experiments. The swirl number is the tlux of angular momentum divided by the flux of axial
momentum given by Sloan (1986) as shown in equation 3.
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Figure 4. Experimental loop.
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This testrig was made to nvestigate the swirl flow
in a straight conical diffuser. There are two measuring
sections referred to as B and C. At cach of these
sections, velocity and pressure measurements were
carried out. The velocity measurements were done by
both a Pitot tube and 3D-LDV. The configuration is
shown in figure 6, and all dimensions are given in mm.
The measurements gave information about the
turbulent properties. which is very important for the
CFD  analysis. In order to make good 3D-LDV
measurements, the geometry had to be modified at

Ftgure 5. 3D-measuring section.

sections B and C. In this configuration the influence of
the modifications on geometry was minimized by
designing smooth transitions between the measuring
section and the circular pipe.

The modified measuring sections were made by
layer manufacturing technology. These were made in a
hard plastic that could be used directly in the testrig.
Two rectangular glass pieces were inserted into the
measuring section to ensure good conditions for the

1DV measurements. The geometry modification 1s

illustrated in figure 5.
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These 3D-LDV measurements offered a challenge because the focal point from two LDV-
probes had to overlap cach other in order to get coincidence signals. To ensure a homogenous
path for the laser beams, glass windows were mounted in section B, and C as shown in figure 5.
The two glass windows mounted into the measuring section have a 150-degree angle between
them because the probes were mounted with 30 degrees between themselves. When traversing
the setup as shown in figure 7, the focus point from each probe will change position relative to
each other. This is because of the refraction the beams will experience from air through the glass
and mto the water. The fength of the beams in the air and water will change when traversing, and
therefore they will change position relative to each other, In order to obtain coincidence, the
control volumes have to overlap each other, and therefore a bath of water was build around the
measuring section and the probes. This ensured that the length of the beams in water and air was
always the same, and ensured no motion of the control volumes relative to each other. This setup
is shown in figure 7.

’ . T roct
- 1R I —Iraverse Direction

A{>

Water bath

Figure 7. 3D-LDV- measurement setup with a water bath.

The location of control volume relative to each

other had to be controlled to be sure that they Light sensitive resistor

overlapped. A pinhole with a light sensitive resistor, Na
as shown in figure 8, was used for the calibration of + b
the control volumes. The orifice had a diameter of 20 ==

Hm, and the resistor was connected to a resistance-
meter. The pinhole was mounted on the end of a tube
that was inserted in to the measuring section as
shown in figure 9.

Orifice

Figure 8. Pinhole.
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Figure 9. Pmhole setup.
Since the pinhole had an orifice with hole of diameter 20 um, the movement of the probes
relative to each other had to be controlled with great accuracy. A mounting table for the probes

was built to ensure this control. This mounting table is shown in figure 10, and it is capable to
control the probes in three directions. This table was used together with the pinhole when

calibrating the system for 3D-LDV-measurement, and it gave good results.
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Figure 10. Probe mounting table.
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Measuring results

Turbulent measurements inside swirling flow are scarce, and therefore, much work is put into
the quality of these measurements. This information can also be useful for CFD users in order to
select the right turbulence model.

First. the root mean square (rms) value of the fluctuating velocity are presented in sections B
and C. These measurements are shown for the same swirlnumber at both sections B and C.
Second, the comparison between a swirl free inlet, section B, and an outlet, section G,

containing swirl will be presented for the rms value of the turbulent velocity and the flux of the
TKE.

The root mean square value of the turbulent velocity is defined in equation 4, 5 and 6.

u-==u- ﬁ [4]
| t
8 bl
2_ 2. 2 5
u " ju dt [5]
0
rims = u‘:" [6J

They are all scaled with the mean axial flow at section B as given in equation 7. The radius is
scaled with the respective section radius as shown in equation 8.
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The root mean square value of the turbulent velocities in axial, tangential and radial directions
18 shown in figure 11 to 16. The trend for these measurements is that the rms values of the
turbulent velocity increase as the swirl number increases. It is especially large at the center of
rotation for high swirl numbers. The center of rotation is the location of the highest rms values of
the turbulent velocity, and it is clear that the rms-value of the turbulent velocity will decrease
through the diffuser.

It is interesting to observe that the swirlflow influence the turbulent velocities in the
measurements, and it can be seen that it is close to i1sentropic turbulent conditions at low

swirlnumbers, while at higher swirlnumbers ($>0.3) the turbulent conditions are far from
1sentropic.
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Figure 1t. Rms values of the turbulent velocities Figure 12. Rms values of the turbulent velocities at
at section B for swir] number 0.9, section C for swirl number 0.0,
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Figure 13. Rms values of the turbulent velocities Figure [4. Rms values of the turbulent velocities at
at section B for swirl number 0.35. section C for swirl number (0.35.
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Figure 15. Rms values of the turbulent velocities Figure 16. Rms values of the turbulent velocites at
at section B for swirl number 0.70. section C for swirl number 0.70.
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Figure 17. Flux correlation of the TKE Figure 18. Flux of the STKE at section C.
between a swirlfree inlet (section B), and
an outlet (section C) that contains swirl.
TKE TKE
STKE =g = T [10]
p-U;/2 P/2-Q /A"
Flux of the STKE = [STKE-U, -dA [11]

SecnionC

The correlation of the flux of TKE between a swirlfree inlet (section B), and an outlet (section
C) that contains swirl shows how the swirl influence on the TKE. It is clear that an increased
swirl will give a higher TKE at the outlet of the diffuser. This is shown in figure 17. This could
be seen as the inlet and outlet of a turbine, where the swirlfree inlet of the turbine would be the
same as the swirlfree inlet of the presented testcase. The outlet would then be the outlet of the
draft tube where a swirl component is present.

The flux of STKE, shown in figure 18, shows how the much Kinetic energy that is contained
by the turbulence relative to the kinetic energy contained in the mean axial velocity at the outlet
of the diffuser. Note that at swirlnumber 0.7, the kinetic energy within the turbulence is 17
percent of the kinetic energy contained in the mean axial velocity.
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Conclusion

The influence of turbulent kinetic energy on hydrautic efficiency measurements is a relevant
discussion for low head turbines. The kinetic energy within the turbulence is 6-17 percent of the
kinetic energy in the mean axial velocity for the presented measurements. This indicates that the
same can be expected for a prototype turbine. Consider, for instance, a low head turbine with 15
meter head and a mean velocity at the outlet of the draft tube at 3 m/s. This turbine would have
between 0.18 and 0.51 percent of its head contained in the turbulent kinctic energy, TKE. A
turbine with 250 meter head and the same outlet conditions would have between 0.011 and 0.031
percent of its head contained in the turbulent kinetic energy, TKE.

This indicates that for low head turbines and model turbines, the flux of TKE should be taken
into consideration when measuring and calculating the hydraulic efficiency.

Nomenclature
Symbols
A Cross sectional area of pipe m’ STKE Scaled Turbulent Kinetic Energy -
b Diameter of pipe m t Time s
g CGravity s’ TKE Turbulent Kinetic Energy s
Q Stationary fluid flow rate TR u' Fluctuating velocity s
e Swirlnumber U rms RMS-Value of 0’ /s
r Radies m U Time mean velocity n's
R Radius (fixedy m U Ui m's
Re Reynolds number -
Greek Symbols Sub-symbols
v Kinematic viscosity ms B Section B
p Density kg/m’ C Secuon C
r Rad:al direction
rel Relative
rms Root mean square
2] Tangential direction
z Z- direction
Abbreviations
CFD Computational Floid Dynamics RMS/ rms  Root Mean Square
IEC Intemational Electrotechnical Commission STKE Scaled Turbulent Kinetic Energy
LDV Laser Doppler Velocimeter TKE Turbulent Kinetic Energy
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