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Abstract

In this paper results of prototype measurements
presented concerrgrthe distribution of the flo just above
the tailrace water level coming down from the Pe
wheel. The measurements have beealized by using

newly developed measuring technique based on pee
probes. The measurement system and calibration
de<ribed. The impact velocity of the water partictesthe
surface of the tailrace water, diameters of theplts
coming down from the runner and thdistribution over
the casing section are presented.

Introduction

Under special conditionshé backpressure operaticof
Pelton turbines may represent iaterestin( alternative to
common set-updut special knowledge on aeration an-
aeration along the tailwater is required.

In former research work, conducted at Graz Unitgrsf
TechnologyAustria, the behaviour of the -water mixture
in the tailrace channel with respect to the distidn of the
amount of air and the size of air bubbles was itgated.
This work was done based on prototype measurenie
three different plants. Redsl regarding the «aeration
processes have already been publisiacth & Mayr,
2006) and (Arch, 2008Moreover, effects of the increas
air density on the physical properties of tha-water
mixtures due to the backpressure operation wereiest
(Arch & Mayr, 2006) To get a better insight into tl
hydrodynamic process additional tests on hydraul
physical section models were done at the ins of
hydraulic engineering and water resources manage
Even though this former research work brought
important new findings, information about the getmyn
and energy of the water flow coming down from tledtéh
runner is seen as the crucial bouly condition for
estimating the amount of air initially entrainedtointhe
tailwater.

Not only due to the difficulty of reproducing thdéowW
coming out from the rotating Pelton buckets bubais
model the water flows, which are corresponding he

outflow of the several nozzles in the casing, laboratesys

were not seen suitable and effective to gain dst

knowledge about the flow processes in the ca:

Moreover, turbulence effects due to the velocityuation

in the Pelton bucket are almost rreproducible in scale
laboratory studies. Thus additional prototype measents

were undertaken along with detailed laboratory ist

Availing the opportunity to link the results in tlmsing

with those from prototype measurements of th-aeration
process in the tailrace channel, the HEPP Koralpe

chosen due to easy access to the ca

Prototype Measurement

Plant description

The salient features and the main section of thealge
hydropower plant are listed in table 1 and figurevibst
notabk for the process of air entrainment are the veésx
C, at the exit of the bucket, which can be seen inrégl.
They were calculated using formulas from turbinsigie
manuals.
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Figure 1: Pelton turbine elocities at Peltc bucket

The exit-anglef, of the buckets is 7 degrees. Based on
the net head of 72@® where all 6 nozzles are operatin
jet-velocity directly at the nozzle of 1ltm/s was
calculated considering all hydraulic losses in tigire
headrace system as Wvas in the spiral casing. Based
these assumptions the velocity of the flow at tkie & the
bucket was estimated ©@ = 6.5 to 7..m/s. The range of
the velocity is explained by the variation of paedens
cited in literature, which are used fore calculation and
representing hydraulic losses in the bucket taKifgion
and turbulence effects into account. The changthefet



velocity ¢y due to fluctuation of the water level in the
reservoir is less than 1% and thus can be negdlecte Runne
Moreover, during the measurements the reservoal leas

kept constant at design level. %
Operating the turbine under rated conditions, axiprately i % % — 27; =
. — -2./0= .o0ma.s.l
70 to 80 % of the outer edge of the bucket is caddry the 9 v
. . o — -3.60=341.90mas.l.
water flow. Assuming a constant width of the wdésfer a | [Accessto Casing \ (
thickness of 1.7 to 2.5 cm of the exiting plane gah be RiTriZ“:;"e;;:(e ~ ‘
estimated. Based on these parameters and by aghen T 560=33990masl, Tailrace Channd

frictionless Bernoulli equation (1), a maximal ingpa
velocity v; at the water surface of the tailrace channel of Figyre 2: Section of the Casing and tailrace
9.41 — 9.81 can be calculated by assuming a meameru
clearance f of 2.4 m. The variation of the velocity
referred to the differences of friction losses doethe
varying length of the water in touch with the buchghile
flowing through.

To shorten up the acquisition time and to finiske th
prototype measurements within one week, 8 positions
(lateral spacing 60.5 mm) were measured simultasigou

with dynamic pressure probes and 6 positions/lonati
=/ 1
Vo =4/ + 201 @ with absolute pressure probes. Therefore inf"3#4 the
Measurement System locations a measurement with both systems was cbediu

which allowed a detailed crosscheck and validatbmhe
gained results afterwards. The start of one meawmmt
was triggered with respect to the turbine posiéow thus
always started at the same position of the bucBstsed on
the equations for the potential and kinetic enerthe
velocity v; of a water particle of density impacting on a

To gain information on the impact velocity and tihaw
distribution over the horizontal casing sectiontlué water
faling down from the runner in prototype instaitats
represents a notable challenge with respect to the
measurement equipment. Due to the lack of inforonati
where the water flow will come down from the runner

during turbine start, high velocities (> 100 m/sidzhence rigid surface with pressure p can be theoreticalsted as
high impact pressures had to be assumed on thetesle follows:

equipment. Using pressure probes was finally decidebe v, ~ 20p (2)

the most suitable measurement technique. 14 pressur P

probes were arranged vertically, which allowed bgical Based on this approach the pressure correspondiriget
portion of the impact velocity to be measured. Cuaiti real impact velocity had to be defined. As it candeen in

systems or volume capturing methods as well as the descriptive figure 3, high speed camera measmes
conductivity based measurements methods could mot b (HSC-measurements) were used to determine theityeloc
applied due to required sampling rate of data ain of falling water droplets onto a probe related toe t
and/or missing robustness. measured pressure signals and hence calibrating the
evaluation method. As can be seen in the figure sthnal

of an impacting droplet is highly dynamic (in adidit to
having random characteristics).

In this context dozens of test runs with circulatsjor
droplets of different diameters were done by usliffgrent
pressure probes. Due to the expected rough conglifio
the casing, a solution was found by using dynamic
(transducer PCB M112A22, D=5.52 mm) as well asicstat
pressure  probes  (transducer = AMP-550-M5-10bar,
D=3.5 mm). The installation of two different system

In total 3,480 points - distributed over a rectangfl 2.5
times 2.3 m and 1.95 m below the jet level weresue=d
under full load conditions by using a remote-coltecbh
measurement device consisting of a moveable “ttaesd
box” mounted on a rigid steel frame which was fixedthe
inspection grid inside the casing.

Table 1: Salient features of the Power Plant Karalp

Rated Discharge § 8 ma/s Clearance 1.95 - 2.7( rh
max. Discharge Qax 9.3 m3/s Nominal Runner Diameter 1450 nm
No. of Nozzles 6 - Jet Velocity G 116.5 m/s
Q / Nozzle 1.33 m3/s abs. Exit-Velocity G 6.50-7.10 m/s
Gross Head Kl 735.5 m Vertical Portion of G- C, yent 6.45 - 7.06 m/

Net Head H 720 m Circumferental Speed U 56.94 /s
Jet Diameter ¢ 125 mm Impact Velocity y at mean Clearance 9.41-9.81 m/9

Rated Speed n 750 rph No. of Buckets 21 -]
Runaway Speedpyn 1330 rem Height of Bucket B 366.6 mm
Rated Power 50 MW Width of Bucket B 395 mm
max. Power 55 MW Depth of Bucket B 118.5 mm




should enable a crosscheck of the gained measutemen based on the maximal pressure measured for onelpars

values. follows:
- PMAX — iPMA)(i
Y“WI7p - wherep, =2 . (3)

Whereinp, [Pa] is the mean maximal pressure due to the

impact of water dropletg [kg/m?] is the density of water.
By using these two approaches a correlation wasddar
the two different measurement systems with an dabép
regression coefficient of R2 =0.95 as shown iruifig 4.
The lower part of the graph in figure 4 shows tbeesal
parameters, which were determined by a MatLab meuti
from the measurement data and which representabie b
values for all further investigations and findings.
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Figure 3: HSC-calibration measurements and desggipt

graphic of the pressure transducer signal As stated above, the down coming flow of the Pelton
‘ runner was measured over a rectangular area irbiele
Vimpact e = 0-992 Vimoact wooe i R casing. Therefore in the first step a validatiors waade, if
R2=09505 | e o - these results gained for the rectangular area may b
assigned / referred to the entire section of thenga The
first evaluation of the measurement data showed ttiex
several parameters are distributed rotationally regirical
with respect to the turbine axis TA (see figurend 8).
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Figure 4: Comparison of the impact velocity based o mode of the impact pressure signal

equation (2) for absolute and equation (3) for dyica

pressure transducers (above) — definition of impact Thus the measurement values in the related trianguka
parameters (below) were rotated step-by-step around the turbine ayiss®
degrees. This approach was validated by compatieg t
values from the original area with those from thire
casing section. Within this procedure a deviatidnthe
values minor 1 % was detected and found acceptable.
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During calibration of the entire measurement syshenthe
static pressure probes it could be seen that tleeitse of
falling water particles as well as for continuouswlar jets

can be determined by using the mode of the recorded
pressure signals which have to be measured withrning

rate of at least 20 kHz in order for the results bie
independent from the sampling frequency.

This was not valid for the dynamic probes due teirth
different construction and assembling. Therefodiffarent
approach was found for calculating the impact vigjoc



Channel

TA = Turbine Axis

Measurement/ -
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Figure 6: Orientation of the measurement area (h95
below the runner) and distribution of the standiadiation
of the impact pressure signal rotated over thengasection
Impact velocity v,

As it can be seen in figure 7, the maximal verticapact
velocity v; is located directly below the buckets and is in
the range of 10 to 11 m/8;{ax = 10.96 m/s).
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In this area the water flow coming out from the éyw
buckets is directly diverted to the tailrace chdnmithout
any major friction losses due to the interactiorthwihe
casing walls. The only interference for this waflew is
the particle — particle interaction with the wat#ow
dedicated to other buckets. In zones nearby thagaslls
the velocity drops down to a level of 4 to 6 m/s.

These areas are dedicated to the flow coming froen t
upper buckets of the Pelton wheel which coversindhe
entire upper and lateral casing walls. The meanaghp

velocity was determined WithVi =5.87 m/s which

represents 5.07 % of the jet velocity at the nozzle
Vnoze = 116 m/s. The mode of the velocity at the impact
zone is 4.3 m/s.

The theoretical free fall velocity of a dropletatdd to the
height difference between the runner plane and the
measurement section is 6.18 m/s. Hence it canabedsthat

in the vicinity of the casing walls the flow is dderated to

a value lower than to the corresponding potentiargy. It

is assumed that the casing walls cause this dechasto
friction losses and the interaction of the sevesater
shields inside the casing. In the region direc#yjolw the
runner the measured velocities are about 60 % hittaen

the theoretical fall velocity. Therefore it is assd that the
interaction of the upper outflows from the Peltammer
with the casing walls has a major impact on the/flosses
more than the interaction of the high energeticptirio
layers directly below the runner.

Mean particle diameter Dy

Based on the vertical impact velocity and the patans
stated in figure 4 the mean particle diamddgr can be
calculated as follows:

D; =v, T, 4)

Where'Ti is the mean time of a particle hitting the probe

counted from the first contact until the pressuaig drops
below a “noise” range of the signal which was set t
25 mbar.
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Figure 8: Distribution of the particle diamet@f



As shown in figure 8, the range of the particlenditer in
the inner circle is 5 to 6 mm. In zones with higHocities
(10-11 m/s) the size of the water particles is thtm be in
the region of 5.2 to 5.3 mm.

In literature the maximal diameter of a stablegffalling
water drop at the maximal velocity of app. 10 n¥<ited
to be 5.26 mm, (Levich, 1962). In regions nearlgydhsing
walls, larger diameters are calculated using eqod#) due
to an accumulation of the water flows. Comparirgufe 7
and figure 8 shows that these are the zones witferlo
velocities. The mode of the distribution of the tiude
diameter and thus the main-diameter is 5.32 mm fmea

diameterD, = 5.6 mm).

Discharge

Based on the known parameter, the discharge in each

measuring point can be determined according totemqua.
The mean flow volume per reference area can bmatsd

using the mean droplet diameter and the numbers of

particles hitting the transducer during the measerd.
The size of the reference area of one pressureepn@s
60.5 times 25 mm based on the distribution of the
measurement points over the casing section.

3
O = Ny OV e, Qg :qu with V; = ﬂdDG—T )

wheregk is the discharge per reference afdathe number
of particles per second hitting the transducern(#g9),ngr
the number of particles covering the reference,aredhe
volume of the particle in each reference area Bndhe
referring mean particle diameter.

Summing up the discharges per reference area twer t
entire casing section yields the total discharggi(é 9). As
only the vertical portion of the impact velocity sva
measured, the calculated total discharge had ttower
than the one measured at the penstock in the ploouese.
To determine the number of particles over one esfes
area, the maximum number of droplets was calculated
assuming that each particle is in contact with the
neighbouring one only at the surface based on thenm
droplet diameter per reference area. Hence adateharge
was determined with Qror=6.27 m3/s, which is
approximately 20 %, lower as that one measuredhat t
penstock Qp = 7.56 m3/s). By dividing the casing section
into two zones — the outer zone, which is the diesctly at
the casing walls up to a distance of 30 cm andirther
zone, which is represented by the remaining parthef
casing section — it could be seen that based srp#uiition
55 % of the total discharge can be dedicated toirther
zone and thus to the outflow of the lower buckeid 45 %

to the flow of the upper buckets. As a matter aft,fahe
flow of the lower and upper buckets is partitioniealf
/half, but it is interesting to mention that thewil of the
upper buckets is referring only to 25 % of the rentiasing
area.

Turbine Axis
A I

Figure 9: Distribution of drop impacts;er second
(above) and distribution of the discharge per mxfee area
(below)

Discussion

The geometrical dimensions and shape of the water
particles is of major interest. Based on (Ryan,6)9%he
maximum (terminal) fall velocity of a water dropiatair is

9.2 m/s. According to (Levich, 1962) critical diaters of
water droplets flowing through gaseous media ar¢hen
range of 5.2 mm with a fall velocity of 8.0 m/s. @ther
these particles are stable within their size or cemb be
determined by using the Weber number. Below thicati
Weber numbeWe < 12 free falling fluid particles are stable
and no breakup occurs. If these particles are snded by
turbulent flow fields, the critical Weber number tisen
reduced toWe< 6.5, see (Pilch & Erdman, 1987) and
(Clift, Grace, & Weber, 1978).

Based on the determined parameters, the Weber msmbe
for the particles were calculated according to ¢heation
shown in the upper diagram of figure 10. As it banseen,
the major part of the water particles is below thitical
Weber numberWe=6.5. This means that most of the
particles are stable and will not break apart amgér. In
the vicinity of the casing walls the flow from thkeiling is
accumulated and so are the particles too. Therefas it
can be seen in figure 8 — the remaining 20 % are
representing this portion of the flow dedicated tte
outflow of the upper buckets.
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Figure 10: Distribution of Weber numbdfe (above) and
Eotvds numbeEo (below) whereog,s is the density of the
ambient gas (in this case aip)is the kinematic viscosity of
the fluid, gis the surface tension of the liquid addis the
difference in density of the liquid and gas-phase.

Besides the Weber number the Eotvds number is
representative for the stability and shape of gléto As
stated above, the layer of the water film direetiyhe outer
edge of the bucket is in the range of 17 to 25 rfilis
means according to the presented particle diamtitatshe
water layer is 3 to 6 times larger than the partidhitting

the tailrace water level. In the zones of highelocities
Eo>5 is not exceeded. This means according to the
distribution of the Eotvés number that approximatéd %

of the flow coming down from the Pelton runner risthe
form of stable spherical water droplets, 75 % &f flow is

in the rangeEo < 16. The remaining part of 25 % of the
flow is on the one hand still in the process ofpdied break-

up and on the other hand this part is also dedicéde
accumulating particles in the wall region. Neveldbks it
can be assumed that the major part of the flovingitthe

tail water surface consists of more or less sphéric
particles.

Conclusion

The paper describes results of prototype measuitsnaoen
the distribution of the flow just above the taileawater
level coming down from a vertical Pelton wheel.
Measurement data were gathered by using a newly
developed measuring technique based on pressuresro

Flow coming from the buckets splits up to dropletsich
either fall down on the tailwater freely or flowoaly the
casing wall towards the tailwater.

The maximal vertical impact velocity; of droplets is
located directly below the lower buckets and ishie range
of 10 to 11 m/s. In zones nearby the casing wadlks t
velocity drops down to a level of 4 to 6 m/s.

In zones with high velocities (10-11 m/s) the diteneof
the water particles is found to be in the ranges&to
5.3mm. In regions nearby the casing walls, larger
diameters > 10 mm were calculated due to an acatioal
of the water flow.
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