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ABSTRACT

The flow at the draft tube inlet of a propeller turbine is in-
vestigated via numerical simulations and experimental measure-
ments. Two (2) experimental tools are used in combination to
measure the velocity field in this study: 3D-Stereoscopic parti-
cles images velocimetry and 2D-laser doppler velocimetry. The
numerical simulations are performed with steady RANS as well
as URANS with the SST turbulence model. The results show the
comparison of the turbulence intensity between experiments and
CFD. Further assessment of the draft tube inlet flow is made with
LDV to assess the circumferential non-uniformity of the flow. Fi-
nally, a complete frequency analysis puts in evidence the helical
vortex rope frequency at partial discharge among many other
flow phenomena. This study considered three operating points of
a propeller axial turbine.
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NOMENCLATURE

o Relative guide vane angle = o/ [degree]
Oy r Guide vane angle at nominal head [degree]
Q11 Unit flowrate [m3s~!]

N11 Unit speed [rpm]

1N Hydraulic efficiency [—]

ci(t) Instantaneous velocity component [ms ]

< c;> Phase average velocity component [ms~!]
¢! Fluctuating velocity component [ms~!]

C; Time average velocity = limy_.. & ftg‘)’LT cidt  [ms™!]
¢; Difference between C; and < C > [ms™!]

T; Turbulence intensity = \/ 2/3(c 4P +c2)[Cres -]

¢r,¢,c; Radial, circumferential and axial velocity components
[rms 1]

Crs Reference velocity = Qyr/ (nR%ef) [ms~1)

Qref Measured flow rate at OP [m’s~!]

Rref  Riproar (at runner crown) [m]
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A2 Second largest eigenvalue of the velocity gradient tensor
[rads™]
f» Runner frequency [Hz]

INTRODUCTION

With the increasing cost for energy and the demand for green
energy, low head hydro power plants become economically more
feasible and move into the focus of the industry. Propeller tur-
bines represent one turbine type for low head applications with
certain benefits in terms of reduced complexity and therefore
price. Common to all classical low head hydro power applica-
tions is the importance of the diffuser or draft tube to the total
turbine efficiency. For this reason the flow in the draft tube is
one of the subjects of extensive experimental and numerical re-
search efforts in the Consortium on Hydraulic Machines at the
LAMH, Laval University.

The flow inside the draft tube is strongly turbulent and very
challenging for today’s numerical methods applied in industry as
well as in research. This is caused by the decelerating swirling
flow resulting in a completely unsteady flow which is not well
captured by standard turbulence modeling approaches such as
Reynolds Averaged Navier-Stokes (RANS) simulations. One of
the key factors in simulating a draft tube properly is to well de-
fine inlet boundary conditions. The focus of the paper is put on
experimental measurements and different approaches to investi-
gate flow inlet condition. These simulations include steady as
well as unsteady approaches. In detail, comparisons are shown
between simulations and utilizing profiles obtained from full ma-
chine CFD steady RANS and URANS calculations. The CFD re-
sults will then be compared to phase resolved experimental data
obtained by LDV at various locations inside the draft tube of the
propeller turbine.

Experimental Methods

LDV and PIV measurements have grown in popularity in the
field of hydraulic turbine studies in the past 20 years. These in-
struments have found no equivalent from their fast, precise and
reliable optical operation. Figure 1 shows a clipped view of the
propeller turbine with measurement locations. The machine has
6 runner blades and 24 guide vanes. The operating point inves-
tigated in this paper are at partial discharge (OP. 1), at nominal
condition (OP. 2), and at overload condition (OP. 3).

Stereoscopic Particles Image Velocimetry System

A stereoscopic PIV system was used to measure the aver-
aged velocity field within two blade passages with the help of
an encoder tagging the runner instantaneous position. A vertical
light sheet with a thickness of Smm, created by a Nd:Yag laser
delivering 60mJ per pulse was projected to illuminate particles

Azimuthal position
for axis b and c

Cone

2D-LDV  60°
Probe

FIGURE 1. Optical access for 2D LDV at runner outlet and PIV do-
main
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FIGURE 2. 3-D stereoscopic setup on the turbine model

in the cone made of transparent Plexiglas. An optic arm with 6
degrees of freedom was also used to guide the light sheet at the
desired position within the cone (Fig. 2). Two HiSense PIV cam-
era with CCD resolution of 1024 x 1280 pixels” were installed in
an angular displacement configuration and Sheimpflug condition
for a best focus on the illuminated particles travelling in the light
sheet. The timing between two consecutive pulses was set as
low as 100 us to ensure the particles stay within the sheet in the
whole spatial domain. This is a requirement from the very wide
illuminated zone covering 0.2 x 0.150 m? under the cone. For the
particles displacement and velocity assessment, an adaptive cor-
relation was implemented starting from 64 pixels interrogation
windows with 2 passes and reducing to a final 32 pixels interro-
gation area. The adaptive correlation helps to minimize loss of
pair of particles and gives more good vectors at the end of the
processing. Peak and width validation was ensured with median
method to remove outliers [1]. Finally, a range validation was
performed at the end to remove spurious vectors. This method is
similar to histogram clipping.

Velocity fields are phase-averaged on 21 phases (every 3 de-
grees) with 1000 images per phase to ensure good convergence
on statistics. Figure 3 illustrates contours of the phase average
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FIGURE 3. PIV Phase-averaged circumferential velocity contours

under the runner

velocity, C;, from PIV measurements in the cone. Dark (or red)
shades qualitatively indicate regions of high circumferential ve-
locity evidencing blade tip vortices near the cone wall. Light
(or blue) shades expose the velocity deficit from hub and blade
wakes.

2D Laser Doppler Velocimetry System

A 2D-LDV system with two-components, four-beams, was
operated in backward scatter on-axis-collection mode. There are
two LDA (laser Doppler anemometer) inside the probe head and
each LDA uses two laser beams of the same wavelength. For
each orthogonal direction, pairs of beams are crossing at the fo-
cal point. One pair of beams uses laser wavelengths of A = 488.0
nm (blue) and the other pair uses A = 514.5 nm (green). The
probe diameter measures 60 mm with front lens having a focal
length of about 400 mm. The measurement volume of the cross-
ing beams is estimated to be 0.189x0.189x3.97 mm? in size (in
air) and there are 36 fringes with 5.27 um separation. Bragg-cell
shifting at 40 Mhz is used to resolve directional ambiguity. We
used a glass window with flat parallel faces for the optical access
on the three measurement axis. This results in a small disconti-
nuity with the curved surface inside the cone and the flat window
for the optical access. The optical access not used during mea-
surements were filled with a plastic plug perfectly matching the
inside geometry to avoid additional disturbance of the flow.

Signal Analysis

All measurements are phase resolved with an encoder placed
on the runner shaft. In the inertial reference frame, the mea-
surements obey the Reynolds triple decomposition with a mean,
phase and fluctuating velocity to represent the instantaneous sig-

nal as expressed by Eqn. (1)
ci(t) =<c¢;>+c¢/ =Ci+ci+cf 6))
with the phase average velocity defined as,
< ¢ >=Ci+c. @)

Where C; is the time average velocity, ¢; is the phase average
deviation from the time average and c¢; is the deviation from
the phase average coming from the turbulent random motion.
Note that the fluctuations are centered around the mean so that
< ¢; > = C; = C;, where the overline denotes time average.

In LDV measurements, particle velocity is recorded along
with the encoder information so we can sort the particles signal
with runner angular position, 6,, and average the velocity over a
window, [6,— A6 /2, 6,+A6/2]. In this study, we used n=720
discrete angular positions starting at 6 = 0.5° (A8 = 0.5°). There
are 60 000 acquisitions at every measurement location leading to
about 80 velocity data per angular position. This amount of data
for LDV ensures convergence on statistics.

Any phase averaged quantity, < ¢ >, at the angular position,
6,, can now be define with Eqn. 3:

M
<@m>=$Z%wz n=1.720 (3)
j=1 6,+A60/2

where, M, represents the number of data points in the evalua-
tion window and subscript, j, denotes the detected instantaneous
quantity within the window. We have added a subscript, rg, to
represent the k discrete radial locations where the measurements
were taken. There are respectively 12, 40 and 42 radial locations
at axis a, b and c giving sufficient resolution to capture most ve-
locity gradients.

For PIV, A8 ~ 0 since we can adjust a trigger delay on the
laser light pulse and synchronize at the desired runner position
with the encoder signal. We assumed the runner angular fre-
quency is constant. Recording were made every 3 degrees with
n=21 phases covering 60 degrees of runner rotation or one blade
passage. For mean profile against the radius, we merely compute
the velocity with a summation over all phase angles

N

— 1
O = ; < n6, > )

Where N is the number of angle locations for PIV, LDV or CFD.
As we can see, the same definition applies in simulations with
the exception that the resolution of 6 and r is given by the mesh
resolution and a mass flow average has to be applied in order to
account for varying mesh cell sizes.
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FIGURE 4. (Top) Experimental phase average velocity contours of C;/Cy,s at OP. 2 for PIV and PIV, (Bottom) Error contours between experiment

and CFD at same operating point

Numerical Methods

Three types of simulations were used for a complete numer-
ical investigation of the draft tube inlet flow and boundary con-
ditions:

1. Complete machines steady Reynolds averaged Navier-
Stokes (RANS) simulations with k-¢ turbulence model to
obtain the boundary condition for unsteady RANS simula-
tions (URANS). Boundary conditions used were the inlet
flowrate and an opening outlet allowing for entrainment.

2. Unsteady simulations of the complete machine without the
draft tube elbow using static pressure outlet and the total
pressure inlet computed from steady RANS. A SST turbu-
lence model was used for all three operating points.

3. Unsteady draft tube simulations with two different types of
inlet boundary conditions to investigate the influence on the
recirculation zone in the draft tube cone.

In the steady simulation cases, we used an unstructured
mesh whereas all other cases used block structured hexa mesh
with refinement at wall boundaries. A steady state torque on run-
ner was achieved after 3 to 7 runner rotations depending on the
operating regime of the turbine. Experimental LDV measure-
ment points were recorded during URANS simulations which
necessitate over a thousand of monitor points at runner outlet
for elevation along lines a, b and c (Fig. 1).

Validation

To assess how well the simulations represent the flow behav-
ior, a validation of the CFD was made against the experiments at
peak condition (OP. 2) for steady simulations (case 1). Figure 4
shows the circumferential phase average velocity, C;/Cyey, for
PIV and also for LDV at axis a, b and c. The phase 1 of the PIV
domain is illustrated below the hub on the top left whereas LDV
contours are shown on the top three figures of the right.

On the bottom of the figure, the subtraction of the experi-
ment and the simulation data is represented with error contours
of the velocity in percentage. The errors between steady CFD
and measurements are very small in all locations except for the
regions of high circumferential velocity in dark shade clearly vis-
ible at axis a, that reach an error of almost 50%. These periodic
discrepancies are mainly due to the fact that the blade tip gap was
not modeled and the blade was merely elongated up to the shroud
for simulations. In this case, the augmentation of circumferen-
tial velocity near the shroud cannot be associated with the blade
tip vortex generated by leakage effect from pressure to suction
side of the blade. In the numerical simulations, the high region
of circumferential velocity seems to originate from the blockage
effect of a pair of small corner vortices generated by the inter-
action of the guide vane vortex sheet, the shroud and the blade
boundary layers. The contour of A, on the left of Fig. 5 shows
the development of these small vortex in the chordwise direction
from 0% to 100% of the chord length. The guide vanes and the
corner vortex are identified respectively by letters g and ¢ stand-
ing for the first letter of their name. A contour of Ct/Cref and an
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FIGURE 5. (Left) CFD contours of A, at OP. 2, (Right) Isosurface of C; /C,r and contours of A, for steady CFD at OP.2

isosurface at Ct/Cref = 3 on the right figure expose the region
of high circumferential velocity just after the vortex core region,
at smaller radius. The figure further demonstrates the four guide
vanes wakes that are convected downstream with black arrows.
The guide vanes vortex sheet standing close to shroud pushes the
corner vortex away from the shroud.

In Fig. 6, we use the LDV phase average velocity contour
of axis a to get a better view of the global velocity field. It is
clear from the velocity profile on the right side of the figure,
that the high intensity contour spot seen on the left is the result
of the circumferential velocity peak. Conservation of tangen-
tial momentum would require a slight augmentation of C; in the
inter-blade channel to compensate for the combine effect of the
blockage and the wall that slow down the flow. The circumfer-
ential velocity is further amplified at the trailing edge from the
shear layer and the injection of vorticity. Before the blockage
at axis a, around R/R,ef < 0.9, the physics of the flow field in
the C; direction is clearly the one of a solid body rotation seen
from the linear increase from hub to shroud (R/R. r~03t01).
The gradient found in the LDV curve, where R/R,.; ~ 0.85 is
the difference between the physics of the blade tip gap and the
simulation without blade tip. It is surprising that the no gap case
mimic the experimental case with a gap.

Turbulence Intensity

As we have seen, the phase average velocity agrees fairly
well and the investigation of other components of velocity, not
illustrated here, would show similar error levels. In this subsec-
tion, we are concerned about the turbulence quantity from rms
values and more closely to the turbulence intensity. Figure 7
shows the results for PIV, LDV and URANS (case 2) at axis ¢ for
all operating regimes.
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FIGURE 6. (Left) LDV contour of C;/Cy.y at axis a, OP.2, (Right)
LDV and steady CFD velocity profile comparison for OP. 2

Even though we have only two orthogonal rms values with
the LDV, the turbulence intensity level measured with this in-
strument is considered to be the reference since it is the most
precise. The accuracy of PIV is mainly influenced from the small
displacement of the particles in the sheet resulting in large rela-
tive uncertainty. Typical subpixel accuracy below 0.1 pixel can
be considered for the Dantec software. Figure 8 shows that the
mean displacements are always j 3 pixels in both directions at
OP. 2 resulting in a low dynamic range. The points close to the
optical access where discarded in PIV because of reflection from
the wall and in LDV, since the flat face of the window brings flow
disturbance inside the curve surface of the cone resulting in extra
variance and bad data point.

The mean turbulence intensity profiles agree well in shape
and in level except for OP. 1, where the CFD underestimated
the intensity compared to the experiments. Another trend can be
drawn from the figure: PIV measurements overestimate the rms
level in all cases.
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FIGURE 7. LDV, PIV and CFD turbulence intensity, OP. 1 to OP. 3,
axis ¢

With both PIV and LDV, the velocity signals close to bound-
aries such as the shroud or the hub are more subject to noise from
light reflection.

It is hard to have precise rms values with PIV measurement
in hydraulic machinery flow since many factors may bring ad-
ditional variance to the signal. For example, in this study we
have distortion of the image from cone angle discontinuities and
velocity gradients in the field that affect the accuracy. This influ-
ence is more pronounced in large spatial domains. The accuracy
varies also depending on the position in the field, region with
large curvature near the shroud are harder to get into focus even
with the Scheimpflug condition. Loss of particle pairs may hap-
pen in some interrogation area, where C; is large. Bad reflection
of the light pulse on metallic components of the turbine might
also occur but where avoided most of the time.

The turbulence intensity from the three components of the
velocity is plotted for PIV in Fig. 9 and further conclusion are
drawn about the large variance of the PIV signal. First, consider-
ing the LDV as the reference turbulence intensity level, the extra
variance on PIV signal may come from the low radial velocity
component, i-e., the particle displacement is so small in radial
direction from two consecutive images that sub-pixel accuracy
becomes an important error source (see bottom of Fig. 8). Sec-
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FIGURE 8. Z and R displacements of the particles in the PIV domain,
OP. 2, 1 phase
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FIGURE 9. PIV turbulence intensity composition at OP. 3, axis ¢

ond, even though all precautions where taken to avoid loss of
particles in the out of plane direction of the light sheet, it ap-
peared in some interrogation area, often close to the wall in the
tip vortex region. There is also additional variance to C; since
it is a result in the combination of the two camera fields with
an image fit model. Gradient broadening effect in the PIV in-
terrogation window of size ~ 11x11 mm? are more stringent if
compared with the LDV probe, where the longest measurement
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volume dimension is around 5 mm in water with diameter around
0.2 mm.

It is hard to correct the above mention error sources even
with uses of adaptative-correlation and median or range filters.
It is presumed that a smaller spatial domain with better timing
between images and longer particles displacement would lead to
more precise rms values in this type of flow. There is therefore a
trade off between the desired vector field size and the rms accu-
racy.

In numerical simulations, the transport equation for turbu-
lence kinetic energy is mostly affected by the mesh and turbu-
lence model type. Separation is known to be retarded with k-¢
model and flow misalignment with the grid brings additional dis-
sipation. Typical values of turbulence intensity expected at run-
ner outlet for a Kaplan turbine lie around 10-20% (see e.g. [2]).

Circumferential Non-Uniformity of the Flow

From LDV measurements, an integration of the axial com-
ponent of the velocity, C,, was performed over the radius for ev-
ery azimuthal position and elevation b and c of the setup. Fig-
ure 10 illustrates the deviation from the reference flow, Q/Qref,
represented by a plane on axis b and c. Planes were drawn by fit-
ting the 6 integral values of the deviation obtained on the 6 half
axis with a surface equation z = ax+ by +c.

The white mark on the surfaces shows the vector pointing
in the minimum flow deviation direction. A deviation of +4%
is seen on the top figure for partial discharge operation (OP. 1).
For the other regimes, the non-uniform flow lies around £6% of
deviation. The swirl rate, S, is an indication of the swirl intensity
of the main flow. It represents the ratio of the circumferential
momentum flux to the axial momentum flux times the external
radius of the channel:

: il 2mpC,C.R2dR

= ®)
Ry [g! 21pC2RAR

Values of S are computed with Eqn. 5 on the top left of
Fig. 10. The non-uniformity of the flow cannot be sustained in
a straight vertical position but rather follows a helicoidal path
from the rotation of the mean flow relative to the momentum ra-
tio value. At OP.2 and OP.3, the swirl rate is close to 0 and the
main flow rotates in a clock-wise direction. One should note that
in all cases, the non-uniformity tends to dissipate, i.e., the devia-
tion at axis c is lower than at b. That indicates, the origin of the
non-uniformity may occur upstream in the distributor and spiral
casing of the turbine.

Previous analysis of the flow in the two admission channels
of the turbine with CFD and LDV reveals around 15 % of differ-
ence in the mass flow rate between the channels. This difference

OP.1 /Qref (%]

Axis ¢ |

OP.2 Q/Qref [%]

0} \ -
4 ] :
057 -6
I} . a— l

RR, 1 05 0

R/Rrei

FIGURE 10. Circumferential non-uniformity of the flow for all OP.
computed from LDV measurements

generates a strong shear flow downstream the admission pile and
at the spiral casing tong that is transported downstream. It is un-
sure weather it is the pile or the tong that generates most of the
non-uniformity. Insight from simulations tells us the admission
tong is probably the main actor but it is to be confirmed since the
large dissipation makes it hard to follow the non-uniformity pass
the runner. In any case, the disturbance acts as one big wake on
the runner blade and is transported by the runner rotation down-
stream. This phenomenon was also noticed in [3,4].

To conclude this section, we remind that our main goal is to
focus on the draft tube inlet flow. As we see, we must consider
the whole turbine to explain flow phenomena at this location.
This stresses the requirement to do complete machine simula-
tions to better represent the flow of the draft tube inlet. It also
shows that measurements at only one circumferential position
cannot capture this type of flow phenomena.

It is easy to be mislead with the periodic, quasi-inviscid flow
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resolved turbulent kinetic energy, OP.2, axis a

just after the runner when looking at the phase average profile
on only one axis (Fig. 11). A figure like this allows the use of
an axisymmetric profile with an averaged turbulence kinetic en-
ergy level for draft tube simulations without concern about non-
uniformity. Except for energetic wake regions, the core flow is
almost inviscid everywhere. The influence and consequences of
such assumptions will be demonstrated briefly later on.

Frequency analysis from LDV and CFD velocity signals

The spectrum of the velocity signal contains much informa-
tion about flow fluctuations and phenomena at the draft tube inlet.
In this section, we present the spectrum from the LDV velocity
signals lying in the stationary reference frame. The random na-
ture of particle arrival in the measurement volume of the LDV
requires the use of special techniques such as a Lomb algorithm
or sample and hold interpolation to perform FFTs.

Figure 12 shows a waterfall diagram of LDV spectra at ele-
vation b and for each operating point. The maximum normalised
frequency values are indicated on top of each spectral peak.

For all operating point, the blade passing frequency is clearly
visible at 6 times the runner frequency, f,. That is expected from
the 6 runner blade wakes inducing a velocity deficit on the mea-
suring volume of the LDV.

Investigation of nominal and overload condition

On the two bottom illustrations, there are characteristic fre-
quencies of 0.5 f, appearing close to the hub, in the range —0.2 <
R/Ryax < 0.2, This phenomenon is much more intense at over-
load condition (OP.3), where fluctuations reach almost 10% of
Crer in the center. This suggest a similar behavior as the axial
pulsating vortex rope seen in cavitation test at overload condi-
tion, where the low swirl number enforce axial fluctuations be-
low the hub. Evidence of this phenomena are still to be confirm
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FIGURE 12. Normalised frequency for all OP. from LDV measure-
ments at axis b, azimuth 93.5°

for our case but assuming the whole flow system adopts the eas-
iest configuration, the hypothesis that a separation followed by a
recirculation would pulse below the hub at a harmonic frequency
of the runner at nominal and overload condition is worth men-
tioning.

Unsteady simulations, case 3, were performed at nominal
head with two types of inflow conditions. The effect of the re-
circulation zone can be seen on the draft tube shown on Fig. 13.
Both simulations show a large zone of recirculation in the chan-
nels. But the left figure expose a recirculation zone just below
the runner that is not present in case 3.b on the right. Without de-
tailing the boundary condition profile, an higher swirl intensity
and a more uniform axial velocity profile in case 3.a is suspected
to result in this type of recirculation [5]. For case 3.b, there is
a mechanism that reenergizes the hub boundary layer and retard
the separation.

Axial velocity profiles for OP.2 evidence a recirculation
zone size inbetween cases 3 simulations (Fig. 14). There are no
recirculation seen at elevation c of the experiments and URANS
CFD case 2 of the bottom figure.
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FIGURE 13. URANS draft tube simulation case 3
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FIGURE 14. PIV, LDV and CFD axial velocity profile and the recir-
culation at axis b for OP. 2

Investigation of the helical swirling vortex core at par-
tial discharge

On the top of Fig. 12 from LDV measurements at partial
discharge, their is mostly the component of the helical vortex
rope that is seen at a frequency of 0.23 f,.. This value is slightly
lower than typical values encountered in a Francis turbine around
0.3f,. Further investigation of the partial discharge regime is
made in Fig. 15, where the waterfall diagrams of the spectra
are plotted for both axis b and c. The 0.23f, component has a
higher amplitude on the side of the cone and a second harmonic
at 0.46f, is predominant just below the hub.

It is not surprising to see twice the helical vortex frequency
in the range: —0.25 S R/R,.y < 0.25. First, it is a harmonic of
the fundamental. Second, as for the overload case of previous
section, it is easy to imagine a flapping mechanism where a sep-
aration followed by a recirculation below the hub would match
this natural frequency of the system. Third and most probably,
the helical vortex is changed to a double helical as noticed in [6].
URANS simulations do seem to capture part of the phenomena
in the rotating reference frame in the spectrum of Fig. 16.

On the top view, the signal is taken only at one location and
we can see the characteristic vortex rope frequency followed with
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FIGURE 15. LDV spectrum amplitude at OP. 1 for axis b and ¢
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FIGURE 16. (Top) URANS spectrum at R/Ryq = —0.5, axis b, az-
imuth 93.5°, (Bottom) URANS filtered spectrum for all radial locations

a harmonic at 0.6 f,. On the bottom view, the spectrum was band-
pass filtered to leave only the component at 0.2 f; on all location
since harmonics with higher amplitude were hiding the signal at
the frequency of interest.

From the figure, the shape of the fluctuating intensity,
AC; /C.s along the axis and the cahracteristic frequency of the
URANS numerical simulation match well the experimental re-
sults. However, the intensity of the fluctuations is much lower.
This is mainly due to the extra dissipation of the CFD model
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FIGURE 17. (Left) PIV, LDV and CFD axial velocity profile at axis
b, OP. 1, (Right) Recirculation zone from CFD data, OP.1

combined with the error on the estimation of the FFT with the
few runner rotations available for the URANS simulations. This
is also why the signal had to be band-pass filtered.

The recirculation at partial discharge below the hub is shown
for both URANS results and experiments on Fig. 17.

Conclusion

The draft tube inlet flow was extensively studied with LDV,
PIV and numerical simulations. The combination of experimen-
tal and numerical data gave much insight about the flow phenom-
ena at draft tube inlet. That will in turn be of great help for further
numerical studies to better define inlet boundary conditions for
draft tube simulations.
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