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Abstract
An experimental test rig was designed at Politehnica University of Timisoara in order to investigate the decelerated
swirling flow with vortex rope in a conical diffuser [4] and also to investigate the new flow control method with axial
water jet injection [1, 9] and flow feedback [2, 10]. The test rig is equipped with a swirl generator with two blade rows
[5]. The upstream non-rotating blades (guide vanes) produce a free-vortex tangential component, while keeping the axial
velocity practically constant. The second row of rotating blades (free runner) is used to create a specific energy deficit
near the hub with a corresponding excess near the shroud. The runner spins at the runaway speed, acting as a turbine
near the hub and as a pump near the shroud, with vanishing overall torque. The runner speed is measured on the test rig
with a non-invasive technical solution. Small cylindrical magnets are embedded in each blade of the runner. As a result,
a magnetic sensor installed on the wall detects the pulse generated by each blade. The data acquisition board and a
LabVIEW program are used in order to measure the time interval between the pulses and the runner speed is computed.
This swirl generator ends with a convergent section leading just downstream the throat to a swirling flow configuration
similar to the one downstream a Francis runner operated at 70% the best efficiency discharge [3]. As a result,
decelerating this swirling flow further downstream into the conical diffuser generates the precessing vortex rope with
associated unsteady pressure field. A cylindrical pipe which discharges into the main reservoir is added downstream to
the conical diffuser.
The paper is focused on evaluation the velocity profiles (circumferential and meridian distribution) downstream to
the free runner. First, 3D steady turbulent flow is performed in the experimental swirl apparatus configuration. The
mixing interface method is used in order to couple the non-rotating domains with runner computational domain. The
computation is performed using measured value of the runner speed. Consequently, the velocity profile is obtained on
survey axis displaced in convergent section. Second, the velocity profile (circumferential and meridian distribution) is
measured on the test rig with LDV system at two different runner speeds. Consequently, numerical results are compared
with design velocity profile [2] as well as validated against experimental data. The hydrodynamic analysis of the flow is
performed in order to understand the phenomena.
Keywords: swirling flow, velocity profiles, speed measurement, numerical simulation.

1. Introduction
The swirling flow hydrodynamics, and in particular its stability properties and various approaches to control it is a very
important topic in the context of hydraulic turbines. In particular, the decelerated swirling flow in the turbine draft tube cone
becomes unstable when the Francis turbine is operated at part load, with the development of a precessing spiral vortex (so-called
vortex rope) and associated severe pressure fluctuations, [3]. In order to investigate the swirling flow downstream the Francis
runner blades, at operating points corresponding to partial discharge, one can obviously use a model turbine or choose a less
expensive approach and build a suitable swirl generator, [5, 6]. We design swirling flows by considering either absolute or relative
flow angles distributions from hub to tip in the annular bladed region. A special configuration is investigated, with fixed guide
vanes followed by a free runner. The runner blades act like a turbine near the hub and as a pump near the tip, respectively, and
rotate freely with an angular speed such that the total power vanishes. This free runner redistributes the flux of angular
momentum, thus decelerating the flow near the hub while accelerating it at the tip. In this paper, we investigate the swirling flow
configuration generated by two blade rows (guide vane and runner), as shown in Fig. 1. The swirl apparatus designed and

DOI: to be inserted by the publisher
manufactured at “Politehnica” University of Timisoara has an upstream annular section with stationary and rotating blades for
generating swirling flow, followed by a convergent section where the hub is ending with a nozzle. Downstream the throat section
we have a conical diffuser similar to the hydraulic turbine draft tube cone. We consider three survey sections in the swirl
apparatus: S1 – upstream to the guide vanes, S2 – downstream the guide vanes and S3 - downstream the runner, see Fig. 2. Our
goal is to find the swirl configuration (i.e. axial and circumferential velocity profiles) in section S3, which evolves further
downstream similar to the Francis turbine investigated by Ciocan et al. [3].

Fig. 1. The swirl generator installed on the test rig.

Fig. 2. The swirl apparatus (swirl generator and test section) installed at “Politehnica” University of Timisoara:
view (left) and cross-section (right)
The paper presents a hydrodynamic analysis of a swirling flow generator aimed at producing a flow similar to the one
downstream a Francis turbine runner when operating at part load. This swirl generator is part of a swirling flow apparatus which is
used for basic hydrodynamic studies of precessing spiral vortex and various flow control methods for mitigating the flow
instability and associated vortex breakdown phenomena [9, 10]. Section 2 presents the three-dimensional computational domains
and boundary conditions for this test case. The velocity fields computed numerically on the outlet section from swirl generator for
different runner speeds are shown in Section 3. The experimental setup designed and implemented on the test rig in order to
measure the runner speed is depicted in Section 4. As a result, the velocity field performed by swirl generator and ingested by the
test section is verified. The conclusions are drawn in last section.

2. 3D computational domain and boundary conditions
3D computational domains correspond to the swirl generator from our experimental test rig, Fig. 1. The swirl apparatus (swirl
generator and test section) includes four subdomains: ogive, guide vane, free runner and test section, see Figs. 2 and 3.
The ogive is the first element of the swirl generator and it ensures the connected point with the upper pipe. Fig. 3 presents the
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ogive geometry and the 3D computational domain (1/8 part from whole geometry) is shown in Fig. 4. A structured grid with 40000
hexahedral cells is generated on the 3D computational domain of the ogive using Gambit [12]. The uniform axial velocity
corresponding to the operating point discharge is prescribed as inflow condition on the inlet surface while the pressure distribution
is imposed on the outlet section of the ogive.
The guide vane with 13 blades was designed using TurboDesign-1 software [13] in order to provide a particular velocity field
(constant axial velocity component and free vortex distribution like tangential velocity component, see dashed lines in Fig. 7) at
the runner inlet. Only one guide vane interblade channel is selected in our computation, see Fig 5(left). A structured grid with
60000 hexahedral cells is used. The velocity field is imposed like an inflow condition on the inlet section while the pressure
distribution is considered on the outlet section of the guide vane.
The free runner is located just downstream to the guide vane and it spins freely. The runner (10 blades) was designed using
TurboDesign-1 software [13]. It is working as a turbine near to the hub and like a pump near to the shroud. Consequently, an axial
velocity deficit is obtained near to hub and an excess of axial velocity near shroud, see dashed lines in Fig. 8. This velocity profile
corresponds to part load operating regimes with 70% discharge into a Francis turbine [3]. Only one runner interblade channel is
selected in our computation, see Fig. 5(right). A structured grid with 245000 hexahedral cells is built for runner computational
domain. The numerical simulation is performed on each subdomain using FLUENT code [11]. The boundary conditions imposed
on each subdomain are shown in Figs. 4 and 5. The mixing interface technique is used in order to couple the steady absolute flow
from stationary parts with steady relative flow from runner. The mixing interfaces are marked with blue color in Fig. 3(upper) and
labeled with MI. As can be seen in Fig. 3(upper), three mixing interfaces are used between ogive – guide vane, guide vane - runner
and runner – test section. The benchmark problem called “Timisoara Swirl Generator” which includes the computational domains
with mesh and experimental data are available like OpenFOAM test case [8].

Ogive

Guide vane

Free runner

Fig. 3. 2D domain of the swirling apparatus (upper) and 3D subdomains of the swirl generator (lower)

Fig. 4. 3D computational domain and boundary conditions for the ogive.
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Fig. 5. 3D computational domain and boundary conditions for guide vane (left) and free runner (right)

3. Numerical analysis
The flow in entire swirling generator is computed using FLUENT code [11]. Three cross-sections are defined in order to
analyze the flow into the swirl generator. The first cross-section called S1 is defined at the ogive exit in order to check the velocity
profiles at guide vane inlet. The second cross-section labelled S2 is considered at the guide vane exit. The last cross section
marked S3 is located at the runner exit. All the velocity profiles from numerical simulation have been circumferentially averaged
that is equivalent to the full mixing of the wakes.
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Fig. 6. Axial (left) and tangential (right) velocity components on the cross-section S1 located between ogive and guide vane.
The velocity profiles obtained from numerical simulation.
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Fig. 7. Axial (left) and tangential (right) velocity components on the cross-section S2 displaced between guide vane and runner.
The designed velocity profiles (dashed lines) against computed velocity profiles (solid lines)
4th IAHR Meeting on Cavitation and Dynamic Problems in Hydraulic Machinery and Systems, October 26-28, 2011, Belgrade
4/8

DOI: to be inserted by the publisher
Fig. 6 presents the axial (left) and tangential (right) velocity components on the cross section S1 displaced upstream to the
guide vane (see Fig. 2). One can observe a uniform velocity field on the annular section with velocity deficit in the boundary layer
near to the hub and shroud, respectively.
The axial (left) and tangential (right) velocity components on the annular cross section S2 displaced downstream to the guide
vane (upstream to the runner) is plotted in Fig. 7. An excellent agreement is obtained between numerical results (solid lines) and
designed data (dashed lines) for both axial and tangential velocity components. As it is expected, the discrepancy is obtained in the
boundary layer of the hub and the shroud due to the inviscid design theory.
The axial (left) and tangential (right) velocity components on the cross-section S3 are plotted in Fig. 8. An excellent agreement
is obtained between numerical results (solid lines) and designed data (dashed lines) for axial velocity component. Also, the
discrepancy is obtained in the boundary layer of the hub and the shroud due to the inviscid design theory. Moreover, it can be
clearly seen the axial velocity deficit near to hub and the axial velocity excess near to shroud.
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Fig. 8. Axial (left) and tangential (right) velocity components on the cross- section S3 located at the free runner outlet.
The designed velocity profiles (dashed lines) against computed velocity profiles (solid lines).
Comparison between velocity profiles computed with different values of the runner speed:
870 rpm – designed speed (red), 920 rpm – measured speed (blue) and 950 rpm (magenta).
However, a different profile for tangential velocity component (red solid line) is obtained from numerical simulation in
comparison with the designed one (red dashed line). One can observe an acceptable discrepancy in tangential velocity distribution
near to the hub where the runner acts like a turbine. However, a constant distribution near to shroud is obtained where the runner
operates like a pump. This constant distribution of the tangential velocity near to the shroud occurs due to the flow separation.
Consequently, the runner is working worse like a pump near to the shroud than the designed one. As a result, the torque balance
between the turbine and the pump conditions on the runner blades is modified leading to an increased runner speed (from 870 rpm
at design stage to the 920 rpm measured on the test rig) in order to spin freely.
A system equipped with magnetic sensor was installed on the rig to measure the free runner speed in order to support the
previous explanation. The experimental setup is described in next section.

4. The experimental setup in order to measure the runner speed
The aluminum runner spins freely under the water flow action (there is no shaft attached to it). Any measurement solution to be
found has to be able to determine the speed, to work in a non-invasive manner, and to avoid any through holes in the test section
wall in order to keep away from leakage problems. A possible solution to achieve these objectives is to sense the blades when they
pass in front of a sensor. Indeed, if using every blade (the aluminum manufactured runner has 10 blades) several values of speed
may be computed for 360° rotation. An electric signal has to be generated when sensing a blade.
The sensor has to be able to detect blade’s passing from at least 10 mm (to avoid any risks the wall’s thickness has to be at least
this value). The swirl generator wall geometry was modified to allow for the sensor’s mounting Fig. 9(upper/right). A magnetic
sensor was chosen to measure the runner’s speed. Its sensing distance is reported to be 60 mm at a maximum frequency of 1 kHz.
Despite the fact these sensors detect magnets only this solution is the only one able to handle this sensing distance. Experiments
have been performed to decide whether the magnetic sensor is the right solution or not. The purpose was to determine if it is
possible to find a magnet which can trigger the sensor from at least 10 mm distance and can be inserted in the runner’s blade (the
blade’s thickness is 5 mm). Cubic (L x L x L = 5 mm x 5 mm x 5 mm) and cylindrical (D x H = 1 mm x 2 mm) magnets of
neodymium-iron-boron (NdFeB) were considered. The MM12-60APS-ZCK sensor manufactured by Sick was used for testing
purpose. Both magnets triggered the sensor but the distance was different. The cubic magnet triggered the sensor at about 25 mm
while for the cylindrical one the sensing distance was about 8-9 mm. Despite their satisfactory sensing range, attaching the cubic
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magnet to the blade was considered to be too difficult. As such, a bigger cylindrical NdFeB magnet of dimensions (D x H = 3 mm
x 8 mm) was chosen. A 3 mm diameter hole was made in each blade and a magnet was inserted Fig. 9(upper/left and lower). A
sensor’s assembling mechanism allowing distance adjustment is designed, Fig. 9(upper/right). The entire ensemble installed on the
rig can be seen in Fig. 9(lower).
Each blade passing by triggers the sensor and generates a single rectangular pulse. The runner’s rotation generates a train of
pulses (ten of them corresponding to one complete rotation). The NI 6289 data acquisition board manufactured by National
Instruments is used to acquire the pulses and compute the runner’s speed. Due to the low frequency range, a single counter is used
to measure the time intervals between two pulses. A LabVIEW program was employed to measure the runner’s speed.
Using the above setup, the runner’s speed was measured from the pulse train frequency. The measured frequency was 153.3 Hz
which corresponds to a speed of 920 rpm for a flow rate of 30 l/s. Previous speed measurements were performed using a strobe.
The frequency measured using the stroboscope was 152.4 Hz (corresponding to a speed of 914.4 rpm). Actually, the relative error
of the measured speed with strobe respect to magnetic system is less than ±1%.

Free runner with magnets installed on it

The magnetic sensor assembly in the test section

Fig. 9. The system equipped with magnetic sensor installed on the rig in order to measure the speed of free runner.
The computed velocity profiles with measured runner speed are compared with measured velocity data on the window W0
installed on test section in order to verify the statement from previous section. In the experimental investigations two velocity
components were measured using the optical LDV system (meridian and tangential velocity components). Each point measured
along to the survey axis contains the average meridian and tangential velocity components as well as the variation of random mean
square or RMS [7]. Formulas for measured average velocity and for RMS are given below:
N −1

ui = ∑
i =0

1
⋅ ui
N

(1)
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Fig. 10 presents comparison of the two velocity components: meridian and tangential velocity from experimental investigation
in comparison with numerical simulation. A good agreement between numerical results and experimental data is obtained for both
velocity components. For measured meridian velocity component at the middle of survey axis is noted largest values for RMS due
to transition of the blade geometry from turbine configuration to the pump configuration [5][6].
Conclusively, the numerical results are validated against experimental data. The hydrodynamics of swirl generator is accurately
evaluated. As a result, the flow ingested by the test section is accurately computed leading to a controlled decelerated swirling
flow in the conical diffuser.
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Fig. 10. Comparison between measured velocity profiles (meridian and tangential components) along to the survey axis from W0
and computed velocity profiles with 920 rpm runner speed.

5. Conclusions
The paper investigates the hydrodynamic of the swirl generator which produce the swirling flow configuration similar to the
one downstream a Francis runner operated at 70% the best efficiency discharge [2]. The flow into the swirl generator with two
blade rows is analysed. The upstream non-rotating blades (guide vane) produce a free-vortex tangential component, while keeping
the axial velocity practically constant. The second row of rotating blades (free runner) is used to create a specific energy deficit
near the hub with a corresponding excess near the shroud. The runner spins at the runaway speed, acting as a turbine near the hub
and as a pump near the shroud, with vanishing overall torque. First, the three-dimensional computational domains corresponding
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to the swirl generator from the experimental test rig (ogive, guide vane and free runner) and test section are built. Second, threedimensional turbulent flow is performed using mixing interface in order to obtain the hydrodynamic field into the entire swirl
generator. The computation is performed using measured value of the runner speed. Third, the velocity profile (axial and tangential
components) obtained from numerical simulation agrees with design velocity profile on the cross-sections upstream and
downstream to the runner. One exception is the tangential velocity profile downstream to the runner where a discrepancy is
observed. This discrepancy between computed results and designed data is obtained due to the runner speed difference. In order to
solve this problem, measure the free runner speed a non-invasive technical solution is designed and implemented on test rig. Small
cylindrical magnets are embedded in each blade of the runner. As a result, a magnetic sensor was installed on the wall in order to
detect the pulse generated by each blade. The data acquisition board and a LabVIEW program are used in order to measure the
time interval between the pulses and the runner speed is obtained. The measured frequency was 153.33Hz which corresponds to a
speed of 920 rpm for a discharge of 30 l/s instead of 870 rpm speed value considered at the design level. The main reason for this
difference is the separation flow near to shroud where the runner is acting like a pump. Further, the velocity profile is obtained on
survey axis displaced in convergent section (labeled W0). The velocity profile (tangential and meridian distribution) is measured
on the test rig with LDV system. Conclusively, the numerical results are validated against experimental data. The hydrodynamics
of swirl generator is accurately evaluated. As a result, the flow ingested by the test section is accurately computed leading to a
controlled decelerated swirling flow in the conical diffuser.
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Nomenclature
N
Q
Rthroat
Vthroat

Number of measured samples for each point [-]
Main volume flow rate [m3/s]
Minimum radius from the test section [ m]
Reference velocity corresponding to minimum radius
from the test section [m/s]

ui

Velocity sample [m/s]

ui

Mean velocity [m/s]
Random mean square velocity [m/s]

uRMS
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