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INTRODUCTION
The variable demand on the energy market, as well
as the limited energy storage capabilities, requires a
great flexibility in operating hydraulic turbines. As a
result, turbines tend to be operated over an extended
range of regimes quite far from the best efficiency
point. In particular, Francis turbines operated at partial
discharge have a high level of residual swirl at the
draft tube inlet as a result of the mismatch between the
swirl generated by the guide vanes and the angular
momentum extracted by the turbine runner. Further
downstream, the decelerated swirling flow in the draft
tube cone often results in vortex breakdown, which
is recognized now as the main cause of severe flow
instabilities and pressure fluctuations experienced
by hydraulic turbines operated at part load.
In an analysis of the swirling flow downstream a
Francis turbine runner [10] we have found that the
flow stability characteristics change when decreasing
the discharge. It is shown that the swirling flow in the
survey section downstream the runner, in the draft tube
cone, reaches a critical state in the neighborhood of the
best efficiency operating point. For larger discharge,
the swirling flow is supercritical, and thus it is not able
to sustain axisymmetrical perturbations. However, at
partial discharge the flow becomes subcritical and it is

able to sustain axisymmetric perturbations. Further
investigations [11] revealed that the axial velocity
and specific energy deficit in the central region are
responsible for the helical vortex breakdown, also
known as „precessing vortex rope”. This conclusion
led to the idea of using a water jet injected axially,
from the runner crown downstream along the axis of
the draft tube cone, to reduce or eliminate the pressure
fluctuations associated with the vortex rope, as shown
in Figure 1. Many recent studies have been focused
on the precessing vortex rope dynamics in Francis
turbines operated at part load. Detailed PIV investigations and numerical simulations, [1], [12], [4], [8],
[9], have revealed the structure of the unsteady 3D
hydrodynamic field for helical vortex breakdown in
conical diffusers.
The present paper presents our ongoing developments of the jet control technique for swirling flows
in the discharge cone of Francis hydraulic turbines.
In order to determine the best jet configuration for
mitigating the vortex rope we have developed a special
apparatus able to generate swirling flows similar to
the ones downstream Francis turbine runner operated
at partial discharge. We present the test rig developed
at the „Politehnica” University of Timisoara, and the
preliminary tests to establish its operating range.
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The test rig developed for the past year at the
“Politehnica” University of Timisoara for experimental investigations of diffusers with swirling flow is
shown in Figure 2. A 4 m3 aspiration tank supplies the
main pump with water. The variable speed GRUNFOS
CRNE 90-2 pump can provide a flowrate up to
33 liter/sec, the discharge being measured with a 3’’
electromagnetic flowmeter having 0.2% accuracy.
The main pump supplies a reservoir, which provides
a well controlled uniform flow through a ø150 mm
pipe to the test section. Downstream the test section,
a ø160 mm pipe returns the discharge to the aspiration
tank. This closed-loop test rig can be pressurized or
de-pressurized in order to examine the cavitating vortex
rope as well. Figure 3 shows the operating range of the
main pump, for variable speed, as measured on the
test rig. An auxiliary variable speed pump can provide
the jet flowrate up to 4 liter/sec, with a 1’’ turbine
flowmeter having 0.1% accuracy.
SWIRLING FLOW APPARATUS

Figure 1. Jet control technique for swirling flow in
the discharge cone of Francis turbines, [11].
Numerical experiments presented in this paper
have shown that the control jet discharge must be as
high as 10% of the incoming main flow in order to
effectively mitigate the vortex breakdown. This
conclusion requires a new approach for supplying
the jet, since the solution of using a fraction of the
turbine discharge from upstream the spiral case leads
to an unacceptable decrease of the overall efficiency.
We show that the control jet can be supplied with water from the downstream end of the discharge cone,
thus introducing a novel flow-feedback method which
eliminates the vortex rope and associated pressure
fluctuations without reducing the turbine efficiency.
In fact, by significantly reducing the losses in the
draft tube we expect an increase in the overall turbine
efficiency.

In order to investigate the decelerated swirling
flow in a conical diffuser, one must provide a swirl
generator upstream the cone inlet. For Francis turbines, the runner itself provides the swirling flow at
the draft tube inlet. However, for basic studies either
radial blades (in a radial-axial flow passage, e.g.
Nishi et al. [7]) or axial swirl generators can be employed. McDonald et al. [6] performed an experimental investigation to determine the effect of swirling inlet flow on the performance and outlet profile
of conical diffusers. Twenty four different diffusers
were tested, with total divergence angles ranging
from 4.0° to 31.2°, and with area ratios from 1.30 to
8.28. Swirling inlet flow does not affect performance
of diffusers which were unseparated or only slightly
separated with axial inlet flow. For diffusers which
were moderately or badly separated for axial inlet
flow, swirling inlet flow caused large performance
increases.
Clausen et al. [2] investigated experimentally the
swirling flow in an 20° included angle conical diffuser, Figure 4, with a solid body rotation inlet swirl
generated with a honeycomb. They found that generally there is a small range of swirl number values
(defined as the ratio of maximum circumferential to
average axial velocity) that avoids both recirculation
and separation. Their results highlight the interaction between the tendency toward boundary layer
separation and the advent of recirculation in the core
flow.
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Figure 2. Closed loop test rig for experimental investigations of swirling flows,
at the “Politehnica” University of Timişoara, Hydraulic Machinery Department.

Figure 3. Operating domain of the variable speed centrifugal pump on the test rig
for swirling flow analysis and control.
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Figure 4. Swirl generator used by Clausen at al. [2].

Figure 5. Swirl generator used by Kurokawa at al. [5].

Figure 6. Meridian cross section of the apparatus for swirling flow generation and analysis in a conical diffuser, from UPT-CNISFC. Actual dimensions in mm.
Kurokawa et al. [5] use the swirl generator from
Figure 5 to investigate the so-called “J-groove”
technique for suppressing the swirl in a 20º conical
diffuser. The aim of their investigations was to suppress the draft tube surge for Francis turbines. The
main difference with respect to the swirl generator
used by Clausen et al., [2], is the upstream central
body, with a shroud diameter twice the throat diameter,
and an end cone of 60º. The convergent swirling flow

upstream the diffuser throat is closer to the Francis
turbine configuration, and could produce a swirling
flow similar to the one downstream the Francis runner.
Since our main goal is to reproduce the swirling
flow configuration encountered in the discharge
cone of Francis turbines operated at part load, we
have developed the swirling flow apparatus shown
in Figure 6. Axial blades in the upstream annular
section provide a controllable swirling flow profile.
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A tandem of stay vanes and guide vanes will be considered in a future design. The hub ends with a cone
shape, and has the jet nozzle located at the diffuser
cone inlet. The shroud has a convergent-divergent
shape, with a ø100 mm throat diameter.
The central body ensemble is shown in Figure 7.
The hub is supported by four strouts, provided with
holes for control jet water supply. The strouts have a
NACA profile cross-section, and are leaned forward
in order to insure a monoton average velocity increase.
Figure 8 shows the cross-section area variation in the
strout area, thus avoiding the flow acceleration followed by severe deceleration due to the 30 mm maximum thickness of the strouts. The axial blades are

207

located in the ø150/ø90 mm annular section, and are
80 mm in length. The blades were designed for a
scheduled downstream swirl, Figure 11, such that
the swirl at the throat mimics as close as possible
the real flow in Francis turbines at part load.
The actual swirl generator installed on the test rig
is shown in Figure 9. One can observe the jet supplying ring and pipes, which communicates with the
holes in the strouts and provide the jet discharge at
the nozzle. The whole swirl apparatus ensemble is
presented in Figure 10. The conical diffuser, as well
as the upstream convergent and cylindrical parts are
made of transparent plastic glass.

cross section area / upstream pipe area

Figure 7. Swirl generator ensemble, with leaned strouts, axial blades, and flow passage for control jet.
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Figure 8. Cross-section area variation in the strout region. Upstream leaned strouts produce a monotonic
area decrease, and corresponding uniform flow acceleration.
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Figure 9. Swirl generator with axial blades and jet supplying ring.
JET CONTROL OF DECELERATED
SWIRLING FLOW
The 3D flow analysis in the bladed region of the
swirl generator provides the inlet velocity profile for
swirling flow analysis in our apparatus. Figure 11
shows the scheduled swirl configuration and the
actual axial and circumferential velocity profiles
downstream the axial blades of the swirl generator.
After going through the convergent part, the swirling flow reaches at the throat the configuration
shown in the second plot of Figure 11.
The axisymmetric turbulent flow model is employed for the present numerical investigations. The
axial-symmetry assumption rends the problem twodimensional, although there are four equations to
solve corresponding to the continuity equation (1),
axial (2), radial (3) and circumferential (4) momentum equations. A stress-omega turbulence model is
used because of its ability to better capture the flow
detachment as well as the swirling flow behavior.
The above model is available in the FLUENT 6.3
commercial code.
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Figure 10. Components of the swirling flow apparatus designed at the “Politehnica” University of Timişoara, Hydraulic Machinery Department.
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Figure 11. Inlet velocity profile on the annular
section (ø 150 mm/ ø90 mm) of the UPT swirl
generator (left). The circles correspond to the
3D flow simulation in the bladed region, and the
dashed lines are the axial/circumferential velocity
profiles used for 2D axisymmetric flow simulation.
Swirling flow configuration at the throat (right).
The axial and circumferential velocity profiles
obtained from the 3D blade flow simulation, Figure
11 are used as inlet conditions on the annular upstream section of the computational domain. Radial
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pressure equilibrium is used on the outlet section.
Of course, the computational domain is considered
only in a meridian half-plane.
Figure 12 shows the flow pattern in the swirl apparatus, without and with control jet. The streamlines
correspond to the inlet main swirling flow, and the
blue region represents the control jet. The central
quasi-stagnant region corresponding to the vortex
breakdown is shown in red. When the control jet is
switched-off, the main flow occupies an annular region
near the wall, leaving a large stagnant region in the
center. For the real 3D flow, the boundary of the central region is a vortex sheet which rolls-up in a precessing helical vortex. When a jet is injected along
the axis, the central stagnant region is pushed downstream in the cone, and it is no-longer connected to
the nozzle cone. This is the type of vortex breakdown
computed by Keller et al. [3] for swirling flow in a
diffuser. By further increasing the jet discharge, the
central breakdown region leaves the cone and eventually develops in the cylindrical part of the diffuser.
For large enough jet discharge, the vortex breakdown
is eliminated completely.
On the other hand, the streamline pattern from
Figure 12 shows that as the control jet discharges
increases the main flow begins to detach from the cone
wall, and as the breakdown region is pushed further
downstream the flow is fully detached from the cone
wall. The flow eventually reattaches on the cylindrical
pipe wall after leaving the cone. This conclusion is
quantitatively supported by examining the meridian
wall shear stress along the cone wall, Figure 13. When
there is no control jet, the main flow is completely
attached to the cone and the meridian shear stress is
positive everywhere. For a 8.9% jet discharge, the flow
detaches for the first 40% of the cone length, then
reattaches for the rest of the cone. The reattachment
point corresponds with the location of vortex breakdown and the development of the quasi-stagnant central region. When the jet discharge is further increased
and the vortex breakdown location is pushed downstream the cone or even eliminated, the flow is no
longer attached to the cone, as shown by the small
negative values of the meridian wall shear stress corresponding to jet discharge larger than 9% in Figure 13.
The flow pattern in the conical diffuser with swirl
has direct consequences on the diffuser efficiency,
and in particular on its capacity to convert the excess
of inlet kinetic energy into pressure potential energy.
Figure 14 presents the evolution of the average static,
dynamic and total pressure into the swirling flow apparatus from Figure 6, starting with the inlet annular
section up to the outlet pipe section, with particular
emphasis on the conical diffuser. For each cross section of the hydraulic passage we define the following
average quantities:
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Figure 12. Streamline pattern for the swirl apparatus. The control jet is represented as the blue region, while
the quasi-stagnant central region is shown in red.
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Figure 13. Meridian component of the wall shear stress on the cone wall, without and with jet control.
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Since the static pressure is defined up to an additive constant for single phase incompressible flows,
all static pressure curves are considered with a zero
value at outlet. When there is no control jet, Figure
14a, we can observe that although the dynamic pressure decreases into the cone, the static pressure decreases as well instead of increasing. This can be
explained by the large hydraulic losses induced by the
vortex breakdown, as shown in the steep descent of
the total pressure curve in the conical diffuser. When
the control jet is present, the conical diffuser begins
to fulfill its role of kinetic-to-potential energy converter. For a 8.9% control jet discharge, Figure 14b,
one can see that the decrease in dynamic pressure in
the first half of the cone is accompanied by a static
pressure rise. The hydraulic losses are significantly
reduced as shown by the mild decrease in total pressure. Once the vortex breakdown occurs, there is no
more kinetic-to-potential energy conversion and the
hydraulic losses are increasing. The jump in total
pressure just upstream the diffuser cone is due to the
increase in overall mass flow rate m produced by the
control jet injection. By increasing the jet discharge
up to 9.4% of the inlet discharge, the vortex breakdown location moves downstream the cone and the
static pressure rises while the dynamic pressure decreases up to the vortex breakdown. Downstream
the vortex breakdown there is a small overall accel-

eration of the flow, with the corresponding increase
in dynamic pressure and decrease in static pressure,
respectively. Finally, when the jet discharge is increased up to 9.9%, there is no vortex breakdown
anymore, and there is a continuous kinetic-to-potential
energy conversion, with uniform hydraulic losses,
all the way downstream the throat. However, this
situation is not convenient in practice since the flow
deceleration and static pressure increase is continued
far downstream the diffuser cone. When looking at
the cone alone, we conclude that from the efficiency
point of view the best situation corresponds to a jet
discharge which moves the vortex breakdown location at the end of the conical diffuser. Obviously, the
hydraulic losses induced by the flow detachment from
the cone are significantly smaller than the losses due
to the vortex breakdown. Since the present analysis
employs a 2D axisymmetric flow model, we cannot
assess the level of the pressure fluctuations associated
with the 3D vortex breakdown, but nevertheless one
can see that the efficiency of the conical diffuser is
significantly improved when the control jet is present.
JET CONTROL WITH FLOW FEEDBACK

We have shown in the previous section that an
effective control of the swirling flow, with vortex
breakdown mitigation, can be achieved by injecting
a water jet along the axis at the diffuser cone inlet.
However, for the control jet to be efficient we need a
jet discharge that amounts up to 10% from the incoming swirling flow discharge. In order to apply this
flow control technique to hydraulic turbines, an appropriate jet supply method must be found. In our
previous work [11] we have considered the possibility of supplying the jet with a fraction of the turbine
discharge taken from upstream the spiral case. As a
result, the flowrate used for the jet bypasses the runner
blades and can be seen as volumetric loss for the overall
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Figure 14. Static, dynamic and total pressure average evolution in the swirling flow apparatus
without and with control jet.

Proceedings of the 2nd IAHR International Meeting of the Workgroup on Cavitation and Dynamic Problems in Hydraulic Machinery and Systems

turbine efficiency. This method is able to provide
a high velocity jet, but it is no longer acceptable when
the jet discharge reaches 10% of the turbine discharge.
Our present investigation have shown that instead
of using a low discharge and high velocity control
jet, it is more effective to use a lower velocity but
higher discharge jet. Actually, it has been found that
the jet velocity must be of the same order of magnitude
as the average axial velocity at the turbine throat. In
this case, the jet can be supplied from a low pressure
water source located downstream the runner, without
diminishing the runner discharge. Figure 15 shows
the technical solution where a fraction of the discharge
is collected at the end of the diffuser cone through
an annular slit near the cone wall, then directed toward the nozzle through a feedback pipe. This passive flow-feedback system takes advantage of the
larges pressure difference available in the system
between the diffuser cone inlet, at the axis, and diffuser
cone outlet, at the wall. Although the inlet and outlet
discharge are the same, the discharge is increased in
the conical diffuser, as shown in Figure 16 by recirculating a fraction of the flowrate. Since this is done
downstream the runner, the overall turbine efficiency
is not altered at all. Moreover, the turbine efficiency
actually increases thanks to the significant reduction
in hydraulic losses associated with the draft tube cone
at partial discharge.

Figure 16 shows that the jet discharge can reach
9.5% the inlet from discharge simply by using the
flow feedback system. The streamline pattern for the
swirling flow with jet control, Figure 17, shows an
effective vortex breakdown mitigation. Moreover,
the boundary layer suction effect due to the annular
slit at the end of the cone keeps the flow attached to
the cone, in contrast with the situation from Figure
12 where a 9.4% jet discharge produces a complete
flow detachment from the cone wall.
The static and total pressure map in the swirling
flow apparatus is shown in Figure 18. One can see the
monoton pressure rise in the diffuser, with the lowest
pressure level at the nozzle exit. The total pressure
map clearly shows the main flow, with large total
pressure, and the jet flow, with lower total pressure.
There is only a mild vortex breakdown. The mass
weighted average static, dynamic and total pressure
evolution in the swirling flow apparatus is shown in
Figure 19. Note that the solid red line shows an increase in total pressure because gravity is taken into
consideration. When substracting the gravity term,
dashed line, one can easily identify the hydraulic
losses in the flow passage. Since the flow detachment
from the wall is mitigated thanks to the boundary
layer suction, the overall losses are smaller than the
case examined in the previous section where the jet
was supplied from an auxiliary water source.

Figure 15. Computational domain for swirl apparatus with flow feedback jet control.
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Figure 16. Overall discharge evolution in the swirl apparatus with flow feedback jet control.
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Figure 17. Streamline pattern for the swirl apparatus with flow feedback jet control

Figure 18. Static pressure and total pressure for the swirl apparatus with flow feedback jet control.
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Figure 19. Mass-weighted averaged static/dynamic/total pressure on transversal cross-sections
of the swirling flow apparatus with flow-feedback jet control.
.

In designing the flow feedback system, one should
minimize the hydraulic losses along the feedback
piping. For example, by increasing the hydraulic
losses along the feedback pipe, the jet discharge
drops from 9.5% (Figure 17) to 7.3% (Figure 20),
with an increase in total pressure drop between the
annular slit and nozzle outlet from 4.9 kPa to 6.6 kPa.
In this case the diffuser flow becomes unstable, with
vortex rings formation and convection downstream.

The streamline pattern in Figure 20 clearly shows
the unsteady vortex breakdown. This self-induced
unsteadiness severely impacts the static pressure and
total pressure distribution in the swirling flow apparatus, as shown in Figure 21. In this case, the flow
feedback system cannot insure the necessary control
jet discharge, and an auxiliary energy source (pump)
may be needed to compensate the additional hydraulic losses in the feedback piping.
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Figure 20. Streamline pattern for the swirl apparatus with flow feedback jet control,
with additional pressure drop of 3 kPa along the feedback pipe.

Figure 21. Static pressure and total pressure for the swirl apparatus with flow feedback jet control,
with additional pressure drop of 3 kPa along the feedback pipe.
CONCLUSIONS

The paper presents the ongoing efforts at the
„Politehnica” University of Timisoara, Hydraulic
Machinery Department and National Center for Engineering of Systems with Complex Fluids for developing a new technology for swirling flow control in
Francis hydraulic turbines draft tube cone. A new
closed loop test hydraulic test rig is developed, with
a new swirling flow apparatus which allows experimental investigations on vortex rope and its mitigation with a water jet injected along the axis at the
diffuser cone inlet.
The new flow control technique for decelerated
swirling flows is analyzed numerically. It is found
that a jet injected axially at the conical diffuser inlet
effectively suppress the vortex breakdown. However,
if the jet velocity is too large the flow detaches from
the cone wall. Numerical experiments show that the
required control jet discharge may reach 10% of the
incoming discharge. As a result, in order to efficiently
apply the jet control technique to hydraulic turbines
a flow-feedback approach is proposed. The feedback

technique uses a fraction of the discharge taken through
an annular slit at the end of the diffuser cone, and
directs it to the jet nozzle. It is shown numerically
that this flow feedback can remove the vortex breakdown while maintaining the flow attached to the
cone wall through boundary layer suction, and significantly improves the pressure recovery in the
conical diffuser.
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