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ABSTRACT
The decelerated swirling flow in the draft tube cone of Francis turbines is a complex hydrodynamic phenomenon,
particularly when the turbine is operated at partial discharge. In this case, the self-induced instability of an incoming
steady axisymmetric swirling flow evolves into a three-dimensional unsteady flow field, with precessing helical vortex
(also called vortex rope) and associated severe pressure fluctuations. The paper presents the development of a swirling
flow apparatus designed to generate the same flow conditions as in a Francis turbine at partial discharge, with
corresponding helical vortex breakdown in a conical diffuser. This experimental setup allows the investigation of a novel
flow control method aimed at mitigating the precessing vortex rope by injecting a water jet along the cone axis. Earlier
investigations considered a high speed jet, with relatively small discharge, for stabilizing the flow. However, further
parametric studies revealed that a jet with a discharge of up to 10% the turbine discharge and velocity close to the
average value at the turbine throat is more effective for mitigating the quasi-stagnant central region associated with the
vortex rope. It is shown in this paper that such a control jet can be produced by using a flow feedback method, where a
fraction of the discharge is collected from downstream the cone wall and injected upstream along the axis without any
additional energy input.
Keywords: Francis turbine, vortex rope, swirling flow control, axial control jet, flow feedback.
Superscripts
(1) – survey section downstream guide vanes
(2) – survey section downstream free runner

NOMENCLATURE
p - static pressure
p0 - total pressure
Q - volumetric flow rate
r - radial coordinate
Vz , Vθ - axial and circumferential velocity components
z - axial coordinate
Greek symbols
α - absolute flow angle
β - relative flow angle
ρ - density
ψ - Stoke’s streamfunction
ω - runner angular velocity

INTRODUCTION
Modern Francis turbines tend to be operated over an
extended range of regimes quite far from the best
efficiency point because of the variable demand on the
energy market which require a great flexibility in
operating hydraulic turbines. Therefore, such turbines
with fixed pitch runner 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 runner. When
decelerating this swirling flow in the draft tube cone the
flow becomes unstable, leading to a helical vortex
1

breakdown, also called precessing vortex rope in the
engineering literature. This hydrodynamic phenomenon
leads to severe pressure fluctuations that hinder the
turbine operation.
It was only recently shown by Zhang et al. (2005)
that the vortex rope is formed as a result of the absolute
instability of the swirling flow in the turbine’s draft tube
cone. By performing a stability study on the swirling
flow downstream a Francis runner, Susan-Resiga et al.
(2006 a) found that the flow becomes unstable as the
turbine discharge decreases, and the eigenmodes develop
mostly near the symmetry axis. This prompted the idea
of injecting a water jet, from the runner crown
downstream along the machine axis in order the remove
the main cause of the flow instability associated with the
severe flow deceleration in the axis. The water jet
injection has been proved successful in mitigating the
vortex rope and the corresponding pressure fluctuation,
Susan-Resiga et al. (2006 b), Zhang et al. (2007). As a
practical implementation, Susan-Resiga et al. (2006 b)
proposed that the jet be supplied with a fraction of the
turbine discharge taken from upstream the spiral case.
This approach has the benefit of producing a high speed
water jet, corresponding to the turbine head, but the jet
discharge bypasses the runner and therefore introduces
additional volumetric losses. Further parametric studies
revealed that a more effective swirling flow control
should use a jet with lower velocity and larger discharge,
around 10% from the overall turbine discharge.
Obviously it is not acceptable to bypass the runner with
such a large fraction of the turbine discharge. However,
Susan-Resiga et al. (2007) have identified a flow
feedback approach for the draft tube cone which allows
the control jet to be supplied without any additional
losses in the turbine. Moreover, as shown in this paper as
well, the hydraulic losses in the draft tube cone are
significantly reduced while increasing the pressure
recovery.
In this paper, we first present the development of a
swirling flow apparatus designed to reproduce the flow
conditions encountered in Francis turbine’s draft tube
cone when operated at partial discharge, as well as to test
various flow control approaches using water jet
injection. The overall test rig and a previous version of
the apparatus are detailed in Susan-Resiga et al. (2007).
Here we present a different setup, with swirling flow
generated by guide vanes followed by a free runner. The
resulting swirling flow further downstream in the conical
diffuser is compared against measurements on a Francis
turbine model operated at partial discharge. Finally, we
present our flow feedback method and show numerically
that it can remove the quasi-stagnant region associated
with the vortex rope without any additional energy input
in the system.

for Engineering of Systems with Complex Fluids is
shown in Fig. 1.

Fig.1 Three-dimensional cross-section of the swirling
flow apparatus, with swirl generator and test section.
The swirl generator ensemble has an upstream ogive
with four forward leaned strouts, followed by a set of
guide vanes and a free runner, and ending with a nozzle.
The control water jet issued from the nozzle is supplied
through the hollow strouts. The test section has a
convergent-divergent shape, and three optical windows
have been installed for Laser Doppler Velocimetry
investigations of the velocity profiles. This particular
setup is aimed at producing a swirling flow at the throat
section similar to the one encountered in Francis turbines
operated at partial discharge.

Fig.2 Cross-section of the swirling flow apparatus, and
the four survey sections: S1- downstream guide vanes,
S2 – downstream free runner, S3 – circular section, S4 –
upstream conical diffuser.
A cross section of the swirling flow apparatus is
shown in Fig. 2, with the main dimensions. The throat
diameter is 100 mm, with a nominal discharge of 30
liter/sec. The conical diffuser has a 8.5D half-angle and
200 mm in length. The design of the convergentdivergent test section is presented in Bosioc et al. (2008),
and it has been manufactured from plexiglass in order to

SWIRLING FLOW APPARATUS
The swirling flow apparatus developed at the
Politehnica University of Timisoara – National Center
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allow flow visualization. The closed loop test rig allows
the overall pressure setup such that we can visualize the
cavitating vortex rope.
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The system of equations (11a) and (11b) is solved
numerically using the NEQNF subroutine (solve a
system of nonlinear equations using a modified Powell
algorithm and a finite-difference approximation of the
Jacobian) from the IMSL library to obtain the Vz(2)
hub
and ω

values, with Vz(2) obtained by integrating

Eq.(10) with specified α (1) ( r ) and β (2) ( r ) , while
Vθ(2) is given by (9).
We have assumed a linear variation from hub to
shroud for both relative and absolute flow angles, and
have performed a parametric study by varying the flow
angle values at hub and shroud, respectively. The final
values chosen for further guide blade design are
(1)
(1)
α hub
= 45D and α tip
= 60D , while for the runner blade
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After introducing the relative flow angle,
V (2)
Vθ(2) = ω r − z (2) ,
(9)
tan β
and using the radial equilibrium condition (2), we obtain
the differential equation for the axial velocity profile
downstream the free runner,
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There are two parameters to be found, namely the axial
velocity at the hub and the runner angular speed, using
the overall discharge condition and the conservation of
the angular momentum flux,
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where the Stoke’s streamfunction is defined as
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Within the quasi-three-dimensional approximation the
relative total pressure remains constant on a streamtube,
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2
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together with the radial equilibrium equation,
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=
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By introducing the absolute flow angle as design
parameter,
Vz(1) ( r )
= tan α (1) ( r ) ,
(3)
Vθ(1) ( r )
we obtain a differential equation for the axial velocity
profile,
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This equation can be integrated analytically for simple
α (1) ( r ) variation, and the integration constant (axial
velocity at the hub) is found from the overall discharge
condition,
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SWIRLING FLOW DESIGN AND ANALYSIS
The first version of the swirl generator, Susan-Resiga
et al. (2007) used only fixed guide vanes. However, this
setup produces a flow with practically constant total
pressure, which is not the case downstream the Francis
runners when operated at partial discharge. The analysis
of the swirling flow computed by Stein et al. (2006) and
measured by Ciocan et al. (2007), for the Francis turbine
investigated in the FLINDT project, Avellan (2000),
shows that there is a total pressure excess near the band
at runner outlet and a corresponding deficit near the
crown. As a result, we found that at the inlet of the
convergent part of our test section both axial and
circumferential velocity profiles must increase
monotonically from hub to shroud. This swirling flow
configuration cannot be achieved by a single stationary
row of blades, thus we have developed the configuration
shown in Figures 1 and 2.
In order to compute the velocity profiles for the swirl
downstream guide vanes, we assume an inviscid flow
and use the constant total pressure condition,
p0(1)

ρW 2

(5)

Rhub

The free runner downstream the guide vanes has the
main purpose of re-distributing the total pressure by
inducing an excess near the shroud and a corresponding
deficit near the hub. The runner blade acts like a turbine
near the shroud and like a pump near the hub, with a
vanishing total torque. As a result, the runner of our
swirl generator spins freely on the hub.
In order to compute the flow downstream the runner
we use the Bernoulli equation in relative flow,

(2)
(2)
= 25D and β tip
= 55D . The actual
we have chosen β hub

blade design details are presented in Susan-Resiga et al.
(2008 b).
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Fig. 3 shows the axial and circumferential velocity
profiles designed for the swirling flow downstream the
guide vanes (dashed lines) and the corresponding
velocity profiles obtained after a turbulent 3D flow
analysis of the guide vanes. One can see that the swirl
has a free-vortex configuration, with quasi-constant axial
velocity.
The design of the runner blades is more difficult
because of the turbine behaviour near the hub and pump
near the shroud. Fig. 4 shows the inviscid design of the
swirl (dashed lines) and the actual velocity profiles from
the turbulent 3D analysis of the runner blades. Although
the axial velocity closely follows the intended profile,
the circumferential velocity cannot reach the intended
value near the shroud. However, this swirling flow is
further used to assess the flow field in the test section,
using a 2D axisymmetric turbulent swirling flow model
developed and validated in Susan-Resiga et al. (2008 b).
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Once the flow is computed within the domain shown in
Fig. 5, we examine the velocity profiles in two survey
sections, S3 and S4, shown in Fig. 2.
The survey section S3 corresponds to the similar one
downstream the runner blades of the FLINDT turbine,
and the numerical results for the meridian and
circumferential velocity components, calculated by Stein
at al. (2006), are showed with dashed lines in Fig. 6. The
solid lines are the velocity profiles obtained with the
upstream swirl from Fig. 5. It is clear that the swirl in
our apparatus has similar characteristics to the one in a
Francis model turbine operated at part load.
The survey section S4 is located immediately
downstream the throat section, where LDV
measurements for the axial and circumferential velocity
profiles have been performed by Ciocan et al. (2007).
The velocity profiles computed for our swirl generator
are in close agreement with the measured one, insuring
that the flow further downstream into the conical diffuser
will have the same characteristics as the one in the
Francis turbine model.
The data in Figures 6 and 7 are made dimensionless,
with respect to the throat radius and throat average
discharge velocity, in order to allow the comparison of
the flow field in our swirl generator with the Francis
turbine model. Further details on the flow field are
discussed in the next section.
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Fig.5 Computational domain in a meridian half-plane for
the swirl apparatus test section.

0.075

Fig.3 Axial and circumferential velocity profiles at
survey section S1 downstream the guide vanes.
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Fig.4 Axial and circumferential velocity profiles at
survey section S2 downstream the free runner.
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VORTEX BREAKDOWN MITIGATION
As shown in Fig. 7, downstream into the conical
diffuser the swirling flow develops a central quasistagnant region. The vortex rope is exactly wrapped
around this region, as shown in Susan-Resiga et al.
(2008 a). One can see the extent of this quasi-stagnant
region in the streamline pattern shown in Fig. 9, upper
half plane. In order to mitigate the vortex rope, this
region must be significantly reduced in size or
eliminated. One possibility is to energize the stagnant
region near the axis by injecting a water jet along the
axis, from a location upstream the throat (e.g. Francis
runner crown). However, it was found that for large
stagnant regions the jet must have a large discharge and
a velocity comparable to the discharge velocity at the
throat section. As a result, the question on how to supply
such a control jet without reducing the overall turbine
efficiency must be addressed separately.
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By examining the swirling flow in the draft tube cone of
Francis turbines operated at partial discharge, one can
see that there is a significant excess of both static and
total pressure near the cone wall, with respect to the
central region near the axis. This observation led SusanResiga et al. (2007) to introduce a flow feedback, as
shown in Fig.8, where a fraction of the discharge is
collected near the wall at the downstream end of the
cone, and re-directed toward the nozzle that issues the
control jet. Note that this approach does not require any
additional water supply, and removes the drawback of
bypassing a fraction of the turbine discharge from
upstream the runner. However, it is not obvious if the jet
produced through flow feedback is strong enough to
remove the central stagnant region.
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Fig.8 Computational domain in a meridian half-plane for
the swirl apparatus test section with flow feedback
control system.
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Fig.6 Axial and circumferential velocity profiles at
survey section S3.
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Fig.9 Streamlines for the axisymmetric swirling flow
without flow control (upper half-plane) and with flow
feedback control (lower half-plane).

Fig.7 Axial and circumferential velocity profiles at
survey section S4 in the conical diffuser.
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length equal to the throat diameter. As a result, such flow
control approaches allow the use of more compact
turbine discharge cones.
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Fig.10 Total pressure for the axisymmetric swirling flow
without flow control (upper half-plane) and with flow
feedback control (lower half-plane).

Figures 9 and 10 show a comparison between the
swirling flow in the conical diffuser without and with jet
control. It is clear that the flow feedback mechanism
generates a control jet which successfully eliminates the
stagnant region, thus stabilizing the swirling flow. The
total pressure distribution shown in Fig. 10 emphasizes
the excess of total pressure near the cone wall with
respect to the central region (upper half-plane), and
shows the increase in total pressure near the axis when
the flow feedback is implemented.
From an engineering point of view, the diffuser must
convert the dynamic pressure into static pressure with
minimum loss of total pressure. In practice, one
measures the wall static pressure and uses it to evaluate
the wall pressure recovery coefficient. However, a more
rigorous hydrodynamic analysis should employ the flow
weighted averaged pressure,
Rwall

p( z) =

∫

.

Rwall
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Fig.11 Static, dynamic and total pressure evolution in the
conical diffuser. Solid lines without flow control, dashed
lines with flow feedback.
Table 1 Total pressure loss and static pressure recovery
Δp =
Δptot =
throat
ptot
− ptot ( z )

z=
No flow
control
With
flow
feedback

p( z, r ) Vz ( z, r ) 2π r dr

0

1.0

p( z ) − p throat

2 Rthroat

4 Rthroat

2 Rthroat

4 Rthroat

1194 Pa

2802 Pa

3305 Pa

5811 Pa

360 Pa
(-70%)

1038 Pa
(-63%)

7278 Pa
(+ 120%)

8286 Pa
(+43%)

Table 1 presents quantitatively the benefits of
employing the above flow control approach. One can see
that for the first half of the conical diffuser the losses are
reduced by 70% while increasing the pressure recovery
by 120%. For the whole diffuser length we still have a
63% reduction in the overall hydraulic loss, while
increasing the pressure recovery by 43%. One can
conclude that using the jet flow control approach allows
the use of shorter, more compact, conical diffusers in
hydraulic turbines while retaining good performances
over an extended operating range.
The jet discharge for the flow feedback is 3.26
liter/sec., representing 10.86 % from the inlet discharge.
This value of the jet discharge is self-adjusting with the
operating regime. When approaching the best efficiency
operating point, the swirl intensity decreases, and the
difference in pressure between the cone wall and the axis
decreases, thus reducing the jet discharge.

(12)

∫ V ( z, r ) 2π r dr
z

0

Obviously, the same definition holds for the dynamic and
total pressure, respectively. The averaged pressure values
shown in Fig. 11 are made dimensionless with respect to
the specific kinetic energy corresponding to the throat
discharge velocity (without jet control) and the axial
coordinate is made dimensionless with respect to the
throat radius.
Fig 11 shows with solid lines the distribution along
the conical diffuser of the flow weighted averaged static,
dynamic and total pressure when no flow control is
employed. The average static pressure increases almost
at a constant rate over the whole diffuser length, with a
corresponding decrease in dynamic pressure. The total
pressure monotonically decreases corresponding to the
viscous losses. On the other hand, as shown with dashed
lines in Fig. 11, the static pressure recovery is
significantly improved while reducing the loss of total
pressure when the jet control with flow feedback is
employed. Moreover, with flow control the conversion
of dynamic pressure into static pressure takes place
practically on the upstream half of the diffuser, over a

CONCLUSIONS
We present in this paper the design and analysis of a
swirling flow generator that produces a swirling flow
with helical vortex breakdown in a conical diffuser, quite
similar to the flow encountered in Francis turbines draft
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German-Romanian Workshop on Turbomachinery
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tube cone when operating at partial discharge. A novel
solution is proposed and analyzed for supplying the
control jet that stabilizes the swirling flow, thus
mitigating the vortex rope and its associated pressure
fluctuations.
The flow feedback approach we propose takes a
fraction of the discharge near the cone wall and redirects it toward the jet nozzle. It is shown that the jet
discharge adjusts itself to more than 10% of the overall
swirling flow discharge, thus successfully removing the
central stagnant region. As a result, the overall
performances of the conical diffuser with swirl are
significantly improved by reducing the hydraulic losses
while increasing the pressure recovery. Moreover, the
present flow control approach allows the use of shorter,
more compact, conical diffusers in hydraulic turbines
with improved hydraulic performances over an extended
operating range.
The axisymmetric turbulent flow analysis used in this
paper does not allow the evaluation of pressure
fluctuations associated with the vortex rope. However,
the mitigation of the central stagnant region associated
with the precessing vortex rope allows us to infer the
significant reduction or elimination of the pressure
fluctuations.
ACKNOWLEDGMENTS
The present research was supported by the
Romanian National Authority for Scientific Research
through the CEEX-C2-M1-1185 “iSMART-Flow” and
by the Swiss National Science Foundation through the
SCOPES Joint Research Project IB7320-110942/1. The
authors take this opportunity to thank the partners in the
FLINDT Project Eureka No. 1625, Alstom Hydro,
Electricité de France, GE Hydro, VA Tech Hydro,
Voith-Siemens Hydro, PSEL (Funds for Projects and
Studies of the Swiss Electric Utilities), and the CTI
(Commission for Technology and Innovation) for the
experimental data used in the present paper.
REFERENCES
Avellan, F., 2000, “Flow Investigation in a Francis
Draft Tube: the FLINDT Project”, Proc. 20th IAHR
Symposium on Hydraulic Machinery and Systems,
Charlotte, U.S.A., Paper DES-11.
Bosioc, A., Susan-Resiga, R., and Muntean, S., 2008,
“Design and Manufacturing of a Convergent-Divergent
Section for Swirling Flow Apparatus”, Proc. 4th GermanRomanian
Workshop
on
Turbomachinery
Hydrodynamics, GROWTH-4, Stuttgart, Germany.
Ciocan, G. D., Iliescu, M.S., Vu, T. C., Nennemann, B.,
and Avellan, F., 2007,“Experimental Study and
Numerical Simulation of the FLINDT Draft Tube
Rotating Vortex”, Journal of Fluids Engineering, Vol.
129, pp. 146-158.
Stein, P., Sick, M., Doerfler, P., White, P., and Braune,
A., 2006, “Numerical Simulation of the Cavitating Draft
Tube Vortex in a Francis Turbine”, Proc. 23rd IAHR
Symposium on Hydraulic Machinery and Systems,

7

8

