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ABSTRACT
The paper presents our numerical investigations
of the axial jet control technique for swirling flows
in a straight draft tube in order to mitigate the
precessing vortex rope and its associated pressure
fluctuations. The 3D unsteady and full turbulent
numerical simulations are performed in order to
compute the flow field without and with axial jet
control. Using the unsteady pressure recorded the
Fourier spectra are obtained. As a result, the vortex
rope frequency decreases while the jet discharge
increases. Moreover, 10% jet discharge is required
in order to operate without pressure fluctuations.
Keywords: axial water jet control, swirling flow,
3D numerical analysis, unsteady pressure
fluctuations, straight draft tube

1. INTRODUCTION
The
paper
presents
our
numerical
investigations of the axial jet control technique for
swirling flows in a straight draft tube in order to
mitigate the precessing vortex rope and its
associated pressure fluctuations. This novel
technique was introduced by Susan-Resiga et al. [1]
to control the draft tube flow instability.
Consequently, the main goal of this paper is to
investigate numerically the flow in a straight draft
tube, for a better understanding of the 3D swirling
flow physics as well as how the pressure fluctuations
associated to the precessing vortex rope are mitigated
when the axial water jet is switched-on.
The helical vortex breakdown, also known as
precessing vortex rope in the engineering literature,
benefits from a large body of literature aimed either
at elucidating the physics of the phenomenon, and
building mathematical models or at developing and
testing practical solutions to control the causes
and/or the effects. The decelerated swirling flow
often results in vortex breakdown above a certain
level of the swirl number [2]. This vortex

breakdown is now recognized as the main cause of
the severe pressure fluctuations experienced by
hydraulic turbines operating at part load. The
pressure fluctuations are caused by the
transformation of an axis-symmetrically swirling
flow into one or more precessing helical vortices as
the operating condition shifts towards part load. The
precessing motion of the helical vortex results in a
fluctuating pressure on any stationary point of the
draft tube cone. In addition, a limited quantity of air
or water vapor in the flow provides a degree of
elasticity, termed cavitation compliance, and this
elasticity can lead to a form of resonance in the
draft tube excited by the precessing inhomogeneous
pressure field associated with the spiral vortex core
[3]. Before introducing our novel method for
controlling the vortex rope development at part load
and mitigation of the draft tube instabilities, let us
review some relevant studies on helical vortex
breakdown and practical solutions currently used to
address the associated phenomena.
The self-induced unsteadiness of swirling flow
downstream Francis turbine runners at part load has
been associated with possible severe flow
separation on the blade’s suction side. However, the
swirling airflow experiments of Cassidy and Falvey
[4] aimed at establishing guidelines for the surge
characteristics of hydraulic turbines showed that the
spiral vortex breakdown is responsible for the flow
unsteadiness. They showed that above a critical
swirl number, both the Strouhal number and the
pressure amplitude were linearly dependent on the
swirl number. A similar radial guide vane apparatus
has been used by Nishi et al. [5] to investigate the
water swirling flow in a 9.5o conical diffuser. The
periodic flow field has been measured with a fivehole probe system. They showed that the
dimensionless peak-to-peak pressure fluctuation
and the corresponding dimensionless fundamental
frequency are constant at high cavitation parameter
values, but decrease monotonically as vortex

cavitation develops. In addition, Nishi et al. [5]
suggest that the circumferentially averaged velocity
profiles in the cone could be represented
satisfactorily by a model comprising a dead (quasistagnant) water region surrounded by the swirling
main flow. This model is also supported by the
measured averaged pressure, which remains
practically constant within the quasi-stagnation
region [6]. This result is also supported by the PIV
investigation of the velocity field in the straight
draft tube [7]. All these considerations led to the
conclusion that the spiral vortex core observed in
the draft tube of a Francis turbine at part load is a
rolled-up vortex sheet which originates between the
central stalled region and the swirling main flow
instability [8].
The main goal of this paper is to investigate
the axial jet control technique for decelerated
swirling flow with precessing vortex rope
introduced by Susan-Resiga et al. [1]. First, the 3D
computational domain and numerical setup
corresponding to experimental test rig is depicted.
Second, the visualization of the precessing vortex
rope and unsteady pressure results on the wall of
straight draft tube without jet control are presented.
Next, the numerical investigations for different
values of axial jet discharge are analyzed. Using the
unsteady pressure results the Fourier spectra are
obtained. Final considerations about axial jet
control method and further perspectives are outlined
in last section.

2. 3D COMPUTATIONAL DOMAIN AND
BOUNDARY CONDITIONS
The 3D computational domain corresponds to
the convergent-divergent test section from the test
rig, [9]. The swirling flow apparatus include a swirl
generator and a convergent-divergent test section.
The central body ensemble called swirl generator
includes: leaned struts, guide vanes, free runner and
nozzle. A meridian cross section of the swirling
flow apparatus is shown in Figure 1. The design of
the tandem cascades is presented in [10]. The first
row blades, called guide vanes, produce a flow with
practically constant total pressure. Consequently,
constant axial velocity and free vortex tangential
velocity is obtained. The second row blades, called
free runner, 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 hub,
and like a pump near the shroud, with a vanishing
total torque. As a result, the runner on our swirl
generator spins freely on the hub. This particular
setup is aimed at producing at the throat section a
swirling flow similar to the one encountered in
Francis turbines operated at partial discharge, [11].
The throat diameter is 100 mm, with a
nominal discharge of 30 l/s. The conical diffuser
has a 8.5 half-angle and 200 mm in length. The

design of the convergent-divergent test section is
presented in Bosioc et al. [12], and it has been
manufactured from plexiglass in order to allow flow
visualization. In our numerical investigations the
convergent-divergent section is considered, Figure
2. The inlet boundary of the 3D computational
domain is the annular section downstream to the
free runner while the outlet section belongs to the
cylindrical extension of the divergent part.

Figure 1. Meridian cross section of the swirling
flow apparatus.

Figure 2. Convergent-divergent test section (left)
and 3D computational domain (right).
Figure 3 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 3D turbulent velocity profile is used like inflow
condition in our numerical computations. The radial
equilibrium condition is selected on the outlet section
based on our previous numerical investigations
validated with experimental data, [13, 14].

The 3D full unsteady turbulent flow is
computed using the commercial expert code
FLUENT 6.3, running in parallel. A structured grid
with two millions cells is used [15]. According to
the FLUENT commercial code developers [16], for
flows with weak to moderate swirl, both the RNG
k-ε model and the realizable k-ε model yield
appreciable improvements over the standard k-ε
model.
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Figure 4. The vortex rope without axial jet
control.
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Figure 3. Axial and circumferential velocity
profiles imposed on the inlet section of the 3D
computational domain.
Consequently, the realizable k-ε model is
selected together with enhanced wall treatment and
pressure gradient effects. In our simulation the time
step 10-4 second was used.

3. PRESSURE FIELD ANALYSIS
WITHOUT WATER JET CONTROL
The unsteady hydrodynamic field displays the
well known precessing vortex rope. The vortex rope
is visualized using iso-surface with constant static
pressure in Figure 4. This three-dimensional
precessing helical vortex induces an unsteady
pressure field. Four unsteady pressure monitors
(MG0, MG1, MG2 and MG3) are located along to
the element of a cone in the same sections like the
pressure taps on the experimental setup, see Fig. 2.
The sections are located at: 0, 50, 100 and 150 mm
relative to the throat.
The recorded pressure fluctuations at MG0 MG3 stations are examined using the Fourier
analysis. Let f be a real periodic valued function
of time of period T. Suppose we sample f at N
equally spaced time intervals of length  seconds
starting at time t0 . That is we have si  f t 0  i  ,
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Obviously, A0 is the average value of the
samples, while the An and Bn coefficients are the
cosine and sine modes amplitudes, respectively, for
the angular frequency n .
The FFTRF subroutine from International Math
and Statistics Libraries (IMSL) [17] is used to
compute the discrete Fourier transform and the
reconstruction signal. The unsteady pressure
recorded in all monitors (MG0 – MG3) without
axial jet control and reconstruction signals are
plotted in Figures 5 to 8. Also, the relevant modes
used to reconstruct the signal are presented in the
tables associated to each plot, Tables 1 to 4.
One can observe the pressure fluctuation in
throat (MG0 monitor) is reconstructed using only
two harmonics, see Fig. 5. Moreover, the
fluctuation seems to be quasi-sinusoidal since the
2nd harmonic is negligible (the 2nd harmonic
amplitude is one order less than the 1st harmonic
amplitude, see Table 1). Consequently, we can state
the vortex rope is compact.
At MG1 the pressure fluctuation is rebuilt with
four harmonics, Fig. 6. The amplitude of 1st
harmonic in MG1 is twice larger than the same
amplitude in MG0. However, the 2nd harmonic is

more significantly than the value from MG0. In this
case, the 2nd harmonic amplitude is four times less
than the 1st harmonic amplitude while the 3rd and 4th
harmonics are negligible, Table 2. As a result, the
vortex rope is well developed.

Figure 7. Unsteady pressure recorded at MG2
without axial jet control and Fourier
reconstruction signal.

Figure 5. Unsteady pressure recorded at MG0
without axial jet control and Fourier
reconstruction signal.
Table 1. Fourier modes at MG0.
MG0

f
[Hz]

A
[Pa]

A
coeff.

B
coeff.

0th harmonic
1st harmonic
2nd harmonic

0
15.43
30.86

4077.27
1083.29
61.88

-4077.27
574.0
61.76

-918.71
3.78

Figure 6. Unsteady pressure recorded at MG1
without axial jet control and Fourier
reconstruction signal.
Table 2. Fourier modes at MG1.
MG1

f
[Hz]

A
[Pa]

A
coeff.

B
coeff.

0 harmonic
1st harmonic
2nd harmonic
3rd harmonic
4th harmonic

0
15.5
31.0
46.5
62.0

462.97
1885.79
473.61
135.12
35.12

462.97
-1477.04
-452.67
-133.13
-33.90

-1172.42
-139.27
-23.10
-9.17

th

Table 3. Fourier modes at MG2.
f
A
A
MG2
[Hz]
[Pa]
coeff.
0th harmonic
1st harmonic
2nd harmonic
3rd harmonic
4th harmonic
5th harmonic
6th harmonic
7th harmonic

0
15.44
30.88
46.32
61.76
77.20
92.64
108.08

85.90
1812.45
343.32
421.16
324.87
205.29
115.90
57.05

85.90
-428.05
302.17
-339.26
-299.08
-67.87
43.79
47.98

B
coeff.
1761.18
-162.97
-249.56
126.86
193.74
107.30
30.86

Figure 8. Unsteady pressure recorded at MG3
without axial jet control and Fourier
reconstruction signal.
Table 4. Fourier modes at MG3.
f
A
A
MG3
[Hz]
[Pa]
coeff.
0th harmonic
1st harmonic
2nd harmonic
3rd harmonic
4th harmonic
5th harmonic
6th harmonic
7th harmonic
8th harmonic

0
15.5
31.0
46.5
62.0
77.5
93.0
108.5
124.0

895.58
695.78
419.67
593.24
365.29
133.92
12.88
61.80
64.95

895.58
695.26
384.49
-177.15
-196.56
132.27
-5.16
21.16
-59.22

B
coeff.
-26.99
168.21
-566.18
307.91
-21.02
11.80
-58.07
26.67

Pressure fluctuation in the middle section of the
cone (MG2 monitor) is reconstructed with seven
harmonics, see Fig. 7. In this section, the 1st
harmonic amplitude at MG2 has the same value
with 1st harmonic at MG1. Nevertheless, next four
harmonics (from second to five) are significantly
larger, Table 3.
In the last part of the cone (MG3 monitor) the
pressure fluctuation is rebuilt with eight harmonics,
Fig. 8. The amplitudes of the first four harmonics
have practically the same order of magnitude.
However, these values are four times less than the
1st harmonic at MG2, Table 4. Actually, one can
assess that the vortex rope gets closer to the wall
triggering higher order harmonics as we advance
downstream into the cone. Moreover, in this region
the vortex rope tail is assumed, Fig. 9.

Table 5. Axial jet velocities investigated and
associated discharges
Vjet [m/s] Vjet/V[%] Qjet [l/s]
Qjet/Q[%]
1.0
0.262
0.707
2.356
2.0
0.524
1.414
4.712
3.0
0.785
2.121
7.068
4.0
1.047
2.827
9.425
4.5
1.178
3.181
10.603
5.0
1.309
3.534
11.781
Figure 10 presents the pressure field in a
meridian cross section of 3D computational domain
at one time step with velocity control jet Vjet=1 m/s.

Figure 10. Static pressure field in a meridian
cross section and vortex rope at one time step
with jet control velocity Vjet=1 m/s (Q jet/Q=2.4%)
Figure 9. Static pressure field in a meridian cross
section and vortex rope at one time step without
water axial jet control.
As a general observation, the vortex rope frequency
also called fundamental frequency is 15.5 Hz while
the Strouhal number is 0.406. The Strouhal number
is computed according to the Eq. (2)
f l
f D
St 
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where D=100 mm is the throat diameter, Q=30 l/s
nominal discharge and frequency f=15.5 Hz.

4. PRESSURE FIELD ANALYSIS WITH
AXIAL WATER JET CONTROL
In order to investigate the axial jet control
technique for decelerated swirling flows with
precessing vortex rope introduced by Susan-Resiga
et al. [1] six discharge values of axial water jet
control are considered, see Table 5.

Figure 11. Fourier modes amplitude at MG0 for
increasing control jet velocity.
One can observe an axial extension in the first part
of the vortex rope (called the vortex rope body).
Consequently, the maximum amplitude of
fundamental harmonic A=1.2 kPa is obtained at
MG0. After that, the fundamental harmonic is

mitigated while the water jet is increased.
Additionally, the higher harmonics are reduced step
by step if the water jet discharge is gradually
increased. The pressure fluctuations die out if the jet
velocity is larger than 4 m/s. A general view about
axial water jet control in throat section (MG0) using
Fourier spectra for all axial jets investigated is
shown in Figure 11. Moreover, the vortex rope
frequency is reduces from 15.5 Hz to 8.3 Hz when
the jet velocity increases.
The maximum pressure fluctuation amplitude
A=1.8 kPa is obtained without axial water jet
control at MG1 displaced at 50 mm relative to the
throat, see Figure 12. The maxima amplitude of the
fundamental harmonic is decreased in the same time
with increasing the discharge of the axial water jet
control.

discharge control jet Q jet =1.414 l/sec (associated
with velocity of jet control Vjet=2 m/s) is presented
in Figure 13. The water injected through the nozzle
produces an axial extension of the vortex rope.
Consequently, the maximum amplitude A=2 kPa of
the fundamental harmonic is moved down in the
middle of the cone (at MG2), see Figure 14.
Increasing the discharge jet over 1.414 l/s
(associated to Vjet=2 m/s) the maximum amplitude
of the fundamental harmonics is mitigated, see Fig.
14. Also, all the pressure fluctuations are eliminated
when the jet velocity is larger than 4 m/s.

Figure 14. Fourier modes amplitude at MG2 for
increasing control jet velocity.

Figure 12. Fourier modes amplitude at MG1 for
increasing control jet velocity.

Figure 15. Static pressure field in a meridian
cross section and vortex rope at one time step
with jet control velocity Vjet=3 m/s (Q jet/Q=7%)
Figure 13. Static pressure field in a meridian
cross section and vortex rope at one time step
with jet control velocity Vjet=2 m/s (Q jet/Q=4.7%)
The pressure field in a meridian cross section of
3D computational domain at one time step with

In Figure 15 the static pressure distribution on
the cross section of the domain with jet control
velocity Vjet=3 m/s is plotted. The body of the
vortex rope becomes almost straight whilst the
precession motion is generated by the tail. As a
result, the maximum amplitude A=1.6 kPa of
fundamental harmonic is obtained at MG3, Figure

16. The vortex rope frequency moves down from
15.5 Hz without axial control jet, to 11.6 Hz at
velocity jet control Vjet=3 m/s. After that, the
amplitude of fundamental harmonic goes down
while the velocity jet control goes up to Vjet=4 m/s.
In this case, one can observe the body of the vortex
rope is still eccentric generating the pressure
fluctuations, Figure 17. The vortex rope frequency
is 9.5 Hz at the velocity jet control Vjet=4 m/s (9.5%
of discharge jet from operating point discharge).

Figure 18. Static pressure field in a meridian
cross section and vortex rope at one time step
with jet control velocity Vjet=4.5 m/s
(Q jet/Q=10.6%)
Figure 16. Fourier modes amplitude at MG3 for
increasing control jet velocity.

Figure 17. Static pressure field in a meridian
cross section and vortex rope at one time step
with jet control velocity Vjet=4 m/s (Q jet/Q=9.4%)
However, the pressure fluctuations are
eliminated only if the velocity jet control exceeds
Vjet=4 m/s. The static pressure field in a meridian
cross section with velocity control jet Vjet=4.5 m/s is
plotted in Figure 18. The field reveals the jet control
is strong enough to produce an axi-symmetric stable
swirling flow. Since flow field is axi-symmetric the
pressure fluctuations are practically eliminated even
if the frequency is 8.3 Hz.

5. CONCLUSIONS
An axial water jet flow control technique for
decelerated swirling flows with non-cavitating
precessing vortex rope is investigated numerically.
The 3D computational domain corresponds to the
convergent-divergent section from the test rig. The
swirling flow in a convergent-divergent, using a 3D
unsteady and full turbulent flow is investigated. The
inlet boundary conditions correspond to numerical
data for velocity and turbulent quantities
downstream a free runner from our test rig.
The unsteady pressure is recorded in four
positions along to the element of the cone on the
wall of the test section. The Fourier spectra of the
unsteady pressure are obtained without and with
axial jet control. Fourier spectra analysis present the
maximum amplitude of the fundamental harmonic
is moved down along to the cone while the
discharge jet is increased. The vortex rope frequency
moves down from 15.5 Hz without axial jet control
to 8.3 Hz with axial jet control discharge larger than
3 l/s (associated to velocity jet Vjet=4 m/s).
However, all pressure fluctuations are
eliminated only if the jet discharge is larger than 3.0
l/s (corresponds to 10% from operating point
discharge). That means the control jet is strong
enough in order to generate an axi-symmetric form.
The pressure fluctuations are mitigated even if the
frequency is non zero. As a result, a 10% jet
discharge is required in order to operate without
pressure fluctuations. This conclusion is supported
by the experimental investigations, Muntean et al.
[18]. Although 10% jet discharge seems to be too
large for real turbine, with respect to pumping
energy, one should note that the jet does not need a

separate water supply. The novel flow-feedback
technique developed by Susan-Resiga el al. [9] uses
a fraction of the main discharge, collected near the
wall, at the cone outlet, to supply the jet. It is shown
theoretically that the pressure excess at the cone
wall with respect to nozzle outlet can drive the
control jet with the discharge large enough to
mitigate the central stagnation region.
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