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Abstract. The paper presents our numerical results and experimental measurements for
swirling flow with precessing vortex rope into a conical diffuser with water jet control. A test
rig was designed and developed at Politehnica University of Timisoara in order to investigate
different flow control techniques. Consequently, a vortex rope like in Francis turbine cone at
70% partial discharge is generated into the test rig section. The jet control method is
experimentally investigated in order to mitigate the vortex rope and its associated pressure
fluctuations. The unsteady pressure is recorded in 8 transducers flush mounted on the wall of
the test section at different values of the jet discharge. The amplitude and frequency of the
vortex rope is obtained based on unsteady pressure measurements using Fourier analysis. The
3D computational domain corresponds to the test rig section. The three-dimensional full
unsteady turbulent computation is performed with jet control for different values of discharge.
In numerical simulation, the unsteady pressures are obtained on the cone wall at the same
positions as those in experimental investigation. Consequently, the amplitude and frequency of
the vortex rope are computed and validated with experimental data. As a result, the amplitude
and frequency are diminished if the water jet discharge is increased.

1. Introduction
The swirling flow emerging from a Francis turbine runner has a major influence of the flow downstream in the
cone and it produces flow instabilities leading to pressure fluctuations and ultimately to the draft tube surge [10]. The
swirling flow in the draft tube developes a precessing vortex rope (also known as vortex rope) when the Francis
turbines operate at part load. Consequently, the vortex rope generates pressure fluctuations, hydraulic losses and
power oscillations. An experimental investigation of unsteady pressure measurements for a large hydraulic turbine at
part load have been investigated in site by Wang et al.[13]. The measurements at part load operation reveal a low
frequency around 1/3 of runner rotation frequency corresponding to the vortex rope. Extensive unsteady wall
pressure measurements in the elbow draft tube of hydraulic Francis turbine model at partial discharge is performed
by Arpe et al. [1]. Based on experimental data analysis, the pressure waves source is located near to the inner part of
the elbow draft tube. Moreover, these waves are propagated upstream and downstream from the source. The
synchronous nature of the pressure fluctuations and the pressure distribution along the draft tube indicate the hydro
acoustic resonance of the entire hydraulic system.
Different methods were proposed in order to mitigate the instabilities produced by the vortex rope: aerators
mounted at the inlet of the cone, stabilizer fins or runner cone extension [12]. Numerical simulation of a Francis
turbine was performed by Qian et al. [7] in order to investigate the air admission from the spindle hole. The analysis
of pressure pulsations reveals that the amplitude and the pressure difference in the horizontal section of the draft tube
decreases while the blade frequency one increase. Therefore proper air discharge to eliminate the pressure pulsation
in the draft tube cone of hydraulic turbine should be chosen. However these methods lead to some improvements in
reducing the pressure pulsations for a narrow operating regime, for other operating regimes they are not effective or
even increase the unwanted effects.
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Resiga et al. [9] proposed a new method in order to mitigate the vortex rope: water jet injected through the crown
of the runner, along to the discharge cone axis. An experimental test rig was developed at the Hydraulic Machines
Laboratory from the “Politehnica” University of Timisoara in order to investigate this new method. The test rig is
used to determine the parameters of the swirling flow with vortex rope and the optimum water jet in order to mitigate
the pressure fluctuations. Three-dimensional numerical investigations have been performed by Muntean et al. [6] in
order to understand the physics of the phenomena. These numerical simulations were focused on the decelerated
swirling flow with well developed vortex rope into a conical diffuser as well as with water jet control method. The
unsteady pressure was recorded in four locations on the diffuser wall then the pressure signals were analyzed using
Fourier transform. As a result, amplitude and frequency of pressure fluctuations decreased while the jet discharge is
increased. Another analysis determined the static and kinetic heads behaviour into the conical diffuser, as well as
energy loss coefficient and the kinetic-to-static head conversion. It was shown numerically that the jet injection leads
to a decrease in the overall hydraulic losses in the conical diffuser, while improving the kinetic-to-static head
conversion. Numerical investigation of the physical characteristics of the flow in a Francis turbine draft tube reveals
that the swirling flow is unstable leading to a strong vortex rope with severe pressure fluctuations [14]. The jet
injection method reduces the pressure fluctuations in all draft tube domain.
The paper presents our experimental investigations and three-dimensional full turbulent numerical simulations of
the swirling flow with vortex rope in order to assess the benefits of the water injection method. In the second section
is presented the experimental test rig and the swirl apparatus in order to generate swirling flow, section 3 presents the
experimental equipment for pressure measurements, and section 4 present the 3D computational domain which
correspond to the test section from the test rig. In section 5 were presented the comparisons between numerical and
experimental results and the advantages of the water injection method. The conclusions are drawn in the last section.

2. Swirl Apparatus and Experimental Test Rig
The experimental test rig was designed to investigate the decelerated swirling flow with vortex rope in a
conical diffuser and also to investigate the new flow control method with axial water jet injection. As shown in
Fig. 1(left), the test rig has two circuits: the main circuit (blue) which is used to generate the swirling flow and
the auxiliary circuit (red) which is used to supply with water the jet. The main circuit is a closed loop with a 4 m3
main reservoir, a main pump with variable speed, and a secondary reservoir that provides a uniform flow
upstream of the swirl apparatus. The flow rate is measured with an electromagnetic flow meter with higher
accuracy of 0.3%. The auxiliary circuit has smaller pump with variable speed and a turbine flow meter with
0.05% accuracy to measure the flow rate. The swirl apparatus, Fig. 1 right, is an original design which
reproduces the actual swirling flow encountered in a real Francis turbine operated at partial discharge [2, 11].

Fig. 1 Experimental test rig to investigate the swirling flow (left) and the swirl apparatus with test section
and the swirl generator (right).
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Instead of using a hydraulic turbine model for experimental investigations we have designed a swirl
apparatus, Fig. 1(right). The convergent-divergent hydraulic passage was designed using classical wind tunnel
considerations in order to achieve a uniform acceleration of the flow up to the throat, followed by a conical
diffuser similar to the discharge cone of a real turbine [2]. The convergent-divergent test section has Φ 100 mm
throat diameter and a conical diffuser by 8.5° half angle and 200 mm in length. Upstream of the throat we have a
swirl generator which uses two blade rows. The upstream non-rotating blades (guide vanes) produce a freevortex rotating component, while keeping the axial velocity practically constant. However, in real turbines
operated at part load there is a velocity deficit (for both axial and circumferential components) near the hub, with
a corresponding excess near the shroud, for the swirling flow exiting the runner. As a result, a 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 [11]. This swirl generator produce at the inlet in the divergent part of the
test section a swirling flow configuration similar to the one downstream a Francis runner operated at 70% the
best efficiency discharge [4]. As a result, this decelerating swirling flow further downstream into the conical
diffuser generates the precessing vortex rope with associated unsteady pressure field. The hub of the swirl
generator is supported by four streamlined struts, which also allow the supply with water of the control jet issued
through the nozzle at the end on the hub. After the conical diffuser we have a cylindrical pipe which discharges
into the main reservoir. This simplified diffuser retains only the discharge cone from the real elbow draft tubes
used in hydraulic turbines because the kinetic-to-static head conversion takes place mostly in this part of the
turbine hydraulic passage.

3. Experimental investigation
The unsteady pressure is measured with eight unsteady pressure transducers mounted on the conical diffuser
wall. The pressure transducers were mounted in pairs, the first one corresponding to the throat, the second one at
50 mm downstream, and the next two pairs with 50 mm spacing further downstream in the conical diffuser. In
order to obtain reliable data we measure 10 sets for each jet discharge value. Each set is acquired using Lab
View program and corresponds to an acquisition time of 32 seconds at a sampling rate of 256 samples/ second.
The capacitive pressure transducers have an accuracy of 0.13% within a range of ±1 bar relative pressure. When
the water is at rest, all pressure transducers are aligned with respect to the static head. For the investigations
reported in this paper we are interested in the pressure fluctuations, in order to assess the amplitude and the
frequency for the vortex rope from the conical diffuser without and with water jet control. A picture with the
unsteady pressure transducers flash mounted on the test section, Fig. 2(left) and the label for each level, Fig.
2(right) is presented below:
The processed data will be presented in dimensionless values, using the following reference values:
- the minimum diameter of the test section Dthroat = 0.1 m
- the flow rate from the main circuit Q = 30 l/s
- the frequency is defined also in dimensionless values using as a reference the Strouhal number
defined by equation:

Sh = f ⋅

Dthroat
Vthroat

with

Vthroat =

4(Q + Q jet )
2
πDthroat

(1)

The amplitude of pressure fluctuation from the eight transducers is analyzed using the Parseval’s theorem.
The Parseval’s theorem gives a useful way of relating the Fourier coefficients to the function that they describe.
According with the definition of Parseval’s theorem is possible to determine a single value of amplitude for a
sinusoidal signal and the reconstructed signal will have the same average similar with the initial signal and also
the same frequency. The equation of Fourier transform for a continuous signal p (t) is defined according to
statistical theory [5, 8]:

p (t ) =

p0 ∞ ⎡
⎛ 2π mt ⎞
⎛ 2π mt ⎞ ⎤
+ ∑ ⎢ am cos ⎜
⎟ + bm sin ⎜
⎟⎥
2 m =1 ⎣
⎝ T ⎠
⎝ T ⎠⎦

where T is the period, m mode and t time, am and bm are the coefficients of Fourier transform defined

am =

2 t 0 +T
2 t 0 +T
⎛ 2π mt ⎞
⎛ 2π mt ⎞
p ( t ) cos ⎜
dt ; bm = ∫ p ( t ) sin ⎜
⎟
⎟ dt
∫
T t0
T t0
⎝ T ⎠
⎝ T ⎠
3

(2)
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Fig. 2 Unsteady pressure transducers flash mounted on test section (left) and
the labels for each level of the test section (right).

with t0 is initial time.
The first coefficient is defined in next equation and represents the average value of the signal

p0 =

2 t0 +T
p ( t ) dt = 2 p
T ∫t0

(3)

then p0/2 is the mean value of p(t) and amplitude and angular frequency can be written as follows

Am = am2 + bm2 ; ωm = m

2π
T

The Parseval’s theorem applied to the Fourier transform is written

1
T

t0 +T

∫

t0

∞

p (t ) dt = ∑ cm
2

m =0

2

2

⎛1 ⎞ 1 ∞
= ⎜ p0 ⎟ + ∑ ( am2 + bm2 )
2 m =1
⎝2 ⎠

(4)

The root mean square (RMS) of continuous pressure signal is defined according to the following formulae

pRMS =

2
1 t0 +T
p
t
−
p
dt
(
)
T ∫t0

(

)

Appling the Parseval’s theorem yields
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2
1 t0 +T 2
p
t
dt
−
p
(
)
T ∫t0

(6)

According with Parseval’s theorem root mean square of the pulsation is defined as:

p 2 RMS =

1 ∞ 2
am + bm2 )
(
∑
2 m=1

The root mean square is defined for a continuous pressure signal. This formula is applied to discrete signal:

pRMS

1 ∞
=
∑ pi − p
T i =1

(

)

2

2 N 2
=
∑ ( cr )
N 2 r =2

as a result, the amplitude for discrete signal and the dimensionless form can be defined:

A = 2 pRMS , A =

(

2 p RMS

) ( ρV ) .
1
2

2
throat

(7)

That means the equivalent amplitude (A) of pressure pulsation is proportional with root mean square (RMS).
In other words, the equivalent amplitude collects all spectrum contributions. As a result, the original signal can
be accurately reconstructed using fundamental frequency and equivalent amplitude computed based on pressure
signal. Based on this procedure, the original signal can be reconstructed using two, three or more harmonics with
associated frequencies with the same power spectrum. This theory is applied in section 5 in order to reconstruct
the pressure fluctuations then compared with numerical results.

4. Numerical investigation
The 3D numerical domain corresponds to the convergent-divergent test section from the experimental test rig.
First was analyzed the swirl apparatus for three components: the struts, the guide vane and the free runner. With
the calculated data from the outlet of the free runner were mounted the conditions in the 3D computational
domain of the test section. 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.
The 3D full unsteady turbulent flow is computed using the commercial expert code FLUENT. For the
computational domain of the test section was used a structured grid with two millions cells and as a turbulent
model was used the realizable k-ε with enhanced wall treatment and pressure gradient effects. In numerical
simulation the time step 10-4 second was used [6]. In order to compare the numerical data with experimental data,
the numerical simulation is performed for seven different cases. The first case corresponds to the swirling flow
with vortex rope, and the rest of cases correspond to the swirling flow with water jet injection [6].

5. Experimental and numerical results
The power spectrum at each level is obtained applying the Fourier transform for each unsteady pressure
recorded at L0-L3 level, Fig. 3(right) on the wall of the test section. As a result, the amplitude and frequency of
fundamental harmonic and higher harmonics are obtained. Obviously, the experimental power spectra are fully
loaded at each level with respect to the numerical power spectra. Consequently, the equivalent amplitude
associated to the fundamental frequency is computed applying the Parseval’s theorem in order to compare the
experimental data with numerical results. That means, all contributions of power spectrum from other
frequencies are collected to the fundamental frequency yielding the equivalent amplitude. As a result, the theory
developed in Section 3 is applied on pressure signal recorded for case with 0.1 jet discharge. Figure 3 presents
the pressure signal measured (with black solid line) at L0-L3 levels and the reconstructed signal with
fundamental harmonic and equivalent amplitude based on Parseval’s theorem (with red solid line). One can
observe a quite well reconstruction of the original signal with this theory based on Parseval’s theorem.
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Fig. 3 Unsteady pressure recorded for levels L0, L1, L2 and L3 from experimental investigation (with black
solid line) and Fourier reconstruction signal with Parseval’s theorem (with red solid line) with water injection
method at 0.1 discharge.
The modified Fourier spectra reconstructed based on Parceval’s theorem with equivalent amplitude
associated to the fundamental frequency from experimental data for levels L0-L3 against numerical results are
plotted in Fig. 4. The experimental data are plotted with solid lines while the numerical results are marked with
dashed lines. In order to compare the amplitudes of pressure fluctuations obtained from numerical simulation
with data from experimental investigation were performed similar procedures. In Fig. 4, the black color is used
for swirling flow with vortex rope; the blue color corresponds to water injection with partial discharge and red
color for water injection with full jet discharge (water jet discharge larger than 0.116). Validation of numerical
results against experimental data reveals the fact that numerical simulation surprise quite well the experimental
investigation. For the case of swirling flow with vortex rope small differences are observed at the cone inlet and
after that the amplitudes are nearly similar for the investigated cases of swirling flow with jet injection.
One can observe the maxima equivalent amplitude of pressure fluctuations are located at levels L1 and L2 for
swirling flow with vortex rope. That means the vortex rope is well developed at these levels. Clearly, the
equivalent amplitude of pressure fluctuations decreases while the jet discharge increases for partial water
injection at levels L1 and L2. The minimum equivalent amplitude of pressure fluctuations is reached at full jet
discharge meaning the vortex rope is mitigated.
Contrary, a different tendency is observed at level L3 situated near to the cone outlet. A small value of
equivalent amplitude of pressure fluctuations is obtained for swirling flow with vortex rope due to the tail vortex
rope act on this level. The equivalent amplitude of pressure fluctuations increases while the jet discharge
increases for partial water injection at level L3.
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Fig. 4 Comparison of the reference amplitudes of the pressure fluctuations between experimental
investigation and numerical simulation for the case of swirling flow with vortex rope and for the cases with
water jet method at different flow rates.
That happened because the quasi-stagnant region associated to vortex rope is moved downstream while the
water jet discharge is increased (see the partial injection plotted with blue colour). This statement is supported by
numerical investigation performed by Muntean et al. [15]. Moreover, the experimental investigations performed
on test rig with PIV by Ruprecht et al. [16] revealed the same conclusion. However, the equivalent amplitude of
pressure fluctuations drops down if the jet discharge exceeds a critical value. The equivalent amplitude for all
levels drops with more than 50% for the first three levels and with 20% in the last level if the jet discharge
exceeds 0.116. Ratio of water jet velocity to reference velocity at Qjet/Q = 0.116 is Vjet/V = 1.16. One can be
assert that for critical value of jet discharge the quasi-stagnant region and associated vortex rope is pushed out
from cone.
The dimensionless amplitude and Strouhal number for different jet discharge values are shown in Fig. 5 in
order to evaluate the performance of the water injection method. In Fig. 5(left) is observed the dimensionless
amplitudes of pressure fluctuations are dropped down at the same value of water jet discharge 0.116. The
Strouhal number associated to the vortex rope decreases monotonously from 0.393 corresponding to the vortex
rope to 0.252 to full jet discharge. However once the jet is injected at full jet injection the swirling flow in the
test section is decreasing while the quasi-stagnant region associated to vortex rope is moved downstream in the
duct. That means the vortex rope frequency decreases while the jet discharge increases. One can observe the
Strouhal number distribution is not linear and the same threshold at jet discharge 0.116 is obtained, Fig. 5(right).
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Fig. 5 The dimensionless amplitude (left) and Strouhal number (right)
in terms of dimensionless water jet discharge obtained from experimental investigations

6. Conclusions
In this paper, we investigate the decelerated swirling flow with vortex rope in a conical diffuser. Our swirling
flow configuration mimics the flow in the discharge cone of hydraulic turbines operated at 70% part load. Also, a
new flow control technique is investigated in order to mitigate the fluctuation amplitudes associated to the vortex
rope. A theory based on Parseval’s theorem is developed in order to reconstruct the signal with equivalent
amplitude and fundamental frequency but keeping the same power spectrum with original one. In the paper is
presented the reconstructed signal based on Parseval’s theorem for 0.1 jet discharge. A good agreement between
original and reconstructed signals was obtained for all levels.
The amplitude analysis for swirling flow without jet control shows large pressure pulsations in all levels,
especially in the middle of the cone where the vortex rope is well developed. The vortex rope has an axial
extension along to the inlet of the cone and consequently the pressure pulsations do not reach the maximum
amplitude at level L0. In the middle of the cone (this region corresponds to L1 and L2 levels), the vortex rope is
well developed, producing largest amplitude on the cone wall. At the first three levels L0-L2, the amplitude and
the frequency decrease monotonously up to 0.113 jet discharge. Contrary, a different tendency is observed at
level L3 situated near to the cone outlet. A small value of equivalent amplitude of pressure fluctuations is
measured for swirling flow with vortex rope due to the tail vortex rope act at this level. The equivalent amplitude
of pressure fluctuations increases while the jet discharge increases for partial water injection at level L3. That
happened because the quasi-stagnant region associated to vortex rope is moved downstream while the water jet
discharge is increased. However, for jet discharge values between 0.113 and 0.116 the amplitudes drop down in
all levels and after that the amplitudes remain constant at same value in all levels. It was obtained the following
results: at the first level L0 (located at the section throat) the amplitude is reduced with 50%, at level L1 (situated
at 50 mm downstream from the throat,) the amplitude is decreased with 60%, at the L2 the amplitude is reduced
with 67% and for the last level the amplitude is mitigated with 25%. Moreover, the jet injection does not only
decrease the amplitude and the frequency of pressure fluctuations in the draft tube cone but also improve the
kinetic-to-static head conversion in the discharge cone [3]. Also, the Strouhal number of the phenomenon is
mitigated with 35% from 0.393 to 0.252.
Although 0.116 jet discharge seems to be too large for a 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 proposed by
Susan-Resiga el al. [17] uses a fraction of the main discharge, collected near the wall, at the cone outlet, to
supply the jet. It is proved numerically [17] and experimentally [18] that the pressure excess at the cone wall
with respect to nozzle outlet can drive the control jet with large enough discharge in order to mitigate the central
stagnation region and vortex rope associated to it.
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Nomenclature
A
A
am
bm
cm

Dthroat
f
L0,L1,L2,L3
m
p0/2
pi

Amplitude [ Pa]
Dimensionless amplitude [-]
Cosine coefficient of Fourier transform [-]
Sine coefficient of Fourier transform [-]
Fourier coefficient given by sum of sine
and cosine coefficient [-]
Diameter of the throat [m]
Frequency [Hz]
Labels for pressure levels measured in the
test section
Mode [-]
Averaged pressure value [Pa]
Instantaneous pressure [Pa]

p(t)
pRMS
Q
Qjet
Sh
T
t
t0
Vthroat

ρ

ωm

Continuous pressure signal [Pa]
Root mean square of pressure signal
[Pa]
Main circuit discharge [m3/s]
Water jet discharge [m3/s]
Strouhal number [-]
Period [s]
Time [s]
Initial time [s]
Velocity in the throat [m/s]
Fluid density [kg/m3]
Angular frequency [rad/s]
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