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Unsteady Pressure Analysis
of a Swirling Flow With Vortex
Rope and Axial Water Injection
in a Discharge Cone
The variable demand of the energy market requires that hydraulic turbines operate at
variable conditions, which includes regimes far from the best efficiency point. The vortex
rope developed at partial discharges in the conical diffuser is responsible for large pres-
sure pulsations, runner blades breakdowns and may lead to power swing phenomena. A
novel method introduced by Resiga et al. (2006, “Jet Control of the Draft Tube in Francis
Turbines at Partial Discharge,” Proceedings of the 23rd IAHR Symposium on Hydraulic
Machinery and Systems, Yokohama, Japan, Paper No. F192) injects an axial water jet
from the runner crown downstream in the draft tube cone to mitigate the vortex rope and
its consequences. A special test rig was developed at “Politehnica” University of Timi-
soara in order to investigate different flow control techniques. Consequently, a vortex
rope similar to the one developed in a Francis turbine cone at 70% partial discharge is
generated in the rig’s test section. In order to investigate the new jet control method an
auxiliary hydraulic circuit was designed in order to supply the jet. The experimental
investigations presented in this paper are concerned with pressure measurements at the
wall of the conical diffuser. The pressure fluctuations’ Fourier spectra are analyzed in
order to assess how the amplitude and dominating frequency are modified by the water
injection. It is shown that the water jet injection significantly reduces both the amplitude
and the frequency of pressure fluctuations, while improving the pressure recovery in the
conical diffuser. [DOI: 10.1115/1.4007074]

Keywords: decelerated swirling flow, vortex rope, water injection method, unsteady
pressure, experimental investigation

1 Introduction

The swirling flow emerging from a Francis turbine runner has a
major influence in a draft tube cone downstream. It produces
self-induced flow instabilities leading to pressure fluctuations and
ultimately to the draft tube surge [1]. At part load operation it
develops a precessing helical vortex (also known as vortex rope)
in the Francis turbine draft tube cone. Consequently, the vortex
rope generates pressure fluctuations, additional hydraulic losses,
and power swing phenomena at the electrical generator [2].
Unsteady pressure measurements for hydraulic Francis turbines
operating at part load have been performed on site by Wang et al.
[3] and Baya et al. [4]. They reveal a low frequency oscillation
(from 1/5 to 1/3 of the runner rotation frequency) associated with
the vortex rope. Extensive unsteady wall pressure measurements
in the elbow draft tube of the hydraulic Francis turbine model at
partial discharge are performed by Arpe et al. [5]. The pressure
waves’ source was located near the inner part of the elbow draft
tube based on experimental data. Moreover, these waves are
propagated in all hydraulic systems. The synchronous nature of
the pressure fluctuations and the pressure distribution along the
draft tube suggests hydro acoustic resonance of the entire hydrau-
lic system.

Different methods were proposed in order to mitigate the
instabilities produced by the vortex rope. Examples include aera-
tors mounted at the inlet of the cone, stabilizer fins or runner

cone extensions [6]. Numerical Francis turbine simulation of the
flow was performed by Qian et al. [7] in order to investigate
the air admission from the spindle hole. Analysis of the draft
tube cone air admission showed that the amplitude and the pres-
sure difference in the cross section of the draft tube decreases
while the blade frequency pressure pulsation increases in front of
the runner. Therefore, proper air discharge to mitigate the pres-
sure pulsations in the draft tube cone of the hydraulic turbine
should be chosen according to specific operating conditions.
These methods lead to some improvements in reducing the pres-
sure pulsations for a narrow regime but they are not effective or
even increase the unwanted effects. Given by the energy injected
in the draft tube cone these methods can be divided into active,
passive or semipassive control. If an external energy source is
used to mitigate or eliminate the vortex rope, the control is
called active. Examples of active control include air injection
either downstream (through runner cone) or upstream (through
wicket gates trailing edge) of the runner [6,8], or tangential
water jets at the discharge cone wall [9]. The control involving
no additional energy to destroy the vortex rope is called passive.
Passive control methods include fins mounted on the cone
[10,11], extending cones mounted on the runner’s crown [12] or
using J-grooves [13].

Resiga et al. [14] proposed a new method in order to mitigate
the vortex rope, axial water injected through the runner’s crown
along to the discharge cone. An experimental test rig was
designed and developed in the Hydraulic Machinery Laboratory at
“Politehnica” University of Timisoara in order to investigate this
new method. The 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.

1Corresponding author.
Contributed by the Fluids Engineering Division of ASME for publication in the

JOURNAL OF FLUIDS ENGINEERING. Manuscript received August 10, 2011; final manu-
script received June 14, 2012; published online July 30, 2012. Assoc. Editor: Hassan
Peerhossaini.

Journal of Fluids Engineering AUGUST 2012, Vol. 134 / 081104-1Copyright VC 2012 by ASME

Downloaded 06 Aug 2012 to 193.226.8.56. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm

https://www.researchgate.net/publication/49456054_Analysis_of_the_Swirling_Flow_Downstream_a_Francis_Turbine_Runner?el=1_x_8&enrichId=rgreq-3098f388-e4cf-4079-9b23-764d582b45ff&enrichSource=Y292ZXJQYWdlOzIzNjAxNDY5ODtBUzoxMDI0NDI2NDk3ODQzMzFAMTQwMTQzNTYzOTk0Mw==
https://www.researchgate.net/publication/47392243_Experimental_Evidence_of_Hydroacoustic_Pressure_Waves_in_a_Francis_Turbine_Elbow_Draft_Tube_for_Low_Discharge_Conditions?el=1_x_8&enrichId=rgreq-3098f388-e4cf-4079-9b23-764d582b45ff&enrichSource=Y292ZXJQYWdlOzIzNjAxNDY5ODtBUzoxMDI0NDI2NDk3ODQzMzFAMTQwMTQzNTYzOTk0Mw==
https://www.researchgate.net/publication/36425207_Suppression_of_Swirl_in_a_Conical_Diffuser_by_Use_of_J-Groove?el=1_x_8&enrichId=rgreq-3098f388-e4cf-4079-9b23-764d582b45ff&enrichSource=Y292ZXJQYWdlOzIzNjAxNDY5ODtBUzoxMDI0NDI2NDk3ODQzMzFAMTQwMTQzNTYzOTk0Mw==
https://www.researchgate.net/publication/228370287_Jet_control_of_the_draft_tube_vortex_rope_in_Francis_turbines_at_partial_discharge?el=1_x_8&enrichId=rgreq-3098f388-e4cf-4079-9b23-764d582b45ff&enrichSource=Y292ZXJQYWdlOzIzNjAxNDY5ODtBUzoxMDI0NDI2NDk3ODQzMzFAMTQwMTQzNTYzOTk0Mw==
https://www.researchgate.net/publication/222231190_Numerical_simulation_and_analysis_of_pressure_pulsation_in_francis_hydraulic_turbine_with_air_admission?el=1_x_8&enrichId=rgreq-3098f388-e4cf-4079-9b23-764d582b45ff&enrichSource=Y292ZXJQYWdlOzIzNjAxNDY5ODtBUzoxMDI0NDI2NDk3ODQzMzFAMTQwMTQzNTYzOTk0Mw==
https://www.researchgate.net/publication/231057471_Experimental_investigation_of_draft_tube_flow_instability?el=1_x_8&enrichId=rgreq-3098f388-e4cf-4079-9b23-764d582b45ff&enrichSource=Y292ZXJQYWdlOzIzNjAxNDY5ODtBUzoxMDI0NDI2NDk3ODQzMzFAMTQwMTQzNTYzOTk0Mw==
https://www.researchgate.net/publication/231038894_Experimental_investigations_of_the_unsteady_flow_in_a_Francis_turbine_draft_tube_cone?el=1_x_8&enrichId=rgreq-3098f388-e4cf-4079-9b23-764d582b45ff&enrichSource=Y292ZXJQYWdlOzIzNjAxNDY5ODtBUzoxMDI0NDI2NDk3ODQzMzFAMTQwMTQzNTYzOTk0Mw==


This paper presents our experimental investigations of the
swirling flow with vortex rope in order to assess the water injec-
tion method benefits. The second section presents the experimen-
tal test rig and the swirl apparatus used to generate the swirling
flow in a conical diffuser similar to the draft tube cone of a Fran-
cis turbine. The third section presents the equipment used for pres-
sure measurements and the results obtained. Pressure data are
analyzed to determine the vortex rope amplitude and frequency
corresponding to the self-induced instabilities of the decelerated
swirling flow. Energetically, the pressure recovery coefficient in
the draft tube cone is used to assess the efficiency of this method.
The pressure pulsations are analyzed for the swirling flow with
vortex rope as well as for the swirling flow with water injection in
order to evaluate this method. The last section draws the
conclusions.

2 Experimental Test Rig for Swirling Flows

Two different methods are usually employed to generate a
swirling flow under the laboratory conditions: using a turbine
model or a swirl generator. Using a turbine model is quite expen-
sive. Alternatively, a swirl generator is a simpler solution allowing
physical phenomena investigation. For the production of a swirl-
ing flow, Kurokawa et al. [13] used an axial flow impeller at about
3.3d upstream of the diffuser inlet, where d(¼156 mm) is the inlet
pipe diameter. Kurokawa’s rig employs an additional blower
arranged at far upstream of the divergent channel to widely
change the discharge. Another method to generate a swirling flow
in a conical diffuser was proposed by Kirschner et al. [15]. The
swirl generator is installed instead of the turbine in order to inves-
tigate different swirl conditions, and was built with adjustable
guide vanes. A straight draft tube was mounted downstream.
The cone angle is 2� 8.6 deg, similar to the angle of a real draft
tube cone.

Based on the large experience accumulated over the decades of
design, the hydraulic losses are small in the spiral casing, in the
wicket gates, and runner. However, the hydraulic losses still
exhibit large variations during the full operating range. According
to Vu and Retieb [16] in the case of Francis turbines, the largest
fraction of the hydraulic loses is located in the draft tube except in
the neighborhood of the best efficiency regime. When the turbine
is operated far from the best efficiency point, its losses increase
sharply with a corresponding decrease in overall efficiency. This
is the reason why researchers focus their efforts to improve the
draft tube cone flow.

An experimental test rig was developed to analyze the deceler-
ated swirling flow in a conical diffuser and to evaluate the new
water-injection control method. The main purpose of the rig is to
reproduce the flow field specific to a conical diffuser with a decel-
erated swirling flow and the development of the vortex rope. The
rig, developed in the Hydraulic Machinery Laboratory at the Poli-
tehnica University of Timisoara, is composed of the following
main elements: (i) the main hydraulic circuit used to generate the
decelerated swirling flow in the conical diffuser; (ii) the auxiliary
hydraulic circuit needed to supply water for the jet control
method. The main hydraulic circuit (shown in Fig. 1) is employed
to generate a flow similar to the one encountered at a partial dis-
charge operated Francis runner while the auxiliary circuit (shown
in Fig. 1) is used to inject water in the conical diffuser’s inlet
through a nozzle.

The swirling flow apparatus is installed along the main hy-
draulic circuit and it contains two main parts: the swirl generator
and the convergent-divergent test section [17]. The swirl genera-
tor has an upstream annular section with stationary and rotating
blades for generating swirling flow. It has three components: the
ogive, the guide vanes, and the free runner. The ogive with four
leaned struts has the role to sustain the swirl generator and to
deliver the jet water to the nozzle (it can be seen in Fig. 2). The
guide vane and the free runner are mounted in the cylindrical
section, Ds ¼ 0:15 m. The swirl generator was designed to

operate similar to a Francis turbine model at partial discharge
[18,19]. This part load operating point was chosen at 70%
because at this regime the vortex rope is well developed and
generates the largest pressure pulsations [20]. The main part of
the swirl generator is the free runner. Its main purpose is to
redistribute the total pressure at the entrance. The free runner
induces an excess of energy near the shroud and a deficit of
energy near the hub. Therefore it acts as a turbine at the hub and
as a pump at the shroud having a vanishing total torque. The
swirl generator’s hub and shroud diameters are Dh ¼ 0:09 m and
Ds ¼ 0:15 m, respectively. The 10-bladed runner spins freely
and ensures the designed output flow configuration. Teflon bear-
ing was preferred as it ensures low friction. Supplied by the aux-
iliary hydraulic circuit (Fig. 1(a)), the injected water passes
through the leaned struts of the ogive, the hub’s interior and
reaches the nozzle.

The inverse method [21] was used to design the runner and
the guide vanes. The runner’s exit velocity profiles resulting
from the FLINDT project were imposed for design. These veloc-
ity profiles were measured by Ciocan et al. [22] and numerically
determined by Stein et al. [23,24]. As a result, the axial and the
swirl velocity profiles in the test section are quite similar to the
ones measured downstream of the runner of a Francis turbine
model according to Fig. 7 from Resiga and Muntean [25]. Note
that this is the runaway speed for the swirl generator runner and
it is not related to the turbine model runner speed. The dimen-
sionless precession frequency of the vortex rope is expressed
using the Strouhal number shown in Table 1. It can be seen that
the swirl apparatus generates a vortex rope with Strouhal number
equal to 0.39 quite close to the Strouhal number for the model
Francis turbine (Sh¼ 0.408).

The vortex rope visualized in Fig. 3(a) was obtained using the
above-described swirl. It can be seen that the vortex rope develops
along the entire length of the cone. Having a spiral shape with a
precession movement, it starts close to the injection nozzle and
it disintegrates at the downstream exit having a total length of
about 200 mm. When the jet is turned on, it pushes the stagnant
region and the associated vortex rope downstream the cone,
Fig. 3(b) [26].

Fig. 1 Experimental closed loop test rig installed in the
Hydraulic Machinery Laboratory. Sketch of the test rig with the
main elements.
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3 Pressure Measurements

The aim of this research is to assess a new method for diminish-
ing the pressure pulsations and increase pressure recovery in a
straight conical diffuser similar to the draft tube cone of a Francis
turbine. The recorded unsteady pressure is used to analyze the
dynamic and energetic performances. Pressure fluctuation data are
used to assess the dynamic behavior while the mean pressure is
needed for energetic assessment.

Energetically, the pressure recovery coefficient along the cone
is determined by analyzing the averaged pressure. Dynamically,
the decelerated swirling flow’s amplitude and frequency and the
type of conical diffuser’s unsteadiness are determined by analyz-
ing the Fourier spectra. The latter is evaluated using two pressure
transducers flash mounted on the same level. According to Jacob
and Prenat [27], depending on the phase between the two pressure

signals the conical diffuser unsteadiness is either rotating or
plunging oscillation type.

Four levels were selected for pressure measurements as shown
in Fig. 4. The top level located in the test section’s throat was
denoted MG0. This level is considered the benchmark (the refer-
ences for dimensionless values are being calculated with respect
to this level). The other levels MG1, MG2, and MG3 correspond
to 50, 100, and 150 mm downstream in the discharge cone, rela-
tive to the MG0. The first step of experimental procedure was to
confirm that two pressure transducers located on the same level
indicate the same static pressure. The capacitive pressure trans-
ducers used for measurements have an accuracy of 0.13% within
a range of 61 bar relative pressure. Having two pressure trans-
ducers on the same level, allows the same level average pressure
comparison confirming the transducer’s accuracy.

The unsteady pressure was measured at the test section’s wall
to assess the influence of the water injection control method. A
main operating discharge of 30 l/s was used for experimental
investigation in all regimes. The water jet discharge used for con-
trol purposes was calculated as a percentage of the main flow.
Pressure pulsation measurements were performed while injecting
water of 5%, 7.5%, 9.3%, 10%, 10.9%, 11.3%, 11.6%, 11.9%,
12.5%, 13%, and 14% discharge. The unsteady pressure is meas-
ured using eight transducers mounted on the conical diffuser’s
wall. In order to verify the measurements repeatability ten
experiments were performed for each jet discharge value. Each
set corresponds to an acquisition time interval of 32 s at a

Fig. 2 The swirl apparatus and cross section with the main elements

Table 1 Vortex rope Strouhal number for the model Francis
turbine and for the swirl apparatus

Francis model turbine at
partial discharge [22] Swirl apparatus

f (Hz) 4.17 14.9
Dref (m) 0.4 0.1
Vref (m/s) 4.084 3.82
Sh¼ (f�Dref)/Vref 0.408 0.39
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sampling rate of 256 samples/s. The investigations reported in this
paper follow two research directions. Energetically, the cone pres-
sure recovery coefficient is evaluated using the experimental data
to assess the efficiency of the proposed control method for differ-
ent jet discharge values. Dynamically, the pressure pulsations are
evaluated for several different jet discharge values.

4 Pressure Data Analysis

4.1 Averaged Pressure Analysis. Energetically, the mean
pressure has to be analyzed for all measurement levels in order to
assess the influence of our flow control approach on the overall
diffuser efficiency. The pressure recovery coefficient is given by
the following equation:

cp ¼
p� pMG0

q � v2
t =2

(1)

Fig. 3 The visualization of the cavitating vortex rope from the
discharge cone of the test section (a) and with water injection (b)

Fig. 4 The test section with wall flash mounted pressure
transducers on the rig (a) and the labels for each level (b)
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where cp is the pressure recovery coefficient, pMG0 is the mean
pressure recorded in the MG0 level, p is the mean pressure
recorded at downstream levels from MG0 (see Fig. 4), q is the
water density, and vt is the throat velocity. The pressure recovery
coefficient expressed by Eq. (1) for the MG1, MG2, and MG3 lev-
els in terms of the ratio of Qjet/Q was analyzed. This coefficient
(relative to the throat section labeled MG0 which is considered as
a reference) is plotted in Fig. 5 for all the above mentioned levels.
The measurements have been repeated ten times, with a resulting
standard deviation less than 2% as shown with error bars in Fig. 5.

After a drop down at 1%, the pressure recovery coefficient start
to increase up to 2% discharge for the first 50 mm along the cone
(level MG1), Fig. 5(a). At over 2% control jet discharge value,
the stagnant region is located below the MG1 level. As such,
increasing the control jet discharge over this value causes insignif-
icant pressure recovery coefficient modification at the MG1 level
(Fig. 5(a)). The pressure recovery coefficient variation related to
the control jet discharge at the MG2 level (located in the middle
of the cone) reveals two distinctive regions. A significant
improvement (about 30%) of the pressure recovery coefficient is
observed between 0% and 5% control jet discharge. Over this 5%
value, the pressure recovery coefficient increases monotonically
up to 60% in the full water injection domain (Fig. 5(b)). At the
MG3 level one can see a monotonic increase about 30% of the
pressure recovery coefficient as the control jet discharge increases
from 0% to about 13%, Fig. 5(c). It is important to note that the
pressure recovery coefficients for levels MG2 and MG3 continue
to grow as the control jet discharge exceeds the critical threshold
value (11.5%) towards 13%. This suggests a better pressure recov-
ery along the cone up to 13% control jet discharge. However, the
optimum control jet discharge value is a balance between the cone
recovered energy and the jet hydraulic power [28]. Over the 13%
control jet discharge value the pressure recovery coefficient is
practically constant for all the levels. Consequently, an analysis of
the pressure recovery coefficient variation along the cone is per-
formed for a control jet discharge of 14%. Figure 6 shows a com-
parison of the pressure recovery coefficient’s distribution along
the cone in two cases, vortex rope (no control jet) and 14% control
jet discharge. One can see an increase of the pressure recovery
coefficient for all levels (MG1, MG2, and MG3) in the jet case
versus the vortex rope case, Fig. 6. At MG1 level the pressure re-
covery coefficient increases by 23% (from around 0.55 to around
0.68). The second level MG2 shows a significant improvement of
110% of this coefficient (from around 0.39 to around 0.82). On
the third investigated level MG3, one can notice an increase
of 47% of this coefficient (from around 0.55 to around 0.81).
Figure 6 demonstrates that our control method increases the
energy recovery in the cone which exhibits the designed hydrody-
namic behavior even in these conditions [17].

4.2 Unsteady Pressure Analysis. Dynamically, the unsteady
pressure signal’s Fourier spectra has to be analyzed in order to
understand the swirling flow configuration and to assess the water
injection method. A new approach is employed to analyze the
pressure signal. It offers a metric which allows quantitatively
dynamical characterization of the unsteady pressure signal. Based
on the acquired unsteady pressure signal, this approach leads to an
accurate evaluation of the unsteadiness level. Mathematically, it
compares two signals having different Fourier spectra (amplitude,
harmonics number, and their frequencies). The second signal is
reconstructed based on the acquired one using the Parseval’s theo-
rem. It has the same frequency as the first harmonic of the
acquired signal and root mean square (rms) equivalent amplitude.

The results will be presented as dimensionless. The following
reference values are considered in the analysis: (i) the throat diam-
eter of the test section Dt¼ 0.1 m, (ii) the overall throat discharge,
which includes the main circuit discharge Q¼ 30 l/s and the jet
discharge Qjet (associated with a different water injection regime),
(iii) the throat average static pressure denoted pMG0.

The first dimensionless parameter to be used is the Strouhal
number Eq. (2) associated with the frequency. The throat refer-
ence velocity value takes into account the overall discharge which
includes the main circuit’s and the jet’s discharges. Particularly,
the overall discharge equals to the main circuit’s discharge when
the jet is turned off,

Fig. 5 Evolution of the pressure recovery coefficient for MG1
(a), MG2 (b), and MG3 (c) levels depending on the Qjet/Q
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Sh ¼ f � Dt

vt
where vt ¼

4 Qþ Qjet

� �
pD2

t

(2)

The second dimensionless parameter to be used is the pressure’s
amplitude. This is described in the following. The Fourier trans-
form for a continuous signal p(t) is defined according to statistical
theory [29,30]

pðtÞ ¼ p0

2
þ
X1
m¼1

am cos
2pmt

T

� �
þ bm sin

2pmt

T

� �� �
(3)

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

am ¼
2

T

ðt0þT

t0

p tð Þ cos
2pmt

T

� �
dt; bm ¼

2

T

ðt0þT

t0

p tð Þ sin
2pmt

T

� �
dt

(4)

with t0 being the initial time.
The first coefficient represents the average value �p of the signal

and it is defined in Eq. (5),

p0 ¼
2

T

ðt0þT

t0

p tð Þdt ¼ 2p (5)

where p0/2 is the mean value of p(t). The amplitude and the angu-
lar frequency can be written as follows:

Am ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

m þ b2
m

q
; xm ¼ m

2p
T

(6)

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

1

T

ðt0þT

t0

pðtÞj j2dt ¼ 1

2
p0

� �2

þ 1

2

X1
m¼1

a2
m þ b2

m

� �
(7)

The pressure root mean square (rms) is defined according to the
following equation:

prms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

T

ðt0þT

t0

p tð Þ � pð Þ2
s

dt (8)

Appling the Parseval’s theorem yields

p2
rms ¼

1

T

ðt0þT

t0

p2 tð Þdt� p
2

(9)

According to this theorem, the pressure’s rms is defined as

p2
rms ¼

1

2

X1
m¼1

a2
m þ b2

m

� �
(10)

For a discrete signal the following equation applies:

prms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN

i¼1

pi � pð Þ2
vuut ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2

X
m

A2
m

s
(11)

The amplitude’s dimensionless form for a discrete signal can be
defined as

A ¼
ffiffiffi
2
p

prms

leading to

�A ¼
ffiffiffi
2
p

prms

	 
� 1

2
qv2

t

� �
where vt ¼

4 Qþ Qjet

� �
pD2

t

(12)

This means that the equivalent amplitude (A) of the pressure pul-
sation is proportional to the rms. In other words, the equivalent
amplitude collects all spectrum contributions. As a result, the
original signal can be accurately reconstructed using its funda-
mental frequency and the equivalent amplitude computed based
on the pressure signal. Both the acquired (points) and the recon-
structed signals according to the above approach (continuous
line), can be seen in Fig. 7 for all investigated levels. However,
this procedure may be employed to reconstruct rms equivalent sig-
nals using the fundamental frequency and a number of harmonics.
With no control water jet the swirling flow loses the stability and
develops the vortex rope and associated unsteadiness. Conse-
quently, the vortex rope’s Strouhal number is 0.39 as shown in
Fig. 8(b). A qualitative model of the vortex rope flow field was
given by Nishi et al. [31] who observed a quasi-stagnant (stalled)
central region with the spiral vortex core wrapped around it. This
statement was validated with experimental data using the FLINDT
turbine model operating at part load by Resiga et al. [32]. The vor-
tex rope geometrical shape is almost cylindrical having a very
small eccentricity (see Fig. 3) close to the nozzle. It is important
to note that at MG0 and MG1 levels (Fig. 7), the amplitude of the
fundamental frequency associated with the vortex rope is domi-
nant, while the higher harmonics have negligible amplitudes.
The highest equivalent amplitude corresponds to the MG2 level,
Fig. 8(a) (the rhombus-marked curve). These differences in ampli-
tude for each level (Fig. 8(a), corresponding to Qjet/Q¼ 0) are due
to the vortex rope shape. Indeed, the angle of the cone the vortex
rope wraps on larger than the geometry cone’s angle. As a result,
the vortex rope’s eccentricity is largest at the MG2 level. As it
advances downstream, the vortex rope loses strength and begins
to disintegrate (level MG3) and its higher harmonics increase sig-
nificantly [33,34].

When starting to inject the water, the stagnant region associated
with the vortex rope is gradually pushed downstream of the cone.
Consequently, at 5% control jet discharge the vortex rope’s ampli-
tudes remain almost constant for the MG0 level, decrease for
the next two levels (MG1 and MG2) approximately by 10%,
and increase for the last level (MG3) by approximately 40%
(Fig. 8(a)). The vortex rope Strouhal number sharply decreases
from 0.39 to 0.27 (Fig. 8(b)). Exceeding this discharge value leads
to a monotonous decrease of frequency and amplitudes for all

Fig. 6 Pressure recovery coefficient comparison between the
swirling flow with vortex rope regime and the full water injec-
tion 14% discharge of the main flow at all levels
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levels until reaching the 11.5% jet discharge critical threshold. At
11.5% jet discharge, the frequency decreases by 35% with respect
to no control jet. Correspondingly, the amplitudes decrease for all
levels except MG3 due to the fact that the top of the stagnant

region reaches this level. Over this critical threshold, this region
gets completely pushed out of the cone. As a result, a sudden drop
is noted in both amplitudes (at all levels) and frequency. Further
jet discharge increase causes no modification in amplitudes and

Fig. 7 Reconstructed signal against acquired signal for MG0, MG1, MG2, and MG3 levels
(left) and equivalent amplitude overlapped with Fourier spectra of pressure signal (right) in
the case of swirling flow with vortex rope
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frequency. Both plots in Fig. 8 include the 2% error band of the
main value for each measuring point. It is important to note that
below the critical jet threshold the error bands are small. This
occurs due to the fact that the value of the amplitudes and
frequency associated to the swirling flow are significantly larger
than the noise. Over the threshold, the error bands increase due to
the fact that the noise becomes significant with respect to the
measured values.

4.3 Pressure Signal Decomposition. As mentioned above,
according to Jacob and Prenat [27], there are two types of draft
tube cone pulsations. The plunging type (synchronous) is acting
like a water hammer along the cone axis. The rotation type
(asynchronous) is acting in the cross sections. A minimum of two
sensors located on the same section are required for measurements
in order to evaluate this pulsation type. The asynchronous
pulsation is produced by instabilities, such as the vortex rope due
to its shape and its precession motion, Koutnik et al. [35]. Two
unsteady pressure signals S1 and S2 are used to discriminate
between the two pulsation types as follows:

S1þS2

2
)Synchronous component ðplungingÞof the pressure signal

(13)

S1�S2

2
)Asynchronouscomponent ðrotatingÞof the pressure signal

(14)

In this analysis, the S1 and S2 signals are reconstructed from
the acquired experimental data using the procedure based on the
Parceval’s theorem. As described above, this procedure was
employed at all levels for ten cases (from no jet to 14% control jet
discharge). Figure 9 exemplifies the S1 and S2 reconstructed sig-
nals in the two outermost cases for the MG0 level: no control jet
and 14% control jet discharge.

As mentioned above, each reconstructed signal has the same
frequency as the first harmonic of the acquired signal used and its
amplitude is rms-equivalent. Therefore, the reconstructed signal is
sinusoidal. The phase between the two reconstructed signals indi-
cates the type of pressure pulsation. Indeed, if S1 and S2 are in
phase then according to Eq. (14) the asynchronous component
vanishes. In this first ideal case, only the pure plunging pulsation
is detected. On the contrary, when S1 and S2 are out of phase,
according to Eq. (13) the synchronous component vanishes. This
is the second ideal case in which only the pure rotation component
is found. Generally, both pulsation types are expected to be found
in all investigated cases. The pressure pulsation type’s distribu-
tions along the cone in the two outermost cases are displayed in
Fig. 10. The swirling flow with vortex rope case (Fig. 10(a))
reveals predominant rotational pressure pulsations at all

Fig. 8 Equivalent amplitudes corresponding to levels from the
test section (a) and Strouhal number (b) versus ratio Qjet/Q

Fig. 9 Dimensionless pressure signals for MG0 level for swirl-
ing flow with vortex rope (a) and 14% full water injection (b)
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investigated levels. This is expected due to the vortex rope preces-
sion motion. On the contrary, the 14% control jet discharge
(Fig. 10(b)) highlights a significant decrease (about 30 times for
the most significant level – MG2) of the rotational pulsation com-
ponent. However, one can observe an increase (about five times
for the MG2 level) of the plunging component of the pressure
pulsation in comparison to the vortex rope case. We conclude
from Fig. 10 that the jet injection along the cone axis removes the
precessing helical vortex and its associated rotating pressure fluc-
tuations. As a result, the swirling flow becomes axisymmetric, and
the relative increase in the level of plunging pressure fluctuations
might be related to a possible “subcritical” swirl configuration, as
defined by Benjamin [36], when the swirling flow can sustain axi-
symmetric waves.

Figure 11 displays the two pressure component types (plunging
and rotational) distribution with respect to the control jet dis-
charge values for the four investigated levels. The following ten
values of jet discharges were used for measurements: 0%, 1.4%,
3.2%, 5%, 7.5%, 9%, 11%, 11.6%, 13.8%, and 14%. The rota-
tional component of the pressure pulsation associated with the
vortex rope is significant for all jet values located in the partial
water injection domain. In the full water injection domain, the
plunging pulsation becomes predominant for all injection values.

This behavior characterizes all investigated levels in Fig. 11.
Overall, the pulsations have decreased. The significant decrease of
the rotational pulsation component allows a safe turbine operation
at these conditions.

Fig. 10 Dimensionless pressure signal decomposition for
swirling flow with vortex rope (a) and 14% water injection (b) in
the length of the cone

Fig. 11 Pressure pulsations types’ distributions versus control
jet discharge
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5 Conclusions

The paper investigates the decelerated swirling flow with vortex
rope in a conical diffuser, using a swirl generator that mimics the
flow in the discharge cone of hydraulic turbines operated at partial
discharge. A novel flow control technique which uses axial injec-
tion is proposed, in order to improve the pressure recovery coeffi-
cient and to mitigate the pressure pulsations. The unsteady
pressure measurements were performed on the wall test sections.
Eight points located on four levels were investigated. For each
operating mode (swirling flow with vortex rope or swirling flow
with water injection) ten sets were measured.

Firstly, the average pressure was determined to compute the
pressure recovery coefficient in order to assess the energetic per-
formance of the new control method. The jet discharge increase
reveals two domains: the partial water injection and the full water
injection. The two domains are separated by the critical water
injection threshold at 11.5% discharge. The experiments reveal an
increase of the pressure recovery coefficient when increasing the
control jet discharge. Overall, the pressure recovery coefficient
associated with the full water injection leads to about 30%
improvements. The highest improvement was measured for the
MG2 level (located in the middle of the cone) and it was about
60%. This fact suggests a better energetic behavior of compact
discharge cones. These overall results demonstrate an improved
energetic cone behavior at this operating point. However, the opti-
mum control jet discharge value has to be selected as a balance
between the draft tube cone recovered energy and the jet hydraulic
power. Although, the method proves consistent energy recovery,
the 11.5% jet discharge value is prohibitive from an energetic
point of view if taking into account that the control jet is consid-
ered a volumetric loss.

Secondly, the dynamical behavior associated to this control
method was investigated by analyzing the pressure signal’s Fou-
rier spectra. A new method based on the Parceval’s theorem was
employed to reconstruct the acquired unsteady pressure signal.
The result of this procedure was a sinusoidal signal having the
same frequency as the first harmonic of the acquired signal and
rms equivalent amplitude. As the control jet discharge increases,
the unsteady pressure frequency decreases monotonically in the
partial water injection domain. During the full water injection
domain, the frequency remains practically constant. Generally,
the unsteady pressure amplitudes decrease as the jet discharge
increases in the partial water injection domain (MG0 and MG3
show a different variation pattern for small discharge values). The
amplitudes variations display a sudden drop at 11.5% jet dis-
charge. This is the reason why the 11.5% discharge was labeled
“critical threshold jet.” Above this value, the amplitudes exhibit
negligible variations with regard to the jet discharge. Therefore,
the instabilities associated with the vortex rope have been miti-
gated. As such this domain becomes desirable for operation.

The unsteady pressure signal is decomposed into rotational and
plunging components. The rotational component of pressure
pulsation associated with the vortex rope is significant for all jet
values located in the partial water injection domain. In the full
water injection domain, the plunging pulsation becomes dominant
for all injection values, but with small amplitudes. In general, the
pulsations have decreased. The significant decrease of the rota-
tional pulsation component suggests operation under these condi-
tions. However, the plunging pulsation propagates into the whole
hydraulic system. Mitigation of this component is the subject of
future research.

Generally, the proposed control method leads to an improve-
ment of energetic and dynamic performances of the decelerated
swirling flow in the discharge cone. The necessary jet discharge
values to attain optimum operation conditions have to be eval-
uated particularly from case to case. Each case will be defined by
the cone geometry and the swirling flow configuration. Although
0.115 jet discharge seems to be too large for a real turbine with
respect to pumping energy, one should note that the jet does not

necessarily need a separate water supply. The novel flow-
feedback technique proposed by Susan-Resiga et al. [25] uses a
fraction of the main discharge, collected near the wall, at the cone
outlet, to supply the jet. It is proved numerically [25] and experi-
mentally [37] 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
associated vortex rope.
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Nomenclature
am; bmðPaÞ ¼ Fourier transform coefficients

Dh mð Þ ¼ hub diameter of the swirl generator, Dh ¼ 0:09 mð Þ
Di mð Þ ¼ nozzle exit diameter, Di ¼ 0:033 mð Þ
Do mð Þ ¼ outlet diameter from the test section, Do ¼ 0:16 mð Þ
Ds mð Þ ¼ shroud diameter of the swirl generator,

Ds ¼ 0:15 mð Þ
Dt mð Þ ¼ reference diameter from the throat of the

convergent-divergent test section, Dt ¼ 0:1 mð Þ
f Hzð Þ ¼ dominant frequency from Fourier spectrum

Q m3=sð Þ ¼ main discharge from the primary hydraulic circuit
Qjet m3=sð Þ ¼ jet discharge at the nozzle

cp ¼ pressure recovery coefficient
p tð Þ ¼ continuous pressure signal

p Pað Þ ¼ average pressure for each level
p0 Pað Þ ¼ mean value of a pressure signal

pMG0 Pað Þ ¼ average pressure from level MG0 situated in the
throat of convergent-divergent test section

prms Pað Þ ¼ root mean square of a continuous pressure signal
Sh ¼ Strouhal number

S1; S2 ¼ pressure signals measured for the same level
vt m=sð Þ ¼ reference velocity from the throat of

convergent-divergent test section
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[4] Baya, A., Muntean, S., Câmpian, V. C., Cuzmos�, A., Diaconescu, M., and
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