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1 INTRODUCTION

The control of energy distribution and electricity production are in last several
years considerably influenced by the electricity produced from the renewable
sources highly depending on changes in weather conditions i.e. solar power plants
and wind power plants. The pump storage hydro power plants (PSHPP) are proved
to be effective for reduction of voltage and frequency fluctuations in whole power
distribution grid. The control ability of PSHPP is connected with operation of a
turbine in an extended area of flow rates Q quite far from the best efficiency point
(BEP). Unfortunately, operation of the Francis turbine with a constant pitch of
turbine runner (mainly used for the PSHPP) at partial discharge (off-design
conditions where the flow rate Q < Qggp) Or overload (off-design conditions where
the flow rate Q > Qgep) IS connected with occurrence of highly swirling flow at the
inlet of the draft tube (outlet diffuser downstream of turbine runner) with a
formation of so called vortex rope, see Figure 1. The vortex rope evolution
correlates with a vortex breakdown and leads to the high pressure fluctuations in the
draft tube [7], [44]. This draft tube surge propagates pressure pulsations into whole
hydraulic system eventually leading to the runner blades breakdown [8] and may
cause power swing phenomena at the electric generator [6]. Moreover, when the
frequency of the pressure pulsations generated by the vortex rope rotation
corresponds with a natural frequency of machine unit, it can enforce restrictions of
turbine operation [7].
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Figure 1 Schematic cross section of hydraulic power plant

In many cases of industrial fluid flows the flow instability called vortex
breakdown occurs as a consequence of mechanisms in decelerated swirling flow.
The vortex breakdown can be found in several forms related to the character of
particular flow. Nevertheless, many forms of the vortex breakdown are not relevant
to the industrial applications, e.g. bubble form of the vortex breakdown in low-Re
flows. In case of hydraulic turbines with constant pitch of the runner, the high
Reynolds number spiral form of the vortex breakdown appears, when the turbine is
operated at part load Q < Qggp.



Despite the large database [16], covering investigations of the vortex breakdown
during the last forty five years and extensive theoretical, experimental and
computational research, we still lack deeper understanding of all influences on
origin of this phenomena and their direct relations to the vortex rope properties
(instability trigger, frequency of the precessing motion, helix shape, pressure
amplitudes, etc.) [32].

Susan-Resiga et al. [39] concluded that the most significant case of the vortex
breakdown in conical diffusers is a high Re spiral shape with central quasi stagnant
region. They concluded, that the vortex breakdown in conical diffusers is a
mechanism for limiting the increase in the swirl number
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and it occurs once the axial flux of circumferential moment of momentum is large
enough with respect to the axial flux of axial momentum.

2 MOTIVATION AND SCOPE OF THE PRESENT WORK

Despite the large amount of research concerns with the decelerated flow in the
draft tube of hydraulic turbines where the precessing vortex rope appears, many
related phenomena are not fully clarified and described, e.g. main trigger causing
flow instability leading to the vortex rope formation.

Besides the deeper understanding of the vortex rope phenomena developed during
past decades, methodology to suppress this undesired flow features for
turbomachinery is still sought and remains an object of interest. For these reasons a
passive as well as an active (in form of external energy source) control methods for
the vortex rope mitigation were introduced [42]. The passive control methods
include fins mounted on the draft tube cone [21], [19], extension cones mounted on
the runner crown [43], [28] or J-grooves [14], [15]. On the other hand, the active
control methods include air injections either downstream (through the runner cone)
or upstream (through the wicket gates trailing edge) of the runner [42], [26],
tangential water jets at the discharge cone wall [13], axial water jet injection along
the axis [41] and two-phase air-water jet injection along the axis [12].

Two ways of the draft tube flow investigations can be chosen. The first one
utilizes full turbine model and can be used to provide clearly specified flow
conditions of the draft tube flow for full range of operating points and a specific
runner geometry. Nevertheless this approach is very demanding on financial sources
and available facilities. Therefore the second way with the simplified swirl generator
apparatus was employed. Basically the swirl generator is used to imitate flow
conditions similar to ones in the draft tube cone of the Francis turbine.

The base of this thesis investigates flow behind two different swirl generator
apparatus. While the first one (“BUT” swirl generator) was designed at our



department the second one (“UPT” swirl generator) is outcome of the research of the
hydraulic group from the Politehnica University of Timisoara in Romania. The
detailed description of both swirl generators is presented in section 4 . Consequently
this thesis is later divided into two main parts, each of them devoted to study of the
flow produced by the particular generator.

In the first part the comprehensive experimental and numerical investigation of
swirling flow is carried out using the “BUT” swirl generator apparatus. Both the
energy and dynamical aspects of the resulting swirling flow with the spiral vortical
structure are accessed using the methods summarized in section 3 and aims to bring
a new findings and summaries to the field of spiral vortex breakdown.

In the second part the POD technique shortly described in section 3.3 is applied to
both “BUT” swirl generator and “UPT” swirl generator in order to assess the
energy-dynamical description of these decelerated flows based on the spatio-
temporal information extracted by the POD technique.

It is POD which allows better understanding of the flow behavior. For example
strong advantage of POD applied on 2D or 3D flow fields in comparison with FFT
obtained from the signal in the discrete points is that POD provides complete spatial
representation of modes besides only temporal view obtained by FFT. This brings
new view for research of decelerated swirling flows. In last several years the POD
technique started to be widely used for full range of applications. The medical
application of POD for transient turbulent flow over one cardiac cycle is presented
in [9]. The civil engineering application of POD for turbulent flow inside a street
canyon was investigated in [11]. The applications of POD analysis to extract the
vortex shedding in the near wake of cylinder are presented in [25] and [27]. Several
studies are concerned with turbulent jets [18] and swirling jets undergoing vortex
breakdown [22], [23].

The utilization of POD in the field of turbomachinery is relatively new and was
first introduced by our department [29], [30], [33]. One of the outcomes of this
thesis is comprehensive utilization of POD for the study of the swirling flows where
the spiral vortical structure appears. Moreover in case of the “UPT swirl generator”
the results of POD analysis presented in section 12 are used to study possible ways
to control and mitigate the vortex rope development in the draft tube of real
hydraulic turbines and enhance overall turbine efficiency and operation reliability.
The active control method in a form of axial water jet injection along the diffuser
axis is utilized.

The POD analysis of “UPT” swirl generator is consequence of the collaborative
work established during my internship at Politehnica University of Timisoara in
2012.

3 THEORY AND APPLIED METHODS

Since the proposed study is based on both the experimental measurements and the
numerical calculations the wide range of available methods are utilized.



3.1 LASER DOPPLER ANEMOMETRY (LDA)

The Laser Doppler Anemometer, or LDA, is a widely accepted tool for fluid
dynamic investigations.

3.2 COMPUTATIONAL FLUIDS DYNAMICS (CFD)

Nowadays the computational fluid dynamic and relevant commercial software
codes are well known and widely used for broad range of fluid flows applications. In
this thesis both the commercial CFD software ANSYS Fluent and open source CFD
code OpenFOAM are used.

While the numerical simulation of “BUT” swirl generator is carried out using
OpenFOAM in version 2.2.2 the ANSYS Fluent R14 was used for calculation of
“UPT” swirl generator.

For generation of computational grids of both “BUT” and “UPT” swirl generators
the Gambit software was used.

Both calculations employ the Reynolds Average Navier-Stokes approach together
with specified turbulence models. Two kinds of turbulence models are used. While
for the calculation of “BUT” swirl generator using the OpenFOAM the realizable k-
¢ turbulence model is considered the calculation of “UPT” swirl generator is carried
out with the Reynolds stress model (RSM) which is well implemented in ANSYS
Fluent.

3.3 PROPER ORTHOGONAL DECOMPOSITION

Proper orthogonal decomposition (POD) was introduced into the field of fluid
mechanics by Lumley [17], [2] as a technique which enables to bridge time and
frequency domains and obtains spatio-temporal information about the flow in form
of spatio-temporal eigenfunctions. POD provides a basis for the modal
decomposition of a set of functions and most efficient way of capturing the
dominant components, i.e. coherent structures. The POD can be used to analyze
experimental as well as numerical data being applied to scalar or vectorial functions.

The scalar function p(x,t;), e.g. pressure field, is considered in the following
theoretical explanation. For instance, a set of data p(x, t;) as a function of physical
space x and discrete time t;, can be expressed using POD as a set of orthogonal
spatial basis functions ¢¥(x) (i.e. spatial modes), and temporal functions ay(t;)
(i.e. temporal modes), respectively. Where i = 1,2, ..., N, N is the number of grid
points and k=1,2,..,M, M is the number of snapshots. Accordingly, the
approximation of the data set onto the first k snapshots can be written in terms of the
spatial and temporal functions as follows

K
File ) = ) a(t) o) a1

where K < M and approximation onto the first K functions has the largest mean
square projection [9].



In method of snapshots suggested by Sirovich [36], the general N x N eigenvalue
problem is reduced to M x M eigenvalue problem.

3.4 ENERGETIC ASSESSMENT

The main purposes to use the draft tube for the reaction turbine are that the
turbine can be placed above the level of the tail water without losses of available
head and transformation of residual kinetic energy at the turbine outlet into the static
pressure thereby increasing overall turbine efficiency. In order to assess energetic
performance of the diffuser the hydraulic efficiency n, pressure recovery coefficient
¢, and hydraulic loss coefficient & will be evaluated.
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4 TEST CASES

The main part of present study is carried out for a test case of decelerated swirling
flow in conical diffuser as a component of swirl generator apparatus included in a
test rig situated in a hydraulic laboratory of V. Kaplan Department of Fluid
Engineering. Additionally, due to collaborative reasons, the part of the study is
concerned with a test case of swirl generator apparatus developed by research group
at “Politehnica” University of Timisoara in Romania.

4.1 SWIRL GENERATOR APPARATUS DESIGNED AT BRNO
UNIVERSITY OF TECHNOLOGY (“BUT”)

The swirl generator apparatus consists of two main parts, the swirl generator itself
and the conical diffuser. The swirl generator was designed so that it converts fully
axial flow into flow with significant tangential component. Ten stationary blades are
situated on the inner spike which acts as a hub. The trailing edge deflection from
axial direction is 30 degrees at spike side and linearly changes to 50 degrees towards
outer wall. The blade length is 40 mm and blade thickness is 1 mm. The conical
diffuser is connected downstream of the swirl generator. The inlet to the diffuser
cone is 115 mm behind the blade trailing edge. The longitudinal cross-section
through the swirl generator apparatus is shown in Figure 2.
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Figure 2 Scheme of swirl generator apparatus

4.2 SWIRL GENERATOR APPARATUS DESIGNED AT
“POLITEHNICA” UNIVERSITY OF TIMISOARA (“UPT”)

This swirl generator apparatus has been developed at “Politehnica” University of
Timisoara (UPT) as a simplified device for experimental investigation of decelerated
swirling flow with self-induced instability (e.g. precessing helical vortex). The swirl
generator apparatus is installed in the test rig with a closed loop hydraulic circuit
described in [3]. The swirl generator provides at cone inlet a flow similar to the one
encountered in the draft tube of Francis turbine operated at partial discharge, e.g. at
70% of the best efficiency point [38]. The swirl apparatus test section is shown in
Figure 3 with position of pressure transducers marked as MGO — MG3. Detailed
information about design and manufacturing of the swirl generator can be found in
[40], [4]. The axial water injection through the turbine hub into the draft tube cone
was introduced by Susan-Resiga et al. [41] as an active control technique for vortex
rope mitigation in hydraulic turbines. This technique is well integrated in swirl
generator apparatus for experimental investigation on simplified test case.

pressure
transducers

Figure 3 Swirl generator apparatus installed on the experimental test rig: a cross
section (a) and a general view (b)
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PART | - INVESTIGATION OF SWIRLING FLOW
GENERATED BY THE “BUT” SWIRL GENERATOR

5 VELOCITY MEASUREMENTS IN THE CONICAL
DIFFUSER

The LDA (Laser Doppler Anemometry) measurements were performed in three
cross-sections through the diffuser cone for the flow rates ensuring non-cavitation
regimes. The axial and tangential velocities were measured simultaneously starting 2
mm from the diffuser cone wall and going perpendicularly to the diffuser axis with
the 2 mm step for the axial velocity. The velocity measurements were carried out in
three locations S1 = 23 mm, S2 = 50 mm and S3 = 75 mm from the beginning of the
diffuser cone, see Figure 4. The measured flow rates are Q =5, 7, 8 and 11.5 I/s.
Note that velocities for flow rate Q = 11.5 I/s were measured only in S2 and S3
Cross-sections.
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Figure 4 Locations of LDA measurements

6 UNSTEADY PRESSURE PULSATIONS

The unsteady pressure pulsations are measured in seven locations pO0 — p6. The
first pressure sensor pO is situated in front of the swirl generator apparatus in
distance of 591 mm from the cone inlet, the five pressure sensors are situated in the
conical diffuser (sensor pl is situated in front of the cone and p2 — p5 are situated in
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the cone) and p6 is placed downstream in the outlet of the diffuser in the distance of
291 mm downstream of cone inlet. The overall view of sensors locations can be seen
in Figure 5.

pO 591 291 p6

Figure 5 Sensors locations p0 and p6 situated in front of swirl generator and at the
outlet of the diffuser

In order to evaluate asynchronous pulsations in all cross-sections for identical
flow rate all five cross-sections are equipped by two oppositely oriented pressure
sensors at the same time.

For this measurement the pressure sensors (pl* - p5*) were included creating
oppositely oriented row (180° shifted in circumferential direction, see Figure 6).
This enables to separate pulsations propagated either in longitudinal or in transverse
direction in all five cross-sections for identical flow rate.

) Q
S €

TR

T T

p6  p5* pdrp3 P2 Pl PO

Figure 6 Measurements with fully equipped pressure sensors in two oppositely
oriented rows

/7 HIGH SPEED CAMERA RECORDING OF THE
CAVITATING VORTEX

When the static pressure in the vortex core drops below the value of saturated
vapor pressure the cavitation appears. Due to the light reflection the vortex core is
well visible. In this case the cavitating vortex occurs at flow rates higher than Q = 7
I/s. In order to experimentally investigate the behavior of the cavitating vortex
structure the ensembles of the instantaneous images were recorded using the high
speed camera.

The spiral vortex generated by the “BUT” swirl generator behaves unstably in
time. The spiral rolls up and decays periodically generating the synchronous
pressure pulsations propagated upstream. The unstable movement can be seen in
Figure 7 where the time evolution of cavitating vortex at flow rate Q = 13.5 I/s is

12



shown in selected time periods. At time t = 0 sec the fully developed spiral vortex is
observed. The rotating spiral vortex disintegrates (t = 0.013 — 0.021 sec) leading to
the short straight vortex (t = 0.034 sec). Due to swirling flow instability the straight
vortex later breaks up into spiral shape again (t = 0.058 — 0.108 sec).

t=0.013 sec

k3

o l_'i .
t=0.021sec

! - “
5 ' - | |
i L t - |

e B 4 : S NN &
t=0.058 sec . . t=0.082 sec

t=0.097 sec = — t=0.108 sec

Figure 7 Time evolution of the vortex structure at flow rate Q = 13.5 I/s

8 CFD CALCULATION OF “BUT” SWIRL GENERATOR

The numerical simulation of “BUT” swirl generator is carried out using
OpenFOAM in  wversion 2.2.2. The realizable k- turbulence model
(realizableKE) is used. The values of turbulent quantities - turbulent kinetic
energy k and turbulent dissipation rate e were computed considering 5% of turbulent
intensity at the inlet boundary. At the inlet boundary the fixed value of velocity
according to the flow rate and at the outlet boundary the fixed value of pressure p =
0 Pa are prescribed.
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9 COMPARISON OF EXPERIMENTAL MEASUREMENTS
AND NUMERICAL RESULTS

The comparison of pressure recovery factor is carried out for particular computed
flow rates, see Figure 8.

Pressure recovery cp EXP vs CFD
04 : .

——Q7 C‘FD
0.3 |-°-Q7 EXP

0.2

Pressure recovery cp EXP vs CFD
04 : ;

—~—Q13CFD
0.3{-°- Q13 EXP

0.2

0.1- 0.1-

0-

cp (1)
cp (1)

0-

-0.1- -0.1-

02 02
o
03 ] 03
04, 0 1 2 3 4 04, 0 1 2 3 4
LD (1) LD (1)

Figure 8 Pressure recovery factor EXP vs. CFD

The numerically computed frequencies of the vortex rotation are compared with
ones extracted from the experimentally measured pressure signal, see Figure 9. The
decomposition to the synchronous and asynchronous pressure pulsations is done for
both experimental and numerical data.

Asynchronous pressure pulsations Q =7 l/s Asynchronous pressure pulsations Q =13 Is

- ——EXP - [~—ExP
o CFD col o o CFD

70

)]
o
T

B [4.]
o o
T
o
o

(]
o

Frequency (Hz)
Frequency (Hz)

20+ 20+

10 10
% 0 1 2 3 % 0 1 2 3
L/D (1) LD (1)
Figure 9 Asynchronous pressure pulsations at flow rate Q = 7 I/s (left) and 13 I/s
(right)
9.1 TIME EVOLUTION OF NUMERICALLY COMPUTED SPIRAL
VORTEX

According to visual observations of cavitating vortex (see section 7 ) the time-
evolution of numerically computed vortex structure (represented as the iso-contour
of low static pressure) is carried out in Figure 10.
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Figure 10 Time evolution of numerically computed vortex structure at flow rate Q
= 7 /s (iso-contour of static pressure)

9.2 COMPARISON OF VELOCITY RESULTS

The comparisons of computed and measured axial and tangential velocity profiles
in the first two cross-sections S1 and S2 are plotted in Figure 11 for Q = 7 I/s.

S1 = 23mm cross-section Q=7l/s S2 = 50mm cross-section Q=7l/s

T T T
e v, EXP e v EXP
A Voo EXP

——v__CFD

ax

velocity(m/s)
velocity(m/s)

25 30

s i
0 5 10 15 20
wall distance (mm) wall distance (mm)

I i I H
0 5 10 15 20

Figure 11 Comparison of measured and computed velocity profiles for flow rate
Q=7I/s
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10 ENERGY DISSIPATION IN THE DOWNSTREAM PART OF
THE DIFFUSER

On the base of irreversible part of stress tensor IIj; = 2uv;; + bd;jvyy arising from

the Navier-Stokes equation the dissipation function D, which represents power
dissipated in the volume of fluid is calculated using equation

avi
D= m My =t av
) x; (10.1)

Using the tensor operations the equation (10.1) can be further expressed into final
form of dissipation function D

dv\> 1/[0v, v, 21 v,  Ov,\°
D‘fof{(““t) (5) +5(@+§ +3(5 * %)
|4
ov,\*> 1(0v, dv,\° [dv, T (10.2)
*(E +§(§+ay +(5) |

The dissipation calculated in a form of dissipation function (10.2) should be in

agreement with the power loss AP between domain inlet and outlet calculated from
the specific energy difference AY.

AP =p-Q-AY =
2 2
Q <pinlet — Poutlet n Tintet " Vinlet — Xoutlet * voutlet)

; - (10.3)

Comparison of resulting dissipation function D with power loss AP is plotted in
Figure 12.

Energy dissipation

N
(5]
(=)

Energy dissipation (W)

4 6 Flé t Q‘I(;?) 12 14
Figure 12 Power dissipated in the volume of fluid
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PART Il POD ANALYSIS

11 POD ANALYSIS OF “BUT” SWIRL GENERATOR

The POD of cavitating vortex structure is carried out using the image ensembles
recorded by the high speed camera. The grayscale images are post-processed in
MATLAB®. In this case the cavitation (respectively the concentration of the vapor)
Is represented by the number (representing color scale) in interval from 0 (water) to
255 (vapor). In Figure 13 the spatial shapes of caviation modes are presented for
flow rates Q = 11.5 I/s (left column) and flow rate Q = 13.5 I/s (right column)
including the mode #0 representing the time-averaged cavitation field.

Q11.5 mode no.0

40 60 80 100
X [mm]

Q11.5 mode no.1

Q13.5 mode no.0

40 60 80
X [mm]

Q13.5 mode no.1

0 20 40 60 80
X [mm]

013 5 mode no.2

L
ED
(_,
@
N
!
K

Figure 13 Cavitation modes for flow rate Q = 11 (left) and 13.5 I/s (right)
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11.1 POD OF NUMERICALLY COMPUTED PRESSURE FIELDS

In Figure 14 the POD modes are presented for the lowest and highest computed
flow rates (Q = 5 and 13 I/s) in order to present the spatio-temporal changes of the
vortex structure when the flow rate increases. Besides the spatial shapes represented
as the contour of ¢¥(x) the value of corresponding temporal mode frequency is
added to the right corner.

Static pressure mode no. 0, Q = 5l/s Static pressure mode no. 0, Q = 13I/s
E E
g 0 g
> > 00
-20 -20 50
120 160 180 120 160 180
X [mm] X [mm]
Static pressure mode no. 1, Q = 5l/s Static pressure mode no. 1, Q =13l/s

f 256Hz 20 20§ f 505 Hz| 20
: 1@ :
0

OO

E E
E 0 o E
20k -20 -20 /j -20
120 160 180 0 120 160 180 220
X [mm] X [mm]
Static pressure mode no. 2, Q = 5l/s Static pressure mode no. 2, Q = 13I/s

o
Y [mm]

g@u *

120 140 160 180 200 220
X [mm]

Figure 14 The first ten spatial modes of static pressure, flow rate Q = 5 I/s (left)
and Q =13 I/s (right)
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12 POD ANALYSIS OF “UPT” SWIRL GENERATOR WITH
THE AXIAL WATER INJECTION

On the base of author’s internship at Politehnica University of Timisoara in
Romania the collaborative work arose employing the POD technique for numerical
calculation of “UPT” swirl generator apparatus designed by our colleagues in
Timisoara, see test case in section 4.2. This work presents utilization of POD in
order to study influence of the axial water injection as a methodology used to
suppress the spiral vortex dynamics.

This analysis is focused on the active control method proposed by Resiga et al.
[37] employing the axial water jet injected along of the diffuser axis. In contrary
with the [24] where the helical instability is suppressed by changes in the fluid

18



density this approach is based on the change of the mean flow. Particularly, the axial
water jet method is tested on a straight draft tube using a swirl generator apparatus
instead of the turbine runner [3]. Numerical computations of the jet influence on
decelerated swirling flow in the diffuser for several jet discharges performed by
Muntean et al. [20] are carried out in order to compare numerical results with
experimental ones [5]. The data sets of velocity and pressure fields are used for the
POD analysis. The computed pressure and velocity fields are further decomposed to
extract the main significant modes.

12.1 NUMERICAL SET-UP

The three-dimensional computational domain shown in Figure 15 corresponds to
the convergent-divergent section of the experimental swirl generator apparatus. The
inlet boundary of the computational domain is the annular section located just
downstream of the free runner while the outlet section belongs to a cylindrical
extension of the divergent part. The turbulent velocity profiles used as the inflow
condition in present numerical computation, together with the profiles of turbulent
kinetic k energy and dissipation rate ¢ are results of previous numerical simulation
[5]. The pressure outlet with the radial equilibrium condition is prescribed on the
outlet boundary located downstream of the conical section in the extended pipe.

convergent
section

divergent
section
pitch for cone end
POD method
Figure 15 Three-dimensional computational domain of convergent-divergent

section

The three-dimensional turbulent unsteady computation with the time step of At =
1.10™ sec is carried out using the commercial software ANSYS Fluent R14 [1]. The
Reynolds stress model (RSM) with second-moment closure was chosen in order to
include the effect of strong turbulence anisotropy [1], [10], [31].

12.2 DECELERATED SWIRLING FLOWS WITH THE AXIAL WATER
INJECTION

In this section the influence of the axial water jet to the pressure and radial
velocity fields is discussed. The spatio-temporal behavior of the POD modes during
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the axial water injection is compared with the experimental data. Firstly, the
evolution of Strouhal number during the axial water injection is plotted in Figure 16

against the experimental data.
0.4

0.35
partial water

injection

critical
threshold jet

03

1 full water
b d 1 injection |
E 3

L2 7 La

025

02

Strouhal number Sh [-]

® experimental

=8 CFD
015 | A= A POD reconstruction

0.1

0 0.05 0.1 0.158
discharge factor Qjet/Q [-]

Figure 16 Strouhal number numerically computed for different values of the jet
discharge against experimental data

12.3 5% JET DISCHARGE

At 5% jet discharge the continuous increase in eigenvalue magnitude of static
pressure mode #0 and decrease in eigenvalue magnitude of modes #1 and #2 is
observed, see Figure 17a. On the other hand, one can see much larger increase in
eigenvalue magnitude of the radial velocity modes #1 and #2. Nevertheless the time-
averaged radial velocity mode #0 increase as well. That means that the energy
budget of radial velocity modes #1 and #2 increases at the expense of the rest modes
which are strongly reduced, see Figure 17b. The relevant frequency spectra of both
static pressure and radial velocity temporal modes are presented in Figure 18.
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Figure 17 Dimensionless eigenvalue magnitude of the first ten static pressure
modes (a) and radial velocity modes (b) at 5% jet discharge

20



N TN
™N
T T

~[711.7 Hz +0.8 Hz \\ So1s A \\

dimensionless amplitude [-]
o

Figure 18 Power spectra of static pressure modes (a) and radial velocity modes (b)
at 5% jet discharge

Positive influence of 5% jet to the flow dynamic suppression is clear from the
spatial shapes of both static pressure and radial velocity mode #1. The modes are
pushed further downstream to the diffuser, see Figure 19. This means that the jet

discharge becomes strong enough to act on modes in the upstream part of the
diffuser.
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(a) (b)
Figure 19 Spatial shape of static pressure (a) and radial velocity (b) mode #1 at
5% jet discharge

The comparison of original snapshot (iso-surface of low static pressure) with the
reconstructed ones is presented in Figure 20 for case of 5% jet discharge.
Consequently the reconstructed pressure fields (using 4 and 10 modes) can be
correlated with the visualization (Figure 20a) on the experimental test rig. On can
see that the vortex residue in the downstream part of the cone is sufficiently captured
reconstructing the pressure field from 10 modes.
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Figure 20 Vortex rope visualization on the test rig (a), the original snapshot from

CFD computation (b), the reconstructed snapshots based on four modes (c) and ten
modes (d), 5% jet discharge

13 CONCLUSIONS

This thesis aims to contribute to the study of the vortex breakdown in the field of
draft tube flow. The spiral form of vortex breakdown appears when the Francis
turbine is operated for lower flow rates (part load) than the optimum one.
Consequently the coherent structure of vortex rope appears below the turbine runner.

The behavior of corkscrew partial load vortex strongly depends on the flow rate.
While for one flow rate it can be fairly robust flow pattern rotating very uniformly
for another one the very unsteady corkscrew vortex rope with transition to different
shapes occurs. Nonetheless the regular movement in upstream part of the draft tube
Is accompanied by the dissipating process in downstream part where this coherent
structure decays. In order to mimic this flow phenomenon in the easiest way the
swirl generator apparatus were designed to imitate flow similar to one in the draft
tube of real hydraulic turbine. The detailed description of both swirl generators is
presented in section 4 . Whole thesis is divided into two main parts:

The first part of the thesis is dedicated to comprehensive experimental and
computational investigation of flow generated by the swirl generator designed at
Viktor Kaplan Dept. of Fluid Engineering, Brno University Technology (“BUT”
swirl generator). This simplified apparatus generates swirling flow which breaks
down in the diffuser to the spiral vortex with cavitating core at higher flow rates.
Unlike the hydraulic turbine where the flow passes through guide vanes and runner
blades (thus the mismatch between swirl generated by the guide vanes and angular
momentum extracted by the turbine runner is realized) here the changes in flow
pattern and behavior are realized only by the increasing or decreasing flow rate.
Nonetheless the main vortex features can be estabilished — the instability trigger
leading to the spiral form of vortex breakdown, the source of synchronous and
asynchronous pressure pulsations, effect of cavitating vortex core, etc. The second
part of thesis is dedicated to the POD application for study of spatio-temporal
features of spiral vortex. The subsections of second part are following:

507
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1) The flow generated by the “BUT” swirl generator is analyzed using both
experimentally and numerically obtained flow fields. These results are
extension of investigation presented in the first part of thesis.

2) The POD is utilized in order to investigate spatio-temporal changes in the
vortex dynamics when the active control (in a form of axial water jet) is
applied. This study is realized on the base of collaboration using the swirl
generator designed by the researchers from the Politehnica University of
Timisoara in Romania (“UPT” swirl generator). The swirl generator
consists of both guide vanes and free runner and the design is so that the
resulting flow is similar to one encountered in the draft tube of the Francis
turbine (FLINDT project) operated at partial discharge, e.g. at 70% of the
best efficiency point. Both the pressure and velocity fields are investigated.

The results from well-conducted experimental measurements are usually
considered as undoubtedly true (with respect to the measuring uncertainties).
However, the strength of CFD is such that it provides full three-dimensional
representation of the flow field. Moreover the numerically computed flow field can
be expressed using various quantities (i.e. pressure, velocity components, vorticity,
strain rate). It would be very difficult to record pressure in such many points in
space or measure Vvelocity vectors in such many planes to cover full three-
dimensional representation of the flow experimentally. Therefore the CFD
calculations, carefully verified by the experimental results, enable easy
representation of this complex flow for further investigations. In this thesis the
results of numerical simulations are compared with experimental ones for both swirl
generator cases. Both the open-source and commercial CFD softwares were used.
While the flow in “BUT” swirl generator is calculated using the OpenFOAM, the
numerical data of “UPT” swirl generator are carried out in commercial ANSYS
Fluent.

The main thesis outcomes:
* In the first part analyzing flow generated by “BUT” swirl generator was

shown that the magnitude of asynchronous pulsations and its frequency
decrease downstream of the diffuser well correspond for both the static
pressure and velocity fields. It proves the significant link between pressure
and velocity field through the Navier-Stokes equation. From the pressure
measurements it was observed that the largest amplitudes and lower values
of the mean static pressure are obtained for the pressure sensor p2 situated
at the beginning of the cone. In this section the vortex core is the most
significant which is also reflected in the steep drop of pressure recovery for
higher flow rates. Very good agreement was obtained for instability of the
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spiral vortex. From computed pressure field was shown that the
periodically decaying character of the vortex is well captured by the
numerical calculation therefore it is not consequence of any other source as
a natural frequency of experimental test rig. It was shown that the
synchronous part of pressure pulsations is not related only to the elbow
draft tube surge but it can be also found in the straight diffusers. The
complexity of decaying character of the vortex is difficult to simulate by
two equation k-¢ turbulence model, which does not affect strong turbulence
anisotropy. Moreover due to disagreement in results for higher flow rates
the two phase numerical simulation can be recommended for the cases
where the cavitating vortex core appears. At flow rate Q = 13 I/s the lowest
diffuser loss coefficient, highest pressure recovery and highest diffuser
efficiency is achieved in the conical section compared to other numerically
investigated flow rates. Nevertheless overall energy dissipation
quadratically increases with increasing flow rate. Finally the vortex
rotational frequency decrease along the diffuser axis was clarified
considering two reasons — increase of diffuser diameter and collapsing
spiral vortex.

= The main outcomes of POD decomposition are following: The radial
velocity field is very good measure of the flow instability. The spatio-
temporal behavior of the static pressure modes is in excellent agreement
with the one obtained from the velocity field. In some cases the POD of
static pressure field can be preferable (in case of numerical data) compared
to the POD of velocity field. The backward reconstruction of static pressure
field executed using only the finite number of modes (e.g. consideration of
only 10 most significant modes) is able to approximate the original one
with sufficient accuracy. The main discrepancy in spiral vortex spatial
shape is caused by neglecting of higher modes related to the small scale
turbulent eddies which are responsible for the vortex rope decay in the
downstream part of the cone. The quality of POD results increases with the
length of sampled time.

= Advantages of POD decomposition in study of active flow control for
mitigation of vortex dynamics were presented.

POD provides basis for further utilization of reduced order model (ROM),
sometimes called low order dynamical model for the draft tube flow control. The
ROM model is derived by projection of Navier-Stokes equation onto POD basis.
One of the first applications of ROM can be found in [34] and [35].
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ABSTRACT

This work deals with study of swirling flows where the spiral vortical structure
appears. The main relation is to flow seen in the draft tube cone of hydraulic
turbines operated out of the design point (i.e. best efficiency point). In this cases
large coherent vortex structure (vortex rope) appears and consequently high pressure
pulsations are propagated to the whole machine system leading to possible
restriction of turbine operation. This flow features are consequence of flow
instability called vortex breakdown in case of Francis turbine operated at part load
(flow rate lower than optimal one).

The present study is carried out using simplified device of swirl generator in order
to access similar flow conditions as can be found in real hydraulic turbines. Both the
dynamic and dissipation effect of spiral vortex breakdown are investigated.

The first part of thesis deals with spiral form of vortex breakdown. The
experimentally measured velocity profiles (LDA) and wall static pressures are
correlated with numerical simulations carried out using open-source CFD package
OpenFOAM 2.2.2. The high speed camera recording of cavitating vortex core is
used to obtain image ensemble for further post-processing. The dissipation effect of
spiral vortex structure is in detail discussed based on computed flow fields.

The second part of thesis is dedicated to the application of POD decomposition to
the study of spatio-temporal features of spiral vortex dynamics. Firstly the POD is
applied to the both the experimentally obtained image ensemble of cavitating vortex
and numerically computed static pressure fields. Secondly the comprehensive
analysis of spiral vortex mitigation effect by the axial water jet is analyzed. The
collaborative study employing the swirl generator apparatus designed by the
researchers from Politehnica University of Timisoara in Romania is performed and
changes in spatio-temporal vortex dynamic are studied. In this study the numerical
data (in a form of three-dimensional pressure and velocity fields) are obtained using
commercial CFD software ANSYS Fluent R14.
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