BRNO UNIVERSITY OF TECHNOLOGY

VYSOKE UCENI TECHNICKE V BRNE

FACULTY OF MECHANICAL ENGINEERING

FAKULTA STROJNIHO INZENYRSTVIi

ENERGY INSTITUTE

ENERGETICKY USTAV

CAVITATION INDUCED BY ROTATION OF LIQUID

KAVITACE VYVOLANA ROTACI KAPALINY

DOCTORALTHESIS
DIZERTACNI PRACE

AUTHOR Ing. Jifi Kozak

AUTOR PRACE

SUPERVISOR doc. Ing. Pavel Rudolf, Ph.D.
SKOLITEL

BRNO 2019






ABSTRAKT

Tato diserta¢ni prace se zabyva experimentalnim a numerickym vyzkumem kavitace vyvolané rotaci.
Pro potieby tohoto vyzkumu byla vyuzita transparentni osove symetrickd Venturiho dyza, diky emuz
bylo mozZné zkoumat dynamiku kavitujiciho proudéni pomoci analyzy vysokorychlostnichnahravek.
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ABSTRACT
This doctoralthesis deals with experimentaland numerical research of cavitation induced by rotation of

liquid. The transparent axisymmetric Venturitube was exploited forthis purpose. Thus, it waspossible
to investigate dynamics of cavitating flow using the captured high-speed records.
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Cavitation induced by the rotation of liquid
Chapter: Introduction

1. Introduction

Cavitation isa complex physical phenomenonwith crucialimpact on manytechnical applications.
When local value of the static pressure drops below certain level (i.e. value of the saturated vapor
pressure) in the liquid volume, liquid changesits state. From the physicalpoint of view, this process is
similar to the boiling of the water. The main differenceis the factthatthe water is exposedto the ambient
temperature, compared to the water boiling when temperature must exceed certain leveldependingon
the ambient pressure. The creation, presence and decay of the cavitation bubble, which is filled mainly
by the evaporatedwaterand dissolved gasses, isassociated with many consequences.

The mostimportant effects of cavitation are erosion of the exposed surfaces, pressure fluctuations,
vibrationsand acoustic emission. These features of cavitationare usually undesirable, on the other hand
they can be utilized in many technical applications. The erosion of the surfaces as well as pressure
fluctuations lead to the reduction of the lifespan of the hydraulic machines, restrictions of the machine’s
operation andunder certain circumstances they can cause the hydraulic machine destruction. All of the
above-mentioned facts resulted in the comprehensive investigation of this phenomena.

Since there are severalmechanismswhich can lead to the pressure drop in the liquid, severaltypes
of cavitation are distinguished. The most important typeof cavitation, from the energy industry point of
view is so-called hydrodynamic cavitation. Assumingthat the pressure drop is sufficient, the cavitation
can occur in the liquid volume. This is a case of cavitation in hydraulic machines such as pumps,
turbines, valves etc. The other example of the hydrodynamic cavitation is so-called vortex cavitation
which is caused by the pressure drop in the core of the vortex.

Typicalexamples of the latter type of cavitationare so-called cavitating vortex ropes, which can be
found downstream the hydraulic turbines runnersin case of non-optimal operating conditions. Another
type of vortex cavitation is found in case of the blade motion in the liquid. Thanks to the pressure
difference on the both sides of the profile, so-called tip vortex is formed at the end of the blade. This
type of cavitation istypical problem of the ship propellers, Kaplan and propeller turbines. Spiral vortex
filament rolls from the rotating blade tip.

Typicalexample of the cavitation caused by the rotation of the liquid is so-called vortex ring, which
appears downstream of the axisymmetric nozzles. If sufficient circulation and consequently pressure
drop is established, then the circularvortex is filled with vapor.

This thesis will be focused on investigation of the cavitation caused by the rotation of the liquid,
where most of the effort will be concentrated on experimentaland numerical research of the cavitating
vortices behind the swirl generator, which are similar to vortex ropesin the nature. Forthe purpose, the
Venturi tube will be exploited. The cavitation will be investigated using the various methods including
analysis of high-speed video, records of different transducers and also numerically using the multiphase
simulations carried out using the computational fluid dynamics (CFD) software. Whole investigation
will be done using the test section consisting of Venturi tube with and without the upstream-mounted
swirl generator. Thus, it will be possible to investigate and compare differentcavitation regimes as well
asthe influence of the vortex introduced by the swirl generator.

The experimentaland numerical methods aswellas necessary theoretical backgroundare described
in the following chapters.
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1.1. Cavitation

Cavitation is a process of liquid evaporation, which is similar to the boiling of liquid. The main
difference between the cavitation and boiling of the liquid is the fact that the evaporation is not driven
by the temperature of the liquid, but the pressure drop. This pressure drop in the flow can be caused by
various reasons, including flow exposure to ultrasound. The most common type of cavitation in
hydraulic engineering is caused by the hydrodynamic behavior of the liquid flow, where pressure drop
is caused by localincrease ofthe liquid velocity. Thus, thisphenomenonis referred to as hydrodynamic
cavitation.
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Figure 1 The comparison of boiling and Figure 2 Saturated vapor pressure calculated
cavitation of liquid in the phase diagram [1] according to equation (1)

On the other hand, even though cavitation is not driven by exceeding a certain temperature level, the
pressure of the saturated vaporis highly affected by the temperature of the liquid, therefore the results
of experimental measurement can be highly affected by the actual temperature of the liquid. Several
equations expressing saturated vapor pressure pvapas a function of temperature canbe found in literature,
forexample modified Clausius-Clapeyron equation:

pvap =100 - 653.6796 —w— 4.8451 -InT (1)
where T is thermodynamic temperature. The values of the saturated vapor pressure obtained by this
equation are depicted in the Figure 2.

Under certain conditions the cavitation bubble radius reaches critical value above which explosive
growth of cavitation bubble is observed. This condition is described using the following equations. If
the thermodynamics and diffusive effects are neglected, the static pressure within the spherical bubble
ps With radius rg is expressed by equation

20

P = DPsur + — (2)
U]

Where psuris static pressure in liquid surrounding the cavitation bubble. Considering the cavitation
bubble content composed of the undissolved gas and saturated vapor, the static pressure ps can be
expressed using the Dalton law:

P = Pvap t Dgas 3)

Where pvap is the saturated vapor pressure and pgas is partial pressure of undissolved gas. Considering
the equations (2) and (3), the condition of cavitation bubble stability is expressed by equation (4).
20

pvap + pgas = Dsur + — (4)
U:]
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In case that diffusive and thermodynamics effects are neglected as it was mentioned above, the static
pressure of the liquid surrounding the cavitation bubble ps.rin case of cavitation bubble growth from
initial radius of rgo to finalradius rs can be calculated usingthe equation (5)

20\ (T50\> 20
Psur = pvap + (psuro - pvap + E) (E) - E (5)

Using the equation (5), the chart depicting reaction of spherical bubble of certain initial radiusto change
of ambient pressure can be constructed:

1E+45 ; .
:lg \ Initial radius rgg (m)
E S \
: \ 2 N 3.0E-7
OE+0 fHbsi———er == oo — - LIES
= '| ......... 1.5E-6
a \
=< v - .- 3.0E6
-« Yy .- 7.0E-7
-1E+5
r(Bc)
— — - p(vap)
-2E+5
0.0E+0 5.0E-6 1.0E-5 1.5E-5

r (m)
Figure 3 Behavior of spherical cavitation bubbles with different initial radius

Behavior of five spherical bubbles with different initial radius rso is depicted in the Figure 3, other
parameters in equation (5) are constant. The minima of individualcurvesrefer to the critical values of
radius rscand psuc, Where curve joining the critical points is dividing the diagram to the stable and
unstable region.

Considering constant ambient pressure psur, response of the bubble to the sudden increase of its
radius will be completely differentin the region rs < rscand rs > rsc. In the first case, where the bubble
radius is lower than critical, the ambient pressure in the liquid is higher, than the pressure within the
enlarged bubble. Thus, the radius of the bubble will be reduced to the original value due to pressure
equilibrium. In the second case, where bubble radius is larger than critical, the pressure within the
enlarged bubble will be higher than ambientandthe bubble will grow continuously.

Slight increase in radius of spherical bubble can be observed, when the bubble is exposed to
decreasing ambient pressure until the critical ambient pressure psr is reached. The value of critical
ambient pressure isthe lower the lower is value of the initial bubble radius, which is clearly depicted in
the Figure 3.

Dynamics of spherical cavitation bubble is described using Rayleigh-Plesset equation. This
equation wasderived by Rayleigh in 1917 [3] directly from Navier-Stokes equation and firstly applied
to traveling cavitationbubbles by M.S. Plesset in 1949 [4], who also added the viscous term. The general
form of R-P equation isusually written as:

(6)

g dt  piTp

ps® —p(t)  d’ry 3 (dr3>2 4y, dr, 20
L =ge ta\ae) *
Where:
P=(t) is the externalpressure infinitely far from the bubble
v pL are liquid the kinematic viscosity and density respectively
o is the surface tension of the liquid
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Itis possible to calculate time-varyingradius of the bubble rg(t) using this equation, if the ps(t) is known
and p«(t)aswell asinitial bubble radiusand velocity of itsgrowth is given. Itis possible to neglect the
influence of surface tension and viscosity, assuming that in the equation (6), the influence of terms
containing velocity and acceleration is dominant.[5] Then, so-called simplified Rayleigh-Plesset
equation can be written down:

pB(t) - pl(t) =1, der + E(di)z (7)
PL dt?  2\dt

Further simplification, neglecting the non-linear term containing second derivative is commonly

utilized, for the numerical models of cavitation in most of the CFD codes. The problem of numerical

simulation of the cavitating flowis described separately in the chapter Cavitationmodeling.

The presence of cavitation isconnected with many side effects such as pressure fluctuations, noise
emissions, vibrationsand erosion of the materials subjected to the collapsing cavitation bubbles in the
regions of higher pressure. All above mentioned effects are strongly linked to the cavitation type and its
stage. Predispositions of the flow to the inception of cavitation within the flow can be described using
dimensionless cavitation number o. Value of cavitation number can be calculated using following
equations:

_ Pref — Pvap
Opel = 1 (8)
Epvrefz

Where reference values of static pressure prer and velocity ver, should be representative for the
investigated problem and type of cavitation (forexample upstream pressure and velocity in the throat in
case of nozzle).

Another definition of cavitation numberis based on the pressure drop measured across the section
affected by the cavitation:

Pref— P
Opres — —ref ey ap =P

©)

1.1.1. Stages and types of hydrodynamic cavitation

The transition between cavitation-free flowand first occurrence of cavitation isusually called incipient
cavitation. Detection ofthe first cavitation bubbles in flow can be quite challenging task, in case thatthe
region of cavitation inception is not defined precisely (forexample sharp edge of the nozzle throat) and
investigation using high-speed photographyisnot possible. The inception of cavitationis not connected

PC NC

1)

VIG5
covitation
Inception

0.0 . ) . ) A )
0.6 07y 08 09 10 11

Figure4 Q =51/s (NC — no cavitation, PC — partial cavitation) [8]

with loss of the efficiency, decrease of flowrate orwith the significant erosion of the attached surfaces.
On the other hand, as the amount and size of the cavitation bubbles increase, it is possible to observe
slight decrease of hydraulic loss caused by decrease of friction between surfaces of the investigated
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machine ordevice and surrounding flow. This decrease of the hydraulic loss was captured by Rudolf et
al.during the experimental investigation of the cavitationin converging-divergingnozzle (Figure 4). [8]

With the furtherincrease of the cavitation vaporamount within the flow, new regime called initial
cavitation develops. Severe pressure pulsations accompanied by noise and massive erosion typically
occurin this case. The cavitation void isusually highly unstable.

With further decrease of the cavitation number, it is possible to observe fully developed cavitation
and then so-called supercavitation. The fully developed cavitation isaccompanied by even more severe
pressure pulsations and vibrations prior the transition to supercavitation as it will be described. The
regime of supercavitation is characteristic by lower pressure pulsations comparedto the partially or fully
developed cavitation. According to other authors, it can be described as a flow regime where the
downstream border of the stable, coherent cavitation zone is situated farbeyond the investigated body.
[1],[18] The comparison of the cavitation development stages in case of cavitation in Venturitube and
axialinflow is depicted in the following set of pictures.

Figure 5 Stages of cavitation development in Venturi nozzle frominitial phase of cavitation in upper
left cornerto supecavitation in bottom left corner

Several types of cavitation can be distinguished by the nature of cavitating structure.
So-called attached or fixed cavitation is observed close to wetted surfaces. This type of cavitation is
considered to be stable in quasi-steady sense. Further decrease of cavitation number makes this type of
cavitation transient (or cycling). The cavity volume grows and then collapses. The maximum length of
cavity depends on the system pressure.

In case of travelling cavitation, the cavitation bubbles or volume of the cavitation are drifted
downstream by the main flow. Typicalexample of this type of cavitation is shedding of cavitation cloud
over the hydrofoil. Re-entrant jet is created thanks to the presence of sufficiently thick attached layers
of the cavitation. Cavitation sheet is separated by the re-entrant jet from the surface of hydrofoil and
cavitationcloud isformed. Part ofthe cloud is dissociated and flows downstream to the region of higher
static pressure, where it collapses.

The presence of swirl may result in creation of so-called vortex cavitation. Thistype of cavitation,
its mechanisms and investigation of this phenomenon is the main aim of this thesis, so it will be
described in detail in the following chapters. In general, vortex cavitationis caused by the pressure drop,
which is observed in the vortex core. The following requirement has to be satisfied according to
Noskievi¢ [2]:

1

Pvap = Pcore = Damb _E PVcore 2 (10)

Where pcore represents static pressure within the vortex core and veore is computed using the following
equation:
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Trv

UCOTB = (1 1)

rcore

where r representsthe radius of vortex and v is the velocity related radiusr.

Typical examples of this type of cavitation in technical praxis are vortex ropes, which may occur
downstream the runner of hydraulic turbine for certain operation conditions or tip vortex cavitation in
the spiral vortex filament created by the rotating propellers.

1.2.  Mathematical models of vortex
Several mathematical types of vortex were proposed in order to describe the pressure and velocity
profiles within the vortex. Alekseenko [10] put forward the pressure equation for swirling flow, where
pressure is function of radial coordinate and tangential componentof the velocity. The pressure equation
is valid assuming several simplifications, namely steady and isotermic flow of the ideal liquid. The
pressure equation is derived from the Euler equation andequation of continuity.

2

v
p= pj t‘;" dr + const (12)

Itis obvious, that the only unknown variable in the integralis the value of the tangential velocity, which
can be estimated usinga model of the vortex. It should be mentioned that more detailed description of
the models can be found in literature, for example in the contribution written by Stigler [11] orin master
thesis of Svanhal [12].

1.2.1. Basic vorticity theorems
The vorticity of the fluid is defined by formula:

2 =rotv (13)

Where nonzero value of thevorticity characterizes the rotational flow. It is possible to define the vortex
or vorticity line, which is everywhere tangentialto the local vorticity vector:

dx dy dz
==t (14)

x ‘Qy 'Qz
Vortex lines passing through given closed curve in the continuum form so-called vortex tube. If the
definition of the vortex tube is considered, it is obviousthat the flux of the vorticity through the wall of
the tube is equal to zero. The flux of the vorticity through the cross section of the tube is equal to
so-called vortex flux defined by the integral:

u=| 0,dA (15)
J

Where Q,is component of the vorticity vector perpendicular to the cross-section A. The value of the
vortex flux is constant within the whole vortex tube according to the second Helmholtz theorem. It is
impossible to experimentally measure value of vorticity, on the other hand it is possible to compute
circulation of the velocity 7" using the detected velocity field and then compute the vorticity indirectly
using the Stokestheorem.

F=3€vds=frotv-nd/1:f!Z-ndA:f.QndA (16)

C A A A

1.2.2. Rigid body model of the vortex

The simplest model of the swirl motion assumes that the swirling flow can be described as a rotating
rigid body. Thus, the tangential velocity is directly proportional to the distance to the axis of rotation
and angularvelocity.
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Vign(r) = @1 a7

Itis possible to express pressure profile usingthe boundary condition (18) and substituting the tangential
velocity in equation (12).

2

pw?r?

+ const (18)

p:pfwz-rdr+const=

r=R-op=p, (19)

The finalexpression for the rigid body profile of the pressure is defined by formula (5)

2
p=py— - (R = 1) 20)

1.2.3. Potential vortex

In case of the potential flow the motion of the particles must be irrotational. Thus, the particles do not
rotate around their axis but move on the circular trajectory in case of potential vortex. The whole
vorticity of the potential vortex is concentrated to the so-called vortex filament in the centre of the
potential vortex. Rotation of this filament isthe cause of the circular motion of the particles.

Velocity of the particle in a sufficient distance from the filament would be in good agreement with
reality. On the other hand, the velocity magnitude rapidly increases with decreasing distance between
the particle and filament. Thisrapid increase of the velocity magnitude does notcorrespondto the reality,
where the tangential velocity dropsto the zero due to the influence of viscosity nearto the vortex core.
[11] Profile of the tangential velocity can be described using following formula:

Vn () = (21)

Where C is a constant. Substituting this expression to the formula (11), the pressure integral can be
expressed.
C? C?
p=p f—3dr + const = —p—z + const (22)
T 2r

The finalequation of the static pressure can be obtained usingthe same boundary conditionsas in case
of rigid body model of the vortex.

pC2 71 1
p=rat (7 72) )

1.2.4. Rankine vortex
The problem of increasing velocity in the vicinity of axis of potential vortex is partially solved by the
Rankine model by introduction of vortex core.

The liquid continuum is divided by the vortex core. Within the vortex core, the liquid motion is
described using the rigid model of vortex. On the other hand, the potential model of vortex is utilized
outside this border. Therefore, the maximum magnitude of the tangential velocity is found at the vortex
core radius. The most important con of this modelis sharp change of the velocity profile derivation at
the vortex core radius.

Forr <r:

=<

Vtan (T) =V (24)

‘.;%
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And forr >rc:
rC
v,(r) = v, - (25)

Itis possible to express pressure profile of Rankine vortex substituting these expressions to the pressure
integral and usingthe boundary condition.

Forr=>r.:
And forr <rc:
r=n-pl)=p = pR+va;TCZ(R—12—rC1—2) 27)
p=pR—m;cz<2 _:;_22>+p1;c2:c_22 %

1.2.5. Lamb vortex
This model of the vortex is derived directly from the Navier-Stokes equation in case of planar motion
considering the infinite space and incompressible liquid. Thus, the most significant restriction of this
model is impossibility of the superposition principle utilization due to the non-linear terms of N-S
equation.

Compared to the Rankine vortex, the velocity profile of the Lamb vortex issmoothalongthe vortex
radius. Tangential velocity of the Lamb vortex isdefined using the following expression. [10]

1,39y, 1, (—1,26r—22)
v, () = — 1—e T (29)
Substitutingthis expression to the integral (12) the pressure integral of the Lamb vortex isobtained.
1,39v,7, 1260
p=p J r—ZCC(l — e( 126T62)>dr + const (30)

The pressure integral of the Lamb vortex is exponential, therefore the numerical integration had to be
carried out to obtain the pressure equation. The final pressure function for the vortex with the radius
discretely divided into n pointsis asfollows:

n-1

Th—i+1 Th—i 2

i=1

1.3.  Computational Fluid Dynamics — theoretical background

The computational fluid dynamics has become one of the essential methods of the fluid flow
investigation. Increase of the computational performance accompanied by the decrease of the
computational resources cost leadto the utilization ofthe CFD methods not only in the academic sphere
butalso in the industry. CFD can be considered asimportant method of the hydraulic research from the
theoreticalinvestigation of the broadrange of phenomena to the design and optimization ofthe hydraulic
machinesorwhole hydraulic systems. The turbulentincompressible flowis described by Navier-Stokes
equation and the continuity equation.

v, +6vi 10p N 0%v; N (32)
—+—v,=———+vV a;
0t 0 J pdx;  Ox;0x; "
av;
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Unfortunately, the analytical solution of N-S equation can be obtained only for certain simple laminar
flow problems. [1] The numerical solution is possible for the full spectrum of the complex hydraulic
problems, if Reynolds Averaged Navier-Stokes (RANS) equation is employed. RANS equation is
derived from N-S equation considering so-called Reynolds decomposition and Reynolds averaging
rules, where instantaneous velocity and pressure are divided to the static and fluctuation components.
The finalform of RANS equation forincompressible liquid is given in following formula.

a_vz + 6771 — 1 aﬁi + 62171 0 (ﬁ) (34)
—+—v,=———=—+vV -—(vv
ot ox;’ p 0x; ox;0x; 0x; "
The averaged form of the continuity equation is as follows:
2 )
ox;

So-called closure problem must be solved due to the fact, that there are four equations describing the
problem and ten unknown parameters of the flow. This problem can be solved in two ways. The number
of unknowns can be reduced or furtherequations describingthe physical properties of the flow can be
introduced to the system. Usually the combination of both approachesis exploited to close the system
of equations. Thus, the properchoice of the turbulencemodeland appropriate near walltreatmentis the
crucial part of the numerical simulation.

The most appropriate numerical method for solution of partial differential equations of the fluid
flow is Finite Volume Method. Thismethod is utilized by most of the modern CFD codes.

1.3.1. Turbulence modelling
The averaged product of fluctuation velocity components in equation (36) multiplied by the density of
the fluid is so-called Reynolds stress tensor:

T = P(Ul'v]’) (36)

The aim of the turbulence modelling is to compute or model Reynolds stress tensor. Two-equation
models constitute one of the most commonly utilized groups of the turbulence models in engineering
practice. These models usually provide reasonable compromise between computational cost and
accuracy ofthe results. On the other hand, these models are based on so-called Boussinesque hypothesis,
which introduces concept of eddy viscosity vt

2 i
Where Sij is the mean rate of strain tensor (37), k is turbulence kinetic energy (38) and dj; is Kronecker
delta.
1/00, 0D, (38)
S. = |4+
72 (E)xj * axi>
1 —
k= 3 (vl’vl ) (39)

Itis obviousthatthe Reynoldsstresstensorincluding six unknown parametersis reduced to the scalar
eddy viscosity. Thus, the isotropic turbulence is considered in case of the turbulence models based on
Boussinesque hypothesis. This fact is the most importantrestriction of two-equation turbulence modek,
especially in case of highly swirling flows. Nevertheless, reasonable computational costand numerical
robustness compensate this restriction.

Two groups of two-equation models are the most common: k-eand k-o. These models are closing
the system of equations by adding the transport equations for kinetic turbulent energy k and dissipation
rate ¢ in case of k-e model, or transport equation of k and specific rate of dissipation w in case of k-®
model. Mathematical description of these models can be found in [7] or [19] forexample. It should be
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mentioned that the quality of the turbulence model implementation in CFD code considerably affects
the obtained results.

The proper choice of the model of turbulence is crucial part of the numerical investigation of
hydrodynamic problems. It was reported that in case of standard k- turbulence model, the numerical
dampening was too large for creation of the helical vortex, while in case of realizable k-¢ turbulence
model the precessing helical vortex was created, but it was still too damped compared to the
experimental data. On the other hand, Stefan et al. in [45] carried out single phase simulations of the
vortex rope using OpenFoam employing realizable k-emodel of turbulence with good results compared
to the experimentaldata.

Except the turbulence models based on the Boussinesque hypothesis considering isotropic
turbulence, there are more complex approaches. Whole Reynolds stress tensor is computed in Reynolds
Stress Model. The RSM demands considerably higher amount of computational resources and above
thatit is less robust compared to the two-equation models. The most important advantage of the RSM
is resolution of turbulence anisotropy. Compared to the two-equation models, the results of the RSM
are less dampedasis shown in contribution of Rudolf et. al. [20], where results of cavitating vortex rope
simulations were compared. In case of realizable k- ¢ turbulence model the cavitating vortex was not
formed, whereas in case of RSM simulation the cavitating vortex rope occurred downstream the swirl
generator.

1.3.2. Advanced methods of the CFD

The main disadvantage of the RANS equation, which is basis of the previous numericalmodels, is time
averaging which suppresses some unsteady phenomena observable during the experimental research.
Thus, the direct simulation of the N-S (DNS) equation can be favorable in some cases. Unfortunately,
the required computational resources are still unacceptable in the field of the applied research and
industry.

Turbulent flow is characterized by eddies with wide range of length and time scales. While size of
the largest eddies is comparable with characteristic length of the meanflowand their interaction is nearly
non-dissipative, the smallest eddies are responsible for the dissipation of the turbulent kinetic energy.

Anotherimportant difference between largest and smallest eddies is their versatility. Large eddies,
which are responsible for the transport of the mass, energy and momentum transport (as well as other
passive scalars), are highly influenced by the geometry of the domain and boundary conditions.
Therefore, we can say that large eddies are problem-dependent, while small eddies are more isotropic
and less influenced by the certain conditions of the investigated problem.

The above-mentioned fact leads to the crucial conclusion that it is easierto find universalmodel of
turbulence applicable forthe smalleddies, than to find some universal model of large eddies. Thus, the
spectrum of eddies can be divided into the two above mentioned groupsto decrease the computational
demands of the simulation. Compared to the DNS where no turbulence modeling is utilized, the small
eddiesare modeled by various turbulence models (so-called subgrid-scale models) in case of LES. This
crucial difference offers many advantages.

While in case of DNS, where computational requirements of thesimulation are proportional to Re¢,
LES allows to use coarser mesh and timestep size. On the otherhand, LES requires long computational
time to obtain stable statistics of simulation. The much finer mesh compared to the RANS calculations
is still required. This requirement ismost significant in the region of the boundary layerwhere the scake
of large eddies becomessmall. These requirements leadto the higher computational requirements of the
LES compared to the RANS simulations.

The governing equations of the LES are obtained by spatial filtering of the unsteady form of
Navier-Stokes equations using filter width corresponding to size of the grid. The filtered variable is
computedasfollows. [6]
1 (40)
=] o0 dx
|4
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Scales smaller than filter width are classified as so-called sub-grid scales (SGS). This part of flow is
computed usingthe subgrid models of turbulence based on RANS equation (34) andaveraged equation
of continuity (35).

Using the Boussinesq hypothesis the subgrid-scale stresses can be written as follows:

1 B (41)
Tij — §Tkk6ij = —2u.6;;S;;

Where 7« is not modeled butaddedto the filtered static pressure term. It is possible to split subgrid stress
tensor zj to its isotropic and deviatoric part:

1 1 (42)
Tij = Ty _§Tkk6ij + §Tkk6ij
deviatoric isotropic

Deviatoric part of the subgrid stress tensor t;; is modeled usingthe Smagorinsky model:
(43)

1 1
Tyj — §Tkk5ij = =24 <5ij _§5kk5ij)

For example ANSYS Fluent 16 provides four different models of subgrid turbulent viscosity u: :
Smagorinsky-Lilly [22], dynamic Smagorinsky-Lilly [23], WALE [24] and the kinetic energy subgrid-
scale model [25].

1.3.3. Cavitation modeling

This chapterwill be focused mainly on the theory of the numerical modelling of cavitation. Compared
to the single-phase simulations, the simulations considering cavitation (e.g. multiphase simulations
considering mass transfer between liquid and vapor phase in both directions) are more difficult due to
their higher computational demands. Comprehensive summary of the mathematical methods of the
cavitationsimulation andtheir developments during last decades canbe found in the work of Koop [26].

Cavitating flow can be simulated using the single-phase approach, where the border between liquid
waterand vaporisconsidered asa pressure isosurface referringto the value of saturated vapor pressure.
This approach hasits obvious advantages. Single-phase simulation of the turbulent flow demands lower
computational effort and it is usually more stable. Therefore, the single-phase simulation of the
cavitating flow is often utilized for the investigation of phenomena, which are not directly connected
with presence of the second phase. The typicalexample can be investigation of the helical vortex rope
downstream the turbine as it has been mentioned. The presence of the vortex is not conditional on
presence of cavitation. Thus, it is possible to simplify problem to the single-phase simulation (for
example Stefan etal. [45]).

On the other hand, this simplification is not applicable to the investigations of the problems or
phenomena which are strongly connected to the presence of the second phase. Moreover, the presence
of the vapor void within the liquid (e.g. density stratification) is the reason of so-called baroclinic
vorticity production (equation (44)), which acts as an additional production term in vorticity transport
equation.[8]

pl—zgrad(p) x grad(p) (44)

Mass transfer between phases can be modelled by various models of cavitation based on
Raylegh-Plesset equation (6) , which is usually simplified for the purpose of the numerical modelling

(equation (45)).
s _ 2Ps® ~Pu(© (45)
dt |3 ol
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Several different approaches of the multi-phase flow modeling exist. Lagrange-Euler approach
combines Eulerian approach of the main flow computation and Lagrangian approach for the
computation of relatively small amount of the particles (bubbles) which are spread in the flow. The
Eulerian multiphase model considers flow as an undisturbed continuum consisting of two or more
phases. Each additional phaseincreases computational demands and decreases numerical stability of the
simulation, because additionalmomentum transport equation is calculated foreachof the phases.

The most properapproach, so-called full Eulerian model, computes whole system of equations for
each phase. Unfortunately, this is usually too expensive from the computational point of view, regardless
the increase of the computational performance of the computersduring last decades.

The computationaldemands canbe decreasedwhen one set of equations describes the whole flow.
In this case volume fraction « is introduced. Volume fraction of the phase describes how much of the
computational cell is occupied by the phase. Sum of the volume fractions of all phases within the
computational cellis equalto oneandthe total volumeof the phase in the computationaldomain can be
evaluated usingthe equation (46)

v, _fa dv (46)
i a, =1 47)

The mass transfer between phases during the process of cavitation is governed by the vapor transport
equation:

0 d _
at( vappvap) + ( vappvapvvap_j) = Re _Rc (48)

xJ

Where terms Re and R are the source terms connected to the growth (evaporation of the liquid) and
collapse (condensation of the vapor) of the cavitation bubbles.

Modelling of the mass transfer between the phases is the main purpose of the cavitation modek.
Many of the cavitation models were developed during the time, but it is always necessary to consider
restrictions of the chosen model and its suitability for the investigated problem. Brief overview of the
chosen cavitationmodels will be given in the following text. Full derivation of the models canbe found
in the cited sources, or in documentation of the CFD software.

Singhal et al. proposed so-called full cavitation model. [9] This modelaccounts forall of the first-
order effectsin R-P equation including influence of noncondensable gases. The liquid-vapor mixture is
assumed to be compressible. Singhal et. al proposed model where the vapor mass fraction fyap is the
dependent variable in the transport equation:

d d va
a(fvapp)'i_ (fvappvvapj) x <r g p)+Re_Rc (49)

Xj
Where I"is diffusion coeff|C|ent. The source terms of evaporation and condensation are given by the
following equations:

FOI’p Spvap
max (1.0, \/_)(1 foap — ) z(p*m - p) (50)
Re= Fugp P1Pvap 3 5
Forp > pvap
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2(Psep ) (51)
l

3 P
Where Fyap and Feong are empirical constant and p’vap is corrected using the following equation by an
estimation of the local values of the turbulent pressure fluctuations:

R.=F

c cond

max(1.0,Vk)f,ap z(p*
. pip

1
p*vap = Pyap T+ > (0.39k) (52)

The main disadvantage of thismodel s its lower numericalrobustness, on the other handthe model
was utilized in many successful simulations. For example, study of the cavitation behavior of a
centrifugalstorage pump utilizing this model of cavitation has been done by Stuparu etal.[13]

Zwart-Gerber-Belamri model of cavitation is based on assumption that the size of the bubbles is
constantin the whole system. [14] The finalform of this modelas follows:

FOI‘p Spvap
R =F 3Olnuc (1 - avap)pvap E(pvap - p) (53)
¢ rer U} 3 P
_ 3avap pvap 2 (p - pvap) (54)
Rc - Fcond T § o
B l

Where Fvap and Fcon are empirical coefficientsand nucleation site volume fraction on is introduced to
the modeldue to the limitation of the assumption that the cavitation bubbles do not interact with each
other (which is physically correct only during the initial phase of cavitation).

Schnerr and Sauer proposed model of cavitation where, similar to the Singhal model of cavitation, the
exact expression of the net mass transfer from liquid to vapor is derived. [15] The general form of
volume fraction transport equation is as follows:

Forp > puap

i 9 = PvapPr D&
2 o - B ) = 2222 -
xj

It should be noted that the right side of the equation (54) representsthe net masssource R. The vapor
volume fraction is connected to the number of bubbles pervolume of liquid:

ntan?’
Apap = - 4 (56)
1+ ntan3

Masstransferrate isdefined by following equation:

3 (2 —
p = PranP oy (1= Cyap) = g(PvaZ_lp) (57)
B
Where bubble radius:
3 avap 31
_ 2= 58
s 1—ayg,4mn 8)

Itis evident, thatthe only parameter, which must be determinedis number of spherical bubbles per unit
volume of liquid. The finalform of the modelis asfollows:
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FOI‘p Spvap
PoapPi 3 2 (Pyap —P)
R = —F a’vap(l - vap)_ 3 = 9
P
Forp > pvap
pvappl 3 2 (P - pvap)
R, = a 1-«a ol - —— (60)
c D vap( vap)TB 3 Py

The cavitation model proposed by the Kunz et al [16] is utilized for the numericalinvestigation which
will be presented in this thesis. The choice was based on the reasonably accurate results of the previous
numericalinvestigation consideringaxialinflow into the Venturi tube [51]. In case of Kunz cavitation
model, the source terms R. and R. are computed using the formulas (61) and (62). Where Re and R
represent the source terms of evaporation and condensation respectively.

by ,
R,= C,————min[0,p —p,]
© T e (05p,U.,7) Py (61)
a’(l—«a
R.= CCM (62)

too

Where t.. is mean flowtime scale and U., represents mean stream velocity [16]. Values of the empirical
constants C, (900)and C. (12000) were set-up based on [51].

Four different cavitation models were mentioned and briefly described in the chapter. It should
be noted, that there are many others, which can be found in literature. For example, model proposed by
Merkle [17]. Itis always necessary to consider not only the suitability of the cavitation model, butalko
its implementation in the chosen CFD solver.

1.3.4. High-speed video processing

Cavitation is phenomenon with short time scale. Thus, the frame rate has to be sufficient in order to
capture its dynamics. This factleads tothe utilization of high-speed camcorders in this field of cavitation
research.

Cavitation can be observed and captured due to the fact, that the light is reflected by the interface
between phases. Nevertheless, the experimental research hasto be adapted forthe purpose of the video
capturing. Thus, the part of the hydraulic circuits must be transparent, and the captured scene hasto be
lighted properly.

Output of the digital high-speed cameras isusually captured in grayscale. The picture is represented
by the matrix of pixels. In case of grayscale each pixel of the image is described by its position and
intensity, where 0 refers to black and maximumvalue of the chosen depth refersto white (255in case
of 8-bit image depth).

Record of the pixel or group of the pixels intensities, which is affected by the cavitation process can

be successfully correlated with dynamics of the phenomenon as it will be shown. Thus, good agreement
between dominant frequencies of the cavitation identified using the pressure transducers and high-speed
video can be found in literature. For this purpose, the spectralanalysis using Fourier Transformation is
usually utilized. This method will be described in the following chapter.
Sedlat et. al. [27] investigated dynamics of the cavitation cloud shedding in case of NACA 2412
hydrofoil. The results of numerical and experimental investigation were compared in broad range of
operation points, while the dominant frequencies obtained by high-speed video analysis were in good
agreement with the results of the pressure records analysis. Beside this type of the analysis also the
results obtained by the Proper orthogonal decomposition (POD) will be analyzed and discussed in the
chapter3.2.
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The most crucial disadvantage of the pixel intensity spectralanalysis isthe fact that it isnot possible
to obtain amplitude of the pressure pulsations. Even the comparison of the intensity amplitude between
various operatingpoints may be quite misleading, thanks to the fact that values of the pixel intensity are
highly affectedby the localinterfacial boundary instabilities.

1.3.5. Fast Fourier Transform

Fourier transform (FT, also called frequency domain representation of the original signal) is a
mathematical method based on assumption, that it is possible to decompose any given continuous
function f into the series of sinusoidal functions. Fourier transform of function of time is a complex
valued function of frequency. The absolute value of this function provides the frequency spectrum of
analyzedsignal (original function), while the complex argument holds information about phase offset.
Majority of analyzed outputs in technicalapplications do not consist of continuous signals but discrete
values of measured quantity, therefore Discrete Fourier Transform was developed. The sampling
frequency fsamp OF thediscrete function should meetso-called Nyquist theorem (63), otherwise the results
of DFT are distorted by aliasing. [52]

fsamp = meax (63)

Fast Fourier Transform (FFT) is numerical methodbased on DFT. In case of FFT algorithms decreasing
computational demands of the signal processing are introduced. Thus the computational demands are
decreased from O(N?) arithmetic operations in case of DFT to O(N log(N)) operations of FFT. Fourier
transform is implemented in many software (for example Matlab, Excel, ANSYS Fluent) and in
mathematical libraries of programming languages (Python). Thus, it should be emphasized, that
complex description of the Fourier transforms and utilized algorithms theory isbeyondthe scope ofthis
text, butit can be found in literature. This method will be utilized forthe analysis of the static pressure
recordsaswell asforthe analysis of the high-speed videos. The example of spectral analysis of synthetic
signal p = 310-sin (2-7201) + 215-cos(2-x-50t) isdepicted in following picture:

Figure 6 Spectral analysis of the synthetic signal

1.3.6. Computed tomography in cavitation field of study

Above mentioned analysis of the high-speed video can provide wealth of information about dynamics
of cavitation, its inception and lot of other attributes related to the cavitation presence. Unfortunately,
the light is scattered on the water-vapor interface, thus it is not possible to investigate distribution of
cavitationbehind its outer border (e.g. cross-sectionaldistribution of cavitation). It is possible to utilize
so-called tomographic imaging for this purpose. The exhaustive description can be found in medicine
literature (forexample [31]). Bauerin his paper Measurements of void fractiondistribution in cavitating
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pipe flow using x-ray CT summed up the basics of tomography sufficiently forthe technical purposes.
[30]

Tomography has been originally developed for medical purposes. The mathematical background of
this method has been derived by Johann Radon at the beginning of 20" century. [28] Radon concluded
thatitis possible to exactly describe property of 2D object, if an infinite number of line integrals about
the property are defined in various directions. These line integrals can be directly measured if some kind
of radiation absorbed by matter is captured by detector behind the irradiated object. In this case the
captured value (e.g. amount of radiation) corresponds to the line integral of the a ttenuation coefficient
alongtrajectory of the beaminside the object. Itshould be mentioned that the different kinds of radiation
(light, radio waves, microwaves, etc.) can be utilized for this purpose.

The most common type of radiation used in computed tomography are X-rays thanksto their
hardness (e.g. capability to penetrate objects without significant scattering). On the other hand, x+ay
beam is weakened by the matter inside the irradiated object, whereas the attenuation coefficient along
the trajectory of the beam depends on density of material.

Itshould be mentioned thatthe final picture of the slice is not 2D, but thanks to the certain depthin
the 3" direction it consists of so-called voxels (e.g. 3D pixels). The finalimage of the slice in grayscalk
corresponds to the attenuation coefficient x distribution using so-called Hounsfield number (HU, in
some literature also called as CTrumber):

HU = 1000 - ———— (64)
Hu,0

Itis obviousthatvalue of HUis equalto 0 in case of water (equation (64)). Attenuation coefficients of
gases are close to 0, thus the HU values range from -1000 to 0 within the cavitating flow. Therefore,
void of cavitation in the reconstructed image will be darkerthanundisturbed liquid flow. The quality of
results is highly influenced by the selection of the materials in the monitored area. Materials with
significantly higher density (which is strongly connectedto the attenuation coefficient) compared to the
rest of test rig and liquid should not be used. Presence of such materials may cause artifacts. [30]

Important part of computed tomography is reconstruction of the results, while chosen algorithm
can significantly improve the final image quality. Comprehensive description of four different
reconstruction algorithm canbe foundin books of W. Hendee. [29][32]

Simple projection algorithm is the simplest method, which considers equally spaced division of
each x-ray path through the examined object, where each element of the path contributes the same to
the total attenuation along the x-ray path. The final attenuation of the element is obtained using the
x-ray path with differentangularorientation. The finalslice of examined object is composite image of
attenuation coefficients of elements in cross-section. This method is simple and straightforward. On the
one hand the results of simple projection algorithm are usually blurred.

Filtered back projection algorithm produces sharper images. This algorithm is also called
convolution method and it is most popular way how to reconstruct results of computed tomography.
Most common filter removes the frequency components of the x-ray transmission data, which are
responsible for the most of composite image blurring. Frequency of convolution filter influences the
results. The high frequency convolution filter can be utilized in order that it reduces noise and makes
the finalimage smoother. Low frequency filter produces sharper results.

Severalpapersdiscussing utilization of the CT in the cavitation field o f study have been published.
The above-mentioned paper of Bauer et al. [30] deals with CT measurement of cavitation distribution
in purpose-built nozzle made of Perspex (transparent polymer, Figure 7). The results of CT measurement
have been complemented with photographic images to obtain more complex information about
cavitation patterns. Bauer mentioned that it is not possible to capture phenomena of short time scake
using CT duetothe timeaveragingover1 second. Thus, only time averaged structures or quasisteady
cavitation can be captured correctly. Bauerconcluded that x-ray CT can be powerfultool in cavitation
research, based on the results of various types of cavitation (film, bubble and cloud cavitation)
investigation.
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Compared to the work of Bauer, which is based on cavitation study in special nozzle, the paper
written by Brett et al. [33] deals with cavitation incommon PVC butterfly valve. The resultsof CT are
comparedwith numerical simulation usingthe ANSYS Fluent considering Schnerrand Sauerr model of
cavitation. The CT served the purpose of the cavitation model verification.

Theinvestigation was carried out for four operating points referring to different cavitation regimes
and constant butterfly valve openingangle of 30°. The results of steady -flowsimulations have notbeen
successfulregardlessthe introduced adjustments.
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Figure 7 Cross sectional CTimages at different Figure 8 Principle of EIT measurement
axial positions labeled from (a)—(f) [30] (top), EIT strip electrode array(bottom)[34]

Convergence of steady-flowsimulation was particularly improvedby the inclusion of non-condensable
gasin the water vapor. Results of transient simulations were better. Converged results were obtained
afterabout 0.44 sof simulation, additional calculations continued fora totaltime of 1.514s. Itshould
be mentioned that the water temperature increased about 5-10 °C during each measurement. Brett
concluded that results of x-ray CT can be successfully utilized foraveraged density variation capturing.
Thanks to the fact that the density is directly connected to the local void fraction, the time averaged
distribution of cavitation has been evaluated and compared with numericalsimulation. Brett pointed to
the importance of non-condensable gas measurement duringthe experimentsasa background data for
the following numericalsimulations.
However, x-ray computed tomography has some obvious disadvantages. This type of radiation
constitutesa health risk and the experimental apparatus is relatively complicated. Thus, other methods
of computed tomography can be more beneficial in case of hydraulic research. Electrical-impedance
tomography (EIT) seemstobe promisingmethod. Validation of this experimental method for two phase
flow is scope of the paperwritten by George etal. [34]

The basic principle of the EIT measurement is depicted in the Figure 8. Electrodesare mountedto
the surface of the investigated domain. All electrode voltages are measured relatively to the ground,
while prescribed currentisinjected into the domain at oneelectrode andwithdrawn at another electrode.
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Itis possible to reconstruct the impedance within the domain and infer the phase distribution using these
measurements. It should be noted that the resolution of the reconstructed conductivity field is strongly
related to the numberand location of the electrodes. The investigated domain canbe modeled as N-port
impedance network, where N is the number of the utilized electrodes. The current source and sink are
placed on two of the ports. The current sink is often referenced to ground. The results of EIT were
validated using the gama-densitometry tomography (GDT) to confirm its ability to measure spatial
distribution of the phases in case of solid-liquid and gas-liquid flow.

The investigation of the gas-liquid flow was done using bubble flow within the transparent column
made of lexan, which was filled by water. Air was introduced through the spargers at the base of the
column. The measurement was done for several flow rates of gas. Discrepancy of the average gas
volume fraction and radialgasvolume fraction obtained usingthe EIT wasnegligible compared to the
GDT.

1.4. Vortex rope within the draft tube

Vortex rope (example of the one form of so-called vortex breakdown) can be observed duringthe non-
optimum operation of certain types of hydraulic turbines. The presence of the vortex rope does not
necessarily lead to cavitation, but the static pressure within the vortex core can drop belowthe pressure
of the saturated vapor. Despite the fact, that the draft tube vortex rope is not exactly the scope of the
presented investigation, the similar structures were observed during the research. However, the nature
of this type of cavitating flowis similar to the nature of the flowstructures observed wit hin the Venturi
tube as it will be described. Therefore, the brief description of the phenomenon as well as its
investigation is provided in this chapter.

The extensive research of this phenomenon during the last decade has been motivated by the
increasing demands to control the power grid using the water energy, which is caused by the onset of
renewable sources of the energy. These sources, such as wind or solar energy, are strongly influenced
by the actualweather conditions. Therefore, it is necessary to compensate fluctuations of the energy in
the electrical grid. Beside the other sources of energy, the hydropower plants are suitable for this
purpose. On the otherhand, the regulation of the grid using the hydropower often requires operating of
the water turbines under the off-design conditions, which can lead to creation of the vortex rope. The
following text will be focused on the theoreticaland experimental research of this phenomenon.

Off-design operation ofthe Francis turbine is often connected with the presence of this phenomenon
asa result of high residual swirl downstream the runnerof the turbine. This is a result of the mismatch
between the swirl generated by the guide vanes and theangular momentum extracted by the turbine.[35]
The orientation and shape of the swirl downstream the Francis turbine is determined by the velocity
triangle at the runner exit. Thanks to the constant pitch of the runner blades, the angle between
circumferential velocity u and relative velocity w remains constant, regardless the actual flow rate.
Significant circumferential component of the relative velocity deforms the velocity triangle in case of
off-design condition (Figure 9). On the otherhand, it should be mentionedthatthe relatively small swirl
downstream the runneris plausible forthe flow in the draft tube.
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Figure 9 Partial load (left) and full-load (right) of Francis turbine with corresponding velocity
triangles

Susan-Resiga et al.[35] concluded that the spiral vortex with central quasi-stagnant region in the draft
tube, which occurs if circumferential momentum is large enough compared to the flux of axial
momentum isa mechanism limitingthe increase of the swirl number Sn.

R
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In other words, it is possible to prevent creation of the vortex rope by keeping the swirl numberunder
the critical value. It is very useful knowledge, nevertheless in case of the Francis turbine it can be
achieved only by the external intervention modifying flowin the draft tube.

Presence and motion of the vortex structure relates to the low frequency pressure pulsations, which
can lead even to the destruction of the hydro plant facility, if the resonance isachieved. Therefore, it is
necessary to restrict operation underthe off-design conditions, which is inappropriate and uneconomic
if the water turbine serves to regulation of the grid. These reasons lead to the extensive experimental
and numerical research of thisphenomena.[36]

Flow within the draft tube can be divided into the two different zones. The quasi-stagnant zone (or
recirculation zone) s situated alongthe draft tube axis. Shape of the stagnant zone is influenced by the
draft tube inlet flow properties. Generally, the quasi-stagnant zone is the wider, the higher is value of
the swirl number (e.g. the lower is the flow rate accordingto equation 19(65)). This zone is surrounded
by the zone of the main flow. Precessing vortex core laid on the boundary of main flow and quasi-
stagnantregion. [36][37]

Operating of the Francis turbine in the partial load is characterized by the presence of the helical
vortex. Behavior and induced pressure pulsations of the vortex rope are influenced by the operating
distance from the design point.

If the discharge drops to 70-80 % of Quop (also called upper partial load) the spiral vortex
precessing with the same direction as a runner is observed in the draft tube. It is possible to detect
pressure pulsations with frequency corresponding to the rotation of the vortex rope. Beside these
dominant pulsations It is also possible to identify pulsations with frequencies close to the dominant
frequency multiples. Some authors suggest that the higher frequency pulsations may be caused by the
rotation of the elliptical cross section of the vortex rope. [36]

With the further discharge decrease down to 50 % of Q110 the helical vortex rope precessing with
the same direction asa runneris still observable inthe drafttube. Frequency of the vortex precession is
20-40 % of the runnerrotationfrequency. Within the range of 40-50 % Qu10pt the helical vortex structure
decays to the significant number of small vortices. Thus, the pressure pulsations lost their periodicity.

Sn (65)
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Certain conditions favor development of two separated vortex ropes. Inception of this flow regime is
accompanied by sudden change of pressure pulsations.[36]

The vortex rope has usually completely differentshape (asis shown in the Figure 9) in case of full
load, when the position of the vortex is stabilized along the axis of the draft tube. The vortex rotates in
the opposite direction than the runner. Mechanism of the pressure pulsations origin is different.
So-called self-induced oscillations arise, which are connected with presence of the cavitating phase
(vapor)and so-called mass flowgain factor:

aVcav
=70 (66)

Theresearch of theflowwithin the draft tube can be realized onthe complex models with turbine runners
or using different types of swirl generators, which are cheaper. On the other side utilization of the
simplified generators can lead toneglecting of some physical properties of the flow comparedto the real
turbines. Large database of the experimental results was created in research project FLINDT (Flow
Investigation in Draft Tubes), which was conducted at EPFL Lausanne. The experimental measurement
of Francis scale model has been carried out for wide range of the operating points. Results of these
experiments were used for the further experimental, theoretical and numerical investigation of the
swirling flow in the drafttube. [38]

Another large project Francis-99 conducted under the patronage of Norwegian University of
Science and Technology and Lulea University of Technology is more up to date. The series of three
planned workshops is based on experimental measurement of a high head Francis turbine. [39] The
scopes of the workshops are as follows: Steady operation of Francis turbines (December 2014),
Transient operation of Francis turbines (December2016) and FSI of Francis turbines (December 2018).

The comparison of the experimental results with numerical simulation of the vortex has been done
by Kirschner et.al.[40] to investigate properties of the flow. Three investigated operating points (part,
optimal and full load) of the pump turbine in turbine mode were investigated using the simplified 2D
axisymmetric computations. Results of simulations were compared with the PIV measurements where
good agreement in time averaged velocity field was obtained in case of part loadand optimum load. The
results of full load were influenced by the inaccuracy ofthe inlet boundary condition. Correction of this
discrepancy lead to the improvement of the numerical results. Kirschner confirmed that simplified
computation is useful,and it is possible to detect separation of the flowfrom the diffuserwalls in case
of the optimum load or creation of the recirculation zone in case of part load.

The influence of the computational mesh refinement and model of turbulence on the pressure
pulsations downstream the Francis turbine was scope of the investigation carried out by Jostet al. [41]
It was concluded, that density of the computational mesh strongly influenced the value of the pressure
pulsations amplitudes. While the difference between numerical and experimental amplitudes were
around the 50 % in case of coarser mesh, the finer mesh showed error about 10 %. Comparison of the
RSM, SAS-SST models of turbulence and LES lead to the conclusion that quality of results is
comparable. It should be mentioned, that Jost obtained worse results using the multiphase simulation,
than in case of single-phase computations neglectingthe presence of cavitation. Jost proposed that this
result can be caused by insufficient density of the meshor by the cavitation model uncertainty.

Flemming et al. [42] obtained more realistic results considering the multiphase simulation, which
is depicted in the following picture.
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Figure 10 Comparison of the vortex rope using the single-phase (left) and multiphase (right)
simulation, Flemming [42]

The same result was conclusion of the investigation carried out by Dorfler et al [43] using simplified
2D axisymmetric computation.

1.4.1. Swirl generator with fixed blades
Hydraulic laboratory of V.K. Dept. of Fluid engineering has considerable experience with the utilization
of the swirl generatorswith fixed blades. The swirl produced by the guide vaneshasa defined strength
and distribution of the circumferential velocity. The main advantages of the conception are the
reasonable price of the swirl generator, which can be 3D printed and its compactness. It is possible to
modify the experimental set-up in short time and with reasonable cost.

Swirl generatorhasbeen employed fordetailed analysis of the swirling flow within the diffuser by
David Stefan and Pavel Rudolf, who had published several contributions aimingto the experimental and
numericalevaluation of the vortex rope dynamics. [44], [45], [48]

guide vanes spike
Figure 11 Swirl generator withfixed blades —older model

Stefan concluded that LES single-phase simulation brought significantly better results of the decelerated
swirling flow compared to RSM calculation through the POD analysis of the obtained results. [44] In
another contribution Stefan et al. [45] presented the comparison of experimental data and numerical
simulation carried out by OpenFoam code considering single-phase computations. It has been concluded
that experimentally observed helical vortex unsteadiness can be well-captured using the utilized CFD
set-up and above that Stefan proposed that the periodically decaying vortex decreases the magnitude of
the asynchronous pressure pulsations downstream the diffuser which were observed in experimental as
well asin the numericalresults.

Another utilization of the swirl generator is connected with downstream converging-diverging
nozzle replacing the diffuser. This set-up can be exploited forthe water disinfection, where the number
of cyanobacteria within the water can be significantly reduced using the hydrodynamic cavitation,
respectively the pressure pulsations induced by this phenomenon. The comprehensive study of the flow
in the Venturi nozzles consideringtwo different diameters of the throat, with and without the generator
is the main scope of the diploma thesis written by M.Griger.[46] The thesis was focused on the
experimental measurement of the hydraulic loss in converging-diverging nozzles in wide range of
cavitation regimes, with and without the swirl generator. The second main scope of the thesis was to
investigate dynamics of cavitation usingthe high-speed video recordsandrecords of the static pressure.

The experimental data obtained by Griger were investigated by Rudolf et al. [8] and Kozak et al.
[51]in moredetails.
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The CFD simulation of the similar experiment has been done by Rudolf et al.[47] Results of
realizable k-, RSM and LES single-phase computations were correlated with experimentaldata. It was
shown that realizable k-¢ model of turbulence is not suitable for this purpose. On the other hand, RSM
and LES are fully comparable in time averaged characteristics, nevertheless the Reynolds stress model
of turbulence was not able to capture the unsteady behavior of the flow with spiral vortex breakdown.
Comparison of the LES investigation and the experiment isdepicted in the following figure.

Figure 12 Comparison of the vortex rope in the C-D nozzle downstreamthe swirl generator,
experimentvs. single-phase LES calculation, isosurface of vapor pressure is depicted [47]

Profiles of the tangential and axial components of velocity were captured in the middle section of the
nozzle using the Laser Doppler Velocimetry (LDV) in case of non-cavitating operation regimes.
The results of LDV were compared with CFD calculations utilizing the above-mentioned turbulence
models (Figure 13).

L]
!

-

v aw (1)

mRil) t/Ri1)

Figure 13 Comparison of predicted axial (left) and tangential (right) component of velocity with
results of LDV measurement in case of non-cavitatingregime (Q = 4.56 1/s)[47]

1.5. Utilization of cavitation

Mainly the undesirable effects of cavitation were mentioned in the previous text, on the other hand there
are many positive ways of the cavitation utilization in branches such as medical, food-processing or
chemicalengineering. This chapteris devotedto the brief summary of the utilization of cavitation effects
in water processing and its disinfection.

Kalumuck, Chahine and other members of Dynaflow INC [49] presented wide range of water
disinfection possibilities using their Dynajet cavitationg jets. Two different cavitating jets were
described. StratoJet produces cavitating vortex ring, while DynaSwirl was capable to produce central
cavity, with vortex breakdown atthe end. Laboratory experiments were carried out to prove ability of
the hydrodynamic cavitation to destroy microorganisms and oxidize a broad range of harmful
compounds such as pesticides and their mixtures, volatile organic compounds and arsenic. It was
concluded that cavitating water jet is highly efficient compared to the standard oxidation using the
ultrasonic horn. Ultrasonic devices have limited efficiency of the cavitation production, which occurs
only in athin layernearthe surface of the sonifier.
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The similar result was proposed by Jancura et al. [50], in case of selective cynobacterial bloom
removal. The experimental part of this contribution hasbeen done in hydraulic laboratory of V. Kaplan
Department of Fluid Engineering, where the water containing specified amount of cyanobacteria and
green algae was exposed tothe hydrodynamic cavitationwithin the converging-divergingnozzle. It was
concluded that the cavitation treatment of cyanobacteria is capable to selectively disintegrate their gas
vesicles with no effect on cyanobacterial membrane integrity, thus there is no risk of cyanotoxin release
into the watercolumn. Moreover, green algae were not affected by the cavitation, thusit can actasthe
natural nutrient competitors of the cyanobacteria even after the explosion to the cavitation.

Balasundaram et al [56] has published experimental investigation of the brewer's yeast disruption
using the hydrodynamic cavitation. The influence of several parameters including the cavitation regime,
initial concentration of yeastand number of the exposures to the cavitating conditions was investigated.
Balussundaram identified optimal conditions (¢ = 0.13) corresponding to the extensive cavitation.
Nevertheless, it wasconcluded that the further decrease of cavitationnumber value lead to the decrease
of disruption efficiency, which was identified as consequence of cavitatingbubbles fusion.

1.6. Overview of the exploited methods of investigation
Following text will be structured into the logical sections based on the purpose and methods of the
investigation. The brief overviewis provided bellow:

Visualization of the cavitating structures using the high-speed video records

o Description of the typical patternsand cycles of the cavitation

e Spectralanalysisof the cavitationdynamics usingthe pixel intensity fluctuations
e Proper orthogonaldecomposition of the captured records

Experimental measurementof cavitation characteristics

Using the acquired data, the dynamics as well as tie averaged characteristics including the hydraulic
losses will be discussed. Following physicalquantities were recorded duringthe test campaign in order
to provide baseline for further discussion (this is not meant to be full list of exploited transducers):

e Static pressures

Pressure pulsations

Pipe-wall acceleration

Acoustic emission

Noise

Numerical investigation of the cavitating flow
e Unsteady multiphase simulations carried out usingthe OpenFoam

Computed tomography
e EIT tomography wasutilized asan attempt to describe distribution of the gaseous phase within the
flow during the cavitation.
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Content of the following chapter:

1. Description of the experimental facility

2. Analysis of the high-speed video records
3. Analysis of the experimental acquired data
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2. Experimental investigation of the cavitation within VVenturi tube

The experimental research was focused on theinvestigation of the wide range of cavitationregimes and
influence of the induced swirl. A great deal of effort was devoted to the description of the cavitating
flow characteristics usingthe analysis of the HS (high-speed video) records. Also the results of pressure
fluctuations, pipe-wall acceleration, noise and acoustic emission will be discussed and correlated in
order to describe the individual cavitation regimes, influence of the flow rate magnitude and the
influence of the swirl induced by the upstream mounted generator. The dynamics of the cavitating
structures will be discussed togetherwith the analysis of the time-averaged properties of the cavitating
flow. The specific variations of these properties and typical cavitating structures connected with the
transition between the cavitation stages will be identified.

2.1. Cavitation circuit

Cavitation circuit of the Victor Kaplan Dept. of Fluid Engineering was exploited forthe purpose of the
experimental measurement. Since the image analysis was one of the crucial parts of the investigation,
the Venturi nozzle was manufactured from the transparent plexiglass andsurfaces of the Venturinozzle
were polished. The main dimensions of the Venturinozzle are depicted in the Figure 14.
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Figure 14 Scheme of the Venturi nozzle

The 3D printed swirl generator (SG) was used in order to introduce the swirl into the flow during the
main part of the investigation. Swirl generator consists of 9 fixed blades with the linear change of the
exit angle from axialdirection (30° to 50°, from hub to shroud). It was necessaryto caulk the surface of
the SG prior the measurement. This was done using the epoxy coating of the outer surfaces and
subsequent coatingwith spray paint, while the SG was evacuated. The 3D model of the swirl generator
is depicted in the Figure 15.

/]

Figure 15 Swirl generator
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Figure 16 Cavitation rig considering presence of SG upstreamthe Venturi nozzle

Cavitation rig was equipped with the pressure tank. Thus, it was possible to investigate different
cavitation regimes of the flow for the constant discharge. Several physical properties of the water and
investigated flow have been captured during the experiment as it has been mentioned. The cavitating
flow has been recorded using the HS camera HS Photron FastcamSA-X2 1000K. Scheme of the
cavitationcircuit including placement of thetransducers is depicted in the Figure 16. Information of the
utilized transducers and otherequipment is provided in the Table 1. It should be also noted that the swirl
generatorwasreplaced by the straight pipe section in case of the axialinflow investigation to preserve
constantdistance between the nozzle and pressure transducers.

Symbol Equipment Type Accuracy
Pump Single-stage Centrifugalpump SPP KP06C -

M Drive SDS112 S603 -

HS Cam High speed camera SA-X2 1000K -

P1, P2, P3, Pk~ Pressure transducer BD DMP 331 +0.35%
P2k Pressure transducer Kistler 211 B4 +1%

Q Flow meter ELAMQI99SN =+0.3%

T Thermometer Rawet PTP 55 +0.3%
Acc Accelerometer Aura SV 129 +04-3%
AE Acoustic emission transducer ~ UT 1000 +15dB
Mic Microphone PCB 378B02 +15dB

Table 1 List of experimental equipment

2.1.1. Eigenfrequency of the test bench

The eigenfrequency of the test bench has been evaluated using the modal analysis (bump test) and

subsequent analysis of the pipe-wall acceleration records. The test was done on the flooded test bench

underthe steady state conditions (flow-rate equal to zero) considering the measurements of verticaland

horizonalshock asitis depicted in the Figure 17.
— B - -

Figure 17 Position of the accelerometer during the measurement of the eigenfrequency of the test
bench in vertical (left)and horizontal direction(right).
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Eigenfrequency of the test bench was investigated for both experimental configurations to capture the
influence of the swirl generator. The gradual decrease of the measured acceleration after the vertical
impulse is depicted in the Figure 18 (vertical shock). The measured acceleration was decreasing
relatively fastafterthe initialimpulse regardless the configuration of the test bench.
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Figure 18 The pipe-wall acceleration measured duringthe bump test in order to determine
eigenfrequency of the test bench. Axial inflow — right, Swirl generator — left

The frequency spectra of the signals are depicted in the following figure. As it is clearly depicted, the
eigenfrequencies obtained by the analyses are nearly the same, regardless the presence of the swirl
generator. In other words, the presence of the swirl generator had negligible influence on the value of
the determined eigenfrequency of the test bench after the vertical shock. The actual value of the
eigenfrequency wascloseto 18 Hz.
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Figure 19 Frequency spectra obtained by the analysis of the acceleration records captured after the
vertical impulse whichwasappliedon the test bench.

The same analysis was done considering the horizontal shock. The obtained frequency spectra are
depicted in the Figure 20. The dominant frequencies are slightly lower compared to the verticalimpulse.
The most significant frequency is close to the 11 Hz regardless the experimental configuration.
Nevertheless, the significant peak of the acceleration amplitude was also observedcloseto 7.4 Hz. The
lower values of the observed frequencies can be devoted to the lower stiffness of the pipeline mounting
in the horizontal direction.
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Figure 20 Frequency spectra obtained by the analysis of the acceleration records captured after the
horizontal impulse whichwasapplied on the test bench.

2.1.2. Pump shaft and blade passing frequencies induced by the operation of the

pump
To describe the frequencies induced by the operation of the pump duringthe test campaign, the charts
of blade passing frequencies are depicted in the Figure 21 and the pump rotating frequencies in the

Figure 22.
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Figure 21 Informative charts of the blade passing frequency induced by the operation of the pump in
case of the SG presence (left) and axial inflow (right)
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Figure 22 Informative charts of the pump rotating speed in case of the SG presence (left) and
axial inflow (right)
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Content of the following chapter:

4. Description of the characteristic cavitation cycles

5. Spectral analysis of the cavitation dynamic based on the pixel intensity fluctuations
6. Analysis of the cavitation cycles using the proper orthogonal decomposition
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The high speed (HS) video records provide a rich source of information characterizing cavitation
dynamics, typical cavitation patterns and allows to quantify presence of gaseous phase within the flow
to certain extent. The following chapter provides analysis of the captured records. Specialattention will
be paid to study of the induced swirl influence on the cavitating flow properties.

The study of the cavitation dynamics will be done exploiting the spectral analysis of the pixel
intensity and proper orthogonal decomposition of the data recorded within the selected region of interest.

Extensive study of the cavitation dynamics and the mechanisms causing the shedding of cavitating
structures has been published by Saad et al. [67]. The study has been carried out using the asymmetrical
Venturi nozzle (considering the axialinflow). Two majormechanisms causingthe periodical shedding
were identified based on the value of cavitation number. While in case of the relatively high values of
the cavitation numbers so-called re-entrant jet was identified asthe phenomenon causingthe shedding
of cavitating structures, the prevalent mechanism for periodic cavity shedding was found to be the
bubbly shock mechanism in case of lower cavitation numbers.

2.2. Experimental set —up

The grayscale records were captured usingthe camera FASTCAM SA-X2 type 1000K-M2. List of the
most essential camera settings is provided in the following table. Sampling frequency of 20 000 frames
per second (fps) guaranteed sufficient temporal resolution of the captured records due to the expected
time-scale of the cavitation structures fluctuations.

Samplingfrequency 20000 fps
Shuttertime 1/40000s
Color pallete 8 bit grayscale
Image resolution 1024 by 296 px
Record length 05s

Table 2 Camera settings utilized during the experimental measurement

Venturi tube was illuminated using two panels of led diodes. This type of illumination provides
reasonable performance, while the produced heat remains relatively low. On the otherhand, the matrix
of led diodes can be visible in the captured images under certain circumstances. Moreover, the flickering
of the diodes with the frequency of 3000 Hz was observed. The flickering was limiting the applicable
shutterspeed of the camera.

Three types of the scene arrangement were tested prior the main experimental measurement. The
least appropriate scene setting consisted of the front illumination of test section with the white
background behind the transparent nozzle (Figure 23, left). Alongside with the relatively low contrast
of the cavitatingstructures, the surface imperfections of the white background were significant.

The second tested scene setting was illuminated using the backlit behind the white background
which was made out of tracing paper (Figure 23, middle). In case of this type of the scene setting, the
contrast of the cavitating structures was excellent. The cavitation structures represented dark regions
within the very light image asthe result of the light reflection. On the other hand, it wasvery difficul
to study dynamics and motion of the observed structures, because a lot of information was lost since
only the silhouettes of the most significant structures were captured. Furthermore, it was not possible to
guarantee uniform backlight intensity overthe whole investigated region. Nevertheless, this type of the
scene illumination would be highly appropriate for the future investigation in case of larger led diode
panelavailability.

The last scene setting, which was chosen for the further experimental measurement consisted of
front light utilizing the two led panels and black background (Figure 23, right). Threaded rods were
covered by the black paperto minimize the reflections. The interface between liquid and gaseous phases
was reflecting the light back to the camera, therefore the cavitating structures are represented by light
regions in front of the dark background. The image contrast of this configuration is sufficient, while it
is still possible to gathermore information ofthe cavitating structure motion and its dynamics. The most
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significant disadvantage of this type of scene setting is intermittent occurrence of the overexposed
regions and uneven scene illumination.

Figure 23 Comparison of the images obtained using the different scene setting

2.3. Cavitating flow — comparison of cavitation regimes

Since the description and comparison of the cavitation patterns will be done over the wide range of
cavitationregimes, it ssemsto convenientto divide the whole range of the investigated operating points
to the several characteristic subsections. Mean values of the magnitude of the pipe wall acceleration
fluctuations a was exploited for this purpose as it can be seen in the Figure 24 (this quantity will be
referred asan acceleration in the following text).

While the comprehensive analysis of the whole range of theinvestigated flowrates will be described
in the chapter devoted to the analysis of the records of transducers, only the results of 6 and 4 I/s are
depicted in this chapter. It can be stated thatthe magnitude of accelerationin case of the higher cavitation
numbers (region 1 and partially 2) was higher when the flow was affected by the induced swirl. In
contrast, the vibrations were considerably more severe in case of the axial inflow within the region of
lower cavitation number. It should be noted that this observation is dependent on the investigated
discharge. It is clearly depicted, that the acceleration induced by the axial inflow becomes higher
comparedto results correspondingto the presence of swirl generatorearlier in case of 6 I/. Considering
the flowrate of 4 I/s, the pipe wall acceleration induced by the swirling flow remain dominant down to
the considerably lower value of cavitation number.
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Figure 24 Mean value of the pipe wall acceleration fluctuations magnitude induced duringthe
different stages of cavitationdevelopment in case of swirl generator presence (SG) and axial inflow
(AX). Static line corresponds to the measurement under the static conditions (0 I/s)

The typical cavitation patterns characterizing individual regimes as well as the discussion of the
induced swirl influence are provided in the following text. Individual subsections are introduced by the
general description of the observed cavitating structures supplemented by the set of images. Detailed
description of the cavitating flow cycle will be provided separately based on the experimental
configuration (SGand AX) exploitingthe provided images.
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2.3.1. Region 1 - Initial cavitation |

Initial regime is characteristic by the relatively small amount of the cavitation within the flow. The
observed cavitating structures were completely different based on the presence of the swirl generator
due to the distinct redistribution of the flow within the Venturi tube.

The narrow cavitating vortex filament was observed downstream the spike of the generator in case
of the flow affected by the induced swirl. The length of filament was increasing with the decreasing
value of cavitation number. When the filament reached the diffuser downstream the throat of the nozzk,
the helical vortex breakdown occurred (see Figure 25, left). Observed scale of this phenomenon was
relatively small with respect to the resolution of the captured records.

Figure 25 Detail of the helical vortex breakdown at the end of the straight filament (left) and
axisymmetric cavitating vortex consisted of connected cavitating voids.

With the decreasingvalue of cavitation number, the vortex filament was extending in the diffuser
downstream the throat of the nozzle. The vortex structures became similar to so-called full load
cavitatingvortex, which can be found downstream the runners of Francis turbines operatingunderthe
off-design conditions (see Figure 25, right). The vortex gained shape of connected voids of cavitation,
while it was possible to observe slow precession of the structure within the diffuser. The void in the
throat of the nozzle was considerably more massive and longer compared to the voids closer to the tip
of the vortex. With the further decreasing value of cavitation number, the backflow regions occurred
within the voids of the vortex and cavitating structure became unstable. This structure transforms into
the conical vortex (see left column of Figure 27). Cavitating vortex was the more massive, the lower
was cavitationnumber. It was possible to observe helicaltype of the vortex breakdown at the end of the
conicalstructure. The creation ofthe backflow region was observed. The upstream motion continued up
to the inlet part of the throat of the nozzle. After that, the partial collapse of the conical vortex
accompanied by the helicaltype of the vortex breakdown followed. It should be noted that conseguent
re-establishment of the conical vortex was relatively fast.

In case of theaxialinflow (see right column of Figure 27), the first occurrence of the cavitation was
observed downstream the leadingedge of nozzle throat wall. The length of the cavitating structure was
the longer, the lower was cavitation number. Cavitating boundary layer was highly unstable with the
typicalfast longitudinal pulsations. When the cavitating structure reached the diffuser downstream the
throat, it disintegrated to the considerable amount of highly stochastic cavitatingvortices. So-called re-
entrant jet plays significant role in the fluctuations of the cavitating boundary layer in case of this
experimental configuration. This phenomenon is captured in set of images provided in Figure 26, where
chosen structure is highlighted by the yellow contour. It was possible to observe upstream motion of the
flow structures on the wall of the throat during the growth of the cavitating boundary layer (0-5 ms).
The cavitating boundary layer was shortening back to the leading edge of the throat in the last part of
thecycle (7.5 ms).
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Figure 26 Re-entrant jet —upstreammotion of the liquid structure on the wall of the nozzle throat.
Defectsof the leading edge of the throat are clearly depicted.

The experimental measurement was influenced by the small imperfections of the leading edge of the
throat. These defects were created as a result of cavitationerosion and consequently these defects played
a role as source of cavitation nucleation. Thanks to this fact, it was impossible to reach the cavitation
free regime prior the aeration of the test rig. The cavitation cycles of the both of investigated
experimental configurations are depictedin the following set of images.

Swirl generator (6 =1.09) Axial Inflow (¢ =0.93)

//—

Figure 27 Representative sets of images depicting cavitation cycles in case of the 1% region.

Cavitationinduced by the swirl — leftcolumn of Figure 27

The initial phase of the cavitating vortex stabilization after the end of previous cycle is depicted in the
row 1. The length of the conical structure was increasing relatively fast (row 2) until the maximum
length of the cavitatingvortex was reached (row 3). Short but distinguishable helical end of the vortex
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is clearly depicted in the image. Backflowregion causingthe destabilization of the vortexwas observed
(row 4). Growth of the backflow region was relatively slow until the moment, when the region reached
throat off the nozzle. Then the rapid collapse of the vortex occurred (row5).

Cavitation in case of the axial inflow-rightcolumnof Figure 27

Cavitation cycle started with the growth of the cavitatingboundary layer length downstream the leading
edge (row 1). The cavitation on the trailing edge of the throat occurred prior the growing cavitating
boundary layer reached the end of thethroat (row 2). The cavitating structure was getting longer towards
to the inlet part of the diffuser. It should be noted that the interface between liquid and gaseous phase
was highly unstable due to the presence of the imperfections of the leading edge of the throat (row 3).
The partial collapse of the relatively short cavitating structure occurred downstream the throat with the
consequentseparationof the significantamount of the minor cavitating structures (row 4). The relatively
long-lasting effervescence of these vortices preceded the final collapse of the cavitation (row 5). It
should be noted that the cavitation never decayed completely andeven the contraction of the cavitating
boundary layer upstreamthe trailingedge of the nozzle, which is depicted in the first row, was relatively
seldom.

2.3.2. Region 2 — Fully developed cavitation I
The cavitation affected by the swirl generatorhasthe same characterasin case of the region 1 (see left
column of Figure 29). The vortex is more massive and longer compared to the first region due to the
lower level of static pressure (e.g. lower value of cavitation number). It was clearly visible that the
cavitationoccurred in the shear layer between the inner backflow (or quasi-stagnant) region and region
of the downstream flow close to the walls of Venturi tube. The partial collapse in form of the helical
vortex breakdown was observed when the backflow reachedthe inlet part of the nozzle throat similary
to the region 1.

It should be noted that the cavitation was relatively compact. No significant separation of the
cavitating structures from the vortex was detected. However, considerable amount of the small
cavitatingvortices was observed close tothe cavitation closure region. The length of the coherent conical
structure did not exceed the length of the diffuserin the whole region 2. On the other hand, it was
possible to find minor amount of small cavitating structures entrained by the flow into the straight pipe
downstream the diffuser of the nozzle. Moreover, the significant amount of the micro bubbles (close to,
or underthe resolution of thecaptured images) in the whole section downstream the throat was detected,
mainly thanksto the fluctuations of the image brightness caused by the light reflection from interfaces
of these bubbles, which were slightly changingtheir scale with the pressure pulsations.

In contrast to the cavitation affected by the induced swirl, the character of the cavitating flow in
case of the axial inflow was different compared to the region 1 (see right column of Figure 29). The
cavitating boundary layer was rolling up in form of the coherent cavitating vortex ring which was
entrained by the flow. Vortex rings were the larger, the lower was cavitation number. Even in case of
relatively high values of the cavitation number the rings were able to travel long distance within the
straight pipe downstream diffuser prior theirdecay. In case of the operating points close to the region 3,
it was possible to observe creation of the secondaryandsometimes eventhe tertiary vortex ringdirectly
after the separation of the massive and coherent primary vortex ring (see Figure 28, left). These
structures were significantly smaller, less coherent and they were collapsing relatively fast into the
considerable amount of the cavitating vortices close to the axis of the nozzle. From time to time the
secondary ringwassucked and absorbed by the primary vortex ring asis depicted in the Figure 28.

Figure 28 Separation of the secondary vortex ring (left)and itsabsorption by the
primary vortex rings (right) captured in case of axial inflow
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Swirl generator (¢ =0.88) Axial inflow (o = 0.83)
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Figure 29 Representative sets of images depicting cavitation cycles in case of 2™ region.

Cavitationinduced by the swirl — leftcolumn of Figure 29

Theinitial part of the cavitation cycle depicted in the row 1 consisted of the resumption of stable conical
vortex within the throat of thenozzle after the end of the previous cycle. The length of this structure was
growing downstream the throat (row 2) up to the moment when the cavitating vortex reached its
maximum length (row 3). The consequent occurrence of the growingregion of backflowwas observed.
The occurrence of the backflow related to the gradual destabilization of the cavitating structure as it is
depicted in the row 4. The process of the vortex collapse was relatively slow, until the throat of the
nozzle wasreached by the backflow region when sudden collapse of the frontal part of cavitating vortex
occurred. It should be emphasized that the void of the cavitation was remaining relatively compact
during the whole cycle, no significant separation of the cavitating structures was observed.

Cavitation in case of the axial inflow - rightcolumnof Figure 29

Several significant differences can be described comparing the cavitation cycle with the first region.
Contrary to the initial stage of cavitation, there is no visible cavitationwithin the throat of the nozzk at
the beginning of the cavitation cycle. Clearly visible previous cavitating vortex ring entrained by the
flow within the diffuser was observed at the beginning of thenew cycle (row 1). The cavitation occured
atthe leadingedge of the throat. Nevertheless, the creation of the smalleramount of cavitation close to
the trailing edge of the throat was detected only with a short delay (row 2). The cavitating boundary
layerrolled up to the form of the vortex ring within the diffuser (row 3). The cavitatingboundary layer
started to shorten upstreamto the leading edge of the throat (the re-entrantjet was clearly visible), while
the separated vortex ring was entrained downstream to the region of higher pressure (row 4). The
cavitatingboundary layerreached the leadingedge and the cycle of the creation of the new vortex ring
began (row 5). Seeing the rows 3, 4 and 5 the remainder of the previous vortex ring can be found
downstream the diffuser prior its complete decay.
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2.3.3. Region 3 - Fully developed cavitation 11

The cavitatingvortex induced by the swirl generator was extended into the straight part of the Venturi
nozzle (see Figure 30, left). The observed structures became more stable compared to the region 2.
Nevertheless, it was still possible to clearly detect the creation and slow progression of the backflow
region within the core of the vortex. Subsequentpatrtial collapse of the vortex was limited mainly to the
frontalpart of the cavitating structure, while the cavitation farther away from thethroatremained stable.
The helical vortex breakdown occurred during the cycle. Fluctuations of the cavitation vortex length
were detected; whereas the cavitating structure remains relatively compact (ho significant structures
were separatedandentrained by the flow downstreamthe vortex duringthe cycle). When the cavitation
numberdecreased (closerto the 4™ region), the cavitatingvortex was reachingandexceeding the length
of the transparent section of the experimental rig.

The cavitating vortex rings transformed to the large cavitating clouds in case of the axial inflow
(see Figure 30, right). While the presence of secondary vortex ring was identified in case of 2" region,
considerable amountof the small cavitating vortices were surrounding the inner core of the flow beh ind
the vortex rings in the third region. The cycle was finished by the collapse of the cavitating boundary
layer within the throat of the nozzle, while the separated cavitation cloud was entrained by the flow
downstream the transparent section of the test rig.

Swirl generator (6=0.31)
D P

Axial Inflow (6 =0.33)

Figure 30 Representative sets of images depicting cycles cavitation in case of 3™ region.

Cavitationinduced by the swirl — leftcolumn of Figure 30

While the captured amount ofthe cavitation is significantly larger, the overall character of the cavitation
cycle persists relatively similar to the third region. The cavitation cycle started with the recovery of the
stable vortex structure within the throat of the nozzle. The presence of the cavitating vortex of the
previous vortex cycle wasstill considerable as it is depicted in the 1% row. Length of the newvortex was
growing downstream to the cloud of cavitation remaining from the previous cycle (row 2). The
maximum length of the cavitating vortex of the selected operating point is depicted in the row 3. The
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end of cavitatingvortex nearly reachedthe end of thetransparent section. The observed backflow region
proceeded slowly towards to the throat, while the length of the cavitating structure within the straight
pipe was shorteningtowards to the diffuser (row4). The cavitation cycle was completed by the collapse
of the of the cavitating vortexin the throat of the nozzle and partial separation of the cavitating structure
within the diffuser (row 5).

Cavitation in case of the axial inflow—rightcolumnof Figure 30

As it is clearly depicted in the row 1, the new cycle of cavitation began at the edges of the throat, where
no cavitationwas detected afterthe end of the previous cycle. On the otherhand, the massive cavitating
cloud was present downstream the throat at the same time. The formation of the cavitating vortex ring
is depicted in the row 2. This ring collapsed relatively fastin the form of cavitating cloud (row 3). At
the certain moment, the massive cavitation cloud detached (row 4). It was subsequently entrained
downstream while the cavitating boundary layer started to collapse. The cavitation collapsed totally
within the throat of the nozzle at the end of the cycle (row5).

2.3.4. Region 4 — Transition to the supercavitation
The length of the cavitating structures exceeded the length of the transparent section in case of the
transition regime considering the presence of the swirl generatorasit can be seenin the left column of
Figure 31. The void of the cavitation was considerably more stable compared to the previous regimes.
On the other hand, it was still possible to observe creation of the backflow region and occasional
collapses of the frontalpart of the cavitating vortex (helical vortex breakdown).

In case of the axial inflow, the small instabilities described in the 3" region became more significant
(see Figure 31, right column). These small cavitating vortices were gradually merging together up to the
state, when the liquid jet surrounded by the vaporwas created. This flow pattern, typical for the
supercavitation, was alternatingwith the presence of massive cavitation clouds. It should be noted that
the lower cavitation numberwas, the more dominant and stable was the presence of the liquid jet.

Swirl generator (6 =0.26) Axial inflow (¢ = 0.27)

1
2
3

Figure 31 Representative sets of images depicting cycles cavitation in case of 4™ region.

Cavitationinduced by the swirl —leftcolumnof Figure 31

Cavitating vortex exceeds the whole length of the transparentsection. Seeingthe colour of the structure
in the first row, it can be assumedthatthe coherence of the cavitation is higher compared to the previous
regime, but still not as coherent asin case of supercavitation (as it will be shown in the Figure 32
depicting supercavitation regime). The relatively stable vortex was disturbed by the presence of the
backflow region (row 2). It was possible to observe occasional partial collapse of the front part of the
cavitatingvortex, when the backflowreached the throat of the nozzle (row 3).
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Cavitationin case of the axial inflow - rightcolumn of Figure 31

The first row is also depictingthe state, when the flow pattern almost corresponded to the supercavitation
regime in case of the axialinflow. The coherent jetis clearly depicted within the throatand diffuser of
the Venturinozzle. The jet was partially decayingwithin the straight part of the test section. The collapse
of the jet is depicted in the row 2. When the jet collapsed the cavitatingboundary layer started to move
upstream tothe trailingedge of the nozzle. Afterthis collapse the cavitation cloudsimilarto the region 4
occurred (row 3).

2.3.5. Region 5 - Supercavitation

The flow became stable in both investigated configurations after the complete transition to the
supercavitation regime (see Figure 32). The pressure pulsations as well as vibrations were minimal
comparedto the otherregimes. It should be noted that the supercavitation affected by the induced swirl
was less noisy compared to the configurationconsideringaxial inflow.

The cavitatingvortex became highly coherent while it was surrounded by the liquid flow attached
to the walls of the Venturi nozzle in case of swirl generator presence. Separation of the cavitating
boundary layer downstream the throat of the nozzle was observed during this regime. This separation
was the more significant, the higher was investigated discharge.

As it wasmentioned in the description of the transition regime, the supercavitation considering the
axial inflow is typical by the presence of the stable liquid jet surrounded by the water vapor.
Nevertheless, due to the design of the experimentalrig, the liquid water with the free surface occurred
within the lower part of the pipe downstream the diffuser of the nozzle which is clearly depicted in the
bottom right corner of the Figure 32. Also, the walls of the diffuser were covered by the thin film of the
liquid layer.

Swirl generator (4 1/s, 6 = 0.207) Axial inflow (4 1/s6= 0.093)

Figure 32 Representative sets of images depicting cycles cavitation in case of 5" region.

Cavitationinduced by the swirl — leftcolumn of Figure 32

The cavitating structures are quasi-stable during the supercavitation. Thus, it is not possible to speak
about the cavitation cycle. In case of the of the swirl generator presence the comparison of the 4 I/s
(row 1) and 6 I/s (row 2) is depicted. While the shape of the cavitating vortex is similar, several
differences can be described. First of all, the cavitation number is slightly higher in case of the 4 I/s
discharge. Nevertheless, the cavitating vortex seems to be more coherent regardless higher cavitation
number. The cavitating boundary layer in the diffuser is captured in case of the higher flow rate. This
phenomenon can play a role in disruption of the interphase region and subsequent higher amount of
reflected light in case of this operating point.

Cavitationin case of the axial inflow—rightcolumn of Figure 32

The comparison of the same discharges as in the case of the swirl generator presence is shown in the
right column of the Figure 32. Coherent jet surrounded by the saturated vapor is clearly depicted in both
cases. The more significant presence of the liquid film covering the wall of the nozzle in case of 4 I/s
(row 1) was probably caused by thehigher value of the cavitationnumber compared to the 6 I/s (row 2).
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The free surface of the liquid waterat the bottom ofthe nozzle was clearly captured. Thisis particulary
distinguishable in case of 6 I/s thanks the reflection of light on the watersurface (row2).

2.4. Time-averaged analysis of the records

While description of characteristic cavitation cycles was provided in the previous section and the
analysis of cavitation dynamics will be provided in the last part of this chapter, considerable amount of
interesting results can be found anddiscussed usingthe time-averaged images.

Severallimitations of the image analysis should be describedto avoid misleading conclusions. First,
the analysiswill be done by the investigation of the pixel intensity values of the time-averaged images.
The intensity of the pixelis given by the reflection of the light incidents on the interface between the
phases. Thus, it can be assumedthatthe pixelintensity does not referto the amount of the gaseous phase
within the liquid flowdirectly, but itis highly affected by the nature of the investigated operating regime.
This can be explained by the comparison of two images depicting fully developed cavitation and
supercavitationaffected by the swirl (Figure 33). It can be legitimately assumed, that the amount of the
cavitation within the diffuser is higher in case of supercavitation regime (see Figure 33, right).
Nevertheless, it is obvious that the image depicting the fully developed cavitation is significantly
brighter than the image of supercavitation (see Figure 33, left).

Figure 33 Direct comparison of the image brightness based on the cavitationregime in case of the SG
presence. Fully developed cavitation (left), supercavitation (right)

This is caused by the highly coherent nature of supercavitation regime, where the main source of the
light reflection is represented by the interface between cavitating vortex core and liquid flow
surrounding the gaseous core. In contrast, the cavitating flow is considerably more “bubbly” in case of
the fully developed regime as it is depicted in left part of Figure 33. Thus, the reflecting surface of
interface is considerably larger. Therefore, the image depicting fully developed cavitation is
significantly brighter.

The second limitation which should be mentioned results from scene (cavitation section) lightning
solution. First of all, it wasnot possible to fully avoid the light reflection on the inner walls of the Venturi
tube. This was considered and the images were cropped to minimize the presence of these light
reflections during the analysis. The second problem results from the different distribution of cavitation
depending on experimental configuration. While the exploited lights were adjusted and positioned
similarly during the two days of experimental campaign, it is clearly visible that the images of the
cavitationaffected by the induced swirl are considerably brighter comparedto the images corresponding
to the axialinflow. This is apparently obvious downstream the throat of the nozzle (see Figure 30).

These limitations should be taken into account before makingany conclusions.

2.4.1. Statistical analysis of the pixel intensity

The pixel intensity was investigated usingthe cropped regions of interest in orderto minimize presence
of overexposed areas. The location of the selected region of interest (ROI) was slightly different based
on the investigated experimental configuration. However, other properties of the selected regions were
consistent. The whole length of the averaged image was investigated using the narrowrectangulararea
with the size of 1024 by 22 pixels. The selected regions of interests of the both of investigated
configurationsare depictedin the Figure 34.
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Figure 34 Regions of interests (white rectangles) exploited for the investigation of the statistical
propertiesof the recorded cavitating flows. SG — left, AX - right

The mean pixel intensity and standard deviation of the pixel intensity fluctuations based on the RMS
image analysis have been investigated. VVarious properties of the different cavitation regimes can be
discussed using these data. The cavitation presence over the investigated domain can be examined using
the analysis of the pixelintensity. For this purpose, the pixel intensity was spatially averaged. Using the
averaged pixelintensity alongthe full length of the investigatedregion, it is possible to discuss presence
of the cavitation, length of the cavitating structure and compactness of the cavitating structuresas it will
be shown. It is also possible to discuss the amount of cavitation to a certain extent. In case of the
cavitation amount investigation, the fact that the pixel intensity is influenced by the interface surface
(e.g. character of cavitation) must be considered.

The regions of the most severe fluctuations of cavitation presence can be identified using the
analysis of the pixel intensity standard deviation (RMS images). For illustration, the process of the
analysis will be described step by step. As it has been mentioned, only the selected region of interest
wasanalysed. Thus, the time-averaged image and RMS image were obtained (Figure 35 - top) and this
data were averaged across y-axis direction (Figure 35 - bottom).
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Figure 35 Example of the time averaged intensity (upper left) and standard deviation of the pixel
intensity (right right)of the region of interest withcorresponding charts depictingspatially (alongy-
axis) averaged values of these quantities (bottom)

This processwasapplied on the whole spectrum of investigated regimes, which is depicted in the Figure
36. The drop of the pixelintensity value in case of the supercavitation is caused by the transition between
the diffuser and the straight pipe of the transparent section. This drop is observable, but far more
marginal, in most of the depicted pixelintensity curves (see Figure 36, left, x -coordinate close to 400).
The similar behaviour of the pixelintensity is also observable close to the beginning of the throat of the
nozzle where sudden change of the pixel intensity RMS can be also found (e.g. x-coordinate value of
978). This drop is caused by the presence of pitting caused by cavitationerosion. Surface imperfections
were nearly opaque, thusthe pixelintensity in this area was significantly steadier.
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Figure 36 Profiles of the time-averaged values of the pixel intensity (left) and standard deviation of the
pixel intensity (right)- 6 1/s, SG presence
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Using the obtained values of the pixel intensity and pixel intensity RMS (standard deviation), it was
possible to create maps ofthese properties correspondingthe individual investigated flow-rates. The 3D
representations of these resultsare depicted in the Figure 37.
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Figure 37 3D representation of averaged values of the pixel intensity (left) and standard deviation of
the pixel intensity (right) -6 I/s, SG presence

The 2D contour plots of these characteristics are more convenient for the discussion of the results. It
should be emphasized that range of the investigated cavitation regimes (e.g. range of the cavitation
numbers) varied based on the investigated flow rate and experimental configuration due to the
operational restrictions of cavitation rig.

The 2D contours will be described in detail for both investigated configurations considering
discharge of 6 I/s. Large dark blue area labelled as region A in Figure 38 (induced swirl) and 39 (axial
inflow) corresponds to the region where no significant presence of cavitating structures was captured.
In case of the flow affected by the presence of the induced swirl , the transition (see region B in Figure
38) between this region and the region of the significant cavitation presence (see region C in Figure 38)
is relatively narrow. This is particularly significant by comparison with the Figure 39 depicting the
results correspondingto the axialinflow. The transition (see region B in Figure 39)is gradualin case of
the axialinflow. This fact corresponds to the observationthat the cavitating flow affected by the induced
swirl is considerably more compact, compared to axial inflow, where the separation and subsequent
motion of the large cavitating structures were observed.

This is clearly captured in case of the transition between regions 1 and 2 in case of axial inflow.
As it was described the cavitating boundary layer within the throat is very stable in case of the initial
stage of the cavitationandits completedecay was occasional. Thus, the time-averaged value is relatively
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high (see region 1 in Figure 39) comparedto beginningregion 2, which is typicalby strong fluctuations
of the cavitatingboundary layer length within the throat of the nozzle. The sudden increase of the pixel
intensity value corresponds to transition of cavitation pattern from the thin cavitating filament to the
straight vortex consisting of the connected cavitating voids in case of the swirl generator (SG) presence.
This transition was not captured in case of the 6 I/s discharge, but it is clearly depicted in case of the
lower discharges(e.g. 4 and 5 /s in the Figure 42).

The inception of the vortex rings separation connected with the fluctuations of the cavitating
boundary layerin case of the axialinflowis also clearly depicted close to the ave value 0f 0.8.

The different character of the cavitating flow dependingon configuration of experiment is clearly
visible comparing the pixel intensity within and upstream the throat of the nozzle. While the pixel
intensity increases at the beginning of the region of interest (labelled as Th.) gradually, due to the
presence of the cavitating vortex downstream the spike ofthe swirl generator (see Figure 38), the change
of the pixelintensity issudden in case of the axial inflow, where the inception of the cavitating boundary
layer at the leading edge of the throat represents significant source of the pixel intensity increase
(see Figure 39).

Maximum length (e.g. whole length of the transparent section) of the cavitation structure has been
reached close to the avel Value of 0.26 (region 3) regardless the configuration of experiment and the
investigated discharge. This correspondsto the fully developed cavitation right before the beginning of
the transition to the supercavitation regime (region 4).

The supercavitation regime (region 5) is clearly distinguishable regardless the configuration. As it
was described, the value of the pixel intensity is reduced due to the highly coherent nature of the
cavitationstructures. The relatively high value of the pixelintensity within the throat and in the diffuser
downstream the throat of the nozzle is caused by the significant amount of the interface instabilities as
well as due to the presence of the imperfections of the liquid film covering the walls of the nozzle in
case of theaxialinflow.
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1.2 B. Closure region of the stable
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Figure 38 Map of the time-averaged pixel intensity considering 6 I/s flow-rate and presence of swirl
generator (SG)
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Figure 39 Map of the time-averaged pixel intensity considering 6 I/s flow-rate and axial inflow (AX)

While the above discussed maps of the pixel intensity provide description of the cavitating structures
presence, the regions of the most significant fluctuations of the cavitating structures can be described
using the maps of the pixel intensity standard deviation (pixel RMS). First of all, the maximum values
of the computed RMS are very similar regardless the experimental configuration, which is in contrast
to the time-averaged pixelintensity values.

In case of the swirl generator presence (see Figure 40), it is possible to find two regions of the higher

RMS values. The first one corresponds to the closure region of the cavitating vortex, where the short
helical type of the vortex breakdown occurred fromtime to time. The second region corresponds to the
partial collapses of the cavitating vortex within the diffuser of the nozzle.
The image of the pixel intensity RMS values considering the axial inflow (Figure 41), shows the large
area of the significant values, which corresponds to the region of the vortex rings separation and the
region of the large cavitation clouds presence. The supercavitation regimes show significant rms value
drop, which correspondsto the high stability of this regime.

In case of the swirl generatorpresence and dischargesof4and5 I/s it is possible to find regions of
the higher RMS values close to the aver 1.5, which correspondsto observation of the longaxisymmetric
cavitatingvortex (see Figure 42).
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Figure 40 Map of the standard deviation of pixel intensity fluctuations considering 6 1/s
flow-rate, swirl generator (SG)
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Figure 41 Map of the standard deviation of pixel intensity fluctuations considering 6 I/s
flow-rate and axial inflow (AX)

Theresults obtained by the analysis of the various flow-rates showsimilar results comparedto the flow-
rate of 6 I/sasit is depicted in the Figure 42 in case of the time-averaged values of pixel intensity and
in the Figure 43 showing the maps of standard deviation of the pixelintensity fluctuations.
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3. Analysisof the cavitating structuresdynamics using the highs-speed video
records

Dynamics of the observed cavitating structures was investigated using the two methods of the
high-speed video records (HS) analysis: spectralanalysis of the pixel intensity fluctuationsand proper
orthogonaldecomposition (POD) of the selected region of interests (ROI).

The spectral analysis of the pixel intensity is relatively fast and well-established method.
Nevertheless, it can be relatively difficult to obtain robust results in case of small values of cavitation
number (e.g. close to the transition from the fully developed cavitation to the supercavitation). On the
other hand, the POD represents considerably more complex method, which can provide robust results
dominant frequencies of the captured cavitating structures analysis. Furthermore, the POD provides rich
source information about the nature of the investigated phenomenon.

Therefore, the spectralanalysis of the selected flow rates will be exploited as reference method
to verify the results of the POD analysis. It should be mentionedthat the analysis was done usingthe in-
house developed software written in Python. These tools were exploited for the study of cavitation
sheddingover the hydrofoilaswell asfor the investigation of the various regimes of cavitation within
the Venturi tubeas it will be described.

3.1. Spectral analysis of the pixel intensity fluctuations

The spectral analysis of the pixel intensity fluctuations will be done only for the selected discharge of
6 I/s, in order to provide data forthe POD analysis validation. These results were published by author
in [54], where the main scope of the contribution wasto describe the influence of the generated vortex
on the cavitation dynamics within the Venturi tube using the analysis of the H-S records and its
correlation with the experimental data includingthe analysis of the pipe wall acceleration and pressure
pulsations.

The source of the data for the spectral analysis is represented by the fluctuations of the pixel
intensity (brightness) which vary from 0 to 255 in case of grayscale HS video. The presence of interface
between liquid and gaseous phase leads to a reflection of the light and consequently increases captured
brightness of the region affected by the cavitation. The previous results of the HS video analysis
correlations with pressure fluctuations, which lead to the utilization of this method during the
investigation can be found in [27]and [53], where cavitationover NACA 2412 profile was investigated
or in [51]where analysis of wide range of operating regimes within the Venturinozzle consideringaxial
inflow was carried out. It should be emphasized that results of the HS records analysis were in good
agreement with the pressure pulsations analysis in these examples. In case of the pipe-wallacceleration
analysis, the agreement of the frequencies was partial. As it will be mentioned in this chapter, it was
possible to distinguish the peaks corresponding to the dominant frequencies of the pixel intensity
fluctuations within the frequency spectra of the pipe wall acceleration. On the other hand, these peaks
or rather frequencies of the pipe wall acceleration, were not dominant by no means.

The proper choice of the source pixel does not pose a problem in case of the initial stages of
cavitation (e.g. higher values of the cavitation number). On the otherhand, it became problematic with
the fully developed stage of cavitation regime and its transition to the supercavitation. These regimes
are characterized by the significant amount of small and highly stochastic instabilities within the
cavitating flow, as well as with the significant amount of the gaseous phase. This complicate proper
illumination of the region of interest. It is usually not possible to fully suppress occurrence of the over-
and underexposed regions duringrecording of the cavitation. The improper choice of the pixel intensity
can represent source of the corrupted oreven misleading results.

Manualchoice of the propersource pixel can be time consumingprocessand, moreover, it can
be biased by of human factor. Thus, the semi-automated method of the source pixel choice has been
exploited. The method was proposed based on the cooperation with Matous Zaremba et al [55] who
utilized the similar method for the analysis of spraying processes. In contrast to Zaremba, the source
pixel is selected automatically based on the analysis of the whole length of captured record. As the
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criterion forthe source pixel choice, the value of the pixel intensity standard deviation (e.gRMS image)
within the selected region of interest was exploited. Therefore, the entire record had been cropped prior
the analysis. The cropping reducedthe computational effort demanded by the process of theRMS image
generation. Furthermore, it is possible to avoid the strongly overexposed or underexposed regions of
records. It should be mentioned that the regions were set manually within the Python script using the
dedicated function.

Since the whole spectrum of the cavitation regimes was investigated, the two different regions of
interestswere exploited asit is depicted in the Figure 44.

Figure 44 Regions of interest which were utilized for the spectral analysis of pixel intensity
fluctuations. Yellow —ROI 1, White—ROI 2

The yellow and narrow region of interest (ROI 1, 50 by 10 px.) within the throat of the nozzle was
exploited for the analysis of the higher values of cavitation number, where no significant presence of
the coherent cavitation structures was observed downstream thethroatof the nozzle. Larger white region
(ROI 2, 40 by 160 px.) within the diffuser was exploited for the analysis in order to capture motion and
decay of the larger cavitating structures observed duringthe fully developed regime of cavitation.

The finalRMSimagesobtained by the analysis of the records are depicted in the following sets of
images. Figure 45 is devoted to the ROI 1, while the results obtained usingthe ROI 2 are shown in the
Figure 46. Itshould be noted that the actual values of the standard deviation were notimportant. Thus,
only the structure of the RMS images without the color barsare depicted.
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Figure 45 Standard deviations of the pixel intensities obtained using the ROI 1
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Figure 46 Standard deviations of the pixel intensities obtained using the ROI 2

The RMS images should be briefly described and discussed. The character (i.e. structure) of the RMS
imagesremainsrelatively stable after the transition to the fully developed stage of cavitation (e 0.87)
and prior the beginning of the transition to the supercavitation regime (ove 0.22) in case of the ROI 1
placedinthe throat of the nozzle regardless the investigated configuration (see Figure 45).

On the otherhand, the significant changes of theRMS images obtained by the analysis of the ROl 2 can
be found within the same range of the cavitation regimes, asit is clearly depicted in the Figure 46. The
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transition regime of cavitation is nicely capturedusingthe RMS images of the cavitation affected by the
swirl (0.26)aswell asin case of the axialinflow (0.27) considering ROI2. The character of theseimages
is different compared to the previous and following investigated regimes (see Figure 46).

It should be also noted, that in case of the higher values of the cavitation number, where the
presence of the cavitation within the ROl 2 was minoror it wasnot detected atall, the regions of light
reflections became clearly visible in the RMS images. Nevertheless, since the strongly overexposed
regions of the captured scene were not included into the investigated ROIs, the results were still
acceptable in case that the cavitation structures reachedthe investigated ROI.

When the source pixel was selected within the ROI based on its intensity standard deviation value,
it was possible to create signalforthe following spectralanalysis by collecting source pixel’s intensities
during the time of the record. It should be noted that there was no tight connection between the
characteristic frequencies of the observed cavitation structures fluctuations and the frequencies induced
dueto the nature ofthe experimental measurement, such as blade pass frequencies of the exploited pump
during the experimental analysis as it will be shown.

The fact that the investigated fluctuations of the cavitation structures are mostly self -induced,
togetherwith the considerable amount of the smaller instabilities of the interfa ce betweenthe liquid and
gaseous phase lead to the noisy nature of the processed signals. This is particularly significant in case
of the initial and supercavitation regimes of cavitation, when the main sources of the pixel intensity
fluctuations are represented by the highly stochastic and small instabilities of the observed cavitating
structures. Comparingthe signals of the pixel intensity fluctuations depicted in the Figure 47 (ROI 2),
several observations can be described prior the actual spectral analysis. Signal length of 0.05 s is
exploited for the better visualization of the pixel intensity variation during the cavitation cycle. Whole
length of signal records (0.5 s) wasanalysed as it will be shown.

Periodic fluctuations of the cavitating structures were captured for both experimental
configurations, except the highest value of the cavitation number. In this particular case, the pixel
intensity signalis nearly constant consideringaxialinflow (see Figure 47, 6v10.93 ), while severaldrops
of the intensity value can be found in case of the SG presence asitcan be seenin the Figure 47 (SG, ovel
0.98). This fact was caused by the presence of the small cavitating vortices, which were entrained by
the flow through the investigated region. Nevertheless, comparing the intensity signals with the
corresponding RMS images depicting standard deviation of the pixel intensity fluctuations within the
selected region of interest, it is obvious that the source pixel was located in the region of the light
reflection on the wall of the nozzle, where no significant presence of cavitation had been detected.
Therefore, the mean value of the signal is relatively high comparing the signals corresponding to the
lower values of gie.

Comparing the signals corresponding to more developed regimes of cavitation, it is obvious that
the nature ofthe pixelintensity signalis highly influenced by the configurationof theexperiment. While
the main fluctuations of the cavitating structures are clearly distinguishable regardless the configuration,
the frequency of the fluctuations is evidently higher in case of the SG presence. This is clearly visible
by the comparison of thesignals depicted in the secondrow of Figure 47. Above that, the relatively long
periods of the intensity drops can be found in case of the axial inflow. This agrees with the observed
cavitation patterns. While the cavitating structures are represented by the vortex rings in case of the axial
inflow, the cavitation induced by the SG represented by the conical cavitating vortex is considerably
more compact and stable. It can be also mentioned thatthe recovery of the cavitating structure after the
collapse is significantly fasterin case of the swirl generator presence by the comparison of the depicted
signals.

The penultimateobservation, which should be emphasized is the fact that the signal obtained by the
analysis of the pixelintensity is significantly noisier in case of the swirl generator presence.
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Figure 47 Signals of the pixel intensities obtained using the semi-automated choice of the source pixel
using the ROI 2. Swirl generator — left, Axial inflow- right

The last observationbased onthe pixelintensities signals is the comparison of the pixelintensity values.
As it was mentioned, the scene lightning was very similar during the days of the test campaign.
Nevertheless, the brightness of the captured images differed considerably mainly due to the different
nature of the cavitation based on the investigated configuration. Thus, the Figure 48 is depicting the
mean values of the pixel intensities together with the ratio between mean and maximum values of the
signal.

Based on the results correspondingto the initial stage of cavitation (e.ghighest values of avel), the
abovementioned comparison of the intensity signalsis confirmed. Mean values are significantly higher
compared to the more developed stages of cavitating flow, the ratio between the mean and maximum
pixel intensity of the investigated signals is considerably lowerin case of the SG presence compared to
theaxialinflow. As it was mentioned, thisratio drop is caused by the occasional presence of the minor
cavitatingvortices entrained by the flowthroughthe ROI 2. While the presence of the cavitation usually
leadsto the increase of the pixel intensity, in this case the intensity drop is caused by the shadeson the
vortices together with the presence of the light reflection from the nozzle wall. On the other hand, the
high value of 0.93 of the ratio (e.g. close to the 1) correspondingto the avel 0.93 of axialinflowanalysis
is caused by the absence of the cavitation within the ROI 2(see Figure 48).

Seeing the mean values of theinvestigated signals depicted in the Figure 48, it is clearly visible that
the brightness of the records is generally higher in case of the swirl generator presence. Comparing these
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values with the axial inflow, significant difference of the mean intensity behaviour can be described.
The increase of the intensity value with the decreasing avel is gradual in case of the axial inflow . In
contrast, the sudden increase of the mean intensity value can be found between the .1 0.79 and 058
considering the presence of the swirl generator. While the value remains nearly constant during the
transition from the gve; 0f 0.79 tothe 0.37. It is in good agreement with the described flow patterns during
the cavitation cycles.

The cavitating vortex rings typical for the high values of avel transform into massive cavitating
clouds, with the significant axial pulsations in case of the axial inflow. The cavitating structures are
considerably more stable in case of the SG presence. Therefore, when the selected ROl of the image has
been reached by the cavitating structure, the presence of this structure within the ROI was remaining
relatively constant during the cycle. The values of the mean pixel intensity are also influenced by the
fasterstabilization of the cavitatingvortex afterthe collapse, in case of the SG presence.
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Figure 48 Mean values and ratios between the mean and maximumvalue of the pixel intensity of the
signals

The obtained signals were analyzed usingthe DFT algorithm implemented as the numpy (Python library
forthe scientific computing) function numpy.fft. The obtained frequency spectra canbe compared in the
set of images provided in the Figure 49 and Figure 50. It should be noted that the depicted results
correspond to the previously described signals obtained using the analysis of the selected operating
pointsand consideringthe ROI 2. Nevertheless, all of the captured records were analyzed to obtain the
frequencies of cavitation fluctuations correspondingto the wide range of the regimes. The results of the
ROI 2 were comparedandcomplemented by the results of the ROI 1, when it was necessary due to the
nature of the captured cavitation patterns.

Prior the main investigation of the dominant frequencies, the influence of the exploited region of
interest will be described usingthe frequency spectra correspondingto the initial stage of cavitation (see
Figure 49). The analyses correspondingto the ave10f 0.98 in case of the SG presence and 0.93 in case of
the axialinfloware showing the flickering of the led panels with the fundamental frequency of 3010 Hz
and its second and third harmonics regardless the investigated ROI. It is also clearly depicted that the
nature of the obtained frequency spectra differs significantly based on the experimental configuration
and analyzed region. While in case of the ROI 2 (e.g. within the throat of the nozzle), the frequency
spectrum obtained by the analysis consideringaxial inflow contains mainly the fluctuations of the light
intensity, in case of the SG presence the significant noise up to the frequency of 2000Hz can be found.

Theresults of the ROI 1 (e.g region of the throat of the nozzle) analysisare considerably different,
whereas it is possible to state that the obtained frequency corresponds to the nature of the cavitating
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patterns of the different experimental configuration. It is clearly visible that the noise contained within
the signal corresponding to the axial inflow is considerably more significant compared to the analysis
of the cavitation induced by the SG (see bottom row of the Figure 49). As it was mentioned, the
cavitatingboundary layerwithin the throat of the nozzle was relatively stable from the axial pulsation
point of view in case of axial inflow. On the other hand, the interface between the gaseous and liquid
phase was disturbed by the imperfections of the leading edge of the throat. These factsare in good
agreement with the frequency spectrum obtained by the analysis of the ROI 1 considering axialinflow.
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Figure 49 Influence of the selected region of interest on the results of the spectral analysis in case of
theinitial regime of cavitation

In contrast, the frequency spectra obtained by the analysis of the cavitating flowinduced by the swirl is
containingsignificantly smalleramount of the wideband noise. Again, it is in good agreement with the
nature of cavitatingvortex. The cavitatingvortex hasbeen relatively stable, with the occasional partial
collapses. Thus, the instabilities of the interface region cannot represent as significant source of the
stochastic pixelintensity fluctuations.

Togetherwith the frequency of the led diodes flickering, it is possible to find relatively significant
low frequencies. In case of the swirl generator it is possible to distinguish the frequency of 28 Hz in
both of the investigated regions, this frequency roughly corresponds to the frequency of the observed
separation of the small helical cavitatingvortices from the end of the main conical vortex. At the same
time, the frequency 28 Hz is close to the pump rotation frequency of 25.4 Hz. The higher frequencies
slightly differbased on the investigated region of interest (138 and 126 Hz). Nevertheless, the source of
these frequencies has not been identified yet. The blade passing frequency corresponding to this
operatingpointwas higher (152.4 Hz).

The frequencies of 36 Hz and 66 Hz were distinguishable in case of axial inflow. While the lower
frequency was more dominant in case of the ROI 1, in case of the ROI 2 was the situatio n opposite and
amplitude of the lower frequency was higher. These frequencies do not match with the rotating
frequency of the pump. It can be assumed that the frequency of 36 Hz obtained by the analysis
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considering ROI 1 corresponds to the occasional collapse of the cavitating boundary layer within the
throat of the nozzle.

Since the cavitating structures became more coherentand more periodical with the decreasing value
of the avel, the dominant frequencies of the longitudinal oscillations of the observedstructures are cleary
visible in the frequency spectra in the Figure 50. The obtained results are depicted up to frequency of
500 Hz in order to clearly visualize the frequency range of the expected fluctuations of the cavitating
structures.

Several observations can be stated based on these results. First, the dominant frequencies
correspondingthe experimental configuration considering SG are slightly higher compared to the axial
inflow. This can be observed in the whole range of the examined operatingpointsas it will be described
atthe end of this section. The dominantfrequencywas the higher, the lower wasthe cavitation number,
regardless the experimental configuration.

On the other hand, amplitudes of the dominant fluctuations are considerably higher in case of the
axial inflow. This result corresponds to the observed cavitation patterns, which were described at the
beginning of this chapter. While the cavitation induced by the swirl generatorwas compact andstable,
with partial collapses followed by the faststabilization ofthe cavitating structure, the collapses were far
more complete in case of the axial inflow. The frequency magnitude, which was the lower, the lower
was cavitation number of the investigated operating point. The observed amplitudes increased only to a
certainmoment asit can be seen by comparison of second and third row of the Figure 50.

Due to the nature of the cavitating patterns influenced by the induced swirl, the signal corresponding
to the SG presence contained higheramount of the noise as it was described. This is clearly depicted in
the frequency spectra. Nevertheless, the dominant frequencies are still clearly distinguishable.

Amplitudes of the observed fluctuations of pixel intensity correspondingto the cavitating structures
oscillations (15-50) are several times higher compared to the amplitudes corresponding to the LED
diodesflickering (1.5-2, see Figure 49).

It should be also noted that the frequency spectra contain significant second and even the third
harmonics of the fundamental frequency in case of the axial inflow.
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Figure 50 Results of the spectral analysis of the pixel intensity signals in case of fully developed
cavitation

Using the obtained data, it was possible to create charts of the dominant frequencies and corresponding
values of the mean pixelintensities.

The analyses of dominant frequencies correspondingto the different investigated operating points
are compared with the result of the pressure fluctuations and pipe wall acceleration analyses to prove
the reliability of this method (see Figure 51).

Provided results of the image analyses were obtained mainly usingthe ROI 2. However, in case of
the SG presence, the dominant frequencies correspondingto the three operating points with the highest
values of cavitation numberwere notdominant. Nonetheless, it was possible to find these frequencies
within the spectra as the locally significant frequencies, which corresponded to the analysis of the
pressure fluctuations. In case of the 4™ operating point considering the SG presence (ove 0.88) the
depicted frequency correspondsto the ROI 1.
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The results of the pixelintensity fluctuations are in good agreement with the analyses of the pressure
fluctuations regardless the investigated configuration as it is clearly depicted in the Figure 51. It was
also possible to find some of the characteristic pixel intensity frequencies within the frequency spectra
of the pipe-wall acceleration as local peaks. Nevertheless, it must be emphasized that frequencies of
pipe wall acceleration depicted in the charts were not the dominant ones by no means.
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Figure 51 Frequencies obtained by the analysis of the pixel intensity fluctuations in comparison with
resultsof the pipe-wall acceleration and pressure fluctuations analysis (ROI 2 - mainly)

Based on these comparisons, it is possible to state that the results of the pixel intensity analysisare
reliable when the investigated ROl is selected properly. It was possible to obtain results corresponding
to analysis of the pressure fluctuation records in wide range of the operating points using the semi-
automated choice of the source pixel based on the maximum value of the pixel intensity standard
deviation (RMSimages). It was possible to extend the range of the pixelintensity analysis by the proper
choice of ROI location, but at the certain moment the dominant frequencies of the pixel intensity
fluctuations ceased to correspond to the pressure fluctuations analysis. On the other hand, it was still
possible to find the characteristic frequencies of the pressure pulsations within the spectra of the pixel
intensity fluctuations.

The comparison of characteristic frequencies of the both of the investigated experimental
configurations isdepicted in the Figure 52.
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Figure 52 Results of the dominant frequencies — comparison of the investigated experimental
configuration (ROI 2 - mainly)

Dominant frequencies corresponding to the experimental configuration considering presence of the swirl
generator are slightly higher compared to the axial inflow in the whole range of the investigated
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cavitation regimes. Seeing the results, is clearly visible that the decrease of the frequency with the
decreasingvalue of the ave is nearly piecewise linear regardless the investigated configuration.

Due to the fact, that the dominant frequency is decreasing with the increasing compliance of the
medium (e.g. with the increasing amount of the gaseous part of the flow), it can be assumed that the
increase of the cavitation (gaseous phase) presence becomesto be faster close to the overvalue of 0.44.

In orderto amend results of the spectral analysis, the charts of the static components and amplitudes

of the dominantfrequenciesare provided in the Figure 53.
Seeing the mean values of the pixelintensity signals (see left part of Figure 53), the sudden drop of the
obtained values can be found close to the ave1 valueof 0.93. Thiswas caused by the presenceof the light
reflection on the wall of the nozzle as it was described in the previous chapter. Furtherincrease of the
mean pixelintensity is gradualup to the ave value of 0.44 in case of the axial inflow.

In the same range of the operating regimes, the increase of the mean pixel intensity was steeper
when the additional swirl was introduced to the flow. The mean value increased gradually up to the
0ve10.47.

The courses of the mean pixelintensities with the further decreasing avel are considerably different
based on the experimental configuration. While in case of the SG presence the gradual decrease of the
mean pixelintensity up to the transition to the supercavitation regime was observed, the sudden increase
of the pixel intensity can be found in case of axialinflow and the operating point correspondingto the
transition regime between fully developed and supercavitation regime of the cavitating flow. These
observations correspond to the nature of the cavitation patterns described in the previous chapter.

Seeing the amplitudes of the observed dominant frequencies (right chart in the Figure 53), it is
obviousthatthe maximum values of the pixelintensity fluctuations were considerably higherin case of
theaxialinflow. It might be also noted, that duringthe experimental measurement of the axial inflow,
the cavitating regimes characteristic by the separation of the distinctive vortex rings prior the transition
to the oscillations of the massive cavitating clouds were the noisiest from the subjective point of view.
This agrees relatively well with the maximum amplitudes of the pixel intensity fluctuations in case of
this experimental configuration.

Values of the characteristic pixel intensity amplitudes are significantly more stable in case of the
SG presence comparedto the axial inflow. Itis in good agreement with the observed cavitating pattems
which were far more uniform over the whole range of investigated cavitation regimes when the
additional swirl was introduced to the flow by the swirl generator.
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Figure 53 Mean pixel intensities rightand amplitudes of the observed dominant frequencies depicted
as functions of cavitation number
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Partial conclusions — Spectral analysis of the pixel intensity fluctuations
The dynamics of the cavitating flow in case of the 6 I/s discharge has been investigated usingthe spectral
analysis of the pixelintensity fluctuations. The following preliminary conclusions can be stated:

I. Dominant frequencies of the pixel intensity fluctuations are decreasing with the increasingamount
of the cavitation within the flow, regardless the experimental configuration.

1. Theobserved decreases are gradual. The decrease is steeper in case of the large cavitating structures
presence (considering decreasing value of cavitation number)

1. Dominant frequencies of the pixel intensity fluctuationsare in good agreement with the results of
the pressure fluctuations analysis. The partial match of the frequencies canbe also found in case of
the pipe-wall acceleration fluctuations.

IV. The dominant frequencies are slightly higher in case of the swirl generator presence. In contrast,
the amplitudes corresponding to the dominant frequencies are higher in case of the axial inflow.
The highest amplitudesare induced by the distinctive cavitating vortex rings.

V. The processed signals were considerably noisier in case of the swirl generator presence. It was
caused by the nature of the cavitation patterns as they were described in the chapter 2.3.

VI. Thehigher harmonics of the fundamental frequencies were observed in case of the axialinflow.

VII. Theresults obtained using the semi-automated selection of the source pixel (based onthe maximum
value of the pixel intensity standard deviation within the manually selected region of interest) are
reliable in wide range of the operating points. The region of interest must be selected properly to
capture the investigated structures on theone side andto avoid the overexposed areas as wellasthe
areas of the significant light reflections on the otherside.

3.2.  Proper orthogonal decomposition of the cavitating structures

POD represents an effective way how to decompose a complex physical phenomenon captured in the
time domain into the modes in form of spatio-temporal eigenfunctions. Due to the process of
decomposition, it can be assumed that most of the information related to the dominantinstabilities
captured within the decomposed record is contained in the first several POD modes. In otherwords, the
most coherent flow structures of the investigated phenomenon can be easily identified. Although the
factthat thismethod canbe exploited for the analysis of the vector quantities and provide deeper insight
in the physical nature of the phenomenon, the utilization of POD is confined to the processing of the
scalar pixel intensity of the HS records in this chapter. Thus, the description of this method will be
limited to the analysis of scalarquantities.

Exhaustive description of this method can be found in [59] for example. The k™ POD mode
obtained by the decomposition consists of the time temporal eigenfunction ax(t«) (i.e. temporal mode)
and orthogonal spatial basis function ¢ (x)(i.e. spatialmode), wherei= 1,2,3,....N (N is the amount of
points within the investigated region of interest) and k = 1,2,3,...,M (M represents the number of
snapshots of the processed record). These modes are computed to find an approximation of a spatio-
temporal dependent variable, in this case pixel intensity I (x, tk), where X represents the spatial
coordinates and tx corresponds to the discrete temporal nature of the analyzed function. Since the
amount of the snapshots is considerably higher compared to the number of intensity values within the
region of interest it is plausible to exploit so-called snapshot variant of the POD. This method was
proposed by Sirovich [59] to reduce the NxN eigenvalue problem to the size of
M x M.

For this purpose, the temporal correlation matrix Cj; is constructed as an inner product between every
pairof snapshots (i.e. fields of pixel intensity) asis shown in the discrete form in the formula (67).

C(tp, ty) = M7 (x, ) I(x, t;,) (67)
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Where I(x, t, ) representsthe matrix contained all of the processed snapshots in form of columns of the
corresponding pixel intensities i(x, t).

lele,tl lx1'3’1,tM
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Solving the eigenvalue problem of the correlation matrix C(t,t,),the eigenvalues 1 and eigenvectors
e are obtained. Considering that the eigenvalue is paired with corresponding eigenvector and the fact
that its value is directly connected with energetic contribution of the corresponding POD mode, the
eigenvaluesand eigenvectors are sorted by the magnitude of the eigenvalues.

Temporal coefficients ax and spatial eigenmodes ¢« are then computed using the following
expressions:

ak =ek1lle (69)

b = U — (70)

The approximation of the pixelintensity is carried out by the backward reconstruction using the certain
number K of the obtained POD modesas it follows.

Lt =Y at) ghw 71)

k=1

Dominant frequency of the selected mode k can be evaluated using the spectral analysis of the
correspondent temporal coefficient ax.

Severalapplications of POD for the purpose of cavitating flow dynamics investigation can be found
in the literature. POD was introduced to the field of turbulent flow dynamics investigation by Lumley
[60], [61]. Itwas concluded thatthis method represents effective tool for thistype of investigation. Ever
since this method hasbeenexploitedin several contributions devotedto the investigation of the swirling
flows aswell asthe cavitating flows investigations.

Comprehensive study of the cavitating spiral vortex within the draft tube was done by Stefan et al
[62], [66]. The POD analysisof the HS video capturingcavitation cloud over NACA profile was done
by Rudolf etal [63]. Influence of the aeration on the cavitation patterns downstream within the Venturi
tube was the scope of investigation which has been done by Tomovetal [64]. The operation regimesin
this study corresponded to the partially developed stage of cavitation. POD study of the cavitation
regime detection in case of grooved C-D nozzle was done by Danlos et al [65]. Kozak et al exploited
the POD for the investigation of the hysteresis presence during the transition between the fully
developed cavitation to supercavitation and vice versa in case of the cavitation within the Venturi tube
considering the axialinflowin [57].

The proper orthogonal decomposition has been implemented into the Python script. The
functionality of thescriptissimilar to the above described script exploited for the processing of the pixel
intensity fluctuations using the DFT. Prior the main spectral analysis of the temporal coefficients
correspondingto the most significant modes, it was necessary to processthe input data.

It should be mentioned that each 10" image of the captured record was exploited for the
decomposition. This led to the decrease of the sampling frequency from the originally captured 20 000
frames persecondto the 2 000 fps. To supportthis approach, the reduced sampling frequency can be
comparedwith the Nyquist - Shannonsamplingtheorem.

According to the theorem, the sampling frequency fs must be at least two times higher compared
to the maximum frequency of the investigated discrete function. Since the maximum dominant
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frequency obtained by the spectral analysis of the pixel intensity fluctuations was 185 Hz as it was
shown in the previous chapter, it can be assumed that the decreased sampling frequency of 2000 Hz is
more than sufficient for the purpose of the cavitation dynamics investigation.

This reduction of the processed image amount together with the image cropping lead to the
significant reduction of the correlation matrix Csize. Nevertheless, the influence of the input image
croppingwill be discussed atthe end of this chapter.

Beside the analysis of the cavitating flow dynamics, the coherence of the captured structures will
be discussed using the analysis of the POD modes significance distribution using the corresponding
eigenvalues. The analysis will be complemented by the backward reconstruction of the source images
using the specific amount of the POD modes.

Some of the presented results will be described using the selected flow rates. Nevertheless, the
results will be provided forthe fullrange of the investigated operating points (from the cavitation regime
aswell asfrom the flowrate magnitude points of view).

3.2.1. Regions of interests exploited for the POD

The dynamics of dominant cavitating structures has been analysed using two different regions of interest
to discuss the influence of the selected region as well as the robustness of the obtained results. The
regions of interests which were exploited forthe POD analysisare depicted in the Figure 54. The ROIs
are labelled alphabetically to distinguish them from the regions utilized in case of the pixel intensity
fluctuations spectralanalysis.

Figure 54 Regions of interests (white-lined rectangles) utilized for the comparison of the results
obtained by the proper orthogonal decomposition. ROl A — left, ROI B - right

As it can be seen the ROI B is significantly smaller compared to ROl A, which lead to the significant
reduction of the computational cost. It should be also noted that the ROl A is containing part of the
scene out of the Venturinozzle in contrast to theROI B which is restricted to the region close to the axis
of the nozzle. The size of the regions utilized for the decomposition including the number of the
correlation matriceselementsis listed in the following table.

Size of the ROI Size of the correlation matrix C
ROI A 119x1023 px 121737000
ROI B 45 x 39 px 1 755000

Table 1 Propertiesoftheregionsofinterest

3.2.2. POD modes — Spatial modes

The final mode obtained by the decomposition consists of the spatial mode and temporal coefficient,
whereas the number of the modes corresponds to length of the analyzed record (e.g. number of the
snapshots). Since the most coherent structures are captured by the lowest modes, the first ten modes will
be depicted and discussed in details for the flow rate of 6 I/s. The spatial coefficients corresponding to
the first ten modes of the selected operating points obtained by the POD analysis utilizing ROl A are
depicted in the Figure 55. As it is clearly depicted the 0™ modes correspondto the static information (i.e.
their structure is the sameasin case of the time-averaged image). The higher modes correspond to the
dynamics of captured cavitatingstructures. The nature of the POD modes can be also discussed based
on theimages. The lower order of the observed mode is, the simpler is the structure. In otherwords, the
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lowest POD modesare correspondingto the dominant dynamic structures captured by the HS records.
This is particularly visible by the comparison of the 1%and 19" modes as are shown in the Figure 55.
While the first mode corresponds to the axial pulsations of the cavitating structures, the 19" mode
includes the stochastic instabilities of the interface region. It should be also noted that the dynamic
modes of the axialinflow are extended to a greater distance from the throat of the nozzle, even though
the cavitation numberis nearly the same regardless the configuration of experiment. This corresponds
to the observed separation and motion of the cavitatingvortex rings in case of this configuration.

mode Swir generator (ove = 0.62) mode Axial inflow (6ve1 = 0.61)

’ h ’ o™ irinm
10 o= 10 S A e

Y .. ;
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Figure 55 Comparison of the spatial modes corresponding to the same decomposed record for ROI A.
SG - left, Axial inflow - right

Thewall of the diffuseris distinguishable asit can be seenin the depicted modes. This is caused by the
light reflection. The information about potentially captured flow patterns dynamics can be lost in this
region, because the values of the obtained spatial mode are constant close to this overexposed region.
Nevertheless, it can be stated that in case of the investigated cavitating structures this region does not
play importantrole.

The similar observations can be described in case of POD modes obtained by the analysis of
ROI B depicted in the Figure 56. In case of the 1 POD mode corresponding to the axial inflow, the
most significant fluctuations captured in this region correspond to the flickering of the light reflection.
Nevertheless, it should be noted that the intensity of the reflected light is tightly connected to the
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presence of the cavitation, obtained dominant frequency of this mode is in good agreement with the
axial pulsation of the cavitating structures. The structures captured by the lower spatial modes
correspond to the most significant (i.e. important) fluctuations, while the more stochastic fluctuations
such as interface regions instabilities are captured by the higher modes similarly to the ROl A. The
significance of these modes will be discussed using the analysis of the corresponding eigenvalues in the
following part of this chapter.

mode SG mode SG AX

10

19

AN =Y.
DI AR

Figure 56 Comparison of the spatial modes corresponding to the same decomposed record
considering ROIB. SG ove1 = 0.62, Axial inflow: gve1 = 0.61

Prior the analysis of the POD modes significance distribution and the dynamics of investigated
cavitating structures using the spectral analysis of the temporal coefficients, it will be convenient to
depict the comparison of the most significant dynamic modes corresponding to the different stages of
the cavitation development. Due to the fact, thatthe results are in good agreement regardless the selected
region of interest, this comparison is shown only forthe ROl Aandthe discharge of 6 I/s (see Figure 57).

Severalobservations canbe stated by the comparison of the modes depicting the wide range of
the cavitation regimes. It is possible to identify particular cavitation regime and even the transitions
between the regimes, based on the depicted modes. Thisis valid forbothofthe investigated experimental
configurations.
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Figure 58 Most significant spatial modes corresponding to the different regimes of cavitatingflow,
red —maxvalue, blue —min value, white - zero

The modes corresponding to supercavitation regimes depicted in the first two rows of the Figure 58
mostly capture the highly stochastic instabilities of the interface region, because the obseved cavitating
structures were stable and neither significant fluctuations nor collapses were captured during the
experimental measurement. The spatial modes corresponding to the supercavitation affected by the
upstream mounted swirl generator clearly shows the shape of the conical cavitating structure within the
diffuserof the nozzle. In case of the axial inflow, the interface betweenthe liquid jet close to the axis of
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the nozzle and surroundingvoid of cavitation can be found in the straight pipe section downstream the
diffuser of the nozzle. Underthis regime the liquid film on the walls of the diffuserwas observed. Whilke
the liquid film had notbeen stable, it was possible to track the motion of the small instabilities. This is
reflected to the higher values of the spatial coefficient within the diffuser in case of the axialinflow. It
should be also noted that spatial modes correspondingto the supercavitation are considerably grainier,
comparedto the fully developed stage of cavitation, regardless the presence of the swirl generator.

Transition between the supercavitation and the fully developed stage of cavitation can be also
identified based on the structure of dominant POD modes (see the 3™ row of the Figure 58). It can be
seen that the spatial modes corresponding to the transition are completely different compared to the
coefficients of the supercavitation. The captured shapes of the coefficients are considerably more
coherent, and the captured structures are considerably larger compared to supercavitation. On the other
hand, the images depictingthese coefficients are still obviously grainier compared to the spatial modes
depicting fully developed regime of cavitation.

The shape of the spatial modes is relatively stable in wide range of ovel corresponding to the fully
developed cavitation Length of the regions of the higher spatial modes magnitude is the longer, the
lower corresponding cavitation number is, similarly to the length of the decomposed cavitating
structures. As it was mentioned in the previous part of this section, it is possible to observe that the
length of the structures captured within the dominant dynamic coefficientsis longer in ca se of the axial
inflow. This statement is valid for the whole range of the depicted operating points. The reason arises
from the different nature of the observed cavitating patterns. Where the separation and subsequent
motion of the separated cavitating vortex rings wasobserved in case of the axialinflow, the cavitating
structures were considerably more stable, when the additional swirl was introduced to the flow. Thus,
the motion of the captured structures covers longerregion in case of theaxialinflow.

The initial stage of the cavitation isdistinguishable fromthe fully developedstage of cavitation (see
the last three rows in Figure 58). As it can be seen, the magnitude of the spatial coefficient approaches
to zero within the throat of the nozzle in contrary to the more developed stages of cavitating flows in
case of theaxialinflow. The axialinflow was characteristic by the quasi-stable boundary layer during
the initial stage. In other words, only the minimum amount of significant collapses of the cavitating
boundary layer were observed within the throat of the nozzle during this regime. This behavior was
completely different in case of the operating regimes corresponding to the lower values of avel, where
the complete decay of the cavitatingboundary layeroccurred at the beginning of cavitationcycle.

Also, in case of the of the swirl generator presence, relatively significant difference between the
fully developed and initial stage of cavitation can be found. As it can be seen, the “cone” of the vortex
close to the axis became significantly narrower in case of the initial stage of cavitation.
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To complete the analysis of the spatialmodes obtained by POD, it is necessary to discuss the influence
of theinvestigated flowrate. Whereas the considerable amountof the operating points was investigated,
the discussion will be focused on the comparison of the selected operating points correspondingto the
fully developed cavitationas it is shown in the Figure 59. Since the shape of the most important dynamic
POD modes is nearly the same, regardless the investigated discharge, it can be assumed that the most
important sources of the image fluctuations remain unchanged overthe whole spectrum of investigated
discharges. The minorchanges of the length can be devoted to the slight variation of the corresponding
values of cavitation number.
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Figure 59 Most significant spatial modes corre_sprc])nding to the different flow-rates, SG— left, AX —
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3.2.3. POD modes —investigation of the cavitation dynamics

Spatial modes obtained by the proper orthogonal decomposition have been described to discuss to
influence of the cavitationstage and the investigated discharge aswell asto identify the most important
sources of the captured instabilities. Temporal coefficients description and their analysis will be
provided in this chapterto investigate dynamics of the analyzed cavitating structures.

The POD mode consisted of the temporaland spatial modes. Thus, some of the essential properties
of the corresponding coefficients are similar. The lower POD modes are containing the information
about the most important (e.g. coherent) instabilities. This was clearly depicted by the comparison
spatial modes depicted in the Figure 55. Similar conclusion can be stated in case of the temporal
coefficients corresponding to the different POD modes. This can be shown using the images of the
spatialmodes, correspondingtemporal coefficient and the frequency spectra obtained using the spectral
analysis. For this purpose, the operation points correspondingto the fully developed cavitation and the
discharge of 6 I/s were chosen.

Figure 60 and Figure 61 are depicting three different POD modes corresponding to the similar
cavitationregimes of the flowaffected by the swirl generatorand axial inflow, respectively. The higher
temporal coefficients are noisier regardless the experimental configuration. Although it is worth to
mentioned, that the temporal coefficient corresponding to the 1 POD mode is considerably noisier in
case of the SG presence (1% row in Figure 60) compared to the signalcorrespondingto axialinflow (1*
row in Figure 61). It can be stated thatthe dominantfrequency of the 1*POD mode is slightly higher in
case of the SG presence even though the cavitation numbervalue isslightly higher in case of the axial
inflow (by 4.8 %). Dominant frequency of the 1% mode (94 Hz) considering the presence of the SG can
be found also in frequency spectrum of the 4" mode. Besides that, the significant frequency of 266 Hz
is containedwithin the temporal coefficient of the 4™ POD mode (2™ row in Figure 60). This frequency
is close to the significant frequency ofthe pressure fluctuations induced by the cavitating flow as it will
be shown in the chapterdevoted analysis of the pressure signals. The frequency spectra corresponding
to the 19" POD modes are noisy regardless the experimental configuration. It isin good agreement with
the statement that the higher modes are containing mainly the information about the highly stochastic
minorinstabilities of the interface.

Comparingthe amplitudes corresponding to the dominant frequencies, it is visible that thisvalue is
more than two times lower in case of the swirl generatorpresence (1765) compared to the axialinflow
(4046). This observationisin good agreement with the observed flow patternsand as it will be shown,
the similar results will be obtained by the analysis of allthe investigated flow characteristics.
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case of SG presence
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Dominant frequencies obtained by the POD analysis of 6 I/s are compared with the analysis of the pixel
intensity fluctuations in the Figure 62. As it hasbeen shown in the chapter 3.1, this method is in good
agreement with the results of the analysis of the pressure fluctuations. Thus, it is possible to exploit the
DFT of the pixel intensity signals for the verification of the results obtained usingthe POD.
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Figure 62 Dominant frequencies obtained using the different regions of interest in comparison with
the results of the pixel intensity fluctuations. SG — left, AX - right

Results of the POD analysis are in good agreement with the spectral analysis of the pixel inten sity
fluctuations in general. Nevertheless, the agreement is the bestin the region of fully developed cavitation
regardless the investigated configuration and selected region of interest.

Significant discrepancy between the results obtained by the different regions of interest can be
found in close to over 0.25 (e.g. during transition between the fully developed regime and
supercavitation) consideringthe presence of swirl generator (Figure 62, left). The frequencies obtained
using the region B are increasing close to the supercavitation regime, while the completely opposite
behavior can be found in case of the ROl A of POD analysis and DFT analysis of the pixel intensity
fluctuations. On the other hand, it is possible to identify the dominant frequency of 161 Hz
correspondingto avei 0f 0.98 usingthe ROI B. This frequency has been found usingthe spectralanalysis
of the pressure fluctuationsaswellasin case of the pixelintensity fluctuations investigations. However,
the analysis of the three operating points correspondingto the highest values of the e using the pixel
intensity signals were notreliable, asit hasbeen mentioned. From this point of view, the analysisusing
the POD seemsto be more appropriate.

Using these observations, it is possible to state, that the analysis of the cavitating flow dynamics
using the spectralanalysis of thetemporal coefficients corresponding to the most significant POD modes
is reliable. The choice of the analyzed ROI played a role to a certain extent. On the other hand, the
obtained dominant frequencies corresponding to the fully developed cavitation were consistent
regardless the selected ROI for both investigated configurations. It was possible to slightly extend the
range of the analyzed dominant frequencies by thechoice ofappropriate ROI in case of initial cavitation.
Nevertheless, the nature of cavitating structures fluctuations is the more stochastic; the higher is
cavitation number. The question is to what extent these results can be trusted in case of the HS records
analysis.

The furtheranalysis of the cavitation dynamics will be discussed exploiting the ROI A, the results
will be corrected and complemented by theresults obtained usingthe ROI B in case of necessity. Results
exploiting averare described in the following set of figures. The Figure 63 is depicting the whole spectrum
of investigated flowrates. Identified dominantfrequencies of the cavitating structures pulsations are the
lower, the lower avel is regardless the investigated configuration of experiment. It should be also noted
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that the obtained frequenciesare depicted upto the aver, when the sudden drop of the identified frequency
occurred.
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Figure 63 Dominant frequencies of the axial pulsations obtained by the POD analysis for the whole
range of investigated operating regimes. SG-left, AX-right.

The comparisons of dominant frequencies correspondingto the same nominal flow-rates and different
experimental configurations are provided in the following figures. Direct comparison of the identified
frequencies shows that these frequencies are higher in case of the swirl generator presence. While in
case of the lower discharges (4 I/s and 5 I/s depicted in Figure 64)the difference is relatively minor, it
became clearly noticeable in case of the 6 I/s and 7 I/s (see Figure 65).

As it has been described the decrease of the identified frequencies of the cavitating structures
pulsations became significantly more rapid within the region 3 (e.g. in the region of the massive
cavitation, close to the 4ve10.41 and lower). This observation has been captured in the whole spectrum
of the investigated flowrates. Nevertheless, this rapid decrease of the dominant frequencies within the
region 3 is most evident in case of 6 and 7 I/s discharges.

The cavitating structures became stable during the transition to the supercavitation regime. Thus,
the identified frequenciesapproach the value of 0 Hz.
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Figure 64 Comparison of dominant frequencies based on the experimental configuration in case of 4
I/s (Ieft)and 5 I/s (right)
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Figure 65 Comparison of dominant frequencies based on the experimental configuration in case of 6
I/s (Ieft)and 7 1/s (right)

The amplitudes of the dominant frequencies obtained by the analysis of the most significant dynamic
POD modes (i.e. 1 modes) are depicted for the discharges of 4 and 6 I/s in the Figure 66. The
magnitudesare considerably higher in case of the axialinflow, which correspondsto the nature of the
captured cavitating structures (i.e. vortex rings). The amplitudes reach their maximum in the region 3
(fully developed stage). Amplitudes correspondingto the higher cavitation numbersare excluded from
the charts similarly to the analysis of dominant frequencies. Comparing the charts of the different
dischargesin the Figure 66, the difference is significant mainly in case of the 4 I/s.
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Figure 66 Amplitudes of the dominant frequencies obtained by the POD analysis

Distribution of the POD modes significance can also represents the rich source of the information
describing the investigated flow properties as well as the properties of the selected region of interest.
During the process of the record decomposition the eigenvectors A obtained by solving the eigen
problem of the correlation matrix C(ty, t,) are sorted based on the correspondingeigenvalues e. Since
the magnitude of eigenvalue e correspondsto the significance of particular POD mode, it is possible to
discuss properties of the captured cavitating flow patterns based on the analysis of eigenvalues e
magnitudes, respectively significance distribution overthe obtained POD modes.

As it hasbeen mentioned at the beginning of the chapterand shown in the Figure 55 and Figure 56
depictingthe first several spatialmodes ¢, the statics had notbeen subtracted from the records prior the
POD analysis. Thus the 0" modes obtained by the POD correspond to the time-averaged structures of
the captured cavitating patterns. The relative significance of 0" modes calculated as fraction of the
eigenvalue of the 0™ mode to the sum of alleigenvalues are depicted in the Figure 67.
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Figure 67 The relative significance of 0" modesin case of 4 I/s (left) and 6 I/s (right)

Itis clearly depicted that the 0" modes are dominant regardless the experimental configuration or flow
rate. Theirrelative significance does not fallbelowthe 78 %. The charts contain also the operating points
excluded from the analysis of the dominant frequencies. These points exhibit the considerably higher
relative significance of the static modes similarly to the supercavitation. This observation is in good
agreement with the nature of the captured cavitating patterns. While the main source of the captured
fluctuations is represented by the small instabilities of the interface region during supercavitation, the
separations or pulsations of the cavitatingstructures are less significantand much more random during
the initial stage of cavitation compared to the fully developed regime. In otherwords, during the initial
stage of cavitation aswell as during the supercavitation, the significance of the coherent dynamic
structuresis considerably loweras it will be shown.

The relative significance of 0" mode is larger in case of the SG presence compared to the axial
inflow. The cavitating structures were considerably more stable in case of the cavitation affected by the
induced swirl (in term of axial pulsations), which is in contrast to the separation and subsequentmotion
of the cavitatingvortex rings typical forthe axialinflow.

The relative significance of the most significant POD modes (1% modes) capturing the dynamic
characterof captured flow patternsare depicted in the Figure 68.
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Figure 68 The relative significance of 1 modesin case of 4 I/s (left)and 6 I/s (right)

Comparingthe values of therelative significance of the 1% POD modes (see Figure 68) with the analysis
of the 0" mode (see Figure 67), it can be stated that the courses of the obtained resulst are different.
Nonetheless, following assumptions are still in good agreement with the discussion of the 0™ modes
relative significance. The 1% modes are more significant in case of the axial inflow regardless the
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flowrate, while the situation was completely opposite in case of the analysis of static structures. The
dynamic structures were the most coherent during the fully developed regimes of cavitation. During
these regimes, the relative significance of the 1 POD modesreachesvaluesup to 6-7 % in case of the
axial inflow, whereas maximum values corresponding to the swirl generator presence move around
2 - 2.5 % forboth flow rateswhich are depicted in the charts.

The absence of the periodical fluctuations of the large cavitating structures during the
supercavitation and initial regime of cavitation lead to the obvious drop of 1% POD mode relative
significance.

It was shown that the significance of the static structure is dominant and greatly exceeds the
significance of the 1*POD modes in the whole spectrum of investigated operating points. Nevertheless,
distribution of the significance of the higher modes containing the information about the captured
dynamic of the cavitating structures can be also discussed in order to provide additional information
aboutthe investigated cavitating structures. Figure 69 depicts the cumulative sum of the dynamic POD
modes significance of the selected operating points considering the discharge of 6 I/s. Investigated
experimental configurations are shown separately in two charts. Comparing these charts several
similarities aswell asdifferencesbasedon the experimental configuration can be found.

First of all, the curves corresponding to the supercavitation are clearly distinguishable from the fully
developed andinitial stage of cavitation regardless the experimental configuration. Transition regime is
significantly closer to the supercavitation in case of the axial inflow (see Figure 69, chart on the left,
over 0.27). Seeing the similar regime considering the swirl generator presence, it can be stated that the
curve of the cumulative significance is still clearly distinguishable from the fully developed and initial
stages of cavitation. However, the difference between this regime and supercavitation is considerably
more significant comparedto the axial inflow (see Figure 69, chart ontheright, ovel 0.27).

Courses of the cumulative sums of the dynamic POD modes significances are very similar
comparing each other in case of the swirl generator presence. The differences between these regimes
are considerably more pronouncedin case of theaxialinflow. These observations are in good agreement
with the captured cavitating structures. While the gradual growth of the conical cavitating vortex was
observed in case of the SG presence, the changes of the cavitating patterns were significantly more
complex in case of the axial inflow as it has been described in chapter devoted to the analysis of the
captured cavitating patternsand cavitation cycles. Relatively interesting observation isthe fact that the
initial stage of cavitation is considerably more stochastic in case of the axial inflow (ave1 0.93) compared
to the similar regime (over 0.98) considering the influence of the induced swirl. In the otherwords, the
considerably larger part of the cumulative significance is contained within the higher POD modes in
case of the axialinflow considering this regime.
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Figure 69 Cumulative sumof the dynamic POD modessignificance. 6 I/s - SG (left), AX (right)
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Distribution of the significance over the POD modes capturingthe investigated flow dynamics (i.e. 0"
mode was excluded) canbe described usingthe charts depicting the amount ofthe POD modes required
to reach 80 % and 99 % (for example) of the cumulative sum of significances of these modes. Charts
depicting 6 I/s discharge are provided in the Figure 70.
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Figure 70 Relative amount of the POD modes required to reach 80 % and 99 % of the significance
modessum

Compared to the previously discussed results, it is obvious that amount of the dynamic POD modes
required to reach 99 % and 80 % of the cumulative sum of POD modes significance (excluding 0™
modes)is higher in case of the SG presence. This is caused by the fact that relatively large part of the
cumulative significance correspondingto the captured dynamics is spread over the large amount of the
higher modes.

The amount ofthemodes required to reach 99 % of the significance is considerably larger compared
to the 80 % of significance regardless the experimental configuration. In other words, it would be
necessary to use large part of the obtained POD modes to capture the small instabilities. On the other
hand, it would be also possible to exploit only a minor portion of the POD modes for the reconstruction
and the mostimportant cavitating structures properly. The results of the backward reconstruction of the
images using the differentamount of the POD modes will be carried outat the end of the chapter.

Considering the 80 % of cumulative significance asrequired value, only a minor part of the POD
modes is needed regardless to experimental configuration. Specifically, less than 3 % of the obtained
POD modes would be required in case of the axial inflow and 6% in case of the flow affected by the
swirl.

The backward reconstruction of the selected operating point has been done for both investigated
configurations. Pseudocoloring using the jet color scheme was utilized in order to highlight cavitating
structures (see Figure 71).

Figure 71 Result of the image pseudocoloring

The following comparison will be done using this approach in order to highlight differences caused by
the differentamount of the POD modes utilized for the image reconstruction. The amount of the POD
modes required to reach the 80 % and 90 % of the cumulative significance in case of the selected
operatingpointsis listed in the following table.
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SG 6v1=0.884 AX 6,=0.831
Rel. Significance: 99% 80% 99% 80%
Num. of Modes: 753 54 684 18

Table 3 Number of modes required for reconstruction of the original image

It canbe seenthatthe amount of the POD modeswhich are required to reach 99 % of the totalsum of
the significance of the modes is considerably higher compared to the 80 %. The comparison of the
reconstructed images considering presence of swirl generator is shown in the Figure 72.

Original 99 % 80 %

— \\-,_
o \
“' * "

Figure 72 Example of the images reconstructed using the different amount of POD modes in case of
the SG presence —6 /s, ove = 0.88

The cavitatingstructures obtained using the higher amount of the POD modesare nearly ascomplex as
the originally captured images. More interesting is the observation that the cavitating structures
reconstructed usingthe significantly lower amount of modes (required to reach 80 %) are capturingthe
main shape ofthe captured cavitationproperly. The information about the highly sto chastic instabilities
of the interface region is nearly completely lost as well as the smaller cavitating structures are not
captured atall. On the other hand, the main cavitating structures canbe clearly identified and compared
with the originally captured flow patterns with good degree of agreement (these observations are
depicted in the Figure 73 in more detail). This can be utilized for the long-term backups of the large
amount of the H-S records. For example, in case of the depicted record, only 6 % of the POD modes
were required to reach 80 % of significance. Thus, nearly 94 % of disk space can be spared, while the
main properties of the captured cavitating structures can be potentially still studied in the future in case
thatthe originaldata would be lost.
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99 % of significance 80 % of significance
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Figure 73 Detail of the helical vortex reconstructed using the differentamount of POD modesin case
ofthe SG presence — 6 1/s, ovel = 0.88

The situation is similar in case of the axial inflow as is shown in the Figure 74. Due to the different
nature of the cavitating dynamics, only 3 % of POD modes were required. to reach 80 % of total
significance. The separation,aswell as the subsequent motion of the vortex ring within the diffuser is
clearly captured in caseof 80% reconstruction. On the other hand, the smaller cavitating vortices, which
can be foundas remains of thecollapsed vortex ring of the previous cavitationcycle cannot be identified
in this case asit can be seenin the first three rows of the Figure 74.
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Figure 74 Example of the images reconstructed using the different amount of POD modes in case of
the SG presence —6 I/s, aver = 0.83

Partial conclusions
The dynamics of the cavitating flow hasbeen investigated using the POD analysis of the captured HS
video records. The following preliminary conclusions can be stated:

1. The results of the dynamic analysis obtained by the POD were verified using the result of the pixel
intensity DFT analysis with good degree of agreement. Therefore, it can be stated that the frequencies
of the cavitation pulsations identified exploiting the POD are correct.

2. Decrease of the identified frequencies is faster in the region 3 (fully developed cavitation 2),
regardless the presence of the swirl generator.

3. Dominant frequencies of the cavitating structures fluctuations are higher in case of the swirl
generator presence. While the difference is relatively minor or even negligible in case of the low
discharges (4 and 5 I/s), it became considerably more significant with the increasing discharge.
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4. The characterof the cavitating patterns correspondingto the different regimes of the cavitation and
experimental configurations has been discussed using the analysis of the several parameters. The
relative significance of the 0" mode corresponding to the static structures (i.e. similar to the time
averaged images of the captured records) provedthat the fluctuations of the captured structures were
considerably more significant in case of the axial inflow in general. This observation was
complemented by the analysis of the relative significance of the 1 POD modes corresponding to the
most important (coherent) dynamic structures. Values of these parameters were considerably larger
in the wide range of avel in case of the axial inflow. In other words, the fluctuations of the most
significant cavitating structures were more pronounced in case of the axial inflow, while the
cavitatingstructures were considerably more stable when SG had been exploited.

5. Distribution of the relative significance over the dynamic POD modes (i.e. excluding the 0" modes)
hasbeen investigated. Usingthe cumulative sum of this parameter, it was possible to assume thatthe
overall change of the cavitation pattern is more gradualin case of the swirl generatorpresence. On
the otherhand, the supercavitation regime was clearly distinguishable investigating this parameter,
regardless the experimental configuration.

6. Theamountofthe POD modesneeded to capture the 80% and 99% of the POD modes significance
has been discussed at the very end of the chapter. It was shown that the amount of the modes
capturing the less important fluctuations is enormous in wide range of operating regimes
corresponding to the fully developed and initial stages of cavitation considering both of the
investigated configurations. On the other hand, only a minor part of the POD modes is required to
reach 80% of the overall significance. Approximately 3 % of the POD modeswere needed to reach
this value in case of the axial inflow. The slightly higher amount (6 %) was needed to reach the same
value in case of the swirl generator presence. Thus, it can be stated that the fluctuations of the
cavitating structures are more significant in case of the axial inflow, while the cavitation pattems
correspondingto the swirl generator presence were more stable. The images ofthe selected operating
points correspondingto both investigated configurations were reconstructed usingthe amount of the
POD modes correspondingto the 80 % and 99 % of the dynamic significance. It was shown, thatthe
most important cavitating structures were captured usingthe small amount of the POD modes. This
can berelatively usefulforthe storing of the large amount of the long HS records. As it was stated,
using the mostimportant POD modes it would be possible to reduce the size of the stored data of HS
records by the more than 90 % in case of both investigated experimental configurations
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Experimental analysis of the cavitating
flow characteristics

Content of the following chapter:
Time-averaged characteristics aswell as the dynamics of the cavitating flow will be discussed in wide
range of operatingregimes using the analysis of:

1.
2.
3.
4.
5.

Hydraulic losses
Pipe-wall acceleration
Acoustic pressure
Acoustic emission
Pressure pulsations
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4. Experimental analysis of the cavitating flow characteristics

Considerable amount of data was acquired using the various types of transducers during the
experimentalmeasurement. The analysis of these records will be provided in this chapter. The chapter
is divided into the two sections. The time-averaged signals (i.e. static characteristics of the cavitating
flow) will be discussed in the first part of thischapter. The contentof the second section of this chapter
will be devoted to the analysis of the dynamics of obtained data. Frequency spectra as well as other
properties of the signals will be provided, and signals of different transducers will be discussed and
correlated. Also, the influence of the exploited definition of cavitation numberwill be discussed.
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Figure 75 Placing of the transducers during the experimental measurement

Hydraulic losses will be discussed in the whole range of cavitating regimes and investigated
configurationsto describe the different energetic demands of the investigated configurations at first.

The hydraulic loss coefficient has been calculated using the equation (72), where the relative
position of the pressure transducers to the leading edge of the throat of the nozzle is depicted in the
Figure 75.Values of & are depicted as functions of different definitions of cavitationnumber in order to
provide betterinsight into the investigated flow properties in the Figure 76.
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Figure 76 Comparison of the hydraulic loss coefficients shown versus differently defined cavitation
numbers (as are defined by eq. (8) and (9))
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It is clearly depicted that the hydraulic loss coefficients are significantly larger in case of the swirl
generator presence, regardless the exploited definition of cavitation number. This is caused due to the
additionalminor loss of the SGaswell asdue to the modified flow field downstream the swirl generator.
It can be stated thatthe difference between the courses corresponding to the different experimental
configurations is considerably more significant in case of over exploitation. This is caused by the
calculation of the dimensionless parameters, where the relatively important part of the flow kinetic
energy devoted to the swirling motion is neglected in case of the SG presence. This discrepancy will be
studied and discussed usingthe numericalanalysis in the chapter5.

The definition of averhad been exploited in many contributions published by the author of the thesis [57]
(for example) and Rudolf [8] investigating the same or similar geometries of the nozzle. Thus, the
definition of aver Will be preferred in the following text. The most important discrepancies will be
described using the comparison with the results utilizing opres, While the correction will be carried out
using the numericalanalysisin the in the chapter5.

As it can be seen, the transition between the non-cavitating regime and initial stage of the cavitation
can be clearly distinguished in case of the induced swirl presence in case of ave utilization (see top left
chartin the Figure 77). This transition is significantly more gradual considering the other definition of
cavitation number. On the other hand, the slight decrease of the hydraulic losses connected with the
inception of cavitation can be found in both depicted charts. Forinstance, the evaluated loss coefficient
considering the discharge of 4 I/s corresponding to the non-cavitating conditions (over 2.103) of
investigated flowis 0.338 while the hydraulic loss coefficient of the initial cavitation (ove 1.521) 0.328
is lower by 3 % approximately.

Further increase of the & values is nearly linear down to the lowest values of the investigated ow
regardless the investigated experimental configuration or flow rate. It is not possible to clearly
distinguish the cavitation regimes usingthe courses of & Comparisons of the hydraulic loss coefficients
based on the experimental configuration are shown in the Figure 77 for 4 I/s and 6 Is/.
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Figure 77 Comparison of hydraulic loss coefficients based on the experimental configuration
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Partial conclusions
The results of the hydraulic loss coefficients & analysis were depicted versus different definitions of
cavitationnumbers.

I.  Significant qualitative discrepancy based on the definition of the exploited cavitation
numberwas found and described. The exploitation of the veuk is problematic in case of the
flow affected by the induced swirl. This will be discussed and analysed using the CFD
simulations.

II.  Itis possible to identify transition between the non-cavitatingand initial stage of cavitation
due to the slight decrease of the hydraulic loss coefficient. On the other hand, it is not
possible to distinguish different stages of cavitation based on the change of the ¢ behaviour.

1. Theslope of the hydraulic losses increase with the decreasingvalues of cavitation number
avel IS nearly the same regardless the experimental configuration. It is shown using the linear
approximation of the courses of & corresponding to the discharge of 6 I/s. As it is shown,
the difference between the values of the slopesis 1.6 %.

4.1. Time-averaged characteristics of the cavitating flow

This section will be focused to the analysis of the time-averaged magnitudes of the fluctuations of
acquired signals in order to discuss and characterize the flow properties based on the different
experimental configurations and regimes of the cavitation. For this purpose, the signals of pipe-wall
acceleration, acoustic emission and noise will be investigated. The results will be depicted forthe whole
range of investigated operati. Deeper analysis will be carried out for discharges of 4 I/sand 6 I/s. The
following results are discussed mainly using the aver definition of cavitation number.

4.1.1. Pipe-wall acceleration

As it was mentioned the accelerometer Aura SV129022 exploited for the investigation of the pipe-wall
acceleration was mounted to the surface of the transparent nozzle using the acrylic adhesive and thin
tape, which protected the surface of nozzle. The transducer was mounted close to the end of the diffuser
to capture the vibrations induced by the motion of cavitating structures. Accelerometerwas glued to the
bottom surfaceof the nozzle protected by the Kaptontape. Thus, it wasstill possible to capture the HS-
records from the side of the nozzle. The plots of the time-averaged values of magnitude of the pipe wall
acceleration fluctuations a are depicted in the following charts for both investigated experimental
configurations.
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Figure 78 Mean values of the pipe-wallacceleration captured in case of SG presence (left) and axial
inflow (right)

The course of the mean values of the magnitude of the pipe wall acceleration fluctuations (dynamic
component of the acquired signal) a correspondingto 6 I/swas exploited for the definition ofthe regions
of typicalcavitation patternsasit has been described. This quantity is referred asacceleration (orpipe-
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wall acceleration) in the text and described conclusions are valid in the whole range of investigated flow
rates. The observed values of pipe wall acceleration are the higher; the higher is the investigated
discharge asitcan be seenin the Figure 78. The accelerationis more intensive in case ofthe axial inflow.
With the occurrence of the cavitation in the region 1 the a started to increase. The gradual increase of
the a with the decreasingvalue of the investigated cavitation number can be found in the region 2. The
gradual, but steep decrease of the observed vibrations was observed in the region 3 (characteristic by
the presence of the massive cavitating structures). It can be assumed, that this drop of the pipe wall
acceleration is caused by the significant presence of the gaseous phase within the flow of the water. In
other words, the compliance of the mixture is significantly reduced by the presence of the massive
gaseous volume within the flow. The vibrations corresponding to the region 4 (i.e. to the transition
between the fully developed stage of cavitation and supercavitation) are relatively small due to the
stability of the flow disturbed only by the occasional collapses of the cavitating structures. This is even
more significant in case of the supercavitation regime (region 5).

While the obtained courses of the pipe wall acceleration are in good qualitative agreement
regardless the investigated discharge in general, slightly differenttendency can be observed in case of
the axialinflow and the discharge of 7 I/s. This difference is particularly significant between the values
of ave1 0.44 and 0.87. It can be assumed that this has been caused due to the oversaturation of the
accelerometer by input signal during this particular measurement and therefore the results of this
analysis should be interpreted cautiously.

Comparing the charts corresponding to both investigated configurations, the vibrations were
considerably more severe in case of the axial inflow, which caused by the nature of the observed
cavitatingstructuresasit hasbeen described in the chapterdevoted to the analysis of the captured HS
video records. Direct comparison of the investigated configurations is provided in the Figure 79
depicting the the 4 and 6 I/s flow rates. Courses of the mean value of the pipe wall acceleration
fluctuations are depicted versus both types of the cavitation number.
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Figure 79 Comparison of pipe-wall acceleration based on the experimental configuration
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First of all, it can be stated that the maximum observed values of a corresponding to the axial inflow
were significantly higher. This discrepancy reaches81.11% in case of 4 I/s discharge, while in case of
the 6 I/s is lower, but still significant (71.01 %). Comparingthe chartsexploitingdifferent definitions of
cavitating number the important discrepancy between the positions of the maximum va lues of the
vibrations can be found. While in case of the ael, the position of these peeksis in good agreement
regardless the investigated experimental configuration, the significant shift can be found in case of the
opres €Xploitation. This shift reaches approximately 49% of opres Value based on the actual flow rate,
whereasthe maximum value of vibrations corresponds to the lower value of gpres in case of SG presence.
This particular discrepancy will be discussed using the results of CFD analysis. On the otherhand, the
otherobservationsare valid and in good qualitative agreement using both of theexploited definitions of
cavitationnumber.

Seeing the courses of observed pipe wall acceleration, it can be stated that vibrations induced by
the cavitating flow were more severe in case of the axial inflow in general. The only exception is the
initial stage of cavitation (region 1) and part of the region 2 correspondingto the fully developed
cavitation. This observation isin good agreement with the described cavitating structures. While in case
of the lower values of cavitation numbers, the structures correspondingto the swirl generator presence
were considerably more compact, in case of the initial stage of cavitation the relatively stable cavitating
boundary layerwasobservedin case of initial stage of cavitation. On the other hand, the fluctuations of
the cavitatingstructures were betterdistinguishable in case of the region 1 considering the presence of
the swirl generator. Interestingis the comparison of the initial part of the region 2, where the vibrations
induced by the relatively small, but fully developed vortex ring are smaller than the vibrations
correspondingto the cavitating structures affected by the induced swirl down to the ave value 0f 0.83in
caseof 61/s and 0.69 in case of the 4 I/s.

Attention should be devotedto the firstand secondregion which were captured in detail during the
measurement of 4 I/s flow rate and presence of the swirl generator (see Figure 80). The mean value of
the pipe wall acceleration isslightly higher in case of the highest values of cavitation number (gve1 2.77
and 2.10) corresponding to the thin cavitating vortex filament with helical vortex breakdown
downstream the throat of the nozzle. With the decreasing values of cavitation number (ove11.52 and
1.30), the cavitating vortex became considerably thickerto the less developed regime of cavitation and
the value of a starts to decrease relatively significantly. The helical vortex breakdown is far less
significantin case of this cavitation pattern in generaland it was hardly observable in some moment of
the recorded HSvideo (see the photo 3 in Figure 80) . Detected mean value of the pipe-wallacceleration
remained lower compared to the highest investigated values of cavitation number until the complete
transition of the straight cavitating vortexto the form of conical cavitating vortex which is accompanied
with the periodical axialcollapses of thisstructure. This regime was reached with the gve 0f 1.18.
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Figure 80 Pipe-wall acceleration in case of the initial stage of cavitation

Partial conclusions

The analysis of the time-averaged values of the pipe-wall acceleration have been carried out and
discussed. As it has been shown the obtained data provide interesting observations, therefore it is
possible to do several preliminary conclusions:

First of all, it is possible to distinguish several regions corresponding to the different cavitation
regimes using the analysedvibrations, regardless the investigated experimental configuration.
Time-averaged magnitude of fluctuations of pipe wall acceleration (will be referred as
acceleration)is higher in the considerable part of investigated cavitation regimes in case of
the axial inflow. The maximum values considering 6 I/s discharge are following: Axial
inflow 24.42 g, Swirl generator 15.03 g. The relative difference is 71.01 %, thus it can be
stated that the vibrations corresponding to the axial inflow can be considerably more severe
during the transition fromregion 2 to region 4. The relative difference corresponding to the
lower discharge of 4 1/sis 81.11 %.

Different positions of the maximum values based on the exploited definition of cavitation number
has been described. Positions of the maximum magnitudes of acceleration corresponding to the
different experimental configurations were constant (the difference was negligible comparedto the
scatterof the investigated operating points) in case of the avel. On the other hand, the values of the
cavitationnumber corresponding to the maximum vibrations were significantly lower in case of the
swirl generator presence when opres Was used for the analysis. It can be assumedthat this qualitative
discrepancy is caused by the vouk exploitation for the computation of avel, Wwhere the significant swirl
was neglected in case of SG presence. This observation will be discussed using the numerical
analysis.

The values of the acceleration corresponding to the cavitating flow influenced by the upstream
mounted swirl generator are higher compared to the axial inflow in the minor part of the
investigated cavitation regimes (mainly region 1 — initial phase of cavitation). The cavitating
structures correspondingto the axial infloware relatively stable in case of the axialinflowasit has
been shown in chapter 2.3.1. When the swirl is introduced by the swirl generator it is possible to
detect helical form of vortex breakdown downstream thethin cavitating vortex or precessing vortex
similar to the cavitating vortex, which can be observed downstream the runner of Francis turbine
underthe full-load operation (in case of the region 1).
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V. Theparticulareffort hasbeen devotedto the description of the initial stage of cavitation in case of
4 I/s discharge influenced by SG presence. Transition between the thin cavitatingvortex filament
with clearly distinguishable helicalvortex breakdown andthe longaxisymmetric cavitating vortex
accompanied by a decrease of the intensity of vibrations was captured. It can be assumed thatthe
decrease of the measured time-averaged value is caused by the distinction of the helical vortex
breakdown and simultaneously by the occurrence of the more massive and stable cavitating
structure, which can play a role in vibrations dampening. The further increase of the vibrations can
be observed with the transition of the cavitating pattern to the form of periodically collapsing
conicalcavitatingvortex with the helical vortex at itsend.

VI. The accelerometerhasbeen oversaturated duringthe investigation of 7 I/s discharge considering
the axialinflow. The solution would be the change of the transducer position. On the other hand, it
shows the difference between the investigated experimental configuration due to the fact the data
obtained forthe same discharge were valid when the swirl generatorhasbeen exploited.

4.1.2. Acoustic pressure

The analysis of the time-averaged acoustic pressure pac was carried out in same manner as the above
described analysis of the time-averaged values of the pipe-wall acceleration fluctuations. The acoustic
pressure hasbeen measured usingthe microphone PCB 378B02which hasbeen placed 70 cm from the
throat of the nozzle to capture noise induced by the cavitating flow.

It should be mentioned that the ambient conditions were not ideal. The test section wa s not acoustically
isolated, which was crucial flaw during the investigation of several operation points corresponding to
the initial stages of cavitation aswellasto the supercavitation. Asit has been mentioned, the cavitating
structures are relatively stable during these regimes, therefore the ambient noise (i.e. noise induced by
the pump, noise of various activities ongoingin the laboratory etc.) becamedominant. It was particulary
significant in case of the 4 I/s discharge considering the presence of the SG. Since the result obtained
forthis configuration will be described but omitted from the overallanalysis.

The charts depictingthe overallresults are provided in the Figure 81. The magnitude of acoustic
pressure fluctuations induced by the cavitation affected by the swirl is severaltimes lower compared to
the axial inflow. This is in good agreement with previously discussed results as well as the subjective
feeling of experimentalmeasurement (i.e. it wasfarmore acoustically comfortable to spend longer time
close to the experimental rig during the measurement, when the swirl generatorwasexploited).

Compared to the previously discussed results of pipe-wallaccelerationanalysis, it can be stated
that the depicted courses of the acoustic pressure versus cavitation number ove are in relatively good
qualitative agreement with the acceleration in case of the axial inflow. In other words, the gradual
increase of the acoustic pressure canbe foundin the region 1 and 2 (i.e. in the region of initial cavitation
aswell asin the region of fully developed cavitationtypical by periodical se paration of cavitating vortex
rings). Gradual increase continues up to the certain moment. Above that, compared to the pipe-wall
acceleration analysis, the maximum values of acoustic pressure are shifted into the region 3 (i.e. region
of massive cavitating clouds). It is in good agreement with the personal observation, where it was
possible to heartypicalnoise similarto sound of whip prior the beginning of transition betweenthe fully
developed cavitation and supercavitation.
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Figure 81 Values of mean acoustic pressure depicted as a function of avel
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The situation is completely different in case of the SG presence. Comparedto the axial inflow and
corresponding analysis of the pipe-wall acceleration we can see that the initial increase if the acoustic
pressure is relatively steep and theobtained values of the magnitude of the acoustic pressure fluctuations
became relatively stable in the region of fully developed cavitation. This is particularly visible in case
ofthe 6 I/s and 7 I/sdischarges. As it has been described, the cavitating structures share the same nature
within this range of cavitation numbers when the additional swirl is introduced by the generator. The
only major difference is size of the typical conical cavitating vortices which are the more massive the
lower is cavitation number. The time-averaged values of the acoustic pressure pulsations became low
during the transition between fully developed cavitation and supercavitation regardless the investigated
experimental configuration. Direct comparison of theanalysis of acoustic pressure fluctuations with the
above described results of the a analysis considering discharge of 6 I/s are depicted in the Figure 82.

0.6 - 16
0.5 - 14
. - 12
S 04 L 10
= 03 -8
= 0.2 -6
-4
0.1 L2
0 -0

0 02505075 1 1.2515

ovel

61/s-SG - mic 6 l/s-SG -acc

a(g)

Pac(Pa)

1.6 - 30
1.4 e
1.2
1 - 20
0.8 - 15
0.6 L 10
0.4
0.2 i
0 L
0 025050.75 1 1.2515
cvel(l
6 I/s- AX - mic 6 s - AX - acc

a(g)

Figure 82 Mean values of acoustic noise in comparisonwith the mean values of the pipe-wall
acceleration

Direct comparison of the acoustic pressures induced by the cavitating flow based on the experimental
configuration aswellasthe chart of the same values depicted as functions of the ayres are depicted in the

Figure 83.
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Figure 83 Acoustic pressure induced by cavitation — comparison of differentexperimental
configurations depicted as versus aver (Ieft) and opres (right)

Similarly, to the analysis of the pipe-wall acceleration, the fluctuations of the acoustic pressure are
severaltimes higherin case of the axialinflowin the region of the fully developed cavitation. Interesting
observation can be found in case of the highervalues of cavitation number close to the initial regime of
cavitation. The mean value of the acoustic pressure fluctuations is larger in case of the SG presence
similarly to the pipe-wall accelerationanalysis in this region. Comparingthe position of the intersection
of the acoustic pressure courses with the intersections of the mean values of the pipe-wall acceleration
fluctuations based on different experimental configurations, it can be seen that the position of the
intersection is slightly shifted to the region of more developed cavitation in case of the acoustic noise
analysis. Thisis in in good agreementwith the shift of the position corresponding to the maximum mean
value of the acoustic pressure fluctuations compared to the mean pipe-wall acceleration; which is
depicted in the Figure 82.

The results of the 4 I/s discharge with the upstream mounted swirl generator were excluded from
this analysis. This was caused by the fact, that the results were highly influenced by the ambient
conditionsthanksto the low intensity of the noise induced by the cavitation togetherwith the absence
of theambient noise insulation.

The acoustic pressure can be convertedto sound level Lp usingthe usingthe following equation:

L, =200n (@) (73)
Po

Where pac is devoted to the acoustic pressure and pO0 represents reference sound pressure 20 uPa. The
max maximum sound level 100.2 dB corresponds to fully developed regime (ov.10.38) in case of the
7 I/s flow rate. The maximum sound level obtained in case of the swirl generatorpresence was91.2 dB
(7 I/s, 6ve10.30).

Partial conclusions

I. Following observationscanbe described by the comparison of the obtained results with the analysis
of a. The results of the mean acoustic pressure fluctuations values showslight shift of the operating
points correspondingto the maximum values. The similar shift canbe observedin case of the regimes
correspondingto the states when the acoustic noise fluctuations of the cavitating flowinfluenced by
SG are more ssignificant compared to the axialinflow. Due to the fact, that both of these shifts tend
towards smallervalues of cavitation number, it can be assumed that changing of the cavitating flow
nature manifests in to the change of vibrations slightly earlier than into the change of the noise
characteristic induced by the cavitating flow.
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I1. The mean values of acoustic pressure fluctuations are considerably lower in case of the cavitating
flow influenced by the swirl generator. From the qualitative point of view, the acoustic pressure
fluctuations are considerably more stable in case of the SG presence, compared to the axial inflow
where the region gradualacoustic pressure fluctuations increase is considerably wider.

4.1.3. Pressure records analysis
The pressures records analysis which will be carried out in this section will be slightly more complex

comparedto the analysis of the acoustic pressure records and pipe-wallacceleration records.

Beside the analysis of the time-averaged values of magnitude of pressure pulsations (Pruct)
recorded by the Kistler 211 B4 transducer downstream the throat of the nozzle which will be done in
the same mannerasthe previous section of this chapter, the analysis of the time -averaged values of the
pressure recorded using the transducers p1, p2and pz (BD — DMP 331) together with pressure drops p:-
P2, p1-pzand ratios of the p.and psto provide additional information of the cavitating flow properties as
well asto justify the choice of the psrecords forthe characterization of theinvestigated cavitating flows
(i.e. for the evaluation of the properties such as hydraulic loss coefficientsand cavitationnumbers).

The time-averagedvaluesofthe pressure fluctuations of the various investigated discharges are

depicted in the following chart in the Figure 84.
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Figure 84 Time averaged values of the pressure valuesin case of the SG presence (left) and axial
inflow (right)

The courses of the time-averaged values of the pressure fluctuations are different compared to the above
described properties, regardless the investigated configuration. The occurrence of the coherent
cavitatingstructures is connected with the rapid increase of the mean pruet. The maximum values of pay
correspond to the region 2 (i.e. region of fully developed cavitation). Gradual decrease of the priuct
follows in case of the SG presence. On the otherhand, in case of the axialinflow another region of the
Prwct growth can be found close to region 3.

In contrast to the previously discussed properties of the cavitating flow, the difference between the
maximum values corresponding to the different experimental configurations is not so significant.
Nevertheless, the maximum values corresponding to the axial inflow are still notably higher. This is
particularly visible in case of the higher discharges (6 I/s, 7 I/s).

Direct comparisons of the mean pauc: courses correspondingto the flowrates of 6 I/sand 4 I/s are depicted
versus avel asWell as apres In the Figure 85 and Figure 86 respectively.
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Figure 86 Time averaged values of the pressure fluctuations based on the experimental configuration
in case of 4 I/sflow-rate depictedas a function of aver (left) and opres (right)

Comparing the charts exploiting different definitions of cavitation number, relatively significant
discrepancy within the region of less developed cavitation can be identified. While in case of the oveithe
magnitude of pau.ct correspondingto the axialinflow is significantly lower comparedto the SG presence,
the difference is not so significant in case of the gpres. This discrepancy will be discussed using the
numerical analysis, due to the fact that considerable swirl is excluded from the computation of el in
case of the SG presence.

As it hasbeen mentioned the records of the pressure transducer pshave been chosen as source
of the reference pressure for the computations of characteristic parameters of the cavitating flow such
ashydraulic loss coefficients and cavitation numbers. It can be explained usingthe charts of the pressure
records. For example, by the comparison of the ratio p2/p3 corresponding to the different discharges
depicted in the Figure 87 versus avel, the reason is relatively obvious. The value of ratio p2/p3 is close to
the 1 in case of the initial stage of the cavitation since the major loss between the transduceris low. In
otherword the choice of the transducerwould not influence the obtained results in this case.

On the other hand, the significant drop of the pressure ratio value can be identified before the
transition to supercavitation. Thisis particularly visible in case of the SG presence. In otherwords, the
values of the cavitation number and coefficient collapse to the zero before reaching of the stable
supercavitation. For that reason, it would be highly problematic or even impossible to distinguish
supercavitation regime and transition between the fully developed cavitation and supercavitation based
on the evaluated cavitation numbers using the pressure records of p2 transducer. The observed drop of
the pressure ratio is caused by thefact that the cavitating structures reached the position of p2 transducer
prior the transition to the stable supercavitation. Relatively interestingisalso the comparison of theratio
prior the above described drop of itsvalue. The value of the ratio is nearly constant forthe whole range
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of the investigated cavitation numbers in case of the axial inflow. The situation is slightly different in
case of SG presence, where mild increase of the pressure ratio value can be found. This increase ismore
rapid close to the observed ratio drop. It can be assumed that this increase is caused by the significant
redistribution of the flow field affected by the presence of the induced swirl. Above that,asit hasbeen
described in the chapter devoted to the analysis of the cavitation patterns, the cavitating vortex is
significantly more compact compared to the axial inflow, which can be characterized by the
distinguishable separation of the large cavitating structures. Thus, the stable presence of the cavitation
can influence the time-averaged flow field close to the transducer more significantly in case of the
induced swirl presence.
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Figure 87 p2/p3 ratio corresponding to the different discharges depictedas a function of avelin case of
SG presence (left)and axial inflow (right)

As an additional information the charts of the time-averaged records of pi1, p2 and pressure drop
between these two transducers are depicted in the following figures.
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Partial conclusions

I. Based on the charts depicted in the Figure 84 it can be stated that the considerable presence of
cavitationwithin the flow is connected with the significant increase of the time-averaged pauc value
regardless the investigated configuration. On the other hand, the maximum values of time-averaged
Pruct cOrrespond to the different regimes of cavitation based on the investigated configuration as it
canbeseenin the Figure 85and Figure 86.

Il. The valuesof the time-averaged pructare considerably larger in case of the axial inflow, which is in
good agreement with the above described properties of the investigated cavitation regimes aswell as
with the nature of the cavitating patterns correspondingto the different experimental configurations.

111.Significant qualitative discrepancy of the obtained results based on the exploited cavitation number
definition hasbeen described. Thiswill be further discussed usingthe CFD analysis of the cavitating
flow.

IV.The mean value of the pruct is low underthe supercavitation regime which is characteristic with the
high stability of the cavitating structures regardless the experimental configuration.

V. The exploitation of the p3 transducer for the cavitating flow properties characterization has been
explained using the charts of the p2/pstime-averaged values. As it has been shown, it would not be
possible to distinguish the supercavitation and transition to the supercavitation usingthe records of
p2 transducer.

VI.Redistribution of the flow caused by the presenceof the swirl was described usingthe time-averaged
p2/ps ratios. As it wasshown in the detail of the chartsin the Figure 87. Different behaviour of the
ratio was described based on the experimental configuration (redistribution of the flow in case of the
SG presence)
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4.2. Dynamics of the cavitation

Despite the fact thatthe results of thetime-averaged properties discussed in the previous chapter provide
rich source of information about the nature of the cavitating flow aswell as about the influence of the
swirl induced by the upstream mounted swirl generator, the main reason for the investigation was to
analyse the cavitation dynamics. For this purpose, the variance var (common designation of ¢° is not
applied to prevent confusion with the cavitation number) of the fluctuations will be analysed briefly to
provide insight into the statistical properties of the recorded signals corresponding to the different
experimental configurationsand for the differentstage of the cavitation development. The variation var
has been calculated using the built-in numpy.var function (eq. (74)) during the post-processing of
experimental data. The variance represents spread of the signal distribution. Inother words, the analysed
signal is the more fluctuative, the higheris value of variance.

L —%)? (74)

N
Where x representsthe analysed signal, x is the mean value of thissignal and N represents number of
the exploited samples.

Above that, the dominant frequencies and power spectrum densities of various investigated
propertieswill be discussed and correlated with the analysis of the highs speed records.

Alongside the properties which were discussed using the time-averaged values of the records (i.e.
pipe-wall acceleration, acoustic pressure and static pressure) the results of the acoustic emission will be
discussed from the dynamic point of view.

var =

4.2.1. Pipe-wall acceleration

As it wasdescribed, the pipe-wall acceleration has beenmeasured usingthe accelerometer Aura SV129
glued to the bottom wall of the transparent section (Venturi tube). This should be taken into account
during the interpretation of the results alongwith the fact that the vibrations induced by the pump were
exciting the vibrations of the cavitation rig.

Seeing the charts of the pipe-wall acceleration variance corresponding to the different cavitation
regimes (see Figure 91), investigated flowrates and experimental configurations, good agreement with
the conclusion of time-averaged analysis can be found. The oversaturation of the acceleration
transducersis observable in case of axial inflow considering the discharge of 7 I/s.

As it can be seen the increasing intensity of the cavitation within the flow is accompanied by the
increasing value of the pipe-wall acceleration variance up to the regime of fully developed cavitation
(region 3), where the variance of acceleration begins to decrease down to the significantly lower values
corresponding to supercavitation. Supercavitation itsel is characteristic by the high stability as it has
been described. For example, the maximum value of the pipe-wall acceleration variance is 3703.29 g°
in case of 6 I/s and axial inflow is correspondingto the ave10f 0.49, in case of the supercavitation the av
value droppedto 0.5901 g? (6ve1 0.071) which is 0.0159 % of the maximum observed value. The situation
was similar in case of the SG presence. Value of avar correspondingto the lowest value of investigated
ove (0.0352) in case of 6 I/s reached 3.31 g?, which is 0.321 % of the maximum observed value (oe Of
0.474,a,2-1031.709¢).
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Figure 91 Variance of the pipe-wall accelerationmeasure duringthe investigation- SG (left),
AX (right)

Relatively interesting is the comparison of the variance corresponding to supercavitation of different
experimental configurations (considering 6 I/s). The values are low regardless the experimental
configuration. Nevertheless, the magnitude of acceleration variance is significantly higherin case of SG
presence compared to the same discharge and cavitation regime correspondingto the axial inflow. The
reason of this observation can be devoted to the different phase redistribution across the cross section.
While in case of the axial inflow the cavitation volume surrounding the axi-symmetric liquid jet can
dampenvibrations, the walls of the nozzle are wetted by the liquid flow in case of the cavitationaffected
by the induced swirl. Similar observation can be described in case of otherinvestigated discharges.
Since the sampling frequency of the pipe-wallacceleration measurement was the same asin case of the
pressure transducers, the analysis of the obtained records in frequency spectra was excluded from the
text of the thesis. Nevertheless, as it hasbeen mentioned and depicted in the Figure 51 it was possible
to identify the frequencies corresponding to the typical frequencies of the axial pulsations identified
using the analysis of the HS video records and the analysis of the pressure pulsations. The more
exhaustive analysiswill be done in case of the acoustic emission and pressure fluctuations.

4.2.2. Acoustic pressure

Comparing the charts of acoustic pressure variation corresponding to the different experimental
configurations (see Figure 93), it is obvious that the acoustic pressure fluctuations were considerably
less severe in case of the swirl generator presence. This in good agreement with the above described
nature of the different cavitation flow patterns.

In case of the axial inflow, the gradual increase of the investigated signals variations with the
decreasing values of aver can be found down to the transition between the fully developed stage of
cavitating flowand supercavitation. The situation issimilar in case of the cavitating flow influenced by
the induced swirl. Nevertheless, it should be mentioned that several values depicted in the chart
corresponding to this experimental configuration seem to be affected by the ambient noise (i.e. noise
induced by the pump, vibrations of the test rig, sounds of the ongoing works in the laboratory etc.).
These operating points, which occurred in case of 6 I/s and 5 I/s, are marked usingthe red crosses.

The valuesof the acoustic pressure variance correspondingto 6 I/s and supercavitation regime are
lower in case of the SG presence. This difference (AX 0.15 Pa?vs. SG 0.05 Pa?) is in contrast with the
analysis of pipe-wallacceleration.
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Figure 92 Variance of the acoustic signalmeasured by the microphone. SG (left), AX (right)

Partial conclusions
l. The analyses of the of the pipe-wall acceleration and acoustic noise variance were provided.

Regardless the overall qualitative agreement, different results corresponding to supercavitation
were described. The variance of the pipe-wallaccelerationwas higher in case of the SG presence
while in case of the acoustic pressure more severe fluctuations corresponds to the axial inflow.
This discrepancy was devotedto the gaseous phase distribution with respect to the location of the
acceleration transducer. Thisassumptionwas confirmed by the analysis of the acoustic emission
where induced fluctuations were more severe in case of SG presence similarly to the pipe-wall
acceleration analysis. Nevertheless, it should be mentioned that the difference isrelatively low in
this particular regime with respect to the stability of the cavitating structures typical for both of
these experimental configurations.

. The valuesof the a variancewere relatively low in case of the 7 I/s flow rate and axial inflow due
to the oversaturation of transducer (Figure 91 — right). Nevertheless, asit hasbeen shown by the
analysis of the acoustic pressure, the fluctuative character of the instabilities induced by the
cavitationwasthe most severe in case of this experimental configuration (7 I/s, AX).

4.2.3. Acoustic emission

The measurement of the acoustic emission has been partially influenced by oversaturation of the
UT1000 transducer which was pressed to the bottom wall of the transparent section. This is particulary
significantin charts of the acoustic emission variation correspondingto the discharge of 7 I/s in case of
the SG presence and dischargesof 6 I/sand 7 I/s in case of the axial inflow (see Figure 93). On the other
hand, it isstill possible to state, that the fluctuations of the analysed signals were considerably less severe
in case of the SG presence based on the comparison of results depicted in both of the charts provided in
Figure 93.

Seeing the courses of the of the acoustic emission variance of the 4,5, and 6 I/s dischargesin case
of the SG presence, the relatively significant difference between the results correspondingto the higher
discharges (5, 6 I/s) and the lowest investigated discharge can be observed (Figure 93, left). As it can be
seen the Ae values start to gradually increase with the increasing amount of gaseous phase regardless
the investigated discharge. This increase is the steeper, the higher is the investigated discharge.

The aforementioned difference can be found in the region of fully developed cavitation. While in
case of the 4 I/s discharge, the Ae variation slightly increases down to ovel Value of 0.696, the less
pronounced local maximum of Ae variations values close to the aver 0f 0.87 can be found in case of 5
and 6 I/s. These peaksare followed by the slight decrease of the Ae variation’s values followed by the
more pronounced peaks of the Ae variations prior the transition regime between the fully developed
stage of cavitation and supercavitation. These peaks are followed by the relatively abrupt decrease of
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the Ae variation values in case of 5 and 6 I/s discharges, while the decline corresponding to the 4 I/s
discharge is considerably more gradual without any significant local maximum of the Ae variation value
prior the transition to supercavitation.
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Figure 93 Variance of the magnitude of the acoustic emission fluctuations. SG (left), AX (right)

Since the signals of acoustic emission corresponding to discharges of 6 and 7 I/s were highly affected
by the oversaturation in case of the axial inflow, the 5 and 4 I/s flowrates are exploited for the direct
comparison of different investigated configurations (see Figure 94).
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Figure 94 Comparison of the acoustic emission variance for SGand AX configurations.

As it hasbeen mentioned, the maximum observed values of Ae variance are considerably largerin case
of the axial inflow. Nonetheless, the Ae variance values are higher in case of the SG presence in the
region of higher avel. It can be assumed that this observation is caused by the nature of the cavitating
structures corresponding to the different experimental configurations. In case of the SG presence, the
cavitating vortices are well developed and significant axial pulsations as well as the precession of the
cavitating structures within the diffuser can be observed. The nature of the cavitating structures is
considerably more stochastic in case of the axial inflow in this region.

The transition between the cavitation free regime and initial regime of cavitation was captured
by the acoustic emission signal for2.3 I/s as it is depicted in the Figure 95. While the initial part of the
AE signal correspondingto the flowwithout the cavitationis relatively steady, the signalafter the abrupt
occurrence of the thin cavitatingvortex filament in the later part of the signal is significantly noisier.
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Figure952.31/s SG, o = 4.1: AE signal duringthe inception of cavitation

In contrast to the analysis of the pressure records which will be focused mainly on the relatively low
frequencies corresponding to the fluctuations of the large cavitating structures, the AE analysis is
devoted mainly to the investigation of the higher frequenciesin order of units to tens of kHz. It can be
assumed thatthese frequencies are covering the instabilities correspondingto the nature of the creation,
motion and further collapses of the individual bubbles.

Prior the main analysis, the low frequencies of the AE fluctuations will be discussed. As it has been
mentioned, the AE transducer was pushed against the bottom surface of the Venturi nozzle using the
rigid spacer,which was anchoredto the ground. The surface betweenthe transducerand the wall of the
transparent section was covered by the gel. In otherwords, the wall of the Venturi tube was sliding on
the surface of transducer. Thus, the eigenfrequencies of the test bench were captured clearly as it is
depicted in the following figures. The AE frequency spectra correspondingto the supercavitation regime
are depicted in the Figure 96. The peaksclose to 7 Hz and 10 Hz can be found in case of both
experimental configurations. These frequencies are close to the eigenfrequencies of the test bench
obtained by the bump test in case of the horizontal shock. In contrast to the results of the bump test
which were based on the analysis of the pipe-wall acceleration, the lower frequency of 7 Hz is more
significant. In case of the fully developed stage of cavitation, the clearly distinguishable peaks of the AE
can be observed close to 19 Hz. This value is close to the test bench eigenfrequency obtained by the
analysis of the test bench modalanalysis using the vertical shock. These observations suggest that the
motion of the transparent section induced by the fluctuations of the cavitating flow was predominantly
horizontalin case of the supercavitation. On the otherhand, the vertical motion of the section became
more significant with the transition of the cavitating flowto the more unstable regimes.
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Figure 96 Frequency spectra depicting low frequency pulsations captured using the AE transducer in
case of the supercavitation (left) and fully developed cavitation (right)

Using the analysis of the AE records it wasalso partially possible to identify the frequencies of the AE
fluctuations corresponding to the frequencies of the large cavitating structures pulsations obtained by
the HS video analysis. Nevertheless, it shall be emphasized that these frequencies of the acoustic
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emission were not dominant nor significant with respect to the frequency spectra obtained by the
analysis of the records as it will be shown. Peaks corresponding to these frequencies were not
distinguishable in each of the investigated operating points. This is similar to the results of pipe-wall
acceleration analysis. In the otherwords, the AE analysiswas not suitable forthe determination of the
frequencies corresponding to the fluctuations of the large cavitating structures, regardless the fact that
underthe certain conditions it was possible to distinguish these frequencies within the frequency spectra.
The correlation of the pressure frequency spectra with the frequency spectra of acoustic emission is
depicted in the Figure 97 (SG, Q=5 Is, aver =0.52). The range of the depicted frequencies s restricted
to vicinity of the frequency of the axial pulsations determined using the analysis of the pressure
fluctuations. As it can be seen, the similar frequency of the AE fluctuations is also clearly
distinguishable. Nevertheless, it shall be emphasized thatthisagreement isratherexceptional.

3> Pressure r 0018
Pressure |
3.0 AE 79.66 Hz | 0.016
55 - 0.014
- 2'0 AE - 0.012
g “ y/ 79.67Hz [ 0010 =
=~ 15 - 0.008 w
o <
§ 10 - 0.006
o - 0.004
& 05 - 0.002
0.0 -~ 0.000

50 55 60 65 70 75 8 8 90 95
f(Hz)
Figure 97 Comparison of the low frequency spectracorrespondingto the pressure fluctuations with
the analysisof acoustic emission. (SG, Q= 51/s, ove1 = 0.52)

The last part of this chapterwill be devoted to the analysis of high frequency instabilities captured
by the AE transducer. Since the transducer was over saturated in case of the higher discharges, the flow
rate of 5 I/s will be utilized for the analysis. Nevertheless, these results will be complemented by the
analysis of different discharges whenever it will be convenient.

The frequency spectra will be discussed using the selected operating points corresponding to the
wide range of investigated cavitation regimes.

It should be noted that some of the presented results could be problematic due to the fact that the
discussed frequencies are outside the recommended operating range of this transducer
(0.1-1 MHz). Thus, the characteristic of the transducer was provided by M. Cala (Figure 98) in order
prevent misleadingconclusions.
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Figure 98 Frequency response of the UT1000 transducer
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Region1 — initial stage of cavitation

The initial regime of cavitation corresponding to the flow rate of 5 I/s will be extended by the results
obtained bythe analysis of the lower discharge of 2.3 I/s. The measurement of this flow rate was devoted
particularly to the analysis of the initial regimes of cavitation. Therefore, it is possible to compare
acoustic emission induced during the initial cavitation with the cavitation-free regime. Comparing the
frequency spectra depicted in the Figure 99, it is obviousthat theamplitudes corresponding to the lower
value of the cavitation number are considerably higher compared to the higher value of the ove. The
reason for this observation is the fact that the higher value of avel corresponds to the regime with no
cavitation, while in case of the lower value of the e the thin but stable cavitation vortex filament
occurred within the throat of the nozzle. Thus, it can be assumed that the presence of this small but
distinguishable cavitatingstructure is well captured by the AE record. The frequency spectra capturing
acoustic emission induced by the cavitation contains significant noise between 5 kHz and 20 kHz. As
the most significant peak within this frequency band, the frequency of 8368 Hz ismarked in the figure.
The less significant, frequency 37 kHz correspondwell to the significant peak captured in the frequency
response of the exploited transducer. Thus, it can be assumed that this particular part of the frequency
spectra is notinduced by the presence of cavitation. These frequencies will be marked in the following
charts, nevertheless their presence will not be discussed anymore.
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Figure 99 Spectral analysis of the acoustic emission in case of the initial regime of cavitation.
(3 1/5,SG)

The AE frequency spectra of the initial cavitation in case of the 5 I/sare depicted in the Figure 100. The
maximum amplitudes are higher compared to 2.3 I/s. Asit can be seen, the semilogarithmic visualization
of the spectral analysis was utilized to depict the wide range of frequencies in reasonable scale. The
wideband noise close to the problematic frequency of 37 kHz is followed by the minor increase of the
amplitudes close to the frequency of 129kHz.

Regardless the minor differences, it can be stated that the abovementioned observations are valid
for both investigated experimental configurations. On the other hand, amplitudes are lower in case of
the axial inflow. This is in good agreement with the values of the mean pipe-wall acceleration in the
1% region.
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Figure 100 Spectral analysis of the acoustic emission in case of the initial regime of cavitation.
(5 1/s, SG - top, AX - bottom)

Region2

The results of AE analysis correspondingto the region 2 are similar to the initial cavitation asit can be
seen in the Figure 101. No significant differenceswere observed in the region of the high frequencies
(5 kHzand more) based on the experimental configuration,

Seeing the lower frequencies, it can be found that the amplitude correspondingto axial inflow became
higher compared to the cavitating flow influenced by the induced swirl. The values of the maximum
amplitudes within the region between 5 kHz and 20 kHz are still larger in case of the SG presence.
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Figure 101 Spectral analysis of the acoustic emission in case of the 2™ region of cavitation. (5 I/s, SG
—top, AX - bottom)

Region3

In case of 3" region the results will be complemented by the analysis of 6 I/sand 4 I/s in order to describe
the influence of the flow rate magnitude on acoustic emission induced by the cavitation. Nonetheless,
the discrepancies resulting from the experimental configuration will be described at first using 5 I/s
discharge.

Since the differencesbased on the experimental configuration are in good agreement with the less
developed stages of cavitation, the following description will be brief. As it can be seen in the Figure
102, the considerable amount of AE fluctuations was captured in the frequency band of 5-20 kHz. In
contrastto the previous regions, the amplitudes correspond to the AE fluctuations are higher in case of
the axialinflow in the whole range of depicted frequencies. Thus, it can be assumed thatthe AE emission
induced within this part of frequency spectra is higher in case of the separation of the large cavitating
clouds compared to the pulsations of the cavitating conical vortex in case of the SG presence. This is
different compared to the 2" region, where the captured AE emissions were lower in case of the

cavitatingvortex rings (axial inflow) compared to the SG presence.
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Figure 102 Spectral analysis of the acoustic emission in case of the 3™ region of cavitation.
(5 I/s, SG — top, AX - bottom)

The frequency spectra corresponding to flow rates of 4 I/s and 6 I/s affected by the presence of swirl
generatorare provided in the Figure 104.Following observations can be described in comparison with
the frequency spectra which was obtained by the analysis of 5 I/s flow rate (considering the similarvalue
of avel OF analysed operating points). While the typical frequency bands are similarasin case of the 5 I/s,
the actualvaluesof amplitudes are proportional to the analysed flow. The chart showingthe maximum
amplitudes within the abovementioned frequency band (5-20kHz) is provided in the Figure 103 and as
it can be seem they are increasingwith the increasing flow rate.
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Figure 103 Chart depictingvalues of maximumamplitudes based correspondingto the different flow
rates.

105



Cavitation induced by the rotation of liquid
Chapter: Experimental analysis of the cavitating flow characteristics

1.00€-02

6 1/sSG: 6ve 0.37

8.00£-03

6.00E-03

Ae (V)

4,006-03

2.00E-03

0.00£+00
100 1000 10000 100000 1000000
f(MH2)
6.00£-03
5.00£-03

4 00E-03

3.00£-03

Ae (V)

2.00£-03

1.00£-03

0.00E+00
100 1000 10000 100000 1000000
f(H2)
Figure 104 Spectral analysis of the acoustic emission in case of the 3™ region of cavitation.
(5 l/s —top, 4 1/s bottom)

Region5

Since the nature of the cavitating structure was alternating in case of the region 4, it was problematic to
make some representative conclusions based on the obtained results. Thus, the 4™ region was excluded
from the analysis.

As it hasbeen described the nature of the supercavitation is completely different based on the
experimental configuration. Nevertheless, the fact that the noise, pressure pulsationsand vibrations are
significantly lower in this regime of cavitationis typical for both of the investigated experimental
configurations. The same conclusion can be stated in case of the acoustic emission. Regardless the
experimental configuration, the maximum amplitudes are significantly lower compared to the previous
results. On the otherhand, this isthe first and the last similarity between the results of the supercavitation
analysis based onthe experimental configurations. Frequency spectra is relatively similar to the previous
operating points in case of the SG presence as it can be seen in the first row of the Figure 105. The
situation iscompletely different in case ofthe axial inflow. It can be seen that the low frequencies within
the frequency spectra captured some significant fluctuations (see Figure 105, 2™ row). However, the
signal contained no significant fluctuations with the frequency higher than 4 kHz. This might be the
consequence of the fact, that in case of the supercavitation regime of axial inflow the liquid jet was
surrounded by the water vapor. Thus, the walls of the Venturi tube close to the AE transducer were not
fully wetted by the liquid water (thin film of the liquid was captured on the walls) and therefore the
gaseous phase surrounding of the liquid jet dampened the higher frequencies.
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Figure 105 Spectral analysis of the acoustic emission in case of the supercavitation.
(5 1/s, SG — tom, AX - bottom)

Partial conclusions

I.  The course of the variance is different compared to the analysis of the variance corresponding to
the pipe-wall acceleration and acoustic pressure.

II. Measurement of the AE was significantly affected by the oversaturation of the signalin case of the
higher flow-rater (6 and 7 I/s). The problem wasworst in case of the axialinflow asis depicted in
the Figure 93.

I1l.  The variance of the AE fluctuations is considerably higher in case of the axial inflow. In other
words, the fluctuations of the acoustic emission are more severe in case of the axial inflow. The
severity of fluctuations also increases with the increasing flow rate.

IV. The inception of the thin cavitating vortex within the throat of the nozzle was captured as it is
shown Figure 95.

V. Frequency spectra of acoustic emission were investigated based on the experimental configuration
and regime of cavitating flow. The nature of the obtained signals differed significantly based on
these parameters. Nevertheless, the wideband noise ranging from 5 kHz to 20 kHz has been
captured. It shallbe emphasized that these frequencies lie bellow the recommended operating range
of transducer. Thus, the main conclusion is that the investigation should be repeated using the
suitable transducer to provide more reliable results.

VI. Despite the fact that the overall intensity of the fluctuations is higher in case of the axial inflow.
The opposite results correspondingto the less developed stages of cavitationwere described.

VII. AE transducercaptured the eigenfrequency of the test bench.

4.2.4. Static pressure
The dynamics of the pressure fluctuations has been studied using the pressure records acquired by the
Kistler 211 B4 transducer. Conclusions similar to the analysis of the acoustic emission can be stated.
On the other hand, some of the observed pressure fluctuations properties differ significantly from the
acoustic emission asit will be described. 3

It should be noted that the results corresponding to the higher flow rates are not affected by the
oversaturation of transducerasin case of the Ae analysis.
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Two localpeaksof the pressure variancecan be foundin case of the SG in case of the 6 I/sand 7 I/s and
partially in case of the 5 I/s. The localincreases in case of the4 I/sare farless distinguishable (see Figure
106, chart on the left). As it can be seen in the chart, the sudden increase of the variance of the static
pressure fluctuations can be found prior the transition to the supercavitation, other dominant peaks are
located in the region of higher avel.

The gradual increase of the pressure fluctuations can be found with the decreasing value of oye
considering the axialinflow (see Figure 106, chart on the right). The results correspondingto the 7 I/s
are slightly different. Significant region of the variance of pressure fluctuations can be found close to
the abrupt increase of this value connected with the occurrence of the coherent and distinguishable
vortex rings (ove 0.81)asis depicted in the chartin the Figure 106 (left side). Comparingthe results of
the pressure analysis with the correspondingresults of the Ae variance in case of the 5 and 4 I/s, it can
be stated that the increase of the pressure variance continued deeperto the region of lower values of ovel.

1400 12000
1 1
1200 I 10000 x
1y Ny

— \ —_
&> 1000 R $! & g0 A
o [ o '
X 800 noo X o
& et ! = 6000 e

& \ (T
2 600 1 4 > : \\
Q0 ] \ Q0

4000
% 400 " © ! >
Q 1 S [ «
0 o 0 ledle N
0 0.5 1 1.5 2 2.5 3 0 025 05 075 1 125 15
0vel(:l-) 0'vel(:l-)
--7ls 61/s 51/s 41/s --+-7l/s-AX 61/s
51/s-AX 41/s-AX

Figure 106 Variance of the pressure fluctuations magnitude captured by the Kistler pressure
transducer

Comparingthe results of the pruct variance with the analysis of the acoustic pressure it can be observed
thatthe courses of these quantities are in relatively good qualitative agreement in case ofthe axial inflow
(Figure 107 —right, in case of 6 I/s). On the other hand, seeingthe comparison correspondingto the flow
affected by the induced swirl (Figure 107 — left, in case of 6 I/s), significant discrepancy can be found.
Thus, it can be assumed, that the main source of the pressure pulsations is also the source of dominant
acoustic pressure fluctuationsin case of the axial inflow. Presence of the induced swirl was stabilizing
the large cavitating structures, but it also created considerably more complex flow field, with large
amount of less significant flow structures, which acted as the source of pressure fluctuations. These
structures on the other hand did not play any significant role in the noise emission with respect
microphone resolution. Furthermore, the same observation can be done comparing the results of the
pipe-wall acceleration with the pruct analysis. Nevertheless, seeing the results of the acoustic emission
variance, it can be stated that the influence of the less significant instabilities connected with the
presence of induced swirl were captured properly asit hasbeen described.
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Figure 107 Comparison of the various signal variance

It can bealso stated the magnitude of the pipe-wallacceleration variance startsto decrease earlier (i.e.
in case of the larger avelvalues) compared to the other investigated signals.

The records of the pressure fluctuations were postprocessed using the spectralanalysis to identify
the characteristic frequencies of the pulsations induced by the cavitating flow. It should be mentioned
that the problem with the electricity interference has occurred during the experimental measurement.
Thus, it has been necessary reflect this fact during the analysis of the results, especially in case of the
initial regime of cavitation. Examples of the frequency spectra, which were obtained by the analysis are

depicted in the Figure 108.
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Figure 108 Example of the pressure frequency spectra. SG (left), AX (right)

The HS records analyses were corelated with the spectral analysis of the pressure fluctuations
corresponding to the flow rate of 6 I/s in the chapter 3. It was possible to identify the frequencies
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correspondingto the axial pulsationswith a good degree of agreement. As it can be seen in the Figure
109 depicting dominant frequencies corresponding to the various flowrates and both investigated
experimental configurations as functions of avel, the overall observations correspondingto the analysis
of the pressure pulsations are the same as in case of the HS video analyses using the FFT of the pixel
intensity fluctuationsand POD of the selected region of the interest. The identified frequencies were the
larger, the larger was value of the cavitation number up to the moment where the induced pulsations
became too weak to be identified using the p« probe downstream the Venturi nozzle. Since the course
of the frequency values hasbeen already discussed in the chapter devoted to the HS records analysis, it
would be sufficient to state, that the values of the axial pulsations were increasing with the increasing
flow-rate. Also, the values of the frequencies were larger in case of the SG presence.

200
B AX:4l/s ®AX:5l/s A AX:6l/s w X
175 AX:71/s % SG:4l/s X SG:5l/s F
150 +SG: 6l/s SG: 7l/s + %
£ X
125 + X
~ X & X
= 100 5 ++>K e X
= + *
75 +)K0 Xeo K
%
50 X >K+ *
+ L
+ X ¢ X
25 |spam s oK & ] X X
0
0 01 02 03 04 05 06 07 08 09 1 11 12 13 14 15
o.vel(l)

Figure 109 Dominant frequencies of the axial pulsations depicted as a function of oye

The values correspondingto the differentinvestigated flow-rates became uniform in case of the Strouhal
number utilization (equation (75)),asit can be seen in the Figure 110. On the otherhand, the values of
the Strouhalnumberare slightly higher in case of the SG presence.

110



Cavitation induced by the rotation of liquid
Chapter: Experimental analysis of the cavitating flow characteristics

sp=t % (75)

Vbulk
Where f represents observed dominant frequency of the cavitation fluctuations and velocity veu and

representative length dw (diameter of the throat) are related to the throatof the nozzle.
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Figure 110 Strouhal numbers corresponding to the axial pulsations depicted as a function of gyel

Discrepancy of the Strouhalnumber values correspondingto the different configurations of experiment
is considerably more obvious in case of the apres utilization (Figure 111). This discrepancy is caused by
the factthat the vouk utilized in case of the aver does not reflect the tangentialand radial components of
velocity which are considerably more significant in case of the SG presence.

0.3 X
mAX:4l/s  ®AX:5/s AX: 61/s
0.25 AX:71/s XSG:41/s X SG: 5l/s
+5G: 6l/s SG: 7I/s X
0.2
a x, X Tx
<015 o 5 .
n X Xt n
0.1 &}xx" g A%
)KX* d o s m
0.05 £ n 3
o P *
0

12 14 16 18 2 22 24 26 28 3

Opres (1)

0 02 04 06 08 1

Figure 111 Strouhal numbers corresponding to the axial pulsations depicted as a function of opres

Partial conclusions
I.  The variance of the pressure fluctuations was investigated. In general, it can be stated that
the pressure fluctuations are more severe (fluctuative) in case of the axial inflow as it is
clearly depicted in the Figure 106.
Il1.  Significant peaks of the pressure fluctuations can be found close to the transition between
the initial regime of cavitation to the fully developed stage and in case to the transition of
the fully developed stage to the supercavitation in case of the SG presence. This is
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VI.

particularly visible in case of the 6 I/sand 7 I/sand partially in case of the 5 I/s. The increase
of the variance isincreasing gradually in case of the axial inflow.

The results of signals variance corresponding to the different properties of the cavitating
flow are compared in the Figure 107. Significant discrepancies and similarities were
described. Relatively interesting is the fact that in case ofthe SG presence the results of AE
and p2k analysis share the same nature with the two distinguishable peaks close the
transitions between the regimes while the results corresponding to the pipe-wall
acceleration and acoustic pressure are different. These results correspond relatively well to
the results of the axial inflow investigation, where gradual increase of the variance
(regardless the investigated signal) was observed with the decreasing value of cavitation of
number. The values dropped rapidly close to the transition to the supercavitation regime.
The spectralanalysis of the pressure signals was carried out and the frequencies of the axial
pulsations were depicted as a function of aver. The value of the frequency was decreasing
with the decreasingvalue of the cavitation number.

Frequency wasthe higher, the higher was investigated discharge. The pressure pulsations
induced in case of the SG presence have higherfrequency than in case of the axialinflow.
These observationsare in good agreement with the analysis of HS records.
Strouhalnumberswere calculated usingthe obtained frequenciesto provide more general
form of the results. The values of Sh were depicted as functions of gveiand opres. AS it is
clearly depicted by the comparison of Figure 110 and Figure 111 the utilized definition has
a crucial impact on the comparison of the results corresponding to the different
configurations. While in case of the ave is the difference between the experimental
configurations relatively small (but still visible), in case of the opres. is the difference far
more pronounced. The Sh values correspondingto the SG presence are considerably higher
comparedto the axialinflow. This discrepancy is caused by the neglection of the swirl and
radialcomponent of velocity in case of the avel evaluation. Thisproblem will be described
using the numerical analysis if the hydraulic losses and their comparison with the
experimental results.
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Content of the following chapter:

Results of the unsteady multiphase CFD simulations carried out usingthe OpenFoam will be exploited
forthe discussion of:

1. Hydraulic losses

2. Optimization of the comp

3. Cavitation dynamics
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5. Numericalanalysis of the cavitating flow

The following chapterisdevoted to the description of the numerical investigation of the cavitating flow
within the Venturitube with and without the upstream mounted swirl generator. The computations were
carried out using the OpenFoam v1606+andthe individual parts of the process will be described in the
following sections. It shallbe also mentioned that the actual settings of the investigated cases were based
on the preliminary investigation of the cavitating flow within the Venturi nozzle considering the axial
inflow. This investigation has been published by Kozaket al.[51] where the correlation of the numerical
data with experimentalresults obtained by Griger [46] was provided.

Experiments considering Venturi nozzle without the upstream swirl generator were investigated
using the pressure records, high-speed video and numerical analysis. The cavitation was observed in
wide range of regimes from the cavitation inception to the supercavitation. It was concluded that the
vortex rings are the most significant source of the pressure fluctuations, thus the FFT analysis of the
high-speed video provided reasonable results compared to the FFT analysis of the pressure records.
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Figure 112 Comparison of the dominantfrequencies correspondingto the different methods of
investigation, Q=7 I/s, axial inflow (AX) [51]

The numerical investigation of the problem was carried out using opensource CFD code OpenFoam
using InterPhaseChange solverand Kunz model of mass transfer. The CFD computations were focused
mainly on the regime of partial cavitation and transition to the fully developed cavitation. Dominant
frequencies (i.e. frequency of vortex ring separation) were in good agreement with reality in case of
higher values of the cavitation number. Discrepancy between numerical and experimental results was
more significant in case of transition fromthe partialto the fully-developed regime of cavitation, which
is depicted inthe Figure 112. On the otherhand, it was stated thatthe locations of the cavitation structure
separation and extinction were predicted quite well in the whole spectrum of the numericaly
investigated cavitationregimesasis depicted in the Figure 113.
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Figure 113 Comparison of the cavitation cycle stages captured during the Griger’s experiments
[46] with numerical analysis carried out by Kozadk [51], (Q = 71/s)

Moreover, the coherent cavitating jet surrounded by the saturated vapor was well predicted, which is
depicted in the Figure 114. The main difference betweenthe reality and computation has beenattributed
to the inadequate length of the computationaldomain. Ligquid jet surrounded by the gaseous phase was
stable,and it collapsedin the eloow downstream thenozzle duringthe experiment, while the jet obtained
by numerical simulations collapsed frequently.

wo0=9

Figure 114 Comparison of the numerically predicted supercavitation jet withexperiment

Since it was stated that the numerical results obtained during this investigation were in good agreement
with the experimental data, the similarapproach wasexploitedduringthe presented research. The main
difference is represented by the computational grid, which was created using the Gambit as purely
hexahedral. This approach was not applicable for the geometry considering presence of the SG.
Therefore, the predominantly hexahedral grids were utilized during following investigation.

5.1. Pre-processing: Preparation of the geometry

Since the geometries of the investigated cases are highly similar, and the only difference is the presence
of the swirl generator in case of the simulations of cavitation affected by the induced swirl, only the
preparationof this more complex geometry will be described.

Input geometry has been created using the commercial CAD software, based on the geometry of
the experimental equipment. Inlet and outlet part of the geometry have been extended for the CFD
simulation.

The whole geometry hasbeendivided intoseveral partstoprovide asimple possibility of the further
mesh refinement Theseseparated geometrical entities has been exported as a stlfiles. The stl file format
has been chosen due to its compatibility with many meshing utilities such as blockMesh,
snappyHexMesh and especially cfMesh. Separated stl files has been merged into the final file, which
was checked to prevent occurrence of defects such as gaps between edges of the connected surfaces.
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The list of the geometricalentities of the decomposed computational domain is shown in the following
Table 4 aswell asin the Figure 115.

Name of the geometrical entity Description of the geometrical entity
inlet Inlet of the domain
swirlGenWalls” Walls surroundingthe swirl generator
walls Walls of the pipesincluding Venturitube
outlet Outlet of thedomain
leadingEdge” Leadingedges of the swirl generatorvanes
trailingEdge” Trailing edges of the swirl generatorvanes
vanes” Vaneswithout leadingand trailing edges
swirlGenHub” Hub of the swirl generator

Table 4 List of the decomposed geometrical entities, which were used for the further mesh generation.
(" geometrical entity excludedin case of pure axial flow simulations, aswell asin case of the
simulationsexcluding the SGto reduce the grid size)

Same approach wasapplied in case ofthegeometry exluding the swirl generator. The overall dimensions
of the computational domain were preserved, while the decomposition of the pipeline walls was
simplified thanksto the absence of the swirl generator.

Figure 115 Computationaldomain overall view (left), decomposition of the walls near the SGand
insight to the computational domaindepicting decomposition of the SG (right)

5.2. Pre-processing: computational grids

Computational grids for the CFD analysishave been created usingthe cfMesh software, with the only
exception considering purely hexahedralmesh generated usingthe Gambit asit will be described in the
following text. CfMesh was chosen for its capabilitiesaswell asforthe fact that it is provided under the
GPL license. This software is capable to create severaltypes of computational grids based on the types
of cells.

This meshing software is capable to create predominantly hexahedral using cartesianMesh
workflow. This type of computational mesh was chosen based on the previous experiences as well as
the generalfact that hexahedral typeof cells provides reasonable ratio betweenthe quality of results and
computational demands which are tightly bounded to the amount of the cells within the computational
mesh.

Particularly importantis the fact the cfMesh includes wide range of the mesh refinement tools. In
addition to the boundary layersnearthe walls of the pipeline including the Venturi tube, the mesh has
been refined nearthe vanes of the swirl generatorits hub and in the region downstreamthe spike of the
generator. The region downstream the spike of generator was refined also to capture swirl structure.
Boundary layer near the vanes of the swirl generator has been excluded and replaced by the mesh
refinement to prevent occurrence of low-quality elements.
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Generation of the computational grid (CG) is driven by the meshing dictionary meshDict, which
had to be placed in the constants directory ofthe OpenFoam case. The overall properties of the generated
computational mesh are prescribed in the dictionary, including the maximum cells size, regions of
refinements, boundary layers and types of the boundary conditions.

The whole computationaldomain is depicted in the Figure 116, where the geometry is divided into
to the subsets of surfacesbased on the boundary conditions, which will be described at the end of this
chapter.

Figure 116 Computationaldomain in case of SG presence

As it has been mentioned, during the numerical investigation several com putational grids were
exploited. The grids can be divided into the three groups. The first group of the computational grids
containing the CG1 and CG2 was created for the simulations of the cavitating flow influenced by the
presence of the induced swirl. The whole experimental section including the swirl generator was
considered in this case. The second group containsthe CG3 which was exploited for the investigation
of the cavitating flow dynamics. The swirl generator has been excluded and replaced by the pre-
calculated profiles of velocity, turbulent kinetic energy and dissipation rate. This approach led to the
significant reduction of the size of the grid and resulting computational time demands. On the other
hand, this approach represents obvious trade-off, which lead to the certain problems as it will be
described in the following chapters. The last group contains the CG4 which was utilized forthe analysis
of axial inflow excluding the swirl generator. The computational domain of the CG4 has the same
dimensions (length) asthe CG1 and CG 2. The grid hasbeen generated usingthe same settingasin case
of CG1. The only difference, beside the absence of the swirl generator, was exclusion of the refined
region close to the axis within the throat of the nozzle. This led to significant reduction of the CG4 size
comparedto the size of CG 1. The list of the exploited computational grids is shown in the Table 5. The
information of the overall amount of the cells as well as the relative representation of the hexahedral
cells within the grids are provided. As it has been mentioned, the utilized computational grids were
generated usingthe cartesianMesh algorithm included in the CfMesh meshing software. Comparing the
relative representation of the hexahedral cells within the CG1 and CG2 (containingthe body of the swirl
generator) with the CG4 or CG3 (excluding the body of generator) it is obvious that the presence
complex surfaces of the generator lead to the considerable increase of the non-hexahedral cells within
the domain. On the other hand, the relative representation of the hexahedral cells never dropped below
96 % asit is also shown in the table.
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Grid Description Cells Hex.cells
CG1 SG/CD - refined 2513319 96.4 %
CG2 SG/CD - coarse 1857978 96.2 %
CG3 Sliced - refined 1287400 99.5%
CG4 Axialinflow 1348604 99.8%

Table5 List of the computational grids utilized for the CFD analysis

5.2.1. Quality of the computational grids

The fundamental precondition of the successful CFD simulation is sufficient quality of the utilized
computational grid. The most important parameters of the grids are represented by so-called
non-orthogonality and skewness of the cells of computational grids together with the aspect ratio. It
should be mentioned that the definitions of these parameters usually slightly differ based on the
considered CFD software. Definition of these parameters in the OpenFoam isas follows.

The value of the grid non-orthogonality is represented by the magnitude of angle between the face
normalvectorand the vector connecting the centers of the adjacent cells (Figure 117). The value of non-
orthogonality plays crucial role as contributor to error due to the way that gradients are calculated at
facesof the cells. Itis possible to increase value of nNonOrthogonalCorrectors within the fvSolution
dictionary. Nevertheless, the maximum value of the non-orthogonality should be lessthan 75 (preferably
less than 70). High value of the non-orthogonality undesirably affects the convergence of the numerical
simulation.

Figure 117 Non-orthogonality in OpenFoam— graphical representation

The value of skewness is given by the distance between the location of the face center and the vector
connectingthe centers of the adjacent cellsasit is depicted in the Figure 118. The skewness introduces
numerical diffusion, which takes effect during the computation of fluxes between the adjacent cells.
This is particularly importantin case of the tetrahedral computational girds, where skewness corrected
scheme should be introduced.

Figure 118 Skewnessin OpenFoam -graphical representation

Theaspectratio isdefined asthe ratio betweenthe cellwidth and cell length. From the definition of this
parameter implies that the cells with the highest values of the aspect are usually part of the boundary
layersatthe sametime it should be noted thatlarge aspect ratio isacceptable within the regions without
the strong transverse gradient (i.e. boundary layers).

The utilized computational grids were checked using the checkMesh utility prior the beginning of
the CFDsimulations. Table 6 is listing the obtained values of the maximum non-orthogonality, skewness
and aspect ratios correspondingto the individual computational grids asthe most important parameters
of the mesh quality.
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Grid | max non-orthogonality | avg. non-orthogonality | skewness. aspectratio
CG1 68.7 5.9 2.7 104.1
CG?2 68.6 6.3 35 100.7
CG3 65.8 4.6 1.0 105.1
CG4 67.0 4.3 12 112.3

Table 6 List of the main quality parameters of the computational grids exploited during the numerical
investigation

As it is depicted the maximum values of non-orthogonality never exceeded the 70. Thus, allthe exploited
grids fulfilled the requirements of thequality and therefore it was possible to assumethat all of them are
suitable forthe numerical investigation.

5.2.2. Computational grids — refinements

Computational grids have been divided to three main groups and their sizes and parameters of quality
have been described. Nevertheless, it is necessary to show and compare the refined regions as well as
the overall nature of the grids to complete the description of the preparation of the grids. This will be
suitable with respect to the further discussion of the obtained results.

The boundaryLayer utility was exploited forallwalls contained within the computational domain
with the exception of thenearwallregions close to the surfaces of the generator vanes. This utility splits
the cells close the wallin to the defined amountof the cells with the specified thickness of thefirst layer,
the thickness growth ratio and the number of layers within the boundary layer. The details of the
boundary layersin case of the CG1 (the same settinghas been exploited in case of the CG3 and CG4)
with the boundary layer of CG2 are provided in the Figure 119.
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Figure 119 Comparison of the boundary layers CG 1 (left) and CG 2 right

In case that the boundaryLayer utility of the cfMesh was exploited in this region it was not possible to
reach suitable values of the non-ortohogonality close to the trailing edges of the vanesaswell as in the
corners between vanesandshroud (wall of the pipe) of the swirl generator. The lowest maximum values
of the non-orthogonality which were obtained usingthe boundaryLayer utility in these regions did not
fallbelow the value of 78. While it was possible to obtain the results, which were in the relatively good
qualitative agreement with the experimentally observed cavitating structures, the instability of the
computations was unacceptable. Therefore, so-called localRefinement utilitity has been exploited to
refine the computational grids close the vanes of the swirl generator. Thisapproach led to the significant
improvement of the non-orthogonality and skewness (see Table 6). On the other hand, this type of
refinement represents a specific trade-off since the overall amount of the elements within the refined
region is significantly higher compared to the boundary layer. The refinementis well depicted in the
figures Figure 120 and Figure 121 which are comparing the surface meshes of the swirl generator in
caseof the CGland CG2. Thetrailing aswell asthe leadingedges of the vaneswere refined even more
to capture the geometry of the generator properly.
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Figure 121 Surface mesh of the swirl generator - CG2

Theinter blade regions of the computational grids CG1 and CG2 are comparedin the Figure 122. As it
is relatively clearly visible, the cells are slightly smaller in case of the CG1 where reduced value of the
maxCellSize has been exploited compared to the CG2.
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Figure 122 Comparison of the computational grids CG1 (left)and CG2 (right) in the inter-blades
regions

Beside the reduced maximum size of the cells, the main difference between the CG1 and CG2 is
refinement of the computational grid close to the axis downstream the spike of the swirl generator. This
refinement hasbeen done using objectRefinement utility. The main reason wasto capture thisregion
in more detail since some of the cavitating flow properties were not captured using the CG2 propery
(the calculations utilizing the CG2 grid were carried out before the CG1). Nevertheless, the refinement
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of this region leadsto the significant increase of the computational grid size and consequent increase of
the computational demands. The same refinement has been considered in case of the CG 3. The
comparison of the computational grids CG1 and CG2 in the throat of the nozzle is depicted in the

following figures.

Figure 123 Longitudinal slice of the computational grids CG1 (left)and CG2 (right)

Figure 124 Comparison of the computational grids cross section within the throat of the nozzle. CG 1
(left), CG2 (right)

Since the CG 3 sharesthe same settingwith the CG1 it is unnecessary to repeat the same images.

The last part of this section is devoted to the description the outlet of the computational domain.
The density of the outlet part of the computational grid was decreased in order to reduce overallsize of
the of the girds by the increase of the size of the cells within this region. This increase was done in
severalstepsto reduce the problems connected with the sudden increase of the cells size. The results of

this approach are depicted in the Figure 125.
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Figure 125 Comparison of the cells size transition downstreamthe diffuser of the nozzle. CG1 (top),
CG2 bottom. The grids CG3 and CG 4 shared the same setting with the CG1

5.3.  Pre-processing: boundary conditions, physical properties setting, and

constants required for the numerical analysis

Boundary conditions represent crucial part of the CFD simulation. Thus, the conditions must be chosen
and set properly to correspond the real-life flows which are investigated numerically. This section will
be devoted to the description of the boundary conditions utilized for the numericalanalysis. Overall, it
can be stated that the boundary conditions were set to mimic the selected investigated operating points
asaccurateasitwaspossible (with certain simplifications which were considered as a reasonable trade-
off between the accuracy and the computational time as it will be described). The individual
computations share many properties, due to the similar nature of the investigated experimental
configurations. Therefore the exploited boundary conditions will be described at once, with the
referencesto the exceptions which resulted from the nature of theinvestigated case or from the approach
chosen from the numerical analysis investigation. The general overview of the chosen boundary
conditionsis given in the Table 10, which is divided into the specific fields which are required for the
computations carried out usingthe interPhaseChangeFoam solver. Since the simulations exploiting the
computational grids CG 1 and CG 2 were the most complex, thecomplete list of the boundary conditions
is provided. In case of the second group and the computations of the axial inflow, only the modifications
are mentioned in the following part of this section.

Group 1 -CGl1, CG2
patch name inlet outlet walls swirl generator*
U fixedValue inletOutlet noSlip noSlip
p_rgh zeroGradient fixedValue zeroGradient zeroGradient
alpha.water fixedValue zeroGradient zeroGradient zeroGradient
k tIKE** inletOutlet kgRWallFunction kgRWallFunction
epsilon tIMLDRI*** inletOutlet epsiloWallFunction | epsiloWallFunction
nut calculated calculated nutWallFunction nutWallFunction

Table 7 Complete list of the boundary conditions utilized in case of the simulations considering the
complete geometry including the swirl generator. *group of patchesincluding vanes, trailingedges,
leading edges hub andshroud, **turbuletIntensityKineticEnergy Inlet,
***turbuletintensitMixingLengthDissipationRatelnlet

In case of the second group of the numerical simulations excluding the presence of the swirl generator,
the inlet boundary condition of U, k and epsilon were modified. The presence of the SG has been
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mimicked using the results of the simulations considering the complete geometry. Time-averaged
profiles of the velocity (x,y and z components), turbulent kinetic energy and turbulent dissipation rate
were computed 0.5 mm downstream the end of the SG using the ParaView. These profiles were exported
and utilized as the inlet boundary conditions of these quantities for the numerical analysis of the
dynamics of cavitating flow. For this purpose, the timeVaryingMappedFixedValue was utilized as the
inlet boundary condition, while the required profiles were stored in the boundaryDataFolder nested in
the constant folder of the computed cases. The abovementioned profiles will be described in the
chapter5.9.

The completely same set of the boundary conditions asin case of the first group of the simulations
hasbeen utilized for the axial inflow investigation (excludingthe patches of swirl generator).

The fixed valuesof the inlet velocities and outlet pressures were set accordingto the time-averaged
data obtained by the analysis of the experimental measurement. Nevertheless, in case of the velocity the
certain simplification has been considered to reduce the computational time required for convergence
of the calculated cases. For the numerical analysis, the discharge of 6 I/'s was chosen for both of the
investigated experimental configurations. While the specific outlet pressure was set according to the
experimental data in each simulation, the constant value of velocity was considered regardless the
investigated operating point. This value was obtained asthe average discharge of the corresponding set
of measurement. As it has been noted in the chapter devoted to the experimental measurement
description, the actual discharge was set manually after the stabilization of the pressure within the
pressure vessel. Therefore, the actual values of the discharges were slightly different for the specific
investigated operating points. Nevertheless, the discharge uncertainty caused by this approach was
minor asit is depicted in the Figure 126. Thus, it can be assumed that the resulting mistake should be
negligible. On the other hand, this approach significantly reduced time of the simulations, which
represented crucial problem during the investigation. It is also worth to note that the potential
discrepancy between the experimental discharge and discharge considered for the numerical analysis
was taken into account during the process of the numerical results evaluation (i.e. computation of the
cavitation number, Strouhal number etc.). As it is depicted in the following charts (Figure 126), the
discharge oscillated mildly regardless the experimentally investigated discharge. Nevertheless, it is
clearly depicted that the uncertainty (i.e. the range between the highest and lowest measured discharge
in this case) was considerably higher in case of the swirl generator presence. In other words, it was more
difficult to set the specific discharge when the flow was affected by the induced swirl. On the other
hand, even in case of the swirl generator presence the error introduced by the mean velocity utilization
as the inlet boundary condition neverexceeded 1.3 % in case of the 6 I/s flow rate, which was chosen
forthe numerical investigation.
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Figure 126 Uncertainty of the discharge during the experimental measurement

The outlet pressure has been set accordingto the mean values obtained by the analysis of the ps
transducer records.

Similarly, to the setting of the inlet velocity, the properties of the water and saturated vapor were
calculated using the mean values of the water temperature. The Table 8 contains the values of the
properties exploited during the numerical simulations.
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Swirl generator Axial inflow
Pvap Pa 3557.18 4280.276
Osurt kg s? 0.07164 0.0719
Plig kgm~ 996.52533 995.60328
Viig m?s? 8.55-107 7.98-107
puap | kgm? 0.02565 0.030919
Vyap m?s™ 376.3-10° 319-10°

Table 8 Physical properties of the water and saturated vapor required for the CFD case setting

To complete description numerical analysis setting, the constants required by the chosen mass transfer
model must be provided. Kunz mass transfer model was chosen based on the preliminary simulations
and good results of the cavitating flow investigation within the Venturitube considering the axial inflow,
which were published by Kozak etal. [51]. This modelrequires (except the abovementioned properties
of liquid and saturated vapor) certain sets of coefficientsas it has been described in the chapter devoted
to the cavitation modelling using the CFD. The list of the utilized coefficientsis provided in the
following table.

Swirl generator Axial inflow
Uint 2.6573329 2.658556
tint 0.201706 0.201613
C. 900 1000
Cv 12000 10000

Table 9 Constants and coefficients required by Kunzmodel of mass transfer utilized for the numerical
investigation

Where the tirr has been calculated according to [16] as fraction of inlet velocity (Uir) and the inlet
diameter of the computational domain. The values of the C. and C, coefficients were set based on the
previous author’s experience with this setting utilized during the investigation of the cavitating flow
within the Venturitube considering axialinflow. [51] These values were slightly modified in case of the
SG presence based on the preliminary resultsasit is shown in the table. It should be mentionedthat the
setting of the C. and C, coefficients acting as source terms of condensation and evaporation is purely
empirical.

5.4. Pre-processing: numerical schemes and solvers settings

The numerical schemes exploited during the investigation as well as the setting of the solvers were
nearly identical duringthe whole CFD investigation of the cavitating flow. Thus, the overall description
will be provided in the following section, while the specific modifications required by the certain
simulations will be emphasized. Schemes as well as the solvers settings exploited during the
investigation were chosen based on the previous numerical investigation ofthe cavitating flow [51], and
partially based on single-phase investigation of the swirling flows published by Stefan [45]. The final
setting of the numerical schemes represents certain compromise between the accuracy and stability of
the simulations.

The sets of the numerical schemes required by the chosen solver are specified in fvSchemes
dictionary, which must be stored in the system folder of the CFD case. These schemes are divided to
groups by their nature. Since the simulations were carried out as transient, the temporal discretization
had to be specified as ddtScheme. In case of the simulation consideringthe whole geometry including
the SG (i.e. group 1), the backward scheme has been chosen. Nevertheless, the Euler temporal
discretization scheme was exploited in case of the simulations consideringthe axial inflow based on the
previous experience with this type of cavitating flowsimulation [51]. The Euler temporal discretization
scheme hasbeenalso utilized in case of the simulations exploitingthe sliced computationaldomain to
ensure the stability of the computation. Nevertheless, based on the preliminary experience it shall be
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noted that the difference between the Euler and backward ddtScheme is negligible considering very
short length of time steps.

The other setting of the numerical schemes utilized during the numerical investigation was same
all of the carried simulations. This part of fvSchemes dictionary is listed in the following table.

gradSchemes

default Gauss linear
grad(U) cellLimited Gausslinear 1
divSchemes

div(phi,U) Gauss linearUpwind grad(U)
div(phi,k) Gauss linearUpwind grad(k)
div(phi,epsilon) Gauss upwind
div(phi,alpha) GaussvanLeer
div(phi,R) Gauss interfaceCompression
div(R) Gauss linear
div(phi,nuTilda) Gauss linear
div(rhoPhi,U) Gauss linearUpwind grad(U)
div((muEff*dev(T(grad(U))))) Gauss linear
div(((rho*nuEff)*dev2(T(grad(U))))) Gauss linear
laplacianSchemes

default Gauss linear limited corrected 0.33
interpolationSchemes

default linear
snGradSchemes

default limited corrected 0.5

Table 10 List of the exploited discretization schemes during the numerical analysis of the cavitating
flow (default —all of the unspecified)

The equations solvers, tolerances and algorithms of the investigated OpenFoam case are defined within
the fvSolution dictionary. The comprehensive description of the utilized setting would require
considerable space and above that the setting was slightly modified several times during the
investigation to increase stability of the simulations when it was necessary. Nevertheless, the typical
setting exploited during the investigation is attachedto the thesis to provide this information.

Overall, the PBICG solver was exploited for the alpha water, U, k, and epsilon fields, while the
p_rgh field hasbeen solved using the GAMG solver. It should be also noted that the relative tolerance
(rel_Tol) has been set to 0 except for the p_rgh field where this value was set to 0.1. The tolerances
utilized in the solvers settingwas varyingbetween the 1e-7 and 1e-8.

Due to the transient nature of the investigated problems the PIMPLE algorithm was exploited for
the coupling of the momentum and mass conservation equation. The relaxation factors were set to the
0.2 in the considerable part of the carried-out simulations. The nCorrectors value, which defines how
many times the algorithm solves the pressure equation and momentum corrector in each step was set
to 2. ThenOuterCorrectorsvalue hasbeen set to 20 which is maximum allowed number of loops over
the entire set of equations during the timestep. However, number of these loops significantly decreased
during the simulations and usually stabilized at 2. In other words, the 2 loops were sufficient to reach
the tolerances prescribed in the residualControl subdictionary of PIMPLE.

The simulations were carried out as transient, while the temporal discretization scheme has been
described in the paragraph devoted to the fvSchemes, the length of the time-steps has not been
mentioned yet. Duringthe simulations consideringthe whole geometry, the variable length of time step
based on the maximumvalue of the Courant numberwasused. This is allowed by the adjustTimeStep
setting within the control dictionary of the investigated cases. The value maxCo and maxAlphaCo were
setto 0.2. Itwas possible to use higher values (i.e. longer time-steps), but the decrease of the simulation
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stability was unacceptable. This setting resulted in time-steps length of approximately
6107s.

In case of the CG 3 (considering sliced computational domains and precalculated profiles of inlet
velocity, k and ¢) and simulations of the axial inflow (CG 4), the constant time-step of 1.5 10 s has
been set. This modification has beendone to providemore appropriate results for the furtheranalysis of
cavitation dynamics. The time-step length was chosen based on the previous simulations considering
the adjustable time-step setting, while the stability of the simulations remained satisfactory (the value
of Courant numberneverexceeded 0.32).

5.5. Pre-processing — probes

Saving of the whole set of the computed data is usually not possible with the required time resolution
since the significant disk space requirements is unbearable. Thus, so-called probes were defined in
controlDictionaries of the simulations. These utilities allowed to store only the required data in certain
points (probes) in orderto mimic transducers exploited duringthe experimental investigation.

Using the OpenFoam probesthe values of the pressure, were stored in the selected points with the
period of 5E-5s. The most important probes were located accordingto the pressure transducers exploited
during the experimental measurement. Thus, it was possible to correlate the CFD results with the
experimentaldata (i.e. pressure pulsations, hydraulic losses). The additional probeswere exploited for
the more detailed analysis of the cavitating flow properties. The list of the probes locations, which were
defined duringthe whole CFD investigation is provided in the Table 11. It should be noted that some of
the listed probeswere out of the sliced computational domains (i.e. the probes upstream the swirl
generator consideringthe location of p1 pressure transducer).

# Location Description

1 (0 0-0.063) pl— upstream the SG

2 (0 0.025-0.063) pl— upstream the SG

3 (0.0250-0.063) pl— upstream the SG

4 (000.577) p2, p2k — downstream the straight part of the transparent section
5 (00.0250.577) p2,p2k — downstream the straight part of the transparent section
6 (0.02500.577) p2, p2k — downstream the straight part of the transparent section
7 (0 00.950) p3* —downstream the straight part of the transparent section
8 (0 0.0250.950) p3* —downstream the straight part of the transparent section
9 (0.02500.950) p3* —downstream the straight part of the transparent section
10 (000.188) Straight part of the transparent section upstream the throat
11 (00.0090.188) Straight part of the transparent section upstream the throat
12 (0.00900.188) Straight part of the transparent section upstream the throat
13 (00.010.270) Diffuser downstream the throat of the nozzle

14 (0.0100.270) Diffuser downstream the throat of the nozzle

15 (00.0140.290) Diffuser downstream the throat of the nozzle

16 (0.01400.290) Diffuser downstream the throat of the nozzle

17 (00.020.320) Diffuser downstream the throat of the nozzle

18 (0.0200.320) Diffuser downstream the throat of the nozzle

Table 11 List of the point probes utilized during the numerical investigation of the cavitating flow (*
the position of these probes was shifted slightly compared to the position of the p3 transd ucerto
reduce length of the computational domain)

5.6. Hydraulic loss analysis — influence of the computational grid density

The hydraulic loss coefficient was evaluated using the OpenFoam probes 2 and 8 records to correlate
the numericaland experimental data. Since the computationaldomain has been sliced in case of the 2™
group of simulations, the correlation of £was possible only in case of the 1%and 3™ group of simulations,
which were considering the whole geometry (including the SG in case of the 1* group). The obtained
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results will be discussed for the individual experimental configurations separately to ensure clarity of
description of the results and the utilized methodology of the hydraulic loss coefficient evaluation.

5.6.1. Hydraulic losses influenced by the presence of the SG

As it has been mentioned at the beginning of the section devoted to the analysis of the experimental
data, the exploitation of the bulk velocity could be problematic in case of the SG presence. The bulk
velocity corresponded wellwith the actual velocity of the flowwithin the throat of the nozzle in case of
the axial inflow. On the other hand, the neglection of the radial and mainly the tangential velocity
components can lead to the misinterpretation of the obtained results in case of the SG presence. Thus,
the effect of the correction of £and aver values of usingthe CFD results will be described in this section.
Furthermore, the effect of the computational grid density will be discussed using computational grids
with slightly different densities of the cells as well as including different regions of refinement. The
computational grids CG 1 and CG 2 were exploited for this purpose. The comparison of the obtained
results with the experimental data is shown in the Figure 127. Bulk velocity was utilized for the
calculation of the ¢and aver to followthe same methodology as in case of the experimental data analysis.
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Figure 127 Correlation of the experimental results with the numerical analysis of the hydraulic loss
coefficient utilizing different computational grids in case of the swirl generator presence

The experimentally obtained course of the hydraulic loss coefficient is nearly linear within the
investigated range ofthe cavitationregimes as it can beseen in the chart. This linearity has been captured
regardless the exploited computational grid. It should be mentioned that the simulations utilizing the
CG 2 were carried out prior the simulations considering the refined mesh. Based on the obtainedresults
it was possible to state, that the value of the £was in good agreement with the experimental data in case
of the low cavitation numbers (i.e. in case of the large cavitating structures), but the difference between
the numerical and experimental results are significantly worse in case of the initial regimes of the
cavitationasitisclearly depicted in the Figure 127. Therefore, the CG 1 has been refinedand the special
care was devoted to the region close to the axis downstream the spike of the swirl generator. These
modifications led to the significant improvement of the slope of hydraulic losscurve asit is depicted in
the chart. Therefore, it can be assumed that the refined grid provides considerably more accurate
prediction of the hydraulic losses. The main disadvantage of the refinement was represented by increase
of the computationaltime demands, which made nearly impossible to make proper investigation of the
cavitationdynamicsasit will be described. Refined computational grid hasbeen chosen forthe further
analysis of the numerical results.
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To correct the experimental data, the kinetic energy correction factor has been calculated usingthe
equation (76) based on the time-averaged values obtained by the CFD computations exploiting the
refined grid (CG1). The evaluation of the acorr cOMputations hasbeen done atthe inlet of the throat of
Venturi tube, due to the stability of the of the flow. The obtained values of the acorr are shown in the
following table.

1 Vi, S

_ g
Acorr = vbulk3 S (76)

15 Ovel Ocorr
5 1.25 0.48 1.710

= ° ° °
1 0.71 1.720

0.4 0.5 0.6 0.7 0.8 0.9 1

Oyel 0.98 1.777

Figure 128 Kinetic energy correction factor - values obtained by the numerical analysis considering
refined grid CG1

As it can be seen, the value of the acorr is stable, regardless the investigated operating point. Thus, the
experimental results were corrected using the mean value of the ocorr (1.1732). The comparison of the
corrected experimental results with the numerical analysis (considering the velocity magnitude as the
reference value forthe computationof the aveiand ¢ are depicted in the Figure 129.
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Figure 129 Comparison of the corrected experimental results with the CFD analysis of hydraulic loss
coefficientin case of the swirl generator presence.

The results of the hydraulic losses analysis were also evaluated in case of the axialinflow considering
using the grid CG 4 and flowrate of 6 I/s. The generaltendency of the increasing & with the decreasing
value of averwas predicted accurately. On the other hand, theactual value of the hydraulic loss coefficient
is slightly overpredicted compared to the experimental resultsas it is depicted in the Figure 130. Since
the numericalanalysis hasbeen focused mainly on the cavitation influenced by the induced swirl, this
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discrepancy was found acceptable and the further effort was devoted to the analysis of the cavitation
dynamicsasitwill bedescribed in the following sections of this chapter.
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Figure 130 Comparison of the hydraulic loss coefficient obtained by the CFD with the experimental
resultsin case of axial inflow

However, it is interesting that the results for both investigated experimental configurations are slightly
different from the qualitativepoint of viewregardless the fact that the utilized computational grids were
generated usingthe same setting. While general tendency of the £dependingon the aveiwas captured in
both of the investigated configurations, the actual values were slightly underpredicted in case of the
swirling flow investigation in contrast to the axial inflow investigation, which provided slightly
overpredicted values of the hydraulic loss coefficient.

5.7. Cavitating structures captured using the CFD — dynamics of cavitating flow

influenced by the induced swirl
While the hydraulic losses predicted by the CFD analysis were compared with the experimental results
in the previous section of this chapter, the main purpose of the following text will be to describe the
cavitating structures predicted by the numerical analysis, compare these results with the experimental
data and consequently to analyse cavitation dynamics. Dominantfrequenciesaswell asthe variation of
the velocity and pressure fields during the cycle of cavitation development will be discussed in case of
the SG presence aswell asin case of the axialinflow.

As it has been mentioned, the numerical analysis exploiting the complete test section geometry
(CG 1) was unbearably time-consuming for the investigation of cavitation dynamics. Nonetheless, the
qualitative comparison of the predicted cavitation structures was discussed in [58].

Although the results of the numerical analysis utilizing the CG1 were in reasonably good agreement
with the experimental observations from the hydraulic loss coefficient point of view, two major
differences of the flow fields downstream the swirl generator shall be noted. Thin cavitating vortex
filament was observed downstream the spike of SG duringthe experimentsasit is depicted in the Figure
131. The vortex filament has not been captured numerically using the abovementioned settings and
computational grids. On the otherhand, the significant pressure drop in the region of the nozzle axis can
be seen inthe Figure 131 and above, that the contour of the averaged vapour void fraction (0.75) extends
into the diffuser upstream the throat of the nozzle. The second qualitative discrepancy between the
numerical and experimental flow downstream the swirl generator is represented by the periodical
pulsations of the cavitating boundary layer within the diffuser downstream the throat of the nozzle
observed in case of the CFD analysis asisdepicted in the same figure. The cavitation in this region was
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relatively seldom in case of the experiments. Significant cavitation of boundary layerwas observed only
during the supercavitation regime in in case of experiments.

Averaged pressure
S54e+04 1 .0e+ 06 1.56+0% | 98405 240405

L )

Figure 131 Main flaws of the numerical analysis of the cavitating flow consideringthe full geometry
of the test section (CG1) — overpredicted cavitation of the boundary layer and absence of the
cavitating vortex filament downstreamthe spike of SG. (75% of the vapor)

The absence of the cavitating vortex filament in case of CFD simulations could be partially devotedto
the rough surface of the real swirl generator, where the small imperfections of the spike play an
importantrole in the process of the cavitation inception. On the other hand, the overestimated cavitation
of the boundary layer pointsto slightly different redistribution of the flow downstream the nozzle throat
in case of CFD analysis.

Regardless the abovementioned flaws of numerical computations, the obtained resultsare in good
agreement with the experimental observations. Downstream the coherent conical cavitating structure,
the relatively short, but significant, helical vortex can be found in case of H-S image correspondingto
the cavitation number of 0.98 (Figure 132). It was possible to capture this phenomenon using the refined
computational grid CGL1.

Figure 132 Cavitating vortex captured using the CFD

The helical vortex breakdown in the throat of the nozzle observed during the experimental
measurementwas also captured using the CFD (Figure 133). Contour of 0.25 of vapour void fraction
was exploited forthe cavitation visualization again.

Figure 133 Helical vortex breakdown captured using the CFD

The comparison of the axial velocity and vapour void fractionfields with the images captured usingthe
HS camerais provided in the following set of images (Figure 134). The images correspond to the
maximum length of the cavitation structures, prior the beginning of its collapse. First of all, it should be
emphasized that the HSimages represent 3D instanta neous spatial distribution of the cavitation within
the flow and the images of 2D longitudinal cross-section was chosen for the numerical results
visualization. As it is clearly depicted, the amountof the gaseous phase is the higher, the lower is
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cavitation number. Above that, the predicted length of the cavitating structures prior the beginning of
theircollapse is in good agreement with the experimental observation. Several conclusions canbe stated,
comparingthe vaporvoid fraction and field of axial velocity.

The region of the significant backflow can be found within the core of the cavitatingvortex, which has
been also observed on the HS records. As it is clearly depicted in the set of figures, the significant
amount of liquid water can befoundwithin the core of cavitating vortex in case of the cavitation numbers
of 0.71 and 0.48. While the HS records do not provide information of the phase distribution across the
cross-section of the nozzle, it was possible to observe that the liquid water was sucked in to the cavitating
vortex in the cavitation closure region (Figure 135).

Guel HS image Vapour voidfraction (1) Axial velocity (ms?)
HS 0 002 025 038 55 042 D/ 0B4 138 $2 45 025 5 98 14 18 22

CFD et ! g Vb — T o

0.98
0.98

0.71
0.71

0.47
0.48

Figure 134 The images captured using HS camera in comparison withthe numerical results obtained
using the refined mesh of complete test section (CG 1)

Axlal velocity
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Figure 135 Detail of the cavitation closure region with velocity vectors colored by the axial velocity
magnitude

As it hasbeen shown the results of the numericalanalysis considering the geometry including SG were
in good agreement with the experimental data from the hydraulic loss coefficient as well as from the
overallcharacter ofthe predicted cavitating structures points of view. The main problem of this approach
was unbearable computational time required for the proper analysis of the cavitating structure dynamics.
Therefore, the computational domain has been sliced downstream the SG and the obtained time-
averaged profiles of the velocity U, turbulent kinetic energy k and turbulent dissipation rate ¢ were
utilized as the inlet boundary condition. This approach led to the significant reduction of the
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computational grid size. Above that, the time step length was increased, due to the fact that the small
cells surrounding vanes of the SG were excluded from the computational domain. Based on the
comparison of simulations of the corresponding operating points considering computation of 1000
timesteps, it can be stated that this approach has been approximately 6.5 times faster. The contours of
the exploited inlet boundary conditions are depicted in the Figure 136.

U magnitude (m/s) K epsilon
22000 2 3 A 5 o TS5e«00 0o s 22 2504 1.30+01 60 oo 150 200402

Figure 136 Profiles of the inlet boundary conditions exploited during the simulations considering
sliced computational domain

Prior the analysis of dynamics, time-averaged contours of the axial velocity field, pressure field and
distribution of the vaporvoid fraction in the whole range of investigated operatingpoints are provided
in the following set of images (see Figure 137).

Predicted presence of the gaseous phase in the Venturitube wasthe more significant, the lower was
investigated cavitation number. Presence of the pulsating cavitating structures within the diffuser related
to the creation of the backflowregion close to the axis of the test section was captured. This is clearly
visible in the fields of the axial velocity. The reversed flow region vanished in case of the supercavitation
aswell asin case of the initial stage of cavitation within the Venturitube. Therefore, it can be assumed
that the onset of the reversed-flow region plays crucial role in pulsations of the cavitating structures
similar to the part-load operation of the hydraulic turbines.

Predicted increase of the gaseous phase amount within the Venturi nozzle is gradual up to the ove
0.435. Nevertheless, with the decreasing outlet pressure (and consequently cavitation number), the
abruptincrease of the gaseous phase presence within the depicted slices can be found. This is in good
agreement with the course of the pipe wall acceleration asit has been described.

Cavitation cycles predicted by the numerical analysis as well as the detailed description of the
obtained results will be provided forthe selected operating points in the following subsections.
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Figure 137 Set of images depictingtime-averagedfields of axial velocity, static pressure and vapor
void fraction obtained by the numerical analysis considering SG presence

5.7.1. Initial stage of cavitation, region 1, eve 1.09, outlet pressure 200 kPa

The occurrence of the conical cavitating vortex in case of the SG presence is preceded by the presence
of the straight cavitatingvortex asit hasbeen described in the chapter 2.3.1. This regime of cavitation
was investigated numerically. As it can be seen in the Figure 138, the straight vortex filled by the gaseous
phase occurred within the throat of the nozzle. The gradual growth of the cavitating vortex downstream
the diffuseraswell asthe consequentpartial collapse of the structure was observed usingthe CFD. The
flowfield downstreamthe throatwas highly disturbed. The large region of the recirculation can be found
within the diffuserasit can be seen in the images depicting fields of axial velocity.

Interesting is the fact that the transitions of the straight cavitating vortex to the form of the small
conicalcavitatingvortex was captured duringthe investigation asitis shown the in penultimate row of
the Figure 138. Occurrence of this type of cavitating structure within the flow is accompanied with the
vortex breakdownatthe tip of the structure. This was observed duringthe experimentalaswellasduring
the numericalinvestigation of the phenomenon.

In the chart depicting the records of the static pressure as a function of time (see Figure 139), the
significant qualitative differencecanbe stated based on the position ofthe pressure probe. The pressure
signals within this chart correspond to the 5%, 10" and 13" probe as is indicated by the color of the
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corresponding rows in the Table 11. The same color will be exploited also in the following charts
depictingthe records of static pressure obtained by CFD. Description of these three probesisasfollows:

e pl:pressureprobe upstream the throat of the nozzle, located on the axis of the Venturitube
e p2:pressure probe downstream the throatof the nozzle, close to the trailing edge of the throat

e pk: pressure probe close to the wall, same position as p» (BD sensors) and pak (Kistler) pressure
transducers exploited duringthe experimental campaign

While the pressure shocks corresponding to the partial collapse of the thin cavitating vortex
(position 1 in the chart) can be found regardless the position of the pressure probe. Higher frequencies
of the pressure fluctuations correspondingto the cavitatingvortex rotation are captured clearly in case
of the p2 close the trailing edge of the throat. This pressure pulsation propagated partially to the pressure
probe pk. The transition of the straight cavitating vortex to the conicalvortex can be also identified in
the pressure record without any problem from the qualitative point of view.

The pressure field corresponding to the longest straight cavitating vortex (position 2 in the chan)
captured during the cycle is depicted of the second row of the set of the images. As it can be seen the
nature of the captured vortexis similar to the straight cavitating vortex which can be found downstream
Francisturbine during the operationunder the overload conditions. The region of the low pressure close
to the axis of the nozzle is considerably larger compared to the beginning of the cycle right after the
partial collapse of the cavitatingvortex.

The 3" position highlighted in the chart (see Figure 139) of the static pressure corresponds to the
presence of the nearly conical cavitating vortex depicted in Figure 138. The instantaneous pressure field
shows significant qualitative change comparedto the pressure field correspondingto the straight vortex
(see Figure 140). The region of the low pressure is visibly shorter but thicker within the throat of the
nozzle. Increased diameter of the cavitating structure leads to the significant redistribution of the flow
within the throat and the pressure drop on the edges is more apparent in case of the conical structure,
which is in good agreement with the nature of the fields of axial velocity depicted in the set of images.
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Figure 138 Set of instantaneous images depicting cavitation cycle, SG, initial stage — ove1 1.09, right
column —75% vapor, middle column - axial velocity, right column tangential velocity.
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Figure 139 Numerically predicted course of the static pressure captured in three different positionsin
case of the initial stage of cavitation (over 1.09) and SG presence.

Time: 0. 452850 Time: 0459160 Time: 0. 496760

Figure 140 Mapsof the pressure field during the cavitation cycle, initial stage (ove11.09) and SG
presence. Position 1 — left, Position 2 —middle, Position 3 - right

5.7.2. Fully developed cavitation, ovel 0.76, outlet pressure 140 kPa

Presence and pulsations of the conicalcavitatingvortex asthe typicalstructure of the more developed
stages of cavitation has different nature from the qualitative as well as from the quantitative point of
view. Nevertheless, some of the main properties of the cycle are similar to the initial stage of the
cavitation.

The typical cycle ,asis shown it the Figure 143, begins right after the complete collapse of the
cavitation within the throat of the nozzle. Comparing the velocity field corresponding to this regime
with the velocity field of the initial stage of the cavitation, important difference can be found in case of
the flow redistribution. As it has been described in case of the time-averaged fields, the region of the
highest velocity moved fromthe region close to the axis of the nozzle towards to thewalls of the nozzke.
Prior the re-creation of the cavitatingstructure within the throat, the large region of the backward flow
can be found within the throat of the nozzle. As it has been described in the chapter devoted to the
description of the cavitation cycles using the H-S video records, this back flow region plays a crucial
role during the collapse of the cavitating vortex. Helical vortex breakdown is clearly depicted usingthe
field of tangential velocity.

Similarly asin case of the initial stage of the cavitation, the collapse prior the beginning of the cycle
is caused by the significant pressure shock as it is depicted in the chart in the Figure 141. This shock
was captured by the probes upstream and downstream the throat, while it was not captured using the
probe pk (position 1 in the chart). The pressure shock within this region was slightly delayed (position 2
in the chart).

The following pressure shock can be found in case of the pk probe in the middle of the cavitation
cycle as a beginning of the collapse of the cavitation structure within the diffuser of the nozzlk
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(position 3 in the chart). Pressure records are complemented by the images of the pressure fields
provided in the Figure 142.
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Figure 141 Numerically predicted course of the static pressure captured in the three different
positionsin case of the initial stage of cavitation (ove10.76) and SG presence.
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Figure 142 Maps of the pressure field during the cavitation cycle, initial stage of cavitation (6ve0.76)
and SG presence.
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Figure 143 Set of images depicting cavitationcycle, initial stage — 6.1 0.76, right column — 75%
vapor, middle column -axial velocity, right column tangential velocity.

5.7.3. Fully developed cavitation, ove 0.43, outlet pressure 80 kPa

The conical cavitating vortex became more significant with the further decreasing value of the cavitating
number, asit hasbeen described usingthe H-S records and asitis depicted in the Figure 144. As it can
be seen in the chart depicting the values of the static pressure during the time (Figure 145), the most
importantproperties of the pressure fluctuations are similar comparedto the previous operating point as
well as the general development of the cavitating structure during the cycle. Thus, the in-depth
description of the obtained results is not necessary. On the otherhand, it would be usefulto describe the
influence of the decreasing cavitation number value using the obtained pressure records. It is obvious
thatthe length of the cavitation cycle period is considerably lower. This agreeswith the analysis of the
experimental data including the analysis of the pressure pulsations and H-S video records. The
quantitative results of the cavitation dynamics predicted by the numerical methods will be provided at
the end of this chapter. The courses of the static pressure records depicted in the Figure 145 are similar
to the previously discussed operating point.

Comparingthe records correspondingto the pressure probe p2 with the previously described operating
point it can be seen that the re-creation of the stable cavitating structure after its collapse lasted
approximately same time (0.004s). On the other hand, propagation of the pressure shock clearly captured
by the p1 and p2 probes is less important in case of the pressure probe pk compared to the previous
operating point, where this pressure shock was captured even in the straight pipe downstream the
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diffuserof the nozzle. The representative pressure fields during the cycle are depicted below the chart
of static pressures in the Figure 146.
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Figure 144 Set of images depicting cavitationcycle, fully developed stage — ove1 0.43, right column —
75% vapor, middle column - axial velocity, right column tangential velocity.
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Figure 145 Numerically predicted course of the static pressure captured in the three different
positions, fully developed cavitation (ave10.43) and SG presence.
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Figure 146 Maps ofthepressureﬁeld during the cavitalion cycle, fully developedcavitation (0ve10.43)
and SG presence.

5.7.4. Supercavitation, ove 0.178, outlet pressure 40 kPa

Supercavitation in case of the SG presence hasbeen captured usingthe CFD with the partial success. It
shall be noted that the cavitation number of the corresponding experimentally recorded operating point
was slightly higher (over 0.205) and no collapse was observed during the experiment even though this
value is close to the transition regime.

While the cavitating structure itself was captured properly, the occasional decay occurred in case
of the CFD analysis. This might be caused by the relatively short computationaldomain and potential
subsequent pressure reflection from the outlet boundary. It shall be also noted that the value of the
cavitation numberwas underestimated in this particularsimulation considering the prescribed value of
the outlet pressure (90 kPa).

The attempt to numerically predict the supercavitation considering even lower outlet pressure was
also done without success due to the instability of the calculation. This simulation has been excluded
from the furtherinvestigation due to the unbearable time-demands.

The cavitating vortex remained quasi-stable during the major part of the simulated flow time. As
the most interesting part of the simulation, the captured collapse and consequentre-creationof the large
cavitating vortex within the nozzle is depicted in the Figure 147. This type of the cavitation cycle is
typicalforthe transition regime. It isclearly depicted that duringthe collapse of the cavitating structure,
the large region of reversed flow can be found in core of the flow, while thin layer of fast flowing liquid
close to the walls of the diffuseras well asthe straight pipe persist stable during the whole cycle. The
complete collapse of the cavitating vortex within the throat of the nozzle and the helical vortex
breakdown were clearly captured asitis depicted in the set of images. After the consequent growth of
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the new cavitatingvortex, the structure remained stable until the end of the simulation asit is depicted
in the last two rows of images.

Therecord of the numerically captured static pressures duringthe collapse of the cavitatingstructure

is depicted in the Figure 148. While the re-creation of the cavitating vortex is fast close to the throat of
the nozzle (regardless if upstream ordownstream), the stabilization of the cavitating vortex within the
pipe downstream the diffuser lasted considerably longer afterthe crash of numerical simulation.
Pressure fields complementingthe chart of the static pressures are depicted in the Figure 149.
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Figure 147 Set of images depicting cavitationcycle, transitionbetween the fully developed stage and
supercavitation —avel 0.178, right column — 75% vapor, middle column - axial velocity, right column
tangential velocity.
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Figure 148 Numerically predicted course of the static pressure captured in the three different
positions, transition between the fully developed stage and supercavitation (ov.10178)and SG

presence.
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Figure 149 Maps of the pressure field during the cavitation cycle, transition between the fully
developed stage and supercavitation (06v20.178) and SG presence.

5.8. Cavitating structures captured using the CFD — dynamics of cavitating flow

in case of the axial inflow

It shall be emphasized that the main effort has been devoted to the numerical investigation of the
cavitation induced by the swirl before the description of the results corresponding to axial inflow.
Therefore, the overallamount of the investigated operating points is significantly lower comparedto the
previous section of this chapter.

Nevertheless, the additionalresults of the multiphase simulations corresponding to the axial inflow
in this geometry were published by authorin [51] and partially they are provided in the Figure 113.
These resultsare not published as a part of this thesis, since the simulations were carried out considering
the discharge of 7 I/s based on the experimental data which were obtained by Griger et al. [46] and
partially published by Rudolf etal.[8].

The fields of the axial velocity, static pressure and vapor void fraction are depicted in the set of
images in the Figure 150.
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Figure 150 Set of images depictingtime-averagedfields of axial velocity, static pressure and vapor
void fraction obtained by the numerical analysis consideringaxial inflow
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When the fields of the vapor void fraction avsp corresponding to the axial inflow are compared to the
fields of awvap affected by the presence of the SG, the obvious qualitative discrepancy canbe found. The
maximum values of the avsp are significantly higher in case of the SG presence, which is in good
agreement with the experimental results described in the chapters devoted to the analysis of the HS
records. The cavitatingstructureswere more stable in case of the SG presence, while the considerably
more significant fluctuations of the gaseous phase volume were observed in case of the axialinflow in
the whole range of the investigated regimes (except the supercavitation, which was stable regardless the
experimental configuration). The fluctuations of the cavitating structures led to more severe pipe-wall
acceleration fluctuations induced in case of the axial inflow. This can supported using the standard
deviation of the static pressure asit is depicted in the Figure 151.
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Figure 151 Static pressure standard deviation on case of the SG presence (left - 100kPa) and axial
inflow (right— 104 kPa)
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5.8.1. Initial stage of cavitation, evel 0.96, outlet pressure 175 kPa

The initial stage of the cavitation which was investigated during this simulation (Figure 154) is
characteristic by the occurrence of the cavitating boundary layer within the throat of the nozzle. As it
can be seen in the set of images depicting the cavitation cycle using the ovap, the cavitation is limited
mainly to the throat of the nozzle, while the pulsations captured by the analysis were very fast.

As it can be seen the cycle startsatthe leadingedge of the throatandstarts its growth downstream.
The separation of the boundary layerat the trailingedge of the throat occurs slightly after the beginning
of the cycle. Since the investigated cavitation number was high, these two cavitating regions did not
merge during the cavitation cycle, which is typical for the slightly more developed stages of cavitation.
Nevertheless, it shall be mentioned that the amount of gaseous phase was underestimated compared to
the experiment in case of this simulation.

The static pressure capturedusingthe three pressure probesis depicted in the Figure 152. It can be
stated that the pressure pulsations captured duringthis simulation were same from the qualitative point
of view, regardless the position of the pressure probe. In other words, the pressure shock captured using
the pressure probe upstream the throat of the nozzle was captured also by the pressure probe located
within the straight pipe downstream the diffuser of the nozzle. As it will be shown in the following
sections, this behaviour vanished with the increasingamount of the gaseous phase within the flow.

The pronounced pressure shocks depictedin the chart are accompanied with the complete collapse
of the cavitation in the nozzle. Correspondingfields of the static pressure is depicted in the Figure 153.
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Figure 152 Numerically predicted course of the static pressure captured in the three different
positions, initial stage of cavitation (av.10.96), axial inflow.
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Figure 153 Map of the pressure field during the cavitation cycle, initial stage of cavitation (ove0.96).
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Figure 154 Set of images depicting cavitationcycle, initial stage — a1 0.96, right column — 75%
vapor, middle column -axial velocity, right column velocity magnitude, axial inflow.

5.8.2. Fully developed cavitation, ove 0.73, outlet pressure 134 kPa

Relatively significant increase of the amplitudes of pressure pulsations can be in case of the more
developed stage of cavitation found (see Figure 155 and Figure 156). This regime is typical by the
periodical shedding of distinguishable cavitating vortex rings which are entrained by the flow to the
region higher pressure downstream the nozzle where the rings collapsing inducing the pressure shocks.

The cavitation cycle sown in the Figure 157 startsby the development of the cavitatingboundary
layerwithin the throat of the nozzle right afterthe collapse of the previouscycle. As it can be seen, the
collapse has been captured mainly by the probes p1 and p2 (close to the throat of the nozzle). On the
otherhand, minorincrease of the static pressure can be found also in the record acquired by the probe
pk. It is worth to mentioned, that thisincrease was not detected in case of the more developed stages of
cavitation as it will be described in the next chapter. Corresponding pressure field is provided in the
Figure 156.

Growth of the cavitatingboundary layerisaccompanied by the gradual pressure decrease up to the
moment, when the cavitatingvortex ring collapseswithin the straight pipe downstream the diffuser of
the nozzle. This collapse induces distinguishable pressure shock captured by the pressure probe pk.
Nevertheless, the newly created cavitating structure within the diffuser is significant enough, thus the
pressure shock hasnot been captured by the probes close to the throat of the nozzle.

The end of the cycle is characteristic by collapse of the cavitatingboundary layerwithin the throat
asit hasbeen mentioned. The pressure pulsations are considerably more significant upstream the throat
of the nozzle, compared to the pulsations captured usingthe probe pk.
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Figure 155 Numerically predicted course of the static pressure captured in the three different
positions, initial stage of cavitation (ave0.73), axial inflow.
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Figure 156 Map of the pressure field during the cavitation cycle, initialstage of cavitation (ove0.73).
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Figure 157 Set of images depicting cavitationcycle, initial stage — aver= 0.96, right column - 75%
vapor, middle column - axial velocity, right column - velocity magnitude, axial inflow.

5.8.3. Fully developed cavitation, ovel 0.45, outlet pressure 84 kPa
Fully developed cavitation characteristic by the periodical separation of the large cavitating clouds was
also predicted correctly by the numericalanalysis. Seeingthe chart of the static pressure duringthe time
depicted in the Figure 158 and comparing magnitudes of the pressure with the images of the constant
vaporvolume fraction duringthe cycle (Figure 160),it can be seen the values of the static pressure are
relatively steady priorthe beginning of the cycle. The collapse of the cavitation within the throat of the
nozzle is accompanied by the sudden pressure shock which was captured upstream and downstream the
nozzle, on the other hand its propagation downstream to the straight section was not significant as it is
depicted in the values of the static pressure captured using the probe corresponding to the pressure
transducer utilized during the experimental campaign. This sudden increase occurred right after the
separation of the cloud asit depicted in the Figure 159.

The pressure shock captured by the pk probe corresponding to the pressure transducer exploited
during the experimental campaign corresponds to the collapse of the cavitating cloud which occurred
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during the previous cavitation cycle. Pressure shock is limited mainly to the straight part of the nozzle,
while it hasnotbeen captured by the probes upstream the newly created cavitation cloud.

The following separation of the cavitating cloud and consequent decay of the cavitation within the
throat of the nozzle correspondingto the end of the cycle is related to the pressure shock in this part of
the computationaldomain asit hasbeen described above.
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Figure 158 Numerically predicted course of the static pressure captured in the three different
positions, fully developed stage of cavitation (avei 0.45), axial inflow.
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Figure 159 Maps of the pressure field during the cavitation cycle, transition between the fully
developed stage and supercavitation (over = 0.45), axial inflow.
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Figure 160 Set of images depicting cavitationcycle, fully developed stage — over = 0.45, right column -
75% vapor, middle column - axial velocity, right column - velocity magnitude, axial inflow.

5.8.4. Supercavitation, ove 0.028, outlet pressure 17 kPa

As it is shown in the Figure 161, the typical liquid jet surrounded by the saturated vapor was
well-predicted. The value of thestatic pressure was stable during the simulation as is shown in the Figure
162. The small instabilities of the pressure recorded by the px probe within the straight part of the
computationaldomain can be devotedto the motion of the small liquid droplets on the wall of the pipe.
Representative field of the static pressure is depicted in the following figure. It is clearly depicted that
the actual valuesare close to the value of the saturated vapor pressure in the whole domain downstream
the throat of the nozzle. The lowest values of the static pressure can be found close to the transition
between the straight throat of the nozzle and conical diffuser (i.e. in the region of the liquid flow
separation from the walls of the nozzle). It can be also seen that the pressure within the liquid jet is
slightly higher. This observation can be devoted to effect of surface tension.
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Figure 161 Set of images depicting cavitationcycle, fully developed stage — ove10.028, right column -
75% vapor, middle column -axial velocity, right column - velocity magnitude, axial inflow.
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Figure 162 Numerically predicted course of the static pressure captured in the three different
positions, supercavitation (ov10.028), axial inflow.

5.9.  Numerical analysis of the cavitation dynamics

The pressure signals captured during the numerical simulations were analysed using the Fourier
transform to identify dominant frequencies of the investigated cavitating structures. Example of the
input signals correspondingto probe 9 andthe obtained results are depicted in the Figure 163. This probe
was chosen since the pressure records obtained using this probe were the most appropriate for the
analysis of the frequencies correspondingto the collapses of the large cavitatin g structures (taking into
account relative short length of the analysed signal and complex nature of the flow downstream the
diffuser of the Venturinozzle). It should be mentionedthatthe length of the pressure signals investigated
using the Fourier transform was 0.2 s and more. Relatively short length of the signals was subsequent
to the time demands of these simulations.

It can be stated that the dominant frequency is relatively clearly distinguishable, regardless the
investigated experimental configuration. The obtained frequency is slightly higher in case of the SG
presence (112.6 Hz) compared to the axial inflow (110.3 Hz), although the cavitation number
correspondingto the axialinflow is slightly higher. On the otherhand, the amplitude correspondingto
the obtained fundamental frequency of thesignal of axialinflowanalysis is higher. In fact, both of these
observationsare in good agreement with the discussion of the HS image analysisaswell asthe analysis
of the pressure signals. Beside the dominant frequencies the higher harmonic frequencies can be found
regardless the investigated experimental configuration too.
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Figure 163 Example of the pressure signals obtained by the numericalinvestigation of the cavitation
flow (top) and spectral analysis of these signals (bottom)

Dominant frequencies and values of the corresponding amplitudes are listed in the Table 12. It was
possible to distinguish the frequencies of periodical collapses of the cavitating structures without any
significant problems up to the cavitation number of 0.99. Using the pressure signal captured by the
probe 12 it was possible to detect frequency of 148.43 Hz, which is in good agreement with the results
of the H-S records analysis. The second problem represents the analysis of the fully developed axial
inflow (ovel 0f 0.44). The dominant frequency of 127 Hzfit relatively well to the first harmonic frequency
of the 61.9 Hz asiit is depicted in the Figure 164. Therefore, the frequency of 61.9 Hz will be utilized
for the correlation of the CFD results with the results of the pressure fluctuationsand POD analysis of

the HS records.
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Exp. Cfg. Ovel Dom. F. Amp. Commentary
-1 (Hz) (Pa) -
SG 0.18 5.87 3.9 -
SG 0.31 20.65 3412.4 -
SG 0.43 70.72 11608.7 -
SG 0.49 79.38 13680.8 -
SG 0.54 86.13 11881.2 -
SG 0.65 104.48 17150.4 -
SG 0.76 112.63 13772.5 -
SG 0.99 148.43 3673.2 | Dom. frequency 50.78, estimated using the probe 12
SG 1.09 111.46 12350.7 -
AX 0.03 4.83 0.2 -
AX 0.44 61.90 16383.2 Highest amplitude correspondsto 127 Hz
AX 0.55 81.00 147143 -
AX 0.71 110.29 15898.7 -
AX 0.94 183.22 11356.7 -

Table 12 Dominant frequencies of the pressure pulsations obtained by the CFD analysis
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Figure 164 Problematic resultof the spectral analysis corresponding to the fully developed cavitation
in case of the axial inflow (0v./0.44).

Correlation of the results obtained by the numericalanalysis with results of the HS video records analysis
and results of the pressure pulsations captured during the experimental campaign is depicted in the
Figure 165.

As it can be seen the results of the CFD analysis are in good agreement with the analysis of the
experimental data in general. On the other hand, it shall be also noted that the frequency predicted by
the CFD analysis is considerably smaller compared to the analysis of the experimental data in case of
the least developed cavitation regime which was investigated numerically (over = 1.09). On the other
hand, it wasnot possible to clearly distinguish the dominant frequency correspondingto this particular
regime using the POD analysis. It can be stated that the accuracy of the numerically obtained resultsis
sufficientand the exploited numericalanalysis provide reliable tool for the prediction of the dynamics
of the cavitating structures which were observed within Venturi nozzle.
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Figure 165 Correlation of the dominant frequencies obtained by the CFD analysis with the results of

the pressure fluctuations investigation and analysis of the HS records

Partial conclusions

VI.

VII.

VL.

The numerical analysis has been carried out based on the previous experience with the CFD
simulations of cavitating flow. It can be stated that the results are in good agreement with the
experimentalmeasurement.

The full geometries were exploited during the analysis of the hydraulic loss coefficients. The
influence of the grid density was studied in case of the SG presence. It was stated that the results
are in relatively good agreement with the results the experimental analysis considering both
computational grids. Nevertheless, the results were betterin case of the finer mesh. Above that, the
flow structures obtained using the finer mesh provided better results with respect to the
experimental observations.

In case of the SGanalysis, the kinetic energy correction factor has been exploited in order to correct
the experimental data. It was possible to minimize the impact of the radialand tangential velocity
components neglection for the calculation of cavitationnumberand hydraulic loss coefficient.
The overallresults showgood degree of agreement with the experimental data. Although, thevalues
of the £areslightly underpredicted in case of the SG presence. In contrast, these values are slightly
overpredicted in case of the axialinflow.

The flow structures captured by the numerical analysis corresponded well with the experimental
observations. Characteristic flow patterns, such asvortex breakdown were captured by the CFD.
Since the computational demands of the simulations considering the presence of SG were
unbearable for the analysis of the cavitation dynamics (considering wide range of investigated
regimes), the geometry was sliced downstream the swirl generator. It was possible to 6.5 times
reduced the computational times. Thus, it was possible to carry out the analysis of the pressure
pulsations captured by the CFD properly.

The flow patternsduring the cavitation cycles were captured usingthe field or various quantities.
The course of the pressure during the cycle was discussed using the three different pressure probes
considering several operating points for both experimental configurations.

The spectralanalysis of the pressure signals obtained by the CFD was carried out. It can be stated
that results are in good agreement with the experimental data regardless all the simplifications
which were exploited during the analysis. This statement is valid for both experimental
configurations. These results are compared with the experimental data in the Figure 165.
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Investigation of cavitating flow using the
computed tomography

Content of this chapter:

EIT tomographywill be exploited for:

1. Discussion of the time-averaged distribution of cavitation.

2. Correlation of the EIT investigation with the results of CFD analysis
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6. Investigation of cavitating flow using the computed tomography

The experimental measurement focused on the EIT has been carried out in the experimental facility of
Technical University of Liberec. The main purpose of this measurement wasto investigate usability of
available device for the hydrodynamic cavitation investigation. Distribution of the conductivity across
the two cross-sections of the Venturitube downstream the throatof the nozzle was investigated with the
focuson the possible hysteresis occurrence. Furthermore, the additional measurement has been done to
complement the previous experimental and numerical results. Venturi tube with the same main
dimensionsasin case of the experimental measurement was exploited for purpose of the measurement.
Two modifications of the nozzle were done due to the technological reasons. The straight part of the
nozzle downstream the diffuser was shortened due to the manufacturing possibilities of the supplier.
Moreover, the outer shape of the new nozzle was circular due to the easier mounting and sealing of
electrodes. The main tomography measurements were carried out in two planesdownstream the throat
of the nozzle as it is depicted in the Figure 166. The planes P1 and P2 has been located 29.8 mm and
39.7 mm downstream the throat of the nozzle. These positions were chosen based on the previous
measurementandthe expected range of the achievable cavitation regimes.

- —— -— - —r - B —r— -

Figure 166 Main dimensions of the Venturi tube utilized for the EIT investigation. Measuring plane P1
is closerto the throat of the nozzle

The close up view on the Venturi tube with the mounted EIT electrodes is provided in the Figure 167.
Certain restriction of the measuring planes P1 and P2 locations was represented by the dimensions of
the Venturi tube and significant amount of the measuringelectrodes (16 in one plane)and their wirings
asit is clearly depicted. Thus, it wasrelatively difficult to capture the cavitation dynamics usingthe HS
camera.
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The diameters of plastic piping aswell asthe positions of the pressure transducers were the sameasin
case of the experimental investigation carried out at Brno University of Technology to assure
comparability of the obtained results. On the other hand, the experimental rig was opened to the
atmosphere. Inotherwords, it was possible to investigate only the limited range of the cavitation regimes
since the cavitationnumberwas function of the actual flow rate only.

Figure 168 Venturi nozzle mounted to the test rig

Experimental measurement was captured usingthe high-speed camera Phantom v611 with the sampling
frequency of 2000 fpsand video resolution of 1280 by 800 pixels. For this measurement backlit scene
technique hasbeen exploited. The experimental setup includingthe HS camera and the matrix of LEDs
actingasa source of the back light during the measurement isdepicted in the Figure 134.

Figure 169 HS camera and iluminationof the scene

The example of the image captured using this setup is provided in the Figure 170. In contrast to the
experimental setup described in chapter 2, where the dark background and front lights were exploited,
the cavitatingregionsare dark in this case.

Figure 170 Cavitatingvortex ring passing throug the measuirng plane P2

Cavitation stage was adjusted usingthe flowrate control by the pump speed regulation duringthe main
part of the investigation. The resistivity distribution was measured in severaloperatingpoints from the
non-cavitation regime to the maximum achievable stage of the cavitating flow development and back to
the cavitation-free regime. It should be emphasized that the following convention will be exploited in
the following text: the measurement from the cavitation-free regimesto the fully developed cavitation
will be referred as UP (increasing Q), while the measurementfrom the fully developed cavitation to the
initial regimes of cavitation will be referred as DOWN (decreasing Q). The investigated range of
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cavitationregimeswas partially restricted by the maximum rotational speed of the pump. However, the
crucial restriction was represented by the probes of the EIT, respectively by leakage of these probes
which was observed, when the vibrations reached certain intensity. It should be mentioned that the
repeated sealing of the electrodes using the cyanoacrylate led to the gradualdegradation of the optical
properties (transparency) of the nozzle between the measuring planes.

In the second part of the investigation the regime of cavitation was controlled using the throttle
valve downstream the Venturi nozzle. This approach has been exploited for the measurement
correspondingto 6 I/s discharge with and without the SG. These results will be correlated with the vapor
void fraction obtained by the numericalanalysis.

The reference value of the water conductivity exploited for the EIT calibration was 1.12 mSicm.
The list of the transducers and other equipmentexploited during the experimental measurementprovided
in the following table.

EIT CT device EITITS p2+
P1, P2, Ps Pressure transducers | BD331l

Q Flow meter FN 2014.1

t Thermometer Rawet PTP 55
HS High speed camera Phantomv611

Table 13 Utilized experimental equiplment

6.1. EIT investigation of cavitation hysteresis and the influence of the induced

swirl to the phase distribution

The phase distribution has been investigated with the particular effort to observe potential hysteresis
during the transition between the initial stage of cavitation and fully developed cavitation. This
investigation is successive to the previously published results of the cavitation hysteresis investigation
during the transition between the fully developed cavitation and supercavitation considering the axial
inflow [57].

The investigation has been done for the both experimental configurations (i.e. Axial inflow and
inflow affected by the induced swirl). The following charts are depicting the values of the hydraulic
loss coefficient versus the cavitation number (see Figure 171).
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Figure 171 Hydraulic loss coefficient depicted as a function of cavitation number during the
measurement of the cavitating flow considering SG presence (left) and axial inflow (rigt).
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No observable difference of the evaluated values of ¢ based on the discharge change direction can be
found regardless the investigated experimental configuration. The transition between the cavitation-free
regime and initial stage of cavitation is gradual in case of the SG presence, while in case of the axial
inflow the inception of cavitation is rather abrupt. As it can be seen in the Figure 171 depicting the
charts of the whole ranges of the investigated operating regimes and in more detailed Figure 172 focused
on the transition between the cavitating and non-cavitating regimes. The first occurrence of the
cavitation is connected with the minor decrease of ¢ value which is followed by the linear increase of
the hydraulic loss coefficient. This transition was more complex considering the influence oftheinduced
swirl. Thethin straight cavitating filament in the axis of the pipe occurred during the operation in high
values of avel (3.7). Presence and length of this filament were highly unstable. Nevertheless, this
cavitating structure has no significant influence on the value of £ As it has been described in the
chapter 3, the decreasing value of cavitation number lead to the increasing length of this cavitating
filament until the tip of the filament reached the inlet part of the diffuser downstream the throat when
the helical vortex breakdown occurred at the end of the filament. This phenomenon was observed close
to the aver Of 2.5 (regardless the direction of discharge gradient). Occurrence of the helical vortex
structure was related to the decrease of the & down to the avel 0f 1.7. when the straight axisymmetric
cavitatingvortexsimilarto the fullload vortex of Francis turbines was captured. The further decreasing
value of cavitation number lead to linear increase of the hydraulic loss coefficient. The last specific
cavitation pattern observed during this experimental measurement occurred when the el 0f 1.26 has
been reached. The axisymmetric vortex transformed to the form of the conical cavitating vortex close
to the shear layer between the central stagnant region and region of the liquid flow close to the walls of
the Venturi tube. Increase of § with the decreasingvalue of avel Was considerably faster in the region of
the conicalcavitatingvortex presence.
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Figure 172 Details of the of the hydraulic loss coefficients during the significant transitions of the flow
nature.SG— left, AX — right.

Prior the analysis of the phase distribution, it could be beneficial to discuss the courses of the measured
averaged values water resistivity p versus the cavitationnumber captured during the test campaign.

It is possible to state, that the measured pis lower in case of DOWN direction regardless the
investigated experimental configuration and measuring plane. Nevertheless, this discrepancy is far more
pronouncedin case of the SG presence. This observationcould leadto theassumptionthatthe cavitation
amount is lower in case of the transition from the fully developed cavitation to the initial stages of
cavitation (UP direction). This would be completely inconsistentwith the preliminary expectation of the
higher cavitation amount in this direction of the aveigradient. Above that this discrepancy has not been
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observed in the results of the £ analysis. These facts suggest that the reason of this discrepancy was not
based on the gaseous phase amountwithin the water, but in the variation of another property of liquid.

Most probable reason of this observation seemsto be a gradualincrease of the temperature during
the experimental measurement (the salinity as well as other properties of the liquid remained stable
during the measurement).

Increase of the temperature was faster when the SG was mounted into the system (in a consequence
of the higher hydraulic losses), which correspond to the observed more significant p discrepancy in case
of this experimental configuration. Maximum value of p discrepancy did not exceed 0.6 Qm, while
temperature difference at the beginning and at the end of the measurement was 2.03°C (in case of the
SG utilization)asit is depicted in the Figure 173 and Figure 174. Based on the previous experience with
the experimental equipment, the change of the liquid resistivity during the operation inthe range of the
usualtemperaturesis linear and it doesnotexceed 1 Qm per 1 °C of liquid temperature change (based
on the water salinity). Since, the observed value of the liquid resistance decrease is comparable and
considering the results of the £ analysis, it is possible to assume that this discrepancy in the measured
resistivity can be devoted to the increase of the liquid temperature rather than to hysteresis of the
cavitationpresence.
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Figure 173 Change of the water resistance during the experimental investigation of the hysteresis
presence.SG — left, AX —right.
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Figure 174 Increase of the water temperature during the experimental measurement
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6.2. Analysis of the EIT results
The analysis of the EIT results will be focused on the time-averaged profiles of the conductivity
measured across the two measuring planes P1 and P2 downstream the throat of the Venturi tube. The
time-averaged fields (images) of conductivity exploited for the analysis were obtained as mean images
computedusingthe approximately 30 slong records of data. Gathering of data forindividual snapshots
took approximately 20 ms. In otherwords, it was not possible to investigate cavitationdynamics, due to
the higher frequencies of the cavitating structures fluctuations. The resolution was 316 pixels for the
measuring plane. On the other hand, this experimental technique is still capable to provide valuable
information about the qualitative nature of the different stages of cavitating flow observed during the
investigation.

The conductivity maps correspondingto the cavitation free regime are provided in Figure 175. As
it can be seen by the range of the corresponding color bars, the measured conductivity is highly uniform
acrossthe both investigated measuring planes.
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Figure 175 Map of the conductivity captured during the calibration measurement without the swirl
generator. P1—left, P2 — right.

The situation became completely different in case of the cavitation presence. The gaseous volume
contained within the liquid flow causes the decrease of the measured conductivity. Nevertheless, the
detected change of the conductivity caused by the presence of the second phase within the flow has not
been sudden as it will be depicted and discussed in the following text. Therefore, it can be stated in
advance, that the available EIT equipment isnot appropriate for the direct validation of multiphase CFD
simulations. The results correspondingto the individual experimental configurations will be discussed
separately for the sake of the text clarity. Conclusions regarding the influence of the additional swirl
will be discussed at the end of the chapter.

6.3. EIT investigation of the cavitating flow influenced by the presence of the

induced swirl

The profiles of the time-averaged conductivity over the selected diameters of measuring planes are
depicted in the Figure 176 considering the UP direction and in the Figure 177 considering the DOWN
direction. The error bars shown in the figures are corresponding to the type A uncertainties evaluated
based on the conductivity value variation within the individual pixels of the depicted profiles. Since the
results are in good agreement for both of investigated directions of the discharge gradients from the
qualitative point of view, the overall description of the obtained results will be provided only for one of
them (UP — from the cavitation free to fully developed stage of cavitation).

Cavitating helical vortex was barely reachingthe measuring plane P1 in case ofthe initial cavitation
(Q = 3 I/s). Thus, the conductivity profile was nearly constant. Above that, the actual values of the
conductivity were slightly higher compared to the cavitation-free conditions. This observation can be
devoted to the higher velocity of the liquid flow through the magnetic field emitted by electrodes of the
EIT probes. The mild deformation of conductivity profile can be found in case of the P1 plane
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considering flow rate increased to the 3.5 I/s. As it can be seen, the conductivity profiles remained
undisturbed in case of the P2 measuring plane up to the discharge of 4.5 I/s, when the length of cavitating
vortex became sufficient to reach the required length. The overall conductivity alongthe whole length
of the depicted profile was decreasingwith the increasing discharge (i.e. with the increasing amount of
gaseous phase within the flow) in case of the P1. Minimum values of the conductivity are located close
tothe axisregardlessthe investigated operating point. This agrees with the generalnature andespecially
with the stability of the cavitatingstructures close to the throat of the nozzle in this particularrange of
cavitation numbers. The situation is more complex in case of the second measuring plane P2. The
profiles correspondingto the 4.5 I/sand 5 I/sare similar to the profiles measured in the cross section P1.
These profiles are corresponding to the operating points during which the relatively small, but still
sufficiently significant,amount of cavitation was reachingthe P2 plane duringthe cycle. The profile of
5.5 I/s became flatter compared to the operating points corresponding to the lower discharges. During
the investigation of this operating point the maximum length of the cavitating vortex observed during
the cycle of cavitation was reachingthe P2. Thus, the amount of the gaseous phase flowing through the
measuring plane became more significant. The interesting profiles can be found in case of the most
developed stages of cavitation correspondingto the discharges of 6 I/sand 6.25 I/s. The local maximum
of the conductivity can be found close the axis of the measuring plane in contrast to the previous
operating points. This is in good agreement with the experimental (and also numerical) observations.
The maximum length of the coherent cavitating vortices was considerably longer, thus the transition of
these structures through the measuring plane was captured properly. The local maximum corresponds
to the observed creation of liquid (and therefore more conductive) backflow region within the core
vortices. Nevertheless, it is clearly depicted that it would be highly problematic to determine the exact
position of the cavitating structures presence (i.e. diameter of the cavitating vortices) based onthe results
of the EIT.
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Figure 176 Conductivity profilesmeasured duringthe increasingdischarge (decreasing cavitation
number)with images of the cavitatingstructures prior theircollapse.

The similar conclusions are valid for the opposite direction of the discharge. Conductivity profiles
corresponding to these measurements are shown in the Figure 177. Slight shift of the profiles can be
found comparingthe corresponding operating points from the conductivity point of view.
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Figure 177 Conductivity profilesmeasured duringthe decreasing discharge (increasing cavitation
number)with images of the cavitatingstructuresprior their collapse in case of SG presence.

Direct comparison of the selected operating points is provided in the following text to study this
discrepancy. It should be repeated, that the temperature of the water was slowly increasing during the
experimentsasit hasbeen shown at the beginning of this section.

6.4. Qnom =6 I/s, fully developed cavitation

The most developed stage of cavitation comparable based on the direction of the discharge gradient
change correspondsto the nominaldischarge of 6 I/s. The operating pointsare characterized by the ovel
of 0.518 in case UP direction and 0.511 in case of the DOWN direction. Comparing the conductivity
maps depicted in the Figure 178, it can be concluded that the presence of gaseous phase seems to be
slightly more significantin case of the DOWN direction regardless the considered measuringplane. It
should be also considered that the water temperature was higher by 0.55 °C which lead to the increase
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of the waterconductivity. This factis in contrast with the shown data. As it is relatively obvious from
the maps, the core of the low conductivity close to the axis is wider in case of DOWN direction
considering the P1 measuring plane. In case of the conductivity maps devoted to the P2, the central
region of higherconductivity (i.e. higheramount of theliquid phase) is larger in case of the UP direction,
regardless the general qualitative agreement of the obtained results. These observations suggested that
there can be found minor difference between the gaseous phase amount within the flow based on the
direction of the discharge change. In otherwords, the cavitation remains more significant comparedto
the transition from the initial stages of cavitation duringthe transition fromthe more developed stage of
cavitation.
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Figure 178 Conductivity mapsin planes P1 (left) and P2 (right) correspondingto nominal flow rate of
6 1 /s incase of SG presence.

Abovementioned discrepancies can be directly compared using the charts depicting profiles of
conductivity along the selected diameter of the measuring planes (Figure 179). As it can be seen the
shift is remarkable mainly in case of the P2 measuring plane, which is in good agreement with the fact
that the front part of the cavitating vortex close to the throat of the nozzle is significantly more stable
and coherent.
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Figure 179 Comparison of the conductivity profiles over the selected diameter of measuring planes P1
(left)and P2 (right) corresponding to the nominal flow rate of 6 I/sand SG presence.

6.5. Qnom =5.51/s, fully developed cavitation

The results corresponding to the Qnom 0f 5.5 I/s are shown in the same manner, therefore the general
description of the methodology is the sameasin the previously discussed Qnom Of 6 I/s. The evaluated
values of avel Were following: UP direction 0.614, DOWN direction 0.612. The temperature difference
between these two operatingpoints hasbeen 1.12°C. The conductivity maps correspondingto the both
measuringplanesare depicted in the Figure 180.
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Figure 180 Conductivity mapsin planes P1 (left)and P2 (right) correspondingto nominal flow rate of
5.51/sin case of SG presence.

Interesting observationcanbe describe by comparison of the conductivity profiles correspondingto the
P2 measuringplane (Figure 181, right). As it can be seen, the actualvaluesare slightly higher in case of
the DOWN direction, which is in contrast with the previously discussed operating point. On the other
hand, the shape of the profile is considerably more similarto the more developedstage of the cavitation
considering the DOWN direction. In other words, the shift of the conductivity values can be devoted to
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the increased temperature. Based on the conductivity profile it can be assumed that the cavitation was
slightly more developed in case of the transition from the fully developed stage to initial stage of
cavitation. On the otherhand, it should be admitted than the observed discrepancy is relatively small.
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Figure 181 Comparison of the conductivity profiles over the selected dimater of measuring planes P1
(left)and P2 (right) corresponding to the nominal flow rate of 5.5 I/sand SG presence.

6.6. Qnom =5 I/s, fully developed cavitation

The cavitationnumbers correspondingto the lowest discharge of 5 I/swhich is discussed in more details
were as follows. The values of ave evaluated in case of the UP direction was 0.736 and in case of the
DOWN direction the evaluated value was 0.725. The increase of temperature between these two
operation points was 1.57°C. It should be noted thatthe 5 I/s discharge has been chosen as the lowest
discharge for the detailed discussion due to the fact, that the presence of the gaseous phase was
considerably more seldom in the P2 measuring plane considering lower flow-rates. As it can be seen,
the qualitative comparison of the conductivity maps correspondingto the different measuring planes s
in betteragreementcompared to theabove described regimes of cavitation as it can be seen in the Figure
182. This observation is subsequent to the fact that the decay of the coherent cavitating structure was
observed upstream the measuring plane P2, while the residual cavitating vortices were still able to reach
the P2 plane in sufficientamount which lead to significant deformationof the conductivity profile close
to the axis of the pipeline.
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Figure 182 Conductivity mapsin planes P1 (left) and P2 (right) corresponding to nominal flow rate of
51/s incaseof SG presence.

The conductivity profiles are similar regardless the investigated cross sections. The obvious shift of the
actualvaluesof conductivity in case of P2 measuring plane can be devoted to the increased temperature.
Itshould be also emphasized that discrepancy between the cavitation numbers is larger compared to the
previously discussed more developed stages of cavitation. Nevertheless, since the value of avel
corresponding to the DOWN direction is lower (i.e. cavitation should be slightly more developed
compared to the UP direction) the lower conductivity could be expected, which is in contrast with the
actualvaluesof conductivity depicted in the Figure 183. Thus, it can be assumed that the influence of
the temperature ismore important that the small difference betweenthe evaluated cavitation numbers.
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Figure 183 Comparison of the conductivity profiles over the selected dimater of measuring planes P1
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6.7. EIT investigation of the cavitating flow in case of the axial inflow

The results correspondingto the analysis of the axialinflowwill be provided in the same manner asin
case of the analysis of the cavitation affected by the presence of swirl generator. The periodical
separation of the cavitating vortex rings is characteristic for this experimental configuration. In other
words, the redistribution of the gaseous phase across the investigated measuring planes is completely
different comparedto the experiments focused on the induced swirl investigation.

In contrast to the SG presence, the cavitation occurred close to the wall of the Venturi tube, while
the liquid flow was concentrated close to the axis. As it can be seen in the overview of the conductivity
profiles measured in the P1 (see Figure 184), the measured conductivity tended to decrease with the
increasing discharge close to the walls of the nozzle. On the other hand, the significant increase of
conductivity with the increasing flow rate can be found close to the axis of the nozzle. The only
exception to this proportionality corresponded to the highest investigated discharge (6.5 I/s). Decrease
of the maximum conductivity value close to the axis can be devoted to the significant increase of the
cavitation volume compared to the lower discharges as it is captured by the images of the cavitating
structures.

It is also worth noted, that the values of the conductivity computed close to the axis of the nozzle
were increasing above the value of the static conductivity. This can be devoted to the considerable
magnitude of the axial velocity togetherwith relatively smallamount of the gaseous phase close to the
axisof thenozzle. Itisalso clearly depicted thatthe type A uncertainty correspondingto the axialinflow
is considerably higher compared to theexperimental configuration consideringthe presence of SG. This
behaviour is subsequent to the more dynamic process of the observed cycles of cavitationin case of the
axialinflow.

The conductivity profiles measured in P2 (i.e. in larger distance from the throat of the nozzle)are
in relatively good agreement with the results obtained in case of SG presence from the qualitative point
of view. The profiles corresponding to the axial inflow have a similar course asin case of the SG
presence, which can be explained by the nature of the observed cavitating structures. In contrast to the
P1 measurement, the thicker liquid layerclose to the walls of the nozzle was stable enough to increase
conductivity value close to the wall of the nozzle, while another region of the increased conductivity
can be found close the axis of the nozzle (middle if the vortex ring). This observation can be done in
case of the discharges of 5.50 I/s and 6 I/s. In case of the lower or higher discharges the local maxima
close to the axis distinguished. This can be devoted to the fact, that the coherent cavitating structure
collapsed upstream the P2 cross section in case of the lower discharges. The opposite assumption can
be done in case of the highest discharge of 6.50I/swhen the maximum length of the cavitating structures
considerably exceeded the position of this measuring plane. In other words, the measuring plane has
been filled by the significant amount of the cavitation during the considerable part of the cavitation cycle
period.
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Figure 184 Conductivity profiles measured duringthe increasingdischarge (decreasing cavitation
number)with images of the cavitatingstructures prior their collapse in case of AX presence.

The similar results were acquired in case opposite direction of the discharge gradient change as it can
be seen in the Figure 185. It should be noted that the conductivity profiles corresponding to the P2
measuring plane are visibly deformed and shifted to the left side. Other properties and assumptions
described forthe UP direction of the discharge gradient change are still valid and applicable forthis set
of measurements. The abovementioned discrepancy will be discussed in the following part of this
chapter.
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Figure 185 Conductivity profiles measured duringthe decreasing discharge (increasing cavitation
number)with images of the cavitatingstructures prior their collapse in case of AX presence.

6.8.  Qnom =6 I/s, fully developed cavitation

The most developed stage of cavitation investigated from the cavitation hysteresis point of view
correspondsto 6 I/s. Considerable amount of gaseous phase presentduring the most partof the cavitation
cycle within the P1 measuring plane led to the creation of the massive region of lower conductivity close
to thewall of nozzle. The liquid core of the vortex rings is clearly captured in both discharge gradient
directions close to the axis of the nozzle (see Figure 186). Itis worth to noted that the liquid layer was
observed between the surface of the nozzle and cavitating structures during the experimental
measurement. The values of conductivity close to the wall are slightly higher in the corresponding
conductivity maps. Nevertheless, it should be emphasized that this increase is minor, which can be
devoted to the restrictions of the EIT aswell asto the low resolution of the captured maps.

The liquid flow between the cavitatingstructures andthe walls of the nozzle is well distinguishable
by the measuringplane P2. As it can be seen in the Figure 186, the obtained maps of conductivity are
more complex compared to the maps which were obtained in the P1 plane. Together with the clearly
depicted region of the liquid flow close to the walls of the nozzle, the increase of the conductivity was
also captured close to the axis.
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Figure 186 Conductivity mapsin planes P1 (left) and P2 (right) correspondingto nominal flow rate of
6 I/sin case axial inflow.

Direct comparison of the conductivity profilesalongthe selected diameters of the diffuser is shown in
the Figure 187. Since type A uncertainty corresponding to the axial inflow is considerably higher in
contrast the analysis of the cavitation influenced by the SG, it is possible to state, thatthe profiles are in
good agreement regardless the measuringplane.
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Figure 187 Comparison of the conductivity profiles over the selected dimater of measuring planes P1
(left)and P2 (right) corresponding to the nominal flow rate of 6 I/sand axial inflow.

6.9. Qnom =5.51/s, fully developed cavitation
Theresults of the 5.5 I/s discharge show the same observations as were described in case of the 6 I/s as

it is clearly depicted in the Figure 188 and Figure 189.
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Figure 188 Conductivity mapsin planes P1 (left) and P2 (right) correspondingto nominal flow rate of
5.51/s in case axial inflow.
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Figure 189 Comparison of the conductivity profiles over the selected dimater of measuring planes P1
(left)and P2 (right) corresponding to the nominal flow rate of 6 I/sand axial inflow.

6.10. 5 I/s, initial stage of cavitation
Slightly different structure of the conductivity maps compared to the operating points described above
correspond to the discharge of 6 I/s. The region of the higher conductivity close to thewalls of the nozzle
can be found in P1 planewhich is consequence ofthe reduced amount of gaseous phase contained within
the flow (Figure 190).

The mapsof conductivity captured in the P2 measuring plane are completely differentcomparedto
the more developed stages of cavitationdueto thecollapse of the coherentcavitating stru ctures upstream

the measuringplane.
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Figure 190 Conductivity mapsin planes P1 (left)and P2 (right) correspondingto nominal flow rate of
51/sin case axial inflow.

The comparison of the conductivity profiles (Figure 191) shows relatively significant discrepancy in
case of the P2 measuringplane. While in case of profiles obtained in the measuringplane P1, the values
correspondingto the DOWN direction are slightly higher close to the axis of the nozzle, the situation is
completely opposite in case of the P2 measuringplane. This observation imply that the cavitating flow
wasmore developed and coherent in case of the DOWN direction.
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Figure 191 Comparison of the conductivity profiles over the selected dimater of measuring planes P1
(left)and P2 (right) corresponding to the nominal flow rate of 5 I/sand axial inflow.

On the other hand, the conductivity values are lower in case of the UP direction in case of the
conductivity profiles measured in P2 for 5.25l/s and 4.75 I/s flow rates (i.e. operating points close to
the discharge of 5 I/s) in the Figure 192.
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Figure 192 Conductivity profiles corresponding to the nominal flowrates of 4.75 I/s (right)and 5.25
I/s (right) measured in the plane P2.

6.11. Final discussion of the EIT results

As it hasbeen shown, it was possible to clearly distinguish the regimes of cavitation as well asthe
general nature of the cavitating structures in the measuring planes based on the maps of conductivity.
Using these results, it was possible to observe differentgaseous phase distribution within the flow based
on the investigated configuration. On the other hand, results of the hysteresis analysis based on the
conductivity profiles provided only inconclusive results. Thus, the mean values of conductivity over the
whole measuringplaneswere calculated and depicted versus the corresponding values of averto exclude
the influence of the conductivity maps asymmetry. Asit is shown in the chartsin the Figure 193 devoted
to the experimental configuration includingthe SG and Figure 194 depicting charts of the axial inflow
analysis, the slightly higher values of conductivity canbe found in case of the DOWN direction. This is
in good agreement with the results of the resistivity and hydraulic loss analysisand it can be devoted to
the increase of the liquid temperature as it has been explained in the resistivity analysis discussion. It
should be noted, that slightly different shape of the conductivity maps was obtained for the
corresponding operating points based on the direction of the flowrate change. Using the above-
mentioned results, it shall be concluded that the hysteresis of the cavitation stage based on the EIT
analysis has not be proved. Nevertheless, it is possible that the potential change of the gaseous phase
within the flow based on the discharge gradient change direction is minor and therefore
undistinguishable due to other factors suchaswater temperature increase or the lowtemporaland spatil
resolution of the exploited EIT equipment.
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Figure 193 Averaged values of conductivity in case of the SG presence. P1 — left, P2 —right.

178



Cavitation induced by the rotation of liquid
Chapter: Investigation of cavitating flow using the computed tomography

AX-P1-UP AX-P1-DOWN AX-P2-UP AX-P2-DOWN
1.15 1.15
1.1 1.1
E 1.05 T 105
b g 2
£ 095 £ 0.95
= 09 = 0.9
0.85 0.85
0.8 0.8

04 05 06 07 08 09 04 05 06 07 08 09

Oyel (1) Oyel (1)

Figure 194 The averaged values of the measured conductivity on case of the axial inflow.
P1 —left,P2 — right.

The image of the gradualincrease of the gaseous phase amount within the flow can be provided by the
direct comparison of the mean conductivities obtained in measuring planes P1 and P2 during the
investigation. Seeing the chart devotedto the axialinflowa nalysis (Figure 195 - right), it can be stated
that the results between the values of conductivity is relatively significant only in case of avel between
the 0.65 and 0.75, which is caused due to the separation and consequent downstream motion of the
cavitating vortex rings. The results are completely different in case of the SG presence (Figure 195 -
left). As it can be seen the values of p remained relatively similar down to the over 0f 1.13 when the
straight axisymmetric cavitating vortex occurred. The discrepancy between the conductivity values
correspondingto the individual measuring planes remainedsignificantdown tothemost developed stage
of cavitationwhich was capturedby the EIT. During this regime, the coherent cavitating vortex lengths
was significantly larger than the distance of the P2.
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Figure 195 Comparison of the averaged conductivities measured in the plane P1 and P2 in case of SG
presence (left)and axial inflow(right)
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6.12. Comparison of the numerical results with the EIT analysis

The main purpose of the second part of the EIT investigation was to compare the distribution of the
conductivity with the distribution of the vaporvolume fraction obtained by the CFD. For the purpose,
the previously described numerical results were exploited, while the experimentally investigated
cavitationregimeswere set up using the butterfly valve mounted upstreamthe Venturitube.

Prior the description of the results several facts shall be emphasized. First, the analysis of the above
described CFD results was exploited in this section. Therefore, the in-depth description of the numerical
setting as well as the description of the computational grids can be found in the chapterdevoted to the
numericalanalysis of the cavitating flow.

The malfunction of the measuring plane P2 has occurred during this part of the experimental
investigation asit is clearly depicted in the Figure 196. The conductivity maps correspondingto the P2
measuringplane were highly distorted. This malfunction was probably caused by the severe vibrations
and consequent leakage of the EIT electrode. Since it was not possible to repeat the measurement, the
results obtained during the hysteresis investigation were exploited to describe the differences between
the CFD and EIT results in the P2 measuring plane. Operating points are therefore not completely
corresponding using this approach. It shall be kept in mind that the observed qualitative discrepancies
between the vapor volume fraction distribution and conductivity can be highly influenced by these
discrepanciesin case of the P2 measuringplane.
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Figure 196 Distribution of the conductivity in the measuring plane P2 distorted due to the malfunction
of the EIT measurement.

6.13. Cavitating flow influenced by the presence of the swirl generator —

comparison of the CFD and EIT results
The main disadvantage of the exploited EIT measuring equipment is clearly depicted in the following
images (Figure 198). The resolution of the EIT is significantly lower compared to the resolution of the
CFD analysis. Despite the low resolution of the EIT, it is still possible to state that the results are in
qualitative agreement in case of the measuringplane P1.

The volume fractionof the water is low in the centre of the cross section, which is in good agreement
with the drop of the conductivity values. The main discrepancy can be found close to the wall of the
diffuser. While in case of EIT results the highest values of the conductivity can be found in this region,
in case of the CFD results the significant water volume fraction drop is clearly captured. Asit hasbeen
described, this is one of the most significant discrepancies between the experimental and numerical
observations.

With the increasing cavitation number, the cavitation of the boundary layer downstream the throat
of the nozzle became less significantas it can be seen by the comparison of the watervolume fractions
correspondingto the P1 measuring planesand differentoperating regimes.

Interesting observation can be found in case of the ave of 0.76 (CFD). AS it can be seen the
cavitation of the boundary layer is less significant as it has been described. On the other hand, the
increase of the watervolume fractionclose to the centre of the measuringplane canbe foundin case of
the CFD result, while the valuesof conductivity are minimalin this region. This is probably caused by
the low resolution togetherwith the low sampling frequency of the EIT equipment.
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As it hasbeen described, the direct comparison of these methods in case of the P2 measuring plane
has been influenced by the malfunction of the EIT. Nevertheless, the general tendency of the volume
phase distribution is similar for both discussed methods. In case the most developed cavitation regime
(ove1 0.54), where the discrepancy between the cavitation number and investigated discharge based on
the discussed method is minimal, the good agreement between the water volume fraction and
conductivity distributions can be found. The presence of the liquid close to the walls of the nozzle is
corresponding to the increased values of the conductivity in this region. Also, the distributions of the
watervolume fractionand conductivity close to the centre of themeasuring plane are in good agreement.
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Figure 197 Qualitative comparison of the conductivity maps with the distribution of gaseous phase
obtained by the CFD analysisin case of the SG presence —part 1
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Figure 198 Qualitative comparison of the conductivity maps with the distribution of gaseous phase
obtained by the CFD analysisin case of the SG presence —part 2
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6.14. Cavitating flow in case of the axial inflow — comparison of the CFD and EIT
results

Thessignificant flaw of the EIT equipmentresulting from its resolution shallbe emphasized once again.
As it can be seen in the Figure 199, there is no significant increase of the conductivity close to the walls
of the diffuser in case of the EIT analysis. In contrast, the thin but significantlayerof the increased water
volume fractionclose to the wallsis clearly visible in case of the CFDresults. This is in good agreement
with the observed cavitating vortexrings which were surrounded by the liquid water in the region of P1
asit is clearly captured in the HS camera photos depicted in the Figure 176.

The comparison of the results corresponding to the P2 measuring plane is in relatively good
qualitative agreement in case of the avel of 0.56 where the discrepancy between the flow rate and
cavitationnumber between the EIT and CFD results is not so significant. On the other hand, the results

corresponding to the less developed cavitating flow are completely different as it can be seen in the
Figure 200.
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Figure 199 Qualitative comparison of the conductivity maps with the distribution of gaseous phase
obtained by the CFD analysisin case of the axial inflow —part 1
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Figure 200 Qualitative comparison of the conductivity maps with the distribution of gaseous phase
obtained by the CFD analysisin case of the axial inflow —part 2

6.15. Partial conclusions of the EIT analysis

Itis possible to detect the cavitation within the flowaswell asto distinguish the generalcharacter of the
cavitatingstructuresin the liquid flow using the exploited EIT measuringdevice. This can be done by
the analysis of the conductivity distribution overthe measuringplanes. The main disadvantages of the
exploited EIT device are represented by the low sampling frequency and low spatial resolution. Due to
the low sampling frequency it was not possible to investigate development of cavitating structures as
well as the overall dynamics of the cavitation based on the conductivity variation during the time.
Therefore, only the time-averaged maps of conductivity were exploited for the analysis and further
comparison of this method with the CFD results. The low spatial resolution can lead to the
undetectability of the less spatially significant (butimportant) flow characteristics. This was shown in
case of the axialinflowanalysis, where the thin liquid layersurroundingthe cavitating vortex rings was
not detected in the P1 measuringplane.

Thus, it can be stated that the exploited EIT device is more appropriate for the industrial
applications, where the precision on the smallspatialand temporalscales does not representimportant
requirement.

The cavitation hysteresis has been investigated in the first phase of the EIT measurement. The
transition from the cavitation-free regime to the fully developed regime of cavitation and vice versa has
been investigated in case of the axialinflow aswell asin case of the SG presence. Despite the fact that
some of the partial results suggested the the hysteresis presence based onthe minor differences between
the corresponding operating points, it is not enough to confirm the hysteresis based on the computed
tomography investigation. The main problem is the low spatialresolution of the EIT device as well as
the significant impact of the externalinfluences to the variation of the conductivity values. Mainly the
increasing temperature influenced the obtained values of the time-averaged conductivities as it was
shown. From this point of view, the results were influenced mainly in case of the SG presence due to
the increased hydraulic loss.
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The comparison of the EIT results with the numerically obtained phase distribution is highly
problematic due to the reasons which were described. Since the change of the measured conductivity is
gradual, itis impossible to distinguish the interphase region basedon the EIT results. On the other hand,
the qualitative agreement of the EI T results with the CFD analysis is good and the general properties of
the cavitation distributions were captured using both of these methods in case of the measuring plane
P1.

Unfortunately, the malfunction of the measuring plane P2 has occurred during this set of
measurements due to the significant vibrationsand consequent EIT electrodes leakage.
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Conclusions

The main goal of the thesis was to investigate cavitating flow induced by the swirl generatorwithin the
Venturi tube and compare its properties with the cavitating flow considering the axialinflow. Various
methods including experimental and numerical investigation of the problem (attempt of the EIT
application shall be emphasized) were exploited.

The wide range of the experimental data were obtained and some of them were corelated with the
unsteady multiphase numerical simulations which were carried out using OpenFoam and its
interPhaseChangeFoam solver. Using this approach, it was possible to identify typical cavitating
structures, their dynamics and other properties based on the different conditions. Thanks to the extent
of the investigation, it is possible to use the provided data asa background for further experimental or
numerical investigation. Since the results of numerical simulations are in great agreement with the
experimental data, it can be also stated that the proposed setting of CFD simulations was successfully
validated. Thus, it can be exploited for the further research of cavitation. Prediction of the cavitation
dynamics and connected increase of hydraulic loss can be predicted with great degree of confidence.
Utilization of the EIT forthe experimental analysis of the phase distribution was investigated. Since the
spatialand temporal resolution of the exploited equipment (EIT ITSp2+) was low, it wasnot possible
to provide proper validation of CFD results. Nevertheless, it can be stated that, at least from the
qualitative point of view, the EIT and CFD results agree relatively well. Detailed description of the
obtained results discussed in the thesis is provided in the following text.

The cavitation regimes were divided into 5 regions based on the analysis of the pipe-wall
acceleration. Typical flow patterns were described usingthe HS video records from the initial regime of
cavitation to the supercavitation. Similarities and discrepancies resulting from the experimental
configuration were described. The interesting flow patternswere observed in case of the initial regime
of cavitation and utilization of the swirl generator. The thin cavitating vortex was getting longer with
the decreasing value of the cavitation number. It was possible to observe helical vortex breakdown at
the tip of the vortex filament. With the further decreasing value of the cavitation number, the vortex
filament transformed into axisymmetric vortex similar to the full load vortex typical for the Francis
turbines operated underthe specific of-design conditions. This type of the cavitating flow transformed
into the form of conicalcavitatingvortex as it was captured using the high-speed video aswell asusing
the numericalanalysis.

In general, it was stated that the cavitating structures are considerably more compact in case of the
SG presence, where no significant separation was observed in the whole range of investigated operating
regimes.

On the otherhand, the separation of the cavitatingstructures which are entrained by the flow until
the collapse in the region of higher pressure was described in case of the axialinflow. These collapses
played a crucialrole during the cavitationcycle.

The onset of the stagnant (backflow) region within the conical cavitating vortex was observed with
the decreasing cavitation number in case ofthe SG presence. The gradual growth of this region upstream
the vortex end significantly affects the instability of this cavitating structure. The vortex partially
collapsed when the backflowregion reached the throat of the nozzle. The partial collapse accompanied
by the observable helical vortex breakdown was rapid and followed by very fast re-creation of the
cavitatingvortex.

The typical cavitating vortex rings were observed in case of the axial inflow. Size of these rings
was the larger, the lower was cavitation number up to the certain moment when the form of the ring
transformed to the massive cavitating clouds.

Supercavitation regime represents interesting type of the cavitation. Induced noise, vibrations and
pressure pulsations are minimal compared to the fully developed or initial stages of cavitation. This
observation is valid regardless investigated configurations. However, this is the first and the last
similarity which can be stated. The presence of the induced swirl completely changes the flow field
within the nozzle. Thus, the observed flow structuresand redistribution of the phases were completely
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different. The liquid jet close to the axis was observed in case of the axial inflow. The jet was surrounded
by the vapour, while in case of the introduction ofthe additional swirl by the generator, the stable conical
vortex occurred within the nozzle. This vortex was separated from the walls of the nozzle by the thin
layerof the liquid water.

The overall nature of the cavitating flow has been described using the analysis of the HS records
where maps of the time averaged values of the pixel intensities and values of the corresponding standard
deviations (RMS images) were processed in form of 2D maps describing the whole range of the
investigated operating regimes of individual flowrates. These charts were exploited to support the
abovementioned observations.

The last part of the HS video analysis was devoted to the investigation of the cavitation dynamics.
For this purpose, the in-house codes were created using the Python programming language. The first
method utilized the spectral analysis of the pixel intensity fluctuations, where the source pixel was
chosen automatically from the preselected region of interest. The second approach was based on the
proper orthogonal decomposition (POD) of the captured records. The overall results obtained using both
methods were in good agreement. However, each approach has some specific advantages and
disadvantages. Spectral analysis of the pixel intensity fluctuations is faster and relatively robust
consideringthe semi-automated choice of the source pixel. On the otherhand, the POD provides deeper
insight into the investigated phenomenonsince the capturedrecord isdecomposed into finite number of
modeswhich can be investigated separately. Moreover, the POD seemsto be even more robust, which
is convenient in case of the processing of large number of the video records. Despite these differences,
the overallresults were in good agreement. It was stated that the frequencies of the cavitating structures
pulsations were decreasing with decreasing value of cavitation number. It was also stated that the
frequenciesare related to the investigated flow rate, whereas value of the frequency was proportional to
the value of the investigated flow rate considering the constant value of the cavitation number. The
induced swirl also increased the frequency ofthe pulsations. However, the actual pulsations were not as
severeasin case of the axialinflow. This is in agreement with the experimental measurement. It should
be also noted that the results of the HS video analysis were correlated with the spectral analysis of
pressure fluctuationsaswellaswith the spectralanalysis of the pipe-wallacceleration. It was stated that
the results were in good agreement with the pressure pulsations analysis. In case of the pipe-wall
acceleration the partial agreement was also found. The pulsations corresponding to the pipe-wall
acceleration analysis were noisy and dominant frequencies of this particularanalysis differed from the
analysis of the pressure pulsations. Nevertheless, it was possible to identify the desired frequencies
within the pipe-wall acceleration spectra as locally significant peaks. Thus, it was concluded that the
results of the HS video analysis can be trusted.

The cavitating flow properties were investigated experimentally using the analysis of pipe-wall
acceleration, acoustic pressure, acoustic emission and pressure records. These quantities were
significantly affected by the cavitation. Thus, it was possible to identify properties specific for the
individual cavitationregimesaswellasto correlate results correspondingto flowaffected by the induced
swirl with the axialinflow. First part of the chapterwas devoted to the description of the time -averaged
values of fluctuations magnitude using which was carried out using the analyses of the pipe-wall
acceleration, acoustic pressure and pressure records. As it was said, the course of the meanvalues of the
magnitude of pipe-wallacceleration fluctuations a was utilized for the description of the five different
regions of cavitating flow. The actual values were proportional to the investigated flow rate while the
vibrations induced by cavitating flowwere more severe in case of the axialinflow in most of cavitation
regimes. The first exception was supercavitation, where the vibrations where higher in case of the SG
presence. This is possibly caused due to the different redistribution of the phases over the cross section
of the nozzle based on the experimental configuration. The second exception is the initial regime of
cavitationwhere the vibrations were more significant in case of the cavitatingvortex presence.

Specific drop of the values corresponding to the different cavitating structures in the region of initial
cavitationwas described usingthe analysis of 4 I/s flowrate considering presence of the SG.
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It can be statedthat the vibrations of the test riginduced by the cavitationbecame more severe with
the decreasingvalue of cavitation number, up to the certain moment when amountof the gaseous phase
within the flow became sufficient to dampen these vibrations. This moment defined the transition
between the 2™ and 3™ region of cavitating flow. While both regions are typical by the periodical
pulsations of the cavitatingstructures, the observed amount of cavitation is significantly lower in case
of the less developed regime. The observed values of the time averaged fluctuations of pipe-wall
acceleration dropped rapidly with the further decreasing cavitation number until the transition to the
supercavitation andsupercavitation itself.

The analysis of the acoustic pressure captured using the microphone was carried out in the same
manner. Fluctuations of the noise were more severe in case of the axial inflow. Nevertheless, the values
corresponding to the swirl generator presence were higher in case of the initial regime of cavitation
similarly to the pipe-wall acceleration analysis.

Provide analysis of the pressure was slightly more complex. Beside the courses of time-averaged
values of pressure fluctuations obtained usingthe Kistler pressure transducer, the time-averaged values
of pressure captured usingthe BD transducersp1, p2 and p3 were described to discuss utilization of the
p3 pressure transducer for the evaluation of the cavitation number and hydraulic loss coefficient.
Regardingto the analysis of the pressure fluctuations, it can be stated that the presence of the cavitation
leads to the significant increase of these values. Time-averaged values of the pressure fluctuations
magnitude were higher in case of the axial inflow with exception of the initial cavitation similarly to the
acoustic pressure and pipe-wall acceleration analysis. On the other hand, the values corresponding to
the supercavitation were more or less same regardless the experimental configuration.

Dynamics of the pipe-wall acceleration, acoustic emission, acoustic pressure and static pressure
affected by the cavitating flowwere investigated usingthe analysis of the signal variance. In general, it
can be statedthat the fluctuations are more severe in case of the axial inflow, which is consequentto the
nature of the cavitating flow patterns and typical courses of the cavitation cycles.

The investigation of the acoustic emission and pressure fluctuations were complemented by the
spectralanalyses of the captured signals.

The main purpose of the AE analysiswasto describe the higher frequenciesin order of thousands
of hertz and more. The results were affected by the oversaturation of the AE transducer in case of the
highest flowrates, especially in case of the axial inflow. Thus, 5 I/s flow rate was considered for the
purpose of the discussion of the results. Since the results which are discussed are under the lower
threshold of the recommended operational range of the transducer, the frequency response of this probe
was provided. The cavitation inception was nicely captured using the acoustic emission probe in case of
the SG presence. As it has been shown the cavitation regime significantly influenced the obtained
frequency spectra. Nevertheless, with the occurrence of the cavitation it was possible to observe
significantamountof thesignalnoise between the 5 kHz and 30 kHz frequencies. Beside that significant
peaks between the 35 — 36 kHz occurred. Nevertheless, it was stated that these frequencies are not
induced by the by the cavitation but correspondto the resonance frequency of the utilized transducer. It
was shown that the maximum amplitudes are higher in case of the axial inflow, with exception of the
less developed regimes of cavitation. This is in good agreement with the previous observations. The
influence of the flow rate valuewasalso discussed, and it was stated that the increase of theinvestigated
discharge leadsto the increase of the AE fluctuations.

Interesting observation was done in case of the pressure fluctuations variance. While the increase
of the pressure variance with the decreasingvalue of the cavitation numberwasmore or less gradualin
case of the axialinflow, significant peaks of this value were found close to the transition from the initial
stage of the cavitation to the fully developedregime and in case of the beginning of the transition to the
supercavitation when the flowwas affected by the introduced swirl.

The results of the whole range of the investigated flowrates were provided in this chapter. Itwas
stated thatthefrequencies of thecavitation volumefluctuations were higher in case of the swirl generator
presence, which is in good agreement with the previousresults. The influence of the cavitation number
was discussed using the different definitions of the cavitation number. It was stated, that the definition
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over Neglects significant radialand tangential component of the velocity in case ofthe SG presence, which
was shown using the comparison of the dimensionless Strouhalnumbers provided asa function of ova
utilizing the bulk velocity within the throat of the nozzle and opres Which was based on the pressure drop
across Venturinozzle. It was shown that the values of the Strouhal number correspondingto the similar
cavitation numbers are higher in case of the SG presence, regardless the exploited definition of the
cavitation number. Nevertheless, this difference was considerably more pronounced in case of the gpres
utilization. It was shown that the decrease of the identified frequencies was gradual (with decreasing
value of apres), Whereas it became considerably faster in case of the large cavitating structures presence.

The experimental investigation was complemented by the numericalanalysis considering 6 I/s flow
rate which was carried out using the OpenFoam v1606+ and its interPhaseChangeFoam solver. The
numerical settings which were exploited duringthe investigation were based on the previous experience
with the analysis of the cavitating flowwithin Venturi tube. The main purpose of the investigation was
to verify capabilities of the chosen solver and setting from the cavitation dynamics and hydraulic loss
points of view. In the first step, the fullgeometry including the swirl generator was utilized. The analysis
was carried out using the different densities of the computational grid. It was stated that the results
provided by the finer mesh are in better qualitative agreement with the observed cavitating structures.
Above that, the prediction of the hydraulic loss coefficient was more precise in case of the finer grid.
Thus, the further analysis was carried out using the finer computational grid. The influence of the
cavitation number definition was discussed using the Kinetic energy correction factor acor calculated
close to the leadingedge of the throat of the nozzle in case of the SG presence. The mean value of acor
calculated usingthree different operating points was utilized for the correction of the experimental result
considering same nominal discharge. It was shown that the corrected experimental results are in
surprisingly good agreement with numerical data considering the velocity magnitudes forthe calculation
of averand &. It should be stated thatthe values of the hydraulic losses are slightly underpredicted in case
of the SG presence which contrasts with the analysis of the axial inflow which provided slightly
overpredicted results. Nevertheless, it can be stated that the predicted tendency and growth rate of the
hydraulic losses with the gradual development of the cavitation were well-predicted regardless the
experimental configuration.

The main disadvantage of the simulations considering the whole geometry including the SG was
unbearable computationaltime. Thus, it was practically impossible to use this approach forthe proper
investigation of the cavitation dynamics consideringwider range of operating points.

Therefore, the computational domain has been sliced downstream the spike of the swirl generator
and pre- calculated profiles of the velocity components and turbulentquantities were used asa boundary
conditions to mimic the upstream mounted swirl generator. This approach leads to 6.5 times faster
computational times of the investigated cases. The cavitation cycles were shown and influence of the
specific flow patterns on the cavitationdynamics was described. The same results were provided in case
of the axial inflow, where the whole length of the test section was utilized. Different redistribution of
the gaseous phase based on the experimental configurationwas discussed.

The spectral analysis of the pressure signals was carried out in order to identify numericaly
predicted frequencies of pulsations of the cavitating structures. These results were correlated with the
experimental results obtained using the POD analysis and analysis of the pressure fluctuations. It was
stated that the numerically predicted frequencies agreed well with the experimental data regardless the
experimental configuration.

Last partof the thesis is devoted to the experimental focused on the investigation of the cavitating
flow using the computed tomography. The experimentalinvestigation was carried outin the hydraulic
laboratory of Technical University in Liberec using their EIT ITS p2+electricalimpedancetomography
device. The tomography measurement was carried out in two cross-sections downstream the throat of
the nozzle. The measurement was focused on the initial and fully developed stage of cavitation dueto
the characteristic of the test bench and utilized pump. The hydraulic losses during the transition between
these regimes were discussed before the discussion of the EIT results.
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The EIT investigation was divided into the two parts. First part was devoted to the investigation of
the cavitation hysteresis during the transition of the cavitation regime and comparison of the obtained
conductivity profiles based on the experimental configuration. Unfortunately, the time and spatial
resolution of the exploited device was low. Thus, the time averaged profiles were created and used for
discussion. From the qualitative point of view, it was possible to identify the redistribution of the gaseous
phase overthe measuringplanes. Nevertheless, due to the low spatialresolution it was not possible to
capture details of the observed flow patterns such as thin liquid layer close to the throat of the nozzle in
case of theaxialinflow. Therefore, it can be stated thatthe exploited EIT device isappropriate in a case
where is no possibility of visual inspection of the cavitating flow to identify general properties of the
cavitatingstructures, but theadvantage of the applicationof this measurementin case of the transparent
test section was minor.

The potential hysteresis of the cavitating structures was investigated during the transition from the
cavitation-free regime and vice versa. This investigation complementsthe previously published results
of the hysteresis analysis in case of the axial inflowandtransition between the fully developed cavitation
and supercavitation. Some of the identified differencesbased on the flow rate change direction suggest
that small discrepancy between the corresponding operating points exist. Nevertheless, the actual
presence of hysteresis cannot be confirmed based on the obtained results due to the above-mentioned
shortcomings of the experimental device and since it was not possible to fully take into account the
influence of the watertemperature increase duringthe measurement.

The results of the EIT measurement considering 6 I/s flow rate were compa red with the results of
the CFD analysis forthe selected operating points in the last part of the investigation. It should be noted
that the malfunction of the P2 measuring plane occurred during the measurement. Thus, it was not
possible to use these results and the results correspondingto the different flow rates with similar
cavitationnumberwere utilized forthe discussion. In general, it can be stated that the distribution of the
gaseous phase overthe cross-section predicted by the CFD were in good agreement with the nature of
the conductivity maps. On the other hand, it was not possible to capture some of the typical flow
properties using the EIT due to its low spatialresolution as it was mentioned.
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Nomenclature

ACRONYM UNIT DESCTIPTION

p Pa Static pressure

T K Temperature

r m Radial coordination

o N-m™* Surface tension

t S Time

v m-s* Velocity

XY,z m Coordinates

P kgs™ Density

Q st Vorticity

r m?s? Circulation of the velocity

R m Radius

Vi m?-s* Eddy viscosity

k m?s Turbulent Kinetic energy

€ m?s Turbulent dissipation rate

\Y, m3 Volume

o 1 Volume fraction

nB 1 Numberof bubbles

f st Hz Frequency

HU 1 Hundsen number

Sn 1 Swirl number

Q m3s?, Is Discharge

Qu m3s? Specific discharge

a m-s™ Acceleration, Mean values of the magnitude of the
pipe wall acceleration fluctuation

E 1 Hydraulic loss coefficient

Lp dB Sound level
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INDEX Meaning
vap Saturatedvapor
I Liquid

B Bubbe

gas Gas

sur Surrounding
amb ambient

sur surrounding
0 Initial

i Reference
tan tangential
ax axial

c core, condensation
r radius

e evaporation
samp sampling
ax axial

tan tangential
vel velocity
pres pressure

th throat

ABBREVIATION DESCTIPTION

CFD Computational Fluid Dynamics

FFT Fast Fourier Transform

ACC Accelerometer

AE Accoustic emission

DFT Discrete Fourier transform

fps frames persecond

FSI Fluid Structure Interaction

HS High-speed

LDV Laser Doppler Velocimetry

LED Light-emmitingdiode

LES Large Eddy Simulation

Mic Microphone

P1 Measurtingplane 1, closer to throat of the nozzle (EIT measurement)
P2 Measurtingplane 2, (EIT measurement)

PIV Particle Image Velicimetry

POD Proper Orthogonal decomposition

pX pixel

RMS Value of the standard deviation of the pixel intensity fluctuations
ROI Region of Interest

RSM Reynolds Stress Model

SAS-SST Scale-Adaptive Simulation - Shear Stress Transport
SG Swirl Generator
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