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FORMATION

MODELOVANI PROUDENI V KUZELU A VZNIK KAVITACE

Abstract

Problem of cavitation is the undesirable phenomena occuring in the fluid flow in many
hydraulic application (pumps, turbines, valves, etc.). Therefore this is in the focus of interest using
experimental and mathematical methods. Based on cavitation modelling in Laval nozzle results and
experience [1], [2], [4], following problem described as the water flow at the outlet from turbine
blade wheel was solved. Primarily the problem is simplified into modelling of water flow in cone.
Profiles of axial, radial and tangential velocity are defined on inlet zone. The value of pressure is
defined on the outlet. Boundary conditions were defined by main investigator of the grant project —
Energy Institute, Victor Kaplan’s Department of Fluid Engineering, Faculty of Mechanical Engineer-
ing, Brno University of Technology. The value of air volume was insignificant. Cavitation was
solved by Singhal model of cavitation.

Abstrakt

V tad¢ hydraulickych aplikaci se vyskytuje problém kavitace jako nezadouci jev, zvlasté pii
proudéni v Cerpadlech, turbinach, ventilech atd. Proto je stiedem zajmu zkoumani jak experimental-
nimi tak matematickymi metodami. Na zaklad¢ dosavadnich vysledkd a zkuSenosti pii modelovani
kavitace v Lavalové dyze [1], [2], [4] byl specifikovan problém proudéni vody ha vystupu
Z turbinového kola. ReSend tloha je zjednodusena na proudéni vody v kuZelu, kde na vstupu jsou
definovany profily rychlosti v axidlnim, radialnim a tangencialnim sméru a na vystupu je zadan tlak.
Okrajové podminky jsou zadany feSitelem grantu - Energeticky tstav, Odbor fluidniho inZenyrstvi
Viktora Kaplana, Fakulta strojniho inzenyrstvi, Vysoké uéeni technické v Brn&. Obsah vzduchu byl
zanedbatelny. Pro feSeni kavitace byl pouzity Singhaltiv model.

1 MATHEMATICAL MODEL

Liquid can be exposed to pressure decreasing by constant temperature condition. The pressure
may drop below the saturated vapour pressure, then the liquid column rupture is detected and the
process is called cavitation. The liquid contains micro bubbles of non-condensable gas (dissolved),
which under decreasing pressure may grow.

Mathematical model is defined for multiphase mixture consisted from water and vapour even-
tually air. For multiphase flow simulation the Mixture model is used. This model is advisable, when
the velocity of individual phase translation differs. Model provides phase changeover, for this occa-
sion the volumetric fractions of phases are defined.
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COﬂtIHUIty equation for the mixture has the form;
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where u,, ; is the mass-averaged velocity and p,, is the mixture density defined by expression.
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a, is the volume fraction of phase £ and » is the number of phases.

The momentum equation for the mixture can be obtained by summing the individual
momentum equations for all phases
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where f; is the outer force by weight, u,, . is used as the slip velocity and 4, is the viscosity of the
mixture:

M, = l;akyk (4)

Two-equation turbulent k& —& model is completed by equations for turbulence kinetic energy
k and dissipation rate ¢ transfer:
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where P and G are production turbulence kinetic energy due to tension and lift force.

The cavitation model is compatible with all turbulent models in Fluent.

The cavitation model can be used with multiphase Mixture model with or without slip
velocity. The system includes two phases (water and vapour). The mass fraction of non-condensable
gas is known beforehand and is assumed always as compressible.

The main liquid — water contains small amount of non-condensable gas (dissolved) [3]. This
gas can has significant effect on the cavitation area due to expansion at low pressures. The model is
assumed a mixture of the liquid (water) phase and gas phase. The gas phases consist of the water
vapour and non-condensable gas, which was insignificant in our case.

The density of the mixture p is calculated as:

p=a,p,+(1-a,)p, @)
where p, is the density of the liquid (water), p, is the density of the vapour, o, =1-«, is the
volume fraction of the liquid (water) and «, is the volume fraction of the vapour. The relationship
between the mass fraction and volume fraction is:
a = f, P ®)
Pk
where f, is the mass fraction of the phase k, «, is the volume fraction of the phase k, p, is the
density of the phase k .
The continuity equation in Singhal cavitation model has been used for two phases:
liquid phase:
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vapour phase:
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where R, p are the radius of bubbles and pressure respectively.

2 GEOMETRY AND GRID

Investigated problem is defined as three dimensional case. Hexahedral scheme of the grid was
created in software Gambit and used for numerical simulation. The grid consists of 40095 cells
(please see Fig. 1 and Fig. 2). The problem was solved numerically in software Fluent 12.

L7e

P340
@520

1500

Fig. 1 Scheme of region geometry.
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Fig. 2 The grid for numerical solution.

3 NUMERICAL PARAMETERS

3.1 Physical properties

Temperature of water is constant and equals 27°C (i.e. 300K), hence the physical model is
supposed isothermal (recommended in literature). The physical properties are defined in Tab. 1.
Tab. 1 Physical properties

density Viscosity
water 998.2 kg:m™ 0.001003 Pa-s
vapour ideal-gas 1.34.10° Pa's

3.2 Boundary conditions

Boundary conditions on the inlet were defined in accordance with measured data (profiles of
axial, radial and tangential velocities were added by VUT in Brno).

The problem is solved as multiphase flow, when water is the first phase and vapour is the
second one. Due to the time dependent character of the vapour flow in cavitation region the solution
is time dependent.
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Tab. 2 Boundary conditions

all regions temperature 300 K
inlet - mixture turbulent intensity 1%
hydraulic diameter 0.345 m
inlet — water, vapour velocity inlet radial velocity profile, Fig. 3 a)
tangential velocity profile, Fig. 3 b)
axial velocity profile, Fig. 3 ¢)
outlet - mixture outlet pressure 10000 Pa
cavitation conditions saturated vapour pressure 2367.8 Pa
surface tension coefficient 0,0717 N'm*
non-condensable gas mass fraction 1.5-10°
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3.3 Numerical algorithm and discretization schema
Based on cavitation solutions in Laval nozzle experience the algorithms and discretization
schema were chosen as mentioned in Tab. 3.

Tab. 3
numerical discretization schemes
algorithm for pressure for vapour for other variables
Piso Second Order Quick Second Order

It is necessary to solve the problem as unsteady state with time step of 0.001 s. The numerical
solution was stopped at 95,161 iteration, when the mass flow rate on the inlet equals to mass flow
rate on the outlet.
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Tab. 4 Mass flow rate.

mass flow rate - inlet 329.4305 kg-s™
mass flow rate - outlet -335.0788 kg-s™
difference -5.6483 kg-s™

Value of relative error is 1.715% (for the purpose of inlet and outlet mass flow rate
evaluation). This value of error is insignificant.

4 RESULTS OF THE NUMERICAL SOLUTION

The numerical results are characterized by axial and tangential periodical flow of water. In the
middle of the input part of the cone the cavitation rope is formed. It is rotated around the cone axes
and moved in axial direction. This periodical character is observed in case of pressure, vapour and
velocity field. It is obvious, that pressure minimum is given by saturated pressure. On the Fig. 4 the
pressure distribution in three different times in axial direction and in three cross-sections
supplemented by isosurface of saturated pressure is shown.

a) b) c) d)

S

¥
Fig. 4 Pressure distribution in section along the axes in different times (a), b), ¢) and in three cross-
sections supplemented by iso-surface of saturated pressure (d)), p (236816744 Pa

Q&

In Fig. 5 in the same sections the value of vapour volume fraction is described.
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d)

b
Fig. 5 Values of vapour volume fraction in section along the axes in different times (a), b), ¢) and in

three cross-sections supplemented by iso-surface of volume fraction 0.5 (d)). « e <0,1>

5 CONLUSION

The main goal of the work was to model mathematically the cavitating rope. Currently the
problem was defined mainly as the water flow in cone to simulate simply the water flow on the
turbine blade wheel outlet. Still this task was solved using one-phase model, where the existence of
cavitation region was specified by pressure value lower then value of saturated pressure. This
approach is illustrative because of non-realistic value of pressure and other hydraulic variables.
Therefore the case was solved as multiphase flow. Profiles of axial, radial and tangential velocity
were defined on the inlet, which were gained from experiment, see Fig. 3. Pressure condition at outlet
was determined by numerical testing. Simulation results have shown that it is possible to reach the
cavitation zone at pressure of 10 000 Pa on the outlet (please see Fig. 4). From evaluation of water
vapour in section along the axes in different times (see Fig. 4 a), b), ¢)) and from space iso-surface
(see Fig. 4 d)) it is evident, that the solution is time dependent and periodic. Similar behavior is noti-
ceable on other hydraulic variables as pressure, velocity etc. By monitoring these value it was de-
tected, that periodicity was observed in tangential as well as axial direction. It is interesting, that the
solution was converged and the results respond the real idea using relatively small number of cells.

In the future the work will be extended to evaluation of pulsation flow and natural frequency
definition. But it is computer time demanding problem. Numerical solution will be compared with
physical experiment prepared by Energy Institute, Victor Kaplan‘s Department of Fluid Engineering,
Faculty of Mechanical Engineering, Brno University of Technology.

GA CR ¢&.101/09/1715 Cavitating Vortical Structures Induced by Rotation of Liquid
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