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Abstract

In the article, validation of results of numerical simulations of cavitating
flow in a convergent-divergent nozzle is presented. In validation, a new
optoelectronic system is used in order to extract the changes in the bubbles
volume fraction of the mixture in freely specified cross-sections. Three
homogeneous models (Schnerr and Sauer, Singhal et al. and Zwart et al.)
are analysed. The assessment of usefulness of the new system in
experimental measurements of cavitation is the main aim of the article.
Looking for new opportunities to replace image analysis, which is
a traditional validation method in numerical simulations of cavitating
flows, is motivation for the research. The results obtained with the use of
the system show a good agreement with the simulation’s results for the
two chosen cross-sections. The described optoelectronic system gives
promising results and can be regarded as an alternative to traditional
validation methods in the cavitation research area.

Keywords: cavitating flow, numerical simulations, homogenous models,
optoelectronic validation.

1. Introduction

The cavitation phenomenon is one of the most exploited topics
in the area of research on fluid flow. It consists in growth of
vapour bubbles of a given fluid under the influence of drop in
pressure below the saturated liquid pressure. Cavitation is
common not only in fluid machinery, but also in hydraulics
systems. The main reason for interest from scientists is cavitation
erosion, which accompanies this phenomenon. It causes inter alia
surface damage, noise and vibrations [1-3]. The best solution
would be completely avoiding of cavitation what is unfortunately
impossible. However, within our capabilities is numerical
prediction of this phenomenon. The better the assessment level
between prediction and experimental results, the better is
perspective to find measures decreasing its negative influence.
Knowledge of the location of the areas, where cavitation has high
intensity, could be a hint for designers to improve the material
properties in these places or to make changes in the construction
to minimalize the risk of destruction.

To obtain information about the assessment level, two basic
tools are necessary. One of them is software with an algorithm
concerning the mathematical description of cavitation; the other is
system collecting data for validation process. The oldest and most
prevalent method in experimental investigation is high-speed
photography. It allows registering the changes in dimensions and
intensity of cavitation area within a specified time. The obtained
images should be qualitatively and quantitatively analysed [4-6].
Over time, the holography was introduced also for that purpose [7,
8]. In cavitating flow measurements, Particle Image Velocimetry
(PIV) application can also be found, which is common particularly
in flow analyses. This system allows a really precise monitoring of
the trajectory of fluid molecules [9, 10]. To other methods belong
method applying double optical probe and X-ray [11-14]. Double
optical probe is used to extract the local void fraction of liquid-
vapour mixture. Using this tool is connected with the interference
in the considered system, which can cause disturbances in the
analysed flow [11-13]. X-ray measurements do not give answer
about the forming of cavitating flow in a specified period and are
controversial because of the potential risk connected with the
harmful radiation [14]. The choice of the method, which is most
suitable for the specified problem, depends on the laboratory stand
construction and on the financial abilities. To the other considered
aspect belong measurement accuracy, safety and usefulness of the

obtained data, especially in relation to the numerical simulations
results.

2. Theoretical background

There are many methods applied in numerical simulations of
cavitating flows. The most common method is the so-called one-
fluid method with the homogeneous approach. In this method,
fluid is a mixture of liquid and its vapour with an averaged
density. The governing equations for mass, momentum and energy
are:
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where: p — liquid density, kg/m3, t — time, s, u — velocity. m/s,
p — local fluid pressure. Pa, T™ — viscous molecular stress tensor,
kg/(m's*), TR — turbulent Reynolds stress tensor, kg/(m's®),
S, — intensity of the mass forces source, N/m’, e — energy, J,
g™ — molecular heat flux, kg/(m's?), gR— turbulent heat flux,
kg/(m-s?), §, — intensity of the energy source, N/m’, are solved for
all phases together [15, 16].

For the homogeneous approach, the additional transport
equation is characteristic. In the most cases this transport equation
bases on the bubble dynamic equation presented by Plesset [17]:
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where: R — the initial bubble radius, m, py, — saturation vapour
pressure, Pa, p;, — liquid density, kg/m3 , o — surface tension, N/m,
; — liquid dynamic viscosity, Pa's. Generally, the transport
equation is expressed in terms of change of vapour volume:
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where: o — void fraction, dimensionless, a, — vapour void fraction,
dimensionless. The transport equation is expressed in form of
mass transfer rates (called source terms):
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that have different forms for condensation (increase of liquid mass
m™*), when the local fluid pressure increases above the saturated
vapour pressure and evaporation (decrease of liquid mass m™),
when the local fluid pressure drops below the saturated vapour
pressure.

The history of homogeneous models started in 1992. In this year,
Kubota et al. presented first model called Local Homogeneous
Model (LHM) [18]. Because of its instability scientists started to
look for another version of source terms. Until today more than
twenty models has been published [19-25]. Several works present a
summary of the most important source term [3, 26-30]. The most
detailed description of the homogeneous models contains the work
by Niedzwiedzka et al. [30].
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In the presented article, three homogeneous models are
analysed: Schnerr and Sauer, Zwart et al., and Singhal et al.
Schnerr and Sauer presented their model of transport equation in
2001 [23]. This model do not have condensation and evaporation
constants. It requires only quantitative values of the physical
parameters. The source terms of the transport equations for
condensation (mmt) and evaporation (m~) are formulated as
follows:
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where: p, — vapour density, kg/m’, p,, — mixture density, kg/m’.

The next used model is Singhal [24]. This model, called Full
Cavitation Model, was formulated in 2002 and became the first
commercially used. Its form of source terms takes into account the
content of more constituents than other, shown above, solutions.
The mass transfer rates for condensation (7h*) and evaporation
(™) have a following form:
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where: C, —  condensation constant,  dimensionless,

P
C, — evaporation constant, dimensionless, £ — local turbulent

kinetic energy, m%s® f, — vapour mass fraction, dimensionless,
Jo—noncondensible gases mass fraction, dimensionless.

Zwart et al. [25] presented their homogeneous model in 2004. In
this model, the vapour volume fraction in the evaporation rate is
replaced with the product of the nucleation site of volume fraction
(0tuue) and the remaining fluid volume fraction (1-a,). The source
terms of model proposed by Zwart et al. are expressed in
a following form:
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3. Experimental Setup

The test rig is shown in Fig. 1. Its detailed description can be
found in [31].

Fig. 1. The test rig [31]

The test rig is coupled with an optoelectronic registration system
(Fig. 2). Its construction bases on lasers and photoresistors. These
are placed in specified cross-sections in order to extract changes in
the bubbles volume fraction of the mixture. The idea of the
measurements bases on the assumption that cavitation leads to
diffusion of lasers light on the vapour bubbles.
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Fig. 2. The diagram of the registration system

The analysed geometry of the converging-diverging nozzle is
presented in Fig. 3. The angles of converging and diverging
sections have both 45°. The throat has diameter of 3 and length of
6 mm. The outside diameter of the nozzle is 50 mm.
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Fig. 3. Cross-section of the analysed converging-diverging nozzle [31]

4. Numerical Simulations

Unsteady two-dimensional numerical simulations were carried
out in Fluent software (Ansys 14.5). Models presented in the
section 2 are available from Fluent interface. Vapour volume
fraction’s prediction in the specified cross-section is the aim of the
numerical calculations. The specified value of time step is 0.001 s.
The average inlet velocity is 0.5 m/s.

The geometry of the area analysed in the simulation process is
presented in Fig. 4. The total length of the area is 523 mm. The
distance from the left edge of the system to the left edge of the
nozzle is 70 mm. The analysed cross-sections are placed 60, 120
and 180 mm behind the right edge of the nozzle.

70 400

Fig. 4. The geometry of the analysed area

Using ICEM CFD, the structural quadrangle mesh was
implemented. In the numerical simulations, three mesh levels are
considered. The refinement scale is power of two and four of the



Measurement Automation Monitoring, Oct. 2016, no. 10, vol. 62, ISSN 2450-2855 33 1

basic cell structure. The detailed information about the mesh is
presented in Tab. 1.

Tab. 1. Mesh properties

Mesh level 1 Mesh level 2 Mesh level 3
Total elements 1244 4170 16898
Total nodes 1092 4175 16317
Min. surface area, mm? 0.086 0.019 0.004
Max. surface area mm? 78.092 19.523 4.880
Mean surface area mm? 24.863 6.216 1.554

5. Results and discussion

The timeframe for numerical simulations is 1 s. Fig. 5a-5c
present the results of vapour volume fraction’s changes for the
three chosen models and three specified mesh levels. From the
analysis of the results obtained using Schnerr and Sauer model can
be concluded that the changes have a regular character - it is the
best visible for the second mesh level. Along with increasing mesh
density grows the maximum value of vapour volume fraction -
from 0.012 to 0.018 (Tab. 2).
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Fig. 5. Changes in vapour volume fraction in time of 1 s for Schnerr and Sauer model
(5a— 1" mesh level, 5b — 2" mesh level, 5¢c — 3™ mesh level), Singhal et al.
model (5d — 1% mesh level, 5e — 2™ mesh level, 5f — 3" mesh level) and Zwart
et al. model (5g — 1 mesh level, 5Sh — 2" mesh level, 5i — 3™ mesh level)

In analyses made using Singhal et al. model (Fig. 5d-5f), the
periodic character of phenomenon is no more visible. Increase of

mesh density do not have big influence on the maximum value of
vapour volume fraction, which is about 0.2 (Tab.2). From the
analysis of the diagrams obtained using Zwart et al. model (Fig.
5g-51) can be concluded that the changes do not have a regular
character, but unlikely the results shown in Fig. 5d-5f, more than
one peak is marked. The maximum value of vapour volume
fraction varies from 0.015 to 0.027 (Tab. 2). For all the diagrams
common is that maximum values of vapour volume fraction for
the first cross-section are noticeable and minimum values are
noted for the third cross-sections.

Tab. 2. Maximum values of vapour volume fraction for the chosen models and
specified mesh level.

Mesh level 1 Mesh level 2 Mesh level 3
Schnerr and Sauer 0.012 0.016 0.018
Singhal et al. 0.023 0.017 0.022
Zwart et al. 0.015 0.027 0.022

The optoelectronic system do not give a direct answer about the
content of vapour in the analysed fluid. The obtained information is
the change of the voltage measured on the photoresistors. The
simplest validation method is comparison of the shapes of the
passages achieved from numerical simulations and experimental
data. Fig. 6a — 6¢c present the juxtaposition of the data from
numerical calculations with the voltage signal measured on the
photoresistors for the first, second and third cross-sections,
respectively. Interpretation of the diagrams obtained from numerical
simulations is simple. Higher above the basic level the peaks,
vapour fraction is forming. The analysis of voltage signal requires
another approach. The voltage signal decreases because of light
diffusion on the vapour bubbles and a larger vapour fraction in the
analysed cross-section results in more significant signal decrease.
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Fig. 6. Comparison of vapour volume fraction and the voltage signal for the cross-
section: a) the first, b), the second, c) the third

From the comparison of vapour volume fraction from numerical
simulations with the voltage signal for the appropriate cross-sections
it can be concluded that in case of the first and second cross-sections
a close relationship between the graphs is observable.
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6. Conclusions

Based on the analysis of the results of numerical simulations and
experimental measurements the following concluding remarks can
be drawn:

e a new approach in cavitation diagnostics is presented;

o the shape of cavitation cloud to the second status is relegated,
the main role plays vapour volume fraction;

e comparison of the vapour volume fraction from numerical
simulations and the voltage signal from measurements shows
a good coherence for the first and the second (out of three)
analysed cross-sections;

o three-dimensional analyses should be considered in further steps;

o the new validation method seems to be useful and should be
further investigated.
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