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Abstract

This work is devoted to determining the effect of mesh density and mesh type on cavitation cloud volume gen-
erated during the flow of water through the cavitation tunnel. The numerical analysis was carried out on a water
model based on a cavitation tunnel located at the Institute of Water Problems of the Bulgarian Academy of Sci-
ences in Sofia, used to test the resistance of construction materials to cavitation erosion. A numerical analysis
is performed for four different types of grids: polyhedra, poly-hexcore, hexcore, and tetrahedral. These grids
have five different maximum cell sizes: 0.0025, 0.0020, 0.0015, 0.0010, and 0.0005 m. A numerical analysis
is performed using commercial CFD software — i.e., Ansys Fluent 2023 R1. The Schnerr and Sauer cavitation
model and the k-omega viscous model for shear stress transport (SST) are used. This paper analyzes the quali-
tative parameters of the quality of the grid, distribution of velocity, pressure, average cell volume, and volume
of cavitation cloud consisting of 90% volume vapor fraction. Based on the numerical analyses, it is shown that
the basis for obtaining accurate results of the CFD simulations is not only the qualitative parameters of the grid

but also its density.

Introduction

Cavitation is the process of formation of vapor
bubbles that grow and then collapse as the pressure
recovers above vapor pressure, causing implosion
(Plesset, 1949; Plesset & Chapman, 1971; Bren-
nen, 1995; Young, 1999; Franc & Michel, 2004).
The implosion of cavitation is an effect of pressure
change from the area of its low value to a region
of elevated pressure, causing condensation of steam
that fills the cavitation bubble. The implosion phe-
nomenon occurs at very high velocity (exceeding
100 m/s), and, in such a case, the time of growth and
decay of a cavitation bubble is in the order of mil-
liseconds. A cavitation is a form of wear that com-
monly damages propellers, turbine blades, valve
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seats, or any material in proximity to collapsing
bubbles. Undesirable effects of cavitation are main-
ly erosion, noise, and loss of performance in flow
machines (pumps, water turbomachinery, and oth-
ers) (Liu et al., 2014; Muttalli, Agrawal & Warud-
kar, 2014; Szala & Lukasik, 2016; Sanchez Ocafia
et al., 2018; Hu, Yang & Cao, 2020; Hu, Yang &
Shi, 2020). Cavitation is prevented by using more
resistant materials (often by changing the properties
and structure of the material itself), adding inhibitors
to the liquid and changing the design of machinery
and flow equipment (Zasada, Sienkiewicz & Jasion-
owski, 2015; Jasionowski, Polkowski & Zasada,
2018; Lin et al., 2018; Zakrzewska & Krella, 2019).
In recent years, an increasingly popular method
of understanding the phenomenon of cavitation
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and its occurrence is the use of computational fluid
dynamics (CFD) (Jasionowski & Kostrzewa, 2018,
2023; Johnsen & Colonius, 2009; Miiller, Helluy
& Ballmann, 2010; Lauer et al., 2012).
For numerical simulations of cloud cavitation,
the Eulerian-Lagrangian approach is most commonly
used, in which the pressure field is used to calculate
the dynamics of the bubbles. The Eulerian-Lagrang-
ian method combines the averaging approach and
the Lagrangian approach; it solves the dynamics
of the mixture on an Eulerian grid, while tracking
the dynamics of Lagrangian point bubbles at the sub-
grid scale. The Eulerian-Lagrangian method is free
from the spatial limitation in the averaging approach-
es as well as from the constraint on the wavelength
of the far-field pressure in the Lagrangian point-bub-
ble approaches. Accurate simulations of cloud cav-
itation are in high demand for such applications,
yet they are challenging due to the complex, multi-
scale nature of the interactions among the dynamics
of'small, dispersed bubbles and pressure waves prop-
agating in the liquid (Naudé & Ellis, 1961; Rasthofer
et al., 2017; Tiwari, Pantano & Freund, 2015).
A very important step in the process of analyzing
and simulating CFDs is generating a grid. The pro-
duction of a high-quality mesh is extremely import-
ant to obtain the correct solutions and guarantee
the stability of the numerical analysis. Grid gener-
ation is a very difficult process in which decisions
have to be made on the arrangement of discrete points
(nodes) throughout the computational domain and
the type of connections for each point. The quality
of the grid very often leads to the success or failure
of numerical simulation. Improving the resolution
of a compute grid by reducing or increasing the size
of the grid cells leads to more accurate simulation
results at the expense of the time needed to perform
the calculations (Thompson, Warsi & Mastin, 1985;
Peyret, 1996; Liseikin, 1999).
CFD simulations are performed for two different
models: 2D and 3D. For 2D models, cells with reg-
ular shapes are most commonly used, while for 3D
models with complex geometry, grids with irregular
shapes of cells are used. Four types of volume mesh
are most commonly used for creating 3D models
(Ansys 2024):
* Polyhedral meshes have more neighboring cells
compared with tetrahedral cells and, thus, more
easily capture gradients with far fewer cells (rec-
ommended for recirculating flows).

* Poly-hexcore meshes fill the bulk region with
octree hexes, keeping a high-quality layered poly-
prism mesh in the boundary layer and conformally
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connecting these two meshes with general poly-

hedral elements.

* Hexcore meshing is a hybrid meshing scheme that
generates Cartesian cells inside the model and
tetrahedral cells close to the boundaries. Hexcore
meshing has fewer cells and is fully automated,
which is used to handle complex geometries,
internal walls, and gaps. The hexcore meshing
scheme is applicable to all volumes but is main-
ly useful for volumes with large internal regions
and few internal boundaries, such as intrusions or
holes.

* Tetrahedral meshes lend themselves to automatic
meshing of very complex fluid volumes, however,
at the expense of very high cell counts (typically
3—4 times higher).

Obtaining correct results using the numerical
CFD simulation depends on the type of grid used for
the analysis and its density. The quality of the grid
can be verified using the following parameters
(Ansys 2024):

e Aspect ratio calculation for triangles.

The aspect ratio of a triangle provides a compari-

son of the “height” and “width” of a triangle.

* Aspect ratio calculation for quadrilater-
als. The aspect ratio of quadrilaterals provides
a comparison of a long side to a short side
of the quadrilateral.

* Jacobian ratio. The Jacobian ratio is a measure-
ment of the shape of a given element compared
with that of an ideal element. The ideal shape
of an element depends on the element type.

¢ Warping factor. The warping factor is computed
and tested for some quadrilateral shell elements,
as well as the quadrilateral faces of bricks, wedg-
es, and pyramids.

¢ Parallel deviation. Parallel deviation is a mea-
sure of how much two parallel sides of a shape
deviate.

e Maximum corner angle. This is the maximum
angle between adjacent edges of an element. For
a triangle, the best maximum angle is 60 degrees.
For a quadrilateral, it is 90 degrees.

¢ Skewness. Skewness is one of the primary quality
measures for a mesh. Skewness determines how
close to ideal (equilateral or equiangular) a face
or cell is.

¢ Orthogonal quality. The range for orthogonal
quality is 0—1, where a value of 0 is worst, and
a value of 1 is best.

Note that the quality of the grid is based on
the ratio of the volume to the sum of the square
of the edge lengths for 2D quad/tri elements, or
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the square root of the cube of the sum of the square
of the edge lengths for 3D elements.

This paper describes the effect of mesh density
and type on the volume of the cavitation cloud gen-
erated during the flow of liquid in the cavitation tun-
nel. The main objective of this research is to deter-
mine the influence of the mesh type and its density
on the parameters of liquid flow and the formation
of the cavitation cloud. Taking into account the qual-
ity indicators of the grid, the accuracy of the results
of the flow simulation, and the volume of the cavi-
tation cloud, it is possible to determine the optimal
parameters of the numerical analysis. The optimal
selection of grid parameters allows us to fully utilize
the potential of the software to obtain accurate and
reliable results as well as to shorten the simulation
time.

Numerical model
The geometric model of a cavitation tunnel

A numerical analysis was carried out for a mod-
el of the geometric cavitation tunnel located at
the Institute of Water Problems of the Bulgarian
Academy of Sciences in Sofia (Steller & Giren,
2015). The numerical simulations were executed
using Ansys Fluent 2023 R1. The cavitation tunnel
located in the Institute of Water Problems is used to
test the resistance to cavitational erosion of different
materials. The model of the cavitation tunnel, with
a flow area of 0.0002 m? (i.e., a width of 0.040 m and
a height of 0.005 m) and a length of 0.260 m with
a cylindrical cavitator with a diameter of 0.020 m
placed at a distance of 0.090 m from the entrance to
the tunnel, is shown in Figure 1.

Mesh model

In this paper, the numerical simulations for
the cavitation tunnel were executed using the com-
mercial CFD software — Ansys Fluent 2023 R1.
The four types of meshing available in Ansys Fluent
2023 R1 were used for the simulation: polyhedral,
poly-hexcore, hexcore, and tetrahedral. These are
limited by the maximum size of a single cell in terms
of five variants: 0.0025, 0.0020, 0.0015, 0.0010,
and 0.0005m. The volume mesh models with
the 0.0025-m mesh variant are presented in Figure
2, while the exact geometric parameters of the mesh
are presented in Table 1.

The generated grids in Ansys Fluent 2023 R1, hav-
ing five variants in terms of cell size, were checked
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Figure 1. Model of the geometric cavitation tunnel

for quality by three basic parameters: orthogonal
quality, aspect ratio, and skewness. The orthogonal
quality parameter is calculated for cells using a nor-
mal vector to the cell surface, a vector from the cen-
ter of gravity of the cell facing the center of gravity
of the neighboring cell, and a vector from the center
of gravity of the cell facing the center of the wall.
The orthogonal quality parameter for all mesh types
is shown in Figure 3.

The best orthogonal quality parameter was
achieved by a polyhedral and poly-hexcore mesh;
the worst by a hexcore mesh. The orthogonal quality
for the tetra mesh was at a constant level. The param-
eter difference between the least and most compact-
ed mesh was only 2%.

The aspect ratio parameter is defined as the ratio
of the longest side of the figure to the shortest side
of the figure. The value of the shape parameter
starts with the value of 1, corresponding to the ideal
geometry. The lower the aspect ratio parameter val-
ue (a value of 1 is best), the higher the mesh quality.
The aspect ratio parameter is shown in Figure 4.

All types of meshes have a very low aspect ratio
parameter since, for all the variants tested, it is
less than 10. The best parameter is shown by two
meshes: hexcore and tetrahedral. In Ansys Fluent
2023 R1, skewness typically refers to the skewness
of elements in a finite element mesh. Skewness is
a measure of how distorted or non-ideal the shape
of an element is in a mesh. When performing numer-
ical simulations, a grid with high skewness can lead
to inaccurate numerical results and convergence
problems. Ideally, grid elements should be as close
as possible to regular shapes (e.g., triangles, quad-
rangles, quadrangles, and cubes) to ensure accurate
results. For high-quality 3D grids, the skewness
parameter should be 0.4. The skewness parameter
for all mesh types is shown in Figure 5.
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Figure 2. Mesh types with a cell size of 0.0025 m: (a) polyhedral, (b) poly-hexcore, (c) hexcore, and (d) tetrahedral

Table 1. Geometric parameters of the mesh model

Max. cel Polyhedral meshing Poly-hexcore meshing Hexcore meshing Tetrahedral meshing
size[m]  Cells  Nodes Faces  Cells Nodes Faces  Cells Nodes Faces Cells Nodes Faces
0.0025 45856 263674 299597 13035 76024 82613 258109 93190 598902 217979 46826 453643
0.0020 59626 342182 391991 14294 83225 90657 251827 96209 591787 289778 60298 600178
0.0015 82277 471234 544129 23364 135530 149622 240872 99777 576930 399926 80766 824583
0.0010 181431 1034115 1211061 61655 355551 400067 248375 106084 599950 910272 175616 1863543
0.0005 1517165 8648665 10289277 989822 3545076 5091880 1425547 804863 3642929 6467184 1170104 13103790
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Figure 3. Orthogonal quality parameter for all mesh types
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Figure 4. Aspect ratio parameter for all mesh types
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Figure 5. Skewness parameter for all mesh types

All generated types of meshes are characterized
by high mesh quality. A perfect mesh quality has
polyhedral cells and poly-hexcore cells.

Boundary conditions

The numerical analysis was carried out using a lig-
uid temperature of 16 °C, and the velocity in the tun-
nel inlet was employed at 22.5 m/s. The following
physical parameters were used for water: a density
of 0.99894 g/cm’ and a viscosity of 1108.1 pPa-s.
For vapor: a density of 0.5542 g/cm’ and a viscosity
of 13.4 yPa-s.

Cavitation model and solver setup

Multiphase analysis of Schnerr and Sauer cav-
itation model and transport of shear stress (SST)
viscous model k-omega were used for numerical
simulation. The coupled algorithm was employed
for the pressure-velocity coupling with the PRES-
TO! discretization scheme applied for the pressure
(Ansys, 2024). The quadratic upwind interpolation
for the convection kinematics (first-order upwind)
scheme was used to discretize the transport equa-
tion for the volume fraction of vapor. The details
of the models and schemes used in the multiphase
cavitating system are given in Table 2. The numer-
ical analysis for each tested variant involved 500
iterations.

Numerical results and analysis

In order to verify the correctness and accu-
racy of the numerical analyses, the distribution
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Table 2. Simulation parameters

Name Model / Scheme name
Multiphase Flow
Cavitation Model
Viscous Model
k-omega Model

Mixture
Schnerr-Sauer
k-omega

Shear Stress Transport
(SST)

Pressure — Velocity Coupling Coupled Scheme

Spatial Discretization — Gradient  Least Squares Cell-Based

Spatial Discretization — Pressure =~ PRESTO!

Spatial Discretization —

Momentum First Order Upwind
Spatial Discretization — Volume

Fraction First Order Upwind
Spatial Discretization — Turbulent

Kinetic Energy First Order Upwind
Spatial Discretization — Specific

Dissemination Rate First Order Upwind

of the velocity and pressure of the water flowing
through the cavitation tunnel was compared for all
tested variants with special consideration of the local
extremum for velocity and pressure. The velocity
distribution and pressure distribution in the cav-
itation tunnel for polyhedral mesh with cell size
0.025 m are shown in Figure 6.

Figures 7 and 8 show a comparison of the extreme
values of velocity and pressure for all types of grids
with different densities.

Analyzing the comparison of extreme local veloc-
ity and extreme local pressure values for different
types of meshes with different maximum cell sizes, as
shown in Figures 7 and 8, we find that the difference
in velocity and pressure values between the lowest
and highest mesh densities is about 1%. This result
clearly shows that the obtained simulation values are
correct for each tested variant and that the generated
grids are of high quality. In Figures 8 and 9, it can be
seen that, with a higher density of the water model
mesh (cells size 0.005 m and 0.0010 m), there are
increased extreme local values of flow and pressure
for each variant analyzed.

The next stage of this research was to deter-
mine the average cell volume. Using Ansys Fluent
2023 R1, the average volume of a single cell in all
the studied meshes was calculated. The distribution
of cell volume for a polyhedral mesh with a cell
size of 0.0025 m is shown in Figure 9. The smallest
cell volumes were located at the edges of the poly-
hedral mesh, which results from the assumptions
in the generation of the grid. On the basis of cell
volume distribution for each analyzed mesh variant,
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the average cell volume was calculated. A graph for
the average cell volume depending on the type and
density of the meshes is shown in Figure 10.

Analyzing the average cell volume graph (Fig-
ure 10), it can be seen that poly-hexcore meshes
have the highest values. This is due to its polyhe-
dral (multi-walled) type. Polyhedral mesh types are
characterized by fewer cells but with greater cell
volume. As the cell size decreases, the average cell
volume also decreases. For a cell size of 0.0005 m,
all the average cell volumes for each analyzed mesh
variant are close to each other.

The next stage of this research was to determine
the volume vapor fraction. The latter is a cavitation
cloud, an area of highly developed cavitation result-
ing from the geometry of the cavitation tunnel, veloc-
ity, and physical properties of the liquid. A cavitation
cloud is an area filled with a vapor-gas mixture or
cavitation bubbles filled with gas. The volume vapor
fraction (cavitation cloud) for polyhedral mesh with
a cell size of 0.0025 m is shown in Figure 11.

Considering the volume vapor fraction and,
thus, the number of cavitation bubbles forming
in the cavitation cloud, the next analysis was carried
out for more than 90% of the volume vapor fraction.
The cavitation cloud for a volume vapor fraction
greater than 90% for a polyhedral mesh with a cell
size of 0.0025 m is shown in Figure 12.
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Figure 10. Comparison of the changes in average cell vol-
ume depending on the type of mesh

A comparison of the volume of the cavitation
cloud calculated from more than 90% of the volume
vapor fraction for all the analyzed mesh variants is
shown in Figure 13.

MAnsys

2023 R1

Figure 11. Volume vapor fraction (cavitation cloud) for a polyhedral mesh with a cell size of 0.0025 m

Figure 12. Volume vapor fraction above 90% vapor for a polyhedral mesh with a cell size of 0.0025 m
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Figure 13. Comparison of the volume of the cavitation
cloud calculated from more than 90% of the volume vapor
fraction

The volumes of a cavitation cloud consisting
of 90% volume vapor fraction for each analyzed
mesh variant have different values. The changes
in the volumes of a cavitation cloud are directly
related to the number of cells and their maximum
size and average cell volume. For polyhedral meshes
and poly-hexcore meshes, it can be seen that, with
a greater density for the mesh, the volume of the cav-
itation cloud increases. Different waveforms have
curves representing hexcore meshes and tetrahedral
meshes. For these meshes, an increased mesh den-
sity did not cause very large changes in the average
cell volume of a single cell. The volume of the cavi-
tation cloud for hexcore meshes increases to a max-
imum cell size of 0.0015 m, then decreases. For
tetrahedral meshes, the volume of the cavitation
cloud decreases continuously as the mesh density
increases.

Conclusions

ANSYS software has various tools for discreti-
zation of the computing domain (universal and sim-
ple to use but also more specialized and dedicated to
specific applications), as well as a special tool, which
is ANSYS Meshing. The discretization of the model
is often considered one of the most important ele-
ments of computer simulations, whether we want to
analyze the flow of air, exhaust, or water. A prop-
erly prepared numerical grid is the basis for well-
made and reliable calculations. However, this is
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not an easy task, given that a smaller grid provides
better results, but the calculation time is much lon-
ger and, therefore, it is necessary to find a balance
between accuracy and calculation time. In some
cases, the calculation time may be extended many
times to improve the accuracy of the results by

only 1%.

In the case of the analyzed water model, based on

a cavitation tunnel located at the Institute of Water

Problems of the Bulgarian Academy of Sciences

in Sofia, the following conclusions can be drawn:

* Analyzing the flow parameters, which are
the velocity and pressure in the tunnel where
the optimal cell size is 0. 0005 m, the difference
between the minimum and maximum values
of local extremes for the four types of grids is
about 2%.

* When analyzing the average cell volumes,
the optimal cell size is also 0.0005 m, where all
the average cell volumes for each analyzed mesh
variant are close to each other.

* Analyzing the volume of the cavitation cloud cal-
culated from more than 90% of the volume vapor
fraction, it can be seen that only an additional
mesh density of the grid could cause the differ-
ence in the obtained results to be smaller. It should
be taken into account that the cloud object being
analyzed is 90% of the volume vapor fraction, so
the differences can be significant given a different
type of grid. In addition, it should be remembered
that a density of the grid that is too high very often
causes the following message to appear during
the simulation: “stabilizing pressure coupled to
enhance linear solver robustness.” The numerical
simulation is then interrupted.
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