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Abstract: In this study, turbulent water flow in a DNG65 pipe elbow was analysed at high Reynolds numbers
using the OpenFOAM software with a two-dimensional model. The research aims to determine the critical
mean inlet velocity of the fluid—water that leads to a pressure drop below the saturation pressure and the
onset of vapour phase formation, i.e., cavitation. Although such elbows in practice usually operate at lower
flow rates, corresponding to fluid velocities that do not reach cavitation conditions, here the limiting
conditions were examined for potential non-standard applications involving extremely high flow rates
resulting in large velocities. After developing the turbulent flow model, the visualisation was performed in
ParaView, and the data were subsequently processed in Python, where the cavitation zone areas were

calculated.
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1. Introduction

Cavitation represents the formation and subse-
quent collapse of vapor or gas bubbles in the vicin-
ity of solid surfaces [1, 2]. Depending on the mech-
anism of initiation, cavitation can be classified as
hydrodynamic, acoustic, optical, or particle cavita-
tion. Broadly, these phenomena may be grouped
into two categories: cavitation induced by stress in
liquids (hydrodynamic and acoustic) and cavitation
induced by localised energy deposition (optical and
particle) [3].

In mechanical systems, particularly in fluid
transport applications, hydrodynamic cavitation is
the most common type and is associated with ad-
verse effects such as noise, vibration, and a reduc-
tion in the load-carrying capacity and durability of
machine elements (gears and bearings) [4, 5]. A
combined mechanism, referred to as hydrody-
namic—acoustic cavitation (HAC), arises when
structural vibrations at specific natural frequencies,
or other excitation sources, produce pressure fluctu-
ations that promote bubble formation under the in-
fluence of ultrasound. In such cases, acoustic cavi-
tation act synergistically with hydrodynamic cavita-
tion, resulting in more severe material degradation
within the system [6]. Both hydrodynamic and
acoustic cavitation processes generally progress
through four characteristic stages: incubation, ac-
celeration, deceleration, and terminal stage. Poten-
tially, a fifth phase may also appear, which refers to

the complete degradation of the work and the con-
sequences of which can be catastrophic [7].

In fluid transport piping systems, cavitation
arises in regions where the local pressure decreases
below the saturation pressure. Such conditions may
occur along straight pipe sections due to frictional
losses, at abrupt changes in flow direction (e.g.,
elbows), within various fittings, or in pump
impellers. In addition, entrained gas molecules
within the liquid often act as nucleation sites for
vapour—gas bubble formation, thereby promoting
the initiation of cavitation [8—10]. Therefore, one of
the key parameters when sizing and determining the
geometry of pipelines is protection against
cavitation.

In this study, computational fluid dynamics
(CFD) simulations using OpenFOAM were
conducted to investigate water flow through a DN65
pipe elbow at five different average inlet velocities:
5,10, 15, 20, and 25 m/s. Although such elbows are
not typically subjected to these flow rates in
practical applications, the primary objective of this
research was to identify the threshold average inlet
velocity at which the system pressure falls below the
saturation pressure.

2. Model development and setup

The simulation setup, its workflow, and the post-
processing of the obtained results are schematically
shown in Fig. 1.
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) _ ) The mesh consists of a total of 32 884 prismatic
?llm'fl?m”_ﬂ o ;;ite_r cells and one layer in depth to achieve a 2D
OW il pipe S1how simulation. The mesh parameters, with a maximum
_ non-orthogonality of 28.82° and an average of 5.87°,
Side effect . indicate excellent mesh accuracy.
Visnalisation of 2D flow in The simulation was carried out for water at 20
) - Paraview °C, with the flow considered isothermal. Under
these conditions, the kinematic viscosity of water is
 OpenFoam: 1x10 m?/s, and the Reynolds numbers for the inlet
- Changing inlet average velocities are given in Table 1.
A velocity -
Table 1. Reynolds number values
Uag[m/s] | 5 10 15 20 25
Re/10° 3.3 6.6 9.9 13.2 16.5
These Reynolds number values indicate
turbulent flow in the pipe elbow, which is why the
RNG k—¢ model was selected in the pimpleFoam
solver. Since the flow at the inlet to the elbow itself
is laminar, in order to avoid extending the pipe
Mapping cells and upstream of the elbow, following the approach in
calculating area [11], the inlet velocity profile was prescribed using
gy N Equation (1).
- Python: — o 1/n
(Calculating cavitation T=(0) = @
. area) U, R

Fig. 1. Flow chart of simulation and results
processing

The computational domain was defined by the
inner pipe diameter (66.1mm), as it represents the
fluid region. To reduce computational cost, the pipe
was sectioned along the mid-plane, enabling a 2D
flow analysis. The pipe geometry and mesh
generation were carried out in Gmsh and are
illustrated in Fig. 2.

Fig. 2. Pipe elbow model mesh

Where U is velocity in pipe centre, and fis the
friction coefficient calculated according following
Swamee and Jain modification of Colebrook
equation for our values of Reynolds number [12]:

el ()] @

Where ¢ is relative pipe roughness (0.1mm).

For the validation of the velocity profile, the plot
over line option in ParaView was used, and the
velocities at the centre were compared with the
velocity at the centre obtained according to the
following expression (sdhadsh):

U, (m+1)(@2n+1)
Uwg 2n2

(3)

The plotted velocities at the center and the
velocities calculated according to the expression
have a relative error of less than 1%.

It is assumed that the fluid is thermally isolated
and maintained at a constant temperature of 20 °C.
The applied model refers to transient flow; however,
by comparing the p and U files after a certain
number of iterations, very small oscillations of these
values were observed, indicating that the flow
becomes steady after a certain time. The analysis of
pressure distribution was therefore carried out for
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these steady-state values. Since the model refers to
an incompressible fluid, the pressure values were
divided by the water density, meaning that the
scales represent pressure per unit mass (m?/s?). At
the outlet of the elbow, the pipe length was set to
five diameters due to computational limitations and
simulation time. A relative pressure of 200 m?/s?,
corresponding to an overpressure of 2 bar, was
imposed at the outlet. Since this model does not
account for fluid compressibility or vapor phase
formation, the critical values were taken as
pressures in the field corresponding to a scale value
of =70, which represents an absolute pressure of
30 kPa, because the saturation pressure of water at

70 °C is 30 kPa.

3. Results and discussion

Fig. 3. shows the velocity field for an average
inlet velocity of 20 m/s at three different iterations
for visualising the fluid flow.
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Fig. 4. Velocity profile for average U =20 m/s

The figure shows the initial phase of the flow,
followed by the flow development and the velocity
profile when it begins to converge, but has not yet
reached the steady-state regime.

The analysis of the model was performed for a
steady-state flow regime, where the values of the
quantities fluctuate negligibly.

The pressure distribution in the model at the final
iteration, for the specified simulation duration and
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time steps that varied depending on the Courant
number, is shown in the figure.

U Pressure profile
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Fig. 3. Pressure profile for different average inlet
velocities
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The pressure scale shows that among the References
analysed velocities, only 25 m/s leads to a drop of L , , ,
[1] Knapp, R.T. Cavitation Mechanics and its Relation

the absolute pressure below the saturation pressure;
that is, the critical inlet velocity is slightly below
25 m/s, due to the minimum absolute pressure on
the scale being 22 kPa. For an inlet velocity of
20 m/s, the minimum pressure is 23 kPa, above
atmospheric pressure, which means that for water at
a temperature of 100 °C, a slightly higher velocity
than 20 m/s would be critical.

For the final analysis and inspection of the
cavitation zone surface, the results from the VTK
file were imported into Python, where the cells with
pressure below the critical value were mapped and
their surface area determined. A total of 21 cells
were mapped, with a total surface area of
0.000109 m?, which is 0.81% of the total elbow
surface area.

4. Conclusions

Based on the brief overview of cavitation in
mechanical systems and the conducted simulation,
the following conclusions can be drawn:

e (avitation can represent a major issue in the
operation of mechanical systems, primarily in
fluid transport systems but also in power
transmission systems.

e In pipelines, there is a significant risk of
cavitation, which in its final stage can destroy
the pipe wall.

e The simulation performed for different inlet
velocities shows that the critical average
velocity at the inlet of the DN65 elbow for
cavitation onset in water at 70 °C is slightly
below 25 m/s.

e Since this model does not account for
temperature variation, it can also be applied to
other water temperatures, but for that reason, it
provides a somewhat rougher estimate.

e To validate these results, it is necessary to
conduct an experiment and repeat the
simulation in a model that supports two-phase
flow, in order to possibly track the development
of cavitation bubbles.
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