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Abstract - Cavitation is defined as the formation of bubbles resulting from a sharp drop in vapor pressure at a near constant liquid
temperature. Both numerical and experimental methods are needed to study this phenomenon in detail. On the numerical side, the
cavitation-turbulence coupling in the process makes cavitating flows difficult to model. One particular approach, using a homogeneous
Transport-Equation Model (TEM) coupled with a turbulence model has been utilized in this study where the influence of a hybrid RANS-
LES turbulence model on the turbulence properties and its ability to behave as an LES model properly is investigated. The Detached
Eddy Simulation (DES), Delayed DES (DDES) and Improved DDES (IDDES) are coupled with the Merkle cavitation model to simulate
cloud cavitating flow inside a venturi using interPhaseChangeFoam, a multiphase flow solver in OpenFOAM. Comparisons are made for
void fraction and turbulence properties on the global and local scale by comparing them with high-fidelity data obtained from X-ray
Particle Image Velocimetry (PIV) experiments.
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1. Introduction

A complex phenomenon characterized by the formation of vapour bubbles when the liquid pressure drops the vapour
pressure at a near-constant liquid temperature, cavitation has received great attention due to its strong background in
engineering applications like propellers, pumps and turbine blades. When these bubbles are transported to the high-pressure
region, the bubbles collapse causing high frequency pressure oscillations and shocks inducing stress, vibrations, erosion
damage and load asymmetry that have a detrimental effect on the efficiency of the above-mentioned engineering applications.
Previously, various cavitation studies have been carried out on various geometries experimentally and using numerical
simulations.

Modelling cavitating flow involves using efficient techniques to model the cavitation-turbulence coupling. Cavitation
can either be modelled as a sharp interface that separates the liquid and vapour or using averaged sets of fluid dynamics
equations with the number of equations ranging from seven to only three. A notable mention is the Transport Equation Model
(TEM) which assumes a homogeneous mixture of fluid and vapour connected by the void transport equation. The transport
equation utilizes separate terms for condensation and evaporation terms which could be treated separately for analysis.
Various TEM models have been formulated to model cavitating flows| 1, 2, 3, 4]. From the perspective of the turbulence
modelling approach, some studies use Reynolds-Averaged Navier-Stokes (RANS) models where the Navier-Stokes
equations are averaged and all the scales are modelled while some studies use Large Eddy Simulations (LES) that resolves
turbulent scales upto a filter length and models the smaller scales. But LES is computationally costly and thus most studies
use RANS models due to its low computational costs, good stability and acceptable accuracy. RANS models have been
unable to reproduce the periodic vapor shedding of cavitating flows and over-estimate the turbulent eddy viscosity [S]. When
compared to experimental data on a local scale, they show large discrepancies on comparing the turbulence properties like
Reynolds shear stress and turbulent kinetic energy. [6]. Another class of turbulence models, termed as hybrid RANS-LES
models have been recently used to model cavitating flows. This class of model uses a LES model away from the wall and a
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RANS model near the wall, thus modelling more accurate flow dynamics while also scaling down the grid size and
subsequently, the computational costs. Several studies have been conducted to compare the performance of hybrid
RANS-LES models with RANS models and experimental data for simulating cavitation. Ponkratov & Caldas [7] used
a Detached Eddy simulation (DES) along with erosion functions to predict cavitation erosion near the leading edge of a
rudder caused by a ship propeller. Although the model could predict cavitation on a global scale, it under-predicted the
size of cavity and the area of the collapsing region although it could predict the erosion damage accurately. Sedlar et al.
[8] compared cavitating flow over a hydrofoil using experiments, the k-w SST-SAS (Scale-Adaptive Simulations), DES
and LES models. While LES indeed could predict more vortical structures than the other two models, both models were
able to predict the decrease of cavity length to zero and seemed to describe the cavity break-up better than the SAS
model. They also stated that both LES and DES model prediction could be influenced by the computational grids.
Additionally, the sudden switch from LES to RANS as we move towards the wall in DES results in a flow-induced
separation. Therefore, Spalart et al. [9] introduced Delayed DES (DDES) model. Long et al. [10] used the DDES model
to predict cavitating flow for a hydrofoil and a marine propeller behind the hull, followed by a verification and validation
study. They concluded that the DDES model predicts the transient flow accurately in general but is not able to predict
the local flow structures and the large-scale vortices. It also confirmed that the model is sensitive to grids as the error
difference between experimental and numerical studies grows smaller and more structures are captured. However, these
above-mentioned studies have not compared the turbulence properties like the Reynolds wall shear and the turbulent
kinetic energy. Comparing these properties, especially on the local scale would give further insights if these models are
able to predict the turbulence coupled with cavitation. The goal of this work is to assess the ability of DES and other
related models like the DDES and the IDDES models to predict cavitation by comparing with experimental data on both
global and local scale.

The rest of the paper is as follows: In Section 2, we discuss the numerical setup. Section 3 presents the results along
with a written analysis and concludes the paper.

2. Numerical Setup

The computational geometry is a converging-diverging nozzle (a venturi) from the experiments of Ge et al. [11]. It
has a 18 degree convergent and 8 degree divergent angle. The sharp angle sat the throat enable the flow to be turbulent.
The height of the venturi is 21 mm but it reduces to 11 mm at the throat. The inlet velocity is set to 8.38 m/s while the
pressure is adjusted to meet the mean cavity length as seen in the experiments. Probes have been placed at 1.5, 3, 5, 10,
15 and 20 mm from the throat for local scale analysis.

Figure 1: The venturi geometry used in the study

The Merkle cavitation model [1] from the Transport-Equation Model family is selected as the cavitation model. It
has separate terms for both vapor formation (evaporation) and vapor destruction (condensation) with some empirical
constants. We first define the continuity and momentum equations:
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Where p,,, i, are the mixture phase density and viscosity respectively while # and p being the mixture velocity and
mixture pressure respectively; p;, py, Ui, Uy being the liquid density, vapour density, liquid dynamic viscosity and vapor
dynamic viscosity respectively. y; represents the turbulent eddy viscosity while @; and «,, are the liquid and vapor void
fraction respectively. The subscripts (i,7,k) represent the Cartesian coordinate system

The terms m* and m~ represent the vapor formation and destruction terms respectively. They are given by:
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Where y is the liquid volume fraction, p and pg,; are the pressure and saturation pressure respectively while t., and Uy,
are the free stream time scale and free stream velocity respectively. The empirical constants Cgeg and Cppoq are set as le-3
and 80 respectively.

The geometry is meshed in OpenFOAM [12], an open-sourced platform composed of a multitude of solvers. The solver
used in this study is an isothermal, unsteady, multiphase solver titled interPhaseChangeFoam. To understand the dependence
of grid refinement on the DES model family, three meshes have been designed. The meshes have been designed to ensure
more flow region, especially the cavity region is modelled by LES rather than RANS (see Table 1). Initially, a fully turbulent,
non cavitating flow regime is run for 0.03s followed by a sinusoidal ramp for another 0.03s. During this ramp, there is no
cavitation at the start while at the end of the ramp, there is full cavitation. Following this, a fully cavitating regime is launched
for 1s. The focus of our results is on the final 1s of fully cavitating flow. The timestep used throughout this study is le-5.

Table 1- Grids used in the study

Grid Number Grid Size
1 35,500
2 51,600
3 84,000

3. Results and discussion
Before going into the local scale analysis, it is crucial to know if the LES region is modelled properly over the cavity region.

(b)
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(c) (d)
Figure 2 LES modelling zones regions in four different meshes- a) 5,000 cells b) Grid 1 ¢) Grid 2 d) Grid 3. The red zone indicates the
zone is modelled by LES while the blue region indicates RANS models the zone.

Figure 2 shows the LES modelled regions along with a previous study with the same geometry and model but on a
coarser mesh [6]. Initially, with the 5,000 cells only a small part of the throat is modelled and most of the LES modelling
happens downstream, ahead of the cavity formation and destruction region. With the rise in grid size, it can be observed
more regions near the throat are modelled including the primary detachment zone especially from Grid 1 to Grid 2.

In the earlier study, it has been shown the unsteady vapor shedding cycles have been simulated in coarser meshes but
there on the local scale, there exists a significant gap between numerical simulations and experiments. With these models
having LES regions, numerical simulations can yield both modelled stress components and fluctuating stress components.

Comparison of Taul2 between simulation and experiment for different x locations
Comparison of TKE between simulation and experiment for different x locations
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Figure 3- Modelled Reynolds wall shear stress and TKE for the three models used in this study on Grid 3

Figure 3 shows the modelled turbulence properties on a local scale for the three models on the finest grid with the
experimental data (in yellow). It can be observed that none of the models are able to reproduce the turbulence on a local
scale. While they are able to predict the turbulence properties near the throat up to a certain extent, they are completely
unable to predict the turbulence properties downstream. It can be argued that the resolved stress components could be
compared and probably able to predict the turbulence. However, on a comparison with the resolved stress components, it
was observed that the resolved components are also unable to predict the turbulence properties. It is also interesting to note
that despite significant improvements from the DES model by the DDES and IDDES models in theory, all three models
predict a very similar behavior on the local scale.
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4. Conclusion

In this study, the ability of various models of the DES family on refined grids to predict cloud cavitation in a venturi
cavity is evaluated. Conducting global and local comparisons shows that these hybrid RANS-LES models are able to improve
the modelling of cavitating flows up to a certain extent only. While more regions are modelled by LES on grid refinement,
the improvements in regards to the turbulence properties are not substantial and it seems further grid improvements would
not ameliorate these problems. Thus, there seems to be a bottleneck with hybrid models unable to reproduce cavitation and
the its turbulence-coupling on the local scale. Data-driven techniques that utilize experimental/DNS data as a training dataset
to devise an algorithm seem the next promising approach in predicting unsteady cavitating flows.
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