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Abstract. Cavitating flows are a complex phenomenon involving turbulent flow and phase change, both
of which must be considered in its modeling. This study examines the sensitivity of the simulated flow
in asymmetric nozzles to the cavitation and turbulence models calibration parameters involved. Building
upon previous studies and using the Computational Fluid Dynamics tool OpenFOAM®, a more detailed
investigation was performed based on the k — w SST turbulence model and the Schnerr-Sauer cavitation
models for cases of quite developed cavitation. The results reinforce previous conclusions related to the
suitable cavitation and turbulence models calibration on the representation of the cavitated zone.
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1 INTRODUCTION

The cavitation phenomenon involves a complete evaporation/condensation cycle within a
liquid phase flow interacting with confining walls. During evaporation, this local low-pressure
level causes the initial single-phase flow to become a multiphase flow, i.e., a mixture of liquid
and gas/vapour bubbles (Knapp et al., 1970; Brennen, 2014). Cavitation occurrence under tur-
bulent flow conditions, always involves complex interactions between turbulence structures and
multiphase dynamics. The viscous nature of the flow, particularly the interaction between free-
stream turbulence and the boundary layer, is one of the main factors contributing to the scale
effects on the inception of cavitation. High turbulence levels induce early laminar/turbulent
transition, which, in turn can lead to the elimination of laminar separation, affecting cavitation
inception (Singhal et al., 2002; Korkut and Atlar, 2002; Coussirat and Moll, 2021). Addition-
ally, the presence of undissolved gas particles and turbulence can modify the bubbles surface
stress and often mask any departure of this critical pressure p. from the vapor pressure, p,,
becoming an added issue in the study of cavitation bubbles behaviour (Singhal et al., 2002;
Brennen, 2005, 2014). Steady and unsteady cavitating flows occur in numerous engineering
systems across various applications. Unsteady cavitation causes low-frequency pressure oscil-
lations and high-frequency pressure pulses. These pressure oscillations are associated with the
‘mean’ cavity dynamics, while the pressure pulses are produced by cavity collapses. As a re-
sult, vibrations and acoustic noise are generated and propagated through the hydrodynamic and
mechanical systems (Escaler et al., 2006). Due to the small geometrical scales in nozzles, it is
generally not straightforward to distinguish between steady (incipient cavitation) and unsteady
(quite/full developed cavitation) states, especially when determining the extent of unsteadiness
in each case, see Fig. 1.
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Copom = 10.1 m/s Copom = 10.6 m/s Coou = 128M/s ¢, =144 m/s Coou = 154 m/s
Re =21,900 Re =23,100 Re =27,700 Re =31,200 Re =33,500

Figure 1: Cavitating flow experiment, showing cavity evolution and spray patterns for different inlet flow condi-
tions (Sou et al., 2014). For detailed nomenclature and definitions see Section 2.

Cavitation occurrence in the nozzles is directly linked to the local pressure drop between its
inlet and outlet, playing a significant role in the subsequent spray atomization at the outlet (Sou
et al., 2014; Bicer and Sou, 2014; Bicer, 2015). Once developed cavitation occurs, it signifi-
cantly influences the flow characteristics and spray breakup of the fuel. This type of cavitation
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also induces erosion damage, compromising the injector’s sealing. Both effects can severely
impact injector performance. Despite its common occurrence, the frequency and mechanisms
of the cloud shedding have yet to be thoroughly studied (He et al., 2023). A thorough under-
standing of the nozzle internal flow state is crucial for studying how cavitation affects diesel
engine performance.

Owing to the high cost of conducting physical experiments on cavitation, which involve
high-speed flow and small spatial and temporal scales, Computational Fluid Dynamics (CFD)
has become a valuable tool for such studies. However, due to the complex nature of the flow,
characterized by an abrupt phase change between a liquid and its vapor at nearly constant tem-
perature and encompassing a multitude of complex flow phenomena, including multiphase flow,
turbulence, instabilities, compressibility, and phase change, modeling such flows remains a
challenging task (Wang et al., 2020). Several CFD codes have been specifically adapted or
developed for modeling both turbulence and mass transfer in cavitating flows. For incompress-
ible liquid-vapor-gas mixtures in CFD, a steady or unsteady Reynolds Averaged Simulation
(RAS/URAS) model combined with an eddy-viscosity model and a phase fraction model is
commonly used. Homogenous mixture models are employed to calculate the phase fraction
due to their practicality and adaptability to large-scale cavitation cases. In these methods, the
phases (liquid, vapor, and possibly gas) are treated using a scalar field, o, representing the phase
fraction. These methods can be divided into two main categories: (i) barotropic models (BM),
where a state equation is adopted as a closing relation between the vapor/gas fraction and the
pressure, e.g. Dellannoy and Kueny 1990; Reboud et al., 1998; Song and He, 1998; Qin et al.,
2003; and Coutier-Delgosha et al., 2005 (see the complete aforementioned references in Savio
et al. (2021)). (i1) Transport Equation Models TEM), where the phase fraction is governed by
a non-linear partial differential equation, whose form varies according to the model considered.
The latter relies on two source/sink terms, which are needed to model the phenomena of vapor-
ization and condensation. Several models have been developed to parametrize these processes
as functions of resolved variables; among them, we mention: a) the Merkle et al. (1998) model
in which the source terms are related to the density variation, proportional to the dynamic pres-
sure; b) the Kunz et al. (2000) model, which uses the same vaporization source term as Merkle’s
model and a simplified Ginzburg-Landau potential for the condensation one; c¢) Senocak and
Shyy, 2002, who used the mass-momentum conservation equation at the interface to evaluate
the source terms as a function of known flow variables; d) Singhal et al. (2002), Zwart et al.
(2004), and Schnerr and Sauer (2001), who based the source terms on the simplification of the
Rayleigh-Plesset equation for the dynamic of a bubble; e) Saito et al. (2007), who evaluated the
source terms based on the theory of evaporation and condensation on a plane surface. For all
the already mentioned TEMs (also so-called Homogeneous mixture methods, HMM), excepted
the Kunz and the Schnerr-Sauer models, see complete references in the work from (Savio et al.,
2021). To be competitive at industrial application scale, these Computational Fluid Dynamics
(CFD) simulation must achieve a satisfactory level of accuracy while also maintaining a low
computational cost, which are directly related to the adopted turbulence simulation strategy.

A meticulous calibration of the Eddy Viscosity Models (EVM) and TEM enables the accu-
rate capture of various cavitating flow characteristics due to the close correlation between the
cavitation state and the turbulence level in the flow. This relationship is associated with the
spatial distribution of the computed mixture eddy viscosity level, which is defined by a suitable
turbulence scaling dependent on the EVM used. This fact is particularly crucial in cases where
the HMM model explicitly depends on the turbulence state of the flow e.g., the Singhal et al.
(2002) model. Due to the close relation between the cavitation inception/developing condition
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and the turbulence level in the flow a ‘non-standard turbulence state’ appears, then a careful cal-
ibration of the turbulence model is necessary to improve these predictions. Overprediction of
the turbulent viscosity leads to decrease the dynamic pressure yielding higher absolute pressure
values and less cavitation. Then, the level of the vapour fraction and oscillation frequencies
are commonly underpredicted by using uncalibrated EVM, (Coutier-Delgosha et al., 2003; Shi
and Arafin, 2010; Biger et al., 2013; Coussirat et al., 2016; Coussirat and Moll, 2021). On
the other hand, an important issue related to the TEMs (Kunz and Schnerr-Sauer models) is
the use of empirical coefficients, which are needed since the terms describing the condensa-
tion/vaporization processes are simplified version of complex physical relationship (the most
indicative is perhaps the Schnerr-Sauer model, which considers only the terms of the Rayleigh-
Plesset equation related to the asymptotic growth of bubbles). The condensation/vaporization
coefficients C, and C, which, actually, act as accelerators/decelerators of the vaporization and
condensation processes must be calibrated for the study of the specific problem (Villafranco
et al., 2018; Savio et al., 2021).

This study is focused on the performance evaluation of calibrated TEMs implemented in
the open-source code OpenFOAM® in cases of asymmetrical fuel nozzles where quite and de-
veloped cavitation is present. The goal is to facilitate future CFD applications to industrial
problems involving this type of flow. Special attention was given to the cavity evolution predic-
tion and the characteristic vortex shedding frequencies in all cases. This study emphasizes the
TEMs performance under calibration. The EVM used was the SST model from Menter (1994),
due to its proven effectiveness in previous works, despite that in these works was empathized
that a calibration of this EVM is necessary too, see details in Coussirat et al. (2016); Coussirat
and Moll (2021).

2 MODELLING METHODOLOGY

Cavitating flow in a Diesel injector, featuring an asymmetrical nozzle inlet configuration and
a square section at the outlet (see Fig. 2), is investigated using Unstedy Reynolds Averaging
Simulations (URAS) methodology. The SST k£ — w EVM (Cortes and Damian, 2023) cou-
pled with the Schnerr and Sauer (2001) TEM, were used as numerical sub-models for the CFD
simulations. Ad-hoc calibration strategies for the employed EVM and TEM were adopted, ac-
counting for the fact that some reported CFD results obtained using steady/unsteady Reynolds
Averaged Simulations (RAS/URAS) in cases of incipient/developing cavitation showed a higher
dependence on the turbulence EVM rather than on the multiphase flow model used for comput-
ing the liquid fraction of the mixture (Sou et al., 2014; Bicer and Sou, 2014; Coussirat et al.,
2016; Coussirat and Moll, 2021). Experimental data from Sou et al. (2014), were used to per-
form the calibration and validate the cavity characteristics.

Cavitation states at different flow regimes can be characterized by three dimensionless quan-
tities, i.e., the Reynolds, Re; Strouhal, Sr and Cavitation numbers, o as defined by Eq. (1)

Re = Cm,outwn SI‘ _ fvchav o= Pout — Pu (1)

v Cm,out 05 P Cm,out
where p,.: is the outlet pressure (1.0 x 10°Pa); p, is the vapour pressure (2, 300 Pa); is the liquid
density (998 %); Cm,out 18 the outlet mean flow velocity; w,, is the nozzle width; v is the liquid
kinematic viscosity (1.0 x 10_6“‘?2); fus is the cavity shedding frequency; and L., = f(L,)
is the mean cavity length. This CFD study has tried to replicate the experiments of Sou et al.,
2014. Comparisons were also made against the numerical results of Bicer (2015). Two distinct
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developing cavitation regimes were studied by varying the inlet flow rate while keeping p,..
constant: o = 1.19,0.94. Fig. 1 provides a summary of the operating conditions replicated. In
this work results obtained for o = 1.19 will be discussed.
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Figure 2: Nozzle geometry defined for CFD simulations, (Sou et al., 2014); L,,: nozzle length; w,,: nozzle width.
L,,/w, = 4. Vapour fraction numerical probes location. P4, P10 (data not used in this work).

In general, the available literature contains limited experimental data on the coupled pres-
sure/velocity/void fraction/vortex shedding dynamics in nozzles (Coussirat et al., 2016). The
experiments by Sou et al. (2014) replicated in this study provide representative images of the
‘mean’ transient cavity for various cavitation states; however, v; values within the cavity were
not reported, Fig. 1 CFD Large Eddy Simulations (LES) conducted by Trummler et al. (2020)
revealed significant variations in the computed v; within the cavity for the Sou experiments.
Additionally, the simulations showed the occurrence of vortex shedding, which drags with it
clouds of vapour bubbles that collapse as the pressure increases downstream. As cavitation
progresses from incipient to developed stages (i.e., 0 = 1.19) flow instabilities begin to emerge
(Stanley et al., 2014; Wang et al., 2018). In nozzles, the Sr characterizes the periodic flow mo-
tion and cavity evolution due to the inertial forces and velocity changes related to convective
acceleration within the flow field. For 10~* < Sr < 1, oscillations are marked by the build-
up and subsequent vortex shedding. The flow exhibits clear periodic behaviour as o increases,
attributed to the ‘re-entrant jet process’ causing periodic cavity shedding, a common form of
cavitation instability. It is worth noting that the computed Sr values fallen into this range. These
values are ‘nominal’, because they were computed in terms of the an assumed oscillation fre-
quency of the cavity, a mean cavity length and a mean velocity within the nozzle determined by
the imposed flow rate, although the flow velocity at the contraction region could be significantly
higher, see details in Mitroglou et al. (2017).

3 CFD MODEL SETUP

Ensuring adequate mesh spacing in CFD URAS simulations is crucial to accurately capture
the integral scales of turbulent eddies and resolve the boundary layer (Pope, 2000; Rodriguez,
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2019). Consequently, these scales must be trackable in URAS simulations. RAS does not
calculate individual eddy unsteady behavior, but URAS does. The mesh spacing should be suf-
ficient to capture well integral scales and model/resolve the boundary layer. Insufficient mesh
resolution leads to the dissipation of vortices due to numerical diffusion, making it challenging
to onset the instability. Estimating the eddy lengths is necessary to ensure that the mesh has
node spacing suitable for URAS/EVM simulations. This potential failure could occur indepen-
dently of the mesh sensitivity study performed and could result in significant errors. Following
the preceding discussion, already applied in previous works, a suitable two-dimensional (2D)
structured mesh was defined for the nozzle computational domain. This mesh has 5.0 x 10*
hexahedral cells, (h = 0.04 mm). To ensure both grid independence for the used 2D mesh and
negligible differences in the predicted 2D and 3D flow fields from the numerical viewpoint, a
grid sensitivity study was also conducted using the Grid Convergence Index (GCI) method, the
Richardson extrapolation technique and a comparison with an extruded 3D geometry, i.e., ap-
proximately 2.5 x 106 cells, see full details in (Coussirat et al., 2022). Extensive numerical tests
have been performed by Schnerr and Sauer (2001) to identify the limit between the steady and
unsteady cavitating flow regime. It was observed that the time dependent total vapor fraction,
1.e., the integral value of the instantaneous local vapor fraction, o, in the computational domain
is dependent on the numerical time step, based on the single phase Courant—Friedrichs—-Lewy
condition, CFL. For CFL < 0.1 the solutions include the resolution of secondary peaks which
represents the instantaneous formation of a bubble cloud. For CFL>0.1 these details are no
more resolved, and the corresponding oscillation frequency disappears. Then, the time produc-
tion/dissipation scales were also estimated using these characteristic scales (Pope, 2000; Ro-
driguez, 2019), and compared with a time step calculated using the Courant-Friedrichs-Lewy
(CFL) condition, see Eq. (2), where the cell length was used as a length scale to define a suitable
time-step.

At Cm,out
l— 2)

To capture a complete cycle of the energetic vortex shedding, a time step ten times minor
than the particle residence time, ¢, is desirable. Computing this time using the velocity into
the nozzle and the nozzle length which is approximately 10~°s. However, the CFL condition
imposes a smaller time-step for numerical stability. Then, the computed At for the simulations
assuming Co = 0.15 was of At = O(1x 10~"s), which satisfies both conditions. This combina-
tion of grid size and time step allows to simulate the behaviour of energetic eddies while avoid
aliasing phenomena in the predicted vortex shedding. It’s worth noting that a slightly larger
time step could potentially be used while still adhering to both requirements. However, the
chosen value ensures a conservative approach and minimizes potential numerical errors. This
combination of space and time scales ensures an appropriate separation between the modelled
and computed eddies, consistent with the capabilities of classical EVMs regarding the turbulent
cascade modelling concept, (Pope, 2000; Rodriguez, 2019). It is important to emphasize that
both mesh size sensitivity and turbulence scale analysis are crucial and should be performed
together to guarantee mesh-independent results.

The open-source code OpenFOAM® was employed for all simulations. The Schnerr-Sauer
cavitation model was used setting the coefficients as shown in Table 1, an additional laminar
case was run using the setting of case F in order to check the influence of turbulence models
given the low Reynolds number present in this case. After selecting the o (see Fig. 1), the fol-
lowing boundary conditions were defined (see Fig. 2), for each case: Inlet (inflow): mean veloc-

Co
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Case C’u Cc Dsat
1 [10]1000|0.01]0.1]23x10%]10.3x10°
D |V v v
E v v v
F v v v
G v v v
H* v v v

Table 1: Cases tested with & — w SST turbulence model, 5* = 0.09. H* with 5* = 0.18. Schnerr-Sauer cavitation
model in all cases.

ity in m/s, calculated from the flow rate; Outlet: pressure, po,; = 1.0 x 10° Pa (for all the cases);
Walls: no-slip condition; Turbulence levels (inlet/outlet): Computed from the standard formu-
lations for k£ and w (Rodriguez, 2019). The simulations used the interPhaseChangeFoam
solver with the following discretization schemes: backward Euler in time, standard Gauss gra-
dient, standard linear limited Gauss divergence term for momentum, %k and w, vanLeer TVD
advection for phase fraction with FCT limiter (Marquez Damidn and Nigro, 2014). A saturation
pressure value, psq:, higher than 2.300 Pa was defined due to the Singhal et al. (2002) recom-
mendation to account for the influence of the turbulence over the cavitation model. Therefore,
a correction of this saturation pressure based in Eq. (3) was computed

PSat = Do +0.195pk (3)

where the k£ value is obtained from an estimation of the kinetic energy and p is the mixture
density.

4 RESULTS

Fig. 3 presents the results obtained by varying the the pg., C, and C. coefficients. The
experiments from Sou et al. (2014) and the CFD results from Biger (2015) were also included
for comparison. The fine mesh used in Biger (2015) is similar to the one used in the present
CFD simulations. In the laminar case (without turbulence model) a locally refined mesh was
used applying a binary subdivision to the inlet nozzle zone. The final mesh step is equivalent to
a half of the used in Mesh 1 from Coussirat and Moll (2021). This mesh was defined to capture
the main turbulence structures in the sense of a DNS simulation. The pg,; was calculated using
Eq. 3 (see Table 1), using a preliminary £ value obtained from the inlet boundary condition,
which was adjusted throughout the simulations. In the laminar case the pg,; was also affected
by the ’turbulence effect’ correction, as in Eq. (3).
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Figure 3: Water fraction for experimental and simulated cases

In cases D, E, F, G the cavity behavior is not accurately predicted both in the level of the vapor
fraction, & = 1 — «v,, and in the cavity shape. Case F begins to exhibit a ’quasi-unsteady’ cavity
shape, as observed in the experiments, but with a significantly underpredicted « level. For case
H, the 5* parameter was also changed. This parameter is a key component of the turbulence
model, influencing the w production and k dissipation terms in the SST k£ — w model. This, in
turn, affects the turbulence level within the flow. 5* was calibrated empirically for this case,
and we found that it had a more significant impact on the predicted « levels than the C,, and
C. coefficients. A new case, not shown here, with a different pg,;, i.c., 10,300 Pa, but with the
same values for the C, and C, coefficients as in case H*, predicts a higher o level how was
expected. This confirms that 5* has greater influence. Finally, the laminar case, as shown in
Fig. (3), predicts a higher « level than the other cases. This increase may be due to the lack of
turbulence modelling, further supporting the trend observed when changing the 3* coefficient.

S CONCLUSIONS

This study demonstrated that CFD is an effective tool for predicting cavitation dynamics in
nozzles, capturing the behavior of cavitation clouds by describing the processes of generation,
shedding, and collapse. The cavitation and turbulence models are strongly interconnected, but
the relationship between the empirical tuning parameters in the cavitation model is unclear.
Calibrating the turbulence model to adjust the predicted turbulence level follows trends seen in
previous studies, suggesting that turbulence model calibration has a greater impact than cav-
itation model calibration. The present empirical parameters sensitivity analysis could help us
understand the model’s correlation. Furthermore, since both cavitation and turbulence affect the
macroscopic flow pattern, they must be modeled simultaneously. The findings of this sensitivity
study may motivate a more accurate calibration or development of these models, focusing on
accounting for the interdependency of turbulence as thoroughly as possible.
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