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Abstract Cavitation phase change phenomenon appears in many engineering appli-
cations, often eroding and damaging surfaces, so deteriorating the performance of
devices. Therefore, it is a phenomenon of great interest for the research and industry
communities. In this work, three different cavitation models, the Homogeneous Re-
laxation Model (HRM), the Schnerr and Sauer, and the Kunz, are implemented in a
Eulerian multiphase homogeneous flow Computational Fluid Dynamics (CFD) solver
previously developed for simulating fully atomized sprays. The improved solver can
be used then to study not only cases with cavitation, such a hydrofoil, but also situa-
tions where cavitation occurs together with liquid atomization, such as high pressure
injection systems. Validation of this solver is carried out for three different cases
under diverse operating conditions: a two-dimmensional throttle, a hydrofoil and a
single-hole fuel injector. The Reynolds-Averaged Navier-Stokes (RANS) approach is
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employed for taking into account the turbulence effects. Simulation results are com-
pared to experimental data available in the literature. Among the tested cavitation
models, the HRM is the one that provides the best accuracy in the three validation
cases. Nevertheless, the onset of cavitation and the area occupied by the vapor cavi-
ties are always underpredicted, by all cavitation models in all validation cases. This
can be associated to the unsteady and turbulent nature of the cavitation phenomenon.
Even so, the computational prediction of several parameters, such as mass flow rate
through the nozzles or spray spreading angle, has an error below 5-10%, which proves
the capabilities of the solver.

Keywords CFD · Eulerian · cavitation · atomization · validation

1 Introduction

Cavitation is defined as the phase change phenomenon from liquid to vapor due to a
static pressure decrease down to the liquid vapor pressure or lower. The decompres-
sion of the flow occurs due to flow acceleration (Venturi effect) or flow separation.
Thus, vapor bubbles (or vapor cavities) are formed and travel with the flow. They may
reach regions with higher pressures, imploding or collapsing (phase-changing back to
liquid state) releasing large amount of energy that modifies the flow structure (lead-
ing to noise and vibrations) and, if a surface is nearby, eroding it [21]. This can be
useful, for instance, for machining thermal-sensitive materials by cavitating waterjet
[24]. Unfortunately, cavitation occurs and cannot be avoided in many other appli-
cations where its effects are negative, such as fuel injectors [15,41] (field in which
cavitation also presents some benefits [1]), hydro-turbines, valves and pumps, ship
propellers [16] and even vascular tissue [25]. Therefore, understanding the physics of
the cavitation phenomenon is important, but still not completely done [13].

A wide range of both experimental and computational methods have been em-
ployed until now to study the cavitation phenomenon. The consulted ones in order to
carry out this work are summarized in Table 1. From the experimental point of view,
S. Jahangir et al. [18] list many of the existing techniques: high-speed visualization,
electrical capacitance tomography, radioactive particle tracking computed tomogra-
phy, magnetic resonance imaging, impedance tomography systems, and gamma and
x-ray imaging (detailed in the work of D. Duke et al. [12]). This last is the one that
S. Jahangir et al. [18] used, in combination with high-speed shadowgraphy, to char-
acterize (visualize and quantify) the vapor phase generated by cavitation inside a
converging-diverging nozzle. Two different regimes were identified and measured:
the re-entrant jet and the bubbly shock. A. Cervone et al. [9] also used high-speed
visualization but in combination with surface static pressure measurements to differ-
entiate three cavitation zones around a hydrofoil as function of the cavitation number
and temperature: supercavitation, bubble plus cloud cavitation and bubble cavitation.
Similar work was done by E. Winklhofer et al. [49] for two-dimensional nozzles.
They visualized the cavitating flow by means of diffuse backlight illumination, and
at the same time measured the pressure (with a Mach Zehnder interferometer) and
velocity (by fluorescence tracing) fields as well as the mass flow rate through the
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nozzle. This work proved that small variations in geometry significantly vary the op-
erating conditions for cavitation to occur. The use of transparent nozzles to study the
cavitation phenomenon is a common methodology, and the works of R. Payri et al.
[34] and V. Kirsch et al. [20] are good examples of it.

Table 1: Summary of the consulted publications that define the stat of art of research
in cavitation phenomenon. Sorted by publication date.

Method Technique/Model Application Phases Authors and reference

Experimental DBI nozzle diesel+vapor Winklhofer et al. [49]
Experimental direct visualization hydrofoil water+steam Cervone et al. [9]
Computational homogeneous mixture hydrofoil water+steam Morgut et al. [27]
Computational homogeneous mixture nozzle diesel+vapor Brusiani et al. [7]
Computational homogeneous mixture nozzle diesel+vapor Salvador et al. [38]
Computational homogeneous mixture hydrofoil water+steam Yu et al. [51]
Computational homogeneous mixture hydrofoil water+steam Zhou et al. [53]
Exp./Comp. visualization/VOF hydrofoil water+steam Arabnejad et al. [2]
Experimental x-ray/shadowgraphy nozzle water+steam Jahangir et al. [18]

On the other hand, from the computational point of view, there are many cavita-
tion models available in the literature. A. Yu et al. [51] compared the performance of
three of them, Zwart, full cavitation and Kunz models, in predicting cavitation struc-
tures around a NACA 0015 hydrofoil. It turned out that only Kunz model had accurate
prediction for both steady and unsteady states, but did not predict the shearing action
of the re-entrant jet on the attached cavity. M. Morgut et al. [27] optimized these
three cavitation models so they provided the same accuracy for NACA 66 and NACA
0009 hydrofoils. Schnerr-Sauer cavitation model was employed by M. H. Arabnejad
et al. [2] to study shedding mechanisms from leading-edge cavitation over a NACA
0009 hydrofoil. They found out two types of shedding: primary (large-scale cloud
cavities) and secondary (detachment of small-scale cavity structures). The Shingal
cavitation model was compared to the Homogeneous Relaxation Model (HRM) by F.
Brusiani et al. [7] for predicting the experimental results obtained by E. Winklhofer et
al. [49] in a two-dimensional nozzle (throttle). Even though both models reproduced
the experimental evolution of mass flow as function of pressure drop, Shingal model
seemed to better predict the axial and radial distributions of the vapor region. H. Zhou
et al. [53] implemented the Schnerr-Sauer, the Zwart and the Bubble-Droplet models
in a three-phase solver and used them to simulate the NACA 66 (MOD) hydrofoil as
well as a projectile and ventilated cavitating flow with natural cavitation. For them,
the Schnerr and Sauer model had the best agreement with the experimental results. A
different approach is used by F. J. Salvador et al. [38], who decided for a Homoge-
neous Equilibrium Model (HEM) to study the flow characteristics of a valve covered
orifice (VCO) diesel injector, and found a good agreement between experiments and
simulations in mass flow and momentum flux rates.

Most of the consulted experimental and computational works are limited to two
phases, the liquid and the vapor. Nevertheless, there are applications where three
phases are involved, for example, water, steam and air, or fuel, fuel vapor and air.
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Therefore, the main goal of the present research is the validation of an Eulerian three-
phase solver including cavitation phase change phenomenon. To do so, the most ac-
curate and reliable cavitation sub-model, among the existing ones, needs to be iden-
tified. During these implementation and identification processes, assumptions and
strengths of the tested sub-models are analyzed and put to test, providing directions
for future developments and improvements in cavitation modeling. Since the pro-
posed computational model might be applicable for spray simulations, a previously
developed and validated spray model [39] in OpenFOAM R© is used as starting point.
Three existing cavitation models, the HRM, the Schnerr and Sauer, and the Kunz,
based on different physical principles, are added to it and tested. The results of this
improved Eulerian model are compared to experiments for three different validation
cases: a two-dimensional throttle, the NACA 0015 hydrofoil and a single-hole diesel
injector. This last validation case shows the maximum potential of the present model.

2 Methodology

2.1 Model description

The Eulerian Spray Atomization (ESA) model [31] has been modified. A third phase,
vapor, has been included together with a phase-change model to account for cavita-
tion. This is an Eulerian homogeneous model, based on the one developed by A.
Vallet et al. [44], valid for liquid spray simulations at high Reynolds and Weber num-
bers when there is small differences in velocity between phases. The dispersion is
calculated through a balance equation and the mean size of liquid fragments could
be obtained from the mean surface area of the liquid-gas interface per unit volume.
However, being the focus of this research the cavitation modeling (and only one of
the simulated cases a spray), this part is omitted since it is completely decoupled from
the rest of the model.

The transport equation of the liquid mass fraction, Yl , dispersion is Equation 1,
where ρ is the mixture density and UUU is the velocity vector. The atomization [43] and
mixing are considered by the definition of a “turbulent diffusion liquid flux”. This
diffusion flux is modeled by the Fick’s law, being the diffusivity coefficient the ratio
between the turbulent viscosity, µt , and the Schmidt number, Sc, which is equal to 1
[31]. The term Sv is the source term for phase changing. A second transport equation,
Equation 2, is included for the non-condensable gas phase mass fraction, Yg, similar
to the one for the liquid mass fraction.

∂ (ρ Yl)

∂ t
+∇ · (ρ UUU Yl)−∇ ·

(
µt

Sc
∇Yl

)
=−ρ Sv (1)

∂ (ρ Yg)

∂ t
+∇ · (ρ UUU Yg)−∇ ·

(
µt

Sc
∇Yg

)
= 0 (2)

Regardless the phase-change model employed for obtaining the source term Sv,
saturation and critical pressures are two required characteristics. The critical pressure,
pcrit, is taken as a constant value, whilst the saturation pressure, psat, is calculated
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from the Antoine Equation 3, where A, B and C are empirical parameters specific of
each species.

psat = 10A− B
C+T (3)

Once the liquid and non-condensable gas mass fractions are obtained, the density
of the three-phase mixture is obtained by an equation of state such as Equation 4.
The liquid phase is considered as compressible and its thermodynamical model is the
one presented by R. Payri et al. [31], with density, compressibility and enthalpy as
function of pressure and temperature by means of polynomial fittings. Both gaseous
phases are treated as ideal and perfect gases.

ρ =
1

Yl
ρl
+ Yv

ρg
+

1−Yl−Yg
ρv

(4)

As in any other turbulent flow simulation, the turbulence model in cavitating flow
cases is crucial especially because of the unsteady nature of the phenomenon. Accord-
ing to previous works [39,10], the best Reynolds-Averaged Navier-Stokes (RANS)
turbulence model to accurately predict the flow field characteristics and obtaining
the turbulent viscosity, µt , in wall bounded flows (inside the nozzle, where cavita-
tion may occur) as well as in the spray is the SST k-ω , a 2-equation viscosity model
[26]. This is because the k-ω model, aggregated with the shear-stress transport (SST)
model, provides highly accurate predictions and presents a better performance in ad-
verse pressure gradients and unstable flows than other models such as the standard
k-ε [47,48].

The other balance equations, continuity, momentum and energy, are the common
ones used in compressible single-phase solvers, can be easily found in the literature,
e.g. the work of H. G. Weller et al. [46], and are presented in Equations 5, 6 (where τττ

is the deviatoric stress tensor and the body accelerations forces are neglected) and 7
(in terms of static enthalpy, where κeff is the effective thermal diffusivity coefficient
and K the mean flow kinetic energy), correspondingly.

∂ρ

∂ t
+∇ · (ρ UUU) = 0 (5)

∂ (ρ UUU)

∂ t
+∇ · (ρ UUU UUU) =−∇p+∇ · τττ

τττ = µeff
(
∇UUU +∇UUUT )− 2

3
µeff ∇UUU · III

(6)

∂ (ρ h)
∂ t

+∇ · (ρ UUU h)−∇ ·
(
κeff ∇h

)
=−∂ p

∂ t
− ∂K

∂ t
−∇ · (ρ UUU K)+ τττ : ∇UUU (7)

That is not exactly the case for the pressure equation, Equation 8, where ap and
HHH (UUU) correspondingly stand for the diagonal and off-diagonal contributions of the
discretized momentum equation [17]. Following the work of S. K. Rachakonda et al.
[35], the dependence of the density on the phases mass fractions needs to be con-
sidered in the pressure balance, and the first term of Equation 8 can be written as
in Equation 9 through the equation of state of Equation 4. The time derivatives of
liquid and non-condensable gas mass fractions are known once their corresponding
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transport equations are solved. The compressiblity of the mixture, Ψ , is defined in
Equation 10 based on the isothermal acoustic speed of the two-phase flow in terms of
each phase volume fraction, Xi = Yi ·ρ/ρi, i ∈ {l,v,g} [45].

∂ρ

∂ t
+∇ ·

(
HHH (UUU)

ap

)
−∇ ·

(
1
ap

∇p
)
= 0 (8)

∂ρ

∂ t
=

∂ρ

∂ p
∂ p
∂ t

+
∂ρ

∂Yl

∂Yl

∂ t
+

∂ρ

∂Yg

∂Yg

∂ t
=

=Ψ
∂ p
∂ t
−ρ

2
(

1
ρl
− 1

ρv

)
∂Yl

∂ t
−ρ

2
(

1
ρg
− 1

ρv

)
∂Yg

∂ t

(9)

Ψ =
1
a2 = ρ

(
Xl

ρl
Ψl +

Xg

ρg
Ψg +

1−Xl−Xg

ρv
Ψv

)
(10)

OpenFOAM 4.1.0 R© is the finite volume Computational Fluid Dynamics (CFD)
code for this study because it is open source, so new submodels and solvers are easy
to develop and test, as done in previous works [31]. Transport equations are solved
within a PIMPLE (combination of Pressure Implicity with Splitting Operators -PISO,
4 iterations- and Semi-Implicity Method for Pressure-Linked Equations -SIMPLE, 2
iterations-) loop, which increases computational cost but ensures stability and ac-
curacy. For all cases of this investigation, upwind discretization schemes are used
to minimize the computational cost with relatively low computational error. A first-
order implicit Euler scheme is selected for the time discretization. PBiCG (Precon-
ditioned Bi-Conjugate Gradient) solver with DILU (Diagonal Incomplete LU) pre-
conditioner is used for all variables but the pressure, which is solved by PCG (Pre-
conditioned Conjugate Gradient) solver with DIC (Diagoanal Incomplete Cholesky)
preconditioner. A relaxation factor of 0.3 is used for the pressure, a factor of 0.7 is
set for the density, and the rest of variables are solved without relaxation.

2.2 Homogeneous Relaxation Model (HRM) for cavitation

The HRM defines the phase change source term, Sv, with Equation 11. As explained
by Z. Bilicki et al. [6], this equation describes how the local and instantaneous vapor
mass fraction (“quality”), Yv, tends toward its local unconstrained-equilibrium value
Ȳv,eq (p,T ). In order to account for non-equilibrium effects, it is assumed that the
composition parameter Yv does not adjust itselft to the equilibrium value Ȳv,eq intro-
ducing a finite relaxation time, θ . As shown in Equation 12 [35], this relaxation time
depends on the local instantaneous vapor volume fraction, Xv, and a non-dimensional
pressure, ψ , defined in Equation 13.

Sv =
Ȳv,eq−Yv

θ
(11)

θ = θ0 X−0.54
v ψ

−1.76 (12)

ψ =

∣∣∣∣ psat− p
pcrit− psat

∣∣∣∣ (13)
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K. Saha et al. [37] performed a complete parametric study of the constant θ0
value and the exponents in Equation 12 for a gasoline direct injection application.
The parameter θ0 was varied from 10−6 to 10−8, resulting that the order of 10−7 s
was reasonable. In this case, a value of θ0 = 3.84 ·10−8 s is selected for wall bounded
flows and a value of θ0 = 3.84 · 10−6 s for free flow cases. In both situations an or-
der of magnitude different than the one used by other researchers [35]. Regarding
the exponents, they were also varied in a reasonable range, leading to the conclu-
sion that values used by other researchers and shown in Equation 12 allow accurate
prediciction of both cavitation and flash-boiling phenomena.

The equilibrium vapor mass fraction, Ȳv,eq, corresponds to the thermodynamic
quality of Equation 14 [4,11], where h is the local and instantaneous enthalpy of the
fluid and hl,sat and hv,sat are the saturated liquid and vapor enthalpies, respectively,
calculated as function of temperature at the saturation pressure, hi,sat = hi (psat,T ).
In the present study, this equilibrium vapor quality is limited to the saturated region,
0 ≤ Ȳv,eq ≤ 1, dismissing the subcooled (Ȳv,eq < 0) and the superheated (Ȳv,eq > 1)
conditions.

Ȳv,eq (p,T ) =
hl (p,T )−hl,sat

hv,sat−hl,sat
(14)

Following the comments from K. Saha et al. [37], for cases where there is no
vapor or where local pressure is equal to the saturation pressure, the source term in
Equation 11 tends to infinity because the relaxation time θ becomes zero. To negate
this issue, Xv,min = 10−4 and ψmin = 10−12 are used as thresholds when computing
the relaxation time. Other possible solution for the absence of vapor issue is the in-
clusion of non-condensable gases within the liquid phase [4]. Being true for liquid
fuels, this assumption might not be accurate for all the three validation cases of this
investigation.

2.3 Schnerr and Sauer cavitation model

Originally developed by G. Schnerr and J. Sauer [40], this model is based on the
approach that the liquid fluid contains a large number of spherical gas bubbles (being
eiter non-condensable gases or vapor phase). The mass exchange rate is then based
on a simplified model for bubble growth, based on the Rayleight-Plesset equation,
which is solved neglecting second order terms and the surface tension and generalized
to include condensation [54], yields to Equation 15. It should therefore account for
non-equilibrium effects.

Sv =−
ρv ρl

ρ2 Xl Xv
3

Rb
sign(p− psat)

√
2
3
|p− psat|

ρl
(15)

The concentration of the cavitation nuclei, n0, and therefore the radius of the
vapor bubbles, Rb (Equation 16), depend on many factors. According to G. Cazzoli
et al. [8], these are the temperature, the difference between local pressure and the
vapor pressure and the purity of the fluid. The same authors suggest a constant value
of n0 = 1013 m−3, which is employed in this investigation for wall bounded flows.
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However, a value of n0 = 5 · 108 m−3, several orders of magnitude lower, is needed
for the free flow case to get convergence of the case and realistic results.

Rb =

(
Xv

Xl

1
4
3 π n0

) 1
3

(16)

To avoid numerical issues where there is no vapor or no liquid, minimum thresh-
olds of Xv,min = 10−15, Xl,min = 10−9 and Rb,min = 10−9 m are utilized in Equations 15
and 16, as done for the relaxation time of the HRM.

2.4 Kunz cavitation model

Unlike previous models, the mass transfer here is based on different strategies for
vaporization and condensation. As explained in the work of R. F. Kunz et al. [22],
the vaporization of the liquid phase is proportional to the liquid volume fraction and
the amount by which the pressure is below the vapor pressure, as shown in Equa-
tion 17, where U∞ is the characteristic flow velocity. On the other hand, the conden-
sation of vapor into liquid is modeled with a simplified form of the Ginzburg-Landau
potential, the third order polynomial function of the vapor volume fraction of Equa-
tion 18 (the liquid volume fraction can be written as Xl = 1− Xg − Xv), which is
non-dimensionalized with respect to a mean flow time scale, t∞.

ṁvap =Cprod ρv Xl
min(0, p− psat)

1
2 ρl U2

∞ t∞
(17)

ṁcon =Cdest ρv Xl
X2

v

t∞
(18)

Thus, the specific mass transfer source term is computed as in Equation 19. In this
model, vaporization phenomenon is restricted to the zones where pressure is below
the saturation value and there is some liquid to vaporize, while condensation occurs
independently of the pressure in the regions with vapor phase, having a maximum in
condensation rate at Xv = 1/3.

Sv =
ṁcon− ṁvap

ρ
(19)

In Equation 17 and Equation 18 there are two empirical constants whose values
change from one investigation to another. For instance, R. F. Kunz et al. [23] use
Cprod = 0.2 and Cdest = 0.2, whilst R. F. Kunz et al. [22] employ Cprod = 100 and
Cdest = 100, and A. Yu et al. [51] take Cprod = 455 and Cdest = 4100. In order to min-
imize this uncertainty, and in a similar way of K. Saha et al. [37], H. Zhou et al. [52]
performed a sensitivity study and a sequential optimization of these two constants
for a 2D airfoil and a series of hemispherical head-forms, leading to the following
optimized values: Cprod = 3323 and Cdest = 4328. Following their work, these are the
values employed for all cases of the present investigation.
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3 Validation cases setup

3.1 2D throttle

The first validation case corresponds to the two-dimensional throttle arrangement
developed and tested by E. Winklhofer et al. [49]. It has been previously used as
validation case by other researches, for example, F. Brusiani et al. [7]. Even though
they tested three different geometries with three different contraction levels, only
one of them with a contraction of 5%, named “throttle U”, is selected for validation
purposes. The geometry consists of a channel with an inlet height of Hi = 301µm, an
outlet height of Ho = 284µm and an inlet fillet radius of 20 µm, as shown in Figure 1.
Two plenums are placed upstream (15H1× 15H1) and downstream (65H1× 30H1)
the channel to avoid any effect of the boundary conditions on the region of interest.

Fig. 1: Geometry and mesh of the “throttle U” validation case.

The fluid employed in the experiments was standard diesel fuel. However, a
single-component surrogate, n-dodecane, is chosen as the working fluid for the simu-
lations to enable a complete knowledge of the thermophysical properties of the fluid
[31]. This is a common strategy in the engine research community [3].

The stagnation pressure is fixed at the inlet, on the left hand side in Figure 1, equal
to 10 MPa in all simulations. The fluid temperature at inlet is also constant and equal
to 300 K. The static pressure is set at the outlet, on the right hand side in Figure 1, its
value varying from 1.5 MPa to 8 MPa depending on the desired pressure drop through
the throttle. The rest of the boundaries are non-slip adiabatic walls (in accordance to
the findings of R. Payri et al. [31]).

A structured mesh with quadrilateral cells is employed for this case and also for
the other two. After a mesh sensitivity analysis performed with the HRM for cavita-
tion and a pressure drop of 8.5 MPa, the selected mesh is the one with 119924 ele-
ments, being part of it shown in Figure 1, because it represents the best compromise
between computational cost and accuracy. The analysis is summarized in Table 2,
where the mass flow rate at the outlet section, ṁ, is the comparison parameter.
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Table 2: Results of the mesh sensitivity analysis of the “throttle U” validation case.

Cell count Min. size Max. size ṁ at outlet Variation

53068 2.1 µm 235 µm 8.081 g/s -
119924 1.5 µm 160 µm 7.993 g/s 1.10%
270337 1.0 µm 105 µm 7.942 g/s 0.64%

3.2 NACA 0015 airfoil

The flow around a NACA 0015 hydrofoil represents the second validation case. It
is a common basic geometry to study cavitation appearance utilized by, among oth-
ers, G. Schnerr and J. Sauer [40] and A. Yu et al.[51]. Particularly, experiments and
simulations of A. Yu et al. [51] are reproduced in this work. The chord length of the
airfoil is c̄ = 0.07m, placed inside the water flow with an angle of attack of α = 6◦.
The two-dimensional computational domain, shown in Figure 2, extends to 20× c̄
downstream and 10× c̄ in the other directions.

Fig. 2: Geometry and mesh of the “NACA 0015” validation case.

The working fluid for this case is water. All of the required thermophysical prop-
erties (of both liquid and vapor phases) are obtained from the NIST database [28].
The surface of the airfoil is modeled as non-slip adiabatic wall [31]. The farthest sec-
tion downstream is a pressure outlet boundary condition, and the rest of the limits of
the domain are considered free-stream. Pressure and temperature at outlet and free-
stream boundaries are 31325 Pascal and 298 K, and the free-stream velocity is set to
7.2m/s with a turbulent intensity of 5% and a turbulent length scale of 10% of c̄. The
simulated conditions correspond to a Reynolds number of Re = 5.652 ·105, in other
words, to turbulent flow around the NACA 0015 hydrofoil.
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Table 3 depicts the mesh sensitiviy analysis performed in this case. The elements
with the minimum cell size are the ones next to the airfoil, whilst the largest elements
are located far downstream. The comparison parameter is the lift coefficient of the
airfoil, cl defined in Equation 20, being L the 2D force perpendicular to the free-
stream velocity. The best of the tested grids is the one with 147888 elements.

cl =
L

1
2 ρlU2

∞ c̄
(20)

Table 3: Results of the mesh sensitivity analysis of the “NACA 0015” validation case.

Cell count Min. size Max. size cl Variation

29120 395 µm 11.05 mm 0.4613 -
65520 265 µm 7.41 mm 0.4493 2.67%

147888 180 µm 4.92 mm 0.4784 6.08%
331344 120 µm 3.25 mm 0.4768 0.33%

3.3 ECN Spray C

The third and last validation case is one of the diesel injectors of the Engine Com-
bustion Network (ECN) [42], concretely the one named “Spray C” [30]. It is a large-
nozzle single-hole injector from Bosch (Bosch 3-22). Its hole is cylindrical (k-factor=
(Din−Do)/10 equal to zero) with nominal outlet diameter of Do = 200µm and a 5%
of hydro-erosion to relatively smooth the contours of the orifice. The geometry of the
nozzle has been obtained by x-ray tomography [19]. Following one of the methodolo-
gies presented by M. Battistoni et al. [5], a two-dimensional axisymmetric (wedge)
version of it, depicted in Figure 3, has been built for this investigation. A plenum
(12mm× 6mm) has been attached to consider the ambient conditions. This is the
case where the three phases are present because the discharge volume is filled with
N2 (non-reactive atmosphere similar to air).

The working fluid is again n-dodecane, as in the “Throttle U” validation case, the
standard surrogate at ECN for diesel. The inlet of the nozzle is represented with a
time-varying velocity condition and constant temperature equal to 343 K [39]. The
time resolved value of the velocity is obtained from the experimental measurements
of mass flow rate [30], at 150 MPa of injection pressure. The turbulent intensity at the
inlet is equal to 5% of the imposed velocity and the turbulent length scale is 10% of
the orifice outlet diameter. The plenum, on the right hand end, is a non-reflective or
wave transmissive boundary condition, with a pressure value that gives an ambient
density of 22.8 kg/m3 at a temperature of 303 K (nominal ECN conditions). The rest
of the boundaries are non-slip adiabatic walls [31]. For the initialization, the nozzle
is considered to be filled (up to the orifice outlet) with stagnated fuel at injection
temperature [32].
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Fig. 3: Geometry of the “Spray C” validation case.

The mesh sensitivity analysis of this case, carried out also with the HRM, is sum-
marized in Table 4. The minimum cell size is located at the orifice outlet section, next
to the wall. The steady state mass flow rate at the orifice outlet, ṁ, is again used as
comparison parameter. In this case, the selected mesh (shown in Figure 3) is the one
with 29524 cells.

Table 4: Results of the mesh sensitivity analysis of the “Spray C” validation case.

Cell count Min. size Max. size ṁ at outlet Variation

16761 1.5 µm 718 µm 12.398 g/s -
29524 1 µm 489 µm 11.458 g/s 8.2%
62072 0.7 µm 330 µm 11.780 g/s 2.7%

150092 0.45 µm 220 µm 11.419 g/s 3.2%

4 Results

4.1 2D throttle

Steady state mass flow through the throttle as function of the pressure drop is depicted
in Figure 4a, where simulation data is compared to experiments from E. Winklhofer
et al. [49]. Results of the three tested cavitation models are almost the same, and
similar to experimental values, being the mass flow under non-cavitating conditions
proportional to the square root of pressure drop. According to E. Winklhofer et al.
[49], cavitation starts around a pressure drop of 6 MPa, having a small effect on the
mass flow trend. However, the amount of vapor in the simulations is negligible for
pressure drops of 7.5 MPa and below. A delay in the onset of cavitation is predicted
by all models. Another relevant difference is the slight over-prediction (about a 2.3%)
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of the chocked mass flow value. These two differences can be attributed to the differ-
ence in the saturation pressure value characterizing the experimental diesel and the
surrogate adopted for these simulations (which has about 4 times higher saturation
pressure than standard diesel) [7].

(a) Mass flow vs. pressure drop. (b) Mass flow vs. cavitation number.

Fig. 4: Hydraulic behavior of the “throttle U” validation case.

Mass flow is plotted also versus the cavitation number in Figure 4b. Cavitation in-
ception number (CN) is defined in Equation 21, being the first definition the one used
in wall bounded pressure driven flows whilst its equivalent, the second definition, is
used in free flow situations. In nozzles, the cavitation number at which the mass flow
is 99% of the chocked value is known as the critical cavitation number (CCN). E.
Winklhofer et al. [49] provided a value of CCN = 2.33 for this case, and proved that
it depends on the geometry. Nonetheless, based on the results of F. Brusiani et al. [7]
and the ones presented here, it can be assumed that it also depends on the working
fluid. The values obtained by F. Brusiani et al. [7] are CCN = 2.4− 2.5, but for the
present study they would be between 3 and 4.

CN =
pin− pout

pout− psat
=

1
2 ρlU2

∞

p∞− psat
(21)

These results prove that the correlation of the simulations with experiments is not
perfect because the working fluid could not be exactly the same. Nevertheless, addi-
tional comparisons provide interesting results. Figure 5 shows the velocity profiles at
two different sections of the throttle, near the inlet. As shown in Figure 5a, for the
section closest to the throttle inlet, a velocity peak is found in the experiments close
to the walls of the throttle. According to the explanation of F. Brusiani et al. [7], vapor
has lower density than liquid, and so, zones where there is vapor suffer from an in-
crease in velocity by conservation of momentum. This behavior is not captured by the
simulations because of three reasons. The first one is the assumption of homogeneous
flow, which implies infinite momentum transfer between phases (clearly overestimat-
ing it). This leads to the second reason, the assumption of zero slip velocity between
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phases, it might not be true when part of the nozzle is fully occupied by vapor. And
the third one is that the selected turbulence model may have high energy dissipation
rate near the wall, or may not account for all the compressibility effects present in
multiphase flow [10]. Far from walls, the velocity is almost constant with a minimum
in the centerline. This trend is well captured by the simulations, being the differences
in the velocity values explained by the different fluid properties of standard diesel
and n-dodecane (which has slightly lower density). Further downstream, in a section
in the main part of the flow contraction, the velocity profiles re-arranges itself and
the maximum can be found in the centerline as shown in Figure 5b. Nonetheless,
experiments under chocked flow conditions show also maximum velocities near the
liquid-gas interphase. Behavior which again is not reproduced by the simulations.
Nevertheless, the current accuracy in the velocity profiles is similar to the one re-
ported in the literature [7].

(a) At 53 µm from the inlet. (b) At 170 µm from the inlet.

Fig. 5: Velocity profiles of the “throttle U” validation case with a pressure drop of
8.5 MPa.

The deattached zone as well as the area occupied by vapor seem to be well re-
produced by the simulations in Figure 5. For better visualization of it, the steady
state liquid volume fraction contours at three different values of pressure drop are de-
picted in Figure 6, including the experimental results from E. Winklhofer et al. [49].
Two of the pressure drop values of the experimental results do not coincide with the
simulated ones because, as it has been previously mentioned, the onset of cavitation
predicted by the models is delayed. While in the experiments cavitation is firstly ob-
served at pressure drops of 6.0 MPa, simulations do not predict noticeable vapor until
the pressure drop reaches at least 7.5-8.0 MPa. Therefore, a direct comparison be-
tween experiments and simulations is not possible. For operating conditions beyond
critical cavitation, all models predict that the axial extension of vapor covers up to the
outlet, but none of them accurately predict the vapor expansion towards the axis. Al-
though this inaccuracy has been already reported by F. Brusiani et al. [7], who linked
it to the different way of obtaining the countour, it seems that all models underpredict
the area occupied by the vapor phase downstream, close to the outlet section.
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(a) Exp. ∆ p = 6.0MPa. (b) Exp. ∆ p = 7.0MPa. (c) Exp. ∆ p = 8.5MPa.

(d) HRM. ∆ p = 7.5MPa. (e) HRM. ∆ p = 8.0MPa. (f) HRM. ∆ p = 8.5MPa.

(g) S & S. ∆ p = 7.5MPa. (h) S & S. ∆ p = 8.0MPa. (i) S & S. ∆ p = 8.5MPa.

(j) Kunz. ∆ p = 7.5MPa. (k) Kunz. ∆ p = 8.0MPa. (l) Kunz. ∆ p = 8.5MPa.

Fig. 6: Liquid volume fraction contours of the “throttle U” validation case.

Once again, in this case, the main difference between the three tested cavitation
models is not the vapor distribution but the onset of cavitation. As observed in Fig-
ure 6, for the pressure drop of ∆ p = 8.5MPa, liquid volume fraction distributions of
Figures 6f, 6i and 6l are very similar. The Schnerr and Sauer model is the only one
that shows significant amount of vapor with a pressure drop of ∆ p = 7.5MPa. The
stabilization of vapor cavities for the same pressure drop, shown in Figures 6e, 6h
and 6k, is also different. For the Schnerr and Sauer model it almost reaches the outlet
whilst for the HRM and the Kunz the vapor phase is confined in a region close to
the throttle inlet, although the Kunz model barely generates vapor under this pressure
conditions. This behavior is related to the assumptions made by each model. For in-
stance, the Schnerr and Sauer accepts that the liquid contains a large number of gas
bubbles which act as initiators of cavitation, so cavitation appears earlier than in the
other models.
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4.2 NACA 0015 airfoil

Experimental data from A. Yu et al. [50], in terms of wall pressure coefficient as
defined in Equation 22, is compared to current simulation data of the three differ-
ent cavitation models in Figure 7. Both suction and pressure sides of the hydrofoil
are plotted. Unfortunately, experimental information is available only for the suction
side until approximately x/c̄ = 0.55, area where cavitation is expected to occur. The
observed low, below saturation pressure (high “−cp” values), and almost constant
pressure corresponds to the presence of vapor phase, which according to A. Yu et al.
[50,51] extends to approximately x/c̄ = 0.4− 0.45. After the sharp pressure coeffi-
cient rise, predicted only by HRM and Schnerr and Sauer models, the flow is com-
pound of only liquid water. From there, the pressure increases gently, which means a
small pressure gradient over that part of the suction side, equally resolved by all the
cavitation models as expected.

cp =
p− p∞

1
2 ρl U2

∞

(22)

Fig. 7: Wall pressure coefficient of the “NACA 0015” validation case.

As clearly shown in Figure 7, the HRM is the model that best reproduces the
experimental results. The pressure rise which denotes the end of the cavitation region
is found at approximately x/c̄ = 0.3− 0.35, whilst for the Schnerr and Sauer it is
located at around x/c̄ = 0.2− 0.25. The magnitude of the pressure change is very
well reproduced by the HRM, while it is about half of the experimental one for the
Schnerr and Sauer model. The Kunz model, which for A. Yu et al. [51] provided very
good accuracy, does not present vapor phase in the vecinity of the leading edge of the
airfoil, and that is why from almost x/c̄ = 0.1 the pressure gradient on the suction
side is small. A. Yu et al. [51] obtained this kind of behavior not for the Kunz but for
the full cavitaion model (FCM), not included in this investigation because, for them,
it was inconsistent with the experimental results. On the other hand, the predicted
values for the wall pressure coefficient along the pressure side of the hydrofoil are
obviously the same regardless the cavitation model. No phase change is expected on
that side because the local pressure values, even though they decrease for large part of
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the hydrofoil length (cp < 0 from approximately x/c̄ = 0.15), do not reach the water
saturation pressure.

Continuing with the comparison with experiments, Figure 8 shows the liquid vol-
ume fraction contours around the hydrofoil. They correspond to a cloud cavitation
regime, as expected for this case with CN = 0.856. Figure 8a was obtained by A.
Yu et al. [51] by luminescence, and allows to qualitatively locate the cavitation bub-
bles. As previously commented, the cavitation model that provides results closer to
experiments is the HRM (Figure 8b). Even though, the area occupied by the vapor
phase is underpredicted, as happened in the previous “throttle U” validation case. The
Schnerr and Sauer (Figure 8c) reports even smaller size of cavities as well as lower
amount of vapor. And Kunz model (Figure 8d) barely generates vapor, being 0.917
the minimum value of the liquid volume fraction found over the suction side of the
airfoil.

(a) Experimental [51]. (b) HRM.

(c) Schnerr and Sauer. (d) Kunz.

Fig. 8: Liquid volume fraction contours of the “NACA 0015” validation case. In the
countours from CFD simulations, streamlines are also shown.

Two possible sources of uncertainties that could explain the differences observed
between experiments and simulations have been identified. The first one is the un-
steady nature of the cavitation phenomenon [49–51]. Thus, using a single experimen-
tal snapshot as in Figure 8 or a pressure distribution without specifying the experi-
mental variability as in Figure 7 for comparison may lead to not fully substantiated
conclusions. From the computational point of view, running steady-state simulations
such as the ones reported here could lead to a loss of accuracy. The second one is
related to turbulence. As observed in Figures 8b and 8c, vapor cavities location is
closely related to flow separation regions. Therefore, a RANS turbulence model ca-
pable of predicting flow detachment and reattachment is needed. For S. Obeid et al.
[29], that was the Realizable k-ε instead of the SST k-ω employed in the current
simulations. The preformance of these two turbulence models for this particular case
is very similar, as shown in Figures 9 and 10, where results of a simulation with the
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Standard k-ε model are also included. Realizable k-ε and SST k-ω models predict
almost the same separation, with a peak of turbulent kinetic energy in the area of va-
por condensation and flow reattachment, and so cavitation areas over the suction side
of the hydrofoil, whilst the Standard k-ε does not predict flow separation at all, so
phase-change does not occur. This is because the Standard k-ε predicts higher inten-
sity levels (directly related to the turbulent kinetic energy) which allow the boundary
layer to remain attached (at α = 6◦).

Fig. 9: Wall pressure coefficient of the “NACA 0015” validation case for different
RANS turbulence closure models.

4.3 ECN Spray C

Nozzle discharge, velocity and area coefficients, defined in Equation 23 (where ṁ and
Ṁ represent the mass flow and momentum flux at the outlet, respectively), together
with the experimental results from R. Payri et al. [30], are listed in Table 5. The cavi-
tation model that predicts values closer to experiments is the HRM, and the one with
lowest accuracy is the Kunz model. The three of them underpredict the area occupied
by the vapor phase, as demonstrated by the overprediction in area coefficient. This
result is consistent with the flow structure obtained in the simulations for the “throttle
U” validation case, shown in Figure 6 and the work of F. Brusiani et al. [7], with the
vapor occupying lower area than in the experimental observations.

Cd =
ṁ

Ao
√

2ρl ∆ p
=Ca Cv

CM =
Ṁ

2Ao ∆ p
=Ca C2

v

(23)

Differences in cavitation prediction between the tested models can be visualized
in the liquid volume fraction contours of Figure 11. A length of 10×Do of the dis-
charge volume is shown together with nozzle. The black line represents the zone
where the vapor volume fraction is higher than 0.1%. Cavitation starts at the nozzle
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(a) HRM SST k-ω .

(b) HRM Standard k-ε .

(c) HRM Realizable k-ε .

Fig. 10: Turbulent kinetic energy contours of the “NACA 0015” validation case for
different RANS turbulence closure models. Streamlines are also shown.

Table 5: Nozzle flow coefficients of the “Spray C” validation case.

Cd CM Cv Ca

Experimental 0.631 0.574 0.910 0.693
HRM 0.680 0.609 0.895 0.759
Schnerr and Sauer 0.708 0.614 0.867 0.817
Kunz 0.726 0.610 0.840 0.864

inlet and extends for the complete orifice length because the cavitation number of
this case (CN = 74.3) is far beyond the critical cavitation number, plus the orifice is
not designed to avoid cavitation (it is straight with low grade of hydroerosion). In
fact, HRM shows vapor cavities outside the nozzle, which according to the other two
models, collapse just after exiting the nozzle. This implies a small increase in the
spray cone angle (defined next, see Table 6 for its results). Unfortunately, additional
to the hydraulic characterization already presented in Table 5 there is no more exper-
imental data related to the nozzle flow or the near-field spray to validate these results,
being perhaps the USAXS [5] the only technique capable of obtaining extra relevant
information.

Nonetheless, J. Gimeno et al. [14] experimentally measured and reported the
macroscopic spray characteristics of this validation case (together with many other
injection conditions). The spray tip penetration up to 60 mm is provided as well as the
spray cone angle and the R-parameter. Since the focus of this study is the cavitation
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(a) HRM.

(b) Schnerr and Sauer.

(c) Kunz.

Fig. 11: Liquid volume fraction contours of the “Spray C” validation case.

phenomenon, the computational domain was not prepared to simulate the complete
spray evolution, leaving the spray cone angle and the R-parameter as comparison
metrics. Definitions of these two are [14]:

– Spray cone angle (θ ). It is obtained from the liquid mass fraction contour of
Figure 12. Since the spray occupies the complete computational domain from the
first milliseconds of the simulation, the spray angle is estimated as the angle of
the trapezium (white lines) whose bases are the segments inside the 0.01 liquid
mass fraction contour that coincide with distances 12% and 50% (black lines) of
the computational domain length, as skectched in also Figure 12.

– R-parameter. It is a parameter based on the spray injection theory under the as-
sumption of conical shaped spray. During the steady-state injection, the spray
penetration is proportional to the square root of time (see Equation 24), therefore,
taking the spray angle and the momentum flux as constants from this stabiliza-
tion point, the derivative of the spray penetration respect to the square root of time
must be constant too, as shown in Equation 24.

S (t) ∝ Ṁ
1
4 ρ
− 1

4
g tan−

1
2

(
θ

2

)
t

1
2 → R-parameter =

∂S (t)
∂
√

t
≡ cte (24)

Experimental and computational values of these two metrics are listed in Table 6.
Once again, the HRM is the model that more accurately predicts the spray cone angle,
with an error within the experimental uncertainty. Even though differences are small,
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Fig. 12: Liquid mass fraction contours of the “Spray C” validation case performed
with the HRM including reference lines for the spray cone angle definition.

the cavitation model that predicts higher discharge and momentum coefficients also
provides wider spray angle. This is surprising because, as reported by researchers
[33,36], spray aperture angle substantially increases as cavitation is stronger. That is
due to the collapse of vapor cavities, whose released energy increases momentum in
the radial direction of the surrounding liquid. Then, the Schnerr and Sauer and Kunz
models seem to overpredict the vapor bubble collapse outside the nozzle, even if they
predict lower amount of fuel vapor inside of it, as shown in Figure 11.

Table 6: Steady-state spray cone angle and R-parameter of the “Spray C” validation
case.

θ [◦] R-parameter [m/s0.5]

Experimental 17.78±1.01 2.12±0.18
HRM 18.76 2.82±0.67
Schnerr and Sauer 20.42 2.70±0.71
Kunz 20.42 2.72±0.93

The experimental value of R-parameter has been obtained as the average between
0.2 ms and 0.8 ms after start of injection. On the other hand, the parameter for the
simulations had to be averaged between 0.055 ms and 0.1 ms due to the limitation
of the computational domain. The assumption of constant momentum flux and spray
angle is not exactly fulfilled during this early time of the injection process. This ex-
plains the higher simulation average values, but also the higher standard deviation. In
any case, experimental and all computational values are close taking into account the
variability of the R-parameter. Comparing the three cavitation models, the HRM pre-
dicts faster spray penetration (slightly larger R-parameter), which is consistent with
its smaller spray cone angle.

5 Conclusions

In this work, a three-phase CFD solver is developed and validated. The ESA model
is updated in order to include the cavitation phase change phenomenon. The mod-
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ification is validated against experimental results in three distinct typical cavitation
validation cases: a 2D throttle, a NACA 0015 hydrofoil, and a single-hole ECN ref-
erence diesel injector. The main characteristics of the presented model are:

– The homogeneous fluid approach is used for the three-phase mixture.
– It includes an atomization model valid for high Re and We numbers.
– It includes a cavitation phase-change model (which can be switched if necessary).
– Realistic thermodynamic properties for all fluids and phases are employed.

Three different cavitation sub-models are tested: HRM, Schnerr and Sauer, and
Kunz. All of them include model constants which require optimization for each par-
ticular case. Instead, in this work, the optimized values from the literature are em-
ployed, modified from one validation case to another when needed (their value might
be related with some fluid properties, but further research is needed to draw final
conclusions on this):

– For the HRM, the exponents of the relaxation time expression are the same for
all cases, the ones reported in the literature (X−0.54

v and ψ−1.76). However, the
relaxation time proportionality constant, θ0, required to reproduce experimental
results varies. It differs two orders of magnitude from wall bounded flows with n-
dodecane (θ0 = 3.84 ·10−8 s, which is the default value according to the literature)
to free flows with water (θ0 = 3.84 · 10−6 s), being smaller for cavitation of n-
dodecane occurring within walls.

– For the Schnerr and Sauer model, the concentration of the cavitation nuclei has
to be decreased several orders of magnitude from wall bounded flow with n-
dodecane cases (n0 = 1013 m−3, which is the value reported in the consulted
literature) to free flow cases (n0 = 5 ·108 m−3).

– The Kunz model itself includes two constants that depend on the simulated case,
the characteristic velocity and the mean flow time scale. Using the proper values
of these two (Cprod = 3323 and Cdest = 4328) allows the other constants to be the
same for all cases.

Among the three tested models, the HRM reproduces the experimental results, in
general, better than the Schnerr and Sauer and the Kunz models. For the 2D throt-
tle validation case, the performance of the three of them is relatively similar. All of
them overpredict the critical cavitation number (save that the fluid employed in the
simulations is not exactly the same than the one used in the experiments), slightly
overpredict the chocked mass flow, and clearly underpredict the area occupied by the
vapor phase. For the NACA 0015 hydrofoil, the HRM is the only one that matches
the experimental trend, even though it underpredicts the region of the suction side
where steam is found. The same type of underprediction of the vapor phase region is
observed in the single-hole ECN diesel injector. Its area coefficient, and therefore the
discharge coefficient, are overpredicted, being the HRM the model that provides re-
sults closest to experimental data with an error of 7.8%. The liquid spray atomization
and development can also be analyzed in this case, resulting that the predicted spray
cone angle by this ESA model with the HRM matches the experimental result (it is
within the experimental uncertainty).
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Therefore, the HRM is the proposed cavitation sub-model to be coupled to the
ESA, since this combination is capable of reproducing the experimental findings with
relatively good accuracy. The differences found between simulations and experiments
are associated to the unsteady and turbulent nature of the cavitation phenomenon,
fact also suggested by other researchers. Therefore, more accurate approaches for
simulating the turbulence, such as Large Eddy Simulation (LES), could be used in
the future to further improve the computational predictions.
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