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Abstract. Numerical prediction of ventilated cavitation remains challenging due to the coexistence of
liquid, vapor, and non-condensable gas and the strong unsteadiness of the resulting flow. This paper
presents the implementation and validation of a three-phase VOF cavitation solver in OpenFO0AM for
water, vapor, and air flows, in which phase change is modeled only between liquid and vapor while
the non-condensable gas is transported as an additional immiscible phase. To represent air-vapor co-
existence effects inside cavitating structures, the solver incorporates a merging-theory-based effective
pressure closure within a stabilized pressure and velocity coupling framework, together with bounded
volume-fraction transport and mixture-density regularization to enhance robustness for strongly un-
steady regimes.

The solver is validated against published experimental measurements for a Clark Y hydrofoil with and
without air injection. The results demonstrate that the implementation reproduces the reported mean
pressure-distribution trends and captures consistent changes in unsteady pressure-fluctuation character-
istics induced by ventilation. Overall, the proposed open-source implementation provides a numerically
robust platform for simulating three-phase ventilated cavitation in configurations relevant to engineering
applications.

1. Introduction

Cavitation is characterized by the nucleation, growth, and collapse of vapor structures in a liquid
when the local static pressure falls below the saturation vapor pressure. In hydraulic systems such as
fuel injectors, turbines, marine propellers, hydrofoils, and underwater vehicles, cavitation is frequently
associated with performance degradation, vibration, noise emission, and material erosion [1-6]. These
adverse effects motivate continued efforts to understand cavitation dynamics and to develop effective
mitigation strategies.

Cavitation control approaches are commonly classified as passive or active. Passive methods rely on
geometric or surface modifications to alter the near-wall flow and cavitation inception characteristics,
whereas active methods introduce external actuation, often via injection of a non-condensable gas (typ-
ically air) [7-9]. Air injection can modify the cavity topology and unsteady behaviour, and it has been
reported to reduce cavitation-induced noise and vibration under appropriate operating conditions [10-13].
However, the outcome depends strongly on the injection configuration and operating point. The injection
location, injection rate, and the cavitation number influence whether air injection stabilizes the cavity
dynamics or introduces additional unsteadiness [14-16]. For example, Hilo et al. reported that air in-
jection near the leading edge of a NACAO0012 hydrofoil reduced cavity extent and suppressed noise for
moderate cavitation numbers [10]. Malekshah et al. showed that moving the injection position closer to
the cavitation inception region on a Clark Y hydrofoil reduced the shedding frequency and vibration lev-
els [11]. At the same time, several studies indicate that overly large injection rates may increase pressure
fluctuations or acoustic signatures, implying the existence of an operating-dependent optimum [14-16].
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The flow physics of ventilated and partially ventilated cavities is further complicated by unsteady
ventilation and gas entrainment mechanisms. Hao et al. demonstrated experimentally that sinusoidal
modulation of the air injection rate can generate smaller but more dynamically unstable cavities than
steady ventilation, highlighting the role of boundary-layer development and entrainment processes [16].
Mao et al. reported that controlled air injection can mitigate pressure pulsations and vibration in hydraulic
pumps, but that performance deteriorates when the injection rate exceeds an optimal threshold [12]. Yoon
et al. distinguished internal flow features of ventilated partial cavities, including intermittently fluctuating
open cavities and more stable two-branch cavities, emphasizing that cavity stability is sensitive to the
ventilation regime [13]. Recent three-dimensional experiments by Hilo et al. further showed that even
low air injection rates can increase cavity coverage and decrease shedding frequency, and that moderate
air injection can reduce high-frequency sound pressure levels above approximately 2kHz, albeit with
reported changes in drag and low-frequency acoustic content [17].

Reliable numerical prediction of air-injected cavitating flows, therefore, requires models that (i) repre-
sent the three-phase system (liquid, vapor, and non-condensable gas), (ii) include phase change between
liquid and vapor, and (iii) remain numerically robust under strongly unsteady conditions. In this con-
text, the present work focuses on developing a three-phase VOF-based phase-change solver within Open-
FOAM [18]. The implementation builds on the general modelling line of Schnerr-Sauer type cavitation
closures [19] as used and extended in subsequent works [20,21]. In addition, a merging-theory-based
pressure closure is incorporated to represent the influence of non-condensable gas on the pressure field
entering the phase-change closure, consistent with the modelling direction reported in the cavitation
literature [22-24].

As a practical starting point, the solver framework of Dueholm et al. [21] was adopted, which is based
on an Euler-Euler formulation with a VOF interface-capturing strategy for three immiscible phases. In the
present study, the solver development proceeds in two stages. First, numerically stabilizing modifications
are introduced to enable stable simulations for cavitating hydrofoils with active air injection, which
was not achieved with the baseline implementation for the target configuration. Second, the merging
approach, which is similar to that used by Malekshah et al. [15], is adapted into a form compatible
with a VOF volume fraction field o and implemented consistently within the phase-change closure. The
resulting solver is denoted inter3PhasemergingChangeFoam.

This work is part of a broader research effort aimed at reducing the acoustic signature of cavitating
propellers through air injection. To address this practically important problem, it was necessary to
develop a specialized CFD tool. Similar work was conducted in [15] using a merging theory implemented
in Ansys. Our objective was to implement this theory in OpenFOAM, followed by verification and
validation of the implementation. In doing so, we have created a tool capable of solving our specific
problem while also making it accessible to a wider user community. To keep the manuscript self-contained,
the governing equations solved by the solver and the final closure relations are stated explicitly in the
main text, while detailed derivations are provided in Appendix A. The primary contribution is the
solver implementation (including compatibility with the targeted OpenFOAM release and both static and
dynamic mesh operation), together with a VOF-consistent merging activation criterion and a numerically
robust treatment of pressure and mixture density for air-injection cavitating flows.

2. Theoretical Background

The theoretical foundation of the present solver, which accounts for three-phase cavitating flows using
a Volume of Fluid (VOF) formulation, is based on the OpenFOAM solver interPhaseChangeFoam. This
solver provides a one-field formulation for incompressible multiphase flows with phase change and serves
as the baseline for the developments introduced in this work.

In the present formulation, three volume-fraction fields are considered. Indices 1, 2, and 3 denote the
liquid phase, the vapor phase of the liquid, and the non-condensable gas phase, respectively. Accordingly,
a1, asg, and ag represent the volume fractions of liquid, vapor, and non-condensable gas, and satisfy the
constraint

ar +as+az =1, (1)
which enforces that each computational cell is fully occupied by the three phases. A single velocity field
U is solved for the mixture, following the standard one-field approach adopted in the interFoam family
of solvers. All phases are assumed incompressible and isothermal, meaning that the density of each
individual phase remains constant in time. Turbulence effects are modelled using the Reynolds-averaged
Navier-Stokes (RANS) framework with the k-w SST turbulence model [25]. Unsteady simulations are
performed to capture the transient nature of flow.
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The next step involved modifying the alphaEqn and cavitation model source files, such as SchnerrSauer.C
and SchnerrSauer.H. To maintain compatibility with the original two-phase cavitation formulation while
extending it to a third phase, the modified version was renamed to SchnerrSauer3. This adaptation was
introduced by Dueholm et al. [21].

The governing equations and the derivation of the three-phase formulation adopted here are summa-
rized in Appendix A.

In a three-phase VOF formulation, the mixture density is defined as a volume-fraction-weighted sum
of the individual phase’s densities,

p = aip1 + azpz + azps, (2)
where p1, p2, and p3 denote the constant densities of the liquid, vapor, and non-condensable gas phases,
respectively.

The conservation of mass for the mixture is therefore written as

%+V~(pU):O, (3)

which accounts for local changes in mixture density caused by phase transport and phase change.
The corresponding mixture momentum equation, expressed in conservative form, reads

9(pU)
ot
where p is the pressure, T.g is the effective viscous and turbulent stress tensor, g denotes the gravitational
acceleration, and f, represents the surface-tension forces.

In Eqns. (3) and (4), the density p appears explicitly despite the incompressible assumption for each
phase. This is because incompressibility implies constant density for each individual phase, but not a
constant mixture density. As the volume fractions «; evolve due to advection and phase change, the local
mixture density varies accordingly, requiring a variable-density formulation.

The first term in Eqn. (3) represents the local temporal change of mixture density, while the second
term accounts for the convective transport of mass by the mixture velocity. Eqn. (4) describes the con-
servation of linear momentum of the mixture. The transient term 0(pU)/0t represents the temporal
variation of momentum, and the convective term V - (pU ® U) accounts for momentum transport by
advection. The pressure-gradient term —Vp drives the flow, while the stress-divergence term V - Tog
includes both molecular viscosity and turbulence-model contributions. The term pg accounts for grav-
ity, and f, represents capillary forces arising from surface tension at phase interfaces, treated using a
continuum surface-force approach.

In the present work, several theoretical closures and modelling assumptions (e.g. boundedness of volume
fractions, mixture-density regularization, and merging-theory activation criteria) do not admit a compact
representation purely in continuous analytical form, but are instead naturally defined through their
discrete realization within the VOF framework. For this reason, selected code-level expressions are
presented alongside their mathematical formulation. These expressions should be understood not as low-
level implementation details, but as the explicit algorithmic definition of the governing closures required to
reproduce the model. This approach is consistent with established practice in the OpenFOAM literature
and ensures full transparency and reproducibility of the theoretical formulation.

As previously mentioned, the present development incorporates several physics-based stabilization
techniques into the solver inter3PhaseChangeFoam from [21]. A key stabilization measure is the bounding
of volume fractions aiquid @1d Gnon-condensable gas- Due to numerical or model-related inaccuracies, volume
fractions may occasionally fall outside the physical range [0, 1]. To mitigate this issue, the liquid volume
fraction is constrained as shown in Lst. 1.

+V-(pUeU)=-Vp+V - Teg + pg + £, (4)

1 [volScalarField limitedAlphal (min (max (alphal_, scalar(0)), scalar(l))); J

Listing 1. Bounding of the liquid volume fraction.

This approach is also used in the original interPhaseChangeFoam solver [18]. A similar limitation is
applied to the volume fraction of the non-condensable gas phase, as shown in Lst. 2.

1 [volScalarField limitedAlpha3 (min (max (alpha3., scalar(0)), scalar(l))); J

Listing 2. Bounding of the non-condensable gas volume fraction.

In both interPhaseChangeFoam and inter3PhaseChangeFoam, the transport equations are used to
compute non-evaporating phase fractions. Assuming that the sum of the volume fractions equals unity,
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the vapor fraction can be expressed using Eqn. (1). From a physical perspective, the sum of the vol-
ume fractions of the liquid and the non-condensable gas must also remain bounded between 0 and 1.
Accordingly, we define the bounded sum in Lst. 3.

1 [volScalarField limitedAlphal3 (min (max (alphal. + alpha3., scalar(0)), scalar(l))); J

Listing 3. Bounding of the combined liquid and non-condensable gas volume fraction.

Alternatively, using the already limited values, the same bounded sum can be written as shown in
Lst. 4.

1 {volScalarField limitedAlphal3 (min (max (limitedAlphal + limitedAlpha3, 0)), 1)); J

=W N =

=W N =

Listing 4. Alternative bounded form using already limited volume fractions.

This ensures that the volume fraction of the vapor phase also remains within the physically valid
interval [0, 1].

An additional stabilization strategy concerns the computation of the mixture density. Given the
distinct densities of the three phases and their respective volume fractions, the mixture density can be
calculated as shown in Lst. 5.

volScalarField rho

(
limitedAlphal*rhol () + limitedAlpha2xrho2() + limitedAlpha3xrho3()

)

Listing 5. Volume-fraction-weighted mixture-density calculation.

However, Dueholm et al. [21] noted that the model does not account for diffusion between the gas
phases, which limits its applicability in cases where such interaction is significant. One observed issue was
solver divergence associated with nonphysical mixture properties arising from unbounded or inconsistent
intermediate volume-fraction fields. To address this, the mixture density is constrained to remain above
the lowest density among fluids, namely vapor density, as shown in Lst. 6.

volScalarField rho

(
max (limitedAlphalxrhol () + limitedAlpha2*rho2() + limitedAlpha3xrho3(), rho2())

)

Listing 6. Lower-bounded mixture-density calculation.

This density lower bound helps stabilize simulations at higher Courant numbers.

The merging-theory-based pressure closure is summarized as follows. In the original cell-volume-based
interpretation, the merging condition is evaluated from the local amounts of liquid, vapor, and non-
condensable gas inside a computational cell. Since the volume fraction is defined as the ratio of phase
volume to cell volume, i.e. a; = V;/Ven, the same criterion can be expressed directly in terms of volume
fractions.

Let o denote the bounded value of the corresponding volume fraction. In the present implementation,
merging is activated in cells where the liquid volume fraction falls below g, c;it = 0.99, corresponding to a
combined vapor and non-condensable gas content above approximately 1%, and where the vapor fraction
is not smaller than the non-condensable gas fraction. The activation coefficient is defined as

M =min[H (0.99 — «7), H (aj — a3)], (5)

where H(-) is the Heaviside step function, corresponding to the OpenFOAM pos operator. Thus, M =1
when both activation conditions are satisfied and M = 0 otherwise. Equivalently, the implemented acti-
vation criterion is satisfied when af < 0.99 and a3 > oj. The corresponding OpenFOAM implementation
of the activation coefficient is shown in Lst. 7.

volScalarField condl = pos(scalar(0.99) - limitedAlphal);
volScalarField cond2 = pos(limitedAlpha2 - limitedAlpha3);
volScalarField mergeC = min(condl, cond2);

Listing 7. Implementation of the merging-activation coefficient.

The merged pressure is then evaluated by first defining the excess pressure above saturation and the
local gas—vapor volume-fraction ratio as

Pg2 = max(p - pv70)7 T = max <a;aj_€a€> ) (6)
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where ¢ is a small numerical constant used to avoid division by zero. The pressure associated with the
merged gas—vapor structure is computed as

Pm,merged = Pv + p927”7, (7)

where 7y is the polytropic exponent. The effective pressure entering the cavitation model is finally obtained
as

Pm = Mpm,mcrgcd + (]- - M)pv (8)
Therefore, when the merging criterion is inactive, the classical saturation pressure p, is recovered. When
merging is active, p, is replaced by the effective pressure p,,, which accounts for the contribution of the
non-condensable gas within vapor-containing structures. The corresponding OpenFOAM implementation
is given in Lst. 8.

volScalarField pg2 = max(p - pv, dimensionedScalar ("zero", p.dimensions (), 0.0));
volScalarField ratio = max(limitedAlpha3 / (limitedAlpha2 + SMALL), scalar (SMALL));
volScalarField pmMerged = pv + pg2 * Foam::pow(ratio, gamma);

volScalarField pm = mergeCxpmMerged + (scalar(l) - mergeC) *xpv;

Listing 8. Implementation of the effective merged pressure used by the cavitation model.

Here, p denotes the local pressure, p, is the vapor saturation pressure, 7y is the polytropic exponent,
and SMALL is used to avoid division by zero. The variables pg2, ratio, pmMerged, and pm correspond to
Pg2; T's Pm,merged; and Pm; respectively.

In other words, in this approach, the saturation pressure p, used in the classical cavitation model is
replaced by an effective merged pressure p,,, which accounts for the presence of non-condensable gas
inside the vapor structures. Since p,, > p,, the driving pressure difference (p — py,) is reduced compared
to (p — pv), leading to a suppression of evaporation and condensation rates whenever merging is active.

Physically, this represents the smoothing effect of non-condensable gas within cavitating structures,
which limits the intensity of bubble collapse.

To enhance the robustness of the solver, the pressure equation (pr4n) has been modified relative to
the formulation presented by Dueholm et al. [21]. Specifically, all terms have been rearranged to the left-
hand side (LHS) of the equation. This restructuring increases the diagonal dominance of the resulting
matrix system, which in turn improves the numerical stability of the pressure solution. The resulting
pressure-equation form is shown in Lst. 9.

~
fvScalarMatrix p_rghEgn

(
fvc::div (phiHbyA)
— fvm::laplacian (rAUf, p_rgh)
- (vDotvP - vDotcP) (mixture->pSat () - rhoxgh)
+ fvm::Sp(vDotvP - vDotcP, p-rgh)

)i

Listing 9. Rearranged pressure-equation matrix used to improve numerical stability.

Although the present investigation focuses exclusively on simulations using a fixed mesh, additional
developments have been carried out to extend the solver’s applicability to dynamic mesh configura-
tions—more precisely, those involving the Arbitrary Mesh Interface (AMI). While the solver described
by Dueholm et al. [21] includes most of the required components for handling mesh motion, attempts to
simulate such cases resulted in the runtime error shown in Lst. 10.

[tmp<N4Foaml4GeometricFieldIdNS,l2fvPatchFieldENS,7volMeshEEE> deallocated

Listing 10. Runtime deallocation error encountered during dynamic-mesh simulations.

To address this issue, two key internal fields were refactored: rAUf, the face-interpolated inverse of the
diagonal momentum matrix (originally a temporary volScalarField), and Uf, the face-centered velocity
field (of type surfaceVectorField). These variables were converted from under-the-hood temporaries
into explicitly declared fields, making them persistent and accessible during the simulation. This mod-
ification successfully resolved the deallocation error, enabling robust execution of simulations involving
mesh motion.

The resulting solver, which is capable of handling dynamic mesh motion via the AMI, is also pub-
licly available on GitHub under the name inter3PhasemergingChangeDyMFoam. This naming convention
aligns with the standard solver structure in OpenFOAM to maintain consistency with the official frame-
work.
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In the previous solver implementation, simulations with Courant numbers exceeding unity frequently
resulted in numerical divergence. By contrast, the current solver has been successfully applied to cases
with Courant numbers exceeding 50 without exhibiting instability. This substantial increase in the
allowable Courant number is advantageous, as it enables the use of larger time steps. Unless high
temporal resolution is required due to specific physical phenomena or accuracy constraints, increasing
the time step in this manner is beneficial, as it accelerates convergence and reduces overall computational
cost.

3. Numerical setup

This investigation utilizes a Clark Y hydrofoil with both the chord and span measuring 0.07 meters.
The hydrofoil is analyzed at an angle of attack of 8 degrees. To ensure alignment with the computational
and experimental setup by [15], current study numerical model adopts the same geometric and domain
configurations. The inlet boundary is positioned 3.2 times the chord length ahead of the hydrofoil’s
leading edge, while the outlet lies 5.8 chord lengths behind the trailing edge. The vertical size of the
domain between two horizontal planes is 2.5 chords.

Ventilation and pressure measurements are conducted through small 0.5 mm diameter holes located
at taps 1 to 11.

On the suction side of the hydrofoil, eleven taps (numbered 1-11) are positioned in a row at varying
streamwise distances from the leading edge, as detailed in Tab. 9. They are used both for ventilation and
pressure measurements. For visual clarity, Fig. 1 highlights only Tap 1 and Tap 5, while the full set of
tap locations is provided in Tab. 9.

A steady inlet velocity of 10.45 m/s is applied at the domain’s entrance, and a pressure outlet condition
is used at the exit to control cavitation within the flow field. No-slip conditions are enforced on the
hydrofoil surface and both horizontal walls, while the lateral boundaries are treated as symmetry [15].

Air is supplied through either the first hole—referred to as Tap 1, injections—to analyze the impact
of injection position. The air flow rates considered are 0, and 1 liter per minute.

0.05

¥ Axis 0

Tap 5

Y

-X_Tap 1

-0.05

Z Axis
Figure 1. Computational domain

Simulations were performed using the URANS framework in OpenFOAM, incorporating core solver
functionalities by Jasak [26] and Weller et al. [18]. The developed solver [inter3PhasemergingChangeFoam]
was used for all computations.

The convective terms were treated using the filteredLinear scheme, which combines central differ-
encing with a limited upwind term, constrained to a maximum of 20% based on local-to-face gradient
ratios. Pressure gradients were computed using the linear Green—Gauss method. The Crank—Nicolson
scheme was employed for time discretization.

Due to the inherently unsteady flow, residuals displayed semi-periodic oscillations. Average residuals
were approximately 107° for velocity, 10~° for pressure, 1076 for w, 1075 for k, and 107° for a. The
cumulative continuity error remained below 107, with stepwise errors typically under 1077,
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Tables 1 and 2 summarize the computational domain, boundary conditions, and operating parameters
used in the simulations. The cavitation number is defined as
Pinlet — Pov
= T 3 9)
2PU;

inlet

where p, is the saturation vapor pressure, p is the liquid density, and pinet and Ujpey denote the inlet
pressure and velocity.

Table 1. Summary of geometry, domain dimensions, and operating conditions.

Parameter Value
Hydrofoil profile Clark Y
Chord ¢ [m] 0.07
Span s [m] 0.07
Angle of attack a [°] 8

Inlet distance upstream [c] 3.2
Outlet distance downstream [¢] 5.8

Top boundary height [c] 2.5
Inlet velocity Uy [m/s] 10.45

Table 2. Boundary conditions used in the simulations.

Boundary U D OF Prgn Volume fractions (a1, asg, a3)
Inlet fixedValue (U, 0,0)  zeroGradient a1 =1,a =0,a3 =0
Outlet zeroGradient fixedValue (pout) zeroGradient
Hydrofoil noSlip zeroGradient zeroGradient
Top/Bottom walls noSlip zeroGradient zeroGradient
Side boundaries symmetryPlane symmetryPlane  symmetryPlane
Injector (Tapl) flowRateInletVelocity p = pinlet ag inlet (air)
4. Results

4.1. Validation and Verification

Experimental and numerical data obtained by Malekshah et al. [15] for the pressure coefficient distri-
bution over a Clark Y hydrofoil with a chord length of 0.07m at cavitation number ¢ = 1.1, are used
for validation purposes for both air injection and non-injection scenarios. For the sake of brevity, experi-
mental setup and sensor configuration are not described in this manuscript, and the reader is referred to
Malekshah et al. [15] for full experimental details. Additionally to experimental data, CFD results of [15]
include the lift and drag coefficients, which are used as benchmarks for validation in the present study.
The pressure, lift, and drag coefficients were calculated using the following relations:

Plocal P
C, = Pocal — Po (10)
T

inlet

L

=— 11

LA )
D
3PUR e A
Here, po, is the ambient pressure, p is the fluid density, Uipyet is the inlet velocity, and A is the reference

surface area.

As a preliminary step, simulations of cavitating flow without air injection were conducted to assess
the solver’s capability in capturing cavitation phenomena. This also served to verify that the integration
of the merging theory does not influence the results when the third phase (i.e., non-condensable gas) is
absent.

To this end, a grid independence study and a time-averaging sensitivity analysis were conducted. Based
on the results of these investigations, the optimal grid resolution and averaging interval were selected.
With these settings in place, the lift coefficient (C;), drag coefficient (Cy), and pressure coefficient (Cp)

were compared against the reference data from Malekshah et al. [15].

Cy= (12)
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The next phase of the study applies the same validation and verification procedure to cases involving
air injection, in order to evaluate the solver’s performance in modeling three-phase cavitating flow, which
includes the presence of a non-condensable gas and the application of the merging model.

4.2. Baseline Verification and Validation: Two-Fluid System (Without Air Injection)

The grid independence study based on the time-averaged lift coefficient (C;) and time-averaged drag
coefficient (Cy) is summarized in Tab. 3. Additionally, the distribution of the time-averaged pressure co-
efficient (C}) along the hydrofoil surface—sampled at the mid-span line—is illustrated in Fig. 3, providing
further insight into mesh sensitivity. As shown in both Fig. 3 and Tab. 3, the mesh with approximately
1.020 million cells exhibits grid-converged behavior. This mesh is therefore adopted for all subsequent
simulations.

A time-averaging independence study was also carried out using Cy and C;. The results, shown in
Fig. 2, reveal that averaging over approximately 0.3014 seconds—equivalent to 45 flow-through times—yields
a quasi-steady solution with minimal temporal variation. This averaging interval is used throughout the
remainder of the study.

Table 3. Grid independence study based on (C;) and (Cy).

Grid Size [Millions]  (C4)  Rel. Change [%]  (C;)  Rel. Change [%]

0.310 0.11509 0.80411

0.498 0.11470 -0.33 0.81627 1.51
1.020 0.11506 0.31 0.81203 -0.52
1.838 0.11580 0.64 0.81423 0.27
3.686 0.11428 -1.31 0.81401 -0.03

Time-averaging independence study

------ Grid size = 0.310 e Girid siZE = 0.310
------ Grid size = 0.498 e Girid size = 0.498
[ TIPS Gridsize~ 1.020 Cg =< == Grid size = 1.020
...... Grid size = 1.838 e Grid size = 1.838 13

s Girid siZE = 3.686

------ Grid size = 3.686

09
T A 5 P Nt s KA A NS
o7

0 05
006 011 016 021 026 031 036

Time [s]
Figure 2. Time-averaging independence study based on C; and Cy.

As further justification for selecting a grid size of approximately 1.020 million cells, the distribution of
the time-averaged pressure coefficient (C,) along the hydrofoil surface is shown in Fig. 3. This figure also
includes a comparison between the current numerical results and both the experimental and numerical
data from Malekshah et al. [15]. It is evident that the results of the present study exhibit a smaller
discrepancy relative to the experimental data, in comparison to the numerical predictions of Malekshah
et al. [15].

The mesh consisting of approximately 1.020 million cells yields a local non-dimensional wall distance
(y*) on the hydrofoil surface with an average value of 2.94E+01 and a maximum value of 6.31E+01.
Accordingly, standard wall functions were employed for near-wall treatment throughout this investigation.

Figure 3 presents the CTD extracted along a mid-span line and compared with the data from Malekshah
et al. [15] for the cavitation number o = 1.1. The comparison confirms excellent agreement between the
present study and the experimental data, while a minor deviation is observed relative to their numerical
results.

In Fig. 3, differences between the medium and fine grids are small, indicating that the solution is
close to grid-independent; the full set of grid levels is nevertheless reported to document the verification
procedure and demonstrate robustness with respect to mesh refinement.
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Figure 3. Grid independence and validation study of the C, along the hydrofoil surface
at mid-span. Comparison is shown against the experimental and numerical results from
Malekshah et al. [15]. Grid size is indicated in millions of cells.

A comparison of the time-averaged drag (Cy) and lift (C;) coefficients from the present study with
the computational results reported by Malekshah et al. [15] was also conducted. For mesh sizes of 0.310,
0.498, 1.020, 1.838, and 3.686 million cells, the deviations in Cy were found to be 3.25%, 2.56%, 2.80%,
3.08%, and 0.38%, respectively. In contrast, the deviations in C; were comparatively larger, at 13.00%,
14.09%, 14.07%, 14.34%, and 13.14%, respectively.

Both C; and C; exhibit oscillatory convergence behavior. Therefore, the grid uncertainty (Ug) was
estimated using the approach for oscillatory convergence, as proposed by Stern et al. [27]. The associated
uncertainty is calculated using:

Ug = %(SU - S1) (13)

where S is the simulation result obtained on the finest grid, Sy represents the upper bound of the
oscillating solution across grid refinements, and Sy, denotes the corresponding lower bound. This formu-
lation provides an estimate of the numerical uncertainty due to mesh resolution in cases of non-monotonic
(oscillatory) convergence.

The uncertainty associated with grid refinement and relative grid uncertainty, defined as Ug and
Ug/Sq, was computed for both Cy and C; using the three finest mesh levels. The resulting uncertainties
were 1.620 x 1073 and 1.433% for Cy, and 4.769 x 10~3 and 0.593% for C}, respectively.

Table 4. Parameters of monotonic convergence for C,, at taps 2 and 7, using the three
finest grids.

Ra GR Pa Ca OrE Uc/Se 0&/Se Ugy,/Sa U, E

Tap 2 29178 1.2610 -4.6170 -1.1136 -2.099E-03 0.657% 0.227% 0.430% 2.721E-02 2.218E-02
Tap 7 0.1187 1.2610 9.1890 12.5810 2.444E-03 3.665% 3.982% 3.665% 3.428E-02  3.226E-02

Where Rg is the convergence ratio; GR is the grid refinement ratio; Py is the estimated order of accuracy
based on Richardson extrapolation; C¢ is the correction factor accounting for higher-order terms; d% 5 is
the estimated discretization error on the finest grid; Ug /S is the uncorrected relative grid uncertainty;
0&/Sq is the relative estimated error; Ug,, /Sg is the corrected uncertainty after applying Cgq; U, is the
total validation uncertainty including numerical and experimental sources; and E is the comparison error
between simulation and experimental measurements.

Table 4 presents the verification results for the time-averaged pressure coefficient CT,, following the
monotonic convergence framework introduced by Stern et al. [27] and implemented using the method-
ology outlined by Kazemi et al. [28]. The analysis was conducted at two representative pressure tap
locations—Tap 2 and Tap 7—located along the mid-span of the hydrofoil surface.

For validation, the numerical predictions of C’ip at these tap positions were compared with the experi-
mental data reported by Malekshah et al. [15]. The relative deviations from the experimental values are
3.6% at Tap 2 and 0.4% at Tap 7, respectively.
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It should be emphasized that Uy, representing the uncertainty in the experimental data, is not explicitly
defined in the reference study by Malekshah et al. [15]. Therefore, a conservative estimate of 2.5% of the
experimental value was assumed for validation purposes in this work.

Following the guideline established by Stern et al. [27], if the absolute value of the comparison error |E)|
is less than the total validation uncertainty U, it implies that the combined numerical and experimental
errors are within the estimated bounds, and thus, validation is achieved. This condition is satisfied in
the present study, thereby supporting the reliability of the simulation results.

Despite the inherent complexity of the flow field and the non-negligible deviation from experimental
data, the present results exhibit improved agreement with the experimental measurements compared to
the CFD predictions reported by Malekshah et al. [15].

As an additional check of mesh sensitivity for an unsteady metric, the pressure signal p(t) at selected
taps was analyzed in the frequency domain. Following the procedure described by Heo and Kim [29],
the dominant cavitation shedding frequency fsheq can be estimated by applying a Fourier transform to
p(t) and identifying the strongest peak in the low-frequency band. The corresponding spectral amplitude
Ay (fsnea) was then extracted and compared across mesh resolutions.

Table 5. Grid-independence study without air injection based on the pressure-
fluctuation spectral amplitude at the primary shedding frequency fsneq, evaluated at
Tap 10 and Tap 2.

Grid size [million cells] Ay (fshea) at Tap 10 Ay (fshea) at Tap 2

0.30 0.1197 0.0281
0.49 0.1262 0.0224
1.00 0.1293 0.0231
1.80 0.1272 0.0242
3.50 0.1275 0.0243

Based on Tab. 5, grid independence for the unsteady metric A, (fshed) can be regarded as effectively
achieved with the mesh containing approximately 1.0 x 108 cells. At Tap 10, the amplitude changes
from 0.12937 (1.0M) to 0.12730 (1.8M) and 0.12759 (3.5M), corresponding to variations of approximately
—1.6% and —1.4% relative to the 1.0M value. At Tap 2, the amplitudes are 0.02314 (1.0M), 0.02421
(1.8M), and 0.02433 (3.5M), i.e., increases of approximately +4.6% and +5.1% relative to the 1.0M
value. Importantly, the difference between the two finest meshes is small at both locations (about 0.2%
at Tap 10 and 0.5% at Tap 2), indicating diminishing sensitivity to further refinement beyond 1.0M cells.
Therefore, the 1.0M mesh provides a practical compromise between computational cost and accuracy for
capturing the shedding-frequency pressure-fluctuation amplitude in the present configuration.

4.3. Extended Verification and Validation: Three-Fluid System (With Air Injection)

The results presented thus far demonstrate that the developed solver inter3PhasemergingChangeFoam
performs with high accuracy, and that the implementation of the merging theory does not affect the
solution in scenarios where the third fluid (i.e., non-condensable gas) is absent. This preliminary validation
was a necessary step to ensure the reliability of the solver prior to its application in the intended use case
involving three-fluid cavitating flows.

Having established this foundation, the study now proceeds to the second stage: evaluating the solver
under conditions where the third fluid is present and active. In this phase, the influence of air injection
and the interaction of the non-condensable gas with the liquid and vapor phases are examined.

All results presented in this section, as well as those in the remainder of the results chapter, correspond
to simulations conducted at a cavitation number of o = 1.1, with an air injection rate of @ = 1L/min
introduced through Tap 1. The pressure boundary condition at the injector is set to the ambient pressure
Poo, and the velocity boundary condition is derived from the specified volumetric flow rate using the inlet
velocity.

As in the previous section, a similar verification and validation procedure is applied to evaluate the
solver’s performance in a more complex three-fluid flow configuration. However, several important dif-
ferences must be highlighted.

First, the time-averaged lift and drag coefficients (C; and Cy) are not reported in [15], which is the
only source available for validation in cases involving air injection for this geometry. Second, in the study
by Malekshah et al. [15], the pressure coefficient C, provided for air injection scenarios appears to be
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based on instantaneous pressure data rather than time-averaged results (see Nomenclature and Eqn. 32
in [15]).

While validation typically relies on time-averaged data, the significant unsteadiness in the simulated
pressure coefficient C}, makes the examination of instantaneous values more informative. Our results
presented below lead us to believe that the air injection results reported in [15] may not represent true
time-averaged values, but instead reflect specific instants dominated by the flow’s inherent unsteadiness.

A detailed analysis of the current simulation data confirms strong unsteadiness in €}, when air is
injected. Figure 4 illustrates these fluctuations, which are likely caused by the presence of the third
fluid—non-condensable gas—introducing additional instability into the flow. This leads to large variations
in instantaneous pressure throughout the simulation.

[ exP, E.Malekshah et al

Figure 4. Temporal variation of the pressure coefficient C, at the mid-span of the
hydrofoil for the case with air injection. (Different colors denote C}, profiles sampled at
different time steps)

Further analysis revealed that extracting the pressure coefficient C), at the time instant corresponding
to the maximum cavitation volume produces distributions that closely align with those reported in [15].
Accordingly, for comparative purposes in this section, the C}, values are taken at the moment of maximum
cavitation volume.

To evaluate the robustness and physical consistency of this approach, additional time instances cor-
responding to successive local maxima of cavitation volume are also examined. This assessment aims to
determine whether the resulting —C), profiles follow a coherent trend or whether the observed agreement
with the reference data is coincidental.

As shown in Fig. 5, the —C,, distributions at multiple cavitation peaks display consistent patterns and
closely match one another. This consistency supports the assertion that the —C), profile at the moment
of peak cavitation is representative of the overall cavitating behavior and can thus serve as a meaningful
basis for comparison with the results reported by Malekshah et al. [15].

In Fig. 5, the labels ”Local Maximum 1” through ”Local Maximum 5” correspond to the first through
fifth cavitation volume peaks, respectively, as identified in chronological order.

As an additional verification step, a grid independence study based on the time-averaged lift and drag
coefficients (C; and Cy) was performed, with the results presented in Tab. 6. The deviation between the
results obtained using the 1.020 million-cell mesh and those from the finest mesh with 3.5 million cells is
approximately 0.2% for C; and 0.1% for Cy, respectively. These small differences confirm that the 1.020
million-cell mesh provides sufficient accuracy for subsequent simulations.

Furthermore, as illustrated in Figs. 5 and 6, the solution demonstrates effective grid independence at
the 1.020 million-cell resolution. Therefore, this mesh size is adopted for all further analyses.

The results in Tab. 6 confirm that the deviation between the 1.020 million-cell mesh and the finest
mesh with 3.686 million cells is minimal—approximately 0.2% for C; and 0.1% for C;. This indicates
that the 1.020 million-cell mesh provides sufficient spatial resolution for the present study.

Furthermore, Fig. 6 demonstrates that the chosen averaging interval is adequate. Both C; and C)
reach a quasi-steady state, exhibiting minimal temporal variation, thereby confirming that the selected
averaging duration is sufficient for reliable statistical convergence.

Similar to the case without air injection, both Cy and Cj exhibit oscillatory convergence behavior.
Therefore, the grid uncertainty (Ug) was estimated using the oscillatory convergence approach proposed
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Figure 5. Left: Grid independence study of C,, along the hydrofoil surface at mid-span.
Right: Comparison of instantaneous —C), values corresponding to several local maxima
in cavitation volume with the experimental and numerical results of Malekshah et al. [15],
considering an air injection rate of = 1.0L/min. Grid sizes are indicated in millions
of cells.

Table 6. Grid independence study based on (C}) and (Cy) for an air injection rate of Q = 1L/min.

Grid Size [Millions] ~ (C;)  Rel. Change (%]  (C;)  Rel. Change [%)]

0.310 0.10958 0.79052

0.498 0.10972 0.13 0.81113 2.61
1.020 0.10848 -1.14 0.79707 -1.73
1.838 0.10898 0.47 0.80269 0.71
3.686 0.10821 -0.71 0.79801 -0.58
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Figure 6. Time-averaging independence study based on C; and Cj for an air injection
rate of Q = 1L/min.

by Stern et al. [27]. The associated uncertainty is calculated using Eqn. 13, which provides an estimate
of the numerical uncertainty due to mesh resolution in cases of non-monotonic (oscillatory) convergence.

The uncertainty associated with grid refinement and the relative grid uncertainty, denoted as Ug and
Ug/Sq, were computed for both Cy and C; using the three finest mesh levels. The resulting uncertainties
were 7.584 x 104 and 0.701% for Cy, and 1.031 x 10~2 and 1.292% for C}, respectively.

As previously discussed, because the pressure coefficient C, presented in Malekshah et al. [15] for
air injection cases is based on instantaneous pressure values, a conventional uncertainty study using
time-averaged pressure data is not directly applicable. Instead, in this work, a simplified comparison
is performed. First, in Fig. 7, the time-averaged pressure (p) at taps 1 through 11 is compared across
different mesh resolutions. Subsequently, in Tab. 8, the averaged C,, values corresponding to local maxima
1-5 (as defined in Fig. 5) at taps 2 and 7 are compared with both the computational and experimental
data reported by Malekshah et al. [15].
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Similar to the procedure applied in the previous section, an additional mesh-sensitivity check was
performed for the air-injection case using an unsteady metric. Specifically, the pressure signal p(t) at
selected taps was transformed into the frequency domain, and the spectral amplitude at the dominant
shedding frequency, Ay (fshed), was extracted. The purpose of this additional check is to verify that the

principal unsteady content associated with the shedding process is not abnormally sensitive to further
mesh refinement.

Table 7. Grid-independence study with air injection based on the pressure-fluctuation

spectral amplitude at the primary shedding frequency fsheq, evaluated at Tap 10 and
Tap 2.

Grid size [million cells] A,/ (fshea) at Tap 10 Ay (fonea) at Tap 2

0.30 0.1375 0.0396
0.49 0.1343 0.0447
1.00 0.1322 0.0464
1.80 0.1259 0.0513
3.50 0.1246 0.0513

Based on Tab. 7, the unsteady metric Ay (fshea) exhibits reduced sensitivity as the grid is refined
beyond approximately 1.0 x 106 cells. At Tap 10, the amplitude decreases from 0.13226 (1.0M) to 0.12591
(1.8M) and 0.12466 (3.5M), corresponding to changes of approximately —4.8% and —5.7% relative to the
1.0M value; notably, the difference between the two finest meshes is about —1.0%. At Tap 2, the amplitude
increases from 0.04644 (1.0M) to 0.05136 (1.8M) and 0.05135 (3.5M), i.e., changes of approximately
+10.6% and +10.6% relative to 1.0M, while the difference between the two finest meshes is negligible
(about —0.04%). Therefore, although Tap 2 shows a larger shift between 1.0M and the finer meshes,
the near-identical values for 1.8M and 3.5M indicate that the solution is essentially converged at the

fine-mesh level, and the 1.0M mesh remains a practical compromise for the parametric simulations that
follow.
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Figure 7. Averaged pressure p at taps 1 to 11 for different grid resolutions (grid sizes:
3.11 x 10°, 4.98 x 105, 1.02 x 10°, 1.84 x 105, and 3.69 x 106 cells).

Figure 7 summarizes the distribution of the time-averaged pressure p along the taps and its sensitivity
to mesh refinement. The coarsest mesh exhibits noticeable deviations, particularly at Tap 1, whereas
the intermediate and finer meshes collapse closely over the full set of taps, indicating that the predicted
mean pressure levels are largely insensitive to further refinement.

Table 8. Comparison of averaged C, values corresponding to local maxima at taps 2
and 7, with both the computational and experimental data reported by Malekshah et
al. [15].

EXP, Malekshah et al. CFD, Malekshah et al. Relative error Current study Relative error
Tap 2 0.84684 0.77110 -8.944% 0.87095 2.848%
Tap 7 0.81081 0.80129 -1.174% 0.86991 7.289%
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As shown in Tab. 8, the maximum deviation of the present study from the experimental results of
Malekshah et al. [15] is approximately 7.2%, which is lower than the deviation reported for Malekshah
et al. CFD results.

It is noted, however, that the time-averaged pressure (p) comparison across different meshes (Fig. 7)
reveals local deviations of up to approximately 15% between fine mesh levels. These discrepancies are
primarily attributed to the inherently unsteady nature of the three-phase flow with air injection, where
localized pressure peaks are highly sensitive to transient flow structures and phase interface dynamics.
Even small differences in mesh resolution can alter the instantaneous flow field sufficiently to affect the
time-averaged pressure at specific tap locations.

Although the results are not in perfect agreement with the experimental measurements, the achieved
accuracy, particularly when compared to the CFD predictions of Malekshah et al. [15], is considered
sufficient for the purposes of the present study. The selected mesh resolution, therefore, provides a
reasonable balance between computational cost and predictive capability for further investigations.

4.4. Flow Physics

The spanwise vorticity w, distributions at the mid-span plane are shown for both non-injection and
injection cases in Figs. 8 and 9, respectively. In each case, four contour snapshots are presented, corre-
sponding to successive instants at 0, one-quarter, one-half, and three-quarters of a single shedding period.
These visualizations capture the creation, evolution, and shedding of vortical structures. In both cases,
a Von Karmén vortex street develops downstream of the hydrofoil, indicating periodic vortex shedding
associated with the cavity dynamics.

Figure 8. Spanwise vorticity w, on the mid-span plane for the non-injection case (Q =
0L/min). Four snapshots are shown over one representative shedding cycle at phase
instants ¢ = tg, to + T/4, to + T/2, and ¢y + 3T/4, where T denotes the dominant
shedding period and ¢ is a reference time within the statistically stationary regime.

When air injection is applied, the vortex structures become more elongated compared to the non-
injection case. This is attributed to the interaction between the injected non-condensable gas and the
vapor phase, which alters the collapse dynamics and promotes a smoother transition of vortical structures.
Such behavior is consistent with a cushioning effect from vapor—air merging, which is expected to reduce
abrupt pressure pulses within the cavitation region.
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Figure 9. Spanwise vorticity w, on the mid-span plane for the injection case (Q =
1L/min). Four snapshots are shown over one representative shedding cycle at phase
instants ¢ = to, to + T/4, to + T/2, and to + 3T /4 (same definition as Fig. 8).

Top View

Figure 10. Q-criterion iso-surfaces over the hydrofoil with air injection (@ = 1L/min).

Figure 10 presents the Q-criterion iso-surfaces visualization for the case with air injection. Similarly,
four snapshots are shown, corresponding to 0, one-quarter, one-half, and three-quarters of a shedding
cycle, thereby illustrating the temporal evolution of coherent vortices.

Following the description by Malekshah et al. [15], the vortex evolution over one cycle can be classified
into four phases: (1) formation of the vortex structure on the suction side, (2) detachment from the
hydrofoil surface, (3) primary shedding, and (4) secondary shedding. All phases are reproduced in the
present simulations, confirming the solver’s ability to capture observed dynamics in the literature. The
influence of air injection is particularly evident during the shedding stages, where the coherence and
downstream reach of the vortices are noticeably altered.

Figure 11 shows the three-dimensional Q-criterion iso-surfaces for the same case. A clear Von Karmén
vortex street is visible in the wake, consistent with the spanwise vorticity (w,) results. In both Figs. 10
and 11, the Q-criterion iso-surfaces are colored by the mean velocity magnitude, allowing the propagation
speed of individual vortex structures to be inferred. The results confirm that air injection modifies the
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Figure 11. Three-dimensional Q-criterion iso-surfaces for the case with air injection

(Q = 1L/min).

spatial coherence of the wake vortices, extending their persistence downstream, in agreement with the
vorticity-based observations.

4.5. Volume Fraction Fluctuation Analysis

To assess the effects of the merging model and air injection on the unsteady multiphase behavior, the
mean square fluctuations of the volume fractions, specifically for water, vapor, and air, are shown in
Figs. 12 and 13. In the case without air injection (¢ = 0L/min), only the water and vapor fluctuation
fields are presented, since the air volume fraction remains zero throughout the domain and its fluctuation
is identically zero.

Figure 12. Mean square volume fraction fluctuations (ﬁ) for water and vapor at mid-
span, without air injection (@ = 0L/min).

In contrast, the case with air injection (@ = 1L/min) reveals several key features. First, the region of
fluctuating water volume fraction is significantly elongated downstream, suggesting intensified mixing and
turbulence due to the interaction between the injected air and the primary flow. Second, the vapor fluc-
tuation region is not only shorter but also weaker in magnitude. This indicates that the non-condensable
gas alters the collapse dynamics of vapor cavities—likely by cushioning and delaying condensation—via
local pressure modification.

Additionally, the air volume fraction fluctuation field demonstrates a high concentration near the
injection point, with a rapid decay downstream. This is consistent with expectations: the injected air
locally disturbs the flow, generating fluctuations that dissipate gradually due to diffusion and advection.
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Figure 13. Mean square volume fraction fluctuations (ﬁ) for water, vapor, and air at
mid-span, with air injection (@ = 1L/min).

Further inspection of Figs. 12 and 13 reveals a strong spatial correlation between vapor and air fluctu-
ations near the cavity closure region. This overlapping behavior implies a stabilizing effect of the injected
air on the vapor—liquid interface, reducing irregular cavitation cloud shedding and potentially mitigating
violent collapse events.

Moreover, the smoother and more compact vapor fluctuation region in the air-injected case suggests
a suppression of violent bubble dynamics. The water and air fluctuation trails both extend further into
the wake, indicating enhanced three-phase interaction and transport downstream. This has implications
for flow-induced noise, hydrodynamic efficiency, and erosion risk in practical applications.

4.6. Cavitation Analysis

As a next step, a comparison of the cavitation area at the mid-span slice of the computational domain
is presented in Fig. 14 for both cases with and without air injection. In this figure, the air-injection case
corresponds to injection from tap 5 (see Fig. 1).

The cavity boundary extracted from experimental flow visualization is inherently dependent on the
image-processing methodology and the optical characteristics of the measurement system. In the ex-
periments reported by Malekshah et al. [11,15], the cavity envelope is obtained using a mean gray-level
approach, in which the temporal average of the pixel intensity is used to distinguish regions containing
gas (vapor and injected air) from pure liquid water. It should be emphasized that this method does not
identify a sharp phase interface; rather, it delineates an optically detectable region in which a sufficient
gas content modifies light transmission and scattering.

Previous experimental studies indicate that bubbly or cavitating regions become visually distinguish-
able once the local gas volume fraction reaches several percent, with the effective detectability depending
on illumination intensity, camera resolution, bubble-size distribution, and optical path length. Liu and
Hong [30] reported that cavity shapes extracted from backlit high-speed images correspond closely to
regions with approximately 5-10% gas content, rather than to a liquid—gas interface in a strict volu-
metric sense. Similarly, Zhang et al. [31] showed that gray-level-based cavity detection is sensitive to
experimental lighting conditions and bubble population, and that the detected boundary represents an
optically visible bubbly mixture rather than a fully vapor-filled region.
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Figure 14. Comparison of time-averaged cavitation regions at the mid-span slice of the
computational domain with the experimental fluid dynamics (EFD) data of Malekshah
et al. [15]. The air-injection case corresponds to injection from Tap 5.

In the experimental data of Malekshah et al., the exact gray-level threshold used to delineate the cavity
boundary is not explicitly specified, and the resulting envelope is manually extracted for comparative
purposes. Considering the relatively strong backlighting employed in those experiments and the spatial
resolution of the Phantom Miro C110 camera, it is reasonable to assume that regions with a combined
gas volume fraction on the order of 5% are already optically distinguishable from pure liquid. As shown
in Fig. 14, this interpretation yields cavity shapes that closely correspond to the experimentally observed
envelopes and improves agreement relative to previously reported CFD cavity contours, while remaining
consistent with established interpretations of gray-level-based cavitation visualization.

A further observation, also reported in the reference study, is the increase in cavitation area under air
injection. This trend is reproduced in the present results and highlights the interaction between injected
non-condensable gas and the vapor phase.

4.7. Pressure Fluctuation Analysis

To further investigate the influence of air injection and the merging model on flow unsteadiness, Fig. 15

shows the distribution of mean square pressure fluctuations, 172, for both simulated cases. The upper
panel corresponds to the scenario without air injection (@ = 0L/min), while the lower panel represents
the case with air injection (@ = 1L/min).

In the absence of air injection, pressure fluctuations are mostly localized near the cavity closure region
(close to the trailing edge), with a relatively broad but moderate magnitude. This distribution is consis-
tent with classical cavitating flows, where periodic cloud shedding and vapor collapse generate unsteady
pressure fields.

Upon activation of air injection, both the intensity and the spatial spread of 172 increase significantly,
especially in the wake region. The amplified fluctuation levels suggest a stronger interaction between the
collapsing vapor and the injected non-condensable gas. This behavior aligns with observations by Hilo
et al. [17], who reported increased pressure instability with gas entrainment. These interactions likely
introduce localized compression and expansion events, further enhancing transient pressure peaks.

Such intensified fluctuations have important implications: they may contribute to increased flow-
induced vibration, noise generation, and potential material erosion. Notably, although air injection is
often used to mitigate violent cavitation collapse, it appears to simultaneously introduce new unsteady
phenomena driven by three-phase dynamics.

Interestingly, while the air injection alters vapor dynamics (as shown in the volume-fraction fluctuation
distributions in Figs. 12 and 13), it also introduces an additional instability source that manifests clearly in
the pressure fluctuation field. This highlights a trade-off: while injected air may reduce violent cavitation
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Figure 15. Mean square pressure fluctuation 172 at mid-span for both cases: top, with-
out air injection (@ = 0L/min), bottom, with air injection () = 1L/min).

collapse locally, it may also contribute to new unsteady features elsewhere in the flow domain. Consistent
with the spectral analysis presented below, the overall enhancement of pressure fluctuations with air
injection arises primarily from an increase in the high-frequency (1000 to 5000 Hz) components, rather
than from a systematic rise in low-frequency energy.

The pressure frequency spectra for taps 2, 5, 8, and 11 are shown in Figs. 16 and 17 for the low—mid
(10 to 1000Hz) and high (1000 to 5000 Hz) frequency ranges, respectively. These taps are positioned
from upstream of the injection location (tap 2) towards the trailing edge (tap 11), allowing the spatial
development of pressure fluctuations to be evaluated.

Relative spectral energy ratio. The influence of air injection is quantified using the ratio

fmax
/ FFTwith air injection(f) df
fmin (14)

fmax
/ FFTwithout air injection(f) df

min

R:

where FFT with air injection (f) a0d FFTyithout air injection (f) are the amplitude spectra for the injection and
non-injection cases, respectively, integrated over the frequency range [fmin, fmax|- Values R > 1 indicate
an increase in spectral energy with air injection, while R < 1 indicates a reduction.

Low—mid frequencies (10 to 1000 Hz). The Rjow.mia values are above unity for taps 1 to 5,
indicating a slight increase in low-frequency spectral energy with air injection in the upstream and
mid-chord region. From taps 6 to 9, R is approximately unity or slightly below, showing no consistent
amplification or attenuation in this range. At tap 11, R returns to slightly above 1, suggesting comparable
low-frequency content in the far wake for both cases.

High frequencies (1000 to 5000 Hz). For all taps, Rpigh is greater than 1, indicating that air
injection increases the high-frequency spectral energy across the chord. The largest increase is observed
at tap 1 (R = 3.98), close to the injection point. While the magnitude of R varies along the chord, it
remains between approximately 1.7 and 4.0, showing that the increase of high-frequency content persists
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Figure 16. Pressure FFT [Pa] for the cases with and without air injection at taps 2, 5,
8, and 11; frequency range: 10 to 1000 Hz.
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Figure 17. Pressure FFT [Pa] for the cases with and without air injection at taps 2, 5,
8, and 11; frequency range: 1000 to 5000 Hz.

downstream. Together with the near-unity (or only weakly altered) low—mid-frequency ratios in Tab. 9,
this establishes that air injection enhances the overall pressure fluctuations chiefly by amplifying the
high-frequency spectral content.

These results demonstrate that the main robust effect of air injection is a consistent amplification of
high-frequency pressure fluctuations across all measured locations. Low-frequency changes are weaker
and location-dependent, with modest upstream increases and negligible or slightly reduced values in the
mid-chord region.

In [15], the experimentally measured primary shedding frequency for the case without air injection
and with = 1L/min air injection was reported as approximately 11.5Hz and 10.7 Hz, respectively.

Examining the same frequency region in Fig. 16, a reduction in the corresponding FFT amplitude can
be observed for the case with air injection.
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Table 9. Relative change R for low—mid (10 to 1000 Hz) and high (1000 to 5000 Hz)
frequency ranges at different tap locations.

Tap Location[mm| Riow-mid Rhigh
Tapl 2.8 2.807 3.982
Tap2 8.4 1.272 1.712
Tap3 14.1 1.042 1.861
Tap4 19.8 1.013 2.545
Tapb 25.4 1.027 2.781
Tap6 31.1 0.977 2.786
Tap7 36.8 0.961  2.732
Tap8 42.4 1.001 2.492
Tap9 48.1 0.993  3.053
Tapl0 53.8 1.069  3.300
Tapll 59.5 1.078  3.440

5. Conclusion

Numerical simulations of a hydrofoil with and without air injection were performed to investigate
the role of non-condensable gas on unsteady cavitating flow. The results demonstrate that air injec-
tion modifies both the vortex structure and the spectral characteristics of the flow. Spanwise vorticity
and Q-criterion fields show that air injection elongates the vortex structures downstream of the cavity
closure, consistent with a smoother collapse process due to air—vapor mixing. In [15], the experimen-
tally measured primary shedding frequencies for the non-injection and @ = 1L/min air injection cases
were approximately 11.5Hz and 10.7 Hz, respectively. Examination of the same frequency region in the
present pressure spectra confirms a reduction in the corresponding FFT amplitude for the injection case.
The integrated spectral energy ratio R in the low—mid frequency range (10-1000 Hz) remains close to
unity for most taps, indicating that large-scale coherent structures are only weakly influenced beyond the
near-injection region. In contrast, in the high-frequency range (1000-5000 Hz), R is consistently greater
than unity—reaching up to about 4.0 near the injection point—demonstrating a strong and persistent
amplification of small-scale pressure fluctuations caused by vapor—air interactions and enhanced bubble
fragmentation. While the high-frequency amplification persists downstream, its magnitude decreases
with distance, whereas changes in low-frequency content remain localized. Overall, the findings indicate
that air injection primarily impacts small-scale, high-frequency flow phenomena.
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The solver implementation and the OpenFOAM case setups required to reproduce the main results of
this study are publicly available on GitHub:
e https://github.com/Mehrdad-1991 /inter3PhasemergingChangeFoam.
The test-case repository contains three separate runnable configurations:

e Without-airInjection: baseline cavitating hydrofoil case without air injection, corresponding
to @ = 0 L/min;
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e With-airInjection FROM_Tapl_QlLperMin: main air-injection case with @ = 1 L/min through
Tap 1;

e With-airInjection FROM_Tap5_QiLperMin: additional air-injection validation case with @ =
1 L/min through Tap 5, used for the cavitation-area comparison in Fig. 14.

Each case folder includes the corresponding OpenFOAM dictionaries, run and cleaning scripts, and

post-processing scripts required to reproduce the reported quantities.
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Appendix A. Governing equations for a three-phase VOF formulation with phase change
and merging-pressure closure

This appendix states the governing equations in the notation consistent with the interFoam family
solvers and summarizes the three-phase Schnerr-Sauer cavitation formulation and the merging-pressure
closure as implemented in the present OpenFOAM solver. The system consists of three immiscible phases:
liquid (1), vapor of the liquid (2), and a non-condensable gas (3). A one-field (mixture) velocity U is
solved for all phases.

A.1. Model assumptions and primary unknowns

We introduce the phase volume fractions ay, as, and ag subject to Eqn. (1), and a single velocity field
U. Each phase density p; is treated as constant (incompressible, isothermal phases). The solver advects
two independent fractions («; and ag) and reconstructs the third one:

as = clamp(l —a —as, 0, 1), clamp(z,0,1) = min(max(z, 0), 1). (15)
For numerical robustness, bounded fractions are used repeatedly:

o) = min(max(c;,0),1), i1€{1,2,3}. (16)

(3

A.2. Mixture density and transport properties

The mixture density is computed as the phase-weighted sum (see Eqn. (2)), with as given by Eqn. (15).
Effective viscosity (laminar+turbulent) follows the standard incompressible RANS closure used in Open-
FOAM and is not repeated here.

A.3. Mixture continuity and one-field momentum equation

The mixture is advanced with a pressure velocity coupling (PIMPLE). In a one-field incompressible
VOF framework with variable p(«;), the governing equations may be written in conservative form as

9 L. (pu) =0, (17)

ot
a(pU
%JrV(pU@U):pr+V~TCﬁ+pg+fg, (18)

where T4 denotes the effective viscous/turbulent stress tensor and f, is the surface-tension force.

A.4. Surface tension and curvature (VOF continuum surface force)

The solver employs a continuum surface-force formulation. The curvature is obtained from an interface-
normal flux based on Ve (see threePhaseInterfaceProperties):

Va1
n=——— 19
[Farll + )
with a small regularization é > 0. The corresponding force is
f, = oKVay, (21)

with o the (effective) surface-tension coefficient used by the solver.
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A.5. Pressure formulation using p,g

As in interFoam, the solver uses the hydrostatic split

Prgh = P—pg-X, (22)

and solves for p,qp, inside the PIMPLE corrector loop. The pressure equation is assembled such that
Eqn. (17) is satisfied after each correction; the detailed discrete form follows the standard OpenFOAM
derivation for variable-density incompressible VOF solvers and is omitted for brevity.

A.6. VOF transport equations with compressive flux

The VOF advection employs an additional compressive flux to maintain sharp interfaces. In Open-
FOAM notation, the generic form used by MULES-type updates is
Oa
a+V'(aU)+V~(o¢(1foz)Uc)—on~U:Sa, (23)
where U, is the artificial compression velocity (controlled by cAlpha in the solver dictionaries), and the
term —a'V- U is retained (“compression term”).
In the present three-phase implementation, two transport equations are solved:

0
%-i-V-(OqU)—l—V-(oq(l—ozl)Uc’l)—Oélv.U:Sa17 (24)
0
% + V- (a3U) + V- (a3(l —a3)U.3) —az3 V- U =0, (25)

and as is reconstructed by Eqn. (15). The gas phase is non-condensing and non-reacting in the present
phase-change model; it enters only through boundary conditions and through the merging-pressure closure
described later.

A.7. Phase-change coupling terms in OpenFOAM form

Phase change is modeled as interphase mass transfer between phases 1 <+ 2. In the solver, the phase-
change model provides two paired source terms that are used (i) in the «; equation and (ii) in the pressure
equation.

The phase-change base class returns mDotAlphal() and mDotP() as pairs:

Pair(m(o), m(l)),

which represent the two contributions (condensation-like and vaporisation-like parts) assembled with
sign-controlled operators.
The source used in the «; transport is provided as vDotAlphal ():

N\ (k
(val)( ) = Qf coeff mgz), ke {0,1}, (26)
with the coeflicient exactly as implemented in phaseChangeThreePhaseMixture:
1 1 1
QY coeff = —— + o ( - ) . (27)
P1 P1 P2
Similarly, the contribution used in the p,q5 equation is returned as vDotP():
A\ (k 1 1
(Up)( ) = Pcoeft m}(}k)’ Pcoeff = (/72 - m) 5 (28)
where mDotP () is provided by the cavitation model (Section A.8).

A.8. Three-phase Schnerr-Sauer cavitation model with merging-pressure closure

Cavitation is represented by transfer between liquid (1) and vapor (2). The present model follows the
Schnerr-Sauer structure, with coefficients C, and C,, nuclei number density n, and nuclei diameter dyyc.
The saturation pressure is p, = psat (stored as pSat). The non-condensable gas (3) does not exchange
mass, but it modifies the effective reference pressure through a merging-pressure closure, which enters all
kinetics through p;,.
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A.8.1. Nuclei volume fraction and bubble radius. The nuclei “volume” quantity and the nuclei volume
fraction are

nwdy Vi
Ve = Nuc, nuc — e 29
6 T T Ve 29)
The bubble radius used by the model is a function of the bounded liquid fraction oj:
3 14+ apue — 1/3
D=— — TVSMALL .
Ry(ad) [471_” ma (max(a’{, 10-5)’ ROOTVS )} (30)

This expression matches Rb() in the code, including the cutoff max(aj, 1072).

A.8.2. Merging-pressure closure (implemented form). The implementation-level form of the merging-
pressure closure introduced in Section 2 is repeated here for completeness, because the source-term
expressions below depend explicitly on p,,. The merging closure is computed from bounded a3, a5 and
a fixed v = 1.4. First define

Pg2 = max(p — py, 0), r= maX<a§ai 5,6> , (31)

with € = SMALL > 0. The merged pressure is
Pm,merged = Pv + Pg2 1. (32)
The activation coefficient M € {0, 1} is built from two conditions implemented via pos and min:
M =min(H(0.99 — o), H(aj —a3)), (33)

where H(-) is the Heaviside step (OpenFOAM pos). The effective reference pressure used in cavitation
kinetics is then

Pm = Mpm,merged + (1 - M) Du- (34)
Eqns. (32) and (34) reproduce exactly the logic implemented in pCoeff (), mDotAlphal(), and mDotP().

A.8.3. Auziliary mizture-density factors used in the implementation. The code constructs (i) a bounded
mixture density and (i) an additional density ratio used in the source terms. With bounded fractions,

p" = max(ajpr + a5p2 + a3p3, p2), (35)
and
_ Pt az(p2—ps) (36)
p* +az(pr = p3)
These match rho and densityfrac in the code.

X

A.8.4. Kinetic prefactor (pCoeff function). The kinetic prefactor returned by pCoeff (p) is

pP1p2 2 1
II(p) = ( " ) — , 37
®) p*+ak(pr —p3) )\ 3p1\ Ip = pml + 0.01py, (87)

where p,,, is given by Eqn. (34). This is the exact algebra appearing in the return expression of pCoeff ().

A.8.5. Mass-transfer source terms for ay: mDotAlphal. The solver defines pg = 0 (stored as pO_) and
uses max(+,pg) and min(-,pg) to select the sign of the driving pressure difference. With R, = Ry(a7),
I1 =TI(p), and x as above, the pair returned by mDotAlphal() is

3]._.[ - MPm>

m® = (~p) 2R 10X = b, o), (38)
Ry + Ry (57n) X

4rn RZ2 T min(p — pim, Po)

39
14+ Rg (%T(Tb) X (39)

mg}) = (_Cv)

These are the exact expressions in mDotAlphal() (including the —C, and —C, prefactors and the de-
nominators).

The corresponding volumetric source terms used in the o1 equation are then obtained through Eqns. (26)
and (27).
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A.8.6. Mass-transfer source terms for pressure: mDotP. In mDotP (), the bounded combined fraction

o}3 = min( max(af + a3,0),1) (40)
is used to reduce condensation in regions occupied by liquid+gas. The returned pair is
my?) = (=Ce) (1 - ajy) . H(p—pm) 11, (41)
Ry + 3 (3 x
47tn R?

1 — (¢ ol T [ttt A — I 42

m v) ne m )
W= () (o) 1+R2(§m)x] (0~ o) (42)

where H(-) corresponds to pos0 and neg(-) corresponds to OpenFOAM’s neg. These expressions repro-
duce the code in mDotP () (including the sign conventions and activation operators).
The pressure-equation volumetric source terms are then constructed as in Eqn. (28).

A.9. Remark on reconstruction and boundedness

The solver advances «; and az with MULES-type bounded advection and then reconstructs as using
Eqn. (15). This strategy enforces the algebraic constraint in Eqn. (1) in a robust manner while maintaining
a; € [0,1] up to discretization tolerances. The cavitation model affects the flow through (i) the volumetric
fraction source terms in the oy equation via Eqn. (26) and (ii) consistent pressure-equation sources via
Eqn. (28), with the effective cavitation reference pressure p,, defined by the merging-pressure closure in
Eqn. (34).
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