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Abstract Cavitation typically occurs when the fluid pres-
sure is lower than the vapor pressure at a local thermody-
namic state, and the flow is frequently unsteady and tur-
bulent. To assess the state-of-the-art of computational ca-
pabilities for unsteady cavitating flows, different cavitation
and turbulence model combinations are conducted. The se-
lected cavitation models include several widely-used models
including one based on phenomenological argument and the
other utilizing interface dynamics. The k-ε turbulence model
with additional implementation of the filter function and den-
sity correction function are considered to reduce the eddy
viscosity according to the computed turbulence length scale
and local fluid density respectively. We have also blended
these alternative cavitation and turbulence treatments, to il-
lustrate that the eddy viscosity near the closure region can
significantly influence the capture of detached cavity. From
the experimental validations regarding the force analysis,
frequency, and the cavity visualization, no single model
combination performs best in all aspects. Furthermore, the
implications of parameters contained in different cavitation
models are investigated. The phase change process is more
pronounced around the detached cavity, which is better illus-
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trated by the interfacial dynamics model. Our study provides
insight to aid further modeling development.

Keywords Cavitation · Turbulence model · Cavitation
model · Hybrid model

Nomenclature

σ Local cavitation number; cavitation number
based on the local temperature

Cε1,Cε2, σε, σk Coefficients of k-ε turbulence model
C Chord length of hydrofoil
L Characteristic length scale
I Turbulence intensity
k Turbulent kinetic energy
ṁ+, ṁ− Source and sink terms in the cavitation model
p Pressure
pv Saturation vapor pressure
Re Reynolds number
t∞ Reference time scale, t∞ = L/U∞
U∞ Reference velocity scale
u Velocity
Uv,n Normal component of the vapor velocity

moving away from the interface
UI,n Normal interfacial velocity
x Space variable
αl Liquid volume fraction
ρ Density
μ Dynamic viscosity
μT/μL|inlet Eddy-to-laminar viscosity ratio at the inlet
φm Mixture property
ε Turbulent dissipation rate
Δ Filter size in filter-based model

1 Introduction

Cavitation typically occurs when the fluid pressure is lower
than the vapor pressure at a local thermodynamic state [1–5].
It is often associated with undesired effects, such as noise,
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vibration, erosion, and power loss. Cavitation can happen
in all kinds of fluid machinery components, such as nozzles,
injectors, propellers, and hydrofoil.

As cavitation occurs, the forming vapor phase will re-
place the liquid phase inside the cavity, and in order to
maintain the vapor phase, the surrounding liquid will adjust
its thermodynamic state and experience evaporative cooling,
which causes temperature drop around the cavity. For flu-
ids such as water, due to a very large ratio between liquid
and vapor densities, around O(105), these thermal effects are
insignificant during cavitation process.

Experimentally, the unsteadiness and turbulence inter-
actions have been investigated in multiple researches. It has
been demonstrated that the convection essence of cavitation
and the unsteady structure of cloud cavitation can occur even
the hydrofoil is stationary with steady inlet conditions [6].
For the cloud cavitation, the pressure coefficient experiences
an adverse pressure gradient at the closure region. It has
been found out that the intensity of pressure fluctuations is
clearly larger in the area close to the closure region. As
the cavitation number decreases, and the cavity length in-
creases, the fluctuations also become larger with a bigger af-
fected area [7]. Furthermore, it has been demonstrated that
re-entrant jet after the closure region is the basic mechanism
that triggers the shedding of the cloud cavitation. The re-
entrant jet is from the trailing edge to the leading edge of the
sheet cavity. Therefore, the re-entrant jet is not the propaga-
tion of the collapse of the sheet cavity, but is a flow under a
sheet cavity [8]. Furthermore, cavitation instability induced
by the development of a re-entrant jet for water past a back
step channel is studied [9], and the re-entrant jet will be cre-
ated if the adverse pressure gradient near the closure region
is large enough. Gopalan et al. [10] have demonstrated that
the collapse of vapor bubbles in the closure region for sheet
cavitation is the primary source of vorticity production. Be-
sides, the change in the size of cavity will result in significant
changes in turbulence level and momentum thickness of the
downstream boundary layer. Li et al. [11] have shown that
traveling bubbles close to the surface can induce local turbu-
lent regions by stretching the boundary layer and will also
create streamwise vorticity.

Various cavitation models can be categorized based on
how the moving interface and multiphase mixtures are han-
dled, namely, (1) interface tracking method [12,13]; (2) cou-
pled density and pressure models [14–16]; (3) transport mod-
els [17–29] for liquid/mass fraction. In the first category,
Chen et al. [12] and Deshpande et al. [13] have treated the
computational domains with individual phases separately by
time-wise grid regeneration according to the cavity shape.
The pressure inside the cavity is considered constant, and
a wake model is used to handle the cavity closure. This
method is insufficient once the cavity is detached. In the
second category, the homogeneous flow models based on a
single-fluid framework with fluid properties estimated based
on the liquid-vapor mixture ratios are used. Without ad-

ditional cavitation model, density will be directly coupled
with pressure by some specific equations, such as equations
of states [14,15]. If the pressure is iterated, the saturation
temperature can be interpolated, and then the enthalpy and
the specific volume along the saturation water and vapor line
can be updated. In this way, the iterated enthalpy can de-
termine if the substance is in vapor, liquid or mixture phase,
and then each phase has its own equation of state to spec-
ify the density. Delannoy et al. [16] have also utilized
the arbitrary barotropic equations to solve the density field.
However, these approaches in this (second) category fail to
capture some fundamental fluid physics such as baroclinic
vorticity production, which has been shown in experimental
study [10]. In reality, the pressure and density gradients are
not always parallel. For these kinds of methods, they can
not account for the convection and transport phenomenon of
the cavitation bubbles due to the lack of cavitation transport
equation, and hence these models will be more suitable for
attached cavity.

In this study, we focus on the third category with
transport-based cavitation models. A popular homogeneous
flow model utilizes the framework of the transport-based
equation (TEM) [17–28], which is adopted in the present
study. In this method, the information of the vapor vol-
ume/mass fraction distribution is obtained in a modeled
transport equation based on the mass transfer between va-
por and liquid phases. The cavitation sink and source terms
can be derived based on (1) the phenomenological model
employing dimensional argument and semi-empirical guid-
ance [17–25]; (2) the interfacial dynamics model based on
transport laws across phase boundaries [21,22]; and (3) the
Rayliegh-Plesset equation for bubble dynamics [26–29]. We
will have detail descriptions for the phenomenological and
interfacial dynamics model in the next section. As for those
models that utilize the simplified Rayliegh-Plesset equation,
the assumptions, such as constant bubble number density and
arbitrary constant that replaces the bubble number density,
have limited the accuracy.

For turbulence, the ensemble-averaged modeling with
a two-equation closure along with a filter-based model
(FBM) [17,23–25,30] is utilized. The approach reduces the
influence of the turbulent eddy viscosity based on the local
numerical resolution, essentially blending direct numerical
simulation (DNS) and conventional turbulence model in a
single framework. Specifically, the level of the turbulent vis-
cosity is corrected by comparing the turbulence length scale
computed from the turbulence closure and the filter size Δ
based on the local mesh spacing. As discussed in Ref. [24],
the uncertainty associated with inlet turbulent quantities can
substantially impact the outcome of the conventional two-
equation eddy viscosity model. The filter-based approach
can effectively improve the consistency of the numerical pre-
dictions by reducing the reliance on the turbulence closure.
Furthermore, to account for the large density jump caused
by cavitation, research in Refs. [20,27,30] has considered
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the compressibility of mixture phases by a density correc-
tion function. Under this treatment, the reduced eddy vis-
cosity can capture the unsteadiness and re-entrant based on
the mixture density.

The present study is aimed at addressing the modeling
interaction between cavitation and turbulence by comparing
with experimental data, and provide the insightful informa-
tion for further modeling modifications.

2 Governing equations and numerical techniques

The set of governing equations for isothermal cavitation un-
der the homogeneous-fluid modeling consists of the con-
servative form of the Favre-averaged Navier–Stokes equa-
tions, the k-ε two-equation turbulence closure, and a trans-
port equation for the liquid volume fraction [24,25]. The
continuity, momentum, and cavitation model equations are
given below

∂ρm

∂t
+
∂(ρmuj)

∂x j
= 0, (1)

∂(ρmui)
∂t

+
∂(ρmuiu j)

∂x j

= − ∂p
∂xi
+
∂

∂x j

[
(μL + μT)

( ∂ui

∂x j
+
∂uj

∂xi
− 2

3
∂uk

∂xk
δi j

)]
, (2)

∂αl

∂t
+
∂(αluj)

∂x j
= ṁ+ + ṁ−. (3)

The mixture property, φm, can be expressed as

φm = φlαl + φv(1 − αl), (4)

where φ can be density, viscosity, and so on.

2.1 Transport-based cavitation model

The source term ṁ+ and sink term ṁ− in Eq. (4) represent the
condensation and evaporation rates. A popular phenomeno-
logical model, originally proposed by Merkle et al. [18] and
investigated by numerous researchers with modified model
parameters [17,19–25], resulted largely from the dimen-
sional argument. The representative liquid-vapor evapora-
tion and condensation rates for this category are shown as
following

ṁ− =
Cdestρl min(p − pv, 0)αl

ρv(0.5ρlU2∞)t∞
,

ṁ+ =
Cprod max(p − pv, 0)(1 − αl)

(0.5ρlU2∞)t∞
.

(5)

The conditional statement in the source term ṁ+ and sink
term ṁ− means evaporation/condensation occurs when pres-
sure is lower/higher than vapor pressure under the assump-
tion of thermal equilibrium.

In Eq. (6), Cdest and Cprod are the empirical constants,

U∞ is the reference velocity scale, and t∞ is the reference
time scale, which is defined as the characteristic length scale
L divided by the reference velocity scale U∞ (t∞ = L/U∞).
As the results, the models here are derived for entire bub-
ble clusters, but not a single bubble. For non-cryogenic flu-
ids like water, different constants are specified [18,21,31].
Cdest = Cprod = 1 000 are originally used by Merkle et
al. [18] to solve the vapor mass fraction. Cdest = 1 and
Cprod = 80 used by Secnocak et al. [21] are adopted in this
study. However, these values are materials dependent and
different for, e.g., liquid nitrogen and hydrogen under cryo-
genic condition [17, 21–25].

Senocak and Shyy [21,22] have developed the interfa-
cial dynamics model (IDM) by considering the interfacial
dynamics, at high Reynolds number approximation neglect-
ing the viscous and surface tension forces. Based on the con-
tinuity and force balance on the interfacial dynamics, one
obtains the following equations

ρl(Ul,n − UI,n) = ρv(Uv,n − UI,n), (6)

pv − pl = ρl(Ul,n − UI,n)2 − ρv(Uv,n − UI,n)2. (7)

In the next step, it is considered that the phase change takes
place between mixture and vapor phases across clear in-
terfaces by simply replacing the liquid phase with mixture
phase. Furthermore, the following cavitation sink and source
term can be obtained by combining Eqs. (4), (6) and (7)
for mixture density, and normalizing the combined equation
with t∞

ṁ− =
ρl min(p − pv, 0)αl

ρv(Uv,n − UI,n)2(ρl − ρv)t∞
,

ṁ+ =
max(p − pv, 0)(1 − αl)

(Uv,n − UI,n)2(ρl − ρv)t∞
.

(8)

The choice of the time scale in Eq. (8) depends on the cavi-
tation dynamics. A systematic investigation is needed to as-
certain this aspect. In the present study, it is chosen as L/U∞
as that in Eq. (5) for the entire bubble clusters.

The empirical constants in Eq. (5) now can be replaced
by the explicit calculations for the interfacial velocity terms
here, the normal component of the vapor velocity moving
away from the interface, Uv,n, is calculated as

Uv,n =
∇αl

|∇αl| · u. (9)

The normal interfacial velocity, UI,n, is zero in steady calcu-
lation. However, in unsteady computations this term needs
modeling efforts. Previous studies expressed UI,n in terms of
part of the Uv,n [17,21–23]. An alternate method of modeling
is also discussed by Wu et al. [17,23], which is based on the
local variation of liquid volume fraction with time marching

UI,n =
Δṁ
S
=

[αl(t + Δt) − αl(t)] · S CV

Δt · S , (10)

where S CV is the control volume face area; S is the interface
area, and it can be calculated by projection of control volume
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face area to the normal direction of interface, which can be
obtained by taking the gradient of the volume fraction.

S =
S CV∣∣∣∣nx

/√
n2

x + n2
y

∣∣∣∣
, n =

∇αl

|∇αl| = nxi + ny j . (11)

In current study, we will utilize the phenomenological cavi-
tation model and IDM (shown in Table 1) to investigate the
impacts of cavitation models.

Table 1 Cavitation models used in the present study

Model Source term Sink term

Phenomenological model
Cprod max(p − pv, 0)(1 − αl)

(0.5ρlU2∞)t∞

Cdestρl min(p − pv, 0)αl

ρv(0.5ρlU2∞)t∞

Interfacial dynamics model (IDM)
Cprod = 1 Cdest = 80

max(p − pv, 0)(1 − αl)
(ρl − ρv)(Uv,n − UI,n)2t∞

Cdestρl min(p − pv, 0)αl

ρv(ρl − ρv)(Uv,n − UI,n)2t∞

2.2 Turbulence model

The k-ε two-equation turbulence model with a wall function
treatment is presented as follows [32,33]

∂(ρmk)
∂t

+
∂(ρmku j)

∂x j

= Pt − ρmε +
∂

∂x j

[(
μL +

μT

σk

)
∂k
∂x j

]
, (12)

∂(ρmε)
∂t

+
∂(ρmεuj)

∂x j

= Cε1
ε

k
Pt −Cε2ρm

ε2

k
+
∂

∂x j

[(
μL +

μT

σε

)
∂ε

∂x j

]
, (13)

where the production term of turbulent kinetic energy (Pt)
and the Reynolds stress tensor (τi j) are defined as

Pt = τi j
∂ui

∂x j
, (14)

τi j = −ρmu′iu
′
j =

2
3
ρmkδi j − μT

(
∂ui

∂x j
+
∂uj

∂xi

)
, (15)

with Cε1 = 1.44, Cε2 = 1.92, σε1 = 1.3, σk = 1.0. The
turbulent eddy viscosity is defined as

μT =
Cμρmk2

ε
, Cμ = 0.09. (16)

As mentioned in previous section, a filter-based model
(FBM) [17,23–25,34] is also adopted. This model limits the
influence of the eddy viscosity based on the local numerical
resolution, essentially forming a combined direct numerical
simulation and RANS model. Specifically, the level of the
turbulent viscosity is corrected by comparing the turbulence
length scale and the filter size Δ, which is based on the local
meshing spacing

μT FBM =
Cμρmk2

ε
fFBM,

Cμ = 0.09,

fFBM = min
(
1,
Δ · ε
k3/2

)
.

(17)

By imposing the filter, the turbulence length scale will not be
resolved if it is smaller than the filter size. The filter size is
chosen to be comparable to the maximum grid size.

Δ = max(Δpresent, Δgrid). (18)

Thus if the grid resolution is significantly smaller than the
turbulence length scale in the entire flow field, the solu-
tion will approach that of a direct numerical simulation;
for inadequately resolved computations, the RANS model
is recovered. With the appearance of the filter function in
Eq. (17), the sensitivity due to inlet turbulent quantities are
reduced [24,25].

To account for the large density jump caused by cavi-
tation and re-entrant jet near the closure region, researches
in Refs. [20,27,30] have considered the compressibility of
mixture phases and used a density correction based model
(DCM), and modified the eddy viscosity as

μT DCM =
Cμρmk2

ε
fDCM,

Cμ = 0.09,

fDCM =
ρv + (αl)n(ρl − ρv)
ρv + αl(ρl − ρv)

.

(19)

With such a treatment, the eddy viscosity is reduced based on
the liquid volume fraction, as shown in Fig. 1 with n = 10,
and can be used to capture the unsteadiness due to the re-
entrant jet.
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Fig. 1 Distribution of density correction function

It is reported that RANS models often yield excess eddy
viscosity [17,23–25,34], which can suppress the large-scale
unsteady motion. With the help of the filter function in
Eq. (17) and density correction function in Eq. (19), it pro-
vides a systematic approach to reduce the excess eddy vis-
cosity based on the local resolution or mixture density.

Besides the mathematics differences in filter function
and density correction function, there also exists another ma-
jor difference. The filter function mainly modifies the eddy
viscosity away from the near-wall region, and this approach
apparently does not correct the eddy viscosity directly near
the wall region, where cavitation can occur easily, due to the
use of wall function. As for the density correction function,
generally speaking, it has no influence in the region away
from the near-wall region since there is no phase change.
However, the density correction function will start to work
aggressively closer to the cavitation region around the near-
wall region. We have noticed this difference between these
two eddy viscosity correction functions regarding the af-
fected region, and will provide a hybrid turbulence model

according to the concept above

μT hybrid =
Cμρmk2

ε
fhybrid,

Cμ = 0.09,

fhybrid = χ(ρm/ρl) fFBM + [1 − χ(ρm/ρl)] fDCM, (20)

χ(ρm/ρl) = 0.5+tanh
[C1(0.6ρm/ρl − C2)

0.2(1 − 2C2) + C2

]/
[2 tanh(C1)], (21)

where C1 and C2 was chosen to be 4 and 0.2, respectively.
The hybrid function χ (shown in Fig. 2) will blend

filter-based approach and density correction method based
on the local mixture density.

Fig. 2 Distribution of hybrid function χ

In current study, we will utilize the baseline k-ε turbu-
lence model, modified k-ε turbulence model with filter func-
tion, density correct function and hybrid function (shown in
Table 2) to investigate the impacts of turbulence models.

Table 2 Turbulence models used in the present study

Model Turbulence eddy viscosity Correct function f

Baseline model

μT =
Cμρmk2

ε
f

fbaseline = 1

Filter-based model (FBM)

Cμ = 0.09

fFBM = min
(
1,
Δ · ε
k3/2

)

Density correction model (DCM) fDCM =
ρv + (αl)n(ρl − ρv)
ρv + αl(ρl − ρv)

Hybrid model
fhybrid = χ(ρm/ρl) fFBM + [1 − χ(ρm/ρl)] fDCM

χ(ρm/ρl) = 0.5 +
tanh
[C1(0.6ρm/ρl −C2)

0.2(1 − 2C2) +C2

]

2 tanh(C1)
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2.3 Numerical method

Detailed numerical procedures for the cavitation model and
associated fluid dynamics equations adopted here utilize a
modified pressure-based approach for large density jump as
well as thermal effects, as reported in Refs. [17,21–25]. The
controlled variation scheme (CVS) [21,32] is applied to dis-
cretize the convection scheme, and central difference is used
for both pressure and diffusion terms. The CVS scheme can
prevent the oscillations under sharp gradients caused by the
phase change while preserving second-order accuracy else-
where.

As for the boundary conditions, liquid volume fraction,
velocity, temperature and turbulent quantities are specified at
the inlet. For the outlet, pressure is fixed according to the cor-
responding cavitation number, and other flow variables are
extrapolated. On the walls, pressure, liquid volume fraction,
and turbulent quantities are extrapolated along with no-slip
boundary condition [17,22].

Based on the eddy-to-laminar viscosity ratio at the in-
let, μT/μL

∣∣∣
inlet

, the inlet turbulent quantities can be given as
following

k =
3
2

(U∞I)2, ε =
k2

νL(μT/μL|inlet)
, (22)

where I is turbulence intensity, which is 0.02 here. With-
out experimental guidance, the inlet conditions are selected
to allow the eddy-to-laminar viscosity ratio at the inlet,
μT/μL

∣∣∣
inlet

, to vary [24,25].
In addition to the current approach employing body-

fitted gridding, Cartesian grid-based multiphase fluid flow
techniques are also being used [35–38]. These approaches
offer advantage of treating moving interfaces with stationary

grid. Their applicability is typically superior for flows with
modest Reynolds numbers.

3 Results and discussion

The computational domain with 22 000 cells and boundary
conditions are given according to the experimental setup in
Refs. [1,17,39,40], which is shown in Fig. 3. The Clark-Y
hydrofoil is placed in the center of water tunnel with angles
of attack equal to 8◦. The Reynolds number and the cavi-
tation number are 7×105 and 0.8, respectively, and the flow
is basically turbulent with cavity shedding under the current
flow conditions. The filter size of FBM in Eq. (17) is cho-
sen to be 1.5 times larger than the largest grid size in the
computation domain, which is around 0.17C. There are five
model combinations listed in Table 3 to investigate the inter-
actions between cavitation and turbulence models. Further-
more, the time-averaged drag coefficient, lift coefficient, and
the primary main frequency obtained by numerical simula-
tions from fast Fourier transfer (FFT) are also provided to
compare with experimental data in Table 3.

Fig. 3 Boundary conditions for Clark-Y hydrofoil

Table 3 Model combinations and corresponding behaviors Cavitation model: phenomenological model (Eq. (5)) and IDM (Eq. (8))
Turbulence model: baseline model (Eq. (16)), FBM (Eq. (17)), DCM (Eq. (19)), and hybrid model (Eq. (20))

Model combinations Cavitation model Turbulence model Primary frequency/Hz Cl Cd

Phenomenological-baseline Phenomenological Baseline 27.3 0.682 0.118

Phenomenological-FBM Phenomenological FBM 27.3 0.669 0.114

Phenomenological-DCM Phenomenological DCM 35.1 0.543 0.121

Phenomenological-hybrid Phenomenological Hybrid 27.3 0.659 0.110

IDM-hybrid IDM Hybrid 39.1 0.641 0.112

Experimental data [39,40] 24.1 0.760 0.119

3.1 Time-averaged cavity visualization and flow structures

Figure 4 shows the time-averaged flow structure and cavity
shape. It is clear that the cavitation structures consist of two
parts, which are attached and detached cavity respectively.
The attached cavity is located in the leading edge of the hy-
drofoil, while the detached cavity is formed due to the re-

entrant jet and overlaps with the recirculation zone near the
trailing edge. Figure 5 highlights the formation and signif-
icance of the re-entrant jet by the phenomenological-hybrid
model to show the representative unsteady behaviors. The
pressure inside the cavity is basically very low, which is close
to the vapor pressure. When the adverse pressure gradient
is strong enough to overcome the weaker momentum of the
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flow confined by the near-wall region, the re-entrant jet will
form and push the flow toward the leading edge during the
growth process of the attached cavity.

In Fig. 5a, a recirculation zone will consist of the re-
entrant jet in the lower part and incoming flow from upstream
in the upper part, and the front of the re-entrant jet will deter-
mine the cavity end. The recirculation zone will grow in size
while the re-entrant jet pushing the attached cavity toward
upstream will also become stronger, and then the cavity is
detached in Fig. 5b with a low density region near the center

of the recirculation zone. Finally, the detached cavity will
be dissipated when it travels toward downstream. In this last
stage, the re-entrant jet and the recirculation zone will be-
come weaker, and meanwhile the attached cavity will grow
up again to form the next cycle. The formation of re-entrant
jet and its relationship to the cavity visualizations imply that
the re-entrant jet plays a key role to trigger the unsteadiness
of cavitation. The model combinations in Table 3 can ba-
sically capture these dynamic behaviors, and the difference
between each combination will be discussed hereafter.

a b c

d e

Fig. 4 Time-averaged liquid volume fraction contour and representative streamlines. a Phenomenological-baseline; b Phenomenological-
FBM; c Phenomenological-DCM; d Phenomenological-hybrid; e IDM-hybrid

a b

Fig. 5 The generation of re-entrant jet and detached cavity (by the phenomenological-hybrid model with black arrows as velocity vectors).
a Formation of the re-entrant jet; b Highlight of the detached cavity
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Overall speaking, from Fig. 4, the time-averaged at-
tached cavity has a lower liquid volume fraction than that
of the detached cavity. However, it does not necessarily
mean the attached cavity always has a weaker cavitation
phenomenon, but it does mean the attached cavity tends to
stay longer right onto the leading edge within each cycle till
the arrival of the re-entrant’s front. The local velocity near
the closure region and the center of the recirculation zone
(> 0.4U∞) in Fig. 4 is always faster than that of the re-entrant
jet (−0.2U∞m/s at maximum ) in our current flow condition.
Therefore, the local velocity will sweep the detached cavity
downstream faster than the velocity of re-entrant jet toward
the leading edge, which leads to a longer existence of the
attached cavity than the detached one.

3.1.1 Impact of turbulence models

(1) For the phenomenological-FBM model in Fig. 4b and
the phenomenological-baseline model in Fig. 4a, the visual-
ization of time-averaged cavity are very similar, and the only
difference is that the size of the detached cavity is slightly
larger for FBM. FBM and baseline turbulence model can
perform comparably if the inlet turbulence quantities are al-
ready chosen properly [24]. Therefore, the time-averaged
behaviors are very similar.

(2) For the phenomenological-DCM model in Fig. 4c,
a bigger time-averaged cavity size is obtained. This is due

to the fastest frequency (35.1 Hz) among all the cases in Ta-
ble 3 by the phenomenological cavitation model (27.3 Hz for
other combinations).

(3) For the phenomenological-hybrid model in Fig. 4d,
there is apparently more weight placed from FBM than
that from DCM because of the similarity between Figs. 4b
and 4d. Besides, from Table 3, the frequencies are al-
most the same for the phenomenological-FBM and the
phenomenological-hybrid model. The following two aspects
can explain the similarity between the phenomenological-
FBM and the phenomenological-hybrid model: first, the re-
entrant jet, which triggers the shedding and unsteady motion,
basically consists of high liquid volume fraction, and FBM
is more influential than DCM model in this area; second, the
hybrid model illustrated in Fig. 2 tends to use more por-
tions from FBM (90% from FBM when liquid volume frac-
tion is larger than 0.5). However, the detached cavity surely
becomes more substantial in the phenomenological-hybrid
model due to the contribution of DCM. The details will be
discussed in Sects. 3.4 and 3.5.

3.2 Time-averaged velocity profiles

The mean x-direction velocity of the flow field is illustrated
in Fig. 6. These time-averaged velocity profiles are tracked
along the vertical direction at different locations, namely

Fig. 6 Time-averaged x-direction velocity at different locations. a x/C = 0.2; b x/C = 0.4; c x/C = 0.6; d x/C = 0.8; e x/C = 1.0;
f x/C = 1.2
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x/C = 20%, 40%, 60%, 80%, 100%, and 120%. The differ-
ence between CFD results and experimental data becomes
more substantial after the closure region. Overall speak-
ing, the agreement is reasonable if we consider the diffi-
culties in experimental measurement [40]. Even the time-
averaged velocity profiles looks very similar, noticeable dif-
ferences in instantaneous solutions do exist, especially in the
near-wall region. Consequently, different lift forces result in
Table 3. The instantaneous solution characteristics will be
highlighted in Sect. 3.5.

3.3 Lift and drag coefficients

The history profile of lift coefficients is also shown in Fig.
7 to compare with the experimental data. The CFD results
and experimental data are very comparable in Fig. 7 except
the phenomenological-DCM and IDM-hybrid model, which

apparently have faster frequencies in Table 3. Besides, the
phenomenological-DCM model in Fig. 7b has the smallest
overall lift coefficient, which results in the smallest mean lift
coefficient in Table 3. Overall speaking, in Table 3, besides
the phenomenological-DCM model, the agreements between
CFD and experimental data in terms of mean lift and drag co-
efficient are good, especially the mean drag coefficient. From
the time-averaged flow structures of the phenomenological-
DCM in Fig. 4b and IDM-hybrid in Fig. 4e, the cavity
changes the effective shape of the hydrofoil more substan-
tially, which causes flow to separate more easily with faster
frequencies in Table 3. Therefore, smaller mean lift force for
these two model combinations is expected.

The frequencies of lift coefficients and their corre-
sponding powers defined as the mean square value of the
amplitude are both obtained by FFT analysis, as shown in
Table 4. FFT for time histories of upper and lower wall pre-

Fig. 7 History profile of lift coefficient. a Phenomenological-baseline; b Phenomenological-FBM; c Phenomenological-DCM;
d Phenomenological-hybrid; e IDM-hybrid

Table 4 Frequency and power of lift coefficient

Model combination Frequency 1 Power 1 Frequency 2 Power 2

Phenomenological-baseline 27.3 0.496 50.8 0.121

Phenomenological-FBM 27.3 0.578 50.8 0.134

Phenomenological-DCM 35.1 0.421 70.3 0.078

Phenomenological-hybrid 27.3 0.653 43.0 0.064

IDM-hybrid 23.4 0.119 39.1 1.235
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ssure are also examined to investigate the source of these two
main frequencies. The results show that the primary main
frequencies with stronger power comes from the upper wall,
and while another weaker main frequencies in Table 4 orig-
inate from the lower wall. Therefore, the cavitaion region
on the upper wall determines the primary main frequencies
listed in Table 3.

3.4 Time-averaged eddy viscosity

In Fig. 8a for the time-averaged eddy viscosity contour by
the phenomenological-baseline model, there are two local
maximum regions located near the leading edge of the hydro-
foil and closure region of cavity separately. Filter function in
Fig. 8b will filter out the larger portion of excess eddy vis-
cosity in the regions near the leading edge and away from the
cavity. FBM surely reduces the eddy viscosity near the clo-
sure region, but not as aggressive as those in the outer region.
Basically, the filter function is not really invoked in this cav-
ity region because of the resolution and the treatment of the
near-wall region. However, FBM places a stronger reliance
on DNS, the reduction of eddy viscosity is still expected even
in the cavity region, and hence FBM in Fig. 8b only performs
a minor reduction of eddy viscosity in the detached cavity re-
gion indirectly. Consequently, the time-averaged visualiza-
tion of FBM in Fig. 4b has a slightly bigger detached cavity
with a lower density inside due to the weaker dissipation of
the eddy viscosity in this area.

For the phenomenological-DCM model in Fig. 8c,
based on the liquid volume fraction, the eddy viscosity is

reduced inside the cavity region while outer region keeps
consistent value of that by baseline turbulence model in Fig.
8a. DCM directly performs an aggressive reduction of eddy
viscosity, i.e. fDCM = 0.4 as αl = 0.9 in Eq. (19), and it con-
trasts to FBM with only minor reduction of eddy viscosity
in the detached cavity region. Therefore, the substantially
lower eddy viscosity will tend to maintain the evaporation
inside the detached cavity and have further shedding toward
downstream. The smaller eddy viscosity, which covers en-
tire cavity region in Fig. 8c, will give a stronger cavitation
phenomenon in Fig. 4c and faster frequency in Table 3.

In Fig. 8d of the phenomenological-hybrid model, it is
clear that more weight comes from FBM than that of DCM,
which is also consistent to the analysis of Sect. 3.1. In the
front part of the attached cavity, the density is still high, and
thus FBM is mainly applied in this region by the hybrid func-
tion in Eq. (20) and Fig. 2. In the rear part of the attached
cavity, DCM will start to dominate due to the low density in
this region. However, the eddy viscosity of DCM and FBM
in this region are very comparable. As for the closure region,
the local maximum value in Fig. 8d is smaller than that of
FBM in Fig. 8b. This contribution definitely comes from
DCM. The detail of this aspect will be discussed in the next
section.

As for the IDM-hybrid model in Fig. 8e, the eddy vis-
cosity near the closure region is even lower than that of the
phenomenological-hybrid model in Fig. 8d, which results in
a bigger mean size of the detached cavity and a lower density
inside in Fig. 4e.

Fig. 8 Time-averaged eddy viscosity contours. a Phenomenological-baseline; b Phenomenological-FBM; c Phenomenological-DCM;
d Phenomenological-hybrid; e IDM-hybrid
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3.5 Instantaneous liquid volume fraction

The instantaneous contours of liquid volume fraction are
compared with experimental data side by side in Fig. 9, and
the interaction between cavitation and turbulence will be dis-
cussed based on the phenomenological cavitation model to
highlight the impact of turbulence model. Although the fre-
quencies are different between the CFD results and experi-
mental data, the cavity visualizations are placed side by side
according to 20%, 50%, 70%, and 90% of each correspond-
ing cycle.

For the phenomenological-baseline and phenomenolo-
gical-FBM model, the instantaneous contours of liquid vol-
ume fraction are very similar. We only show the results of the
phenomenological-FBM model in Fig. 9a, the density inside
the detached cavity still contains 60% of liquid phase during
50% to 70% cycle. The higher eddy viscosity of FBM near
the closure region, as shown in Fig. 8b, will dissipate the de-
tached cavity faster than that of DCM even before the density
inside starts to largely consist of vapor phase. As the results,
the phenomenological-baseline and phenomenological-FBM
model can not capture the detached cavity during 90% of the
cycle, and thus there will be a short period without cavita-
tion in the entire flow fields. As for the attached cavity, the
maximum cavity length is no more than 50%C.

For the phenomenological-DCM model in Fig. 9b, we
can have better comparisons between CFD and experiment

regarding the instantaneous cavity visualization. The de-
tached cavity is well-captured around 90% of the cycle,
which FBM fails to fulfill. During 20% of the cycle, the
detached cavity from last cycle still prevails toward down-
stream in the right end of the first picture while the attached
cavity remains under the growth process. During 50% of
the cycle, before it is fully detached, the density inside this
region already becomes very low, i.e. αl < 0.1, which is
much less than that of FBM. The stronger evaporation near
the closure region, which is due to the small eddy viscosity in
Fig. 8c, provides a more substantial detached cavity. Thus,
the phenomenological-DCM model can capture the detached
cavity in the last stage of the cycle, which is observed in the
experiment. The detached cavity can prevail further even to
200%C, and this phenomenon is overestimated by compar-
ing with the experimental data. As for the cavity length of the
attached part, it can reach more than 80%C, and because of
the longer existence of the detached cavity, the phase change
always takes place somewhere in the flow domain.

As for the phenomenological-hybrid model in Fig. 9c,
the features of every stage in experiment can be well-
captured, including the detached cavity in the trailing edge
of the last stage, and it will disappear before 120%C, which
is more consistent to the observation experimentally. For the
attached cavity, the maximum cavity can reach slightly more
than 50%C, which is similar with that of FBM but much less

Fig. 9 Instantaneous contours of liquid volume fraction
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than that of DCM model. The density is still high during
50% of the cycle before it is fully detached in Fig. 9c. How-
ever, this value is already enough to activate the contribution
of DCM (44% from DCM as αl = 0.35). Therefore, a sud-
den reduction of eddy viscosity in the center of the detached
cavity is obtained in Fig. 10a for the instantaneous eddy vis-
cosity contour. In the surroundings except the center of the
detached cavity, the contribution mainly comes from FBM.
However, the sudden reduction due to the aggressive perfor-

mance of DCM already can enhance the generation of the
lower density-region during 70% of the cycle in Fig. 9c, i.e.
αl = 0.1. The area with sudden reduction of eddy viscosity
will grow in size, which is shown in Fig. 10b during the 70%
of the cycle. This contribution from DCM enhances the de-
tached cavity size compared with that of FBM, and weakens
the dissipation so that the detached cavity is well-captured in
the last stage.

Fig. 10 Instantaneous contours of eddy viscosity by the phenomenological-hybrid model. a 50% of the cycle; b 70% of the cycle

3.6 Interpretation of Cdest and Cprod of alternative cavitation
models

The impact and interactions between cavitation and turbu-
lence models have been investigated in Sects. 3.4 and 3.5
based on the phenomenological model. In this section, the
equivalent model parameters C′dest and C′prod can be obtained
by comparing the phenomenological model in Eq. (5) and
IDM in Eq. (8) as

C′dest = C′prod =
0.5ρlU2∞

(ρl − ρv)(Uv,n − UI,n)2
. (23)

The hybrid turbulence model is used in this section, and there
are two purposes for the analysis of C′dest and C′prod: (1) in-
vestigate when and where the evaporation and condensation
processes become significant and (2) assess the differences
and impacts between the phenomenological model and IDM.

3.6.1 Instantaneous cavity visualization of IDM

There are several noticeable aspects by comparing the cav-
ity visualization shown in Fig. 11a of IDM and Fig. 9c of
the phenomenological model: (1) during 50% of the cycle,
IDM already can generate a low-density region before it is
fully detached, and while this region of the phenomenologi-
cal model still largely consists of water. (2) the sizes of the
detached cavity and its low-density region are more substan-
tial in Fig. 11 by IDM.

3.6.2 Instantaneous equivalent model parameters

The equivalent model parameters C′dest and C′prod are already

normalized by Cdest = 1 and Cprod = 80 of the phenomeno-
logical model, respectively, in Figs. 11b and 11c. Since these
two normalized model parameters are also highly consistent
with the distributions of the cavitation sink and source terms
in Eq. (8), C′dest/Cdest and C′prod/Cprod can be representative
to the evaporation and condensation process when and where
the evaporation and condensation processes become impor-
tant in Fig. 11:

(1) During 20% of the cycle, the evaporation process
largely concentrates in the low-density region in the attached
cavity, and while the condensation process is confined to the
interface of cavitation.

(2) During 50% of the cycle, the evaporation region
travels to the cavity region above the trailing edge, and the
value of C′dest/Cdest becomes greater, especially in the center
of the low density region. The condensation process is still
concentrated in the interface. The value of C′prod/Cprod in the
region connecting the cavities between the leading edge and
trailing edge also increases in this instant.

(3) During 70% of the cycle, the cavity above the trail-
ing edge is fully detached, and the low density region inside
this area grows in size, which is consistent to the distribution
of C′dest/Cdest in Fig. 11b during this instant, and the value
is even larger than that during 50% of the cycle. Since the
fully-detachment is already fulfilled, the condensation area
fully transports to the surroundings of the detached cavity in
this instant.

(4) Finally during 90% of the cycle, the evaporation
process in the center of the detached cavity becomes weaker,
and the condensation area will become larger hereafter so
that the detached cavity will collapse.
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Fig. 11 a Instantaneous cavity visualizations and equivalent model parameters; b C′dest/Cdest of IDM; c C′prod/Cprod of IDM

The increase and decrease of C′dest/Cdest and C′prod/Cprod

highlight the growth and decay of the cavitation phe-
nomenon. Besides, the phase change process is more sig-
nificant around the detached cavity than that of attached part
under the current flow conditions.

3.6.3 Comparison of equivalent model parameters between
the phenomenological model and IDM

Furthermore, the difference between the phenomenological
model and IDM can be assessed. During 20% of the cycle,
C′dest/Cdest varies from O(1) to O(2), and while C′prod/Cprod

varies largely around O(1). As from 50% to 70% of the cy-
cle, C′dest/Cdest increases from O(2) to O(3) with C′prod/Cprod

around O(1). Finally during 90% of the cycle, C′dest/Cdest de-
cays to O(2), and C′prod/Cprod still keeps around O(1). There-
fore, a relatively stronger evaporation process is acquired,
which results in a more substantial cavitation phenomenon,
especially in the detached cavity, and hence the smaller lift
force and faster frequency by IDM in Table 3 are expected
due to more significant changes in the effective shape of the
hydrofoil in Fig. 4e. IDM assumes the phase change takes
place between the vapor and mixture phases, and thus it can
lead to more significant cavitation phenomenon by the large
density ratio between these two phases.

On the other hand, For IDM model, the equivalent ref-
erence time scale t′∞ can be also obtained by comparing the
phenomenological model in Eq. (5) and IDM in Eq. (8).
The parameter t∞/t′∞ for evaporation and condensation pro-
cess is the reciprocal of C′dest/Cdest and C′prod/Cprod for the
corresponding phase change process, respectively. There-
fore, t∞/t′∞ is around O(1) to O(3) for the evaporation pro-
cess and O(1) for the condensation process. It implies that
the time scale t′∞ of IDM based on interfacial dynamics will
be smaller than the mean flow time scale t∞, especially for
the evaporation process. Besides, it also reveals that a more
precise definition for the time scale in IDM is needed.

Overall speaking, IDM can also capture the detached
cavity visualization in Fig. 9 correctly. However, the perfor-
mance of frequency and lift force in Table 3 is less accurate
compared with those by the phenomenological model.

4 Summary and conclusions

In this study, the interaction of cavitation and turbulence
model is investigated by different model combinations. The
phenomenological model and IDM are used, as cavitation
models, and as for the turbulence closure, FBM and DCM
have been utilized to reduce the eddy viscosity systemati-
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cally based on the meshing resolution and density, respec-
tively. Moreover, hybrid model has blended FBM and DCM
according to the density. The numerical results show that the
difference between each model combination can be signifi-
cantly different in time dependent processes even the time-
averaged velocity profiles are reasonably similar.

The comparisons between each model combination are
highlighted as follows:

(1) For the phenomenological-baseline and phenomenological-
FBM model, comparable instantaneous and mean lift
force as well as the primary main frequency is well-
predicted. However, the detached cavity can not be well-
captured. The only difference between these two is that
a slightly larger detached cavity with lower density is
obtained by FBM.

(2) For the phenomenological-DCM model, the mean lift
force is the worst among these model combinations, and
the predicted primary main frequency is faster than ex-
perimental observation. Moreover, the detached cavity is
overestimated by DCM model.

(3) As for the phenomenological-hybrid model, the mean lift
force is slightly worse than that of phenomenological-
baseline and phenomenological-FBM model. However,
the prediction of the primary main frequency is consis-
tent with the experimental measurements, and the de-
tached cavity is well-captured in this model combination.

(4) In the IDM-hybrid model, the mean lift force is lower,
and the predicted primary main frequency is faster than
the experimental measurements about 70%.

Therefore, no single model combination performs best in
all aspects in terms of the force, primary main frequency, and
detached cavity visualization.

In current study, hybrid model has placed more weight
from FBM. However, the contribution of DCM becomes
more substantial near the closure region, and it can signif-
icantly affect the dynamic behavior of the detached cavity.

The equivalent model parameter ratios between IDM and
the phenomenological model are also investigated to high-
light the transport of the phase change process and assess
the differences between these two cavitation models. The
evaporation and condensation region will travel based on the
different stages within each cycle, and the phase change pro-
cess is more significant around the detached cavity than that
of attached part under the current flow conditions. Moreover,
a relative stronger evaporation process is acquired by IDM,
which results in a more substantial cavitation phenomenon,
especially in the detached cavity, and hence the smaller lift
force and faster frequency by IDM are expected. Besides, it
also reveals that more precise definition for the time scale in
IDM is needed for further investigation.

In summary, this study has applied a concept to blend
different turbulence models and utilizes this idea to investi-
gate the interaction between cavitation and turbulence. The
phase change process is also examined by IDM model. Our

current study provides the information for further modeling
development.
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