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ABSTRACT

The Reynolds-averaged Naviers-Stokes (RANS) method coupling with cavitation model is still a practical tool to predict cavitating flows, partic-
ularly in industrial applications, due to its computational efficiency. However, the compressibility effects induced by cavitation are not well con-
sidered in conventional RANS methods, which often causes the blockage of the reentrant jet and the total steadiness of the simulated cavity. To
this end, modeling of compressibility effects becomes critical to predict the characteristics of unsteady cavitating flows. An empirical eddy vis-
cosity correction [Reboudet al., “Two phase flow structure of cavitation: experiment and modeling of unsteady effects,” in 3rd International
Symposium on Cavitation CAV1998, Grenoble, France (1998), Vol. 26.] was proposed to consider the compressibility effects induced by cavita-
tion. Although this modification is able to capture unsteady behaviors of cavitating flows in various configurations, it is still not fully analyzed
in terms of the turbulent quantities, e.g., Reynolds shear stress. In this work, we investigate the effects of this compressibility correction on the
Reynolds shear stress, by comparing with x-ray experimental data in a small Venturi channel. It is shown that the Reboud correction reduces
the eddy viscosity in the entire cavity region, which improves the prediction of Reynolds shear stress near the wall significantly. However, the
correction depends only on the simulated mixture density, leading to poor predictions near the phase interface where the simulated mixture
density has large discrepancies. Based on the results, we propose an empirical eddy viscosity limiter to confine the original correction beneath
the cavitating layer and demonstrate the merits of the proposed correction by comparing with experimental measurements.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041463

I. INTRODUCTION

Turbulent cavitating flows commonly exist in hydraulic machin-
eries, such as propellers, pumps, and nozzles. The occurrence of cavita-
tion in these applications can induce various detrimental effects,
including a loss of efficiency, the inception of instabilities, vibrations,
noise, and erosion. In order to prevent these adverse effects, numerical
simulations of cavitating flows are of critical importance for perfor-
mance assessment and optimal design of the hydraulic devices.

The large eddy simulation (LES) has been increasingly intro-
duced into numerical simulations of cavitating flows.1–5 This method
can generally provide accurate results but at considerably high compu-
tational costs. Hence, it is still not very practical to be used for flows
with high Reynolds numbers in complex configurations. On the

contrary, the Reynolds averaged Navier-Stokes (RANS) method can
provide satisfactory predictions at much lower computational costs.
For this reason, the RANS method is still the primary tool for the cavi-
tation simulation in engineering applications. However, the RANS clo-
sure model is usually based on the assumptions of equilibrium and
isotropic turbulence, and the cavitation model considers the dual-
phase flow as a homogeneous mixture and neglects the slip between
phases, both of which likely lead to large discrepancies of the RANS
prediction for cavitating flows. Additionally, the vapor/liquid mixture
region in cavitating flows can reach to supersonic regime due to the
dramatic drop of sound speed. Direct numerical simulation (DNS)
investigations6 have shown that the reduction of turbulent kinetic
energy occurs in the supersonic boundary layer due to the
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compressibility effects. RANS model cannot capture such reduction of
turbulent kinetic energy (TKE) and often overestimate the turbulent
eddy viscosity, which possibly damps the development of reentrant jet
along the surface and hinders the cavity detachment from solid walls.7

Conclusively, it is usually essential to improve the RANS method with
specific modifications for cavitating flows to account for the compress-
ibility effects.

Different approaches have been investigated for compressibility
effects modeling in cavitating flows, for instance, by reducing empirical
coefficient values in the k–x shear stress transport (SST) limiter and
introducing the turbulence length scale limiter8,9 or dilatational
terms.10 Among these methods, one extensively used approach is
modifying the RANS-modeled eddy viscosity based on local mixture
density. This method (hereafter referred to as Reboud correction) was
initially proposed by Reboud et al.11 It can reduce the RANS-modeled
eddy viscosity dramatically in the cavitating region with an arbitrary
function based on the local void fraction. Coutier-Delgosha et al.12,13

demonstrated the necessity of considering the compressibility effects
in the RANS simulation of unsteady cavitating flows and validated the
Reboud compressibility correction by comparing k–� re-normalization
group (RNG) model and k–x model with and without the Reboud
correction. They showed that the modification could remarkably
improve the numerical predictions in cloud shedding frequency, mean
velocity, and void fraction. Decaix and Goncalves8 provided the com-
parison of a class of RANS simulations based on the k–l transport
equation model with different approaches to consider the compress-
ibility effects, including the Reboud correction. Their results further
validated that the Reboud correction can achieve a fair agreement with
experimental measurements in the mean void fraction and velocity.10

Due to its robustness and ease of implementation, this correction has
been extended to different configurations, such as hydrofoils,14

inducers,15 and pumps.16

Even though in some specific cases like cloud cavitation, the
RANS method with the Reboud correction can provide a fair general
agreement with the experimental data,17,18 local comparisons of the
void fraction, or velocity profiles usually exhibit a large discrepancy
with the available experimental measurements.19 Moreover, the afore-
mentioned works mainly provide the comparison investigation in
mean velocity and void fraction to assess the performance of the
Reboud correction. Few works validated the correction in terms of the
turbulent quantities associated with Reynolds stress. That is likely due
to the difficulty of optical measurement techniques for the opaque cav-
itating flows.20 It is well known that the fundamental problem in the
RANS method is the modeling of the Reynolds stress,21 which intro-
duce various hypothesis such as linear eddy viscosity assumption.
Therefore, it is necessary to analyze the effects of this correction on the
Reynolds stress, thereby improving the RANS method for cavitating
flows.

The recent development of x-ray experiments22–24 for cavitating
flow in a small Venturi-type section provides a reliable data set of tur-
bulent quantities, such as turbulent kinetic energy and Reynolds shear
stress. These data make it possible to further validate the Reboud cor-
rection and gain insights into the cavitation/turbulence interactions.25

The goal of the present work is to assess the Reboud correction on the
turbulent quantities, e.g., turbulent kinetic energy and Reynolds shear
stress, and propose an improved compressibility correction based on
the experimental observation.

The rest of this paper is organized as follows. In Sec. II, the gov-
erning equations for cavitation simulation are presented. Section III
gives the details of the experimental and numerical setup. Section IV
shows a comparison in TKE and Reynolds shear stress between RANS
simulation and experiments. Inspired by the comparison results, we
propose a modified eddy viscosity correction and validate the results
in Sec. V. Section VI concludes the paper.

II. GOVERNING EQUATIONS

In this work, the two phases, i.e., liquid and vapor, are assumed
to be strongly coupled, and the slip in the phase interface is neglected.
Based on that, the two-phase flow is governed by one group of RANS
equations as
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The mixture density q is defined as

q ¼ ð1� bÞql þ bqv; (2)

where q is the mixture density, b is the void fraction, and ql and qv is
the density of liquid and vapor, respectively. The mixture density is
obtained based on cavitation model associated with local pressure. The
unknown Reynolds stress in the momentum equation is constituted
by turbulence models. The turbulence model and cavitation model
used in the present work will be presented in Subsections IIA–II C.

A. Turbulence model

Diverse turbulence models have been proposed and validated in
the past decades. Here, we apply the k–x shear stress transport (SST)
model,26 which is one widely used model in engineering applications
and also has been extensively studied for numerical simulations of cav-
itating flows. Due to its practicability, we aim to further evaluate this
model based on our x-ray experimental data and thus gain a better
understanding of the deficiency of the model. In this subsection, we
give a brief introduction to this model.

The k–x SST model combines the k–� model and k–x model.
Specifically, in the sub layer of the boundary layer, the model adopts
the k–x model, while in the free shear layer away from the wall, it can
transform to the k–�model. The eddy viscosity is constructed as

lt ¼
a1qk

max a1x; SF2ð Þ : (3)

The transport equation for k andx is formulated as
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where
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The limiter 10b�kx for the TKE production Pk is recommended by
Menter.27 The blend function F1 is defined as
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The parameter in the model is blended from the k–x model and k–�
as

/ ¼ /1F1 þ /2 1� F1ð Þ; (8)

where /1 stands for the constant with subscript 1, while /2 is the con-
stant with subscript 2. The constants in the model are given as

c1 ¼
5
9
; c2 ¼ 0:44; a1 ¼ 5

9
; a2 ¼ 0:44; b1 ¼

3
40

;

b2 ¼ 0:0828; b� ¼ 9
100

; rk1 ¼ 0:85; rk2 ¼ 1; rx1 ¼ 0:5;

rx2 ¼ 0:856: (9)

B. Modeling of compressibility effects

Cavitating flows are usually highly unstable with fluctuations at
various scales. The unsteady cavitation typically has periodic behaviors
with four different stages in each cycle, as shown in Fig. 1. The cavita-
tion first expands along the wall and forms the cloud cavitation. Then
the cavity detaches from the wall and is driven by the main stream to
the wake, eventually breaking up in the zone of high pressure.

Cloud cavitation is characterized by a primary large scale instabil-
ity based on the periodic shedding of the rear part of the cavity.
However, the conventional RANSmodels cannot capture the shedding

behavior, because the eddy viscosity in the cavitation region is overesti-
mated and thus blocks the reentrant jet, which is the main factor to
induce the bubble separation. In order to capture the shedding behav-
ior, Reboud et al.11 imposed an artificial modification f ðqÞ on the orig-
inal eddy viscosity as a multiplicative correction. The modification
reduces the eddy viscosity dramatically in the cavitation regime based
on the extent of vaporization. The formulation can be expressed as

f ðqÞ ¼ qv þ ð1� bÞnðql � qvÞ: (10)

The plot of f ðqÞ is shown in Fig. 2. When the void fraction is equal to
zero, f ðqÞ equals the liquid density as in the original model. Conversely,
when the void fraction decreases to 1, f ðqÞ will be the vapor density. For
intermediate values of void fraction, the function significantly reduces
the RANS-modeled eddy viscosity once there occurs the cavitation.
Different investigations have been carried out and demonstrated the suc-
cess of this modification to simulate unsteady cavitating flows in differ-
ent geometries.7,14,28 With this modification, the periodic behavior can
be correctly reproduced, usually with the shedding frequency in fair
agreement with experimental observations.

C. Phase model

Regarding the phase model, here we apply the barotropic state
law due to its robustness. Specifically, for the pure liquid and vapor,

FIG. 1. A cycle of cavitation behavior.

FIG. 2. Plot of the Reboud correction function f ðqÞ.
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the Tait equation and the perfect gas law are utilized to estimate the
relationship between the pressure and the density. The formulations
are shown as

ql
qref

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P þ P0
PT
ref þ P0

7

s
;

P
qv

¼ C;

(11)

where PT
ref and qref is the reference pressure and density,

P0 ¼ 3� 108 Pa. In the mixture interval, the state law is characterized
with a sinusoidal transition. The maximum slope is defined by 1=C2

min,
where Cmin ¼ @P=@q. The plots are shown in Fig. 3 with Cmin ¼ 1:5
m/s. The value of Cmin is determined based on our previous investiga-
tion.7 It is noted that the sound speed with the present density defini-
tion, i.e., Eq. (2), would incur enormous errors in the computation of
sound speed.29 The correct density definition was proposed by Singhal
et al.30 and has been shown to better estimate the flow pulsations.29

It would be interesting to employ the correct density definition to
improve the CFD predictions. But it is not the focus of the present
work, and further analysis in terms of sound speed estimation is wor-
thy of future studies.

III. TEST CASE
A. Simulation setup

Fast x-ray imaging experiments were conducted in Argonne
National Laboratory to obtain a set of reliable data for cavitating flows,
including turbulent kinetic energy and Reynolds shear stress. We use
the x-ray data to validate and improve the current RANS method. For
details about the experimental apparatus, readers are referred to Refs. 22
and 24 The Venturi-type channel used in this work is shown in Fig. 4,
which has an 18� convergent angle and an 8� divergent angle. The inlet
section is a rectangular with 17mm� 4mm. To keep consistency with
the experimental condition, the inlet velocity is calculated to be 8:6m=s,
the cavitation number based on the outlet pressure is 1.15, and the
Reynolds number is 1:9� 105. The profiles with the index from 1 to 4

FIG. 3. Plot of the barotropic state law for
the mixture.

FIG. 4. Schematic of the computational domain. The profiles with index of 1 to 4 in the zoom window, indicating x ¼ 0:0003; 0:0008; 0:0018; 0:0025 m, are used for compari-
son in the following sections.
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in the zoomed window, indicating x ¼ 0:0003; 0:0008; 0:0018; 0:0025
m, are used for comparison in Secs. IV and VB. The mesh in the
computational domain is constituted with 260 cells in the stream-
wise direction and 117 cells in the normal to wall direction. The
time step is 0.005 of the reference time. The convergence study of
the time step and mesh grid is shown in Table I. The reference
length Lref is 0.0224 m, and the reference velocity Uref is 8.6 m/s.
The cavitation number for the simulation is given as 1.12 to have a
similar cavity length and shedding frequency compared to the
experiment. Uniform velocity is imposed at the inlet of the compu-
tational domain, and static pressure is imposed at the outlet. The
wall function is applied along the solid wall, and the y plus in the
first mesh adjacent to the wall ranges from 15 to 20. Based on previ-
ous works,10,13 the y plus is adequate to simulate cavitation in such
a Venturi-type section. The 2D RANS equation coupling with baro-
tropic state law is solved to predict the cavitating flow.

B. Numerical methods

The numerical simulations are conducted in a home-made two-
dimensional CFD code, which has been developed and validated over
decades.7,17,31 In the code, the second-order implicit scheme is used
for temporal discretization, and the finite volume method is applied
for the spatial discretization. The second-order scheme will locally
switch to the first order in the region existing a large pressure gradient
to prevent numerical oscillations. The oscillation-free second-order
HLPA scheme32 is leveraged to estimate the convection term, and the
central difference scheme is adopted for the diffusion term. The
SIMPLE algorithm33 is used to solve the coupling of pressure and
velocity.

IV. NUMERICAL RESULTS

In this section, we compare the turbulent quantities between the
RANS simulation and the experiment. The results are summarized in
Table II. The plot of the time evolution of cavity shape from RANS

TABLE I. Convergence study of time step and mesh grid.

Time step (T=Tref ) Mesh Cavity length Shedding frequency

0.005 160� 50 13.4mm 222Hz
0.005 270� 117 11.0mm 230Hz
0.005 400� 200 10.8mm 232Hz
0.001 270� 117 10.8mm 230Hz
0.005 270� 117 11.0mm 230Hz
0.01 270� 117 12.3mm 222Hz

TABLE II. Summary of simulation results with k–x SST turbulence model with com-
parison to the experiments.

Case Cavitation number Cavity length Shedding frequency

k–x SST 1.12 11.0mm 230Hz
Exp 1.15 106 1:0 mm 2106 20Hz FIG. 5. Time evolution of cavity shape from the k–x SST simulation.

FIG. 6. Contour plots of time-averaged cavity shape from (a) the RANS simulation with k–x SST model and (b) the experiments.
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simulations is presented in Fig. 5, indicating the shedding frequency
and the mean cavity length. With the k–x SST turbulence model, a
small sheet cavity with 0.001 m length near the throat can be observed,
and the cavity is expanded from that.

Figure 6 represents the comparison between the numerical simu-
lation and the experiment in the mixture density. It can be seen that
the shape of the cavity is not well predicted. First, the position of the
detached cavity is very upstream relative to the numerical simulation.

FIG. 7. Contour plots of time-averaged turbulent kinetic energy from (a) the RANS simulation with k–x SST model and (b) the experiments.

FIG. 8. Contour plots of time-averaged Reynolds shear stress from (a) RANS simulations with Reboud correction, (b) RANS simulations without Reboud correction, and (c)
the experimental measurements.
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On the other hand, the lowest density in the simulation reaches below
300 kg=m3, while the minimum density from experimental observa-
tion is around 600 kg=m3. The separated cavity in the numerical pre-
diction is reattached in the downstream and the total attached part is
longer than the experimental measurements. The comparison results
of the density as well as the velocity along profiles are presented in Fig.
9. It clearly shows that the results in both density and velocity exhibit
large discrepancies with k-x SST model.

The contour plots of turbulent kinetic energy with comparison to
experiments are presented in Fig. 7. From the results, it can be seen that
the k–x SST model can capture the high turbulent kinetic energy areas.
However, at the downstream, the value is overestimated near the wall.
Further, we provide the comparison along profiles as shown in Fig. 7.
At the first position, the predicted turbulent kinetic energy matches
well with the experiments. As for the downstream where the cavity
detachment occurs in the experiment, the TKE reduces to around zero
in the region near the wall. However, the TKE from numerical simula-
tions decreases slowly along the wall and remains turbulent fluctuations
near the wall at position 3 and 4, which leads to a large discrepancy
between the numerical simulation and experiments. We also compare
the solved turbulent kinetic energy, and the results show that in the
upstream mainly the modeled TKE is dominant. Hence we only pro-
vide the comparison between the modeled TKE and experimental data,
and the results of the solved TKE are omitted for brevity.

The contour plots of numerical results and the experimental
data in Reynolds shear stress are shown in Figs. 8(a) and 8(c), respec-
tively. It is noticeable that the k� x SST model with Reboud correc-
tion provides a very low Reynolds shear stress compared to the
experiments. In order to investigate the effects of the Reboud correc-
tion on the Reynolds shear stress, we also perform the simulation
without Reboud correction. The contour plot of the results is shown

in Fig. 8(b). It can be seen that without Reboud correction, the k–x
SST model can capture the region where high Reynolds shear stress
exists but overestimates the Reynolds stress near the wall. Figure 9(d)
presents the comparison results in the Reynolds shear stress along
profiles. At the first position, a good agreement with experiments can
be observed without Reboud correction. While approaching the
downstream, there will be a large discrepancy near the wall. That
may be due to the discrepancy in TKE, as shown in Fig. 9(c). With
Reboud correction, we can have a good estimation in Reynolds shear
stress near the wall. In contrast, in the region away from the wall, the
correction worsens the prediction and exhibits a large discrepancy
from the experiments.

The numerical results show that the k� x SST model cannot
simulate well the Reynolds shear stress in the near-wall region if
Reboud correction is not employed. The large discrepancy can be
explained from several aspects. First, the slip between phases probably
causes the observed high TKE, but the conventional RANS models do
not consider this specific effect. Besides, the TKE at the upstream can
be well estimated based on the comparison, and hence it is possible
to predict well the Reynolds shear stress without Reboud correction.
However, at the downstream, the significant reduction of TKE is not
captured by the conventional RANS method without Reboud correc-
tion. This leads to large Reynolds shear stress and requests auxiliary
modifications such as Reboud correction. On the other hand, the
Reboud correction will significantly underestimate the Reynolds
shear stress near the phase interface. That is because that the cavity
shape is not accurately predicted in this case. Specifically, the global
value of the mixture density near the wall from experiments is much
higher than the numerical prediction. As such, depending on only
the mixture density may lead to an inappropriate correction. It has
been noted that the cavitation not only affects the mixture density

FIG. 9. Comparison in (a) velocity, (b) void fraction, (c) TKE, and (d) Reynolds shear stress between the experiments and RANS simulations. Note that the green/dashed lines
in (d) indicate the results without the Reboud correction.
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but also can enlarge the boundary layer thickness.34 Thus, a better
modification is possible to be achieved by limiting the correction
within the boundary layer, instead of only depending on the simu-
lated mixture density. In Sec. V, we propose a modified eddy viscos-
ity correction based on the boundary layer thickness and validate it
in the numerical experiments.

V. MODIFIED EDDY VISCOSITY CORRECTION FROM
EXPERIMENTAL MEASUREMENTS

In k� x shear stress transport model, the eddy viscosity in the
boundary layer is modified based on the Bradshaw assumption. That
is, the ratio of Reynolds shear stress to TKE is constant as

�u0v0

k
¼ c; (12)

where c is constant as 0.31 for the incompressible turbulent flows.
However, this ratio c is set for non-cavitating flows, while for the

turbulent cavitating flow, the ratio has to be reduced based on the
experimental observation.35 The reduced constant c has been investi-
gated to improve the accuracy of cavitation simulation.8 It was demon-
strated that with the reduced Bradshaw ratio, e.g., c¼ 0.1, the periodic
cavity shedding could also be captured. In the following, we compare
the ratio of the Reynolds shear stress to the TKE from experiments, in
contrast to the Bradshaw assumption (c¼ 0.1) and the Reboud correc-
tion, and further modify the Reboud's eddy viscosity correction to
achieve better alignment with experiments.

A. Modified eddy viscosity correction

From the numerical results in Sec. IV, the Reboud correction can
reduce the eddy viscosity near the wall and alleviate the blockage of
the reentrant jet, thereby leading to the cloud shedding. However, in the
region away from the wall, the correction worsens the predictions in
Reynolds shear stress. That is likely due to that the correction only
depends on the simulated mixture density, while the void fraction is
usually not predicted well with existing phase models and RANS mod-
els. Here, we compute the ratio of the Reynolds shear stress and TKE
based on the Reboud correction [i.e., c� f ðqÞ] in comparison with
experimental data, as presented in Fig. 10. It is obvious that the Reboud
correction can be relatively better than the Bradshaw assumption but
still have a large discrepancy with experimental measurements.
Moreover, the Bradshaw assumption is deduced in the boundary layer,
while the Reboud correction does not consider the effects of cavitation
on the boundary layer. It has been noted that the cavitation will enlarge
the boundary layer.35 Accordingly, we analyze four experimental

FIG. 10. Comparison of the Reboud correction with n¼ 10 (red line), the Bradshaw assumption with c¼ 0.1 (blue line), and experimental data (gray dots). (a) The location of
two measured windows for comparison. (b) Comparison results in the measurement window 1. (c) Comparison results in the measurement window 2.

TABLE III. Summary of slope of cavitating mixing layer for four different flow condi-
tions with comparison of experimental data and results of fitting formula.

Case
index

Reynolds
number

Cavitation
number

Slope
(exp)

Slope
(formula)

1 1:9� 105 1.15 0.42 0.40
2 1:9� 105 1.25 0.36 0.36
3 2:6� 105 1.15 0.39 0.37
4 3:0� 105 1.15 0.38 0.36
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FIG. 11. Fitting slopes of the cavitating mixing layer in velocity U for experimental data with different Reynolds number (Re) and caviation number (r). (a)
Re ¼ 1:9� 105; r ¼ 1:15, (b) Re ¼ 1:9� 105; r ¼ 1:25, (c) Re ¼ 2:6� 105; r ¼ 1:15, (d) Re ¼ 2:6� 105; r ¼ 1:15.

FIG. 12. Comparisons in the ratio of Reynolds shear stress and TKE within the measurement window 1. (a) Re ¼ 1:9� 105; r ¼ 1:15, (b) Re ¼ 1:9� 105; r ¼ 1:25, (c)
Re ¼ 2:6� 105; r ¼ 1:15, (d) Re ¼ 2:6� 105; r ¼ 1:15. Red line: the Reboud correction with n¼ 10; blue line: the Bradshaw assumption with c¼ 0.1; gray dots: experi-
mental data; blue dots: modified Reboud correction.
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measurements with different flow conditions as shown in Table III.
Herein three cases have the same cavitation number but different
Reynolds numbers, and two cases have the same Reynolds number but
different cavitation numbers. We estimate the thickness of cavitating
mixing layer based on u ¼ 0:9umax and fit the slope as shown in Fig.
11. The slope values for each case are summarized in Table III.

Based on the experimental data, we adopt the linear regression
with logarithmic transformation36 to obtain a boundary layer thick-
ness formula for this case. The fitting formula is written as

d ¼ 5:2
rRe1=5

Dxi; (13)

where Dxi is the distance to the cavitation inception point (i.e., the
throat of the Venturi channel). It is shown in Table III that the formu-
lated boundary layer thickness can have a good agreement with experi-
ments. Moreover, the formulation has a similar scaling exponent on
the Reynolds number as the thickness formulation for turbulent
boundary layer over a flat plate, i.e., d ¼ 0:37 x

Re1=5, where x is the dis-
tance downstream from the start of the boundary layer.37

Additionally, the cavitation number is introduced based on the experi-
mental observation to account for the effects of cavitation on the
boundary layer thickness. Based on this boundary layer estimation, we
propose a modified model to trigger the eddy viscosity reduction only
within the estimated boundary layer. Specifically, the dimensionless
parameter n in the Reboud correction is modified to be N as

N ¼ n� 1
2

tanh
d� y
lt

þ nþ 1
2

; (14)

where n is the original parameter in the Reboud correction and lc is
the transition length where the parameter N transits from 1 to n

gradually to ensure numerical stability. In this case, the area of 0.001m
away from the throat is almost a stabilized cavity without large fluctua-
tions as shown in Fig. 5, and hence we choose lc ¼ 0:001 m in this
case, and y is the distance to the wall. With this formula, when the dis-
tance to the wall y is less than the estimated boundary layer thickness
d, N will be equal to the original n. Conversely, N will be 1 outside the
estimated boundary layer region and make the correction inactive.
Admittedly, the empirical parameters in the formulation of boundary
layer thickness are determined based on the limited experimental data
and need further validations. Nevertheless, it is noted that x-ray data
of the void fraction and velocity within the vapor cavity are very diffi-
cult to be obtained due to the opacity of the cavitating bubbles. Hence,
the provided estimation of the boundary layer thickness may be spe-
cific for the cavitating flow in the investigated small Venturi channel.
The feasibility of the proposed method for the other configurations
such as hydrofoil needs further investigation but out of the scope of
the present work.

B. Validation of proposed correction

To validate the proposed correction, we first compare the pro-
posed modification with experimental data as well as the original
Reboud correction and Bradshaw assumption. The results of two dif-
ferent measurement windows are shown in Figs. 12 and 13, respec-
tively. It is noticeable that the proposed modification has a better
agreement with measurements than the original Reboud correction.

To further validate the modification, we apply the modified eddy
viscosity correction into the four numerical test cases in Table III. The
simulation results in the Reynolds shear stress are presented in Fig. 14.
It can be seen that for all the cases the results can fit well with experi-
mental data in the Reynolds shear stress�u0v0 , in contrast to that with

FIG. 13. Comparisons in the ratio of Reynolds shear stress and TKE within the measurement window 2. (a) Re ¼ 1:9� 105; r ¼ 1:15, (b) Re ¼ 1:9� 105; r ¼ 1:25, (c)
Re ¼ 2:6� 105; r ¼ 1:15, (d) Re ¼ 2:6� 105; r ¼ 1:15. Red line: the Reboud correction with n¼ 10; blue line: the Bradshaw assumption with c¼ 0.1; gray dots: experi-
mental data; blue dots: modified Reboud correction.
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original Reboud correction. It can be demonstrated that the proposed
modification is able to improve significantly the prediction in
Reynolds shear stress by activating the Reboud correction within the
estimated boundary layer.

Although the Reynolds shear stress can be captured with the
modified eddy viscosity correction, the resolved velocity and mixture
density are not improved.We take the case 1 as an example for brevity.
The results of velocity and void fraction are presented in Fig. 15. It can
be seen that a large discrepancy still exists between the simulation with
modified Reboud correction and the experiment. This may be due to
several reasons. First, this work is based on 2D simulations, but cavi-
tating flow, especially cloud cavitation, is a typical 3D phenomenon.
It was shown that the 3D simulation with the LES model and the
similar homogeneous model could perform remarkably well for cloud
cavitation,5,38 and the 3D simulation may be essential to capture the
cavitation–vortex interaction4 and provides the accurate shape of
shedding cavitation.39 Also, the used cavitation model and the mixture
density definition may not be sufficiently accurate to model the phase
changes, which probably results in the underestimation of density near
the wall. Specifically, in the experiment, the cavity in the downstream
(i.e., position 3 and position 4) is detached from the wall, and the liquid
occupies the regime beneath the cavitating shear layer, while it is not

captured in the simulation. Moreover, the RANS equation is coupled
with the cavitation model in terms of the mixture density. In the RANS
equation, the low mixture density near the wall may overestimate
the effects of the local adverse pressure gradient. The discrepancy in
pressure gradient term could be dominant, leading to the improvement
in Reynolds shear stress negligible. Additionally, it would be due to the
linear turbulence model, and some nonlinear turbulence models, such
as the Reynolds stress model, were observed to provide more accurate
predictions.40,41 At last, it has been demonstrated that the RANS equa-
tions are ill-conditioned.42 That is, small errors in the Reynolds stress
can result in a large discrepancy in the velocity, particularly for flows
with high Reynolds numbers. Hence, the large discrepancy in velocity
is not surprising, even though the Reynolds shear stress is significantly
improved. Conclusively, the merits of the proposed method are dem-
onstrated in capturing the Reynolds shear stress by comparing with our
X-ray experimental data. The limitation of the method mainly lies in
the limited experimental data and incapability of improving predictions
of velocity and void fraction, which need extensive validations in other
configurations and further improvements in the turbulence/cavitation
modeling. On the other hand, this work shows that Reboud's eddy
viscosity correction is able to be further improved by combining the
physical knowledge (i.e., effects of the cavitation on the boundary layer

FIG. 14. Numerical comparison of the modified Reboud correction with experiment and original Reboud corrections in Reynolds shear stress. (a) Re ¼ 1:9� 105; r ¼ 1:15,
(b) Re ¼ 1:9� 105; r ¼ 1:25, (c) Re ¼ 2:6� 105; r ¼ 1:15, (d) Re ¼ 2:6� 105; r ¼ 1:15.
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herein) and the experimental observations. This would motivate the
applications of physics-aware data-driven methods43 in future studies
of cavitation simulations.

VI. CONCLUSION

In this work, we investigate numerically the compressibility
effects of cavitation on the turbulent quantities, i.e., turbulent kinetic
energy and Reynolds shear stress, in a small Venturi channel. It is
observed that the Reboud correction can take into account the com-
pressibility induced by cavitation and improve the simulation results
of Reynolds shear stress near the wall by comparing to the x-ray exper-
imental data. Nevertheless, near the phase interface the results with
Reboud correction exhibit very large discrepancies. This may be due to
that the prediction of cavity shape is inaccurate, while the Reboud cor-
rection reduces the eddy viscosity dramatically only depending on the
local mixture density. To this end, we propose an empirical estimation
of the boundary layer thickness in cavitating flows and activate the
Reboud correction only within the estimated boundary layer. The
experimental data and numerical tests show that this modified correc-
tion can predict the Reynolds shear stress in better agreement with the
experiment in contrast to the original Reboud correction.

However, the velocity and density with the modified eddy viscos-
ity model are not improved noticeably, probably due to the 3D effects,
the inadequate phase change model and turbulence model, or ill-
conditioning of RANS equations. Further validations will be con-
ducted for different cavitation/turbulence models and configurations.
Additionally, this work improves the RANS prediction of cavitating
flows based on the linear regression analysis, and it is appealing to
introduce data-driven approaches, such as data assimilation44 and
machine learning43,45 to build functional models for cavitation simula-
tions based on experimental measurements or LES results.
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