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ABSTRACT
To investigate the fluid-solid interaction in cavitating flow, a
numerical method loosely coupling a flow solver based on the
incompressible Navier–Stokes equations and a structure solver
based on rigid-body equations is established in an open-source
code OpenFOAM framework. In which, simulations of the
cavitating flow are based on the large eddy simulation (LES)
approach, Kunz cavitation model, and volume of fluid (VOF)
method to present more information on the flow structure.
Simulations of the structure motion are solving rigid-body
equations with a fourth order Runge Kutta algorithm.
Then, considering the complexity of cavitation vortex
interaction, vortex-induced vibration and cavitation-induced
vibration in unsteady cavitating flow, flow past a circular
cylinder is selected as the object. Cavitating and non-cavitating
flow past a circular cylinder are simulated and compared to
observe the influence of cavitation on the Karman vortex street
and the drag coefficients on cylinder when Re=200, where Re is
Reynold number based on the cylinder diameter D and the freestream speed U. The structural vibration induced by vortex and
cavitation in cavitating and non-cavitating flow are simulated
and compared to observe the characteristics of cavitationstructure interaction. The results showed that that
“synchronization” or “lock in” phenomenon occurs in both
cavitating and non-cavitating flow when the value of F* nears 1.
2S and 2P vortex modes are predicted in both cavitating and noncavitating flow. The oscillating amplitude of the cylinder in noncavitating flow is larger than cavitating flow in synchronization
range. But the synchronization range in non-cavitating flow is
smaller than cavitating flow. At last, the reasons are briefly
analyzed.
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INTRODUCTION
Cavitation is defined as the breakdown of a liquid medium under
a low pressure [1]. Cavitating flow is a classic issue in the
hydrodynamic field and has been extensively studied. In recent
years, hence researchers pay attention to the the cavitating flowinduced vibrations. For example, Kaplan [2] experimentally
observed that cavitating flows can excite ‘flutter-like’ vibrations
with modest amplitudes on hydrofoils when the cavity length
gets close to the hydrofoil chord length. A coupling was also
observed by Katoetal [3] between the controlled pitching
frequency of a hydrofoil and the cavity breakdown frequency,
and it is called ‘lock-in’. Ausoni et al. [4] observed that if the
cavity or vortex shedding frequency comes near the structural
natural frequencies, the structural vibration amplitudes would
significantly increase and affect the cavity/vortex shedding
patterns. De La Torre et al. [5] measured the natural frequencies
a hydrofoil under different cavitation condition to investigate the
added mass effect on the fluid-structure system. They found that
the maximum added mass effect occurs with still water and the
minimum with super cavitation. Ducoin et al. [6] have
experimentally studied the cavitating flow around both a
stationary and pitching flexible hydrofoil, and showed that
cavitation can excite the wetted natural frequencies of the
hydrofoil. In a numerical study, Akcabay [7] showed that the
fluctuating parts of the hydrodynamic loads and deformations
can get as big as their mean values under cavitating conditions,
especially when the maximum cavity length comes close to the
foil chord length. Wang et al. [8] reviewed the recently
experimental tools to obtain comprehensive flow field data, and
the computational tools for unsteady cavitating flow and its

induced vibrations.
Those investigations mainly paid attention to the
characteristics of flow structure and cavity shedding when the
resonance-induced lock in occurs, rarely studied the cavitation
effects on VIV in frequency domain. In comparison with the
flow past a circular cylinder, their flow structure are relatively
complex, which is disadvantageous for investigation of effects
of cavitation on VIV. Considering the complexity of cavitation
vortex interaction, vortex-induced vibration and cavitationinduced vibration in unsteady cavitating flow, a classical and
widely researched flow past a circular cylinder is selected to
investigate the laws of cavitation-structure interaction in this
paper.
NUMERICAL METHOD
To investigate the fluid-solid interaction in cavitating flow, a
numerical method loosely coupling a flow solver based on the
incompressible Navier–Stokes equations and a structure solver
based on rigid-body equations is established in an open-source
code OpenFOAM framework.
Fluid solver
Simulations of the unsteady cavitating flow are based on the
large eddy simulation (LES) approach with an one equation
eddy viscosity (kEqn) subgrid scale model , a mass transport
cavitation model, and volume of fluid (VOF) method to present
more information on the flow structure [9-12].
In the unsteady cavitation flow, the transition between
liquid and vapor is complex. In this study, the mass transfer rate
is based on the Kunz model [19]:
(1)
C ρ α min [ 0, p − pv ]
m + = v v
2
(0.5 ρlU )t∞
(2)
C ρ α 2 (1 − α )
m − = c v
t∞
The empirical constants are set to Cv = 200 and Cc = 100 which
are based on considerable computing experience [10-12].
Structure motion solver
Simulations of the structure motion are solving rigid-body
equations with a fourth order Runge Kutta algorithm. The
governing equation of the radius vibration of the rigid circular
cylinder is the harmonic oscillators equation:
Mu + Cu + Ku =
F
(3)
where u, M, C and K are the structural displacement, mass,
damping and stiffness; F is the outside force matrices on cylinder
which is the force from flow in this case.
Because the effect of damping coefficient of the spring is
neglectable (set as zero in present paper), the natural frequency
(Fs) of the cylinder can be calculate as:
(4)
1 K
Fs =
2π M
Coupling system
A Loosely Coupled (LC) method as the fluid–structure
interaction (FSI) model is used in this paper. The LC method is
a partitioned FSI algorithm, as it couples the solutions of the two
separated solid and fluid solvers and only require one fluid and
one structure resolution per time step. Considering the lag
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between the solid and fluid results, the time step is very small
F ∆t ≤ 1 / 500
( s
and Co<0.5) in present paper. However, as
discussed by Causin et al. [13], these algorithms exhibit
numerical instabilities for a given geometry, as soon as the
density of the structure is lower than a certain threshold; for a
given structure density, as soon as the length of the domain is
greater than a certain threshold. Thus, the domain independence
and the accuracy of FSI model with several density of the
structure is verified in the paper. Moreover, considering the
numerical instability for LC approaches discussed by Young et
al. [14] that the force of fluid typically assumed to be zero at the
first time step leads to over-estimation of the structural
displacements and subsequently large artificial fluid forces in the
next time step, we start the calculation of the FSI model after the
flow fully developed. Thus, the force of fluid is the effect of flow
at the first time step which avoid this numerical instability.
STUDY OBJECT AND PARAMETERS
Problem definition
In the present work, a circular cylinder with mass M and
characteristic diameter D is mounted on a linear spring in the
transverse direction as shown in figure 1. From dimensional
analysis, the dimensionless control parameters are F * , ρ * , Re
and σ . In which, the influence of parameter F * is the most
concerned. Thus, the value of F * are 0.5 to 3.5 by changing the
stiffness (K) of cylinder. The density ratio is 10. The Reynold
number is Re=200 and the cavitation number is σ=1.0 .
Computational domain and grids
To simulate the flow past the freely vibrating circular cylinder, a
computational domain is defined from the inlet at X=-20D to the
outlet at X=40D and from -20D to 20D in the transverse direction
(Y) as shown in Figure 1.
Depending on the end condition [15-17], the flow in the
wake of a circular cylinder is a two-dimensional flow when
Re=200. Thus, a grid with one layer in Z direction are used as
shown in figure 2. In which, the top and bottom boundaries of
the layer are set as symmetry condition.
The mesh spacing for the grid is 0.001D×0.008D in the
azimuthal and radial directions near the cylinder and stretches to
0.035D×0.047D at approximately 3D downstream and then
further stretches to 0.06D × 0.047D at a distance of 7D
downstream. The cells number of the gird is about 200 thousand
for a layer of grid for the two-dimensional simulation.
side
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FIGURE 2: MESH FOR TOTAL (LEFT) AND LOCAL
(RIGHT)
Boundary Conditions
The inlet boundary is set as velocity inlet condition with fixed
velocity (U). The outlet boundary is set as pressure outlet
condition with fixed pressure ( P∞ ) which is depending on
cavitation number σ =
( p∞ − psat ) / (0.5ρU 2 ) =
1.0 . Two side
boundaries are set as slip wall condition. The cylinder is no-slip
moving wall.

Verification of grid and domain independence
To evaluate the accuracy of the simulation results, the
verification of mesh independence is necessary. Insensitivity to
computational grid is demonstrated using three grids for one case
(Re 200 and non-cavitation). The coarse and fine grid have about
100 and 400 thousand cells respectively. The cell sizes are 0.5
and 2 times of the present grid in the azimuthal and radial
directions except for the size of the first layer on the cylinder in
radial direction which keeps 0.001D.
In the wide domain, the inlet and side boundaries are 40D
from the cylinder, the outlet boundary is set at a distance of 60D
downstream. The comparison of drag force coefficients (CD) and
dimensionless frequencies (St=fD/U) are shown in table 1.
From table 1, the deviations between the results of present grid,
fine grid, coarse grid and wide domain grid are less than 1%. The
time average distribution of pressure coefficients on the cylinder
also presented little difference, as shown in Figure 3. Thus, the
present grid and domain are fine enough to this case. Besides,
from the comparison with in table 1, the numerical results keep
a good agreement with the experimental results of Wen et al. [18,
19], which partly validate the accuracy of our method.
Table 1: DRAG FORCE COEFFICIENT (CD) AND
DIMENSIONLESS FREQUENCY (St) AT Re=200
CD
St
Present grid
1.38
0.199
Fine grid
1.38
0.200
Coarse grid
1.38
0.198
Wide domain
1.38
0.199
Experimental results of Wen.[18,19] 1.34±0.1 0.199

40D

FIGURE 1: COMPUTATIONAL DOMAIN AND
BOUNDARY CONDITIONS
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FIGURE 5: VORTEX MODE IN CAVITATING FLOW
WHEN F*=0.9 (THE BLACK LINE ARE THE ISOLINE OF
α =0.9)
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FIGURE 3: THE TIME AVERAGE DISTRIBUTION OF
PRESSURE COEFFICIENT ON THE CYLINDER WITH
PRESENT GRID, FINE GRID AND WIDE DOMAIN
RESULTS AND DISCUSSION
Many numerical simulations of the cylinder vibrating in
cavitating and non-cavitating flow with different conditions are
made. Parameters are shown in table 2.
TABLE 2: PARAMETERS OF THE FLOW
σ
Parameters
F*
Re
ρ*
Cavitating
0.5~3.5
10
200
1.0
Non-cavitating
0.5~3.5
10
200
The similarities of vibration in cavitating and non-cavitating
flow
The vibration of cylinder has many similarities in cavitating and
non-cavitating flow. Through numerical simulations,
“synchronization” or “lock in” phenomenon [20] is captured in
both cavitating and non-cavitating flow when the value of F*
nears 1. In non-cavitating flow, the vortex shedding frequency
locked into the cylinder oscillating frequency (near FW) and a
vortex formation mode “2S” (indicating 2 single vortices shed
per cycle)[20] is predicted in the wake when F*=0.9, as shown
in figure 4. In cavitating flow, the cavity and vortex shedding
frequencies are locked in to the cylinder oscillating frequency
(near Fl) and similar “2S” mode predicted in the wake when
F*=0.9, as shown in figure 5. What’s more, a vortex formation
mode “2P” (meaning 2 pairs of vortices per cycle) [20] is also
predicted in the wake of both cavitating and non-cavitating flow
when F*=0.7 as shown in figure 6 and 7.

FIGURE 6: VORTEX MODE IN NON-CAVITATING
FLOW WHEN F*=0.7

FIGURE 7: VORTEX MODE IN CAVITATING FLOW
WHEN F*=0.7
The differences of vibration in cavitating and non-cavitating
flow
However, there are many differences between the vibration in
cavitating and non-cavitating flow. From figure 8, the oscillating
amplitude of the cylinder in non-cavitating flow is obviously
larger than cavitating flow when the value of F* nears 1. Because
the pressure drop is suppressed when cavitation occurs in the low
pressure zone. The fluid force in cavitation flow to be smaller
than the non-cavitation flow. Although the peak force caused by
cavitation collapse is larger than non-cavitating flow, the
amplitude of the oscillating frequency is obviously smaller, as
shown in figure 9-11.
Besides, the the oscillating amplitude of the cylinder in noncavitating flow is smaller than cavitating flow when
1.2 < F * ≤ 1.5 . That’s because the different between the

oscillating frequency in cavitating and non-cavitating flow.
From figure 13, in non-cavitating flow, the cylinder oscillates
with a frequency near the structure natural frequency in stillliquid (FW) when 0.5 ≤ F ≤ 1.2 . When F > 1.2 , the cylinder
oscillates with a frequency near the natural frequency (Fl). This
is similar as the result reported by Khalak [22]. While in
*

FIGURE 4: VORTEX MODE IN NON-CAVITATING FLOW
WHEN F*=0.9 (THE VORTEX STRUCTURE IS
REPRESENTED BY THE Q-CRITERION [21])

*

cavitating flow, the range rises to 1.5. Thus, when 1.2 < F ≤ 1.5 ,
the oscillating amplitude of the cylinder in synchronization range
*

4

CD

in cavitating flow is larger than non-cavitating flow which is out
of synchronization range.
The reason of the increases of the synchronization range in
cavitating flow deserved to analyze. In one hand, the noncavitating flow is a strong constraint comparing to cavitaing flow.
Thus the vibration suppression is stronger and the oscillating
amplitude drops more rapidly in non-cavitating flow when the
flow out of the synchronization range. In the other hand, there
are more high frequency components in the lift force in
cavitating flow comparing to non-cavitating flow as shown in
figure 11 and 12.
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FIGURE 11: LIFT COEFFICIENT AND DRAG
COEFFICIENT ON THE STILL CYLINDER IN
CAVITATING FLOW.

A*

10
8
6
4
2
0

0.12
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

FFT of CL

4.0

F*
0.10

CD
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AMPLITUDE A* UNDER DIFFERENT F*.
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CONCLUSIONS
A numerical method loosely coupling a flow solver based on the
incompressible Navier–Stokes equations and a structure solver
based on rigid-body equations is established in an open-source
code OpenFOAM framework to investigate the fluid-solid
interaction in cavitating flow. In which, simulations of the
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cavitating flow are based on the large eddy simulation (LES)
approach, Kunz cavitation model, and volume of fluid (VOF)
method to present more information on the cavitaing flow
structure. Simulations of the structure motion are solving rigidbody equations with a fourth order Runge Kutta algorithm.
Then, cavitating and non-cavitating flow past a circular
cylinder are simulated and compared to observe the influence of
cavitation on the Karman vortex street and the drag coefficients
on cylinder when Re=200, where Re is Reynold number based
on the cylinder diameter D and the free-stream speed U∞. The
structural vibration induced by vortex and cavitation in
cavitating and non-cavitating flow are simulated and compared
to observe the characteristics of cavitation-structure interaction.
The results showed that “synchronization” or “lock in”
phenomenon occurs in both cavitating and non-cavitating flow
when the value of F* nears 1. The 2S and 2P vortex modes are
predicted in both cavitating and non-cavitating flow. The
oscillating amplitude of the cylinder in non-cavitating flow is
larger than cavitating flow when F * ≤ 1.2 , but smaller than
cavitating flow when 1.2 < F * ≤ 1.5 . What’s more, the
synchronization range in cavitating flow is larger than noncavitating flow. And the reasons are briefly analyzed.

The present method could still be improved such as
adopting the closely-coupled approach, and more practical
cases with high Reynolds numbers could also be investigated
in the future.
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