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This work deals with the numerical simulation of interaction of fluid and va-

Interaction between Fluid and Vapor Struc-
tures in Multiphase Flow around Hydrofoil.
Journal of Applied Mathematics and Physics,
6, 1614-1624.
https://doi.org/10.4236/jamp.2018.68137

Received: June 19, 2018
Accepted: August 6, 2018
Published: August 9, 2018

por structures on NACA 2412 hydrofoil during the partial cavitation oscilla-
tion. This interaction is supposed to be the most important reason for the
cavity shedding when, in a certain range of the cavitation numbers, some
“resonance” effect can be reached. The incidence angle is 8° and the Reynolds
number is 1.56 x 10°. The hydrofoil with the span/chord ratio of 1.25 corres-
ponds to the experiments carried out in the cavitation tunnel. The Detached
Eddy Simulation (DES) is used on full 3D geometry of the straight NACA
2412 hydrofoil to capture the strong influence of side-wall effects. Real prop-
erties of water including estimated content of undissolved air are considered
to affect the compressibility of the mixture and its speed of sound. The link
between strong pressure pulses during the cavity cycles and the interaction of
fluid and vapor structures is discussed in detail.
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1. Introduction

The flow inside hydraulic machines should be modeled very often as a multi-
phase one, though the primary fluid can be considered as the incompressible
constant property liquid. One of the most common reasons is the presence of
cavitation nuclei which give rise to the cavitation structures in low static pres-

sure regions. Cavitation can result in the degradation of machine performance,
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the material erosion and highly unsteady phenomena which generate unwanted
noise and oscillations dangerous for the machine operation. This work concen-
trates on the dynamic behavior of cavitation structures occurring on the blades
of hydrodynamic machines, especially pumps and inducers. Usually, at design
conditions and sufficiently high cavitation numbers, the vapor structures are li-
mited to sparsely-distributed transient cavitation bubbles travelling with the
flow. Such regime is mostly steady or near-steady. At off-design conditions
(and/or lower cavitation numbers) however, other cavitation mechanisms can be
observed, such as a sheet cavity break-up and formation of large vapor struc-
tures. The starting conditions and typical frequencies of some cavitation insta-
bilities in the inducers are described in studies of Brennen [1] and Tsujimoto [2].
The cavitation instabilities have been investigated experimentally and numeri-
cally also in mixed-flow pumps [3] [4] with results similar to the ones obtained
with inducers. The problems of the surge instability of a cavitating propeller
were studied experimentally in [5] and analyzed numerically in [6]. The studies
mentioned above indicate that some (though not all) mechanisms leading to the
cavitation instabilities on blades of hydraulic machines are similar to the ones
causing the partial cavity instability observed on single, two-dimensional hydro-
foils. Nevertheless, it has been observed that the flow and cavitation phenomena
on the two-dimensional hydrofoils in cavitation tunnels have fully
three-dimensional character due to the side-wall effects.

Even for tunnel flows, the detailed experimental research (both the visualiza-
tions and velocity measurements) is very complicated due to the presence of
large amount of cavitation bubbles. That is why CFD becomes an important
tool, attempting to capture the interaction of cavitation structures with the
re-entrant jet, which is supposed to be the most important reason for the cavity
shedding when, in a certain range of the cavitation numbers, some “resonance”
effect can be reached [7] [8] [9]. Many of these simulations are based on
two-dimensional models or 3D geometry simplified with the symmetry or peri-
odic boundary conditions used in the span-wise direction, especially in the case
of the Large Eddy Simulations (LES) which are extremely CPU-time and mem-
ory demanding. However, in many cases application of the periodicity or sym-
metry conditions for the Scale-Resolving Simulations (SRS) should be avoided,
as the application of these conditions imposes constraints onto the resolved
scales. In addition, the simplified simulations are not able to capture the strong
side-wall effects which can be observed experimentally as well as numerically
and which result in the dependence of the flow and cavitation phenomena on
the tunnel span/chord ratio. That is why the full tunnel geometry including the
side walls can be found in recent works [10], even for the Large Eddy Simula-

tions.

2. Case Description

The presented simulations are based on the measurements and visualizations
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Hydrofoil Wall

Test Section Walls

which have been performed in the cavitation tunnel at the Centre of Hydraulic
Research, Czech Republic [11]. The facility is a horizontal plane water tunnel for
isolated hydrofoils (Figure 1). The rectangular test section has inner dimensions
150 x 150 x 500 mm. All the walls of the test section are made of organic glass to
facilitate visualization from all sides. The tested NACA 2412 hydrofoil had a
chord length C = 120 mm, which gives the maximum span/chord ratio S/C =
1.25.). The incidence angle was 8°, which enabled to reach the regimes of stable
partial cavity oscillation. As the main attention was focused on the dependence
of cavitation dynamics on the cavitation number, the investigation has been
performed for a constant Reynolds number of 1.56 x 10° and a range of cavita-

tion number from 1.29 to 1.9. The Reynolds and cavitation numbers are defined

as
xC
Re="et”C (1)
v
pref _pv
o=1e v )
0.5pu’,

where u, and p, are the reference velocity and static pressure at the inlet of the
test section, C'is the hydrofoil chord length, p, is the equilibrium vapor pressure,
vis the liquid kinematic viscosity and pis the density of the liquid.

The presented numerical study concentrates on the span/chord ratio S/C =
1.25 though the span/chord ratios 0.417 and 0.625 have been also considered.
The reason will be clarified in detail later on in the next paragraphs, but in short,

the span/chord ratio S/C = 1.25 gives the possibility to capture the strong

Figure 1. Geometry of the cavitation tunnel test section (top) and computational domain with straight rear extention (bottom).
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side-wall effects and at the same time the core cavitation structures are well de-
veloped and not strongly stabilized by these side-wall effects. That is why the full
geometry of the tunnel test section including both side walls is included into the
computational domain. This paper does not focus on the details of the experi-
ment and detailed description of the numerical procedure; these details can be
found in [11]. In this reference three SRS turbulence models were tested (SAS,
LES-WALE and DES). As the DES turbulence model gave the best compromise
between the detailed description of the flow and cavitation structures and cap-
turing the side wall effects, this study uses only results from DES model. As a
numerical tool, the ANSYS CFX package has been used including the default
(Zwart [12]) cavitation model in the ANSYS CFX package to describe the inter-
phase mass transfer in the framework of the homogenous multiphase model.

The simulations in [11] show, that the physical models based on the incom-
pressible constant property liquid (water) over-predict the sharp high-pressure
peaks during the collapses of the bubble clouds as well as the speed of pressure
pulse propagation. In this study, the real properties of water including estimated
content of undissolved air are therefore considered to affect the compressibility
of the mixture and its speed of sound. The volume fraction of the undissolved air
at the water is set to 0.1%. The hydrofoil wall is considered to be adiabatic, the
test section walls keep the constant temperature.

In both the experiments and the CFD analysis sheet cavities formed on the
hydrofoil are small and relatively stable when o is sufficiently high. Consequent-
ly, it is practically impossible to detect any regular shedding cycles and ampli-
tudes of pressure pulses on the hydrofoil are very low. With decreasing cavita-
tion number, it is possible to observe partial cavitation oscillation with a domi-
nant frequency about 15 Hz. In this regime we can see dramatically increasing
amplitudes of pressure pulses. Figure 2 shows normalized amplitudes of pres-
sure pulses measured at midspan of the hydrofoil at 40% of the chord length as a

function of the normalized cavitation number. For quite a narrow range of the
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Figure 2. Amplitude (normalized) of pressure pulses at midspan of hydrofoil, 40% of
cord length. Experiment.
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Figure 3. Pressure pulse during one shedding cycle and description of stages for Figure 4.
CFD analysis

cavitation number the “resonance” region can be found, in which the pressure
pulses reach values up to 400 kPa. CFD results indicate increased pressure pulses
in the range of o from about 1.16 to 1.71 while experiments give quite narrow
“resonance” region in the range of o from about 1.37 to 1.87, with a distinct
maximum at Oy, = 1.71. This value has been taken therefore as the reference
value for further numerical simulations. In the experiments, the resonant regime
is quite narrow (in terms of o), and during repeated test 0,,,,,; Was changing in
the scope + 10%, in spite of very careful setting of experiment conditions. Figure
3 shows pressure pulse during one typical shedding cycle calculated for the cavi-
tation number 6,y = 1.71.

Further drop of o causes decrease of the amplitudes and in the end, for suffi-
ciently low values of o, a surprisingly stable super-cavitation regime starts in
which it is impossible to detect any dominant frequencies. In this regime the
backflow on the suction side of the hydrofoil is suppressed by intensive cavita-

tion and practically vanishes.

3. Mechanism of the Partial Cavity Oscillation

Though we consider the beginning of the cavity shedding cycle connected with
the first appearance of the re-entrant flow (Stage 1 in Figure 3) we just start the
discussion with the Stages 0 and 8, which represent an equilibrium state in
which a stable sheet cavity is developed behind the leading edge. In this para-
graph we will refer to Figure 4 (3D view of cavitation regions, reverse flow re-
gions and vortices) and Figure 5 (streamlines on suction surface of hydrofoil
and the pressure gradient on the suction surface of hydrofoil).

Vortical structures in Figure 4 are based on the Q criterion, which is defined
in terms of the absolute values of the vorticity and the strain rate in the following

way [13].
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Stage 1.

Stage 8.

Figure 4. 3D view of cavitation regions (in white), reverse flow regions (in red) and vor-
tices (in magenta). Stages 1 - 8. Flow direction from top right.

Opin = 0.5(" —57) (3

1 oU, U, | oU. U,
S=[28.5,; Q= 2Swm,; S; =—(+—2L); &, =—(—L-—2L) (4
\/ i~ \/ gy g 2(axj axi) Y 2(6)(/ axi) ( )

Stage 0 (physically equivalent to Stage 8) is very similar to the stable regimes

which occur at higher cavitation numbers. The sheet cavity has a convex shape
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Figure 5. Left pictures: surface streamlines on suction surface of hydrofoil (in yellow) and
interface between hydrofoil and cavitation regions (in white). Right pictures: pressure
gradient on suction surface of hydrofoil and surface streamlines (in black). Stages 1 - 8.
Flow direction from top.

and there is only one line close to the cavity closure with increased pressure gra-
dient. Only small reverse flow regions can be found close to the trailing edge re-
sulting from the previous cycle. Stage 1 shows the real beginning of the process,
which results in the periodic cavity breakup. The sheet cavity is practically
two-dimensional in the spanwise direction. At about 40% of the chord length
(just behind the interface of the cavitation region and hydrofoil surface - later
referred as CR-HS) we can detect a beginning of the re-entrant jet and two lines
with increased pressure gradient. In Stage 2 the sheet cavity starts to become
concave, at least close to the side walls, and the main reverse flow region in-
creases. The main reverse flow region reaches the trailing edge in Stage 3 and the
re-entrant flow becomes fully developed. The sheet cavity becomes significantly
concave and loses its stability, which results in formation of kernels of cloud ca-
vitation in the rear part of the hydrofoil. During Stage 4 the cavity close to the

side walls reaches its maximum width. The cavitation clouds increase and in
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Stage 5 reach their maximum while the sheet cavity closure starts to move to-
wards the leading edge. Also, the reverse flow region reaches its maximum. In
Stage 6, the most important effect is forming of nonzero distance between the
separation line and the CR-HS interface closure. In Stage 7 the high-pressure
peak is accompanied with the suppression of the sheet cavity and the decay of
the re-entrant jet.

The partial cavity oscillation around the straight (two-dimensional) hydrofoil
has its specific topology. Unlike some fully three-dimensional hydrofoils which
largely stabilize the sheet cavity in a convex topology before its breakup [14], the
two-dimensional hydrofoils with larger span/chord ratios (in our case S/C =
1.25) lack a fixed center of the sheet cavity closure. The central part of the cavity
closure (as well as of the CR-HS interface closure) has a shape similar to a line
parallel to the leading edge. Also, the central re-entrant flow (that is mainly
streamwise) is not characterized by one stable saddle point (Figure 6), but by a
separation line (identical with the CR-HS interface closure), which close to the
side walls passes into separation lines of two side-entrants (that have a signifi-
cant spanwise component). Both side-entrant jets are driven by a pair of primary
vortices close to the side walls, each forming one saddle point on the separation
line. All this topology makes the flow quite sensitive to asymmetry. It means that
in this case, unlike the fully three-dimensional hydrofoils or two-dimensional
hydrofoils with very low span/chord ratios, it is more important to use the
computational domain with full geometry, ie. without an application of the
symmetry boundary condition. In the presented calculations, asymmetry of the
solution is not distinct in the region of the sheet cavity; however it is visible in
the highly turbulent region close to the trailing edge during formation and

brakup of the cavitation clouds (Figure 4 & Figure 5, Stages 5 - 8).

4. Conclusions

Numerical modeling of cavitating flow around the hydrofoils or blades of hy-
draulic machines gives a unique possibility to look insight the structures, which
are very dynamic and practically impossible to be captured in an experimental
way. The presented results are based on the numerical analysis, but they have been

verified in detail by experimental observations (Figure 7) and measurements of

Central reentrant

/separation line

Figure 6. CR-HS interface closure and separation lines in the stage of fully developed
re-entrant flow. Span/chord ratio S/C = 0.417 (left) and 1.25 (right).
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Figure 7. Comparison of cavitation structures in experimental observations and CFD si-
mulations.
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Figure 8. Calculated temperature and shear strain rate during the cavitation cloud collapse. Flow direction from right.

pressures and forces acting on the hydrofoil surfaces. The comparisons of data
indicate, that the numerical simulations can give real description of all physical
processes linked with these problems.

Modeling of real properties of water including estimated content of undis-
solved air gives the possibility to estimate better the propagation of the pressure
pulses and their amplitudes. Still it is not able to consider the real bubble dy-
namics and the thermal processes connected with the collapse of the cavitation
bubbles including their erosive potential (Figure 8).

The partial cavity oscillation is very important problem connected with the
operation of hydraulic machines. The reason of this oscillation, which is accom-
panied by high pressure pulses and increased vibrations and noise, is the strong
influence of the high-momentum re-entrant and side-entrant flow on the cavity
interface. This mechanism depends on many factors, including the wall shear.
Changing the wall surface properties, it should be possible to change (hopefully
in a positive way) the dynamic behavior of the partial cavity. This task will be the
main topic of research of the authors in the next future.
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