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Abstract: Hydrodynamic cavitation has been widely applied in micro-fluidic systems. Cavitating flow
characteristics are closely related to the fluid properties. In this paper, the cavitation characteristics
of Cu nano-fluid in micro-channels were numerically investigated and compared with those of the
deionized (DI) water. The mathematical model was verified by comparing the numerical results
with the experiment observation. The curved orifice (R = 0.3 mm) was found to have the highest
efficiencies of cavitation for both fluids. With the increase of inlet pressure, cavitating jet lengths of
the two fluids significantly increased. While, the cavitating jet length of the nano-fluid was shorter
than that of the DI water at the same inlet pressure. The cavitation inception number of the DI
water and nano-fluid were approximately 0.061 and 0.039, respectively. The results indicate that the
nano-particles played negative effects on the cavitation inception. In addition, with the decrease of
outlet pressure, the cavitation strength gradually increased and the mass flow rate remained nearly
unchanged at the same time.

Keywords: cavitation; nano-fluid; micro-channel; numerical analysis

1. Introduction

Cavitation is a complex two-phase flow that is caused by a sudden decrease of pressure in the
liquid. The growth and collapse of cavities generate an extremely high level of temperature and pressure
impulse, which induces a series of complicated physical and chemical effects [1,2]. In recent years, it has
been found that cavitation in the micro-fluidic system can be widely applied in many fields, such as
heat transfer enhancement, chemical engineering, water treatment, and nano-materials dispersion [3-8].
The characteristic of liquid-gas phase transition in the micro-fluidic channel can be significantly different
from which in a macro-scale channel because of the dimension limitation. From previous experimental
and numerical studies, the characteristics of cavitating flow in the micro-fluidic system have been
widely investigated [9]. Mishra et al. [10] experimentally investigated hydrodynamic cavitation in a
silicon micro-channel. The results showed that the cavitation inception number was much smaller than
that obtained from previous studies on larger orifices. However, choking cavitation was observed to be
independent of any pressure or velocity scale effects. Ghorbani et al. [11] studied the cavitating flows
between the micro- and macro-scale channels, and results showed that the pressure profile and vapor
phase distribution exhibited different features. The static pressure dropped to negative values (tensile
stress) in micro-channels, while the minimum static pressure in mini-channels was found to be equal to
vapor saturation pressure. Additionally, the higher velocity magnitudes, especially at the outlet, were
visible in the micro-channels. It can be seen that, in spite of the geometric similarity, the inception of
cavitating flow did not meet the demand of the Newton criterion of dynamic similarity. It was believed
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that the amount of nuclei in the low pressure zone was the critical factor, which results in the difference
of cavitating flow between the micro- and macro-scale. The silicon based high pressure cavitation
micro-fluidic system was investigated [12]. The results showed that cavitation could be decreased and
eliminated at a sufficiently high backpressure, and it was restricted to the vena contracta in orifice
micro-channels. Pennathur and Peles [13] studied cavitation in micro-scale devices that cascaded of
micro-pump blades. With increasing mass flow, the size of the cavitation zone grew about 50% being
more slowly than predicted by theory. Mishra and Peles investigated the cavitating flow of deionized
water (DI water) through various micro-orifices and micro-channels [14]. Multifarious cavitating flow
patterns, including incipient, choking, and super-cavitating, were detected. The results displayed
that, in spite of several parameters, the trends were similar at both scales, and the flow patterns were
different for micro- and conventional scale orifices. For the super-cavitating flow patterns, vapor cavity
was encompassed by liquid in the micro-channel; however, it was found inside the vapor pocket in the
conventional scale orifices.

The computational fluid dynamics (CFD) method plays an important role in the investigation of
cavitation. Thus far, the full cavitation model [15], Schner-Sauer model [16], and Zwart-Gerber-Belamri
model [17] are commonly used to simulate the hydraulic cavitating flow. The full cavitation model
has been employed to simulate the cavitating flows in pumps and inducers. The effects of turbulent
fluctuations and non-condensable gases were also considered in the model. The numerical simulation
results precisely predicted the cavitating flow trends and the size, location, and shape of the cavitation
zone [18]. The cavitation flows over a two dimensional (2-D) hydrofoil and an axisymmetric ogive
were simulated, and the nuclei density solutions that were obtained by the simulation showed good
consistency with measurements [19]. By using Zwart-Gerber-Belamri model, the cavitating flow
through a micro-orifice was investigated. The results showed that the vapor cavity region increased
with the rise of pressure and the entire micro-orifice wall could be covered by vapor. Additionally,
it was recommended that the maximum 1/d of a micro-orifice is about 1 [20].

In recent years, nano-fluid has been more widely applied in micro-fluidic systems, which is a
multiphase fluid that contains nanometer-sized solid particles [21-23]. Because of the existence of
nano-paritcles, the physical properties of nano-fluid, such as the viscosity, density, surface tension,
and thermal conductivity, are significantly different when compared with the base liquid [24-26]. Thus,
cavitation would be affected by the addition of nano-particles. Gu et al. [27] applied the acoustic method
to experimentally study the effects of SiO, nano-particles on cavitation inception. The temperature and
particle size were variables and the dimensionless free energy of the critical bubble was calculated in
the experiments. The results showed that the SiO; particles always promoted the cavitation inception.
However, the increase of particle concentration further promoted the cavitation, while the particle
size had little effect. Bidhendi et al. [28,29] examined the effects of SiO, nano-particles on initiation
of cavitation in a centrifugal water pump. In the research, the nano-particle concentration, size,
and fluid temperature were changed. It was found that SiO, nano-particles could decrease the rate
of cavitation growth. However, until recently, there is relatively little study of nano-fluid cavitation
in the micro-fluidic system. In this paper, the computational fluid dynamics (CFD) method was
employed for simulating the cavitating flows of nano-fluid and deionized (DI) water in micro-channels.
The results were validated by comparison with experimental observations. The differences of cavitation
dynamics between the nano-fluid and DI water were discussed in detail. Additionally, the effects
of the orifice shape, the inlet pressure, and outlet pressure on cavitation were analyzed. This work
is aimed to provide useful insights for the application of nano-fluid cavitation in MEMS and other
devices with micro-channels.
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2. Numerical Models

2.1. Governing Equations

The Reynolds Averaged Navier-Stokes (RANS) approach was used to analyze the cavitation flow
field in the micro-channel. The mass conservation equation is expressed as:

J
8—xi(Pui) =0 )

Here, p and u; are the fluid density and average velocity component, respectively.
The Reynolds-averaged momentum conservation equation can be expressed as:

d ap 0 8ui

a—xj(P”zM]) = o T a—xj[ﬂa—xj + Rjj] 2

Here, p stands for the kinematic viscosity and R;; is the Reynolds stress tensor. In this study,

the volume of fluid (VOF) model tracks the volume fraction of the each fluid throughout the domain.

The tracking of interface between phases is accomplished by the solution of a continuity equation for
the volume fraction of one (or more) of the liquid phases, and this equation has the following form:

1
V- (aqUy) = — (mpg = mgp) ®)
Pq
Here, mg is the mass transfer rate of the liquid phase g to the vapor phase p, and my, is the
mass transfer rate of the vapor phase p to the liquid phase g. U, is the mean velocity of the g phase.
The liquid phase volume fraction is computed, based on the following equation:

ag+ay =1 @)

2.2. Turbulence Modeling

So far, little study has been conducted on the effects of turbulence models on cavitating flow in
the micro-channels. In this study, the Standard k-w model, k-w Shear-Stress Transport (SST) model,
Standard k-¢ model, and Realizable k-¢ model are selected. The transport equations of Standard k-
model are shown, as follows

0 J ok
8—xi(Pkui) = a_xj(rka_xj)‘FGk_Yk‘FSk (5)
Additionally
d J Jw
a_xi(pwui) = &_x](rwa_x]) +Guw—Yo +Sw (6)

The turbulence kinetic energy k and the specific dissipation rate w are obtained from these two
transport equations. In these equations, G represents the generation of turbulence kinetic energy due
to the mean velocity gradients. G, represents the generation of specified dissipation rate. Yy and Y/,
represent the dissipation of k and w due to turbulence. S; and S,, are user-defined source terms. I'y and
I',, represent the effective diffusivity of k and w, respectively, which are expressed as:
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The k-w Shear-Stress Transport (SST) model is based on the standard k-w model and the turbulent
viscosity y; is amended.
The transport equations of standard k-¢ model are shown, as follows:

J J Jk

a—xi(Pmkui) = a—xj[(#m‘Fg—;)a—w]+Gk+Gb—pme—YM+Sk )
0 d Ut de e €2
a—xi(PmE”i) = &_x]-[(”m + a_g)&_xj] + Cls%(Gk +C1Gp) - Czep? + S, (10)

Here, Gy is the generation of turbulence kinetic energy due to buoyancy and Y, represents the
contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate.
The model of Realizable k-¢ model is based on the standard k-¢ model and the mathematical constraint
is used to improve the performance of the model.

2.3. Cawvitation Model

In the study, the Schner-Sauer model was employed. The mass transfer source terms connected to
the growth and collapse of the vapor bubbles, which are based on the Rayleigh-Plesset equations and
defined as:

pP,-P
= 2P ’”(1_“’”)1%3 %( pp ) whenP < P, (11)
q
Pqp 3 [2(P-Pp)
= ’;papﬂ p)R_B s P whenP, < P (12)

Here, Rz means the bubble radius.
3. Results and Discussion

3.1. Model Validation

In this section, the numerical results were first compared with experimental data [30] to prove
the accuracy and reliability of the model. In the previous experiment, a copper-based plate with
rectangular micro-channels was fabricated, which consisted of seven parallel channels. Each of the
channels was 26 mm long, 0.5 mm wide, and 0.2 mm deep. At 2 mm downstream of the entrance,
the rectangle orifice with the width of 0.1mm and length of 0.2mm was designed, as shown in Figure 1.
The DI water flowed through channels that were driven by the pump and cavitation was induced by a
sudden drop of liquid pressure at the orifice.
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Figure 1. The structure of the micro-channels.
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In the simulation, one channel was selected, so that the amount of calculation can be effectively
reduced, and only a half of the channel geometry was modeled due to the presence of symmetry planes.
We employed structured quadrilateral meshes to capture the vapor phase, as the micro-channel was
not geometrically complex, as shown in Figure 2. The mesh was generated with ICEM CFD software.
In order to evaluate the grid dependency of the studied geometry, three different cell numbers were
compared: 158,730, 335,223, and 484,290, respectively.
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Figure 2. The micro-channel geometry in the simulation.

The boundary conditions of the inlet and outlet pressure were set to be 355 and 8.5 kPa in
accordance with the experimental parameters [30]. The cavitation flow field was obtained while using
the commercial CFD software ANSYS CFX release 14.0. The finite volume method was utilized to
perform a discrete solution for the governing equations. The second order upwind scheme was used
to discretize the mass, momentum, turbulent quantities and vapor transport equations. The pressure
corrections were computed using the body force weighted Pressure Staggering Option (PRESTO!)
scheme. For pressure-velocity coupling, the semi-implicit method for pressure linked equations
(SIMPLE) algorithm was employed. The micro-channel walls were treated as non-slip boundaries with
standard wall functions. In the simulation, convergence was assumed when the residuals dropped
below a value of 10*. Figure 3 depicts the calculated vapor fractions at the cross-section z = 0.1 mm of
the micro-channel. It can be observed that the difference between the vapor fractions became negligible
as the number of cells more than 335,223. Thus, the grid was applied for all cases in this paper.
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Figure 3. The vapor fraction at the cross-section z = 0.1 mm of the micro-channel, (a) Grid 158,730 cells;
(b) Grid 335,223 cells; and, (c) Grid 484,290 cells.

When fluid flowed through the micro-orifice, some specific features, including cavitation clouds
and high speed vapor-liquid jet, would occur. Therefore, a critical task of suitable turbulence model
was to capture the dynamics of cavitation growth and collapse correctly in a very small scale. Table 1
provides the calculated mass flow rate with different turbulence models. As observed, the solution
of the standard k-@ model was quite close to the experimental data, with a maximum of 1.5% error.
By comparison, for the Standard k-¢ and Realizable k-¢ model, the errors of mass flow rate increased to
about 7.1% and 7.3%, respectively.



Micromachines 2020, 11, 310 6 of 14

Table 1. Mass flow rate calculated by different turbulence models.

Items Mass Flow Rate (L/h) Error (%)
Experiment 9.6 —
Standard k-& model 8.92 7.1%
Realizable k-¢ model 8.90 7.3%
k-w SST model 9.07 5.5%
Standard k-w model 9.45 1.5%

The simulated vapor-liquid distributions at the cross-section z = 0.1 mm by various turbulence
models were compared with the experimental result, as displayed in Figure 4. The calculated
vapor-liquid distribution by Standard k- model showed better agreement with the experimental
result. For cavitation that occurred in a confined space, a shear flow boundary layer that formed by a
large velocity gradient existed between the vapor and liquid phase. Meanwhile, the Reynolds number
was relatively low downstream of the orifice. The Standard k-w model considers the low Reynolds
number effects and shear flow diffusion. Thus, it is more suitable for the wall-bound and jet flows
calculation as the cavitating flow in the micro-channel.

Flow direction =

Vapor volume
fraction  (a)l

1.00
0.80 _———
0.60 (c)

0.50 | S

0.40 ———

IO,IO —_
0.00 (e)H

Figure 4. The comparison of vapor-liquid distribution between the experimental data [30] and

simulation results, (a) experimental result; (b) standard k-¢ model; (c) realizable k-¢ model; (d) standard
k-w model; and (e) k-w Shear-Stress Transport (SST) model.

Additionally, the calculation result was compared with the experimental result that was obtained
by Rooze et al. [31], as shown in Figure 5. It could be seen that a cavitating jet formed when the fluid
flowed through the micro-orifice. The liquid jet was surrounded by twin vapor bubbles near the orifice.
The liquid—gas two phase mixtures were observed at downstream of the liquid jet. With the recovery
of pressure, those cavitation bubbles collapsed and turned into liquid. The comparison between the
present results and the experimental data from literature further verified the validity of the proposed
numerical method.

3.2. Cavitating Flow Characteristics of Nano-fluid and DI Wwater

In the work, the Cu nano-fluid with 3% volume fraction and particle size of 100 nm was selected.
The density and viscosity of the nano-fluid were 1250 kg/m3 and 1.18 x 1073 kg/m's, respectively.
The inlet and outlet pressure were set to be 355 and 8.5 kPa, respectively. Figure 6 shows the cavitating
flow fields of the nano-fluid and DI water near the rectangle orifice. It can be observed that the
cavitation jets for both nano-fluid and DI water were quite similar. However, the cavitating jet length
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of nano-fluid (2 mm) was a little shorter than the length of the DI water, which is in agreement with
the experiment that was conducted by Medrano [32].

Vapor volume fraction Two phase
1.00 Liquid mixture  Collapse Liquid
=090 Gas pocket ¢t
0.80
0.70
- 0.60
L 0.50
0.40
0.30

0.20 :
| I |

0.00

Figure 5. The comparison of vapor-liquid distribution with the experimental observation [31].
Vapor volume fraction

1.00 Flow direction ——
0.90

0.80 I——
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[ —_—_
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Figure 6. The vapor-liquid distribution of the fluids: (a) deionized (DI) water; and, (b) nano-fluid.

Figure 7 displays the pressure profiles of nano-fluid and DI water along the centerline on the
symmetry plane. When the fluids flowed through the orifice, a sudden pressure drop below the
saturated vapor pressure (3540 Pa) was observed, which caused the vapor-liquid phase transition.
Downstream of the orifice, the pressure gradually recovered to about 8.5 kPa. The pressure recovery
of the nano-fluid was a little bit faster when compared with that of the DI water due to a higher
surface tension. Thus, the length of nano-fluid cavitating jet was shorter due to an earlier vapor
bubble collapse.

4x10°
| —a— DI water
T —e— Nano-fluid
3x10° F
<
&
= 5
5 2x10° |
w2
8
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1x10° |
0 1 1 1 1
2 4 6 8 10 12
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Figure 7. The pressure distributions along centerline on the symmetry plane.
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Figure 8 shows the velocities along the centerline on the symmetry plane. There was a significant
increase in flow velocity at the orifice, due to the sudden decrease of the flow area and the cavitation
phase change. The maximum cavitating jet velocity of the DI water reached approximately 22.9 m/s,
which was a little higher than the jet velocity of the nano-fluid (20.4 m/s). It indicated that the cavitation
intensity of nano-fluid could be about 12% lower. After flowing through the orifice, the velocities of
both fluids began to decline. At the very beginning, the velocity decreased relatively slower in the
cavitation zone, because of the presence of the vapor phase. By comparison, a more significant decline
of the velocity occurred after the cavitation collapse.

30
—=— Deionized water
sl —o— Nano-fluid
=
& 18 +
2
8
G 12
>
6L
0 1 1 1 1 1
2 4 6 8 10 12
x (mm)

Figure 8. The velocity distributions at centerline on the symmetry plane.

3.3. Effects of the Orifice Structure

In this section, the effects of the orifice structures on cavitation characteristics were analyzed.
Besides the rectangle orifice, four orifices as the converging-diverging orifice, the converging
orifice, and the curved orifices (R = 0.3 and 0.6 mm) were selected, in which are shown Figure 9.
The micro-channel width to the orifice minimum width ratio was W /Wymin = 5. For the
converging-diverging orifice, the contraction and divergence angles are both 30 degrees, as shown in
Figure 9a. Additionally, the contraction angle of the converging orifice is 30 degrees (see Figure 9b).
The micro-channels with curved orifices are shown in Figure 9¢,d, and the radii are 0.6 and 0.3
mm, respectively.

Flow direction —»

o [ |

®) | 3079 |

@)I TN\ |
' R=0.6 mm

@] P |
" R=0.3 mm

Figure 9. The orifice structures, (a) converging-diverging orifice, (b) converging orifice, (c) curved
orifice (R = 0.6 mm), and (d) curved orifice (R = 0.3 mm).
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The inlet and outlet pressure in the calculation were 355 kPa and 8.5 kPa, respectively. Table 2
shows the mass flow rate of the DI water and nano-fluid under different orifices. Generally, the mass
flow rate of the nano-fluid was approximately 12% lower than that of the DI water for all of the
different orifices. Meanwhile, for both fluids, the minimum flow rates were under the rectangle orifice
attributing to a more significant local resistance loss. When compared with the rectangle orifice,
the highest mass flow rates were under the curved orifices, being about 30% higher. However, with the
increase of the radius, the mass flow rate was almost kept unchanged for the curved orifice.

Table 2. Mass flow rate under different structures.

Structure of the Orifice DI Water (L/h) Nano-Fluid (L/h)
rectangle orifice 9.45 8.39
converging-diverging orifice 11.56 10.37
converging orifice 11.53 10.29
curved orifice (R = 0.6 mm) 12.23 10.90
curved orifice (R = 0.3 mm) 12.36 10.95

Figure 10 shows the vapor volume fraction of the DI water and nano-fluid under various orifice
structures. For both fluids, the longest cavitating jet lengths were observed under the curved orifice
with R = 0.3 mm. On one hand, the flow resistance under the curved orifice (R = 0.3 mm) was much
lower. On the other hand, the smooth curve of the orifice led to slow pressure recovery downstream
of the channel. Thus, the mass flow rate and the cavitation vapor fraction were obviously higher.
Additionally, it was found that the cavitating jet length of DI water was a little bit longer than the
length of nano-fluid at each orifice structure. The addition of nano-particles increased the viscosity
and surface tension of the base fluid, which is believed to have negative effects on cavitation inception.

Flow direction ————s

OINVETZIZ-diverging oriice

Rectangle orifice

Vapor volume

fraction Converging orifice
~aa —~
1.00 Curved orifice (R = 0.6 mm)
0.90 -_————_a
0.80 Curved orifice (R = 0.3 mm
oo H-a——— —="
0.60 .
0.50 - Rectangle orifice
- 0.40 —_
Converging-diverging orifice
020 -$
0.20 onverging orifice
0.10 i —.
T —
0.00 Curved orifice (R = 0.6 mm)
A —
2 mm Curved orifice (R =0.3 mm)
e — | -

N ——
Figure 10. The vapor volume fraction with various orifice structures: (a) DI water and (b) nano-fluid.

3.4. Effects of the Inlet Pressure

In this section, the effects of the inlet pressure on the DI and nano-fluid cavitation were analyzed.
The structure of curved orifice (R = 0.3 mm) was selected because of the highest cavitation efficiency.
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The outlet pressure was set to be 8.5 kPa. Figure 11 displays the mass flow rates of the DI water and the
nano-fluid with different inlet pressures. For both fluids, the mass flow rates grew almost linearly with
the increase of inlet pressure. While, for the same inlet pressure, the mass flow rate of the nano-fluid
was always found to be lower than that of the DI water. Furthermore, the mass flow rate difference
between the two fluids got higher with the growth of inlet pressure.

25

—=— DI water
—e— Nano-fluid

) 20 |

2

L

S

z 15+

o

e

2

=l

5 1 " 1 " 1 " 1

200 400 600 800 1000
Pressure (kPa)

Figure 11. Mass flow rates of the nano-fluid and DI water under different inlet pressures.

The cavitation inception number is an important dimensionless parameter, which is used to
characterize the initial and critical state of cavitation. The cavitation inception number is defined,

as follows:
g = Pout - Pv

13
SpU3 o
Here, P,y is the outlet pressure, Py is the vapor pressure, and U, is the mean velocity at the orifice.
Figure 12 shows the vapor volume fractions of two fluids with different inlet pressure. The cavitation
inception of nano-fluid could be observed at ¢ = 0.039 (inlet pressure of 200 kPa). In contrast, o for the
DI water was approximately 0.064. Thus, the nano-fluid was more difficult to generate cavitation than
the pure water. Additionally, the length of the nano-fluid was found to be shorter when compared with
the DI water for the same inlet pressure. With the increase of inlet pressure, the length of cavitating jet
increased significantly. When the inlet pressure grew to 500 kPa, cavitating jet lengths of both fluids
increased to about 8 mm up to 30% of the total channel length. Thus, increasing the inlet pressure is
one of the effective ways to promote the cavitation intensity.

3.5. Effects of the Outlet Pressure

The outlet pressure of 5, 8.5 and 12 kPa were selected in order to study their effects on cavitation inside
the micro-channel with the curved orifice (R = 0.3 mm). The inlet pressure was 350 kPa in the calculation.
Table 3 shows the mass flow rates of the DI water and nano-fluid under different outlet pressures. For both
of the fluids, the mass flow rate was found to be independent of the outlet pressure. When the outlet
pressure increased from 5 to 12 kPa, the mass flow rates of the both fluids remained nearly unchanged.

Figure 13 shows the vapor volume fraction of the DI water and nano-fluid under different outlet
pressures. As the outlet pressure decreased from 12 kPa to 5 kPa, the cavitating jet length gradually
increased. Meanwhile, for the same outlet pressure, the vapor volume fraction of the DI water was a
little higher than that of the nano-fluid. The result indicates that, by decreasing the outlet pressure,
the higher cavitation intensity can be acquired without the change of mass flow rate.
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Figure 12. The vapor volume fraction with various inlet pressures: (a) DI water and (b) nano-fluid.

Table 3. Mass flow rate under different outlet pressures.

Outlet Pressure (kPa) DI Water (L/h) Nano-Fluid (L/h)

5 12.36 10.95
8.5 12.32 10.93
12 12.34 10.94

Flow direction ——— P,,=5kPa
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Vapor volume
fraction

1.00
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Figure 13. The vapor volume fraction with various outlet pressure: (a) DI water and (b) nano-fluid.
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4. Conclusions

In this paper, the cavitation characteristics of the DI water and nano-fluid inside micro-channels
with orifices were numerically investigated. The calculated results were compared with the experimental
data, which proved the stability and reliability of the present model. The standard k-w model is more
suitable for micro-channel cavitation flow simulation. As to the rectangle orifice, the cavitating jet
length and the maximum jet velocity of the nano-fluid were approximately 12% lower than those of
the DI water when the P;, and P,,; were 350 and 8.5 kPa, respectively. It proves that nano-particles
played a negative effect on the cavitation inception. Subsequently, the effects of the orifice structure,
inlet, and outlet pressure were discussed in detail. For both fluids, the curved orifice (R = 0.3 mm) had
the highest cavitation efficiency and mass flow rate. With the increase of inlet pressure, the cavitating
jet length and mass flow rate of two fluids increased significantly. Meanwhile, the mass flow rate
difference between the two fluids became higher as the inlet pressure grows. In addition, the cavitaion
inception number of the DI water and nano-fluid were about 0.061 and 0.039, respectively. With the
decrease of outlet pressure, the cavitation intensity became stronger without the change of mass flow
rate. The present research only considers the case of Cu nano-fluid with 3% volume fraction and a
particle size of 100 nm. In the future, the effects of nano-particle type, size, and nano-fluid concentration
on cavitation in the micro-channels would be further studied.

Author Contributions: Conceptualization, B.L. and X.H.; methodology, B.L.; software, T.L.; validation, B.L.,
J.Z. and W.X,; formal analysis, B.L. and J.Z.; investigation, B.L. and W.X,; resources, B.L.; data curation, B.L.;
writing—Original draft preparation, T.L.; writing—Review and editing, B.L.; visualization, H.Z.; supervision,
X.H.; project administration, X.H.; funding acquisition, B.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China through, grant
number 51606190.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Kumar, PS.; Kumar, M.S.; Pandit, A. Experimental quantification of chemical effects of hydrodynamic
cavitation. Chem. Eng. Sci. 2000, 55, 1633-1639. [CrossRef]

2. Yusof, N.S.; Babgi, B.A.; Alghamdi, Y.G.; Aksu, M.; Madhavan, J.; Ashokkumar, M. Physical and chemical
effects of acoustic cavitation in selected ultrasonic cleaning applications. Ultrason. Sonochem. 2016, 29,
568-576. [CrossRef] [PubMed]

3. Schneider, B.; Kosar, A.; Kuo, C.J.; Mishra, C.; Cole, G.S.; Scaringe, R.P; Peles, Y. Cavitation enhanced heat
transfer in microchannels. J. Heat Trans. 2006, 128, 1293-1301. [CrossRef]

4. Liu, B,; Cai, J.; Huai, X.L. Heat transfer with the growth and collapse of cavitation bubble between two
parallel heated walls. Int. ]. Heat Mass Trans. 2014, 78, 830-838. [CrossRef]

5. Legay, M.; Gondrexon, N.; Le Person, S.; Boldo, P.; Bontemps, A. Enhancement of heat transfer by ultrasound:
Review and recent advances. Int. J. Chem. Eng. 2011, 2011, 670108. [CrossRef]

6.  Nakashima, K.; Ebi, Y.; Shibasakikitakawa, N.; Soyama, H.; Yonemoto, T. Hydrodynamic cavitation reactor
for efficient pretreatment of lignocellulosic biomass. Ind. Eng. Chem. Res. 2016, 55, 1866-1871. [CrossRef]

7. Merouani, S.; Hamdaoui, O.; Rezgui, Y.; Guemini, M. Modeling of ultrasonic cavitation as an advanced
technique for water treatment. Desalin. Water Treat. 2015, 56, 1465-1475. [CrossRef]

8.  Kaldre, I; Bojarevi¢s, A.; Grants, I.; Beinerts, T.; Kalvans, M.; Milgravis, M.; Gerbeth, G. Nanoparticle
dispersion in liquid metals by electromagnetically induced acoustic cavitation. Acta Mater. 2016, 118, 253-259.
[CrossRef]

9. Jin, Z],; Gao, Z.X,; Li, X.J.; Qian, J.Y. Cavitating Flow through a Micro-Orifice. Micromachines 2019, 10, 191.
[CrossRef]


http://dx.doi.org/10.1016/S0009-2509(99)00435-2
http://dx.doi.org/10.1016/j.ultsonch.2015.06.013
http://www.ncbi.nlm.nih.gov/pubmed/26142078
http://dx.doi.org/10.1115/1.2349505
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.07.050
http://dx.doi.org/10.1155/2011/670108
http://dx.doi.org/10.1021/acs.iecr.5b04375
http://dx.doi.org/10.1080/19443994.2014.950994
http://dx.doi.org/10.1016/j.actamat.2016.07.045
http://dx.doi.org/10.3390/mi10030191

Micromachines 2020, 11, 310 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Mishra, C.; Peles, Y. Cavitation in flow through a micro-orifice inside a silicon microchannel. Phys. Fluids
2005, 17,013601. [CrossRef]

Ghorbani, M.; Yildiz, M.; Gozuacik, D.; Kosar, A. Cavitating nozzle flows in micro- and minichannels under
the effect of turbulence. |. Mech. Sci. Technol. 2016, 30, 2565-2581. [CrossRef]

Gothsch, T.; Schilcher, C.; Richter, C.; Beinert, S.; Dietzel, A.; Biittgenbach, S.; Kwade, A. High-pressure
microfluidic systems (HPMS): Flow and cavitation measurements in supported silicon microsystems.
Microfluid. Nanofluid. 2014, 18, 121-130. [CrossRef]

Pennathur, S.; Peles, Y.; Epstein, A. Cavitation at micro-scale in MEMS fluid machinery. ASME Pap. IMECE
2002, 33328, 87-92.

Mishra, C.; Peles, Y. Size scale effects on cavitating flows through microorifices entrenched in rectangular
microchannels. . Microelectromech. Syst. 2005, 14, 987-999. [CrossRef]

Singhal, A.K.; Athavale, M.M.; Li, H,; Jiang, Y. Mathematical basis and validation of the full cavitation model.
J. Fluid. Eng. 2002, 124, 617-624. [CrossRef]

Schnerr, G.H.; Sauer, ]. In Physical and numerical modeling of unsteady cavitation dynamics. In Proceedings
of the Fourth International Conference on Multiphase Flow, New Orleans, LA, USA, 27 May-1 June 2001.
Zwart, PJ.; Gerber, A.G.; Belamri, T. In A two-phase flow model for predicting cavitation dynamics.
In Proceedings of the Fifth International Conference on Multiphase Flow, Yokohama, Japan, 30 May-3 June
2004.

Athavale, M.M,; Li, H,; Jiang, Y.; Singhal, A.K. Application of the full cavitation model to pumps and
inducers. Int. ]. Rotating Mach. 2002, 8, 45-56. [CrossRef]

Zhu, ] K,; Chen, Y.; Zhao, D.F; Zhang, X.B. Extension of the Schnerr-Sauer model for cryogenic cavitation.
Eur. J. Mech. B/Fluids 2015, 52, 1-10. [CrossRef]

Narendran, G.; Gnanasekaran, N.; Perumal, D.A. Thermodynamic irreversibility and conjugate effects of
integrated microchannel cooling device using TiO; nanofluid. Heat and Mass Transfer 2020, 56, 489-505.
[CrossRef]

Karimipour, A.; Dorazio, A.; Shadloo, M.S. The effects of different nano particles of Al;O3 and Ag on the
MHD nano fluid flow and heat transfer in a microchannel including slip velocity and temperature jump.
Phys. E Low Dimens. Syst. Nanostruct. 2017, 86, 146-153. [CrossRef]

Abbassi, H.; Aghanajafi, C. Evaluation of Heat Transfer Augmentation in a Nanofluid-Cooled Microchannel
Heat Sink. J. Fusion Energ. 2006, 25, 187-196. [CrossRef]

Karimipour, A.; Nezhad, A.H.; Dorazio, A.; Esfe, M.H.; Safaei, M.R.; Shirani, E. Simulation of copper-water
nanofluid in a microchannel in slip flow regime using the lattice Boltzmann method. Eur. J. Mech. 2015, 49,
89-99. [CrossRef]

Xing, L.; Ying, C.; Mo, S.; Jia, L.; Shao, X. Effect of surface modification on the stability and thermal
conductivity of water-based SiO;-coated graphene nanofluid. Thermochim. Acta 2014, 595, 6-10.
Ghanbarpour, M.; Haghigi, E.B.; Khodabandeh, R. Thermal properties and rheological behavior of water
based Al,O3 nanofluid as a heat transfer fluid. Exp. Therm. Fluid Sci. 2014, 53, 227-235. [CrossRef]

Xu, ].H.; Bandyopadhyay, K.; Jung, D. Experimental investigation on the correlation between nano-fluid
characteristics and thermal properties of Al,O3 nano-particles dispersed in ethylene glycol-water mixture.
Int. J. Heat Mass Trans. 2016, 94, 262-268. [CrossRef]

Gu, Y.W,; Li, B.X.; Min, C. An experimental study on the cavitation of water with effects of SiO, nanoparticles.
Exp. Therm. Fluid Sci. 2016, 79, 195-201. [CrossRef]

Bidhendi, M.E.; Riasi, A.; Ashjaee, M. The influence of SiO, nanoparticles on cavitation initiation and
intensity in a centrifugal water pump. Exp. Therm. Fluid Sci. 2014, 55, 71-76. [CrossRef]

Bidhendi, M.E.; Ashjaee, M.; Riasi, A. Effect of SiO, nanoparticle size on initiation and intensity of bubble
formation in a water pump. Exp. Therm. Fluid Sci. 2015, 72, 40-46. [CrossRef]

Liu, B. Research on the Mechanism of Cavitation Enhanced Heat Transfer in Micro-Channels. Ph.D. Thesis,
University of Chinese Academy of Science, Beijing, China, 2014.

Rooze, ].J.; Andre, M.A.; Der Gulik, G.S.; Fernandezrivas, D.; Gardeniers, ].G.; Rebrov, E.V.; Schouten, ].C.;
Keurentjes, ].T. Hydrodynamic cavitation in micro channels with channel sizes of 100 and 750 micrometers.
Microfluid. Nanofluid. 2012, 12, 499-508. [CrossRef]


http://dx.doi.org/10.1063/1.1827602
http://dx.doi.org/10.1007/s12206-016-0518-6
http://dx.doi.org/10.1007/s10404-014-1419-6
http://dx.doi.org/10.1109/JMEMS.2005.851800
http://dx.doi.org/10.1115/1.1486223
http://dx.doi.org/10.1155/S1023621X02000052
http://dx.doi.org/10.1016/j.euromechflu.2015.01.008
http://dx.doi.org/10.1007/s00231-019-02704-z
http://dx.doi.org/10.1016/j.physe.2016.10.015
http://dx.doi.org/10.1007/s10894-006-9021-x
http://dx.doi.org/10.1016/j.euromechflu.2014.08.004
http://dx.doi.org/10.1016/j.expthermflusci.2013.12.013
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.11.056
http://dx.doi.org/10.1016/j.expthermflusci.2016.07.009
http://dx.doi.org/10.1016/j.expthermflusci.2014.02.005
http://dx.doi.org/10.1016/j.expthermflusci.2015.10.031
http://dx.doi.org/10.1007/s10404-011-0891-5

Micromachines 2020, 11, 310 14 of 14

32. Medrano, M.; Zermatten, PJ.; Pellone, C.; Franc, ].P.; Ayela, F. Hydrodynamic cavitation in microsystems.
I. Experiments with deionized water and nanofluids. Phys. Fluids 2011, 23, 127103. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.3671682
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Numerical Models 
	Governing Equations 
	Turbulence Modeling 
	Cavitation Model 

	Results and Discussion 
	Model Validation 
	Cavitating Flow Characteristics of Nano-fluid and DI Wwater 
	Effects of the Orifice Structure 
	Effects of the Inlet Pressure 
	Effects of the Outlet Pressure 

	Conclusions 
	References

