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Effects of nanoparticles on hydraulic cavitation
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Abstract. When liquids flowing through a throttling element, such as a perforated plate, the velocity
increases and the pressure decreases. If the pressure is below the saturated vapor pressure, the liquid
will vaporize into small bubbles, which is called hydraulic cavitation. In fact, vaporization nucleus is
another crucial condition for vaporizing. The nanoparticles contained in the nanofluids play a
significant role in vaporization of liquids. In this paper, the effects of the nanoparticles on hydraulic
cavitation are investigated. Firstly, a geometric model of a pipe channel equipped with a perforated
plate is established. Then with different nanoparticle volume fractions and diameters, the nanofluids
flowing through the channel is numerically simulated based on a validated numerical method. The
operation conditions, such as the temperature and the pressure ratio of inlet to outlet, are the
considered variables. As a significant parameter, cavitation numbers under different operation
conditions are achieved to investigate the effects of nanoparticles on hydraulic cavitation. Meanwhile,
the contours are extracted to research the distribution of bubbles for further investigation. This study is
of interests for researchers working on hydraulic cavitation or nanofluids.

velocimetry to investigate the cavitation flow
characteristics downstream different kinds of triangular
multi-orifice plates. He et al. [6] investigated the
hydrodynamic cavitation in single-hole orifice plate by
means of visualized experiment and numerical simulation.
Tao et al. [7] investigated the sound generation
mechanisms of orifice plates. Qian et al. [8-9] analyzed the
Mach number on multi-stage perforated plates inside a high
pressure reducing valve, and put forward a method to
reduce the aerodynamic noises. Carpenter et al. [10]
conducted experiments in detail to explore the effects of
geometrical parameters on the production of oil in water
emulsion. Kabeel et al. [11] investigated the effects of the
alumina nanofluid concentration on the characteristics of
sharp-edge orifice flow, basing on a model of a single-hole
orifice plate. Shaaban [12] optimized the orifice flowmeter
for liquid hydrogen and obtained a novel orifice flowmeter.
Liu et al. [13] applied perforated plate flowmeters to
measure the flow rate of cryogenic fluids. Aided by
numerical simulation, the characteristics of perforated
plates were investigated. Zhang et al. [14] investigated how
a diffuser orifice plate affects the flow characteristics of
air-cooled steam condenser. Qian et al. [15] explored the
effects of orifice on pressure drop in a pilot-control globe

1 Introduction

Blocked by a throttling element, the fluid flow velocity
increases and the pressure decreases. If the pressure is
below the saturated vapor pressure of the liquid, the liquid
vaporize to small bubbles, causing hydraulic cavitation.
The cavitation may do damage to the hydraulic equipment,
on the other hand, cavitation can be used in variety fields,
such as sewage treatment, mass transfer and heat transfer
promotion. Orifice plates and perforated plates are widely
used to induce cavitation, and many scholars have
contributed in this filed.

Adopting the tool combined with theoretical, numerical
and experimental methods, Ebrahimi et al. [1] investigated
a high-pressure cavitation flow induced by a thick orifice
plate to obtain a critical ratio of downstream pressure to
upstream pressure. Rudolf et al. [2] conducted experiments
to explore dynamics of the cavitation flow downstream
orifice plates. Wang et al. [3] investigated the cavitation
flow and cavitation-induced erosion by mean of
experiment. Araoye et al. [4] explore the flow through
multi-stage restricting orifices by mean of numerical
simulation. Zhang et al. [5] employed the particle image
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valve by mean of experiment and numerical simulation.
Hilares et al. [16] employed the response surface
methodology to investigate the efficacy of hydrodynamic
cavitation which was adopted for pretreatment of sugarcane
bagasse. Bokhari et al. [17] applied the orifice plate to
cleaner production of rubber seed oil methyl ester, and
conducted a parametric optimization by response surface
methodology. Zeng et al. [18] applied an orifice plate to a
dual-chamber air spring, and analyzed the effects of the
shape and number of orifices on the damping
characteristics. Karamah et al. [19] used a method of
ozonation combined with hydrodynamic cavitation
produced by orifice plate to disinfect Escherichia coli
bacteria.

The effects of nanofluid on hydraulic cavitation are
investigated in this paper. The hydraulic equipment used to
induce the cavitation is a 5-hole perforated plate. The
alumina nanofluid is employed, of which the nanoparticle
volume fraction and the particle diameter are considered as
variables. Additionally, the investigation is carried out for
different operating conditions.

2 Analyses and modeling

In the present research, a pipe channel equipped with a 5-
hole perforated plate is adopted as the device inducing
hydraulic cavitation. The flow channel is symmetric, so a
symmetric model is proposed, as Fig. 1(a), and the
arrangement of the 5 holes is depicted in Fig. 1(b).
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(b) The arrangement of the 5 holes.
Fig. 1. The geometric properties of the model.

The geometric model is discretized by the structured
mesh. The elements located at the 5 holes and at the
boundary layer have smaller size to promote the simulation
accuracy. Mesh independence research has been
conducted, and it is found that 1,921,100 elements are
sufficient for the accurate numerical simulations.

In this paper, the Realizable k-¢ turbulence model, the
mixture model and the Schner-Sauer cavitation model are
employed. In terms of the boundary conditions, the inlet is
set as a pressure inlet and the outlet is set as a pressure

outlet. Additionally, no-slip wall boundary is applied for all
walls, and the standard wall function is adopted. In order to
validate the numerical method, a numerical simulation has
been conducted, and the results are compared with a
reported experiment, which was carried out by Kim et al.
[20]. The comparison of experiment and numerical
simulation is listed in Table 1. The maximum relative error
is 9.2%, which indicates the numerical method is reliable.

Table 1. Comparison of experiment and numerical simulation

] ) . Numerical
Differential | Experimental simulated The relative
pressure mass flow mass flow error (%)
(MPa) rate (kg/s) rate (kg/s)
0.49 2.76 2.99 8.3
0.44 2.65 2.89 9.2
0.40 2.53 2.73 79

3 Results and discussion

In this investigation, the alumina nanoparticle volume
fraction and diameter are considered variables. Besides, the
numerical simulations are conducted under different
operating conditions, that is the inlet and outlet pressure
difference and the temperature are changed. The saturated
vapor pressure of alumina nanofluid changes with the
nanoparticle volume fraction, the particle diameter and the
temperature. Tso et al. [21] have conducted investigations
on nanofluid saturated vapor pressure, and a part of the
results are listed in Table 2. The effects of alumina
nanoparticle volume fraction and diameter at different
operating conditions on cavitation are respectively
discussed in the following sections.

Table 2. [21] The saturated vapor pressure of alumina nanofluid for
different conditions [unit: Pa]

Parti Nanoparticle temperature

article volume - ) -

diameter fraction 25°C 30°C 40°C
0.01% 3,176.6 | 4,294.8 | 7,493.3

13 nm 0.1% 3,135.8 4,222.7 7,458.9
0.5% 3,114.1 4,197.7 7,364.2
0.01% 3,169.0 4,251.8 | 7,412.8

20 nm 0.1% 3,173.7 42173 | 7,420.2
0.5% 3,105.1 | 4,1715 | 7,333.3
0.01% 3,138.5 | 4,220.8 | 7,395.6

80 nm 0.1% 3,0929 | 42001 | 7,376.1
0.5% 3,057.9 4,137.7 7,259.3

3.1 The contours of vapour volume fractions

Figure 2 shows how the vapor induced by the hydraulic
cavitation distributes on the symmetry plane. The
nanoparticle volume fraction ranges from 0.01% to 0.5%,
the nanoparticle diameter is 20 nm, and the outlet pressure
is 0.1 MPa.
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In Fig. 2(a), the temperature is 30 °C, and the inlet
pressure ranges from 0.4 to 1 MPa. It is found that when
the inlet pressure is 0.4 MPa, the vapor volume fraction
varies, while when the inlet pressure is higher, the vapor
volume fraction contours are almost the same. It is
indicated that with a lower inlet pressure, the nanoparticle
volume fraction affects the cavitation of the nanofluid,
while the cavitation is dominated by the inlet pressure with
a higher inlet pressure.

In Fig. 2(b), the inlet pressure is 0.4 MPa, and the
temperature ranges from 25 to 40 °C. It is found that the
vapor volume fraction changes with the nanoparticle
volume fraction. For different temperatures, the laws of the
vapor volume fraction changing with the nanoparticle
volume fraction vary.
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Fig. 2. The vapor volume fraction on the symmetric plane for
different nanoparticle volume fractions.

Figure 3 shows the vapor distribution on the symmetry
plane, of which nanoparticle diameter ranges from 13 to 80
nm, the nanoparticle volume fraction is 0.1%, and the
outlet pressure is 0.1 MPa.

In Fig. 3(a), the temperature is 30 °C, and the inlet
pressure ranges from 0.4 to 1 MPa. When the inlet pressure
is 0.4 MPa, the vapor volume fraction changes with the

nanoparticle diameter. When the inlet pressures are 0.6
MPa and 1.0MPa, the distribution of the vapor are almost
the same. It indicates that for a low inlet pressure, the
nanoparticle diameter impacts on the cavitation, while for a
high inlet pressure, the cavitation is mainly dominated by
the inlet pressure.

In Fig. 3(b), the inlet pressure is 0.4 MPa, and the
temperature ranges from 25 to 40 °C. According to Fig. 3,
the vapor volume fraction changes with the nanoparticle
diameter. Additionally, the laws of the vapor volume
fraction changing with the nanoparticle diameter are
different, at different temperatures.
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Fig. 3. The vapor volume fraction on the symmetric plane for
different nanoparticle volume fractions.

3.2 The cavitation number for different conditions

The cavitation number is a parameter used to assess the
cavitation level. In fact, a smaller cavitation number means
a more serious cavitation. The cavitation number on the
cross sections of the perforated plate at different conditions
are analysed in this section. The inlet of holes is located at
0 mm, and the outlet of holes is located at 30 mm.
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Figure 4 shows the cavitation number with different
nanoparticle volume fractions. At a high inlet pressure, the L I R I B
cavitation is mainly dominated by the inlet pressure, so the e
inlet pressure is set as 0.4 MPa in Fig. 4(a). It can be —OSNEN0C
obtained that, a larger nanoparticle volume fraction leads to
a longer section where the cavitation number keeps small.
That is to say, for a larger nanoparticle volume fraction, the
cavitation will distribute broader. So when the inlet
pressure is 0.4 MPa, the cavitation level increases with the
nanoparticle volume fraction. 1

In Fig. 4(b), the curves are grouped by temperature. N
The section where the cavitation number keeps the
minimum is longest when the nanoparticle volume fraction
is 0.5%, indicating that the cavitation level is the highest. 9 o ek T T ]
In terms of the other two nanoparticle volume fractions, the —01vol% 40'C
section where the cavitation number keeps the minimum is i st ]
always longer when the nanoparticle volume fraction is
0.1%, but the differences are very small when the
temperatures are 25 °C and 40 °C. That is to say, though a
relatively higher nanoparticle volume fraction leads to a
more serious cavitation.
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Fig. 4. The cavitation number for different nanoparticle volume
fractions.
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§ Figure 5 shows the cavitation number with different
nanoparticle diameters. Fixing the inlet pressure as 0.4

; . ; ; MPa, Fig. 5(a) depicts the cavitation number. It is found
X (mm) that the three curves are almost overlap, which indicates
that when the inlet pressure is 0.4 MPa, the nanoparticle
diameter affects the cavitation number insignificantly. Fig.
' ' ' ' 5(b) shows the cavitation number on cross sections of the
e OO s N 1 perforated plate at different temperatures, and the curves
0s] | —os5volm 25°c i are grouped by temperature. When the temperature is 25
°C, the difference of cavitation number is the largest, while
at other two temperatures, the curves are almost coincident.
It can be obtained that at a low temperature, the particle
1 diameter affects the cavitation, while at a high temperature
1 the effects are diminishing.
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(a) The inlet pressure is 0.4 MPa.
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Fig. 5. The cavitation number for different nanoparticle
diameters.

4 Conclusions

The effects of nanoparticles on hydraulic cavitation at
different inlet pressures and different temperatures are
investigated by mean of numerical simulation. The
nanoparticle volume fraction and diameter are considered
as variables. The vapor volume fraction and the cavitation
number are analyzed, and the following conclusions are
obtained:

For a high inlet pressure, the cavitation is mainly
dominated by the inlet pressure. On the other hand, for a
low inlet pressure, with the increase of the nanoparticle
volume fraction, the cavitation increases.

In the temperature range of this investigation, the
cavitation increases with the nanoparticle volume fraction,

and when at a low temperature, the nanoparticle diameter
affects the cavitation significantly.

This work is supported by the Key project of Natural Science
Foundation of Zhejiang Province, China through Grant No.
LZ17E050002, and the Fundamental Research Funds for the
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