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Abstract: When liquids flow through a throttling element, the velocity increases and the pressure
decreases. At this point, if the pressure is below the saturated vapor pressure of this liquid, the liquid
will vaporize into small bubbles, causing hydraulic cavitation. In fact, a vaporization nucleus is
another crucial condition for vaporizing, and particles contained in the liquid can also work as the
vaporization nuclear. As a novel heat transfer medium, nanofluids have attracted the attention
of many scholars. The nanoparticles contained in the nanofluids play a significant role in the
vaporization of liquids. In this paper, the effects of the nanoparticles on hydraulic cavitation are
investigated. Firstly, a geometric model of a perforated plate, the throttling element in this paper,
is established. Then with different nanoparticle volume fractions and diameters, the nanofluids
flowing through the perforated plate are numerically simulated based on a validated numerical
method. The operation conditions, such as the ratio of inlet to outlet pressures and the temperature are
the considered variables. Additionally, cavitation numbers under different operating 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 interest
for researchers working on hydraulic cavitation or nanofluids.

Keywords: nanofluids; perforated plate; hydraulic cavitation; Computational fluid dynamics

1. Introduction

As throttling elements constrict the flowing area and introduce pressure drops, the fluid flow
velocity increases and the pressure decreases. If the decreased pressure is below the saturated vapor
pressure of the liquid, the liquid will vaporize to small bubbles, causing hydraulic cavitation. On the
one hand, the cavitation may damage the hydraulic equipment. On the other hand, cavitation can
be used in a variety of fields, such as sewage treatment and mass and heat transfer. Orifice plates
and perforated plates are widely used to induce cavitation, and many scholars have contributed to
this field.

Some researchers pay attention to the effects of orifice plate geometry parameters on hydraulic
cavitation. Ebrahimi et al. [1] adopted an approach combining theoretical, numerical and experimental
analyses to investigate the characteristics of high-pressure cavitating flow through a thick orifice plate,
and obtained a critical ratio of downstream pressure to upstream pressure, below which cavitation will
occur. Additionally, a correction for predicting the onset of cavitation was proposed. Rudolf et al. [2]
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conducted experiments to explore the dynamics of the cavitating flow downstream orifice plates,
and differences between the single-hole and the multi-hole plates were observed. Zhang et al. [3]
employed the particle image velocimetry to investigate the cavitation flow characteristics downstream
different kinds of triangular multi-orifice plates, and pointed out the parameters affecting the flow
characteristics. He et al. [4] investigated the hydrodynamic cavitation in a single-hole orifice plate by
means of visualized experiment and numerical simulation. The effects of back pressure and cavitation
number on the change of hydrodynamic cavitation were obtained.

Many scholars researched the utilization and prevention of cavitation in practice. Carpenter et al. [5]
conducted experiments in detail to explore the effects of geometrical parameters on the production
of oil in water emulsion, and carried out the optimized geometrical parameters. Hilares et al. [6]
employed the response surface methodology to investigate the efficacy of hydrodynamic cavitation
which was adopted for pretreatment of sugarcane bagasse, and they obtained the best conditions for the
pretreatment. Bokhari et al. [7] applied the orifice plate to cleaner production of rubber seed oil methyl
ester, and conducted a parametric optimization by response surface methodology. Karamah et al. [8]
used a method of ozonation combined with hydrodynamic cavitation produced by an orifice plate to
disinfect Escherichia coli bacteria, and found that the hybrid method can disinfect bacteria faster and
better. Shaaban [9] optimized the orifice flowmeter for liquid hydrogen and obtained a novel orifice
flowmeter of which the performance was improved significantly, and the cavitation was not detected
for a high Reynolds number. Wang et al. [10] investigated the cavitating flow and cavitation-induced
erosion by means of experiment, and applying three image post-processed approaches to analyze the
test data. The cavitation characteristics were obtained.

Hydraulic cavitation induced by orifice plates is always compared by noises, and some scholars
contribute to this field. Tao et al. [11] investigated the sound generation mechanisms of orifice plates.
Qian et al. [12,13] 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.

The addition of nanoparticles will affect the physical properties of the base fluid,
and Ghanbarpour et al. [14] investigated the thermal conductivity and viscosity of Al,Os-water
nanofluid by means of experiment and theoretical study. The investigations were conducted with different
nanoparticle concentration and temperature. The thermal conductivity and viscosity were found to increase
with nanoparticle concentration and temperature, and some modifications of existing correlations were
proposed. Ghanbarpour et al. [15] and Azmi et al. [16] investigated the nanofluid thermal properties and
viscosity in the literature. In terms of nanofluids cavitation, many investigations have been carried out.
Kabeel et al. [17] investigated the effects of the alumina nanoparticles concentration on the characteristics
of a sharp-edge orifice flow, basing it on a model of a single-hole orifice plate, and the changes of some
parameters representing the flow characteristics were obtained. Gu et al. [18] applied the acoustic method
to experimentally investigate the effects of SiO, nanoparticles on cavitation inception. The temperature and
particle size were variables and the dimensionless free energy of the critical bubble was calculated in the
experiments. 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.
Mahsa et al. [19,20] examined the effects of SiO, nanoparticles on cavitation initiation in a centrifugal water
pump. In the research, the nanoparticle concentration, size and fluid temperature were changed. It was
found that SiO, nanoparticles can postpone cavitation initiation and decrease the rate of cavitation growth.
Additionally, with the increase of nanoparticle concentration, the bubble growth was reduced and with
the increase of the nanoparticle size, the cavitation initiation was well postponed. Mehrdad et al. [21]
settled a flow restrictive element to induce hydraulic cavitation, which was used to prevent nanoparticles
agglomeration, in order to increase the stability and reusability of nanofluids.

In recent years, our research team has done some work on hydraulic cavitation inside globe
valves and perforate plates [22]. In the previous investigation, the geometry parameters of valves,
including bending radius, deviation distance, and arc curvature linked to import/export parts,
were analyzed to study their effects on cavitation. To reduce the cavitation, an optimized combination
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of the geometry parameter and operating conditions was obtained. However, the present paper aims to
analyze the effects of nanofluids on hydraulic cavitation. The hydraulic equipment used to induce the
cavitation is a five-hole perforated plate. The alumina nanofluids are employed for the flow medium,
of which the nanoparticle volume fraction and the particle diameter are considered as variables.
Additionally, the investigation is carried out for different operating conditions (inlet pressures and
temperatures) and the effects of nanoparticles under various operating conditions are also analyzed.

2. Materials and Methods

The alumina-water nanofluids used in the present paper are of different nanoparticle volume
fractions and diameters. The saturated vapor pressure of alumina-water nanofluids changes with
the nanoparticle volume fraction, the particle diameter and the temperature etc. Tso et al. [23] have
conducted investigations on nanofluids saturated vapor pressure, and some results are listed in Table 1.

Table 1. The saturated vapor pressure of alumina-water nanofluid [unit: Pa] [23].

i Te
Particle Diameter Vl\llanop;rtlcl'e emperature

olume Fraction 25°C 30°C 40 °C

0.01% 3176.6 4294.8 7493.3

13 nm 0.1% 3135.8 42227 7458.9
0.5% 3114.1 4197.7 7364.2

0.01% 3169.0 4251.8 7412.8

20 nm 0.1% 3173.7 4217.3 7420.2
0.5% 3105.1 4171.5 7333.3

0.01% 3138.5 4220.8 7395.6

80 nm 0.1% 3092.9 4200.1 7376.1
0.5% 3057.9 4137.7 7259.3

This investigation is aided by the Computational fluid dynamics (CFD) method, and the commercial
software FLUENT is adopted. Because a flow channel of a pipe equipped with a five-hole perforated
plate is symmetric, a symmetric model is developed, as shown in Figure 1a. The pipe diameter is 50 mm,
the entrance section length is 250 mm, the export section length is 400 mm, the perforated plate thickness
is 30 mm and the diameter of the holes is 4 mm. In addition, the arrangement of the five holes is depicted
in Figure 1b.

250 30 400
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@)

Figure 1. The geometric properties of the model: (a) The geometric parameters of the model; (b) The
arrangement of the five holes.

The geometric model is discretized by the structured mesh. The elements located at the five holes
and at the boundary layer have a smaller size to make the simulation more accurate. When the number
of elements is 1,921,100 and 2,225,175, respectively, the relative difference of the cavitation number is
only 0.91%, which indicates that 1,921,100 elements are sufficient for the accurate numerical simulations.

In this paper, a steady-state analysis is carried out. The Reynolds number is larger than 3000,
so Realizable k-¢ turbulence model is employed as the viscous model. The mixture model is adopted
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as the multi-phase model and the Schner-Sauer cavitation model is applied to simulate the cavitation.
In order to reflect the effects of the nanoparticles on the physical properties of the nanofluids,
syamlal-obrien model [24] was selected to model the kinetic part of the granular viscosity of the
particles and lun-et-al model [25] was employed to compute the solids bulk viscosity. The liquid-vapor
mass transfer is governed by the vapor transport equation:

0 —
g(‘xpv) +V. anVv =R, —R¢ (1)

where « is the vapor volume fraction, p, is the vapor density, \_/)U is the vapor phase velocity, R, and
R, are the mass transfer source terms connected to the growth and collapse of the vapor bubbles,
respectively, and they are modeled based on the Rayleigh-Plesset equation describing the growth of
a single vapor bubble in a liquid.

The generalized Rayleigh-Plesset equation, from which the bubble dynamics equation can be
derived, is as follows:

oDy 3(Dn\* _ (B—P\ 4v. 20 @
"oz T2\ Dt ) 01 ' oty

Neglecting the second-order terms and the surface tension force, a simplified form is obtained:

D _ [2n,—P
Dt \/3 01
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where 1y, is the bubble radius, ¢ is the liquid surface tension coefficient, p; is liquid density, v; is the
liquid kinematic viscosity, Pj is the bubble surface pressure, and P is the local far-field pressure.

The Schnerr and Sauer model [26] derives the exact expressions for the net mass transfer from
liquid to vapor. And the final form of this model is expressed as follows:

When P, > P,
PPl 3 [2(P,—P)
Ro=FPrlyq—n)2 /22— 4
‘ % ( >Tb 3 o @)
When P, < P,
PopP] 3 [2(P—Py)
Ro=FFrlyq—n)2 22— 5
‘ 1Y ( )Vb 3 pm ©)

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 verify the reliability of the numerical method mentioned above,
a numerical simulation has been conducted, and the results are compared with a reported experiment,
which was carried out by Kim et al. [27]. The comparison of experiment and numerical simulation
is listed in Table 2. The maximum relative error is 9.2%, which indicates that the numerical method
is reliable.

Table 2. Comparison of experiment and numerical simulation.

. . Experimental Mass Numerical Simulated . o
Differential Pressure (MPa) Flow Rate (kg/s) Mass Flow Rate (kg/s) The Relative Error (%)
0.49 2.76 2.99 8.3
0.44 2.65 2.89 9.2

0.40 2.53 273 7.9
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3. Results and Discussion

In this part, the contours of vapor volume fraction are extracted to investigate the distribution
of vapor and the cavitation number, which is derived by Equation (6), and is used to assess whether

cavitation would occur. p—p
cC=5-"0 6)
30V2

where C is the cavitation number, p is the pressure of fluid, p, is the saturated vapor pressure of fluid,
p is the nanofluid mixture density, and V is the flow rate of fluid. In fact, a smaller cavitation number
means that the cavitation is more likely to occur.

As variables, the alumina nanoparticle volume fractions of alumina-water nanofluid are set as
0.01%, 0.1% and 0.5%, respectively, and the alumina particle diameters are set as 13 nm, 20 nm and 80 nm,
respectively. Besides, the inlet pressures are set as 0.4 MPa, 0.6 MPa and 1.0 MPa, respectively, and the
outlet pressure is set as 0.1 MPa, which is the atmospheric pressure. Additionally, the temperature
ranges from 25 °C to 40 °C. The effects of alumina nanoparticle volume fraction and diameter for
different operating conditions on cavitation are respectively discussed in the following sections.

3.1. The Effects of Nanoparticle Volume Fraction on Cavitation for Different Inlet Pressures

In this section, the effects of nanoparticle volume fraction on cavitation with different inlet
pressures are analyzed. The nanoparticle volume fractions are set as 0.01%, 0.1% and 0.5%, respectively,
and the inlet pressures are set as 0.4 MPa, 0.6MPa and 1.0 MPa, respectively. Besides, the outlet
pressure is set as 0.1 MPa, the particle diameter is set as 20 nm and the temperature is set as 30 °C.

Figure 2 depicts the vapor volume fraction on the symmetric plane of the model for different
nanoparticle volume fractions with different inlet pressures. In the figure, the red area represents
where the vapor distributes. It is found that the vapor distributes near the wall of the holes. When the
inlet pressure is 0.4 MPa, the vapor volume fraction is variable with the nanoparticle volume fraction;
while when the inlet pressure is higher, for example 0.6 MPa and 1.0 MPa, the contours of vapor volume
fraction are almost the same, which indicates that for a lower inlet pressure, the nanoparticle volume
fraction affects the cavitation of the nanofluids, and that for a higher inlet pressure, the cavitation
is dominated by the inlet pressure. According to Equation (6), the Cavitation number is inversely
dependent on the flow rate. As flow rate increases, the cavitation number decreases, and cavitation
becomes more serious. As in the present numerical simulation, the inlet pressure varies from 0.4 MPa
to 1.0 MPa, while the outlet pressure is fixed at 0.1 MPa. As the inlet pressure increases, the pressure
drop (between outlet and inlet) increases, and thus the flow rate increases. Therefore, the cavitation
number decreases to generate cavitation. At relatively higher inlet pressures, the influence of inlet
pressure on flow rate plays a significant role to cause cavitation, while the effect of nanoparticle volume
fraction on cavitation is kind of hidden by this significant inlet pressure effect.

0.01 vol.% 0.1 vol.% 0.5 vol.%

|
|

0.4 MPa

i

0.6 MPa

i

1.0 MPa

NNl
IR

i

Figure 2. The vapor volume fraction on the symmetric plane for different nanoparticle volume fractions
with different inlet pressures.
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For a further investigation of the effects of nanoparticle volume fraction on the cavitation when
the inlet pressure is 0.4 MPa, Figure 3 shows the cavitation number on the cross sections of the
perforated plate for different nanoparticle volume fractions. The inlet of the hole is located at 0 mm,
while the outlet is located at 30 mm. It is found that the cavitation number decreases abruptly when
the nanofluids entering the holes, and the minimum value, which is near 0, is reached rapidly. In the
former part of the hole, the cavitation number keeps very small, and it increases gradually at the latter
part of the hole. It can be 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. Thus, the cavitation level increases with the nanoparticle volume
fraction when the inlet pressure is 0.4 MPa.

— = =

: T
——(1)0.01 vol.%
——(2)0.1vol.%
——(3)05vol.%

Cavitation number

0 5 10 15 20 25 30

Figure 3. The cavitation number on the cross sections of the perforated plate for different nanoparticle
volume fractions when the inlet pressure is 0.4 MPa.

3.2. The Effects of Nanoparticle Volume Fraction on Cavitation for Different Temperatures

How the nanoparticle volume fraction influences the cavitation with different temperatures has
been explored in this section. The nanoparticle volume fractions are set as 0.01%, 0.1% and 0.5%,
respectively, and the temperatures are set as 25 °C, 30 °C and 40 °C, respectively. Additionally,
the nanoparticle diameter is set as 20 nm, the inlet pressure is set as 0.4 MPa and the outlet pressure is
set as 0.1 MPa.

The contours of the vapor volume fraction are shown in Figure 4. It can be obtained that in
the range of the present investigation, for a fixed temperature, the vapor distribution changes with
the nanoparticle volume fraction. Additionally, for different temperatures, variations of the vapor
distribution with the nanoparticle volume fraction are different, which needs further investigation.

The cavitation number is analyzed for a further investigation. Figure 5a depicted the cavitation
number on cross sections of the perforated plates for different nanoparticle volume fractions at different
temperatures. These curves are grouped by temperature. It is found that at different temperatures,
the section where the cavitation number keeps the minimum is the longest when the nanoparticle
volume fraction is 0.5%, which indicates that the cavitation level is the highest. In terms of the other
two nanoparticle volume fractions, the section where the cavitation number keeps the minimum is
always longer when the nanoparticle volume fraction is 0.1%, and the difference is the largest at 30 °C,
as shown in Figure 5b. That is to say, although a relatively higher nanoparticle volume fraction leads to
a more serious cavitation, the enhancement effect changes with the temperature when the nanoparticle
volume fraction is low.



Computation 2018, 6, 44 7 of 12

0.01 vol.% 0.1 vol.% 0.5 vol.%

il
I

|
|

30°C

|

40 C

IR

|
n

Figure 4. The vapor volume fraction on the symmetric plane for different nanoparticle volume fractions
with different temperatures.
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Figure 5. The cavitation number for different nanoparticle volume fractions at different temperatures.
(a) The cavitation on cross sections of perforated plate at different nanoparticle volume fraction and
different temperature; (b) The vapor distribution and the cavitation number on cross sections of
perforated plate at different nanoparticle volume fraction when the temperature is 30 °C.
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3.3. The Effects of the Nanoparticle Diameter on Cavitation for Different Inlet Pressures

In this section, the effects of the nanoparticle diameter on cavitation with different inlet pressures
are investigated. The nanoparticle diameters are set as 13 nm, 20 nm and 80 nm, respectively, and the
inlet pressures are set as 0.4 MPa, 0.6 MPa and 1.0 MPa, respectively. Additionally, the nanoparticle
volume fraction is set as 0.1%, the temperature is set as 30 °C, and the outlet pressure is set as 0.1 MPa.

Figure 6 shows the vapor distribution on the symmetric plane of the model. It is found that
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 1.0 MPa, the distribution of the vapor is 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.

13 nm 20 nm 80 nm

|
|

Il

0.4 MPa

———
[ —

0.6 MPa

[T

1.0 MPa

Figure 6. The vapor volume fraction on the symmetric plane for different nanoparticle diameters with
different inlet pressures.

Fixing the inlet pressure as 0.4 MPa, Figure 7 depicts the cavitation number on cross sections of the
perforated plate for different nanoparticle diameters. It is found that the three curves almost overlap.
It can be obtained that for the fixed inlet pressure 0.4 MPa, the nanoparticle diameter influences the
cavitation level insignificantly.

06+ —— (1) 13 nm 1
——(2) 20 nm
—(3) 80 nm

Cavitation number

x (mm)

Figure 7. The cavitation number on cross sections of the perforated plate for different nanoparticle
diameters when the inlet pressure is 0.4 MPa.
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3.4. The Effects of Nanoparticle Diameter on Cavitation for Different Temperatures

The effects of the nanoparticle diameter on the cavitation at different temperatures have been
explored in this section. The nanoparticle diameters are set as 13 nm, 20 nm and 80 nm, respectively,
and the temperatures are set as 25 °C, 30 °C and 40 °C, respectively. Additionally, the nanoparticle
volume fraction is set as 0.1%, the inlet pressure is set as 0.4 MPa, and the outlet pressure is set as
0.1 MPa.

Figure 8 depicts the distribution of vapor for different nanoparticle diameters with different
temperatures. According to Figure 8, it can be obtained that in the range of the present investigation,
for a fixed temperature, the vapor distribution changes with the nanoparticle diameter. Additionally,
for different temperatures, variations of the vapor distribution with the nanoparticle diameter are
different, so a further exploration is needed.

13 nm 20 nm 80 nm

|
|

IRl
NRIRLL
IRl

1l
il

Figure 8. The vapor volume fraction on the symmetric plane for different nanoparticle diameters with
different temperatures.

Figure 9a shows the cavitation number on cross sections of the perforated plate for different
nanoparticle diameters at different temperatures, and the curves are grouped by temperature. It can be
found that when the temperature is 25 °C, the difference of cavitation number for different nanoparticle
diameters is the most obvious, as shown in Figure 9b. While for the other two temperatures investigated
in this research, the difference is slight. That is to say, when the temperature is low, the nanoparticle
diameter affects the cavitation significantly, and with the increase of temperature, the effect of the
nanoparticle diameter becomes weak.

T T T T T
13nm 25°C = = 13nm 30°C =—-=13nm 40°C
20nm 25°C = = 20nm 30°C —-—20nm 40°C

80nm 25°C = — 80nm 30°C —-—80nm 40°C

Cavitation number

Figure 9. Cont.
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Figure 9. The cavitation number for different nanoparticle diameters with different temperatures.
(a) The cavitation on cross sections of perforated plate at different nanoparticle diameter and different
temperature; (b) The vapor distribution and the cavitation number on cross sections of perforated plate
at different nanoparticle diameter when the temperature is 25 °C.

4. Conclusions

The effects of nanoparticles on hydraulic cavitation with different inlet pressures and different
temperatures are investigated by numerical simulation. The nanoparticle volume fraction and diameter
are variables. The vapor volume fraction and the cavitation number are analyzed, and the following
conclusions can be extracted:

With a high inlet pressure, the cavitation is mainly dominated by the inlet pressure and the
nanoparticle volume fraction and diameter have limited effects on the cavitation. On the other hand,
with a low inlet pressure, the cavitation increases with the nanoparticle volume fraction.

In the temperature range of this investigation, the cavitation increases with the nanoparticle
volume fraction; while only at 25 °C, the nanoparticle diameter affects the cavitation significantly.
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