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Abstract. Hydraulic cavitation, as an important and complex hydrodynamic phenomenon, has long drawn
attention. In this paper, the ZGB (Zwart-Gerber-Belamri) cavitation model is improved and the effect of NCG
(noncondensable gas) on cavitation in water is studied by numerical simulation. The influence of NCG on the
cavity length, the temperature of the cavities and the mixed viscosity of the cavities is investigated through the
improved ZGB cavitation model. In addition, experiments on hydrodynamic cavitation produced by a Venturi
tube are used to validate the improved ZGB cavitation model. The results show that NCG not only shortens the
length of the cavity but also reduces the volume fraction of the vapor. The existence of NCG decreases the
viscosity in the cavity of the Venturi tube but increases the viscosity at the sidewall of the tube. In addition, the
temperature in the cavities increases with increasing NCG. Regardless of whether air is injected, the volume
fraction of the vapor in the cavities increases first and then decreases with increasing temperature. However, the
transition temperature decreases somewhat after injecting air. Therefore, the influence of NCG on hydraulic

cavitation is significant, and the role of NCG should be considered in industry.
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1 Introduction

Hydraulic cavitation is a dynamic phase transition
phenomenon that occurs when the local static pressure
of liquid drops below the saturated vapor pressure [1].
This effect occurs in various fluid machinery, including
turbines, pumps and marine propellers. When cavitation
occurs, serious problems such as performance degradation,
noise and vibration are often encountered in practice [2-6].
In the process of cavitation, many factors will cause the
degree of cavitation, among which NCG in liquid will
sometimes be ignored, but the NCG can change the
characteristics of the fluid during cavitation, which has
large effect on the performance of fluid machinery [7,8].
Therefore, it is necessary to explore the influence of NCG
on hydraulic cavitation.

NCG has a significant influence on the characteristics of
a fluid, such as the tensile strength of the liquid, the
formation of bubbles, and the collapse and shedding of
bubbles [9-11]. It was found that the presence of air can
affect the initial volume of gas nuclei in liquid; thus, the
tensile strength of liquids is changed [12]. Prosperetti et al.
[13] found that the formation rate of cavitation bubbles is
accelerated with increasing gas nuclei in water and finally
reaches a constant value in the presence of NCG by the
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experimental method. Dharmadhikari [14] demonstrated
that NCG significantly changes the dynamics of fluid
collapse and that bubbles collapse sharply when the
content of NCG exceeds 2%.

In the field of fluid machinery, the influence of NCG on
the performance of hydraulic machinery is studied by
means of experiment and numerical simulation. For the
experimental investigation. Michele [15] found that NCG
and turbulent disturbances had significant effects on
cavitation in nozzle holes by means of numerical simulation
and experiment. Wang et al. [16] studied the unsteady
evolution of the ventilated cavitation of an axisymmetric
vehicle, and the results showed that the amount of NCG
volume has a significant effect on the shape of bubbles.
Tang [17] found that the existence of NCG could lead to the
deterioration of the heat transfer performance of machin-
ery. Li [18] found that the increase in NPSHR in centrifugal
pumps is related not only to the increase of viscosity but
also to the increase in the volume fraction of NCG. Chirkov
[19] and Kurzin [20] found that the cavitation generated
during the operation of hybrid turbines produces strong
self-excited pressure and power oscillation, and the
injection of NCG can reduce the pressure fluctuation
amplitude.

Numerical simulation has rapidly developed into an
important method of studying hydraulic cavitation in
recent years [21]. Charriére [22| studied periodic self-
sustaining cavitation along a Venturi configuration by
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numerical simulation. Deng [23] found by numerical
simulation that the scale of the cavitation region and
the vapor volume fraction in the pump are different when
pumps transport different kinds of liquids, which is related
to the viscosity and surface tension of the medium. Kadivar
[24] proposed a passive control method based on cylindrical
cavity generators (CCGs) on the base hydrofoil surface,
and the influence of the passive controller on the dynamics
of unsteady cloud cavitation was analyzed by numerical
simulation.

The study of the characteristics of hydraulic cavitation
inevitably involves the cavitation model. At present, the
widely used cavitation models are the S-S cavitation
model, ZGB cavitation model and full cavitation model.
Schnerr and Sauer [25] proposed the S-S cavitation model,
in which the mixture of water and vapor is seen as a mixture
containing a large number of spherical vapor bubbles.
The S-S model is widely applied in the numerical
simulation of rotating machinery, such as centrifugal
pumps. Zwart et al. [26] proposed the ZGB cavitation
model by considering the influence of the density of gas
nuclei in liquid on cavitation; they concluded that the
increase of the vapor volume fraction in the cavity causes
the decline of gas nuclei in liquid. To consider the effect of
NCG on cavitation, Singhal et al. [27] presented a
cavitation model incorporating NCG, which is called the
full cavitation model. Moreover, many scholars have
evaluated the numerical calculation of different cavitation
models and improved individual cavitation models, which
has brought the numerical results closer to the experimen-
tal data [28]. Liu [29] improved the S-S model and
considered the influence of NCG, and the effect of eddy
current on the cavitation of ALE15 hydrofoil was studied
by numerical simulation. Hsiao et al. [30] and Ma et al. [31]
proposed a multiscale cavitation model based on the Euler-
Lagrange coupling method to capture the process of
formation, development, collapse and cloud cavitation
shedding. Zhao et al. [32] proposed the LVC cavitation
model based on the ZGB cavitation model, which takes into
account the effect of vortices on cavitation. The LVC
cavitation model can reflect the length of vortices. Du et al.
[33] proposed a new cavitation model based on the full
cavitation model, taking the change of the amount and
density of cavitation as an important factor.

The ZGB cavitation model converges more easily than
the full cavitation model and is more suitable for Venturi
tubes than the S-S cavitation model. Therefore, the ZGB
cavitation model is improved in this paper, and the cavity
in the Venturi tube is simulated. Based on the improved
ZGB cavitation model, the effects of NCG on the cavity
length, viscosity of the cavity and temperature of the cavity
during cavitation are discussed.

2 Numerical simulation method
2.1 Governing equation

Assuming that the water phase and the vapor phase are
fully mixed at all points in the flow field, the effect of the
slip velocity between the liquid phase and the gas phase is
neglected, and the transport equation of the mixture is

solved directly. The continuum equation and momentum
equation of the mixture composed of a water phase and a
vapor phase are solved. The mixed continuity equation (1),
momentum equation (2) and energy equation (3) are as
follows:
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where p,, is the density of mixture phase, u,, is the kinetic
viscosity, u, is the turbulent viscosity coefficient and p is
the local pressure. The subscripts (i, j, k) denote the
directions of the Cartesian coordinates. Be81des FE is the
specific energy, expressed as E = h — p +1 |u\ , Where his
the enthalpy, and k. represents the effectlve thermal
conductivity.

2.2 Turbulence model

Because the Reynolds number at the entrance of the flow
field in the venturi is 37136.15, which is much larger than
4000. Therefore, turbulence model must be applied in this
numerical simulation.

Yakhot and orzag proposed a RNG (Re-Normalization
group) k- model based on the renormalization group
method of the standard k¢ model [34,35]. The model has a
better performance in cavitation numerical calculation
because it adds an R term to the ¢ equation of turbulence
dissipation rate and considers the swirling flow of
turbulence [36,37]. So the equations are given here:
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where k is the turbulent kinetic energy, ¢ is the turbulent
dissipation rate, P, is the turbulent kinetic energy
generation term and t is the time. In these equations,
Cr=142, Cop,=1.42, 0,,=0.7179, 0,=0.7179, ny,=4.38,
p=0.012, C, =0.085.

2.3 Improved cavitation model

The effects of NCG on the fluid density, velocity, and
pressure distribution cannot be ignored based on
previous studies by Yang et al. [38]. Therefore, cavitation
flow should be regarded as a mixture of liquid, vapor and
NCG.

In general, the full cavitation model, S-S cavitation
model and ZGB cavitation model are widely used in the
calculation of cavitation flow. Comparing these three
cavitation models, the disadvantage of the full cavitation
model is that the convergence of numerical calculation is
difficult in certain cases. The ZGB cavitation model and
S-S cavitation model are more stable and convergent than
the full cavitation model in the calculation process [39-41].
In addition, many scholars use the ZGB cavitation model
to study cavitation in Venturi tubes [28]. From these points
of view, the ZGB cavitation model is selected for this
numerical calculation. However, the effect of NCG on
cavitation flow has not been considered in the ZGB
cavitation model. Thus, the ZGB cavitation model is
improved, and the effect of NCG is considered in this
paper.

It is generally known that the vapor volume fraction is
the product of the number density of bubbles and the
volume of a single bubble. Thus, the following eq is applied
to express the volume fraction of the vapor:

) o)

where «, depicts the volume fraction of vapor, p, is
the bubble number density, Rp is the radius of single
bubble.

The total interphase mass transfer rate per unit volume
is set as the product of the number density of bubbles and
the mass of a single bubble (assuming that the bubble size is
the same):

(10)
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where R, is total interphase mass transfer rate per unit
volume, p, is the vapor phase density.

It should be noted that the ZGB cavitation model is
based on the R—P (Rayleigh-Plesset) equation (11), which
is used to describe the growth or collapse process of a
single bubble under the action of internal and external

pressure difference.
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where p, is the pressure in the bubble, p;is the liquid phase
density, v;is the kinematic viscosity of liquid phase, and S'is
the surface tension of the bubble.

Neglecting the influence of the second-order term,
surface tension and liquid viscosity, the relationship
between the change of bubble radius and pressure can be
obtained:
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Substituting equations (9) and (12) into equation (10),
the expression of the net mass transfer is shown as follows:
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The nucleation site density must decrease accordingly
with increasing vapor volume fraction. To model this
process, the Zwart-Gerber-Belamri model [27] is referred to
in this paper, and the influence of NCG is considered as

(13)

follows:
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where R, and R, denote the vaporization and condensa-
tion rates per unit volume, respectively. F, and F|
represent the evaporation coefficient and condensation
coefficient per unit volume, which are empirical coef-
ficients, for which Zwart et al. [27] recommend values of
50 and 0.01, respectively, following their extensive studies.
a, represents the volume of NCG. oy, depicts the
nucleation site volume fraction. p; is the density of liquid.
Besides, p, is the pressure in the bubble, which is
expressed as follows:

Py = Psay + 0195pmk (15)
where p,,; represents the saturated vapor pressure of water.
Om represents density of mixture.

Because the mixture is composed of a liquid phase,
vapor phase and NCG, the density of the mixture has been
corrected as follows [34]:

P = lawp, + (1 -, — %)pﬂ/(l - fg) (16)

fy is the mass fraction of NCG. The mass transferred
through cavitation is modeled by the transport equation for
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Table 1. The dimensions of each part of the model.

Serial Various parts Dimension
number (mm)

1 Diameters at both ends 20

2 The length of contraction 15

3 The length of throat 10

4 The diameter of throat 5

5 The length of diffusion 75

6 Total length of Venturi tube 100

N|
y
Diffusion

Fig. 1. The model of the Venturi tube.

the vapor mass fraction:

Pz
-

f.=«
: Prm,

z=1,2,...,n) (17)

in which subscript z stands for the zth phase.

Generally, the saturated vapor pressure of water is set
by default. For example, the saturated vapor pressure of
water is 3540 Pa when the temperature is 298 K. In fact, the
saturated vapor pressure of water vapor varies with
temperature, so the saturated vapor pressure estimation
is improved by incorporating the Antoine equation [42—44].

log peay = A — B/(T — 273.15 + C) (18)
where T represents the temperature. A, B and C are
empirical parameters when the temperature ranges from
10°C to 60°C, and their values are 8.10765, 1750.286 and
235, respectively.

3 Numerical procedure
3.1 Model geometry

A Venturi tube can produce an obvious cavitation
phenomenon. In addition, the pressure loss in the Venturi
tube caused by flow is smaller than that in the orifice plate.
Therefore, the influence of NCG has been studied based
on the cavitation phenomenon of a Venturi tube.
The dimensions of each part of the Venturi model are
shown in Table 1, and the model of the Venturi tube is
shown in Figure 1.

3.2 Boundary conditions and solution methods

The inlet pressure is set at 0.2 MPa, and the outlet pressure
is atmospheric pressure at 0.1 MPa. The cavitation number
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Fig. 2. Grid sensitivity analysis of the CFD simulation.

is 0 =0.22, defined o = (p,ef — p.)/(0.50lv”), where v is the
velocity of Venturi throat, p,.ris the reference pressure, p,
is the saturated vapor pressure of liquid, and p; is the
density of liquid phase. For the solution method of
pressure, a linear discretization scheme is selected.
For pressure-velocity coupling, the SIMPLE method is
selected. Turbulent kinetic energy and turbulent energy
dissipation rate are discretized as per second-order upwind
discretization for improved accuracy.

CFD simulations are known to be sensitive to the mesh
density. Therefore, the appropriate mesh density should be
chosen to ensure the mesh quality. In this study, a
sensitivity analysis was performed to ensure that the
simulation results did not vary with the number of grids.
The number of grids is 100,000, 200,000 and 400,000 for
numerical calculation. The calculation results are shown in
Figure 2. It can be seen that the pressure profiles do not
vary significantly. A grid number of 200,000 is selected to
ensure the quality of the grid and reduce the excess use of
computing resources.

4 Results and discussion

The simulation requires comparative analysis through
experiments to illustrate the reliability of the simulation, so
a hydraulic cavitation experimental platform was built as
shown in Figure 3. The platform consists of a thermal
insulation water tank (volume =35L), turbine flowmeter,
visualization test section (Venturi tube shown in Fig. 4),
pressure transmitter (the accuracy of the pressure
transmitter is 0.25% FS) and centrifugal pump (the flow
rate is 2 m®/h and the head of the pump is 20 m). The water
flows out of the tank and is pumped to the experimental
section of the visual venturi. At this point, cavitation is
captured.

The numerical results were compared with the
experimental results, including the outlet volume flow
rate and the gray processing images of cavity distribution.
Figure 5 shows a comparison of the outlet volume flow rates
between the experiments and numerical simulations under
different cavitation numbers. As shown in the figure, the
numerical results are close to the experimental results,
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Fig. 3. Hydraulic cavitation test platform.

Fig. 4. Visual test section of the Venturi tube.
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Fig. 5. Comparison of the outlet volume flow rate between
numerical and experimental results.

the maximum deviation is about 5%. Also, for the
cavitation number of 0.22 (the cavitation number selected
for discussion in this paper), the deviation is 3.8%.

In addition, the cavity distribution in the diverging
section of the Venturi tube is compared. The vapor volume
fraction obtained by numerical result and the experimental
result are shown in Figure 6. In addition, the same parts of
simulation result and experimental result are cut off and
grayed in Figure 6. Then, the gray value of the simulation
result and six groups of experimental results are read after
grayscale processing, as shown in Figure 7. Black indicates
the presence of a cavity, and a gray area appears if bubbles
collapse or disperse. Therefore, the more bubbles there are
in a cavity, the darker the cavity appears. As illustrated in
Figure 7, the axial location (X) is made dimensionless using
the length of the diverging sect (L), and the diverging
section is divided into five equal parts. It can be seen that
the experimental results and simulation results show that
when X/L is 0.25, the gray value is the minimum, that is,
the volume fraction of vapor in the cavity reaches the
maximum both in experiment and simulation. Therefore,
the experimental results and simulation results are very
consistent at this point and the simulation results are
credible.

4.1 Effects of NCG on the cavity length

In general, the effect of NCG is not taken into account in
the study of cavitation phenomena, which leads to some
deviations in the simulation results. In this paper, the
effects of six different contents of NCG on cavitation were
analyzed. The contents of NCG were 0%, 0.5%, 1%, 2%,
4%, and 8%. The contours of the vapor volume fraction and
the cavity are shown in Figure 8. It can be seen that
cavitation begins at the start point of the throat of the
Venturi tube, and the bubbles collapse at different
locations at the diverging sect of the Venturi tube.
To clarify the results, the contour of the vapor volume
fraction simulated in the diverging sect of the Venturi tube
is presented in grayscale, and the results are shown in
Figure 9. The cavity length is shortened with the injection
of NCG, as shown in both Figures 8 and 9.

Moreover, the maximum volume fraction of the vapor
at the sidewall of the Venturi tube can reach 95% without
NCG as shown in Figure 8, while the maximum volume
fraction of the vapor at the sidewall of the Venturi tube can
be reduced to approximately 85% when air is injected.
Therefore, the existence of NCG weakens the cavitation
intensity and shorten the length of the cavitation cavity.

In fact, bubbles grow on the wall. Cavitation begins
when the pressure of the flow field falls below the saturated
vapor pressure. Most vapor bubbles grow on the wall of the
equipment without air. Only water and gas nuclei exist in
the flow field if air is not injected. When air is injected,
there are three components of water, gas nuclei and NCG in
the flow field, and the nucleation site volume fraction in the
ZGB model is constant. As a result, the number of gas
nuclei in the water decreases, as does the number of bubbles
produced in the process of cavitation, which leads to the
shortening of the bubble length.
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(a)

(b)

Fig. 6. Gray Processing of Simulated and Experimental Results. (a) numerical result (NCG 0.5%). (b) experimental result.
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Fig. 7. Comparisons between experimental results and the
simulation results. (Comparing the simulated results with the six
experimental results by grayscale processing in terms of the
tendency of cavitation.)
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Fig. 8. Volume fraction of the vapor with different amounts of
NCG on the plane of symmetry.

4.2 Effects of NCG on the viscosity of the mixed flow

To obtain the effect of the NCG on the viscosity, the
viscosity of the mixture on the axis of the centerline and the
sidewall of the Venturi tube was extracted to plot the
curves shown in Figure 10. The viscosity of the mixture at
the center of the cavity is the highest when NCG is 0, as
shown in Figure 10a. It can be shown that the viscosity of
the mixture decreases obviously with increasing NCG
during cavitation. This result is due to the quite low

260 -
240 —a— 0%
—o— 0.5%
220 —A—1%
° —v— 2%
§ 200- D
>
& 180-
160 -
140 -
120 . . . ;
0.0 0.2 0.4 0.6 0.8 1.0
X/L

Fig. 9. Comparison of gray values between the simulation results
of the vapor volume fraction with different contents of NCG.

viscosity of air itself, which is similar to that of vapor.
Therefore, the viscosity of the mixture composed of air,
vapor and water further decreases in the cavity.

However, the viscosity of the mixture in the cavity at
the wall is the lowest when the content of NCG is 0, as
shown in Figure 10b. This result occurs because the volume
fraction of the vapor decreases with the injection of air, as
shown in Figure 11. Therefore, a larger number of vapor
bubbles are generated on the wall without NCG. Moreover,
the formation of vapor bubbles further reduces the
viscosity of the mixture.

4.3 Effects of NCG on the temperature during
cavitation

To explore the influence of different NCG contents on the
temperature in the cavity, the NCG contents were set to
0%, 0.5%, 1.0%, 2.0%, 4%, and 8%. It can be seen that the
temperature in the cavity decreases when NCG is not
injected, as shown in Figure 12. This result arises because
when cavitation occurs, the gas nucleus absorbs heat from
the fluid and begins to grow, which leads to a decrease in
the temperature in the cavity. The temperature in the
cavity decreases from 298 K to 288 K, a difference of 10 K,
when NCG is not injected. However, the temperature
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Fig. 10. Viscosity with different contents of NCG. (a) Viscosity distribution on centerline. (b) Viscosity distributionnear the wall.
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Fig. 11. Volume fraction of the vapor near the wall of the
Venturi tube with different amounts of NCG.

decreases from 298 K to 294 K, a difference of 4 K, when
NCG is injected. Therefore, the attenuation amplitude of
temperature in the cavity with NCG is much lower
than that without NCG. This result can be attributed to

298

296

35 45

Temperature of the flow field

40 60 80 100
z-coordinate (mm)

Fig. 12. Temperature of the Venturi tube near the wall of the
tube with different NCG contents.

the volume fraction of the liquid phase decreasing due to
the NCG and the volume fraction of the nucleation site
being fixed, which leads to a decrease in the number of gas
nuclei in the water. Therefore, the heat absorbed by the gas
nuclei growth is reduced, and the temperature in the
cavity of the Venturi tube decreases during cavitation.
In addition, the temperature increases with increasing
NCG content, which coincides with the effect of NCG on
the cavity length.
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Fig. 13. Volume fraction of the vapor near the wall of the
Venturi tube with different temperatures without NCG.

100% 4 —=—278K
—e— 288K
i) —+—298K
Q o ——308K
g 80%4 _, sk
o ——328K
=]
%5 60%
=]
2
3=
2 40% 4
=]
g
5 20% -
=)
>
0% - »-n‘-J

T T T T T T

0 20 40 60 80
z-coordinate (mm)

Fig. 14. Volume of the vapor near the wall of the Venturi tube
with different temperatures when the NCG content is 1%.

To explore the influence of NCG on cavitation at
different temperatures, the temperatures were set to 278 K,
288K, 298K, 308K, 318K, and 328 K. First, when the
NCG content is 0, the result is as shown in Figure 13. It can
be seen that the volume fraction of the vapor
behaves essentially the same as the temperature increase.
The cavity length first increases and then decreases.
The transition point is 318 K. This result occurs because
when the temperature increases, the saturated vapor
pressure increases, which is more likely to cause cavitation.
However, the pressure in the bubble increases, and the
buffer effect is enhanced when the bubbles are close and the
temperature is too high, which weakens the cavitation.

The situation is different when the NCG content is 1%.
Though the cavity length first increases and then decreases
with increasing temperature, the transition point is 288 K,
as shown in Figure 14. There are two main reasons. On the
one hand, because NCG expands with increasing

temperature and the volume fraction of water in the flow
field decreases, the number of gas nuclei decreases.
Therefore, the cavity length is shortened rapidly. On the
other hand, the increasing temperature causes the rapid
expansion of gas nuclei in the water, thus causing a
sustained increase in the liquid pressure in the flow field,
which accelerates the collapse of the vapor bubbles.

5 Conclusion

In this paper, a physical model of a Venturi tube is

established, and the ZGB cavitation model is improved for

numerical calculation. The effects of NCG on the
characteristics of the flow field are calculated based on
the improved ZGB cavitation model. The validity of the
research method is illustrated by a self-built experimental
platform.

The conclusions drawn from the study can be
summarized as follows:

— The existence of NCG affects the cavity length in
cavitation. The length of the cavity decreases with
increasing NCG content, and the volume fraction of the
vapor also decreases with the injection of NCG.

— The viscosity at the center of the cavity decreases after
NCG is injected. In contrast, the viscosity of the mixture
on the wall of the cavity increases with increasing NCG.

— The temperature in the cavity increases with increasing
NCG.

— It can be seen that the temperature in the cavity
decreased from 298K to 288K, a difference of nearly
10 K. However, the temperature dropped from 298 K to
294 K after injecting NCG, a difference of 4 K.

— The cavity length first increases and then decreases with
increasing temperature when the content of NCG is 0%.
The transition temperature is 318 K. The transition
temperature decreases from 318 K to 288 K when the
NCG content is 1%.

Nomenclature

h Thermal entropy (J-mol '-K 1)

egr Effective thermal conductivity
(W-m “K 1

P, Turbulent kinetic energy generation
term

p The local pressure (Pa)

t Time (s)

Rp The radius of single bubble (m)

R, The total interphase mass transfer rate

per unit volume

Py The pressure in bubble (Pa)

R, The vaporization rate per unit volume

R, The condensation rate per unit volume

F, The evaporation coefficient per unit
volume

F. The condensation coefficient per unit
volume

P Liquid saturation vapor pressure (Pa)

fy The mass fraction of NCG
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T The temperature (K)

k Turbulent kinetic energy (m2 s 2
A.B,C,C,Cy,0,, Empirical parameters

Us;n();ﬁ; C[L

DPret The reference pressure (Pa)

v The velocity of venture throat (m-s

Greek symbols

Pm  The density of mixture phase (kg/m®)
i, Kinetic viscosity (N-s/m?)

u;  Turbulent viscosity coefficient

v, The velocity of mixture phase (m-s ')
o,  The volume fraction of vapor

on  Bubbles number density kg/ml)

pv  The vapor phase density (kg/m

o,  The volume of gas0

onye The nucleation site volume fraction

o, The density of liquid phase (kg/m®)

€ The turbulent dissipation rate (m®s *)

Dimensionless number
o Cayvitaition number

Subscripts

1,7,k The directions of the Cartesian coordinates
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