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Parametric Study of Bubble Kinematic Behaviour in a
Centrifugal Vacuum Separator
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Abstract: The dynamics of dispersed bubbles in a centrifugal separator are in-
vestigated with the aim to improve the efficiency of the system. The prototype
separator consists of a rotor, a base, a diverting disc, a shaft, an oil trapping im-
peller, a central pipe, an inlet section for contaminated oil, an outlet section for
purified oil and an air outlet. A hydrodynamic model is developed to predict the
complex influence of parameters such as the centrifugal force and vacuum pressure.
In particular, three different force models are selected to analyze the effect of the
added mass and Basset forces (also including inertia, and the buoyancy and drag
forces). The bubble kinematic behaviour is simulated in detail by using a discrete-
phase numerical method. Results show that gas concentration and vacuum pressure
can significantly influence the removal of bubbles.

Keywords: bubble, bubble kinematic behaviour, gas–liquid–solid separator, con-
taminated oil

1 Introduction

Contaminants in hydraulic oil accelerate the wear of machine components [Bertel
et al. (2011)]. These contaminants exist in many types, such as solid particu-
late, water, and air. Gravitational separation, centrifugal separation, impingement,
and filters are four types of physical separation techniques [Nicolus et al. (2013);
Galvin and Dickinson (2013); Francesc and Ricard (2013)]. Centrifugal separa-
tion is able to remove solid particulates and high-density water, but cannot extract
dissolved air and low-density water. Unlike other basic separation techniques, the
centrifugal vacuum gas–liquid–solid separator proposed in [Hu and Liu (2013)] can
not only remove free water and solid particulates greater than 2 µm in diameter, but
also extract dissolved air and water because of vacuum pressure.
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The presence of bubbles in viscous fluid causes excessive oxidation, cavitation,
and decrease of film strength [Cui et al. (2012)]. The gas–liquid–solid separator
is often operated in the bubbling regime subject to complicated change of centrifu-
gal force and vacuum pressure. In such system, the bubble kinematic behaviour
is mainly dependent on the bubble physical properties (represented by modelling
parameters) and the operating parameters of the separator (e.g., rotating speed and
vacuum pressure). Over the past two decades, many studies have focused on un-
derstanding the effects of various physical properties (e.g. viscosity [Chen and
Guo (2014); Hajizadeh-Aghdam et al. (2012)], interface contamination [Huang et
al. (2012)], surfactant [Hayashi and Tomiyama (2012)], viscoelasticity [Lind and
Phillips (2010)], and surface tension [Ehsan et al. (2011)]) on bubble kinematic be-
haviour under atmospheric pressure. However, detailed information is still unavail-
able regarding the effects of operating parameters on bubble kinematic behaviour
under vacuum pressure. With the presence of centrifugal force and vacuum pres-
sure, bubbles in the gas–liquid–solid separator exhibit both a rising motion along
the vertical direction and a circular motion around the centre of the separator. The
combination of these two motions of the bubbles, or their composite motion, gen-
erates turbulent flow and accounts for their complex kinematic behaviours. There-
fore, a detailed numerical simulation of bubble kinematic behaviour (i.e., velocity,
shape, and motion trajectory) in the gas–liquid–solid separator is essential to eluci-
date the influence of modelling and operating parameters. Previous research on this
topic has mainly focused on the collision between bubbles [Martin et al. (2013);
Sungkorn et al. (2014)], the rising behaviour of a single bubble [Zuo et al. (2013);
Bu and Zhao (2012)], bubble shape and formation [Zhang et al. (2012); He et al.
(2013)], and bubble dynamics [Liu et al. (2013); Szewc et al. (2013)]. To the best
of our knowledge, no study has investigated the composite motion of bubbles in
contaminated oil.

In the present study, detailed discrete numerical method is used to investigate the ef-
fects of modelling and operating parameters on bubble kinematic behaviour subject
to centrifugal force and vacuum pressure. The objective of the study is to provide
insight into the improvement of bubble purification efficiency of the gas–liquid–
solid separator. The rest of the paper is organised as follows. The hydrodynamic
model of bubble is presented in Section 2. Simulation results are discussed in Sec-
tion 3 and the conclusion is given in Section 4.

2 Hydrodynamic model of bubble

Figure 1 shows the diagram of a centrifugal vacuum gas–liquid–solid separator pro-
posed in [Hu and Liu (2013)]. The separator can not only remove solid particulates
and free water, but also extract dissolved air and water. The prototype of the sep-
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arator consists of the following parts: rotor (1), base (2), diverting disc (3), shaft
(4), impeller trapping oil (5), central pipe (6), inlet of contaminated oil (7), outlet
of purified oil (8) and air outlet (9).

Figure 1: Diagram of the prototype of a centrifugal vacuum separator

As shown in Figure 1, the shaft is located at the center of the filter cylinder, and
the impeller trapping oil sits on the shaft. The discs diverting the oil are fixed onto
the rotor. When the rotor rotates at a high speed, a vacuum cavity in the rotor
is built around the shaft. The central pipe with air outlet is installed in the inner
cavity of the shaft, and a vacuum pump is connected to the air outlet. All the gas
chambers connected to the central pipe are evacuated by the vacuum pump. When
the rotor rotates at a high speed, the contaminated oil in the separator is moved
away from the axis by strong centrifugal force. Solid particulates and free water,
the density of which is greater than that of the oil, are thrown onto the inner wall
of the rotor. However, the dissolved air and water with low density approach the
vacuum cavity in the rotor before being discharged from the air outlet by vacuum
pump. The separation of bubble from solid particulate dramatically reduces their
collision. Therefore, the collision behaviour between bubble and solid particulate
can be neglected in bubble kinematic model while ensuring the accuracy of the
model. The direction of airflow is indicated by an arrow, and the coordinate system
is presented in Figure 1.

2.1 Hydrodynamic equation of bubbles in contaminated oil

In this paper, the fluid is assumed to be isothermal, and collisions between two
bubbles are neglected. Thus, each individual bubble is treated as a single particle
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with three degrees of freedom. According to Newton’s kinematic equation, the
force balance equation of a spherical bubble can be expressed as follows:

ρbVb
duh

dt
= Fw +Fd

ρbVb
duv

dt
= Fg +Fb +Fd +Fam +Fba

(1)

where ρb, Vb, uv, and uh represent the density, volume, vertical velocity, and hor-
izontal velocity of bubble, respectively. The terms on the right-hand side are the
contributions of different forces, including inertial force (Fg), buoyancy force (Fb),
drag force (Fd), added mass force (Fam), Basset force (Fba), and centrifugal force
(Fw). The term on the left-hand side represents the inertia of the bubble.

The sum of gravity and buoyancy forces (Fg +Fb), drag force (Fd), added mass force
(Fam), and Basset force (Fba) can be expressed as follows [Magnaudet and Eames
(2000)]:

Fg +Fb = (ρ f −ρb)Vbg

Fd =−1
2

CDρ f πR2
b |ub−u|(ub−u)

Fam =−1
2

ρ fVb

(
dub

dt
− du

dt

)
Fba =−3πηDb

∫ t

0
κ (t− τ)

d (ub−u)
dt

dτ

(2)

where the vector ub−u denotes the relative velocity between bubble and contami-
nated oil; the drag coefficient CD is a function of bubble Reynolds number Re, and
its value is examined in detail in Section 3.2; the kernel κ(t− τ) is a function that
expresses the importance of past accelerations on the actual Basset force; η is the
kinematic viscosity of contaminated oil; Db denotes the bubble diameter; and Rb is
the bubble radius.

Substituting Eq. (2) into the force balance Eq. (1) yields the following equation:

duh

dt
=

ρ f −ρb

ρb
ω

2r−0.5
CDρ f πR2

bu2
h

ρb
(4

3 πR3
b

)
duv
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(ρb +0.5ρ f )Vb
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b

|uv−u| · (uv−u)−D2
b
√

πρ f µ·∫ t

0

1√
t− τ

duv

dt
dτ


(3)
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where Rb,ω , and r represent the bubble radius, centrifugal angular velocity, and
distance between bubble and center of the rotor, respectively; uv and uh are the
vertical and horizontal velocities of bubble, respectively.

2.2 Mass transfer between bubble and contaminated oil

The mass transfer rate of each bubble can be calculated as follows:
dn
dt

=
2πRb

29
·Sh ·DAB · (CA−CI) (4)

In Equation (4), CA, represents the concentration of dissoluble gas inside the bubble
(CA = H ·P, where H is Henry’s constant and P is the total pressure inside bubble);
CI is the concentration of dissoluble gas in the contaminated oil surrounding the
bubble; DAB is the molecular diffusion coefficient; n denotes the molar amount of
gas inside the bubble; and Sh is the Sherwood number. The Sherwood number is
equal to 1+ Sc1/3(1+ 1/Re · Sc)1/3 ·Re0.41, where Sc = η/DAB [Clift, Grace and
Weber (1978)].

In the gas–liquid–solid separator, the total pressure inside the bubble is the sum of
the vacuum pressure and the pressure related to centrifugal acceleration and surface
tension. Thus, it can be expressed as follows:

P = P0 +
4
3

Rb (ρ f −ρb)ω
2r+2σ/Rb (5)

where P0 is the vacuum negative pressure and σ is the surface tension coefficient. In
Equation (5), the second term on the right-hand side represents the pressure caused
by centrifugal acceleration, and the third term is the pressure due to surface tension;

The rate of pressure change inside the bubble can be obtained using the first deriva-
tive of Eq. (5) with respect to time:

dP
dt

=
4
3
(ρ f −ρb)ω

2
[

r
dRb

dt
+Rb

dr
dt

]
− 2σ

R2
b

dRb

dt
(6)

The rate of gas mole change inside the bubble can be calculated from the state
equation of ideal gas (PV = nRT ):

RT
dn
dt

=
4
3

πR3
b

dP
dt

+4πR2
bP

dRb

dt
(7)

Substituting Eqs. (4) and (6) into Eq. (7) yields the rate of the change in bubble
radius:

dRb

dt
=

RT
dn
dt
− 16

9
πR4

b (ρ f −ρb)ω2 dr
dt

16
9

πR3
b (ρ f −ρb)ω2r− 8

3
πRbσ +4πR2

bP
(8)
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3 Results and discussions

In this section, various numerical simulations are performed to study the effects of
modeling and operating parameters (e.g., drag coefficient, dissoluble gas concen-
tration in the contaminated oil, centrifugal angular velocity, and vacuum negative
pressure) on bubble kinematic behaviour in the separator. The modeling parameters
related to bubble physical properties include drag coefficient and the concentration
of dissoluble gas in contaminated oil. Likewise, the operating parameters of the
separator are composed of centrifugal angular velocity and vacuum pressure. The
simulation can be performed numerically using subroutine ODE45 of MATLAB
software. The time step of bubble simulation is selected as 5 × 10−6 s. A num-
ber of spherical bubbles are positioned in flowing contaminated oil with an average
flow velocity of 0.4547 m/s, and these bubbles move at a complex composite mo-
tion trajectory. The contaminated oil is assumed to be incompressible, isothermal,
and to have constant physical properties. The values of physical properties of gas
and contaminated oil are selected as follows: bubble and oil density (ρb = 1.29
kg/m3,ρ f = 878 kg/m3), kinematic viscosity of oil (η = 46 mm2/s), surface ten-
sion coefficient of bubble (σ = 0.036 N/m), molecular diffusion coefficient (DAB =
0.181 × 10−4 m2/s), Henry’s constant (H = 0.0093 mol/(m3·Pa)), universal gas
constant (R = 8.314 J/(mol·K)) and concentration of dissoluble gas in oil (CA =
4.1636 mol/m3).

3.1 Prediction of Bubble Kinematic Behavior using Different Models

The prediction of bubble kinematic behaviour varies depending on different forces
applied. Three force models are selected for the numerical equations to analyze
the effect of the added mass and Basset forces. In the first model, the momentum
balance in Eq. (1) does not include either the added mass or Basset forces. The
second model contains the added mass force but not the Basset force, while the
third model includes both.

Figure 2 illustrates the velocities and radii of bubbles calculated by the above
three force models. As shown in Fig. 2(a), the vertical velocities in the second
force model are approximately equal to those in the third force model, showing
that Basset force has minimal effect on the vertical velocities of bubbles. How-
ever, significant differences can be found in the vertical velocities between the
first and third force models, suggesting that the added mass force significantly
affects the vertical velocities. The influence of the three force models on the
horizontal velocities is also shown in Fig. 2(b), which indicates that the added
mass force strongly affects the horizontal velocities. For convenience, the rela-
tive influence of added mass/Basset force on the horizontal velocities is defined
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as ∆uh(Fam or Fba)/uh(Fg,Fb,Fd ,Fam,Fba), where ∆uh(Fam or Fba) denotes the ab-
solute influence of the added mass/Basset force on the horizontal velocities, and
uh(Fg,Fb,Fd ,Fam,Fba) represent the horizontal velocity. The relative influence of
the added mass and Basset forces are calculated as 81.143% and 0.895%, respec-
tively. Due to its small influence, the Basset force can be neglected in the momen-
tum equation (Eq. (1)).

As shown in Fig. 2(c), the radius of the bubble in the second force model is the same
as that in the third force model. However, a minimal difference can be observed be-
tween the first force model and the other two models. The relative influence of the
added mass and Basset forces on the bubble radius are approximately 0.80615%
and 0.20693%, respectively. Compared with Basset force, the added mass force
has a greater influence on the kinematic behaviour of bubbles. Therefore, in the
hydrodynamic equation the added-mass force should be considered while the Bas-
set force can be reasonably neglected.

3.2 Effects of Modeling parameters on bubble kinematic behaviour

The modeling parameters related to bubble physical properties, such as drag co-
efficient and dissoluble gas concentration in the contaminated oil, influence the
kinematic behaviours of bubbles.

3.2.1 Effects of drag coefficient in contaminated oil

The drag coefficient CD in Eq. (2) is a function of the bubble Reynolds number
Re. A general correlation for the drag coefficient of a particle in contaminated
liquid was proposed by Turton and Levenspiel [Turton and Levenspiel (1986)].
This correlation is applicable for rigid bubbles with Re < 130:

CD =
24
Re

(
1+0.173R0.667

e
)
+

0.413
1+16300R−1.09

e
for Re < 130 (9)

where Re = ρ f Db|ub−u|/µ .

Another general correlation for the drag coefficient of a rigid spherical particle
was proposed by Schiller and Nauman [Schiller and Nauman (1935)], and this
correlation can be expressed as follows:

CD =


24
Re

(
1+0.15R0.687

e
)
, Re ≤ 1000

0.44, Re > 1000
(10)

For bubble swarms in viscous Newtonian liquids, the correlation proposed by Laín
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(a) bubble vertical velocity (b) bubble horizontal velocity

(c) bubble radius

Figure 2: Bubble velocities and radii by different force models (Rb = 10 um)

has excellent agreement with the experimental data [Laín et al. (2002)].

CD =


16R−1

e , Re < 1.5
14.9R−0.78

e , 1.5 < Re < 80
48R−1

e
(
1−2.21R−0.5

e
)
+1.86×10−15R4.756

e , 80 < Re < 1500
2.61, 1500 < Re

(11)

Mei [Mei and Adrian (1992)] proposed the following correlation for the drag coef-
ficient of the bubble with mobile surface in liquid without contaminants.

CD =
16
Re

[
1+
{

8
Re

+
1
2

(
1+

3.315
R0.5

e

)}−1
]

(12)

The drag force of bubble in liquid is largely dependent on the presence of surface-
active contaminants. For bubbles in liquid without contaminants, the liquid exerts
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no shear force on the bubble surface, and the interface between the bubbles and
liquid is mobile. Thus, smaller value of the drag coefficient in Eqs. (11) and (12) is
appropriate for such bubbles. In contrast, the bubbles in liquid with contaminants
have a non-zero shear stress, and the drag coefficient is greater than that in clean
liquid. The interface between the bubbles and the liquid is immobilized to a cer-
tain extent. Magnaudet and Eames [Magnaudet and Eames (2000)] demonstrated
that the drag coefficient of a bubble in contaminated liquid can be accurately ap-
proximated by the behaviour of a solid particle under no-slip boundary condition.
This means that it is suitable to apply the drag coefficients in Eqs. (9) and (10) to
bubbles in contaminated liquid.

Numerical simulations of bubble rising in water are conducted to validate the decision-
making approach through which the value of drag coefficient is obtained. The sim-
ulation results are illustrated in Fig. 3. As shown in Fig. 3(a), the vertical velocities
computed from the drag coefficients in Eqs. (9) and (10) are approximately equal
to the data previously reported [Bergman (1958)]. The relative difference between
the simulation and experimental data is approximately 23 %. The vertical velocities
corresponding to the drag coefficient in Eq. (11) are approximately equal to those
computed from the drag coefficient in Eq. (12). However, a relative difference ad
large as 56 % exists between the present simulation and the experimental data in
reference [Bergman (1958)]. Accordingly, the drag coefficients in Eqs. (9) and (10)
are more suitable to bubbles in liquid without contaminants.

Contaminated oil contains surface active contaminants, such as solids, gas, and
water. Thus, Eq. (11) or (12) is selected to determine the drag coefficient CD in
this paper. Figs. 3(b) and 3(c) show the simulation results of the bubble kinematic
behaviour in the separator. As shown in Figs. 3(b) and 3(c), the drag coefficient
has greater influence on the horizontal velocity than on the vertical velocity. This
is mainly because of the large drag force along the horizontal direction caused by
the centrifugal force.

3.2.2 Effects of dissoluble gas concentration in contaminated oil

The gas content in contaminated oil affects air purification in the separator. The
mass transfer equation (Eq. (4)) shows that if the gas content in the contaminated
oil is greater than the dissoluble gas content inside a bubble, the gas molecules in
the contaminated oil will be transferred into the bubble, which enlarges the radius
of the bubble. Otherwise, the bubble radius will decrease. Figure 4 illustrates the
influence of different CA on the kinematic behaviour of bubbles.

As shown in Figs. 4(a) and 4(b), the concentration of the dissoluble gas in con-
taminated oil has greater influence on the horizontal velocity than on the vertical
velocity, because the increase in bubble radius caused by dissoluble gas concentra-
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(a) relation between the vertical velocity and
the bubble radius

(b) variation law of the vertical velocity

(c) variation law of the horizontal velocity

Figure 3: Kinematic behaviour of bubbles with different drag coefficients

tion does not significantly increase the centrifugal force. As shown in Fig. 4(c),
the concentration value CA also significantly influences the bubble radius. The
rate of relative change in bubble radius from CA/2 to CA/4 can be calculated as
∆Rb(CA/2,CA/4)/Rb(CA/4) = 13.5%. Thus, a smaller concentration corresponds
to an easier removal of the bubble from the separator [Fig. 4(d)].

3.3 Effects of operating parameters on bubble kinematic behaviour

Operating parameters of the separator also influence the bubble kinematic behaviours.
These operating parameters include the centrifugal angular velocity and the vacu-
um negative pressure. The centrifugal angular velocity is involved in the movement
of bubbles toward the center of the vacuum cavity. The bubbles are then removed
from the separator by the vacuum pressure. Fig. 5 shows the numerical simulation
results of the kinematic behaviour of a bubble with a radius of 0.5 µm at centrifugal
angular velocities of ω = 4000, 6000, 8000 r/min. The centrifugal angular velocity
influences both the velocity and the radius of the bubble. As shown in Figs. 5(a)
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(a) bubble vertical velocity (b) bubble horizontal velocity

(c) bubble radius (d) motion trajectory

Figure 4: Kinematic behaviour of bubbles with different concentrations of dissolu-
ble gas in contaminated oil

and 5(b), an increase in angular velocity results in the rise of the horizontal veloc-
ity of a bubble but exerts insignificant influence on the vertical velocity. Thus, a
larger centrifugal velocity corresponds to an easier removal of the bubble from the
separator [Fig. 5(d)].

The minimum radii of the bubble, which can be separated from the gas–liquid–
solid separator, are calculated as 0.233, 0.237, 0.246, 0.261, and 0.289 µm at
centrifugal angular velocities of 8000, 7000, 6000, 5000, 4000 r/min, respectively.
The simulation results are in good agreement with the theoretical analysis stating
that larger centrifugal angular velocity can efficiently separate bubbles with smaller
radii from the separator. However, the differences among the minimum radii are
so small that they are negligible. Therefore, the centrifugal angular velocity within
the given range has small influence on the kinematic behaviour of bubble.

The vacuum pressure also contributes to extracting the bubbles from the separator.
A certain generalization can be derived from Eq. (4) and Henry’s law. The vacu-
um pressure affects the bubble radius and its kinematic behaviour by changing the
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(a) bubble vertical velocity (b) bubble horizontal velocity

(c) bubble radius (d) motion trajectory

Figure 5: Kinematic behavior of bubbles with different centrifugal angular veloci-
ties in the gas–liquid–solid separator

concentration of the dissoluble gas inside the bubble. Fig. 6 shows the kinematic
behaviour of a bubble at vacuum pressure of 9.5, 7.5, and 5.5 KPa. As shown in
Figs. 6(a) and 6(b), the vacuum pressure has greater influence on the horizontal
velocity than on the vertical velocity, and a lower vacuum pressure can extract the
bubbles more easily from the separator. However, the determination of the vacuum
pressure is related to the working environment and the device.

4 Conclusion

Mathematical models have been developed to investigate the bubble kinematic
behaviour in a centrifugal vacuum separator by integrating interphase interaction
forces, including inertia force, buoyancy force, drag force, added mass force, and
Basset force, into Newtonian kinematic equations. A comprehensive numerical s-
tudy of bubble kinematic behaviour in the gas-liquid-solid separator under the com-
plex actions of centrifugal force and vacuum negative pressure has been conducted
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(a) bubble vertical velocity (b) bubble horizontal velocity

(c) bubble radius (d) motion trajectory

Figure 6: Kinematic behaviors of a bubble under different atmospheric pressure in
the gas–liquid–solid separator

by using discrete phase numerical method.

Comparative simulations based on three force models have demonstrated that the
added mass force is not negligible for the accelerated motion of bubbles, whereas
Basset forces can be neglected.

The main outcomes of the numerical study can be summarized as follows. First,
large values of drag coefficients are suitable for the bubbles in contaminated oil
because of the surface active contaminants. Second, a smaller concentration of
dissoluble gas in the contaminated oil corresponds to an easier removal of bubbles
from the separator. Third, a centrifugal angular velocity within the given range
has minimal effects on the kinematic behaviour of bubbles. Fourth, a low vacuum
pressure helps to extract the bubbles, and the bubble minimum radius is inversely
proportional to the vacuum pressure. Future work shall be devoted to define a
precise feed flow rate.
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