
Ultrasonics Sonochemistry 79 (2021) 105782

Available online 9 October 2021
1350-4177/© 2021 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Effect of cavitation bubble on the dispersion of magnetorheological 
polishing fluid under ultrasonic preparation 

Ce Guo a,b,*, Jing Liu a, Xiuhong Li a, Shengqiang Yang a 

a Shanxi Key Laboratory of Precision Machining, College of Mechanical and Vehicle Engineering, Taiyuan University of Technology, 030024 Taiyuan, China 
b Taiyuan Heavy Mechinery Group Co., LTD, 030024 Taiyuan, China   

A R T I C L E  I N F O   

Keywords: 
Ultrasonic dispersion 
Cavitation 
Magnetorheological polishing fluid 
Bubble dynamics 

A B S T R A C T   

In the ultrasonic dispersion process, the ultrasonic cavitation effect can seriously affect the dispersion efficiency 
of magnetorheological polishing fluid (MRPF), but the mechanism remains unclear now. Through considering 
the continuity equation and Vand viscosity equation of the suspension, a revised cavitation bubble dynamic 
model in the MRPF was developed and calculated. The effects of presence or absence of solid particles, the 
volume fraction of solid particles, and viscosity on the cavitation bubble motion characteristics in the MRPF were 
discussed. Settlement experiments of the MRPF under ultrasonic and mechanical dispersion were observed. 
Analysis of particle dispersion is made by trinocular biomicroscope and image processing of the microscopic 
morphology of the MRPF. The results show that the high volume fraction of carbonyl iron particle (CIP) will 
significantly weaken the cavitation effect, and the low volume fraction of green silicon carbide (GSC) has a 
negligible effect on the cavitation effect in the MRPF. When the liquid viscosity is greater than or equal to 0.1 
Pa⋅s, it is inconvenient to produce micro-jets in the MRPF. The sedimentation rate of the MRPF prepared by 
ultrasonic dispersion is lower than mechanical dispersion when the volume fraction of CIP is between 1% and 
25%. The dispersion ratio under ultrasonic dispersion is lower than that under mechanical dispersion. The 
experimental results fit the simulation well. It offers a theoretical basis for exploring the ultrasonic cavitation 
effect in the industrial application of the MRPF.   

1. Introduction 

Magnetorheological fluid (MRF) is an excellent, intelligent material, 
and its mechanical property can be regulated by the external magnetic 
field, which is widely used in nuclear magnetic resonance, targeting 
therapy, magnetic fluid seal, magnetorheological damping, and mag
netorheological polishing, with the advantages of green, environmental 
protection and intelligent controllability[1–2]. The typical application 
of the MRF in the field of precision and ultra-precision polishing for 
high-performance parts is magnetorheological polishing fluid (MRPF) 
[3–4]. MRPF is a solid–liquid suspension composed of magnetic or non- 
magnetic solid particles, base solution, and a small number of additives. 
When different kinds of solid particles are mixed, they are easy to 
agglomerate and settle. The reason is perhaps that the density of solid 
particles is more than that of the base fluid[5]. Therefore, in the prep
aration and utilization of the MRPF, dispersion technology should be 
utilized to homogenize solid particles. However, due to the complexity 

of multiphase flow and a lack of micro understanding of granule 
dispersion for the MRPF, the dispersion mechanism of solid particles has 
become a challenging issue in magnetorheological polishing. 

Traditional physical dispersion methods such as mechanical stirring 
with blades and ball milling are time-consuming, have low precision, 
and have poor controllability. It is difficult to disperse various solid 
particles uniformly in the base solution[6]. Ultrasonic dispersion uses its 
own physical and chemical effect in a liquid to disperse solid particles. 
As a certain intensity of ultrasonic wave passes through the liquid, the 
cavitation effect will occur. The cavitation effect can generate large 
numbers of oscillating bubbles. The oscillating bubbles may collapse 
near the solid particles and release micro-jets and shock waves, which 
will have a serious impact on the solid particle population[7–8]. It 
proves efficient for the dispersion of solid particles in suspension. 
However, present research on the ultrasonic dispersion of the MRPF 
focuses on its process regulation and still lacks a mechanism explanation 
for cavitation dispersion. For example, the dynamics of the generation, 
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growth, and collapse of cavitation bubbles in the MRPF do not explain 
well. 

The extent of the particle distribution of the MRPF is closely related 
to the dynamics characteristics of the cavitation bubble. The dynamic 
bubble model is used for describing the dynamic characteristics of the 
cavitation bubble. Rayleigh established the first inviscid and incom
pressible bubble dynamics model based on the Bernoulli equation[9]. 
Plesset et al. modified Rayleigh’s equation by considering the liquid 
viscosity and surface tension to obtain the classical Rayleigh-Plesset 
model[10]. The Rayleigh-Plesset model can simulate the cavitation 
bubble dynamic process more accurately and efficiently, and it preserves 
the validity and manageability in the application of the bubble model. 
Afterward, lots of new models were provided by modifying the Rayleigh- 
Plesset equation, such as the Keller-Miksis model[11] and Gilmore 
model[12] considering the liquid compressibility, Flynn model[13] 
considering the thermodynamic characteristics of the gas inside the 
bubble, and others. In recent years, some scholars have begun to focus 
on the application of the bubble dynamics model in suspension, such as 
visco-elastic fluids[14], complex rheology fluids[15], and grinding fluid 
[16]. However, the present cavitation bubble model is mainly suitable 
for water solution or the liquid approximated as a water solution. There 
is a lack of research on the bubble model of solid–liquid suspension. 

With the development of numerical technique, computational fluid 
dynamics, multi-physics coupling, and other numerical methods have 
been extensively used to simulate the acoustic fields and flow fields of 
the suspension [17–18]. In practice, however, these numerical calcula
tion methods usually ignore the cavitation effect of the liquid due to the 
complex physical and chemical mechanism of cavitation bubbles. How 
to reveal the acoustic cavitation effect of the suspension has become a 
challenging issue in ultrasonic dispersion. 

In the paper, we provide a revised Rayleigh-Plesset equation to 
analyze the mechanism of cavitation dispersion in the MRPF, consid
ering the solid/liquid ratio of the suspension. The dynamic parameters 
affecting the motion and collapse of the cavitation bubble of the MRPF 
are discussed in detail. Sedimentation and dispersion experiments in the 
MRPF are used to verify the conclusion of the theoretic analysis. It will 
provide theoretical support for the ultrasonic preparation process of the 
MRPF. 

2. Cavitation theory under the MRPF 

2.1. Physical environment 

General composition of the MRPF is shown in Table 1. The solid 
phase of the MRPF consists of carbonyl iron particle (CIP), green silicon 
carbide(GSC), and a small number of additives[19]. The CIP, as a 
magnetic-sensing particle, is the primary evoked factor of the high shear 
yield strength and rheological property of the MRPF. GSC is generally 
selected as the abrasive particles of the MRPF to grind or finish. CIP has a 
primary particle size of approx. 5 μm and GSC of approx. 40 μm. Ad
ditives play a crucial role in enhancing the surface activity of solid 
particles, such as carboxymethyl cellulose sodium, sodium hexameta
phosphate, sodium nitrite, anhydrous sodium carbonate, and nano- 

silica. It can partly inhibit the agglomeration of solid particles in the 
MRPF and prevent the solid particles from settling. Unlike the solid 
phase, the liquid phase of the MRPF is mixed with deionized water and 
propanetriol, which are the main component of the MRPF. 

Before preparation, various additives should be added to the deion
ized water sequentially and manually stirred simultaneously. After that, 
CIP and GSC are added to the mixture and mechanically stirred until 
there is no visible large agglomeration. Finally, the suspension is 
dispersed by ultrasonic treatment for 0.5 ~ 3 min. The ultrasonic wave 
and its cavitation effect can effectively enhance the dispersion rate of the 
solid particles in the suspension, shorten the preparation time of the 
MRPF and improve its preparation efficiency. 

2.2. Cavitation bubble dynamic model 

The MRPF is used in industrial applications where an external 
magnetic field is normally applied. Magnetic solid particles tend to 
converge and form a chain-like structure along the magnetic induction 
line under the magnetic field. Under the condition, the MRPF is a highly 
viscous semi-solid substance. However, in the preparation of the MRPF, 
the magnetic field is not applied externally, the solid particles in the 
MRPF should be uniformly dispersed in the base fluid and behave as a 
Newtonian fluid. Therefore, the cavitation bubble dynamic model dis
cussed in this paper is suitable for the preparation of the MRPF under 
non-magnetic fields. 

When an ultrasonic wave with a certain intensity passes through the 
MRPF, the cavitation effect occurs, and cavitation bubbles are produced. 
The cavitation bubble of the MRPF are assumed as follows: 1) the bubble 
remains spherical in the process of expansion and contraction, and the 
center of the bubble is fixed; 2) the gas in the bubble is ideal, and its 
isothermal and adiabatic processes are considered; 3) the solid–liquid 
mixed ratio is considered, and the suspension is an incompressible 
viscous flow; 4) the heat exchange, interfacial phase change, and 
chemical reaction are not considered. Then, according to the law of 
energy conservation of the cavitation process in a liquid, the Rayleigh- 
Plesset equation is introduced to reveal the cavitation effect as follows 
[20] 
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where R is the instantaneous radius of the bubble, c is the sound 
velocity of the MRPF, ρ is the density of the MRPF, σ is the surface 
tension coefficient of the MRPF, μ is the viscosity coefficient of the 
MRPF, pg is the pressure inside the bubble, pv is the saturation vapor 
pressure inside the bubble, p0 is the static pressure of the MRPF, pA =

-pasin(2πft) is the external ultrasonic wave, pa is the pressure amplitude 
of the ultrasonic wave, f is the ultrasonic frequency, and t is time. 

The bubble content of the MRPF is assumed to be uniformly 
distributed. The dynamic process from bubble growth to compression is 
regarded as isothermal, while bubble compression and collapse is 
treated as adiabatic. Then, the pressure pg inside the bubble of the MRPF 
can be expressed as follows [21–22] 
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where R0 is the initial radius of the bubble, Rmin is the minimum 
radius of the bubble, Rmax is the maximum radius of the bubble, γ is the 
adiabatic gas index, and a is the van der Waals radius (R0/a = 8.54). 

From the aspect of fluid–structure interaction mechanics, the MRPF 
is deemed to be a two-phase flow consisting of various solid particles and 

Table 1 
General composition of the MRPF.  

Paremeters Values Volume fraction 

Liquid phase Deionized water 70 ml 60.99% 
Propanetriol 1 ml 

Solid Phase Carbonyl iron particle 230 g 25.07% 
Green silicon carbide 30 g 8.12% 
Carboxymethyl cellulose sodium 0.33 g 5.89% 
Sodium hexametaphosphate 1.35 g 
Sodium nitrite 0.2 g 
Anhydrous sodium carbonate 0.4 g 
Nano-silica 4.32 g  
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a base liquid. In the process of ultrasonic dispersion, the solid particles 
can be rapidly and uniformly dispersed in the base liquid under the 
cavitation effect occurring in the suspension. As the solid particle size is 
in the micron or nanometer scale, the solid particles and the liquid 
medium can move at the same speed. Because the homogeneous mixture 
approach is generally used to describe the liquid–solid two-phase flow 
under the action of cavitation[23]. The liquid–solid phases are assumed 
to be sufficiently well mixed and the disperse particle size are suffi
ciently small thereby ignoring any significant relative motion. In this 
situation, the interface of solid–liquid two-phase flow is strongly 
coupled. Thus, two-phase flow of solid–liquid can be assumed as uni
directional flow motion. For this reason, the equation of continuity of 
the mixture can be introduced as[24] 

∂ρ
∂t

+∇(ρu) = 0 (4)  

ρ =
∑

k
αkρk (5) 

where u is the flow rate of the mixture, k is the type of phase, αk is the 
volume fraction, and ρk is the density of a phase. 

Before cavitation, those trace gas or vapor nuclei in the base solution 
can be ignored. Thus, the density ρ of the MRPF can be expressed as 

ρ = αpρp + αlρl (6) 

where αp and αl are the volume fraction occupied by the solid par
ticles and the base solution, and ρp and ρl are the density of that, 
respectively. 

The viscosity of the MRPF is related to the type of solid particles, 
particle geometry, particle concentration, and the ratio of the base so
lution. However, it is the volume fraction of solid particles that plays a 
decisive role in viscosity. For the diluted suspension, Einstein gives the 
following formula for viscosity[25] 

μ = μ0(1 + k′′αp) (7) 

where μ0 is the viscosity of the base solution and k“ is the constant of 
particle shape, for spherical particles, k”=2.5. 

However, Eq. (7) is only applicable to the case where the volume 
fraction of solid particles does not exceed 2% and does not meet the 
requirements for the preparation of the MRPF. To solve the problem, 
Vand proposed a revised equation for the viscosity of a high volume 
fraction of solid particles [26] 

μ = μ0ek′′αp/(1− a′ αp) (8) 

where, a΄ is another constant of particle shape, for spherical parti
cles, a΄ = 39/64 = 0.609. Considering the need for the viscosity in the 
preparation of the MRPF, the Vand viscosity equation is introduced to 
describe the viscosity of the MRPF. 

Integrating Eqs. (2), (3), (6), and (8), a revised cavitation bubble 
dynamic model of Eq. (1) is established to describe the cavitation effect 

in the MRPF under ultrasound dispersion. Furthermore, Eq. (1) can be 
solved numerically using the fourth-order Runge-Kutta method. The 
initial conditions are as follows: at t = 0, R = R0, dR/dt = 0. The physical 
parameters of the MRPF are shown in Table 1, where ρCIP = 7.89 × 103 

kg/m3, ρGSC = 3.17 × 103 kg/m3, ρadditive = 1.22 × 103 kg/m3, ρl = 1.0 
× 103 kg/m3, and the other parameters are as follows: c = 1481 m/s, γ =
4/3, pv≈0 Pa, p0 = 1.013 × 105 Pa, σ = 7.28 × 10-2N/m, μ0 = 1.005 ×
10-3 Pa⋅s. 

During ultrasonic dispersion, the schematic diagram of the cavitation 
dispersion mechanism is described in Fig. 1. The cavitation bubble under 
ultrasonic wave presents a series of dynamical behaviors such as 
expansion, shrink and collapse. As the collapse of the cavitation bubble 
occurs near a solid wall, a micro-jet with a high velocity can develop 
through the center of the bubble towards the wall[27]. The micro-jet 
plays a major role in surface treatment and aggregates breakup 
[28–29]. The aggregates are broken and become smaller during the 
cavitation micro-jet dispersion, and the smaller aggregates are more 
easily to be dispersed in the base solution, which is meaningful to in
crease the dispersion efficiency of the MRPF. Jet velocity is the principal 
characteristic of cavitation micro-jet. It mainly depends on the cavita
tion bubble dynamics model in specific fluid environments[30]. 
Although ultrasonic cavitation have been studied for many years, there 
are still no uniform conclusions for micro-jets due to various influencing 
factors[31–32]. Therefore, in the paper, the revised Rayleigh-Plesset 
equation is used to deal with the motion characteristics of the cavita
tion bubble and the micro-jet it generates during collapse in the MRPF, 
which is of great significance for further exploring the ultrasonic 
dispersion of the MRPF. 

2.3. Stability of the MRPF 

2.3.1. Sedimentation ratio 
In industrial applications, improving the stability of the MRPF is the 

most urgent problem, and rheological property is the secondary issue. 
When the MRPF remains stationary for some time, the denser solid 
particles tend to settle, and a continuous phase will occur on the top of 
the suspension. The height of supernatant liquid and total suspension 
can be recorded at the specified time. A percentage value of the volume 
of supernatant liquid and volume of total suspension can be defined as 
sedimentation ratio as follows[33–34] 

Sedimentation ratio =
Volume of supernatant liquid
Volume of total suspension

× 100% (9) 

where the volume of supernatant liquid and suspension can be 
calculated by multiplying their height by the cross-section area. 

2.3.2. Dispersion ratio 
In order to characterize the dispersed solid particles and their 

agglomeration under ultrasonic cavitation, the microstructure of the 
MRPF was characterized using a DYS-107 trinocular biomicroscope. A 

Fig. 1. The schematic diagram of the cavitation dispersion mechanism.  
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small amount of the MRPF is aspirated onto a slide from the resting 
suspension for observation. The dispersion state of the particles in the 
MRPF is the foremost consideration. The size distribution and particle 
shape are not the focus of the analysis. Pre-processing such as image 
binarization and normalization of the micrograph should be done for 
simplification. Subsequently, a series of gray images are obtained to 
study the dispersion stability of the MRPF. A dispersion ratio of the 
MRPF is defined and calculated as the proportion of black pixel points to 
the whole image of the gray image as follows 

Dispersion ratio =
Black pixel points of the gray image
Whole image points of the gray image

× 100% (10) 

The dispersion ratio can approximate the percentage of the solid 
particles in the liquid phase. A large dispersion ratio means a weak 
particle dispersion, and a small dispersion ratio means a high particle 
dispersion. 

3. Results and discussion 

3.1. Effect of presence or absence of solid particles 

Numerical simulations are carried out for revealing the cavitation 
bubble dynamics of ultrasonic dispersion preparation in the MRPF, with 
an ultrasonic frequency of 20 kHz, ultrasonic pressure amplitude of 0.3 
MPa, and the initial radius of the bubble of 10 μm. Fig. 2 shows the effect 
of the presence or absence of solid particles on the motion characteristics 
of the cavitation bubble in the MRPF. In the absence of solid particles, 

the volume fraction of solid particles in Eq. (6) can be ignored. 
Fig. 2(a) describes the dimensionless radius of the bubble versus 

time. From Fig. 2(a), it can be seen that the bubble of the MRPF un
dergoes the dynamic process of growth, expansion, compression, and 
collapse under one acoustic cycle. However, the presence or absence of 
solid particles in the base solution has noticeable influence on the 
bubble motion. After the addition of solid particles in the base solution, 
the bubble expansion is tremendously reduced, and the collapse time of 
the bubble is also prolonged. It indicates that the addition of solid par
ticles significantly weakens the original cavitation effect of the MRPF. 

Fig. 2(b) shows the variation of bubble velocity with dimensionless 
radius, which presents the periodic nonlinear vibration process in the 
bubble compression phase. It can be described that the limit rings appear 
on the phase plane regardless of whether the suspension contains solid 
particles or not. When solid particles are added to the base liquid solu
tion, the limit ring starts to become smaller. It is due to the decrease of 
the cavitation effect of the MRPF. From Fig. 2(b), when there are no solid 
particles of the suspension, the bubble can be compressed to a minimum 
of 0.1259 times of the initial radius and then generates a collapse ve
locity (vcollapse) of 3.791 × 104m/s, where vcollapse=|max(dR/dt)|. 
However, after consideration of solid particles, the bubble can be com
pressed to a minimum of 0.1282 times of the initial radius and releases a 
collapse velocity of 1.025 × 104m/s. It also indicates that the cavitation 
bubble is less compressed, and the impact velocity released by bubble 
collapse is significantly weaker when solid particles are added to the 
base solution. Research has found that the bubble can generate the 
micro-jet near a rigid interface, where the bubble collapse velocity is 

Fig. 2. The effect of presence or absence of solid particles on the motion characteristics of the cavitation bubble in the MRPF. (a) Dimensionless radius of the bubble 
versus time; (b) Bubble velocity with dimensionless radius; (c) Bubble collapse velocity with initial bubble radius. 

C. Guo et al.                                                                                                                                                                                                                                     



Ultrasonics Sonochemistry 79 (2021) 105782

5

greater than the sound velocity of the fluid[35]. Because the bubble 
collapse velocity of work is one order of magnitude higher than the 
sound velocity of the MRPF(c ≈ 1481 m/s), the micro-jet near the solid 
particles can be produced. The micro-jet will have a remarkable impact 
and dispersion on solid particles, which can be treated as one of the 
micro-mechanisms for revealing the uniform dispersion of solid 
particles. 

Fig. 2(c) shows the variation of the bubble collapse velocity versus 
the initial bubble radius of 5–50 μm. The bubble collapse velocity is 
reduced with the increase of the initial bubble radius. It is because that 
the large bubble is compressed in the positive phase of ultrasound, but it 
does not expand to the maximum in the subsequent negative phase of 
ultrasound. For various initial bubble radii of the MRPF, the bubble 
collapse velocity is all lower than that without the addition of solid 
particles. Thus, for the MRPF with the addition of various solid particles, 
the large bubble will further weaken the micro stirring ability for solid 
particles. 

Moreover, in Fig. 2(c), when the initial bubble radius is 35 μm, the 
bubble collapse velocity of the base solution with solid particles is 1481 
m/s, which is just equal to the sound velocity of the MRPF. With 
increasing the initial bubble radius, the collapse velocity of the bubble 
will be further reduced, where the micro-jet will not continue to be 
produced in theory. Therefore, during the preparation of the MRPF, the 
larger bubble will not produce micro-jets in the vicinity of solid parti
cles, which will lead to a weaker or even no dispersion effect of cavi
tation bubbles on solid particles. 

3.2. Effect of the volume fraction of solid particles 

Fig. 3 shows the effect of the volume fraction of solid particles on 
cavitation bubble motion characteristics in the MRPF. The solid particles 
with high volume fraction in the MRPF, such as CIP and GSC, are dis
cussed in detail. Fig. 3(a) presents the variation of the bubble radius 
under various volume fractions of CIP. In Fig. 3(a), it can be observed 
that for CIP of the MRPF, with increasing the volume fraction of CIP, the 
expansion amplitude of the cavitation bubble is decreased, and the 
collapse time of the bubble is shortened. Jun demonstrates that solid 
particles disturb the shear flow of suspension and then increase the shear 
viscosity[36]. Thus, the heavy volume fraction of solid particles adding 
in the based fluid will result in high shear viscosity. From Fig. 3(a), high 
liquid viscosity leads to the slow bubble growth. When the volume 
fraction of CIP exceeds 25%, the viscosity of the MRPF will increase 
linearly, and then the growth of the cavitation bubble will be more 
difficult. 

Fig. 3(b) presents the variation of the bubble radius under various 
volume fractions of GSC. From Fig. 3(b), it can be observed that for the 
relatively low volume fraction of GSC of the MRPF, the expansion 
amplitude of the cavitation bubble slightly increases with the increase of 
volume fraction of GSC. In contrast, the collapse time of the bubble has 
little change. It indicates that the ultrasonic cavitation effect of the 
MRPF can be seriously affected by the high volume fraction of solid 
particles and is scarcely influenced by the low volume fraction of solid 
particles. 

Fig. 3(c) shows the bubble collapse velocity with the volume fraction 

Fig. 3. Effect of the volume fraction of solid particles on cavitation bubble motion characteristics in the MRPF. (a) Variation of the bubble radius under various 
volume fractions of CIP; (b) Variation of the bubble radius under various volume fractions of GSC;(c) Bubble collapse velocity with the volume fraction of CIP 
and GSC. 
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of CIP and GSC. As can be seen in Fig. 3(c), the bubble collapse velocity 
significantly decreases with increasing the volume fraction of CIP. At the 
same time, it reduces slightly with increasing the concentration of GSC. 
Compared with GSC, CIP has a greater effect on the cavitation effect. 
Thus, the ultrasonic cavitation effect can be regulated through varying 
the volume fraction of CIP. The cavitation bubble collapse velocity will 
fall to a minimum of 3628 m/s, with the volume fraction of CIP of 80%, 
while it will decrease to a minimum of 9069 m/s, with the volume 
fraction of GSC of 20%. It demonstrates that the bubble collapse velocity 
under varying the volume fraction of CIP or GSC is always higher than 
the sound velocity of the MRPF. Then the micro-jet can be produced near 
the solid particles. Nevertheless, it is not competent to control the for
mation of micro-jets through varying the volume fraction of solid par
ticles due to the limited adjustment range of micro-jets. 

3.3. The effect of viscosity 

Fig. 4 shows the effect of the viscosity on the motion characteristics 
of the cavitation bubble in the MRPF. Fig. 4(a) presents the variation of 
the bubble radius under various viscosity. From Fig. 4(a), it can be seen 
that the expansion amplitude of the cavitation bubble is decreased, and 
the collapse time is shortened with the increase of viscosity. It indicates 
that the viscosity of the MRPF mainly plays an inhibitory role in the 
cavitation bubble movement. Nazari-Mahroo proposed that the liquid 
viscosity affects the bubble dynamics in the collapse phase, particularly 
at high ultrasonic amplitude and high viscosity [37]. Thus, for the high 
viscosity of the MRPF, there is a significant inhibitory effect on cavita
tion bubbles, and it can not be suitable to use ultrasonic dispersion to 
prepare a suspension individually. 

The variation of the bubble collapse velocity with viscosity is given 
in Fig. 4(b), where the dotted line is the location of the sound velocity of 
the MRPF. From Fig. 4(b), it can be seen that when the viscosity is low 
(<0.1 Pa⋅s), the bubble collapse velocity decreases linearly as the in
crease of viscosity. The bubble collapse velocity is reduced to 1467 m/s 
with the viscosity of 0.1 Pa⋅s, which is slightly lower than the sound 
velocity of the MRPF of 1481 m/s. So, in this case, it is difficult for the 
cavitation bubble to generate micro-jets around the solid particles. 
When the viscosity of the MRPF continues to increase (≥0.1 Pa⋅s), the 
collapse velocity of the bubble is sharply reduced. For the viscosity of 
0.5 Pa⋅s, the bubble collapse velocity is 1.1 m/s, which is much lower 
than the sound velocity of the MRPF. It is clear that for the high viscosity 
of the MRPF, the cavitation effect is so weak that the cavitation bubble 
does not produce micro-jets on solid particles. Luo also proved that the 
viscosity of the liquid medium would suppress the formation of the 
micro-jet, as well as delays the velocity of the micro-jet flowing toward 

the wall surface[38]. 
During the MRPF preparation, the addition of lots of non-uniform 

solid particles will increase the viscosity of the fluid inevitably. More
over, the mechanical stirring for a long time will also lead to a sharp 
increase in the viscosity of the suspension. Therefore, ultrasonic 
dispersion should be used when the liquid viscosity is not greater than 
0.1 Pa⋅s. For high viscosity, the cavitation effect induced by ultrasonic 
waves in the MRPF is inapparent, and the micro-jet near solid particles 
will not arise, so it should not continue to use ultrasonic dispersion to 
prepare the MRPF. 

3.4. Sedimentation stability of the MRPF 

The settling property of the suspension is an important index to 
evaluate its performance, and it can indirectly describe the dispersion of 
the particles [39]. In order to evaluate the ultrasonic cavitation on the 
dispersion effect of the MRPF, sediment experiments were carried out. 
The schematic of the experimental apparatus of ultrasonic and me
chanical dispersion is shown in Fig. 5. The CIP of solid particles with a 
strong influence on ultrasonic cavitation was selected for sediment ex
periments. Various volume fractions of CIP in the MRPF are obtained in 
Table 2. The experimental conditions of ultrasonic and mechanical 
dispersion are shown in Table 3. The sedimentation rate was examined 
after the MRPF was left to stand for 8 h. 

Fig. 4. Effect of the viscosity on the motion characteristics of the cavitation bubble in the MRPF. (a) Variation of the bubble radius under various viscosity; (b) Bubble 
collapse velocity with viscosity. 

Fig. 5. The schematic of experimental apparatus of ultrasonic and mechani
cal dispersion. 
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The comparison of the sedimentation rates of the MRPF prepared 
under ultrasonic and mechanical dispersion is shown in Fig. 6. It can be 
seen that the sedimentation rate of the MRPF prepared by ultrasonic 
dispersion is lower than mechanical dispersion when the volume frac
tion of CIP is between 1% and 25%. It is because mechanical dispersion 
mainly uses the high-speed rotation of the medium to generate turbulent 
motion for dispersing the solid particle cluster. The maximum stirring 
speed of the suspension can be simplified as v≈rω = 2πnr, where r is the 
stirring radius and n is the stirring speed. When n = 200r/min and r =
200 mm, v = 251.2 m/s. It can be seen that the stirring speed generated 
by mechanical dispersion on solid particles is much lower than that of 
ultrasonic dispersion(see Fig. 2(c), 3(c), and 4(b)). During ultrasonic 
dispersion, solid particles are affected by ultrasonic wave-induced 
cavitation field and bubble dynamics. The ultrasonic cavitation field 
will produce the flow fluctuations and macro stirring effect on the 
MRPF. Besides, at the micro-level, the micro-jets generated by the 
collapsing bubbles will have a distinct impact on solid particles. Thus, it 
is not easy to cause solid particles to coalesce and settle due to the above 

effects. 
Moreover, the sedimentation rate of the MRPF increases with the 

increase of the concentration of CIP when the volume fraction of CIP is 
between 1% and 25% in Fig. 6. The reason can be drawn from Fig. 3(a) 
and (c), as the volume fraction of CIP increases, the growth of the 
cavitation bubble becomes difficult, and the micro-jet velocity near the 
solid particles is decreasing accordingly. In other words, the effect of the 
motion characteristics of the cavitation bubble on the MRPF is weak
ened. Thus, the probability of aggregation of solid particles is increased, 
and they are easier to agglomerate and settle. There is also noted that the 
sedimentation rate at CIP volume fraction of 30% is lower than other 
volume fractions in the MRPF. For the high volume fraction of CIP, the 
MRPF is semi-solid and the viscosity of the MRPF will increase linearly. 
From Fig. 4(a) and (b), for the high viscosity of the MRPF, the cavitation 
effect induced by ultrasonic waves in the MRPF is inapparent, and the 
micro-jet near solid particles can not arise. Even if the settlement of the 
MRPF does not become visible, the rheology is becoming weaker under 
the magnetic field, so it is not suitable for the preparation of the MRPF. 

3.5. Dispersion stability of the MRPF 

For further highlight the ultrasonic cavitation effect of the MRPF, the 
microscopic morphology of the MRPF was tested by the trinocular bio
microscope. The measurement time is 24 h after the MRPF has been left 
to stand. The purpose of this is to allow the trace gas in the MRPF to 
evaporate completely so that the suspension can be considered to pre
serve the liquid and solid phases only. For comparison, the same scale 
was chosen for all microscopic images in the study. The magnification of 
each image is 40x. Fig. 7 shows the microstructure of the MRPF for 
various volume fractions of CIP under ultrasonic dispersion. As is shown 
in Fig. 7, it is found that various solid particles have been uniformly 
dispersed in the base solution after the MRPF is prepared. However, with 
the variation of the volume fraction of CIP, the particle distribution is 
also uneven. The probability of particle agglomeration increases with 
the increment of volume fraction of CIP, which tends to lead to insta
bility of the MRPF. 

Fig. 8 presents gray images to the micrograph of the MRPF for 
various volume fractions of CIP under ultrasonic dispersion. The black 
pixel points describe the particle phase, and the white zone is the liquid 
phase. The grayscale threshold is used to control the black and white 
ratio. For each grayscale map, the grayscale threshold keeps the same. 
The grayscale threshold is set at 0.5, which is a middle value. Afterward, 
the dispersion ratio of the MRPF is calculated and examined. 

For comparison with ultrasonic dispersion, the microstructure and 
their gray images under mechanical dispersion are given in Figs. 9 and 
10. It can be seen that under mechanical dispersion, the solid particles in 
the MRPF are easy together and form agglomerates. As the volume 
fractions of CIP increase, the probability of forming agglomerates by 
mechanical dispersion becomes higher and higher. 

Fig. 11 depicts the dispersion ratio of the MRPF versus volume 
fractions of CIP. As can be observed in Fig. 11, the higher volume 
fraction of CIP yields a higher dispersion ratio. The dispersion ratio 
under ultrasonic dispersion is less than that under mechanical disper
sion. Under the same conditions, ultrasonic dispersion get a better 

Table 2 
Various volume fractions of CIP in the MRPF.  

Composition 1%CIP 5%CIP 10%CIP 15%CIP 25%CIP 30%CIP 

Deionized water  94.17%  88.91%  82.37% 75.76%  62.65% 56.04% 
Propanetriol  1.34%  1.26%  1.17% 1.08%  0.89% 0.8% 
GSC  0.33%  1.67%  3.3% 5%  8.3% 10% 
Carboxymethyl cellulose sodium  0.48%  0.48%  0.48% 0.48%  0.48% 0.48% 
Sodium hexametaphosphate  0.80%  0.80%  0.80% 0.80%  0.80% 0.80% 
Sodium nitrite  0.18%  0.18%  0.18% 0.18%  0.18% 0.18% 
Anhydrous sodium carbonate  0.14%  0.14%  0.14% 0.14%  0.14% 0.14% 
Nano-silica  1.56%  1.56%  1.56% 1.56%  1.56% 1.56%  

Table 3 
Experimental conditions.  

Parameters Values 

Ultrasonic power 500 W 
Ultrasonic frequency 20 kHz 
Ultrasonic time 30 s 
Mechanical stirring speed 200r/min 
Mechanical stirring time 3 h  

Fig. 6. The comparison of the sedimentation rates of the MRPF prepared under 
ultrasonic and mechanical dispersion. 
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Fig. 7. Microstructure of the MRPF for various volume fractions of CIP under ultrasonic dispersion. (a)1%; (b)5%; (c)10%; (d)15%; (e)25%; (f)30%.  

Fig. 8. Gray images to the microstructure of the MRPF for various volume fractions of CIP under ultrasonic dispersion. (a)1%; (b)5%; (c)10%; (d)15%; (e)25%; 
(f)30%. 

Fig. 9. Microstructure of the MRPF for various volume fractions of CIP under mechanical dispersion. (a)1%; (b)5%; (c)10%; (d)15%; (e)25%; (f)30%.  
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dispersion effect for the MRPF. From Fig. 2(a) and Fig. 3(a), ultrasound 
wave can produce the cavitation bubble in the MRPF containing solid 
particles with various volume fractions. When cavitation bubbles 
collapse near solid particles they also produce micro-jets to impact and 
disperse the MRPF, as shown in Fig. 2(c) and Fig. 3(c). However, it also 
indicates that the dense solid particles are less likely to be dispersed 
under ultrasonic and mechanical dispersion. For ultrasonic dispersion, 
the higher volume fraction of CIP will inhibit the bubble growth and 
reduces the micro-jet velocity, as described in Fig. 3(a) and (c). Further, 
it increases the viscosity of the MRPF and then significantly weakens the 
cavitation effect of the MRPF, as shown in Fig. 4(a) and (b). Nonetheless, 
the relatively weak micro-jets are still able to produce dispersion of solid 
particles. This is even worse for mechanical dispersion. In the process of 
mechanical dispersion, there are almost no active cavitation bubbles and 
micro-jets generated near the solid particles, resulting in solid particles 
coalescing more readily, which fits the previous simulation results very 
well. 

Based on the theory of Derjaguin-Landau-Verwey-Overbeek, during 

ultrasonic dispersion, the dispersing or aggregation of particles were 
determined by the energy relations [40–41], as follow 

Ea = Eu +Ec +Es (11) 

where, Ea is the energy holding particles together, which is caused by 
Van der Waals’force. The other three energy acting on solid particles is 
used to destroy aggregates: Eu is the energy of ultrasonic wave propa
gation, Ec is the energy of collision between aggregates, and Es is the 
energy of fluid shearing the particle aggregates. 

When the energy of destroying aggregates is greater than the energy 
holding particles together, the aggregated particles can be dispersed. 
Thus, the energy of destroying aggregates needs to be as large as possible 
for the uniform dispersion of the MRPF. 

In Eq. (11), Ec and Es are associated with particle size, liquid prop
erties and the flow rate of the liquid caused by agitation. Those factors 
are both considered in ultrasonic and mechanical dispersion. 

However, in the ultrasonic dispersion, if we only consider the ve
locity vm of a solid particle originated from the ultrasonic wave trans
mission in suspension, the kinetic energy can be presented as 

Eu =
1
2
mpv2

m (12) 

where, mp is the mass of a solid particle. 
In the study, the velocity vc caused by the micro-jet from cavitation 

bubble collapse is included, and then the Eq.(12) can be rewritten as 

Eu =
1
2
mp(vm + vc)

2 (13) 

The value of the velocity vm is in order of a few meters per second, but 
that of the velocity vc is in the order of a few hundred meters per second 
[42–43]. The values of vc may be approximated as two orders of 
magnitude higher than that of vm. Thus, micro-jets will produce greater 
energy of destroying aggregates for solid particles, but the phenomenon 
is ignored in preparation of the MRPF process. We hold that the ultra
sonic cavitation induced micro-jets are the microscopic reason that ul
trasonic dispersion is superior to mechanical dispersion. Furthermore, 
the process parameters that can generate micro-jets need to be precise 
control in the MRPF process. 

In summary, the paper explores the ultrasonic cavitation effect in the 
preparation of the MRPF from the bubble motion and the micro-jet of 
view. According to the conservation of energy during the motion of solid 
particles in the MRPF, the kinetic energy of solid particles will be con
verted into potential energy of dispersed motion of solid particles. Thus, 
the presence of the micro-jet is essential for the MRPF dispersion. In a 

Fig. 10. Gray images to the microstructure of the MRPF for various volume fractions of CIP under mechanical dispersion. (a)1%; (b)5%; (c)10%; (d)15%; (e)25%; 
(f)30%. 

Fig. 11. Dispersion ratio of the MRPF versus volume fractions of CIP.  
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solid–liquid system, micro-jets may cause erosion and pitting on solid 
surface, removal of non-reactive coating, and particle fracture, as 
described in [44]. These factors will continue to be improved in future 
studies. The revised bubble dynamic model can be used to better explain 
the experimental results in the MRPF. There also have been limitations 
in the model at a 30% volume fraction of CIP. However, it does not affect 
the analysis and evaluation of the proposed bubble model for the com
mon preparation of the MRPF. 

4. Conclusion 

Ultrasonic cavitation theory has been successfully introduced to 
reveal the dispersion mechanism of the MRPF. We presented a revised 
cavitation bubble dynamic model by considering the mixture continuity 
equation and Vand viscosity equation of the MRPF. The effects of three 
factors(presence or absence of solid particles, volume fraction of solid 
particles, and viscosity) on the cavitation bubble motion characteristics 
in the MRPF were dealt within detail. The sedimentation ratio and 
dispersion ratio were employed to evaluate the effect of ultrasonic 
cavitation on the MRPF dispersion. The following conclusions can be 
drawn from the study:  

(1) After adding solid particles into the MRPF, the original cavitation 
effect of the suspension will be significantly weakened. The high 
volume fraction of CIP will significantly weaken the cavitation 
effect of the MRPF, and a lower volume fraction of GSC has little 
effect in the cavitation effect of the MRPF. The viscosity of the 
MRPF plays an inhibiting role on the cavitation effect of the 
MRPF. When the viscosity of the MRPF is greater than or equal to 
0.1 Pa⋅s, it is difficult for the MRPF to produce micro-jets.  

(2) The sedimentation rate of the MRPF prepared by ultrasonic 
dispersion is lower than mechanical dispersion when the volume 
fraction of CIP is between 1% and 25%. The dispersion ratio 
under ultrasonic dispersion is lower than that under mechanical 
dispersion. The experimental results can be interpreted in terms 
of cavitation bubble dynamics and the micro-jets they generate. 

The model described in the paper shows good applicability in the 
volume fraction of CIP at 1%-25% and can be used for the theoretical 
analysis of cavitation effect in suspension such as magnetorheological 
polishing fluids, magnetorheological fluid and magnetic liquid. 
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