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In this study, the anti-cavitation performance and cavitation flow characteristics in a
hydrodynamic levitated micropump were investigated based on numerical simulation
and experiment. The cavitation characteristic curves and the development process of
cavitation in the levitated micropump was firstly analyzed. Special emphasis was put on
the effects of eccentricity on the anti-cavitation performance. The results show that as the
eccentricity increases, the critical cavitation number gradually decreases, indicating that
the eccentric rotation is beneficial to improve the anti-cavitation ability of the levitated
micropump. The coupling effects between the radial force on the impeller and cavitation
were also numerically studied. With the decrease of cavitation number, the radial force
on the impeller gradually declines at first, then has a sudden increase and finally reduces
with fluctuation. The drop of the radial force will lead to the decrease of eccentricity,
resulting in the deterioration of cavitation further. In addition, the unsteady pressure
pulsation was analyzed. The predominant frequencies of pressure pulsation are the blade
passing frequency (BPF) and the harmonic frequency of BPF under both noncavitation
and critical cavitation. Under critical cavitation, the amplitude of BPF has a drop, while
the amplitude of low frequency less than BPF becomes larger.

Keywords: Hydrodynamic levitated micropump; cavitation; eccentricity; radial force;
pressure pulsation.

1. Introduction

As the power source of microfluidic systems, micropumps are widely used in chem-
ical analysis, biological and chemical sensing, drug delivery, electronic cooling and
aerospace [Mohith et al., |2019; Nguyen et al., |2002; Woias, 2005; [Hatami et al.,
2020]. Among all kinds of micropumps [Laser and Santiagol [2004], the mechani-
cally centrifugal pump is a promising choice for microfluidic systems because of
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its mature manufacturing techniques. When the centrifugal pump is miniaturized,
rotating speed needs to be increased to obtain higher power density. However, the
traditional centrifugal micropump suffers from the contact bearing wear failure due
to mechanical friction between the moving parts. And higher rotating speed even
deteriorates the bearing wear, causing great declines in reliability and lifetime. To
avoid the problem completely, we proposed a hydrodynamic levitated centrifugal
micropump in our previous works |[Luo et al.|[2016b} [2017alblc]. Relying on the sus-
pension forces provided by the radial journal bearing and the axial thrust bearings,
the rotor can be stably suspended in the surrounding fluid without any contact with
other components, thus, acquiring long life and high reliability.

However, the levitated micropump was found to be faced with cavitation prob-
lems in practical applications, which is inevitable in centrifugal pumps [Cao et al.,
2022; [Luo et al., [2016a]. Cavitation refers to the formation of vapor cavities when
the local static pressure falls below the vaporization pressure of the liquid and the
collapse of vapor cavities during the flow. Consequently, the occurrence of cavitation
is strongly correlated to the local pressure drop and the rising vaporization pres-
sure. |[Lu et alf[2016] found that vapor bubbles initially occurred near the leading
edge of the blade suction side, where low-pressure zone was established under the
effect of centrifugation, and then gradually propagated to downstream passages in a
centrifugal pump by numerical calculations. [Li et al. [2021] experimentally studied
the influence of temperature on the cavitation behaviors of an engine cooling water
pump. The results show that cavitation happens more easily at higher temperature,
which corresponds to the higher vaporization pressure.

In centrifugal pumps, the interaction between the rotating impeller and the static
volute will cause pressure pulsation. Furthermore, the generation and collapse of
vapor bubbles caused by cavitation also leads to unsteady pressure pulsation and
force fluctuation. For example, |Li et al.| [2017] conducted numerical studies on the
unsteady cavitation flow in a high-speed micro centrifugal pump and concluded
that the amplitudes of pressure fluctuations on the blade pressure surface were
bigger at cavitation conditions, but on the suction surface, the situation was on the
contrary. Dong et al.| [2019] numerically investigated the variation of radial force of
centrifugal pumps under different cavitation stages. The results demonstrate that
with the development of cavitation, the radial force on the impeller tends to remain
invariable first and then decrease, and the trail of the radial force changes from
closed to open. It can be observed that cavitation can give rise to pressure pulsation,
radial force fluctuation, consequent noise and vibration [Gangipamula et al., [2022}
Lu et al., 2022} |Zhang et al.,[2015] 2018]. Particularly for the levitated micropump,
radial force fluctuation caused by cavitation may lead to the deviation of the rotor
from equilibrium position, thus, changing the structure of the levitated micropump.
And the change of structure can influence the anti-cavitation performance of pumps,
which has attracted extensive attention from researchers. Luo et al.| [2008] analyzed
the internal flow field of a miniature pump by numerical simulation, suggesting
that the anti-cavitation performance of miniature pumps would decline as the axial
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tip clearance increased. [Hao and Tan [2018] investigated the cavitating flows of a
mixed-flow pump as turbine (PAT) at pump mode, and revealed that in comparison
with the symmetrical tip clearance, the asymmetrical tip clearance made the PAT
cavitation performance worse.

In the levitated micropump, the impeller rotates eccentrically in the volute and
the change of eccentricity will result in the change of the structure, thus, influencing
the anti-cavitation performance. The development of cavitation will cause radial
force fluctuation, which can change the eccentricity further. Therefore, to explore
the complex coupling relationship between cavitation and eccentric rotation, further
investigation on the cavitation flow in the levitated micropump is urgently needed.

In this paper, the development of cavitation flow in the levitated micropump
has been investigated based on numerical simulation and experiments have been

conducted to explore the cavitation external characteristics. The results of simu-
lation agreed well with the experiments. By steady calculations, we analyzed the
effects of different eccentricities on the anti-cavitation performance. Then the cou-
pling effects between radial force on the impeller and cavitation were also studied.
Finally, unsteady calculations were carried out to capture the pressure pulsation
under different cavitation stages. The research results provide an instruction for
optimizing the anti-cavitation performance and operating stability of the levitated
micropump.

2. Mathematical Methods
2.1. Geometrical model and parameters

As shown in Fig. a), the levitated micropump is comprised of a volute, an open
impeller and a motor. The motor is comprised of the journal bearing, the thrust
bearing, the rotor and the stator. Fluid flows into the volute from the inlet and gets
energy from the rotating impeller, which enables the fluid to obtain high pressure
and high velocity. Finally, the fluid flows away from the outlet. In order to make

Inlet Outlet
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Impeller
Rotor
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Bearing
Thrust

Bearing
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Fig. 1. (a) Structural schematic diagram and (b) Photograph of the levitated micropump.
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the hydrodynamic bearings work, a portion of the fluid is introduced into the motor
to fill the gap between the rotor and the stator through the motor inlets and flows
back to the volute through the central motor outlet.

Figure b) shows the photograph of the levitated micropump. The size of the
levitated micropump is only 34 mm X 34 mm x 42.8 mm, which is small enough even
compared to a coin, and the main design parameters of the levitated micropump
are shown in Table[dl

2.2. Computational domain and mesh

Figure a) presents the computational model used in this study, which only consists
of the volute and the impeller for simplifying the problem. Note that compared with
the complete structure in Fig. a), the computational model neglects the leak loss
from the volute to the motor. Accordingly, numerical results should be modified by
volumetric efficiency. To avoid the effect of backflow, the inlet section and the outlet
section are extended.

Table 1. Main parameters of the levitated micropump.

Parameters Value Parameters Value
Rotational speed ng (r/min) 20,000 Impeller inlet diameter D; (mm) 4
Flow rate Qg4 (m3/h) 0.156  Impeller outlet diameter D2 (mm) 14
Head Hy (m) 10 Blade outlet width by (mm) 1
Specific speed ns 85.5 Blade outlet angle B2 (deg) 90
Number of blades Z 8 Inlet diameter of pump D3 (mm) 4.2
Volute inlet diameter Dy (mm) 15 Outlet diameter of pump Dy (mm) 4.2
Outlet Inlet (a) (b)

Volute Flow Pass
Impeller

12.37

0 100 200 300 400 5_%0 600 700
Grid Elements nx10

Fig. 2. (a) Computational model. (b) Grids of the impeller and volute. (c) Grid independence
analysis.
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Unstructured tetrahedral meshes were used in the entire flow domains, because
of their good adaptability for complicated geometries. And finer meshes were
adopted near the blade surfaces and the volute tongue to capture flow details and
improve the calculation accuracy. Figure b) shows the grids and the details of the
impeller and the volute tongue, and the value of y+ is less than 60 on the impeller
surfaces.

Five sets of different grids were used for grid independence study of steady
calculation at noncavitation conditions. The results of grid independence analysis
are presented in Fig. (c)7 and it can be seen that the fluctuations of the head and
hydraulic efficiency are both less than 0.4% when grid elements are greater than
3.91 x 10°. Therefore, the mesh with 3.91 x 10° elements is adopted, and when the
structural parameters of the levitated micropump change, the meshing strategy and
refinement conditions are the same.

2.3. Governing equations

In this study, the cavitation flow is regarded as a homogeneous multiphase flow.
Due to the high flow velocity of the fluid in the levitated micropump, the slip
velocity between the liquid phase and the vapor phase can be neglected. In addition,
owing to the ultra-high rotating speed of the levitated micropump, the gravity is
relatively small and can also be ignored. The governing equations of the multiphase
flow, namely, the mass conservation equations for each phase and the momentum
conservation equation for the mixture, can be written as the following forms:

a(’l“apa) a(rapauz) .

ot + 0x; = e (2.1)
Apmus)  O(pmuju;))  OP 0 Ou;  Ou;

o " an, om an \M\aw, T ) @2

where 7, Ui, po, Mq, respectively, represent the volume fraction, Cartesian velocity
components, density, and mass generation rate of phase a. o can be replaced by [
and v, representing the liquid and the vapor, respectively. ¢, x;, and P are time,
spatial coordinates and pressure, respectively. p,, and u,, are the volume-weighted
mixture density and viscosity, which can be written as follows:

Pm = TvpPu + (]- - Tv)pla (23)
P = Topty + (1 —74) - (2.4)

The mass sources have been assumed to arise from interphase mass transfer, and
the phases must fill up all the domains. Accordingly, they satisfy the constraints:

1y + 1y = 0, (2.5)

ry+r, = 1. (2.6)
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2.4. Cavitation model

In this paper, the Zwart—Gerber—Belamri (ZGB) cavitation model is adopted [Zwart
et al) 2004], which is deduced from the Rayleigh—Plesset equation and has been
widely used to capture the characteristics of the cavitation. The Rayleigh—Plesset
equation describes the growth of a vapor bubble in the liquid

2 2
2 P,—P
Ry 3(dRB> ® P, o

R hesd - =
5 T o\ Rp o

where Rp is the bubble radius, © is the surface tension coefficient, and P, is the
vapor pressure. By neglecting the second-order terms and the surface tension, the
expression can be simplified as

dR 2P, — P

=B 2 (2.8)

dt 3 Pl

Supposing the mass of a single bubble is m g, the mass change rate of a single bubble
can be calculated by

d%f = pv% (;lﬂR?]g> =47 R%p, %%. (2.9)
If there are Np bubbles per unit volume, the vapor volume fraction can be
expressed as
4
3
Thus, the ZGB model is expressed as follows:

ry = —TRENp. (2.10)

3 nuc 1 —Tv)Pv 2 Pv - P .
Ty = Fap (RB )P 5, HP<P, (2.11)
3rypy [2P — P, .
m; = Feon — , if P>P,, 2.12
! 2y 37 (2.12)

where Fiong and Fi,p, are empirical constants, mn, is the nucleation site volume
fraction. The model parameters are Rg = 107%m, 70 = 5 x 1074, Fiap = 50, and
Feonqa = 0.01.

The vapor pressure P, is usually chosen as a constant according to the test
temperature, whereas P, is also affected by the local turbulence pressure fluctu-
ation. Therefore, taking the effect of the local turbulent pressure fluctuation into
consideration, P, can be modified as

P, = Py + 0.195p,,k, (2.13)

where Pk, is the saturation pressure at the test temperature, and k is the turbulent
kinetic energy [Singhal et al.| [2002].
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Table 2. Fluid properties.

Py (Pa)  pp (kg/m3)  py (kg/m3)  p (Pa-s) o (Pa-s)
31,200 977.78 0.1978 4.039x10~*  1.126 x 105

2.5. Computation scheme

The numerical calculation in this study was conducted based on ANSYS FLUENT.
The total pressure inlet is specified for the inlet boundary, and the outlet boundary
is set up as mass flow outlet. No-slip conditions are applied on the solid walls.
The fluid domain of the impeller is set as a moving coordinate system with the
rotating speed of 20,000 r/min, while the static coordinate system is adopted for
the volute domain. The interfaces are established between the rotational domain
and the stationary domain to transfer data. Considering the heat fluxes from other
components in the microfluidic system, the working fluid is set as water with 70°C,
and the corresponding fluid properties are listed in Table

The realizable k — € turbulence model is selected to account for the transport of
the turbulent shear stress, which can obtain an effective solution for the flow field
with strong rotation and large flow curvature |Shih et al.,|1995]. Unsteady cavitation
calculations are performed based on the results of steady calculations, and the time
step is set to At = 8.3333 x 1076 s, equivalent to the time interval for the impeller
to rotate 1°. After the first six rotation cycles, the calculation results have shown
periodical unsteady fluctuation, indicating that the calculation is convergent.

3. Results and Discussion
3.1. Cavitation characteristics

First, a performance test is conducted in order to obtain the cavitation character-
istic curves of the levitated micropump and verify the accuracy of the numerical
results. Figure [3|(a) shows the test bench system. The water temperature could be
adjusted by the water bath kettle (HH-1-3L type) with a deviation of + 0.5°C.
The inlet total pressure of the levitated micropump is controlled by the inlet valve.
Simultaneously, flow rate is kept constant by the outlet valve and measured by the
turbine flowmeter (YF-S401 type) with an error of £2%. Both the inlet pressure
and the outlet pressure are obtained by the pressure transmitters (SUP-Y810 type)
with the full scale accuracy of 0.5%. The ranges of the pressure transmitters are
—0.1-0.1 MPa at the inlet and 0-250 kPa at the outlet of the levitated micropump.

As mentioned above, compared with the complete structure of the levitated
micropump, the computational model neglects the leak loss from the volute to the
motor. Therefore, the head needs to be corrected by the volumetric efficiency 1,.
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Fig. 3. (a) Test bench system. (b) Head coefficient with cavitation number.

7, can be calculated by

_ pgQH
pr9QH + p1gq(Ppi — Prmo)’

where g is the acceleration of gravity, @) and H represent the flow rate and the head

e (3.1)

of the levitated micropump, respectively, ¢ is the leakage rate from the volute to
the motor, P,,; and P,,, represent the pressure of the motor inlet and the motor
outlet, respectively. By calculating the simulation model of the whole micropump,
we obtained the value of 7,, which is equal to 79.8%.

The inlet pressure and the pressure head of the levitated micropump can be
transformed into dimensionless forms by the following formulas:

_ Ptin — I sat

= = 3.2
7 0.5pu (8:2)
2gH
Y =—5, (3.3)
u3

where P, is the inlet total pressure, and us is the tangential velocity at the blade
outlet. Figure b) shows the comparison between the experimental results and the
numerical results of the cavitation characteristic curves at ()4. It can be observed
that the head coefficient ¢ generally shows a downward trend with the decrease of
the cavitation number o. Under high cavitation number, the head coefficient almost
remains constant but has a sharp decline when the cavitation number is decreased
to a critical value. The trend of the head coefficient obtained by numerical simu-
lation is highly consistent with experimental results. Furthermore, the numerically
predicted head coefficient modified by the volumetric efficiency has a high degree
of accuracy compared with the experimental results. The max error is within 2%
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under noncavitation stage. Note that the modified head coefficient is still higher
than the experimental results, which can be attributed to the flow resistance in
actual pipelines and the wall roughness, etc.

The critical cavitation number o, is a valuable cavitation number to evaluate
the anti-cavitation performance, which corresponds to the 3% drop in head coeffi-
cient [Cao et al., 2022} [Li et all 2017, [Lu et al] [2016]. As seen in Fig. [3(b), the
critical cavitation numbers o, for the experimental results and numerical results
are about 0.0973 and 0.0955, respectively. The error between the experiment and
the simulation is only 1.8%. These results show that the numerical methods in this
study have good accuracy.

3.2. Analysis of the development process of cavitation

Figure a) shows the development of cavitation in the impeller under different
cavitation numbers at )4, which is described by isosurfaces of the 10% vapor volume
fraction. It could be found that vapor bubbles do not exist in the impeller at the
beginning. With the cavitation number falling to 0.1313, vapor bubbles are observed
to occur near the leading edge of the suction side of the blades. When the cavitation
number is further decreased to 0.0952, vapor bubbles gradually extend to the blade
outlet and occupy almost half of the flow passages between the blades, causing the
blockage of flow which leads to the sharp drop of the head coefficient, as shown in
Fig. [B[(b).

Figure @(b) presents the static pressure distribution at the midspan of the
impeller at Q4. The low-pressure area initially appears near the leading edge of

(a)

N
N/

VR I R A O T T - T V)
(b) n;.\ b\?‘ g;\ ¢\,\ ‘b'b‘ 0;\ NG Vv \’:7 \‘7' \‘Q'
[ B | |
Pressure [ x10* Pa]
A\ 7 )
1N\
- d
o=0.2741 o=0.1313 o =0.0952

Fig. 4. (a) Vapor bubbles distribution in the impeller and (b) Static pressure distribution at the
midspan of the impeller at Q4 under different cavitation numbers.
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the suction side of the blades. With the decrease of cavitation number, the low-
pressure area expands to the outlet of the blades, corresponding to the results of
Fig. @(a). Moreover, the distribution of pressure at the midspan of the impeller
is asymmetric due to the interaction between the rotating impeller and the static
volute, leading to the asymmetric distribution of vapor bubbles. The blade facing
the outlet of the pressurized water chamber has the least vapor bubbles, which may
be attributed to the high pressure at the outlet of the pressurized water chamber.

3.3. Effects of eccentricity on the anti-cavitation performance

The radial suspension force is provided by the journal bearing designed accord-
ing to hydrodynamic lubrication theory [Pinkus and Sternlicht, [1961]. Figure [5fa)
shows the structure of the journal bearing, which is comprised of a rotating jour-
nal (rotor) and a sleeve with a small clearance between them filled with fluid. The
rotor rotates eccentrically and forms a wedge clearance with the sleeve. Positive
pressure is generated in zone I and negative pressure is generated in zone II. This
phenomenon provides the bearing capacity to balance the external force and make

(a)

Liquid Film

1.16
(b) 00970 | =
115+ o 9------- @------ ° 0.0965 |-
J) 0.0960 -

114 F i
,, 0.0955 |-

>113F ;’ & 0.0950
- x=00 0.0945 |
L2t -9- x=0.5
‘? -A-- =10 0.0940
\
BT S 0.0935 | \
{o}
0.0930 | -
110 oy . . . . : :
0.05 0.10 0.15 020 0.25 030 035 040 045 0.50 0.0 0.2 0.4 0.6 0.8 1.0
c x

Fig. 5. (a) Schematic diagram of the journal bearing. (b) Head coefficient with cavitation number
under different eccentricities. (c) Critical cavitation number with eccentricity.
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the rotor suspended. In order to further explore the influence of the eccentricity on
the anti-cavitation performance, the results when eccentricity x is 0, 0.5, and 1 are
calculated. The eccentricity x is defined as

e
R—1’

X = (3.4)
where e is the eccentric distance, R and r, respectively, represent the radius of the
sleeve and the rotor.

Figure [5[b) shows the cavitation characteristic curves under different eccentric-
ities. It can be observed that the head coefficient under noncavitation stage almost
remains the same under different eccentricities, as well as the trend of head coeffi-
cient with cavitation number. Figure c) presents the trend of critical cavitation
number with eccentricity. The critical cavitation number is almost linear with the
eccentricity. With the increase of the eccentricity, the critical cavitation number of
the levitated micropump decreases gradually, implying the anti-cavitation ability
gradually increases.

Figure @(a) shows the vapor volume fraction at the midspan of the impeller
under different eccentricities. The vapor volume fraction near the blades (b1-b3)
has a decline with the increase of the eccentricity, while has a rise near the blade (b4).
For other blades, there is no significant change in vapor volume fraction. To observe
the change of vapor volume fraction more clearly, flow variables are displayed on a
cylinder with a radius of 2.5 mm from the center of the impeller. Figure @(b) shows
the vapor volume fraction on the cylinder. The vapor volume fraction near the blade
(bl) has an obvious reduction with the increase of the eccentricity, which can be
explained as the shrink of low-pressure area, as illustrated in Fig. @(c) Moreover,
Table [3| compares the vapor volume fraction in rotational domain under different
eccentricities. It can be observed that the vapor volume fraction in rotational domain
decreases gradually with the increase of eccentricity, and has a reduction of 14.8%
from xy =0 to x = 1.0.

Figure @(d) depicts the velocity fields on vertical section across the centerline of
the impeller under different eccentricities. It can be observed that the velocity of
the fluid above the left blade increases with the eccentricity, while the velocity
of the fluid above the right blade decreases with the eccentricity. Note that due to
the eccentric movement of the impeller, the left blade is exactly the blade on the
side close to the inlet of the volute, while the right blade is further. Consequently,
it can be concluded that the position of the blades leads to the contrary variation
trend of velocity with eccentricity. For the right blades, the velocity near the leading
edge becomes lower and the pressure has a rise, thus, enhancing the anti-cavitation
ability. But the situation is reversed on the left blades. It can be implied that
the enhanced anti-cavitation effect overall outweighs the weakened anti-cavitation
effect, and thus, the eccentric rotation finally improves the anti-cavitation ability of
the levitated micropump.
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Fig. 6. (a) Vapor volume fraction at the midspan of the impeller under different eccentricities.
Flow variables on the cylindrical slice with a radius of 2.5 mm from the center of the impeller
under different eccentricities: (b) Vapor volume fraction and (c) Static pressure. (d) Velocity on
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the vertical section across the centerline of the impeller under different eccentricities.

3.4. Coupling effects between radial force on the impeller
and cavitation

The impeller is subjected to radial force exerted by the fluid, which results in the
eccentric rotation. However, as the cavitation develops, the magnitude of radial
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Table 3. Vapor volume fraction in rotational
domain under different eccentricities.

X 00 05 1.0
Vapor volume fraction (%) 6.22 570 5.30
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0.068

T

0.066

0.064
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T
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c

Fig. 7. Radial force on the impeller with cavitation number.

force will change. Figure[7]shows the radial force on the impeller with the cavitation
number under xy = 0.5. With the decrease of cavitation number, the radial force
gradually declines at first, then has a sudden increase and finally reduces with
fluctuation. The sudden rise in radial force, which can be attributed to the inception
of cavitation, will lead to an increase in eccentricity. As a result, the rotor may
contact the sleeve and suspension failure may happen. As the cavitation develops
further, the radial force turns to decrease, causing a decline in eccentricity. While
the decrease of eccentricity will further result in the deterioration of cavitation
according to Fig. c). This unique phenomenon in the levitated micropump owes
to the coupling effects between cavitation and radial force.

3.5. Effects of cavitation on pressure pulsation

The interaction between the rotating impeller and the static volute leads to pressure
pulsation in pumps. Additionally, the generation and collapse of vapor bubbles
caused by cavitation also have an impact on pressure pulsation. To investigate
the effects of cavitation on pressure pulsation, unsteady numerical simulations are
carried out and 5 monitoring points are set up as shown in Fig. a). To analyze the
frequency characteristics of pressure pulsation, the fast Fourier transform (FFT) is
used for the static pressure coeflicient, as shown in Fig. b). The static pressure
coeflicient is defined as

P, — P,

= ¢ 3.5
P 0.5pud (3:5)
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Fig. 8. (a) Monitoring points. FFT results of static pressure coefficient at monitoring points: (b)
Noncavitation and (c) Critical cavitation.

where P; and P, are the static pressure at the monitoring point and the average
static pressure at the monitoring point during one rotation period, respectively.
The results show that the predominant frequencies of pressure pulsation are the
blade passing frequency (BPF) and the harmonic frequency of BPF under both
noncavitation and critical cavitation. The amplitude of pressure pulsation at V1
is the highest, which can be explained by the strongest interaction between the
impeller and the volute at the volute tongue. Moreover, the amplitude of BPF
has a drop under critical cavitation, which may be attributed to the decrease of
head coefficient caused by cavitation, except for V5. However, the amplitude of
low frequency less than BPF becomes larger under critical cavitation except for V2,
indicating that the generation and collapse of vapor bubbles can cause low-frequency
pressure pulsation.

4. Conclusions

To reveal the cavitation flow characteristics in the hydrodynamic levitated microp-
ump, numerical and experimental investigations were carried out in this paper.
Considering the unique eccentric rotation of the levitated micropump, the effects of
eccentricity on the anti-cavitation performance were analyzed by numerical simu-
lation. The coupling effects between the radial force on the impeller and cavitation
were also explored. In addition, the unsteady pressure pulsation in the volute was
analyzed with the development of cavitation. The main conclusions are summarized
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as follows:

(1)

(4)

The accuracy of numerical simulation was verified via comparison with the
experimental results. The trend of the head coefficient obtained by numerical
simulation is highly consistent with the experimental results. The critical cavi-
tation numbers o, for the experimental results and numerical results are about
0.0973 and 0.0955, respectively, between which the error is only 1.8%.

With the decrease of cavitation number, vapor bubbles are observed to occur
near the leading edge of the suction side of the blades and gradually extend
to the blade outlet, causing the blockage of flow. The distribution of pressure
at the midspan of the impeller is asymmetric due to the interaction between
the rotating impeller and the static volute, thus, leading to the asymmetric
distribution of vapor bubbles.

The critical cavitation number is approximately linear with the eccentricity. As
the eccentricity increases, the critical cavitation number gradually decreases,
indicating that the eccentric rotation is beneficial to improve the anti-cavitation
ability of the levitated micropump. For the blades on the side away from the inlet
of the volute, the velocity near the leading edge becomes lower and the pressure
has a rise. While for the blades on the side close to the inlet of the volute, the
situation is reversed.

With the decrease of cavitation number, the radial force on the impeller gradu-
ally declines at first, then has a sudden increase and finally reduces down with
fluctuation. The sudden rise in radial force may result in the contact between
the rotor and the sleeve, and may give rise to suspension failure. As the cavi-
tation develops further, the radial force turns to decrease, causing a decline in
eccentricity, which will further result in the deterioration of cavitation.

The predominant frequencies of pressure pulsation are the BPF and the har-
monic frequency of BPF under both noncavitation and critical cavitation.
Owing to the strongest interaction between the impeller and the volute at
the volute tongue, the amplitude of pressure pulsation at V1 is the highest.
Under critical cavitation, the amplitude of BPF has a drop except for V5.
However, the amplitude of low frequency less than BPF becomes larger except
for V2.
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