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Abstract—Mlicro-/nanobubble pump needs a high fluid pressure to generate the extra fine bubbles. The
most effective method to increase the pressure is to increase the ratio of the number of vane impeller to
pump volume. However, it can reduce the dimension of the vane which can degrade the integrity of the
structural vanes due to loading. In this paper, the fluid-structure coupled simulation was used to evaluate
the structural integrity of the impellerwith three loading conditions. The loads were acentrifugal force,
hydraulic pressure, and the combination loads.The hydraulic pressure was imported from the flow
calculation using gas-liquid two-phase flow simulation and the centrifugal force was applied to model due
to a high rotational speed of the impeller.Based on the simulation results, the maximum stress due to the
combination of centrifugal force and hydraulic pressure was8.205 MPaand it was secure with enough
strength because it was less than the allowable design stress of 280 MPa. Furthermore, the maximum
axial and radial deformation of the impeller were 0.0001 mm and 0.0027 mm respectively.However, they
didn’taffect thenormal working of themicro-/nanobubble pump and the stiffness of impeller also met the
requirements. The evaluation method and simulation results from this work can be used as a basic model
for the further analysis and improvement of themicro-/nanobubble pump impeller.

Keyword- micro-/nanobubble, computational fluid dynamics, fluid-structure interaction, centrifugal force,
hydraulic pressure.

I. INTRODUCTION

Microbubbles (MBs) and nanobubbles (NBs) are tiny bubbles with a respective diameter of 10-50 pm and
<200 nm [1]. In recent years, MBs and NBs generation technologies have been the subject of intensive research
due to their wide applications in various field and industriessuch as: mineral processing [2], plastic recycling [3],
oil-in-water emulsion separation [4], cleaning of hydrophobic material [5], nanomedicines [6], improving engine
performances [7], acration of gas reservoir drilling operation [8], polishing slurry [9] and so on. Gas-liquid
mixing pump is one type of microbubble generator that was designed based on hydrodynamic principles, which
is very efficient for mixing gas and liquid directly and dissolve them. In general, this type of microbubble
generator uses regenerative turbine pump. The regenerative pump is one type of turbomachine that has very
simple and inexpensive construction. It achieves lower mass fluxes but higher-pressure differences than other
pumps at the same circumferential velocity [10]. The conventional regenerative pump has a construction in
which the fluid enters a set of radial impeller teeth which guides the fluid from the inlet to the outlet, both
separated by a 300° annulus chamber producing a toroidal motion also known as regenerative flow [11]. For
gas-liquid mixing pump application, a regenerative pump is designed to have two suction for gas and liquid
which is mixed within the impeller at high pressures and high rotation to produce MBs and NBs.

The most effective method to increase the pressure on theregenerative pump is to increase the ratio of the
number of vane impeller to pump volume [12], however, it can reduce the dimension of the vane which can
degrade the integrity of the structure due to loading. The fundamental force of the mixing pump is which driven
by theelectrical motor is the fluid mechanical pressure loading on the impeller vanes. The thinner vanes can
result in larger deflections due to the lower stiffness of the thinner structure. These deflections change the
hydraulic shape of the impeller vane and thus the performance of the pump [13]. In addition, if it exceeds the
proportional limit of the material, it will cause a plastic deformation or a permanent damage to the vane
component. In order to improve theperformance of mixing pump and to minimize the cost of manufacturing, the
mechanical design then becomes challenging to analyze the effects of higher stress levels to the structural
integrity of the impeller vanes.

With the rapid development of the computing technology, some numerical simulations were recently
performed on multiphase flow problem based on computational fluid dynamic (CFD) simulation for multiphase
pump applications. Wang et. al. [14] presented CFD simulation of themultiphase pump to transport gas-liquid
two-phase mixtures for improving safety and reliability in thepetroleum industry. Huang et al. [15] also
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presented CFD simulation of gas-liquid two-phase flow in theself-priming process of acentrifugal pump. For
assessing the integrity of the solid structure due to fluid pressure loading, the simulation of fluid-structure
interaction (FSI) can be performed as many published literatures exist for many application, i.e. pipeline [16],
wind turbine vanes [17], pressurized water reactors [18], pressurized tank car [19]and so on. In this paper,
thefluid-structure simulation was employed using CFD multiphase flow and structural simulation to study the
integrity of liquid-gas mixing pump impeller as a reference in the design process.

Il. MATERIALS AND METHODS

The micro-/nanobubble pump has two suctions or inlet fluids, i.e. gas and liquid which is mixed with the
impeller component. Pressure on each impeller vane will continue to increase in line with every level of vane
rotation. Pumping works are generated by kinetic energy, centrifugal force, and tangential force.The
combination of the three will generatea vortex flow pattern or fluid strands that impact on regenerative effects or
impulses that recur the fluid particles at every level of vanesand volute pump channels [10].Gas fine bubbles
would be obtained at the outlet of the impellerdue to the super-saturated condition between gas and fluid.The
design parameter of the micro-/nanobubble pump was amass flow of 3 m’/h, head of 20 m, rotation speed of
3000 r/min, and power of 1.2kW.

A. Mathematical model for Fluid-Structure Interaction

According to Liu et al. [20], the conservation equations of fluid flow consist of mass conservation,
momentum conservation, and energy conservation. However, a centrifuge fluid flow that is generated in gas-
liquid mixing pump does not consider the energy transfer. Therefore, it can be represented by mass and energy
conservation equation as follow:

Mass conservation equation:

ap

a—tf+v-(pfu)=0 (1)
Momentum conservation equation:

apru

AV (o —1) = f @

where t is the time, j} is the volume force vector, py is the fluid density, v is the fluid speed vector, 77 is the
tensor of shearing force which is expressed as:

7= (—p+uv-v)l +2ue 3)
where p is the fluid pressure, u is the dynamic viscosity, e is the tensor of speed stress, e = 1/2 (Vv + VvT).

Based on the Newton's second law, the conservation equation of structure can be stated as follow:

psds =V - o+ fs 4)
where p; is the structural density, o, is the Cauchy's stress tensor, f; is the volume force vector, dg is the
structural local acceleration vector.

In this case, the fluid-structure coupled simulation is not considered the thermal effect. Therefore, the liquid
displacement (df) and structure displacement (ds) are equal. Furthermore, the conservation of liquid stress (t)
and structure stress (tf) should be satisfied.

Tr- nf =Tg "Ny
where ng, ng are the normal direction of ¢, 7.

B. Computational domains and meshing

3D model of thecomputational domain of gas-liquid mixing pump was built using ANSYS Design Modeler,
as shown in Fig. 1 (a). The geometry of flow fieldconsisted of solid and fluid domains which were imported into
the ANSYS CFX software to generate meshes as shown in Fig. 1 (b). The 3D tetrahedral element was used to
mesh the geometry of flow field both for the solid and fluid domain.Hence, there were totally 1,468,659 cells
and 429,568 nodes.The geometry of structure field used the same geometry with the flow field but meshing was
carried on ANSYS Static Structural. By using 3D tetrahedral elements, the meshing of structure fieldgenerates
totally 5,234 cells and 11,056 nodes, as shown in Fig. 2.
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Fig. 1. (a) 3D computational domain, and (b) mesh generation of computational domain.

(b)

Fig. 2. (a) Structure geometry, and (b) mesh generation of structure geometry

C. Boundary conditions

1) Fluid flow boundary condition: The generation procedures of micro-/nanobubbleswereperformed by
running the pump first without air to achieve a negative pressure at the inlet pump between -100 to -200 mmHg.
After reaching this condition, the air would be sucked into the pump impeller by self-suction which the initial air
pressure in 1 atm.The pressure at the outlet pump outlet was set at 3 atm in accordance with the design head of
20 m. Therefore, in order to avoid complexity and time-consuming in simulation, fluid flow simulation was
directly performed in stable operating conditions that would be obtained the load as an input in fluid-
structurecoupled simulation. The fluid flow calculation was based on the gas-liquid two-phase simulation which
air and water were set as the working fluid. Water and air at 25 C were set as the continuous fluids. The
pumping process was assumed as the isothermal without phase change. The two-phase flow and the standard k—
e turbulence model were selected in the governing equations. The discrete scheme of the two-phase flow, the
turbulence kinetic energy, and the turbulent dissipation rate was set to the second order upwind scheme.

2) Boundary conditions of structure field:

According to Liu et al. [20], there are several loading may occur in thehydro-rotating machine,i.e.the
centrifugal force generated by high-speed rotation, Coriolis force, and hydraulic pressure. The centrifugal force
applied in the form of angular velocity. The angular velocity is a function of rotational speed of 314 rad/s. In
this paper, the rotating speed of the impeller is 3000 r/min. In therotary motion, the Coriolis force may arise.
However, it is usuallyneglected in engineering problems, because of its weak influence and relatively complex
mathematical operation[20]. The hydraulic pressure was imported from the two-phase flow calculation to the
structure domain.Therefore, there were two major loads applied on the impeller, i.e. the centrifugal force due to
the rotating velocity of theimpeller and the hydraulic pressure whichwas obtained by the two-phase flow
calculation.

111.RESULTS AND DISCUSSIONS

In order to evaluate the structural integrity of micro-/nanobubble pump impeller due to centrifugal force and
hydraulic pressure, the model was simulated at three loading conditions to get the stress and deformation of
theimpeller.The loads were acentrifugal force, hydraulic pressure, and the combination loads.The centrifugal
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force due to the angular velocity of theimpeller was applied to the model. The hydraulic pressure was imported
from the flow calculation, as shown in Fig. 3. Based on Fig. 3, the maximum hydraulic pressure applied on the
fluid-structure interface was equal to 0.2681 MPa, which was located on the impeller closest to the pump outlet.
Therefore, the results that are shown on the fluid flow calculation run normally.The pressure at every level of
the impeller vane would continue to increase and the maximum pressure was located near the area of pump
outlet. It was appropriate tothe characteristics of the regenerative pump.

060212
0.030513
0.00081393 Min

Fig. 3. The imported pressure from the fluid flows calculation.

Based on the static structural analysis, the equivalent stressesof each load are shown inFig. 4. The maximum
equivalent stressunder the action of centrifugal force was 0.175MPa which occurred at the hole of disassembly
facility. The maximum equivalent stress under the action of hydraulic pressure was 8.195 MPa which occurred
at the impeller vanes closed to the outlet pump. The maximum equivalent stressunder the action of combination
loads was 8.205 MPa. The material of impeller was made from Al-alloy with the allowable design stress of 280
MPa.Therefore, the maximum stress of micro-/nanobubble pump impeller was less than the allowable design
stress, and it was secure with enough strength.
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Fig. 4 The equivalent stress distribution under: (a) centrifugal force, (b) hydraulic pressure, and (c) combination loads.
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The deformation of each load is shown in Fig. 5. The maximum deformation under the action of centrifugal
force was 2.754e-5 mm. The maximum deformation under the action of hydraulic pressure was 0.005 mm. The
maximum deformation under the combination loads was 0.005 mm. The all three maximum deformations
occurred at the impeller vanes which closed to the pump outlet.In this study, the results were appropriate with
the characteristic of regenerative pumps in Ref. [10] and [11]. The maximum deformation under the centrifugal
force was not very significantbecause the deflection effects of the pump shaft were neglected. The deformation
under the combination loads did not vary much with the deformation under the hydraulic pressure and the
results were not significant. Therefore,the total deformation was certainly not altered the hydraulic shape of the
impeller vanes and the performance of the pump.
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Fig. 5. Deformation distribution under: (a) centrifugal force, (b) hydraulic pressure, and (c) combination loads.

The axial and radial of total deformation needs to be analyzed to show the extent of deformation can affect the
change of the gap between the impeller and volute pump.The axial and radial of total deformation can be seen
inFig. 6. The maximum of axial deformation due to combination loads was 0.0001 mm which was located to be
around the connection between the impeller and main shaft. It was much less than 1.0 mm which is the smallest
axial gap between the impeller and the volute pump. Furthermore, the maximum of radial deformation due to
combination loads was 0.0027 mm located in the impeller near the pump outlet. It was much less than 1.5 mm
which is the smallest radial gap between the impeller and volute pump. Therefore, the maximum axial and radial
deformation of the impeller was so minimal that cannot have an effect on thenormal working of themicro-
/nanobubble pump and the stiftness of impeller also met the requirements.
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Fig. 6. The axial and radial deformation under the combination loads.

IV.CONCLUSION

The structural integrity of the micro-/nanobubble pump impeller was analyzed using ANSYS platform based
on the fluid-structure coupling simulation. The following conclusion can be drawn based on the simulation
results:

e The maximum stress due to centrifugal force was 0.175 MPa and the maximum stress due to hydraulic
pressure was 8.195 MPa. It showed that the centrifugal force due to rotational speed had aless significant
effect than the hydraulic pressure on the structural strength of the impeller.

e The maximum stress due to combination loads was secure with enough strength because it was less than the
allowable design stress. The maximum stress occurred at the impeller vanes close to the pump outlet, which
indicates that the simulation results were appropriate with the characteristics of the regenerative pump in the
previous reference.

e The maximum total deformation due to combination loads was 0.005 mm, which 0.0001 mm for axial
deformation and 0.0027 mm for radial deformation. It was much less than 1.0 mm and 1.5 mm which is the
smallest gap between the impeller and the volute pump for the axial and radial gap respectively.

e The maximum axial and radial deformation of the impeller were so minimal that it cannot have an effect on
thenormal working of themicro-/nanobubble pump and the stiffness of impeller also met the requirements.

e The evaluation method and simulation results from this work can be used as a basic modelfor the further
analysis and improvement of themicro-/nanobubble pump impeller.
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