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The novel centrifugal micro hydrodynamic axial-thrust bearing has been demonstrated to substantially mitigate
the wear in hydrodynamic suspension micropumps. To further elevate the bearing performance, the flow
mechanism is systematically analyzed via numerical simulations and experiments in this work. The effects of
various properties of bearing on the performance are explored and explained. Results indicate that the load

capacity augments with the growth of inlet-suction flow rate and with the reduction of rotational speed.
Meanwhile, it initially decreases and then increases as fluid film thickness expands. Further, the bearing exhibits
proper stiffness and adaptable anti-abrasion when thickness maintains 0.3 mm. This study provides a profound
understanding of centrifugal micro hydrodynamic axial-Thrust bearing, and identifies its optimization measures.

1. Introduction

Centrifugal micropumps are extensively utilized in the electronics
cooling, aerospace, and communication [1-3] domains, with the
bearing constituting a key component. Nevertheless, conventional cen-
trifugal micropumps suffer from the inevitable contact wear in the
traditional shaft bearing, thus resulting in short life and low reliability of
the devices. To mitigate this issue, a hydrodynamic bearing system has
been proposed to enhance the anti-attrition property of micropumps
[4-6]. This system utilizes a pressurized fluid that forms a radial and
axial hydrodynamic thrust bearing between the rotating and stationary
components. It enables omnidirectional support of the rotating compo-
nent while minimizing contact with the stationary component’s surface.
This contributes to near-zero abrasion in the micropump, significantly
improving the device’s performance and durability.

To date, numerous studies have been dedicated to the investigation
of hydrodynamic axial thrust bearings. Initially, pad thrust bearings
garnered significant attention in the realm of industrial research and
application. This led to an in-depth analysis of diverse pad thrust bear-
ings for the design and development of high-performance bearings,
encompassing the investigation of thrust bearings featuring distinct
surface profiles on the pads. Charnes et al. reported a stepped pad thrust
bearing with a higher load capacity than conventional plane inclined
thrust bearings [7], and Naduvinamani et al. studied a series of
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converging wedge-shaped slider bearings and observed a significant
increase in pressure for exponential and hyperbolic sliders [8]. The
number of pads has also been under scrutiny, with Lai et al. comparing
the performance characteristics of rotor-bearing systems with different
thrust pad partitions [9]. Furthermore, the application of various surface
textures on hydrodynamic axial thrust bearings has been widely inves-
tigated due to their ability to enhance load-carrying capacity and reduce
the coefficient of friction [10]. In 1966, Hamilton et al. reported that
micro-textured surfaces could improve load capacity and noted that
cavitation occurs in the voids between neighboring asperities, which
was responsible for the observed load support [11]. Subsequently, the
performance of thrust bearings with variable shapes (such as rectan-
gular, triangular, circular and bionic-shape etc.) and sizes of surface
textures were explored [12-18]. The methods for optimization of
texture shape were also under discovery [19-21].

While the hydrodynamic thrust bearings discussed above have
demonstrated superior performance and have been widely utilized in
various industries, their application in high-speed micropumps is
limited by several factors. Firstly, the manufacturing of surface textures
or various structures required for these bearings is a complex process,
leading to increased costs and assembly time. Additionally, the presence
of micro dimples and grooves in these bearings significantly raises the
likelihood of blockages and corrosion in micropumps. In cases where
these characteristics fail to meet the demands of mass production and
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stable operation of micropumps, Centrifugal Micro Hydrodynamic
Axial-thrust Bearing (CMHAB) was proposed in our previous works
[4-6]. This bearing, which eliminates the complex surface textures and
structures, features a simplistic structure and cost-effective design while
ensuring the smooth operation of the rotor. However, the flow mecha-
nism in micro hydrodynamic axial-thrust bearings is not clear, which
hinders its development and optimization.

In this work, the inherent mechanism and optimization method of
CMHARB is further explored. In place of simulating the flow field in the
entire micropump, a split-off model of CMHAB is developed and sub-
jected to boundary conditions consistent with the working environment
within the micropump. From the calculation results of this model, we
deduce the flow patterns and characteristics, providing clarifications
into the inherent mechanism of CMHAB. Additionally, a measuring rig is
proposed. It is built based on the operation process of CMHAB to
examine the actual operation and measure the load capacity. Mean-
while, we comprehensively investigate the influence and impacting
mechanism of key factors (including inlet-suction flow rate Q, rotational
speed n, and fluid film thickness §) on bearing performance by CFD
simulation and experiments, and identify the optimal value of the pa-
rameters. The outcomes of this study have significant implications for
the design and optimization of micro hydrodynamic axial-thrust bear-
ings and hydrodynamic suspension micropumps.

2. Methods
2.1. Mathematical modeling

2.1.1. Geometry

Fig. laillustrates the structure of the micropump with hydrodynamic
bearing system. In micropumps, the rotor is a dynamic component that
rotates within the sleeve, driven by an external motor, while the sleeve
serves as a stationary component to separate the motor stator from the
liquid. Fig. 1b displays the fluidic channel within the micropump.
During operation, fluid enters through the rotor’s central hole driven by
the pressure difference between the upper and lower domains of the
rotor center. It floods the rotor’s bottom to form a fluid film, and then
flows out through the gap between the rotor and the sleeve. Conse-
quently, the fluid situated between the rotor bottom and sleeve creates
the CMHAB.

To simulate fluid flow and load capacity within the CMHAB, the
lower region of the fluidic channel illustrated in Fig. 1b is isolated and
utilized as the three-dimensional computational domain of the CMHAB.
This domain is modeled based on its geometry and spatial dimensions
(Fig. 2a). It encompasses the inlet fluid flow passage (rotor center hole
region), fluid film region, and outlet fluid flow passage (region between
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the rotor sidewall and sleeve sidewall). Dimension parameters for the
CMHAB are denoted in Fig. 2a-b. Assuming smooth rotor and sleeve
surfaces, the rotor center hole diameter (D) is 1.6 mm, the rotor outer
diameter (D,,) is 12.66 mm, the sleeve inner diameter (Ds) is 12.8 mm,
and the height of the rotor side surface (I) is 6 mm. The eccentric dis-
tance of rotor is uniformly set to 35 ym according to the actual operation
of the micropump and pre-analysis. Three control variables are consid-
ered when studying fluid flow and load capacity in CMHAB: inlet-
suction flow rate (Q), rotor speed (n), and fluid film thickness at the
bottom (5). Table 1 presents a comprehensive dataset concerning basic
bearing geometry, operating parameters, and fluid property values.

2.1.2. Mesh

The computational domain is partitioned using the Gambit struc-
tured mesh method, with Fig. 2¢ displaying the mesh representation of
the fluid fields. To enhance the accuracy of numerical results, conven-
tional grids are generated within the fluid domain, and the grids near the
wall are processed to accurately calculate fluid flow within the boundary
layer. In this study, the grid height of the first layer near the wall is
determined using a specific formula to maintain the wall y + value
within a reasonable range. Table 2 presents their specific values at
various positions.
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A grid independence study has been conducted to determine the
appropriate number of cells for accurate numerical results. For the fluid
field with a fluid film thickness (8) of 1 mm, five distinct element sizes
are selected for this investigation. Table 3 displays the mesh specifica-
tions for the overall computational domain and the axial load capacity
on the rotor. As shown in the table, the coarser mesh yields a higher axial
load capacity compared with the finer mesh. However, the results cor-
responding to different mesh densities exhibit minimal variation. Taking
both calculation cost and accuracy into account, a mesh scheme with
approximately 3.635 million cells is chosen for the fluid field with a fluid
film thickness of 1 mm. A similar approach is employed to determine the

number of mesh cells for fluid fields with alternative fluid film
thicknesses.
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2.1.3. Governing equation and assumptions

In the present study, the flow is considered to be isothermal, and the
minimum pressure of CMHAB far exceeds the vapor pressure of the
water at working temperature. Thus, the cavitation is not considered
[22]. The conservation equations for steady incompressible and
isothermal flow, with zero gravitational and other external body forces,
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Fig. 1. (a) The structure of micropump with hydrodynamic bearing system (b) Fluidic channel in the micropump.
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Fig. 2. (a) Three-dimensional computational fluid domain of CMHAB (b) Top view sketch of CMHAB (c) Computational mesh for the whole domain of CMHAB.

Table 1
CMHAB characteristics and operating conditions.
Parameter Symbol Value
CMHAB geometry parameters
Inner/Outer diameter of rotor Dyi/Dy, 1.6/12.66 mm
Inner diameter of sleeve Dy 12.8 mm
Eccentric distance of rotor e 0.035 mm
Computational domain height 1 (6 +8)mm
Simulation operating conditions
Flow rate Q 15-35 ml/min
Rotational speed n 15,000-25,000 rpm
Film thickness 8 0.1-1.4 mm
Outlet pressure Pn 30 kPa
Experiment operating conditions
Flow rate Q 180-280 ml/min
Rotational speed n 8000-13000 rpm
Film thickness ) 0.5-2 mm
Outlet pressure (rig) P, 101.3 kPa
Lubricant characteristics
Type - Liquid-water
Temperature Ty 25°C
Density p 998.2 kg/m>
Viscosity u 0.001003 kg/(mes)
Load capacity measurement rig parameters
Inlet area/Outlet area Sin/Sout 2.011/2.799 mm?>
Volume of liquid in the gap Vinterval (124.695+56) mm®
are:
Mass conservation equation:
VeV=0 2
Momentum equations:
p(VeV)V=—-Vp+Ve(uVvv) 3

2.1.4. Boundary conditions and fluid properties

The upper surface of the fluid domain of the rotor center hole is
specified as the velocity inlet condition. Meanwhile, the upper surface of
the clearance between the rotor and sleeve is defined as the outlet, the
outlet condition differs according to working conditions. When simu-
lating the working conditions of CMHAB in the sealed micropump, the
outlet condition is set as the Pressure-outlet with pressure of 30kPa, yet
it is set as Outflow while simulating the conditions of CMHAB in the rig.
Considering that the rotor is rotating in the working state, the inner and
outer sidewall, as well as the bottom surface of the rotor are set as
rotational walls with the rotational speed of n. The surfaces of the sleeve,
including the sidewall and the bottom surface, are specified as stationary
walls. During the CFD simulations, the liquid-water is chosen as the only
working medium in the fluid domain, which has a density of 998.2 kg/
m?® and a viscosity of 0.001003 kg/(mes) as its property parameters.

Table 2
The grid height of the first layer.
Position Rotor Sleeve
inner outer bottom inner bottom
wall wall surface wall surface
grid height 6.9 1.5 1.5 5.6 4.3
(um)
Table 3
Grid independence study.
Mesh Number of cells Force
M1(tiny) 6,12,000 3.12244
M2(coarse) 10,15,175 3.1155
M3(medium) 16,64,000 3.11387
M4(fine) 36,35,000 3.1115
Mb5(extra-fine) 55,80,000 3.10891

2.1.5. Turbulence model and numerical method

The cost of direct numerical simulation of turbulent flow limits its
application in the three-dimensional numerical simulation of the
CMHAB. To determine the turbulence model for the numerical simula-
tion, the results of five different turbulence models based on the URANS
method are compared, the Realizable k — ¢ model is finally found as the
best-suited model for the present study, whose turbulent kinetic energy
k and the turbulent kinetic energy dissipation rate € equation [23] are as
follows:

0 7 0 ;) ok
7(pk)+f(pkui):f|:(ﬂ+&)*:|+Gk+Gb—ﬂ€—YM+Sk (4)

ot 0x; 0x; or) 0x;

d d d U\ Oe € €

—(pk 3. i)=—3 —|— Fs e7 3 - T e

dt(p )+6x,»(p€u) o, [(ﬂ+6€) 6xj} +pC F.+C, kcz G, Czpm+5
)

Where Gy represents the generation of turbulence kinetic energy due to
the mean velocity gradients. The constants in the model
Cie, Ca, ok, o are 1.44,1.9, 1.0, 1.2 respectively. And C; can be
described by the following formula

C) = max {0.43, L] 6)

n+35
And the modelling turbulent viscosity is represented as follows:

k2
H=pCi— ™
€

For spatial discretization of the momentum, turbulent kinetic energy,
and turbulent dissipation rate, a second-order upwind scheme is
employed. the pressure-velocity coupling is performed using the SIMPLE
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algorithm. During the calculation, the convergence criterion for all re-
siduals is set to 10~°. Detailed numerical simulation results of the flow in
the CMHAB operating at high speed are presented below.

2.1.6. Bearing performance evaluation index

This paper evaluates the performance of the CMHAB using three
parameters [12,24]: load capacity W, friction torque Ty, friction force
Fy, friction coefficient f. The load capacity, which is the total vertical
force exerted on the rotor, is calculated by integrating the pressure over
the rotor surface:

2 DZ'
W= / , p(r,0)rdrdd (8
0 2

The friction torque exerted to the rotor is calculated by integrating
the torque of shear stress in the circumferential direction over the rotor
surface:

27 "2'
Ty = / [ Tor*drdf ©
o J§

The friction force exerted to the rotor is calculated by integrating the
shear stress over the rotor surface:

21 “2‘
Fr = / ’ Trdrdf 1o
o Jg

The friction coefficient f is the ratio of friction force to load capacity,
which is defined as:

_E
ffW 11

2.2. Experimental method

2.2.1. Measuring principle

The experimental rig is designed and constructed in this study to
measure the load capacity exerting on the bottom of the rotor in the
CMHARB at the situation that CMHAB is exposed to the atmosphere. The
structure and components of the load capacity measurement rig are
displayed in Fig. 3a-b, as the Fig. 3b shows a local enlarged section of the
rig.

The rig is mainly composed of four parts: main structure, rotor
driving part, liquid circuit and fluid film thickness adjustment part. The
rotor drive part contains the power supply and motor, which can be used
to adjust the rotor speed n. The liquid circuit includes a pump, related
pipes and a valve used to regulate the flow rate Q. While the fluid film
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thickness adjustment part is composed of two XYZ axis displacement
platforms and the thickness-limited pin, which aims to limit the thick-
ness of the fluid film 6.

Fig. 3c shows the working principle of the CMHAB load capacity

measuring rig. In this study, the load capacity of the CMHAB (?mm) is
difficult to measure directly for the rotor moving in the sleeve. There-
fore, the following method is used to obtain the load capacity indirectly.

i
As the force imposing on the pressure sensor F pequred Can be
measured directly, the fluid film pressure exerting on the bottom of the

sleeve ?sm-c can be simply calculated by Eq. (12).
Fauic = Fneasired — G steoe a2

In the formula, 6sleeve stands for the gravity of the sleeve.

From the force analysis of the fluid film at the bottom of the rotor, the
fluid is only subject to the pressure of the rotor, the support force of the
sleeve and its own gravity. According to the momentum theorem, the
following equation can be derived.

6warer (1 3)

PN N — —
m( Vip— V our) = Fstalic + Frumr -

In the formula, V', is the liquid inlet speed, V', is the liquid outlet
speed, m(?i,, 77“{) represents the momentum change of the fluid film

N
formed between the bottom of the rotor and the sleeve. G, is the

gravity of the water between rotor sidewall and sleeve. Since i, Vi,
—
V outs ?smn«c, Gyaer are all known quantities presently, the value of the

CMHAB load capacity ?mmr can be finally determined.

2.2.2. Operation instruction

The instruction of load capacity measuring rig is as follows:

Before the official start of the measurement, rig initialization is
required: Firstly, measure the weight of the sleeve and associated con-
necting parts when the rotor is not loaded using the pressure sensor
located at the bottom of the sleeve and record the sensor indication as

F0(|6Slem\ = Fy). Next, place the rotor inside the sleeve and install the
thickness-limited pin.

And subsequent operations help to control the working parameters
(5, n, Q) of the rig: Adjust the Z direction knob of the XYZ axis
displacement platform until the rotor sleeve contacts with the thickness-
limited pin, resulting in a fluid film thickness of 0. Then, slowly twist the
Z direction knob while observing the scale until the desired film thick-
ness of § is achieved. Therefore, the film thickness will achieve the
desired value § when the rotor is suspended due to the limiting effect.
The rotor speed, n, can be adjusted by the power supply, and the flow

Inlet Pipe Vin

(c) Pressure Sensors

Valve
Pump -
! ==
Water Tank L Limit Pin
Pressure
oy Sensors
Power Supply
(a)

Fig. 3. (a) Load capacity measuring rig structure (b) Local enlarged section of the rig (c) Test principle schematic.
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rate, Q, can be controlled by adjusting the valve opening. Once the rig
starts operating steadily, record the pressure sensor indicator as

Fl(\?mmmd = F;). The load capacity on the rotor bottom can be
calculated using the following formula.

pQ Y Y
—(F, - F,) -2=
(Fr=Fo) =55 (60s,~,, t 605,

In this formula, (F; —F,) is the difference between the two measured
values, and the rest part is the value calculated by known experimental
parameters. Among them, Q is the inlet-suction flow rate, p is the density
of the working fluid and Vi represents the volume of liquid between
rotor sidewall and sleeve.

—
F rotor

) - pV[ntervalg (14)

3. Results and discussion
3.1. Modeling validation

The fluid in the micropump is hard to be observed and the load ca-
pacity is hard to be measured by the experiment because the micropump
needs to possess favorable closure in the operating state. Therefore, the
CFD simulation is used to calculate the fluid flow process of CMHAB in
the micropump.

In order to verify the accuracy of the calculation, the present CFD
mathematical model for hydrodynamic analysis in CMHAB is validated
with the comparation between the experiment results and the results
calculated by CFD model in the same conditions. The differences of load
capacity between computational results and the experimental data are
around 0.07-0.24 N. two results also have the same trend, that is, the
load capacity increases with the flow rate at the same speed, which
further proves the accuracy of the simulation. It is found that the devi-
ation is within 10%. Fig. 4 presents the representative results of per-
formance indices, illustrating an excellent agreement in the present CFD
model.

3.2. Flow mechanism and parameters’ influence in CMHAB

In CMHAB, the flow process and characteristics can elaborate the
principle of load capacity, and some primary parameters can signifi-
cantly impact the load capacity. In the actual operation of the CMHAB,
the rotational speed and the inlet-suction flow rate stand out as the most
crucial operating parameters, which directly affect the performance of
CMHAB. Meanwhile, the fluid film thickness of the bearing can be

6
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Fig. 4. Validation study. Comparison of proposed model-based results with the
experimental results in the present work.
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regulated by adjusting the dimensions of specific components within the
micropump. Thus, the fluid film thickness is investigated as an inde-
pendent variable of interest.

To conduct a comprehensive analysis of the CMHAB, we first analyze
the flow process and characteristics, and examine the impacting laws
and underlying mechanisms of these three variables: inlet-suction flow
rate Q, rotational speed n, fluid film thickness 6.

3.2.1. The Analysis of the fluid flow mechanism in CMHAB

To simulate the flow of CMHAB, the bearing operating parameter (n,
Q, 8) is set to (20,000 rpm, 25ml/min, 1 mm) based on the standard
working condition of the micropump. The flow process and fluid char-
acteristics in the CMHAB are depicted in Fig. 5. As the rotor rotates, the
centrifugal action creates a low-pressure area at the center, drawing in
fluid from the upper domain of the rotor center through the inlet. Upon
entering the bottom basin of the rotor, the fluid rotates and flows radi-
ally due to the joint effect of viscous force and centrifugal force, forming
a fluid film. Then, the fluid flows out through the outlet (Fig. 5a).

From the velocity distribution (Fig. 5b), there exists a region in the
middle layer of the fluid film where the velocity distribution in the axial
direction meets the following conditions. It is the core region of the fluid
flow, where the fluid viscosity force is negligible and the fluid can be
treated as a rigid body [25]. As a result, the radial speed of the fluid
increases linearly with the radius (Fig. 5c¢).

Vo _ c
wr (15)
V,—0

From the pressure distribution (Fig. 5d), fluid pressure increases
along the radial direction due to centrifugation, while the axial pressure
remains constant along the axial direction. In the low-pressure area,
fluid is drawn fluid into the bearing since external pressure generates a
pressure drop across this area. In the high-pressure area part, fluid
generates a load capacity to suspend the rotor (Fig. 5¢). These flow
processes and characteristics provide the CMHAB with exceptional
performance and stability.

3.2.2. Effect of the inlet-suction flow rate

To investigate the effect law of the inlet-suction flow rate in micro-
pump, the load capacities under inlet-suction flow rate of 15-35 ml/min
(known by numerical simulation results of micropump) are calculated
for this flow rate range includes the whole working condition of
micropump. As exhibited in Fig. 6a, the load capacity as well as its
growth rate under each speed gradually increases as the inlet flow
grows. Furthermore, under the condition of rotor speed n = 20,000 rpm,
the load capacity increases 0.346 N as the inlet flow increases from
15 ml/min to 35 ml/min, which is 2.47 times of the rotor weight
(0.14 N). In addition, the computed values of friction torque and friction
coefficient at various inlet-suction flow rate are also presented. High
inlet-suction flow rate brings stronger wall shear, leading to the corre-
sponding increase in friction torque. But this effect is less pronounced
compared with the load capacity, resulting in a decrease in friction
coefficient.

Three control groups are set to explore the influences on the flow
characters and the load capacity on the rotor at variable inlet flows,
where takes Q = 20 ml/min, Q = 25 ml/min and Q = 30 ml/min at (n, 5)
= (20,000 rpm, 1 mm) as numerical calculation conditions.

From the pressure distribution (Fig. 7), the trend that pressure varies
with the rotor radius can be expressed by the following equation through
numerical analysis. By comparison with the work of J. kurokawa [26]
et al., an extra constant term K; is found in the calculation formula of the
pressure distribution. According to curve fitting, K, almost remains
unchanged under different Q, yet K; is proportional to Q. Hence, K; is
considered to be brought by the inlet flow.
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However, the velocity distribution (Fig. 7b) reveals that the core
region velocity varies a little with the inlet-suction flow rate, for the
magnitude of inlet velocity is minute relative to the rotation speed.
The augmented fluid flow rate results in high turbulent disturbance
and increased hydrodynamic pressure generation within the bearing
fluid domain [27,28], thus enhancing the load capacity of CMHAB.

3.2.3. Effect of the rotation speed

To investigate the effect law of the rotational speed in micropump,
the load capacities under 15,000-25,000 rpm are calculated for this
speed range includes the whole working condition of micropump. As
exhibited in Fig. 6b, the load capacity under each inlet-suction flow rate
gradually decreases as the rotation speed grows, while its decline rate

raising. Moreover, under the condition of inlet-suction flow rate Q
= 25 ml/min, the load capacity reduces by 0.88 N as the rotation speed
increases from 15,000 rpm to 25,000 rpm, which is 6.29 times as weight
as the rotor. In terms of lubrication, the friction torque and rotational
speed exhibit a linearly positive correlation, resulting in an increase in
the friction coefficient as the rotational speed increases.

The conditions n = 17,500 rpm, n = 20,000 rpm, n = 22,500 rpm
under (Q, 8) = (25 ml/min, 1 mm) are set in numerical calculation. In the
circumstance of that outlet pressure is invariable, high rotational speed
brings a heavy pressure gradience (Fig. 7c), thus, the pressure is lower at
higher n. According to curve fitting, K; almost remains unchanged under
different n, yet K, is proportional to n’. Hence, K, is considered to be
brought by the speed.

Meanwhile, the velocity distribution in the core region follows the
formula below, where Ky is in proportion to n while Ky, depends on Q.
(Fig. 7d)
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(c, d) Computed values of pressure and velocity at (z = 0.5 mm, Q = 25 ml/min) versus the radial position under various rotational speed, for CMHAB.

V(r) =Kur+ Kz a7 that at higher rotating speeds, the increased pressure gradient causes an
extra inlet flow, leading to a re-growth in load capacity. Oppositely,
when the rotational speed is too low, the pressure gradient becomes tiny,
and the suction effect at the inlet is weakened, which is not conducive to

Therefore, a high rotational speed has greater contribution on the
inlet-suction in CMHAB than the load capacity. It is worth mentioning
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the operation of the CMHAB. The specific numerical correspondence is
in further exploration.

3.2.4. Effect of the fluid film thickness

To ensure the prevention of collision and blockage in our micro-
pump, we have adopted a fluid film thickness of approximately 1 mm
at the standard working condition in the current micropump design.
This configuration has proven to be highly reliable through long-term
operation and application of micropumps. Moreover, the micropumps
have passed a series of reliable tests, which includes mechanical vibra-
tion test, impact test and high accelerated life test. However, present
design mainly relies on experience and lacks theoretical guidance. The
optimum fluid film thickness needs to be investigated and determined to
improve bearing performance and micropump efficiency.

As exhibited in Fig. 8a, the load capacity decreases initially and then
increases as the fluid film getting thicker. In the range of
& = 0.1-0.5 mm, the load capacity decreases from 3.253 N to 3.067 N,
representing a reduction of 1.33 rotor’s weight, and reaches its mini-
mum value at § = 0.5 mm. In the range of § = 0.5-1.4 mm, the load
capacity increases from 3.067 N to 3.157 N, rising by 0.64 rotor’s
weight, but the slope of the curve is smaller than that of § = 0.1-0.5 mm.
As the fluid film thickness grows, the friction torque decreases first and
then increases, while the friction coefficient has the same trend. When
& = 0.5-1.4 mm, the rising slope of the friction coefficient is gentle. The
influence of film thickness on the friction properties is becoming weak
due to the emergence of the core area.

Velocity curves at varying fluid film thicknesses are plotted to
investigate the cause of the opposite changing trends within the range of
8 = 0.1-1.4 mm. At thin fluid film thicknesses (6 = 0.1-0.5 mm), inter-
ference occurs between two boundary layers and the core region is non-
existent (Fig. 8c). As the fluid film getting thicker, the energy dissipation
due to secondary flow patterns within the fluid film increases, resulting

(a)

(c)
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in a significant decrease in the load capacity. However, at around
0.5 mm, two boundary layers separate and core region emerges [29,30].
In consequence, it is speculated that the reversed trend is derived from
the appearance of the core region.

As the gradient —dW/ds is an indicator of bearing stiffness (the
steeper the curve, the stiffer the bearing), the CMHAB possesses proper
stiffness when § =0.1-0.3 mm. Considering stiffness, anti-abrasion
property and lubrication, the stability of the CMHAB can be effec-
tively improved by controlling the fluid film thickness at the bottom of
the rotor to be around 0.3 mm at the standard working condition. In
comparison to the current micropump design, the proposed approach
would result in the reduction of the axial dimension of the sleeve. As a
consequence, the fluid flow entering the bearing area would be con-
strained, leading to an enhancement in the hydraulic efficiency of the
micropump.

3.3. Actual operation and performance of CMHAB

Fig. 9a shows the physical diagram of the CMHAB load capacity
measuring rig. In the experiment, the rotor rotates smoothly in the
sleeve, and the suspension of the rotor is grossly stable. This phenom-
enon is clearly observed in Fig. 9: the position of the rotor when the rig is
not started is shown in Fig. 9b-off, where the bottom of the rotor is in
contact with the bottom of the sleeve, and the upper end of the rotor
sleeve is at a distance from the thickness-limited pin. Fig. 9b-on shows
that when the rig is in motion, where the rotor is suspended by hydro-
dynamic power, and the rotor bottom leaves the bottom of the sleeve
while the upper surface of the rotor top is in contact with the thickness-
limited pin. This experimental phenomenon proves that the fluid film
has a bearing capacity effect on the rotor, and the rotor can realize axial
suspension. Besides, CMHAB possesses high performance and prominent
stability in micropumps, as hydraulic performance of micropumps with

5.0
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Fig. 9. (a) Photograph of developed load capacity measuring system (b) Rotor positions at different condition (rig on/rig off) (c) The measurement value under
various conditions and the comparison of numerical analysis and experimental values.
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the CMHAB is examined to be outstanding in our previous study [6].

While the thickness of the fluid film is maintained at § = 1 mm, the
load capacity is measured at different flow rates for various rotational
speed of n = 8000 rpm, 9260 rpm, 12,315 rpm. To avoid fortuitous re-
sults in the experiment, repeated measurement is applied with the
CMHARB load capacity measured three times under the same condition,
and standard deviations of three measured values are calculated. The
change curve of the load capacity with flow rate is obtained, and the
values of load capacity on the bottom of the rotor with flow rates at
different speeds are shown in Fig. 9c. The abscissa represents the flow
rate, and the ordinate represents the load capacity on the bottom of the
rotor. As can be seen from the figure, the load capacity increases as the
flow rate grows. All standard deviations are within 0.35 N and no more
than 18% of simulated values and 22% of measured values.

4. Conclusion

The current investigation clarifies the inherent mechanism of the
novel centrifugal micro hydrodynamic axial thrust bearing (CMHAB)
and reports its performance under various operating parameters. To
assess the load capacity of the bearing in the sealed environment, CFD
simulation is utilized due to monitoring difficulties. Moreover, experi-
ments are conducted to examine its performance and systematically vary
parameters in the actual condition. The investigations outlined in this
paper lead to the following conclusions:

1. The CMHAB’s mechanism involves a combination of centrifugation
and inlet-suction. Due to the high rotational speed of the rotor in the
CMHAB, a low-pressure zone is formed that allows fluid to be drawn
into the bearing domain. Meanwhile, the pressurized fluid generates
load capacity on the rotor.

2. Load capacity exhibits an increase with the inlet-suction flow rate Q,
a decrease with the rotational speed. When the fluid film thickness
varies from 0.1 mm to 1.4 mm, the load capacity initially decreases
and then increases, with 5§ = 0.5 mm representing the critical point.

3. To further optimize the CMHAB, § = 0.3 mm should be selected as it
represents the fluid film thickness with the proper bearing stiffness
and favorable anti-abrasion property for micropumps. Based on this
finding, the structural size of the micropump will be adjusted to
enhance its operational stability and hydrodynamic efficiency.

4. Aload capacity measurement rig of micro hydrodynamic axial-thrust
bearing is proposed in this paper. The measuring results obtained
from the experiments agree well with the theoretical analysis,
providing confidence in the accuracy of our theories.

The findings provide a more comprehensive understanding of the
physical mechanisms involved in CMHAB. This understanding holds
potential for CMHAB'’s application to other fields.
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