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The operational stability of radial journal bearings is the bottleneck that limits the reliability of hydraulic suspension micro-
pump. Due to self-excited vibrations, the whirl amplitude of the plain journal bearing (PJB) is large at high rotational speeds,
which will accelerate wear failure. It has been proven that employing herringbone grooved journal bearing (HGJB) is an effective
method to reduce the whirl amplitude and improve operational stability. However, enhancing the stability of journal bearings in
micro-pumps by herringbone grooved structures has rarely been studied, and its effect needs to be verified. We validated the
mechanism of the stability improvement with the CFD method and compared the dynamic characteristics of HGJB and PJB by
rotor dynamics evaluation and experiment. The experimental results show that under the same conditions the whirl amplitude of
the HGJB decreases by 29.61% in the x direction and by 24.09% in the y direction compared with that of the PJB. This study
reveals the effect of the herringbone grooved structure on the operational stability of bearings and may provide guidance for the
reliability improvement of hydraulic suspension micro-pump.
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1 Introduction

A micro-pump is the power source of microfluidic delivery,
which is widely used in the fields of drug delivery [1,2],
artificial hearts [3,4], electronic cooling systems [5-8], etc.,
and has broad application prospects [9]. According to the
difference in working principles, micro-pumps can be di-
vided into piezoelectric pumps [10], electroosmotic pumps
[11], electrohydrodynamic pumps [12], and centrifugal
pumps [13,14]. Among them, centrifugal pumps have the
advantages of high hydraulic performance and good adjust-
ability; thus, they have become a promising choice for
driving microfluidic systems. Centrifugal pumps can be di-
vided into contact bearing pumps and suspension bearing
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pumps according to the supporting mode of the rotor [15,16].
The problem of the contact bearing pump is mechanical
friction, which restricts the reliability and endurance in ap-
plication [16,17]. To prevent contact wear problems, we
developed a kind of hydraulic suspension micro-pump with a
radial journal bearing in our previous studies [18,19]. The
hydrodynamic effect makes the rotating components levitate,
which prevents contact with other components, thus greatly
improving the theoretical life of the micro-pump.

The radial suspension bearing used in this micro-pump is
essentially a plain journal bearing (PJB), which is widely
used in rotating machines. The journal is set eccentrically
relative to the bearing, and the liquid film in the convergence
zone produces a dynamic pressure effect when the journal
rotates. This pressure balances the load on the journal and
separates the journal from the inner wall of the bearing.
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However, the supporting force produced by the liquid film is
not collinear with the eccentric direction of the journal,
causing a moment that will promote the whirl of the journal.
The moment will generate self-excited vibrations at high
speeds, and the journal will no longer be in a steady state. As
a result, when the whirl amplitude increases, collisions be-
tween the journal and bearing may occur, seriously affecting
the performance and reliability of the pump. At present, re-
searchers have carried out a series of studies on increasing
PJB operational stability. Kumar et al. [20] and Garg et al.
[21] found that the viscosity of the lubricant has a significant
influence on the dynamic characteristics of a PJB, and the
use of magnetic fluids or certain non-Newtonian fluids can
improve the operational stability of a PJB. However, the
fluid choice depends on the function of the microfluidic
system, making the viscosity change impractical. Alter-
natively, adding external support, such as that used in
floating ring bearings, provides an effective means for in-
creasing operational stability. The bearing is installed on the
external film with appropriate damping, which can absorb
vibration energy and greatly reduce the whirl amplitude of
the bearing [22]. However, external support will inevitably
reduce the power density and increase the complexity of the
system. In addition, reducing the bearing width has also been
proven to be an effective method to improve operational
stability [23]. Nonetheless, simply reducing the width will
increase the end leakage and decay the loading performance
of the journal bearing. In addition, the motor design de-
termines the width of the rotor, thus limiting the structure
optimization of the journal suspension. In summary, the three
methods mentioned above are not applicable to hydraulic
suspension micro-pump. In recent years, the method of
machining microgrooves on the journal surface has become
an effective means to improve the stability of journal bear-
ings due to its advantages of reliability and efficiency, which
can improve operational stability by strengthening the local
hydrodynamic effect [24]. To date, grooved bearings have
been widely used in bearings with gas, liquid, and grease as
lubricants, especially in miniaturized bearings [25-27].
Among the various shapes of grooves, the herringbone
groove, which can suppress whirl instability, has aroused
widespread attention. The mechanism can be explained as
follows: when the journal rotates, the groove restricts the
flow of fluids, which causes the fluids to converge at the
cusp, forming a pumping effect [24], thus enhancing the
local pressure and improving the dynamic characteristics of
the journal bearing. Narrow groove theory (NGT) has been
proposed to investigate the suspension characteristics of a
herringbone grooved journal bearing (HGJB) [28,29], which
assumes that the number of grooves is infinite, while for an
HGIJB with finite slots, its accuracy is unsatisfying. Alter-
natively, the finite difference method (FDM) [23,30,31] and
finite element method (FEM) [32,33] are used to solve the
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nonlinear Reynolds equation numerically and are sufficiently
accurate compared with the experiments. Furthermore, Hirs
[34] and Gao et al. [35] experimentally studied a hydro-
dynamic HGJB and an aerostatic HGJB and obtained better
stability than a PJB. In addition, an HGJB can significantly
restrain the radial runout of the high-speed spindle and in-
crease the maximum operating speed [36]. Due to its ex-
cellent dynamic properties, HGJBs have been used in high-
speed light-load rotating machinery, such as high-precision
machine tool spindles and hard disks. Moreover, there are
few studies that use herringbone grooves to improve the
stability of radial suspension bearings in micro-pump. In-
spired by this, we employ an HGJB to improve the opera-
tional stability of the micro-pump, conduct theoretical
modeling and analysis to explore its dynamic and static
characteristics, and verify its effect through experiments.

In this work, we developed a herringbone grooved struc-
ture on a journal bearing applied in a micro-pump. The
comprehensive effect of herringbone grooves on water-lu-
bricated journal bearings is studied numerically and experi-
mentally. By CFD simulation, the pressure distribution and
bearing capacity of the HGJB and PJB at different eccen-
tricities are studied comparatively. Moreover, based on the
perturbation method, the stiffness and damping coefficients
are solved to clarify the rotor dynamic characteristics. Then,
the critical mass is obtained by solving the rigid body motion
equation, and the stability of the HGJB and PJB is evaluated.
Finally, the veracity of the theoretical analysis is verified by
experiments.

2 Operating principle of the hydraulic suspen-
sion micro-pump with the PJB and the HGJB

Figure 1 shows the structure of the hydraulic suspension
micro-pump with the radial suspension bearing proposed in
our previous work [18,19,37]. The journal bearing is com-
posed of a rotor inside a sleeve, with a small clearance be-
tween them for fluid flow. Due to the eccentric placement of
the journal, when the journal rotates, the thickness of the
liquid film changes along the direction of rotation, forming a
convergent region (part I in Figure 1) on the right side of line
0O, and a diverging region (part II in Figure 1) on the left
side. Due to the hydrodynamic effect, the liquid film of the
convergent region generates high pressure, and the pressure
of the diverging region decreases rapidly, thus constructing
the pressure difference between the two regions and pro-
viding the radial suspension force.

The HGJB employed in this paper has a rectangular sec-
tion, and the structure of the HGJB is shown in Figure 2. The
main structural parameters are shown in Table 1, where the
groove number n=12, helix angle [=45°, groove width
[=0.6 mm and groove depth /4,=28.5 pm. It should be
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Figure 1 Schematic diagram of the journal bearing in the hydraulic
suspension micro-pump.
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Figure 2 (a) 3D rendered graph of the HGJB in a micro-pump; (b) cross-
sectional view of the HGJB; (c) radial expansion diagram of the herring-
bone grooved structure.

Table 1 Structure parameters of the PJB and HGJB
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mentioned that the values of the groove number and helix angle
are referred to Wang’s work [38], and the depth and width of
the groove are determined by the machining precision. Thus,
we believe that the working performance of the HGJB may
be better if the geometrical parameters are optimized further.

3 Methods

3.1 Experimental setup

Distinctly, the stability of journal bearings can be reflected
by the journal’s whirl tail. To observe it accurately, a test
facility is constructed, and Figure 3(a) shows the overall
schematic diagram of the test facility. To measure the real-
time position of the journal, two laser displacement sensors
(Keyence, LK-H020) with =1 um accuracy are installed on
two micro-displacement stages (LD60-LM-2). The HGJB is
assembled into a micro-pump with acrylic volute, whose
transmissivity is high (more than 90%), allowing the laser to
flash on the bearing. The inlet and outlet tubes of the micro-
pump are connected to a water sink. To reduce the inter-
ference of external vibrations and ensure sufficient levelness,
the working micro-pump is installed on a specific fixture,
and the entire test facility is installed on a high-precision
optical platform.

The test principle in this work is shown in Figure 3(b). Two
laser displacement sensors are arranged vertically in the ra-
dial direction of the micro-pump. The laser flashes on the
journal through the acrylic volute, and then the reflected light
returns to the receiver. The data x, and y, are directly re-
corded by laser displacement sensors. The momentary po-

Type Length / (mm) Radius » (mm) Clearance ¢ (mm) n L) I, (mm) hy (um)

PJB 17.2 6.33 0.07 - - - -

HGJB 17.2 6.33 0.07 12 45 0.6 28.5
(@) (b) il

acrylic volute
micro-pump

. ‘T fixture

Ity
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Figure 3 (a) Overall schematic diagram of the test facility; (b) schematic diagram of the experimental test principle.
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sition (x;, y;) of the rotor can be calculated by combining eqs.
(1) and (2), and the eccentricity e is denoted below.

(xo=x)*+(0=y)*=r? (1)
(O_x1)2+()’0 —y1)2=r2, 2

e= x4, 3)

3.2 Numerical simulation

Numerical simulations are conducted to investigate the dy-
namic coefficients and pressure distributions of the HGJB
and the PJB by COMSOL MULTIPHYSICS 5.6. Figure 4
shows the journal film domains of the PJB and the HGJB
used in the simulation. Structured meshes are used for the
PJB, and unstructured meshes are used for the HGJIB. As
shown in Figure 4, to capture the fluid flow process and
pressure distribution details, grids are meshed finer in the
herringbone groove zone. The pressure boundary condition
of the inlet and outlet is set to zero pressure. The flow state of
the liquid is judged by the critical Reynolds number formula
of the concentric cylinder in eq. (4) [39]. The Reynolds
numbers of the PJB and HGJB are calculated as follows:

Re,=41.1,%, 4
Re = %1. (5)

In this simulation, 20°C water is used as a lubricant, and
the density and dynamic viscosity are set to 998.2 kg/m3 and
1.006 mPa s, respectively. The grid independence tests are
performed at a rotating speed of 15000 r/min and eccentricity
of 0.1. The maximum pressures of the HGJB are calculated
with grid numbers 41836, 132184, 443867, and 737229. The
results are shown in Table 2. Similarly, the grid in-
dependence results of the PJB are shown in Table 2. Taking
computation cost into consideration, the mesh scheme with a
grid number of 443867 is used for the HGJB, while a grid
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Figure 4 Simulation models of the PJB (a) and the HGJB (b).
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number of 2400 is used for the PJB.

3.3 Numerical method verification

Based on the numerical simulation method mentioned ear-
lier, the performance of journal bearings is studied. To va-
lidate this method, six cases are studied, and the numerical
results are compared with the experimental data of Gao and
Yin’s work [40].

Gao and Yin’s experiment used 20°C water as a lubricant
to test the eccentricity of bearings under six working con-
ditions, as listed in Table 3, including different rotating
speeds and loads. Figure 5 is a comparison of the numerical
calculation results and Gao and Yin’s experimental data

Table 2 Grid independence verification results of the HGJB and PJB

HGJB PIB

Grid number Max pressure Grid number Max pressure

41836 6066.5 2400 3170.6
132184 6069.8 3200 3170.6
443867 6074.9 4800 3170.6
737229 6077.1 6400 3170.6
Table 3 Working conditions of Gao and Yin’s experiment
Case Rotating speed (r/min) Load (N)
1 1500 2050
2 2000 2700
3 2500 3350
4 3000 3950
5 3500 4850
6 4000 5200
0.9
This work
081 Gao and Yin's experimental data
0.7
= I T
5 0.6
2 0.5
2
=
= 0.4
5}
8 0.3
2 o
0.2
0.1
0.0 1 1 1 1 1 1
Casel Case2 Case3 Case4 Case5 Caseb6

Case

Figure 5 Comparison of numerical results with experimental data.
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under six working conditions. The results show that the
numerical calculation results match well with the experi-
mental data, and the maximum error is less than 8.45%.

3.4 Rotor dynamic calculation

From the viewpoint of rotor dynamics, the liquid film usually
acts as a nonlinear spring and damper, which has a great
influence on the dynamic characteristics of the whole sys-
tem. In the study of journal bearings, because most of them
involve only small or infinitesimal amplitudes, the stiffness
coefficient and damping characteristics of the liquid film are
considered to be linear.

Assuming that the journal is in static equilibrium, a Taylor
expansion is carried out for the bearing capacity in the x and
v directions. After ignoring higher-order terms, the bearing
capacity is given as follows:

oF, oF, oF, oF,)
h=hot|ay) AF ay] XAV | | X x@y']oxy’
FF+6FA+6F A+6F '+ay '
B | Ax 0y XAy +|aa| X X' xy'.
0 0 0
(6)

It can be seen that the coefficient of the original term in eq.
(6) has a stiffness dimension, and the coefficient of the first-
order term has a damping dimension. After simplification, it

can be expressed by eq. (7):
AF, Kxx Kx '
\ y [2x]+ [x] -
34 y

AF, K, K,
where K, and K, are direct stiffness coefficients, K, and K,,,
are cross stiffness coefficients, C,, and C,, are dlrect damp—
ing coefficients, C,, and C,, are cross damping coefficients,
Ax and Ay are displacements, and x" and y' are the velocities.
The dynamic characteristics of the HGJB and the PJB are
calculated by the pressure perturbation method [41]. The

calculation method is denoted as follows:

Cxx ny
ny C)W

AExx AF:VX}
K»cx Ax ’Kx - Ay (8)
_ ARy, _ AR,
K. = Ax K, = Ay
Ava,
Cxx AF];/XXS C yl )/5
AF,, . _AF, ®
C,=—,C, =—=
»x x 2w ¥y
In eq. (8), AF;is the variation in fluid film capacity caused

by displacement perturbation, AF=F,~F", where F; i
the liquid film capacity in the equilibrium state, and F'; i

the liquid film capacity after the displacement perturbatlon is
applied. In eq. (9), AF,; is the variation in the fluid film

capacity caused by the velocity perturbation. AF,,=F,,—F"

vij % vij vijs

i
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where F; is the liquid film capacity in the equilibrium state,
and F',; 1s the liquid film capacity after the velocity pertur-
bation i 1s applied.

The dynamic characteristic parameters of liquid films are
very important for studying the stability of journal bearings.
Generally, the larger the stiffness of the liquid film is, the
stronger the bearing capacity, and the larger the damping is,
the better the stability. Furthermore, the influence of stiffness
and damping need to be considered simultaneously when
studying the stability of a journal bearing, and the optimi-
zation approach must be based on the coupling effect be-
tween them to achieve the best stability. The system stability
is characterized by the critical journal mass, which is de-
termined by the stiffness coefficient, damping coefficient,
and journal mass. By substituting eq. (6) into instantaneous
dynamic eq. (10):

mx" +AF, =0,
my" +AF,= 0. (10)

The dynamical equation of journal bearings can be ex-
pressed as eq. (11):

mx' + K Ax+K Ay+Cx' +C " =0, "
my" + K, Ax+K, Ay+C x"+C,y" =0. (D

Eq. (11) is a linear equation whose general solution is
shown below, where v is the eigenvalue and is a complex
number.

Ax = x,e",
Ay = yye"

By substituting eq. (12) into eq. (11), the characteristic
equation is given as

)x0+(C y+K, )yo 0,
(Cow + K %o + (v + C v+ Ky, =

(12)

(m*+C v+K,

(13)

In the critical state, there exists an eigenvalue v that is a
pure imaginary number. Here, v=iw,, and v is substituted
into eq. (10); it can be expressed as

AF, = mox,e™" = mo Ax, (14
AF, = moly,e " = mo Ay,

where w,, is the critical whirl frequency. In the critical state,
the proportional coefficient between AF, and Ax, AF, and Ay

is mw_. This indicates that the liquid film at this time is

equivalent to an isotropic spring with similar dynamic
characteristics, and its stiffness is called the equivalent
stiffness, which is expressed by K, as follows:

K,= ma)sf. (15)
By substituting eq. (15) and v=iw,, into eq. (13), we obtain
(iwst + K ch)xO + (lwth\'y xy)y() = 0:

. (16)
(lth ny yy)xO + (lwstcyx + ny - Keq)yO =0
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For eq. (16), only when a nontrivial solution exists will the
determinant of the coefficients equal 0. Then, the motion of
the rotor converges. The convergence criterion of the rotor
can be expressed as follows:

1o, Cxx + Kxx B Keq

io,C et K I

le,ny + ny

) =0,
i0,C, +K, ~K,

a7

where the equivalent stiffness K, and the critical whirl fre-
quency @y, can be obtained by expanding the determinant:

_ Kxny.v +K .vnyx B nyCer yxny

Cut ny
2 _ (Keq - Kxx)(Keq _Kyy) _Kvyny
st CoC,— CoC ’

Xy~ yx

K

eq

(18)

where K, reflects the comprehensive stiffness of the liquid
film and w,, reflects the development degree of whirl in the
liquid film. When the other conditions are consistent, if K, is
larger and w,, is smaller, the stability of the rotor-bearing
system is better. Obviously, the equivalent stiffness coeffi-
cient of the liquid film should always be greater than zero,
and K,, > 0 is a necessary condition for system stability.
When w,, < 0, even if a perturbation is applied, the whirl will
decay quickly; hence, w, < 0 is a sufficient condition for
system stability. Only when K,, > 0 and w,, > 0 does the

system seem to be unstable. As follows, the ratio of K, to W,

is the critical journal mass, which is the key indicator for
system stability.

K

— eq

m,= .
2
g

(19)

c

If the actual mass of the rotor is greater than m,, the rotor
motion is divergent, and the system is unstable. In contrast,
the rotor motion is convergent, and the system is stable.
Furthermore, the larger m, is, the higher the stability margin
of the system is.

Eccentricity e=0.1
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4 Results and discussion

Simulations are carried out at 15000 r/min, which is the ty-
pical working speed of this micro-pump. The pressure dis-
tribution, bearing capacity, and dynamic coefficients of the
HGJB and PJB when the eccentricity is 0.1-0.9 are in-
vestigated by numerical simulations. Taking the eccentricity
of 0.1 as an example, the pressure distribution of the HGJB
and PJB are shown in Figure 6(a). It can be observed that the
hydrodynamic effect of fluid causes a positive-pressure re-
gion and a negative-pressure region on the journal surface. It
is evident that HGJB produces a higher pressure at the cusp
of the herringbone groove than at the same position of the
PJB. Figure 6(b) shows the pressure distribution of the in-
termediate plane on the HGJB and PJB. The maximum and
minimum pressures of the PJB are 3170.7 and —3170.7 Pa,
which are symmetrically distributed in the convergent region
and diverging region, respectively. The maximum pressure
of the HGJB is 8096 Pa, and the minimum pressure is
—1784 Pa. There are twelve pressure peaks on the HGJB,
which correspond to twelve herringbone grooves on the
journal surface. The reason for this phenomenon is that the
herringbone grooves restrict the fluid flow in the bearing
clearance, and the fluid converges at the cusps, making the
local pressure higher than around.

As shown in Figure 7, with increasing eccentricity, the
bearing capacity and maximum pressure of the HGJB and
PJB increase sharply, while the minimum pressure decreases
sharply. When the eccentricity increases, the minimum
thickness of the liquid film decreases, and the gradient of the
liquid film thickness in the bearing clearance increases,
which enhances the hydrodynamic effect of the fluid. As a
result, the pressure in the convergent region is higher, the
pressure in the diverging region is lower, and the loading
capacity is larger. The results show that when the eccentricity
is less than 0.55, the minimum pressure of the HGJB is

8000
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2000

-2000

-4000
0

50 100 150 200 250

Radiual angel (°)

300 350

Figure 6 (a) Pressure distribution contours of the HGJB and PJB; (b) pressure distribution on the intermediate circle of the HGJB and PJB varies with the

radial angle.
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Figure 7 Journal bearing capacity and the maximum/minimum pressure
of the HGJB and PJB vary with the eccentricity.

greater than that of the PJB, and the maximum pressure of
the HGJB is always greater than that of the PJB. This in-
dicates that the fluid pumping effect brought by the her-
ringbone grooves enhances the positive pressure. Moreover,
the force of the convergent region is enhanced while that of
the diverging region is weakened. When the eccentricity is
less than 0.74, the load capacity of the HGJB is greater than
that of the PJB, and it is smaller than that of the PJB when the
eccentricity is larger than 0.74. The reason for this phe-
nomenon is that when the eccentricity is at the critical value
of 0.74, the strengthening of the force in the convergent
region will offset the weakening of the force in the diverging
region, making the bearing capacity of the HGJB equal to PJB.
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Figure 8 shows the variation in the stiffness coefficients
and damping coefficients as the eccentricity varies. The re-
sults show that the absolute value of all stiffness coefficients,
damping coefficients, and their growth rates increase with
increasing eccentricity. The greater the eccentricity is, the
stronger the hydrodynamic effect. Note that the larger the
direct damping coefficients C,, and C,, are, the better the
stability of the journal bearing in response to external dis-
turbances. When the eccentricity is less than 0.5, the direct
stiffness coefficients K., of the HGJB and PJB are approxi-
mately the same. Additionally, when the eccentricity is be-
tween 0.5-0.8, the direct stiffness coefficient K, of the
HGIJB is larger, while that of the PJB is larger when the
eccentricity is larger than 0.8. The K|, of the HGJB is greater
than that of the PJB at all eccentricities. When the eccen-
tricity is larger than 0.5, the K|, of the PJB is much greater
than that of the HGJB. When the eccentricity is less than 0.5,
it is approximately the same as that of the HGJB. When the
eccentricity is less than 0.28, the C,, of the HGJB is greater
than that of the PJB. When the eccentricity is less than 0.58,
the C,, of the HGJB is greater than that of the PJB.

Figure 9(a) shows the variation in the equivalent stiffness
coefficients and critical whirl frequency as the eccentricity
varies. The results show that with increasing eccentricity, the
K., of the HGJB and PJB increases, and w,, decreases.
Consequently, it can be concluded that with increasing ec-
centricity, the stability of the rotor-bearing system increases.
More specifically, when the eccentricity is greater than 0.8,
the K, of the HGJB is greater than that of the PJB. When the
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Figure 8 Dynamic stiffness coefficients K; and damping coefficients C; of the HGIB and PJB varying with the eccentricity.
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eccentricity is greater than 0.8, the w,, of the HGJB becomes
imaginary, which means that it reaches an absolutely stable
state. The same is true for the PJB when the eccentricity is
greater than 0.84. The w,, of the HGJB is smaller than that of
the PJB at all eccentricities. The abovementioned results
show that the HGJB is more stable than the PJB in a certain
range of eccentricity. To find this range precisely, the stabi-
lities of both can be characterized by the critical journal mass
m.. As shown in Figure 9(b), when the eccentricity is less
than 0.7, the m, of the HGJB is larger than that of the PJB.
This means that the HGJB is more stable than the PJB when
the rotor mass is the same. When the eccentricity exceeds
0.84, the m,. of both become negative, and the systems reach
stable states.

Figure 10 shows the details of the HGJB used in the ex-
periment. As shown in Figure 10, the HGJB was successfully
fabricated by applying chemical etching technology. Figure
10(a) and (b) show the top view of the HGJB. The average
width of the groove is 612.25 um, which is slightly greater
than the designed value of 600 um, and the helix angle is 45°.
To characterize the effective depth of the groove, an ultra-
depth three-dimensional micro-scope (Keyence, VHX-7000)

Sci China Tech Sci

March (2024) Vol.67 No.3

was employed. The red line in Figure 10(a) represents the
location of the longitudinal section, which spans the groove
and the ridge. Figure 10(c) shows the absolute height dis-
tribution of the journal surface on the longitudinal section
along the red line. The groove is approximately horizontal,
and there is an obvious height difference between the groove
and the ridge. By calculating the average height difference
between the groove and the ridge, the depth of the groove is
28.54 um.

To verify the conclusion of the numerical simulation, a
laser displacement experiment is carried out. The journal
radius used in the experiment is 6.33 mm, and the sleeve
radius is 6.4 mm. The liquid lubricant is distilled water at
20°C, and the journal rotating speed is set to 15000 r/min.
The sampling frequency of the laser displacement sensor is
20 kHz, and the time interval between adjacent sampling
points is 50 ps. We measure the displacement of the journals
in the x and y directions, and 10000 data points are collected
in each group.

Typically, as shown in Figure 11, displacement-time re-
sponses within ten periods are selected for discussion. The
amplitude and period of whirls of the HGJB and PJB are

(a) 6.0x10° (b) F0.245 0
OwesroeUe==DUSE /
=== HGJB Keq 5
—e—PIBKeq 43.90x10 £0.196
4.0x10°H o
E '
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- T E|
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i
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Figure 9 (a) Equivalent stiffness coefficient K,,, and critical whirl frequency w,, of the HGJB and PJB vary with eccentricity; (b) critical journal masses ()

of the HGJB and PJB vary with eccentricity.
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Figure 10 (a), (b) Top views of the fabricated HGJB prototype; (c) absolute height distribution of the longitudinal section.
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Figure 11 Displacement in the x direction and y direction of the HGJB and PJB.

relatively fixed, but the absolute values of the peaks and
valleys of each cycle are constantly changing, which in-
dicates that the whirl center is constantly changing. More-
over, the whirl amplitude of the journal of the PJB is larger
than that of the HGJB, which indicates that the herringbone
groove inhibits the whirl range of the rotor. The eccentricity
variations in the journals in the above period are schemati-
cally shown in Figure 11. The eccentricity is calculated as
e=r/c. The calculation method of whirl radius r is as follows.
It can be seen from Figure 11 that both journals are moving
elliptically around the origin of the sleeve. The HGJB has a
smaller eccentricity, which is on average 16.87% less than
that of the PJB.

1Y 1y R
”*ﬁzl‘,/‘ [xi ;zl:xi Vi ;Zyi] .
From the initial analysis of Figure 11, it can be inferred
that the journal’s whirl center is changing periodically. To
investigate the regularity of the rotor’s trajectory over a long
period, the trajectory figure is drawn with a time interval of

0.5 s, as shown in Figures 12 and 13. The whirl centers of the
HGJB and PJB are constantly changing, but both are limited

2
+

(20)

within a certain range. Moreover, the HGJB is more stable
with its smaller whirl range. The long-term whirl amplitude
of the HGJB in the x direction is 40.13 um, which is much
lower than that of the PJB, which is 57.01 um. In the y
direction, the whirl amplitude of the HGJB is 37.98 pum,
which is much lower than that of the PJB, which is 50.03 pum.
The eccentricities of the HGJB and PJB within 0.5 s were
calculated to be 0.222 and 0.276, respectively. From the
above experimental test results, it can be observed that under
the test conditions, the stability of the HGJB is better than
that of the PJB, which is consistent with the results of the
theoretical calculation.

5 Conclusion

In this work, we developed a HGJB for the hydraulic sus-
pension micro-pump. The CFD simulation and rotor dy-
namics calculation were combined to compare the dynamic
and static characteristics of the HGJB and PJB. The results
show that the HGJB has better working performance in a
specific range of eccentricities, which can be explained by
the pumping effect caused by the herringbone groove. Fur-

0.5
—HGIB thermore, the rotor dynamics calculation shows that the
PJB HGIJB has better operational stability than the PJB when the
“r eccentricity is less than 0.4 and greater than 0.62. We fab-
=
s HGJB PJB
o3 30 30
2
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g
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Figure 12 Eccentricities of the HGJB and PJB vary with time.

Figure 13 Whirl trajectories of the HGJB and PJB within 0.5 s.
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ricated a prototype of the HGJB and established a set of laser
displacement testing facilities to observe the trajectory of the
journal in the HGJB and PJB. According to the experimental
results, the operational stability of the HGJB is stronger than

that

of the PJB at the typical working speed of the micro-

pump. The whirl range of the journal decreases by 29.61% in
the x direction and by 24.09% in the y direction. Therefore, it

can

be concluded that the herringbone grooved structure can

significantly suppress the whirl of the journal, reducing the
risk of contact wear. HGJBs have a positive effect on im-
proving the operational stability of hydraulic suspension
micro-pump.
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