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Abstract: The strong and complex vibration from a manipulator for anchor drilling will damage the
key components of the manipulator and produce noise at the same time. According to its vibration
characteristics, a fluid-spring vibration absorption approach with five degrees of freedom (DOFs) is
proposed, which has perfect symmetry, and a vibration absorber was designed with a symmetrical
structure. Employing the generalization formula of the Bernoulli equation and dynamic equation,
a fluid-spring coupling damping coefficient equation was constructed. Vibration transmissibility
was used as the evaluation index of vibration absorption performance. The elastic coefficients of the
tension spring and torsion spring, the area ratio of circular through-holes to the vibration-absorbing
plate, and the radius of circular through-holes were the main independent factors influencing the
damping coefficients. An orthogonal experiment with four factors and four levels was designed.
Using FLUENT and SIMULATION to implement joint simulations, the distribution law of the flow
fields and the damping coefficients of each approach were obtained, and then the best combination
of factors was selected. Taking a manipulator used for anchor drilling in Huainan of China as a case
study, using the designed fluid—spring vibration absorber, the vibration displacements in the five
DOFs were reduced by 68.32%, 49.82%, 52.17%, 49.01%, and 57.09% respectively, indicating a good
vibration absorption performance with symmetry about the Z-axis.

Keywords: vibration absorber; passive vibration absorb; damping coefficient; vibration transmission
rate; orthogonal experiment

1. Introduction

There are mainly three vibration absorption modes: passive vibration absorption,
active vibration absorption, and passive—active hybrid vibration absorption. The passive
vibration absorption mechanism is directly connected with the vibration source, and the
excitation of the vibration source drives the fluid in the vibration absorber through the
firmware to form fluid vibration absorption [1]. Compared with other methods, passive
vibration absorption does not need additional energy, which is a widely used vibration
absorption method in mechanical engineering. The coupling vibration with multiple
degrees of freedom (DOFs) is common in mechanical engineering, which may reduce the
operation accuracy of equipment, and even cause irreversible damage, severely impacting
normal utilization. Most of the existing vibration absorbers have good energy dissipation
ability in the direction of partial translation or rotation, and cannot realize the vibration
absorption in all DOFs. Those vibration absorbers with fewer DOFs cannot meet the
requirements of smooth operation of underground mechanical equipment.

Hou et al. [2] established the finite element model of a viscous fluid vibration absorber
using Carreau’s equation, discussed the nonlinear relationship between fluid viscosity and
fluid shear rate, and tested the effect of geometry on absorbing output. Makris et al. [3]
analyzed the damping medium, structure, and energy dissipation principle of a viscous
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damper, and deduced the theoretical calculation method of the damping force based on
the Maxwell model. Narkhede et al. [4] analyzed the performance difference between
the linear and nonlinear viscous dampers under shock excitation, obtained the additional
damping ratio of the nonlinear fluid viscous damper under shock excitation using the
energy dissipation method, and provided some design charts. Ou et al. [5,6] investigated
the performances of different types of viscous fluids and established a vibration absorption
force calculation model for viscous dampers through performance tests and theoretical
studies on clearance and cylinder-with-holes viscous dampers. Hou et al. [7] proposed a
new four-parameter damper model, which considers the fluid shear thinning and stiffness
effects. The model proved that the main factors influencing the stiffness of the viscous
damper were the viscosity of dimethyl silicone oil, excitation frequency, and velocity in
the orifice. Niwa et al. [8] developed a high damping device with an additional damping
ratio of 10-20%. The vibration response could be effectively reduced through analysis
and verification. Fu et al. [9] designed a multistage passive damping device, which can
change the damping coefficient according to the change of external excitation speed through
mechanical means, and then output a large range of damping force. Ying et al. [10] designed
a variable vibration-absorbing controller composed of a double-link hydraulic cylinder,
bypass pipeline, and electro-hydraulic servo valve. Its damping coefficient is controlled
by voltage and has the advantage of a wide output range, but it requires feedback control
and energy supply, and the design is complex and not easy for later maintenance. Symans
etal. [11] analyzed the elastic bulk modulus of the fluid medium and the performance of
the designed semiactive shock absorber, but ignored the influence of the shear thinning
characteristics of the medium. Hazaveh et al. [12] designed a shock absorber with annular
clearance, whose damping varies with the displacement and direction of the piston, but
the displacement of the annular plate in the shock absorber is only between the piston
and the bolt. A tuned mass damper (TMD) is widely used as a vibration-controlled
device to reduce the response of buildings under lateral loads such as seismic loads [13].
Hrovat et al. [14] proposed a semi-active TMD, which uses a small amount of external
excitation to change the damping. This system is superior to the traditional passive control.
Kamgar conducted extensive work on the optimal design [13], parameter optimization [15],
improvement of performance level [16], and engineering applications [17,18] of TMD.
However, its single-DOF attribute hinders its use for multi-DOF vibration reduction of
anchor drills. Kurino et al. [19] developed a vibration absorber with a built-in controller
that can change the number of damping holes in the shock absorber, thereby changing the
damping coefficient of the shock absorber. Through dynamic performance testing, it was
proven that the control effect of the shock absorber is superior to that of traditional viscous
shock absorbers. Baldonedo [20] proposed the optimization of a vibration reduction system
for a railway bridge to minimize the acceleration of the bridge and increase the vibration
reduction system as best as possible, which finally presented good performance with the
optimal parameters.

Aiming at the issue of multi-DOF coupling vibration, a fluid—spring vibration absorber
is developed in this study, which has vibration absorption mechanisms in five DOFs. The
fluid-spring coupling vibration absorption coefficients of the vibration absorber are derived
using the generalization formula of the Bernoulli equation, and the vibration transmission
rate is used as the evaluation index of vibration absorption performance. After the range
of each parameter is determined, the structural parameters of multi-DOF fluid—spring
vibration absorber with optimal vibration absorption performance are obtained using
orthogonal experiments and joint simulations with FLUENT and SIMULATION.

2. Fluid-Spring Vibration Absorber
2.1. Mechanical Structure

An anchor drill in a coal mine support system will cause serious vibration, which
will be transmitted to the pedestal from the roof bolter along a manipulator. In this study,
a vibration absorber for manipulators used in anchor drilling, namely, a fluid—spring
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vibration absorber with five DOFs, is studied. As shown in Figure 1a, its structure has
symmetry. A manipulator can be installed on the platform (17) of the vibration absorber. In
the early stage, we studied the vibration mechanism of the drilling of a roof bolter for a
mine support system [21], as well as the characteristics of vibration transmission along a
manipulator [22], and obtained the 5-DOF vibration [22] to its pedestal, represented by the
platform (17).

17

Figure 1. Fluid-spring vibration absorber with five DOFs: (a) profile; (b) box parts; (c) spring
vibration-absorbing parts; (d) viscous parts with high vibration absorption. 1—box parts; 2—spring
vibration-absorbing parts; 3—viscous parts with high vibration absorption; 4—dimethicone; 5—
pedestal; 6—L-shaped connector; 7—outside sieve tube; 8—lower sieve plate; 9—inner sieve tube;
10—L-shaped connector; 11—L-shaped connector; 12—middle sieve plate; 13—clamp assembly;
14—cover; 15—nut; 16—axle sleeve; 17—platform; 18—oil-out assembly; 19—observation device for
oil level; 20—box; 21—sealing rubber; 22—retainer of torsion spring; 23—torsion spring; 24—column;
25—thrust ball bearing; 26—upper sieve plate; 27—attachment plate; 28—upper spherical pair;
29—tension springs; 30—lower spherical pair; 31—clamp assembly; 32—vertical sieve plate.

The fluid—spring vibration absorber with five DOFs is composed of box parts (see
Figure 1b), spring vibration-absorbing parts (see Figure 1c), viscous parts with high vi-
bration absorption (see Figure 1d), and dimethicone (4). The upper sieve plate (26), the
middle sieve plate (12), and the lower sieve plate (8) of the viscous parts with high vibration
absorption (3) are connected to the column (24) with fixed clamp assemblies (13 and 31)
and screws, respectively. In addition, the upper sieve plate (26) of the viscous parts with
high vibration absorption (3) is connected with the lower spherical pair (30) of the spring
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vibration-absorbing parts (2) by bolts. The axle sleeve (16) of the spring vibration-absorbing
parts (2) is connected to the box parts (1) by the nut (15). The box parts (1) are filled with
dimethicone (4).

As shown in Figure 1b, the pedestal (5) under the box parts (1) can be connected to
a foundation with screws. An oil-out assembly (18) is arranged at the bottom of the box
(20), and an observation device for oil level (19) is arranged at the middle and upper parts.
The cover (14) is connected to the upper opening of the box (20) by screws. The vibration
source is installed on the platform (17), which is connected to the upper end of the column
(24) by screws. Most of the column (24) passes through the hole in the middle of the cover
(14) and goes deep into the box (20). The diameter of the hole is much larger than that of
the column (24) to avoid collision and friction when the column (24) vibrates. A sealing
rubber (21) is arranged outside the middle hole of the cover (14), which is connected to the
column (20) and the cover (14). In addition, all joints of the box parts (1) are sealed with
elastic sealing rings to ensure that the overall box parts (1) are leak-free. The upper end of
the column (24) is equipped with a torsion spring (23), one end of which is inserted with a
retainer of torsion spring (22).

As shown in Figure 1c, the lower end of the tension springs (29) in the spring vibration-
absorbing parts (2) is connected to the lower spherical pair (30), and the upper one is
connected to the upper spherical pair (28). Owing to the universal rotation characteristics

of the spherical pairs, the 7, ?, and 6 DOFs are released to ensure that the vibration of
these DOFs is reduced and dissipated in the dimethicone (4). The tension springs (29) only

play the role of bearing weight in the vertical direction and reducing vibration in the z
DOF subordinately. The upper spherical pair (28) is connected to the attachment plate (27)
with screws, and the suspension plate (27) is assembled with the axle sleeve (16) through

the thrust ball bearing (25) to release the 3 DOE.

As shown in Figure 1d, the outside sieve tube (7) and the inner sieve tube (9) of the
viscous parts with high vibration absorption (3) are connected with the upper sieve plate
(26), the middle sieve plate (12), and the lower sieve plate (8) using L-shaped connectors
(6,10,11), and some vertical sieve plates (32) are uniformly distributed in them. There are
a number of round holes in each sieve tube and sieve plate. In the process of vibration,
dimethicone (4) passes through the holes and generates friction, which can dissipate energy
and reduce vibration.

2.2. Vibration Transmission

The excitation is first transmitted from the platform (17) to the column (24), and
then to the viscous parts with high vibration absorption (3). There is friction between the
viscous parts with high vibration absorption (3) and the dimethicone (4), which converts the
mechanical vibration energy in all directions into thermal energy, and achieves vibration
absorption and energy consumption. Part of the Z-direction vibration is transmitted to
the lower spherical pair (30) of the spring vibration-absorbing parts (2) via the viscous
parts with high vibration absorption (3), and further damped by the tension springs (29)
connected with it. There are corresponding vibration-absorbing devices and vibration
absorption methods for each spatial DOF, and all five DOFs can be damped at the same
time. In addition to vibration, the deadweight of the exciter and the viscous parts with
high vibration absorption is also transmitted to the attachment plate (27) via the tension
springs (29) and the upper spherical pair (28), and finally to the cover (14) of the box parts
(1) via the thrust ball bearing (25) and the axle sleeve (16).

2.3. Vibration Absorption Method

e  Vibration absorption in Z-direction: Under z-directional vibration, there is relative
motion between the dimethicone (4) in the box and the circular through-holes in the
upper sieve plate (26), the middle sieve plate (12), and the lower sieve plate (8), which
then generates fluid vibration absorption, and converts the mechanical vibration
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energy into thermal energy. In addition, the prestressed tension springs (29) can
also reciprocate in the stretched balance position to assist reducing vibration while
bearing weight.

e  Vibration absorption in 7 -direction: The excitation along the 7 -direction is transmitted
to the viscous parts with high vibration absorption (3); there is relative motion between
the dimethicone (4) in the box and the circular through-holes in the outside sieve tube
(7) and inner sieve tube (9), which converts the mechanical vibration energy into
thermal energy to reduce the vibration along the 7.

e  Vibration absorption in r -direction: When the vibration in the 7 -direction is trans-
mitted, owing to the release of the r-DOF by the spherical pairs (28,30), the viscous
parts with high vibration absorption (3) vibrates around the 7 in the box (20). There is
mutual friction between the dimethicone (4) and the sieve plates distributed on the
outside sieve tube (7), the inner sieve tube (9), the upper sieve plate (26), the middle
sieve plate (12), and the lower sieve plate (8), which can consume energy.

e  Vibration absorption in 8 -direction: Due to the release of the 8 -DOF by the spherlcal

pairs (28,30), the viscous parts with high vibration absorption (3) vibrate around the )
in the box (20), and friction with the dimethicone (4) consumes energy.

- —
e  Vibration absorption in 6(z)-direction: In a cylindrical coordinate system, the 6 -

direction and z -direction are actually the same degrees of freedom; thus, this vibration

absorber has five DOFs. The g-direction and z-direction are the same degreed of
freedom. On the one hand, the vibration can be eliminated by the dimethicone (4)
acting on the vertical sieve plate (32). On the other hand, the torsion spring (23) can
also partially eliminate the vibration and prevent the platform (17) from drifting and

-~
rotating in the 6 (z)-direction.

3. Fluid Absorption Spring Coupling Damping Coefficient
3.1. Viscous Damping Coefficient of Vibration Absorber

Underlying assumptions: (1) the dimethyl silicone oil is an incompressible fluid, i.e.,
its density does not change with pressure; (2) steady flow, i.e., the flow field does not
change with time; (3) motion along streamline; (4) dimethyl silicone oil is viscous; (5) fluid
mass force is gravity only.

It is not difficult to find that assumptions (1) to (3) in this article strictly comply with the
conditions of the Bernoulli equation, but (4) is not satisfied. Therefore, the generalization
formula of the Bernoulli equation [23] (applicable to viscous fluid) is introduced in this
study, as expressed in Equation (1).

2
P1 1 _ P2 %
" +aq 25 gp +ap 2 + hy, 1)

where the head loss (hy,) is composed of the loss along the way (h f) and the local loss (hy;,),
as expressed in Equation (2).

Shyv?
hy = G
S s @)
= S

Due to the vibration between the viscous fluid and the circular through-holes, there
is a relative motion between them, the relative velocity is distributed unevenly, and the
flow is turbulent. At this time, a; is generally 1.00 to 1.1 [24]; for convenience of calculation
and reasonable simplification, order a, = 1. The average current velocity at the outlet of
the circular through-hole v; is related to the pressure difference between p; and p,. To



Symmetry 2023, 15, 980 6 of 16

reasonably simplify the model, order a; = 0, and p; = 0 [24]. Therefore, Equation (1) can be
simplified as follows:

2
P1_ 9
o = 25 Hha 3)

Since v, = v, according to the mass-conservation equation and Equation (3), the
expression of mass flow (Q1) of a circular through-hole is as follows [25]:

— Aoy = A 2’”—w> 4
0 = A, = 425 (2L @

According to the resistance formula of viscous fluid mechanics [23],

v2CpA
f= s, ©)

As py — p2 = f/A, according to Equation (5), the viscous damping ratio Cp is
obtained as

2A(p1 — p2)
C = . 6
o PvpQ1 ©
Substituting Equations (2) and (4) into Equation (6) yields
2 —
Cp = (p1 MWZ) . 7)
2
pony 2 = 2 — et

The viscous damping coefficient Ceq of vibration absorber is as follows:

v,CpA
Coy = B2, (®)

Substituting Equation (7) into Equation (8),

Ceq — A(pl _Pz) (9)

2p1 5hb0127 2
\/ o T2, T ¢vy

3.2. Damping Coefficient of Springs
3.2.1. Tension Springs

A fluid-spring vibration absorber with five degrees of freedom proposed in this
study, including tension springs and a torsion spring. The elastic coefficient of the tension
springs [26] is expressed as follows:

_ Gud,
~ 8N.Dj,’

ky, (10)

As the tension springs are submerged in the fluid, the force F is as follows [23]:

F= 2@,0;,\/ khm. (11)
Moreover, according to reference [27],
F = Ceovp. (12)

According to Equations (11) and (12),

Ceo = 200y kym (13)
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In order to ensure the safe operation of the vibration absorber, it is necessary to ensure
that the viscous parts do not collide with the platform (17) of the box, as follows:

x:—<A, (14)

where A is distance between the lower sieve plate (8) and pedestal (5), expressed in mm.

3.2.2. Torsion Spring
The elastic coefficient of the torsion spring is expressed as follows:

End}
The vibration absorption torque [28] on the torsion spring is as follows:
I,(D1 + Dy)?
M; = ™ h( 1+ 2) (16)

2(D; — D)

The fluid-torsion spring coupling damping coefficient can be expressed as follows:

42m (M3 — Cy 53)

X

Cen = (17)

4. Vibration Transmissibility

To evaluate the vibration absorption performance of the fluid—spring vibration ab-
sorber, a vibration transmissibility term [29] is introduced, which is defined as the ratio
of the absolute amplitude of the source to the amplitude of excitation, as expressed in
Equation (18).

2
Her = @ = ! ;_ (22)\er€er) 5 (18)
uer \/<1 - /\er) + (Z)Ler(fer)

5. Orthogonal Experiment

The main independent factors influencing the damping coefficients are as follows:
(1) elastic coefficient of tension springs (ky); (2) elastic coefficient of torsion spring (kg);
(3) area ratio of circular through-holes to vibration-absorbing plate (S;); (4) radius of
circular through-holes (d,). Different parameter ranges and different combinations of the
above factors can lead to different vibration absorption performances. If the conventional
experimental method is adopted, the workload is huge, and substantial time is needed. An
orthogonal experiment [30] can extract some typical experimental schemes from massive
data to find the best combination of vibration absorption parameters.

The parameter ranges are mainly determined according to two points. Firstly, they
are determined by the structure of the vibration absorber, i.e., the parameters must meet
the requirements of the rationality and strength of its structure. For instance, as shown in
Equation (8), it is necessary to ensure that the viscous parts do not collide with the platform
(17) of the box, so as to determine the minimum elastic coefficient. Secondly, some feasible
parameter ranges are obtained by single-factor experiments. A four-factor and four-level
orthogonal experiment was designed, as shown in Table 1.

Table 1. Factors and levels graph.

Levels Sy (%) dp (mm) kp N-mm—1) ko (gmm-°-1)
1 29 9 35 1107
2 33 11 37 1109
3 37 13 39 1111
4 41 15 41 1113
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Four parameters (four levels) were selected for each of the four factors. Thus, a total of
256 (4*) experiments would be required for full-scale experiments, but only 16 experiments
were required according to the orthogonal experiment. The scheme is shown in Table 2.

Table 2. Design of orthogonal experiment.

Numbers Sp (%) d, (mm) ki, N-mm—1) kg (grmm-°—1)
1 29% 9 35 1107
2 29% 11 37 1109
3 29% 13 39 1111
4 29% 15 41 1113
5 33% 9 37 1111
6 33% 11 35 1113
7 33% 13 41 1107
8 33% 15 39 1109
9 37% 9 39 1113
10 37% 11 41 1111
11 37% 13 35 1109
12 37% 15 37 1107
13 41% 9 41 1109
14 41% 11 39 1107
15 41% 13 37 1113
16 41% 15 35 1111

5.1. Simulation Analysis on Fluid

ANSYS Fluent 2020 was used to analyze the flow field on the vibration of the viscous
parts with high vibration absorption in the box relative to dimethicone.

5.1.1. Boundary Conditions

According to the experimental parameters designed in Table 1, the shock absorption
model established in SolidWorks was imported into the “Space Claim” module in ANSYS.
The space enclosed by the box was the fluid domain of the vibration absorber. The fluid
domain [31] was extracted by Boolean and imported into the “Mesh” module, and then it
was divided by a tetrahedral mesh.

During the operation of the vibration absorber, the fluid layers interfere with each
other, and the intensity changes with the change in current velocity. In addition, there
is momentum transfer between layers. The SIMPLE algorithm [31] is a kind of pressure-
amending method. Its core idea is the process of “guess to amend”. The pressure field is
calculated on the basis of mesh generation, so as to solve the momentum equation.

Settings of workbench: (1) the boundary in contact with dimethicone is set as a solid
wall; (2) to improve the computational accuracy, the iterative time step is taken as 0.001 s;
(3) the solver adopts SIMPLE algorithm; (4) k-epsilon realizable is adopted as the turbulence
model; (5) the transient stress module is transient structural; (6) FLUENT is associated
with transient structural, and the pressure and type variables interact with each other and
iterate repeatedly.

5.1.2. Flow Field Analysis

According to the above steps and settings, the schemes in Table 2 were simulated
in turn. The pressure contours of the circular through-holes on 16 groups were obtained,
as shown in Figure 2. The distribution of pressure is shown in the pressure contour of
each group, distinguished by different colors. As shown in Figure 2a, the pressure of the
first group varied from —3.635 x 10* Pa to 4.673 x 10* Pa. The velocity contours of the
circular through-holes on 16 groups are shown in Figure 3. The distribution of velocity is
shown in the velocity contour of each group, distinguished by different colors. As shown
in Figure 3a, the velocity of the first group varied from 1.74 m/s to 19.28 m/s.
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Figure 2. Pressure contours: (a) first group; (b) second group; (c) third group; (d) fourth group;
(e) fifth group; (f) sixth group; (g) seventh group; (h) eighth group; (i) ninth group; (j) 10th group;
(k) 11th group; (1) 12th group; (m) 13th group; (n) 14th group; (o) 15th group; (p) 16th group.

Using the damping coefficient of the circular through-hole in fluid, Equation (6), the
data of all groups and corresponding damping coefficients are summarized in Table 3.

Table 3. Data of experiments and corresponding damping coefficients.

Numbers p (Pa) v (m-s~1) Cey (N'ssmm~1)
1 —3.635 x 104 to 4.673 x 104 1.74 t0 19.28 293.83
2 —4.401 x 104 to 3.089 x 104 1.82 to 20.03 361.95
3 —1.923 x 104 to 3.313 x 104 1.52 to 16.67 349.27
4 —1.348 x 104 t0 2.932 x 104 1.64 to 18.02 256.37
5 —2.694 x 104 to 6.082 x 104 1.66 to 18.21 293.25
6 —2.872 x 104 to 3.849 x 104 1.82 to 19.98 368.97
7 —1.896 x 104 to 2.574 x 104 1.60 to 17.63 448.77
8 —1.483 x 104 to 2.671 x 104 1.53 to 16.82 436.77
9 —4.128 x 104 to 5.697 x 104 1.64 to 18.05 339.91
10 —3.428 x 104 to 3.823 x 104 1.76 t0 19.31 415.10
11 —2.983 x 104 to 3.634 x 104 1.63 to 17.97 421.88
12 —1.315 x 104 to 2.306 x 104 1.44 to 15.80 330.50
13 —4.580 x 104 to 5.760 x 104 1.92 to 21.11 373.23
14 —3.464 x 104 to 3.405 x 104 1.64 to 18.00 427.39
15 —2.954 x 104 to 4.745 x 104 1.67 to 18.42 411.40

16 —2.088 x 104 to 2.217 x 104 1.67 to 18.31 402.69




Symmetry 2023, 15, 980

10 of 16

Velocity
Contotir 1

1.821x10*
F 1.656x10*
I 1.490x10*
1.324x10*
1.159x10*
9.933x10°
8.278x10°
6.622x10°
‘.‘ 4.967x10°
3.311x10°
1.656x10°

0.000x10°
[

Velocity
Contotir 1

1.805x10*
H 1.641x10*

1.313x10*
1.149x10*
9.846x10°
8.205x10°
6.564x10%
4.923x10° |\
N 3.282x10° \
by 4.588x10°
1.641x10°

0.000~10°
[ms™]

Velocity
Contotir 1

2.111x10%
E 1.919x10°
1.727x10*
1.535x10%
1.343x10°
1.151x10*
9.593x10°
7.675x10°
| ] 5.756x10°
W 3.837x10°
1.919x10°

0.000x10°
[os™]

Velocity Velocity Velocity

Contouir 1 Contotir 1 Contotir 1
1.998x10! 1.763+10! == 1.682x10!
H 1.81710" F 1.603+10! F 1.529+10!
1.635x10" 1.443x10" 1.377-10!
1.453<10" 1.282x10" 1.224-10!
1.272:10' 1.122x10" 1.071-10!
1.090-10! 9.618x10° 1.090x10"
9.084-10° 8.015x10° 9.177x10°
726740 6.412x10° 7.647-100
j 545040 ~ 4.809+10° 6.118x10°
i’-gi";*ign Wy 3.206+10° 4.588-10°
0'000X10ﬂ 1.603x10° 1.529%10°
[ms] 0.000x10° 0.000x10°
[ms] [m-s7]
Velocity Velocity Velocity
Contotir 1 Contottr 1 Contottr 1
1.931+10" g 1.580+10!
F 1.755x10" H 16330 H 1.436x10"
© 1.580x10! | 1.470:10! 1.293+10!
1.404:10' 1.307x10" 1.149+10!
1.229:10" 1143<10' | 1.005x10"
1.053x10! 9.801x10° 8.617x10°
8.777x10° 8.167x10° | 7.181x10°
7.021:10° 6.534x10° 5.745+10°
| 5266100 | 4.900<10° 4309+10°
3.511x10° y 3.267x10° 2.872+10°
1.755+10° 1.633x10° 1.436x10°
0.000+10° 0.000x10° 0.00010°
[ms™] [ms7] s 1]
Velocity Velocity Velocity
Contotir 1 Contotir 1 Contotir 1
1.800+10" 1.84210! 1.831x10!
F 1.637x10" F 1.674x10" H 1.665+10"
1.473:10' 1507410 1.498+10!
1.309+10' 1.33910! 1.332x10"
1.146+10" 1.17210! 1.165x10!
9.820+10° 1.005x10! 9.987x10°
8.183+10° 8.371x10° 8.323x10°
6.54710° 6.697x10° 6.658x10°
491010 | 50230 4.994x10°
y 3.273:10° 3.348-10° 3.329x10°
1.637+10° 1.674x10° 1.665x10°
0.000+10° 0.000x10° 0.00010°
[mes™] [mes™] [ms]

Figure 3. Velocity contours: (a) first group; (b) second group; (c) third group; (d) fourth group;
(e) fifth group; (f) sixth group; (g) seventh group; (h) eighth group; (i) ninth group; (j) 10th group;
(k) 11th group; (1) 12th group; (m) 13th group; (n) 14th group; (o) 15th group; (p) 16th group.

It is well known that a greater C,; denotes better energy dissipation performance [32].
It can be seen from Table 3 that the viscous coefficient of the vibration absorber C, of the
seventh group was the largest, reaching 448.77 (N-s-mm™1); thus, its damping effect was
best. Its structural parameters were as follows: S, = 33%, dp = 13 mm.

5.2. Dynamics Simulation on Springs

The fluid-spring coupling vibration absorption was simulated using Solidworks
SIMULATION 2021 [33]. As shown in Figure 1, nine tension springs were connected
to the fluid domain; the lower end of the tension springs was fixed, and the upper end
was mobile. To raise the computational accuracy, curvature-based mesh generation was
adopted. The simulations were carried out in turn according to Tables 2 and 3. The
displacement contours of fluid-tension spring coupled vibration are shown in Figure 4; the
maximum values of vibration displacement of each group are listed in the first column of
Table 4, ranging between 10.64 mm and 29.05 mm. Moreover, the displacement contours
of fluid—torsion spring coupled vibration are shown in Figure 5; the maximum values of
vibration displacement of each group are listed in the second column of Table 4, ranging
between 3.01 mm and 8.25mm.

Adopting the representations of the spring coefficients of the tension springs and the
torsion spring (Equations (14) and (17), respectively), some performance parameters such
as ky, kg, Ceq, and C, of each group were calculated, as summarized in Table 5. It can be
seen that the fluid-spring coupling damping coefficient (C,) of the 10th group was the
largest, reaching 432.70 (N-s-mm™1). Its parameters were as follows: S, = 37%, dp = 11 mm,
kj =41 N-mm~!, and kg = 1111 g'mm."‘l.



Symmetry 2023, 15, 980 11 0f 16
URES(mm)  URES(mm)  URES(MM)  yges(mm)  URES(nm)  URES(MM)  URES(mm)  URES(mm)  URES(mm)  URES(mm)  URES(mm)  URES(mm)  URES(mm)  URES(mm)  URES(mm)  URES (mm)
22890 15.908 16.364 12566 20,047 19,296 10743 12815 26691 15.668 18.085 1837 24554 20268 22683 10639
I 20982 l 14583 I 15.000 l 11519 I 26626 l 17.688 I 9848 I 747 l 24467 l 14363 I 16578 l 10851 ' 22508 l 18579 I 20793 l 9.752
L 19075 13257 W 13637 10472 | 2a205 N 16.080 8953 L 10679 2242 13.0s7 PO 15071 9.864 L 20461 16890 N 18002 S s66
.67 ERIFE] . n22m3 . 9425 _2ues L 4an2 . 8057 L aem . 20018 _nast L 3se . se7s . 18415 15200 Loz . 7979
. 15260 _ 10605 | 10909 . 8377 . 19364 . 12864 . 7162 . 8543 L 17794 L 10446 | . 12057 | 7891 . 16369 _iasiz L osazz | 700
13352 9.280 9.546 7330 16,944 L 11256 6.267 7475 L 15570 | 9.140 10550 6.905 14323 L 11823 L 13232 6.206
11445 7.954 8.182 6203 14523 9648 san2 6407 13.345 7634 9.043 5913 12277 10,134 1341 5319
9537 6628 6818 5236 12,108 8,040 4476 5339 naz 6529 7536 4932 10231 8445 9.451 4433
7.630 5303 5455 4.189 9682 6432 3581 4272 8897 5.223 6.028 3.946 8185 6756 7.561 3546
L 5722 L 3977 4.091 L 3042 L 7.262 L 4824 L 2686 S 3200 L 6673 8 3917 L 4521 - 2959 6.138 ~ 5067 L 5671 . 2660
2815 2651 2721 2004 4841 3216 1791 2136 4448 26m 301 1973 4092 3378 3780 1173
1.907 1326 1364 1.087 2421 1608 0895 1.068 2224 1.306 1507 0986 2046 1.689 1890 0887
0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0000 0.000 0,000 0.000
1t group 2%group 3tdgroup dthgroup Sthgroup 6thgroup  7thgroup 8thgroup 9thgroup 10thgroup 11 group 12thgroup 13thgroup 14thgroup 15%group 16t group
Figure 4. Displacement contours of fluid-tension spring coupled vibration.
Table 4. Displacement of fluid-spring coupling vibration.
Numbers x (mm) x> (mm)
1 22.89 6.38
2 1591 4.20
3 16.36 4.49
4 12.57 3.97
5 29.05 8.25
6 19.30 5.21
7 10.74 3.50
8 12.82 3.63
9 26.69 7.71
10 15.67 5.18
11 18.09 494
12 11.84 3.14
13 24.56 7.82
14 20.27 4.63
15 22.68 6.42
16 10.64 3.01
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Figure 5. Displacement contours of fluid—torsion spring coupled vibration.

5.3. Fluid—Spring Coupling Vibration Absorption Response

The total mass (m,,) of the developed vibration absorber was 130 kg, in which the
density of the dimethicone was 889 kg-m’3 [34]; the solid material was AISI 1020, with a
density of 7900 kg-m 3 [35]. The vibration absorption performance is positively correlated
with the damping coefficient; therefore, the 10th group in Table 5 was adopted, in which
C, =432.70 (N-s-mm™!). The developed vibration absorber can be used for reducing the
vibration of manipulator for anchor drilling in Huainan, China; the excitation frequency
from a manipulator for anchor drilling is 0-200 Hz [21,22]. A vibration transmissibility
of 0-200 Hz and step size of wp = 1 Hz were obtained by MATLAB 2019 according to
Equation (18). The difference in vibration displacement before and after vibration absorp-
tion of the platform (17) of the manipulator for anchor drilling is shown in Figure 6.
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Table 5. Fluid-spring coupling damping coefficients.

Numbers ki (N-mm~1) ko (grmm-°-1) Ceq (N-s:mm~1) C, (N'ss-mm~1)
1 35 1107 293.83 417.97
2 37 1109 361.95 402.64
3 39 1111 349.27 415.26
4 41 1113 256.37 432.19
5 37 1111 293.25 424.60
6 35 1113 368.97 409.82
7 41 1107 448.77 42453
8 39 1109 436.77 410.98
9 39 1113 339.91 425.64
10 41 1111 415.10 432.70
11 35 1109 421.88 410.58
12 37 1107 330.50 407.67
13 41 1109 373.23 432.66
14 39 1107 427.39 389.81
15 37 1113 411.40 419.12
16 35 1111 402.69 404.63
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As shown in Figure 6, when there was no vibration absorber the Vibration displace-
ments in the flve DOFs of the platform (17) were as follows: Z =846 mm, T =2278 mm,

7 =13.57 mm, 9 = 2.51 mm, and 9 =2.96 mm. When thege was a V1brat10n absorber,
the vibration displacements were as follows: 7 =268 mm, 7 =11.43 mm, T =649 mm,

—~

6 =128 mm, and g =1.27 mm. Those vibration displacements were symmetric along the z-
axis. The vibration displacements in the five DOFs were reduced by 68.32%, 49.82%, 52.17%,
49.01%, and 57.09%, respectively, showing that a good vibration absorption performance
was obtained successfully.

6. Conclusions

A fluid—spring vibration absorber with five DOFs was developed successfully; its
mechanical structure, vibration transmission, and vibration absorption method were de-
scribed. A fluid-spring coupling damping coefficient equation was constructed, and the
vibration transmissibility was taken as the evaluation index of vibration absorption per-
formance. An orthogonal experiment with four factors and four levels was designed.
Adopting FLUENT and SIMULATION to implement joint simulations, the fluid—spring
coupling damping coefficients of 16 groups in orthogonal experiments were obtained, and
some conclusions could be drawn. It can be seen from the velocity contours that there
was turbulence in the vibration absorber under the excitation of external load. Thus, the
distribution law of pressure and velocity in the fluid domain of the vibration absorber
was obtained. The best combination of various factors and levels was obtained through
the orthogonal experiment, and then the maximum output vibration absorption was ob-
tained. The fluid-spring coupling damping coefficient of the vibration absorber reached
a maximum of 432.70 N-s-mm 1. Its parameters were as follows: S, = 37%, d, = 11 mm,
ky =41 N-mm~!, and kg = 1111 g-mm-°~!. Taking a manipulator used for anchor drilling
in Huainan of China as a case study, adopting the designed fluid-spring vibration absorber,
the vibration displacements in the five DOFs were reduced by 68.32%, 49.82%, 52.17%,
49.01%, and 57.09% respectively, revealing that a good vibration absorption performance
was obtained successfully.

The designed shock absorber and its absorption performances were symmetrical along
the z-axis, which could reduce the vibration along the five DOFs; the orthogonal experiment
was used to optimize its multifactor and multilevel combination parameters, minimizing
the number of experiments and shortening the design period. However, the influence
of fluid temperature on the damping coefficients was not considered in the orthogonal
experiment, and the stiffness coefficient and viscous damping coefficient were not further
optimized, which will be addressed in future work.
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Nomenclature

z-axis

translational DOF along the z-axis
rotational DOF along the z-axis
polar angle (rad)

translational DOF along 0

rotational DOF along 6

polar diameter (m)

translational DOF along r

rotational DOF along r

pressure (Pa)

inlet pressure of circular through-hole (Pa)
outlet pressure of circular through-hole (Pa)
gravitational acceleration (m/ s%)

current velocity (m-s~1)

QOI T TR R w) =] @) LD ) NN

1 average current velocity at inlet of circular through-hole (m-s~1)
Uy average current velocity at outlet of circular through-hole (m-s—1)
ap amending factors of kinetic energy for inlet

a,  amending factors of kinetic energy for outlet

hy  head loss (Pa)

hy  loss along the way (Pa)

hym  local loss (Pa)

o damping coefficient along the way

hy thickness of vibration absorbing plate (mm)

v average current velocity of effective section (m-s~1)

dp radius of circular through-hole (mm)

wy  excitation frequency (Hz)

¢ local resistance coefficient

{y»  damping ratio of vibration system

0 density (kg:m~3)

Q1 mass flow

A area of circular through-hole (mm?)

Sy arearatio of circular circular through-holes to vibration-absorbing plate

Cp  viscous damping ratio

C. fluid-spring coupling damping coefficient (N-s-mm~1)

Ceq  viscous damping coefficient (N-s-mm~1)

Ceo  fluid-tension spring coupling damping coefficient (N-s-m~1)
Cen  fluid-torsion spring coupling damping coefficient (N-s-mm™1)
n;  number of circular circular through-holes

k,  elastic coefficient of the tension spring (N-mm ')

G,  rigidity modulus (N-mm™—2)

dy diameter of steel wire (mm)

Dy,  diameter of spring pitch (mm)

E;,  Young’s modulus (Pa)

N, number of active coils

X displacement of tension spring (mm)

Xp displacement of torsion spring (mm)

f damping force (N)

F force on springs (N)

A distance between the lower sieve plate (8) and pedestal (5) (mm)
m mass of attachment block of springs (kg)

c viscous vibration absorption constant

X speed of attachment block of springs (mm-s~1)

X acceleration of attachment block of springs (mm-s—2)

kg  elastic coefficient of torsion spring (g-mm-°~1)

kn  elastic coefficient of tension spring (N-mm~1)

E, elastic modulus (N-mm~2)
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@ angular velocity (rad-s~1)

Mj;  vibration absorption torque (N-mm)
Dy  diameter of axle sleeve (mm)

D,  diameter of column (mm)

Her  vibration transmissibility

Aer  absolute amplitude (mm)

U, amplitude of excitation(mm)

Aer  frequency ratio, wy/wy

wy  vibration frequency (Hz)

wy,  mnatural frequency (Hz), v/ker /ey
Zer  vibration absorption ratio, (Ceo + Ceq + Cen) /2v/Merker
mer  system quality (kg)

ker  system stiffness (N-mm)
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