friried applied
e sciences

Article

Modeling and Experimental Study of the Dual Cylinder

Fluid Inerter

Fu Du 2, Chao Wang 1'2-* and Wei Nie 12

check for
updates

Citation: Du, F; Wang, C.; Nie, W.
Modeling and Experimental Study of
the Dual Cylinder Fluid Inerter. Appl.
Sci. 2022, 12,10849. https://doi.org/
10.3390/app122110849

Academic Editors: Vasily Novozhilov
and Cunlu Zhao

Received: 12 September 2022
Accepted: 29 September 2022
Published: 26 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Mechanical Engineering, Beijing Institute of Technology, Beijing 100081, China
Suspension System Technology Department, China North Vehicle Research Institute, Beijing 100072, China
*  Correspondence: 13488684909@163.com

2

Abstract: The fluid inerter is a new mechanical element which has received great attention in the
field of vibration reduction. However, due to the influence of secondary flow in the curved channel,
the damping force is too large and the inertia force is relatively small, which limits the engineering
applications of the single-cylinder fluid inerter. To eliminate the influence of secondary flow in the
single-cylinder fluid inerter, this paper proposes a dual-cylinder fluid inerter that has a straight tube
instead of the spiral pipe or spiral groove. We Analyze the working principle, derive conditions
of free movement, establish the damping force and inertia force model, and prove the validity of
the model through bench testing. Contrastingly, it is found that the maximum parasitic damping
force is only 40.32% of the single-cylinder structure, but the inertia force increases to 180.96% of the
single-cylinder structure. The proposed inerter greatly increases the proportion of inertia force, and
provides a new scheme for engineering applications.

Keywords: dual cylinder fluid inerter; damping force; inertia force; bench test; mechanical property

1. Introduction

In 2002, Smith of Cambridge University proposed the concept of an inerter [1] and
constructed a new vibration-reduction theoretical system of “inerter-spring-damping”.
Inerters can help solve common problems in the field of vibration reduction, improving the
performance of vehicle suspensions [2], enhancing the cross-country mobility of multi-axle
vehicles [3], improving the safety of high-rise buildings, and greatly attenuating vibrations
from earthquakes [4] and typhoons [5]; inerters also extend to other technical fields, such
as resonance-suppression of ships [6], long-span cables [7] and bridges [8], high-speed rail
suspensions [9], and aerospace [10].

Reference [11] first proposed the concept of a fluid inerter. The main source of inertia
force is the fluid in the slender spiral tube or spiral groove, and the generation device of
inertia force is a dual-rod single cylinder. It has the advantages of a large transmission ratio,
small back gap, long lifespan, simple structure, and so on.

Swift and Smith [12] established the first mechanical model of single-cylinder fluid
inerters. Through the quantitative analysis of inertia force and parasitic damping force, it
was proven that when fluid reciprocates through a slender spiral tube or spiral slot at high
speed, a huge parasitic damping force will be generated, and the proportion of inertia force
is relatively small. To control the parasitic damping force, researchers from the University
of Sheffield [13,14] and the University of Bristol [15] used magnetorheological fluid as a
fluid medium to adjust the size of the parasitic damping force through an external magnetic
field. Wang Le and Mao Ming [16] adopted the method of fluid mechanics analysis to build
a mechanical model of single-cylinder fluid inerters, proving that the parasitic damping
force mainly comes from the secondary turbulence of the helical pipeline section. The
magnitude and source of parasitic damping force have been fully studied, and reducing
the resistance of fluid media has become a new hotspot in this field, but with little effect.
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Because of this situation, this paper draws on the dual-cylinder transmission mech-
anism of a hydraulic piston mass inerter [17] and proposes a new structural scheme, a
dual-cylinder fluid inerter [18]. Where a single-cylinder fluid inerter has a spiral tube or
groove, we instead it with a straight tube in order to eliminate the secondary flow of the
spiral tube section, and the use of two double-acting single-rod cylinders instead of the
original double-rod cylinder greatly reduces the parasitic damping force, while increasing
the inertia force.

2. Structure and Principle of the Dual-Cylinder Fluid Inerter
2.1. Structure and Working Principle

The dual-cylinder fluid inerter consists of two cylinders, as shown in Figure 1. The
inertia force output cylinder is composed of cylinder 13 and piston 12. The flow-regulating
cylinder is composed of cylinder 7 and piston 8. Terminal 1 is on the left side of cylinder 13,
and terminal 16 on the right side of piston rod 18. Terminal 1 and terminal 16 are the two
inertia force output terminals. Pipeline 4 is used to connect oil port 3 and oil port 5, so that
the main chamber 2 and 6 are connected, and pipeline 11 is connected to oil port 14 and oil
port 10, so that the annular chamber 9 and 15 are connected.

1
16
(o) o
2 o NP s
/ N
2 13 14
11
7 g8 9
10
* ¥,

Figure 1. Schematic drawing of dual-cylinder fluid inerter. 1—terminal; 2—main chamber; 3—oil port;
4—pipeline; 5—oil port; 6—main chamber; 7—cylinder; 8—piston; 9—annular chamber; 10—oil port;
11—pipeline; 12—piston; 13—cylinder; 14—oil port; 15—annular chamber; 16—terminal; 17—piston
rod; 18—piston rod.

A closed liquid-flow loop is formed by main chamber 2, oil port 3, pipeline 4, oil port 5
and main chamber 6. Another closed liquid flow loop is constructed by annular chamber 9,
oil port 10, pipeline 11, oil port 14 and annular chamber 15. When terminal 1 and 16 move
relative to each other, they force the oil to flow back-and-forth in the two loops, creating
inertia forces.

2.2. Condition of Free Motion

Suppose that the effective area of main chamber 2 is A,, that of main chamber 6 is
Ag, that of annular chamber 15 is A5, and that of annular chamber 9 is Ag. Suppose that
the relative movement velocity between terminal 1 and terminal 16 is x, and the volume
flow discharged from main chamber 2 is A>x. According to the conservation rule of oil
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volume, the volume flow Qg out of annular chamber 9 is equal to the flow Q15 into annular

chamber 15: .
Azx

Q15=Q9=A76'A9 1)

To make sure there is no motion interference in the reciprocating process of the piston,
the discharge (or inflow) Q; of main chamber 2 and the inflow (or outflow) Q5 of annular
chamber 15 should obey the following relationship:

Q A

=z _ 12 2

Qis  Ass @
Substitute Equation (1) into Equation (2), and obtain:

A¢ Az

26 _ 2 3

Ay Ass ©)

Ay /Ass is the ratio of the effective area of the main chamber of the inertia force output
cylinder to the annular chamber. Ag/Ajg is the ratio of the effective area of the main chamber
and the annular chamber of the flow-regulating cylinder. As long as they are equal, they
can move back-and-forth without motion interference.

3. Modeling of Mechanical Properties of a Dual-Cylinder Fluid Inerter
3.1. Modeling of Inertia Forces

The inertia force at both terminals of the inerter is proportional to its relative accelera-
tion. The ratio is called the inertance, and the unit is kg. Assuming that the inertance of the
fluid inerter is B, the stored kinetic energy E is:

E= §B x 4)
The kinetic energy of the system is provided by the high-speed reciprocating flow of
the fluid in two closed loops, so:

1 1
E= §p4L4A4vﬁ T EmanAll”%l ©

where p4 is the density of the fluid in pipeline 4, L4 is the length of pipeline 4, v, is the
linear velocity of the fluid in pipeline 4, p1; is the density of the fluid in pipeline 11, L1 is
the length of pipeline 11, and vy is the linear velocity of the fluid in pipeline 11. Since the
volume of oil is conserved, it can be obtained:

A .
oA (6)

_ A5,

=g x

In combination with (4)—(6), the inertance B is:

Ar\? As\?
B = p4l4A4 A, +pouLliiAn A ()

where p4L4A4 and p11L11A1; are the masses of the fluid in pipelines 4 and 11, respectively.
Therefore, the size of B has nothing to do with the structural size of the flow-regulating
cylinder, but only with the inertia force output cylinder and the pipeline.

3.2. Damping Force Modeling

Part of the damping force is caused by the friction between cylinder and piston, and
the other part is caused by the viscous resistance of oil flowing back-and-forth. When the
relative velocities of the two terminals of the dual-cylinder fluid inerter are low, damping
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and inertia forces are small, and friction dominates. Therefore, in this paper, a 0.01 Hz
quasi-static sinusoidal displacement signal is used as the input, and the mean value |F|
of the absolute values of the output forces at both terminals is used to approximate the
friction force Ff; that is to say:

Fy = |Flsign (s) ®)

where sign is the sign function, indicating that the direction of friction force Fyis opposite
to the relative velocity S. The pressure-loss along the path when the fluid flows through
pipelines 4 and 11 is the source of damping force, and the pressure-loss coefficient A [19] is:

%,Re < 2320
1
0.0025R3,2320 < R, < 4000
A= 0.3164 4000 < R, < 105 ©)

R(g)'25 4
0.0032 + 9725, 10° < R, < 10°

where R, is the Reynolds number; the calculation formula is:
(10)

where p is fluid density, v is fluid velocity, d is flow-channel diameter, and y is fluid dynamic
viscosity. The pressure-drop Ap [20] generated by liquid flow damping is:

1 5, L
Ap = Epv AE (11)
where L is the length of a straight pipe. The damping-loss Ap, along pipeline 4 is:
1 L
Aps=p2—ps = 3pa0ha g (12)
4

where p; is the pressure in main chamber 2 and py is the pressure in main chamber 6.
Similarly, the damping-loss Apy1 along pipeline 11 is:

1 L
Ap11 = p9 — p15 = 5.0110%1)\11&,%1 (13)

where pg is the pressure in annular chamber 9 and py5 is the pressure in annular chamber 15.
The damping force F, is:
Fo = Aypy — A1spis + F (14)

In combination with Formulas (3), (12)—(14), the following can be obtained:
Fe = ApsAy + Ap11Ars + (15)

3.3. Simulation of Mechanical Properties

The force generated by the dual-cylinder fluid inerter is the resultant force of inertia
force and damping; i.e., F is:
F=Bx+F (16)

MATLAB was used to write programs to establish the inertial force F;, damping
force F, and resultant force F by combining Equations (7), (15), and (16). The structural
parameters are shown in Table 1, and the results are shown in Table 2.

As can be seen from Figures 3 and 4, the mechanical properties of a dual-cylinder fluid
inerter are equivalent to nonlinear damping and linear inerter in parallel.
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Table 1. Table of structure and fluid parameters of the single-cylinder fluid inerter.

Structure Size

Diameter of main chamber cylinder 2 D; (mm) 80
Diameter of main chamber cylinder 6 Dg (mm) 80
Diameter of piston rod 18 D15 (mm) 50
Diameter of piston rod 17 D17 (mm) 50
Diameter of pipeline 4 Dy (mm) 12
Diameter of pipeline 11 D7 (mm) 12
Length of pipeline 4 L, (mm) 5000
Length of pipeline 11 L{; (mm) 5000
Parameters of the Fluid Medium
Fluid type water
Density p (kg/m?) 1000
Dynamic viscosity p (cSt) 1
Input Signal Parameters
Input type sinusoidal velocity signal
Amplitude (mm) 60
Frequency w (Hz) 1
Table 2. Table of result.
Inertance Result
Inertance generated by pipeline 4 B4 (kg) 1115
Inertance generated by pipeline 11 By; (kg) 412
The total inertance B (kg) 1527

Force(N)

The inertial and damping forces are shown in Figure 2.
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Figure 2. The curve of damping and inertia force of a dual-cylinder fluid inerter.
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Figure 3. The curve of damping force and velocity.
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Figure 4. The curve of inertia force and acceleration.

In Figure 5, the solid line is the resultant force calculated by Formula (16), and the dot-
ted line is the result calculated by Simulink/Hydraulic Segmented Pipe LP. The Segmented
Pipe LP module could consider the inertia force and damping force of the fluid simultane-
ously. “The Segmented Pipe LP” module in Simulink was based on the finite-element idea.
Except in the initial stage of loading, there was shock in the Segmented Pipe LP module,
and after stabilizing, the results of the above two methods were highly consistent, which
proved the correctness of the established dual-cylinder fluid inerter mechanical model
before the test comparison.

6000

Theoretical model
— — — - Simulink module

4000 1

|
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Figure 5. The comparison curve between theoretical model and pipe module in Simulink.

The oscillations in the calculation results of Simulink are a normal physical phe-
nomenon. At the moment of loading, the internal pressure of the fluid inerter transiently
fluctuates, and gradually converges to a steady state after a period of oscillation. The
mechanical model established by Formula (16) is based on the empirical formula of fluid
mechanics and is a description of a steady state, so there is no oscillation in Figure 5.

4. Comparative Study with Single-Cylinder Fluid Inerter

According to the literature [16], the mechanical model of a single-cylinder fluid inerter
is constructed. The diameter of the cylinder, the diameter of the piston rod, and the length
and diameter of the pipeline are the same as those of the dual-cylinder fluid inerter. The
specific parameters are shown in Table 3.
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Table 3. Table of structure and fluid parameters of the dual cylinder fluid inerter.

Structure Size

Diameter of cylinder (mm) 80
Diameter of piston rod (mm) 50
Diameter of pipe (mm) 12
Length of pipeline (m) 10
Parameters of the Fluid Medium
Fluid type Water

Density p (kg/m?) 1000

Dynamic viscosity y (cst) 1
Result
Inertance (kg) 828

Inertance of the single-cylinder fluid inerter is 828 kg, and inertance of the dual-
cylinder fluid inerter is 1529 kg. When L4 + L1; = 10, that is to say, the total length of the
pipeline is 10 m, inertance is in a linear relationship with L4, as shown in Figure 6. When
L4 = 0, inertance is the same as in a single-cylinder fluid inerter, and inertance increases
linearly with an increase in L4. Under the condition that the total pipe length is the same,
different inertance values can be obtained by changing the lengths of L4 and Ly;.

2400
2200 | P

X 10
2000 f Y 2229.55 | -

2 1800 ",

Y 1528.74
L)

1200 | /

X0

Y 827.918

kg

Inertance
2 o
o o
o o

1000

800 . : . : .
0 2 4 6 8 10
Length of pipeline 4 L4(m)

Figure 6. The relationship between inertance and Ly.

In the single-cylinder fluid inerter, as the secondary flow on the section of the pipe
increases the damping force when the fluid flows in the spiral pipe, the inertia force is
relatively small [16]. When sinusoidal speed signals shown in Table 2 are used, the change
curves of inertia and damping forces over time are shown in Figure 7.

4
15 x10
Y Inertia force
oo ———-Damping force | |
II k J \
L \ 1 \
05 1 \ | \
Z / \ / \
T \
g 0r = A \‘ /]
o / 1
L \ ! \ h
05} \ I \
\ | \ !
\ | \ II
At ! / vy
\\ / \ h
</ N
-1.5 . . -
0 0.5 1 15 2
Time(s)

Figure 7. The curve of damping and inertia force over time of a single-cylinder fluid inerter.
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As can be seen from Figures 8 and 9, the maximum damping force of a dual-cylinder
fluid inerter is 40.32% (5451/13,519 = 0.4032) of that in a single-cylinder fluid inerter, and
the inertia force is 180.96% (2823 /1560 = 1.8096).

X 0.3
15 x10* Y 13519.2 |
[
1 Single cylinder

—=*—-Dual cylinder

0.3
5451.35

Damping force(N)
o

-0.2 0 0.2
Speed(m/s)

Figure 8. The comparison curve of damping force and velocity.
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3000 J
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o Y 1559.8
L 0
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S -1000
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-2000 e

*
>
-3000
2 -1 0 1 2
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Figure 9. The comparison curve of inertia force and acceleration.

5. Bench Test

According to the structural parameters shown in Table 1, a dual-cylinder fluid inerter
prototype is produced. We adopt two hydraulic cylinders of the same size; one is the inertia
force output cylinder, the other is the flow-regulating cylinder. We use hydraulic pipeline
to connect the main chambers and annular chambers of the two cylinders, respectively, as
shown in Figure 10.

Inertia force
Terminal A

output cylinder
Terminal B

Flow regulating cylinder

Figure 10. Drawing of the dual-cylinder fluid inerter.

Sinusoidal speed signals of different frequencies are loaded into the fluid inerter, and
signals such as time, displacement, and load at both terminals are collected. The specific
operation is as follows: Connect hinge A (terminal 16) and hinge B (terminal 1) of the
inertia force output cylinder with the base and exciter of the test bench, respectively, as
shown in Figure 11. Connect the pipe and inject water, as shown in Figure 12.
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Exciter

Force sensor

Inertia force
output cylinder

Base

Figure 11. Prototype of dual-cylinder fluid inerter.

Annular chamber

Inertia force pipeline

output cylinder

Filling port of

annular chamber Flow regularing

cylinder

Filling port of

main chamber Main chamber

e O \ main pipeline

Figure 12. Test layout of dual-cylinder fluid inerter.

Figure 13 shows the output force curves at both terminals of the dual-cylinder inerter
when the quasi-static sinusoidal speed signal of 0.01 Hz is used as the input. According to
the statistics, the average of the absolute value of F: [F| = 178N, and the approximate value
of friction force Fy can be obtained by combining Formula (8).

300

200

Force(N)
(=]

0 50 100 150 200 250
Time(s)

Figure 13. The force value of 60 mm and 0.01 Hz.

As can be seen from Figure 14 and Table 4, as the frequency increases, the deviation
between the experimental value and the theoretical value becomes smaller and smaller,
and the variation trend and value of the experimental value and the theoretical value are
highly consistent. The mechanical model established in this paper can guide the structural
design and parameter-optimization of dual-cylinder fluid inerters.



Appl. Sci. 2022, 12, 10849

10 of 12

2000
— =— - Experimental value | — =— - Experimental value
200 F Theoretical value 1500 Theoretical value
T
3 1000 !
100 S‘
— —~ 5001
Z Z
3 ot \ 8 o
—_ —_
(s} (s}
w L 500t
-100 |
-1000 ¢
-200 |
-1500
300 . . . 2000 . . . . . .
10 15 20 25 0 1 2 3 4 5 6 7]
Time(s) Time(s)
(a) 0.1 Hz (b) 0.3 Hz
5000 7aY x10%
— =— - Experimental value 3
Theoretical value — =— - Experimental value
2r Theoretical value
3 3
O 1| ©
5 :
w w
-5000 ) -3 ' ' ' '
0 2 3 0 0.5 1 1.5 2 2.5
Time(s) Time(s)
(c) 0.5Hz (d) 1 Hz
4
5 x10

Force(N)
o

— =— - Experimental value
Theoretical value

0 0.5

Time(s)

(e)

1.5 Hz

Figure 14. The force value of 60 mm at different frequencies.

Table 4. Table of theoretical and experimental force values.

Max of Experimental

Max of Simulation

Frequency (Hz) Value (kN) Value (kN) Size Error (%)
0.1 0.24 0.213 11.25
0.3 1.68 1.83 8.93
0.5 4.55 4.88 7.25
1 19.32 20.16 4.35
15 45.43 471 3.68

Note: Size error — |max of experimental value—max of simulation value| % 100%.

max of experimental value
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6. Conclusions

Through the principal analysis, mechanical-characteristics modeling, and bench test
of a dual-cylinder fluid inerter, the following conclusions are drawn:

(1) Dual-cylinder fluid inerters exists in theory, are feasible in principle, and can be
achieved with engineering.

(2) Compared with single-cylinder fluid inerters, the damping force of dual-cylinder
fluid inerters is significantly reduced, with 40.32% of the single-cylinder fluid inerter, and
the inertia force is significantly increased, with 180.96% of the single-cylinder fluid inerter.

(3) The mechanical model established in this paper can effectively simulate the me-
chanical properties of a dual-cylinder fluid inerter, and can guide its structural design and
parameter-optimization.

(4) Dual-cylinder fluid inerters can provide greater inertial force, and have great
potential in vehicle suspensions, building vibration reduction, and other applications.
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