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Force-Generating Characteristics of a Separated
Dual-Chamber Single-Rod-Type Damper Using an
Elastomer-Particle Assemblage
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Table 1.1 Damper type and basic resistance force characteristics
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Table 1.2 Damper applications and basic resistance force characteristics
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Fig. 1.1 Schematic of typical particle impact damper
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163

Section A-A

Fig. 2.1 Schematic diagram of the separated dual-chamber single-rod-type damper using an
elastomer-particle assemblage. 1. Cylinder, 2. End cover, 3. Bearing, 4. Rod, 5. Piston, 6.

Elastomer particles. The unit is mm.
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(a) Normal direction (b) Tangential direction

Fig. 2.2 Contact force model of particles.
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Fig. 2.3 Load vs. displacement
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Fig. 2.4 Schematic of compression test
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Packine fraction = Total mass of the particles 24)
acxing fraction = Volume of the space in the container X Density of the particle
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Table 2.1 Numerical conditions

Material of the elastomer particles Silicone elastomer (TSE3466),
Nitrile rubber (NBR)
Diameter of particles [mm] 3,5
Packing fraction of the particles [-] 0.60 or 0.70
Number of particles 1339 or 1562
Stroke of forced vibration [mm] 10
Frequency of forced vibration [Hz] 1,5
Stroke center distance from the origin [mm] 0
Time step [s] 5.0x107

Table 2.2 Mechanical properties for calculation

Density of particle [kg/m?] 1.10x10°
Poisson ratio v; 0.5
Friction coefficient uy (wall-particle) 0.5
Friction coefficient uy (particle-particle) 0.5
Young’s modulus of wall £, [GPa] 210
Compressive modulus of particles £; [MPa] 4.08 (TSE3466), 17.6 (NBR)
Parameter of attenuation coefficient a 0.5311
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JRAZH T THRHEL TS, DX AN AR & M LI REIC SV 2 — K AR D DT AE
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LCEHEN, RATE AN DRI F 2 EME L= oy RIE b D EM K &, Rl
REEH L DIPL OEFHES vy R 2D 1 DF 23— 1L L TR BENS. 2Ok,
B 23— FIOVERR T R AR 53 OO TNTHRLF D FERGZE T L DRI IC Z D6 D THY, $E#5 5 7]
%53 D INTRLT-DF AW E TS I DRE L, R T-& V2 —BEH ] TOIEEIZ LS
DEIRD . ZIUCED, Dz CIEhi -3V 7 —BEmOIHT ), Rz CIRRL &y REEH ] D
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Fig. 2.5 +z direction force applied to the bottom of the cylinder.
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Fig. 2.6 -z direction force applied to the bottom of the cylinder.
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Fig. 2.7 +z direction force applied to the rod end face.
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Fig. 2.8 -z direction force applied to the rod end face.
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Fig. 2.9 Schematic diagram of the experimental apparatus. 1. Motor controller, 2. Motor, 3.
Laser displacement sensor, 4. Rod, 5. Damper, 6. Load cell, 7. Strain amplifier, 8. Oscilloscope,

9. Amplifier unit.
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L (NBR) (AT L) & HUTZ. BB OFRE DG E%AFig. 2.10, TR Table 2.312
R

(a) Material: silicone elastomer TSE3466,  (b) Material: silicone elastomer TSE3466,

diameter of particles: 3 mm diameter of particles: 4 mm

(c) Material: silicone elastomer TSE3466,  (d) Material: nitrile rubber NBR,
diameter of particles: 5 mm diameter of particles: 3 mm

Fig. 2.10 Photographs of particles.
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Material of the elastomer particle Silicone elastomer (TSE3466),
Nitrile rubber (NBR)
Young’s modulus [MPa] 4.08 (TSE3466), 17.6 (NBR)
Durometer A hardness 60
Diameter of particles [mm] 3,4,5
Packing fraction of particles [-] 0.60, 0.65, 0.70
Stroke of forced vibration [mm] 10
Frequency of forced vibration [Hz] 0.1,1,5
Stroke center distance from the 0,10
origin [mm]
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Damper force [N]

Displacement [mm]
Fig. 2.11 Damper force vs. piston displacement. Comparison of the simulation and
experimental results. Packing fraction is 0.60, frequency is 1 Hz, material is silicone elastomer

TSE3466, diameter of particles is 3 mm, the stroke center distance is 0 mm.
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350 |
— Experiment
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Damper force [N]

Displacement [mm]
Fig. 2.12 Damper force vs. piston displacement. Comparison of the simulation and
experimental results. Packing fraction is 0.70, frequency is 1 Hz, material is silicone elastomer

TSE3466, diameter of particles is 3 mm, the stroke center distance is 0 mm.
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Fig. 2.13 Damper force vs. piston displacement. Comparison of the simulation and
experimental results. Packing fraction is 0.60, frequency is 5 Hz, material is silicone elastomer

TSE3466, diameter of particles is 3 mm, the stroke center distance is 0 mm.



29

450 |
= Experiment
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Damper foree [N]
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Fig. 2.14 Damper force vs. piston displacement. Comparison of the simulation and
experimental results. Packing fraction is 0.60, frequency is 1 Hz, material is NBR, diameter of

particles is 3 mm, the stroke center distance is 0 mm.
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Fig. 2.15 Damper force vs. piston displacement. Comparison of the simulation and
experimental results. Packing fraction is 0.60, frequency is 1 Hz, material is silicone elastomer

TSE3466, diameter of particles is 5 mm, the stroke center distance is 0 mm.
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Fig. 2.16 Damper force vs. velocity. Comparison of the simulation and experimental results.
Packing fraction is 0.60, frequency is 1 Hz, material is silicone elastomer TSE3466, diameter of

particles is 3 mm, the stroke center distance is 0 mm.
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Fig. 2.17 Normal and tangential damper forces vs. displacement of the piston.
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Fig. 2.18 Normal and tangential damper forces vs. velocity of the piston.
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Fig. 2.19 The normal component of the elastic and viscous forces vs. displacement of the

piston.
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Fig. 2.20 Enlarged view of the normal component of the viscous force vs. displacement of the

piston.
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Fig. 2.21 The tangential component of the elastic and viscous forces vs. displacement of the

piston.
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(b)

Fig. 2.22 Distributions of the compressive force acting on the particles. The position of the
piston center and time are (a) z =0 mm, #/7 = 0 (compression process), (b) z=15 mm, /7= 0.25,
(c) z=0 mm, #/T = 0.50 (non-compression process), and (d) z = -5 mm, #/7'= 0.75. The arrow on

the piston indicates the direction of the piston velocity.
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Fig. 2.23 Selected velocity vectors of the particles inside the damper. The position of the

piston center and time are (a) z =0 mm, #/7 = 0 (compression process), (b) z=15 mm, /T = 0.25,
(c) z=0 mm, #/T = 0.50 (non-compression process), and (d) z = -5 mm, /7= 0.75. The arrow on

the piston indicates the direction of the piston velocity.
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Fig. 2.24 Time history of the damper force and displacement
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Fig. 2.25 Damper force vs. displacement (influence of packing fraction). The vibration
frequency is 1 Hz, and the material of the particles is silicone elastomer TSE3466. The stroke

center distance is 0 mm.
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Fig. 2.26 Damper force vs. velocity (influence of packing fraction). The vibration frequency

is 1 Hz, and the material of the particles is silicone elastomer TSE3466. The stroke center

distance is 0 mm.
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Fig. 2.27 Damping energy (influence of packing fraction). The vibration frequency is 1 Hz,
and the material of the particles is silicone elastomer TSE3466. The stroke center distance is 0

mm.
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Fig. 2.28 Damper force vs. displacement (influence of frequency of forced vibration). The
packing fraction is 0.60, and the material of the particles is silicone elastomer TSE3466. The

stroke center distance is 0 mm.
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Fig. 2.29 Damper force vs. velocity (influence of frequency of forced vibration). The
vibration frequency is 1 Hz, and the material of the particles is silicone elastomer TSE3466. The

stroke center distance is 0 mm.
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Fig. 2.30 Damper force vs. displacement (influence of material of the particles). The vibration

frequency is 1 Hz, and the packing fraction is 0.60. The stroke center distance is 0 mm.
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Fig. 2.31 Damper force vs. velocity (influence of material of the particles). The vibration
frequency is 1 Hz, and the material of the particles is silicone elastomer TSE3466. The stroke

center distance is 0 mm.
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Fig. 2.32 Damper force vs. displacement (influence of the diameter of particles). The
vibration frequency is 1 Hz, and the packing fraction is 0.60. The material of the particles is

silicone elastomer TSE3466.
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Fig. 2.33 Damper force vs. velocity (influence of the diameter of particles). The vibration
frequency is 1 Hz, and the material of the particles is silicone elastomer TSE3466. The stroke

center distance is 0 mm.
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Fig. 2.34 Damper force vs. displacement (influence of the stroke center distance from the
origin). The vibration frequency is 1 Hz, and the packing fraction is 0.60. The material of the

particles is silicone elastomer TSE3466.
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Fig. 2.35 Damper force vs. velocity (influence of the stroke center distance from the origin).
The vibration frequency is 1 Hz, and the material of the particles is silicone elastomer TSE3466.

The stroke center distance is 0 mm.
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Fig. 3.1 Schematic diagram of the separated dual-chamber single-rod type damper with
elastomer particle assemblage in filled with both chambers. 1. Cylinder, 2. End cover, 3.

Bearing, 4. Rod, 5. Piston, 6. Elastomer particles. The unit is mm.
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HREEZ T

Table 3.1 Numerical conditions

Elastomer particle material Silicone elastomer (TSE3453, TSE3466)
Particle packing fraction [-] 0.60
Number of particles 2533
Diameter of particles [mm] 3
Stroke of forced vibration [mm] 10
Frequency of forced vibration [Hz] 1
Time step [s] 5.0x107

Table 3.2 Mechanical properties for calculation

Density of particles [kg/m’] 11010}

(measured value)

Poisson ratio, v; 0.5

Friction coefficient, us (wall-particle) 0.5

Friction coefficient, u, (particle-particle) 0.5

Young’s modulus of the wall, £, [GPa] 210

Compressive modulus of particles £; [MPa] 2.28 (TSE3453), 4.08 (TSE3466)
Attenuation coefficient, a 0.5311

3. 3 EBR&MH

AREBRTIL, Fel=R, IRE B, KM E B IO E 2 ] T A= —L L THWT
WD, IbEFEDT-FBR S A Table 3318 T, Fi 121X, B FEEII B2 DR T3 E
ELTHEE40D > Y — T ATSE3453 % L CU5 72, TSE3453 DKL 13K [ D 5 H.%
Fig. 321" 7. &7z, LR Tl ChamberlZ 81154 X— T EEOF 2 —=> 7 FED1
DELT, £Chamber® FetH =R )3 72 5455 OFFME, Chamber BO AR & FIE L7255
DOFHELFERL TWV5.
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Table 3.3 Experimental conditions

Elastomer particle material

Silicone elastomer (TSE3453, TSE3466),
Nitrile rubber (NBR)

Young’s modulus [MPa]
(measured value)

2.28 (TSE3453), 4.08 (TSE3466), 17.6 (NBR)

Durometer A (Shore A) hardness of the
elastomer particle [-]

40 (TSE3453), 60 (TSE3466), 60 (NBR)

Particle packing fraction [-] 0.60, 0.65, 0.70
Diameter of particles [mm] 3
Stroke of forced vibration [mm] 10
Frequency of forced vibration [Hz] 0.1,1,5

Combination of the particle packing
fractions in Chambers A and B

Chamber A: 0.60, Chamber B: 0.60
Chamber A: 0.60, Chamber B: 0.70
Chamber A: 0.70, Chamber B: 0.60

Chamber A: 0.70, Chamber B: 0.70

Fig. 3.2 Photographs of particles. Material: silicone rubber TSE3453, diameter of particles: 3

mm
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FOEEMIZ—HLTEY, AEOWMEREOTI2L —I g b HESRIF IR TE
PER) - BB L QD 7, R FHIFOSAY i E SR CHEB LRV T
1%, P2 —ral RN EERN BRI T HLDEBEZLNLTD ThHD.
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Fig. 3.3 Damper force vs. piston displacement curves. Comparison of the simulation and
experimental results. Packing fraction is 0.60, frequency is 1 Hz, material is silicone elastomer
TSE3466, hardness is 60.
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Fig. 3.4 Damper force vs. piston displacement curves. Comparison of the simulation and

experimental results. Packing fraction is 0.60, frequency is 1 Hz, material is silicone elastomer
TSE3453, hardness is 40.
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Fig. 3.5 Damper force vs. velocity. Comparison of the simulation and experimental results.
Packing fraction is 0.60, frequency is 1 Hz, material is silicone elastomer TSE3466, hardness is

60.
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Fig. 3.6 Normal and tangential damper forces vs. displacement of the piston. In the case of

Dz.
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Fig. 3.7 Normal and tangential damper forces vs. velocity of the piston. In the case of Dz.
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EBZLND. 220, X — ) OFER T 0 7 T RIERR T A Ay & LR L T/ hawy, 2
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Fig. 3.8 Normal and tangential damper forces vs. displacement of the piston. In the case of

Rz.
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Fig. 3.9 Normal and tangential damper forces vs. velocity of the piston. In the case of Rz.
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Fig. 3.10 The surface area of the cylinder and the rod.
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Fig. 3.11 The elasticity and viscosity forces of the normal component vs. displacement of the

piston. In the case of Dz.
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Fig. 3.12 The viscosity force of the normal component vs. displacement of the piston.

Enlarged view. In the case of Dz.
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Fig. 3.13 The elasticity and viscosity forces of the tangential component vs. displacement of

the piston. In the case of Dz.
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Fig. 3.14 Consideration of hysteresis of elastic component in normal direction.
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Fig. 3.15 The elasticity and viscosity forces of the normal component vs. displacement of the

piston. In the case of Rz.
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Fig. 3.16 The viscosity force of the normal component vs. displacement of the piston.

Enlarged view. In the case of Rz.
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Fig. 3.17 The elasticity and viscosity forces of the tangential component vs. displacement of

the piston. In the case of Rz.
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Fig. 3.18 Distributions of the compressive force acting on the particles. The position of the

piston center and time are (a) z= 0 mm, #/T = 0 (compression process), (b) z=5 mm, /T = 0.25,
(c) z= 0 mm, #/T = 0.50 (non-compression process), and (d) z = -5 mm, /7= 0.75. The arrow on

the piston indicates the direction of the piston velocity.
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Fig. 3.19 The relationship between displacement and void volume. The vibration frequency is
1 Hz, the particle packing fraction is 0.60, the Durometer A (Shore A) hardness of the particles
is 60, and the particle material is silicone elastomer
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piston center and time are (a) z =0 mm, #/7 = 0 (compression process), (b) z=15 mm, /7= 0.25,

(c) z=0 mm, #/T = 0.50 (non-compression process), and (d) z = -5 mm, #/7'= 0.75. The arrow on

the piston indicates the direction of the piston velocity.
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Fig. 3.22 Damper force vs. displacement (influence of packing fraction). The vibration
frequency is 1 Hz, the material of the particles is silicone elastomer TSE3466, and the

Durometer A (Shore A) hardness of the particles is 60.
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Fig. 3.23 Damper force vs. velocity (influence of packing fraction). The vibration frequency
is 1 Hz, the material of the particles is silicone elastomer TSE3466, and the Durometer A (Shore

A) hardness of the particles is 60.
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Fig. 3.24 Damping energy (influence of packing fraction). The vibration frequency is 1 Hz,
the material of the particles is silicone elastomer TSE3466, and the Durometer A (Shore A)

hardness of the particles is 60.
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Fig. 3.25 Damper force vs. displacement (influence of packing fraction). The packing

fractions are (a) 0.60 to 0.40, (b) 0.30 to 0. The vibration frequency is 1 Hz, the material of the
particles is silicone elastomer TSE3466, and the Durometer A (Shore A) hardness of the
particles is 60.
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Fig. 3.26 Damper force vs. displacement (influence of frequency of forced vibration). The
packing fraction is 0.60, the material of the particles is silicone elastomer TSE3466, and the
Durometer A (Shore A) hardness of the particles is 60.
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Fig. 3.27 Damper force vs. velocity (influence of frequency of forced vibration). The packing

fraction is 0.60, the material of the particles is silicone elastomer TSE3466, and the Durometer

A (Shore A) hardness of the particles is 60.
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Fig. 3.28 Damper force vs. displacement (influence of hardness of the particles). The packing

fraction is 0.60, the vibration frequency is 1 Hz, the material of the particles is silicone

elastomer TSE3453 and TSE3466.
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Fig. 3.29 Damper force vs. velocity (influence of hardness of the particles). The packing

fraction is 0.60, the vibration frequency is 1 Hz, the material of the particles is silicone

elastomer TSE3453 and TSE3466.
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Fig. 3.30 Damper force vs. displacement (influence of hardness of the particles). The packing
fraction is 0.60, the vibration frequency is 1 Hz, and the Durometer A (Shore A) hardness of the

particles is 60.
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Fig. 3.31 Damper force vs. velocity (influence of hardness of the particles). The packing
fraction is 0.60, the vibration frequency is 1 Hz, and the Durometer A (Shore A) hardness of the

particles is 60.
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Fig. 3.32 Damper force vs. displacement curves (influence of different particle packing
fraction in each chamber). The vibration frequency is 1 Hz, the Durometer A (Shore A) hardness

of the particles is 60, and the particle material is silicone elastomer TSE3466.
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Fig. 3.33 Damper force vs. displacement curves. (interaction between chambers). The
vibration frequency is 1 Hz, the particle packing fraction is 0.60, the Durometer A (Shore A)

hardness of the particles is 60, and the particle material is silicone elastomer.
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Fig. 3.34 Damper force vs. velocity curves. The vibration frequency is 1 Hz, the particle
packing fraction is 0.60, the Durometer A (Shore A) hardness of the particles is 60, and the

particle material is silicone elastomer.
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Fig. 4.1 Damper installation angle.
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Table 4.1 Numerical conditions

Material of the elastomer particle Silicone elastomer TSE3466
Diameter of particles [mm] 3
Packing fractions of particles [-] 0.60, 0.65

Chamber A: 1339, Chamber B: No particles
Number of particles Chamber A: 1451, Chamber B: No particles
Chamber A:1339, Chamber B:1125

Stroke of forced vibration [mm] 10
Frequency of forced vibration [Hz] 1
Installation angle [°] 0, 45,90
Time step [s] 5.0x107

Table 4.2 Mechanical properties for calculation

Density of particle [kg/m’] 1.10x10°
Poisson ratio v; 0.5
Friction coefficient u (wall-particle) 0.5
Friction coefficient yy (particle-particle) 0.5
Young’s modulus of wall E,, [GPa] 210
Compressive modulus of particles E; 408
[MPa]
Attenuation coefficient a 0.5311
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Fig. 4.2 Damper force vs. piston displacement curves. Packing fraction is 0.60, frequency is 1

Hz, material is silicone elastomer TSE3466.
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Fig. 4.3 Normal damper forces vs. displacement of the piston.
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Fig. 4.5 The position of the particles and the distributions of the compressive force acting on
the particles. The installation angle is 45°. The position of the piston center and time are (a) z =
0 mm, #/T = 0 (compression process), (b) z=5 mm, /T = 0.25, (c) z= 0 mm, /7= 0.50 (non-

compression process) and (d) z = -5 mm, /7= 0.75.
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Fig. 4.6 The position of the particles and the distributions of the compressive force acting on
the particles. The installation angle is 90°. The position of the piston center and time are (a) z =
0 mm, #/T = 0 (compression process), (b) z=5 mm, /T = 0.25, (¢) z= 0 mm, /7= 0.50 (non-

compression process) and (d) z = -5 mm, /T = 0.75.
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Fig. 4.7 Selected velocity vectors of the particles inside the damper. The installation angle is

45°. The position of the piston center and time are (a) z =0 mm, #/7= 0 (Compression process),
(b)z=5mm, #/T=0.25, (c) z= 0 mm, /T = 0.50 (non-compression process) and (d) z = -5 mm,
t/T=0.75.
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Fig. 4.8 Selected velocity vectors of the particles inside the damper. The installation angle is
90°. The position of the piston center and time are (a) z= 0 mm, #/7 = 0 (Compression process),
(b)z=5mm, #/T=0.25, (¢c) z= 0 mm, #/T = 0.50 (non-compression process) and (d) z = -5 mm,

t/T=0.75.
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Fig. 4.9 Damper force vs. piston displacement curves of simulation results of installation

angle 0° and 90°.
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Fig. 4.10 The position of the particles and the distributions of the compressive force acting on
the particles. The packing fraction is 0.65. The installation angle is 0°. The position of the piston
center and time are (a) z =0 mm, #/T = 0 (compression process), (b) z=5 mm, /T = 0.25, (c) z =

0 mm, #/T = 0.50 (non-compression process) and (d) z=-5 mm, #/T= 0.75.
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Fig. 4.11 The position of the particles and the distributions of the compressive force acting on
the particles. The packing fraction is 0.65. The installation angle is 90°. The position of the
piston center and time are (a) z= 0 mm, #/7 = 0 (compression process), (b) z =5 mm, #/T=0.25,

(¢) z=0 mm, #/T = 0.50 (non-compression process) and (d) z = -5 mm, #/T = 0.75.
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Fig. 4.12 Damping force vs. piston displacement curves of simulation results.
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Fig. 4.13 The position of the particles and the distributions of the compressive force acting on

the particles. The installation angle is 90°. The position of the piston center and time are (a) z =
0 mm, #/T = 0 (compression process), (b) z=5 mm, /T = 0.25, (¢) z= 0 mm, /7= 0.50 (non-

compression process) and (d) z = -5 mm, /T = 0.75.
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