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Abstract

Mechanical damping systems have been widely used to various mechanical structures and systems, and are mainly
hydraulic and pneumatic devices nowadays. New damping system such as nano colloidal damper (NCD) is
complementary to the hydraulic one, having a cylinder-piston-orifice structure. This study includes numerical and
experimental investigation about energy dissipation of NCD by using porous silica particles. In numerical approach, the
dissipated energy was obtained between compression and relaxation processes for porous silica particle in NCD
according to the capillary tube theory. Furthermore, for colloidal damper, the hydraulic oil was replaced by a colloidal
suspension that was consisted of a nano-porous matrix with controlled architecture and a Iyophobic fluid. NCD test rig
and the measuring technique of the hysteresis were described in this study. Performance of the energy dissipation
between numerical and experimental results was investigated and compared. As a result, the proposed NCD was
proved to efficiently dissipate the mechanical energy.
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on nano-technology in the field of engineering pro-
1. Introduction posed by Eroshenko and Fadeev can accumulate and/
or dissipate the mechanical energy [1, 2]. One of the
energy dissipated structure is called nano colloidal
damper (NCD). This new damping system could be
complementary to the hydraulic one and has a
cylinder-piston-orifice structure [3]. This kind of col-
loidal damping system could be replaced with hy-
draulic one as an anti-vibration structure in all of
industrial fields.

The mechanism of mechanical energy dissipation
in damping system based on the colloidal suspension
with nano porous particles is different from that of the
existing hydraulic one as shown in Fig. 1.

Shock absorber device has been widely used to
various mechanical damping structure and systems
such as automobile, landing gear of aircraft, and so on.
As one of this shock absorber, hydraulic damper (HD)
which used the energy dissipation concept by op-
erating viscous fluids has been generally applied.
However, hydraulic damper has disadvantages such
as the change of the viscous characteristics of wor-
king fluid and the variation in view of efficiency of
hydraulic one in operation against external shocks.

The novel concept of heterogeneous structure based
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Fig. 1. Schematic view of hydraulic damper (HD) and nano
colloidal damper (NCD).

The colloidal suspension consists of lyophobic
fluid and hydrophobic-coated porous particles or
matrix. This porous matrix is composed of silica gel
with labyrinth or central-cavity architecture as shown
in Fig. 2. Water as a working fluid is considered to be
associated lyophobic fluid. At compression operation,
working fluid is forced to penetrate the porous matrix.
Since the entire surface of the hydrophobic-coated
porous matrix is hydrophobized, the external pressure
works against the Laplace capillary pressure and the
pressure of the gas trapped inside of the porous matrix,
which tend to push out the water. Although the related
studies have been made on introductory static ex-
periments and theoretical investigation, there seems to
be no diverse application of experimental study for
the prediction of the performance of colloidal damp-
ing system [4, 5]. The absorbed energy of the damp-
ing system using colloidal suspension occurred be-
cause of the superficial tension of liquid-gas interface
of the hydrophobic surface in nano porous particles
[6].

This study includes numerical and experimental
investigation about energy dissipation of the NCD by
using porous silica particles. In numerical approach,
the dissipated energy was obtained between compres-
sion and relaxation processes for porous silica particle
in NCD according to the capillary tube theory. Fur-
thermore, for colloidal damper, the hydraulic oil was
replaced by a colloidal suspension that was consisted
of a nano-porous matrix with controlied architecture
and a lyophobic fluid. NCD test rig and the measuring
technique of the hysteresis were described in this
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study. Performance of the energy dissipation between
numerical and experimental results was investigated
and compared. As a result, the proposed NCD was
proved to dissipate the mechanical energy.

(b) Central cavity architecture

Fig. 2. Architecture of nano porous particles.

2. Numerical approach for nano colloidal
damper

2.1 Mechanism of Energy Dissipation

The performance for colloidal damping system can
be estimated through the numerical approach using
governing mechanical equilibrium conditions of
capillary system, which is consisted with working
fluid and nano porous particles having pores as nano-
sized passages. Fig. 3 and Fig. 4 show a complete
cycle from compression to relaxation of colloidal
damping system. When colloidal damper is under
external shock, working fluid percolates through
nano-sized passage of porous particle.

The compression phase could be consisted of two
steps like step A and step B in Fig. 3 with respect to
the radius of capillary system. One (step A) is the
process when the working fluid penetrates a nano-
sized passage of the porous particle; the other (step B)
is the process when the working fluid fills a cavity of



1466 T. W. Ku et al. / Journal of Mechanical Science and Technology 21(2007) 1464~1470

Step B

Fig. 3. Schematic description with steps of compression
phase of total energy dissipation cycle.

Step D

Fig. 4. Schematic description with steps of relaxation phase
of total energy dissipation cycle.

the porous particle through the nano-sized passage.
For step A, the angle of liquid-gas interface in the
solid surface changes from 90° to 180° with loading
the external pressure, and the radius of capillary
system is that of the passage of a porous particle. For
step B, the radius of capillary system is that of
thecavity of a porous particle, and the angle of liquid-
gas interface in the solid surface is considered as 180°
regardless of loading the external pressure. And the
working pressure in these steps of the capillary
system in a porous patticle is the external pressure.
The relaxation phase could be consisted of two

operations like step C and step D as shown in Fig. 4
with respect to the radius of capillary system. One
(step C) is the process when the working fluid flow
off a cavity of the porous particle; the other (step D) is
the process when the working fluid passes through a
nano-sized passage of the porous particle. For a step
C, the radius of capillary system is that of the cavity
of a porous particle, and the angle of liquid-gas
interface in the solid surface is considered as 180°
regardless of loading the external pressure. For a step
D, the angle of liquid-gas interface in the solid surface
changes from 90° to 180° with loading the external
pressure, and the radius of capillary system is that of
the passage of a porous particle. And the working
pressure in these of a porous particle is the pressure in
the cavity of particle.

2.2 Capillary Phenomenon

The performance of NCD is determined by the
amount of dissipated-energy to that of absorbed-
energy during compression phase of total cycle. In
order to estimate the performance of that, variation of
the absorbed volume of the working fluid should be
calculated with respect to loading external pressure.
Before the relationship with the variation of the
absorbed volume to the external pressure is deter-
mined through the mechanical equilibrium of ca-
pillary system in porous particle with nano-sized
passages, there are several assumptions to be con-
sidered as follows;

(a) A total cycle from compression to relaxation of
nano colloidal damping system is isothermal process.

(b) Air in porous particle is considered as an ideal
gas.

(c) The working fluid is considered as an incompre-
ssible one.

The governing mechanical equilibrium of capillary
system in porous particles with the pores as nano-
sized passages could be expressed as follows [5]:

B, =20 p, M
R
where P is the external pressure loaded, and P,

the pressure in the cavity of porous particles. And o
is superficial tension, & angle of liquid-gas interface
in the solid surface, R and radius of capillary
system, respectively.

Using the equation of state of ideal gas for
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isothermal process, the following relation between
pressure and volume for two different states of ideal
gas could be obtained.

1 AV
F,=P,7 V— ’ V.u‘r = V4'm1 __N— (2)

air T L ATMT ATM

where ¥, is the volume of porous particle, N the
total number of porous particles, and AV variation of
the absorbed volume, respectively. Then the
governing mechanical equilibrium of capillary system
in a porous particle with pores as nano-sized passages
could be expressed from Eq. (2).

~-20cosf 1
o = F LY iy T (3)
R Vi —(AV/N)
The relation with variation of the absorbed volume
to the external pressure could be determined through

Eq. (3).
2.3 Results of numerical approach

The numerical approach using the governing me-
chanical equilibrium condition of capillary pheno-
menon was carried out. Fig. 5 represents the hys-
teresis for one cycle as the results of numerical
approach with low hydrophobic-coated nano porous
particles at loading frequency of 0.1 Hz. In this case,
nano porous particles were assumed to be the same
mean particle diameter of 8 um and the mean pore
diameter of 3 n2m as nano-sized passage, total
volume of working fluid with nano colloidal particles
in chamber of 100 cc, the maximum loading stroke of
57 mm, and the loading input was sin-waveform.

Analysis
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Fig. 5. Numerical analysis result for capillary system of nano
porous particle in NCD.
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3. Experimental approach for nano colloidal
damper

3.1 Experimental equipment setup for quasi-static
test

Fig. 6 shows the test equipments of NCD. In order
to confirm the efficiency of mechanical damping
system using colloidal suspension, the test apparatus
was established. The inside diameter of cylinder was
30 mm, the inside permissible volume of cylinder
approximately 120 cc, and the practicable stroke of
the piston 85 mm. And high-pressure and temperature
sensor was attached at the test rig. The equipment for
calculating the inner pressure was used by the
pressure sensor as PA-23S-400FAP which was 1,000
bar of pressure gauge. Furthermore, for measuring the
inner temperature of the cylinder, temperature gauge
applied was the PKE-PT100 with the temperature
range as -50 ~200 . The indicated values of
pressure and temperature operated by this system
were recorded in time scale, by employing LabVIEW.
Also displacement and load data were recorded in
time scale by MAX of INSTRON software. The
loading cycle from compression to relaxation was
applied using the dynamic tester, INSTRON 8516. In
addition, nano porous particles were assumed the
same mean particle diameter of 8 xm and mean
pore diameter of 3 #m as nano-sized passage.

3.2 Influence of Working Fluid

The influence of working fluid on mechanical
damping system using NCD was analyzed through
experiments.

The dissipated energy and efficiency of NCD could
be expressed as follows;

vlimder -

Tost ahumbnr -
IR R ——

v e e

Fig. 6. Schematic diagram and experimental equipment for
NCD.
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E,=[f™~(L.~L,)-dS, n=E,/[™L.-dS (@)

where E, is the dissipated energy, L. the com-
pression load, L, the relaxation load, and 7 the
efficiency of NCD, respectively.

Fig. 7 shows the influence by the composition
types of working fluid in NCD. The first hysteresis
was considerably larger than the N™ cycles, which
were identical. The inner range of the hysteresis
represented the dissipated energy of NCD.

It shows the various hysteresis according to the
strokes as shown in Fig. 7. For the experiments, the
additives such as antifoaming agent and surface-
active agent were composed with the distilled water.
Fig. 7(a) shows the hysteresis in case of the compo-
sition with only distilled water. Fig. 7(b) exhibits the
hysteresis when the composition consisted of distilled
water, nano porous particle and surface-active agent.
The cyclic loop as shown in Fig. 7(c) displays the
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result from the composition with the distilled water,
nano porous particle and antifoaming agent. In the
other hands, another cyclic loop in Fig. 7(d) is noticed
in case of the composition with the distilled water and
nano porous particle. Because the result of Fig. 7(d)
has the effect by air-bubble between distilled water
and hydrophobic porous particle, the efficiency in this
case couldn’t relied.

In terms of the additives, amount of the energy
dissipation was considerable compared with other
compositions and the efficiency was higher than
others as shown in Fig. 7(c). The hysteresis loop
means that the distilled water was absorbed in the
pore space owing to the surface-active agent in Fig.
7(b). As results of absorption, the efficiency was
lower than any other and then the value of the
efficiency was 8.70 %. It was similar with the
hysteresis loop of Fig. 7(a) within the case of the
composition of the distilled water except nano porous
particle.

/
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Fig. 7. Influence of the working fluid on nano colloidal damper: (a) Only distilled water; (b) Surface-active agent and water
mixture with nano porous particle( 77 =8.7 %); (c) Antifoaming agent and water mixture with nano porous particle( 77 =43.2 %);

(d) Distilled water with nano porous particle( 77 =46.9 %).
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3.3 Influence of Loading Pressure

Fig. 8 shows the maximum loading pressure with
the specified strokes as 55, 56, 57 mm at the first
hysteresis, respectively. The inner range of the
hysteresis which represents the dissipated energy of
NCD increased with the increment of the inner
pressure of cylinder. During operation the test equip-
ment, the inner pressure of cylinder was increased at
Case I (about 126 bar) with the stroke of 55 mm, Case
II (about 281 bar) with the stroke of 56 mm, and Case
II (about 447 bar) with the stroke of 57 mm,
respectively.

After each loading was completed, the inner
pressure was released to zero. And the efficiency of
each case according to the various loading pressure
for mechanical damping system using NCD was

Table 1. Results of the experiment according to loading
pressure.
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arranged at Table 1. Case I was higher than the
efficiency of the others, but the dissipated energy was
lower than any other.

4. Comparison between numerical and
experimental results

In order to validate the result of numerical
approach using the governing mechanical equilibrium
condition of capillary phenomenon, experiments were
conducted with a test apparatus. Comparison con-
ditions were that the diameter of nano porous par-
ticles was the same of 8 um and the pore diameter
was equal of 3 nm as nano-sized passage, total
volume of working fluid with nano colloidal particles
in the chamber was 100 cc, the maximum loading
stroke was 57 mm, inside diameter of cylinder was 30
mm between numerical and experimental approach,
respectively.

Based on these conditions, numerical analysis

Londi Diesioated b result for capillary system of nano porous particle in
Qadin; ressure 1SS1 [ 1T . . .
Case [tg);] S pa[e” netey eﬂiciznfyez% ) NCD as shown in Fig. 5 could be compared with the
experimental result from Fig. 8(c) because they had
I 125.78 16.56 64.89 . .
same piston stroke as 57 mm. Fig. 9 shows the
I 281.00 2353 3547 comparison result between numerical analysis and
i 446.83 30.94 46.86 experiments at the same stroke range. As shown in
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Fig. 8. Influence of the loading pressure on the NCD hysteresis.
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Fig. 9. Comparison between numerical and experimental
results.

Fig. 9, the load distribution for the numerical analysis
result by capillary theorem had similar trend to that of
experimental one according to the stroke distance.
Furthermore, the maximum load and the dissipated
energy between numerical and experimental approach
were almost the same as about 32 kN and 30 J,
respectively.

5. Concluding remarks

The novel concept of nano colloidal damping system
using colloidal suspension with nano porous particles
and working fluid was investigated and the elementary
researches through numerical and experimental
approach were carried out in this study. In these
approaches, NCD was consisted of lyophobic fluid and
hydrophobic-coated porous matrix. The porous matrix
of the colloidal damper was composed of silica gel
with labyrinth or central-cavity porous architecture.

The influence of working fluid and the loading
condition on this mechanical damping system of
NCD was analyzed through numerical and experi-
mental studies. From the results, the energy dis-
sipation amount was observed differently according
to the composition of working fluid and the stroke
distance for mechanical damping system using the
suggested NCD. In view of the composition of
working fluid, the energy absorption by the damping
system using NCD was occurred because of the su-
perficial tensions of liquid-gas interface of the hy-
drophobic surface in nano porous particles. Furthe-
mmore, the stroke distance as a loading condition
played an important role to control the performance in
energy dissipation of mechanical damping system
using colloidal damper with hydrophobic-coated
porous particle and working fluid. Especially, the
characteristics of mechanical damping system using
colloidal suspension could be confirmed experi-

mentally by a series of quasi-static tests for various
loading conditions.

Resultantly, it was confirmed that new mechanical
damping system by using NCD could be applicable in
diverse mechanical structures under various loading
conditions. The results of this study could be sum-
marized as follows:

(1) The characteristics of NCD system could be
determined by the suitable composition of the addi-
tives with working fluid and nano porous particle.

(2) It was confirmed that the energy dissipation and
their efficiency of mechanical damping system using
NCD was observed differently with respect to the
composition of working fluid and the loading condition.

From comparison between numerical and experi-
mental result, the capillary theorem could be applied
to nano colloidal damping system with working fluid
including nano porous particles.
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