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Abstract

This paper presents a development of a new damping element which is used as a principle of surface extension in
nanopore. The surface extension force of water in hydrophobic nanopore in pressurization process is different from that
decompressurization process. This principle is applied to a damping element. The nanopore is constructed by silica gel.
A silica gel ball of 100-200 um & has many nanopores of 7-20nm J in it. The coated spherical silica gel and water are
inserted in a piston—cylinder unit in order to work as a damper. If compression force is added to the piston—cylinder unit
(damper), water flows into the nanopore under balance of pressure and surface extension force. If this damper is
decompressed, water moves out to the outlet of the pore. The surface extension forces for compression are larger than that
of decompression. This difference in force of the surface extension produces a damping energy.

Size of the pore, performance of surface extension force, fatigue life of coated material and static characteristics of the
damper have already been presented by our group. Hence dynamic characteristics are presented in this paper. Two types of
dampers, single cylinder type and double cylinder type, are presented, and energy dissipations of these two dampers are
investigated for frequency response and piston stroke.

Then the following conclusions are arrived at:

(1) Energy dissipation of the single cylinder-type damper is larger than that of the double cylinder-type damper.

(2) Amount of energy dissipation is almost constant, even if the input frequency is changed. This characteristic is different
from the oil damper.

(3) Damping efficiency for unit volume is very high, so large energy can be dissipated by small size damper.

(4) Heat does not occur by the dissipation of energy. So characteristics of damping performance do not change by
temperature.
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1. Introduction

Ability of fluids, flowing in narrow interstices, to dissipate the energy of shock and vibration is well known.
The specialized machine element for this is called viscous damper [1,2]. The fluid flow can be Couette
(Lanchester’s absorber) or/and Poiseuille (hydro-pneumatic dampers, Squeeze film dampers, etc.). Hydraulic
damper (HD) presented in Fig. 1(a) dissipates the mechanical energy by laminating the hydraulic oil to pass
through calibrate holes. During a Poiseuille flow, the viscous force produces dissipation of the mechanical
energy. External force F can be expressed as function of the piston velocity v and oil dynamic viscosity u
(Fig. 1(a)), where C and ¢ are constants, which depend on the damper geometry. Since the oil viscosity is
responsible for energy loss, this mechanism is called viscous dissipation [1,2]. Colloidal damper (CD), proposed
by Eroshenko [3,4], is a device complementary to the HD, having a cylinder piston construction (Fig. 1(b)); no
holes are machined on the piston; a mixture of hydrophobic porous matrix, e.g., modified silica gel, and its
associated liquid, e.g., water, produce the colloidal suspension, which replaces the hydraulic oil. The porous
matrix can from: silica gel, aero gel, ceramics, glass, zeolites, carbon (graphite, charcoal, fullerenes), aluminum
oxide, etc. [3-8]. The working liquid can be [3-8]: water, aqueous solutions(e.g., water and antifreeze agent),
mercury, melted metals (e.g.,1ead), melted alloys (e.g., wood alloy, eutectics), melted flux, melted salts, etc. From
the ecological and economical point of view, the combination silica gel-aqueous solutions is convenient [§]. In
the present work, only this type of colloidal suspension is considered. Silica gel matrix (Fig. 2) consists of porous
particles of radius R, which is in the order of 1 yum—1mm. The mesopores (Fig. 2) of variable radius y occur as
intersected nano-tubes, which follow complex directions in the case of labyrinth architecture. They occur as
radial nano-tubes, parallely connected to a large hollow in the case of central cavity architecture. The whole, i.e.,
inner and outer, surface of the particles is hydrophobized with me-alkylchlorosilanes [7,8]. Due to its
hydrophobic coating, the surface of the porous matrix is not wetted by water, i.e., the contact angle 0 is higher
than 90° (Fig. 2). At compression (Fig. 1(b)), water is forced to penetrate the porous matrix (Fig. 2). External
pressure p = 4F/(nD?) works against the Laplace capillary pressure —2c cos6/y and the pressure of the gas
(air and water vapors) trapped in the porous matrix (and this air trapped out the water):

p=—20cos 0/y+p,. €

By analogy with mercury porosimetry (9), this mechanism was called water porosimetry [7]. CD concept is
based on the observation that the compression and relaxation paths, in the graph of the pressure p versus stroke
S, are not superposed and a hysteresis occurs. Thus, the same phenomenon, which lies at the basis of the water
porosimetry, is employed here to dissipate the energy of vibration. Dissipated energy E is equal to the area of
the hysteresis [8,9], i.e., it is equal to the work variation AW = —p AV measured at the CD piston, where
AV = nSD?/4 is the water volume variation. Introducing external pressure from Eq. (1) in the expression of
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Fig. 1. Schematic view of hydraulic damper (HD) (a) and colloidal damper (CD) (b).
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Fig. 2. Water penetration into a hydrophobic matrix of mesoporous silica gel.

work AW, and considering the relation between surface and volume variation AQ = 2 AV/y, one finds
AW =0 cos 0AQ —p, AV. 2

Since the gas pressure is negligible [8], CD occurs as a system able to transform the volume work AW into the
interfacial work o cos 0 AQ of a solid-liquid—gas boundary. It was proved [8] that colloidal dissipation occurs
due to the contact angle hysteresis on a rough and chemically heterogeneous surface. In compression, i.e., water
adsorption, when the solid—liquid contact area increases (AQ>0), the contact angle is 6,; at relaxation, i.e.,
water desorption, when the solid-liquid contact area decreases (AQ>0) the contact angle becomes 60,,. The
difference 0,—04 might be of several tens of degrees, depending on the surface roughness and chemical
inhomogeneities [10]. Figs. | and 2 illustrate that both HD and CD dissipate the mechanical energy by forcing
the working fluid to pass through narrow holes. The difference between them is the size of the holes, which is in
the order of millimeters for HD and in the nanometers for CD. As pointed out in Refs. [3-5,8,9,14,15],
compared with HD, CD behaves unusually and displays several advantages: it is able to absorb large amount
of mechanical energy, without heating; the CD dissipated energy does not depending by the piston velocity,
and the CD efficiency is 2-3 times higher. Due to these important advantages, CD might replace HD in some
applications such as dampers, vehicle suspensions, seismic dampers, buffers, engines supports, various
antivibration protections. CD can be regarded as a novel application of Nanotechnology in the field of
Mechanical Engineering. Nanotechnological aspects are connected to manufacture of silica gel with proper
architecture and hydrophobic coating [7,8].

In our test, static characteristics of CD were investigated for silica gels coated with various kinds of coatings
[11]. It is known for the static test that the dissipated energy of the nth hysteresis is reduced from the first
hysteresis energy, but CD cycle is reproducible by quantity of silica gel, which is changed by pore in silica gel
and loading pressure, etc. [12]. For the dynamic test CD maximum efficiency is 2-3 times higher than
hydraulic damper maximum efficiency when bore of the cylinder is same. CD dissipated energy is almost
constant with the piston speed augmentation and so on [12].

In this paper, influences of hydrophobic coating of silica gel, mesopore radius, loading pressure, loading
frequency and stroke of the piston are investigated by an experimental method to realize the CD in practical use.

2. Experiment
2.1. Dynamic test ring
Fig. 3 shows an original design solution (from a practical point of view) of the single CD dynamic test rig.

Fig. 4 shows the measurement equipment. Colloidal suspension supplies the test chamber, which is located
inside the high-pressure cylinder. Design of the high-pressure cylinder (Fig. 3) is similar for the dynamic and
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Fig. 3. Experimental apparatus: (a) overview of experimental apparatus and (b) detail of piston—cylinder unit.
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Fig. 4. Measuring systems.

static test rigs[2,4,6,7,13]. Piston of diameter D = 8§ mm, thread plugs and high-pressure gauge close the test
chamber. Copper gaskets, O ring and V packing are used to seal the experimental chamber, in which
maximum pressure of 60 MPa can be created. A high-power vibration produces the dynamic load, which acts
directly on the piston. Maximum force provided by vibrator is F,x = 9800 N; the maximum stroke
Smax = S mm (peak—peak) and the maximum speed provided by vibrator v, = 1 m/s, i.e., 100 times higher
than in static experiments [2,13].

This speed exceeds the critical velocity, which is on order of 20-200 mm/s [2,13]. Consequently one expects a
quasi-adiabatic cycle of CD. Frequency range provided by vibrator is 2-2500 Hz, but one performs
experiments in the range 2-40 Hz, since at higher frequencies, the amplitude of vibration is too small. One
recalls here that CD becomes effective if the stroke is on order of several millimeters [2,4,6,7,13]. However, the
frequency interval is selected according to specific applications: in the case of vehicle suspensions the frequency
range is 0—40 Hz (e.g., the peak for the bullet train suspension is around 5 Hz); in the case of seismic dampers
the frequency range is 0-20 Hz (the first peak occurs at 2—-5 Hz and the second one at 8—11 Hz).We carried out
dynamic measurements of the pressure p (high-pressure gauge), stroke S (displacement sensor) and
temperature 7 (digital thermometer). Eliminating time ¢ between pressure and stroke, the single CD dynamic
hysteresis is found as a function p = p (S). For different values of the frequency f, INPUT chain represents
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Table 1
Coating of test material

Trade name Sign of trade name Coating materials End capping Mean pore diameter (nm)
SMB70-20-MT-C4 MT-C4 M, C4 With 7
SMB70-20-MT-C8 MT-C8 M, C8 With 7
SMB70-20-MT-C18 MT-C18 M, C18 With 7
SMB7020-DT-C8 DT-C8 D, C8 With 7
Fluorine coat-7 F7-17 F17 Without 7
Fluorine coat-10 F10-17 F17 Without 10
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Fig. 5. Hysteresis curve and state of water in the pore.

a vibration testing system, consisting of computer, equipped with software for sinusoidal excitation;
controller, which transmits the signal from computer to vibrator power source, and vibrator.

2.2. Materials

One observes that the hydrophobic porous silica, gel matrix, suitable for CD is actually used in the modern
high-performance liquid chromatography [8,13]. Hydrophobic coating of silica gel (Fig. 2) was performed
with short linear chains of alkylsilanes. Table 1 illustrates the main characteristics of the studied porous
materials.

3. Dynamic characteristics of colloidal damper

It is known from previous investigation [16] that even if the working fluid is water without silica gel,
damping force manifests by compressibility of water, V, the packing-piston deflection and O, the ring-piston
deflection and this force depends on the loading frequency. This force is included in the test result of the
colloidal damper.

Next, Fig. 5 shows the relation between hysteresis curve and water in the pore of the silica gel, in which the
first part of the cycle is the beginning of entrance of the water in the pore, the second part is movement of
water in the pore, the third is saturation of water in the pore and the fourth cycle is the return of the water by
surface extension force due to relaxation of pressure.

3.1. Characteristics of single colloidal damper

Fig. 6 shows the typical hysteresis curve of colloidal damper, in which displacement of piston (i.e. effect of
pre-pressure) and loading frequency are fixed. Upper and lower curves of the hysteresis show compression and
relaxation cycles, respectively. So the cycle rotates clock wise. The area of these cycles gives the dissipative
energy of the colloidal damper. The numbers in the figure show stroke of the piston. It is known from the
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Fig. 7. Relation between cylinder pressure and dissipative energy (pre-pressure = 8 MPa, SMB70-20-MT-C8).

figure that dead zone exists in each cycle and these zones depend on the pre-pressure in the cylinder. Maximum
pressure in the cylinder and area of hysteresis are increased as loading frequency increases.

Fig. 7 shows the relation between cylinder pressure (working pressure) and dissipative energy. As the
pressure is increased, the dissipative energy increased. In the case of hydraulic damper, the dissipative energy
depends on piston velocity, but in the colloidal damper, it depends on the maximum pressure of the cylinder.
As it is clear from Fig. 5, that limit of maximum pressure in colloidal damper exists and it is determined by the
pore diameter and the kind of coating, because the surface extension is decided by these values.

Fig. 8 shows the relation between cylinder pressure and efficiency of the damper, where the efficiency # is
defined as the ratio of the area of hysteresis cycle to the area under the part of the upper hysteresis curve. The
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efficiency increased with increase in cylinder pressure and loading frequency. These results are almost same as
in the other cases.

Fig. 9 shows the effect of pore diameter for silica gel modified by linear chain of Si Cu H,, (CF,),, CF;
(called Fluorine coating). The figure shows that pressure of the second part of the hysteresis cycle of 7nm pore
diameter is higher than that of the 10 nm pore diameter and the third part of hysteresis cycle occurs for the
10 nm pore diameter. This phenomenon occurs by the change of front curvature of the water in the pore as
shown in Fig. 10. That is, if the pore diameter is small, the front curvature of the water becomes round and
contact angle ¢ becomes large due to the effect of surface extension of the water.

Fig. 10 shows the typical hysteresis curves for various kinds of coating materials, in which the last two
words indicate the trade name, as in Table 1. The result of Fluorine coating with 10 nm pore diameter is a
different hysteresis cycle compared to the other ones as shown in Fig. 11. This is caused by the pore size. Also
MTCI8 is a slightly different from the other ones. This is because the inside real diameter becomes small due
to the long length of carbon chain of coating material.

For the pressure 8 MPa and load frequency 5Hz, Figs. 12 and 13 show the relation between pressure in
cylinder and the dissipative energy and efficiency, respectively. It is clear from these figures that 7nm ¢ silica
gels have same tendency but 10nm ¢ silica gel has different tendency. The best performance silica gel is
DTCS, then MTCS, Fluorine coating, MTC4 and MTCIS follow, in that order. But in the other case of pre-
pressure and frequency, MTC8 performs best. The 10 nm diameter Fluorine coating has a quite different
tendency and the performance does not depend on the pressure. This tendency was similar to that in other test
condition of the pre-pressure and the load frequency. This tendency can be guessed by the pore diameter in the
silica gel and the number of carbons chain of the coating material. From this result, number of carbon 8 is the
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best coating material for 7 nm pore silica gel. With regard to the load frequency, the dissipative energy and the
efficiency become large as the load frequency increases.

Fig. 14 shows the effect of the pre-pressure on the dissipative energy and the efficiency for the parameter of
the pre-pressure. It is clear from these results that the dissipative energy and efficiency depend on the pre-
pressure and the working stroke range also depends on the pre-pressure as it is clear from the hysteresis curve.
So it is necessary to design a colloidal damper that the pre-pressure and the stroke of the piston could be
estimated.

3.2. Characteristics of double colloidal damper

The single colloidal damper operates only in compression process, but damping force in push and pull
processes is sometimes required as a vibration damper. The double colloidal damper is designed for this
requirement. Mechanism of the double colloidal damper is shown in Fig. 15. In order to avoid the outflow of
air from the pore of silica gel, pre-pressure is needed in each chamber. So pre-pressure is created in each
chamber by hand pump.

Fig. 16(a) and (b) give the hysteresis curves of the double colloidal damper (a) for the case of pore diameter
7nm, SMB70-20-MT-C8 and pre-pressure 4 MPa, and (b) for the case of pore diameter 10 nm, the fluorine
coating and pre-pressure 4 MPa. It is clear from these results that there is a space between positive and
negative part of the pressure in the hysteresis curve because the pre-pressure of both chamber did not occur
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Fig. 14. Effect of pre-pressure on dissipative energy (a) and efficiency (b) for frequency 5 Hz.
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decompression as large as outflow of air from the pore. If the force of the piston rod is measured, the hysteresis
curve will be continuous curve. Difference in hysteresis areas of positive and negative parts is due to the cross-
sectional area of cylinder—piston system. Characteristics of upper or lower part of the hysteresis curves are
almost the same as of the signal colloidal damper, but relation between the pre-pressure and the stroke should
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be considered in the design of colloidal damper, because if the stroke is too large and the pre-pressure is low in
the operation, outflow of air from the pore will occur and operating condition will change.

Now let us compare the dissipative energy of the double colloidal damper with that of the single colloidal
damper. If the single colloidal damper is used as a push and pull type damper by impressing the high pre-
pressure and neutral, point of vibration moves to the center of the hysteresis, and dissipative energy of the
single colloidal damper may be larger than that of colloidal damper.

4. Conclusion

This paper studied the dynamic characteristics of colloidal damper, in which six kinds of coating material
are used, in order to use in actual applications. The effect of pre-pressure, working pressure, load frequency
and stroke are changed as the parameter and dynamic characteristics are changed. Further the effect of
number of carbon chain of coating, difference of combination between mono-chlorosilane (M) and di-
chlorosilane (D) and difference of pore diameter for fluorine coating are investigated. The results are as
follows:

(1) With regard to the parameter of working condition, pre-pressure governs the position of hysteresis center.
If the pre-pressure becomes large, hysteresis center moves in the upward direction. The load pressure,
which is almost proportional to the stroke, is sensitive to the area of hysteresis, i.e. dissipative energy and
efficiency. The area of hysteresis becomes large with increase in the load pressure. The dissipative energy
does not change so much with the increase in load frequency. A little increase of dissipative energy with the
increase of frequency may be due to compressibility of water.

(2) With regard to the coating material, hysteresis area is changed by number of carbon chains. The largest
hysteresis arca was achieved by the number of carbon chain 8, so it is thought that this coating material is
the best as a colloidal damper. As an addition to the silica-gel, di-chlorosilane was better than mono-
chlorosilane from the view point of hysteresis area.

(3) With regard to the diameter of pore, characteristics was compared by fluorine coating and its chain was 17.
In this case, if the pore diameter becomes large, the cylinder pressure becomes low for stroke, because the
surface extension becomes low for large pore diameter.

(4) Energy dissipation of single colloidal damper may be larger than that of the double colloidal damper, if the
single colloidal damper is used under high pre-pressure as large as the outflow of air from the pore of silica
gel does not occur.
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