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Abstract

To study the effects of bubbles (or cavities) collapse on a solid surface, a ro-
tating disk device was used here to create bubbles (or bubbles) in water. In the
apparatus, these bubbles are led to collapse on the surface of carbon steel
(commonly used in structures and machine impellers), and so related to higher
costs for the hydraulic machines industry when damaged by such phenome-
non, for example. After that, the specimens are observed with the aid of a
scanning electronic microscope, where the damages on the specimens are
analyzed showing pits and approximate circular areas on their surfaces. An
explanation is presented here, based on collapse simulations (for qualitative
purposes) and their result using images of the specimens after the collapses to
visualize the damages caused by prints on their surface. The pits are certainly
made by liquid micro-jet impingement while the areas, showing some aspects
of burning, are credited to the high temperature impaction of the bubble con-
tents in the final stages of its collapse.
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1. Introduction

When water vapor and air bubbles (or cavities) collapse near solid surfaces, damage
may occur [1]. The cavitation phenomenon, that is, the formation, growth and
collapse of air and vapor bubbles in liquids is, as well known, responsible for
damage in metallic and non-metallic solid structures operating in liquid me-
diums, remarkably (but not limited to) the water. Such damages are responsible
for greater costs to the machine hydraulics and rockets industry, since the process
may occurs to rocket fuels as well. A better understanding of the phenomenon
and its damage mechanisms might reduce such costs, either for the manufactur-
ers, or for the customers. The most usual example is the cavitation erosion in
centrifugal pumps [2]. An already known damage mechanisms is mostly by

liquid micro-jets impingement on a solid surface. The micro-jets are caused by
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bubbles in their final stages of collapse. These micro-jets are responsible for
“pits” as well as mass loss of material from the surface in some cases.

To study the cavitation process and related effects, some devices have been
developed along the last decades, such as the jet-impact damage device consists
of water liquid jets impinging in specimens fixed on rotating disks. To reduce
the time of the experiments, the vibratory apparatus is designed where the spe-
cimens are set to vibrate in the test liquid.

There is also the vertical (referring to the device axis) rotating disk [3], where
a disk with the specimens fixed on it is rotating in water to provide cavitating
flow, and finally the horizontal rotating disk device [4].

In the horizontal rotating disk device, there is a disk (with the specimens fixed
on it) that is rotating in water to provide cavitating flow, and, although water
tunnels and vibratory devices [5] have been used for cavitation studies, the
rotating disk device reproduces remarkably well the phenomenon of the flow
through a pump, since just the pump is replaced by the chamber, keeping the
original intermediary and electric motor [6] and [7]. The present device leads
the bubbles to collapse close the specimens due to a system of eight baffles kept
at a distance of 18 millimeters (mm) of the rotating disk surface with the speci-
mens, to avoid liquid pre-rotation.

Although damages are generally observed in solid surfaces close to bubbles
collapse, mass loss is not a necessary side effect, since plastic deformation is al-
most always present when the phenomena occurs. That was confirmed by expe-

riments previously made by [3] and [6] for the aluminum.

2. Method

2.1. Numerical Simulations

The collapse was simulated using Equations (1), which is a differential equation
with unknown analytical solution so far, combined (or coupled) to Equation (2).
That’s why Equation (1) was solved using the finite difference method for a step
of 107 s, which is good enough for the problem of collapse, as can be seen in [8].
This was necessary to obtain the existing radii predicted by the model as the ra-
dius reduces with time [9].

P, and P, are air and vapor initial pressure inside the bubble respectively, 7,
(here, an ambient atmospheric pressure of 10°> Pa was used) is the pressure in a
position far enough into the liquid medium (where no effects of the collapse are
felt), and R, the bubble initial radius (it was used an average size, or diameter, of
3.5 mm). Other variables and constants used in the simulations are listed in Ta-
ble 1.

Table 1. Hard core g, initial air and vapor pressure used in the simulations.

Fluid Py (Pa) Ry /a
Water 2,340 10.79
Air 40 8.54
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An important and complex variable is the pressure at the bubble wall P,. For
that pressure wall shall be used Equation (2) (in association to Equation (1))
above, that takes into account the initial gas pressure P,, the initial vapor pres-
sure P, the initial bubble radius R,, the surface tension S, and the liquid and gas
viscosity g, and u, respectively. The compressibility of the liquid that occurs at
the final stage of each collapse is also considered here, through the use of the
sonic velocity Cin Equation (1) above [9].

For the gas and the vapor trapped inside the bubble, it will also be considered
the effect of the van der Waals hard core a,and a, [10]. In fact, gas and vapor are
being considered to obey the van der Waals equation of state for real gases. This
is important because of the raising pressures within the bubble during the col-
lapses.

The time dependence is established, since variables are dependent of the bub-
ble radius R, and R = R(#).The results of such simulations are plotted in Figure
1, for different collapse hypothesis.

In the present work, a very commonly used material in structures and hydraulic
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Figure 1. Comparison between experimental and calculated data.
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machines, the carbon steel, was used as test specimen.

2.2. Experimental Method

The horizontal rotating disk device in Figure 2 used here consists of a water
chamber in which a metallic disk rotates. On the disk surface are located the
specimens as well as bubble inducers, that are protruding pins. The disk is fixed
on the shaft and may be detached to switch the specimens.

An acrylic cover is mounted on the chamber to visualize the flow and the
bubble formation inside it.

The purpose of the device is to create the bubbles that will be responsible for
the erosion of the specimens fixed on the disk surface and close to the inducers,
both on the disk surface.

To prevent vibration problems, each pair of holes and specimens are diametr-
ically opposite. Vibration absorbers were also used at the equipment foundations
and the disk with the specimens was balanced before the tests were performed.

The chamber here replaces the pump, improving the experiments which are
performed in a very realistic condition.

For cooling, a constant fresh tap water is supplied, a water reservoir was used
to circulate the water inside the chamber. Inlet and outlet piping are provided by
control valves and a filter to protect the pump from small particles resulting
from the erosion process.

The purpose of the device is to create the bubbles that will be responsible for
damage of the specimens by collapsing near them. For that, eight baffles equally
spaced were welded in the chamber (at a distance of 18 mm from the disk) to
minimize half-body rotation of the test fluid and create the desired cavitation
condition at the inducer (the pins) thus leading most of the bubbles to be con-
fined in the region situated between the baffles and the disk, until their collapse

on the disk surface. The specimens are fixed on the disk surface and close to the

Rotating Disk
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inducers [6].
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Figure 2. Rotating Disk Device (P symbolizes the manometer and T symbolizes the
thermometer).
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The peripheral velocity is function of the specimen position on the disk, since
the rotation was kept constant at 4400 rpm, resulting in a peripheral velocity of
37.3 meters per second.

Some surface analysis provided a temperature higher then 300°C [9], when
working with a vibratory device. In fact, such temperature could reach 6000°C,
according to some researcher calculations [11] [12]. Thus, local high tempera-
tures caused by hot gas and vapor and micro-jets in the final stages of collapsing

bubbles may result in damage pits and round areas external to it.

3. Results and Discussion

The collapse was simulated in several hypothesis conditions, obtaining good re-
sults for its radii versus time, in particular for the adiabatic compression model
case. Those bubbles, when collapsing near the specimen surfaces, led to cavita-
tion damage, in the form of bubble prints.

On the other hand, with qualitative purposes, images of the specimens sub-
mitted to cavitation conditions tests were observed by the scanning electronic
microscope (SEM). A magnification of 50, 100, and 500 times can be seen in
Figures 4-6, respectively, where it is possible to see the pits with their respective
round areas.

In the chamber, the peripheral velocity of the flow over the specimens was
37.3 m/s during the experiments.

It is for long time known that damage by cavitation is a complex phenomenon
that includes hydrodynamic, mechanic, metallurgical and chemical processes
[13]. Here, such phenomenon can be seen for the carbon steel specimen (in
Figures 4-6).

In the final stages of the collapse, as the bubble starts to deform his original
shape, a water micro-jet is formed through the bubble and hits the solid surface,
sometimes even removing material from the surface. The micro-jet of a velocity

of 100 m/s approximately is the responsible for the pit formation at the center of

Figure 3. Bubbles formation in the chamber.

R
03"
"t:o

Scientific Research Publishing

443



G. Bazanini, J. D. Bressan

Bubble print
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Figure 4. Bubble print on carbon steel test specimen with magnification of 50x.
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Figure 5. Bubble prints on carbon steel test specimen with magnification of 100x.

~

Figure 6. Bubble print on carbon steel test specimen with magnification of 500x.
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the bubble. After that, the bubbles usually moves to the solid surface and impact
it before disappear [14]. Then occurs the bubble implosion, releasing its contents
(hot vapor and gas) on the solid surface, burning the carbon steel specimen sur-
faces and usually causing plastic deformation and external round areas. Another
possibility, due to high temperatures attained in the process, is the high temper-
ature corrosion between the heated surface and water, since the specimen ma-
terial is isolated from the disk material.

These approximate circular areas due to bubble impaction could be seen in
the images after 5 hours of operation of the device for aluminum specimens. It
can be seen in magnifications of various times on the electronic microscope
(Figures 4-6).

So, the rings are formed as well as “cavitation pits” in the aluminum speci-
mens and carbon steel specimens. They are created by high temperature (per-
haps a result from attaining flash temperature) that has been the result from the
bubble collapse process and from plastic surface deformation resulting in dam-
aged areas [6].

Due to the violence of the cavitation phenomena, three different areas are
formed on the carbon steel surface specimens.

Although there are no explicit relations between the set of Equation (1) and
Equation (2) and the experiments performed here using the rotating disk device,
a rough but productive comparison is possible by using average bubble initial
and final diameters: of about 3.5 mm and 1.0 mm, respectively, regarding that, as
stated before, in the final period of the bubble existence, it may start to deviate
from its initial assumed spherical shape. Here, those values were used in the si-
mulations using the finite difference method in an explicit time integration
scheme, for a step of 107° s, accurate for the process of collapse under analysis.

In the experimental procedure, the initial and final radii were observed by
photograph analysis (Figures 3-6), with an intent of qualitative purposes (and
so, with no further precision analysis), since the main objective was to see its fi-
nal effects, that is, the prints on the carbon steel specimens surface.

Figures 4-6 are referred to the final radii, where just bubble prints of “almost”
diameters less then 1.0 mm (the final radius value simulated and plotted on Fig-
ure 1) are observed, since the bubbles are then collapsing away, closing to dis-
appear, and deviating from its spherical shape. We remind that bubble collapse
hydraulic machines effects [15] are strongly connected to raising inside pres-

sures and temperatures [16].

4. Conclusions

Since it was possible to see the damages resulting from bubbles collapse pheno-
menon using the SEM, it was noticed that all specimens presented some surface
damage, as pits formation rounded by the prints resulting from hot bubbles im-
pactions. These rounded areas appear to be external because they occur after the
micro-jet, what crosses the bubble before its impaction against the specimen

surface. These internal “cavitation pits” are approximately circular since they are

K2
035: Scientific Research Publishing

445



G. Bazanini, J. D. Bressan

caused by hot micro-jets produced in the final stages of the collapse of such bub-
bles.

The adiabatic compressible model showed the best agreement with experi-
mental results. This is because that during the collapse the bubble is compressed,
increasing the inside temperature and pressure of the bubble contents, vapor and
air, and there is liquid compression in the vicinities of the bubble due to high
pressures involved in the phenomena in the final stages.

That leads to plastic deformation on the specimens surface resulting in round
areas and pits formation, for the material tested here, the carbon steel.

Due to high temperature attained from the bubble collapse process and im-
paction, there were the mentioned plastic surface deformations, as seen with the
aid of SEM photographs on the tested specimens, resulting in burned circular
craters prints due to the bubble high temperature contents impaction against the
close surface.

The efficiency, in the sense of the word, is here related to the study of the
consequences attained to the bubble final stage of collapse, not being a priority
during the collapse phenomenon itself, since these consequences are of major
interest to the engineering of hydraulic machines. That is why our focus during
the experiments (the simulations were performed with a good degree of preci-
sion), was towards to the prints and damages resulting from the phenomenon,
more then previous stages of the process, which were situated in a more qualita-
tive then quantitative analysis.

In fact, it is possibly to distinguish three different areas on specimens tested,
due to each bubble collapse. In the central hole, there are mass losses or those
plastic deformations caused by the liquid micro-jet impingement that acts before
the bubble impaction against the specimen surface.

The next two “circular” areas are possible due to the bubble impaction and the
bubble contents release on the solid surface, on the bubble final movement, that
is, the implosion releasing hot gas and vapor. The external area is formed by the
burned “circular” area. These rounded areas, possibly in direct contact with the
bubble contents (hot vapor and gas) in final impaction, had plastic deformation
as the inner round area (not the central pit that is the result of the previous mi-
cro-jet impingement) and external looking burned round area. High tempera-
ture corrosion between the heated surface and water is possible, supposing that
there is enough time for that.

Such phenomenon is then characterized by water micro-jets, high tempera-
tures impaction with plastic deformation energy, resulting from the final stages
of the bubble collapse, and the final “act” of the bubble that is the implosion
against the surface, releasing the bubble contents, and leaving its print on the
specimen surface.

It is very important to realize (perhaps the more elucidative, although qualita-
tive, conclusion of these experiments) that the prints are “individual” marks,
almost like an identification of each bubble, instead of the elderly belief of initial

damage by fatigue failure. The fatigue may occur just in an ultimate phase of the
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process, with these prints superposed to each other, leading to vibrations, re-

duced efficiency, extreme noise generation, as well as other problems in pump

impellers, resulting in raising costs for the hydraulic machines industry and its

derivatives.
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