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Abstract.  Present work examines material surface damage by cavitation erosion of metals or the wear phenomenon
owing to water bubbles collapse near the metallic surface. Material surface damage by cavitation erosion is due to
wear mechanisms of hot liquid micro-jets impingement and impaction. To explain these erosion mechanisms based on
water flow and mechanical properties of tested materials, experimental cavitation in tap water was investigated, using
acompact rotating disk equipment. In thisrig, a rotating disk with cavitation inducers and specimens fixed on it run in
tap water to provide cavitating flow similar to service conditions in pumps and propellers. Cast iron, carbon steel and
bronze specimens were tested in this test rig. The cavitation damage mechanisms were observed by scanning electron
microscope after each 5 hours working under cavitating conditions. The specimens surfaces were worn out by
cavitation erosion mechanisms, resulting in pitting formation or mass loss. All specimens presented surface damage.
Pit diameter size was about to 50 gm. Calculations of the temperature of the cavity contents in its final stage of the
collapse resulted in great value for the temperature (of about 2,500 K) of the vapor and gas trapped inside it. The
damages on the specimens are analyzed showing pits and approximate circular regions on their surfaces. An
explanation is presented here based in temperature cal culations and images of the specimens after the collapses. The
pits are made by liquid micro-jets impingement while its surrounding approximate circular regions, showing some
aspect of heating and craters are credited to the high temperature impaction of the bubble contents in the final stages
of its collapse. The influence of heat by conduction rejected by the cavity is also studied here. Materials analyzed are
commonly used in manufacturing of rotors of feed-water pumps.
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1. INTRODUCTION

Damage by cavitation is a complex phenomenon theludes hydrodynamic, mechanical, metallurgical and

chemical processes (Berchiche et al, 2000). Heeephenomenon was tested in 1020 carbon steehrande, as well
as for cast iron specimens. The cavitation phenomethe formation, growth and collapse of air aagar bubbles in
liquids is, as well known, responsible for damagenietallic and non-metallic solid structures andipments in liquid
mediums, remarkably in water. The bubbles, alsoeathravities, nucleate from micro-bubbles of airspré in the
liquid medium. Such bubble formation phenomenomamed “cavitation inception” (Hammitt, 1980). Tgeowth
process involves primarily the action of pressweds, and these are the results of the interplegsudace action,
inertia and viscosity (Bazanini and Hoays, 2008)miost simple terms, it is the balance of the sfatice at the bubble
wall between the surface tension and pressurerdiftes caused by physical properties.

The most usual example is the cavitation erosiorantrifugal pumps (Hattori and Kishimoto, 2008jquid
micro-jets impingement, passing through bubbleselto a solid surface, cause surface damages sugihastic
deformation and material loss. These micro-jetscaresed by the presence of the bubble when caligpsar a solid
surface, and influenced by the proximity to thisface (Figure 1). The micro-jets and bubble fimapaction against
the solid surface are responsible for material fom® the surface or plastic deformation.

To a better understanding of the phenomena, thtiteieffects of cavitation on solid surfaces, salvegs have
been developed along the last decades, such gstiinegpact damage rig consisting of water liquitsjempinging in
specimens fixed on rotating disks. To reduce time tf the experiments, it was designed the vibyspparatus where
the specimens are set to vibrate in the test ligUietre is the vertical (referring to the rig axis)ating disk (Cheng et
al., 2013), where a disk with the specimens fixadts surface is rotating in water to provide tlawitating flow, and
finally (perhaps important in the sense that repoed reasonable well the phenomenon of the flowuti a
centrifugal pump), the horizontal rotating disk (RRgo et al., 1980; Vivekananda, 1983; Zhiye, 1983)
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Figure 1. Bubble collapse and impaction against a solid surface.
2. TESTRIG

The test rig proposed by Bazanini and Bres2®07) consists of a water chamber inside which galire disk
rotates. On the disk surface there are cavity iadi¢through-holes) close to the specimens. ThHeidifixed on the
rotating shaft and can be removed to attach theirseas. A glass cover is mounted on the chambeistmlize the
flow and bubble formation inside it (see Figure 2).

The purpose of the rig is to create cavitababbles similar to service conditions in rotor psnamd propellers. The
bubbles generated by the bubble inducers will lsparsible for the cavitation erosion and defornmatad the
specimens fixed on the disk surface.
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Figure 2. Some details of the test rig.

For cooling purposes and constant fresh tap waigplging, a water reservoir was used to circulbgewater inside
the chamber. Inlet and outlet piping are providgatdntrol valves and a filter to protect the pumm small particles
resulting from the erosion process.

Using the “intermediary casing”, commonly ugedconnect pumps to electric motors, it was possiblavoid the
use of bearing and coupling components, resultirg shorter shaft and a compact disk rig. The cleambw replaces
the pump, improving the experiments which are penéa in a more realistic condition. The rig was rajped at 4400
rpm (resulting in a water flow average peripherabeity at the specimen surface of 47.9 m/s dusirtg 15 hours to
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obtain the results presented here. The experimears performed at atmospheric pressure and the testperature in
the chamber was kept constant &t@8y fresh tap water flow circulation.
In the present work, bronze, 1020 carbon steehzg@nd cast iron were used as test specimensx Trefdisk to

the to electric motor shaft, a flange was speciafnufactured in bronze.

The cooling water used was of 8.8 liters peruts.

Initially, the test specimens used in theseeeérpents had their chemical compositions determibgdmass
spectometer analysis. The specimen chemical cotiposiare listed in Table 1. In addition, Vickerécro-hardness
(mHV) of some test specimens were also obtainedrbdésting.

Table 1. Chemical composition and Vickers micro-hardness of test specimens.

Chemical C Mn | Ni Fe P Cu Mg | Si Sn Zn Pb Al Vickers

element micro-

(% wi) hardness
0 (HV300gf)

Cast iron| 3.797| 0.044] 0.084] 93.000) 0.049] 0.484 | 0.0262.516| - - - - 240.1

Bronze | - | - | 0.19]0.089 | 0.01276.134- | 0.005/3.066 | 5.603 14.900 - 88.0
Csa‘tfé’ln 0.219(0.683 - |98.598 - |0.043| - | 0.2250.0088 - " | 0.0141] 1800

The behavior of each material will be discusiseelr, although bronze specimens are expected todoe susceptible
to erosion by cavitation (Bazanini and Bressan,7208fter each 5 hours in cavitating conditions; test specimens
are cleaned by ultrasound and dried. Also, ima@i#éiseospecimens were obtained using a scanningrefemicroscope
(SEM).

3. MATHEMATICAL MODEL FOR THE BUBBLE TEMPERATURE CALCULATIONS

In the equations of bubble temperature calculafidiris usually took into account the initial gaggsurePy, (Pa),
the initial vapor pressur, (Pa), the adiabatic constants of the gas and végamdK,., and the cavity initial radius
Ry (m). Ty is the cavity (or bubble) internal initial temptna (K).

For the gas and the vapor trapped inside the bulibealso considered the effect of the van dexal hard core
radii ag (m) anda, (m), (Barber et al., 1997). In fact, gas and vamar being considered to obey the van der Waals
equation of state for real gases. This is impoi@eause of the raising pressures within the buthifig the collapse.

3(k, 1) 3(k, -1
Ty To | PeRe” Po Ro (1)

P, * Pgo) (Rs ~a? )(kg = (Rs _as)(kv -1)

Using Equation (1), the temperature as a functibthe radius was calculated (Bazanini et al., 20t€ching a
maximum value of about 2,500 K for the bubble cotggin its final stages of collapse for a bubdi@m average size
(radius of 1mm, for example). Anyway, there areaglgvsuch high temperature values in that compnessio

It is known that heat conduction in fluids may acevhen they are in direct contact at different tenapures
(Landau and Lifshitz, 1959). In this case, theredat conduction from the bubble to the surroundiongd.

Making the energy balance for the bubble, we mgaakze the heat transfer with the work and thebibeilenergy
(the first law of thermodynamics):

SK%MTRZ =PdV +§7T(F\’g— R*)dP 2)

Wherek is the conduction heat transfer coefficient (ftoe tiquid water, W/m.k)P is the bubble pressure (Pa) and
V is the bubble volume (fn The last term of the second member of equa@)rappears as the bubble energy term in
Muller at al. (2012) and Frank and Michell (2005hat will result an Equation to estimate the terapee that must be
reduced (for convection) from the bubble conteatsperature by compression:



9° Congresso Brasileiro de Engenharia de Fabricacdo

Joinville, Santa Catarina, Brasil
[ E Copyright © 2017 ABCM

PRLI_1\PR (2 g
SR e RR)
3k

AT=- ®)

That temperature reduction can act as a “coolifec€fof the bubble contents due to this heat catidn from the
bubble to the surrounding liquid.

As the collapse proceeds, the temperature incredisedo the compression of the mixture vapor-aincé& the
collapse phenomenon is too fast (of about milisdspnthe question is if there is enough time fondwection heat
transfer from the bubble to the surrounding liqua reduce substantially the increase of the bubbternal
temperature. The results can be seen on Table&@gewhe temperature reduction (“cooling effect”svealculated for
two regular bubble radii. It agrees with the fdettthow greater is the radius, greater is the theasfer area.

4. RESULTS

The calculated results obtained from the sotutif Equation (3) are listed in table 2 belowslpossible to see that
the “cooling effect” of the bubble contents due heat conduction from the bubble to the surroundiggid is
negligible, when compared with its final temperatof 2,500 K, leading to raising energy in the Haltontents. That
energy will be released against the close bounsiéater.

Table 2. Calculated temperatur e reduction by conduction heat transfer during the bubble collapse.

Bubble initial radius (mm) 3.5 1.0
AT by conduction heat transfer (K) 15 1

Analyzing actual bubble collapse photographs, fidssible to see that, at the final moment of pska the bubble
usually moves toward the close solid surface (Beani995).

The cavities collapsing near the specimen surfdedso some cavitation damage (not necessarilly miass loss;
Cheng et al., 2013), basically by micro-jets imgngent formed during the collapse, and hot bubbfeattion against
the solid surface at the end of the collapse, adiggatessure waves in the case of bubble oscitiatidfter 5 hours of
tests, it is already possible to see the damagesedaby cavitation on the specimens. Images ofpeeimens were
observed by the scanning electron microscope (SBMhagnification of 200 times was used in FigurtoBthe cast
iron specimen. It is possible to see the “pits” antocess of surface oxidation after 10 hourgsist

Figure 3. Cast iron specimen in oxidation process after 10 hours of testswith magnification of 200 x.
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Some craters (with burned aspect) with surface atidd could be seen for the cast iron and the cadieel
specimens (Figures 3 and 4, respectively).

For the bronze specimen, a high level of erosion detected (Figure 5), leading to mass loss byi@rdsut no
crater areas was observed, possibly due to itsefasion rate. For the cast iron and the carbaegl s#st specimens a
mass formed by oxidation (as expected) of the spetisurface was formed in the surface.

Bubble impaction

Figure 4. Carbon stedl after 5 hours of tests with magnification of 1000 x.

Those craters seen in the imagef&iglres 3 and 4, after 10 hours of operation rigcst ironand 5 hours for the
carbon steel specimens, with magnification of 2@@xl 1000x, respectively, were caused by cavitatiecro-jets
impingement and hot bubble impaction in the finalnnents of the bubble collapse.

The erosion rate on the surface of the bronze spatiafter 10 hours submitted to cavitating testdémns, is
clearly seen in Figure 5 for a magnification of 200

Figure 6 shows the mass loss as a function of fiméhe bronze specimen. The mass loss is apprégioanstant,
since there is no mass gain by surface oxidatiothiabronze.

The temperatures inside de bubble, as calculateHdgmation (1), may reach 2,500 K for an averageblsytof
about of 1 mm in initial diameter, for example (Bami et al., 2016).

For the cast iron and the carbon steel test spésintke detected mass loss by cavitation erosioaristant after a
while, because there were two mechanisms involead:was the mass loss of the specimen by cavitatiosion and
the other was the mass gained by oxidation of pleeimen surface. So, it was not possible to obs#m@anass loss
properly by cavitation for those materials.
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Figure5. Bronze test specimen after 10 hoursin cavitant conditions with magnification of 100 x.
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Figure 6. Masslosscurvefor bronzetest specimen after 15 hoursin cavitant conditions.
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5 CONCLUSIONS

All specimens presented some surface damage: vitsrfopmation, or mass loss resulting from cavitaterosion.
The bubble inducer caused the expected cavitaffents on the tested metal specimen surfaces.

Craters are always formed around the cavitatios. gihey are formed by liquid microjets associatechigh
temperature impaction of the bubble contents oditia stages of the collapse process.

For the cast iron and the carbon steel test speairitevas not possible to measure the mass lossabiyation
properly, since, if there was mass loss of theigpat by cavitation erosion, there was also a mas®ed by oxidation
of the specimen surface, what led to a constantoappate value after some hours in cavitating cbods. So, these
two materials tested showed similar behaviors undeitating conditions.

Anyway, some pits and crater areas could be seaghdacast iron and the carbon steel specimermuagh already
with some oxidation of the specimen surface.

The “cooling effect” of the bubble contents duehiat conduction from the bubble to the surroundiqgid is
negligible, that is, such heat conduction doesaftect considerably the bubble energy gained bycivapression
process. This accumulated energy will be releagminat the close solid surface on the final stagfethe bubble
collapse, leading to craters, pits and mass losses.

No craters were seen in the bronze specimens,irdgriue to its high level of erosion observed. Tehgected
craters formed are removed by the continuous angsiocess.

The more elucidative, although qualitative, condnsof these experiments was that the craters iadividual”
marks, almost like an identification of each bublrstead of the elderly belief of initial damagefatigue failure. The
fatigue may occur just in an ultimate phase offiferess, when these craters are already superfmsadh other.
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