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Abstract

Abstract

In the present work a series of systematic slurry erosion tests were carried out to
investigate the effect of different parameters on slurry erosion mechanisms and
behaviour for ductile and brittle materials, These parameters include impingement
angle, impact velocity, particle concentration, erodent particle characteristics, namely
size, shape and hardness as well as target material hardness and microstructure, An
apparatus for carrying out slurry erosion experiments was designed and manufactured.
A series of accelerated erosjon tests using a paint erosion indication technique has
been carried out to calibrate and examine the reproducibility, capability and
performance of the designed test rig,

The slurry erosion tests were carried out using the designed test rig on two
different machinery materials, namely AISI 1017 steel and high-chromium white cast
iron; and using three different types of erodent particles, namely silica sand, silicon
carbide and alumina. The scanning electron microscopy, computer aided-image
analysis  technique, optical microscopy and gravimetric and microhardness
measurements were utilized to identify the slurry erosion process.

Observations and analysis of the scanning electron microphotographs of
‘specimen surfaces impacted for a short time at different slurry erosion conditions
revealed that for 1017 stee] the slurry erosion mechanisms are: ploughing,
microcutting, indentation with extruded lips and fatigue wear. While, for high-Cr
white cast iron the slurry erosion mechanisms are: cracking and gross fracture of the
carbide phases as well as ploughing, microcutting and indentation with extruded lips
for the ductile matrix. It was found that, in each particular case (test conditions) one or
more of these mechanisms play the main role in the metal removal process, while

others have a minor effect or not at all., Determination of the erosion mechanisms
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helped greatly in the interpretation of the effect of the different parameters on the
erosion rate in steady-state tests.

Test results _showed that, the effect of impingement angle on erosion
mechanisms of 1017 steel has three regions. These regions are: region of small
impingement angles less than 20°, region of intermediate impingemcnt angles between
20° and 70° and finally region of high impingement angles greater than 70°. These
three regions are related to the tangential and normal components of the impacting
force. The first region was characterized by shallow long scratches and limited chip
formations resulting in small erosion rate. In the second region the formed wear tracks
have deep and wide size and large chips were formed in front of the wear tracks,
which explain the high erosion rate at intermediate impingement angles (maximum
occurred at 45°). The third region was distinguished with relatively deep and elongated
indentations with extruded material and small erosion rate. Consequently, it can be
said that shallow ploughing and particle rolling were the dominant erosion
mechanisms in the first region, microcutting and deep ploughing in the second region
while indentations and material extrusion prevailed in the third region. For high-Cr
white cast iron the test results showed that, the erosion mechanisms involved both
plastic deformation of the ductile matrix and brittle fracture of the carbides. At low
impingement angles (up to 45°) observations of microphotographs of the impacted
surfaces revealed that, plastic deformation of the ductile matrix was the dominant
erosion mechanism and the carbides fracture was negligible which lead to small
erosion rate. Whereas, at high impingement angles (greater than 45°) gross fracture
and cracking of the carbides in addition to indentation with extruded lips of the ductile
matrix were the main erosion mechanisms.

_ The erodent particles, namely silica sand, silicon carbide and alumina were
characterized in terms of their area (A). average diameter (d,.), perimeter (P), length
(L) and width (W). The aspect ratio (W/L) and the roundness factor (PY/4rA) were

used as the indicators of particle shape. It was found that the regularity and circularity
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in shape of silica sand and alumina particles increased with the increase of particle
sizes, while decreased for silicon carbide particles. Test results revealed that, with fine
erodent particles plastic indentation accompanied by extruded material was the
dominant erosion mechanism for 1017 steel and high-Cr white cast iron irrespective of
the impingement angle and erodent type or shape. For 1017 steel and at impingement
angle of 30°, results showed that ploughing and microcutting were the main erosion
mechanisms when the target surface is impacted by coarse SiC and SiO, particles. The
role of microcutting in the metal removal process increased with the increase of
particle angularity and sharpness as in the case of silicon carbide particles. As well as
the angularity and sharpness of silicon carbide particles yielded serrated tracks rather
than smooth tracks obtained with regular and rounded silica sand particles for the same
size. It was also shown that the lips and chips formed due to indentation and ploughing
mechanisms were finally detached from the target surface by fatigue. It was also
observed that microcracks initiated at many locations on the eroded area such as, chips
and lips which were subjected to severe plastic deformation, serrations of ploughing
tracks and traces of polishing lines. For high-Cr white cast iron and at normal
incidence, test results showed that with impacting by coarse particles, fracture and
cracking of the carbides in addition to plastic indentation with lips of the ductile matrix
were the main erosion mechanisms depending on the particle shape. The angularity
and sharpness of silicon carbide particles yiclded severe erosion damage included
gross fracture associated with formation of many lateral cracks of the carbides rather
than mild erosion damage obtained with regular and rounded silica sand particles for a
comparable size. The results also showed that the hardness of erodent particles has a
pronounced effect on the material removal mechanism.

Test results showed that the role of the impact velocity in developing erosion
damage is related to the variation of the erosion mechanisms which depend upon the
kinetic energy of the impacting particles. At low impact velocity (5 m/s) and at
impingement angle of 30°. microscopic observations of damaged surfaces of 1017

steel revealed that, indentation with extruded lips was the dominant erosion
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mechanism. Whereas, at high impact velocity ploughing was the main erosion
mechanism. The length of the wear tracks developed by ploughing mechanism
depends upon the impact velocity. For high-Cr white cast iron and at normal
incidence, test results showed that the erosion mechanism of indentation with extruded
lips of the ductile matrix prevailed at low impact velocity (5 m/s). Whereas, at
intermediate impact velocity (10 nvs) plastic indentation of the ductile matrix in
addition to some fracture of the carbides were the dominant erosion mechanisms. For
high impact velocity (I5 m/s) fracture and cracking of the carbides besides to
indentation of the ductile matrix were the dominant erosion mechanisms.

Test results showed that the weight loss from the surface of the test specimens
increases with the increase of solid particle concentration. But the erosion rate
(expressed in terms of mass loss per mass of crodent particles) increases at low particle
concentration up to ! wt.%. Then it decreases rapidly attaining nearly steady state
behaviour. Observations of scanning electron microphotographs revealed that the
erosion mechanisms at particle concentration of 1 wt.% and 3 wt.% are the same. It
was also observed that the intensity of erosion damage at particle concentration of 3
wt.% is higher than that for particle concentration of 1 wt.%. This was attributed to
repeated multiple impacts which occur at higher particle concentration resulting in

large sizes of wear scar.
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Abstract

Abstract

In the present work a series of systematic slurry erosion tests were carried out to
investigate the effect of different parameters on slurry erosion mechanisms and
behaviour for ductile and brittle materials, These parameters include impingement
angle, impact velocity, particle concentration, erodent particle characteristics, namely
size, shape and hardness as well as target material hardness and microstructure, An
apparatus for carrying out slurry erosion experiments was designed and manufactured.
A series of accelerated erosjon tests using a paint erosion indication technique has
been carried out to calibrate and examine the reproducibility, capability and
performance of the designed test rig,

The slurry erosion tests were carried out using the designed test rig on two
different machinery materials, namely AISI 1017 steel and high-chromium white cast
iron; and using three different types of erodent particles, namely silica sand, silicon
carbide and alumina. The scanning electron microscopy, computer aided-image
analysis  technique, optical microscopy and gravimetric and microhardness
measurements were utilized to identify the slurry erosion process.

Observations and analysis of the scanning electron microphotographs of
‘specimen surfaces impacted for a short time at different slurry erosion conditions
revealed that for 1017 stee] the slurry erosion mechanisms are: ploughing,
microcutting, indentation with extruded lips and fatigue wear. While, for high-Cr
white cast iron the slurry erosion mechanisms are: cracking and gross fracture of the
carbide phases as well as ploughing, microcutting and indentation with extruded lips
for the ductile matrix. It was found that, in each particular case (test conditions) one or
more of these mechanisms play the main role in the metal removal process, while

others have a minor effect or not at all., Determination of the erosion mechanisms
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helped greatly in the interpretation of the effect of the different parameters on the
erosion rate in steady-state tests.

Test results _showed that, the effect of impingement angle on erosion
mechanisms of 1017 steel has three regions. These regions are: region of small
impingement angles less than 20°, region of intermediate impingemcnt angles between
20° and 70° and finally region of high impingement angles greater than 70°. These
three regions are related to the tangential and normal components of the impacting
force. The first region was characterized by shallow long scratches and limited chip
formations resulting in small erosion rate. In the second region the formed wear tracks
have deep and wide size and large chips were formed in front of the wear tracks,
which explain the high erosion rate at intermediate impingement angles (maximum
occurred at 45°). The third region was distinguished with relatively deep and elongated
indentations with extruded material and small erosion rate. Consequently, it can be
said that shallow ploughing and particle rolling were the dominant erosion
mechanisms in the first region, microcutting and deep ploughing in the second region
while indentations and material extrusion prevailed in the third region. For high-Cr
white cast iron the test results showed that, the erosion mechanisms involved both
plastic deformation of the ductile matrix and brittle fracture of the carbides. At low
impingement angles (up to 45°) observations of microphotographs of the impacted
surfaces revealed that, plastic deformation of the ductile matrix was the dominant
erosion mechanism and the carbides fracture was negligible which lead to small
erosion rate. Whereas, at high impingement angles (greater than 45°) gross fracture
and cracking of the carbides in addition to indentation with extruded lips of the ductile
matrix were the main erosion mechanisms.

_ The erodent particles, namely silica sand, silicon carbide and alumina were
characterized in terms of their area (A). average diameter (d,.), perimeter (P), length
(L) and width (W). The aspect ratio (W/L) and the roundness factor (PY/4rA) were

used as the indicators of particle shape. It was found that the regularity and circularity
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in shape of silica sand and alumina particles increased with the increase of particle
sizes, while decreased for silicon carbide particles. Test results revealed that, with fine
erodent particles plastic indentation accompanied by extruded material was the
dominant erosion mechanism for 1017 steel and high-Cr white cast iron irrespective of
the impingement angle and erodent type or shape. For 1017 steel and at impingement
angle of 30°, results showed that ploughing and microcutting were the main erosion
mechanisms when the target surface is impacted by coarse SiC and SiO, particles. The
role of microcutting in the metal removal process increased with the increase of
particle angularity and sharpness as in the case of silicon carbide particles. As well as
the angularity and sharpness of silicon carbide particles yielded serrated tracks rather
than smooth tracks obtained with regular and rounded silica sand particles for the same
size. It was also shown that the lips and chips formed due to indentation and ploughing
mechanisms were finally detached from the target surface by fatigue. It was also
observed that microcracks initiated at many locations on the eroded area such as, chips
and lips which were subjected to severe plastic deformation, serrations of ploughing
tracks and traces of polishing lines. For high-Cr white cast iron and at normal
incidence, test results showed that with impacting by coarse particles, fracture and
cracking of the carbides in addition to plastic indentation with lips of the ductile matrix
were the main erosion mechanisms depending on the particle shape. The angularity
and sharpness of silicon carbide particles yiclded severe erosion damage included
gross fracture associated with formation of many lateral cracks of the carbides rather
than mild erosion damage obtained with regular and rounded silica sand particles for a
comparable size. The results also showed that the hardness of erodent particles has a
pronounced effect on the material removal mechanism.

Test results showed that the role of the impact velocity in developing erosion
damage is related to the variation of the erosion mechanisms which depend upon the
kinetic energy of the impacting particles. At low impact velocity (5 m/s) and at
impingement angle of 30°. microscopic observations of damaged surfaces of 1017

steel revealed that, indentation with extruded lips was the dominant erosion
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mechanism. Whereas, at high impact velocity ploughing was the main erosion
mechanism. The length of the wear tracks developed by ploughing mechanism
depends upon the impact velocity. For high-Cr white cast iron and at normal
incidence, test results showed that the erosion mechanism of indentation with extruded
lips of the ductile matrix prevailed at low impact velocity (5 m/s). Whereas, at
intermediate impact velocity (10 nvs) plastic indentation of the ductile matrix in
addition to some fracture of the carbides were the dominant erosion mechanisms. For
high impact velocity (I5 m/s) fracture and cracking of the carbides besides to
indentation of the ductile matrix were the dominant erosion mechanisms.

Test results showed that the weight loss from the surface of the test specimens
increases with the increase of solid particle concentration. But the erosion rate
(expressed in terms of mass loss per mass of crodent particles) increases at low particle
concentration up to ! wt.%. Then it decreases rapidly attaining nearly steady state
behaviour. Observations of scanning electron microphotographs revealed that the
erosion mechanisms at particle concentration of 1 wt.% and 3 wt.% are the same. It
was also observed that the intensity of erosion damage at particle concentration of 3
wt.% is higher than that for particle concentration of 1 wt.%. This was attributed to
repeated multiple impacts which occur at higher particle concentration resulting in

large sizes of wear scar.

vi



Table of Contenls

Table of Contents

Chapter page
I. Introduction and Literature Review .....cccociiiiimniiiieintiicniceane 1
1=1 TNTOGUCHION vevernnrnnesnrerannssussunsnsorssnssnnstusssssssssnasnsssnessnsssnruensres 1
[-2 LIteratire REVIEW veurvruserererssossirsissssnsnnrisrassnasesnssnasssassassnastsans 4
1-3 IMpiNgement ANZIE «evevrveeerssnesmreninressensesriinnmmssnecsssessnnnssrsnssses 4
[-4 Particle VELOCILY vvueeeervenersrnmnnssssessnnmtimmmnmrsessesnniiesnannsesnarnasessae 7
1-5 Particle CONCENTIALION vvureeunserusrerrersrssssuorertassanassseastsasarrsnnrssersees 10
1-6 Particle CharacteriZation «eeeuseeresesssnsersrsssaersurasnsniseensaannenstssasssee 13
1-6-1 PALtiClE SIZE vevvnerrnrerenarsnssrnrsernrseensesemissnassssssssatannsnsseseronee 13
1-6-2 PArticle SNAPE cevvrreeeeensssssnrsrassassssenannmassinessssnnnnnsesesseessean 14
1-6-3 PArticle DArANESS ceveereeeeressssrrassnresssssnsssesserunranssasstassnasrecsn 17
1-6-4 Particle degradation .......................................................... 18
1-7 Target Material PTOPETHES sueeeueesuresnsraransnsssusissnmernnsnnssonsssnnsassees 19
1-8 TeSt MEthOGS caverrverrecenssrsersrrssasroasssssarisesassessenasnnessassmastasioenes 21
1-8-1 PIPELINES vevuversrrreensnnesersrsrsnsesssunssssesssunssessneseantassnsssnssnss 21
1-8-2 LabOTatory tESt TIZS seveseeeerrsreeeseearrsrannmnussssasnisssnssesnesesasneann 22
i Jet impingement tESIEr uvrrreeeserrrsiirrnmrenassssissssnnanasssessssse 22
i A centrifugal erosion test fIXtUIE ....euveurrrreeeceeriiiammmmmeeesesi 22
iii Flow-through slurry wear test equipment ....coeeeaenseenensereanees 22
[y SIUITY POt TESIETS vovvrrsvnenssssssvannanasssntasssssnsinnnnsssmsnuaneenes 24
1-9 Scope of the Present WOrK v.evrieeesesrnnnssrissssenaammenurnssemsssansseneses 27
I1. Experimental WOrK ..coeeeercrcesomsimnmimssssensissssssssss s 28
5] THHEOAUCHON vevveresaeeseesersesaessossasssnnrsnssssssbssrsnnsesssenssssssnensssesnns 28
2-2 Slurry Erosion Test RIg coueeeveesseessmssanemsusssnssssssnassnsesesensanaaneansees 29
221 CalIDTAION wernnrerssresseesesssssrmaansesssssssssanssassssesentnssssasssuessnns 33
2.2-2 Determination of test PArameters «oevereessreassressnrmrsenasrrssanssmmes 35

vii



Table of Contents

/ ‘.~</elocity .................... e neeadRRN I ER R et aetsnatear. 35

\"gemEHtangle ---------------------------------------- sassastndirpee 37
;Zand Capability of the Designed Apparatus .......useesssennnn... 37
pesfmance of the tester with four rotating arms .......vvsessveeennnnn, 38
SYE
2 7:0duc1b111ty OF the TESIET uurtiriiiiiieiiieeeeeeeeeeeeeeeeseessssnees 40
A1ability OF the teStEr vvuvveurruerueiieiesiereeneeressesres oo 42
I- Effect of eXposure time .....coveeveeieeeeeesssesseerennsosoessnnn 42
- 2- Effect of impingement angle .....oueevveervesvereesnsosoooss, 45
3- Effect of impact VEIOCIY tevvntiiiiiiiiiireieereesieeennernnesennnssin 45
4- Effect of particle concentration v......u.eeevevsvsvesoenenn 48
AATGEL MACHAlS woveeciiiiiiiie ettt 50
2-4-T AIST 1017 Steel veviunrinienrerinrerereneereseeeeersesessseseeoeeeessson, 50
2-4-2 High-chromium White cast iron v...vesee.vesessesss oo 52
2-5 Erodent Particles «.euuevueirinuinmsuensenneseensesinseeesseeses oo 57
2-6 Measuring DEVICES vueuurruvreurenueneriraeeessesssesseesesssssssseseessoesso, 58
I- Topographic features of eroded SUITACES vovvvveeurerveesasseeseessossssonso 58
2- Material weight 10SS Measurement v..e..veveeeseeeseeseeesooessnon 58
3- Erodent particle characterization ......vuevuesseeveeusesooseoeosoossonn 58
4- Surface roughness MeasUrEMent v.uuvevveevevreresneeeeresressssonessn oo, 58
5- Microhardness measurement «.........veeeeeveeueeeeeeesooes oo 59
2-7 Experimental Procedure v...eveeveeeeneeeaveeeneiieeneeeeneseeooeooooso 59
HI. Effect of Impingement Angle on Slurry Erosion Behaviour and
MEChaniSIms «....cc.ooviiiiiiiiecntrieee e 61
3-1 INEOQUCHON +vveritiiiiee et oot 61
3-2 Effect of Impingement Angle on Erosion Beahviour and Mechanisms of
017 Steel uvivviniiiiiiiiineeiier e eetee e e 61
3-2-T EXOSION TALE cuevientiiiiiii ettt eee s e s e, 61
3-2-2 Configuration of eroded SUTFACES wvvvevveuveesereessesoossoosssoon 62
3-2-3 Microscopy observations of impacted SUrfaces ....uvvivnvreneennrnnnnnn. 64
3-2-4 Effect of impingement angle on erosion mechanisms ................... 73
3-3 Effect of Impingement Angle on Erosion Behaviour and Mechanisms of
High-Cr White Cast Iron .....coveceviuironeeesre oo 78
3-3-1 Er0SiOn 1ate vueuvvinninmeeneniniiiiitesinnecceeeeeesoooo 80
3-3-2 Microscopy observations and erosion mechanisms ..................... 80

viii



Jiabfe of Conterts

3-4 Erosion Behaviour and Mechanisms of 1017 Steel and High-Cr White
Cast Iron with Impingement ANZIES cuuuvveerieuniirvueeeensrassirereonsesennsnnns 87

IV. Effect of Particle Characteristics on Slurry Erosion Behaviour and

MEChARISINS .......utiiiiiiiinsenesnissssssissssrnsasersessssssasesesssassesssessssmssrsessnsssses 91
4-1 Erodent Particle Characterization «.vu..eieueseeecuseeeenseeenessssseseesnsssnnnn 91
4-2 Effect of Particle Characteristics on Erosion Rate veeuveeeveerecesssernerensin 101

- 4-2-1 Effect Of particle SIZ€ vuvvuvieeueinieeniesiiiernerneeneensensensessensensern 101

4-2-2 Effect of particle Shape ..ivvvvivuneeeeeerniiniiiiniieiirennsseeseeennnnneens 105
4-2-3 Effect of particle Rardness «eeuueuuuiiiieveeeereennnesesesesssssnnsessssssen 106
4-3 Microscopy Observations and Erosion Mechanisms of 1017 Steel .......... 108
4-3-1 EffeCt Of PArtiCle SIZ€ vuuvruuieeermeieirnreriesreseeneesssnessesnsennnssnm 108
4-3-2 Effect of particle Shape vvveueeeevveiiriineireneeeenersneeeensssnsennsnnnns 112
4-3-3 Effect of particle hardness ..vuuueeeevrerrniieeeerenerereeesnnsoneesssnn 114
4-3-4 Effect of particle characteristics on erosion mechanisms .....v.n....... 114
4-4 Microscopy Observations and Erosion Mechanisms of High-Cr White
CASEITOM wauiiitiiiii ittt et ev e s s ennsserrensssnnssrnnnessnnnss 121
4-4-1 Effect of particle SIZ€ cuuuevuuerrerreieririiirieneeereneessnnsennnssennn oo 121
4-4-2 Effect of particle Shape vvuueiiuieririereeriireeeiiieeeeeeseeressneensnss 130
4-4-3 Effect of particle NArdness ....uuuuecvueeeeenerresserrenseenssessnsssssmn 134
V. Effect of Impact Velocity and Particle Concentration on Slurry

Erosion Behaviour and MechaniSms oooeveveeeereveeeeerecvennsseeiseessnnnn, 136
5-1 Effect of Impact Velocity on Erosion Rate u.eveveveneeereeenseeresneseennnnon 136
5-2 Effect of Particle Concentration on Erosion Rate veeeees.verennesseemnsnssnnn. 138
5-3 Microscopy Observations and Erosion Mechanisms of 1017 Steel .......... 141

5-3-1 Effect of Impact VElOCITY vevuveriruniiseruieiunernneennsenseneesnnennssnses 141
5-3-2 Effect of particle CONCENIration .v.uevuueevereeessreerrernneeesnnnnssrnnnone 149
5-4 Microscopy Observations and Erosion Mechanisms of High-Cr White
CaSTITON 1t eee e e e e 149
5-4-1 Effect of impact VElOCILY «uuveviierreuuireeeeereereennieesesermmessseooo, 149
5-4-2 Effect of particle cOnCENtration «.vu..veeeeeeunverenssenesmonsemseossenns 159
VI COnCIUSIONS «eeeieiiiieiiiiiiiiieee et et ee e e e eeeeee s 164

ix



Table of Contents

RREFEICIICES oeoernrrrreresssnsessisssssunnessisssstasanssassassssstsrannnssssssrsnnsesssse 168

ADPEIAICES cvovrecrecmsensssrescrscessmsssr s vrs 179
A.  Analysis of the rotating arms dynamics of the designed apparatus ......e. 179

B. Solidification sequences and microstructure of high-Cr white cast iron




List of Tables

Table
1-1

1-2

2-1

2-2

2-4

2-5

2-6

4-1

4-2

4-3

A-2

List of Tables
page

Parameters influencing SIUITY €roSiON w.eivvvevrevesievnerneeeeeencnsenreneennens 2
Experimental values of the velocity exponent # for slurry erosion reported

IN ThE TETALULE 1uvveutiiiisesessnsnsiisstnisersnssesassmtessssssessssrsesssssasasesersassesssasasses 9
Results of reproducibility testS veveuniiveiiirreneiriaiiiieieiereenterneeereneeene 42
Chemical composition of 1017 StEEl ..vuvvierueernneeesneressrerssennssensssnnnen 52
Mechanical properties 0f 1017 StEE] cevuverrrruirurereiniencnrresensecenseesnennn 52
Chemical composition of high-Cr white cast iron alloy ....ceeeeeeneeenssnnnnee 55
Bulk hardness and microhardness of high-Cr white cast iron alloy ..o 55
Size ranges and suppliers Of PArtiCIES vuuveeervrnverrrenrenrreessisincineensnnsens 57
Values of the studied slurry erosion parameters and test conditions .......... 60
Statistical values of particle parameters (size and shape) as obtained by

image analysis processing 0f S10; PArticles vuuveveevenrenrenrensesensensoransans 97
Statistical values of particle parameters (size and shape) as obtained by

image analysis processing of SiC PartiCles vuveeerereererrneeueeeeenrensensensnens 97
Statistical values of particle parameters (size and shape) as obtained by

image analysis processing 0f AlyO3 particles vuveuvesveceerseeeenrsroseseesesanss 98
Calculated values of the specimen surface length which is exposed to the

slurry stream at: v = 10 m/s, v, =9.89 m/s, N=12.7 Hz and &' = 9.2°, using

fOUT TOtAtING ATMS 4vvvrriiniiuiiiiiiiirrrernecererrenerneeeeeseesesenennenersnsse 182
Calculated values of the specimen surface length which is exposed to the

slurry stream at: v = 15 m/s, v, =14.96 m/s, N=19.2 Hz and &' = 6.3°,

using four rotating arms vuiiiieiiiicirerereeerrerniaseeesiesesenrrerasessesrssssns 182

Xt



List of Tables

A-3

Calculated values of the specimen surface length which is exposed to the
slurry stream at; v= 15 mys, v2=14.96 m/s, N=192 Hz and &' = 6.3°,
USING WO FOMALNG AMMS «.vvvvvvvvrvereesnsaseesissessenssssssssooooo e 182

Calculated values of the specimen surface length which is exposed to the
slurry stream at: v = 20 m/s, v;=19.95 m/s, N=25.6 Hz and & = 4.6°
USING EWO TOMALING IS w.vvvvoresevveeceensvennseereeneossro oo 183

xii



Figure
l-1a
1-1b
I-1c
1-1d
1-1le

1-2

1-4

1-5

1-6

1-7

1-8

1-10

List of Figures

List of Figures
page

Erosion of needle in needle and seat choke [12] vovivievriininiiiniininennnnis 3
A Pelton turbine runner destroyed by advanced wall erosion [13] .......... 3
Surface erosion of the inside of a Francis turbine [13] cccvenrnniniininn. 3
Eroded stainless steel needle of a 2-nozzle Pelton turbine [13] ............. 3
Pump impeller failure due to erosion [14] cieveeieiiiiiiiiiiiiiiciiinccnnnna 3
Erosion rate as a function of impact angle for Aluminum, Copper, Mild
steel and Alumina eroded by silica sand (600-1000 pm), slurry at v = 5.3
M/S and C = 17 W % [20] cevverererererrerruersrerersecusessosssssssasarsrsnse 6
(a) Dependence of erosion rate for Al,O3 on impact angle.
(b) Dependence of crosion rate for zirconia, silaon and SiC on impact
ANEIE [21] rernrrnrinrinniireerreiitirreerinernacenerrtresnenarstsersanrennsnnnes 6
Erosion vs. slurry velocity for hot-rolled 1018 steel in 30 wt.% coal-
kerosene slurry at 95°C at various impingement angles [40] ....vuveecanraes 8
Velocity-wear relationship: o, Aluminum; O, Cast iron; +, Ceramic
SEEEI [A1] trrvnrererereiererieressrassensasasrrresasssnssnrnersrsasesressestsnssenne 8
Relationship between wear rate and jet velocity [6] cvevueiivasiiiiniiiananenes 8
Effect of velocity on the erosion rate of iron for a range of erodent sizes:
(a) alumina and (b) silicon carbide [42] civcviiiiiiiieriiiinnrerseneeiesiannns 11
Relationship between wear rate and silica sand concentration [6] ..cceveeee 12

Variation of erosion rate as a function of cumulative weight of the
erodent under oblique impact angle for Ni in A2-treated condition [47] ... 12

Relationship between wear rate and particle size [6] coceuvrercressersesrreseressenss 15

xiii



List of Figures

1-12
1-13
1-14
1-15

1-16

2-2a

2-2b,c

2-3

2-4

2-5

2-6

2-7

2-8

Definition of particle size by means of three mutually perpendicular
dimensions [60] vieeeerissnnsens Cerrraersseseansnsente cesrirraeeres rersraneennceans .

Schematic diagram of the pilot plant [93] cecevevnviuviereiiiriiiiiiiianenn
Schematic diagram of slurry jet erosion rig [41] cieiceievaennininninninnnnean,
Schematic diagram of a centrifugal slurry erosion test fixture {95] .........
Schematic diagram of flow-through slurry wear test apparatus [95] «v.evee
Schematic diagram of the slurry erosion pot tester [50] cecveerenennnrnnnnnnes
Schematic diagram of the designed slurry erosion apparatus ....c.eeeeveee.
Photograph of the slurry erosion test rig, "General view" ...covvveieiinieen
Photograph of the designed slurry erosion test rig: (b) Vacuum test
chamber and (c) Rotating test specimens exposed to falling slurry
Schematic diagram of the specimen holder and the impingement angle
INAICALOTr civiuinicieensesnsnisrerererietererererecssresesasrerssressssssncasasassnsss

Calibration curve for the speed controller unit ..voevcivieiiiiacinnsenieecnneen

Measured rate of slurry flow and solid particle concentration in slurry:
(a) C =2 wt. % and (b) C = 10 wt. %, erodent (250-355 pm Si09) cevvvenne

Schematic diagram of impact velocity and impingement angle .............

Photographs of the eroded paint surfaces using four rotating arms at
different test durations and test conditions: v=15m/s, C=1wt. % and d
=302 pm; (a) 0 =30 (b) 0 =45 (c) =60 and (d) 8 =90 ....cvrurera

Schematic diagram of (a) four rotating arms, (b) resultant angle of impact
and (c) dynamic location of specimens with respect to the falling slurry
SITCAIT] suvvrsssscsrresnsrnonnsnssassanacacannnstncosssesnsssssansnsssrsssssosssnnnssns

15
23
23
25
25
26
30

31

32

34

34

36

39

39

xiv



List of Figures

2-9  Photographs of the eroded paint surfaces using two rotating arms at test

conditions: v=15m/s,C=1wt. %,d=302 pmand t=4 min. .c..ccvveee. 41
2-10  Photographs of the eroded paint surfaces at different test durations and

test conditions as: v=15m/s,d =302 um, and C =1 Wt.% .evvrrrereeneennn 44
2-11  Erosion rate of paint material as a function of test duration for different

impingement angles at: v=15 m/s,d =302 pm and C = Iwt. % ......... 44
2-12  Photographs of the eroded paint surfaces at different impingement angles

and test conditions as: v=15m/s,d =302 um,C=1wt%and t =4

INIIIL. 4t teneeeisssncssssenessssssnnnsossnnssssnnssrssnsessesesssenessansrssasssssnsrasensrsssneresnanessrnnerare 46
2-13  Relationship between erosion rate of paint material and impingement

angle at: v=15m/s,d =302 um, C= 1wt. %, and t =4 min. .ccoevvrverean 46
2-14  Photographs of the eroded paint surfaces at different impact velocities

and test conditions as: d =302 pm, C=1 wt.% and t =4 min. ......ceveen. 47
2-15  Relationship between erosion rate of paint material and impact velocity

for different impingement angles at: d =302 um, C = Iwt. %, andt=4

IMIDL t1errrernsnsesnrrsriisseercsssssssssiisessssasssasasacacnsssnsassssssasasssansnces 47
2-16  Variation of weight loss of the paint material versus particle

concentration at different impingement angles and at: v=15m/s, d =

302 um and t =2 MIN. civiaiicininnsnsesrsesiasersasaressecassncessscnssscessasass 49
2-17  Relationship between weight loss of paint material and particle

concentration for different impingement angles at: v =15 m/s, d = 302

HM and € = 2 MM, veeveeiirerietensmearsnscessenssssserssssessesssesscessasssasassen 49
2-18  Dimensions of (a) Slurry erosion test specimen and (b) Holder of the

LEST SPECINICI vevrerernrurussesererersrsirisresssssssssssssrnssssmsmsnsnsnssrsnsnn 51
2-19  Optical (a) and SEM (b) photographs of 1017 steel microstructure ......... %
2-20a,b Optical photographs of High-Cr white cast iron mictostructure .....c.e..... >4
2-2la,b SEM photographs of high-Cr white cast iron microstructure .....eeeeveens. 54
2-22  Fe-Cr-C ternary phase diagram: (a) liquidus surface projection of the

system and (b) isothermal section at 700°C ..ucvvevinerrerirrennrrencserneenn 56

XY



List of Figures

3-1

3-2

3-3

3-4

3-5

3-6

3-8

3-9

3-10

3-11

Cumulative Mass loss of 1017 steel as a function of test duration for
different impingement angles «.uvieiiierrverrnrnrerieiiiereeeeesasesecernenenns

Relationship between erosion rate of 1017 steel and impingement angle
for different test durations .....cuveviiinieiiiriiiiiiii e e

Photographs of 1017 steel eroded surfaces at different values of
impingement angles and at test time of (a) 10 min. and (b) 60 min. ........

Relationship between the micro-hardness of 1017 steel eroded surfaces
and impingement angle after test time of 60 Min. veuvivveveiiieieeennsnrnnnne.

Scanning electron microphotographs of 1017 steel impacted surfaces at
various impingement angles: (a) 15° (b) 30°, (c) 45°, (d) 60° and (¢) 90°...

Scanning electron microphotographs of 1017 steel impacted surfaces at
various impingement angles: (a) 15°, (b) 30°, (c) 45°, (d) 60° and
(€) 90°. "Magnified views of selected areas from Fig. (3-5)" vuverevnnerennns

Scanning electron microphotographs of 1017 steel impacted surfaces at
various impingement angles: (a) 15°, (b) 30°, (c) 45°, (d) 60°, (e) 75° and
(£) 90, trrriinriieiriit i stiecerneereeeeteeere e r e rr e rae s s eeranearesaranes

Scanning electron microphotographs of 1017 steel impacted surfaces at
high impingement angles: (a) 75° and (b) 90°. "Indented pits and
EXIIUAEd LIPS verereiiiiiiinrnraresiiiiiiieccerereseirssassensesensnsnrarsrassenrans

Cumulative Mass loss of high-Cr white cast iron as a function of test
duration for different impingement angles ...vuveeveireceiiiencerercenennes

Relationship between erosion rate of high-Cr white cast iron and
impingement angle for different test durations vvveueeevenvererrerrsrenennene

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at different impingement angles: (a) 30°, (b) 45°, (c) 60° and
() 00 et e s e e era e nn e e s sarenaaraaes

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at different impingement angles: (a) 30°, (b) 45°, (¢) 60° and
(@) 900, 1eririirtueerrnrrrnrerierternrerasiasassersseesssrennsernssnnsssnnasensssnne

65

65

67

74

85

Xvi



List of Figures

3-13

3-14

4-1

4-2

4-3

4-4

4-5

4-6

4-8

4-9

4-10

Variation of erosion rate and erosion mechanisms of 1017 steel as a
function of impingement angle at impact velocity 0f 15 m/S vuvvvverennnens

Variation of erosion rate and erosion mechanisms of high-Cr white cast
iron as a function of impingement angle at impact velocity of 15 m/s......
Scanning electron microphotographs of silica sand particles .....vueevueen..
Scanning electron microphotographs of silicon carbide particles ...........
Scanning electron microphotographs of alumina particles vvu.vvveensiennsnns

Relationship between the aspect ratio and the measured average size for
Sioz, SiC and A1203 partiCIeS -. lllllllll A4 PEIINNNIIIBEIBIEISIBIRBIEIBAR. serrrvseennnn s

Relationship between the roundness factor (perimeter)® / 4mArea and the
measured average size for Si0,, SiC and ALO; particles v.vvevrerrennrennn

Percent cumulative frequency distribution curve of aspect ratios of SiO,
PATtiCIES vivvrerieincnenrnenerenannns Crvererseseeiecrtterrienrannsans Ceenrrasnrrasanes

Percent cumulative frequency distribution curve of aspect ratios of SiC
particles ........ tevrevessertatiirenritiesaas tevenveeseesastatcasensensaratairrins -

Percent cumulative frequency distribution curve of aspect ratios of
A1203 partiCIeS LR RN TN T IR R I Iy L R R ssanbbene

Percent cumulative frequency distribution curve of (perimeter)’/4nArea
ratios of 8i0, particles ........... terseresettancententeesennannns tersensseersaneans

Percent cumulative frequency distribution curve of (perimeter)*/4nArea
ratios of SiC particles ...cvveveveeenverinniersnnens eereererersretactensenritnasees

Percent cumulative frequency distribution curve of (perimeter)*/4rArea
ratios of ALO; particles ...ovvevenrnnnnen. ereressrtesesreinseatnsereasanas

Variation of erosion rate of 1017 steel as a function of particle sizes for
different erodents, 8 = 30 . . uniieiiiiiiiiiiiieiiereerrrrrraenneanenneaans

Variation of erosion rate of high-Cr white cast iron as a function of
particle sizes for different erodents, 8 = 30° vuvuiieiniriiiiiiiiiinnnnrnrnnnns

39

90

100

100

100

102

102

102

103

103

xvii



List of Figures

4-14

4-15

4-16

4-18

4-19

4-20

4-21

4-22

4-23

4-24

Variation of erosion rate of 1017 steel as a function of particle sizes for
different erodents, 8 = 90° cvvvveverececerarnrersnsenenss teeeestesacnssnrasaserens

Variation of erosion rate of high-Cr white cast iron as a function of
particle sizes for different erodents, 8 =90% ....ccveirrrirrinrirenrerisinnn

Relationship between the erosion rate of 1017 steel and the relative
hardness of the erodent particles and target material at v=15m/s,d=
(125-180 pm), 0 =30°and C =1 WL %0 ceuvereerncenrnrresnisseaceresasencnsansn

Relationship between the erosion rate of high-Cr white cast iron and the
relative hardness of the erodent particles and target material at v =15
m/s, d = (125-180 pm), 6 =30° and C =1 WL % veeerrrereverererereeersreenns

Scanning electron microphotographs of 1017 steel impacted surfaces at
0 = 30° by different particles having different sizes: (a) SiO,, d = 500-710
um; (b) Si0y, d =90-125 um; (c) SiC, d = 24grit; (d) SiC, d = 220 grit
and (€) Al;O35, d = 90-125 M cuvviiiirieneiecnieririisiareccsrssersnsnaencanen.

Calculated trajectories of sand particles of different diameters in a water
jet 20 mm wide and velocity 8 m/s directed at flat plate [121] ..............

Scanning electron microphotographs of 1017 steel impacted surfaces at
0 = 30° by coarse particles of (a) Si0, and (b) SiC. "Magnified views of
central areas selected from Fig. (4-18)" ceuiriiiiiiiiiiiiiiieiinniiiiinccnnns

Scanning electron microphotographs illustrating typical examples of (a)
rounded S10, and (b) angular SiC particles eceiveeiiiiiiiiiiiiiiieecieennenn

Scanning electron microphotographs of 1017 steel impacted surfaces at
8 = 30° by coarse particles of (a) SiO; and (b) SiC. "Letter R denotes
formation of microcrack on some traces of polishing lines v.c..cvvuenneneee.

Scanning electron microphotographs of 1017 steel impacted surfaces at
6 = 30° by coarse SiC particles. The letter C indicates the formation of
microcrack on the impacted surface ..ovviiiiiiiiiiiiiiiiiiiiinnen.

Scanning electron microphotographs of 1017 steel impacted surfaces at
8 = 30° by fine particles of (a) SiO,, (b) SiC and (¢} ALO; cvvvvvrrnrrnnnnes

104

104

107

107

109

111

113

115

116

xviii



List of Figures

4-25

4-26

4-27

4-28

4-29

4-30

4-31

4-32

4-33

5-1

5-2

5-3

Scanning electron microphotographs of 1017 steel impacted surfaces at
0 = 30° by fine particles of (a) SiOz and (b) SiC. Directionality is clear in
the SUFTACE TEALUTES vuvererarrrrarasssssnsranssssssssnsnnronsersennasearsorsoronsses 120

Schematic for particle impacting on a target surface: (a) angular particle
with positive rake angle, o, (b) rounded particle with negative rake angle
and (c) angular particle with negative rake angle coeeverrsnrsssrnsneeenser 122

Scanning electron microphotographs of 1017 steel impacted surfaces at
6 = 30° by coarse particles of (a) Si0; and (b) SiC. cuverrurearruensesusneanes 122

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at © = 90° by different particles having different sizes: () S103,
d = 500-710 pum; (b) Si0,, d = 90-125 pm; (c) SiC, d = 24grit; (d) SiC, d
=220 grit and (€) Al;03, d = 90-125 M wovenrrremmmrenisnnrnnesaenseserrene 124

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at § = 90° by coarse particles of (2) Si0, and (b) SiC.
"Magnified views of central areas selected from Fig. (4-28)" coeuvarricnnen 128

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at © = 90° by (a) coarse SiO; and (b) fine SiO; particles .oeveenens 129

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at © = 90° by fine particles of (a) Si0,, (b) SiC and (c) Al,O3 ... 131

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at 8 = 90° by coarse particles of: (2) Si0; and (b) SiC. cooevveeeees 133

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at 8 = 90° by coarse particles of: (a) Si0, and (b) SiC. cevvvrenvees 135

Relationship between erosion rate of 1017 steel and impact velocity at
impingement angles of 30° AN 90° vvrrrnermernernsrrrsrnascassassnssaseuscasees 137

Relationship between erosion rate of high-Cr white cast iron and impact
velocity at impingement angles of 30° and 90° wuvueeernrernararncesrnnanans 137

Relationship between weight loss of 1017 steel and particle concentration
at impingement angles of 30° and 00 1vrerreassssessesennsnssrssranssrssnsaans 139

Xix



List of Figures

5-8

5-9

5-10

5-11

5-12

5-13

5-14

Relationship between weight loss of high-Cr white cast iron and particle
concentration at impingement angles of 30° and 90% ......eiiniiiinnnnnn. 139

Relationship between erosion rate of 1017 steel and particle
concentration at impingement angles of 30° and 90% ...ceuvuiiiiinnieiinnn 140

Relationship between erosion rate of high-Cr white cast iron and particle
concentration at impingement angles of 30° and 90° .....coviiiiiiiiiniinnn 140

Scanning electron microphotographs of 1017 steel impacted surfaces at
velocities of : (a) 5 m/s, (b) 10 m/s and (c) 15 m/s and at impingement
T LT[R OO P PP PPPPPP PP SPPPOPRIITTPITITIILLLLY 142

Scanning electron microphotographs of 1017 steel impacted surfaces at
velocities of : (2) 5 m/s, (b) 10 m/s and (¢) 15 m/s and at impingement
angle of 30°. "Magnified views of selected areas from Fig. (5-7)" cvvenras 143

Scanning electron microphotographs of 1017 steel impacted surfaces at
velocities of : (a) 5 m/s, (b) 10 m/s and (c) 15 m/s and at impingement
ANEIE OF 30% vvvveeriiirnreeeeninnnrerssssiutte e s ennes 146

Typical microphotographs of 1017 steel impacted surfaces at velocity of
15 m/s and at impingement angle 0f 90° cevuuuiieriemuiniiiiiiiiienes 148

Scanning electron microphotographs of 1017 steel impacted surfaces at
particle concentration of: (a) 1 wt. % and (b) 3 wt. % and at
impingement angle 0f 30° vovveeesieeiiiiiiiiinninni e 150

Scanning electron microphotographs of 1017 steel impacted surfaces at

particle concentration of: (a) 1 wt. % and (b) 3 wt. % and at

impingement angle of 30°. "Magnified views of selected areas from Fig.

(511) eerrererreeseeseesessansessassestosessesstosnesssnesassessesnestossssssnsasas 151

Scanning electron microphotographs of 1017 steel impacted surfaces at

particle concentration of: (a) 1 wt. % and (b) 3 wt. % and at

impingement angle and impact velocity of 30° and 15 m/s,

TESPECHVELY. teeurrrnniierieanuerrneietisiniertnaesaniauennnesssassrnantasriane 152

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at velocities of : (a) 5 mvs, (b) 10 m/s and (c) 15 m/s and at
impingement angle 0f 90° c...vvriirruirmmriiiiiii e 154

XX



List of Figures

5-15

5-16

5-17

5-18

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at velocities of : (a, b) 5 m/s, (c) 10 m/s and (d, e) 15 m/s and at
impingement angle 0f 90% ..ceuuvivrriviriiierrenieerrniereeirrersesenesrens

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at particle concentration of: (a) 1 wt. % and (b) 3 wt. % and at
impingement angle 0F 90° «.uuiuiiiiiiiiirrrrrnrererenrensrnsrneresessossnn

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at particle concentration of: (a) 1 wt. % and (b) 3 wt. % and at
impingement angle of 90°. "Magnified views of selected areas from Fig.
(5-16) vveviinannnnn e titeatearrarrreer it aaeasbrrresastasesasatnsattaais

Scanning electron microphotographs of high-Cr white cast iron impacted
surfaces at particle concentration of: (a) 1 wt. % and (b) 3 wt. % and at
impingement angle 0f 90%. iiiirvevvirurireirirrriereeeressieisnsrnrnrnrens

162

xxi



Nomenclature

S N A
E 3

min

CENSTICINS

St EatoE o

pm
wi. %
pm
pm
[tm
pm
pm

(mg/kg)
(mg/mm?%/s)
m/s>
kg{/mm?
kgt/mm®

MPa(m)®’
mm

mm

mm

Nomenclature

The projected area of the erodent particle

The solid particle concentration

The mean particle size

The measured average diameter of the particle
The measured maximum diameter of the particle
The measured minimum diameter of the particle
The diameter of rotation of the rotor

Erosion rate

Another expression of the erosion rate

The gravitational acceleration

Hardness of the erodent particle

Hardness of the target material

Constant

Constant

Fracture toughness of the target material

The total actual length of the test specimen

The length of the specimen which is not exposed to the falling
slurry  stream

The length of the specimen which is exposed to the falling slurry
stream

The length of the erodent particle

The particle size exponent

The impact velocity exponent

The rotational speed of the rotor

xXii


http://www.tcpdf.org

‘e o* inghialljl

4 DARALMANDUMAH

Bpa Ml ey L a1l cig 82 alg 1

STUDY OF THE BEHAVIOUR AND MECHANISM OF SLURRY :Ulgiell

e 390> do>| Jozo (sl ooyl agoll

200 B8)18 (Ol (owgo Joxo 0)S (d)los (oo (ol Aol to>T onaléo
(9in0) 21,9

2005 1S>Maodl gy, U

bowl R3¢0

1-212 1olxaall

586715 :MD 3,

dzol> Pilw, i Sgizoll £g)

English raelll

ol,e:Ss allw, rauodell as,all

bgrwl agol> rasol=ll

awapll ads ra sl

»a0 :adgall

Dissertations 10logleoll aclgd

adall slgodl « Plgud! (JSTI S 0lSuodl dwaipll :&aolg0

https://search.mandumah.com/Record/586715 )

.abgazo Bgixl giox .dnglinll l> 2020 ©
83l 0ia aclb ol Juos cliSay .albgazo il Bos> guo ol lole il Bos> \_J[z.oi &0 &3gall SVl (sle sly aslio 83kl 0in
ol o o gurai e ((99SIVI 2l ol 6,6Vl g8lge Jio) dliwg S| ue 1indl ol gl ol Gowidl gioug nsd (sazeidl plazeiwW
oghiall ,ls of il Bga>

www.manaraa.com



https://search.mandumah.com/Record/586715

STUDY OF THE BEHAVIOUR AND MECHANISM OF
SLURRY EROSION

BY
Mohamed Alimed Hamoud Ali AI-B l‘lkll(lt'tl'

M. Sc., Mechanical Engineering, Faculty of Engineering, Assiut
University, Egypt, .
2001

A THESIS
Submitted in partial fulfillment of the
requirements for the degree of

DOCTOR OF PHILOSOPHY

In Mechanical Engineering

Department of Mechanical Engineering
Faculty of Engineering, Assiut University
Assiut, Egypt
2005

Prof., Dr. F. M. Badran Prof. M.O.A. Mokhtar m

Prof. Dr. K. M. M. Emara Prof. M.G. EL-Sherbiny  S™“™

Dr. Shemy M. Ahmed Prof. F.M.F. Badran V.55 aclmrn
Prof. KM.M. Emara 2wone~

Dr. Shemy M. Ahmed ﬁy’f/l‘g—

Supervised by: Examiiners: /[/ 4 /‘/I/LV
NN



O O aldl) Jslay @bdj&.ahbd
ka3 e 4y Jilus

C)AZ—A&A:‘JL-—HIJ
Bl Ao 30wl aag / pasgll

hiad) By gadt sl p ity — S Al ey ALt
21996 Sliy - i 1S st ~ Y1 i oy 9

2001 —b 4wl dster — i wldt IS —a S At G gl

5\)}_J»U1 E._-,-)JGJ&J)_.an.U
L.,(_.,L(:Ml_....u\g

W J o (S dd SRS Y O
L S Olyh—y Wb dost Byl i
Gt a2 s ] e i po et 2 S 5
Oyl dy b et B4y 5 ] R e G
R —— u‘“‘}"""’:(“; i
e s

2 2005 ..


http://www.tcpdf.org

