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ABSTRACT: An inves t iga t ion of the eros i v ity of part ic les of severa 1 

different coals and respective vacuum bottoms from the Exxon Donor 

Solvent (EDS) coal liquefaction pilot plant Exxon Coal Liquefaction 

Process (ECLP) was carried out. Kerosene and tetrahydrofuran (THF) 

were used as the liquids in slurries containing 30 wt% particles. The 

particles were of several sizes, shapes, integrities (fracture 

strengths) and ash contents. It was determined that the primary 

factors having a direct effect on erosivity were particle size, and ash 

content/composition. Particle shape and resistance to fracturing upon 

impact had important secondary effects. All of these factors are 

interrelated and can counter each other under certain conditions. 

Slurry pot testing proved valuable as a reproduceable method for 

comparative erOS1on studies, but should not be relied upon to produce 

quantitative erosion data for equipment design purposes. 

Introduction 

Many different coals will be used in coal liquefaction plants, 

each containing different compositions and quantities of erosive 

mineral matter. It 1S the ash or mineral matter in coal that is 

primarily responsible for the erosion of the metal containment surfaces 

of the equipment through which the coal slurries flow. [1,2] The 

carbonaceous matter in coal has very little erosivity. The 

composition, quantity, morphology, size, shape and location of the ash 

particles in the coals and the same properties of ash particles that 

have been released from the coal are the variables that determine the 

erosivity of coal-solvent slurries. The purpose of this investigation 
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was to determine the erosivity of hydrocarbon based slurries containing 

ground coal or ash-rich vacuum bottoms obtained from ECLP, the 250 

ton/day EDS coal liquefaction pilot plant in Baytown, Texas. 

The erosivity of several oxides, some of which are contained 1n 

coal, has been studied in gas-solid particle erosion. [3J It was 

determined in these tests that the weaker oxides, as assessed by their 

hardness, fractured upon impact and, as a result, were much less 

erosive than the stronger oxides which did not. It was also determin~d 

that the shape of the erosive particles had a significant effect on 

their erosivity, with angular particles being considerably more erosive 

than spherica 1 partie les. The size, shape and location of the oxides 

1n the ground coal particles were related to the effect that they had 

on the metal being erodecl in Reference 4. Figure I [4J shows that the 

carbonaceous constituents of the coal (dark) hold the mineral 

constituents (white) much as a tool holder maintains the position of a 

tool. The resultant imprint of the oxide particles in the target metal 

surface have the same shape as the mineral constituents in the coal. 

It is by this means that the finely divided, hard oxides in the 

relatively soft coal cause the coal particles to be erosive. 

The size of the coal particles is another factor that has been 

shown to be directly related to their erosivity. [5J The mass of each 

coal particle directly relates to its kinetic energy as it impacts an 

eroding surface. The larger coal particles, therefore, have a greater 

capacity to drive the mineral particles in their surfaces into the 

target. Thus, even with very fine sized mineral particles embedded in 

much larger size coal particle "tool holders", the erosivity of a 
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slurry can be related to the overall Slze of the coal particles. 

Another size factor that affects the overall erosivity of a coal 

mixture is the presence of oxide contaminant particles such as Si02 

that are separate from the coal but that have the same Slze as the coal 

particles. Coal cleaning operations remove a high percentage of these 

particles, but not all of them. The remaining mineral particles have a 

considerably greater erosivity than the ash containing coal particles 

of the same Slze and probably account for the principal amount of 

erosion that occurs. Figure 2 shows a typical eroded surface of 30455 

when -200 mesh size coal was used in a kerosene-coal slurry. [6] The 

large crater that can be seen on the right side of the photo was caused 

by a single oxide particle probably Si02 or A1203 , the size of the coal 

particles. The much greater erosive effect of the larger size mineral 

particle compared to the "paw prints" of ash contained in the coal 

particles can be seen. Figure 2 is of an area near the periphery of 

the eroded zone when a jet impingement tester was used. 

Another possible aspect of the effect of particle Slze is the 

ability of the large size particles to offset the particle defeating 

function that the viscosity and lubricity of the carrier liquid plays 

in slurry erosion. Their greater mass will result in their ability to 

drive through the carrier liquid to the eroding surface more 

effectively. 

With this understanding of the nature of coal-solvent slurry 

erosion, the different ECLP coals and vacuum bottoms that were to be 

utilized in the laboratory slurry pot tests were selected to provide a 

range of different sizes and mineral contents. Their erosivity was 
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studied in coal-kerosene and vacuum bottoms-tetrahydrofuran (THF) 

slurries. THF was chosen because it is a highly effective solvent for 

carbonaceous coal residues. 

kerosene. 

Test Conditions 

THF has about the same viscosity as 

The coal and ground agglomerated vacuum bot toms were shipped from 

ECLP in metal cans without de-humidifiers. The compositions of the 

coals and derived vacuum bottoms are listed In Tables I and 2 

respectively. The particles that did not readily pour from the cans or 

that showed evidence of clumping due to their moisture content were 

dried prior to being mixed into a slurry by passing aIr over shallow 

trays of the particles for 2 hours at 10SoC. Particle SIze 

distributions listed in Tables 4 and 5 were determ~ned by SIeve 

analyses using a Rotap Machine and a set of Tyler Sieves. Efforts to 

determine particle size distribution using a laser detector were not 

successful because the particles tended to float on top of the liquid 

carrier used in the laser apparatus. 

The coal partie les and the vacuum bottoms were prepared into 30 

wt% particle-kerosene slurries by mixing the two constituents in the 

slurry pot prior to testing. Additionally, some erosion experiments 

with vacuum bottoms were conducted with slurries synthesized with THF 

instead of kerosene. The rationale for using this more effective 

solvent was to dissolve the ash agglomerates to attain smaller particle 

sizes, approaching the microscopic ash-rich particles existing in hot, 

liquid vatuum bottoms streams during plant operation. 
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The erosion tests were carried out in'a slurry pot tester which is 

described in Reference 3. It consists of a baffled, stirred 3 liter 

cylindrical container. Attached to the 3/4 HP motor driven central 

shaft are two specimen holding arms rotating the, specimens in a 105 mm 

diameter circular path at effective velocities from 6-15 m/s. The 

specimens were cold rolled lOIS steel rods 0.3 cm. dia. by 5 cm. long 

and lOIS steel rods of the same size annealed at S50 0 C for 45 minutes 

and slow cooled. The effective velocity of the slurry was 12 m/s. Test 

temperature was maintained at 2SoC and the test duration was held to 

two hours. The decision to limit conditions to a single velocity, 

temperature and test material was based on earlier work with the slurry 

pot which showed that changing these parameters affected erosion to a 

predictable or minor extent. [5] 

Results and Discussion 

Particle Analysis 

Analyses of the ECLP coals and vacuum bottoms listed in Tables 1 

and 2 were determined by Exxon Research and Engineering Company. The 

batch of Lawrence Berkeley Laboratory (LBL) Illinois No.6 coal, also 

used in this study, was obtained at an earlier time from another 

source. The chemical composition of the LBL sample was not determined; 

however, it can be reasonably assumed that the analysis of the ECLP 

coal is generally representative for the LBL Illinois No.6 coal as 

well. 
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All the coals have fairly similar carbonaceous content but differ 

appreciably in ash (mineral) content. As shown in Table 3, there are 

also pronounced differences in the relative amounts of constituent 

oxides in the ash. The high ash Martin Lake Lignite contains by far 

the greatest proportion of mineral matter. Vacuum bottoms are about 

twice as rich in ash as the raw feed coal being liquefied. However, 

the minerals composition in the bottoms ash stays essentially the same 

as in the coal since the process conditions in hydro liquefaction are 

too mild to decompose stable oxides. 

Differences in ash content can be directly related to the erosion 

data obtained in the slurry pot tests. The much weaker carbonaceous 

materials in the coals account for little of their erosivity, directly, 

even though they account for ~ 90 wt% of the coal. The principal 

function of the carbonaceous material in the coal particles is to 

provide the mass necessary to drive the mineral constituents in them 

into the surface being eroded. 

It is shown in Table 1 that the highest ash content coal was the 

Martin Lake Texas lignite. The other three coals tested had 

approximately half that amount of ash in them. Also important to the 

erosivity of the coal are the amounts of the various oxides that 

constitute the ash. The stronger oxides, as represented by their listed 

hardnesses 1n Table 3 do not fracture into small pieces when they 

impact the surface, and therefore can affect a larger area on the 

eroding surface as the result of their larger size. [3] Thus, the 

greater the content of such oxides as Si0 2 and A1 203 in the coal, the 

more erosive it is likely to be. It can be seen that the high ash 
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content lignite has the largest amount of combined silica and alumina 

(73%). The Illinois No. 6 coal has the second highest content of these 

two minerals (70.4%) while the other coals have considerably lower 

amounts. 

... The shape and distribution of the oxides in the coal also have a 

strong influence on the erosivity of the coal particles. Petrographic 
I 

analysis of the coals as shown in Figure 1 is used to determine this 

distribution. Unfortunately, this type of analysis was not available 

for the specific coals tested in this project. Therefore, the nature 

and effectiveness as erodents of the ash distribution in the coals 

tested had to be assessed by the resultant erosion rates of the 1018 

steel. 

The particle S1ze distribution of the coals and vacuum bottoms is 

shown in Tables 4 and 5. There is a significant amount of small 

particles, <5 0 J,lm , in three of the coals tested. The small particles 

in these fine grinds probably have a minimum effect on the erosivity of 

the coals. It is the relatively small percentage of coarser particles, 

>lOOpm, that presumably cause the major amount of the erosion. As will 

be shown later, it was the coarse coal and vacuum bottoms slurries that 

proved to be the most erosive. 

Coal Erosion 

The erosion rates of the 1018 steel were plotted in two ways, 

showing either cumulative or incremental metal loss. Curves show ing 

cumulative erosion were prepared by measuring the total amount of 

weight loss that had occurred over the front half surface area of the 
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rod specimens up to the selected test time and plotting it against the 

test time. Figure 3 shows this type of a curve for two specimens 

tested simultaneously 1n the slurry pot. In incremental erosion rate 

plots, the weight loss incurred for each increment of test time is 

plotted. Thus each data point represents the amount of loss that had 

occurred since the last weighing time divided by the elapsed time to 

obtain the rate of erosion. Figure 4 shows an incremental erosion 

rate plot for the same two specimens plotted in Figure 3. 

In Figure 3, the erosion caused by the large particle Slze 

Illinois No.6 1S plotted. A relatively large amount of weight loss 

occurred after two hours of exposure. The small curvature 1n the plot 

for the first 45 minutes of testing is attributed to some comminution 

of the particles as they struck the metal surface, breaking off some 

angular protrusions and generally, decreasing in size by 25-50%. The 

surface texture of the coal particles before and after testing was the 

same indicating no polishing of the particles. 

The incremental erosion rate curve shown 1n Figure 4 provides 

greater insight into the erosion process that is occurring than the 

cum u 1 a t i v e p lot in Fig u r e 3. Th e h i g h rat e 0 fer 0 s ion ear 1 yin the 

test is the result of three complimentary effects. They are: 0) the 

progress1ve cold wor~ing of the surface as the result of the plastic 

deformation of the steel by the impacting particles [7](2) the 

comminution of the coal particles and (3) the polishing effect that 

occurs early 1n the test when the higher, more vulnerable protrusions 

of metal are knocked off the surface. As the surface work hardens, the 

erosion rate decreases. After about 2 hours of exposure, the eroding 
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surface ~s reaching a steady state condition where the cold work 

surface reaches its maximum hardness, the erodent particles reach a 

constant size and shape, and the initial metal protrusions have been 

removed. Subsequent increments of particle impacts of the same quantity 

will cause equivalent amounts of erosion to occur. 

Smaller erodent particles cause considerably less erosion to 

occur. Figure 5 shows the erosion curves from the LBL Illinois No.6 

coal and the ECLP Wyoming coal tests, both of which had the same 

average particle size, 65~m. The Illinois No. 6 coal was more erosive 

than the Wyoming coal but caused only 1/10 the erosion that resulted 

from the same Illinois No.6 coal that had a 443}lm average particle 

size. 

The incremental erosion rate curves for the two small s~ze coals 

are shown 1n Figure 6. The typical shape of the curve shown in Figure 

4 also occurs when smaller size erodent is used. The small weight loss 

experienced by the 1018 steel when it was eroded by the Wyoming coal 

made it difficult to obtain consistent weight loss measurements, 

thereby accounting for the greater spread ~n the data points for this 

coal in Figure 6. It appears that the lower erosivity Wyoming coal 

causes the 1018 steel to reach steady state conditions sooner than does 

the more erOS1ve Illinois No.6 coal. The Wyoming coal causes 

considerably less erosion than the Illinois No.6 coal early in the 

test. Their rates will become closer together after the Illinois No.6 

coal causes the 1018 to reach steady state conditions, primarily 

because of the same particle size of both coals. 

The slope of the incremental erosion rate curve for the 65pm S1ze 
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III inois No. 6 coa 1 from 30 m~n. to 120 m ~n. shown in Figure 6 is 

considerably less than that of the curve for the 443pm SlZe Illinois 

No. 6 coal plotted ~n Figure 4. This difference is due to the 

considerably less comminution that occurred for the smaller size 

particles and the decreased amount of work hardening of the steel 

surface that the lower mass, smaller particles caused. 

The marked effect on erosion of the ash content of the coal is 

illustrated in Figure 5 showing erosion losses for three different 

coals having comparable particle sizes. The direct relationship 

between ash composition and erosion is shown in Figure 7 which is a 

cross plot of the cumulative 120 minute erosion losses of these three 

coals versus their silica plus alumina ash content. The same effect is 

observed when the incremental, steady state erosion rates for the three 

coa Is are plot ted. However the curve ~s more assymptotic as the Si02 

and A1 20 3 content increases. ECLP exper~ence confirms this 

relationship to the extent that erosion was observed to be considerably 

more severe during high ash lignite operation than when lower ash 

coa Is were run. 

Vacua. Bottoms Erosion 

The vacuum bottoms of the three test coals from ECLP pilot plant 

were investigated in both their agglomerated and separated particle 

conditions. Kerosene was used as the slurry liquid in the agglomerated 

particle test. The agglomerates, which consisted of ground solidified 

bottoms, were separated by using THF solvent as the slurry liquid which 

dissolved the carboneous material. The ash that has been released from 

the coal in the liquefaction process is concentrated in the vacuum 
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bottoms, (see Table 2). Thus, the vacuum bottoms can be expected to be 

more erosive than the coals themselves. However, particle size, 

integrity and shape also affected the erosivity of these particles. 

Figure 8 plots the incremental erosion rates of the 1018 steel by 

the agglomerated vacuum bottoms from the Illinois No.6 and Wyoming 

coals. The large size particles (see Table 5) and their high ash 

contents (see Table 2) resulted in nearly the same erosion rates 

throughout the test period. The steady state incremental erosion rates 

for the small size Illinois No.6 coal (Figure 6) and its larger s~ze 

vacuum bottoms (Figure 8) are nearly the same, considerably lower than 

the steady state rate for the large size Illinois No.6 coal (Figure 

4). This is probably due to comminution of the vacuum bottoms during 

the two hour test as the particles are really agglomerates of much 

smaller size particles. As these agglomerates are broken down as the 

result of their repeated impacts on the 1018 steel in the slurry pot, 

they become both smaller in size [5] and more round in shape as their 

sharper corners are broken off. Both changes reduce their eros.ivity 

[3,5]. The two changes combine to offset the increased erosivity from 

the high ash content and higher starting particles size of the vacuum 

bottoms. The result is the steady state vacuum bottoms erosivity of 

the Illinois No.6 and Wyoming coals being about the same as that of 

the coals themselves. While these compensating factors may explain the 

comparable erosion rates obtained with coals and vacuum bottoms in 

slurry pot testing, the behavior may not necessarily hold for real 

plan t conditions. 
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The difference in the erosivity of the 38 wt% high ash and 22 wt% 

low ash content Martin Lake Texas lignites vacuum bottoms at their 

actual particle size, unagglomerated, is best seen in the cumulative 

erosion curve, (Figure 9). In a THF solvent slurry, the high ash 

lignite vacuum bottoms have caused considerably more erosion to occur 

1n the 1018 steel than the low ash lignite vacuum bottoms. The amount 

of erosion caused by the small, individual particles of low ash lignite 

vacuum bottoms plotted in Figure 9 after two hours of rotation of the 

specimens in the slurry pot tester is 14 g/cm2xlO-4. The agglomerated 

form of the same vacuum bottoms tested in kerosene had caused 115 

g/cm 2x10- 4 to occur after two hours of testing. Thus, the effect of 

particle size can readily be seen. 

The comminution of the vacuum bottoms can also be assessed by 

comparing the amount of erosion after two hours of testing of the large 

size, agglomerated lignite vacuum bottoms, 115 g/cm2x10-4 to the 140 

g/ cm 2x10 -4 amount of erosion ·which was caused by the Illinois No.6 

coal (Figure 3). The lignite has twice the concentration of ash, 22% 

compared to 10.9% for the Illinois No.6 coal, and, therefore, a 

greater potential erosivity. However, the greater integrity or 

fracture strength of the Illinois No. 6 coal particles result in their 

maintaining their size and shape better after two hours of testing than 

do the weaker, agglomerates of lignite vacuum bottoms, resulting 1n a 

greater total amount of erosion of the 1018 steel by the coal. As 

discussed above, it appears that in the case of these two kinds of 

particles, the particle size and shape effects have more influence on 

the erosivity of the slurry than does the ash content of the particles. 

12 
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While this may hold true for kerosene base slurries, the situation 

could change with prolonged testing in THF slurries and real plant 

streams because of more effective exposure of the abrasive ash 

particles due to "chemical comminution". 

Conclusions 

1. The erosivity of coals and vacuum bottoms are affected by the 

particle size, shape, integrity and ash content/composition of the 

particles. 

2. Particle S1ze 1S a dominant factor in coal slurry erosion. In the 

range investigated, a 7-fold increase 1n particle size resulted 1n 

a IO-fold increase in erOS10n. 

3. Ash content/composition is another important factor influencing 

coal slurry erosion. Indications are that erosion is roughly 

proportional to combined Si02 and Al 203 content. 

4. Particle shape and integrity or fracture strength also playa 

role, with angular, strong particles being more erosive than 

rounded, frangible ones. 

s. Vacuum bottoms slurry erOS1on appears to be governed by the same 

factors as raw coal slurries. For more realistic simulation of 

plant slurries, THF solvent is preferable to kerosene although it 

18 more difficult to use 1n the laboratory. 
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6. Incremental erosion rate curves are superior to cumulative erosion 

loss curves for analyzing and interpreting test results. 

7. The factors affecting the erosivity of the particles can be traded 

off with the resulting erosivity being higher or lower, depending 

upon which of the factors noted above predominate. 

8. The slurry pot is a useful device for conducting mechanistic and 

comparative erosion studies but cannot be relied upon for producing 

quantitative, design erosion rate data. 
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Table 1 Coal Compositions 

Coal Illinois #6 Wyoming Martin Lake Martin Lake 
Rank Bituminous Subbitum- Low Ash High Ash 

inou5 Lignite Lignite 

~---------.--.---------.------

Ash (dry wt%) 10.9 9.3 9 23 

Carbonaceous materials 

Element Analysis (dry wt%) 

Carbon 69.1 68.3 67.4 57.0 

Hydrogen 5.0 4.8 4.8 4.1 

Oxygen 9.4 16.0 16.6 13.9 

Nitrogen 1.3 1.0 1.4 1.1 

Sulfur 4.3 0.6 0.8 0.9 

Total wt% of coal 100.0% 100.0% 100.0% 100.0% 

503 wt% of ash 3.1% . 18.0% 14.8% 6.2% 
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Table 2 Vacuum Bottoms Compositions 

Illinois #6 Wyoming Martin Lake Martin Lake 
Low AS'h High Ash 

Ash (dry wt%) 20.8 22.3 22.1 38.3 

Sulfur (dry wt%) 2.7 0.8 0.9 1.0 

Elemental Analyses: Assumed to be in same proportion as for coal. 
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Table 3 Ash Analysis 

II Ii no i s 116 Wyoming Martin Lake Martin Lake 
Low Ash High Ash 

Ash Element Analyses S03 free dry wt% 
- - - - - - ~ - ---- - - - - --.----.------ - -----

Hardness ~ 
Oxide Moh VH rum 

---------

Si02 7 700 51.6 41.2 41.2 59.7 

A1 203 9 1900 16.8 18.7 16.8 13 .3 

Fe203 6.8 755 19.2 6.3 11.5 6.8 

...... CaO 4.0-4.5 163-370 4.4 23.9 20.8 13 .2 
00 

MgO 5.0-6.5 430-690 1.1 5.9 6.8 3.3 

Ti02 5-6.5 430-690 0.9 1.2 1.3 1.6 

Na20 1.3 1.1 1.2 0.9 

K20 2.4 0.6 0.2 0.5 

P20S 0.3 1.1 0.2 0 
.-------. .--.-~---.- - -.-.-----.. ------ --~--

Total wt% of ash elements 100.0% 100.0% 100.0% 100.0% 
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Table 4 Coal Particle Size Distribution 

Particle Size 

----------------------------------
ECLP LBL ECLP ECLP ECLP 

Illinois 46 Illinois #6 Wyoming Martin Lake Martin Lake 
Low Ash High Ash 

--------------------
>70lpm 26.7 

70l-425)lm 23.3 

425-250pm 17.8 

>300pm 0 0 0.16 0.08 

300-l50pm 0.1 0.08 2.69 0.72 

250-l80pm 9.2 

<180Jlm 23.0 

l50-90)llI1 3.2 13 .08 13 .95 10.06 

90-38)lIIl 67.5 61.97 68.27 62.25 

<38J111l 29.2 24.87 14.93 26.89 

100.0% 100.0% 100.0% 100.0% 100.0% 
------ ~------.,---. 

Average 

Particle Size 443J.lll1. 65p:m 65pm 73p:m 65pm 

-------------------------------------------------------------
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Table 5 Vacuum Bottoms Particle Size 

Distribution (agglomerated condition) 

Particle Size Illinois #6 Wyoming Martin Lake Lignite 
Low Ash 

>70lpm 10.6 IS .6 10.2 

70l-425pm lS.4 23.2 lS.3 

425-250pm 21.6 22.2 21.4 

250-S0pID 11.3 10.2 11.2 

< l80pm 3S.11 28.8 3 S. 9 

100.0% 100.0% 100.0% 

Average 

Particle Size 344J.lm 3S9pm 34lpm 

" 
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FIGURES 

1. Pyrite crystallites 1n coal and impression 1n eroded steel. 

2. Eroded surface showing effects of sand particles and coal 

particles. 

3. Cumulative erOS1on of 1018 steel by 443J1m average diameter 

Illinois No. 6 coal particles 1n kerosene. 

4. Incremental erosion rate of 1018 steel by 443pm average diameter 

Illinois No. 6 coal particles in kerosene. 

5. Cumulative erosion of 1018 steel by 65J1m average diameter Illinois 

No. 6 and Wyoming coal particles 1n kerosene. 

6. Incremental erosion rates of 1018 steel by 65pm average diameter 

Illinois No. 6 and Wyoming coal particles in kerosene. 

7. Cumulative erosion of 1018 steel by Illinois No.6, Wyoming and 

High Ash Martin Lake Lignite coals versus the combined Si02 + 

A1 203 content in ash. 

8. Incremental erosion rates of 1018 steel by 344pm ave dia Illinois 

No. 6 and 389pm average diameter Wyoming vacuum bottoms particles 

1n kerosene. 

9. Cumulative erosion of high and low ash Martin Lake vacuum bottoms 

in .tetrahydrofuran. 
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Fig . 1. Pyrite crystallites in coal and 
impression in eroded steel . 
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Fig. 2. Eroded surface showing effects of 
sand particles and coal particles. 
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