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Section 1 

INTRODUCTION 

S lagging of utility steam generator furnaces '"'hi le firing east.:rn b itu~·,inous 

.:oals has oee:·. J.ttributed to tne pyritic iron in the coal ash. Investi.;ators 

have also learned that coals with similar pyritic levels fired 1n furnaces of 

similar design do not always produce the same cicgree of slagging. Since sep-

aration of pyrite from other mineral matter does occur in some coals and since 

the physicochemical behavior upon heating the pyrite and pyrite mixed with other 

:~ineral c~tter 0~ coal ~ay be quite different, tne degree of furnace sla~ging 

~av possibly be attributed to the size and orientation of t~~ pyrite in coal in 

2adition to its concentration level. 

The oojective of this 'program is to examine slags for.iied as a result of firin6 

coals with varying concentration levels, size distribution, and orient~tion of 

pyrite Hith regard to ~ineral matter 1n the coal in a laboratory furnace. 

The program tasks are: 

Task 1--Selection of eight candidate coals 

Task 2--Chemical characterization of the coal samples and identification 
of the pyrite size, distribution, and orientation with respect to 
other miheral matter. and concentration levels 

Task 3--Testing of the candidate coals in a laboratory furnace 

Task 4--Chemical and physical characterization of the slag and fly ash 
samples created by the impurities in the coal sample 

Task 5--Influence of coal beneficiation on furnace slagging 

Task 6--Analysis of data and identification of parameters influencing the 
contribution of pyrite to slagging problems. 

1-1 
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~ashing oi the Upper Freeport coal from !~diana County, Pen~sylv3nia, was com-

pleted by the last quarter of 1983. The washed product was characterized for 

mineral content, and a combustion test was performed. Kentucky ~o. 9 from 

.~~nderson County, Kentucky, selected as the sixth coal to be investigated, <.vas 

characterized using size and gravity fractionation te~hnicues and was co~6usted 

tn the laboratory furnace to evaluate its slagg_ing and fouling potent i.al. The 

~emaining two coals t~ be characterized and combusted were idenLiLicu d~ Illt 

nois No. 5 and Lower Kittanning from Clarion County, Pennsvlvallia. 

Figure 1.1 ts the revised milestone schedule and status report. 

1-2 
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FOSTER WHEELER DEVELOPMENT CORPORATION 
REF.: DE-AC22-SlPC~0266 

DATE: Jurlfo i 93£. 

Sect ion .-. 

TASK 1--SELECTTO\ OF COALS 

, _ _.,i,·in<>.i L'-' ei.c-t;t can·::ir.ate co.:ls •,Jere selected based or: v.:ri..::t !or' tn ':''-rite 

si.::c, concentration, ..J. . ' . vlStrlout tor, accoroi.n5 tv the 

test matrix described in Table 2.1. The objectives of selecting coals contain-

ing minerals of variable size and distribution with regard to coal and other 

mineral matter were to identify the spectes responsible for slagging end tne 

options available for modification of fuel preparation procedures, stea1n gener-

ator uestgn, or steam ".eneratcr ooerati.or1 necessar:· to i.r.":li.jit sl.::~~ ;:.:;r.:'!ri..J:-.. 

test !iring the coal: .3;1.: anolyzi~.g the resulc.;;--,c iiresi..de ~eposits. ·-:cri.atio:: 

ir' fi.r~sicie de~osit che~istry and total acc~~uiation with 
. . . . . 

c:-iar.ges 1~ :::tr:erat S!Ze 

and associa~ion should re~eal the species responsible for slagg1ng. ~~e ori~i.n3i 

selections were made on the basis of the best data available 1n the li.terat~re. 

Table 2.1 Desirable Characteristics of Sa~?le Coals 

• 3 to 6/~ Sulfur, ~-loderate Ash Level, Coarse and Isolated Pvrite 

• 3 to 4% Sulfur, High Ash Level, Coarse and Isolated Pyrite 

• 3 to 4~ Sulfur, ~oderate Ash Level, Isolated and Finely Jivicied ?vri.te 

• 3 to 4% Sulfur, Moderate Ash Level, Pyrite and Ash Mixed 

• 2% Sulfur, Coarse and Isolated Pyrite 

• 1% Sulfur, Coarse and Isolated Pyrite 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-81PC20468 
DATE: June 198L. 

5ince characterizing and combustion testing s1x of the eight coals proposeo 1n 

tne original scope of the program, we have learned that the purity and total 

concentration of the 1ron reporting to the heaviest gravity fraction have a 

substantial impact on slagging. Since we know that a reduction 1n sulfur ana 

nence a reduction 1n 1ron 1n proportion to the non-iron-bearing minerals i~ tne 

coal will reduce slagging, there 1s more to be gained by exam1n1ng the impact of 

liber~ted pyrite on slagging them on total sulfur. Therefore, alternative fuels 

with high sulfur lev~l1;, high i·ron concentrations in th'i e:>h.., Anr.l ~Asily lib-

erated pyrite and ash were selectee to replace the 1- and 2-percent sulfur coal5 

originally proposed. After considering availability and ot~er logistics prob-

le::JS, Illinois l~U. 5 rro:;·, Call<Hi.n Count;:, Illinois, and Upper ~itc.a;;,~i.-.; rro::: 

:larion County, Pennsylvania, were the coals selected. The com?osite E~~l a~'ly-

ses are descrioed in Taole 2.~. 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-81PC20468 
DATE: June ···i 984 

·L-"c..le 2.2 Composite Fuel Analysis--Illinois ;·~o. 5 ami Lower Kittanning ~Ury) 

[)esc riot ion 

?roximate Analvsis l~c:J 

' 

Fixed Carbon 
Vol a c i l ~ :-Ia t t c r 
Ash 

Ultimate Analysis (Wt%) 

Carbon 
11ydroge!l 
Oxyger. 
Nitrogen 
Sulfur 
Ash 

i-!HV (Btuilb) 

?or~s of Su!~ur (:) 

Sui:ati.c 
?y:-iti.: 
o~ganic 

Ash Chemistrv (:) 

:ii.02 
Al,0 1 

'co, 
F~ ,J, 
CaO 
~!gO 

:-~a,o 

:<.,o 
so, 
?,o, 

Ash rCIS ian ( "r) 

Reducing: 

Initial Deformation 
Softening (Sph.) 
Softening (Hem.) 
Fluid 

Oxidizing: 

Initial Deformation 
Softening (Sph.) 
~ofcening (Ham.) 
Fluid 

· +Ac~ual sample analysis. 

:~li:1ois ~o. ;* 
Gai lat u1 Coun :V 

~:!.54 

30.51 
26.85 

57.86 
~.41 

5.62 
l. 02 
.:..24 

2&.85 

l0,83& 

0. •J3 
2.04 
l. 90 

52.0 
20. l 

l. 0 
,.:...,, I 

::..3 
0.3 
0.3 
3. l 
4.3 
0.:? 

2050 
2080 
2120 
2150 

2290 
2320 
2340 
2380 

•Analysis upon ~hich sample was selected. 
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Lower Kittannin~­
Clarion Countv, ?enns;l~ania 

~9.o2 

i. 92 

78.48 
4.95 
5.24 
l. 04 
2.37 
7. 92 

13,.:.63 

•) .4 
0.33 
l. 42 

sc. 1 
21.5 
Nil 
24.::0 
ll. 2 
0.5 
0.3 
0.9 

l!. l 
(.,,: 

2040 
2100 
2130 
25£.0 

2400 
2'>00 
26£.0 
2680 



FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-:\C22-8l ''(:C;(;26:; 
DATE: Jt,;ne 1984 

Section 3 

INTRODUCTION 

Stagging of utilit;: steal':' ::;er.erator furnaces D\' as:: 1r. e2stern .:>1t~::-.1r.ous 

c o a l s i s f e n e r a 1 l y a t t r i. h u c e c! t o r he f 1 u :< i n g 2 c t ~ o :: ~J f t l·: e i. r o 11 := :.., ;, ~ ;: ·. ~ i :1 ~--: :: -r i. t e 

on the acidic constituents cooprising the maJor portior..of the re~aining coal 

ir:!purities (e.g., Al 2 0 3 , Si0 2 ). On occasion, coals ·.<it!l identical as~~ com;:-os1-

tion have been known to produce decidedly different slaggin5 cor.ditioGs in iden-

tically designed boilers operated in the same mode. Variations 1n composition 

of the slag when compared with the coal ash have led so~e investi;ators to be-

l. i eve f 1 •: as h i s be in ·~ s e l e c t i v e l y d e p 0 s i t e ci o ;; t ·:: e f u ;:- n a;; e ·.,·a [ : -" ::. ::. .:' ,. ~: i ;, ~ : ·-' 

tts ~ra•lity, cor::position, a:1d physicocher:,icai :.rvDerties :1;-,on ·.:>"'i.n~ >e;:;te·..:. · :::::e 

i.::;:·l icat i.ons are that coal ash 1s heteroseneous u1 :1at:.:re anC: ~::at eac:: ~~:::t i.c le 

behaves independently as it is introduced into the furnace. 

As the coal and ash are being pulverized, they are reduced in size an~ sub-

divided into many size and gravity fractions with differing. ::.oal co~~os1t Lons 

and ash chemistries. The final composition of the individ~al species ~i~i ~~-

pend to a large extent on the original distribution and orientation oi mineral 

matter tn the coal. Stagging may be caused by the individual species with the 

lowest melting temperature and greatest potential for attaching itself to the 

furnace wall. If the composition of an individual ash spec1es ts altered while 

it is being pulverized, so that a portion of the ash has a higher melting tern-

perature than the composite ash sample and the melting temperature of tne re~ai~-

ing portion of the particulate has a melting te~perature lo~er than that of the 

3-l 



FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-Sl PC~0268, 
()ATE: June 1984 

composite ash sample, furnace slagging may occur unexpectedly with coals identi-

fied as nonslagging on the basis of a composite analysis. 

In Step 1 coals are characterized by analyzing a composite sam~le for: 

• Proximate Analvsis 

• Ultimate Analysis 

• Forms of Sulfur 

Pyritic 
Organic 
Sulfa tic 

• Ash Fusion Temperatures 

• Ash Chemistrv 

• Hardgrove Grindability 

• Thermal Analysis 

ThArmogravimetric AnAlysis 
ni rrt-!l~utLal Scanning Calorimetry 

• Low-Temperature Ashing 

Mineral Analysis 
Thermogravimetric Analvsis 
Differential ThP.r~al Analysis 

At the present time, most investfgators base their predictions on the quantita-

tive elemental a~alysis of the composite coal sanple determined duri~g t~e fi~st 

step of characterizing coal. If the analyses are inadequate and individual luw-

melting species are indeed the source of slagging and fouling, the coal must be 

further characterized by analyzi~g the s1ze- and gravity-fractionated coal. 

In Step 2 pyrite size and distribution in the coal are further character-

ized by pulverizing a 200-lb sample t:O 70 pet"cem Ll1Iuugl1 ::iO u1e~b and analycing 

it for equally weighted size fractions, gravimetrically separated into +1.30, 

-1.30/+1,80, -1.80/+2.85, and -2.85 gravity fractions for ash chemistry, ash 

fusion temperatures, percentage of asl1, and p~rcentage of pyrice. Wa 8~lect~d 

70 percent ·through 50 mesh, rather than through 200 mesh, to provide sufficient 

samples for analysis in the coarse s1ze range of the pulverized coal. The num-

ber of gravity separation$ was restricted to four for econom1c reasons. A 
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FOSTER WHEELER DEVELOPMENT CORPORATION 
REF.: DE-AC22-81PC40268 

DATE: June 1984 

portion of the four gravity fractions with a +50 mesh s1ze was retained tor 

low-temperature ashing and mineral and thermal analyses. 

Six coals have been characterized according to the analyses just described 

1n Steps 1 and 2. The results of the analyses of five of these coals have been 

reported ln previous progress reports. During the period covered by this quar-

terly report, a sixth coal, identified as Kentucky No.9 from Henderson County, 

Kentucky, was characterized in depth. 

KENTUCKY NO. 9, HENDERSON COUNTY, KENTUCKY 

Tables 3.1 and 3.2, fuel analyses and composite coal analyses, directly 

compare Kentucky No. 9 coal, Henderson County, with previously analyzea ~oals. 

~ineral analyses of the various fuels is compared in Table 3.3. The c0o~osite 

analysis of the coal reveals an tncrease in pyritic sulfur and perc~nta;e of 

iron with little change in ash level, as compared with the previously analy:;eu 

Kentucky No. 9 coal from Union County. There was also a slight increase 1n 

calcium. The slight changes in mineral composition, as reflected 1n the ash 

analysis, increased the slagging potential from medium to high. Tne fouling po-

tential increased from low to medium as a result of a change in base-to-acid 

ratio. There is a substantial increase in the differential between the ash fu-

sion temperature under oxidizing and reducing temperatures when compared •..1ith 

previously characterized fuels. Fusion temperatures under reducing conditions 

"re lower than for most of the coals previously analyzed. Conversely, they are 

consid~rably higher under oxidizing conditions than for any of the coals pre-

viously analyzed. There is no obvious explanation for the large difference. 
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Table 3.1 Fue~ Analyses--Kentuc •. y Nr•. 11~ t.llinui:; rlo. 6; Uppe;r Fr.:!ep•:Jrt, lndiana· County, 
Pennsylvania; Lower 1.-'rceport, Caouhri.a County, Pennsylvani<:; Kentucky i~o. 9, 
Union County.~ and Ken>tuck~ Ho. IJ, llenderson County 

Ueacripi ion 

t•ros imale Anal leis (wr:.) 

Fi .. ~d Carbon 

V·Jlot i le Hatter 

Ash 

Hi.l i ature 

Total 

Ultimate Aaallsis •:wt%) 

Carbon 

llydrop;en 

OXygeu 

NitrogP.n 

':;utfur 

~ah 

· !'toiature 

Total 

lligher .neat ing Value ( Btu/lb) 

Forms of Sulfur tl.l 

Sulfotic 

~yr it. i,· 

lh"f(R"ic 

K!!lltud.y No. II 

40.71 

39.16 

14.90 

...1.:Q 

100.00 

b2 .45 

4. 711 

7.94 

I. 24 

3.46 

. 14.90 

~ 

100.00 

II, ~29 

0.24 

2. IS 

I .07 

II lino·.s Nn. ~ 
t.:allat:..n C.:nunly 

~I. ~4 

)b.9) 

9.)b 

12.17 

wu.uo 

61.36 

4.32 

7.113 

I. 17 

3.79 

. 9.36 

12.17 

IUO.OU 

10 '92 7 

II.IJU 

I. 1 ~ 

2 .btl 

Upper •·r~eport 

lnd ia..!.!._! ~~~~~ 

~2. ~II 

20.64 

21.511 

J.1U 

100.00 

b2.~4 

4.12 

2.60 

u. 70 

2.9b 

23.~11 

3.20 

IOU.UO 

·II ,0110 

O.IJIJ 

l. q 7 

(). ~~ 

l.oower Fr• e-port 
Cambria c.-:uunt y 

~1>.87 

22.00 

'"'-•3 
o\..ro 

IUIJ.•)O 

b~.0'1 

~-.42 

~.70 

.• 20 

'.4b 

1>.43 

·•. 70 

10·) .uo 

ll,ll3 

•0.01 

O.b3 

ll. Kl 

'IC.E·ntuck'! No. 'l 
Union Goun~L 

"I. 17 

3b.49 

16.01 

4.JJ 

IUO.OO 

. 60.17 

4.43 

11.14 

1.14 

3.68 

111.01 

4.33 

IOO.UU 

10,774 

0.00 

1.4) 

2. 25 

K.-ntucky No. Y 

~cnt!_~~OUI~!.i: 

JH.~9 

2~.93 

16.41 

12.b7 

IOU.UU 

511.21 

3.11] 

I.~~ 

1.04 

4. 24 

111.41 

12.67 

100.00 

'1,11113 

u.oo 
1.111 

2.b4 

, 
0 
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Table 3.2 Composite Coal_Analyses--Kentucky No. II; l.llinois No. 6; Upper Freeport, 
indiana County, Pennsylvania; l.nwe~: Freeport, Cambria County, Pennsylvania; 
Kentucky No. 9, Union County; anJ Kentlll:ky lio. 9, Henderson Counly 

Ill ioniA No. 6 llp(wr Frt•t•pn1'1 Low•~r Fr.~epnrt t:Pntucky No. 4 Kc•nlm·jfy N ... 9 
_______ !l_~<:!_ipt ion !_~~·t ucky __ .!'l_~- " ~-:~~-~~J~--c~.l~-~~ y lnd i o111.-. -~~-•HII_ll Y ~~~11.!'-EJ.!!. _c.!~~!~Lt..Y .Y•~!-~~~~~.5'.'~~-~~ y_ !'1'1111~·-· f!011 --~-cH_I!'lJ 

Ash. Ch~mi~t.!:..Lill: 

Si0 1 ~5.) 511.9 411.f> 51.) 45.) ltO.O 

Al,o, 20.4 18.1 2 ~. 5 26.3 IH. 2· In .4 

Tio, 1.1 0.9 1.1 1.4 0.9 11.11 

fe,o, 21.5 18.5 ln.b I 11. l I 7. 2 211.~ 

CaO lo.) 4 .II 2.9 .) . 9 5. I I.R 

HgO 0. 7 1.2 0.9 0.7 0. 7 1.1 

N.-.,o 0.4 1.4 0.1 0.1 0.9 U.H 

K,o 2.6 2.3 2.9 2.5 2.8 2.1 

so, 3.6 3.1 2.R 3.4 6. 7 9.4 

P,o, 0.3 0.3 0.1 .. 0.) 0.4 0.1 

ARh 1-~usion <"n 

H.t!.tlucin~: 

lnit ir,d Deformation 2)70 19RO 20n1 !355 2061 20ib 

Softer. ing (Sph.) 2100 20"J() 1.1 )I, 2397 2170 2042 

Softeuing (llem.) 2130 2080 2·2'• 5 2443 236R 2100 

fluid 2160 2160 2460 2 575 2400 2111 

Oxidi7.in.g: 
I nit i ai 0Pform<~tion 23:'0 2280 2471 253 I 2115 2160 

Softening (Sph.) 23~ 2J20 21,81 2596 2420 2440 

Sofl Pn:ing (IIFm.) 2'•. 0 2)50 2)1,0 264) 2'~20 2700 

fluid 24)0 2480 2~R5 2712 1H4 2100 

Percen: age Rasic JLO 2R.5 24.) 18.6 2q.7 15.9 

Ra~P/Arirl Rnt in 0.44 n.1R II. 11 0. 22 Cl.41 O.~fl 

'-;lt~~P. in)l 1n11f'x (H/A • %Sl 1.4'• (He<l.) I. 29 (HI'<I.) n.Q7 01···1.) 0.31 (I.C>w) 1. n 1 (th••l.) '1..1.0 (llir.hl 

'""''"I in~ F:11.:t ,.r (II/A X !Na,n) n. bH (l.nw) 0. ')/. (tf,••l.) II. I II . ( ~1···1. ) o.of, (l.nw) II. IR (l.ow) ll.t.t1A (H•••I.) 
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Table 3.3 Summary of Hir:eral Analysis 
Bituminous Cods 

H.1w Coal Kent uck_l No. II __ l!Ji!~i-~~-b __ 
,1Htl (; .. a•:i ty 

~·r;lcl ionntion --·--·-·-·- Hajor Hi nor -~~ Hinuz-

H.nw Coal 

Qt111rtz Ill i Le q••R. rtz Ill it' 

Knolinite Hufu.:uvite t~nlinitt•. FeltlaLJlH 

r!'r i te '
3 ir it e 

f:rAvity 
F'raC't ion 

+1.'111 Q-Jart~ Huscovit~ ::·uart t lllit.c 

Kaolin it~ teaol i·:dtc 

~yrite 

w 
I 
0' -1.)0/+I.IIJ Quart~ H•.Jscovite Quartz Illi•·• 
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FOSTER WHEELER DEVELOPMENT CORPORATION 
REF .: DE-AC22-81PC40268 
DATE: June 1984 

Based ori an assumption that the ash would behave in a homogeneous fashion, de-

posits formed while firing this coal should be quite voluminous because of the 

large temperature range over which the ash ~s plastic and apparently quite 

v~scous. 

The coal was fractionated into four size fractions (+105, -105 / +74, -74 / +44, 

and - 44 ~m) as shown in Figure 3.1, and each size fraction was further divided 

into four gravity fractions (+1.30, +1.80/-1.30, +2.85/-1.80, and - 2.85). Each 

s~ze and gravity fraction was weighed, ashed, and analyzed for pyritic sulfur, 
.., 
ash chemistry, and ash fusion temperatures. Thermogravimetric analysis (TGA) 

was performed on each sample to be certain that no individual spec1es hac un-

usual combustion characteristics as a result of partitioning of .J&c~r~l grcu?S 

ana to determine the contribution of pyrite to the combustion profile. Tr.e 

coarse s~ze fraction was low-temperature ashed for mineral anc. tner:ua~ andiys~s. 

This worK is not yet complete. 

The weii!ht, ash concentration, and pyrite concentration are su:-:~;;;ari.zed i r: 

Table 3.4. The ash chemistry of the individual size and gravity fract~ons 1s 

summarized in Table 3.5. The ASTM ash fusion temperatures of the fractionated 

coal appear 1n Table 3.6. For interpretation, the data have been plotted ~n 

Figure 3.2 on a curve illustrating the relationship between ash softening tern-

perature under reducing conditions and ash chemistry expressed in terms of the 

percentage of basic constituents [i . e., E Fe 2 0 3 + CaO + MgO + Na 2 0 + K2 0)]. In 
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Table ).4 Ash Chemistry for Size and Gravity Fractionated Pulverized Kentucky 1~c>. lJ Coal, 

Henderson County, Kentucky 
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Table 3.5 Ash Chemi~.:ry--Size and Gravity Fractionated- Pulverized Kentucky No. lJ Coal, 
He~derson Ccunty 

lll!nsi·ty Fraction 
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Tahle 3.6 

()ens it~ 
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FOSTER WHEELER DEVELOPMENT CORPORATION 
REF.: DE-.-\C~~-f~; ?C~o.~:-._.f: 

DATE: Junt: i 9::::-" 

Figur~ 3.3 these data are quant1fied with regard to the weight of ash 1~ the 

individual s1ze and gravity fractions. Figure 3.4 illustrates the distrib~tion 

of 1ron between the liberated ash and the lighter coal fractions. 

The variability of the ash softening temperature 1n the frac~ionateG coal 

species of Kentucky No. 9 from Henderson County is less than either of tne 

Freeport coals from Pennsylvania, greater than either Illinois No. 6 or Kentucky 

No. ll, and identical to Kentucky No. 9, Union County, mined only a few miles 

away. The distribution of mineral matter within the two Kentucky No. 9 coals 1s 

decidedly different. Kentucky No.9 from Henderson County 1s the only coal in 

which the softening temperatures of the fractionated coal ash species ar~ all 

~reater than the composite coal ash, illustrating good partitioning ot t~e pyrite 

from other mineral matter. The heaviest gravity fractions are highl~ basic an~ 

are composed of the highest purity pyritic iron (see Figure 3.2 anj Tab~e 3.5;. 

The fusijility diagram in Figure 3.3 suggests the liberated pyrite is concentrat.::d 

itr the coarse size fractions. In all the prev1ous coals analyzed, the liberated 

pyrite was concentrat~d 1n the fines. At least two coals revealed very little 

liberation of pyrite. The distribution of pyrite among the weighted coal frac-

tions, appearing in Figure 3.4, suggests the ~yritc ci•e jn the raw coal is 
0 

bimodal, accounting for the decrease in liberated pyrit7 with a red11ction in 

particle size and an increase 1n nonliberated pyrites--also with a reduction 1n 

s1ze. Figur~~ 3.5 through 3.9 illustrate the distribution of pyritic 1ron 1n 

the oth~r coals analyzed by size and gravity, permitting a direct comparison 

of liberated pyrite by s1ze with that of Kentucky No. 9, Henderson County. 
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FOSTER WHEELER DEVELOPMENT CORPORATION 

The analvsis of the stze and ,, rav it v 
~ - fractionated 

REF.: DE-AC22-3l?C~02cS 

DATE: June 198.:. 

tnatcate.s 

No. 9, Henderson County, has the greatest potential for producing iro~-.se~re;ac~d 

deposits at the furnace ~xit, based on the quantity of iron liberated in the 

~oarse s1ze fraction. Since deposition is believed to 6e dependent upo~ c~e 

co:··.')•Jstioility of ?:vrite a:1d burnout time re~uired, 1:1 addition tot:!-= c ... ':.< 

quantity of coarse pyrite liberated, further assessment of the formation cr 

iron-enriched deposit formation must be made by examining TGA comoustior. 

profiles. TGA thermograms will be reviewed in the following section. 

During earlier combustion tests, we learned that furnace wall slasbing 

of surfaces subjecte~ to axially symmetric flow at low velocities ~as i~~tiat2d 

.sta.,<es or slaggi<1g 1.;ere dependent upo<1 the physicoci1er:ical ?ro~ert ies ~': ::·,e 

s i r. ·..: l. J" .; r a v it y f r a c t ions and t n e i r con centra t ion i eve i s u. t , ; e c c' .; •. 

Table 3.7 summarizes the initial deformation temperatures, flui~ te~~e~6:~r-=3. 

and the ash/lb coal fired for the -1.80/+2.85 gravity fraction. 

listed according to the degree of slagging. The coals causui.' c·:-,e le.s:::t :::L.J<~-

ing are tabulated on the far left; those caus1ng the most severe sla;;i~;. o~ the 

far right. Except for the ash from the Lower Freeport -1.80/+2.85 coal gravity 

fraction, the initial deformation temperatures of all ashed spectes are 2050"F 

± 150•F. Variations in the fluid temperature are somewhat greater. 

No. 11 and Illinois No.6 caused the least slagging, even though tile ~:11ciai 

deformation temperatures were 50 to l45°F below the mean value for aLl heavy 

gravity fractions. The percentage of ash/lb coal having these low initial de-

formation temperatures 1s very low. In fact, the ~1.80/+2.35 gravity fraction 
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FOSTER WHEELER DEVELOPMENT CORPORATION 
REF.: DE-.-\C22-81PC:+0:268 
DATE: June 1984 

of the coals responsible for the least slagging contains approximately one-tenth 

of the ash/lb coal of the comparable gravity fraction of the most severely slag-

ging coals. Quite apparently, the advanced stage of slagging is more sensitive 

to ash loading than to the precise ash softening temperature. Under the circum-

stances, Kentucky No. 9, Henderson County, should cause more severe furnace slag-

ging than Kentucky No. 9, Union County, but less than Lower Freeport, Cambria 

Unlike any of the preceding coals analyzed, the s1ze and gravity fractiona-

tion analysis of Kentucky No. 9, Henderson County, revealed a concentration of 

sodium as high as 6 percent 1n the float 1.30 fraction. The form in which it 

occurs is uncertain. Since carbon 1s the only other element 1n the var1ous 

gravity fractions 1n a concentration paralleling sodium, there 1s a gooa posst-

bility the s~diurn exists as organically bound mineral 6atter. However, since 

chlorine was not determined, there still remains the possibility of sodiuc oc~ur-

r1ng as sodium chloride. The presence of sodium silicates as feldspat~ co.allut. 

be discounted, even though there is no obvious correlation between silica and 

sodium and there is little evidence of liberation of sodium upon pulverizing. 

The elemental analysis tells us very little about the mineral forms present and 

·thus reveals no information on the change in distribution of silica between the 

var1ous mineral forms (i.e., kaolinite, quartz, illite, and feldspars). Any 

correlation of sodium and silica may be masked by variations 1n distribution 

among these other mineral forms. 

The high sodium level 1n the float fraction may cause troublesome sintering 

if, indeed, it is retained on only a portion of the silicates producing fly ash 
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'.vette •i bv a stic ky , l o ·..~-te "lperature melt. If, on the other hand, soatun 

va po r1 ze s an d re c ondenses indiscriminately on all fly ash and sla g deposi t 

surfaces, t he effect of the ~ igh concentration of sodium in the float 1.30 

fr acti on sh ou l d be no different from that of a composite coal ash containin g 

i . i - per ce nt s o d iu~ . An a ttem pt will have to oe maje to deter~ine t ne ex~ct 

form of sodium. There is a potential for unusually high sintered deposi t 

furmation at tne turnace exit. 

TGA was performed on the composite raw coal sample and the individual stze 

and gravity fractions of Kentucky No . 9 coal, Henderson County, t o identify any 

dev iati ons in c o~bu stion profile of individual gravity fractio~s f r o~ t~e 

in e rt inite s . The combustion p rofiles of sacp les kno~n to be enric~ed ~ it~ 

pyrite o r pure py rite were c or.. pare d direct l-_· .vit i1 t he COi:1 uosite co d ~ ;;a :-.p L,. .:;:· ... 

laborat or y-grade pyrite to g1ve a qualitative assessment of bu r nou~. 

The combustion profile of t he composite coal sa~ple is ide~tical to t ~ ose 

of Illinois No.6, Kentuc~y No. 11, and Kentucky ;-.io . 9, l.jnion Co J:-. ~y, i.:-~dic.;tir. :;: 

this sample is a very reactive, bituminous coal (see Figure 3.10). The comb11s-

tion profiles of individual gravity fractions for a gtven s1ze fraction are 

compared tn Figures 3.11 through 3.14. This bituminous is believed to ~e cuite 

porous, as were Kentucky No. 11 and Illinois No. 6, permittin g the abs or ption of 

some of the organics us~J Juring the partitioning process. These orga:-~tcs 

alter the comhnstion profiles of the ligl1Ler fractions dur1ng the initial 

stages of combustion. As indicated by the thermograms, the heaviest gravit y 

tractions are virtuallv pure pyrite, free of ash. 
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Figure 3.15 compares all the heavy gravity fractions with pure laboratory-

grade pyrite. Ignition is improved by almost lOO"C, and the weight l oss appears 

to occur at the same rate ~n a single-step process for about 85 percent of the 

wei gh t loss. The rema ining loss ~n weight proc eed s at a much slowe r rate an G 

extends burnout by about 150"C. The improvement ~n igni tion may be from trac~ 

quantities of carbon or reduced pyrite grain size. The extension of burnout 

probably results from the formation and ultimate decomposition of FeS 1~ t he 

presence of small quantities of carbon. The burnout time of the slightly 

lighter of the two heaviest gravity fractions (i.e., -1.80 / +2.85) 1s greatly ex-

tended by the presence of small quantities of carbon 1n the presence of "'ode rate 

quantities of pyrite. 

Figure 3.16 compares the sink 2 .o5 gravity fraction of Kentucky :.o. 9 , 

henderson County, with t he sink 2.65 gravity fracti ons of other coals testeG 

ana laboratory-grade pyrite. The combustion profile of pyrite in Kent uc~y 

No. 9 from Henderson County compares quite favorably with the combustion 

profile of pyrite in Kentucky No. 9, Union County, but it dift c~" substan-

tially from the combustion profiles of pyrite from the other coals tested . 

The difference 1s probably the result of gra1n size, adventitious carbon, 

and chemical composition. 

3- :LY 
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FOSTER WHEELER DEVELOPMENT CORPORATION 

Section 4 

REF.: DE-AC22-:-81PC40268 
DATE: June 1984 

TASKS 3 AND 4--COMBUSTION TESTS AND ANALYSIS OF SLAG DEPOSITS AND FLY ASH 

INTRODUCTION 

A combustion test was performed during the fourth quarter of 1983 on 

Kentucky No. 9 from Henderson County, Kentucky. The pulverized coal was fired 

at a rate of 100 lb/h for only 3 hours, after which the furnace exit became 

severely plugged with sintered deposits and the combustor had to be shut down. 

A second test was performed on the coal for approximately the same length of 

ti~e, after which the furnace exit once again became severely plugged. During 

this test the coal was pulverized to 70 percent through 200 mesh. The excess 

air was set at 19 ~ercent. The furnace exit temperature was maintained at 

:200v°F. Stagging probe surfaces operated at :800 to 1000°F, and fouling probe 

surfaces operated at :1000°F. Table 4.1 compares the time-averaged operating 

conditions of this test wi~h tests of other coals. 

A second combustion test was performed using washed Upper Freeport coal 

from Indiana County, Pennsylvania. The results of these tests will be discussed 

in Section 5. 

EXPERIMENTAL TEST SET-UP 

The experimental test set-up has been described in each of the preceding 

quarterly reports. For convenience, an abbreviated descr~ption 1s included 

here. 

The combustor is a vertically upward-fired furnace with a horizonta·l and 

vert~cal downward flue gas pass. In addition to the furnace and convective 

4-1 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF.: D~-AC22-81PC~0:68 

DATE: June 1984 

pass, the combustion system includes a heat-recovery system, a particulate-

emission control system, fans, and associated monitoring and control equipment. 

Figure 4.1 1s a system schematic. 

Furnace 

The furnace is a cylindrical chamber, 18 ft long x 28 in. in diameter 

(internal dimensions), designed to simulate the radiant section of a utility 

steam generator. Nominal, bulk fluid v~locity is =6.5 ft/s in the furnace zone 

when firing a typical eastern bituminous coal at 100 lb/h and 15 percent excess 

air, resulting in a furnace residence time of =2.8 seconds (see Figure 4.2). 

Flue Pass 

Upon leaving the furnace section, flue gases pass into a horizontal duct 

and over a bank of heat exchange tubes that simulate the convective section of 

a utility steam generator. The rectangular duct lS 7-l/4 ~n. high x ll-l/4 1n. 

wide. Nominal, bulk fluid velocities of 50ft/sexist 1n this section when 

firing a typical eastern bituminous coal at 100 lb/h and 15 rercent excess air. 

Ash Deposit Sampling Probes 

Fouling Probes. T.hreP. .fouling pr.obe 13ssemplies collect deposits for 

examination and analyses. One assemqly is in the high-temperature, horizon~al 

gas pass. Two are 1n the cooler, vertical gas pass. All assemblies can be 

removed at the end of a test for deposit examination. In addition, the last 

two probe banks along the flow path are equipped with refractory access plugs 

for quick service. 
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DATE: June 198!; 

~ach probe bank conta1ns three in-line, 2-in.-dla test sp~cimen tubes 

situated along the centerline of flow, as shown tn Figure 4.J. The test tubes 

extend across the hetght of the duct and are spaced on J-1/2 in. centers. 

Monottn wall tubes ltne the tlue gas duct on either stde ot the test specimen 

tubes to shield the deposits formed on the test specimen trom the effects of 

radiation tmposed by the hot refractory, to gtve thermal siwiliLuJe in the flue 

gas str~~m, ~nn to provtde a heat Sink tor cooltng the ilue g ~~. 

The three test specimen tubes r<re stainless steel, as are superheaLet 

tubes 1n a uttltty steam generator. The monottn wall tubes are carbon steel; 

since no sampling is performed on them, material simulation is irrelevant. 

Each tube iS air cooled in a bayonet fashion to maintain outer surface tempera-

tures at those experienced in a uttltty steam generator. Thermocouple probes 

implanted 1n the three test spectmen tubes monttor temperature. 

S lagging_ Probes. Three s lagging probes were inserle<.l iuto Segments 1, 2, 

and 4 through the inside of the furnace. Each slagging probe lFigure 4.4) 

consists of a pair ot tubes cut trom 2-in. Sch. 40 pipe mounted in parallel on 

a rectangular, flat 1/4-in. thick plate. The tubes are welded to the plate, 

wtth spacing between them, simulating the geometry of waterwall tube array in 

the radiant section of a utiltty steam generator. 

The surface temperatures along the probes are controlled by a compressed 

air cooling system. Each probe has one thermocouple mounted on the outermost 

tube surface, one mounted at the web between the tubes, and one mount~rl at the 

air exhaust. A low conductivity, castable refractory is used as a backing to 
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m1n1m1ze heat conduction from the ho t refractory walls. 

REF. : DE-AC22-81PC40268 
DATE : June 1981t 

The slagging surfaces 

are entirely carbon steel, as are those surfaces found in the waterwall section 

of a utility ~learn generator. 

EXPERI:iENTAL TEST PROCEDURES 

A preheat period of about 24 hours at 10 6 Btu/h was allowed to attain near 

steady-state temperatures throughout the unit. Preheating was done with the 

natural gas burner and its associated equipment. During this time compressed 

a1r was supplied to the fouling probe banks to maintain surface temperatures at 

or below lOOO"F, and the three slagging probes were cooled by compressed a1r. 

The oxygen meter was g1ven a calibration check before start-up on c oal . 

When all preliminar y procedures for start-up had been perfor:ned, t he na-

tural gas burner output was downrated to about 500 x 10 3 B t ~; / h. The actual . 

output could not be determined since the gas flow r.1ete ring system is not su it -

able for measurements 1n this low range. The secondary airf low was adjusted to 

tnat required for coal combustion at 15-percent excess air and 100 lb / h fuel 

feed rate. The primary air system was switched on to introduce tne fuel into 

the combustion chamber and thus begin firing. At s~art-up the fue l feed indi-

cator was set for 100 lb/h delivery. 

Pressure, temperature, flow iate, and flue gas analysis date were recordea 

at periodic intervals from start-up to termination of running. Fouling probe 

cooling a1r was adjusted throughout the test to attempt to maintain the probe 

surface temperatures at about lOOO"F. Similarly, slagging probe cooling air was 

adjusted to keep these surface temperatures in the desired operating range. 
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DATE: June 1984 

Visual ins pections of the var1ous probe surfaces were mad e periodicall y 

throughout the runs, as were inspections of furnace and flue duct, flame, and 

gas stream conditions. 

The natural gas burner was s hut off when it was certain t h at t he c oa~ fla:ne 

was stable. At this time supplemental heat was not supplied to the combustion 

chamber, and the coal flame was allowed to sustain itself. 

At the termination of each test, the coal feed was shut off; however, probe 

cooling a1r remained on to prevent overheating. The unit was allowed to cool 

down before an y samples were extracted. At this time fl y ash that had accuQu-

lated 1n the a1r heater, c yclone, and baghouse was removed anci put 1~ dr~QS. 

Total material wei ghts were recorded for each, and samples were taken f or la-

boratory analyses. 

Several day s after each test, the coal burner and lower ca p assemoly w~tc 

removed tor 1ns?ection of the deposits. The Lup fuuliug 1-Jtul.Je bank wa s lifted 

out of the flue duct, and the refractory access plugs were remov ed from the 

third and fourth probe banks. Photographs were taken of each of these, in-

dnrline t:he inside furnace area. 

During the following week, all deposit samples were removed from foulin g 

tubes, slagging probes, and furnace and flue-pass surfaces. Weights of the 

various accumulations and their locations were recorded. 

ANALYSIS OF DEPOSITS AND FLY ASH 

Both combustion tests of Kentucky No.9 coal from Henderson County were 

terminated after 2-l/2 to 3 hours because of excess1ve deposit accumulation in 

4-1 0 
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DATE : June 1984 

the ~ena contracta. Figure 4.5 shows the sintered accumulation at the entrance 

and exit of the throat. Figure 4.6 shows the accumulation plugging the first 

fouling probe bank as a result of attempts to remove the deposit on-line. Very 

little, if any, fouling occur red on the tube surfaces during the short duration 

of tne test program, as illustrated 1n Figures 4.7 and 4 . 8 . The test was not a 

fair trial of selective deposition of free pyrites because it was so short. 

Very little ash accumulated on thP first slagging probe, illustrated 1n Fig-

ures 4.9a and 4.9b. Deposits were powdery in texture and represent the very 

initial stages of slag formation. Beads of molten slag were just beginning to 

for~ on the higher te~perature refractory i~mediately adjacent to the probe. 

The center slagging probe, located in a hotter ?O rtion of the furnace, showec 

signs of oolten beads for~ing on the powdery base shortlv after 2- i/2 nours of 

O\)e::-ation . No doubt the> ::'e probes would have contained large accumulations 

oi molten slag had the tests been allowed to continue for 14 to 16 nours. 

Xolten beads were also forming on a sintered base layer of the probe immersed 

in the furnace perpendicular to the direction of gas flow (se~ Figure 4 .10) . 

The chemical analysis of the deposits and fly ash are compared directly 

with the coal ash 1n Tables 4.2 and 4.3, representing Trials 1 and 2. In 

Figure 4.11 the data have been plotted on a softening-temperature curve vs. 

percentage basic curve and compared directly with the fractionated coal analysis. 

In Figure 4.12 a compari so n is made with other bituminous coals whose silica/ 

alumina ratio generally runs 2:1. With exception for the cyclone deposits, t he 

ash-softening temperatures of furnace slag deposits under reducing conditions 

are aoout loo•F below the fouling probe deposits, the fly ash, and the coal asn. 

4-1 1 
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Figure 4.5 Deposit Accumulation in Vena Contracta at Entrance to 
Convection Pass After Firing Kentucky No. 9 Coal 
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Figure 4.6 Accumulation of DeposiL~ ln First Fouling Probe as a Result 
of Attempt to Clear Vena Contracta While On Line 
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Figure 4.7 Comparison of First Convective Fouling Probe After Firing Kentucky 
No. 11 and Kentucky No. 9 
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Figure 4.8 Vertical Convective Fouling Probe After Firing Kentu cky 
No. 9, Hend erson County , for 2-1/2 Hours 
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FOSTER WHEELER DEVELOPMENT CORPORATION 

Lower Slagging Probe 

REF.: DE-AC22-81PC40268 
DATE: June 1984 

Center Slagging Probe 

Figure· 4.9a Center and Lower Furnace Wall Slagging Probes After Firing Kentucky 
No. 9, Henderson Co1:1nty, for Only 2-1/2 Hours (Trial 1) 
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FOSTER WHEELER DEVELOPMENT CORPORATION 

Lower Slagging Probe 

REF.: DE-AC22-81PC40268 
DATE: June 1984 

Center Slagging Probe 

Figure 4.9b Center and Lower Furnace Wall Slagging Probes After Firing Kentucky 
No. 9, Henderson County, Coal for Only 3 Hours (Trial 2) 
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FOSTER WHEELER DEVELOPMENT CORPORATION 
DE- AC22 - 81PC40268 REF.: 

DATE: June 1984 

Figure 4 .10 Deposits Formed on Lower Side of Slagging Probe Perpendicular to 
Flue Gas Flow After Firing Kentucky No. 9, Henderson County , 
f or 2-1 / 2 Hours 
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FOSTER WH.EELER DEV~LOPMENT CORPORATION 
REF.: DE-AC22-ClPC~026C 

DATE: June 1984 
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Figure 4. 11 Ash Softening Temperature vs. Percentag~ Basic Constitu.::r,·i:s 
for Fractionated Kentucky No. 9, Henderson County 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-ClPC~026S 
DATE: June 1984 
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Figure ~.12 Influence of Percentage of Basic Constituents in Ash on Ash 
Softe~ing Temperatures Cnder Reducing Conditions for 
Different Ranks of Coal 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-8 l PC4026 8 
DATE : June 19 84 

There is ver y little difference between the initial deformation temperatures 

and the softening temperature. Fusion temperatures under oxidizing conditions 

are 300 to 4 00°F higher. The extremely low fusion temperature probably accounts 

for the furnace exit fou l ing, as the flue gas temperatures in this zone are 

between t he initial de formation temperature and the fluid temperature :.mder re-

ducing conditions. It is interesting to note the fluid temperatures under re-

ducing conditions for all slag species are almost 200°F below the fractionated 

coal ash. The initial deformation temperatures are also 100•F lower under re-

ducing conditions. The differences under oxidizing conditions are not as se-

vere. The implication is that pure species ~ay be selectivel y i~teracting at 

the furnace wall and on the heat-transfer surface to fo~ eutecti~s wit~ cor.-

siderabl y lower fluid temperatures. 

Only the depos i ts ac cumulated curing Trial 2 were s~bjecteo to wl:~o scO? l: 

examination by scanning electron microscope (SEM ) and x-ray diffraction (EUX). 

The results are summarized in Figures 4.13 through 4.25. 

The overall surface morphology of powdery ash formed on the lower slagging 

probe is illustrated 1n Figure 4.13. The EDX scan indicates an overall chem1s-

try, similar to that for the coal ash, depleted of iron. The individual spec1es 

are illustrated in Figure 4.14, along with their chemistry. The semimolten 

sphere, appearing to be an agglomerate of smaller particles formed by a molten 

material wetting their surfaces, is rich in silica and potassium, with small 

quantities of iron. The iron is believed to be contributed by the small, sub-

micron particles attached. This conclusion should become more obvious as 

further species are anal yzed. The smooth spheres are predominantl y silica a nd 
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Figure 4.13 SEM Photomicrograph and EDX Scan--Surface Morphology and Elemental 
Composition of Composite Powder Comprising First Layer on Lower 
Slag Probe 
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FOSTER WHEELER DEVELOPMENT CORPORATION 
REF. : DE- .-\C2 2- 81 PC~O:.: 68 
DATE: june 198!; 

al u;;1 i na , wit h s r.:a ll q uantities o f n on a nd sulfur. 

l a t ea within small crystals, are enricned with calcium, tr on, ana sulfur. 

Cla ys such as kaolinite and possibly illite are the s ou rce of t he sr..al l, fused 

s ph eroids. The in ca ps u lated, sub mi c r on particulate s o ri g i~ate d as calci t ~ anJ 

~:-·r ite i.n t·r,e c oal. The r.:ol te n s urface of t he glohul~s, sno~n ir Figur~ ~.15 

is predominantly quartz, to which extraneous pyritic sp ~ eres and inhe rent 

subr.:icron particles ot pyrite hav P attac hed Ll lt!tll ~t:l v e ::. . The ni.cr cpho t o~rnphr 

clearly s ~ow that some of the particles are mechanicall y trapped whi le others 

are sintered b v a m0lten bond of Si0
2 

and K
2
0, sulfi.d a ti. on of calcite, 

o -=- bo :;J ec b~> feO or ~c S go in ;; into solut iun ;.· ith S i O . 
l 

il ~ustrate d in Figure 4. 16. The large, s kelet on-li ;.o-.e S?ne r o i :is , c:>::-:~Jsed ::r 

ti on si~ilar to the coal ash slightl y enriched with qu artz. 

se r:w les that "'f t:h€ liglilet ~.:ucl.l ash fractions. 

tainin g blow holes are rich i n silica and po tassium and cornp le cely vo i d of ir ~n . 

There are also traces of sodium, which may be quite high because t he ED:< will 

not identify ~ut.!iulll below 5 percent. No doubt thesP pRrtirlPs originated as 

illite. The spherotds, containing small submi<.:tull dlldCh111entg, ar£C clo;: p.:!rti-

icles wiLh itull gui11~;> i,1to :.Jolution .:J.t the £'Jrf?r:-P Wi thi n t h P c r oss section 

there ts a molten phase rich tn silica and iron, with trace ar.:ou nts ot calcium. 

This molten phase ts forr.:ed by small quantities of calciu~ sulfate crystals, 

the illite cpheroids, anrl s11hmir.ron crystals of'pvri~e gotng i:1t o s o lution wit h 

tne quartz as the surface te~oerature of the deposit increas es with c octinuej 
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Figure 4.15 SEM Photomicrographs and EDX Scans--Surface Morphology and Elemen t al Analysis of Fused 
Outer Surface of Slag on Lower Probe 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF .: D£-AC22-81PC~0266 
DATE : June 19S~ 

growth (se e Fig ur e 4.l7 ) . The outer layer of t he de posi t (Figure 4.lb) 1s a 

dense, molten matrix composed primarily of iron, ca lc i um, and silica. Tne con-

centratiun of calcium sultate appears to have increas ed wi th temperature . There 

is evid e nce o f desulfurized iron going into so lution. 

Figure 4 .19 shows the cro·ss section of deposit removed from t:~e flatu.: s1de 

of the slag probe immerse~ in the furnace perpendic ul ar t o the flow of the flue 

gas. The cross section represents the area between molten nodules, il lustrat.:d 

in Figure 4.10. A photomicrograph of the molten nodule ap pe a rs in Figure 4.20, 

along with its EDX scan. The nodule is a molten solution of c a lciuD, iron, 

alumina, and silica. The silica probably originated a s i l li te and cnus ~ay 1n-

elude some potassiuD which has been depleted by d i l ut io n. The cross St!CL'l.J:1 

sho ws an iron oxide substrate scale about 1/ 64 in. t hick, to w~icn che de?Jsit 

is oonde a . The so lidified molten matrix formin g t "ne bone: 1s rict·. i:1 s:.J.:cc; ;;na 

contains small amounts of alumina potassium, and calc ium . The smoo::h s;;neroics, 

to which rou gh appendages comprising submicron ir on cryst al s are attached, are 

composed of silica, alumina, and calcium with trace quant i t ie ~ ,~ potassiuD. 

The iron appearing 1n the F.DX ~r::1n may have the same o ri~iu as Lhe other 

elements; howPver, it seems more likely its source is t h e pyr 1te crystals go1ng 

into solution. 

Except for the large molten nodules, whjch represen t an advanced stage in 

the growth of the layer initiating the deposit, the as h nn the top ~ide of the 

tube resembles that on the bottom. The cross section appear s in Figure ~.21. 

The inner layer consists of molten and semimolten partic l es rich in silica anc 
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Molten Matrix Calcium Sulfate Crystals 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF .: DE- AC22- 81 PC-'10:268 

DATE : JunP. 1984 

alumina with trace quantities of sodium, potassium, 1ron, and calcium. The 

alkalies may be instrumental in forming the surface bonds. The cross section 

consi sts of a molten matrix of ash whose composition is primarily silica with 

traces of sodium and potassium (F igure 4.21) impregnated with submicron parti-

culates rich 1n 1ron and containing m1nor conc en trations of al u~ina , si li ca, 

and calcium. The outside layer is dominated by a silica-rich molten phase and 

small iron crystals. In some cases the spheroids, believed to be derivatives 

of frambodial pyrite, have attached themselves (Figure 4.22). 

The furnace wall slag consists of a molten matrix of a silica-enriched 

substance containing crystals composed of iron, calcium, and silicon (see Fig-

ure 4.23 ) . Un l ike the advanced stage of slagging associated with·ot her coals, 

Lhere was no outer laye r of nearly pure iron oxide. There is no explanation 

ior this difference. 

The sintered material formed on the upper furnace wall was simi l ar to the 

material responsible for plugging the convection pass inlet ( see Figure 4.24 ) . 

The particles consist cf two t ypes of spheroids about 4U to SlJ vm or smaller. 

One spheroid is smooth and appears to be slightly wettPd hy R thin film. Pre-

vious EDX scans have identified these spheres to be rich 1n silica with m1nor 

concentrations of potassium, calcium, and alumina. The second type of spheroid 

is completely incapsulated with submicron particles of iron whose origin 1s be-

l1eved to be pyrite. 

The composition of the bulk of the second type of spheroid is uncertain, 

but it is believed t o be rich in quartz, as shown earlier 1n Figure 4.22. 
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FOSTER WHEELER DEVELOPMENT CORPORATION 
REF .: DE- AC22- 81PC~0268 

DATE : June 1984 

The re app"?ars t o be a subt l e d i ffe re nc e in t he mor?holo g\· or t t1e smooth !Ja r -

ticles. The wetted film a ppe ar s to be mo r e dom i nan t. This could be fro~ the 

presence of sodium, detec t ed onl y at t he lo we r gas t empe r a t ures . 

·l- i: e il\· asn reser.wied a collect i on of spheres alre.::iy i.de:-.tl:ie c l .. 

?reviously discussed deposi t s . Figure 4.25 LS a t ypical example . 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF.: 
DATE: 

Section 5 

HIPACT OF COAL WASHii~G ON FIRESIDE DEPOSITS 

DE-AC22-81PC40268 
June 1984 

l'ile most seriously slagging coal (i.e., ilj:-per Free?ort, Indiana County) 

~as subjected tO washability tests. The 'individual size and gravity fractions 

of the coal, crushed to 3/8 in. x 0, 14 mesh x 0, and 200 mesh x 0, were ana-

lyzed in detail for percent~ge ash and pyrite, ash chemistry, and ash fusion 

te~peratures. By examining the elemental analysis and corresponding ash fusion 

te~peratures of the raw coal and.its mineral matter partitioned by stze and 

.,r~vity, the species of coal or mineral matter th.3t should ce re:::ovec ::y ·.:~si:-

t~g could be determined. The analysis also helped in selecting the particle 

size at which the washing should be performed. The coal was then crus~;eci an:·: 

·xasneci. The washed product and residue were subjected to further analysis t•.:, 

deterr.1ine the effectiveness of the cleaning operation on a large sample .:!nd 

to characterize the coal before combustion. The washed product was tr.en rirec 

tn a 100 lb/h combustor for 10 hours to assess the firesirle behavior oi t:;e 

mineral ~atter modified by beneficiation. 

WASHABILITY TESTS 

The washability tests were reported earlier 1n Quarterly Progress Report 6. 

To maintain continuity tn reporting the results, the procedure and. data are 

briefly reviewed here. 

A 300-lb sa~ple was coned, long ~iled, shoveled into four piles according 

toAST~ specifications, and divided into two parts by combining opposite piles. 
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FOSTER WHEELER DEVElOPMENT CORPORATION REF.: DE-AC22-81PC40268 
DATE: June 1984 

The coal was then screen-crushed and pulverized, according to the process flo;v 

diagram in Fis~=~ j,l, into thr~e streams--3/8 in. x 0, 14 mesh x 0, and 200 

mesh x 0. The individual streams were further divided by size into increments 

of 3/8 tn. · x 14 mesh; 14 x 100 mesh, and 200 mesh,. x 0, as shmvn in Figure 5.??. 

Each size was sink floated at gravities of 1.26, 1.28, 1.3C, 1.32, 1.3·+, 1.36, 

1.38, 1.40, 1.50, 1.80, and 2.85 to develop washabili.ty data for ash partition-

ing and to estim~tc the lib~ration of a~h with siz~. EA~h g~avity fr~ceioa was 

analyzed for percentage ash, pyritic sul~)r, and total sulfur. NPW gr~vity 

fractions were formed at +1.30, -1.30/+1.80, -1.80/+2.85, and 2.85 by combining 

portions of each gravity f~action proportion according to the original pa;.-

titioned wt% distribution. Each of the newly formed weight fractions w~s 

analyzed for ash chemistry and ash fusion temperatures. 

The weight.distribution of .. the ash is snM.marized in Table ).1; t!1e ;,·asr:-

ability data appear in Tables 5.2 through ~-~: thQ ~ch cheoiat1y dara· appeAr 1n 

Table ) .. 6. !he P.IPment:al o.nalysis of Lhe data is summarized in Table 5. 7 in 

terms of the percentage of each element found in each gravity fraction. Thi.s 

table provides an insight into the degree of liberation of undesira~le impuri-

ties. 

The washability data are summarized in Figure 5.2. The data indicate there 

1s only a slight improvement 1n liberation R~ th~ uoo.l is crush~d from 3/8 tn. 

x 14 mesh to 14 x 100 mesh. At a 1.8 sp gr, the yield increases from 70 to 

85 percent. ~1en the coal is further pulverized to 200 mesh x 0, the yield goes 

down and appears to he almost identical to that of the coarse size fraction of 

coal crushed to 3/8 in. x 0. Wnether this reduction in yield reflects the 
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FOSTER WHEELER DEVELOPMENT CORPORATION 
/ 

One 55-gal Drum 
300-1b Coal Sample 

I 
Air Dry 

REF.: DE-.-\C:2- ~; i FC .. :.O.:>n:~; 
DATE: JunE- 19~:~ 

r------------- ~lix and Split-------....., 

150 lb 

I 
Screen 

+3/ 8"------
3/8" x 14 mesh 
14 x 10d mesh 
100 mesh x 0 

Crush +3/8" to 3/8" x 0 

I 
Screen 

3/8" x 14 mesh 
14 x 100 inesh 
100 mesh x 0 

l)CJ 1 h 

I 
Crush to 14 mesh x 0 

I 
~!i x a nci S p 1 i t 

75 1!::> :) i:. 

Combine 
"A" 3/8" x 14 mesh 

"B" 14 r..esh x 100 nesh 
"C" 100 mesh x 0 

38 1b 

I 

I 
:1ix and Split 

I 
I· 

3b 1.., 
I 

Screen l-!ix and :;p1it 

"· I 

I 
I 

"D" 14 mesh x 100 mesh 
"E" 100 mesh x 0 

19 1b 
"F" Process to 200 mesh 

19 1b 
"G" Heac Sa;..p~ ~ 

14 mes~ x U 

Fractions: "A", "B", "D", and "F" were sink~f1oated at 1.26, 1.28, 1.30,.1.32, 
1.34, 1.36, 1.38, 1.40, 1.50, 1.80, and 2.85~ 

Figure 5.1 Process Flow Diagrarr. for \~ashing 300-lb Sample of Upper Freeport 
Coal, Indiana County, Pennsylvania 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-8i PC40268 
DATE: June 198.4 

Tahle 5.1 ~~ight Distribu(ion of Screened Coal Sa~r~es 

Air Drv Loss: 2.49 wt% 

Size 

(half of reoresentative i'?.~~l.;;): 

+3/B in. 21. 12 14.5 

3/8 in. x 14 ~esh 78.50 54.0 

3).~4 24.4 

10.28 7. 1 

Tot a 1 145.44 100.00 

I·:··. -:: + J / .3 1 ~ . ~.: as c :- lJ s r-~ c .j t o p a := s 3 / -3 i :J • an C s c r ?. e :: e r. a r.: a 1 :; : 

.;, , ~ · - :·: 1..:. :;;e s !1 

X 
,-, 
u 

J:'ota1 

Cor.,::, ineri Screened 

"A II-- 3/8 1n. X 14 

"B"--14 X 100 mesh 

"C"--100 mesh X 0 

Total 

Ana1vsis (3/8 

mesh 

l 7 .~s S3. S 

,., ..)I, 1 3 J - u--, I 

0. 71. J.:l ---

21 .06 1 00.0 

1 n. X 0): 

95.98 66.0 

38.38 26.4 

11.02 7.6 

145.38 100.0 

Cu::1ulat ive l·!t% 

].!. . 5 

68 . .5 

o~ a 

100.0 

.. 
••• _l 

.·1;... " 

v 
,. 

66.0 

92.4 

100.0 

Screen Analysis, Portion 2--Crushed to 14 mesh xU (other half of represental ive 
sample): 

"D"--14 x 100 mesh 2 7. 68 74.7 74. 7' 

"E"--10C r:1esh x 0 9.38 25.3 100.0 

iota1 37.06 100.0 
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Table 5.2 Summary of \.Jas h a b i 1 il:y !lata fnr lip per Freeport Coal, Lnd i ;_1na County, 0 
(/) 

Pennsylvania--Size 3 I L, in. X JL, mesh (3/8 .in. X 0 stream) -l 
rn 
JJ 

(len• it y Tot~l Tot~l T,,t;t\ ~ 
I 

Fr.1clion CumulHtive A"h Ash C1111111l at. ivt' SuI fur Sulfur Ctum·t tat i vt• l'yr it" l'y r it(' Cwnu1 at i Vt· rn 
Flo:tl/Sink W:l: ~~i~. __i!L (%) A.,h (%) (/.) (%) Sulfur (7.) I,Z.) (.1.1 !'E~~·~ __ l_., __ l __ rn ----- -----·--- ·------- r 
• 1. 2n 2.'l 2.'l l.) 1 O.Uio 0.04 I). "/I 0.022 0.112 O.ltl n-:-ul 11.1.11 

rn 
JJ 

0 
+1.21i/-1.2b II. q 14.11 2.09 ll. 21• ll. 2K 0. /) li.OK'I 0.11 n.n 

rn 
U.IJ.\ lJ.li'• < 

rn 
r 

+I . lll/-1 . 2K ':1.) 2'•. 3 4.bh ll-'•4 II. 12 o.•)io fl.OKY 0.£0 u.o'! U.llo U. Ill 0 
"1) 

s 
rn 

+ I . n /- I ."Ill 7.4 31.7 7 .OJ 0.52 I. 2'• I .2J 0.0'11 0.24 ll.t:\'1 U.llb 0. I h z 
-l 
() 

tl."llo/-1."12 7.) 2'1.0 y. 18 O.b7 l. 'll 1 . . ,,. ll.li'JK ll.H li.H7 !l.llb 11.n 0 
JJ 
"1) 

0 
•1."16/-1.34 5. I 41,. I II . 7 h 0. 59 2.50 1 . ·n ll.Oh7. 0.42 0.97 fl.O) O.ll JJ \J1 

l> I 
\J1 -l -•·I.JH/-1.)6 ).'1 '•8 .ll I). 14 U.S I "l.lll I .4:1 0.0'>5 O.I,H · 1.0'1 11.04 11."11 0 

z 
•I .40/-1 .J!I :1. l 51.1 14 .8) l) .45 ) ·'•6 l.6 7 tl.ll'> I ll. 53 1. 2 ~· 11.04 II. 15 

+I . '>ll/-1 .ItO 10.) 61.4 lli.97 l./"1 5. I 'l 1. ~:,2 0. :!1'")2 II. 7H 2.Jll 11.24 0. ',y 

I I .Kil/-1. )I) II .4 72.8 31.14 ';. '>4 1\. 7 J :, . btl 0.)) l. Jl "1.4!1 0.1.~ 1.11/o 0 :n 
l> rT1 
~ , 
rT1 

•2.K'•/-I.Il0 25.4 '11:1.7 i5.93 1'1. h 2K. "1"1 3.l)') I .113 ~.]it ) . 21o tl. llh 2. Ill) 

L. 0 
c: "' -2 .K) l.J 100.0 f>t; .Kll O.K'J ~4. n \!1.1'.> ll."l<t ~.I>K u.n 0. 'lt:< l.lK :::1 I 
rt• :r.-

n 
1-.l 

"' I·.J 
;:)) I 
.L' co 

'0 
:J 
.(:· 

0 
I ~~ 
ry, 
co 



Table 5.~ (bet tom section) Summary ;l f 'washilh i 1 i ty Data for Urper Freep(1rt (:(''~ 1, 

l'enr.sy.lvani.a--Size ll1 X 100 mesh (3tR in. X () st.re.:tm) 11 
Inc .lana County, 0 

(/l 

--4 
rn 

IJP.IIS j l y· Tnt~l Total Tnla I JJ 
Fract i\1n C:umulat ·.ve Ash Ash Cumulative ~ttl r tlr Sui [ 11 r t;Lntlll ;1: ·,ve Pyrite l'v r it" Cnmul nt tV1~ ~ 

.!:J..£::!.1}_~ink_ Wt% _Weigl~ ~ .J.!L Ash (f.) -~~~- -·~~-- Sul ( ur ,_.,, 
(%) ( z) 1.)-_!_~t,.•: ... \ 1._~ I ------ -·------· 

rn 
• I. 2h 5.2 5. ~ I. 20 U.llb o .rn lJ .hi 0.0) 0.111 11.111 11.0(1~ II.Ol1 1

1 rn 
r 
rn 
JJ 

• l.lli/-L26 2J.b l8.:3 I. 96 0.45 ll.'·l II. 7) 0.17i II. 2.0 II. I~ 0.11.1~ ll.illt 
0 
rn 
< 

t I . '10/- L. lH IO.IJ J9.1 7. 22 0. 7!1 I. !'I I.Uit o. IIJ 0.]2 u .. 111 (I. id ~ 11.11! rn 
r 
0 

t I. ·1~,'- b. 'IU H. 1 4H.fl II. SJ 0.'!5 2. ~4 I .1.:1 o.u (1_1,<, (1.11 11.\l~l:l ll.t:· 
\J 

$ 
rn 
z 

+I. Vo/-1 .12 6.8 54.:ij 11.16 0. 75 2.:0'1 I.) I 0.10 0.:.., O.bll tl.\14 ll.lh -l 
() 

0 
tl . .lh/-l.J4 ).0 17.8 ll. Ill o.:n J. :J2 I. '>0 n.o4) lJ. \~· l.l.)~ 0 .l)lo II. 21.1 :u 

\J 
0 
JJ 

\Jl I I. 'JH/-1. 'jf> 2.9 60.1 lJ. 50 0.1'.1 J.71 I. b.l 0.04 7 o.o,to 0.6t! \1.02 o.n l> 
I -l 0\ -

0 
• l.loO/-L .1H 2.9 6) 6 14.79 O.lo2 ,, .13 I . 1.1 1'1.05 0. )'I 0. lb 0.02 lJ. 2!o z 

I I. 'll•/-1.40 7. 2 70.8 ltl.86 I. 35· 5 .4H 2. 24 f). 16 0. 3'; O.Yil II. 21:1 0. '}l 

>1 .Hn/-1.50 10.0· 80.8 30. 13 ).01 8.1o9 .1.411 0. )4 1.19 2.50 0.25 0. Tl 

0 :D 
)> m 

+2.1!~/-l .80 17.2 9t!.O 7l.9) 12.] 20 .l'J ).Rh I.O!, 2. 20 4 .. hi o.n l.'ill -1 , 
m 

-2 .85 2.0 100.0 55.61! I. II Zl.'lO 6.)0 (). l'l 2.21 I) .\II \1. 'Ill !.till c... tJ 
c: rr; 
::J I 
no ;.. .. 

~izf' ICiJ me•h 20.06 
n 

).Ill 2 .4'• f.J 

X II Clltl 1n. \D f-'> 
():) I 

X II slremn) !.' ():) 

'"C) 

n 
J> 
0 
f-..) 
':J' 
():) 



Table 5.4 Summary of Washability Data fDr Upper Freeport Coal, Indiana County, 
Pennsylvania--Siz~ 1.4 X lOO mesh (14 mesh X 0 stream) 

"'T1 

0 
(/) 

-i 
llP.ns i ty Total Total 'lot al m 
1-,ract ion Ct1mu\at ive Ash Ash tumul at ivt? Su llnr Sulfur Cumul at ~·Je l'yrit.e Pyrite Cumulal ive JJ 

Float/Sink Wt% ~~ight (%) _Q)_ _G_L Ash (i.) (!;) -~~ Su l tur ( ~) {J.) (%) ~yrile {1;) .,.. 
< 
I 

tl. 26 2.'1 2.Y 2. 95 O.Otl 0.11 I . o 7 0.0] O.ll"l ·I). 4:1. 0.011. O.UI2 m 
m 
r 

•1.28/-1.26 28.7 11 .6 ).tltJ I .U'l I. 17 ll. 'lh IJ. Zl O.Hl I) -'•) (). ll 0. t:J 1. 
m 
JJ 

0 

• I . 30 I- l . 28 
m 

17.6 4'1.2 5. ~I) 1.04 l.l.!\ I. I b u .:1.0 U. )0 0.57 U. IOU o.nz < 
m 
r 

tl .JZ/-1. 30 7.4 56.6 7. 77 ll. ~ 7 2. 'Ill I . ~'I 0.11 0.61 n.n U.llb U. L 'IZ 0 
IJ 
$ 
m 

<I . 34 I -1 . 32 5. I bl.7 8.50 O.id :1.21 I .b I 0.011 O.b'l l!.'il. O.tllo 0 . 1.1 z 
-i 
() 

•1.36/-1.34 2.6 64 .) 14. 7U 0. :Ill "1. )'I I. h'l 0.04 0. 13 I .It j li.U I u.3u 0 
JJ 
IJ 

\J1 
0 

I 
•1.3!1/-1.)!> J.4 67.7 17. '14 O.hO 4. I 'I ).':i'i u. I 2 O.t!'i :1. 15 0.10 0.37 JJ 

-..J )> 
-i -

+I .411/-1.33 2.8 70.5 13.32 0.)/ 4.~, 1.'1!\ 0.05 0.'10 I. 43 0.40 0. 77 0 
z 

•1.50/-1.40 b.9 77.4 17. 14 1.48 ~. 74 2.71 o. Ill l.Ull 1.. 15 0. 14 0.91 

tl.!IU/-1.51D 8.0 85.4 27.35 2. Ill 7.92 ).57 o. 2tl I. 36 2.!!2 0.2:1. I. 13 

12 .11~/-l.llll 11.0 ':16.4 69.'.13 l.u'l l'i.b 4. ·1n 0.47 l.tiJ 4. 7:1 0.'>2 I. 65 
0 J) 
)> m 
-1 ., 
m 

-2.115 3.6 lUO.O 73.90 ·:. hb 1!\.2 Ill. 2 I O.h'> 2.411 t5.5u 0.~) 2. :lO 

'~ 0 
c [T! 
;:J I 

Si 7.•" lUll mP.sh 25.40 ].Oh 1.21 (to ~ 

0 ( Ill mr•sh 
n 

X ~ 1--.J 

X I) s l r•~Lim) \.0 1'-.j 

0) I 
.(.' CXJ 

'U 
r. 
-~-~ 

C• 
10 
0' 
CXJ 



, 
for IIpper Freeport, Tndi.::.na County, 0 

Table 5.5 Sulilmary of W3shability Data (/) 

-i 
Pennsylvania--S~ze :wo Nesh X () Stream rn 

JJ 

::2 
I 
rn 

DenRity T1_1_ al Tot a' T,)1 :11 rn 
ro-,.;lct iun Cumt.l at i vt Ash .t:~h C1tmul.1 j Vt# Su 1 fnr Sulf11r t..:umulalivc l'yr i lt! Py I' II t' C111nlfal iVI' r 

!':!<?!.._t_!~~ 'olt% .Y-.~!!.1. (%) It) Ash (~) (:;:) (t) s~~l!'!~--<.~_)_ (% J (7.) Pp i.t•• (I.) rn 
JJ 

•I. 26 1..0 1.0 I. So 0.01; 0 .Ill; 0. II 0.1101 0.001 O.Oh II,OOIIh li.IHJI 0 
rn 

+1.2H/-1.26 < J.2 8.2 I. 86 •. I J n. 14•, 11.>)4 II.Oit'l 0.056 O.llH 11.1111'1 O.IHI'l rn 
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Table 5.6 Ash Chemistry and Ash Fusion ·nata for Washed, Upper Freeport Coal, Indiana County, 

Pennsylvania* 
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difficulty of separation at the smaller size fractions or variability in 

mineral size and association within the coal 1s not certain. The curve illus-

trating the quantity of near gravity material within the ±10 sp gr range 

indicates good separation can be achieved at gravities greater than 1.6 .sp gr. 

The selection of the optimum gravity level for performing a separation is not 

explicit, as the percentage yield vs. gravity curve is expqnential. A quali.t:;:~-

tive assessment of the curves suggest1 that the 1.~0 ~ravity separation nf coAl 

crushed to 14 x 100 mesh gives a yield of about 82 percent while liberating 

about 60 percent of the ash and 51.3 percent of the pyrite. The product should 

contain about 7.92-percent ash and 1.13-percent pyrites. The ash chemistry ard 

ash fusion data, summarized in Figures 5.3 and 5.4 on the ash softening te:npera-

ture vs. percentage basic curve and the ash fusibility curve, indicate the lowest 

melting and most troublesome ash are contained in the gravity fractions h~avi12r 

than 1.80, ~hich will be remove~ during the benefjciation process. The fusi~ 

bility curves indicate there is very little change in the physicochemical 

properties as the coal is pulverized to 200 mesh x 0. Therefore, althou1h the 

coal is washed at the 14 mesh x 0 size, further pulverizing to 200 mesh x 0 

before combustion should have little effect on the fireside characteristics of 

th~ ash. the fusibility curves al~o indicate the inherent ash contained in the 

float 1.30 coal has melting characteristic~ similar to the composite coal ash 

chemistry. The heavier fractions qave been depleted of pyrite during crush-

ing; consequently, they have a higher softening temperature than the raw coal, 

reflecting the reduction in iron concentration in the ash. The final composite 

softening temperature of the washed coal should be 100 t~ 200uF higher than the 

raw coal. The reduction in individual elements as a function of yield in the 

5-12 



FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-81PC40268 

= 

.._..; . :: 
'-' 

~s 
c.=. 
Q: 

~ ... 

2600-

z:co-

2~00 

2300[ 

2200 

2100 

DATE: June 1984 

1 . L i gn i "es and 'liyomi ng S uilb-i t:..:m1 no us , Sf 0 2; A 1 20 3 » ! 
2. ',.jyominq Subbituminous,. Si02/A1 203»1 
3. Wyoming Subbit~inous, Si0 2/A1 20 3 I 
-'. EH tern 8 i tumi no us 

Note: Legend for 
Symbols Appears in 
Table 5.5 

Figure 5.3 Impact of Beneficiation on Coal Ash Quality of Individual Size and 
Gravity Fractions as Defined by Physicochemical Properties of Ash, 
Percentage Basicity, and Ash Softening Temperature 

5-13 



FOSTER WHEELER DEVELOPMENT CORPORATION 

I I 

Ci Ci ! ! 
~ '-., ~ 

! ............ i j ... i 
• i = ! ~ • - • ... 
~ i .. 
~ ~ 

REF.: DE-AC~2-SlPC~0~68 

DATE: June 1984 

-~ 

~ -----
~ 70 ~ ~ ~0 

OJI'll1..'nvt· 4SII 

sa: 2CJI x o 

= Em~"am :.... ~T •»' 
S71!11US "-..nR! 

-- - . -

Figure 5.4 Fusibility Diagrams for Various Size Fractions 

5-14 



z : 

FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-81PC40268 
DATE: June 1984 

;o 

~ w ~ ~ ~ ~ ro w ~ ~ 

,'E.'ICE!tT Y!EL:l 

oo ~~ ro ao;o:oo 
?E.~CE:'IT ~!EUl 

'¥3 __ ,. 

Tar"" '19< -

Sr~. ·~· 71~ 
'l:ll. ·~. (....j __ __../. 

_, 
i 

o ~ zo ~ oo :;.; ~ ro •c ;.:; :x 
?E.'!C!:'IT' ~!E:...:l 

lOO ~,;;:. ZDl '( ·) 
I I 

3D 

:f 
0 

~· '..0 ___ _.r •.\ 
~ .. \ 

.\ 
sraz. Ai..M· rraz. ¥ ------.\ . .:.. 

.!I 
,.: 

~i 

I d 
~ 20 ~ 00 :;.; So:i .. 

P£.~CE:'(f v: E;.; 

Figure 5.5 Percentage Reduction in Individual Elenents vs. 
Percentage Yield of Washed Product 

5-15 



FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-81PC40268 
DATE: June 1984 

wasi1ing -process indicates tne most "effective" reduction 1n elemental iawurity 

occurs at about 70 percent yield or 1.~0 sp gr. FeS 2 is preferentially re-

moved at the higher levels of yield, reflecting the partitioning or FeS 2 and 

ot~er mineral matter in the heaviest gravity fractions lsee Fi~ure ~.5). 

The washability data indicated the most beneficial improvement in fireside 

deposits should occur as a result of washing 14 x 100 mesh coal at l.oU sp gr. 

Therefore, 2000 lb of coal \vas hand washed according to the process flow diagram 

in Figure 5.6. The 3/ti in. x 14 mesh material was sink floated at 1.80 sp gr to 

rer:-.ove tne oversizeci ash before crushing. All the 14 ·;,;esn ;:. ~ strec.~.;s ;;;;1·.:: 

screeneG of luO ~esn x v ~aterial Defore washing Rt 1.0G sp ~r. ~ro~uc~ a~G re-

fuse strea~s ~ere saveo for analysis. ihe chemical analysis of cne wasnec coal 

vas COQpared with tne raw coal ana tne comparable gr-vity fr~:tions li.e., +l.3u, 

-1.3u/+2.GJ) in each size fraction of the washability study. The oata 1nc1cate 

a o6-percent reduction in ash and a 46-percent reduction in pyritic sulfur. Tbe 

yield is b~ percent, including 100 mesh x 0 fines of the clean coal that account 

for 15 percent· of the yield. Screening of the fines would reduce the overall 

yield to ~3 percent, which is not economical. 

Very much to our surprise, the ash chemistry of the wasned product does 

not resemble the float 1.80 gravity fractions generated during the washability 

studies, nor does the ash chemistry of the pulverized form of the washed prod-

uct resemble the ash chemistry of the fractionated pulverized unwasned coal 
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studies, as illustrated Ln Tables 5.8 and 5.9 and Figure 5.7; Instead, the ash 

chemistry and ash fusion temperatures resemble the head sample and the unwashed 

fines (i.e., <100 mesh). The ash fusion temperatures under oxidizing and reduc-

tng conditions are 100 to 200"F below those predicted from the washability study. 

The percentage of pyrite and ash, however, ts considerably lower than predicted. 

X-ray analysis of low-temperature ash (Table 5.10) indicates that despite similar-

ities in elemental composition of the washed coal and the head sample, the min-

eral composition of the washed product was altered. Illite was reported as a 

major constituent in the raw coal and a minor constituent in the washed product. 

Therefore, it appears that substantial quantities of illite were removed during 

washing. This could represent a significant improvement tn the fireside behavior 

of the coal, as ·earlier combustion testing of bituminous coals has indicated that 

illite may be the mineral initiating the slag d~posits. 

?yrite is generally considered to be the dominant mineral source of iron 

Ln coal ash. However, iron may also be found as pyrrhotite, hematite, siderite, 

or ankerite. As discussed in the previous progress report, their physicochem-

ical behavior during combust ion is quit e. different; therefore, as pure species 

their contribution to fireside deposits is quite different. An estimatiqn of 

the distribution of iron between pyritic and nonpyritic iron-bearing minerals 

Ln the ash of the washed coal and the coal fractionated during the washability 

studies. indicates a decided difference in mineral source of the iron in the 

washed coal compared with the equivalent gravity fractions generated during 

the washability study. Only 53 percent of the iron in the washed coal can be 

at~ributed directly to pyrite, based on the percentage of pyritic sulfur 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22,...81PC40268 
DATE: June 1984 

reported. The remaining iron must come from one of· the other iron-bearing 

minerals previous~y mentioned. However, between 80 and 100 percent of the iron 

in the ash of the light gravity fractions, generated in the washability study, 

originates as pyrites in the coal. A further examination of the fines and 

heavier gravity fractions indicates that 100 percent of the ~ron ~n the ash of 

the fines originates in pyrite, whereas 40 to 50 percent of the iron ~n the 

heavier gravity fractions occurs as nonpyritic mineral-bearing iron~ Thermo-

gravimetric analysis of the heavier gravity fractions, reported in Progress 

Report 7, revealed a substantial reduction in reactivity of'the heaviest gra-

vity fraction compared with other coal-derived pyrite, confirming .the presence 

of nonpyritic impurities whic~ could be either pyrrhotite or siderite. Since 

the head sample-contained only 36 percent of the iron as pyrite, the washabil-

ity study indicates nonpyritic iron-bearing mineral matter would be selectively 

removed during beneficiation. The analysis of ~he washed coals indicates pyrite 

was selectively removed. Despite the fact that the coal samples were taken from 

the same seam at the same time, the mineral forms, size, and distribution are 

quite different. 

One sample of pulverized coal was set aside for gravimetric partitioning 

and analysis to determine the impact that pulverizing 14 mesh x 0 coal to 70 

percent <200 mesh might have on further liberation of mineral matter. The anal-

ysis of the partitioned sample also permits a direct comparison with the 200 

mesh x 0 stream generated during the washability study. 

The chemical analyses of the ash and ash fusion temperatures of the minerals 

~n the individual gravity fractions of the washed and unwashed coal app~ar ~n 
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Table 5.11. The quantitative data indicate about 57 percent reduction in total 

ash. The iron and calcium concentrations 1n all the fractionated samples are 

high, account.ing for the lower fusion temperatures of a 11 the fractionated ash, 

excepting the sink 2.85 fraction, when compared with their counterparts 1n the 

unwashed coal (Figure 5.8). The heaviest fraction is rich 1n p~re pyrite, which 

1s responsible for the higher fusion temperatures in reducing and oxidizing en-

vironments. The sink 1.80/float 2.85 anti the sink 2.85 repre~E:lnt mineral sp~-

cies released ai a result of pulverizing from 14 mesh x 0 to 200 mesh x 0. The 

fusibility diagram in Figure 5.9 and the percentage distribution of iron diagram 

appearing in Figure 5.10 indicate these two fractions represent less than 6 

percent of the total coal but contain about 30 percent of the total ash and 45 

percent of the pyritic 1ron. Liberation of pyri~e during the final step of 

comminution from 14 mesh x 0 to 200 mesh x 0 is slightly greater than lib~ration 

of either quartz or calcite. A comparison of the percentage of iron determined 

by the pyritic sulfur in the individual gravity fractions with the iron reported 

in the ash indicates virtually all the iron in the washed coal originated from 

pyrite. The nonpyritic 1ron species appears to have been washed from the coal. 

The high concentration of ash in the float 1.30 fraction and the high con-

centration of iron and calcite in all species compared with th~ wa~hed coal 

suggest slight differences in mineral composition, size, and association with 

coal and other mineral matter exist between the raw coal samples used for the 

washability test and the washing operation, despite the fact that they were 

sampled at the same time. The differences must be because of the variability 

within the mine, accounting for st.'bstantial variations 1n composition over a 

short interval 1n time. Coal variability is discussed in the next section. 
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DATE: June 198-'. 

Ti1t~rr.10grar.ts perforned on the washed coal and compared with the r a1' coal in 

Figure 5.li indicate there was no change in the combustion profile as a result 

of washing. TGA thermo grans performed on each gravity fraction and compared 

•.Jith the ra ·.• coal and t he pure pyrite in Figure 5.1~ show that the pure ry rite 

·.,;as as re .::;c t ive as t'1e coal and 'Ju rnout 1.;as acr.ieve.:: ir. t he sa.;;;e a;;:o ·Jnt oi t i:-.e 

as was coal burnout. The pyrite retained in the sink 1. 80/f loat 2.35 gravi ty 

fraction goes through a two-stage combustion process, an d burnout is not a-

chieved until dUU"c, about 200"C higher than the clean coal. Apparently, pyr -

rhotite is formed a t an intermediate stage. This species LS potentially the 

2ost tr ouble sone with regard to fireside de?osition. 

::.n rigure 5 . 13 t :-:e cor:-.'J;.:sti.o:-t proii.le of t:-:e L . c~ S gravi t :; ir.Jctic:. iS cc:··.-

?area ~i t~ t he combusti on profiles or ?ure pyrite, the ~.35 gravity iracrior 0~ 

t:.e ;...n;;asned l:p;:>e r Freeport coal, and t ne ~.G5 gravit~· rraction or Oti:er C03!.S. 

There LS little difference between the coc'Justion profiles of coal-derived py -

rite liberated from bituminous other than ~pper Freeport an d the pyrite reJort-

1ng to the 2.85 gravity fraction of the washed coal. However, a significant 

difference exists between the 2.85 gravity fractions of t he washed and unwashe~ 

coal. The slower reacting pyrite derived trom the raw coal is contaminated by 

other mineral matter, and there is a strong suspicion that a substantial por ti on 

of the iron exists as hematite, siderite, or some other iron-enriched mineral. 

COAL VARIABIL ITY 

Drs. Cecil, Stanton, and Dulong of the United States Geological Survey have 

made an extensive study of maceral and mineral composition and distribution 1n 
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FOSTER WHEELER DEVELOPMENT CORPORATION REF.: DE-AC22-81PC40268 
DATE: June 1984 

tn e Upper freepo rt co a l, I;·1diana Count y .x n.t t1 1e r-.o.;;e r Ci t y :.o . .-:inc a:1G 

Ci1e Lucerne :<o. b :·iine, rield investiga tions included detailea descriptio.1s dl1J 

saopli ng of the coal and associated rocks ( 2 1 comp lete-c ha nne l ana 75 oencn-

Cll.Jnne l sa:;;?les) . Labor a~o r y analyses includeci a ~t er: :: iuc..:ivu OL en:= .: .)'.>.:<::: c.- ~.-

ciu~~ oi ]u elements; ultimate, proximate, ana sultur rcr~s; ma c er~l ana~ys i ~ ; 

pyrite mo rphologi cal analysis; low-temperature x-ray mineralogy; nne scanning 

electron microscope and electron probe analyses on selected SaQpl es . 

The Uppe r Freeport coal bed 1n the study area can be diviaed In the field 

into ei gh t facies--two nonbanded coal facies, four banded coal facies, and t~o 

snale par tinss . Figure 5.14 illustrates t he gene ralized scratigr op ny ur c :-.. :: 

~?p e r r~reepo rt: co al , iu~ nc i iy in ~ ana briefiy aesc r1 u 1 n~ : l-,c:=e ei=>1.:.: ::~.i(:lC:s . 

iigur e 5.15 is a fence diagra-:1 illustrating so ::1e of tne cnang es 1:1 c.-,e scr:.c::. -

..: ::.·.;p11y oi Ci1<:: upper Freeport co a l \oiiU. 5eog rapnic l.ocaciou. 

:i Ia.sra:J illustrates changes that might be e xpe cted in p yri ce I>:OriJn.:.lc 6 ~- ·.a i: i1 

location. 

The coal bed averag es ci3 In. thick 1n the nortnern part of t ne area ~G<::re 

all eigh t facies are present. Only the four lower facies are present in th e 

southern part, where the average thickness is 4U in. 

~icroscopic analysis of pyrite and marcasite for ms and t nei r pe t ru~rapnic 

associations shows definite differences among the coal facies. Specifically, 

the bottom f a cies hns frAmhnirlal pyrite, \~hcrcac the other faci e:, t~11Ll Lu 

*C. B. Cecil, R. W. Stanton, and F. T. Dulong, "Geology of Contaminants In Coal: 
Phase I Report of Investigations," U.S. Department oi the Interior Geolo6 icc.l 
Survey Pr e liJJinary Report i:i l-953-A. 
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INTERVAL 

FACIES A' 
2 . 5 14 . 5 in. 
6.4 - 36 . 8 em 

FACIES A 
0.0 - 12 in. 
0 . 0 - 30.S cna. 

FACIES B 
4.0 - 20.0 i n. 

10 . 2 - 50 . 8 em. 

PARTING (ROOF) 
7 .0in-tt 

17.8 em.- m 

FACIES C 
18.0 28.0 in . 

45.7-71.1 em. ~~~,~~~~1~~ 

FACIES 0 
12.0 21 . 0 in. 
30.5 - ~~ ~ ~m. 

LOWER PARiiNG 
0 . 0 - 3 . 5 ln. 
0.0 - 8.9 em. 

FACIES E 
5 .0- 1-4.0 ln. 

12.7- 35.6 em . 

FI.CIES I.- Hard block~ . no 'nbanded,impure 
coal : ahaley aomet i mes disclaylng 
flaallity : calclt ( along cleau . 

FACIES B - Hard,blocky , barded coal with 
bright bane's 2 to 3 mrn thick 

altarnatln;; with •tttrltal (~ull) 

banda 3 tJ 20 m•n tllick; luaaln 
.tbundant at top of laetea:aeattered 
pyrite lent~• in baaal portion 

FACIES A'- Hard,blocky,nonbanded,impura coal : 
conchoidal frac:ture: moderat•ly 
brlgllt , realnoua luater: granular texture. 
Faclaa abaent in aomeplacaa . 

PARTING(ROOF) 

FACIES - Vary dark, gray clayStone and shale: 
baaal portions c:otnli\only dark gray 
oradino upward into medium gray. 

F I. C IE S C - BrIo h t , banded coal , c l ''' m n a r Ira c t u r e: 
bright banda 3 to ~ mm thick alternat i ng 
with a tt r It al band a 5 m m. J hick: d i 61 inc t 
fusain layara associated with pyrite: 

fuaaln ch i ps at top : calcite- and pyrtte 
.-nlftlftnnly 1111 C::lflata 

FACIES 0 - Hard, banded coal broken in large 

blocka; dull luster: brigllt ba!"ds 3 to 
uS mm thlclo. , a <: me "''••it calcite, vor;· 

little pyrite; '" "'" luaain layera 
and chips. 

LOWER 

PARTING - Dark oray ahale to claystone 
aomeplacea abaent. 

~I.Cit:S E- very hard, tJiu ... ky , banded coal: vary 

dull luater: numaroua ahale layera; 
abundant pyrite In lenaea and cleata; 
aome calc i te In cleata: bright banda 
:s to "' mm 1hlo.:Jo.. , uull t.,..,,,da ~ to 3 em. 
thick: alickenalldea parallel atratllication 
In ahale layera near base . 

Figure 5 . 14 Generalized Strati graphy of Upper Freeport Coal· Bed/Lucerne ~o . 6-
Homer City ~o . 1 ~ines (f r om Cecil, Stanton, and Dulong) 
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Fi gure 5 . 15 
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DATE : June 19 84 

contain mo re r:leiSS l ve varieties that snould be arr.en<wle t o removal durin~ co.d 

preparation. 

Tl.e complete channel and bench channel (i.e., individu a l t;Jce) \.Jere r e-

l:Jent1i1es s ample nu::Jbers, wn1cn :.1ay De useful for 1nter p retin~ results. hl-

t nougn not i mpo rtant to this discussion, tne nom~ nclature for the samp le numuer 

1s l1stea below to avoid confusion. 

Sample numbers were chosen to ioentify each sample logically. For example, 

oecod1ng of Sample number h2-4 2P-1 .2 1s as follows: 

1ao l e ) . 1:2. Cori1pa riso;:"l or To tal lror, in 1<+ :< l vJ .• .::,; .. ,h;d ~ vv :.es.l .·. v L:r.v . .:o611t::u 

Coal ,·, it.l r .l lvt:!rizeu Coal ·...-asneo et JU. . ;es<i .·~ u 

14 X luu .-lesh 20l• : .est • X \) ~·.a snc:c, 

•.~ r av 1 t v fr.e.ction unwas hed um-: a sneo :2.\.~ 0 .·!2 s ~l X ( 

+ 1 • .) u 0.2ti3 v . :l6 v . l b 

-l. 3U/ +l.:::S U 1. 08 O.oS O.oJ 

-l.oll/+ ) .") 0.63 0 .5 (, L .l 2~ 

-2.65 0.67 l. 74 0. 70 ---
Total 2.66 3.31 2 .ul 

The minerals identified 1n the Upper Freeport coal, as interpreted from 

the SE1'l data, are summarized 1n Table 5.12. There is strong evidence tnat tne 

nonp yritic 1ron 1s siderite (FeC0 3 ) rather than the hematite, ~aenPtitP, nr 

pyrrhotite implied 1n the earlier discussions of this coal. Iron can also ue 

found in small quantities 1n the illite. A distinction between tne presenc e of 

potassium, aluminum, magnesium of iron 1n the iron was not maoe, nor was it 

made in our analysis of mineral matter. Cecil, et al., report the generalizeo 

stratigraphic distribution of these minerals 1n Figure 5.17. 

5-36 



FOSTER WHEELER DEVELOPMENT CORPORATION 

I 
l .l· : 

,.. ... .,. 
~~ 

!:. · I 

: 

-~ 
,.,~~ 

I 
2' 1 

I 

l· l 

~~:::.' 
.. , 
$- · 

... ~-:-
'. 

1.1 •11,:'1' 

12;!1 
; 

-= 
1 )'---
~ 

.., 
~ ... ~ 

' _, 

2·= 
J·! 

-·--

: 

12· 

~ rr~~ 
2..-

JI! -

:J-·'- , 
'7 

·' ., ...... . 
+~ .. .. ~ 

:,i z~ 

l· l · · 2.1 

== )• I -o ', 

; · ·2.2' 

' ' ~" 
,1' ... ~~-_.., . 

'·I u·l ; 
•1=; '-
l 1i .1:. : 
.. ~ __. 

.. 
' 

REF. : DE-AC2~ - ~1 PC 402 6 P 

DATE : Ju n e 19?.!. 

/' ' .... -- , / 

I 

' I 

..; ~-o 

' ; 

' 
' I 

' 
' 

I 

"' Uo.tC,.. . c,..,....,fL S••'l! .. r uva ~ ~ 

:oo 'CCC•fTUS 

. ..... •COO,H T 
....... p ~ =~~= 

Figure .5.16 Sample ~umbers and Map of Complete and Bench-Channel 
Lucerne ~o . 6 and Honer City ~o. 1 Xines (from Cecil, 
Dulong) 

Sar:rples Fro::-. 
Stanton, and 

5-37 



FOSTER WHEELER DEVELOPMENT CORPORATION REF .: DE-AC22- 8l PC-40:268 
DATE ~ June 1984 

Tat:i.e 5 .1 3 Minerals in Upper Freeport Coal as Interpreted from SE~ Data 

Calcite 
caco, 

Kaolinite 
Al 2 Si 2 0 1 (0H , ) 

Illite ( and mixed layer clays) 

'IAJOP. ~I NE RALS 

(K, H,O) ( Al, Mg, Fe) 2 ( Al, Si ) ,0 10 [0H) 1 , H1 0 ] 

Py rite-~arcasite 

FeS 1 

"AnkrritP" 
Ca (r e. ~. 'ln )(cu , l , 

Aoatite 
r•, ( PO, ) , ( F, OH, Cl ) 

"Argentite" 
Ag,s 

'''5arit e" 
sasn , 

Calcium Sulohate 
raS :'l , 

CC1alcoovrite 
Cu Fe S, 

C~ ~ ori t e 
('12, ;:-e ) , (Al , Si ) ,0 10 (0H) 1 

"l.lausthalite" 
?uSe 

<: r a r.d a l l it e 
<,a/\ 1 , l PO , J 2 l OH) , H 2 0 

"Diaspore" 
AlO(OH ) 

Feldspar (pot ash) 
KAi ( Al , S i) S i 2 0 1 

"Galena" 
l'b~ 

~a~~:net ite 
( Fe, Fe, lO , 

ACCESSORY ~INERALS* 

Quartz ( and opal) 
Si0 2 

Siderite 
FeCO, 

Halite 
tlaCl 

Iron-Titanium-Oxide 
FeTiO, 

Manganese Silicate 
M.nS iO, 

11 Xonazite" 
(Ce, LalPO, 

"01 ivine". 
C'1e;, FP i?.c;in , 

"Pvrrhotite" 
FeS 

11 Rutile,..'"Anatase" 
Ti0 2 

s ~ -elerite 

Zn~ 

''Xeno time" 
YPO, 

Zircon 
7.rSiO. 

*Quotation marks ind icate mineral identifications based primarilv on major-element 
data. All other identifications have been substantiated by x-ray diffraction. 
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Fi gure 5 . 17 Gene r al i zed ~aj o r Oxi de and Corresponding ~ineral Data 
by Coal Facies ( £r om Cecil, Stanton, and Dulong) 
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~·a ces C , D, .:1nd ~:a re o f pa rtic ula r i>1terest; du rin g tile ::1LnLn ,; operati.c:1, 

t he coal could be mined indiscrimantelv from the ind ividu al benches or as a co~-

po s i te mix ture. The mining procedure could also chan ge wi th ti me. 

s i t i 0 n o f t he i7l i. r. e r a l • .H t e r L s de c i de d l v d i f fer en t i. n ea ch i:J e r: ~ h , as a. r e t n"' 

.,; i z e a~d :::urph ol .:Js ic a l s tructure (~ . e., fra:::b u i..!s, le :; ses, .:Jr ·,·einle r s ) . ~ '. : s 

means that the washabilit y of the coal, as well as its fir es id e stagging and 

fouling characteristics, 1s continually changing. 

Ceci.l, et al., have surnr.1arized Lile morphulugi.cal ~tructure ui the pyrLte 

(i..e. , cyrstals, rrar..boi.:!s, irre gu lar pyrite, an ci ~arcasite ) t he r.Jace ral as -

:::i.. ::er 2 L er.c.J;::sul a ti on) a:::d stze (i .e., 0 t o l•JO c;;:J ) 1:1 ?igures 5.1 8 and 5.1 ~1 

: n ~ eneral, 

~ench C contains irre gu lar masses of pyrite -- >50 ~ ~--ass oc iated ~i t h :::acerals 

anc cleats or fractures. This bench snould liberate lar ge quantities or pure 

pyrite and pyrite contaminated with kaolinite, illite, and ... :ar ::z. This oe:-,cr. 

should also be more readily beneficiated than either 0 or ~. denc~·~ i..l cont a ~:1s 

considerably less pyrite than the others. In several cases it appears to be 

void of pyrite. Although the form of pyrite varies with each sample, t he re is 

a conststent amount or tramootds present. fhe pyrite stze 1s generally sr.1a LL 

and not readily liberated during washing. Bench E contains framboids and 

crystals primarily. The particle size 1s generally very small, which means the 

pyrite is not re adily liberated during beneficiation or ?ulverizing in prepara-

tion for combustion. 
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In fi5ures 5.20 and 5.21, Cecil, et al., report the geographic variation 

1n 1ron and sulfur 1n the three benches--C, D, and E. Qualitatively there ao-

pears to be a disparity between the pyritic sulfur reported and the iron re-

ported, particularly in Bench E. Presumably, the difference is caused bv the 

~resence of siderite. 

Benches C, D, and E were also sink floated at var1ous gravities to deter-

rn1ne the washability characteristics o[ each bench. Unfortunately, the data 

have not as yet been placed in the open literature. The results clearly show 

the ability to partition and liberate individual minerals as well as total ash. 

3e~cn C is readily beneficiated, whereas E is not. 

The variabilitv of the mineral content by geographic location an~ s:ra :i-

;r~~~Lc ~~nches is substantial 1~ t~e Upper Free?ort sea=. 

may be mined simultaneously or individually at t he discretion of the ~iner, 2~~ 

coal sampled at the rn1ne mouth and analyzed 1s representative of that sa~?le on!y 

and not the Upper Freeport seam or the coal fed either t o th~ ~ashery or steac 

generator. Likewise, the results of samples characterized for mineral conte~t or 

fired in a combustor to evaluate slagging or fouling are representative of that 

sample only and not the seam. Evaluation of washability or fireside behavior 

requires establishing the variability of the mineral matter Ln the co1l, i:s 

size, and its association with the maceral constituents first. Once the varta-

bility of mineral content 1s established, the impact of m1n1ng on consi~tent 

production must be determined; otherwise, the coal must be characterized Dy the 

least desirable mineral composition and content. To evaluate the impact of 

minerRI constituents on washing or fireside deposition, investigators should 
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select the samples froo fully characterized benches r a t her than fr oo a con ve yo r 

belt, stock pile, etc., even though they may come from a sin g le seaffi . Th is is 

the only way control of mineral content and its association with mac er a ls or 

oti>er !:lineral r::atter can be r.aintained. 

The analysis by Cecil, et al., explains why so much difficult y was en-

countered 1n select1ng samples tor th1s program. The stud y also explains dif-

ferences in the characteristics of the first Upper Freeport coal fired in the 

combustor, the washability tests, and the washed product. Although t hese co a ls 

t·7ere all taken at the same time from a sample on .J. conve yor be lt, t he i nd i v i dua l 

..i runs were not mixed in one pile to ensure hor:10geneit y be fo re ci i. vid i n1; t :lc r i.le 

for co~bustion testing, washability characterizin g , an d washin g . 

The analysis performed by Cecil, et al., 1s believed to be unt que. Their 

future experimental work on the mineral matter in coal is goin g to be d if f icult 

tvithout carefully characterizing individual seams and the benches co ns tit uti ng 

a sea!!!. In the future additional time and effort shoul d he spent on a c qu iring 

individual channel samples. 

Cm1BUSTION TESTS OF WASHED COAL 

Combustion tests were performed on the washed Upper Freeport coal pulver-

ized to 70 percent through 200 mesh. The coal was fed at 108 lb/h for 10 hours 

while using 18-percent excess a1r. The furnace exit was held at 2024°F. The 

time-averaged operating conditions are summarized in Table 4.1. 
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By reducing the ash in the coal by 66 percent and the pyritic sulfur by 

40 percent, the degree of furnace slagging was' substantially reduced. Accumula-

tions on the furnace wall were more fluid than in the previous test with the 

unwashed coal. The calculated viscosity for the washed and unwashed coal ash 

and t he wall slag produced after firing the washed and unwashed coal appear tn 

Figure 5.22. Figure 5.23 compares the coal ash viscosity of all coals fired to 

date. The curves illustrate the impact on viscosity of a slight 
. . 
Lncrease Ln 

iron concentration. The selective removal of ash over pyrite, resulting from a 

slight change in mineral characterization within the mine, causes the slag to 

become more fluid upon beneficiating the oal. The increased fluidity of the 

as h resulted in the formation of a liquid pond on the furnace floor which ul-

timately flooded , the burner, forcing an outage. In Figures 5.24 and 5.25 a 

direct comparison is made between the slag formed while firing the washed and 

unwashed coal on the center and lower slag probes. Figure 5.26 illustrates the 

upper and lower surfaces of the slag probe immersed in the furnace perpendicular 

to the direction of flow of the flue gases. As the picture indicates, deposits 

were just beginning to form, and their bond to the tube surface was ext'remely 

light. The fouling probe, illustrated in Figure 5.27, reveals virtually no de-

posit formation on the leading edge of the first tube. A photograph of the first 

first tube in the first probe bank of the convection pass after firing the un-

washed Upper Freeport coal is included for a direct comparison. 

The ash chemistry and ash fusion data for the wall slag and samples of de-

posit removed from the slagging probes and fouling probes are summarized tn 

Table 5.14. The deposits formed 1n the furnace, particularly on the slagging 
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DATE: June 1984 

·~;· ure · 5.24 Comparison of Lower Slagging Probe After Firing Unwashed (top) 
and Washed (bottom) Upper Freeport Coal 
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·· ~ ::J re 5.25 Comparison of Center Slagging Probe After Firing Unwashed (top) 
and WasheJ (bottom) Upper Freeport Coal 
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· : .· · :re 5 · 26 Flame (top) and Furnace Exit (bottom) Sides of Probe Immersed 
Perpendicular to Gas Flow in Furnace--After Firing Washed Coal 

5-52 



V1 
I 

V1 
w 

Iron Enriched Deposit 

~ 
aJ 

"M 
:> 
I 
aJ 

"'Cl 
"M 
tf.) 

Figure 5.27 Direct Comparison of Fouling ?robes After Firing Rc.w Coal( top) and Coa l in Whi ch 
Liber ated Pyrite \-'r ~ RE!moved ·~y Washing (bottom} 

, 
0 
(/) 

-i 
m 
:::0 

~ 
:z: 
m 
m 
r 
m 
:::0 

0 
m 
< m 
r 
0 
"'0 s 
m 
2 
-1 
('") 

0 
:::0 
"'0 
0 
:::0 
)> 
-1 
0 
2 

0::0 
)>m 
-f"11 m :. 

'-<t:;j 
c:: tr:l 
::J I 
(1) > 

0 
f-'N 
\ON 
col 
.j::"-co 

f-' 
'"1:1 
0 .j::"-
0 
N 
0"\ 
co 



Table 5. u. Sunmary of AEh Chemistry a-:-td Ash Fusion nata--Combustion Tests of Wa~hed Upper 11 
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probes, are enriched with 1ron by a factor of : 2 . 

REF.: DE-AC22- 8 1 PC~0268 
DATE : June 1984 

Tne as n fusion ternpe r a tur~s 

oi the fireside depo5it~ under reducing conditions are below Chat or tne wasnea 

caal ash. Tile small difference oetween tile initial deformation temperature ano 

fluid temperature, ic addition to their high iron concentration , acc o~~ t ~ (~ r 

t: :1 c n l &" (luioic y o r tne asn. The aust recv· ed ir o.:1 t ne cent e: r ~ <1o::-e ..., ;: ~; .c-

fouling probe is slightly depleted o£ iron and has slightly higher as n f usion 

temperatures than the washed coal ash does. Table 5.15 makes a direct co~par i-

son of the ash chemistry of wall slag deposits, probe slag aeposits, a nd r oul.1ng 

probe deposits for the washed and unwashed coals. 

::;::.. : p:1oto!'Jicr oc; rap~ s ano EDX scans were ma.c.e o i !'OIN'aer y insi -:t <i! s -.. n· r a. <.: ~ 

lay.:r rep-resenting the very beginning of tne foma.tion or a m<O' lter. pr~ .. s~ 5: <>:5.1 

eepositec o-n t he lower slagging probe are illustratea in Figure ;.L.u, <:.J. O;t& .:1 :.> 

tneir corresponding Ein<.. SE.H photomicrographs an.a E.fJA.i. sea ;. := o r co:::pa ;;a;.) l.e .:::; ; ~ 

deposits o-n the lower sla:g.giog. probe while firing u.nwasilea coal are ind-..o~t.. L v ·< 

a direct compar:isnn bPtwP.en the washed and unwashed cases. There appear s to oe 

a greaLe1· portion of submicron agglomerates in thP. washed coal ash ( believe<> co 

be the res idue o f slow oxidation of carbon particles at temperature:;, i.1el 0";.: i i. ...... ::: 

temperature in the ash from the washed Upper Free'port coal) than in tnc2: as n. i r u .. , 

unwashed Upper Freeport coal. There is an aDundance of suomicron partic l es in 

the ash from the Lower Freeport coal. This was also t.ile case ot K.entuc& y "v . l J. , 
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Formed by W3Ehed and Unwashed Coal 0 
,\sh Cl.en"i~ t ry of Slag (f) 
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Figure 5.28 Comparison of Inner and Outer Layers of Ash Formed on Lower Slagging Probe While Firing 
Unwashed and Washed Upper Freeport Coal, Indiana County 
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where l1ttl e of the min~ral matter was liberateo our1n~ pul v ~ri z in~ . i n e slign t 

d i ffer ~ u(:~ 10 surface morpho logy could be due to the source oi t he as n 1n th ~ 

coal (i.e., inherent vs. extraneous liberated ash). The outer laye r of ash is 

~ i ~h l y crystalline in nature. The crystaline substance i~ be l i ev ea t o ~ e cal -

ci u;:~ sulfate. Tn ere is no evioence o f the needle-like cr::s ca L; ricn 1n r-·~ ·~ , 

Si0 2 , and CaO frequently observed in the outermost surface of slag, formed by 

other iron-rich coal. The temperature within the boundary layer of the l ower 

slagging probe must be quite low for calci~~ sulfate to form, suggesting t ne 

local heat flux, and hence flame temperature, is low. As will be noted 1n sub-

se4uent p'noto::1icrographs of deposits re~oved fro~.1 t he se COi1G sl.:>€; ;.> rooe l oc .o. tc: ·" 

1n Segment J, tne local f lue gas temperature ~ ust D ~ ~i ~n er as t ~ er~ i s cV l ~c~c2 

of suor:ncron particle agglomeration on the inner layer ana CO!il pl e te ly ..• ul ce,, .;.::; ,; 

on tne outer layer. There is no evidence of crystalline c.:.lcic:·.:-: sulf a te. 

S E~ photooicrographs ana EDX oi the innermost powdery layer, fused cr os s 

sec t ion, and fluid outer surface of deposits formed on the center slag~ i ng 

p rooe appear ln figure 5.2Y. The lnnermost layer 1s composea ut agglomerates 

of submicron particles which appear to be the burned out remnants of coal par-

ticles, possibly as large as 40 ~m. The ash 1s enriched in potassium. Tne 

alum1na is unusually high in count, implying the source of the ash ~as preoon1-

nantly clay. Illite retained in the washed coal is probably the source ot tn1s 

ash. Subsequent layers are fused and show signs ot iron and silica enrich!ilenc 

with a depletion in potassium. The outer layer of the deposit contains sub-

stantial amounts of calcium and 1ron. There lS evidence of a preponderance o r 
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Figure 5.29 SEM Photomicrograph and EDX Scan Comparing Change in Surface Morphology and Elemental 
Composition of Deposit on Center Slagging Probe 
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s ub~ icron pa rticles go1ng into solution in th e outer layer. Occasionally, a 

~U ~m part1cle attaches itself to t he slag ana is dissolvea. 

If this deposit were allowed t o grow thickt:r by extending the tir.te the 

;::- ro;)e \ ~ as exposed to the flue gases or incre as ing tne surr a ce te!npcrSt;J r t: f r -::>o 

si r:1 ilar to those demonstratea by the wall slag. Figure 5.30 s no~s t he cneoistry 

and morpnology of the wall slag cross section ana outer surfac~ 1n the vicinity 

o f the center slag probe. The bulk of the slag appears to be greatly enricnea 

wit h quartz. Howeve r, the outer surface appears to be greatly enriched witn 

l'i:' O:-t. ~his pnettOi.-,enon appears to be cnaract:erls tl. c or si.:.~s ror::;e ;:: oy cr.-.t::r 

coai s ~1.2., Kentucky ~0 . ~ana ~ppc:r Free po rt:). ~he: Lo~er i ree;ort co~i s1 2 = 

i:1c iuo eo c a l::iu;J as an aa-.itivnal coasc it;;c:nt. ',[ ,·,is ::; ;; ... ,.,: ri"t::,.u .. •c::.o .... .:.:> ... c -o .• 

.J.)SC: rveu 1n slag re::tu 'JeG rro::. f1c:lo ~nstallatio n s ·.Yu 1it: r:..r11.;: .:> t :~er COdlS. 

F1sure ). 3 1 illustrates one suc n exa;;~ple. As shmm in tnis f:ict:ure, S:Ji/ .. ,:...::r.-.;-. 

~ .; rticles attach themselves to thP outer surface ano ;;~ibr<ltc: into t r.e •. tu:i.L. c ti 

sl ag , wnere tney are dissolved. Occasionally, larger partic le s attacn tne~-

se l ves. In sor:1e cases sr:1all cubic iron-ricn crystals att&cn tne~sc: l v es, 1na1-

eating that sublimation of volatile iron is taking place, as illustrated 1n 

Figure 5.32. 

The deposits formed on the upper and lower sioe of tne prooc, ioi:lers eo u. 

tne furnace perpendicular to the gas stream and illustrated in Figure 5.2b, were 

examined separately. The initial layers of the deposit formed on the fla;;.esiae 

of the probe are composed primarily of unfuseo asn, remnants oi spent cnar ?3r-

t i cles enriche~ with potassiu;;~, ana sulfur. As illustrated 1n Figure 5. 3S, tn~ 
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Figure 5.30 SEM Photomicrographs and EDX Scans of Cross Section of Wall Slag, Representing 
A3vanced Stages of Slagging 
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Figure 5.31 SEM Photomic~cgraphs and EDX An3lyses of Top Surface and Cross s~ction of Fuse~ 
Burner Deposit Formed ~~ile Firing A~r-Micronized Coal 
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Figure 5.32 SE~ Photomicrographs and EDX Analyses of Gas-Side Surface o[ Fly Ash Jeposited on 
Furnace Boiler Tube Surface While Firing Steam-~icronized Coal 
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r.:olten iltaCerial on the outer surt ace lS depleted ot suliur anJ euricbea Wlttl 

1ron ana calcium to a les s er extent. The particle s1zes are o4 1Jm or less . 

Since they are not solid spheres, t hey must be very li ght. There was no ev1-

aence ot selective depusition ot large , pur~ pyrite part1cles. 1r11s ;.:as noc 

..::1ex?e cteo 1n tnis case as tne free pyr 1te ;..;as 1.;asneu r:rcu t ne coal . 

~he results of the microscopic examination of the upper layers of deposits 

on the perpendicular probe appear in Figure 5.34. Once aga1n, the inner layers 

dre slig<~tly enriched with potassium, whereas t he molten, outer layer 1s en-

r1cnea ~i tn 1ron. 

J.·r,e si,;terea deposits re:uove c. rru .. 1 Clic reiractor) •. ia ll i_, ;,e;uc :·,t J c:r<= 11.-

lustratea 1n Fi gure 5.35. Except for evicence or so~e ~el tl~s - a t t~~ slls~cly 

· .. i5licr ilue );aS temperatures, t ne composi ti on ane: surr~c,;, ::.·.)q.:;1·.:-lo6y clu~e1.y 

r esemole tt-.e <lust collected on the fouling prooes, wh 1c n is iilustratea 1:1 rib-

ure S.3o. Although the sintered deposit morphology res emules deposits for8e~ 0:1 

tne furnace roo£ while firing unwashed Upper Freeport coal, the ct1e.<11cal co;apo-

sition is quite different. Figure 5.37 cotilpares t he surrace r:10rpnolo 6 y cnCJ co:.1-

position of the sintered deposit formed by the washed and unwashed coal. 

The mechanism for formation of the molten slag is uncertain, as the 

spheroidized particles contacting the surface are CQmpletel y solidified. There 

is evidence in Figure 5.32 that submicron particles, attaching themselves to 

other particles of dissimilar composition, may form eutectics on the surface 

with much lower melting temperatures. As material from the large particles 
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SEM Photomicrographs and EDAX Scan of Deposit 
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Figure 5.36 Surface Morphology and Elemental Composition of Dust RenovEd From Fouling Probes After 
Firing Washed Upper Freeport Coal 
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goes int o s o lutio n, t h~ c oncentr a tion of th e mtnor cons titue nt s a pp r oaches t ha t 

of t he lar ge r particle , and t he mo l te n phase solidifie s . Pr e s uQabl y , the same 

results could be achi e v e d by condensation of a vapor pha s e . Howeve r , because 

of t he stee p t emperature gr ad ient wit h in t he de posit , t her e should be s or.1e ev i-

de nce o f c r yst al s fo r med a t t h e d e wpo int similar t o t hose f ound on t h e fir s t 

slagg in g pr obe . 

Coal washin g removed large concentrations of illite and l ibe r a t ed pyr i te . 

The extraneo us ash was complet e ly removed except for ash liberat ed i n pulveriz -

tn g fr om 14 x 100 me sh to 200 mesh x 0 . In doi ng s o , t h e t o t a l ash deD osit ed 

wa s re duced, de s p ite t he appa rent l ow f usi on te~per a t u r es . 
. . ' ' . 

• ""l.3 t n o t ~ e r L ~~·/es -

t i ga ti on s , t he a sh res po ns ible f o r t he initial layer s of t he de posi t ~as en -

r ich;:: c· \.J it h po t ass iur.t and believed t o be t h e :-:1 i:1e r al i ll it e . The :.o lt e~ ~.:o·:ers 

a r e en ri ched wit h tr o n an ci c a lcium. Tl 1~ y a pp ear t o fo r m b ~caus ~ t h P 1 nr ill P. o; i1 

dep os i t exceeds t he meltin g temperature of the ash. Iron enri chmen t occurs 1r. 

di ss i mil a r co~pos iti o n for r.t i ng a eulectic at t he s urface wh ~ se ~el t i~ g t~ r.t~ ~r 2 -

t u r e ts decide d l y bel ow that of either compound. With subseque nt counte r ci i ff~ -

sion of componeuts into the cxiGting deposited ash, the two forei gn c onst ituen t s 

of decidedly different composition are assi111ilated to form a solid or p l as t t,. 

s l a ~ , de pendin g on the local temperatures. The lar ge d ifference i n t emperat ur e 

between the inner and outer layers could explatn the differen ce in dep os iL LO~ 

position. The tube surface appears to be at temperatures well bel ow eu t ec t ics 

in the Ca0-Fe0-Si0 2 or Ca0-Fe 2 0 3 -Si0 2 system, but not below those of t he K20- Si 0 2 

s ystem. 
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There 1s no evidence of selective de;:>Osition i:>y pure, liberated p::rite, .::Js 

presumably it has been reduced to a minimum by washing. 
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