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Coal used f o r  energy conversion conta ins a considerable amount o f  minera l  
matter. During the conversion process the  mineral mat ter  i s  heated, and i n  the  
h igher  temperature reactors  i s  converted t o  a molten ma te r ia l  which f lows from t h e  
reac to r  a t  a r a t e  dependent on the  v i s c o s i t y  o f  t he  slag. I n  s tud ies  o f  coal 
slags obtained from e l e c t r i c  u t i l i t y  b o i l e r s  (1.2.3) t h i s  behavior  has been 
s tud ied  and c o r r e l a t i o n s  have been determined between the  v i s c o s i t y  o f  t h e  s lag  
and the  chemical composition. These s tud ies  have been c a r r i e d  out i n  a range o f  
gaseous environments t y p i c a l  o f  the combustion furnace w i t h  a range o f  oxygen con- 
cen t ra t i ons  from almost zero t o  15%. 

The purposes o f  t h i s  study inc luded a determinat ion o f  the v i s c o s i t y  behavior 
o f  syn the t i c  slags over a range o f  compositions and temperatures c h a r a c t e r i s t i c  o f  
s lagging g a s i f i e r  operation. The composit ions were chosen t o  be broadly  repre-  
sen ta t i ve  o f  a range o f  coals  from both the  eastern and western U.S. The 
temperatures were chosen t o  be i n  t h e  range o f  s a t i s f a c t o r y  g a s i f i e r  operat ion,  
and w i t h i n  the l i m i t s  o f  the experimental equipment. The gaseous environments 
were se lected t o  have the low oxygen p a r t i a l  pressure (about 10-8 t o  10-9 atm) 
t y p i c a l  o f  the s lagging g a s i f i e r .  

The v i s c o s i t y  data were t o  be used as i npu t  f o r  an associated r e f r a c t o r y /  
s lag  corros ion program. Accordingly, the data obta ined f o r  the f i r s t  few s lags  
were compared w i t h  c o r r e l a t i o n s  developed by Watt and Fereday (1,2) based on 
chemical composition and by Hoy, Roberts and Wi l l iams (3), us ing  a mod i f i ed  
vers ion o f  the s i l i c a  r a t i o .  I n  order  t o  s i m p l i f y  the systems f o r  study, the 
syn the t i c  slags were l i m i t e d  t o  the f i v e  components: SiO2, A1203, FeO, CaO and 
MgO. Since they contained no Na20 o r  K20, the s lag  composit ions were outs ide t h e  
range o f  the e a r l i e r  co r re la t i ons .  I f  t h i s  d i f f e r e n c e  was neglected, then t h e  
composit ion o f  a l l  but  f o u r  o f  the s y n t h e t i c  s lags used i n  t h i s  program f e l l  
outs ide the range o f  the composit ions f o r  which the  c o r r e l a t i o n s  were developed 
(10% A1203 o r  0% MgO o r  low s i l i c a  r a t i o  o r  h igh  Si02/A1203 r a t i o )  and the  
c o r r e l a t i o n s  d i d  not, i n  general. represent the  data obtained f o r  t h e  s y n t h e t i c  
slags. 

EXPERIMENTAL 

Slag: The v i s c o s i t i e s  o f  21 syn the t i c  slags, cover ing the  range o f  composi- 
t i o n s  expected i n  s lags  der ived from American coals  were determined i n  t h i s  

109 



study. The s y n t h e t i c  s lags were prepared from reagent grade chemicals. The 
syn the t i c  s lags were mixed w i t h  water and pressed i n t o  p e l l e t s  us ing a pressure o f  
15000 psig. The p e l l e t s  had a s l i g h t l y  smal ler  diameter than t h a t  o f  the con- 
tainment c ruc ib le .  The composit ion o f  t he  s lags i s  given i n  Table 1. 

Viscometer: The apparatus and technique have been described i n  d e t a i l  (4). 
E s s e n t i a l l y  a B r o o k f i e l d  Rheolog(TM) was used t o  rep lace the sample head i n  the  
r o t a t i n g  c y l i n d e r  s l a g  co r ros ion  apparatus used i n  s l a g / r e f r a c t o r y  co r ros ion  
s tud ies at  ANL (5). Appropr ia te seals  and ceramic s t r u c t u r a l  components permi t  
maintenance of  t h e  des i red  low oxygen a c t i v i t y  w i t h i n  the measuring chamber. The 
v i s c o s i t y  measuring "bob" was a c y l i n d e r  12.7 inn d!ameter and 11.1 inn high. For 
measurement a t  lower oxygen p a r t i a l  pressures t h e  bob" and connecting sha f t  were 
fab r i ca ted  of molybdenum; i n  an a i r  environment the molybdenum was replaced by 
plat inum. The s l a g  was conta ined i n  A1203 c ruc ib les .  The "bob" and measuring 
system were c a l i b r a t e d  a t  room temperature us ing  a se r ies  o f  NBS o i l s  ranging from 
10 t o  600 poise. 

Procedure: V i s c o s i t y  measurements were u s u a l l y  made i n  a decreasing temper- 
a tu re  mode a t  50 C. i n t e r v a l s  a f t e r  t h e  s lag  sample had been s lowly  heated t o  the 
des i red temperature, t y p i c a l l y  about 1400-1550 C. The s lag  was kept a t  each 
temperature long enough t o  demonstrate constant v i s c o s i t y  (about 30-60 minutes). 
I n  one case, s l a g  12, measurements were a l so  made i n  an i nc reas ing  temperature 
mode t o  determine i f  t h e r e  were hys te res i s  e f f e c t s .  None were observed i n  t h i s  
s l a g  and o the r  work conf i rmed t h i s  (4). Measurements made i n  other  l abo ra to r ies  
w i t h  other  slags have shown hys te res i s  ( 6 ) .  The desi red oxygen p a r t i a l  pressure 
was maintained by f l o w i n g  H2-C02-N2 ( o r  A) mix tures o f  t he  requi red composition 
through the  i n t e r i o r  o f  t he  measuring chamber throughout the experiment. The 
v a r i a t i o n  of oxygen p a r t i a l  pressure w i t h  gas composit ion and temperature was 
ca l cu la ted  us ing a NASA-developed code (4). 

RESULTS AND DISCUSSION 

The data ob ta ined  were p l o t t e d  as v i s c o s i t y  versus temperature f o r  the 
d i f f e r e n t  ma te r ia l s  and d isp layed the  expected exponential increase i n  v i s c o s i t y  
as the temperature decreased. I n  most o f  t he  runs a c h a r a c t e r i s t i c  sudden 
increase i n  v i s c o s i t y  was noted, as i n  some r e l a t e d  s tud ies (1,3). Some t y p i c a l  
r e s u l t s  are shown and compared w i t h  the Watt-Fereday and modi f ied s i l i c a  r a t i o  
p ro jec t i ons ,  assuming a l i q u i d  phase, i n  Figures 1 and 2, (s lags 1 8 12). 

To understand t h e  Newtonian c h a r a c t e r i s t i c s  o f  t h e  slags, p l o t s  o f  logar i thm 
o f  v i s c o s i t y  versus temperature were made. These ind i ca ted  s t r a i g h t  l i n e s  o r  two 
l i n e  segments. For runs w i t h  a sudden increase i n  v i s c o s i t y  a t  lower temper- 

types of non-Newtonian behavior were not explored. The observed s t r a i g h t  l i n e s  
are consis tent  w i t h  Newtonian behavior. 

Arrhenius p l o t s  were then made. These p l o t s  t y p i c a l l y  i nvo l ve  the  logar i thm 
of a r a t e  constant and the rec ip roca l  o f  t h e  absolute temperature. V i scos i t y  i s  
n o t  a r a t e  parameter, but  i s  def ined as the  shear s t ress  d i v ided  by the  shear 
ra te.  The rec ip roca l  o f  t he  v i s c o s i t y  i s  t he  shear r a t e  per  u n i t  shear s t ress  and 
was used i n  the  p l o t s .  A t y p i c a l  example i s  shown i n  F igure 3. S lag 1 shows a 
t y p i c a l  high temperature low a c t i v a t i o n  energy regime w i t h  a t r a n s i t i o n  t o  a h igh 
a c t i v a t i o n  energy, low temperature regime. Th is  behavior was noted i n  most o f  the 
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atures, two segments were observed. Shear ra tes  were not var ied and the various t 
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runs. The other  behavior was, as i n  the case of  s lag  12, a s i n g l e  s t r a i g h t  l i n e  
cover ing the range o f  the data. The slopes and a c t i v a t i o n  energies fo r  runs 
w i thou t  t he  t r a n s i t i o n  tended t o  be in termediate i n  the  range o f  t h e  values f o r  
runs w i t h  the t r a n s i t i o n .  

I n  order t o  compare t h e  v i s c o s i t y  behavior o f  t he  d i f f e r e n t  composit ions f o r  
the h igher  temperature regime and the  s lags w i t h  no t r a n s i t i o n s ,  separate p l o t s  
superimposing the  sample se r ies  w i t h  a constant weight % Si02 were made and are 
shown i n  F igures 4,5 and 6. Note the  v e r t i c a l  change i n  scale i n  F igu re  6. The 
s o l i d  p o r t i o n  o f  t he  l i n e s  represents the  actual  range o f  data. The dashed p a r t  
o f  t he  l i n e s  was added t o  f a c i l i t a t e  v isual  comparison. Examination o f  t h e  p l o t s  
shows two general tendencies. The rec ip roca l  v i s c o s i t i e s  or  f l u i d i t i e s  tend t o  
increase f o r  se r ies  w i t h  l esse r  amounts o f  Si02 i n  them. Although t h e  envelopes 
o f  data are broad, t h i s  observat ion can be made. A d d i t i o n a l l y ,  f o r  a g iven se r ies  
w i t h  a f i x e d  weight % Si02. t h e  f l u i d i t i e s  are g rea te r  f o r  t he  lower  amounts o f  
A1 203. 

A s i m i l a r  study o f  the lower temperature regime w i l l  be made l a t e r .  

A c t i v a t i o n  energies and t h e  temperature range o f  data are g iven i n  Table 2. 
I n i t i a l  s t a t i s t i c a l  analyses have not  shown a s t rong  c o r r e l a t i o n  o f  a c t i v a t i o n  
energies w i t h  any o f  t he  s lag  cons t i t uen ts .  

A wide range o f  a c t i v a t i o n  energies w i t h  very h igh  values was obtained f o r  
the lower temperature regime. The t r a n s i t i o n  from the  h igher  t o  the  lower temper- 
a tu re  regime genera l l y  occurred i n  the  1300-1400 C range. I n  order t o  i n t e r p r e t  
the data the  te rna ry  e q u i l i b r i u m  phase diagrams f o r  the systems Si02-Al203-MO were 
examined where MO i s  e i t h e r  CaO, FeO, o r  MgO. The mole f r a c t i o n s  o f  each o f  t he  
cons t i t uen ts  were ca l cu la ted  as a l s o  shown i n  Table 2, and the  t e r n a r y  diagram 
corresponding t o  the  major base i n  the  group CaO. FeO o r  MgO was selected. 
Usual ly  a te rna ry  e u t e c t i c  was found i n  the  temperature reg ion which would be 
expected f o r  a system most c lose ly  corresponding t o  the sample composit ion. Th is  
e u t e c t i c  temperature was c lose  t o  the observed t r a n s i t i o n  temperatures i n  t h e  
v i s c o s i t y  data. Many o f  the h ighest  temperatures used were s i g n i f i c a n t l y  below 
those associated w i t h  the  appearance o f  a s o l i d  phase from the melt.  Th is  s o l i d  
phase could have been present through the  e n t i r e  se r ies  o f  measurements on the  
slag. 

CONCLUSIONS 

A ser ies o f  21 syn the t i c  coal ash s lags were studied. It was observed t h a t :  
(1)  P lo ts  of  the l oga r i t hm o f  v i s c o s i t y  versus temperature showed one or  two 
s t r a i g h t  l i n e  segments, i n d i c a t i n g  Newtonian behavior i n  the  temperature range 
studied. (2 )  P l o t s  o f  the l oga r i t hm o f  t h e  rec ip roca l  o f  v i s c o s i t y  versus 
rec ip roca l  o f  absolute temperature a l so  showed one o r  two s t r a i g h t  l i n e  segments, 
i n d i c a t i n g  one o r  two mechanisms were opera t i ve  over the  temperature range. (3)  
For  three series, vary ing i n  Si02 content, those w i t h  t h e  g rea tes t  Si02 content 
had the highest v i s c o s i t i e s .  (4)  W i th in  a se r ies  o f  given Si02 content ,  those 
members w i t h  the h ighest  A1203 content had the  h ighest  v i scos i t y .  ( 5 )  For s lags 
e x h i b i t i n g  a t r a n s i t i o n  i n  behavior, the t r a n s i t i o n  temperature could u s u a l l y  be 
associated w i t h  a te rna ry  e u t e c t i c  temperature i n  the phase e q u i l i b r i u m  diagram 
for  the most c lose ly  r e l a t e d  te rna ry  system. (6) Many o f  the s lags probably had a 
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s o l i d  phase p r e c i p i t a t i n g  from the l i q u i d  phase du r ing  t h e  coo l i ng  p e r i o d  before 
t h e  t r a n s i t i o n  temperature. 
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50 50 50 50 50 50 50 
5 5 5 5 5 5 5  

15 25 25 15 5 15 5 
20 10 0 10 20 0 10 

io io 20 20 20 30 30 

8 9 10 11 12 13 1 4  

40 40 40 40 40 40 40 
15 15 15 15 15 15 15 
10 10 20 20 20 30 30 
15 25 25 15 5 15 5 
20 10 0 10 20 0 10 

15 16 17 18 19 20 21 

30 30 30 30 30 30 30 
25 25 25 25 25 25 25 
10 10 20 20 20 30 30 
15 25 25 15 5 15 5 
20 10 0 10 20 0 10 

Tab le  2. A c t i v a t i o n  Energies, Range of Temperatures and Mole F r a c t i o n s  

S lag  # Ea Temperature Mole F r a c t i o n s  

Range Si02 A1203 CaO FeO MgO 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

43.9 
44.2 
42.0 
40.1 
60.2 
366 
65.2 
77.6 
13.1 
55.5 
37.6 
103 
36.9 
50.8 
104 
77.6 
29.5 
106 
20.0 
55.1 
116 

1440-1332 
1460-1314 
1456-1350 
1513-1337 
1462-1312 
1550-1 500 
1515-1415 
1353-1192 
1455-1297 
1454-1335 
1439-1310 
1436-1262 
1535-1447 
1484-1401 
1434-1339 
1390-1265 
1451-1 299 
1448-1377 
1459-1352 
1402-1294 
1532-1415 

.483 

.515 

.568 

.529 

.495 

.584 

.543 

.384 

.409 

.451 

.420 

.393 

.464 

.431 

.286 

.272 

.335 

.313 

.293 

.345 

.321 

.057 

.061 

.134 

.125 

.117 

.209 

.192 

.056 

.060 

.133 

.124 

.I16 

.205 

. I90 

.056 

.060 

.132 

.123 

.115 

.203 

.189 

.052 

.055 

.061 

.057 

.053 

.063 

.058 

.154 

.164 

.181 

.169 

.158 

.186 

.173 

.255 
-272 
.299 
.279 
.261 
.308 
.286 

.121 

.215 

.237 

.133 

.041 

.147 

.045 
.120 
.214 
.235 
.132 
.041 
.145 
.045 
. 1 1 Y  
.212 
.234 
.131 
.041 
.144 
.045 

.288 

.154 

.ooo 

.158 

.295 

.ooo 

.162 
.286 
.152 
.ooo 
.156 
.293 
.ooo 
.161 
.284 
.151 
.ooo 
.155 
.291 
.ooo 
.159 , 
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