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Although several investigators (Barkley et al., 1944; 
Berrowitz et a]., 1963; Gradishar et al., 1943; Moreland, 
1963) have addressed the topic of viscosities of coal-fuel 
oil slurries, consistency of their results appears to be 
lacking. 

Slurries of low solids concentrations are Newtonian 
fluids according to all of the above investigators. However, 
the solids concentration level at which non-Newtonian be- 
havior begins has been reported at values from 10 to 50% 
by volume. Both Berrowitz and Moreland reported non- 
Newtonian behavior at slurry concentrations > 10% by 
volume based on Brookfield viscometer measurements, but 
in the same investigation, Berrowitz reported Newtonian 
behavior at all solids concentrations < 50% by volume 
from pipeline measurements. Berrowitz attributed this dis- 
crepancy to solids settling during the pipeline experiments. 
Gradishar measured slurry viscosities up to the coal con- 
centration where a yield stress occurred (about 39% by 
volume). However, as noted by Moreland, it is unclear if 
Gradishar used kinematic or absolute viscosities in re- 
porting his results. 

Gradishar suggested that slurries might behave as Bing- 
ham plastics, while Berrowitz and hiIoreland reported high 
solids slurries were pseudoplastic because the apparent 
viscosity decreased as the viscometer speed was increased; 
such a decrease would also be evident in a Bingham 
plastic material, however. 

In no case did any of the investigators present flow 
curves for the slurries to accurately show the type of flow 
behavior. Only apparent viscosities were reported, and 
those without the corresponding value of shear rate or 
shear stress. Moreland reported speeds of revolution of the 
Brookfield viscometer; however, these data are not amena- 
ble to shear rate determination because of the complex 
geometry of the various spindle and guard arrangements. 

Of the aforementioned investigators, only Barkley re- 
ported experimentally determined settling characteristics 
of the coal slurries. Unfortunately, Barkley also used a 
Brookfield viscometer and failed to give any experimental 
conditions such as spindle number and speed which were 
shown by Moreland to influence the viscosity reading. 

Although the results reported by these investigators are 
somewhat incomplete, their results do have value in quali- 
tative comparisons with other slurries using identical 
equipment and experimental conditions. It is recognized 
that some of the inconsistencies appearing in the literature 
could arise from differences in coal composition and in the 
oil used as the continuous phase by the various investi- 
gators. The objective of this investigation was to obtain 
rheological data on coal in fuel oil slurries and to report 
this information in as complete a manner as possible. 
Hopefully, then, the data can be used as a basis of com- 
parison for future investigations in this area. 

Correspondence concerning this note should be addressed to Larly G. 
Bauer. 
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EXPERIMENTAL 

A subbituminous coal from Northeastern Wyoming was 
used in this study. The coal was crushed, milled in a ball 
mill, and screened to three different particle size distribu- 
tions (PSD) : 

Number 1. 90-104 pm (150-170 Tyler mesh) 
Number 2. 75-90 pm (170-200 Tyler mesh) 
Number 3. <75 pm (minus 200 Tyler mesh) 

Specifically, the PSD of number 3 was 34% 63 to 75 pm, 
27% 53 to 63 pm, 27% 45 to 53 pm, and 12% < 45 pm. 
The specik gravity of the coal was 1.30. Number 4 fuel 
oil was used as the continuous phase, and its specific 
gravity was 0.9070 at room temperature. Viscosity of the 
fuel oil at 25", 40°, and 60°C is shown in Table 1. 

Slurries of the proper PSD and solids concentration 
were prepared just prior to each set of experimental runs; 
that is, the slurries had no previous history per se. 

A Stormer viscometer (Van Wazer et a1.,1963) was 
modified to a concentric cylinder, rotary viscometer while 
maintaining the Stormer drive mechanism. The standard 
Stormer rotor and cup were unacceptable because they 
were designed to create turbulence which makes it im- 
possible to analytically determine rate of shear and thus 
express the results in standard flow curve format (shear 
stress vs. rate of shear). The modified Stormer viscometer 
was composed of a stainless steel cup with an inside radius 
of 1.41 cm and depth of 5.72 cm. The bob was solid alu- 
minum with a radius of 1.27 cm and a length of 5.08 cm. 
During experimental runs, the bob was centered in the cup 
so that it was always 1.27 cm above the cup bottom; slurry 
was added until the submerged length of the bob was 
always 3.81 cm. Temperature control was maintained at 
20.5"C by circulating tempered water around the out- 
side of the cup. 

In the determination of each flow curve, weights were 
added to the modified Stormer drive mechanism to give a 
variation in the applied shear stress. These weights were 
varied from ones just large enough to rotate the bob to 
weights large enough to cause turbulence or to reach the 
capacity of the instrument. These weights, along with the 
time for a given number of revolutions of the bob, were 
the data obtained from the viscometer. From these data 
one can obtain the desired components of the flow curve- 
shear stress and rate of shear, both at the bob surface. 

Each datum measurement must be taken when the fluid 
in the annulus is in laminar flow, since in the event of 
turbulence, accurate calculation of the rate of shear is irn- 
possible. To insure that the flow was laminar under the 
test conditions, the data were checked for Taylor in- 
stability ( Taylor, 1923) using the expressions developed 
by Kaye and Elgar (1958). This analysis indicated the 
existence of laminar flow for all the results reported here. 
Details of these calculations can be obtained from the 
authors . 
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TABLE 1. V~scosrr~ (NEWTONIAN, p, OR PLASTIC qpl) - 103 AND YIELD STRESS $ * 10 

PSD 
No. 

1 

2 

3 

Temp., 
"C 

25 
40 
60 

25 
40 
60 

25 
40 
60 

0 
P 

48.6 
24.6 
11.8 

48.6 
24.6 
11.8 

48.6 
24.6 
11.8 

10 
w 

84.2 
40.4 
22.1 

61.8 
31.0 
22.4 

74.1 
44.5 
23.8 

20 
P 

154 
70.5 
34.2 

150 
64.4 
30.2 

72.9 
33.7 

138 

A 

206 
90.6 
42.5 

214 
89.5 
48 

192 
107 
49.5 

The weight added to the string of the instrument, less 
the weight needed to overcome the internal friction of 
the drive mechanism, is proportional to the torque 
appIied to the bob per Van Wazer et al. (1963) : 

The shear stress and shear rate at the bob surface are 
given by (Skelland, 1967) 

(2) 

(3) 

T 
Tb = 

27rRb21, 
and 

4aNC, 

where 

C , = l + 7  s2 - ( + - 1) 

PSD NO I 
25" C 
WEIGHT % COAL-IN- 
N0.4 FUEL OIL 

Yo 9 10 O/O 

3 100 200 300 400 500 600 700 800 
RATE OF SHEAR ( I /SEC) 

Fig. 1. Flow curves for subbituminous coal of PSD number 1 in num- 
ber 4 fuel oil. 

Wt% coal 

30 40 + llPl + 
15 428 22 

208 9.8 
125 0 

481 60 
215 37 
97 11 

376 28 
224 14.8 
94.4 19.8 

55 
rlPt $ 

10 400 530 
4 340 405 

909 529 

6 500 760 
1 720 332 

594 305 

4 474 664 
3 630 371 

746 537 

[l.+:ln 2 (s) + - 7 - - 7 3 + - - 7 5 + . . . ]  1 1 2 (4) 
3 45 945 

and 

A plot of 7 b  vs. (du/dR)b represents the flow curve for 
a particular slurry. If the plot is linear and passes through 
the origin, the Newtonian viscosity is given by 

10 20 30 40 50 60 
WEIGHT '10 COAL 

Fig. 2. Effect of temperature and solids concentration on the viscosity 
of subbituminous cool slurries of PSD number 1. 
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If the plot is linear but has a finite yield value (shear stress 
intercept), the plastic viscosity is given by 

(7) 
( T b  - $> 

7Fpz = (g)b 
Correction of the immersed bob length for the end 

effect was accomplished by obtaining viscometer data for 
standard viscosity silicone fluids having viscosities from 
0.100 to 0.540 Pa . s and for a high molecular weight 
organic oil having a viscosity of 3.670 Pa . s .  Since the 
viscosity of the standard fluid would be known, the flow 
equations [Equations (1)  to ( 6 )  I could be solved for the 
effective length of the bob. For the viscosity range in- 
vestigated, the effective length was nearly constant at 
4.51 cm. 

RESULTS AND DISCUSSION 

Figure 1 shows the flow curves for coal of PSD number 
1 in fuel oil at 25°C with solids concentration as a param- 
eter. The curves shown are the result of a linear, least- 
squares fit. 

Inspection of this figure indicates that for solids concen- 
trations up to about 30 wt %, the flow curves are straight 
lines which pass through the origin. Hence, one can con- 
clude that for these experimental conditions, the coal 
slurries are Newtonian in nature, The corresponding New- 
tonian viscosities, that is, the s!ope of these straight line 
curves passing through the origin, are given in Table 1. 

If turbulence had been present in the annular region 
of the viscometer, the flow curves would bend towards the 
shear stress axis. The fact that the curves are linear serves 
as a check that the flow in the viscometer was laminar. 

40° C. 
0 - P S D  NO. I 
0 - P S D  N0.2 
A-PSD N0.3 

20 30 40 50 60 
WEIGHT O/o COAL 

3. Effect of PSD and solids concentration on the viscosity of 
subbituminous coal slurries a t  40°C. 

Figures 2 and 3 illustrate typical slurry viscosity (plastic 
visuoL-y lor bingliam plastics I vs. coal concentration plots 
with temperature and PSD as parameters, respectively. 
These figures indicate a gradual increase in slurry vis- 
cosity with an increase in so!ids concentration up to ap- 
proximately 30 wt %, The viscosity increases dramatically 
between 40 and 50 wt %. Qualitatively, this is in agree- 
ment with the results of Moreland (1963) and Barkley 
et al. (1944). A significant variation of the slurry vis- 
cosity with temperature is also noted in Figure 2. 

Figure 3 indicates essentially no variation of viscosity 
with the coal PSD. Although this is not in agreement with 
the results of Moreland ( 1963) and Barkley et al. (1944), 
it should be pointed out that the ,PSD used in the cur- 
rent investigation was much more narrow than the PSD 
range used by either Moreland or by Barkley et al. 

A combination of experimental variables was used that 
resulted in little or no solids settling during the time re- 
quired for data determination. Details on these conditions 
can be obtained from the authors. 
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NOTATION 

(du ’dR)  b = shear rate at bob surface, Sdl 

weight needed to overcome friction in viscometer, 
2.5 x kg 
acceleration due to gravity, m/s2 
effective immersed length of bob, m 
slope of a plot of log T vs. log N 
rotational speed of bob, rev/s 
viscometer gear ratio, drum to rotor, 11:l 
bob radius, m 
cup radius, m 
viscometer drum radius, 1.425 x 

dimensionless 
torque applied to bob, N * m 
weight applied to viscometer, kg 

m 

Greek Letters 
= dimensionless constant for calculation of rate of 

shear per Equation (5) 
vpl = plastic viscosity, Pa * s 
T b  = shear stress at bob surface, N/m2 
p = Newtonian viscosity, Pa s 
q.~ = yield stress for Bingham plastic, N/m2 
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On Comparing NMR and Adsorption Rate Diffusion Coefficients 
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In a recent publication, (Ruthven and Doetsch, 1976), 
and in a further study (Ruthven, 1977), it has been 
mentioned that large discrepancies are observed between 
diffusion coefficients in identical systems measured by 
NMR and by adsorption rate experiments. Although he 
did not support the view, Ruthven commented in detail 
on one proposal to explain the observed differences. 
Ktirger et al. (1976) assume that NMR determines the 
true mobility of adsorbed molecules within the body of 
adsorbent, whereas for certain types of zeolites, the limit- 
ing resistance in the adsorption rate experiment is a 
barrier resistance at the outer crystal surface. 

With the NMR method, the average displacement of 
magnetically tabbed molecules is measured during a 
known period of time under equilibrium conditions, and 
from these data the diffusivity is calculated according 
to Einstein’s law. 

In several publications (Karger and Walter, 1974; 
Pfeifer, 1972; Caro, 1977) Arrhenius plots of NMR 
diffusivities have been presented as in Figure 1. The 
solid line represents the measured results and may be 
divided into three regions: at lower temperatures intra- 
crystalline diffusion coefficients D, are measured with low 
activation energy, at intermediate temperatures there is 
a plateau, and at higher temperatures effective intercrys- 
talline diffusivities D,/KA are measured with higher ap- 
parent activation energy. With increasing temperature, 
the plateau is reached when the average displacement 
of an adsorbed molecule during the NMR experiment 
is about equal to the crystal radius; this is documented for 
several systems and for different crystal radius in the 
literature cited. It is evident that the adsorbed molecules 
are not able to leave the crystals to enter the intercrys- 
talline space over a range of temperatures, and some 
authors interpret this as meaning that a special barrier 
resistance exists at the outer crystal surface. However, 
we extrapolate the measured intercrystalline diff usivity 
(the dashed line, Figure 1). Adsorbed molecules moving 
within the crystals reach the outer surface (the low 
temperature end of the plateau) at a temperature where 
the intercrystalline diffusivity is an order of magnitude 
lower than the intracrystalline diff usivity; the system is 
macropore limited. Average molecular displacement in- 
creases only when the effective macropore diffusion co- 
efficient becomes larger than the coefficient calculated 
from displacement equal to the crystal radius. Results 
are thus readily interpreted in terms of the common 
macropore-micropore model, and there is no need for 
introducing a third resistance. If such a third resistance 
exists and is greater than the macropore resistance, one 
should expect the measurements to follow the dotted line, 
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lying below the effective intercrystalline diff usivity for 
some range of temperatures. No system in the literature 
to our knowledge shows this behavior; the plateau always 
ends near the intersection with the intercrystalline diffu- 
sion line. NMR measurements therefore prove conclu- 
sively that any barrier resistance is appreciably lower 
than the intercrystalline resistance. The barrier can by 
no means explain the three to four orders of magnitude 
by which NMR and adsorption rate results differ in the 
intracrystalline region. 

Karger et al. (1976) have attempted to prove the 
existence of the barrier by varying crystal size in adsorp- 
tion rate experiments. Since the time parameter for the 
diffusion model is D,/R2 and for the barrier model W R ,  
apparent diffusion coefficients should increase directly 
proportional to R if the barrier resistance theory applies. 
Figure 2 shows data presented by Karger et al. (1976) for 
three systems with crystal sizes varying from 1 to 50 p. 
The ordinate axis has been adjusted to permit representa- 
tion of all systems in one figure, so that the D, values 
are not given. A11 systems show an initial rise in D, 
at a rate much faster than proportional to R and a gradual 
transition to a constant value at crystal sizes around 50 p. 
Evaluation of the experiments according to the barrier 
model as done by Car0 (1977) leads to barrier transfer 
coefficients varying with crystal size. It is evident that 
the diffusion coefficients measured by Karger et al. (1976) 
and Car0 (1977) are not invariant to size, but replacing 
them with size dependent barrier transfer coefficients 
is no solution to the problem. 

As has been pointed out by Ruthven (1977), both 
NMR and adsorption rate diffusivities show similar trends 
with respect to increasing hydrocarbon chain length in 

I 

\ 
\ 
\ 
\ 

Fig. 1. Sketch of Arrhenius plot of NMR diffusivitier. 

Page 358 March, 1979 AlChE Journal (Vol. 25, No. 2) 




