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Section 1 

ABSTRACT 

* 
X-ray Computed Tomography (CT) is a method of mapping with x-rays the the inter- 

nal structures of coal. The technique normally produces 2-D images of the internal struc- 
tures of an object. These images can be recast to create pseudo 3-D representations. 

CT of coal has beeen explored for a variety of different applications to coal and coal 
processing technology. In a comparison of CT data with conventional coal analyses and 
petrography, CT was found to offer a good indication of the total ash content of the coal. 
The spatial distribution of the coal mineral matter as seen with CT has been suggested as 
an indicator of coal washability. Studies of 'gas tlow through coal using xenon gas as a 
tracer have shown the extremely complicated nature of the modes of penetration of gas 
through coal, with significant differences in the rates at which the gas can pass along and 
across the bedding planes of coal. 

In a special furnace designed to allow CT images to be taken while the coal was being 
heated, the pyrolysis and gasification of coal have been studied. Gasification rates with 
steam and CO? for a range of coal ranks have been obtained, and the location of the gasif- 
ication reactions within the piece of coal can be seen. Coal drying and the progress of the 
pyrolysis wave into coal have been examined when the coal was subjected to the kind of 
sudden temperature jump that it might experience in fixed bed gasifier applications. 

CT has also been used to examine stable flow structures within model fluidized beds 
and the accessibility of lump coal to microbial desulfurisation. 
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Section 2 

INTRODUCTION 

By itself coal is a difficult material to characterize, and many of the processes through 
which coal is put (e.g., gasification and combustion) are also difficult to study because of 
their hostile environments. Numerous and well known techniques have been developed for 
studying various attributes of coal and its processes, but, it is safe to say. none of them by 
itself, or even the available group of techniques, gives a satisfyingly complete picture of 
coal or the changes it undergoes during processing. New techniques, as they appear, are 
usually impressed to determine what new aspects of coal technology they might help clan- 

fY * 

Recent advances in x-ray imaging have been driven primarily by the requirements of 
medical applications, but the machines developed for these purposes can be applied to 
some aspects of coal science and technology because coal has a similar elemental composi- 
tion to the human body. X-ray Computerized Tomography (CT) provides clearer images of 
the internal structures of an object than can be obtained by conventional x-ray radiogra- 
phy. While the latter technique passes x-rays through an object and superimposes the den- 
sity data from all planes onto one 2-D plane, the CT technique provides an image of a 2-D 
slice through the object not complicated by out-of-plane data. 

The present experimental program has shown that it is possible to image the internal 
structures of coal and to provide a correlation between the CT images and some of the 
standard characterizations of coal. More importantly it has been shown that the internal 
structures of coal can be imaged while the coal is undergoing processing. Most of the ex- 
perimental effort has been directed at the gasification and combustion of single pieces of 
coal; however. auxiliary applications of CT to coal slurry stability, microbial desulfurization 
of lump coal. and tluidized bed flows have been demonstrated. 
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Section 3 

X-RAY COMPUTED TOMOGRAPHY 

3.1 OVERVIEW 

The CT machine used in this work was a General Electric 8800. A simplified schematic 
diagram of the important physical elements of the system are shown in Figure 3-1. The 
x-ray source is a "rotating anode" x-ray tube mounted on a rotatable gantry. The x-rays, 
as a tlat fan beam with a half angle of 30°, pass through the object under test and are 
detected by an array of 523 pressurized xenon filled detectors mounted on the gantry oppo- 
site to the x-ray tube. These detectors measure the intensity of the x-rays which have 
penetrated the object along the chord connecting the x-ray tube focal spot to the aperture 
of the detector. The 523 intensity readings taken at one position of the gantry are referred 
to as a "view." The gantry rotates 360" around the object during the acquisition of the 
data for one image. During the rotation, 576 views of the object are taken, making a total 
of 294,366 intensity measurements used to generate the image. Tn this work the data ac- 
quisition time for one image was I) s. Some newer CT machines have acquisition times of 
2 s, and experimental devices using numerous x-ray tubes simultaneously can have acquisi- 
tion times in the milliseconds. In the 8800. images can be acquired with a delay time of 
down to about 1 s. Because the x-ray tube will overheat with extended continuous opera- 
tion, the number of images that can be acquired at this minimum delay time is restricted. 
The safe number depends upon the operating conditions of the tube and, for our work. 10 

images at this fast acquisition rate was a typical limit. 

The image that is reconstructed is a map of the x-ray attenuation in a slice through the 
object under test. The thickness of the slice in all of the images used for this work is 
1.5 mm. The images are digital images on a 320 x 320 grid. Each picture element (pixel) 
in the grid represents an area of 0.2537 x 0.2537 mm square. Each number in the digital 
image is related to the averaged x-ray attenuation of a volume 0.2537 X 0.2537 X 1.5 
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mm3. The spatial resolution of the 8800 is at least 2 pixels, although the presence of a 
smaller feature with a large density difference to the bulk can be detected. General re- 
views of the computed tomography technique are given in References 1 and 2. 

3.2 DATA ACQUISITION 

All of the experiments discussed in this report were carried out using a General Electric 
8800 CT/T machine at a General Electric plant in Milwaukee. Upon taking a CT picture, 
the data were reconstructed into an image and stored on disk. At the end of a series of ex- 
periments, the data were transferred to tape and taken to the General Electric Research 
and Development Center where the data were displayed on a Digital Equipment Company 
VAX 11/782 with a Lexidata 3400 frame buffer, an Ayadin High Resolution Color Moni- 
tor, and a Matrix film copier (Figure 3-2). The necessary software for display and analysis 
of the images was written in Fortran 77. The analysis features of the software will become 
apparent during the discussion of the results. 

0 
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Section 4 

CALIBRATION OF THE X-RAY COMPUTED TOMOGRAPHY MACHINE 

4.1 ORGANIC STANDARDS 

Medical CT machines are set up for imaging the soft tissues of the body and the bone 
structures. They are therefore optimized for a mixture of low-density (about 1 g/cm3) ma- 
terials with an elemental composition of mainly oxygen, hydrogen, and carbon, and high- 
density (2 to 3 gkm3) materials with high atomic number elements such as calcium. Coal 
consists of a somewhat similar suite of elements, although in different proportions, and the 
basic calibration sequence of the CT machine could be left intact for coal experiments. 
Figure 4-1 shows the 8800 CT machine being calibrated against a water phantom. The CT 
images are initially maps of the linear x-ray absorption coefficients of the different volume 
elements within the reconstruction field. The relationship between the attenuation coeffi- 
cient and the normally reported “CT number” is 

I p(materia1) - p(water) CT number = 2024 x 
CL(wateoE,, 

(4- 1) 

where p(materia1) is the x-ray linear attenuation coefficient under the experimental condi- 
tions, p(water) is the coefficient for water under the same conditions. and p(water)Eo is 

the coefficient for water under standard conditions. 

The x-ray attenuation coefficients for a material vary with the x-ray wavelength and, 
because the x-rays used in these experiments are not monochromatic but cover a range of 
wavelengths, there is no fundamentally defined linear absorption coefficient, but rather an 
instrument-dependent observed coefficient. The observed linear absorption coefficient is 
given by: 

(4-2) 
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where L is the length (in mm) of the x-ray path through the material; I, is the detected 
signal with no material in the beam, and lI is the detected signal with material in the 

beam. 

In order to make the CT number dimensionless, the observed attenuation coefficients 
are referenced to that of water under standard conditions. The standard condition for our 
experiments is the linear absorption of water using monochromatic radiation at 73 keV. 
?‘he value is 0.01905 mm-’. 

From the form of Equation 4-1, it is clear that if the unknown material is itself water, 
then the CT number is 1024; if the “material” is a vacuum, then the CT number is zero. 
Air is effectively a vacuum for the conditions of our experiments. The signal from the 
x-ray detectors is originally analog and passed through a 12 bit A/D converter. The CT 
number range is therefore 1 to 4096, meaning that materials with up to four times the den- 
sity of water can be covered. 

A number of organic materials consisting primarily of carbon, hydrogen, and oxygen 
were imaged on the CT machine to determine the machine’s sensitivity to elemental com- 
position and bulk density. Water was also imaged for comparison. Figure 4-2 shows the 
CT image of distilled deionized water in a plastic bottle. An arbitrary square has been 
chosen covering the water part of the image, and a histogram has been displayed along 
with a number of statistical parameters. These are: 

a. Average 

N 
CT = z C T ( i ) / N  

1 

(4-3) 

b. Standard Deviation 

c. Skewness from the Average 
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5 [cP(i) - cT]’ 1” I i  N 
skew(av)= 

d. Skewness from the Peak 

skew(pk) = 
N 

(4-5) 

113 

(4-6) 

I The skewness factors are a measure of the asymmetry of the histogram distribution. If 
the distribution is perfectly symmetrical, then the skewness factor is zero. If more numbers 
occur below the average than above it, then the skew(av) number will be negative, etc. We 
have defined our own skew(pk) parameter because we will need a measure of the skewness 
around the most commonly accumng CT value, which need not be the same as the aver- 
age value. The usefulness of this skew(pk) parameter will be seen later when the histo- 
grams from coal are discussed. 

Statistical data from other standard materials are summarized in Table 4-1. The stan- 
dard deviations and skewness parameters of some of these standards were not as good as 
the corresponding values for water, and the results suggest that the “standards” were not 
uniform. Better standards with a narrower density range were made by using hydrocarbon 
liquids of known density. The CT pictures were taken with the liquids in a thermostatted 
bath at 27 “C. The results are plotted in Figure 4-3. 

The best fit line with the origin included has the form 

CT# = 58.0 x (density)2 + 894.4 x (density) + 9.0 (4-7) 

A best fit excluding the origin has the form 

CT# = 508.9 x (density)’ + 5.76 x (density) + 329.0 (4-8) 

The elemental difference between water and the hydrocarbons was enough to bring the 
CT value of water off the curve in Figure 4-3. therefore. water was not included. The 
second relationship above is the one we will use for hydrocarbon materials with a density 
between I and 2 g/cm3. 
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CT pictures of a number of minerals commonly found in coal were also taken. The 
conditions under which the pictures were taken were the same as for the liquid standards 
and these conditions were also the ones most commonly used for the coals. The minerals 
tested are listed in Table 4-2, along with their composition and nominal densities. In the 
case of illite, the sample was an “illite containing shale” from Fithian, Illinois, and was 
found from the CT pictures to be clearly heterogeneous. For kaolin, the sample was a 
weakly bound lump from Macon County, Georgia, and was highly porous. The bulk densi- 
ty of the kaolin sample was considerably less than the nominal density of the material, as 
reported in Table 4-2. 

In order to reduce the edge artifacts in the CT images of the minerals, each sample was 
potted in epoxy resin before the CT pictures were taken. The edge artifacts therefore oc- 
curred at the outside edge of the epoxy and not at the much smaller density jump at the 
epoxy-mineral interface. In the kaolin case, the epoxy potting compound soaked into the 
outer layers of the kaolin sample before it cured. This caused a high-density ring around 
the outside of the CT image of the kaolin (Figure 4-4). For the unimpregnated kaolin, the 

CT number is 1882, while for the pure cured epoxy compound the CT number is 1127. 
The composite material where the epoxy has penetrated into the kaolin has a CT number 
of 2320. Assuming that the epoxy displaces air and leaves the kaolin structure unaffected, 
the void fraction (V)  in the mineral can be found, along with the CT number for kaolin 

(K ): 

V X 0 + (1-V)  X K = 1882 (4-9) 

V X 1127 + ( 1 - V )  X K = 2320 (4-10) 

V = 0.38 (4-11) 

K = 3078 (4-12) 

In Table 4-2 the observed CT numbers are listed for these minerals along with their 
electron density, the ratio of their electron density compared to that of water, and their 
expected CT numbers, based upon the assumption that all of the x-ray beam attenuation 
has been by Compton scattering (Le., that the CT numbers scale with electron density). As 
can be seen, the agreement between experiment and theory is poor. This lack of agreement 
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is due to not taking into account the contribution of photoelectric absorption to the at- 
tenuation of the x-ray beam. 

4.2 MINERAL STANDARDS 

The x-ray tubes used in this work have a characteristic emission spectrum or color, as 
shown in Figure 4-5. Photoelectric absorption causes a complication in the analysis because 
the xenon detectors used in the CT machines are color sensitive; i.e., they give a different 
electrical response to photons of different wavelength. Photoelectric absorption in the ma- 
terial being studied affects the color of the x-ray beam incident on the detector and that, in 
turn, affects the detector response, the observed attenuation coefficient, and hence the CT 
number. The detectors used in these CT machines are filled with high-pressure xenon. The 
x-ray K absorption edge of xenon occurs close to the peak of the filtered x-ray tube emis- 
sion curve. Tncoming photons are absorbed by the xenon gas primarily by photoelectric ab- 
sorption. This causes emission of energetic electrons whose energy is thermalized by ioniz- 
ing collisions with neutral xenon atoms. The effective energy lost per ionizing collision is 
22 eV. The detector electronics records the current in the gas caused by this ionization. If 
I is the current and d ( E )  is the spectrum of the deposited x-ray energy, then the detector 
signal is given by 

(4- 13) 

where E is the energy of the photon and E, is the electron energy lost per ionizing colli- 
sion. 

If the emitted x-ray tube intensity (after the inherent aluminum filtration of the tube) 
is i(E), then d ( E )  is some function of i(E), depending upon the absorption characteristics 
of the xenon detector. In the case with no absorber in the beam. 

d ( E )  = A ( € )  X i(E) 

and 

Io x J A ( E )  x i ( E )  x EdE 

where I, is the detector current with nothing in the beam. 

(4- 13) 
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If an absorber is in the beam, it modifies the x-ray beam by a function T ( E )  

If T ( E )  is a constant (Le., does not affect the x-ray color), then 

(4- 16) 

(4-17) 

and the attenuation coefficient can be calculated by the expression 

a = --In 1 [e] 
L 

where L is the length of the absorber. 

If T ( E )  is, instead, a function of the x-ray wavelength, then 

J T ( E )  x A ( E )  x i(E) x Ed€ - IT 

10 
- -  

A ( E )  X i(E) X EdE 

and the value of the ratio 

(4- 18) 

(4- 19) 

(4-20) 

clearly depends upon the function T ( E ) ,  Le., the color change in the x-ray spectrum 
caused by the absorber. 

The x-ray absorption and detection processes in the CT experiment have been modeled 
to specifically take into account the varying attenuation mechanisms of the elements com- 
monly found in the minerals of coal. Figure 4-6 shows a schematic of the absorption pro- 
cess. The emission spectrum of a medical x-ray tube operated at 150 kV is shown in Fig- 
ure 4-5. The spectrum is essentially the bremsstrahlung emission continuum modified by 
the inherent aluminum absorption of the tube window at the low energy end and by the 
tungsten emission lines in the region around 67 keV. 

'The absorption spectra of carbon and calcium are shown in Figures 4-7 and 4-8. These 
elements cover the atomic number range of primary interest .in this work. Within the 
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emission of the x-ray tube, the absorption at the low energy end is primarily caused by the 
photoelectric effect while Comptom scattering causes the attenuation at the higher ener- 
gies. The ratio of the photoelectric cross section to the Compton cross section varies con- 
siderably between carbon and calcium (Table 4-3), and this causes absorbers containing the 
different elements to not only attenuate the x-ray beam but also change its color. Knowing 
the elemental composition of the absorber, the spectrum of the transmitted x-ray beam can 
be calculated. Figures 4-9 and 4-10 show the transmitted spectrum for 1 cm of coal and 
1 cm of calcite. The preferential absorption of the low energy photons by calcium is clear. 
Knowing the absorption spectrum of the xenon detectors, the spectrum of the deposited 
energy can be calculated and. finally, from a knowledge of the ionization potential of the 
xenon gas, the detector current can be calculated. 

By carrying out these calculations with and without an absorber in the beam, the ex- 
pected values of the current with and without' the absorber can be estimated. and theoreti- 
cal estimates of the attenuation coefficient can be made. The results of such a calculation 
for a number of materials is shown in Table 4-4. The CT numbers have been calculated 
from the linear attenuation coefficients using Equation 4- 1. The theoretical numbers are 
based only on the emission spectrum of the x-ray tube, the x-ray attenuation cross-sections 
of the elements involved, the absorption characteristics of the detectors. the density of the 
absorber, and its path length in the beam. The calculations give a good explanation of the 
CT numbers of the minerals and also an a priori explanation for the CT number of coal. 
The theory predicts a CT number of 1205 and, as will be seen. many of our coals show a 

peak in their CT number distribution in the range 1200 to 1250. The results for the 
minerals suggest that, for the purposes of the CT experiments. they can be grouped into 

two classes. The first class consists of minerals containing low atomic number ( 2 )  elements 
(e.g.. kaolin, illite, silica. and feldspar) and a second class of minerals with high Z ele- 
ments (e.g.. calcite, rutile, and pyrite). For the light class. we can assign an expected CT 
number of 3100, while the heavy minerals are off scale at 4095. 

4.3 EXPECTED DENSITY FUNGES FOR COAL MACERALS 

It is well known that the organic fractions of coal are not homogeneous. Historically 
they have been classified into maceral groupings. based upon the different optical proper- 
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ties of the materials, and it has been found that the entities isolated by the light micro- 
scope have distinguishing features other than optical. For the purposes of a CT examina- 
tion, the difference in physical densities of the maceral groups in coal is the most promis- 
ing property by which to distinguish them. 

The densities of the organic fractions of coal can be expected to fall in the range 1.0 to 
1.5 g/cm3. Dyrkasz (Reference 3) has developed techniques for the separation of coal com- 
ponents by continuous centrifugation using a density-graded fluid. An adaption of one of 
their figures is given in Figure 4-11. Without demineralization the three major maceral 
groups were not well separated and the (predominantly vitrinite) coal fractions ranged 
from 1.28 to 1.5 g/cm3 with a peak at 1.32 g/cm3. This coal had 23% mineral matter. 
mainly clays, and it appears that the mineral matter occurred as particles below the grind- 
ing size of the micronizer, intimately mixed with the coal. In programs parallel to this CT 
program, we have found that continuous 'centrifugation of micronized coals can give rea- 
sonably sharp peaks without chemical demineralization. For example, Figure 4-12 shows a 

Without dem- 
ineralization. the plot peaks out at ca. 1.25 g/cm3, and the peak represents the vitrinite 
fraction of coal. 

plot of the density distribution from a Winifrede seam coal (ca. 14% ash). .. 

. 
Vitrinite is the most commonly occurring maceral in coals and has been the most stud- 

ied. For non-U.S. coals, Franklin (Reference 4) and van Krevelen (Reference 5) found 
that the density of vitrinite varied with the coal rank as expressed by the dmmf carbon 
value (Figure 4-13). The density values obtained by the centrifuge technique are isopycnic. 
i.e., based upon the density difference between the coal particle and the supporting tluid, 
while the densities in Figure 4-13 are helium densities. However, both Franklin and Walk- 
er (Reference 6) have shown that, to within the accuracy of our CT experiments. the 
difference between the two methods is negligible. 

Where currently available the analysis of our coal seams, as given by the mine opera- 
tor, is listed in Table 4-5, and a summary of the percent carbon values is listed in 
Table 4-6. According to the results in Figure 4-13 this should give the vitrinites in these 
coals a density range of 1.3 to 1.4 gkm3. 
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Density data on macerals other than vitrinite is not very common. On German brown 
coals, Stach quotes the density of the exinite group (resinite. sporinite and alginite) to be 
1 .O to 1.2 g/m3 (Reference 7). 

In discussing the members of the inertinite group, Stach, where values are quotes at all. 
gives their densities to be in a range higher than vitrinite. e.g., the density of fusinite is 
“ca. 1.5,” and the density of semi-fusinite in bituminous coals “varies from about 1.35 to 
1.45” (Reference 7). 

The maceral density results from the centrifuge experiments of Dyrkasz et al. are sum- 
marized in Table 4-7. If typical values of 1.2 gkm3 for sporinite, 1.3 g/cm3 for vitrinite, 
and 1.4 g/cm3 for inertinite are taken, then the range of CT values covering the range of 
organic densities is ca. 1150 to 1300. Considering that the accuracy of the CT machine is 
2 2  CT numbers, this is a wide variation and readily distinguishable by CT. 



Figure 4-1. CT machine with water calibration phantom in place 

Figure 4-2. CT image of water with statistics . 
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Figure 4-3. Variation of density of hydrocarbon standards with CT number 

Figure 4-4. CT image of kaolin impregnated with epoxy in the outer edge 
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Figure 4-5. X-ray tube emission spectrum, 150 KV, 2 mm AI filtration 

4-12 



c
 

1 W
 

x
 

~ 

a
 

W
 

t- 4
 

z
 a T 

W
 

m
 

4
 

I 
x

 

4-13 



t 

L " L 

Figure 4-8. X-ray absorption spectrum of calcium 
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Figure 4-9. Calculated x-ray spectrum following attenuation by 1 cm of coal 
(C49H@7Sl 1 

Figure 4-10. Calculated x-ray spectrum following attenuation by 1 cm of calcite (CaCo3) 

4-15 



I A t  I 

a 

0 1.0 
0 
0 
LL 

I I I I\ --12% MINERAL MATTER 
-16% MINERAL MATTER 

23'/0 MINERAL MATTER 

z 
c 

+ r 

0 
3 0.8 - - 

- 
W 

c 
1 0.4 - 3 

a 

1.1 I .2 I .3 I .4 1.5 
DENSITY C9cllr3) 

Figure 4-1 1. Effect of mineral mattes on density separation of coal 

I D e n s i t y  D i s t r i b u t i o n  of h ' i n i f r c d e  -.can coal I 

Ii :. I* 'E ::] .c 

Figure 4-12. Density separation of Winifrede seam coal 

4-16 



c ( % )  

Figure 4-13. Density of vitrinite as a function of coal rank 
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Table 4-1 

CT SOLID ORGANIC STANDARDS 

- 
Densi ty  (g.cm -3 ) CT 0 skew [av)  

0 1 0 0 

1 .o 1025 2.7 1.4 

1.19 

1.19 1126 3.20 3.05 

1 . 2 1  1130 2.87 1.76 

1128 3.07 1.678 

1.80 1566 4.96 -3.59 

2.25 2050 4 .44  2.41 
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2.4 
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-3.61 

-3.59 

4.2 

4- 18 



c 

d Z I- C: 
m

 2
 

- c
 

Y + + d z + c l
j
 

- m
 E U
 

C
 

2 - .- a c c ,$ L
 

I I I I I I) 

I I , I I I , I I I I ! I I I I I I I I I I I , I I ! I I I , I I I I I I 

W
 

m
 
0
 

* l
-
 

0
 

h
 

N
 

a
 

y: N
 

h
 

W
 

h
 

N
 I- 

r
 

W
 

m
 

0
 

=r 
0
 
0
 

m
 

m
 I 

- N l- N
 

U
 

N
 

N
 

00 
* h

 

8
 L

p
 

N
 - - c I s b 

W
 

h
 

0
 

m
 

h
 

c
 

a
 

N
 

W
 

l-
 

hr 

Q
) 

h
 

* U
 

C
! 

-
-

 
Y

e
 

c
 

I I i I I I I I i i I I I I I I , I , ! I , I I I I I I i , 

1
 

c
 

4-19 



Table 4-3 

RATIO OF PHOTOELECTRIC CROSS SECTION TO COMPTON 
SCATTERING CROSS SECTION AT 50Kev 

Element  

H 
c 
N 
0 
F 
N a  
M g  
A I  
S i  
S 
K 
C a  
F e  

Table 4-4 

R a t i o  (PE/Cj 

3 
0.053 
0.1 
0.172 
0.275 
0.568 

1.1 
1.39 
2.28 
4.14 
5.11 

12.17 

0.78 

CALCULATED AND ACTUAL CT NUMBERS FOR COAL AND MINERALS 

M a t e r i  a1 p ( r n m - l )  C T  (Calc.) CT Obs., 
--- __---I_ -_-__ __ - _ _ _ _  - - _-  

Coal ( c ~ ~ H ~ ~ o ~ s ~ N ~ )  0.0256 1254 1210 * 

Kao l i  n (A14Si40 10(OH)8) 0.0632 309 6 3078 

Tef lon  C 2 F 4  0.043 2106 2050 

0.09228 4521 ’ 3096 Ca!ci te C a C O  3 
3 0  I orn it e C ab4 g (C 0 3) 0.080 3924 3 9 0 6  0-Ir09 

1’Jater H211 0.0209 1024 1024 

-_______I______~_______-I_-- ~ ----- - - -- --  
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Table 4-5 

PROXIMATE ANALYSIS OF COALS USED IN THE CT EXPERIMENTS 

Sunirnary o f  C o a l  Analyses (as received) 

Vo l  F i x e d  M A F  
(:oal Moisture Matter Carbon Ash S c H N  0 Ijtu t3t I1 

:.:otil l iedln (.:I ass [Yo Yo Y O  ‘ YO ‘Yo % (Yo ‘Yo “0 I t )  It) ( ; 0 1  11 I 1  I C 1  I1 c; 

.- -_  _ _ _ _ _ _ - _  _ _ _  - _ _  ._ _ _  - -. 
Wirii f r - i * c l c -  U i  t uminous 4.09 32.06 49.62 14.23 .76 67.65 4.71 1.30 7.26 12058 14763 seain typ ica l  

I v A  (C2 34j . 

\v i i l l l ; lh  Subbituminous 30.00 32.00 32.10 5.90 .50 47.70 3 .35  0.70 11.84 7951) analysis fi.oiii I I I I I I ~ :  

(3 prop. 

I < u s  I, : ti %,I’ 1 Subbiturriinous 25.94 29.22 36.4d 8.39 .63 (68.28 4.62 0.92 13.99)* 8756 11823 analysis f roir i  IIIIIIC 

I3 Prop. 

O I I I I )  //tl 131 tuminous 1.20 32.97 48.80 11.02 2.5 
tivc 

11612 13251 analysis f ro i i i  iiiiiii: 

prop. 

L j l t ! I L  Subbituminous 23.80 52.00 40.00 4.2 .41 55.13 5-87 0.81 11.74 9620 analysis f ro in  i i i i iw 
I3 Prop. 

Illlrluls I I G  131 t I I I T l l l ~ O U S  5.92 38.57 40.22 15.2‘) 11.99 65.77 4.66 1.09 7.93 11284 C117 
I lVlI  

IJlltsl)ur i l l 1  it u Ui t i i ir i ir lutis  2.36 39.08 5 2 . 4 7  6.09 5 - 8 1  76.59 5.45 1.53 4.50 13941 15228 COY3 
l I V I \  



Table 4-6 

DRY MINERAL MATTER FREE CARBON VALUES FOR COALS 
USED IN THE CT EXPERIMENTS 

Coal Seam C m  

Pittsburgh #8 58.30 

Illinois #6 52.02 

San Juan #8 63.10 

Beulah Lignite 25.90 

Winifrede 61.70 

Wyodak 50.50 

Ohio #6 60.37 

Dietz 55.30 
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Table 4-7 

MACERAL DENSITIES FROM CENTRIFUGE EXPERIMENTS 

Exinite 

Coa 1 Algin i te  Spor inite Vitr h i  t e  I n e r t  in i t e - 
Ohio 115 PSOC-297 1.06 1.19 1.29 1 . 3 5  

West Virginia /I5 PSOC- 124 1.15 
(Low e r K it t ann i ng) 

PSOC- 106 1.20 

1 . 2 5  1 . 3 0  

1.31 1.40 
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Section 5 

SELECTION OF COAL SAMPLES 

A set of coals was assembled for the purposes of this contract ranging in rank from an- 
thracite to lignite. The choice has been governed by the petrographic and economic in- 
terest of the seam. Because many of the CT experiments require large pieces (>2 cm), 
many of the samples had to be collected specifically for this work. The coal seams used for 
samples are listed in Table 5-1. The samples were collected at freshly opened faces and 
were taken from a vertical channel cut. Photographs were taken of the seam at the site 
where the samples were taken. 

During the contract the samples have been stored in sealed glass jars under nitrogen. 

The sample of Beulah Zap lignite was obtained from Pennsylvania State University. It 
has been maintained in a plastic bag sealed in argon. Other samples (e.g., Illinois #6, 
Pittsburgh #8, Reading anthracite) had already been obtained and were being stored, ei- 
ther under nitrogen in glass jars or in deionized water in plastic containers. 
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Table 5-1 

COAL SEAMS USED FOR THE CT EXPERIMENTS 

I.D. Rank Comments 

C268 

C267 

C269-C27 1 

L-C289 
U-C290 

C240-C248 
C291 

C249-C254 
C272-C273 

C255-C261 
(WE) 

(PEA) 
C262-C266 

C274-C278 

C279-C282 

C283-C288 

Bituminous 

Bituminous 

Bituminous 

Bituminous 

Subbituminous 

Subbituminous 

Subbituminous 

Subbituminous 

Subbituminous 

Subbituminous 

Lower Kittanning (nonmarine). The sample is ca. 
40 Ibs and was mined a t  the Dean Mine, Cambria 
County of the Bender Coal Company, Carroltown, 
PA. The sample was mined on November 3, 1982. 

Lower Kittanning (marine). The sample is ca. 20 lbs 
and was mined at Mine No. 9-50,54 of the Stahlman 
Coal Company, Jefferson, PA. This sample was 
mined on November 4, 1982. 

Ohio #6 (Middle Kittanning). This sample is ca. 
20 Ibs and was mined at the Coonville Mine, Mason 
Company, of the Valley Coal Company. The sam- 
ple was collected on November 5, 1982. 

Small samples (ca. 5 lbs each) were also collected a t  
the Upper Mercer A and Lower Mercer A seams dur- 
ing the visit to the Bender Coal Company. 

Upper Wyokak. The sample was ca. 40 Ibs and was 
mined on November 2, 1982, at the Wyodak Mine of 
the Wyodak Resources Development Corporation, 
Gillette, WY. 
Lower Wyodak. This sample is about the same size 
as the above sample and was collected during the 
same visit. 

Rosebud. Two sample of this seam were collected 
on November 3, 1982. The first was from the 
Rosebud Mine of the Western Energy Company and 
the second from the Big Sky Mine of the Peabody 
Coal Company. Both mines are situated near Col- 
strip, MT. Each sample was ca. 40 Ibs. 

Dietz #1 Upper. This sample is ca. 35 lbs and was 
collected from the East Mine of the Decker Coal 
Company, Decker, MT, on November 4, 1982. 

Dietz #1 Lower. The sample is about the same size 
as the above sample and was collected during the 
same visit. 

Dietz #2. The sample is ca. 35 lbs and was collect- 
ed during the same visit as the above sample. 
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Section 6 

COAL CHAMCTERIZATION BY COMPUTED TOMOGRAPHY 

6.1 SURVEY OF CT IMAGES OF COALS 

Large pieces of coal (ca. 5 X 5 X 15 cm) were selected from the coal bank and potted 
in polyester resin. The potting was necessary for three reasons: (a) it preserved the coal, 
(b) the potting compound supported the coal in any subsequent slicing operation to exam- 
ine the coal, and (c) the presence of the plastic prevented a large density discontinuity at 
the edge of the coal and the consequent edge artifacts on the CT image. 

CT pictures and associated histograms for a number of coals are given in Figures 6-1 
through 6-26. The statistical parameters defined in Section 4.1 are also given. 

The grey scale used to portray the coal images is the same for all the coals in this se- 
quence. The grey look-uptable (LUT) is shown in Figure 6-27. A grey level of 255 is 
white, while a level of zero is black. The variation in grey is really over a narrow band: 
1075 to 1466 CT numbers. The coals were deliberately aligned in the x-ray h a m  so that 
the pictures would cut across the bedding planes (if the coal had any). In many of the pic- 
tures, the bedding plane organization can be clearly seen. The zone of reconstruction of the 
computer-generated image is a circle 8.5 cm across for these coal pictures. All of the pic- 
tures were taken at the same magnification but not all the. coal pieces filled the image 
zone. The image size can be most easily be seen in the Mercer (upper) image (Figure 6-5). 
The ability of the CT machine to detect the presence of objects of dif€erent density within 
a matrix depends upon its spatial resolution. the size of the object, and the difference in 
density between the object and the background material. The spatial resolution is ca. 
0.5 mm but, in a different set of CT experiments, individual 250 pm aluminum wires em- 
bedded in epoxy quite clearly showed in the CT images. 

The grey scale used in the CT pictures covers a range expected for the organic fractions 
of coal. The white regions in the images are heavily laden with mineral matter. 
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The bedding plane organization is quite clear in the bituminous coals but is less evident 
in the subbitttminous and lignite coals. Vertical cracks in the coal can be seen in some 
cases (e.g., Illinois #6).  In the case of the nonmarine Lower Kittanning, our samples seem 
all to have come from an extremely shale-rich lithotype, and it is doubtful if a maceral 
analysis of this coal would be useful. It is interesting to note the apparently isolated nature 
of the mineral inclusions in the Dietz coals, compared to the banded organization in the bi- 
tuminous coals. This difference could have significance for the fracture properties, 
methane flow paths, and the washability of the coals. 

The CT histograms for the coals are usually highly asymmetric. There is a sharp rise in 
the frequency of occurrence of a CT number with a peak often being reached in the range 
1200 to 1250, followed by a gradual tailing off towards the high CT number end. Some- 
times there is a secondary peak at higher CT numbers. From the theoretical calculation of 
CT numbers and from observation, it is’clear that the CT numbers in the peak region 
represent the organic fractions of the coal. Some spread of the CT distribution to higher 
CT numbers could be explained if high-density macerals were present (e.g., the inertin- 
ites). They could account for CT numbers up to 1300. Most of the spread to high CT 
numbers must be explained by mixtures of mineral matter and organic coal within the 
same voxel. 

A list of the most commonly occurring CT (CTMC) values in the various coals is given 
in Table 6-1. The value for the nonmarine Lower Kittanning is missing because there was 
no distinct maximum for this coal. The fact that very few CT numbers fall much below 
1200 shows that the coals are not macroporous. The porosity of coals using a xenon probe 
molecule is described in Section 6.2. 

The skewness parameter, skew(pk), is a measure of the asymmetry of the density distri- 
bution in the coal, and a large value for this parameter should indicate that the mineral 
and organic fractions of the coal are well separated. The skew(pk) values €or the coals are 
also given in Table 6-1. 

A value of CTMC in the 1250 range together with a large skew(pk) should mean that 
the coal is relatively easy to clean by grinding and density separation because the organic 
and mineral fractions are geographically separate in the coal. A value of the CTMC in the 

- 
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1250 range with a small skew(pk) value suggests a clean coal. A large value of the CTMC 
(i.e., >1300) suggests that the organic fractions of the coal are intimately mixed with 
mineral matter. This, taken with a small skewness factor, suggests that the coal would not 
be easy to clean by conventional heavy media separation. An example of this case is the 
San Juan #8 where the CTMC is 1389 and the skew(pk) is small. The following diagram 
outlines the possibilities: 

good candidate for cleaning heavily mineralized; little coal to 
be gained by cleaning 
finely dispersed minerals difficult clean coal; little gained by physical 

cleaning to clean 
CTMC 

While tentative conclusions have been drawn from the particular pieces of coal exam- 
ined by CT, it should be remembered that, as yet, no attempt has been made to take 
enough samples from any one seam to allow the conclusions to be extrapolated to a charac- 
terization of the seam. 

6.1.1 Coal Samples for Comparison with Petrography 

Lump pieces of the coals listed in Table 5-1 were potted in polyester resin, and CT pic- 
tures were taken at 2 cm intervals down the length of the polyester block. Where possible, 
the coals were oriented with the bedding planes orthogonal to the plane of the CT x-ray 
€an beam. A CT picture at a ZX magnification is shown in Figure 6-28a, and another CT 
picture at the same place, but at 3X. is shown in Figure 6-28b. The lower magnification 
picture gives an overall picture of the potted coal, while the 3X picture shows more detail 
of the coal itself. 

One of the elements of this task is the comparison of the CT image with more conven- 
tional analysis of the same region of the coal. e.g., by petrography. In order to do this the 
1.5 mm thick plane which the CT x-ray beam traversed through the coal must be located 
and then the coal must be accurately cut to expose this plane. 
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During the potting operation, location markers were placed in the plastic with which 
the pieces of coal used in the petrography experiments were encapsulated. The markers 
were formed by stretching three strings of nylon line (0.5 mm dia.) in the shape of a fan 
both along the top and bottom of the coal (Figure 6-29). The potting compound, e.g., po- 
lyester resin filled with LEXAW polycarbonate beads, was then added to fill up the mold. 
After curing, the nylon lines were withdrawn, leaving two sets of diverging holes along the 
top and bottom of the plastic block. The central hole in each fan is not symmetrically 
placed between the other two, and consequently the values of x and y (Figure 6-30) 
uniquely determine the position of a plane passing through the fan. Knowing the line 
along which a plane cuti the upper fan and also the line at which it cuts the lower fan 
uniquely determines the x-ray CT plane. 

The holes formed in the plastic block by the technique described above can be seen in 
the 1X magnification CT image of the coal, and the x , y  coordinates on the image deter- 
mined. Through a series of calibrations, these coordinates can be converted to actual dis- 
tances. The holes in the plastic block are also visible from the outside of the block. 
Therefore, by fitting the distances taken from the CT image to the distances observed on 
the block, the location of the CT plane through the plastic block can be obtained. 

Professor Alan Davis of the Pennsylvania State University has been subcontracted by 
General Electric to carry out petrographic examinations of the coals used in this work. 
Several hundred CT images of coal have been taken, and not all of them can be given a 
detailed petrographic description. After an examination of the CT images, a certain 
number have been chosen as being of potential petrographic interest and for further work. 
A list of these CT images is given in Table 6-2. 

The coal pieces used in these experiments have typically a 10 cm x 10 cm cross section, 
and the plastic block in which they have been embedded has a cross section of 14 cm x 

14 cm. This large a block is difficult to section accurately in one operation. The pro- 
cedure, therefore, has been to rough-cut the coal approximately 5 mm on either side of the 
desired CT plane and then grind down to the actual CT plane. At the stage when the coal 
has been rough-cut, the slices have been given a preliminary examination to confirm their 
petrographic interest. The slices for which this was done are indicated in Table 6-3. 
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A grinding jig has been developed to attach to a Beuhler Economet KII polisher and 
grinder. This jig allows the coal to be ground down to any arbitrary angle and enables 
correction of the inevitable errors in rough-cutting. 

Once the slice of coal has been rough-cut, then the true position of the registration 
holes is revealed on the cut faces. A much better measurement of the position of the true 
CT plane can then be made. The coal is attached to Plate A (Figures 6-31 and 6-32) with 
double-sided tape, and the two micrometer screws are adjusted so that the CT plane (not 
the exposed coal face) is parallel to the face of B. The entire holder B is mounted so that 
it can slide up and down in aluminum sleeve C, always maintaining the face of B parallel 
to the face of the grinding wheel D. This procedure corrects any misalignment in the orig- 
inal rough-cutting of the coal block. An example of a cut (and partly polished) block com- 
pared to the original CT picture is shown in Figures 6-33 and 6-34. 

Figure 6-35a shows an annotated photograph of a piece of Pittsburgh #8 bituminous 
coal, while Figure 6-35b shows the CT image contained within the coal slice. The CT 
plane is approximately 5 mm below the surface photographed in Figure 6-35a. Similar 
pairs of pictures are given for Illinois #6 coal (Figure 6-36a and 6-36b) and Lower Kttan- 
ning (marine) (Figure 6-37a and 6-37b). 

As was shown in Section 4, the CT number for a material can be calculated from first 
principles, knowing the emission characteristics of the x-ray source, the elemental composi- 
tion of the material, its density, and the x-ray detector characteristics. 

The densities of the different maceral groups are quite different (Table 4-7), and so 
areas of different maceral inclusions in the coal should be directly observable by CT', pro- 
vided that the inclusions are larger than the spatial resolution of the instrument. 

Several areas in the petrographic photographs have been identified as being pyrite, 
heavily laden with pyrite, or heavily laden with clay minerals. Typical CT number ranges 
€or pyritic areas, clay areas. and vitrain are given in Table 6-4. 

Regular petrographic analysis of the coals under study have been carried out by Profes- 
sor Allan Davis of the Pennsylvania State University. The coal samples were ground up. 
potted, and polished according to standard petrographic techniques. The samples were ex- 
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amined under reflected light to establish the maceral composition of the coals. A sample of 
the reflectance results is given in Table 6-5, and a summary of the results for the other 
coals is given in Table 6-6. 

Petrograhic Reflectance Mapping 

The instrumentation is based on a Leitz Orthoplan microscope equipped with an 
MPV 2 photometer and a stepping stage which moves in 2.5 pm increments at a rate of 
1250 p d s .  The usual magnification of the microscope is 650X and readings are taken on 
areas 2 pm x 2 pm. Reflectance values flow directly into a Digital Equipment Corpora- 
tion MINC-11 laboratory computer which controls the scanning pattern and rate, as well as 
data acquisition. This computer features 32K of memory and a 12-bit analog-to-digital 
converter. The equipment becomes the latest version of the automated reflectance micro- 
photometer systems developed at Pennsylvania State University expressly for the petro- 
graphic characterization of coals. However, earlier versions were able to generate only a 
frequency array of retlectance values rather than a two-dimensional matrix. 

Control of the system through computer software permits considerable flexibility in es- 
tablishing operation parameters. The programs are interactive and require the operator to 
enter these parameters as input variables. Parameters include: 

a. 

b. 

C. 

Shape and Size of Scan Pattern - operator must specify the length of a traverse in the 
,r direction, the total number of traverses desired, and the distance between traverses 
in the y direction. 

Data Acquisition - the distance between sample points along a traverse must be 
specified as well as the number of actual readings to be taken at each point. The 
sampling rate of the computer is on the order of microseconds, and even at the max- 
imum speed of the microscope stepping stage, enough overhead time exists to take 
and average 25 readings at each point. 

System Calibration and Reflectance Range - the computerized reflectance micro- 
scope is calibrated according to the technique used for conventional microscope 
photometry-with optical glasses of known reflectance value. These reflectance 
values are entered at the video terminal, and the screen displays a value which is ad- 

' 
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justed to that of the standard reflectance by adjustment of a potentiometer on an am- 
plifier low-pass filter unit. The program allows data acquisition to be interrupted in 
order to recalibrate the system. The amount of time between calibrations must be 

specified; the usual duration is 30 min. The final parameter concerns the range of 
reflectance values. Ordinarily, only eight bits of computer memory on the analog- 
to-digital converter are used in order to maximize storage capacity on the computer 
disk while creating 255 reflectance levels for a 0 to 5% reflectance range. The only 
component of bituminous coals with a higher reflectance level is pyrite, so all read- 
ings taken on pyrite are assigned to the maximum value. 

Once the operation parameters have been entered and the sample is properly aligned 
and leveled, the analysis can begin, Scanning is interrupted by the computer in only two 
situations. One is for the calibration to be checked periodically, as predetermined by the 
operator, and the other is for manual translation of the sample to a new "frame." The 
scanning range of the digital stepping stage is 20 mm X 20 mm. When it is desirable to 
analyze a greater area than that, such as the surface of a block of coal, the computer 
divides this area into a number of smaller frames. When a frame has been completed. the 
microscope stage returns to the origin, and the sample must be moved manually the exact 
distance specified by the computer by means of spindles equipped with Vernier scales. 
This manual translation is accurate to within 250 pm and is necessary only when large 
areas are scanned. In such cases the usual sample point-to-sample point distance is 100 
pm, and a polished block of coal, approximately 4 cm on a side, requires about 3 h for 
completion. Therefore, practical considerations limit the maximum sample size suitable for 
analysis by this technique, but great potential exists for mapping smaller features. These 
can be scanned to a resolution of one step, or 2.5 pm. 

Each frame is stored on a computer disk in the proper spatial sequence that would have 
been created had the entire sample surface been scanned without interruption. When com- 
plete, this matrix may be put into an image processor and displayed on a video screen ei- 
ther on a gray scale or color scale. 

Figure 6-38a is a photograph of an exposed polished coal surface corresponding to the 
retlectance map shown in Figure 6-3%. It was displayed on the same equipment used to 
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display the CT images. Figure 6-39 shows a reflectance map for the Navajo coal. In addi- 
tion to the Navajo coal, images of Beulah Zap lignite, Wyodak Sub C, Illinois #6, Pitts- 
burgh #8, Lower Kittanning marine and nonmarine, and Decker Dietz have been ob- 

tained. 

Comparison of the Two Images 

In order that the two types of image can be quantitatively compared, they should be 
put on the same grid size and aligned on the same coordinate system. Normally, in the 
petrographic analysis, the focal spot of the light beam is a few microns in diameter. This 
means that a 2-D grid of reflectivity values would only sample a small fraction of the coal 
specimen even if the grid spacing were the same as that for the CT image. The CT image, 
on the other hand, averages the properties of the entire volume element in order to arrive 
at a number representative of that volu,me. In order to make the reflectivity maps as 
representative of the surface as possible, the reflectivity light beam was enlarged as much 
as possible and readings were taken on a finer grid than used for the CT with the intent of 
averaging the reflectivity readings to get a number comparable to the CT. In particular the 
reflectivity data were taken on a 125 pm grid, while the CT grid is over 265 pm. As a 
further check on the scaling, the distance (in CT image pixels) between markers which ap- 
peared in CT images were compared with actually measured distances on sectioned coal 
specimens and distances (in retlectivity image pixels) between copper pins on the retlectivi- 
ty image were compared with those measured on the actual coal. These sets of measure- 
ments were made on a number of CT and reflectivity image pairs and led to an average 
scaling factor between the two imaging modalities of 2.15. This represents the factor by 
which the reflectivity image must be shrunk to get the best correspondence with the CT 
image. The actual range of scaling factors was 2.11 to 2.18, a consequence of errors in sec- 
tioning the coal along exactly the CT x-ray plane. 

Quantitatively shrinking the reflectivity image was accomplished by neighborhood inter- 
polation. For an arbitrary scaling factor F , (e.g., 2.15) pixel values over an area F X F on 
the original image were weight-averaged to yield a single new pixel value. The problem be- 
comes more complicated because it is not generally possible to add the values of 4 whole 
pixels and 0.62 of a fifth pixel and simply divide by 4.62 to obtain a weighted average. 

L 
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This is because the particular location in space may include small portions of all the adja- 
cent pixels as illustrated in Figure 6-40. Here the example of a REMAP scaling of 2.15 is 
illustrated. Only the equation for the left-uppermost transformation is explicitly expanded. 
The resultant pixel R '(1,l) is composed of a weighted sum of nine separate pixels in R 
space. It is possible that as many as 16 pixels may be required to generate a single 
transformed pixel, dependent on the phasing in R space. This variablility had been a 
source of particular complexity in generating the REMAP code. 

The reflectance images were shrunk by the requisite factor in order to establish a one- 
to-one correspondence between CT images. Occasionally the resultant images were invert- 
ed, rotated, or reflected to match the CT orientation before storing in the final form. 

As mentioned earlier, several nylon lines were plotted along with the coal in order to 
establish the precise plane for slicing and polishing, within the 1.5 mm CT x-ray plane 
width. Each fishline hole is about 3 pixels wide, with centers on the 1X image accurately 
measurable within 1 pixel in each dimension. Copper pins were placed in the coal after 
the coal had been rough cut but before the final polish and the reflectivity measurements. 
These pins showed up in the retlectivity map and were assigned CT coordinates separately 
by triangulation and by arcing. This measurement introduced another error of 0.2 mm or 
1 pixel in each direction. Thus the pin locations in the 1X image were known within 2 pix- 
els, so that for the 3X image, which was used for comparison with the Penn State images, 
pin locations were known within 2 6  pixels. The retlectivity maps were taken on the sam- 
ples using the pins to orient the coal block on the microscope stage with respect to vertical 
and horizontal. Examination of the pin locations on the reflectance images showed an 
average slope of 3%. relative to the CT image. This means that if the CT image is aligned 
within 5 6  pixels at a given pin. then 100 pixels away. the alignment is off by an average of 
3 pixels in either dimension. Certainly this is reasonable since, in actual terms. the block 
of coal was oriented on the microscope state within 0.6 mm of normal over the length of 
the block. 

The lengthy discussion in the previous paragraph becomes significant when a pixel-by- 
pixel comparison of CT and retlectance maps in undertaken. In order to accomplish this, 
several subroutines were encoded which aid in this analysis. Explicitly, most useful are rou- 
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tines which plot pixel values along lines in the images; histograms can be displayed of pixel 
values in arbitrary shapes drawn' in the image; pixel-by-pixel correspondences are deter- 
mined, sorted, plotted, and fitted to polynomial expressions in corresponding rectangles or 
arbitrary shapes. 

Figure 6-41 shows the simplest case of an image compared with itself. Here two identi- 
cal CT images of a Lower Kittanning bituminous coal were simultaneously displayed. 
offset by 320 pixels along the horizontal axis. Two squares, 20 X 20 pixels in dimension, 
were drawn on either image, centered at (150,150) and (470,150) respectively. As expect- 
ed, a plot of corresponding pixel values yielded a straight line. Plots of any arbitrary 
shapes on the images offset by 320 pixels also show straight lines since the images are 
identical. Slopes in these cases are unity. In Figure 6-42, identical images are compared 
and offset by 320 pixels, but the regions to be compared are shifted by an additional 3 pix- 
els along the diagonal. The plot appears 'practically random, though the regions compris- 
ing the comparison are nearly identical by visual examination since the 3-pixel shift is quite 
small. This is even more significant when one considers that the features in the compara- 
tive region are not very rapidly changing nor are they sharply dilineated as in Figure 6-39. 
In general, an offset of 1 pixel showed a high degree of correlation between identical im- 
ages; an offset of 2 pixels still showed a significant correspondence, while a 3 pixel orienta- 
tion error yielded near random data in even the more uniform samples. 

Consider once again the degree of accuracy in orienting CT images with reflectivity im- 
ages in light of Figure 6-42. The previous discussion indicated that the alignment of 
corresponding pin locators was, at best, within 6 pixels in either dimension. An additional 
average tilt deviation of 3% is expected, so that a location 100 pixels from the pin (25 mm) 
would show another 3 pixel error. Thus even i f  there were a perfect correlation between 
the CT and reflectivity images, there is a very good chance that the bulk of the image 
correspondences would be outside the two pixel window of accuracy, and an apparent lack 
of correlation (as in Figure 6-42) would result. 

An inherent problem associated with comparison of CT images with reflectivity images 
is that certain minerals have high density and high retlectance, while other high density 
minerals (clays) show low retlectances. To accommodate systematic problems of this na- 
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ture, a subprogram entitled FILTER has been implemented to enable the user to substitute 
certain values for another. For example, suppose a good correlation was found between re- 
flectance and CT, excepting the clay minerals which showed high CT values of 2OOO to 
2100, but low reflectance values of 120 to 150. A more reasonable reflectance might be 
280 to 320 based on the other matter in the coal. FILTER would enable the user to con- 
vert all the reflectance values from 120 to 150 to a value between 280 and 320, for exam- 
ple. 

In spite of the alignment issue and the inherent problem associated with mineral inclu- 
sions, in most cases, regions of good correlations at or around the pins has been found. 
Generally, as regions of comparison deviate from the pin locations, errors associated with 
sloping appear to become significant, though in some cases mapping correlations over wide 
regions have been found. 

Figure 6-43 shows properly aligned Lower Kittanning nonmarine coal images; the top is 
a reduced reflectance map and the bottom is a corresponding CT map. Note that the lower 
left comer of the CT image was outside of the reconstruction zone encompassed by the re- 
flectance section. Visual inspection reveals a high degree of correlation in the banding. 
Two horizontal black bands are rich in pyrite and have both high reflectance and CT 
values. Figure 6-44 illustrates one form of analysis: a test for correspondence between pix- 
els contained in square regions on the respective images. The data were fitted to the best 
line as illustrated in the graph on the photo. Figure 6-45 also reveals a g d  correlation 
between reflectance and CT using corresponding arbitrary shapes whose geometry is con- 
trolled by a cursor. Figures 6-46 and 6-47 also reveal pattern similarities when pixel values 
are plotted along corresponding lines in reflectance and CT images, respectively. 

Good linear correlations have been found on a pixel-by-pixel basis on several regions 
contained within the aforementioned lower Kittanning nonmarine coal. the Navajo coal. 
and the Decker coal. The illustrated lower Kittanning coal showed generally good correla- 
tions throughout the coal, not just about the pyrites. 

The physical properties of coal that determine its petrographic response are those that 
affect its optical reflectivity, while the property that determines its CT response is its x-ray 
attenuation. The two techniques operate in quite different regions of the electromagnetic 
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spectrum. The optical properties used in petrography relate primarily to the behavior of the 
valence state electrons in the coal constituents, whereas in the CT case the attenuation 
coefficient of the x-ray beam is mainly dependent on the total electron density of the sam- 
ple. 

The CT, in common with all other commercially available tomography equipment, has 
the density resolution to distinguish between the different maceral groups of coal and 
between the coal and minerals; however, the spatial resolution is about an order of magni- 
tude too gross to pick up the coal features normally used in a petrographic analysis. The 
CT machine can pick up the major microlithotype layers in coal and can perhaps do a 
better job in separating the minerals from the organics than can optical petrography. 

6.1.2 Comparison of CT with Mineral Matter in Coal 

One of the subtasks is to compare the distribution of mineral matter in the coal with 
the CT numbers of the CT image. A series of experiments has been completed in which 
tests were made for correlations between CT number and mineral matter distribution. For 
example, a piece of Illinois #6 coal was taken that was also used for a xenon penetration 
experiment. The CT image for the coal is shown in Figure 6-48. The coal had been cut 
into a 2.5 cm x 2.5 cm x 10 cm block, potted in an epoxy cylinder, and mounted in an 
acrylic plastic tube. The square cross section of the coal, the cylindrical epoxy potting ma- 
terial, and the circular ring of the acrylic tube are all features visible in the image. After 
the xenon experiment, the coal was sectioned through the same plane that was imaged in 
Figure 6-48. One of the exposed faces was polished, coated with a conductive film of car- 
bon, and further cut to allow sections to be introduced into a Carneca SEM quantitative 
microprobe. The holder for the coal is shown in Figure 6-50. The microprobe was set up 
with a square beam profile 50 pm on the side and in the automatic stepping mode with 
100 pm between steps. At each location. the weight percent was measured for Na. K, AI. 
Si, Ca, Fe, and S. Most of the signal at a position was usually obtained from aluminum 
and silicon (Figures 6-51 and 6-52). (Note that the scan direction has been reversed.) 

The relative weight percent for the inorganic species present in a particular location was 
obtained by combining the weight percents of the seven inorganic species measured. This 
total was then plotted against distance along the coal for four scans across the coal, each 
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scan being between 2.5 and 3 cm long (i.e., some 300 points per scan and seven elements 
at each point). These total mineral plots are shown in Figures 6-53, 6-54, 6-55, and 6-56. 

A line has been drawn on the CT image in Figure 6-48, and the CT numbers along 
that line have been plotted out in Figure 6-49. This line is approximately the position of 
scan 3 (Figure 6-52). The x-ray microprobe results are on a grid of 50pm x 50pm x ca. 
l p m  while the CT data is on a grid 300p.m X 300pm X 1500pm, i.e., the microprobe 
data has much higher spatial resolution. If this is taken into account and it is realized that 
the intense sharp peaks of the microprobe data would become smaller broader peaks upon 
data smoothing, then it can be seen that a first order correlation appears to exist between 
the mineral scan and the CT number scan. Other scans were taken using Lower Kittanning 
(Marine) (c267-L2-S16), Lower Kittanning (nonrnarine)(C268-Ll -M), Wyodak(C245), 
and Decker E(C285-L1), with similar results. 

A series of experiments were run to test the correlation of CT to parameters measured 
during ultimate and proximate analysis of coal. The coals in Table 6-7 were used. CT pic- 
tures were taken along the coal at intervals of 10.5 mm. The actual location of the x-ray 
image plane in the coal was determined by examining the position of fiducial marks in the 
plastic potting compound surrounding the coal. These marks could be seen both by the 
x-ray and by visual inspection. The coals were sectioned 5 mm on either side of a CT im- 
age plane, thereby giving a physical slice of coal 10 mm thick with a CT image plane 
through the center. The coal was knocked out of the plastic support, ground, and used for 
proximate and ultimate analyses. Because the properties of the coals vary slowly along the 
bedding plane. as opposed to across them. the CT plane gives an adequate representation 
of the 10 mm thick slice of coal. 

A "computer mouse'' was used to outline the coal in the CT image of slice, and the 
average value of the pixels inside the outline was compared with a number of coal parame- 
ters including those of the ultimate and proximate analysis. The best correlation was 
between the ash content of the coal and the CT value (Figure 6-57). 

CT gives a more accurate value of the mineral burden of a coal if only because it is not 
sample-size dependent. For example a conveyor belt with lump or irregular coal on it 
presents a varying coal path to a single beam analyzer, making it difficult to determine a 
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mass absorption coefficient for the coal and its mineral content. The CT suffers from the 
disadvantage that for the higher atomic number mineral impurities (e.g., pyrite or calcite) 
the measured attenuation is not linear with coal density. Here the isotopic source devices 
would be better. Some isotopic source CT machines have been built, but none are commer- 
cial and none have a data acquisition time less than several minutes. 

I 6.2 COAL POROSITY 

Coal porosity and coal char porosity are important technological parameters because of 
the effect they have on such diverse properties as gas seepage in coal mines, coal liquefac- 
tion, coal pyrolysis, and gasification. 

The CT number for a material, regardless of its phase, depends upon the x-ray attenua- 
tion coefficients of the elements comprising the material and also their number density (for 
further discussion, see Section 4). 

1 Coal and the gases normally associated with gasification and combustion (e.g., 02, 

C 0 2 ,  N2 consist of elements from the first and second rows of the Periodic Table and have 
similar x-ray attenuation coefficients (Figure 6-58) over the range of x-ray wavelengths em- 
itted by the CT machine. The difference between the CT number for coal and for the 
combustion gases will be due to the density difference. While coal has a density of 
1.3 g/cm3 and a CT number of about 1300, air has a density of 1.3X gkm3 at STP 
and therefore would be expected to have a CT number close to 1. Given that the error in 
the CT measurements is 2 2  CT numbers then an atmosphere of air would be undetectable 
by the machine. A similar argument applies to all the gases made of elements from the 
first and second rows of the Periodic Table. Other elements, however, have significantly 
greater absorption than nitrogen or oxygen. The mass absorption coefficient for xenon is 
shown in Figure 6-58. Xenon, along with its neighboring elements has an x-ray 
K-absorption edge close to the maximum of the emission curve of the x-ray tube. At the 
peak of the K-edge the cross section for xenon is 7.009 X lo3 barndatom; while for nitro- 
gen the cross section is 6.1 barndatom. Integrated over the emmission range of the x-ray 
tube this high cross section makes xenon gas visible to the CT machine. An experimental 
curve of xenon pressure against CT number is given in Figure 6-59. In the linear region of 
the curve, the sensitivity of the CT measurement is 3.6 torr/CT number at 23 "C. In other 
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terms, if the CT voxel acquired 1.3 x lo'' atoms of xenon, then there would be a change 
of one in the CT value for that voxel. 

In order to characterize the behavior of xenon as a probe molecule, a series of BET 
measurements were carried out to compare xenon with nitrogen and C02. The xenon ex- 
periments were performed at -111 "C using a slush bath of chlorotrifluoromethane to 
maintain a constant temperature. The results are listed in Table 6-8. 

The substrates used were: 

a. 

b. 

C. 

d. 

Solid glass spheres (3 to 10 pm). The size distribution for these spheres was deter- 
mined by measuring bead diameters on a photomicrograph. On the assumption of 
no porosity in these spheres the surface area was calculated to be 0.4 m2/g. There is 
good agreement between this theoretical value and the experimental result. 

Hypersil. This is highly porous silica. All three probe molecules show a much higher 
surface area than with the solid glass beads. 

Illinois #6 coal (C134) was micronized to ca. 20 p m  particle size. The BET results 
show the classic variation between N2 and COZ. They also show xenon behaving 
much more like N2 than C 0 2 .  

Lignite (C109) was ground to pass through a 210 pm screen. The results show again 
that the behavior of xenon is closer to that of N2 than to CO?. 

The assumed coverage areas for the different probes are: 

Gas 

N 16.2 
C02 21.8 
Xe 23.2 

The results (Table 6-8) show that xenon will not behave in an abnormal fashion in the 
CT diffusion experiments and should, in fact. behave in a similar fashion to nitrogen. 
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All of the flow experiments have been carried out on Illinois #6 coal (C118-1-1) This 
coal had been stored under deionized water since the time it was mined. Three rectangu- 
lar parallelepipeds were cut from the same lump of coal. The dimensions of the paral- 
lelepipeds were 3 cm x 3 cm x 10 cm. In two cases, the long axis of the coal block was 
cut parallel to the bedding planes, while in the third case the long axis was cut perpendicu- 
lar to the bedding planes. In all cases the outer surfaces of the coal blocks were sealed by 
“painting” them with an epoxy resin (Dexter Hysol RE2039 with 15% 3469 hardener). 
The resin was cured at 50 to 60°C over a period of about 12 h. Several coats of epoxy 
were applied to make sure that the surface of the coal was sealed and that gas could not 
leak aIong the interface between the coal and the potting compound. The sealed block was 
then put in a mold and a 2-in. OD cylinder of the same epoxy resin was cast around it. 
Before curing, three diverging 8 mil A1 wires were put on the epoxy for use as location 
markers in the CT image, and also a color-coded plastic thread was put in for sample iden- 
tification. 

After the cure was complete, the square ends of the coal at either end of the paral- 
lelepiped were exposed by machining the face in a lathe. 

The potted samples were placed in acrylic plastic tubes (2-in. OD by 16-in. long) in 
such a way that a pressure difference could be applied across the coal. A schematic of the 
apparatus to handle the coal is shown in Figure 6-60. 

Three of these plastic tube sample holders were mounted on a dummy CT cradle and 
equipped with a gas supply and pressure monitoring system as indicated in Figure 6-61. 
The pressure monitors on each of the three tubes were Validyne diaphragm gauges. The 
gauge for the inlet gas manifold was a Wallace-Tiernan absolute pressure meter for the ex- 
periments of December 1982, but this was replaced with an IMKS capacitance manometer 
(PDR-C-1B) and a flow controller (244A). The voltages from the pressure transducers 
were recorded on a data logging system consisting of a Hewlett-Packard 3497A Data 
Logger, with 3456A Voltmeter, a 9135A Winchester disc/floppy disc combination, and an 
85F desk top computer to act as controller. This data logging combination also recorded 
the temperatures from the Type-K thermocouples placed inside each of the three experi- 
ments. 
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The "-85 computer was programmed so that data scans over the transducers and 
thermocouples could be taken on arbitrary time interval. There is a lower limit to the time 
interval which depends on how many readings are to be taken per scan. The normal 
number of readings is eight, and under these circumstances the minimum time interval is 
about 2 s. Normally, the data scans are separated by 15 s. 

During the experiment the data is stored on the Winchester disc, and selected portions 
of the data can be displayed on the screen of the €4'435, either in graphical or numerical 
form to monitor the progress of the experiment. After the experiment has been finished, 
the data is transferred to a VAX11/782 and plotted on a Zetaplotter (1453). An example 
of one of the pressure history plots is given in Figure 6-62. In this experiment the high- 
pressure side of the coal was held at 754 torr and the pressure was being monitored on the 
closed low-pressure side as the gas came through the coal. The low-pressure side was 
periodically evacuated in order to maintain an approximately constant pressure drop across 
the coal. In addition to the transducer and thermocouple readings, the time of each data 
scan has been recorded. The clock on the HP-85 has been set to be the same as the clock 
on the computer that controls the CT machine, and because the time of each CT picture is 
also recorded, it is possible to correlate the CT pictures with events in the temperature or 
pressure history of the experiment. 

In the first experiments. the coals were deliberately maintained in a moist atmosphere. 
Free water was present in the acrylic tube apparatus on both sides of all three coals. The 
coals were designated 2.2. and 3 (Figure 6-61). Samples 1 and 2 were the ones that had 
been cut parallel to the bedding planes and sample 3 had been cut perpendicular to the 
bedding planes. 

CT pictures were taken down the entire length of all three coal samples. The distance 
interval between CT slices was 1.5 mm. which was also the thickness of the slice. This 
means that the entire volume of each sample has been imaged by the CT machine and, in 
principle, a 3-D map of the coal structure could be produced. 

In the case of sample 1, both sides of the coal were pressurized with xenon to a pres- 
sure of 754 torr, and the was gas allowed to penetrate into the coal for 19.3 h. At that 
time the chamber on one side of the coal was evacuated and CT pictures were taken while 
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I the xenon was coming out of the coal. This experiment was designed to mimic the 
behavior of methane flowing out of a coal seam upon release of pressure. 

In the case of samples 2 and 3, the manifold side of the coal was pressurized with 
754 torr of xenon, and the downstream side of the apparatus was evacuated, then closed 
off, and the pressure rise in that section was followed as a function of time. Whenever the 
pressure reached ca. 100 torr, the section was reevacuated. This maintained a relatively 
constant pressure difference across the coal. To follow xenon penetration in the coals, CT 
pictures were taken at 1.5 mm intervals down the length of the coal samples. The flow of 
xenon through the coals was followed for 10 h in the case of sample 1, for 24 h in the case 
of sample 2, and for 14 h in the case of sample 3. 

To prepare for a second series of experiments, the same three samples of coal were 
heated at 80 "C for two weeks under vacuum (< 1 torr). This treatment removed as much 
of the water and small molecular weight components as possible from the pore structure of 
the coal without affecting the pore structure itself. 

In the second set of experiments, coal sample 1 was pressurized to 1140 torr of xenon 
for 12 h, then evacuated on the downstream side, and CT pictures were taken while the 
gas came out of the coal. In the other two cases, the manifold side of the coal was pres- 
surized to 1140 torr of xenon and the downstream side was evacuated, then allowed to fill 
back up to equilibrium with the gas penetrating through the coal. 

The pattern of xenon penetration is obtained by subtracting the image of the xenon- 
impregnated coal from the original coal. It has been found that although the CT cradle 
will accurately return to the same position along the piece of coal, there is a variable sag in 
the CT cradle causing the image to move around in the zone of reconstruction of the com- 
puter. This change in position is illustrated in Figure 6-63. The red ring is the zone of 
computer reconstruction and remains constant in position. The blue circle is the outline of 
the plastic tube containing the coal, and it is clear that the position of the tube has changed 
within the red ring. The effect of this change in position is that when two images are s u b  
tracted, the corresponding positions in the coal are not subtracted from one another and 
this error causes large artifacts in the resulting difference image. For example, in Fig- 
ure 6-64, the simple difference between the two images is shown. The dominant feature is 
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the pair of crescents which have been caused by the misalignment of the outer edges of the 
plastic tube. This effect is illustrated .in Figure 6-65. 

The approach taken to align the images before subtraction is illustrated in 
Figures 6-66a and 6-66b. In Figure 6-66a, an image has been displayed and, by manipu- 
lating the white band in the color look-ugtable (LUT) of the digital display processor, a 
range of CT values has been found that only occurs on the circumference of the circular 
outline of the image of the plastic vessel. The positions of the CT numbers in this band 
are then fitted to a central general conic, and the central point is calculated (Figure 6-66b) 
and stored. When two images are to be subtracted, the position of their centers is 
recovered from a data file and used to calculate the offset of one image relative to the oth- 
er. This method of accounting €or the shifting of the images within the computer zone of 
reconstruction takes into account orthogonal displacements of the two images but not rota- 
tion of the images with respect to one another. In our experience, rotation of the two im- 
ages has not occurred and is very unlikely, given the geometry of the apparatus. The 
offsets between the two images can be calculated to within one pixel: even then edge ar- 
tifacts can still occur. Altering the pixel offsets by one pixel in the direction to remove 
these artifacts produces artifacts in the opposite direction, 1 .e., subpixel resampling, and 
registration of the images would be necessary to remove the artifact completely. However. 
the artifact is now much smaller than the major features of the xenon pattern we are trying 
to follow (Figure 6-67), and we consider this method of aligning the images sufficient for 
our present work. 

Using another computer routine it is possible to examine the CT numbers with any ar- 
bitrary polygon and to transfer that polygon to a sequence of images so that the variation 
of the CT numbers within that chosen area can be followed throughout the sequence of 
images. One particular way in which this routine has been used for the gas diffusion work 
has been to choose an arbitrary polygon which outlines a particular region of interest in the 
coal and to apply the same polygon to the difference images that follow the flow of xenon 
into the coal, thus the flow of xenon into the chosen region of the coal could be followed 
as a function of time. Figure 6-68 shows a CT image of the Illinois #6 coal used in vessel 
#2, and, along side this image, a black-and-white image of the xenon pattern found in the 
coal after about 35 min from the time the xenon pressure was applied. Figure 6-69 shows 
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a white area that has been drawn on the image of the coal using a computer-controlled 
cursor, The shape of this polygon has been transferred to the xenon image and the 
amount of xenon appearing within the polygon can then be calculated. 

The porous structure within coals has been the subject of numerous investigations using 
a variety of techniques, e.g. mercury penetration, gas penetration, small-angle x-ray 
scattering, and small-angle neutron scattering. These investigations have concluded that 
there is a wide variation of pore size in coals. For convenience in describing this distribu- 
tion, the pores below 2 nm are called micropores, the pores between 2 and 20 nm are 
called transitional pores, and the pores greater than 20 nm are called macropores. For ex- 
ample, in an Illinois #6 coal, 30.2% of the internal volume was calculated to be as micro- 
pores, 52.6% as transitional pores, and 17.2% as macropores (Reference 9). Quite dif- 
ferent results have been obtained for coals of other rank. These experiments have been 
carried out on either coal that has been pulverized or on coal that showed no obvious 
cracks or fissures. 

Pulverizing the sample clearly eliminates any opportunity €or distinguishing between the 
porosities and flow characteristics within different volumes of the coal, and selection of 
coal pieces with no obvious cracks or fissures may weight the choice in favor of relatively 
clean pieces of vitrain and against the other lithotypes present in the coal that may play an 
important role in gas permeation through the coal. 

Flow in a microporous solid such as coal can occur by a variety of mechanisms. The 
mean free path concept is a key parameter in determining which group of mechanisms is 
operating. From 
n /cm3 , molecular 

kinetic theory of ideal gases the mean free path, A ,  of a gas of density 
diameter a cm, is given by 

1 h =  
.\/Zrrn 0 2  

The number density of an ideal gas (pressure p , temperature T )  is given by 

n = p i k T  (6-2) 

Thus for a gas at 1 atm and 25°C 
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= 2.46 x 1oi9/rn3 (6-3) 

using u = 0.41 nm (Reference 10) 

For pores with less than 54.4 run as a characteristic dimension, collisions are expected 
with confining walls more often than with other xenon atoms. Such pores do, however, 
contribute significantly to the internal surface areas of coals (Reference 9). Secondly, as 
indicated in Equation 6-1, the mean free path is inversely proportional to pressure so that 
at high pressure the cut-off pore size for continuum flow is correspondingly reduced. 

The various types of flow which can be considered are: 

a. Flow as a result of pressure gradient 

- Laminar flow 

- Knudsen flow (or molecular streaming) 

- Molecular effusion 

b. Diffusion as a result of concentration gradient 

- Bulk diffusion 

- Hindered (or activated) diffusion 

- Surface diffusion 

While the difference between sets (a) and (b) seem obvious, there is considerable inter- 
change in the literature between these terms, in part due to difficulties in interpretation of 
data under a given set of circumstances. Indeed "diffusion" experiments in coal may be 

conducted in an isobaric chamber (e.g.. Reference 12) or across a thin septum of coal 
driven by pressure (e.g., Reference 11). 

Barrer, in a classic book (Reference 13), considers those aspects of flow under group 

(a). 
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6.2.1 Laminar Flow 

Laminar flow, Le., flow in the absence of turbulence, conforms to the equation 

- a p  + pv23 = 0 (6-5) 

where p , p, and v’ are, respectively, the local pressure, dynamic viscosity and vector velo- 
city field of the flow. In particular the flow is continuum in nature and contains a charac- 
teristic flow scale d such that: 

A C< d (6-6) 

From the above discussion, it is clear that laminar flow in coal pores is limited to large 
macropores, cracks, or high-pressure flows. Notwithstanding these difficulties, the laminar 
flow concept has been exploited (Reference 11) to determine whether a piece of coal was 
cracked or whether the tlow was, in fact, in the Knudsen regime. 

6.2.2 Knudsen Flow 

Knudsen flow is an intermediate flow which occurs when the characteristic scale is com- 
parable to the mean free path of the fluid species, i.e. 

A-d 

The molar flux, N ,  of material tlowing under these conditions is 

(6-7) 

where M is the molecular weight of the tlowing species, A p l L  is the pressure gradient and 
f is the fraction of molecules that are diffusely reflected after collision with the walls. The 
expression can be more complicated for noncircular geometries. For extremely contam- 
inated surfaces, such as coal, the factor f is probably unity. 

6.2.3 Molecular Effusion 

While not strictly tlow under a pressure gradient, molecular effusion is a mean-free- 
path dominated phenomenon conveniently discussed at this point. At low-pressure the c 
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mean free path of the gaseous molecules is very large compared to the characteristic scale, 
i.e., 

A >> d 

In this flow the simple kinetic theory expressions will suffice, i.e., 

(6-9) 

N = p / V 2 n M R T  (6-10) 

This is a good model for flow through a thin orifice (i.e., thin compared to A) but flow 
through a macrosized coal lump will undoubtedly cause collisions with the wall of a pore 
during flow. In practice one could distinguish between Knudsen flow and effusion, Equa- 
tions 6-8 and 6-10 respectively, via the pressure dependence thereby implied. 

6.2.3 Bulk Diffusion 

Diffusive flows are the result not of a pressure gradient but of a concentration gradient; 
thus they are described by Fick’s Law 

(6-11) 

where the diffusive flux vector N is caused by the concentration gradient C , 

In this approach the microscopic view of coal as a 3-D network of pores is replaced by 
the picture of coal behaving as a material with a bulk parameter D .  Whereas, in dilute 
binary gases, D can be estimated from kinetic theory, no such simple explanation exists for 
coal. In an anisotropic material such as a banded coal with well defined bedding planes, 
the diffusion coefficient D is a second-order tensor with elements describing tlows parallel 
to and perpendicular to the bedding planes so that N is not parallel to C .  Such anisotropy 
has been observed with a flow approximately three times greater along the bedding planes 
than perpendicular to them (Reference 14). 

Equations of type (1) can be solved in conjunction with a continuity equation of the 
form 
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(6-12) 

In general, these problems are solved for bulk phase diffusion with D degenerated to a 
Scale quantity, the binary diffusion coefficient. Equations 6-11 and 6-12 combine to give 

ac - = a *(D: a E) a t  

I which €or constant and isotropic D yields 

a c  - = D v2c a t  

(6-13) 

(6-14) 

This has been exploited by Walker et al. (Reference 12) in a pressurized system that is 
alternately pumped full of gas and then elrhausted. The rate of rise of volume of diffusion 
gas into a sample of powdered coal is then followed isobarically, and Equation 6-14 is 
solved €or this circumstance. A characteristic flow proportional to io.’ is observed under 

these conditions. Equation 6-14 has also been used in experiments in which a pressure 
gradient has been imposed across a thin slice of coal (Reference 11); in this case, there is a 
time lag as the gas transits the slice before it is detected downstream. Barrer and Grove 
(Reference 15) have shown that Equation 6-14 leads to a “time lag” t such that 

t = L2/6D 

and 

D =- 2d u 2 R T  
3 TrM 

(6-15) 

(6-16) 

€or a uniformly porous capillary system of diameter d and length 1 when Knudsen tlow 
occurs. Binary bulk diffusion applied in the classic sense gives rise to a rather different dif- 
fusion coefficient such that 

0 x T312 / $2 (6-17) 

where R is a binary Chapman-Enskog temperature correction term (Reference 16). Except 
for large temperature changes it is a weak function of temperature so that 3/2 power law 

often surfaces. 
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6.2.4 Hindered Diffusion 

Walker (Reference 12) has s t r e e d  that hindered (or activated) diffusion is likely to 
occur when the dimensions of the diffusing species are comparable to those of the porous 
interval. This is often the case with coal so that it is postulated (Reference 17) that there 
should be an activation energy E associated with hindered diffusion. Indeed, in the basis 
of a narrow temperature range, diffusion data have been better fitted by 

D = Do expi-EIRT} (6- 18) 

than by a TIR law (Equation 6-16) or a T3n (Equation 6-17). Plausible values of E are 
obtained (e.g., 18 W/mol for Illinois #6 coal) for a diffusional barrier. 

6.2.5 Surface Diffusion 

Surface diffusion is a phenomenon in which an adsorbed layer acts as a facilitating 
plane for the migration of additional molecules that are adsorbed at the edge of the plane. 
In some circumstances surface diffusion may be a significant contributor to the total flow 
through a porous solid. As a necessary but not sufficient condition, the gas must be a b  
sorbed on the surface. Gan et al. (Reference 0) have shown that many gases do absorb on 
coal surfaces; on Illinois #6 at 298 K. the surface area was 06 m'/g for CO, absorbate. Xe- 
non is absorbed on coals; e.g., Kini (Reference 18) reports vitrain surface areas of 140 to 
270 m'/g at 0°C. 

Using the 96 m'/g for C02, the volumetric number density of adsorbed species within 
the coal can be estimated. The assumed coverage per molecule of C02 is 0.22 nm2 and for 

Xe is 0.23 nm2 (Reference 19) so that, neglecting this difference. the number density of 
xenon atoms is approximately 5.5 x lo2' ~ m - ~ ,  a density about 20 times that in the gas 
phase at NTP! The mechanism of the adsorption may be due to absorption from the gas 
phase or due to film mobility referred to above. Barrer and Grove (Reference 15) con- 
sidered both of these cases in some detail and for the purely axial tlow case they write 

(6-19) 

t where Cg and C, are the number of molecules of diffusing species in the gas phase and the 
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surface phase per unit length of capillary respectively. In this expression, D is the bulk ef- 
fusion coefficient, e.g., Equation’6-16 in Knudsen flow and D, is a surface diffusion coeffi- 
cient obeying an Arrhenius dependence such as Equation 6-18. 

Equation 6-19 can be generalized to the current circumstance for anisotropic materials 
such that 

- a - (D: a C,)+ P * (Ds: Cg) aCg + - ac, - - 
at at 

(6-20) 

For sufficiently dilute systems the surface concentration is related to the bulk phase gas 
concentration by Henry’s Law (a degenerate form of the Langmuir Isotherm, in this case), 
then 

(6-2 1) 

where d is the capillary diameter and K, is Henry’s constant for the absorption. Barrer 
and Grove (Reference 15) proceed to show that 

- -  aCg - a - ( D , f f :  a CS) 
at 

where 

KS 

d z  d 
Ds)/(l + 4-) 4 4  D , f f  = (Q + - 

(6-22) 

(6-23) 

The form of Equation 6-22 is identical to Equation 6-13, so that a delay time can be 

experimentally obtained analogous to Equation 6- 15, i .e. 

T = 1 2 /  6 D e f f  (6-24) 

where D e f f  is the axial term derived from Deff. 
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The bulk gaseous concentration per unit length of capillary, C , ,  is not measurable 
directly in a CT experiment; the experiment measures the total electron density of all xe- 
non present, whether in the gaseous or the adsorbed state. However the sum of the two 

contributions should be proportional to Cg under Henry’s Law assumptions. 

Then the total concentration of xenon, C,, gaseous and adsorbed, per unit volume of 

coal is 

where C , pcL , and 2 are the bulk gas concentration within the pores, the coal density, and 
specific surface area, respectively. Knowing that 

c = 4C,h d Z  

then substitution of Equations 6-25 and 6-26 into 6-22 yields the following: 

- -  dCT - 9 a (D,,:V C , )  
at 

(6-26) 

(6-27) 

In principle, this equation represents the flow of a diffusing species in coal given that 
Knudsen flow is occurring in the pores and that this is supplemented by surface diffusion 
terms. Tt should be inferred from this discussion that several of the phenomena discussed 
may be at work simultaneously and a combination of all of the basic flows may be involved 
in different parts of the coal under some circumstances. 

The time history of the appearance of xenon in the high-density region outlined in Fig- 
ure 6-69 is shown in Figure 6-70. This CT picture was taken about 5 cm down the 10 cm 
length of the piece of Illinois #6 coal used in vessel #2. after the coal had been dried. The 
time history was followed over 16 hours, and in that time the average increase in the CT 
number for a pixel within the chosen area was 760. From the calibration chart in Fig- 
ure 6-59, it can be seen that, at the manifold pressure of 1120 torr, the maximum increase 
in the CT number for any pixel should be approximately 250. This strongly suggests that 
significant amounts of xenon are absorbing on the walls of the coal. The CT number 
increase for any pixel is caused not only by the xenon present in the gas phase within the 

6-27 



pore, but also by the gas adsorbed upon the walls of the pore. Henry’s Law will be used to 
partition the total number of atoms within a voxel between the adsorbed layer and the gas 

phase. 

If the theory outlined in the previous section is applied to diffusion of gas into a pulver- 
ized coal sample, then the theory predicts that for small values of the elapsed time the 
quantity absorbed should be proportional to does not 
give a good fit. A log-log plot of the CT data against time was made (Figure 6-71) to ex- 
amine if there was a power dependence of CT number increase with time. Only at very 
long times did there appear to be anything approaching a linear relationship. This relation- 
ship suggested that the CT increase was proportional to 

Plotting the CT data against 

Not all the areas within even the one CT slice showed the same ability to pick up xe- 
non. Figure 6-72 shows another polygon chosen on the same CT slice. Whereas, in the pre- 
vious polygon, the average CT number of the raw coal within the polygon was 1629, in 
this second polygon the CT number average was 1451. In neither case would our experi- 
ence suggest that the material being examined was pure vitrain. It was very probable that 
both areas have contamination from clays, with significantly more contamination in the 
first area. Indeed, if the average CT number was to be partitioned between clay (-3100) 
and organic coal (-1300), then some 20% by weight of the material in the first outline 
was clay. 

The time history of the xenon increase in the low-density region is shown in Fig- 
ure 6-73, plotted against time, and in Figure 6-74, plotted against the square root of time. 
The general shapes of the curves €or the low-density region are similar to those for the 
higher-density region. The rate of increase is not so fast in this lower density region, and 
the level of xenon reached in the pixels is not so high. However, the intercept on the zero- 
time axis is the same, and the approximate rate of increase at the time the experiment was 
terminated was also the same ( 0.2 CT numberdmin). 

A third outline was chosen. this time to cover the region of the coal that gained xenon 
the fastest. The average CT number of the raw coal in this region was 1700. As can be 
seen from Figure 6-75, the gain of xenon was much greater than either of the two previous 
outlines, but the rate of gain had slowed to 0.15 CT/min by the end of the experiment. 
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This region of the coal had apparently adsorbed seven times its volume of xenon at the 
external ambient pressure. 

The diffusion parameters within a chosen geometry have been evaluated . A series of 
difference images is shown in Figures 6-76 to 6-80. The series was taken during passage of 
xenon gas into Illinois #6 coal at a driving pressure of 1100 torr. After mining, this par- 
ticular coal had been stored under water and had been kept as moist as possible during the 
potting procedure. 

Figure 6-81 shows the CT image of the raw coal at a position about lOmm in from the 
end at which the xenon will be introduced. The images in Figures 6-76 to 6-80 were taken 
at the same location. The raw coal image shows the bedding plane structure running at 
about 45” from the horizontal across the image. The bedding planes are also coming out 
normal from the plane of the figure. The color scheme in the raw coal image has been set 
to show dense regions as white or red and regions of relatively low density as blue and 
blue-green. Scanning electron microxopy experiments have been performed on this Illi- 
nois #6 coal (Figure 6-82) and and were discussed earlier. For the purpose of understand- 
ing the diffusion experiment, we will summarize the results of the SEM investigation and 
simply say that the high-density regions in the CT image correspond to heavily mineralized 
bands and that the low density regions are relatively clean organic bedding layers. 

The first image in the sequence of difference images (Figures 6-76 to 6-80) is blank. 
This is because the plane of the coal being imaged is about 10 mm from the end of the coal 
where the xenon gas has been applied and the gas has not yet penetrated into that plane. 

A difference image at that time and place would therefore be blank. The pattern of pene- 
tration into this plane over the next several hours is shown in the succeeding images. In 
this series the color scheme has been set up so that the more xenon that has appeared in a 
region, the more the color has gone in the direction from blue to red. As can be seen 
from these images, there is a definite banded structure to the pattern of xenon penetration. 
and this “bandedness” is approximately parallel to the original bedding plane structure of 
the coal. Tt is clear that the penetration of xenon into the coal can certainly not be 
described as a smooth front passing down the length of the block. 
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Figures 6-83 to 6-87 show the results of an experiment run under the same conditions 
as the one described above except that in this case the block of coal, while being taken 
from the same piece of Illinois #6 as the previous block, has been oriented, cut and potted 
with its bedding planes orthogonal to the long axis of the block. In the first experiment 
the xenon gas had to pass along the bedding planes of the coal. In this experiment the gas 
had to pass across the bedding planes. 

Figure 6-88 shows a CT image of the raw coal, before any gas addition, at the same 
plane in the coal where the difference images were taken. The bedding plane structures so 
apparent in Figure 6-81 are quite absent. The CT image is being taken through quite low 
density, relatively pure organic material except for two mineral-laden cleats entering the 
image from the top left comer. Figures 6-83 to 6-87 show the time history of xenon pene- 
tration into this plane of the coal. The sequence shows a much slower rate of penetration 
than was observed €or the parallel case and the appearance of the xenon is more random 
with no obvious structure to it. In this case there does not appear to be any passage of the 
gas into this plane through the mineral matter regions. 

Figure 6-89 shows the same images as Figures 6-77 to 6-80, but a grey scale look-up- 
table has been used to display them. Furthermore, a graphics software line has been 
drawn at the bottom edge of the coal image and perpendicular to the bedding plane direc- 
tion. The CT values along this line have been plotted out in the accompanying graph. 
The same line has been drawn on all the images in this sequence and the line graphs as- 
sembled in Figure 6-90. This figure clearly shows the growth of the xenon signal along this 
line with time. Figure 6-91 shows the same data, except that all the graphs have been nor- 
malized to the same peak value and a curve for a much longer period of time has been in- 
cluded. This presentation shows the apparent spread of the gas from a central source to- 
wards the edge of the coal. 

In order to quantify the diffusion of gases through coal and to obtain diffusion con- 
stants, it is necessary to take some account of the blurring of the image by the limited spa- 
tial resolution of the CT machine. 

When a uniform solid object is imaged in the CT machine, the edges of the CT image 
of the object are not infinitely sharp. The spatial resolution of the machine is determined 

6-30 

. 



by fixed geometrical factors such as detector spacing, x-ray spot size, and detector-tube dis- 
tance. A compromise is set in the reconstruction algorithm to include frequencies in the 
Fourier integrals sufficiently high to accommodate the maximum allowable resolution, but 
not too high because the higher frequencies contribute increasingly to noise. 

Figure 6-92 shows a CT image of a plastic phantom used for the xenon gas calibration. 
A line is displayed on this image, and the CT values on the line are displayed in Fig- 
ure 6-93. 

In this case, there was xenon in the phantom, and so the CT number did not drop to 
zero within the phantom but remained at the number corresponding to the xenon density. 
All of the rounded edges in Figure 6-93 are, in fact, sharp. The plot in Figure 6-94 shows 
a possible assumed true distribution, and Figure 6-95 shows the blurring function. These 
two functions are convolved according to the relationship, 

1 i = Z N : k = j + N  c Bi  O k  C j  = 2 bi x 
i i = l : k = j - N + l  

(6-28) 

where 2N is the number of points in the blurring function. C is the convolved function. 
0 is the original function, and B is the blurring function. This relationship essentially 
slides the blurring function over the original distribution. 

Figure 6-96 shows a comparison of the assumed true distribution, the actual distribu- 
tion, and the distribution calculated from the assumed distribution and the blurring func- 
tion. The fit is acceptable on both sides of the actual distribution showing that the blurring 
function is not sensitive to the step height. 

The same function was applied to a line drawn across the diameter of the CT image of 
the xenon coal (Figure 6-97). The CT numbers along this line are shown in Figure 6-98, 
along with the assumed initial distribution and the calculated distribution. The assumed 
distribution only attempted to fit the edges of the plot, not the structures within the plot. 
An expanded view of the fit of the RH edge is given in Figure 6-99. The initial distribu- 
tion gives the diameter of the outside acrylic tube to be 63.6 mm and actual measurement 
gives 63.7 mm. The same blurring function is transferable between images and applies to 
lines which are normals to density discontinuities. For example, Figure 6-100 shows a 
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difference image taken during xenon diffusion into Illinois #6 coal. The line drawn on the 
image is normal to both the edge of the coal and the prominent xenon feature which paral- 
lels the bedding planes and the edge of the coal. The CT numbers along this line are also 
given in Figure 6-100. In Figure 6-101, we show a “true” distribution and the convolved 
function. The fit is good and it suggests that in this instance the xenon is diffusing into the 
coal on a simpler pattern that the observed CT line would suggest. 

Calculation of a simple 1-D diffusion constant based on the equation 

a2c - K -  ac 
at ax 
- -  (6-29) 

gives a value of 1.15 X lov6 cm2 s- I ,  which is in reasonably good agreement with other 
determinations for coal. This, of course, is the slow rate, across the bedding planes. Our 
results show that the passage of gas in the direction parallel to the bedding planes is much 
faster. The other coals examined by xenon infusion at ca. 1150 torr were anthracite 
(C102), Beulah Zap lignite (C114), Rosebud subbituminous (C260), and Ohio #6 bitumi- 
nous. Illinois #6 was the coal most extensively examined. In addition to the two orienta- 
tions of the bedding planes, the coals were imaged with two driving pressures (554 and 
1143 torr) and at two temperatures (25 and 60 “C). 

An attempt was made to correlate the ultimate porosity of a set of coals with BET 
measurements on the coal. In this series of tests, coals were cut and potted in epoxy, 
thoroughly evacuated, and CT images were taken down their length. The coals were then 
put in a pressurized container under xenon for several months. The intent was to allow the 
xenon to penetrate everywhere it could inside the coal, then take CT pictures of the 
xenon-filled coal, and by the usual subtraction technique. determine the distribution of the 
gas inside the pieces of coal. We found in practice that the coals crumbled too much dur- 
ing the months of pressurization, and no meaningful difference images were obtained. The 
techniques for 3-D display expected to be used here were instead used in the studies of 
cokes. 

These xenon penetration studies show that the CT technique is extremely useful in exa- 
mining the nature of flow, gas or liquid, within a porous solid such as coal. The studies 
show the extremely complex nature of the penetration of fluid into the coal, usually with a 
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preference along the highly mineralized layers of the coal.The mathematical tools for han- 
dling the 3-D data of transport into the coal could not be developed during this work, but 
the availability of CT data, showing such detailed movements should stimulate new work 
in the analysis areas. 

6.3 COAL CAKING PROPERTIES 

Two sets of coals were used here: an 80/20 mixture of Pittsburgh #8 and Phocohantas 
seam coal. These two are known to be compatible coals during coking. The second pair 
was Pittsburgh #8 and Illinois #6 which are known to be incompatible 50/50. All the coals 
were 80% finer than 8 mesh and 20% between 4 and 8 mesh. The two sets were put in 
the furnace and the temperature was raised to 700°C in a period of one and a half hours in 
a furnace atmosphere of nitrogen. Both coals showed considerable movement and gas e v e  
lution, A moveable probe had been installed in the furnace for this experiment. The probe 
led to a gas sampling system. Since the probe could be seen in the CT picture it was possi- 
ble to know where within the coking sample the majority of the gases were coming from 
(Figure 6-102). The CT experiment did not pick up any difference in the coking pattern 
of the two sets of coal that could be ascribed to their different compatibilities. 
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Figure 6-1. CT image of Winifrede seam coal (C237 L l )  

- -  

Figure 6-2. CT image of Illinois #6 coal (C123 L l )  * 
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Figure 6-3. Histogram from Winifrede seam coal 
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Figure 6-4. Histogram from Illinois #6 seam coal 
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Figure 6-5. CT image of Upper Mercer coal (C290 L1) 

Figure 6-6. CT image of Lower Mercer coal (C289 Ll )  
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Figure 6-7. Histogram of Upper Mercer coal 
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Figure 6-8. Histogram of Lower Mercer coal 
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Figure 6-10. CT image of Lower Kittanning (Non-Marine) coal (C268 L1) 

Figure 6-9. CT image of Lower Kittanning (Marine) coal (C26: 7 
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Figure 6- I t .  Histogram from Lower Kittanning (Marine) coal 
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Figure 6-12. Histogram from Lower Kittanning (Non-Marine) coal 
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Figure 6-13. CT image of Ohio #6 coal ((2269 L l  P3) 

Figure 6-14. CT image of San Juan #8 coal (C160 L l )  
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Figure 6-15. Histogram from Ohio #6 coal 

*.. .* 0- e, CI ..'_.. 
Figure 6-16. Histogram from San Juan #8 coal 
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Figure 6-17. CT image of Wyodak coal (C245 L1) 

Figure 6-18. CT image of Rosebud coal (C259 Ll)  
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Figure 6-20. Histogram from Rosebud coal 
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Figure 6-23. Histogram from Dietz (Upper) coal 
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Figure 6-24. Histogram from Dietz (Lower) coal 
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Figure 6-25. CT image of Beulah Zap coal (C232 L l )  
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Figure 6-26. Histogram from Beulah Zap 

Figure 6-27. Grey scale Look-Up-Table used for the CT images 
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Figure 6-28a. CT image of Illinois #6 Coal at X1 magnification 

Figure 6-28b. CT image of Illinois #6 Coal at X3 magnification 
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Figure 6-29. Schematic of block showing position of registration holes 
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PLASTIC t BLOCK 

P C T  PLANE 

Figure 6-30. Nonsymmetric arrangement of registration holes 

6-49 



FACE B 

. 

Figure 6-31. Schematic of grinding/polishing jig 

. 

Figure 6-32. Coal slice in place on grinding/polishing jig 

6-50 



Figure 6-33. Exposed CT plane, Illinois #6 coal, Run 00016, Slice 9 

Figure 6-34. CT image, Run 00016, Slice 9 
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1. Thick vitrain (telocollinite) 
2.  predominantly clayi quartz, 

inertinite (mainly semifusinite, 
inertro vitrinite) lesser vitrinite, 
exini te. 

3. Inertinite, moderately high cla,y 
in quartz, desmo-collinite and 
sporinite. 

4. Pyrite infill ing of fusinite. 
5. Pyrite 
6. Vi t r i n i te (t e I ocol I i n i te, desmo- 

co I I i n i t  e), inert i n i te, I esser 
amounts of clay, quartz and 
sporinite. 

telocollinite. 

pyrite and carbonate infill ings 
of lumens. 

9. The dots are pyrite in 
telocollinite. 

7. Large proportion of 

8. Fusinite lenses with sone 

Figure 6 - 3 3 .  Exposed C'I plane, Pittsburgh #S,coal. Kuii 00028. Slice 12 

a 

c 

Figure 6-35b. C l  image, Run 00028, Slice 12 
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amounts of inertinitg) 

Figure 6-36a. Exposed CT plane, Illinois-#6 coal, Run 00028, Slice 6 

Figure 6-36b. CT image, Run 00028, Slice 6 
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Figure 6-37a. Exposed CT plane, Lower Kittanning (nonmarine), Run 00013, Slice 18 

Figuce 6-3713. CT image, Run 00013, Slice 18 
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Figure 6-38a. Polished coal surface 

Figure 6-38b. Reflectance map of coal surface shown above 
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Figure 6-39. Retlectance map of' Navajo coal 
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4 Remap, scale = 2.15 

1 2  3 4  

Ril = [R,, + R21 + 0.15 R31 
+ R12 + R22 + 0.15 R32 
+ 0.15 R13 + 0.15 R23 + (0.15)2 R,,] - (2.15)* 

Figure 6-40. Pixel Mapping for Rescaling Image 
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Figure 6-41. Comparison of CT values within identical squares 

-r . 

Figure 6-42. Comparison of CT values within identical squares but with an offset of six 
pixels 
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Figure 6-44. Pixel image comparison between a square on the reflectance map (top), 
and CT image (bottom). Coal is Lower Kittanning (nonmarine). 

Figure 6-45. Pixel value comparisons between arbitrary shapes in the same two images 
used in Figure 6-44 
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Figure 6-46. Pixel value along line drawn on reflectivity map 

Figure 6-47. Pixel value along line on CT image. The position of the line relative to the 
image is  the same as in Figure 6-45. 
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Figure 6-48. CT image of Illinois #6 coal with a line drawn for mineral comparisons 
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Figure 6-49. CT numbers along the line drawn in Figure 6-48 
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Figure 6-50. Coal holder for SEM microscope scans 

Figure 6-5 1 .  Aluminum scan on Illinois #6 coal 
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Figure 6-52. Silicon scan on Illinois #6 coal 
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Figure 6-53. Microprobe Scan I 
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Figure 6-54. Microprobe Scan 2 
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Figure 6-55. Microprobe Scan 3 
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Figure 6-57. Comparison of CT values with ash content 

. 

. 

6-66 



8 

Figure 6-58. X-ray mass absorption coefficients for common coal elements and for 
xenon; x-ray tube emission curve 

PRESSURE (torr) 

Figure 6-59. CT number as a function of xenon gas pressure 
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Figure 6-62. Pressure history for vessel #2 
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Figure 6-63. CT images showing change in position of C'T image within compiiter Lone 
of reconstruct ion 



Figure 6-64. Artifact crescents caused by subtraction .of misaligned images 
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Figure 6-65. Origin of difference artifacts caused by image misalignment 
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Figure 6-66a. CT image of acrylic tube with peripheral points 

Figure 6-66b. Center of circle in CT image calculated from highlighted points 
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Figure 6-68. CT image of coal (left) and xenon difference image (right) 

Figure 6-69. White polygon drawn on left image and applied to right image 
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Figure 6-70. Xenon penetration into Illinois #6 coal 
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Figure 6-71. Log-log plot of CT number against time for xenon infusion 

i 

6-76 



? 

Figure 6-72. Low-density region outline on CT image 
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Figure 6-73. Xenon penetration of low-density region of Illinois #6 against time 
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Figure 6-74. Data of Figure 6-73 plotted against the square root of time 

N 
u 

F 
. 8 "  900. 

i 
1 

200 .  - 

Figure 6-75. Xenon pentration as a function of time for a high penetration region 
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Figure 6-76. Xenon difference image at 0 min, parallel bedding planes 

Figure 6-77. Xenon difference image at 24 min, parallel bedding planes 
I 
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Figure 6-78. Xenon difference image at 74 min, parallel bedding planes 

Figure 6-79. Xenon difference image at 122 min, parallel bedding planes 
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Figure 6-80. Xenon difference image at 194 min, parallel bedding planes 

Figure 6-81. CT image of coal before xenon penetration 
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Figure 6-82. Optical picture of coal plane near the CT plane imaged in Figure 6-81 
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Figure 6-83. Xenon dit't'crcncc imagc at 0 min, perpendicular bedding planes 

Figure 6-84. Xenon difference image at 60 min, perpendicular bedding planes 
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Figure 6-85. Xenon difference image at 120 min, perpendicular bedding planes 

Figure 6-86. Xenon difference image at 200 min, perpendicular bedding planes 



Figure 6-87. Xenon difference image at 260 min. perpendicular bedding planes 

Figure 6-88. C'1' image of coal before senon penetration 



Figure 6-89. Xenon penetration along a chosen graphics line 
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Figure 6-90. Xenon penetration across bedding planes as a function of time 

I I I I 1 1 1 1 1  
XENON PENETRATION INTO COAL 

1.0 

I- O 

z 0 
t Y 

a5 
W 

c 4 

-I W 0: 

2 

0 
0 5 IO 

DISTANCE ALONG LINE I d  

Figure 6-91. Normalized graph of xenon penetration in Figure 6-90 
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Figure 6-92. Line across xenon phantom image 
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Figure 6-93. CT numbers along the line in Figure 6-92 
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Figure 6-94. Assumed xenon phantom initial true electron density distribution 
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Figure 6-95. Normal-line blurring function 
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Figure 6-96. Comparison of (1) assumed true line shape, (2) observed line shape, and 
(3) calculated line shape 

. 

Figure 6-97. Xenon coal image with graphics line for deconvolution test i 
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Figure 6-98, Comparison of (1) assumed initial distribution to fit only the edges, 
(2) observed distribution, and (3) calculated distibution 

Figure 6-99. Blowup of edge of Figure 6-98 
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Figure 6-101. Xenon CT number: (1) assumed initial distribution, (2) calculated distri- 
bution, and (3) observed distribution 

6-02 

Figure 6-100. CT difference image of xenon diffusion into Illinois #6 coal. The CT 
numbers along the line at the edge of the coal have been displayed in the 
plot. 



Figure 6-102. CT images of a 50/50 mixture of Pittsburgh #8 coal and Illinois #6 coal 
during ;i coking operation. The image on the left-hand side shows the probe 
for gas analysis. 
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GES OF COAL 

Coal I.D. Seam Class 

C237 L1 Bituminous lv.4 

C123 Ll Bit um inous hvB 

C290 L1 Mercer (Upper) Bit um inous 

C289 L1 Bit urn inous 

C267 Ll Lower Kit  tannin 
( Marine) 

C268 L3 Lower Kit  t anning Bit um inous 
( Non -m ar inel 

C269 L1 P3 Ohio 86 Bituminous hvC 

C160 L1 San Juan  118 Bit urn inous hv C 

C245 L1 W yodak Subbituminous C 

C259 L1 Rosebud (W .E.) Subbituminous B 

C276 L1 Dietz  #l (U) Subbituminous B 

C285 L1 Dietz  # I  (L) Subbituminous B 

c232 L I  Beulah Zap Lignite 
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CTMC 

1205 

1250 

1210 

1250 

1205 

- 

1220 

389 

30 5 

370 

242 

1227 

1312 

97 

100 

86 

44 1 

26 

538 

114 

42 

24 

115 

42 

59 

1 I4 

173 < 

I59 

133 

770 

42 

892 

204 

29 

28 

175 

65 

100 

185 



Table 6-2 

COAL SAMPLES PREPARED FOR PETROGRAPHIC ANALYSIS 

Coal I.D. Seam Class 

C237 LI 
C123 LI 
C290 LI 
C289 LI 
C237 LI 

C267 LI 

C268 LI P3 
C160 LI 
C245 LI 
C259 LI 
C276 LI 
C285 LI 
C232 LI 
C095 LI 

Winifrede 
Illinois #6 
Mercer (Upper) 
Mercer (Lower) 
Lower Kittanning 

(Marine) 
Lower Kittanning 

(Non-marine) 
Ohio #6 
San Juan #8 
Wyodak 
Rosebud (W .E.) 
Dietz #1 (U) 
Dietz #2 (L) 
Beulah Zap 

Reading Anthracite 

Bituminous IvA 
Bituminous hvB 
Bituminous 
Bituminous 
Bituminous 

Bituminous 

Bituminous hvC 
Bituminous hvC 
Subbituminous C 
Subbituminous B 
Subbituminous B 
Subbituminous B 
Lignite 
Anthracite 
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Table 6-3 

C T  IMAGES CHOSEN FOR PETROGRAPHIC STUDIES 

Rank Seam Coal I.D. CT Run # Slice 

Bituminous 

Bituminous 

Bituminous 
Bituminous 
Subbit.uminous 
Subbituminous 
Subbituminous 
Lignite 

Lower Kittanning 
(Non-Marine) 
Lower Kittanning 
(Non-Marine) 
Pittsburgh #8 
Illinois #6 
Dietz #2 , 

Upper Wyodak 
San Juan #8 
Buelah Zap 

C268-LI 

C267-L2 

C 104-L 1 

C 123-L 1 

C285-L2 
C245-L1 
C160-L1 
C232-L2 

00016 

00013 

00028 
00028 
00035 
00036 
00033 
00027 

6 

16 

12 
6 

12 
8 
4 

6 
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Table 6-4 

OBSERVED CT NUMBER RANGE 
FOR VITRAIN, CLAY, AND PYRITE 

Region Type CT Range 

vitrain 1200-1280 
clay 1600-2000 
pyrite 3900 
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Table 6-5 

EXAMPLE OF STANDARD RESLECTANCE ANALYSIS OF COAL 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ** ** 
** The Pennsylvania State University ** 
** Coal Research Section ** ** 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

** 

FEFLECTAEJZE ANALYSIS FCR PSMC-116 6-1 8-84 

Operator : DFB 

Standard : 1.351 & 0.940 
R.I. Oil: 1.518 
Wavelength: 546 rn 

REFLECTANCE OF' VITRINITE 
Mean Max. Ro: Av. Peak 

PELLET A 1.287% . 
PELLET B 1.262% 

Standard Deviation: 0.043 
Mean Reflectance: 1.274% 

Mean Random (pol) Ro: 
PEUET A 1.189% 
PELLET B 1.053% 

Standard Deviation: 0.098 
Mean Reflectance: 1.121% 

1/2-VTYPE AND WYPE TABLES FCR VITRINITE 
1/2-V"E COUNTS % of W A L  VTWE COUNTS % of TUTAL 
11.25 0 0.0 11 3 3.0 
11.75 3 3.0 
12.25 24 24.0 12 63 63.0 
12.75 39 39.0 
13.25 30 30.0 13 . 34 34.0 
13.75 4 4.0 
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Table 6-5 (Continued) 

EXAMPLE OF STANDARD REFLECTANCE ANUYSIS OF COAL 

FREQUEXY TABLE FOR VITRINITE PSMC-116 

1 
1 
0 
1 
3 
3 

4 
6 

12 
10 
8 
6 
3 
9 
9 
7 
4 
1 
1 
2 
1 

a 

1.16 
1-17 
1.18 
1.19 
1.20 
1.21 
1.22 
1.23 
1.24 
1.25 
1.26 
1.27 
1.28 
1.29 
1.30 
1.31 
1.32 
1.33 
1.34 
1.35 
1.36 
1.37 

1.00 
1.00 
e. 00 
1.00 
3.00 
3.00 

4.00 
6.00 

12.00 
10.00 

6.00 
3.00 
9.00 
9.00 
7.00 
4.00 
1.00 
1.00 
2.00 
1.80 

a. 00 

a. 00 

* 

* 
*** 
*** 
+******* 
**** 
****** 
+fit******** 
********** ******** 
+***** 
*** 
********* 
********* 
******* 
**** 
* 
** 
* 

PSMC-116 
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Table 6-6 

SUMMARY OF MACERAL CONTENTS OF COALS 
BY STANDARD REFLECTANCE MAPPING 

C-2RS R e f l e c t a n c e  
Range  

F u s i n i t e  ------ 2.0 - 1.1 
S e m  i - I n e r t s  --- 1.1 e 0.7 
V i t r i n i t s  ---- 0.7  -- 0.4 
L i p t i n i t e s  ---- 0 .4  - 0.2 

C-268 R e  f 1 ec t a n c e  
R a n g e  

F u s i n i t e  ------ 3.5 -- 1.6 
S e m i - I n e r t s  --- 1.6 - 1.2 
V i t r i n i t e  --I- 1.2 -0 0.7 
L i p t i n i t e s  ---- 0 . 4  -- 0.2 

n i g i t a l  
R a n g e  

156 - 201 
201 - 2 2 1  
221 - 236 
236 - 2 4 6  

D i g i t a l  
R a n g e  

81 - 116 
1% - 196 
196 - 221 
236 - 246 

Maceral 
n i str i b u t  i o n  

0.5 z 
5.2 .. 

93.4 1; 
0 .9  z 

Yaceral 
D i s t r i b u t i o n  

3.3 1; 
6.4 

89.6 % 
0.7 t 

C-232 R e f l e c t a n c e  D i g i t a l  Yaceral 
R a n g e  9 a n g e  ni stri b u  t i o n  

F u s i n i t e  ------ 2.6 -- 1.1 1 2 6  - 201 9 . 8  a 
S e m i - I n e r t s  -- 1.1 - 0.6 2 0 1  - 2 2 6  33.4 a 
L i p t i n i t e s  ---- -- - --- -- - --- 0 .0  a 

56.0 a V i t r i n i t o  ----- 0.6 -- 0.3 226  - 2 4 1  

C - 2 6 7  R e  f 1 ec t a  n c e  D i g i t a l  Maceral 
R a n g e  R a n g e  n i  str i b u t  i on 

c 

. 

F u s i n i t e  ------ 4.0 - 2.R 5 6  - 116 1.1 a 

l i p t i n i t e s  --- 0.4 - 0.2 236 - 246  R . 1  a 

S e m i - S n e r t s  --- 2.9 -- 1.1 116 - 201 9.2 2 
Vi t r i n  i te  ----- 1.1 0 .3  2 0 1  - 2 2 1  R 1 . 6  4 
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Table 6-6 (Continued) 

SUMMARY OF MACERAL CONTENTS OF COALS 
BY STANDARD REFLECTANCE MAPPING 

C-123 R e f l e c t a n c e  
Range  

F u s i n i t e  ------ 3.R - 1.3 
S e m i - I n e r t s  --- 1.3 - 0.75 
V i t r i n i t e  ----- 0.75 - 0 . 4  
L i p t i n i t e s  --- 0.4 0- 0.2 

C-245 R e  f 1 ectance 
Range  

F u s i n i t e  ----- 2 . 0  -- 0.8 
S e m i - I n e r t s  --- 0 . R  - 0.45 
V i  t t i n i t s  ----- 0 . 4 5  - 0.25 
L i p t i n i t e s  ---- -- - --- 
C-104 R e  f 1 ec t a n c e  

Range  

F u s i n i t e  ------ 3.5 -- 1 .5  
S e m i - T n a r t s  --- 1.5  -- 0 . R  
V i t r i n i t e  ---- 0 . 9  - 0 .5  
L i p t i n i t e s  ---- -- -- --- 

C- 160 Re f 1 ectance 
R a n g e  

F u s i n i t e  ------ 3.0 - 1.4  
S e a i - I n e r t s  --- 1 . 4  -- 0.7 
V i t r i n i t s  ----- 0 . 7  - 0.35  
L i p t i n i t e s  ---- 0 . 3 5  - 0 . 2  

Digital 
R a n g e  

66 - 191 
191 - 2 1 9  
219 - 236 
236 -. 246 

D i g i t a l  
R a n g e  

156 - 216 
216 - 239 
238 - 244 -- - -- 

D i g i t a l  
R a n g s  

e1 - le1 
131 - 216 
216 - 2 3 1  --- - --- 

M g i t a l  
Range 

106 - 186 
1R6 - 221  
221 - 239 
239 - 246 

Placers 1 
n i s t r i b u t i o n  

1.3 4 
2.6 2 

94.0 n 
2.1 a 

Ma cera 1 
D f st ri bu t i o n  

2.7 a 
4.7 rq 

91.4 a 
1.2 a 

rlrrceral 
n i  8 t r i b u t  ion 

5 .1  n 
9.6 n 

R 3 . R  's 
1.5 f. 

Maceral 
n i st r i  bu t Ion 

2.1  z 
5.1 's 

91.9 k 
0 . 9  n 
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Table 6-6 (Continued) 

SUMMARY OF MACERAL CONTENTS OF COALS 
BY STANDARD REFLECTANCE MAPPING 

C-2R5 
Most of t h e  l i p t i n i t e  r e f l e c t a n c e s  c l u s t e r e d  a r o u n d  0.3 p e r c e n t .  

T h e  u p p s r  a n d  lower r a n g e s  0.4 Z t o  0.2 +, r s p r e s e n t  t h e  e x t r P n a  
v a r i a t i o n  of t h e  l i p t i n i t e  g r o u p .  P lease  k e e p  i n  m i n d  t h e  l o w  
p e r c e n t a g s  of l i p t i n i t e s  i n  a l l .  samples analyzed. You may 
e n c o u n t e r  a h i g h e r  l i p t i n i t c  D e r c s n t a g e  i n  y o u r  a n a l y s i s  d u e  
t o  sdge effscts, cracks,  etc. Although I h a v e  i n c l u d e d  t h e  
l i p t i n i t e  reflectance r a n g e s  f o r  m o s t  of t h e  samples y o u  may 
have t o  d i s c o u n t  t h e  group as a w h o l e  if epoxy ovqrlap is too  
high. 

e-269 
S e m i f u s i n i t e  a n d  v i t r i n i t e  g rea t ly  overlap i n  r e f l s c t a n c e  

w i t h  s e m i f u s i n i t e  re f lec tankes  as l o w  as 0 . ~ 0  t y p i c a l y  e n c o u n t e r e a .  
T h e  gap i n  r e f l e c t a n c e  b s t w e a n  0.7 and 0 . 4  c o u l d  be covered u n d e r '  
the v i t r i n i t s  range. however n o  spot r e f l e c t a n c e s  fell w i t h i n  t h i s  
gap. 1 have therefore kept  t h i s  gap o p s n  a n d  w i l l  l e ave  t h e  
e v a l u a t i o n  t o  y o u r  j u d g e m e n t .  

C-232 
T h e r e  w e r e  n o  l i p t i n i t e  macorals n o t e d  i n  t h i s  sample: I n  

a d d i t i o n  t h e  f u s i n i t e  a n d  s e m i - i n s r t s  made u p  a n  e x c e p t i o n a l y  
h i g h  p e r p o r t i o n  of the maceral Compos i t ion .  

C-267 
This sample has t h e  h i g h e s t  a n d  m o s t  p r o m i n e n t  l i p t i n i t e  

c o m p o s i t i o n .  S p o r i n i t e  is t h s  d o m i n i t e  l i p t i n i  t e  macaral 
a t  7.1 p e r c s n t .  T h e  spor in t ie  macerals a r e  l a r g e  e n o u g h  t o  
perhaDs d i s c r i m i n a t e  o u t .  Y o s t  l i p t i n i t c ?  r e f l e c t a n c e  r e a d i n g s  
i n  t h i s  case c lus t e red  a r o u n d  0 .35  to 0 . 4  p e r c e n t  r e f l e c t a n c e .  
You may wish t o  c h a n g e  t h e  aaceral b o u n d s  a c c o r d i n g l y .  

C-123 
This sample had w e l l  d e f i n e d  f n s i n i t e  a n d  s e m i f u s i n i t e .  

T h e  v i t r i n i t e  r a n g e  s h o u l d  a l so  be s x c o p t i o n a l y  good i n  t h i s  
s a m p l e . .  

c- 2 5 
Ths  v i t r i n i t s  r e f l e c t a n c e  i n  t h i s  sample is l o w  e n o u g h  t o  

t o t a l y  obscure a n y  l i p t i n i t e  r e f l e c t a n c e .  The m a i n  c l u s t e r  of 
v i t r i n i t e  r - f l e c t a n c a  r a n g e d  from 2.R t o  3.5 p e r c e n t .  
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Table 6-6 (Continued) 

SUMMARY OF MACERAL CONTENTS OF COALS 
BY STANDARD REFLECTANCE MAPPING 

C-104 
The f i i s i n i t e  r a n g e  s h o u l d  be w e l l  d e f i n e d  by t h e  v a l u e s  

g i v e n .  The  l i p t i n i t e  macsrals i n  t h i s  sample were q u i t e  small  
i n  size. N o  maceral large e n o u g h  to be a c c u r a t e l y  measured 
w a s  o b s e r v e d .  

C - 1 6 0  
This sampls h a s  good r s f l e c t a n c e  r a n g e s  for f u s i n i t e ,  s e m i -  

l n e r t s  and v i t r i n i t e .  Minimal overlap b e t w e e n  these g r o u p s  
was observed. 
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Table 6-7 

COALS USED FOR ASH CONTENT COMPARISON WITH CT VALUES 

Coal Bank No. Coal Type Ash Content 

(C267) 
C268 
C232 
C 123 
C 104 
C160 
C285 
C245 

Lower Kittanning (Marine) 
Lower Kittanning (Non-Marine) 
Beulah Zap 
Illinois #6 
Pittsburgh #8 
Navajo 
Upper Deck, 
Wyodak 

1.43% 
33.66% 

5.47% 
6.31% 

14.35% 
15.40% 
2.29% 
7.16% 

. 
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Table 6-8 

SURFACE AREA MEASUREMENTS USING Xe, CO,, AND N, 

Sample N, (-106 "C) Xe (-111 "C)  C 0 2  (-78 "C) 

Glass Beads 0.67 0.96 0.56 

Hypersil 166.3 114.1 123.7 

Illinois #6 12.9 18.9 206 

Lignite 0.90 15.4 179.3 

. 
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Section 7 

VISUALIZATION OF GASIFICATION AND COMBUSTION 

7.1 PYROLYSIS AND GASIFICATION 

One of the main objectives of this experimental program is to observe the internal 
dynamics of coal structures during pyrolysis and gasification. The approach to the problem 
that will be used in this work is to €it a coal gasification apparatus into the aperture of a 
CT machine and construct the apparatus in such a way that x-ray imaging of the coal in- 
side the furnace can be done during reaction. 

7.1.1 Experimental Equipment 

The CT furnace built for this program is shown in Figure 7-1 and schematically in Fig- 
ure 7-2. The device is cylindrical with a length of 60 cm and a diameter of 40 cm. The 
heating elements were four semicylindrical 1050W wire-wound elements (Lindberg #506 
KSP) arranged as two cylinders at the center of the furnace. The wires in the elements 
were potted in ceramic. The furnace construction around each of the two cylinders was 
conventional, with the furnace elements fitted inside a zirconium oxide refractory sleeve 
2.5 cm thick, and this in turn fitted inside a double-walled stainless steel containment 
vessel. The two walls of this vessel were separated by a 6 cm space filled with bubbled 
alumina ball insulation. The outer steel wall was wrapped with copper coils for cooling wa- 

ter. Blank ceramic heating elements were used to fill out the inner bore of the furnace and 
a 15 cm-long solid ceramic cylinder closed off each end. The unique feature of this furnace 
is a gap of 2 cm between the two heating element cylinders corresponding to an x-ray tran- 
sparent section in the furnace outer wall. The x-ray beam has access to the inside of the 
furnace for the full 360" circumference. 

The body of the furnace was designed to operate at near-atmospheric pressure. Howev- 
er, it was envisioned that high-pressure operation may be desirable at some later date. As 

the weak point in high-pressure operation is clearly the window, it was decided to test out 
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possible window designs for high-pressure operation in this furnace. With a heavy metal 
outer shell on each furnace half, high-pressure operation would be a practical possibility. 
The design chosen was for a carbon fiber outer ring to contain the pressure and low- 
density silica-alumina felt to insulate the carbon ring from the internal temperatures. The 
carbon ring was made by wrapping carbon fibers around a cylindrical former, and then im- 
pregnating with epoxy. The carbon ring was made by Advanced Composite Product., East 
Haven, Connecticut. The ring had a wall cross section of 2.5 cm x 1.25 cm. The 2.5 cm 
length gave adequate clearance for the x-ray beam which, at its maximum, is 1 cm wide 
and in our usual operating mode is 1.5 mm. The 1.25 cm radial thickness is much greater 
than that necessary to retain the 200 psig specification pressure, but the ring was made that 
thick to give it mechanical strength for handling and to provide flat surfaces for O-ring 
seals on either side. 

The temperature rating of the carbon composite ring is 100 "C. It was protected from 
higher temperatures by 5 cm of ceramic felt insulation on the inside, by conduction to the 
heavy metal plates on either side, and by air cooling from the outside. 

The coal to be imaged is placed in a silica-alumina boat which can be traversed through 
the plane of the x-ray beam. Although the x-ray window has an effective width of only ca. 
1 cm, the full length of a piece of coal or char can be scanned by traversing the boat 
through the beam. The boat is moved by a hollow ceramic rod that penetrates the vessel 
wall via a Konex connector and which is then attached to a motor-driven probe mechanism 
with position feedback control. The motor and feedback mechanism are functionally ident- 
ical with the mechanisms used to position the patient cradle in the usual medical applica- 
tion of the CT machine. The coal boat position can therefore be set and recorded by the 
main CT computer. Not only must the traversing mechanism move the coal, but it must 
also be able to reposition the coal accurately within the beam. As a test of reproducibility, 
a cone-shaped plastic shape was placed in the boat and imaged; then the boat was moved 
away from zero, returned to the nominal starting position, and reimaged after every move. 
Figures 7-3a-d show the results. 

A graphics software line has been drawn on each of the images, and the CT numbers 
along it have been plotted out. If reproducibility was exact, then all circles would have the 

7-2 

8. 



same diameter. In fact, the diameters fall into two groups. The largest diameter error 
corresponds to a longitudinal error of 1.6 mm. However, eliminating backlash by ap- 
proaching the zero position from the same direction may reduce this error to 0.01 mm. Be- 
cause of this reproducibility, the coal boat was used in this set of experiments merely to 
position the coal and not to move it and then reposition it at the "same" position. This 
reproducibility problem was solved for later experiments by a redesign of the boat. as will 
be described. 

Temperatures within the furnace are measured by seven metal-clad Type-K thermocou- 
ples. They enter from either end of the furnace body housed in ceramic shields. These 
thermocouples measure the radiation temperature within the furnace. A traverse with one 
thermocouple along the axis of the furnace showed no variations larger then 5 "C for a 
20 cm central section of the furnace operating at 800 "C. 

Power to the furnace was supplied by two SCRs (Control Systems Research Model 661) 
governed by a dual channel programmable controller (Control Systems Micristar). Two of 
the Type-K thermocouples were used to provide feedback to the controller. A schematic of 
the controller network is given in Figure 7-4. 

The atmosphere within the furnace was monitored using a quadrupole mass spectrome- 
ter gas analyzer (Spectrum Scientific Model SM100). The sampling was done through a 
ceramic tube which reached to the upper center of the furnace region, i.e., above the coal 
boat. The gas line connections for the mass spectrometer are shown in Figure 7-5. 

Gas mixtures were supplied to the furnace from an outside manifold. A schematic of 

this is shown in Figure 7-6. 

The Type-K thermocouples and the readings from the tlow controllers were fed into a 
data handling system based upon a HP-85 computer. The data was stored on floppy disks 
for subsequent evaluation in Schenectady. A schematic of the data handling system is given 
in Figure 7-7. 

Although the x-ray window has been made as transparent 
given the pressure and temperature constraints on the window, 
sorption by the window, its insulation and the coal boat. This 

to x-rays as was possible 
there is clearly some ab- 
absorption is wavelength- 
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dependent with more low-energy x-rays being lost than high-energy x-rays. For an object 
of a particular composition, this absorption can change the CT number observed from the 
CT value observed outside the furnace. Calibration of the CT values against density, nor- 
mally done in the open air, had to be repeated with the standards resting on the boat in- 
side the furnace. A calibration graph for inside the furnace is given in Figure 7-8. The CT 
numbers inside the furnace are 15 to 20 units lower than measured outside, but the sensi- 
tivity to density changes appear to have remained essentially unchanged (i.e., 0.01 
g / c m 3 / ~  no. 1. 

7.1.2 Pyrolysis of Illinois #6 

In this experiment the furnace first was stabilized at 850 "C with an atmosphere of ni- 

trogen. The furnace was then opened, and a cubic piece of Illinois #6 coal (4 x 4 x 4 cm) 
was placed in the boat so that when the furnace was closed the mid-plane of the piece of 
coal would be at the plane of imaging of the CT machine. During the time the furnace was 
open, and for 4 min after it was closed, the flow of nitrogen was raised to 2 Vs. This was 

done to quickly sweep the oxygen out of the system. The oxygen concentration was being 
monitored by the mass spectrometer, and after a few minutes the nitrogen tlow was re- 
duced to ca. 2 Vmin. At this flow rate, there is no apparent cooling of the furnace by the 
incoming gas, the thermocouples reading essentially the same as in the static gas case. As 

soon as the coal was exposed to a high temperature, it started to lose water; at higher tem- 
peratures, it devolatilized and charred. The CT pictures taken during the time when these 
processes might be expected to be taking place are shown in Figures 7-9 to 7-16. The color 
bar has been chosen so that the reds and yellows correspond to the range of CT numbers 
expected for raw Illinois #6 coal, while the blues and greens have been arranged to match 
the density of the char. It can be readily seen from these images that the pyrolysis is 
penetrating into the coal as a thin front leaving char behind it. As would be anticipated, 
the shape of the front as it penetrates into the coal starts off squarish, then becomes more 
circular as the front approaches the center of the coal. The shape of the char left behind 
the pyrolysis front is much more irregular than the original shape of the coal or, indeed, of 
the pyrolysis front itself. It appears that the thermal forces acting upon the coal are not af- 
fected significantly by either the bedding plane structure of the coal or by the presence of 
cracks or fissures close by in the char. It may have been expected that the pyrolysis front 
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would conform more to the outline of the fissures in the coke if the heat flow into the coal 
was mainly down the cracks in the char envelope. 

A set of black and white images from this pyrolysis is shown in Figures 7-17 to 7-24. It 
is clearer in the black-and-white set that immediately between the unaltered coal and the 
char there is a very low density ring. This gap probably contains a rapidly moving mixture 

v 

c 
of gas, tars, and mineral matter being transported from the decomposing surface of the 
coal onto the inner wall of the char. Figures 7-9 to 7-16 show the same images as in Fig- 
ures 7-17 to 7-24, and in both series, a software-generated line has been drawn on the im- 
ages with the CT numbers along this line plotted on the accompanying graphs. In Fig- 
ures 7-25 to 7-32, that portion of the line corresponding to the gap between coal and char 
has been expanded in the X-direction. The CT numbers at the bottom of the gap are al- 
ways about 300. This corresponds to a density less than 0.3 g/cm3 and is lower than what 
would be expected if the coal simply liquified at the pyrolysis interface, and then charred 
at the char interface; however, it is much higher than would be expected if the gap were 
simply filled with gas. 

The gap between the coal and the char is about 2 mm full width half maximum 
(fwhm), and the shape of the gap does not appear to change during the course o f  the pyro- 
lysis. This size feature is on the border of what is reproduced faithfully by the CT 
machine. Figure 7-33 shows the CT number drop-off from the edge of a piece of coal sit- 
ting in air; the drop is essentially complete in 1.2 mm. It appears then that the gap seen by 
the CT is approximately the true time-averaged profile and is not the result of a much nar- 
rower gap of considerably lower density. 

The material being lost from the pyrolyzing coal surface is either deposited on the inner 
wall of the char or passed through the char to the outside world. It would be expected that 
permanent gases formed during the pyrolysis at the coal face would pass through the char, 
but the fate of high molecular tars is not so obvious. These tars could slowly crack and 
deposit within the char on their way out. In that case, the CT numbers of the char layers 
towards the edge of the char should rise as a function of time. While in the last image of 
the time sequence (e.g., Figure 7-32) the density of the char rises from the center towards 
the edges; it does not appear from the sequence of images that those layers of char formed 
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during the earlier stages of the pyrolysis gain density as the pyrolysis continues. In the se- 
quence of images (Figures 7-25 to 7-32) where the CT values at the edge of the char are 
emphasized, the CT number for a position stays quite constant once the char has been 
formed. The heavy tar molecules formed at the pyrolysis front appear to either crack very 
rapidly to immobile char or else they do not crack at all during their passage to the out- 
side. Their passage to the outside may take place via cracks penetrating to the pyrolysis 
zone rather than by diffusion through the bulk of the char. 

The passage of the pyrolysis front through the coal leaves behind it a spherical pattern 
of lower and higher density within the final char. This spherical pattern has essentially des- 
troyed the original horizontal bedding plane pattern within the coal. However, the effect of 
the passage of the pyrolysis front is not to totally randomize the mineral matter within the 
coal, if only because a very small fraction of the coakhar composite is molten at any one 
time. Regions of the coal that were high in mineral matter give rise to regions in the char 
that are also high in mineral matter. In fact, in the sequence of images (Figures 7-34 to 
7-41), where a double look-up-table has been used to simultaneously show detail in the 
coal and the char, there are several high-density regions, probably small high-pyrite re- 
gions, that survive in position after the front has passed. 

The coal clearly swells during the early stages of the pyrolysis. The extent of the swel- 
ling at the end of the pyrolysis depends on what value is taken for the area covered by the 
char. For comparison with the ASTM free swelling index, it is probably more correct to 
take the outside geometric area of the coal and ignore the fissures and cracks that are 
present in the char. On this basis. the area has increased by a factor of ca. 1.6, giving the 
coal an FSI of 2.5. This is at the low end of what would be expected for Illinois #6 coal. 
However, the temperature profile and sample preparation was not. of course, that required 
for the ASTM test. 

The coal suffers a loss of mass during the pyrolysis process. Figure 7-42 shows the total 
CT number for the entire image as a function of time, and Figure 7-43 shows the average 
CT number for the central area of what is assumed to be the original coal. The CT number 
total drops to 60.8% of its original value. The ASTM proximate analysis of the coal 
(Table 7-1) gives the fixed carbon plus the ash to be 58.1% by weight of the original coal; 
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hence the CT number drop is in the range that would be expected. 

. 

The time dependence of the weight loss of the coal (Figure 7-43) shows that little loss 
occurred until the pyrolysis front arrived. The weight loss that did occur was about 9% of 
the original density. The proximate analysis shows 8.7% water in this coal, so water loss is 
a reasonable mechanism for the density drop in the coal prior to the arrival of the pyrolysis 
front. 

The mass spectrometric data taken during the course of the experiment showed that 
methane, water, and C02  are the major permanent gases. Ethylene was also observed. Hy- 
drogen was not scanned. Carbon monoxide could not be distinguished from N2 in our sys- 
tem. The methane evolution peaked around 550 s into the run, dropped to 41% of the 
peak after a further 10 min and disappeared after another 35 min. Given the estimated 
time constant of -10 min for turning over the gas content of the furnace, it appears that 
the major gas evolution stops when the pyrolysis front reaches the center of the coal. 
From both the char weight loss curve and the mass spectrometer data, it appears that, once 
formed, the char is unreactive under these pyrolysis conditions. 

7.1.3 Analysis of Pyrolysis Experiments 

The progress of the pyrolysis front into the coal should be capable of interpretation in 
terms of such parameters as the thermal diffusivity of the coal, the heat capacity of the 
coal, heats of reaction, heats of volatilization, etc. 

Figure 7-44 shows a plot of the square of the diameter of the coal circles during the py- 
rolysis. The diameters were calculated by measuring the area of the pixels within the re- 
gion covered by the coal and determining the diameter of the circle that has the same area. 
For the middle of the image sequence, where the coal image is almost exactly circular, this 
procedure is quite accurate. It clearly is an approximation for the early stages when the 
coal image is more square. As Figure 7-44 shows, there is a very good linear relationship 
between d2 and time. Such a finding is quite common in combustion problems like oil 
droplet burnup, and it might be quite surprising to see that it effectively holds for the py- 
rolysis of Tllinois #6 under these conditions. This finding may make analytical solutions of 
the pyrolysis sequence more tractable. Because of the geometrical constraints of the prok 
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tempted: 
I 

lem, a numerical solution was first attempted. 

The commercially available finite element analysis package, ADINAT, was used to 
simulate the progress of the pyrolysis front into the coal. This program used the thermal 

I properties of the material to solve for the time-dependent temperature distributions within 
the coal. The following properties of the system must be given before a solution can be at- 

1. Density of the material as a function of temperature 

2. Thermal conductivity as a function of temperature 

3. Heat capacity as a function of temperature 

4. Heat of pyrolysis of the coal 

The density function was determined from a TGA analysis on a sample of this coal. The 
result of the experiment, done at two different heating rates, is shown in Figure 7-45. The 
TGA results show a mass drop to 60% of the original mass, which agrees with the 60% 
drop in CT number. The mass values were converted to density assuming 1.3 gkm3 as the 
density of the original coal. The density curve used in ADINAT is shown in Figure 7-46. 
The water loss and pyrolysis curves have been approximated by a series of straight lines. 
The thermal conductivity curve (Figure 7-47) for the coal and char was taken from Table 
2 of Reference 20. The relationship between heat capacity and temperature for coal and 

char (Figure 7-48) was taken from Reference 21 with a correction for 9% water below 
100 "C. The gaseous products of pyrolysis are broken into two groups: light gases and tars. 
The temperature dependence of C p  for the light gases is given in Table 7-2 .  In the case of 
the tars, we assume the elemental composition is similar to that of coal and that a typical 
molecular weight is 400 amu (atomic mass units). This gives an approximate formula of 
C33H26 for the tar. To this hypothetical molecule we have assigned a heat capacity three 
times the heat capacity of biphenyl (C12H10). The tar heat capacity relationship used in 
ADTNAT is 

. 
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The relative proportions of the different products formed during pyrolysis are taken from 
Reference 22, viz, 

56% by weight of the coal forms char 

32% tars 

6% water 

2% methane 

2% carbon monoxide 

2% carbon dioxide 

The heat of pyrolysis of the coal was taken as a first approximation to be zero. Badzioch et 
al. (Reference 20) found no evidence for net endothermicity or exothermicity for the coals 
they tested. Other authors (Reference 23) have used a small value (700 J/g). 

ADINAT was used in its 2-D form. A network of node points was set up in a 
1.1 x 1.1 cm square representing a quarter of the coal. A mesh of 20 X 20 node points 
(Figure 7-49) was first tested and compared to a mesh of 10 x 10. No apparent difference 
in the resulting temperature contours was found; therefore, the coarser mesh was used 
because considerable savings in computer time resulted. 

The ADINAT package has been linked to a GE proprietary software package called 
the Computer Aided Thermal Engineering System ( C A E ) .  C A E  allows the user to 
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create the finite element model, attach boundary conditions and material properties, run 
ADINAT, and display the results. All input and output for the CATE system is via an in- 
teractive graphics nondriver interface. The model temperatures generated by ADINAT are 
used by CATE to create isotherm maps (Figure 7-50) or color-filled density images (Fig- 
ure 7-56). The color images are readily comparable to CT images. A simplified series of 
thermal profiles from CATE is shown in Figures 7-51 through 7-55, where the square out- 
line represents the top right-hand comer of the coal in the CT image. 

The contour labeled 1 represents the 100 "C line, and the contour labeled 2 represents 
the 425 "C line. At 100 "C all the water is expected to be steam, and at 425 "C the pyro- 
lysis is expected to be occurring (Figure 7-45), These figures show the waterheam front 
preceding the pyrolysis front into the coal and show the transition with time from the 
essentially square profile to the circular profile. Temperature profiles taken at different 
times can be used to determine the rate of temperature rise at any time within the coal. 
For example, using Figures 7-53 and 7-54 it can be calculated that the temperature 1 cm 
away from the center of the coal is rising at about 1 "C/s after the coal has been exposed to 
the furnace environment for 300 s. The complete 2-D temperature map can be convolved 
with the density function (Figure 7-46) to provide a time history of the density of the coal. 
A sequence of these images is shown in Figures 7-56 to 7-59. The red regions correspond 
to the density of coal, while the blue regions have the density of char. The yellow band 
shows the narrow region within which the pyrolysis is occurring. The ADINAT images 
cover only the top right-hand quadrant of the coal CT image not the entire image. There is 
therefore a considerable change in scale between the two types of image. 

The ADTNAT results confirm the experimental finding of a very narrow region in the 
coal within which the pyrolysis is occurring. The calculations also show the interior of the 
coal becoming sufficiently hot to drive out the water considerably before the pyrolysis front 
arrives. Because of the low water content of this coal, the water front was not experimen- 
tally proved. Experimentally, the CT values in the coal dropped before the arrival of the 
pyrolysis front, but the coal image was so uneven it was difficult to detect a "front" for 
this process. However, in a subsequent experiment a sample of lignite was taken through 
the same thermal step. Figure 7-60 shows a CT image taken during its pyrolysis. This im- 
age clearly shows two rings penetrating into the coal. On the basis of the present results, it 
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is reasonable to assign the inner ring to water devolatilization and the outer to pyrolysis. 

So far in the ADINAT analysis we have assumed literature values of the parameters 
and have not used any adjustable parameters to achieve the images in Figures 7-51 to 7-55. 
A quantitative comparison between the experiment and ADINAT can be made by measur- 
ing the areas in the ADINAT temperature profiles and comparing their rate of change 
with the rate of change of the coal area in the CT image. This comparison is given in Fig- 
ure 7-61 (Model B). This figure shows that the ADINAT results fall off faster than the ex- 
periment shows. Considering that a 3-D version of ADINAT would certainly drop off even 
faster than the 2-D version, this suggests that some alteration of the literature values will 
be necessary to fit the data. In particular, the effective thermal conductivity for this coal 
may be lower by a factor of 2 to 3. 

7.2 CATALYZED AND UNCATALYZED CARBON DIOXIDE GASIFICATION 
EXPERIMENTATION 

For all subsequent experiments the ceramic boat assembly used to traverse the coal 
across the plane of the x-ray beam was designed to produce minimal backlash when mov- 
ing the boat back and forth. The backlash was measured by reimaging an object whose po- 
sition in the beam could be determined by its image shape (e.g., a plastic conic section in 
this case). The boat is moved by a rod which passes through !he walls of the furnace. At 
one end the rod is attached to the ceramic boat; at the other end, it is attached to a lead- 
screw traversing mechanism run by the CT computer. The r o d  was originally ceramic but 
was replaced with molybdenum. The rod also had a flat piece of molybdenum plate welded 
onto the end at right angles to the rod. This plate fitted into a slot molded into the end 
wall of the ceramic boat. The boat is made of 360-m Moldable Ceramic. The tests with 
this boat and rod design showed that the backlash was at most 1 pixel and usually not even 
that. 

7.2.1 Run 444 - Illinois #6, Steam Gasification, Uncatalyzed 

Tn this experiment, Illinois #6 coal char was gasified in steam. The partial pressure of 
steam employed was 0.4 atm with the balance consisting of nitrogen. The char, actually 
consisting of a large and a small lump, was gasified at 850 "C for 2 h, raised to YO0 "C for 
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2 h, 950 "C for 2.5 h, and loo0 "C for 1 h. 
i 

Figure 7-62 shows a CT slice of the region from which most of the data were extracted. 
As before, we have plotted CT values along a line throughout the course of the experi- 
ment. Figure 7-63 shows a C" comparison of the char used in this experiment from a time 
early on in the course of the test until a time close to the end. 

Figures 7-64 to 7-67 show the progress of gasification on the larger lump at 850, 900, 
950, and lo00 "C, respectively. In general, most of the gasification occurred at the edges, 
though considerable internal reactivity took place at more elevated temperatures. In order 
to make this quantitative, rates of gasification were determined at 10-pixel (2.65 mm) in- 
tervals throughout the course of gasification. In many instances, movement of the char, a 
likely consequence of crack development and propagation, resulted in an apparent weight 
gain at a given voxel element. Table 7-3 reports average rate constants as a function of lo- 
cation in the char. Locations in the table correspond to those which appear in Figures 7-64 
to 7-67. At each temperature and position, pixel values were determined at four or five 

different time intervals. For each time interval, isothermal rate constants were calculated. 
These were averaged for a given temperature and appear as entries in the table. Points 
where a significant weight gain occurred (a consequence of char translation) or where two 
or more slight weight gains occurred in a given temperature/ position interval, were dis- 
carded as meaningless in rate calculations, and a "+" sign appears in the table. If a slight 
weight gain was observed in a single point (i.e., <5 CT units), then the rate was calculated 
assuming no weight loss, and this was averaged into the total rate constant. 

In general, the rates reveal greater reactivity at elevated temperatures as expected. 
Rates are quite reasonable based on our experience in this area (Reference 24). Where a 
given locus had three or more good data points, an Arrhenius plot of log (rate) vs. inverse 
absolute temperature was made, and appears in Figure 7-68. Note that the four good lines 
are reasonably parallel, indicating a consistent activation energy of roughly 50 kcaumole. 
For example, at location 80 with four good data points, the slope yields 5 1.6 kcaYmole for 
an apparent activation barrier. This is typical of a chemically, rather than a diffusionally, 
limited regime. Even though the activation energies are reasonably similar in penetrating 
the char from the surface to a depth of nearly 1 cm, the absolute rates clearly drop in the 
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core. One might expect that if the rates dropped internally, this would be a reflection of 
diffusion limitations. This is apparently not the observation. The near-constant activation 
energies reflect a consistent chemically limiting mechanism, while the lowered reactivity in- 
dicates a diminished number of active sites. We can speculate that at the surface of the 
char there are more surface discontinuities, cracks, and edge defects in the char pseudo- 
lattice which propagate inward. 

Another unexpected observation is the apparent lack of edge recession in this trial. 
Over the course of the experiment, one edge propagated inward at a rate of 
0.004 mdmin;  two others receded at 0.001 mdmin ,  while the fourth edge failed to re- 
cede at all, even while being held at temperatures from 850 "C to lo00 "C for over 8 h. 

7.2.2 Run 448 - Illinois #6, Rubidium Carbonate as Plug, Carbon Dioxide Gasification 

In this experiment, an Illinois #6 coai was pyrolyzed at 700 "C for 2 h under nitrogen 
and cooled. A hole approximately 5 mm was drilled into the char and subsequently packed 
with powdered rubidium carbonate. The sample was heated to 850 "C under nitrogen. Car- 
bon dioxide was then admitted to the furnace, and gasification commenced. 

Figure 7-69 shows the coal at the onset of gasification (left) and at the completion of 
the trial (right). The salient features include the apparent disappearance and downward 
migration of the catalyst into the char, and the wake of gasification in its path. Presumably 
the dominant driving force for catalyst migration was gravity, as gasification appears to 
have been enhanced mainly at the original position of the catalyst as well as directly verti- 
cally below the catalyst origin. 

In an effort to make this more quantitative. CT values along a vertical line passing 
through the catalyst plug were plotted as a function of time. The vertical line appears in 
Figure 7-70 and is plotted in Figure 7-71. The dominant feature in Figure 7-71 appears in 
the locations at position 80 to 100, the original catalyst location. Thus the catalyst at 
850 "C spanned approximately 5.3 mm. The decrease in density at this spot over time took 
place at an apparent rate of 5.8 x 10-3/min. or 2.4 times that observed when the catalyst 
was solution impregnated (see Figure 7-72). This is likely a consequence of both melting 
and migration of the catalyst as well as loss of material through gasification. The rate of 
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recession of the catalyst maximum was 0.04 mdmin ,  again 2.2 times that observed in the 
solution-impregnated char. This most likely reflects the higher local concentration of high- 
density salt in the drilled plug along with the effects of gravity in enhancing downward mo- 
bility into the char. 

Further into the char, at position 120, the catalyst migrated and appeared approximate- 
ly 22 min after gasification was initiated, as evidenced by a local maximum in CT values at 
this time. This was followed by gasification at an apparent rate constant of 
1.46 x 10-3/min, a more realistic value based on our previous experience with catalytic 
gasification rates (Reference 24). 

At a spot above the catalyst, position 45 to 50, gasification rates were 4.5 X lO-'/min, 
and edge recession was only 5 X 10-3/min, or eight times slower than the catalyzed front. 

7.2.3 Run 450 - Illinois #6 with Dispersed Catalyst; Carbon Dioxide Gasification 

In this trial, a lump of Illinois #6 coal had been prepyrolyzed to 700 "C for 2 h under 
nitrogen several weeks earlier. The resultant char had been suspended in a saturated solu- 
tion of rubidium carbonate and the solution allowed to evaporate, leaving salt on the peri- 
phery of part of the char. Figure 7-73 shows the prepared char on the CT boat; the deep 
red and yellow region along the base of the char reveals the extent of penetration of ca- 
talyst. 

Gasification in carbon dioxide was performed at 850 "C in the CT, with the progress 
monitored throughout. Figure 7-74 shows two slices separated by 80 min. Movement of the 
catalyst, edge recession, and general broadening of the cracks is evident. A particularly 
useful way of visualizing these phenomena is to plot CT values along a given line over a 
period of time. The line -employed in this test appears at the base of the char in Fig- 
ure 7-73. and is plotted in Figure 7-75 at three different times. On the left edge of the 
char (Figure 7-76), there is considerable recession of the maximum along with some 
broadening. Specifically, the rate of edge recession is 1.8 x mdmin.  The maximum 
apparent gasification rate constant occurs at position 38 along the line, yielding 
3.8 x 10-3/min. This value is a composite of weight loss due to gasification as well as mi- 
gration of the catalyst into the char. The other edge of the coal did not reveal as obvious a 
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an edge recession (Figure 7-77), but gasification at position 147 yielded an apparent rate 
constant of 3.8 x 10-3/min identical to the opposite edge. Finally, note that throughout 
the center of the char there was relatively little gasification. More significant was that from 
position 40 to position 125 inclusive: the char actually everywhere gained weight, presum- 
ably from migration of the catalyst into the center. Indeed, even at dead center the aver- 
age CT value rose 6.5% at a specific rate constant of 7.3 X 10-4/min. 

7.2.4 Run 424-426 - COz Gasification, Illinois #6 Catalyzed 

In this experiment, lump Illinois #6 was placed in the furnace, where it underwent rap- 
id pyrolysis at 850 "C. After stabilizing for 2 h, carbon dioxide (1 atm) was admitted and 
the Boudouard gasification was followed by Cr'. Isothermal rates at 850, 900, 950, and 
IO00 "C were determined over an 8 h period. 

Figure 7-78 shows the char at the outkt of gasification and at the termination. 

The char was generally unreactive throughout, although some loss of material along the 
edges was apparent. Very little edge recession or movement of the char was observed. In 
order to quantify the gasification, a line was drawn through the coal and CT values were 
determined along the same line throughout the test. Figure 7-79 shows which line was em- 
ployed, and Figure 7-80 represents a plot of several values along the line taken at 900 "C. 
Similar plots exist for each temperature examined. 

The most reactive position along the line, position 130, just inside the edge. revealed a 
CT valuehime profile which appears in Figure 7-81. These data do not appear to follow 
Arrhenius behavior, and rate constants were typically in the range of 1 to 3 x 10-3/min. 
In the center of the char. the average CT value over a small. 138 pixel region was meas- 
ured and showed greatly reduced rates ranging from 2 x 10-'/min at 850 "C to 
5 x 10-4/min at lo00 "C. This is well below the maximum rate that was observed at the 
edge of the char. 

Some locations in the char showed actual increases in CT values. This may represent 
changes due to minute movements or could represent true densification phenomena, a no- 

tion under study in upcoming trials. 
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7.2.5 Run 436 - Lignite Gasification in Carbon Dioxide 

In this experiment, North Dakota A lignite was heated in carbon dioxide with isother- 
mal gasification monitored at 850, 900, 950, and lo00 "C. Figure 7-82 shows the char at 
850 "C at the onset of gasification. The horizontal line through the image is that which was 
used for analyses as described below. Figure 7-83 shows the char before and at the end of 
gasification. Clearly the char has been gasified extensively, with considerable edge reces- 
sion, surface rounding, and crack formatiodpropagation. Notice that over 5 h elapsed 
between the slices. 

Figure 7-84 shows a composite of data along the line of interest. For display purposes, 
the zero in CT values has been offset by 1OO0. Thus, a value of ZOO0 indicates the absence 
of material at that location. Note that at either edge of the char most of the matter be- 
came depleted in time, and edge recession occurred. Figure 7-85 is somewhat less complex 
than Figure 7-84, showing only those data points at 900 "C; Figure 7-84 showed data from 
850 to lo00 "C inclusive. Note the minimal edge recession in this figure, and also extensive 
weight loss at positions 60 and 210 at either edge. 

As with the Illinois coal gasification, gasification rate constants were determined at 
10-pixel intervals along the line shown in Figure 7-82. These are listed in Table 7-4. An 
Arrhenius plot of data obtained near the edge of the coal (position 65) yielded E, = 64 
kcal/mole, again typical of a chemically limited process. In general, data were insufficient 
to obtain Arrhenius data throughout the char. as apparent weight gains due to char move- 
ment were pervasive. 

Table 7-5 reveals that considerable and highly temperature-dependent edge recession 
occurred. This is further borne out in Figure 7-86, which shows how the edge moved from 
position 55 to position 62 in just over an hour. (Recall that one pixel on this scale is equal 
to 0.265 mm.) 

7.2.6 Run 417 - Pittsburgh Coal, Uncatalyzed C 0 2  Gasification 

In this trial, Pittsburgh char was gasified in CO? under isothermal conditions at 850, 
900, and 950 "C. Figure 7-87 shows the char along with the line used in analyses. Fig- 
ure 7-88 shows two slices taken at the onset and 2 h into gasification, respectively. Beyond 
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some crack broadening at the center of the char, very little in the way of gasification has 
taken place. Figures 7-89 to 7-91 taken at 850, 900, and 950 "C further bear this out, 
where, except for a few locations, little evidence for gasification is noted. This is in con- 
trast to the Illinois char, where extensive gasification was noted. It is possible that there are 
significant differences in the char structures which result in inherent differences in chemical 
reactivity or diffusion profiles, or that the gasification process is dominated by adventitious 
dnd indigenous catalysts which are somehow not present in the Pittsburgh coal. Certainly 
the Illinois coal is noted for high salt content which has well-characterized catalytic 
behavior. In the absence of additional data, the reason for the apparent differences in reac- 
tivity between these chars remains speculation. 

7.3 STEAM GASIFICATION EXPERIMENTS 

Four further gasification trials were undertaken with steam in nitrogen as the reacting 
gas. Neat, nitrogen-saturated water was admitted to a steam generator located at the aft 
end of the furnace outside the CT. Pure steam was admitted to the furnace, where mixing 
with the furnace atmosphere took place by a molybdenum fan welded to a molybdenum 
rod just prior to the furnace boat. Partial pressure of steam ranged from 0.30 and 0.37 
atm, with the balance consisting of nitrogen. 

The steam generator consisted of a stainless steel vessel 11 In. long and 1 1/4 in. in di- 
ameter. This hollow vessel was filled with small-diameter ceramic beads and wrapped with 
Thermolyne tlexible electric heating tape. Nitrogen gas was constantly circulated through 
the steam generator vessel into the furnace. A reservoir of distilled water, deaerated with 
bubbling nitrogen, served as the supply water for the generator. Water was pumped from 
the reservior with a speed-controlled peristaltic pump at a predetermined set rate (1 to 

2 cdmin). There were two type-K thermocouples used to monitor the system: one was lo- 
cated inside the vessel and the other within the heating tape. Limits were set on the ther- 
mocouple in the vessel. so an alarm sounded if the temperature within the vessel dropped 
below 200 "C. This assured that only steam entered the furnace. As water entered the gen- 
erator, it flashed to steam and was carried into the furnace by the tlow of nitrogen gas. 
The water flow was not started until the temperature of the furnace was above 150 OC, 
which provided further assurance that only steam was used in the gasification process. 
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A Micromonitor 500 Gas Analyzer (GC) from Microsensor Technology was used in 
these experiments to monitor the furnace atmosphere. The GC probe was the same as the 
mass spectrometer probe. The GC measured nitrogen, oxygen, carbon monoxide. carbon 
dioxide, and methane. 

Gas was drawn from the sample probe through a Fiberfax fiber inline filter, and then 
passed through a condensor, which had a glass reservoir at its bottom level to collect 
liquids. The gas then passed through another inline filter that contained Drierite beads and 
Fiberfax fiber to trap any carryover tars or moisture. The GC took samples at predeter- 
mined time intervals (usually every 15 min). Exhaust gas was then pumped back into the 
exhaust piping of the furnace. 

The coals had been equilibrated with pure nitrogen over a period of several hours to 
ensure that true gasification, rather than oxidation by residual air, took place. 

The four trials included steam gasification of a North Dakota A lignite from the North 
American Coal Corporation, Bismark, North Dakota (C-l14H); steam gasification of a 
Pittsburgh HvA bituminous coal (C-83A-1) from the Eastern Coal Association Fed #2 
Mine, a catalyzed lignite (C-114G) which contained two plugs of rubidium carbonate ca- 
talyst; and a Reading anthracite(C-10lA) from Pottsville, Pennsylvania. which contained 
three plugs of rubidium carbonate catalyst. Analytical data on these coals appears in 
Table 7-6. The uncatalyzed coals were used without additional preparation. The catalyzed 
coals were prepared by drilling 0.125 in. holes approximately 0.25 in. into the top surface 
of the coal, followed by manually filling the holes with rubidium carbonate powder. Unlike 
catalytic data from previous experiments, here pyrolysis took place in the presence of ca- 
talyst. Specific temperature profiles were recorded for each sample. 

7.3.1 Run 504 - Uncatalyzed Lignite Gasification with Steam 

A pentagonal-shaped lump of North Dakota A lignite was heated in humidified nitro- 
gen according to the temperaturehime profile in Figure 7-92. The partial pressure of steam 
was 0.37 atm. 

Figure 7-93 reveals the gas evolution profile monitored by mass spectrometry. During 
pyrolysis which took place during the temperature ramp to 850 "C. evolution of carbon 

. 
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dioxide and methane coincided. It is likely that carbon dioxide resulted from thermal de- 
carboxylation of inherent lignite functional groups along with those generated by oxygen 
chemisorbed during sample preparation. Methane is a product from thermolytic deg-rada- 
tion of the organic matrix. As expected, methane evolution ceased as carbonization 
reached completion. Carbon dioxide evolution increased with temperature due to char 
gasification as follows: 

C + H20 = CO + Hz (Primary gasification) 

CO + H 2 0  = CO, + Hz (Water-gas shift reaction) 

2CO = C + COl (Boudouard gasification) 

In this instance, carbon dioxide evolution occurred primarily through the shift reaction. 
The sudden drop-off of carbon dioxide after 350 min is due to the depletion of carbon 
from the sample. 

During the pyrolysis stage of the sequence (T <850 "C) the pentagonal shape of the 
lump was preserved, though a near-isotropic linear shrinkage of 26% occurred. illustrated 
in Figure 7-94. As described earlier, mass transfer from the core of the lump took place in 
spherical contours. One consequence of this is the void which results in the center of the 
lump, an apparently general phenomenon in most of the coals studied by CT. In addition 

to volume reduction. the average density decreased 28%. The original lump was highly 
uniform, with most pixels clustered within a very narrow range around 1190. The pyro- 
lyzed coal was much less uniform, with pixel values in the bulk showing values which 
ranged throughout the 800s. The void had values down to 0, as is apparent in Figure 7-94. 
Qualitatively similar pyrolytic phenomena were observed in carbon dioxide gasification of 
the same type of lignite. 

Figure 7-95 shows a sequence of slices taken during the gasification. The process is 
characterized by a loss of material from the edges, with very little change occurring inside 
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the char, at least until the external regions were depleted of organic matter. Figure 7-96 
shows plots of CT values along the hoiizontal line in Figure 7-95 for five slices taken over 
90 min at 900 "C. Essentially no material was lost from the center of the char at 900 "C, 
while the outer surface strongly diminished in density. 

Analyses based on edge recession are difficult to apply here since ash was left nearly in 
place, only slightly rafted into the center of the core. The shoulders that appear at the base 
of the curves in Figure 7-96 are probably due to porous ash buildup. Noteworthy is that 
the hole in the center of the char showed virtually no translation over the course of the ex- 
periment. A more useful exercise is to compare isodensity lines as a function of time. A 

sample of this appears in the table below: 

RATE OF RECESSION FOR ISODENSITY LINES IN COz AND STEAM 

Temperature ("C) Rate of Recession Steam Rate of Recession Carbon Dioxide 

850 9.0 x mm/min 4.5 x mm/min 
900 5.3 x mm/min 1.2 x IO-' mm/min 
950 2.3 x lo-' m d m i n  7.0 X m d m i n  

lo00 ----- 1.4 x IO-'  mm/min 

Isodensity contours for CT values clustered at 500 'are illustrated in Figure 7-97. Fig- 
ure 7-98 reveals that the Arrhenius law is followed for these data, with log (rate) being a 
linear function of inverse absolute temperature. 

The gasification of run 436 took place in 1 atm carbon dioxide and provides an oppor- 
tunity to compare carbon dioxide vs. steam gasification. In the table above isodensity rates 
are compared. As expected (Reference 24), rates in steam are somewhat greater than those 
in carbon dioxide, although apparent activation energies which determine slopes in Fig- 
ure 7-97 are comparable. 

r 
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7.3.2 Run 510 - Uncatalyzed Pittsburgh #8 Gasification in Steam 

In this trial, a lump of Pittsburgh #8 coal was gasified in humidified nitrogen. Steam 
partial pressure of 0.30 atm was used throughout. Figure 7-99 shows the temperatureitime 
profile of the experiment. The data are best described in two parts: pyrolysis and gasifica- 
tion. Figure 7-100 shows the gas evolution profile. 

The pyrolytic profile is illustrated in Figure 7-101. The rectangular lump of the highly 
volatile, highly swelling coal is initially fairly uniform, with CT values ranging from 1200 
to 1400, typical of a porous, mineral-laden Eastern bituminous coal. As the pyrolysis 
proceeds, the gradual fragmentation, melting. and recombination into a cylindrical sem- 
icoke takes place. The dominant morphological changes occur in the 350 to 550 "C range, 
although the temperature inside the core likely lags behind the externally measured furnace 
atmosphere temperature. Again the phenomenon of an internal void was realized, and the 
generality of this effect must be considered a likelihood. The loss of volatile matter accom- 
panied by the dimensional swelling result. in greatly reduced densities, manifest in CT 
numbers which are typically in the range of 250 to 450. 

Gasification rates as a function of position appear in Table 7-7. Plots of log (rate) vs. 
inverse absolute temperature appear linear as before, and activation energies determined 
from slopes of the lines are roughly identical at 55 5 10 kcal/mole. These indicate a chem- 
ically limiting pathway, but must be carefully considered in light of the rapidly progressing 
front associated with shrinkage and edge recession. In particular, this coal showed general 
shrinkage at the elevated temperatures. This is illustrated in Figure 7-102, which shows CT 
numbers plotted along a constant horizontal line through the char at 1000 "C at four dif- 
ferent times. The line through the doughnut-shaped slice reveals the central void and two 
maxima associated with each part of the char. Both external edges recess with time, the 
apparent result of loss of material due to gasification. On the other hand, at the center of 
the core, there is an increase in density with time, and the char apparently shrinks, show- 
ing a decrease in core radius. This is readily seen in Figure 7-103. The shrinkage 
phenomenon is probably due to ultimate densification caused by the semicoke- to-coke 
transformation. A slight increase in methane evolution at the higher temperature was ob- 

served, and it is likely that other products of coking would be oxidized by the steam. 
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As with the Illinois and lignite coals, the Pittsburgh char shows relatively higher reac- 
tivity in steam than in CO,. 

7.3.3 Run 516 - Rb,C03 Catalyzed Lignite Gasification in Steam 

In this experiment, North Dakota A lignite was predrilled to create two holes which 
were packed with rubidium carbonate. The coal was pyrolyzed in humidified nitrogen, 
with a partial pressure of 0.36 atm steam. Figure 7-104 shows the temperaturehime pro- 
file, and Figure7-105 shows the gas evolution profile. The catalyzed lignite shows two 
maxima associated with methane evolution, while the.uncatalyzed lump shows only a sin- 
gle, though much larger, maximum. The significance or generality of this result is not 
known at this time. 

The pyrolysis sequence, ranging from room temperature to 750 "C showed a loss of 

volatile matter, with slight shrinkage, but not nearly enough to compensate for the loss of 
material from the coal. As a consequence, the char generally decreased in density. with 

considerable uniformity. Some cracking occurred. 

The catalyst showed morphological changes during the pyrolysis, as appears in the se- 
quence in Figure 7-106. It is likely that the catalyst movement was due to loss of admixed 
organic matter from the coal rather than a true melting. Throughout the course of gasifica- 
tion to completion, the catalyst showed no propensity toward spreading, as is evident in 
Figure 7-107. 

During the gasification, the char cracked and crumbled, and eventually spilled onto the 
tray. Because of the gross movement, quantitative rate data were obviated. Even the role 
of the catalyst was obscured in the gasification process. The coal was much more reactive 
than previous samples, although the presence of adventitious catalytic matter in these coals 
is well documented. 

7.3.4 Run 525 - Rb2C03 Catalyzed Steam Gasification of Reading Anthracite 

In this trial, a lump of Reading anthracite was predrilled with three holes, which were 
packed with rubidium carbonate. The coal was heated according to the temperaturekime 
profile in Figure 7-108 in humidified nitrogen with a steam partial pressure of 0.34 atm. 
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The pyrolysis portion of the run was generally uneventful, with a nearly isotropic reduction 
in density from an average CT value of 1475 at the ambient temperature to 1386 at 
800 "C. The 6% loss of density compares well with the 8% combined volatile matter and 
moisture content of the coal (Table 7-6). Some minor morphological changes in the catalyst 
were observed, possibly due to decarbonation of the salt or moisture loss. Figure 7-109 re- 
veals the gas evolution profile for this trial, showing methane outgassing during the early 
s+ages of pyrolysis, and CO/C02 evolution due to gasification at the elevated temperatures. 
The latter species become more pronounced at the more elevated temperature as the gasifi- 
cation becomes more vigorous. 

The gasification sequence was monitored in several ways, with particular emphasis on 
catalyst mobility. Figure 7-110 reveals the degree of penetration of the catalyst into the 
char at 850 and lo00 "C. Recall that, at room temperature, the catalyst simply filled the 
three small holes which appear as voids in Figure 7-110. The catalysts have apparently mi- 
grated considerably into the coal in the immediate region by the cavities. This is more 
quantitatively borne out in Figure 7-1 11, which shows CT values along a horizontal line 
through the three cavities which appear in Figure 7-110. Initially the catalyst filled the 
voids, and appeared as three spikes in the figure. After several hours at temperature, the 
appearance of voids at the same location indicates that the catalyst has disappeared into the 
char. The growth of shoulders on the char surface adjacent to the holes reveals that the ca- 
talyst has penetrated considerably in the vicinity of the holes. 

What is not apparent from these figures is the degree of catalyst penetration throughout 
the char and into regions which are quite remote from the holes. Figure 7-112 brings this 

phenomenon out more clearly with a different look-uptable. Here the catalyst, appearing 
red in the figures, penetrates deeply into the char. with an apparent increase in densifica- 
tion. Because the coal does not shrink, the increase in density must be due to the catalyst 
presence. 

The increase in density is remarkably uniform with depth. Tn particular, the catalyst 
penetration does not appear to gradually seep into the coal from top to bottom, but rather 
appears to become quickly isotropic. For example, consider Figure 7-113. Here, the weight 
gains are quantified as a function of time at depths of 24, 29, 34, and 40 mm beneath the 
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surface of the coal. The salient features of this figure are the overall weight gain with time, 
and, especially, the little difference among the four curves taken at different depths. It is 
possible that the catalyst has dispersed throughout the coal by a vapor phase intermediate 
such as the reduced metal. Carbothermic reduction of the metal ion could account for this. 
The neutral hydroxide salt would also be expected to have appreciable vapor pressure and 
could accommodate this mechanism. An alternate mechanism for catalyst dispersion would 
be via activated diffusion across a concentration gradient. 

I 

I 

Another cause for speculation is the lack of catalyst dispersion and apparent densifica- 
tion in the catalyzed lignite gasification described earlier. Here it is possible that the 
dispersion of the catalyst did indeed take place, but was masked by the much greater reac- 
tivity and near complete burnout of the char. The presence of indigenous catalytic materi- 
al, as well as the higher porosity of the lignite. could mediate the catalyst mobility. 

Finally, the coal was removed from the furnace and examined. Photos of the surface 
appear in Figures 7-114 through 7-115. Note that the predrilled holes are largely intact, 
with no edge recession and a large void which had been filled with catalyst. Also, the sur- 
face shows penumbric ellipses of ash about the holes which are of different character from 
the remainder of the char surface. It is possible that these are rubidium-enriched ashes, or 
that the presence of higher concentrations of the salt resulted in more complete gasifica- 
tion. Another feature of the elliptical penumbric ash deposits is the eccentricity. In all 
three holes, the ash spread 15% more in the direction parallel to the bedding planes than 
in the perpendicular direction. I 

These studies clearly show the advantages of CT for studying the pyrolysis and gasifica- 
tion of coals, especially for fixed bed gasifier systems. Estimates can be obtained for how 
quickly the coal heats up upon entry into the gasifier, how quickly the volatiles are blown 
off, and what the effective area of the coal is to combustion gases and to gasification reac- 
tions. 

c 
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Figure 7-1. Photographs of CT furnace 
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Figure 7-2. Schematic of CT furnace 
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Figure 7-3a. CT image of plastic cone 

Figure 7-3b. CT image of plastic cone after tirst move 

. 
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Figure 7-3c. CT image of plastic cone after second move 

Figure 7-3d. CT image of plastic cone after third move 
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hydrocarbon density standards I 

. 

FIGURE 7-8. Calibration graph of density standards within 
furnace. 
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Figure 7- 1 1. Illinois #6 pr rolysis, 850 "C, 473 s, Color [,UT 

Figure 7-12. Illinois #6 pyrolysis, 850 "C, 535 s, Color LUT 
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Figure 7-13. Illinois #6 pyrolysis, 850 "C, 614 s, Color LUT 

Figure 7-14. Illinois #6 pyrolysis, 850 "C, 693 s, Color LUT 
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Figure 7-15. Illinois #6 pyrolysis, 850 “C, YO7 s, Color [,UT 

Figure 7-16. Illinois #6 pyrolysis, 850 “C, 1019 s, Color L,UT 
c 



Figure 7-17. Illinois #6 pyrolysis, 850 "C, 120 s, Full line 

Figure 7-18. Illinois #6 pyrolysis, 850 "C, 284 s. Full line 
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Figure 7-19. Illinois #6 pyrolysis, 850 "C, 473 s, Full line 

Figure 7-20. Illinois #6 pyrolysis, 850 'C, 535 s,  Full line 
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Figure 7-21. Illinois #6 pyrolysis, 850 "C, 614 s, Full line 

Figure 7-22. Illinois #6 pyrolysis, 850 "C, 693 s, Full line 
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Figure 7-23. Illinois #6 pyrolysis, 850 "C, 907 s, Full line 

Figure 7-24. Illinois #6 pyrolysis, 850 "C, 1019 s, Full line 

7-40 



. 

.. 

Figure 7-25. Illinois #6 pyrolysis, 850 "C, 120 s, Edge Expanded 

Figure 7-26. Illinois #6 pyrolysis, 850 "C, 284 s, Edge Expanded 
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Figure 7-27. Illinois #6 pyrolysis, 850 "C, 473 s, Edge Expanded 

Figure 7-28. Illinois #6 pyrolysis, 850 "C, 535 s, Edge Expanded 
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t Figure 7-29. Illinois #6 pyrolysis, 850 "C, 614 s, Edge Expanded 

Figure 7-30. Illinois #6 pyrolysis, 850 "C, 693 s, Edge Expanded 
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Figure 7-3 1 .  Illinois #6 pyrolysis, 850 "C, 907 s, Edge Expanded 

Figure 7-32. Illinois #6 pyrolysis, 850 "C, 1019 s, Edge Expanded 
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Figure 7-33. CT number at edge of coal 
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Figure 7-34. Illinois #6 pyrolysis, '850 "C, 120 s, Dduble LUT 

Figure 7-35. Illinois #6 pyrolysis, 850 "C, 284 s, Double LUT 
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Figure 7-36. Illinois #6 pyrolysis, 850 "C, 473 s, Double LUT 

' Figure 7-37. Illinois #6 pyrolysis, 850 "C, 535 s, Double LUT 
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Figure 7-38. Illinois #6 pyrolysis, 850 "C, 614 s, Double LUT 

Figure 7-39. Illinois #6 pyrolysis, 850 "C, 693 s, Double LUT 

7-48 



Figure 7-40. Illinois #6 pyrolysis, 850 "C, 907 s, Double LUT 

Figure 7-41. Illinois #6 pyrolysis, 850 "C, 1019 s, Double LUT 
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Figure 7-42. Relative CT number total as a function of time 

Figure 7-43. CT number for “unaltered” coal vs. time 
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Figure 7-44. Pyrolysis - unreacted coal area vs. time 
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Figure 7-45. Weight loss of Illinois #6 vs. temperature 
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Figure 7-46. Density variation in Illinois #6 vs. temperature 
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Figure 7-47. Thermal conductivity of coal and char as used in ADINAT 
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Figure 7-48. Heat capacity of coal and char as used in ADINAT 

Figure 7-49. Grid pattern used in ADINAT for one coal quadrant 
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Figure 7-50. ADINAT temperature contours 240 s after 850 "C start 

Figure 7-51. ADINAT steam and pyrolysis contours at 30 s 
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Figure 7-52. ADINAT steam and pyrolysis contours at 120 s 

[-I 

Figure 7-53. ADINAT steam and pyrolysis contours at 300 s 
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Figure 7-54. ADINAT steam and pyrolysis contours at 540 s 
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Figure 7-56. ADINAT density image at 120 s 

Figure 7-57. ADINAT density image at 270 s 
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Figure 7-58. ADINAT density image at 450 s 

Figure 7-59. ADINAT density image at 540 s 
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Figure 7-60. CT image of lignite during pyrolysis 
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Figure 7-61. Comparison of CT and ADIIVAT results 
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Figure 7-62. Illinois #6 plate taken at the onset of gasification in steam. The horizontal 
line through the slice was the one used in analysis (Run 444). 

Figure 7-63. Illinois #6 char at the onset and near the end of steam gasification 
(Run 444) 
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Figure 7-64. Plots of CT values along the line shown in Figure 7-63, taken during isoth- 
ermal gasification at 850 "C 
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Figure 7-65. Plots of CT values along the line shown in Figure 7-63, taken during isoth- 
ermal gasification at 900 "C 
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Figure 7-66. Plots of CT values along the line shown in Figure 7-63, taken during isoth- 
ermal gasification at 950 "C 

Figure 7-67. Plots of CT values along the line shown in Figure 7-63, taken during isoth- 
ermal gasification at 1000 "C 
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Figure 7-68. Arrhenius plots of log rate vs inverse absolute temperature showing how 
steam gasification occurs as a function of position in the coal. Note that 
rates are greatest near the edges of the char, but activation energies deter- 
mined from the slopes of the lines are roughly constant. 
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Figure 7-69. Plate of Illinois #6 char containing rubidium carbonate as a plug. In the 
left-hand figure, taken at the outset of gasitication, the catalyst shows up  
as a dark red spot. The left-hand slice, taken an hour and a half later, 
shows that the rubidium has disappeared and gasification has occurred in 
its wake. 

Figure 7-70. Plate of Illinois #6 char containing the rubidium carbonate plug, indicat- 
ing the vertical line through the catalyst core which was used in analysis 
Csee text). 
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Figure 7-71. Plot of CT values along the vertical line illustrated in Figure 7-70 . Note 
that the catalyst appears initially at a depth of 90 and gradually dissap- 
pears into the char. 
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Figure 7-72. Plot of CT value as a function of time at position 95 
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Figure 7-73. Plate of Illinois #6 char which had been solution-impregnated with rubi- 
dium carbonate. This shows up as a dark red rim along the base of the 
char. The horizontal line in the t'igure was that used for analysis (see text). 

Figure 7-7A. Plate of Illinois #6 solution impregnated char at the outset of gasification 
and after - 1 h at 850 "C L 
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Figure 7-75. Plot of CT values of the rubidium carbonate solution-impregnated Illi- 
nois #7 char at three different time intervals. Note that the gasification 
process is dominated at the edges where catalyst was present. 
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Figure 7-76. Plot of the left side of the Illinois #6 char as it gasified 
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Figure 7-78. Plate of Illinois #6 char (left) at the outset of gasification in carbon dioxide 
and (right) after 10 h 

Figure 7-79. Plate of Illinois #6 char indicating line used for analyses (see text) 
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Figure 7-80. Plot of CT values along the line illustrated in Figure 7-79, showing CT 
values at 900 "C 

Figure 7-81. Plot of CT values as a function of time at location 130 along the line illus- 
trated in Figure 7-79 

i 
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Figure 7-82. Plate of lignite char at the outset of gasification, indicating the line used 
for analyses (see text) 

c 

Figure 7-83. Plate of lignite char (left) at the onset of carbon dioxide gasification and 
(right) after -5 h 
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Figure 7-84. Composite of plods ob CT values along the line illustrated In Figure 7-83, 
taken at temperatures from 850 "C to 1000 OC. Note that on either edge 
the most dramatic losses of material occurred. 

O m l I * . l C .  I 

5 

Figure 7-85. Composite of plots of CT values along the line illustrated in Figure 7-83, 
taken at 900°C. Very few changes were observed between positions 100 
and 160, while the edges showed extensive weight loss without recession. 

7-72 



Figure 7-86. Plot of edge recession at 950 "C. Note that in Figure 7-85 above, little edge 
recession at 950°C was observed, while at 950 "C, this edge is receding at 
rate of 3.2 X mdmin .  
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Figure 7-87. Plate of Pittsburgh coal char, taken at the outset of gasification in carbon 
dioxide. The horimntal l ine  i s  that used for analyses (see text), a i d  a plot 
of values along that l ine  i s  superimposed on the image. 

Figure 7-88. Plate of Pittsburgh coal chars, taken (left) at the outset of gasification in 
carbon dioxide and (r ight) after - 6 h b 
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Figure 7-89. Plot of CT values along the line illustrated in Figure 7-87, taken at 850 "C 

1 

Figure 7-90. Plot of CT values along the line illustrated in Figure 7-87, taken at 900 "C 
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Figure 7-91. Plot of CT values along the line illustrated in Figure 7-87, taken at 950 "C 
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Figure 7-92. Temperaturehime profile for North Dakota A lignite steam gasification 
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Figure 7-93. The gas evolution profile monitored by mass spectrometry, for North 

Dakota A lignite steam gasification 

Figure 7-94. Pyrolysis of North Dakota A lignite. During the pyrolysis stage of the 
sequence (T < 850 "C), the pentagonal shape of the lump was preserved, 
though a near isotropic linear shrinkage of 26% occurred. 
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Figure 7-96. Plots of CT values along the horizontal line in Figure 7-95 for five slices 
taken over 90 min at 900 "C 
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"Figure 7-97. Isodensity contours for CT values dustered at 500 for, North Dakota A-b; 
nite steam gasification 
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Figure 7-98. The Arrhenius law is followed for these data, with log (rate of isodensity 
contour shrinkage) being a linear function of inverse absolute temperature 
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Figure 7-99. Temperaturekme profile for uncatalyzed Pittsburgh #8 coal gasification in 
steam 
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Figure 7-100 Gas evolution profile for uncatalyzed Pittsburgh 
#3  coal gasification in steam 
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Figure 7-101. Morphological changes in Pittsburgh coal undergoing pyrolysis in the 
range 300 to 600 "C 
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Figure 7-102. CT numbers plotted along a constant horizontal line through the char at 
1000 "C at four different times. The line h through the doughnut-shaped 
slice reveals the central void and two maxima associated with each part of 
the char. 

Figure 7-103. Same as Figure 7-102, but of the slice through just the left-hand side of 
cylindrical core 
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cation of North Dakota A lignite coal 
Figure 7-104. Temperaturehime profile for rubidium carbonate catalyzed steam gasifi- 
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Figure 7- 105. Gas evolution profile for rubidium carbonate catalyzed steam gasitication 
of North Dakota A lignite coal 
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Figure 7-106. Morphological changes of the catalyst during the pyrolysis of lignite 
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Figure 7-107. Even after gasification is complete, the catalyst appears to retain its mor- 
phological integrity during lignite steam gasification. 
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Figure 7- 109. Gas evolution protile for rubidium catalyzed gasification of Reading 
anthracite in steam 
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Figure 7- 18%. Temperaturehime profile for rubidium catalyzed 
anthracite in steam 
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Figure 7-110. The degree of penetration of catalyst into anthracite char at 850 "C (left) 
and lo00 "C (right) 
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POSITION 

Figure 7-111. CT values along a horizontal line through the three cavities which appear 
in Figure 7-110 
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Figure 7-1 12. Catalyst penetration into anthracite char is  more clearly illustrated in a 
different look-up-table (color scheme) 
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Figure 7-113. Weight gains are quantified as a function of time at depths of 24, 29, 34, 
and 40 mm beneath the surface of the coal. The uniformity of weight 
gain as a function of depth beneath the catalyst indicates the rapidity of 
catalyst mobility. 
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Figure 7-114. Char surface after gasification was complete, revealing that the three 
predrilled holes were intact 

Figure 7-115. Closeup of area shown in Figure 7-114, revealing a penumbric ash which 
is elliptical and 15% eccentric along the bedding plane 
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Table 7-1 

ANALYSIS OF ILLINOIS #6 (C123) 

ULTIMATE ANALYSIS 
As Received Drv 

~~~ 

%Moisture 
%Carbon 
%Hydrogen 
%Nitrogen 
%Chlorine 
%Sulfur 
%Ash 
%Oxygen (diff.) 

8.71 0 
70.00 76.68 

4.77 5.22 
1.59 1.74 
0.37 0.40 
0.67 0.73 
6.31 6.91 
7.58 8.32 

PROXIMATE ANALYSIS 
As Received Dry Basis MAF 

%Moisture 8.71 0 

%Ash 6.31 6.91 
%Volatile 33.15 36.31 

%Fixed Carbon 51.83 56.78 

100.00 100.00 

Btu/lb 12362 13542 14547 
%Sulfur 0.67 0.73 
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Table 7-2 

GASEOUS HEAT CAPACITIES OF COMMON PYROLYSIS GASES 

Heat Capacity ( Cp) of Pyrolsis Gases (273 OK - 1500 OK) 
Cp = A + bT +cT2 Cp = cal/mole OK 

a bz lo3 lo7 

H2 6.9469 -0.1999 4.808 
co 6.420 1.665 -1.96 
co2 6.214 10.396 -35.45 
H2O 7.256 2.298 2.83 
CH4 3.381 18.044 -43.00 
C2H6 2.2 38.78 -93.43 
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Table 7-3 

R A T E  CONSTANTS FOR GASIFICATION OF ILLINOIS #6 CHAR (RUN 444) 

Temperature 

Position 850 900 950 1000 

40 + 2 . 1 4 ~  5 . 4 3 ~  1 . 5 2 ~  

50 + + + 7.70X 

60 + + 1 . 3 5 ~  8 . 9 3 ~  

70 + + 3.17X 9 . 0 5 ~  

80 2.74X10(-4) 6 .98~10( -4)  2 . 5 0 ~ 1 0 ( - ~ )  4 . 3 4 ~ 1 0 ( - ~ )  

90 3 . 3 0 ~  + 1.15X 5.70X 

100 3.70X 1.61 X 3.23X + 
110 + 1.16X + 2 . 2 0 ~  
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Table 7-4 

RATE CONSTANTS FOR GASIFICATION OF LIGNITE (RUN 436-438) 

Temperature 

Posit ion 850 900 950 1000 

60 

70 

80 

90 
100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

210 

2.04 x 
2.33X 

4.56 x 
+ 
+ 
3.40X 

3 . 5 8 ~  

+ 
+ 
+ 
4 . 7 5 ~  

4 . 2 2 ~  

LOOX 

7.51 x 
3.60X 

+ 

5 . 0 0 ~  

7.19X 

+ 
+ 
2.44 x 
4.44 x 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
7 . 4 8 ~  

1.14 X lo(-') 

2.30~ 

1.37 X lo(-') 
+ 
+ 
2.39 X lo(-') 
+ 
+ 
+ 
+ 
+ 
9.47 x 
1.77X 

+ 
+ 
1.96 X lo(-*) 

+ 
1.67 x 

+ 
+ 
+ 
+ 
+ 
+ 
1.30X lo(-') 
1.54 x 

1.9ox lo(-') 
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Table 7-5 

RATE OF EDGE RECESSION, 
LIGNITE (RUN 436) 

Temperature Rate (mm/min) 

850 0.0 
900 4.5 x 
950 3.2 X lo(-*) 
1000 6.4 X 

I 
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Table 7-6 

ANALYTICAL DATA ON COALS 
USED IN STEAM GASIFICATION 

LIGNITE 
ULTIMATE ANALYSIS 

As Received Drv 

%Moisture 
%Carbon 
%Hydrogen 

%Nitrogen 
%Chlorine 
%Sulfur 
%Ash 
%Oxygen (diff.) 

31.10 
43.45 
2.96 
0.76 
0.01 
0.74 

8.07 
12.91 

0 

63.06 
4.29 
1.11 
0.01 
1.07 

11.71 
18.75 

PROXIMATE ANALYSIS 
As Received Drv Basis 

%Moisture 31.10 0 

%Ash 8.07 11.71 
%Volatile 45.22 65.63 
%Fixed Carbon 15.61 22.66 

100.00 100.00 

Btu/lb 6922 10046 
%Sulfur 0.74 1.07 

- 
i 
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Table 7-6 (Continued) 

ANALYTICAL DATA ON COALS 
USED IN STEAM GASIFICATION 

PITTSBURGH #S 

ULTIMATE ANALYSIS 
As Received Dry 

%Moisture 2.36 0 
%Carbon 79.59 78.44 
%Hydrogen 5.45 5.58 
%Nitrogen 1.33 1.36 
%Chlorine 0.07 0.07 
%Sulfur 3.81 3.90 
%Ash 6.09 6.24 
%Oxygen (diff.) 4.30 4.41 

PROXIMATE ANALYSIS 
h Received Drv Basis MAF 

%Moisture 2.36 0 

%Ash 6.09 6.24 
%Volatile 39.08 40.02 
%Fixed Carbon 52.47 53.74 

100.00 100.00 

Btu/lb 1394 1 14278 15228 
%Sulfur 3.81 3.90 
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Table 7-6 (Continued) 

ANALYTICAL DATA ON COALS 
USED IN STEAM GASIFICATION 

READING ANTHRACITE 
ULTIMATE ANALYSIS 

As Received Dry 

%Moisture 3.72 0 

%Carbon 78.29 81.31 

%Hydrogen 2.08 2.16 

%Nitrogen 0.58 0.60 

%Chlorine 0.02 0.02 

%Sulfur 0.25 0.26 

%Ash 13.71 14.24 

%Oxygen (diff.) 1.35 1.41 

PROXIMATE ANALYSIS 
As Received Dry Basis h4AF 

%Moisture 
%Ash 
%Volatile 
%Fixed Carbon 

Btu/lb 
%Sulfur 

3.72 0 

13.71 14.24 

4.32 4.49 

78.25 8 1.27 

100.00 100.00 

11540 11986 13976 

0.70 0.73 
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Table 7-7 

GASIFICATION RATES, MINUTES(-') x io3 
PITTSBURGH #S IN STEAM 

Posit ion 

Temp 30 40 50 60 70 

850 "C 1.0 0.28 1.1 + +  
900 "C 3.1 1.3 0.83 + + 
950 "C 9.5 3.8 3.3 + + 
1000 "C 33.0 18.0 8.9 + +  
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Section 8 

FLUIDIZED BED EXPERIMENTS 

Reactions and processes involving contact of a gas and a solid, particularly those involv- 
ing highly exothermic reactions, are conveniently carried out in fluidized beds. Fluidized 
beds are unsurpassed in maximizing both gas solid contact and solids mixing. However, be- 
cause fluidized beds involve at least two phases as well as poorly characterized dynamic 
processes such as bubble formation, they are very difficult to analyze and model. 

Characterization of the fluid dynamics inside a fluidized bed reactor is essential in 
forming an accurate picture of the reaction processes involved. Experimental verification of 
flow patterns in a fluidized bed is very difficult. Solids are usually opaque to most low- 
energy electromagnetic radiation, preventing observation of the flow pattern by conven- 
tional techniques (i.e. , visual observation using tracers and laser velocimetry). 

Three techniques have provided experimental verification of flow patterns. The first is 
based on pressure fluctuations between two vertical locations and provides information on 
the frequency and velocity of bubbles (References 38, 28, 30, and 33). A more widely 
used technique uses capacitance probes that must be inserted into the bed. Changes in the 
capacitance of the bed can be correlated with bed density but only give information at one 
point. This has proven useful in obtaining local information such as heat transfer rates near 
heated and submerged surfaces (Reference 27). To determine the overall flow pattern, a 
capacitance probe must be moved to a large number of locations, or a series of probes 
must be used (References 31, 37, 25, and 29). The procedure is laborious and gives poor 
spatial resolution. In addition. it is always possible to disturb the flow in the proximity of 
the probe, producing artifacts. 

The third technique is x-ray shadow photography. Rowe and coworkers have used this 
technique to visualize flow patterns inside fluidized beds (References 26, 33, 35, and 36). 
The technique is similar to the familiar medical x-ray transmission technique but is usually 
done with a shorter x-ray exposure time. Shadow radiography produces a 3-D projection of 
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a 3-D object. The sh dowing hinders the ability to discern patterns at different depths in 
the object. The CT technique helps remove the shadowing ambiguities, but usually requires 
seconds exposure times. This limits the time scale of the features that can be imaged. All 
of our CT' pictures were taken with 9 s exposure time. 

* 

The fluidized bed was contained in a cylindrical polyacrylic tube 150 mm long with an 
inside diameter of 43 mm. Gas distribution was accomplished by two crossed layers of - t  

nylon mesh with openings of 34 pm. A subbituminous coal (C285) was used for these ex- 
periments. Characteristics of the coal are given in Table 8-1. A -35 mesh (<500 pm) 
+ 200 mesh (>75 pm) fraction was used. The coal was fluidized by air at room tempera- 
ture. Assuming spherical particles, the range of settling velocities in air is from 0.02 to 
0.2 m / s .  However, as noted in Table 8-1, 83.6% by volume of the sample was less than 
115 pm, so that the settling velocities pertinent to the vast majority of the sample were in 
a much narrower range than the extremes quoted above. At the volumetric mean diameter 
of 47.1 prn, the settling velocity is 0.062 d s ,  which is compatible with the range of obser- 
vations for fluidization in these experiments. Pressure measurements were made with the 
same type of Validyne pressure transducers used in the xenon experiments. Experiments 
were performed on a static bed, a bed near minimum fluidity, and a bed well into the bub- 
bling regime. 

Figure 8-la shows a CT scan of the bed obtained by allowing 28 g of fluidized material 
to settle by reducing the linear superficial gas velocity from 28.8 c d s  to zero. The static 
bed height was 2.7 cm. The polyacrylic container appears as the vertical red regions to- 
wards the edge of the figure. The picture represents a cross-sectional view through the bed 
along a diameter. The slice through the diameter was chosen to minimize wall effects 
which are present in a bed this small. The CT map was converted into a density map using 
the calibration standards used for coal. A range of densities was assigned a particular 
color, and the resulting image was displayed as in Figure %la. In this figure and all the 
following CT images, increasing density is indicated by the color sequence blue <green 
<yellow <red. An area of uniform color represents a uniform densib within the resolu- 
tion set by the color assignment. Although the pictures are a convenient way of visualizing 
density gradients, a quantitative technique is to plot density vs. distance along a line 
though the image of the bed. Figure 8-2a is a plot of the bed density vs. position along the 
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vertical line shown in Figure 8-la. The line is actually 3 pixels wide so that the curve ap- 
pears to be a superposition of three curves. The density at the top of the bed was 
0.54 g/cm3/cc and increased to 0.65 g/cm3/cc at the bottom. Figure 8-2b is a plot of bed 
density vs. position along the horizontal line in Figure 8-lb. This figure indicates the sensi- 
tivity of the technique. The average density near the bottom of the bed is ca. 
0.640 g/cm3/cc, but fluctuations around the mean as small as 0.005 g/km3/cc are observed. 

Figure 8-lc is a CT Scan of a bed with a superficial velocity of 0.048 d s .  At this velo- 
city, visual examination indicated that the bed was well fluidized and expanded, producing 
a bed height of 32 mm with a pressure drop across the bed of 96.5 Pa. Examination of 
Figure 8-lc indicates that the bed density was fairly constant in the radial direction for a 
given height, but was a strong function of vertical position. Figure 8-2c is a plot of bed 
density vs. position along the vertical line in Figure 8-lc. At this flow rate, the material 
near the bottom of the bed had a density of' 0.65 g/cm3/cc, similar to the static bed. The 
density decreased, moving from the bottom of the bed, and reached a value of 
0.48 g/cm3/cc near the top of the bed. 

At a linear superficial velocity of 0.288 d s ,  the bed was well into the bubbling regime 
with 50 mm-high spouts visible at the top of the bed. Figure 8-ld is the CT scan under 
these conditions. The green and blue areas are low-density regions indicating a low concen- 
tration of solids (high void fraction). The pressure drop across the bed was 103 Pa, and the 
bed height was approximately 33 mm. Bed height was difficult to determine visually in the 
laboratory due to the spouting. However, a good estimate of bed height can be obtained 
from the CT image. The bed height is given as the position where there is a large decrease 
in density. This occurred at 33 mm for a linear velocity of 0.288 m/s. A low-density region 
in a scan implies that the volume elememt has a low solids content and a corresponding in- 
crease in the fraction of the gas present (i-e., a bubble). Since the coal powder used in this 
work was noncohesive and fluidized well at lower velocities (cf. Figure 8-lc). these low- 
density regions correspond to regions with high volumetric tlow rates of tluidizing gas. 

Figure 8-ld shows dramatically the bed circulation with the presence of high- 
velocity/low-density spouts, as when the superficial velocity was 0.288 d s .  The high- 
velocity region was annular, as evidenced by the dumbbell symmetry in Figure 8-ld. The 
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density gradient in the radial direction at a level 18 mm above the distributor is quantified 
in Figure 8-ld. The density near'the walls was ca. 0.6 g/cm3/cc. It decreased to a minimum 
value of 0.27 g/cm3/cc at a distance of 12 mm from the wall, and then increased to 
450 g/cm3/cc at the centerline. 

The ability to readily obtain dens'ities with millimeter spatial resolution is a great ad- 
vantage of the CT technique. Knowing the density of the particles fluidized and the density 
of the bed as a function of position, it is possible to calcuate the void fraction (E) at any lo- 

cation in the bed from the equation 

For the static bed, the bulk density of the bed (7 mm above the gas distributor) was 
0.640 g/cm3/cc (Figure 8-lb). Using this value and the particle density from Table 8-1, the 
average void fraction is 0.51. This value is close to the 0.6 normally associated with a static 
bed. In the vertical direction, the void fraction decreases from 0.57 at the top of the bed to 

0.51 at the bottom (Equation 8-1 and Figure 8-la). The vertical gradient in void fraction 
can be explained as a result of the experimental procedure. The static bed was formed by 
allowing a fluidized bed to collapse. As the bed loses fluidization, the material at the bot- 
tom is compressed due to the weight of the material above. This compression results in a 
tighter packing and a higher density/lower void fraction. 

Figure 8-lc confirms that at a tlow rate of 0.048 m / s  the system was tluidized. This 
corresponds to the spherical settling velocity for particles of 33 pm, close to the most prob- 
able particle size in the tluidized sample. Measurement of the bed height from Figure 8-lc 
yields a value of 32 mm (19% expansion over static bed), which agrees exactly with visual 
observation. The uniform density at the various levels indicates that there was no channel- 
ing in any one location of a characteristic time constant in the region of 9 s or longer. If 
such a region existed, it would show up as a low-density region due to the lower solids con- 
tent. 

The absence of sustained localized channeling does not imply that channeling was 
absent. The pressure drop required to lift the bed was about half the expected value for the 
weight of the coal charge. For example. a bed burden of 28 g of material with a cross 
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section of 58 cm2 is expected to require a pressure drop of 186 Pa if uniformly lifted. The 
actual pressure drop measure was 96.5 Pa. This difference can be explained in terms of 
bypassing in the bed. Gas will tend to find the path of least resistance. In a low aspect bed, 
such as the one employed in this work, gas may temporarily find a direct path between the 
distributor and the free surface. Once this is established, there is very little pressure drop 
associated with flow through the channel. If these channels are stable, the pressure drop is 
lower than would be expected for uniform fluidization. The CT images indicated that there 
were no channels stable with characteristic time constants of 9 s or more. However. a se- 
quence of transient channels randomly located throughout the bed could produce the same 
low-pressure drop but would not show up in the density map. This may be the case under 
the conditions for Figure 8-lc. 

The vertical density gradient in the bed occurs because the material (gas and solids) at 
the bottom of the bed supports the weight of the material above, just as in the case of the 
static bed. The linear increase in density moving from the top of the bed to the bottom is 
expected because the weight of material increases linearly with depth. 

The high velocity case is the most interesting. The CT image in Figure 8-ld confirms 
accepted theories of gas and solids motion in a tluidized bed. At high velocity, many bub- 
bles are formed which contain little solid material. The gas bubbles are uniformly distribut- 
ed very close to the distributor but coalesce and eventually form channels or jets inside the 
reactor as they move upward. At sufficiently high gas tlow rates, the channels form a 
bypass region in the center of the bed. This region has a very high gas tlow rate since most 
of the pressure drop across the bed occurs here. The presence of the central bypass region 
causes powder to circulate, constantly being drawn towards the centerline at the bottom, 
thrown into the free space above the bed, and returned to the bottom by moving along the 
walls. Figure 8-ld shows this circulation. The densities in these various regions allow meas- 
urement of the void fraction using Equation 8-1. The void fraction in the central high- 
velocity region is 0.79, and at the low-velocity wall regions is 0.53. 
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Figure 8-1. CT image of the Fluidized bed with a superficial gas velocity of (a) 0 m/s, 
(b)  0 m/s, (c )  0.048 m/s, (d)  0.288 m/s. Density differences are denoted by 
changes in color. 
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Figure 8-2. Plot of density vs position along the lines in Figure 8-1, (a) density along 
vertical line in Figure 8-la from top to bottom, (b) density along horizontal 
line in Figure 8-lb from left to right (note scale change), (c) density along 
vertical line in Figure 8-lc measured from top to bottom, (d) density along 
horizontal line in Figure 8-ld measured from left to right. 
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Table 8-1 

ANALYSIS OF DECKER (C285) COAL 

As Received 

%Moisture 
%Carbon 
%Hydrogen 
%Nitrogen 
%Chlorine 
%Sulfur 
%Ash 
%Oxygen (diff.) 
%Volatile 
%Fixed Carbon 
Btu/lb 
Density 

20.72 

59.65 

3.76 

1.15 

0.01 

0.29 

2.29 

12.13 

29.25 

47.74 

10117 

264 Kg/m3 

Dry 
-- 

75.24 

4.74 

1.45 

0.01 

0.36 

2.89 

15.31 

36.89 

60.22 

12761 

Particle Size Analysis 
Diameter, Volume % in Range 
> 400 0 
400-305 4.7 

305-210 8.6 

210-115 3.0 

115-20 47.1 

< 20 36.5 
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Section 9 

MICROBIAL DESULFURIZATION 

4 

The removal of pyritic sulfur from pulverized suspensions of coal by microorganisms 
such as Thiobacillus ferrooxiduns is well established (References 39, 40). In the laboratory 
up to 90% of the pyrite can be removed by bacteria under optimal conditions of pH, nu- 
trient supply, and temperature (References 39 to 42). Reaction rates can be enhanced by 
the use of finely ground coal, generally 200 mesh or less, and a maximum of 20% pulp 
density. Such reaction conditions may be compatible with the emerging technology of 
coal-water slurries and, hence, have increased interest in the use of microorganisms as an 
alternative to the existing methods of pyritic sulfur removal. 

Another approach involves the use of microorganisms to remove, or at least reduce py- 
ritic sulfur from in situ deposits of coal. The rate of pyritic sulfur removal from in situ 
deposits does not need to be extremely fast because certain extensive coal deposits are not 
expected to be exploited for another 25 to 50 years. The crucial questions are to what ex- 
tent the pyritic sulfur can be removed during this period and what factors affect it. Obvi- 
ously the accessibility of the coal to aqueous solutions and the removal of the resulting acid 
mine drainage are of prime importance. However, a discussion of the hydrology and en- 
gineering of these aspects of in situ pyrite removal is outside the scope of this work. Here 
the possibility of using CT as a technique to observe the removal of pyrite from lump coal 
by microorganisms will be investigated. Pyrite can be readily seen in coal because the 
mineral has a much higher electron density than the surrounding coal. 

The coal used was a highly volatile A bituminous type from the Lower Gttanning non- 
marine seam (C311). Composition analysis of the coal is given in Table 9-1 coal sample is 
known to have large and extensive inclusions of pyrite. Individual coal pieces were mount- 
ed in polyethylene jars. The bottoms of the jars were filled with a layer of epoxy in which 
three thin aluminum wires were embedded. These wires show up in the CT images and al- 
low the jars to be repositioned accurately in the x-ray beam. The set of jars and lids were 
autoclaved to ensure sterility; then the coals were anchored in place above the registration 
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wires with more epoxy. The coals had been sterilized by heating to 120 "C overnight. The 
jars were sealed until inoculation: 

T .  ferrooxidans (ATCC 19859, ATCC 33020, and ATCC 13598), T. ucidophilus 
(ATCC 27807), and Acidphilium cryptum (ATCC 33463) were obtained from the Ameri- 
can Type Culture Collection. A .  organovorum is a novel species of the Acidiphiliurn genus 
recently isolated in our laboratory and has been given the provisional designation ATCC 
43 14 1 (Reference 43). 

Growth medium containing bacteria, or no added bacteria in the case of the controls, 
was introduced into the vessels containing the embedded coal. A 1/10 volume of bacterial 
culture was used as an inoculum and contained approximately lo7 cells of T. ferrooxiduns 
or approximately lo8 cells of each of the acidophilic heterotrophs: T. acidophilus, A .  cryp- 
rum, and A .  organovorum. Growth media for the T. ferrooxidans or for the mixed culture 
was a standard minimal salts 9K medium, pH 2.2 with or without FeS04 (Reference 44). 
The acidophilic heterotrophs were cultured in "YE medium with 1% (w/v) glucose. 
NPYE contained the following per liter: yeast extract, 1/100 volume of a 50 g/l stuck solu- 
tion; FeS04. 7 H,O, 1/100 volume of 1 g/I stock solution and basal salts containing (NH,) 
2 SO4, 3 g + KC1, 0.1 g + MgSO,. 7 H20, 0.5 g + Ca(N03). 4 H20, 0.02 g + 
NaH2PO4, 6.8 g; pH adjusted to 3.0-3.5 with H3P04. The basal salts and yeast extract 
were autoclaved separately. The FeSO,. 7 HzO solution was filter-sterilzed and added to 

the other solutions after they had been autoclaved. 

X-ray CT scans of coals containing numerous pyritic inclusions were taken immediately 
after inoculation with the various biological growth media #1-7 (Table 9-2) and 4 months 
after inoculation. Figure 9-1 shows the sample from medium 6, which had no T. ferruoxi- 
duns inoculant. The left-hand CT image was taken at time zero, while the right image was 
taken after 4 months' incubation. The lump of pyrite appears as a solid white area in both 
images (circled in Figure 9-1), indicating that no gross depeletion of the pyrite inclusion 
had occurred. 

Figure 9-2 shows a plot of pixel-by-pixel comparisons between the scans shown in Fig- 
ure 9-1. Here CT values for each point ( x , y )  in the circled spot on the time zero image is 
compared with the corresponding ( x ' ,  y ' )  CT value after 4 months' incubation. For two 
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identical images, a straight line with slope = 1 is expected. Indeed, the resultant plot 
shows a nearly straight line with a slope of unity. Slight deviations from unity are likely to 
be the result of minute misalignment effects associated with removing and replacing the 
sample within the x-ray zone of reconstruction. 

No changes in pyritic content weie abserved in media 4 through 7 where 7’. ferrooxi- 
duns cells were absent. When scans from time zero were subtracted pixel-by-pixel from the 
corresponding images after 4 months’ incubation, essentially featureless images resulted. 
The fact that they are featureless indicates that no pyrite removal has occurred. It also 
demonstrates that acceptable realignment of the samples has occurred. This is in contrast 
to the ultimate porosity experiments where the coal structure collapsed and image subtrac- 
tion were not meaningful. 

In contrast to the results just described, .we observed depletion of large pyritic inclu- 
sions when the lump coal was incubated in media containing T .  ferrooxiduns (media 1 
through 3, Table 9-2). No obvious difference was observed between media containing T .  
ferrooxidans alone (media 1, Table 9-2) or media containing associated acidophilic hetero- 
trophs in addition to T .  ferrooxiduns (media 2 ,  Table 9-2). However, a significant differ- 
ence was observed if the media contained added FeS04 (media 1, Table 9-2) compared to 
that with no added FeS04 (media 3,  Table 9-2). 

An example of the dissolution of a large pyritic inclusion buried 17 mm below the sur- 
face of a lump of coal in media containing T .  ferrooxidans and added FeS04 (media 1, 
Table 9-2) is shown in Figure 9-3. The left-hand image consists of data taken at time zero, 
while the right-hand image was taken after 4 months’ incubation. For clarity, the pyritic 
inclusions have been magnified 5X and appear as white spots and lighter regions in the rec- 
tangles beneath the 1X magmfication images above them. The spots in the left-hand image 
appear much lighter and more solid (arrow. Figure 9-3), while the corresponding region in 
te right-hand image (arrow, Figure 9-3) includes grey throughout. 

A quantitative determination of pyritic dissolution can be made from the pixl-by-pixel 
comparison shown in Figure 9-4. If the two image were identical, a straight line with 
slope = 1 would result, as in Figure 9-2. Were the images random, or even shifted one or 
two pixels with respect to one another (see the discussion on comparison of petrographic 
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images), the resulting plot of left vs. right would show scatter. The two lines that appear in 
Figure 9-4 are interpreted to coaist of one line for an unaffected region (slope = 1) and a 
second region corresponding to'the pyritic inclusion that showed a significant loss of ma- 
terial (slope 1.4). 

T. ferrooxiduns is an aerobic, chimoautotrophic bacterium which grows in extremely 
acidic environments (pH 1.0 to 3.0) such as acid mine drainage or mineral ore leach 
dumps. It oxidizes ferrous iron or reduced forms of sulfur including mineral sulfides to 
form sulfuric acid. The energy derived from this oxidation is used to fix carbon dioxide 
into all the necessary cell carbon via the Calvin cycle, much the same way that plants as- 
similate carbon dioxide. 

T .  acidophilus is a facultative chemoautotroph found in close association with T .  fer- 
rooxiduns in acidic habitat. It is a gram-vegative, aerobic bacterium thought to be capable 
of oxidizing elemental sulfur as a source of energy for fixing carbon dioxide. T .  acidophilus 
also has the capability to grow heterotrophically, using organic materials as a source of en- 
ergy as well as incorporating them into cell carbon. 

We included a mixture of three T. ferrooxiduns strains (media 1 through 3, Table 9-2) 
because it had previously been shown that mixed cultures were more effective than a single 
pure strain of T .  ferrooxiduns at removing pyritic sulfur in slurries of pulverised coal 
(Reference 45). 

A .  cryptum and A .  orgunovoritm are two species of acidophilic, heterotrophic bacteria 
that are also found in close association with T .  ferrooxiduns. Acidiphilium species are obli- 
b oate heterotrophs, obtaining their energy and cell carbon from a variety of organic com- 
pounds. They are unable to use any inorganic forms of reduced sulfur or iron as an energy 
source, and cannot fix carbon dioxide. 

Since T .  ferrooxiduns is inhibited by several organic compounds (References 46 and 
47), some of which they excrete, it is thought that the association of the heterotrophs 
might promote the growth of T .  ferrooxiduns by consuming the inhibitory organics (Refer- 
ence 48). Because coal might contain such inhibitory organic compounds, it was necessary 
to determine whether the presence of associated heterotrophic microorganisms would be 
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essential for, or would promote, effective pyrite removal by T .  ferrooxiduns. We found 
that their presence had no effect on the extent of removal of pyrite by this organism. How- 
ever, we have not determined whether they affect the rate of removal because we made 
only one observation 4 months after innoculation. It has previously been demonstrated that 
the rate of pyritic sulfur removal in slurries of pulverized coal can be enhanced by the ad- 
dition of associated heterotrophic bacteria to cultures of T .  ferrooxiduhs (Reference 45). 

It is important to note that the most effective removal of pyrite occurred when the coal 
sample was incubated in the presence of T .  ferrooxiduns and its energy source FeS04. T .  

ferrooxiduns catalyzes the reaction: 

2FeS04 + 1/2 O2 + H2S04 (bacteria) Fe2(S0& + H 2 0  (9-1) 

The resulting Fe3+ ions of the ferric sulphate can then oxidise the pyrite according to the 
equation 

F e k  + 2Fe3+ - 3 Fez+ + 2 So (9-2) 

The elemental sulfur can be further oxidized to sulfuric acid primarily by T .  thiooxiduns 
and some strains of T .  ferrooxiduns, and the ferrous ions are reused as an energy source by 
T .  ferrooxiduns converting them back to ferric ions. 

T .  ferrooxiduns is also capable of direct oxidation of pyrite: 

2 Fe!$ + 7 1/2 O2 + H 7 0  - -  (bacteria) Fe2(SO& + HZSOJ (9-3) 

Undoubtedly the reaction given in Equation 9-3 accounts for some of the dissolution of 

pryite because such dissolution was observed in the absence of added FeS04. However, 
since the extent of'dissolution is much greater in the presence of added FeS04, we believe 
that indirect oxidation by Equations 9-1 and 9-2 is the predominant means of the oberved 
dissolution of the pyrite inclusions. 

Tt is well known that bituminous coals have an extensive micropore structure (Refer- 
ence 49). These pores measure up to 1.2 nm in width, although bottlenecks in the pores 
may be only 0.4 to 0.5 nm (Reference 50). Clearly, T .  ferrooxiduns cells, which are 
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0.5 x lo3 nm wide by 1 x lo3 nm long could not penetrate the micropores. It is not 
known whether Fe3+ ions with appropriate counter ions could penetrate the micropore sys- 
tem. It s possible that the larger pyrite inclusions observed by the CT are associated with 
more open spacings, cracks, or cleats, permitting access to solvent carrying Fe3+ or, in cer- 
tain cases, even T. ferrooxiduns cells.. For example, Zwietering and van Krevelen (Refer- 
ence 52) reported 25% of the pore volume in a British coal had pbre radii greater than 
103 nm, probably associated with cracks. In an extensive study of pore distribution. Gan et 
al. (Reference 9) reported pore volumes of between 11.9% and 87.8% greater then 30 nm 

radius, strongly dependent on coal character. An alternative explanation is that, in the 
neighborhood of surfaces or planes, either T. ferrooxiduns cells can directly or indirectly 
(via production of Fe3') establish a galvanic effect. This in turn effects the redox chemis- 
try of the more inaccessible pyrite inclusions promoting oxidation of the pyrite. 
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Figure 9-1. X-ray computed tomography images of lump coal incubated in control 
media #5 (Table 9-2), at time zero (left) and after four months (right). The 
circled white spot is an iron pyrite inclusion which is apparently unchanged 
after four months. 
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Figure 9-2. A pixel-by-pixel plot of the encircled pyrite inclusion from Figure 9-1, in 
which CT values for each (x,y) location in the left image are plotted against 
the corresponding (x’,y’) location in the right image. The slope equals 1.0. 
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Figure 9-3. CT images of lump coal incubated with media # I  containing T. ferrooz i -  
duns, at time zero (left) and after four months incubation (right). The rec- 
tangular images beneath the lump coal slices are 5X magnifications of the 
region of interest. The white regions on the left image correspond to pyrite 
(arrow) and appear grey on the right image (arrow) due to the depletion of 
pyrite. The bar at the bottom of the figure is the grey scale employed. 

9-9 



Figure 9-4 for the coal incubated in media # I ,  containing T. ferroozzdans. CT values 
for the various (x,y) locations in the left  image are plotted vs. the 
corresponding (x’,y’) values in the right image. The resulting two lines in 
the figure correspond to a region that was unaffected by the medium 
(slope = I) and another that was depleted of pyrite (slope = 2.3). 
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Table 9-1 

ULTIMATE AND PROXIMATE ANALYSIS OF COAL 
USED IN MICROBLAL DESULFURIZATION 

ULTIMATE ANALYSIS 
As Received Dry 

% % 
%Moisture 1.32 0 
%Carbon 68.21 69.12 
%Hydrogen 4.28 4.34 

%Chlorine 0.11 0.11 
%S u If ur 1.72 1.74 
%Ash 19.30 19.56 
%Oxygen (diff.) 4.03 4.09 

%Nitrogen 1.03 1.04 

PROXIMATE ANALYSIS 
As Received Dry Basis W 

% % 
Moisture 2.32 0 

Ash 19.30 19.56 
Volatile 26.50 26.85 
Fixed Carbon 52.88 53.59 

100.00 100.00 

Btu/lb 12153 12316 15311 
Sulfur 1.72 1.74 
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Table 9-2 

MEDIA USED FOR MICROBIAL DESULFURIZATION 

MEDIA 

CELLS 

Thio bac illus f e  rroozidans 
ATCC 19859 

T .  ferroozidans 
ATCC 33020 

T .  ferroozidans 
ATCC 13598 

T .  acidophilus 
ATCC 27807 

A c idip hilu m c r y t u rn 
ATCC 33463 

A .  organouorum 

ATCC 43141 

1 2 3 4 5 6 7 B 

9 ~ 1  9 ~ 1  9K/ 9K/ NYPE 9 ~ 1  
FeS04 FeS04 FeS04 FeS04 FeS04 

+ + + 

+ + + 

+ + + 

+ 

+ 

+ 

+ 

+ 

+ 
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Section 10 

SLURRY STABILITY 
4 

Five coal water slurries were used, each having different surfactant/ stabilizer additives 
w- (TSD is a tradename for an ammonium olignosulfonate): 

1. 47.62% coal, 30 lWton TSD 

2. 47.62% coal, 30 IWton TSD, 1 lWton Rocon 

3. 47.62% coal, 30 lWton TSD, 5 lWton Lomar CW-11 

4. 44.9% coal 

5. 45.12% coal, 10 lWton TSD 

The slurries were imaged for 17 h and subtraction images made up to accentuate any 
changes that might occur by slurry settling. No significant changes were Seen in any of 
these slurries over this period of time. 
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Section 11 

THREE-DIMENSIONAL VISUALIZATION 

For four coals - anthracite, Illinois #6, Pittsburgh #8, and lignite - CT pictures 
were taken every 1.5 mm down the length of the piece of coal. Since 1.5 mm is the effec- 
tive thickness of the x-ray imaging plane, we then had a CT number for every volume ele- 
ment in the piece of coal. These numbers could then be displayed along any plane or, as in 
this case, could be used to generate 3-D images of the coal. Using the CT data. surfaces of 
equal density were created for the coal by extrapolation between neighboring voxels if 
necessary. Figures 11-1 through 11-3 show different isodensity contours on a piece of Pitts- 
burgh coal. The 1200 contour corresponds closely to the surface density of the coal. Two 
views of the 3-D shape are shown in Figure 11-1; the bottom one shows that the 1200 den- 
sity is found primarily on the surface and not inside the lump of coal. The 1250 contour 
shows bedding plane structures with mineral matter in them, while the 1300 contour pic- 
tures (Figure 11-3) show the 3-D structure of heavily mineral-laden planes. Figure 11-4 
shows similar 3-D images of a coke from Pittsburgh #8 coal. The CT numbers at which 
the contours have been drawn are much lower than those used for coal. The images show 
several contours within the coke that have the same density. This should not be surprising 
after the discussion of pyrolysis behavior in Section 7.1.3. 
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Figure 1 1 - 1 .  Three-dimensional image of isodensity contours on Pittsburgh #8 coal. 
Density set at 1200 CT numbers. 
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Figure 11-2. Three-dimensional image of isodensity contours on Pittsburgh #8 coal. 
Density set at 1250 CT numbers. 
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Figure 11-3. Three-dimensional image of isodensity contours on Pittsburgh #8 coal. 
Density set at 1300 CT numbers. 
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Section 12 

SUMMARY 

5. 
This work was primarily intended as a series of scoping experiments to determine the 

applicability of the (3T technique to problems related to coal utilization, particularly gasifi- 
cation. A large number of different types of experiments were carried out with the most 
promising areas being in - 

1. Gas flow within the coal or char. With the use of a xenon probe, the complicated 
patterns of gas flow and penetration could be followed in time and in three dimen- 
sions. More sophisticated mathematical tools than those available for this work will 
be necessary to explain the experimental data. Simplified to a 1-D case, we obtained 
diffusion coefficients similar to those in the literature for vitrinite. 

2. Pyrolysis and reaction. The CT experiments provided a new visualization of these 
phenomena that is particularily useful for modelling studies on fixed bed reactors. 
The CT shows how quickly the internal regions of the coal heat up, what their inter- 
nal temperature distribution is, where the pyrolysis zone is within the coal as a func- 
tion of time and temperature, and, in the case of lignite, where the steadwater 
front is. The CT also shows the regions of high porosity in the char and where in the 
char the reactant gases reach and are able to attack. This could be used to give an ef- 
fective reacting area for the char in a gasifier configuration. 

3. Fluidization phenomena. Even though the CT has a data acquisition time of 9 s 

(shorter times down to 2 s are now available on commercial machines, and multiple 
flash x-ray tubes can bring the time scale down to milliseconds), several different 
parameters relating to recirculation within the bed can be readily measured, again 
with a 3-D capability. 
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