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I. Project Objective

The objective of this work is to provide a single, comprehensive
source of data on coal conversion systems. This compilation shall be
entitled The Coal Conversion Systems Technical Data Book and shall pro-

vide up-to~date data and infocrmation for the research, development, design,
engineering, and construction of coal conversior processes and /or plants’
Cther concurrent cbjectives are to identify those areas where data are re-

quired and to suggest research programe that will provide the required data,

O, Summary
Liquefaction

Product data for coal liquefaction processes are presented in a simpler
form, which is much more suited for correlating the effects of coal type and

operating parameters, by using the normal probability density funciion —

a2
g (X) = —f= exp [- E5EL

The entire yield structure of a2 given liquefaction operation up to coke
can be expressed in terms of only two parameters, ¢ and g. It should be
possible to correlate these parameters with coal and solvent types as well
as with operating conditions to give a comprehensive picture of the coal

liquefaction process.,
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Gasification

The results of the computations for steam~oxygen gasification of ckar
at 15-atm pressure and four reaction temperatures are presented., These
computations are also based on the base~case assumptions of completely
backmixed gas and solid flow in the fluid bed and the unconverted, but com-
pletely devolatilized, feed char (X = 0.0).

A correction chart is presented to calculate the residence time re-
quired for the same amount of carbon gasification (conversion) in the reactor
when the feed char is partially gasified (X,>0.0).

Anotber correction chart gives a multiplication factor to convert the
solids residence time obtained for the "solids backmixed model' to the case
where solids are in plug flow, Gas flow in both cases is assumed to be
backmixed,

Fluidization

A correlation is proposed for the calculation of the minimum fluidiza-
tion velocity required for coal and other relatizd materials used in the con-
version processes. This correlation fits the available data better than any

other correlation investigated in this study.

Various correlations, available in the literature, for estimating the
bed expansions are being evaluated. A comparison of some of these with
the available data is also presented, -

Combustion

A model is being developed te describe the sulfur removal from

fluidized=-bed combustors,

Coal, Char, and Qil Shale Properties

A list of large coal deposits (~i50 million tcns recoverable) is being
prepared. This will cover both the underground mining and the strippable

reserves,

A preliminary review of information on specific heats of coal, char,

and ash is presented.
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Notice to Readers of Open File

Any comments about the material presehted in this report or sug-
gestions about the format and the content of the data book as well as the
priorities of the needed data are mcst welcome., Please direct any com-
munications to Mr. Bipin Almaula of ERDA (202 /634-6643) or'to Dr, Al
Talwalkar of the Institute of Gas Tecknology (312/225-9600, Ext, 869).

. Work Accomplished

A, LIQUEFACTION
1., Correlation of Coal Liquefaction Yield Structure

Yield data for coal liquefaction processes are generally presented in
the form of C;-C; gas yields followed by yields and product properties of
cuts of oil product boiling at various temperature ranges, It is possible to
express all these data in a considerably simpler form much more suited to
correlation of effects of coal type and operating parameters by transforming

the yield data using the normal probabilif.y density function:

fn(x);- 1 exp[—(-}-(—-—g)i] (1)

o/ 27 2¢0°

The entire yield structure of a given liquefaction operation up to coke can be
expressed in terms of only two parameters, ¢ and g . It should bz possible
to correlate these parameters with reactant properties and kinetic data to

give a much more complete quantitative picture of coal liquefaction than has
been available before,

It is known 3 that distillation curves of most crude oils have a character=
istic S-shape that indicates a relatively large amount of oil distilled near
the average or mid-boiling point with less oil being distilled at lower or higher
temperatures. These distillation curves are, in fact, almost normally dis-
tributed with respect to temperature and show as straight lines plotted on
arithmetic probability paper. Experimental data for the H-COAL operation!’?2
exhibit the same type of behavior. Figure 1 shows experimental data for

several H-COAL operations and for a blank run made without catalyst,
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The straight lines plotted on Figure 1l indicate that the yield structure

can be expressed as —

Cumulative Yield T . 2

v - DBoiling Below T (°F) - J 1 exp [ — (T—p) 14T (2)
Based on Weight Fraction o/ 2q 262
of MAF Coal Feed ©

Y = N (.2..‘.‘..&..) (3}

o

Equation 2 cannot be expressed in terms of elementary functions, but numer-
ous tabulations of the functicn N (the normal distribution with mean u=0

and variance g? = 1) are available,

The parameters y and g for a given run can be determined directly
from Figure 1 by recalling that —

T7B =0 at Y =05 = N(0) (49
)

TZB - jat Y=0159 = N(-1) (5)
o)

The temperatures at Y = 0.50 and Y =0.159 are read from Figure 1
and values substituted into Equations 4 and 5, respectively. For the H-COAL
conceptual design, p = 650°F and 0 = 520°F. Given g and ¢, itis a simple
matter to construct the product distribution curve., The curve is merely a
straight iine through (T =y, Y =0.50) and (T =u—0, Y =0.159).

Alternatively, x ard ¢ can be determined numerically by determining
X, for each cut point observation from the equation —

Yi =N (xi) (6)

and fitting the equation
T = 1 +Xgo (7)

to the rasulting pairs of (Ti s Xi ) data using the method of least squares,
Results of this approach are shown in Figure 2. This method gave g = 653°F
and o= 520°F, very close to the values determined graphicaily., The standardé .
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error of estimate, which is an indication of the goodness of fit of Equation 7
to the original data, was 53°F, This means that there is a probability of
about 70% that, given Y, Equation 2 would predict T within £53°F, This is
equivalent to saying that, for the region near 650°F, there is a 70% prob-
ability that Equation 7 would predict yields within 3% of the true value. (For
example, at 650°F, the yield would be between 47 % and 53%.) This is cer-
tainly well within the original limits of experimental error, since material
balance closures were in the 95% to 105% range and occasionally were as
low as 85% for this work.!’?

In addition to the numerical representation of Equation !, this method
of representing liquefaction data as in Figure 1 provides a graphical expres-
sion of several important facts about a given run. The mean temperature, i,
provides a quick indication of the overall product weight. The ''spread
temperature, ' g, provides an indication of how concentrared the hydrocarbon
product distribution curve is about the mean temperature, u . A flat curve
in Figure 1 will have a low value of ¢, indicating a narrow product distribu-
tion whersas a wide product distribution will give a larger value of 0 and a

steeper curve in Figure 1.
Future data book work on coal liquefaction will include —
a. Collecting available data from the literature we have surveved and

from our contacts with other researchers and determining characteristic
parameters for these data

b. Checking functions related to Equation 1 such as the log-norma; or
Poisson distributions to see if the fit to experimental data can be im-
proved

c. Attempting to include residual oil and coke yields in the correlation

by statistically determining ''characteristic cut temperatures'' for
these materials

d. Correlating other oil properties such as sulfur content with cut weight
(boiling point). Previous IGT work in this area with very heavy crude
oils wzs quite successful,

e, Relating the two parameters, u and 0O, to operating conditions and
reactant properties
i. Expressing available kinetic data in terms of our new product distribu-
tion model
g- Indicating areas where further research would be most beneficial,
7
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2. Nomenclature

normal probability density function

Y = cumulative vyield of hydrocarbon gas and liquid products of
liquefaction expressed as weight fraction of MAF Coal Feed

(x) = mnormazl probability distribution (p =0, g2 =1)

=

N

g = ‘mean temperature,'" °F
¢ = 'spreadtemperature,"” °F
T

=  upper cut temperature, °F

X = defined by Equation 6°

3. Example
Correlation of experimental data has shown that a particular process
operating on a specific coal gives a yield structure with mean temperature
g = 800°F and a spread temperature g = 700°F. Determine the yield of
C5-180°F oil that can be expected.

The temperature range in question is +20°F to 180°F, since a mixture
of iso~ and n-butane could be expected to boil at about 20°F, Recall that if
a variable T that is normally distributed with mean y and variance g2, the
variable —

x = I-#
o

will be normally distributed with mean = 0 and variance = 1.

20— 800
700

X = —-1.1143

1

N (-1.1143) = 0.1326 [From table of normal distribution (Equation 2)]

X = 1_80:_8@_ = —Q0.8857

4 700

N (~0.8857) = 0,1879

N (X,)~ N({X )=0.0553

N STITUTE O F G A S TECBNOL OG Y
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The yield of C5-180°F naphtha would be about S. 53 % of tke MAF coal

fed,

4. Referernces Cited

1, Hydrocarbon Research, ''Liqueifaction of Kaiparowits Coal,"” EPRI 123-2.
Palo Alto, Calif.: Electric Power Research Instirute, October 1974,
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ment," OCR R&D Rep. No. 26. Washington, D. C.: Office of Coal Re-
search, n.d

3. Nelson, W. L., "Does Crude Boil at 1400°F?" OQil Gas J, 67, 125
(1968) March 25,

B. GASIFICATION
1., Steam-Oxygen Gasificaticn of Char at 15 atm

Last month, we described the steam-oxygen-char gasification system for
operation at 70-atm pressure and four gasification temperatures, This

month, similar curves to determine the solids residence time and product

gas compositions are given for operation at 15-atm pressure. These charts
are also for the base-case conditions — fluidized-bed model with both gases
and solids in backmixed flow and base carbon conversion fraction in the feed
char, X, =0,

For a given gasification temperature and 15-atm pressure, Figure 3
presents curves that give the char residence time required to achieve a
specified feed carbon conversion at different steam feceds to the gasifier,
The charts also show the amount of oxygen that is required in the feed to
maintain adiabatic operation at any operating condition, The steam and the
oxygen feeds have been normalized with respect to carbon in the char feed
to make the charts more generally applicable. Normally, to achieve 100 %
feed carbon conversion, the solids residence time required would be infinite.
However, because part of the char feed is combusted with oxygen to supply
heat to the system, it is possible to achieve 100% conversion and yet have
a finite soliés residence time,

I' NS TI1I TUTE 0 F G A S T ECHNOL OGY
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a., Gas Composition Versus Carbon Conversion Curves

Once the gasifier has been sized for a given carbon conversion, feed
steam, and operating temperature, it is necessary to know the quantity and
the composition of the product gas. The curves in Figures 4, 5, 6, and 7
show the total number of moles of product gas as well as the composition of
the product gas as a function of feed carbon conversion for a given steam
feed and operating temperature., Once again, Ifor a generalized application,
the curves have been normalized with respect to the carbon in the char feed
to the gasifier, Note that this month the gas composition curves are not

presented on a cumuiative percentage basis as in the last report.

2. Adjustments for Variations From the Base Case
a. Partially Gasified Char Feed, X5 >0

In the charts presented in last month's report, the feed to the steam-
oxygen gasifier was devolatilized char from which no base carbon had been
gasified; that is, X5, the base carbon conversion fraction in the feed char,
equals 0. In some applications, however, it would be desirable to feed
char from which some of the base carbon had been gasified, The kinetic

rate equation presented in last month's report provides a basis for adjust-
ing the required solids residence times for specified conditions of operation
at X, = 0, to describe the required solids residence times where Xo>0.
Far conditions where the absoltte 2mount of carbon gasified is unchanged
a:nd all other operating conditions are the same, the difference in residence
time= for the case where X, =0 and X, >0 is shown in Fignre 8. This

figure presents a chart that gives the residence time factor —

M = residence time for X, >0

residence time for X, =0

for different initial base carbon conversion fractions as a function of-the
corrected carbon conversion fraction., The corrected carbon conversion
fraction, Y, is defined as follows:

Y = ( total carbon gasified in pasifier ) = oxygen fed to gasiﬁer) mol

carbon fed to gasifier carbon fed to gasifier mol

11

I'NSTITUTE O F G A S TECHNOL OGYY




3/75

d

3

. 2

GAS LOMPOSITION, mol %
é

3

5

o

o %%
Zz
7
TOYAL NUMBER OF MULES OF GAS FRODUCED

PER MOLE O FEED CARBON

]

I\

ERDA 8964
PAGE
REVISION No.
DATE
"o | S
o meismol.eauen 10 tracrar.usc 00
£ T
g
g% \\
D o
N
Swl i i
g N //‘/?<§
/
ol ]
e
e L

Xg.The imno) Dese :s‘am
CONeErs0n IeCTanagwd CO

o o~

AT

\\

\

A L3
//

.

3

W

\
)

Y|
fAy

—f e

g

3 . 1 1
l.-srsu:mm mfttb.mumul

8
8

| I T T
50 €0 0 [ 90 oo
FEED CAREON CONVERTED,%

Lana e d

FEED CARBON CONVERTED,%

0
=
Sromm 7carsen - 100, T girtinityaad Steam/carhen = fesg, Ty feiloi
frortgeeog ) cwden ‘ oL/l i Irezton.sanh 00
70 ] fracien,equamn 0O ! 0
i ‘! { l ! H \
B e — i R
H \ ‘ | t g \
= % Ty 1‘ 1 | H = % \
2 ]
g N P 2 N
o an ! JAON @ 40
g 1 1 ' i o )
3 i I 20 ‘ Z I~
: 3L H : Lo E x -
S 2 ; I B I o]
1 : L
: /,_4—-—— —
W I H H ©0 >
: ’ i
{ i o' ! : L1 it
. . o
N e E0d &2 o [Nl F N o 20 a9 20 6 ) a0 so 100

FEED CARBUON CONVERTED. %

FEED CARBON CONVERTED,%
~——

Figure 4. STEAM-OXYGEN GASIFICATION — PRODUCT GAS COMPOSITIONS
(Temperature = 1750°F; Pressure = 15 atm) . ,

12




Figure 5, STEAM-OXYGEN GASIFICATION — PRODUCT GAS COMPOSITIONS
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Using charts presented in last month's report, the residerce time for X,=0

is read off for a desired feed carbon conversion:

total carbon gasified in gasifier

carbon feed to gasifier

Also, firom the same chart, the corrected carbon conversion fraction, Y,
is calculated. The residence time is then mulitiplied by M, whichis ob-
tained from Figure 8 at the specified values of Y and X, . The gas composition
and other information do not require any adjustment because the absolute

carbon gasified is unchanged,

b. Fluidized-Bed Model: Gas Backmixed and Solids Plug Flow

In the design charts presented in last month's report, the idcal fluid-
ized model assumed that both the gas anc¢ the solids were completely back-
mixed in the bed. This gas-solids contacting model along with detailed
kinetic correlations describing local reaction rates have been used at IGT
to predict, with reasonable accuracy, the performance of 4-iach and 6-inch
fluidized-bed steam-oxygen gasification reactors. However, under certain
circumstances, it would be of interest to characterize behavior in a fluidized

bed in which the gas is backmixed but the solids are in plug flow,

The main difference between the two types of gas-solids contacting
models relates to the solids residence time required in the fluidized bed to
achieve a specified feed carbon conversion for defined temperatures, pres-

sures, and input flow rates,

This difference results because, for a solids plug-flow system, all
soiid particles have the same residence time, whereas for an ideally back-
mixed solids system, solids exiting from the fluid bed have a distribution of
residence times. DBecause of the empirical form of the correlation describ-
ing the overall rate of carbon gasification (Equation 3 in last month's report),
that is — '
3

2/
= £ kT (1-x%)

— / 2
exp (— o X" )
at L

17
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the average solids residence time required to achkleve a specific amount of
carpeon conversion under gaseous environmental conditions is different for
solids in plug flow than for baclemixed solids, with the time for backmixed

solids generally being greater,

All the information presented in last month's report applicable to the
solids-backmixed model can be used for the plug-flow model with the ex~
ception of reported solids residence times. The residence times required
for plug-flow solids at specified operating conditions, however, can be
calculated from the corresponding residence time based on the backmixed

solids model, and charts can be prepared to define the necessary adjustments.

Figure 9 presents a conversion factor, R (the ratio of residence time
for plug flow to the residence time for backmix), as a function of corrected
carbon conversion fraction, Y. and initial base carbon conversion fraction,

X, defined in the preceding section,

For a given total feed carbon conversion fraction, the backmix
model residence time can be obtained from Figure 3. Then a corrected

carbon conversion fraction can be calculated from the oxygen consumption
given in Figure 3, Using Figure 9, the conversion factor, R, is obtained

for the corrected final carbon conversion fraction, ¥, at a specified value of
X, . The plug-flow model residence time is calculated by muitiplying the

backmix model residence time with the conversion factox, R.

18
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C, FLUIDIZATION
1. Minimum Fluidization

The Kunii and Levenspiell® correlation was found to be adequately
descriptive of most of the published data on coal and related materials.”’
Nevertheless, we recognize that a correlation that does not require informa-
tion either of the particle shape factor or the incipient ﬂui:iized-bed voidage
will be of greater practical utility.

Even though the published correlations by Leva!! Frantz,? Wen and

Yu!? and several others belong to this class, they were shown to be in need
of adjustment of coefficients to describe the published data within reasonable
limits, ?

Of the experimental data used to test the suitability of the published

minimum fluidization velocity correlations, the data by Leva et al.!3 and
Jomnes et al.® were excluded on the basis of the discussion presented earlier.”?

To develop a correlation sufficiently descriptive of coal and related

materials, the following form of the Kunii and Levenspiel correlation!? was

chosen:
150 (L—¢_ )
2
T (Re g + . Re__ — Ga =0 (1)
mif mi
where —
D, e Umf
Remf - B8 mmr 2)
7]
= Reynolds number at minimum fluidization velocity
3
D p (p.—p, )8
Ga = P4 2 8 (3)
7
= Galileo number
(7] =  shape factor
€ g = voidage of minimum fluidized bed

20

IENSTITUTE C F G A S TECHNOLOGY




3/75 8964

Wen and Yu,!? in attempting to develop a correlation for minimum fluidiza-
tion velocity. have assigned average values. to the two groups, namely,

1 /e - €nf )and (1 = e€m¢)/( - €me®) for the type of fluidization systems
under investigation, In the present study, these two grcups are treated as
two parameters, and their values were determined by a nonlinear regression
analysis of the Kunii and Levenspiel correlation:o with the selected data on
coal and related materials. As a result, the following empirical values were

determined for the two parameters:

—L - s (4)
@ Sy

and

l—¢ .

. mf} = 5,19 (5)
‘p'frnf

Substituting these values in Equation 1 and simplifying, the following corre-
lation for Um.f can be obtained:

i/2
U_, = (—E—) {[(25.25 +0.0651Ga] ~25.25] (6)
p. D
g p

A comparison of this correlation with the measured values of minimum

fluidization velocity values is shown in Figure 10,

To evaluate the comparison of the calculated values with the measured

values,the following quantity is defined:

Standard Relative rZ‘[(Umfc - U

) /0 s ¥ (7
Deviation = miM™ " "miM }1/2

N-—-2

The standard relative deviation for the data shown in Figure 10 was deter-
mined for the proposed correlation, given by Equation 6, and the correla-
tions tested for comparison, ° The percent standard relative deviations cal-

culated for these correlations are shown in Table 1. It is apparent from

this table that the proposed correlation provides a better estimate of the ‘

21
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Table 1. SUMMARY OF ERROR ANALYSIS BETWEEN THE TESTED' AND
PROPOSED CORRELATION WITH MEASURED MINIMUM FLUIDIZATION

VELOCITY
Standard Relative
Correlation Deviation, %
Frantz ® 52. 46
Kunii- Levenspiel ! 50.63
Wen-Yul!? 47.27
Leval! 37.13
Zenz 0 197,32
Proposed Correlation 29,69

minimum fluidization velocity, with +30% standard relative deviation. This
is supported by a comparison of Figure 10 with Figures 7 through 11 pub-
lished in last month's report, Based on the above analysis, the proposed
correlation is recommended for calculating minimum fluidization velocities

for coal and related materials for pressures ranging from 1 to 70 atmos-

pheres and for the entire range ~f particle Revrnolds numbers.

2. Bed Expansion on Fluidization

The determination of fluidized-bed height at a given fluid velccity is
important for the design and operation of fiuidized beds, The fluidized-bed
expansion characteristics are useful for the design of the transport disen~
gagement section of the fluidized bec to estimate solids circulation rate,
solids and fluid holdup, heat transfer from solids to flvid and walls of the
container, mass-transfer between solids and fluid,and to predict the

chemica! kinetics and conversion in fluidized beds,

Several correlaticns were developed to estimate liquid fluidized-bed
expansioa charscteristics, based ou the assumption that liquid-solid fluidiza-~
tion is analogous tc sedimentation.* ‘# 1% However, most of these correla~
tions are generally applicable to narrow size range particies. The published
expressions to predict fluidized-bed height as a function of gas velocity are
few. Kunii and Levenspiel!® ncte that the poor agreemenrt between the pub-
lished data and the bed-expansion correlations is caused by the difficulty in

measuring heights of a violently fluctuating surface of the bed.

23
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a. Gas-~Solid Fluidized Beds

From the hydrodynamics of fluidized beds, it is apparent that the bed
expansion is related in a ccmplex manner to the physical properties of solids
and fluids, the gac flow in excess of the minimum fluidization velocity, the
size and velocity of gas bubbles in aggregative fluidization, the bed height to
diameter ratio, etc, Superimposed on this complicated relationship is the
nonuniform bed density in a2 fluidized bed as identified by the three distinct
zones, namely, a distributor effect zone, a zc  of constant bed density,
followed by a zone of continuously decreasing - - density, ¢ which makes
it difficult to estimate fluidized-bed heights.

A summary of the available methods to predict fluidized-bed expansions
is given in Table 2, The published data on coal and related materials used

to test the suitability of the bed-expansion correlations are given in Table 3.

b. Applicability of Proposed Correlations

The simplicity of the bed-expansior expression for particulate fluidiza-
tion, developed by assuming a similarity to sedimentation, is very attractive
for fluidization calculations., The suitability of this correlation to gas-solid
fluidized beds, in particular for coal and related materials, was verified as

follows.

The relationship between the fluid velocity (iJ), the corresponding bed
expansion described by bed voidage (¢), and the terminal vélocity of par-
ticles (Ut) is given by — '

1/n

€= ¢ (8)
Ut
where n is related to the particle properties and the fluidization system, *

Using published data, n was determined by —
—- log U, /U_ :
n = t “mf . (9)
log €

24
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Table 2. SOME PUBLISHED CORRELATIONS TO PREDICT FLUIDIZED-BED EXPANSION

Bed
Diameter, Fluidizing
Investigator inches Fluidized Solids Medium Proposed Correlation
Leva et al,!? 2, 5 and Sand Air, CO, 3 )
stal,® 2 L Uy -t e’ m
= - .
mf U (l fmf) €
Lewis et al,'* 2,5 and Scotchlike glass  Air, water L o.o0187(Uu-U_ )
—_— mf m{
4,5 beads _— = - —
L{ Dp'
Richardson 2,44 Ballotini, Water, U - )n
and Zaki's ball bearings, glycerol- U = (e
lgé:gaﬂggﬁeres, water, oll t For very small Dp /DT values;
divinyl benzene I - 4,65 Ret <0, 2
n = 4,40 (Re,) ™ ™® 0,2 <Re, <1
n = 4,40 (Re)" ™ 1< Re, <500
n = 2,40 Ret > 500
Shen and - -- -n L _
Johnstone'® L -y 4 0.0188 (U~ Upg)
L. mes-
Bakker and 3. 54 Glass beads Air Basced on two-phase theory and bubble
Heertjes? characteristics

sL/e

¥968
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Table 3, SOURCES OF FLUIDIZED-BED EXPANSION DATA FOR COALS
AND RELATED MATERIALS (at 70° to 80°F)

Bed Particle
Diameter, Fluidized Diameter,
Investigators inches Solids inches
Curran and 1l and 2 Lignite char, 0, 0028-
Gorin3 dolomite, 0.0173
periclase
Feldmann 3.69 Char 0, 0052
et al, ®
Tarman et al.!” 2,5 0, 00269
0.0141

Particle
Density,

1b/cu ft
51-222
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cL/€

Operating . .
Fluidizing Pressure, E:Ia/nt%t, of Ea?ﬁe of
Medium psig mf £’ “mf
Nz, H;, CO; 0 1.20,5 1-2
CO, 0 1-12,0 1-1,53
Air, Freon 40,0 1-9,75 1-1, 49
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and the bed expansion as a function of gas velocity was calculated from
Equation 8. The bed height (Lf) at any gas velocity (U) is related o the

minimum fluidizing conditions (L. ; and ¢ mf) in the following manner:

l—¢
f - mf (10}
1-—(U/Ut)1/n

me

A comparison of the measured bed expansion with the calculated value
from Equation 10 is shown in Figure l1. It is apparent that the agreement
between the correlation and the data is very poor, Hence, it can be con-
cluded that this simple model is not descriptive of the fluidization charac=

teristics of coal and related materials.

As an alternative procedure, the values assigned by Richardson and
Zaki!5 to the exponent,n, for different regions of Reynolds numbers,
(Re, = U - D - p, /u), were used to calculate bed expansion from .
o

. P
Equation 10,

The calculated bed-expansion values using these values and Equation 3
are compared with the measured values in Figure 12. No improvement in
comparison between the measured and calculated values is observed in
Figure 12 as well, which indicates the nonsuitability of these correlations

to describe the aggregative fluidization of coal and related materials.

Work is in progress to test the comparisons of the other published

correlaticns shown in Table 2 with the measured fluidized-bed expansion
data,

3. Nomenclature

D 5 =  particle diameter of a sieved fraction, ft
= average particle diameter, ft = —1
P Z(X/D;)
DT = tube diameter, ft
Ga = Galileo number
g =  gravitational constant, £ /s?

[N
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L mf height of minimum fluidized bed

Lf = height of fluidized bed

m = constant

n = constant

N = nurber of data points

Re, = particle Reynolds number (Dp - U, - o, z)

Re .= particle Reynolds number = (DP - Uf- pg /n)

U =  superficial gas velocity, ft/s

Umf = minimum fluidization velocity, £/s

U_¢c = calculated minimum fluidization velocity, f/s

U mEM = measured minimum fluidization velocity, ft/s

U, = terminal velocity, ft/s

X =  welght fraction of sieved particles

€ = fractioral volwme occupied by bubbles and voids in a fluidized bed

€nf = voidage of minimum fluidized bed

© = shape factor

pg = density of fluidizing gas, 1b/CF

P =  particle density of fluidizing solids, 1b/cu ft

1 =  viscosity of fluidizing gas, 1b/ft-s
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5, Errata

In last month’s report (Project 8264 February 1975 Status Report), the

following correction is to be noted:

In Table 3 {page 36), the particle density range for Currar and Gorin's
data is 5i=-222 1b/cu ft instead of 51-122 ib/cu ft.

D, COMBUSTICN

A mathematical model is being developed to describe the sulfur re-

movai frem the fluidized-bed combustors,

E, CCAL, CHAR, AND OIL SHALE PROPERTIES

1. <Coal Data Compilation

A table showing the location and size of coal deposits large enougk to
be considered as potential sites of conversion plants is being prepared. Iis
purpos¢ is to aid in the selection of samples for our compilation of property
data on selected coal samples, A county-szam entry appears adequate for
states east of the Mississippi because counties there are generaily small.
In Western St:iigs', counties are often large enough to contain plents in more
than one field or iocation, so entry by coal field will be necessary. Entry

by seam is necessary because sampling is usually done on this basis.

As a criterion for inclusion of deposits in this table, we have chosen,
for underground mining, a reserve base of 300 million tons or more of ceal;
experts estimate that about half of such reserve-base amounts can actually
be produced with current technology, For sirip-mining, our criterion is
150 mililion tons or more cf ""strippable reserve,'’ as defined by the Burez~
of Mines, that is, an estimate of the amount that can acteally be produceu
with current strip-mining techrology. In those cases where reserves of both
categories exist in the same country, both will be reported if one or the other

meet- tke criterion,

32

i NS TITUTE O F G A S TECHNOLOGY



3/75 8964

The table has been coinpleted for undersround mining, based on data
of a recently issued Bureau of Mines' publication.* Entries for strip-mining
remain to be added. State geological survey publications are being con-
sulted for the latter, as county-seam and coal Seld-seam information is not

available from the Bureau oi Mines' publications.

2., Specific Heat of Coal, Char, and Ash

Data on enthalpy and specific heat of coal and related materials were
reviewed by McCabe and Boley in 1945 (Lowry), ? Clendenin and coworkers
in 1949,* Agroskin in 1959,! Badzioch in 1960,% Kirov in 1965, ® and Gomez
and coworkers of the Bureau of Mines in 1965.°% The last study,’ including
both original work and that of others, was limited to temperatures at whick
the coal does not decompose. Heat effects at higher teriperatures have
been included in other studies. The most ambitious of these is the work of
Kirov®; he presents a correlation covering all ranks of coal and their

devolatilization products at temperatures from 6° to 1100°C.

Kirov's correlation® is based on consideration of thke specific heat of
coal as the summation of the specific heats, on a weight basis, of the com-
ponents including moisture, low-temperature volatile matter, high-temperature

volatile matter, ash-free coke, and ash.

Correlations are simplified by presentation on a moisture-free and ash-
free basis. Volatile matter after volatilization is considered to be entirely
removed during subsequcnt temperature rises. Thus, enthalpies of pyrolysis
are included, but not the sensible heat of the vaporous or gaseous products
of pyrolysis.

Kirov's correlation, ® expressed as mean specific heat above 0°C per
gram of raw coal, is shown in Figure 13. The values after onset of devolatili-
zation are for complete devolatilization at the temperature in question, ac-
cording to the correlation of Gregory ard Littlejohn. ’ Data used by Kirov
for specific heats of ash and coke are shown in Figures 14 and 15, respectively.

Data relating to the specific heat of volatile matter are shown in Figures 16
and 17,

®
U.S. Bureau of Mines, "The Reserve Base of Bituminous Coal and

Arthracite for Underground Mining in the Eastern United States,"
IC8655. Pittsburgh, 1974,
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The combination of experimental specific heats of anthracite with
those of cokes yielded specific heats of the volatile matter in anthracite
(and low~vdlatile -chars) according to the foliowing equation:

Cyp: cal/g="C = 0.71 +6.1X 107%¢

These values are within the range of those for methane and hydrogen-rich
volatile matter released by such samples at high temperatures (Figure 16).
The specific heat of volatile matter present in excess of 10 % was estimated
from the equation of Cragoe® for a low~-temperature tar of specific gravity
1. 04 in the condensed (liquid) phase: :

Cyy» cal/g-"C= 0.395+8.1X107%¢

7/
These two equations are for instantaneous specific heats; mean values are

obtained if the temperature coefficients are reduced by one-half, A com-

parison of the correlation with experimental values is shown in Figure 18,
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We are critically reviewing specific heat data with the view to adopt-
ing Kirov's approach. Thermochemical data on mineral matter components,
in contradistinction to ash components, and on mineral intermediate conver-
sion products are being reviewed, with results to date shown in Figure 19,
We think that conclusions based on these types of data should be confirmed
by enthaipy determinations on samples obtained by the recently developed
techniques of low-temperature ashing. This is of greater importance for

residues from corversion processes than for coal itself,

We also propose to check Kirov's correlation against experimental
data includirg those obtained since his review. The literature has been

searched, and most of the recent papers on the subject have been obtaired.
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IV, Patent Status

The work performed during March is not considered patentable,

V. Future Work

We plan to contact some of the experts in the liquefaction area reierred
to us by the Pittsburgh Energy Center of the U, S, Bureau of Mines.

We will continue to work in the selected five high-priority areas,
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