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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

provide up-to-date data and information for the research, development,
design, engineering, and construction of coal conversion processes and/for
plants. Other concurrent objectives are to identify those areas where
data are required and to suggest research programs that will provide the
required data.

I, Summary
Liguefaction

We continued to review the lite rature on liquefaction to determine
the current availability of data on various aspects of coal liquefaction

processes.

Meetings are planned with the ERDA monitor on liquefaction (Ralph
M. Parsons Co, j and other ERDA contractors involved in coal liquefaction

werk.
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Gasification

A set of curves describing steam-oxygen gasification at 70-atrn pres-
sure is presented. The range of operating variables covers four tempera-

tures (1750°, 1800°, 1850°, and 1900°F) and four steam/carbon molar ratios,

Carbhon conversion is given as a function of solids residence time, and

the product gas composition is given as a function of carbon conversion.
The computations are based on a fluid-bed model assuming that the

sclids and the gas are in "backmixed" flow. The associated gasification

kinetics are also described.

Fluidization

The evaluation of various correlations for estimating the minimum
fluidization velocity for coal and related materials is given.

Coal, Char, and Oil Shale Properties

In discussions with Penn State persomnel, arrangements were made to
obtain analytical data from their PSOC series for compilation in the data
book, A preliminary list of large deposits (~10? tons) bas been prepared,
for which analytical daza will be obtained,

Some of the correlations used for calculating the heat of combustion of
chars were evaluated by comparing the data obtained from chars from the
different stages of the HYGAS operation., These chars were produced from

a single lignite source.

Miscellaneous

Letters were sent out to various people involved in gasification studies
for their data that can be included in the data book,

Notice to Readers of Open File

Any comments about the material presented 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 most welcome, Please direct any communi-
cations to Mr. Bipin Almaula of ERDA (202 /634-6643) or to Dr. Al Talwalkar
of the Institute of Gas Technology {312/225-9600, ext. 869).
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III. Work Accomplished

A, LIQUEFACTION

We are continuing our literature search on coal liquefaction to deter-
mine the availability of data on various aspects of conversion of coal to
liquids. The data from different reports a2re tabulated in various categories

for easy reference fcr evaluation studies that are to follow.

Table 1 gives a summary of the results of the search carried out so
far.

Meetings are planned with Bureau of Mines' personnel in Pittsburgh,
Ralph M. Parsons Co., and Fluor Enjineers § Constructors, Inc., to dis-
cuss the coal liquefaction section of th: data book. The meetings will ccver

the following specific areas:

1. Liquefaction data availabe at the location

2. Availability of the other relevant information — sources and the form
of available data

3. Presentation of data in a useful form
4, Expected future information that might be included in the data book
5. Data book format in general.

B, GASIFICATION

Generai equations have been developed at IGT that describe the
kinetics of coal gasification reactions.!*? These equations can be used to
develop engineering correlations that define the e&fects of pertinent design
variables on gasification rates over a wide range of conditions applicable to
many gasification processes. Moreover, the equations when combined with
a suitable model of the gas /solid contacting system can be used to develop

working charts that are useful for design of comrrercial gasification systems.

The information used in developing the kinetic equations come from
laboratory thermobalance, moving-bed gasification, and fividized-bed gasifica-
tion tests performed at IGT. In addition, experimental studies performed by |
investigators at other laboratories have proved useful in formulating the
model.

ENSTITUTE 0O F G A S TECHNOLCGY




Sturey Physical

Table 1, Part 1. PRELIMINARY SAMPLE OF COAXL LIQ

No. 39
December 1568,

Properties . Produrt
Solvent Coal Types and Heat~- Liquid
Project/Remrt Tiule Propertics Studied Transfer Daza Rate Data Yreld Structure Catalyst Propertics
H~COAL
OCE R&D Repart No, 2, % zolvent Illinois No, 6»  Ultumate iegral; deactivation  Catalyst age, pressure, Size, compostion; ‘APl % sulfar,
Project H-COAL Rerart types, hydrae Utah DeSeam, apalyscs, data, pressure, tem- lemperature, space Mo C; + CoOon distillatior cucve.
~ Process Dev ente Reonated and North Dakota Sp Gr perature, solveatfcoal velocity. catalys: size; alununa; Ni-Mo on gas chromatoe-
Hydrocaxhea Research unhydrogens Lignite ratios. catalyst type sulvent /coal ratios, alumina graphic data,
Institute, »no date ated and size recyele eficct of hydro~
treanng
Consol Systhetic Fuel
Fimal Report. Devela Saolvent/coal ratio.
ment of CST Coal Ligue- recycle
Hacuion Process;, OCR
Report e, 3. Val 3
Start-Up and lnitia] Visco=ily, Viscus;w-
Operations at Cresay sp Gr carbonization
Pijot Planr. OCR. RgD data
Report No. 39, Vol 5.
Bouok <
Pilst=Scalr Development ‘ lreland mine Viacosity, Temperature, solvent  Temperature. solvent Hydrogenation, Sp Gr. _-»-i-cosity.
Sfthe COF Process heater AP type (inxegral) type catalyst aging effect of hydro-
QCR Repart Ng. 3%, treaung
Vol 5, Book 3
Projees Wearern Coal,
Yiasl Report: Project Colorado Barch Temperature, pressure, MoO, 5p Gr» u.l:i.Fm:c
Western Coaf Tonver- highevolarile catalyst/saivens ratio, analyses, distillae
sion ot Coal intn Liguids. bituminous H:/ecal ratio, coal size Uon CUrvea,
CGR. May 1970, % sulfur, gas
chromatograph dx.
Projec Seacoke
Project Seacoke —~ Axathracens, Pressurc, tempera- Pressure, temperature, Cobalt Sp Gr, distillatio
Phase ]I Final Report. phenanthra~ ture, H:/oil rawo for catalyst type {hydrogena- carbonyl, curves, gas
Catalyne Hudrorreating RERe coal~derived liquids tign of eoal-derived Co~Mo chromatographic
of Cos-Devived Laquidy, hydrogenation ligmda) data




BLANK PAGE




I OF COAL LIQUEFACTION DATA AVAILABILITY

Product Troduce Product Solid/
Luqud Ga Solad Zaquid Status of Process
rropecies Properiien Properties Separation Develonment Flow Sheer
*APL "o nulfar, Compasiuan % sulfur Particle Pilot plant Detailed flow
Cisullation cutve. size distrie sheet for
Ras ;ﬁ 'l;;::w' buzion, commercial
Rradtic " celon La e
et of byeroe Sapacimes plant demgn
treaung
Fultration
ratcs, AP,
Hydroclene
AP data,
permeahility
fiter cakes
Viscosity, Ash
carbonuzation distribue
Zata tion
Sp Gr. WIKCOMRTYS Size Hydroclone
etiect of hydras distribu- 3
TreaURg tion, efficiency
density.
Fischer
assay

sp Gr. wrimare
analy wes, Crstillaw
on Curveg,

7. sullur, gan
chrormaof raph dxta

Sp Gr. distillation
Curve s, RAK
chromatog raphic
data

Matrial and

Detaited mass and
heat balances for
commercial plant

8964

Cost cstimate
for comnmercial
plant

E75030511a




2/75

Projeet /Report Title

Laughrey, P. W_, "Sym-
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Traos, Am. Soc. Mech Eng.
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1. Discussion of General Cozl Gasification Reactions

a. Devolatilization

When a coal or coal char containing volatile matter is initially sub-
jected to an elevated temperature, 2 series of complex physical and chemical
changes occur in the coal's structure, accompanied by thermal pyrolysis re-
actions that results in devolatilization of certain coal components, The dis-
tribution of the evolved products of the reactions, which initiate at less than
700°F and can be considered to occur almost instantaneously at temperatures
greater than 13C00°F, is generally a function of the temperature, pressure,
and gas composition existing during devolatilization andé of the subsequent

thermal and environmental history of tae gaseous phase (including entrained
liquids) prior to quenching,

b, Rapid Rate Methane Formation

When devolatilization occurs in the presence of a gas containing bydro-
gen at an elevated pressure, in addition to thermal pyrolysis reactions, coals
or coal chars containing volatile matter also exhibit a high although transient
reactivity for methane formation. Although some investigators have sug-
gesied that this process occurs simultaneously with thermal pyrolysis reac-
tions, studies done with a greater time resolutioa indicated that this rapid-
rate methane formation occurs at a rate which is at least an order of magni-

tude slower than devolatilization, In this sense it occurs after devolatilization.

The amount of carbon gasified to methane during the transient high
reactivity increases significanily with increases in hydrogen partial pressure.
At temperatures greater than 1700°F, the transient reactivity for rapid-rate

methane formation exists only briefly.

c. Char Gasification

After the devolatilization and rapid-rate methane formation stages are
completed, char gasification occurs at a relatively slow rate, The differ-
ential rates of reaction of devolatilized coal chars are a function of ternpera-

ture, pressure, gas composition, carbon conversion, and prior history.

The coal gasification kinetic model, therefore, assumes that the overall
gasification occurs in three consecutive stages: 1) devolatilization, 2) rapid-
rate methane formation, and 3) low-rate gasification. The reactions in the
three stages are independent. Further. a feed coal contains two iypes of
carbon — volatile carbon and base carbon. Volatile carboc can be evolved

solely by thermal pyrolysis, indepencent of the gaseous medium. Base carbon
15
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remains in the coal char after devolatilization is complete, This carbon
can be subsequently gasified in either the rapid-rate methane formation

stage or the low-rate gasification stage,

Initial amounts of volatile and base carbon are estimated from standard

analyses of the feed cozl char:

C, (volatile carbon), grams /gram feed coal

= Ct° (total carbon), grams/gram feed coal

o Y
¥

— C,° (base carbon), grams/gram feed coal (13

where Ct" represents the total carbon in the feed coal obtained from an
ultimate analysis, and Cb" represents the carbon in the fixed carbon fraction
of the feed coal as determined in a proximate analysis. Note that Cb° does
not equal the fived carbon fraction because the fixed carbon fraction includes,
in addition to carbon, other organic coal components not evolved during

standard devclatilization.

When an analysis of the fixed carbor fraction is not available or an
estimate of organic coal components present in the fixed carbon fraction
cannot be made, then Cb" can be approximated with the expression:

C, ° = 0. 96 (fixed carbon fraction), grams /gram feed coal,

b

The base carbon conversion fraction, ¥, is defined as —

X = base carbon gasified - Cb - Cb (Z)
base carbon in feed coal char Cb°

where Cb = base carbon in coal char at an intermediate level of gasification,

grams /gram feed coal char,

This definition is used in correlations in the following section to de-

scribe carbon gasification kinetics in the low-rate regime,

2, Lowe~-Rate Gasification Kinetics

As discussed above, for practical purposes coal chars undergo iow-
rate gasification only ufter the devolatilization and rapid-rate methane forma-
tion reactions are completed, Results obtained with the thermobalance indi-
cate that at greater than 1500°F char reactivity over a major range of car-

bon conversion in the low-rate stage is substantially the same whether
16
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devolatilization occurs in nitrogen or in a gasifying atmosphere under the
same conditions. Therefore, in this model, low-rate char gasification is
considered as a process essentially independent of devolatilization corditions
v7ith one important exception: the temperature of devolatilization, It was
found that the reactivity of 2 char at a given temperature, T, decreases with
increasing previous treatment temperature, To » when To >T. This effect is

quanﬁtatively represented in the correlations below.

Three basic reactions are assumed to occur with char in gases con-

taining steam and hydrogen:

Reaction I: H,O + C= CO + H;
Reaction I: 2H, + C= CH,
Reaction lI: H, + Hb O + 2C= CO + CH{

Reaction I is the conventional steam-carbon reaction which is the only
one that occurs in pure steam at elevated pressures or with gases containing
steam at low pressure, Although at elevated temperatures this reaction is
afiected by thermodynamic reversibility only for relatively high stcam con-
versions, the reaction is severely inhibited by the poisoning effects of hydro-
gen and carbor monoxide at steam conversions far removed from equilibrium

for this reaction.

Reaction II, the only reactiun that could occur i pure hydrcgen or in
hydrogen-methane mixtures, depends greatly on the hydrogen partial pres~

sure. At elevated pressures its rate is directly proportional tc the hydrogen
partial pressure,

The stoichiometry of Reaction III limits its occurrence to systems in
which both steam and hydrogen are present. Although this reaction is the
stoichiometric sum of Reactions I and iI, this model considers it to be a
third, independént gasiiication reaction. Reaction III, arbitrarily assumed
to occur in the development of this model to facilitate correlations of experi-

mental data, has also been suggested by other investigators.

The correalations developed to describe kinetics in the low-rate gasifica~
tion stage are surarazized as follows:

dX /dt =kaT(1—x)2/3 exp (~aX?) (3)

17
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where —
k'I:k.[-kaI*'kHl’ _ (4)
Here, kI’ kI.I’ and kl’[l are rate consiants for the individual reactions
considered. It is assumed that each of the three reactions occurs independ-

ently but that the rate of each is proportional to the same surface area term,

(1- X)?/3 and surface reactivity term, exp (~aX?2).

Individual parameters in Equations 3 and 4 are defined as functions

of temperature and pressure according to —

£;, = £, exp(8467/T,) (5)
Pco Pm,
exp ($.0201 — 31, 705/T) { 1 ~ TP RE )
H,0 ™1
k, = .
. 1 Py Feo
[ 1+exp(—22.2160 + 44, 787/T) ( + 16,35 —2—  +43.5 ) I
Pr0 Puo PH0
(6)
P
- - —CHy
Psz exp (2. 6741 — 33,076 /T) ( 1 e
Ry o= HE_ I (7
{1+ PH; exp (— 10.4520 + 19,976 /T) ]
; Pen, Peo
» ZHZ PHZO exp (12. 4463 — 44, 544/T) ( l- ;;——-TP—_K—E—
k.U.[ = g.zﬁ H,O I
/ PCH 2
[1+exp (- 6.6696 + 15,198/T) (P2 +0.85P,. . + 18.62 —=4 ) ]
H, co Py,
)]
2 o
52.7 Py 0.521 P 1, Pro

a = + 7 (9)

1+54.3P 1407077y  +0.50 P Py o

12

I NSTITUTE O F G A S TEOCHNIOSDLOGY




K 1’ K e K 1 "= equilibrium constants for Reactions I, 1I, and Ill,
considering carbon as graphite
T = reaction temperature, °R
T_ = maximum temperature to which char has been
° exposed prior to gasification, °R (if To <T, then a
value of T =T is used in Equation 5)
PHz' PHZO' PCO’ = partial pressures of H;, H;O, CO, and CH,, atm
PCH\,

f = relative reactivity factor for low-rate gasification
which depends on the particular carbonaceous solid

Values of fo are based on the definition fo = 1.0 for a specific batch
of air-pretreated Ireland mine coal char. Samples ofthis coal char obtained

from differ=nt air-pretreatment tests exhibited some variations in reactivity

as determined by thermobalance tests conducted at standard conditions. The
values of fo so determined ranged from approximately 0.88 to 1.05. Results
of tests made with the thermobalance, using a variety of coals and coal chars,
have indicated that the relative reactivity factor, fo » generally tends to in-
crease with decreasing rank although individual exceptions to this trend exist.
Values kave been obtained which range from 0.3 for a low-volatile bitumi-
nous coal char tc about 10 for a North Dakota lignite.

The range of the relative reactivity factor, fo ; .for different types of .
coals will be presented in future reports of this study.

3. Stz2m-Oxygen-Char Gasification in Fluidized Bed
In many coal gasification processes, coal char is gasified with steam
and oxygen to produce 2 synthesis gas, Because of its wide applications,
we initially applied IGT's gasification model to cevelop information useful

in the designing of fluidized-bed reactors to gasify char witk steam-oxygen
mixtures.

a. Fluidized-Bed Model

Before uvsing the kinetics correlations, it is necessary to describe the .

pPhysical natare of the gas-solid contacting in the fluidized bed. . Figure 1l
19
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shows the fluidized-bed model used in developing the information presented

here,
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Figure 1, FLUIDIZED-BED MODEL
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The model assumes that—

1. The fluidized bed consists of two distinct zones: a combustion zone
and a gas-solid backmixed zone.

2. The combustion zone is assumed to have negligible volume; the only
reaction in this zone is that of carbon combustion to produce carbon
dioxide., Char that undergoses combustion in this zone passes out of
the system, but not back to the backmixed zone. Both combustion
gases and steam go up from this zone into the backmixed zone. Hew-
ever, there is enough unburned char circulation from this zone to the
backmixed zone so as to carry heat evolved frormm combustior into the
bulk of the bed.

3. In the remainder of the fluidized bed, the gas and the solids are
perfectly backmixed, and essentially all rate-controlling steam-carbon
and hydrogen-carbon reactions occur in this zone.

4, The composition of the gases and the solids throughout the backmixed
zone are the same as those of the char entering the cembustion zone
and the product gas exiting the gasifier.

Operating experience with the pilot-plant-scale fluidized bed at IGT

indicates that in a well fluidized bed, with an L /D ratio of under 4, the

assumption of both gas and solid being completely backmixed is in good agree-
ment with experimental evidence. For cas€s where the gas is backmixed

but the selids are in plug flow, a conversion factor will be preseated next
month to adjust the information below, which is for the model in which both

the gas and the solid are perfectly backr.ixed.

Besides defining the above two models — kinetic and gas-solid contact-
ing — & few more conditions have to be fixed before a steam-oxygen-char
gasification system can be characterized. The following conditions have been

arbitrarily fixed for ease in calculating and presenting the design information
given later in this section:

1, The feed to the gasification system is a coal char that does not contain
any volatile carbon; therefore, no devolatilization reactions occur in
the systern. Further, rone of the base carbon has been converted in the
feed char; that is, X, the base carbon conversion fraction, equals 0.
iater on in this study, a method will he presented thiat will allow the
consideration of casés wherein the feed char X >0 in the feed char,

2, The feed coal char has been assigned a relative reactivity factor for
low-rate gasification, f,, of unity. This corresponds to the reactivity
for air-pretreated Ireland mine coal char. A procedure to handle feeds
having a2 relative reactivity factor less than or more than unity will be
described later in this study. (The relative reactivity factors for dif- .
ferent ranks of coals will also be presented later in this study.)
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3. The gasification system operates adiabatically at the specified tempera-
ture. The heat requirement for the system to maintain the temperature
is provided by combustion of the feed oxygen with a part of coal char.,
Heat losses from the system are assumed to be negligible.

4. The product gas is assumed to satisfy the water-gas shift reaction
equilibrium at the system operating temperature and pressure,

b. Carbon Conversion Versus Solids Residence Time Curves

With the two models and the above assumptions, the steam-~oxygen-char
gasification system can now be characterized. The design information pre-
sented here is in a2 form that can be readily used by a design engineer to size

a gasifier and specify steam and oxygen feeds,

For a given gasifi'cation temperature and 70-atim pressure, Figure 2
presents curves that give the char residence time required to achieve a
specified feed carbon cozversion at different steam feedé to the gasifier,

The charts also show the amount of oxygen that is required in the feed to
maintain adizhatic operation at any ope{'a.ting condition. The steam and the
oxygen feeds have been normalized with 1:'espect to carbon in the char feed

to make the charts more generally applicable. Normally, to achieve 100 %
feed carbon conversion, the solids residence tirme required would be infinite,
However, because part of the char feed is combusted with cxygen to supply
heat to the system, it is possible to achieve 100 % conversion and yet have a

finite solids residence time.

c., Gas Composition Versus Carbon Conversion Curves

Once the gasifier has been sized for a given carbon conversion, feed
steam, ard operating itemperature, it is necessary to know the quantity and
the composition of the product gas. The curves in Figures 3, 4, 5, and 6
show the total number of moles of product gas as well as the composition of
the product gas as 2 function of feed carbon conversion for a given steam
feed and operating temperature. Once again, for a generalized application,
the curves have been normalized with respect to the carbon in the £har feed
to the gasifier, Additionally, the gas composition curves are s?xéwn on a
cumulative percentage basis,
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We should note that the product gas does not contain any hydrogen
sulide or nitrogen. Amny nitrogen or other inerts in the feed oxygen can be
directly added to the product gas as they would normazlly pass through the
gasifier without any changes. The amount of sulfur evolved from the feed
char, however, depends on various otHer parameters; in this section, we
have assumed that the sulfur in the feed char does not react in the system.
L.ater in this study, a procedure for the accounting of the evolution of sulfur

from feed char will be in<luded.

In the next monthly report, we will include conversion factor charts

to account for —

1, A feed char in which X, # 0
2. A pas-solid contacting model in which solids are in plug flow
3. Evolution of sulfur from feed char.

We will also give an example of a worked-out design that will show

the use of the design information presented up to now,
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C. FLUIDIZATION

1. Evaluation of Minimum Fluidization Correlations

A comprehensive list of published correlations to estimate the mini-
mum fluidization velocity, using the physical properties of the fluidizing
medium and solids, is shown in Table 2, Except for the correiations by
Baerg’® and Narasimhan, !? the remaining correlations can be shown to be
similar in form under certain conditions. The correlations containing
similar-form fluidization parameters differ by the value of their coefiicients
and exponents, which were usually determined to be adequately descriptive of

the fluidization system under study.
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Table 2,

Investigators

Wilhelm and
Kwauk??

Jolmson E 1°

Baerg et al }

Miller and
Logwinuk !®

van Heerden

et al,

Zenz %

Goroshiwo et al.’

Leva s
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Partl

Bed
Drameter
inches

2 97 and
575

3 35

2 5and 4

Particle
Diameter

Fludized ads

Sea sand socony 0 Ql16-
beads glass beads 0197
lead shots etc

Iron powder sand 0 00237~
Sco*chhike beads 0 0345
alumina cracang

cataly st

Si1C; Si10; 0 0038~
silica gel Al,0, 0 0098
Coke 1rom oxade 0 0038-
carborundum 0 0256
Sand catalyst 0 00202~
anthracite 0 0381¢

Fludizing
inches Mediumn

A.r water

Aar

CO; air
ethane He

CO; arr
Ar CH,
town gas

Air He
CC;
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Table 2, Part 2.

Bed
Diameter,
Investigators inches Fluidized Solids
Narasimhan?? -- --
Frantz®? i=12 Catalyst, sand

Wen and Yu?

Davies and
Richardson®

Kunii and
Levenspiel!4
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Tabie 2, Part 3, SOME PUBLISHED CORRELATIONS TO PREDICT MINIMUM FLUIDIZAT

Ilnvestigators

Pitlai and
Raja Rao®

Kumar and
Sen Gupea *?

Bed
Diameter,
inches

2.9

2.2

Fluidized Solids

Al-powder, iron
powder, sand,
polystyrene

Mixtures of salt,
sand, sugar,
magnetite in
different combina-~
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Particle
Diameter,
inches

0.0023-
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Fluidizing
Medium
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Air
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The mathematical similarities between a few of the generally used

correlations are discussed in the Appendix,

During the past month, a computer program was written to calculate
minimum fluidization velocities using scme of the well-known correlations
and to compare tkem with published data on coal and related materials. The
sources and the extent of available experimental data on these materials are
sktown in Table 3. The computer plots comparing the calculated values with
the measured values are shown in Figures 7 through 11, Several interesting

observations can be drawn from these figures

It can be seen that the calculated values for Rep<20 using Frantz ¢ and
Kunii- Levenspiel’'s'? correlations, shown in Figures 7 and 8, respectively,
show good agreemsnt with the measured rminimum fluidization velocities.
It is obvious from Figures 7 and 8 that there are certain sets of data, for
example the measured values by Leva et al,, '® Feldmanr et al.,7 Jones et al.,!!
etc., that are significantly different from the calcuiated values. The reasons
for their discrepancies are discussed in subsequent paragraphs. On the other
hand, both Leva's!® and Wen and Yu's?* correlations, shown in Figures 10
and 9, respectively, in peneral, calculate a lower velocity than the measured
data, This Qifference can be explained by comparing the coefficients of
Frantz's ® correlation with those of Leva'!® and Wen and Yu's 24 correlation
as shown in the Appendix. It is conceivable that the empirical coefficient in
Frantz's correlation® is adequately descriptive of the type of solids con-
sidered in his investigation. By comparing the coefficients of the correlations
as shown in the Appendix, it is obvious that Wen and Yu's 24 correlation will
predict about 42% lower minimum fluidization velocity compared with Frantz's®
calculated value for Rep <20. Similarly, Leva's correlation!® will result in
vz'ues that are about 20% less than those calculated from Frantz's® correla-
tion. This implies that the coefficients in both Leva's 'S and Wen and Yu's 2%
correlations can be adjusted to calculate sufficiently higher value to improve

their comparison with published data on coal and related materials,

Even though Frantz's® correlation compares well with data for Re_<20,
it is apparent from Figure 7 that most of the measured values for Re_>20
do not show good agreement with calculated values, Because Frantz's® ccr-
relation is shown in the Appendix to be good only for Reo <20, this discrepzncy

is not unexpected. However, if the coefficient in Wen and Yu's %% correlation
35
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Table 3, SOURCES OF FLUIDIZATION DATA FOR COALS AND RELATED MATERIALS

Bed
Dlamutoy,

Invesiigators
Agarwal and 1, 64
Storrow
Leva ot al,'* 4,0
van Heerden 3.35
ot al,¥?
Jones et_all 3
Curran and I,2
Corin®
Feldmann 3. 69
ctal,?
Tarman et al, 2.5
Knowlton'? 11.%

»
Estimated,

Fluldlzed
—Sollds

Coal

Anthraclte

Coke,

Coal, char

Lignite,
char,
dolomite,
periclase

Char

Siderite

Coal, char.
lignite,
siderite

Pastlcls:
Diameter,

—inches. .

0,0121.
0.022

0, 002~
0. 04

0,0017-
0,026

0, 0055«
0,0149

'arlicle
Density,

He-H3

142-123

112

7180

Slel2

16-23

245

73-245

Incipient
Fludized-Bed
Voidage

Reported as porosity
of sctiled bed

Reported

Reported as purosity
of settled bed

Reporied as porosity
of settled bed

Calculated from bed
expansion data

Cajculated from
aettled bad height

Reported

Calculated from bed
expansion data

—Shage Facloc..
0.67

0, 625*

o, 625"

0, 625*

fncluded in the
reported average

particle dlameler

0, 625"
o.M

FFor coals (rom
Flgure 7 and
siderite from
Tarman et al,

Fluldizing
Air
He, alr

Hy alr,
CQ); Ar

Ne

Ng- "g. CO;

Co,

Ale, CO,. "ll
Freon

N,

Operating Cperating
Temperature, Presaure,
e
1080 0
70-8D 0
70-80 0
70-80 eab
70-80 0
70- 50 (<]
70.80 0100
19-80 0-1000
B75030513

sL/2

968




Le

LOG [CALCULATED KiNMUM FLIDIZATION VELOCITY, /]

26840
0l18
25796
52715
4153
h?3)
«J709

« 3107
12064
2160
«182)
«1100
+0578
»0086

R L1
=2 0900
=510
««203?
=e2%%
-eJ076
-»2597
=0lly
-sbb641
=s5164J
=+5685
-+6207
=,072¢
=4 1251
7772
=,9290
=+8ALA
LI ARL
~.9860
=1,0382
=]+0906
elolbe2t
“1.1967
=J o 2469
=1.2990
4350
«1.4035
=] ,48%7
=1.5079
«]1+5680)
=1s0)22
®lebbot
=le71606
~107080
=],0210
=1:0732
=] 49254
19776

20298

v

LEGEND

MATERIAL

$YMBOL

REFERENCE

COoAL
ANTHRACITE
COKE

CHAR

LIGNITE

40% BURN.OFF CHAR
DOLUMITE

FUSED PERICLASE
CHAR

SIDERITE
DITUNINGUS COAL
LIGNITE

CHAR

SIDERITE

O @ P R R PR e =

AGARWAL AND STORROW '
LEVA 1ol

VAN HEERDEN g1 al.
JONES g1 ot
CURRAN AND CORIN
CURRAN AND GORIN'
CURRAN AND GORIN®
CURRAN AND GOFRIN®
FELDNANN g1 ol.’
TARMAN gy 1. !
XNOWLTON'?
KNOwWLTON'!
KNOvLYON'!
KNOWLTON''

1)

[3Y)
~
-~
wn

- DATA POINTS CORRESPONDING TO Rep>20

' [)
=058 o152

CYLI A

) ) *

]
“le9kT el 137 = 720R

]
=1.317 =1.107 =,R97 L L)

Log [RASUIIED MINIMUM FLUIDIZATION VELOCITY, ﬂ/s]

'
1.927

875030443

Figure 7, COMPARISON OF FRANTZ'S CORRELATION WITH MEASURED MINIMUM
FLUIDIZATION DATA

31va
“ON NOISIASY

39vd

vida3

$96°




8¢

dall
2N5)
ITLIA
1991
«AH3L
«1031
U551}
20071
=609
- URBY
«:13569
-sLR4Y
=a2329
wedBOH
e 3288
= 3768
L
4728
=208
~+56AR
wah] bl
=y6648
s 1) 28
=» 7608 [
=,8088 &
lgtos % LEGEND
=s9048R i 1Y &8 RATERIAL SYMBOL REFERENCE
-+9527
=140007
«1,04871
«1:0967
~lellal?
=]e1927
*1:2607
~1.2887
«1+3367
~1edRGT L.
=144321
=1,6B807
“}s5207
[ +5766
] 6246
=1416726
147206
«1:7686
148168
it :
g . J o
19608 4
=2.0086
:g :?322 » A\ - DATA POINTS CORRESPONDING TO Rep>20
«2.1526 )

<L/

AGARWAL AND STORROW '
LEVA st a), '
VAN HEERDEN o gl,
JOHES sy ol."!
CURRAN AND GORIN®
CURRAN AHD GORIN®
CURRAN AND GORIN®

. CURRAN AND GORIN®
FELDHANN g3 o).
TARMAN ef o), 22
KHOWLYONY?
KNOWLTON'?
KNOWLTOR'?
KnouLTON'?

COAL

ANTHRACITE

COKE

CHAR

LIGNITE

40% BURN.OFF CHAR
DOLOMITE

FUSED PERICLASE
CHAR

SIDERITE
BITURINGUS COAL ,
LIGHITE

CHAR

SIDERITE

LOG [CALCULATED WINIMUM FLUIDIZATION VELOCITY, f1/5]

3iva

“ON NOISIASY
3ISvd

vid3

LY B I I O o B ]

' ] ¢ 1 [} (] ' [ ] ' '
«1s947 »1+2a7 ~1.527 =1:317 =1,107 =897 -e687 LI &4 =+ 268 =2 058 o152 L__

LOG [MEASURED MINIWUM FLUIDIZATION VELOGITY, 1t/

875030422

Figure 8, COMPARISON OF KUNiI-LEVENSPIEL'S CORRELATION WITH
MEASURED FLUIDIZATION DATA

$968




6¢

LOG [CALCULATED MNGRA! FLUIDIZATION VELOCITY, ft/5]

s 14RO
1016
«054H
Vol
186
=.0A5])
21317
“si783
-.2269
=el71%
*sdin}
“edbi/
-ebill
=6579
“s5045
®s55) ]
-e5977
=sbli]
6909
= 1375
= I841
=e8J07
=871
=eV220
9708
=l.0l02
~l.0038
“lellon
“ls1510
=1+2030
-le2502
~+s2960
*]e3bIb
«1.3900
CITL RS
LIRT Lt
=] +929R
=1 e5T64
«1.6220
=} +8696
=1s7162
«lel628
=1,809%
=) 8581
=).902?
=} e949)
=]+9959
240625
=ds0AD)
=241397
241023
202289
«2.278%5

'
“1.947

SL/z

31va !

"ON NOISIAIY
39vd

V03

-
[ ]
1A
L AA
7Y
? [ ]
»
Als
"
. J i
1
-
J
LEGEND
MATERIAL SYWBOL REFERENCE
COAL ? AGARVALANDSTORRO"
ANTHRACITE L LEVA g1 gl. "
COKE ) VAN HEERDEN ot ol. °
CHAR ) JONES g ot."
" LIGNITE + | currAN AMD cORIN®
. 0% BURN.OFF CHAR | 3 CURRAN AND GORIX®
) DOLOMITE @ | CURRAN AND GORIN®
H FUSED PERICLASE K | CURRAN AND GORIN®
CHAR # | FELDUANN ¢ of.
SIDERITE [} TARREK st ol
BITURINOUS COAL . KNOWLTON'?
] LIGNITE ¥ KNOWLYON'!
. CHAR o | xnowLToN"
’ SIDCRITE s | xwowLroN"?
N A- DATA POINTS CORRESPONDING TO Ray>20
’
1] L L] 1] L t ] " L] L]
“la?37 -1,%27 =}.317 =1,10? =A% -,087 o477 . 260 -,058 +162

L0G (MEASURED MINIMUM FLUIDIZATION VELOCITY, 1/d)
876030444

Figure 9, COMPARISON OF WuN-YU'S CORRELATION WITH MEASURED
FLUIDIZATION DATA

568



0¥

wdS]h

» 306} A
W2h7U

1 209K 4

o 1625
1153
+0RBL

% PRELIMINARY

=el21U

e 16H)
1215 FOR REVIE\W ONLY
- 2620 RS
ecdipl '
-y 3576
=l
=sts51Y
~eu991
~o 5460
- 5937
wsbuiy
«.6HB7
o 735%
= 1827
~.HI0N
=872
= G245
=,971H
«l.0190
«10463 t
~le]136 L
«ls 1508
~1+2081
=1+2563
=123020-
=] e3u99
t=i=]e3971
B ejetti4
=] 44910
=],+5389

LEGEND
MATERIAL SYMBOL REFEREHCE

AGARWAL AND STORROY'
LEVA g1 gl '

VAN HEERDEN o1 of. 2!
JONES st ol
CURRAN AND GORIN®
CURRAN AND GORIN®
CURRAN AND GORIH®
CURRAN AND GORIN®
EELDMANN gt of,”
TARHAN 101, 12
KHOWLTON'?
KNOWLTON'?
KNOWLTON"
KNOWLTON'

CoAL
ANTHRACITE

COKE

CHAR

LIGHITE

60% BURN.OFF CHAR
DOLONITE

125862 FUSED PFP!ILASE
126334 CHAR

o bt | SIDERITE

111752 BITURINOUS COAL
R b LIGHITE

=149170 " CHAR

=149643 ]

'5: olis SIDERITE
=2,058
“2,1061 ’ . A\~ DATA POINTS CORRESPONDING 10 Re>20

CALCULATED MINMIUN FLUIDIZATION VELOCITY, ﬂ!s]

3iva

e NOISIA3Y
39vd
vya3

Lo

e S1/7

LA - B~ IR Rl i i ]

“w © =i

t ] [} ] 1] [} 1] * 1 L] 1
“le947 «147237 =1.527 =1.317 ~lsl07 -+ 097 =687 o 77 -e268 3058 +152

LOG [WEASURED MINIMUM FLUIDIZATION VELOGITY, (1/s]
B75030446
Figure 10, COMPARISON OF LEVA'S CORRELATION WITH MEASURED
MINIMUM FLUIDIZATION DATA

7968



|84

5502
«5)19
6235
k87
«J908
+ 3585
#3202
2RLA
P35
«2091
1668
1280
U901}
0517
«0)36
s UPAY
=e06))
=016
«2s 1400
-.178)
=2l6?
=.2550
«s2936
33117
-s3T00
40006
~slsb6?
=45}
5236
=s5A18
=s5001
-,5)0% |
=076t
-y 713}
e 153%
-y 191R
-.8307
-, 8A08%
-s908Y
-, 96352
«e9630
-1.021%
«{+060)
«140986
«le )69
«le175)
=1e2136
] o2820
=1:290)
«l.3287
=1:3870
=]e0056
=let]?

1.0G [CALCULATED MGNTMUM FLUSDIZATION VELOCITY, fU's]

[
=1e0n7

T J
1]
L 1 [
A
{ 1
[
| [y L TR §
1 [
LEGEND
¢ L UATERIAL SYMBOL REFFTUNCE
1
COAL 7| AcARWAL AN sTORROW'
ANTHRACITE L LEVA st al. '
! COKE 1 VAN HEERDEN ¢t ol,
e | CItAR ) JONES gt ol."’
LIGNITE + | curran anp coRIN®
! 60% BURN.OFF CHAR | § CURRAN AND GORIN®
1 DOLOKITE e CURRAN AND GORIN®
FUSED PERICLASE K CURRAM AND GORIN®
) CHAR # | FELDMANN o1 gl
SIDERITE ) TARMAN gy ol 7
BITUMINOUS COAL . KNOWL.TONY?
LIGNITE ] KNOX! TON"
. CIHAR o | xnowLron"
[ ]
A
' A\~ DATA POINTS CORRESPONDING TO Re,>20
1 ] L] [] L] L] 1] L] L ] L] [
1737 =1.,827 <1317 el.l07 -oA97 ~.887 k7?7 ~c268 -.088 182

LOG [MEASURED MINIMUM FLUIDIZATION VELOCITY, ft/s] B75030448

Figure 11, COMPARISON OF ZENZ'S CORRELATION WITH MEASURED
MINIMUM FLUIDIZATION DATA

31va

“ON NOtSIAZY

33vd
\2-1E]

$968




27115 | 8964

is increased to match ti:e coefficient in Frantz's correlation, ® the data cor-
responding to Rep>20 match as well with the calculated values as do the data
points for ReP<2.O. This improvement in comparison is conceivable because
the general form of Wen and Yu's correlation,shown in Table 2, covers the

entire range of Re_.

‘The Kunii and Levenspiel '* correlation, derived more rigorously
when compared with other correlations, covers the entire range of Re_ values.
The calculated values in Figure 8 are obtained by solving the quadratic equa-
tion showa in Table 2. Unlike Frantz's correlation, ® the Kunii and Levenspiel
correlation!* shows good agreement even with most of the measured values
for ReP>20 .

The graphical correiation by Zenz, 26 shown in Figure A-1, is developed
for particulate fluidization of mostly spherical particles and materials like
glass beads, cracking catalysts, and bauxite. The bad voidage at incipient
fiuidization conditions is critical in employing this correlation o calculate
the minimum fluidization velocity. The usual lack of such data, as shown in
Table 3, combined with the difficulty of using a graphical procedure makes
it hard to calculate minimum fluidization velocities within a narrow range of
Precision . Figure 1l shows that, in general, the calculated values are up
to 3 times or more greater than the measured values., This deviation is
attributad to the nonavazilability of accurately measured bed voidages at in-
cipient fluidization and the difference in behavior of gas-solid fluidized beds

from particulate fluidization,

The empirical correlations shown in Takle 2 can be broadly divided
into two categories. The frst set of eguations requires informeation on the
density and viscosity of the fluidizing medivm and the density and average
diameter of fluidized solids. The second set of correlation needs additional
information on the shape factor and the incipiently fluidized-bed voidage to
estimate the minimum fluidization velocity. Thus, Frantz, ® Wen and Yu, 24
and Leva's!5 correlations belong to the first set while Kunii and Levenspiel !¢

and Zenz's?® correlations belong to the second category.
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2. Evaluation of Minimum Fluidization Velocity Data

As seen in the Appendix, the general form of the published correlations

to estimate the minimum fluidization velocity can be written as —

- 2 —
U K- Dy (P— )8 (4-6)

mi
-~

Umf is sensitive to the average Earticle diameter Dp . In coal pro-

cessing, a wide size distribution of particles is frequently encountered, and

therefore it is important to calculate an appropriate average diameter., Of

tue different types of average diameters, ¥ }720 Yunii and Levenspiel'* rec-

ommend the use of a mean particle diameter characteristic of the specific

surface area of the material. Bv fundamental derivation, they calculate the

surface mean particle diameter as —
D = 1

P YT _X_ (10) .
1

D .
pi

Most of the data used to verify the models, 2s shown in the Appendix, report
average particle diameters defined by Equation 10 , except for ieva et al.,!®
who calculated a mean diameter using —

dp = I Xi - dp (11)

1

For a given size distribution, Ep is greater than D_ , and, as a result, the
calculated minimum fluidization velocities for anthracite coal reported by
Leva et al.’® are significantly higher: than the measured values as shown in
Figures 7 through 11. It is apparent that, if the average particle diameters

for these data are recalculated using Equation 10, the comparison between

the calculated and measured mirimum fluidization velocities will be improved,

To estimate the minimum fluidization velocity, the particle density of
the fluidizing solide must be accurately determined while tbe density of the
fluidizing medium is not critical for low-pressure operations, Nevertheless,

in high-pressure fluidization, the correct density of the fluidizing medium

should be used. .
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A precise estimatior of the viscosity of the fluidizing medium is
egsentjal to calculate the minimum fuidization velocily. In general, the
effect of temperature is much more significant on viscosity than pressure,
Becauvse coal processing involves fluidization with mixtures of gases, at
high temperatures (up to 2000°F) and high pressures (up to 1250 psig), a

reliable miethod of estimating viscosity must be used,

In Figures 7 through10 we see that the calculated vaiues using the
tested correlations differ significantly from the measured valves reported
by Feldmann _eiglj This is attributed to the method by which these investi-
gators estimate particle density from particle size, The fact that the
particie density decreases abruptly at a particle diameter of about 0.005 in.
with decreasing particle size may be unigue to the chars used by these
investigators: The possibility of the interlocking of char particles during
fluidization, envisioned by Feldmann et 2i.,7 could very well be an additional
factor in explaining the deviation of the calculated values from the measured
values, However. measured values of particle densities of representative
samples and an appropriate estimate cf an average particle diameter could

resuji L better agreement between the co: re'-"ions and the data,

The COED ckar Juidization data by Jones et al.}' show consistently
lower calculated values in Figures 7 th . th J0. The important reasons for
this discrepancy include the segregat of particles by size and the effect
of bed height encountered by these investigators. The segregation of particles
presented a difficulty to Jones et al. 11 when they measured the point of incipi-
ent fluidization. Working with increasing bzd heights, they reported mostly
increasing minimum fluidization velocity values, which caneot be predicted
by the available correlations. Compounding these problems is the possibility
that the coefficients in the tested correlations may be inadequate in describing
the fluidization system that Jones et al. ™ used,

A problem similar to the varying bed heights is encountered in verifying
the models for mminimum fluidization with the high-pressure fluidization data
fro:n Taanan et al. 22 and Knowlton, 2 The tested correlations, being de-
veloped from ai~ --spheric fluidization data, bave no provision to adequately
describe fluidizzd beds operating at higher pressures, except in terms of
the density of the fividizing medium. For example, in the experiments
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conducted by Knowlton, 2

even though the fluid density changes from about
0.07 to 5 lb/cu ft, the magnitude of the term (ps ~ Py ) in Equation A-6" does
not change significantly, in particular fcr dense materials like siderite. How-
ever, we see from the results of these investigators that the incipient-bed
voidage decreases with an increase in operating pressure, The Kunii and
Levenspiel correlation, !* which includes the incipient-bed voidage in addition
to the shape factor, illustrates a better comparison with these measured
values in contrast to the correlations developed by Leva, !5 Frantz,? and Wen
and Yu.?* As explained before, the calculated values for Tarman et al. 2

and Knowlton's data'? do not show any change with pressure when using ihe
Leva,!’ Frantz,® and Wen and Yu?* correlations., However, by including bed
voidage at incipient fluidization, the Kunii ard Levenspiel ccrrelation 14 cal-
culates a decreasing minimum fluidization velocity with increasing pressure,
which is in agreement with the reported experimental data, From Figure 8

it is apparent that with the later correlation most of the calculated values

#Z and Knowlton's ' data are within +10% of the measured
minimum fluidization velocities,

using Tarman's

In the presert investigation, the shape factor, evex when it wzs not
available, was cdetermined from Figure 12, using the proximate analysis of
coal,? Whenever the proximate analysis was not reported, a value of 0.625
was assigned.!é¢ The incipient fluidized-bed voidage was calculated from the
reported particle and bulk densities, when such data were unavailable, This
method of calculating minimura bed voidage is known to result in values less
than the incipient fluidized-bed voidage. Therefore, the inherent deficiencies
with such sources of data must be recogniz-d in comparing them with the
Kunij and Levenspiel correlation, }* which i= sensitive to shape factor and the
bed voidage at the onset of fluidization.

In Figure 8, the Leva et al., datals on anthracite show the usual higher
calculated values, and the data by Jones et al,,!! with inadequate information
for using the Kunii and Levenspiel correlation, !4 result in minimum fluidiza-
tion velocities significantly different from the measured values, The data
reported by Feldmann et al., ' do not include information on shape factors.

See the Appendix.
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However, the combination of the assumed value of the shape factor and the
method described earlier to determine the particle density has resulted in
calculated values, using the Kunii and Levenspiel correlation, !4 to be in
fairly good agreement with the measured values as shown in Figure 8, except
for the two points at very low minimum fluidization velocities,

Tre experimerntal data on coke reported by van Heerden?? contain most
o{ the required information and shows excellent ag reement with the Kunii and
Levenspiel correlation’? as shown in Figure 8,

The calculated minimum fluidization velocities using the Frantz § and
the Kunii and Levenspiel ! correlations are up to about 50% greates than the

5 for materials of different

measured data reperted by Curran and Gorin
density, The calculated values show better agreement with the lighter mate-
rials like lignite char and 60% carbon burn-oif char compared with heavier
materials like dolomite and periclase. It is conceivable that either the physi-
cal Properties of thess solids or the empirical coefficients in the tested

correlations are not adequately descriptive of the dense materials.
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Based on this extensive discussion comparing the published correlations

with measured minimum fluidization data, for coal and related materials,

specific recommendations will be proposed in subsequent monthly reports.

I NS T

Nomenclature
B = generalized shape factor
Dav = harmonic mean diameter of mixture, ft
Df = particle diameter of a sieved fraction, ft
D = average particle diameter, ft = ——l——
P T (X/Dy)
g = gravitational constant, ft/s?
Re_ = particle Reynold's number = (Dp © U ¢t Py /n)
mf - minimum fluidization velocity, ft/s
¢ =  terminal velocity, ft/s
X = weight fraction of sieved particles
€nf = voidage of minimum fluidized bed
%] = shape factor
pg =  density of fluidizing gas, 1b/CF
[ = particle density of fluidizing solids, lb/cu ft
pB = settied bed dersity, lb/cu £t
psav = arithmatic average density of mixture, io/cu ft
PBm = bed density at maximum porosity, 1b/cu ft
u =  viscosity of fluidizing gas, 1lb/ft-s
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Errata

In last month's report { Project 8964 January 1975 Status Report) the

following corrections are to L& noted:

1.

In Table 2, Zenz's graphical correlation was mentioned but not in-
cluded in the report. This is the same correlation given in the
Appendix in this month's report (Figure A-1),

3= Tzble 3, the fluidizing medium for the data of Jones et al., should
be changed from "CO + H;, steam'" to ""N,."

In Table 3, the particls diameter range for van Heerden et al.'s data
should read "0.0037-0.026 inch.

In Table 3, the particle diameter range for Tarman et al, 's data should
be "0, 0048-0. 5084 instead of "'0.0048 to 0. 0053" as reported.
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D, COMBUSTION

A meeting is planned with Gilbert Associates to discuss this section of
the datz book.

Errata

In last month's report (Project 8964 January 1975 Status Report), the
particle diameter limit for Equation 4 should read "dP 21,5 mm'" instead
of ”dP < 1.5 mm,"

E, COAL, CHAR, AND OIiL. SHALE PROPERTIES
i, Data Cbmpilation

We conferred with Professor W, Spackman and his associates involved
in work on coal properties at Pennsylvania State University, Cur proposed
use of Penn State's data for a compilation of properties of selected coal
samples { Table 2 in the Project 8964 December 1974 Status Report) was the

main topic of consideration.

Penn State people suggested that we include the free-cswelling irdex and
ash-fusibility data in the compilation. Channel and run-of-mine samples
representing large deposits capable of sustaining. a coal conversion plant will
be selectced from Penn State's PSOC series for inclusion in the compilation.
These data will be augmented by additional information from other sources
such as U, S, and state geological surveys and the Bureau of Msnes, Penn
State will endeavor to fill in the missing gaps in these data to complete the

compilation table by including these samples in its PSOC series,

Penn State is in the process of verifying its computer record of data
on its present set of samples. It expects to give us data on samples repre=
senting the 50 largest deposits of its set as soon as possible. We have also
begur to compile a list of large (~ 107 tons) coal deposits in the United States
to compare with the Penn State list. This list, prepared from an early
1950's study, is given in Table 4,

A schedule of proposed data transmittal, current and future, has been

requested from Penn State,
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State County Rark
Colorado Northwest Gunnison bvCb
Central Las Animas hvAb
Delta SubA
Moffat-Ri> Blanco hvCb
Roult hvChb
Illinois Perry hvBb-hvCh
Saline hvAb-hvBb
Northern Christian hvCb
Macoupin hvCb
Southeastern
Montgomery hvCb
St. Clair hvCb
Sangamon hvCb
Indiana Gibson-Fike hvBb
Sullivan hvCb
" Vanderburgh-
Warrick avCb
Kentucky Muhienberg-Mclean hvBb
Hopkins-Christian hvBb
Webster hvAb-kvBb
Pike hvAb
Harlan-ILetcher hvAb
Floyd-Magoffin hvAb
Montana Musselsheil-
Yellowstore SubA-SubB
Central Rosebud SubB-SubC
Southwestern Custer SubB-SubC
Richland-Dawson-
Wibaux Ligrite
Rosebud-Bighorn SubB-SubC
Powder River SubC- Ligaite
Southeastern Bighorn SubC
Southern Rosebud
Bighcrn SubC
Treasure-Bighorn SubB-SubC
51
I'NSTITUTE 0O F G A S

Table 4. COAL DEPOSITS IN THE UNITED STATES"

Reserves Recoverable,
~ 10° (billion) tons

1. 859089
1.969641
0.963276
2, 347832
1. 510974
1. 022846
0.801624
0. 899764
1,866784

1.220676
0.919120
1.612940
1. 370877
2.084892

1.258032
1.039476
1,401016
0. 784986
2.560579
1.089054
1.060825

1.261249
1,870758
1,307768

0.829638
0.997090
1.958616
1.550324

1.922334
1,020724
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Table 4, Cont, COAL DEPOSITS Ii THE UNITED STATES*

Reserves Recoverable,

Siate County Rank ~ 10? (billion) tons
North and Billings, Stark, Lignite 1. 244182
South Dakota Dunn, Slope, Bowman
Williams Lignite 0. 751758
QOtio Belmont hvab 1.572850
Pennsylvania Washingion hvAb 1. 481944
(Bitumirous) campria lvb-mvb 1. 386676
Eastern Armstrong hvAb 0. 764252
Scuthwestern Indiana hvAb 0. 755928
Utah Central Carbon hvAb-hvChb 0. 795804
West Virginia Raleigh ivb-mvb 0.998207
Wyoming ) 0. 805674
Mcdowell Ivb-mvb 1,207312
Soutn Kanawha hvAab 0,3870370
Fayette
Logan- Wyoming hvAb 1.458191
Boone-Raleigh mvb-hvAb 1. 448090
Wyoming Central Sweetwater hvCb 0. 884296
Source: Ford, Bacon & Davis, Inc., ''"The Synthetic Liquid Potential
of the United States,!" Summary Report for Bureau of Mines,
Department of the Interior. New York, March 3, 1952,
52
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Other properties of coal than those selected for compilation were aliso
discussed briefly. Penn State is obtaining information on the mineral matter
in its PSOC series, Studies on 57 coal samples have already been published —

OCR Research and Development Report No. 61, Interim Report No., 2, Eight

major elements and 22 trace elements were determined in these samples,

In additior, semiquantitative mineralogiczl] analyses were reported,

Dr. Frank Vastola furnished information on the Penn State computer
bank of literature on carbon and associated materiais. Literature on coal,
starting with 1973 arnd 1974, is being added to the bank and is expected to be
ready in April. We have requested bibliographical information on gasifica-
tion reactivity, specific heat, and thermal conductivity of coal, coke, and

char from this service,

We discussed the type of char data that can be included in the data book
with Dr. Phil Walker. He pointed out the difficulties involved in obtaining
general char data since char properties deperd on the history of char, This
includes method of preparation, temperature, atmosphere, and residence
time of the process, as well 2s the starting material., The possibility of in-
cluding properties of ''standard" chars produced in various conversion pro-
cesses was discussed. This may also prove to be difficult because the oper-

ating parameters required to characterize the char may not be available,

2, Heats of Combustion of Chars

In the course of analyzing chars obtained from the different stages of
HYGAS® operation, we have the ultimate analyses and heats of combustion for
124 samrles of chars from a single lignite source. The composition ranges

of the chars and the average composition of the criginal coal are as follows:

Cha r{ Rangg Original Coal jAvg)

wt %
Ash 13-51 11,6
C 46-78 61,3
H 0.4-4 3.7
S 0.05-1.1 1.0
N 0.2-1.3 1.0
O (by difference) 1.5-13 36
C (conversion) 10-85 0
Heat of Combustion,
Btu/lb 6,800-12, 800 10, 000

53
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The calculation of the heat of combustion from the char compocition is
necessary in the design of coal gasification systems. Therefore, the ac-
curacy of some correlations that have been used for coals was tested with

these chars., The four expressions used were as follows:

Mott and Spooner’

Hc = 144,54 C + 610,2H + 40,58 — 62,50
Dulong?!

Hc = 145.44C + 620.28H + 40.58 —~ 77.540
Boie >

H. = 151,2C + 499,.8H + 45.0S + 27N — 47.790

Grummel and Davies®

H_ = [654.3H/(100— ash) +424.62](C/3 + H-=0O/3 + 5/8)

In the above, Hc is the gross heat of combustion in Btu/lb,and the
composition is expressed in weight percent, In the following table, the

accuracy of these correlations when applied to lignite chars, are compared.

Average Standard
Deviation, Correction Deviation
Btu/1b Term After Correction
Mott and Spooner! 113 _ —70 79
Dulong? 127 —59 101
Boie? 362 ~362 88
Grummel and Davies! 84 +23 80

Used as is, that of Grummel and Davies! has the lowest average
deviation, In the others, consistent deviations account for 2 significant
portion of the observed deviations., The correction terms indicated, if
applied to the calculated value. rake the uncertainty of the other correla-

1

tions comparable with that of Grummel and Davies® as shown in the standard

deviations,

Simple modification of any of the above correlations by the addition of
linear composition terms (such as changes in the coefficients of the above
correlations) results in expressions with a standard deviation of about 70
Btu/lb., Other modifications are being evaluated for a more significant im-~

provement in accuracy. The contribution of the uncertzinty in the ultimate

54
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analysis toward limiting the accuracy of these correlations is also being

examined.,
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F. MISCELLANECQUS

Letters were sent out to various people involved in gasification studies
for kinetic or other data that they may have that could be included in the data

book, A sample of presentation of IGT data was also included as an example.

A list of persons contacted and the responses received so far are given
in Table 5.

IV, Patent Status

The work performed during February is not considered patentable.

V. Future Work

Data coliection and correlation will be continued in the seiected high-

priority areas,

We will meet in March with Gilbert Associates (concernirg fluidized-
bed combustion, low-Btu gasification, and MHD), the Bureau of Mines in
Pittsburgh, Ralph M, Parsons Co., and Fluor Engineers and Constructors,

Inc. (concerning liquefaction) to get their inputs in their respective areas of

expertise,
SN 7 2 S @;4;‘0"&"‘“
Approved_ -~ v Signed 8 o cosmmmm——
W, W, Bodle, Director A, Talwalkar, Coordinator,
Process Analysis : Process Data
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Table 5. LIST OF PEOPLE CONTACTED
INVOLVED IN CASIFICATION STUDY

Name Ccrpany Responsc
Mr. Bob Grace Bituminous Coal Research, Inc. Agreed to X suggpested

Mr. A. J. Forney

Mr. R. J. Belt
Mr. George Curran
Dx. Alan Sass

Dr. J. F. Jones

dizcussion mecting

U.S. Department of the I-2.rior  Work in gasgification
kinctics area not
propresscd sufficiently
for data book persentation

Morgamtown Encrgy Research
Center

COMOCO Coal Development
Company

Garrett Reseazrch & Development
Company

FMC Corperation

Dr. R. Tracy Eddinger FMC Corporation

Dr. W. M. Goldberger Battelle Memorial Institute Data not available in
suitable form

Dr. George T. Skaperdas The M. W. Kellagg Company Referred to QTR
Rescarch and Develop-
ment Keport No. 38,
Subsequent work
not available for
dissemination

Mr. Frank Cannon Koppers Co., Inc.

Mr. Ronald J. McGarvey Applied Technolegy Corporation

Mr. Dennis Eastland Davy Power Gas IGT leiter forwarded
to Lakeland office for
comments

Mr. Richard J. Rutherford Riley Stoker Corporation

Mr. Paul Rudolph

Lurgi Mireraloitechnik, GmbH
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APPENDIX. Comparison of Some Published Covrelations for
Calculating BMinimam Fluidization Velocities

The generally used correlations to calculate minimum fluidization

velocity. are simplified and summarized below:

Leva's Correlation: %

D % {(p,—p, 1" &
U = 0.00088 —L& L '
mi p 004 o.m (A-1)
B
Frant='s Correlation:*
D*(p.-p,) &
u = 0.001065 —2—32 & (A-2)
mi
%3
Wen and Yu's Correlation: **
{for Rep <20)
D * (p.—p,) &
= 0.0006] —B—232 R (A-3)
ms u
Kunii and Levenspiel's
Correlation: *?
{for Rep <20)
2 3 2
c - € L (p.—p. ) &
U, = 0.0067 mf P 5 B (A-4)
(1 - Cmf) »

in the graphical correlation published by Zenz,? shown in Figure A-1l,

the constant voidage lines up to iog (CD . R.epz ) /s equal to 10, can be
assigned a slope of about 2.0, For this region, the relationship between the

ccordinates can be simplified to the following form:
K, -D?*(p,~5,) 8
Ume = —2 =2 (a-5)
B

wher- . is a constant dependent on the fluidized-bed voidage.

See Project 8964 January 1975 Status Report,
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Figure A-1, MODIFIED PLOT OF DRAG COEFFICIENT ¥OR SEDIMENTATICN;
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It can be seen that Equations A-]1 through A-5 are of the same general
form given by —

K © D ’(p,~p,) & (a-6)

U 2

mi H

and differ by the value of their coefficients, It is conceivable that these
coefficients were descriptive of the physical systems tested by individual
investigators. Because Equations A-l, A-2, A-3, and A-4 match Kunii
and Levenspiel's correlation for Rep <20, we can conciude that the corres-
ponding correlations are satisfactorily descriptive of 2 fluidized bed up to
a particle Reynold's number of 20,

[Note: References for the Appendix are listed at the end of the section,
"C. FLUIDIZATICN,'" in the main body of this report, ]
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