
-
(.J

 
I 

C
)
 

en 
N

 
en I 

C
)
 

u 
N

 
::::> 

I 

U
J
 

>
-

u
.. 

...... 
0 

C
l) 

C
>

 
Q

.) 

L
U

 
- co u 

~
 

...... 
. !!? 

<C 
C

l 

2 0 
.....J 
L

L
. 

I-<
( 

.....J 
a: 
I-

<C 
0 

C
l) 

C
l) 

2 
w

-
I-

:aE 
a
l 

c..:> 
-

C
>

 

<
( 0 

N
 

.... 
c: 

,..... 
I-

<
( 

0 

0 

...... 
0 

co 
C

l) 
I-

~
 

c.. 
Q

.) 
cn 

c 
~
 

0 
o

z
 -

a.> 
Q

.) 
,..... 

I 

00 

a: 
L

O
 

0 
c: 

""" 
L

O
 

w
w

 
.-

-
L

U
 

I""--
=

 
co 

C
>

 
,..... 

I-
:aE 

d> 
...... 

>
 

co 
I 

N
 

C
l) 

0
)
 

ca 
0 

c: 
.t:: 

c: 
....J 

L
O

 
2 

c.. 
~
 

C
l) 

U
J
 

u 
-

Q
) 

..C
l 

C
l) 

co 
,..... 

::::> 
0 

w
 

Q
) 

'"'C
 

co 
...... 

I 

o:> 

.... 
.... 

....J 
co 

Q
.) 

"'C
 

::::> 
...J 

a: 
C

>
 

Q
) 

c:: 
(.J

 
. :::: 

c: 
C

l 
w

w
 

ci 
0 

Q
) 

c: 
c: 

a
: 

...... 
:I

:>
 

2 

L
U

 
.... 

..c 
.... 

0 
c: 

C
l> 

I-
w

 
E

 
=

 
·.;; 

co 
::::> 

Q
.) 

::::> 
..C

l 
... 

>
 

a.. 
ca 

..c: 
-

a... 
0 

a: 
0 

CJ 

Q
) 

C
l) 

(.J
 

Q
.) -

-
ca 

>
 

...J 
:::J 

Q
.) 

:::J 
Q

.) 
0 

o
o

 
... 

.....J 
-

(.J
 

... 
c.. 

..C
l 

2 
"'C

 
>

 
2 

0 
LL. 

2 
c: 

:::> 
.... 

Q
) 

E
 

...... 
co 

0 

a.> 
:IE 

:::J -
0 

<
( 

en 
0 -

co 
-

u 
-

a... 
...... 

a
_

 
.... 

I 
(..) 

0 
....J 

0 
w

 :I: 
... 

ca 
>

 
-

c
. 

a: u 
Q

) 

=
 

2 
Q

.) 
0 

C
l) 

Q
.) 

<
( a: 

<:I 
0 

=
 

..c: 
0 

Q
.) 

a
: 

c: 
2 

...., 
I
-

..c: 
~
 

0
.. 

<
( 

::::> 
(.J

 

W
W

 
-

-
ti.) 

a: 
C

l) 

(I) 
.... 

0
.. w

 
2 

u.. 

a: 
0 

>
 

(.!) 
-

a: 
I
-

w
 

2 
<C 
c..:> 

w
 

-i.. ... -· ....... 
L

L
. 

-C
l) 

<C 
(.!J

 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



. 'GASIFICATION IN PULVERIZED COAL FLAMES, 

. First Quarterly Progress Report 
Energy Research and Development Administration 

ERDA-FE-2029-1 . 

N. M. Laurendeau 

The Combustion Laboratory 
School of Mechanical Engineering 

Purdue University 
West Lafayette, I.ndiana 4 7907 

Report No. PURDU-CL-75-06 

October 1975 

r------NOTICE l 
This report was prepared as an account of work ' 
sponsor~d by the United States Government. Neither · 
the United States nor the United States Energy t 

Rc~arch and Development Administration, nor any of • 

1 
thcu employees, nor any of their contractors 
subcontractors, or their employees, makes an; 
~r~nty. express or implied, or auumes any legal 
liability or responsibility for 1he accun1ry, completeness 
or usclul~ess of a.nr information, apparatus, product or I 
pro~ d1!Closcd, or represents that its use would no1 
tnfnnge pnvatcly owned rights. 

This :report was prepared as an account of work sponsored 
by the United States Govenunent. Neither the United States 
nor the united States ERDA, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees,. 
makes any warranty, express or implied, or asstunes any legal 
liability or responsibility for the accuracy, completeness, 
or usefulness of any information, apparatus, product or process 
<lisclosed, or represents that its use would not infringe pri­
ately owned rights. 

EliSTRIB.UTION OE THIS DOCUMENT IS UNLIMITE~ 



--1 131.iOGRAPHIC DATA 
j

1
• ~RI>.A.~#E-2029/1 ,2. 

3. Re•~pir::~cc~ssi=-~~-· --I~!': C:T r3 
s. 

Ti°dt a1;·cl Subtitle· 5. Rcpcort Date · -

GASIFICATION IN PULVERIZED COAL FLAMES October, 1975 (I) 
First Quarterly Progress Report 6. I 

. Author(s) I·--/ 8. Perforrr.ing Organ:z3;ion Rcpt . 
I N. M. Laurendeau No. PURDU-CL-75-06 
9. P;rforming O:y,anization Name and Address 10. Project/Tasl:/\~01k Ur.it No. 

1he Combustion Laboratory 
School of Mechanical Engineering 11. Ct.nm1ct/G-;;~-:"1'c, 

Purdue University 
E(49-18)-2029 • w. Lafayette. Indiana 47907 

. Sponsoring Organization Name and Address · 13. Type of Report & Pe:iod 

Energy Research and Deveiopment Administration Cov.,n•ci Quarterly. 
Fossil Energy Division (July-Sept., 1975) 
20 Massachusetts Ave., N.W. 14. l Washington, D. c. 20545 

·---J FSoppl<m•n•uy No'"' 

~·l~. Ab:>tract!' ----------------------------------------, 

1he objective of this program is to investigate the feasibility of using currently 
available pulverized coal burners to produce power or synthesis gas from coal. Two con­
figurations will be considered: (1) the annular confined jet with secondary swirl, and 
(2) the vortex tube with tangential entry. 1he first burner is characterized by a singl 
axial injector of high primary velocity; secondary swirl is used to control mixing and 
residence times •. 1he second burner is modeled after the cyclone combustor; large reside e 
times and slagging operation should lead to high carbon efficiencies. 

Species concentrations and temperature are measured both within and downstream of the 
gasifier chambers. ·1hese profiles are used to assess the influence of process variables 
such as pressure, solid/gas feed rates, swirl intensity, inlet temperature and geometric 
injection pattern on both the rate and extent of coal conversion. Simple models govern· 

I entrained flow systems.will be devel~ped to further interpret the experimental data. 
ji 7. Key \\'ords and Document Analysis. 170. Descriptors . 

Pulverized Coal Gasification 
Coal Gasification 
Pulverized Coal Combustion 
Pulverized Coal Burners 
Cyclone Burners 

l 7 b. !dent ifiers/Open-Ended Terms 

11c. COSATJ Field/Group 

IS. Availability Statement 

Release Unlimited 

19.-:c;;c:curity Cl.iss (This 21. ·~..:o. of Pa9es 
Report) 35 
.-.llli£j~~E~,)...,__~------~ 

2 . Security Class (This 22. Price 
Page 

UNCLASSlfIED 
FORM~~·!l v.-1-0--1-31_ .... EN_OO_k_S_E_D_B_Y ...... A-N~,s-1 _,AN_,D:-. -u-N-ES::-:<'"".'.:o-. -- ·-T-~-ns-Fo_.1'_M_1>-1A""'v'"'"BE' REP"Roouci::u USCOMM·OC 8211S·f'>74 



ABSTRACT 

This project is concerned with the production of power and· 

synthesis gases _from pulverized coal via suspension ga.Sification. 

Specifically, the concentric jet and vortex gasifiers, _with separation 

of oxidation and reduction zones, will be investigated~ Gasifier 
performance wili be correlated with internally measured temperature 

and concentration profiles. A suction pyrometer will be used to 

simultaneously measure temperature and gas concentrations. Rapid 

species analysis will be provided by a lITI Q-30C mass spectrometer 
system. 

To date, we have developed a coal handling facility, initiated 

·test cell design, and madeprel:iJninary literature searches. A coal 

crusher, pulverizer, feeder.and sieve shaker are on order. Prelimi­

nary consultations are underway concerning the.mass spectrometer 

system. 
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I • OBJECTJVE AND SCOPE OF WORK 

The objective of this program is to investigate the feasi­

bility of u5ing currently available pulverized coal burners to pro­
duce power or synthesis gas from coal. Two configtirations will be 

cons~dered:. (1) the annular confined jet with secon~ary swirl, arid 

_(2) the vortex tube with tangential entry. The first burner is 

ch~racterized by a single axial injector of high primary velocity; 

secondary ·swirl is used to control mixing and residence times. The 

second ·burner is modeled after the cyclone combustor; large residence 

. times and slagging operation should lead to high carbon efficiencies. 

In both burners, coal combustion with· air and/or air-oxygen 
mixtures supports the endothennic gasification_· reactions. The burners 

are designed such that axially Jinjected, preheated steam is surrounded 
by swirling air, thus promot:i,ng efficient gasification. · Pulverized 

coal is .carried by prirriacy steam in the confined jet system, and by 

second~iy air in the vortex gasifier. 

. Species concentrations and temperature are measured both 

within· and downstream of the gasif for chalnbers. These profiles are 

used to assess the influence of process variables such as pressure, 
soiid/gas feed rates, swirl· intensity, inlet -temperature arid geo- · 

metrical' injection pattern on .both the rate and e~tentof coal con­
version. · · S:inq)le models governing· entrained flow systems will be 

developed_to further interpret the experimental data. 

I I • SUMMAAY OF PROGRESS 

By surveying modern·gasification processes (Appendix A), we have 

. reached. the .:following conclusions: 
(1) Suspension gasification has many advantages but has 

received little consideration since the late 1950's. 

(2) Power and synthesis gas production can be optimized 
by separating oxidizing and reducing zones in the 

gasifier~ 

(3) . _The concentric jet and vortex tube gasifiers with 
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separate coal/steam injection appear to fulfill the 

above criterion. 

(4) Gasification and carbon efficiency are best correlated 

with (a) coal throughput, (b) input oxidizer/coal and 

.. steam/coal ratios and (c) internal temperature and com­

position profiles. 'Ib.e latter provides impetus for our 

main concern: measurements internal to the gasifier. 

In des.igning the test cell, we will d.evelop a common control 

panel and flow system for the two pulverized coal gasifiers. 'Ib.e 

system will operate at 1-30 atms. A suction pyrometer will provide 

simultaneous measurement of temperature and gas concentrations. Pre­

liminary disa1ssions concerning the lJI'I Q-30C mass spectrometer system 

have been initiated; a pulverized coal feeder for atmospheric operation . 

has been ordered. Test cell design is now underway. 

To avoid long delays in fuel acquisition, we have designed 

a separate coal handling f~cility. A crusher, pulverizer, and sieve 
shaker (with appropriate sieve equipment) has been ordered. We believe 

that auxiliary.equipment, such as a laboratory hood, balance and tables 

are available from Purdue.University . 

. III.. TErnNICAL PROGRESS 

To date, we have developed a coal handling facility, initiated 

test cell design, and made preliminary literature searches. A coal 

crusher, pulverizer, feeder and sieve shaker are on order.. Consul­

tations .~re underway concerning the mass spectrometer system. Pre­

liminary desigri criteria have been established for the two pulverized 

coal gasifiers (Appendix A). 

Experimental Equipment and Procedures 

Both the confined jet and vortex gasifiers will be externally 
heated to compensate for the large heat losses characteristic of 

laboratory size equipment. In this way, internal temperatures can be 

regulated to maintain reactor stability and simulate large-scale 

operation. System shakedown will proceed in the following order: 
. . . . . . 

(1) . coal/air· combustion at atmospheric coridi tions, (2) c.nal/air/oxygen/ 

3 



steam gasification at atmospheric conditions and (3) coal/air/oxygen/ 

steam gasification at higher pressures (1-20 atm). 

Pulverized bituminous coal (Indiana/Illinois) will be fed 

at 5-50 lb/hr. Successful operation with a bitwninous coal usually 

indicates that ligTiitcs or subbitwninous coals will work, since 

gasification efficiency increases as coal rank decreaS'es. Comparable 

steam flows (5~50 lb/hr) will be provided by a small package boiler. 

Castable ceramic will be used for the gasifier walls; RA 330 or 

stainless steel may be suitable for the confined jet sys~em. Probe 

openings and quartz windows will require careful design procedures.· 

1. Coal Pulverization and Feeding 
Separate facilities have been cleared for coal handling·, 

crushing and pulverizing. A dust-free coal crusher (100 lb/hr) and 

pulverizer (30 lb/hr) have been ordered from Holmes, ~nc., Danville, 
Illinois. The Gilson sieve shaker and associated sieve.equipment is 

also on order; a chemical hood will be necessary to avoid excessive 

dust during particle s1ze analyses and sieve cleanup. Respirators 

will be required for protection during crushing~ pulverizing and 
sizing operations. 

Feeding pulverized coal at steady rates is a difficult 

problem, especially at high pressures. For atmospheric operation, 

Vibra-screw Feeders guarantee 2% accuracy in feed rate; one such 

feeder is on order. J. Mirna of ERDA-Pittsburgh is forwarding a recent 

design for a high pre5sure laboratory feeder, based on earlier BCR· 

work. He claims that this feeder is significantly better than any 

previous design considered by the Bureau of Mines. 

2. Temperature and Composition Measurements 

Internal measurements of temperature and composition will· 

not be straightforwaru, <lue to the presence of particulates. We hope 

to measure gaseous species and temperature simultaneously, by using 

a specially constructed suction {sonic) pyr6meter. The probe size 

. will be rather large (.5-1.0 an) to avoid clogging; reverse flow of 

4 



inert gas will ·minimize particulate flow through the probe. The 

probe will be of.the triple-walled type; water cooling is anticipated 

though steam cooling may be necessary to avoid water condensation. 

A small cyclone and line filters will be used to separate solids and 

gases as quickly as possible to avoid catalytic effects. The probe 

will be inserted through a water-cooled elbow. Exhaust measurements 

will be made initially; internal probing must be done carefully to 

minimize particulate effects. 

We have made contact with UTI concerning their Q~30C mass 

spectrometer system. They are now in the process of responding to 

a series of questions that will allow us to assess. the adaptability 

and accuracy of their system for coal gasification studies. Of 

particular interest are the (1) accuracy of .hydrogen measurements, 

(2) problems with steam measurements and (3) precautions required to 

avoid particulate flow within the mass spectrometer. A :multiple 

least-squares analysis program will be used to calculatern4 , CO, co2 , 

H2, o2 , N2 and H2o concentrations. If possible, pollutants (NI-13, NO, 
H2S, so2) will also he measured. 

3. Control Cell and.Gasifier Designs 

A test cell with explosion-proof walls has been selected to 

house both the confined jet and vortex tube gasifiers. Corrunon furnace· 

and flow controis will be used; hence, s.imultaneous gasifier operation 

will not be possible. Flow control panels and piping charts are in 

the initial design phase. Literature searches are underway to pro~ 

vide .the necessary information for gasifier design. 

IV. WORK FORECAST 

For the entire term of this contract, we expect to meet the 
following schedule: 

(l) Preliminary design of coal handling facilities, control 

panels, piping scheme and gasifiers. Purchase crusher, pulverizer, 

. sieve shaker and attachments, flow equipment and mass spectrometer. 

Initiate literature search. (6 months) 
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(2) F;inal design and construction of test cell; includllig 

control panel, flow and furnace facilities, low pressure feeder and 

steam generator. Purchase feeder, valves and gauges, package boiler 

and furnaces. Complete literature sur-Vey and gasifier design. 

Preliminary construction of gasifiers. (6 months). 

(3) Complete gasifier construction. Build probes and 

integrate with therinocouple gauges and mass spectrometer. Complete 

purchasing of major equipment. Test cell and gasifier shakedown. 

Initiate coal/air combustion at 1 atm. (6 months) 
. . 

(4) - Finish measurements and interpretation.of results for 

coal combustion at 1 atm. Initiate survey of entrained flow models . 

. Initiate coal gasification experiments at 1 atm. (6 months) 

(5) Complete measurements and interpretation of results for 

coal gasification at 1 atm. Finish entrained flow models survey and 

apply if possible to coal combustion and gasification.measurements. 

Construct high pressure coal feeder. (6 months)· 

(6) Check feasibility of coal combustion and gasification 

at higher pressures. (6 months) 

During the next quarter, we will order the mass spectrometer 

and flow equipment. We will complete the cell design.and initiate 

construction of the control panel and piping scheme. We will continue 

our literature search, stressing the following: (1) fl<;ll1le shapes, 

(2) experimental results, (3) controlling parameters, (4j new designs, 

(5) theoretical models and (6) predictive procedures. Upon receiving 

the coal handling equipment, we will design and construct .the ap­

propriate facilities for crushing, pulverizing and sizing bitt.uninous 
coal. 

V. RESULTS AND CONCLUSIONS 

A survey of modern gasification processes (Append:i,x A) leads to 
the following conclusions: 

1. Coal gasification is a versatile, environmentally accept­

able solution to our short term problems of energy adequacy. However, 

if practical stack or in situ sulfur removal methods are developed 7 
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fuel economy may favor direct coal combustion. 

2. Compared to other gasification products, power gas 

synthesis represents the most efficient use of our coal resources. 

Optimization of its heating value demands that we minimize co2 and 

H20, yet maximize temperature, CH4, and CO/H2. 

3. Due to the high nitrogen content of coal, gasification 

processes using high temperature sulfur removal may produce excessive 

levels of NH3; combustion of producer gases will then violate NOx 
standards. 

4. We lack a fundamental understanding of many chemical 

and physical processes controlling producer gas formation. The .. 

following are high priority research items: (1) pyrolysis/devola­

tilization kinetics, (2) turbulent gas-solid interactions, (3) gasi­

fication kinetics, (4) pore diffusion/kinetics models. Only basic 

experimental investigation can determine the limitations, performance, 

and pollutant characteristics of various gasification schemes. 

5. High temperature (1400-1600°K) fluidized bed processes 

are now possible, though requiring perfection of Godel's ash-agglomer­

ating method and Squires' so-called fast fluidized bed~ Development 

of high pressure, in situ sulfur removal techniques will make 

fluidized bed operation even more attractive. Caking coals and solid 

disposal still present difficult design problems. 

6. Entrained flow methods rrrust be developed; as they show 

significant advantages compared to fixed and fluidized bed techniques. 

In particular, pulverized coal operation promotes high reaction rates 
per unit volrnne; hence, high teniperatures and thus slagging conditions. 

Caking coals and slurries are acceptable; clinker and tar formation 
are negligible. 

7. Economic production of a power gas of high energy con­

tent will require (1) high pressures (20 atrn) and 'temperatures (1400-

18000K), (2) high carbon efficiency, (3) separation of oxidizing and 

reducing zones, (4) short gasifier residence times and (5) single 

stage processes (possibly). Pulverized coal burners (concentric jet 

or cyclone) with coal-steam separation appear to fulfill these criteria • 

. 7 



8. The most useful independent process variables are (1) 

coal throughput, (2) input oxidizer/coal and steam/coal ratios· and 

(3) internal temperature and composition profiles. Gasifier perfor­

mance can increase, decrease or peak, depending on the gasifier 

design and the range of independent process variables. No internal 

measurements during suspension gasification have been atteinpted 

previously. 

In developing preliminary experimental procedures, we have 

reached the following conclusions: 

1. The confined jet and vortex tube designs are best suited 
for pulverized coal gasification with separation of oxidation and 

reduction zones. Extrapolation of our results to large-scale systems 

appears feasible. 
2. Coal handling facilities are required to· avoid long 

delays in fuel acquisition. 

3. A connnon control panel is advantageous; experimental 

delays are not anticipated. 

4. A suction pyrometer should be developed since simul­

taneous measurement of temperature and gas concentrations is possible. 

High particulate loadings may pose severe problems. 

5. At present, the UTI Q-30C mass spectrometer system has 

not been challenged by other methods for ease of operation, versatility 

·and rapiulty. 
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VII. APPENDIX A:. CONCEPTS GOVERNING POWER GAS PRODUCTION IN 
ENTRAINED FLOWS 

Introduction 
The energy cr1s1s demands greater use of our vast coal 

resources (Hottel and Howard, 1971). An environmentally acceptable 

method is coal 'gasification; in particular, gasification to synthesis 

and power gases (Squires, 1974; Osborn, 1974). Synth~sis gns is .a 
major feedstock for the production of methane, methanol, hydrogen, 
anunonia and liquid hydrocarbons. Clean power gas may be used as an 

industrial fuel, or more importantly, in combined cycles, boilers 

and MiD devices to generate electricity. 

In general, coal consumption is hampered by four major 

problems: (1) mine safety, (2) transportation costs, (3) water re­

quirements and (4) sulfur/nitrogen removal. Fortunately, the last 

three drawbacks can be largely eliminated by gasificatibn-slurry pipe­

line systems (Laurendeau, 1975). Conversion of coal to power gas will 
minimize SO and NO , since H2S and NH3 are favored under gasification x x . 
conditions. Stack gas cleanup will remove the latter compounds; anunonia 

can be sold to the fertilizer industry (Laurendeau, 1975) .. 

Coal Gasification 
This investigation is primarily concerned with the fonnation 

of a clean power or synthesis gas from coal. As indicated in Table 

I, synthesis gas is predominantly composed of carbon monoxide and 

hydrogen. Power gas is essentially a synthesis gas diluted with 

nitrogen. Its heating value is about one-half that of synthesis gas 

and one-sixth that of natural gas. Mixtures such as syilthesis gas 

ot power gas are sometimes called producer gas. 

Producer gases are primarily generated by the endothenilic 

steam-carbon reaction, 
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LlH~98 = 31.38 kcal/gmole, 

which- is favored at high. temperatures (T > 1200°K) and moderate . 

pressures (P < 20 atm). Further gasification occurs via 

~98 = 41. 21 kcal/ gmole .. · 

Initial producer gas formation is, of course, ·a result of 

rapid coal pyrolysis. Final product composition is often determined 

by water-gas equilibritun: 

~98 = -9.83 kcal/gmole. 

As suggested by Table I, significant increases in heating value result 

if even small levels of methane are produced. Most rn4 formation 

occurs via devolatilization; high pressure char hydrogasification 

(C + 2H2 + rn4) can also contribute. 

The necessary gasification temperatures are usually obtained 

by burning a portion of the coal with air or o)cygen: 

c + 1/2 o2 + co ~98 - -26.42 kcal/gmole 

0 LlH298 = -94.04 kcal/gmole. 

The use of ocygen r~sults in synthesis gas; the use of air results 

in a low BID power.gas, due to the large quantity of nitrogen in the 
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Product 

SNG. 

Synthesis gas 

Power gas 

TABLE I 

PROOOCTS OF COAL GASIFICATION 

Major Components 

rn4 
CO, Hz 

co, Hz, N2 

HHV(BTU/SCF)a 

900-1050. 

250-400 

i00-250 

~igher heating.value of the clean, dry product. 

final mixture. In either case, maximization of the CO/Hz/aI4 content 

and minimization of the co2/H2o content of the product will clearly 

optimize its energy value (Laurendeau, 1975). For power gases, high 

CO/H2 ratios are favored since most combustion processes· do not allow 

water condensation (Squires, 1974). 
For chemical equilibril.Dll at 1500°K,.the gasification process 

may be represented by 

Air· and. steam ~st be preheated to about 550°K to maintain adiahati.c 

·conditions. Note that water-gas equilibritun clearly predicts the 

impossibility 6£ slmu.ltaneously reducing the HzlCO ratio, co2 and 
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H20. Thus, practical single stage processes should operate at 

residence times controlled by chemical kinetics and/or turbulent mixing. 

Realistic two-phase gasification models, incorporating both 

fluid mechanics and chemical kinetics .are not available (Laurendeau, 

1975). Knowledge of even homogeneous turbulent reactions is minimal; 

furthermore, simple overall rate data governing the reactions between 

pulverized char and Oz, HzD, COz or Hz are not reliable (Mulcahy and 
Smith, 1969; von Fredersdorff and Elliott, 1963). Moreover, such 

data are only applicable over limited ranges of temperature, pressure, 

stoichiometry and coal type. 

Coals generally react in two somewhat separable stages 
(Howard and Essenhigh, 1967). Initially, heat transfer to fresh coal 

particles causes pyrolysis and devolatilization; residual chars 
subsequently undergo heterogeneous combustion or gasification. 

Gasification is slow compared to combustion and pyrolysis; hence gasi­

fication kinetics will control residence time requirements. 

The type and rate of volatile evolution depends mostly on 

local temperature history (Howard and Essenhigh,_ 1967}. Pulverized 

coal combustion however depends on both particle size and temperature, 

since these parameters control the relative effects of mass diffusion 

and chemical kinetics (Sergeant and Smith, 1973; Mulcahy and Smith, 

1969). The slow gasification reactions are often controlled solely 

by chemical kinetics. However, complications persist since most 
chars react both externally and internally, due to the existence of 

an extt::J~ive pore structure. Moreover, the pore structUre itself 

changes dramatically during reaction. 

Coal gasification favors formation of H2s and NH3, compared 

to SOX and NOx' due to the availability of molecular hydrogen. 
Conunercial absorption methods remove both HzS and NH

3 
via liquid 

scrubbing near 400°K. High temperature HzS cleanup (T > 1Z00°K) via 

in situ or exhaust scrubber systems will improve gasifier thermal 

efficiency, but leaves anunonia in the producer gas. Combustion will 

probably allow conversion of over half of the NH3 to NO. °As a result, 
NO emissions approach the 2 lb/106 .B1U of coal level, an unacceptable x . . . 

14 



value (Laurendeau, 1975). 

Of the three gasification products (Table I), power gas is 

the least expensive and makes the best use of our coal r:esources. 

Production of synthesis gas requires an oxygen separat.ion plant, 

which represents a 40% increase in capital cost, plus a 10% increase 

in energy input (Farnsworth et al. 1973). Conversion of synthesis 

gas to SNG ental.is a 20% energy loss, plus expensive hardware (Squires·, 

1974). Moreover, for many purposes, we are.really interested.in the 

heatmg value per vohnne of product, not per voltnne of fuel. On this 

basis, power gas has a heating value only 15% less than that of 

naturai gas (Squires, 1974). 

Since synthesis gas. is a chemical feedstock, maximization 

of CO .+ H2 content, . or chemical enthalpy, is important. . However, low 
BTU fuels for combined cycles must be available at high temperatures 

(1300-1700°K) and pressures (15-30 atm) to optimize overall thermal 
efficiency. Herice,-for power gas, we must maximize chemical plus 

sensible enthalpy, yet minimize exhaust levels of armnonia and carbon. 

Gasification Processes 
Three methods are available for the conunercial production 

of a producer gas from coal: (1) stationary fuel beds, (2) fluidized 

oeds, and (3) suspension beds. In general, fixed beds employ ltnnp 

coal (1-10 cm), fluidized beds crushed coal (10- 2 - 1 an) and 
-4 -2 suspension beds pulverized coal (10 - 10 an). At present, the 

Lurgi process (a high pressure stationary bed technique) i~ the 

principle industrial method for the manufacture of producer gas, and 

the only method compatible with combined cycle operatiqri. Fluidized 

bed and entrained flow processes are inherently superior, and are 

only now receiving warr~ted attention. The advantages and disad­

vantages of each method are listed in Table II (Laurendeau, 1975). 

The production of power or synthesis gas may be accomplished 

by either a two-stage (Table III) or single-stage (Table IV) process 
. (Laurendeau, 1975). Single-stage gasification processes are charac­

terized by (1) s:irilplicity of design, (2) high product temperature and 
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Fixed 

Fluidized 

Entrained 

TABLE II 

REACTOR TYPES FOR COAL GASIFICATION 

Advantages 

Developed technology, counter­
current flow, high pressure 
operation 

Solids handling, unifonn 
temperature, gas solid con­
tact, countercurrent flow, in 
situ sulfur removal, high 
gasification rate 

Highest voltnnetric reaction 
rate, slagging conditions, 
gas-solid contact, coal type 
irrelevant, high product . 
temperature, compatible with 
coal slurries aildfroth 
flotation 

16 

Disadvantages 

Non-unifonn flow, clinker 
fonnation, temperature 
control, ash removal, tar 
fonnatic>n, low capacity, 
coal fines unacceptable, 
high HzO levels 

Pretreatment of caking 
coals, multistaged beds, 
carbon efficiency, 
ash.· disposal 

Ash separation, temper­
ature control, co-current 
flow, coal pulverization 



TABLE III 

. POWER GAS PRODUCTION VIA '!WO-STAGE 
COAL GASIFICATION PROCESSES 

Process ·~ P(atm) HHV(BTU/SCF)a 

BI-GAS· entrained 70-100 175 
SYNIHANE. fluidized 30-70 .200 

HY GAS fluidized 70 235·· 

Westinghouse· fluidized 10-20 140 

BCR Mu1 tibed fluidized 16 150 

~igher heating value of the raw gas on a dry basis 

(3) low methane content. Two-stage methods promote methane enrich­

ment by separating gasification and pyrolysis steps. As a result, 

the· final product possesses a higher chemical heating value, but its 

temperature is liinited to l000°K (Laurendeau, 1975). 

1. Counter-current Methods 

Standard stationary and fluidized methods operate via an 
upward flow of air and steam through a coal bed. In both cases, the 

resulting gas composition i.s largely determined by the bed depth and 

the flow velocity. In a stationary bed, large coal chunks rest on 

·a fixed or movin~ grate, while in a fluidized bed, small pieces of 
coal are held in turbulent suspension by the rapidly moving flow. 

In a fixed bed gasifier, optimization .of energy content is 

promoted by a natural separation of the oxidizing and reducing zones 
(Laurendeau, 1975). The exothermic carbon-oxygen reaction.dominates 

in the lower portion of the bed, thus supplying heat for the endo­

thermic carbon-steam and carbon-carbon dioxide reactions in the upper 

portion. Pulverized coal gasifiers should make use of this. principle, 
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TABLE IV 

SINGLE-STAGE COAL GASIFICATION PROCESSES 

Process a 
~ Ash Removal Productb P(atm) · T(°K) HHV(BTU/SCF)c 

Gas Pr_oducer (C) fixed · . agglomerates PG,SG 1 . "-'10.00 140-280 

Stirred Producer fixed agglomerates PG 7 "-1900 150 

Lurgi (C) fixed ·agglomerates PG 2-30 850 165 

SG . 2-40 900-1100 300 

Winkler (C) fluidized powder PG 1 ' 1250 120 

SG 1 1100-1400 275 
...... 

U-GAS fluidized agglomerates co PG 24 1300 150 

Ignifluid (C) fluidized agglomerates 'PG 1 1450-1550 140 

Koppers-Totzek (C) entrained slag SG 1 2200 300 

Combustion Engineering entrained slag PG,SG 1 1400-2000 125-285 

· 'Texaco Partial Oxi- entrained slag PG 15 1500-1800 140 
dation 

a . 
(C) · denotes a commercial. process 

bPG - power gas; SG - synthesis gas 
<i-ligher heating value of the raw gas on a dry basis . 



thus increasing gasification efficiency. 

Renewed interest in fluidized bed methods has been spurred 

by recent increases in operational temperatures. Early processes 

were limited to temperatures (1200-1300°K) somewhat lower than the 

· ash. fusion temperature ("' 1500°K) to avoid clinker forination. However, 

the development of Godel's ash-agglomerating fluidized bed (Ignifluid) 

allows temperatures of 1459-1550°K. Here, high fluidization velocities 

. apparently limit clinker size; carbon losses are minimized by recycling 

coal· fines (Squires, 1974) .. The ash-agglomerating fast-fluidized bed 

(Squires, 1974)" suggests even higher fluidization velocities~· The 

U-GAS and Westinghouse processes are being developed along these 

lines (Tables III-IV). 

Both two-stage and single-stage counter-current methods 
have been reviewed by Laurendeau (1975) and Bodle and Vyas (1973). 

Two-stage producers are usually overdesigned, since they were 

originally intended for SNG production. Exceptions are the Westing­

house and BCR Methods (T(!ble III). Single-stage methods, on the 

other hand, have been explicitly designed for manufacturing producer 
gas. Unfortunately, counter-current methods still suffer due to (1) 

low temperatures, (2) pretreatment/coking coal problems, (3) high 

H20 and HzlCO levels and (4) carbon efficiency problems. 

2. Co-current Methods 

Entrained flow methods appear to offer the most viable 

means of u::;.i.Hg U.S. bituminous coals (Table II). Experience with 

pulverized coal burners indicates that either caking or non-caking 

coals are acceptable. In addition, entrained techniques generate 

high temperatures, a condition required for optimization of thermal 

efficiency in combined cycles. High temperatures are, of course, 

a result of the large surface area, and hence high heat release rate 

per unit volume, generated by small particles, particularly at high 

pressures and large relative gas-particle velocities. High temper­

atures also suppress both clinker and tar formation, and allow ash 

removal under slagging (liquid) conditions (Hottel and Howard, 1971). 
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Compatibility with cak:i.Ilg coals, combined· cycles, and coal 

slurries are significant advantages; however, the entrained gasifier's 

lack of counter-current flow cannot be dismissed. Cb-current flow 

reduces coal inventory; establishment of endothennic regions becomes 

difficult, and thus product heating value decreases. Therefore, 

entrained gasifiers must generate artif ical recirculation zones 

characterized by large residence times and reducing conditions; swirl 

or vortex designs are necessary. 

The benefits of entrained flow have prompted the development 

of .the so-called fast fluidized bed, a fluidized bed using pulverized 

coal, and hence strongly approaching co-current conditions. The ash­
agglomerating fast fluidized bed combines ash agglomeration and fast 

fluidization, thus allowing reaction with both crushed and pulverized 

coal (Squires, 1974). 
Hottel.and Howard (1971) assert that the most desirable 

future gasifier will use direct gasification of pulverized raw coal 

with steam and air at elevated pressure under slagging conditions. 

In the present investigation, we are primarily concerned with this 

type of gasifier. Unfortunately, industrial entrained flow devices 

do not allow for efficient separation of oxidizing and reducing 

regions (as suggested by early gas producers). The significant 

advantages of pulverized coal systems must be realized; however, new 

gasifier designs are necessary, particularly for high pressure 

operatic~. At present, the Koppers-Totzek, Combustion Engineering, 

arid Texaco Partial Oxidation processes represent single-stage methods 

(Table III); BI-GAS is the only two-stage method (Table IV). These 

processes have been reviewed by Laurendeau (1975) and Bodle and Vyas 

(1973). 
In the Koppers-Totzek system (Farnsworth et al., 1973) 

pulverized coal/oxygen/steam mixtures are delivered thr~h water­

coolcd burners al high speeds to prevent flashback (Fig. 1). Slag 

is collected in a water-quench tank at the bottom section of the 
. 0 

gasifier. Synthesis gas leaves the upper portion at around 1450 K. 

Steam is generated along the reactor walls. In most cases, water 
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must be sprayed into the gas to lower its temperature so that ash 

matter will not stick to downstream tubes. Less than 0~1% rn4 and 

20% COz + H20 are present in the final product (Bodle and Vyas, 1973). 

The excess temperatures created by this method suggest that oxygen 

migh~ be replaced by air or an air /02 mixture, thus fonning power· gas· . 

.Apparently, this.relatively simple procedure has never been attempted 

(Squires, 1974). 

In the Combustion Engineering process, the principles of 

Koppers-Totzek gasification have been used to produ_ce power gas rather 

than synthesis gas. In this case, endothennic reactibns are promoted 

by arranging burners into four vertical levels. Ead1 level consists 

of eight individual burners, spaced equally in a circular pattern. 

The two lower levels burn a coal/air mixture, the upper levels use 

·coal/steam mixtures, thus producing a methane enriched power gas. 

(Note that the geometric configuration of this process closely resembles 
a fixed-bed gas producer.) 

The Texaco Partial Oxidation process (Hottel and Howard, 

1971) is a linear flow (no swirl), atmospheric system. Fuel is fed 

into the gasifier via a coal-water slurry. On a weight_ basis, the· 

H20/coal ratio is 0.75 and air/coal is 2.6. Most of the ash appears 

as slag. Ninty-five percent of the entering coal is gasified in 
. . 0 

about three seconds. Low BTU fuel is generated near 1500 K in water-
. gas equilibrirnn. 

The BI-GAS system (Hottel and Howard, 1971) uses two stages 

to separate the exoth~nnic and endothcnnic zoues. Coal and steam are 

fed into the upper reactor by four nozzles; heat is supplied by the 

hot gases ·emanating from the lower reactor. En.trained char, separated 

from the raw gas in a cyclone, feeds the vortex flow of the gasifi~ 

cation-combustion ~tage, which operates on air or air/o:Xygen mixtures. 

Pulverized Coal Ga.si.fication - -- - -

Based on the obvious advantages of pulverized coal operation 

(Table II), this investigation seeks to perfect entrained flow gasifiers 

using currently available pulverized coal burners, hence minimizing 
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development time. We seek to maximize the chemical (CO, Hz, CH4) plus 

sensible heatll1g value of the producer gas, yet mll1imize pollutants 

and carbon ll1efficiency. We are concerned more with power gas than 

synthesis gas. Hence air or air/oxygen mixtures will be used rather 

than pure oxygen .. Compatability with combined cycle operation suggests 

that we consider a sll1gle stage process operatll1g at higher pressures 

(1-ZO atm) and temperatures· (1400-1800°K). 

Present entrall1ed flow gasifiers are limited by the premixed 

nature of the ll1comll1g reactants. In lll1e with fixed bed producers, 

we will attempt to optimize gasification conditions by separatll1g 

oxidizll1g and reducing zones withiri two types of pulverized coal 

ga.Sifiers: (1) the annular confll1ed jet with secondary swirl and 

(Z) the vortex tube with tangential entry. In this way the high 

temperatures generated ll1 the combustion region will support the endo­

thermic gasification reactions. Moreover, residence time adjustments 

can be used to mll1imize the COz/CO ratio of the final product. 

To determll1e the physical and chemical mechanisms controllll1g 

gasification characteristics ll1 entrained flow systems, we measure 

temperature and concentration .(CO, Hz, HzO, COZ' o-I4, NZ) profiles 
(axial and radial), both withll1 and downstream of the flame region. 

Pollutants (NOx; NH3, Sox' HzS) will also be considered, especially 
NH3 and HzS. System optimization will be obtall1ed by correlation of 

these measurements with ftmdamental burner parameters such a.s pressure, 

solid/gas feed rates, swirl ll1tensity, ll1let temperature, and burner 

configuration. Our mall1 purpose is to determll1e the feasibility of 

using available pulverized coal burners to produce power or synthesis 

gas from coal. If this phase is successful, simple models governll1g 

entrall1ed flow systems will be developed to further ll1terpret the 

experimental data. 

The Confined Jet Gasifier: Preliminary p_e~ 
The double concentric confined jet gasifier is patterned 

after the traditional pulverized coal burner (Fig, Z). Separation of 

oxidation and reduction zones is attained by usll1g coal/steam mixtures 
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:in the primary flow and swirl:ing air :in the secondary flow. Funda­

mental experimental data applicable to conf:ined and free jets have 

been obta:ined for cold flow (Beer and Chigier, 1972), homogeneous 

combustion (Beer and Chigier, 1972; Heap et al., 1973) and pulverized 

coal combustion (Beer and Chigier, 1969; Heap et al. , 1973) • These 

results allow prelim:inary design of our conf:ined jet gasifiC:ation 

system. 

The combustion process :in a pulverized coal burner is 

dom:inated by the highly turbulent flow field produced by secondary 

swirl. At high swirl :intensities (S > 0.6), an adverse pressure 

gradient exists along the axis, and thus a torroidal vortex type of 
recirculation zone becomes stabilized :in the flow, hen.ce promot:ing 

air/coal entrainment and high carbon efficiency. (The d:inlensionless 

swirl nt.Dnber S, where S = G~/GxR, characterizes swirling.flows. Here 

G~ and Gx are the fluxes of angular and axial momentt.Dn, and R is the 
burner radius.} The size of the recirculation zone depends primarily 

on the swirl number and the shape of the divergent quarl at the burner 

exit. Increas:ing swirl generally lengthens the recirculation zone 

while divergence broadens the zone (Beer and Chigier, i972). 

Gasifier performance will depend quite strongly on the extent 

of turbulent mix:ing between the fuel rich recirculation zone and the 

outer air flow. Entrainment must be sufficient to promote combustion, 

but not enough to destroy the identity of the reduction zone. Pre­

vious work suggests that entrainment is largely controlled by the 

follow:ing burner parameters (Heap ·et al. , 1973) : 

(1) secondary swirl 

(2) primary/secondary composition ratios 
(3) design and.position of fuel injector 

(4) primary velocity 

(5) exit quarl divergence. 

The first three parameters have the strongest effect, as they control 

flame shape dur:ing pulverized coal combustion. Our model double con­

centric gasifier will be designed such that all parameters can be 

easily varied over reasonable ranges. To reduce entrainment and thus 
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preserve the reduction zone, Heap et al. (1973) recollDilended a single 

hole, high velocity injector, with enough swirl to stabilize the 

. reaction zone at the injector face. However, in view of c~rbon 

efficiency requirements, the appropriate choice of burner parameters 

is not at all obvious. 

The model burner diameter will be limited to 2-3 an, with 

the primary jet size near O.S-1.0 an. The exit quarl half-angle will 

be initially designed for maximum performance (~ 35°), as suggested 

by Beer and Chigier (1972). Primary velocity and secon<lary swirl will 

be chosen to achieve both penetration (high primary velocity) and 

divergent (high swirl) flames. All fuel will be fed via the non­
swirling primary jet. Secondary swirl will be controlled by a cali­
brated tangential.entry or movable block swirl generator (Beer and 

Chigier, 1972). The tn.nnpet-shaped quarl must be water-cooled, and 
approximately 3-6 an in length. 

The concentric jet will be confined by an externally heated 

tunnel gasifier. If our confined turbulent flame is to model the free 

jet flame characteristic of large-scale industrial equipment, we must 

avoid excessive wall recirculation, caused by limitations in entrain­

ment vollDTie. Confined jet analysis indicates that free jet conditions 

will be approached for Turing-Newby parameters e < 0.1, or d/D < 0.05-

0.10, where d is the burner diameter and D the chamber diameter. 

Chamber length L should be somewhat greater than 3D, the distance 

required for flame-wall impingement (Beer and Chigier, 1972). 

Although e < 0.1 allows free jet conditions, the entrained 

gas will probably be deficient in oxygen due to the presence of 
combustion products. Consequently, reaction length will iilcrease com­

pared to a free turbulent system. However, our confined jet environ­
ment is not unrealistic, since multiple burner operation produces 

similar conditions. 

For turbulent jets, comparison between model and prototype 

is aided by the unique profiles characteristic of all turbulent jets. 

M:>re generally, however, partial modeling techniques have led to the 

development of rather simple similarity rules. If the following 
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parameters are maintained equal in model and prototype, reliable 

extrapolation is assured (Beer and Chigier, 1972): 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

The Vortex Gasifier: 

stoichiometry and initial density. 

residence time 

swirl number 

d/D and L/D 

ill . 1ffi d prJJTiary secon ary 

d . /d d . prJJTiary secon ary 

Preliminary Design 

1he tangential entry vortex tube gasifier is patterned 

after the cyclone burner (Fig. 3). Separation of oxidation and re­

duction zones is attained by tangential flow of coal/air mixtures 
coupled with axial steam injection. Fundamental experimental data 

for both homogeneous and heterogeneous (two-phase) cyclone chambers 

have been obtained for cold flow (Strickland, 1973), homogeneous 

combustion (Schmidt, 1970; Syred and Beer, 1974) and pulverized coal 

combustion (Syred and Beer, 1974). 1hese results allow prellininary 

design of our vortex gasification system. 

1he vortex gasifier possesses several advantages compared 

to the concentric jet system (Syred and Beer, 1974): (1) greater 

turbulent mixing levels,_ (2) ease of operation at high pressures and 

(3) larger particle residence times. 1hese three factors promote 

high temperatures and slagging conditions, and hence good. carbon and 

gasification efficiencies. 1here are disadvantages, however: (1) 

chamber wall temperatures are much higher, causing material and heat 

transfer problems; (2) slagging operation presents difficillties due 

to heat losses and residue disposal; (3) injection of coal/air vs 

coal/steam mixtures increases the opportunity for spontaneous com­

bustion at high pressures. 

Turbulent mixing and particle residence times ·in vortex 

tube systems are primarily determined by the- tangential swirl velocity 

(Strickland, 1973). 1his dominant velocity profile is s_atisfactorily 
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d~scribed by the Rankine model, i.e., potential or free vortex flow 
-1 

CWr a r ) near the wall, and rotational or forced vortex flow (W a r) 

at the chamber core. In idealized rotary motion (Schmidt, 1970), the 

free vortex zone is characterized by downward axial flow ·(Fig. 3), 

whiie the rotational zone is characterized by upward flow. Tims, 

coal particles move downward via a helical path, followed by upward 
. . 

movement along a h~lical path of smaller 1·adius. Lighter particles 

will of course tmdergo more rapid migration to the center of the 
chamber. 

In Fig. 3, tangential air/coal injection ocC:urs at the top 

of the cyclone to avoid slag buildup around the injection ports. 
If higher partl.cle residence times are required, air/coal entry may 

be attempted at the bottom. In this case, two flow reversals occur -

one at the throat ·annulus and another at the slag port (Schmidt, 1970). 

The half-angle of the throat quarl will probably detennine much of 

the flow structur~, regardless of bottom or top injection. Flow 

structure is also affected by the chamber endwall boundary layer 
. . 

(Schmidt, 1970); for example, average particle residence times are 

apparently increased by attaching rectangular fences radially to the 

throat endwall. Similarly, axial vs. radial steam inj"ection will 

generate different mixing patterns, and hence affect gasification 

efficiency (axial injection promotes greater separation of oxidizing 

and.reducing zones). At low steam velocities, mixing wiil be dominated 

by vortex entrainment in the core (Strickland, 1973). 

Our proposed design is tharacteri.zed by three :important 

features: (1) entrained vortex flow, (2) coal/steam/air rather than 

coal/steam/oxygen and (3) separation of oxidation and redu~tion zones. 

The third characteristic has not been considered previously; the first 

two have received limited attention, most notably in the Ruhrgas 
process (von Fredersdorff and Elliott, 1963). 

To our knowledge, the only extensive investigation of 

pulverized coal gasification in a small-scale cyclone system was con­

ducted by Yagi and.Kunii (1957). Production of both power gas and 

synthesis gas was correlated with carbon efficiency, and hence reduction 
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zone temperature (1300-1650 K). By externally heating the 20 an 

diameter chamber; 70-80% of the ash appeared as slag. 1heir prelim­

inary results are quite encouraging, thus providing impetus for our 

vortex gasifier design. 

1he gasifier walls will be constructed from a. rough cast­

able ceramic material to maximize radiative.heat exchange, and hence 

reactor stability. The chamber diameter will be 14-20 an, with L/D 
% 1.5-2.0 to optimize vessel residence time (Syred and Beer, 1974). 

1he throat diameter D will be related to the chamber diameter D by . e . . 
De/D % 0.4-0.7 to optimize residence time and minimize chamber 

pressure losses {Syred and Beer, 1974). Four tangential nozzles will 

be used to maintain flow synnnetry. Slag will. be gathered· in a water 
quench tank, as in .the Koppers-Totzek gasifier. 

Process Parameters and Experimental Measurements 

Fundamental understanding of gasification processes requires 

; (1) minimizing the number of independent process variables and (2) 

investigation of the controlling phenomena internal to the gasifier. 

1he latter will lead to the fonner; more importantly however, re­

lationships between dependent and independent process variables 

remain obscure (von Fredersdorff and Elliott, 1963) until internal 

probing clarifies the effects of chemical kinetics, fluid mechanics 

and heat/mass transfer. This observation is the major. impetus for the 

stress upon internal measurements in our investigation. 
Von Fredersdorff and Elliott (1963) have reviewed much of 

the work on suspension gasification. Given the gasifier design and 

coal properties, the most useful independent process variables are 

(1) coal throughput· (me), (2) input oxidizer/coal (OX/C) and steam/ 

coal (l-120/C) mass ratios, (3) reactant injection temperatures (T. ) . m 
and (4) chamber pressure. Prestmlably, dependent process variables, 

such as (1) carbon efficiency, (2) producer g8s composition and 

heating value, (3) gas output rate and (4) sensible plus chemical 

(cold) gas efficiency, can .be correlated with these independent 

variables. 1he important question to ·consider, however, is the 
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following: Are we disguising more fundamental and beneficial re­

lationships by using only these classical gasification variables? 

A5 an indication of the possible ramifications of this query, con­

sider the following discussion. 

In any gasification process, system performance ·will depend 

on the three classical chemical kinetic parameters: stoichiometry, 

tempe·rature and time. Therefore, it should not be surprising that 

gasification performance depends primarily on OX/C, me' H20/C and Tin' 

in that order. Gasification performance can be measured in many ways. 

The most useful performance (dependent) variables are carbon 

efficiency (nc), producer gas heating value (Q), fuel (l.O + H2, CH4) 

output rate (Vf, SCP/hr) and cold gas efficiency (n ). Although 
cg. . . 

·many relationships exist among these parameters, usually n is prima­. c 
rily determined by OX/C, and Q by H2o;c (von Fredersdorff and Elliott, 

1963). 

In studying the gasification literature, we can become 

quite confused by the variety of perplexing correlations between the 

major dependent and.independent process variables (von Fredersdorff 

and ·Elliott,·. 1963) . However, we believe that this confusion results 

from not considering the proper form of the dependent-independent 

variable relation. We propose that any dependent variable .Cnc' Q, 
Vf' n ) is related to any independent variable (OX/C, m , H20, T. ) 

~ · c m 
by the general curve depicted in Fig. 4. Therefore, depending on 

gasifier design, gasification performance can increase, decrease or 

peak with an increase in one of the independent process variables. 

This behavior is consistent with experimental observation.· For 

example, producer gas heating value peaks at OX/C = 0.5, and cold 

gas efficiency is maximized at OX/C = 0.9 (von Fredersdorff and 

Elliott, 1963). 

The behavior depicted in Fig. 4 must of course he explained 

on"physical grounds. Consider first thP. Affect of me .. Herc, gasifi­

cation performance (Q, Vf, neg)_ is primarily a function of residence 

time. Initially, lower residence times prevent oxidation of CO and 

H2; eventually, however, the residence time is too short, thus leading . 
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Figure 4. The Correlation Between Dependent and Independent 
Process Variables in Suspension Gasification 
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to a drop in gasifier temperature and perfonnance. · 1his temperature 

decrease also affects n ; initially, n increases with m sili.ce higher ' c c c 
values of me reduce heat losses (von Fredersdorff and Elliott, 1963). 

The effect of OX/C and T. are similar. Initially, 
1Il 

perfonnance increases due to higher temperatures. However, further 

increases in OX/C or Tin promote oxidation of CO and H2; moreover, 

heat iosses become more probable. For H20/C, initial increases are 

beneficial since steam promotes fonnation of CO and H2. At higher 

H20/C, however, gasifier temperature and hence perfonnance decreases. 

The interpretation of Fig. 4 emphas1zes again the importance 

of stoichiometry, residence time and temperature. Stoichiometry and 

residence time. are primarily a function of OX/C, H20/C and me. How­
ever, local temperature is a complex nmction of all of .the above, 

plus Tin and gasifier design. Gasifier design controls turbulent 

mixing, and hence local stoichiometry and temperature. Thus, Fig. 4 

disguises the effect of a major independent process variable, the 

internal temperature (and composition) field. Clarification of 

gasifier perfonnance will only be achieved by internal probing for 

both temperature and composition. Perfonnance parameters nrust be 

correlated with OX/C, H20/C and me; more importantly, however, they 
must be correlated with internal temperature and composition profiles. 

We nrust, of course, recognize that the relative importance 

of residence time and local stoichiometry/temperature will change 

depending on gasifier conditions. For example, nc and neg are con­

trolled .by residence time at low pressures, and by heat losses at 
high pressures (von Fredersdorff and Elliott, 1963). 
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