United States Energy Office of Fossil Energy

Research and Development Washington, D.C, 20545

Administration ‘ _

United States Environmental Industrial Environmental Resgarch EPA-600/7-76_O19
Protection Agency Laboratory

Office of Research and Development  Research Triangle Park, N.CJ 27711 October 1976

A DEVELOPMENT HRROGRAM

ON PRESSURIZED
FLUIDIZED-BED COMBUSTION

Interagency

Energy-Environment
'Research and Development |
Program Report 3




RESEARCH REPORTING SERIES

Research reports of the Office of Research and Development, U.S.
Environmental Protection Agency, have been grouped into seven series,
These seven broad categories were established to facilitate further
development and application of environmental technology. Elimination
of traditional grouping was cousciously planned to foster technology
transfer and a maximum interface in related fields. The seven series
are:

Environmental Health Effects Research

Environmental Protection Technology

Ecological Research

Environmental Monitoring

Socioeconomic Environmental Studies

. Scientific and Technical Assessment Reports (STAR)

. Interagency Energy-Environment Research and Development

~NoubewN =
.

This report has been assigned to the INTERAGENCY ENERGY-ENVIRONMENT
RESEARCH AND DEVELOPMENT series. Reports in this series result from
the effort funded under the l7-agency Federal Energy/Environment
Research and Development Program. These studies relate to EPA's
mission to protect the public health and welfare from adverse effects
of pollutants associated with energy systems. The goal of the Program
is to assure the rapid development of domestic energy supplies in an
environmentally--compatible manner by providing the necessary
environmental data and control technology. Investigations include
analyses of the transport of energy-related pollutants and their health
and ecological effects; assessments of, and development of, control
technologies for energy systems; and integrated assessments of a wide
range of energy-related environmental issues.

This document is available to the public through the National Technical
Information Service, Springfield, Virginia 22161.




EPA-600/7-76-019
October 1976

A DEVELOPMENT PROGRAM
ON PRESSURIZED

FLUIDIZED-BED COMBUSTION

by

G.J. Vogel, 1. Johnson, P.Cunningham, B. Hubble,

S. Lee, J. Lenc, J. Montagna, F. Nunes, S. Siegel,

G. Smith, R. Snyder, S. Saxena, W. Swift, G. Teats,
I. Wilson, and A. Jonke

Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

EPA No. JAG-D5-E681
ERDA No. 14-32-0001-1780
Program Element No. EHE623A

Project Officers:

Walter B. Steen John F. Geffken
EPA/Industrial Environmental Research Lab ERDA/Office of Fossil Energy
Research Triangle Park, NC 27711 Washington, DC 20545

Prepared for

U.S. Environmental Protection Agency and I;Je .Vse.lo?)lrfgriy Afziirsx?:igctgation

Office of Research and Development Office of Fossil Energy
Washington, DC 20460 Washington, DC 20546



Abstract. . . . .
Summary . . . . .

Introduction. .

TABLE OF CONTENTS

Regeneration of SOj-Accepting Additive, _
Bench-Scale Studies . . . ¢« v ¢ ¢ v ¢ v it h e e e e e e e

Materials. .
Equipment. .
Regeneration
- Incomplete
Regeneration

Incomplete
Regeneration

Incomplete

of Sulfated Tymochtee Dolomite by the

Combustion of Methane . . . . . .

of Sulfated Greer Limestone by the
Combustion of Coal. . . . . . .
of Sulfated Tymochtee Dolomlte by the
Combustion of Coal. . . . . . . + « . .

Carbon Utilization and Carbon Balance Calculations . .
Effect of Coal Ash on the Agglomeration of Sulfated

Additive During Regeneration . . . e e e e e e

Mass and Energy Constrained Model for the
Regeneration Process . . . ¢« v v ¢« v & ¢ &« o o o o o
Cyclic Combustion/Regeneration Experiments. . . . . . . . . .

Preliminary Experiment. Sulfation of Regenerated

Tymochtee Dolomite . . . . e e v e e e e e e s e
Combustion Step, Cycles 1, 2 and 30 0 i e e e e e e e
Regeneration Step, Cycles 1 and 2. i e e e e e e e e e
Coal Ash Buildup During Sulfation and Regeneration

R o= o < .

Pressurized, Fluidized-Bed Combustion: Bench-Scale Studies .

Materials. . ¢« & v ¢ v v o« o o « o s o b 4 s e e e e e
Bench-Scale Equipment. . . . . .+ . « ¢ + ¢ ¢ + ¢ « « . .
Experimental Procedure . . . . . . . . . . . . % .

Replicate of VAR-Series Experiment . . . . . e e e e

Effect of Coal and Sorbent Particle Size on Sulfur
Retention, Nitrogen Oxide Level in the Flue Gas,

and Combustion Efficiency. . . . . . . , . . « « « . .
Combustion of Lignite in a Fluidized Bed of Alumina. . .
Effect of Fluidizing-Gas Velocity on Decrepitation Rate.
Binary Salt of Magnesium and Calcium Sulfate . . .-. .

Synthetic SO; Sorbents. . . . . . . . .+ .« . . . e e e
Introduction . . . e e e e e e e e e e e e e e e
Preparation of Synthetlc Sorbents. . . . . . . . . ..
Sulfation Studies. . . . . + . v 4 ¢ i v 4 e e e e e . .

iii

13

13

14
14

16

32

45
48

48
57
68
69
72
79
80
84
85
85

88
88

89
94
95
95

99
99

99
100



TABLE OF CONTENTS (Contd.y .

Metal Oxides in a-Al,03. . . « & « v ¢ v v ¢ o 4 o o .
Regeneration Studies . . . . . + + « ¢ 4 o 4000 ..
Cyclic Sulfation-Regeneration Studies. . . . . . . . . .
Methods of Preparing Supports with Optimum

Physical Properties. . . . « & v ¢ v ¢ v ¢« o o 4 o o .
Sorbent Attrition Studies . . . . + ¢ Vi ¢ v e e e e e e
Introduction . . v vov v b v b e e e e e . o e e e e
Attrition of Dolomite. . . . . . e e e e e e e e e e
Attrition of Supports and Synthetlc Sorbents . . . . . .
Combustion-Regeneration Chemistry . . . . « « & « « ¢ o« « «
Half-Calcination Reaction. . . + « ¢ ¢« & « o o o o o o+ &

Regeneration by the CaSOy-CaS Reaction . . . .. . « . .
Coal Combustion Reactions . . . « « ¢« o ¢ ¢« o o o &« o ¢ o o« »

Determination of Inorganic Constituents in the Effluent

Gas from Coal Combustion . . . . . . . . . o . e
Systematic Study of the Volatility of Trace Elements
In Coal. v v v 4 v i e e e e e e e e e e e e e e e e
Equipment Changes . . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o o o o o o o o s
Miscellaneous Studies . . . . . + ¢ ¢« ¢ ¢ v o o o« o o o

Preparation and Testing of Supported Additives
(Dow Subcontract). v «v v v & ¢ e 4 e e o o4 e s e
Limestone and Dolomite for the Fluidized-Bed
Combustion of Coal: Procurement and Disposal. . .
The Properties of a Dolomite Bed of a Range of Particle
Sizes and Shapes at Minimum Fluidization . . . . . .
Mathematical Modeling: Noncatalytic Gas-Solid Reaction
with Changing Particle Size, Unsteady State Heat

Transfer . ¢« ¢ v « ¢« ¢ 4 o o o o o o « o o o e« o
Acknowledgments . . . ¢ v v & ¢ ¢ 4 o o s o o 0 8 e 4 e e w .
References. . . . . . . v v v v v 0 v b e e e e e e e e e e

Appendix A. Characteristics of Raw Materials Used in Fluldlzed~

Bed Combustion Experiments. . . . « . . . « + . .

Appendix B. Plots of Operating Data and Experimental Results of

Combustion ExperimentsS. . « .« « « ¢ o« o o o & o o o o o o o @

iv

131
131
131
133
134
134
139

145

145
148
156

158

158
159

162

164
172

172

177

183




10.

11.

12,

13.

14.

15.

16.

17.

LIST OF FIGURES
Title
Schematic Diagram of Present Regeneration System . . . . .

Particle Size Distribution of the Fines Leaving the
Cyclone dn FAC=5 . . . v v v ¢« 4 v @ 4« o o o o s o o o o

The Effect of Fluidizing-Gas Velocity on Sulfur
Regeneration for Sulfated Tymochtee Dolomite . . . . . .

Effect. of Temperature on Sulfur Regeneration for
Sulfated Tymochtee Dolomite. . . . . & ¢« & & ¢ & « o « &

Pore Distributions of Dolomite Samples from Different
Process StagesS . + v v v ¢ v 4 4 6 4 4 e e 4 e e e s e

Sulfation Reaction Data Obtained with a Thermogravimetric
Analyzer at 900°C, 0.3% SOy, and 52 05 . . . . . . . .

Electron Microprobe Analyses of Sulfated Tymochtee
Dolomite Particles . .« + v ¢« ¢ ¢ ¢« o o 4 v ¢ o 4 e e e . e

Electron Microprobe Analyses of Regenerated Tymochtee
Dolomite Particles from Experiment FAC-1R2 . . . . . .

Electron Microprobe Analyses of Regenerated Tymochtee
Dolomite Particles from Experiment FAC-4 . . . . . . .

FAC-1, Fractional Feed and Product Particle Size
Distributions. . . . ¢ v v ¢ ¢ 4 4« i v s e 4 4 e s e e e .

Bed Temperature and Gas Concentrations in Off-Gas,
Experiment LCS=2 . . v ¢ v o« « & « o s o « o o o &

Bed Temperature and Gas Concentrations in O0ff-Gas,
Experiment LCS-3 . . . . ¢« v v & ¢ 4 4 v e e e e e o

Bed Temperature and Gas Concentrations in Off-Gas,

CExperiment LCS—4D. . « ¢ v v ¢ v ¢ o o o o s s s s s o o

Geometry of Oxidizing and Reducing Zones in Relation
to Position of Coal Injection Line . . . . . « . . « .« « .

Bed Temperature and Gas Concentrations in Off-Gas,
Experiment LCS-=7 . . + & ¢ ¢ ¢ o o o o o s s o s o o o o @

Regeneration of Ca0 and SO0, Concentration in the Dry
Flue Gas for Sulfated Limestone and Tymochtee Dolomite
as a Function of Solids Residence Time . . . . . . . . . .

Regeneration of Calcium Oxide as a Function of Solids
Residence Time . « & « v ¢ ¢ o & & o o o o« s « o o« o o o o

20

21

23

24

26

27

28

30

35

37

40

41

42

44

46



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

LIST OF FIGURES (Contd.)
Title

Predicted and Experimental.Sulfur Dioxide Concentrations
at Three Regeneration Temperatures . . . « « « &+ &+ &« « & o

Schematic of DTA ApparatusS . . . « « &« ¢ & 4 o o o o « o« &
Flow Diagrém for the One-Step Regeneration Process . . . .
Experimental Solids Regeneration and Predicted Increase

in Gas Volume During Regeneration Versus Solids Residence

Time . & v ¢ o v 6 et e e e e e e e e e e e e e e e e .

Predicted Required Coal Feed Rate and Oxygen Concentration
in the Feed Gas as Functions of Solids Residence Time. .

Predicted 0ff-Gas Constituent Concentrations as Functions
of Solids Residence Time . « ¢« « ¢ o « o« « o o o« o o o

Predicted Individual Heat Requirements as a Function of
Solids Residence Time. . + ¢ ¢ ¢ & ¢ ¢ o o o o o o ¢ o o =

Predicted Fuel Cost for Regeneration per Electric Power
Unit Produced when Burning 3% Sulfur Coal as a Function
of Solids Residence Time . . .+ « & & ¢ ¢« v ¢ ¢ & & o o « &

Bed Temperature and Flue~Gas Composition, Segment of
Experiment RC=1A . . . ¢ ¢ 4 ¢ &+ & o o o o o o o o o o o «

Bed Temperature and Flue-Gas Composition, Segment of
Experiment REC-1 (REC-1IK and -IL). . . + ¢« & & o s « o o =«

Bed Temperature and Flue-Gas Composition, Segment of
Experiment REC-2 . . . ¢« . ¢ ¢ ¢ o o o o o o o « o o o o

Bed Temperature and Flue-Gas Composition, Segments of
Experiment REC-3 (REC-3A, REC-3B). . . ¢« v v v ¢« ¢« v o o

Bed Temperature and Gas Concentrations in 0ff-Gas for
Experiment CCS-1, the Regeneration Step of the First
Tymochtee Dolomite Utilization Cycle . . . . « « . « « « .

Bed Temperature and Gas Concentrations in Off-Gas
for Experiment CCS-2 . . . . & v ¢ 4 o o o o o & o o o o o

Simplified Equipment Flowsheet of Bench-Scale Fluidized~Bed
Combustor and Associated Equipment . . . « ¢« o « « o o o

Detail Drawing of 6-in.-dia, Pressurized, Fluidized-Bed
Combustor. . . . . ¢« ¢ ¢ v & o & o o s e 4 e s e 4w e e

vi

48
53
58
61
62

63

64

65
70
74
75

76

82
83
86

87




34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

L4,

45,

46.

47.

48.

49.

LIST OF FIGURES (Contd.)
Title Page

Ca0 Concentration in a-Al,03 as a Function of Calcium
Nitrate Concentration in Reactant Solution from which
Prepared . . ¢ ¢ ¢ ¢ 4 ¢ 4 e e e e e s a4 e e 4 s e e e s 100

Comparison of Calculated (Eq. 1) and Experimental Sulfation
Rates at 900°C in 5% 0,-N, of 6.6% Ca0 in 0-Aly03 (Heat-
Treated at 800°C) as a Function of SO, Concentration . . . . 102

Rate of Sulfation at 900°C of 1100°C Heat-Treated 6.6%
Ca0 in 0-Al,03 as a Function of SO, Concentration. . . . . . 103

Effect of Heat-Treatment Temperature on Rate of Sulfation
of 6.6% Ca0 in a~Al,03 at 900°C. . . . « « ¢« & & &« o o « o & 1G3

Effect of Oxygen Concéntration on the Raté of Sulfation
of 6.6% Ca0 in 0a-Al503 at 900°C. . . « « « « o o « o ¢ o o 104

Calculated and Experimental Rates of Sulfation of 6.6%
Ca0 in a-Alp03 (800°C H.T.) with 0.3% S02-5% O2-Nz as a
Function of Sulfation Temperature. . . « « « « o « o o o o 105

Calculated and Experimental Rates of Sulfation of 6.6%
Ca0 in a-Alp03 (1100°C H.T.) with 0.3% S02-5% 02-N2 as a
Function of Sulfation Temperature. . . . « « « « « & . . 106

Sulfation of Sorbents Having Various Ca0 Loadings. . . . . . 109

Sorbent Weight Gain at 900°C as a Function of Calcium
Loading in Sorbent . . . « « o ¢ o o & s o & s s v e . e o 110

Comparison of the Rates of Sulfation of Tymochtee Dolomite
and 6.6% Ca0 in 0—=Al1203. &+ & ¢ & o o o o o o o & s e = e s s 112

Comparison of Sulfation Rates of Various Metal Oxides
At 900°C v v v e e e e e e e e e e e e e e e e e e e e e e s 113

Regeneration of Sulfated 6.6% Ca0-a-Alp0O3 Pellets, Using
Hydrogen at 1100°C . + « v o ¢ o o o = o « o & = e e e 114

Regeneration of Sulfated 6.6% CaO—a—A1203 Pellets, Using
Carbon Monoxide at 1100°C. . . . . . . e e e e s e s s e s 115

Effect of CO, Concentration in the Reducing Gas on the
Rate of Regeneration of Sulfated 6.6% Ca0 in 0-Aly03 at
T100°C & v v o v o o o o o o o s o o o o 4 o o e o 2 s s s 117

Regeneration of Sulfated 6.6% Ca0 in a-Al;03 Sorbent,
Using 1% Ho=N2 + v o o o & o o o o o o o o o o a s o o o o &« 118 .

Comparison of the Rate of Regeneration of CaSOy in a~Al303
and Sulfated Dolomite using 3% Hp or 3% CO at 1100°C . . . . 120

vii



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

LIST OF FIGURES (Contd.)
Title

Regeneration Rate of Various Metal Sulfates in a-Al,03
at 1100°C using 3% Ho. v + v v v 4 v v v v 4 o v e e e e

Cyclic Sulfation of 1100°C Heat-Treated Pellets (6.6%
Ca0 in a-Al,03) Using 3% S0,-5% 0,-N, at 900°C . . . . . .

Cyclic Sulfation of 11.1% Ca0 in 1500°C H.T. a-Al,03
Granular Sorbent Using 0.3% S0,-5% 0,-N, at 900°C. . . . .

Cyclic Sulfation of 12.5% Ca0 in 1350°C H.T. a-Al,03
Granular Sorbent Using 0.3% S0,-5% 0,-N, at 900°C. . . . .

Relationship of Cumulative Pore Volume to Pore Diameter. .
Sulfation Rate at 900°C of Ca0 in Granular Supports. . . .
Relation of Pore Volume to Pore Diameter for the Original
a—Al,03 Support, the Ca0 in o0-Al,03 Sorbent, and the

Sulfated Sorbent . . . v ¢ & v v v v v e e e e e e e e e

Relation of Pore Volume to Pore Diameter as a Function
of Indicated CaO Concentrations in the Support . . . . . .

Percent Conversion vs Time for Half-Calcination Reaction
under 100% COp Environment . . o & o « o o o « o o &« « &

Percent Conversion psg Time for Half-Calcination Reaction

under 40% CO,~607 He Environment . . . . 4 ¢ o « o & & &
Ca0 Content as a Function of Reaction Time . . . . . . . .
Schematic Diagram of Batch Fixed-Bed Combustor System. . .

Effect of Heat-Treatment Conditions on Weight Loss of

340°C Ash. . & & v v v v vt e e e e e e e e e e e e
Overall View of New Regeneration Facility. . . . . . . . .
Schematic of TGA Apparatus « . + « « o ¢+ « « o « s o o o

Gas-Mixing Apparatus for TGA Sulfation Experiments . . .

Qualitative Dependence of the Pressure Drop Across the
Bed, AP, on the Fluidizing-Gas Velocity. . . . . . . . .

Gas—-Solid Reaction of a Growing Particle: The Concen-
tration and Temperature Profiles . . « v o ¢ ¢ o « o ¢ ¢« &

viii

123

125

126

127

127

129

130

136

137

144

147

154

157

160

161

163

166




B-2

B-3

B4

B-6

LIST OF FI

GURES (Contd.)

Title

Bed Temperature and Flue-Gas
Experiment PSI-1R. . . . . .

Bed Temperature and Flue-Gas
Experiment PSI-2 . . . . . .

Bed Temperature and Flue-Gas
Experiment PSI-3 . . . . . .

Bed Temperature and Flue-Gas
Experiment PSI-=4 . . . . .

Bed Temperature and Flue-Gas

Experiment LIG-2D. . . . . .

Bed Temperature and Flue-Gas
Experiment LIG-2R. . . . . .

Composition,

Composition,

. . . e e e -

Composition,

Composition,

. . e » - . .

Composition,

- « e . e . .

Composition,

ix

185

186

187

188

189




10.

11.

12.

13.

14,

15.

LIST OF TABLES

Title

Design Experimental Conditions and Extent of Regeneration
Results for the FAC-Series . . v v v v v v o o « o o o o o &

Chemical Analysis of Regenerated Product, Calculated
Material Balances, and Regeneration Results from the
FAC-Series . . . & ¢« v v & 4 6 v 4 v e s e e e e e e e e

Qualitative Chemical Compositions of Regenerated and
Unregenerated Samples of Additive. . . . . ¢« « ¢ ¢« & o « « &

Qualitative Chemical Composition (Obtained by X-ray
Diffraction Analysis) of Reacted Samples from DTA
Experiments. . . . v ¢ ¢ v ¢ v 4 4 b e e 4 4 e e e e e e e

Experimental Conditions and Results for Regeneration
Experiments in which Arkwright and Triangle Coals were
Incompletely Combusted in a Fluidized Bed. . . . . . . . . .

Experimental Conditions and Results for Regeneration
Experiments Designed to Test the Effectiveness of the
Two-Zone Reaction in Minimizing CaS Buildup. . . . . . . . .

Experimental Conditions and Results for Regeneration
Experiments with Combustion of Arkwright and Triangle
Coal in a Fluidized Bed. . . . . . .« « ¢ ¢ v v v v o v o

Experimental Conditions and Results for Regeneration
Experiments with Sulfated Tymochtee Dolomite Using
Triangle Coal. . . . ¢« v & ¢ ¢ ¢ v v ¢ ¢ o « o o o« o o o o

Experimental Conditions, Carbon Balances, and Carbon
Utilizations for Regeneration Experiments. . . . . . . . . .

Fusion Temperatures, Under Reducing Conditions, of Ash
from Arkwright No. 2 coal, Sewickley Coal, and Triangle
Coal . & v 4 it i e e e e e e e e e e e e e e e e e e

Compositions of Greer Limestone and Sewickley Coal Ash . . .
Coal Ash Level in Sulfated Greer Limestone . . . « « « « « .

Differential Thermal Analysis Results and X~-ray Diffraction
Analysis of the Reaction Products of Unsulfated Tymochtee
Dolomite . + ¢ ¢« v v o ¢ 4 o 4 s 4 e e e e 4 e e a e e e e

Differential Thermal Analysis Results and X-ray Diffractiomn
Analysis of the Reaction Products of PER Sulfated Greer
Limestone and Residual Coal Ash. . . . . . . . . . . . . .

Regeneration of Tymochtee Dolomite . . . . . . « ¢« « « « & .

Page

17

18

31
33
34
38
43

47
49
50
51
52

54

55

67




18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

LIST OF TABLES (Contd.)

Title

Operating Conditions and Flue-Gas Analysis for Segment
of Combustion Experiment RC-1A. . . . . + + ¢ &« v o o & « o &

Utilization of Calcium in Overflow, Primary Cyclone,
and Secondary Cyclone Samples from Experiment RC-1A . . . . .

Screen Analysis Results for Combustion Experiment RC-1A . . .

Operating Conditions and Flue-Gas Composition for Cyclic
Combustion Experiments. . . . . . ¢« ¢ &+ ¢ & & ¢ ¢« « o o« o+ «

Steady—State Flow of Calcium Through the ANL, 6-in.-
dia Combustor during Combustion Experiment REC-1K . . . . . .

Experimental Conditions and Results for Regeneration Segments
of the Regeneration Step of the First Two Utilization Cycles.

Calculated Ash Buildup During Sulfation and Regeneration
of Tymochtee Dolomite, Based on Silicon, Iron, and
Aluminum Concentration Changes. . « « « « « ¢ « o o o « o o« &

Concentrations of Ash Constituents in Sulfated Dolomite
and Sulfated Greer Limestone. . . ¢« + « o « s o o o o o o« o

Operating Conditions and Flue-Gas Compositions for VAR-6
Replicate Experiments . « ¢ « ¢« &+ ¢ « &+ o o o o s o s o o o

Sieve Analyses of Arkwright Coal Size Fractions Used in
PSI-Series Combustion Experiments . . « + « ¢ o « o« o « o « &

Sieve Analyses of Tymochtee Dolomite Size Fractions Used
in PSI-Series Combustion Experiments. . . . « . « « « + « .

Operating Conditions and Flue-Gas Analyses for PSI-Series
of Combustion EXxperiments . . . « ¢ o o o o s o o o o o o =

Sulfur Retention, Combustion Efficiency, and Sorbent
Utilization for PSI-Series of Experiments . . . . . . « .« . .

Operating Conditions and Flue~Gas Analyses for Combustion
Experiments LIG-2D and LIG-2-R. . . +. ¢ ¢ « « « o o« o o =+ =

Operating Conditions and Flue-Gas Compositions for Experiments
REC-1K and VEL-1 to Test the Effect of Gas Velocity on
Decrepitation . . .« ¢ ¢ ¢ ¢ v i 4 et 4 e s e e e e e e s e

Analysis of Decrepitation in Experiment VEL-1 . . . . .

Calcium Content and Percent Sulfation of 6.6% Ca0O in
a-Aly03 Sorbent Sulfated at 900°C . . . . . . « « ¢ ¢« « + . .

x1i

Page

69

71

72

73

78

81

84

84

89

90

90

92

93

96

97

98

107



34.

35.
36.
37.

38.

39.
40.
41.
42,

43.

44,

45,

46.

47.

48.

49.

LIST OF TABLES (Contd.)
Title

Sorbent Weight Gain during Sulfation for Various Calcium
Oxide Concentrations. . . « v & & & ¢« o ¢ o o o+ o o o » o

Most Promising SO; Sorbents Based on Thermodynamic
Screening ResultS . . & ¢ 4 v v v v ¢ v ¢ v o o o o v o o @

Regeneration of CaSO3 to Ca0, Calculated from Weight Loss .

Carbon Content of Pellets after Regeneration with Methane .

Product of the Regeneration Reactiom at Various Temperatures.

Calcium Utilization and Regeneration during Sulfation-
Regeneration Cyclic Experiments, Using 1100°C H.T. Pellets.

Sulfation of Supported Sorbents . . . . . . . . . . . . ..
Pore Volume for Various Synthetic Sorbents. . . . . . . . .
Fluidized-Bed Attrition Experiments . . . « + + « & « + « &
Half-Calcination Experiments on 1337 Dolomite . . . . . .

Summary of TGA and X-Ray Diffraction Results for Solid-
Solid Experiments at 950°C. . . + v ¢« v ¢ ¢ ¢ ¢ . e 4 e o

Results of CaSO,-CaS Reaction Kinetic Measurements at 945°C

Elemental Concentration of High-Temperature Ash Corrected
for Weight Losses at the Stated Temperatures. . . . . . . .

Elemental Concentrations in High-Temperature Ash Calculated

on the Original 340°C-Ash Basis . . . . « « v « ¢ o o &« o &
Elemental Concentration in High-Temperature Ash as a

Function of Oxygen Concentration in Gas Flow. . . . . . . .
Effect of Heating on Weight Loss of 340°C Ash . . . . . . .

Elemental Concentrations in High-Temperature Ash Calculated
on the Original 340°C-Ash Basis . . . . ¢ v ¢« « o o« « o o &

Particle~Size Distribution and Chemical and Physical
Characteristics of Arkwright Coal . . . . . . . . . « « . .

‘Particle-Size Distribution and Chemical and Physical

Characteristics of Triangle Coal. . . . . « . « ¢« ¢« ¢« « .« &

Particle-Size Distribution and Chemical Characteristics
of Glenharold Lignite . . . + & « « ¢ o ¢ o « o o & s o« s

xii

112

116
117

118

124
128
130
132

138

141

143
150
151

152

153
155
178
179

180




LIST OF TABLES (Contd.)
Title Page

Particle~Size Distribution and Chemical Characteristics
of Tymochtee Dolomite. . . v +v v & « « o o o o o o « o o+ & 181

Particle-Size Distribution and Chemical Characteristics
of Type 38 Alundum Grain Obtained from the Norton Company. 182

xiii



A DEVELOPMENT PROGRAM ON
PRESSURIZED FLUIDIZED-BED COMBUSTION

Annual Report
July 1975—June 1976

by

G. J. Vogel, I. Johnson, P. T. Cunningham, B. R. Hubble,
S. H. Lee, J. F. Lenc, J. Montagna, F. F. Nunes, S. Siegel,
G. W. Swith, R. B. Snyder, S. Saxena, W. M. Swift,

G. F. Teats, C. B. Turner, W. I. Wilson, and A. A. Jonke

ABSTRACT

Information is presented on a continuing research and
development program in which the concept of fluidized-bed
combustion for ultimate use in power stations and steam-
raising applications is being investigated. Laboratory-
scale equipment and process development units are being used
in investigating the effect of combustion operating variables
on release of pollutants to the atmosphere, on process
efficiency, and on release of compounds injurious to turbine
materials of construction. Methods are being investigated
for regenerating CaSOy, a product of reaction of Ca0 additive
with sulfur compounds in the combustion process. Significant
progress has been made in demonstrating that (1) reductive
decomposition of CaSOy is a wiable process for recovering CaO
for reuse in the combustion step, (2) cyclic use of limestone
in the combustion/regeneration processes appears feasible,
and (3) synthetic additives can be prepared that have good
sulfur retention and sulfur release properties.

SUMMARY

Ongoing studies are in progress in support of the national program on
fluidized-bed combustion for electric power and industrial/commercial
applications. The concept involves burning coal in a fluid bed of calcium~-
containing stone such as limestone. The sulfated stone is removed from
the combustor and can be regenerated for remse in the combustor. Both
atmospheric pressure and pressurized concepts are under investigation. In
the pressurized combustion concept, the hot flue gas from the combustor
would be expanded through a turbine to generate electricity.

Current studies are aimed at (1) demonstrating a regeneration process,
(2) determining the effect of cyclic (combustion-regeneration) operation on
limestone quality, (3) continuing the study of the effect of combustion
operating variables on the release of pollutants and corrosive compounds, (4)
developing and testing a synthetic stone, and (5) elucidating the chemistry
of reactions in the combustion and regeneration processes.




Regeneration of S09-Accepting Additive, Bench-Scale Studies

The feasibility of reductive decomposition of sulfated SOj;-accepting
additive in a fluidized bed is being investigated. The reduction of the
CaSOy constituent of the sulfated stones to Ca0 is favored by high temper-
atures (>1040°C) and mildly reducing conditions. The solid-gas reactions
by which regeneration occurs can be summarized as follows:

CaSOy + CO =+ Ca0 + CO, + SO, . (1)
CaSOy + H, + Ca0 + Hy0 + SO, (2)

The present experimental system consists of a 10.8-cm-ID refractory-
lined reactor, an off-gas cleanup system, and a continuous gas sampling
and analyzing system. The coal and sulfated sorbent are fed separately
to a common transport feed line.

Sulfated Tymochtee dolomite and Greer limestone have been regenerated.
Methane and coal (in separate studies) have been combusted to provide the
required heat and reductants for the reactions. The effects of fluidizing-
gas velocity, temperature, and solids residence time have been evaluated.

Regeneration of Sulfated Tymochtee Dolomite by the Incomplete
Combustion of Methane. Additional results are presented on an earlier
reported FAC-series of regeneration experiments in which sulfated dolomite
with 10.2 wt % S was regenerated by the incomplete combustion of methane
in a 7.6-cm-dia fluidized bed. Total CaO regeneration values calculated
from chemical analyses of the regenerated samples were within analytical
agreement of the values calculated from flue-gas analyses. Most of the
sulfur and calcium balances ranged from 90 to 110%, which is an acceptable
variation. When the regeneration temperature was increased from 1010 to
1095°C, the extent of Ca0 regeneration increased from 21 to 89% and the
50, concentration in the wet effluent gas increased from 0.7 to 5.3%.

Dolomite that had been regenerated at a higher temperature (1095°C
as compared with 1040°C) contained a larger amount of large pores (>0.4 um).
These large pores have been shown by others to be beneficial to sulfation.
However, when the reactivity of these samples ss SO, acceptors was
evaluated in TGA experiments, the sample that had been regenerated at the
lower temperature (1040°C) was found to be more reactive. Although higher
regeneration rates are obtained at high regeneration temperatures, the
effect of regeneration temperature on the reactivity of the additive in
subsequent cycles also has to be considered.

Electron microprobe analyses of sulfated and regenerated Tymochtee
dolomite particles showed no sulfur concentration irregularities that
might lead to poor utilization in subsequent sulfation cycles.

At steady state, sulfide (S ) levels were <0.1% in the product
obtained in experiments performed at low reducing gas concentrations (37
reducing gas in the effluent), and sulfide levels of 0.3 and 0.7% were
obtained in experiments performed at high reducing gas concentrations




(15% reducing gas in the effluent).
predicted that only CaS should exist
concentrations found were attributed
reactor of two zones (oxidizing zone
and reducing zone at the top).

At these reducing conditions, it was
at equilibrium. The very low Ca$S

to the formation in the regeneration
at the bottom of the fluidized bed

The extent of decrepitation ranged from 5 to 15% of the total feed
(calcium basis). These particles, which were elutriated, were basically
smaller than the smallest sulfated particles fed to the regenerator. For
all experiments considered, a decrease in the number of larger particles
(>800 ym) and an increase in the number of medium-size particles (>300

and <800 um) were found in the bed.

Agglomeration of sulfated additive occurred during some regeneration
experiments. X-ray diffraction analyses showed that compounds of calcium-
magnesium silicates had formed during the agglomeration (melting) process.
In DTA (differential thermal analysis) experiments, sulfated dolomite

melted at 1200°C in atmospheres of nitrogen and air.

analysis of the DTA samples revealed

The X-ray diffraction
the possible formation of a calcium

silicate compound, but no calcium-magnesium silicate trace was found.

Regeneration of Sulfated Greer Limestone by the Incomplete Combustion

of Coal. 1In a preliminary experiment, sulfated Greer limestone from Pope,

Evans and Robbins was regenerated. The results were comparable with those
obtained when using sulfated Tymochtee dolomite.

The next experiments made with Greer limestone explored the effect

of relative lengths of the oxidizing

and reducing zones in the bed. At

relatively high reducing gas concentrations (v4% in the effluent gas),
increasing the length of the oxidizing zone relative to the length of
the reducing zone resulted in a drastically reduced CaS concentration in
the regenerated product and an increase in the extent of regeneration.

All subsequent experiments were made

with the larger oxidizing zone.

In the main experimental studies, the Greer limestone was regenerated

at two temperatures, 1050 and 1100°C.

In experiments at ~1050°C, decreasing

the solids residence time (which is inversely proportional to the sulfated
limestone feed rate) from 31 min to 12 min decreased the extent of CaQ
regeneration from 89% to 70%. At 1050°C, increasing the fluidizing-gas
velocity from 1.2 to 1.37 m/sec had no significant effect on the extent

of regeneration. In the earlier regeneration study (FAC-series), it had
been found that increasing the fluidizing-gas velocity adversely affected
the extent of regeneration of sulfated additive.

In one of the experiments performed at 1100°C, the solids residence

time in the regenerator was low, 7.5
dry off-gas of 7.67% obtained at this
in this series. Although the extent
decreasing solids residence time, it
relatively low solids residence time

min. The S0, concentration in the
solids residence time was the highest

of regeneration of Ca0 decreased with
remained quite high (61%), even at a
of 7.5 min.




Regeneration of Sulfated Tymochtee Dolomite by the Incomplete Combustion
of Coal. Sulfated Tymochtee dolomite was regenerated at bed temperatures
of 1000, 1050, and 1100°C. At 1000°C, the SO, concentration in the effluent
gas was not affected by reducing the solids residence time, but the extent
of regeneration decreased. At 1050°C, when the solids residence time was
decreased from 34 min to 12 min, the SO, concentration in the dry effluent
increased from 3.07 to 4.8% and the extent of regeneration dropped from
907 to 56%.

At 1100°C, the solids residence time was decreased from 13 to 9.4 min
and the SO0, concentration in the dry effluent gas increased from 6.47% to
7.8%. The extent of regeneration decreased from 857 to 77%. Since the
extent of regeneration remained high at 1100°C at the above solids residence
times, it is expected that higher SO, off-gas concentrations:can be achieved
by further decreasing the solids residence time in the reactor (Z.e., by
increasing the sulfated reactant throughput rate).

Carbon Utilization and Carbon Balance Calculations. Carbon balances
calculated for three of the earlier regeneration experiments were 977% and 997,
and an unaccountably low 55%. Carbon utilizations were Vv80%.

Effect of Coal Ash on the Agglomeration of Sulfated Additive during
Regeneration. During sulfation of the sorbent (combustion step),. some coal
ash is retained in the fluidized bed and is removed with the sulfated sor-
bent. Tymochtee dolomite has been sulfated during the combustion of Arkwright
coal at ANL and Greer limestone during combustion of Sewickley coal at Pope,
Evans and Robbins. The ash fusion temperatures (initial deformation) under
reducing conditions for both of these coals are very close to the regeneration
temperature. The presence of these coal ashes could contribute to initial
coalescing of particles in the fluidized bed and subsequent reactions with
the sulfated acceptor. The coal ash level was found to be 5% in once-sul-
fated Tymochtee dolomite and was Vv10% in sulfated Greer limestone.

Reactions in two different materials have been investigated in the
Differential Thermal Analyzer (DTA) to date: (1) unsulfated Tymochtee
dolomite and (2) sulfated Greer limestone which contained a10% coal ash.
The decomposition peak temperatures of MgCO3 and CaCO3 in the Tymochtee
dolomite samples were found to be 819 and 933°C, respectively, in good
agreement with literature values. In the study of sulfated Greer
limestone, dehydration of Ca(OH), was observed at V530°C, and decomposition
of the residual CaCOj occurred at 790-840°C. The formation of 2Ca;$i0,+CaS0,
and sintering were observed when the sample was heated to 1180°C. At
higher temperatures (>1300°C), the samples fused and complex compounds of
calcium-aluminum silicates formed. Since the fluidized-bed temperature
was ~1100°C, the formation of calcium silicates may be the first stage
in the agglomeration process, followed by loss of fluidity in the fluidized
bed and greater localized temperature increases.

Mass and Energy Constrained Model for the One-Step Regeneration
Process. A mass and energy constrained model for the one-step regeneration
process is being developed which can be used to perform sensitivity analyses




for key variables such as regeneration temperature and pressure, fluidizing-
gas velocity, reactor size, solids residence time, and feed gas composition
and temperature. The early objectives of this work are to predict the
effects of experimental variations and to use these results to guide further
experimental efforts in the investigation of the feasibility of the one-
step regeneration process. The effects of some of these variables on
dependent variables such as off-gas composition (SO,, CO,, Hy0), fuel and
oxygen requirements, and energy cost of regeneration have been evaluated.

CYclic Combustion/Regeneration Experiments

Preliminary Experiment. A preliminary experiment was performed to
evaluate the effects of sorbent recycling on sorbent reactivity and decrepi-
tation. Tymochtee dolomite which had been sulfated and regenerated under
various operating conditions was used as the sorbent. Arkwright coal was
combusted at a bed temperature of 840°C, 810 kPa pressure, and Vv17% excess
combustion air. The Ca/S mole ratio, which was based on the unreacted
calcium in the regenerated dolomite, was 1.6. Based on the flue-gas
analysis for S0, (250 ppm), sulfur retention was “907%, indicating that
the sorbent retained its activity for sulfur retention into the second
combustion cycle. Data showed that about a third of the dolomite fed to
the combustor was elutriated and recovered in the cyclones and filters.
Screen analyses of the feed, overflow, and cyclone materials indicated that
entrainment was not entirely the result of decrepitation of the dolomite
in the combustor.

Combustion Step, Cycles 1, 2, and 3. A ten-cycle series of combustion/
regeneration experiments was initiated using Arkwright coal and Tymochtee
dolomite. Nominal operating conditions selected for the combustion portions
of each cycle were a 900°C bed temperature, 810 kPa system pressure, 1.5
Ca/S mole ratio, v17% excess combustion air, 0.9 m/sec fluidizing-gas
velocity, and a 1.07-m bed height.

The first 2 1/2 cycles (three combustion experiments) have been
completed. The sulfur dioxide level in the flue gas increased from 290
ppm (86% retention) in the first combustion cycle to 400 and 490 ppm (81
and 77% retention) in cycles two and three. Sulfur retention in cycle
three was sufficient to meet the EPA environmental emission standard for
sulfur dioxide.

As the sorbent passed through the combustor in the first cycle, n20%
of the 430 mesh additive feed was reduced in size to -30 mesh. Based on
an approximate 5-hr solids residence time in the combustor, the decrepitation
rate can be expressed as V4 wt %/hr. For the same experiment, ~25% of
the additive entering the combustor was entrained with the flue gas and
the remaining ~75% was removed in the product overflow. This corresponds
to an entrainment rate of ~5 wt %/hr.

Quantitative evaluations of decrepitation and elutriation of sorbent
during the second and third cycles have not been completed, but estimated
losses are 2-3 wt %/hr for cycle two and 1-2 wt %/hr for cycle three,
indicating a significant reduction in the sorbent loss rate in succeeding
cycles.




Regeneration Step, Cycles 1 and 2. The sulfated dolomite from the
combustion step was regenerated at a bed temperature of 1100°C, a pressure
of 153 kPa, and a solids residence time of ~7 min, with relatively good
results. In the first cycle, the SO, concentration in the dry effluent
gas was 6.5% and the extent of Ca0 regeneration was 71%. Solids losses
from the bed due to elutriation and/or attrition were found to be lower
than expected, 27. In the second cycle, Ca0 regeneration was 67%. The
50, concentration in the dry off-gas was 8.6%. The solids losses due to
elutriation and/or attrition were negligible. The low sorbent losses due
to attrition can be attributed to the short solids residence time in the
regenerator.

Coal Ash Buildup during Sulfation and Regeneration Steps. In the
sulfation (coal combustion) step, Arkwright coal is combusted under oxidizing
conditions. In the regeneration step, Triangle coal is partially combusted
under reducing conditions. A coal-ash level of 4-57 in the bed was
estimated for the combustion-sulfation step of the first cycle. In the
regeneration step, no additional ash buildup was observed.

Pressurized, Fluidized-Bed Combustion: Bench-Scale Studies

The objectives of the experiments were to evaluate the following: (1)
the effects of coal and additive particle size on sulfur retention, nitrogen
oxide flue-gas levels, and combustion efficiency; (2) the sulfur retention
capability of lignite ash, which has a high calcium content; and (3) the
relative effects of fluidizing-gas velocity and residence time on the
decrepitation of sorbent.

Combustion experiments were performed, using a highly caking, high-
volatile bituminous, Pittsburgh seam coal from the Consolidation Coal
Company Arkwright mine and a lignite coal from the Consolidation Coal
Company Glenharold mine. Tymochtee dolomite obtained from C. E. Duff and
Sons, Huntsville, Ohio, was air-dried and screened before being fed to the
combustor.

The equipment, designed for operation at pressures up to 10 atm,
consists of a 6-in.-dia fluidized-bed combustor, a compressor for supplying
fluidizing-combustion air, a preheater for the fluidizing-combustion air,
coal and additive feeders, and an off-gas system (cyclones, filters, gas-
sampling equipment, and pressure let-down valve). The system is thoroughly
instrumented and is equipped with an automatic data logging system.

Replicate of VAR-Series Experiments. A replicate of a previously
performed VAR-series experiment was made after the completion of equipment
modifications (separation of the combustion and regeneration systems).

In this experiment, the operation of the combustor and analytical instru-~
mentation was checked and the validity of comparing current experiments
and past experiments was verified. Except for a slight discrepancy in
the level of NO in the flue gas, the results of the experiment agreed very
well with the results of the previously performed experiments.




Effect of Coal and Sorbent Particle Size on Sulfur Retention,
Nitrogen Oxide Level in the Flue Gas, and Combustion Efficiency. Four

combustion experiments (PSI-series) were completed to measure the effects

of coal and sorbent particle size on sulfur retention, NOx emission, and
combustion efficiency. Arkwright coal with mass-mean particle size levels

of 150 um and V640 um and Tymochtee dolomite with mass-mean particle

size levels of 370 um and V740 um were used in the experiments (22 factorial
design). The experiments were performed at 843°C (1550°F), 8 atm, and

Vv177% excess combustion air.

The level of SO, in the effluent gas ranged from a low 160 ppm (937
sulfur retention) in experiment PSI-3 (fine coal, fine sorbent) to 240 ppm
(v89% sulfur retention) in experiment PSI-4 (fine coal, coarse sorbent).
The results indicate a slight increase in sulfur retention with decreasing
dolomite particle size. ©No significant effect of coal particle size on
sulfur retention was observed.

There was no noticeable effect of coal or dolomite particle size on
NO levels in the flue gas (120 to 150 ppm). NO, levels were V40 to V60
ppm, which are considerably higher than the anticipated NO, levels of 5
to 10 ppm.

Combustion efficiencies ranging from 89 to 937 were determined, but
no consistent effect of particle size of coal or sorbent on combustion
efficiency was indicated. Utilization of sorbent material ranged from
58 to 71% and increased with decreasing dolomite particle size.

Combustion of Lignite in a Fluidized Bed of Alumina. Glenharold
lignite was combusted in a fluidized bed of alumina in two replicate experi-
ments to test the sulfur-retention capability of the high calcium lignite
coal. Sulfur retentions were 86 and 89%, which compared favorably with
a sulfur retention of 857 when lignite was combusted in a bed of dolomite
under similar operating conditions. Hence for this lignite, sulfur
emissions can be adequately controlled without the addition of limestone.

Effect of Fluidizing~Gas Velocity on Decrepitation Rate. An experi-
ment was performed to duplicate the conditions of the first-cycle combustion
experiment discussed above, except that the velocity was reduced to 0.6
m/s from 0.9 m/sec. At the lower gas velocity, the coal and thus the
additive feed rate is less, resulting in a higher solids mean residence
time. The data show that the rate of decrepitation was essentially
unaffected (it increased slightly) by the decrease in fluidizing-gas
velocity. Although decrepitation increased slightly due to the increased
residence time of the additive in the combustor, the decreased velocity
was apparently effective in retaining a greater percentage of the additive
feed in the product overflow stream. Thus, the entrainment was actually
less than the decrepitation rate.

Synthetic S0, Sorbents

Calcium oxide impregnated in a-Al,03; is being investigated as an
alternative to dolomite and limestone as an an additive for lowering the




sulfur dioxide level in the off-gas from fluidized-bed coal combustors.

In this program, the capability of the supported calcium oxide to react
with sulfur dioxide and of the resulting calcium sulfate to be regenerated
is being studied experimentally, using thermogravimetric analysis.

Alpha-alumina pellets containing 6.6% calcium oxide by weight were
sulfated at 900°C, using concentrations of sulfur dioxide in the gas stream
ranging from 0.05 to 3%. Calcium utilization ranged from 67 to 98%, and
the reaction went to completion in 4 to 10 hr.

The oxygen concentration in the gas phase had only a small effect on

the sulfation rate when oxygen was present in stoichiometric excess. However,

when sulfur dioxide was in excess, the rate was first order in oxygen
concentration.

Water concentration in the synthetic combustion gas had no effect on
the sulfation rate.

The sulfation rate of the pellets increased with sulfation temperature
up to 900°C, where it became independent of temperature. Above 900°C, the
reaction is diffusion controlled.

Synthetic sorbents containing 2-16.57 Ca0 in a-Al,03 were studied for
their ability to capture S05,. The sulfation rate decreased with increasing
Ca0 concentration when measured as a fraction of the maximum possible
sulfation; however, the amount of SO, captured for a given residence time
was usually higher for higher Ca0 concentrations.

Tymochtee dolomite and calcium oxide in a-~Al,03 pellets were sulfated
under similar experimental conditions to allow comparison. The calcium
oxide in 0-Al,03 pellets was 95% sulfated in 6 hr at 900°C, using 0.3%
sulfur dioxide and excess oxygen; the dolomite was only 607 sulfated in
19 hr. However, the dolomite contained four times as much calcium as the
sorbent did.

In addition to Ca0 and Li,0, the metal oxides, Na,0, K,0, SrO, and
Ba0O, have been impregnated into alumina and tested as SO; sorbents. Lithium
sulfate was found to be unstable at sulfation conditions (900°C). Sodium
oxide and potassium oxide sorbents have a higher rate of reactivity with
SO0, than does Ca0 sorbent; however, their sulfates would have appreciable
volatility at regeneration conditions (1100°C). Strontium oxide and barium
oxide sorbents have essentially the same reactivity as does calcium oxide.

Sulfated sorbents were regenerated using various reducing gases (CO,
Ho, and CHy). In each case, the reaction is 0.8 order in reducing gas
concentration. The rate was the same for hydrogen and methane and the rate
for carbon monoxide was one-third the former rate, requiring only 4 min
when using >%% reducing gas. The addition of carbon dioxide (15% or more)
‘to the reducing gas lowered the regeneration rate since carbon dioxide
reacted with hydrogen to form carbon monoxide.




The reaction product for the Ca0 in a-Al,03 sorbent was dependent
upon the regeneration temperature; above 1050°C, the product was CaO;
below 900°C, it was CaS. Between 900 and 1050°C, the product was a mixture
of Ca0 and CaS, with Ca0 concentration increasing with temperature.

Other data showed that dolomite was regenerated at a slightly lower
rate than was the supported additive; moreover, the product of the reaction
when dolomite was regenerated in the TGA apparatus contained 507 CaS and
not 1007 Ca0 as with the supported additive.

A cyclic sulfation-regeneration experiment (five cycles) was performed
on 6.6% Ca0 in 0-Al,03 additive that had been heat-treated at 1100°C.
The rates of sulfation and regeneration were the same in each cycle.

Porosity measurements have been made on granular supports that had
been heat treated at 1100, 1200, and 1500°C. The higher heat-treatment
temperatures produced supports containing larger pores. The supports that
contained larger pores produced sorbents having a higher reactivity with
S0, and a greater calcium utilization.

Sorbent Attrition Studies

Preliminary attrition studies on dolomite have shown that sulfated
dolomite is more attrition-resistant than is fresh half-calcined dolomite.
The attrition rate of regenerated dolomite is high; however, due to the
short residence times in regenerators, the material loss per cycle is
low. Supports for synthetic sorbents have approximately the same attrition
rate as does sulfated dolomite.

ot

w
Combustion—-Regeneration Chemistry

The fundamental aspects of the chemical reactions associated with
the cyclic use of BCR 1337 dolomite, chosen as a model sorbent system, to
control sulfur emissions are being investigated. Kinetic studies are based
on the use of a thermogravimentric analysis (TGA) technique, and structural
studies are based on X-ray diffraction and microscopy techniques.

The half calcination reaction
[CaCO3°MgCO3] - [CaCO3-MgO] + CO,

has been studied at 1 atm over the temperature range 640-800°C in two
environments: (a) 100% CO, and (b) 40%Z CO,-60% He. The reaction rate
increases rapidly with temperature for both 100% CO and 407% CO, environ~-
ments, particularly above a temperature near 700°C. The effect of CO,
concentration is subtle; in general, the rate is higher in the 407% CO,
environment. X-ray diffraction studies show that size and degree of
preferred orientation of the CaCOj (calcite) pseudo crystals formed by

*
Sponsored in part by ERDA, Division of Physical Research.
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this reaction are dependent on the kinetics (temperature) of the reaction,
Z.e., larger sizes and greater degrees of preferred orientation result
when the reaction proceeds slowly (at lower temperatures).

Optical microscopi¢ examination of the half-calcined dolomite sample
shows that dolomite crystals are transformed to calcite along grain
boundaries, as well as within dolomite crystals and that the half-calcined
grain structure formed as a result of the half-calcination reaction is
completely destroyed by heat treatment.

Experiments have been performed to establish whether the solid-solid
reaction between CaSO, and CaS would be practical as a regeneration scheme.
The yield of the reaction is shown to depend on the percentages of Ca$
and CaSO; in the dolomite starting material for the reaction. In addition,
the kinetics of the reaction are shown to be such that at 950°C, the
reaction reaches 80% completion in less than 6 hr.

Coal Combustion Reactions

Determination of Inorganic Constituents in the Effluent Gas from
Coal Combustion. Some chemical elements carried by the combustion gas

from coal combustion are known to cause severe metal corrosion, for example,
to turbine blades. A study is under way to determine quantitatively which
elements are present in the hot combustion gas of coal, in either volatile
or particulate form, and to differentiate between volatile and particulate
species, Of interest are (1) identification of the compound forms and
amounts of particulate species and (2) determination of the amount and

form of condensable species.

The detailed design of the laboratory-scale batch fixed-bed combustor
for this study has been completed, the combustor has been fabricated in
the central shop of ANL, and the combustor system is now being assembled.
A schematic flow diagram of the combustor system is shown and described.

Prior to fabrication of the combustor, detailed engineering drawings,
specifications for fabrication, and stress calculations to support the
safety of the design were reviewed and approved by a design/preliminary
safety review committee. Modifications to the design are described in
this report. The combustor is now considered to have a safe design.

Systematic Study of the Volatility of Trace Elements in Coal. The
effluent gases from coal combustion are known to contain trace elements,
some of which cause severe metal corrosion in coal-fired boilers and gas
turbines. Knowledge of the temperature at which trace elements in coal
start to volatilize and of the rate of volatilization is important for
the utilization of coal. The objective of this study was to obtain data
on the volatility of these trace elements under practical coal combustion
conditions. The experimental phase of this study has been completed.

- In all experiments, ash samples prepared from Illinois Herrin No. 6
Montgomery County coal by ashing at 340°C were heat-treated in a tubular
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furnace to various temperatures in an air flow of 0.6 scfh for 20 hr or
more, and the ash residue was analyzed for trace elements of interest.

From the experimental results, it is concluded that under dry oxidizing
conditions, most of the chlorine in the coal evolves at temperatures below
640°C, although trace amounts of chlorine still remain in the high-temperature
ashes. However, the metallic elements, Na, K, Fe, Al, Mg, Ca, Ti, Zn, Mn,
Ni, Co, Cu, Cr, and Li are generally retained in the fused ash up to 1250°C
under both dry and wet oxidizing environments, and the retention of these
metallic elements in the fused ash is not affected by the oxygen concen-
tration in dry flowing gas. Water vapor in the flowing gas did not affect
the evolution of these metallic elements; however, it caused a greater weight
loss of the ash, indicating that water vapor in the flowing gas affects
the evolution of certain substances from the 340°C ash during heat treatment.

Equipment Changes

As originally installed, the pressurized, fluidized-bed combustor and
the regenerator utilized several common components and therefore could not
be operated simultaneously. Additional equipment and instruments were
installed to permit concurrent investigations. Equipment is also being
installed so that solids can be transported between the combustion and
regenerator reactors.

Miscellaneous Studies

Preparation and Testing of Supported Additives (Dow Subcontract). A
thermogravimetric analysis apparatus to be used in evaluating various
candidate SO, sorbents has been constructed as part of a research program
subcontracted to Dow Chemical Company. Three synthetic sorbents (CaO,

BaO, and Sr0) have been impregnated into low-surface-area and intermediate-
surface-area Al;03 support material. The work plan includes screening

six kinds of metal oxide-support combinations in both the sulfation and
regeneration modes.

Limestone and Dolomite for the Fluidized-Bed Combustion of Coal:
Procurement and Disposal. The potential demand, supply, and cost as well
as the disposal aspects associated with the use of limestone or dolomite
as sulfur-accepting additives in the fluidized-bed combustion (FBC) of
coal are assessed. Also, the market for the regeneration by-products
(sulfur and sulfuric acid) is discussed.

The Properties of a Dolomite Bed of a Range of Particle Sizes and
Shapes at Minimum Fluidization. Experiments have been performed to determine
minimum fluidization velocity as a function of temperature and pressure
for a dolomite bed having a wide size range of nonspherical particles.
An improved correlation has been developed in the form of Ergun's correlation.
Experiments revealed that partial segregation of the bed occurred if the
ratio of the diameter of the largest particle to the diameter of the
smallest particle exceeded at least 16. As a result, the prediction of
minimum fluidization velocity for the entire bed becomes complicated, making
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precise prediction uncertain. A procedure is suggested for the prediction
of minimum fluidization velocity of the entire bed.

Mathematical Modeling: Noncatalytic Gas-Solid Reaction with Changing
Particle Size, Unsteady State Heat Transfer. A mathematical expression
for the unsteady state heat balance is derived for a nonisothermal, non-
catalytic, first order gas-solid reaction. The formulation is based on
a shrinking core model and takes into account the changing size of the
spherical particle during reaction. Thus, the model has two moving
boundaries v7z., the reaction front and external particle diameter which
grows or shrinks due to reaction. This formulation constitutes the first
basic step in the modeling of combustion efficiency of coal in a fluidized
bed.
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INTRODUCTION

In a national program, the feasibility of an environmentally
acceptable fluidized-bed combustion process for use in power and steam
plant applications is being studied. The concept involves burning fuels
such as coal in a fluidized bed of particulate lime solids which react
with the sulfur oxides released during combustion. The sulfated lime
solids will be either discarded or regenerated, the choice depending on
environmental and economic considerations. One concept is pressurized
combustion, in which the hot flue gas would be expanded through a gas
turbine.

The current program for demonstration of regeneration process
feasibility consists of studying: (1) the reductive decomposition of
CaSOy at ~1100°C, using coal as a source of reducing agent, (2) the
conditions at which sintering of particles in the bed can occur, (3)
the modeling of the process, and (4) other possible methods of regener-
ation.

To demonstrate that sulfur retention by the lime solids during
combustion and sulfur release during regeneration are possible without
excessive breakup of the solids during cycling, batch cyclic studies
(alternate combustion and regeneration of the lime solids) have been
started. Combustion studies have been performed to determine (1) the
effects of stone and coal particle sizes on sulfur retention, NO level
in flue gas, and combustion efficiency, (2) whether the concentration of
calcium in lignite is sufficient that enough sulfur is retained in the
bed and the EPA specification for SO; in the flue gas is met, (3) the
effect of fluidzing-gas velocity on decrepitation rate, and (4) the fates
of the biologically hazardous trace elements and compounds which can
cause hot corrosion of turbine metal blades. Miscellaneous peripheral
studies include (1) a survey on procurement and disposal of sulfated
limestone, (2) properties at minimum fluidization of a bed having a range
of particle sizes and shapes, and (3) a mathematical modeling of a
particle undergoing a noncatalytic reaction and changing size; unsteady
state heat transfer effects are taken into consideration.

REGENERATION OF S0,—-ACCEPTING ADDITIVE, BENCH~SCALE STUDIES
[J. Montagna (Principal Investigator), R. Mowry, C. Schoffstoll, G. Smith,
G. Teats]

The technical feasibility of a process is being investigated for
the one-step reductive regeneration of additive in a fluidized bed in
which the required heat and reductants are provided by partial combustion
of a fuel in the regeneration reactor. The reduction of CaS0O, to CaO is
favored by high temperatures (>1040°C/1900°F) and mildly reducing
conditions.

CaSOq + CO » Ca0 + 802 + COZ (l)
CaSO, + Hy ~ Ca0 + SO, + H,0 (2)
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Other reductants such as CHy can play the same role as CO and H,. At
lower temperatures (<1000°C) and more highly reducing conditions the
formation of CaS is favored:

CaSOy + 4CO + CaS + 4CO, (3)
CaSO, + 4H, + CaS + 4H,0 (4)

Since these are competing reactions, the reaction conditions must be
chosen to minimize the buildup of CaS, maximize the conversion of CaS0y
to Ca0, and maximize the SO, concentration in the off-gas from the
reactor for economical reprocessing of the off-gas from the regeneration
process.

Sulfated dolomite (Tymochtee) and limestone (Greer) have been regen-
erated. Methane and coal (in separate studies) have been partially
combusted during the regeneration experiments. The effects of temperature,
fluidizing-gas velocity, and solids residence time on the regeneration
of Ca0 from CaSOy have been evaluated at different experimental conditions.

Materials

Tymochtee dolomite obtained from C. E. Duff and Sons, Huntsville,
Ohio, which had been sulfated during coal combustion experiments (using
Arkwright coal) at ~900°C and 810 kPa, was regenerated. Also regenerated
was Greer limestone which had been sulfated by Pope, Evans and Robbins
at 840-900°C and atmospheric pressure during the combustion of Sewickley
coal.

Initially high-volatile Arkwright bituminous coal and later Triangle coal
(ash fusion temperatures of “1100°C and 1380°C, respectively). were combusted
during these regenerations. Chemical and physical characteristics of these
coals are presented in Appendix A, Table A-~1.

Equipment

The bench-scale experimental system used for regeneration experiments
(in which methane was combusted) has been previously described.! Recently,
the experimental regeneration system was separated from the combustion
system and the regenerator was rebuilt and modified. Figure 1 is a
schematic diagram of the new regeneration system. The inside diameter
of the reactor vessel has been enlarged from 7.62 cm (3.0 in.) to 10.8
cm (4.25 in.), and the interior metal overflow pipe formerly used to
control the fluidized~bed height has been replaced with an overflow pipe
that is external to the fluidized bed. The coal and the sulfated sorbent
are fed separately (for independent control) to a common pneumatic transport
line which enters the bottom of the reactor. In addition to the regeneration
reactor, the experimental system consists of an L-valve for metering
sulfated additive, a peripherally sealed rotary feeder for metering coal,
and the flue-gas solids-cleanup system. Another component is an electrically
heated pipe heat exchanger for preheating some of the fluidizing gas and
preheating air (used in startup only) to ~400°C.
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The 10.8-cm-dia pressurized, fluidized-bed reactor is lined with a
v4,8-cm-thick Plibrico castable refractory encased in an 8-in. (20.3-cm)
dia Schedule 40 pipe (Type 316 SS), approximately 2.29 m (7 1/2 ft) long,
with its entire length contained within a 12-in.-dia Schedule 20 carbon
steel pipe. Differential thermal expansion of the inner and outer pipes
is accommodated by the use of packing glands on lines entering the bottom
flange of the unit.

The solids transport air constitutes V407 of the total fluidizing
gas added to the bed in the reactor. The remaining fluidizing gas is a
mixture of pure N, and 0. The gases are added separately to permit
better temperature control in the fluidized bed (if there should be a
mild temperature excursion, combustion could be stopped, without de-
fluidizing the bed, by shutting off the oxygen). Also, the concentration
of oxygen in the entering gas can be higher than that in air, allowing
more coal to be combusted without significantly changing the fluidization
gas velocity. A large amount of heat is required to compensate for (1)
the heat losses in the comparatively small experimental system and (2)
the heat load imposed by feeding cold sulfated additive to the system.

Regeneration of Sulfated Tymochtee Dolomite by the Incompléte Combustion
of Methane

The FAC-series of regeneration experiments was performed in the 7.6~
cm-ID-régenerator using the <7 sttu combustion of methane to evaluate
the effects of temperature, residence time, height of fluidized bed,
and total reducing gas conditions on the regeneration of Ca0 in sulfated
Tymochtee dolomite. Earlier results, which were based only on flue-gas
analyses, have been reported and discussed.l To aid in the discussion
of additional results obtained by chemical analysis of particulate
product samples, the experimental conditions and the results based on
flue-gas analyses from the FAC-series are re-presented in Table 1.

Sampling was initiated when over 90% of the fluidized bed had been
replaced while the regenerator was at the design experimental conditions.
Steady-state samples, each composed of the overflow product taken over a
30-min period, were analyzed for total sulfur, sulfide, and calcium (Table
2). The accuracy of the analytical techniques ranged from 5 to 10%.

Regeneration of Ca0. Regeneration of Ca0 was calculated from chemical
analyses of the steady-state products. It was based on the sulfur to
calcium ratios in (1) the sulfated-dolomite feed and (2) the steady-state
product after regeneration. These calculated regeneration ratios are
compared in Table 2 with ratios that are based on off-gas analyses. The
latter values are the ratios of the total sulfur released into the off-gas
stream to the total sulfur contained in the sulfated dolomite feed. Since
the off-gas flow rate was not measured, it had been assumed to be equal
to the feed gas flow rate. This has caused a discrepancy in the two calcul-
ated regeneration results. As discussed in the '"Mass and Energy Cénstrained
Model for the Regeneration Process" section of this report, the gas flow rate
increases during regeneration due to the coal combustion and the decomposition
reactions that occur. The predicted gas volumetric increase was included in

T



Table 1.

Design Experimental Conditions and Extent of Regeneration Results
for the FAC-Series.

Reactor Diameter, in.:

Pressure, psig:

12

Additive: Sulfated Tymochtee dolomite (10.2% S)

Design Conditions

Total
Additive  Residence Bed Reducing Gas Fluidizing- Measured S0, Ca0
Temp Feed Rate Time Height in Effluent® Gas Velocity in Effluent Regeneratioé:
Exp. (°C) (1b/hr) (min) (ft) (vol 2) (ft/sec) (% wet) /(% dry) (%)
FAC-1 1040 6 30 1.5 3 2.2 3.0 / 4.0 70
FAC-1R1 1040 6 30 1.5 3 2.4 2.6 / 3.6 65
FAC~1R2 1040 6 30 1.5 3 2.5 2.3/ 2.9 60
FAC-2 1095 6 30 1.5 15 Experiment could not be completed
FAC-3 1040 10 18 1.5 15 2.6 4.1/ 5.7 70
FAC-4 1095 10 18 1.5 3 2.5 5.3/ 7.3 83
FAC-5 1040 10 30 2.5 15 2.7 3.5 / 4.4 61
FAC-9A 1040 6 30 1.5 3 3.0 1.3/ 1.5 40
FAC-7 1040 10 30 2.5 3 2.5 2.7 / 3.3 43
FAC-8 1010 6 30 1.5 3 2.3 0.65/ 0.78 15
FAC-9 1040 6 30 1.5 3 2.5 1.3 / 1.7 58

a

bThe actual reducing gas concentrations were within 15% of the design levels.

Determined by infrared SO; analysis of the dry flue gas.
Based on flue gas analysis.

LT



Table 2. Chemical Analysis of Regenerated Product, Calculated Material
Balances, and Regeneration Results from the FAC-Series.

Chemical Analysis of Regenerated Elutriated?
Samples Taken at Steady State Material Balances Calcium x 100 Ca0
Temp Total Sulfur Sulfide Calcium  Sulfur Calcium Feed Calcium Regeneration

Exp. (°C) (%) (%) (%) S B ¢ %) AN
FAC-1 1040 3.30 0.1 29.8 94 109 5 70/76
FAC-1R1 1040 3.73 <0.1 28.7 99 109 15 65/72
FAC-1R2 1040 5.08 <0.1 26.2 106 113 i3 60/58
FAC-2 1095 5.2 This experiment could not be completed
FAC-3 1040 2.89 0.3 30.2 91 102 12 70/79
FAC-4 1095 1.53 <0.1 30.0 88 83 9 83/89
FAC-5 1040 2.79 0.7 29.0 Production rate was not measured 61/79
FAC-9A 1040 7.34 0.1 26.8 - - - 40/40
FAC-7 1040 7.41 <0.1 25.3 109 110 15 43/36
FAC-8 1010 8.38 <0.1 23.1 71 72 14 15/21
FAC-9 1040 2.74 <0.1 29.1 95 . 91 11 58/55

aOnly particles larger than 15 um were monitored.
Based on flue gas analysis.
CBased on chemical analysis of particulate dolomite samples,

8T
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the recalculation of regeneration based on off-gas analysis. The sulfur
regeneration values obtained by chemical analysis of the regenerated products
are generally within analytical agreement of the values calculated from off-
gas analyses.

Material Balances. Material balances for sulfur and calcium were
not performed for the entire experiments, as was the case for balances
in other experiments that are reported later. Instead, the balances were
each made over a 30-min steady-state period.

Because the experimental system did not contain a final filtration
system, particles smaller than V15 um escaped from the system unmonitored.
The total mass rate of these fines was measured only in FAC-5, in which
the flue gas exiting from the last cyclone was passed through a sintered-
metal filter. A particle pad 0.3 cm thick was built up on the filter,
ensuring good particle collection efficiency for the fine particles. A
mass collection rate of 4.6 g/min was obtained in this sintered-metal
filter, in comparison with a 8.3 g/min captured in the other particle
collection devices. The particle size distribution for the FAC-5 sample
of fines was obtained with a Coulter counter particle analyzer and is
given in Fig. 2. Nome of the calculated mass balances contained the
contribution from these fines and thus they are biased low.
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Fig. 2. Particle Size Distribution of the Fines
Leaving the Cyclone in FAC-5.
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The calcium balances ranges from 72% in FAC-8 to 113% in FAC-1R2.
These balances were based on the mass rates and chemical analyses of the
feed, product, and elutriated solids. The calcium analyses are reliable
within +5%. Errors greater than V5% are due mainly to unreliability of
the measurements of the mass rates.

The sulfur balances were based on the flue-gas flow rates, the con-
centrations of sulfur (as SO, only) in the flue gas, and the flow rates
and chemical analyses of the solid streams. The sulfur balances ranged
from 717 in FAC-8 to 1097% in FAC-7. Acceptable material balances should
range from 90 to 110%; most sulfur balances were acceptable.

The lowest sulfur and calcium balances obtained (FAC-8) were probably
caused by incomplete removal of the 30-min steady-state sample from the
receiver. Thus the measured mass rate of regenerated solid was probably
low. (The pre-steady-state removal rate was Vv50% larger than the calculated
steady-state rate.) Generally, sulfur and calcium balances agreed within
10%.

Effect of Fluidizing-Gas Velocity. The effect of fluidizing-gas
velocity on extent of regeneration was evaluated and reported earlier.!
Regeneration data were calculated using SO, concentrations in the off-gas.
Now these data with additional Ca0 regeneration values based on chemical
analyses of the regenerated product are plotted in Fig. 3. As the gas
velocity was increased from 0.67 m/sec to 0.91 m/sec, Ca0 regeneration
decreased from 76 to 40% and the SO, concentration in the wet effluent
gas decreased from 3% to 1.3%. 1In a study by Martin et al.2 on the
reductive decomposition of gypsum in a 25.4-cm-dia (10-in.-dia) fluidized
bed, the optimum fluidizing-gas velocity (for decomposition) was found
to be about 0.6 m/sec. However, the effect of fluidizing-gas velocity
was reported to be small. .
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Fig. 3. The Effect of Fluidizing-Gas Velocity on Sulfur
Regeneration for Sulfated Tymochtee Dolomite.




21

In this study, fluidizing-gas velocity had a meaningful effect in the
velocity range investigated. The relatively small internal diameter (7.62 cm)
of the fluidized-bed reactor probably enhanced the detrimental effect of
gas velocity, lowering fluidization quality.

Effect of Temperature on Regeneration and Resulfation. The effect
of regeneration temperature (ranging from 1010 to 1095°C) on the regener-
ation of dolomite was reported earlier.! The extent of regeneration was
based on the SO, content of the off-gas. Now, regeneration based on
solid product analyses are given in Fig. 4 with the earlier reported data.
(Regeneration temperature was the only variable in all experiments,
except that in the 1095°C experiment the solids residence time was 18 min
instead of 30 min. ) As the temperature was increased from 1010°C to 1095°C
and the solids residence time remained constant or decreased, Ca0 regen-
eration (based on analysis of the regenerated product) increased from 21%
to 89%. With increasing regeneration temperature, the SOy concentration
in the wet off—gas 1ncreased from 0.7% to 5.3% (from 0.8% to 7.3% in the
dry off-gas).-

The temperature dependence of the regeneration of sulfated Tymochtee
dolomite in these experiments was compared (see Fig. 4) with similar
results obtained by Martin et al.? for the decomposition of gypsum in a
25.4-cm-dia fluidized bed with a solids residence time of 90 min. 1In
the latter investigation, carbon was the reductant. The extent of regen-
eration was based on chemical anlaysis of the gypsum before and after
decomposition.
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To evaluate the effect of regeneration temperature on the quality of
the regenerated dolomite as a SO,-acceptor, the pore size distribution of
samples (~25 +35 mesh particles) of calcined, sulfated and regenerated
dolomite were obtained (Fig. 5). Porosity was measured as the extent of
penetration of mercury as a function of pressure. The cumulative pore
volume (mercury penetration) per given mass is plotted (Fig. 5) as a
function of pore diameter. It was reported by Hartman and Coughlin3 that
most sulfation takes place in the larger pores (>0.4 um). Pores smaller
than “0.4 pm are relatively small and easy to plug and do not contribute
much to the extent of sulfation. The pores shrink during sulfation of
Ca0 as a result of changes in molecular volume.

Curve A represents the pore size distribution of virgin dolomite
that had been completely calcined at 900°C for 2 hr in a furnace (preheated
to 900°C) with a 20% C0,-80% air environment. The pore volume for pores
0.4 ym and larger was found to be 0.1 em3/0.5 g. This pore distribution
was compared with that of sulfated and regenerated dolomite because
dolomite is fully calcined during regeneration.

Curve B represents the pore structure of dolomite that had been
sulfated (10.2 wt % S) in coal combustion experiments at 900°C and was
used as the feed for the FAC regeneration experiments. The pore volume
for pores 0.4 um and larger was found to be 0.045 cm3/0.5 g. In contrast
to the pore volume distribution of the calcined material, the pore structure
of the sulfated material was very much plugged by sulfation.

Curves C and D illustrate the pore structures of the sulfated dolomite
that had been regenerated at 1040°C and 1095°C. At the higher regeneration
temperature, the volume of the larger pores (>0.4 um) increased. On the
basis of this result, the sulfation reactivity of dolomite regenerated
at the higher temperature was expected to be greater.

Sulfation experiments were performed in a thermogravimetric analyzer
with the regenerated samples and the calcined dolomite sample. The data
show (see Fig. 6) that the higher regeneration temperature did not improve
the reactivity of the dolomite with S0,. The dolomite that had been
regenerated at 1095°C had a lower reactivity than did the dolomite regen-
erated at 1040°C and also the dolomite precalcined at 900°C.

Although high regeneration reaction rates are obtained at higher
temperatures, the potential detrimental effect of high temperatures on the
reactivity of the dolomite in subsequent sulfation cycles requires further
study. A decrease in the reactivity of regenerated additive during cyclic
exposures to high temperature was reported by Skopp et al.% and the reason
was presumed to be loss in porosity. In the FAC experiments, the porosity
increased after one and a half cycles.

Electron Microprobe Analysis of Sulfated and Regenerated Particles.
Regenerated Tymochtee dolomite particles from FAC-1R2 and FAC-4, and
unregenerated, sulfated Tymochtee dolomite particles were analyzed with
an electron microprobe to determine the effect of regeneration on the
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sulfur concentration profiles. The radial distributions of calcium,
magnesium, and sulfur were measured. To prepare the sample for analysis
a random sample of particles was screened, and approximately twenty

=20 +25 mesh (707-841 um) particles were mounted in epoxy and machined to
remove the equivalent of one~half the diameter of a typical mounted
particle (v390 um). A thin gold layer (v50 angstroms) was sputtered on
the machined surface to enhance the conductivity of the mounts. Apatite
(39.9 wt % Ca), FeSp (53.4 wt % S), and MgO (60.3 wt % Mg) were used

as standards to calibrate the probe and to obtain a rough quantitative

estimate of the local component concentrations. One-half of the particles
were analyzed.
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Microprobe analyses of sulfated Tymochtee dolomite particles were
compared with chemical anlayses that indicated average sulfur and calcium
concentrations of 10.2 wt 7 and 22.2 wt 7, respectively. The component
radial concentration distributions for calcium and sulfur for three
typically sulfated particles are given in Fig. 7 (magnesium concentration
profiles are not presented because they are similar to those for calcium).
The extent of sulfation in these particles varied. These particles had
been in the continuously fed, fluidized-bed coal combustor for different
periods of time (solids. are backmixed). The extent of sulfation was least
for the particle represented at the top of the figure and greatest for
the bottom particle. As sulfation progressed, the edge of the sulfated
shell moved towards the center of the particle. The local sulfur and
calcium concentrations obtained were lower than the true local concen-
trations because irregularities on the surfaces cause scattering of the
characteristic emitted by X-ray (the sample surfaces could not be machined
as smoothly as the calibration sample surfaces).

Regenerated particles from experiment FAC-1R2 (performed at 1040°C)
were chemically analyzed and found to contain 5.1 wt % S and 26.2 wt %
Ca. The electron probe analyses of two sample particles from this experi-
ment are given in Fig. 8. Regeneration appears to take place in two
stages. In the particle whose analysis is given at the top of Fig. 8,
regeneration apparently is in an early stage, with the primary regener-
ation-reaction zone moving radially into the uniformly sulfated particle.
Some residual sulfur (sulfur that is less available, probably due to
diffusion limitation) is left behind the advancing primary reaction zone.
The bulk of the sulfur is removed in the first stage of regeneration.
The particle represented by the other electron probe analysis is in a
later (slower) stage of regeneration, and the residual concentration of
sulfur in the entire particle is relatively low (note difference in scales
for the two diagrams). In an industrial process in which the solids
residence time would be low (high solids throughput rate), probably only
the first (rapid) stage of regeneration would occur. Hence, most but not
all of the sulfur would be removed in an industrial process.

Electron microprobe analyses were performed on regenerated particles
from experiment FAC-4, which was conducted at the higher temperature of
1095°C. The calcium and sulfur concentrations in regenerated Tymochtee
dolomite from this experiment were 30 wt % and 1.5 wt 7%, respectively.

The electron probe analyses for calcium and sulfur in three particles

from this experiment are shown in Fig. 9. The particle whose analysis is
given at the top of Fig. 9 appears to be near the end of the first regen-
eration stage; the primary desulfurization reaction zone has almost reached
the center of the particle. Regeneration of the other two particles is
more nearly complete (note difference in scale of sulfur concentrations).

A greater extent:-of regeneration was observed in particles from FAC-4

than in particles from FAC-1R2 which were regenerated at a lower temperature.
Generally, the regenerated particles showed no sulfur concentration
irregularities that might lead to poor utilization in subsequent sulfation
cycles. ‘
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Formation of CaS. The buildup of large amounts of CaS would be
detrimental to one-step reductive decomposition of CaSOy. The sulfide
analyses of the regenerated products from the FAC-series are given in
Table 2. Of the four variables in these experiments, only reducing gas
concentration in the effluent had an effect on sulfide buildup. Very
small amounts of sulfide (<0.1%) were found in the steady-state products
from all experiments performed with low-reducing gas concentration (Z.e.,
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with 3 vol Z total reducing gas in the effluent). With 15% reducing
gas in the effluent, the formation of CaS was enhanced--for example, in
two experiments, sulfide concentrations in the products were 0.3 and 0.7%,
respectively.

The experimental sulfide concentrations obtained are much lower
than those predicted for the equilibrium equation (below) at the experi-
mental off-gas conditions.

1 Pco
1/4 CaSOy + CO > 1/4 CaS + COp, — = 3 (3a)
P COy

At 1040°C, the maximum partial pressure ratio of CO to CO2 (P¢o/Pco,) for
which CaS and CaSOy coexist is ~0.017, At higher partial pressure ratios,
only CaS should exist at equilibrium.® Since the experimental values of
partial pressure ratios of CO to CO, in the effluent for the FAC-experi-
ments were all above 0.02, higher sulfide concentrations would be expected.
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The experimental results may be explained on the basis that (1) the
reaction in the fluidized-bed reactor is not at equilibrium and (2) the
conditions in the fluidized bed are not reducing throughout. Rather,
solid reactants and products are ciculated between reducing and oxidizing
zones, allowing CaS to be oxidized to CaSOy.

Elutriation and Decrepitation of Additive. The extent of decrepitation
of additive is of major concern in the development of one-step reductive
regeneration. The physical integrity of additive particles may be affected
by thermal stresses at the high process temperature (v1100°C) and by
molecular rearrangements within the particles as a results of regeneration
reactions.
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Losses of regenerated product due to decrepitation (including decrepi-
tation during pneumatic transport) at the various experimental conditions
were measured. Since the sulfated feed dolomite was nominally -14 +45 mesh
and the elutriated particle samples in the flue gas were all nominally
~45 mesh (<350 um), it was assumed that the elutriated particles were
decrepitation fragments of the feed Tymochtee dolomite. Table 2 shows the
fraction of additive lost during regeneration due to decrepitation and
subsequent elutriation expressed as a percentage of feed calcium. The
loss ranged from 5 to 15%.

In a more direct approach to the evaluation of decrepitation, the
fractional distributions of the sulfated feed and regenerated product for
experiment FAC-1 were plotted (Fig. 10, upper plot). The fractional
distribution.curves suggest a particle population shift to smaller diameters.
This was confirmed by plotting the mass ratios (Z.e., the calcium mass
content of the product to the calcium mass content of the feed additive)
as a function of particle diameter (Fig. 10, lower plot). Generally, all
plots of product-to-feed calcium ratio as a function of fractional particle
diameter showed that during regeneration, the number of larger particles
(>800 um) decreased and the number of medium—~size particles (>300 and <800 um)
increased due to the decrepitation of the larger particles.

Composition and Agglomeration of Sulfated Additive. Partial agglom—
eration of the sulfated dolomite bed occurred in experiment FAC-2 which
was attempted using a bed temperature of 1095°C and a 15% reducing gas
concentration in the off-gas. It is believed that upsets in the fluidization
of the additive bed caused local temperatures to rise higher than the
measured operating temperature which, in turn, caused partial melting of
the additive followed by agglomeration. (It has been previously reported
by Wheelock and Boylan6 that the surface of gypsum becomes glassy during
reductive decomposition at 1250°C.)

Fresh, sulfated, regenerated (FAC-4), and agglomerated (FAC-2)
Tymochtee dolomite were analyzed by X-ray diffraction (Table 3). In unsul-
fated dolomite, traces of a-quartz were found as expected, since the dolomite
contains V2% Si0O,. Sulfated dolomite contained the expected components,
including traces of o—quartz and weak traces of other phases, possibly
merwinite, Ca3zMg(SiOy),. The regenerated dolomite from FAC-4 which was not
agglomerated contained mostly Ca0 and MgO with traces of a-quartz, CaSOy
and weak traces of other phases (possibly merwinite). During a regeneration
experiment (FAC-2), partial agglomeration of the sulfated additive occurred.
The loosely bound particles around the agglomerate were found to contain
approximately the same major constitutents and the same minor constituents
of CaSOy and a-quartz as were found in the regenerated sample from FAC-4,

In addition, traces of CaMg(SiO3), were found. In the cores of the
agglomerates, the additive particles were fused together and contained
Ca3Mg(5i0y), as a medium constituent and Ca0O as a medium rather than a
major constituent.

Samples of Pope, Evans and Robbins (PER) sulfated Greer limestone were
also analyzed by X-ray diffraction. An agglomerate taken from a regeneration
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experiment (Coal Test 3)7 was analyzed at two locations in the agglomerate.
The loosely bound limestone particles contained Ca3Mg(SiO,); as a minor
constitutent. The fused limestone particles contained Ca3Mg(SiO,)» as a
major constituent. Again, as the additive softened, the formation of the
calcium-magnesium silicate compound progressed.

On the basis of the X-ray diffraction analysis described, it appears
that as the particles soften, calcium~magnesium silicate compounds form.
The melting point of this class of materials is A1250°C which indicates
that the localized temperature at which agglomeration occurred was much
higher than the design experimental temperature (v1100°C).

Preliminary differential thermal analyses (DTA) were performed on
unsulfated and sulfated Tymcohtee dolomite in several gas environments.




Table 3. Qualitative Chemical Compositions of Regenerated and Unregenerated
Samples of Additive.

Analysis Method:

X-ray diffraction

Pertinent Constituents

Material Source Major Medium - Minor
Regenerateda Fused particles MgO Ca0 and possible Caso,
Tymochtee dolomite from regenerator Ca3Mg(Si0y)
from FAC-2 bed
Regenerateda Loosely bound Mg0, CaOl Possible CaSO,,
Tymochtee dolomite particles from a—quartz, and
from FAC-2 regenerator bed CaMg(Si03) o
Regenerateda Unbound regen- Ca0O, MgO o—quartz, possible
Tymochtee dolomite erated additive CaS0y, CaMg(CQC3)a,
from FAC-4 from regenerator Ca(OH),, and other

Sulfated Tymochtee

dolomite

Virgin

Tymochtee dolomite
Regeneratedb

PER® limestone

from Coal Test
No. 3

Regeneratedb
PER limestone
from Coal Test
No. 3

bed

Combustor product

Fused particles
from regenerator
bed

Loosely bound
particles from
regenerator bed

CaS0y,, CaCO3

CaMg(C03)2

MgO and
probable
Ca3Mg (SiOL\t) 2

CaS0y, MgO

phases

"Ca0, possible

o—-quartz, and other
phases

a—quartz and possible
Al,81505{0H) 4 *2H,0

Possible CaS0,,
MgAl,0y,; very minor:
possible CaO

Possible CazMg(SiOy)s

a Regeneration temperature was v1100°C.
Regeneration temperature was 1040°C.
Pope, Evans and Robbins.
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The X-ray diffraction analyses of the reacted samples are given in Table 4.
Only one reaction was observed in unsulfated dolomite between ambient temper-
ature and 1300°C in either air or nitrogen. The calcination reaction occurred
at 550-850°C. The sulfated dolomite (which contained a small amount of
carbonate) calcined at 600-750°C, and melted at 1200°C in both air and
nitrogen. This is lower than the melting point of any of the major
consitutents in sulfated dolomite. In addition to the weight loss attributed
to calcination of these sulfated samples, a weight loss was noted as their
temperature was raised above 1100°C. This might have been caused by decom-
position of CaSO,. During cooling of the sample from 1300°C, an exothermic
reaction (solidification) occurred at 1150°C. X-ray diffraction analysis
showed that CaSO, and MgO were the major constituents and Ca0O the minor
constituent. CaSO, was present as larger crystals (indicative of post-
melting) instead of the small crystals normally present in sulfated dolomite.
Also, in both of these samples, calcium silicate was present as a possible
minor constituent, instead of the calcium-magnesium silicate compounds

found in agglomerated dolomite samples.

The last DTA experiment in this series was performed with sulfated
dolomite in a reducing atmosphere (100% Hs). A calcination weight loss
occurred at 600-700°C, followed by a further weight loss which continued
as the temperature rose to ~1000°C. The latter weight loss was probably
due to reduction of CaSO, to CaS which, with MgO, was found to be the
major constituents in the final product. No melting was observed up
to 1300°c.

The samples, which were small, 30 mg, may not have been representative
of nonhomogeneous Tymochtee dolomite. Larger samples are being used in
experiments currently being performed in another DTA apparatus.

Regeneration of Sulfated Greer Limestone by the Incomplete Combustion
of Coal

Exploratory Experiments. Sulfated Greer limestone from Pope, Evans
and Robbins (Test 620) has been regenerated, with the reducing gas and
the required heat generated by incomplete combustion in the bed by either
Arkwright or Triangle coal.

For experiment LCS-1 the experimental conditions and results are
given in Table 5. A SO, concentration of 2.5% in the wet effluent gas and
a Ca0 regeneration of 88% were obtained. The extents of regeneration
based on chemical analysis of the regenerated products from these experi-
ments were almost identical. The steady-state concentrations of COS and
CS, in the flue gas, obtained by mass spectrometric analysis, were 0.02%
and <0.01%, respectively.

Experiment LCS-2 was performed at a higher bed temperature, 1100°C,
than LCS-1. The operating temperature. and the concentrations of gases
in the effluent gas are given in Fig. 11, and the results are given in
Table 5. The feed rate in this experiment was 5.4 kg/hr, in comparison
to 4.9 kg/hr in LCS-1. The SO, concentration in the wet off-gas was 3.1%




Table 4.

Qualitative Chemical Composition (Obtained by X-Ray
Diffraction Analysis) of Reacted Samples from DTA

Experiments.?

Reaction
Atmosphere
during DTA Pertinent Constituents
Material Experiment Major Medium Minor
Tymochtee N, MgO Ca0 Ca(OH),, possible
dolomite CaCO3 and other
weak phases
Tymochtee Air Ca0, MgO very minor:
dolomite possible CaAl,0y
or NaCayAl30q
Sulfated N, Mg0,” CaSOy Ca0, possible
Tymochtee (very crystalline) calcium silicate
dolomite
Sulfated Air Mg0, CaSO, Ca0, possible
Tymochtee (very crystalline) calcium silicate
dolomite
Sulfated Hp CaS, MgO
Tymochtee
dolomite

8Final DTA furnace temperature was 1300°C in each experiment.
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Table 5. Experimental Conditions and Results for Regeneration Experiments in
which Arkwright and Triangle Coals were Incompletely Combusted in a
Fluidized Bed.
Nominal Particle Residence Time: 15-30 min
Nominal Fluidized-Bed Height: 46 cm
Reactor ID: 10.8 cm
Coal: Arkwright coal (2.82 wt % S)., Ash fusion temperature under
reduction conditions, 1105°C (LCS-1, -2)
Triangle coal (0.98 wt % S). Ash fusion temperature under
reduction conditions, 1390°C (LCS-3) (initial deformation)
Additive: Sulfated Greer limestone (9.48 wt % S) -10 +50 mesh
(LcS-1, -2, -3).
Fluidizing- Additive Measured SO0,/H,S
Bed Feed Gas Feed Reducing Gas in Wet Ca0
Exp. Pressure Temperature O3 Conc. Velocity Rate Concentration Effluent Gas Regeneration
No. (kPa) (°c) (% (m/sec) (kg/hr) in Effluent (%) (%) /(ppm) (2)3/ ()P
LCS-1 184 1040 18.9 0.91 4.9 1.3 2.5/96 88/88
LCS-2 153 1100 18.6 1.1 5.4 1.3 3.1/235 94/94
Lcs-3° 153 1060 23.6 1.0 8.6 1.6 3.5/76 72/84

a .
Based on flue gas analysis.

cBased on chemical analysis of dolomite and limestone samples.

Triangle coal was used; in the other two experiments, Arkwright coal was used.
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in LCS-2, and the Ca0 regeneration based on off-gas analysis was 94%. 1In
comparison with LCS-1, the extent of regeneration and the SO, content of
the effluent gas were improved by increasing the temperature in LCS-2.
The concentrations of COS and CS; in the flue gas for LCS-2 were 0.02%
and 0.01%, respectively.

An additional experiment was performed with sulfated Greer limestone,
using Triangle coal instead of Arkwright coal (a bituminous coal with
a higher ash fusion temperature than Arkwright coal). The experimental
conditions for this regeneration experiment (LCS-3) were an additive feed
rate of 8.6 kg/hr (which is higher than in earlier experiments at a bed
temperature of 1060°C), a fluidizing-gas velocity of 1.0 m/sec, and a
reducing gas concentration of 1.67% in the effluent gas. The operating
temperature and the concentrations of gases in the effluent gas are given
in Fig. 12; the experimental results are given in Table 5. From the
average S50, concentration of 3.5% in the wet effluent gas, a sulfur (or
Ca0) regeneration of 72% was calculated (based on off-gas analysis). A
greater sulfated additive feed rate (Z.e., reduced solids residence time)
increased the SO, concentration in the .effluent gas without greatly
decreasing the extent of regeneration.

Effect of the Relative Lengths of the Oxidizing and Reducing Zones
during Regeneration of Greer Limestone. When fuel (coal) is combustéd
under reducing conditions in the fluidized bed, both an oxidizing zone
and a reducing zone are present. An oxidizing zone is established at
the bottom of the fluidized bed (mainly below the fuel injection point)
where combustion air enters; a reducing zone is established in the upper,
fuel-rich portion of the fluidized bed. Calcium sulfide is formed in
the reducing zone by the following typical reaction,

CaSOy + 4 CO - CaS + 4 CO, , (3)

and its formation is favored by higher reducing gas concentrations. The
presence of large amounts of CaS is detrimental to the regeneration of
CaSOy to CaO since Ca0O does not form directly from CaS at the conditions
used. However, since the additive is continually circulated in the bed,
the CaS can be reoxidized in the oxidizing zone of the bed by the
reaction:

CaS + 2 0, » CaSOy (5)
2

Thus an effective oxidizing zone is important for preventing the buildup
of CaS.

To test the effect of the relative lengths of the oxidizing and
reducing zones on the steady-state level of CaS in the bed, two experiments
have been performed using sulfated Greer limestone feed and sufficient
coal to give a reducing gas concentration of ~47 in the effluent gas
(approximately twice as high a concentration as in other regeneration
experiments with coal). The results for experiments LCS-4D and LCS-7, in
which the ratios of the nominal heights of the reducing zone to the oxidizing
zone were 5 and V1.3, respectively, dre given in Table 6.
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Table 6.

Experimental Conditions and Results for Regeneration Experiments Designed
to Test the Effectiveness of the Two-Zone Reactor in Minimizing CaS Buildup.

Nominal Particle Residence Time, min: 15-30 Temperature, °C: 1060

Nominal Fluidized-Bed Height, cm: 46 Pressure, kPa: 153

Reactor ID, cm: 10.8

Coal: Triangle coal (0.98 wt %Z S). Ash fusion temp. under red.
conditions: 1390°C (initial deformation)

Additive: Sulfated Greer limestone (9.48 wt % S) -10 +30 mesh

Sulfur/Sdlfide Measured SO,/

Fluidizing Feed Reducing Gas . in Regenerated H,S in Wet Ca0
Exp. Red. Zone Length Gas Velocity Rate Concentration Additive Effluent Gas Regeneration
No. Oxid. Zone Length (m/sec) (kg/hr) in Effluent (%) (CAYASA) %)/ (ppm) (Z)a/(Z)b
LCS-4D 5 0.97 5.3 3.8 7.5/4.9 0.9/625 20/41
LCS-7 1.3 0.95 5.9 4.1 2.3/1.1 1.9/1900 67/72

a .
Based on flue-gas analysis.
Based on chemical analysis of limestone samples before and after regeneration.
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In the first experiment, LCS-4D, regeneration (conversion of CaSO, to
Ca0) was very poor, 41%; sulfide (S ) concentration was high, 4.9%. The
intermittent off-gas analysis for this experiment is given in Fig. 13.
The total fluidized-bed height was 46 cm (illustrated in Fig. 14).

In experiment LCS-7 (and in all subsequent regeneration experiments)
the coal injection line was 13 cm longer than that formerly used (Fig. 14),
decreasing the ratio of the heights of the reducing and oxidizing zomnes.
The intermittent flue-gas analyses for LCS-7 are given in Fig. 15. Solids
regeneration was 71%, and the regenerated additive contained 1.1% sulfide.
By increasing the length of the oxidizing zone relative to the length of
the reducing zone, the buildup of CaS was reduced and greater regeneration
was obtained.

Since 40% of the total fluidizing gas is used to inject the coal and
additive into the fluidized bed, a fluidizing-gas velocity discontinuity
would have existed in LCS-7 between the portion of the fluidized bed below
and above the injection line. To compensate for this discontinuity, a
20-cm-long ceramic insert with an ID of 8.9 ecm (3.5 in.) was installed
above the gas distributor, as illustrated in Fig. 14. This insert was
retained in all future experiments.

Effect of Solids Residence Time and Temperature on Regeneration.
Additional regeneration experiments were performed with sulfated limestone
from Pope, Evans and Robbins (PER) to study the effects of solids residence
time and bed temperature on regeneration. .In five of these experiments
(LCS-8 through LCS-12), Greer limestone which had been sulfated (V7.1 wt
% S) by PER in Test 621 was regenerated. 1In the remaining two experiments
(LCs-16, -17), sulfated limestone (V9.3 wt 7% S) from PER which had an
uncertain experimental origin, but was probably a mixture of Greer and
Germany Valley limestones, was regenerated.

The first three experiments, LCS-8, -9, and -10, were performed at
the same fluidizing-gas velocity (+1.2 m/sec) and at nearly the same bed
temperature (v1050°C). The results and experimental conditions for these
and the other regeneration experiments are given in Table 7. The sulfated
Greer limestone feed rate, was increased from 5.9 kg/hr to 15.4 kg/hr in
this series of runs, and as a result, the extent of regeneration (based on
chemical analysis of solids) decreased from 897% to 70%. This decrease
was expected since increasing the solids feed rate decreased the particle
residence time in the regenerator from 31 min to 12 min. Nevertheless, the
extent of regeneration for LCS-10 (70%) was higher than that obtained for
a similar experiment using sulfated Tymochtee dolomite (9.4 wt % S) in
which 58% of the sulfur was regenerated (LCS-10, discussed below). The
reason for the higher extent of regeneration in these experiments was
probably the lower sulfur content (7.1 wt 7 S) of the Greer limestone.

Experiment LCS-11 was performed at the same temperature and sulfated
additive feed rate as was LCS-10. It was found that increasing the
fluidizing-gas velocity from 1.2 to 1.4 m/sec caused no significant change
in the extent of regeneration. In contrast, in the FAC-series of regeneration
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experiments (discussed above), the extent of regeneration decreased at
higher fluidizing-gas velocities. However, the FAC-experiments were per-
formed in a smaller reactor (7.6-cm ID), at lower fluidizing-gas
velocities (0.6-0.9 m/sec), and with CH, instead of coal. Additional
experiments will be performed to test the effects of fluidizing-gas
velocity on regeneration.

The other experiments listed in Table 7 were performed at 1100°C.
LCS-16 was performed with the same solids feed rate as was used in LCS-12.
The SO, content of the dry flue gas was 4.8%7 in LCS-16, in comparison with
3.4% in LCS-12. The higher SO, content in the flue gas in LCS-16 was due
mainly to the lower fluidizing gas velocity (less dilution) used in LCS-16.

Experiment LCS-17 was performed with a much higher sulfated-additive
feed rate, 25.4 kg/hr. This corresponds to a solids residence time in the
regenerator of 7.5 min. The SOy concentration in the dry flue gas was
7.6%, and the extent of Ca0 regeneration was 61%.
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Table 7. Experimental Conditions and Results for Regeneration Experiments with
Combustion of Arkwright and Triangle Coal in a Fluidized Bed.

Nominal fluidized-bed height: 46 cm Pressure, kPa: 153
Reactor ED: 10.8 cm
Coal: Triangle coal (0.98 wt % S)
Ash fusion temp under reducing conditions, 1390°C (initial
deformation)
Additive: Sulfated Greer limestone
a. =10 +30 mesh, 7.12 wt % S (LCS-8 through -12)
b. -14 430 mesh, 9.26 wt % S (LCS-16 through -17)

Bed Fluidizing-  Feed Particle Reducing Gas Measured SO, /H,S Ca0

Exp. Temperature  Gas Velocity Rate Residence Concentration in Dry Effluent Regeneration
No. (°c) (m/sec) (kg/hr) Time (min) in Effluent (%) Gas (%)/(ppm) (%)2/ (2P
LCS—8 1043 1.22 5.9 31 2.1 2.3/300 97/89
LCS-9 1065 1.21 10.4 18 1.9 3.4/0 81/80
LCS-10 1050 1.20 15.4 12 2,2 3.2/400 4 52/70
LCS-11 1050 1.37 15.0 12 ~2.0 3.1/400 59/72
LCS-12 1100 1.48 14.3 13 n2.0 3.4/300 70/75
LCS-16 1100 1.14 - 15.4 12 2.4 4.8/1100 57/76
LCS-17 1100 1.20 24.5 7.5 2.5 7.6/400 59/61

2 Based on flue-gas analysis.

Based on chemical analyses of limestone samples before and after regeneration.
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The experimental results obtained with sulfated PER limestone at
1100°C, including experiment LCS-2 (Table 5), have been plotted in Fig. 16
as a function of solids residence time. The SO, concentration obtained in
LCS-12 was adjusted to compensate for dilution due to the higher fluidizing-
gas velocity used in that experiment. The extent of regeneration of Ca0
from sulfated Tymochtee dolomite at 1100°C (described in the next section
of this report) is also included on Fig. 16. The SO, concentration of the
dry off-gas from the sulfated Tymcchtee dolomite experiments was higher
than that for the sulfated limestone experiments. At low solids residence
time, the SO; concentrations in the off-gas were almost equal because the
sulfur content of the sulfated stones no longer affected the rate of S0,

evolved. The extent of regeneration was ~10% lower for limestone than for
dolomite.
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Regeneration of Sulfated Tymochtee Dolomite by the Incomplete Combustion of
Coal

Effect of Solids Residence Time and Temperature on Regeneration. A
series of regeneration experiments with sulfated Tymochtee dolomite has
been initiated to further investigate the effects of regeneration temper-
ature and solids residence time on the extent of regeneration and the
concentration of SO, in the dry effluent gas. The experimental conditions
and results are given in Table 8. The extents of regeneration as a
function of solids residence time, based on solids analysis, are plotted
in Fig. 17 for the three bed temperature levels 1000, 1050, and 1100°cC.

At 1000°C, when the solids residence time was decreased from 37 min to 18
min, the extent of regeneration decreased drastically from 77% to 30%
(Table 8), but the SO, concentration in the dry effluent gas, 2.5%, did
not change.

At 1050°C, as the solids residence time was decreased from 34 min to
12 min, the extent of regeneration decreased from 907 to 56% and the SO
concentration in the dry effluent gas increased from 3.0% to 4.8%. At the
highest temperature level, 1100°C, it was found that as the solids residence
time was decreased from 13 min to 9.4 min, the extent of regeneration
decreased from 85% to 77% and the SO, concentration in the dry effluent gas
increased from 6.47% to 7.8%. Relativelv high SO, concentrations in regen-
erator off-gases have also been reported by Pope, Evans and Robbins.8

Since the extent of regeneration remained quite high at 1100°C when
the solids residence time was lowered to 9.4 min, it is expected that SO;
concentrations in excess of 10% in the effluent gas can be obtained by
further increasing the solids rate through the reactor.

Effect of Solids Residence Time and Temperature on SO, Concentrations
in the Off-Gas. The curves representing regeneration as a function of
solids residence time in Fig. 17 were extrapolated through the experimentally
obtained solids regeneration values. By use of the regeneration curves
and the predicted gas volume increases during regeneration (see section on
Mass and Energy Constrained Model for the Regeneration Process), the SO,

concentrations in the regenerator off -gas were predicted at the same three
temperature levels, a pressure of 153 kPa, and a fluidizing-gas velocity
of 1.06 m/sec. The predicted SO, concentrations in the effluent gas are
given in Fig. 18. At 1000°C, the effluent gas SO, concentration cannot be
increased by decreasing the solids residence time (increasing the solids
throughput rate) because the regeneration rate would be too low.

At 1100°C, higher SO, concentrations can be obtained by decreasing the
solids residence time. Additional experiments are being performed to further
quantify these results. The regeneration results with limestone and dolomite
show that as the solids residence time is decreased (Z.e., at a higher solids
thréughput rate), the extent of regeneration is sacrificed but the S0, con-
centration in the dry off-gas is enriched.

High temperatures improve both the extent of regeneration and the
S0, concentration in the off-gas from the regenmeration process. However,
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Table 8., Experimental Conditions and Results for Regeneration Experiments
with Sulfated Tymochtee Dolomite Using Triangle Coal.

Nominal Fluidized-Bed Height: 46 cm Pressure: 153 kPa
Reactor ID: 10.8 cm
Coal: Triangle coal (0.98 wt % S) Ash fusion temperature
under reducine conditions. 1390°C (initial deformation)
Additive: (1) -14 450 mesh, 9.0 wt % S (cs-6, -7, -8)
(2) -14 450 mesh, 9.4 wt % S (Cs-10, -11, -12)

Bed Fluidizing-~ Feed Solids Reducing Gas Measured SO im Ca0
Tempirature Gas Velocity Rate Rgsiden?e (}oncentrationu Dry Eff}uent Regfngrafign
Exp. (°C) (m/sec)' (kg/hr)  Time (min) in Effluent (%) Gas (2) ()¢
CS-6 iOOO 0.98 5.0 37 1.4 2.5 83/77
cs-8 1000 0.92 10.0 18 2.2 2.5 39/30
Ccs-7 1050 0.92 5.4 34 1.9 3.0 84/90
CS-10 1050 0.98 15.0 12 2.5 4.8 53/56
cs-11 1100 1.07 14.3 13 2.9 6.4 80/85
Cs-12 1100 1.16 19.5 9.4 2.9 7.8 : 79/77

2 Based on flue-gas analysis.

Based on chemical analysis of dolomite samples.

Ly
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Fig. 18. Predicted and Experimental Sulfur Dioxide
Concentrations at Three Regeneration Temperatures.

Pressure: 153 kPa, fluidizing-gas velocity:
1.06 m/sec.

at regeneration temperatures above 1100°C, agglomeration of the sulfated
additive has been found to be aggravated.

Carbon Utilization and Carben Balance Calculations

In regeneration of additive, coal is combusted under reducing
conditions to provide the heat and the reductants required for reaction.
Under such reducing conditions, sufficient oxygen is not available to
ensure complete combustion of the coal. Thus, relatively low carbon
utilization may be expected.

To determine the utilization of the coal, carbon material balances
and carbon utilizations were calculated for three earlier reported
experiments listed in Table 9. The carbon balances were good for
experiments CS-5 (97%) and LCS-2 (99%) and low for LCS-1 (55%). The
carbon utilizations were found to be v80%. (The carbon was assumed to
have been utilized if it was oxidized to CO or COy.) Additional data
are being obtained.

Effect of Coal Ash on the Agglomeratlon of Sulfated Add1t1ve during
Regeneration

Ash Buildup in Sulfated Additive. Partial agglomeration of sulfated




Table 9, Experimental Conditions, Carbon Balances, and Carbon
Utilizations for Regeneration Experiments.

Nominal Particle Residence Time: 30 min
Nominal Fluidized-Bed Height: 46 cm
Reactor ID: 10.8 cm
Coal: Arkwright
Additive: (a) Sulfated Tymochtee dolomite
-14 450 mesh (CS-5)
(b) Sulfated Greer limestone
-10 450 mesh (LCS-1, -2)

Bed Fluidizing- Additive Coal Carbon Carbon
Exp. Pressure  Temperature Gas Velocity Feed Rate Feed Rate Balance Utilization
No. (kPa) °o) (m/sec) (kg/hr) (kg/hr) (%) (%)
CsS-5 184 1040 0.93 5.0 1.59 97 80
LCS-1 184 1040 0.91 4.9 1.47 55 72
LCS-2 153 1100 1.1 5.4 1.47 99 82

a L qs . 1
Carbon was assumed to have utilized when oxidized to CO; or CO.

6%
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additive (specifically, sulfated Greer limestone from Pope, Evans and
Robbins) has occurred, even during mild temperature upsets near 1100°C.
Observations of agglomerated interior surfaces with an optical microscope
revealed ash cenospheres, which appeared as tiny glass-like beads. These
beads are formed as tiny bubbles as gases evolve from the ash. X-ray
diffraction analysis showed them to be amorphous.

The agglomerating tendency of molten ash (the Godel phenomenon) is
utilized as a means of removing the ash from a fluidized bed of bituminous
coke in Ignifluid gasification boilers,? which are operated at high
fluidizing-gas velocities (10-15 m/sec) and at temperatures of 1200-1400°C.

A suggested mechanism for one type of agglomeration in the presence
of coal ash is that at temperatures where these spheres and/or the ash
are molten, they could serve as coalescing agents between adjacent additive
particles in the regenerator. Although it has been reported that molten
ash has a high surface tension,!? its interfacial tension with sulfated
additive at high temperature might be low enough to wet the additive,
causing the additive particles to become sticky and agglomerate. This
could occur at temperatures above the ash fusion point and below the fusion
point of the additive. Other types of agglomeration initiated by the
fusion of sulfated additive or by the formation of coal-ash additive com~
pounds are also possible.

The sulfated additive feed to the regenerator contains coal ash because

~ during the preceding sulfation (¢ombustion):step, some coal ash is retained in
the fluidized bed. Tymochtee dolomite has been sulfated during the combustion
of Arkwright No. 2 coal at ANL, and Greer limestone has been sulfated

during the combustion of Sewickley coal. The ash fusion temperatures
(determined by ATSM D-1857-74) for these coals and for Triangle coal are
given in Table 10. The ash fusion temperature under reducing conditions

for both Arkwright and Sewickley coals are very close to the regeneration
temperatures used. The presence of ash in the additive might have con-
tributed to the above coalescing mechanism and disrupted the fluidization

in the regenerator. Once the fluidity of the bed was disrupted, localized
temperature excursions provide the atmosphere for chemical reactions of

the coal ash with additive.

Table 10. Fusion Temperatures, Under Reducing Conditions,
of Ash from Arkwright No. 2 Coal, Sewickley
Coal, and Triangle Coal.

Arkwright Ash Sewickley Ash  Triangle Ash

(°c) (°c) °o
Initial Deformation 1104 1100 1383
Softening (H = W) 1177 1188 1444
Softening (H = 1/2 W) 1193 1215 1485

Fluid 1232 1288 1510
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During some regeneration experiments, agglomeration of additive and
coal ash occurred even during mild temperature fluctuations caused by
upsets in the regenerating environment at ~1100°C. Molten ash is believed
to be responsible for initiating some agglomeration at these temperatures;
analyses of sulfated additive have been performed in an attempt to further
understand this postulated mechanism.

From a chemical analysis of once-sulfated Grefer limestone (-8 mesh)
provided by Pope, Evans and Robbins (Test 620), its composition was cal-
culated and compared (Table 11) with the composition of unreacted Greer
limestone.ll The concentrations of Fe,03, SiO,, and Al,03 increased
markedly during sulfation. These compounds are the major constituents of
the ash of Sewickley coal (Table 11) used in Test 620. The temperature
of initial deformation of the ash from this coal (Table 10) under reducing
conditions is ~1100°C.

Calcium concentration was used as a basis (ash contains only a small
amount of calcium) for estimating the amount of ash in the sulfated
limestone. Increases in silicon, iron, and aluminum were calculated from
the analyses. The corresponding calculated ash contents of the sulfated
limestone are given in Table 12. Since Si0y is the most abundant ash
eonstituent, about 50% of the ash, its chemical analysis is expected
to given the most reliable result. The ash content of the sulfated lime-
stone based on the silicon analyses was 10%. This high level of ash
may have been responsible for the formation of agglomerates during
relatively mild temperature upsets.

Table 11. Compositions of Greer Limestone and Sewickley Coal Ash.

Unsulfated Greer Sulfated Greer Sewickley
Limestone Limestone? Coal Ash
(wt %) (wt %) (wt %)
Cal 44,80 36.3 5.0
CaSOL,r - 30.4 -
MgO 1.90 1.94 1.0
Fe,03 0.80 2.53 20.3
510, 10.50 16.63 49.8
Al,03 3.60 5.75b 19.5
S 0.17 7.16 -
Others 0.71 -- 4.4
CO, Loss 37.52 3.54 -—=
Total 100 100 100

aSewickley coal was combusted in the Pope, Evans and Robbins experiment
in which this limestone was sulfated.
Also included in CaSOy value.
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Table 12. Coal Ash Level in Sulfated Greer Limestone.

Mass basis: 100 g unsulfated limestone

Equivalent
Ash Content
%)
Ca 02
Fe 8.1
Si 10.4
Al 9.1

a .
It was assumed that the ash contributed no calcium
(Sewickley coal ash contains only 3.6 wt % calcium).

The effect of the presence of these ash constituents on the fusion
temperature of the limestone is being investigated with a differential
thermal analyzer combined with X-ray diffraction analysis.

Differential Thermal Analysis Study of Additive and Coal Ash
Reactions. A differential thermal analyzer (DTA) has been constructed to
investigate the problem of agglomeration of sulfated additive with residual
coal ash at elevated temperatures (>1100°C) during the regeneration of
sulfated additive. 1In future and ongoing work with the DTA apparatus, the
objectives are to study the following:

1. Chemical reactions and their temperatures, as well as fusion
temperatures, involved in the agglomeration process.

2. The effects of key ash constituents (Si0O,, Al,03, Fe,03).

3. The effects of residual coal ash on chemical reactions and
physical changes.

The DTA experimental apparatus (Fig. 19) consists of a platinum-
wound tube furnace which contains two crucibles, one for holding the sample
material and the other containing a reference material, alumina powder.
Thermocouples imbedded in the crucibles are connected to temperature
recorders or a potentiometer. The sample temperature and the temperature
difference between the sample and the reference material are recorded as
a function of time. The latter plot is of particular interest since it
permits observation of pertinent heat changes with a rise in sample
temperature (a heating rate of 15°C per minute is employed). Heat of
reaction, heat of fusion, and other energy changes can be observed. They
appear as peaks (deviations from the baseline) on the plot of temperature
difference (AT) versus time. The gas environment in the furnace is air.

The experimental approach consists of first heating (at 15°C/min) a
sample to a high temperature--1400°C, for example. All detectable chemical
and physical changes which occur up to this temperature are surveyed. In
the next phase, fresh samples of the same material are heated just beyond
each of the reaction peaks noted in the original AT versus time plot. The
composition of a sample from each stage of the reaction is determined by
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Fig. 19. Schematic of DTA Apparatus.

X-ray diffraction. Relatively large ground samples (>1 g) are used, to
compensate for the nonhomogeneity of the materials.

The reactions in two different materials have been investigated to
date: (1) unsulfated Tymochtee dolomite and (2) sulfated Greer limestone
from Pope, Evans and Robbins, Test 620. The reaction temperatures and
product analyses from these two series of DTA experiments are given in
Tables 13 and 14. 1In each of these tables, the column headed "maximum
temperature" is the temperature at which heating of the sample was
terminated; ''peak temperatures'" are the observed (AT) peak temperatures;
"product condition" represents visual evaluations of the post-reaction
samples at room temperature; and the remaining columns list the product
constituents in decreasing order of importance.

To assist in the calibration of the newly constructed differential
thermaly analyzer, the decomposition temperatures of unsulfated Tymochtee
dolomite [CaMg(CO3)»] were determined. Literature values for the main
peak temperatures for tue two dolomite decomposition peaks are 790°C
(for the decomposition of MgCO3 to Mg0O) and 940°C (for the decomposition
of CaCOj3 to Ca0).'? The temperatures obtained of 819°C and 933°C (see




Table 13. Differential Thermal Analysis Results and X-Ray Diffraction
Analysis of the Reaction Products of Unsulfated Tymochtee Dolomite.

Maximum Peak
Temperature Temperatures Product Product Constituents
Sample No. (°C) (°C) Condition Major Medium Minor Very Minor
DOL-3A 836 819 Unchanged CaCOg MgO Ca0 o=quartz
DOL-3B 990 819, 933 Unchanged Ca0, MgO possible

Ca»Si0y,
a-quartz

%G



Table 14.

Differential Thermal Analysis Results and X-Ray Diffraction Analysis of the

Reaction Products of PER Sulfated Greer Limestone and Residual Coal Ash.2

Maximum Peak Product Constituents
Temperature Temperatures Product roduc n ue
Sample No. (°c) °0) Condition Major Medium Minor Very Minor
PER-620 not not — CaSo0y Ca0, Ca(OH)», a-quartz
heated heated CaCO3
PER-620-1 625 516 unchanged Cas0,, CaO CaCoOj3 a—-quartz,
PER-620-2 790 510, 770 unchanged Ca0 CaS0y o—quartz Ca (OH)2
PER-620-3 960 523, 787, CasSOy, Ca0 a~-quartz
842 unchanged
PER-620-4 1180 523, 785, sintered, 2C32$iOq'C&Squ CaS0O;  CaO, possible
843,1093 wvery brittle CanoAl,S5107,
CayAlg012S0y
PER-620-5 1218 506, 789, fused, 2Ca,Si0,-Cas0,°  CaSO,  Ca0, possible
841,1098 slightly CagAl58i07,
1208 brittle Ca;Alg01250y
PER-620-6B 1297 520, 786, fused, very 2Ca0+Al1,05+51i0,, B—Ca»Si0y, possible
846,1086, slightly CaSo0, CayAlg0y,S0y
1212,1277 brittle
PER-620-6A 1409 534, 790, completely possible CayAlgO;,S0,
‘843,1101, fused, hard, or sulfo-aluminous
1208,1264  dark-colored clinker, CaSO,
PER-620-6A° Cag.1Mg1.15913.6014.4 possible CaSO,,
2CaO'A1203'SiOz,

Canl601250q

99

a High ash content (v22 weight percent).
Composition reported to be uncertain.

¢ Sample taken from product surface, instead of from the core (other PER-620-6A sample).
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Table 13) are in good agreement with these literature values. The X-ray
diffraction analysis confirmed that the expected decomposition products

were obtained. In a thesis by Beck,l3 it was sugggested that the first
dolomite peak (decomposition of MgCO3) occurs at a higher temperature than
does that for magnesite alone because energy must be supplied to break

down the crystal structure of dolomite, as well as to decompose the magnesium
carbonate.

The sulfated Greer l'imestone from Pope, Evans and Robbins (PER-620)
contained 36.3% CaO, 2.53% Fep03, 16.6% Si0p, 5.75% Al,03, and 3.5% COs5.
Based on this analysis, it was estimated that the sulfated additive con-
tained 10% coal ash. The X-ray diffraction analysis of a sample also
revealed the presence of Ca(OH), (Table 14).

In this series of DTA experiments, experiment PER-620-6A was performed
first (a sample was heated to 1409°C) to survey all detectable chemical
and physical changes. Next, individual samples were heated past each of
the temperature peaks observed in the first experiment. The maximum heating
temperatures, peak temperatures, and product conditions for this series of
experiments are given in Table 14.

Comparison of the X-ray diffraction analysis of the product sample
from experiment PER~620-1 (a sample that was heated to 625°C) with that
of the unheated material (PER-620) indicates that Ca(OH), dehydrated to
form Ca0. This dehydration occurred at temperatures ranging from 506 to
534°C where an endothermic peak was observed. The handbook value for
the dehydration temperature of pure Ca(OH), is 580°C. Our samples are
not pure, however, and the possible effects of other constituents on the
dehydration peak temperature .of Ca(OH); must be considered. There is
evidencel" of decreasing peak temperatures of Ca(OH), with increasing
dilution of the original sample. In other words, pure Ca(OH), yielded
the highest dehydration peak temperature, while the most dilute samples
yielded the lowest values.

The results from the next two experiments, PER-620-2 and -3 (in which
endothermic peak temperatures of 790°C and “840°C that represented
reactions-were observed)- were compared with results for magnesian limestone
that have been discussed by MacKenzie.l!® MacKenzie observed three peaks
for a magnesian limestone. The first peak at 780°C was attributed to
the decomposition of MgCO3. The last two peaks were attributed to the
decomposition of the dolomitic CaCO3 (at 880°C) and the free calcium
carbonate (at 940°C). It is unlikely that any MgCO3 is present in the
PER sulfated limestone samples since the sulfation temperature of the
material was 900°C. It was concluded that the peaks at 790°C and 840°C
are CaCO3 calcination peaks. X-ray diffraction analysis confirmed the
disappearance of CaCO3. The decomposition peak temperatures obtained
(Table 14) are about 100°C below the referenced values. This may have the
same explanation as the discrepancy for the Ca(QOH), peak, Z.e., the dilute
nature of the sample may tend to decrease the peak temperatures of individual
components. ' ‘

In experiment PER-620-4, the sample was sintered and the peak temper-
ature ranged from 1086-1101"C (the definition of the exothermic peak was
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not clear). This is near the temperature at which agglomeration of PER-620
material has occurred in the regenerator. X-ray diffraction analysis of the
product from PER-620-4 indicates that 2Ca,S5i0,+CaSO, is the major constituent.
The high silica content of the sulfated limestone contributes to the for-
mation of this compound. Since the Ca0 level was reduced from a medium
constituent to a minor constituent in the PER-620-4 experiment when the
sample was heated to 1180°C, it is suspected that the principal reaction
occurring may have been:

2Ca0 + Si0p, + CapSiOy (6)

Sample PER-620-5 (heated to 1218°C) showed no change in the analysis
from that for the sample heated to 1180°C although an endothermic peak
was observed at 1208°C. This peak may represent the transition of B-CaSO,
to a-CaS0y. Previous DTA work!® by West and Sutton on pure CaSO, showed
that this transition occurred at 1225°C and that on cooling, an exothermic
peak appeared 40 to 50 degrees lower than in the heating thermogram. This
agrees with the results in Table 14 and with unreported cooling peak
temperature results.

Analyses of samples taken from the products of experiments PER-620-6B
and PER-620-6A, showed that complex molecules of calcium-aluminum silicates
formed in the sample interior. Cag,1Mg;.15i3.6014.4 was found at the
surface of the sample from PER-620-6A (which had been heated to 1409°C).
West and Sutton!® had similar results, demonstrating that significant
reaction between anhydrite (a-CaSO;) and SiO, and Fey03 occurs above the
B-a transition temperature (1225°C) for anhydrite. The results obtained
indicate that ash contributes further to the agglomeration problem since
aluminum (as well as silicon) is a constituent of the complex molecules.

Agglomerates from regeneration experiments (at v1100°C) with sulfated
Greer limestone (PER-620) have also been analyzed by X-ray diffraction;
y- and B-CaySi0, and CayAl;SiO; have been found in different locations in
the agglomerates. The agglomerates consists of large particles .of sulfated
limestone and residual coal ash (-10 430 mesh). Since the one-step regen-—
eration process is operated at ~1100°C, the formation of calcium silicates
at this temperature may be the first stage in agglomeration of the fluidized-
bed material, which may be followed by a loss of fluidity and greater
localized temperature increases. The objectives are to find the tolerable
limits of silicates and other compounds for the regeneration process.

Mass and Energy Constrained Model for the Regeneration Process

In the investigation of the feasibility of the one-step regemeration
process for sulfated SO,-acceptors, one objective is to optimize the process
conditions from technical and economic points of view. The one-step
reductive decomposition is carried out in a fluidized bed at elevated
temperature (v1100°C). The heat and the reducing gases are provided by
the combustion of coal (or other fuels) in the fluidized bed under.reducing
conditions.
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A mass and energy constrained model for the one-step regeneration
process is being developed which is being used to predict the effects of
experimental variables on:

wal—'

5.

Off-gas composition (SO, CO,, Ho0, ete.)
Volumetric gas changes

Fuel and oxygen requirements

Individual energy terms

Energy cost of regeneration

Sensitivity analyses can be performed for key variables sdch as:

1.

2
3.
4.
5

Regeneration temperature, T

Regeneration pressure (near atmospheric), P
Fluidizing-gas velocity, V

Reactor size

Feed solids and gas temperatures and compositions

The first phase of this work is concentrated only on what occurs
in the regeneration reactor, as illustrated in the flow diagram (Fig. 20).
The early objectives are to predict the effects of experimental variations
and to use these results to guide future experimental efforts.

In the one-step reductive regeneration process, the assumed combustion
reactions for coal (CHm + nH,0) are as follows:

oxidizing conditions:

(CH,, + nH0)(s) + (5 + 1)0, + CO, + G + n)Hz0 @)

OFF - GAS
ELUTRIATED COAL PARTICLES

TEMPERATURE, |——e= HEAT LOSS

SULFATED PRESSURE,
g

ADDITIVE FLUIDIZING - GENERATED
RE
GAS VELOCITY [—™ ADDITIVE

R

COAL 0,,N

Fig. 20. Flow Diagram for the One-Step Regeneration Process.
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reducing condition:

m

(CHm + nHy0) (s) + 1/2 0, > CO + 2

H2 + nH20 (8)
The main decomposition reactions that the S0s—accepting additive
(natural stones) undergo are the calcination reaction:

CaCO3(s) - CaO(s) + COy 9)
and the reductive decomposition reactions:

CasSOy(s) + CO -~ CaO(s) + S0, + COy (1)
CaSOy(s) + Hy ~ CaO(s) + SOp + Hy0 (2)

All of these decomposition reactions are endothermic, and their thermal
requirements are provided by the coal combustion reactions. From the
above combustion and decomposition reactions, it is apparent that gas
volume throughput increases as a result of reactions in the regeneration
reactor.

The total internal heat requirement (QC) in the regeneration reactor
is:

Qc - Qlost + Qdesv+ Qcal + Qadd * ans + Qec (10)

where Qlost = heat losses from the reactor

QdeS = heat of desulfation

Q = heat of calcination

cal

Qadd = sensible heat difference between regenerated and sulfated
additive

ans = sensible heat difference between effluent and input gas

Qec = sensible heat for the unburned elutriated coal

It is assumed that this internal heat requirement will be satisfied by
the combustion coal.

Q = Qi T Qe (11
where
Q ;= heat liberated during the required incomplete combustion of
coal
If Q; < Q,» |
QCc = additional heat requirement to be supplied by the complete

combustion of coal
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IfQ. >Q,,

Ccl Cc

QCc = heat which must be removed from the process

In the model, no kinetic predictions are made; instead, experimental
results for the extent of solid (Ca0) regeneration that have been correlated
as a function of solids residence time are used. The above mass and energy
relations are interlocked and are solved at different reactor solids resi-
dence times (the solids residence time is equal to the equivalent mass of
the fluidized bed devided by the mass feed rate of sulfated additive). The
major assumptions and properties of the model are summarized below.

1. Solids and the off-gas exit at the reactor temperature.

2. The additive is fully calcined.

3. The extent of regeneration is a function of solids residence
time and temperature (the assumption is based on experimental
data).

4. The chemical composition of the additive is a function of the
extent of regeneration.

5. The heat capacities of solids and gas constituents are
temperature~dependent.

6. Oxygen and nitrogen can be fed separately.

Examples of plotted calculated output are given in Fig. 21 through
25. The input regeneration conditions were:

Temperature: 1094°C (2000°F)

Fluidizing-gas velocity: 1.07 m/sec (3.5 ft/sec)

Pressure: 153 kPa (22.5 psia)

Reactor ID: 10.8 cm (4.25 in.)

Nominal fluidized-bed height: 46 cm (19 in.)

Feed gas temp: 344°C (650°F)

Feed solids temp: 25°C (77°F)

Solids residence time: 2-200 min (mass feed rates:
90-0.9 kg/hr) -

Sulfated Tymochtee dolomite: 9.5% sulfur and 9.5 COj3

Effects of Solids Residence Time on Volumentric Gas Change. The input
functional dependence of extent of solids regeneration on solids residence
time (shown in Fig. 21) was obtained from experimental results. This
graph also shows the calculated increase in gas volume during regeneration
as a function of solids residence time (SRT). At SRTs of less than 10 min,
large gas volumentric increases are predicted, caused by increased coal
combustion due to increased heat requirements (sensible heat differences
of solids and gases, and heat of decomposition reactions) and increased
solids decomposition for the process, equations 1, 2, 7, 8, 9. The volu-
metric increase dilutes the SOy in the effluent gas.

Relation of Coal Feed Rate and Oxygen Concentration to Solids Residence
Time. In Fig. 22, the predicted coal feed rate and the predicted required
oxygen concentration are given as functions of SRT. The experimental
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sentative of those in a commercial plant since conditions
have not been optimized.)
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conditions and results for the measured variables in experiments CS-11
and -12 are also plotted for comparison with the predictions. Agreement
of predicted with experimentally obtained values was good.

Relation of Off-Gas Composition to Solids Residence Time. The predicted
off-gas constituent concentrations as functions of solids residence time
are given in Fig. 23. The concentrations of all pertinent constituents
increase with decreasing SRT (increasing solids feed rate). At a SRT of
5 min, a SO, concentration of 9.4% in the dry off-gas is predicted for
the experimental conditions described above.

Relation of Heat Requirements to Solids Residence Time. The predicted
individual heat requirements for the one-step regeneration process are
plotted in Fig. 24 as functions of solids residence time. At low SRT, the
sensible heat requirements of the solids and gas constitute most of the
required heat.

Relation of Regeneration Fuel Cost to Solids Residence Time. The fuel
cost for regeneration per electric power unit produced when burning 37%
sulfur coal has been predicted as a function of SRT and is shown in Fig. 25.
The experimental conditions for the regeneration are given above.
The costs plotted are relative costs obtained to estimate the effect of
operating conditions such as SRT and feed solid and gas temperatures. In
an industrial process, these costs would be reduced by recovering the
sensible heat from the effluent regenerator streams. (A coal cost of $26/ton
was used in predicting the regeneration fuel costs.) It has been found that
for the experimental conditions outlined above, the energy cost of regen-
eration is optimum at a SRT of 9 min. At lower solids residence times,
the extent of regeneration decreases rapidly and the sensible heat require-
ments for the solids and gas increase rapidly.

Predicted Effects of Input Conditions on Regeneration Results. The
effects of solids and gas feed temperatures, pressure, carbonate concentration
in the additive, and reactor diameter on: S0, concentration in the dry
effluent gas, oxygen requirement, increase in gas volume, process heat
requirement, and energy cost of regeneration were predicted. The results
at a SRT of 5 min are given in Table 15. Case 1 represents the design
experimental condition capabilities of the existing bench-scale experimental
regeneration system at ANL. In cases 2, 7, 8, 9, and 10, the effects of
preheating the feed solids and gas to temperatures as high as 1094°C (2000°F)
were predicted for a SRT of 5 min. The SO, concentration in the wet effluent
gas (not shown) was predicted to increase from 7.87 in case 1 (gas containing
17% water) to 8.3% in case 10 (gas containing 2.97% water). However, it is
predicted that if the temperatures of the feed solids and gas are increased
as in case 2 and cases 7-10, the SO, concentration in the dry effluent gas
would decrease because the water content decreases. The required oxygen
concentration in the feed gas decreased from 53% in case 1 to 4.0%Z in case
10. These data are ‘useful in selecting operating conditions for a realistic
plant situation in which air rather than oxygen-enriched gas would be utilized.




Table 15.

Regeneration of Tymochtee Dolomite.

Regeneration Temperature: 1094°C

Solids Residence Time:
Fluidizing Gas Velocity:

5 min

1.07 m/sec

Input Conditions

Predicted Results

Feed Feed . Gas )
Solids Gas 2. Reactor 8§02 in Dry Req. O3 Volume Process Heat Fuel Cost for Tons of Coal for
Pressure Temp Temp CO3 Dia Effluent in Feed Increase Requirement Regeneration® Regeneration/Ton ofb
Case (kPa) °c) °c) @ (cm) Gas (%) ¢5) (¢4)] (Btu/hr) (mill/kWh) Coal for Combustion
1 153 25 l365 9.5 10.8 9.4 52.9 48.5 +92 K 0.60 .069
2 153 650 650 9.5 10.8 8.9 22.8 41.7 +34 K 0.30 .035
3 153 650 650 9.5 21.6 8.8 19.1 40.9 +109K 0.27 .031
4 153 650 650 9.5 43,2 8.8 17.8 40.6 +395K 0.25 .029
5 153 650 650 0 10.8 9.7 17.6 28.1 +24 K 0.25 .029
6 102 650 650 9.5 10.8 12.0 30.9 60.9 +30 K 0.28 .032
7 153 870 870 9.5 10.8 8.7 10.8 39.0 +11 K 0.18 .021
8 153 1094 870 9.5 10.8 8.6 4.0 37.7 -9 K 0.10 .012
9 153 870 1094 9.5 10.8 8.7 9.8 38.8 +9 K 0.17 .020
10° 153 1094 1094 9.5 10.8 8.6 4.0 37.7 -11 K 0.10 .012

aThese costs are not

b

Coal cost, $26/ton.
A 3wt %S coal was

representative of those in a commercial plant since conditions have not been optimized.

assumed to be burned during the combustion step.

L9
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The process heat requirement (Qcc) is the heat that must be added
to or removed from the regeneration process in addition to the heat liberated
by incomplete combustion of coal. In cases 8 and 10 in which temperatures
of feed solids and gas are high, heat must be removed from the reactor to
maintain the design experimental conditions.

The energy cost of regeneration per unit of electric power generated
with the combustion of 3% sulfur coal decreased from 0.6 (case 1) to 0.1
mill/kWh (case 10). It was assumed in these calculations that no energy
was recovered from the hot (1095°C) regenerated additive. In terms of
coal usage, Vv1-37 additional coal to that combusted in the power generating
system would be required for regeneration of the sulfated sorbent.

In cases 2, 3, and 4, the effects of increasing the reactor ID from
10.8 cm to 43.2 cm were predicted. The effects were not dramatic. For
larger reactors, the percent heat losses are reduced and thus the energy
cost of regeneration is reduced. The SO, concentration in the dry
effluent gas is predicted to remain almost the same.

The effect of carbonate content of the sulfated additive was predicted
by comparing cases 2 and 5. By decreasing the concentration of CO3 from
9.5% to 0, the SOy concentration in the dry effluent gas was predicted.
to be increased from 8.9% to 9.7%. The energy cost of regeneration would
be decreased from 0.3 to 0.25 mill/kWh.

The parameter that was most effective for increasing the SO, concen-
tration in the dry effluent gas was found to be regeneration pressure. It
was predicted that by decreasing the pressure from 153 kPa (22.5 psig) in
case 2 to 102 kPa (15 psia) in case 6, the SO, concentration would increase

from 8.97 (case 2) to 12% (case 6) because the total gas feed rate would
decrease by 50%.

These predicted effects of experimental variations on dependent
variables (such as SO, concentration in the effluent gas) will be used
to guide future experimental efforts.

CYCLIC COMBUSTTON/REGENERATION EXPERIMENTS
J. Montagna and W. Swift (Principal Investigators), H. Lautermilch,
R. Mowry, F. Nunes, C. Schoffstoll, G. Smith, S. Smith, J. Stockbar, G. Teats

In the utilization of regeneration technology, recycling of the
sorbent a sufficient number of times without loss of its reactivity for
either sulfation or regeneration and without severe decrepitation is import-
ant. Unless both of these requirements are met, the sorbent makeup rate will
be so high that regeneration will not be justified. An experimental effort
is being made, therefore, to evaluate the effects of cyclic operation on
the resistance to decrepitation and the reactivity of Tymochtee dolomite in
ten combustion/regeneration cycles, 2 1/2 of which have been completed.
Prior to the cyclic experiments, Tymochtee dolomite which had been sulfated
and regenerated was again sulfated in the combustor to obtain preliminary
operating data. '
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Preliminary Experiment. Sulfation of Regenerated Tymochtee Dolomite

Before the 10-cycle series of experiments was begun, experiment RC-1A
was performed as the initial experiment* in the planned evaluation of the
effects of sorbent recycling on sorbent reactivity and decrepitation. The
sorbent used was Tymochtee dolomite (v30% CaCO3, v40% MgCOs3. as received)
which had been sulfated and regenerated. Sulfation was done in the
bench-scale combustor in the PSI-series experiments (combustion with
Arkwright coal; see Pressurized, Fluidized-Bed Combustion Studies). After
sulfation, it was found that utilization of the additive had been ~627% and
that the sorbent contained ~10-11% sulfur by weight. The sulfated dolomite
was then regenerated in the 4 1/4-in.-dia regenerator under various operating
conditions; it was then thoroughly mixed and resulfated in experiment RC-1A.
It contained 4.3 wt % sulfur, which corresponded to an additive utilization
of 187.

Experiment RC-1A was performed over a period of three days; ~54.5 kg
of regenerated dolomite was processed. Operating conditions and flue-gas
analysis results are given in Table 16 for the steady-state conditions
existing during the longest (v6 1/2-hr), most stable operating period of
the experiment. Bed temperature and flue-gas composition data for that
period of operation are plotted in Fig.'26.

Based on the flue-gas analysis for S0, (250 ppm), sulfur retention
(based on sulfur in the coal and not including the sulfur in the original
sorbent) was determined to be ~90%. This SO, level agrees very well with
the expected level in the flue gas of 240 ppm SOy calculated from correlations
of previous experiments.17 Thus, the results of the preliminary recycle
experiment were very encouraging regarding the capability of the sorbent to
retain sulfur in the second combustion cycle.

Table 16. Operating Conditions and Flue-Gas Analysis for Segment
of Combustion Experiment RC-1A.

Combustor: ANL, 6-in.-dia Excess Air: 177
Bed Temp: 840°C Coal: Arkwright
Pressure: 810 kPa Sorbent: Regenerated

Tymochtee Dolomite

Fluidizing- Flue—-Gas Analysis
Gas
Feed Rate (kg/hr) Ca/S Velocity S0, NO NOy CO co, 0,

Coal Sorbent Ratio® (m/sec) (ppm) (ppm) (ppm) (ppm) (%) 3]

14.1 3.2 1.6 1.0 250 120 150 40 17 3.1

a . , . . .
Based on unreacted calcium (Ca0) in regenerated dolomite and sulfur in coal.

*
Equipment, materials, and procedures used in the combustion steps of

the cyclic experiments are described in a following section, Pressurized,
Fluidized-Bed Combustion: Bench-Scale Studies.
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Calcium utilizations were calculated from steady-state samples of the
overflow, the primary cyclone, and the secondary cyclone (Table 17). Utili-
zations based on the sulfur and calcium contents of the respective samples
ranged from 56% in overflow to 677% in secondary cyclone samples. Also given
in Table 17 are utilization values adjusted to reflect the 187% calcium
utilization of the dolomite feed to the combustor. The adjusted utilizations
ranged from 47% in overflow to 60% in secondary cyclone samples. These
utilization values provide evidence that finer dolomite particles are more
active in SO2 retention.

A calcium material balance for experiment RC-1A showed that of the
sorbent fed to the combustor, “62% was removed in the product overflow,
n30% was recovered in the primary cyclone, 2% was recovered in the
secondary cyclone, and 6% was unaccounted for.

Screen analyses of samples of regenerated dolomite feed, overflow,
primary cyclone, and secondary cyclone materials are presented in Table 18.
Although conclusive evidence in the form of chemical determinations is
lacking, it appears from the screen analyses in Table 18 that decrepitation
of dolomite particles in the fluidized bed was not the sole source of ash
products recovered in the cyclone. Comparison of the steady-state overflow
with the regenerated dolomite feed shows a larger loss by entrainment (in
percent) for the smaller particle sizes. Examination of the primary
cyclone screen analysis shows a significant amount of +80 mesh material,
which is the size of the smallest particles in the regenerated dolomite
feed. This indicated that at least some of the sorbent carryover into the
cyclones may have occurred without decrepitation of the sorbent in the
fluidized bed. Based on these results, more rigorous determinations of
decrepitation during selected cycles of the ten-cycle series of combustion/
regeneration experiments are planned.

Table 17. Utilization of Calcium in Overflow, Primary Cyclone,
and Secondary Cyclone Samples from Experiment RC-1A.

Calcium Utilization (mol S/mol Ca) x 100
Based on Sulfur and Adjusted for Feed

Calcium Content of Having 18% Calcium
Sample Sample Utilization
Overflow 567% 47%
Primary Cyclone 62% 54%
Secondary Cyclone 67% 60%

Weighted Average

(based on product

distribution of

calcium) 597 ~v50%
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Table 18. Screen Analysis Results for Combustion Experiment RC-1A.

Wt Fraction in Size Range Wt Fraction in Size Range
"~ U.S. Regenerated Steady-State U.S. Primary Secondary
Sieve No. Dolomite Feed Overflow Sieve No. Cyclone Cyclone
- 414 0.00 0.00 +45 0.30 0.20
-14 +25 0.17 0.36 -45 +80 0.25 0.12
-25 435 0.18 0.28 -80 +100 0.04 0.08
-35 +45 0.43 0.30 -100+170 0.10 0.10
-45 480 0.22 0.05 -170+230 0.06 0.13
-80 +170 0.00 0.00 -230+325 0.08 0.14
-170 0.00 0.00 -325 0.16 0.24
Total 1.00 0.99 0.99 1.01

Combustion Step, Cycles 1, 2, and 3

After the initial recycle experiment (RC-1lA), a ten-cycle series of
combustion/regeneration experiments was initiated using Arkwright coal and

- Tymochtee dolomite. Nominal operating conditions selected for the combustion

portions of each cycle are a 900°C bed temperature, 810 kPa pressure, 1.5
Ca/S mole ratio, V17% excess combustion air, 0.91 m/sec fluidizing-gas
velocity, and a 1.07 m bed height. Chemical and physical characteristics
of the coal and dolomite are presented in Tables A-1 and A-4, respectively.
The coal was fed to the combustor as received; the dolomite was prescreened
to -14 +30 mesh. :

Three combustion steps (2 1/2 cycles) have been completed. During the
first combustion test, which required 170 hr of operating time, 620 kg
of dolomite (V124 kg on a calcium basis) was sulfated. The second and third
combustion tests were made with 270 kg and 250 kg of sorbent (80 and 75 kg
on a calcium basis) and required approximately 100 and 95 hr of operating
time, respectively. As experience is gained regarding sorbent losses which
can reasonably be expected per cycle, the quantity of sorbent processed
will be reduced to shorten the operating time required to complete the full
ten-cycle test. Operating conditions and flue-gas composition data for
representative steady-state segments of the first three combustion cycle
experiments are presented in Table 19. Bed temperature and flue-gas data
for representative segments of the cyclic combustion experiments are plotted
in Fig. 27-29.

Sulfur Retention. The sulfur dioxide level in the flue gas increased
from 290 ppm in the first combustion cycle to 400 ppm and 490 ppm in
combustion cycles two and three. Sulfur retention, based on flue-gas analysis
has correspondingly decreased from 867 in cycle one to 81% and 77% in cycles
two and three. The sulfur retention in cycle three, which corresponds to an
emission of 0.95 1b 502/106 Btu, meets the EPA environmental emission
standard of 1.2 1b S0,/10° Btu.




Table 19. Operating Conditions and Flue-Gas Composition for
Cyclic Combustion Experiments.

Combustor: ANL, 6-in.-dia Temperature: 900°C
Coal: Arkwright, -14 mesh, 2.8 wt % S Pressure: 810 kPa
Sorbent: Cycle 1, Tymochtee dolomite, Excess Air: ~177%
' -14 +30 mesh
Cycles 2 and 3, Regenerated
Tymochtee dolomite

Additive
Feed Fluidizing-
Analysis Feed Rate Ca/s Gas Bed Flue-Gas Analysis (avg values) Sulfur
(wt %) {(kg/hr) “Mole Velocity Height S0, NO CHy co CO,y 02 RetentionP
Cycle Ca S Coal Sorbent Ratio® (m/sec) (m) (ppm) (ppm) (ppm) (ppm) (%) (%)
REC-1 20 - 14.6 4.1 1.6 0.94 1.1 290 200 32 90 16.0 3.4 86
REC-2 29.7 4.7 13.3 2.8 1.4 0.91 0.9 400 120 30 40 15.5 3.1 81
REC-3 29.7 4.6 13.5 2.9 1.5 0.91 0.9 490 130 N.D.© 20 16.0 3.2 77

aRatio of unsulfated calcium in dolomite feed to sulfur in ¢oal.
Based on flue-gas analysis.

c

No data.

€L
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The sulfur retention capability of the dolomite would be expected to
decrease during the first few cycles after less than 100% regeneration of
the sorbent has been achieved. For the first combustion cycle, the Ca/S
mole ratio of 1.6 is based on the total calcium content of the sorbent.

If a shrinking-core sulfation model is assumed, the sorbent from the first
combustion cycle consists of inner unreacted calcium, a layer of unregen-
erated calcium sulfate, and a surface layer of regenerated calcium oxide.
For subsequent combustion cycles, the Ca/S mole ratio of 1.5 is selectively
based on regenerated calcium oxide at the surface and less available
calcium (due to diffusional mass transport limitations) at the core of

the particle. If this were the only factor affecting sulfur retention
during cyclic operation, however, a balance between sulfation and regen-
eration would be expected, after which there would be no further decrease
in the reactivity of the dolomite.

Decrepitation Rate. Analysis of samples of solids from a representative
segment of the first combustion cycle experiment, REC-1K, has been completed,
permitting evaluation of the decrepitation of Tymochtee dolomite during the
experiment. (The analysis does not distinguish decrepitation in the feeding
operation, which might be appreciable, from decrepitation which occurs
during dolomite residence in the combustor,) The approach taken in the
analysis was to determine the degree to which +30 mesh dolomite (v99.2% of
feed) was reduced to -30 mesh additive, elutriated from the bed, and collected
in the cyclones. The primary cyclone material, a mixture of ash and dolomite,
was separated into +30 mesh and -30 mesh fractions which were analyzed for
both calcium and magnesium to determine the dolomitic calcium in each size
fraction.

The results of the calculations are presented in Table 20. The overall
calcium material balance is 103%. Decrepitation of the Tymochtee dolomite,
defined as the amount of +30 mesh additive reduced to -30 mesh, was "v207%
for the segment REC-1K of the first combustion cycle or “4%/hr (solids mean
residence time in the combustor was 5 hr). Entrainment, defined as the
percentage of calcium entering the combustor which subsequently leaves the
combustor in the flue gas, was “25% or ~5%/hr.

The high level of decrepitation measured during the first combustion
cyele does not agree with measurements of decrepitation of Tymochtee dolomite
reported previously.17 In the earlier study, an inventory was made of +45
mesh Tymochtee dolomite during eleven combustion experiments with an average
loss for all experiments of only 47 (solids mean residence times were
between 2 and 16 hr). The +45 mesh fraction accounted for approximately
87 wt % of the -14 +100 mesh additive feed used in the previous investigation,
as compared with experiment REC-1K in which the +30 mesh additive accounted
for v99% of the -14 +30 additive feed. The previous decrepitation measure-
ments were based on balances made around the entire experiments; the current
determination is based on a steady-state material balance. However, neither
of these differences in the determination of decrepitation seems sufficient
to account for the large difference in decrepitation values reported.
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Table 20. Steady-State Flow of Calcium Through the
ANL, 6~in.-dia Combustor during Combustion

Experiment REC-1K

Composition Dolomite Calcium
Rate Ca Mg +30 mesh =30 mesh  Coal Calcium
Stream (kg/hr)  (wt %) (wt %) (g/hr) (g/hr) (g/hr)
IN
Additive
Feed 4.08 20.0 11.3 810 6.7 -
Coal
Feed 14.6 0.27 negl. - - 39
TOTAL 810 6.7 39
GRAND TOTAL w860 g/hr
ouT
Product:
Overflow 2.4 N.D.2 N.D. 600 32 negl.
Primary
Cyc, +30 mesh 0.4 19.3 10.6 72 - 2.1
Primary
Cyc, -30 mesh 2.0 8.5 4,19 - 150 22
Secondary
Cyclone, all :
-30 mesh 0.15 6.1 2.22 - 5.9 3.2
TOTAL 670 190 27
GRAND TOTAL ~890 g/hr

aNo data.
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The most likely explanation for the higher decrepitation rate in exper-
iment REC-1K than those in previous combustion experiments at Argonne is
that experiment REC-1 was performed using a different batch of dolomite
from the supplier, C. E. Duff and Sons, Huntsville, Ohio. Exxon has
reported similar increases in attrition of Tymochtee dolomite received in
later shipments from the same quarry. Exxon tested (in a batch combustion
experiment) a sample of Tymochtee dolomite used in the earlier Argonne
experiments and reported a significant reduction in the attrition rate
for the sample.

There is a discrepancy in the method of reporting attrition data by
the various contractors investigating FBC which could make the comparison
of results difficult. In results reported by Argonne, a distinction has
been made between the amount of sorbent entrained in the flue gas and the
amount of decrepitation (Z.e., the quantity of additive particles reduced
below a certain size). Such a distinction is important since it has been
found that some sorbent particles that are larger than the smallest particle
size in the sorbent feed can be carried over into the cyclomes. Other
investigators of fluidized-bed combustion have reported as attrition the
amount of additive which leaves in the fluidized-bed overhead and is
recovered from the flue gas.

Entrainment and decrepitation for an experiment can differ greatly.
For example, in earlier work at Argonne in which the average attrition of
Tymochtee dolomite was reportedly 4% of the dolomite fed to the combustor,
carryover of sorbent material into the cyclone was reported to be as high
as v80% at fluidizing-gas velocities of 1.5 m/sec.

Exxon has reported attrition rates of 20-25 wt 7%/hr (expressed as
percent of the bed weight lost per hour) for Tymochtee dolomite in batch
combustion tests.l® If this basis were used for reporting, the 25%
entrainment reported here for experiment REC-1K would correspond to an
"attrition" rate of ~5 wt %/hr. However, on the basis of the solids mean
residence time of 5 hr for experiment REC-1K, the rate at which +30 mesh
additive feed material was reduced to -30 mesh material in the combustor
was V4 wt %/hr.

Quantitative evaluations are being made of decrepitation and
elutriation of sorbent from the combustor during the second and third
combustion cycles. Preliminary indications are that the sorbent losses
are significantly less than the 4 to 5%/hr (based on the weight of the
bed) measured in the first combustion cycle. Losses were “v2-3%/hr during
the second combustion cycle and v1-2% during the third combustion cycle.

Regeneration Step, Cycles 1 and 2

In the regeneration steps, Triangle coal (for which the ash fusion
temperature is high) is being partially combusted at a system pressure of
153 kPa and a bed temperature of 1100°C. Chemical and physical character-
istics of Triangle coal are presented in Appendix A. The results, up to a
third regeneration step of the ten-cycle experiment, are reported.
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Extent of Regeneration of Ca0. The experimental conditions and results
for the regeneration steps (CCS-1 and CCS-2) of the first two cycles are
presented in Table 21, and the intermittent off-gas analyses are given in
Figs. 30 and 31. In the regeneration step of the first sorbent utilization
cycle, the SO; concentration in the dry flue gas was 6.5% and the extent
of Ca0 regeneration was 71% (based on analyses of solid products).

The extent of Ca0 regeneration in cycle two (67%) was slightly lower than
that in the first cycle (71%). This difference was probably due to the higher
sulfur content of the feed sulfated dolomite (10.7 wt % as compared with 9.1
wt % in cycle 1). The SO, concentration in the dry off-gas increased from
6.5% in the first cycle to 8.6% in the second cycle. There were two reasons
for the increase: the fluidizing-gas velocity was lower in the second cycle
and hence the extent of SO, dilution was lower. Secondly, the sulfur content
of the sulfated additive fed was higher in the second cycle and hence more
S0, was evolved per unit time during regeneration.

Attrition Rate. A first estimate of the attrition rate was obtained
by calculating the difference between the calcium in the feed and the
product streams per unit time at steady-state conditions. The calcium
feed rate for CCS-1 was 7.11 kg/hr, and calcium was removed in the regen-
erated product at a rate of 6.94 kg/hr. On the basis of these rates,

0.17 kg/hr or approximately 2% of the sulfated feed dolomite was attrited
and elutriated. The attrition rate during the second cycle has been found
(within analytical accuracy) to be negligible based on the calcium feed rate
(5.50 kg/hr) and the calcium removal rate (5.52 kg/hr) in the regenerated
sorbent. The low sorbent losses from attrition and elutriation can be
attributed to the short solids residence time in the regenerator reactor.

Coal Ash Buildup during Sulfation and Regeneration Steps

Of concern in developing a regenerative fluidized-bed coal combustion
process is the extent of coal ash buildup in the fluidized bed and the
effect of ash on (1) the SOp-accepting capability of the additive bed and
(2) ash-additive reactions during regeneration. The ash buildups during
the first-cycle sulfation and regeneration steps have been calculated
from wet-chemical analyses of the samples and are given in Table 22. As
a basis for calculation, 100 g of unsulfated Tymochtee dolomite was used.
Some of the analytical methods used for unsulfated Tymochtee dolomite were
obtained from the literature.}® (Analysis of the virgin dolomite is
presently being performed at ANL, and ash builup will be recalculated on.
the basis of these results.) An ash buildup of 4~57% during sulfation was
calculated, based on the enrichment of Si, Fe, and Al.

The concentrations of ash constituents in sulfated dolomite are
compared to the concentrations in Greer limestone in Table 23. As expected,
the extent of ash buildup was smaller in the experiments with Tymochtee
dolomite (in which a relatively low ash Arkwright coal was used).




Table 21.

Experimental Conditions and Results for Regenerative Segments
of the Regeneration Step of the First Two Utilization Cycles.

Nominal Fluidized-Bed Height: 46 cm

Reactor ID: 10.8 cm

Pressure: 153 kPa

Temperature: 1100°C

Coal: Triangle (0.98 wt %' S), Ash fusion temperature under
reducing conditions: 1390°C (initital deformation)

Additive: =14 +30 mesh, sulfated Tymochtee dolomite

Sulfur in

Fluidizing-  Solids Reducing Gas Feed
Gas Residence Concentration Sulfated Cal Major Sulfur Compounds
Cycle  Exp. Velocity Time in Off-Gas = Sorbent Regenerat%on in Dry Off-Gas (%)
No. (m/sec) (min) (%) (%) ()27 (%) S0,  HpS
1 CCS-1 1.43 7 ' 2.8 9.1 73/71 6.5 0.04
2 CCS-2 1.26 7.5 3.0 10.7 67/67 8.6 0.02

2Based on off-gas analysis.

Based on chemical analysis of dolomite samples.

18
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Table 22. Calculated Ash Buildup During Sulfation and Regeneration
of Tymochtee Dolomite Based on Silicon, Iron, and
Aluminum Concentration Changes.

(Mass basis: 100 g unsulfated Tymochtee dolomite)

Equivalent Ash in Equivalent Ash
Grams per 100 Grams Content
Dolomite Basis (%)

Sulfated Dolomite

- 51 4.6 3.7
Fe 6.8 5.6
Al 5.5 4.5

Regenerated Dolomite
Si 4.6 4.8
Fe 6.7 7.1
Al 4.4 4.6

Table 23. Concentrations of Ash Constituents in Sulfated
’ Dolomite and Sulfated Greer Limestone.

Tymochtee Dolomite (%) Sulfated Greer

Unsulfated Sulfated Limestone (%)
$i0, , 4.96 5.73 16.63
Al,03 1.64 4.72 5.75
Fe203 0.41 2.91 2.53

PRESSURIZED, FLUIDIZED-BED COMBUSTION: BENCH-SCALE STUDIES
[W. Swift, (Principal Investigator), H. Lautermilch, F. Nunes, S. Smith,
J. Stockbar]

Experiments were performed in the ANL, 6-in.-dia, pressurized,
fluidized-bed combustor as part of a continuing program to evaluate and
demonstrate the feasibility and potential of fluidized-bed combustion at
elevated pressures (<1014 kPa). 1In previous pressurized, fluidized-bed
combustion studies, the effects of bed temperature (788-955°C), gas
velocity (0.6-1.5 m/sec), and Ca/S mole ratio (1-3) on the sulfur retention,
NO level in the flue gas, combustion efficiency, and particulate loading
in the flue gas were evaluated. Tymochtee dolomite sorbent, Arkwright
coal (2.8 wt % S) and a pressure of 811 kPa were used. The effects of
pressure, different sorbents (limestone vs. dolomite), precalcination of
sorbent, amount of excess air, and burning various ranks of coal have
also been reported.1’17
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The objectives of the experiments reported here were: to evaluate the
effects of coal and additive particle size on sulfur retention, nitrogen
oxide flue-gas levels, and combustion efficiency; to evaluate the sulfur
retention capability of lignite ash, which has a high calcium content; and
to evaluate the relative effects of gas velocity and residence time on the
decrepitation of the sorbent.

Materials

Coal. The principal coal tested was a high caking, high-volatile
bituminous, Pittsburgh seam coal obtained from the Consolidation Coal
Company Arkwright mine. As received, the coal contained ~2.8 wt % sulfur,
7.7 wt % ash, and 2.9 wt % moisture, had a heating value of 7610 kcal/kg,
and had an average particle size of 320 um. Lignite coal from the Consoli-
dation Coal Company Glenharold mine in North Dakota was also tested. As
received, the lignite contained 0.53 wt % S, 6.1 wt Z ash, and 30.9 wt %
moisture, had a heating value of 4240 kcal/kg, and had an average particle
size of 350 pm. The coals were fed to the combustor either as received or
after screening to the desired range of particle size for studies on the
effect of particle size. Chemical and physical characteristics of the
Arkwright and Glenharold coals are presented in Tables A-1 and A-3, Appendix
A.

Sorbent. Tymochtee dolomite (v50 wt % CaCO3 and ~40 wt 7% MgCO3) obtained
from C. E. Duff and Sons, Huntsville, Ohio was used in all combustion experi-
ments reported here. The dolomite was air dried and screened to the desired
range of particle size prior to its use in the combustor. Data on the
chemical characteristics of the Tymochtee dolomite are presented in Table A-4,
Appendix A. .

Bench-Scale Equipment

The experimental equipment and instrumentation consist of a 6-in.-dia,
fluidized-bed combustor that can be operated at pressures up to 1014 kPa, a
compressor to provide fluidizing-combustion air, a preheater for the fluid-
izing-combustion air, peripheral-sealed rotary feeders for metering solids
into an air stream fed into the combustor, two cyclone separators and two
filters in series for solids removal from the flue gas, associated heating
and cooling arrangements and controls, and temperature- and pressure-sensing
and display devices. A simplified schematic flowsheet of the combustion
equipment is presented in Fig. 32,

Details of the bench-scale combustor are presented in Fig. 33. The
reactor vessel consists of a 6-in.-dia, Schedule 40 pipe (Type 316 SS),
approximately 11 ft long. The reactor is centrally contained inside a 9-ft
section of 12-in.-dia, Schedule 10 pipe (Type 304 SS). A bubble-type gas
distributor is flanged to the bottom of the inner vessel. Fluidizing-air
inlets, thermocouples for monitoring bed temperatures, solids feed lines,
and solids removal lines are accommodated by the bubble cap gas distributor.
The coal and additive feed lines extend 2 in. above the top surface of the
distributor plate and are angled 20° from the vertical. A constant bed height
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Fig. 32. Simplified Equipment Flowsheet of Bench-Scale Fluldlzed—
Bed Combustor and Associated Equipment.

is maintained in the combustor by use of a 36-in.-~high standpipe.

The 6-in.-dia pipe is alternately wrapped with resistance-type heating
elements and cooling coils onto which a layer of heat-conducting copper

and then an overlay of oxidation-resistant stainless steel have been
applied. Additional cooling capacity is provided by three internal,
hairpin-shaped coils that extend down from the flanged top of the combustor
to within 12 in. of the top surface of the gas distributor. The coolant

is water entrained in air.

Fluidizing-combustion air is supplied by a 75-hp, screw-type compressor
capable of delivering 100 cfm at 150 psig. The air can be heated to
approximately 540°C in a 6-in.-dia, 10-ft-tall preheater containing eight
2700-W, clamshell-type heaters.

Coal and either dolomite or limestone are pneumatically fed from
hoppers to the combustor, using two 6-in.-dia rotary valve feeders. The
feeders and hoppers are mounted on platform-type scales.

The flue gas is sampled continuously and is analyzed for the components‘

of primary importance. Nitrogen oxide and total NOx are analyzed using

a chemiluminescent analyzer; sulfur dioxide, methane, carbon monoxide, and
carbon dioxide determinations are made using infrared analyzers; oxygen is
monitored using a paramagnetic analyzer; and total hydrocarbons are analyzed
by flame ionization. Prior to and during each experiment, the response of
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each analytical instrument is checked,using standard gas mixtures of flue-
gas constituents in nitrogen. Batch samples of flue gas can be taken and
analyzed for constituents of secondary importance.

The combustion system is equipped with a Hewlitt-~Packard 2010C data
acquisition system to monitor and record the temperature, pressure, gas

flow, and flue-gas concentration for subsequent data handling and analysis.

Experimental Procedure

Although the experimental procedure was subject to minor variationms,
it was basically as follows: a preweighed amount (V15 kg) of either
partially sulfated sorbent from a previous experiment or fresh unsulfated
sorbent was charged to the reactor to provide an initial bed of material.
The starting bed temperature was then raised to about 430°C by passing
fluidizing air (preheated to 430-480°C) through the combustor and simul-
taneously employing the resistance heaters on the combustor wall. Once
the bed temperature reached 430°C, the system was brought to the desired
operating pressure, and coal (entrained in a transport air stream) was
injected into the bed. To prevent carbon accumulation in the fluidized
bed during startup, coal was initially injected in small amounts inter-
mittently until a rapidly increasing temperature and a changing flue-gas
composition confirmed ignition and sustained combustion. Continuous
injection of coal was then initiated, and the bed temperature was raised
to a selected combustion temperature. The desired temperature was maintained
by the use of external and internal cooling coils.

Injection of the sulfur-accepting sorbent was begun when the bed
reached operating temperatures. The air, coal, and sorbent feed rates
were adjusted to give a specified mole ratio of calcium in the sorbent to
sulfur in the coal, a specified superficial gas velocity, and a specified
level of oxygen in the flue gas leaving the combustor. Sulfated sorbent
was removed from the combustor by means of a standpipe to maintain a
constant fluidized-bed level.

Replicate of VAR-Series Experiment

After the combustion and regeneration systems were separated (discussed
in a following section of this report), an additional replicate experiment
(VAR-6-3R) of one of the VAR-series experiments (VAR-6) was made to .check
the operation of the combustor and analytical instrumentation and to verify
the validity of comparing results of current experiments with those of
experiments performed previously. Operating conditions for experiment
VAR-6-3R duplicated the operating conditions of replicate experiments VAR—6
VAR-6-R, and VAR-6-2R, the results of which have been reported previously.
Operating conditions and results for the four experiments are given in
Table 24.

7

The results of experiment VAR-6-3R are very encouraging. With the
exception of the concentration of NO in the flue gas, the results of VAR-6-3R
agree very well with the previously performed experiments in the VAR series.
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Table 24. Operating Conditions and Flue-Gas Compositions
' for VAR-6 Replicate Experiments.

Combustor: ANL, 6-in.-dia

Bed Temperature: 850°C (1544°F)
System Pressure: 810 kPa (8 atm)
Bed Height: 0.9 m (3 ft)

Excess Air: ~17%

Additive: Tymochtee dolomite
Coal: Arkwright (2.8 wt 7% sulfur)

Fluidizing-

Ca/s Gas Dry Flue-Gas Compositions

Feed Rate (kg/hr) Mole Velocity SO0, 02 CO, NO co
Exp. No. Coal Dolomite Ratio (m/sec) (ppm) (%) (%) (ppm) (ppm)
VAR-6 13.5 4,7 2.0 1.10 170 3.0 16 190 32
VAR-6~R 13.3 4.8 2.0 1.10 210 2.9 16 180 33
VAR-6-2R 13.3 4.7 2.0 1.07 190 3.0 16 160 33
VAR-6~3R 13.4 4,9 2.1 0.97 170 3.2 16 135 20

A combustion efficiency of n94% and an additive utilization of 547
were calculated for experiment VAR-6-3R on the basis of analyses of solid
samples from the experiment. An average combustion efficiency of 947 was
reported previously for the other VAR-6 replicate experiments.17 The average
additive utilization reported for the other VAR-6 replicates was 46.5%,
somewhat lower than in VAR-6-3R.

The generally good reproducibility of results obtained in experiment
VAR-6-3R helps to establish the VAR-series of experiments as a basis for
comparison for future experiments in the ANL 6-in.-dia combustor.

Effect of Coal and Sorbent Particle Size on Sulfur Retention, Nitrogen
Oxide Level in the Flue Gas, and Combustion Efficiency

Four fluidized-bed combustion (FBC) experiments (PSI-series) were
completed to measure the effects of coal and sorbent particle sizes on
combustor response variables such as sulfur retention and NO; emissions.
The experiments were made in a 22 factorial design at two levels each of
coal and additive mean particle sizes. Arkwright coal with mass-mean
particle diameter levels of ~150 um (-50 mesh) and ~640 ym (+50 mesh) and
Tymochtee dolomite with mass-mean particle diameter levels of 370 um
(~30 +50 mesh) and V740 um (-14 430 mesh) were used in the series of
experiments.

The as-received Arkwright coal was sieved at a 50-mesh breakpoint,
which resulted in approximately a 50-50 split by weight and a factor of
nvg difference in the mass—-mean diameters of the two fractions. The Tymochtee
dolomite size ranges also resulted in a 50-50 split by weight of the as-
received material and a factor of ~2 difference in the mass-mean diameters
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of the two fractions. The -50 mesh particles were removed from the finer
fraction of dolomite to reduce elutriation of bed material from the combustor.
Sieve analyses of the coal and additive feed materials are given in Tables

25 and 26, respectively.

Table 25. Sieve Analyses of Arkwright Coal Size Fractions Used
in PSI-Series Combustion Experiments.

Coarse Material

Fine Material

U.S. Sieve No. %# on Sieve U.S. Sieve No. % on Sieve

+14 0.0 -30 +45 2.4

-14 +20 15.2 -45 +50 3.8

-20 +30 37.3 -50 +80 27.1

=30 +45 37.2 -80 +170 34.0

-45 450 6.4 -170+230 10.0

-50 +80 3.8 -230+325 10.0

-80 0.0 -325 12.6

99.9 99.9
Mass-Mean Diameter, um 640 150
Surface-Mean Diameter, pym  v560 v 78

Table 26. Sieve Analyses of Tymochtee Dolomite Size Fractions
Used in PSI-Series Combustion Experiments.

Coarse Material

Fine Material

U.S. Sieve No. % on Sieve U.S. Sieve No. % on Sieve

+14 0.0 -20 +30 1.5

-14 +20 28.7 =30 435 2.0

-20 +25 18.6 ~35 +45 51.6

-25 +30 18.2 -45 450 23.0

-30 435 12.1 -50 +60 11.7

-35 445 19.6 -60 +80 7.0

=45 2.8 -80 3.2

100.0 100.0
Mass-Mean Diameter, um 740 370
Surface-Mean Diameter, ym V620 ~320
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The nominal operating conditions chosen for the series of experiments
were a bed temperature of 840°C, 810 kPa pressure, V177 excess combustion
air (3% O, in dry flue gas), 1.07 m/sec fluidizing-gas velocity, and 0.9 m
fluidized-bed height. However, the fluidizing-gas velocity is not a
directly controlled operating variable. Rather, the conditions of coal
feed rate (in this case, 12.8 kg/hr) and oxygen level in the flue gas (3%)
are specified as operator-controlled variables. The design velocity of
1.07 m/sec is derived theoretically from the controlled variables (at 100%
combustion efficiency). The value of 1.07 m/sec was selected for this
series of experiments to prevent elutriation of large amounts of bed
material, particularly in the experiments with the finer size fractiomns of
dolomite. The actual operating conditions and flue-gas compositions for
the four combustion experiments are summarized in Table 27. The bed
temperature and flue-gas analysis data for the four experiments are plotted
in Figs. B-1 to B-4, Appendix B.

The level of SO, in the flue gas ranged from a low of 160 ppm in
experiment PSI-3 (fine coal, fine additive) to 240 ppm in experiment PSI-4
(fine coal, coarse additive). These SO, levels correspond to sulfur
retentions of V93 and “89%, respectively. The observed levels of SO, for
the four experiments (Table 27) indicate slight increases in sulfur retention
when the additive particle mass-mean diameter is reduced from 740 um to
370 ym. Sulfur retentions were 92 and 937% with the finer dolomite fraction
(PSI-2 and -3) as compared with 90 and 89% with the coarser fraction (PSI-1R

and ~4).

In terms of the observed SO, levels for the PSI-series of combustion
experiments, the effects of increasing the additive particle size at the
low and high levels of coal particle size were +80 ppm and +30 ppm,
respectively. This represents an average effect of increasing the 50, level
in the off-gas by 55 ppm (an average percent increase of 33%). Similarly,
the effects on SO, level of increasing the coal particle size at the low
and high levels of additive particle size were 420 and -30 ppm, respectively.
This represents an average effect of decreasing the SO, level in the off-
gas by only 5 ppm, an insignificant amount.

With the exception of the SO, level of 240 ppm for experiment PSI-4
(fine coal, coarse additive), the recorded SO, levels for the PSI experiments
are considerably lower than the SO, levels that would be predicted using
the correlation of S0, levels based on the VAR-series of combustion experi-
ments.!? The Arkwright coal used in the VAR-series experiments had a mass-
mean diameter of 320 um (surface-mean diameter of 120 um) and the Tymochtee
dolomite a mass-mean diameter of 750 um (surface-mean diameter of 560 um).
Thus, in terms of particle size, experiment PSI-4 corresponds most closely
with the VAR-series conditions (on the basis of surface-mean diameters).

The remaining PSI-series experiments were performed using finer additive
and/or coarser coal as compared with the VAR-series experiments. This is

in keeping with the effect indicated above that with small additive particle
size the S0, levels in the off-gas are lower. Although not demonstrated by
the PSI-series experiments, there is (in the comparison with the VAR-series
experiments) an indication that larger coal particle sizes may also reduce
the SO, level in the flue gas.




Table 27.

Operating Conditions and Flue-Gas Analyses for PSI-Series
of Combustion Experiments.

Combustor: ANL, 6-in.-dia Fluidized-Bed Height: 0.9 m
Bed Temp: 840°C Excess Combustion Air: n17%
Pressure: 810 kPa

Arkwright Coal

Tymochtee Dolomite

— = cal/$s Gas Avg Flue=Gas Composition, Dry Basis
Exp. dpa Feed Rate dma Feed Rate Mole Velocity 0o S0» NO NO, Cco
No. (Hm) (kg/hr) (um) (kg/hr) Ratio - (m/sec) (%) (ppm)  (ppm)  (ppm)  (ppm)
PSI-1R 640 13.9 740 3.3 1.3 0.94 2.8 210 120 160 *b
| (90%)° b
PSI-2 640 12.6 370 3.1 1.4 0.85 3.1 180 120 170 *
(927)°
PSI-3 150 12.3 370 2.8 1.3 0.73 3.1 160 130 180 62
(93%) €
PSI-4 150 13.2 740 3.2 1.4 0.82 3.0 240 150 210 50
: (89%) €

8Mass-mean particle diameter.

Analyzer inoperative.
Sulfur retention.

[49)
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In combustion experiments (SA~series) made previously at ANL at
atmospheric pressure,20 no significant effect of additive particle size on
sulfur retention was observed. The earlier experiments were done with
I1linois No. 6 coal and limestone No. 1359 having average particle sizes
of 25 and 100 um. Since the observed effect of additive particle size during
the PSI-series of combustion experiments was quite small (an average difference
of only 55 ppm SO»), it is not unreasonable to expect that the effect at the
even finer sizes of additive used in the SA-series would be insignificant.

The levels of NO were quite low for all four combustion experiments,
ranging from 120 to 150 ppm. Thus, particle size does not appear to affect
NO emissions significantly.

By use of a recently installed, on-line chemiluminescence analyzer, it
was also possible to obtain values for total NOy emissions during the four
combustion experiments. Values for NOy (see Table 27) ranged from 160 to
210 ppm, indicating that NO, levels (NOX level - NO level) were “40 to
60 ppm. These values of NO, levels are considerably higher than the anti-
cipated levels of 5 to 10 ppm.

Combustion efficiency for the four experiments ranged from 89 to 937,
with no consistent effect of either coal or additive particle size indicated
(see Table 28). For the larger coal particles and the smaller additive
particles, however, the combustion efficiency was considerably lower (89%)
than in the other three experiments.

Table 28. Sulfur Retention, Combustion Efficiency, and
Sorbent Utilization for PSI-Series of Experiments.

Response Variable

Mass-Mean Particle Ca/S Sulfur 4  Combustion Sorbent
Exp. Diameter (um) Mole Retention Efficiency Utilization
No. Coal Dolomite Ratio (%) ¢3) (%)
PSI-IR 640 740 1.3 90 94 58(65)°¢
PSI-2 640 370 1.4 92 89 71(59)
PSI-3 150 370 1.3 93 93 65 (66)
PSI-4 150 740 1.4 90 92 54(58)

8pased on level of sulfur dioxide in flue gas.

Utilization based on chemical analysis of sulfated sorbent. Utilization (%) =
[(wt Z S) (40/32) (100)]1/(wt % Ca).

Utilization calculated from sulfur retention and combustion efficiency.
Utilization (%) = [1/(Ca/S Mole Ratio)][Sulfur Retention (7%) + Combustion
Efficiency (%) - 100%].
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Sorbent utilizations for final bed material and bed overflow material
are also given in Table 28. The utilizations based on chemical analyses of
these sulfated sorbents are consistent (with the exception of experiment
PSI-2) with utilization values predicted on the basis of sulfur retention
(derived from sulfur dioxide flue-gas analysis), combustion efficiency
(derived from carbon balance), and Ca/S mole feed ratio.

One aspect of the data reported in Table 27 that is incongruous with
the design experimental conditions (and with past experience with the
combustor) is the low gas velocities in the bed reported for the four
combustion experiments. As indicated above, the design operating conditions
for this series of experiments (consistent with a coal feed rate of 12.8
kg/hr and 17% excess combustion air) was a gas velocity of 1.07 m/sec
(3.5 ft/sec). Gas velocities calculated from metered air flows ranged from
0.73 m/sec for experiment PSI-3 to 0.94 m/sec for experiment PSI-1R.

These calculated velocities ranged from v70 to “v80%, respectively, of the
expected velocities of 1.02 to 1.17 m/sec (calculation based on air required
for coal combustion).

A possible explanation for this discrepancy in the data pertains to
the rotary valve coal feeder. The rotary valve has peripheral seals, and
an external air pressure is applied to them that is approximately equivalent
to the system pressure. During maintenance of the valve after completion
of the experiments, it was found that the peripheral seals were leaking
badly. Possibly, a large supplemental air flow (unmetered) leaked through
the peripheral seals of the rotary valve into the coal transport air
stream. Thus, actual velocities may have been near the expected velocities
of 1.02 to 1.17 m/sec. A rotameter has been installed to measure the air
inleakage and to maintain it at a negligible value.

Combustion of Lignite in a Fluidized Bed of Alumina

Combustion experiments LIG~2D and LIG-2-R with Glenharold lignite
were made to duplicate all operating conditions of a previous combustion
experiment, LIG-1l, except that combustion in LIG-2D and LIG-2-R was carried
out in a fluidized bed of alumina (chemical and physical characteristics
of the alumina are given in Table A-5, Appendix A). Combustion in LIG-1
had been carried out in a fluidized bed of Tymochtee dolomite as part of
a studvy investigating the burning of various ranks of coal in the com-
bustor.1” The Ca/S mole ratio for LIG-1, based on the calcium in the
dolomite to sulfur in the lignite, was 1.1. Sulfur retention for that experi-
ment was reported to be 85%, which was excellent for such a low Ca/S mole ratio.

It has since been proposed that when lignite is burned, sulfur is
retained in the ash due to the relatively high calcium content of most
lignite coals, even at combustion temperatures as high as 1200°c.2! 1f
the coal calcium content were to be included in the Ca/S ratio for experi-
ment LIG-1, the potentially effective Ca/S mole ratio for that experiment
would be 3.0.
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Operating conditions and results for experiments LIG-2D and LIG-2-R
are given in Table 29. Bed temperatures and flue-gas compositions for the
two experiments are plotted in Figs. B-5 and B-6, Appendix B. Sulfur
retentions (calculated on the basis of flue-gas analyses) for experiments
1LIG-2D and LIG-2-R were 89 and 86%, respectively. These values compare
extremely well with the value of 85% calculated for experiment LIG-1 made
with a dolomite bed. These experiments confirm the premise that sulfur
is retained by the ash during the combustion of lignite.

Effect of Fluidizing-Gas Velocity on Decrepitation Rate

To test the effect of gas velocity (hence solids mean residence time)
on the attrition and entrainment rates observed during experiment REC-1K,
an experiment (VEL-1) was performed duplicating the conditions of REC-1K
except that a lower fluidizing-gas velocity (0.6 m/sec) was used. The
experimental conditions and flue-gas analyses for both experiments are
presented in Table 30. The solids mean residence time in the combustor
for experiment VEL-1 was V7 hr as compared with 5 hr for experiment REC-1K.

Decrepitation of Tymochtee dolomite during experiment VEL-1 was analyzed
in the same manner as was used in experiment REC-1K. The data are summarized
in Table 31. The steady-state calcium balance was 907%, which is acceptable
within experimental error. Reduction of +30 mesh additive to -30 mesh
additive was ~35% which, on the basis of the 7-hr residence time in the
combustor, results in a decrepitation rate of 5 wt %/hr. This is similar
to the V4 wt %/hr decrepitation rate of experiment REC-1K.

The significance of the results is that the rate of decrepitation (4-5 wt
%/hr) was unaffected by the change in gas velocity from 0.94 to 0.60 m/sec.
Due to the increased residence time of the additive in the combustor when
the gas velocity was decreased, however, the percentage of additive feed
decrepitated increased from ~20% to “357Z.

The second significant observation is that, although the percentage of
additive feed decrepitated increased as the velocity was reduced, there was
slightly less entrainment (or "attrition") of material from the combustor--
from 25% (v5 wt %/hr) to ~22% (3 wt %/hr). Thus, in experiment VEL-1,
the rate of decrepitation was actually greater than the rate at which
sorbent was carried over into the cyclones with the flue gas. It would be
expected, therefore, that if the gas velocity had been decreased at a
constant residence time (by lowering the bed height), the decrease in
entrainment would have been greater since there would have been no increase
in the amount decrepitated.

Binary Salt of Magnesium and Calcium Sulfate

In thermogravimetric experiments performed at Argonne National Laboratory,
the presence of Mg3Ca(SOy), (formula not definitely established) was detected
by X-ray diffraction analysis in samples of dolomite simultaneously sulfated
and half-calcined.?2 Samples of sulfated dolomite from earlier bench-scale
combustion experiments performed at 843, 899, and 954°C (1550, 1650, and
1750°TF) were subsequently analyzed to determine if the binary salt might be
forming in the bench-scale combustor. X-ray diffraction, however, failed to
detect any binary salt formation in any of the samples.




Table 29.. Operating Conditions and Flue-Gas Analyses for
Combustion Experiments LIG-2D and LIG-2-R.

Combustor: ANL, 6-in.-dia Excess Air: n~17%
Bed Temp: 840°C Coal: Glenharold
Pressure: 810 kPa

lignite (0.56 wt % S)

Bed Height: 0.9 m Bed: 30 mesh alumina
Coal Feed Fluidizing-Gas Flue-Gas Analysis Sulfur
Exp. Rate Velocity S0, NO NOy Co o, 0, Retention?
No. (kg/hr) (m/sec) (ppm) (ppm) (ppm) (ppm) (%) (%) (%)
LIG-2D 24,2 0.91 80 90 150 80 19 3.1 89
LIG-2-R 24.5 ~1.00 102 140 170 35 b 3.8 86

2Based on flue-gas analysis.
No data.

96
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Table 30. Operating Conditions and Flue-Gas Compositions
for Experiments REC-1K and VEL-1 to Test the

Effect of Gas Velocity on Decrepitation.

Combustor: ANL, 6-in.-dia

Coal:

Additive:

Arkwright, =14 mesh
Tymochtee dolomite, -14 +30 mesh

Temperature: 900°C
Pressure: 810 kPa
Excess Air: ~17%

Operating Conditions REC-1K VEL-1
Coal feed rate, kg/hr 14.6 9.2
Additive feed rate, kg/hr ' 4.1 2.6
Ca/S Mole ratio 1.6 1.6
Gas velocity, m/sec 0.94 0.60
Bed height, m 1.1 0.82
Run duration, hr 11.2 14.8

Flue—-Gas Analysis
502, ppm 290 130
NO, ppm 200 150
CHy, ppm 32 20
CO, ppm 90 20
COy, % 16 16
02, % 3.4 3.5

Sulfur Retention, 7 86 94
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Table 31. Analysis of Decrepitation in Experiment VEL-1.

Calcium In, kg/hr

Dolomite Feed
+30 mesh 0.55
—30 mesh 0.04

TOTAL 0.59

Calcium Out, kg/hr

Product Overflow
+30 mesh 0.33
=30 mesh 0.10

Primary Cyclone
-30 mesh 0.10

Secondary Cyclone

—30 mesh neg.

TOTAL 0.53

Calcium Balance: 907%
Recovery of +30 mesh additive material: 60% (40 % loss)
Increase in -30 mesh as percentage of +30 mesh feed: 307

Entrainment: 18%
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SYNTHETIC SO, SORBENTS
R. Snyder (Principal Investigator), I. Wilson

Introduction

In fluidized-bed coal combustors, naturally occurring limestone
and dolomite have been the only materials investigated extensively as
additives for removing sulfur dioxide from the combustion gas. This is
primarily due to the low cost of these calcium-bearing materials. However,
limestone and dolomite have some disadvantages. For example, decrepitation
and agglomeration can occur in the regenerator. Also, during cyclic
sulfation and regeneration, the reactivity of dolomite or limestone additive
with SO, in the combustor may decrease as the number of cycles increases.
Finally, if it should be determined that regeneration of these sulfated
additives is not economical, large quantities of dolomite and limestone
must be mined and disposed of. Due to these potential disadvantages,
synthetic SO,—sorbent materials are being studied as alternatives to
dolomite and limestone. Methods of supporting a metal oxide in a highly
dispersed state in a matrix of high-strength inert material are being
studied, and the sorbents prepared are being evaluated.

Various sorbents (metal oxides in a-Al,03) have been prepared and
tested with a thermal gravimetric analyzer (TGA) for their ability to
capture SOp. All kinetic studies for both the sulfation and the regen-
eration of the synthetic sorbents were performed using a TGA apparatus.
The operation and a schematic diagram of this apparatus are given in the
preceding annual report.

Since Ca0 is presently the most promising metal oxide, the kinetics
of the reaction of Ca0 in a-Al,03 with SO, and 0, was extensively studied
under a variety of conditions. Also, the regeneration kinetics of the
sulfated sorbent, CaSO, in 0-Al,03, was determined for various reducing
gases. Cyclic sulfation-regeneration experiments were performed, and
optimization of the support material was studied. This involved determining
the reactivity during sulfation and attrition resistance of supports having
various pore size distributions.

Preparation of Synthetic Sorbents

A method of preparing metal oxides in a-Al,03 support at various oxide
concentrations has been developed and is described below.

The alumina support pellets are placed in an aqueous metal nitrate
solution, refluxed for 8 hr, and then cooled to 25°C for 4 hr. The pellets
are removed from the solution and slowly heated to a heat-treating (H.T.)
temperature of either 800 or 1100°C, where they are held for one hour.
Heating must proceed very slowly at the temperatures where phase changes
in the various chemical compounds occur. For example, in the preparation
of Ca0 in a-~Al,03, heating is allowed to proceed very slowly near 100°C,
132°C, and 561°C since at these temperatures there occur, respectively,
the evolution of H,0, decomposition of Ca(NOj3)2°4H»0, and decomposition
of Ca(NO3), to CaO.
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The quantity of metal oxide in the support depends on the metal
nitrate concentration in the aqueous solution. This is illustrated in
Fig. 34, which shows the percent CaO in the support for various concen-
trations of Ca(NO3),°4H,0 in aqueous solutionm.

The nature of the calcium compounds formed in the support depends
on the heat-treatment temperature. X-ray diffraction results indicate that
when the sorbent was heat-treated at 800°C for 4 hr, Ca0, Ca0+6Al,03,
and 3Ca0+5A1,03 were the calcium products formed. Heat-treating the
sorbent at 1100°C produced Ca0:Al,03 and CaO+2A1,03.

Sulfation Studies

The sulfation reaction (reaction of Ca0 in a-Al,03 with SO; and 0;)
was performed under a variety of conditions. The effects on the reaction
kinetics of the synthetic gas composition (SO, O, Hy0), temperature,
and initial calcium oxide concentration in the sorbent were determined.
The effect of the heat-treatment temperature that had been used in sorbent
preparation on the kinetics was also studied. The sulfation rates of
various metal oxides (Na0, K0, Sr0O,.Ba0) in 0-Al,03 were compared with
those for Ca0 in 0-Aly03. Finally, the sulfation rate for Ca0 in a-Al,03
was compared with that for Tymochtee dolomite.

16 4
2 12+
=
s 8|
=
s I
04_
1 | | 1 1 L1
0o | 2 3 4 5'efoo

CaiNO,),-4H,0/H,0 WEIGHT RATIO

Fig. 34. Ca0 Concentration in a-Al;03 as a Function of Calcium
Nitrate Concentration in Reactant Solution from which
Prepared.
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Effect of Gas Composition on Sulfation.Rate. A 6.67 Ca0 in a—AlZO3
sorbent was used to detemrine the effect of the various conditions on the
sulfation rate. Sorbents heat-treated (H.T.) at both 800°C and 1100°C
were studied.

Sulfation experiments with a SO, gas concentration range of from 0.05
to 3% were performed at 900°C on 800°C H.T. sorbent. Preparation of the
gas mixtures for these reactions required blending of 0, SO, and Ny to
the various specified concentrations. Mass spectrometric analysis were
performed on two samples of the blended gas mixtures to confirm the
concentration of each constituent. For gas mixtures prepared to contdin
(1) 0.3% SO, and 5% 0, and (2) 0.05% SOo, 5% 0,, with the balance Ny,
the mass spectrometfic results were (1) 0.3% SOy, 5.3% 0, and (2) 0.047%
S0,, 5.2% 0y, respectively.

The sulfation results for 800°C H.T. sorbent are shown in Fig. 35,
where the percent conversion of Ca0 in the d-alumina pellets to CaSO, is
given as a function of time and SO, concentration in the gas stream.
Samples were analyzed by wet chemical analysis to determine the extent
of reaction in each experiment (discussed below). The time required for
the reaction to go to completion was 4 to 10 hr, depending on the SO,
concentration in the gas stream. The residence times for the SO;-sorbent
in commercial fluidized beds will probably be several hours; therefore,
the rate of sulfation appears to be adequate.

The order of reaction as a function of SO, concentration in the gas
mixture was found to be 0.7. This is in good agreement with the result
of 0.76 reported by Yang et al.?3 They also reported that the rate was
first order in SO, when Hy0 was present.

The results for 1100°C H.T. 6.6% Ca0 in 0-Al,03 are shown in Fig. 36.
The sulfation rate for the 1100°C H.T. sorbent is approximately 657 of
that for 800°C H.T. sorbent. Also, the functional dependence on the S0,
concentration of the rate changes from 0.6 initially to 0.45 at 50%
completion. The sulfation rates at 900°C of the 800°C and 1100°C H.T.
sorbents, using 0.1, 0.3, and 1% SO, with 5% O,, are compared in Fig. 37.
The sulfation rate for the 800°C H.T. pellets was about 1.5 times higher
than for the 1100°C H.T. pellets for all SO, concentrations in the gas
stream. It is speculated that the lower rate for the 1100°C H.T. pellets
is due to the formation of more stable aluminate complexes (Ca0-Al,03 and
Ca0+2A1,03) at 1100°C than at 800°C (Ca0+6Al,03 and 3Ca0+5A1,03).

Experiments have been performed to determine the effect of the oxygen
concentration on the sulfation rate of the sorbent. Results for rumns at
900°C using 0.3% SO, mixed with 5%, 0.5%, and 26 ppm Oy (balance is nitrogen)

* ‘
The 0~Al;03 (T708) was obtained from the Girdler Catalyst Co. and

consisted of 1/8-in. x 1/8-in. cylindrical pellets.
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Fig. 35. Comparison of Calculated (Eq. 1) and Experimental
Sulfation Rates at 900°C in 5% 0,-N, of 6.6% CaO
in 0~-Al1,03 (Heat-Treated at 800°C) as a Function
of SO» Concentration.

are shown in Fig. 38. When oxygen is in excess, the rate is nearly
independent of oxygen concentration and is approximately 0.1 order.
However, when SO, is in excess, the rate is first order in oxygen con-
centration. This is consistent with the assumption that SO, reacts with
0o to form SO3 before reacting with CaO.

SOZ + 1/2 02 -> SO3
503 + Ca0 ~ CaSOy

Yang et al.?3 reported a reaction order of 0.22 in oxygen when in excess
for the sulfation of dolomite, in good agreement with the above results.
Yang et al.?3 found a beneficial effect of water vapor on the sulfation
rate of dolomite, the concentration of Hy0 being immaterial. The rate of
sulfation of the sorbents at 900°C was determined with reactant gases
containing 0.3% SO, - 5% 05 and 0, 0.1, 0.47, and 1.27% H»0 (est). The
sulfation rate was independent of the H,0 concentration in the feed gas.
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Fig. 38. Effect of Oxygen Concentration on the Rate of Sulfation
of 6.6% Ca0 in a-Al,03 at 900°C. Sulfating gas mixture;
0.3% 80, in Ny plus indicated concentration of 0j.

Effect of Sulfation Temperature on Sulfation Rate. As shown in
Fig. 39, the rate of sulfation of the 800°C H.T. sorbent increases with
temperature up to 900°C, where it becomes independent of temperature
(within experimental error). The results were reproducible for various
Ca0/S80, ratios, indicating that the sulfation rates were not SOp-limited.
The independence of the rate at temperatures above 900°C indicates that
the reaction is diffusion-controlled at and above that temperature.

The same type of results (Fig. 40) was found for the 1100°C H.T.
sorbent. However, the activation energy below 900°C was higher for the

1100°C H.T. sorbent-—-65 kcal/mole compared with 27 kcal/mole for the
800°C H.T. sorbent.
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Fig. 39. Calculated and Experimental Rates of Sulfation of 6.6%
Ca0 in a-Al,03 (800°C H.T.) with 0.3% SOy ~ 5% 0p-Npcas
a Function of Sulfation Temperature.

Calcium Utilization. Wet chemical analyses for calcium and sulfur
have been performed on sulfated sorbents which initially contained about
6.6% Ca0 in 0-Al,03. These results, along with TGA weight change data
obtained in sulfation experiments, helped determine the extent of sul-
fation of the sorbent under different conditions. Table 32 compares the
percent calcium utilization (percent sulfation) computed from the chemical
analyses with the utilization estimated from the weight change which
occurred during sulfation. The calcium content of the sorbent used in
various runs, determined by chemical analysis, is shown in column 2, the
average calcium concentration is 4.27%, which is less than the value of
4,71% Ca (6.6% Ca0) estimated from the gain in weight of the support
after loading with CaO.

The percent sulfation (or calcium utilization) based on chemical
analyses is given in column 3. An average of 84.4 percent was obtained.
Column 4 gives the percent calcium utilizations calculated from the
weight change which occurred due to CaO converting to CaSO,. Column 5
presents the percent deviation between the two methods of calculating
the percent calcium utilization. Fair agreement (a variance of 6.1%)
was found for the two methods of calculating the percent calcium utili-
zation. The variance was only 4.6% when Run W40 was excluded from the
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Fig. 40. Calculated and Experimental Rates of Sulfation of 6.6%
Ca0 in 0-Al,03 (1100°C H.T.) with 0.3% SO, = 5% 0p-No
as a Function of Sulfation Temperature.

calculations. The 80-90% calcium utilization at 900°C is only slightly
dependent upon SO, concentration. This result contrasts with the experi-
mental TGA results for dolomite, which indicated that the percent
utilization is strongly dependent on S50, concentration.

The percent calcium utilizations at 750 and 800°C were 63 and 72%,
respectively. These values are somewhat lower than the 80 to 1007 con-
versions found in the 850 to 1050°C temperature range.

Mathematical Analysis of Sulfation Rate. An equation was developed
that correlates the rate of sulfation of 6.6% Ca0 in o-Al,03 (original
composition) with decreasing CaO concentration in the sorbent during
reaction, SO, concentration in the feed gas, and temperature. This
equation is: -

-0.025

[CaO], _ ( 2.9 x 107° "') 0.7
Sl =] 1+ — [SO5] t
]11([Caolt=0) = exp (-27000/RT) (D




Table 32. Calcium Content and Percent Sulfation of 6.6% CaO
in a~Al,03 Sorbent Sulfated at 900°C

1 2 ' 3 4 5
Sulfation Sulfation Deviation,
Ca Conc, Computed from Computed from Col. 3 vs
Chem Analysis Chem Analysis Weight Change Col. &4 ‘Operating
Run (wt %) (%) (%) (%) Conditions
W51 4.22 82.3 82.4 0.0% 0.05% SO, 900°C
W50 4.39 91.4 91.2 -0.2% 0.1% SO, 900°C
W49 "4.29 86.5 88.4 +2.1% 0.2% SO, 900°C
W23 4,27 98.1 94.1 ~4.1% 0.3% S0, 900°C
W23 (repeat) 4,06 94.2 98.9 +5.0% 0.3% SO, 900°C
W39 4,26 75.4 82.3 +9.2% 1% SO, 900°C
W40 4.19 88.3 100.6 +13.9% 3% S0, 900°C
W90 4.01 67.6 62.6 -7.4% 0.3% S0, 750°C
W89 4,47 71.3 72.1 +1.1% 0.3% SO, 800°C
W73 4.07 92.8 93.0 +0.3% 0.3% S0, 850°C
W23 4.06 94.2 99.0 +5.0% "0.3% SO» 900°C
W70 4.63 : 85.3 87.0 +2.0% 0.3% SO, 950°C
W72 4.52 79.4 75.8 ~4.6% 0.3% S0, 1050°C
Av. 4.27 84.4 85.7 variance 6.1% (4.6%)°

aExcluding Run @40.

LOT
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where t time, sec
T = temperature, °K
[S02] - conc. of SO, mole %
[Cca0]
.=t . . s .
Trai— = fraction of Ca0, remaining at time t
[CaO]t_0

The reaction was found to be 0.7 order in SO,, first order in CaO con-
centration, independent of 0O, concentration. when oxygen is present in
stoichiometric excess, and independent of H,0 concentration.

The temperature dependence of the reaction was determined by measuring
the rate over a temperature range of 750 to 1050°C, using a 0.3% S0, -
5% 0p gas mixture. A gas-solids reaction can be either diffusion-controlled
or chemical reaction-controlled; for some such reactions, diffusion control
occurs at the higher temperatures. In these experiments, the sulfation
rate increased with temperature up to 900°C; at higher temperatures, it
was independent of temperature. The expression for the overall rate
constant, kgyera1ls Which is shown below, takes into account both diffusion
control and chemical reaction control.2* When Dso, >> k, koverall = kys

when ky >> Dg0,, Koyerall v Dso,

SO
= —_—_— Y

koverall DSO 2)
1+ =2

k_§
T

where Kgoyerall = experimentally measured rate constant, sec—1
Do, = S0p diffusion coefficient, cm? /sec
s diffusion length, cm -1
ky = chemical reaction rate constant, sec

By use of this equation and the experimentally determined sulfation rates
at various temperatures and with the assumption of no activiation energy
for SO, diffusion, Eq. 1 was developed.

Figure 35 gives a comparison of calculated (Eq. 1) and experimental
rates of sulfation for 6.6% Ca0 in a-Al;03 at 900°C as a function of SO,
concentration. The gas also contained 5% 03, and the remainder was
nitrogen. Agreement is good.

Figure 39 shows how Eq. 1 fits the experimenta data as a function
of temperature. Agreement is satisfactory at low conversions; however,
at conversions above 507, the experimental rates are much lower than the
predicted rates for temperatures below 900°C.

The sulfation rates for sorbents that had been heat-treated at 1100°C
were not first order in CaO concentration, as was the case for the sorbents
heat-treated at 800°C. Therefore, an equation of the same form as Eq. 1
is not satisfactory for predicting the extent of the reaction, as can be
seen by comparison of experimental and predicted results in Fig. 36 and 40.
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Sulfation Rate as a Function of Calcium Loading in Support. In Fig. 41,
the percent conversion of Ca0 to CaSO, is given as a function of time for
2-20.9% CaO in a-Al,03 heat-treated at 1100°C. The rate of sulfation, when
measured as a fraction of the maximum possible sulfation, decreases with
increasing Ca0 concentration. However, as shown in Table 33, the sorbent
weight gain at any given time during sulfation is approximately the same
for all sorbents provided that 100% sulfation has not occurred.

The SO weight gain for Tymochtee dolomite is also given to allow
comparison. It captures approximately twice as much SO, as does 16.5%
Ca0 in 0-Al,03 sorbent for any given residence time.

Figure 42 shows the sorbent weight gain at 900°C as a function of
Ca0 concentration in a-Al,03 at the end of 1, 3, and 6 hr; Fig. 42 is a
plot of some of the data in Table 33.
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Fig. 41.

Sulfation of Sorbents Having Various Ca0O Loadings.
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Table 33. Sorbent Weight Gain during Sulfation for Various
Calcium Oxide Concentrations.
Sulfation Conditions: Feed Gas, 0.3% SO, 5% O,
Temp, 900°C
Hours Weight gain, g/kg of 1100°C H.T. sorbent - ‘
into 2% 3.3% 5.4% 6.6% 8.3% 10.5% 14.8% 16.5% Tymochtee
Run Cal CaO Ca0 Cal Ca0 Cao Ca0 Ca0 Dolomite
0.5 18.0 30.2 27.5 34.9 34.4 31.5 32.6 24.3 93.4
1 21.0 38.1 40.6 48.1 51.8 49.3 49.0 43.9
2 22.5 42.9 53.2 76.7 74.7 77.7 74.0 72.6 161.2
3 23.7 44.6 60.7 84.4 88.6 95.3 94.7 96.0 191.2
4 - 45.4 64.5 88.2 96.7 109.2 112.7 112.0 213.1
5 - - 67.0 - 100.7 119.4 126.4 126.4 230.0
6 — - - - 102.9 123.6 136.3 140 243.0
MaX. :
possible
wt gain 28.6 47.1 77.1 94.3 119.0 150 211.4 235.8 546.0
240 T 1 T 17 T 1 17 T T 17 7T T T 17
@ 220 n
= 200+ o N
S 180 > a ]
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Fig. 42. Sorbent Weight Gain at 900°C as a Function of Calcium

Loading of Sorbent.
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The fact that all sorbents studied capture SO, at the same rate is an
indication that the reaction is diffusion-controlled, which is in agreement
with the observed temperature independence of the reaction rate above

900°C (which also implies diffusion control).

Comparison of Sulfation Rates of Tymochtee Dolomite and Synthetic
Sorbents. Tymochtee dolomite was sulfated in the TGA unit at 900°C, using
0.3% SO, - 5% 0, in Ny, for comparison with 6.6% Ca0 in a-Al,03 (Fig. 43).
The information obtained will help in determining the relative effectiveness
of the synthetic sorbent in reducing 50; concentrations in the effluent
gas from a fluidized-bed combustor. Sulfation of the synthetic sorbent
was complete in 6 hr; sulfation of the Tymochtee dolomite was approximately
60% complete in 19 hr.

Dolomite contains approximately four times as much calcium as does
the synthetic sorbent. Therefore, in 6 hr the dolomite utilized approxi-
mately 2.5 times the quantity of calcium utilized by the synthetic sorbent.
In an earlier EA-series experiment in the bench-scale combustor,1
approximately 60% calcium utilization was obtained for Tymochtee dolomite
in the fluidized bed, which is in good agreement with the calcium utilization
obtained for dolomite in the TGA unit.

TGA results can also be compared with an earlier series of combustion
experiments (VAR-series), Calcium utilization in dolomite in the bench-scale
fluidized bed ranged from 33 to 83% and was inversely proportional to the Ca/$
ratio.!? The maximum calcium utilization (83%) was obtained with low Ca/S
ratios in the VAR-series. In comparison, the TGA runs were performed with
excess S0, and therefore low Ca/S ratios. However, calcium utilization was
only 60% in the TGA runs. Thus, TGA results do not agree with results of
the VAR experiments. Possibly, long residence times may account for the
high calcium utilization results obtained in the bench-scale fluidized bed.
Also, H0 (which should increase the reaction rate) was absent from the TGA
sulfation gas but was present in the VAR-series.

Metal Oxides in a-Al,03

Metal oxides other than Ca0 have been tested for their ability to
react with S0, and O, and for the ability of the sulfated sorbent to be
regenerated. Phillip325a26 and Cusumano and Levy27 have made thermodynamic
calculations to determine the most promising compounds for reaction with
SO0, and for subsequent regeneration with a reducing gas. Phillips suggested
that LiAlO, and LipTiO3 are the most promising candidates. They were
chosen from a list of 16 shown in Table 34 (Cusumano and Levy have
suggested twelve candidate materials, all of which were suggested previously
by Phillips).

Neither LiAl0, nor Li,TiO3 appears to be a good choice in view of
the instability of Li,SO, at high temperatures. Li,S0, has been reported
by Stern and Weise?8 to decompose at a noticeable rate not far above its
melting point (860°C). Ficalora et al.? report that Li,SO, decomposed
into gaseous Li, Oz, and 50, at temperatures above 780°C. Nevertheless,
4.5% Li,0 in a-Al,03 was prepared and tested. X-ray diffraction results
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Table 34. Most Promising SO» Sorbents Based on
Thermodynamic Screening Results.2

Temperature Range

Sorbent e
Na,0 1100-1200
Ca0 750-1090
Sr0 950-1200
BaOl 1080-1200
LiAl0, 750-1200
LiFe0, 750-950
Li,TiOs 750-1200
NaAlO, 750-820
NaFeO, 750-1020
CaAl,0, 750-950
CayFe,05 800-1150
CaTiO3 830-1150
STAl,0 750-1000
SrTiO; 750-920
BaAl,0, 750-1000
BaTiO3 750-1000

aSelected from references 5 and 6.
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indicated that LiAls0g was present in the sample. The sample was found
to lose weight rather than gain weight under sulfation conditions. The
weight loss was presumably due to decomposition of the LipSQ, formed by
the sulfation reaction. No further tests are planned with this material.

The sorbents 7.9% Nay0 in 0-Al,03, 5% Ky0 in a-Aly03, 14.4% SrO in
0-Al,03, and 5.2% Ba0 in a-Al,03 have been tested. X-ray diffraction
results indicated that the starting materials were B-NaAlO2, KAl;;0j7,
BaAl,0,, CaAl,0,, and SrAl,0, in a-Al,03. Their rates of sulfation at
900°C using 0.3% SO, - 5% O, in N, are compared with the rates for 6.6%
and 14.8% Ca0 in 0-Al,03 in Fig. 44. Potassium and sodium sorbents
clearly have higher rates of sulfation than do Ca0 sorbents while the
rates of sulfation of the BaO,* Sr0, and Ca0 sorbents are essentially the
same. The products of sulfation were NapSOy, K504, BaSOy, SrS0,, and
CaSO,. After regeneration, the original aluminates given above were
found.

Since Ca0, BaO, and SrO sorbents containing comparable amounts of
metal oxides have the same sulfation rate and since calcium is likely to
be the least expensive material, calcium is probably the most desirable.
Potassium and sodium sorbents have higher sulfation rates than Ca0; how-
ever, due to their surface instabilities at regeneration conditions (see
Regeneration section), they do not seem promising.

*
It is believed that if the BaO concentration had been "6.6%, the rate of
sulfation would be comparable to that of CaO.

A
o n5.2% Ba0 in a-Al,03
& 05% Kzo in a-AI203 —
./ : 26.6% Ca0 in a-Aly03
0 7.9% Na0 in a-Al,05

©14.4% Sr0 in a-Aly03
A I4.8%IC00 in a-Aly03

. |
0 0.5 1.0 1.5 2.0 2.5
Time, hr

Conversion of Metal Oxide to Metal Sulfate, %
n
o

Fig. 44. Comparison of Sulfation Rates of Various Metal
Oxides at 900°C.
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Regeneration Studies

Regeneration kinetics were extensively studied for sulfated 6.6% Ca0
and a-Al,03 sorbent as a function of reducing gas concentrations and tem-
perature. The other metal sulfates in 0-Al,03 were regenerated at only
one set of conditions and were compared with the rate of regenerating
CaS0, to CaO.

Effect of Reducing Gas. The rate of regeneration of CaSO, in a-Al,04
was studied at 1100°C as a function of reducing gas concentration for CO, Hy,
and CHy. The results are given in Figs. 45 and 46 for H, and CO. The
regeneration rate for CHy was the same as that for Hp. For each reducing
gas, the percent reduction of CaSOy, is given as a function of time, for
reducing gas concentrations ranging from 0.1% to 6%. For all three gases,
the reaction is 0.8 order in reducing gas concentration, less than 4 min
being required for complete regeneration when using a 6% reducing gas
concentration. X-ray diffraction results on the regenerated sorbents showed
that for the hydrogen and carbon monoxide runs, the product was a mixture
of Ca0+Alp03 and Ca0¢2A1,03 and that no CaS or CaSO, was present. However,
in runs (not plotted) in which methane was used as a reductant, SEM analysis,
using a scanning electron microscope, showed that trace amounts of sulfur
were present.
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Fig. 45. Regeneration of Sulfated 6.67% CaO-a-AlyQ3 Pellets,
Using Hydrogen at 1100°C.
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Points plotted in Figs. 45 and 46 are based on the assumption of 100%
regeneration of CaSOy to Ca0. This seems reasonable on the basis of weight
loss information. Table 35 presents the percent regeneration for each
run at the end of reaction. 1In each regeneration run, the experimental
weight loss was obtained by weighing the sample before and after each
reaction. The regeneration rate when CO was used was a factor of three
lower than the rates of regeneration when using CHy or H, which are
essentially the same. An explanation is that thermodynamically, the de-
composition of CHy to C and Hr is favored at 1100°C. Therefore, it is
thought that hydrogen is the actual regeneration gas when CHy is used, and
that the decomposition of CHy is not rate-limiting. Further evidence in
support of this idea was found when sorbents reduced with methane, hydrogen,
or carbon monoxide were sectioned for SEM analysis. The sorbents reduced
with CHy were black on the interior while those regenerated with Hy or CO
were white. Analysis verified that carbon deposition occurred when CHy
was used.

Calculations indicate that if 1.3 mg of C (from the reduction of CHy
to C and Hy) is present in each 35-mg pellet, enough Hy would have been
produced to reduce all CaSO, to CaO. Table 36 gives the quantity of
carbon found in the sorbents after regeneration at various reducing gas
concentrations. The amount of carbon deposition in the sorbents is less
than that needed to obtain enough hydrogen for complete regeneration of
the CaSOy. However, carbon deposition must also have occurred throughout
the TGA unit, making available the required amount of hydrogen for regen-
eration.

The effect of CO; concentration in the reducing gas on the regeneration
rate of sulfated sorbent was studied. Carbon dioxide might decrease the rate
due to the thermodynamically favorable reaction of COp with Ho to form Hy0
and CO. The regeneration rate apparently decreased only when the CO; concen-
tration was larger than 157 (Fig. 47). As reported above, when CO was used
as the reducing gas, the rate of regeneration was approximately one~third
that when hydrogen was used.

Table 35. Regeneration of CaSO, to Ca0, Calculated from Weight Loss.

Reducing ‘ Calculated Completeness of Regeneration, 7
Gas Conc, % co H, CH,
6 102 93 87
3 102 99 109
1 96 106 98
0.5 86 108 89
0.1 110 103 92
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Table 36. Carbon Content of Pellets after Regeneration with Methane.

Reducing Gas and

its Concentration Carbon Carbon?
in Experiment (ppm) (mg/35-mg pellet)
6% CHy 2300 0.41
1% CHy, 850 0.15
0.5% CH, 400 0.07
3% Hy 200 0.04

a1.3 mg of C from the reduction of CHy to Hy + C would be needed
in a 35-mg pellet to obtain enough Hy to reduce all CaSO, in the
pellet to CaO.
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Fig. 47. Effect of CO2 Concentration in the Reducing Gas on the
! Rate of Regeneration of Sulfated 6.6% Ca0 in 0-Al,0j3
at 1100°C. Regeneration Gas: 1% CO, 1% H,, 1% CHy in
No + indicated CO,.

Regeneration Rate as a. Function of Temperature. "Regeneration experi-
ments over a temperature range of 800 to 1200°C, using 1% Hp in the gas
stream, have been completed. The results for 1200, 1100, 1000, and 900°C
(Fig. 48) show that the regeneration rate increases with temperature.

The composition of the regeneration reaction product is a function of
temperature, as shown in Table 37. X-ray diffraction analyses indicated
that above 1100°C, the only product is Ca0, and below 900°C, the entire
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Fig. 48. Regeneration of Sulfated 6.6% Ca0 in 0~Al,03 Sorbent,
Using 1% Hy - Nj.

Table 37. Product? of the Regeneration Reaction at Various

Temperatures.
Regeneration
Temperatures (°C) Product
1200 Ca0
1150 ‘ Ca0
1100 Ca0
1050 Mostly CaO-1little CaS
1000 Medium quantities of CaO
and CaS
950 Mostly CaS-little CaO
900 Mostly CaS-little CaO
850 Cas
800 Cas

aDetermined by X~ray diffraction analysis.

product is CaS. In the intermediate temperature range of 900 to 1050°C, the
product is a mixture of Ca0 and CaS, with Ca0 concentration increasing with
temperature. The kinetic information determined as a function of temperature
was used to determine the activation energy, which was approximately 15
kcal/mole. It was found to be independent of the product formed (CaO or CaS).
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Mathematical Analysis of Regeneration Kinetics. The experimental
regeneration kinetic data were analyzed, using the following equation:

regeneration rate = d[C3§O~]
(3)
—k[R.G.]X[CaSOL+]y exp (—Ea/RT)

where [CaSO,] = CaSOy, conc, mole/m?

it

[R.G.] reducing gas conc, mole/m3
t = time, sec

E; = activation energy, cal/mole

T = temperature, °K

R = gas constant

X, V¥, k = constants

A linear dependence of the log of the experimental regenerated rate
as a function of 1/T, [R.G.], and [CaSO,] was found. Therefore, E;, k,
X, and y could be determined. The results are shown below for each reducing
gas:

.8
Hp
d[Cazgg] = -3.36 |or [CaSOy ]exp(-14,900/RT) (4)
CH
giggggil = -1.08 [CO]O'8 [CaSO, ]exp(-14,900/RT) (5)

The order of the reaction with respect to the reducing gas concentration

is 0.8 for all reducing gases; however, the regeneration rate is three
times lower for CO than for H, or CHy,. The activation energy was deter-—
mined from the experimental data for hydrogen presented above; the activation
energy for CO was assumed to be the same as that for hydrogen. Figures

46, 47, and 48 give a comparison of the experimental and calculated (Eq.

4 and 5) results. Agreement of the experimental and calculated results is
good for the regeneration rate as a function of temperature and hydrogen
concentration (shown in Figs. 48 and 45, respectively). It should be noted
that the activation energy was found to be independent of the product
formed. Figure 46 presents the regeneration rate as a function of CO
concentration; agreement of experimental and theoretical results was poor
only at the lowest CO concentration (0.1%).

Comparison of Regeneration Rates of Sulfated Svynthetic Sorbent:and Sul-

fated Tymochtee Dolomite. In an attempt to generate meaningful data applicable

to pilot plant fluidized-bed regeneration experiments, Tymochtee dolomite
that had been sulfated in the coal-fired, fluidized-bed combustor was
reduced with CO, H,, and CH, at 3% and 1% concentrations for comparison
with regeneration of the synthetic sorbents. Data are plotted in Fig. 49
for 3% reducing gas concentration of Hy or CO. The dolomite contained
10.1% S and was expected to lose about three times more sulfur than the
synthetic sorbents during regeneration. Also, the synthetic sorbent pellet
diameter was approximately three times larger than dolomite particles dia-
meters.
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The regeneration rates for dolomite were somewhat lower than those
for the synthetic sorbent; the decomposition rate of CaSO, in the dolomite
decreased rapdily near the end of the reaction. This decrease in rate
was not observed for the synthetic sorbents. However, the residence times
in a regenerator for dolomite and synthetic sorbent would not differ
significantly.

The major difference was in the product found at the end of the
reaction. As stated above, for the synthetic sorbents, the products were
Ca0+Al,03 and Ca0-2A1,03; for dolomite, the products were Ca0 and CaS. (In
neither case was CaSO, found.) Wet chemical analysis will be used to
quantify the amount of CaS in the dolomite. X-ray diffraction data indi-
cate that CaS might constitute as much as 30-50% of the product.

The SEM results showed that most of the sulfur in the dolomite was
near the surface of the particles. This is not surprising since these
particles were only 50% sulfated in the combustor before being reduced
in the TGA. It should also be noted that both iron and chlorine were
also found on the regeneration surface.

Regeneration of Various Sulfated Metal Oxides. Various sulfated

metal oxides in a-Al,03 were regenerated for comparison with the regen-
eration rate of CaSO, in 0~Al,03. The four metal sulfates studied were
Na,SO,, K,S0,, SrSO,, and BaSO, in o-Al,03. Regeneration rates (using

3% H, at 1100°C) are shown in Fig. 50, where they are compared with the
regeneration rates of CaSO, in a-Al,03. The regeneration rates for all
metal sulfates were extremely high compared with their sulfation rates.

A maximum of 5 min was required for regeneration. The percent regeneration
ranged from 85 to 947%. The reason for not attaining 1007 regeneration

has not yet been determined.

The regeneration results for K,S0, are in disagreement with the
thermodynamic calculations of Phillips.25 In his report, potassium was
rejected on the premise that potassium sulfate is theoretically stable
at regeneration conditions. As can be seen in Fig. 50, experimentally,
the regeneration of KZSOQ was comparable to the regeneration rate of CaSOy.
However, the instability 3 of both NaoS0, and K»S0y at the regeneration
temperature of 1100°C must also be considered. A part of the weight loss
observed during regeneration may have been due to decomposition of the
compounds. This same observation has been made by Pierce.30

Cyclic Sulfation-Regeneration Studies

Five cyclic sulfation~regeneration reactions using 6.67% Ca0 in o—-Al,0;
(1100°cC H.T.)* were performed to determine if a loss in reactivity would
be related to the number of cycles. In the sulfation reaction, 3% S0, -

5% 0, in N, was used at 900°C; in the regeneration reaction, 3% H, was
used at 1100°C. '

*

The final step in impregnating the supports with calcium oxide is heat~-
treating the sorbent at a proper temperature to form stable calcium
aluminates that react with SO, and can be re-formed during regeneration.
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As shown in Fig. 51, the rate of sulfation of the sorbent was the same
for the five cycles (100% sulfation in each cycle was assumed). In Table 38,
the percent calcium utilization during sulfation and percent conversion of
CaSO; in a-Al,03 to CaO during regeneration are given. If it is assumed that
the sorbents contain 6.64% CaO, calcium utilization was greater than 96%.

A minimum of approximately 50 cycles is probably needed to determine
if any structural degradation will occur due to phase changes occurring
because of internal chemical reactions. The purpose of this cyclic test
was to show that reproducible and predictable sulfation rates could be
obtained when the synthetic additive was heat-treated at 1100°C. This
reproducibility was not found for the 800°C heat-treated sorbent.

Additional cyclic sulfation-regeneration experiments have been
performed with two synthetic sorbents” containing 11.1 or 12.5% CaO. The
supports for these sorbents were prepared here at Argonne.

*These synthetic sorbents were prepared by heating granular F-1 boehmite to
above 1500°C for 8 hr to form a-Al;03 and impregnating it with CaO.
Heat-treating temperature determines the porosity of the support and
affects the sorbent reactivity.
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Fig. 51. Cylic Sulfation of 1100°C Heat-Treated Pellets (6.6%
Ca0 in u—A1203) Using 37 SOZ - 5% OZ_NZ at 900°C.
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Table 38. Calcium Utilization and Regeneration
during Sulfation-Regeneration Cyclic
Experiments, Using 1100°C H.T. Pellets

Cycle Sulfation (%) Regeneration (%)
l J— J—
2 97 97
3 98 97
4 98 99
5 97 ’ 96

Samples were sulfated at 900°C, using 0.3% SO, - 5% O, in Np, and
were regenerated at 1100°C, using 3% H, with the balance Ny . Sorbent
reactivity with SO; decreased, upon recycling, for the granular sorbents
containing 1.11 or 12.5% Ca0O. The loss of reactivity upon recycling
of the 11.1% CaO in a-Al,03 sorbent (support heat-treated at 1500°C)
and the 12.5% Ca0 in a-Al,03 sorbent (support heat-treated at 1350°C)
can be seen in Fig. 52 and 53. The amount of Ca0 that reacted with SO,
and Oy to form CaSO, decreased from 81% to 31% in 10 cycles for synthetic
sorbent containing 11.1% CaO. The CaO utilization for synthetic sorbent
containing 12.5% Ca0 was somewhat better; nevertheless, approximately 52%
of the Ca0 that was reactive in the first cycle was still reactive in
the tenth cycle. Calcium analysis of the synthetic sorbents prepared
from granular supports showed no calcium loss that might explain the
loss of reactivity.

Methods of Preparing Supports with Optimum Physical Properties

An investigation has been initiated to detemrine methods of producing
supports having the required properties (surface area, porosity, and
strength). Porosity measurements have been performed on a number of
granular supports to determine what effect pore size distribution has
on the synthetic sorbent reactivity during sulfation. All synthetic
supports tested to date were prepared from granular (-14 +30 mesh) boehmite,
y-A10(OH), obtained from Alcoa (Aluminum Co. of America). Samples were
heat-treated at 1100°C, 1200°C, and 1500°C for 8 hr. (The rate of heating
to the heat-treatment temperature has no effect on the sample's pore size
distribution.) The pore size distributions (cumulative pore volume versus
pore diameter) of the 1100°C, 1200°C, and 1500°C H.T. supports are given
in Fig. 54. The pore size distribution for as-received boehmite is also
shown. As can be seen in Fig. 54, the higher the heat-treatment temperature,
the larger the pore diameter. Also, it should be noted that 76% of the
pore volume of the 1500°C H.T. support is due to pores having a diameter
larger than 0.3 um and that this material contains essentially no pores
smaller than 0.13 um.

Synthetic sorbents containing 11.1 and 11.4% CaO were prepared from
the 1500°C H.T. support; a sorbent containing 12.5% Ca0 was prepared using
the 1200°C H.T. support; and a sorbent containing 12.5% Ca0 was prepared
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Fig. 52. Cyclic Sulfation of 11.1% CaO in 1500°C H.T. a-Al,03
Granular F-1 Sorbent Using 0.3% SO, - 5% 0,-N at 900°C.

o

using the 1100°C H.T. support. These sorbents were sulfated in the TGA

to determine their reactivity with 0.3% SO, - 5% 0, in N, at 900°C. In
Fig. 55, the rates of reaction (or conversion) of calcium oxide with 80,

to form calcium sulfate are shown for 8.8%, 11.1%, 11.4%, and 12.5% CaO

in a-Al1,03 sorbents. Also, the sulfation rate for 10.5% CaO in a—Al,03
(Girdler T-708) sorbent is shown. The sorbents prepared from 1500°C H.T.
support has the highest rate of conversion of Ca0 to CaSOuj its reactivity
is even higher than that for 10.5% €a0 in a-Al;03 (T-708). These results
suggest a correlation between pore size distribution in supports and

the reactivity with SO, of sorbents made from these supports; the larger
the pore diameter, the greater the reactivity. Synthetic sorbents prepared
from supports containing a large percentage of pores smaller than 0.1-0.2 ym
have low sulfation rates.

The quantities of S0, captured by given quantities of synthetic
sorbents at various residence times are given in Table 39. The sorbents
prepared from the 1500°C H.T. supports captured more SO; than did sorbents
prepared from either the 1100°C or 1200°C H.T. supports. Also, this granular
sorbent performed better than did the 10.5% Ca0 in a-Al;03 (T-708) sorbent.
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Fig. 53. Cyclic Sulfation of 12.5% Ca0 in 1350°C H.T. a-Al;03
Granular F-1 Sorbent Using 0.3% SO, - 5% 0,-N, at 900°C.

To improve our understanding of the effect of pore dize distribution .
on reactivity, porosity measurements were made on: (1) a support prepared
by heat treatment at 1500°C, (2) a support (from the same batch) after
loading with 11.4% CaO, and (3) the CaO-loaded support after sulfation.

The results are given in Fig. 56, where the cumulative pore volume, cm3/0.5 g
of material, is given as a function of pore diameter. This information is
helpful in determining the calcium and sulfur distributions in the pores.

The porosity, as expected, is highest for the original support and lowest
for the sulfated sorbent. A theoretical porosity curve for the sorbent
containing 11.47 CaO was calculated using the density for calcium aluminates,
CaS0y, and a-Al,03 and assuming that 11.47% Ca0 was distributed evenly in

the pores. Agreement of theoretical and experimental values is fair for

the large pores (>0.2 um), but poor for the small pores. These results
indicate that the Ca0O sealed off the entrance to the small pores during
preparation of the sorbent.

If it is assumed that the experimental porosity curve is correct for
the 11.4% Ca0 in 0-Al,03 sorbent, a theoretical porosity curve (shown in
Fig.  56) can be calculated for the sulfated sorbent. This theoretical
curve agrees well with experimental porosity measurements for large pores
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Table 39. Sulfation of Supported Sorbents.

Residence 8.8% Ca0 in F-1  12.5% Ca0 in F-1 11.1% CaO in F-1 11.4% CaO in F-1 _ 10.5% Ca0O
Granular o-Al;03 Granular o-Al,03 Granular 0-Al,03 Granular a-Al,03 in T-7082 Tymochtee

(1100°C H.T.) (1200°C H.T.) (1500°C H.T.) (1500°C H.T.) o-alumina Dolomite
1/2 13 31 63 57 32 93
1 18 41 91 84 49 -
2 24 52 117 109 78 161
3 29 59 127 117 95 191
4 33 64 129 123 109 213
5 35 - - - - 230

27-708 is the support generally used in the supported additive experiments. .

871
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(>0.2 ym). However, the theoretical result indicates that there should

be a larger number of small pores than was experimentally found. The
observed lowering of the total pore volume below the theoretical value
might be due to complete blockage of small pores by the formation of CaSOy.
These results indicate that possibly the small pores are not being fully
utilized and that there might be better preparation techniques that would
allow utilization of the small pores (<0.2 um).

Porosity measurements were also performed on sorbents containing
various concentrations of Ca0 (0 to 16.5%). The results are given in Fig.
57. As the CaO content increased, the total pore volume decreased, which
was expected due to the pores being filled with CaO. The total pore
volume found experimentally for the original support (0.205 cm3/0.5 g) was

used to calculate the theoretical pore volume for the four sorbents (Table 40).
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Table 40. Pore Volume for Various Synthetic Sorbents.

Theoretical
: Experimental Pore Volume Loss
Ca0 in . Experimental Theoretical Volume Loss by By CaO
Support Pore Volume Pore Volume Ca0 Additiomn Addition
%) (em3/0.5 g) (cm3/0.5 g) (cm3/ 0.5 g) (cm3/0.5 g)
0 0.205 0.205 0 0
3.3 0.183 0.196 0.022 0.009
5.4 0.168 0.189 0.040 0.016
10.5 0.150 0.172 0.055 0.033
16.5 0.127 0.151 0.078 0.054

The theoretical decrease ih pore volume due to CaO addition is. substantially
less than that found experimentally for each sorbent. This again indicates
that possibly, Ca0 plugs the entrances to small pores, lowering the observed
total porosity below the theoretical value.
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SORBENT ATTRITION STUDIES
R. Synder (Principal Investigator), I. Wilson

Introduction

Recently, a research program has been initiated to study sorbent
attrition (natural and synthetic sorbents). The objectives of this
program are to determine the mechanism of attrition in fluidized beds
and to determine a relatively simple method for determining the attrition
resistance of sorbents when used in fluidizied-bed coal combustors.

In a series of experiments, Tymochtee dolomite, wvarious support
materials for syntehtic sorbents, and one synthetic sorbent were tested
for attrition resistance in a cold fluidized bed under various fluidization
conditions. The sorbents were fluidized with air in a 5.08-cm-dia laboratory-
scale fluidized bed at room temperature.

The results are shown in Table 41. The percentage loss was calculated
as the quantity of overhead material produced in 10 hr. The overhead
particles were all smaller than 70 mesh; -the size range of the original
material was -14 +30 mesh. The L/D ratio was 1.38 for most experiments.

(A larger value produces a slugging bed.) Results of the various fluidi-
zation :experiments are compared below.

Attrition of Dolomite

The results of run 1 and run 2 with half-calcined Tymochtee dolomite
show that the larger the particles, the higher the attrition rate.

In runs 3, 4, and 5, the same material (sulfated dolomite containing
6.3% S) was used. Increasing the fluidization velocity produced greater
attrition rates (run 3 vs. run 4). Increasing the L/D ratio from 1.25
to 3.5 (a slugging bed) reduced decrepitation drastically, Z.e., by a
factor of 4 (run 4 vs. run 5).

Dolomites which had been 33%, 48%, and 63% sulfated (runs 3, 6, and 7)
were fluidized to determine attrition resistance as a function of the
extent of sulfation. Run 3, with a 33% calcium utilization, showed an
unusually large attrition rate (16% loss) compared with runs 6 and 7
(2-3% loss of material). At present, this cannot be explained. All three
samples had been sulfated in the bench-scale combustor during FY 1974.17
The sulfated samples had been stored in containers that were not air-tight.
Because the effect of the 2-yr storage period on these samples is uncertain,
half-calcined dolomite will be sulfated to various sulfur levels and tested ’
to determine their attrition resistance.

Runs 1 and 8 show the attrition rate determined in the laboratory-scale
fluidized bed for (1) the feed to the bench-scale combustor and (2) the
sulfated bed material from cycle 1 of the cyclic bench-scale sulfation-
regeneration experiments. Run 8a shows the experimental bench-scale results.
The sulfated dolomite (run 8) had a low attrition rate (0.3%/hr) when tested
in the laboratory-scale fluidized bed. This is not in agreement with the
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Table 41. Fluidized-Bed Attrition Experiments,

X Fluidizing~Gas Particles in a

Run Velocity Bed after Percent Loss

No. Sample L/D (ft/sec) 10 hr (%) in 10 hr

1 Tymochtee Dolomite 1.25 2.2 52.6 47
(half-calcined)
(14 +30)

2 Tymochtee Dolomite 1.25 4 0 100
(half calcined) (10.5/hr)
(-4 +14)

3 Sulfated Dolomite 1.25 2.2 84.1 16
(from VAR 8; 6.3% S,
24% Ca)

4 Sulfated Dolomite 1.25 3.0 75.2 25
(from VAR 8)

5 Sulfated Dolomite 3.5 : 2.2 96.0 4.0
(from VAR 8)

6 Sulfated Dolomite 1.25 2.2 97.8 2.2
(VAR 6; 9% S,
23.2% Ca)

7 Sulfated Dolomite 1.25 2.2 97 3
(VAR 5; 11.27% S,
22.47 Ca)

1b Tymochtee Dolomite 1.25 2.2 52.6 47
(Feed for bench-
scale combustor
Cycle 1)

8 Sulfated Dolomite 1.25 2,2 96.7 3
from Cycle 1

8a Sulfated Dolomite® 6 2-3 - 4-5%/hr

9 Regenerated Dolomite 1.25 2,2 0 100
(feed for combustor, (1.9% loss in
Cycle 2) 7 min)

9a Regenerated Dolomite®  4.26 4.69 - 2.4% loss in

! 7-min residence
time

10 1350°C H.T. granular 1.25 2,2 90.3 10
a~Al;03 support

11 1100°C H.T. granular 1.25 2,2 97.4 3
a-Al,03 support

12 86.9% Al203, 11.6% 3.25 - 60.4 40
S105 support
(Norton SA5203)

13 96% Al,03, 4% SiO 1.25 2.2 o 100
support (Carborundum (15.4 in 1 hr)
SAHT-96)

14 7.8% Ca0 in SAHT-96 1.25 2,2 97.1 : 2.9

15 94% (Zr0, + HfO,), 1.25 4.2 54,7 45.3

3.5% Ca0, 1.6% Si0,
support (Norton 5264)

2The percent loss determined as grams of overhead material x100/gram original material.
All overhead material was smaller than 70 mesh. '
Run 1 repeated to make comparison easier.
Bench-scale results.
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high loss rate found on a bench-scale (4-5%/hr, run 8a). The fluidization
conditions in the laboratory-scale and bench-scale vessels are not the same;
the bench-scale results include the loss due to attrition in the feed

line. The bench-scale results agree more closely with laboratory results
for half-calcined dolomite (run 1). The regenerated dolomite had a high
materials loss rate (run 9), as was also observed in the bench-scale
operation (run 9a). However, due to the short residence times needed for
regeneration (5-10 min), the loss rate per cycle is only about 2%Z.

Attrition of Supports and Synthetic Sorbents

Runs 10, 11, 12, 13, and 15 were tests of support material for synthetic
sorbents. The 0-Al,03 support had the lowest materials loss rate in com-
parison to the other supports studied.

The addition of Si0, was expected to strengthen the supports givea the
‘same physical properties (porosity, surface area). Al,03-Si0Op supports were
tested (runs 12 and 13) and were expected to be more attrition-resistant, but
this was not the case. It is speculated that the high attrition rates for
the A1,03-Si0, supports are due to larger-diameter pores. Silicon dioxide,
moreover, may not be desirable as a strengthening agent because it reacts
with Ca0 to form stable calcium silicates.

It was shown that large pores in 0~-Al,03 caused high attrition rates.
This was the result in runs 10 and 11. The 1350°C heat-treated a-Al,0g3
support had three times the attrition rate of the 1100°C H.T. a-Al,03
support. Higher heat=~treatment temperatures produce larger pores.

Porosity measurements will be made on Norton SA5203 and Carborundum
SAHT-96 Al1,03-Si0, supports. If they are found to contain large pores,
Si0s-containing supports will be tested that have smaller pores than these
two supports.

The Norton 5264 support (run 15) had a high attritiom rate, probably
due once again to large pores. The compounds ZrO and HfO; is this support
material are expensive and are not likely to be considered as support

-materials. However, IV-B transition metal oxides in small concentrations
may strengthen a support. Calcium titanates react with 80225 and may
lower the sorbent attrition rate. A search for a commercial source for
a-Al,03-Ti0, material has been unsuccessful. The possibility of preparing
small quantities of this support at Argonne is being assessed.

One synthetic sorbent, 7.8% CaO in 967 Al,03-4% SiO, (run 14) was
tested for decrepitation. In this test, attrition rate was substantially
smaller than that of the original support material (run 13); attrition
was reduced by a factor of approximately 50 to a 3% loss of material in
10 hr. If the same factor of 50 degrees in attrition rate could be
realized for the a-Al,03 supports (runs 10 and 11) by adding CaO, then
synthetic sorbents would have a substantially higher attrition resistance
than do natural sorbents. Synthetic sorbents, Ca0 in o0-Al,03, are being
prepared for attrition testing.
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COMBUSTION-REGENERATION CHEMISTRY*
[P. Cunningham (Principal Investigator), B. Hubble, S. Siegel]

The fundamental aspects of the chemical reactions associated with
the cyclic use of a sorbent material in sulfur removal processes, such
as fluidized-bed combustion, are being studied to provide information that
will suggest how these reactions might be optimized. Dolomite No. 1337
has been chosen as a model sorbent system for these studies. The program,
which emphasizes chemical kinetic measurements, also includes studies
of the structural changes that take place in the dolomite sorbent.
Kinetic studies are based on the use of a thermogravimetric (TGA)
technique, and structural studies are based on X-ray diffraction and micro~
scopy techniques. :

Previous reports have described results pertaining to the sulfation
reaction of half-calcined dolomite:!7>

[CaCO3°MgO] + SO, + 1/2 0, » [CaSO0,-MgO] + CO, (1)
the half~calcination reaction reaction:
[Ca003-MgC03Iﬁ—m» [CaCO3-MgO] + CO, 2)
COy

the formation of the Ca-Mg binary sulfate:
[CaCO3+MgCO3] + S0y, + 1/2 OZP

CO»
x[CaS0, *Mg0] + y[CaMg3(804),] + CO» 3)
© the two-step regeneration method _
[CasO,-MgO] + 4Hy ~ [CaS-MgO] + 4H0 (4)
[CaS-MgO] + CO, + H,0 - [CaCO3 MgO] + H,S (5)

and the feasibility of the solid-solid reaction between CaSO, and CaS
as a regeneration method

3[Cas0,-Mg0] + [CaS-MgO] -~ 4[Ca0-MgO] + 4SO, (6)
Additional information is reported herein on the processes described by

reaction 2 and 6.

Half-Calcination Reaction

In an earlier report,1 results were described of kinetic studies in
which this reaction was carried out at l-atm pressure in an environment
of 100% CO, over the temperature range, 640 to 740°C. This investigation
has been expanded to include: (a) measurements under the 100% CO, environ-
ment at 800°C, and (b) measurements under an environment of 40% C0,-60% He

* ]
The work reported in this section is supported in part by the U.S. Energy
Research and Development Administration, Division of Physical Research.
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over the temperature range 640 to 800°C. These kinetic results are summarized
in Fig. 58" and 59, where percent conversion is plotted against time. From
Fig. 58 and 59, it is apparent that the kinetics of this reaction are
dominated by a temperature effect. The reaction rate increases rapidly with
increasing temperature for both 1007 and 40% CO; environments, particularly
above some temperature near 700°C. The effect of COp concentration is more
subtle. In general, the rate is higher in the 40% COp environment, but

this effect becomes less pronounced at higher temperatures.

The results of X-ray diffraction analysis of stones from the 407 CO2 -
60% He environment experiments were in agreement with the earlier reported
results for the 100% CO2 environment experiments. That is, the size and
degree of preferred orientation of the CaCO3 pseudo crystals formed during
this reaction are dependent on the kinetics (temperature) of the reaction.
Larger crystals and greater degrees of preferred orientation result when
the reaction proceeds slowly (at lower temperatures); crystals are smaller
and there is less preferred orientation when the reaction proceeds rapidly
(at higher temperatures).

‘Additional experiments in which conditions were selected on the basis

“of the above results have been performed to provide a series of half-calcined

samples for optical microscopic examination. These experiments are sum-
marized in Table 42. Polished sections of these samples were examined in
reflected polarized light and were compared with sections of untreated
dolomite particles. The results of this study are summarized as follows.

Untreated Dolomite. Crystals in any one particle are equigranular and
coarse-grained, but the average size varies, for different particles,
from 0.04 to 0.3 mm. Grain boundaries are sharp, and optical extinction
is uniform across each grain. Occasionally, a grain contains small well-
defined occluded grains whose crystal orientations differs.

Sample from Experiment I. Dolomite grain boundaries became slightly
diffuse, and the extinction across grains was observed to be interrupted
by patchy inclusions of irregularly shaped grains whose crystallographic
orientation differed from that of the surrounding grains. The sample was
then mildly etched with 0.02N HCL for 5 s. This treatment serves to
distinguish calcite from dolomite (dolomite surfaces are unaffected, but
the calcite surfaces become etched). Comparison of the section before and
after etching shows that the onset of calcite formation occurred both
along dolomite grain boundaries and within the dolomite grains as patchy
areas. The shapes of the etched areas correlate very well with those of
patch inclusions observed in polarized light on the unetched section.
Calcite growth may begin from the edge of a dolomite grain inward but may
also begin within a grain.

Sample from Experiment II. This sample, heat-treated for 60 hr longer
than was the sample from experiment I, shows all of the above-described

%
Figure 58 includes data reported previously,1 along with new data for

800°C conversion.
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Reaction under 100% CO; Environment.
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Table 42, Half-Calcination Experiments on 1337 Dolomite.

. Sample . % Conversion to Calcite
Experiment '~ History (from TGA results)
1 100% CO,, 640°C, 50
60 hr :
II 100% co,, 640°C, ‘ 75
120 hr ‘
II1 40% C0,, 800°C, 100
0.3 hr
v 40% co,, 800°C, 100
6 hr ‘
v 40% CO,, 800°C, \ - 100
26 hr

effects, but to a greater degree. The original dolomite grain boundaries
are still present, but they are more diffuse. An etched section under
the microscope appears to be 75% converted to calcite, in agreement with
the TGA results. The MgO is too fine grained to be visible in reflected
light. ’

Sample from Experiment III. Calcite crystals have grown to diameters
of 5 ym, and they form a mosaic-like texture. Some preferred orientation
is present; the direction of orientation of the dominant component differs
from one area to another. These well-defined areas correspond dimensionally
to the grain outlines of the original dolomite crystals, even though each
dolomite grain has been completely transformed to many calcite crystallites
which assume an unknown, but preferred, orientation differing from that in
the original dolomite grains. This preferred orientation was also observed
in X-ray powder patterns.

As was observed for the sample from experiment II, MgO is too fine
grained to be seen in polished section, but its distribution might materially
affect subsequent sulfation reactions since it is more resistant to
sulfation than is Ca0 or CaCO3. However, in some preliminary SEM studies
on this sample, it was found that MgO is uniformly distributed throughout
the half-calcined particles. It neither migrates nor forms at grain
boundaries of calcite or relic grain boundaries of dolomite, but is occluded
in the calcite structure. L

Sample from Experiment IV. This sample, like the sample from experi-
ment III, was completely recrystallized into calcite. Unlike the sample
from experiment III, relic dolomite grain boundaries have been completely
obscured in this sample by recystallization into randomly oriented calcite
crystals which have an average diameter of 20 uym. The X-ray results confirm
this loss in preferred orientation.
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Sample from Experiment V. The 20 hr of additional heating (in comparison
with the preceding sample) had no major effect except a slight indication
of enchanced calcite crystal growth.

Discussion. The examination of the above samples by petrographic
methods has yielded significant results. It has been shown that dolomite
crystals are transformed to calcite along grain boundaries, as well as
within dolomite crystals. This suggests that greater efficiencies in the
half-calcination process may be achieved by using finer-grained starting
material from the quarry, if this is practical. In addition, it has been
shown that the half-calcined grain structure is completely destroyed by
heat treatment.

Regeneration by the CaSOy-CaS Reaction

Additional experiments have been performed to establish whether reaction
6 constitutes a practical regeneration scheme. Work included: (a) an
investigation of the yields obtained when the composition of the starting
material for this reaction is varied, and (b) a kinetic study of the reaction
as a basis for estimating the type of the kinetics associated with the
reaction system.

Effect of Starting Material Composition. A number of experimental
variables could affect the progress of reaction 6; for example, the composi-
tion of reactants (CaSO4/CaS ratio in the dolomite stomes) and the reaction
temperature. The initial experiments1 illustrated that the reaction proceeded
at a temperature as low as 950°C. Accordingly, a number of experiments
were carried out at 950°C with different starting compositions of CaSOy and
CaS in the dolomite stones to see if the yield of CaO is affected.

The experimental procedure employed was as follows: A large stock
supply of sulfated dolomite was prepared by half-calcining the stones and
subsequently sulfating in a 4% S0,-5% 0,-N, 40% COy simulated flue-gas mixture
until the gaining of weight halted. Stones from this stock supply were used
in every experiment.

The starting materials for experiments to study the solid-solid reaction,
Eq. 6, were always prepared by the same procedure, i.e., aliquots of the
sulfated dolomite stock supply were reduced to the desired extent at a re-
action temperature of 880°C, using a gas mixture containing 3% Hy and the
balance helium. Starting materials that had sulfide concentrations of 24
to 39% (TGA analysis) were prepared.

In addition, all sulfate-sulfide reaction experiments were performed
at the same conditions, Z.e., under l-—atm partial pressure of helium at
950°C. Most sulfate-sulfide reaction experiments were run for 5 hr, but
some were run overnight.

X-ray diffraction analyses3l were performed on samples of the starting
material and on samples of the products of all sulfate-sulfide reaction
experiments. For each analysis, an aliquot of 30 to 50 stones was analyzed
to minimize sampling error problems.
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The results of the experiments are summarized in Table 43. The first
column identifies the experiment and the sample analyzed by X-ray diffraction
and the second column gives the sample history. The third through sixth
columns list TGA results. The third column gives the percentage of the
available material in the stones that has been converted. The fourth, fifth,
and sixth columns give the compositions of the sample as mole percentages.
The seventh through ninth columns list the X-ray diffraction results as mole
percentages.

Varying the composition of the starting material for the solid-solid
reaction had the following effects: In all cases, the increase in Ca0
concentration as a result of solid-solid reaction, was substantial--that is,
in the 30 to 60% range. However, it is apparent from columns 3 and 7 that
a starting material containing greater than 25% sulfide (25% sulfide is
suggested by the stoichiometry of Eq. 6) is necessary to approach higher
yields (Z.e., consumption of most of the CaS80y and CaS before reaction
stops). For example, in Experiment IT, in which the starting material
contained 257 of the CaS form, the CaS was completely consumed and a sub-
stantial amount of CaSO, remained when reaction ceased. From these
preliminary results, a starting material containing about 35% of the reduced
form is believed necessary to force the solid-solid reaction toward
completion at a reaction temperature of 950°C.

As indicated in the preceding report in this series,1 a method was
developed for quantitative measurements of various phases present in the
X-ray diffraction patterns. A description of the X-ray technique for this
purpose appears elsewhere.3! The reason for developing this technique is
related to the fact that a TGA measures only weight changes and use relatively
small samples. Accordingly, the TGA technique requires the use of an
independent chemical analysis technique to identify the chemical reaction(s)
associated with the weight changes being monitored. For this reason, it is
of interest to compare TGA and X-ray results for the composition of the
phases in the stones. The sulfation and reduction reactions are understood
and therefore the weight changes observed in these two reactions can be
correlated with the compositions of the stones. If the X-ray technique
agrees with the TGA results for these two reactions, the X-ray technique
can be used to test whether the correct chemical reaction is being assigned
to TGA weight changes observed in solid-solid reaction.

Comparison of TGA and X-ray results for the sulfated and reduced stones
(Table 43, columns 4 and 7 and columns 5 and 8) in each of the experiments
suggests that the two methods are generally in agreement. The agreement for
the amounts of Ca0 and CaSO, in the samples are extremely good. However,
the agreement between the two methods for the amount of CaS present (columns
.6 and 9) is poorer than desired in each case, the X-ray result is lower than
the TGA result. Any of the following factors might lead to experimental
errors in the X-ray technique that could explain the lack of agreement in
the CaS results: (a) the use of peak heights instead of integrated inten-
sities, (b) the presence of amorphous materials, and (c) complete masking of
usable CaS lines by CaSO, lines, leading to substantial errors in the CaS$
measurements. In general, the agreement of the two techniques is surprisingly




Table 43. Summary of TGA and X-Ray Diffraction Results for
Solid-Solid Experiments at 950°C

Experiment ‘ Composition--TGA CompOsition—-X—ray
Number - Available Results Diffraction Studies
Sample Sample Material Cal CaSO0y CaS Ca0l CaSOy CaS
Number History Converted (mol %) (mol %) (mol %) (mol %) (mol %) (mol %)
I Stock Material 92% sulfated 15 85 0 11 64 4
II-A Partical Reduction  25% reduced 15 64 21 13 62 --2
II-B Sulfate-Sulfide _-b - - —_ 40 42 -2
Reaction, 5 hr
I1-C Sulfate-Sulfide ‘ ——b - —_— —_ 58 21 --2
Reaction, Overnight -
III-A Partial Reduction 32% reduced e 15 38 27 12 66 10
III-B Sulfate-Sulfide --b - —_— - 58 12 7
Reaction, 5 hr
IV-A Partial Reduction 36% reduced 15 54 31 15 38 16
IV-B Sulfate-Sulfide --b - -— - 43 19 --a
Reaction, 5 hr
V-A Partial Reduction 36% reduced 15 54 31 15 58 16
v-B Sulfate-Sulfide --b - — — 68 7 4
Reaction, Overnight A
VI-A " Partial Reduction 40% reduced 15 51 34 10 57 21
VI-B Sulfate-Sulfide --b | - - - 49 14 13,

Reaction, 5 hr

8Cas lines in X-ray patterns were either not detectable or, when detectable, were not intense
enough to measure.
Due to the manner in which these experiments were performed, it was not possible to monitor
sulfate-sulfide reaction progress from TGA weight changes.

™I
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good and it is concluded that the X-ray technique results can be used to
check whether the correct reaction is being assigned to TGA weight changes.

Solid-Solid Reaction Kinetics (Partially Reduced Starting Material).

‘The above studies illutrate that the yield of the solid-solid reaction

depends on the composition of the starting material, suggesting that it .
should be possible to identify conditiens which maximize thevyield. If the
reaction is to be considered in a regeneration scheme, the other important
reaction property to be considered is kinetics. Even if the yield is
acceptable, slow kinetics would result in the reaction not being a practicable
regeneration candidate. To gain an appreciation for the salient nature of

the kinetics associated with this reaction, a kinetic study was done on
sulfated dolomite which had been 36% reduced.

The experimental procedure followed was similar to that described
above. A large stock supply of sulfated dolomite 1337 was prepared by
half-calcining the stone and subsequently sulfating at 750°C in a 4% S0, ~
5% 0, simulated flue gas mixture until the weight gain process halted.
The percentage of sulfation achieved was determined by performing a reduction
experiment on an aliquot of the sulfated stones at 880°C with a 3% hydrogen
in helium.

A stock supply of partially reduced stones for use in the kinetic
experiments was prepared by a reduction reaction at 880°C, using a 3%
hydrogen in helium mixture. This material was used in all kinetic experi-
ments which were performed at 945°C under l-atm partial pressure of helium
flowing at a rate of 300 cm3/min to remove the S0, formed. In each kinetic
experiment, the starting material was placed in the TGA apparatus, which
was at 945°C with the helium purge flowing, and the welight change was
monitored until the experiment was halted. Reaction times were 1/4, 1/2,

1, 2, 51/2, and 18 hr. X-ray diffraction analyses were obtained on aliquots
(30 to 50 stones) of material samples at the end of each kinetic experiment.

The results of these experiments are summarized in Table 44. The first
column identifies the experiment, and the second column gives the samples
history. Columns three through seven lists the results based on analysis
of TGA measurements. The third column lists the percentages of the available
material in the sample that have been converted as a result of the history
of the samples. The fourth through sixth columns give the compositions of
the samples as mole percentages of Ca0O, CaSO,, and CaS, respectively.

The seventh column lists calcium species material balances as total
percentages of calcium species existing in the stones. The X-ray diffraction
results are given in the eighth through eleventh columns, with columns eight
through ten listing the mole percentages of Ca0, CaSO,, and CaS, respectively,
and the last column giving the material balances for the calcium species.

From Table 44, it is apparent that for each experiment, extremely good
agreement exists for TGA and X-ray analyses of CaO and CaSO, concentrations
in the material (columns 4 and 8, and columns 5 and 9, respectively). The
values are in good agreement, and values from both techniques show a similar




Table 44.

Results of CaS0,-CaS Reaction Kinetic Measurements at 945°C.

Starting

material was prepared by partial reduction of sulfated dolomite.

Stone Composition - TGA Results

Stone Composition = X-ray Results

7% of
Available '
Expt. Sample Material Ca0 CasSOy CasS L % Ca Cal CasO, CasS L % Ca
No. History Converted mol % mol 7 mol % Species mol 7 mol % mol 7 Species
I Sulfated 1337 91% of 16 84 0 100 17 90 0 107
Dolomite CaCO0j
Sulfated ,
1T Partially Re- 367% of CasSOy 16 53 31 100 23 60 20 103
duced Stones Reduced
0 hr
III 0.25 hr 20% of CaSoOy 30 43 27 100 29 39 16 94
Reaction Converted
to CaO
v 0.50 hr 267% of CaSOy 34 40 26 100 29 47 8 84
Reaction Converted
to CaOl
\Y 1.0 hr 297 of CaSOy 36 38 26 100 31 46 10 87
Reaction Converted
to Cal
Vi 2.0 hr 327% of CaSOy 38 37 25 100 27 50 7 84
Reaction Converted
to Ca0l
VIL 5.5 hr 40% of CaSoOy 45 32 23 100 35 38 5 78
Reaction Converted
to CaO
VIIIL 18.0 hr 38% of CaSOy 43 33 24 100 46 30 7 83
Reaction Converted

to Cal

€7l
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trend of change as the reaction proceeds. As for the earlier reported
results, the results of the two techniques for amount of CaS do not agree
as well as do the results for Ca0 and CaSO,. However, there is agreement
for the trend of change as the reaction proceeds.

The chemical kinetics of this reaction are summarized in Fig. 60, where
mole percentage of Ca0 in the stones is plotted against reaction time. Each
mole percentage Ca0O value in this figure is an average of the values from
the TGA and X-ray analyses listed in Table 44. The Ca0 content of the
stones .increased from 20% to 45%. The yield of the reaction (amount of
Ca0 formed as a result of reaction) was not as great as that obtained in
some earlier reported experiments, where it was shown that yield is
dependent on the composition of the starting material . However, the point
to be emphasized is that the rate of the solid-solid reaction was sur-—
prisingly high, that is, the Ca0 content increased from 20% to 40% in less
than six hours; stated in another manner, the reaction reached 80% completion
in less than six hours. Such a reaction rate is comparable to sulfation
reaction rates which were reported earlier.l” Accordingly, these results
are encouraging from the point of view of considering the solid-solid
reaction as a candidate for a regeneration scheme.

60

TIME, hr

Fig. 60. Ca0 Content as a Function of Reaction Time.
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COAL COMBUSTION REACTIONS
S. Lee (Principal Investigator), C. Turner

' Determination of Inorganic Constituents in the Effluent Gas from Coal
Combustion

In the operation of coal-fired boilers and gas turbines, it has been
observed that some chemical elements carried by the combustion gas cause
severe metallic corrosion, as of turbine blades. A study has been initiated
to determine quantitatively which elements are present in the hot combustion
gas of coal, in either volatile ‘or particulate form, and to differentiate
between volatile and particulate species. Identification of the compound
forms and amounts of particulate species and determination of the amounts
and the forms of condensable species are of interest.

An outline of the experimental program and a general description
of the laboratory-scale batch fixed-bed combustor designed for this study
were presented in the preceding reportI in this series. The combustor was
fabricated in the central shop at ANL and is now being assembled.

Modification of Conceptual Design of Equipment. The combustor was
fabricated according to a fabrication specification and work plan that
included a manufacturing plan, a test plan, and a quality control plan.
Prior to approval of the engineering drawings for fabrication, the drawings,
specifications for fabrication, and stress calculations supporting the.
safety of the design were reviewed by a design/preliminary safety review
committee of Chemical Engineering Division. The purpose of this review
was to determine if the design of the combustor met safety requirements.
At the review meeting, several recommendations pertaining to design and
operational safety were made. Based on these recommendations, the design
was revised. The revisions are described below:

The thermal stresses from heating and axial thermal gradients at both
the intersection of the preheating and combustion sections and the inter-
section of the filtration and cold trap sections have been considered.

The thermal stresses at both intersections have been reduced by the following
modifications of the design:

1. At the preheating section, the cooling coils have been removed.
Instead, a 1/8-in.-thick Fiberfrax insulation layer will be
inserted between the internal heater and the inner wall of the
pipe. This insulation layer will decrease heat flow radially.
Heat transfer calculations indicate that the wall temperature
of the pipe at this section will be only about 260°C (500°F)
and that the temperature difference between the inner wall and
the outer wall will be about 28°C (50°F). The thermal stresses
due to this thermal gradient have been computed and are shown
to be insignificant when compared with the maximum allowable
stress of the material at that temperature. 1In addition,
since no restraint to thermal expansion is imposed on the pipe
at this section, no thermal stress due to axial thermal gradients
are expected.
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2. At the cold trap section, the number of turns of the cooling
coil has been reduced and there is now a “7-in. transitional
section between the end of the hot filtration zone and the
point where the cooling coils start. Heat transfer calcul-
ations show that the average wall temperature at the point
where the cooling coils start will be about 150°C (300°F).

The 310 stainless steel is strong enough at this temperature
to withstand the thermal stresses caused by a thermal gradient
through the wall as large as 50°C (90°F). The thermal
gradient will not each 50°C at this section of the pipe.

3. Two more metal supports, one at each end, have been added to
hold the ends of the combustor, where heavier loads are
located. There are total of five mechanical supports along
this 6 1/2-ft-long combustor. Because there is a rather
short span between supports, the mechanical support stresses
are negligible in comparison with other types of stresses,.
For example, the filtration section has the greatest span;
therefore, the maximum flexural stress due to a bending
moment is expected at this section. Stress calculations
indicate that this maximum flexural stress is only of the
order of a few pounds per square inch.

The table on which the combustor will be supported has been
constructed so that the axis of the combustor body is tilted 5° downward
(from the horizontal) toward the gas discharge end; connections will so
oriented that water will drain out if there is a minimum accumulation.

Air (not oxygen as was stated in the previous report) will be the gas
introduced into the combustor upstream from the hot filter to complete the
combustion of organic volatiles. The design of the combustor is now
considered adequately safe. Except for one recorder and one gas analyzer,
all of the auxiliary components needed to complete the assembly of the
combustor system are on hand.

A schematic diagram of the batch fixed-bed combustor system is shown
as Fig. 6l. The safety aspects of the operation are described in the
following sections.

Gas System. The oxygen and air will be fed into the system from high-
pressure cylinders; nitrogen gas will be obtained from the house nitrogen
supply. For each gas line, a pressure-regulating and shutoff valve, a
silica-gel dryer, a flowmeter, and a normally closed (N.C.) solenoid valve
are installed. The solenoid valve will be activated (Z.e., opened) during
normal operating conditions, and will be deactivated (Z.e., closed) whenever
any of the following abnormal operating conditions occur: (1) the temper-—
ature of the combustor wall exceeds 900°C (1650°F) or the internal pressure
exceeds 2 atm (absolute) or (2) the flow rate of cooling water to cold traps
is less than 2.5 gal/min. When a solenoid valve is closed (deactivated), it
not only stops gas input to the system but also prevents any backflow of
combustion gas to gas supply lines.
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Fig. 61. Schematic Diagram of Batch Fixed-Bed Combustion System.
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Combustor. The conceptual design of the combustor unit was presented
in the preceding report1 in this series. To maintain system safety, several
feastures are provided in the combustor. Thermocouple burnout protection
and limit-control protection are installed for the preheater. The wall
temperatures of the combustor in both the combustion and the filtration
sections are measured by thermocouples, and if the wall temperature in
either section should exceed 900°C (1650°F), all input power would be
shut off and the solenoid valve controlling the inlet gas for the section
would be deactivated. In addition, a pressure switch installed on the
combustor is used to shut down the entire system if the system pressure
should exceed two atmospheres absolute (the design pressure of the
combustor).

Cooling-Water System. Cooling water from the laboratory cooling-
water supply is fed to the induction heating unit, cooling coils, and cold
traps in the system. For the cold-trap feed line, a check valve is
connected to prevent water backflow into the supply lines, and for the
discharge lines, an interlocking flow switch (IFS) is installed to ensure
sufficient cooling-water flow into the cold traps. The switch is so
connected that whenever the water flow is lower than the preset minimum
limit of 2.5 gal/min, all electrical power inputs to furnaces, the preheater,
and the induction heating unit will be shut off, and all solenoid valves
will be deactivated. Thereby, this IFS protects the cold traps from
overheating that could cause a failure of the cold trap, resulting in
steam generation.

Downstream System. Downstream from the combustor, the combustion
gas is further cooled in a condenser and flushed into a separator. The
gas stream leaves the separator and is reduced in pressure by passage
through a back-pressure regulator. Then a small fraction of the low-
pressure combustion gas is directed to gas analyzers and the rest of the
combustion gas is vented to the building exhaust. A sampling port is also
provided in this downstream section.

Systematic Study of the Volatility of Trace Elements in Coal

The effluent gases from coal combustion are known to contain trace
elements, some of which cause severe metal corrosion in.coal-fired boilers
and gas turbines. The evolution of these trace elements has been generally
believed to be due to the volatilization of elements and compounds at high
temperatures. Therefore, knowledge of the temperatures at which these trace
elements start to volatilize and of the rates of volatilization is important
for the utilization of coal. The purpose of this study was to obtain data
on the volatility of these elements under coal combustion conditions.

The experimental setup for this study was presented in the preceding
report1 in this series. 1In this report, the experimental results obtained
along with some conclusions are reported.

In this study, 340°C ash samples were heated in a tubular furnace to
various temperature ranges in a gas flow of 0.6 scfh for a specified period
of time. The 340°C ash samples were prepared by ashing -200 mesh Illinois
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Herrin No. 6 Montgomery County coal in an air flow of 9 liters/min for
48 hr in a muffle furnace. This step removed the carbon and concentrated
the trace elements.

The resulting ash residue was analyzed for elements of interest. In
most of the experiments, “1-g ash samples were used.

Three series of experiments were completed in this study. In the first
series of experiments, each ash sample was heated in an air flow to a
temperature between 540°C and 990°C for 24 hr; in the second series of
experiments, each ash sample was heat-treated to temperatures between 850
and 1250°C for 20 hr in either air or an oxygen-enriched air flow. The
experimental results obtained from these experiments have been reported?’z’33
and are summarized in Tables 45-47. These tables show that most of the
chlorine in coal evolves at temperatures below 640°C and that the
elemental concentrations of the metallic elements investigated are constant
up to 1250°C, indicating that these metallic elements generally remained
in the fused ash up to 1250°C under the oxidizing environments. Also,
the retention of these elements in the fused ash is not affected by the
oxygen concentration in the flow gas, as is shown in Table 47. Under the
oxidizing conditions present during heat treatment of these ash samples,
no loss of sodium or potassium was observed.

The third series of experiments was conducted to investigate the
volatility characteristic of trace elements in coal under wet oxidizing
conditions (to simulate coal gasification conditions). In the Series-3
experiments reported here (wet oxidizing conditioms), each 340°C ash
sample was heat-treated at a temperature between 850 and 1250°C for 20 hr
in water vapor-bearing air at a flow rate of 0.6 scfh. The water vapor
was introduced into the system by bubbling the air through a heated evapor-
ator. The ratio of water vapor to air in this series of experiments was
0.13 by weight, which is in the H,0/air ratio range of maximum efficiency
in the coal gasification processes.

The weight losses of the 340°C ash due to heat treatments in Series-3
experiments are given in Table 48. These data are also plotted in Fig. 62,
along with the weight-loss results obtained in Series-2 experiments
(presented in Table 18 of Ref. 33). The weight loss was greater in humidified
air than in dry air, indicating that water vapor in the combustion gas
affects the evolution of certain substances in the 340°C ash. The effect
at lower temperatures is greater than at high temperatures.

The X-ray fluorescence (XRF) method was used to analyze elemental
concentrations of ash samples from Series-3 experiments. In this method,
a 0.25-g ash sample was mixed with an equal amount of lithium tetraborate
binder in a plastic vial in the "Wig-L-Bug" grinder. The mixture was then
pelletized under a pressure of 10,000 psi to form a 5/8-in.-dia pellet.
When this procedure was applied to hard fused ash samples, this material
was pulverized to -100 mesh powder in a tungsten carbide vial (which
contained a ball) in the "Wig-L-Bug" grinder prior to being mixed with
the binder. The pellet prepared in this way was found to be homogeneous,




Table 45. Elemental Concentration® of High-Temperature Ash Corrected for Weight
Losses at the Stated Temperatures. Ash prepared at 542 to 990°C by
heating for 24 hr in air flow of 0.6 scfh. '
Heating Temperature (°C)
340 542 640 740 840 940 990
Be 6.5 +0.6 6.3 +0.6 6.2 +0.6 6.2 +0.6 6.8 +0.7 7.2 +0.7 6.3 +0.6
Pb 15+2 26+3 29+3 29+3 5445 10+1 21E2
\Y 210+50 200+50 230460 150+40 130+30 150+40 130430
Cr 90+9 91+9 87+8 100+10 94+9 93+9 170+20
Co 17.0 +0.8 16.9 +0.8 17.1 +0.9 15.4 +0.8 14.0 +0.7 14.4 +0.7 13.9 +0.7
Ni 5245 52+5 53+5 62+6 60+6 66+7 100+10
PP oy 130410 110+10 110¥10 120+10 120+10 126%10 130430
Zn 540+30 510430 520+30 460+20 480+20 560+30 560+30
Mn 500+20 550+30 540430 680+30 650+30 660+30 670+30
Hg 0.01 B
Li 5943 64+3 6243 63+3 63+3 63+3 66+3
_ Cl 90+10 91+10 22+10 17+10 17+10 13+10 21+10
Al 4.6 +0.2 5.7 +0.3 5.4 +0.3 8.1 +0.4 7.7 0.4 8.1 +0.4 8.0 +0.4
Fe 10.5 +0.5 10.7 +0.6 11.1 +0.6 11.2 H0.6 11.3 +0.6 11.5 +0.6 11.5 +0.6
Na 0.74+0.04 0.75+0.04 0.87+0.04 0.79+0.04 0.80+0.04 0.81+0.04 0.76+0.04
9 Mg 0.28+0.01 0.29+40.01 0.3340.02 0.54+0.03 0.42+0.02 0.40+0.02 0.40+0.02
° K 1.08+0.05 1.26+0.06 1.2140.06 1.24+0.06 1.25+0.06 1.2940.06 1.28+0.06
Ca 4.9 40.2 4.3 +0.2 4.2 +0.2 6.4 +0.3 6.0 +0.3 5.6 +0.3 6.2 +0.3
L Ti 0.6 +0.1 0.6 +0.1 0.5 40.1 0.4 40.1 0.4 40.1 0.4 +0.1 0.5 +0.1

a . .
By atomic absorption.

measurement obtainable with standard solution.

Each precision is based on an estimate of the precision of
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Table 46. Elemental Concentrations in High-Temperature Ash Calculated on the

Original 340°C-Ash Basis. Ashes prepared at 850 to 1250°C by heating
for 20 hr in an air flow of 0.6 scfh.

Heating Temperature (°C)
340 850 950 1100 1150 12090 1250
Element AA® NAAb AA AA AA AA AA AA
Fe 11.9 +0.6 11+2 11.8 +0.6 1.4 +0.6 11.4 +0.6 1.2 +0.6 0.9 +0.5 11.8 +0.6
Al 9.5 +0.5 - 9.7 +0.5 9.6 +0.5 10.0 +0.5 9.8 +0.5 8.6 +0.4 9.9 40.5
Na 1.00+0.05 0.8 +0.2 1.14+0.06  1.04+0.05 1.15+0.06 0.97+0.05 0.94+0.05 1.1340.06
%z K 1.55+0.08 1.4 +0.3 1.6240.08 1.59+0.08 1.56+0.08 1.5 +0.08  1.40+0.07 1.54+0.08
Mg 0.36+0.02 0.36+0.02  0.35+0.02 0.34+0.2 0.30+0.2 0.34+0.02
Ca 2.5 40.1 B 2.5 0.1 B N 2.5 +0.1
| Ti 1.4 40.3 1.3 40.3 1.4 +0.3
~ Zn 380+20 390+20 420+20 400+20 400+20 400+20 380+20
Mn 360+20 380+80 340+20 300420 300+20 320420 320420 320420
Ni 70+4 70+4 7244 74+4 69+4 68+3 84+4
Co 1743 20+1 17+1 20+1 19+1 18+1 17+1
ppm Cu 110+10 130410 140+10
Cr 150+20 120425 170+20 160+20
Li 75+4 77+4 ~ T4+4
- Vv 290470 280+70 280+70
2AA - Atomic absorption; each precision is based on an estimate of the precision of
b measurement obtainable with standard solution.
NAA - Neutron activation analysis; precision is estimated to be less than 20%Z at this

stage.
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Table 47. Flemental Concentration® in High-Temperature Ash as a Function
of Oxygen Concentration in Gas Flow. Ashes prepared by heating
for 20 hr in a gas flow of 0.6 scfh.

Heating Temperature (°C) :
340 1150 1200 1250

Oxygen Concentration (vol %)
Element 21 21 45 68 21 45 68 21
[ Fe 11.9.340.6  11.2 40.6 11.3 #0.6  11.3 0.6  10.9 40.5 11.2 40.6 10.9 +0.5 11.8 +0.6
Al 9.5 +0.5 9.8 +0.5 9.6 +0.5 9.5 +0.5 8.6 +0.4 8.5 +0.4 9.0 +0.4 9.9 +0.5
Na 1.0040.05  0.9740.05 1.11+0.06 1.0840.05  0.94+0.05 1.14+0.06 1.00+0.05 1.1340.6
%2 K 1.55+0.08  1.53+0.08 1.52+0.08 1.55+0.08  1.40+0.07  1.4440.07 1.43+0.07  1.54+40.08
Mg 0.35+0.02  0.34+0.02
Ca 2.5 +0.1 2.3 40.1 2.5 40.1
L Ti 1.4 +0.3 1.3 +0.3 1.4 +0.3
Zn 380+20 440+20 440+20 420+20 400+20 410+20 400+20 380420
[ Mn 360+20 320+20 290+15 310+20 320+30 290+15 280+15 320+20
Ni 70+4 69+3 78+4 67+3 68+3 70+4 83+4
ppm Co 18+1 1741
Cu 110+10 13010 140310
Cr 150420 250420 160+20
Li 75+4 69+4 74+4
\ 290+70 : 270470 280470

8calculated on the original 340°C ash basis; obtained by an atomic absorption method; each
precision is based on an estimate of the precision of measurement obtainable with standard
solution.
Balance was nitrogen.
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Table 48. Effect of Heating on Weight Loss of 340°C Ash.

Experimental Conditions: 0.6 scfh air flow,
Ho0/Air = 0.13 by wt,
20-hr heating time

Heating Wt of Wt Loss as a Average
Temperature Sample Result of Heating Wt Loss Wt Loss
(°C) (8) (8) (%) (%)
850 1.1138 0.1047 9.40 9.4
1.1112 0.1055 9.49 ’
950 1.1204 0.1213 10.83 10.74
1.1095 0.1180 10.64 )
1100 1.1031 0.1269 11.50 11.50
1.1142 0.1283 11.51 ’
1200 1.1029 0.1294 11.73 11.72
1.1085 ' 0.1299 11.72 :
1250 1.0129 0.1197 11.82

1.0985 0.1299 11.82 11.82

€aT
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Fig. 62, Effect of Heat-Treatment Conditions on Weight Loss
of 340°C Ash.

as indicated by good agreement in analytical results for samples obtained
from two sides of each pellet. This XRF technique was used to analyze
for the elements Fe, Al, Ca, K, Ti, Zn, Cu, Ni, Mn, and Cr. Because not
enough standard samples are available to calibrate the XRF instrument,
absolute elemental concentrations of the samples can not be calculated

at this stage. Instead, the results compared are the relative values

(in counts/sec) of the intensities of the characteristic radiations
produced by the elements in a sample.

Table 49 shows the results obtained by XRF. Also included in this
table are AA results for the elements Na, Mg, Li, and V, which can not
be analyzed by XRF. As can be seen in Table 49, within the experimental
and analytical errors, the XRF intensities and AA results of Series-3 ash
samples were found to be the same as those of the corresponding ashes of
Series-2 experiments. Since, as indicated by AA results in Table 46.
950 and 1250°C ashes of Series-2 experiments have the same elemental
concentrations as those of 340°C ash, it can be concluded that the
elemental concentrations of 950 and 1250°C ashes of Series-3 experiments
which agree with Series-2 results within the limits of analytical and
experimental errors should also be the same as those of 340°C ash. In
other words, the fourteen elements being analyzed generally remain in the
ash up to 1250°C in the humidified oxidizing conditions.




Table 49.

Original 340°C-Ash Basis.

Elemental Concentrations in High-Temperature Ash Calculated on the

Ashes prepared by heating for 20 hr in either dry air (Series-2) or

humidified air (Series-3) flow of 0.6 scfh.

H,0/Air = 0.13 by weight.

In Series-3,

Heating Temperature (°C)

Series 2 Series 3
950 . 1250 950 1250
a XRF AA XRF XRF XRF
AA (cps) (cps) AA (cps) AA (cps)
Fe 3700+400 35004400 3800+400 3600+400
Al 240+20 150+20 290+30 150+20
Na 1.04+40.05 1.13+0.06 1.01+0.05 1.00+0.05
K 900+90 700470 1000+100 800+80
Mg 0.36+0.02 0.34+0.02 0.35+0.02 0.35+0.02
Ca ' 24004200 19004200 25004200 2100+200
Ti 1300+100 1000+100 1300+100 1000+100
Zn 4645 38+4
Mn 100+10 93+9
Ni 69+7 61+6
Cu 100+10 86+9
Cr 130+10 120+10
Li 77+4 74+h B 75+4 80+4
v 280470 280+70 330480 310+80
2AA - Atomic absorption; each precision is based on an estimate of the precision of measurement
obtainable with a standard solution. For Na amd Mg, concentrations are in %; for Li and V,
b in ppm.

XRF - X-ray fluorescence; the intensity of the characteristic radiation is proportional to the

amount of the elements; precision is estimated to be less than 10% at this stage.

qqT
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It is also apparent from Table 49 that the XRF elemental radiation
intensities of 950°C ash in both Series-2 and Series-3 experiments are
greater than those of 1250°C ashes. The 340°C ash has also been analyzed
using XRF and was found to have much greater intensities for Al and Ca
than those shown in Table 49. This decrease in elemental radiation inten-
sities in high-temperature ashes is probably due to maxtrix-related problems.
As mentioned previously,33 the 340°C ash is a gray powder, the 950°C ash
a brown powder, and the 1250°C ash a fused black, glassy, hard agglomerate.
Heat treatment of the ash to a high temperature subjects it to severe
thermal effects and chemical reactions; it can reasonably be expected that
its matrix differs from other ash matrices due to changes in composition.
X~-ray fluorescence in known to be sensitively affected by the matrix of
the element in the sample being investigated.

From the above experimental results and discussions, the following
conclusions can be drawn: under the dry oxidizing conditions present in
the heat treatemnt of 340°C ash, most of the chlorine in coal evolves at
temperatures below 640°C, although trace amounts of chlorine still remain
in the high-temperature ashes. 1In constrast to the nometallic chlorine,
the metallic elements Na, K, Fe, Al, Mg, Ca, Ti, Zn, Mn, Ni, Co, Cu, Cr.
and Li are generally retained in the fused ash up to 1250°C in both dry
and wet oxidizing environments, and the retention of these metallic
elements in the fused ash is not affected by the oxygen concentration in
the dry flowing gas. Water vapor present in the flowing gas shows no
effect on the evolution of elements being studied; however, it causes a
greater weight loss from the ash residue, indicating that water vapor in
the flowing gas affects the evolution of certain substances in the 340°C
ash during heat treatment. The preceding conclusions from this study
appear to suggest that the evolution of sodium, potassium, and some other
metallic elements during the combustion of coal in other investigations!
may probably be attributed to the reducing environments present around
the coal or ash particles in the coal combustion bed. A reducing environ-
ment can occur in a region of the bed where oxygen is deficient.

EQUIPMENT CHANGES
J. Lenc (Principal Investigator)

As originally installed, the 6-in.-dia, pressurized, fluidized-bed
combustor and the 3-in.-dia, pressurized, fluidized-bed regenerator
utilized several components in common. Due to the dual function of these
components, the two units could not be operated simultaneously. The
equipment common to both units included the inlet and outlet surge tanks,
the gas preheater, the additive solids feeder, the off-gas system (cyclones,
filters, pressure-control valve, etc.), and the off-gas analysis system.
Modifications of the two systems and installation of additional equipment
were completed to physically separate the combustor from the regenerator.
The modified systems have been described earlier in this report. An
overall view of the new regeneration facility is shown in Fig. 63.

Several changes were made in the regenerator. The diameter was increased
from 3 in. to 4 1/4 in., an in-bed product overflow pipe was replaced with
an external pipe, and separate feeding-weighing systems were installed for
coal and for sulfated additive feed.




Fig. 63.
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Overall View of New Regeneration

Facility.
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Various pieces of equipment are being either fabricated or purchased
that will permit continuous cycling, by means of pneumatic conveying, of
sulfated additive from the combustor to ‘the regenerator and of regenerated
additive from the regenerator back to the combustor. The equipment includes
solids product receivers, solids feeders with attached hoppers, system-
pressure control valves, and inertial separators and filters for removing
particulate solids from off-gas. At present, additive must be transferred
manually between the two units in investigations related to the effect of
additive recycling on such variables as decrepitation, reactivity for SO,
retention, and buildup of coal ash in the additive.

MISCELLANEOUS STUDIES

Preparation and Testing of Supported Additives (Dow Subcontract)

A research program, subcontracted to Dow Chemical company, is concerned
with assessing the technical and economic feasibility of using candidate
synthetic S0, sorbents in fluidized-bed combustors. One task consists of
the preparation of synthetic S0, sorbents from fluidizable '"catalyst type"
support materials.

The other task consists of thermogravimetric analysis of these
sorbents. By obtaining data on sulfation and regeneration rates for sorbents
over a broad range of simulated combustion conditions, the following can
be determined:

1. Which sorbent is the most appropriate for a fluidized-bed
process in which high bed temperatures are not of paramount
importance.

2. Which sorbent is the most appropriate for a fluidized-bed
process in which hot gas turbines will be incorporated into
the design.

3. Which sorbent requires the least severe operating conditions
in the regeneration mode to achieve regeneration rates
comparable to those obtained with CaO.

An economic evaluation will be made on the basis of data obtained
at Dow and other sites and will be accompanied by recommendations for
future developmental work.

Preparation of Synthetic SO, Sorbents. Three sorbents have been
impregnated on low-surface-area (<1 mZ/g) and intermediate-surface-area
(1-100 m?/g) fluidizable Al,03 carriers supplied by Norton Company. The
sorbents and their concentrations are Ca0 (6.6, 6.9, 10, 15, 20, and 307),
Ba0 (6.9%), and SrO (6.9%). The preparation method was: (1) placing an
aqueous solution of the metal nitrate in a Rinco flask along with support
material, (2) rotating the contents for 30 min without heat or vacuum,

(3) rotating the contents for 1.5 hr with heat lamp or vacuum until dry,
(4) placing the impregnated supports in a crucible, and (5) firing the
supported additive in a muffle furnace at 1100°C for 2 hr.
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Thermogravimetric Analysis of Candidate Sorbents. A thermogravimetric
analyzer (Fig. 64) utilizing quartz springs has been constructed. A change
in mass of a sample is detected by using a cathetometer to observe the
deflection of cross hairs attached to the quartz springs. The sample pan
is suspended by a quartz fiber into an electric furnace which can operate
at temperatures in excess of 1200°C. There will be a nitrogen purge through
the insulation case to increase the lifetime of the furnace at high temper-
atures.

The gases from the gas mixture apparatus enter a quartz coil wrapped
around the heating block to preheat the gases before they enter the quartz
tube and eventually contact the sample. Laboratory jacks under the steel
cabinet lower the furnace so that there is room to suspend the sample on
the quartz fiber. The desired temperature is obtained by use of a Variac.
The temperature is monitored by measuring the skin temperature. The actual
temperature in the tube at the location of the sample is measured at several
power settings to obtain a correlation of power setting, skin temperature,
and sample temperature at different gas flow rates.

A standard arrangement of the apparatus for preparing simulated stack
gas with reproducible compositions has been assembled (Fig. 65). The use
of separate gas lines allows flexibility in selecting gas compositions.

A typical gas flow composition is 0.3% SOy, 5% 0,, and the balance nitrogen.
Whitey microvalves are used to control gas flow.

This work and the final report are scheduled to be completed in
October 1976.

Limestone and Dolomite for the Fluidized-Bed Combustion of Coal:
Procurement and Disposal (Dr. B. S. Friedman, consultant for Argonne
National Laboratory)

Supplies and possible markets for sulfated limestone, sulfated
dolomite, sulfur, and sulfuric acid (which may be produced in the fluidized-
bed combustion of coal) are discussed in relation to the costs and avail-
ability of competing materials such as natural limestone; natural dolomite;
wet sludge (spent limestone from wet scrubbers); landplaster; wet gypsum
(a byproduct of wet—process phosphoric acid plants); gypsum sulfur recovered
from natural gas, petroleum, and tar sands; and sulfur produced by the
Frasch process. The agricultural use of sulfated limestone and sulfated
dolomite for soil amendment may be economic in localities where shipping
costs of competing materials are high. However, the effects of these
materials on various soil types and crops (Z.e., peanuts) and on noncrop
plants, animals, birds, fish, etc. have not been thoroughly evaluated.

A projected rate for production of sulfur from sulfated limestone
and dolomite is 90,000 long tons/year in 1985. It is expected that such
a supply would be absorbed by the expected increase in world demand for
sulfur, which should also absorb the sulfur produced from scrubber waste,
coal liquefaction and gasification, and shale o0il recovery processes.
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Industrial processes for using sulfur in insulation, asphalt mixes, concrete
mixes, and bonding materials are under investigation.

Landfill or open-pit disposal of sulfated stones is not expected to
cause serious pollution problems.

A complete report has been published.33

The Properties of a Dolomite Bed of a Range of Particle Sizes and Shapes

at Minimum_Fluidization (Dr. S. Saxena, consultant to Argonne National
Laboratory)

In a previous report,_e’l+ the results of a series of seven batch
fluidization experiments performed without combustion in the ANL 6-in.-dia,
fluidized-bed reactor on partially sulfated dolomite particles of a wide
range of sizes (About 1410-88 pm) and shapes were described. Various com-
binations of temperature (70-800°F) and pressure (26-121 psia) were used.
These results were correlated on the basis of the Ergun relation3® in which
the mean shape factor, $S, was computed from the data for two experiments
for which the Reynolds number at minimum fluidization,_Rep,mf, was less
than 20 and the simplified Ergun relation was valid. ¢5 has now been
computed7 for seven experiments from the complete Ergun relation, and these
suggest a mean value of 0.379. Use of this value could successfully repro-
duce all of the experimental values of minimum fluidization velocities.

This concept was further checked by performing a series of eight
batch experiments with a fresh dolomite charge of particles having about
the same size range, the results confirmed the procedure.7 These experi-
ments and related calculations are described in detail in an earlier report
and provide a reliable basis for the prediction and correlation, over a
range of temperatures and pressures of interest in coal combustion, of
minimum fluidization velocity of a bed of nonspherical particles of wide
size range. Knowledge of the minimum fluidization velocity facilitates
explanation of the reaction kinetics of a fluidized-bed reactor since it
permits the determination of the gas in the bubble phase (an excess over
that required for fluidization).

Additional similar experiments were conducted on two fresh unsulfated
dolomites, one with a particle size range of about 2000-88 um (Series A)
and the other with a range of about 2000-44 um (Series B); the results
have been reported in detail.3? These experiments were done to gain a
better understanding of the quality of fluidization and to correlate
minimum fluidization velocity with (1) particle size distribution of the
solids making up the bed, (2) bed temperature, and (3) reactor pressure.

In these experiments, the pressure drop across the bed, AP, increased
as the fluidizing-air velocity was increased until a value of the air
velocity was reached at which the pressure drop remained constant for a
range with increasing fluidizing-air velocity. At this AP, the bed was
partially fluidized. The fluidizing-air velocity at which AP first
becomes constant is referred to as the minimum fluidization velocity for
the partial bed and is denoted by ups. As the fluidizing-air velocity was
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further increased, the pressure drop increased further and more and more

of the bed was fluidized. At some value of the fluidizing-air velocity,

the pressure drop again became constant and did not change with further
increases in the air velocity. At this stage, the entire bed was fluidized
and the fluidization factor, Q, (defined as the ratio of the pressure

drop across the bed to the weight of the bed per unit area), was unity.

The fluidizing-air velocity at which AP = (W/A) and consequently the
fluidization factor is unity is referred to here as the minimum fluidization
velocity for the total bed and is denoted by ups. W is the total weight

of the bed, and A is its effective cross-sectional area. Figure 66 shows
(qualitatively) how pressure drop across the bed, AP, varies with increasing
fluidizing-air velocity, and also changes the minimum fluidization velocities,
u e and u;f.

The value of AP when the fluidization factor, Q, is unity and the
entire bed is fluidized is denoted by APpfop. Similarly, the pressure
drop value corresponding to partial fluidization of the bed is indicated
by Amepb' The degree of segregation, S, may be computed from the following
relation:

(Ameeb B Amepb)
AP 1
mfeb

g =

Alternatively, S may be defined in terms of the weight of bed fluidized,
W”, such that '

- (W~ W)
§ =" (2)

W/A

AP

0 U — u

mf

Fig 66. Qualitative Dependence of the Pressure Drop Across the
Bed, AP, on the Fluidizing-Gas Velocity.
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and

Q = AP/ (W/A) (3)
Q and S are related, such that

Q=1-758

For a completely fluidized bed, the fluidization factor is unity and the
degree of segregation is zero.

The experiments mentioned above substantiated the procedure depicted
in Fig. 66 for determining upf. It was found that the linear plot is a
good guide for determining ups at which AP = W/A. The pressure drop
remains constant for a range of u values beyond upf, but after a certain
value is reached, more and more of the bed is fluidized and AP increases
with u at a higher rate than its initial rise in the range u < upf. The
experiments suggest that the occurrence of partial fluidization of the
bed at u = upf only influences the pattern of approach to the fluidization
of the entire bed in the region of upf < u < upf. The final state, when
the entire bed is fluidized, is that which would be obtained by extrapolating
the rate of rise of AP versus u in the range u < upf. We suggest
this as the basis of a procedure for predicting minimum fluidization
velocities for beds for which the degree of segregation is not high, that
is to say, up to about 0.3 (Z.e., with a Q about 0.7 or larger). Experi-
ments further revealed that partial segregation of the bed occurred if
the ratio of the diameter of the largest particle to the diameter of the
smallest particle exceeded at least 16. As a result, the prediction of
minimum fluidization velocity for the entire bed becomes complicated,
making precise prediction uncertain.
As discussed earler,“ our findings on quality of fluidization and
segregation are in conformity with the criterion of Geldarts,36 experiments
of Rowe and (:oworkers,:‘n"39 and Knowlton,”O and correlations of Jolly and
Doig,“l and Wen and Yu."?

Mathematical Modeling: Noncatalytic Gas—-Solid Reaction with Changing
Particle Size: Unsteady State Heat Transfer (Dr. S. C. Saxena, consultant
to Argonne National Laboratory)

Knowledge of the interior (core) temperature of a solid reacting
particle is important for catalytic as well as noncatalytic exothermic reac-—
tions inasmuch as this temperature may differ considerably from the ambient
temperature. In catalytic reactions, such temperature differences may
lead to severe decreases in catalyst reactivity. In noncatalytic reactions
such as the combustion of coal to produce low-Btu gas, the composition
of the product gas may differ considerably, depending on the temperature
of the reaction front within the particle and high temperatures may cause
slagging of the solid reactant.

For many gas-solid reactions, it is reasonable to use the quasi-steady
state approximation to obtain a first approximate description of the
reacting system. However, solution of the heat balance equation under
quasi-steady state approximation can lead to errors in the estimates of
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(1) the reacting particle temperatures and (2) the instantaneous transition
of the rate-controlling regime from kinetic to diffusion or vice versa.

The particle temperature has a significant influence on the effect dif-
fusivity and the reaction rate, since both of these are strongly dependent
on temperature. For gas—solid reactions occurring in fluidized beds, the
assumption that these are governed by the constant bed temperature is also
not valid. Accurate data on internal particle temperature and changes

in particle size must be considered to obtain reasonable predictions either
for design purposes or for comparison with the observed fluidized-bed
operations.

For diffusion-controlled reactions, it has been shown'3 that a change
in particle size as the reaction progress has considerable influence on
the conversion-time relationship. Generally, high temperatures are generated
in the diffusion-controlled regim of the gas-solid reaction, and it is
imperative that the changing size of the particle be included in the analysis
to obtain more realistic estimates of the internal particle temperatures..
The effects of changing particle size on unsteady state heat transfer has
not vet been analyzed in the literature. The inclusion of this phenomenon
presents an unique problem of two moving boundaries-—-(1) the reaction front
and (2) the external particle diameter of the particle (due to growth or
shrinkgage of the particle with reaction). The temperature rise during
reaction, especially within a porous catalyst, has been investigated by
many authors.* =51 In these investigations, which have been reveiwed,33 it
has been assumed that the particle size remains invariant throughout the
reaction.

In formulating a mathematical expression for the unsteady state heat
transfer that addresses the problem of internal particle temperature, we
have introduced a parameter Z which characterizes the change in particle
size as reaction proceeds. The model governing such a system is developed
below.

Model of the System

The analysis is based on a shrinking-core model for a spherical pellet
(Fig. 67). The derivation essentially involves the same steps as are
described by Rehmat and Saxena.*3 The following single reaction is considered
in the present analysis:™

ky

aA(g) + S(s) eE(g) + jS1(s) (4)

The rate of reaction is assumed to be first order with respect to gaseous
and solid reactants and is given by:

T, = kl(Tc) CACCSO (©))

*
Symbols are defined in "Notation" of this report section.
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where the temperature dependence of the rate constant is assumed to be

of the Arrhenius type. The reaction takes place at an interface situated
at a distance r. from the center. The solid reactant is assumed to lie
within the interface (0 < r < r¢), and the solid product forms the
surrounding shell (re < r < R). The particle is assumed to retain its
spherical shape as it reacts. As the reaction proceeds, the overall size
of the particle may change from the initial radius Ro. The solid particle
is immersed in a flowing gas mixture containing the gaseous reactant A
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whose concentration in the bulk phase is represented by Cap. Our aim is

to introduce the transient term in the energy balance equation and to

examine its effects on both the conversion-time relationship and the interior
particle temperature. Analysis of the system requires simultaneous solution
of mass and heat balance equations in the particle. In the following
analysis, we will employ the quasi-steady state approximation for the mass
balance equation since such an assumption is justified by Bischoff.>%2

Based on a shrinking-core model for a nonisothermal system under the

quasi-steady state assumption, a material balance for a gaseous reactant A
leads to the following relation:

gz By (6)

de

—EE = NSho a- wAS) at § = gs (7
and

dw w

A C E 1
gg‘=¢1(——)eXP :—]—(l—U—) at £ = ¢ (8)
c RT c

. o
Here

Nono = Non (Ro/2R) (D4/D ) (9
The solution of Eq. 6 in conjunction with the boundar? conditions of
Eq. 7 and 8 lead to the following relation for the concentration of A
at the reaction surface:

2
E 1
015, exp| - (1 -5 &
¢ RT Uc d1&5 \1 - £
1. 0 | 15¢ Eq Ej 1
0= 1+ T + T — exp | = (1 - — )| (10)
AC ¢ Sho s c RT0 c

The simplifying assumptions implicit in the above derivation areé discussed
in detail by Rehmat and Saxena.'3

Similarly, the heat balance equation with transient term included
in the analysis is given by:

8u _9%Uu 29U (11)
Vo195 =2 YT e

with the following boundary conditions:

== N (U - 1) +N

b =
o Nu NuR (Us - l) at ¢ = gs (12)
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and
aU’) ,
-(“*' w ‘ GE 23U
Al 1
3% =5 e | (l _‘ﬁ;) "3 e At £ - g (13
B1d1 :—l) c RTO c
RT
o
The initial condition is given by:
U=U =1at06=20 (14)

C

In the above, we have assumed that the particle core maintains a uniform
temperature and that the walls of the reactor are maintained at the ambient
temperature, TO.

In the case of the quasi-steady state asumption, the above equations
will not contain the accumulation term, and consequently (3U/36) and
(3Uo/98) will both be zero. Thus, the equations will simplify to the.
following:

2
ggg-+-§ Qg =0 (15)

with the boundary conditions given by

_4u _ N _
dt =~ Myuo (Ug = 1) + Ny p(U2 - 1) at & = ¢ (16)
and
RT w ,
<E1 ) e ¢L§1(UC ) exp £;—~ (1 Uc) at £ = g (17)
(o]

The following symbols are used in the above equations:

Nywo = Nyy Ry/2R) (k/k ) | (18)
Ny, = h(2R)/k (19)
N\uR = oR T3/k (20)
Br = CygDop (T ) (~0H)R/k E, (21)
vV o= CAODeA(TO)Cp(Sl)/aCSOke (22)
¢ =

p(S)C, (S)T_/aCy, (-aHy) 23)
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by = aROKl(TO)CSO/DeA(TO) (24)
T = p(S)R /K1 (T )CyCooM(S) (25)

and
6 =t/ (26)

Further, the following relations are also valid and apply to the system
under analysis:

Z = jM(S1)p(S)/M(S)p(S1) @7
3 - - 3
£2 = A+ (1 z)gc (28)
. 1/3 1/2
N =.§i + K7(NSC) (NReo) (29)
Sho ES g1/2
S
and
1/3 1/2
N _ Kil+ K2(NPr) (NReo) (30)
Nuo & g1/2

s
The effect of the varying size of the particle is contained in Z.
Since Ng¢, NReo, and Np,. refer to properties at the constant ambient

conditions and the initial size of the particle, Eq. 29 and 30 can be
simplified further so that

- K | K3
Nowo =% T 172 , (31)
s g
s
J = ﬁ. __I&L__
I\'Nuo g + 1/2 (32)
s €
s
where
Ka = K& 1/3 )1/2
3 =K (NSC) (NReo (33
and
Ky = Ki(Npr)l/B(NReo)l/z (34)

It can be seen from Eq. 31 and 32 that variations in K3 and Ky would

result in the variation of NSho and Nyyo. Thus, in our subsequent analysis
instead of varying Ngpo and Nyyo, We will vary K3 and Ky to investigate

the effects of mass and heat transfer coefficients, respectively.
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, Finally, we need an expression to relate conversion to time. Such an
expression has already been derived“3 and has the following form:

- moew |Boa-L (35)

c RT c
[}

with the boundary conditions given by
E =1at 6 =20 (36)

The conversion of solid reactant X is related to the system paramter gc;
for a spherical pellet, it is given by:

x=1—g§ (37)

Equations 11, 12, 13, and 14 in conjunction with Eq. 10, 35, and 36
are to be solved simultaneously to obtain conversion-time relationships.

Notation

a Stoichiometric coefficient of gaseous component, A

A Gas reactant

Ca Concentration of A at the radial distance r, mol/ft3

CAO Concentration of A in bulk phase, mol/ft3

CAC Concentration of A at the core of the particle, mol/f+3
Cas Concentration of A at the surface of the particle, mol/ft3
Cso Initial concentration of the solid reactant, mol/ft3

Cp Specific heat of the bulk gas at constant pressure, Btu/ (1b) (°R)
Cp(S) Specific heat of solid reactants, Btu/(1b)(°R)
Cp(81) . Specific heat of solid product, Sy, Btu/(1b) (°R)

Da Molecular diffusivity of component A in the bulk gas phase, fe?/hr

DeA Effective diffusivity of the component A in the ash layer, ft2/hr

e Stoichiometric coefficient for the gaseous component, E

E Product gas

Eq Activation energy, Btu/mol

g Signifies the gaseous state

G Dimensionless quantity defined by Eq. 23

h Convective heat transfer coefficient, Btu/(hr)(ftz)(°R)

AHy Heat of reaction per mole of reactant, Btu/mol

i Stoichiometric coefficient of the solid component, S,

k Thermal conductivity of the bulk gas, Btu/(hr) (ft) (°R)

ki Reaction rate constant, ft”/(mol)(hr)

ke Effective thermal conductivity of the ash layer, Btu/(hr)(ft) (°R)

Ky A numerical constant which occurs in the correlation of Sherwood
and. Nusselt numbers

K{ K;/2, dimensionless

Ko A numerical constant which occurs in the correlation of Sherwood
and Nusselt numbers

K3 Ko /2, dimensionless

K3 Defined by Eq. 33
Ky, Defined by Eq. 34
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Molecular weight of solid, S

Molecular weight of solid, S;

Nusselt number, 2Rh/k, dimensionless
Defined by Eq. 18, dimensionless
Defined by Eq. 20, dimensionless

Prandtl number C_n/k, dimensionless
Reynolds number, Z2urp/u

NRe (R,/R), dimensionless

Schmidt number, u/pDp

Sherwood number, 2Rkya/D,, dimensionless
defined by Eq. 9, dimensionless

Radial distance from the center of the spherical particle, ft
Rate of reaction of A, mol/(hr)(ft?)
Radius of the unreacted core, ft
Particle radius, ft

Initial particle radius, ft

Gas constant, Btu/(mol) (°R)

Signifies solid state

Solid reactant

Solid product

Time, hr

Temperature, °R

Ambient temperature, °R

Temperature of the unreacted core, °R

Temperature of the outer surface of the particle, °R

Reduced temperature T/T,, dimensionless

Reduced core temperature Tc/To’ dimensionless

Reduced particle surface temperature TS/To’ dimensionless
Defined by Eq. 22, dimensionless

Mole fraction of component A, dimensionless

Value of X in the bulk gas, dimensionless

Value of X, at the unreacted core surface, dimensionless

Value of Xp at the center surface of the particle, dimensionless
Conversion of solid reactant S defined by Eq. 37, dimensionless
A parameter to characterize growth or shrinkage of the particle,
defined by Eq. 27, dimensionless

Greek Letters

Defined by Eq. 21, dimensionless

Reduced time defined by Eq. 26, dimensionless

Viscosity of bulk gas, 1b/(ft) (hr)

Reduced distance r/R,, dimensionless

Reduced core radius of the particle r /Ry, dimensionless

Reduced size of the particle R/R,, dimensionless

Density of the bulk gas, 1b/fe3

Density of the solid S, 1b/ft3

Density of the solid, Si, 1b/ft3

Characteristic time defined by Eq. 25, hr

A parameter to characterize the ratio of intraparticle diffusion
resistance to the reaction resistance, defined by Eq. 24, dimensionless
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WA Reduced value of Xp, XA/XAC, dimensionless

WAC Reduced value of Xj(, Xac/Xpp, dimensionless

WAg Reduced value of XAS’ XAS/X , dimensionless

I Radiative heat transfer coeégicient, Btu/ (hr) (£t2) (°RY)
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APPENDIX A.

CHARACTERISTICS OF RAW MATERIALS USED
IN FLUIDIZED-BED COMBUSTION EXPERIMENTS
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Table A-1. Particle-Size Distribution and Chemical and Physical
Characteristics of Arkwright Coal.
Sieve Analysis
U.S. Sieve No. % on Sieve
+14 0.0
-14 +25 8.0
-25 435 14.2
-35 +45 12.3
-45 480 24,7
-80 +170 17.9
-170 23.0
Mean Particle Dia: 323 um
Proximate Analysis (wt %)
As Received Dry Basis
Moisture 2.89 -
Volatile Matter 38.51 39.66
Fixed Carbon 50.92 52.43
Ash 7.68 7.91
100.00 100.00
Sulfur, wt % 2.82 2.90
Heating value,
Btu/1b 13,706 14,114
Ultimate Analysis (wt %)
Carbon 77.14
Hydrogen 5.23
Sulfur 2.90
Nitrogen 1.66
Chlorine 0.19
Ash 7.91
Oxygen (by difference) 4.97

Fusion Temperature of Ash

Reducing

Atm (°C)
Initial deformation 1104
Softening (H = W) 1177
Softening (H = 1/2W) 1193

Fluid 1232

Oxidizing

Atm (°C)
1160
1216
1243
1271




179

Table A-2. Particle-Size Distribution and Chemical and Physical

Characteristics of Triangle Coal.

Sieve Analysis

U.S. Sieve No. % on Sieve

+14 0.0
-14 +25 25.0
-25 +35 22.0
-35 445 26.0
-45 +80 24.0
-80 +170 2.0
-170 0.3

Mean Particle Dia: 576 um

Proximate Analysis (wt %)

As Received

Moisture 3.46

Volatile Matter 31.47

Fixed Carbon 55.69

Ash 9.38
100.00

Sulfur, wt 7% 0.98

Heating value,

Btu/1b 13,053

Dry Basis

13

32.60
57.68
9.72
100.00

1.02

,521

Ultimate Analysis (wt %)

Carbon 76.11
Hydrogen 4.99
Sulfur 1.02
Nitrogen 1.30
Chlorine 0.22
Ash 9.72
Oxygen (by difference) 6.64

Fusion Temperature of Ash

Reducing

Atm (°C)
Initial Deformation 1383
Softening (H = W) 1444
Softening (H = 1/2 W) 1485

Fluid 1510+

Oxidizing
Atm (°C)
1430
1480
1510+
1510+
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Table A-3. Particle-Size Distribution and Chemical
Characteristics of Glenharold Lignite.

%
Sieve Analysis

U.S. Sieve No. % on Sieve

+14 0.00
-14 +25 9.88
-25 435 11.19
=35 445 19.46
-45 480 28.90
-80 +170 18.15
-170 12.42

Mean Particle Dia: 353 um

Proximate Analysis, wt %

As Received Dry Basis
Moisture 30.90 -
Ash 6.11 8.84
Volatile Matter 30.00 43.42
Fixed Carbon 32.99 47.74
100.00 100,00
Sulfur, wt % 0.53 0.77
Heating value, ‘ 7,625 11,035
Btu/1lb
Ultimate Analysis, wt %
As Received Dry Basis
Moisture 30.90 -
Carbon 46.04 66.63
Hydrogen 3.03 4,38
Nitrogen 0.72 1.04
Chlorine 0.04 0.06
Sulfur 0.53 0.77
Ash : 6.11 8.84
Oxygen 12.63 18.28
(by difference) — —_—
100.00 100.00

*
Average of two samples, as received.
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of Tymochtee Dolomite.

Particle-Size Distribution and Chemical Characteristics

Sieve Analysis

U.S. Sieve No.

-14
-25
-35
—45
-80

-170

Average Particle Dia:

+14
+25
+35
+45
+80
+170

0.
48.
19.
18.
11.

0.

0.

750

% on Sieve

PPNV

um

Component Chemical Analysis (wt %)
Ca 20.0
Mg 11.3
co, 38.5
Si 2.3
Al 0.87
Fe 0.29
H,0 0.2

Derived Composition
CaCO3 50.0
MgCO3 39.1
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Table A-5. Particle-Size Distribution and Chemical Characteristcs
of Type-38 Alundum Grain Obtained from the Norton
Company.
Sieve Analysis Typical Chemical Analysis
U.S. Sieve No. Wt % on Sieve Component Wt %
+14 0.0 Al,03 99.49
-14 +25 15.7 S$10, 0.05
-25 +35 73.3 Fe;03 0.10
-35 +45 11.0 TiOyp 0.01
-40 +80 0.0 Na»0 0.35

Total 100.0
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APPENDIX B.

PLOTS OF OPERATING DATA AND EXPERIMENTAL RESULTS
OF COMBUSTION EXPERIMENTS
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