Demonstration of Coal Reburning
for Cyclone Boiler NO, Control

Final Project Report

Prepared by:

Babcock & Wilcox
a McDermott Company
Energy Services Division
20 South Van Buren Avenue
P.O. Box 351
Barberton, OH 44203-0351

Submitted by:

Babcock & Wilcox
Contract Research Division
1561 Beeson Street
Alliance, OH 44601

February, 1994
Prepared for:
United States Department of Energy
Pittsburgh Energy Technology Center

DOE-PETC Contract No. DE-FC22-90PC89659
B&W Contract No. CRD-1229



Disclajimer

This report was prepared by Babcock & Wilcox pursuant to a
cooperative agreement partially funded by the U.S. Department of
Energy (DOE), the Wisconsin Power & Light Company (WP&L), the
Electric Power Research Institute (EPRI), and a grant agreement
with Illinois Department of Energy and Natural Resources (IDENR)
for the DOE and IDENR and neither Babcock & Wilcox, WP&L, EPRI,
IDENR, nor Southern Illinois University at Carbondale, nor any
person acting on their behalf:

(a) Makes any warranty or representation, express or
implied, with respect to the accuracy,
completeness, or usefulness of the information
contained in this report, or that the use of any
information, apparatus, method, or process
disclosed in this report may not infringe
privately-owned rights; nor

(b) Assumes any liabilities with respect to the use
of, or for damages resulting from the use of, any
information, apparatus, method or process
disclosed in this report.

Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the U.S. Department of Energy.
The views and opinions of authors expressed herein do not
necessarily state or reflect those of the U.S. Department of
Energy.



(W
3 o

N
o

NN
WK

w NN
L ] * -
o o O b

W
L)
[

W W W

W N

Coal Reburning for Cyclone Boiler NO, Control

Final Project Report

Table of Contents

Executive Summary

Definition of Reburning

Project Objectives and Goals
Project Approach

Technical Results of Coal Reburning

l1.4.1
1‘4.2
1.4.3

Long-Term Operation and Implications for Future Application

Emissions Performance
Boiler Performance
Boiler Operation

Economics of Reburning
Other Regquirements

Introduction and Background

Introduction
Description of Reburning Process Technology
Previous Work

2.3.1

Reburn Feasibility Study

2.3.1.1 Objectives

2.3.1.2 Results

2.3.1.3 Conclusions and Recommendations of the
Feasibility study

Pilot Scale Evaluation of Reburn Technology

2.3.2.1 Objectives

2.3.2.2 Pilot-Scale Results

2.3.2.3 Full-Scale Util. Application Economics
2.3.2.4 Conclusions and Recommendations of the

Pilot-Scale Work

Host Site Characteristics
Project Organization
Project Phases and Schedules

Baseline Testing

NO, and Percent Loss on Ignition (Unburned Carbon) Emissions

Levels

Particulate Emissions
In-Furnace Probing

Boiler

3.4.1

Performance

Superheat /Reheat Steam Temperatures/Spray Flows

ii



[
S

6.3

N N N

Furnace Exit Gas Tenmperature
Surface Cleanliness
Efficiency Calculations
Unburned Combustible Losses

4
4
4.

4

W w
[S) N VI N

Pilot-scale study

Experimental Facility
Demonstration Coal Pilot-Scale Results

NO, Emissions

Conbustible Loss

Pilot-Scale Furnace Temperature Profile
Corrosion Potential in the Reburn Zone
Other Investigations

Mixing Evaluation

SBS Scale~Up Methodology

Conclusions and Recommendations

. & a &
- -

MNMNMNDD N

GO~ bW

High Sulfur Illinois Coal Results

.1 Furnace Exit Gas Temperature (FEGT)
.2 Combustion Efficiency
3 Corrosion Evalunation

4.3
4.3
4.3.

Western Coal Results

4.1 NO, Emissions Levels
.4.2 Furnace Exit Gas Temperature
4.3 Combustion Efficiency
Lignite Testing

Mathematical Physical Flew Modeling

Methodology

Baseline Flow Patterns
Reburning System Evaluation
Conclusions and Recommendations

Modeling Support Via Full-Scale Utility Measurements

Cocal Reburning System for Nelson Dewey Unit No. 2

Inplementation of Modeling Results
Combustion Hardware

6.2.1 Cyclones
6.2.2 Reburn Burners _
6.2.3 oOverfire Air (OFA) Ports

Coal Preparation and Handling
6.3.1 Cocal Conveyor System
6.3.2 Coal Silo

iti



6.3.3
6.3.4
6.3.5
7.0
7.1
7.1.1
7.1.2
7.1.3
7.1.4
7.2
7.2.1
7.2.2
7.2.3

7.3

7.3.1

Coal Feeder
Pulverizer
Primary Air Fan

Coal Reburning Technical Impacts

Parametric Optimization/Performance Testing Overview

Objectives

Test Parameters

Continuous Emissions Monitoring System
Boiler Performance Characteristics

Testing Chronology

Test Dates

Summary of Tests Performed

7.2.2.1 Initial Tuning Tests - "T" Series

7.2.2.2 B&W/Acurex Optimization Tests - "A" Series

7.2.2.3 Initial Performance Testing - "P" Series

7.2.2.4 Final Performance Testing - "F" Series

7.2.2.5 Hazardous Air Pollutant Testing - "HAPY
Phase

7.2.2.6 Western Fuel Firing Testing - "W" Series

Evaluation Methodology

Coal Reburning Performance Results

Environmental Effects of Reburning

7.3.1.1 NO, and CO Emission Levels
7.3.1.1.1 Reburn Zone Stoichiometry Impact
7.3.1.1.2 Reburn % Heat Input Impact
7.3.1.1.3 Gas Recirculation Rate Impact
7.3.1.1.4 Pulverizer Coal Fineness Impact
7.3.1.1.5 Reburn Effect on Unit Leoad

7.3.1.2 Western Fuel Results
7.3.1.2.1 Reburn Zone Stoichiometry Impact
7.3.1.2.2 Impact of Reburn Heat Input
7.3.1.2.3 Gas Recirculation Rate Impact
7.3.1.2.4 Effect of Unit Load on Reburning

Performance
7.3.1.3 Particulate Emission/Precipitator

Performance

7.3.1.3.1 HNelson Dewey Precipitator
Specifications

7.3.1.3.2 Computer Model Description

iv



7.3.1.3.3 Pre-Retrofit Precipitator

Evaluation
7.3.1.3.4 Post~Retrofit Precipitator
Evaluation
7.3.1.3.5 Post-Retrofit Preciptiator Data
7.3.1.3.6 Post-Retrofit Precipitator

Modeling Results

7.3.2 Boiler Performance Results

7.3.2.1 Introducticn

7.3.2.2 Calculation Methodology

7.3.2.3 Discussion of 1990 Baseline Data
7.3.2.4 Discussion of Test Results of Bituminocus

Coal (Lamar)

7.3.2.4.2 Percent of Ash as Fly Ash (Fly

Ash

Split)

7.3.2.4.2 Unburned Carbon (UBQ)

7.3.2.4.3 Unit Efficiency

7.3.2.4.4 Furnace Exit Gas Temperature
(FEGT) .

7.3.2.4.5 Surface Cleanliness Factors
(Ki's)

7.3.2.4.6 Superheat and Reheat Final Steam
Temperature

7.3.2.4.7 Superheat and Reheat Spray Flow
Quantities

7.3.2.5 Discussion Test Results of Western Coal

7.3.2.5.1 Percent of Ash as Flvash (Flvash
Split)

7.3.2.5,2 TUnburned Carbon (URBC)

7.3.2.5.3 Unit Efficiency

7.3:2.5.4 Furnace Exit Gas Temperature
(FEGT)

7.3.2.5.5 Surface Cleanliness Factors
(X's)

7.3.2.5.6 Superheat and Reheat Final Steam
Temperature

7.3.2.5.7 Superheat and Reheat Spray Flow
Quantities

7.3.2.6 Quality of Data

Cyclone Reburning Western Fuel Firing Benefits

7.3.3

7.3.4 Environmental Monitoring

7.3.5 Hazardous Air Pollutant Testing (HAP) Results
7.3.6 Long~-Term Operation Summary



10.2

1i.0

7.3.6.1 Boiler Performance
7.3.6.2 Emissions Summary
7.3.6.3 Corrosion Evaluation

Economic Assessment of Reburning Technology
Economic Methodology and Assumptions

8.1.1 Methodology
8.1.2 Assumptions

Economic Analysis at the Nelson Dewey Retrofit
Economic Analysis of Hypothetical Power Plant
Site Specific Factors

NO, Removal Econonmics

Application of the Technology

Introduction

Methodolegy

Results and Discussion
Status of Model Development

Conclusions and Recommendations

Conclusions

‘10.1.1 General
10.1.2 Emissions Review

10.1.2.1 Lamar Coal Firing Emission Summary
10.1.2.2 Western Coal Firing Emission Summary

10.1.3 Improved Operational Flexibility
10.1.4 Power Plant Efficiency

10.1.4.1 Lamar Coal Firing Boiler Performance
Summary
10,2.4.2 Western Coal Firing Boiler Perfermance

Summary

10,1.5 Long-Term Reburn Operation
10.1.6 Economics of Coal Reburning

Recommendations

References

vi



APPENDIX LIST

3

OWN

G,

10
11
12
13

14
15
16
17
18

i9
20
21

22

Title

Small Boiler Simulator (SBS) Description
Statement of Work by Task and Subtask
Evaluation of Reburning for NO, Control From Lignite~Fired

Cyclone Boilers

Nelson Dewey In-Furnace Gas Species And Temperature
Measurements

Balance of Plant Details

Test Report ~ Nelson Dewey Cyclone Reburn Optimization and
Performance Environmental Tests

Emissions Test Data Summary

Air Pollution Control Technology Company (APCO) Research
Reports on Precipitator Performance

Summary of T and A Series Tuning and Optimization Test Data
Summary of P and F Series Performance Test Data

Summary of W Series Western Fuel Test Data

Air Heater Performance Calculations

1990 Baseline Test Data Summary - Reevaluation with Revised
Gas Recirculation Flows

Ash Split & Carbon Loss Calculations

Fuel and Ash Sample Analyses

Summary of Efficiency Calculations

Summary Sheet for Unit OQutput Calculations

Boiler Surface Cleanliness Factors (K;’s) During Both Lamar
and Western Ccal Firing Tests

Data Error Analysis

Hazardous Air Pollution (HAP) Monitoring Report

Material Condition Assessment of Furnace Tube Test Samples
From Wisconsin Power & Light Company

Supplemental Economic Evaluation Information



TABLE INDEX

[SIE)]
11
N

Rt B RS BN B BN |
I O |
(o WS I PV S I

=3 =3~
]
O Wl

7-12
7-13

Title

Reburn NO, Emissions/% Reduction From Baseline
for Lamar Coal . . . . . . . . . . .

Reburn NO, Emissions/% Reductlon From Basellne
for PRB Coal C b e e e e e e e e e e e e e e .
Reburn Technology Economics . . . . . + . . .
Cyclone Boiler Population Survey . . . . . . .
Required Furnace Height ., . . . . . . . . . .
NO, Emissions Predictions . . . . . . . . . .

Summary of Reburning Conditions Evaluated
During Pilot Tests . . . . . . . . . « « . . .

Comparison of Combustion Efficiencies . . . .
Reburning NO, Control for Cyclone Boilers -

Fireside Corrosion - H,S Concentration . . . .
Economic Evaluation For Applying Reburning To
Cyclone Boillers . . . +« « o « o« « o « o &« +
Test Coal Analysis . . . . .+ v « ¢ & « v o « .
HVT Temperature Comparison . . . « +« + » « .+
Average Cleanliness Factors . . . . . . . . .

Comparison of Baseline Conditions for the
SBS Facility and Commercial Units . . . . . .
H,S Concentrations in Reburn Zone . . . . . .

Full Load (110 MW) In-Furnace Probing Summary
Medium Load (82 MW) In-Furnace Probing Summary

Testing Chronology . . +« « « « & « o« « « « = .

Gas Recirculation Effect During Lamar Fuel Firing

Parametric Testing Average % NO, Reduction Results

Gas Recirculation Effect During Western Fuel Firing

Western vs. Lamar Fuel % NO, Reduction Summary

Sunmary of the Comparison of Measured Precipitator

Performance for Nelson Dewey Unit #2 . . . . .
Summary of Fuel Analyses . . . . . . . .
Summary of Component Cleanliness Factors . - .
Summary of Component Cleanliness Factors

For Western Fuel . . . . . . e e e e e e
Testing Performed at Each Stream P or e e e e
Organics Results at ESP Qutlet . . . . . . . .
Long-term Operational Emission Summary . . . .

Ultrasonic Thickness Testing Results . . . . .

Babcock & Wilcox Economic Evaluation of Equipment

Retrofits to Utility Steam Generators
- Wisconsin Power & Light . . . . . . . . .

viii

*

»



TABLE INDEX cont.

Table Title . Page

8-2 Babcock & Wilcox Economic Evaluation of Eguipment
Retrofits to Utility Steam Generators

- Hypothetical 605 MW Cyclone Equipped Power Plant . . B8-4a
8-3 NO, Removal Economic¢ Summary . . . . . . ., . . . . . . B8-5a
9-1 Modeled Operating Conditions . . . . . . . . . . . . . 9=-2
9-2 CCII, Wisconsin Power & Light Modeled Operating
Conditions . . . « ¢« v 4 4« 4 & « v 4 4 e e w e s . 9=2
9-5

9-3 Summary of Predicted Furnace Performance . . . . . . .

ix



FIGURE INDEX

Figure Title
1-1 Cyclone Reburn . . . . .« e c e .
1-2 Coal Reburning for Cyclone 3011er NO Control
2-1 Reburning Process . . . e e e e
2-2 Baseline NO, Emission Levels 1n the SBS v e e s s .
2-3 NO, Em1551on Levels With Reburning . . . . v e e e
2-4 Effect of Flue Gas Recirculation (FGR) on NO
Emission Levels . . . . . . . . . s e . e .
2-5 Effect of Cyclone Stoichiometry and Percent
Reburning Fuel on NO, Emission Levels e e e e e
2-6 Operational Effects on Furnace Exit Gas
Temperature (FEGT) . . . e e e e e e e e e e
2-7 Wisconsin Power & Light Co
- Nelson Dewey - Unit #2 - Sectional Side View
2-8 Project Organization . . . . . . . . . . e
2-9 Coal Reburning For Cyclone Boiler NO, Control
Project Schedule . . . . . . . v « v o & & + & 4
3-1 Baseline NO, Emission Levels vs. Excess 0,
- Nelson Dewey - Unit #2 . . . . . . . . . . . .
3-2 Baseline %LOI Emission Levels vs. Excess 0,%
-~ Nelson Dewey - Unit #2 . . . . . . « « . . . .
3-3 Baseline NO, Emission Levels vs. Load
- Nelson Dewey - Unit #2 . . . . . . . . . . . .
3-4 Baseline %LOI Emission Levels vs. Load
- Nelson Dewey - unit #2 . . . . . . . . . . . .
4-1 SBS Schematic . . e e e e . . e e e e s e
4-2 Pilot-Scale NO, Em1551ons Wlth Lamar Coal v e e e
4-3 Pilot-Scale Combustlble Losses With Lamar Coal . . .
4-4 Pilot-Scale Furnace Exit Gas Temperature With
Lamar Coal . . . . . . . e e e e e e s . .
4-5 Predicted Flow Profiles for Pilot-Scale Reburnlng .
4-6 Comparison of Measured CO (ppm) and Predicted
Regions of SR<1 in the SBS for Reburning Conditions
4-7 Predicted Mixing Performance for the SBS With

Coal Reburning . . . .+ + <« + ¢ v + o o & o = o « « =
NO, Emissions With Peabody Coal . . . . . . . . . .
Effect of Reburning on FEGT With Peabody Coal . . .
Reburning Combustible Losses With Peabody Coal . . .
SBS NO, Emissions with Western Coal at

5 mllllon BTU/hr . . . . . . . e e e e
SBS NO, Emissions at leferent Flrlng Rates With

Decker Coal + « v v o o o 2 « & + w8 = v e e e e e

4—-7a
4=-7b
4-8a
4-8b
4-8c¢
4-11a

4-11b



FIGURE INDEX

Fiqure itle Page
5-1 Specific Configurations of the Reburning System

Design Tested by the Physical and Numerical Models . . 5-2a
5-2 Photograph of the 1/12-Scale Physical Flow Model . . ., 5-3a
5-3 Comparison of Normalized Velocity Distributions

at the Reburning Burner Level . . . . « + + « « 5-3b

5-4 Comparison of Velocity Profiles at the Reburnlng
Burner Level for the Numerical Flow Model and the Hot

Flow Test in the Field Unit . . . . e + s+ s+ « « « bB=3c
5=5 Visualization of Reburning Burner Penetratlon Using
Smoke Injectlon . . . - . . . - - - . . . . . - . - - 5-4a

5-6 Flow Patterns and Stoichiometric Ratio
Distribution Predicted by the Numerical Flow
Model for Full-Scale With Four Reburning Burners

and Four OFA Ports . . . . . . . « . . . . 5-4b
5=-7 Effect of the Number of Reburning Burners and OFA

Ports on Predicted Mixing Performance . . . . . . . . 65-5a
6-1 Reburn System Flow Schematic . . . . + + s« s . B-la
6-2 Coal Reburning for Cyclone Boiler NO Control . « « . 6-1Db
6-3 Wisconsin Power & Light Company

- Nelson Dewey -~ Unit #2 . . . . . . ¢« « 4+ « + « « + . 6=2a
6-4 S-Type Burner - P.C. Fired . . . . . . . « + + +« o« . 6=3a
6-5 oOverfire Air Port Assembly (Dual Air Zone) e+ e 2 s+ . 6=4a

7-1 Babcock & Wilcox Economizer Outlet Emission Data

110 MW - NO, Emissions vs. Reburn Zone Stoichiometry . 7-12a
7=-2 Acurex vs. Babcock & Wilcox Emissions Data

110 MW - NO, Emissions vs. Reburn Zone Stoichiometry . 7-12b
7-3 Babcock & Wilcox Economizer Outlet Emission Data

110 MW - NO,/CO Emissions vs. Reburn Zone

Stoichiometry . . . . . . . . . . . s s « » s+ . 7-~13a
7-4 Babcock & Wilcox Economizer Outlet Em1551on Data

82 MW - NO, Emissions vs. Reburn Zone Stoichiometry . 7-13Db
7-5 Babcock & Wilcox Economizer Outlet Emission Data

82 MW - NO,/CO Emissions vs. Reburn Zone

StOlChlometry . N . . . N . . . - - . -' . - . - 7-143
7-6 Babcock & Wilcox Economlzer Ccutlet Emission Data
60 MW - NO, Emissions vs. Reburn Zone Stoichiometry . 7-14b

7-7 Babcock & Wilcox Economizer Outlet Emission Data
60 MW - NO /CO Emissions vs Reburn Zone

Stoichiometry . . . . . s x e s . - +» . 7=15a
7-8 Babcock & Wilcox Economlzer Outlet Em1551on Data

110 MW - NO, Emissions vs. Reburn % Heat Input . . . . 7-16a
7-9 Babcock & Wilcox Economizer Outlet Emission Data

82 MW - NO, Emissions vs. Reburn % Heat Input . . . . 7-16b

7-10 Babcock & Wilcox Economizer Outlet Emission Data
60 MW - NO, Emissions vs. Reburn % Heat Input . . . . 7-16c

xi



FIGURE INDEX

ure Title
7-11 Babcock & Wilcox Economizer Outlet Emission Data

110 MW - NO, Levels vs. Varying % GR to
Reburn BUrners . . . ¢ ¢ « ¢ « s s s s o « o o =
Babcock & Wilcox Economizer Outlet Emission Data

110 MW - NO,/UBC Levels vs. Pulverizer Class Speed

Babcock & Wilcox Economizer Outlet Emission Data
NO, Emissions vs. Load (MW} T/A P/F Tests . .

Babcock & Wilcox Economizer Outlet Emission Data
NO, Emissions vs. Load (MW) T/A vs. Boiler Mod 1
Babcock & Wilcox Economizer Outlet Emission Data

Load (MW) vs. CO Emissions . . . . . . . . . .
Acurex Precipitator Outlet Emission Data
Load (MW) vs. CO Emissions . . . e e e e s

Babcock & Wilcox Economizer Outlet Emission Data
NO, Emissions vs. Load (MW) P/F Test Series
Babcock & Wilcox Economizer Outlet Emission Data
% NO, Reduction vs. Load (MW) e e e e e e e e
Babcock & Wilcox Economizer Outlet Emission Data
110 MW - NO, Emissions vs. Reburn Zone
St01ch10metry - Western Fuel . . . . . c e
Babcock & Wilcox Economizer Outlet Em1551on Data
110 MW - NO,/CO Emissions vs. Reburn Zone
Stoichiometry - Western Fuel . . . . . .« e e .
Babcock & Wilcox Economizer Outlet Em1551on Data
82 MW - NO, Emissions vs. Reburn Zone
Stoichiometry - Western Fuel . . . . . . . . . .
Babcock & Wilcox Economizer Outlet Emission Data
82 MW -~ NO,/CO Emissions vs. Reburn Zone
Stoichiometry - Western Fuel . . . . . . . . . .
Babcock & Wilcox Economizer Outlet Emission Data
60 MW - NO, Emissions vs. Reburn Zone
Stozchlometry - Western Fuel . . . . . . . .
Babcock & Wilcox Economizer Outlet Emission Data
60 MW - NO,/CO Emissions vs. Reburn Zone
Stoichiometry - Western Fuel . . . . . . . . . .
Babcock & Wilcox Economizer Outlet Emission Data
110 MW - NO, Emissions vs. Reburn % Heat Input
Western Fuel . . . . . ¢ ¢ ¢ ¢ o « o « s+ &« o &«
Babcock & Wilcox Economizer Outlet Emission Data
82 MW - NO, Emissions vs. Reburn % Heat Input
Western Fuel e s e ® = s s e o o s+ . .
Babcock & Wilcox Economizer Outlet Em1551on Data
60 MW - NO, Emissions vs. Reburn % Heat Input
Western Fuel . . . . . . &+ 4 o o & o o o o o s
Babcock & Wilcox Economizer Outlet Emission Data
110 MW - GR Flow vs. NO, Emissions - Western Fuel
Babcock & Wilcox Economizer Outlet Emission Data
NO, Emissions vs. Load (MW) - Western Fuel . .

xii

7-18Ba
7-19a
7-20a
7=21a
7-21b
7-21c
7=22a

7-22b

7=23a

7-23b

7=23cC

T-=24a

7-24Db

7-25a

7-25b

7-26a

7-26b
7=27a

7-28a



FIGURE INDEX

Figure Title

7-30

Babcock & Wilcox Economizer Outlet Emission Data
Load (MW) vs. CO Emissions - Western Fuel . . .
Babcock & Wilcox Economizer Outlet Emission Data
NO, Emissions vs. Load (MW} - Western Fuel . . .
Babcock & Wilcox Economizer Outlet Emission Data
% NO, Reduction vs. Load {MW) - Western Fuel . .
Gas Recirc. Fan Curves . . . +« « + « &+ o « o o =
Actual Flyash Splits vs. Steam Flow Tuning:

T and A Series Tests . . . . ¢ v 4« & o = o« o s
Actual Unburned Carbon vs, Steam Flow

Tuning Tests: T and A Series . . . o« o s a4 s s
Actual Flyash Splits vs. Steam Flow

Performance Tests: P and F Series . . . . . . .
Adjusted Flyash Splits vs. Steam Flow
Performance Tests: P and F Series . . . . . . .
Actual Unburned Carbon vs. Steam Flow
Performance Tests: P and F Serjes . . . . . . .
Adjusted Unburned Carbon vs. Steam Flow
Performance Tests: P and F Series . . . . . . .
Adjusted Unburned Carbon vs. % Max Cyclone Input
Performance Tests: P and F Serjes . . . . . . .
Unburned Carbon Loss, % vs. Steam Flow
Performance Tests: P and F Series . . . . . .
Corrected Efficiency vs. Steam Flow

Tuning Tests: T and A Series . . . . « « « + +« .
Corrected Efficiency vs. Steam Flow

Performance Tests: P and F Series . . . . . . .
Corrected Air HTR Gas Out Temp. Vs. Steam Flow
Performance Tests: P and F Series . . . . . . .
Dry Gas Loss vs. Steam Flow

Performance Tests: P and F Series . . . . . . .
Economizer Gas Outlet Temp. vs. Steam Flow
Performance Tests: P and F Series . . . . . . .
Furnace Exit Gas Temp. vs. Steam Flow

Tuning Tests: T and A Series . . . . « « « &« « =
Furnace Exit Gas Temp. vs. Steam Flow
Performance Tests: P and F Series . . . . . . .
Final Superheat Steam Temp. vs. Steam Flow
Tuning Tests: T and A Series . . . . « s « + « =
Final Superheat Steam Temp. vs. Steam Flow
Performance Tests: P and F Series . . . . . . .
Final Reheat Steam Temp. vs. Steam Flow

Tuning Tests: T and A Series . . . . . . . . . .
Final Reheat Steam Temp. vs. Steam Flow
Performance Tests: P and F Series . . . . . . .
Gas Recirculation vs. Steam Flow

Tuning Tests: T and A Series . . . . . + + « « =
Gas Recirculation vs. Steam Flow

Performance Tests: P and F Series . . . . . . .

xiii

7=-29a
7-2%b

7=30a
7-41a

7-41b
7-41c
7-42a
7-42b
7=-43a
7-43b
7-43c
T7-44a
7-44b
7-44c
7-444
7-45a
7-45b
7-45c¢
7-45d
7=-49a
7-49b
7-49c¢
7-494
7-49e

7-49f



FIGURE INDEX

Figure Title Page
7-55 % of Required SH+RH Absorption vs. Steam Flow

Tuning Tests: T and A Series . . . v« +« e« s+ s+ « .« . 7=49g
7-56 % of Required SH+RH Absorption vs. Steam Flow

Performance Tests: P and F Series . . . . . . . . . . 7=4%h
7-57 Superheat Spray Flow vs. Steam Flow

Tuning Tests: T and A Series . . . . . . . « « . . . . 7-50a
7-58 Superheat Spray Flow vs. Steam Flow

Performance Tests: P and F Series . . . . . . . . . . 7=50b
7-59 Reheat Spray vs. Steam Flow

Tuning Tests: T and A Series . . . . . . . . . . . . . 7=50cC
7-60 Reheat Spray vs. Steam Flow

Performance Tests: P and F Series . . . . . . . . . . 7-50d
7-61 Actual Flyash Splits vs. Steam Flow

Western Fuel . . . . e+ s 4 s s s s+ s« 4+ s . « 7-50e
7-62 Actual Unburned Carbon vs Steam Flow

Western Fuel . . . . . . e+ s % 4 4 s+ e & s s« = « .« 7-50f
7-63 Unburned Carbon Loss, % vs. Steam Flow

Western Fuel . . . . . + ¢ &+ « ¢ 4+ & & & o s « s« +» « + 7T-51a
7-64 Corrected Efficiency vs. Steam Flow

Western Fuel . . . . . . . v + ¢ ¢ 4 &« s« &« =« « s s « « 1=-51b
7-65 Corrected Air HTR Gas Out Temp. vs. Steam Flow

Western Fuel . . . .+ v 4 « ¢« &+ o + & s s s = s o« &+ « + 1=51lc
7-66 Economizer Gas Outlet Temp. vs. Steam Flow

Western Fuel Tests . . . . « ¢« ¢« + « & & &« + « « » . o 7=51d
7-67 Dry Gas Loss vs. Steam Flow

Western Fuel . . . . . & & ¢« &« &« &+ « 2 » &« s » s« « « « 1-5le
7-68 Furnace Exit Gas Temp. vs. Steam Flow

Western Fuel . . . ¢« ¢ ¢ ¢ & &« &+ = « = s & = s &« s « « 71=51F
7-69 Furnace Exit Gas Temp. vs, Steam Flow

Lamar and Western Fuel Tests . . . . . . . . . . . . . 7-51g
7-70 Final Superheat Steam Temp. vs, Steam Flow

Western Fuel . . . . . . t s 4+ e s s s & & « 4 s+ . . 7-53a
7-71 Final Reheat Steam Temp. vs. Steam Flow

Western Fuel . . . . . . ¢ &« ¢ ¢ + 4 s & o« o « s +« « « 7=-53b
7-72 % of Required SH+RH Absorption vs. Steam Flow

Western Fuel Tests . . . . + « &« « ¢ « o & o« » + « « « 1=53cC
7-73 Gas Recirculation vs. Steam Flow

Western Fuel Tests . . . . ¢+ +« « 4« ¢« o o o » o « « « » 71=53d
7-74 Superheat Spray Flow vs. Steam Flow

Western Fuel . . . . . ¢ ¢ &« ¢ ¢ + v &« o &+ = « » s « - 1-53e
7-75 Reheat Spray vs. Steam Flow

Western Fuel . . . . + e 4 « & s s 4 s e s s e« o + » T=53f

-76 Ultrasonic Thickness Testlng Furnace Elevations . . . 7-61la

7
9-1 Numerical Combustion Model for

Reburning Configuration . . . . . . . e « +« .+ 9-1a
9-2 Predicted Flow Patterns for Reburning Test BP e + .+« 9-4a
9-3 Predicted Heat Release . . . . . . . . « ¢« « . + « « . 9=4Db
9-4 Predicted Heat Absorption . . . . . . « ¢« « + « + « « 9-5a

xiv



]

FIGURE INDEX

Figure Title
9-5 Measured and Predicted Temperatures at the

Furnace Arch (elevation 700 ft.} for

Reburning Test 8P . . .+ &+ & ¢ o ¢« ¢« s o o « o o & =
9-6 Predicted Stoichiometry Distribution

Reburning Test 8P . . . . . . e e e e e e e
9-7 Predicted CO Distribution (ppm) for

Reburning Test 8P . . . . o e e e e e e e
9-8 Measured and Predicted CO Concentratlon (ppm) at the

Furnace Arch (elevation 700 ft.) for
Reburning Test B8P . . . .« ¢ . « & v o o ¢« o s o & =

XV

Page



ACRONYMS

ARC
B&W
CCT-2
CEMS
CRD
DCS
DOE/PETC
EPRI
ESD
ESP
FD
FEGT
FGR or GR
FPD
GR or FGR
GRI
HAP
HVT
K,
kWh
3L0I
MBtu
MMD
Mwe
NFPA
NSPS
OFa
PA
PC
PRB
R&DD
RH
RSH
SBS
SCA
SCR
SH
SR
SSH
TCR
T/R
U-ct/Uexp
UBC
uT
WP&L

Alliance Research Center

Babcock & Wilcox Co.

Clean Coal Technology Round 2

Continuous Emissions Monitoring System

Contract Research Division (of Babcock & Wilcox)
Distributed Control System

Dept. of Energy/Pittsburgh Energy Technical Center
Electric Power Research Institute

Energy Services Division (of Babcock & Wilcox)
Electrostatic Precipitator

Forced Draft

Furnace Exit Gas Temperature

Flue Gas Recirculation

Fossil Power Division (of Babcock & Wilcox)

Flue Gas Recirculation

Gas Research Institute

Hazardous Air Pollutant (Testing)

High Velocity Temperature (Probe)

Cleanliness Factor

Kilowatt Hour

Percent Loss on Ignition

Million Btu

Mass Mean Diameter (particle size measurement)
Megawatt of Electricity (Net)

National Fire Protection Association

New Source Performance Standards

Overfire Air (Ports) (NO, Ports)

Primary Air

Pulverized Coal

Powder River Basin (Coal)

Research & Development Division {(of Babcock & Wilcox)
Reheater

Reheating Superheater

Small Boiler Simulator (Pilot Test Facility)
Specific Collection Area (ESP size parameter)
Selective Catalytic Reduction

Superheater

Stoichiometric Ratio

Secondary Superheater

Total Capital Requirement

Transformer/Rectifier (Electrostatic Precipitator)
Actual Overall Conductance/Expected Overall Conductance
Unburned Carbon

Ultrasonic Thickness

Wisconsin Power & Light

xvi



1.0 Executive Summary

As part of the U.S. Department of Energy’s (DOE’s} Innovative Clean
Coal Technology Program, under Round 2, a project for Full Scale
Demonstration of Coal Reburning for Cyclone Boiler Nitrogen Oxide
(NO,) Control was selected. DOE sponsored The Babcock & Wilcox (B&W)
Company, with Wisconsin Power & Light (WP&L) as the host utility, to
demonstrate coal reburning technology at WP&L’s 110 MW, cyclone~fired
Unit No. 2 at the Nelson Dewey Generating Station in Cassville,
Wisconsin.

The driving force to demonstrate coal reburning technology is the
existence of over 100 operating cyclone-fired boilers. Although
these units represent about 15% of pre-New Source Performance
Standards (NSPS) coal-fired generating capacity, they contribute
approximately 21% of the NO, formed by coal-fired pre-NSPS units.
Their inherently turbulent, high-temperature combustion process is
conducive to NO, formation. No commercially demonstrated NO,
reduction combustion technology was available for c¢yclones, and
typical modifications such as staged combustion were not applicable
because they rely on a heavily oxygen deficient atmosphere. 1In a
cyclone, this would increase the potential for tube corrosion which
is a highly undesirable maintenance concern,

The coal reburning demonstration was justified based on two prior
studies. An Electric Power Research Institute (EPRI) and B&W
sponsored engineering feasibility study indicated that the majority
of cyclone-equipped boilers could successfully apply reburning
technology to reduce NO, emissions by 50 to 70%. An EPRI/Gas
Research Institute (GRI)/B&W pilot-scale evaluation substantiated
this conclusion through pilot-scale testing in B&W’s 6 million
Btu/hr Small Boiler Simulator. Three different reburning fuels,
natural gas, No. 6 oil, and pulverized coal were tested. This work
showed that coal as a reburning fuel performs nearly as well as
gas/oil without deleterious effects of combustion efficiency., Coal
was selected for a full scale demonstration since it is available to
all cyclone units and represents the highest level of technical
difficulty in demonstrating the technology.

1.1 Definition of Reburning

Reburning is a process by which NO, produced in the primary burner
zone (the cyclone in this case) is chemically reduced by radical
fragments to molecular nitrogen in the main furnace by injection of
a secondary fuel. The secondary, or reburning, fuel is injected
with a limited supply of air to create an oxygen~deficient region
which decomposes the NO,. See Figure 1-1. Because reburning can be
applied while the cyclone operates under its normal oxidizing
condition, it’s effect on cyclone performance can be minimized.

The reburning process employs multiple combustion zones in the
furnace, defined as the main combustion, reburn and burnout zones.
The main combustion zone is typically operated at a stoichiometry of
1.1 to 1.2 {10 to 20% excess air) and combusts the majority of the
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fuel (70 to 80% heat input). The balance of fuel (20 to 30%) is
introduced above the main combustion zone in the reburn zone through
reburning burners. When the reburn fuel is coal, it is pulverized
prior to delivery to the burners. These burners are operated in a
similar fashion to standard wall-fired burners except that they are
fired at extremely low stoichiometries (less than 0.6). The
combustion gases from the reburn burners mnix with combustion
products from the cyclones to produce a furnace reburning zone
stoichiometry in the range of 0.85 to 0.95. This stoichiometry is
needed to achieve maximum NO, reduction based on laboratory pilot-
scale results. A sufficient furnace residence time within the
reburn zone is required for flue gas mixing and NO, reduction
kinetics to occur.

The balance of the regquired combustion air totals 15 to 20% excess
air at the economizer ocutlet, and is introduced through overfire air
(OFA) ports. As with the reburn zone, a satisfactory residence time
within this burnout zone is required for complete combustion.

1.2 Project Objective and Goals

The objective of the demonstration project was to evaluate the
applicability of the technology for reducing NO, emissions in full
scale cyclone-fired boilers. The performance goals were:

1. Provide a technically and economically feasible mnmeans for
cyclone boilers to achieve 50% or greater NO, reduction at full
load where one did not exist, using the present boiler fuel
{coal) making supplemental fuels (o0il, gas} unnecessary.

2. Achieve the NO, reduction goal with no substantial adverse
impact on other boiler emissions,

3. Provide a system that maintains boiler reliability, operability
and steam production performance after retrofit.

This full-scale evaluation was designed to confirm pilot-scale
results as well as resolve those technical issues that are not
possible to fully address in an engineering study or in pilot-scale
tests,

All goals of the cyclone coal reburning project have been achieved
or exceeded. Greater than 50% NO, reduction at full load was
achieved on two fuels, a bituminous coal and a subbituminous Powder
River Basin coal, with no apparent boiler operational problems.
WP&L has accepted the system and continues to run it as part of Unit
No. 2.

1.3 Project Approach
Consistent with the DOE Clean Coal Technology Program organization,
the coal reburning project consisted of three phases: Phase I -

Design & Permitting; Phase II - Procurement, Fabrication,
Installation and Startup; and Phase III - Operation and Disposition.
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Phase III of the project entailed all post-retrofit testing
activities.

Phase I design activities included extensive design data development
such as performance of pilot-scale combustion tests in the six
million Btu per hour cyclone-equipped Small Boiler Simulator (SBS)
located at B&W’s Alliance Research Center using the demonstration
test coal. This activity examined the effectiveness of reburning
and its associated side effects such as fireside corrosion and
deposition in the secondary superheater tube bank. Operating
conditions at WP&L’s Nelson Dewey Unit No. 2 were simulated in the
SBS and the demonstration coal was used to realistically duplicate
reburn operation. Information developed during this work provided
guidance for reburn system start-up and operation at full scale.

Additional design data and development activity included both
physical and three-dimensjional numerical flow modeling of Nelson
Dewey Unit No. 2. The basic modeling assumption was that maximum NO,
reduction and minimum unburned carbon impact would occur under
conditions of complete mixing. Hence both a physical flow 1/12th
scale Plexiglass model and a numerical model were developed and
operated to identify optimal mixing conditions in the Nelson Dewey
Unit. These tools helped to evaluate and optimize mixing between
the combustion gases from the cyclones and those of the reburn
burners, and ultimately mixing of reburn gases with overfire air.

To validate the results of modeling activities, a complete baseline
test program was carried out at Nelson Dewey Unit No. 2 to benchmark
pre-retrofit boiler operation, both from an emissions and a boiler
performance viewpoint. In~furnace probing was performed to
understand furnace gas flow patterns and temperature distribution.
This information allowed the numerical model to be fine-tuned to
guide design of the coal reburning system at Nelson Dewey. Good
agreement between full-scale testing and both numerical and. physical
flow modeling results was obtained. The numerical model was, at one
point, used to simulate the physical cold flow model to resoclve
areas of disagreement between numerical and cold flow predictions.

Ultimately, the tuned mathematical model, able to qualitatively
predict full-scale baseline and 1/12 scale flow patterns, was used
to evaluate placement of burners and overfire air ports. A large
number of cases were run with the model, varying the number of
burners and overfire air ports, the locations, the amount of reburn
fuel to the burners, the level of gas recirculation to the burners,
etc., until the optimal mixing case was determined. Optimal mixing
is defined as maximizing the percentage of gas in the reburn zone
containing less oxygen than that which is theoretically reguired to
complete combustion. This concept was proven valid during pilot-
scale SBS testing and subsequent modeling of the SBS. The Nelson
Dewey case which exhibited maximum mixing was the best design
recommendation. ”

Based on the mathematical modeling results, the detailed design of
the coal reburning system for Nelson Dewey Unit No. 2, as shown in
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Figure 1-2, included four reburn burners and four overfire air ports
on the rear wall of the unit. Additionally, the system design
included the capability to achieve flue gas recirculation to the
burner, which the model predicted would provide flexibility for
reburn flame penetration into the furnace gases.

The reburn system was installed at Nelson Dewey and was operable in
November 1991. The specified test fuel was Illincis Basin Lamar
bituminous cocal. Parametric testing was done to understand the full
range of performance capabilities of the coal reburning system.
Cyclones were operated at 10% excess air at 65 to 80% of total heat
input to the boiler, with crushed coal. The reburn system provided
the balance of fuel as pulverized coal.

Coal reburning tests were performed to evaluate the effect of key
parameters on NO, reduction and to determine potential side effects.
Key parameters included reburn zone stoichiometry, boiler load and
level of gas recirculation to the reburn burners. Optimum reburn
conditions for the long-term performance tests were developed using
parametric test data.

Long-term performance testing was carried out with the reburn system
in the fully automatic mode and the boiler following WP&L system
dispatch 1load requirements. During this testing, operating
information was collected continuously on a data acquisition system
for boiler information and on a continuous emissions monitoring
system (CEMS) for emissions data.

During all testing, baseline in Phase I and all Phase III activity,
emissions were moniteored both by a B&W grid at the economizer outlet
and by the CEMS system at the outlet of the precipitator. The CEMS
capability was supplied by Acurex Environmental Corporation as an
independent third party testing contractor. This was done for
guality assurance and control purposes to ensure the validity of
test results.

Near the end of Phase III testing, the U.S. DOE and EPRI requested
reburn system Hazardous Air Pollutant (HAP) testing on the
bituminous demonstration coal. Additionally, B&W was reguested to
perform reburn parametric optimization testing on a subbituminous
Powder River Basin (PRB} coal. Accordingly, HAP testing on the
demonstration coal and a test program on PRB coal were completed
prior to termination of testing activities.

1.4 Technical Results of Coal Reburning

The focus of the demonstration project testing program was to
determine the maximum NO, reduction capabilities of reburning without
adversely impacting boiler performance, operation or maintenance
between full lJoad (110 MW, and 50% 1load (55 MW). The testing
phases were designed not only to evaluate the most efficient
operating conditions for the reburn system at Nelson Dewey, but also
to provide sufficient data to confirm and expand upon the previocusly
performed B&W SBS pilot-scale testing and engineering study results.
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The testing program consisted of six separate test groups while
firing two different coals: the demonstration fuel, Lamar
bituminous (Illinois Basin) coal and a Western subbituminous PRB
coal. Test groups consisted of initial tuning of the system;
parametric testing to expleore the full range of the technology’s
operating parameters; performance testing in full automatic at the
beginning of long-term testing and again at the end of long-term
testing, all on the Lamar coal; parametric testing with Western
fuel; and HAP testing on the Lamar coal. The parameters explored to
determine impact of the reburn technology included: boiler load,
reburn system fuel input as a percentage of total fuel input to the
furnace, reburn zone stoichiometry, gas recirculation rate and flue
gas oxygen content at the economizer outlet.

1.4.1 Emissions Performance

NO,
The most critical factor in reducing NO, emission levels with
the coal reburn technology was the reburn zone stoichiometry;
lower stoichiometry provided greater NO, reductions. 1In order
to obtain 50% NO, reduction at full load with Lamar bituminous
coal, reburn zone stoichiometry needed to be about 0.89. The
data also indicated that at the lowest reburn stoichiometry
tested, 0.81, a NO, reduction of 61.8% to 233 ppm (0.32 1lb/10°
Btu) was achieved.

Post-retrofit tests with reburning were performed over the
boiler lcad range of 37 to 110 MW,. Plant maximum output on
Lamar coal is 118 MW, but 110 MW, is more representative of
typical full load operation. Accordingly, no emissions data
were gathered at 118 MW, on Lamar coal. Emissions performance
averages for NO, are summarized in Table 1~1. Values in ppm
are corrected to 3% 0, content in the flue gas for comparison
consistency.

TABLE 1~1
3 AVERAGE REBURN NO, EMISSIONS VERSUS LOAD FOR LAMAR COAL
Load NO, ppm (1b/10° Btu)/% Reduction From Baseline
b tn'e)
110 290 (0.39)/52.4
ﬂ_ 82 265 (0.36)/50.1
“ 60 325 (0.44)/35.8
H 37 to 38 400 (0.54)/33.3
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Post~retrofit tests with reburning were also performed over the
boiler load range of 41 to 118 MW, with subbituminous PRB fuel.
Results with PRB fuel showed that 50% NO, reduction could be
achieved at a reburn zone stoichiometry of about 0.%1, which
results in a reducing environment which is not as aggressive as
that needed with the Lamar coal. At the 1lowest reburn
stoichiometry tested, 0.85, a NO, reduction of 62.9% (0.28
l1b/10* Btu) to 208 ppm was achjeved. Table 1-2 summarizes
average NO, emissions performance with PRB coal.

TABLE 1-2
AVERAGE REBURN NO, EMISSIONS VERSUS LOAD FOR PRB COAL

?::‘; NO, ppm (1b/10° Btu) /% Reduction Prom Baseline
| 118 275 (0.37) /-

110 250 (0.34)/55.4

82 230 (0.31)/52.1

60 220 (0.30)/52.6

41 210 (0.28)/~

Because 118 MW, on PRB fuel was not possible without reburn
operation, no baseline and no percent reduction are available.

In general, Western fuel reburning operation resulted in
improved reburn burner flame stability and a higher level of
NO, reduction as compared to that observed during the Lamar
bituminous coal tests.

Carbon Monoxide Emissions

Typically, for the Lamar coal, carbon monoxide (CO) emissions
levels experienced under baseline and reburn operating
conditions were 50 to 60 ppm and 90 to 100 ppm, respectively.
Although the CO emissions did increase slightly with reburn
operation, all levels indicated were considered minimal and did
not present a significant impact on operation.

With the PRB coal, baseline CO emissions over the load range
for all tests ranged from 28 to 48 ppm. buring reburn
operation, the CO emission levels increased slightly to 45 to
84 ppm, again a minimal impact to operation.

Precipitator Performance
No change in opacity 1levels and minimal increase in
precipitator ocutlet particulate loadings were observed during

baseline versus optimized reburning operation while firing
either the Lamar or the PRB coals. This is the result of no
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change in fly ash resistivity, slightly larger fly ash mean
particle size distribution with reburning, improved
precipitator efficiency in the bituminous c¢oal case (no
efficiency change for subbituminous), and 1lower overall
particulate loadings with reburn in operation than specified in
the original precipitator design.

1.4.2 Boiler Performance
Boiler Thermal Efficiency

An important impact on boiler efficiency is unburned carbon
loss (UBCL). This parameter is directly affected by the amount
of fly ash leaving the boiler and its carbon content. With the
reburn system in operation at 110 MW, on the Lamar coal, the
fraction of total ash entering the boiler which leaves as fly
ash increased from 23 to 37% because of the fineness of the
reburn coal. Theoretically, with 30% of the total fuel toc the
boiler introduced through the reburn burners, the fly ash
component could have reached 46% of the ash entering the
boiler. The actual increase in fly ash indicates that about
60% of the reburn ash must be leaving as fly ash. At 75 and
50% loads, percent ash as fly ash increases from 26 to 36% and
47 to 57%, respectively, with reburn in service.

Combining the higher fly ash levels with changes in unburned
carbon translated to higher unburned carbon losses due to
reburn operation. At full load with Lamar coal, the unburned
carbon component decreased boiler efficiency by 0.10% compared
to baseline. At 75 and 50%, efficiency losses due to unburned
carbon increased by 0.25 and 1.50%, respectively, operating on
the Lamar coal. These values are considered to be the overall
impact on boiler efficiency which would be expected on a
typical 110 MW, cyclone-fired unit.

At Nelson Dewey, because dry gas losses decreased as indicated
by lower flue gas temperatures at the air heater outlet the
overall boiler efficiency actually improved at full load with
reburn. However, the improvement in dry gas losses cannot be
attributed to reburn. They were the result of differences in
operating conditions, including a cleaner economizer.

In general, a larger scatter in fly ash partition data (fly ash
versus bottom ash) with reburn out of service was observed
during PRB firing. Because the ash splits with reburn in
service firing PRB coal were extremely close to those of the
Lamar coal, it is reasonable tc assume ash splits without
reburn in service were also similar. Nevertheless, the
unburned carbon in the ash was so low that the fly ash split
had minor impact on unburned carbon loss.

With the PRB coal, at full lcad the efficiency loss due to

unburned carbon was unchanged with reburn operation compared to
baseline. At 75 and 50% load, the increases in unburned carbon
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losses were 0.2 and 0.3%, respectively; much improved over
unburned carbon losses with Lamar bituminous coal. Overall
boiler efficiency actually decreased more than unburned carbon
losses indicated, but the additional losses were due to
increased dry gas losses resulting from fouling in the
economizer (because of inoperable sootblowers). As with the
efficiency improvements with Lamar coal which could not be
attributed to reburn, these losses could not be attributed to
reburn. Unburned carbon loss is the only significant reburn-
driven factor impacting overall unit efficiencies.

Furnace Exit Gas Temperature

At full 1locad firing Lamar c¢oal, the furnace exit gas
temperature (FEGT) decreased by approximately 100 to 150°F with
reburn in service. Of this, approximately 25°F was attributed
to gas recirculation flow. There was no change in FEGT at 75%
load and an increase of 50 to 75°F was noted at 50% load. With
reburn in operation burning PRB coal at full load the FEGT
dropped by 50°F, again 25°F of which was due to gas
recirculation. There was no change at 75% load, but there was
an increase of 75°F at 50% load with reburn in service.

Operation of the coal reburning system impacted absorption
profiles within the furnace. Apparently, more heat was
absorbed in the furnace itself due to possible changes in
emissivities in the substoichiometric region. This was an
unanticipated impact since preliminary engineering predictions
indicated the possibility of increased FEGT. This is an
advantage for the technology where FEGT is near the boiler’s
upper limit.

This phenomenon, if observed in all reburn applications, could
potentially be beneficial to units where FEGT is at an upper
limit at full load, or where slagging/fouling prcblems may be
alleviated by a reduction in FEGT.

As a result of the lower FEGT with the Lamar coal, both the
superheat and reheat attemperator spray flows were
significantly lower than those experienced during baseline
conditions. Because less of a FEGT depression was experienced
while firing the PRB coal, the superheat/reheat attemperator
spray flow quantities were very similar with and without reburn
in service.

8lagging and Fouling

There was no indication of detrimental impact on unit
cleanliness due to reburn operation with the Lamar coal. All
boiler surface cleanliness factors stabilized within five hours
after a sootblowing sequence. The component cleanliness decay
rates were the same as those developed for pre-retrofit
baseline testing.



With PRB coal, the surface cleanliness factors stabilized
within three hours after sootblowing, indicating a quicker
decay rate than with Lamar coal. The percent cleanliness
reduction was about the same for the secondary inlet and outlet
banks and the reheater. However, the primary superheater and
economizer did not decay as much as was observed during the
Lamar tests.

Overall, slagging and fouling were more fuel dependent than
reburn dependent. Reburn operation compared to baseline
conditions with a given fuel did not change slagging and
fouling characteristics significantly.

Corrosion Potential

To investigate possible corrosion in the furnace at Nelson
Dewey, ultrascnic thickness measurements (UT) were made
throughout the furnace before and after one year of reburn
operation at various conditions. No tube metal corrosion
within the furnace was detectable. 1In addition, measurements
near the boiler tube walls did not reveal the presence of
hydrogen sulfide (H,S), which would be an indication of
corrosion potential.

Simulation of higher furnace tube metal temperatures,
indicative of forced circulation-type boilers (universal
pressure boilers), was carried out by installation of thicker
wall tube panels throughout the furnace region prior to reburn
startup. Furnace UT measurements of these panels and removal
of one tube panel for laboratory investigation showed no
apparent corrosion.

It is both B&W’s and WP&L‘’s intent to check the furnace by
additional UT testing programs on a periodic basis during the
next five years to assure detection of a corrosion problenm
should it exist.

1.4.3 Boiler Operation
Turndown

WP&L's typical pre-retrofit low load was about 30 MW,. This
level was unaffected by the reburn retrofit in that without
reburn in operation the same low load limit of 30 MW, applies.
Because of flame stability issues and the need for cyclones to
maintain a minimum firing rate, a new low load minimum of 37
MW, was defined for operation with reburn in service. The
resultant boiler turndown with reburn in service was still at
63%, exceeding the project goal of 50% turndown.

Full Load with subbituminouSICOal

Typically, an approximate 10 to 25% derate is experienced when
cyclone boilers fire 100% PRB coal, when compared to the
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bituminous design cocal. The derate is caused by the need to
increase c¢yclone heat input and coal feed rate with PRB fuel to
maintain load carrying capability, because of the inherently
lower heating value and higher moisture content of PRB coal.
Maximum allowable heat input and coal loading criteria for the
cyclones therefore limit boiler load when firing the PRB coal.

The testing at Nelson Dewey indicated the maximum load
achievable during day to day operation with the PRB coal was
108 to 110 MW, without reburn in operation. The main
limitations were cyclone coal loading concerns and furnace over
pressure alarms. With the bituminous Lamar coal, maximum load
was 118 MW,, limited by the capability of the feedwater pumps.

Because the reburn system removes approximately 30% of the heat
input from the cyclones, higher boiler loads were maintained
during 100% PRB coal firing as compared to baseline conditions
on the same fuel. The maximum locad of 118 MW, achieved burning
Lamar coal was possible with the PRB coal only during reburn
operation. Thus, reburn has the potential to minimize or even
eliminate the derate problem when switching fuels by diverting
a portion of unit heat demand away from the cyclones to the
reburn burners. In this capacity, coal reburning could be
viewed as a NO, reduction strategy to compliment and enhance
performance of a fuel switching S0, reduction strategy.
Further, a reburn system possibly could be economically
justified based on fuel cost savings and regained unit capacity
when switching to a PRB coal.

1.5 Long-Term Operation and Implications for Future Application

The reburn system was operated by WP&L with Nelson Dewey Unit No. 2
in a dispatch load-following mode for a period of four months on
Lamar bituminous coal. This period was shorter than originally
planned due to the host’s decision to switch to low sulfur Western
coal because of state imposed limits on SO, emissions. The CEM
recorded emissions during this operation. Long-term data was
summarized for reburn in operation at greater than 100 MW, dgreater
than 80 MW, and all loads combined.

For reburn in operation at loads greater than 100 MW, (108 MW,
average) an average NO, reduction of 51.2% was achieved. For loads
greater than 80 MW, (97.9 MW, average), an average reduction of 49.0%
occurred and for all loads (74.1 MW, average), the overall NO,
reduction was 40.0%. These values agreed quite closely with NO,
reductions achieved during the performance test sequences for
corresponding loads in automatic control.

The implication of these results is that for a given reburn plant
site, average NO, reductions over the load range can be expected to
approach demonstration performance testing results. Performance
testing results were developed during system operation in a full
automatic mode. Since coal type also influences system performance,
the reburn control system must be set up for full automatic control
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based on performance testing information for the specific coal.
Control should be by a state-of-the-art distributed control system
to allow handling of complex relationships between many variables
and quick response,

With the PRB coal, short-term NO, reductions in excess of 50% were
achieved at all loads. It would be expected that if there had been
time for long-term testing with this fuel, the overall average
reduction would have been 50% or greater, versus 40% with Lamar
bituminous coal:

There was significant interest in the possibility of reburn
operation on lignite and although testing at Nelson Dewey was not a
possibility, a project sponsored by the North Dakota Lignite Board
was carried out at the Alliance Research Center in the pilot-scale
SBS. It was found the lignite achieved good results in reburn
operation in the SBS and, accordingly, good results are expected at
full scale. Appendix 3 summarizes the Lignite testing.

It should also be noted that under rigid test conditions in manual
control, generally higher levels of NO, reduction at a given load
were possible. These results cannot be reproduced under full
automatic control operation because automatic control must have a
wider tolerance band to allow for wvariations in operating
conditions.

1.6 Economica of Reburning

An economic analysis was performed using the EPRI Economic Premises,
to develop total capital and levelized revenue requirements for a
coal reburning retrofit for a 110 MW, plant and for a 605 MW, plant.
These results are shown in Table 1.3, In addition, annualized costs
per ton of NO, removed for both the 110 MW, case and the 605 MW, case
were developed for periods of 10 and 30 years. This information is
also shown in Table 1-3.

TABLE 1-3 - REBURN TECHNOLOGY ECONOMICS
| Plant Bige
{ 110 MW, 605 MW,
i—""*‘-—m*——r—é——wwu—ﬂ—ﬁ__ﬁw.___k
Total Capital Cost ($/kW) 66 43
Levelized Busbar Power Cost (mills/kWh) 2.4/2.3 1.6/1.5
(10 yr levelized/30 yr levelized)
Annualized Cost ($/ton removed) 1075/692 408/263
(10 yr/30 yr)
These values assume typical retrofit conditions. Numerous site

specific factors can greatly impact the cost of retrofitting a coal
reburning system to an existing cyclone-equipped boiler. The most
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significant of these factors include the state of the existing
control system in the plant, avajilability of flue gas recirculation;
and space for location of the coal pulverizer(s), reburn burners and
overfire air ports within the existing confines of the unit. Fuel
handling equipment modifications and additions required to supply
the reburn system are also a major cost factor. Additional site
specific factors include sootblowing capacity and 1location,
electrostatic precipitator or back-end gas cleanup capacity, boiler
circulation considerations and steam temperature control capacities.

It should also be evident that the costs for a reburn retrofit can
be reduced by savings incurred with the technolegy. Again, on a
site-by-site basis, cost of the technology may be offset by savings
in fuel cost when switching to a PRB coal. An expensive low sulfur,
high Btu blend coal may no longer be needed to regain full load
capabilities. These factors have not been included in the costs
develaoped.

1.7 Other Requirements

Even with the positive results developed during the demonstration of
coal reburning, there remain a number of technical issues which need
to be considered for future reburn retrofits. Coal reburning
technology is control intensive and a distributed control system
(DCS) is necessary in a cyclone-fired boiler to integrate reburn
parameters with those of the existing boiler system. The reburn
technology requires accurate and responsive control of air and fuel
flows to the various reburning zones. Upgrading controls, if not
already at the DCS level, will be required.

Accurate control of cyclone air and fuel flow rates is critical to
the protection of the cyclone furnaces as well as reburn system NO,
reduction performance. This requires tight control of reburn zone
stoichiometry. 1Individual air control capability to each cyclone
will need to be addressed on large open windbox cyclone boilers,
because present air flow indications at each cyclone may not be
adequate to control cyclone stoichiometry. Higher than desired air
flow to a cyclone will increase stoichiometry of the reburn zone,
reducing the ability to decompose NO,. A lower than desired air rate
could aggravate a cyclone corrosion problem.

Gas recirculation {(GR) is required to consistently maintain high NO,
reductions while providing adequate cooling to the reburn burners;
GR removes unnecessary oxygen from the reburn zone. This is
accomplished either by allowing a trade off of air with GR at the
reburn burners maintaining constant mass flow to allow flame
penetration and/or by replacing cooling air requirements with GR,
both reduce reburn zone stoichiometry by elimination of oxygen. The
lower stoichiometry made possible by GR allows improved NO, reduction
to be achieved. A number of cyclone operating utilities have
removed GR fans. For maximum NO, reduction, new fans may need to be
included in the final reburn system design.



Finally, the performance of reburn technology depends heavily upon
effective in-furnace mixing of cyclone and reburn burner gas flows.
Careful evaluation of mixing parameters will be necessary for each
unit considering reburn technology as a NO, reduction alternative in
order to properly locate and size the burners and overfire air
ports.



2.0 1Introduction and Background
2.1 Introduction

The Department of Energy (DOE) under its Clean Coal Round 2
solicitation sponsored the Babcock & Wilcox Company (B&W) with the
Wisconsin Power & Light Company {(WP&L) to perform a full-scale
demonstration of reburning technology for cyclone boiler NO,
emissions control. This full-scale evaluation was justified via a
previous Electric Power Research Institute sponsored (Project: RP-
1402-30) engineering feasibility study and EPRI/GRI (EPRI: RP-2154-
11; GRI: 5087-254-1471) pilot-scale evaluation of reburning for
cyclone boilers performed by B&W. The feasibility study indicated
that this technology could be successfully applied to the majority
of cyclone-equipped boilers to reduce NO, emission levels by
approximately 50 to 70%. The pilot tests evaluated the potential of
natural gas, o0il, and coal as reburning fuels in reducing NO,
emissions. - The data obtained from the pilot-scale project
substantiated the results predicted by the feasibility study.
Though oil/gas reburning can play a role in reducing NO, emissions
from cyclone boilers, B&W coal reburning research showed that coal
performs nearly as well as gas/oil without deleterious effects on
combustion efficiency. This means that boilers using reburning for
NO, control can maintain 100% coal usage instead of switching to 20%
gas/oil for reburning. As a result coal reburning technology
advanced to the point where demonstration on a commercial scale was
the next logical step.

Currently, 105 operating cyclone-equipped utility boilers exist,
representing approximately 15% of pre-New Source Performance
Standards (NSPS) coal-fired generating capacity (over 26,000 MW,).
These units contribute approximately 21% of the NO, emitted because
their inherent turbulent, high-temperature combustion process is
conducive to NO, formation. Although the majority of the cyclone
units are 20 to 30 years old, utilities plan to operate many of
these units for at least an additional 10 to 20 years. These units
(located primarily in the Midwest) have been targeted for Phase II
Federal Acid Rain NO, emission limitations.

The coal reburning demonstration project for cyclone beiler NO,
control was carried out at WP&L‘’s Nelson Dewey Station, Unit No. 2,
in cCassville, Wisconsin. The unit is a B&W RB-type boiler with
three cyclone furnaces. Unit No. 2 is small (nominal 100 MW,) to
limit project costs, but large enough to demonstrate that the
reburning technology can be successfully applied to a full-scale
cyclone-fired utility boiler. As part of the project, B&W’s six
million Btu/hr Small Boiler Simulator (SBS) pilot facility was used
to duplicate the operating practices of WP&L’s Nelson Dewey Unit No.
2. The coal that is fired at Nelson Dewey was fired in the SBS
cyclone and also was used as the reburn fuel. During the field test
phase at Nelson Dewey Station, emission and performance data were
acguired and analyzed before the coal reburn conversion to serve as
a baseline against which to determine the NO, reduction and impact
on boiler performance. Combining these combustion test results with
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physical and numerical modeling of the technology as applied to
Dewey Unit No. 2 provided a comprehensive test program not only for
successful application of WP&L’s unit, but for the cyclone
population as a whole.

From WP&L’s perspective, involvement in this project was undertaken
for several reasons. The State of Wisconsin enacted acid rain
legislation in 1986, which was fully implemented in 1993. Federal
acid rain legislation will require NO, reductions from cyclone-fired
boilers beginning in 1997, The state law requires significant
reduction of S0, emissions and the study of potential reduction of
NO, emissions. Approximately 50% of WP&L’s coal-fired capacity is
generated from cyclone boilers installed between 1952 and 1969.
These boilers are vital to meeting the electricity needs of WP&L'’Ss
customers. However, of concern to WP&L is that these cyclone
boilers produce about 75% of the NO, emitted within the WP&L system.
Environmental concerns have been complicated by the fact that no
commercial combustion technologies exist for controlling NO,
emissions from cyclone boilers. Based upon WP&L’s internal analyses
of several advanced technologies, coal reburning surfaced as the
least-cost retrofit alternative. With these reasons and a desire to
promote cost-effective emission reduction technologies, WP&L
accepted B&W’s offer to participate and host this project.

This document which represents the Final Project Report for the Coal
Reburning for Cyclone Boiler NO, Control Demonstration project
describes the activities and results of the work performed. Section
1, the Executive Summary condenses the results of the report,
providing an overview. Section 2, the Introduction and Background
summarizes the work on which this project was based and is provided
for the sake of continuity of technoclogy development. Also, the
details of the project organization are provided. Section 3
summarizes baseline test results as a point of comparison for later
reburn testing. Sections 4 and 5 summarizes the pilot-scale testing
and mathematical/physical flow modeling studies performed at the
Alliance Research Center to optimize the reburn system design.
Section 6 describes the reburn system installed at Nelson Dewey, the
operation of which allowed the compilation of data presented in
Section 7, Cocal Reburning Technical Impacts. Section 7, the heart
of the report, summarizes overall performance and emissions impacts
of the reburn technology on the cyclone fired boiler. Section 8
presents an economic assessment based on the information developed
during Nelson Dewey engineering construction and testing. This work
builds upon the economic study performed during the original
feasibility and pilot-scale work as outlined in Section 2. Section
9, Application of the Technology validates the mathematical models
as design tools by comparing predictions with full-scale results at
Nelson Dewey. Section 10 provides the Conclusions and
Recommendations developed during this full-scale demonstration
project.

s



2.2 Description of Reburning Process Technology

The cyclone furnace consists of a cyclone burner connected to a
horizontal water-cocled cylinder, commonly referred to as the
cyclone barrel. Air and crushed coal are introduced through the
cyclone burner into the cyclone barrel. The larger coal particles
are thrust out to the barrel walls where they are captured and
burned in the molten slag layer which is formed; the finer particles
burn in suspension. The mineral matter melts, exits the cyclone
furnace from a tap at the cyclone throat, and is dropped into a
water-filled slag tank. The flue gases and remaining ash leave the
cyclone and enter the main furnace.

No commercially-demonstrated combustion modifications have
significantly reduced NO, emissions without adversely affecting
cyclone operation. Past tests with combustion air staging achieved
15 to 30% reductions. Cyclone tube corrosion concerns due to the
resulting reducing conditions were not fully addressed because of
the short duration of these tests. Further investigation of staging
for cyclone NO, control was halted due to the utility’s corrosion
concern.

The use of selective catalytic reduction (SCR) technology offers
promise of controlling NO, emissions from these units, but at high
capital and operating costs. Further, significant uncertainties
exist about catalyst life in this environment with medium and high
sulfur U.S. ccals. Reburning is, therefore, a promising alternative
NO, reduction approach for cyclone-equipped units with more
reasonable capital and operating costs.

Reburning is a process by which NO, produced in the cyclone is
reduced (decomposed to molecular nitrogen) in the main furnace by
the injection of a secondary fuel. The secondary (or reburning)
fuel <creates an oxygen-deficient (reducing) region which
accomplishes decomposition of the NO,. Because reburning can be
applied while the cyclone operates under its normal oxidizing
condition, its effects on cyclone performance can be minimized.

The reburning process employs multiple combustion zones in the
furnace, defined as the main combustion, reburn, and burnout zones,
as shown in Figure 2-1. The main combustion zone is operated at a
reduced stoichiometry and has the majority of the fuel input (70 to
80% heat input). Most past investigations on natural gas-/oil-
Jjcoal-fired units have shown that the main combustion zone of the
furnace should be operated at a stoichiometry of less than 1.0.
This operating criteria is impractical for cyclone units due to the
potential for highly corrosive conditions, because many cyclones
burn high-sulfur, high-iron content bituminous coals. To avoid this
situation and its potential consequences, the cyclone main
combustion zone was defined to be operated at a stoichiometry of no
less than 1.1 (2% excess 0,).

The balance of fuel (20 to 30%) is introduced above the main
combustion zone (cyclones) in the reburn 2one through reburning
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burners. To protect the tubes in the reburning zone from fireside
corrosion, air is introduced through the reburning burners. They
are operated in a similar fashion to a standard wall-fired burner
except that they are fired at extremely low stoichiometries (less
than 0.6}. The furnace reburning zone 1is operated at
stoichiometries in the range of 0.85 to 0.95 by controlling the
burner stoichiometry, in order to achieve maximum NO, reduction based
on laboratory/actual boiler application results. A sufficient
furnace residence time within the reburn zone is required for flue
gas mixing and NO, reduction kinetics to occur.

The balance of the required combustion air (totaling 15 to 20%
excess air at the economizer outlet} is introduced through overfire
air (OFA) ports. As with the reburn zone, a satisfactory residence
time within this burnout zone is required for complete combustion.
These ports were designed with adjustable air velocity controls to
enable optimization of mixing for complete fuel burnout prior to
exiting the furnace.

2.3 Praevious Work

This full-scale demonstration of coal reburning technology builds on
knowledge gained during execution of two earlier projects:

(1) An engineering feasibility study - sponsored by EPRI (Project
RP~1402-30) which analyzed the population of cyclone boilers to
determine candidates for the technology. Based on residence
time results, the technology could potentially be applied to a
majority of cyclone boilers and conceivably achieve a NO,
emission reduction of 50 to 70%. This assumes no site specific
factors exist which would preclude installation of a reburning
system.

(2) A pilot-scale evaluation of reburn technology was also
performed under Jjoint EPRI/Gas Research Institute (GRI)
sponsorship (EPRI: RP-2154-11; GRI: 5087-254-1471). This work
evaluated the use of natural gas, oil and coal as reburning
fuels. Gas, oil, and coal were all found to perform well in
achieving NO, reductions without deleterious effects on
combustion efficiency.

Summaries of each of these projects are given below to provide
continuity of reburn process development from the study stage
through pilot-scale testing.

2.3.1 Reburn Feasibility Study
2.3.1.1 Objectives
The objective of the feasibility study was to make a
preliminary assessment of the applicability of reburning

to cyclone units using available information on the
reburning process design reguirements and performance



expectations. The study involved the following major
elements:

(1) A survey of the cyclone boiler population to
determine furnace gas residence time for various
cyclone boiler designs and generating capacities.

(2) Specification of reburn design criteria which would
be compatible with cyclone design and operation
(residence times and stoichiometries).

{(3) A design of a reburning system for two
representative cyclone boilers and predictions of NO,
reductions.

.(4) An assessment of cyclone/boiler reliability and
operability while operated with a reburn system.

2.3.1.2 Results

As previously discussed the reburning process employs
multiple combustion zones in the furnace. In the
reburning and burnout zones, residence time is extremely
important. For purposes of the feasibility study, minimum
combustion gas residence times within the reburn and
burnout zones, developed during pilot tests, were used to
determine the applicability of the technology to the
cyclone boiler population. This provided a conservative
review with respect to the overall commercial practicality
of cyclone reburning.

Boiler Design Burvey

The cyclone boiler population was surveyed to assess the
suitability of these units to retrofit of the reburning
technology. The population was first categorized
according to furnace arrangements {single and opposed
wall~fired units) and generating capacities (40 to 1150
MW,) . Then specific representative units from each
category were selected to perform a more detailed
reburning application evaluation. The major criteria used
to determine if the reburn technclogy could be
successfully applied was the estimated furnace gas
residence time. In addition, space availability at the
anticipated reburn burners and overfire air locations was
- examined. Table 2-1 summarizes the eight categories of
cyclone boilers that were evaluated.
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| TABLE 2-1 CYCLONE BOILER POPULATION SURVEY
IDENTIFICATION INSTALLED
| 1
2.1 Single Wall-Fired 2 Cyclones/l Level 40 1959
2.2 Single Wall-Fired 3 Cyclones/l Level 100 1960
2.3 Single Wall-Fired 4 Cyclones/2 Levels 150 1965
2.4 Opposed Wall-Fired 4 Cyclones/l Level 190 1961
2.5 Opposed Wall-Fired 7 Cyclonea/l Level 330 | 1964
2.6 Opposed Wall-Fired 8 Cyclones/2 Levels 420 1968
2.7 Opposed Wall-Fired 14 Cyclones/2 Levels 700 1963
2.8 Opposed Wall-Fired 23 Cyclones/2 Levels | 1150 1969 |

Original boiler design data was used to calculate the
furnace gas residence times of the above units because
actual unit operating data was unavailable. The process
to determine residence times and evaluate their
significance was three-fold:

(1) Predict furnace gas flow patterns via past B&W flow
modeling experience to confirm the validity of the
plug flow residence time calculation method used.

(2) Use unit design data and previously discussed
cyclone reburn design criteria to compare available
furnace height with the furnace height necessary to
apply reburning (residence time criteria).

(3) Select two actual units to perform a more detailed
engineering/cost analysis.

Furnace Gas Flow Patterns

Predicting furnace gas flow patterns for opposed wall-
fired units was done using the results from two past B&W
physical flow model test programs.?v@ No directly
pertinent data were available for single wall-fired units.
The acrylic meodels used in the B&W flow tests were 1/70
and 1/32 scale and used water seeded with neutral buoyancy
plastic particles as the working fluid. Physical
observation and photographic views indicated that the
furnace flow patterns were relatively uniform above the
cyclone combustion zone in both of the opposed wall-fired
models (with no noticeable areas of downward
recirculation). No unusual furnace gas flow patterns were
expected in the reburning zones. Thus, the residence time
estimates using plug flow conditions appeared to be
adequate.



Purnace Gas Residence Time

For each of the representative units listed in Table 2-1,
calculations were made to determine if sufficient furnace
height was available to accommodate the necessary
reburning residence times identified earlier. The minimum
required residence times in the reburn and overfire air
zones were used. The location of the reburning burners
was dictated by physical space limitations. Locating the
reburn burners in close proximity to the cyclones does not
inhibit the reburning performance because the majority of
combustion occurs within the cyclone barrel.

Comparing the actual residence time available in the
various units to the minimum required time, a difference
between actual boiler furnace height versus necessary
reburning boiler furnace height was determined. Thus, for
screening purposes, this technique determined if the
majority of cyclone units could apply the reburn
technology. Table 2-2 summarizes these furnace height
calculations for the eight units identified in Table 2-1.
The base design specifications used to generate this table

include:

Fuel Split Between Cyclone and Reburn Zone . . ., 80/20

Reburning Fuel . . . . . . . . . . . +. . . Natural Gas

Cyclone Stoichiometry . . . . . . . . . . . . . . . 1.1

fr—= T —
TABLE 2-2 REQUIRED FURNACE HEIGHT

Total Number of Cyclones
Furnace Width (R) 18 34 36 26 45 36 60 9% ||
Furnace Depth (ft) 10 16 24 20 4 7 33 33
Elevation of Furnace Exit () 609 703 106 115 305 159 528 541
Required Elevation of Furnace BExit (ft) 626.7 023 w4 124.5 294.0 1502 505.6 517
Differeace Between Actual and Calculated 11.7 0.7 6.6 9.5 -11.0 4.3 -224 -13.3
Furnace Exit ()
% Increasc m Fumace Zone Height Required 52.1% -1.6% -13.4% li.‘l! -15.7% 9.5% 2B -14.5% ﬂ

The difference between the actual (available full load
residence time) and calculated (reguired reburn. system
residence time) furnace exit elevation is a key factor in
determining whether the technology can be applied; A
positive value signifies that additional furnace height is
necessary a negative value indicates sufficient height is
available.

The majority of cyclone units examined showed that
sufficient furnace height (available gas residence time)
exists to accommodate reburning. The only units which
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appear unsuitable are the small, single wall-fired boilers
{(less than 80 MW,). Unit 2.1 in Table 2-2 typifies this
category of units where an additional furnace height of
17.7 feet would be required. This corresponds to
increasing the furnace height by over 50% which is
impractical. These units represent 1less than
approximately 7% of the cyclone generating capacity.

Unit 2.4 also requires an additional 9.5 feet, but this
corresponds to an increase of only 12.7%. The reburning
technology could still be applied to this unit if a
reduction in residence times within the main, reburn and
overfire air zones were incorporated. This would,
however, lead to a lower expected NO, reduction.

Retrofit Reburning Case Btudies

Two boilers -- Unit 2.4 (200 MW,) and Unit 2.7 (700 Mw,) --
were chosen to perform a more detailed technical and
economic analysis. Unit 2.4 was selected because,
although it was considered to be an acceptable candidate
for the technology, non-ideal residence times exist and,
therefore, it represents a worst case scenario. Unit 2.7
is indicative of the majority of the units reviewed
because sufficient residence time to apply the technology
was determined. The specific criteria which were varied
to evaluate the best conditions available within these
units to obtain maximum NO, reduction include:

Fuel Split . . . . . . . . . . 75/25, 80/20, and 85/15
Reburn Fuel . . . . . ¢« ¢« &+ ¢« « « » « « « « GasjOil/Coal

Calculations show that under any condition, the 200 Mw,
unit possesses less furnace height than would be optimal
to obtain maximum NO, reduction. The required residence
times could be achieved at about 85% of rated full load,
but because a derate condition usually is unacceptable,
NO, emissions were predicted at both full and partial
loads.

The 700 MW, unit has about 22 feet additional furnace
height that can be used to increase the reburn system
residence times.

NO, Predictions

At full-load conditions, NO, reduction predictions for the
two reburning applications were 49 and 62% for the 200 Mw,
and 700 MW, units, respectively. A 15% derate of the 200
MW, facility would provide sufficient residence time
within its furnace to achieve a predicted 63% NO,
reduction from full-load baseline conditions. Table 2~3
summarizes the prediction methodology:
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TABLE 2~-3
NO, Emissions Predictions
Unit Size (MW,) | 200 700
Full Load ~ Baseline NO, (ppm/1lb/10° Btu) 985/1.34 | 1180/1.60
NO, Reductions -
® Due to reduced cyclone load (%) 15.7 -23.7
® Further reduction due to reburn 40.0° 50
process (%)
® Overall NO, Reduction (%) 49.0 62 1
¢ Reburn NO, Emission Level (ppm/lb/ 498/0.68 450/0.61
10% Btu)
15% Derate from Full Load - Baseline NO, 870/1.18 -
(ppm/1b/10% Btu)
NO, Reductions -
¢ Due to reduced cyclone load (%) 16.0 -
¢ TFurther reduction due to reburn 50.0 -
process (%)
® Overall NO, reduction (%) 58.0 -
® Reburn NO, Emission Level (ppm/lb/ 365/0.50 -
10° Btu)
= 4*=¢
* reduced residence time for 200 MW, case, full load

The baseline NO, predictions were made using B&W design
standards for cyclone boilers that are based on NO,
emission field data. The NO, reduction capabilities of a
reburning system were determined from data available from
Babcock-Hitachi and other researchers.V@®® Because no
reburning pilot data simulating cyclone characteristics
were available, this study assumed that the above
referenced research was applicable to approximate NO,
reductions in cyclone boilers.

The NO, reduction comes from two sources:

(1) Beginning with a baseline NO, emission for full-load
fuel input to the cyclones, an initial NO, reduction
is realized by diverting fuel to the reburn ports,
therefore reducing total heat input (and NO,) at the
cyclones. This initial NO, reduction ranges from 15
to 25% depending on the reduced input to the
cyclones and the full-load cyclone heat input. This
effect has been verified by B&W based on field data.
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This estimate is based on standard B&W cyclone NO,
emission correlation curves.

(2) Tests performed with relatively high primary NO,
levels (>500 ppm) show that approximately 50 to 60%
reduction can be achieved regardless of reburning
fuel type (gas, oil, coal). Additionally, reburning
zone stoichiometries of 0.85 to 0.95 show 35 to 60%
reduction capabilities. In the case where reburn
residence times are restricted, the overall NO,
reduction by reburning is substantially decreased.

Using this information, the reduction of NO, emissions by
the application of reburning to cyclones is a combined
effect of the reburning process and lower heat input to
the cyclones. Overall, approximately 20% reduction is
realized by decreased heat input, and approximately 50%
reduction (in NO, from the cyclones) can be realized by
reburning. The combined effect provides conservatively a
60 to 65% reduction from baseline NO, emissions, if
required residence times are available, and approximately
45 to 50% reduction if residence times are slightly
reduced.

Operational Impacts

The 200 MW, case study was used to perform a more detailed
operational assessment of  applying the reburning
technology. Following a conceptual design of the reburn
system (based on the stoichiometries and residence times
determined earlier), the boiler performance and power
plant impacts were addressed.

Standard heat transfer calculations were used to determine
the effect of reburning on furnace absorption, furnace
exit gas temperatures (FEGT), and unit efficiency.
Because the unit’s performance depends on the FEGT, a
base-case FEGT for normal cyclone operating conditions was
determined. The maximum increase of FEGT when applying
various reburning combustion schemes (varying fuel type
and furnace locations where combustion actually occurs)
was 56°F. This increase is considered insignificant such
that the unit’s efficiency and existing metals in the
convective pass should not be adversely affected.

The major uncertainties were the slagging/fouling
potential, unburned combustible 1losses, and corrosion
potential. These items had to be addressed during the
pilot-scale evaluations.

Typically, existing cyclone operation does not incorporate
precise control over air and fuel splits. For a given
load, fuel and air are divided near-equally between the
in-service cyclones, with some cooling air provided to
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out-of-service cyclones. For successful application of
the reburning technology, more precise air and fuel
control is required. Secondary air monitors for each
cyclone, and gravimetric feeders are recommended to assure
a balanced air and fuel distribution to each cyclone.

With the reburning technology, the cyclone itself is
operated in a normal manner at all times: start-up,
shutdown, emergencies, etc. When operating in a lower NO,
mode (reburning), the cyclone operates with reduced fuel
input and reduced air levels. The addition of reburning
equipment should not impact the operational range of the
cyclone.

The reburn burners would be operated much like wall-fired
burners. The equipment associated with them includes
lighter/ignitor systems and flame detection devices. This
equipment is conventional and used throughout the
industry.

Using coal as the reburn fuel could potentially double the
particulate loadings and thus adversely affect
precipitator/baghouse performance. In addition, possible
changes 1in particle size distribution and flue gas
properties will need to be addressed. These issues are
site-specific and will be determined on a retrofit-to-
retrofit basis.

2.3.1.3 Conclusions . and Recommendations of the
Feasibility Btudy

Review of the cyclone boiler population showed that
reburning technology to reduce NO, emissions is applicable
from the standpoint of furnace residence time
availability. Only the small (<80 MW,) single wall-fired
units appear non-conducive to reburning.

Criteria for main, reburning, and overfire air zone
residence times and stoichiometries were determined based
on pilot scale data. For cyclone firing, stoichiometries
are as follows: '

Main 20one ., . . . « « + ¢« 4 « +« « « « 1.1 stoichiometry
Reburning 2one . . . . . . . 0.85 to 0.95 stoichiometry
Overfire Air Zone . . . . . . 1.16 to 1.2 stoichiometry

Nominal 50 to 60% NO, reductions can be expected from
existing cyclone-equipped boilers. Typical uncontrolled
NO, emissions from cyclones are 0.8 to 1.8 1b/10° Btu.

Corrosion potential within the cyclone barrel when
applying this technology may be avoidable through
recommended modifications to the coal/air flow control
system. Additional protection may be necessary in the
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main furnace near the reburning ports if coal is the
reburn fuel.

Although FEGT, deposition, unburned carbon, steam
temperatures and boiler efficiencies are expected to be
minimally impacted, pilot/full-scale testing was needed to
validate these assumptions.

The study assumed all three fuels were comparable with
respect to reducing NO,. Pilot-scale tests were needed to
confirm this, along with any associated detrimental boiler
side effects. Thus, after this technical evaluation of
the three reburn fuels was completed, a combined
cost/technical evaluation was performed.

2.3.2 Pilot Bcale Evaluation of Reburn Technology

As recommended under the feasibility study, pilot-scale
evaluation of the reburn technology was the next logical step.
A summary of the pilot testing follows.

2.3.2.1 Objectives

The technical objectives of the pilot scale tests were to
demonstrate NO, reductions of nominally 50 to 60% while
maintaining acceptable cyclone/boiler operating
conditions. Three reburning fuels were evaluated while
operating under various simulated anticipated full-scale
reburning conditions. Table 2-4 summarizes the various
ranges of reburning criteria that were evaluated for NO,
reduction capability. Fuel splits for main
cyclone/reburning burners, reburning fuel type, furnace
stoichiometries, and furnace residence times were varied.
Additional variables that were evaluated include mixing,
corrosion potential, fireside deposition, and combustion

efficiency.
TABLE 2-~4
SBUMMARY OF REBURNING CONDITIONS EVALUATED DURING PILOT TESTS
i Main Combustion Reburning Zone Burnout Zone
{(Primary) Zone
Fuel Kittanning Coal Natural Gas, No. -—
6 Fuel 0il,
Kittanning Coal
Fuel Split 70 - 85% S 15 - 30% ———
Stoichiometry 1.0 - 1.2 0.85 - 0.95 1.05 - 1.2 -]
Reaidence Time 0.1 second 0.5 - 0.8 Becond | 0.6 - 0.9 second
{Aesume Plug Flow)




The major areas of technical uncertainty that were
identified in the feasibility case studies and were
evaluated during the pilot tests for all reburning fuel
types included: ‘

° NO, reduction potentials of the reburning fuels when
operating in a cyclone bociler environment of high
initial primary NO, levels and low char carryover to
the main furnace (high char carryover increases
available, unconsumed oxygen in the reburning zone)

. Optimization of process parameters for cyclone
application

. Effects on increased solids deposition with coal
reburning in the upper furnace and convective
section

. Corrosion throughout the furnace

. Unburned combustibles and FEGT changes

The work was conducted in B&W’s six million Btu/hr Small
Boiler Simulator (SBS) at the Alliance Research Center.
The facility is described in Appendix 1.

2;3.2.2 Pilot-Scale Results

Pilot scale testing consisted of baseline tests, to serve
as a benchmark for comparison, and reburn operation
testing. Critical data collected for both the baseline
and reburning tests included NO,, CO, O, and unburned
combustibles levels. Also, gas temperature profiles were
measured throughout the furnace. Pennsylvania Kittanning
seam coal was used as main cyclone fuel during all testing
as well as reburn fuel for coal reburning investigations.

Baseline Tests

Figure 2-2 illustrates the NO, emission levels obtained
during the baseline tests. Operating the cyclone at six
million Btu/hr resulted in a baseline NO, level of 920 ppm
at 3% excess 0,. NO, emissions increased by approximately
40 ppm per each percentage point increase in excess 0,.
Higher excess 0, increases the availability of 0, to form
NO, at high temperatures, as is indicated by this data.
Reducing furnace lcad to 4.3 million Btu/hr decreased the
NO, emissions levels to 850 ppm at 3% excess 0,. As excess
0, changed, the slope of the NO, curve was the same as that
observed at full load. Firing natural gas in the cyclone
at six million Btu/hr resulted in NO, emissions of 455 ppm
at 2% excess 0, (typical operating excess 0,). Reducing
the oxygen to 1% resulted in the same NO, level as that
observed at 2% O, (455 ppm), but increasing the oxygen to
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3% excess 0, reduced the NO, level to 392 ppm. These NO,
levels can be explained via the cyclone exit. gas
temperatures and the various mechanisms of NO, formation.

Cyclone exit temperatures were measured using an optical
pyrometer. At six million Btu/hr (coal firing), the
temperatures changed from 2950° to 2850°F at 2 to 4% O,
respectively. At 4.3 million Btu/hr, the same trend was
observed at 2 to 4% O, (2800° to 2700°F). Natural gas
firing at six million Btu/hr showed temperatures of 2640°
to 2570°F from 1 to 3% O,. Temperatures are lower with
natural gas because of higher hydrogen content in gas than
in coal and correspondingly higher moisture generation.

The various trends of NO, emission levels versus excess
oxygen can be explained by the different mechanisms of NO,
formation. During natural gas firing, thermal NO, is the
major mechanism of NO, formation. Thus, NO, levels
decreased as the excess oxygen increased because the
cyclone exit temperature was also observed to decrease.
During coal firing, fuel NO,, along with thermal NO, also
contributes to emission levels. Because fuel NO,
emissions increase with increasing excess oxygen, the
overall NO, levels were observed to increase with higher
0,.

Reburning Tests

The two reburning burners were located at the rear furnace
wall of the SBS. Kittanning coal was fired in the cyclone
during all test phases and the cyclone was operated at 65
to 85% of total load under excess air conditions.
Reburning fuel provided the remaining 15 to 35% heat
input. In order to obtain various in-furnace reburning
zone stoichiometries (0.85 to 0.95), the reburning burners

were operated at sub-stoichiometric conditions. The
balance of air was then introduced through OFA ports
located in the upper furnace. Under optimized test

conditions, reburning burner stability was observed during
each of the reburn fuel test phases. No indication of
excessive CO levels (at the stack} or burner instability
was observed during any of the optimum test conditions.

The reburning burners were first adjusted for optimum NO,
emission levels via burner hardware. Changing the swirl
component exiting the burner (via spin vanes in the outer
zone) had an effect on resulting NO, levels. Reducing the
amount of swirl provided more reburning fuel penetration
and improved NO, reduction. In addition, flue gas
recirculation (FGR) could be introduced to the burner and
an improvement in NO, reduction was also observed under
this condition. More than a 50% NO, reduction was
achieved with natural gas, oil, and coal reburning at
optimum conditions. The optimum burner settings for each

2-14
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reburning fuel were determined based upon NO, reduction
capability, flame stability, and CO emission levels.

NO, Emissions

A 40 to 75% NO, reduction (from the baseline NO, level) was
achieved during reburning under various test conditions.
These results are reported as overall reductions and
consist of basically three components:

. NO, reduction via lower heat input at the cyclone
burner
. NO, reduction via substitution of main combustion

zone coal input with o0il or natural gas, thus
reducing the total fuel nitrogen content to the
furnace (0il and gas reburning tests only) '

. NO, destruction via the reburning process

The following results are based upon the overall NO,
reductions obtained,.

Reburning Zone Btbichiomet;iog. Figure 2-3 shows that NO,

emissions decreased with decreasing reburning zone
stoichiometry for the three reburning fuels tested.
Varying the amount of natural gas and oil reburning fuels
from 16 to 28% of total heat input changed the reburning
zone stoichjometry from 0.95 to 0.85, respectively. While
increasing fuel to the reburn burners, air was increased
to maintain very low stoichiometry at the reburn burners,
air and fuel ¢to the cyclones decreased to maintain
constant cyclone stoichiometry and air to the OFA ports
increased to meet overall air requirements (3.0% O, in the
flue gas). To achieve the same reburning zone
stoichiometry during coal reburning tests, 22 to 36%
reburning cocal had to be introduced to the furnace.
Nitrogen-free natural gas provided the best NO, reduction.
NO, concentrations ranged from 420 to 235 ppm while
varying the reburning zone stoichiometry from 0.95 to 0.85
during gas reburning operation. From the baseline NO,
emission level of 925 ppm, these NO, emission levels
corresponded to a 55 to 75% reduction. During No. 6 fuel
oil reburning tests, NO, reductions of 42 to 73% were
achieved at reburning zone stoichiometries of 0.95 to
0.85. Pulverized coal reburning reduced the NO, levels 40
to 68% for the same range of reburning zone stoichiometry.
For a 50% NO, reduction from baseline conditions, 15%
natural gas or 25% coal was required.

Flue Gas Recirculation (FGR). Figure 2-4 shows that NO,
emissions decreased with FGR rate to the reburning
burners. In these tests, cyclone and reburning burner
stoichiometries and fuel fractions were constant.
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Reburning fuel fractions were 22% for natural gas or oil
repburning and 28% for coal reburning. These reburning
fuel fractions provided the reburning zone stoichiometry
of 0.9. Addition of FGR helps to improve the mixing
between furnace combustion gases and the reburning fuel.
wWith coal reburning, NO, emissions were more sensitive to
FGR than natural gas and oil reburning. This could be due
to the presence of coal nitrogen in the reburning coal.
Without FGR, some NO, is being formed through the volatile
flame attached to the reburning burner. When FGR is
added, in addition to improved mixing, NO, formation by
the volatile reburning flame may be reduced. Therefore,
coal reburning is more sensitive to FGR flow rate. This
hypothesis will = be confirmed through . future
investigations.

Cyclone Burner Stoichiometry. The effects of varying the

cyclone burner stoichiometry and percent reburning fuel
were investigated; the results are plotted in Figure 2-5.
Although B&W recommends that minimal cyclone operation
changes be employed, various cyclone stoichiometries were
tested during this project in order to complete the
technology database. Figure 2-5 is based upon maintaining
a constant reburning zone stoichiometry of 0.9. As the
cyclone stoichiometries were varied between 1.0 to 1.2,
the percentage of reburning fuel to the reburning burners
(versus coal to the cyclone to keep a constant six million
Btu/hr load) was changed accordingly to achieve the
reburning zone stoichiometry of 0.9. The natural gas
input varied between 13 to 31%. The figure shows that NO,
levels decreased from 420 to 260 ppm as the cyclone
stoichiometry was increased from 1.0 to 1.2, respectively.

During coal reburning tests as the cyclone stoichiometry
increased from 1 te 1.2, 17 to 37% cocal had to be
introduced to achieve the reburning zone stoichiometry of
0.9. The NO, levels were almost insensitive to the
cyclone stoichiometry. During pilot-scale coal reburning
tests, the same coal was used at the cyclone and reburning
burners, but with different grind size. Because the total
heat input was constant at six million Btu/hr, the total
fuel nitrogen input to the furnace was not changed at
different cyclone stoichiometries. These results indicate
that the reburning zone stoichiometry is the controlling
parameter in NO, reduction in the reburning zone.

In-furnace NO, measurements were taken throughout the SBS
- (nine sampling ports are located on the side furnace wall}
during both the baseline and reburning test phases.
Baseline NO, levels were uniform throughout the test
facility, thus substantiating that all of the NO,
generation occurs within and/or immediately upon exiting
the cyclone. Operating in the natural gas reburning mode
(cyclone burner at 77% of load and 2% excess 0,; reburning
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burners input at 23% of load), NO, levels at an elevation
between the cyclone exit and the burners were 900, 743,
and 450 ppm at the right side, left side, and center of
the furnace, respectively. While the right-side/left-side
NO, levels agree with the baseline results, the 450 ppm at
the center port indicates that some of the reburning fuel
is being recirculated below the reburning burners. During
coal reburning (cyclone burner at 72% lcad and 2% O,;
reburning burners at 28% load), NO, levels of 900, 860,
and 830 ppm were measured and recirculation was not
observed. Measuring the NO, levels directly above the
reburning burners showed that the majority of NO,
reduction had occurred. These results substantiate that
good mixing between the reburning fuel and combustion
gases existed.

Pilot Furnace Temperature Profile

SBS furnace temperatures were measured during both
baseline and reburning phases. Figure 2-6 illustrates the
resulting FEGTs under various operating conditions. The
data indicate that while utilizing reburning, rear-wall
OFA ports, a cyclone stoichiometry of 1.1, zero percent
flue gas recirculation (FGR), and maintaining a constant
six million Btu/hr furnace heat input, as approximate 50°F
FEGT increase (from baseline) was observed. However, when
10% FGR was added to the reburning system, a temperature
quenching phenomena occurred and a 50°F FEGT decrease
(from baseline} resulted due to the quenching effect of
FGR. A 150°F variation in FEGT is considered to have a
minimal (if any) impact on boiler performance.

The in-furnace probing showed no significant temperature
variations between the baseline/reburning conditions,
except that again a gquenching effect occurred in the
reburning zone when FGR was added.

Combustible Loss

Unburned carbon and CO emissions were measured at both the
stack and throughout the furnace during the baseline and
reburning phases. An inherent cyclone characteristic is
that the majority of the combustion occurs within the
cyclone itself. Because the cyclone will continue to be
operated in an excess air mode, this combustion
characteristic will not be altered. However, the amount
of unburned char that does not burn within the cyclone
will now enter a reducing environment in the reburning
zone, with the remaining combustion air not to be
introduced until the OFA ports. When coal and fuel oil
are used for reburning, additional unburned carbon may
result because the reburning fuels are introduced into the
reducing environment of the reburning zone. Although they
devolatilize and partially burn, final burnout will be
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delayed until the burnout zone. If FGR is introduced,
unburned combustible levels increase because the burnout
zone residence time decreases due to increased mass
loading through the furnace and the associated lower gas
temperature profile within the reburn 2zone region.
Efficient mixing of the air introduced through the OFA
ports will help alleviate this concern and any potential
CO emission problems,

Numerous measurements were taken to establish a database
and to validate the trends of variation of unburned
combustibles with different reburning zone parameters such
as fuel split, FGR, and reburning fuel type. Table 2-5
illustrates the comparison of baseline and reburning tests
at optimum conditions with and without FGR.

TABLE 2-5
COMPARISON OF COMBUSTION EFFICIENCIES

Carbon, & Ash, % in Total Cyclone Reburning
Convection | Combustion Fuesl Fuesl [
Pass Efficiency | Burnout, & | Burnout, §
i
Baseline 0.3 18.2 99.99 99.9% N/A
Gas Reburn 2.3 14.2 99.96 99.95 100
No FGR
10% FGR 4.5 14.2 99,92 99.90 100
0il Reburn 3.0 14.2 99,95 99.95 99.95%
No FGR
10% FGR © 5.4 14.2 99.91 99.90 99,93
Coal Reburn 1.6 32.7 99.94 99,95 39.91 "
No FGR
10% FGR 3.4 32.7 95.87 99.90 99.79 “

Isokinetic samples of the fly ash were withdrawn from the
stack of the SBS and analyzed for combustibles. In
addition, total mass loadings of the fly ash were
measured. Table 2«5 shows the carbon content of the fly
ash and percentage of ash at the convection pass to the
total ash input to the boiler at baseline conditions.
During natural gas and oil reburning tests, the ash went
down because these reburning fuels did not contain ash.
On the other hand during coal reburning tests, ash loading
almost doubled because ash from the reburning coal
fraction was not removed as slag. Total combustion
efficiencies were calculated from ash percent in the
convection pass, carbon content of the fly ash, and coal
analysis. The overall change of combustion efficiencies
from the baseline condition is less than 0.1% for natural
gas and oil reburning and 0.13% for coal reburning. This
is a minimal impact and provides a strong justification



that the unburned combustible potential associated with
the reburning technology could be controlled to acceptable
levels, :

Further analyses were performed to calculate the
individual combustion efficiencies of cyclone and
reburning fuels. It was assumed that natural gas burns
completely. Therefore, the cyclone fuel burnout was
calculated from the total combustion efficiency and fuel
split during natural gas reburning tests. Knowing the
cyclone fuel burnout, then reburning fuel burnout could be
calculated during o0il reburning and coal reburning tests.
The results indicate that up to 99.79% of the coal
reburning fuel was burned.

CO levels were low (less than 30 ppm) at the stack during
the baseline tests and there was no apparent increase when
the reburning technology was applied. In~furnace probing
at the reburning zone revealed areas of high €O (>1000
ppm) due to the sub-stoichiometric condition of this
region. Upon introduction of OFA, the CO emissions were
dramatically reduced - as stated above, less than 30 ppm
CO was measured at the furnace exit. Thus, it is apparent
that good mixing between the OFA and combustion gases
existed.

Corrosion Potential

Because the reburning zone must be operated under
substoichiometric conditions, corrosion potential within
this region was investigated. By operating the cyclone in
an excess air mode, the majority (if not all) of the
sulfur from the coal in the main combustion zone is
converted to SO,. Due to the reducing atmosphere in the

reburning zone, H,5 measurements were performed. High
concentrations of H,S can be conducive to increased rates
of tube corrosion. H,S concentrations at baseline and

reburning conditions are illustrated in Table 2-6.

TABLE 2-6
REBURNING NOy CONTROL FOR CYCLONE BOILERS
FIREBIDE CORROSION - H,8 CONCENTRATION

{ppm) :

: Measured Baseline Gas Reburn | 0il Reburn | Coal Reburn
Cyclone 0 -—- | -—- 93
Outlet
Below Reburn 40-55 50 0 0-200
Reburn Zone 0-60 25=90 14-93 0-265




Multiple measurements were performed in the furnace, and
results are presented in a range of H,S concentrations.
Up to 60 ppm of H,S were measured at the SBS during
baseline conditions. H;S levels did increase up to 90 ppm
during gas reburning where no additional sulfur was added
with the reburning fuel. Fuel o0il used for reburning
contained 0.78% sulfur, and H,S levels were compatible
with those observed during gas reburning. When coal was
utilized, however, up to 265 ppm of H,S was measured. The
impact of these levels of H,S on tube wastage has yet to
be determined. It is encouraging that only a small
percentage of SO, from cyclone flue gases is converted to
H,S. In addition, when sulfur-bearing fuels were used for
reburning, only a small fraction of the reburning fuel
sulfur converted to H,S. Up to 200 ppm of H,S for oil
reburning and 900 ppm of H,S for coal reburning would be
detected if all of the reburning fuel sulfur were
converted to H,S. Further evaluations will predict
corrosion rates within the various furnace regions during
reburn operation. .

2.3.2.3 Full-Scale Utility Application Economics

An economic analysis was performed in order to estimate
the total capital and levelized revenue requirements for
retrofitting and operating a reburning system to reduce
NO, emissions from a base case 200 MW, unit. Costs
associated with this process included: acquisition and
handling of the reburning fuels, installation and
operation of the reburning system, and boiler impacts and
counter-measures. Prime concern within this task was to
evaluate the potential of this technology on a commercial
scale based upon economics. There was a high priority
placed on making cost comparisons between using various
reburning fuels (gas, oil, or ccal) in this process. The
basis for the costs used in this evaluation were B&W
cyclone reburning proposal cost estimates that have been
prepared for numerous cyclone  reburn proposed
demonstration projects. These proposals have included use
of each of the three reburn fuels.

The major equipment components used for each of the reburn
fuels evaluated are as jtemized below:

Major Reburning Control System Components =--

All Reburn Fuels

Reburn Burners

Overfire Air (OFA) Ports

Tube Wall Openlngs/Replacement Wall Panels
Piping/Ductwork to Reburn Burners/OFA Ports
Burner /Combustion Control System



. Cyclone Gravimetric Feeders
. Cyclone Secondary Air Monitors

Coal Reburning

Pulverizer/Gravimetric Feeder

Bucket Elevator

Coal Silo

Structural Steel/Pulverizer Enclosure
Furnace Corrosion Protection

0il Reburning

. Positive Displacement Pumps
. 0il Storage Tanks

Gas Reburning

. Assumed $3 Million Gas Pipeline (if no pipeline
exists and a 10 mile 1long gas line is
necessary)

. Gas Substation

The EPRI economic premises for electric power generating
plants were used to develop the cost comparisons to
address the above-stated objectives. Table 2-7 summarizes
the economic evaluation per each reburning fuel type.

Capital costs and 10 year levelized busbar power costs
were sensitive to reburn fuel type, fraction, and price.
Approximately 70 to 90% of the associated 10 vyear
levelized cost is attributable to the fuel cost.
Variations in prices for gas, oil and coal in different
demand regions will influence the economics of reburning
with these alternative. fuels. Price (1987 dollars),
ranging from $2.50 to $3.50/10° Btu for gas $3.00 to
$4.00/10° Btu for oil, and $1.70/10° Btu for coal, were
evaluated. Two gas availability scenarios were also
considered - gas on-site and 10 mile tie-in to nearest
pipeline at $300,000/mile.

The results presented in Table 2-7 give some indication of
the variability in costs as key cost parameters are
altered. For gas reburning, the installed capital costs
range from $22/kW - if gas is available on-site - to about
$44/kW - if the assumed $3 million gas-line cost is borne
solely by the power plant. [Note: In many cases the gas
supplier will extend gas service at no direct cost to the
user, but will factor this cost into the contracted
transportation charges (rate base). In this case, +the
capital cost would be the same as the gas on-site
situation.)
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TABLE 2-7

ECONOMIC EVALUATION FOR APPLYING REBURNING TO CYCLONE BOILERS®

Total 10 Year
Reburning Fuel Cost Main/Reburn Estimated Levelized
Fuel ($/1b/10¢ Fuel Split Capital Cost Busbar Power
Btu) Required Cost (mills/kWh) i
(8/kW)
| Gas 2.5 85/158 22 2.3
3.5 85/15 22 4.1
2.5 85/15 43~ 3.1
3.5 85/15 44~ 4.9
0il 3.0 81/19 28 3.3
4.0 81/19 28 4.9
Coal (Same as 1.7 75/25 41 1.7
Main Fuel)
had Based on 200 MW, unit operating at 65% capacity with 50% reduction.
Cyclone burner operates air-rich (1.1 stoichiometry) and reburn zone
fuel-rich (0.93 to 0.97 stoichiometry).
** Aagumes $3-million gas pipeline cost.

The 10 year levelized costs for 15% gas reburning were
shown to increase from 2.3 mills/kWh at $2.50/10° Btu gas
to 4.1 mills/kWh at $3.50/10° Btu gas. These prices
translate into gas-oil price differentials of $0.80 and
$1.80/10° Btu, respectively. The gas reburning busbar
costs did not include any credits for reduced coal
handling/inventory, ash disposal, or maintenance as a
result of 15% gas substitution.

0il reburning was projected to cost about $28/kW on the
200 MW, plant with 10 year levelized costs ranging from
3.3 to 4.9 mills/kWh at assumed oil prices of $3.00/10°
Btu and $4.00/10° Btu, respectively, and 19% ocil firing.

Finally, capital costs for pulverized-cocal reburning were
estimated at $41/kW.. Assuming the 25% reburn coal
fraction is the same fuel as that currently fired in the
cyclone burners, the 10 year incremental busbar cost was
estimated at 1.7 mills/kWh.

These costs were based on information available at the
time of the pilot-testing work. These are updated in
Section 8.0 of this report to include knowledge gained in
the full-scale demonstration.



2.3.2.4 Conclusions and Recommendations of the Pilot-
Bcale Work

A 40 to 75% overall NO, emissions reduction is expected to
be achievable in cyclone-equipped units via the reburning
technology. This overall NO, reduction is attributed to
three different mechanisms: 1) NO, destruction in the
reducing environment of the reburning zone via reburning
process, 2) during gas and o0il reburning, secondary fuel
input to the reburning zone contributes a small percentage
of NO, formation {(little or no fuel-bound nitrogen in
fuel), and 3) reduced load and oxygen level at the
cyclone. Typical uncontrolled NO, emission levels from .
cyclone units are 600 to 1400 ppm at 3% 0,.

For a 50% NO, reduction, 15% natural gas or oil and 25%
coal are required.

The lower in-furnace reburning zone stoichiometry (0.85 to
0.95 range)} provided the best overall NO, reduction.

FGR to the reburning burners improved mixing (turbulence)
between the combustion gases and reburning gases,
improving NO, reduction. FGR was more effective during
coal reburning than during natural gas or oil reburning.
This toel could be beneficial in future applications.

CO emission levels were low (less than 30 ppm) throughout
the various optimal test conditions and, thus, were of no
concern during the reburning operation.

Total combustion efficiency decreased insignificantly,
less than 0.1% for natural gas and oil reburning and 0.13%
'for coal reburning. This is a minimal impact.

Furnace exit gas temperatures (FEGTs) increased by less
than 50°F during reburning operation.

The cyclone itself must be operated under excess air
conditions in order to minimize corrosion potential within
the cyclone barrel. Accurate air/fuel control is also
essentjal to alleviate this potential concern.

H,S concentrations in the reburning zone were 90 and 265
ppm for natural gas and coal reburning, respectively.
Only a small portion of sulfur in the coal was converted
to H,S.

The nominal costs to apply reburning to a baseloaded 200
MW, cyclone unit to achieve a 50% NO, reduction with
different reburning fuels are estimated, based on the
pilot-scale work, as follows (total capital costs, 10-year
busbar power cost):



2.4

Host

. Gas (On-site or pipeline extension factored in rate
base) ~ $22/kW, 2.3 mils/kWh '

. 0il - $28 kW, 3.3 mils/kWh

] Coal - $41/kW, 1.7 mils/kWh

The corresponding gas and oil fuel price differentials
(compared to coal) used to determine these values are
$0.80 and $1.30/1b/10% Btu, respectively. The coal reburn
fuel was assumed to be the same as the main cyclone coal.

If the capital cost of a 10 mile tie-in to an existing
pipeline is passed on directly to this plant, the capital
and 10 year levelized power costs increase to about $44/XkW
and 3.1 mils/kWh, respectively.

The reburning fuel choice has a major impact on the
economics of this process. Site-specific consideration of
the availability and price of alternative fuels, the
availability of capital, and NO, reduction target will
influence the attractiveness of any one option.

The next logical step in development of reburn technology
is a full-scale demonstration at a cyclone-fired utility
boiler.

8ite Characteristics

Both the feasibility study and pilot scale testing developed
positive results regarding coal reburning technoclogy. The next
logical step in development was full-scale demonstration of coal

reburning.

The host site chosen under DOE’s Clean Coal II Program

was Wisconsin Power & Light’s 100 MW, Nelson Dewey Station Unit No.

2.

The following is a summary of pertinent information:

*

UTILITY: Wisconsin Power & Light

UNIT

ID: Nelson Dewey Unit No. 2

LOCATION: County Trunk Vv, Cassville, Grant County,

NAME

TYPE:

Wisconsin 53806
PLATE RATE: 100 Mw,

Steam Turbine

PRIMARY FUEL: Bituminous Coal

OPERATION DATE: Octcber 1962 - Unit No. 2

BOILER ID: B&W RB-369

BOILER CAPACITY: Nominal 110 MW, (Defined by WP&L operation)

2-24



. BOILER GENERAL CONDITION: Good

» BOILER MANUFACTURER: Babcock & Wilcox

. BOILER TYPE: Cyclone-Fired RB Boiler, Pressurized Unit

. REBURNING DEMONSTRATION FUEL: Indiana (Lamar)
Bituminous Coal, Medium
Sulfur

. BURNERS: Three B&W Vortex-Type Burners, Single wall-

fired
. PARTICULATE CONTROL: Research Cottrell ESP
b BOILER AVAILABILITY: 75% Availability

Features of this host site offer additional benefits as a candidate
for reburn technology demonstration:

(1) The unit is representative of the small and mid-sized cyclone
boiler population (<300 MW,) to which the technology would

apply.

(2) Total costs for the modifications were expected to be lower
than those of a large unit.

(3) Initial review of the unit showed adeguate space to add the
retrofit equipment.

(4) Furnace residence time as outlined in the feasibility study was
adeguate to support the requirements of coal reburning.

{5) The unit’s primary fuel is bituminous coal.
Figure 2-7 is a sectional side view on Nelson Dewey Unit No. 2.
2.5 Project Organization

The Coal Reburning Project organization consists of the U.S.
Department of Energy, The Babcock & Wilcox Company, Wisconsin Power
& Light and the Electric Power Research Institute (EPRI). Team
members from B&W represent the Research and Development Division
(R&DD) , the Fossil Power Division (FPD), the Energy Service Division
(ESD) and the Contract Research Division (CRD).

Major subcontractors are Acurex Environmental Corporation and
Sargent & Lundy Engineers. Acurex was designated to perform
continuous emissions monitoring activities as well as various
analytical requirements during the testing program. Sargent & Lundy
performed balance of plant design activities pertaining to the
system supplying coal to the pulverizer in addition to various
structural steel and electrical design specification activities.



A summary of the overall project organization is as follows:

. Department of Energy - 46.5% funding co-sponsor

. Babcock & Wilcox - Prime contractor/project manager and funding
CO-Sponsor '

. Wisconsin Power & Light - Host site utility and funding co-
sponsor

. EPRI -~ Technical advisor and funding co-sponsor

. State of Illinois (IDENR/ICCI) - Funding co-sponsor
. Acurex Corporation -~ Testing subcontractor

1 Sargent & Lundy - Architect engineer subcontractor
. Utility funding co-sponsors

1. Allegheny Power System

2. Associated Electric Coop, Inc. ,
(through the National Rural Electric Co-Op Association)

3. Atlantic Electric

4. Baltimore Gas & Electric

5. Basin Electric Power Coop

6. Iowa Public Service

7. Iowa Electric Light & Power Co.

8. Kansas City Power & Light

9. Kansas City Board of Public Utilities

10. Minnkota Power Coop, Inc.

11. Missouri Public Service

12. Montana-Dakota Utilities

13. Northern Indiana Public Service Co.

14. Tampa Electric Co.

Figure 2-8 is an organizational chart for the project.
2.6 Project Phases and Schedule

Consistent with the DOE Clean Coal Program project organization,
this project consisted of three phases: Phase I - Design &
Permitting; Phase II - Procurement, Fabrication, Installation and
Start-Up; and Phase III - Operation and Disposition. Phase II was
divided to IIA and IIB to allow long-lead-time equipment to be
ordered as part of budget period 1 (Phase I and IIA). Budget
periods 2 and 3 consisted of Phase IIB and III respectively. Each
Phase is outlined down to the task level in Appendix 2, Statement of
Work.

Figure 2-9 presents the overall project schedule for the coal
reburning project. Although the formal Cooperative Agreement with
DOE was not executed until early 1990, Phase I activities such as
modeling and pilot testing, as well as preparation for baseline
testing at Nelson Dewey, were initiated in late 1989 as part of pre-
award activities. This minimized schedule delays early in the
project.

System design activities and Phase I in general were complete in
early 1991 as was Phase IIA, Long-Lead-Time Item Procurement. As
part of Phase ITA, the foundation at Nelson Dewey was installed to
avoid spring thaw water problems. Phase IIB, Construction and
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Start-Up was initiated in March 1991 with fabrication of the
pulverizer and burners. General mechanical installation began as of
June 1991 and was completed in early November 1991. Start-up
activities were completed three months later in early February 1992.

Phase III, Operation and Disposition activities overlapped start-up
by about one month and began in 1992 with parametric optimization
testing. This testing was complete in May 1992 when long-term
performance testing was started. As additions to the scope of the
project, both Hazardous Air Pollutant (HAP) testing and performance
testing on Western coal were performed. All testing was complete at
Nelson Dewey by December 11, 1992. Title to the reburn system was
transferred to WP&L in March 1993, completing disposition
activities. The project completion date is October 1993 with
approval of the final report for the project by DOE.



Project Organization

Cyclone Boiler Coal
Reburn
Demonstration
Project

B&W/ESD
Project Manager
A.S. Yagiela

|

DOE
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1
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Project Manager
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Development
Board

Project Manager
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Figure 2.8
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3.0 Baseline Testing

Baseline tests were performed at Nelson Dewey Unit No. 2 prior to
installation of the coal reburning system in order to provide the
benchmark data to which subsequent reburning results were compared.
The test sequence included collecting data at three load conditions-
~-100%, 75%, and 50%--and at different excess air and flue gas
recirculation levels. Thus, the baseline characterization not only
identified normal or typical conditions for boiler operations/
performance, emissions characteristics, and electrostatic
precipitator performance, but the test matrix was structured to
identify changes in these parameters when excess air and flue gas
recirculation rates were varied. This provided background data for
coal reburning operation., For a detailed account of these baseline
test results, refer to the Phase I - Baseline Test Report, DOE
Agreement number DE-FC22-90PC89659.°

The bulk of testing was performed with Lamar cocal, a medium sulfur
bituminous coal, mined in Indiana. Table 3-1 provides an analysis
of this coal. An additional series of baseline tests was performed
with western fuel since this is WP&L’s fuel of choice to meet SO,
compliance requirements as of January 1, 1993. The western fuel
analysis is also in Table 3-1. The baseline test matrix included
Babcock & Wilcox collecting in-furnace gas velocity (under cold and
hot conditions) and gas species (NO,, CO, O,, and H,S) data within the
furnace envelope., On-line boiler performance evaluations were also
made in order to assess boiler efficiency and cleanliness. In
addition, B&W set-up an economizer outlet gas grid to measure
gaseous NO,, 0,, CO, CO,, and temperatures. The Acurex Corporation
maintained a certified continuous emissions monitoring system (CEMS)
at the precipitator (ESP) outlet measuring NO,, 0,, CO, C0Q,, and SO,.
Acurex also measured particulate loading/sizing at the ESP
inlet/outlet, in-situ resistivity at the ESP inlet, trace metals,
volatile/non-volatile organics at the precipitator outlet, unburned
carbon, and ash toxicity.

The data were collected while operating at 100%, 75%, and 50% load
conditions which corresponded to approximately 110 MW,, 82 MW, and 55
MW, respectively. Original boiler design full load is 100 MW,
(700,000 #/hr steam flow), but based upon the past 20 plus years of
operating experience, full load rating has been redefined as 110 MW,
(780,000 #/hr steam flow) within WP&L‘’s system. No major
operational problems are encountered by WP&L at this load.

In~-furnace flue gas flow velocity measurements during cold and hot
boiler conditions were performed to provide qualitative information
to confirm the physical and numerical modeling predictions. Higher
positive gas velocity along the boiler rear wall and low and/or
negative flow (recirculation) near the boiler target wall was
observed (as measured at boiler elevation 666’, near the planned
furnace reburn burner elevation of 66476").



TABLE 3-1
TESBT COAL ANALYSISB

|  tamarcoal |  western coar
HHV 11,326 Btu/lb 9,189 Btu/lb
C ' 63.64% 53.04%
| H 4.35% 3.71% ﬂ
S 1.15% 0.27%
0 7.92% 13.07% “
i N 1.24% 0.55% “
“ H,0 16.74% 25.85%
" Ash 4.96% 3.51% _ﬂ

A total of 51 tests were performed to evaluate baseline boiler
performance. Seventeen of these tests involved an independent
testing company, the Acurex Corporation, to obtain numerous baseline
emission levels.

3.1 NO, and Percent Loss on Ignition (Unburned Carbon) Emission
Levels

Figures 3-1 and 3-2 show the full load (110 MW,] baseline stack NO,
emission levels (ppm, corrected to 3% O, for comparative consistency)
and percent loss on ignition (LOI), respectively, as measured by
Acurex versus various excess oxygen contents as measured at the
economizer. All future NO, emission values reported in ppm will be
corrected to 3% O,. Figure 3-1 reveals NO, levels ranging from
approximately 640 ppm to 700 ppm when economizer outlet O,% was
varied between about 2 and 4%, respectively. Since operating at 3%
economizer outlet 0, is considered typical, the normal baseline NO,
level is 661 ppm (0.90 million Btu). For the Western coal testing,
the baseline NO, level is 584 ppm (.79 million Btu). Figure 3-2
shows percent LOI varied from approximately 18% down to 9% while
increasing excess 0,% from 2 to 4%, respectively for the Lamar coal.

Additionally, Figures 3-3 and 3-4 show the relationship between NO,
and percent LOI versus boiler load (MW,) during typical boiler
operation (3% economizer outlet 0,) with Lamar coal. As shown in
Figure 3-3, varying the load from 55 MW, to 110 MW, resulted in NO,
levels of approximately 550 ppm to 661 ppm, respectively. Figure 3-
4 reveals that percent LOI remained fairly constant over the load
range {(approximately 16 to 17% LOI).

NO, was measured by Acurex at the point in the precipitator outlet
duct which indicated the highest level of pollutant, as determined
by point to point traversing. This is the accepted EPA method for
continuous emissions monitoring. B&W’s NO, readings were obtained

3-2
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from a composite grid at the economizer gas outlet. The B&W values
are consistently lower than the Acurex values, which would be
expected when comparing an average value to a maximum value.

A summary of the comparison between the Acurex and B&aW averaged test
data results for the normal excess air/various load operating
conditions during the Lamar coal firing are as follows:

Acurex NO, Levels
(ppm @ 3% 0,)

B&W NO, Levels
(ppm @ 3% 0,)

Delta NO, (%)

661 609 7.9
585 531 9,2
“ 55 553 506 8.5

Thus, a consistent approximate 8-9% deviation over the load range is
observed.

3.2 Particulate Emissions

The Acurex precipitator performance test data taken during Lamar
coal firing showed particulate capture efficiencies ranging over a
broad spectrum. Average precipitator performance under full
load/normal excess air conditions is 93% collection efficiency.
Tests at 82 MW, and 55 MW, showed averaged efficiencies of 88% and
93% respectively.

Full load precipitator inlet particulate loadings are questioned due
to the magnitude of the results and these were egual to
approximately 8-10% of the total available ash loading. Cyclone
boilers of this vintage typically emit about 15-20% of the total ash
to the boiler proper (thus, typically 80-85% ash capture within the
slag). Due to the lower than anticipated precipitator inlet levels
measured during the baseline tests, these tests were duplicated
after the reburn system retrofit to confirm the baseline particulate
levels. This is discussed in Section 7.3.2 Boiler Performance
Results.

Baseline fly ash resistivity measurements during full load normal
excess air/Lamar coal firing conditions ranged between 5.3 to 6.2 x
10" OHM-CM. These levels correspond closely with the measured
resistivities obtained during the SBS pilot-scale testing.

Plots of the Voltage versus Current relationships for the four
transformer/rectifier (T/R) sets of Unit No. 2 precipitator during
baseline testing were developed along with the theoretical curves.
Only the inlet field of the precipitator agreed reasonably well with
what is theoretically expected. The shapes of the curves indicated
a high ash resistivity (5 x 10" OHM-CM to 1 x 107 OHM-CM).
Predicted resistivity based on ash chemistry was on the order of 4
X 10° OHM-CM at the precipitator’s operating temperature of
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approximately S00°F. The curves also indicated the possibility of
excessively thick dust deposits on the discharge
electrodes/collecting plates associated with two of the T/R sets.

Plant personnel indicated ¢that a degradation in precipitator
performance with time was noticed when switching to the Indiana
Lamar coal. Many "hot-side" precipitators experience a similar
degradation when burning coals having low sodium and/or high calcium
content ashes which usually have moderate inherent resistivities (5
x 10° to 1 x 10'° OHM-CM). With time, the ash layer adjacent to the
collecting plates experiences depletion of sodium ions (the primary
current carrier) and the resistivity of the layer rises. If this
layer is not removed by rapping, a degradation in performance could
occur. Sodium depletion could be a problem with the Lamar coal (ash
sodium = 0.5%, calcium = 8.5%).

3.3 In-Furnace Probing

B&W performed in-furnace probing at 4 different furnace elevations:
1. cyclone exit (elevation 6587), 2. reburn burner regiocn
(elevation 666’), 3. reburn zone area (elevation 6767), and 4.
furnace exit (elevation 700’). See Figure 6-3, boiler secticnal
side view, for a relative indication of the elevations probed.
Furnace velocity traverses and species/temperature measurements were
carried out at various elevations. This information provided a
gualitative verification of the numerical and physical flow model
results.

Furnace Gas Velocity Traverse. Furnace gas velocity profiles were
obtained at the approximate anticipated reburn burner elevation
during cold and hot conditions. This information aided in
determining the design of the reburn system. Cold flow data was
collected utilizing a 4 wide anemometer grid system when operating
FD fans only. These data were collected at Nelson Dewey #2 boiler
elevation 666’. The cold flow test results at Nelson Dewey showed
higher gas velocities along the rear wall and low and/or negative
flow near the target wall (opposite the rear wall). Highest flows
were indicated on the boiler right-hand side. The cold air velocity
data were utilized to help verify the numerical and physical model
results of Nelson Dewey #2.

After the cold air tests, furnace gas velocities at the same
elevation were measured during hot conditions while firing oil in
the cyclone burners to approximately 50 MW,. The B&W water-cooled
Fecheimer probe was utilized to obtain gas velocity data at the
boiler elevation of 666’. The highest gas velocities were located
near the boiler rear wall, about 9%90-95 ft/sec. Near the boiler
centerline at the same elevation, velocities of 25-35 ft/sec were
recorded. The hot flow data also indicated higher gas velocities on
the boiler right hand side in agreement with the cold flow data.

Furnace Gas Species/Temperature Probing. In-furnace temperature/gas

species were measured at three (3) furnace elevations utilizing
water-cooled HVT probes. It should be noted that in-furnace probing
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(especially in the lower furnace region) is a difficult task due to
the high temperature, turbulent and ash/slag rich conditions,
conducive to probe plugging problems. Duplicate measurements were
performed to verify the accuracy of these data at each of the
various baseline combustion test conditions. The following
summarizes the measurement locations/data collected:

. Reburn burner region (elevation 666’) - Measure temperatures,
0, (%), CO (ppm) at 41 locations.

. Reburn zone region (elevation 676’) - Measure temperatures, NO,
(ppm), O, (%), CO (ppm) at 18 locations.

L Furnace exit (elevation 700’) - Measure temperatures, 0, (%),
CO (ppm) at 26 locations.

In addition to the above measurements, in-furnace baseline H,S levels
were determined at the cyclone exit and at the reburn region furnace
walls utilizing special water-cooled probes. The results of in-
furnace data measurements are summarized in the Baseline Test
Report® issued to DOE/PETC.

3.4 Boilar Performance

Unit performance was evaluated by B&W using Combustion and Unit
Efficiency Program P-8475 and Heat Transfer Program P-140. The
fifty-one (51) tests comprising the baseline test program were
performed to establish operating characteristics. The critical
parameters in evaluating the impact of the cyclone reburn system are
superheat and reheat final steam temperatures, superheat and reheat
spray flow quantities, furnace exit gas temperature (FEGT), surface
cleanliness factors (Kf’s), efficiency and unburned carbon. A more
detailed description of the elevation tools used and the results
obtained can be found in the Baseline Test Report®.

3.4.1 Buperheat/Reheat Steam Temperatures/sSpray Flows

Fina)l Superheat and Reheat Steam Temperature. For all tests
performed at 70 MW,’s and above, the unit was capable of

maintaining superheat and reheat steam temperature at 1005°F #
5° by use of superheat and reheat attemperator sprays and flue
gas biasing. At full load conditions, it is normal plant
operating practice to bias more flue gas than is necessary to
the reheat pass and allow some reheat spray in order to reduce
the quantity of superheat spray. This prevents the superheat
spray valves from being wide open, giving the operators control
flexibility.

For the 50 MW, tests, the unit was capable of operating in
excess of the design superheat and reheat temperatures of
950°F. Superheat temperatures during these tests ranged from
975 ~ 992°F while reheat temperatures ranged from 950 - 983°F.



Superheat and Reheat Attemperator Spray Flow. For the normal
economizer outlet 0,% full load operating conditions, the

superheater spray was consistently around 50,000 lbs/hr, with
reheat spray varying from 15,000 lbs/hr to 26,000 lbs/hr,
depending upon the cleanliness of the various components. The
maximum spray capabilities are 63,000 lbs/hr superheat spray
and 26,000 lbs/hr reheat spray. For the high excess air tests
at full locad, both the superheat and reheat sprays were at
maximum, while steam temperatures were near 1000°F. For the
western coal firing tests at full load and normal excess air,
both the superheat and reheat sprays were at maximum capacity
with final steam temperatures of 999°F superheat and 1001°F
reheat. Anticipating a potential increase in FEGT during coal
reburning operation, made it necessary to consider upgrading
the spray capacities of the unit.

3.4.2 Furnace Exit Gas Temperature

Under full load conditions, the furnace exit gas temperature
averaged 2125°F with variations from 2065 to 2180°F depending
on the cleanliness of the furnace and the level of excess air.

For the 110 MW, tests, the FEGT averaged 2082°F with variations
from 2060 to 2127°F. For the 82 MW, tests, the FEGT averaged
1932°F with variations from 1910 to 1953°F. The 55 MW, tests
averaged 1640°F with variations from 1620 to 1680°F. There
were five (5) tests during which HVT traverses of the furnace
exit (El. 700) were conducted. Table 3-2 is a summary of the
measured gas temperature versus the calculated gas temperature
for these tests. The largest discrepancy between measured and
calculated temperatures was 120°F during Test #7. The
calculated gas temperature is an average gas temperature at the
furnace exit plane, while the HVT traverses cover a finite
number of points at a location slightly different than the
vertical plane defined as the furnace exit. The scatter in the
measured gas temperature versus the calculated gas temperatures
(approximately 6%) is not excessive, and the calculated FEGT'’s
are considered as the more representative value for the purpose
of this evaluation.

|| TABLE 3-2 - HVT TEMPERATURE COMPARISON “

Test No. Load Excess Measuraed Calculated | Difference
MW, Air % | FEGT (HVT) | FEGT (HVT) | J
1 111 24.3 2110 2110 0
4-2 111 12.2 2145 2115 30
7 111 17.2 , 2225 2105 120
" 10 81 16,7 1995 1915 80
" 13 53 15.9 1605 1680 -75




3.4.3 gsurface Cleanliness

Utilizing the on-line boiler performance heat transfer models,
the boiler heat transfer surface’s cleanliness factors (Kf’s)
were determined. The component cleanliness factors varied
significantly during the testing due to variations in
sootblowing throughout the test program. Table 3-3 summarizes
the average component cleanliness factors for both the Lamar
and western coals and their variations for all of the full load
tests.

TABLE 3-3 - AVERAGE CLEANLINES8S FACTORS

Lamar Coal Western Coal
Component Avg Kf Max Kf | Min Kt
Sec SH In 0.94 1.07 0.82 0.86 0.90 0.80
Sec SH Out 0.85 0.94 0.75 0.78 0.80 0.77
Reheater 1.00 1.21 0.87 1.02 1.12 .97
Pri SH 0.90 1.06 0.78 0,93 0.95 0.87
Economizer 0.81 0.90 0.72 4;9.75 0.79 Q.72 J

All of the XKF’s stabilized within 5 hours of sootblowing in a
given component. The cleanliness decay rates for each
component are as follows:

Secondary SH Inlet Bank - The cleanliness factor decreased
by 20% over a four hour period,
with most of the decrease
occurring in the first two
hours,

Secondary SH Outlet Bank - The cleanliness factor decreased
by 23% over a four hour period.

Primary Superheater - The cleanliness factor decreased
by 20% over a five hour period.

Economizer - The cleanliness factor decreased
by 12% over a five hour period.

The FEGT is the primary indicator of furnace cleanliness.
During the baseline tests the FEGT would increase by 50°F
within two hours of blowing the furnace IR sootblowers. After
this initial increase, FEGT leveled off, indicating that the
furnace cleanliness had stabilized. Any fluctuations in FEGT
during the tests are a function of excess air and how quickly
the tests were started after blowing the furnace blowers.



One of the constraints of the testing program was that no
sootblowing could take place during the in-furnace probing.
This severely limited the ability to blow sootblowers, since
the daily afternoon testing involved furnace traversing. The
unit demonstrated the ability to operate for prolonged periods
of time (as much as sixteen hours) without blowing socotblowers
in the convection pass. IR furnace blowers and the IK blowers
at the leading edge of the secondary superheater were usually
operated once or twice a day in between traverses.

As noted above, after five hours the component Kf’s would
stabilize and remain constant for the remainder of the test
period.

3.4.4 Efficiency Calculations

The complete set of efficiency calculations were performed for
all the 51 tests performed during baseline testing. These can
be found in the Baseline Test Report’. The efficiencies were
corrected for air heater performance and non-design fuel, air
inlet temperature, and excess air. These corrections
essentially normalize the results for direct comparison of the
impact of the reburn system on unit efficiency. For the full
load tests conducted burning Lamar coal, the average corrected
efficiency was 88.16% with a maximum efficiency of 88.47% and
a nminimum efficiency of 87.46%. For the full loads tests
burning western coal, the average corrected efficiency was
87.80% with a maximum efficiency of 87.94% and a minimum
efficiency of 87.73%.

3.4.5 Unburned Combustible Losses

Unburned Carbon. The Acurex Corporation was responsible for
cbtaining the fly ash samples and analyzing them for carbon
content. Carbon in the fly ash was measured for all tests that
involved emissions testing by Acurex. Carbon in the cyclone
slag was not measured during this test program. For this
evaluation, the assumption was made that the carbon in the
cyclone slag was equal to ten (10) percent of the carbon in the
fly ash. The percent ash split between cyclone bottom ash and
fly ash was obtained by calculating the amount of ash entering
the precipitator. The calculations were based on the measured
dust loading from Acurex and the calculated gas weights from
the performance monitoring program.

For the Lamar coal tests, the maximum unburned carbon was .46
lb C/100 1b coal at 50% load, normal excess air and the minimum
unburned carbon was .11 1lb C/100 lb coal for full load, high
excess air operation.

Carbon Monoxide. CO (ppm) levels were measured via the B&W gas
grid system located at the economizer outlet. Throughout the
test period there was a side to side imbalance in CO, with the
right side of the unit showing consistently higher levels of
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CO. The average CO (ppm) level during the Acurex test series
for the full load typical excess air tests burning Lamar coal
was 105 ppm. The left/right side averages during these tests
were 66/143 ppm respectively. These levels were obtainead
following balancing air flows to each c¢yclone. A slightly
higher 0,% is also associated with the higher €O (ppm) side
which is inconsistent with normal combustion practices. The
average CO for the tests conducted burning western coal was 166
ppm. The maximum averaged CO reading obtained throughout the
testing was 570 ppm for Test 26. This test was part of the gas
recirculation evaluation at  full load, and is not
representative of normal unit operation. For the full load
tests without gas recirculation, the maximum CO reading was 340
ppr for Test 2.
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4.0 Pilot-Scale Study

As a part of this project, B&W’s 6 million Btu/hr Small Boiler
Simulator (SBS) pilot-scale facility was used to duplicate the
operating practices of the Nelson Dewey Unit No. 2. The coal that
was fired at Nelson Dewey for the demonstration was fired in the SBS
cyclone and also was utilized as the reburn fuel. The purpose of
this pilot-scale study was to examine the effectiveness of reburning
for NO, reduction and to assess the potential side effects. In
addition, the potential of a high-sulfur Illincis coal for cyclone
reburning application was evaluated.

The Lamar demonstration test coal is a medium sulfur content fuel
and not representative of sulfur levels in coals typically used by
cyclone operators in the mid-west. Because of strict SO, regulations
in Wisconsin, a higher sulfur test coal was not practical at Nelson
Dewey. A variance to allow high sulfur coal testing was not
possible particularly because emissions concentrate in the river
valley which the plant and Cassville occupy.

High sulfur Illinois (Peabody) coal is more representative of mid-
western cyclone boiler fuels. This fuel was tested in the SBS to
correlate results with the Lamar coal and a western Powder River
Basin (PRB) coal which were both tested at Nelson Dewey Unit No. 2.
The objective was to predict expected full-scale reburn results
using the Peabody coal. Of particular interest was to determine if
unacceptable H,5 levels would be generated with high sulfur fuel in
the reburning zone.

Supportive numerical modeling was used to assess the mixing
performance in the SBS. The numerical flow predictions quantify the
SBS reburning mixing performance. Based on pilot-scale and
numerical modeling a methodology was developed for scale-up to the
110 MW, Nelson Dewey Unit #2.

4.1 Experimental Facility

B&W’'s 6 million Btu/hr small boiler simulator (SBS) was utilized to
perform the pilot-scale study (Figure 4-1). This facility is
described in detail in Appendix 1. A short description of the
facility pertinent to scale-up is presented here.

The SBS is fired by a single, scaled-down version of B&W's cyclone
furnace. Coarse pulverized coal (44% through 200 mesh), carried by
primary air, enters tangentially into the burner. Pulverized coal
had to be utilized in the SBS instead of crushed coal to obtain
complete combustion in this small cyclone. Preheated combustion
(secondary) air at 600" to 800°F enters tangentially into the
cyclone furnace.

The water-cooled furnace simulates the geometry of B&W'S
single-cyclone, front-wall fired cyclone boilers. The inside
surface of the furnace is insulated to yield a furnace exit gas
temperature (FEGT) of 2200-2300°'F at the design heat input rate of
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6 million Btu/hr. This facility simulates furnace/convective pass
gas temperature profiles and residence times, NO, levels, cyclone
slagging potential, ash retention within the resulting slag,
unburned carbon, and fly ash particle size of typical full-scale
cyclone units. A comparison of baseline conditions of these units
is shown in Table 4-1.

TABLE 4-1

COMPARISON OF BASELINE CONDITIONS
FOR THE 8B8 PACILITY AND COMMERCIAL UNITS

8BS Typical Cyclone-
Boilers h

Cyclone Temperature >3000°F >3000°F
Residence Time seconds 1.4 seconds’ 0.7 - 2
Furnace Exit Gas 2265°F 2150° - 2350°F
Temperature
NO, Level 900-1200 ppm 600 - 1400 ppbm
Ash Retention 80 -~ 85% 60 - 80%
Unburned Carbon <1% in ash 1 - 20% ]
Ash Particle Size 6 - 8 microns 6 - 11
(MMD; Bahco) microns

* At full load

f
|

Two reburning burners were installed on the SBS furnace rear wall
above the cyclone furnace. Each burner consists of two zones with
the outer zone housing a set of spin vanes while the inner zone
contains the reburning fuel components. Air and flue gas
recirculation (FGR) can be introduced through the outer zone.
Overfire air (OFA) ports are located on both the front and rear
walls of the SBS at three elevations, with each elevation containing
two ports.

An air-cooled deposition probe and a simulated commercial sootblower
are available in the convective section (simulating secondary
superheater tube) in order to allow fouling (deposition) studies to
be performed.

4.2 Demonstration Coal Pilot-Scale Results

B&W's 6 million Btu/hr small boiler simulator (SBS) was used to
duplicate the operating practices of Nelson Dewey Unit No. 2 (such
as excess air, combustion air temperature, and boiler residence
time). Baseline and coal reburning tests were performed using the
Nelson Dewey demonstration coal (Lamar — a medium sulfur bituminous,
coal from the Illinois Basin). Reburn coal fineness was varied from
63 to 90% through 200 mesh. During the reburning tests, the cyclone
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was fired at 10% excess air and at a coal flow rate equivalent to 66
to 80% of the total heat input. The remaining 20 to 34% of the heat
input was introduced through reburning burners under substoichio-
metric conditions to obtain reburn zone air/fuel stoichiometries of
0.86 to 0.95. The balance of air was introduced through OFA ports to
achieve an overall stoichiometry of 1.15 to 1.2. NO, emissions and
potential side effects were evaluated.

4.2.1 NO, Emissions

Figure 4-2 shows NO, emissions as a function of the reburn zone
stoichiometry and reburn coal fineness at 6 million Btu/hr.
During all reburning tests, the cyclone stoichiometry was held
constant at 10% excess air in order to minimize impact on
cyclone slagging and corrosion. The baseline NO, level was
1025 ppm at 3% excess oxygen (furnace stoichiometry of 1.16).
As expected, the NO, concentrations decrease with decreasing
reburn zone stoichiometry. A 49 to 73% NO, reduction was
achieved when varying the reburn zone stoichiometry from 0.95
to 0.86. NO, levels were insensitive to reburn coal fineness,
despite its wide variation (63, 78 , and 90% through 200 mesh).

Similar NO, reductions were also achieved at 75% boiler load.
When FGR was added into the reburning burner secondary air
stream, the NO, reduction improved slightly. However, FGR can
be utilized more effectively in larger utility boiler retrofits
to enhance mixing between reburn fuel and combustion flue
gases.

As identified above, the SBS full load baseline NO, level was
1025 ppm. The WP&L Nelson Dewey baseline NO, emissions
identified in Section 3.1 reveal full load levels of 609 to 661
ppm. This discrepancy is discussed in Section 4.2.7 SBS Scale-
Up Methodology.

4.2.2 Combustible Loss

Unburned carbon and CO emissions were measured during the
baseline and reburning phases. An inherent characteristic of
cyclone furnaces is that combustion occurs mainly inside the
cyclone furnace. Since cyclones will continue to be operated
in an excess air mode, their combustion characteristics will
not be altered. However, the amount of unburned char that does
not burn within the cyclone will now enter a reducing
environment in the reburning zone, with introduction of the
remaining combustion air delayed until the OFA ports. During
coal reburning, unburned carbon may increase since the
reburning fuel is introduced into an oxygen deficient
environment. Although the reburn coal devolatilizes and
partially burns, complete burnout will be delayed until the
burnout zone. If FGR is introduced, unburned combustible
levels may also increase since the residence time in the
burnout zone decreases due to increased mass loading through
the furnace and the associated lower gas temperature profile
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within the reburn zone region. Efficient mixing of the air
introduced through the OFA ports minimizes this concern and any
potential CO emission problems.

Variation of unburned combustibles with reburn zone parameters
such as coal fineness, fuel split, and FGR were determined by
numerous measurements. Fly ash samples were withdrawn
isokinetically from the stack and analyzed for combustibles.
In addition, total mass loadings of the fly ash were measured
in order to determine the combustion efficiencies for baseline
and reburning conditions. Figure 4-3 shows the carbon content
of the fly ash for baseline and reburning conditions. Unburned
combustibles for the SBS baseline conditions are low (less than
1%). Operating under the reburning mode increases the fly ash
carbon content to approximately 4 to 10% (depending on the
reburn coal input and coal fineness). At a reburn zone
stoichiometry of 0.9 and utilizing the fine grind coal, the
unburned combustible content in the fly ash was approximately
5%. The combustion efficiencies were calculated from percent
ash in the convection pass, carbon content of the fly ash, and
coal analysis. The overall change of combustion efficiencies
between the baseline condition and reburning with fine grind
coal was only 0.05%.

Measured CO levels at the stack during the baseline tests were
less than 30 ppm and no apparent increase during the reburning
tests was observed. In summary, reburning had a minimal impact
on the CO emission levels, but caused a moderate increase in
unburned carbon.

4.2.3 Pilot-S8cale Furnace Temperature Profile

SBS furnace temperatures were measured during both baseline and
reburning phases to determine the technology’s potential effect
on temperature profiles. Figure 4-4 illustrates the furnace
exit gas temperatures (FEGT) under various operating
conditions. With reburning, no FGR, and maintaining a constant
6-1b/10%° Btu/hr furnace heat input, FEGT increased from the
baseline by approximately 40°F. However, when 10% FGR was
added to the reburning system, a temperature gquenching
phenomena occurred, resulting in a S0'F FEGT drop from
baseline. A 50°'F variation in FEGT is considered to have a
minimal impact to boiler performance. At 4.5 million Btu/hr,
FEGT increases of up to 100'F were observed; this is not a
major concern for low-load operation in full-scale boilers.

4.2.4 Corrosion Potential in the Reburn Zone

Since the reburn zone must be operated under substoichiometric
conditions, «corrosion potential within this region was
investigated. By operating the cyclone in an excess air mode,
most (if not all) of the sulfur from the coal in the main
combustion zone is converted to SO,. Due to the reducing
atmosphere in the reburning zone, H,S may evolve, High
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concentrations of H,S can be conducive to an increased rate of
tube corrosion. Numerous H,S measurements were performed
within the upper furnace region with and without reburning. No
H,S was detected in the SBS during baseline conditions. Local
H,S levels increased up to 200 ppm during reburning operation.
Maximum H,S5 concentrations were observed between the two
reburning burner flames and lower H,S levels were measured near
the boiler walls (12 to 16 ppm). Due to minimum contact of H,S
with the boiler walls, no major boiler corrosion via H,S would
be predicted for the full-scale retrofit. However, the
corrosion rate in the reburn zone is expected to be a strong
function of c¢oal sulfur content and boiler type, and
site~specific analysis 1is required for future retrofit
applications.

Reburning burner (s) must be properly designed to prevent flame
impingement with the boiler walls. This will be discussed in
detail later in this report.

4.2.5 Other Investigations

The potential impacts of reburning on fireside deposition,
electrostatic precipitator (ESP) performance, and reburning
burner flame detection were studied. A brief summary of these
studies is included in this report. Reference 10 documents
those results in detail.

Convective surface ash deposition is a potential concern during
operation of a reburning system. Since the combustion process
is delayed in reburning, slightly lower/higher furnace exit gas
temperatures (FEGT) could result. Also, diverting fuel away
from the cyclone furnace to the reburn burners could result in
higher mass loading and thus change the boiler deposition
characteristics during reburning conditions. Therefore,
fireside deposition was studied during two 48-hour baseline and
reburn tests using a simulated superheater deposition probe.
Time elapsed between scotblowing cycles was 7 to 10 hours for
the baseline and 7 hours for reburning conditions. The
superheater probe heat flux was recovered with sootblowing
(using the same pressure which is within capabilities of
commercial units) for baseline and reburning conditions. The
chemical analysis of the probe deposits under coal reburning
conditions showed that concentrations of sodium and potassium
were less than baseline conditions on the superheater probe.
In addition, fly ash locading increased by approximately 40%;
however, sootblowing pressure requirements did not change. It
was concluded that although fireside deposition changed
slightly during reburn operation, it was not negatively
affected beyond controllability.

Electrostatic Precipitator (ESP) performance is a potential
concern during operation of a coal reburning system. The fly
ash loading to the ESP increases since the ash from the coal
reburning system is not removed as slag. The chemical analysis
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of ash and the ash particle size distributions can also be
affected by reburn operation. The fly ash loading, fly ash
particle size distribution, and fly ash resistivity were
measured in the SBS. These data along with the baseline:
results from the Nelson Dewey station were used for a
comprehensive ESP evaluation (section 7.3.1.3). During
reburning conditions, fly ash loading increased by
approximately 40% from the baseline conditions. The fly ash
particle size during reburning was also coarser than at
baseline conditions. The reburn fly ash contained less fine
fly ash, e.g. 38% less than 2.3 microns for baseline versus
30.6% less than 2.3 microns for the reburning conditions. This
is beneficial for ESP particulate removal. In-situ resistivity
measurements showed that fly ash resistivity remains fairly
constant around 2.4-5.9 x 10 ohm-cm for baseline and the
reburning conditions. The ESP evaluation was performed and is
reported in section 7.3.1.3.

An important aspect of the reburn system is burner management
capability. Since 20 to 30% of the total heat input to the
furnace is introduced through the reburning burners, the
National Fire Protection Association (NFPA) recommends
installation of flame safety equipment to monitor the reburning
burner flames. Commercial equipment is available for utility
and industrial boiler management for various fuels. However,
reburning burner throat stoichiometry is different from typical
utility burners. A commercial infrared (IR) flicker type flame
scanner was tested in the SBS. The flame scanner detected the
flame during all conditions and was not sensitive to the
background radiation. This scanner was recommended for use at
the Nelson Dewey station.

4.2.6 Mixing Evaluation

Effective mixing between the reburn fuel and cyclone gases is
needed to obtain acceptable NO, reduction. 1In addition, good
mixing between OFA and reburn zone gases is necessary to avoid
unacceptable unburned combustible losses and high CO emissions.
Furnace flow patterns and mixing performance were evaluated by
in-furnace probing as well as three-dimensional mathematical
simulation of the baseline and reburning flow conditions in the
SBS.

The B&W FORCE numerical flow model solves the governing
equations for conservation of mass and momentum to predict the

three-dimensional turbulent flow in the furnace. Velocity
predictions for the SBS were compared with velocity
measurements at four elevations in the furnace. The

predictions were in general agreement with the data. The
predicted flow patterns are shown in Figure 4-5. The direction
of the flow is indicated by the arrows; the length of the
arrows is proportional to the magnitude of the velocity. Coal
and air enter the furnace through the reburning burners on the
rear wall. The flow turns upward and mixes with the cyclone
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gases flowing upward from the bottom of the furnace. A
recirculation zone is formed above the reburning burners which
circulates air downward from the OFA ports into the reburn
zone. The recirculation zone is expected to improve carbon
burnout; however, it may have a negative impact on overall NO,
reduction because of the reduced size of the reburn zone. The
OFA flow enters the furnace and turns upward while mixing with
the reburn zone combustion gases.

Predicted distributions of stoichiometric ratio (SR) were also
used to evaluate mixing in the SBS. Figure 4-6 shows the
comparison of in-furnace CO measurements with the predicted
stoichiometries at four elevations in the SBS. In this
comparison, only two regions of SR are shown with corresponding
CO measurements., The shaded region is fuel-rich (SR<l); the
unshaded regions are fuel-lean (SR>1). Generally, the higher
CO concentrations correspond to predicted fuel-rich regions.
Agreement is particularly good in the upper furnace. Some
disparity exists in lower furnace presumably due to the delay
of CO oxidation.

Figure 4-7 shows the mean stoichiometry and percentage of mass
flow at reducing conditions predicted for each elevation in the
SBS. The mean stoichiometry is 1.1, 0.9, 1.15 for the cyclone,
the reburn zone, and the burnout zone, respectively. In the
reburn zone, the amount of flow with SR<1l increases with
elevation and approximately 80% of the flow achieves reducing
conditions. In the burnout zone, the amount of flow with SR<1
decreases with elevation. Mixing in the burnout zone is
complete, with all of the gases and particles achieving the
oxidizing condition before leaving the furnace.

The numerical flow predictions quantify the SBS reburning
system mixing performance that. achieves over 50% NO, reduction.
Based on the results, a methodology was developed for scale-up
to the 110 MW, Nelson Dewey boiler using the pilot-scale data,
and physical and numerical modeling results. Section 5.0
describes this methodology for modeling activities.

4.2.7 8B8 Scale-Up Methodoclogy

Compariscn of the baseline conditions of the SBS and Nelson
Dewey Station shows that the pilot-scale facility sufficiently
simulates the full-scale conditions. Since the demonstration
coal was tested in the SBS, the effect of coal properties is
eliminated. The temperature profiles and the average furnace
residence time in the SBS and Nelson Dewey were generally in
agreement. The baseline NO, level was higher for the SBS (1025
ppm) than for Nelson Dewey (661 ppm). The only apparent
rationale for this difference is that 1) coal moisture content
during the Nelson Dewey baseline tests was substantially higher
than the baseline SBS tests (16.74% versus 3.79%) and 2)
required inherent SBS design features due to surface-to-volume
differences, e.g., higher secondary air temperature and smaller
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coal particle sizes as compared to full-scale operation.
Although this difference in the baseline NO, concentrations is
not completely understood, it is not defeating since the NO,
reduction effectiveness of reburning is not strongly sensitive
to NO, levels entering the reburn zone in the 500 to 1000 ppm
range ', In addition, flexibility at the demonstration site
provided the capability to allow a higher percentage of coal to
be switched to the reburning burners if required. The carbon
content of the fly ash was lower in the SBS than the Nelson
Dewey station during the baseline conditions, presumably due to
finer coal particles in the SBS cyclone. However, the
combustion efficiency of the reburning coal (and, therefore,
the impact on combustible loses) obtained in the SBS will be
similar to that for full-scale since the reburn coal particle
size distribution and the thermal and chemical environments of
the two beoilers are similar. It is in our best judgement that
the Nelson Dewey’'s reburning system performance would be close
to the performance of the SBS if the mixing in the reburn and
burn-out zones of the two boilers are similar. This will be
discussed in detail in section 5.0.

In-furnace flow measurement and physical flow modeling were
used to benchmark the numerical flow model for the SBS and
Nelson Dewey unit. Numerical models are based on a fundamental
description of turbulent flow processes which are the same
regardless of scale. Once validated with pilot-scale or
physical flow modeling results, the numerical flow model can be
used for quantitative evaluation and scale-up of the reburning
process from the 6 million Btu/hr pilot-scale facility to the
commercial-scale boiler.

4.2.8 Conclusions And Recommendations

Based on the pilot-scale study, the following conclusions and
recommendations are derived:

. Nominal 50% NO, reduction is feasible without major side
effects on boiler operational conditicns

. Pilot-scale simulation of the Nelson Dewey unit produced
thermal and chemical environments close to those of
full-scale. Differences are identified, but they are not
defeating. .

. Numerical models were validated for mixing evaluation.
These tools could be used in future applications.

. The pulverizer design should be capable of providing a
nominal 30% heat input with a fineness of 85% through 200
mesh
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4.3 NBigh Sulfur Illinois Coal Results

NO, emission levels during high-sulfur Illinois (Peabody) coal firing
tests are illustrated in Figure 4-8., At full-load (6 million
Btu/hr), NO, levels (adjusted to 3% 0,) increased from 884 to 989 ppm
when varying stack excess oxygen from 2.25 to 4.1%. Since operating
at 3% excess oxygen is considered typical, all subsequent reburning
conditions are shown while maintaining an overall stack oxygen of
3%. The full-load baseline NO, level at 3% excess O, was 935 ppm and
all subsequent reburning NO, levels will be compared to this
condition. At 4.5 million Btu/hr, NO, emissions were lower and
ranged from 851 to %70 ppm, adjusted to 3% O, when varying excess
oxygen from 2.1 to 4.4%, respectively. With the reburning system in
operation, NO, reductions of 30 to 54% from the baseline condition
were achieved for the reburn zone stoichiometries of 0.96 to 0.87,
respectively. In all tests, the cyclone stoichiometry was
maintained at 1.1 due to potential corrosion/slag tapping concerns.
A fine (90% through 200 mesh) grind pulverized coal was used for all
reburning tests performed with Peabody coal. The reburn zone
stoichiometry was varied by changing the amount of the heat input
introduced at the reburning burners. The heat input to the
reburning burners ranged from 20.8 to 34.9% of the total for reburn
zone stoichiometries of 0.96 to 0.87, respectively.

In addition, the formation of N,0 during coal reburning was also
investigated; the levels were 7 to 11 ppm at a reburn zone
stoichiometry of 0.9. No baseline N,0 data was obtained during the
pilot testing phase. The small magnitude of the measured N,0 levels
during reburn operation indicates that any change would be
insignificant.

4.3.1 Furnace Exit Gas Temperature (FEGT)

Furnace exit gas temperature (FEGT) did not change
significantly between baseline and reburning conditions
(+11°F). Figure 4-9 compares the FEGT for reburning and
baseline operating conditions. Baseline FEGT was 2157°F at
full load with 3% excess oxygen. The FEGT under reburning
conditions ranged from 2156° to 2168°F for 20.8 to 34.9% reburn
fuel, respectively. The FEGT changes shown during these tests
are less sensitive than that observed during the Lamar coal
testing (+11°F versus +40°F).

4.3.2 Combustion Efficiency

Figure 4-10 illustrates carbon content of the fly ash under the
baseline and reburning conditions. In the majority of the
baseline tests, low (less than 1.0%) combustibles were found in
the fly ash with the Peabody coal. The highest level of
combustibles during baseline testing was observed while
operating at 70% load and 2% excess oxygen ({approxXimately
1.4%). During reburning conditions while utilizing fine (90%
through 200 mesh) pulverized coal, combustible losses ranged
from 0.72 to 2.26% for 20.8 to 34.9% reburn fuel input.
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Combustible losses are very small (less than 0.1% combustion
efficiency) and are in agreement with the Lamar coal tests.
But the percent carbon in the fly ash differs considerably from
the Lamar coal mainly due to the variation in fly ash content
which acts as a diluent for unburned combustibles. Peabody
coal contains more ash than Lamar c¢oal, 11.8 and 4.4%,
respectively on a dry basis. '

4.3.3 Corrosion Evaluation

Table 4-2 shows the H,S levels during firing of the medium- and
high-sulfur coals tested under baseline and reburning
conditions. In the baseline conditions, 0 ppm H,S was found
with the Lamar coal and only a trace amount could be seen with
the Peabody coal. The reburning system produced up to 200 and
300 ppm H,S in the reburn zone with Lamar and Peabody coals,
respectively. The maximum H,S concentrations were found
between the flames of the reburning burners, and H,S levels
near the boiler side walls were low. The highest sidewall
measured level was 20 ppm during the higher sulfur Peabody coal
test. Thus, minimum H,S contact with the boiler walls was
observed. If these low H,S levels can be reproduced at the
full-scale WP&L Nelson Dewey Station Unit No. 2 tube wastage
will be negligible for this boiler type.

TABLE 4-2
H,8 CONCENTRATIONS IN REBURN ZONE

|_Baseline | Reburning |

0 to 200 ppn’

Lamar Coal (1.87 % sulfur, dry)

Peabody Coal (4.24% sulfur, dry) 0 to 300 ppm’

H,S levels vary within the reburn zone.

2) Maximum H,S levels were observed between the two reburning
burner flames.

3) H,S levels were low near the side walls,

4.4 VWestern Coal Results
4.4.1 NO, Emission Levels

A series of pilot-scale tests were conducted using a western
sub-bituminous PRB coal. Baseline NO, emission levels adjusted
to 3% 0, ranged from 736 to 829 ppm while varying the stack 0,%
from 2.2 to 4.1%, respectively, at 5 million Btu/hr. Since 3%
stack O, is typical of Nelson Dewey station operation, all
subsequent reburning conditions are shown while maintaining an
overall stack 0, of 3%. Thus, the referenced baseline NO, level
when operating at 3% 0, is 769 ppm. Reducing the SBS load to
3.7 million Btu/hr reduced the NO, level to 717 ppm. This was
the minimum load achievable at the SBS based on cyclone slag tapping.
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Operating the coal reburn system at the SBS on sub-bituminous
fuel revealed NO, reductions on the order of 48 to 68% from the
baseline depending on reburn zone stoichiometry (0.93 to 0.85).
Figure 4-11 shows the NO, levels versus reburn zone
stoichiometry.

Maintaining the cyclone furnace stoichiometry at 1.1 throughout
the test sequence is critical due to the potential corrosion
and operating (slag tapping) concerns in cyclones. The reburn
zone stoichiometry is varied by increasing the amount of the
heat input to the reburning burners and maintaining a constant
burner stoichiometry. It is the increased amount of low
constant stoichiometry reburn gases mixing with a decreased
amount of constant stoichiometry cyclone gases which averages
reburn zone stoichiometry downward. To obtain these NO,
reductions, the corresponding cyclone/reburning burner - coal
splits are approximately 79/21 (0.95 stoichiometry) and 65/35%
(0.85 stoichiometry).

At a reburn zone stoichiometry of 0.9 (29% reburn fuel which is
typical during full load Nelson Dewey operation) a NO, emission
level of 340 ppm was measured. This corresponds to 55.8% NO,
reduction from the baseline conditions. The datum point at
0.95 stoichiometry corresponds to a 30% NO, reduction. The
actual NO, level at this stoichiometry falls above the least
sguares curve fit. This is attributed to difficulty in
obtaining stable NO, emissions at 0.95. This stoichiometry
appears to be the transition point at which NO, is extremely
sensitive to slight variations in operating conditions. ‘Figure
4-12 shows the baseline and reburning NO,levels at different
loads. The baseline NO, level increased from 717 ppm to 769
ppm when the SBS load was increased from 3.7 to 5 million
Btu/hr. The reburn NO, levels increased from 270 to 429 ppm
when SBS load increased from 4 to 5.8 million Btu/hr at a
reburn zone stoichiometry of 0.9.

All of the aforementioned data corresponds to 0% flue gas
recirculation (FGR) in the reburn burners. Adding FGR to the
reburning burners increases the mass flow through the burner
and thus results in higher burner velocities. When
approximately 5 and 9% FGR were added to the reburn burners (at
5 million Btu/hr and reburn zone stoichiometry of 0.9), NO,
levels of 278 and 260 ppm were achieved respectively. With no
FGR, at a stoichiometry of 0.9, 363 ppm NO, was achieved.

4.4.2 Furnace Exit Gas Temperafuro (FEGT)

Furnace Exit Gas Temperature (FEGT) did not change
significantly between baseline and reburning operation.
Baseline FEGT at 5 million Btu/hr and 3% stack oxygen was
2003°F. Incorporating reburning revealed minimum FEGT effects
within a range of +/- 50°F for the majority of test conditions.
FEGT increased to 2132°F (approximately 130°F increase) at the
reburn zone stoichiometry of 0.85. This corresponds to a 34.8%
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4.5

heat input to the reburn burners. FEGT decreased to 1934 when
approximately 5% FGR was introduced into the reburn burners.
Although changes in FEGT are low for most of the tests (with
exception of high reburn fuel heat input), convection pass
metal temperatures should be monitored in future full-scale
retrofits to assure that no problems are encountered.

4.4.3 Combustion Efficliency

The unburned combustibles in the SBS were all very low during
baseline and reburn conditions. Unburned combustibles in the
fly ash were below 1% and did not increase with the reburn
operation. These results were obtained with a fine grind
reburn coal (84% through 200 mesh). The total ash output from
the SBS increased, as expected, from approximately 20% of
original coal ash for the baseline to 30% at reburning
conditions. Although unburned carbon content of the fly ash
did not change, the total ash loading at the stack increased.
This would predict a slight increase in ash 1locading and
unburned combustibles in the full-scale operation at the inlet
to the precipitater.

Lignite Testing

Additional SBS testing was carried out using North Dakota lignite as
both the cyclone and reburn fuel. This program was sponsored by the
North Dakota Lignhite Board and member utilities independent of the
DOE Coal Reburning Project. Results indicate that lignite performs
well as a reburn fuel. Appendix 3 is the report for the lignite
reburn test work.



$.0 Numerical and Physical Flow Modeling

Both numerical and cold flow modeling were undertaken to provide
tools for reburn system design. A numerical model could easily be
used to study reburn applications simply by changing the model
boundary conditions to simulate the boiler. The B&W FORCE code was
used to evaluate flow patterns in the Nelson Dewey boiler under
baseline and reburn conditions. The cold flow plexiglass model of
Nelson Dewey was also constructed to study gas flow distribution
with and without reburn. Baseline data at Nelson Dewey, in the form
of boiler flow and temperature measurements, and baseline and reburn
data at the Small Boiler Simulator pilot unit were used to tune and
validate the numerical model. Cold flow analysis was also used to
verify numerical modeling results. The combination of cold flow
medeling, SBS data and baseline data at Nelson Dewey proved the
usefulness of a numerical model as a design tool.

Numerical modeling as carried out in the initial design task
consisted only of flow modeling. Section 9.0 of this report
summarizes both numerical flow modeling (FORCE) and combustion
modeling, incorporating B&W’s FURMO model into the analysis. Actual
data at Nelson Dewey was used to evaluate both flow and combustion
modeling predictions.

5.1 Methodology

In the design phase of the project, furnace flow patterns and
reburning system mixing performance were evaluated using physical
and numerical flow models for the nominal 110 MW, cyclone boiler at
WP&L