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The importance of two sources of NO formation, nitrogen in combustion air

and nitrogen in the fuel, during black liquor combustion was studied using a laminar

entrained flow reactor. Pyrolysis and combustion experiments were conducted in

nitrogen atmosphere and in a mixture of argon and helium in the composition 99%

argon, 1% helium. The experiments were performed at three different temperatures:

700, 900, and 1100°C and at two residence times: 0.6 and 1.6 seconds. The results

indicated that there was NO formation from the combustion air which was found to be

prompt NO. There was NO formation from combustion air at all temperatures, and it

decreased as temperature increased. Depending on conditions, prompt NO formation

accounted for 6 - 80% of the total NO formation.

NO reduction experiments were conducted to investigate the effect of molten

sodium carbonate on NO reduction. The experiments were performed at two different

temperatures, 800°C which is lower than the melting point of sodium carbonate and

900°C which is higher than the melting point of sodium carbonate. The rate constant

for NO reduction was calculated and was found to agree well with that obtained in a

previous study. The effect of the molten sodium carbonate on NO reduction was found
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to be negligible during black liquor pyrolysis. The rate in absence of any reducing gas

components could explain NO reduction during black liquor combustion only to a

limited extent.

Models for nitrogen evolution during pyrolysis and combustion were developed

by using data from previous studies. A model for nitrogen release during pyrolysis was

developed as a function of residence time and temperature. Nitrogen release during

pyrolysis was also found to be directly proportional to carbon release and the rate of

nitrogen evolution with respect to the rate of carbon evolution decreased as

temperature increased.



Preliminary Study of Modeling of NO Formation

During Black Liquor Combustion

by

Nopadol Rompho

A THESIS

submitted to

Oregon State University

in partial fulfillment of

the requirements for the

degree of

Master of Science

Presented February 21, 1997

Commencement June, 1997



Master of Science thesis of Nopadol Rompho presented on February 21, 1997

APPROVED:

Major Professor, representing Chemical Engineering

Head or Chair of Department of Chemical Engineering

Dean of Grad te School

I understand that my thesis will become part of the permanent collection of
Oregon State University libraries. My signature below authorizes release of my
thesis to any reader upon request.

Nopadol Rompho, Author

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



ACKNOWLEDGMENTS

I would like to take this opportunity to express my sincere appreciation to the
following people:

Dr. Kristiina Iisa, my advisor, for her valuable recommendations, guidance, and
support throughout the research, without her support, this research work could
never been successful.

Dr. William James Federick, for his generous help and suggestions

Dr. Terry Beaumariage, Dr. Goran Jovanovic, and Dr. Gordon Reistad who were
my committee members

All the professors in Chemical Engineering Department who provided me a
valuable knowledge and experience during studying at Oregon State University

My devoted family,-Mr. Smarn Rompho, my father, Mrs. Sunan Rompho, my
mother, and Mr. Montri Rompho, my brother, who always supports and
encourages me

Andrew Scott who solved the problems of laminar entrained flow reactor during
the experiments.

All my dear friends in the Chemical Engineering Department.

Bunjongjit Padungpong, my girlfriend, who always encourages me.

This research has been supported by the U.S. Department of Energy, ABB
Combustion Engineering, Ahlstrom Recovery Inc., and Gotaverken Energy Systems.



TABLE OF CONTENTS

Page

1. Introduction 1

1.1 Nitrogen Oxides 1

1.2 Formation of NOx 2

1.2.1 Thermal NOx 3
1.2.2 Prompt NOx 3
1.2.3 Fuel NOx 4

1.3 Black liquor - A source of NOx 5

1.4 Black liquor Combustion in Recovery Boilers 7

1.5 Nitrogen Oxides from Recovery Boilers 11

1.6 Motivation of the Study 13

2. Objectives of the Study 14

3. Literature Review 15

3.1 Formation of NOx during Black Liquor Pyrolysis 15

3.2 Formation of NOx during Black Liquor Combustion 19

3.3 Formation of NOx during Black Liquor Char Combustion 21

3.4 Importance of Thermal and Prompt NO 23

3.5 NO Reduction Mechanisms in Black Liquor Combustion 24

3.6 Importance of NO reduction by fume 26

4. Experimental Methods 27

4.1 Experimental Set - Up 27

4.1.1 Laminar Entrained Flow Reactor (LEFR) 28



TABLE OF CONTENTS (Continued)

Page

4.1.2 Chemiluminescence NO-NOx Gas Analyzer 29

4.2 Experimental Procedures 30

4.2.1 Experimental Set-Up
4.2.2 Experimental Procedures

4.3 Experimental Conditions

30
30

31

4.3.1 Materials 31
4.3.2 Gas Atmosphere 34
4.3.3 Temperature 34
4.3.4 Residence time 34
4.3.5 Particle heating rate 35

4.4 Analytical Procedures 36

4.4.1 NO/NOx analysis 36
4.4.2 Nitrogen content 37

4.5 The NO Reduction Experiments 37

5. Results and Discussions 39

5.1 Nitrogen Release Model for Pyrolysis and Combustion 39

5.1.1 Nitrogen Release Model for Pyrolysis 39
5.1.2 Nitrogen Release and Carbon Release

during Pyrolysis stage 44
5.1.3 Nitrogen Release During Combustion 46

5.2 NO Formation from Combustion Air 50

5.2.1 Particle Temperature 50
5.2.2 Thermal and Prompt NO Formations 51
5.2.3 Model for NO Formation from the Combustion Air 58
5.2.4 NO Formation as a Function of Carbon Release 62

5.3 NO Reduction 62



TABLE OF CONTENTS (Continued)

Page

5.4 Sources of Error 69

6. Conclusions 71

6.1 Conclusions for nitrogen evolution
during pyrolysis 71

6.2 Conclusions for the NO formation
from the combustion air 72

6.3 Conclusions for the NO reduction by fume 72

7. Recommendations for Future Work 73

Bibliography 74

Appendices 76



LIST OF FIGURES

Figure Page

1-1 A schematic diagram of the global nitrogen cycle 2

1-2 A schematic diagram of the kraft pulping process 6

1-3 A schematic diagram of a recovery boiler 8

1-4 A diagram of black liquor combustion stages 10

3-1 A schematic diagram of the behavior of the fuel nitrogen
during black liquor pyrolysis 17

3-2 Fuel nitrogen pathways in the black liquor combustion 23

4-1 Experimental set-up for the black liquor pyrolysis and
combustion experiments 27

4-2 A schematic diagram of the LEFR 32

4-3 Cyclone/filter assembly 33

4-4 The heating rate of the particles in nitrogen, helium, and
the mixture of argon and helium at 900°C, and 0% oxygen 36

5-1 Nitrogen release as a percentage of nitrogen originally
present in the black liquor solids as a function of
residence time during the black liquor pyrolysis 40

5-2 Nitrogen release as a percentage of nitrogen originally
present in the black liquor solids as a function of
temperature 40

5-3 The relationship between A, B and temperature 42

5-4 A schematic diagram of the sub-stage in the pyrolysis stage 43

5-5 The model versus the values obtained from the experiments
at 400 - 1100 °C 44



LIST OF FIGURES (Continued)

Figure Page

5-6 The fuel nitrogen that released during pyrolysis in
Carangal's experiments and values predicted by model
at 0.85 seconds 45

5-7 The nitrogen release as a function of the carbon release
for 400 600°C 46

5-8 Nitrogen release as a function of residence time
during the black liquor combustion in 4% oxygen 48

5-9 Nitrogen release as a function of residence time
during the black liquor combustion in 21% oxygen 48

5-10 A schematic diagram of the sub-stages in the combustion 49

5-11 Char yields versus residence time at 700°C in nitrogen
and the argon/helium atmosphere 53

5-12 Char yields versus residence time at 900°C in nitrogen
and the argon/helium atmosphere

5-13 Char yields versus residence time at 1100°C in nitrogen
and the argon/helium atmosphere

5-14 NO formation versus residence time at 700°C in nitrogen
and the argon/helium atmosphere

5-15 NO formation versus residence time at 900°C in nitrogen
and the argon/helium atmosphere

5-16 NO formation versus residence time at 1100°C in nitrogen
and the argon/helium atmosphere

5-17 The difference in NO formation between N2 and Ar/He
atmosphere versus temperature

5-18 The difference in NO formation between N2 and Ar/He
atmosphere versus residence time

54

54

55

55

56

57

59



Figure

5-19

LIST OF FIGURES (Continued)

The difference in NO formation between N2 and Ar/He
atmosphere at 900°C versus % carbon release

5-20 The difference in NO formation between N2 and Ar/He
atmosphere at 1100°C versus % carbon release

5-21 The amounts of fuel nitrogen that converted to NO as
a function of carbon release at 900°C

5-22 The amounts of fuel nitrogen that converted to NO as
a function of carbon release at 1100°C

Page

60

61

63

63



LIST OF TABLES

Table Page

1-1 Sample analysis of kraft solids (concentrator product) 9

4-1 Elemental compositions of the black liquor solids 33

4-2 The experimental conditions in nitrogen and the
argon/helium mixture 35

4-3 The experimental conditions in the NO reduction
experiments 38

5-1 A and B versus temperature for nitrogen release
model for pyrolysis 42

5-2 The surface temperature of black liquor particles at
specific furnace temperature in nitrogen atmosphere 50

5-3 The results from the NO reduction experiments 64

5-4 The rate constant from Thompson and Empie 65

5-5 The percentages of sodium carbonate fume at 900°C 66

5-6 The comparison between the concentration obtained
from experiments at different residence time at 900°C 67



LIST OF APPENDICES

Appendices

Page

76

Appendix A Data Analysis Procedures 77

A.1 Particle Surface Temperature Calculations 78
A.2 Calculation of rate constant for NO reduction reaction 82
A.3 Calculation of reaction rate coefficient

in NO reduction experiments 85
A.4 Black liquor solids input 87
A.5 Total nitrogen input 88
A.6 Char yield 88
A.7 The total NO 89
A.8 Conversion of fuel N to NO 89
A.9 Total nitrogen remaining in char 90
A.10 Nitrogen release 90

Appendix B Experimental Data and Results 92



LIST OF APPENDIX TABLES

Table Page

A-1 The program for the particle surface temperature 82
calculation

B-1 The LEFR experimental data and results for black liquor
pyrolysis and combustion in the argon/helium mixture
atmosphere 93

B-2 The LEFR experimental data and results for black liquor
pyrolysis and combustion in nitrogen atmosphere 97

B-3 The LEFR experimental data and results for NO reduction
on the molten sodium carbonate in nitrogen atmosphere 101



Preliminary Study of Modeling of NO Formation
During Black Liquor Combustion

Chapter 1

Introduction

1.1 Nitrogen Oxides

Nitrogen oxides are one of the most important air pollutants. There are seven

forms of oxides of nitrogen which are nitric oxide (NO), nitrogen dioxide (NO2),

nitrogen trioxide (NO3), nitrous oxide (N20), dinitrogen trioxide (N203), dinitrogen

tetraoxide (N204), and dinitrogen pentaoxide (N205). Of these, the only ones present in

the atmosphere in any significant amount are N20, NO and NO2. The majority of

nitrogen oxides are emitted as NO and NO2 which are generally called NOx.

Nitric oxide (NO) which is the predominant NOx species is a colorless gas and

its ambient concentration is usually far less than 0.5 pprn(1). Nitrogen dioxide (NO2) is

a reddish brown gas and is visible in sufficient amounts. The main anthropogenic

source of NOx is combustion. Nitric oxide is formed both from atmospheric nitrogen,

N2, and from nitrogen contained in fuels.

NOx can cause formation of acid rain, and formation of ozone and

photochemical smog in the lower stratosphere and troposphere. N20 contributes to
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global warming, and destruction of ozone in the upper stratosphere. A schematic

diagram of the global nitrogen cycle is shown in Figure 14(2).
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Figure 1-1 A schematic diagram of the global nitrogen cycle based on (2)

1.2 Formation of NOx

There are three principal sources of nitrogen oxide emissions in combusion

which are thermal NOx, prompt NOx, and fuel NOx.
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1.2.1 Thermal NOx

Thermal NOx is the NOx formed by reactions between nitrogen and oxygen in

the air used for combustion.

The three principal reactions that comprise the thermal NO formation

mechanism are

0 + N2 <=> NO + N (1.1)

N + 02 <=> NO + 0 (1.2)

N+ OH <=> NO + H (1.3)

The main chemical reactions responsible for NOx formation are reaction (1.1)

and (1.2) which are the most important reactions in Zeldovich's model.

The reactions occur at high temperatures, normally above 1300 °C. The rate of

formation of thermal NOx is extremely temperature sensitive and thus the formation of

NOx increases rapidly with rising temperature. Thermal NOx is the dominant emission

source for combustion of fuels which contain low levels of chemically bound nitrogen

such as gasoline and natural gas.

1.2.2 Prompt NOx

Prompt NOx can be formed from N2 in the air through a mechanism distinct

from the thermal mechanism. Prompt NOx formation occurs at low temperature, short

residence times and fuel-rich conditions. Prompt NOx formation is described by the

Fenimore prompt-NO mechanism by the following reaction(15)
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N2 + CH HCN + N (1.4)

Under fuel-rich conditions, hydrocarbon radicals can reach concentrations high

enough for significant reaction with molecular nitrogen, and the intermediate hydrogen

cyanide (HCN) is formed. HCN is then converted to N2 or NO by the following

reactions"6)

NO

HCN NCO IP N2

1

N

N2

(1.5)

Normally prompt NOx reactions occur at low temperature and pressure. The

amount of prompt NOx formed in combustion is usually negligible. However, at

certain conditions which are low temperature, and fuel-rich flames, prompt NOx can

not be ignored.

1.2.3 Fuel NOx

The contribution of fuel-bound nitrogen to the total NOx production is

significant in most combustion processes. Fuel NOx is formed by the oxidation of

organic nitrogen bound in the fuel. The complete mechanisms of fuel NOx formation

are complex and presently not clearly known.
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During the combustion process, volatile nitrogen which is part of fuel nitrogen

is rapidly converted to hydrogen cyanide (HCN). Similar to prompt NOx reactions

(reaction (1.5)), HCN is then converted to N2 or NO. The rest of fuel nitrogen that

remains in char and is called char nitrogen can be released as NO by heterogeneous

oxidation reaction. NO may be further reduced to N2. The overall reaction pathways of

fuel NOx formation are shown in equation (1.6)(17)

Fuel-N

HCN

Char N

NO

NH;

2

(1.6)

1.3 Black Liquor - A Source of NOx

Combustion of black liquor in recovery boilers is a source of NOx emissions.

Black liquor is the by-product from the kraft pulping process. It is recovered after

washing the resulting wood fiber.

Kraft pulping is the most widely practiced pulping process worldwide. It is a

chemical process which yields a higher quality pulp than that made by other processes.

A schematic of the kraft pulping process is shown in Figure 1-2.
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Figure 1-2 A schematic diagram of the kraft pulping process

In the kraft pulping process, wood chips are mixed with an aqueous solution

which contains the active pulping reagents, NaOH and Na2S. This solution is generally

called white liquor. White liquor dissolves lignin but not the cellulose fiber in the
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wood. The cellulose fibers, pulp from the pulping process are then separated from the

spent pulping liquor in the washing process. The remaining liquor which is called weak

black liquor contains dissolved material and 12-15 % solids(3). Weak black liquor is

then concentrated in multiple evaporation units. The product from this process is called

strong black liquor (65-75 % solids content)(3). The strong black liquor is then mixed

with make-up salt cake (Na2SO4) to compensate for Na2S losses before being used as a

fuel in the kraft recovery furnace.

The two main functions of a recovery furnace are to recover the inorganic

cooking chemicals used in the pulping process and to generate energy as steam for the

mill. A schematic diagram of a recovery boiler is shown in Figure 1-3(3). The residual

from the bottom of the furnace, called molten smelt, consists of two-thirds Na2CO3 and

one-third Na2S. The smelt is then dissolved to become green liquor. The green liquor is

then treated with lime and causticized to form white liquor. The white liquor is reused

again in the cooking process.

Black liquor consists of all of the inorganic cooking chemicals along with lignin

and other organic matter separated from the wood. An analysis of a typical kraft black

liquor is shown in Table 1-1.

1.4 Black Liquor Combusion in Recovery Boilers

There are four stages in the black liquor combustion process: drying,

devolatilization, char burning, and smelt coalescence. A diagram of these stages is

shown in Figure 1-4(3).
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Figure 1-3 A schematic diagram of a recovery boiler (3)
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Table 1-1 Sample analysis of kraft black liquor solids (concentrator product)(3)

Element wt.% Black Liquor Solids
carbon C 39.0%
hydrogen H 3.8%
oxygen 0 33.0%
sodium Na 18.6%
potassium K 1.2%
sulfur S 3.6%
chloride Cl 0.6%
inerts Si, Al, Fe, Ca, etc. 0.2%
Total solids BLS 65%

When a black liquor droplet enters the furnace, the drying stage begins

immediately. Most of the water in the droplet is evaporated. The droplet swells slightly

in diameter and its surface ruptures as a result of boiling of water in the droplets. The

appearance of a bright yellow diffusion flame is commonly used to mark the end of the

drying stage.

The second stage, devolatilization, is a complex process. There are two sub-

stages which are pyrolysis and the combustion of volatiles. In the pyrolysis process, the

organic substance in the black liquor droplet breaks down into volatiles which include

light hydrocarbons, CO, CO2, H2O, H2S, sulfur compounds, and tar. The combustion

process begins when the volatiles get into contact with oxygen. The droplet swells

considerably during devolatilization. The end of this stage is marked by the extinction

of the visible flame.

The residual remaining at the end of devolatilization, called black liquor char,

consists of residual organic carbon and inorganic sodium salts. During char burning,

heterogeneous combustion reactions occur between oxygen and carbon in char. The
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combustion reactions yield CO and CO2. Char burning does not have any visible flame.

Smelt coalescence occurs as the final stage. The molten droplet which contains

Na2CO3 and Na2S is oxidized if in contact with the air in the furnace. At the end of

this stage, oxidized molten droplets emit a visible fume for a short period of time. The

droplet finally contains Na2SO4 and Na2CO3.

Figure 1-4 A diagram of black liquor combustion stages
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1.5 Nitrogen Oxides from Recovery Boilers

The NOx emissions from recovery boilers are typically 30-120 ppm(9). These

are considerably lower than the NOx emissions from uncontrolled fossil fuel

combustion. Black liquor contains on average 0.11% nitrogen. Although this is less

than fossil fuels contain, it is sufficient for the production of the NO emissions

observed. Thermal and prompt NO might be formed as well during black liquor

combustion. The fuel nitrogen reactions are similar to those of fossil fuel combustion.

A major difference, however, is that volatile nitrogen is released as NH3(5).

The rate of NOx destruction is one of the important factors that has to be

considered in order to predict levels of NOx emissions in recovery boilers. NOx can be

reduced during combustion by several different reactions.

In black liquor combustion, black liquor char and fume are two possible agents

that can reduce NOx. Thus NOx reduction can be attributed to homogeneous gas

phase reactions and heterogeneous reactions with char and fume.

In homogeneous gas phase reactions, NOx can be destroyed by the reverse

reactions of the Zeldovich mechanism which is the mechanism of thermal NOx

formation. However, these reactions are favored at high temperature and high NO

concentration. These reactions are important at temperatures above 1500 °C.

Therefore the thermal decomposition of NOx should not have a significant impact on

NOx emissions from recovery boilers.
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NOx can also be reduced by heterogeneous reactions with char and fume. It

has been observed by Wu and Iisa(18) that NOx can be reduced with black liquor char at

low temperature by the following reaction

2 NO + C N2 + CO2 (1.7)

At higher temperature, there are increasing amounts of CO formed, thus the

following reaction becomes important

NO + C lh N2 + CO (1.8)

In the presence of CO, carbon consumption is reduced to zero and the reaction

becomes

NO + CO 1/2 N2 + CO2 (1.9)

In recovery boilers, there are large amounts of char particles. Thus reduction of

NO by char may be significant

The impact of inorganic species in recovery boilers may be important since

there are large amounts of sodium species evolving during black liquor combustion.

NOx may react with sodium species to form sodium nitrate (NaNO3). It may also react

with Na2CO3 and Na2SO4 which are the two main constituents in fume. Additionally,

catalytic reduction of NO by sodium species is also possible).
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1.6 Motivation of Study

Black liquor, one of the most important fuels in the world, is a source of NOx

emissions. Recovery boiler NOx emissions are becoming an important environmental

issue because of the increasing utilization of black liquor as a fuel. As environmental

concerns are increasing, the regulations for NOx emissions level become more

stringent. Since the new regulations require lower levels of NOx emissions, research of

NOx emissions from recovery boilers is becoming important for being able to comply

with the new regulations.

There have been several studies of NO formation during black liquor pyrolysis

and combustion, NO reduction mechanisms and nitrogen release during pyrolysis and

combustion stage. However, there is no model accounting for all major factors

affecting the formation of NO. In this study, a simple model was developed to describe

NO formation and reduction. Experiments were also conducted to investigate some of

the remaining questions. These include the amount of NO formation from combustion

air, and the importance of NO reduction by reactions with molten sodium carbonate.
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Chapter 2

Objectives of the Study

This is a preliminary study of the modeling of nitrogen oxides formation in

recovery boilers. The objectives of the study are to

identify where future experimental work is needed in order to develop a

comprehensive model for nitrogen oxides formation during black liquor

combustion.

when feasible, develop models that describe specific sub-processes in NO

formation such as nitrogen release during pyrolysis or combustion, NO

reduction in terms of appropriate variables.

In the experimental part of the thesis, the objectives are to

estimate the levels of NO formation from two sources: nitrogen in

combustion air and nitrogen in fuel.

determine if reduction of NO by molten fume particles is important in

recovery boilers.
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Chapter 3

Literature Review

3.1 Formation of NOx During Black Liquor Pyrolysis

Aho et a1.(5) conducted experiments of fuel nitrogen release during black liquor

pyrolysis at different conditions. The experiments were conducted in a laboratory tube

furnace in argon. A single droplet of liquor was suspended on a platinum hook. It was

lowered into the reactor and removed after 300 seconds as argon flew downward past

the droplet into a gas analyzer. The furnace temperature was varied between 300 °C

and 950 °C. The black liquor samples used in the experiments were a laboratory

cooked pine liquor having a nitrogen content of 0.12% and a dry solids content of

62%, and a laboratory cooked birch liquor with a nitrogen content of 0.17% and 51%

dry solids content. NO, NH3, and HCN released during the experiments were

measured. Additional pyrolysis tests were conducted in a muffle furnace for 1 hour at

400°C to determine the total amount of fuel nitrogen released during pyrolysis.

The results in this study indicated that a major part of the volatile fuel nitrogen

was released during the pyrolysis stage. Only a minor amount of fuel nitrogen was

released during the drying stage. The main fixed nitrogen (NO species formed was

N}13 and there was no formation of HCN, which is the common nitrogen intermediate

in fossil fuel pyrolysis. Fixed nitrogen refers to all nitrogen species except N2. Only

small amounts of NO were formed in the experiments. About 15-20 % of fuel nitrogen
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was released as Nfix compounds, NH3, and NO, during pyrolysis. The rate of release of

Nfix increased with increasing temperature. The highest levels of fixed nitrogen (Nfix)

release were observed in the temperature range of 600 °C to 800°C. At higher

temperatures, the total Nfix release decreased because the Nfix originally released may

be converted to molecular nitrogen.

Aho et a1.(6) conducted further experiments of nitrogen release during black

liquor pyrolysis. The same experiments were performed with different types of black

liquor. Measurements in this work were made at only two furnace temperatures, 600

°C and 800°C.

The results indicated that about 20-60% of the fuel nitrogen was released

during black liquor pyrolysis. Approximately half of this was ammonia and the rest was

molecular nitrogen. The amount of Nfix released during pyrolysis increased with

increasing nitrogen content in the black liquor samples, and was almost directly

proportional to the liquor nitrogen content.

A schematic diagram of the behavior of the fuel nitrogen during black liquor

pyrolysis is shown in Figure 3-1. The conversion of fuel nitrogen to NH3 during

pyrolysis was 7-28 % and the conversion of fuel nitrogen to NO was about 1-2 %.

Based on the assumption that all fixed nitrogen is converted to NOx in the

recovery furnace, it was concluded that nitrogen released in the pyrolysis process may

be the major source of NO in recovery boiler. Additionally, the level of Nfix during

black liquor pyrolysis was close to the levels of NO emissions observed in recovery

boilers.
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Carangal7 also studied fuel nitrogen evolution during black liquor pyrolysis.

Experiments were conducted at temperatures of 600 1100°C with black liquor solids

of a particle size of 90 - 125 micron. The release of NO during black liquor pyrolysis in

N2 was investigated using a laminar entrained flow reactor (LEFR) at residence

Figure 3-1 A schematic diagram of the behavior of the fuel nitrogen during black
liquor pyrolysis (6)

times ranging from 0.3 to 1.7 seconds. The gaseous products released, NO and NH3,

and the nitrogen retained in the char were measured. The results indicated that, at a

constant temperature, the conversion of fuel nitrogen to NO first increased with

increasing residence time and reached a maximum. After that the level of NO

decreased. At a constant residence time, the same behavior was found. It was

suggested that NO destruction mechanisms were dominant at long residence times

and/or high temperature.
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About 35 to 60 % of the original fuel nitrogen was volatilized. This number

seems to be in accordance with the result of Aho et. al(6). However, the maximum fuel

N conversion to NO found by Carangal was about 20 % which is considerably higher

than that of Aho et al.(6) which was 1-2 % of fuel nitrogen. The different results may be

due to the different experimental conditions such as the gas atmosphere, the residence

time and the types of reactor flow pattern.

In Carangal's study, NH3 was not successfully measured due to problems in the

NH3 measurement system.

Pianpucktr(8) conducted more pyrolysis experiments in the same reactor as

Canrangal. The experiments were conducted in nitrogen atmosphere at temperature

700-1100 °C and 0.3-2.2 seconds residence time. The black liquor used was a southern

pine liquor with 0.09 wt% nitrogen on dry basis. The results agreed fairly well with

Carangal's results. The NO formation depended on residence time and temperature. A

maximum of NO formed was also observed at 700 and 900°C in the residence time

range studied. At 1100 °C, the highest NO formation was measured between 0 and 0.3

seconds, the shortest residence time, and thus there was a maximum at this

temperature. Again, it was suggested that NO destruction mechanisms dominated over

NO formation at long residence time and/or high temperature.

Phimolmas(22) studied black liquor pyrolysis at 400 - 600°C in the same reactor.

The results indicated that the nitrogen yield in the char residue decreased as residence

time increased for all temperatures studied.
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3.2 Formation of NOx During Black Liquor Combustion

Experiments of black liquor combustion were conducted by Nichols and Lien(9).

In their experiments, the contribution of fuel NOx and thermal NOx during black

liquor combustion was estimated. A two furnace configuration with a vertical tube

furnace placed above a char bed furnace was used in the experiments. Black liquor

droplets were fed on top of the tube furnace and flew downward through upward-

flowing air and combustion-product gases. A comparison of the NOx formation was

made between the combustion of black liquor in air and in synthetic air containing no

nitrogen (21 % 02 in Ar). However, an air leakage was found during the synthetic air

experiments. Therefore the N2 was reduced from 79% in air to 16% in the synthetic air

experiments. The results indicated that at 950 °C, NOx concentrations were the same

during both combustion of black liquor in air and in synthetic air demonstrating that all

of the NOx produced during black liquor combustion at 950 °C was fuel NOx. In the

range of 800 1000 °C, the formation of fuel NOx increased moderately with

increasing temperature. Since thermal NOx formation is highly temperature dependent,

these results indicated that the fuel NOx formed by conversion of liquor-bound

nitrogen during combustion is the significant source of NOx in recovery boiler

emissions. In their experiments, the NOx concentration in the flue gas was found to be

lower than the maximum NOx observed within furnace. This was believed to be due to

fume-NOx interactions.

Nichols and Lien also concluded that nitrogen was evolved from black liquor

particles during both devolatilization and char buring stage, and additionally, that fuel
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NOx was formed during both inflight burning and char-bed burning.

Forssen et al.") also conducted experiments of combustion of single black

liquor droplets. The reactor and the experimental methods were similar to the pyrolysis

experiments by Aho et al.(5) that were described in section 3.1. The experiments were

conducted in 10 % 02 at 900°C. There were two separate peaks in the NO formation

curves. It was suggested that the first peak was a result of NO from the pyrolysis stage

and that the second peak originated from char combustion. The amounts of NO

formation were also converted to recovery boiler NO emission. The measurements

showed very good agreement with typical recovery boiler data.

Pianpucktr(8) conducted combustion experiments in a laminar entrained flow

reactor (LEFR). The experiments were performed in nitrogen and helium atmospheres

at temperatures 700 - 1100°C and 0.3 - 2.2 seconds residence time. The oxygen

concentrations during the combustion of black liquor experiments were 4 and 21 %

oxygen in a nitrogen atmosphere, and 3 and 15 % oxygen in a helium atmosphere. A

southern pine liquor with 0.09 wt% nitrogen on dry basis was used in these

experiments

The amount of NO formed was higher during combustion than during

pyrolysis. At constant temperature, the amount of NO increased as residence time

increased except at long residence times when NO levels decreased due to NO

reduction. It was found that at 700°C and 4 % oxygen, there was no combustion, on

the other hand, at 1100°C and 21 % oxygen, there was complete combustion at the

shortest residence time (0.3 seconds). During complete combustion, 98 % of nitrogen

was released and the maximum NO formation was 49 % of fuel nitrogen.
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The effect of the nitrogen in the combustion gas on NO formation was

investigated from the experiments conducted in helium atmosphere. The results

indicated that thermal NO and prompt NO occurred during black liquor combustion.

The NO formation during combustion in nitrogen was approximately twice the NO

formation in helium. Nitrogen release and NO formation have been studied during char

combustion as well.

3.3 Formation of NOx during Black Liquor Char Combustion

Forssgn et al.(u) conducted experiments of black liquor char combustion. The

reactor and the experimental methods were similar to those in the pyrolysis

experiments by Aho et a1.(5) that were described in section 3.1. The NO and CO2

concentrations were measured in these experiments. The temperature range studied

was varied between 700 and 1000 °C. The black liquor droplets were devolatilized in a

nitrogen atmosphere for 100 seconds at the desired temperature, after which a

combustion gas mixture (N2 and 02) was immediately introduced. The results showed

that during char combustion, NO was formed as the major nitrogen compound. About

two-thirds of nitrogen in the char formed NO under oxidizing condition. In these

experiments of fast oxidation, the NO formation was found to be simultaneous with

CO2 formation or carbon release. However, when the char was oxidized slowly, NO

formation was observed only at the end of carbon release when part of the nitrogen

remaining in the residual salt became NO. At high temperatures (above 950°C), more
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NO was formed than there was initially measured in the char. It was suggested that

some thermal NO was formed.

Fuel nitrogen pathways in black liquor combustion found in this work are

shown in Figure 3-2. The nitrogen released during devolatilization was 70-80 % of the

black liquor nitrogen. The amount of nitrogen remaining in char after devolatilization

was 20-30 %. Under oxidizing conditions, two thirds of the char nitrogen may form

NO. However, it was suggested that under no-oxygen conditions, the char nitrogen

would remain in the residue and would be removed from the furnace along with the

smelt.

Black liquor char combustion experiments were also conducted by

Pianpucktr(8). The reactor and experimental method were the same as in the pyrolysis

experiments conducted by Canrangar that were described in section 3.1. The char

was obtained from pyrolysis experiments in nitrogen at 1100°C and 2.2 seconds

residence time. The char was then ground to fine particles and used as the feeding

material. The char combustion experiments were conducted at 900°C, 2.2 seconds

residence time and 21 % oxygen. Two experiments were performed, one in nitrogen

environment, the other in helium environment. The thermal NO formation was

investigated in these experiments.

The results from the experiments showed that the NO formation was the same

in both experiments. This suggested that the nitrogen in the combustion gas does not

have any effect of the amount of NO formation during char combustion. Thus it was

concluded that there is no thermal and prompt NO during char combustion.
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Figure 3-2 Fuel nitrogen pathways in black liquor combustion"

3.4 Importance of Thermal and Prompt NO Formation

There is plenty of evidence that fuel NO is important: NO formation depends

on fuel N content, NO is formed in the absence of N2 and is higher for liquors with

high nitrogen content(6). However, there might be some NO formation from

combustion air as well. There are only two studies with direct comparisons of NO

formation in N2 and inert atmospheres;
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a) The study of Nichols and Lien(9) indicated a statistically insignificant

difference between the two conditions in a laboratory reactor simulating a recovery

boiler. Hence the results indicated that there is negligible NO formation from

combustion air

b) The comparison of black liquor combustion experiments in N2 and He by

Pianpucktr indicated that there is prompt NOx and possibly thermal NOx formation.

However, the heating rates in the nitrogen and inert atmosphere were not the

same in either study. This might effect NO formation. Further, in Pianpucktr's

comparison, the oxygen contents were not the same.

From the studies mentioned above, there is an argumentation about NO

formation from the combustion air. It is still not clear whether there is prompt NO or

thermal NO and how much if there is. Our experiments are needed to answer all these

questions. In this study, experiments were conducted to investigate the NO formation

from the combustion air and the results are presented in section 5.2.

3.5 NO Reduction Mechanisms in Black Liquor Combustion

NO can be reduced during combustion by several different reactions. During

black liquor combustion, black liquor char and fume are two possible agents that can

reduce NO.

Wu(12) conducted experiments to characterize the reduction of NO by black

liquor char. The black liquor char used in these experiments was heat treated in order

to reduce Na2SO4 to Na2S. Three sets of experiments were conducted in a fixed bed
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reactor. The temperature range studied was between 450 and 650°C. The experiments

were performed in a helium atmosphere. The first set of experiments was to obtain the

overall kinetics of NO reduction by black liquor char and activated carbon. The second

set of experiments was to investigate the effect of CO on reduction of NO by black

liquor char. The third set of experiments was to determine the reaction products at

different temperatures.

The results indicated that significant reduction of NO was observed at 450°C

and almost complete reduction was observed at 650°C in the experimental conditions.

The NO/char, NO/activated carbon, and NO/CO/char reactions were first-order with

respect to NO. The rate of reaction was enhanced by CO over the temperature ranged

studied. The major reaction products in these experiments were N2 and CO2. Very little

CO was detected in the product gas. Additionally, in the presence of CO, the

consumption of carbon was reduced to zero and the black liquor char provided a

catalytic surface for NO reduction by CO.

Thompson and Empie(13) studied NO depletion by reaction with molten sodium

carbonate. Experiments were conducted in which NO in helium was bubbled through

molten sodium carbonate. The temperature range in this study was 860 to 973°C.

The results showed that NO reacted in the presence of molten sodium

carbonate. The reduction of NO varied between 10 and 75 % over the temperature

range studied. The rate of the depletion of NO followed a pseudo first order rate law.

Thompson and Empie(14) conducted further experiments at the same

temperature and gas atmospheres. The effect of the mixtures of adding Na2S to

Na2CO3 was also investigated. The rate of depletion of NO by reaction with
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Na2CO3/Na2S was also shown to follow a pseudo-first order rate law. However, the

reduction of NO was greatly enhanced by the presence of Na2S. The products detected

from the NO reduction reactions were N2 and 02.

3.6 Importance of NO reduction by fume

Iisa et.a1(20) studied NO reduction by solid Na2CO3, and Na2SO4 at 550 - 750°C.

There was considerable reduction of NO with Na2CO3 when CO was added but very

little reduction in the absence of CO. There was no reduction of NO over Na2S even in

the presence of CO. According to the laboratory studies, there is NO reduction during

black liquor combustion. Iisa et.a1(20) showed that reduction of NO by black liquor char

is likely to be important during black liquor pyrolysis. However, there is uncertainty

about the effect of sodium species on the NO reduction. Thompson and Empie(13'14)

found substantial NO reduction by molten sodium carbonate even without any gas

phase reducing compounds. Iisa et.al reported no or little NO reduction over solid

sodium carbonate in the absence of CO.

Thus, there is a conflict about the effect of sodium carbonate on NO reduction

and more experiments are needed. In this study, NO reduction experiments were

conducted at two different temperatures, 800°C which is lower than the melting point

of sodium carbonate and 900°C which is higher than the melting point of sodium

carbonate. The results are presented in section 5.3.



Chapter 4

Experimental Methods

4.1 Experimental Set-Up
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The pyrolysis and combustion of black liquor solid experiments as well as the

NO reduction experiments were conducted in a laminar entrained-flow reactor (LEFR)

equipped with a cyclone/filter assembly and a chemiluminescence NO-NOx analyzer.

The details of each equipment will be described in this chapter. The experimental set-

up is shown in Figure 4-1.

LEFR

Primary flow

------ Secondary flow
Quench flow

Cyclone/filter
I I

I NO-NOx analyzer I

Exhaust

Figure 4-1 Experimental Set-up for the black liquor pyrolysis and combusion
experiments
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4.1.1 Laminar Entrained-Flow Reactor (LEFR)

A schematic diagram of the LEFR is shown in Figure 4-2. The LEFR consists

of two parts, the reactor and the collector. The reactor consists of two cylindrical

mullite tubes. The inside diameter of the inner tube which forms the reactor chamber is

70 mm. The reactor is placed in a furnace which has three heating zones. Each zone is

12 inches long. Each zone is controlled by an Omega CN 7600 microprocessor based

temperature and process controller capable of ramping to its set point temperature at a

maximum heating rate of 300 °C per hour. The maximum furnace temperature is

1,150°C.

Two gas flows, the primary and the secondary flow, enter the reactor. The sum

of the flows is designated as the total gas flow. Another gas flow, the quench flow,

enters through the collector. All gas flows are regulated by Omega FMA 5600

electronic mass flow meters (MFM).

The primary flow carries the black liquor solids through the injector into the

reactor. The injector is cooled by cooling water in order to prevent an increase in the

particle temperature. On the other hand, the secondary flow enters the reactor through

the bottom. It is preheated when flowing upward through the annular space between

the mullite tubes, and it enters the reactor through a flow straightener located at the

top of the reactor. The primary flow and the secondary flow merge together to form a

single laminar flow in the reactor.

After entering the reactor, the particles are instantly exposed to the high

tempearature from the hot wall of the reactor and the hot secondary gas, and are
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rapidly heated to the furnace temperature. The particles and gas exit the reactor

through the collector and are cooled down by the quench gas flowing through the

collector. The collector can be moved inside the reactor so that the reactor pathlength

can be changed in order to adjust the residence time in the reactor. The residence time

in the reactor was calculated by a predictive model based on a computational fluid

dynamic algorithm by Flaxman(4). The longest path length of the reactor is 31 inches.

After leaving the reactor, the particles and gas flow into the cyclone. The cut

size of the cyclone is 3 microns. The gas flows through 4.7 cm outer diameter filters

with 0.22 micron pore size and go to the chemiluminescence NO-NOx analyzer for

NOx measurement. The cyclone/filter assembly is shown in Figure 4-3.

4.1.2 Chemi luminescence NO-NOx Gas Analyzer (NO-NOx analyzer)

The NO-NOx analyzer used in these experiment is a model 10 AR NO-NOx

gas analyzer manufactured by Thermo Environmental Instruments Inc. The NO

concentration is determined by measuring the light emitted from the

chemiluminescence reaction of NO with 03

NO + 03 NO2 + 02 + hv (4-1)

This reaction occurs in the reaction chamber of the analyzer.

The light emission is monitored through an optical filter by a high sensitivity

photomultiplier. The NO concentration is linearly proportional to the output from the
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photomultiplier.

The NO-NOx analyzer can continuously measure NO/NOx with eight linear,

full scale ranges from 2.5 to 10,000 ppm. It also includes a NO2 to NO converter for

reducing NO2 to NO before entering the chemiluminescence reaction chamber.

4.2 Experimental Procedures

4.2.1 Experimental Set-Up

Before each run, the gas flow was set based on the desired residence time. The

calculations used in determining the flow rate are based on Flaxman's computational

methode. The quench flow was turned on first followed by the total flow and the

primary flow. Black liquor solids were sieved to get the size of 90-125 micron. They

were then weighed and loaded into a test tube which was inserted in the particle

feeder. The cyclone/filter assembly was attached to the bottom of the collector. The

exhaust line was connected to the NO-NOx analyzer. A data acquisition program

which was connected to the NO-NOx analyzer was also turned on for collecting the

NOx data during each run.

4.2.2 Experimental Procedures

Each run was began by starting the data acquisition program and turning on the

motor for the particle feeder in order to feed the black liquor particles into the reactor.

All gas flows were fed into the reactor continuously during the experiment. At the end
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of the experiment, the particle feeder was turned on into the reverse mode, thus it will

lower the test tube. The primary flow was also shut down. The quench flow and total

flow were kept constant until the NOx concentration displayed by the NOx-NO

analyzer was down to zero. Then all gas flows were shut off and the data aquisition

program was disabled simultaneously. All NO concentration data will be collected in

the data acquisition file.

The char particles in the collector and fine particles in filters were weighed and

stored. After each run, all lines were flushed by pure nitrogen gas to remove any

residual that may remain in the lines. The reactor was also flushed in order to clean the

reactor. The flush char and fume were weighed but not stored.

The preparation of the next run was done by following the above procedures

again. Each run in these experiments was made in duplicate.

4.3 Experimental Conditions

4.3.1 Materials

The black liquor used in these experiments was a southern pine kraft black

liquor. The black liquor solids were obtained by drying black liquor and then grinding

the black liquor solids to a fine particle size. The composition of the black liquor solids

is shown in Table 4-1.

The particle size was selected to be between 90-125 microns in order to obtain

uniform feeding rate into the reactor, minimize the temperature gradient in particles,

and minimize external mass transfer effects.
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Table 4-1 Elemental compositions of the black liquor solids

Element Wt. %
Carbon 35.70
Hydrogen 3.05
Sodium 22.65
Sulfur 2.85
Potassium 0.62
Chloride 0.67
Nitrogen 0.06
Oxygen* 34.37
* obtained by difference
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4.3.2 Gas Atmosphere

The experiments were conducted in nitrogen and inert gases with different

oxygen concentrations. The inert gases used in these experiments are mixtures of

argon and helium. The oxygen contents were 4 % and 21 % for combustion. No

oxygen was used in the pyrolysis experiments.

43.3 Temperature

Both pyrolysis and combustion experiments were conducted at three different

temperatures : 700 °C, 900°C , and 1,100 °C. This temperature range was chosen since

it represents the temperature of black liquor droplets in recovery boiler.

4.3.4 Residence time

The effect of residence time was investigated. The residence times chosen in

this study were 0.6 and 1.6 seconds. The residence time can be adjusted by changing

the gas flow rate and/or changing the length of the reactor. The residence times were

calculated by Flaxman's computational fluid dynamic model(4). This model accounts for

heat transfer between gas, reactor wall, and particles. It includes the momentum

transport calculations as well.

The experimental conditions are shown in Table 4-2.



35

Table 4-2 The experimental conditions in nitrogen and the argon/helium mixture

Residence time (second) 0.6 1.6

0% Oxygen
700 °C 4
900 °C 4 4

1,100 °C 4

4% Oxygen
700 °C
900 °C 4 4

1,100 °C 4 4

21% Oxygen
700 °C 4

. 900 °C Ai

1,100 °C -4

4.3.5 Particle heating rate

The heating rate of the particles in nitrogen and mixtures of inert gases was

considered at the three furnace temperatures, 700°C, 900°C, and 1,100 °C. In order to

investigate the amount of NO formation from the combustion air, two experiments

were conducted, one in nitrogen atmosphere, the other in a nitrogen-free environment.

The heating rate of the particles in nitrogen and mixtures of inert gases must be the

same for the stage of black liquor combustion to be the same at each point in time. In

these experiments, the particle heating rates in the inert gases were adjusted to be

approximately the same as those in nitrogen by changing the composition of the inert

gases. Figure 4-4 shows the heating rate of the particles in nitrogen, helium and a

mixture of argon and helium in proportion 99:1 at 900°C, and 0% oxgen.
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Figure 4-4 The heating rate of the particles in nitrogen, helium and mixture of
argon and helium at 900°C, and 0% oxgen

4.4 Analytical Procedures

4.4.1 NO/NOx analysis

NOx was measured by using the NO-NOx analyzer. The data were collected by

the data acquisition program. The model of this program is the Omega WB-ASC card

produced by the Omega Engineering Inc. This program recorded the time-averaged

readings from the NO-NOx analyzer and the mass flow meters during the experiments.

The data were recorded every two seconds. The NOx concentrations were calculated

by using these data.
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4.4.2 Nitrogen content

The nitrogen contents in black liquor solids and black liquor char were

analyzed at the Plant Analysis Lab in the Department of Soil Science, Oregon State

University. Duplicate samples of each char sample were sent to be analyzed.

The analytical method for determining the nitrogen content was Kjeldahl

analysis. In the Kjeldahl analysis, the samples are first digested by using concentrated

H2SO4 and catalysts to convert N to NH4+. This process is performed at high

temperature. The sample is then distilled and NH3 is trapped in a boric acid solution. It

is then titrated with H2SO4. The amount of 1-1+ used for titration is equivalent to the

amount of NH4+ in the digest which is equal to the total amount of nitrogen.

4.5 The NO Reduction Experiments

Two experiments were conducted at two different temperatures, 800°C and

900°C. The experimental set up and the experimental procedures are the same as

described in section 4.1 and 4.2. Instead of black liquor, solid sodium carbonate was

fed into the reactor. NO from a source with ppm in helium was fed from the top of the

reactor along with 100% nitrogen gas to get a concentration of 100 ppm. The NO

concentration was measured from the NO-NOx analyzer. The experimental conditions

are shown in Table 4-3.
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Table 4-3 The experimental conditions in the NO reduction experiments

Temperature 800 °C 900 °C
Residence time 1.6 sec 1.6 sec
Oxygen content 0% 0%
Material Na2CO3(s) Na2CO3(s)
Gas environment 100% nitrogen 100% nitrogen
NO feeding concentration 100 ppm 100 ppm
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Chapter 5

Results and Discussions

5.1 Nitrogen Release Model for Pyrolysis and Combustion

5.1.1 Nitrogen Release Model for Pyrolysis

A model for nitrogen release during pyrolysis was developed based on pyrolysis

experiments at 400, 500, and 600°C by Phimolmas(22) and at 700, 900, and 1100°C by

Pianpucktr(8). The experimental results are presented in Figure 5-1 which shows

nitrogen release as a percentage of nitrogen originally present in the black liquor solids

as a function of residence time during black liquor pyrolysis at those six furnace

temperatures.

The nitrogen release increased as residence time increased at all temperatures.

At low temperatures (400 - 600°C), nitrogen release increased at about the same rate

at all temperatures from 0.3 to 2.2 seconds. At high temperatures (700 1100°C), on

the other hand, the amount of nitrogen released increased rapidly until 0.3 seconds and

after that it increased gradually during 0.3 to 2.2 seconds.

The nitrogen release also increased as temperature increased. Figure 5-2 shows

the nitrogen release as a percentage of nitrogen originally present in the black liquor

solids as a function of temperature.

A model for nitrogen release during pyrolysis could be developed from these

data by separating the pyrolysis stage into two sub-stages.
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Figure 5-1 Nitrogen release as a percentage of nitrogen originally present in the
black liquor solids as a function of residence time during black liquor pyrolysis

from (8) and (22)
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Figure 5-2 Nitrogen release as a percentage of nitrogen originally present in the
black liquor solids as a function of temperature
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The first stage is the initial stage during which nitrogen is rapidly released from

black liquor solids. The amount of nitrogen release during this stage depends on

temperature, and increases as temperature is increased. At high temperature, the initial

stage was over by 0.3 seconds. At 1100°C, more than 50 % of the nitrogen was

released in less than 0.3 seconds. At low temperatures, the effect of the first stage is

negligible.

The second stage is in the residence time range during which nitrogen is

released gradually compared to the first stage. In the second stage, the nitrogen release

depends on temperature and residence time. Here, an attempt was made to correlate all

the nitrogen release data in the two studies with a common equation. The percentages

of nitrogen release (% of fuel nitrogen originally present in black liquor solids) were

fitted with residence time by using a logarithmic relationship of the form

where

N release (% of fuel N)

t

A ln(t) + B

is the residence time (seconds)

(5-1)

A and B are functions of temperature

By plotting each set of data at each temperature based on equation (5-1), A

and B are obtained and presented in Table 5-1.
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Table 5-1 A and B versus temperature for nitrogen release model for pyrolysis

temperature ( °C) A B equation (Aln(t) + B)
1100 13.037 70.491 13.0371n(t) + 70.491
900 8.254 55.594 8.2541n(t) + 55.594
700 20.236 47.821 20.2361n(t) + 47.821
600 13.177 30.028 13.1771n(t) + 30.028
500 16.319 29.451 16.3191n(t) + 29.451
400 16.466 23.577 16.4661n(t) + 23.577

A was estimated to be constant which is the average of A at different

temperatures that is

with 95 % confidence interval

A = 14.58 ± 4.28 (5.2)

and B was found to be linear as respect to temperature that is

B = 0.0687T 5.24 (5.3)

Figure 5-3 shows the relationship between A, B and temperature
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Figure 5-3 The relationship between A, B and temperature



Thus, equation (5.1) becomes

where

N release (% of fuel N) 14.58 ln(t) + 0.0687T - 5.24 (5.4)

t is residence time (seconds)

T is temperature (°C)
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This equation is valid at residence times 0.3 2.0 seconds and temperature 400

1100°C for pyrolysis experiments. A schematic diagram of the sub-stages in the

pyrolysis stages is illustrated in Figure 5-4
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Figure 5-4 A schematic diagram of the sub-stages in the pyrolysis stages

Figure 5-5 shows the fit of the model with the data at 400 1100°C. The data

seem to fit very well at 400, 500, and 1100°C. However, at 600°C, the model predicts
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higher values than that obtained from the experiments and at 700°C, on the other hand,

the model predicts somewhat lower values than those obtained from the experiments

for all residence times. At 900°C, the model predicts slightly lower values at short

residence times and slightly higher values at long residence time.

Carangar had conducted pyrolysis experiments at 0.85 seconds residence time

at temperature 500 - 1100 °C as well. The fuel nitrogen that was released during

pyrolysis in her experiments is shown along with values predicted by our model in

Figure 5-6. The predicted values agree quite well with her data.
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Figure 5-5 The model versus the values obtained from the experimentsat
400 -1100 °C

5.1.2 Nitrogen Release and Carbon Release During Pyrolysis stage

A model correlating nitrogen release to carbon release was developed based on

the low temperature (400 600°C) pyrolysis experiments by Phimolmas(22). The
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Figure 5-6 The fuel nitrogen that was released during pyrolysis in Carangal's
experiments and values predicted by our model at 0.85 seconds

amounts of carbon and nitrogen release were calculated from his data. Figure 5-7

shows the nitrogen release as a function of carbon release for 400-600°C.

The results indicate that nitrogen was released faster than carbon at all

temperatures studied. The rates of nitrogen release with respect to the rate of carbon

release were almost the same at the three temperatures studied. The data were fitted by

linear correlations. At 400 and 500°C, nitrogen was released at a rate 1.44 times the

rate of carbon release. However, at 600°C, nitrogen release was slightly slower but

still 1.25 times the carbon release. This suggests that the rates of nitrogen release with

respect to the rate of carbon release decrease as temperature is increased, and nitrogen

may be released slower than carbon at high temperatures.
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Figure 5-7 The nitrogen release as function of carbon release for 400-600°C

5.1.3 Nitrogen Release During Combustion

In the following, nitrogen release during combustion is discussed based on

combustion experiments conducted by Pianpucktr(8) at 700 1100°C and 0.3 2.2

seconds residence times. His data of nitrogen release versus residence time in 4 and

21% oxygen are illustrated in Figures 5-8 and 5-9.

In 4 % oxygen, as illustrated in Figure 5-8, at 700°C when only pyrolysis

occurred, nitrogen was released rapidly until 0.6 seconds. After that there was more

gradual release at 0.6 2.2 seconds. The nitrogen release at this oxygen content was

identical to that in the absence of oxygen. At 900°C, nitrogen was released in the

whole time interval studied, 0.3 - 2.2 seconds and additional nitrogen may be released

after 2.2 seconds. At 1100°C, nitrogen was released rapidly until 0.6 seconds and after
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1.1 seconds, there was almost no nitrogen release. At this point, combustion was

complete. Approximately 3% of nitrogen originally present in black liquor solids

remained in the char.

In 21% oxygen, at 700°C, nitrogen was released rapidly until 0.6 seconds and

slowly at 0.6 1.1 seconds. This was identical to the pyrolysis behavior. There was

rapid nitrogen release between 1.1 and 1.6 seconds when combustion occurred, but no

nitrogen release between 1.6 and 2.2 seconds. At 900°C, nitrogen was released rapidly

until 0.6 seconds due to combustion and after that, there .was almost no nitrogen

release. At 1100°C, combustion was complete by 0.3 seconds. About 95 % of the fuel

nitrogen was released at this time. This is approximately equal to the amounts released

at complete combustion at 900°C in 21% oxygen. However, in 21% oxygen, at 700°C,

only 75% of nitrogen was released when combustion appeared to be complete. This is

considerably less than at higher temperatures.

From these data, a simple model can be developed by separating the nitrogen

release during combustion into three sub-stages. The first stage is the pyrolysis stage

during which nitrogen is initially released rapidly from black liquor solids at 700°C and

above. This stage can be observed in the experiments conducted at low temperature

and at short residence time. The nitrogen release during this stage does not depend on

the oxygen content and the nitrogen release can be modeled as shown in section 5.1.1.

The second stage is the combustion stage during which nitrogen is released rapidly

again. The combustion starts at short residence times and is complete at longer

residence times. At the end of combustion, some nitrogen is retained in the smelt. At

high temperatures (900°C and above), the amount retained is constant and was 5% for
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Figure 5-8 Nitrogen release as a function of residence time
during black liquor combustion in 4% oxygen (8)
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Figure 5-9 Nitrogen release as a function of residence time
during black liquor combustion in 21% oxygen (8)
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the liquor studied. At low temperatures, however, considerably more nitrogen is

retained in the smelt. The last stage is the complete combustion stage, during which

smelt reactions may take place. In this stage, there is no more nitrogen release, at least

not at high temperatures (900°C and above). Figure 5-10 shows a schematic diagram

of the sub-stages of combustion.
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Figure 5-10 A schematic diagram of the sub-stages in the combustion

Since there are only few studies of black liquor combustion, further studies are

needed in order to develop a more complex model of nitrogen release during black

liquor combustion. It is suggested that data relating nitrogen release to carbon release

during the combustion stage is obtained. Low temperature combustion experiments

may not be useful because of the great differences in the amount of nitrogen retained in

the char at complete combustion.
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5.2 NO Formation from Combustion Air

5.2.1 Particle Temperature

NO formation from combustion air includes thermal NO and prompt NO

formations. Since thermal NO formation is temperature sensitive, and the particle

temperature exceeds the furnace temperature during combustion, the particle surface

temperatures at each condition were calculated. The calculation is based on heat

transfer by convection and radiation. The calculation methods are presented in

Appendix Al. The results are shown in Table 5-2.

Table 5-2 The surface temperature of black liquor particles at specific furnace
temperature in nitrogen atmosphere

Furnace temperature Surface temperature of Surface temperature of
( °C) particle in 4% oxygen CC) particle in 21% oxygen ( °C)
700 830 1310
900 1020 1460
1100 1210 1600

Appreciable thermal NO formation occurs only at temperature above 1300°C.

Hence, in the LEFR experiments, thermal NO formation can occur only in 21% oxygen

for the whole temperature range studied: 700 - 1100°C.
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5.2.2 Thermal and Prompt NO Formations

Experiments were conducted in nitrogen atmosphere and in an inert gas, which

was a mixture of argon and helium in the composition 99% argon, 1% helium that

yields a similar heating rate as nitrogen. The experiments were conducted at three

different temperatures which were 700, 900, and 1100°C and at two residence times:

0.6 and 1.6 seconds.

5.2.2.1 Char Yield

Char yield is defined as the char weight divided by the actual black

liquor solids input weight. Figures 5-11, 5-12, and 5-13 show char yields at constant

temperatures and residence times during black liquor pyrolysis and black liquor

combustion both in nitrogen and inert gas atmosphere.

At 700°C and 0% oxygen, the char yields obtained from the

experiments conducted in both nitrogen and the argon/helium mixture were almost the

same. However, in 21% oxygen, the char yield obtained from the experiments

conducted in the argon/helium mixture was much lower than that obtained from the

experiments conducted in nitrogen. This indicates that more combustion has taken

place in the argon/helium atmosphere than in nitrogen, although the heating rates were

almost the same. Based on Pianpucktr's results(8), ignition and subsequent combustion

take place in a very short time, and apparently in the argon/helium mixture, ignition

occurred slightly earlier. Consequently, a comparison can not be made between NO

formation in nitrogen and NO formation in the argon/helium mixture for this case.
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At 900 and 1100°C, the char yields obtained from the experiments

conducted in nitrogen and in the argon/helium mixture were almost the same at

constant residence times and oxygen contents. The char yields decreased as oxygen

contents increased at constant residence time because there was more combustion in

high oxygen contents.

These results indicated that all the char yields obtained from the

experiments conducted in nitrogen and in the argon/helium mixture were almost the

same at constant temperature, residence time, and oxygen content, except at 700°C,

1.6 seconds, 21% oxygen, where the combustion has occurred in argon/helium mixture

but not in nitrogen. This confirms that the heating rates were approximately the same

in both nitrogen and the argon/helium mixture. Thus, comparisons can be made

between NO formation in nitrogen and NO formation in the argon/helium mixture, and

the amount of NO formation from combustion air can be investigated.

5.2.2.2 NO formation

Figures 5-14, 5-15, and 5-16 show NO formation during black liquor

pyrolysis and combustion in nitrogen and the argon/helium mixture at constant

temperature and residence time.

At 700°C and 0% oxygen, the amount of NO formation in nitrogen was

higher than that in the argon/helium mixture. 'therefore there is evidence that there is

NO formation from the combustion air. At this condition, the surface temperature of

the particles was much lower than 1300°C. Thus thermal NO can not occur in this
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case. Therefore the NO formation from the combustion air must be prompt NO.

However at 21 % oxygen, the NO formation was higher in the argon/helium mixture

than in nitrogen. This corresponded with the char yield which indicated that ignition

had occurred in argon/helium before it occurred in nitrogen at this condition.

At 900 and 1100°C, the amounts of NO formed were always higher in

nitrogen than in the argon/helium mixture for every residence time studied. This

suggests that there was NO formation from the combustion air.

Figure 5-11 Char yields versus residence time at 700°C in nitrogen and the
argon/helium atmosphere
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Figure 5-12 Char yields versus residence time at 900°C in nitrogen and the
argon/helium atmosphere

Figure 5-13 Char yields versus residence time at 1100°C in nitrogen and the
argon/helium atmosphere
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Figure 5-14 NO formation versus residence time at 700°C in nitrogen and the
argon/helium atmosphere

Figure 5-15 NO formation versus residence time at 900°C in nitrogen and the
argon/helium atmosphere
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Figure 5-16 NO formation versus residence time at 1100°C in nitrogen and the
argon/helium atmosphere

Figure 5-17 shows the difference in NO formed in nitrogen and NO

formed in the argon/helium atmosphere as a function of temperature at 1.6 seconds

residence time. For all oxygen contents, the difference in NO formation decreased as

temperature increased. This indicates that the NO formations from the combustion air

must be prompt NO, not thermal NO, because thermal NO formation increases rapidly

with rising temperature. On the other hand, prompt NO normally occurs at low

temperature, so prompt NO formation may decrease as temperature is increased as

observed in our experiments. Therefore the results suggest that the NO formation from

the combustion air in our experiments was prompt NO.



57

Figure 5-17 The difference in NO formation between N2 and Ar/He atmosphere
versus temperature

Figure 5-18 shows the difference in NO formed in nitrogen and NO

formed in the argon/helium atmosphere as a function of residence time at 900 and

1100°C. At 900°C, and 0% oxygen, the NO formation from the combustion air or the

prompt NO formation was approximately constant as the residence times increased. At

this condition, there was no combustion and fast pyrolysis was over by 0.6 seconds the

shortest residence time. Prompt NO was thus formed during the fast initial pyrolysis

stage and corresponded to NO formation of about 5 % of fuel nitrogen.

At 900°C, in 4% oxygen, the difference in NO formation increased as

the residence time increase. The char yield shows only a slight decrease and there is no

change in the amount of NO in the Ar/He atmosphere. This indicated that the
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combustion may be just beginning. The NO from combustion air or the prompt NO

was formed at a level corresponding to about 20 % of fuel nitrogen during this stage.

The maximum NO formation from the combustion air was found to be about 25 % of

fuel nitrogen.

At 1100 °C, 4 and 21% oxygen, the NO formation from the combustion

air remained constant in the whole residence time ranged studied. With 21% oxygen,

combustion was complete by the shorter residence time but with 4% oxygen, there was

combustion in this time interval. There was no additional NO formation from

combustion during this stage. The level of NO formation from the combustion air was

lower than the maximum value because the NO reduction has occurred.

5.2.3 Model for NO Formation from the Combustion Air

Figure 5-19 shows the difference in NO formed in nitrogen and NO formed in

the argon/helium mixture as a function of percentage of carbon release at 900°C with

different oxygen contents and residence times. This illustrates when during combustion

NO was formed from combustion air. Since oxygen contents were not the same,

absolute comparisons between different points may not be exactly correct. However,

the figure shows schematically what happened during pyrolysis and combustion stages.

One way to present the data in a unified way is to show them as a function of carbon

release. The amount of carbon released is a measure of the completeness of

combustion. At low temperatures and low oxygen contents, combustion was never
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Figure 5-18 The difference in NO formation between N2 and Ar/He atmosphere
versus residence time

complete, and the data presents what happen during pyrolysis and early combustion.

On the other hand, at high temperatures and high oxygen contents, combustion was

complete or nearly complete before the first data point, and the data show prompt NO

formation during late combustion. From the figure, NO from the combustion air which

is prompt NO was formed during devolatilization at a level corresponding to around

5% conversion of fuel nitrogen to NO. After devolatilization but before combustion

occurred or in the extended pyrolysis stage, between 45 and 70% of carbon release,

the amount of prompt NO was almost constant. Ignition then occurred between 75 and

80% of carbon release. At this stage, the amount of prompt NO formed increased

rapidly to 25% of fuel nitrogen and remained constant after that. This indicates that

prompt NO formation occurred during the devolatilization at level of 5% of fuel N,
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and additional 20% occurred at the beginning of the combustion stage. The amount of

prompt NO remained constant after combustion was complete.

Figure 5-19 The difference in NO formation between N2 and Ar/He atmosphere
at 900°C versus % carbon release

Figure 5-20 shows the difference in NO formed in nitrogen and NO formed in

the argon/helium mixture as a function of percentage of carbon release at 1100°C with

different oxygen contents and residence times. From the figure, the amount of prompt

NO formation during devolatilization corresponds to around 2% conversion of fuel N

to NO. In these experiments, there was no measurement indicating the distinction

between extended pyrolysis stage and combustion stage. It can be assumed that the

amount of prompt NO was almost constant during the extended pyrolysis stage, and

ignition then occurred somewhere before 90% of carbon release. During early

combustion, the amount of prompt NO increased to 10% of fuel nitrogen. It later
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decreased to about 8% due to NO reduction. This indicates that there was prompt NO

formation corresponding to 2 % fuel N during the devolatilization and that additional

prompt NO formation corresponding to 8% fuel N occurred during the combustion

stage. The amount of prompt NO slightly decreased after that because of NO

reduction. This suggests that the net prompt NO formation at 1100 °C was lower than

at 900°C or it can be concluded that the net prompt NO formation may decrease as

temperature is increased.

Devolatilization

.........
o ....... r ........

Complete combustion
and reduction

Extended pyrolysis
and combustion

..

0 20 40 60 80 100

C release

Figure 5-20 The difference in NO formation between N2 and Arnie atmosphere
at 1100°C versus % carbon release

Since there are only few studies of NO formation from combustion air (prompt

NO formation) during black liquor pyrolysis and combustion, further studies are
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needed in order to develop a global model for NO formation from combustion air.

Additionally, the effect of temperature on prompt NO should be investigated as well.

5.2.4 NO Formation as a Function of Carbon Release

The amount of carbon retained in the char residue was measured in the

combustion experiments that were conducted at temperature 900 and 1100°C at 0.6

and 1.6 seconds residence times in Ar/He. The amounts of fuel N that were converted

to NO as a function of the carbon release at 900 and 1100°C are presented in Figures

5-21 and 5-22 respectively. These data included both experiments at 4 and 21%

oxygen.

At 900°C, the NO formation was directly proportional to the carbon release

observed in the experiments. The maximum amount of fuel nitrogen that became

converted to NO at 900°C was about 80 %.

At 1100°C, the amount of NO formed increased as the carbon release increased

from 89 to 96.5 %. After that NO reduction was observed.

5.3 NO Reduction

Experiments were conducted to investigate the effect of sodium carbonate on

NO reduction. The experiments were made at two different temperatures, 800°C which

is lower than the melting point of sodium carbonate and 900°C which is higher than the

melting point of sodium carbonate. Table 5-3 shows the results from the experiments.
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Figure 5-21 The amounts of fuel N that converted to NO as a function of the
carbon release at 900°C
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Figure 5-22 The amounts of fuel N that converted to NO as a function of the
carbon release at 1100°C
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Table 5-3 The results from the NO reduction experiments

Temperature C 800 800 900 900
Residence time s 1.6 1.6 1.6 1.6
NO input concentration ppm 100.82 100.82 102.05 100.64
NO output concentration ppm 100.72 100.78 101.39 99.97
Total conversion % 0.10 0.04 0.64 0.67

The NO conversions were very low at both temperatures. The reproducibilities

were good for both experiments. From these results, the rate constant at 900°C was

calculated based on pseudo first order reaction for gas-liquid systems which react in

the liquid film(19). The rate expression can be written as

where

rNof = a Pal
1/kg + HN0/(DNo-Na kt)o's

(5-5)

No' is rate of reduction of NO based on volume of reactor (mol/cm3-s)

a is interfacial area per unit volume (cm2/cm3)

kg is mass transfer coefficient (mol/cm2-atm-s)

HNO is phase distribution coefficient (atm-cm3/mol)

DNO/Na is diffusivity of NO in Na2CO3 (m2/s)

k1 is pseudo first order rate constant (1/s)

HNO and DNO/Na depend on temperature and were taken from correlations found

in the literature(13). The correlations are shown in Appendix A.2. The droplets were

taken to be spherical with diameter of 100 microns. To verify that equation (5-5) is
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applicable, the hatta number was also calculated. In this case, the Hatta number is

much higher than 2 which indicates that the reaction takes place only in the liquid

film". The enhancement factor was also calculated to classify the reaction as fast or

slow. It was found to be considerably higher than the Hatta number, thus it suggests

that the reaction of NO in molten sodium carbonate is fast and it is appropriate to use

equation (5-5) for calculations. The details of the calculations are shown in Appendix

A.2. By assuming that there is no fume formation in our experiments, the rate constant

at 900°C is 1.0 x 106 1/s. This rate constant can be compared to that obtained by

Thompson and Empie(13). Their results are presented in Table 5-4.

Table 5-4 The rate constant from Thompson and Empie

Reactant Temperature Range Conversion of NO Ea/R k1 at 900°C
( °C) % (K) (1/s)

Na2CO3 860 - 973 10 75 44,780 8.14 x 105

The rate constant calculated by Thompson and Empie (13) and our rate constant

agree very well, although the experimental methods are totally different. The difference

between our value and their value may come from uncertainties in NO concentration in

our measurements.

In black liquor pyrolysis and combustion experiments conducted by

Pianpucktr(8), NO reduction was observed at these following conditions

at 700°C, 0,4 and 21 % 02, 1.6 - 2.2 residence time

at 900°C, 0 % 02, 0.6 - 2.2 residence time
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at 900°C, 4 and 21 % 02, 1.6 2.2 residence time

at 1100°C, 0 % 02, 0.3 - 2.2 residence time

at 1100°C, 4 % 02, 1.6 - 2.2 residence time

At 700°C which is lower than the melting point of sodium carbonate, molten

sodium carbonate obviously does not account for NO reduction. Therefore, molten

sodium carbonate may affect NO reduction only in the conditions at 900°C and

1100°C.

NO reduction by molten sodium carbonate was calculated for these conditions.

The calculations were made at 900°C which is in the temperature range studied by

Thompson and Empie(133. First, the amounts of fume at that condition must be found.

The amounts of fume were calculated based on LEFR experiments by Reis(20). Table 5-

5 presents the percentages of sodium carbonate fume produced in each condition at

900°C.

Table 5-5 The percentages of sodium carbonate fume at 900°C (20)

Oxygen Fume in black Na2CO3 in fume Na2CO3 in black liquor solid
(%) liquor solid (wt.%) (wt%) (wt%)
0 3 49.8 1.49
4 3 67.6 2.03

21 16 97.4 15.58

The conversion of NO was calculated by assuming that, in the LEFR

experiments, the gas velocity was approximately the same as the black liquor solid

velocity, and that there was complete mixing in radial direction but no mixing in axial



67

direction. Thus batch reactor calculations were appropriate in this case. The details of

the calculations are presented in Appendix A3

The NO concentrations at each residence time were calculated by using the rate

constant of Thompson and Empie(13)
. Thus, these concentrations were calculated based

on the effect of molten sodium carbonate only. The results are presented in Table 5-6.

Table 5-6 The comparison between the concentrations obtained from
calculations and concentration obtained from experiments at different residence
times, at 900°C

Oxygen
(%)

Residence
Time
Range

Time
Beginning

(s)

Time
Ending

(s)

NO at
time

beginning

NO at time
ending from
calculations

NO at time
ending from
experiments

(s) (%) (%) (%)
0 0.6 - 2.2 0.6 1.1 12.04 12.02 10.68

1.6 12.02, 3.01
2.2 12.02 1.45

4 1.6 - 2.2 1.6 2.2 39.07 38.99 37.73
21 1.6 - 2.2 1.6 2.2 48.78 48.23 40.38

The results indicated that in the pyrolysis experiments (at 900°C, 0% 02), the

NO reduction calculated based only on the effect of molten sodium carbonate account

for less than 2 % of NO reduction actually occurred. This agrees quite well with the

model developed by Lisa et al.(21) that was applied to the measured values of NO in the

pyrolysis experiments. They calculated the reduction rates by fume particles based on

NO reduction by solid fume compounds and by black liquor char. They found that the

reduction rates by fume particles were about five orders of magnitude slower than the

total reduction rates while the rates by black liquor char were about the same order of
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magnitude as the total NO reduction rates. Thus they concluded that the reduction by

fume was negligible. The reduction by black liquor char, on the other hand, was

significant in the pyrolysis experiments.

However, in the combustion experiments (at 900°C, 4 and 21 %02), there was

not much char left and all carbon was almost burned out during experiments especially

in the experiments conducted in 21% 02. Black liquor char, in this case, may not be a

significant factor in NO reductions. From our results, the NO reductions calculated

based only on the effect of molten sodium carbonate account for only about 5 - 6 % of

the total NO reductiOn that actually occurred.

One reason for the estimated low effect is that molten sodium carbonate may

not be the only substance that can reduce NO. Thompson(14) also found that the

depletion of NO was greatly enhanced by the presence of Na2S. This may account for

part of the rest of NO reduction in our experiments.

Another possibility for the higher measured NO reductions is that the presence

of CO might increase the NO reduction rate. For solid sodium carbonate, Lisa et.a1(21)

found that there was a huge difference between conditions with CO and no CO. The

same might be true for molten sodium carbonate. From these reasons, it can be

concluded that the presence of Na2S and/or CO may increase the reduction rate and it

may account for the total NO reduction observed in the combustion experiments.

However, further studies may be needed to investigate the effect of other molten

sodium species and the presence of reducing gas phase compounds on NO reduction.
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5.4 Sources of Error

The variations in results may have been due to several problems regarding the

mass loss in the feeding system, the nitrogen analysis, and the accuracy of the

measurements made by the NO-NOx analyzer. Sources of error for the char yield, the

nitrogen release, and the amount of NO formation are presented in this section as

follows:

The major source of error in char yield was the mass loss in the feeding system.

In the LEFR experiments, black liquor solids were found to accumulate in the

transport tubes and the injector. Although, after each experiments, the reactor was

flushed with a high flow rate of nitrogen gas, there still were some particles

accumulated in the injector. These particles cause an error in the amount of the actual

black liquor input weight since they were included as the actual black liquor input

weight but they were not fed into the reactor. In the worst case, the maximum relative

error in the actual black liquor input weight is estimated to be 20 % and this will cause

a 20 % relative error in the char yield. However, the average relative variation in the

char yield from the duplicate experiments was less than 8%.

Since nitrogen release was calculated by subtracting the nitrogen remaining in

char from the total nitrogen input, a source of error in the nitrogen release was the

analysis of nitrogen content in black liquor solids and char samples. The nitrogen

content in black liquor solids and char samples was very small and was close to the

detection limit of the Kjeldahl method. Therefore, the accuracy of the nitrogen content

analysis was not very good. Carangal° found that some of the duplicate analyses
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showed differences greater than 0.01 wt% of nitrogen. At the highest char nitrogen

content, 0.06 wt%, the relative error was 17%.

Another possible source of error in the nitrogen release was the mass loss in the

feeding system which affects the char yield. Thus the nitrogen release will be effected if

there was an error in the char yield (see Appendix A.10 for the calculation of the

nitrogen release).

The NO formation was calculated based on the amount of NO formed and the

total nitrogen input weight. Thus the sources of error will be the mass loss in the

feeding system which affects the amount of nitrogen input, the accuracy of nitrogen

content in the black liquor solids, and the accuracy of the measurement of the NO

concentration by the NO-NOx analyzer. The details of the NO formation calculations

are presented in Appendix A.B. In the worst case, the maximum error in the amount of

NO formation is estimated to be 20%. However, the average relative difference in NO

formation from duplicate runs was less than 8%.
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Chapter 6

Conclusions

The conclusions for nitrogen evolution, NO formation from combustion air,

and NO reduction by fume are as follows :

6.1 Conclusions for nitrogen evolution during pyrolysis

During pyrolysis, more nitrogen is released as residence time and temperature

increase.

A model for the nitrogen release during pyrolysis was developed by separating the

pyrolysis stage into two sub-stages. The first stage is the initial stage during which

nitrogen is released rapidly from black liquor solids. The second stage can be called

extended pyrolysis during which nitrogen is released much more slowly compared

to the first stage.

The first stage could be negligible below 600°C.

For the second stage of pyrolysis, a model for nitrogen release was developed as a

function of time and temperature.

Nitrogen evolution was directly proportional to carbon evolution.

The rate of nitrogen evolution with respect to the rate of carbon evolution

decreased as temperature increased. At low temperatures (400 - 600°C), the rate of

nitrogen evolution was higher than the rate of carbon evolution.
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At complete combustion, part of the nitrogen remained in the smelt residue (5% for

the liquor studied at 900°C and above).

A simple model for nitrogen release during black liquor combustion was suggested

by separating the combustion stage into three sub-stages which are pyrolysis,

combustion, and complete combustion.

6.2 Conclusions for NO formation from combustion air

Experiments conducted in nitrogen and inert gas suggested that there was NO

formation from the combustion air.

The NO formation from the combustion air was prompt NO, not thermal NO,

because it occurred even at 700°C at which temperature thermal NO is not formed,

and the NO formation decreased as temperature increased which is obviously not a

thermal NO behavior.

For the liquor studied, prompt NO formation was 30% of the total NO production.

6.3 Conclusions for NO reduction by fume

The effect of molten sodium carbonate on NO reduction was negligible in black

liquor pyrolysis experiments.

During combustion, approximately 5-6 % of the observed NO could be explained

by the reaction by molten sodium carbonate in the absence of CO or other reducing

gases.
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Chapter 7

Recommendations for Future Work

Additional studies are needed in several areas of NO formation and reduction.

The recommendations for future work are as follows :

The effect of temperature on nitrogen and carbon evolution during black liquor

combustion should be investigated.

A more complex model of nitrogen release during black liquor combustion should

be developed. More combustion experiments at low temperature may be needed.

More experiments are needed in order to develop a global model for the NO

formation from the combustion air.

The effects of char and fume on the NO reduction should be investigated especially

in the black liquor combustion.

The effect of black liquor composition on NO formation and reduction should be

investigated.

Char combustion experiments should be conducted at different temperatures and

residence times to determine nitrogen release during char burning.
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A.1 Particle Surface Temperature Calculations

The calculation was based on several assumptions The reaction is C + 1/202 4

CO and it is limited by oxygen mass transfer. There is convection and radiation heat

transfer in the system and the system is at a steady state.

The difference between the particle surface temperature and the furnace

temperature is given by

where

Tp -Tg = (-AHr) (-rA)

heff

(A-1)(19)

Tp = particle surface temperature ( °C)
Tg = furnace temperature ( °C)
Mir = heat of reaction of CO for the reaction C + 1/202 4 CO

= 110525 (J/mol)
heff = effective heat transfer coefficient for film surrounding particles

(J/(sec-m2-K)
-rA = the rate of reaction of carbon with oxygen around particle

(mol/m3-s)

The rate of reaction (-rA) is limited by transfer of oxygen to the surface and

given by

-rA = kg (CO2butk-0O2surface) (A-2)

but concentration of oxygen at the surface is very small, thus Co2s,face --- 0, and

equation (A-2) becomes

-rA

where

= kgCcabuik = kg P) jm__
RTg

(A-3)



X02 =
Tg =

kg =

reactor pressure (atm)
oxygen content in the reaction gas
furnace temperature (K)
gas constant = 8.314 x 105 (atm.thmol.K)
mass transfer coefficient (m/s)

For forced convection around a solid sphere, kg is given by

where

k d
D

2.0 + 0.6Re1/2Sc1/3

Re = Reynold number = dup/1.1
Sc = Schmidt number = 4/(pD)

(A-4)(23)

By assuming that the gas velocity is equal to the solid velocity, Re = 0, and

equation (A-4) becomes

where

where

kg 2D
d

diffusivity of oxygen in nitrogen (m2/s)
diameter of the particle (m)

Diffusivity of oxygen in nitrogen is given by

(A-5)

1.86x10-3 m2 /s Tf 312 mol wo (A-6)(23)
P/atm (aN2_02/A°)2 S2

Tf = film temperature which is an average between particle surface
temperature and furnace temperature (K)

Mw = molecular weight
atmospheric pressure (atm)

aN2-02 = the collision diameter (A°)
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S2 = the collision integral

For forced-convection heat transfer from a single sphere, the effective

coefficient of heat transfer (heff) is calculated by

hD = 2.0 + 0.6 Relrz PrI/3
k

(A-7)(24)

Again, by assuming that the gas velocity is equal to the solid velocity, Re = 0,

and equation (A-7) becomes

h

where

2k
d

thermal conductivity (J/ s-m-K)
diameter of the particle (m)

The thermal conductivity (k) of the gas is given by

(Cp + (5/4)R)µ/Mw

where

(A-8)(24)

(A-9)(24)

Cp = heat capacity at constant pressure per mole (J/mol), for
nitrogen, Cp = 6.5 + 0.001Tf (J/mol)
gas constant = 8.314 J/mol-K

11 = viscosity (g/m-s)
Mw = molecular weight

Viscosity also depends on temperature and is given by

2.6693 x 10-5(MwTf)1/2

aN2_022n

where

(A-10)(24)



Tf = film temperature which is an average between particle surface
temperature and furnace temperature (K)

Mw = molecular weight
6N2-02 = the collision diameter (A°)

the collision integral

For radiation, the effective coefficient of heat transfer (hell) is calculated by

where

a =
Tp =
Tg =

(Tp4 Te)
Tp -Tg

(A-11)(24)

Stefan Boltzman constant = 5.67 x 108 (J/sec-m2-K4)
particle surface temperature (K)
furnace temperature (K)

Combining equation (A-8) and (A-11),

heff 2k + 6 (Tp4 I?)
d Tp - Tg

(A-12)
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The particle temperature can be calculated by inserting the results from

equation (A-3) and (A-12) into equation (A-1). First, the particle temperature was

estimated at a specific furnace temperature, a new particle temperature was then

obtained by above calculations. The error of the estimation was determined between

the calculated particle temperature and the actual particle temperature until the error is

very small, then the estimated particle temperature that yield small errors will be the

calculated particle temperature. This is an iterative process. The program for the

particle surface temperature was written on MATLAB and is presented in Table A-1.
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Table A-1 The program for the particle surface temperature calculation

%Surface Temperature Calculation for N2 atmosphere
clear all;

tg = input('Enter furnace temperature(K): ');
tp = tg + 200; %initial value
dp = 120e-6;
o = input('oxygen content (%): ');
vgas = 0;
mwn = 28; molecular weight of nitrogen
mwo = 32; molecular weight of oxygen
en = 1;
while (abs(err) > le-5);
tf = (tg+tp)/2;
sig =3.6325; Lennard_Jones potential for oxygen nitrogen -A
sign = 3.798; Lennard_Jones potential for nitrogen-A
coll = 0.8018; average collision integral for oxygen-nitrogen (700C 1400 C)
colln = 0.773259; average collision integral for nitrogen (700C - 1400 C)
diff = (1.86e-3*(tf) A1.5)*(1/mwn+1/mwo)/1/sig^2/coll* 1 e-4;
kg = 2*diff/dp;
R = 8.314e-5;
rate = kg*o/100/R/(tf);
cp = 6.5 +0.001 *(tf); cp for nitrogen
vise = 2.6693e-5*mwn^0.5*(tf)^0.5/signA2/colln;% unit in gjcm-s
k = (cp + 5/4*1.987)*visc/mw*100*4.184; %unit in J/s-m-K
sigma = 5.67e-8;
func = tp^4-tg^4;
heff = k*(2/dp)+ sigma*func/(tp-tg);
hr = 110525;
temp = (-hr)*(-rate)/heff;
tpnew = tg + temp;
en = (tpnew tp)/tpnew*100;
tp = tpnew;
end;
disp 'The surface temperature is
tp

A.2 Calculation of rate constant for NO reduction reaction

The rate of NO reduction was assumed to follow a pseudo first order rate

expression as follows :



_,,,, =

where

-rNo""

a

=

=
PNO =
HNO =
DNomr. =
k1 =
kag =

where

where
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a P vo (A-13)('9)
1/kag + HNADNo/Nak1)II2

rate of NO reduction based on the volume of reactor
(mol/cm3-s)
interfacial area per reactor volume (cm2/cm3)
partial pressure of NO (atm)
phase distribution coefficient (atm-cm3/mol)
diffusivity of NO in Na2CO3 (cm2/s)
pseudo first order rate constant (1/s)
mass transfer coefficient (mol/cm2-atm-s)

-rNo"" is calculated by

-rNo"" =

NOin =
NOout =
t =

DNoiNa is given by

DNotNa =

MWNa =

l-t

T

kag was calculated by

(NOin NOout )/t (A-14)

inlet NO concentration (mol/m3)
outlet NO concentration (mol/m3)
residence time (s)

017.3 x 1018014vrEn' (A-15)(26)

association factor for solvent = 1
molecular weight of sodium carbonate
viscosity of molten sodium carbonate (cp)
3.832 x 10-5 exp(13215T) (cp), T is temperature (K)(27)
temperature (K)
solute molal volume at boiling point of NO (m3/kmol)
0.0236 m3/kmol



kag

RT

For forced convection around a solid sphere, kg is given by

where

k d
D

2.0 + 0.6Rel2Sci/3

Re = Reynold number = dup/p.
Sc = Schmidt number =1.1./(pD)

(A-16)

(A-17)(23)

By assuming that the gas velocity is equal to the solid velocity, Re = 0, and

equation (A-17) becomes

where

kg = 2D (A-18)
d

diffusivity of oxygen in nitrogen (m2/s)
diameter of the particle (m)

Diffusivity of oxygen in nitrogen can be calculated by using equation (A-6) in

Appendix A.1

HNO was obtained by

HNO = 1/KH (A-19)

where

HNO = phase distribution coefficient (atm-m3/mol)
KH = Henry's Law constant (mol/m3-atm)

and KH is given by

KH

where

(mol/m3-atm)exp (- 4itNr2y)
(82.06 T)

Avogadro's number = 6.022 x 1023

(A-20)(28)
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a is given by

where

molecular radius (m) = 1.26 x 10-1° m
(254.8 - 0.0502t)/1000 (N/m), t = temperature ( °C) (29)
Temperature (K)

a = particle surface area/ reactor volume (A-21)

4 37iWILLILI2- 41tr 2 (A-22)
Vr

3in/(prpVr)

m = total mass of sodium carbonate input (g)
P = density of sodium carbonate (g/cm3)

= 2.4797 - 0.4487 x le 1427), T = temperature (K)
rp = radius of sodium carbonate particle = 120x10 m
Vr = reactor volume

By rearranging equation (A-13), k1 will be given by

k1 = alvg)2 (A-23)
DNoiNa (aPNci-rNo- l/kag)2

A.3 Calculation of reaction rate coefficient in NO reduction experiments

We assume that the gas velocity is equal to the solid velocity in the LEFR and

that we have plug flows of both the gas and particles. This makes the calculations

identical to those in a batch reactor.

For a batch reactor

XNO,f

CN0,0V J (dXxol-rNo')
W 0

(A-24)"9)



where

t =
CN0,0 =
W =
XNO =
XNO,f =
V =
-rNo' =

but

where

-rNo' W

residence time (s)
initial NO concentration (mol/m3)
weight of Na2CO3 (g)
NO conversion
NO conversion at time t
void volume of the reactor (m3)
rate of reaction based on weight of Na2CO3(mol/g-s)

-rNo""Vr

rate of reaction based on reactor volume (mol/m3-s)

(A-25)
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Vr = reactor volume (m3)

By assuming that the void volume of the reactor is approximately the same as

the reactor volume, equation (A-24) becomes

XN0,f

CAO (dXNot-rNo'''') (A-26)
0

By inserting equation (A-13) into equation (A-26) and integrating, the

concentration of NO is given by

where

CNO CNO,OeXP ( -KRTt) (A-27)

CNO NO concentration at time t (mol/m3)
CN0,0 = initial NO concentration (mol/m3)

gas constant = 8.314 J/mol-K
temperature (K)

a
l/kag + HNoDNo/Naki)
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When calculating the reaction rate coefficient from the NO reduction

experiments, CNO is known and we solve for k1 in equation (A-27). When estimating

the reduction of NO in black liquor combustion, we know k1 and solve for CNO.

A.4 Black liquor solids input

In the LEFR experiments, after each runs, part of black liquor input was

retained in the reactor. The reactor was flushed with a high flow rate of nitrogen gas.

The flushed material is assumed to have volatilized to the same extent as the char in the

experiments.

The actual black liquor solids input is given by

where

BLSinput

BLSinput

char..
chartinsh

BLSfeed

charms BLS feed

char + char flush

actual black liquor solids input (g)
char weight obtained from the experiment (g)
char weight obtained from flushing (g)
black liquor solids fed into the reactor (g)

For example, in the first run in the Table B-1 (AHO1A)

charnush

BLS feed

BLS input

0.781g
0.0036 g
1.3677 g

0.781 x 1.3677 = 1.3614 g
0.781 + 0.0036

(A-28)



A.5 Total nitrogen input

where

The total nitrogen input is given by

Ninput

Ninput

Ncontent

BLSinput

Ncontent x BLSinput (A-29)

the total nitrogen input (g)
the nitrogen content in black liquor solid = 0.0006
actual black liquor solids input (g)

For example, in the first run in the Table B-1 (AHO1A)

Ncontent

BLSinput

Njnput

A.6 Char yield

where

0.0006
1.3614 g

0.0006 x 1.3614 = 0.0008 g

the char yield is given by

char yield x 100% = chare x 100%
BLSmr

charex = char weight obtained from the experiment (g)
BLS input = actual black liquor solids input (g)

For example, in the first run in the Table B-1 (AHOIA)

charex
BLS input

0.781 g
1.3614 g

char yield x 100% = 0.781/1.3614 x 100 = 57.37 %

(A-30)
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A.7 The total NO

In the LEFR experiments, the amount of NO formation was measured until no

NO was detected. The total NO is calculated by using the data from the acquisition

files obtained from the chemiluminescence NO-NOx analyzer as follows :

where

NOtotm =
NO. + NO

' 1+1) x (A-31)

NO; = NO concentration at time i (ppm.$)
ti = time (s)

A.8 Conversion of fuel N to NO

The amount of NO formation is given by:

g N as NO x100% =
g Fuel N

where

NOtotai =
P =
QS =
(:)(1 =

Njnput

NOtow )(P(Qs +0\
14

g N
106 x 60) RT mol NO)

N input

x100% (A-32)

total NO from Chemiluminescence NO-NOx analyzer (ppm.$)
reactor pressure (1 atm )
secondary gas stream flow rate (1/min)
quench gas stream flow rate (1/min)
gas constant = 0.08205 l.atm/ mol.K
temperature (K)
total nitrogen input (g)

For example, in the first run in the Table B-1 (AHO1A)
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NOtota,

P =
Qs =
Qq

Ninput =

678.51 ppm.s
1 atm
13.21/min
14.41/min
0.08205 Latnn/ mol.K
1173 K
0.0008 g

( 678.51 yl x (13.2 +14.4)y14 g N
g N as NO

x100% = 006 x 60A0.08205 x 1173A mol NO)
x100%g Fuel N 0.0008

= 5.559 %

A.9 Total nitrogen remaining in char

where

The total nitrogen remaining in char is calculated by

Nchar = Char N content / 100 x Char. (A-33)

Naar = total nitrogen remaining in char (g)
charex = char weight obtained from the experiment (g)
Char N content= the nitrogen content in char (%)

For example, in the first run in the Table B-2 (NO1A)

charex = 0.9612 g
Char N content= 0.04 %

Nchar

A.10 Nitrogen release

0.04/100 x0.9612 = 0.000384 g

The nitrogen release is obtained by subtracting the nitrogen remaining in the

char from the total nitrogen input



where

g N release x 100% = x 100
g Fuel N Njnput

Char N content
Ncontent

Nchar

Ninput

100% Char N content x Char yield % (A-34)
Ncontent

the nitrogen content in char (%)
the nitrogen content in black liquor solid (%)
total nitrogen remaining in char (g)
total nitrogen input (g)

For example, in the first run in the Table B-2 (NO1A)

Char N content = 0.04 %
Ncontent = 0.04
char yield = 61.769

g N release x 100 % = 100% - 0.04/0.06 x 61.769 = 58.820
g Fuel N
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Appendix B

Experimental Data and Results
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Table B-1 LEFR experimental data and results for black liquor pyrolysis and
combustion in argon/helium mixture atmosphere

EXPERIMENT NO. AHO1A AHO1B AHO2A AHO2B AHO3A AHO3B AHO4A

Date 10/19/96 10/19/96 10/19/96 10/19/96 10/26/96 10/26/96 10127/96

Oxygen Content (%) 0 0 4 4 0 0 4

Helium Content (%) 1 1 0.95 0.95 1 1 0.95

Reactor Path Length (inches) 16.625 16.625 16.625 16.625 16.625 16.625 16.625

Residence Time (sec) 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Reactor Temperature (C) 900 900 900 900 1100 1100 1100

GAS FLOW

Primary Flow (1/min) 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Secondary Flow (1/min) 13.2 13.2 13.2 13.2 12.1 12.1 12.1

He (1/min) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

02 (1/min) 0.0 0.0 0.5 0.5 0.0 0.0 0.5

Ar (1/min) 13.1 13.1 12.5 12.5 12.0 12.0 11.5

Quench Flow (/min) 14.4 14.4 14.7 14.7 13.3 13.3 13.5

NOx Meter Scale (ppm) 25 25 25 25 25 10 25
Total Running Time (sec) 200 200 200 300 300 200 200

BLACK LIQUOR DATA

BLS before (g) 22.5998 20.9802 21.5507 21.2131 22.9242 20.2448 22.4306
BLS after (g) 21.2321 19.9298 21.3149 19.9974 18.7542 18.8082 20.8377

BLS Input Weight (g) 1.3677 1.0504 0.2358 1.2157 4.1700 1.4366 1.5929

Flush Char Weight (g) 0.0036 0.0030 0.0036 0.0006 0.0080 0.0006 0.0491

Actual BLS Input Weight (g) 1.3614 1.0459 0.2274 1.2145 4.1552 1.4355 1.4114

Total Fuel N Input (g) 0.0008 0.0006 0.0001 0.0007 0.0025 0.0009 0.0008

NO DATA

Total NO Released (ppm.$) 678.5108 800.9389 573.0066 2832.935 207.8372 176.8818 4413.296

g N as NO/ g Fuel N (%) 5.559 8.542 28.354 26.250 0.438 1.079 27.624

CHAR DATA

Char Weight (g) 0.781 0.691 0.0977 0.5981 2.2475 0.7883 0.3819
Char Yield (%) 57.3664 66.0701 42.9601 49.2473 54.0887 54.9144 27.0576

NOTE
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Table B-1 LEFR experimental data and results for black liquor pyrolysis and
combustion in argon/helium mixture atmosphere (Continued)

EXPERIMENT NO. AHO4B AHO5A AHO5B AHO6A AHO6B AHO7A AH07B

Date 1027/96 1029/96 10/29/96 10/30/96 10/30/96 10/30/96 10/30/96

Oxygen Content (%) 4 21 21 0 0 21 21

Helium Content (%) 0.95 0.79 0.79 1 1 0.79 0.79

Reactor Path Length (inches) 16.625 16.625 16.625 28.625 28.625 28.625 28.625

Residence Time (sec) 0.6 0.6 0.6 1.6 1.6 1.6 1.6

Reactor Temperature (C) 1100 1100 1100 700 700 700 700
GAS FLOW

Primary Flow (1/min) 0.5 0.5 0.5 0.32 0.32 0.32 0.32
Secondary Flow (1/min) 12.1 12.2 12.2 10.0 10.0 10.2 10.2

He (1/min) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

02 (1/min) 0.5 2.6 2.6 0.0 0.0 2.1 2.1

Ar (1/min) 11.5 9.5 9.5 9.9 9.9 8.0 8.0

Quench Flow (1/min) 13.5 14.6 14.6 10.8 10.8 12.0 12.0

NOx Meter Scale (ppm) 25 25 10 10 10 25 25

Total Running Time (sec) 200 200 200 200 200 200 170

BLACK LIQUOR DATA

BLS before (g) 23.0620 21.2932 24.31131 23.4310 21.5826 22.9451 21.1038
BLS after (g) 21.3029 20.9323 23.8730 21.5828 19.8537 21.1037 20.4207
BLS Input Weight (g) 1.7591 0.3609 0.4451 1.8482 1.7289 1.8414 0.6831

Flush Char Weight (g) 0.0111 0.0036 0.0017 0.0300 0.0250 0.0133 0.0062
Actual BLS Input Weight (g) 1.7261 0.3463 0.4373 1.8014 1.6942 1.7711 0.6484
Total Fuel N Input (g) 0.0010 0.0002 0.0003 0.0011 0.0010 0.0011 0.0004
NO DATA

Total NO Released (ppm.$) 5826.055 2341.497 2750.478 1016.835 1181.109 8924.214 2920.445
g N as NO/ g Fuel N (%) 29.819 62.473 58.112 5.726 7.072 54.561 48.769
CHAR DATA

Char Weight (g) 0.5806 0.0852 0.095 1.1546 1.2196 0.3349 0.1159
Char Yield (%) 33.6365 24.6052 21.7255 64.0948 71.9880 18.9095 17.8744
NOTE
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Table B-1 LEFR experimental data and results for black liquor pyrolysis
and combustion in argon/helium mixture atmosphere (Continued)

EXPERIMENT NO. AHO8A AHO8B AHO9A AHO9B AH1OA AH10B AH11A

Date 11/1/96 11/1/96 11/1/96 11/1/96 11/8/96 11/8/96 11/8/96

Oxygen Content (%) 0 0 4 4 21 21 4

Helium Content (%) 1 1 0.95 0.95 0.79 0.79 0.95

Reactor Path Length (inches) 28.625 28.625 28.625 28.625 28.625 28.625 28.625

Residence Time (sec) 1.6 1.6 1.6 1.6 1.6 1.6 1.6

Re ctor Temperature (C) 900 900 900 900 900 900 1100

GAS FLOW

Primary Flow (1/min) 0.26 0.26 0.26 0.26 0.26 0.26 0.2

Secondary Flow (1/min) 10.1 10.1 10.1 10.1 10.2 10.2 9.6

He (1/min) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

02 (1 /min) 0.0 0.0 0.4 0.4 2.1 2.1 0.4

Ar (1/min) 10.0 10.0 9.6 9.6 8.0 8.0 9.1

Quench Flow (1/min) 10.8 10.8 11.0 11.0 11.9 11.9 10.4

NOx Meter Scale (ppm) 10 10 25 25 25 25 25

Total Running Time (sec) 200 200 200 200 200 200 200

BLACK LIQUOR DATA

BLS before (g) 21.7441 20.3762 23.4587 23.0892 22.0200 22.8821 23.6423

BLS after (g) 19.9324 19.0578 23.0896 22.4848 20.543# -Tt . 40 8 2 22.1735

BLS Input Weight (g) 1.8117 1.3184 0.3691 0.6044 1.4764 1.4739 1.4688

Flush Char Weight (g) 0.0682 0.0198 0.0016 0.0012 0.0418 0.0086 0.2462

Actual BLS Input Weight (g) 1.7128 1.2884 0.3655 0.6018 1.2759 1.4323 0.2561

Total Fuel N Input (g) 0.0010 0.0008 0.0002 0.0004 0.0008 0.0009 0.0002

NO DATA

Total NO Released (ppm.$) 482.4434 302.2808 1071.137 1844.774 8405.738 8468.526 1987.29

g N as NO/ g Fuel N (%) 2.383 1.985 25.015 26.169 58.933 52.890 53.594

CHAR DATA

Char Weight (g) 1.1811 0.8489 0.1634 0.2736 0.266 0.2961 0.052

Char Yield (%) 68.9573 65.8905 44.7033 45.4666 20.8480 20.6730 20.3023

NOTE
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Table B-1 LEFR experimental data and results for black liquor pyrolysis
and combustion in argon/helium mixture atmosphere (Continued)

EXPERIMENT NO. AH11B AH12A AH12B

Date 11/8/96 11/8/96 11/8/96

Oxygen Content (%) 4 21 21

Helium Content (%) 0.95 0.79 0.79

Reactor Path Length (inches) 28.625 28.625 28.625

Residence Time (sec) 1.6 1.6 1.6

Reactor Temperature (C) 1100 1100 1100

GAS FLOW

Primary Flow (1/min) 0.2 0.2 0.2

Secondary Flow (1/min) 9.6 9.6 9.6

He (I/min) 0.1 0.1 0.1

02 (I/min) 0.4 2.0 2.0

Ar (Vann) 9.1 7.5 7.5

Quench Flow (1/min) 10.4 11.2 11.2

NOx Meter Scale (ppm) 100 25 25

Total Running Time (sec) 200 200 200

BLACK LIQUOR DATA

BLS before (g) 23.4393 22.2266 23.2600

BLS after (g) 22.2264 20.7688 22.1618

BLS Input Weight (g) 1.2129 1.4578 1.0982

Flush Char Weight (g) 0.0565 0.0161, 0.0192

Actual BLS Input Weight (g) 0.9427 1.3664 0.9814

Total Fuel N Input (g) 0.0006 0.0008 0.0006

NO DATA

Total NO Released (ppm.$) 7974.295 9863.039 7825.951

g N as NO/ g Fuel N (%) 58.431 51.751 57.170

CHAR DATA

Char Weight (g) 0.1971 0.2408 0.1614

Char Yield (%) 20.9086 17.6224 16.4451

NOTE
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Table B-2 LEFR experimental data and results for black liquor pyrolysis
and combustion in nitrogen atmosphere

EXPERIMENT NO. NOIA NO1B NO2A NO2B NO3A NO3B NO4A

Date 8/6/96 8/6/96 8/6/96 8/6/96 8/2/96 82/96 8/3/96
Oxygen Content (%) 0 0 4 4 0 0 4

Reactor Path Length (inches) 17.75 17.75 17.75 17.75 29.75 29.75 29.75

Residence Time (sec) 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Reactor Temperature (C) 900 900 900 900 1100 1100 1100
GAS FLOW

Primary Flow (1/min) 0.5 0.5 0.5 0.5 0.5 0.5 0.6

Secondary Flow (1 /min) 16.4 16.4 16.3 16.3 32.0 32.0 31.4

N2 (1/min) 16.4 16.4 15.6 15.6 32.0 32.0 30.1

02 (1/min) 0.0 0.0 0.7 0.7 0.0 0.0 1.3

Quench Flow (1/min) 25.4 25.4 25.2 25.2 48.8 48.8 48.0
NOx Meter Scale (ppm) 10 10 25 25 25 25 10

Total Running Time (sec) 160 160 160 160 160 160 160

BLACK LIQUOR DATA

BLS before (g) 18.2781 18.4591 18.1762 18.0056 22.6961 21.8971 18.4496

BLS after (g) 16.7160 16.9752 17.3966 16.7954 21.0555 20.0506 17.1729

BLS Input Weight (g) 1.5621 1.4839 0.7796 1.2102 1.6406 1.8465 1.2767

Flush Char Weight (g) 0.0037 0.0042 0.0029 0.0034 0.0107 0.0176 0.0039
Actual BLS Input Weight (g) 1.5561 1.4764 0.7737 1.2027 1.6096 1.7936 1.2636

Total Fuel N Input (g) 0.0009 0.0009 0.0005 0.0007 0.0010 0.0011 0.0008
NO DATA

Total NO Released (ppm.$) 1464.639 901.0131 1727.342 2258.796 128.1313 205.8384 1023.684
g N as NO/ g Fuel N (%) 15.878 10.295 37.435 31.494 2.219 3.199 22.205
CHAR DATA

Char Weight (g) 0.9612 0.8291 0.3832 0.543 0.5555 0.597 0.3764
Char Yield (%) 61.769 56.156 49.525 45.150 34.512 33.285 29.788
Total N Content in Char (%) 0.04 0.03 0.03 0.04 0.04 0.04
Total Char N (g) 0.000384 0.000249 0.000115 0.000217 0.000222 0.000239
g Char N / g Fuel N (%) 41.17961 28.07804 24.7627 30.09971 23.00784 22.18973

g N Release/g Fuel N (%) 58.820 71.922 75.237 69.900 76.992 77.810
NOTE
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Table B-2 LEFR experimental data and results for black liquor pyrolysis
and combustion in nitrogen atmosphere (Continued)

EXPERIMENT NO. NO4B NO5A NO5B NO6A NO6B NO7A NO7B

Date 8/3/96 8/3/96 8/3/96 8/5/96 8/5/96 8/5/96 8/5/96
Oxygen Content (%) 4 21 21 0 0 21 21

Reactor Path Length (inches) 29.75 29.75 29.75 29.75 29.75 29.75 29.75
Residence Time (sec) 0.6 0.6 0.6 1.6 1.6 1.6 1.6

Reactor Temperature (C) 1100 1100 1100 700 700 700 700
GAS FLOW

Primary Flow (1/min) 0.6 0.65 0.65 0.5 0.5 0.5 0.5
Secondary Flow (1/min) 31.4 31.0 31.0 8.0 8.0 8.1 8.1

N2 (1 /min) 30.1 24.5 24.5 8.0 8.0 6.4 6.4

02 (I/min) 1.3 6.5 6.5 0.0 0.0 1.7 1.7

Quench Flow (1/min) 48.0 47.5 47.5 12.8 12.8 12.9 12.9
NOx Meter Scale (ppm) 10 10 10 10 10 25 10
Total Running Time (sec) 160 160 160 160 160 160 160

BLACK LIQUOR DATA

BLS before (g) 21.4722 18.3894 18.0320 18.4410 18.4185 18.2851 18.2927
BLS after (g) 19.1373 17.0353 16.7045 16.6947 16.6520 16.4232 16.6349
BLS Input Weight (g) 2.3349 1.3541 1.3275 1.7463 1.7665 1.8619 1.6578
Flush Char Weight (g) 0.0016 0.0038 0.0032 0.0045 0.0021 0.0016 0.0012
Actual BLS Input Weight (g) 2.3226 1.3312 1.3073 1.7386 1.7627 1.8594 1.6559
Total Fuel N Input (g) 0.0014 0.0008 0.0008 0.0010 0.0011 0.0011 0.0010
NO DATA

Total NO Released (ppm.$) 4445.377 3614.0391 2997.42 4769.919 4389.715 198.3106 126.2651
g N as NO/ g Fuel N (%) 52.461 73.544 62.114 27.731 25.171 1.091 0.780
CHAR DATA

Char Weight (g) 0.3014 0.2212 0.2068 1.015 0.9843 1.1937 1.0627
Char Yield (%) 12.977 16.616 15.819 58.381 55.839 64.198 64.175
NOTE



99

Table B-2 LEFR experimental data and results for black liquor pyrolysis
and combustion in nitrogen atmosphere (Continued)

EXPERIMENT NO. NO8A NO8B NO9A NO9B NIOA N1OB NIIA
Date 8/5/96 8/5/96 8/5/96 8/5/96 8/5/96 8/5/96 8/5/96

Oxygen Content (%) 0 0 4 4 21 21 4

Reactor Path Length (inches) 29.75 29.75 29.75 29.75 29.75 29.75 29.75

Residence Time (sec) 1.6 1.6 1.6 1.6 1.6 1.6 1.6

Reactor Temperature (C) 900 900 900 900 900 900 1100

GAS FLOW

Primary Flow (I/min) 0.5 0.5 0.5 0.5 0.5 0.5 0.36

Secondary Flow (1/min) 8.1 8.1 8.1 8.1 8.2 8.2 8.9

N2 (1/min) 8.1 8.1 7.8 7.8 6.5 6.5 8.5

02 (1/mill) 0.0 0.0 0.3 0.3 1.7 1.7 0.4

Quench Flow (1/min) 12.9 12.9 12.9 12.9 13.1 13.1 13.9

NOx Meter Scale (ppm) 10 10 100 100 100 100 25

Total Running Time (sec) 160 160 160 160 160 160 160

BLACK LIQUOR DATA

BLS before (g) 18.5026 18.0877 18.0985 18.0854 18.0602 18.3929 22.1497
BLS after (g) 16.3844 16.6610 16.3689 16.1682 17.0052 17.1972 21.4715

BLS Input Weight (g) 2.1182 1.4267 1.7296 1.9172 1.0550 1.1957 0.6782
Flush Char Weight (g) 0.0054 0.0083 0.0034 0.0104 0.0038 0.0019 0.0007

Actual BLS Input Weight (g) 2.0940 1.3877 1.7009 1.8232 1.0365 1.1869 0.6165

Total Fuel N Input (g) 0.0013 0.0008 0.0010 0.0011 0.0006 0.0007 0.0004
NO DATA

Total NO Released (ppm.$) 1228.988 1174.386 6189.712 8169.557 9707.622 11167.08 3512.734
g N as NO/ g Fuel N (%) 4.980 7.181 30.878 38.021 80.419 80.784 44.823
CHAR DATA

Char Weight (g) 0.4682 0.2953 0.2018 0.2018 0.2127 0.2569 0.007
Char Yield (%) 22.359 21.280 11.864 11.068 20.521 21.644 1.135

NOTE
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Table B-2 LEFR experimental data and results for black liquor pyrolysis
and combustion in nitrogen atmosphere (Continued)

EXPERIMENT NO. N11B N12A N12B

Date 8/5/96 8/5/96 8/5/96

Oxygen Content (%) 4 21 21

Reactor Path Length (inches) 29.75 29.75 29.75

Residence Time (sec) 1.6 1.6 1.6

Reactor Temperature (C) 1100 1100 1100

GAS FLOW

Primary Flow (1/min) 0.36 0.38 0.38

Secondary Flow (1/min) 8.9 8.7 8.7

N2 (1/min) 8.5 6.9 6.9

02 (1/min) 0.4 1.8 1.8

Quench Flow (1/min) 13.9 13.6 13.6

NOx Meter Scale (ppm) 25 25 100

Total Running Time (sec) 60 160 160

BLACK LIQUOR DATA

BLS before (g) 18.0818 22.2462 22.9512

BLS after (g) 16.8210 20.6131 21.3226

BLS Input Weight (g) 1.2608 1.6331 1.6286

Flush Char Weight (g) 0.0033 0.0040 0.0025

Actual BLS Input Weight (g) 1.2465 1.6027 1.6061

Total Fuel N Input (g) 0.0007 0.0010 0.0010

NO DATA

Total NO Released (ppm.$) 6325.575 13690.03 11772.74

g N as NO/ g Fuel N (%) 39.922 65.814 56.476

CHAR DATA

Char Weight (g) 0.2886 0.211 0.1788

Char Yield (%) 23.152 13.165 11.132

NOTE
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Table B-3 LEFR experimental data and results for NO reduction on
the molten sodium carbonate in nitrogen atmosphere

Code NAO1A NAO1B NAO2A NAO2B

Temperature C 800 800 900 900

Res. time sec 1.6 1.6 1.6 1.6

Reactor length inch 27 27 27 27

GAS FLOW

Total flow (N2) limin 7.9 7.9 7.8 7.8

Primary flow (N2) 1/min 0.4 0.4 0.4 0.4

Secondary flow (N2) limin 7.5 7.5 7.4 7.4

NOx flow 1/min 0.42 0.42 0.42 0.41

Running time sec 300 300 300 300

Na2CO3 DATA

NaCO3 before g 20.2393 21.4893 22.2014 22.5871

NaCO3 after g 19.8631 20.3585 20.841 21.3057

NaCO3 output g 0.2696 0.2967 0.6847 0.6034

NaCO3 flush g 0.0066 0.5059 0.2174 0.1756

NaCO3 consumed g 0.3762 1.1308 1.3604 1.2814

Actual NaCO3 consumed g 0.36721 0.418027 1.032553 0.99255

NOx DATA

NOx meter ppm 250 250 250 250

NOx input ppm 100.8178 100.8178 102.045 100.6432

NOx output ppm 100.72 100.78 101.39 99.97

Total conversion % 0.10 0.04 0.64 0.67

NOTE




