
The effect of staged combustion on the emission of
submicron particles from a laboratory coal furnace

Item Type text; Thesis-Reproduction (electronic)

Authors Beittel, Roderick

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:10:39

Link to Item http://hdl.handle.net/10150/557818

http://hdl.handle.net/10150/557818


THE EFFECT OF STAGED COMBUSTION ON 
THE EMISSION OF SUBMICRON PARTICLES 

FROM A laboratory COAL FURNACE

by
Roderick Beittel

A Thesis Submitted to the Faculty of the
DEPARTMENT OF CHEMICAL ENGINEERING

In Partial Fulfillment of the Requirements 
For the Degree of
MASTER OF SCIENCE

In the Graduate College
THE UNIVERSITY OF ARIZONA

1 9  8 1



STATEMENT BY AUTHOR

This thesis has been submitted in partial fulfill
ment of requirements for an advanced degree at The University 
of Arizona and is deposited in the University Library to be 
made available to borrowers under rules of the Library.

Brief quotations from this thesis are allowable 
without special permission, provided that accurate acknowl
edgment of source is made. Requests for permission for 
• extended quotation from or reproduction of this manuscript, 
in whole or in part may be granted by the head of the major 
department or the Dean of the Graduate College when in his 
judgment the proposed use of the material is in the inter
ests of scholarship. In all other instances, however, 
permission must be obtained from the author.

SIGNED:

APPROVAL BY THESIS DIRECTOR 
This thesis has been approved on the date shown below:

T. W. PETERSON 
Associate Professor of 
Chemical Engineering

Date



ACKNOWLEDGMENTS

I would like to thank; my advisor. Dr. T„ W.
Peterson, for his constant aid, encouragement, and patience; 
the other members of the Chemical Engineering Air Pollution 
Group, Mssrs. D. R. Pettit and W. P. Linak, who were at all 
times helpful and supportive; Professor J. 0. L. Wendt, for 
his willingness to share his expertise in coal combustion. 
Dr. J. W. Glass, who developed many of the experimental 
facilities used in this study, and patiently instructed me 
in their use. Special thanks are due Dr. j. W. White. 
Without his timely advice I would not have completed my 
graduate studies at the University. Mr. Richard van Reeth, 
College of Mines Machinist, was most helpful as was Mrs. ^ 
Rhoda Miller, Secretary, Department of Chemical Engineering.

I gratefully acknowledge the financial support pro
vided by the U.S.D.O.E. under Contract DE-AC01-79ET-1584, 
and by an H.E.W. Domestic Mining Minerals and Mineral Fuel 
Conservation Fellowship.

iii



TABLE OF CONTENTS.

Page
LIST OF ILLUSTRATIONS     . vi
LIST OF TABLES . . . . . . . . . . . . . . . .  viii
ABSTRACT . „ . . . . . . . . . . . . .  . . . . „ .• ix

chapter

1. INTRODUCTION . . . .  . . . . . . . . . . . . .  1
Pollutants from Coal Combustion ........  1
Fine Particle Formation . . . . . . . . .  3
Fine Particles and the Control of NO 
Emission . . . . . . . . . . . . . . . x. . . 7
Scope and Objectives of this Work . . . .  10

2. EXPERIMENTAL FACILITIES .. . . . ... . . ... 12
The Combustor  ............  12
The Premix Burner . . .  . . . . .  . . . . 13Air and Fuel Supply System . .  ........  16
Fuel Characterization  ..........  18
Temperature Measurement . . . . . . . . .  21
Gas Sampling and Analysis . . . . . . . .  21
The Convection Section . . . . . . . . . .  22
Particle Analyzers . . . .    26
Sulfur Analysis by Flash Volatilization . 27
Total Filter Samples . . . .  ..........  28
Sample Dilution 29
Anisokinetic Sampling . . , . . . . .  . . 30
Dilution Probe . . . . . . .  . . . . . . . 32

3. EXPERIMENTAL RESULTS . . . . . . .  ..........  37
Run 12-02-80 . . . . . . . . . . . . . . .  37
Run 3-25-81 . . V  . . . .  . . . . . .  . . 39
The Comparison of One-Stage and

Two-Stage Combustion   . . . . .  43

iv



V

TABLE OF CONTENTS —  Continued

Page
Runs 4—13—81 and 4—24—81 0 . , , . . .  . . 44
Run 6-23—81 . . . . . . . . . . . . . . .  59

DISCUSSION OF RESULTS . . . . . . . . . . . .  64
Aerosol Loading and N0X . . . . . . . . .  64
Increased Combustion Efficiency . . . . .  66
Time-Temperature Profile- . . . ; . . . .  . 67
Temperature Near Burnout . . . . , . . . . 67
The Effect of Particle Nucleation at
Different Times in the Combustor . . . .  69

Nucleation Deperident on Extent of
of Burnout . . . .     74

Nucleation Dependent on Temperature . . . 77
CONCLUSION . . . . . . . . . . .  . . . . . . 79

Suggestions for Future Work . . . . . . .  81

APPENDIX A: WATER SENSOR . . . . . . . . . . .  83
APPENDIX B: THE CONVECTIVE SECTION . . . . . .  86
APPENDIX C: SULFATE ANALYSIS . . . . . . . . .  93
APPENDIX D: THE DILUTION PROBE . . . . . . . .  106
APPENDIX E: EAA AND OPC DATA .     . 114
APPENDIX F: TOTAL FILTER RAW DATA . . . . . .  126.
REFERENCES .    129



LIST OF ILLUSTRATIONS

Figure Page
2.1 Laboratory combustor  ..........   . 14
2.2 Premix burner . . . . . . .  . . . .  . . . . . 15
2.3 Air and fuel supply system     . 17
2.4 Particle size distribution, Utah

bituminous coal . . . . . . . . . . . . . . .  20
2.5 Convective section . . . . . . . . . . . . . .  23
2.6 Cooling drawer . . . . . . . . . . . . . . . .  .25
2.7 Effect of velocity ratio on

concentration ratio  ................31
2.8 Dilution probe tip . . .  .......... . 34
2.9 Two-stage dilution probe . . . . . . . . . . .  35
3.1 Volume distributions, Run 12-02-81 . . . . . . 38
3.2 Volume distributions. Run- 3-25-81 . . . . . .  40
3.3 Sulfur distributions. Run 3-25-81 . . . . . .  42
3.4 Volume distributions, Run 4-13-81 . . . . . .  46
3.5 Volume distributions. Run 4-24-81 . . . . . .  47
3.6 Sulfur distributions. Run 4-13-81 . . . . . .  49
3.7 Sulfur distributions, Run 4-24-81 .   52
3.8 Size dependence of the effects of

staged combustion .  ......................... 53
3.9 Total filter photomicrographs,

low magnification . . . . . . . . . . . . . .  57



vii
LIST OF ILLUSTRATIONS —  Continued

Figure Page
3.10 Total filter photomicrographs,

high magnification  ..........  5.8
3.11 Volume distributions. Run 6-23-81 . . . . . .  60
3.12 Temperatures in the furnace and

convective section . . . . .    . . . .  61
3.13 Temperature and oxygen versus

residence time       63
4.1 The relationship between fine particle

volume and NOx concentration . . . . . . . . . 65
4.2 Temperature versus fuel burnout . . . . . . .  70
4.3 Variation of the ratio of two-stage 

to one-stage number concentration
with position . . . . . . . . . . . . . . . .  76



LIST OF TABLES

Table
2.1 Fuel compositions . . . . . . .
3.1 Combustion parameters and volume 

distribution totals . . . . . .
3.2 LPI sulfur analysis. Run 4-24-81
3.3 Total filter analysis . . . . .

viii



ABSTRACT

Particle size distributions were measured near the 
inlet and at the outlet of the convective section of a 
laboratory pulverized coal combustor, during one- and two- 
stage combustion. A high velocity (non-isokinetic) dilution 
probe was developed to sample submicron aerosol from the 
convective section. Dilution was accomplished in two stages, 
providing samples for physical collection (50:1 dilution) and 
size distribution analysis (2000:1 dilution).. The probe was 
used to sample at temperatures near 1000 K without plugging.

Staging, known to reduce NOx emission, also reduced 
fine particle loading. The relationship between NOx and fine 
aerosol concentration at the outlet was similar to that ob
served in full-scale boilers. Sulfur loading was measured 
at the outlet, and was also reduced by staging.

The time-temperature profiles were nearly identical 
for the two combustion methods, but temperature near fuel 
burnout was considerably lower for staged combustion. This 
suggests that temperature near burnout is an important factor 
in fine particle formation.

Theoretical analysis suggests that if particles nu
cleate at different times in the combustor under staged and 
unstaged conditions, then the observed ratio of staged to 
unstaged particle number concentration would vary with



X

location in the convective section. Such a dependence on 
location was seen experimentally.



CHAPTER 1

INTRODUCTION

Coal is an abundant energy source worldwide, and is 
the most plentiful fuel in the United States (Stoker et al. ,

1975) . Thus, in spite of difficulties inherent in its use, 
coal is expected to satisfy an increasing share of domestic 
energy requirements. Liquefaction and gasification may 
allow coal to be substituted for petroleum and natural gas, 
but direct combustion for power generation is likely to be 
its major use for some time to come.

Pollutants from Coal Combustion 
Three pollutants whose formation and abatement have 

been extensively studied in relation to changing coal quality 
and environmental standards are S0x, N0x,and particulates 
(Macek, 19 79). The bulk of the fuel sulfur is emitted as 
S0X , but some appears as particulate sulfates. Oxides of 
nitrogen originate from both fuel and atmospheric nitrogen, 
but Wendt and Pershing (1977) demonstrated that fuel nitro
gen is the source of most N0x in pulverized coal combustion. 
The N0x concentration in the exhaust depends mainly on the 
combustion configuration. The data of Crawford et al. (1975)
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showed that as a group, wall-^fired boilers produce more 
than tangentially fired boilers. Wendt, and Pershing (19 77) 
simulated these burner types with divergent and axial injec
tors in a laboratory furnace, and attributed the difference 
to efficiency of fuel-air mixing. Combustion modifications 
which cause delayed fuel-air mixing lead to lower N0x emis
sions in industrial (Crawford et al., 1975; Cato et al.,
1977), pilot plant (Armento and Sage, 1975), and laboratory 
(Wendt and Pershing, 19 77) furnaces.

The mineral content of North American coal ranges 
from 9 to 30%, with an average of 15% (Gluskoter, 19 78).
As much as 80% of the mineral matter can be retained as slag 
and drained off for disposal in the cyclone furnace, where 
much of the coal burns on slag-covered walls. Although some 
of the mineral matter is trapped as slag in. pulverized coal 
combustors, most of it escapes as fly ash.

Submicron ash, the focus of this work, contributes 
only about 1% of the total mass of solids in untreated 
exhaust from boilers (McElroy and Carr, 1981; Schmidt et al.,
1976). The size distribution is bimodal, and most of the 
mass appears in a broad mode with a mean size of 10 to 25 
micrometers (ym) (Schulz et al., 1975; Wall et al., 1979; 
Abele et al., 1980). The fine particles have been found to 
occur in a relatively harrow mode at 0.1 ym in industrial



(McElroy and Carr, 1981) and laboratory (Flagan and Taylor,
19 81) combustors. Particles smaller than a few micrometers 
in diameter show considerable enrichment in many trace 
species (Gladney et al., 1976; Biermann and Ondov, 1980; 
Davidson et al., 1974) , especially on the surface. This is 
generally attributed to condensation of volatilized material, 
although Stinespring and Stewart (1981) have shown that sur
face segregation can occur by diffusive transport within a 
particle at high temperature.

Both the electrostatic precipitator (ESP) and the 
fabric filter baghouse exhibit a minimum in collection effi
ciency for particles near a diameter of 0.1 ym. Submicron 
particles may make up 15 to 20% of the solids mass leaving 
the precipitator (McElroy and Carr, 1981; Schulz et al.,
1975), and coal-fired plants are among the largest indus
trial sources of fine particles in the U.S. (Dibbs and 
Marier, 19 75). Because of their large number concentration 
and enrichment in toxic species, fine particles may contri
bute significantly to visibility, meteorological (Dibbs and 
Marier, 1975) and health (Natusch et al., 1975) degradation 
in spite of relatively low mass concentration.

Fine Particle Formation
Separate mechanisms are required to explain the for

mation of coarse and fine particles (Flagan and Friedlander,



1978) „ In the breakup model, mineral inclusions dispersed 
through each coal particle are released into the gas phase 
as the carbon matrix disintegrates, or the inclusions co
alesce into larger particles. This model can predict the 
number distribution for particles 1 ym and larger, but does 
not account for the very large number of submicron particles 
found in flue gas. Flagan and Friedlander (1978) suggest 
that vaporized ash nucleates homogeneously to produce an 
extremely large number of very small particles. Once nucle
ated, they would grow by coagulation and heterogeneous con
densation as the gas cools. This model predicts a narrower, 
more concentrated fine particle mode than is observed in 
utility boilers. The discrepancy can be attributed to the 
fact that flow within a utility boiler is much more complex 
than plug flow, which was assumed in the model. Indeed, 
Flagan and Taylor (1981) found that data from a laboratory 
combustor was in good agreement with model predictions.

This is a viable model if materials found in fine 
ash can be vaporized at combustion temperatures, and if the 
vapor produced can nucleate despite the presence of sites 
for heterogeneous condensation (i.e., other particles).
The latter possibility has been demonstrated theoretically 
by McNallan et al. (1981). From nucleation, equilibrium, 
and rate calculations, they conclude that cooling rates



which might be found in the high temperature region of a 
furnace could cause homogeneous nucleation of silica in the 
presence of other particles.

Smith et al. (1979) reported that submicron particles 
(separated from ESP hopper ash) were composed largely of the 
same nonvolatile materials found in coarse particles (e.g., 
oxides of Si, Al, Ca), which suggests that bursting of larger 
molten droplets is the dominant mechanism producing fine 
aerosol. Taylor and Flagan (1981) found that submicron par
ticles from relatively low temperature combustion contained 
little Si or Al, whereas particles from higher temperature 
operation at the same (very fuel-lean) stoichiometric ratio 
Contained substantial Si, but no Al. The same laboratory 
combustor at high-temperature, near-stoichiometric operation 
produced fine particles containing both Si and Ca (Flagan 
and Taylor, 1981). The dependence of fine ash composition 
on combustor operation indicates that vaporization, rather 
than bursting, is probably the dominant process.

Neville et al. (1981) showed that the extent to 
which the temperature of a burning coal particle exceeds 
that of the surrounding gas depends strongly on the oxygen 
concentration, and is 50 0K even at 5% oxygen. In addition, 
metallic oxides may be reduced to more volatile species in 
the char matrix. These two factors lead to mineral vapori



zation rates in burning coal particles that are much higher 
than for the bulk ash at equivalent temperatures. Another 
paper by these workers (Mims et al., 1980) reports on ef
forts to model the extent of ash vaporization using labora
tory results.

Ulrich et al. (1978) calculated considerable equi
librium vaporization of common ash constituents at reduced 
oxygen concentration. They state in a later paper (Desro- 
siers et al., 1979) that, because of the rapidity of oxygen 
diffusion relative to surface reaction, oxygen concentration 
does not drop as low as was assumed, and that vaporization 
appears to be direct, rather than reduction-assisted. How
ever, since mineral inclusions may retain their physical and 
chemical form until burnout is nearly complete (Sarofim et 
al., 1977) reduction may still be important.

Soot formation is discussed at length by Nettleton 
(19 79). As shown by Smith et al. (1979) and collaborated by 
this work, soot is a minor constituent of fine particles. 
However, it can still provide a site for nucleation. Soot 
also illustrates the complex effect that changes in combus
tion method can have on products. Classman and Yaccarino 
(1980) found that increasing oxygen concentration in a gas 
diffusion flame increases adiabatic flame temperature, 
causing more pyrolysis and sooting, but also increases the
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particle burnup rate, Hence sooting will exhibit a mini
mum as a function of oxygen concentration.

Fine Particles and the 
Control.of N0x Emission

In light of the mechanisms proposed for fine parti
cle generation, combustion modifications implemented for N0x 
control are expected to affect aerosol characteristics. 
Schmidt et al. (1976) reported an increase in fine particu
lates during low N0x operation of a boiler. Visual examina
tion showed that samples from low-N0x operation contained 
more irregular, carbonaceous material than those from normal 
operation? hence the increase in fines may have been due to 
poor combustion.

The effect of NO controls (lowered excess air,x
biased burner firing, burners out of service) on a tangen- 
tially fired boiler were reported by Higginbotham et al. 
(1980). Total particulate loading was reduced under the 
same conditions that lowered NOx emissions. Size segrega
tion was coarse (three cyclones with cut diameters of 10, 3, 
and 1 ym), but indicated a shift to larger sizes. Flue gas 
SO2  varied only with fuel sulfur. (Although Higginbotham 
et al. (1980) used a single coal supply, there were signifi
cant variations in composition, e.g., 1.13 to 1.38% fuel 
nitrogen, 1.75 to 2.19% fuel sulfur. The inhomogeneity of



a "constant" fuel supply is a serious problem in coal re
search.) No difference in heat loss due to combustible 
material in the flyash was noted.

Crawford et al. (1975) reported the effect of N0X 
control modifications on several wall-fired and tangentially 
fired units. Total particulate concentrations from several 
tests at each facility were widely scattered, and no signi
ficant changes were observed. The carbon content of the 
particulates increased slightly for wall-fired units, and 
decreased for tangentially fired units. Corrosion rates 
were also measured and found to be unchanged or even 
slightly lowered with the modifications.

The potential for increased fouling and decreased 
efficiency with N0x controls is a major concern (Armento and 
Sage, 1975; Sohdreal et al., 1977). The foregoing demon
strates that performance is not necessarily degraded, and 
may even be improved in certain combustors. Units origin
ally designed for low NC>x operations will undoubtedly per
form much better than modified standard units.

McElroy and Carr (19 81) report field test results 
from six pulverized-coal utility boilers. In the course of 
evaluating electrostatic precipitators and fabric filter 
baghouses, detailed particle and gas emission data were 
gathered. The main thrust of the report was the conspicuous



association between fine particle and N0X emissions, but an 
excellent discussion of some problems in fine aerosol samp
ling is offered as well. Complete mass distributions (from
0.01 to 10.0 urn) from each plant are presented, showing the 
dominance of the coarse material over the submicron peak.
A detailed comparison of the averaged fine modes shows the 
variability of fines emission from plant to plant (both the 
absolute mass, and the fraction of the total mass found in 
submicron mode, vary by a factor of ten). Of particular 
interest is the large day-to-day change in fines emission 
from a single plant, with constant load and NO^. This sug
gests that attempts to quantify the effect of combustion 
modifications on fine aerosol emission by modifying an 
existing full-scale boiler may be fruitless. McElroy and 
Carr (1981) take a different approach: fine aerosol volume 
is plotted against NOx for all the boilers under a variety 
of loads and conditions (but with no modifications to normal 
operation). Despite considerable scatter in the data, it 
is apparent that low aerosol mass is associated with low 
NC> emissions.

X

Taylor and Flagan (1981) tested the effect of wall 
temperature, stoichiometric ratio, residence time, preheat 
temperature, swirl, and primary-secondary air velocity dif
ference (shear rate), on particle formation in a laboratory



10
coal combustor. The correlation between fine particle 
loading and NOx from four different burners (each operated 
over a range of the above parameters) was similar to that 
found by McElroy and Carr (19 81), both in slope, absolute 
value, and degree of scatter. Wall temperature, stoichio
metric ratio, preheat temperature, and swirl were important 
factors (in multiple linear regression) for individual 
burners. Only wall temperature and shear rate were impor
tant when all burners were considered. Although N0V appears 
to be correlated with fine particles, statistical analysis 
showed that it was not correlated with the combustor operat
ing conditions. In discussing the formation of the two 
pollutants, they state that while the oxidation of fuel 
nitrogen is exothermic, and not very dependent on temperature, 
the converse is true of ash vaporization.

Scope and Objectives of this Work 
The emission of fine particles from coal combustion 

is a serious problem in itself, and is sensitive to combus
tion modifications intended for control of NO^. Although 
some general information is available relating overall 
trends of aerosol loading with NC>x control, the effect of 
modifications on particular combustors is, at present, 
unpredictable.
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A downflow, tubular, pulverized-coal combustor has 

previously been used in this laboratory to investigate the 
mechanism of NO^ formation. Physical separation of the com
bustion process into discrete fuel-rich and fuel-lean 
regions, i.e., staged combustion, has proven valuable in 
elucidating the mechanism by which delayed fuel/air mixing
abates NO emission. The utility of this approach for the x
study of fine aerosol formation is investigated in this work. 
Specifically, the objectives are to:

1. Attach a convective section to the existing coal 
combustor, i.e., a heat exchanger which will pro
vide a time-temperature profile similar to that in 
a utility boiler.

2. Develop a probe and analysis system for sampling 
fine aerosol in a combustion environment. A dilu
tion system is required, because of the nature of 
fine aerosol dynamics, and the limitations of avail
able equipment.

3. Measure fine particle emissions under staged and 
unstaged conditions, and compare the results to those 
from other studies of laboratory and industrial 
systems.

4. Propose physical and chemical mechanisms that quali
tatively account for the observed aerosol behavior.



CHAPTER 2

EXPERIMENTAL FACILITIES

The experimental facilities used were: (1) the
combustor, with gas sampling probe and analyzers; (2) the 
convective section; (3) the particle sampling probe and 
analyzers.

The coal combustor and gas sampling system were 
designed and built by Glass (1981), who describes the design 
basis, design calculations, physical construction, and vali
dation in detail. Only important points will be repeated 
here. The convective section and particle probe were devel
oped for this work, and will be described fully.

The Combustor
•In pulverized coal combustion, energy feedback must 

be provided to heat, devolatilize, and ignite the incoming 
coal particles. In industrial furnaces, back mixing is 
induced so that hot combustion products mix with the feed. 
This is also the case for most small-scale combustors, both 
for simulation, and because the large heat losses in such 
systems preclude a self-sustaining flame without the use of 
swirl for mixing.

12



13
The furnace developed by Glass (1981) is shown in 

Figure 2.1. The firetube, 15 cm in diameter and 2 m long, 
consists of three concentric Zircar alumina cylinders. The 
space between the outer cylinder and the steel shell is 
packed with Babcock and Wilcox Kaowool insulation. A cast 
refractory cone provides a smooth expansion and heating zone 
from the 5 cm premix burner outlet to the firetube. Once 
the furnace has been heated with natural gas, a stable coal 
flame can be established. Heat losses are low enough to 
maintain a high wall temperature, and the coal/air mixture 
is heated radiatively by the cone and wall. The residence 
time for unstaged operation was about Is. A detailed time- 
temperature profile under the experimental conditions used 
in this work is found in Chapter 3.

There were eight sample ports, made of 2-inch steel 
pipe nipples, unions, and gate valves, and welded to the 
steel shell of the combustor. Mullite tubes extend from the 
shell, through the bulk insulation, to the central Zircar 
cylinder.

The Premix Burner
The premix burner is shown in Figure 2.2. Its 

function is to intimately mix the coal and transport air 
with the preheat air, and deliver the mixture to the com
bustor with minimum radial segregation. The coal and
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transport air are added to the preheat air and blown, up 
against a flat plug. The air and coal drop down through a 
screen of water-cooled tubes. The screen increases mixing, 
and prevents preignition of the coal. It is taken as zero 
time and distance for the combustion process. For one-stage 
operation, all combustion air was premixed with the coal. 
For two-stage operation, part of the combustion air was 
injected through a slotted 3/8 in. stainless steel tube.
The injector was inserted through port 5 (1 meter from the 
screen), and spanned the inside diameter of the central 
zircar tube.

The flow in the combustor can be described as 
"laminar plug flow." The Reynolds number is low (~2000), 
and the burning coal has the appearance of a water shower—  
nearly straight stream-lines with little swirling or mixing 
At the same time, gas samples show little variation in com
position from center, to center + 5 cm (Glass, 1981). This 
flow pattern implies that residence times are well defined, 
and that the flow can be easily modeled.

Air and Fuel Supply System
The air and fuel supply system is shown in Figure 

2.3. Air from the laboratory compressor is cleaned with oi 
and water coalescers. Preheat air is heated to 530 °K with 
an electrical heater. Transport air and staged air are
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supplied at ambient temperature. The three air stream flow 
rates are metered separately with laminar flow elements.

Natural gas is supplied to a pilot/ignitor and to an 
injector at the top of the combustor for start-up. A screw 
feeder was used to supply pulverized coal to the transport 
air line. Although the screw feeder has been calibrated, 
the coal rate cannot be measured accurately. The coal feed 
rate must be inferred from the total air rate and oxygen 
level in the exit gas. Loss of supply air pressure, cooling 
water, or excessive temperatures at the burner cause the 
coal feeder to shut down. During start-up, loss of flame 
detection by U.V. "fire-eyes" shuts down the gas supply.
In no event is the air supply cut off as a response to com
bustor conditions.

Fuel Characterization 
Pulverized Utah bituminous coal was used in all 

experiments. The proximate and ultimate analyses are shown 
in Table 2.1. The mass mean diameter of the coal is about 
70 ym, and a complete particle size analysis is shown in 
Figure 2.4. An elemental analysis of air-sieved samples Of 
the coal showed that composition of the fuel is nearly size- 
independent (Glass, 19 81).
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Table 2.1. Fuel compositions.

Volatile
Matter

Fixed
Carbon Moisture Ash

Proximate Analysis
Utah Coal 40.6 . 44.3 5.6 9.4-

Carbon Hydrogen Sulfur Nitrogen Oxygen
(difference)

Ultimate
Analysis
Utah Coal 66.0 4.86 0.92 1.15 12.0
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Figure 2.4. Particle size distribution, Utah bituminous coal.
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Temperature Measurement 
The combustor was originally provided with thermo

couples at the centerline and the wall along the entire axis. 
At the time of this work, however, they had nearly all failed 
due to excessive temperature, corrosion, or breakage from 
accumulation of slag. A water-jacketed Type R thermocouple 
probe was inserted through the side sampling ports to take 
combustor temperature profiles. Previous work with this 
furnace indicates that, due to the high wall temperatures, 
corrections to the measured temperature for radiation losses 
are small (20 °K at 1400 °K measured, 60°K at 1700 °K meas
ured) . Only a few wall temperature measurements could be 
made, and these were near the relatively cool furnace outlet. 
Hence, temperatures reported are centerline temperatures, 
as measured with the water-jacketed thermocouple.

Gas Sampling and Analysis 
A water-cooled, water-quench probe was used for gas 

sampling. Gas sample is mixed with quench water immediately 
inside the probe tip. The quench water is removed in a 
stainless steel barometric leg. The sample is cooled to 
277 °K, and condensate is removed in a second stainless 
steel separator. (A sensor to protect the instruments from 
water damage was added to this separator, and is described 
in Appendix A.) The following instruments were used for 
continuous gas analysis:
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C^: Beckman Paramagnetic Model F3
CO: Beckman I.R. Model 864 
CO2 : Beckman I.R. Model 864 
N0X ; Thermo Electron Chemiluminescent 

NO/NQ Analyzer

Tests (Glass, 19 81) with this system, and solubility calcu
lations (Graves, 1981) for a similar system, demonstrated 
that gas analysis for these compounds is not affected by the 
use of a water quench.

The Convection Section 
A convective section was built and attached to the 

laboratory combustor. The design criteria were:
1. Cool the gas leaving the combustor with a residence 

time typical of utility boilers 1
2. Provide access for sampling of particles at several 

points between the inlet and outlet.
3. Allow for removal of ash that settles out or collects 

on cooled surfaces.
4. Provide some flexibility in the event that changes 

in cooling rate or residence time need to be made.

Design calculations and method of construction can be found 
in Appendix B. The final design is shown in Figure 2.5.
A duct 15 cm square was made of castable refractory lined
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with insulating board. Three horizontal 3-foot-long sec
tions, connected by two end sections, are 4.2 m in length 
(including the connection to the furnace). Settling of 
particles is not important in the size range (submicron) of 
interest. A straight particle probe can be pointed into the 
gas flow at the inlet, outlet, and at two intermediate 
points. Tube banks are removable for cleaning of the tubes 
and the duct, or for changing the number of tubes and the 
cooling rate. The cooling tubes were made from a single 
length of 1/4-inch copper tubing formed into double rows of 
eight, as shown in Figure 2.6. The tube banks are inserted 
into holes in the convective section and secured with wing 
nuts. Nine unsheathed Type K thermocouples are mounted 
along the axis of the convective section.

A gate valve on the exit of the convective section 
allows the duct pressure to be regulated. The laboratory 
exhaust system to which the duct is connected pulls a vacuum 
of about 1 inch water when the furnace is operating. It is 
advantageous to run the combustor only slightly below am
bient pressure, to minimize the tendency for air to leak into 
the system. During early operation of the combustor, the - 
draft from the exhaust system drew sufficient air through 
the uncoated refractory to dilute the gas in almost equal 
parts throughout the convective section. A thin layer of



25

Figure 2.6. Cooling drawer.
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Dow Silicone Sealant was spread over all exposed refractory 
and joints. This remedied the problem for the most part, but 
small leaks persist. The alternative to small air leaks at 
subambient operation is gas leakage into the laboratory.
The ventilation system in the lab does not provide adequate 
protection to personnel in this mode at present.

Particle Analyzers
Three instruments were available for size distribu

tion measurements. The Electrical Aerosol Analyzer (EAA) and 
the Optical Particle Counter (OPC) measure number of par
ticles in a particular size range, averaged over short time 
intervals. The nominal ranges for these instruments are 
0.00 32 to 1.0 ym for the EAA, and 0.3 to 10.0 ym for the 
OPC. No chemical analysis is possible with these machines. 
The third instrument, the Low Pressure impactor (LPI), 
physically collects particles on a separate impaction sur^ 
face for each size range. The collected material can then 
be analyzed. The time interval over which the size distri
bution is measured is larger with the LPI (10-60 min.) than 
with the OPC and EAA (1-7 min.).

Both the EAA (TSI Model 3030) and the OPC (Climet 
Model CI-20 8) are standard instruments intended for ambient 
sampling. Their use for hot combustion gas sampling requires 
dilution to near-ambient particle concentration and tempera
ture.
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The LPI is a modification of a Battelle Cascade 

Impactor, developed by Bering et al. (1978). The first 
four stages of a Battelle Impactor (Deiron model DCI-5) are 
used unaltered to segregate and collect particles 0.5 ym in 
diameter and larger. Four additional stages were constructed 
in-house using plans provided by Bering, These stages seg
regate and collect particles down to 0.05 ym diameter. As 
in the standard impactor, particles passing the last stage 
are collected on an afterfilter. A critical flow orifice 
separates atmospheric and subatmospheric stages, and main
tains a constant flow through the impactor. The critical 
orifice is the fifth stage of the standard impactor, but it 
is not used to collect particles in the LPI. Calibration 
results are found in Appendix C.

Sulfur Analysis by Flash Volatilization
Particles collected on vaseline-coated, stainless 

steel strips in the LPI were analyzed for sulfur by flash 
volatilization and flame photometric detection (Roberts and 
Friedlander, 1976). The system implemented in this labora
tory by Cauley (19 80) was used with a new flasher chamber 
developed for this work. Briefly, the system consists of a 
flasher chamber to heat the strip rapidly and collect the 
vaporized sample for an analysis by a Meloy SA 285 (flame 
photometric) sulfur analyzer. The analyzer is calibrated
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with a known concentration of S02. Because of the sensi
tivity of the Meloy analyzer to sample line resistance, the 
calibration gas must be passed through the flasher chamber.
The original chamber required 8-10 hours to reach 95% steady 
state with 120 ppb calibration gas. Flasher recovery was 
calibrated by vaporizing ammonium sulfate deposited on a 
strip in the chamber. Recovery was typically near 33%.

The new chamber was designed to improve the time 
response with calibration gas and recovery of flashed samples. 
The chamber volume is much Smaller and it is made of teflon 
rather than glass. The response time was dramatically im
proved; 95% steady state is reached in 10 to 20 minutes. 
Calibration can be checked immediately before analyzing 
samples, and throughout analysis. The recovery was not 
improved. Since surface area and material of the chamber 
had no effect on recovery, wall deposition or adsorption is 
probably not the major cause for poor recovery. Another 
advantage is ease of use. Placement of strips on the con
tacts is much faster than placing them in spring-loaded 
contacts in the original chamber. Chamber design and recov
ery tests are found in Appendix C.

Total Filter Samples
Total filter samples were collected for chemical 

analysis. Diluted flue gas was drawn through Pallflex
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QAST 2500 (25 mm quartz) filters. Flow rates were monitored 
with a rotameter.attached to the outlet of a Speedaire dia
phragm pump.

Sample Dilution 
As mentioned above, the available instruments are 

intended for ambient aerosol sampling. Hot combustion gas 
must be diluted and cooled to near-ambient particle concen
tration and temperature before it enters the instruments. 
Another factor dictating the use of a dilution probe is 
particle dynamics. Particle coagulation, and particle depo
sition on the sampling line walls both increase with tempera
ture and concentration. It is desirable to dilute the sample 
as quickly as possible to quench particle growth and coagu
lation, and to minimize wall losses. The dilution used for, 
the EAA and OPG was about 2000:1. This was achieved by 
operating two dilution probe nozzles in series. Such high 
dilution dictates the use of a staged system, both for 
flexibility and economy of diluent. The added flexibility 
of a staged system is necessary in this application, since 
collecting impactor samples of the same low particle con
centrations required for the EAA and OPC would take too long. 
The LPI is also intended for ambient sampling, but it is 
normally run for several hours. By drawing the impactor 
sample from the first stage, and the OPC and EAA samples
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from the second stage of a two-stage system, sampling time 
for the impactor can be reduced to the same order as that 
of the other instruments„ Economy of diluent is important 
since it must be clean and dry. A dilution ratio of X can 
be obtained using 2/x volumes of diluent with a two-stage 
system, rather than X volumes with one stage.

Anisokinetic Sampling 
Isokinetic sampling (sample velocity at probe tip 

equal to gas velocity in duct) is the accepted standard for 
particulate sampling. Deviation from isokinetic sample velo
city causes size segregation of the particles being sampled, 
due to differences in particle momentum. This is the same 
principal on which the cascade impactor is based. In order 
to maintain isokinetic sample velocity, provisions must be 
made for determining the mainstream velocity, and for adjust
ing sample velocity.

Inertial effects can be neglected for particles 1 pm 
and smaller (Hawksley et al., 1977), the region of major 
interest in this study. Moreover, sampling at a velocity 
much higher than mainstream may cause less sampling error 
than deviations from isokinetic velocity, even for particles 
larger than 1 pm.

Figure 2.7 shows the variation of the ratio of Sample 
number concentration to mainstream concentration, n^/n^, as
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a function of mainstream velocity to sample velocity, U^/U^,
(Friedlander, 1977) for different particle sizes. These
curves are based on data for a larger-diameter probe and
faster mainstream velocities than were used in the present
study, but the general trend should still be valid. As the
sample velocity increases over mainstream velocity, the
maximum error occurs at U /U = 0 . 5. As U ,/U approachesin s m s
zero, sampling error becomes smaller. The probe acts as a 
point sink in a stagnant medium, and the sample becomes 
representative of the mainstream. By setting the sample 
velocity much higher than the mainstream velocity, sampling 
is simplified, the sample should be representative for the 
size range range of interest, and any large-particle segre
gation should be consistent from sample to sample. Isokinetic 
sampling, while necessary for studies of larger particles, 
would be an unnecessary complication for this work. In addi
tion, errors caused by deviation from isokinetic velocity 
would not be consistent, i.e., ns/n could vary about the 
value one.

The Dilution Probe 
A probe incorporating staged dilution and high 

sample velocity has been developed. Compressed dilution 
air is used to entrain the sample, the principle being the 
same as in a steam ejector or laboratory filter pump (aspir
ator) .
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The probe tip is shown in Figure 2.8. Filtered 

compressed air enters through the annulus. As it enters 
the center tube, a low-pressure zone is created, drawing the 
sample through the orifice. A wide range of sample rates 
and dilution ratios is possible, depending on the tip dimen
sions and diluent pressure. For a given tip, the dilution 
ratio depends on sample temperature as well, since sample 
volume and flow properties change with temperature. Details 
of probe construction and performance are found in Appendix P.

A two-stage probe is shown in Figure 2.9. The firsts 
stage tip used for comparison of staged and unstaged combus
tion had the dimensions shown in Figure 2.8 (other tips were 
used in developing the probe and sampling procedure). The 
second-stage tip is similar, except that the orifice is blunt 
and 0.0 71 cm in diameter. The dilution ratio is about 40 to 
50 for each stage at normal operating conditions. The sample 
rate is about 3 1/m at a velocity of 5000 cm/s, compared to 
a typical duct (mainstream) velocity of 100 cm/s. Actual 
dilution was calculated from gas concentration in the duct 
and in each stage of the probe. NC>x is present in the flue 
gas at about 1000 ppm (unstaged combustion), and can be 
measured at low concentration with the Thermo Electron 
Analyzer. A teflon line connects the analyzer to the dilu
tion probe. If the instrument is carefully rezeroed after
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analysis of undiluted flue gas (from the water-quench probe), 
stable, reproducible readings can be obtained even with 
2000:1 dilution.
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CHAPTER 3 

EXPERIMENTAL RESULTS

The primary object of this work was to assess the 
effect of staged air addition on the emission of small par
ticles from coal combustion. Another phenomenon, which 
lends itself to investigation with the methods herein, is 
the aging of the aerosol as it passes through the convective 
section and cools to stack temperature. Two such experi
ments, done in the course of developing the sampling and 
analysis procedure, will be presented first. A general 
discussion of results is deferred until Chapter 4.

Run 12-02-80
Particle size distributions were measured at three 

positions in the convective section during one-stage, fuel- 
lean combustion (stoichiometric ratio - 1.3). Figures 
3.1a, 3.1b, and 3.1c show the volume distributions for ports 
2, 4, and 6, respectively. Each distribution shows a bi- 
modal aerosol. A peak is established at 1.0 ym by port 2, 
where the temperature is 900 °K, and persists through port 
6 (the convective section outlet) at 520 °K. The submicron 
peak appears at 0.02 ym initially, and has stabilized at
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0.1 yin by port 4 (T = 620 °K) . Both the 0.1 ym and 1.0 ym
modes accumulate more material after port 4, but do not
shift diameter.

The peak at 10.0 ym in Figure 3.1 c represents 16 
particles (with diameter > 5 ym) counted in one minute by 
the OPC, and is probably due to a sample line disturbance.
In Figures 3.1a and 3.1b, the EAA did not detect any par
ticles in its highest range (0.5 to 1.0 ym), but agrees with
the OPC from 0.3 to 0.5 ym. In Figure 3.1c, the 0.5 to
1.0 ym channel of the EAA. indicates considerably more par
ticle volume than does the corresponding OPC channel. The 
foregoing illustrates the loss of accuracy encountered at 
either extreme of the range of the instruments.

The probe tip used in this experiment provided ex
tremely high dilution (4000:1) and the NO^ in the second 
stage of .the probe (used to determine dilution ratio) was 
barely detectable. At the time of this run, the convective ' 
section had not been sealed, and air was leaking into the 
flue gas (see Chapter 2). This decreased particle concen
tration in the duct, and increased the cooling rate. Hence, 
these results can be considered qualitative only.

Run 3-25-81
Particle size distributions measured at ports 2 and 

6 are shown in Figures 3.2a and 3.2b. Combustion conditions
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were similar to Run 12-02-80. The convection section had 
been sealed, reducing air leaks substantially. A different 
probe tip was used, but it also provided extremely high 
dilution (5500:1). The distributions are similar to those 
from Run 12-02-80, but two submicron peaks are apparent 
early in the convective section (Figure 3.2a). As in the 
previous experiment, these results are qualitative. How
ever, the double submicron peak appears at port 2 in a more 
rigorous experiment (Run 6-23-81), and is therefore probably 
a real feature of the distribution. In spite of the extreme 
dilution, the resolution of the sample and analysis system 
is sufficient to show the growth and stabilization of a 
submicron peak, the kind of behavior expected in a concen
trated, cooling system.

Samples for sulfur analysis were collected from 
ports 2 and 6 with the LPT. The distributions are presented 
in Figures 3.3a and 3.3b. Although the sulfur distributions 
are similar to the total volume distributions, the growth of 
the submicron peak is not as distinct as in the volume dis
tribution. Later sulfur distributions from port 6 show 
maximum sulfur concentration on the next-to-last stage of 
the LPT rather than the last, so the submicron peak is 
resolvable with the instrument. Part of the problem may be 
light substrate application for this run (see Appendix C),
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and again, the sample was quite dilute. In spite of these 
difficulties there is fair agreement with later analyses.

The residence time of the gas between.ports 2 and 6
was about 4 s, as the temperature fell from 910 °K to 620 °K.
More precise furnace and convective section residence times 
were not determined, but should be similar to those calcu
lated for unstaged combustion in Run 6-23-81.

The Comparison of One-Stage and 
Two-Stage Combustion

Three experiments were completed in which air addi
tion was switched from one-stage to two-stage during a 
single run. Samples were taken from port 6 during the first 
2 runs to check data reproducibility. Samples were taken 
from port 2 during the third run.

For each experiment, coal was first burned with pri
mary air only, i.e., no staged air. With the coal feed rate 
constant, sufficient primary air was provided to maintain a 
predetermined stoichiometric ratio (SR = total air/combustion 
air). Samples for particle analysis were then taken from the 
convective section. The total air rate was measured, and the 
stoichiometric rate was calculated. With the coal rate con
stant, the primary air was cut back (by reducing preheat 
air) to the desired first-stage stoichiometric ratio (SRI = 
primary air/combustion air). Air was then introduced at the



44
staging point, and the rate adjusted to bring the overall 
SR back to the original value. Particle samples were then . 
taken and compared to the results from unstaged combustion, 
since the overall feed rates were unchanged.

Runs 4-13-81 and 4-24-81
Particle size distributions at the convective section 

outlet were measured for one- and two-stage combustion during 
both experiments. The operating conditions were identical, 
to the extent possible, with an overall SR of 1.2 and an 
SRI of 0.8. Table 3.1 reports the operating conditions, 
sample temperatures, dilution ratios, and total aerosol vol
umes as measured by the EAA and OPC, Complete volume distri
butions are presented in Figures 3.4 and 3.5. Each figure 
shows the average of several sets of EAA and OPC data for 
each condition. The raw data and unaveraged distributions 
are found in Appendix E, and are quite consistent. The 
agreement between the averaged distributions from the two 
runs is remarkable.

Three sets of LPI samples were taken under one-stage 
operation for Run 4-13-81, with sample times of 20, 7.5 and
2.5 minutes. One sample was taken during staged operation 
with a sample time of 7.5 minutes. In all cases, the dilu
tion ratio was 32:1. The three distributions for one-stage 
combustion showed a definite dependence on sample time.



Table 3«1« Combustion parameters and volume distribution totals.

Run 4-13-81 Run 4--23-81 Run 6--23-81

One-Stage Two-Stage One-Stage Two-Stage One-Stage Two-Stage

SR 1.14 1.17 1.17 1.14 1.15 1.20
SRI - 0.82 - 0.79 - 0.72
Total Air, SCFM 14.7 15.3 14.4 15.7 13.8 15.6
N0x, ppm as 

measured 1100 546 950 375 900 300
Dilution Ratio 1700:1 1700:1 2000:1 2000:1 1700:1 1700:1
Sample tempera
ture, °K 620 620 650 650 970 970

EAA total volume, 
ym3/cm3 6.3 x 104 4.2 x 104 46.2 x 10 44.2 x 10 6.35 x 104 5.88 x 104

OPC total volume, 
ym3/cm3 1.8 x 104 41.5 x 10 1.6 x 10^ 6.9 x 103 1.62 x 105 2.88 x 105

Total volume, 
ym3/cm3 6.6 x 104 4.8 x 104 6.4 x 104 4.1 x 104** 2.06 x 105 3.25 x 105

* Total volume is not the sum of EAA and OPC totals, since the volume between 0.3 and 1.0 ym is 
taken as the average of the two readings.

**Total volume less than EAA volume due to averaging in the operlap region



A
V

do
g 

d
p

)/
A

lo
g

d
p

, 
(jj

m
3/c

m
3)x

 
1 0

"
4-13-81 PORT 6 

EAA OPC

2-STAGE - e

—  -Q 1

DIAMETER , ( p m )

Figure 3.4. Volume distributions, Run 4-13-81. 4*.cn



A
V

do
g 

d
p

)/
A

lo
g

d
p, 

(j
jm

3/c
m

3)x
 

1 0
"

4-24-81 PORT 6 
EAA OPC

--0 _ — i
-0-
— G—

0.01 0.1

DIAMETER , (pm )

Figure 3.5. Volume distributions, Run 4-24-81



. 48
This problem is presented in detail in Appendix C; for com
parison of staged and unstaged sulfur distribution, the un
staged 7.5 minute sample from Run 4-13-81 is compared to 
the single 7.5 sample taken during staged operation. Figure
3.6 shows the results. Because of the nature of the LPI/ 
flash volatilization analysis, the use of a single LPI 
sample is unsatisfactory. Small samples must be collected 
to avoid bounce-off errors, but then the sample is of the 
order of background on lightly loaded stages of the impactor. 
The volatilization analysis of known amounts of sulfate, 
while giving reproducible results averaged over a number of 
samples, exhibits large scatter among individual samples.
The overall reduction in sulfur loading seen in Figure 3.6, 
about 50%, agrees with the more rigorous analysis done for 
Run 4-24-81. The change in distribution does not.

Four LPI samples, two under unstaged and two under 
staged conditions, were taken during Run 4-24-81. The dilu
tion was 40:1. The dependence on sample time seen in the 
previous run, while not explained, was circumvented by using 
a sample time of 7.5 minutes for each of the four samples. 
Table 3.2 lists the results for each sample set. Consider
able variation is evident between sets A and B , and between 
sets C and D, although each pair was taken under the same 
conditions. This illustrates the problem of relying on
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Table 3.2. LPI sulfur analysis. Run 4-24-81.

d mean, ym Alog d P P AM(log d^)/Alog dp, yg/rn̂  as SO^

One-Stage Two-Stage
A B C D

4 0. 30 230 520 170 1000
2 0 . 30 1200 1200 700 500
1 0.30 1400 740 920 880
0.5 0.30 1340 . 1100 430 410
0.25 0.30 840 1000 700 360
0.11 0.36 530 590 310 340
0.075 0.17 4100 2000 880 1100
0.05 0.18 280 620 830 310

M, yg/m3 as SO^ 2440 2030 1280 1300
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single LPI sets for a given experiment, as discussed pre
viously. However, there is a clear difference in sulfur 
loading for each combustion scheme. The averaged distribu
tions for each condition are shown in Figure 3.7. The redue-

/

tion in sulfur loading, as with total aerosol volume, was 
substantial (about 40% overall).

For each run, the total air rate measured for one- 
stage combustion is greater than the rate for two-stage 
combustion at the same overall SR. This is probably due to 
a bad flow measurement. Even if there is actually more air 
for staged combustion (e.g., if carbon burnout was greater, 
and required extra air), the dilution with extra air would 
not account for the observed reduction in fine aerosol load
ing. Since lower NOx concentrations during staged combustion 
made the measurement of dilution ratio less certain, the 
value determined for unstaged combustion was used in calcu
lations for both conditions. These potential sources of 
error, incorrect dilution ratio, or dilution of the flue 
gas with extra air, would cause an apparent reduction in 
aerosol loading independent of particle size. Figure 3.8 
shows that the ratio of two-stage to one-stage aerosol 
volume exhibited a definite dependence on particle diameter, 
as did the ratio of sulfur concentration. Hence, the 
observed changes in aerosol characteristics are due to the . 
combustion modification itself.



A
M

O
og

 
dp

)/
A

lo
g 

dp
, 

(j
jg

/m
3) 

x 
1 0 5

4-24-81 PORT 6
SULFUR DISTRIBUTION 
(AS SOT )4

1-STAGE
2-STAGE

3

2

1

0.01 0.1 1. 10.
DIAM ETER, ( j jm )

Figure 3.7. Sulfur distributions, Run 4-24-81. U l



Ra
ti
o,
 

(T
wo
-s
ta
ge
/O
ne
-s
ta
ge
)

53

Vol.
EAA

Run 4-13-81 
Run 4-24-81

0

6

0.01 0.1 1.0 10.0
dp , (ym)

Figure 3.8. Size dependence of the effects of staged 
combustion.



54
Total (fine) particulate samples were collected 

during Run 4-2 3-81. Five to ten liters of flue gas were 
sampled over a period of about 2 0  minutes (the samples were 
drawn from the first stage of the dilution probe at a dilu
tion of 40:1— raw data can be found in Appendix F). Table
3.3 shows total particulate concentrations (mg total sample/ 
3m flue gas), and mass fraction (mg/mg total sample) for 

total carbon, soot carbon, sulfate, Pb, Fe, Na, Ca, and K. 
The filters were analyzed for NO^ as well, but concentra
tions were well below blank filter levels for all samples.
No explanation can be offered for the large variation in 
total particulate concentration. Furnace and sampling per
turbations should not affect samples taken over an interval 
as long as 20 minutes. It is unlikely that flow rates or 
sample times were in error by the factor of 2  necessary to 
explain the discrepancy. Certain species mass fractions, 
notably carbon, were much more consistent than either total 
or species concentrations. The variation in species concen
trations is not surprising since the samples were small, and 
each filter was divided into quarters for each type (atomic 
absorption, combustion, chromatography, acoustic) of 
analysis.

The total aerosol volume detected by the EAA and GPC 
3 3was about 6  yin./cm (see Table 3.1), which, for a particle



Table 3.3. Total filter analysis.

Total
Sample Mass Fraction of Total Sample

Filter*Concen.mg/m? Carbon Soot S0 4 Pb Fe Na Ca K

A 460 0.017 3.5x10" 3 0.016 - 47.3x10 0.19 0 . 0 0 2 0.027 2 .7xl0- 3

B 740 0.016 5.Ixl0 ~ 3 0.017 -44.2x10 0.0 34 0 . 0 0 1 0.034 2 .5xl0" 3

C 290 0.018 3.1x10" 3 0 . 0 2 1 2.OxlO- 3 0.23 0 0.044 3.OxlO- 3

D 115 0.008 3.4xl0" 3 0.029 6 .7xl0- 3 0.56 0.03 0.046 3.OxlO- 3

E 690 0 . 0 1 0 2 .7xl0" 3 0 . 0 1 2 2 .5xl0- 3 0.045 0 0.044 3.6 xl0 - 3

*Filters A, B, C: One-stage combustion. 
Filters D, E : Two-stage combustion.

uim
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3 3density of p g/cm , is equivalent to 60 p mg/m . This is

in good agreement with the loading determined by the total
3filter analysis (100 to 700 mg/m ), considering the differ

ence in analytical technique and sample dilution (2 0 0 0 : 1  

for particle counters versus 40:1 for gravimetric).
The filter quarters used for acoustic analysis (non

destructive) were examined with a scanning electron micro
scope. The filters were heavily loaded, and handled several 
times. No attempt was made to traverse the filters for 
quantitative visual analysis.

Figures 9a and 9b show filters C (unstaged) and E 
(staged) at about lOOOx. Filter E had much more sample 
deposited on it, but judging from the appearance of the 
quartz fibers in each photograph, the surface of each filter 
was thoroughly covered. Filter C appears to be loaded with 
much finer particles than Filter E . Figure 10a shows the 
same view of Filter G at 10,700x. Figure 10b shows Filter 
E at 5500x. Although the EAA/OPC data also indicate a 
reduction in fine particulates with staging, the change in 
the PSD is not so radical as the change in appearance of 
the sample. In addition, one would expect to see an increase 
in the large particle mode with staging, based on these 
photographs, rather than the decrease observed (see Figures
3.4 and 3.5). The fact that these may not be representative 
samples must again be emphasized.



Figure 3.9. Total filter photomicrographs, low magnification.
a. Filter C (one-stage), 1070x (9 ym/cm).
b. Filter E (two-stage), 1070x (9 ym/cm).





Figure 3.10. Total filter photomicrographs, high 
magnification.

a. Filter C (one-stage), 10,700x (0.9 pm/cm).
b. Filter E (two-stage), 5,500x (1.8 pm/cm).
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.Run 6-23-81

Particle size distributions were measured at port 2, 
near the furnace outlet, for one- and two-stage combustion. 
Experimental conditions and volume distribution totals are 
given in Table 3.1. Complete volume distributions for each 
condition are shown in Figure 3.11.

The effect on volume distribution differs from pre
vious experiments. The reduction in submicron loading is 
not so pronounced as in Runs 4-13-81 and 4-24-81. Between
1.0 and 10.0 urn, the aerosol is not only much more concen
trated than in earlier runs., but concentration increases 
with staging. In current work (Linak, 1981), the heavy 
loading of the large mode is observed at the convective 
section outlet as well, but there is a decrease with stag
ing. The efficiency of the high velocity probe may be 
subject to minor changes in sampling procedure for particles 
greater than 1 ym, where inertial effects become important.

Temperature and oxygen profiles were determined for 
the furnace and convective section. The profiles should be 
representative of all runs to date, as temperatures and total 
air rates are about the same in all cases.

A plot of temperature versus distance (from the 
furnace inlet) for the furnace and convective section is 
shown in Figure 3.12. The appearance of lowered temperatures
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Figure 3.12. Temperatures in the furnace and convective 
section.



during the ruel-irich portion of staged combustion is mis
leading, since the reduced volumetric flow in this region 
increases residence time. The furnace and- early convective 
section temperature profile as a function of residence time 
is shown in Figure 3.13, as is the oxygen profile. The time 
temperature curves are nearly identical up to the staging 
point, and in the convective section. The only substantial 
difference in cooling rate (a parameter which may be impor
tant in homogeneous nucleation) appears between 1.0 and 1.5 s, 
where the temperature for staged combustion decays 20% faster 
than that for unstaged. Staged combustion, by definition, 
is initially fuel-rich, and unstaged combustion is fuel-lean 
at all times.
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CHAPTER 4

DISCUSSION OF RESULTS

The primary objectives of this work were to develop 
and test the capability of using the existing combustor for 
particle studies. The data so obtained are preliminary in 
nature, and are inadequate for the proposal and validation 
of a rigorous explanation of observed effects. Nonetheless, 
interesting comparisons to previous work can be made, and 
possible mechanisms of particle formation considered.

The discussion will center on the size distributions 
measured with the EAA. Linak (19 81) has shown that the par
ticle probe is nonsegregating in this size range. The 
effects of the probe in the size range covered by the OPC 
are not yet clear, and may be subject to minor changes in 
sampling procedure (compare Runs 4-13-81 and 4-23-81 with 
Run 6—23—81).

Aerosol Loading and NO ;___.___.___._________ X
Figure 4.1 shows the change in total aerosol volume 

detected by the EAA at the convection section outlet, as a 
function- of N0x concentration. Least-square fits to the data 
of McElroy arid Carr (1981), and Taylor and Flagan (1981) (as

64
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presented by Taylor and Flagan, 19 81) are shown for compar
ison. Each line represents about forty data points, which 
fell within the area bounded by the dashed line. The slopes 
of the lines relating particle volume and N0X concentration 
are nearly identical, but the particle concentration is 
considerably higher in the present study.

In other experiments, Flagan and Taylor (19 81) found 
that total aerosol mass (sampled isokinetically) varied from

31 to 7 g/m , depending on the swirl imparted to the feed.
The submicron mass was 1% of total in both cases, and was 
reasoned to be a function of how much of the coal burned in 
suspension (rather than on the combustor wall). A total 
(isokinetic) sample would be required to check the possi
bility that combustor operation (no swirl, all coal burns in 
suspension) could account for the difference in fine particle 
volume. Air and fuel are mixed before entering the combus
tion zone of the present combustor, in contrast to both 
utility boilers and the laboratory furnace of Taylor and 
Flagan (19 81). This difference in firing method might alter 
the absolute particle loading, at the same N0x concentration.

Increased Combustion Efficiency 
The carbon analysis from the total filter samples is 

consistent on a mass fraction basis, and indicated that fine 
particles are about 2% carbon by weight for one-stage
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combustion. Low carbon content in small particles is cor
roborated by Davidson et al. (1974), who found that particles 
between 1 and 10 ym were about 0.5% carbon. Thus, even if 
combustion efficiency is increased by staging such that all 
the fine carbon is burnt, only a small decrease in total 
particle volume would be measured.

Time-Temperature Profile 
If vaporization is a major mechanism of fine particle 

formation, then peak particle temperature should have a di
rect effect on the amount of aerosol formed. As shown in 
Figure 3.13, the time-temperature curves are nearly identical 
for the two combustion methods up to the staging point, and 
two-stage combustion runs hotter after the staging point.
This, and the fact that a coal particle sees a reducing 
atmosphere for much of time up to the staging point, suggest 
that staging should increase mineral vaporization and subse
quent particle formation. Time-temperature history in itself 
does not explain the present results.

Temperature Near Burnout 
Sarofim et al. (1977) have demonstrated that mineral 

inclusions may retain their physical and chemical form to 
late stages in combustion. If, in addition, minerals in the 
char particles see essentially the same (reducing) environ-
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ment regardless of gas composition, then temperature near 
complete burnout may be much more important than peak tem
perature.

This possibility is examined using the temperature 
and oxygen profiles from Run 6-23-81. Time- or distance- 
resolved profiles should give the same result; distance- 
resolved profiles were used for this calculation to avoid 
errors introduced in converting distance to residence time.

The final gas composition for both combustion methods 
is 1% oxygen, or 5% in excess of stoichiometric. For this 
simplified analysis, consider the oxidation of carbon in 5% 
excess air:

1.05 02 (g) + 3.95 N2 (g) + 1.0 C (s) ->

(1-X) C (s) + X C02 (g) + (1.05-X) 02 (g)

+3.95 N2 (g) (4.1)

where X is the fraction carbon burnt. The concentration of
oxygen in the products is:

_ 1 . 0 5 - X
2' 3.95 + 1.05

and the burnout is then:

X = 1.05 - 5.00 y (02) (4.2)

Equation 4.2 is valid for one-stage combustion, and
for two-stage combustion after the staging point. For the
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fuel-rich portion of staged combustion, with a first-stage 
stoichiometric ratio of 0.8:

0.8 02 (g) + 3.01 N2 (g) + 1.0 C -» (l-x)C +

X C02 (g) + (0.8-X) 02 (g) + 3.01 N2 (g) (4.3)

Equation 4.3 does not account for the non-negligible CO 
concentration during fuel-rich combustion, but should be 
valid before all oxygen is consumed. Then,

X = 0.8 - 3.81 y (02) (4.4)

At a given distance (or time) in the combustor, oxygen and 
temperature are read from the profile, and X is calculated 
from Equation 4.2 or 4.4. Figure 4.2 shows temperature as 
a function of carbon burnout. Much of the reaction is com
plete before the first combustor sample port, so no informa
tion is available for X < 0.7. For two-stage combustion, a 
sample port was used for air injection, so the profiles are 
incomplete near the staging point. Still, the temperature 
near burnout is clearly lower for two-stage combustion, e.g., 
60 K at X - 0.9. .Such a temperature difference could have 
a significant effect on the amount of mineral matter vapor
ized during combustion.

The Effect of Particle Nucleation at 
Different Times in the Combustor

If particle nucleation depends on extent of burnout
or temperature, then the gas residence time at nucleation
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Figure 4.2. Temperature versus fuel burnout.
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will differ significantly for one- and two-stage combustion. 
Hence, the age of the aerosol sampled at a given point in 
the system will differ as well. The possibility that this 
factor could explain the differences in the ratio of staged 
to unstaged aerosol concentration measured at different 
sample ports is explored in the following analysis.

For a system of small particles whose number is 
decaying only by coagulation with other small particles, simi
larity theory (Flagan and Friedlander, 1978) predicts that:

N = (5/6 KV1/6 t )- 6 / 5  (4.5)
where

N = total number of particles
K = a constant (for constant particle density) 
V = total aerosol volume

f t
T = (To/T)1/2dt (4.6)

o
TQ = a reference temperature 
T = temperature 
t = time from nucleation

For the experiments conducted in this study, the temperature 
through the furnace and convective section is approximated 
by:

T = at^1/2 

Equation 4.6 can then be written:



Equation 4.5 rewritten in terms of time is:

N a ( v ^ t 5/4)-6/5 (4.7)

Let Equation 4.7 represent fine particles from one-stage 
combustion, and write an analogous equation for two-stage 
combustion:

N* a (v*l/6t*5/4)-6/5 (4.8)

The age of the aerosol at a particular point in the system 
is:

where
t = t - t (4.9)s o

tg = gas residence time when sampled
t^ = gas residence time at nucleation

Similarly,

t* = t* - t* (4.10)s o

for two-stage combustion. Lets

V* = ZV (4.11)

i.e., Z is the ratio of the amounts of material vaporized 
and homogeneously nucleated for the two combustion methods.



Implicit in Equation 4.5 is the assumption that the initial 
number of particles, No, is infinite. Physically, No is very 
large, but finite. Assume that:

do = aS

where d and d* are the diameters of the freshly nucleated o o
particles (i.e.. Combustion method does not affect the dia
meter at which a molecular cluster begins to behave as a par
ticle) . Then,

n;  *  no

but from Equation 4.11,

N* = ZN (4.12)o o

Rewrite Equation 4.7 as:

N/N a (v1/ ^ 5/4)-6/5 (4.13)o

and Equation 4.8 as:

N*/N* a (v*1/6t*5,/4)~6'/5 (4.14)
Equation 4.14 is divided by Equation 4.13, with the 

substitution of Equations 4.9, 4.10, 4.11, and 4.12:
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or

where

, t* - t*X -3/2 
N*/N = Z- it _ t ) (4.15)

= z4/5

Nucleation Dependent on 
Extent of Burnout

Now, assume that vaporization and nucleation occur
instantaneously near completion of particle burnout, at
X = 0.9. From Figure 4.2, the temperatures for one- and two-
stage combustion are;

T(X = 0.9) = 1730 K ,T*(X = 0.9) = 1670 K

From Figure 3.14, the nucleation times are, then:

t = 0.24 s t* = 0.82 so o

(Finding T and T* as an intermediate step is convenient and 
interesting, but not necessary)

The number ratio at the outlet is:

8 -3(Run 4-24-81) N*/N = 1°23 x 10 cm_ = 0.85
1.45 x 10 cm

The gas residence times at the outlet (t*  ̂ ts + 0.2, since 
the flow rate for staged combustion is reduced up to staging 
point) are:

t = 6.05 s t* = 6.24 s



From Equation 4.15,

Z' = 0.77

Equation 4.15 is now used to calculate N*/N as a function of
distance from the furnace inlet. Figure 4.3, curve A, shows
the result. At port 2 (L = 365 cm), the predicted number 
ratio is:

N*/N = 1.05

whereas, the observed ratio is;

9 -3(Run 6/23/81) N*/N = --■■74 X 10Q °m_ = 0.94 ;
1.86 x 10 cm

To recapitulate, nucleation times were assumed on
the hypothesis that vaporization and nucleation depend only
on extent of burnout. The volume ratio, Z, was calculated
from the number concentrations measured at port 6. The
number ratio then calculated for port 2 does not match that
observed. However, the analysis does show that particle
nucleation at different times in the combustion process
leads to changes in the number ratio with distance. It must
be emphasized that the reduction in aerosol loading is not
an artifact of sampling location. The reduction calculated

5/4from this analysis is given by Z = Z' , or 0.72.
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200 400 600
L ( c m )

Figure 4.3. Variation of the ratio of two-stage to one- stage number concentration with position. —  
Curve A: Particle nucleation at 90% fuel 
burnout assumed, with fit to port 6 data; 
Curve B: Fit to data from ports 2 and 6.



77
Nucleation Dependent on Temperature 

Previously, the nucleation at 90% burnout was as
sumed. Another approach is to calculate tQ and t* by fit
ting Equation 4.15 to the number ratios at ports 2 and 6. 
Rewrite Equation 4.15 for aerosol sampled at different ports 
under the same combustion condition (for which, Z = 1).

M (port 6) As (P°rt 6) - -3/2
N(port 2) \ts(port 2) - tQ

N* (port 6) _ A*(p°rt 6) - t;\ -3/2 
N*(port 2) \t*(port 2) - t*

Equation 4.16 yields,

t = 1.44 s

(4.16)

(4.17)

for which

T = 1260 K o

and Equation 4.17 yields,

t* = 1.70 s o

for which

T* = 12 70 K

Curve B, Figure 4.3, shows Equation 4.15 fit to the data.
Nucleation times calculated in this manner imply 

that nucleation occurs at a constant temperature, well after
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combustion and mineral vaporization. Unfortunately, the 
data from the present study are insufficient to demonstrate 
the validity of either of the two foregoing propositions.



X

CHAPTER 5 

CONCLUSION-

The convective section attached to the laboratory 
coal combustor provides a temperature profile similar to 
that in a utility boiler. This addition permits meaningful 
comparisons to be made to full-scale boilers, data for which 
are invariably taken at the stack.

The dilution probe developed has been shown to 
resolve the submicron aerosol mode generated from coal com
bustion, without sample conditioning for the removal of large 
particles. The use of a staged dilution system permits 
simultaneous analysis by methods requiring much different 
dilution ratios. The compatibility of the probe with analy
sis by the EAA, OPC, LPT, and total filter has been demon
strated. i n 

significant results from this work are:
1. Staged combustion results in lowered fine particle 

emissions. This is consistent with previous find
ings that combustion methods which reduce NCX emis
sions reduce fine particle emissions as well.

2. The relationship between N0x and fine aerosol loading 
is nearly identical to that observed in industrial

79
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and other laboratory combustors. This is especially 
significant, since variations in these pollutants 
recorded in previous studies were due, not to stag
ing, but to combustor design and operating condi
tions. Staged combustion, under controlled labora
tory conditions, may allow identification of the 
factors responsible for the relationship between 
fine particles and NO^.
The time-temperature profiles for staged and unstaged 
combustion were not significantly different. The 
temperature near completion of fuel burnout was, 
however, markedly lower during staged combustion.
This factor is proposed as a major influence on the 
extent of mineral matter vaporization, and subsequent 
fine aerosol formation.
The ratio of staged to unstaged loading was observed 
to depend on sampling location, but the data are 
extremely limited. If this phenomenon is verified, 
the analysis presented in Chapter 4 suggests that 
particle nucleation occurring at different times in 
the combustor may account for the dependence. This 
is not to say that the reduction is aerosol loading 
with staging is an artifact of differing residence 
time with staged combustion. Rather, this factor
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must be considered for samples taken at different 
locations. The measured difference in loading ap
proaches the true value at relatively long residence 
times (i.e., the convective section outlet).

Suggestions for Future Work 
It is essential that the combustor temperature and 

composition profiles be determined in more detail. Tempera
ture measurements for this work were limited to seven points 
in the combustor, and consumed considerable time and effort. 
During staged combustion, no measurements could be made in 
the very region where change was rapid and extrapolation 
unreliable, i.e., near the staging point. Wall temperatures 
could be used to characterize the combustor, and could be 
related to gas temperature with one experimental run using 
the water-cooled thermocouple. With gas sampling, again, 
the major gap in the measured profiles was near staged air 
injection. It is important to determine composition pro
files close to the staging point to insure that air injection 
is not causing stratification or backmixing.

The following experimental approaches are suggested;
1. Attempt particle sampling during fuel-rich combus

tion. This is not possible for extremely fuel-rich 
conditions, as the unburnt fuel will clog the probe. 
Experience suggests that particle sampling is,



however, possible with moderately fuel-rich condi
tions. This could check the mechanism of fine par
ticle formation near burnout.
Examine the effect of other first-stage stoichio
metric ratios (with the same overall excess air) on 
temperature profile and particle emission.
At present, the staging air cannot be heated.
Varying the temperature of the injected air would 
allow the temperature near burnout to be controlled. 
Measure particle size distributions at points through 
the convective section. The nature of the dependence 
of the ratio of staged to unstaged aerosol loading 
on location, or lack thereof, will provide informa
tion on the time of nucleation for the two processes.
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WATER SENSOR

The second water separator (see Chapter 2, or Glass, 
19 81) in the gas sampling system must occasionally be drained 
of condensate under normal operation. In addition, the 
sample pump can pull water from the barometric leg into the 
separator if the water-quench probe becomes plugged. Con^ 
stant operator vigilance was required to prevent water from 
being sucked from the separator into the instruments. A 
sensor was installed to eliminate this problem.

The sensor was designed by Mr. Sal Gonzales (College 
of Mines Electronics Technician), and assembled and installed 
by the author.. A schematic diagram is shown in Figure A.I.
A remote probe consists of two bare copper wires inserted 
into a rubber stopper in the separator. If water covers the 
wires, the sample pump shuts off, and an alarm sounds. In 
practice, the alarm and pump oscillate on and off, since the 
water level drops enough to allow the pump to start again.
If the alarm repeatedly sounds when no water is present, the 
sensor may be by-passed by plugging the sample pump directly 
into the instrument power supply. This step must be taken 
only if the operator is sure the sensor is malfunctioning, 
and he must watch the instruments closely after doing so.
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THE. CONVECTIVE SECTION

Design 
The design basis was;

Flue gas load = 15 SCFM
Entering gas temperature = 1300 K 
(furnace exit)
Gas residence time = 4s
Exit gas temperature = 600 K

The last two figures are somewhat arbitrary, as boilers vary 
considerably in residence time and stack exit temperature. 
This fact demanded that the convective section be constructed 
modularly, so that the time-temperature profile could be 
easily changed if necessary. It wa$ found that neither the 
duct nor tube Reynold's Numbers could be matched to indus
trial units, so duct cross-section and tube sizes were based 
on convenience and availability. The length was based on 
residence time, using the average gas temperature.

Heat transfer to the tube banks was estimated with 
program OPCON.F4 (backed up on tape 9134C under PPN 5700, 
22453). The user specifies the duct width, tube diameter, 
number of tubes per row, an assumed cooling water tempera
ture, flue gas load, and entering gas temperature. The 
program calculates the gas temperature expected after each



row of cooling tubes. Only heat transfer to the tube banks 
is considered, and all resistance is assumed to be on the 
gas side. The result is the maximum gas temperature expected 
after a given number of cooling tube rows. The actual gas 
temperature is lower due to heat losses through the convec
tive section wall. In retrospect, a simple manual calcula
tion would yield as good an estimate. The utility of
0PC0N.F4 to other users would most likely be limited to the 
subroutines it contains for estimating gas properties as a 
function of temperature and composition.

Construction
The following materials were used for the convective

section:

Babcock and Wilcox 2200 Cashable Refractory
Babcock and WilcOx 2600 1/2-inch insulating
board
1/4-inch soft copper tubing, compression 
fittings
Standard pipe fittings
Brass or aluminum sheet metal, 1/4 x 20 
bolts (studs for cooling drawers)
Fiberfrax Insulating Paper

Thompson' s Water Seal (keeps surface from spel
ling during application of silicon treatment

Lining

Cooling tubes, 
fittings

Sample ports
Cooling drawer 
mounting plates

Gaskets between 
sections
Surface
treatment
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Joint and sur- Dow Corning Silicon Sealant face sealant
Frame and clamps Unistrut Channels and 1/4 x 20 threaded rod 
Thermocouples Type K, unsheathed

Plywood forms were used for casting. The forms were 
assembled with dowels, so that they could be clamped toge
ther for casting, and removed after the refractory set. The 
main sections were cast vertically. The insulating board 
was cut and taped together into a 15 cm square (inside) 
channel, and placed in the plywood form.. The channel was 
filled with sand to prevent collapse of the insulating board. 
Once the refractory set, the plywood was removed, and the 
sand was poured out., Holes could easily be cut into the 
set (but unbaked) refractory. Attempts to cast the blocks 
with holes resulted in poor quality blocks, as the wet re
fractory mixture was difficult to pack around the mold for 
the holes. The blocks were dried at room temperature for 
several days, and then oven-dried at 65°C. The main sec
tions were cast without insulating board lining, using 
collapsible plywood inner forms.
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Residence Time Calculations 

The residence time (plug flow assumption) is defined
as:

_ system volume 
volumetric flow rate

The gas volume changes with temperature. Assuming an ideal 
gas, and constant cross-sectional area of the system, the 
residence time at position x is:

(Area) T
T (X) (Flow rate at T )

x
dx
T

The flow rate was assumed to be equal to the total air feed 
rate (a good approximation for fuel-lean combustion, not as 
good for fuel-rich), The; temperature profiles of Run 6-23-81 
were used with:

Flow rate = 14 SCFM (T = 70 F = 294 K)
SR = 1.2
SRI = 0.8

in order to generalize the results (the temperature profile
is expected to be about the same for all runs; the flows and
stoichiometric ratios were slightly different for Run 6-2 3-81)

2The cross-sectional area is 176 cm in the combustor,
2and 225 cm in the convective section. For staged combustion.
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the flow rate is reduced before the staging point. Insert
ing the proper conversions for units yields:

One-Stage Two-Stage
B = 7.88 (s-K/cm), x < 264 cm B = 11.9 (s-K/cm) , x < 100 cm
B = 10.0 (soK/cm), x > 264 cm B = 7.88 (s-K/cm), 100 < x <

264 cm
B = 10.0 (s-K/cm), x > 264 cm

The residence time was approximated as:

iT(Xj) . B(xi - W
1 <Ti + h-i'/z

and the residence time at a point is the sum of At up to that 
point. Table B.l shows the position (x) of each furnace port 
and convective section thermocouple, the measured tempera
tures and calculated residence times for one- and two-stage 
combustion, Run 6-2 3-81. As an example:

T(x = 23 cm) = 7~88 ~ 0> Cm

= 0.105 s
and

t(x = 38 cm) , 7° ^ (173 3C+ (1731)/2> ^  + °-105 s 

= 0.173 s 

for one-stage combustion.



Table B.l. Temperature and residence times, Run 6-23-81.

One-Stage Two-Stage
Position x, cm from Inlet T,K x,s T,K t ,s

Furnace Port 1 23 1731 0.105 1741 0.157
2 38 1733; 0.173 1717 0.260
3 53 1731 0.241 1680 0.366
4 69 1702 0.315 1663 0.479
5* 99 ■ - 0.513 — ; 0.679
6 130 1609 0.605 1663 0.842
7 160 1545 0.755 1623 0.986

Convective Section 1 264 129 3 1.34 1309 1.55
Thermocouple 2 314 1186 1.74 1200 1.95

3 365 973 2.22 989 2.24
4 439 886 3.02 884 3.21
5 474 758 3.45 763 3.64
6 510 717 3.94 713 4.13
7 573 637 00 657 5.05
8 609 583 5.34 592 5.63
9 645 576 6.05 581 6.24

*Port 5 is the staging point VD
to
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SULFATE ANALYSTS

LPI Calibration 
The DCI-5 (5-stage, atmospheric-pressure) impactor 

was calibrated in this laboratory by Linak (1980). Three 
particle sizes were tested with the modified (8-stage, low- 
pressure) impactor in this study. The test conditions were

dp , urn 
0.0 85 
0.220 
0.546

Test particles (Dow Diagnostics Uniform Latex Par
ticles) were diluted, nebulized, dried, and collected on 
glass slides which had been swabbed with a solution of 3% 
vaseline in toluene. The slides were photographed at 32x 
magnification (optical). Figures C.l, C.2, and C.3 show 
only four stages for each particle size tested, as nearly 
all material was distributed on a few adjacent stages.

Flash Vaporization 
The teflon flash chamber developed for this work is 

shown in Figure C.4. The response time for calibration was

Estimated Aqueous Particle Sample Time
Concentration, cm-  ̂ (hr)

1.5 x 109 4.5
9.0 x 108 3.2
6.0 x 108 3.5



Figure C.-l. LPI calibration, 0.085 jam particles. 
5fta. Stage 5 (d̂  = 0.25 jam).

b. Stage 6 = 0.11 jam) .
50c. Stage 7 (d^ = 0.075 jam) .
50d. Stage 8 (d ' =0.05 jam).



A
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A
C .

d. A



Figure C.2. LPI calibration, 0.22 ym particles
a. Stage 5 < = 0.25 yin) .
b. Stage 6 (ap° = 0.11 ym) .
c. Stage 7

( a p °
= 0.075 ym)

d. Stage 8 (dP° = 0.05 ym) .
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Figure C.3. LPI calibration, 0.546 ym particles.
a. Stage 3 (dp0 = 1.0 ym).
b. Stage 4 (dp0 =0.5 ym).
c. Stage 5 (dp0 = 0.25 ym).
d. Stage 6 (dp0 = 0.11 ym) .
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1 0 0



1 0 1

Glass Reducer 
(to FPD)

Teflon Cap

O-Ring Seal
Contacts(split 
stainless steel 
washers)
Teflon Body 
h" ID, I V  OD
Connection to 
Capacitors

Masonite Base

Clean Air, or 
Calibration Gas Inlet

Figure C.4. Teflon flash chamber.



improved significantly over the original glass, bell-shaped 
chamber. Table C.l reports the results of'recovery tests 
for known sulfates. The recovery is about the same as with 
the original chamber. Note that recovery tests were performed 
before analysis of samples from each coal run; the least 
square fit to each recovery test was used to convert meas
ured sulfate to deposited sulfate for the respective samples. 
Table C.2 shows strip preparation method for each run, and 
background sulfate levels from blank (but substrated) strips. 
The intercept in the recovery equation disappears when the 
background sulfate is subtracted. The reader is referred to 
Cauley (1980) for more information on this analysis method. 
Table C.3 shows how the apparent sulfate loading depended on 
sample time for Run 4-13-81.
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Table C.l. Sulfate recovery tests, teflon flash chamber.*

Date
?    :           —----

4-2-81 4-16-81 4-25-81

Number of Points 10, 8 16
Range of Deposited 
SO-, ng 27-75 7-75

Range of
Fractional 0.20-0.53 
Recovery

0.31-0.44 0.29-0.67

Mean of Fractional g 34 Recovery 0.38 0.49

Least Square Fit
to Recovered (Y) y-.a.s+O.SSxversus Deposited
(x)

y=4.8+0.2 8x y=3.0+0.36x

r2 0.73 0.94 0.86

* All tests; Scientific Glass Engineering Microlitre
Syringe (IB-RDJ-5) used to place 0.5 ]il or less solution 
onto flash-cleaned, baked strip. Solution contained 54, 
107, or 151 ngSO|/yl, from (NH4)2S04. Three 39,000 yF capacitors were used in parallel.
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Table C.2. Strip preparation and sample conditions for 
sulfate analysis.

Sonic Bath Run 3-25-81 Run 4—13—81 Run 4—24—81

Time in water 
sonic bath, hr 0.5 1.0 2.5

Time in oven 
at 900 C, hr 1.0 1.0 0.75

T-il of 3% vaseline/ 
toluene substrate 
applied

1 1 2

Average background 
sulfate (clean 
strip with sub
strate) , ng as 
measured

6 9 9

Sample Dilution 80-100:1 32:1 40:1
Sample time, min 40 see Table G.3 7.5
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Table C.3. Dependence of sulfate analysis on sample 
time, Run 4-13-81.

Set A B C D
Sample time , min 20 7.5 2.5 7.5

3tg S04/m flue gas.
Stage 1 137 19 8 0 0

2 19 4 457 686 0
3 337 701 869 137
4 211 380 960 594
5 126 244 731 783
6 97 213 503 91
7 491 914 2377 518
8 669 701 549 274

Total i_tg/m̂ 2262 3810 6675 1797

Sets A, B , and C: One-stage combustion
Set D: Two-stage combustion
Sets B and 
division by

D. plotted 
Alog dp)

in Figure 3.6 for comparison (after
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THE DILUTION PROBE 

Construction
The dilution probe was originally conceived by Don 

Pettit (1980). The original tip was much like the one used 
in the second stage of the probe throughout this study. It 
was machined from a single piece of stainless steel rod, had 
a blunt orifice, and was press-fit into the outer tube of the 
probe. The first-stage tip developed during the later part 
of this work is shown, in detail, in Figure D.l. It is 
threaded to facilitate its removal and replacement. The 
drilling of very small holes in the original one-piece tip 
was difficult and was limited to short, blunt probe tips.
This problem was eliminated by using a piece of 1/16-inch 
stainless steel tube in the center of the tip. Only thick- 
walled tubing was available, so drilling the tube out was 
necessary. This was still an advantage in that the entire 
tip need not be machined again in case of failure during 
drilling.

Flow Rates
The flow rate of diluent is controlled primarily by 

the clearance between the inner tube and the tip. The sample 
rate is controlled by this also (since the clearance deter-



t t t t i
3/8" x NF 24 Bolt 3/8" Stainless Steel 

Rod, NF 24 Threads
Silver Solder

Figure D.l. Detail of the dilution probe tip.
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mines the suction pressure), and by the orifice diameter. 
Table D.l gives the dimensions of the tips for which flow 
rates were measured. The sample flow rate, Qg, was measured 
with a bubble meter, and diluent flow rate, Q^, with a rota- 
emter.

Sample Quench and Residence Time 
The first stage of .the probe is 40 cm long, and 0.53 

cm is inside diameter (central tube in which diluted sample 
is carried). For the normal operating pressure of =
10 PSIG:

Qd = 60 1/m
v = 4500 cm/s 
Re = 15,000

volume of tube

t =  10 , ms

Since the flow is turbulent, the sample can be assumed to be 
diluted and quenched within milliseconds. The probe chambers 
are made of one-inch (nominal) stainless steel pipe tees.
The diameter of the tees is 3.5 cm, and the total volume of

3each chamber is roughly 100 cm . Then:

v = 100 cm/s 
Re = 2 300
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Table D.l. Probe tip dimensions.*

Tip Number Dt, cm
D0, cm 

(drill no.) Remarks

1 0.46 0.0787 (68) Used for Run 3-25-81, 
first stage of probe.

2 0.46 0.1090 (57) Used for subsequent 
runs, first stage of 
probe

3 0.39 0.0711 (70) Used for all runs, 
second stage of probe. 
Unthreaded and blunt.

*A11 probe tips: Used with tubing shown in Figure D.l.
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111
volume of chamber

Qd
t = 100 ms

- r
This figure should represent a maximum residence time, on
account of the configuration (see Figure 2.9). For the EAA
and OPC samples, there is an additional chamber. In any
event, the probe residence time is small compared to that
inherent in practical sample lines. For 0.5 cm I.D. tubes:

1. 2 x L (m)
t  (s) = (sample rate of instrument, 1/m)

And, for 2 m lines:

t  = 2.4s (-LP I)
= 0.6s (EAA)
= 0.3s (OPC)

Table D.2 shows sample and diluent flow rates at 
various diluent pressures, P^. The diluent pressure is 
measured at the dilution.air inlet to the probe (see Figure 
2.9). It is essential that the rotameter be placed between 
the air supply and the probe (or pressure gauge). If the 
rotameter is attached to the outlet of the probe, most of 
the pressure drop (between measured diluent pressure and 
ambient) will be due to the rotameter rather than the probe, 
The rates measured will be much too low. The correction
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Table D.2. Dilution probe flow rates. : -

Tip Number Pd, PSIG Qd, 1/m QSf 1/m

1 3 33 0.2 8
3 44 0.52
7 53 0.97*

10 60 (est.) 1.30

2 3 32 0.75
5 43 1.40
7 51 1.90

10 60 (est.) 2.70

3 3 36 0.65
5 49 0.80
7 offscale 1.30

10 offscale 1 i 90
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required for a rotameter discharging to instead of stan- .
dard atmospheric pressure, is:

The rates shown in Table D.2 may be used to calculate approx
imate dilution ratios for the different tips and pressures„ 
The actual dilution ratio depends on sample temperature, and 
is quite sensitive to minor experimental changes (e.g., 
connecting an exhaust hose to the probe outlet). Hence, the 
dilution ratio must be measured via gas concentrations during 
a given experimental run.

tubes and the outer stainless steel tube of the probe main
tains the first^stage chamber at about 40 G. Regulation of 
the chamber temperature was necessary for instrument and 
personnel protection.

true rate = (measured rate) P^+local atmospheric I
standard atmospheric I

Also not shown in Figure 2.9 is a water jacket fitted
to the probe first stage. Water circulated between copper
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EAA AND OPC DATA

The computer programs and files used for calculating 
size distributions from EAA and OPC voltages and counts, and 
plotting and storing of the distributions, are backed up on 
tape 9134C under PPN 5700,22453. A brief description of the 
programs and files follows;

Program Name 
NVPIST.F4

PARTIC.DAT

NPLT.F4

Program Function
Reads run parameters, EAA voltages, OPC 
counts from FORxx.DAT data file. Writes 
run parameters, and calculated number 
and volume distributions onto Forxx.DAT 
data file.
Contains all data sets for Runs 3-25-81 
through 6-23-81. Information written 
onto FORxx.DAT by NVDIST.F4 is first 
checked for accuracy and then copied 
onto PARTIC.DAT.
Plots number distributions for a number 
of data sets. Data sets to be plotted 
together are transferred to FORxx.DAT 
from PARTIC.DAT. The command: TOCDC 
CNTRL,NPLT.F4,FORxx.DAT sends the 
program to the CDC-6400 for plotting.
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VPLT.F4 Analogous to NPLT=F4, plots volume
distributions,

GNTRL.CDC _ Header file for sending DEC-10 programs
to the CDC-6400.

AVERAG.F4 Reads data sets from FORxx.DAT (copied .
from PARTIC.DAT), Writes individual 
number and volume distributions, and 
calculated average values onto teletype.

The.volume distributions presented in Chapter 3 were 
averages of two or more sets taken in succession. The unav
eraged sets, and the resultant averages used for preparation 
of figures, are found on the following pages. The mean dia
meters (in order presented) are: 0.0075, 0.0133, 0.0237, 
0.0422, 0.075, 0.133, 0.237, 0.422, and 0.75 ym for the EAA 
data, and 0.387, 0.706, 1.37, 3.87, and 7.08 ym for the OPC 
data. "Merged Total" is the sum of EAA and OPC data, cor
rected for the overlap between the two instruments.

The data sets correspond to experimental runs as
follows:

Run 3-25-81, Port 2 Data sets 103, 104
. 3-25-81, Port 6 

4-13-81, One-stage 
4-13-81, Two-stage 
4-24-81, One-stage 
4-24-81, Two-stage

105,106,107
109, 110, 11, 112
213 (single set 

only) 
114,115, 116, 117
118, 119, 120, 121
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6-23-81, One-Stage 125, 126, 12 7
6-23-81, Two-Stage 128, 129, 130



AVERAGE 103 104

EAA VOLUMES

2.168E+01 8.671E-27 4
7.628E+02 7.310E+02 7
6.069E+03 5.972E+03 6
3.090E+03 3,196E+03 2
4.8758+03 5.078E+03 4
1,8378+03 1.8378+03 1
1.781E+03 1.7818+03 1
2.723E+03 5.446E+03 1
8.030E+03 8.71 IE-21 1

TOTAL EAA VOLUMES
7.396E+03 6.089E+03 8

OPC VOLUMES

4.689E+03 4.6348+03 4
8.466E+03 8.847E+03 8
2.097E+04 2.029E+04 2
5.686E+03 5.636E+03 5
1.7898+03 1.789E+03 1

TOTAL OPC VOLUMES
1.599E+04 1.574E+04 1

MERGED TOTAL VOLUMES
2.014E+04 1.822E+04 2

EAA NUMBERS

9.815E+07 3.926E-20 1 
6.192E+08 5.934E+08 6 
8.707E+08 8.568E+08 8 
7.853E+07 8.123E+07 7 
2.207E+07 2.299E+07 2 
1.491E+06 1.491E+06 1 
2.555E+05 2.555E+05 2 
6.920E+04 1.384E+05 3 
3.635E+04 3.943E-20 7

TOTAL EAA NUMBERS 
4.288E+08 3.946E+08 4

OPC NUMBERS

1o545E+05 1.527E+05 1 
4.575E+04 4.781E+04 4 
7.706E+03 7.458E+03 7 
1.870E+02 1.853E+02 1 
9.664E+00 9.664E+00 9

TOTAL OPC NUMBERS 
5.263E+04 5.273E+04 5

MERGED TOTAL NUMBERS 
4.288E+08 3.946E+08 -

.336E+01

.946E+02

.166E+03

.983E+03

.672E+03

.837E+03

.781E+03
-555E-21
.606E+04

.702E+03

.744E+03

.084E+03

.164E+04

.736E+03

.789E+03

.623E+04

.205E+04

.963E+08

.450E+08

.8465+08

.582E+07

.115E+07

.491E+06

.555E+05

.951E-20

.270E+04

.629E+08

.563E+05

.369E+04

.954E+03
o886E+02
.664E+00

2538+04

.6 2 9 E + 0 8



AVERAGE 105 106 107

EAA VOLUMES

8.671E-27 8-671E-27 8-671E-27 8.67TE-2? 
6.257E+01 5.522E+01 1.104E+02 2.209E+01 
8.402E+02 8.822E+02 7.562E+02 8.822E+02 
2.246E+03 1.407E+03 2.592E+03 2.740E+03 
1.602E+04 1.800E+04 1.609E+04 1.398E+04 
1 .660E+04 1.915E+04 1.851E+04 K213E+04 
6.18BE+03 7.426E+03 7.426E+03 3.713E+03 
5.677E+03 5.677E+03 5.677E+03 5.677E+03 
8.71 IE-21 8.71 IE-21 8.71 IE-21 8.71 IE-21

TOTAL EAA VOLUMES
1.209E+04 1.335E+04 1.298E+04 9.930E+03 

OPC VOLUMES

6.284E+03 5.477E+03 6.230E+03 7.144E+03 
9»292E+03 7.822E+03 9.903E+03 1.015E+04 
1.485E+04 1.731E+04 1.438E+04 1.285E+04 
3.882E+03 6.399E+03 3.567E+03 1.679E+03 
6.216E+02 4.662E+02 4.662E+02 9.325E+02

TOTAL OPC VOLUMES
1.290E+04 1.429E+04 1.259E+04 1.182E+04

MERGED TOTAL VOLUMES
2.076E+04 2.377E+04 2.132E+04 1.719E+04

EAA NUMBERS

3.926E-20 3.926E-20 3.926E-20 3.926E-20
5.080E+07 4.483E+07 8.965E+07 1.793E+07
1.206E+08 1.266E+08 T.085E+08 1.266E+08
5.708E+07 3.575E+07 6.586E+07 6.963E+07
7.254E+07 8.148E+07 7.286E+07 6.327E+07
1.347E+07 1.554E+07 1.503E+07 9.845E+06
8.876E+05 1.065E+06 1.065E+06 5.327E+05
1.443E+05 1.443E+05 1.443E+05 1.443E+05
3.943E-20 3.943E-20 3.943E-20 3.943E-20

TOTAL EAA NUMBERS
7.995E+07 7.739E+07 8.954E+07 7.291E+07

OPC NUMBERS

2.071E+05 1.805E+05 2.053E+05 2.354E+05 
5.022E+04 4.227E+04 5.352E+04 5.486E+04 
5.456E+03 6.362E+03 5.285E+03 4.722E+03 
1.276E+02 2.104E+02 1.173E+02 5.518E+01 
3.358E+00 2.519E+00 2.519E+00 5.037E+00

TOTAL OPC NUMBERS
6.465E+04 5.672E+04 6.518E+04 7.206E+04

MERGED TOTAL NUMBERS
7.996E+07 7.741E+07 8.955E+07 7.293E+07



AVERAGE 109 110 111 112

EAA VOLUMES

8.671E-27 8.671E-27 8.6718-27 8.671E-27 8.671E-27
1.714E+01 6.858E+01 4.837E-26 4.837E-26 4.837E-26
6.B49E+02 6.261E+02 7.827E+02 5.4798+02 7.8278+02
2.989E+03 2.989E+03 2.989E+03 3.219E+03 2.759E+03
4.195E+04 3.925E+04 4.405E+04 4.24IE+04 4.2088+04
8.413E+04 8.185E+04 8.363E+04 8.6218+04 8.4828+04
5.376E+04 5.015E+04 5.419E+04 5.476E+04 5.5928+04
3.085E+04 2.820E+04 2.997E+04 3.1738+04 3.3498+04
3.249E+04 3.119E+04 3.119E+04 3.6388+04 3.1198+04

TOTAL EAA VOLUMES
6.263E+04 5.946E+04 6.262E+04 6.4768+04 6.3698+04

OPC VOLUMES

1.053E+04 8.186E+03 8.806E+03 1.637E+04 8.7768+03
2.057E+04 1.807E+04 2.061E+04 1.9738+04 2.385E+04
1.728E+04 1.208E+04 1.4588+04 1.599E+04 2.6478+04
2.443E+03 3.844E+03 1.6948+03 1.1738+03 3.0628+03
4.343E+02 5.791E+02 1.4488+02 5.7918+02 4.3438+02

TOTAL OPC VOLUMES
1.818E+04 1.511E+04 1.604E+04 1.819E+04 2.3398+04

MERGED TOTAL VOLUMES
6.585E+04 6.1338+04 6.4558+04 6.5768+04 7.1778+04

EAA NUMBERS

3.9268-20 3.926E-20 3.9268-20 3.9268 - 20 3.9268-20
1.3928+07 5.568E+07 3.9278-20 3.9278-20 3.9278-20
9.8268+07 8.983E+07 1.1238+08 7.8608+07 1.1238+08
7.5968+07 7.5968+07 7.5968+07 8.1808+07 7.0128+07
1.8998+08 1.777E+08 1.9948+08 1.9208+08 1.9058+08
6.8308+07 6.645E+07 6.7898+07 6.9998+07 6.8868+07
7.7128+06 7.1958+06 7.7748+06 7.8578+06 8.0228+06
7.839E+05 7.1678+05 7.6158+05 8.0638+05 8.5118+05
1.4718+05 1.4128+05 1.4128+05 1.6478+05 1.4128+05

TOTAL EAA NUMBERS
1.1548+08 1.2018+08 1.1778+08 1.0938+08 1.1438+08

OPC NUMBERS

3.4728+05 2.6978+05 2.9028+05 5.3958+05 2.8928+05
1.1118+05 9.7668+04 1.1148+05 1.0668+05 1.2898+05
6.3528+03 4.4408+03 5.3608+03 5.8798+03 9.7308+03
8,0338+01 1.2648+02 5.5688+01 3.8558+01 1.0078+02
2.3468+00 3.1288+00 7.8208-01 3.1288+00 2.3468+00

TOTAL OPC NUMBERS
1.1528+05 9.2788+04 1.0208+05 1.5688+05 1.0948+05

MERGED TOTAL NUMBERS
1.J53E+08 1.201E+08 1.I76E+08 1.093E+08 1.142E+08



AVERAGE 213

EAA VOLUMES

8.67IE-27 8.671E-27
4.837E-26 4.837E-26
7.044E+02 7.044E+02
2.759E+03 2.759E+03
3.551E+04 3.551E+04
5.668E+04 5.668E+04
3.055E+04 3.055E+04
1.763E+04 1.763E+04
2.079E+04 2.079E+04

TOTAL EAA VOLUMES
4.177E+04 4.177E+04

OPC VOLUMES

6.103E+03 6.103E+03
1.318E+04 1.318E+04
1.747E+04 1.747E+04
1.759E+03 1.759E+03
1.592E+03 1.592E+03

TOTAL OPC VOLUMES
1.506E+04 1.506E+04

MERGED TOTAL VOLUMES
4.805E+04 4.805E+04

EAA NUMBERS

3.926E-20 3.926E-20
3.927E-20 3.927E-20
1.0ME+08 1.011E+08
7.012E+07 7.012E+07
1.607E+08 1.607E+08
4.601E+07 4.601E+07
4.383E+06 4.383E+06
4.480E+05 4.480E+05
9.412E+04 9.412E+04

TOTAL EAA NUMBERS
9.702E+07 9.702E+07

OPC NUMBERS

2.011E+05 2.011E+05 
7.123E+04 7.123E+04 
6.423E+03 6.423E+03 
5.783E+01 5.783E+OI 
8.602E+00 8.602E+00

TOTAL OPC NUMBERS 
7.023E+04 7.023E+04

MERGED TOTAL NUMBERS 
9.699E+07 9.699E+07



AVERAGE 114 115 116 117

EAA VOLUMES

8.671E-2? 8-671E-27 8.67IE-27 8.671E-27 8.671E-27 
5»043E+01 4.034E+01 4.837E-26 1.614E+02 4.837E-26 
9.668E+02 6.445E+02 9.208E+02 1.105E+03 1.197E+03 
4.463E+03 6.492E+03 3.516E+03 3.787E+03 4.657E+03 
4.525E+04 4.796E+04 4.796E+04 4.254E+04 4.254E+04 
8.342E+04 9.047E+04 8.394E+04 8.231E+04 7.694E+04 
4.612E+04 5.358E+04 4.137E+04 4.612E+04 4.340E+04 
3.162E+04 3.525E+04 2.903E+04 3.318E+04 2.903E+04 
3.211E+04 3.669E+04 3.669E+04 3.0581^04 2.446E+04

TOTAL EAA VOLUMES
6.191E+04 6.879E+04 6.177E+04 6.084E+04 5.624E+04 

OPC VOLUMES

7.694E+03 8.666E+03 7.758E+03 7.272E+03 7.080E+03 
1.416E+04 1.537E+04 1.466E+04 1.376E+04 1.286E+04 
1.834E+04 2.083E+04 1.745E+04 1.727E+04 1.780E+04 
2.060E+03 2.989E+03 2.223E+03 1.495E+03 1.533E+03 
5.535E+02 6.029E-16 1.703E+02 3.406E+02 I.703E+03

TOTAL OPC VOLUMES
1.598E+04 1.793E+04 1.554E+04 1.511E+04 1.533E+04 

MERGED TOTAL VOLUMES
6.409E+04 7,129E+04 6.395E+04 6.196E+04 5.916E+04

EAA NUMBERS

3.926E-20 3.926E-20 3.926E-20.3.926E-20 3.v2oE-20 
4.094E+07 3.275E+07 3.927E-20 1.310E+08 3.927E-20 
1.387E+08 9.247E+07 1.321E+08 1.585E+08 1.717E+08 
1.134E+08 1.650E+08 8.936E+07 9.624E+07 1.031E+08 
2.049E+08 2.171E+08 2.171E+08 1.926E+08 1.926E+08 
6.771E+07 7.344E+07 6.814E+07 6.681E+07 6.246E+07 
6.616E+06 7.686E+06 5.935E+06 6.616E+06 6.227E+06 
8.037E+05 8.959E+05 7.378E+05 8.432E+05 7.378E+05 
1.453E+05 1.661E+05 1.661E+05 1.384E+05 1.107E+05

TOTAL EAA NUMBERS
1.453E+08 1.494E+08 1.302E+08 1.656E+08 1.361E+08

OPC NUMBERS

2.535E+05 2.856E+05 2.556E+05 2.396E+05 2.333E+05 
7.654E+04 8.3O4E+04 7.925E+04 7.435E+04 6.951E+04 
6.741E+03 7.656E+03 6.414E+03 6.350E+03 6.544E+03 
6.772E+01 9.827E+01 7.307E+01 4.913E+01 5.039E+01 
2.990E+00 3.257E-20 9.200E-01 1.840E+00 9.200E+00

TOTAL OPC NUMBERS
B.379E+04 9.344E+04 8.4938+04 7.980E+04 7.699E+04 

MERGED TOTAL NUMBERS
1.453E+08 1.494E+08 1.301E+08 1.655E+08 1.3608+08



AVERAGE 118 119 120 121

EAA VOLUMES

8.A71E-27 8.671E-27 8.671E-27 8.671E-27 8.671E-27 
2.017E+01 8.069E+01 4.837E-26 4.837E-26 4.837E-26 
1.082E+03 1.289E+03 1.105E+03 9.208E+02 1.013E+03 
4.450E+03 5.139E+03 3.733E+03 4.328E+03 4.598E+03 
3.373E+04 3.605E+04 3.481E+04 3.3268+04 3.079E+04 
5.497E+04 5.269E+04 5.363E+04 5.386E+04 5.969E+04 
2.933E+04 2.713E+04 2.984E+04 2.848E+04 3.187E+04 
1.866E+04 1.866E+04 1.866E+04 1.659E+04 2.074E+04 
2.293E+04 1.835E+04 2.446E+04 2.446E+04 2.446E+04

TOTAL EAA VOLUMES
4.191E+04 4.044E+04 4.218E+04 4.108E+04 4.394E+04 

GPC VOLUMES

3.737E+03 3.868E+03 3.533E+03 3.286E+03 4.260E+03 
4.976E+03 5.644E+03 5.266E+03 4.462E+03 4J531E+03 
8.098E+03 8.257E+03 7.702E+03 7.919E+03 8.513E+03 
1.341E+03 loll 1E+03 1 .686E+03 1.073E+03 1 .495E+03 
3.406E+02 6.812E+02 3.406E+02 1.703E+02 1.703E+02

TOTAL OPC VOLUMES
6.869E+03 7.199E+03 6.902E+03 6.371E+03 7.003E+03

MERGED TOTAL VOLUMES
4.094E+04 3.994E+04 4.121E+04 4.029E+04 4.232E+04

EAA NUMBERS

3.926E-20 3.926E-20 3.926E-20 3.926E-20 3.926E-20 
1.638E+07 6.550E+07 3.927E-20 3.927E-20 3.927E-20 
1.552E+08 1.849E+08 1.585E+08 1.321E+08 1.453E+08 
1.131E+08 1.306E+08 9.486E+07 1.100E+08 1.169E+08 
1.527E+08 1.632E+08 1.576E+0B 1.506E+08 1.394E+08 
4.462E+07 4.278E+07 4.353E+07 4.372E+07 4.845E+07 
4.208E+06 3.892E+06 4.281E+06 4.086E+06 4.573E+06 
4.743E+05 4.743E+05 4.743E+05 4.216E+05 5.270E+05 
1.038E+05 8.305E+04 1.107E+05 1.107E+05 1.107E+05

TOTAL EAA NUMBERS
1.233E+08 1.499E+08 1.164E+08 U117E+08 1.153E+08

OPC NUMBERS

1.232E+05 1.275E+05 1.164E+05 1.083E+05 1.4048+05 
2.689E+04 3.050E+04 2.846E+04 2.411E+04 2.449E+04 
2.977E+03 3.035E+03 2.831E+03 2.911E+03 3.129E+03 
4.409E+01 3.653E+01 5.543E+01 3.527E+01 4.913E+01 
1,840E+00 3.680E+00 1.840E+00 9.2008-01 9.2008-01

TOTAL OPC NUMBERS
3.739E+04 3.950E+04 3.630E+04 3.3T7E+04 4.060E+04 

MERGED TOTAL NUMBERS
1.2338+08 1.498E+08 1.163E+08 1.117E+08 1.153E+08



AVERAGE 125 126 127

EAA VOLUMES

M71E-27 8.671E-27 8.671E-27 8.671E-27 
3.292E+03 3-258E+03 3.429E+03 3.189E+03 
2.791E+04 2.567E+04 2.849E+04 2.958E+04 
1.843E+04 1.816E+04 1.828E+04 I.885E+04 
3.954E+04 3»860E+04 3.846E+04 4.155E+04 
2.424E+04 2.596E+04 2.180E+04 2.497E+04 
2.306E+04 2.075E+04 2.363E+04 2.479E+04 
4.113E+04 4.054E+04 4.231E+04 4.054E+04 
7.277E+04 6.757E+04 6.757E+04 8.316E+04

TOTAL EAA VOLUMES
6.346E+04 6.096E+04 6.183E+04 6.758E+04 

OPC VOLUMES

1.279E+04 1.270E+04 1.246E+04 1.320E+04 
6.805E+04 6.458E+04 6.661E+04 7.295E+04 
2.213E+05 1.996E+05 2.644E+05 2.000E+05 
9.638E+04 9.635E+04 9.059E+04 i.022E+05 
1.752E+04 1.839E+04 1.462E+04 1.954E+04

TOTAL OPC VOLUMES
1.619E+05 1.501E+05 1.B08E+05 1.549E+05

MERGED TOTAL VOLUMES
2.015E+05 1.879E+05 2.188E+05 1.978E+05

EAA NUMBERS

3.926E-20 3.926E-20 3.926E-20 3.926E-20 
2.673E+09 2.645E+09 2.784E+09 2.589E+09 
4.005E+09 3.683E+09 4.087E+09 4.244E+09 
4.684E+08 4.616E+08 4.645E+08 4.791E+08 
1.790E+08 1.747E+08 1.741E+08 1.881E+08 
1.968E+07 2.108E+07 1.770E+07 2.027E+07 
3.308E+06 2.977E+06 3.391E+06 3.556E+06 
1.045E+06 1.030E+06 1.075E+06 1.030E+06 
3.294E+05 3.059E+05 3.059E+05 3.765E+05

TOTAL EAA NUMBERS
1.863E+09 1.772E+09 1.910E+09 1.908E+09

\OPC NUMBERS

4.213E+05 4.185E+05 4.104E+05 4.349E+05 
3.678E+05 3.490E+05 3.600E+05 3.943E+05 
8.136E+04 7.337E+04 9.720E+04 7.352E+04 
3.168E+03 3.168E+03 2.978E+03 3.358E+03 
9.463E+01 9.932E+01 7.89BE+01 1.056E+02

TOTAL OPC NUMBERS
2.490E+05 2.386E+05 2.521E+05 2,563E+05

MERGED TOTAL NUMBERS
1.863E+09 1.772E+09 1.910E+09 1.908E+09



AVERAGE 128 129 130

EAA VOLUMES

8067IE-27 8.671E-27 8.6715-27 8.671E-27
3.635E+03 3.052E+03 3.429E+03 4.424E+03
2.361E+04 2.332E+04 2.3485*04 2.4035+04
1.358E+04 1.288E+04 1.3805+04 1.4075+04
3.T60E+04 3.1175*04 3.090E+04 3.2745+04
2.253E+04 2.1015*04 2.378E+04 2.2795+04
2.190E+04 2.0755*04 2.3635+04 2.1335+04
3.702E+04 3.8785*04 3.3495+04 3.8785+04
7.7975*04 7.2775*04 9.876E+04 6.2375+04

TOTAL EAA VOLUMES
5.876E+04 5.6705*04 6.369E+04 5.5905+04

OPC VOLUMES

1.119E+04 1.1525*04 1.0585+04 1.1485+04
6.520E+04 5.9345*04 6.832E+04 6.7945+04
3.349E+05 3.099E+05 3.4565+05 3.4915+05
3.153E+05 3.0355*05 3.2775+05 3.1465+05
7.494E+04 7.7455*04 6.732E+04 8.0055+04

TOTAL OPC VOLUMES
2.884E+05 2.7135*05 2.936E+05 3.0045+05

MERGED TOTAL VOLUMES
3.249E+05 3.0575*05 3.349E+05 3.3405+05

EAA NUMBERS

3.9265-20 3.9265-20 3.9265-20 3.9265-20
2.9515+09 2.4785+09 2.7845+09 3.5915+09
3.3875+09 3.3465+09 3.3695+09 3.4475+09
3.4515+08 3.2725+08 3.5065+08 3.5765+08
1.4315+08 1.4115+08 1.3995+08 1.4825+08
1.8295+07 1.7055+07 1.9315+07 1.8505+07
3.1435+06 2.9775+06 3.3915+06 3.0605+06
9.4075+05 9.8555+05 8.5115+05 9.8555+05
3.5305+05 3.2945+05 4.4715+05 2.8245+05

TOTAL EAA NUMBERS
1.7375+09 1.6015+09 1.6915+09 1.9205+09

OPC NUMBERS

3.689E+05 3.796E+05 3.487E+05 3.783E+05 
3.524E+05 3.207E+05 3.692E+05 3.672E+05 
1.231E+05 1.139E+05 1.270E+05 1.283E+05 
1.036E+04 9.976E+03 1.077E+04 1.034E+04 
4.048E+02 4.184E+02 3.636E+02 4.325E+02

TOTAL OPC NUMBERS
2.552E+05 2.432E+05 2.579E+05 2.645E+05

MERGED TOTAL NUMBERS
1.737E+09 1.601E+09 1.691E+09 1.920E+09



APPENDIX F 
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Table F.l. Total filter data. Run 4-24-81.

Tare Gross -Net Sample Flue Gasc Particle
Weight Weight Weight Rotameter Rate Time Sampled Concentration 

Filter (mg) (mg) (mg) Reading*3 (1/m) (m) (1) mg/m3

Blank 1 27.62 27.69 0.07 — — — — —
Blank 2 2 8.12 28.16 0.04 — - - - -
Ad 27.64 30.24 2.60 90 10.2 22 5.6 464
Bd 27.80 34.50 6.70 130 14.0 26 9.1 736
cd 28. 36 29.97 1.60 90 10.2 22 5.6 288
De 28.29 28.99 0.70 90 10.2 .24 6.1 115
E6 2 8.57 34.18 5.61 140 14.8 22 8.1 69 3
Ff 27.99 29.73 1. 74 90 10.2 24 6.1 285

a. PalIflex QAST 2500 (25 mm quarts) filters.
b. Matheson Tube No. 604, Stainless Steel Float.
c. Corrected for 40:1 dilution.
d. Unstaged combustion.
e. Staged combustion, SRI = 0.8.
f. Staged combustion, SRI =0.4.
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Table F,2. Total filter analysis. Run 4-24-81„

ANALYTICAL CCMTCf?
D E P A R T M E N T  OF C H E M I S T R Y  U N I V E R S I T Y  OF A R I Z O N A  T U C S O N ,  A R I Z O N A  85721

( 6 0 2 )  6 2 6 - 3 1 8 0

MEMORANDUM
TO: Tom Peterson

FROM: Michele DerriciTTP'^

RE: F ilte r  Analysis #810624

DATE: May 14, 1981

We have completed the analysis requested on May 6, 1981 of eight
f i l t e r  samples. The results are given below in p g /f ilte r . The results
have not been blank corrected except for the lig h t absorption values. 
For lig h t absorption. Blank #1 was used for instrument n u llific a tio n .

Please call i f  you have any questions on the analysis.

RESULTS (to tal u g /f ilte r )

Total pg
Sample Collected C so; NCh Pb

TF-Blk 1 70 14.7 3.7 1.5 < 1
TF-Blk 2 40 12.6 3.7 1. 5 < 1
TF-A 2600 56.7 46 < .4 1.9
TF-B 6700 119.7 120 < .4 2.8

TF-C 1610 42.0 38 < .4 3.2
TF-D 700 18.9 24 < .4 4.7
TF-E 5610 71.4 73 < .4 14
TF-F 1740 367.4 29 < .4 17

Light
Sample Fe Na Ca K Absorption

TF-Blk 1 < 2 < 2 2. 7 < 0.5
TF-Blk 2 < 2 3.2 4. 2 < 0.5 .007
TF-A 490 7.5 75 6.9 .201
TF-B 230 9.7 230 17 .760

TF-C 370 < 2 75 4.8 '112
TF-D 390 22 36 2.1 .053
TF-E 250 < 2 250 20 .335
TF-F 240 43 68 6.9 2.064

*550 nm
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