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ABSTRACT

With the increased emissions of nitrogen oxides, atmospheric
nitrate aerosols have become a great concern. The presence of total
nitrate in the atmosphere is as much as 25% of the total aerosol
pollutants, in which ammonium nitrate is always in equilibrium with
ammonia and nitric acid. Although ammonium nitrate is a major pollutant
in the atmosphere, very limited data exists on its concentrations and
size distributions and mechanisms of formation. The aim of this work
was to study the formation and growth of ammonium nitrate aerosols from
the gas-phase reaction of nitrogen dioxide and ammonia in air, with the
specific objective to identify the mechanisms of aerosol formation and
growth. The NO,-NH3 reaction was studied in a laminar flow aerosol
reactor. A TSI differential Mobility Particle Sizer (DMPS), interfaced
with an IBM/XT personal computer, was used to measure the size distri-
butions in the range of 0.01-1.0 un. The concentrations of the
reactants after mixing were in the range of 0.5-14 ppm. The reaction
was studied at the atmospheric pressure and in the temperature range of
4,4-21,0 °C (40-70 °F).

Ammonium nitrate aerosols form by the homogeneous nucleation and
grow by the condensation of the monomeric NH4NO3 and to a lesser extent
by the adsorption of NH3 and HNO; vapors on the particle surface
followed by the surface reaction of the adsorbed species. A number
distribution equation, based on the condensation equation, fits the

measured data well. This indicates that the condensation of ammonium
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nitrate is the dominant particle growth process. The evolution of the
size distributions shows that the growth by volume reaction is not
possible and coagulation is not significant in the reaction conditions
under study. The experimental critical particle diameter was found to
be in the range of 0.018-0.052 ym. The results showed an average
particle diameter in the range of 0.2-0.4 ym at the reaction conditions
under study. As expected the critical particle size decreased and the

concentration increased when the temperature was decreased.

jv



ACKNOWLEDGMENTS

I wish to express my sincere gratitude and deep appreciation to my
major adviser, Dr. Mayis Seapan, for his concern, help, and encourage-
ment throughout my graduate work. I am also grateful to the other
committee members, Drs. R. L. Robinson, Jr. G. Foutch, and M. Rockley
for their assistance, and invaluable advice during the course of this
work. I would also Tike to thank the School of Chemical Engineering of
OkTlahoma State University for providing me the opportunity, space, and
supplies to conduct this research. My deep appreciation belongs to the
Embassy of Kuwait and Kuwait University for their finanical and
emotional support.

Finally, I wish to thank my parents and my wife for their love and

encouragment throughout this study.



Chapter
I.
II.

ITI.
Iv.

TABLE OF CONTENTS

INTRODUCTION o v v v v v v vt o e e oo o e o o o o o o o s

SCIENTIFIC DISCUSSION . . . v v v v v v v v v v o v o o o

2.1 Experimental Data on Ammonium Nitrate . . . . . .
2.2 Kinetics of the Ammonia-Nitrogen Dioxide Reaction.
2.3 Aerosol Dynamic Models . . . & + v v ¢ v ¢ ¢ o & &
2.4 Thermodynamic and Physical Properties . . . . . .

FUNDAMENTALS OF AEROSOL FORMATION AND GROWTH . . . . . . .

APPARATUS AND EXPERIMENTAL PROCEDURES . . . . . . . . + . .

4,1 Apparatus . . . . ¢ . .. c e e e s s s e e e e
4,2 Experimental Procedure . . . . « ¢« ¢« ¢ v ¢« ¢+ . .

EXPERIMENTAL RESULTS AND DISCUSSION . . . . . o s e e e e

5.1

5.2

Mathematical Model . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o &
5.1.1 Steps of theModel . . . ¢ « v ¢ ¢ ¢ v v o ¢ 4 &
5.1.2 Solution of the D1fferent1a1 Equat1ons e e e e
Discussion of the Results . . « ¢ v v ¢ ¢ ¢ v ¢« ¢ o o &
5.2.1 Variation of the Total Number Concentration
' With Time . . & ¢ v ¢ v v o o ¢ o o o o o o &
5.2.2 Total Number Concentrat1ons Measured by the
o DMPS Versus Those Measured by the CNC
5.2.3 Size Distribution . . . . . . 0 000000
5.2.4 Effect of Independent Parameters . . . . . . . .
5.2.4.1 Effect of Reaction Temperature
5.2.4.2 Effect of Initial Reactant
‘ Concentrations . . . . . . . ¢« . ..
5.2.4.3 Effect of Residence Time . . . . . . .
5.2.4.4 Effect of the [NH3]/[NO,] Ratio . . . .
5.2.5 Dependency of Particle Character1st1cs ’
on Temperature . . . « ¢ v v ¢ ¢ v v 0 0 . . .
5.2.6 Variation of Partial Reactant Pressures
' With Time . . ¢ ¢ v v v ¢ ¢ v e v o o v v o &
5.2.7 Experimental Error and Reproduc1b111ty e e e

vi



Chapter Page

VI. CONCLUSIONS AND RECOMMENDATIONS . . & & ¢ v v o o o o & .. 152
6.1 CoNCTUSTONS v v & v ¢ ¢ v 4 o o o o o o o o o o s s o » 152

6.2 RecommendationsS . .« v ¢ o o ¢ ¢ ¢ o o o o o o o o .o« o o 153

© 6.2.1 Recommendations for the Scope of Work . . . . . 153

6.2.2 Recommendations for the Instrumentation- . . . . 153
BIBLIOGRAPHY & v v v it e e e e e e e e e e e e e e e e e e e e 155
APPENDIX A - CALIBRATION DATA FOR THE FLOWMETERS . . . . . . . . . 160
APPENDIX B - DETAILED EXPERIMENTAL PROCEDURE . v v v v v o o « « . 165
APPENDIX C - HEALTH HAZARDS OF REACTING SPECIES v e e e e 170

vii



LIST OF TABLES

Table Page
I. Typical Variation of the Total Number Density With Time
' (For Run #31) . . . . ¢« .« . . O, 35
II. Typical Measurement of the Particle Size Distribution
(For Run #31) & v v v v v v o v v o v o o o o o o o 0 s 37
ITI. Typical Measurement of the Cumulative Particle Size
Distribution (For Run #31) . . . . . . . . . c + o s e . 38
IV. Conditions of the Experiments . . . . . . ¢« . ¢« ¢ ¢ ¢ ¢ o . 41

V. Induction Time and Critical Particle Diameter Estimated
From Experimental Results . . . . . .+« ¢ ¢ o ¢ o o o« . 43

VI. Total Number Concentration of Particles at T = 20.0 °C . . 44

]

VII. Total Number Concentration of Particles at T

15.0 °C . . 45
VIII. Total Number Concentration of Particles at T

10,0 °C . . 46
IX. Total Number Concentration of Particles at T = 4.4 °C . . . 47

X Total Surface Area of Particles at T =20.0 °C . . . . .. 48
XI. Total Surface Area of Particlesat T=15.0°C .. ... . 49
XII. Total Surface Area of Particles at T=10.0°C . . . . . . 50
XIII. Total Surface Area of Particles at T=4.4°C. . . .. 51
XIV. Total Volume of Nitrate Particles at T=20.0°C . .. .. 52
XV. Total Volume of Nitrate Part1§1es at T =15.0 °C . 53
XVI. Total Volume of Nitrate Particles at T =10.0 °C . . . . 54
XVII. Total Volume of Nitrate Particlesat T=4.4°C . . . .. 55
XVIII. Development of Total Number and Total Volume With

Reaction Time . . . . . . . o v v v v o ¢ e e o o e .. 56

XIX. Comparison Between DMPS and CNC Measurements of fhé |
Total Number Concentration . . . . .. ... ... ... 57

viii



Table

XX.
XXT.
XXII.

XXIII.

Page
Steady State Values of the Calculated Condensation Rates
of NOZ’ NH3 and NH4N03 ........ e o e s s e s e o 74
Summary of the Measured Calibration Data for the Four
Rotameters . & v v v v v 0ttt e e e e e e e e e e e 162
Summary of the Fitted Calibration Data for the Four

Rotameters . . & v o v v v v v it e e e e e e e e e e 163
Health Hazards of Reacting Species, Weiss (1986) . . . . . 171

ix



LIST OF FIGURES

Figure Page
1. Evolution of Aerosol Mass Distribution (Seinfeld and
Bassett, 1982) . . . & ¢ ¢ v i i i e e e e e e e e e e e e 25
2. Schematic Diagram of the Experimental Apparatus . . . . . .. 27
3. Rerosol REACLOr & v v v v v v e e e e e e e e e e e e e e 28
4. Schematic Diagram of the Four Stages of the Theoretical Model 60
5. Flow Chart of the Computational Procedure . . . ... .. .. 64
6. Condensation Rates of Nitrogen Dioxide, Ammonia and Ammonium
' Nitrate for [NH3] = [NO,] = 5 ppm, RT. = 3 s and T =24 °C
(Experiment 39) . & v @ v i 0 i e e e e e e e e e e e e 75
7. Condensation Rates of Nitrogen Dioxide, Ammonia and Ammonium
Nitrate for [NH3] = [NO,] = 10 ppm, RT =3sand T =14 °C
(Experiment 49)" . . . . . e e e s e e e e e e e e e e 76
8. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = [NO,] = 5 ppm, RT. = 10 s and T = 15.5 °C
(Experiment 48) (M & 0 k's Stands for Mearns and ‘
Ofosu-Asiedu, 1984a k-vaTues) . ¢ v v v v ¢ v ¢ ¢ o« o o o & 78
9. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = 1 ppm, [NO,] = 11 ppm, RT. = 5 s and
T =19 °C (Experiment 36) ﬁ & 0 k's Stands for Mearns
and Ofosu-Asiedu, 1984a k—va1ues) e e e e e e e B A°)
10. Total Number Concentration of Ammonium Nitrate vs. Reaction
’ Time for [NH3] =1 ppm [NO,] = 5 ppm, RT. =5 s and T = 20 °C
(Experiment 27 e e e s e e e e e e e e e e e e e e e e 80
11. Total Number Concentration of Ammon1um Nitrate vs. Reaction
Time for [NH;] [N02] =5 ppm, RT. = 10 sand T = 20 °C
(Experiment 36) .. o e e e s e s e e e e e e e e 81
12. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH;] = [NO,] = 2.5 ppm, RT. = 10 s and T = 21 °C
(Experiment 38 ........ T 82
13. Total Number Concentration of Ammonium Nitrate vs. Reaction

T1me for [NH3] = 0.5 ppm [NO,] = 5 ppm, RT. = 5's and
= 20 °C (Experiment 45) . . . . ¢ ¢ ¢ i v e e e e e v . . 83



Figure

14. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = 0.5 ppm [NO,] = 8 ppm, RT. = 4 s and
T=20 °C (Exper1ment )

15. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = [NO,] = 10 ppm, RT =10 sand T = 20 °C
(Experiment 30 ......................

16. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = [NO,] = 8 ppm, RT. = 30 s and T = 21 °C
(Experiment é ......................

17. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = [NO,] = 5 ppm, RT =5 sand T=20 °C
(Exper1ments 34 & 4 ? ...................

18. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = [NO,] = 5 ppm, RT. = 3 s and T = 24 °C
(Experiment %8 ......................
19. Total Number Concentration of Ammonium Nitrate vs. Reaction
' Time for [NH3] = 13.5 ppm [NO,] = 3 ppm, RT =5 s and
T =22 °C (Experiment 31) . & ¢ v ¢« ¢ ¢ ¢ ¢ ¢ o ¢ o o o o

20. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] [NO,] = 0. 5 ppm, RT. = 10 s and T = 4 °C
(Experiments 58 & 60 % ...................

21. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = 3 ppm [NO,] = 2 ppm, RT. = 10 s and
T=14 °C (Exper1ment 50) &« e v 0 e e e e e e e e e e e e

22, Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = [NO,] = 1 ppm, RT. = 10 s and T =21 °C
(Experiment 59 ......................
23. Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = [NO,] = 1 ppm, RT. =10 s and T = 13 °C
(Experiment g ......... e e e e e e e e e e e e

24, Total Number Concentration of Ammonium Nitrate vs. Reaction
Time for [NH3] = [NO,] = 0.5 ppm, RT. = 10 s and T = 10 °C
(Experiment gZ .......... e e e e e e e e e e e

25. Total Number Concentrat1on of Ammonium Nitrate vs. Reaction

' Time for [NH3] = [NO,] = 1 ppm, RT. =10 s and T = 10 °C
(Experiment §3) ......................

26, Total Number Concentration of Ammonium Nitrate vs. Reaction

Time for [NH3] = [NO,] = 1 ppm, RT. = 10 s and T = 4 °C
(Experiment g ......................

X1

Page



Figure : Page

[NO,] = 10 ppm RT. = 10 s and

27. Size Distribution for [NH,]
' 3) ..... e e e e e e e e o e e 99

T = 14 °C (Experiment 4

28, Size Distribution for [NH?]

[NO,] =1 ppm, RT. = 10 s and
T =4 °C (Experiment 59 . .

c s s s s s s s e s . 100

29. Size Distribution for [NH;] = [NO,] = 0.5 ppm, RT. = 10 s and
T =4 °C (Experiment 60? ..... S e e e e e e 101

30. Size Distribution for [NH3] = 1 ppm, [N02] 5 ppm, RT. =5 s

and T = 20 °C (Experiment 47) . . ¢« ¢« ¢« ¢« ¢« ¢« ¢ « & .. .. 102
31. Size Distribution for [NH;] = [N02] = 1 ppm, RT. = 10 s and
' T =10 °C (Experiment 5%) B LI K
32. Size Distribution for [NH,] = [NOZ] =1 ppm, RT. = 10 s and
' T =13 °C (Experiment 5%) e e s s e s e e e s e e e e 104
33. Size Distribution for [NH,;] = [NO,] = 5 ppm, RT. = 3 s and
' T =24 °C (Experiment 33) e )

[NO,] = 5 ppm, RT. = 10 s and

34. Size Distribution for [NH,]
g) ..... o e e e e e e« . . . 106

T =15 °C (Experiment 4
35. Size Distribution for [NH3] = 13.5 ppm, [NOZ] =3 ppm

RT. = 5sand T =20 °C (Experiment 32) . . e o e oe . . 107

36. Size Distribution for [NH3] = [NO,] = 5 ppm, RT. = 10 s and
T =21 °C (Experiment 4%) et e e e e e e e e e e e e . . 108

37. Size Distribution for [NH;] = [NO,] = 5 ppm, RT. =5 s and
‘ T =20 °C (Experiment 33) .............. . . . 109

38. Size Distribution for [NHé]

[N02] =5 ppm, RT. = 5 s and
T =20 °C (Experiment 3

e 8 [

39. Size Distribution for [NH3] = 1 ppm, [N02] 11 ppm, RT. =5 s
' and T = 19 °C (Experiment 37) . . . S B b |

40. Size Distribution for [NH;] = [NO,] = 0.5 ppm, RT. = 10 s and
' T =10 °C (Experiment 6§) e )

41. Size Distribution for [NH;] = [NO,] = 0.5 ppm, RT. = 10 s and

T =4 °C (Experiment 58 e s e e e e e e s e e e 113
42. Size Distribution for [NH,] [N02] =2.,5 ppm, RT. = 10 s and
' T =21 °C (Experiment Zg e

43, Evo1ut1on of Size Distribution of Exper1ment 63 [NH3] [NO,]
‘ = 0. 5 ppm, RT =10sand T=10°C ... ... ... ... 117



Figure Page

44.
45,
4.
47.
48.
49.
50.
51.
52.

53.
547
55,
56.

57.

Evolution of Size Distribution of Experiment 58 [NH3] = [NO,]
=0.5ppm, RT. =10 sand T=4°C . . . v v v ¢ % ¢« ¢« o o 118

Evolution of Size Distribution of Experiment 60 [NH3] = [NO,]
=0.5ppm, RT. =10 sand T=4 °C . . . ¢« ¢ v v v v v o « . 119

Evolution of Size Distribution of Experiment 59 [NH3] = [NO,]
=1lppm, RT. =10 sand T=4°C ., . . . ¢ ¢« v ¢ v ¢« o o o« & 120

Effect of Temperature on Total Number Concentration for [NH,]

= [NO,] = 1 ppm and RT. = 10 s (Experiments 29, 51 and 53? . 123

Effect of Temperature on Total Number Concentration for [NH3]
= [NO,] = 5 ppm and RT. = 10 s (Experiments 26 and 48) . . . 124

Effect of Temperature on Particle Size Distribution for [NH,]
= [NO,] = 0.5 ppm and RT. = 10 s (Experiments 60 and 63) . . 126

Effect Initial Reactant Concentrations on Total Number Density
at T = 13.5 °C and RT. = 10 s (Experiments 50 and 51) . . . 127

Effect Initial Reactant Concentrations on Total Number Dens ity
at T =21 °C and RT. = 10 s (Experiments 28 and 29) . . . . 128

Effect Initial Reactant Concentrations on Total Number Density
at T =4 °C and RT. = 10 s (Experiments 59 and 60) . . . . . 129

Effect of Initial Reactant Concentrations on Particle Size
Distribution at T = 4 °C and RT. = 10 s (Experiments 59
and 60) L] L] . L] . L] ] L] L ] L] L] . .............. 131

Effect of Residence Time on Particle Size Distribution for
[NH3] = [NO,] = 8 ppm and T = 21 °C (Experiments 54, 55,
Y 1o N ) 132

Effect of Residence Time on Particle Size Distribution for
[NH3] = [NO,] = 5 ppm and T = 21 °C (Experiments 41, 42,
Y o 3 133

Effect of [NH;]/[NO,] Ratio on Measured Total Number Density
at T = 20 °E and RT. = 5 s, for Ratio of 1, 0.2, 0.1 and
0.06 Corresponding to Experiments 34, 47, 45 & 46 . . . . . 135

Effect of [NH,]/[NO,] Ratio on Predicted Total Number Dens ity
at T =20 °8 and RT. = 5 s, for Ratio of 1, 0.2, 0.1 and
0.06 Corresponding to Experiments 34, 47, 45 & 46 . . . . . 136

58. Effect of [NH3]/[N0,] Ratio on Particle Size Distribution at

T="° and RT. = 5 s, for Ratio of 1 and 0.2 Corresponding
to Experiments 34-and 47 . . . . . . . . . e e e e e e e e ‘ 137

xiii



Figure Page

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

Temperature Dependence of Total Number and Total Surface Area
of Particles for [NH3] = [NO,] = 1 ppm and RT. = 10 s
(Experiments 29, 51,53 and §9) e e

Temperature Dependence of Total Volume for [NH3] = [NOy] =
1 ppm and RT. = 10 s (Experiments 29, 51, 537and 59) . . . . 140

Temperature Dependence of Total Number and Total Surface Area
of Particles for [NH3] = [NO,] = 0.5 ppm and RT. = 10 s
(Experiments 52, 58, 60 and 53) ..... e e e e e e .. 141

Temperature Dependence of Total Volume Particles for [NH3] =
[NO,] = 0.5 ppm and RT. = 10 s (Experiments 52, 58,
60 and 63) . . .+ . . .. . e e e e e e e e e e e e e e 142

Temperature Dependence of Critical Size of Particles for
[NH3] = [NO,] = 1 ppm and Reaction Time = 10 s
Experiments 29, 51, 53, and 59) . . . . . e e e e e e e e 143

Temperature Dependence of Critical Size of Particles for
[NH3] = [NO,] = 0.5 ppm and Reaction Time = 10 s
Experiments (52, 58, 60 and 63) . . ¢ ¢ 4 ¢ ¢ 4 4 e v . . e 144

Variation of Partial Pressures of NO,, NH3 and NH4N0 With
Reaction Time for [NH3] = [NO,] = 5.5 ppm, RT. = 10 s
and T = 21 °C (Experiment 28) . . . . . P 1

Variation of Partial Pressures of NO,, NH3 and NH;NO3 With
Reaction Time for [NH3] = [NOo] = T ppm, RT. = 5 s"and
T =20 °C (Experiment 47) . . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ & o o « « « « 148

Reproducibility of the Total Number Concentration of Particles
Measured by the DMPS for [NH3] = [NO,] = 0.5 ppm, RT. = 10 s
and T = 4 °C (Experiments 58 and 60) . . . . . . . . . . . 150

Reproducibility of the Particle Size Measured by the DMPS for

[NH3] = [NO,] = 0.5 ppm, RT. = 10 s and T = 4 °C
(Experiments 58 and 60) . . . . . .. .. 00000 L . 151

Xiv



NOMENCLATURE

parameter in equation [25].

parameter in equation [25]

parameter in equation [25]

Cunningham s1ip correction factor

diffusivity of molecules, cm? 71

particle diameter, cm

median diameter (defined as the diameter for which exactly one-
half of the particles are smaller and one-half are larger than
the median size)

elementary unit of charge (4.803 x 10-10 er‘gl/2 cml/z)
electrical field strength, volts em™1

number of vapor molecules in an embryo or nucleus of a critical
size, molecule

change in Gibbs free energy
a reference value of the rate of change in the particle mass
nucleation rate, em™3 571

rate of incrgaselin the number of molecules on the particle,
molecule ¢cm™ < s~

Boltzmann constant, 1.38 x 10716 dyne cm k™! molecule™d
dissociation constant of the ammonium nitrate

length between the sample exit slit and the aerosol inlet slit
in EC (44.44 cm)

mass of one particle, ¢
mass of a molecule, g molecule™l

number of moles of species i at any time

XV



initial moles of species i at any time
reacted moles of species i at any time

equilibrium goncentration of clusters at the critical size,
mo lecule cm~

concentration of particles of diameter Dp carrying n, charges

p
concentration of particles carrying zero units of charges

partial pressure, atm (or dyne cm'z)

vapor pressure, dyne cm ™2
partial pressure of NO,, atm.
partial pressure of NHj, atm.
partial pressure of HNO;, atm.
partial pressure of H,0, atm;
partial pressure of Nz, atm.
partial pressure of NHyNO;, atm.
total flow inside the EC cmd s}

samp le aerosol outlet flowrate ems 71

aerosol inlet flowrate cmd s~!
inner electrode radius (for EC ry = 0.937 cm)
outer electrode radius (for EC r, = 1.958 cm)

radius of the critical size
gas law constant

super satruation ratio

time, s

absolute temperature, K

molecular volume of the monomer, cm molecule™

volume of a mlecule in the Tiquid phase, cm molecule~l

electrical velocity component, cm s

voltage on the center electrode of the EC, volts

XV i



X mole fraction of ammonium nitrate in an aqueous solution

Z, electrical particle mobility, cm? volts™!l 71
@, @ constants
By» B, constants

B(Kn) correction factor in terms of Knudsen number

A mean free path of gas (for air at 1 atm., A = 0.653 x 10™° cm)

n dimensionless particle mass, | = m/pPA3

W gas viscosity (for air at 1 atm. andv20 °C, Wy = 1.83 x 10768
poise) '

Pp particle density, g cm™3

0 surface tension, dyne cm™1

og geometric standard deviation

T dimensionless time = tI;/pPA3

Xvii



CHAPTER I
INTRODUCTION

The formation and growth of aerosols by gas-phase reactions are
important both in industrial processes and in the atmosphere. The gas-
phase reactions produce monomeric species which nucleate to form stable
particles. As soon as the particles form, they grow by different
mechanisms. One important gas-phase reaction, responsible for the
production of solid particles, is that between ammonia and nitrogen
dioxide to produce ammonium nitrate. The importance of this reaction
comes from its applications in atmospheric studies as well as in
industry. This reaction can take place naturally in the atmosphere to
produce ammonium nitrate particles. Ammonium nitrate can also form and
deposit in different sections of industrial plants where ammonia and
nitrogen oxides exist together. For instance, ammonium nitrate forms
and deposits in the nitrous oxide gas compressors of nitric acid plants
(Mearns and Ofosu-Asiedu, 1984a). Another example is in the injection
of NH3 in fume stacks to eliminate the NO, emissions.

The major product of the reaction between NH3 and NO, is ammonium
nitrate (NHgNO3) (Falk, 1955). This product is of a great concern
because of its effects on earth's radiation energy balance, its adverse
effects on human health, and its role in reducing atmospheric
visibility. The presence of ammonium nitrate in the atmosphere has been

identified in several urban and rural areas. Most studies suggest that



atmospheric ammonium nitrate is in equilibrium with its precursors, NH;
and HNO;. The harmful effect of ammonium nitrate aerosols rises from
the small particle size and number concentration that it has in the
atmosphere.

The chemical reaction between NH3 and NO, was reported as early as
1906 (Besson and Rosset, 1906). Later investigations of the NH3-NO,
system were concerned with the stoichiometry and kinetics of this
reaction (Falk, 1955; and Mearns and Ofosu-Asiedu, 1984a,b). Only a few
studies were conducted on the formation of ammonium nitrate aerosols
(OT1szyna et al., 1974; and Kodas et al., 1986). These investigations
considered the formation of ammonium nitrate either from the reaction of
ozone and ammonia or from the irradiation of a mixture of NO,, NH;, C3Hg
and air. However, formation of aerosols from the direct reaction of NHj
and NOé has not been studied. An understanding of the mechanisms of
particle formation and growth of this system in an aerosol reactor can
bridge the gap between the reaction kinetics and the complex chemical
systems of the atmosphere.

The objective of this work is to study the mechanisms of formation
and growth of ammonium nitrate aerosols from the reaction of ammonia and
nitrogen dioxide in an initially dry air. A Taminar flow aerosol reactor
was used in this project and the measured total number concentration and
particle size distributions were used to examine the dynamics of the
ammonium nitrate aerosols. A simulation model based on the reaction
kinetics and general aerosol dynamics was developed and used to verify
the particle formation and growth mechanisms.

In this work the gas-phase reaction of ammonia and nitrogen dioxide

was carried out at atmospheric pressure in the temperature range of



4,4-21 °C (40-70 °F). The concentrations of the reactants, after
mixing, were in the range of 0.5-14 ppm and the residence time was in
the range of 3-30 s. A Thermal System Incorporation (TSI) Differential
Mobility Particle Sizer (DMPS) interfaced with an IBM/XT personal
computer was used to measure the total number concentrations and the
size distributions of the aerosols in the particle size range of 0.01-
1.0 pm,

The results of this study showed that the primary mechanisms for
formation and growth of ammonium nitrate aerosols are the homogeneous
nucleation followed by the condensation of ammonium nitrate vapor on the
freshly nucleated particles.

A number distribution function, based on the condensation equation,
provided a good fit to the measured size distributions. These findings
assured that the condensation of ammonium nitrate was the dominant
particle growth process. The evolution of the size distributions showed
that coagulation was not significant in the reaction conditions under
study. The experimental critical particle size was found to be in the
range of 0.018-0.052 ym. The median diameter and the geometric standard
deviation used to fit the measured size distribution were in the range

of 0.1-0.35 pum and 1.5-2.0, respectively.



CHAPTER II
SCIENTIFIC DISCUSSION

This chapter briefly reviews some of the experimental and
theoretical studies available in the literature, which are concerned
with ammonium nitrate aerosols. The review is presented in four
sections. The first section reviews the experimental measurements of
the total concentration and size distribution of ammonium nitrate in the
atmosphere and in laboratory experiments. The second section presents
the stoichiometry and kinetics of the reaction of ammonia and nitrogen
dioxide. The third section briefly discusses the theoretical models
dealing with the aerosol dynamics. Finally, the fourth section presents

some of the thermodynamic and physical properties of ammonium nitrate.
2.1 Experimental Data on Ammonium Nitrate

Several investigators have measured the concentration and size
distribution of total nitrate in the atmosphere (Kadowaki, 1977;
Moskowitz, 1977; Apple, et al., 1980; Forrest, et al., 1980; Greenfelt,
1980; Appel, et al., 1981; Shaw, et al., 1982; Forrest, et al., 1982;
Cadle, et al., 1982; and Yoshizumi, et al., 1985). A major observation
from these studies is that the atmospheric nitrate consists mainly of
two compounds. The volatile ammonium nitrate (NHgNO3), which has a size
distribution in the fine particle size range (0.01-1.0 pym), and the

nonvolatile sodium nitrate (NaNO3), which has a size distribution in the



course particle size range (1.0-30 pm). As reported in some of these
studies, the size distribution of ammonium nitrate measured in the
winter differs from that measured in the summer (Cadle, 1982; Yoshizumi,
et al., 1985). The measurements taken in the winter showed a higher
number concentration of ammonium nitrate than those taken in the

summer. The seasonal variation in the ammonium nitrate concentration
and aerosol size distribution have been related to the dependence of
NH4NO; vapor pressure on temperature.

There are several works that studied the formation and characteri-
zation of aerosols by chemical reactions in laboratory flow reactors (de
Pena, et al., 1973; Olszyna, et al., 1974; Dahlin, et al., 1981; Henry,
et al., 1983; Vega and Peters, 1983; Tran and Seapan, 1984; and Kodas,
et al., 1986). However, only a few studies were concerned with the
formation of ammonium nitrate particles (de Pena, et al., 1973; 0lszyna,
et al., 1974; Kodas, et al., 1986; and Kodas and Friedlander, 1988). de
Pena, et al., 1973; and Olszyna, et al., 1974 studied the formation of
NH4NO; by the reaction of NHy and 03 at room temperature. Their
experiments showed an initial induction time before any particles could
form. After the product of [NH3] and [03] reached 5.8 x 10%
(mo]ecu1es/cn§)2, the nucleation of particles occurred only during a
short period of time. As the reaction proceeded, the particles already
present continued to grow and maintained a féir1y uniform size, while
the particle number density slowly decreased. Therefore, they suggested
that the mechanism of the particle formation and growth was composed of
four stages: dinduction period, particle nucleation, particle growth,
and particle removal.

In the first study, de Pena, et al., 1973, reported that the



particles grew mainly by the condensation of the monomeric NH4NO3 on the
particle surface and that most of the particles were Tost to the wall.
However, in their later study, Olszyna, et al., 1974, reported that the
two possible routes of particle growth were the condensation of HNO3 on
the particles followed by the surface reaction with NH;, and the second
route was the condensation of NH,NO3 on the particles. Their study
showed that the former route was the most dominant, with most of the
monomer, HNO3, being lost to the particle surface rather than to the
walls, .

Kodas, et al., 1986, studied the formation of ammonium nitrate
particles by irradiation of NO,, NH3, C3Hg and air in a laminar core
reactor. They used an Electrical Aerosol Analyzer (EAA) with an Optical
Particle Counter (OPC) to measure the size distribution of the
aerosols. They found that most of the monomers (HNO3 in their case)
formed by chemical reaction were lost to the wall. Their measurements
showed an average particle diameter in the range of 0.01-0.05 ym with no
particles larger than 0.09 um formed. They concluded that coagulation
was not important for total number concentrations less than 100
partic]e/cm3 and residence times less than 30 seconds. The variation in
their total concentration from different experiments having the same

conditions was up to a factor of two.

2.2 Kinetics of the Ammonia-Nitrogen

Dioxide Reaction

Falk, 1955, studied the stoichiometry and kinetics of the reaction
of ammonia and nitrogen dioxide. He suggested that below 100 °C the

stoichiometry of the reaction can be represented by:



2N, + 2NHy —————> N, + H,0 + NH,NO, [1]

2 4
where ammonium nitrate particles (NH4NO3) are the major product of this
reaction especially at low temperatures.
The reaction was thought to proceed by the following elementary
steps, where two N0, molecules react first to form the reactive N,04

species:

N0, + NHy ————> N,0,+ NHy [2]
N,0, *NHy ——————> HNO, + NH,-NO [3]
HNOg + NHy—————> NH,NO, [4]
NHy+NO —————> N, + H,0 [5]

After H,0 is formed, the following steps also start to take part in the

overall reaction:

N204 + HZO _— N204-H20‘—————————> HNO3 + HNO2 [6]
HNO2 ———> 0H + NO [7]

OH + NH3 —_— HZO + NH2 [8]
NH2 + N0 ————> N2 + HZO [91]

Falk, 1955 controlled the flowrates of NH3 and/or NO, so that mixing was
obtained only by diffusion. His experiments showed that the solid
ammonium nitrate formed throughout the reactor. This indicated that the
reaction was too slow to be diffusion controlled. He reported that the

rate-controlling step was the collision between NH3 and N,0, molecules.



Tran and Seapén, 1984, analyzed the solid product of the NO,-NH3
reaction in air and their results showed that the major product was
ammonium nitrate. They also detected Tow concentrations of ammonium
nitrite with the ratio of nitrate to nitrite varying from 0.1% to 1%
nitrite. This result agrees with the findings of Falk, 1955.

In a work similar to that of Falk (1954, 1955), Mearns and Ofosu-
Asiedu (1984a, 1984b) studied the kinetics of the reaction between
nitrogen oxides, ammonia, water vapor and oxygen. Their study
considered very low concentrations of these reactants (128-430 Nm"z) in
nitrogen. Their experiments suggested that when only nitrogen dioxide
and ammonia were present, such as at the beginning of the reaction

between these two species, the reaction mechanism was described by:

k
1

2 No, — N,04 [10]
2

k3
Ny0 + NH > HNO, + NH,-NO [11]
Ky
NH, +NO SN, + Ho0 [5]

with the following overall stoichiometry:

NH., + 2NO

3 > Ny + Hy0 + HNO, [12]

2

However, when nitrogen dioxide, ammonia, and water were present
initially, or after the formation of water as the reaction between
ammonia and nitrogen dioxide proceeded, Mearns and Ofosu-Asiedu, 1984a,

suggested the following reaction mechanism:



1
2N0, — N,0, [10]
2
k3
N,0, + N, > HNO, + NH-NO [11]
K,
N,0, + H,0 >HNO, + HNO, [13]
kg
NH, + HNO, — NH4NO, (s) [14]
7
kg
HNO, + NH, -——;-———A NHZNO, (s) [4]
9
ok
NH, N0~ ——2sN, + H,0 [5]

They suggested that the reaction between NH3 and NO,, either in the
presence or the absence of other gases, can be considered to occur in
two steps. The first Step includes the reaction between NH3 and NO, to
form nitric acid. The second step starts when the solid ammonium
nitrate begins to form. The solid nitrate forms when PNH3fPHN03 2 Kq,
where K; is the dissociation constant of the nitrate according to

reaction [15]:

AY

NH N0y (s) &

HNO3 (g) + NHy (g) [15]

The following equation gives the stoichiometry which describes the first

step of the reaction (i.e. up to the formation of the nitrate):

NH

3+ 2 NO, > N, + H,0 + HNO, [12]
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with the rate of reaction given by:

'dPNoz dPHNo3 ) )
-2 = K. Pui P2 4 kP, P (167
T 3 a"NH, "N, * ¥bPH,0%No,
or
‘dPNO2 dPHNo3 ) ) )
T =2~ - kaPNH3PN02+ kaHzoPNoz' kcposzo [17]

where equation [17] applies if oxygen and NO are initially present or
added to the reactants.
The following equation gives the stoichiometry and rate of the

reaction for the second step (i.e. after the formation of nitrate):

2N0, + 2NH, > N, + Hy0 + NH,NO, [1]
and
o, - K.Py, P2 + kP, P2 - kP, P2 [18]
at aP NN, * *bPH,07No, ™ KcPo, No

If there is no 02 or NO initially present or added to the system,
equation [18] reduces to equation [16].

They used the theoretical kinetic model, described by equations
[17] and [18], to calculate a threshold partial pressure of ammonia
below which no solid material formed regardless of the partial pressure
of nitrogen dioxide and water vapor. This threshold partial pressure is

given by:

p=2 (k)2 | [19]
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where K; is the equilibrium constant of reaction [15] given by
Tn Ky = 34.685 - 21506.145/T [20]

where T is the absolute temperature in K and K; has the units of bérz.
Their study showed that the concentrations of N0, and H,0 had an
effect only on the induction time and had no influence on the magnitude
of the threshold pressure of NH3. The time for the onset of salt
formation could be shortened by increasing the partial pressure of
NO,. For a given temperature and residence time, the threshold partial
pressure of NH3 increased as the partial preésure of NO, decreased. The
presence of the water vapor accelerated the reaction rate and made it
possible for the salt to form at lower NO, partial pressures.
The mechanisms of Falk (1954, 1955) and Mearns and Ofosu-Asiedu
(1984a) are very similar and both consider the dinitrogen tetroxide

(No04) to be the reactive species rather than the nitrogen dioxide

(NO).
2.3 Aerosol Dynamic Models

Numerous theoretical studies, based on the classical nucleation
theory, have been developed to model the aerosol dynamics in the
atmosphere and in aerosol flow reactors. These studies include the work
of Middleton, et al., 1976; Gelbard and Seinfeld, 1978, 1979, 1980;
Dah1in, et al., 1981; Henry, et al., 1981; Vega and Peters, 1983; Warren
and Seinfeld, 1984, 1985; Kodas, et al., 1986; Pratsinis, et al., 1986;
Pilinis -and Seinfeld, 1987; Kodas and Friedlander, 1988; and Ruése]]

et al., 1988. The General Dynamic Equation (GDE) of aerosol derived by
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Gelbard and Seinfeld, 1978, 1979, 1980 was based on the population
balance equation for particulate systems. The theoretical study of
Pratsinis, et al., 1986 was based on the first three moments of the size
distribution derived by Friedlander, 1977, 1983.

Dah1in, et al., 1981 applied a theoretical model to the anhydrous
NH3-HC1 system. The experimental data of Su, 1979 were simulated in
terms of the gas-phase reaction, homogeneous nucleation of the product,
and the growth of particles by different growth mechanisms. The growth
mechanisms considered were diffusion, surface reaction, and cluster
scavenging. It was found that at low concentrations of reactants, the
growth by monomer diffusion was the predominant mechanism. At high
concentrations, cluster scavenging became more important. Coagulation
was not important for the range of conditions in their study.

Henry,, et al., 1983 used the model of Dahlin, et al., 1981 to
predict the experimental data of Gonzalez, 1980. They also examined the
processes that affected the quality of data. These processes included
the particle Toss to the reactor walls at high residence times,
sedimentation, thermophoresis, and deposition due to particle charge.
They found that none of these processes had any effect on the |
experimental data. Their study of the temperature effect showed an
increase in both the total number density and the total particle volume
as the temperature decreased. This was explained by the increase in the
nucleation rate with the decrease in temperature.

The study of Henry, et al., 1983 showed that as the residence time
increased, the total number density and the total particle volume
followed similar trends regardless of the temperature or the initial

reactant concentrations. At very short residence times, the total
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number and total volume of particles were zero due to the induction time
that the particles needed to form. After the induction period, the
total number and total volume of the particles increased extremely
rapidly, indicating that nucleation occurred in a burst. After which,
the existing particles grew rapidly.

Kodas, et al., 1986 used an extension of the model of Pratsinis, et
al., 1986 to simulate the aerosol dynamics in a laminar flow reactor.
The experimental data of ammonium nitrate were produced by irradiation
of NH3—N02-C3H6 in air. They considered nitric acid to be the
monomer. The model predicted very small values for the ratio of HNO3 in
the aerosol to the total concentration of HNO3 produced. The predicted
Tow yield agreed with their experimental measurements and explained as
losses of the product to the wall. They reported that particle growth
occurred by surface reaction where the 1imiting step was the collision
of the nitric acid molecules with the embryo and the rate of ammonium
nitrate particle growth was determined by the monomer flux. The surface
tension and rate of monomer formation were obtained by fitting the
particle concentrations and the average particle diameter predicted by
theory to the experimental data. An ammonium nitrate surface tension of

113 erg/cm2 showed the best fit to their data.
2.4 Thermodynamic and Physical Properties

In general the atmospheric measurements have shown that atmospheric
ammonium nitrate is in equilibrium with ammonia and nitric acid
(Stelson, et al., 1979; and Stelson and Seinfeld, 1982). In many cases,
the measured concentrations of ammonia and nitric acid agree with the

concentrations predicted from the ammonium nitrate equilibrium
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constant. However, in some urban and rural locations such equilibrium
does not exist (Cadle, et al., 1982). The equilibrium of the NH;-HNO3-
NH4NO3 system is very sensitive to temperature. The equilibrium
constant (K;) for the reaction represented by equation [15] equals the
dissociation constant of ammonium nitrate. K; is related to the partial
pressures of NH3 and HNO; and to the standard Gibbs free energy change
as shown in equations [21] and [22] respectively (Denbigh, 1971).

*Pno [21]

n K, = - AGY/(RT) [22]

Stelson, et al., 1979 used the thermodynamic data for NH4NO3 and

integrated the van't Hoff equation to derive the following formula
In K; = 70.68 - 24090/T - 6.04 In(T/298) [23]

where K; and T have the units of ppn@ and K, respectively.

Another formula, reported by Stelson, et al., 1979, which is in
good agreement with equation [23], is that derived from the measured
dissociation pressure of solid NH4NO3 of Brander, 1962. The formula is
valid for the temperature range of 76 to 165 °C and is shown as follows,

where the units are the same as in equation [23],
In K; = 62.296 - 21510/T [24]

Brandner, et al., 1962, experimentally measured the heats of
vaporization of solid and liquid NH4NO3. These were found to be 42.7

and 39.9 kcal/g-mole respectively. These values agreed with the
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literature values of the heats of dissociation calculated from
thermodynamic data. This agreement supports the assumption that the
solid NH4NO3 vaporizes by dissociation into ammonia and nitric acid
(Mearns and Ofosu-Asiedu, 1984b). The standard free energies of
formation for NH3(g), HNO53(g), and NH4NO3(s) at 25 °C are -3.915,
-17.690 and -43.98 kcal/g-mole respectively (Stelson, et al., 1979).

Falk, 1955 used his experimental data to predict the reaction rate
constants k, and ky, which can be expressed in the form of an Arrhenius
equation. For the first rate constant k,, shown in equations [14, and
16] he reported an activation energy of 12.8 kcal/g-mole (53.55 kd/moT)
and an Arrhenius factor, A, of 2.94 x 1073 mb kmo171 71 (5.018 x 1076
atm™2 sec'l) at the temperature range of 22-205 °C. For the second rate
constant, ky, he reported an activation energy of 7 kcal/g-mole (29.29
kd/mo1) and an Arrhenius factor of 0.481 m® kmo172 s7! (8.219 x 1074
atm™2 sec'l) at the temperature range of 174-205 °C. Similarly, Mearns
and Ofosu-Asiedu, 1984a used their data to predict the k, and k. For
kq» they reported an activation energy of 10.75 kcal/g-mole (45 kd/mol),
and an Arrhenius factor of 1.534 m® kmo172 s7! (2.618 x 1073 atm™2
sec‘l) in the range of 60-203 °C. For ky, they reported an activation
energy of 5.784 kcal/g-mole (24.2 kd/mo1) and an A factor of 965.6 P
mo172 71 (1.648 atm™2 sec'l) at the temperature range of 85-175 °C.
When the k-values of Falk, 1955 are used in the theoretical prediction
of this work, they showed a better data-fit than the k-values of Mearns
and Ofosu-Asiedu, 1984a as will be discussed in Chapter V.

Sacchetto, et al., 1981 determined the vapor pressure of water

above an aqueous solution of ammonium nitrate using dew-point

measurements. Their experimental data covered a temperature range of 45
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to 100 °C with ammonium nitrate mole fractions of 0.0 to 0.35. The

empirical correlation of the vapor pressure in kPa is:
log p = (A/T) + B log(T) + C [25]

where T is the absolute temperature in K and the parameters A, B and C

are defined as follows

A = -2822.5 + 196 x - 58 x°,
B = -4.0966,
and C = 20.1054 - 1.195 x [26]

where x is the mole fraction of ammonium nitrate in the solution.

In summary, the atmospheric measurements show that ammonium nitrate
is one of the major pollutants in the atmosphere and usually exists in
equilibrium with the atmospheric NH; and HNO3. The temperature
dependence of the vapor pressure of ammonium nitrate is considered to be
responsible for the seasonal variations in total number concentrations
and size distributions of the nitrate aerosols. The reaction kinetics
of ammonium nitrate show that for solid nitrate to form, the partial
pressure of HNO3 needs to build up so that PNH3-PHNO3 2 Klf A review
of the laboratory studies and the dynamics of aerosols shows that there
are not enough experimental data on the total number concentrations and
size distributions of ammonium nitrate aerosols and their dependency on
different operating parameters such as temperature, residence time,
etc. Furthermore, no systematic study has been conducted regarding the
formation of NH4NO3 from the reaction of NOZ with NH3 in pure air,
except for a preliminary study by Tran and Seapan, 1984,

Therefore, the aim of this project is to study the formation and
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growth of ammonium nitrate aerosols from the reaction of nitrogen
dioxide and ammonia in air with the specific objective to identify the
mechanisms of aerosol formation and growth. The NO,-NH3 reaction is
studied in a laminar flow aerosol reactor. Wide ranges of very Tow
initial reactant concentrations, reaction temperature, and residence
times are considered in this project. The experimental data are used to
predict the critical nuclei size. The data are then fitted by a theore-
tical model, based on the reaction kinetics and the principles of the
homogeneous nucleation theory. The measured and predicted results are
used to present a better understanding of the formation of ammonium

nitrate aerosols under different atmospheric conditions.:



CHAPTER III
FUNDAMENTALS OF AEROSOL FORMATION AND GROWTH

This chapter will briefly describe the classical homogeneous
nucleation theory and the General Dynamic Equation (GDE) for aerosol
growth., These principles will later be used in Chapter V to discuss the
theoretical model employed in this study.

The classical nucleation theory;waé originally proposed by Volmer
and Weber, 1926. Several ‘improvements have been made to the theory in
the later years. Such»deve1opments include the.work of Farkas, 1927;
Volmer, 1929; Kaischew and Stranski, 1934; Becker and Doering, 1935;
Volmer, 1939; Frenkel, 1955; Zeldovich, 1942; and Lothe and Pound,

1962. For more in-depth discussion of the classical theory, one can
refer to Zettlemoyer, 1969; Springer, 1978; and Seinfeld, 1986.

The term nucleation refers to the formation of new particles from a
continuous phase, such as a gas-phase. The homogeneous nucleation is
the nuc leation of vapor as embryos, or condensed nuclei, in the absence
of foreign substances. The nucleation on a foreign substance or surface
such as an ion or a solid salt particle is called heterogeneous
nucleation (Seinfeld, 1986).

To understand the homogeneous nucleation theory, one needs to know
about the thermodynamic equilibrium properties of small particles,
saturation and supersaturation. These topics are discussed in detail in

the references mentioned above. The supersaturation (S), defined as the

18
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ratio of the partial pressure to the vapor pressure of the condensing
species, is related to the critical size of particles via the following

formula, which was originally derived by Thomson, 1870:
*
In S= 20v1/r kT [27]

where ¢ is the surface tension, r* is the radius of the critical size, k
is the Boltzmann constant and V1 is the volume of a molecule in the

liquid phase defined as (Springer, 1978):
vy =m/p, [28]

where m; is the mass of one molecule and P is the Tiquid phase
density. The corresponding value of the number of molecules in an

embryo or nucleus of critical size is defined as:

x 32T o3v%

= ' [29]
3(kT 1In S)§

The rate at which new particles form is called the nucleation rate (J),

given by:
[ Py ][Zol/zv]] [—16 T o3v%
J = N.exp [30]
(2mm k)27 () 2T 0m)>3 (1n )2
where pjp = partial pressure, dyne cm™2,
m = mass of a mlecule, g moTeculel,
0 = surface tension, dyne cm'l-

1

vy = volume of a molecule, cmS moleculel.
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k = Boltzmann constant, 1,380 x 10716 dyne cm K™l molecute™l.
N; = py/kT, moTecule cm™3.

The first term in equation [30] is the f]dx of the monomers to a
unit area, the second term is a correction factor and the third term
(N7) is the equi]ibrium concentration of clusters of the critical size
(Seinfeld, 1986).

The rate of growth of a particle volume based on the condensation

equation is given by:

dv
dt = 1) = 3. [31]
where v, is the molecular volume of the monomer. J. is the flow of
molecules to the surface of a spherical particle, or the rate of
increase in the number of molecules on the particle, given by the
Maxwell equation (Seinfeld, 1986):
Je = znnpp"(s - 1)/kT [32]
where D = diffusivity of the molecules, cn? s
Dp = particle diameter, cm.
PO = vapor pressure, dyne cm 2,
The growth in the particle diameter is given by
dD_  dD 4Dy _P°(S - 1)
_ dv 2 m
(%) = g&" = & & - oz ) = D [33]
Y

A special case of the continuous General Dynamic Equation (GDE),

developed by Gelbard and Seinfeld, 1979, where coagulation is negligible
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and nucleation is the only source of particles. For this case, the
solution of the aerosol growth equation, based on the condensation
equation and incorporating the Tog-normal aerosol distribution, is given

by (Seinfeld, 1986):

2,/n2 1/2 , =
D 1 D--2A D
0t - Dy N0 exp|- n~(( b 2 Dt) / pg)] 2
n(Dpst) 5 exp > [34]
(Dp - ZADt) v2n 1nog 2 1In °g

where Ap = 4Dv PO(S-1)/kT
Epg = median particle diameter (defined as the diameter for
which exactly one-half of the particles are smaller and
one-half are larger than the median size).
oy = geometric standard deviation

and N, may be defined as

N o= n(D,,t)dD, [35]
V2hyt

Equation [34] can be used to determine the aerosol size distribution at

different times, t.

As mentioned above, the aerosols can form either by a homogeneous
or a heterogeneous nucleation. As soon as the particles form, they grow
by different growth mechanisms. The two main growth mechanisms of the
atmospheric aerosols are coagulation and gas-to-particle conversion.

The Tatter mechanism is more dominant for particles in the fine size

range (0.01-1.0 pym). Seinfeld, 1986 discussed the three major forms of

the gas-to-particle conversion processes and their effects on the
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evolution of the aerosol size distribution. The first gas-to-particle
process is the diffusion-controlled growth, in which the rate-
controlling step is the rate of diffusion of the vapor molecules to the
particle surface. For this case, the rate of growth is given by:

1/

Ik 1) = w3 s Bk [3%]

where p and t are dimensionless time and particle mass, defined as:

t1’
_7m _._m
T = A3’ and qu ——;j
Pp Pp

I; is a reference value of the rate of change in the particle
mass, Pp is the particle density, A is the mean free path of the vapor,
and m is the mass of one particle. S is the saturation ratio
and B(Kn) is a correction factor defined in terms of Knudsen number as:

1 +K

B(K ) = n
"le 17K 4 1.333KE

The second mechanism is the surface reaction-controlled growth, at
which the rate-controlling step is the rate of the surface reaction
between the adsorbed vapor molecules and the particle surface. The

growth rate in this case is given as:

2/3 -1/3

I(u, 1) = Su™ " exp(-wp ) [37]

where u, 1, and S are as defined above and w is defined as:
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where ¢ is the surface tension and v is the molar volume of the liquid
phase.

The third gas-to-particle process is the volume reaction-controlled
growth, “in which the rate of growth is controlled uniformly by the
conversion of dissolved A to a second species B throughout the volume of
the particle. The rate of growth of this case is given by:

-1
Iy, 1) = Sp exp(-wp L/3

) [38]
with the parameters as defined above.

As discussed by Seinfeld, 1986, the mechanism of the particle
growth can be explained by following the evolution of the aerosol size
distribution. He showed that for a diffusion-controlled growth, the
smallest particles grow with a rate proportional to D% (square of the
particle diameter) while the larger particles grow at a rate
proportional to Dp. For the case of surface reaction-controlled growth,
the large particles grow at a rate proportional to D%. However, in the
case of volume reaction-controlled growth, the large particles grow at a
rate proportional to Dg. Therefore, the growth mechanism can be
inferred by studying the dependence of the growth rate (I) on the
particle diameter for both the small particles (free molecule regime)
and the large particles (continuum regime).

This concept is explained further by Figure 1(a,b) which shows the
size distributions resulting from the three growth mechanisms discussed

above. The significance of the growth of the small and large particles
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can be relatively indicated by the position of the peak of the
distribution curves. For example, the volume reaction growth, for which
the large particles grow at a rate proportional to Dg, has a main peak
located at the largest particle diameter while diffusion growth with no
vapor pressure over the particle surface shows a main peak located at
the smallest particle diameter (as shown in Figure la where all the size
distributions are taken at the same time t1). Figure 1b shows the
spectra of these three cases when the total mass added to the aerosol
phase equals seven times the initial aerosol mass. In this case, the
grdwth by volume reaction also leads to a size distribution with more
large particles than any other. This approach indicates that one can
use the experimental evolution of the size distribution to explain the

particle growth mechanism,
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CHAPTER IV
APPARATUS AND EXPERIMENTAL PROCEDURES
4.1 Apparatus

The important components of the experimental system used in this
project are shown schematically in Figures 2 and 3. Anhydrous gaseous
mixtures of NHy and NO, (at 30-105 ppm) in air were purchased locally
from Sooner Supply Company. Ultrahigh purity air (zero grade) was used
to further dilute the NH3 and NO, to the desired concentrations. The
air was passed through an air drying filter trap (Regis Chemical
Company, model 970014) to remove any water vapor or suspended particles
that may exist in the line.

The reactant gases were mixed with the carrier gas in two separate
gas proportioners (rotameters) (Air Products, model E22C-150MM43).
These proportioners acted as flowmeters and were used to adjust the
flowrates of the reactants to the desired values. During the
experiments, the flowmeters were calibrated and their calibrations were
checked regularly. Appendix A shows the calibration data of these
flowmeters. Before entering the reactor, the reactant gases were passed
through two high purity filters (Matheson, model 6184T4-FF) to remove
particles Tlarger than 0.003 pm. A routine check before each experiment
assured that no foreign nuclei was present in either gas stream.

The reactor was a 70 mm ID x 75 mm 0D x 850 mm long pyrex glass

tube. In order to obtain a quick and efficient mixing inside the
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reactor a mixing head was used. The head consisted of two perforated
pyrex plates which were installed at 93 mm and 141 mm distances
respectively from the closed end of the reactor. The first disk had 62
holes of 3 mm diameter distributed on three circles, and the second disk
had 72 holes of 1 mm diameter distributed on four circles. Figure 3
shows a-schematic diagram of the aerosol reactor. The NO,/Air stream
was allowed to enter the reactor through a 5 mm ID x 7 mm 0D x 290 mm
long nozzle which passed through a 10 mm hole through both disks. The
NH3/A1r stream was allowed to enter the reéctor through a side inlet
located 10 mm from the closed end of the reactor before the two
perforated disks (as shown in Figure 3).

The reactor was supported on a sliding table and was connected to a
steel chamber which was originally designed for an aerosol beam
experiment (Seapan,, et al., 1982). The reactor could be moved to allow
sampling from different reaction zones. The total flowrate was adjusted
so that a Taminar flow was always obtained in the reactor. The
residence time could be varied by changing the total flowrate and the
length of the reaction zone.

In this study, a TSI differential mobility particle sizer system
(DMPS) was used to measure the particle size distributions in the 0.01-
1.0 ym diameter range. The DMPS system consisted primarily of a
condensation nucleus counter (TSI, model 3020), an electrostatic
classifier (TSI, model 3071), an impactor (TSI, model 1030669), an
aerosol neutralizer (TSI, model 3077), a data analysis and aerosol
conditioning/transport package (TSI, model 3900-72I), and an IBM
personal computer (IBM/XT) as shown in Figure 2.

In the DMPS system, the electrostatic classifier (EC) is used to
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remove a predictable fraction of the particles entering within a narrow
size range. The removed particles are then passed to the CNC to measure
their concentrations. The size and amount of the airborne particles in
the removed fraction depend on the voltage of the inner cylindrical
electrode of the EC, which consists of two concentric cylindrical
electrodes. Aerosols which enter the EC first pass through a Kr-85
neutralizer, which exposes the particles to a concentrated environment
of charged (positive and negative) ions. The Boltzmann's equilibrium
charge distribution describes the charge distribution on the particles.

The voltage supply of the ceﬁter or inner electrode can be
controlled manually or by the computer. The outer electrode is kept at
the ground potential. When the charged pértic]es enter the EC, they are
attracted toward the center electrode, through the flow layer of the
sheath air which enters with the aerosols. The trajectory of each
particle depends on the flowrate, geometry, electric field, number of
charges on the particle and the particle diameter. For more in-depth
discussion of the description and performance of the DMPS, one can refer
to Keady, et al., 1983. |

A data inversion procedure is used in the software package of the
DMPS to obtain the particle concentration as a function of particle
diameter. A microcomputer which is interfaced with the DMPS performs
these calculations. The data inversion and the hardware interfacing are
developed and discussed in more detail by Hoppel, 1978; Fissan, et al.,
1982; and Plomp, et al., 1982. The particle diameter can be calculated
from the electrical mobility of the particles. The particle electrical
mobility is defined as a measure of how fast an electrically-charged

particle responds to an electric field.
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Some of the principles of the data reduction inversion procedure
are presented here, but for more in depth discussion one can refer to
the above mentioned authors. The ratio of the concentration of
particles of diameter Dp (cm) which carry np charges to the

concentration of particles carrying zero units of charge is:

N
NEE = exp(—ng eZ/Dka) [39]
0
where:
e = elementary unit of’charge (4.803 x 10710 ergl/zcml/z)
k = Boltzmann's constant (1.38 x 10716 erg/K)
T = absolute temperature (K).

The electrical mobility Zp is defined as

v
e
Zp = [40]
where:
Ve = electrical velocity component (cm 5'1)
E = electrical field strength (volts cm'l)
The particle diameter is related to the electrical mdbi]ity and to the

number of charges carried by the particle as follows:

n_eC
7 -1 [41]
p 3nule

where:

=
—
|

= gas viscosity (for air at 1 atm and 20 °C, B = 1.83 x 107

poise)

(e
—
i

= Cunningham s1ip correction factor
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A = mean free path of gas (for air at 1 atm, A
= 0.653 x 1072 cm)
Thus, a relation between the particle diameter, the central electrode
voltage, number of charges on the particle, flowrates, and geometry of

the analyzer 1is given as:

2npe C1 VL
D =
p 3“[qt - 1/2(qs + qa) 1n(r2/r‘1)]

[42]

where:

total flow inside the EC (cm s71)

L0
ﬁ
]

qs = sample aerosol outlet flowrate (cm3 5'1)
qy = aerosol inlet flowrate (cm3 5'1)
ro = outer electrode radius (for EC it is 1.958 cm)
ri = inner electrode radius (for EC it is 0.937 cm)
V = voltage on the center electrode (volts)
L = Tength between the sample exit s1it and the aerosol inlet
slit (44.44 cm)

If the computer 1is used for sampling, it first sets the delay time
necessary between a step change in the EC center rod voltage. The com-
puter also sets the time for measuring the concentration. The sampling
starts by outputting specific voltage to the inner rod of the EC. This
allows particles with specific size (corresponding to the voltage on the
inner rod and the particle electrical mobility) to exit to the CNC. 1If
the particle concentrations are above 1000 particles/m1, the computer
obtains the aerosol concentration from the standard linearized CNC
output. The computer compares repeated concentration values until it

obtains stable values and then steps to the next mobility channel and a

new voltage is sent to the center rod of the EC. However, if the
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concentration is below 1000 particles/m1, the computer counts directly
the pulses from the CNC counter trigger output and calculates the
concentration from the number of counts over a measured time period.
The sampling continues from the Towest channel number corresponding to
the smallest diameter (highest electrical mobility), to the highest

channel number, passing through 40 mobility channels.
4,2 Experimental Procedure

The operational procedure for this study consists of two parts, the
procedure for the particle generating system and the procedure for the
particle measuring system. Appendix presents a detailed description of
both procedures. Appendix C tabulates the health hazards of the
chemicals involved in this experiment.

There are two different operating modes that the DMPS can work
with. These are the overpressure mode, and the underpressure mode. In
this study the underpressure mode is used because the experiments were
conducted at atmospheric pressure. Before taking any measurement,
certain preparations are required. This includes the preparation of the
CNC (see Appendix B) and the calculation of the desired flowrates for
the reactor and the EC.

In this study, a routine check for any foreign particles was per-
formed before starting each experiment. Beforé sampling the reaction
products by the DMPS, the reactor outlet was first connected to the CNC
(bypassing the EC). The CNC was used to monitor the variation in the
total number concentration of the product particles. Table I shows a
typical tabulation of these results. In these measurements the CNC is

also interfaced with the computer, and the program "COUNT" of the DMPS
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software is used to record and store the total number concentration with
time. When the CNC starts reading a constant concentration, the reactor
outlet is connected to the EC for size distribution measurements.

Tables II and III show the typical output of results for size distribu-
tion measurements. The number concentration versus size distribution
data represented by the second and third columns of Table III was used
to estimate the critical particle diameter. For example, in Table III,
the first detected particle concentration was at a particle diameter of
0.019 pm, corresponding to a mobility channel number 5. Since this size
is above the lowest detection Timit of the DMPS, the particle size of
0.019 um was considered to be the critical particle diameter for this
experiment.

In this study two different sizes of the impactor nozzle were used
as indicated in Table IV in Chapter V. The low temperature experiments
were performed during the cold winter days of 1987 by leaving the room
window open. For very Tow temperature (4 °C) experiments the room
window was left open overnight.

During the experiments, a periodic maintenance of the DMPS system,
as recommended and described in the DMPS operating manual, was conducted
to ensure proper performance. This maintenance included calibrating the
EC, regular checking of the EC calibration, cleaning of several parts of
the EC, and periodic testing of the pressure drop through the system.
The DMPS operating manual recommended testing for pressure drop every 40
operating hours. Due to the accumulation of aerosol deposits in the EC,
which may cause electrical breakdown of the high voltage or error in
the measurement of volumetric flowrates, the suggested maintenance

schedule was strictly followed.



TABLE I

TYPICAL VARIATION OF THE TOTAL NUMBER DENSITY WITH TIME
' (FOR RUN # 31)

TIME CONCENTRATION CONCENTRATION
(Sec) (particle/ml) (particle/cu. ft)
0 0 0
30 .03 755
55 43 , 1.2E6
61 183 5.1E6
66 : 245 ‘ 6.9E6
70 316 8.9E6
73 358 1.0E7
16 388 ' 1.1E7
79 446 - 1.2E7
82 460 1.3E7
85 439 1,2E7
88 472 1.3E7
90 551 1.5E7
92 587 1.6E7
94 592 ‘ 1.6E7
96 584 1.6E7
98 575 1.6E7
100 587 1.6E7
102 : 582 1.6E7
104 589 1.6E7
106 585 1.6E7
108 592 1.6E7
110 642 1.8E7
112 644 1.8E7
114 563 1.8E7
116 658 1.8E7
118 721 2.0E7
120 735 2.0E7
122 722 ‘ 2.0E7
124 ' : 748 2.1E7
126 760 2.1E7
128 763 : 2.1E7
130 786 2.2E7
132 784 ' 2.2E7
134 789 2 .2E7
136 775 2.1E7
138 769 2.1E7
140 782 2.2E7
142 794 2,2E7
144 830 2.3E7
146 827 2.3E7
148 844 2.3E7
150 827 2 .3E7

152 869 2.4E7



TABLE I (Continued)

TIME CONCENTRATION CONCENTRATION
(Sec) (particle/ml) (particle/cu. ft)
156 917 2 .5E7
158 911 2.5E7
160 944 2 .6E7
162 937 2.6E7
163 1010 2.8E7
165 993 2.8E7
166 1056 2.9E7
167 1093 3.0E7
168 1094 3.0E7
169 1075 3.0E7
170 : 1061 3.0E7
171 1078 3.0E7
172 1136 3.2E7
173 1152 3.2E7
174 1125 3.1E7
175 1120 3.1E7
176 1095 3.1E7
177 1081 3.0E7
178 1152 3.2E7
179 1124 3.1E7

180 1133 3.2E7
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TABLE II

TYPICAL MEASUREMENT OF THE PARTICLE SIZE DISTRIBUTION

(FOR RUN # 31)

RTICLE SIZER

T.

S5 SEC
LPM

1

11-22-1987

SAMPLE #
DATE:

L6631 UM
.017 UM

z
o o
—— m
=0 IIONMDII00 M I—~0m00-00 ©® Mo ues -
RMC 8067734008457&0548558 3857 _1 L
uilC~ . L A T ©~
BTT000005996967391358186813037791 000 ‘ocoor
EZ@ UMI O OUNOIE 0 =00 I —NDMS T — K
Siuda -t e YUUM MMM S 3 U — n
zZoa ®
&~
o
(8]
P4
O~
-0
=0 00D UNOOOMMMUS S 0N INJD—T > ]
LI~ NTMUON 3 —~0~ 3> OUNOING (U—O 0 —~0 0 My m
Nmm 9a937bb891211479087415001& __ ™
Q .. . .
NAOOOOOA670260529505a3722369521 3000630008
C 1112833&5555&&321 y) -
- . 0
Z [+4] 61
o
0
[ ot
wZ

s =IO ~MMNO—-N0MONMe 09 MMI U 3131-/1—/516;@6
WOE s et o = (U UMMM I 3 DN 00 D0 O = MN 0~ UINC- MO NMM S DY) »-
MWUOOOOOOOOOOOOOOOOOOOOOOI1111122233Q567805
N 8 8 s 8 4 % g 8 ¢ P g 0t g 8 4 g% 4 e g g g g g g g . IL
—q
DN -
(=]
-

YT52822333333333333QQQQQQQQQQQ555555555555
FZSU 0 e b b b et et e bttt
=~ W WU wu e wig Wiy Wi W e wu Wiy wus Wwity
AONDN00MO =MD — 0@ -0 UM INO DS ~NTBS U ~M-QI U D DN —~ M —~
mwmﬂ_063136201n~72852038657050631251013728520
mmmalllq_/65Q3221111865/433881119765“3821111

A2 —uMINOS 00O~ M I N0 MO O— UM I NN O —UM 11 S D0
ot B e Y T T VT T M Tt Tu P T Pttt




TABLE ITI

TYPICAL MEASUREMENT OF THE CUMULATIVE PARTICLE SIZE DISTRIBUTION

(FOR RUN # 31)
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CHAPTER V
EXPERIMENTAL RESULTS AND DISCUSSION

This chapter will present and discuss the experimental results of
the reaction between ammohia and nitrogen dioxide at different reaction
conditions and the predictions of the theoretical model.

The main objective of this work is to understand the mechanism by
which the ammonium nitrate aerosols form and grow. A systematic series
of experiments was conducted in order to study the gas-phase reaction of
NO, with NH3 in a laminar flow aerosol reactor at atmospheric
pressure. The independent parameters in this study included the initial
reactant concentrations, the residence time, the reactfon temperature,
and the reaction time. The dependent parameters included the particle
critical size, the particle size distribution, the induction time, the
rate of approach to steady state, the total number density, the total
surface area, and the total volume of particles.

This work used a mathematical model based on the reaction kinetics
and homogeneous nucleation theory was used to predict and explain the
éxperimenta1 results. The classical nucleation theory was used as a
basis for this study. The particle growth mechanism was explained by
studying the variation of the total number concentration and total
volume with time and the evolution of the experimental particle size
distribution. The main formation and growth processes considered were

homogeneous nucleation, diffusion-controlled growth, surface reaction-
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controlled growth, volume reaction-controlled growth, monomer
condensation and particle coagulation.

This study conducted a total of 68 experiments. The conditions of
each experiment are shown in Table IV. Equimolar and non-equimolar
reactant concentrafions at atmospheric pressure and temperatures of 4.4
to 21.0 °C (40-70 °F) were considered. The reactant concentrations
after mixing were in the range of 0.5-14 ppm with residence times in the
range of 3-30 s. These reaction conditions were selected to simulate
the equilibrium of the NOy-NH3-NH4NO; system in the atmosphere and some
industrial operations.

In this study, the change in the total number concentration of
ammonium nitrate aerosols with time was measured by the CNC, while the
particle size distributions at different reaction conditions were
measured by the DMPS. The size distribution measurements were also
integrated by the DMPS software to estimate the total number, total
surface area, and total volume of the ammonium nitrate particles.

A complete documentation of all the raw experimental data is kept
with Dr. M. Seapan in the School of Chemical Engineering at the Ok lahoma
State University. The results of experiments 1 through 25 are not
presented or discussed in this chapter due to the uncertainty in the gas
concentrations in cylinders used in these runs (which were in the range
of 105-110 ppm). The uncertainty came from the use of these cylinders
later than the guaranteed time period of the gas mixture concentrations
stated by the manufacturer.

The total number concentrations versus time measured by the CNC
were used to determine the induction for each experiment. A summary of

induction times is shown in Table V. The results of the measurements of



TABLE IV
CONDITIONS OF THE EXPERIMENTS

Residence Reaction
Run # [NH;3] [NO,] Time Temp. Zone Reynolds
ppm ppm sec. °C - cm Number
1 1.81 1.83 20.64 22.0 61.3 158
2 2.42 2.68 19.10 22.0 60.7 169
3 2.06 6.93 15.83 22.0 58.9 198
4 2.06 6.93 14,15 22.8 52.7 198
5 2.06 6.93 11.61 22.8 43.2 198
6 5.50 18.50 10.72 22.2 58.9 200
7 8.80 34.00 10.72 22.2 43.2 200
8 12.00 58.00 10.72 22.2 43.2 200
9 12.00 58.00 10.72 22.2 43.2 200
10 1.76 7.20 15,95 26.7 57.1 190
11 0.00 0.00 15.95 27.8 59.7 ~=——-
12 0.00 0.00 15.95 26.7 59.7 =-—=--
13 2.09 7.03 15,87 26.7 58.2 195
14 12.09 7.03 24.92 26.7 91.4 195
15 2.22 7.13 25.18 26.7 87.4 184
16 3.83 12.91 8.19 26.7 40.1 260
17 1.10 1.56 11.54 24.4 33.3 153
18 0.39 0.47 9.40 24.4 58.4 331
19 0.71 0.98 9.93 23.3 49.5 266
20 1.83 1.95 10.30 24.4 43.2 223
21 4.92 5.42 14.41 23.3 49.5 183
22 5.03 5.39 10.45 23.3 36.1 184
23-A 3.38 3.76 10.56 23.3 38.4 194
23-B 3.18 3.67 10.32 23.9 38.4 198
24 0.52 0.64 9.83 23.3 57.7 312
25 1.80 2.18 10.13 22,2 43.2 227
26 5.77 4.88 10.16 20.0 21.6 113
27 11.28 9.87 9.93 23.3 27.1 145
28 2.84 2.49 9.99 21.1 27.1 144
29 1.13 0.99 9.95 21.1 27 .0 145
30 11.44 10.01 10.07 20.0 27.1 143
31 13.50 2.95 4.86 22,2 18.0 198
32 13.65 3.19 5.01 20.0 18.0 192
33 13.65 3.19 5.01 20.0 18.0 192
34 5.69 5.02 5.01 20.0 18.9 201
35 5.69 5.02 5.01 20.0 18.9 201
36 1.13 11.35 4.99 18.9 33.8 361
37 1.13 11.35 4.99 18.9 33.8 361
38 5.69 5.01 3.00 24.4 21.1 374
39 5.72 5.03 3.02 23.9 21.1 372
40 5.72 5.00 5.03 21.1 27.1 286
41 5.72 5.00 6.15 21:1 33.0 286
42 5.72 5

.00 8.04 21.1 43.2 286
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TABLE IV (Continued)

Residence Reaction

Run # [NH3] [NO,] Time Temp. Zone Reynolds
ppm ppm sec. °C - cm Number

43 5.72 5.00 9.93 21.1 53.3 286
44 5.72 5.00 2.60 21.1 14.0 286
45 0.57 5.00 5.03 20.0 27.1 286
46 0.50 7.94 4.39 20.0 27.1 328
47 1.13 5.01 5.00 20.0 27 .1 288
48 5.65 4,96 10.33 15.6 21.6 111
49 11,28 9.87 9.93 14.4 27.1 145
50 2.96 2.31 10.43 13.9 27.1 138
51 0.96 1.18 9.90 13.3 27.1 145
52 0.59 0.52 10,20 10.0 41.9 219
53 1.14 0.99 10.00 10.0 27.1 144
54 8.15 7.59 30.64 21.1 59.7 104
55 8.15 7.59 24,12 21.1 47.0 104
56 8.15 7.59 17.60 21.1 34.3 104
57 8.15 7.59 11.08 21:1 21.6 104
58 0.48 0.77 9.79 4.4 27.1 147
59 0.97 1.00 10,10 4.4 27.1 143
60 0.47 0.76 9.66 4.4 27.1 149
61 0.47 0.76 14,51 4.4 40.6 149
62 0.47 0.76 21,32 4.4 59.7 149
63 0.47 0.76 9.66 10.0 27.1 149
64 0.28 0.57 3.22 10.0 8.9 147
65 0.28 0.57 21.64 10.0 59.7 147
66 7.49 7.45 —— 21.1 27.1 =
67 7.49 7.45  —-=——-- 21.1 27.1 ————-
7.45 21. 27:1 -

68 7.49

—

[NH3] and [NO,] are the concentrations of NH3 and NO,
after mixing inside the reactor.

Runs 66 to 68 were done to test for the impurities deposited in
“the EC.

In runs (1-10) the diameter of the impactor nozzle was
0.0508 cm.

In runs (11-68) the diameter of the impactor nozzle was
0.0457 cm.



TABLE V
INDUCTION TIME AND CRITICAL PARTICLE DIAMETER
ESTIMATED FROM EXPERIMENTAL RESULTS

43

Run # [NH3] [NO,] Residence Temperature Induction Critical

Time Time Size

ppm ppm sec. °C sec. um

28 2.84 2.49 9.99 21.1 120 0.022
32 13.65 3.19 5.01 20.0 30 0.019
33 13.65 3.19 5.01 20.0 — 0.019
34 5.69 5.02 5.01 20.0 30 0.022
35 5.69 5.02 5.01 20.0 -—= 0.022
36 1.13 11.35 4.99 20.0 30 0.025
37 1.13 11.35 4.99 20.0 30 0.025
39 5.72 5.03 3.02 23.9 28 0.019
41 5.72 5.00 6.15 211 23 0.022
42 5.72 5.00 8.04 21.1 -—- 0.034
43 5,72 5.00 9.93 21.1 - 0.052
44 5.72 5.00 2.60 21.1 e 0.034
47 1.13 5.01 5.00 20.0 60 0.034
49 11.28 9.87 9.93 14:.4 21 0.019
50 2.96 2.31 10.43 13.9 30 0.025
51 0.96 1.18 9.90 13.3 30 0.034
53 1.14 0.99 10.00 10.0 30 0.025
54 8.15 7.59 30.64 21.1 120 0.019
55 8.15 7.59 24,12 21.1 - 0.022
56 8.15 7.59 17.60 21.1 - 0.025
57 8.15 7.59 11.08 21.1 - 0.022
58 0.48 0.77 9.79 4.4 210 0.022
59 0.97 1.00 10.10 4.4 30 0.019
60 0.47 0.76 9.66 4.4 150 0.022
63 0.47 0.76 9. 66 10.0 360




TOTAL NUMBER CONCENTRATION OF PARTICLES AT T = 20.0 °C®

TABLE VI
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Concentration R.T.9 Total # Density of ANP Experimental

Run NH NO, Experimental Predicted Error
# ppm ppm sec #/m1. #/ml. c.v.¢

45 0.50 5.00 5.00 0.00 0.00 ——
46 0.50 8.00 4.40 0.00 0.00 —
29 1,00  1.00  10.00 0.08 0.00 —m-
47 1.00 5.00 5.00 20.03 16.31 0.41
36, 37 1.00  11.00 5.00 22.23 15.01 0.24
28 2.50 2.50  10.00 43.94 13.40 0.36
43 5.70 5.00  10.00 381.00 173.90 0.90
40 5.70 5.00 5.00 87.49 54.60 0.12
38 5.70 5.00 3.00 42.61 37.57 0.20
44 5.70 5.00 2.60 18.00 15.00 0.15
41 5.70 5.00 6.00 36.65 30.54 0.12
42 5.70 5.00 8.00 36.33 33.03 0.20
57 8.00 7.60  11.10 54,38 36.00 0.13
56 8.00 7.60  17.60 63.97 49.21 0.20
55 8.00 7.60 24,12 78.31 65.26 0.24
54 8.00 7.60  30.64 146.27 97.51 0.46
27, 30 10,00  10.00  10.00 628.52 349.18 0.55
31,32,33 13.65 3.00 5.00 385.07 319.00 0.21

The temperature ranges from 19 to 23 °C, as listed in Table IV
AN stands for ammonium nitrate.

C.V. stands for coefficient of" var1at1on

Residence T1me.
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TABLE VII
TOTAL NUMBER CONCENTRATION OF PARTICLES AT T = 15.5 °C?

Concentration R.T.d Total # Density of AND Experimental

Run NH3 NOZ -~ Experimental Predicted Error
o ppim ppm sec #/ml. #/ml. C.V.C
51 1.00 1.00  10.00 15.02 8.29 0.04
40 3.00 2,50  10.00 19.39 13.85 0.10
48 5.50 5.00  10.00 121.43 102.20 0.23
49 11.00  10.00  10.00 220.38 76.95 1.09

a- The temperature ranges from 13 to 15.5 °C
b- AN stands for ammonium nitrate. '

c- C.V. stands for coefficient of- var1at1on
d- Residence T1me



- TOTAL NUMBER CONCENTRATION OF PARTICLES AT T = 10.0 °C.

TABLE VIII
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Concentration R.T.C Total # Density of AN® Experimental
Run NH; NO, -~ Experimental Predicted ErroB
# ppm ppm sec #/ml. #/ml. C.V.
63 0.50 0.80 10.00 26 .46 10.68 0.28
64 0.30 0.60 3.00 21,25 15.18 0.15
65 0.30 0.60 21.64 17.45 14.54 0.12
52 0.60 0.50  10.00 26.59 17.73 0.22
53 1.00 1.00  10.00 29.12 17.13 0.30
a- AN stands for ammonium nitrate.

b-

c- Residence Time.

C.V. stands for coefficient of variation.



TOTAL NUMBER CONCENTRATION OF PARTICLES ATT=14.4°C

TABLE IX
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Concentration R.T.C Total # Density of AN} Experimental
Run NH NO, - Experimental Predicted Errog
# ppm ppm sec #/ml. #/ml. C.V.
58, 60 0.50 0.80  10.00 39.16 21.89 0.03
61 0.50 0.80  14.50 48.77 32.00 0.10
62 0.50 0.80  21.32 49.38 29.05 0.09
59 1.00 1.00  10.00 99.35 47.74 0.21

a-
b‘..

¢~ Residence Time.

AN stands for ammonium nitrate.
C.V. stands for coefficient of variation.
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TABLE X
TOTAL SURFACE AREA OF PARTICLES AT T = 20.0 °C?
3 ) Total Surfa%e _

Concentration Res idence Area of AN Experimental

Run NH NO, Time xp. Predict. Error
# ppm ppm sec umc/ml.  pm“/mil. C.v.€

45 0.50 5.00 5,00 0.00 0.00 ——-
46 0.50 8.00 4.40 0.00 0.00 e
29 1.00 1.00 10.00 — 0.00 ——
47 1.00 5.00 5.00 4.12 9.40 0.35
36, 37 1.00 11.00 5.00 4,55 8.77 0.29
28 2.50 2.50 10.00 5.41 1.41 0.75
43 5.70 5.00 10.00 10.81 35.60 0.50
40 5.70 5.00 5.00 27.33 37.50 0.03
38 5.70 5.00 3.00 12.03 27.67 0.25
44 5.70 5.00 2.60 5.04 7.05 0.32
41 5.70 5.00 6.00 15.72 20.44 0.40
42 5.70 5.00 8.00 15.85 19.81 0.25
57 8.00 7.60 11.10 7.71 12.34 0.11
56 8.00 7.60 17.60 9.53 17.15 0.08
55 8.00 7.60 24,12 10.86 22.81 0.12
54 8.00 7.60 30.64 23.32 53,64 0.18
27, 30 10.00 10.00 10.00 157.20  317.54 0.89
31,32,33 13.65 3.00 5.00 94,78  191.70 0.13

a-
b_
c-

The temperature ranges from 19 to 23 °C
AN stands for ammonium nitrate.

C.V.

stands for coefficient of variation.
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TABLE XI
TOTAL SURFACE AREA OF PARTICLES AT T = 15.5 °c@

Total Surfa%e

Concentration Residence Area of AN Experimental
Run NH3 NO, Time E§ Predict. Error
# ppim ppm sec /ml. ym”/m1. C.v.©
51 1.00 1.00 10.00 2.30 3.22 0.03
50 3.00 2.50 10.00 3.23 4,52 0.08
48 5.50 5.00 10.00 30.54 75.03 0.31
49 11.00 10.00 10.00 14,51 11.52 0.95

a- The temperature ranges from 13 to 15.5 °C
b- AN stands for ammonium nitrate. :
c~ C.V. stands for coefficient of variation.,
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TABLE XII
TOTAL SURFACE AREA OF PARTICLES AT T = 10.0 °C

Total Surface

Concentrat ion Res idence Area of AN3 Experimental
Run NH5 NO, Time Eﬁp. Predict. ErroB
# ppm ppm sec pm</ml,  um=/ml. C.vV.
63 0.50 0.80 10.00 2.69 1.17 0.35
64 0.30 0.60 3.00 2.12 2.00 0.22
65 0.30 0.60 21.64 2.01 1.72 0.45
52 0.60 0.50 10.00 2.76 3.59 0.38

53 1.00 1.00 10.00 3.66 6.89 0.19

a- AN stands for ammonium nitrate.
b- C.V. stands for coefficient of variation.
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TABLE XIII
TOTAL SURFACE AREA OF PARTICLES AT T = 4.4 °C

Total Surface

Concentration Residence Area of AN3 Experimental
Run NH3 NO,, Time Eﬁp. Pregict. Errog
# ppm ppm sec um=/mt.  um</mi, C.V.
58, 60 0.50 0.80 10.00 4,55 - 4.16 0.06
61 0.50 0.80 14.50 - 4.99 4,56 0.10
62 0.50 0.80 21,32 4.54 4,21 0.12
59 1.00 1.00 10.00 12.53 13.18 0.19

a- AN stands for ammonium nitrate.
b- C.V. stands for coefficient of variation.



TOTAL VOLUME OF NITRATE PARTICLES AT T =

TABLE XIV

20.0 °cd
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Total Volume

Concentration Residence of AND Experimental
R;n NH3 NO, Time E§ Predict. ErroE

ppm ppm sec /m] um /m] C.vV.
45 0.50 5.00 5.00 0.00 0.00 ——-
46 0.50 8.00 4.40 0.00 0.00 —
29 1.00 1.00 10.00 — 0.00 ——
47 1.00 5.00 5.00 0.26 0.97 0.35
36, 37 1.00 11.00 5.00 0.30 0.92 0.40
28 2.50 2.50 10.00 0.32 0.05 1.13
43 5.70 5.00 10.00 0.83 3.91 0.76
40 5.70 5.00 5.00 1.97 3.52 0.02
38 5.70 5.00 3.00 0.82 2.85 0.28
44 5,70 5.00 2.60 0.34 0.63 0.25
41 5.70 5.00 6.00 1.20 3.00 0.43
42 5.70 5.00 8.00 1.21 2.40 0.12
57 8.00 7.60 11.10 0.39 0.61 0.35
56 8.00 7.60 17.60 0.49 0.81 0.02
55 8.00 7.60 24,12 0.52 0.88 0.06
54 8.00 7.60 30.64 1.24 2.43 0.13
27,30  10.00 10.00 10.00 10.03 25.08 0.98
31,32,33 13.65 3.00 5.00 6.04 18.57 0.11

a_
b_.
c-

The temperature ranges from 19 to 23 °C.
AN stands for ammonium nitrate.
stands for coefficient of" var1at1on.

C.V.
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TABLE XV
TOTAL VOLUME OF NITRATE PARTICLES AT T = 15.5 °C@

Total Volume

Concentration Residence of AND Experimental
Run NH3 NO, Time E§ Predict. Error
# ppm ppm sec /ml.  ym*/m1. C.v.C
51 1.00 1.00 10.00 0.12 0.23 0.08
50 3.00 2.50 10.00 0.19 0.25 0.10
48 5.50 5.00 10.00 2.02 7.72 0.34

49 11.00 10.00 10.00 0.54 0.58 0.85

a- The temperature ranges from 13 to 15.5 °C
b- AN stands for ammonium nitrate.
c- C.V. stands for coefficient of variation.
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TABLE XVI
TOTAL VOLUME OF NITRATE PARTICLES AT T = 10.0 °c®

Total Volume

Concentration Res idence of AN2 Experimental
Run NH3 NO, Time E§p Predict. ErroB
# ppm ppm sec pm°/m1,  um°/ml. C.V.
63 0.50 0.80 10.00 0.13 0.11 0.38
64 0.30 0.60 3.00 0.10 0.10 0.08
65 0.30 0.60 21.64 0.11 0.23 0.25
52 0.60 0.50 10.00 0.13 0.14 0.11

53 1.00 1.00 10.00 0.19 0.27 0.30

a- AN stands for ammonium nitrate.
b- C.V. stands for coefficient of variation.
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TABLE XVII
TOTAL VOLUME OF NITRATE PARTICLES AT T = 4.4 °C?

Total Volume

Concentration Residence of AN2 Experimental
Run NH3 NO, Time E§p Predict. ErroE
# ppm ppm sec pm>/ml.  um°/m1, C.v.
58, 60 0.50 0.80 10.00 0.23 0.26 0.13
61 0.50 0.80 14.50 0.23 0.26 0.13
62 0.50 0.80 21,32 0.19 0.23 0.11
59 1.00 1.00 10.00 0.61 0.91 0.16

a- AN stands for ammonium nitrate.
b- C.V. stands for coefficient of variation.



TABLE XVIII
DEVELOPMENT OF TOTAL NUMBER AND TOTAL VOLUME WITH REACTION TIME

RUN 63 RUN 60 RUN 47 RUN 39
Total Total Total Total Total Total Total Total
# Vo lume # Vo Tume # Vo lume # Volume

Samp le m1 pm3/m1 m171 pm3/m1 m1 pm3/m1 m1 um3/m1

1 8.75 0.055 34,99 0.169 14.74 0.151 52.37  1.07
2 21.41 0.069 36.94 0.225 15.70 0.292 40.145  0.76
3 30,91 0.123 36.85 0.206 29.65 0.338 35.29  0.62
4, 33,10 0.125  ——==  —m==  mmmm cmmm e oo
5. 24,82 0,129  —-==  —mm=  mmmm ommm emme oo
6. 29.36 0.174  —===  mm==  mmmm mmem e oo

7. 33.64 0,258  —m==  mmm= mmmm mmmm mem oo
8. 2931 0.157  ====  —mm= mmmm mmem e oo




TABLE XIX
COMPARISON BETWEEN DMPS AND CNC MEASUREMENTS OF THE TOTAL NUMBER CONCENTRATION

Run # [NH3] [NO,] Residence Temperature Reynolds Total Number Concentration

Time Number Measurements by
pmm pmm sec. °C CNC DMPS

’ (A) (B) (R)/(B)

26 - 5,77 4,88 10.16 20.0 113 820 683 1.20
28 2.84 2.49 9.99 211 144 56 55 1.00
31 13.50 2.95 4.86 22.2 197 2109 5497 0.38
32 13.65 3:19 5.01 20.0 191 889 446 1.90
33 13.65 3.19 5.01 20.0 191 792 331 2.40
34 5.69 5.02 5.01 20.0 201 2094 97 22.00
35 5.69 5.02 5.01 20.0 201 1970 82 24 .00
36 1.13 11.35 4,99 18.9 361 440 18 24.00
37 1.13 11.35 4.99 18.9 361 440 26 17.00
38 5.69 5.01 3.00 24, 373 2000 122 16.00
39 5.72 5.03 3.02 23.9 372 2027 53 38.00
40 5.72 5.00 5.03 211 286 2300 44 52.00
47 1.13 5.01 5.00 20.0 288 14 15 1.00
48 5.65 4.96 10.33 15.6 111 142 142 1.00
50 2.96 2.31 10.43 13.9 138 1700 20 85.00
51 0.96 1.18 9.90 13.3 145 140 15 9.30
52 0.59 0.52 10.20 10.0 218 27 27 1.00
53 1:.14 0.99 10.00 10.0 144 200 29 6.90
54 8.15 7.59 30.64 21.1 103 150 146 1.10
58 0.48 0.77 9.79 4.4 147 600 50 12.00
59 0.97 1.00 10.10 4.4 142 2000 115 17.00
9.66 4.4 149 600 40 15.00

60 0.47 0.76

LS
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DMPS as the total number concentration, total surface area, and total
volume of particles are shown in Tables VI through XVII. These
distributions were also used to estimate the critical particle diameter
as mentioned in Section 4.2 of Chapter IV and are shown in Table V.

The experimental results are simulated using a model based on the
reaction kinetics and the classical nucleation theory. Table XVIII
shows the development of the total number and total volume of particles
with reaction time. These data are used to examine the significance of
the condensation and coagu]ation}processes. Table XIX shows a
comparison between the total number concentration measurement of the
DMPS and the CNC alone. Before analyzing and discussing the results of
this project, development of the mathematical model and the

computational procedure will be described.
5.1 Mathematical Model

The theoretical model used in this study is based on the classical
nucleation theory and the kinetics of the NO,-NH3 reaction described by
Mearns and Ofosu-Asiedu, 1984b. This model considered the reaction
mechanism suggested by Falk, 1955 and revised by Mearns and Ofosu-
Asiedu, 1984a,b. At the beginning of the calculations, the model is
used to estimate the reaction rate constants, ka and kb, at the
experimental temperature. The rate equations of both Falk, 1955 and
Mearns and Ofosu-Asiedu, 1984a were tested. The k-values of Falk, 1955
were shown to fit the data better than those of Ofosu-Asiedu, 1984a.

The critical part1c1e diameter, estimated from the experimental
measurements, is used to calculate the critical or initial super-

saturation ratio of ammonium nitrate (Si). This initial supersaturation
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ratio is used to check for the formation of solid ammonium nitrate as
discussed below. The formation and growth of NHyNO; resulting from the
NO,-NH; reaction can be represented by four stages. Figure 4 shows
these stages schematically. Based on these steps, the next section

describes the computational procedure of the model.

5.1.1 Steps of the Model

General assumptions: Flow regime in the reactor is laminar. The
Reynolds numbers for different runs are calculated and listed in Table
IV, which shows the Reynolds numbers varying between approximately 100
and 380. The flow in the reactor is assumed to be uniform, resembling a
plug flow reactor. The gases entering into the reactor have uniform
velocity distribution because of the two perforated mixing plates just
before the central gas delivery nozzle. The radial velocity profile is
expected to develop along the tube if the tube is long. The pipe Tlength
necessary for development of a laminar velocity distribution may be
calculated from the following equation:

Xt

T - 0105 N

Re
This equation indicates that a length of 35 cm and 133 cm would be
required for Reynolds numbers of 100 and 380 respectively. Thus, the
assumption of a uniform velocity profile is not unreasonable.

It is furthermore assumed that the radial variation of concentra-
tions at any axial position is uniform. This assumption is justified by
the slow reaction rate compared with the rapid diffusion of reactants in

the air. Thus, the reaction system resembles a mixed flame system.
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Overall, the reactor is envisioned as a plug flow system. The
reactants, upon entrance into the reactor mix rapidly and as the
reactant gases flow down the reactor the reaction of N0, and NH3 slowly
proceeds. The reactor from the mixing plane to the detection point can
be divided into four sections or stages as shown in Figure 4. As one
moves from stage one to four, a new physiochemical process is added to
the system.

Stage 1. At the beginning of the reaction, NO, reacts with NH; to
produce HNO3 without forming any NH,NO3 as Tong as PNH3'PHNO3< Kl‘ In
this case the reaction rate expression given by equation [16] 1is used to
calculate the partial pressures of NO,, NH3, H,0, and HNO3. The method
used to solve the differential equation is discussed in Section 5.1.2.
The product (PNH3'PHN03) is compared to the value of the equilibrium
constant K;. When this product exceeds K;, ammonium nitrate starts to
form designating the beginning of stage 2.

Stage 2. In the second stage, while NO, and NH, continue to react,
concentration of HNO3 reaches a level such that NH3 reacts with HNO3 to
produce gaseous NH4NO3. At this stage, the reaction rate expression
described by equation [18] is used. The solution of the differential
equation of this stage is discussed in Section 5.1.2. This rate
expression is used to calculate the partial pressures of NO,, NHj, H,0,
and NH4NO; as time progresses. A supersaturation ratio (S) is
calculated by dividing the calculated partial pressure of ammonium
nitrate by the vapor pressure of the pure solid ammonium nitrate. The
new (or updated) supersaturation ratio is compared to the initial
supersaturation (S1), which is calculated from the experimental critical

particle diameter. When the new supersaturation ratio equals or exceeds
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the initially estimated one (i.e. S > S1), the stage 3 starts.

Stage 3. The time from the beginning of the reaction until the
beginning of this stage is recorded as the induction time. At this
stage the supersaturation ratio of ammonium nitrate is high enough to
allow the homogeneous nucleation of ammonium nitrate (i.e. the formation
of stable nuclei). The classical nucleation theory is used to calculate
(g*) which is the number of vapor molecules in an embryo or nucleus of a
critical size. The total number concentration of ammonium nitrate
particles is, then, calculated by dividing the total number of molecules
of ammonium nitrate by g*. |

Stage 4. This stage represents the particle growth by one or more
of the possible growth mechanisms. The possible growth mechanisms
include: condensation of NH4NO3 on the surface of nucleated particles;
condensation of HN03 and surface reaction with NH3; condensation of NH3
and surface reaction with HNO3; and particle coagulation. This stage
starts when nucleation ceases and total number concentration of particle
reaches a maximum value.

Three different tests were incorporated in this study to examine
the mechanism of the particle growth. These three tests are the
calculation of the condensation rates of NO,, NHj, HN03 and NH4NO;,
spec ies using equation [32] to see the significance of each rate, the
use of a size distribution function based on the condensation equation
to fit the measured size distribution, and the use of the approach of
the evolution of the size distributions, reported by Seinfeld, 1986, as
shown 1in Figures la and 1b in Chapter III.

It was found that ammonium nitrate aerosols form by homogeneous

nuc leation and grow by the condensation of ammonium nitrate vapor on the
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freshly nucleated particles. Correction for condensation, in the
computational procedure, is accounted for by first calculating the rate
of condensation of ammonium nitrate vapors and then calculating the
number of condensing molecules. The partial pressure and the
supersaturation ratio of ammonium nitrate are then corrected by
subtracting the condensed molecules from the total number of molecules
in the gas phase.

The steps of the computational procedure are represented in a flow

chart as shown in Figure 5.

5.1.2 Solution of the Differential Equations

Before discussing the solution of the differential equations, the
derivation of the reaction rate equations shown in equations [16] and
[18] is presented. Consider the reaction mechanism, reported by Mearns

and Ofosu-Asiedu, 1984a and represented by the following reactions:

k

1
2N0, -——-k——-——s N,0, fast [10]
2
k3
N204 + NH3 >HN03 + NH2-N0 s low [11]
Ky
NHiNO >N2 + H20 fast [5]
ks
N0, + H,0 >HNO, + HNO, sTow [13]
k6
HNO, + NHy ——2——> NH,NO, fast [14]
kg
Kg
HNO, + NH, ——S——\ NH,NO fast [4]
3 3 T 43

9
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Reactions [4], [10] and [14] are fast and are limited by their
thermodynamic equilibria. Reaction [5] is an irreversible and fast
reaction, while reactions [11] and [13] are the rate controlling
steps. The net rate of NO, consumption is equal to the net Ny0,
consumption through equations [11] and [13]. That is:

dP

NO, N,0,
-2 = = - ()
dt dt  ’net by [11] and [13]
= koPy o Pyy + kePy o P
3°N,0," NH 5"N,0, H,0

274 3
at equilibrium of reaction [10]

P

kg Ny0,
TG T e )2
NO,,
or
2
p - KP
N,0, NO,,
Therefore,
2 iiﬁg@ - k.KP2 P+ kKPP
dt 3*"No, "Ny * K50, PH0

which is the same as equation [16], with ka = k3K and ky = kgK, where K
is the equilibrium constant of reaction [10].
The equilibrium constant of reaction [10] was calculated from the

Gibbs free energies of the reactant and product and found to be 6.8.



68

The equilibrium concentration of N,0, at ambient temperature and
atmospheric pressure was calculated from the equilibrium constant of
reaction [10] and found to be negligible compared to the concentration
of NO,. For example, for an NO, concentration of 30 ppm in air, the
calculated equilibrium concentration of N,O4 was only 6.12 ppb. This
indicates that in the reactant gas entering into the reactor, only 0.02%
of NO, is in the form of Ny0,.

The following steps are followed to solve the differential
equations:

A. Stage 1:

Using the following notation for equation [12],

2NO + NH >  HNO + H,0 + N

2 3 3 2 2
(species 1) (species 2) ‘ (species 3) (species 4) (species 5)
[12]
Equation [16] can be written as:
dP
_ 1 2 2
T~ kaPZP1 + ka4P1 , or
dP1 2
i Pl(kaP2 + ka4) [43]
Since ng = n? - n; or n{ = n? -n
and n, = ng - ng
where

ny = number of moles of species i at any time
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—te S . 0

From stoichiometry:

moles of species i at any time

moles of species i at any time

r r ro r

n = 2n2 or n, = A Ny
Therefore,

n, =n, - Y n{ = ng -¥% n? + Y N
since

ni/V = P./RT = C_i
then,

C, = cg - c? + % C

) 0
Py Py y & oy Py
RT ° RT :RT ZRT
_ 0 _ 0
Pp=Pp - %Pl + %P
Similarly, we can find: P3 =¥ P? - Y% Pl’ and
0
P4 =Y P1 - ¥ P1

69

Substitute for P, and P, in equation [43] to get a differential equation

with one unknown:

—dP1

_pl o _ 0 0 _
=t = "1 {kaP2 Y kaP1 + % kaP1 + % ka1 Y kal}
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2

0 0 0 _
= P7 {k,Py - ¥k Py + %k Py o+ H(k, ky) Pyl

Let: oap = kPO - %k P) + % kP , and

By = % (ky ~ k)

e :ggl - P%{al + Blpl} = alP% + Blpi = f(P)) [44]
or dpl = - dt

7
Piay + B4Py)

This equation can be analytically solved to yield

By o + B;PY By oy + B;P
t = - 1 =+ 511" 1 . 11, alp _ El]n 1 ! 11
alP1 1 P1 11 1 1
or
B, Py, + B8P
1,1 1 1 171 11
tegE - ) 2 5T Ee] [45]
11 P1 oy P1 1 11
B. Stage 2:
Recall equation [1]
—
2N02 + 2NH3 — NH4N03 + HZO + N2 [1]
(species 1)(species 2) (species 3)(species 4)(species 5)

The rate equation of stage 2 has the same form as the rate equation for

stage 1, except that the consumption terms for ammonia, Py, are

different.

Equation [18] can be written as



-t - p1 (kaPZ + kbp4)
3 . r -— — 0 — 0
In this case: n, = n1 or P2 = P2 P1 + P1

where

and

- %Py

2

— = P

-~ %k Py}

0 0 0
{kaP2 - k_PY + kaP1 + Y% ka1 bP1

al

2¢, o0 0 50
= Pr{k Py - k Py + Bk PT + (k, - % kp)Py}

2 2 3
gt = Plop + BoPyY = ooy + ByP = f(Py)

0 O 0 _ 2 _ _ 0
ay = kPY - kP + % kPO = k Py - (k; - %k )P]
82 = ka - Y% kb
P =P =% P2 -u%p
6 NH4N03 1 1

Equation [45] can be analytically solved to give

0
11 1 By  Pp oy + ByPy

bty =g - ) i g ]
2 1 P o, P1 a, + 82P1
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[46]

[47]

A numerical technique can be used to integrate equations [44] and [46],

or the analytical solution can be solved by Newton-Raphson technique.

In the model used in this project, equations [44] and [46] were solved
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by a fourth order Runge-Kutta technique.
5.2 Discussion of the Results

As discussed in Section 4.2, the size distribution measurements are
used to determine the critical particle size for each experiment. This
task is done by considering the smallest particle diameter at which the
DMPS is able to detect particles. This is usually above the lower
detection 11m1£ of the DMPS indicating that smaller size particles could
not have existed and this size is the crifica]‘partib1e diameter. Table
V shows the estfmated critical diameters of different reaction
conditions. These critfca1 diameters are used in the theoretical model
to predict the initial supersaturation ratio (Si), which is used to

check for the formation of solid ammonium nitrate.

5.2.1 Variation of the Total Number

Concentration With Time

The variations of the total ammonium nitrate particles with time,
measured by the CNC alone and predicted by the model, are represented in
Figures 8 through 26. These figures show an induction time followed by
a burst in the total number concentration, which assympotically
approaches a constant steady state level. The induction time is defined
as the time elapsed before any particle starts to form. This behavior
of an induction time followed by a burst in the nucleation agrees with
the observations of de Pena, et al., 1973; and 0Qlszyna, et al, 1974, for
their NH3-03-NH4NO3 system. It also agrees with the theoretical
findings of the behavior of the aerosols in a laminar flow aerosol

reactor (LFAR) of Warren and Seinfeld, 1984; Pratsinis, et al., 1986;
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and Kodas and Friedlander, 1988. The induction times are shown in Table
V for different reaction conditions, and are graphically shown in
Figures 11 and 12 for two experiments, 26 and 28, respectively.

The mathematical model is used to predict the total number concen-
tration of nitrate. These calculations are compared to the experimental
data. When all the molecules of ammonium nitrate are assumed to form
aerosols via homogeneous nucleation, very high total number concen-
trations are obtained, as represented by the dashed curves in Figures 8
through 21, However, when the condensation of ammonium nitrate vapor is
also considered, the modeling results are improved and much lower
concentrations are predicted. The condensation rates of NO,, NH3, HNO,,
Ho0 and NH4NO3 are calculated assuming that all the above mentioned
species condense immediately as they reach the surface of the particle
(i.e. a condensation factor of unity is assumed). The results are
presented in Table XX.

Table XX shows the calculated steady state condensation rates of
NO,, NHj, HNO3, Hy0 and NHyNO3 at different reaction conditions. Two
sets of these calculations are shown in Figures 6 and 7, corresponding
td experiments 39 and 49 respectively. In general, the calculations
show that the condensation rates of NO, and NH3 are initially higher
than those of HNO3, HZQ and NH4NO3. The two former rates then assym-
potically decreased. The condensation rate of H,0 and NHgNO3 start Tow
and increase until they reach a high steady state value. On the other
hand, the condensation rates of HNO3 is sma11er and varies at a very
small rate. For example, the condensation rates of NO,, NHj, HNO3, H,0
and NH4NO3, corresponding to experiment 49, initially are 2.7 x 1017,

1.0 x 1018, 9.3 x 1011, 1.7 x 1017 and 7.9 x 1017 molecule cm=2 s~!

E]



TABLE XX
STEADY STATE VALUES OF THE CALCULATED CONDENSATION
RATES OF NO,, NH3, HNO3, H,0, AND NH,NO4

Run # [NH3] (N0, ] Temperature - ———=——=-m———m————- Condensation Rate, —~—---=—=—cmemmmae
ppm ppm °C mo1ecu1e/cm2/sec, of

| NO, NH; HNO; H,0 NH,4NO5
26 5.77 4.88 20.0 7.5E+16  3.6E+17 5.6E+11 9.2E+16 4,4E+17
28 2.84 2.49 21.1 1.9E+16 1.6E+17 1.4E+12 4.6E+16 2.2E+17
32 13.65 3.19 20.0 5.2E+15 0.0E+00 2.7E+11  5.,9E+16 2.8E+17
35 5.69 5.02 20.0 9.9E+15 3.6E+17  5,9E+11 9.5E+16 4.5E+18
37 1.13  11.35 20.0 5.5E+15 0. 0E+00 2.4E+12 2.1E+17 1.0E+18
39 5.72 5.03 23.9 6.4E+16 3.7E+17 7.0E+11 1.0E+17 4,2E+17
47 1.13 5.01 20.0 1.0E+16 0.0E+00 2.7E+12 9.5E+16 4,5E+17
48 5.65 4.96  15.6 1.0E+16 2.9E+17 2 .5E+11 9.4E+16 4.5E+17
49 11.28 9.87 14.4 2.1E+15 5.6E+17 9,3E+11 1.9E+17 1.0E+18
58 0.48 0.77 4.4 5.4E+17 9.0E+15 1.0E+11 1.0E+17 5.1E+17
60 0.47 0.76 4.4 5.8E+16 8.2E+15 1.1E+11 1.0E+17 4,8E+17
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‘respective1y. The steady state values of the condensation rates of NO,,
NH3, HNO, H,0 and NH,NO are 2.1 x 101°, 5.6 x 1017, 9.27 x 10!, 1.9 x
1017 and 1.0 x 108 molecule cm 2 s‘l, respectively. This shows that it
is possible that any of these gases condense on the surface of the
particles. However, the condensation of vapor molecules of NHsNO3 fis
the dominant one.

The reaction rate constants (k; and kj) reported by Falk (1955) are
used in the model which give a better prediction than those reported by
Mearns and Ofosu-Asiedu (1984a) as can be seen in Figures 8 and 9. For
most of the experiments, when the k-values of Mearns and 0fosu-Asiedu,
1984a are used, the model does not predict any particles, even when only
the nucleation is considered, until at a very late reaction time.

Figures 8 to 26 show that as the temperature or the concentration
of nitrogen dioxide decreases, the deviation between the experimental
measurements and the theoretical calculation increases. For example, at
low concentration of NO,, less than 3 ppm as shown in Figures 19-21 the
model predicts lower number concentrations of ammonium nitrate at longer
induction times. At very low concentrations of NO, (less than or equal
to 1 ppm as in the case of Figures 22-26), the calculation predicts no
particles, even when only nucleation is considered, while experiments
show a significant concentration. This observation agrees with the
finding of Mearns and Ofosu-Asiedu; 1984a, in that the time for the
onset of the salt formation can be increased by decreasing the partial
pressure of N0, regardless of the temperature or the residence time.

The conclusion from these results is that the initial super-
saturation ratio rapidly increases leading to a burst in the homogeneous

nucleation, which then decreases due to the condensation of the monomer
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Figure 16. Total Number Concentration of Ammonium Nitrate vs. Reaction Time
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Figure 18. Total Number Concentration of Ammonium Nitrate vs. Reaction Time

for [NH3] = [NO,] = 5 ppm, RT. = 3 s and T = 24 °C
(Experiment 38) '
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Figure 24, Total Number Concentration of Ammonium Nitrate vs. Reaction Time
for [NH3] = [NO,] = 0.5 ppm, RT. = 10 s and T = 10 °C
(Experiment 52) ’
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vapor on the nucleated particles. The condensed vapor reduces the
partial pressure of the monomer in the gas phase and hence the
supersaturation ratio, causing the homogeneous nucleation to decrease

and the particles to grow.

5,2.2 Total Number Concentrations Measured

by the DMPS Versus Those Measured by the CNC

The total number concentration of ammonium nitrate particles,
estimated from the DMPS size distribution measurements, are compared to
the total number concentration measured by the CNC alone. This
comparison, shown in Table XIX at different reaction conditions, shows
that for some experiments these two measurements agree and for others
they do not. The disagreement between these two measurements,
represented as the ratio of the CNC to the DMPS measurements, was as
high as 85. A 20% difference between the total number concentrations of
CNC and DMPS 1is quite common (Keady, 1988). However, larger deviations
have not been observed in other studies. An attempt was made to
identify a trend for large deviations with total number concentration,
particle size distribution, reactant concentration and temperature.
However, no systematic relation between deviations and the system
parameters could be observed. Thus, the deviations are attributed to
some unkown random error which might have been due to leaks in the DMPS
system. If the deviation in the number concentration resulted from a
leak in the DMPS, the size distributions should still be valid for
comparative purposés. However, if the deviation was due to preferential
removal of certain size particles, then the size distributions would be

erroneous. However, a comparison of variations of size distributions
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from suspicious runs with those from reliable runs indicates that most
probably the reduction in the particle number concentration was due to
dilution by leaks rather than perferential particle removal.

Therefore, only the size distributions of the experiments in which
the DMPS and the CNC measurements agree with each other are considered
in the data analysis. The results of the experiments in which these two
measurements do not agree are presented and used as supporting
material. No major conclusions regarding the behavior of the ammonium
nitrate aerosols are independently drawn from these data. The graphs
that include suspicious particle size distribution results include

Figures 28, 29, 33, 37, 38, 39, 41, 44, 45 and 46.

5.2.3 Size Distribution

The experimental size distribution measurements shown in Figures 27
to 42 are taken after making sure that the total number of particles has
reached its steady state (as shown in Figures 8 - 26). This normally
happens 15 to 30 minutes after the beginning of the reaction. The size
distribution equation, given by equation [34] and discussed by Seinfeld,
1986, is used to fit the size distribution data. This equation is based
on the solution of the condensation equation of the GDE. The parameters
used in this equation (such as diffusivity, mean free path, Cunningham
correction factor, etc.) are calculated based on the physical properties
and reaction conditions. The initial total number, used in equation
[34], is predicted from the reaction kinetic model. This equation is
fitted to the experimental size distribution by varying the median
diameter (ﬁbg) and the geometric standard deviation (og)f The ranges of

these fitting parameters, Upg and ¢ , are 0,1-0.35 pym and 1.5-2.0,

g
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respectively. The measured size distributions at different conditions
show that the minimum particle diameter detected is in the range of
0.018-0.052 ym as can be seen from Table V. Since this range is above
the lower detection 1imit of the DMPS system, these diameters are
considered to represent the critical size of ammonium nitrate particles,
as discussed in Section 5.2.5.

The theoretical size distribution equation, which incorporates the
diffusion growth law, assumes that coagulation is neglected and the only
source of new particles is nucleation. In general, the theoretical
distributions based on these assumptions, fit the experimental size
distributions of particles well as can be seen in Figures 27 through
42. Figure 27 shows a log-normal plot of the experimental size
distribution measurement and the theoretical fit. The experimental size
distribution in this case is fitted to the least square fit. Similarly,
the experimental size distribution shown in Figures 28 through 42 can be
fitted to the least square fit and plotted on a log-normal plot. This
fact indicates that the particle growth mechanism is a diffusion-
controlled growth. This agrees with the conclusion obtained from the
results of the history of the total number concentration discussed above
that the condensation of the monomer vapor on the newly nucleated
particles is the dominant growth process.

The smaller particles of the size distribution measurements, shown
in Figures 27 through 42, show two different rates of growth. This
appears as a "shoulder" on the left of the theoretical curves. This
behavior is explained as a continuation of the nucleation of NH4NO3 to
form new small particles, accompanying the growth of the existing

particles.
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In order to reach the objective of explaining the particle growth
mechanism, a second approach is used. This approach, as discussed in
Chapter III, follow the evolution of the ammonium nitrate size
distributions. The mechanism of the particle growth is to be inferred
by following the growth rate of the small particles (free regime) and
the Tlarge particles (continuum regime). The evolution of the size
distribution, shown in Figure 43, is measured four successive times in
order to examine the mechanism of the particle growth. This figure
shows that, as time progresses; the total number of particles increases
until it reaches a constant value, while the large particles continue to
grow. The general shape of the curves in this graph suggests a
diffusion-controlled, a surface reaction-controlled growth mechanism or
a combination of both. This indicates that the particle growth is the
result of a condensation of monomer molecules on the particle surface,
an adsorption of vapor molecules (such as NH3 or HNO3) followed by a
surface reaction, or a combination of the two processes. Since the
calculation of the condensation rates shows that ammonium nitrate has
the highest condensation rate, it is concluded that the condensation of
ammonium nitrate vapor molecules on the particle surface is the dominant
growth process. This also supports our previous observation that by
counting for the condensation of NH,NO3 molecules a satisfactory fit can
be obtained for the total number concentration.

Figures 44 through 46 show that the total number of particles
starts to increase and then decrease while large particles stay constant
as time progresses. These figures also show that the maximum of the
distribution shifts toward the smaller particle size. This unexpected

behavior occurs in experiments where the DMPS and the CNC measurement do
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not match, hence, they are not considered as accurate size
distributions.

An investigation of the coagulation process includes the
examination of the development of the total number and total volume of
the particles with time for some reaction conditions. The results of
this study are summarized in Table XVIII which are obtained by taking
the first size distribution measurement at a very early stage of the
reaction, followed by later measurements each at about 5 to 10 minutes
apart. Most of these results showbthat the total number of particles
starts to increase and then reach a steady state value while the total
particle volume continues to grow. This result again proves that the
dominant growth mechanism is condensation and the particle coagulation
is insignificant.

In summary, the results of this study show that ammonium nitrate
particles form by homogeneous nucleation and grow by adsorption of vapor
gases such as NH3 and HNO3 followed by a surface reaction and by the
condensation of monomeric NH4NO3, with the Tatter being the dominant
process. It is also concluded that particle coagulation is not
important for the reaction conditions under study. The nucleation
occurs in a burst due to a rapid increase in the supersaturation ratio
of the monomer., The use of the reaction rate constants (ky and k)
reported by Falk, 1955 gives a better prediction of the total number
concentrations than those reported by Mearns and Ofosu-Asiedu, 1984a.
The experimental and theoretical results show that as the concentration
of NOZ decreases, more induction time and less particles are detected.
This finding agrees with the findings of Mearns and Ofosu-Asiedu,

1984a,b about the effect of the partial pressure of N0, on the threshold
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pressure of NHy and on the onset formation of the solid ammonium
nitrate. This indicates that equation [10] is the rate controlling step
at very Tow concentrations of NO,. The variation in the total number

concentrations and the size distributions with temperature agrees with

the findings of the atmospheric studies.

5.2.4 Effect of Independent Parameters

The effects of the independent parameters on the total number
concentration and the size distribution are studied and presented
here. The purpose of this section is to examine the importance of these
parameters on the processes of formation and growth of ammonium nitrate

aerosols.

5.2.4.1 Effect of Reaction Temperature. Figure 47 shows the

effect of temperature on the total number concentration for the case of
1.0 ppm reactant concentration with a residence time of 10 s. At a
temperature of 21.0 °C a very negligible number of particles is formed
even after about one hour of reaction. When the temperature is
decreased to 13.0 °C many more particles start to form with a very short
induction time (Tless than 2 minutes). Further decrease in temperature
to 10.0 °C did not show a significant change in the induction time or
the total number concentration. However, it shows that at Tower
temperatures the rate of approach to the steady state is faster.

Similar behavior is observed at higher reactant concentrations of 5.0
ppm with a residence time of 10 s at temperatures of 20 °C and 15.5 °C
as represented in Figure 48. This finding is explained as a decfease in
the critical size and the vapor pressure of ammonium nitrate at lower

temperatures which leads to more particle formation at shorter induction
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times.

The size distribution as a function of temperature is also studied
as shown in Figure 49, For the case of reactant concentration of 0.5
ppm and a residence time of 10 s, a growth in the particle size is
observed as the temperature is decreased from 10.0 °C to 4.4 °C. This
is also referred to the decrease in the critical particle dianeter as
the temperature decreases. These results agree with the findings of
other researchers in other systems (Su, 1979; and Gonzalez, 1980) as
well as the finding of the seasonal variation of the total number
concentration and size distributions of atmospheric ammonium nitrate
(Cadle, 1982; and Yoshizumi, et al., 1985).

Further discussion of the temperature dependence of the total
number, total surface area, and total volume of nitrate aerosol is
presented in Section 5.2.5. The implications of these findings on the

atmospheric pollution are also discussed in Section 5.2.5.

5.2.4.2 Effect of Initial Reactant Concentrations. Equimolar

concentrations of NHy and NO, are considered at constant temperature and
residence time. In general, at a specific temperature and residence
time, an increase in the reactant concentrations causes the induction
time to become shorter, the total number concentration to increase, the
total number concentration to reach the steady state faster, and the
size distribution to shift toward the larger particle sizes.

The dependence of the induction time on initial reactant concen-
tration is shown in Figures 50 through 52. At a residence time of 10 s,
the induction time decreases from about 90 s to 20 s and from 50 minutes
to 15 minutes as the reactant concentrations is increased from 1.0 ppm

to 2.5 ppm at temperatures of 13.5 °C and 21.0 °C as shown in Figures 50
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and 51 respectively. Similarly Figure 52 shows that at a temperature of
4.4 °C and a residence time of 10 s, the induction time changed from 4
minutes to 1 s as the concentrations increased from 0.5 to 1.0 ppm.

The total number concentration increases by a factor of about ten
as the reactant concentration is doubled in both cases of temperature of
4.4 °C and 13.5 °C as shown in Figures 50 and 52 respectively. However,
at the higher temperature of 21 °C, as shown in Figure 51, the increase
in the total number concentration, corresponding to doubling the
concentration, is more than two orders of magnitude. In Figures 50
through 52, the rate of approach to the steady state is also shown to be
proportional to the reactant concentration. The explanation to these
observations is that the supersaturation ratio of the monomer increases
as the reactant concentration increases and the critical size decreases,
and hence more nucleating species are formed in a shorter time.

The increase in the reactant concentration also causes the particle
size to grow as represented in Figure 53. At a temperature of 4.4 °C
and a residence time of 10 s, the peak of the size distribution shifts
from 0.15 ym to 0.20 um when the concentration is increased from 0.5 to
1.0 ppm. This observation agrees with the findings of Su, 1979, and
Gonzalez, 1980 for the system of NH3-HCT.

5.2.4.3 Effect of Residence Time. Figures 54 and 55 indicate that
particles grow more at longer residence times. For reactant
concentrations of 8 ppm each and a temperature of 21 °C, the size
spectra show a shift toward the larger sizes, indicating a growth in the
particle size, as the residence time is increased from 17.6 to 24 and
then to 30 s. Similar behavior is observed for reactant concentrations

of 5 ppm at a temperature of 21 °C. These results agree with the
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findings of other investigators of this system and other systems (Kodas,

et al., 1986; Su, 1979; and Gonzalez, 1980).

5.2.4.4 Effect of the [NH,]/[N0,] Ratio. A ratio (R) of the

concentration of ammonia to that of nitrogen dioxide is defined. This
ratio is varied in order to see the corresponding change in the number
of particles formed and their size. Ratio of 1.0, 0.2 and 0.1
(experiments 34, 47 and 45 respectively) are obtained by fixing the
concentration of NH3 at 5.0 ppm and reducing the concentration of N0,
correspondinQ]y. A lower ratio of 0.06 is obtained (experiment 46) by
fixing the concentration of NH3 at 0.5 ppm and increasing the
concentration of NO, to 8 ppm. Figure 56 shows that the total number
concentration decreased from about 3.0 x 108 to 5.0 x 10% and then to 50
particles/1. as the ratio decreased from 1.0, to 0.2 and then to 0.1.
Further decrease in this ratio to 0.06 shows more particle formation as
shown in Figure 56. This is probably because at higher NO, concen-
trations, more HNO3 is formed, which tend to shift the reaction [4]
toward producing more ammonium nitrate.

The model qualitatively predicts the experimental observation of
Figure 56 for the same conditions of 20 °C and residence time of 5 s as
can be seen in Figure 57. The highest number concentration is obtained
when the ratio is unity. This fact agrees with the stoichiometry of the
reaction which says that two moles of ammonia react with two moles of
nitrogen dioxide to produce one mole of each product species.

The effect of the ratio R on the particle size distribution is
shown in Figure 58. A growth in the particle size is observed when the
ratio is increased from 0.2 to 1.0 corresponding to an increase 1in the

concentration of NH3. This growth indicates that higher concentrations
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of NH3, cause the reaction [4] to produce more ammonium nitrate, and
hence increase the supersaturation ratio and decrease the critical size

of the nitrate particles in the gas-phase.

5.2.5 Dependency of Particle Characteristics

on Temperature

Semi-log plots of the total number, total surface area, total
vo lume and~cr1tica1 nuclei size versus temperature at reactant
concentrations of 1.0 and 0.5 ppm at a residence time of 10 s are shown
in Figures 59 through 64. Except for the total volume, a Tinear
relation is observed for these parameters with the reciprocal of
temperature, where they increase as temperature decreases. These graphs
indicate that at very low temperatures, (usually the case at high
altitude atmospheric environments) high number concentrations can be
obtained even for very small concentrations of reactants (1.0 and 0.5
ppm). Figure 59 shows that, for concentrations of 1.0 ppm, the total
number density increases by one order of magnitude as the temperature
decreases from 20 to 4 °C. For reactant concentrations of 0.5 ppm, the
total number density increases by a factor of five with only 6 °C
decrease in temperature (from 10 to 4 °C) as shown in Figure 61.
Similar behavior is observed for the total surface area and total volume
of particles at the two reactant concentrations mentioned above. As the
temperature decreases, the critical particle size decreases as can be
seen from Figures 63 and 64.

The theoretical prediction shows qualitatively the same behavior of
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