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ABSTRACT

Aerosol particles and water vapour are two important constituents of the at-
mosphere. Their interaction, i.e. the condensation of water vapour on particles,
brings about the formation of cloud, fog, and raindrops, causing the water cycle
on the earth, and being responsible for climate changes. Understanding the roles
of water vapour and aerosol particles in this interaction has become an essential
part of understanding the atmosphere.

In this work, the heterogeneous nucleation on pre-existing aerosol particles
by the condensation of water vapour in the flow of a capillary nozzle was in-
vestigated. Theoretical and numerical modelling as well as experiments on this
condensation process were included. Based on reasonable results from the the-
oretical and numerical modelling, an idea of designing a new nozzle condensa-
tion nucleus counter (Nozzle-CNC), that is to utilise the capillary nozzle to create
an expanding water saturated air flow, was then put forward and various ex-
periments were carried out with this Nozzle-CNC under different experimental
conditions.

Firstly, the air stream in the long capillary nozzle with inner diameter of
1.0 mm was modelled as a steady, compressible and heat-conducting turbulence
flow by CFX-FLOW3D computational program. An adiabatic and isentropic cool-
ing in the nozzle was found. A supersaturation in the nozzle can be created if the
inlet flow is water saturated, and its value depends principally on flow velocity
or flow rate through the nozzle.

Secondly, a particle condensational growth model in air stream was devel-
oped. An extended Mason’s diffusion growth equation with size correction for
particles beyond the continuum regime and with the correction for a certain par-
ticle Reynolds number in an accelerating state was given. The modelling results
show the rapid condensational growth of aerosol particles, especially for fine size
particles, in the nozzle stream, which, on the one hand, may induce evident ‘over-
sizing’ and ‘over-numbering’ effects in aerosol measurements as nozzle designs
are widely employed for producing accelerating and focused aerosol beams in
aerosol instruments like optical particle counter (OPC) and aerodynamical parti-
cle sizer (APS). It can, on the other hand, be applied in constructing the Nozzle-
CNC.

Thirdly, based on the optimisation of theoretical and numerical results, the



new Nozzle-CNC was built. Under various experimental conditions such as flow
rate, ambient temperature, and the fraction of aerosol in the total flow, exper-
iments with this instrument were carried out. An interesting exponential rela-
tion between the saturation in the nozzle and the number concentration of at-
mospheric nuclei, including hygroscopic nuclei (HN), cloud condensation nu-
clei (CCN), and traditionally measured atmospheric condensation nuclei (CN),
was found. This relation differs from the relation for the number concentration of
CCN obtained by other researchers. The minimum detectable size of this Nozzle-
CNC is 0.04 um.

Although further improvements are still needed, this Nozzle-CNC, in com-
parison with other CNCs, has several advantages such as no condensation delay
as particles larger than the critical size grow simultaneously, low diffusion losses
of particles, little water condensation at the inner wall of the instrument, and ad-
justable saturation — therefore the wide counting region, as well as no calibration
compared to non-water condensation substances.



ZUSAMMENFASSUNG

Aerosolpartikel und Wasserdampf sind zwei wichtige atmosphérische Be-
standteile. Inr Zusammenspiel, das ist die Kondensation des Wasserdampfes auf
Aerosolpartikel, bringt die Entstehung von Wolken, Nebel, und Regentropfen zu-
stande, ermoglicht deshalb den Wasserkreislauf auf der Erde, und ist fur die Kli-
maveranderung verantwortlich. Das Verstandnis ihrer Rollen in diesem Zusam-
menspiel ist ein wesentlicher Teil fUr das Verstehen der Atmosphare.

In der vorliegenden Arbeit wurde heterogene Keimbildung von Wasser-
dampf auf Aerosolpartikel in der Stromung einer Kapillardise untersucht.
Eingeschlossen sind theoretische, numerische und experimentelle Untersuchun-
gen. Als Ergebnisse aus dem Wachstum des atmospharischen Aerosols mit
Wasserdampf als Kondensationssubstanz wurde ein neuer Dusenkondensa-
tionkernzahler (Nozzle-CNC) aufgebaut, in dem die Abkihlung und Konden-
sation durch diese Duse erzeugt wird. Verschiedene Experimente wurden an-
schliellend mit diesem Gerat durchgefuhrt.

Erstens: Stromung und Aerosoldynamik in der Dise mit innerem
Durchmesser 1.0 mm wurden numerisch modelliert. Die Luft in der Duse wurde
als ein turbulentes 3D-Medium mit dem Programm CFX-FLOW3D beschrieben.
Die adiabatische und isentropische AbkUhlung in dieser DUse ruft eine repro-
duzierbare Wasserdampfsattigung hervor, wenn man den Durchflu® &ndert.

Zweitens: Ein Modell und ein Verfahren, mit dem das Wachstum der Partikel
in der Stromung der Duse modelliert und bestimmt werden kann, wurde kon-
struiert. Dieses Modell dient der Bestimmung der Wachstumsraten des Aerosols
und der Zeit, die gebraucht wird, um das Aerosol in der Duse bis zu der
kleinsten mel3baren GroRe flr das nachgeordnete Nachweisgerdt wachsen zu
lassen. Schnelles Wachstum der Partikel und folglich grolie Verschiebung der
Partikelverteilung in Disen von Aerosolinstrumenten (wie OPC und APS), die
groRRen Einflul3 auf Messungsergebnisse haben, wurden gefunden.

Drittens: Als Beispiel fur die Anwendung des Modells und des Verfahrens,
wurde ein neuer Kondensationskernzahler mit Duse (Nozzle-CNC) nach diesem
Prinzip aufgebaut. Experimente unter verschiedenen Zustanden, wie Durch-
fluR, Lufttemperatur, und Mischungsverhaltnis des Aerosols, wurden mit diesem
Kondensationskernzéhler durchgefiiht. Der Einflul? des Durchflusses auf die
Bildungsraten atmospharischer Aerosolpartikel wird ebenfalls vorgestellt. Die



Ergebnisse zeigen eine interessante Relation zwischen der Konzentration von
atmospharischen Kondensationskernen (CN), inklusive hygroskopische Kerne
(HN), Wolkenkondensationskerne (CCN) und CN, und der in der Dduse
erzeugten Sattigung. Diese Relation unterscheidet sich von der Relation fur
CCN und Ubersattigung. Die kleinste meRbaren GroRe fiir diesen Kernzéhler ist
0.04 um in Radius.

Obwohl fir diesen Dusen-CNC weitere Verbesserungen nétigt sind, hat er im
Vergleich zu den anderen Kondensationkernzahlern einige Vorteile, wie z.B. gle-
ichzeitige Abkuhlung, geringe Kondensation von Wasser auf der inneren Wand,
vernachlassigbare Verluste von Partikeln durch Diffusion, einstellbare Sattigun-
gen — daher ein breiter Einsatzbereich, und keine Kalibrierung, wie fur Nicht-
Wasser Kondensationssubstanzen.



List of Principal Symbols

The most important and most frequently used mathematical symbols are listed
here for quick reference. Less frequently used ones are defined and explained at

first use.

Nomenclature in Greek

Symbol Unit Definition
Q@ Constant
I} Correction factor for nucleus concentration
vy Jem™?2 Surface tension of water
r Turbulence diffusion coefficient
04 cm Thickness of diffusion boundary
¢ cm Condensation jump distance
(r Condensation jump distance for temperature
Ag m, Mean free path of gas molecules
A Source term of turbulence
A Source term of particle
Ly gem~ts~1  Viscosity of gas or fluid
v Number of ions for each molecule of salt when dissolved
v, em?s™! Kinematic viscosity of gas (=1,/p,)
p gem ™3 Density
PE gem™3 Density of saturated water vapour
Pq gem ™3 Density of gas
Pp gem™3 Density of particle
Puw gem ™3 Density of water
o Geometric standard deviation
O Stress tensor
Dimensionless deposition parameter
T s Particle relaxation time
T+ s Particle relaxation time with particle growth effect
TSt s Particle relaxation time for Stokesian particle
U, U, Parameters in f. and f,
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. continue Symbol in Greek

Symbol

Unit

Definition

& & o

SIS ERS

fluctuating term of &
Any turbulent quantity
Averaged quantity of ®
fluctuating term of ¥
Any turbulent quantity
Averaged quantity of ¥

Nomenclature in Latin

Symbol Unit Definition

A cm? Cross-sectional area of the nozzle

Ay Thermal accommodation coefficient

Ay, Condensation coefficient

B Nm™3 Body force

C Constant

C, Cunningham correction factor

Cy Jg 'K—1 Specific heat of gas

C, J g 'K~1 Specific heat of particle

Ch Drag factor

D cm Diameter of the nozzle

D, em?s1 Diffusion coefficient of particle

D, em?s™! Diffusion coefficient of vapour

e hPa Vapour pressure

E) hPa Saturated water vapour pressure at temperature T
E; hPa Equilibrium pressure over particle surface

E, hPa Equilibrium pressure over particle surface with soluble salt effect
Ey hPa Equilibrium pressure over plane surface

Exp hPa Equilibrium pressure over plane surface without salt effect
fer [ Correction factor for non-continuum effect

F N Force on particle

F, em3s~! Flow rate of aerosol

Fy N Added mass force on particle

Fp N Buoyancy force on particle

F, em3s™! Flow rate of saturated clean air

continue . . .
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. continue Symbol in Latin

Symbol  Unit Definition
Fp N Drag force on particle
F, N Pressure gradient force on particle
g ms™2 Gravitational acceleration
h w Static enthalpy
H W Total enthalpy
I, pm st Radius condensational growth rate
J em™2 57! Flow rate of vapour molecules
J_ em 2571 Flow rate of vapour molecules leaving from particle
Ji em™2 57! Flow rate of vapour molecules towards particle
k gem?s™2K~! Boltzmann constant
K, cal em~ts 1K1 Thermal conductivity of gas
Kn Knudsen number
L cm Length of nozzle
L, cal g=* Latent heat of vaporisation
m gs! Mass condensational growth rate
my g Mass of single molecule of background gas (air)
my g Mass of particle
ms g Mass of dissolved salt
My g Mass of single molecule of vapour
M, gmol ™! Molecular weight of gas
M, gmol™! Molecular weight of salt
M, gmol ™! Molecular weight of water vapour
M, gmol™! Molecular weight of water
n Particle size distribution function
N em™3 Particle number concentration
Nu Nusselt number
P hPa Pressure
Poo hPa Background pressure
Pr Prandtl number

cal Heat

cal 571 Heat release rate
e cal s71 Heat flow rate associated with convection
Gm cal s71 Heat flow rate associated with mass transfer
Q Ih=! Volume flow rate
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. continue Symbol in Latin

Symbol  Unit Definition

r Lm Radius

r* m, Kelvin radius

g pwm Geometric mean radius

Tk m, Critical particle radius

T Lm Minimum detectable radius
Tp pwm Particle radius

R Jmol 1K1 Universal gas constant

Ru Jg 1K1 Gas constant for water vapour
Re Fluid Reynolds number

Re, Particle Reynolds number

S Saturation

S Saturation of aerosol flow

S. Saturation of clean air

S Supersaturation

Sc Schmidt number

Sh Sherwood number

t soreC Time or temperature in Celsius
T K Absolute temperature

u ms~! Velocity

ug ms Velocity of gas

U ms~! Velocity of particle

Uy ms ! Relative velocity

U ms~! Mean velocity of gas flow

T ms ! Mean speed of molecule

Viep ms~! Deposition velocity of particle
x cm Instantaneous location of particle
z em ™3 Molecular number density

Subscripts and Superscripts

Symbol Definition

g Pertaining to gas or air
D Pertaining to particle
s On particle surface
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. continue Sub- and Superscripts
Symbol Definition

v Pertaining to water vapour
w Pertaining to liquid water
00 Infinity

Abbreviations

Abbreviation

Definition

AP

APS

CCN
CCN-CN
CN

CNC
CNC 3020
HN

LPC
Nozzle-CNC
OPC
TDMA

Atmospheric Aerosol Particle
Aerodynamic Particle Sizer spectrometer
Cloud Condensation Nuclei

Nuclei between CCN and CN
Atmospheric Condensation Nuclei
Condensation Nucleus Counter
Condensation Nucleus Counter — TSI Model 3020
Hygroscopic Nuclei

Laser Particle Counter

Nozzle Condensation Nucleus Counter
Optical Particle Counter

Tandem Differential Mobility Analyser







Contents

ABSTRACT

ZUSAMMENFASSUNG

LIST OF PRINCIPAL SYMBOLS

List of Figures

List of Tables

1 INTRODUCTION

11
1.2
1.3
1.4
1.5
1.6

Atmospheric Aerosol Particles . . . . ... ... .. ... ......
Size Distribution of Aerosol Particles . . . ... ... ... .....
Composition of Aerosol Particles . . . . .. ... ... ... .....
Aerosol-Cloud Interaction . . . . ... .... ... ..........
Atmospheric Condensation Nuclei — Measurement and CNC . . .

Motivation of thisWork . . . . . . . . ... .. .. ... .. .....

2 BASIC THEORIES

2.1
2.2
2.3
2.4

Equilibrium Behaviour of Aerosol Particles . . . . . ... ... ...
Particle Properties with Size Regimes . . . . . ... ... ... ...
Particle Responseto Flow Fields . . . .. ... ... .........

Mass and Heat Transfer between Particlesand Gas . . . . ... ..

Xi

xviii

XiX



All

3

CUINTEINTO

AIR FLOW IN NOZZLES 25
3.1 Mathematical Model . . . .. ... ... ... ... . .. ... .. 25
3.1.1 Governing Equations . . ... ... ... ... ... ... .. 25
3.1.2 Boundary Conditions . .. ... ... ............. 27
3.2 Saturationinthe Nozzle . . . ... ... ... ... ... ....... 28
33 FlowintheCapillary . . . . . ... .. ... ... .. . .. 29
3.4 Conclusions of Air Flow Modelling . . .. ... ........... 32
MODELLING THE PARTICLE CONDENSATIONAL GROWTH 37
4.1 Theory of Particle Growth and Evolution . . . . .. ... ... ... 37
4.1.1 Single Particle Growth Equations . . ... ... ....... 38
4.1.2 Evolution of the Particle Size Distribution . . . .. ... .. 40
4.2 Initial Equilibrium Assumption. . . . . .. ... ... L. 41
4.3 Model Comparison . . . . . .. ... .. 41
4.4 Time Required for Particle Growth to Detectable Size . . . . . . .. 42
4.5 Solving Methods for Single Particle Growth in Nozzle Flow . . . . 43
4.6 An Example: Particle Growth in the Nozzle of OPC . . . . . . . .. 44
4.6.1 Single Particle Growth inthe Nozzle . .. ... ... .. .. 45
4.6.2 Over-counting Particles and the Shift of the Particle Size
Distribution . . . . . ... ... ... 46
4.7 Conclusions of Particle Growth Modelling . . . .. ... ... ... 47
EXPERIMENTS WITH NOZZLE-CNC 61
5.1 ExperimentDescription . . . ... ... ... ... .. ... ... 62
52 ExperimentResults . . . ... ... ... ... .. ... . .. ... . 63
5.3 ExperimentAnalysis . . . . . ... ... 64

5.3.1 Exponential Relation Between Condensation Nucleus Con-
centrationand S . . . ... ... o 64



CUINTEINTO

5.3.2 Counting Regions

5.4 Conclusions from the Experiment . . . . ... ... ... ......

6 ANALYSIS OF THIS NEW NOZZLE-CNC

6.1 Analysis of this New Nozzle-CNC . . . . ... ... .........

6.1.1 System Calibration. . . . ... ... ... ... ........

6.1.2 Critical ParticleRadius . . . . ... ... ... ... .....

6.1.3 Counting Range

6.1.4 Counting Efficiency . . ... ... ... ... .. .......

6.2 AdvantagesandProblems. . ... ... ... .. ... ........

6.3 Significance of Numerical Optimisation and Experiment . . . . . .

7 SUMMARY AND RECOMMENDATION

A APPENDIX

A.l Appendix Al: CFX-FLOW3D Modelling Programme . . . . . . ..

A.2 Appendix A2: Error Estimation . . . ... ... ... .. ...

A.3 Appendix A3: APS 3320

Bibliography

Acknowledgements

Lebenslauf

Al

67
68

79
79
79
80
83
83
88
89

99

103
103
110

111

113

121

124



AV

CUINTEINTO



List of Figures

11

1.2

13

14

1.5

1.6

2.1

2.2

3.1

3.2

3.3

3.4

3.5

3.6

3.7

Interaction in the atmospheric aerosol system . . . ... ... ... .......
Model aerosol size distributions in various geographical regions . . . . . ..
Frequency of observed occurrence of sulphate modes (John et al., 1987) . . .
Schematic diagram of aerosol-cloud interaction . . ... .............

Schematic diagram of the continuous flow condensation nucleus counter
Model 3020 (TSI) . . . . . .

Calculated saturation in the condensation tube of the CNC Model 3020 be-
tween axis and wall as well as along the length (x) of the tube (Zhang and
Liu, 1990). R is the radius of the tube, and r is the radial distance from the

Kohler effect on the equilibrium vapour pressure over droplet containing
salt NaCl . . . .. . .

Drag coefficient versus Reynolds number forasphere . . . .. ... ... ...

The shape of the capillary (the flow is from left to right). The capillary ex-
tends to 12 cm to the right. Positions ‘0’, ‘1’, ‘2’ and ‘3’ are marked here,
which will be referredtolater. . . . .. ... ... ... ... .. .. ... ....

Velocity changes along the axis in the nozzle. The flow with velocities up to
80.0 m/sis weakly compressible. . . .. ... ... ... ... . o L

Pressure changes along the axisinthenozzle .. .................
Density changes along the axisinthenozzle . . .. ... . ............
Temperature changes along the axis inthenozzle . . . . ... ... .......
Saturation changes along the axisinthenozzle .. ... .............

Temperature profile in the nozzle (nozzle length 12 cm plus 3 cm conical
part, inner diameter 1.0 mm, wall temperature t=27.1°C, pressure 1000 hPa
and 820 hPaatbothsides) . . . . . ...... ... . . ... . . .. ... ...,

11

12

17

19

30

31

32

33

33

34



AVI

3.8

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

411

412

413

4.14

4.15

4.16

4.17

5.1

ciol Ur FIOCURES

Velocity profile in the nozzle (nozzle length 12 cm plus 3 cm conical part,
inner diameter 1.0 mm, wall temperature t=27.1°C, pressure 1000 hPa and
820 hPaatbothsides) . ... .. ... .. .. . .. . . . .. .. .

Soluble salt fraction in particles in equilibrium with ambient RH=90%, 70%,
and 50% . . .. e

Mass condensational growth rates for Mason’s equation, and the equation
used in this paper (EUP) with particle to fluid relative velocities U,=0 m/s,
U,=50 m/s,and U,=200 m/s (S=1.1and S=3.0) . ... ... ...........

Radius condensational growth rates for Mason’s equation, and the equation
used in this paper (EUP) with particle to fluid relative velocities U,=0 m/s,
U,=50 m/s,and U,=200 m/s (S=1.1and S=3.0) . ... ..............

Mass (a) and radius (b) condensational growth rates for the equation used
in this paper (EUP) with particle to fluid relative velocities U,=0 m/s (S=1.1,
S=3.0and S=5.0) . . . ..

Mass (a) and radius (b) condensational growth ratios for the equation used
in this paper (EUP) with particle to fluid relative velocities U,.=50 m/s and
U,=200m/svsU,=0(S=3.0only) . ..... ... ... ... .. .. ... .....

Time required for particle growth to detectable size of 0.3 pm at S=1.5. . . .
Time required for particle growth to detectable size of 0.3 um at S=2.0 . . . .
Time required for particle growth to detectable size of 0.3 pm at S=3.0. . . .
Time required for particle growth to detectable size of 0.3 um at S=4.0 . . . .
Time required for particle growth to detectable sizes of 0.15 ym and 0.3 um
Schematic representation of the nozzle injector in an OPC (Allen, 1986) . . .
Schematic setting of the laser beams and the aerosol stream in APS . . . . .
Pressure, temperature, and air density along the centre line of the nozzle . .

Saturation along the centre line of nozzle (the flow rate is 28.5 mi/s, inlet
relative humidity is70%) . . . .. ... ... .

Air and particle velocitiesinthenozzle ... ... ...... ... ... .....

Particle radius condensation growth ratio vs horizontal distance along the
nozzle . . . . . ..

The shift of particle size distributions . . . .. ... ................

Schematic diagram of the Nozzle-CNC . .. ... ... .. ............

35

42

52

54

54

55

55

56

56

57

58



ciol Ur FIOCUREOS AV

5.2 Measured particle number concentration of the experiment No. 1 and No. 2
(P5 here is the pressure at the outlet of the optical device) . . . . ... ... .. 71

5.3 Measured particle number concentration of the experiment No. 3, No. 4,
No. 5 and No.6 (P; here is the pressure at the outlet of the optical device). . 71

5.4 Experiment No.7: Change of the counting value with the fraction of aerosol
flow (seealso Fig.5.7) . . . . . . . . . 72

5,5 Experiment No.7: Change of the direct measured particle number concen-
tration with the fraction of aerosol flow (before correction) . . . ... ... .. 72

5.6 Experiment No.7: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (before correction) . . . . .. ... .. 73

5.7 Experiment No.7: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (corrected as urban aerosol mode) . 73

5.8 Experiment No.7: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (before correction) . 74

5.9 Experiment No.7: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as urban
aerosolmode) . ... ... 74

5.10 Experiment No.8: Change of the counting value with the fraction of aerosol
flow . . . 75

5.11 Experiment No.8: Change of the direct measured particle number concen-
tration with the fraction of aerosol flow (before correction) . . . ... ... .. 75

5.12 Experiment No0.8: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (before correction) . . . . .. ... .. 76

5.13 Experiment No.8: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (corrected as urban aerosol mode) . 76

5.14 Experiment No.8: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (before correction) . 77

6.1 Measured particle number concentration with the variation of flow rate
through LPC Model 3755-TSI . . ... ... ... ... .. ... .. .. ..... 80

6.2 Particle diffusion coefficient as function of radius . . . .. ... ... ... .. 86

6.3 Particle penetration ratios through the nozzle in laminar flows at three flow
rates (without considering the condensational growth) . ... ... ... ... 87

6.4 Particle penetration ratios through the nozzle in turbulent flows (without
considering the condensational growth) . . . . . .................. 88

6.5 Relationship between experiment and theoretical modelling . . . .. ... .. 90



6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

Al

Liol Ur mF1ioURECS

Experiment No.7: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as rural
aerosolmode) . .. ...

Experiment No.7: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as rural
aerosolmode) . .. ...

Experiment No.8: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as rural
aerosolmode) . .. ...

Experiment No.8: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as urban
aerosolmode) . .. ...

Experiment No.8: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as rural
aerosolmode) . .. ...

Experiment No.9: Change of the counting value with the fraction of aerosol

Experiment No.9: Change of the direct measured particle number concen-
tration with the fraction of aerosol flow (before correction) . . . .. ... ...

Experiment No0.9: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (before correction) . . . . . ... ...

Experiment No0.9: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (corrected as urban aerosol mode) .

Experiment No.9: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (corrected as rural aerosol mode) .

Experiment No0.9: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (before correction) .

Experiment No.9: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as urban
aerosol mode) . . . ..

Experiment No.9: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as rural
aerosol mode) . . . ..

Schematic Diagram of Aerodynamic Particle Sizer spectrometer — APS
Model 3320 TSI . . . . . .

91

92

92

93

93

94

95

96

96

97

97



List of Tables

11

1.2

2.1

3.1

4.1

4.2

5.1

5.2

5.3

5.4

6.1

Parameters for aerosol modes composed of 3 log-normal distributions in

various geographical regions (Jaenicke, 1988) . ... ... ... ... ... ... 5
Comparison of chemical composition in fine and coarse size particles . . .. 7
Particle size regime and Knudsen number (1013 hPa, 20°C) .. ... ... .. 18

The flow fields in nozzles with various length from modelling results

(nozzle shape as in Fig. 3.1 but with various lengths, no slip at wall, two pressure
boundaries. Subscriptions ‘0, ‘1’, ‘2’ and ‘3’ refer to the four positions as marked in

Fig. 3.1) . . e 36

The over-counted effects for various types of aerosol size distributions (the
minimum detectable radius r,,, iIS0.15um) . . .. ... oL oL 47

The over-counted effects for various types of aerosol size distributions (the

minimum detectable radius r,,, iS0.075 um) . . ... ... L 48
Results of experiment No. 7 * . . . . . . ... .. . .. ... 65
Results of experiment No. 8 ** . . . . . ... ... .. .. ... ... 66
Results of experiment No. 9 *** . . . . . .. ... .. ... ... . ..., 67
Value value « and correction factor G at three flowrates. . . . ... ... ... 68
Critical particle size vs saturation accordingtoEqg. (6.1) . ... .. .. ... .. 81

XiX



ciol Ur IADLES



Chapter 1

INTRODUCTION

1.1 Atmospheric Aerosol Particles

Atmospheric air contains not only air molecules such as N,, O,, CO,, H,O and
others, which approximately amount to 2.0-10" per cubic centimetre, but also
ions and a substantial amount of suspended particles. They interact with each
other and form a complex and dynamic three-phase mixture (see Fig. 1.1). This
mixture system is named atmospheric aerosol. The particulate matter in this sys-
tem is usually known as aerosol particles.

Atmospheric aerosol particles have sizes ranging from several Angstréms to
several micrometer (up to more than 50 ym), with number concentrations from
1 em™? in clean background to over 2.0-10° cm ™ in polluted city air. They origin
from a number of natural sources such as sea salt from ocean spray, botanical de-
bris, soil and desert dust, volcanic dust, gas-to-particle conversion, atmospheric
clouds of water droplets or ice particles (Jaenicke, 1993), and human activities
such as the emission of smoke and pollutants.

The research of the atmospheric aerosol includes the study of the physical
properties, atmospheric behaviours, and the chemical contents. The result of this
research has triggered global concerns. Aerosol particles play important roles
with relation to human health and many atmospheric phenomena. Particles less
than 1.0 micrometer can easily enter the human lung, either deposit in the res-
piratory tract (Heyder, 1986) or enter the human blood cycle, and therefore are
potentially harmful to human health. In the atmosphere, aerosol particles serve
as nuclei for condensation of water vapour, and they play a pivotal role in the

1



4 crAarFicr 4. IINITRUDUC TTUIN

formation of cloud droplets and then raindrops. Without these nuclei, there will
be no clouds, no rain, no hydrological cycle and no complex weather system on
the earth. Aerosol particles suspended in the atmosphere absorb and scatter solar
radiation and therefore modify the radiation balance of the earth system. Studies
show that the radiative and climate perturbation of the sulphate aerosol may off-
set the greenhouse effect over large portions of the northern hemisphere (Charl-
son et al., 1992). Aerosol particles are also responsible for the deterioration of air
quality in spatial scales, and can cause a widespread visibility reduction as well
as the formation of Arctic Haze (Rahn et al., 1981; Dreiling et al., 1997). Because
of their long-range transport with the circulation of the atmosphere, they can re-
distribute solid pollution substances in the atmosphere. For desert aerosol parti-
cles, such long distance transport is responsible for the redistribution of nutrient
soils in a large scale on the earth (Duce et al., 1980; Iwasaka et al., 1988). Aerosol
particles interact with atmospheric gases, for example SO,, NO,, O3, and H,0,,
and serve not only as major supplies in chemical reactions, but also as important
surfaces, on which catalytic chemical reactions can take place. It is assumed that
stratospheric particles may play a key role in ozone depletion because of their
catalytic function in reactions with chlorine compounds, such as anthropogenic
chlorofluorocarbons (CFCs) (Hofmann and Solomon, 1989; Prather, 1992; John-
ston et al., 1992; Mills et al., 1993).

Gas Molecules

Gas Eetwrming 1.0E+23 fom® 5
L v )€
Aerosol Particle
........................ - sommsesssso----------- 3 Molecules
Eetwnmg 1.0E+23 fem?®

Inpmging 1.0E+23 fom® 5 Clas

Molecules
Inpingmng 1.0E+23 Jfemr® 5

Gas Molecules

The Interaction between Aerosol Particle and Gas Molecules (under standard conditions)

Figure 1.1: Interaction in the atmospheric aerosol system
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Studying and understanding basic properties as well as physical and chemical
principles of aerosols and then applying these knowledges in measurements and
controls have doubtless practical values. This is a main purpose of basic aerosol
study, and such practical employment of aerosol knowledges is called as aerosol
technology. Aerosol technology today has found numerous scientific and engi-
neering applications. Examples are commercial uses in numerous aerosol instru-
ment designs, in the manufacturing of spray-dried products, and in the area of
pesticides in agriculture or forestology. In medical treatment, therapeutic aerosols
are commonly used for the treatment of respiratory diseases.

There is a tight relation between the aerosol research and aerosol technology.
Aerosol research provides new knowledges and new methods for the develop-
ment of aerosol technology, and in return the new aerosol technology can provide
us with new tools for the aerosol study. In this work, the behaviour of aerosol par-
ticles by the condensation of water vapour in a saturated air flow will be stud-
ied. The results will then be applied for an aerosol measurement design, that is
the construction of a new continuous flow nozzle condensation nucleus counter
(Nozzle-CNC).

1.2 Size Distribution of Aerosol Particles

The basic behaviours of aerosol particles such as deposition, transport, lifetime,
and optical influence, depend strongly on their size, their chemical composition,
and on the nature of the carrier gas. The size of aerosol particles may vary from
a few Angstroms to several micrometers. Aerosol particles in atmospheric air are
not monodisperse, but polydisperse. Since all particle sizes are present and the
behaviours of atmospheric aerosols are always related to their integral action,
it is more useful applying size-dependent function than characterising the size
property of a single-particle.

In the early 1950’s, Junge found in measurements that atmospheric aerosol
particles have the interesting property that the mass was almost uniformly dis-
tributed in equal geometric intervals. Then he derived the Junge distribution
(Junge, 1963):

_dN
n_dlogr

=Cr“, (1.1)
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where N is the number concentration, C is a constant, r is the particle radius, and
« is an adjustable constant in the range from 2.2 to 4.0. The Junge distribution
was proved to be very good, especially for aerosol particles with radii r,>0.1 pm.
However because of the limitation of the development of aerosol technology to
measure particles with sizes smaller than 0.1 xm in 1950°s, Junge didn’t find a
suitable size distribution for describing fine size particles. Usually particles in
fine size region have bimodal and other distribution shapes because of the strong
interactions among them such as coagulation and diffusion collision.

One type of aerosol size distribution that is used widely in atmospheric stud-
ies, such as in aerosol radiation models (D’Almeida et al., 1991), is the log-normal
distribution:

. dnN _ N exp[—l . (Iog(r/rg)

dlogr  /2rlogo 2 logo

where r, is the geometric mean radius, and o is the geometric standard deviation.
There are other types of aerosol size distributions such as the Gamma distribu-
tion, but they are not so widely used as the log-normal distribution. One advan-
tage of the log-normal distribution is that it can be superimposed to form a new
size distribution describing specific atmospheric aerosol modes. Jaenicke (1988,
1993) gave a series of these aerosol modes which can quite well describe size dis-
tributions of the aerosols in urban, rural, polar, desert, and oceanic regions by
superimposing 3 log-normal distributions:

)], (1.2)

i N; log(r /7,
=3 el s (Sl (13
The parameters for various aerosol modes are tabulated in Table 1.1. Fig-
ure 1.2 shows aerosol size distribution of 7 modes parameterised as in Tab. 1.1. In
this work, the log-normal distribution is adopted to characterise the atmospheric
aerosol particles. The evolution and analysis in this work are based on this type
of distribution.

1.3 Composition of Aerosol Particles

The composition of aerosol particles determines mainly their physico-chemical
properties, such as the hygroscopic properties of aerosol particles, their nucle-
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Table 1.1: Parameters for aerosol modes composed of 3 log-normal distributions
in various geographical regions (Jaenicke, 1988)

Mode Ny gl o1 Ny Tg2 o9 N3 Tg3 o3
cm ™3 um cm ™3 um cm ™3 um

rural 6.65E+3 7.39E-3 1.68 | 1.47E+2 2.69E-2 3.61 |1.99E+3 4.19E-2 1.85

urban 9.93E+4 6.51E-3 1.76 | 1.11E+3 7.14E-3 4.63 | 3.64E+4 2.48E-2 217

continental 9.97E+2 1.00E-3 2.13 | 842E+2 2.18E-2 3.20 | 7.14E-4 6.24E-0 1.89
desert dust 7.26E+2 1.00E-3 1.77 | 1.14E+3 1.88E-2 5.89 |1.78E-1 1.08E-3 274

maritime 1.33E+2 3.90E-3 213 | 6.66E+1 1.33E-1 1.62 |3.06E+2 2.90E-1 2.49
polar 2.17E+1 6.89E-2 1.76 | 1.86E-1 3.75E-1 2.00 | 3.04E-0 4.29E-0 1.95
background | 1.29E+1 3.60E-3 4.42 |597E+1 127E-1 179 |6.35E-1 259E-1 2.66
stratosphere 449E+0 2.17E-1 1.77

ation activities, their absorption and scattering coefficients, and their chemical
behaviours with other atmospheric species. Aerosol particles contain numerous
chemical and mineral species depending on their sources. Biological particles
have also been found to be an important source type of the atmospheric aerosol,
from taking about 15% in maritime aerosol to about 20% in continental aerosol
(Gruber et al., 1998). The chemical composition and the solubility of fine and
coarse particles differ from each other as they origin from totally different sources.

Coarse particles (larger than 2.0 m) are generally from mechanical processes,
and are rich in crustal elements like Ca, Al, Si, Ti, and other constituents of earth.
Fine particles, as they are generally derived from chemical processes such as
‘gas-to-particle’ conversion and combustion, are acidic and rich in sulphate, am-
monium, nitrate, hydrocarbon, elemental carbon (soot), toxic metals, and water
(whitby, 1978). Usually, fine particles are more water dissolvable than coarse par-
ticles.

The study of urban aerosol shows that sulphate, nitrate and ammonium have
two modes in the 0.1 to 1.0 um size range (see Fig. 1.3). They are condensation
mode and droplet mode (John et al., 1987). The condensation mode has a mean
size of about 0.2 um, which results from the condensation of secondary aerosol
components from gas phases. The droplet mode is at a size of about 0.7 um. Its
formation mechanism is the heterogeneous aqueous-phase reactions in droplets.

The comparison of the chemical compositions for fine and coarse particles is
listed in table 1.2. As fine size particles have larger number concentrations, and
are more dissolvable than coarse particles, they play a major role in many aspects
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Figure 1.2: Model aerosol size distributions in various geographical regions

such as radiative scattering and absorbing, serving as condensation nuclei, and
causing chemical reactions in the atmosphere.

1.4 Aerosol-Cloud Interaction

Aerosol particles can be activated at a given supersaturation and grow. As being
discussed in the section 1 of the next chapter, for a given aerosol size distribution,
if a supersaturation is reached for the condensation on a certain particle radius
(the critical particle radius ), then condensation can take place on all particles
larger than r,. If the supersaturation is high enough, for example > 400%, all
aerosol particles can form water droplets. Therefore this is used for the defini-
tion of atmospheric condensation nuclei (CN). In a natural cloud, supersatura-
tion remains usually below 5% and typically below 2%. So only a part of CN can
be activated. These particles, which are capable of initiating droplet formation at



1.4, ACRUOSUL-CLUUU IINTERACU TIUIN {

Table 1.2: Comparison of chemical composition in fine and coarse size particles

* Fine Particles Coarse Particles
Composition Sulphate Wind-blown dust
Nitrate Coal and fly ash
Hydrogen ion Crustal element (Si, Al, Ti)
oxides
Ammonium CaCOs, NaCl
Elemental carbon Biological particles such as

pollen, spores
Metal Fe, Zn, Mn, Pb, etc. | Plant, debris
Organic compounds

Solubility Quite soluble and hygro- | Only partly soluble and
scopic non-hygroscopic

low supersaturations as observed in clouds are called ‘cloud condensation nuclei’
(CCN). The role of aerosol particles as serving nuclei for cloud formation is not
the only connection between aerosol and clouds. In fact, they interact with each
other, and have a very close relation. Studying their interaction has become one of
the most important topics in current atmospheric aerosol and atmospheric stud-
ies. It is very helpful for us to understand the hygroscopic property and transfor-
mation between aerosol particles and water droplets in this work .

This aerosol-cloud interaction is schematically shown in Fig. 1.4. In cloud for-
mation, aerosol particles serve as CCN. For aerosol particles, this is an important
removal process, usually called nucleation scavenging of particles in clouds. Be-
sides that other removal processes exist: the collision of aerosol particles with
cloud droplets and the capturing of the particles. This nucleation process deter-
mines the initial composition of the cloud droplets. After the droplet formation,
soluble gases such as sulphur dioxide, ammonia, nitric acid and atmospheric rad-
icals such as HO and H,0, dissolve into the droplet. The cloud droplet serves as
reaction medium for aqueous phase reactions, in which a series of chemical re-
actions can take place — for example, most S(IV) can be oxidised to S(VI) and
other dissolved species can react with sulphuric or nitric acid. When supersatu-
ration disappears, the cloud droplet evaporates and returns to aerosol particle.
The non-volatile species such as sulphate remain in the aerosol particle. By this
way, a totally new aerosol particle is produced because of its new size, shape, and
chemical composition. Jaenicke (1993) once proposed that the cloud evaporation
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Figure 1.3: Frequency of observed occurrence of sulphate modes (John et al., 1987)

is the largest natural source of aerosol particles, by producing new particles of
about 3000 Tg/yr, larger than world deserts by producing a total particle mass of
2000 Tg/yr.

The changes of the distribution of atmospheric aerosol particles can also result
in the modification of the cloud droplet sizes, and therefore the changes of cloud
lifetime and albedo, which can induce the indirect effect of aerosol in the radiation
balance of the earth climate system.

1.5 Atmospheric Condensation Nuclei — Measure-
ment and CNC

According to the physical property of water condensation on aerosol particles
in supersaturation, an instrument to measure the number concentration of CN
named ‘condensation nucleus counter’ (CNC) can be constructed. The main prin-
ciple of a CNC is to create a temperature decrease for forming a supersaturation
by adiabatic expansion in an expansion vessel. This causes water to condense
by heterogeneous condensation on particles, and these particles, in spite of vari-
ations in the sizes of the original nuclei, then grow into larger water droplets
of uniform size. These droplets can be counted and photographed, or be de-
tected with electronic devices by scattering a detectable amount of light when
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Figure 1.4: Schematic diagram of aerosol-cloud interaction

they pass through a light beam. By this way the number concentration of sub-
micron aerosol particles may be directly or indirectly measured by counting the
number concentration of these water droplets. However, the measured droplet
size is nearly independent of the size of the original particle over a wide range
of particle sizes, so the detected concentration is the number concentration for
particles larger than r, only, with no relation to their initial size distribution. De-
spite this inability of CNCs to give size discrimination, CNCs have enjoyed great
value in their wide applications in the study of air pollution, cloud physics, and
in general atmospheric aerosol researches.

The first CNC construction was attributed to Aitken (1888a, 1888b, 1891). His
counter was a simple, manually operated mechanical device, requiring direct
counting by visually inspecting the individual droplets formed after adiabatic ex-
pansion. Following his initial work, numerous CNCs with various designs have
been developed. The development of CNCs, just as many modern technologies, is
towards the designs for more accurate and more reliable measurements, and also
more convenient automatic operations. It includes mainly two aspects — the im-
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provement of the expansion way and the improvement of the counting method.

Based on the Aitken’s preliminary instrument, Scholz (1932) improved this
counter. Several disadvantages of this counter, such as the problem of air leakage,
were eliminated. Scholz also provided a means to change the dilution for using
at different concentration levels. The same expansion principle could be found in
the design of the famous Wilson cloud chamber which was used to observe the
ion tracks associated with radioactive decay in a high saturation ratio.

The adiabatic expansion can not only be achieved by volume expansion, but
also pressure expansion. The example of pressure expansion can be found in the
Nolan-Pollak (N-P) counter (Nolan and Pollak, 1946) in which an overpressure
system with a free expansion rather than a piston operated volumetric expansion
was used. Similar adiabatic expansion was also used in the studies of Liu et al.
(1975), Miller and Bodhaine (1982), and Schmidt et al. (1982). The UMR Absolute
Aitken Nucleus Counters (UMP-AANC,; Kassner et al.,1968) consists basically
of a large Wilson expansion chamber with piston under water surface. It can be
operated automatically at supersaturation ranging from 24% to 380%.

The preliminary used counting method is direct visual inspection as in
Aitken (Aitken, 1988) and Scholz (1932) counters. Similar direct counting also in-
cludes direct photography of droplets and the use of the ‘out-of-focus method’
for the evaluation of the photographs too, employed in those such as Kanter
counter (Kanter and Junge, 1971), and Jaenicke-Kanter counter (Jaenicke and
Kanter, 1976). The UMR Absolute Aitken Nucleus Counter (UMP-AANC; Kass-
ner et al.,1968) is a semi-automatic photographic counter. The direct counting
counter is also termed as ‘absolute counter’ as suggested by Pollak (1959).

As direct counting is tedious, time consuming and not continuous, it was
gradually replaced by indirect counting. That is the measurement of light extinc-
tion produced by the droplet population so that a concentration can be inferred
from this measurement. As this counting method is less direct, the counter em-
ployed this counting is given the name ‘relative’ counter. Nolan and Pollak (1946)
constructed the first photoelectric condensation nucleus counter. Systematic and
careful experiments were made with the N-P counter and this counter was se-
lected by many investigators as a standard instrument despite its indirect mea-
surement. The principle of relative counting in N-P counters was used in Gardner
counter, Verzar (1953) counter, General Electric (GE) counter ! and other coun-

1General Electric Co., 100 Plastics Ave., Pittsfield, MA 01201, U.S.A.
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ters. The particle information can not only be inferred from light attenuation, but
also from angular scattering. Wagner (1974) once described a more sophisticated
counting and measuring method for recording particle growth in his counter.

Recently the cooling to produce supersaturation is achieved by thermal diffu-
sion. The aerosol stream warmed and saturated with a working fluid, is cooled
in a condensation tube that is kept at a lower temperature. Because of the lower
temperature at the wall of the condensation tube, aerosol flow is cooled by heat
conduction and convection. This type of CNCs was reported by some researchers
such as Rosen et al. (1974, 1978), Hoppel et al. (1979), Bricard et al. (1976), Sin-
clair (1975, 1982), Agarwal and Sem (1980), and Keady et al. (1983). In these
CNCs, working vapours of organic liquids such as ethanol, glycol and butanol
other than water were used. As organic molecules have larger molecular weight
and smaller mobility than water molecules, they are easier, compared to water
vapour, to condensate on aerosol particles. So these CNCs can measure very low
concentrations of CN. However, it is a question if the water condensation and
non-water condensation on particles are the identical. It would be necessary to
calibrate such counters by using a great variety of nuclei and a wide range of
nucleus concentration before converting the number of measured nuclei in this
manner into “absolute” atmospheric CN concentration.
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Figure 1.5: Schematic diagram of the continuous flow condensation nucleus counter
Model 3020 (TSI)

The TSI? continuous flow condensation nucleus counter (TSI CNC Model

2TSI - Thermo Systems Inc., St. Paul, MN 55164, U.S.A.
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3020), as shown in Fig. 1.5, is widely used today in atmospheric aerosol studies.
It was designed by Bricard et al. (1976), and then was developed for commercial
use by TSI company. It does not make use of an expansion to produce a supersat-
uration vapour. First the aerosol sample is introduced to pass through a satura-
tion pool where the condensation liquid (alcohol) is warmed and maintained at
a temperature of 35°C'. Here the aerosol sample is saturated with alcohol. Then
the flow is led to a condensation tube where the temperature is maintained at a
lower temperature of around 10°C'. In this tube the vapour of alcohol becomes
supersaturated and condenses on the particles.
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Figure 1.6: Calculated saturation in the condensation tube of the CNC Model 3020 be-
tween axis and wall as well as along the length (x) of the tube (Zhang and Liu, 1990). R is
the radius of the tube, and r is the radial distance from the axis.

However as the cooling is achieved by thermal diffusion from the tube outside
to inside, time for heat transport is needed. Therefore one has a reason to believe
that the sampled air is not cooled isentropically and simultaneously, which can
result in an uneven saturation distribution in the tube. Zhang and Liu (1990) stud-
ied the saturation profile in the tube of the CNC Model 3020. Great differences of
saturation between the axis of condensation tube and tube wall as well as along
the length of the tube, as shown in Fig. 1.6, were found. Furthermore, particle
behaviour in the vapour of alcohol is obviously not the same as in water vapour,
as the chemical and physical equilibrium between the vapour of alcohol and par-
ticle surface is different from that between water vapour and particle surface. So
it should be suspected if the measured particle number concentration stands for
the actual concentration of atmospheric condensation nuclei.
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1.6 Motivation of this Work

By studying condensation nucleus particles, various designs of condensation
nucleus counters (CNC) were invented. A commercial counter with alcohol as
the condensation substance is used widely in aerosol measurements. However,
doubts arise whether the particles in the alcohol vapour are activated in the
same way as in the water vapour, and whether the measured number of the at-
mospheric nuclei can stand for the “absolute” number of nuclei in the natural
atmosphere. Water cannot be used in the same way as alcohol, as water would
condense at the inner wall of the instrument. The use of single-particle continu-
ous counters is especially valuable, does it permit tandem operation, like in the
tandem differential mobility analyser (TDMA).

The study of the condensational growth of aerosol particles in an expand-
ing nozzle flow saturated with water vapour opens an alternative. As being dis-
cussed later by theoretical and numerical modelling, expansion by nozzle flow
is a good method to produce air cooling as it can give fast, nearly adiabatic and
isentropic cooling due to the continuous expansion. When an air sample satu-
rated with water vapour is introduced into the nozzle, then the condensation
process will be initiated. Based on this, a new idea for constructing a continuous
flow nucleus counter has been put forward, and experiments were carried out
for studying this new counter. This method differs greatly from other expansion
methods used in other CNCs before.
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Chapter 2

BASIC THEORIES

In order to study the particle growth in air flow, it is necessary to introduce these
theories:

[0 surface equilibrium theory on particle surface;

[0 particle properties depending on size range;

[0 particle behaviour in the air flow; and

[0 mass and heat transfer between particles and gas.

2.1 Equilibrium Behaviour of Aerosol Particles

Kohler Effect

Aerosol particles, existing in a gas medium, have interactions with gas molecules.
There are 10?* gas molecules per square centimetre impinging on a suspended
particle per second, and in equilibrium, a current of the same magnitude return-
ing back from the particle’s surface to the ambient gas (see Fig.1.1).

On a flat ligquid surface, saturation vapour pressure (at 100%) is the equilib-
rium partial pressure required for the balance, at which the rate of vapour mole-
cules leaving from the surface is the same as that impinging on the surface. If the
liquid surface is sharply curved, like a particle surface, the partial pressure (E;)
required to maintain equilibrium is greater than that for a flat surface (£,.). This

15
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is because the curvature of the surface decreases the attractive forces between sur-
face molecules, which results in an easier leaving for molecules from the surface.
So in order to maintain balance, the partial pressure of vapour in surroundings
should be greater than that for flat surface.

The relationship between the saturation ratio E,/E., and the droplet size for
pure liquids, for example water, can be expressed by the Kelvin or Thomson-
Gibbs equation (Pruppacher and Klett, 1997)

E,  29M,

1 —
YE. T s RTr’

(2.1)

where ~ is the surface tension of the water-vapour interface; M, is the molecu-
lar weight of water; p,, is the difference between the densities of water and the
vapour; R is the universal gas constant; »* is the Kelvin radius at which the parti-
cle will neither grow nor evaporate at the saturation ratio E,/E..

According to this Kelvin equation, the equilibrium particle radius can be cal-
culated at a given saturation ratio. Only particles with radius r* are stable. Smaller
ones evaporate and larger ones grow. The Kelvin effect causes an increase of the
equilibrium vapour pressure as particle size decreases.

Usually the liquid is not ideally pure. The dissolved chemical composition in
liquid changes the equilibrium vapour pressure too. The relationship between
the saturation ratio and particle size for droplets containing dissolved materials
is given as (Pruppacher and Klett, 1997)

E.. 3um,M, \ 2v M,

= =14+ 2.2
Froo ( * 4Mspw7r7"*3> P (prTr*>’ 22)
where m, is the mass of the dissolved salt having a molecular weight M,; v is

the number of ions for each molecule of salt when it dissolves. For salt NaCl, the
value is 2.

The first term in Eq. (2.2) is due to the effect of the dissolved salt, and the
exponential term is the Kelvin effect. Equation (2.2) is widely used for studying
the effects of curvature as well as dissolved salt on the equilibrium pressure on
particle surfaces, which is named as Kohler effect. An example presentation of
the Koéhler effect for particles containing soluble salt NaCl is shown in Fig. 2.1.
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Figure 2.1: Kohler effect on the equilibrium vapour pressure over droplet containing salt
NaCl

2.2 Particle Properties with Size Regimes

One set of mathematical equations cannot usually be used to predict particle dy-
namics for all sizes of particles. When a particle size is much larger than the mean
free path )\, of gas molecules, the gas acts as a viscous fluid and the dynamics of
particles can be described by continuum theory. On the contrary, the continuum
theory couldn’t be applied and should be corrected for very tiny particles. The
Knudsen number is often used as a measure characterising different particle size
regimes. It is defined as

A
Kn= -2 (2.3)

Tp
For air under standard conditions (1013 hPa and 20 °C), the mean free path of air
molecules is about 0.066 xm. Values of Kn, as tabulated in Table 2.1, are larger
than 10 in the free molecule regime, 0.3 to 10 in transition regime, smaller than

0.3 in the slip flow regime, and very small in the continuum regime.

As particles with sizes smaller than 0.65 ym are of main concern in this study;,
the continuum theory for large particles should therefore be corrected.
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Table 2.1: Particle size regime and Knudsen number (1013 hPa, 20°C)

Size Regime Free Molecule Transition Slip Flow Continuum (Stokes)
Kn > 10 10-0.3 03-0.1 <0.1
Radius 7}, (zm) < 0.005 0.005-0.2 0.2-0.65 >0.65

2.3 Particle Response to Flow Fields

Particles in air flow can, depending on their sizes, obtain different accelerations
because of their different inertias. This property is often used in aerosol sizing
devices such as multi-stage cascade impactors and many aerosol sizing devices
such as Aerodynamic Particle Sizer spectrometer (for example TSI APS Model
3320, see Fig. A.1). The particle’s response to the flow can generally be charac-
terised by the particle relaxation time. Large particles have a longer ‘residence’
time in an accelerating flow than small particles and air molecules.

A general expression for the drag force F on a spherical particle in a gas of
constant velocity can be written as follows:

I, Ch
FD = §7TTp pg|ur|uraa
where r, is the particle radius, u, = u, —u, the relative velocity of the two phases.
C'p is the drag factor (Seinfeld, 1986), and C. is Cunningham non-continuum cor-

rection (Cunningham, 1910).

(2.4)

The above equation can be rewritten as

CpRe,
FD = Tq(6ﬁﬂgrpur) (25)

with 1, the viscosity of the gas. Re, is the particle Reynolds number defined as

Re — 2pg|ur|rp _ 2|ur|rp (2.6)

P
Hg Vg

with v, the kinematic viscosity of the gas.

When the particle Reynolds number is very small (Re, < 1), then

24

Cp=—=—.
P Re,

(2.7)

Therefore Eqg. (2.5) can be written as

Fp = 6mp,r,u,. (2.8)
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This state (Re, < 1) is generally called Stokes Law.

For high velocity flows, the Reynolds number for particles may be too large
for the Stokes law approximation to hold. Depending on the Reynolds number
for particles, as shown in Fig. 2.2, the drag factor C, can be approximated as
(Seinfeld, 1986) :

Cp =24/Re, Re, < 0.1
3Re, 9Re,’

Cp =(24/Re,)[1 + —2 + —21n(2Re, )] 0.1 <Re, <2
16 160

Cp =(24/Re,)[1 + 0.15Re,***7] 2 < Re, < 500

Cp =0.44 500 < Re, < 2-10°

-
L]
£

_
N oo DN oo
| ] [

—
L=
N

—
o DD oo

Drag coefficient, Cp

Cp =0.44
- -
2 lS:okes‘s la\{v Tralnsition reglion Newton's law )._ —
T1YC T D R I N S N T S S N S D SO AU Sl AU O O S 0 s OO
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Figure 2.2: Drag coefficient versus Reynolds number for a sphere

The Cunningham correction C. has been found important when the particle
size has the same and smaller order of magnitude than the mean free path of air
molecules. It can be expressed as (Seinfeld, 1986)

A
Cc:]:+;£H257+414@q(—11nJAQ] (2.9)
p

There are additional forces on the particle, which may be included in the cal-
culation. These are:
[0 Pressure gradient force
Fp = —2mr,*Vp, (2.10)

where p is the pressure in the continuous phase;
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0 Buoyancy force

4

Fp= gﬂ'rp?)(pp - pg>ga (2.11)

where p, is the density of the particle and g is the gravitational acceleration;

O Added mass force

4 5 du,

F,= 3™ Py g

(2.12)

The pressure gradient force is small for particles with much higher density
than the continuum fluid and need not be included in the modelling of particle
movement.

Fuchs (1964) once gave the drag force at low Reynolds numbers for an accel-
erating sphere moving in a straight line through a fluid at rest as

du, dt
. d+ (t _ tl)l/Q '

v >1/2

4 du,
Fp = 6mpyr,u, + —ngrp?’ﬂ + 67rpgrp2( (2.13)

“g
3 s
The first term on the right-hand side is equivalent to the Stokes drag. The second
and third terms arise from added mass and the particle acceleration, respectively.
They are usually neglected under normal circumstances for spheres of unit den-

sity in air.

The motion equation of particles can be generally expressed as

du
mpd—tp:—FD—Fp—FB—FA. (214)

Usually the drag force F can be considered as the only external force acting on
particles passing through the nozzle. Then particles have the motion equation

dllp CDRe

my—gt = ~F, = —TCCP(&WQTP(UP —ug)). (2.15)

Here m,, is the mass of the particle. This equation can be rewritten as
du, (z)
dt

where x is the instantaneous location of the particle, 7 is the particle relaxation
time given by

T

+ u,(2) = ug(x), (2.16)

2r2p, 24C
9Mg CDRep
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When particle growth is taken into consideration, the particle relaxation time is
7+ (Dahneke and Padliya, 1977)

T
7_+

(2.18)

dlnm, ’

_1+7' ar

where d(Inm,)/dt is the particle mass growth rate, m, is the mass and 7 is the
relaxation time in the absence of particle growth. With the expression for Cp, 7
can be expressed as (Seinfeld, 1986; Mallina et al., 1997)

T =Tg Re, < 0.1
3 9
T=15/[1 + 1—6Rep + ﬁRep In(2Re,)] 0.1 <Re, <2
7 =74/[1 + 0.15Re, > %] 2 < Re, < 500
with
2rp2ppCc

= 2.19
Tst 9Mg ) ( )

Tg, IS the relaxation time associated with the application of linear Stokes drag law.
Under atmospheric conditions, 75, < 3 - 10~* for particles of 10 ym in radius or
smaller.

2.4 Mass and Heat Transfer between Particles and
Gas

The basic equations for mass and heat transfer can be considered separately be-
fore forming combining equations.

Mass Transfer

The mass transfer rate between the particle and the air medium can be expressed
by the mass increase or decrease rate on the particles (condensation or evapora-
tion rate):

= dmwrom, (J, — J ), (2.20)
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where J, is the flow rate of vapour molecules directed towards the particle and
J_ is the outward flow rate from the particle surface; m, is the mass of a sin-
gle molecule of vapour. This equation has different solutions depending on the
Knudsen number Kn as tabulated in Table 2.1. For Kn > 1, the incident molecular
distribution follows the Maxwellian law. .J, and .J_ can be expressed as

J_ZOOE J_zsﬁ kT
+ — 4 __4’

: (2.21)

<
I
=

my,

where z, and z., are molecule number densities close to the particle surface and
in background gas, respectively. 7 is the mean speed of vapour molecules. As
p = m,z, SO the free molecular condensation rate is

8kT

mfree = ﬂ'rfy(poo - ps) J— (222)

In the continuum region (Kn < 1), the net molecule flow rate J = J, — J_
obeys Fick’s law:

dz

J=—-D,—
’Ud/r7

(2.23)

where D, is the molecular diffusivity of vapour in a fluid or media. With bound-
ary conditions z(r) = z; atr = r, and z = z,, at r = oo, we obtain the solution

Meont = 47TDva(poo - ps)a (224)

For other intermediate Kn, the Boltzmann equation should be solved to obtain
m. The molecular velocity distribution is discontinuous in this region. By intro-
ducing the concept of the “jump distance”, as discussed by Loyalka (1982) and
Loyalka et al. (1989), the condensation rate Eq. (2.24) can be modified for this
region as

77djump = 47TDUTp(poo - ps>(1 - )7 (225)

<
TP
where ¢ is the “jump coefficient”. It has length unit, and can also be called “jump
distance”.

For particles moving in an air flow, the moving flow around particles can
cause an increase of mass transfer because of the ‘forced’ convection besides
the “free’ diffusion convection. For particles in the continuum regime Eq. (2.24)
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should be developed for the consideration of relative movement between parti-
cles and gas medium. It can then be written as

m = 27mr,D,Sh(poe — ps)- (2.26)

Sh is the Sherwood number given by (Bird et al., 1960; Hughmark, 1967; Williams
and Loyalka, 1991)

wl—

Sh = 2.0 +0.6Re,’”(Sc)3. (2.27)

Here Sc = 7= is the Schmidt number, v, = 1,/p,. It is clear that if there is no
relative velocity between the particle and the gas medium (u,=0), therefore Re,, =
0 in EqQ. (2.6), so Sh=2.0. Based on experimental data, a new modified expression
for the particle Sherwood number was recently presented (Kulmala et al., 1995):

Sh = 2.009 + 0.514Re,'/2Sc'/%. (2.28)

Heat Transfer

Similar to the derivation of the mass transfer rate, the heat transfer rate by heat
convection can be given as:

T.,—T, |8kT,

(}free = 271—7‘1% P (229)

T, mmg,
Geont = AT Ky, (T — T5), (2.30)
q'jump = Cjcont(]- —Kn CT)? (231)

where m, is the mass of a single molecule of the background gas (air); p,, is the
background pressure; T, and T, are the temperatures on particle surface and of
the ambient gas, respectively; K, is the thermal conductivity of the medium gas;
(7 is the temperature jump distance (Loyalka, 1989).

Like the mass transfer rate of Eq. (2.26), the convection heat transferred be-
tween the air medium and the particles in the continuum regime moving in an
air flow, satisfies the equation:

¢ =2mr, K,Nu(T,, —1Ty), (2.32)
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where Nu is the Nusselt number given by

Nu = 2.0 + 0.6Re%’Prs, (2.33)
L
Pr = R, = Iy R, (2.34)

where Pr is the Prandtl number, C|, is the specific heat of the gas. For air at stan-
dard conditions, C,=1.004 - 10° em?s™> K",

The heat transfer rate ¢, associated with the mass transfer rate of several par-
ticipating constituents is given by the relation:

— dm;,
qm = ‘ ar

)

Lvi7 (235)

where L, is the latent heat of vaporisation of participating substances. The tem-
perature for the particles is then determined by:
dr
Cpmp T3y T q‘c + ina (236)
dt
where m, is the mass of all components of the particles including those not af-

fected by mass transfer; C, is the specific heat of particle; and ¢. is the convective
heat transfer.



Chapter 3

AIR FLOW IN NOZZLES

The air flow in a Laval nozzle was once widely studied (Wegener, 1954; Courant
and Friedrichs, 1963). As supersonic and transonic nozzles produce strong cool-
ing which may cause homogeneous nucleation, a subsonic ‘standard’ nozzle (cap-
illary nozzle) was employed here because the condensation on pre-existing par-
ticles is our main concern.

3.1 Mathematical Model

3.1.1 Governing Equations

The basic set of governing equations to solve air flows in nozzles comprises equa-
tions for conservation of mass, momentum, and energy. They are usually called
the Navier Stokes equations. These equations are the continuity equation

X4V =, (31)

the momentum equation
ag—:j—i-v-(pU@U):B—l—V-as, (3.2)

and the energy equation
ag—f +V-(pUH) -V - (K,VT) = %, (3.3)

25
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where p is the fluid density, U = (u,v,w) the fluid velocity, p the pressure, T’ the
temperature, B the body force, o, the stress tensor, and K, the thermal conduc-
tivity of the fluid. H is the total enthalpy, given in terms of the static enthalpy i

by

1
H=~h+ 5UZ. (3.4)
In addition, the air flow is treated for a compressible ideal gas:
_ M,

where M, is the molecular weight, and R is the universal gas constant.

In fluid calculations, laminar flow can usually be regarded as one state of tur-
bulent flows with small fluid Reynolds number. As the fluid Reynolds number in
the main nozzle part is usually larger than 2000, the flow in the nozzle is treated
as turbulent flow.

For turbulence quantities, a Reynolds-averaged model was used:
. 1 t+dt
O(t) = 55 /t& o (7)dr, (3.6)
where 4t is a time scale which is large relative to the time scale of turbulent fluc-

tuations, and small relative to the time scale which we wish to resolve. We can
split the fields into their mean and fluctuating parts

D=D+¢, U=+ (3.7)

It is obvious that Reynolds averaging quantities have the properties:

O &=9, »p=0;

O a® + b0 = ad + b0, a, b constant ;

O U =V + ¢y ;

D R=% E-=£
By applying the Reynolds averaging model in the governing equations such as
the continuity equation, the momentum equation, transport equation, and energy
equation, we obtain:

dp
o + V- (pU) =0, (3.8)
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opU

T4V (U U)=B+V (0, — pucu), (3.9)
Dpd _
% LV (pUB) =V - (TVD — pud) + A, (3.10)
OpH _ 9
SV (pUH + pub — K,NT) = 2. (3.10)

where T is the turbulence diffusion coefficient, and A is a source or sink term rep-
resenting creation and destruction of ®. The mean total enthalpy can be expressed
as:

1 1
H:h+§U2+li, K= 5uZ. (3.12)

The above governing equations contain turbulent flux terms reflecting that
convective transport due to turbulent velocity fluctuations exists besides the
molecular diffusive fluxes. The turbulent flux terms are:

pu ® u = Reynolds stress, (3.13)

pug = Reynolds flux . (3.14)

By using turbulence model to treat Reynolds stress and Reynolds flux, the
above turbulence equations can be solved. In this computation, the low Reynolds
number “k — = model” in which the Reynolds stresses are treated to be linearly
related to the mean velocity gradients, and the turbulence dissipation rate « is set
to zero at walls, was used. The “k£ — = model” is suitable for calculating turbu-
lent flow at low Reynolds number, especially for flow with the Reynolds number
smaller than 30,000 (Launder and Sharma, 1974). The flow Reynolds numbers in
the nozzle in our cases are in this range.

3.1.2 Boundary Conditions

The inlet and outlet boundaries were set to pressure constant conditions. At the
inlet the pressure was set equal to the ambient air pressure, and the temperature
was set to the measured temperature at the entry of the nozzle. Near-wall velocity
was set to be a quadratic profile. This profile meets the low Reynolds number
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turbulence “k — = model” which sets the turbulence dissipation rate ¢ to zero at
the walls (Launder and Sharma, 1974). Heat conduction between the nozzle wall
and the flow inside the nozzle was allowed. The nozzle wall temperature was set
equal to the air ambient temperature.

Air flow in the nozzle was assumed to be steady, compressible and heat-
conducting. The nozzle was divided into 20x150 grids in the modelling. The
CFX-FLOWS3D (AEA, 1997) algorithm was used for simulating the turbulent air
flow in the nozzle. This calculation algorithm uses a structured mesh solver with
many different models from AEA Technology. It contains a general purpose pack-
age which can be applied to simulate a wide range of fluid flows and heat trans-
fer processes, including modelling laminar and turbulent flows, modelling stable
and transient flows, and subsonic, transonic and supersonic flows. The programs
are based on the finite volume method in which the equations are solved in their
conservations for final solutions.

All calculations are madefor a certain nozzle (shown in Fig. 3.1). This nozzle
was selected after several trials as it results in the conditions best for our purpose.

3.2 Saturation in the Nozzle

The particle number concentration was assumed to be low enough, so that lack of
water for condensation and the effect of heat release on the flow can be neglected.
This assumption is close to reality, as particle loaded air in an optical particle
counter (OPC) is diluted before being measured if the particle concentration is
very high (Willeke and Liu, 1976), in order to reduce the occurrence of cross-
sensitivity and coincidence effects (Jaenicke, 1972). The same is true in continuous
flow CNC.

For particle condensational growth, one of the most important factors is the
vapour pressure, i.e. water vapour saturation (S). According to the mass balance
equation, we have

Pv1A1U1 = PU2A2U27 (3-15)

Py A1UL = pg, AsUs, (3.16)
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where p, is the density for water vapour and p, for air. A is the cross-sectional
area of the nozzle and U the velocity of flow. The subscripts ‘1’ and ‘2’ stand for
initial and end states, respectively. Therefore,

Pg>
Poy = pipvl- (317)

g1

It can be transformed, according to the ideal gas law, to

Tgl p92
Poy = — 75 Pors (318)
Copg Ty
where p, and T, are the pressure and temperature of air, respectively. The satura-
tion S at any 3D location can be expressed as

Puv
pe(Ty)’

where pp(T,) is the saturated water vapour density at air temperature 7. If the
saturation at state ‘1’ is Sy, then p,, = pp(7,,)S;, SO

SQ — &pﬁn pE(Tgl) = ]@EI(TQJ
Py Ty, PE (ng> Py, B2 (ng>

S =

(3.19)

S,. (3.20)

Fig. 4.14 shows an example for the saturation along the centreline of the noz-
zle. The relative humidity at the inlet was set to 70%. The increase of saturation
to about 2.1 in the nozzle is clearly shown in the figure.

3.3 Flow in the Capillary

The nozzle configuration is shown in Fig. 3.1. The main nozzle capillary has an
inner diameter of 1.0 mm. The inlet is assumed to be 12 mm in diameter, leading
in a tapering nozzle with a length of 20 mm connected to the main nozzle cap-
illary with a length of 120 mm. The origin of the x-coordinate is the modelling
starting point. The whole nozzle is assumed to have a rotational symmetry.

By setting a sufficient high convergence criterion in the CFX-FLOW3D algo-
rithm, flow fields in the nozzle with the configuration as in Fig. 3.1 can be mod-
elled to a sufficient precision.

Fig. 3.2, 3.3, 3.4 and Fig. 3.5 show the modelling results of the changes of veloc-
ity, pressure, air density and temperature respectively along the nozzle centreline
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Figure 3.1: The shape of the capillary (the flow is from left to right). The capillary extends
to 12 cm to the right. Positions ‘07, ‘1’, ‘2’ and ‘3’ are marked here, which will be referred
to later.

in three cases. The inlet condition is the same with a temperature of 301.35 K
and a pressure of 1000 hPa. The outlet pressures are set to 925 hPa, 820 hPa and
700 hPa, respectively, which produce the flow rates of 42.0 1/h, 126.0 I/h and
228.2 1/h, through the nozzle. The flow Reynolds numbers in these three cases
are 2618.6 for flow rate 42.0 1/h, 5685.2 for 126.0 1/h, and 8156.2 for 228.2 1/h,
respectively. They can be regarded as turbulent flow as their Reynolds numbers
are greater than 2000.

The expansion of the air flow in the nozzle is obvious to see by the density
decrease as in Fig. 3.4. Because of the expansion, the flow gets accelerating veloc-
ity, which results in the temperature decrease as the inner energy of air molecules
converts to the dynamical energy as expressed in Eq. (3.12). Larger flow velocity
produces larger expansion and hence larger temperature decrease. The change of
the saturation calculated by Eq. (3.20) along the centreline of the nozzle is shown
in Fig. 3.6.

At the entrance of the nozzle (position 1), the flow is suddenly accelerated. It
is similar to a discontinuous adiabatic pressure expansion, which is the principle
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of pressure expansion CNCs, e.g. N-P counter. An “abrupt” pressure and temper-
ature decrease, and therefore a sudden saturation increase can be seen here. But
they turn smooth quickly.

The heat conduction between the nozzle wall and the air flow can result in
a temperature profile that is shown in Fig. 3.7. Because of the treatment of the
near-wall boundary condition for the velocity in the nozzle, the velocity has a
cross-profile as shown in Fig. 3.8. The flow rate near the centreline carries a major
fraction of air volume through the nozzle.

Table 3.1 is the modelling result for different lengths of the nozzle with the
same inlet and outlet boundary conditions. From this table, we can see that the
temperature drop is larger in the shorter nozzle than that in the longer nozzle.

180 o T T T T T T
ENozzle length 12 cm, T0=28.2°C, ambient air 27.1°C, 1000 hPa 3

160 F ’ 3
140 F 3
—~ WZOE E
0 = —
>~ B . E
& E _ - 1
— 100& ; -7 E
> c P -7 T E
6 80? fx// E
) E ! E
i E 1 3
L o0¢ ;r 3
E 1 E

40 F | E

= il =

E \! ,,,,,,, flow rate 228.2 1/h, outlet P3=700 hPa E

2@ = h _ _ _ flow rate 126.0 I/h, outlet P3=820 hPa =

E ;'/,’ _._ . flow rate 42.0 \/h, outlet P3=925 hPa E

O Bt e e e Lt i

0 2 4 6 3 10 12 14 16

Nozzle Axial Distance (cm)

Figure 3.2: Velocity changes along the axis in the nozzle. The flow with velocities up to
80.0 m/s is weakly compressible.
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Figure 3.3: Pressure changes along the axis in the nozzle

Conclusions of Air Flow Modelling

After modelling flow fields in nozzles with various flow rates and different noz-
zle lengths, we conclude the followings:

O

There is an adiabatic and isentropic cooling that can occur in the subsonic
air flow in the nozzle.

A larger flow rate will cause a larger expansion ratio and a larger tempera-
ture drop, and therefore a larger saturation can be created in the nozzle.

An expected saturation can be achieved by adjusting the flow rate through
the nozzle.

For unchanged boundary conditions at both sides, there is a larger temper-
ature drop in a short nozzle than that in a long nozzle.

Heat conduction between the nozzle wall and the inside air flow can in-
crease the air temperature near the nozzle wall, but it has small influence
on the flow near the centreline of the nozzle. The flow rate near the centre-
line carries a major fraction of air volume through the nozzle.
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Figure 3.4: Density changes along the axis in the nozzle
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Figure 3.5: Temperature changes along the axis in the nozzle
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Saturation
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Figure 3.6: Saturation changes along the axis in the nozzle
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Figure 3.7: Temperature profile in the nozzle (nozzle length 12 cm plus 3 cm conical
part, inner diameter 1.0 mm, wall temperature t=27.1°C, pressure 1000 hPa and 820 hPa
at both sides)
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Figure 3.8: Velocity profile in the nozzle (nozzle length 12 cm plus 3 cm conical part,
inner diameter 1.0 mm, wall temperature t=27.1°C, pressure 1000 hPa and 820 hPa at
both sides)
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Table 3.1: The flow fields in nozzles with various length from modelling results
(nozzle shape as in Fig. 3.1 but with various lengths, no slip at wall, two pressure boundaries.
Subscriptions ‘0’, ‘1’, ‘2’ and ‘3’ refer to the four positions as marked in Fig. 3.1)

No. 1 2 3 4 5
Nozzlelength(cm) 1cm 3cm 6cm 12cm 20cm
po (hPa) 1000 1000 1000 1000 1000
p1 (hPa) 800 837 871 922 958
po (hPa) 736 765 781 812 835
p3 (hPa) 700 700 700 700 700
T on the wall (K) 300 300 300 300 300
Ty (K) 301 301 301 301 301
T (K) 282 286 290 295 298
T (K) 278 280 282 290 296
T35 (K) 274 274 275 286 293
Uy (M/5s) 147 129 112 0.82 0.57
Uy (m/s) 195 172 149 111 78
Us (M/s) 217 205 194 148 103
Us (Mm/s) 233 235 226 173 125
po (Kg/m?) 115 115 115 115 1.15
p1 (Kg/m?) 098 101 104 1.08 111
p2 (Kg/m?) 092 095 096 097 0.98
p3 (Kg/m?) 089 089 088 085 0.83
So 1.0 1.0 1.0 1.0 1.0
Sy 257 207 167 131 1.14
So 312 282 251 156 111
Ss 392 392 365 173 111
Flow rate (1/h) 428.3 379.3 329.1 2436 1709




Chapter 4

MODELLING THE PARTICLE
CONDENSATIONAL GROWTH

4.1 Theory of Particle Growth and Evolution

Particle growth could have two reasons: condensation of water vapour on pre-
existing particles or the nucleation of molecules forming clusters without the
presence of pre-existing particles and additional growth of these clusters. The
first is called the heterogeneous nucleation and the second one homogeneous nu-
cleation.

The successful process of the homogeneous nucleation depends mainly on
how many and how large molecular clusters are formed at the beginning (Prup-
pacher et al., 1997). It has been found that the saturation is a very important factor
for the formation of clusters. When the saturation is greater than 4.5 at 273 K or
3.5 at 293 K, enough molecular clusters can be formed, leading to the onsetting
of homogeneous nucleation (Pruppacher et al., 1997; Hinds, 1991). This homoge-
neous nucleation can occur easily in a supersonic nozzle with high Mach numbers
(Wegener and Pouring, 1964; Fukuta et al., 1976). In nozzles with low Mach num-
bers, the influence of the homogeneous nucleation was found unlikely to cause
any significant effect on the particle growth (Mallina et al., 1997).

In this study, we focus on the case of subsonic flow through nozzles. The sat-
uration in the nozzle will not be greater than 3.5. Therefore, the homogeneous
nucleation is neglected. The condensation of water vapour on pre-existing parti-
cles is our main interest in this work.

37
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4.1.1 Single Particle Growth Equations

For the condensation of water vapour on pre-existing particles, the mass conden-
sation rate of water vapour on the particles can be expressed as

) dm,,

m = dt .
If a particle is in heat balance, then according to Eq. (2.36), the heat release by
condensation is equal to the heat convection at the same time:

(4.1)

. . dm
Qe = —Qm = _Lv dtp (42)

In cloud physics, the growth rate of droplets by condensation of water vapour
and the rate of the heat release, according to Mason (1962, 1971), can be expressed
as

m = 417,D,(Po.co — Pu.s)s (4.3)

§o = 4mr, K (Ts — Ty). (4.4)

Here p, ., and p, , are densities of water vapour at remote distance from the
droplet-particle and at the droplet-particle surface, respectively. They are

.00 M,

p’U7OO = RTOO ? (4'5)
ev,st
p’U7S - RTS ) (4'6)

where M, is the water vapour molecular weight, R the universal gas constant,
e, the vapour pressure in the air, and e, ; the vapour pressure on the parti-
cle surface. The Kohler effect, describing the increase of the equilibrium vapour
pressure due to particle curvature (Kelvin effect) and decrease due to salt solu-
tion (Pruppacher et al., 1997), should be considered for determining the vapour
pressure on the particle surface (see chapter 2).

Mason’s equations are used quite extensively, and ways to solve this set of
equations analytically and numerically are numerous (Wagner, 1982; Barrett and
Clement, 1988; Kulmala, 1988; Kulmala at al., 1989). By comparing Egs. (4.3) and
(4.4) to Egs. (2.24) and (2.30) we see that Mason’s equations are the only case of
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condensational growth of particles in a continuum regime. As being pointed out
previously, under standard atmospheric conditions, as shown in Table 2.1, only
particles with r, >0.65 ym are in the continuum regime. So Mason’s equations
should be corrected for particles smaller than this size in non-continuum regime.

Furthermore Mason’s equations were derived from static conditions for a par-
ticle without relative motion to the surrounding gas. Under static condition, the
mass exchange rate is fully dominated by “free” diffusive exchange processes. If
the surrounding gas is moving with respect to the particle, the exchange rate is
increased because of the “forced” convection due to the relative velocity between
gas and particle. The mass and heat diffusive transfer rates are then usually cor-
rected semiempirically by using the Sherwood (Sh) as the Eq. (2.27) and (2.28)
and Nusselt number (Nu) (Renksizbulut, 1983; Huang et al., 1990; Chiang et al.,
1992) as the Eq. (2.33).

By considering two corrections, we can get the extended condensational
growth equations

m = QWTPDvSh<pv,oo - pv,s)fC(KnC>7 (47)
and
Cj = QWTp[&’gNu(Ts - Too)fh(Knh)‘ (48)

fe(Kn,) and f,(Kny) in Egs. (4.7) and (4.8) account for the Knudsen effects, that
is the correction for the non-continuum effect. Similar non-continuum corrections
were used by various authors (Kulmala, et al., 1991; Mallina, et al., 1997). Barrett
and Clement (1988) once gave a good correction for the growth of cloud droplets.
It was however derived from small supersaturation and therefore is suitable for
cloud droplet only. It is unsuitable for solving this problem as the supersaturation
in the nozzle may be much larger than that in clouds. Here the Loyalka equation
(Loyalka, 1983; Loyalka et al., 1988) was adopted as this formula gives very good
results (Loyalka et al., 1988). It can be written as:

1.333¥,.+1.0161 .,

1.9234¥,, +1.3026 . ,

where

9 D (Mo 1/2 4 KgToo ¢ Mg \1/2
Kncz—(%Tw) ,Kn,, = 2 P= ) , (4.12)

Tp Tp
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5
U, = 7'/?Kn,, T, = Z7r1/2Knh. (4.12)

k is the Boltzmann constant and 1/, is the carrier gas molecular mass (in our case
for dry air). For practical reasons, i.e. for considering an arbitrary accommoda-
tion, the expressions for f.(Kn.) and f,(Kn;) should be replaced by (Loyalka et
al., 1988)

r fc(Knc)
fC(KnC> - 1 + 1;121;” \I/CfC(KnJ’ (413)
fr(Kny) = fu(Kns) (4.14)

1+ %‘Ilhfh(Kn/z>‘
Here A, is the condensation coefficient and A, is the thermal accommodation

coefficient. With these sets of equations, equations (4.7) and (4.8) can be solved
numerically.

4.1.2 Evolution of the Particle Size Distribution

The aerosol growth equation can be expressed as (Brock, 1983),

a"g;’ 2 %(Iv(v,t)n(v,t)) — A0, 1), (4.15)
where n(v, t) is the aerosol size distribution function. It is defined so that n(v, t)dv
is the number of particle per unit volume, with particle volumes in the range
(v,v + dv) at time ¢. I,(dv/dt) is the condensational growth rate of a particle vol-
ume. A, (v, t) is a ‘source’ rate accounting for nucleation, emission and other par-

ticle sources as well as sinks.

In this study, we can neglect the particle source term. If we define I, = dr,,/dt
as the radius condensational growth rate of a single-particle (I, = 47rr§]r), then
Eq. (4.15) can be written as

on(ry,t) 0 B
ot a—rp(]r(rpvwn(rpvt)) =0 (416)
because of the approximation:
I
= Tz, (4.17)

With Eqg. (4.7), we can simulate the evolution of the particle size distribution
with time. So the size distribution evolution can be obtained along the x-axis or
the centre line of the nozzle.
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4.2 Initial Equilibrium Assumption

The source of Aitken particles is mainly gas-to-particle conversion and they con-
sist often of water soluble salts, e.g. sulphate or nitrate such as (NH,),SO, and
NH,NO; (Whitby, 1978). The existence of such compositions strongly favours
the condensation of water vapour on particles as they greatly reduce the equilib-
rium vapour pressure on the particle surface (Pruppacher et al., 1997). In order to
avoid the case that particles grow or evaporate at the beginning before entering
the nozzle, they were treated as initially in equilibrium with the ambient air. A
particle contains a certain amount of soluble salts, with which the water vapour
pressure on the particle surface equilibrates to ambient vapour pressure, so that
no condensational growth takes place before the particle enters the nozzle.

Fig. 4.1 shows the soluble salt fraction in particles of various sizes at RH=90%,
70% and 50% calculated under this initial equilibrium assumption. At RH=70%,
particles with size r, <0.01 zm contain over 60% of soluble mass. This value
changes to about 40% for particles with sizes of about 0.1 xm and about 30% for
particles larger than 1.0 xm. This result agrees well with recent measurements
(Svenningsson et al., 1992; Svenningsson et al., 1994; Eichel et al., 1996) in the
atmosphere.

4.3 Model Comparison

To see how large the difference between employing Mason’s model equations
(4.3), (4.4), and the corrected equations (4.7), (4.8) used in this paper (EUP) is, the
two models were numerically compared. Fig. 4.2 and 4.3 show the mass and ra-
dius condensation rates calculated from the two models. For particles with sizes
r, > 1.0 um, the two models give similar results. For smaller particles however,
the two models show a large deviation. The Mason equation largely overesti-
mates the growth rate. The saturation S was found to have no evident effect on
this deviation.

The relative velocity between particle and fluid is found to have a noticeable
effect on the growth rate, as shown in Fig. 4.5. The growth rate may be 10% higher
for particles with radii larger than 1.0 xm at a relative velocity of 50 m/s than for
particles without relative motion with respect to ambient air. This effect becomes
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Figure 4.1: Soluble salt fraction in particles in equilibrium with ambient RH=90%, 70%,
and 50%

more important for particles with sizes larger than 0.1 um when the relative ve-
locity reaches up to 200 m/s. As shown in Fig. 4.15, relative velocities larger than
50 m/s exist at the nozzle inlet. So this effect should be taken into account for
particles with radius larger than 0.1 zm in this simulation. Fig. 4.4 demonstrates
the radius condensational rates at various saturation values.

4.4 Time Required for Particle Growth to Detectable
Size

Fig. 4.6, 4.7, 4.8, 4.9, and 4.10 are the results that show the time required for the
particle growth to a detectable size of 0.15 xm or 0.30 um for a laser optical device
at various saturations. It is obvious that it takes less time for a particle to grow to
a detectable size in high saturations.

As discussed in the above section, the relative velocity has a positive influence
on the condensational growth rate. So it can be estimated that it needs a shorter
time for particle to grow to the detectable size in a nozzle flow than under a static
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condition.

4.5 Solving Methods for Single Particle Growth in
Nozzle Flow

If v, = 0, by numerically solving the equations (4.1), (4.2), (4.5), (4.6), (4.7), and
(4.8) with Newton roots method, 7} and r,, can be evaluated, and then again using
equation (4.7), we can get condensational growth rates for particles with different
sizes r,. Usually the particle velocity depends not only on the flow fields but also
on the particle mass. The residence time of particles in the nozzle will be extended
by the increase of mass from vapour condensation.

The motion equation (2.16) is obviously a function of », and u,. As r, is related
to Ty, this equation can be expressed as a function of three variables

du
d—tp = fl(rvasaup>' (418)
AS
d d
g;p = 47?7“p2pp drtp’ (4.19)

the particle growth equation (4.7) can be expressed as function of r,, T, and u,
too:

dr
d—tp = fZ(Tvasaup>' (420)

In this modelling, it is convenient to express the above differential equation
with the x coordinate instead of time ¢:

dr, dr,dr dr,
d dedr  de'™ (4.21)
du, du,dz du,
dt ~ dedt  dz * (422)
So the growth and movement equations have the form of functions F; and F3:
du,

E = Fl (Tpa Tsv U’p)7 (423)
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dr
d—; = FQ (Tp, Ts7 Up>. (424)

The flow fields can be obtained by using the CFX-FLOWS3D algorithm as de-
scribed in chapter 3. The effect of condensation on the change of the flow fields
can be ignored under the assumption that the particle concentration is very low.
The above set of equations can be solved using the forth-order Runge-Kutta in-
tegration. In the calculation, equations (4.23) and (4.24) are integrated from the
x direction origin (see Fig. 3.1) to the nozzle exit, i.e. the viewing volume of the
optical detection device.

4.6 An Example: Particle Growth in the Nozzle of
OPC

Optical particle counters (OPC) were developed by Gucker et al. (1947a, 1947b),
and the detectors have been set to both forward and 90° viewing (Gucker and
Rose, 1954). The detection size of an OPC is limited by the Rayleigh scattering of
air molecules, the instrument noise, and the stray light resulting from imperfect
optics. For a carefully designed laboratory instrument, the detection size can be as
low as 0.15 yzm in diameter. For commercial counters, it is usually about 0.3 x©m
to 0.5 um in diameter, e.g. the laser particle counter model TSI 3753 (0.3 um to
3.0 pum) and TSI 3755 (0.5 pum to 5.0 um). The sensing volume in OPC is built
very small in order to reduce the probability of the occurrence of coincidence that
is caused by the presence of more than one particle in the sensing volume at the
same time (Jaenicke, 1972). The application of a laser beam excellently meets these
requirements as the laser offers an inherently well defined parallel beam focused
to a very tiny spot. That cannot be achieved with the white light illumination used
previously. Umhauer (1983) described an OPC for in situ measurements with the
sensing volume 100x 100x 100 xm?. It was recently reduced to 36x52x35 ym? for
the measurement of high concentrations up to 107 particles per millilitre (Sach-
weh et al., 1998).

Such a small sensing volume demands high aerodynamic focusing of the
aerosol beam, which is usually obtained by a nozzle or orifice with inner size
about 0.5 mm in diameter. In order to keep the thin stream passing diametrically
through the laser beam avoiding partially illuminated particles, the nozzle capil-
lary is usually surrounded by sheath air (Husar, 1974; Allen, 1986). By producing
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an accelerating flow at the nozzle outlet, the aerosol flow can be well confined just
before being measured. The geometry of a nozzle injector in an OPC (Allen, 1986)
is shown in Fig. 4.11. Fig. 4.12 shows the setting of two laser beams and aerosol
stream in Aerodynamic Particle Sizer spectrometer (TSI) in which the aerody-
namic size of particles are determined according to their ‘residence time’ in the
accelerating stream between two parallel laser beams.

The use of the focusing nozzle can, however, induce a new problem. That
is the condensational growth of particles in the nozzle, which will hinder the
measurement results from revealing the “real” particle size distribution. Here the
rapid condensational growth of aerosol particles in the expanding air stream of
the nozzle will be investigated and the influence on measurement results will be
estimated.

4.6.1 Single Particle Growth in the Nozzle

The nozzle shape in OPC is similar as in Fig. 3.1. However the main nozzle capil-
lary has the size of 0.5 mm inner diameter and the length of 20 mm. The boundary
conditions for pressure at the inlet and outlet were set to 1000 hPa and 700 hPa,
respectively. The air temperature and relative humidity (RH) at inlet were as-
sumed to be 288 K and 70 %, respectively. Under these conditions, the flow rate
through the nozzle was calculated to be 28.5 mil/s. This is a typical flow rate for
many optical particle counters. Fig. 4.13 shows the modelling results of tempera-
ture, pressure, and air density along the centre line of the nozzle. The saturation
calculated by Eq. (3.20) in the nozzle is shown in Fig. 4.14 with the ambient rela-
tive humidity of 70%. Obvious saturation increase to about 3 times of that in the
initial ambient air, can be seen in this figure. Fig. 4.15 is the simulation result of
flow velocity for air, and for particles with initial radius of 0.1 xm and 1.0 um. It
shows that particles have a lag in response to flow, and the larger a particle, the
longer is its ‘residence’ time in nozzle.

The particle growth was modelled under the assumption that the initial equi-
librium condition is RH=70%. Fig. 4.16 shows the growth of various sized parti-
cles along the axis of the nozzle. Particles with initial radii smaller than 0.1 um
grow very rapidly in the very short time in which they pass through the nozzle.
For a particle with a size of 1.0 um, the radius growth ratio is about 1.01, but it
increases to about 1.11 for the particle with an initial radius of 0.1 xm and 1.23 for
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the particle with initial radius of 0.05 ym. The small particles have larger radius
condensational growth rates than larger ones.

For a particle with a size of r,,,=0.15 pm (r,,, is the minimum detectable radius
size), which is the typical minimum detectable size of many commercial optical
particle sizing instruments such as the laser particle counter TSI model 3753, the
condensational growth ratio is found to be 1.07. This means an increase of 7%
in particle size compared to its original size at the end side of the nozzle. If the
sensing point is located very close to the nozzle outlet, than the measured size
can be 7% larger than the original size. This phenomenon could be termed as
‘over-sizing’ effect. Besides that, particles with initial radii smaller than r,, can
be counted. Particles in the size range between about 7% smaller than r,, to r,,
can also grow up to detected. This results in an ‘over-counting’ of the real parti-
cle number in the detectable size range. The ‘over-counting’ can be higher if the
minimum detectable size (r,,) is smaller than 0.15 yum. For an optical sizing in-
strument with the minimum detectable size r,,=0.0665 m (diameter 0.133 xm)
(Allen, 1986), the ‘over-sizing’ degree can be as high as 17%.

4.6.2 Over-counting Particles and the Shift of the Particle Size
Distribution

As particles in each size bin grow simultaneously, the whole size distribution will
therefore evolve and shift to larger sizes at the same time. Based on tropospheric
aerosol size distributions given by Jaenicke (1988, 1993) as shown in table 1.1, the
evolution of particle size distribution at the end of the nozzle can be modelled by
using equation (4.16) for various types of aerosols. Fig. 4.17 shows the particle size
distributions at the inlet and outlet of the nozzle for remote continental, polar and
urban aerosols. The shifts of the distributions for particles smaller than 1.0 ym in
radius are evident, and the smaller the particle, the greater is the shift from the
original size distribution. The whole particle size spectrum therefore becomes
narrower after the condensational growth.

Table 4.1 and 4.2 list the number of particles larger than the minimum mea-
surement sizes r,,=0.15 ym and r,,=0.075 xm at the inlet and outlet of the noz-
zle, and the over-counted particle number as well as the over-counting percent-
age. For particles with remote continental, rural and urban size distributions, the
‘over’ counted percentages are very high, ranging from 27.4% to 44.5%. For other
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Table 4.1: The over-counted effects for various types of aerosol size distributions (the
minimum detectable radius r,,, is 0.15 pm)

Aerosol type N (r>r,,) inlet N (r>r,,) outlet N (over-counted) Over-counted
(Jaenicke, 1993) em ™3 em™3 em™3 portion %
polar 2.07 2.57 0.50 24.12
background 69.79 74.49 4.70 6.73
maritime 30.72 34.95 4.23 13.78
remote conti. 89.74 124.36 34.62 38.58
desert dust 139.06 149.03 9.97 7.17
rural 53.01 67.73 14.72 27.76
urban 416.95 531.29 114.34 27.42

types of aerosol size distributions, the ‘over’ counted portion can be over 5.8%.
The condensational growth of particles in the nozzle results in ‘over-sizing’ and
‘over-counting’ results in detectable size classes.

The asymmetric property of non-spherical particles and their surface chem-
istry could also be “distorted” since nozzle aerosol instruments are employed
for measuring the shape and chemistry of particles (Allen, 1986). For example,
a nozzle “laser ionization mass spectrometer” was recently reported in the mea-
surements of aerosol chemical compositions (Murphy and Thomson, 1995, 1997).
Furthermore, it should be also taken into account, how much the density of the
particles is changed by accumulating so much water.

4.7 Conclusions of Particle Growth Modelling

The theory of particle growth is described in this chapter. The Mason’s diffusion
growth equation was corrected and extended to the application for particles be-
low the continuum region. The influence of the particle acceleration on the con-
densation process was considered. By the modelling of particle growth in the

nozzle and in the inlet of particle sizing instruments, important conclusions can
be drawn:

[0 Mason’s diffusion growth equation should be corrected for particles beyond
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Table 4.2: The over-counted effects for various types of aerosol size distributions (the
minimum detectable radius r,, is 0.075 pm)

Aerosol type N (r>r,,) inlet N (r>r,,) outlet N (over-counted) Over-counted

(Jaenicke, 1993) cm ™3 em™3 em™3 portion %
polar 9.89 12.37 2.49 25.14
background 108.92 115.26 6.34 5.82
maritime 65.25 69.85 4.60 7.06
remote conti. 902.96 1256.61 353.64 39.16
desert dust 250.25 282.42 32.17 12.85
rural 381.88 540.52 158.64 41.54
urban 2959.22 4277.94 1318.71 44.56

the continuum region. The influence of the particle acceleration in the noz-
zle air flow on the condensation process should be considered.

[0 Particles grow faster in an accelerating state than in a stationary state be-
cause of the forced convection from the relative movement between the
particles and gases.

OO Small size particles grow much quicker than large size particles. The whole
particle size distribution evolve itself in the nozzle and will become nar-
rower. After a long enough time, all sizes of particles larger than r, can
grow up to a detectable size.

(0 Intheinlet nozzle of OPCs, the condensational growth of particles results in
the measured particle sizes larger than their original sizes, which could be
termed as “over-sizing” influence. Because particle number concentration
is larger in fine size region, more particles therefore will be counted, which
could be termed as “over-numbering” influence. The “over-numbering” is
especially high (higher than 27.4%) for particles with remote continental,
rural and urban mode size distributions. For other types of aerosol size dis-
tributions, this effect can be over 5.8% too. The measured whole particle
size distributions shift to larger radii because of the particle condensational
growths. The analysis results from data obtained by direct measurements
with these nozzle aerosol instruments will reveal no actual shape of particle
size distribution in the natural atmosphere. The ‘real’ shape should be the
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one obtained by “extracting” the condensational “over-sizing” and “over-
numbering” influences.

[0 The asymmetric property for non-spherical particles, the surface chemistry
as well as the density of particles could be modified too if nozzle aerosol
instruments are used for measuring the particle shapes, aerodynamic sizes,
and surface chemistry.

[0 Concerns should be given in evaluating measurement results as well as in
aerosol instrument design. For aerosol instruments other than CNCs, the
nozzle length should be as short as possible in order to lessen the effect
of condensational growth of particles, and to increase the accuracy of the
measurements.

Nozzle technology is widely used today in aerosol applications because its
ability to meet the requirement of producing a highly focused and accelerating
flow. For example, ‘time-of-flight’ instruments are those that involve measuring
the acceleration of aerosol particles in response to the accelerating flow in nozzles.
The aerodynamic size of a particle determines its rate of acceleration, with larger
particles accelerating more slowly due to increased inertias. During the acceler-
ation, their flight time is sensed and recorded by two parallel laser beams and,
by using a calibration curve, converted to an aerodynamic diameter. Recently a
new type of 'time-of-flight’ instrument named Aerodynamic Particle Sizer spec-
trometer (Model APS 3320, 1999, TSI) has been introduced into commercial use
for particle size measurement. A nozzle Laser lonization Mass Spectrometer with
‘time-of-flight’ method to provide a complete mass spectrum from each particle
was reported for measurements of particle chemical compositions (Murphy and
Thomson, 1995, 1997). While the advantage of the nozzle has been explored, the
accompanying ‘side-effect’, that is the condensational growth of aerosol particles
caused by the expansion of accelerating air flow in the nozzle, has not attracted
much attention. It is fatal if one fully ignores this effect for exact measurement
evaluations.
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Figure 4.2: Mass condensational growth rates for Mason’s equation, and the equation
used in this paper (EUP) with particle to fluid relative velocities U,=0 m/s, U,=50 m/s,
and U,=200 m/s (S=1.1 and S=3.0)
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Figure 4.3: Radius condensational growth rates for Mason’s equation, and the equation
used in this paper (EUP) with particle to fluid relative velocities U,=0 m/s, U,=50 m/s,
and U,=200 m/s (S=1.1 and S=3.0)
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Figure 4.4: Mass (a) and radius (b) condensational growth rates for the equation used
in this paper (EUP) with particle to fluid relative velocities U,=0 m/s (S=1.1, S=3.0 and
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Figure 4.5: Mass (a) and radius (b) condensational growth ratios for the equation used
in this paper (EUP) with particle to fluid relative velocities U,.=50 m/s and U,=200 m/s
vs U,.=0 (S=3.0 only)
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Figure 4.9: Time required for particle growth to detectable size of 0.3 zm at S=4.0
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Figure 4.13: Pressure, temperature, and air density along the centre line of the nozzle
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Chapter 5

EXPERIMENTS WITH
NOZZLE-CNC

As shown by flow modelling in Chapter 3, air flow in a nozzle can undergo an
adiabatic and isentropic cooling due to its continuous expansion. If air at the noz-
zle inlet is already saturated with water vapour, then a supersaturation can be
achieved. As having been discussed, the cooling degree depends largely on the
flow rate through the nozzle — the larger the flow rate, the larger the temperature
drop as shown in Fig 3.5. An expected supersaturation can therefore be obtained
by just controlling the flow rate (see Fig. 3.6). This method to obtain supersatu-
ration of water vapour has advantages over other methods in that the air flow
is cooled isentropically and simultaneously. Besides, the condensation substance
is water instead of an organic matters , such as alcohol, used in some commer-
cial condensation nucleus counters (e.g. CNC-TSI Model 3020). Hence the actual
number of the atmospheric condensation nuclei can be activated.

By selecting a proper nozzle length, by adjusting the flow rate, and by mea-
suring the number concentration of particles at the end of the nozzle, a nozzle
CNC (Nozzle-CNC) for counting atmospheric condensation nuclei can then be
constructed. The set-up of this new Nozzle-CNC is shown in Figure 5.1.

61
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5.1 Experiment Description

Figure 5.1 is the schematic diagram of the new CNC with the nozzle technology
to create air expansion in this work. Aerosol firstly passes through a regulator 3
by which its flow rate will be controlled and measured. This sample aerosol flow
is mixed and diluted with clean air. The clean air comes from the filtration of am-
bient air by a filter. In order to get 100% water saturated air, the ambient air is
warmed and humidified in a water pool with fixed temperatures from 30 °C to
50 °C. This pool is large enough so that the air has ample time to become satu-
rated. The aerosol and the clean saturated air mix with each other at the entry of
the nozzle. There the temperature and pressure can be measured and the satura-
tion can be calculated.

The condensation nozzle has an internal diameter of 1.0 mm with various
lengths from 10 cm to 30 cm depending on the flow rate. The adiabatic expansion
causes the initiation of the condensation of water vapour on aerosol particles that
are larger than the critical size r,. These grown particles are counted by electro-
optical methods. A laser particle detecting system for detecting particles larger
than 0.35 um in radius is used as the detector. An electrical signal processor and
a counting recorder are connected to this laser detecting device for recording the
output signals in this experiment. Pressure, temperature and flow rate are also
measured at the end of the nozzle.

The aerosol flow rate was measured by a ‘soap bubble spirometer’ or ‘bubble
generator flowmeter’ (Gilian Gilibrator) in which soap bubble acts as a piston
and is displaced with distance proportional to the volume of the aerosol flow.
It can precisely measure flow rates in 1 cm3®/min. The temperature at the inlet
was measured by thermo-resistance. The optical detecting system processes the
mode of single particle counting, by which the optical system produces one signal
when a particle passes through the sensing volume. So the number of signals per
second reflects the number of particles in the volume of aerosol sample through
the nozzle per second. When more than one particle passes through the sensing
volume at the same time, the coincidence effect should be considered (Jaenicke,
1972).

Experiment data were formally recorded after at least 30 mins running of the

3In aerosol measurements, such regulators should be avoided, because the aerosol might be
modified. However, for these first measurements, no great error is introduced.
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instruments. It ensures that the saturated air can thermodynamically reach a sta-
ble condition before it enters the nozzle. Also the flow field in the nozzle can
reach the state of heat balance, that is the balance of heat conduction between the
nozzle wall and the flow inside, so that the flow field, especially the saturation
in the nozzle keeps stable. The counting value was recorded every 5 minutes by
the optical system. Averaged values as well as the standard deviation can then be
obtained.

5.2 Experiment Results

Experiments were carried out in room environment. The filtered air was checked
and only a very small number of particles (less than 0.1 /cm?®) was found. So the
produced clean air is satisfactory. As the value of the saturation in the nozzle
depends on the flow rate through the nozzle, the total flow rate was fixed in one
experiment. The mixing ratio, that is the fraction of the aerosol flow in the total
flow rate, was changed. In experiments, procedures were repeated several times
by gradually adjusting the mixing ratio of the aerosol flow from a small one (from
0%) to a large one (up to 100%), and then from 100% again to 0%. The results were
averaged.

Figures 5.2 is the experiment result, showing the changes of the particle con-
centration counted by the optical system with the mixing ratio of aerosol in the
total flow rate. Calibration against system errors of the instrument including the
effect of flow rate (Zhang and Liu, 1990 and 1991; Dreiling, 1994) and other factors
such as system noise of optical signals are not considered here.

In order to see the possible influences of the temperature in the water pool,
experiments were carried out at pool temperature from 30 °C to 60 °C with re-
sults shown in Fig. 5.3. No evident effects were found. In fact the increase of the
temperature of the water pool can increase the vaporisation of water and there-
fore shorten the saturation time for air in the pool. It has however no substantial
influence on the condensation process in the nozzle. The result in Fig. 5.3 shows
that.

With a water pool temperature of 40 °C, three total flow rates 29.11/h, 42.0 1/h,
and 126.0 1/h were taken in experiments No.7, No.8, and No0.9. Their complete
results are listed in Table 5.1, 5.2, and 5.3. The relative humidities (RH) in ambient
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air for these three cases were 68%, 93%, and 85%, respectively. The saturations at
the nozzle entry were calculated according to the mixing ratio:

_ FuS, + FoS,

SO - Fa + Fc ) (51)

where F, and F, are flow rates for aerosol and clean saturated air, respectively;
S, and S, are their saturations by water vapour. It should be noticed here that
the saturation S, is the value for the temperature at the nozzle entry which was
measured by a temperature sensor, rather than for the temperature of the ambient
room air. So the ambient RH should be converted. According to the saturation
value of the mixing flow at the nozzle entry, its value in the nozzle can be obtained
according to Eq. (3.20).

Figure 5.4 and 5.10 as well as 6.11 show the changes of the counting values
with the fraction of aerosol flows for these three experiments. Figure 5.5 and 5.11
as well as 6.12 are the corresponding variations of the converted particle concen-
trations with the fraction of aerosol. From Eq. (5.1) we know, that the change of
the aerosol fraction in the total flow rate causes the change of the saturation at
the nozzle entry, and finally the change of the saturation in the nozzle. So the
number of particles that can be activated response to the saturation changes too.
Figures 5.6, 5.12, and 6.13 are results of measured particle concentrations at var-
ious saturations in the nozzle. The results are in agreement with the expectation
that a larger saturation triggers more particles to activate as particle critical size
becomes smaller. The measured number concentration increases unproportion-
ally with the saturation.

5.3 Experiment Analysis

5.3.1 Exponential Relation Between Condensation Nucleus
Concentration and S

The measured number concentration (V) of condensation nuclei and saturation
(S) in the nozzle are plotted on the double-logarithm coordinate axis, as shown
in figures 5.8, 5.9, 5.14, 6.9, 6.16 and 6.17. In this double-logarithm coordinate
system, N increases linearly with S. That means there exists an exponential re-
lationship between S and the measured number concentration of condensation
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Table 5.1: Results of experiment No. 7 *

F, Aerosol  Counting  Concentration Tk Tk Saturation Average

Fraction Value measured (Rural) (Urban) atentry S1

(cm®/s) (%) (/9) (N/em?) (pm) (um) So (%) (%)
0.123 1.52 4.36+0.98 35.45+7.97 0.11611 0.13721 99.31 100.30
0.289 3.58 7.96+2.10 27.54+7.27 0.12627 0.14893 98.26 99.24
0.633 7.83 18.38+3.32 29.03+5.24 0.12393 0.14658 96.46 97.42
0.958 11.85 29.454+3.97 30.74+4.14 0.12158 0.14346 94.64 95.59
1.786 22.09 38.95+6.46 21.81+3.62 0.13565 0.15908 90.01 90.91
2.527 31.26 56.60+8.33 22.40+3.30 0.13487 0.15830 85.87 86.73
3.885 48.06 39.23+7.44 10.09+1.92 0.17158 0.19893 78.28 79.06
5.513 68.20 15.84+5.62 2.87+1.02 0.25362 0.27861 69.17 69.86
8.083 100.0 9.82+2.34 1.21+0.29 0.35000 0.35000 54.80 55.35

* Total flow rate at inlet is 29.1 1/h, water pool t=40°C. Ambient air t=26.0°C, RH=68%. Temperature at inlet
10=29.8 °C, Py=1000 hPa. At the outlet of the optical device P=828 hPa, flow rate at outlet=80 1/h. At 21:40 h,
Sept. 15, 1999.

nuclei (V). This exponential relationship has the form:
N =CS", (5.2)

where o and C are constants. By comparing the fitted lines in Fig. 5.8, 5.14, and
6.16, we find that the value o depends strongly on the total flow rate through
the nozzle. It has the value 5.52 at the flow rate of 29.1 1/h, 16.30 at the flow rate
of 42.0 I/h, and 19.82 at the flow rate of 126.0 I/h, respectively, as tabulated in
Table 5.4. The larger the flow rate, the larger the value «. The reason is that a
larger flow rate produces a larger saturation and causes a quicker mass and heat
transfer between particles and gases, so particles can grow more quickly.

A similar relationship was once found between supersaturation (S,) and num-
ber concentration for cloud condensation nuclei (CCN) by Twomey (Twomey,
1959):

N =(CS,2 (5.3)

In this equation, S, is expressed as a percentage. For various atmospheric back-
grounds, a has different values. It was suggested that « =0.333 and C'=310 for
CCN in maritime air and « =0.4 and C'=600 in continental air (Twomey 1959).
They were later suggested to be o =0.5 and C'=200 (Hegg and Hobbs, 1992) and
a =0.5 and C=600 for these two backgrounds (Twomey and Wojcienchowski,
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F, Aerosol Counting Concentration ry Tk So Average Counting
Frac. Value measured (Rural) (Urban) S1 Region

(em?/s) (%) (/s) (N/em?) (um)  (um) (%) (%)

0.104 0.89 10.86+ 3.61 104.42+34.71 0.04424 0.06065 99.77 102.26 CCN
0.298 2.55 22.06+ 6.26 74.03+21.01 0.05518 0.07158 99.33 101.81 CCN
0315 270 18.12+ 3.83 5752+ 12.16  0.06299 0.07939 99.30 101.78 CCN
0.895 7.67 39.09+ 4.93 43.67+5.51 0.07158 0.08799 98.00 100.45 CCN
1.219 1045 49.32+4.22 40.46+ 3.46 0.07392 0.09111 97.27 99.70

1483 1271 56.04+4.53 37.79+ 3.05 0.07628 0.09346 96.68 99.10 HN
1.742 1493 65.75+6.88 37.74+ 3.95 0.07627 0.09346 96.10 98.50 HN
1907 1635 70.44+1093 36.94+5.73 0.07705 0.09424 95.73  98.12 HN
2.078 17.81 85.59+12.32 41.19+5.93 0.07393 0.09033 95.35 97.73 HN
2533 2171 89.66+11.52  35.40+4.55 0.07862 0.09580 94.33  96.69 HN
2.622 2247 107.35+12.30 40.94+ 4.69 0.07393 0.09033 94.13  96.50 HN
2942 2522 102.20+5.84  34.74+1.99 0.07939 0.09580 93.42 95.76 HN
3.147 2697 103.53+8.98  32.90+2.85 0.08096 0.09815 92.96 95.28 HN
4,148 3555 119.77+11.14 28.87+2.69 0.08487 0.10283 90.12  92.37 HN
5.387 46.17 138.70+15.25 25.75+ 2.83 0.08877 0.10674 87.95 90.15 HN
6.182 5299 107.56+10.53 17.40+1.70 0.10283 0.12237 86.17 88.32 HN
7.657 65.63 38.68+8.23 5.05+ 1.07 0.15283 0.17783 82.87 84.94 HN
11.667 100.0 4.76+1.70 0.41+0.15 0.35000 0.35000 73.90 75.75 HN

** Total flow rate at inlet is 42.0 I/h, water pool temperature t=40°C. Ambient air t=24.5°C, RH=93%. Temperature
at inlet t9=28.5 °C, Pp=1001 hPa. At the outlet of the optical device P=679 hPa, flow rate at the outlet 130 I/h.
Correction 3=9.43 for rural and 43.78 for urban aerosol. At 23:15, Sept. 16, 1999.

1969). The variation of the parameters C and « in various geographical regions re-
sults from the variability of aerosol size and chemical composition both spatially
and with time, as these two factors determine largely the activation efficiency of
aerosol particles in the cloud environment. In this study, measurements were fin-
ished at the same place. So these two factors shouldn’t cause major variations of
aand C'in Eq. (5.2). The particle behaviours response to the accelerating flow and
the increase of mass and heat transfer in the flow should be the main reasons.

It should be noted that S, is supersaturation instead of saturation used in
Eq. (5.2), and Eq. (5.3) is suitable only for CCN in the atmosphere. In our study,
not only CCN can be counted with the “Nozzle-CNC”, but also condensation
nuclei in other regions (for higher supersaturation) can be measured too.
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Table 5.3: Results of experiment No. 9 ***

O/

F, Aerosol Counting Concentration 7y Tk So Average Counting
Frac. Value measured (Rural) (Urban) S1 Region

(cm?/s) (%) (/9) (N/em?) (pm)  (um) (%) (%)

0.102 0.29 4.71+0.63 46.15+6.18 0.04072 0.05322 99.94 11293 CN

0.136 0.39 6.42+1.87 47.23+13.75 0.03447 0.05323 99.92 112.91 CN

0.228 0.65 9.79+2.14 42.78+9.39 0.04073 0.05948 99.87 112.85 CN

0.375 1.07 16.70+3.19 44.55+8.51 0.04072 0.05947 99.78 112.75 CN

0.923 2.63 34.79+5.98 37.69+6.48 0.04698 0.05948 99.47 112.40 CN

1.589 4.54 56.99+7.67 35.87+4.83 0.04699 0.06572 99.09 111.97

3.677 1051 128.40+16.45 34.92+4.47 0.04700 0.06572 97.89 110.61

5324 1521 160.83+28.67 30.21+5.39 0.05322 0.06573 96.94  109.54 CCN-CN

7.855 22.44 206.74+31.26 26.32+3.98 0.05323 0.07198 95.49  107.90 CCN-CN

9.283 26.52 221.39+33.83 23.85+3.64 0.05937 0.07822 94.67 106.98

11.591 33.12 247.12+29.56 21.32+2.55 0.05948 0.07823 93.34  105.47 CCN

15487 44.25 245.31+37.31 15.84+2.41 0.07198 0.09073 91.11  102.95 CCN

18.446 52.70 196.81+36.87 10.67+1.20 0.08447 0.10322 89.41 101.03 CCN

20.076 57.36 132.70+21.55 6.61+1.07 0.10322 0.12198 88.47  99.97

27.395 78.27 56.11+13.88 2.05+0.51 0.14697 0.17198 84.27 95.22

29.395 83.98 33.69+7.80 1.15+0.27 0.17822 0.20322 83.11 93.92 HN

29.791 85.12 25.27+5.99 0.85+0.20 0.19072 0.22198 82.89 93.67 HN

35.0 100.0 5.27+1.37 0.15+0.04 0.35000 0.35000 79.90 90.29 HN

*** Total flow rate at inlet is 126.0 I/h, water pool temperature t=40°C. Ambient air t=27.1°C, RH=85%. Tempera-
ture at inlet tp=28.2 °C, Pp=999 hPa. At nozzle outlet P3=820 hPa, flow rate at outlet 370 I/h. Correction 3=25.77
for rural and 119.65 for urban aerosol. At 15:20, Sept. 22, 1999.

5.3.2 Counting Regions

The mixing of the aerosol flow with saturated clean air results in a variation of
saturation in the nozzle, as shown in Table 5.1, 5.2, and 5.3. When the aerosol frac-
tion is small, a supersaturation can be produced. In experiment No. 9, particles
with radii of about 0.04 um can be activated. This critical size corresponds to the
minimum detectable sizes of some commercial CNCs, such as GE counter with
r, 0f 0.04 um. This counting region is in the ‘normal’ CN region.

A small supersaturation below 5% can also be created in the nozzle. This is
the typical necessary supersaturation for CCN as discussed in Chapter 1. Hence
the measured number concentration at this small S, stands for that of CCN. Be-
cause of the Kelvin solution effect, the required saturation for a particle to grow
to its balance size at this saturation can be smaller than 1. These nuclei that can
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Table 5.4: Value value a and correction factor 3 at three flow rates

Flow Rate ValueC Value«a f (rural) S (urban)
(17h)
29.1 35.65 5.52 3.19 14.83
42.0 65.58 16.30 9.43 43.78
126.0 5.21 19.82 25.77 119.65

grow at “subsaturation” are hygroscopic nuclei (HN). In the atmosphere, particle
size distribution and their optical absorbing and scattering coefficients are always
changing because of the hygroscopic growth of aerosol particles in the changing
relative humidities (RH) in the troposphere. This can be found in the parameter-
isation of regional and global aerosol radiation and climate model (d’Almeida,
et al., 1991). These HN can be counted in the Nozzle-CNC even when the flow
in the nozzle is not fully saturated. Between CN and CCN are the intermediate
nuclei (CCN-CN region). The counting regions for CN, CCN-CN, CCN, and HN
are marked in Table 5.2 and Table 5.3.

So just by adjusting the fraction of aerosol flow, various nuclei from HN to
CCN, to CCN-CN and CN can be counted.

5.4 Conclusions from the Experiment

The nozzle flow can produce fast, nearly adiabatic and isentropic cooling due
to the continuous expansion. When the induced flow is saturated with water
vapour, then a supersaturation can be created, and the condensation process can
be initiated in the nozzle. This is the basis on which the new “Nozzle-CNC” has
been constructed. This method of creating cooling differs greatly from other cool-
ing principles such as thermal diffusion in CNC 3020 and mechanical expansion
in Sholtz counter.

Through a series of experiments with the “Nozzle-CNC”, we can achieve the
following conclusions:

0 When clean air is 100% saturated, a supersaturation in the nozzle can be
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reached. The saturation can be adjusted by just regulating the mixing ra-
tio of the aerosol flow while keeping the same total flow rate through the
nozzle.

0 The measured number concentration of condensation nuclei changes un-
proportionally with the fraction of the aerosol sample flow. There exists an
exponential relation between the measured nucleus number concentration
and saturation S in the nozzle: N = C'S®. The value of a depends largely
on the flow rate through the nozzle, ranging from 5.52 at the flow rate of
29.1 I/h, to 16.30 at the flow rate of 42.0 I/h, and to 19.82 at the flow rate
of 126.0 I/h. This equation differs from the relation for atmospheric CCN
obtained by Twomey and other researchers.

0 The adjustability of the saturation in the nozzle gives a possibility to extend
the counting region with this Nozzle-CNC, from measuring hygroscopic
nuclei (HN), to cloud condensation nuclei (CCN), to condensation nuclei
(CN) and the intermediate region between CCN and CN (CCN-CN).
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Figure 5.1: Schematic diagram of the Nozzle-CNC
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Figure 5.2: Measured particle number concentration of the experiment No. 1 and No. 2
(P3 here is the pressure at the outlet of the optical device)
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Figure 5.3: Measured particle number concentration of the experiment No. 3, No. 4, No. 5
and No.6 (P; here is the pressure at the outlet of the optical device)
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Figure 5.4: Experiment No.7: Change of the counting value with the fraction of aerosol
flow (see also Fig. 5.7)
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Figure 5.5: Experiment No.7: Change of the direct measured particle number concentra-
tion with the fraction of aerosol flow (before correction)
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Figure 5.6: Experiment No.7: Change of the direct measured particle number concentra-
tion with the saturation in the nozzle (before correction)
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Figure 5.7: Experiment No.7: Change of the direct measured particle number concentra-
tion with the saturation in the nozzle (corrected as urban aerosol mode)
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Figure 5.8: Experiment No.7: The fitted relationship between the measured particle num-
ber concentration and the saturation in the nozzle (before correction)
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Figure 5.9: Experiment No.7: The fitted relationship between the measured particle num-
ber concentration and the saturation in the nozzle (corrected as urban aerosol mode)
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Figure 5.10: Experiment No.8: Change of the counting value with the fraction of aerosol
flow
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Figure 5.11: Experiment No.8: Change of the direct measured particle number concen-
tration with the fraction of aerosol flow (before correction)
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Figure 5.12: Experiment No.8: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (before correction)
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Figure 5.13: Experiment No.8: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (corrected as urban aerosol mode)
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Chapter 6

ANALYSIS OF THIS NEW
NOZZLE-CNC

6.1 Analysis of this New Nozzle-CNC

6.1.1 System Calibration

The number concentration of aerosol particles can be counted both directly or
indirectly. Counting with microscope, photographs or visual single-particle in-
spection are the direct measuring methods. Measurement with light attenuation
and scattering by particle cloud are usually named indirect methods. The indirect
counting is widely used today as it can quickly, automatically and continuously
record the results and the results can be electrically processed and saved. How-
ever, as this method gives relative values, the results are always converted and
calibrated before they can show “real” measurement results. The calibration is
usually made against the instrument itself, the way of the counting, the instru-
ment noise, the counting environment, and other measurement errors. Effects
such as cross-sensitivity and coincidence, that is the measurement of more than
one aerosol particle in a sensing volume in a time (Jaenicke, 1972), should then be
taken into consideration in optical data post-processing.

The optical laser detecting system in this work can be regarded as a direct
measuring method as it directly counts the number of pulses. However it was
found that the flow rate through the sensing volume can result in a counting
deviation (Zhang and Liu, 1990; Dreiling, 1994). Figure 6.1 shows the counting

79
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results (particle number concentration) by a laser particle counter (LPC Model
3755) at changing flow rates. The instrument is very sensitive to the flow rates
especially in the region of small flow rates (smaller than 100 1/h). The reason is
that the increase of the velocity decreases the ‘residence’ time for particles in the
illumination in the optical sensing volume. Hence less particles are counted at
larger flow rates.

From these reasons, a system calibration is necessary. By assuming that par-
ticles have size distributions of urban and rural modes, corrections can be given
and results are shown in figures 5.9, 6.7, 6.9, 6.10, 6.17, and 6.18.

c 40T LPC Model 3755! TSI. Counting size: 0.5um to 5.0um 3
g A 1
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Figure 6.1: Measured particle number concentration with the variation of flow rate
through LPC Model 3755 - TSI

6.1.2 Critical Particle Radius

Condensation will be initiated on all particles larger than a minimum size cor-
responding to that supersaturation. This minimum size is named critical particle
size. Mason (1971) once gave a relation to estimate the minimum radius (r;) for a
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droplet in an environment of water vapour with a supersaturation S;:

2y

~ ».R,TINS, 61)

T
where v is the surface tension of water, p,, the density of liquid water, R,, the gas
constant for water vapour, and 7' is the temperature in Kelvin.

Equation (6.1) is correct only in a certain sense. If particles are hygroscopic,
then the solution on the particle surface will act. This reduces the supersaturation
required for particle growth for a given size. The required relative humidity for
growth can actually be reduced below 100% if the particles are large enough and
if the particles contain soluble compounds. The solubility of aerosol particles as
discussed in the section 1.3 is not only size-dependent but also source-dependent.
Under experimental conditions, the minimum detectable size in fact, depends
not only on the supersaturation and physical and chemical properties of aerosol
particles, but also on the design of the measuring device.

Table 6.1: Critical particle size vs saturation according to Eq. (6.1)

Critical size r, Saturation
(pm) (%)
0.001 3.03179
0.002 1.74120
0.004 1.31955
0.01 1.11730
0.02 1.05702
0.04 1.02812
0.10 1.01115
0.20 1.00556
0.40 1.00278
1.0 1.00111
2.0 1.00055
4.0 1.00028

As mentioned in Chapter 1, the size distribution of aerosol particles in a region
can be well described by the log-normal distribution mode, that is the overlap-
ping of more than one log-normal distributions. Here the urban and rural modes
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for the aerosol distribution (Jaenicke, 1988) as Eq. (1.3) was adopted. The min-
imum sensitive size to optical system is 0.35 xm in radius. When condensation
processes begin, particles that are larger than the critical size will grow. Assum-
ing that all particles larger than the critical size () can grow to detectable sizes
(> 0.35 um), the measurable number concentration of particles Ny, according to
this distribution mode should be

Ny, :/ dN(r) :/ ndlogr. (6.2)

k

The number concentration of particles larger than 0.35 xm in ambient air is

N§ a5 = h dN(r) = /OO ndlogr. (6.3)
0.35 0.35

Here the superscribe “c” indicates the calculated value. In the experiments, we

can get the measured particle number concentrations with the optical device

without having the condensational growth Nj%.. If the measured nucleus con-

centration with the Nozzle-CNC is N™, then we have

m C
Noss  Noass

Nm TN (6.4)
By the way, the concentration correction factor 3 can be defined as
No .35
b= (6.5)
N0.35

By knowing the measured values of Nj%; and N as well as the calculated
N§ 55, according to Eq. (6.4), we can estimate the critical particle radius r,. The
critical particle radii for urban and rural aerosol modes at different S in experi-
ment No. 7, No. 8, and No. 9 are listed in Table 5.1, 5.2, and 5.3.

The Rhine-Main region around Mainz is one of the typical industrial areas
in Germany. The aerosol mode in Mainz however should be between the rural
aerosol mode and urban aerosol mode (as defined in table 1.1) as Mainz cannot
be numbered as a large city with severe air pollution. So the actual critical particle
radius in the experiment with this Nozzle-CNC should be between the calculated
critical particle sizes for urban aerosol mode and rural aerosol mode as tabulated
in Table 5.1, 5.2, and 5.3. As shown in Table 5.3, the minimum detectable size is
0.04 pm.
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6.1.3 Counting Range

Usually, the largest number concentration of aerosol particles in a sampled air for
an OPC within calibrated coincidence is about 25 cm 3. This limit may be greatly
enlarged if the sampled air is diluted by clean air. If the clean air is 100 times as
much as the sampled air, then the maximum counting range can be 2500 cm 2.
The dilution ratio can be chosen according to particle concentration in the sam-
pled air. It was once reported that with a small sensing dimension 36 x52x 35 ym?
in OPC, a high concentration up to 107 particles per millilitre can be measured by
dilution (Sachweh et al., 1998).

In this experiment, the dilution will produce a variation of saturation in the
nozzle (as shown in Chapter 5), and therefore results in the change of counting
results. But this problem can be solved if the sampled air is diluted, for example
with the use of Aerosol Diluter TSI Model 3302A, before being fed into the mixing
chamber with saturated clean air.

6.1.4 Counting Efficiency

The counting efficiency of a condensation nucleus counter depends not only on
the physical properties of the aerosol particles in the local air but also on the sys-
tem set-up of an instrument. There are several factors that should be concerned
for the accuracy of the counting efficiency in this experiment.

Diffusion loss

The loss of small particles due to diffusion during the time when aerosol particles
through the nozzle system is a problem that may affect the counting efficiency.

In a CNC, the counting efficiency can be greatly reduced resulting from the
diffusion loss of particles to the inner walls. Jaenicke (1976) once found the count-
ing efficiency is 88% after 1 min wait, and only 66% after 4 mins wait for the
Scholz pocket counter.

The diffusion loss of particles to a wall can be estimated. If we assume that the
initial particle concentration is N,, and the horizontal distance from the wall is z,
then the particle concentration N(z,t) at the distance x and time ¢ should satisfy



CAAFITER O. AINALTOIOUR 110 INCEVV INUZLZLLE-CUING

Fick’s second diffusion law:
dN d’N
ar :Dpdzx’ N =Nyfort=0,and N =0 forz = 0. (6.6)

This equation has the solution

2N0 T _yQ )
N(z,t) = ———— | exp| -+ )dy, 6.7
where D, is the diffusion coefficient for particles of size r,:

ETC,
D, = (6.8)
O pigT)

The diffusion coefficient for various sizes of particles is displayed in Fig. 6.2. Ac-
cording to this solution, the concentration depletion near the wall can be esti-
mated. For the case of particles in a capillary with circular cross-section, the dif-
fusion loss depends strongly on the dimensionless deposition parameter . ¢ is
defined as:

_4D,L  D,L
DU Q'
where @ is the volume flow rate through the capillary, L the length of the capil-
lary, D the diameter of the capillary, and U the average velocity of the air flow.
The penetration factor N, /N, (IV, is the concentration at the inlet and N, at the
outlet), for the case of a laminar flow through the capillary, can be expressed as a
function of ¢ with an accuracy of 1%:

S (6.9)

N
ﬁl —1—5.50¢%3 4+ 3.77¢ for ¢ < 0.007
0

=0.819 exp(—11.5¢) + 0.0975exp(—70.1¢)
+ 0.0325exp(—179¢) for ¢ > 0.007.

According to the flow Reynolds numbers given previously, the flow in the
nozzle is in fact than a laminar flow but a turbulent flow. Diffusion deposition in
turbulent flow is more complicated than in laminar flow. Fuchs (1964) and Davies
(1966) studied this problem. The penetration factor V; /N, can be expressed as

Ny —4Vd6pL>
T —oxp (e (6.10)
where V,,, is the deposition velocity of particles that can be written as
D
Viep = —2. (6.11)

Og
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Here ¢, is the thickness of the diffusion boundary (Fuchs, 1964):

28.5DD)"*
Re7/8 (Ug/pg)1/4 ’
where Re is the fluid Reynolds number.

5y = (6.12)

By assuming the laminar flow, the penetration ratio of particles through the
nozzle at three flow rates can be calculated, and the results are shown in Fig. 6.3.
Figure 6.4 shows the diffusion losses of particles in a turbulent flow in the nozzle
according to Fuchs equation (6.10).

We can see that, for particles with sizes smaller than 0.01 um, the diffusion
loss is very substantial. For particles with the size of 0.01 um, the diffusion loss
is below 5%. For particles with radii of 0.001 xm, more than 70% particles cannot
pass through the nozzle in the turbulent flow. In the case of laminar flow, the
diffusion losses show an inverse proportion to the flow rates for a given size.
This is easy to understand as particles have less ‘residence’ time in the nozzle at
a larger flow rate than at a smaller flow rate. However in turbulence flow, as we
can see in Fig. 6.4, the diffusion loss curves at three flow rates almost overlap.
The flow rate has very little effect on the result. A large flow rate produces a large
fluid Reynolds number and therefore the thickness of the diffusion boundary ¢,
(Eq. 6.12) becomes thin, which causes the increase of the deposition velocity (V).
This just offsets the short ‘residence’ time influence on the diffusion losses in the
nozzle. Therefore the final diffusion losses are almost the same for all turbulent
nozzle flows.

For particles larger than 0.03 um, the diffusion loss is within 1%. This value
becomes smaller if the condensational growth was considered into calculation.
As the critical particle radius is larger than 0.03 pm for this Nozzle-CNC, the
diffusion loss can be fully neglected although the nozzle has only 1 mm of inner
diameter.

Electrical effects

A great part of aerosol particles in the atmosphere can carry electrical charges as
cosmic rays and radioactive substances can produce both positive and negative
ions. This leads to a bipolar charging of aerosol particles. Exposure to gas ions
of one sign will produce an unipolar charging. Unipolar charging can also be re-
alised in an electric field. In the presence of an electric field, a charged particle will
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Figure 6.2: Particle diffusion coefficient as function of radius

deviate from its original streamline to or opposite to the direction of the electric
field.

In this experiment, static charges will be produced resulting from the friction
of the high speed air flow with the inner nozzle wall. In order to avoid induc-
ing the electrical effect, metal nozzle was employed. So the electrical effect on the
counting efficiency of this Nozzle-CNC may be neglected. As metal has a good
electrical conductivity, charges cannot accumulate on the inner wall as the exper-
iment is going on. In contrary, they will be transported to the outside wall of the
nozzle according to the principle of static electrics.

Other factors

The nonisokinetic sampling is an another factor that may affect the counting ac-
curacy of the measurement. Isokinetic sampling refers to withdrawing a sample
from a moving aerosol at the same velocity of the moving aerosol, insuring that
the collected sample will be representative for the moving aerosol. If the sampling
velocity and the aerosol velocity are not the same, there may be a distortion of the
flow near the sampler inlet, which will cause particles to move in a curved path



O0.1L. AINALTOIO U 11O INCVV INUZLZLL E-CING o/

100

90
80

70

Penetration Ratio (%)

60 ___ Flow rate 29.1 I/h |

,,,,, Flow rate 42.0 I/h
_ _ Flow rate 126.0 I/h

50 Cocennl ol

0.001 0.01 0.1 1.
Particle Radius (um)

Figure 6.3: Particle penetration ratios through the nozzle in laminar flows at three flow
rates (without considering the condensational growth)

following the streamlines of the distorted flow. If the sampling velocity is less
than the gas velocity, then some of the ambient flowing gas must pass around the
inlet by curving away from the axis of the inlet. Large particles in the flow may
not be able to follow the curved path because of inertial motion and will there-
fore enter the inlet, resulting in a higher concentration of particles in the sample
than that is present in the air stream. If the sampling velocity is higher than the
air velocity, the larger particles will not be able to follow the curved streamlines
and will therefore be excluded from the sample into the inlet. As a result, this will
produce a particle concentration smaller than the real concentration. The effect of
nonisokinetic sampling can usually be neglected for particles smaller than 1 ym
approximately.

In this experiment however, no by-flow was adopted, so the effect of non-
isokinetic sampling can be omitted. In addition, there are particle losses due to
the turbulence of air in the nozzle. The gravitational effect on particle losses in
this experiment can be neglected too as the residence time of particles in the noz-
zle is quite short and only fine size particles are of our main concern.
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Figure 6.4: Particle penetration ratios through the nozzle in turbulent flows (without
considering the condensational growth)

6.2 Advantages and Problems

This new Nozzle-CNC has several advantages compared with other CNCs. The
first one is that its condensation substance is water instead of organic compounds
such as alcohol, ethanol, glycol and butanol which are used in some commercial
CNCs such as TSI CNC Model 3032. So the measured nucleus concentration can
better reveal the actual state of the atmospheric condensation nuclei. The second
one is that the air flow in the nozzle is cooling adiabatically and isentropically. The
condensation process on all particles larger than the critical particle radius can
take place at the same time. It avoids the time delay for condensation resulting
from the heat conduction to produce a temperature drop in the above mentioned
CNC.

One of common problem in CNCs is the condensation of vapour at the in-
ner wall of instrument. It is serious especially for those CNCs with the cooling
principle of thermal diffusion, for example in the counters of Rosen (Rosen et al.,
1974, 1978), Hoppel (Hoppel et al., 1979), Bricard (Bricard et al., 1976), Sinclair
(1975, 1982), Agarwal and Sem (1980), and Keady (Keady et al., 1983). As the
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temperature at the wall of condensation tube is lower than that in the flow in the
tube, vapour condensates on the tube wall. On the contrary, the nozzle cooling
produces a lower temperature in the flow than at the nozzle wall, as shown in
Fig. 3.7. If we keep the temperature of the flow at the nozzle entrance equal to
that of the ambient air, then the temperature of the air flow in the nozzle is al-
ways lower than that at the nozzle wall. No condensation of water vapour at the
inner wall of nozzle can therefore occur.

Several problems were found in the experiment concerning the efficient and
exact counting with this Nozzle-CNC. They are:

0 Because the saturation in the nozzle is very sensitive to the sample aerosol
ratio, the aerosol flow rate should be measured very accurately. The total
flow rate must be stable during a measurement.

0 The changing environmental conditions, such as temperature (T) and rela-
tive humidity (RH), will bring about the change of the saturation generated
in the nozzle. Therefore to keep this Nozzle-CNC running under stable am-
bient conditions is very important for exact counting.

0 The optical system can exactly count single particles under standard con-
ditions indicated by the manufacturer. It should be calibrated against the
volume flow rate and the pressure, when it is used at different flow rates
and different pressures.

Further investigations on this condensation process in the Nozzle-CNC are
still needed.

6.3 Significance of Numerical Optimisation and Ex-
periment

Like often in the studies of many scientific problems, the design of the new
Nozzle-CNC is firstly based on theoretical and numerical modelling that provide
us with the best optimisation. By combining the results from nozzle flow mod-
elling and particle growth modelling, a condensation nucleus counter was then
constructed. This counter can be applied for measuring atmospheric condensa-
tion nuclei and for studying the formation of cloud droplets and cloud physics.
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Figure 6.5: Relationship between experiment and theoretical modelling

The significant relationships between the modelling, experiment and studying of
the reality of the atmospheric condensation nuclei or cloud physics can be de-
scribed as in Fig. 6.5.
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Figure 6.6: Experiment No.7: The fitted relationship between the measured particle num-
ber concentration and the saturation in the nozzle (corrected as rural aerosol mode)
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Figure 6.7: Experiment No.7: The fitted relationship between the measured particle num-
ber concentration and the saturation in the nozzle (corrected as rural aerosol mode)
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Figure 6.8: Experiment No.8: The fitted relationship between the measured particle num-
ber concentration and the saturation in the nozzle (corrected as rural aerosol mode)
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Figure 6.9: Experiment No.8: The fitted relationship between the measured particle num-
ber concentration and the saturation in the nozzle (corrected as urban aerosol mode)
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Figure 6.10: Experiment No.8: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as rural aerosol mode)



CAAFITER O. AINALTOIOUR 110 INCEVV INUZLZLLE-CUING

3000 T A ]
[ Total flow rate 35.0 cm?®/s ]

L 15:20 Sept. 22, 1999, Water pool t=40.0°C
i - Diluted by clean air RH=100% ]
I " 1
A~ [ N ]
n 200 —
> C i ]
o L ,D' ]
= L ]
c i 0] ]
2 L ]
S 100 .
C 0 ]
, S - -
- S
O S SO S SN b

0.0 0.2 0.4 0.6 0.8 1.0

Fraction of Aerosol Flow

Figure 6.11: Experiment No.9: Change of the counting value with the fraction of aerosol
flow
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Figure 6.12: Experiment No.9: Change of the direct measured particle number concen-
tration with the fraction of aerosol flow (before correction)
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Figure 6.13: Experiment No.9: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (before correction)
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Figure 6.14: Experiment No.9: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (corrected as urban aerosol mode)
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Figure 6.15: Experiment No.9: Change of the direct measured particle number concen-
tration with the saturation in the nozzle (corrected as rural aerosol mode)
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Figure 6.16: Experiment No.9: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (before correction)
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Figure 6.17: Experiment No.9: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as urban aerosol mode)
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Figure 6.18: Experiment No.9: The fitted relationship between the measured particle
number concentration and the saturation in the nozzle (corrected as rural aerosol mode)
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Chapter 7

SUMMARY AND
RECOMMENDATION

The aim of this work is to investigate the heterogeneous nucleation of aerosol
particles in the subsonic nozzle flow and based on the optimisation of theoretical
modelling results, to construct a new Nozzle-CNC that can remedy some draw-
backs of currently commercially used CNCs.

Theoretical and numerical modelling of the particle condensational growth in
the flow field of a capillary nozzle that was modelled by CFX-FLOW3D wvere first
introduced. The results provide the well estimated anchorage for the afterwards
experimental design — the Nozzle-CNC. With this Nozzle-CNC new aspects of
the atmospheric condensation nuclei can be investigated, which is helpful for us
to understand basic behaviours of these nuclei in the formation of cloud droplets
and their indirect climate effects. The interactive relationships among the flow
modelling, the particle growth modelling, CNC counter and the studying of the
condensation nuclei in the atmosphere can be exactly displayed in Fig. 6.5.

In cloud physics, particle droplets are always regarded to be in stationary state
because there are no or very small relative movements between particle droplets
and ambient carrier gases. Therefore the responses of particles to the air flow are
always neglected. In the aerosol application areas such as in the aerosol measure-
ments, high-speed accelerating aerosol beams are widely utilised. The expanding
property of high-speed air flow and the fast mass and heat transfer between par-
ticles and air medium in this environment favourite particle growth from the con-
densation of water vapour. As supersonic and transonic nozzles produce strong
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cooling which may cause homogeneous nucleation, a subsonic ‘standard’ noz-
zle (capillary nozzle) was adopted here because the condensation on pre-existing
particles is our main concern.

Firstly, the air flow in the nozzle with an inner diameter of 1.0 mm was mod-
elled to be a steady, compressible and heat-conducting flow with the computa-
tional program CFX-FLOW3D. The nozzle was divided into 20x150 grids in the
modelling. As the fluid Reynolds number in the main nozzle part is larger than
2000, the flow was treated as a turbulent one in the calculation. The results show
that an adiabatic and isentropic cooling in the nozzle can occur, and as the conse-
guence, a supersaturation can be created. The cooling degree depends mainly on
the flow rates through the nozzle. The heat conduction between the nozzle wall
and the inside air flow can increase the air temperature near the nozzle wall, but
has small influence on the flow near the centreline of the nozzle. For the same
boundary conditions at both sides of the nozzle, there is a larger temperature
drop in a short nozzle than in a long nozzle.

Secondly, a particle condensational growth model in air stream was devel-
oped. An extended Mason’s diffusion growth equations with size correction for
particles beyond the continuum regime and with the correction for a certain par-
ticle Reynolds number in an accelerating state were given. The growth modelling
results show:

[0 Supersaturation created in the nozzle can result in the condensation of wa-
ter vapour on aerosol particles larger than a critical particle size (1), and
these particles will grow.

[0 Particles grow faster in an accelerating state than in a stationary state be-
cause of the forced convection from the relative movement between the
particles and gases.

OO Small size particles grow much quicker than large size particles. The whole
particle size distribution evolve itself in the nozzle and will become nar-
rower. After a long enough time, all sizes of particles larger than r, can
grow up to the detectable size.

As nozzle designs are widely used for producing accelerating and focused
aerosol beams in aerosol instruments like OPC and APS, particle condensational
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growth in the aerosol nozzle instrument was studied with this model and the in-
fluences on measurement results were estimated. The results can be summarised
as:

[0 Particles with initial radii smaller than 1.0 ym can grow rapidly in the very
short ‘residence’ time in the inlet nozzle of particle sizing instruments (with
example OPC). For a particle with the size of r=0.15 um that is the normal
minimum detectable size of OPC, the condensational growth ratio can be as
high as 1.07. The measured particle size may be 7% larger than its original
size at the end of the nozzle, which results in “over-sizing” influence. Be-
cause particle number concentration is larger in fine size region, more par-
ticles therefore will be counted, which can be termed as “over-numbering”
influence. The “over-numbering” is especially high (higher than 27.4%) for
particles with remote continental, rural and urban mode size distributions.
For other types of aerosol modes, this effect can be over 5.8% too.

[0 The measured whole particle size distributions shift to larger radii because
of the particle condensational growths. The analysis results from data ob-
tained from direct measurements with these nozzle aerosol instruments will
reveal no ‘pure’ shape of particle size distribution in the actual atmosphere.
The ‘real’ shape should be the one obtained by “extracting” the condensa-
tional “over-sizing” and “over-numbering” influences.

[0 The asymmetric property for non-spherical particles, the surface chemistry
as well as the density of the particles could be modified too if nozzle aerosol
instruments are used for measuring the particle shapes, aerodynamic sizes,
and surface chemistry.

[0 Concerns should be given in evaluating measurement results as well as in
aerosol instrument designs. For aerosol instruments other than CNCs, the
nozzle length should be as short as possible in order to lessen the effect of
the condensational growth of particles, and to increase the accuracy of the
measurements.

Thirdly, according to the rapid growth of particles in the nozzle, a new Nozzle-
CNC was built. Under various experimental conditions such as flow rate, ambi-
ent temperature, and the fraction of aerosol in the total flow, experiments with
this Nozzle-CNC were carried out. The results show:
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[0 The measured nucleus number concentration changes unproportionally
with the fraction of the aerosol sample flow in the total flow.

[0 There exists an exponential function between the measured number con-
centration and the saturation S in the nozzle as N = C'S®. The value of o
depends largely on the flow rate through the nozzle, ranging from 5.52 for
the flow rate of 29.1 I/h, to 16.30 for the flow rate of 42.0 I/h, and to 19.82
for the flow rate of 126.0 I/h. This function differs from the relation for CCN
obtained by Twomey and other researchers.

[0 The Nozzle-CNC can have a wide counting region by just adjusting flow
rate. It can count nuclei including hygroscopic nuclei (HN), cloud conden-
sation nuclei (CCN), and traditionally measured atmospheric condensation
nuclei (CN). The minimum detectable size of this Nozzle-CNC is 0.04 pm.

Further improvement work on this Nozzle-CNC is recommended in the fol-
lowings aspects:

[0 The saturation in the nozzle is very sensitive to the sample aerosol ratio, so
the aerosol flow rate should be measured with great accuracy.

[0 Changing environmental conditions, such as temperature (T) and relative
humidity (RH) will cause the changes of the saturation generated in the
nozzle, which gives the variation of the measurement results. It is therefore
suggested that these conditions be kept stable in the measurement.

O For determining the counting efficiency of this Nozzle-CNC, it would be
better if it can be calibrated by uniform and monodisperse aerosol generated
by the method as described by Berglund and Liu (1973).

In comparison with other CNCs, this Nozzle-CNC has several advantages
such as no condensation delay as particles larger than the critical size grow simul-
taneously, low diffusion losses of particles, little water condensation at the inner
wall of the instrument, and adjustable saturation — therefore the wide counting
region, as well as no calibration compared to non-water condensation substances.
With further work for improving and standardising measurement runnings, this
Nozzle-CNC may have a brilliant prospect in the field observations.
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APPENDIX

A.l Appendix Al: CFX-FLOW3D Modelling Pro-
gramme

/ /

* AIR FLOW PASSING THROUGH A NOZZLE */

* FOR MODELLING THE GROWTH OF AEROSOL IN FLOW */
* DEC.12, 1998, MAINZ */

* TO USE DOUBLE PRECISION */

_ -~ ~

>>CFXF3D

>>SET LIMITS
TOTAL REAL WORK SPACE 2500000

>>0PTIONS
TWO DIMENSIONS
BODY FITTED GRID
CYLINDRICAL COORDINATES
AXIS INCLUDED
TURBULENT FLOW
HEAT TRANSFER
COMPRESSIBLE FLOW
STEADY STATE
USE DATABASE
END

>>MODEL TOPOLOGY
#CALC
NI=30+120;
NJ=25;
NK=1;
ENTRY_T=273.15+28.5;
WALL_T=273.15+24.5;
#ENDCALC
>>CREATE BLOCK
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BLOCK NAME ’'BLOCK’
BLOCK DIMENSIONS #NI #NJ #NK
END
>>CREATE PATCH
PATCH NAME 'AXIS’
PATCH TYPE 'SYMMETRY PLANE’
BLOCK NAME ’'BLOCK’
LOW J
END
[* ==> TO CHANGE GRID VALUES ........ *
>>CREATE PATCH
PATCH NAME °’INT’
PATCH TYPE 'PRESSURE BOUNDARY’
PATCH LOCATION 1 1 1 #NJ 1 #NK
BLOCK NAME ’'BLOCK’
LOW |
END

>>CREATE PATCH
PATCH NAME 'OUTY
PATCH TYPE 'PRESSURE BOUNDARY’
BLOCK NAME ’'BLOCK’
PATCH LOCATION #NI #NI'1 5 1 #NK
HIGH |
END

>>CREATE PATCH
PATCH NAME 'WALLOUT’
BLOCK NAME ’'BLOCK’
PATCH TYPE "WALL’
PATCH LOCATION 31 #NI 5511
HIGH J

>>CREATE PATCH
PATCH NAME ’'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 12 #NI #NJ #NJ 1 1
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH
PATCH NAME 'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 13 #NI 24 24 1 1
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH
PATCH NAME 'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 14 #NI 23 23 1 1
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH

AFFEINUIA A, AFFEINUIA
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PATCH NAME ’'SOLIDY’

PATCH TYPE ’'SOLID’

PATCH LOCATION 15 #NI 22 22 1 1
BLOCK NAME ’'BLOCK’

END

>>CREATE PATCH
PATCH NAME ’'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 16 #NI 21 21 1 1
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH
PATCH NAME ’'SOLIDY’
PATCH TYPE 'SOLID’
PATCH LOCATION 17 #NI 20 20 1 1
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH
PATCH NAME ’'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 18 #NI 19 19 1 1
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH
PATCH NAME ’'SOLID1’
PATCH TYPE 'SOLID’
PATCH LOCATION 19 #NI 18 18 1 1
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH
PATCH NAME ’'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 20 #NI 17 17 1 1
BLOCK NAME ’'BLOCK’
END
>>CREATE PATCH
PATCH NAME ’'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 21 #NI 16 16 1 1
BLOCK NAME ’'BLOCK’
END
>>CREATE PATCH
PATCH NAME ’'SOLID1’
PATCH TYPE 'SOLID’
PATCH LOCATION 22 #NI 15 151 1
BLOCK NAME ’'BLOCK’
END
>>CREATE PATCH
PATCH NAME ’'SOLID1’
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PATCH TYPE ’'SOLID’
PATCH LOCATION 23 #NI
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH

PATCH NAME 'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 24 #NI
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH

PATCH NAME 'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 25 #NI
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH

PATCH NAME 'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 26 #NI
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH

PATCH NAME 'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 27 #NI
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH

PATCH NAME 'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 28 #NI
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH

PATCH NAME 'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 29 #NI
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH

PATCH NAME ’'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 30 #NI
BLOCK NAME ’'BLOCK’
END

>>CREATE PATCH

PATCH NAME ’'SOLIDY’
PATCH TYPE ’'SOLID’
PATCH LOCATION 31 #NI
BLOCK NAME ’'BLOCK’
END

14 14

13 13

12 12

11 11

10 10

991

881

771

661
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>>MODEL DATA
>>AMBIENT VARIABLES
U VELOCITY 0.0
V VELOCITY 0.0
PRESSURE 1.013E+05
TEMPERATURE #WALL_T
>>MATERIALS DATABASE
>>SOURCE OF DATA
PCP
>>FLUID DATA
FLUID "AIR’
MATERIAL TEMPERATURE 2.9800E+02
MATERIAL PHASE 'GAS’
>>TITLE
PROBLEM TITLE 'CNC-CONIC NOZZLE FLOW MODELLING (TWO PRESSURE BOUNDARIES)
END

>>DIFFERENCING SCHEME
ALL EQUATIONS 'UPWIND’
PRESSURE 'UPWIND’
DENSITY 'UPWIND’
END

>>PHYSICAL PROPERTIES
>>STANDARD FLUID
FLUID "AIR’
STANDARD FLUID REFERENCE TEMPERATURE 2.9800E+02
>>COMPRESSIBILITY PARAMETERS
HIGH MACH NUMBER SIMPLE ALGORITHM
I* WEAKLY COMPRESSIBLE (only for U<100m/s) */
FULLY COMPRESSIBLE
UNIVERSAL GAS CONSTANT 8314.0
FLUID MOLECULAR WEIGHT 28.8
REFERENCE PRESSURE 0.0
MINIMUM REAL PRESSURE 0.3E+05
MINIMUM TEMPERATURE 250.0
END
>>HEAT TRANSFER PARAMETERS
ENTHALPY REFERENCE TEMPERATURE 273.0
END
>>TURBULENCE PARAMETERS
>>TURBULENCE MODEL
TURBULENCE MODEL 'LOW REYNOLDS NUMBER K-EPSILON’

I* >>TRANSIENT PARAMETERS

>>ADAPTIVE TIME STEPPING
NUMBER OF TIME STEPS 2
INITIAL TIME STEP 1.0E-3
MINIMUM TIME STEP 1.0E-4
MAXIMUM TIME STEP 1.0E-2
MULTIPLY TIME STEP BY 2.0
DIVIDE TIME STEP BY 2.0
END */
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>>RHIE CHOW SWITCH
HARMONIC AVERAGING OF COEFFICIENTS

>>WALL TREATMENTS
WALL PROFILE 'QUADRATIC’
NO SLIP

>>SOLVER DATA

>>PROGRAM CONTROL
MAXIMUM NUMBER OF ITERATIONS 10000
MINIMUM NUMBER OF ITERATIONS 50
OUTPUT MONITOR POINT 60 3 1
OUTPUT MONITOR BLOCK 'BLOCK’
MASS SOURCE TOLERANCE 1.0E-15
END

>>FALSE TIMESTEPS /*  <1.0E-05
U 1.0E-06
V 1.0E-06

>>EQUATION SOLVERS
ENTHALPY 'STONE’
PRESSURE 'STONFE’
END

>>UNDER RELAXATION FACTORS
U VELOCITY 0.2
V VELOCITY 0.2
PRESSURE 0.2
ENTHALPY 0.2
DENSITY 0.2
TEMPERATURE 0.2
VISCOSITY 0.2

>>CREATE GRID

>>SIMPLE GRID
BLOCK NAME 'BLOCK’
X START 0.0
DX 30*0.001 120*0.001
Y START 0.0
DY 5*0.0001 20*0.000235
Z START 0.0
DZ 0.1

>>MODEL BOUNDARY CONDITIONS

>>SET VARIABLES
PATCH NAME °’INT’
PRESSURE 1.00E+05
TEMPERATURE #ENTRY_T
END

>>SET VARIABLES
PATCH NAME 'OUTY
PRESSURE 0.679E+05

>>WALL BOUNDARY CONDITIONS
PATCH NAME '"WALLOUT’
TEMPERATURE #WALL_T
END

*

AFFEINUIA A, AFFEINUIA
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>>0UTPUT OPTIONS
>>PRINT OPTIONS
>>WHAT
I* GEOMETRIC INFORMATION */
U
TEMPERATURE
PRESSURE
DENSITY
END
>>WHERE
J PLANES 012345
END
>>WHEN
I* INITIAL GUESS */
END
>>STOP
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A.2 Appendix A2: Error Estimation

Measurement or calculation error for a quantity can be estimated according to
Gauss law (Taylor, 1988).

Ay= i (22) a1 (22 anp s (22 Any (A1)
Yy = 8—x1 1’1"‘8—1_2 .%’g—f—a—x?) T3 .

where z{, x5, and x5 are dependent variables of y.

Error Estimation for Particle Concentration

Particle number concentration is calculated by

_ N'(Enp)

N 7

(A.2)

where N€ is the counting value by the optical system, and F, is the flow rate of
aerosol. The counting value N°¢ changes with the total flow rate F, through the
nozzle and the pressure at the inlet of the optical system. So the error estimation
of particle concentration can be written as

Ne\ 2 1\?
_ 2 c2
AN = + <F2> AF, +(F> AN (A.3)
and
ON¢ ON°
AN = —— AF, + —A A4
oF, Mt A (A.4)

Error Estimation for Saturation

The saturation at the nozzle entrance is calculated by

F,S,+ F.S.
i (A9)
In the nozzle its value will be
T: E(T
SIZSO.MZSO. (7o) (A.6)
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s =R ) (o) () (o)
(A7)

where T, and T are the temperatures at the nozzle entry and in the nozzle, re-
spectively.

A.3 Appendix A3: APS 3320
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Inner Mozzle/Sample Flow
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Figure A.l: Schematic Diagram of Aerodynamic Particle Sizer spectrometer — APS
Model 3320 TSI
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