
Chapter 4
Properties of Aerosol Particles

As a counterpart of Chap. 2, this chapter covers the basic properties and dynamics
of aerosol particles. An aerosol is a mixture of solid particles and/or liquid droplets
suspended in a gas. The gas phase can be air or other gases. In air pollution studies,
we can also call it particulate matter. In this book, particulate matter (PM) is
interchangeable with aerosol without examining their fine differences. The particles
can be either solid aerosol particles or liquid droplets with little deformation or
evaporation.

This chapter starts with classic particle dynamics followed by basic terms that
are widely used in air emission engineering including aerodynamic diameter,
equivalent diameters, Stokes number, Stokes law, adhesion and reentrainment of
particles, and diffusion of particles in the air. At the end, particle size statistics and
dynamics are introduced.

4.1 Particle Motion

It is important to analyze the behavior of particles in various force fields, which
guides the design and operation of many particulate air pollution control devices. In
most of the cases, the particle is subject of at least two forces acting along opposite
directions, one is parallel and another opposite to the direction of motion. The latter
is the resistance of the surrounding gas to the particle in motion.

4.1.1 Particle Reynolds Number

In particle dynamics, the particle Reynolds number follows similar definition except
that characteristic length is the particle diameter, dp, and that the velocity in Eq. (2.69)
is replaced with the magnitude of the velocity (speed) of gas with respect to that of the
particle, u� vj j.
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Rep ¼
qgdp u� vj j

l
ð4:1Þ

In this equation, the density is the gas density and subscript g is added in order to
differentiate it with the density of solid particles. With a coordinate fixed on the
moving particle, u� vj j should always be a positive quantity.

The particle Reynolds number can be used to estimate the flow condition around
the particles. There are four regime for particle dynamics as follows.

Stokes regime : Rep\1
Transient regime : 1\Rep\5
Turbulent regime : 5\Rep\1000
Newton's regime : Rep [ 1000
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For Stokes regime, the flow around the particle is laminar and the frictional force
is dominant over the inertia force. In the transient regime, the flow around the
particle starts to develop turbulence, both inertial and frictional forces are important.
In the turbulent regime, the flow around the particle is turbulent and drag decreases
with Rep. The flow around the particle becomes highly turbulent when Rep [ 1000
and the drag is considered constant, and the inertial force is dominant.

4.1.2 Stokes’ Law

Stokes’ law is derived from the Navier-Stokes equations, which are nearly
insolvable due to the nonlinear partial differential equations. Stokes solved these
equations with the following assumptions:

(1) The inertial forces are negligible compared with the viscous forces.
(2) There are no walls or other particles nearby. Because of the small size of

airborne particles, the fraction of the particles near a wall is negligible.
(3) The particle is a rigid sphere. This means that there is a limitation of Stokes

law for liquid droplets or soft particles.
(4) The fluid is incompressible. When the fluid is a gas, say air, the assumption

does not imply that air is incompressible, but that it does not compress near the
surface of the particle. This is equivalent to assuming that the relative velocity
between the gas and the particle is much less than the speed of sound, and it is
valid for airborne particles.

(5) There is no slipping between the fluid and particles i.e., the fluid velocity at the
particle’s surface is zero. When the relative velocity is not zero, a correction is
needed.

(6) The motion of the particle is constant.
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With the first assumption, the drag force on the moving particle can now be
described by

FD ¼ 3pldp u� vj j ð4:2Þ

where u is the velocity of air and v is that of the particle.
In Stokes regime, the resistance experienced by a moving particle in a gas is

described by the above equation. In practice, this equation is not perfect. When
particle Rep ¼ 1:0, the error is 12 %. The error can be reduced to 5 % at a Rep ¼ 0:3.

The same drag force can also be calculated using Eq. (4.3),

FD ¼ CD
1
2
qu21

� �
A ð4:3Þ

which was derived from Newton’s law. Substituting the cross-section area (or
rigorously, the frontal area) A ¼ pd2p=4 into Eq. (4.3) leads to

FD ¼ CD
1
2
qg u� vð Þ2

� �
1
4
pd2p

� �
ð4:4Þ

Comparing Eqs. (4.2) and (4.4), we can get the drag coefficient in the Stokes
regime,

CD ¼ 24l
qgdp u� vj j ¼

24
Rep

ð4:5Þ

This is the equation for the dashed straight-line portion at the up-left corner of
Fig. 2.4. Note that when we first introduced Fig. 2.4 and Eq. (4.3), we assumed the
solid phase (the sphere) is static and only air moves around the sphere. It would be
easy to understand the concepts in this section by assuming air is quiescent and only
the aerosol particle is moving. Indeed u� vj j represents the relative motion of
particle with respect the air.

Overall, for spherical particles, the following relationships can be used to esti-
mate drag coefficient.

CD ¼
24
Rep

Rep � 1
Rep
24 1þ 0:15Re0:687p

� �
1\Rep � 1000

0:44 Rep [ 1000

8><
>: ð4:6Þ

4.1.3 Dynamic Shape Factor

In the Stokes’ analysis above, the particles were assumed rigid spheres. But in
reality, most of the particles are nonspherical. Being cubic, cylindrical, crystal, or
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irregular. The shape of a particle affects its aerodynamic behavior by influencing its
drag resistance. Therefore, a correction factor called the dynamic shape factor is
necessary to correct the Stokes’ law.

The dynamic shape factor, taking symbol Sf herein, is defined as the ratio of the
actual drag force of the nonspherical particle to the drag force of a sphere having the
same volume and velocity as the nonspherical particle. The dynamic shape factor Sf
is then given by

Sf ¼ FD

3pl u� vj jde ð4:7Þ

which gives the drag on a nonspherical particle in Stokes regime as

FD ¼ 3pl u� vj jdeSf ð4:8Þ

where de is the equivalent volume diameter. It is the diameter of a sphere having the
same volume as that of the nonspherical particle. Note that the shape factor is 1 for
spherical particles. Most of the dynamic shape factors are greater than 1.0.

Dynamic shape factors are usually determined experimentally by measuring the
settling velocity of geometric models in liquids. For irregular particles, settling
velocities were measured indirectly using the elutriation devices [11]. An elutriation
device separates particles based on their size, shape and density.

4.1.4 The Knudsen Number and Cunningham Correction
Factor

An important assumption of the Stokes’ law is that there is no slipping between the
gas and the aerosol particles. It is also referred to as continuum flow. However,
when the particle is getting smaller and smaller, approaching the mean free path of
the gas molecules, this assumption of continuum transport is no longer valid. The
dimensionless parameter that defines the nature of the aerosol is the Knudsen
number (Kn), which is the ratio of gas mean free path to particle radius.

Kn ¼ 2k=dp ð4:9Þ

When Kn � 1, the particle diameter is much greater than the mean free path of
the gas, and the particle is in the continuum regime. This applies to the preceding
analyses. On the other hand, when Kn � 1, the particle size is much smaller than
the gas mean free path, and its behavior is like a gas molecule. The particle size
between these two extremes defines the transition regime.

When the system is in noncontinuum regime, Cunningham correction factor
(Cc), is used to correct the drag force.
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FD ¼ 3pldp u� vj j
Cc

ð4:10Þ

The Cunningham correction factor for aerosol particles can be determined using
the following equation recommended by Allen and Raabe [2]

Cc ¼ 1þ Kn 1:142þ 0:558 exp � 0:999
Kn

� �� �
ð4:11Þ

where k is the gas mean free path that was introduced in Sect. 2.1.7.
There are several alternative equations for the Cunningham correction factor,

differing only in the numerical factors. For example, Whitby et al. [28] (cited by
Otto et al. [19]) used a formula as

Cc ¼ 1þ 1:392Kn1:0783 ð4:12Þ

And Flagan and Seinfeld [9] give a more complex one as follows.

Cc ¼
1þ 1:257Kn � 1:0 Kn\0:001
1þ Kn 1:257þ 0:40 exp � 1:10

Kn

� 	
 �
0:001\Kn\100

1þ 1:657Kn Kn[ 100

8<
: ð4:13Þ

Equation (4.11) is used in this book unless otherwise specified. However,
readers are suggested to choose the equations in accordance to their specific
applications.

Both Knudsen number and Cunningham correction factor are dimensionless
parameters. Since the theoretical value of Cc is always greater than 1, the drag force
experienced with slipping effect considered is always smaller than the value cal-
culated with nonslipping assumption.

For a small particle with irregular shape, both slip factor and shape factor are
supposed to be considered for particle dynamics analysis. However, the task is so
complicated that it outvalues the outcome. In air emission engineering, it is well
acceptable to use the approximate factor calculated for the equivalent volume
sphere for most irregular particles. The slip factor for randomly oriented fibers
(L=d\20) is 0–12 % greater than that for the equivalent volume sphere. Drag
coefficients of different particle shapes are available in the literature (e.g., [12, 15]).

4.2 Rectilinear Particle Motion

Steady rectilinear particle motion is the simplest yet important type of particle
motion in particle dynamics. It is the foundation for the mechanisms of particle
separation from air stream, namely particulate air pollution control.
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4.2.1 Particle Acceleration

Consider a particle with constant massm that is released in quiescent air with an initial
velocity of zero. Newton’s second law of motion must hold at any instant t[ 0.

X
~F ¼ m

d~vðtÞ
dt

ð4:14Þ

where ~vðtÞ is the particle velocity in the static air at time t, and the mass of the
particle is considered as a constant when there is no evaporation or growth. In this
case only two forces, a constant force of gravity and a drag force, act on the falling
particles. The drag force depends on the particle velocity at any instant, ignoring
additional acceleration of the surrounding air.

At any instant, the drag force is given by Stokes’ law. Taking the positive
direction downward, the above vector equation can be described using magnitudes

X
F ¼ mg� FD ) mg� 3pldpvðtÞ

Cc
¼ m

dvðtÞ
dt

ð4:15Þ

Note that in this equation we ignored the bouyant force. This is valid for typical
condtions, when the aerosol particle density is much great than that of the air.

Rearranging the above equation and integration with the initial condition of v = 0
at t = 0 leads to

3pl dp
mCc

� �Z t

0

dt ¼ �
Zv tð Þ

0

dvðtÞ
vðtÞ � mgCc

3pldp

� �h i ð4:16Þ

Integrating both sides and replacing m with 1
6pqd

3
p leads to

� t
qpd2pCc

18l

� � ¼ ln

qpd
2gCc

18l � vðtÞ
qpd2gCc

18l

0
@

1
A ð4:17Þ

If we define a constant

s ¼ qpd
2
pCc

18l
ð4:18Þ

then we get the settling velocity of the particle, vðtÞ, at any time, t.

vðtÞ ¼ gs 1� exp � t
s

� �h i
ð4:19Þ
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This equation shows that when t approaches infinity, the settling speed of the
aerosol particle approaches a constant, which is the maximum speed that the par-
ticle can reach. In aerosol dynamics, this maximum speed is called terminal setting
velocity, denoted by vTS.

vTS ¼ vðt ! 1Þ ¼ gs ¼ qpd
2
pgCc

18l
ð4:20Þ

Then Eq. (4.19) can be simplified as

vðtÞ
vTS

¼ 1� exp � t
s

� �
ð4:21Þ

This equation gives the speed vðtÞ of a particle at any time t after it is released in
still air in a gravitational field.

Figure 4.1 is produced using Eq. (4.21) above. It shows that the particle reaches
95 % of its terminal settling speed when t = 3s. However, from a practical point of
view, within ±5 % error the particle speed reaches vTS when t is 3τ and after that it
remains constant.

As shown in Table 4.1, particles having aerodynamic diameters less than or
equal to10 μm, reach their terminal speed in less than 1 ms. Even a l00 μm particle
reaches its terminal speed in less than 0.1 s. Therefore, it is acceptable to assume
that a particle reaches its terminal speed instantly with a negligible error.

Since we can use 95 % of the maximum settling speed to represent its terminal
settling speed, the terminal settling speed equation can be simplified as

vTS ¼ qpd
2
pgCc

18l
ð4:22Þ

Note that for a particle with irregular shape the shape factor has to be taken into
consideration. The analysis is identical to that for spherical particles. The terminal
settling velocity becomes
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Fig. 4.1 Dimensionless
speed versus dimensionless
time for an accelerating
particle
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vTS ¼ qpd
2
e gCc

18lSf
ð4:23Þ

Example 4.1: Terminal settling time
Consider a spherical glass particle with a diameter of 30 μm and a density of
2,500 kg/m3 is released from rest in still air. How long it will take to reach its
terminal velocity?

Solution
From dp ¼ 30 lm, qp = 2,500 kg/m3, and l ¼ 1:81� 10�5 Pa s, we can get

Kn ¼ 2k=dp ¼ 2� 0:066 lm
30 lm

¼ 0:0044

Since 0:001\Kn\100, the Cummingham correction factor is calculated using

Cc ¼ 1þ Kn 1:142þ 0:558 exp � 0:999
Kn

� �� �

¼ 1þ 0:0044 1:142þ 0:558 exp � 0:999
Kn

� �� �
¼ 1:055

The time it takes for the particle to reach its terminal speed is,

t ¼ 3s ¼ 3
qpd

2
pCc

18l

 !
¼ 3

2500 � 30 � 10�6
� 	2

1:055
18 � 1:81 � 10�5

 !
¼ 0:0073 s

Example 4.2: Sneezing droplet settling
Scientific research results indicated the total average size distribution of the droplets
by coughing was 0.58–5.42 μm, and 82 % of droplet nuclei were centered in
0.74–2.12 μm.A spherical droplet with a diameter of 5 μmand density of 1,000 kg/m3

is discharged from the mouth horizontally in still air.

Table 4.1 Time required for particles of standard density to reach their terminal velocity at
standard conditions

Particle diameter,
dp (μm)

95 % of its maximum settling speed,
0:95vTS (m/s)

Time to reach 0:95vTS
t ¼ 3s

0.01 0.0000001 0.0000000

0.1 0.0000008 0.0000003

1 0.0000331 0.0000107

10 0.0028980 0.0009329

100 0.2863625 0.0921817
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If the mouth is about 1.5 m above the floor, how long would it take for the 5-μm
droplet to settle down to the floor.

Solution Given dp = 5 μm, ρp = 1,000 kg/m3, and μ = 1.81 × 10−5 Pa s,we can get,

Kn ¼ 2k=dp ¼ 2� 0:066 lm
5 lm

¼ 0:0264

Cc ¼ 1þ Kn 1:142þ 0:558 exp � 0:999
Kn

� �� �
¼ 1:033

t ¼ 3s ¼ 3
qpd

2
pCc

18l

 !
¼ 3

1000 � 5 � 10�6
� 	2�1:0333

18 � 1:81 � 10�5

 !
¼ 0:00024 s

vTS ¼ qpd
2gCc

18l
¼ 1000� 5� 10�6

� 	2�9:81� 1:033
18� 1:81� 10�5 ¼ 0:000753 m=s

Dt ¼ H
vTS

¼ 1:5 m
0:000753 m/s

¼ 1992 s ¼ 33 min

It could be much slower for a smaller particle.

4.2.2 Settling at High Reynolds Numbers

The particle motion is in Newton’s regime for Re[ 1:0 and the corresponding
settling speed in a gravitational field can be determined by equating the drag force
and the force of gravity, which gives

vTS ¼ 4qpdpg

3CDqg
ð4:24Þ

where the drag coefficient CD was introduced before. However, it is not straight-
forward to find vTS using this equation. Because CD depends on the particle Rey-
nolds number. It cannot be determined without knowing vTS. One way to solve this
problem is an iterative solution obtained by substituting an initial guess of vTS into
the above equation and by trying different values of vTS until the solution converges
with a desired accuracy.
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4.2.3 Aerodynamic Diameter

Aerodynamic diameter (da) is an equivalent diameter that finds many applications
in aerosol characterization and particulate emission control. It is defined as the
diameter of a spherical particle with a standard density of 1,000 kg/m3 that has the
same settling velocity as the real particle, when both of them present in the same
gravitational field.

Figure 4.2 illustrates the aerodynamic diameter of an irregular particle. Imagine
two particles, one is spherical with a standard density (ρo) and a diameter (da) and
another is nonspherical, are released in the same calm air. They have the same
aerodynamic diameter if they fall with the same settling velocity. In another word,
the aerodynamic diameter of the nonspherical particle is da.

For the same gravitational settling velocity, it can be written in terms of aero-
dynamic diameter and equivalent geometric diameter as

vTS ¼ qpd
2
e gCc

18lSf
¼ q0d

2
agCc

18l
ð4:25Þ

where q0 is the standard particle density, 1,000 kg/m
3, which is the same as water at

normal condition.
The aerodynamic diameter of a particle is the key particle property for evaluating

or comparing the performances of different types of particulate air cleaners, as to be
introduced later in this book. Many particulate matter emission control devices, such
as cyclones and filters, separate particles from the gas/air stream aerodynamically.

Fig. 4.2 An irregular particle and its equivalent volume diameter and aerodynamic diameter
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Consequently, it is not necessary to know the physical size, shape or density of a
particle if its aerodynamic diameter is determined.

From the above equation, one can get the formula for aerodynamic diameter,

da ¼ de
qp
q0Sf

� �1=2
ð4:26Þ

Example 4.3: Aerodynamic diameter
Estimate the aerodynamic diameter of a spherical steel particle with a geometric
equivalent diameter de = 10 μm and ρp = 8,000 kg/m3.

Solution
Since the particle is spherical, its shape factor, Sf = 1

da ¼ de
qp
q0Sf

� �1=2

¼ 10 � 10�6 8000
1000 � 1

� �1=2

¼ 2:83 � 10�5m ¼ 28:3lm

For a particle with this great density, its aerodynamic particle diameter is much
greater than its geometric equivalent diameter.

4.2.4 Curvilinear Motion of Aerosol Particles

Curvilinear motion is a motion when a particle follows a curved path. A classic
example of curvilinear motion is the projectile of a particle with a horizontal initial
velocity in the still air. It is more complicated for a particle-air mixture that flows
around an obstacle. Very small particles with negligible inertia tend to follow the
gas while large and heavy particles tend to continue in a straight line due to the
great inertia.

The inertia of a particle in curvilinear motion is characterized by the Stokes
number (Stk), like the Reynolds number in fluid mechanics for the characterization
of a fluid flow. The Stokes number is defined as the ratio of the stopping distance of
a particle to a characteristic dimension of the obstacle.

Stk ¼ su0
dc

¼ qpd
2
pCcu0

18ldc
ð4:27Þ

where the characteristic dimension dc in the above equation can be defined dif-
ferently according to applications. And the definition of Stokes number may be
application specific. u0 is the undisturbed air speed. In standard air, a particle with
Stk ≫ 1.0 will continue in a straight line as the fluid turns around the obstacle. But
for a particle with Stk ≪ 1, it will follow the fluid streamlines closely.
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Example 4.4: Stokes number
Estimate the Stokes number of a 1 μm spherical particle with a density of 8,000 kg/m3

in an air flowing at 1 m/s normal to a cylinder of diameter 10 cm, assuming standard
conditions.

Solution
Given de = 1 μm, uo = 1 m/s, dc = 10 cm, ρp = 8000 kg/m3, we get

Kn ¼ 2k=dp ¼ 2k=de ¼ 2� 0:066=1 ¼ 0:132

Cc ¼ 1þ Kn 1:142þ 0:558 exp � 0:999
Kn

� �� �
¼ 1:166

Stk ¼ qpd
2
pCcu0

18ldc
¼ 8000� 1� 10�6

� 	2�1:166� 1
18� 1:81� 10�5 � 0:1

¼ 2:86� 10�4

Note that the geometric diameter is used in calculating the Knudsen number
because Kn is a geometric ratio rather than an aerodynamic property.

The small Stokes number indicates that this particle follows the air under
standard conditions and it is difficult to separate the particle from the air simply by
inertia. However, it is feasible under other conditions, when the particle viscosity is
reduce and the particle Cunningham correction factor is enhanced by great air mean
free path. In-depth analysis will be introduced in Chap. 13.

4.2.5 Diffusion of Aerosol Particles

Diffusion of gas borne particles takes place when there is a gradient of particle
concentration in the space. It results in a net transport of particles from a region of
higher concentration to that of lower concentration. The transport flux of the gas
borne particles is defined by Fick’s first law of diffusion. In the absence of external
forces, Fick’s law is the same as that for gases,

J ¼ �Dp
dn
dx

ð4:28Þ

where J = flux of particles, expressed in terms of the number of particles per unit
area per unit time (#/s•m2), Dp = diffusivity of the particles in the gas (m2/s), and
dn=dx = gradient in number concentration of particles (1/m).
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The diffusion coefficient for an aerosol particle is given by the Stokes-Einstein
equation [12].

Dp ¼ kTCc

3pldp
ð4:29Þ

The particle diffusion coefficient has a unit of m2/s. For large particles when
Cc ¼ 1, the particle diffusion coefficient is inversely proportional to the particle
size. For smaller particles when the slip effect becomes significant, Dp approaches a
value that is inversely proportional to d2p , which is very similar to the diffusion
coefficient for gas molecules. This is because the behavior of finer particles
approaches that of gas molecules.

Example 4.5: Particle diffusion coefficients
Calculate the diffusion coefficients for 100 nm and 10 μm particles at standard
conditions.

Solution
We know that k ¼ 1:3806� 10�23kg• m2/(s2 K), T = 288 K; λ = 66 nm.

Case I For particles with dp ¼ 100 nm

Kn ¼ 2k=dp ¼ 2k=de ¼ 2� 66=100 ¼ 1:32

Cc ¼ 1þ Kn 1:257þ 0:40 exp � 1:10
Kn

� �� �
0:001\Kn\100

Cc ¼ 1þ 1:32 1:257þ 0:40 exp � 1:10
1:32

� �� �
� 2:66

The particle diffusion coefficientDp ¼ kTCc

3pldp

¼ 1:3806 � 10�23 � 288 � 2:66
3p � 1:81 � 10�5 � 100 � 10�9

¼ 6:21 � 10�10m2=s

Case II For particles with dp = 10 μm, repeat the calculation and we get

Cc ¼ 1:0166

Dp ¼ kTCc

3pldp
¼ 1:3806 � 10�23 � 288 � 1:0166

3p � 1:81 � 10�5 � 10� 10�6 ¼ 2:33� 10�17m2=s
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4.2.6 Particle Deposition on Surface by Diffusion

As introduced above, most of the fine particles adhere when they impact on a
surface. In this case, the particle concentration in the space where the surface is can
be assumed to be zero and there is a concentration gradient established in the region
near the surface. This results in a continuous diffusion of particles to the surface and
a gradual decrease in particle concentration in the gas.

Consider a plane vertical surface that is immersed in a large space filled with gas
and particles. It can be assumed that the gas velocity near the surface is zero. Then
the rate at which particles are removed from the space, by deposition onto the
surface can be determined following the analysis below. Let x be the horizontal
distance from the surface. Then the particle concentration, n(x, t), in the space at x at
any time t, must satisfy Fick’s second law of diffusion.

dn
dt

¼ �Dp
d2n
dx2

nðx; 0Þ ¼ n0 for x[ 0
nð0; tÞ ¼ 0 for t[ 0

� 

ð4:30Þ

It is assumed that the initial particle concentration in the entire space is n0. The
boundary condition of nð0; tÞ ¼ 0 is based on the assumption that all particles will
adhere on the surface once they come into contact. The general solution of this
equation is

nðx; tÞ ¼ n0ffiffiffiffiffiffiffiffiffiffi
pDpt

p Zx
0

exp � z2

4Dpt

� �
dz ð4:31Þ

where z is the dummy variable for integration.
Then the concentration gradient at the surface, dn/dx at x = 0, is

dn
dx

����
x¼0

¼ d
dx

n0ffiffiffiffiffiffiffiffiffiffi
pDpt

p Zx
0

expð� z2

4Dpt
Þdz

2
4

3
5
������
x¼0

¼ n0ffiffiffiffiffiffiffiffiffiffi
pDpt

p ð4:32Þ

The rate of deposition of particles onto a unit area of surface at any time, t, is
then described as

J ¼ �Dp
dn
dx

jx¼0 ¼ �n0

ffiffiffiffiffiffi
Dp

p t

r
ð4:33Þ

Integrating over time in this equation from 0 to t, the cumulative number of
particles, N(t), deposited per unit area of surface is
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NðtÞ ¼
Z t

0

n0

ffiffiffiffiffiffi
Dp

pz

s
dz ¼ 2n0

ffiffiffiffiffiffiffi
Dpt
p

r
ð4:34Þ

where N(t) has a unit of (#/m2).
Again, z is the dummy variable for integration. In engineering practice, there is

always limited space for containers, and therefore, this equation can only be used to
set the upper limit of losses to the walls of the container.

The preceding analyses were based on the properties of a single particle without
considering the particle size distribution. The same principles may be applied to a
group of particles with a uniform size well dispersed in air, which is referred to as
monodisperse aerosol.

4.3 Particle-Surface Interaction

The particle is subjected to adhesion force between the particle and the solid surface
and pull-off force. When the adhesion force is greater than or equal to the pull-off
force, the particle adhere to the surface, otherwise, the particle leaves the surface.
The former is called attachment and the latter reentrainment. The adhesion force is
primarily the van der Waals force between two rigid spheres [3] and the pull-off
force can be quite different including, but are not limited to, drag, shear, and
impaction from other aerosol particles.

Unlike a gas molecule, most aerosol particles, especially the submicron sized
ones, attach firmly to a surface they come in contact. When the particle comes in
contact with another particle, both particles adhere to each other, and the process is
referred to as coagulation. Various particle separation devices such as fiber filters
are designed to separate particles from the gas stream by taking advantage of the
adhesion. It is especially important for submicron particles because the adhesive
forces on submicron particles exceed other common forces by orders of magnitude.

Closely related to adhesion of particles are the processes of resuspension and
reentrainment. They are important for the buildup and removal of particles on
surfaces. For example, for fugitive dust emissions caused by vehicles on paved and
unpaved roads.

Wang et al. [27] investigated the resuspension of micron sized particles
(0.4–10 μm) from a flat surface simulating a ventilation duct. The results in Fig. 4.3
show that the resuspension rate depends on the time, air speed, and the particle size.
In-depth analyses suggest that more particles slide and roll off rather than being
lifted into the air flow.

Not all airborne particles adhere to the surfaces in contact. It depends on the
properties of both the particle and the surface, and the nature of the impact between
the particle and the surface. A large solid particle impacting a hard surface at high
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velocity can rebound from the surface. When the speed of the particles is great
enough, part of its kinetic energy is dissipated in the deformation process during the
particle-surface impact, and part is converted elastically to kinetic energy of
rebound. If the rebound energy exceeds the energy required to overcome the
adhesive forces, the particle will bounce away from the surface rather than adhering
to it.

Particle bounce has been studied for solid particle from impactor and fibrous
filters. Overall, the bounce is likely to take place for the large particles of hard
materials traveling at a great speed. In addition, the roughness of the surface plays
an important role. Bouncing does not occur for droplets of liquid or easily deformed
materials. The coating of surfaces with oil improves particle adhesion but reduces
the bounce. On the other hand, when particles are are small enough, they also may
rebound because of the high thermal speed. This is called thermal rebound (see
Chap. 14).

4.4 Particle Coagulation

Particle size distribution in the air is constantly changing over time, primarily
because of coagulation. When particles collide on each other by certain mecha-
nisms, they may attach to each other by the van de Waals force and form larger
ones. This phenomenon is referred to as particle coagulation or agglomeration or
coalescence. The mechanisms for particle coagulation may include, but are not
limited to, Brownian motion, collision, electrostatics, gravity, and gas phase
turbulence.

Many models have been developed for aerosol particle coagulation and they are
available in the literature. Most of them are based on the classic Smoluchowski [23]
equation (Cited by Geng et al. [10]), by ignoring evaporation and condensation.
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f v; tð Þ ¼ 1

2
ZV

0

K u; v� uð Þf u; tð Þf v� u; tð Þdu� f v; tð Þ Z1

0

K u; vð Þf u; tð Þdu ð4:35Þ

where K(u, v) specifies the collision rate between particles of volume u and v. f is
the size distribution density function.

It is assumed in conventional aerosol analysis that particles attach to each other
upon collision, therefore, the collision rate can also be considered as the coagulation
rate.

Because of the dynamic change of the size distribution, the Smoluchowski [23]
equation can only be solved numerically. However, analytical solutions can be
obtained for simple cases with assumptions.

4.4.1 Monodisperse Aerosol Coagulation

The analysis is simplified if we only consider monodispere coagulation, where the
particle diameters are within a narrow range. Smoluchowski [23] developed a
model for Brownian coagulation of monodisperse particles in the continuum
regime. It is applicable to particles with sizes in a narrow range, say
1\dpA=dpB\1:25. The corresponding Brownian monodisperse coagulation effi-
cient for the continuum regime (Kn ≪ 1) and free molecule regime (Kn ≫ 1) are
simplified as

K ¼ 8kT3l continuum regime; Kn � 1
9:8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTqpdp

p
freemolecule regime, Kn � 1

�
ð4:36Þ

where k is Boltzmann’s constant and l is the dynamic viscosity of the carrier gas.
Otto et al. [19] introduced an analytical model for the regime in between, but its
form is complicated.

Integration of Smoluchowski equation using the initial condition of Nðt ¼ 0Þ ¼
N0 leads to the solution for the total particle concentration as a function of time and
the coagulation coefficient above.

N tð Þ ¼ 2N0

2þ KN0t
ð4:37Þ

where N0 is the initial particle concentration (#/m3).
By defining the characteristic dimensionless time

s ¼ 2
KN0

ð4:38Þ
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Equation (4.37) becomes,

N tð Þ ¼ N0

1þ t=s
ð4:39Þ

Since N ¼ N0=2 when t ¼ s, s is also referred to as the half-value time, which is
the time it takes for the particle number concentration to drop to half of its initial
value.

Example 4.6: Half value time of monodisperse aerosol
Calculate the half-value time of spherical monodisperse aerosol with an initial
concentration of 103 particles/cm3 and an initial particle diameter of dp ¼ 1 nm.
Assume standard condition and only Brownian coagulation is considered.

Solution
The Knudsen number of 1 nm particle is

Kn 1nmð Þ ¼ 2� 0:066=0:001 ¼ 132[ 100

It is within the free molecule region. Therefore,

K ¼ 9:8

ffiffiffiffiffiffiffiffiffi
kT
qpdp

s
¼ 9:8

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:38� 10�23ð Þ � 298
1;000� 1� 10�9ð Þ

s
¼ 6:28� 10�7

Then the half-value time is

s ¼ 2
KN0

¼ 2

6:28� 10�7 � 103 1
cm3

� �
� 106 cm3

m3

� � ¼ 0:003 s

As seen from the result, particles at 1 nm do not have a great life time. While this
is practically inaccurate, it does qualitatively show that aerosol particle diameter is a
dynamic parameter.

4.4.2 Polydisperse Coagulation

Coagulation coefficients for different mechanisms have been summarized by Geng
et al. [10]. Brownian motion is the dominating mechanisms for the coagulation of
very fine particle under normal atmospheric condition; for this reason, our analysis
is focused on Brownian coagulation.

One of the widely used Brownian coagulation coefficients is the Fuchs (1964)
equation for binary collision.
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K a; bð Þ ¼ 4p aþ bð Þ DA þ DBð Þ
aþb

aþbþdAB
þ 4 DAþDBð Þ

aþbð ÞcAB
ð4:40Þ

where a and b are the radii of the particles of concerns, cAB is the average particle
thermal velocity, dAB is the jump distance, and Di is the diffusivity of the particle of
size i ð¼A or BÞ. If we use particle diameters, dpA and dpB, instead of the radii,
Eq. (4.40) becomes

K dpA; dpB
� 	 ¼ 2p dpA þ dpB

� 	
DA þ DBð Þ

dpAþdpB
dpAþdpBþ2dAB

þ 8 DAþDBð Þ
dpAþdpBð ÞcAB

ð4:41Þ

The particle diffusion coefficient is calculated using

Di ¼ kTCc

3pldpi
ð4:42Þ

and the mean thermal velocity are calculated using

cAB ¼ c2A þ c2B
� 	1=2 ð4:43Þ

where the mean thermal velocity of the particle can be calculated using the equation
for gas molecules (Eq. 2.7) by replacing the mass of a molecule with the mass of the
particle.

ci ¼
ffiffiffiffiffiffiffiffi
8kT
pmi

r
ð4:44Þ

Similar to Eq. (4.43), the jump distance, dAB, is determined as

dAB ¼ d2A þ d2B
� 	1=2 ð4:45Þ

where the individual jump distance is calculated with

di ¼
dpi þ li
� 	3� d2pi þ l2i

� �1:5
3dpili

� dpi ð4:46Þ

li ¼ 8Di

pci
ð4:47Þ

It is obviously a very tedious work to accurately predict the particle size change
by polydisperse coagulation. Readers are referred to the literature for more com-
plicated models for polydisperse coagulation.
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4.5 Aerosol Particle Size Distribution

Although monodisperse particles are used in describing particles with a narrow size
distribution in nanoparticle manufacturing, threat agents and bioaerosols, most
engineers deal with polydisperse aerosol. Polydisperse aerosol is a group of par-
ticles with different sizes suspended in the air. In typical urban atmosphere, particle
concentration can reach as high as 107–108/cm3; their diameters can range from a
few nanometers to around 100 μm [22].

A great amount of literature shows that the size distribution of most polydisperse
aerosol particles is lognormal. To understand lognormal distribution, it is necessary
to revisit what we learned about normal distribution. Normal distribution is also
called Gaussian distribution. For a variate x with a mean of x and standard deviation
of σ, the normal probability fractional distribution function in the domain
−1\x\1 is described as

f xð Þ ¼ 1

r
ffiffiffiffiffiffi
2p

p exp � x� x

r
ffiffiffi
2

p
� �2

" #
ð4:48Þ

where f xð Þ� 1: The corresponding cumulative distribution, which describes the
probability of the variable below certain value, is

;ðuÞ ¼ f x\uð Þ ¼ 1
2

1þ erf
u� u

ru
ffiffiffi
2

p
� �� �

ð4:49Þ

where the error function is used to characterize the measurement errors. It is
described as

erf yð Þ ¼ 2ffiffiffi
p

p Zy

0

exp �z2
� 	

dz ð4:50Þ

An error function erf yð Þ is symmetric about its origin. For a quantity that is log-
normally distributed, its logarithm is governed by normal distribution by replacing
x with logx, x with logx and σ with logσ.

f logxð Þ ¼ 1

logr
ffiffiffiffiffiffi
2p

p exp � logx� logxffiffiffi
2

p
lnr

� �2
" #

ð4:51Þ

For its specific applications to aerosol particles, the probability of the particle
number fraction can be described as

f logdp
� 	 ¼ 1

logr
ffiffiffiffiffiffi
2p

p exp � logdp � logdpgffiffiffi
2

p
lnr

� �2
" #

ð4:52Þ
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Since f logdp
� 	 ¼ dp � f ðdpÞ [9], the equation can be transformed into

f dp
� 	 ¼ 1ffiffiffiffiffiffi

2p
p

dplogr
exp � logdp � logdpgffiffiffi

2
p

logr

� �2
" #

ð4:53Þ

Figure 4.4 shows how the curves look like when the particle number concen-
trations are presented in linear scale x-axis and logarithm scale x-axis.

The corresponding cumulative distribution is then similar to Eq. (4.49)

;ðdpÞ ¼ 1
2

1þ erf
logdp � logdpgffiffiffi

2
p

logr

� �� �
ð4:54Þ

This equation can be used to explain the physical meanings of dpg and r. When
dp ¼ dpg, ;ðdpÞ ¼ 0:5 and it indicates that 50 % of the particles are less than dpg.
Therefore, dpg is the median diameter of the particles. The role of r can be better
understood letting dp ¼ rdpg, which gives ; dp

� 	 ¼ 0:84: This means that 84 % of
the particles are smaller than rdpg

� 	
. So r is the geometric standard deviation.

Similarly, we can get that 95 % of the particles are smaller than 2rdpg
� 	

and 99.5 %
are smaller than 3rdpg

� 	
.

In aerosol technology, we usually are also interested in the absolute number of
particles besides the probability function in Eq. (4.54). Multiplying both sides of
Eq. (4.54) with the total number of the particles gives us a practical equation as

F dp
� 	 ¼ N;ðdpÞ ¼ N 1þ erf

logdp � logdpgffiffiffi
2

p
logr

� �� �
ð4:55Þ

It describes the total number below particles of size dp in a population.
Equation (4.55) can also be extended to describing the surface and volume distri-

butions, by replacing n dp
� 	

with pd2p � n dp
� 	

and pd3p=6
� �

� n dp
� 	

for surface and
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volume, respectively. We can see that both surface and volume also follow log-
normal distributions with the same standard deviation but with different median
diameters. They are related to the number geometric mean diameter as follows.

logdpgA ¼ logdpg þ 2 logrð Þ2 ð4:56Þ

logdpgV ¼ logdpg þ 3 logrð Þ2 ð4:57Þ

where dpgA and dpgV are the geometric surface and volume median diameters.
Respectively.

A log-probabiltiy paper based on Eq. (4.55) has been widely used to aerosol
particle size distribution analysis. If we plot the number, surface, and volume
cumulative distributions in the same log probability paper, they are parallel straight
lines, as seen in Fig. 4.5. We can determine the median size of particles (based on
number or mass) and the geometric standard deviation using a chart like this.
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In an engineering practice, log probability paper is often used in engineering
practice to determine the aerosol particle size distribution. One kind of log prob-
ability paper is given in Fig. A.1 as an example. Note that the x-axis is for the
probability and the y-axis is for the particle diameter.

4.6 Practice Problems

1. Calculate the aerodynamic diameter for an iron oxide spherical particle with
geometric equivalent diameter, dp = 0.21 μm and density, ρp = 5,200 kg/m3.

2. Calculate the aerodynamic diameter for a sand particle with geometric equiv-
alent diameter, dp = 0.3 μm and density, ρp = 3,500 kg/m3.

3. A spherical grain of concrete dust is falling down to the floor through standard
calm air. The particle geometric diameter is 2 μm and the particle density is
2,500 kg/m3. Determine

(a) the aerodynamic particle diameter of the particle
(b) how long it will take for the particle to reach its terminal velocity
(c) terminal settling velocity of the particle
(d) flow condition around this particle, laminar or turbulent
(e) how long it will take this particle will take to fall down a distance of 1 m?
Given: standard room air density = 1.21 kg/m3, viscosity = 1.81 × 10−5 Pa s.
Air mean free path = 0.066 μm.

4. A spherical particle with a diameter of 2 μm and a density of 5,200 kg/m3 is
released from rest in still air. How long it will take to reach its terminal
velocity?

5. A dust grain with a diameter of 5 μm and a density of 5,000 kg/m3 is released
from rest in still air. Calculate the terminal settling velocity and drag force
exerted on this particle.

6. A particle with a diameter of 0.08 μm and a density of 2,000 kg/m3 is released
from rest in still air. What is the terminal velocity and drag force if particle is
released from rest in still air?

7. Calculate the diffusion coefficient of a 2-μm particle in air at 25 °C and 1 atm.
8. Calculate the diffusion coefficient of a smoke particle having 0.05 μm diameter

in air at 45 °C and 1 atm.
9. Calculate the Cunningham correction factor for the following particles at 373 K

and 1 atm. (a) 0.055 μm, (b) 0.55 μm, and (c) 5.5 μm.
10. A dust particle having 0.75 µm diameter escapes through a filter of vacuum

cleaner at a height 1 m above the floor. Assume that the particle is spherical and
its density is 1,200 kg/m3. How long it will take to settle on the floor?

11. Two particles having diameters 1 and 10 µm, respectively, are released from a
height of 25 m above the ground. Assume that the particles are spherical with
1,200 kg/m3 of density and ambient air is still. How long will they take to settle
on the ground?
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12. Starting from Eq. (4.55) derive the fractional distribution equation the surface
and volume distributions to show that both surface and volume also follow
lognormal distributions with the same standard deviation but with different
median diameters.

13. A 1-µm cubic particle discharged from a 20-m tall stack travels with a hori-
zontal wind at a constant speed of 10 m/s. Assuming its density is 1,500 kg/m3,
estimate

(a) its volume equivalent diameter,
(b) its aerodynamic diameter, and
(c) the horizontal distance it travels before it falls to the ground.

14. Calculate the half-value time of spherical monodisperse aerosol with initial
concentration of 106 particles/cm3 and initial particle diameter of dp = 100 μm.
Assume standard condition and only Brownian coagulation is considered.

15. The figure below shows the cumulative mass distribution of a sample taken
from coal fly ash. Assume the particles are lognormally distributed. Find the
geometric standard deviation, and mass median diameter using the figure
below.

Particle Diameter (µm)

99.99

0 1 10 100

99.95
99.9
99.8

99
98

95

90

80
70
60
50

10

30
20

40

5

2
1

0.5
0.2
0.1

0.055

0.01

C
um

ul
at

iv
e 

%
 L

es
s 

T
ha

n 
In

di
ca

te
d 

S
iz

e

114 4 Properties of Aerosol Particles



References and Further Readings

1. Anastasio C, Martin S (2001) Atmospheric nanoparticles. In: Banfield JF, Navrotsky A (eds)
Nanoparticles and the environment. reviews in mineralogy and geochemistry, vol. 44.
Mineralogical Society of America, Chantilly, pp 293–349

2. Allen MD, Raabe OG (1985) Slip correction measurements of spherical solid aerosol particles
in an improved Millikan apparatus. Aerosol Sci Technol 4(3):269–286

3. Bradley R (1932) The cohesive force between solid surfaces and the surface energy of solids,
London, Edinburgh, and Dublin. Phil Mag J Sci Taylor & Francis, 13:853–862

4. Castellano P, Ferrantel R, Curinil R, Canepari S (2009) An overview of the characterization of
occupational exposure to nanoaerosols in workplaces. J Phys: Conf Ser 170:012009

5. Cohen B, Xiong J, Fang C, Li W (1998) Deposition of charged particles on lung airways.
Health Phys 74:554–560

6. Dahneke B (1971) The capture of aerosol particles by surfaces. J Colloid Interface Sci
37:342–353

7. Derjaguin BV, Muller VM, Toporov YP (1974) Effect of contact deformations on the adhesion
of particles. J Colloid Interface Sci 53:314–326

8. Ferreira AJ, Cemlyn-Jones J, Cordeiro C (2013) Nanoparticles, nanotechnology and
pulmonary nanotoxicology. Pneumologia 19:28–37

9. Flagan RC, Seinfeld JH (2012) Fundamentals of air pollution engineering. Dover Press, New
York, USA

10. Geng J, Park H, Sajo E (2013) Simulation of aerosol coagulation and deposition under
multiple flow regimes with arbitrary computational precision. Aerosol Sci Technol
47:530–542

11. Hettler EN, Gulliver JS, Kayhanian M (2011) An elutriation device to measure particle settling
velocity in urban runoff. Sci Total Environ 409(24):5444–5453

12. Hinds W (1999) Aerosol technology: properties, behavior, and measurement of airborne
particles, 2nd edn. Wiley-Interscience, New York

13. Jaques P, Kim C (2000) Measurement of total lung deposition of inhaled ultrafine particles in
healthy men and women. Inhal Toxicol 12:715–731

14. Johnson L, Kendall K, Roberts A (1971) Surface energy and the contact of elastic solids. Proc
R Soc Lond A.324:301–313

15. Kulkarni P, Baron PA, and Willeke K (eds). (2011) Aerosol measurement: principles,
techniques, and applications. Wiley, Hoboken

16. Marlow W, Brock J (1975) Calculations of bipolar charging of aerosols. J Colloid Interface Sci
51:23–31

17. Maugis D (2000) Contact, adhesion and rupture of elastic solids. Springer, Berlin
18. Mouret G, Chazelet S, Thomas D, Bemer D (2011) Discussion about the thermal rebound of

nanoparticles. Sep Purif Technol 78:125–131
19. Otto EH, Fissan H, Park SH, Lee KW (1999) The log-normal size distribution theory of

Brownian aerosol coagulation for the entire particle size range: Part II. J Aerosol Sci 30
(1):16–34

20. Phares D, Rhoads K, Wexler A (2002) Performance of a single-ultrafine-particle mass
spectrometer. Aerosol Sci Technol 36:583–592

21. Pui DYH, Fruin S, McMurry P (1988) Unipolar diffusion charging of ultrafine aerosols.
Aerosol Sci Technol 8(2):173–187

22. Seinfeld J, Pandis S (2006) Atmospheric chemistry and physics 2nd edn, chapter 8 properties
of the atmospheric aerosol, pp 350–395

23. Smoluchowski M (1917) Versuch einer mathematischen Theorie der Koagulationskinetik
kolloider L¨osungen. Z Phys Chem XCII(2):129–168

24. Stahlmecke B, Wagener S, Asbach C, Kaminski H, Fissan H, Kuhlbusch T (2009)
Investigation of airborne nanopowder agglomerate stability in an orifice under various
differential pressure conditions. J Nanopart Res 11:1625–1635

References and Further Readings 115



25. Tan Z, Wexler A (2007) Fine particle counting with aerodynamic particle focusing and corona
charging. Atmos Environ 41:5271–5279

26. Tsai C, White D, Rodriguez H, Munoz C, Huang C, Tsai C, Barry C, Ellenbecker M (2012)
Exposure assessment and engineering control strategies for airborne nanoparticles: an
application to emissions from nanocomposite compounding processes. J Nanopart Res 14:989

27. Wang S, Zhao B, Zhou B, Tan Z (2012) An experimental study on short-time particle
resuspension from inner surfaces of straight ventilation ducts. Build Environ 53
(2012):119–127

28. Whitby ER, McMurry PH, Shankar U, Binkowski FS (1991) Modal aerosol dynamics
modeling. EPA report, 600/3-91/020

116 4 Properties of Aerosol Particles


	4 Properties of Aerosol Particles
	4.1 Particle Motion
	4.1.1 Particle Reynolds Number
	4.1.2 Stokes' Law
	4.1.3 Dynamic Shape Factor
	4.1.4 The Knudsen Number and Cunningham Correction Factor

	4.2 Rectilinear Particle Motion
	4.2.1 Particle Acceleration
	4.2.2 Settling at High Reynolds Numbers
	4.2.3 Aerodynamic Diameter
	4.2.4 Curvilinear Motion of Aerosol Particles
	4.2.5 Diffusion of Aerosol Particles
	4.2.6 Particle Deposition on Surface by Diffusion

	4.3 Particle-Surface Interaction
	4.4 Particle Coagulation
	4.4.1 Monodisperse Aerosol Coagulation
	4.4.2 Polydisperse Coagulation

	4.5 
	4.6 Practice Problems
	References and Further Readings


