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When a gas flows from an initial tube
diameter into a suddenly expanded section or
into free space, the flow pattern may persist
for many initial tube diameters downstream.
If the expansion of the tube is very slight, the
flow does not separate from the walls and the
flow pattern can expand smoothly to fill the
increased diameter of the tube. In general, the
angle between the wall and the tube axis
needs to be less than 7° to avoid flow separa-
tion from the tube wall.

Gas Density and Mach Number

The density of a gas, p,, is related to its
temperature, 7, and pressure, P, through the
equation of state

R
P=p,—T=p,RT (3-3)

M

where p, is the gas density (= 1.192
x 1073 g/cm?3 for air at NTP), T'is the abso-
lute gas temperature in K, M is the molecular
weight in g/mol and R, is the universal gas
constant ( = 8.31 x 107 dyn cm/mol K). In air,
the effective molecular weight is 28.9 g/mol.
Thus, the specific gas constant for air is R
=2.88x10° dyncm/K g or 2.84 atmcm3/K g.
One atmosphere equals 101 kPa, where
1 Pa = 1 N/m? = 10 dyn/cm?.

When this gas moves at a high velocity
relative to the acoustic velocity, U, in that
gas, the gas becomes compressed. The degree
of compression depends on the Mach num-
ber, Ma:

U

Ma =
“ Usonic

(3-4)

Here the gas velocity is designated as U to
distinguish it from particle velocity ¥. When
Ma«x1, the gas flow is considered incom-
pressible. This is true in most aerosol sam-
pling situations. In air, the sonic or sound
velocity at ambient temperature is about
340 m/s (1100 ft/s).

TRANSITION AND GAS
MOLECULAR FLOW

Knudsen Number

Large aerosol particles are constantly bom-
barded from all directions by a large number
of gas molecules. When a particle is small, less
than I pum in size, its location in space may be
affected by the bombardment of individual
gas molecules. Its motion is then no longer
determined by continuum flow considera-
tions, but by gas kinetics.

The average velocity of a molecule, ¥, is a
function of its molecular weight, M, and the
gas temperature, 7. In air (M,;, = 28.9 g/mol)
at normal temperature and pressure (NTP,
20°C, 1atm), this molecular velocity is
463 m/s. Using these air reference values, the
average velocity can be estimated for other
gases and temperatures:

_ _fT\12/{M_\12
F=v[=)" =
()"(%)

The mean free path, 4, is the mean distance
a molecule travels before colliding with an-
other molecule. In air at 20°C and atmo-
spheric pressure, the mean free path, 4,, is
0.0665 um. The mean free path is an abstrac-
tion that is determined from a kinetic theory
model which relates it to the coefficient of
viscosity. Using these reference values, 4 is
determined for other pressures and temper-
atures (Willeke 1976):

122 <101.3 T 1 +110/293.15
P 293.15 1+ 110/T (3-6)

where Pisin kPa, Tisin K, and S (in K) is the
Sutherland constant (Table 3-1). If the unit of
atmosphere is used for pressure, the factor of
101 used in Eq. (3-6) is substituted by one.
The mean free path and the average molecu-
lar velocity are parameters that are frequently
used to predict bulk properties of a gas, such
as thermal conductivity, diffusion, and vis-
cosity. Mean free paths for other gases are
presented in Table 3-1.

(3-5)




TABLE 3-1 Gas Properties for Several Gases at NTP

(293.15K and 101.3 kPa)

n S P A

Gas (vP) (K) (107%g/em’)  (um)
Air 182.03 1104 1.205 0.0665
Ar 22292 1414 1.662 0.0694
He 195.71 73.8 0.167 0.192
H, 87.99 66.7 0.835 0.123
CH, 109.77 1737 0.668 0.0537
C,H, 9249 2232 1.264 0.0328
iso-C4H o 7433 2550 2.431 0.0190
N,O 146.46 2410 1.837 0.0433
Co, 146.73  220.5 1.842 0.0432
Source: Rader (1990).

The Knudsen number, Kn, relates the gas
molecular mean free path to the physical
dimension of the particle, usually the particle
radius:
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where d,, is the physical diameter of the par-
ticle. The Knudsen number is somewhat
counterintuitive as an indicator of particle
size since it has an inverse size dependence.
Kn«1 indicates continuum flow and Kn>1
indicates free molecular flow. The intermedi-
ate range, approximately Kn = 0.4-20, is
usually referred to as the transition or slip
flow regime.

Slip Flow Regime and Correction Factor

If a particle is much smaller than the gas
molecular mean free path (Kn>1), it can
travel past an obstacle at a very small dis-
tance from the object since no gas molecule
may impede it. If the particle is very large
(Kn« 1), many gas molecular collisions occur
near the surface and the particle is decel-
erated. When the Knudsen number is of the
order of unity, the particle may slip by the
obstacle. When the particle size is in this “slip
flow regime,” it is convenient to assume that
the particle is still moving in a continuum gas
flow. To accommodate the difference, a slip
correction factor, C,, also referred to as the
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“Cunningham slip correction factor,” is intro-
duced into the equations. An empirical fit to
air data for particles gives (Allen and Raabe
1985)

C.=1+ Kn[a + fexp(—y/Kn)] (3-8)

Various values for «, f, and y have been
reported. However, it is important to use the
mean free path with which these constants
were determined. The value of 4, used in Eq.
3-6 should also be consistent with the deriv-
ation of the slip coefficient constants. For
solid particles, o = 1.142, f = 0.558, and
y =0.999 (Allen and Raabe 1985). For oil
droplets, o = 1.207, 8 = 0.440, and y = 0.596
(Rader 1989). C, for other gases such as CO,
and He are similar within a few percent. The
slip correction and viscosity values are better
determined than most other aerosol-related
parameters and are, therefore, reported with a
higher degree of precision.

For pressures other than atmospheric, the
slip correction changes because of the pres-
sure dependence of mean free path in Kn and
the following may be used for solid particles:

1
C.=1+—-[1539
e=1+51

P
+ 7.518exp(— 0.0741Pd,)] (39
where P is pressure in kPa and d, is the
particle diameter in um (Hinds 1982).

C. equals one in the continuum regime and
and becomes greater than one for decreasing
particle diameter in the transition regime. For
instance, C, = 1.02 for 10 um particles, 1.15
for 1 pm particles and 2.9 for 0.1 pm particles.
Note that the shape factor and the slip correc-
tion factor must be consistent with the type of
equivalent diameter used in the same equa-
tion (Brockmann and Rader 1990).

Gas Viscosity

Gas viscosity is primarily due to the
momentum transfer that occurs during mo-
lecular collisions. These frequent and rapid
collisions tend to damp out differences in
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bulk gas motion as well as impede the net
motion of particles relative to the gas. Thus,
the mobility of a particle in a force field
depends on the aerodynamic drag exerted on
the particle through the gas viscosity. Fluid
dynamic similitude, as expressed by the
Reynolds number, depends on gas viscosity,
1. Therefore, a knowledge of the gas viscosity
is important when dealing with aerosol par-
ticle mechanics. The viscosity can be related
to a reference viscosity, #,, and a reference
temperature, 7, as:

(T + S\ T\32
=75 (=)
where S is the Sutherland interpolation con-
stant (Schlichting 1979). Note that viscosity is
independent of pressure.

In cgs units, viscosity is expressed in
dyn s/cm?, also referred to as poise or P. For
air at 293.15 K, the viscosity is 182.03 pP and
§ =1104 K. The interpolation formula is
fitted to the data over the range 180-2000 K
(Schlichting 1979). Reference values of vis-
cosity and Sutherland constants for other
gases are presented in Table 3-1.

(3-10)

GAS AND PARTICLE DIFFUSION

The random movement of gas molecules
causes gas and particle diffusion if there is a
concentration gradient. For instance, in a
diffusion denuder, SO, gas molecules may
diffuse to an absorbing surface due to their
high diffusivity. Sulfate particles, which are
larger and, therefore, have lower diffusivity,
will mostly be transported through the
device. Thus, the SO, gas molecules are
separated from the sulfate particles.

Gas Diffusion

Diffusion always causes net movement from a
higher concentration to a lower one. The net
flux of gas molecules, J, is in the direction of
lower concentration, Thus, in simple one-

dimensional diffusion,

ON
J= —DE

3-11)
where x is the direction of diffusion, N is the
concentration, and D is a proportionality
constant, referred to as the diffusion coeffi-
cient. The diffusion coefficient for a gas with
molecular weight M is (Hinds 1982, 24)

3 RT
D= — ——@— — (312
64Nd: iec M

where N is the number of gas molecules/cm?
and d_,,.. is the molecular collision diameter
(3.7x 1078 cm for air). The diffusion coeffi-
cient of air molecules at 293 K is 0.18 cm?/s.

Particle Diffusion

Small particles can achieve significant diffu-
sive motion in much the same fashion as
described for gas molecules. The difference is
only in the particle size and shape. Because of
their increase in inertia with particle mass and
the larger surface area over which the
bombardment by the gas molecules is aver-
aged, large particles will diffuse more slowly
than small particles. For particles in a gas, the
diffusion coefficient or diffusivity, D, can be
computed by

D - k7€,

3nnd, B

(3-13)

where k, the Boltzmann constant, is 1.38
x 10716 dyncm/K and the mechanical mo-
bility, B (cm/sdyn), is a convenient aerosol
property that combines particle size with
some of the properties of the suspending gas:

C.
B= 3nnd,

(3-14) -

Particle diffusion, also referred to as
Brownian motion, occurs because of the rela-
tively high velocity of small particles and it is
sometimes useful to estimate how far, on an
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as the Schmidt number, Sc. It expresses the
ratio of kinematic viscosity to diffusion coeffi-
cient:

Ts _ Y

SD=D (3-17)
g

As the Schmidt number increases, convec-
tive mass transfer increases relative to Brown-
ian diffusion of particles. It has been used for
describing diffusive transport in flowing fluids
(convective diffusion), especially in the devel-
opment of filtration theory (Friedlander
1977). Sc is relatively independent of temper-
ature and pressure near standard conditions.

AERODYNAMIC DRAG ON PARTICLES

Externally applied forces on an aerosol par-
ticle are opposed and rapidly balanced by the
aerodynamic drag force. An example of this is
a sky diver: the gravitational force pulling the
sky diver towards the earth is eventually bal-
anced by the air resistance and the diver
reaches a final falling speed of about 63 m/s
(140 miles per hour).

A particle’s drag force, Fy,,, relates the
resistive pressure of the gas to the velocity
pressure and is determined by the relative
motion between the particle and the sur-
rounding gas. When the particle dimensions
are much larger than the distance between the
gas molecules, the surrounding gas can be
considered as a continuous fluid (continuum
regime). Under this condition, the drag force
is given by

T

g CapV3d2

Fug = (3-18)
Note that the aerodynamic drag is related to
the gas density, p,, and not the particle dens-
ity. The drag coefficient, C,, relates the drag
force to the velocity pressure. When the iner-
tial force pushing the gas aside, due to the
velocity difference between the gas and the
particle, is much smaller than the viscous
resistance force, the drag coefficient, C,, is
expressed in terms of gas flow parameters:
24

Cd =5

3-19
Re, (3-19)

Re, < 0.1

where Re, is the particle Reynolds number.
This relationship is accurate within 1% in the
Re, range indicated. If 10% accuracy is ac-
ceptable, Eq. 3-19 can be used up to
Re, < 1.0. Combining Egs. 3-1, 3-18, and
3-19 results in

Fyrag =3 Vd, (3-20)
This equation is also known as the Stokes
law. For the Stokes law flow of gas around
the particle, the drag on the particle depends
only on gas viscosity, 5, particle velocity, V,
and particle diameter, d,. This assumes that
the particle is spherical. The particle drag for
shapes other than spheres is usually difficult
to predict theoretically. Therefore, for par-
ticles of other shapes, a dynamic shape factor,
¥, is introduced that relates the motion of the
particle under consideration to that of a
spherical particle

Frag = 3nny Vd,, (3-21)

where d,, is now the mass-equivalent dia-
meter, defined as the diameter of a sphere
composed of the particle bulk material with
no voids that has the same mass as the par-
ticle in question. The shape factor is some-
times related to the equivalent volume or
volume-equivalent diameter, d.,, defined as
the diameter of a sphere of equivalent volume.
This term may be ambiguous. When the equi-
valent volume is composed of particle bulk
material with no void, d,, = d,,. However, if
the material includes voids, d,, > d,,. If we
determine the shape factors and equivalent
diameters for particles that we wish to mea-
sure, the behavior of the particles can be
predicted when they are influenced by various
force fields, e.g., gravity or electrostatic.

We know that gases are not continuous
fluids as indicated above, but consist of dis-
crete molecules. Therefore, when the particle
size approaches the mean free path of the gas
molecular motion (transition or slip regime),
we can apply a correction that takes the “slip”
between the particle and the gas into account.
Thus, the Cunningham slip correction factor,
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eration, g:

Fgrav = mpg = (pp - pg)vgp =~ ppvpg (3-26)
where p, is the gas density. The gravitational
pull depends on the difference between the
density of the particle and that of the sur-
rounding medium. For a particle in water,
this buoyancy effect is significant. For a par-
ticle in air, the buoyancy effect can be neg-
lected for compact particles since the particle
density is generally much greater than the
density of the gas. If the particle is spherical,
particle volume, v,, can be replaced with
nd,>/6:

Fray = <030,

grav = gl (3-27)

The gravitational field of the earth was
mentioned in Chapter 2. This field exerts a
force pulling a particle down. As the particle
begins to move, the gas surrounding the par-
ticle exerts an opposing drag force, which,
after a short period of acceleration, equals the
gravitational force and the particle reaches its
terminal settling velocity. By equating the
two forces, the following relationship is ob-
tained for the gravitational-settling velocity,

Veraws in the Stokes regime (Eq. 3-19):
ped’gC.
Vgrav = Vls = —W, Rep <0.1 (3-28)

In order to reflect the equilibrium between
the two opposing forces, this velocity is also
referred to as terminal settling velocity, V.
Assuming negligible slip (C_ = 1), this equa-
tion reduces to the following at NTP:

v,

g (3-29)

v = 0.003p,d2

where p, is in g/cm? and d, in pm. Spherical
particles (e.g., droplets) are common in nature
and their motion can be described mathemat-
ically. Therefore, the behavior of nonspherical
particles is often referenced to such particles
through a comparison of their behavior in a
gravitational field.

Example 3-3

An open-faced filter cassette samples at
2 1/min (33.3 cm?/s) over its inlet face of about
35 mm diameter. If the cassette is held facing
downward, can a 25 um diameter particle
with a density of 3 g/cm® be drawn upward
onto the filter in calm air?

Answer. The cassette samples at a flow rate
Q over a cross-sectional filter area 4. The
upward air velocity, U, is

Q  333cm’fs
A [35cm\2
T
2

The gravitational settling velocity of the
25 pm particle is, from Eq. 3-29,

U= = 3.46 cm/s

Virar = 0.003 pd2
= 0.003(3 g/cm?3)(0.0025 cm)?
= 5.63 cm/s > 3.46 cm/s

The particle cannot be drawn upward into
the sampler.

This is also the principle of a vertical elutri-
ator, which prevents particles above a certain
size from passing through the device. How-
ever, in some implementations of this device,
e.g., the cotton dust elutriator, inlet effects
complicate the penetration efficiency.

The aerodynamic diameter, d,, of a particle
is the diameter of a unit-density sphere that
has the same settling velocity as the particle in
question, as shown in Egs. 2-1-2-3 of Chapter
2. Another definition that is also commonly
used is the Stokes diameter, d,, which is the
diameter of a spherical particle with the same
density and settling velocity as the particle in
question. The aerodynamic diameter can be
related to the Stokes diameter through the
settling velocity equation

pdZ = 1d2 = d? (3-30)
A number of instruments, including the hori-
zontal and the vertical elutriators, use settling
velocity to separate particles according to
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Relaxation Time and Stopping Distance

Using the Stokes settling velocity relationship
(Eq. 3-28), several useful particle parameters
can be defined. The first is the particle relaxa-
tion time,

_ ppdiC,
= T8y (3-34)
This is the time a particle takes to reach 1/e of
its final velocity when subjected to a gravita-
tional field. The relaxation period is typically
quite short, as indicated in Table 3-2, and can,
therefore, be neglected for most practical ap-
plications. Use of this parameter simplifies
the expression for gravitational settling to

V,

grav —

g9 (3-35)

Quite often, a particle, rather than starting
from rest in a gravitational field, is injected
into the air with an initial velocity, V. For
instance, such a particle might be released
from a rotating grinding wheel. The product
of the relaxation time and the initial particle
velocity is referred to as the stopping distance,
S:

S=Vyr (3-36)
where S is in cm. Values of S for an initial
velocity of 1000 cm/s are given in Table 3-2.
The concept of stopping distance is useful,
e.g., in impactors when evaluating how far a
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particle moves across the air streamlines
when the flow makes a right-angle bend.

Example 3-4

A grinding wheel dislodges many wheel and
workpiece particles and projects them from
the contact point towards the receiving hood
of the ventilation system. A particle of a
certain size and density is projected I cm
away. How far will a particle twice this size be
projected? Estimate the projected distance
when the speed of the grinding wheel is
doubled.

Answer. The projected distance is propor-
tional to the stopping distance. From s.
3-34 and 3-36,

S =Vytoc Vyp,d?

The stopping distance depends on the square
of the particle diameter, so a two-times-larger
particle will project the distance four times, to
4 cm. At twice the grinding wheel speed, the
particle will come off at approximately twice
the initial velocity, resulting in a doubling of
the distance to 2 cm.

The above stopping distance equation as-
sumes that the particle is in the Stokes regime.
If the particle diameter and velocity are such
that Re,, is larger than 0.1, the stopping dis-
tance will be somewhat less than quadrupled
for the larger particle. This is because outside

TABLE 3-2 Particle Parameters for Unit-Density Particles Under Standard Conditions

rms
Stopping Brownian
Particle Slip Settling Relaxation  Distance, S Diffusion Displacement
Diameter, d, Correction Velocity, Vy,, Time,z ¥V, = 1000cm/s Mobility, B Coefficient, D in 10s
(pum) Factor, ¢, (cm/s) (s) {cm) (cm/dyn s) (cm?/s) (cm)
0.00037* 26%x10710  25%x1077 9.7x 1012 0.18° 2.80
0.01 23.04 695%x107% 7.1x107° T x 1078 1.4 x 10 5.5x107% 0.10
0.1 2.866 8.65x107° 88x1078 88x1073 1.7x 108 6.8x1076 1.2x1072
1 1.152 348x107% 3.5x10°° 35%x1073 6.8 x 10° 27x1077 23x1073
10 1.015 3.06x107'  23x1074 0.23 6.0x10° 24x1078 70x107*
100 1.002 2.61 x 10! 13x1072 13 5.9 x 10* 24x107° 22x107%

a. Average diameter of a molecule in air
b. Calculated using Eq. 3-12
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be measured microscopically or determined
from the mass (measured chemically or using
radioactive tracers) and the number of par-
ticles (Barbe-le Borgne et al. 1986). The aero-
dynamic diameter can be measured in a
settling chamber or centrifuge and, if the par-
ticle contains no voids, the density is the bulk
density of the particle material.

Shape factors have also been measured
by settling macroscopic models of regularly
shaped particles in liquids. For instance, this
technique has been used to measure shape
factors for cylinders and chains of spheres
(Kasper, Niida, and Yang 1985), for rectangu-
lar prisms (Johnson, Leith, and Reist 1986),
and for modified rectangular prisms (Sheaffer
1987). These particles have two or three dis-
tinct symmetry axes and, therefore, may have
two or three shape factors, depending on their
orientation. Shape factors have also been de-
rived for oblate and prolate spheroids (Fuchs
1964, 37). Table 3-3 exemplifies a few.

Porous particles, aggregates, and fume par-
ticles may have an effective density (p., in-
cluding internal voids) that is quite different
from the bulk material density, p,. In this

TABLE 3-3 Dynamic Shape Factors for Various Types
of Compact Particles (No Tnternal Voids)

Dynamic Shape

Shape Factor, y
Sphere 1.00
Cluster of spheres
2-sphere chain 1.12
3-sphere chain 127
4-sphere chain 1.32
Prolate spheroid (L/D = 5)°
Axis: horizontal 1.05
Axis: vertical 1.39
Glass fiber (L/D = 5) 1.71
Dusts
Bituminous coal 1.05-1.11
High-ash soft coal 1.95
Quartz 1.36-1.82
Sand 1.57
Talc 2.04
uo, 1.28
ThO, 0.99
Source: Davies (1979)

a. Calculated values; all others are experimental

case, a shape factor defined as a function of
the mass-equivalent diameter (4,,) may be
more appropriate (Brockmann and Rader
1990), thus replacing d., with d, in Eq. 3-41.
The shape factor y may be further broken
down as the product of envelope shape factor,
k, and a second component, § [defined as
(pp/pc)*?], which is due to the porosity of the
particle. Theoretically or empirically derived
shape factors as described above can be used
to match the approximate envelopes of the
observed particles. For relatively compact
particles, the porosity component of y domin-
ates, while for more sparse, branched-chain
aggregates the envelope factor dominates.

PARTICLE MOTION IN AN
ELECTRIC FIELD

The application of electrostatic forces is par-
ticularly effective for submicrometer-sized
particles, for which gravity forces are weak
because of the d> dependence (Eq. 3-27). Ona
large scale, removal of aerosols by electro-
static forces is practiced in electrostatic
precipitators (also called electrofilters). In
aerosol sampling and measuring instruments,
electrostatic forces are applied to precipitate
or redirect either all aerosol particles or those
in a specific size range. Such particle motion
caused by an electric field is called electro-
phoresis.

For a particle with a total charge equal to n
times the elementary unit of charge, e, the
electrostatic force, F,., in an electric field of
intensity E is

F

wiec = heE (3-42)

Example 3-5

A 0.5 um diameter unit density particle has
been diffusion-charged with 18 elementary
units of charge. Calculate the electrical force
on the particle when it passes between two
flat parallel plates (e.g., an electrostatic pre-
cipitator) which have 5kV applied across a
2 cm gap. Compare the electrical to the gravi-
tational force.
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In ST units, the mobility is converted to 3.33
x 1072 m?/V's and the spacing is 0.01 m:

0.01
t, = 01 m =6s

m2\ /5000 V
333x 1070
( * Vs)(0.0lm)

The simplest electric field is uniform, e.g.,
between two large parallel plates

AV
h X

E (3-46)
where x (cm) is the distance between the
plates and AV is the difference in potential
(statV or V). The field between two concentric
tubes or between a tube and a concentric wire
is also used for electrostatic precipitation. In
this case the field is dependent on the dis-
tance, r, from the axis:

AV

= 3-47
FIn(roir) 47

where AV is the difference in potential be-
tween the outer and the inner tube (or wire) of
radius r, and r;, respectively.

The force on each of two particles with n;
and n, unit charges on them is described by
Coulomb’s law. In cgs units this is

nyn,e?

Fope = ——2—
1
elec rz

(3-48)

where r (in cm) is the distance between the
particles. This equation applies strictly only
to point charges. However, it is a good ap-
proximation for the force between two par-
ticles or a particle at some distance from a
charged object, such as a sampler, and indic-
ates that the force drops off rapidly with
distance. Aerosol particles, which typically
carry a limited amount of charge because of
their small surface area, are, in general, af-
fected electrically only when they are quite
close to another charged particle or close to a
charged object.

In SI units, Eq. 3-48 is converted to give the
force in newtons (N) as

nonye’

=1 3-49
dreqr? (3-49)

elec

where r is in meters (m), the electronic charge
is 1.602x 1071 coulomb (C), and ¢, is the
permittivity constant (8.854 x 1012 C2/N m?
for air or vacuum).

PARTICLE MOTION IN OTHER
FORCE FIELDS

Particle motion is governed by a variety of
other forces. Very small particles approach
the behavior of the molecules of the sur-
rounding gas, i.e., they diffuse readily and
have little inertia and they can be affected by
light pressure, acoustic pressure, and thermal
pressure. In a fashion similar to gravitational
and electrical forces, other forces can be used
to cause particle motion and, thus, size-selec-
tive measurement. These same forces can also
cause particles to be lost rapidly in the sam-
pling inlet or on measurement instrument
surfaces. Other forces not mentioned may
have some effects but are generally much
weaker than the ones mentioned here. For
instance, magnetic forces are typically several
orders of magnitude smaller than electrostatic
forces, but have been used for fiber alignment.

Thermophoresis

Particles in a thermal gradient are bom-
barded more strongly by gas molecules on the
hotter side and are, therefore, forced away
from a heat source. Thus, heated surfaces tend
to remain clean, while relatively cool surfaces
tend to collect particles. For particles smaller
than the mean free path (1), the thermo-
phoretic velocity, V,,, is independent of par-
ticle size and is (Waldmann and Schmitt 1966)

0.551
Vin =

V1, d, <1 (3-50)

Pe

where VT is the thermal gradient in K/cm.
There is a slight increase (of the order of 3%)
in the velocity of rough-surfaced particles vs.
spherical solids or droplets.

For particles larger than 4, the thermo-
phoretic velocity depends on the ratio of the
thermal conductivity of the gas to that of the
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net flow of the gas—vapor mixture away from
an evaporating surface is set up that creates a
drag on particles. The converse situation
holds for a condensing surface, ie., gas and
particles will flow towards the surface. This
net motion of the gas—vapor mixture is called
the Stephan (also spelled Stefan) flow and can
cause the motion of particles near these sur-
faces {(Fuchs 1964, 67). The Stephan flow can
affect particle collection in industrial scrub-
bers and scavenging of the environment by
growing cloud droplets. In order to increase
particle collection by the Stephan flow, the
vapor must be supersaturated. Diffusiophore-
tic velocities are generally only significant for
very small particles. For instance, diffusio-
phoresis of 0.005-0.05 um diameter particles
was found to have the following net depos-
ition velocity, Vg, towards surfaces conden-
sing water vapor (Goldsmith and May 1966):

dp
Vaier = 1.9 x 10‘3a (3-53)

where the deposition velocity is in cm/s and
dP/dx is the pressure gradient of the diffusing
vapor in kPa/cm. Note that in condensing
and evaporating droplets, thermophoretic ef-
fects can also be important.
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