f = approximate solution for indicated function, based on

Eq. 1
() = average over flow cross-section
¢) = binomial coefficient
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Particulate Deposition from Turbulent

Parallel Streams

A theory is developed for the rate of particulate deposition from turbulent gas
streams onto surfaces. Three characteristic times—the particle relaxation time,
the turbulent fluctuation time, and the particle residence time—control the de-
position mode. Two phenomena are primarily responsible for transport of the
particles across the laminar sublayer and deposition: 1) the momentum imparted

KWAN H. IM and
PAUL M. CHUNG

Argonne National Laboratory
Argonne, IL 60439

to the particle by the fluid turbulence; and 2) the thermospheresis caused by the
temperature gradient near the wall. Interaction of the three characteristic times
with these two phenomena is analyzed, and the particle deposition rate in turbulent
pipe flow is computed. The findings are found to be in close agreement with

available experimental data,

SCOPE

Successful design of much industrial equipment such as cer-
tain heat exchanger surfaces requires understanding the
mechanisms of mass transfer from the particle- or droplet-laden
gas streams to solid surfaces. Particulate (or droplet) deposition
on surfaces is caused by three different mechanisms, depending
largely on the particle relaxation time and the turbulent fluc-
tuation time. The particle relaxation time is proportional to the
square of the particle diameter and to the material density of
the particle, and is inversely proportional to the fluid viscosity.
The very large particles, for which the relaxation time is much
longer than the turbulent fluctuation time, impinge on surfaces
that cross their mean trajectories. Therefore, in a parallel flow,
capture of these particles is rare.

Smaller particles, for which the relaxation time is of the order
of or smaller than the turbulent fluctuation time, diffuse across
the mean streamlines toward the wall because of the fluid tur-

P. M. Chung is also at the University of Illinois in Chicago.
0001-1541-83-6880-0498-82.00. © The American Institute of Chemical Engineers, 1983.
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bulence. The larger particles among these, for which the relax-
ation time is of the order of the turbulent fluctuation time, gain
sufficient turbulence momentum to carry them across the
laminar sublayer and result in wall deposition. For the particle
material densities of the order of 2,000 kg/m3, these particles
are approximately 1 to 10 gm in radius when the air is used as
a carrier gas.

The momentum of the smaller particles, with relaxation time
much smaller than the fluctuation time, dissipates in the sub-
layer; it is not sufficient to result in their capture on the wall.
There are two phenomena that could extend the particulate
migration to the wall; the Brownian motion and thermophoresis.
The Brownian motion is inefficient; its contribution to the de-
position can be neglected for all practical purposes (Fuchs, 1964).
On the other hand, thermophoresis is an effective mechanism
that causes diffusion of the submicron particles toward the
colder surface when a temperature gradient is imposed across
the laminar sublayer.

In the following, a theoretical model is constructed that de-
scribes the transport of particles from turbulent streams to
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surfaces in parallel flows in general, and in pipe flows in par-
ticular. Turbulent transport to the vicinity of the laminar sub-
layer is first analyzed. Then, migration of the particles across
the sublayer and to the surface by the turbulence-imparted
momentum and thermophoresis is described. Finally, an ex-

pression for particulate deposition is constructed by combining
the analyses of the turbulent diffusion and the two near-surface
migration phenomena. Discussion of typical numerical results
and comparison with available experimental data are then
given.

CONCLUSION AND SIGNIFICANCE

Particulate deposition from turbulent streams onto solid
surfaces is analyzed for parallel flows. The fluid turbulence
causes particles to diffuse to the vicinity of the laminar sublayer.
The effective diffusion velocity, Eq. 31, monotonically decreases
as the particle size is increased. Therefore, the deposition rate
approaches zero as the particle size increases according to the
present theory.

Near the laminar sublayer, a portion of the fluid turbulence
momentum is imparted to the particles. This momentum is
sufficient for the larger particles to overcome dissipation
through the laminar sublayer and reach the wall. For the smaller
particles, on the other hand, the momentum is dissipated
quickly, and the thermophoresis actuated by a temperature
difference is needed to complete the journey. Both near-wall
processes were analyzed and were combined with the turbulent
diffusion analysis mentioned in the preceeding paragraph to

construct a self-contained expression for the surface deposition
rate. This expression shows that the deposition rate initially
increases with particle size, but reaches a maximum. The rate
then decreases toward zero as the particle size is continuously
increased.

The particulate collection rate is rather strongly governed by
the fluid turbulence. Therefore, it is sensitive to the Reynolds
number and surface roughness that affect the turbulence. The
capture rate of the smaller particles that need to be aided by
thermophoresis can be substantially enhanced by increasing
the temperature difference between the fluid and the wall.

Results of the present theory were found to compare satis-
factorily in magnitude and trend with respect to the particle
size, Reynolds number, and temperature difference with various
experimental data for pipe flow.

TURBULENT TRANSPORT

The flow field in the pipe is divided into the three regions of
fully-turbulent layer, buffer layer, and laminar sublayer for con-
venience, Figure 1. For the larger particles, the momentum im-
parted to them at distance S is sufficient to carry them to the sur-
face. For the smaller particles, on the other hand, the thermo-
phoretic force is needed for the completion of passage through the
laminar sublayer.

A turbulent transport equation will be analyzed in this section,
between y = R and S, where S 2 [, with the particulate conditions
at S undetermined. Behavior of the particles near the wall, 0 < y
< S, will be analyzed in the next section. A complete solution will
then be constructed and the deposition rate will be determined by
matching the analyses of the two regions at S in the subsequent
sections.

The starting point of the analysis is.the conservation equation
of the particles,

oc 1 o) ac
- 2lr-yDXE =
Yo T R-y)dy [( v oy
where uniform size and properties are assumed for the particles.

Boundary conditions for highly turbulent flow are specified as
follows.

Atx =0,

0, 1)

¢(0,y) = ¢, = constant (2)
Aty =S,

: T ‘

R ~——— FULLY TURBULENT
REGION

~=—— BUFFER LAYER
-=~STOPPING DISTANCE

i
b

_____ N
i i ~— LAMINAR SUBLAYER

Figure 1. Sketch of flow regions.
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ac
DE=vc= 3
o= Ve=l ®
Fory 2 b,
¢=c;and u = u,. (4)

In Eq. 3, ] is the particle flux toward the surface at S, which is
not known a priori; in fact, J is the deposition rate being sought
from the analysis. It will be determined by suitably matching the
solution of Eq. 1 to the analysis of the particle behavior in0 <y <
S. The stopping distance, S, is also an unknown and is related to
the particle relaxation time and the fluid velocity fluctuations. It
will be discussed in a subsequent section,

For convenience, solutions of Eq. 1 will be obtained in two
segments: one for the fully turbulent region; the other for the buffer
layer. For the fully turbulent region, Eq. 1 is put into the integral
form

‘—1‘-’; {7 ® = yhucdy + ®-b)D (gg)b =0, ()

where the condition of Eq. 4 has been applied. In this region, u is
nearly constant, and ¢ is approximately uniform with respect to
y. Equation 5, therefore, reduces to

de, 2 ( bc)

Yo dx (R-b)\ oy b

Integration with respect to y of Eq. 1 for the buffer layer results
in

(6)

Lo ey %, 4 (¥ ;e
2(R b)u, dx+dx s uc(R — y)dy

=—(R-S) (D@) .,
oy/s
where Eq. 6 has been used for (Doc/ dy),. After Pohlhausen (see
Schlichting), a suitable form for c-profile must be assumed to effect
integration of Eq. 7.
For simplicity, we may assume the profile,

c(x,y) = Ailx) + Asx)y. (8)
where A, and A are arbitrary functions to be determined in terms
of the boundary conditions of Egs. 3 and 4. However, this will result
in a solution of Eq. 7 that will contain the diffusivity at y = S only.
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Such overempbhasis of the property values at a boundary is inherent
in the Pohlhausen integral method.

This difficulty is circumvented and the variation of diffusivity
across the buffer layer conveniently incorporated into the integral
scheme by defining a modified ordinate as (Chung, 1966).

v dy’
= —_— 9
1= 5o (©)
Then, we assume the profile as
c(x,y) = Ag(x) + Aglx)n (10)

instead of Eq. 8. Upon application of the boundary condition (Eq.
3), and the condition of c(x,b) = ¢,(x) at y = b, Eq. 10 becomes

- [L+ V/D()

c(x,y) [1 VD) ca(x), (11)
where the effective turbulent diffusion velocity, D(y), is defined
as

A = = v ———dy/ - .

b =1/n=| f' 3 12)

V is the particle approach velocity toward the surface on which
particles deposit. § is yet to be determined.

A substitution of the profile, Eq. 11, and the diffusion mass flux
aty = S, Eq. 8, into Eq. 7 results in the equation,

d cVIR—=8) _

d—;(CaF) + T+ VDG 0, (13)
where
Lp_ b oo L+ V/Diy)
F=3(R-bRu, + j; wk =) [ a9

The velocity u in the buffer layer is given by the usual logarithmic
profile (Schlichting, 1968).
Equation 13 is formally integrated to give

AP |
c“""’(F)e"p[ J; [1+V/15<b)1Fd"] 1)

Equation 11, with ¢, given by Eq. 15, is the solution of Eq. 1
constructed up to one undetermined parameter, V. This parameter
will be determined from the analysis of the y < S region to be
carried out subsequently.

It may be useful to discuss a physical aspect of the analysis car-
ried out. Using Egs. 11 and 12, Eq. 3 gives

J _ 1

ca 1/D(b) + 1/V 16)
J/cq is the effective deposition velocity of the particles originating
in the fully turbulent region with the mass concentration c,. It is
governed by both the turbulent transport and the particle behavior
adjacent to the wall. On the righthand side of Eq. 16, D(b) as de-
fined by Eq. 12 is the effective diffusion velocity of the particles
across the buffer layer, and V is related to their migration velocity
through the sublayer adjacent to the wall. In this sublayer, V is
controlled by either the turbulence-imparted momentum or the
action of thermophoresis. Equation 16 shows that, when there is
much difference in the efficiencies of the two transport mecha-
nisms (through the buffer layer, through the sublayer), the less
efficient one becomes the controlling mechanism.

Note that the present concept of two mechanisms, one governing
the fully turbulent region and the other governing the layer adja-
cent to the wall where the turbulence is not dominant, is analogous
to that employed in the analysis of continuum plasma in Chung
et al. (1975). The continuum plasma was considered to consist of
the ambipolar region, where the molecular or turbulent transport
was dominant, and the sheath adjacent to the wall, where the
electric properties governed the electron and ion migration. There,
also, a result basically similar to Eq. 16 was obtained.

Equations 11 and 15 show that expressions for D(y) and S, as well
as V, are needed to complete the solution for the surface deposition.
These will be discussed in the following sections.
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PARTICLE DIFFUSION

An expression for the effective particulate diffusion velocity,
D(b), is sought. The fluid eddy viscosities, €, for the pipe flow and
other parallel flows are rather well known (for instance, Cebeci and
Smith, 1974; Ahluwalia and Doss, 1980). Therefore, it is only
necessary to establish the relationship between the particulate eddy
diffusivity, D, and the fluid eddy viscosity, €. Specifically, the
particulate Schmidt number, Sc(= ¢/D), is sought. The effective
diffusion velocity, D(y), can then be constructed from Eq. 12 in
terms of €.

Assume, first, the standard fluid turbulent Schmidt number, Sc,
= ¢/Dj, to be one. Then, the present particle Schmidt number is
simply the ratio of the fluid to particle eddy diffusivity. This ratio
was analyzed by Tchen (1947) and by others previously, and the
results are summarized in Hinze (1975). As in almost all statistical
turbulence analyses, Tchen’s work assumed a homogeneous tur-
bulence field. It is known, however, that much of the results of the
homogenous turbulence analyses are applicable to shear flows
(Hinze, 1975, p. 350). It is expected that Tchen’s analysis will give
a correct order of the particulate Schmidt number for the present
buffer layer.

From the Tchen'’s analysis,

1 [exp(=t/7p) — exp(=t/7)]

L
S =M =T 1= ew=t/7p)

17)

In this equation, 7, is the relaxation time of the particle velocity
with the fluid viscosity. It is given by

5,d2
= %%,

Tp 18 (18)
and will be called simply the particle relaxation time. The symbol
7¢ denotes the turbulence time scale and is of the order of the
characteristic fluctuation time of the energy-containing eddies in
the buffer layer. The symbol ¢ denotes particle residence time.

The Cunningham correction factor is neglected in Eq. 18 for the
following reasons, First, its effects on 7,, for particles larger than
2 um is of the order of 1%. For the submicron-size particles, the
correction factor is significant; however, 7, /75 <1, the particles
follow the gas turbulence motion independently of the actual value
of 7,/74.

To adapt Tchen’s expression of Eq. 17 to the present problem,
certain limiting behavior of this equation will be discussed; sub-
sequently, an expression most applicable to solution of the present
problem will be deduced.

Fort « 7, and ¢ « 7y, Eq. 17 degenerates to

Se-l=—T1L . (19)

T+ Tp

This relationship will be subsequently exploited in evaluating the
momentum imparted to the particles to carry them through the
laminar sublayer.

At the other extreme of t >> 7, and t > 7y, Eq. 17 gives

Sc=i=1. (20)

In this long residence time limit, the particle moticn is completely
equilibrated to that of the fluid.

In a shear-generated turbulent flow field, such as the buffer
layer, the thickness of the shear layer is of the order of the size of
the energy-containing eddies (Chung, 1969). Therefore, the resi-
dence time of the fluid in the buffer layer is of the order of 7.
Therefore,

for t ~ 74, but for all finite 7,,, Eq. 17 becomes

exp(— I + 1) -1
Tp

-]
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Two limiting values of the ratio, 7,, /74, are considered below for
t =~ T{. Equation 21 gives for 7,/7¢ <« 1 (very small and light
particles)

D

— 1

p , (22)
whereas, for 7, /75 > 1, (very large and heavy particles)

D

——0. (23)

€

Equation 22 shows that small and light particles follow turbulent
fluid fluctuations and that, therefore, their particulate diffusivity
is identical to the gas eddy diffusivity. On the other hand, large and
heavy particles are oblivious to the turbulent fluid fluctuations. It
is apparent, therefore, that Eq. 21 is consistent with the expected
physical limits regarding particle size and material density.

Having established the expression for Sc, the particle eddy dif-
fusivity is obtained as,

D =¢/Sc, (24)

where € is given by the usual mixing-length theory as follows.

In the voluminous available information on ¢, the following
expression is given after Cebeci and Chang (1978) for the loga-
rithmic velocity profile in the buffer layer.

€=040,(y + k) {1 —exp[—(y + k)/AJR, (25)
where v, is the friction velocity, defined by
Tw/ (26)

v, =V 7,/p.
For pipe flow, the following expression found in White (1974) may
be used to relate the surface roughness, k;, to the friction factor,

fr.

1+01 (E‘E) Re/fr

The friction factor is related to the friction velocity by
2
fr=2 21) . (28)
Uq
With Eq. 25, Eq. 24 gives D. Equation 12 then becomes,

. v (y+ks)/A d¢ -1
D(y)=04-2% f o= 2
® Sc [ S+k)/a §(1— exp(—f)]2] (29)
The integral may be evaluated by using the approximation,
1 0m, 05, 108
M-exp(-0P ¢ & ¢
valid for 0.1 < { < 2.5, Evaluating Eq. 29 aty =bforb > S, D(b)
becomes,

s (80)

Ay = 04 0% b+ + k?)
D) =043/ [0.92 g
13 365
sk Tt e k:)?]’ o
where
(e =2, 2)

This completes the analysis of particulate diffusion across the
turbulent buffer layer, and results in the expression for D(b). For
a given surface roughness, the transcendental Eq. 27 can be solved
for fr, from which v, can be obtained. Particle Schmidt number
Sc is given by Eq. 21, where particle relaxation time 7, is given by
Eq. 18. The symbol 7/ is the mean turbulent fluctuation time for
the buffer layer, which may be obtained as the ratio of the buffer
layer thickness to the mean turbulence velocity in the layer (Hinze,
1975, p. 56).

S, as well as V, will be defined in the next section on discussion

AIChE Journal (Vol. 29, No. 3)

of the migration toward wall of the particles through the wall
layer.

TURBULENCE-IMPARTED MOMENTUM

Consider that a momentum, m,V, is imparted to a particle in
a quiescent fluid. The distance the particle travels before coming
to halt, S, is

S=Vr,. (33)

This distance was defined as the “stopping distance” by Fried-
lander and Johnstone (1957). Because the turbulent velocity is
negligible in the laminar sublayer, only those particles with V,
imparted to them by turbulence before reaching the laminar
sublayer, such that

V>, (34)

will arrive at the wall. This inequality shows that the smaller the
particles, the greater is the V required for their deposition at the
wall. Thermophoresis could, however, cause migration of the small
particles to the wall, as will be discussed in the next section.

Returning to the particles that satisfy the inequality of Eq. 34,
consider the rms radial particulate velocity, V, at S, induced by
turbulent fluctuations. The diffusivities for diffusion time (resi-
dence time) much shorter than 7 are proportional to the mean
square of velocity fluctuations (Hinze, 1975). The rms velocity may
be expressed by

(1]2
V=lo|=
5

The radial component of turbulence velocity, v,, decreases rapidly
very close to the wall (for instance, Hinze, 1975). Therefore, for
the suddenly decreased local value of v, S;! of Eq. 35 should be
that corresponding to very small ¢ given by Eq. 19. Equation 35
is now written as

forr < 7 (35)
$

V= [v; (—L—T )1/2‘ : (36)
TfF+ 7p I}

Because S is of the order of I, v, and 7 ¢ would be specified at [,

instead of S, for convenience.

Equations 33 and 36 define S and V in terms of 7,, given by Eq.
18 and the known near-wall fluid turbulence properties, v, and 7+.
With the S determined, and the Sc¢ obtained in the preceding
section, Eq. 31 gives D(b). Then V, along with the D(b), can be
used for numerical evaluation of ¢, from Eq. 15 and the deposition
rate from Eq. 16.

THERMOPHORESIS

When the inequality of Eq. 34 is not satisfied, the turbulence-
imparted momentum is insufficient for particle deposition.
However, an appropriate temperature gradient could cause par-
ticulate transport to the wall by thermophoresis.

Interactions between particles and the surrounding gas molecules
in the presence of temperature nonuniformity result in a thermo-
phoretic force on the particles (Tong and Bird, 1970; Jacobsen and
Brock, 1965; Brock, 1962; Springer, 1970; Derjarguin and Yalamov,
1965; Brock, 1967). However, attempts to predict the particulate
deposition rate from turbulent gas streams have been less than
successful, as indicated by Friedlander and Johnstone (1957),
Davies (1966), and Byers and Calvert (1969). We feel that the main
reason for this lack of success is the inadequacies of the manner in
which the thermophoretic principles have been applied to the
analysis of particulate deposition from the turbulent gas streams.
A method different from those used by previous investigators is
used here to analyze the thermophoretic deposition of particles.

By integrating over the particle surface the momentum exchange
between the surrounding molecules and the particle, the following
equation for the thermophoretic force, F, is derived (Jacobsen and
Brock, 1965).
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F; = =127ur,f(Kn) or (87
oy
where
flkn) =
k 4 4
1,CemKn (—-g- + C,Kn] (1 + - a3CmKn) - —aachn}
kp 3 3 (38)

(1+838CpKn) (1 + 2-k—‘l + 2C,Kn)

ks

Analogously to the description of ion motion in the continuum
plasma given in Chung et al. (1975), a particle mobility, B, is de-
fined in such manner that the thermophoretic diffusion velocity,
u;, is given by,

u; = BF,. (39)

The mobility can be expressed from the known drag relationship
(Hidy and Brock, 1970) for a spherical particle as,

B = g(Kn)/(6mpry), (40)
where the Cunningham correction factor g(Kn) is given by
g(Kn) =1 + Kn[1.257 + 0.4 exp(—1.1/Kn)}. (41)
Combining Eqs. 37 and 39, we(obtain

u, = 2g(Kn)f(Kn) %% (42)

The temperature gradient that appears in Eq. 42 is replaced by that
in the laminar sublayer as,
2’1: - T~ Ty,
dy l
Before this expression is substituted into Eq. 42, it is put into a more
general form by using certain universal properties of turbulent
boundary layers, as follows.
First, the laminar sublayer thickness can be expressed in terms
of the friction velocity, v,, as (Schlichting, 1968),

(43)

I~6—. (44)
*

Then, employing the Reynolds analogy,
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T)=T,=6 (fg’)” (T = Ta) (45)
Using Eqgs. 43 and 44, Eq. 42 becomes,
=2 ({;’)“2 “rg(Kn)f(Kn)(Ts = Tu).  (46)
At the laminar sublayer edge, y = 1,
V =y, (47)

With [ substituted for § and S¢ = 1 (Eq. 22), D(b) is given by Eq.
31. With V and D(b) known, Egs. 15 and 16 give the particulate
deposition rate when S < [.
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AIChE Journal (Vol. 29, No. 3)



RESULTS AND DISCUSSION

A number of experimental results found in the literature can be
used to test the present theory. Data are presented in Sehmel (1968),
Friedlander and Johnstone (1957), and Wells and Chamberlain
{1967), such that the deposition velocity, J/c,, given by Eq. 16 can
be compared directly. The theoretical curves shown in Figures 2
through 6 have been constructed from Egs. 16, 31, 33 and 36 for
environments corresponding to the experiments. The values of
v,/v,, at the laminar sublayer edge for the given Reynolds number
ranges were estimated from Hinze (1975). These experiments were
conducted in an isothermal environment so that the thermophoresis
was inactive. Rather wide ranges of particle size, Reynolds number,
and 7, are covered in these figures. The present theory agrees
satisfactorily with the experimental data. In particular, the theory
predicts variation of the deposition rate with respect to the particle
size, Reynolds number, and particle relaxation time quite accu-
rately.

The theoretical prediction of Friedlander and Johnston (1957)
is shown in Figure 5, along with their experimental data. It seemns
that the present theory agrees more closely with the experimental
findings than the theory of Friedlander and Johnston.

Variation of the dimensionless deposition velocity with respect
to dimensionless relaxation parameter is shown in Figure 6, which
is reconstructed from Chamberlain’s result (1969). The experi-
mental data of Wells and Chamberlain (1967) and Sehmel (1968),
and the theoretical predictions of Kneen and Strauss (1969), Davies
(1965), and the present authors are the bases of the figure. The
present theory predicts an exponential variation of the deposition
velocity with respect to 7, as do Kneen and Strauss.

In Figures 2-4, the triangles and circles refer to experimental
data of Sehmel (1968). In the experiments of Sehmel, particles of
uranine or uranine-methylen blue were in narrow size ranges,
prepared using a spinning disc generator. The deposition on the
tube surface was measured either by washing the entire length of
the tube or by cutting the tube into short lengths, then washing the
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Figure 5. Variation of deposition velocity with respect to Reynolds number
for isothermal fiow.
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dp (g/
Ret. Symbol I cm?) 1074 Re
Weils and Chamberiain ¢ 0.33 1.2 3.0-4.7
Wells and Chamberlain 0.55 1.2 3.0-4.7
Wells and Chamberlain A 15 1.2 1.3-4.7
Wells and Chamberlain o] 2.5 1.0 1.3-4.7
Sehmel A 1.0 15 0.5-1.7

segments separately. The segmented washing allows local mea-
surements of the deposition rates. It is evident from Figures 2 and
3 that the deposition rate increases with the particle size up to order
of 10 um for the material density considered. This is because the
larger particles are able to retain the turbulence-imparted mo-
mentum longer than the smaller ones, as indicated by Eq. 33. The
deposition rate, however, levels off and will eventually decrease
to zero, as the particle size is continuously increased. This is due
to the fact that an increasingly smaller portion of the fluid turbu-
lence momentum can be imparted to the solid particles as they
become larger. Eventually, a point is reached where practically
no fluid momentum can be imparted to the particle near the wall.
The momentum retention capacity of the particle, then, is a moot
point. This behavior of deposition rate with respect to the particle
size is evident in Eqs. 16, 31, 33 and 36.

Figure 3 shows that the deposition rate is substantially influenced
by the roughness of the collector surface. As indicated in Egs.
25-31, the surface roughness directly affects the fluid turbulence
level near the wall. Therefore, it is expected to affect the deposition
rate substantially.

A higher Reynolds number implies a higher turbulence level in
a pipe flow. Therefore, the larger Reynolds numbers result in the
greater deposition rate, Figure 4. This increase in the deposition
rate with the increasing Re is monotonic.

The results for thermophoretic deposition are presented in
Figures 7 and 8. Present theoretical results are compared with the
experimental data of Byers (1967). In his experiment, the droplets
of a 10% soedium chloride water solution, formed by atomization,
were dried to sodium chloride particles. The test section consisted
of a water-jacketed copper tube. The particle-ladden hot gas was
passed through the test section, and the particle concentrations were
measured at two different stations. The collection efficiency is
shown, which is the total deposition rate in the pipe expressed as
percentage of the particulate flow rate into the pipe. The theo-
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retical curves are constructed from the numerical solutions of Eq.
16 with the aid of Eqs. 31 and 47. Satisfactory agreements with the
experimental data are indicated. Thermophoresis is shown to be
an effective mechanism for particulate deposition when the par-
ticles are less than ~1 pum in radius.

The two sets of data shown in Figure 8, represented by the
squares and inverted triangles respectively, are obtained essentially
for the same experimental condition, except for the different
temperature differences between the fluid and the pipe wall
Dominant influence of the temperature difference on the depo-
sition efficiency is seen.
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NOTATION

A = constant for eddy viscosity (A4 = 26 v/v*)

as = constant associated with second order slip = 2.4
B = mobility of a particle, m/(s:N)

b = buffer layer thickness (b = 100 »/v*)

Cn = viscous slip coefficient = 1.19

C; = temperature jump coefficient = 3.32

Cim = thermal velocity coefficient = 0.461 m/(s-K)

c = concentration of particles, kg/m3

D = particulate eddy diffusivity, m2/s

D = effective turbulent diffusion velocity, m/s

d = pipe diameter, m

dp = particle diameter, m

F = function defined by Eq. 12, m2/s

F, = thermophoretic force, N

f(Kn) = function defined by Eq. 36, m2/s

fr = friction factor defined by Eq. 26

g(Kn) = Cunningham correction factor defined by Eq. 39
J = particle flux toward the surface at S, kg/(ssm?)
Kn = Knudsen Number, A/,

kg = thermal conductivity of gas, W/(m-K)

ky = thermal conductivity of particle, W/(m-K)

ks = effective collector surface roughness, m

1 = laminar sublayer thickness, (I = 6 v/v*)

Tp = particle radius

R = pipe radius, m

Re = Reynolds number, @id/ v

r = radial coordinate, m (Figure 1)

S = stopping distance, m

Se = particulate Schmidt number, ¢/D

T = temperature, K

t = time, s

u = streamwise velocity, m/s

U = thermophoretic velocity, m/s

\% = rms radial particle velocity at S, m/s

U, = friction velocity defined by Eq. 24, m/s

0, = rms radial component of turbulence velocity, m/s
x = streamwise coordinate, m (Figure 1)

= normal distance measured from the surface, m (Figure

1)

Greek Letters

by = material density of the particles, kg/m?
€ = eddy viscosity of gas, m2/s

e = dummy variable

A = gas mean free path

7 = dynamic viscosity of gas, N-s/m?2
v = kinematic viscosity of gas, m?/s
p = gas density, kg/m3

Tp = particle relaxation time, s

Ty = turbulent integral time scale, s
Tw = shear stress at wall, N/m?2
Subscripts

a = turbulent core of flow

b = buffer layer edge

l = laminar sublayer edge

s = stopping distance

w = collector wall

o =atx=o0
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