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The problem of thermophoretic deposition of small particles onto cold surfaces is studied in two-
dimensional and axisymmetric flow fields. The particle concentration equation is solved numerically
together with the momentum and energy equations in the laminar boundary layer with variable density
effect included. It is shown explicitly to what extent the particle concentration and deposition rate at the
wall are influenced by the density variation effect for external flow past bodies. The general numerical
procedure is given for two-dimensional and axisymmetric cases and is illustrated with examples of ther-
mophoretic deposition of particles in flows past a cold cylinder and a sphere. © 1989 Academic Press, Inc.

1. INTRODUCTION

The problem of thermophoretic deposition
of particles has attracted the attention of many
investigators (see (1-8)). The purpose of this
paper is to treat the external problem and to
provide a general method of calculating the
thermophoretic deposition rate of particles
suspended in two-dimensional or axisymmet-
ric flow past a body held at a lower temperature
than that of the flow. Some of the aforemen-
tioned papers (1, 5, 7) treated the problem of
flow past a body, but only Goren (1) who in-
vestigated the flow past a flat plate took into
account the density variation effect which is
vital to the analysis of thermophoresis, as
pointed out by Abbott (8). In this paper spe-
cial consideration is given to the flow near the
stagnation point of a cylinder and a sphere
and past a flat plate to show explicitly how the
particle concentration and deposition rate at
the wall are influenced by the density variation
effect in these flow systems. Then the general
case of two-dimensional and axisymmetric
flow past bodies of arbitrary shape is consid-
ered. A general numerical procedure is given
and is illustrated by examples for flow past a
cylinder and a sphere.

The formulation of the problem and the

! Supported by NSFC.

basic equations are given in Section 2. The
solution in flows near the stagnation point on
a cylinder and a sphere and past a flat plate is
given in Section 3. The method of solution
used for the general case is given in Section 4.
Examples of the calculation of thermophoretic
deposition for flow past a cylinder and a sphere
are presented in Section 5 followed by a section
of discussion.

2. FORMULATION OF THE PROBLEM

In this paper our consideration of thermo-
phoretic deposition focuses on external flow
problems in which a stream of gas containing
suspended particles flows past a body held at
alower temperature than that of the oncoming
stream. The particle size and concentration
are assumed to be small so that the velocity
and temperature fields of the gas can be de-
termined as in a flow free of particles. For the
range of Reynolds and Mach numbers usually
encountered in thermophoretic problems the
stream of gas can be assumed to flow around
the body irrotationally and as an incompres-
sible fluid outside the laminar boundary layer
near the surface inside of which the variation
of density must be allowed for. Compressibility
is retained near the body despite the smallness
of the velocity because the thermophoretic ve-
locity is proportional to the relative variation
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of the temperature which in turn is propor-
tional to the relative variation of the density
for the ideal gas. For a two-dimensional or
axisymmetric, laminar, compressible flow the
mass conservation equation and the momen-
tum and energy boundary layer equations in
the boundary layer coordinate system can be
written as

9 k 9 k —
ax(' pu) + ay(r pv) =0, [2.1]
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where x represents streamwise distance along
the surface from the leading edge or the stag-
nation point, y is the position coordinate nor-
mal to the boundary, u and v are the gas ve-
locity components parallel and normal to the
surface, ris the distance of the considered point
to the axis, k = 1 for axisymmetricand k = 0
for two-dimensional flows (see Fig. 1), u is the
viscosity of the gas, and ¢ = uc,/ kg is the ratio
of the kinematic viscosity » to the thermal dif-
fusivity k,/pc,, is equal to 0.72 for air, and
lies within the range 0.66 to 0.80 for common
gas, I = ¢, T + u?/2.?

The distribution of particle concentration
in general is governed by convection, diffusion,
and thermophoresis and is determined by the
conservation law
aC

_('}—l— =-V:Cu+V-(DVC)—- V- Cur,

[2.4]

where D is the Brownian diffusivity of the par-
ticles, ut is the thermophoretic velocity,

2 For a complete list of symbols see Appendix B.
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FIGURE 1

K
ur= - —grad T, [2.5]

T

and C is the number density of the particles.
For compressible flow it is more convenient
to introduce ¢, the particle concentration per
unit mass of gas,
¢ =Clp. [2.6]
With ¢ as the unknown function and in the
same boundary layer approximation the
steady state form of {2.4] can be written as

puU—+ pv —

b, 9 197
dx dy r*ay

dpp
kp 29P
b By]

1 9
—;a—y(r’%»pun), [2.7]

where u, is the component of ur normal to
the surface. The particle diffusivity D is much
smaller than any of the gas diffusivities such
as ». For example, for particles of diameter
0.05-1.0 um, D ranges from 2.4 X 10310 2.8
X 107%> m?/s and the Schmidt number Sc
= y/ D ranges from 6 X 103 to 5 X 10°. So the
effect of particle diffusion can be neglected ex-
cept in the diffusion boundary layer which is
expected to be very thin even in comparison
with the boundary layer thickness. As in (1-
3, 5-7), the particle diffusion term on the
right-hand side of [ 2.7 ] is neglected and [2.7 ]
is reduced to
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Accordingly specification of ¢, in the on-
coming stream is sufficient for the determi-
nation of ¢. To find the rate of deposition at
the surface it is not necessary to consider con-
ditions inside the very thin concentration
boundary layer because the gas velocity is ex-
tremely low there. The particles that enter this
boundary layer by thermophoresis deposit
nearly at the same streamwise position onto
the wall.

After the u, T, and ¢ fields are determined
by solving Egs. [2.2], [2.3], and [2.8] the local
deposition rate defined as the local flux of par-
ticles to the wall due to thermophoresis can
be found easily,

J = -_Cwn' Uty = pw¢w l{_'v (g
T,
where ¢, is the value of ¢ near the wall de-
termined from [2.8] with diffusivity neglected.

3. SOLUTION FOR THE CONCENTRATION
AND DEPOSITION RATE IN FLOWS NEAR
THE STAGNATION POINT AND
PAST A FLAT PLATE

In this section we give the solution for the
particle concentration ¢ and deposition rate
J in the flow near the stagnation point on a
cylinder or a sphere obtained by a procedure
which invokes the Howarth~Dorodnitsyn
transformation. The stagnation point case is
investigated separately in this section in order
to compare the results with those obtained for
the same flow system but on the assumption
of incompressibility (7) to show how the ac-
counting of variable density affects the pre-
dicted values of particle concentration and
deposition rate. The governing equations for
flow past a flat plate have a similar form
and are discussed here incidentally to show
the identity of our approach with that of
Goren (1).

To give the velocity boundary layer equa-
tions for the three flow systems a form similar
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to that in the incompressible case we introduce
the Howarth-Dorodnitsyn variable Y,

y
Y= [" Gro.)dy,

and the stream functions ¥ and similarity
variables 7, as

(a) flat plate ¥ = (vuox)'%f(m),

1/ u,\'2
= e — Y’
n 2(vx)

(b) cylinder ¥ = (81v)"/*xf(n),
m= (_ﬂ_l)”ZY,

[3.1]

v

1 1/2
(c) sphere ¥ = (5 Blv) x2f(m),

m= (-2—53-1-)1/2{ [3.2]

With

=, [3.3]

by using [3.1]and [3.2], Egs. [2.2] and [2.3]
can be transformed into

(a) flat plate /" +ff"=0, f(0)=0,
S0)=0, f"(0)=2,

(b) cylinder f"” + ff"+ (?T_ _flz) =0,
f(0)=0, f(0)=0, f"()=1,

" ” l _I_ _ 2\ =
(c) sphere f" + ff +2(Too f ) 0,

f(0)=0, f(0)=0, f"(wo)=1, [3.4]

and
T" + O'fT’ = Oa T(O) = TWs T(w) = TOO’
[3.5]

for all three cases. In the derivation of [3.4]
and [3.5] the assumptions up = p.p. and
M?, < 1 are made. The former is a well-known
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simplification and is close to reality for not
too large variations in temperature. The im-
plication of the latter is that the speed of the
oncoming gas is not too large, the range of
which for the applicability of the procedure is
further discussed in Section 6. The concentra-
tion Eq. [2.8] in the transformed coordinate
system is written as

(5 sor - [6(Z) + ks To =0
[3.6]
With the boundary condition
#(©0) = ¢, [3.7]

the solution of [3.6] can be written as

(-1, G m):

¢ _
- = €Xp

Do
[3.8]

The Egs. [3.4], [3.5], [3.8] for f, T, and ¢
have almost the same form as those for f, 7,
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by a quadrature of functions f and 7. For a
flat plate our result is identical with that of
Goren (1) as can be expected and will not be
given here. The values of ¢,,/¢ ., at the body
surface for a cylinder and a sphere are given
in Table I. One can see from the comparison
of the data given here with those given in Table
I of (7) that even for T,/ T, much less than
1 the values of ¢/ ¢ ., are approximately the
same as those of C,,/C,, obtained in the as-
sumption of incompressible fluid. But the re-
lationship between ¢ and C, i.e., Eq. [2.6],
shows

o G T
b CoTw’

So the assumption of constant density would
result in an incorrect reduction of the value
of concentration by a factor of 75/ T .

As for the local deposition rate, in the as-
sumption of incompressibility one would have

[3.9]

and C'in the case of incompressible fluid (see ~ ; _ ( Cw ) c K ( or ) [3.10]
(7)). The only difference is in the momentum PN Ca Jine. T T \ Y Jine Lo )
equations for the cylinder and sphere; instead
of constant 1 there stands the ratio of tem- For compressible fluid one has
peratures 7'/ T,,. Equations [3.4], [3.5] are
solved by the Runge-Kutta method and the Jo. = (i’l) C, Pw Ky (‘9_T ) [3.11]
particle concentration ¢ is obtained from [3.8] . ble  PoTw\Y/ ly=0
TABLE I
Values of the Particle Concentration Ratio ¢./¢., at the Body Surface
Tu/Ta
H 0.2 0.333 0.5 0.667 0.8 0.9

0.8 (b) 0.2198 0.3618 0.5336 0.6984 0.8247 0.9147

© 0.2195 0.3614 0.5332 0.6980 0.8241 0.9146
0.7 (b) 0.2320 0.3790 0.5534 0.7164 0.8377 0.9225

(c) 0.2316 0.3784 0.5526 0.7157 0.8372 0.9223
0.5 (b) 0.2640 0.4227 0.6015 0.7583 0.8675 0.9393

(c) 0.2631 04214 0.6000 0.7571 0.8667 0.9389
0.3 (b) 0.3152 0.4887 0.6688 0.8124 0.9034 0.9582

(© 0.3136 0.4865 0.6665 0.8106 0.9023 0.9578
0.15 (b) 0.3881 0.5747 0.7474 0.8688 0.9375 0.9749

(c) 0.3854 0.5712 0.7442 0.8667 0.9363 0.9744
0.1 (b) 0.4317 0.6217 0.7861 0.8941 0.9516 0.9813

() 0.4284 0.6178 0.7827 0.8919 0.9504 0.9809

Note. Lines (b) refer to the flow near the stagnation point on a cylinder, and (c) to that on a sphere.

Journal of Colloid and Interface Science, Vol. 127, No. 1, January 1989



108

From [3.10] and [3.11] one concludes that

2 2
s = (22) 1= (F) % 21

Sy (2w
<Cw)inc. - (¢°O>c.

(Q_T_) =P_w(£Z)
ay c. P ay inc.

The latter relationship can be obtained from
the similarity of the governing equations and
boundary conditions for both flow systems and
the Howarth—-Dorodnitsyn transformation. So
the assumption of constant density would re-
duce incorrectly the result for the local de-
position rate by a factor of (p./pw)? or
(Tu/Tw)

In this section the significance of the density
variation effect in the cases of flow past a flat
plate and near the stagnation point of a cyl-
inder and a sphere was shown. But it is to be
emphasized that the quantitative measure of
this effect in each case must be analyzed con-
cretely.

because

and

y=0 y=0

4. METHOD OF SOLUTION IN
THE GENERAL CASE

To solve the boundary layer Egs. [2.2],
[2.3], [2.8] in the general case the Mangler—
Levy-Lees transformation (see (9-11)),

dt = Pel‘eue(”/a)dexs
dn = [puc/(29)'*1(r/ a)*dy,

is introduced, where a is the characteristic
length of the body. With /' = u/u., g=1/1.,
and w = ¢/¢. as unknown functions these
equations can be written in the form

(Bf"Y +ff" + Blc ~ (f)?)

[4.1]
[4.2]

=28(f'9f'/3¢ — fof/0¢), [4.3]
(a8 +af'f")Y +/¢
= 2£(f'9g/3¢ — g'df/9¢), [4.4]
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oK(a:(g'/g)w) + fw'

= 28(f"0w/ 0k — w'of/E), [4.5]

where

b= (1+t)*pp/pette,

B = (28 u.)(du./dE),

¢ = pe/p,

a; = (1 + )% pp/(opepe),

@ = 1+ 0% = (1/0))ppsi2/(Iepepse),
[4.6]

and ' denotes the derivative with respect to 1,
and ¢ is the transverse curvature parameter,
representing the deviation of r from 7y (see
Fig. 1),

r ¥y Ccos «
—=14+—=
o To

The boundary conditions for [4.3]-[4.5]
are

14+t [47]

(£ 0)=0, lirgf’(& m=1 (48]
g(§0)=0, limg(§n) =1 [49]

7> 0

im w(&n)=1. [4.10]

The momentum and energy Egs. [4.3],
{4.4] are the usual laminar boundary layer
equations and are solved in the present paper
by the Keller’s box method as described in
Cebeci and Smith (11). The algorithm will not
be repeated here except that a few corrected
formulae needed are indicated in Appen-
dix A.

As for the particle concentration equation,
we note that it is an equation of first order and
its difference equation can be written as

oK[(af(G"/g")w] — (aT(G"/g")) ;-1 Wi]

h;
n [+ an)f” ~ anf " 11 p(W] — W)
h;
- Z(anu""l/z)j—l/z ——“W;‘ +2w5!_1 = S71),
[4.11]
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where G = g', and #; is the net spacing in the

pdirection, j=1,2,...,J, 9, = 9.
St =
oK (a (G g )wi!
h
(a6 /g wi
h;j
wi™l — wiZf
+ n:l J J
S 7
wi 4+ wi}

| wil — o)
+§(f -f l)jﬁl/z;—hj_u:l ,

[4.12]
with a, = 2£,-1,2/ kn, kn being the net spacing
in the £ direction, n =1, 2, ..., N. Equation

[4.12] can be solved by the recurrence formula

Wi = B, B, [4.13]
where
K n
A= L(a?-—,,) +C;— D,
h; ;
7.4 G"
Bi=——lal— -C;—D,,
/ h; ( : g" )j—l ’ ’
C = [+ o) f" = anf " 1j-12 ,

h;
D;= (au" )12

The coeflicients of Eq. [4.13] are all known
functions after the convergent solutions of the
difference equations of [4.3], [4.4] are ob-
tained. With the same accuracy the functions
Wy_i, ..., w can be found from [4.13] suc-
cessively with the boundary condition w; = 1.
Then the formula [2.9] is used to calculate
the deposition rate.

The system of [4.1]1-[4.13] with [2.9] can
be used to solve any external flow problem of
thermophoretic deposition provided the body
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form and the outer flow parameters are given.
We illustrate the numerical procedure on ex-
amples of thermophoretic deposition of par-
ticles in flow around a cylinder and sphere.

5. EXAMPLES OF CALCULATIONS OF
THERMOPHORETIC DEPOSITION OF
PARTICLES ON A CYLINDER AND A SPHERE

As examples of application of the method
of the previous section we consider the flows
of gas containing suspended particles around
a cold cylinder and sphere. For the range of
velocities usually encountered in thermo-
phoretic problems the Mach number of the
outer flow is very small: M2 < 1. In that case

I oT+(/2u® T

==t I = 1
I oT.+(/2)u? T’ [>-1]
so that in Eq. [4.3]
pe T
===—= 5.2
) T8 [5.2]

Equations [4.3], [4.4] can be further simpli-
fied when the well-known assumption

PR = Pepe [5.3]

is made as was already done in Section 3. Fi-
nally, we neglect the transverse curvature effect
in the flow past a sphere; that is, we make the
assumption ¢ ~ 0, which is valid approxi-
mately when Re,, is of the order 10 or larger.
Of course, the transverse curvature effect could
be taken into account without any principal
difficulty in which case the calculation would
have to be made for each value of Re,, and
the parameter Re,, would appear in the pre-
sentation of the results for a sphere.

For the flow past a circular cylinder we have
the velocity of the inviscid, incompressible

flow outside the boundary layer
Ue = 2u,.51n 0, [5.4]

where @ = x/a, a being the radius of the cyl-
inder. From [4.1] and [4.6] we see

[5.5]
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£ cost _ 2 cos 8(1 — cos 6)
pullo,a sin’f sin2f ’

= 1, at the stagnation point. (5.6]
For the flow past a sphere
3 .
Ue = 5 U Sin 6, [5.71

3 1 3 2
E= > puuwa(3 cos”f — cos 0 + —3—) , [5.8]

_4 & cosé
3 puti,a sin*f
1 2\ cos 6
=2{=cos’f — 0+ =)|—
(scos cOSs +3)sin“0’

= % , at the stagnation point. [5.9]

With [5.2]-[5.9] substituted into Egs. [4.3]
and [4.4], they are solved by Keller’s box
method and then the concentration is obtained
from [4.13] for a variety of parameters of T,/
T, and oK.

In the calculations, equal net spacing 4
= ().1 in the normal direction was used. Along
the tangential direction of the surface the di-
mensionless coordinate £ = £/ puu,a was in-
troduced. The spacing of £ was determined by
uniform division of ¢ into equal intervals of
/20 through formulae [5.5] and [5.8].

To test the accuracy of the method the so-
lution at the stagnation point has been com-
pared with the results obtained in Section 3.
The solutions by the present method have been
found to be very close to those of Section 3 as
can be seen from the comparison of Table I

C. SHEN

with Table II where the data obtained by the
present method are given. To economize
space, only data for oK = 0.5 are presented.
One can conclude that the algorithm in this
section has the same accuracy as the Runge-
Kutta method applied to the transformed
equations according to Howarth and Dorod-
nitsyn.

In Fig. 2 the wall values ¢,/ ., of concen-
tration at the stagnation point of a cylinder
for various 7.,/ T,, are shown as functions of
oK. The values for a sphere differ very little
from those for a cylinder as is evident from
Tables I and II.

The variation of the concentration along the
surface can be calculated for each set of pa-
rameters of ¢K and T,/ T,,. In Fig. 3 the dis-
tributions of ¢/ ¢ ., as functions of # for ¢K
= 0.576 wit T,,/ T, = 0.1 and 0.5 are shown
for a cylinder. It is noted that ¢,/ ¢ ., remains
almost constant along the surface and this is
true for other values of oK and T,/ T, and
for a sphere.

The local deposition rate can be expressed
as

T = puy w (9T
pwaw ayw

K («) (7o
V2(Re)'?(B)' \a/ \g'™* on )’

where » is the power index in the viscosity
1aw: po/ oo = (Tw/ T )® =g%. Itisconvenient
to introduce the dimensioniess deposition rate

VReJ
Coll

J [5.10]

i

TABLE 11

Values of ¢./¢., at the Stagnation Point of a Cylinder and a Sphere Calculated by the Method Used in This Section

Tl Te

H 0.2 0.333 0.667 0.8 09
0.5 (b) 0.2640 0.4227 0.6014 0.7582 0.8674 0.9392
(©) 0.2632 0.4214 0.6000 0.7570 0.8667 0.9389
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For a cylinder we have

= ¢w siné < 1 0g)
Jo=2K— = 5.11
¢ b V1 —cosf\go ), [5.11]
and at the stagnation point
A b (1 g
Jeeoy = 2V2K . (gz—w an)w. [5.12]

Analogously for a sphere we have

- 3 ¢w sin’6
J=k2
572" ¢ Veos0 — 3cos 8 + 2
1 dg
=1, [5.13
(gz‘”an)w B-13]

= w 1 4
JS(st.) = VEKZ;' (gz_w ’5%) . [514]

The dimensionless deposition rates at the
stagnation point for a cylinder and a sphere
for a variety of parameters of oK and 74/ T,
are calculated according to [5.12] and [5.14]
after the solutions of [4.3], [4.4], [4.13] had
been obtained by the procedure described
above. They are shown in Figs. 4 and 5 as
functions of ¢K with T,/ T, as a parameter.
The results can be used for a given set of pa-
rameters C,,, U, and Re, to obtain the di-
mensional deposition rates from [5.10].

PwiPeo

Tw/Too=.1

[ | ! 1 I I I
0 .2 4 6 .8 1.0
H=0K

FIG. 2. ¢,/ ¢ - at the stagnation point of a cylinder.
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1.0
8
"' Tw/Too=.5
o
8 L
2
& 4
Tw/Too=.1
2
1 | | 1 [ I I 1 1
0 20 40 60 80 100
©,DEGREES

FIG. 3. ¢w/¢,, along the surface of a cylinder for oK
=0.576, T,/ T, = 0.1 and 0.5.

As for the deposition rate distribution along
the surface it would seem to be necessary to
calculate it each time for each set of parameters

10

]

T T TrTIT

Tw/Too=.1

FIG. 4. Dimensionless deposition rate at the stagnation
point of a cylinder.
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10

T T 717017

Tw/Too=.1

.02

ot —1 1 1 1 4 01

Fi1G. 5. Dimensionless deposition rate at the stagnation
point of a sphere.

of oK and T,/ T.. As examples, the results
for oK = 0.576, T,/ T, = 0.1 and 0.5 for a
cylinder and a sphere are shown in Figs. 6 and
7. It can be seen that although the absolute
values of deposition rates differ rather greatly
for T/ To = 0.1 and T/ T, = 0.5, the rela-
tive distributions are almost identical. This
is caused by the fact that the factor
(dw/ D )(38/0n)w/g% @ in formulae [5.11]
and [5.13] remains almost constant when 6
varies from zero to larger values downstream.
As an example, the calculated values of the
factor K(¢w/¢)(8g/0m)\/8% « for K = 0.8,
Tw/ T, = 0.5 as function of 6 are shown to
remain constant up to 8 = 72° with an accu-
racy of 1%. So for practical purposes for a va-
riety of parameters of oK and 7.,/ T, one can
be sure that the distribution normalized by the
stagnation point value has the form of

Journal of Colloid and Interface Science, Vol. 127, No. 1, January 1989
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sin 8/V2(1 —cos) for a cylinder and of
V3 sin?6/2(cos0 — 3 cos 8 + 2)!/2 for a sphere.

It is convenient to define the total dimen-
sionless deposition rate as

— 1 —
J(total) = E-L JdS, [515]

where S is part of the body surface wetted by
the oncoming flow. For a cylinder and a sphere
it is well known that the real external flow field
differs from the potential flow pattern given
by [5.4] and [5.8] rather significantly owing
to the separation of flow. The results presented
are valid approximately up to § = 60°-70°. If
we suppose that formulae [5.11]-[5.13] are
valid approximately for the front part of the
surface and that the deposition at the rear part
is zero, the total deposition rates for a cylinder
and a sphere can be written approximately as

_ 2 2 _
Jegotal) = po L Jeadt

2Jcsipy (™*  sin 0df
T o  V2(1 —cos )
=~ 0-9JC(st.p.)9 [516]
1.0
8
6~ GYLINDER
l-:m
N Y
SPHERE
2k
1 1 | 1 i | | i .

0
-100-80-60 -40 -20 0 20 40 60 80 100

©,DEGREES

F1G. 6. Dimensionless deposition rate along the surface
of a cylinder and a sphere. T,/ T, = 0.1, K= 0.8, and ¢
=0.72.
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20
1.6 — CYLINDER
1.2 —
|_Jw [~
I—:Q 8~
SPHERE
4 —
0 1 L L [ | 1 1 P |

-100~-80-60-40-20 O 20 40 60 80 100
O,DEGREES

HFIG. 7. Dimensionless deposition rate along the surface
of a cylinder and a sphere. T,/T,, = 0.5, K = 0.8, and o
=0.72.

- 1 /2 _ .
Jstotaly = nd’ J; Js2wa’sin 640

o, "2 (V3/2) sin®0dp
St o Veos0 — 3 cos 0 + 2
~ 0-817j5(st.p.)- [517]

So one can turn to Figs. 4 and 5 for the
dependence of J¢(ioal) and Jsorar) ON params-
eters oK and 7,/ 7,,.

It is interesting to compare the results of the
present approach with those obtained from
const. density considerations. We note first
that the dimensionless local deposition flux
used in (5) (designated further in this paper
as J5)) was defined there implicitly as (in no-
tation of (5))

[5.18]

For a cylinder from (5) we have 141 R = u,,,
Re = 2u,a/v, but it was not specified under
what temperature v ought to be measured. If
we suppose » is determined at the bottom of
the boundary layer one has the relationship
between J 5y and our J¢

_ V (I+w)/2 _
- VRewJ _ %(f) Jo. [5.19]
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From Table I and Fig. 2 of (5) one has the
local particle flux at the stagnation point in
the incompressible assumption for g, = 0.5
and K= 0.8, ¢ = 0.71

j(s) = 0233,

or in our notation (gy = 0.5, w = 0.77 is sup-
posed)

jC(st‘p.)inc. = 0178, [520]

while from our calculation for the same set of
parameters ( except for a small difference in o,
o = (.72 in our case) one has (see Figs. 4 and
6)

Jeestpye. = 0.732.

By comparing [5.20] and [5.21] we see that
the relationship [3.12] between Ji,. and J
holds within the accuracy of calculation. As
for the distribution of the deposition rate we
note that the distribution form of J¢ is quite
different from that obtained in the incom-
pressible assumption (cf. (5, Fig. 2)). As there
is no similarity transformation from com-
pressible into incompressible flow fields in the
whole region of the flow, the explicit relation-
ship between J.. and Jinc like that of the form
[3.12] is not expected to exist in the general
case.

[5.21]

6. DISCUSSION

In this paper our attention is focused on
providing a general method of calculation of
the thermophoretic deposition in external flow
past bodies and on elucidating the significant
density variation effect in thermophoretic
problems of external flow. The predicted val-
ues of the wall concentration and deposition
rate by the const. density assumption are
shown to differ from the correct values by fac-
tors of T/ T, and ( T/ T, ), respectively, for
flows near the stagnation point of a cylinder
and a sphere and a past flat plate. But it is
emphasized that this is not a universal con-
clusion. Numerical examples are given for
flows around a cylinder and a sphere, the pro-
cedure being quite common in solving prob-
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lems of flows past bodies of arbitrary shape. It
has been mentioned that the potential flow
patterns given by [5.4] and [5.8] differ from
the real flow outside the boundary layer be-
cause of flow separation. When the external
flow field U(x) is known either from theoret-
ical consideration or from experimental in-
vestigations the numerical algorithm can be
carried out in the same way to get more re-
alistic results.

The method used in this paper has direct
applications in problems like the staining of
the surface of heat exchangers and the erosion
of turbine blades by small particles sedimented
on them. The analysis shows that these prob-
lems are more serious than they would seem
to be from the constant density analysis.

For the validity of the boundary layer ap-
proximation the oncoming Re, must be
greater than 103, For a characteristic length a
~ 0.1 m, this implies that u,, must be greater
than 0.1 m/s. Greater Re,, is required to verify
the neglect the transverse curvature effect in
the axisymmetric flow case. This implies #.,
> 1 m/s (for a = 0.1 m). Furthermore, in the
previous formulation it has been assumed that
the particles follow the gas motion closely
when thermophoresis is absent. This can
be verified when the Stokes number St
=(2/9)ap/a)*(pp/ pws )Rew, 1.€., the ratio of
the relaxation time of the particle due to vis-
cosity to the gas flow characteristic time, is
sufficiently small. For a ~ 0.1 m and ¢, ~ 1
pm, Re,, < 107 is implied. For smaller bodies
smaller Re,, is required.

APPENDIX A

In the formula [7.9.11b] of (11) the correct
expression for matrix 4 for j = J should have
the special form (the notation of (11) is used)

—h;/2 —hy/2
br  —¢s
instead of the general form indicated in (11).

Analogously the «; matrix in [7.9.17] for j
= J also should have the special form

A,E[ ] [A.1]
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l:‘hJ/2 +emn —hy/2
&y = - -
! —¢;+ 0,854 oy

As a consequence, the following expressions
for Xis Vi1

] . [AZ2]

my; —hy/2 (er))s —hy/2
= , [A.3
7 ny s / (021)s s [A-3]
yr= 2/h)[(a)sx; — my], [A.4]

should replace the general formulae given in
[7.9.23]of (11).

APPENDIX B: NOMENCLATURE

Symbols
a radius
a cf. [4.6]
a cf. [4.6]
cf. [4.6]
Pl p

¢p, number density of particles

specific heat

Brownian diffusivity of particles

ulue

1/1,

gl

oK, thermophoretic coefficient

net spacing in n direction

¢pT + u?/2, total enthalpy

local deposition rate, [2.9]

VRe,, J/(Cyl,), dimensionless de-
position rate

1, for axisymmetric flow

0, for two-dimensional flow

thermophoretic coefficient

thermal conductivity of gas

net spacing in £ direction

pressure

radial distance

radial distance from the body

U,a/ Vs, Reynolds number

U a/ vy, Reynolds number

part of surface wetted by the oncoming
flow

v/D, Schmidt number

(2/9)(ap/ @)*(pp/ P )Res , Stokes
number

mg?;*’myqﬁwww» NSNS QR S O &
8

7270
= o
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ycos afry J value at the jth node point in 5 direc-
temperature tion
x, y components of the gas velocity n value at the nth node point in £ direc-
thermophoretic velocity, [2.5] tion
&/ de p particle property
coordinates along and normal to the S sphere

surface st.p. stagnation point value
Howarth-Dorodnitsyn variable, [3.1] w wall value
angle between the tangent and axis of oo free stream value

the body
28(duc/dg)/ ue, [4.6]
outer edge speed parameter, [3.2]
transformed y coordinate, [4.2]
similarity coordinate for stagnational
case, [3.2]
x/a
viscosity of the gas

u/ p, kinematic viscosity 1.
density 2
transformed x coordinate, [4.2] 3

E/(Pooktostion@), [4.1]

rep/ ke 4.

C/p, particle concentration per unit
mass of gas

stream function 6

power index of the viscosity law 7

Indices

compressible, variable density

cylinder 10
at the edge of boundary layer 1"
gas property

incompressible, const. density
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