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Abstract—A study has been made of the flow, heal transfer and thermophoretic deposition (o a circular
boule in respect Lo the outside vapor deposilion (OVD) process. Numerical solulions of the governing
conservalion equitions have been obtained utilizing a non-orthogonal curvilincar coordinate grid. The
particle deposition rate and the variation of the deposition efficiency are investigaled for a range of
parameters relalive to the OVD process. The interaction of the jel-like torch flow with the target and the
surroundings results in a flow, heat transfer and particle transport to the circular target thal are quile
different from that for uniform flow. The increase in the concentration prior to the target is an important
factor in determining the particle deposition rate. The effects of buoyancy augment the deposition rale.
Larger values of the average Nussell number and the efficiency are obtained for a cold largel. For a hol
target. the local Nusselt number becomes negalive over the leeward side and a particle-free layer is formed.
For the particle jet, the concentration and the deposilion rate rapidly decrease downstrcam [rom Lhe
stagnalion poinl. The deposition elficiency is greally reduced when the torch is nol aligned with respect to
the target. Increasing Lhe speed of the gas flow increases the average Nusselt number, but reduces the
efficiency. Higher cfliciency is obtained [or a higher torch temperature. The elficiency is slighlly increased
for a larger targel. Increasing Lhe distance between Lhe torch and the targel and increasing the rotational
speed of the boule slightly reduce the efficiency.
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1. INTRODUCTION

THE MANUFACTURE of high quality wave guides has
been successfully carried oul utilizing particle depo-
silion techniques. In the outside vapor deposilion
(OVD) process, the torch is composed of concentric
rings or linear slits through which SiCl,, CH,, O, and
N, or Hec gases flow, and impinge on a cylindrical
targel. Silica particulates are formed by direct oxi-
dalion or hydrolysis reactions. Typically, the first par-
ticles formed are of the order of 0.1 um in diameter
and Lhese grow by collision and coalescence to pro-
duce particles up to 0.25 um (Morrow et al. [l],
Bautista er al. [2]).

Homsy er al. [3] and Balchelor and Shen [4]
analyzed the thermophoretic deposition of particles
in a uniform flow past a cylinder based on the Blasius
series solution. Gokoglu and Rosner [5, 6] analyzed
the thermophoretic mass transfer on the cold flal
plate. Garg and Jayaraj [7, 8] calculated thermo-
phoretic deposition over a cylinder in numerical
studies specilying the pressure gradient ol Lhe exter-
nal flow. Alam et al. [9] investigated thermophoretic
deposition for a plane jet impinging on a flat plate.
These studies utilized the boundary layer assumplions
with simple external flows. However, experimental
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results (Bautista et al. [10], Graham and Alam [11])
showed thal the circumlerential variation of the flow
and heal transfer, as well as the interaction between
the torch and the boule, have strong cffects on the
particle deposition. The utilization of electric fields (o
enhance and control particle deposition have been
studied experimentally and theoretically by Hwang
and Daily [12-14].

A study was made of a forced buoyant jet impinging
on a circular cylinder by solving the governing elliptic
conscrvation cquations (Kang and Greifl [15]) and
results lor the Aows and heat transfer were presented
for a constant property flow using the Boussinesq
approximation. It is noted that the flow and lem-
perature fields for a forced buoyant impinging jetl are
quite different from those present in a uniform flow.
As Lhe air leaves the nozzle, the jet is assumed Lo
develop from a potential core region. Beyond the stag-
nation poinl the flow accelerales and develops into a
wall jet which separates downstream. A recirculation
bubble forms at the rear of the cylinder and further
downstream a buoyant jet develops. The flow cools
due to heal loss to the ambient and to heat transfer
to the target boule. In the present study a high tem-
peralure variable properly flow is considered with
particles assumed to form at the exit from the torch.
The particles are convected downstream by the flow
and thermophoretic velocity. In this work. the particle
deposition rate is determined and the variation of the
deposition efficiency is investigated over a range of
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NOMENCLATURE
A, conveclion—diffusion coeflicients u. v Cartesian components of the velocity
a' contravarianl base vector W width of the jet
h source term in the discretized cquation x. v Cartesian coordinale.
C concentralion of the particles
C,  skin-[riction cocfficient, 27, /p,U; Greek symbols
C,  pressurc cocfficient, 2/p, U} r general diffusive coefficient
I specific heal al constant pressure n deposition efficiency
F mass Aux of the particles (S} non-dimensional temperature,
g square of the Jacobiun (T, —TINT,—T,)
q, acceleration of gravity ©* non-dimensional paramcter. 7,/(T,—T,)
¢ components of the contravariant melric 0 angle measured from the front stagnation
Llensor poinlt
H distance belween the nozzle and Lhe it viscosily
cylinder v kinematic viscosity
i.j  Cartesian base vectors & curvilinear coordinate, &' = &, &7 =y
J deposition coefficient. ¢, . C../U,C, P density
K coclficient of the thermophoretic velocity T, wall shear strcss
k conduclivity ¢ general dependent variable
L

N scparalion lenglh
N rotational speed of the target
Nu  Nusselt number. ¢R/k(T,—T,)
Pr Prandtl number, uc,/k

r stalic pressurc

R radius of a cylinder

Re  Reynolds number. p,U,R/y,

S,  sourcc lerm in the governing equation
T lemperalure

(/" contravarianl velocily componenl

U,  magnitude of the gas jel velocily

Q rolational speed. 2aN/60.

Subscripts
N. S, E. W four nodes around the gnd
point P
a ambient value
valuces of particle jet
values at the torch exit
values at the stagnation point
values at the target wall
partial differentiation with respect to &'

Ty € O o

values of the parameters. The flow is assumed to be
laminar and steady (hroughout the entire domain,
where a buoyancy force is acting vertically.

2. MATHEMATICAL MODELING

2.1. Coordinates and governing equations

The gas is assumed Lo be homogeneous and non-
reactive with particles being formed alt the exit of the
torch. The governing steady, laminar conservation
cquations are described in the Cartesian coordinale
system. where v and r denole velocily components in
the x- and y-direclions, respectively (cf. Fig. 1(a)). A
non-orthogonal curvilinear coordinate grid is gen-
eraled Lo carry out the numerical calculations [16-18].
The local heat transfer and the particle deposition on
the surface of the boule, especially near the stagnation
point, are of interest, and the so called C-lype grid
system is adopted [15. 16]. The center line of the wake
(x> 1.0, y =0.0) 1s a branch-cut which transforms
the low domain (o a reclangular region as is shown
in Fig. I(b). Transformation functions &(x, y} and
n(x, y) are oblained by solving Poisson equations
[17,18].

The continuily, x-momentum, y-momentum, and

cnergy equalions in an arbitrary curvilinear coor-
dinale system are as follows:

(J(9)pU)z =0 (1

(Vo(pU'u~pg"ule+(yep)y ~ (e p)e
—J99.(p—p,) =0 (2)
(Va(pU't—pg"cr )+ (x2p)o —(xap)2 =0 (3)
Voo, U T—kg"T;)]e = 0 @)

where

a=ve. g'=a-a. 5)

Since the fAlow 1s low-pressure and low-speed, the pres-
surc work and dissipation terms are neglected in the
energy equation. Density p, viscosity yu. specific heat
at constant pressure c,, and conduclivily & are variable
and given as functions of the temperalure.

The gas is considered to be particle (ree because of
the dilute particle concentration. The particle trans-
port is affected by convection, diffusion, and thermo-
phoresis. The contribution to the deposition rate due
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FiG. |. (a) Flow configuration and coordinate system. (b) Transformed domain for numerical calculations.

Lo Brownian diffusion is normally much smaller than
that due to thermophoresis and is neglected (Homsy
et al. [3], Batchelor and Shen [4]). The conservation
equation [or the particle concentration 1s then given
by:

(Vo(UinC)]. = 0 (6)

where Ul is the sum of the flow and the thermo-
phoretic velocities. The thermophoretic velocity is
given as

Fp = —KLT'VT %)

where the thermophoretic coefficient K is a function
of the Knudsen number and the ratio of the thermal
conductivity of the gas to that of the particle (Talbot
et al. [19]). A value of K equal to 0.9 is used (Walker
et al. [20]). The effects of K on the values of the
concentration and deposition efficiency at the stag-
nation point are discussed in Appendix B.

2.2. Boundary conditions
The no-slip condition for Lhe velocity components
and the condition of constant wall temperature are

given on A’-A which is the transformed circular
cylinder, iie. u = RQsin0. r = —RQcos 0, T=T,.
Neglecting diffusion in the concentration equation
results in a hyperbolic equation and a boundary con-
dition is nol required on the wall. The velocities and
temperature along B'-A" are equal to the value along
A-B. On E’-E. corresponding to the torch exit. the
velocity and temperature are uniform. ie. u= U,
v =0, and T = T,. The static pressure is fixed to be
zero here as a relerence value. The particle con-
centration is given by the Gaussian normal dis-
tribution (Bautista et al. [10]. Graham and Alam

[11]:
Cly—E) = C,exp [—m 2 (‘;/E” 8)

where E is the horizontal eccentricity of the torch
relative to the center line. W, denotes the half width
of the particle jet so thatat y—E = W, C = (;/2. On
the boundary C-D’ and D-C, which is located far
from the cylinder, the y-derivative of the entrained
horizontal velocity component is taken to be zero:
Ov/dy = 0. The boundary condition for u is deter-
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mined by considering the entrained fow to be
irrotational: ¢*u/éy? = 0. The entrained flow is
assumed to be horizonlal at the external upstream
boundary; D-E and E-D’. This assumption does
not have a strong eflect on the flow pattern and
heat transler over the cylinder. The temperature on
the external boundary is at the constant ambient
value and the concentration is zero: T=T,, C=0.
At the far downslream location above the cylinder
B’-C” and B-C, the streamwise second derivatives
of the velocity components and the temperature are
assumed to be zero. No boundary condition for
concentration is required there.

2.3. Deposition of particles and specified relations

The deposition rate is equal to the normal com-
ponent of the thermophoretic velocity multiplied by
the particle concentration at the wall. The non-dimen-
sional deposition coefficient, J is defined by

e r NN
Uc, O, +0*\ v, J\k./\C,/ Re

When the heat-transfer rate is negative, the particle
transport is away from the surface and a particle-frec
layer is formed near the wall. For this case, C,, and J
are zero. In general, the concentration at the wall,
C,. is obtained by considering the boundary layer
equations (cf. Appendix A). The deposition efficiency
1s defined as the ratio of the tolal deposition rate, F,,
to the incoming particle mass flow rate, F,, :

5=L=2\/(n'ln2)<p§c)j

n= F ”
" J UcC,, dr

(10)

3. NUMERICAL METHOD

The governing equations (1)-(4) and (6) can be
written in a generalized form according to

[V9(pU'¢~Tg’¢.)]:—b =10 (11)

where ¢ denotes an arbitrary variable. The discretized
form of the equations is obtained by the finite volume
method (cf. Patankar [21]), and is written as

Apdp = Andn+ Asps+ Apde + Awdpw + S,

The coefficients 4, are obtained by integrating the
convective and diffusive fluxes across the control sur-
faces and the subscripts N, S, E, and W denote the four
neighboring grid points around P. Since the Reynolds
numbers are not large, the HYBRID scheme [21] is
used. The quantity S, includes all the terms pro-
portional to the control volume and non-orthogonal
related terms.

(12)
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The calculation of the pressure proceeds accord-
ing to the SIMPLE algorithm of Patankar [21].
Linearized solutions of the momentum equation are
used at each control surface to evaluate the fluxes.
These are obtained by using the velocities and press-
ures at neighboring points [15, 17, 18].

A Modified Strongly Implicit (MSI) method
(Schneider and Zedan [22]) i1s adopted to solve the
discretized linear equations. The overall solution is
iterative in nature and convergence is checked by
monitoring the sum of the residuals for the variables
over the entire domain. The equation for the particle
concentration, which is linear and decoupled from the
other equations, 1s solved after the low and tem-
perature fields are obtained. The program developed
in the previous study [15] is modified to include vari-
able properties and the concentration equation for the
particles.

4. RESULTS AND DISCUSSION

4.1. Scope of study and preliminary calculations

The important quantities are the radius of the target
boule R, the distance between the torch and the boule
H, the half width of the torch W, the eccentricity of
the torch relative to the boule E, the jet velocity U,
and temperature 7,, the surface temperature of the
boule T,, the half width of the particle jet W, and
the rotational speed of the boule N. The values used
are:

R = 0.0070, 0.0100, 0.0143 (m)
U=10,1520(ms"")
T, = 1600, 1800, 2000 (K)
0. [=(T,—T)(T;—T,)] = 0.0-0.5-1.0
W/R=07,10,1.4
H/R =35,5.0,7.0
W./R = 0.05, 0.10
E/W, =0.0,10,2.0
N =0, 60, 120, 300 (r.p.m.).

The bold faced values are the standard values of each
quantity when the others are changed. The ambient
temperature T, is fixed as 300 K.

The upstream and downstream locations were
chosen to be — H and 20.0R, and the external bound-
aries were located at +10.0R [15]. The grids were
non-uniformly and more closely spaced near the sur-
face and in the wake of the cylinder. Three sets of
grid points were tested for grid sensitivity; 111 x 41,
131 x 61,and 151 x 71 in the £ and  directions, respec-
tively. The solution is considered to be converged
when the non-dimensionalized residuals become less
than 10~° for the concentration and 10~* for the
velocities and temperature. The results of calculations
for the standard values given above are summarized
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Table [. Variation of calculated results for air for standard values of variables

Number of grids 11T x41 131 x 61 151 %71
Maximum C; Re'* (location) 3.680 (50.1) 3.648 (44.2) 3.642 (442 )
Separation point 0, 126 128 129
Separation length L,/R 1.66 1.61 [.59
Stagnation pressure coefficient C,, 1.90 2.03 2.04
Stagnation Nusselt number Nu,/Re" " 0.356 0.357 0.357
Average Nussell number [.120 1.131 [.136
Stagnation deposition rate J, Re'* 0.326 0.330 0.331
Deposition efficiency 5 45.2 60.1 61.5

in Table 1 and 151 x 71 grids are chosen for the present
study.

4.2. Effects of buoyancy and the base gas

Calculalions were carried out with and without the
buoyancy term. For most cases, air was chosen as the
base gas although calculations were also made for
helium. The density of helium is small, and the kinelic
viscosity and thermal diffusivity are large in com-
parison with air. Calculations were carried out for
the standard values of the variables. The overall flow
patterns and isothermal contours show the same sym-
metric structure as for the constant property flow [15].
The Reynolds numbers based on Lhe properties at
the torch exit are 53.3 and 7.03, for air and helium,
respectively. The variations of the velocity and the
temperature along the center line of the jet are shown
in Fig. 2. In the absence of buoyancy, the [ree jet [rom
the torch diffuses, and the velocity along the center
line decreases monotonically to zero at the stagnation
point. Near the stagnation point, the flow spreads
laterally and forms the wall jet layer over the surface
of the target cylinder. The flow separates downstream
and a recirculation bubble results. When buoyancy is
present, the flow accelerates as it leaves the torch
location and then decreases to zero as the cylinder is
approached. The gas jet cools by lateral heat con-
duction and the temperature decreases Lo the wall
temperature at the stagnation point. The acceleration
resulting from buoyancy contributes to the increases
of the skin-friction and the heat transfer coefficient.
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Fi1G. 2. Effect of buoyancy and base gas (He) on the variations
of velocity and temperature along the center line of the torch
flow.

These distributions, scaled by the square root of the
Reynolds number, are shown in Figs. 3(a) and (b).
The wall jet becomes thin and accelerates due to buoy-
ancy (Fig. 4) where the wall jet profiles at @ = 90 are
shown. With buoyancy present, the low separates at
128 ; without buoyancy separation occurs at 105 .
The separation length, L,/R, which is measured {rom
the rear slagnation point decreases {rom 7.04 to 1.47
due to buoyancy. Buoyancy delays separation and
makes the recirculation region smaller.

For helium as the base gas, the acceleration due to
buoyancy is suppressed by the strong diffusion, and
the jet cools rapidly due to the large heat conduction
(Fig. 2). The wall jet therefore becomes thicker, the
maximum velocity decreases and the temperature
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FiG. 3. (a) Effect of buoyancy and base gas (He) on the

variations of skin-friction on the target surface. (b) Effect ol

buoyancy and base gas (He) on the distributions of Nusselt
number on the target surface.
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FiG. 4. Velocity, tlemperature and concentration proliles in
the wall jet at 0 =90 .

cools to the wall temperature at ) =90- (Fig. 4).
However, the small inertia (small density, Re = 7.03)
delays the separation point until ¢# = 152 and makes
the recirculation bubble very small, L,/R = 0.54. The
value of Nusselt number becomes negative at ¢ = 119
in Fig. 3(b), i.e. the low cannot heat the target beyond
this location.

The concentration increases moderately in the [ree
Jet region, but undergoes a rapid increase in the stag-
nation region (Fig. 5). The vanations of the con-
centration and the temperature along the center line
of the torch are related by (cf. Appendix B):

C O+0* |

c, 1o+ ]
When the non-dimensional concentration and tem-
perature do not deviate greatly from 1.0, the values
of m are 0.36 and 0.32 for air and helium, respectively
as shown in Fig. 6. Nole that the corresponding
power, (1.0 —K* Pr) in equation (B7) has values of
0.37 and 0.33 for air and helium, respectively.

The thermophoretic velocities on the wall, which
are proportional to the Nusselt number (equation
(9)), increase due to buoyancy (Fig. 7). Note that
helium gas has a larger thermophoretic velocity at the
slagnation point. The concentration and deposition

(13)

1.3
—o— w/ buoyancy, Air
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&
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FI1G. 5. Effect of buoyancy and base gas (He) on the vari-
ations of the center line concentration prior to the targel.
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Fi1G. 6. Temperature—concentration plot along the center line
of the torch.

coeflicient distributions are shown in Figs. 8(a) and
(b). The concentration decreases [rom the stagnation
point Lo downstream locations, and becomes very
small in the recirculation region (the entrained How
from outside has a low concentration). In the case of
helium, the concentration is zero over the negative
Nusselt number region, i.e. a particle-free layer is
formed. The deposition rate over the flow separa-
uon region is very small. The deposition flux rapidly
decreases from Lhe stagnation point. Nole that for
the uniform Aow case (Garg and Jayaraj [7, 8]) Lhe
concentration is nearly uniform and the deposition
rate decreases parabolically along the circular cylin-
der. The deposition efficiencies for the Lhree cases, i.e.
with and without buoyancy for air, and with buoy-
ancy for helium, are 61.4, 51.5. and 56.7%, respec-
uvely.

4.3. Effects of the surfuce remperature and the width
of the particle jet

The thermophoretic velocity at the wall, which is
proportional to the Nusselt number, is strongly
dependent on the surface temperature. For a range of
surface temperatures, the Nusselt number dis-
tributions are presented in Fig. 9. As the surface
becomes hotter, the Nusselt number decreases, and
becomes negative over a portion of the leeward side.

0.05 T T
[o— w/ buoyancy, Air
0.04 w/o buoyancy, Air ]
Eh w/ buoyancy, Helium
0.03 ‘t\\:\
2 R.A.
= o002
g %\.\
0.01 o]
xﬁ h&’o—(m‘ﬁ
0.00
00ty 60 120 180
2]

Fi1G. 7. Variations of the thermophoretic velocity due to
buoyancy and the base gas, He.
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Fi1G. 8. (a) Effect of buoyancy and base gas (He) on the

distributions of particle concentration on the largel surface.

(b) Effect of buoyancy and base gas (He) on the deposition
rate coefficients on the target surlace.

When the surface temperature is very hot, the Nusselt
numbers are negative over the entire surface. For this
condition the torch does not heat the targel and the
particle-free layer extends over the entire surlface. The
average Nusselt number decreases and is negalive
when the non-dimensional wall temperature, ©,, is
larger than 0.89 (Fig. 10(a)). As the surface tem-
perature becomes cold, the deposition rate becomes
large near the stagnation point, but is not always large
downstream, because the increased deposition rate

0.8
ew
06 —— 0.0
K —— 0_5
@ 04 — v 08
€ %Y o) —e 10
o
w
3 02
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F1G. 9. Variations of the local Nusselt number on the surface
with Lhe surface temperature of the target.
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upstrcam makes the concentration smaller down-
stream (not shown).

As Lhe particle jel becomes thin relative to the targel
and the gas jel, small ¥, /R, the local concenlration
and the local deposition rate rapidly decrcase [rom
the slagnation point to downstream localions. How-
ever, the overall deposition and deposition efficiency
increase for small W./R. The variation of the efficiency
with respect to the width ol the particle jet for different
surlace lemperatures is presented in Fig. Ti(a). If the
surlace is cold and the particle jel is thin. the particle
deposilion is large. The torch-target configuration
and the operating larget lemperature arc important
paramelers characterizing the process.

4.4. Effects of the eccentricity of the torch

The misalignment (eccentricity) ol the torch with
respect (o the targel destroys the symmetry ol the low
and the particle jet. This misalignment (cl. Fig. 1(a))
is known 1o have a strong effect on deposilion
(Bautista er «f. [10]) and is studied by introducing
an cccentricity, E. Note that when £/W, is 2.0, the
misalignment £ is 0.1R for W,/R =0.05. For this
condition there is only a small change in the Nusselt
number distribution (not shown): however, for the
concentration and deposition the maximum values
are reduced and the curves shift toward and past the
center line of the torch (Figs. 12(a) and (b)). The large
reduction of the deposition efficiency in Fig. 13 is
primarily due Lo the large reduction in particle con-
cenlration prior (o reaching the target. The values
without the stars in Fig. 13 are the calculaled
efficiencies when only the particle jet is shifted (the
torch being kept at the original position). Control of
the particles is very important in respect Lo atlaining
high efficiency of the process.

4.5. Effects of the velocity, temperature and width of
the gas jet

The velocity of the gas-mixture is an important
operating parameter. The Reynolds numbers cor-
responding Lo the velocities of 1.0, 1.5and 2.0 m s~ :
are 26.7. 40.0 and 53.3, respectively. Over his range
of values, as the velocity decreases. the eflect ol the
flow acceleration by buoyancy become large ; the gas
jet is cooled significantly. The skin-[riction cocflicients
decrease (not shown), and the local and the average
Nusselt numbers (cf. Fig. 10(b)) increase for increased
velocily. There is a slight reduction in the efficiency
with increased velocity in Fig. 11(b).

For gas jet temperatures of 1600, 1800 and 2000 K,
the Reynolds numbers are 77.4, 63.6 and 53.3, respec-
tively. The distributions of the skin-friction coeffi-
cients, Nussell numbers and deposition coefficients
scaled by the square root of the Reynolds number
are not noliceably changed with respect to jet tem-
peralure. The average Nussell number is propor-
tional Lo the square root of the Reynolds number
and to the —0.88 power of the lemperature (Fig.
10(c)). The higher jet temperature yields a higher
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efficiency. proporlional to the 0.88 power of the tem-
perature (Fig. 11(c)).

The local Nusselt numbers and deposition co-
efficients increase over the targel when the width of
the gas jel is large (not shown). The increases in the
average Nusselt numbers and the efficiencies with
respect to the width W are shown in Figs. 10(d) and
11(d).

4.6. Effects of the radius of the target and the position
of the torch

For a larger target, the distance between Lhe Lorch
exil and the target is shorter and the blockage effect
of the target on the flow is increased. The average
Nusselt number increases with increasing values of
the radius (Fig. 10(e)). The deposition rale at a given
angular location 1s smaller for the larger target. The
cumulative deposition along the target from the stag-
nation point to a given location is larger for a larger
target (Fig. 14(a)); however, Lhe total deposition rale,
1e. the efficiency, is only slightly increased as shown in
Fig. 11(e).

For the condition when the distance between the

torch and the target increases, the average Nusselt
number decreases (Fig. 10(f)). and the deposition
efficiency decreases slightly (Fig. 11(f)).

4.7. Effects of the rotational speed of the target

The effects of the rotational speed of the boule were
investigated. Calculations were carried out for speeds
of 60, 120 and 300 r.p.m. The overall flow and lem-
perature conlours are slightly shifted in the direction
of rotation; the stagnation point is al 3 | the sep-
aration points are at 135 and —130 for N = 300
r.p.m. However, the maximum deposition rate occurs
at 15" (Fig. 14(b)) mainly due to the changes in the
concentration distribution. Rolation only slightly
reduces the efficiency (Fig. 15). These eflects will be
more important when the radius of Lhe largel is large
and the gas speed is small.

5. CONCLUSIONS

The flow, heal transfer, particle deposition and
efficiency in the OVD process have been studied. The
following conclusions are drawn.
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(1) Buoyancy accclerates the flow towards Lhe tar-
get and significantly increases the skin-{riclion and
heat transfer. The flow cools by heal transler to the
surroundings and (o the target. The interaction of the
jet-like torch flow with Lhe targel results in a flow and
heat transfer that are quile different from that [or
uniform flow.
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(2) The increase of the concentration prior to the
targel increases Lhe particle deposition rate. The con-
centration and the deposition rate decrease from the
slagnation point to downstream locations and become
very small in the rccirculation region. Buoyancy
causes an increase in the deposition efficiency.

(3) The average Nusselt number and efficiency
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FIG. 12. (a) Varialions of particle concentration on the surflace with eccentricity ol the torch. (b) Variations
ol deposition rate coefliciency on the surface with eccentricity of the torch.
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increase as the surface temperature becomes cold. For
a hot target, the Nusselt number becomes negalive
over the leeward side and a particle-free layer is
formed. For a cold target the deposition coefficient
increases especially near the slagnation point.

(4) As the particle jet becomes thin relative to the
target and the gas jet, the concentration and the depo-
sition rale rapidly decrease from the stagnation poinlt
Lo downstream locations. The deposition efficiency
mcreases.

(5) Misalignment of the torch with respect Lo the
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F1G. 14. (4) Vanalions of cumulated deposition coefficients
with targel radius. (b) Variations of deposition coefficiency
on the surface with rotational speed of the larget.
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FiG. 15. Variations ol the deposition efficiency with

rotalional speed ol the Larget.

targel destroys the symmetry of the particle jet and
reduces the maximum concentration. The deposition
efficiency is significantly reduced by misalignment.

(6) Increasing the speed of the jet increases the
average Nusselt number, but reduces the efficiency.
A higher jet temperature results in smaller Nusselt
numbers and a higher efficiency.

(7) As the larget grows, the efficiency is slightly
increased.

(8) As the distance between Lhe torch and the
target becomes greater, the average Nusselt number
decreases, and the deposition efliciency decreases very
slightly.

(9) The rotational speed of the boule slightly
reduces the efficiency primarily due to the changes in
the concentration distribution.
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APPENDIX A. EVALUATION OF
CONCENTRATION ON THE SURFACE FROM
THE NORMAL GRADIENT OF TEMPERATURE

I the streamwise conduction and thermophoretic particle
transport terms are neglecled in the energy and the con-
centration equations in the surface fitted orthogonal coor-
dinates (s, 1), the following boundary layer equations are
obtained :
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The density, conductivitly and dynamic viscositly are given by

p TV & T u TY
=), == ]. —=[=]. (A3)
o \T, ke \T.)" m \T,

The right-hand side of equation (A1) can be wrillen as

(Ad)

dk . (ry°
PR
T+ (T') I\|:T+p T]

where | |” denoles the partial derivative with respect Lo the
normal coordinate n. The variation of conductivity plays Lhe
role of a heat source in the energy equation. On Lhe surface.
the velocity is zero and equaltions (Al) and (A4) yield

(o)’

T.=—-p- T

(A5)
In the same way. the right-hand side of equation (A2) can
be writlen as

KCLN €T 0 €T K.C(T‘)Z KeC o,
T I S A R ¥

. a(rTy cr (T)  Kvp(T")?
= I\(l-&—(/)\~—T2 +K\T —KvC 7 _TC
1 I 1l v

(A6)
The terms on the right-hand side of equation (A6) represent :

I—effect of viscosily varialion on the thermophoretic
velocity ;

IlI—varnation of the concentration;

I11—efTect of temperature variation on the thermophoretic
velocity ; and

IV—indirect eflect of conductivity variation on the
thermophoretic veiocity.

On Lhe surlace, the velocity is zero and equations (A2) and
(A0) yield

’
w

—=1{1.0+ —(l+r)‘-5—( - )5 (A7)
c. T P /)T“—P ‘IT“-
When 7, and 7', are known, the value of C,, can be obtained
by utilizing equation (A7) and the value of Lthe concentration
at an interior point in a finite difference formulation. For
air, p = 0.785 and ¢ = 0.673 and for helium p = 0.618 and
g = 0.646 when the data (Cebeci and Bradshaw [23]) are
used. The terms in the brackets of equation (A7), {1.0, p,
and ¢+ 1} are the eflects of the temperature distribution, the
varialion of the conductivity &, and the variation of the
kinelic viscosity y/p, respectively. Note for p = ¢ the normal
gradienl of the concentration at the wall is zero. Epstein er al.
[24] considered the case of conslant properties and oblained
CLC. =TT,.

APPENDIX B. CORRELATION BETWEEN
VARIATION OF TEMPERATURE AND
CONCENTRATION ALONG THE CENTER LINE
OF THE TORCH

The relation between temperature and concentralion vari-
ations along the center line of the jet is obtained. The con-
centralion equation (6) is writlen by
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Since p and C are symmetric with respect to the center line
of the jet, i.e. at y = 0, equalion {Bl) becomes
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The variation of temperature along the center line can be
obtained from equation (4):
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This can be rewritten as
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The thermophoretic diffusion term along the center line can
be written as
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From equations (B2) and (B5) the [ollowing relation is
obtained :
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Neglecting the second-order term in equation (B6) and inte-
grating with respect to x yields
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concentration correlation. (b) Variations of the deposition
efficiency and particle concentration al the stagnation point.

c 1.0+0* (B7)
where @ = (T—-T)/(T,—T,) and @* = T,/(T,—T,). Cal-
culations were carried out for the standard values of the
parameters with different values of K. The calculated
coefficients m1 (equation (13)) are in good agreement with
(1.0—K* Pr) as shown in Fig. Bl(a). For K=1.5, ie.
m = 0.0, the particle concentration is nearly constant along
the center line. The thermophoretic velocity on the surface is
proportional to K and the concentration of particles is
reduced for large K. The variations of the deposition
efficiency and the concentration at the stagnation point with
respect to K are presenled in Fig. Bl(b). It is seen that the
thermophoretic coefficient K can have a significant effect
on the deposition efficiency and the concentration at the
stagnation point.
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