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Abstract A study has been made of the flow, heat transfer and thermophoretic deposition to a circular 
boule in respect to the outside vapor deposition (OVD) process. Numerical solutions of the governing 
conservation equations have been obtained utilizing a non-orthogonal curvilinear coordinate grid, The 
particle deposition rate and the variation of the deposition efficiency are investigated for a range of 
parameters relative to the OVD process. The interaction of the jet-like torch flow with the target and the 
surroundings results in a flow, heat transfer and particle transport to the circular target that are quite 
different from that lk~r 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 rate. 
Larger values of the average Nusselt number and the efficiency are obtained for a cold target. For a hot 
target, the local Nusseh number becomes negative over the leeward side and a particle-free layer is formed. 
For the particle jet, the concentration and the deposition rate rapidly decrease downstream from the 
stagnation point. The deposition efficiency is greatly reduced when the torch is not aligned with respect to 
the target. Increasing the speed of the gas flow increases the average Nusselt number, but reduces the 
efficiency. Higher c['ficiency is obtained for a higher torch temperature The efficiency is slightly increased 
for a larger target. Increasing the distance between the torch and the target and increasing the rotational 

speed of the boule slightly reduce the efficiency. 

1_ I N T R O D U C T I O N  

THE MANUFACTURE of  high quali ty wave guides has 
been successfully carried out  utilizing particle depo- 
sit ion techniques_ In the outside vapor  deposi t ion 
(OVD) process, the torch is composed of  concentr ic  
rings or linear slits th rough  which SiCI4, CH4, O7 and  
N,  or He gases flow, and impinge on a cylindrical 
target. Silica part iculates  are formed by direct oxi- 
da t ion or hydrolysis reactions. Typically, the first par- 
ticles formed are of  the order  of  0.1 pm in d iameter  
and these grow by collision and coalescence to pro- 
duce particles up to 0.25 l£m (Mor row et al. [I], 

Bautista et al. [2]). 
Homsy et al. [3] and  Batchelor  and Shen [4] 

analyzed the the rmophore t i c  deposi t ion of  particles 
in a uni form flow past a cylinder based on the Blasius 
series solution_ Gokog lu  and Rosner  [5, 6] analyzed 
the the rmophore t ic  mass t ransfer  on the cold flat 
plate. Ga rg  and  Jayaraj  [7, 8] calculated thermo-  
phoret ic  deposi t ion over a cylinder in numerical  
studies specifying the pressure gradient of  the exter- 
nal flow. Alam et al. [9] investigated thermophoret ic  
deposi t ion for a plane jet impinging on a flat plate. 
These studies utilized the boundary  layer assumpt ions  
with simple external  flows. However,  exper imental  
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results (Bautis ta  et al. [10], G r a h a m  and Alam [I 1]) 
showed that  the circumferential  var ia t ion of the flow 
and heat  transfer, as well as the interact ion between 
the torch and the boule, have strong effects on the 
particle deposit ion.  The utilization of electric fields to 
enhance  and control  particle deposi t ion have been 
studied experimental ly 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 
conservat ion equat ions  (Kang  and Grei f  [15]) and 
results for the flows and heat t ransfer  were presented 
for a cons tant  proper ty  flow using the Boussinesq 
approximat ion .  It is noted that  the flow and tem- 
perature  fields for a forced buoyant  impinging jet  are 
quite different from those present in a uniform flow. 
As the air leaves the nozzle, the jet is assumed to 
develop from a potent ial  core region. Beyond the stag- 
nat ion point  the flow accelerates and develops into a 
wall jet  which separates downst ream.  A recirculation 
bubble  forms at the rear of  the cylinder and further  
downs t ream a buoyan t  jet  develops. The flow cools 
due to heat loss to the ambien t  and to heat t ransfer  
to the target boule. In the present study a high tem- 
perature variable proper ty  flow is considered with 
particles assumed to form at the exit from the torch. 
The particles are convected downs t ream by the flow 
and thermophore t ic  velocity. In this work, the particle 
deposi t ion rate is determined and the var ia t ion of  the 
deposi t ion efficiency is investigated over a range of  
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N O M E N C L A T U R E  

A, convection-diffusion coefficients 
a' contravariant base vector 
h source term in the discretized equation 
C concentration of the particles 
C, skin-friction coefficient, 2r,,/p,U~ 
C v pressure coefficient. 2/p,U~ 
cp specific heat at constant pressure 
F mass flux of the particles 
fl square of the Jacobian 
g, acceleration of gravity 
g" components of the contravariant melric 

tensor 
H distance between the nozzle and the 

cylinder 
i. j Cartesian base vectors 
J deposition coefficient, c,h..,C~/(-,'~C~ 
K coelficient of the thcrmopboretic velocity 
k conductivity 
L, separation length 
N rotational speed of the target 
Nu Nusselt number, qR/kj( T~- T~,) 
Pr Prandtl number, lwp/k 
p static pressure 
R radius of a cylinder 
Re Reynolds number, p, U,R/ll , 
S ,  source term in the governing equation 
T temperature 
U' contravariant velocity component 
U, magnitude of the gas jet velocity 

u. c Cartesian components of the velocity 
W width of the jet 
v. v Cartesian coordinate. 

Greek symbols 
F general diffusive coefficient 
q deposition efficiency 
0 non-dimensional  temperature, 

( L ,  - T . I / ( T , -  T . )  
® *  n o n - d i m e n s i o n a l  p a r a m e t e r .  T, , / (T j  - T . )  

O angle measured from the front stagnation 
point 

i t viscosity 
v kinematic viscosity 
~' curvilinear coordinate, ~' = ~, ,~2 = ;1 
p density 
r,, wall shear stress 
q5 general dependent variable 

rotational speed, 2rtN/60. 

Subscripts 
N, S, E, W four nodes around the grid 

point P 
a 

c 

J 

o 

w 

ambient value 
values of particle jet 
values at the torch exit 
values at the stagnation point 
values at the target wall 
partial differentiation with respect to ~'. 

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

2. MATHEMATICAL MODELING 

2. I. Coordinates and gorerning equations 
The gas is assumed to be homogeneous and non- 

reactive with particles being formed at the exit of  the 
torch. The governing steady, laminar conservation 
equations are described in the Cartesian coordinate 
system, where u and r denote velocity components in 
the x - a n d  y-directions, respectively (cf. Fig. l(a)). A 
non-orthogonal curvilinear coordinate grid is gen- 
erated to carry out the numerical calculations [16-18]. 
The local beat transfer and the particle deposition on 
the surface of the boule, especially near the stagnation 
point, are of interest, and the so called C-type grid 
system is adopted [15, 16]. The center line of the wake 
(x > 1,0, . v=  0.0) is a branch-cut which transforms 
the flow domain to a rectangular region as is shown 
in Fig. I(b). Transformation functions C(x,y) and 
q(x, r) are obtained by solving Poisson equations 
[17, 18]. 

The continuity, x-momentum, _v-momentum, and 

energy equations in an arbitrary curvilinear coor- 
dinate system are as follows : 

(~/(,q)pU')~, = 0 (1) 

[x/g(pU'u -It.q%te,)]e, + ()'~-'p),: ' - (.vd p)¢: 

-x / .q .q , (P-A, )  = 0 (2) 

[x/g(pU'r--ltqi'l" ,)]d + (x~,-p)~. -- (x~,p)~: = 0 (3) 

[x/.q ( PG, U '  T - k g  'j T~,)] ¢, = 0 (4) 

where 

~ ' = ¢ ,  ~-~=~, u ' = a ' . ( u £ + t g )  

a '  = V~'. g" = a ' . , i , .  (5) 

Since the flow is low-pressure and low-speed, the pres- 
sure work and dissipation terms are neglected in the 
energy equation. Density p, viscosity Fc specific heat 
at constant  pressure G'  and conductivity k are variable 
and given as functions of the temperature. 

The gas is considered to be particle free 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 I. (a} Flow configuration and coordinate system. (b) Transformed domain Ibr numerical calculations. 

to 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 for the particle concentrat ion is then given 
by: 

[x/g(U~,rC)], = 0 (6) 

where U~,r is the sum of the flow and the thermo- 
phoretic velocities. The thermophoretic velocity is 
given as 

g m =  - K T V T  (7) 

where the thermophoret ic  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  condi t ions  
The no-slip condit ion for the velocity components  

and the condit ion of  constant wall temperature are 

given on A ' - A  which is the transformed circular 
cylinder, i.e. u = R~  sin O, ~, = - R ~  cos 0, T = T,,. 
Neglecting diffusion in the concentration equation 
results in a hyperbolic equation and a boundary con- 
dition is not 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, i.e. u = U,, 
t' = 0, and T = T, The static pressure is fixed to be 
zero here as a reference value. The particle con- 
centration is given by the Gaussian normal dis- 
tribution (Bautista et al. [10], Graham and Alam 

Il l]):  

(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 that a t y - E  = W+, C = C/2_ On 
the boundary C ' - D '  and D-C,  which is located far 
From the cylinder, the ),-derivative of  the entrained 
horizontal velocity component  is taken to be zero: 
~t,/~), = 0_ The boundary condition for u is deter- 
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mined by considering the entrained flow to be 
irrotational:  ?~-u/?_v 2 = 0 .  The entrained flow is 
assumed to be horizontal at the external upstream 
boundary;  D - E  and E ' - D ' .  This assumption does 
not have a strong effect on the flow pattern and 
heat transfer over the cylinder. The temperature on 
the external boundary is at the constant ambient 
value and the concentration is zero:  T = 7",,, C = 0. 
At the far downstream 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 o/'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 

J =  U,C, - K o,--~O* \ v, ] \ k , ~ J \ ~  ] R e  (9) 

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

(R) F~._  F~ - 2 ~ / ( ~ ' 1 n 2 )  ~ ,I (10) 

q - Fi. f~.. U,C.. d)' 

where 

Fw = 2nRJUiG, ] =  ~ J dO. 
n 

3. N U M E R I C A L  M E T H O D  

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

[x/g(pU*c~-Fg'Jd&,)]¢,-b = 0 ( l l )  

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

Ar, dpe = AN~N + Asdps + AFdPE + Awdpw + S,~. (12) 

The coefficients Ai 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 H Y B R I D  scheme [21] is 
used. The quantity S~ includes all the terms pro- 
portional to the control volume and non-orthogonal  
related terms_ 

The calculation of  the pressure proceeds accord- 
ing to the S IMPLE 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]) is 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, is solved after the flow 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 A N D  D I S C U S S I O N  

4. l. Scope of stud), and prelimmarl' 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 Uj 
and temperature T,, 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) 

Uj = 1.0, 1.5, 2.0 (m s - i )  

Tj = 1600, 1800, 2000 (K) 

®w [=  (Tw-T,) / (Tj--T,)]  = 0.0-0.5-1.0 

W/R = 0.7, 1.0, 1.4 

H/R = 3.5, 5.0, 7.0 

W J R  = 0.05, 0.10 

E/W~ = 0.0, 1.0, 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 + I 0 . 0 R  [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 r/directions, respec- 
tively. The solution is considered to be converged 
when the non-dimensionalized residuals become less 
than 10 - s  for the concentrat ion and 10 -4 for the 
velocities and temperature. The results of  calculations 
for the standard values given above are summarized 
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Table I. Variation of calculated results for air for standard values of variables 

1011 

N u m b e r  of  grids 111 x41  131 x61  151 × 71 

Maximum C. Re' "- (location) 3.680 (50.1) 3.648 (44.2) 3.642 (44.2) 
Separation point O~ 126 128 129 
Separation length L,/R 1.66 1.61 1.59 
Stagnation pressure coefficient Cp,, 1.90 2.03 2.04 
Stagnation Nusselt number Nu,,/Re ~ "- 0.356 0.357 0.357 
Average Nusselt number I. [ 20 I. 131 I. 136 
Stagnation deposition rate J,, Re ~ 1- 0.326 0.330 0.331 
Deposition efficiency q 45.2 60. I 61.5 

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

4.2. Effec ts  q l b u o y a n (  3' and  the base gas  
Calculations 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 kinetic 
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 the 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 free jet from 
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 to 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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FIG. 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 0 = 90 are 
shown. With buoyancy present, the flow separates at 
128 ; without buoyancy separation occurs at 105. 
The separation length, L J R ,  which is measured from 
the rear stagnation point decreases from 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 of 
buoyancy and base gas (He) on the distributions of Nusselt 

number on the target surface. 
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cools to the wall temperature at 0 = 90 (Fig. 4). 
However, the small inertia (small density, Re = 7.03) 
delays the separation point until 0 = 152 and makes 
the recirculation bubble very small, L~/R = 0.54. The 
value of Nusselt number  becomes negative at 0 = 119 
in Fig. 3(b), i.e. the flow cannot heat the target beyond 
this location. 

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

c ro+o. l , , ,  
c, = L ] : B + o * J  ' ( 1 3 )  

When the non-dimensional  concentrat ion and tem- 
perature do not deviate greatly from 1.0, the values 
ofm are 0.36 and 0.32 for air and helium, respectively 
as shown in Fig. 6. Note that the corresponding 
power, ( I . 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 
stagnation point. The concentration and deposition 

coefficient distributions are shown in Figs. 8(a) and 
(b). The concentration decreases from the stagnation 
point to downstream locations, and becomes very 
small in the recirculation region (the entrained flow 
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- 
tion region is very small. The deposition flux rapidly 
decreases from the stagnation point_ Note that for 
the unilbrm flow case (Garg and Jayaraj [7, 8]) the 
concentration is nearly uniform and the deposition 
rate decreases parabolically along the circular cylin- 
der. The deposition efficiencies for the three cases, i.e_ 
with and without buoyancy for air, and with buoy- 
ancy for helium, are 61.4, 51_5, and 56.7%, respec- 
tively. 

4.3. Effects o/ the sur[ace temperature and the width 
of  the particle jet 

The thermophoret ic  velocity at the wall, which is 
proport ional  to the Nusselt number,  is strongly 
dependent  on the surface temperature_ For  a range of  
surface temperatures,  the Nusselt number  dis- 
tr ibutions are presented in Fig. 9. As the surface 
becomes hotter,  the Nusselt number  decreases, and 
becomes negative over a port ion of  the leeward side. 
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FIG. 5. Effect of buoyancy and base gas (He) on the vari- 
ations or the center line concentration prior to the target. 
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upstream makes the concentration smaller down- 
stream (not shown). 

As the particle jet becomes thin relative to the target 
and the gas jet, small W~,/R, the local concentration 
and the local deposition rate rapidly decrease from 
the stagnation point to downstream locations. How- 
ever, the overall deposition and deposition efficiency 
increase for small W~/R. The variation of the efficiency 
with respect to the width of the particle jet for different 
surface temperatures is presented in Fig. I I(a). If the 
surface is cold and the particle jet is thin, the particle 
deposition is large. The torch target configuration 
and the operating target temperature are important 
parameters characterizing the process. 
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FIG. 8. (a) Effect of buoyancy and base gas (He) on the 
distributions of particle concentration on the target surface. 
(b) Effect of buoyancy and base gas (He) on the deposition 

rate coefficients on the target surface. 

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 target and the 
particle-free layer extends over the entire surface. The 
average Nusselt number  decreases and is negative 
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 
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FIG. 9. Variations of the local Nusselt number on the surface 
with the surface temperature of the target. 

4.4. Eff~,cts o/the eccentricit_t" qlthc torch 
The misalignment (eccentricity) of the torch with 

respect to the target destroys the symmetry of the flow 
and the particle jet. This misalignment (cf. Fig. l(a)) 
is known to have a strong effect on deposition 
(Bautista et al. [10]) and is studied by introducing 
an eccentricity, E. Note that when I:'/W~ is 2.0, the 
misalignment E is 0.1R for W j R  = 0.05. For this 
condition there is only a small change in the Nusselt 
nurnber 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 to the large reduction in particle con- 
centration prior to reaching the target. The values 
without the stars in Fig. 13 are the calculated 
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 to attaining 
high efficiency of the process. 

4.5. Efl~,cts oi the t,elocity, temperature and n,idth oI 
the gas jet 

The velocity of the gas-mixture is an important 
operating parameter. The Reynolds numbers cor- 
responding to the velocities of 1.0, 1.5 and 2.0 m s-  
are 26.7, 40.0 and 53.3, respectively. Over this range 
of values, as the velocity decreases, the effect of tile 
flow acceleration by buoyancy become large ; the gas 
jet is cooled significantly. The skin-friction coefficients 
decrease (not shown), and the local and the average 
Nusselt numbers (el'. Fig. 10(b)) increase for increased 
velocity. There is a slight reduction in the efficiency 
with increased velocity in Fig. I 1 (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, Nusseh numbers and deposition coefficients 
scaled by the square root of the Reynolds number  
are not noticeably changed with respect to jet tem- 
perature. The average Nusselt number is propor- 
tional to the square root of the Reynolds number 
and to the - 0 . 8 8  power of the temperature (Fig. 
10(c))_ The higher jet temperature yields a higher 
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efficiency, proportional to the 0.88 power of the tem- 
perature (Fig. I l(c)). 

The local Nusseh numbers and deposition co- 
efficients increase over the target when the width of 
the gas jet 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 
1 I ( d ) .  

4.6. Effects o/the radius o/the target and the position 
o[the torch 

For a larger target, the distance between the torch 
exit 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 rate at a given 
angular location is 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, the total deposition rate, 
i.e. the efficiency, is only slightly increased as shown in 
Fig. 1 l(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. Eff-ects o/the rotational speed o/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 tem- 
perature contours are slightly shifted in the direction 
of rotat ion;  the stagnation point is at 3 ,  the sep- 
aration points are at 135 and - 1 3 0  for N = 3 0 0  
r.p.m. However, the maximum deposition rate occurs 
at 15" (Fig. 14(b)) mainly due to the changes in the 
concentration distribution. Rotation only slightly 
reduces the efficiency (Fig. 15). These effects will be 
more important  when the radius of the target is large 
and the gas speed is small. 

5_ C O N C L U S I O N S  

The flow, heat transfer, particle deposition and 
efficiency in the OVD process have been studied. The 
following conclusions are drawn. 
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(I) Buoyancy accelerates the flow towards the tar- 
get and significantly increases the skin-friction and 
heat transfer• The flow cools by heat transfer to the 
surroundings and to the target. The interaction of the 
jet-like torch flow with the target results in a flow and 
heat transfer that are quite different from that for 
uniform flow. 

(2) The increase of the concentration prior to the 
target increases the particle deposition rate. The con- 
centration and the deposition rate decrease from the 
stagnation point to downstream locations and become 
very small in the recirculation region. Buoyancy 
causes an increase in the deposition efficiency. 

(3) The average Nusselt number and efficiency 
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FIG. 12. (a) Var ia t ions  o f  particle concen t ra t ion  on the surface with eccentricity o f  the torch. (b) Var ia t ions  
of  deposi t ion  rate coefficiency on the surface with eccentricity o f  the torch• 
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increase as the surface tempera ture  becomes cold. For  
a hot  target, the Nusselt  n u m b e r  becomes negative 
over the leeward side and a particle-free layer is 
formed. For  a cold target the deposi t ion coefficient 
increases especially near  the s tagnat ion  point.  

(4) As the particle jet  becomes thin relative to the 
target and the gas jet, the concent ra t ion  and the depo- 
sition rate rapidly decrease from the s tagnat ion  point  
to downs t ream locations. The deposi t ion efficiency 
increases. 

(5) Misa l ignment  of  the torch with respect to the 

(a) 0.0005 

o 0.0004 m 

g 0.0003 

g 
g o.o0021 Q 

0.0001 

0 
0.0000 

I - - ; - .  
f • 0.0070 

• O.OlO0 0.10 

• ~ 0.0143 

60 120 180 
o 

target destroys the symmetry  of  the particle jet  and 
reduces the max imum concent ra t ion .  The deposi t ion 
efficiency is significantly reduced by misal ignment .  

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

(7) As the target grows, the efficiency is slightly 
increased• 

(8) As the distance between the torch and the 
target becomes greater,  the average Nusseh n u m b e r  
decreases, and the deposi t ion efficiency decreases very 
slightly. 

(9) The rota t ional  speed of  the boule slightly 
reduces the efficiency primari ly due to the changes in 
the concent ra t ion  distr ibution• 
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%L ~.~ + ?n A = 3 n \  gn/ (Al l  

?(uC) ?(vC) ? f vC ?T'~ 
~s + a,, - a,, [ K  7" -~,i ) (A2) m 

The density, conductivity and dynamic viscosity are given by 

P,, , k = , , / ' ,  = . (A3)  

The right-hand side of equation (AI) can be written as 

k r " +  d ~ ( r ' )  ~- = k r " + p  (A4) 

where [ }" denotes the partial derivative with respect to the 
normal coordinate n. The variation of  conductivity plays the 
role of  a heat source in the energy equation. On the surface, 
the velocity is zero and equations (A I) and (A4) yield 

(T; )  2 
T ,  = - p  T,, (A5) 

In the same way, the right-hand side of equation (A2) can 
be written as 

(K;C )" CT' C 'T '_K,c (T ' ) ' -  K,,CT, 
T" = K v ' ~ + K v  T ' T :  + T 

C(T ' ) :  C'T' _Kvc(T')'- Kvp(T') "-C. 
= K ( l + q ) v - - ~  + K v ~  T -~ T= 

I II Il l  IV 

(A6) 

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

l--effect of  viscosity variation on the thermophoretic 
velocity ; 

l l - -var ia t ion  of the concentration ; 
I l l--effect of  temperature variation on the thermophoretic 

velocity ; and 
IV indirect effect of  conductivity variation on the 

thermophoretic veiocity. 

On the surl:ace, the velocity is zero and equations (A2) and 
(A6) yield 

C'~ i T~, T" 
C ~ = [ l O + p - ( l + q ) " ~ "  = (P-q)  T~" (A7) 

When 7'~, and T,, are known, the value of  C~ can be obtained 
by utilizing equation (A7) and the value of  the concentration 
at an interior point in a finite difference lbrmulation. For 
air, p = 0.785 and q = 0.673 and for helium p = 0.618 and 
q = 0.646 when the data (Cebeci and Bradshaw [23]) are 
used. The terms in the brackets of  equation (A7), { 1.0, p, 
and q +  I } are the effects of  the temperature distribution, the 
variation of  the conductivity k, and the variation of the 
kinetic viscosity p/p, respectively. Note lbr p = q the normal 
gradient of  the concentration at the wall is zero. Epstein et al. 
[24] considered the case of constant  properties and obtained 
C" /C~ = T;/T~. 

APPENDIX  A. EVALUATION OF 
CONCENTRATION ON THE SURFACE FROM 

THE N O R M A L  GRADIENT OF TEMPERATURE 

If the streamwise conduction and thermophoretic particle 
transport terms are neglected in the energy and the con- 
centration equations in the surface fitted orthogonal coor- 
dinates is, n), the following boundary layer equations are 
obtained : 

APPENDIX  B. CORRELATION BETWEEN 
VARIATION OF TEMPERATURE A N D  

CONCENTRATION ALONG THE CENTER LINE 
OF THE TORCH 

The relation between temperature and concentration vari- 
ations along the center line of the jet is obtained. The con- 
centration equation (6) is written by 
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u ~  + c ~  = - C  + + 
c.,- c.v ? x \ T ? x  

. 7 t , " a x  

9 ) ? (KvC a (KvC aT 
+&'r\ T ~ + ? v \ ~ y  " (BI) 

Since p and C are symmetric with respect to the center line 
of  the jet, i.e. at y = 0, equation (B [ ) becomes 

1 ?C 1 ?p i F c (K, ,C ilT~ ~ fx,,c ar'~7 

I <~T I [ a (K,'C aT] a /gvc ?T'kl 
- T~:v t - ~  ~ \ ~ . ]  +~_vt~?_i,JJ. (B2) 

The variation of  temperature along the center line can be 
obtained from equation (4) : 

~T s< F/,?~-T ~-r) p_(~T]'- l 
P.,- pcpuLtA,"- + 7y'- + T \& , .J  J (B3) 

This can be rewritten as 

a~- T ?2T pcpu ?T p_(~T) ~- 
- } -  - -  

Ox: ay'- k 0_'.- T \?x] 
(B4) 

The thermophoretic diffusion term along the center line can 
be written as 

a x \ ~  

K,'Cr?'-T 8~-T q_¢?Ty I ~CaT  1 
- ~Lax =+a, -=+T\ax) + ~ a x a x l  (BS) 

From equations (B2) and (B5) the following relation is 
obtained : 

I d C  l dT  
-- ( - I . O + K ' P r ) - - -  

C dx T dx 

dTy  ,,£dCV!d q 
+ ( q - P ) ~ - \ T d x }  + ~ \ C  d x / \ T  dx j  

1 dT  [-/'I dT'~'-3 
: ( - ,  (B6) 

Neglecting the second-order term in equation (B6) and inte- 
grating with respect to x yields 
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FIG. BI. (a) Calculated coefficients of  the temperature and 
concentration correlation. (b) Variations of  the deposition 
efficiency and particle concentration at the stagnation point. 

c i , 0 ,  . . . . .  , . ,  

C, I / L  i - 0 ~ ¥  J (B7) 

where ® = (T-T,)/(T,-T~,) and 0 " =  T,/(T,-TD. Cal- 
culations were carried out for the standard values of  the 
parameters with different values of  K. The calculated 
coefficients m (equation (13)) are in good agreement with 
( I . 0 - K * P r )  as shown in Fig. Bl(a). For K = I . 5 ,  i.e. 
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 presented 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. 


