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Abstract-A study has been made of the flow, heat transfer and thermophoretic transport with application 
to external vapor deposition processes. In this work the system studied consists of a jet emerging from a 
burner containing silica soot particles that are impinging on a disk which serves as the target for the 
depositing material. The motion of the particles is determined from the combined effects of thermaphoresis, 
buoyancy and the forced flow. The governing conservation equations, which include the effects of buoyancy, 
variable properties and thermophoretic transport have been solved numerically. The effects of the particle 
distribution at the exit from the burner, the burner location, and the disk dimensions on particle deposition 
are studied. The local and average particle deposition and heat fluxes and the variation of the deposition 

elhciency are investigated over a range of values of the parameters. 

1. INTRODUCTION 

THE FABRICATION of high quality, low loss optical 
fibers has been successfully achieved by utilizing 
chemical vapor deposition processes (Li [l]). In the 
outside vapor deposition (OVD) and the vapor axial 
deposition (VAD) processes, silica particles are 
formed by passing a reacting vapor stream through a 
flame. The particles are directed towards and deposit 
on a target (Morrow et at. [2], Miizeki et al. 91). 
Homsy et al. [4] and Batchelor and Shen [5] analyzed 
the thermophoretic deposition of particles in a uni- 
form flow past a cylinder based on the Blasius series 
solution. Garg and Jayaraj [6, 7] calculated thermo- 
phoretic deposition over a cylinder in numerical stud- 
ies specifying the pressure gradient of the exter- 
nal flow. These studies utilized the boundary layer 
assumptions with simple external Rows. However, 

experimental results (Bautista el al. [S], Graham and 
Alam [9]) showed that the circumferential variation 
of the flow and heat transfer, as well as the interaction 

between the torch and the boule, have strong effects on 
the particle deposition. Numerical and experimental 
studies of particle deposition on a cylindrical target 
were carried out by Kim and Kim [lo, 1 l] ; deposition 

rates were obtained for TiO, particles as a function of 
particle diameter, flow Reynolds number and wall/gas 
temperature ratio at different angular positions along 
the upstream surface of the cylinder. Kang and Greif 
[I?] numerically investigated the thermophoreti~ 
transport for an impinging jet on a cylinder and 
included the effects of buoyancy and variable prop- 
erties It is noted that the OVD and VAD processes 
entail complex flow, heat and mass transfer patterns 
in respect to the deposition on cylindrical targets. 

To investigate deposition for a basic configuration, 
experiments were carried out by Hwang and Daily 

[13, 141 on the flame-synthesized silica particle depo- 
sition on a disk. The electric field enhancement of 
deposition was also studied [ 13, 141. Relevant numeri- 
cal studies have been carried out by Gokoglu and 
Rosner [is, 161 who analyzed the thermophoretic 

mass transfer on a cold plate, by Alam et al. [17, 
181 who investigated thermophoretic deposition for a 
plane or slot jet impinging on a flat plate and by Evans 
and Greif [19] who studied the flow and heat transfer 
in respect to a rotating disk reactor. 

In the present work a study is made of a high 
temperature, variable property air flow which con- 
tains particles that have formed at the exit from a 
burner. The flow and particles are transported 
towards a disk where deposition takes place. The 
buoyant jet which emerges from the burner is assumed 
to be laminar and steady. A finite volume numerical 
method is used to discretize and solve the coupled 
mass momentum and energy conservation equations; 
the concentration equation is then solved to determine 
the deposition rate. The effects of the particle dis- 
tribution and the target configuration, including the 
disk diameter and the distance between the burner and 
the disk, are studied relative to particle deposition. 

2. ANALYSIS 

2.1. C~~~.~M~~~~~~ and as~~~zp~~~~s 

A buoyant, high temperature flow laden with fine 
soot particles emerges from a burner and impinges on 
a target (Fig. 1). In analyzing the phenomena the 
following assumptions have been made : 

(1) The properties of the fluid vary with tem- 
perature. 

(2) The fiow is assumed to be laminar. The range 
of values of the Reynolds numbers based on the diam- 
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NOMENCLATURE 

A, convcctionPdiffusion cocfficicnta I ./ pas velocity 
II source term in the discretized equation 11. I’ gas velocity in the s. I. direction 
C‘ mass concentration of the particle ~‘,lI. 1‘dl particle velocity in the .Y. I. direction 
? average mass concentration of the l(,II. l‘,Ii thermophoretic velocity in the .x. 1’ 

particle direction 

C,,,;, I\ peak mass concentration of the particlc II’ radius of the burncl 

(‘, skin friction coefficient, 2r,>/p,uj II’, characteristic length of the Gaussian 

(‘I’ specific heat at constant prcssurc distribution 
n diameter of the disk .\-. I’ cylindrical coordinates. 

!I gravity 

i. i Cartesian base vcclor Greek leltcrs 
.I local particle deposition flux I‘ general diffusivity 
J” non-dimensional local particle ‘1 deposition cfficicncy 

deposition flux I( viscosity 
J average particle deposition flux ;I 

i coordinates [< ’ = .x, <’ = I’ ) 
j* non-dimensional average particle I’ density 

deposition flux T\, shear SCI-css at wall 
K coctlicicnt of ~hc thermophoretic velocity 9 general dependent variable. 
x conductivi14 
I. distance bctwecn the burner and the disk Subscripts 

I’ static pressure N, S. E. W four nodes around the grid 
RlJ Reynolds number, ~I,L~,D~/~, point P 

S,/> source term in the discretized differential a ambient value 
equation j values at the burner exit 

T tcmpcralure \+ values at the wall. 

cter of the nozzle, is from 100-1000 which is below 
the value for the onset of turbulence (Tcnnckes and 
Lumlcy [ZO]). 

(3) The chemical reactions are assumed to bc com- 

pleted at the exit of the burner. 
(4) The particle deposition mechanism has been 

established as resulting from thcrmophoresis : i.c. 
from the motion of a particle in a nonisothermal 
medium in the direction of decreasing temperature 
(Simpkins et (I/. [2lJ, Walker (21 (II. [Z?]). Particle 
deposition due to molecular difl’usion is tnuch smaller 

! 
that that due to thermophoresis and is neglected [4. 
5 ?I 221 ,-. . 

(S) The particles are smaller than one micron and 
the concentration is dilute: in the absence of ther- 
mophorcsis. the particles would follow the gas flow 
[IX, 191. 

Based on the above assumptions the conservation 
equations for mass. .v-momentum. r-momentum. 
energy and particle concentration for the axially-sym- 
metric round jet are written in the cylindrical coor- 
dinate system (x, Y) as follows : 

FIG. I. Configuration and computational domain 
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The velocities of the particles, %tf = u+u,h, 

C,(1_ = L’fC,h, equal the sum of the convective and ther- 
mophoretic velocities. The thermophoretic velocity is 
given by (Talbot rt al. [23]) 

I.4 (6) 

with K equal to 0.55 (Kim and Pratsinis [24]). The 

density, p, dynamic viscosity, p, and conductivity, k, 

vary with temperature according to : 

where for air, p = 0.785 and q = 0.673 (Cebeci and 
Bradshaw [25]). 

The boundary conditions imposed on equations 
(l)-(5) are given by (cf. Fig. 1) : 

(1) Disk: u = 0, 2’ = 0, T= T,. To determine the 
concentration of the particles at the surface of the 
disk, C(x = L, r), the following expression, utilizing 
boundary layer theory and the ideal gas law is derived 
(Kang and Greif [ 121) : 

C’(x = L, r) ’ 
=c”+q)$; 

C(x = L, r) - C, W 
(8) 

where { i’ denotes the partial derivative with respect 
to the x coordinate which is normal to the surface. 

(2) Burner exit: x = 0, uj(x = 0, r) = 2Uj[l -(r/w)*], 

u = 0, T = T, ; 2w is the diameter of the jet at the 
burner exit. Two distributions for the particle mass 
concentration, C(0, r), are used ; namely 

and 

C(0, r) = Cpcclk exp [ - (r/WC) * In 21 (9a) 

C(0, r) = constant = C(0) (9b) 

where CpetlL is the peak concentration and IV, is the 
characteristic width of the particle distribution at the 
burner exit. For the Gaussian normal distribution, 
equation (9a), the average particle mass concentration 
is given by C(0) = C,,,,(w,/w)*[l -exp(-(w/w,)’ 
In 2)]/ln 2. The Gaussian normal distribution in equa- 
tion (9a) suggested by Bautista et al. [26] is consistent 
with the injection of silicon tetrachloride at the center 
of the burner. The uniform distribution, which is 
closer to a twin-peak distribution, is also examined in 
this study. 

(3) Side walls of burner; u = 0, v = 0, aT/& = 0, 
dC/dr = 0. 

(4) Upstream entrained region : h/&r = 0, &~/6x = 

0,T=Ta=300K,C=0. 

(5) Outer entrained region : au/& = 0, 8(rv)/r& = 0, 

T=T,=300K,C=O. 
(6) Far downstream region: a*u/ax' = 0, &/dx = 

0, a*T/a2 = 0, a2cp.x2 = 0. 

2.3. Deposition Jlux 

The local particle deposition flux, J(.x = L, r) G 

J(r), is obtained from the product of the axial com- 

ponent of the thermophoretic velocity, pth.ur and the 
particle mass concentration, C,, at the wall : 

J(x = L,r) z J(r) = u,~,~C~, 

J*(x = L,r) s J*(r) = ;Jf$,, (10) 
I 

The average particle deposition flux, 1(x = L) = 7, is 
given by 

I*(x=L)=J*=&jj (II) 
i 

where D is the diameter of the disk. The deposition 
efficiency q is defined as the ratio of the total depo- 
sition rate, &D2/4, to the incident mass flow rate of 
the particles : 

f-u.2 

J Jrdr 
0 ID’ 

fl= pzzz 

s 

W 
~~(0, r)C(O, r)r dr 8 

0 s 

W 

~~(0, r)C(O, r)r dr 
cl 

(12) 

3. NUMERICAL METHOD 

3.1. Numerical procedure 

The governing equations (l)-(4) can be written in 
the following conservative form : 

&(pU’m-F$) -b = 0 i,j= 1.2 (13) 

which admits a common solution procedure. Here 4 
denotes a dependent variable, b is the general source 
term, 5’ denotes the coordinates, U’ denotes the vel- 
ocity and T is the diffusivity. It is noted that for the 
concentration equation for the particles, equation (5), 
that T’and b are both set equal to zero. The calculation 
of the pressure proceeds according to the SIMPLE 
algorithm of Patankar [27] by making corrections at 
each iteration, until the velocities and the corrected 
pressure field satisfy the coupled continuity and 
momentum equations. A non-staggered grid system 
is chosen for simplicity in complicated configurations ; 
all dependent variables are calculated and stored at 
the same intersection of grid lines rather than at stag- 
gered grid locations. To minimize difficulties with the 



dctcrmination of the pressure field. the velocities (on 
the surFdccs of the control volume) are determined 
differently : i.c. the! are obtained by solving linear&d 
momenium equations (Schuh [%I). The imposed 
boundary conditions for the pressure correction equa- 
tion art tr,ivcn by tht ~~rn~~~nents of the rn~Inclltu[l~ 
equations which arc normal to the boundary i;urfxe:: 
(Gresho and Sani [?9]). 

To minimize oscillations resulting from highct 
order schcmcs, the HYBRID schcmc is adopted 
(Patankar /27]) to linearize the convective terms for 
moderate Reynolds numbers. A central ditTerencr rop- 
rcscntation is used for the diffusion term. The quantity 
S,, includes all the terms proportional to the control 
volume. The discretizcd form of the differential equa- 
tion is obtained by the finite volume method (Pa/an- 
kar 1271) and is written as 

.I,>& = .4,& ” n,+,+.4, @I- + A,~#</+ -ts,,,. ( 14) 

The coc%cients /I, are obtained by integrating the 
convect&c and diffusive Ruxcs over the control sur- 
faces and the subscripts N. S. E and W denotes the 
four neighboring grid points around P. 

To solve the discrctizcd linear equations, the Gener- 

alized Minimum Residual method (GMRES) (Saad 
and Schultz 1301) with Incomplete Lower and Upper 
triangle matrix decomposition (II-U) preconditioning 

is adopted. because of its robustness and fast co11- 
vergence. The solution procedure is iterative in 
nature. The criterion used for convergence is that the 

sum of the dimensionless r&duals over the entire 
domain is icss than 10.’ for cm-y equation. In 
addition, it is also rcquircd that the rclati\c change of 

each depcndcnt variable is less than 0.01 $6 for each 
iteration. 

The numerical code was tirst used to soivc bcnch- 

mark type problems; namely, steady. buoyant ffow in 
a square cncIosurc with the vertical surfaces at diKer- 
cnt temperalures and the horizontal surfaces 

insulated. The velocity and Nussclt number dis- 
tributions were in excellent agreement with the rcsuhs 
ofdc Vahl Davis [31] for a range of Raylcigh numhcrs 
from 10’ to IO”. In addition. the problem of a Iaminal 
n(~n-bll~~~~~ilt jet inlpin~ii~~ on an infinite fkki disk 
(Aihara CI iti. (321) was also solved. Excellent ngrcc- 
mcnt for the skin friction. pressure coetficient end 
Nussclt number was achieved for this problem 

Referring to Fig. 1. the upstream and downstream 

locations arc tixcd at - 2011, and +40~. rcspectivcly. 
The lateral region extends from .-- 3O,r- I):2 and 

Frc;. 2(a). Velocity vectors in a .1--r plane : D = 6 cm. L = I? cm. Re = 380. 
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FIG. 2(b). Isothermal contours in a X-T plane; D = 6 cm, L = 13 cm, Re = 380 

+30~+0/2. The validity of the computational 
domain has been checked by increasing the dimen- 
sions of the domain by 20%. For this case the results 
for the skin friction coefficient and Nusselt number 
change by less than 1%. The length and diameter of 
the burner, and the length of the disk, are 9w, 2w and 
4w, respectively. The burner is centered on the target 
and the distance between the burner exit and the target 
is 8.7w. 

Typical grids in (x, r) coordinates were 121 x 81, 
which was checked to insure grid independent results. 
For the case D = 6 cm and Cj = 3 m SC’, i.e. Re = 360, 
increasing the grids to 141 x 81, changed the local 
shear stress and heat fluxes by 0.1 and 0.07%, respec- 
tively. By decreasing the grids to 101 x 81, the results 
changed by 0.5%. Increasing the grids to 121 x 121, 
the local shear stress and heat flux on the wall changed 
by 0.1 and 0.1 %, respectively. Decreasing the grids to 
121 x 61, the corresponding results changed by 1 .O 
and 0.9%, respectively. To achieve high accuracy in 
the region near the target surface and burner exit the 
first grid size is 0.005~ and the grid sizes then increase 
by 10% with increasing distance. 

4. RESULTS AND DISCUSSION 

4.1. Flow and heat transfer 

The velocity and temperature fields and the local 
heat flux are obtained from the solution of equations 

(l)-(4) and the associated boundary conditions. The 
temperature, T,, and the average velocity, u,, of the 
jet at the burner exit, are fixed at 2300 K and 3 m s-‘, 
respectively. The temperature of the disk, T,, is fixed 
at 1300 K. The diameter of the burner, 2w, is 3 cm; 
the diameter of the disk, D, is varied from 3 to 9 
cm ; the thickness of the disk is 6 cm. The Reynolds 
number. Re (=p,zijD/pj), is varied from 190 to 570. 
The distance between the exit from the burner and the 
disk, L, is varied from 3.25 to 13 cm. 

The velocity vectors and the isothermal contours 
are shown in Figs. 2(a), (b) and 3(a), (b) for D = 6 
and 9 cm (Re = 380 and 570) and L = 13 cm. The 
flow pattern for the development of the buoyant jet 
may be considered to include free jet, stagnation, wall 
jet, near and far wake regions. The upstream region 
essentially corresponds to a developing free jet with a 
small pressure gradient. The flow impinges on the disk 
and separates upon turning around the front edge of 
the disk. Recirculation occurs along the sides and rear 
of the disk. It is seen that when the disk diameter is 
increased, the larger blockage results in larger recir- 
culation regions. The driving pressure for the flow 
diminishes along the surface; lower pressures result 
downstream and the recirculation regions are larger 
and convection is diminished. Note that the tem- 
perature contours marked by the dashed curves shown 
in Figs. 2(b), 3(b) are equal to the temperature of the 
disk. 
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The results for the friction and the heat transfer, 
are shown in Figs. 4(a). (b). The variation of the 

friction coefficient, c’,-( =2r,/~,“T5), along the surface 
is presented for three disk diameters in Fig. 4(a). For 
all of the disks, the friction coefficient increases for 
increasing radial locations over the range 0 < 1’ < 1 .S 
cm : note that the radius of the jet at the burner exit 
is I’ = 1.5 cm. For disk radial locations greater than 
approximately 1.5 cm. the friction coefficients 
decrease radially. Note that the friction increases for 
decreasing disk diameters. In Fig. 4(b), the local heat 
transfer coefficient, h, is presented for three disk diam- 

eters. In the central stagnation region, the heat trans- 
fer is highest. Furthermore, the heat transfer increases 
for decreasing disk diameters. 

To study the et%% of the particle distribution on 
deposition, both the Gaussian and the uniform par- 
ticle mass concentration distributions, equations (Ya) 
and (9b), were considered. Note that the special case 
of the Gaussian distribution with the characteristic 
length tt; = CC also corresponds to the uniform dis- 
tribution. Four values of lrC have been used : wc = 0.5, 
0.75. 1 .O, -x, (cm). Disk diameters of 3, 4.5, 6, 7.5 and 
9 cm and distances between the burner and the disk, 
I_. of 3.25, 6.5 and 13 cm are studied. The deposition 

is proportional to the average particle mass con- 
centration, c(O). so that the dimensionless deposition 
fluxes. J*(P) or J*, arc independent of c(0). 

The effects of the particle distribution on the local 
particle deposition flux, J*fr). are shown in Fig. 5(a) 
for a disk diameter. n, of 6 cm. and I, = 13 cm. It is 
seen that when II‘, increases. corresponding to a more 
uniform distribution, the particle deposition flux is 
also more uniform but is smaller in magnitude. The 
particlcs moving near the center line experience 
stronger ~her~no~horetic forces (near the disk) due 
to the larger temperature gradient (in the direction 
normal to the target surf&e) at the center line. Thus. 
when more of the particles are present near the ccntcr, 
corresponding to the distribution for smaller w,, the 
particle deposition is larger. It is noted that the uni- 
formity and magnitude of the deposition flux arc 
essential factors in achieving successful cvn 

processes. It is shown that the particle distribution. 
which is determined by the burner. has an important 
influence on particle deposition. 

The deposition distribution along the disk. J*. for 
II = 3.6 and 9 cm, and L = 13 cm. are shown in Figs. 
5(b). (c) for or;. = 0.75 and it, = X. respectively. Qvcr 
most regions. the smaller disks result in larger dcpo- 
sition. Referring lo the heat transfer results presented 
in Fig. 4(b), the smaller disks result in larger heat 
transfer (larger thermophoretic for-ccs). However. the 
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FIG. 3(b). Isothermal contours in a x-r plane; D = 9 cm, L = 13 cm, Re = 570. 

particle velocities parallel to the surface are larger for 
the smaller disks. These effects oppose one another in 
respect to deposition. For the cases studied, the results 
show that the thermophoretic force dominates and 
the deposition increases for the smaller disks. 

Figure 6(a) shows the results for the average depo- 
sition flux, I*, as a function of disk diameter for 
the four characteristic distribution lengths, wC, and 
L = 13 cm. For the smaller disk diameters, the average 
deposition fluxes are larger (in accord with the dis- 
cussion above for the local deposition fluxes). In 
respect to the particle distribution, a tnore uniform 
distribution; Le. larger “;, results in the passage of 
more particles around the target and thus smaller 
values of J*. In contrast, a non-uniform distribution 
with a greater number of particles near the center line, 
benefits from the Iarger temperature gradient near the 
center line and results in larger particie deposition (as 
discussed above for the local flux f*(u)). 

The deposition efficiency, r, as a function of disk 
size is shown in Fig. 6(b) for the four particle dis- 
tribut~ons and L = 13 cm. For a given distribution 
(fixed n:) the larger disks result in greater deposition 
etficiency. When the disk diameter exceeds 6 cm, 
the deposition eficiency for a given distribution is 
approximately constant because there is little depo- 
sition in the region, Y 3 0.03 m (see Figs. 5(b), (c) for 
the D = 0.09 m case). The more non-uniform particle 

d~stributions~ i.e. smaller w,, result in greater dcpo- 
sition efficiencies. 

For a given distance between the burner and the 
target, t, and a given jet velocity, “1, the average 
deposition flux 3 may be correlated in the form 
f N C’(O)P; i.e. J* ,* D”. It is pointed out that all of 
the calculations have been made for a jet velocity, C,, 
of 3 m s-‘. As noted above, for a given distribu- 
tion the results in Fig. h(b) yield for D > 6 cm 
that q = constant so that &I2 = constant or 
.? _ DZ(rn = -2) ; the results for smaller diameters 
(Fig. 6(b)) may be approximated by zD2 _ I), or 
J- Df-‘. There is a transition range between these 
‘limiting’ results. 

Figure (7) shows the variation of the local depo- 
sition flux, J*(r), for the particle djstributjon 
N; = 0.75. The results are for three distances between 
the burner and the target; i.e. for t = 3.25, 6.5 and 
13 cm for a disk diameter of 6 cm. The smaller values 
of L result in larger values for the deposition flux but 
have a slightly more non-uniForm distribution. 

Results for the average particie de~osjtion flux. J*, 
as a function of the distance L, for the particle dis- 
tributions nrC = (X5,0.75, l.Oand cocm,forD = 6cm, 
are shown in Fig. S(a) : the results for the deposition 
efhciency, pl, are shown in Fig. 8(b). The results show 
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FIG. 4. (a) Variation of the friction cocRicient along the 
surface, effect of D: L = 13 cm. (b) Variation of the heat 
transfer coefficient along the surface. effect of D: L = I3 cm. 

that the shortest distance, L = 3.25 cm (greatest 

blockage), yields the greatest deposition. In addition. 
the acceleration of the free jet due to buoyancy is 
limited for a short distance L. The resulting smaller 
velocities for the small L case cause the friction along 
the surface to be smaller for r < 0.015 m as shown in 
Fig. 9(a) for LI = 6 cm and II’, = 0.75 (but larger 
values arc obtained at large radial locations). The 
increased heat transfer shown in Fig. 9(b) indicates 
larger thermophoretic velocities for the smaller L 
cases. Both of these effects contribute to the increased 

deposition. 

Hwang and Daily [I 3. 141 carried out an inves- 
tigation of the deposition of silica on disks. Gas flows 
of methane, nitrogen, oxygen and silicon tetrachloride 
were delivered to a burner which consisted of eight 
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FIG. S. (a) Variation of the particle deposition Rux along the 
surface. ctrect of II’,: D = 6 cm, L = I3 cm. (b) Variation ol 
the particle deposition flux along the surface, effect of D; 
n; = 0.75 cm, L = 13 cm. (c) Variation of the particle 
deposition flux along the surface, effect of 11: II‘, = I cm. 
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FIG. 6. (a) Variation of the average deposition flux with disk 
diameter, effect of H;; L = 13 cm. (b) Variation of 
the deposition efficiency with disk diameter, effect of wC; 
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concentric tubes utilizing a design of Bautista et al. 
[26]. The combustion of methane resulted in the high 
temperatures required for the hydrolysis and oxi- 
dation of silicon. Temperature dist~butions were 
measured at the burner exit and in the gas stream by 
using thermocouples’. Measurements were made of the 
mass of silica depdsited on the disks and of the silicon 
tetrach~oride consumed. Four disks of different diam- 
eters ranging from 4.5 to 9 (cm) were used to study 
the deposition of silica soot particles. 

t In reference to the comments of the referee : (1) it is felt 
that the important effects of variable properties are partially 
responsible for the difference in the results obtained from the 
present numerical study and from the previous predictions 
and (2) the present fo~ulation has yielded good agreement 
for many published flows fI2]. 
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FIG. 7. Variation of the local deposition flux along the 
surface, effect of L, M; = 0.75 ; D = 6 cm. 

Hwang and Daily 113, 141 report that their exper- 
imental data resulted in an average deposition flux, 
j: that is proportional to O-o.5 while the present 
calculations give J _ D-’ for D > 6 cm. It is pointed 
out that the present study does not account for chemi- 
cal reactions that continue after the jet ieaves the 
burner. These reactions result in an increase in the gas 
temperature and in the particle concentration outside 
the burner which are not accounted for in the cal- 
culations. These effects may be responsible for the 
differences between the predicted and the exper- 
imental results and future studies are planned to 
include these and related effects. Hwang and Daily 
113, 141 show that the constant property, similarity 
solution for non-buoyant stagnation boundary layer 
flow on a disk of finite size yieIds J m D- O.’ which is 
in agreement with their cx~~mentai data. It is also 
noted that the experimental data of Bautista et al. 
[8] for the particle deposition on a cylindricai target 
resulted in a deposition flux that is proportional to 
(target diameter) _” ‘. Bautista et al. [8] utilized the 
constant property analytical solution of Homsy et al. 
[4] for a symmetrical surface and obtained I+ D-O.s 
which is in agreement with their experimental data.? 

A direct numerical comparison may be made 
between the experimental results and the numerical 
predictions with the specification of the diameter, 4, 
mass density. pP, and average number density, & of 
the SO, particles : 

(1.5) 

There are significant variations in the values of these 
and related quantities (Bautista et al. 1261, Flower and 
Hurd [33], Zachariah eb al. 1341, Allendorf and Palmer 
[35], Alendorf et al. 1361) which depend on burner 
type, flame configuration, test conditions, etc. Hwang 
and Daily [13, 141 obtain good agreement with their 
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FIG. X. (a) Variation of the average deposition flux with the 
distance between the burner and the target. effect of w,; 
II = 6 cm. (b) Variation of the deposition efficiency with the 
distance between the burner and the target. effect of II’,: 

II = 6 cm. 

cxpcrimental data with values of I?, = 3 m s ‘, I!. = I3 

cm, cl,, = 0.2 ,U m, (I,, = 2.2 g cm- ’ and fi,, = 24 x IO” 
(cm- ‘); i.e. C(O) = 1.8~~3.7 x IO ’ (g cm- ‘). Bautista 
et (11. [8] obtained good agreement with their exper- 
imental data with c(O) = 2 x 10 ’ (gem ‘). It is noted 
that in respect to the present calculations these values 
do not give agreement with the experimental data of 
Hwang and Daily [I 3. 143. 

5. CONCLUSIONS 

The NavierStokes, energy and concentration 
equations have been solved to predict the fluid flow, 
heat transfer and particle deposition on a disk. The 
effects of variable properties, buoyancy and ther- 

II 0.005 001 0.015 0 02 0.025 0.03 

r Cm) 

(a) 

(x 102 ) 

16 

0 0.005 0.01 0015 0.02 0.025 0.03 

r (m) 

(b) 

FIG. 9. (a) Variation of the friction coefficient along the 
surface. clTect of L. (b) Variation of the heat transfer 

coefficient along the surface. efT’cct of 1.. 

mophoresis have been included in the study. The fol- 
lowing conclusions are drawn. 

( 1) When the diameter of the disk is increased. the 

increased blockage changes the flow and temperature 
fields, and results in larger recirculation regions. The 
skin friction coefficient and the local heat flux are 
reduced. The former results in a decrease in the vel- 
ocity parallel to the surface which increases the thcr- 
mophoretic transport while the latter results in a 
decrease in the thermophoretic transport. For the 
cases studied the results show- that for increasing 
diameters the latter effect dominates and the avcragc 
deposition flux decreases, although the deposition 
efficiency increases due to the larger arca. 

(2) The distribution of the particles at the burnet 
exit has considerable influence on the deposition on 



Thermophoretic transport with application to external vapor deposition processes 267 

the disk. A non-uniform distribution, with a larger 

number of particles in the center, results in a larger 

but non-uniform deposition flux. A more uniform 
distribution, i.e. larger w,, results in a smaller but 

more uniform deposition flux. 
(3) For the cases studied, when the distance 

between the burner exit and the disk, L, is reduced, 

the larger thermophoretic force results in increased 
deposition. However, the deposition is more non- 
uniform in comparison to the case for larger L. 

(4) The predictions for the deposition are not in 

agreement with the experimental data of Hwang and 
Daily [13, 141 which are correlated according to 
d - Dme”.5. For the present calculations, for the four 
assumed Gaussian distributions with particle dis- 
tributions characterized by W, = 0.5, 0.75, 1.0 and 
m. and for disk diameters greater than 6 cm, the 
predictions give I- D- ‘. Future studies will include 
the effects of chemical reactions outside the burner 
which have been neglected in the present study. 
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