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Abstract-- Heat transfer and particle deposition in the OVD process are simply modeled as a buoyant jet 
flow impinging on a circular target cylinder and numerically analyzed using a finite volume method on 
the flow, heat transfer and thermophoretic particle deposition over the cylinder. Effects of the three- 
dimensionality, conjugate heat transfer and longitudinal traversing of the jet on the particle deposition are 
investigated. The surface temperature, which is the most important value in the whole OVD process, is 
estimated considering the conjugate heat transfer. As the conductivity of the cylinder decreases, Nusselt 
number, particle deposition rate and deposition efficiency greatly decrease due to the reduced temperature 
gradient. Since the increase of the jet traversing speed keeps the surface temperature relatively low, Nusselt 

number and the particle deposition increase with the traversing speed. (9 1998 Elsevier Science Ltd. 

1. INTRODUCTION 

High quality optical wave guides have been suc- 
cessfully manufactured utilizing the outside vapor 
deposition (OVD) process. In the process, the silica 
particles (SiO2) deposit on the rotating target cylinder 
due to the thermophoretic force acting on the particle 
in the direction of decreasing temperature [1]. The 
particles are produced near the torch through complex 
chemical reactions in the real process, which is one of 
the interesting research problems [2]. However, the 
process was usually simplified and modeled as a high 
temperature buoyant air jet issuing from the torch and 
rotating target cylinder. The distributions of velocity, 
temperature and particle concentration are specified 
at the exit of the torch. 

The thermophoretic particle deposition process 
wholly depends on the flow and temperature fields 
around the target cylinder. The target temperature 
varies both in the axial and circumferential directions 
when the hot jet impinges on the cylinder and particles 
deposit, however, most of the studies were carried out 
assuming two-dimensional flow with the wall tem- 
perature specified uniformly. Batchelor and Shen [3], 
Garg and Jayaraj [4] analyzed the thermophoretic 
particle deposition on a cylinder in a uniform flow. 
Kang and Greif [5, 6] considered a plane jet flow to a 
circular cylinder. RecentJy, Choi et al. [7] made a 
quasi-three-dimensional numerical analysis for the 
conjugate heat transfer and thermophoretic particle 
deposition in the OVD process. 

The effects of conjugate heat transfer in the target 
cylinder as well as three-dimensionality of the flow on 

the deposition of particle are important for simulation 
of the real process, however, they were not reported 
yet. In a previous study [8], we investigated flow and 
heat transfer when a buoyant circular jet impinges on 
a circular cylinder. The noticeable difference from the 
two-dimensional case is that there appear significant 
axial variation of wall temperature and heat transfer. 
There is axial flow of lower temperature into the 
center-plane of the cylinder from the outside of the 
recirculating region. This results low temperature in 
the recirculation region and makes the rear part of the 
cylinder surface cooled. 

The inclusion of  heat conduction in the target cyl- 
inder makes it possible to predict the surface tem- 
perature rather than specifying the value as were in 
the previous studies. Flow, heat transfer and particle 
deposition over the target cylinder are numerically 
investigated for different operating conditions, i.e., 
conductivity of the deposit layer and traversing speed 
of jet. The effects of jet size, jet exit velocity, rotational 
speed of the cylinder and variation of properties are 
also studied. 

2. ANALYSIS 

2. I . Governing equations 
Figure 1 shows a schematic diagream of the mod- 

eled OVD process consisting of a torch, a jet flow, and 
a target cylinder, where x and z are the directions of 
the axes of jet and the circular cylinder, respectively. 
The gas is air and assumed non-reactive, with particles 
being formed at the exit of the torch. The continuity, 
x, y, z momentum, energy equations for the external 
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NOMENCLATURE 

a contravariant  base vector 
C number  density [particles cm -3] 
cp specific heat at  constant  pressure 
D diameter of the target cylinder 
g square of the Jacobian 
g~J components  of the contravar iant  

metric tensor 
g~. acceleration of gravity 
Gr Grashof  number,  gvfl(Tje t - -  Tamb)D3/ 

2 
Pamb 

H distance between the jet  and the center 
of cylinder 

h heat transfer coefficient, 
- k~(dTtdr)wl(Tjo,-- Tamb) 

J non-dimensional  deposit ion rate, 
1)th,wCw/ UjetCjet 

K thermophoret ic  coefficient 
k thermal conductivity 
l~ length of the separat ion bubble from 

the center of  cylinder 
Nu Nusselt number,  hD/kj~ 
R radius of the target cylinder 
R~ characteristic radius of particle jet  
RjCt radius of the circular jet  
Re Reynolds number,  UjetD/vje t 
T absolute temperature 

U i contravariant  velocity component  
Uje t velocity at the jet  exit 
Vth thermophoret ic  velocity, -- KvV 7"/T 
V~o~h torch speed [cm/min] 
u, v, w velocity components  in x, y and z 

directions. 

Greek symbols 
thermal diffusivity, k/pcp 

fl thermal expansion coefficient 
~/ deposit ion efficiency 
® non-dimensional  wall temperature,  

(Tw,tl- Tamb) / (T je t - -  Tamb) 
0 angle 
/~ viscosity 
v kinematic viscosity 
¢~ curvilinear coordinates [¢1 = ¢, ¢2 -~- 1~, 

¢~ = C] 

p density 
f] rota t ion speed of  the cylinder. 

Subscripts 
amb ambient  
jet  value at  torch exit 
wall value at the cylinder surface. 

?- 

II 

T 

L=30D - ,j 

X,U 

~--  Z,W 

v,,, T,<,, % 

Circular Jet (Dj.,) 

Fig. 1. Schematic diagram of flow configuration ( x -  z plane). 

flow and equation for the conduct ion in the cylinder 
are as follows : 

(,i~pu% = o ( 1 )  

[x/g(pUiu- #g'Jue)]¢ + a" p¢,-x//gg~(p- p~) = 0 

(2) 

[V/g(p Uiv-- #g(Svg)]¢, + ai2p¢, = 0 

[x/g(P U ' w -  I.tg~Jw¢)]¢, + d3pe, = 0 

[x/~(pcp Ui T -  kg'J Te ) ]¢, = 0 

0 T Vio,~h a T 
- ct aO + a Oz (6) 

. . . . .  where ¢1 = ¢, ¢2 = r/, ¢3 = ~, U i =  ai . (u i+vj+wk) ,  
a i = V¢i, ga = a i . aJ and a is thermal diffusivity, f l  and 
Vtoreh are the rotat ional  speed of  cylinder and tra- 
versing speed of the torch, respectively. The pressure 
work, viscous dissipation, and radiat ion terms are 
neglected in the energy equation [5-9]. Properties of 
air such as viscosity/~, specific heat at  constant  pres- 
sure c v and conductivity k are given as functions of 
the temperature [6]. The flow is assumed to be steady 
and laminar throughout  the entire domain since the 
value of Re is less than 1000 [10] and the torch moves 
along an infinite long cylinder of  constant  tempera- 
ture. The conservative equation for the particle con- 
centration is given by 

[x/~U~C]¢, = 0 (7) 

neglecting the diffusion by Brownian mot ion [3, 4]. 
(3) U~o~ is the sum of  the flow and thermophoret ic  veloci- 

ties. The thermophoret ic  velocity is defined as 
(4 )  

V 
(5) V,h = - K ~ V T  (8) 
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Fig. 2. Computational domain and boundary conditions. 

where K is the thermophoretic coefficient. In the pre- 
sent calculation, a constant value of K equal to 0.8 is 
used [7, 11]. K is usually given as a function of the 
Knudsen number and the ratio of the thermal con- 
ductivity of  the gas to that of the particle [1]. The 
effects of variation of K with temperature and particle 
size on the deposition are, however, not noticeable as 
compared with the effects of  other parameters [12] for 
the temperature range of  300--2000 K and sub-micron 
size particles in the present study. 

2.2. Boundary conditions 
The no-slip condition for the velocity components 

is given on the surface of the rotating cylinder A-A'  
(Fig. 2). On the external boundary C'-D'  and C-D, 
which locate far from the cylinder, the y derivative of 
the entrained horizontal velocity component is taken 
to be zero, Ov/~y = 0, and the second derivative of 
the vertical velocity component is taken to be zero 
O2u/O2y = 0, from the assumption of irrotational flow 
[5]. The flow is assumed to be horizontally entrained 
at the external upstream boundary on D-E and E'-D'.  
It was reported that the boundary condition on D-E 
and E'-D'  did not strongly influence the results [5]. 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. The boundary conditions for all variables 
in z-direction are O/Oz = 0. On E-E', corresponding 
to the torch exit, the velocity and temperature are 
uniform, i.e. u = U~,, v = 0, and T = T~,. The static 
pressure is zero as a reference value. The particle con- 
centration at the torch exit is specified by the Gaussian 
distribution [6, 7] as follows : 

Cjet(r)  = Cjet . . . .  exp [ - l n2 ( r /R¢)  z] (9) 

where P~ is the characteristic radius of the particle jet 
(RdRjet = 0. !). The concentration on the regions D- 

E, D'-E' ,  C-D, and C' -D'  is zero, and boundary con- 
dition is not required on A-A' ,  since the concentration 
equation is first order. 

Equation (6) should be solved simultaneously with 
the eqns (1)-(5). The temperature field of the external 
jet flow and the distribution of  temperature in the 
cylinder are solved by an iterative solution method. 
The surface heat flux obtained from the temperature 
field of the external flow is used as a boundary con- 
dition to solve the conduction heat transfer in the 
cylinder. And then the surface temperature of the 
cylinder is again used as a temperature boundary con- 
dition for the jet flow. The above procedure is repeated 
until convergence is attained. 

2.3. Particle deposition rate and efficiency 
The effectiveness of the particle deposition process 

can be assessed by deposition rate and efficiency. The 
deposition rate is equal to the normal component of 
the thermophoretic velocity multiplied by the particle 
concentration at the wall. The non-dimensional depo- 
sition rate J is defined by 

j _ vth.wCw (10) 
~o,c~ot 

The concentration at the wall, Cw, is obtained by con- 
sidering the boundary layer equations [6]. The 
efficiency of particle deposition is defined as the ratio 
of the total deposition rate to the incoming particle 
mass flow rate as follows : 

= ( 1 1 )  

fi~'f_vjo, QocdOdr,~ 

As Si02 particles continue to deposit on the target 
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cylinder, deposited porous layers are formed. The 
porosity of the deposited layer affects subsequent 
dehydration and sintering ; the period of the processes 
and the crack of the layers, etc. 

2.4. Numerical procedure 
Since the accurate prediction of local heat transfer 

on the surface of cylinder, especially near the stag- 
nation point, is of importance, a C-type grid system 
is adopted. Three different sets of grid system were 
tested for grid sensitivity for the external jet flow field : 
(71 x31 x 21), (91 x41 x 31) and (111 ×51 x 41) inthe 
~, ~/, ~ directions. The present calculation of the con- 
duction heat transfer in the cylinder is in good agree- 
ment with the analytic solution obtained using the 
Fourier transformation [12]. Grids of (91 x 41 x 31) 
and (r x 0 x z = 51 x 20 x 31) for the external jet flow 
and conduction in the cylinder, respectively, show 
reasonable grid-independent results. Further numeri- 
cal tests are given in ref. [12]. 

The pressure is calculated using the SIMPLE algo- 
rithm of Patankar [13] with the HYBRID method 
for the convective terms considering small Reynolds 
number [5 7] and a non-staggered system is used to 
solve the equations. A Modified Strongly Implicit 
(MSI) [14] method is adopted to solve the momentum 
and energy equations and Conjugate Gradient Solver 
(CGS) [15] is used for the continuity equation. 

3. RESULTS AND DISCUSSION 

3.1. Range o f  conditions 
The important parameters in the present study are 

the rotational speed of the cylinder f~, the radius of 
cylinder R, the distance between the jet exit and the 
center of cylinder H, the radius of circular jet Rjet, the 
jet velocity Uj~ and the jet, air and wall temperatures. 
Three-dimensional flow, heat transfer and particle 
deposition are numerically investigated for the range 
of values of non-dimensional parameter as follows ; 

Re = UietD/vje t = 106, 213, 426, 639 

Gr/Re 2 = 4.4, 10, 40, 160 

Rj~,/R = 0.25, 0.6, 1.2, 2.4 

H/R = 10.0 

with fixed values of R = I  cm, U j ~ = 4  m s 1, 
Tie t = 2 0 0 0  K ,  ~i[~amb = 3 0 0  K ,  Since the tangential 
speed of the rotating cylinder is about 0.06 m/s for 60 
rprn and very small in comparison with the jet velocity, 
the effect of the rotation of cylinder on the flow and 
heat transfer is relatively small as compared with that 
of other parameters [12, 16]. Hence a non-rotating 
cylinder is considered hereafter. All of the above 
values are used in two-dimensional case, however, 
only the underlined values are used for three-dimen- 
sional study. The bold-faced values are the standard 
values of each parameter when the others are changed. 

II 

12.0 
i 

8.0 

4.0 

0.0 

-4.0 

-8.C 
0 

o Present Calculation 

r~=~r,,+L.Y2 
~[Mixed Convection I 

I Natural Convection] 

~ h u r e h i l l  & Chu 
Morgan (1975) 

o 

5 ,'0 ,'5 2; 3'0 
z / R  

Fig. 3. Comparison of average Nusselt number distribution 
along the axial direction between the present calculation and 

correlations. 

The additional parameters tbr the three-dimensional 
conjugate case are as follows ; 

kcylinder -~- 0.70,2.87,7.85 W m-~K l 

V, orc,= 0, 1, 10 cm min-  i 

3.2. Validation of  the present calculation 
Since the measured data of the flow and heat trans- 

fer for an impinging air jet on a circular cylinder are 
not available, the present calculation was validated 
for the two-dimensional case ; e.g. a plane jet flow, in 
the previous studies [5--7]. 

Circumferentially averaged Nusselt number dis- 
tribution over the cylinder for the reference values of 
parameter is shown in Fig. 3. Over the center-plane 
of cylinder where the hot jet impinges, the jet heats 
the cylinder by mixed convection. But the surface of 
the cylinder located far from the jet cools down by 
the natural convection. Unlike the uniform flow case, 
there are three characteristic temperatures, i.e. jet tem- 
perature, Tjet in addition to Two, and Tamb. This makes 
the direct comparison between the heat transfer in the 
uniform flow and the present calculation difficult. As 
shown in Fig. 3, however, calculated Nusselt numbers 
agree well with the available correlations in the natural 
convection regime. Nusselt numbers in the present 
study show - 5  and + 9 %  differences as compared 
with the estimated values of the correlations of Mor- 
gan [17], Churchill and Chu [18], respectively. Note 
that averaged Nusselt number decreases monotoni- 
cally from the center to the end of the cylinder. 

3.3. Three-dimensional flow and heat transfer charac- 
teristics 

When a circular jet impinges on a circular cylinder, 
the flow and heat transfer characteristics are different 
from those of the two-dimensional case, especially 
over the stagnation and recirculation region. They are 
simulated for the standard values of parameter with 
specified constant wall temperature ; 



3D analysis of heat transfer in OVD process 1343 

~ . ~  i J J r t i I I I I I I 1 ~ 1 1 1 1 1 1  I I I ~ i ~  

I p , , I ~ l l l l l l l | l l l l l l l  i , , , , ~ I 
, , p , ~ i1111lllIlllllll~ ' ' ' I ~ X 

i r i i r i I I ] ] [  I I I 1~  ] 
I t l  I I I  t ~ i i i L ~  

/ f ! ! ! lHkJ  
, : I: i l l i ,~ , ,__~r , , i l l lL I  I I I  ( I 

{a) T DeVils (b), (c) - -  
: i i i i { i ) i ~ i ~ i ) >  ~ i i ', i 

I 1 ~ ~ ~ : ! i ! ! ! ! ! ! ! ' ~ l  '~ I "I' [ i =  

(c) 
Fig. 4. (a) Velocity vectors, (b) pressure contours, dashed 

line (-value) and (c) pathlines in the x--z plane (y = 0). 

Re = 213, Gr/Re z = 40, RjetlR = 1.2, 

H/R = IO, ® = 0 . 5 .  

Velocity vectors and pathlines in the x - z  plane for 
case of constant wall temperature are plotted in Fig. 
4. The axisymmetric buoyant jet effluxing from the 
torch entrain the ambient cold air with momentum 
and heat loss. As the jet impinges on the target cylin- 
der, the wall jet spreads in the axial and cir- 
cumferential directions from the stagnation point 
shown in Fig. 4(a). Note that there is no axial flow in 
the two-dimensional plane jet. In the wake region 
downstream, the streamwise velocity gradually 
increase due to the buoyancy force. The details of the 
Fig. 4(a) plotted in Fig. 4(b) show the velocity vectors 
and isopressure contours. The wall jet in the axial 
direction of the cylinder has its maximum value 
around z/R = 1.2 and then gradually decreases. The 
wall jet finally disappears beyond z/R = 6.0. The flow 
pattern in the downstream region of the cylinder can 
be observed more clearly by pathlines plotted in Fig. 
4(c). The flow region of the center-plane of the cyl- 
inder can be divided into recirculation and jet wake 
regions by the saddle point which locates at x /R  = 2.3. 
Pathlines in the recirculation region indicate that the 
outer-flow is induced into the center-plane by the pres- 
sure gradient in the axial direction of the cylinder. 
The recovery of  pressure is fast so that the size of 
separation bubble is small as compared with that of 
the two-dimensional case. 

, , , ; r t t f !llllltttr.d,,ax~ll~ll~ I ~ 11 ~ , . . . .  

i 
, , ~ t t f t l M / l / / ¢ ~ , , , l ~ l , , ~ \ \ \ \ ~  ~ 1 1 '  . . . .  

. . . .  ! I l l / / / / / / , , , .  ~ , ~ , ,  

r I I I t ' h  " ~ l i I  
I I ] h ,  ' I l l  

J I J I..;~111 i' 

i I l l l  

(a) 3-dim. (circular jet) (b) 2-dim. (plane jet) 
Fig. 5. Comparison of velocity vectors in the center-plane of 

the cylinder between 2D and 3D. 

Three-dimensional flow on the center-plane of the 
cylinder is shown in Fig. 5 and compared with the 
two-dimensional case. From the jet exit up to the 
stagnation point of the cylinder, the flow patterns of 
those two cases are almost the same. However, in the 
recirculation region, Fig. 5(a) indicates that the length 
of the separation bubble of the three-dimensional case 
(ls/R = 2.3) is greatly reduced as compared with that 
of the plane jet case [Fig. 5(b), I,/R = 3.65]. This is 
due to the axial flow entrainment into the center- 
plane. The inflow results in recovery of pressure and 
makes the reverse flow in the recirculation region 
decrease to u/Uje t . . . .  = -0 .13  (compare -0 .52 ,  the 
value of 2D case). 

The flow affects temperature fields as shown in Fig. 
6. The value of non-dimensional temperature is 0.5 on 
the cylinder, 1.0 in the jet core, and 0.0 far from the 
target. Several isothermal contours completely enclose 
the cylinder for the plane jet case [Fig. 6(b)], which 
means the external flow temperature is higher than 
that of the target all over the wall. For  the circular 
jet case, however, the isothermal contours are partly 
broken by the axially entrained flow of the cold ambi- 
ent air over the rear stagnation and recirculation 
region [Fig. 6(a)]. This results in low-temperature in 
the recirculation region downstream and makes the 
surface cooled, although the whole surface is heated 

(a) 3-dim. (circular jet) (b) 2-dirn. (plane jet) 

Fig. 6. Comparison of temperature contours in the center- 
plane of the cylinder between 2D and 3D. 
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Fig. 7. Effect of thermal conductivity of the cylinder on the 
distribution of axial surface temperature at the forward and 

rear stagnation points. 
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0 

Fig. 8. Effect of thermal conductivity of the cylinder on the 
distribution of local Nusselt number over the cylinder surface 

at the different axial locations. 

by the recirculating hot flow for the plane jet case. 
More plane views of the flow and temperature fields 
at different axial locations are given in refs. [8, 12]. 

The patterns of the flow and temperature dis- 
tributions are generally the same for different values 
of parameters, e.g., the size of the jet, buoyance force 
and wall temperature [16]. As the size of the jet is 
larger, skin-friction coefficient and local Nusselt num- 
ber over the cylinder surface have higher values due 
to the higher speed and temperature of the jet over 
the target with the smaller momentum and energy 
losses of the jet to the ambient air relative to the efflux 
values. The buoyancy force accelerates the flow so 
that the speed and temperature of the jet over the 
target become higher. This results in higher values of 
skin-friction coefficient and local Nusselt number over 
the surface. When the wall temperature increases, the 
skin-friction coefficients increase and local Nusselt 
numbers decrease due to the higher viscosity and 
reduced temperature gradient on the wall. 

3.4. Effect of the thermal conductivity of deposit layer 
Since the deposit layer (SiO2) of low conductivity 

(compared to the alumina cylinder) is formed over the 
cylinder surface and the hot circular jet impinges on 
the cylinder in the real OVD process, the wall tem- 
perature is neither uniform nor pre-specified. The 
thermal conductivities of the porous silica layer 
(porosity = 0.85) and the fused silica are 0.10 and 
2.87 W m -~ K -I  at 1000 K, respectively [19]. Note 
that the thermal conductivity of the alumina cylinder 
is 7.85 W m -~ K - l .  To investigate the effects of the 
deposit layer on the flow and heat transfer, the two 
layers of cylinder should be considered with different 
thermal conductivities. In the present study, however, 
the effects are investigated by changing the value of 
the conductivity of the single-layer cylinder. 

Figure 7 shows the axial variation of the surface 
temperature at the forward and rear stagnation points 
for three different thermal conductivities of 7.85, 2.87, 
0.7. The value of temperatures is the highest at the 
forward stagnation point and decreases along the axis 
of the cylinder, however, becomes almost uniform 

beyond z/R = 5.0. The maximum temperature differ- 
ences over the cylinder are 600, 1100, 1500 K, respec- 
tively. Increase of the difference is due to the reduced 
axial conduction heat transfer for the low conductivity 
cylinder. Note that circumferential temperature 
differences also increase, i.e. 100, 200, 400 K, as the 
thermal conductivity decreases. 

From the jet exit to the stagnation point of the 
cylinder, there are no noticeable differences in the 
main stream velocity, pressure and temperature dis- 
tributions for different values of thermal conductivity 
[12]. However, as shown in Fig. 8, there are remark- 
able changes in the local Nusselt numbers over the 
cylinder surface with conductivity even though there 
are no apparent changes in the pressure and skin- 
friction coefficients [12]. Note that the heat transfer 
coefficient is defined based on the jet and ambient 
temperature difference, not the jet and wall tempera- 
ture, since the wall temperature is obtained from the 
solution. Over the center-plane of the cylinder, the 
temperature difference between the flow and surface 
decreases with the decrease of thermal conductivity, 
which results in the increase of thermal boundary layer 
thickness. This reduces the normal temperature gradi- 
ent and correspondingly local Nusselt numbers over 
the surface with the decrease of thermal conductivity. 

The circumferentially averaged Nusselt numbers 
have maximum values at the center-plane of the cylin- 
der, i.e. 2.43, 1.32, 0.45, decrease and become negative 
along the cylinder as shown in Fig. 9. The figure also 
indicates the assumption of uniform wall temperature 
may cause considerable error in the estimation of the 
thermal field and particle deposition as the thermal 
conductivity of the layer decreases. At the end of the 
cylinder, the amount of cooling by natural convection 
decreases with the decrease of the thermal con- 
ductivity due to the small difference between the wall 
and ambient temperature. Note that the region where 
particles can deposit becomes narrow as the thermal 
conductivity decreases. 

The magnitude of thermophoretic velocity is almost 
proportional to the Nusselt number [5, 12]. The par- 
ticle deposition rate decreases with the decrease of 



3D analysis of heat transfer in OVD process 1345 

3.,[~1'- - -  un/form wall temperature 
---A--- k=7.85 [WhnK1 

2.0~ ----o---- k=2.87 [W/mK] 
1 ---0- .... k=O.70 [W/mK] 

0.  

- , - ~  . 

-2"00 5 10 15 20 25 30 

z/R 
Fig. 9. Effect of thermal conductivity of the cylinder on 
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Fig. l 0. Effect of thermal conductivity of the cylinder on the 
distribution of local deposition rate over the cylinder surface 

at the different axial locations of the cylinder. 

thermal conductivity as shown in Fig. 10. Cir- 
cumferentially averaged deposition rate shown in Fig. 
11 indicates that most of injected particles deposit over 
the center-plane of the cylinder, - 1.5 < z /R  < 1.5. As 
thermal conductivity of the cylinder decreases, the 
averaged deposition rate and efficiency decrease due 
to the increase of the surface temperature [12]. 

0 .006  

0 . 0 0 4  : ~ . ~ k = Z 8 5 [ W / m K ]  

° ° ° ° ' o - - 2  ' '  ' - . -1.0 0.0 1.0 2.0 

z/R 
Fig. 11. Effect of thermal conductivity of the cylinder on the 
axial distribution of circumferentially averaged deposition 

rate over the cylinder surface. 

3.5. Effects o f  traversing speed o f  torch 
Traversing of the torch is necessary for uniform 

deposition and control of the refractive index of  the 
layers. Calculation of  heat transfer and deposition are 
carried out for three speeds of 0, 1, 10 cm min -~. 
The coordinate is moving with the torch and the cold 
cylinder is coming into relative to the torch in the 
calculation model. 

Figure 12 shows the axial temperature distributions 
at the forward and rear stagnation points for the stan- 
dard conditions and thermal conductivity of the fused 
silica at 1000 K, 2.87 W m -~ K -~. The higher torch 
speed results in the lower cylinder surface tem- 
peratures as expected. Note that the surface tem- 
peratures of the forward stagnation point in the 
center-plane of the cylinder are 1500, 1200, 600 K, 
respectively as the torch speed increases as 0, 1, 10 cm 
min -1. The remarkable changes in the surface tem- 
perature indicate that torch traversing is one of the 
most affective tool of  control in the optimization of the 
particle deposition process. Though the low surface 
temperature makes the thermal conductivity of gas 
smaller, thickness of thermal boundary layer reduces 
and the temperature gradient increases. This makes 
the local Nusselt numbers over the cylinder surface 
increase with the traversing speed of the cylinder. Note 
also that the temperature distributions are not sym- 
metric with respect to the center-plane and the highest 
temperature locate a little downstream of the cylinder. 

Circumferentially averaged deposition rate shown 
in Fig. 13 indicates that the averaged deposition rate 
increases as the traversing speed of the torch 
increases; 0, 1, 10 cm min -~. The increase is mainly 
due to the decrease of  the surface temperature. Depo- 
sition efficiency also increases with the torch speed; 
0.21, 0.38, 0.45. If  the torch speed is too high, the 
cylinder temperature becomes so low that the porosity 
of the deposited layer can be large and brittle in the 
real OVD process. 
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Fig. 13. Effect of traversing speed of torch on the axial 
distribution of circumferentially averaged deposition rate 

over the cylinder surface. 

4. CONCLUSIONS 

The flow, heat transfer and particle deposition in 
the OVD process are numerically simulated. The pro- 
cess is modeled as a buoyant air jet  impinging on a 
cold circular cylinder with the specified particle dis- 
tribution. The values of  parameters are changed with 
the reference values of  R = 1 cm, Rje  t = 1.2 cm, 
H = 1 0 . 0  cm, Uje t=4  m s - j ,  Tier=2000 K, 
~amb = 300 K, The following conclusions are drawn 
from the present parametric study. 

(1) In the center-plane of  the cylinder, three-dimen- 
sional flow is different from two-dimensional case. 
In the recirculation region, the length o f  the sep- 
aration bubble of  the three-dimensional case is 
greatly reduced as compared with that of  the plane 
jet case. This is due to the axial flow-entrainment 
into the center-plane from the outside by the pres- 
sure gradient. The flow results in low-temperature 
in the recirculation region downstream and makes 
the target surface cooled, although the whole sur- 
face is heated by the recirculating hot flow for the 
plane jet case. 

(2) Analysis of  conjugate heat transfer makes it pos- 
sible to estimate actual thermal field of  the process 
around the target cylinder by calculating the sur- 
face temperature rather than specifying the value. 
The region where particles deposit becomes nar- 
row as thermal conductivity of  the deposit layer 
becomes small and most of  injected particles 
deposit over the center-plane of  the cylinder. 
Deposit ion rate and efficiency decrease with ther- 
mal conductivity due to the increase of  the target 
surface temperature. 

(3) Deposit ion rate increases as the traversing speed 
of  the torch increases since the higher torch speed 
results in lower cylinder surface temperatures. 

Deposition efficiency also increases with the 
increase of  traversing speed. 
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