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Abstract-A numerical study based on governing equations in skewed coordinates is made to determine 
the influence of forced convection on natural convection from an inclined, heated plate situated inside a 
horizontal channel. The forced convection is found to augment the heat transfer as well as to make the 
heat transfer rate more uniform on the upward-facing side of the plate. The boundary conditions, inclination 
angles and offset positions are found to have significant effects on the interaction of forced and natural 

convection. 

INTRODUCTION 

Tm IMPORTANCE of understanding the fundamental 
transport phenomena and the role of fluid dynamics 
in chemical vapor deposition has now been well recog- 
nized [l-3]. Figure 1 shows two commonly used reac- 
tors : a horizontal reactor and a vertical reactor. The 
chemical vapor is supplied from the inlet and the 
substrate is heated by an induction coil to accelerate 
the reaction speed, while the reactor walls are typically 
cooled to minimize the particulate and impurity prob- 
lem caused by deposition on the walls [3]. It is essential 
to have uniform film thickness and reproducible and 
controllable properties. The fluid dynamic behavior 
of horizontal reactors with $ = 0 and H = 0 (Fig. 2) 
has been studied recently by various investigators [3- 
7]. It is realized that the condition of the reactor wall 
has a pronounced influence on the transfer rate 
through the substrate. A cooled wall, which is gen- 
erally used, drives a secondary flow that is super- 
imposed on the forced flow, remarkably modifying the 
transfer phenomena and causing spatial non-uniform 
deposition [3-6]. The entrance length for the onset of 
the buoyancy-driven secondary cell has been studied 
experimentally and numerically by Chiu and co- 
workers [4, 5J It is found that the buoyancy-induced 
roll cells can take two forms. One is in the form of 
transverse rolls with axes perpendicular to the forced 
flow but parallel to the horizontal surface. The second 
is in the form of longitudinal rolls with axes parallel 
to the forced flow direction. The forced convection is 
found to suppress the initiation of the transverse rolls, 
but has no influence on that of the longitudinal rolls 
[5]. In this sense, once the Rayleigh number is higher 
than the critical value for Rayleigh-Benard con- 
vection in a horizontal reactor, the longitudinal rolls 
will set up. The appropriate control of the secondary 
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cell in the chemical vapor deposition process is obvi- 
ously a challenging problem. In practice, the uni- 
formity of the deposition rate may be increased by 
reducing the pressure (reducing the Rayleigh number) 
[2], by appropriate placement of the substrates (inclin- 
ing the substrate with non-zero $, Fig. l(a)) [8], by 
controlling the boundary conditions of the walls [3], 
and by adjustment of the system geometry [3]. 

This paper studies the mixed convection from a 
heated inclined plate inside a horizontal channel, a 
problem which is used to simulate the fluid dynamics 
and transport phenomena in chemical vapor deposi- 
tion in a horizontal reactor with an inclined substrate. 
It also finds important applications in electronic 
cooling, where the plate is taken as an electronic com- 
ponent to be cooled. Since boundary conditions on 
the wall are critical to the uniformity of the transfer 
rate on the surface of the plate, several conditions 
on the wall are also examined. The initiation of the 
transverse rolls (local circulation) and their sup- 
pression by forced convection are investigated at vari- 
ous combinations of Rayleigh and Reynolds numbers 
and at different inclination angles and offsets. 

MATHEMATICAL AND NUMERICAL 
FORMULATIONS 

Coordinate considerations 

When the inclination angle $ = 90” and the bottom 
surface is the substrate, the problem can be solved in 
Cartesian coordinates [3-6]. Since transverse rolls are 
suppressed by the forced convection in this situation, 
the equations are parabolized along the x-direction, 
so that only the y-z (the direction out of the paper) 
plane needs to be considered. The inclination of the 
plate, however, will suppress the longitudinal rolls 
(with axes upslope), but promote the transverse rolls, 
so that equations are elliptic in the x-direction due to 
local recirculation zones. From this point of view, we 
assume that the z-direction is long enough so that 
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mean specific heat 

contra-covariant metric tensors, 
respectively 

gravitational acceleration vector 
(i = 1,2) 

heat transfer coefficient through the 
boundary wall 
dimensionless h, hH/k 

height of channel 
offset height 

thermal conductivity 
length of plate 
unit normal vector 
Nusselt number (equation (19)) 
static pressure 
Prandtl number, p/(pcr) 
conduction heat flux (i = 1,2) 
Rayleigh number, 

MVrr - 7’c)H3/(/4 
Reynolds number, puoH/p 
source term 
temperature 

uu characteristic velocity 
Lli contravariant velocity components 

(i = 1.2) 
W channel width of calculation domain 
.Y, J’ Cartesian coordinates. 

Greek symbols 
thermal diffusivity 
volume expansion coefficient 
Kronecker’s delta 
skewed coordinates (i = 1,2) 
dynamic viscosity 
density 
shear stress tensor 
dissipation function 

skewed angle along the .u-axis 

Subscripts 
C 
H 
t 

cold wall 

on the plate 
time derivative 
spatial derivative. 

(0) (b) 

FIG. 1. Horizontal (a) and vertical (b) chemical vapor deposition reactors. 

FIG. 2. Channel and plate geometry. 
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most of the flow is two-dimensional, in the sense that 
it varies only in the x-y plane. This assumption holds 
in the region away from the lateral walls, and in the 
angle range of $ > 30” in which longitudinal rolls do 
not initiate [9]. On the other hand, the inclination of 
the plate complicates the problem in that the tra- 
ditional Cartesian coordinate system cannot be easily 
incorporated unless extensive modifications on the 
plate boundaries are made. The use of body-fitted 
coordinates can simplify the treatment of boundary 
conditions, but it introduces complexity in the govern- 
ing equations, because they have to be transformed 
to the new coordinates. The orthogonal coordinates 
could be used as suggested by conformal mapping 
[lo]. For the present geometry this will require large 
nonuniformity in the grid sizes [lo]. A finite element 
technique can be used to solve the problem, but it 
is probably more expedient to utilize the skewed 
coordinates, by which one coordinate line is parallel 
to the plate and the other one is parallel to the channel 
walls as shown in Fig. 2. The advantages are that the 
governing equations take a relatively simple form as 
will be shown and boundary conditions can be readily 
specified. 

Governing equations 
In problems with complex geometries, it is usually 

the case that either the governing differential equa- 
tions are accompanied by complex boundary con- 
ditions, or with simple boundary conditions, the 
forms of the governing equations become more com- 
plex. Fortunately, the governing equations in skewed 
coordinates still have relatively simple forms, and they 
have been recently shown for the three-dimensional 
arbitrary parallelepiped geometry [ 111. Basically, the 
governing equations are transformed from the Car- 
tesian coordinates to the curvilinear non-orthogonal 
coordinates. The present skewed coordinates (e’, 0’) 
have the property that they are linearly related to the 
Cartesian coordinates (x, JJ) as shown in Fig. 2. By 
this property, a simple set of equations is obtained as 
follows 

Pr + @a’)., = 0 (1) 

(p~‘)~+(pu’u’),~ = -P,jg”+pGi+(a”),j (2) 

(Pc~,T),+(Pc~lnU’T),i = (kT,j.dj),i+P@-Pufi C3) 

ai1 = p(u& g”” + 1 flj - 2/36ijt&) (4) 

@ = 2[(~~~)~]6:‘+[~~~(1-6j)]*-2/3(uf,)~. (5) 

All the symbols are defined in the Nomenclature. It is 
to be noted that the derivatives ‘,i’ are with respect to 
8’. These equations are almost in the same form as 
those in Cartesian coordinates, except the terms 
involving the first derivatives of the scalars or vectors 
(not the tensors), such as p,#, Tjgij andur’,p’. AS 
for the present problem, the contravariant metric 
tensor, g”, which plays an essential role in the solution, 
can be easily found through the coordinate relations 

as 

9 
II = l/sin’* 

9 
12 

=9 
21 = - cos */sin’ * 

gz2 = l/sin’$. (6) 

When $ = 90”, gij = 6”, and equations (l)-(5) return 
to those in Cartesian coordinates. 

Boundary conditions 
In the inlet region flow is assumed to be fully 

developed. The upper and lower walls are subject to 
exterior heat losses with a heat transfer coefficient h 
to the ambient, which has the same temperature as 
the inlet fluid, TC. At the outlet, all the derivatives of 
the dependent variables along the 0’-direction are 
zero. Thus, we have 

8’ = 0, U’ = 6u,[l- (02 sin $/H>]0’ sin $/H 

u2 =O, T= T, (7) 

8’ = w, (u’),, = 0, (u2),1 = 0 

(T),, = 0 (8) 

f?‘= 0, q’sin$ = -h(T,-T,) 

u’=u2=0 (9) 

. I3’= H/sin$, q’sinII/= h(T,-T,) 

11’ = u2 = 0. (IO) 

Here T, is the unknown temperature at the wall, and 
q2 the contravariant component of the conduction 
heat flux 

12 q2 = kT,,g”+kT,,g . (11) 

The sine quantities in q2 of equations (9) and (10) 
come from the decomposition of the heat flux vector 
into the direction normal to the walls. 

The temperature of the plate is held at TH, while 
velocity components are zero, i.e. in the plate 

T= TH, u’ = u2 = 0. (12) 

Finite dzgerence equation and the solution 
The methodology to solve equations (l)-(3) has 

been described in detail in ref. [l 11. What is done is 
to separate those terms due to nonorthogonality into 
two parts, so that 

-qi = kTjg” = kTig”+(kTjg”-kTig”) (13) 

and the term in parentheses is grouped into the source 
term and treated as known from the last iteration. In 
this way, the energy equation (3) becomes 

&,,,,T),+(pc,,&T),i = (kT,ig”),i+S (14) 

where 

S = ~~--p~l~+C(kT~Si’-kT~,g”),~. (15) 
U 

Equation (14) is in the same form as that in Cartesian 
coordinates, and the algorithm by Patankar [12] can 



be applied directly. However, it is noted that the 
coefficient g” appears in the conduction term. Similar 
modifications also apply to the momentum equation 

(2) 

P.,9” =P.,g”+(P.,.‘l”-P.,Y”) (16) 

0” = &,+(a”-&,). (17) 

Here again, the link coefficient in the pressure cor- 
rection equation [12] has to be modified due to g”. 
This methodology has been found to be successful in 
dealing with natural convection in arbitrary three- 
dimensional parallelpiped enclosures [ Ill. 

RESULTS AND DISCUSSIONS 

There are several parameters controlling the trans- 
port phenomena in the channel. These are the Ray- 
leigh number, Ra : the Prandtl number, Pr ; the Reyn- 

olds number. Re: the aspect ratio of the calculation 
domain, W/H; the inclination angle, $ ; the plate off- 
set position, H,, and its length, L ; and the heat trans- 

fer coefficient from the boundary wall h. Since physical 
properties are included in some parameters, they are 
evaluated at the inlet temperature and kept constant. 
The following definitions are utilized : 

Ra = pgB(T, - ~cW’I(w) 

Re = pu,H/p 

I 

(18) 
Pr = P/(P) 

h* = hH/k. 

It is difficult to exhaust the whole range of par- 
ameters, instead, we fix Ra at 5.2 x lo3 which is above 
the highest value in other studies [3-61, while Re is 
varied from 1.2 x 10 ’ to 1.2 x 10’ to cover the range 
from the natural-convection dominant flow to the 
forced-convection dominant flow. The plate length is 
fixed at L = 0.54H and its relative position H, (Fig. 
2) is varied from 0 to 0.4H. The inclination angle $ is 
taken to be at 60 and 120” to determine the aiding 

and opposing effects of the forced convection [9]. It 
is pointed out here that in the numerical calculation, 
convergence is much faster in the angle range close 
to 90’ than at other angles. Convergent results are 
obtainable in the angle range from 30” to 150’. The 
dimensionless heat transfer coefficient on the outside 

of the wall, h*. varies from zero to infinity to cover 
the adiabatic as well as the isothermal boundary 

conditions. 

Validation study 

The pure forced convection with developing flow in 
a channel, where the plate is absent and + = 90’. is 
first used for validation, since the analytical solution 
is available. Comparisons in the temperature, velocity 
and heat transfer rate between the numerical and ana- 
lytical results are found to be very good. Comparison 
with experimental data for a parallelpiped has been 
documented in ref. [ Ill. 

The computational domain and grid are also very 
important issues. In general, the domain should be 

properly selected so that the dependent variables at 
the inlet and outlet are not effected by the circulation 
regions near the plate. An aspect ratio W/H = 6.0 is 
found to be suitable for the parameter ranges con- 
sidered here. The length upstream of the plate depends 
on the size of the recirculation zone driven by natural 
convection, while the length downstream of the plate 
depends on the forced convection in order to satisfy 
boundary conditions (8). To have better resolution of 
the local variation of the temperature and velocities 
near the plate, the grids are distributed nonuniformly 
in the 0’ coordinates, but uniformly in the 0’ coor- 
dinates. so that more calculation cells are located near 
the plate and less grids are in the inlet and outlet 
regions. This arrangement is by an exponential dis- 

tribution of the grid sizes. A non-uniformly dis- 
tributed 90 x 30 (0’ x 0’) cell system is shown in Fig. 
3. Actually, several grid systems have been tested for 
the limiting cases of Ra = 5.2 x IO’, Re = 1.2 x 10 ’ 
and Rc = 1.2x lo’, with H, = 0.13H. $I = 60’ and 
k* = x In Fig. 4 the local variations of the Nusselt 
number are plotted for various cell systems. Here the 
Nusselt number is defined as 

Nu = HVT*n/(T, - T,) (19) 

where n is the unit vector normal to the plate, VT the 
temperature gradient, and H the height of the channel. 
This Nusselt number is different from the h* defined 
in ref. [18] in that, here Nu is for the plate, while h* 

is for the wall. The average Nusselt number over the 
plate is shown in Table 1. It is seen that the two non- 
uniform grid systems of 90 x 30* and 90 x 45* cells 
give results very close to each other, and the grid of 
90 x 30* is used in all subsequent calculations. 

The calculations are carried out on an IBM 3033 
mainframe. A typical run to reach steady state for 
90 x 30* cells takes about 40 min CPU time covering 
1500 time steps. 
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FIG. 3. Non-uniform 90 x 30 grid system for the calculations 
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Table 1. Comparison of Nusselt number at several grids for Ra = 5.2 x lo3 

1685 

90x15 90x30 90x45 90 x 30* 90 x 45* 

Re = 1.2x 10-l 4.903 4.530 4.617 4.586 4.522 
Re= 1.2~10’ 14.58 15.83 16.46 16.74 16.87 

*Exponential non-uniform cells in the 0’-direction 

I 1 I I I I 1 1 I 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Distance along the Plate 8*/l- 

FIG. 4. Local heat transfer rate along the plate on the upward- 
facing side at H, = O.l3H, tj = 60”, h = 03 with several grid 

systems. 

Natural-convection to forced-convection dominant 
JTOWS 

First the calculations are for the case with H, = 0, 
h* = 0 (adiabatic wall), $ = 60” but varying Reynolds 
number to examine the impact of forced convection 
on the natural convection from the plate. Figures 5 
and 6 show the isotherms and streamlines, respectively, 
with increasing Reynolds numbers. Figure 5(a) dis- 
plays the isotherms for Re = 1.2 x 10-l (Ra/Re’ = 
3.6 x 105). It is a typical motion dominated by natural 
convection. The fluid particles close to the plate are 
heated up so that they move up along the plate 
due to the buoyancy force. Different from the motion 
in an infinite medium, the restriction of the two 
channel walls gives rise to local circulation zones as 
shown in Fig. 6(a). As the plate is inclined the 
buoyancy force has two components, one is tangent 
to the plate which drives the flow, and the other is 
perpendicular to the plate. The latter has different 
effects on the two sides. For the upward-facing side, 
it tends to destabilize and separate the boundary layer 
formed along the plate, a fact which has been observed 
experimentally by Fujii and Imura [ 131 and by Moran 
and Lloyd [14]. The perpendicular component of the 
buoyancy force, however, tends to stabilize the flow 
on the downward-facing side. This point can be well 
understood from the isotherms on the two sides of the 

plate, which show different trends with increasing 0’. 
On the upward-facing side, isotherms become less 
dense, and on the downward-facing side, they become 
more dense. These facts lead to a decrease in heat 
transfer rate along the upward-facing side of the plate 
and an increase along the downward-facing side. The 
small heat transfer rate at the bottom edge of the 
downward-facing plate is due to almost stagnant flow 
there. 

On the other hand, the buoyancy force component 
perpendicular to the plate tends to accelerate the cir- 
culation motion in the upward-facing surface side, 
and decelerate that on the downward-facing side as 
shown by the maximum stream-function values on 
the two sides of the plate in Fig. 6(a). 

At Re = 1.2 x 10’ (or Ra/Re2 = 3.6 x 103), forced 
convection starts to exert its effects as may be seen 
from the streamlines in Fig. 6(b). This forced con- 
vection flow has an aiding effect on the flow above the 
upward-facing plate. The isotherms in Fig. 5(b) seem 
unchanged, compared to those in Fig. 5(a). Careful 
examination, however, reveals that near the upward- 
facing side isotherms become denser and the fluid 
motion gets stronger as indicated by the value of the 
streamfunctions in Fig. 6(b). A further increase of 
Re in Fig. 6(c) (Re = 3.8 x 1O1, Ra/Re2 = 3.6 x 102) 
repels the circulation cells away from the plate and 
the deformation of the isotherms becomes more 
severe, with more dense isotherms on the upward- 
facing side and less dense ones on the downward- 
facing side. At Re = 1.2 x 10’ or Ra/Re’ = 3.6 x lo’, 
as seen in Fig. 6(d), the circulation cells due to natural 
convection become weaker, and are finally washed 
out. The streamlines show clearly that the control 
mechanism is forced convection. When the flow is 
further dominated by forced convection in Figs. 5(e) 
and 6(e) (Re = 1.2 x lo’, Ra/Re2 = 3.6 x IO-‘) the 
isotherms accumulate on the upward-facing side, 
while separation occurs behind the plate. 

Figure 7 shows the local heat transfer coefficient 
Nu. As predicted from isotherms, the heat transfer 
rate on the downward-facing plate displays a gradual 
increase along the plate when natural convection is 
dominant, while the heat transfer on the upward- 
facing side displays a gradual decrease. It is interesting 
to note that the increase in Reynolds number leads 
to a dramatical change in heat transfer rate on the 
upward-facing side. When forced convection is domi- 
nant the heat transfer rate on the upper side of the 
plate increases along the direction of increasing 02, 
but with a level much higher than that on the lower 
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(a) Ra/Re’= 3.6 x IO5 

(b) Ra/Re2= 3.6 x IO3 

(cl Ra/Re2= 3.6x IO’ 

( d 1 Ra / Re* = 3.6 x IO’ 

(e) Ra/ Re2= 3.6 x IO-’ 

FIG. 5. Isotherms at Ra = 5.2 x 10’. Pr = 0.71, I) = 60”, H, = 0, h* = 0 and various Reynolds numbers 

side of the plate. It can be seen that with the increase 

of Reynolds number, the slope of the Nusselt number 
along the plate changes, and at a certain combination 
of Rayleigh number and Reynolds number (Ra/Re’ = 
3.6 x 10’ here), an almost uniform heat transfer 
along the plate can be obtained on the upward- 
facing side. This is due to the fact that Rayleigh 
number and Reynolds number have opposite effects 
on the Nusselt number distribution along the up- 
side of the plate. Figure 8 shows the variations 
of dimensionless temperature (T- rc)/(T, - rc) with 
O’, which shows a typical boundary layer charac- 
teristic when Reynolds number increases. 

Influence of inclination angle and offsets 
Similar computations have been made for an incli- 

nation angle of 120”, h* = 03 (isothermal boundary 

walls) and offsets of H, = 0.13H and 0.4H to reveal 
the interaction of forced convection and natural con- 
vection. The results for both inclination angles in 
terms of isotherms and streamlines are displayed in 
Figs. 9-12. Geometrically, the four configurations can 
be recovered from any one of them by simply rotating 
the whole structure over 180” along the B’-axis, an 
action changing the influence of the natural con- 
vection ; or by supplying forced flow in the negative Q ‘- 
directions, an action changing the influence of forced 
convection. The resulting interactions, however, are 
quite different. as will be seen. In Figs. 9-12. (a) is 
the case for Ra/Re2 = 3.6 x 103, which is the starting 
point of the forced convection having an effect on 
natural convection; and (b) is the case for Ra/Re’ = 
3.6 x 10’. where a nearly uniform heat transfer 
rate at ti = 60”, H, = 0 and h* = 0 is obtained. 
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(a) Ra/ Re2= 3.6 x IO5 

(b) Ra/Re2= 3.6~10~ 

I 

(c) Ra/Re’= 3.6x102 

(d) Ra/Re2=3.6x10’ 

103.10 

//jqFq$=y 

(e) Ra/Re’= 3.6x10-’ 

FIG. 6. Streamlines at Ra = 5.2 x 103, Pr = 0.71, I) = 60”, H, = 0, h* = 0 and various Reynolds numbers. 
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FIG. 7. Local heat transfer rate at Ra = 5.2 x lo’, Pr = 0.71, 
$ = 60”, H, = 0, h* = 0 and various Reynolds numbers. 

In Fig. 9(a), tj = 60” but H, = O.l3H, theisotherms 
show a stratification above the plate, which is unstable 
up to a certain Rayleigh number (about lo4 in the 
present study), thus leading to the formation of a 
thermal plume. Different from the one in Fig. S(b) 
with the same Rayleigh and Reynolds numbers, the 
isotherms here accumulate along the downward- 
facing side almost uniformly. This is partly due to the 
‘leaking’ of the fluid through the slot below the plate, 
which promotes the flow interaction between both 
sides of the plate. It is also due to the difference in 
boundary conditions (isothermal walls here). The 
forced convection is seen to start affecting the natural 
convection in the same way as that in Fig. 6(b). When 
Ra/Re’ = 3.6x lo’, as shown in Fig. 9(b), we see 
deformed isotherms, and the disappearance of the 
convection cell on the upside of the plate. There is still 
a small convection cell on the lower side of the plate 
and leakage of the forced flow between the plate can 
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FIG. 8. Dimensionless temperature along the B’-direction at 
half height of the plate at Ra = 5.2 x 103. Pr = 0.71. tj = 60”, 

H, = 0. h* = 0. 

also be observed. The distribution of the local Nusselt 
number for Fig. 9(b) is shown in Fig. 13 and we still 
note a uniform heat transfer distribution in the central 
region of the plate. Here the higher Nusselt number 
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near the two ends of the plate is due to the edge effect 
as a result of the isothermal wall on both sides. When 
the inclination angle becomes 120” (Fig. 10(a)), inter- 
estingly, we see the forced convection streamlines 
dividing around the plate due to the increasing pres- 
sure along the upstream side (or downward-facing 
side). When Re is increased, a stagnant region occurs 
behind the plate, which results in a small heat transfer 
rate for the plate on that side. That on the upstream 
side of the plate, however. is still uniform but slightly 
lower than that at $ = 60”. When the plate is tilted 
at tj = 60’~’ with H, = 0.4H (Fig. 11(a)), the forced 
convection affects the natural convection from the 
downward-facing side, which is different from the one 
in Fig. 9(a). At a higher Rayleigh number (Fig. 1 l(a)), 
forced convection has an opposing effect on the natu- 
ral convection at the upside of the plate. The intensity 
of forced convection is not that high, thus leaving a 
relative stagnant region there and the heat transfer 
rate is no longer uniform as shown in Fig. 13 and is 
at a lower level. With an inclination angle of 120’ 
(Fig. 12(a)) the forced convection effect starts from 
the bottom of the plate and finally all the flow passes 

(a) Ra/Re’= 3.6x IO3 

(b) Ra/ Re2= 3.6 x IO’ 

FIG. 9. Isotherms and streamlines at RU = 5.2~ 10’. j, = 60”. H, = O.l3H, h* = ici: (a) Ra/Re’ = 

3.6 x 10’; (b) Ra/Rr’ = 3.6 x 10’. 
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(a) Ra/Re*= 3.6x IO3 

(b) Ra/Re*= 3.6x10’ 

FIG. 10. Isotherms and streamlines at Ra = 5.2 x 103, $ = 120”, HI = O.l3H, h* = co : (a) Ra/ReZ = 
3.6x 10’; (b) Ru/Re* = 3.6 x 10’. 

there (Fig. 12(a)). Even though the forced convection 
has an opposing effect, it is much more dominant so 
that the heat transfer rate shows some uniformity 
(Fig. 13). 

Infruence of the boundary conditions 
In the usual CVD process, the boundary walls are 

kept at a constant lower temperature to avoid un- 
necessary deposition on the wall [3]. This condition, 
however, promotes the buoyant flow, when $ = 90” 
and the bottom wall is taken as the substrate and is 
heated f3-61. It remains to see what happens when the 
substrate is inclined. The centrally located plate at 
li/ = 60” with various dimensionless heat transfer rates 
h* through the boundary walls is considered, for Re = 
1.2 x lo- I and 1.2 x lo’, both with Ra = 5.2 x 103. 
Since streamlines are not much different from 
the other cases, only isotherms are displayed in 
Figs. 14 and 15. With the lower h* (nearly adiabatic 
boundary), the walls are heated to a higher tempera- 
ture. In both cases, the basic feature is that the iso- 
therms spread widety at the low h* and gradually 

squeeze together with increasing h*. The dimen- 
sionless heat transfer through the boundary wall h* 
has pronounced influences on the heat transfer from 
the plate at low Reynolds number situations as seen 
from Fig. 16, which shows the local heat transfer 
rate from the plate. Once forced convection becomes 
important, however, the variation of heat transfer rate 
for the plate with h* becomes much less sensitive. 
Physically, the defo~ation of isotherms can be 
understood as that, at low h*, energy is mostly trans- 
ferred to the outlet, while at higher h* it is mostly 
transferred through the wall regions, so as to leave an 
almost uniform and lower temperature outlet region 
there. In Fig. 1’7, the average heat transfer from the 
plate at various h* is shown. It is seen that h* indeed 
has a pronounced influence on the natural convection 
dominant case. 

CONCLUDJNG REMARKS 

The influence of forced convection on the natural 
convection from an inclined, heated plate, which is 
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(a) Ra/Re2=3x103 

(b) Ra/Re2=3.6x10’ 

FIG. 11. Isotherms and streamlines at Ra = 5.2 x 103, JI = 60”, H, = 0.4H, h* = 00 : (a) Ra/Re’ = 3.6 x 10’ ; 
(b) Ra/Re’ = 3.6 x 10’. 
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(~1) Ra/Re*= 3.6~10~ 

( b) Ra / Re’= 3.6 x IO’ 

FIG. 12. Isotherms and streamlines at Ru = 5.2 x 103, $ = 120”, HI = 0.4H, h* = to : (a) Re = 1.2 x 10’; 
{h) Re = 1.2 x 10’. 

taken as the substrate in a CVD process inside a 
horizontal channel is studied numerically. The sol- 
utions are based on skewed coordinates with one coor- 
dinate line parallel to the channel wall and another 

20.0 

N” ‘ff 
6:0 
5.0 

4.0 

3.0 

Distance along the Plate t$ I L 

FIG. 13. Local heat transfer rate along the upstream side of 
the plate at Ru = 5.2x 103, Re = 1.2x lo’, h* = co, with 

several $ and H,. 

one parallel to the plate, which makes the treatment 
of the boundary condition easier. The primary study 
is on a t&d Rayleigh number with varying Reynolds 
numbers, inclination angles, offsets and boundary 
conditions. When the flow is natural convection domi- 
nant, local circulation zones (transverse roll cells) are 
generated due to the presence of the channel wall, 
which gives rise to nonuniformity in the transfer rate 
from the plate. However, by increasing forced flow 
this can be greatly improved, and at a certain com- 
bination of Rayleigh and Reynolds numbers a uni- 
form heat transfer can be obtained. The offset and 
inclination angle of the plate may also alter the nature 
of the interaction of forced and natural convection. A 
wall with high heat transfer to the ambient will pro- 
mote the natural convection but has little influence 
when the forced convection is important. 

In real CVD applications, the mass transfer, vari- 
able physical properties, radiation, and more com- 
plicated geometries need to be included. Nevertheless, 
the present study provides certain insight into the 
interaction of natural convection and forced con- 
vection in CVD like geometries. Further study with 
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(a) h*= ~xIO-~ 

(bl h*= 3 x IO-' 

(cl h'= 3x10' 

(d) h’=3xlO’ 

FIG. 14. Isotherms and streamlines at Ra = 5.2 x 10’. $ = 60 , Re = 1.2 x lo- ’ and various h*. 
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(a) h*= 3 x lOA 

(c) h*= 3x 10’ 

(d) h*= 3 x IO' 

FIG. 15. Isotherms and streamlines at Ra = 5.2 x lo’, $ = 60”, Re = 1.2 x 10’ and various h*. 
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Nu 

- - - - isothermal Walls 
- Adiabatic Walls 

OOU 1 .o 

Distance along the Plate 8*/L 

FIG. 16. Boundary effects on the local Nusselt number on 
the upward-facing side at Ra = 5.2 x 103, H, = 0.26H and 

$ = 60”. 
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FIG. 17. Boundary effects on the average Nusselt number at 
Ra = 5.2 x lo’, H, = 0.26H and + = 60”. 

consideration of the above parameters has been 

initiated. 
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CONVECTION MIXTE SUR UNE PLAQUE INCLINEE CHAUDE DANS UN CANAL 
AVEC APPLICATION AU CVD 

R&sum&-Une etude numtrique basee sur les equations descriptives dans des coordonnees obliques est faite 
pour determiner l’influence de la convection for&e sur la convection naturelle pour une plaque inclinee et 
chaude, sit&e dans un canal horizontal. La convection for&e augmente le transfert de chaleur aussi bien 
qu’elle rend le flux thermique plus uniforme sur la face tour&e vers le haut. Les conditions aux limites, 
l’angle d’inclinaison et la position de fixation ont des effets sensibles sur l’interaction des deux convections 

for&e et naturehe. 

MISCHKONVEKTION AN EINER BEHEIZTEN GENEIGTEN PLATTE IN EINEM 
DURCHSTROMTEN KANAL 

Zuaarnmenfassung-Auf der Grundlage der Bilanzgleichungen in schiefen Koordinaten wird der EinfluD 
einer erzwungenen Konvektionsstriimung auf die natiirliche Konvektion an einer geneigten Heiztllche in 
einem waagerechten Kanal numerisch untersucht. Es wird herausgefunden, daB die erzwungene Konvektion 
den WBrmeiibergang insgesamt verbessert und an der Oberseite der Platte gleichfiirmiger macht. Die 
Randbedingungen, der Neigungswinkel und die geometrische Anordnung haben einen signifikanten EinfluB 

auf das Zusammenwirken von erzwungener und natiirlicher Konvektion. 
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CMEIIIAHHAl KOHBEKl&Ul OT HAI-I’ETOtl HAKJIOHHO~ I-IJIAffHHbI B KAHAJIE 

Ammmmn-Ha OCHOB~ 0lIpexe~1m~ ypaBHem#i B rocoyr0JImb1~ roopm5xa~ax npoBe~eHo mxew 
Hoe EccJIeAoBanHe ~rmp~~ll ebuiyxnemoti ~omneumi Ha ecrecme~ y aax~~omfo~ mrpcroti mat- 
THH~I, paCIIOJIOXeHH0~ BH~T~H rOpII301fTBJIbHOrO KaHana. HakeHo, wo namyurc~~aa roaeerq~a 
ycmHeaeT ~emoo~m¶y, a mace c11oco6c~~ye~ P~~BHTE.KI 6onec o~~opo~@~oti HRIZHCHBHOCTH rrn- 
noo~win Ha nepxneii cropo~e wmcnmb~ YcraHonneHo, PTO rpmimiare ycnonan, yrnbl mvnoHa A 
nonoxemie nnacnnw o~a3bmuo~ 3riammnbiioe nmimkfe Ha e3amoneticcs~e abniyxnemoii H emem- 

BtSiEOi KOIiBeKm. 


