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ABSTRACT A mathematical model including the NAVIER-STOKES and 
energy partial differential equations has been developed'to 
predict the flow and temperature fields in a cold-wall CVD 
reactor. Particular attention is placed on understanding and 
explaining the influence of pressure on the hydrodynamics and 
heat transfer in the reactor. In order to validate the model 
predictions in the thermal aspect we used holographic 
interferometry to investigate the temperature gradients and to 
examine the thermal boundary layer thickness for several reactor 
inlet conditions. The comparison between the model predictions 
and experimental data shows good agreement. 

In the last decade chemical vapour deposition (CVD) has become a 
dominating deposition process in several industries. Despite its 
simplicity and versatility in the production of many thin solid films, 
the understanding of the CVD process is rather limited. The 
conventional approaches are based to a large extent on intuition and 
step-by-step improvement by methods of trial and error, These are 
time-consuming and expensive and their major inconvenience is their 
lack of generality. It is difficult to extend the results to different 
cases and especially to different reactor configurations. This becomes 
particularly crucial when one wants to transfer from laboratory study 
to industrial scale reactors. For this reason, both experimental and 
theoretical efforts of recent years have been aimed towards a more 
fundamental understanding of the relevant physicochemical mechanisms 
of the CVD technique /1-6/. The common objective of all workers in 
this area is to relate performance measures (e.g. deposition rate, 
film composition and uniformity) to operating conditions (e.g 
pressure, temperature, reactant concentration, gas flow and reactor 
geometry). Here, the development of mathematical models based 
simultaneously on fluid dynamics, kinetics and thermodynamics has 
played an important rdle. However, to incorporate all the 
physicochemical mechanisms in a general model is not realistic because 
of the complexity and diversity of situations that occur in a CVD 
process. So, the majority of the models proposed by different workers 
in this domain treat particular cases and favour either the chemical 
aspect or transport phenomena /7-11/. In fact, the individual study of 
each physicochemical process provides useful information for the 
understanding of the basic aspects of CVD processes. Our contribution 
deals with a theoretical and experimental study of hydrodynamics and 
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heat transfer in the flowing gas phase within a large vertical 
axisymmetric cold-wall reactor. We focus on establishing the influence 
of the operating parameters on the temperature and velocity fields in 
the reactor. 

2- REACTOR GEOMETRY 

The cold-wall CVD reactor studied is a classical configuration for 
growth of pyrolitic carbon from the decomposition of methane 141. It 
consists of a vertical stainless-steel cylinder with an interior 
diameter and height of 350 mm. Relatively large, these dimensions lie 
between those of laboratory studies and those used in industry. The 
walls are water-cooled. Two Pyrex windows with a diameter of '160 mm 
are incorporated opposite one another in the vertical wall to permit 
optical analysis of the gas phase temperature by holographic 
interferometry. The graphite substrate, positioned on the reactor 
axis, is heated by high frequency induction. The water-cooled copper 
coil lies inside the reactor around the substrate. The gas supply is 
via either of two pipes situated in the upper and lower parts of the 
reactor. 

3-MATHEMATICAL MODEL 

A complete model of the behaviour of a CVD reactor is based upon the 
momentum, energy and species equations governing the motion, heat and 
mass transfer. However, in experimental systems the reactives are 
often diluted (15%) in a carrier gas /11/. Hence, the flow and heat 
transfer can be decoupled from the mass transfer and account taken 
only of this carrier gas. The temperature and velocity fields obtained 
in this way can be used for modelling different chemical reactions. It 
is important to note that this simplification cannot be made for the 
case of deposition reactions where molecules with very different sizes 
are involved. 

3-1 Model equations 

Thus, we have to deal with aerothermodynamic equations corresponding 
to the NAVIER-STOKES and energy equations. Assuming that there is a 
laminar, steady-state, incompressible, axisymmetric flow with variable 
gas properties these equations can be written in terms of 
dimensionless variables as follow : 

Continuity equation 

+ 
div eV = 0 (1) 

Motion equation 

+ - - D  - - + - 
(QV. grad) V = - grad P - 1/Re div t - @/Fr k ( 2 )  

Energy equation 

4- - 
( Q C ~  V grad) Q = l/ReP, div ( h  grad Q ) 

where Re, Fr and P, are respectively the REYNOLDS number Vo R, Q, /yo , 
FROUDE number Vo / (gR, ) and PRANDTL number yo C A . In these 
expressions, Q, ,yo , ho , C, and Vo are respectively the gas properties 
and the mean velocity at the reactor inlet. R, is the substrate radius 
and g is the acceleration due to gravity. In this study, nitrogen is 



used as a carrier gas. The variation of its thermophysical properties 
as a function of temperature can be established using the kinetic 
theory of gases /12/. In this way the viscosity p and the thermal 
conductivity A can be put in a form facilitating numerical 
calculations as given in table 1. The heat capacity Cp per unit mass 
is assumed to be constant. The ideal gas law is used to compute the 
density as a function of temperature. Thus we have : 

Table 1 Properties of nitrogen, To = 293 K 

The boundary conditions on the above set of equations and the 
geometrical dimensions for the calculation are given in terms of 
dimensionless variables in figure 1. We emphasise that at the middle 
of the reactor the velocity and temperature fields are assumed to be 
fully developed. With this assumption, and the axisymmetry, the 
computational domain is reduced to a quarter of the reactor. 

density 
p(kg.m3 ) 

PM/RT 

3-2 Numerical solution 

Heat capacit 
Cp (J.kg-1 . ICY) 

1043 

Thermal conductivity 
h(W.m- l .K- ) 

2x10- ( T/To ) 0 '6838 

The traditional formulation of the NAVIER-STOKES equations in terms 
of velocity and pressure (V,,V,,P) has been replaced by an elliptical 
formulation in terms of stream function and vorticity (Y,o). These new 
variables are defined as follow : 

1 ay 1 ay av, av, 
V, = - - -' , V, = - - '  ' , = - - -  

er a~ er ar' a z a r (4) 

The momentum and energy equations are written in this elliptical 

Viscosity 
~(kg-m-l .s-l ) 

0.1797~10- (T/To ) 0 ' 6 8 4 1  

formalism as : 

1ae a e a  vr2 + v Z 2  a~ a vr2  + vZ2 + - - + - -  ) - - -  
Fr ar ar a~ ( 2 a~ ar ( 2 

1 
( 6 )  

This formulation has many practical advantages (common formulation 
of equations, conserva,tion of mass accounted for implicitly, 
elimination of pressure...). The above set of partial differential 
equations with the boundary conditions in terms of (Y,o) is solved 
using a control volume-based finite differences method /11,13/. The 
computational domain is discretized into a non-uniform grid on which 
the solution field (Y,o,@) is to be found. It consists of 2653 grid 
nodes in total in the radial and axial directions. The equations are 
integrated over the surface element surrounding each point of the 
mesh. Because of the non-linearity of the equations and the complexity 
of the terms to be integrated, a linear approximation of the dependant 
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variables (Y,w,O) was necessary to facilitate the integration of the 
equations. The sets of equations resulting from the numerical scheme 
were solved iteratively using a GAUSS-SEIDEL method. The iteration 
procedure was terminated when the convergence criterion : 

cp = Y,w or O 

1 : iteration number 

was fulfilled at any node. To reach this criterion, 1000-2000 
iterations were needed, taking 1-2h of CPU time. All calculations were 
carried out on a NORSK-DATA ND 5700 minicomputer. 

3-3 Results 
3-3-1 The flow and isotherms 

The results will be shown in terms of combined figures of flow 
streamlines (right-hand side) and isotherms (left-hand side). Figure 2 
shows the flow patterns obtained with a flow rate Q = 2.8 scm3/s of 
nitrogen. The temperatures of the wall and the substrate are 
respectively T,=20°C and T,=760 "C and the pressure is P=45 kPa. The 
jet entering the reactor with an average velocity of 0.32 cm/s widens 
slightly before strongly narrowing in accelerating towards the axis. 
This acceleration in the vicinity of the substrate is related to the 
steep temperature gradients. This motion leads to the creation of a 
large recirculating flow occupying pratically the entire reactor 
volume and causing the confinement of the jet. As the flow rate is 
small these recirculation cells are purely thermal ones and driven by 
natural convection effects. The phenomenon of recirculation can affect 
the residence time distribution of the reaction products and so the 
process yield. Moreover, the species can be trapped in the 
recirculations and isolated from the main flow /7/. The strength of 
the recirculation can be measured by the ratio C between the 
characteristic velocity of natural convection,V,, in the vicinity of 
the substrate, and V, the average velocity of the inlet flow /11/. 
Thus : 

where Gr=gR, g ( T, -To ) g 2  /y is the GRASHOF number. C appears as the 
square root of the ratio of natural convection to forced convection 
(Gr/Re2) resulting from the scaling analysis. Looking at the 
expression for C in more detail shows that the recirculation is a 
function of flow rate, gas nature, pressure, the geometric parameter 
chosen as reference, and the temperature difference between the 
substrate and the wall. 
The left hand side of the figure shows the predicted isotherms in 

the reactor. Here again we clearly observe the influence of natural 
convection effects on heat transfer in a cold-wall reactor. All the 
isotherms are localised near the substrate in a thermal boundary layer 
about 10 mm thick, which indicates the presence of steep temperature 
gradients. 

3-3-2 Effect of operating pressure 

In order to show the r61e of the operating pressure, we reduced 
its value by a factor of 100 (P=450 Pa) while the other parameters 
remained constant. Figure 3 shows the flow patterns and the isotherms 
obtained under these conditions. We note that the amount of 



recirculation decreased and the thermal boundary layer thickness 
increased considerably and became comparable to the reactor 
dimensions. It is easy to interpret this behaviour by a simple scaling 
analysis. Considering the variation of dimensionless numbers when the 
pressure is divided by K with the same mass flow rate at the entrance 
we have : 

case I case 2 Comparison of dimensionless numbers 

The dimensionless equations are similar in both cases except that 
the FROUDE number is multiplied by K2. Note that we can reach the same 
result by decreasing the gravity force, dividing g by a factor K2 as 
obtained in micro-gravity situations. The simulation corresponding to 
a pressure divided by 100 is equivalent to gz10- m.s- . So, the 
diminution of presskre reduces the natural convection effects and 
therefore induces a lower recirculation and favours the heat diffusion 
as shown on the figure 3. 

4-EXPERIMENTAL INVESTIGATION 

The main focus of this contribution is to investigate the 
temperature fields in the reactor which allows us to validate the 
model predictions in the thermal aspect. For this purpose, we 
developed an holographic interferometry set-up which we have described 
in detail in previous works /11,14,15/. This non-destructive optical 
method has many practical advantages in comparison with other 
classical techniques used in heat transfer study /1,16/. It allows us 
to follow "in-situ" the thermal behaviour of the vapour phase as a 
function of several operating conditions. For general information on 
holographic interferometry, the reader should consult the book of VEST 
/17/. Figure 4 shows an interferogram obtained with 45 kPa of nitrogen 
and Ts=760°C. The thermal boundary layer is directly visualized from 
the interferogram. Observing the fringe pattern, this layer is 
delineated by the area where the fringes are deviated from the 
vertical finite fringe system where the temperature is ambiant. The 
thermal boundary layer form is approximately elliptic which is 
schematized in figure 5 by 6(r). Its thickness is maximal at the 
centre (6(0)=6,) and decreases towards the substrate edge which 
indicates the presence of a high thermal gradient in this region. 6, 
is a function of several operating conditions. Fig.6 shows its 
variation with the substrate temperature T,, at an argon pressure of 
66.6 kPa. We note that the thermal boundary layer thickness increases 
slowly with T, according to the law 6,(T,)=A.TSX where the parameters 
A and x are given on figure 6. Moreover, it is important to note that 
for the substrate with a diameter of 25 mm (a,,) the boundary layer 
thickness is 1.5 times bigger than that established around the 
substrate of diameter 40 mm (a,,). Therefore, the temperature gradient 
is expected to be steeper in the latter case. This result can be 
explained by the expression for the GRASHOF number Gr, which can be 
taken as an excellent criterion for determining the thermal boundary 
layer thickness in natural convection dominated flows. Gr increases 
with the third power of the substrate radius R,. So, the effects of 
natural convection increase with R, and therefore 6, has a tendency to 
decrease. 
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4-1 Effect of operating pressure 
The operating pressure has more effect upon than does the 

temperature of the substrate. An increase in pressure accompanied 
by a reduction in the thermal boundary layer thickness 6,. and 
consequently by an increase in the temperature gradient. The variation 
of 6, as a function of pressure can be represented according to the 
law S,(P)=A.Px and is shown in figure 7. 

5- COMPARISON OF THE MODEL PREDICTIONS AND EXPERIMENTAL DATA 

Fig. 8 shows a comparison between predicted (right-hand side) and 
experimental (left-hand side) radial temperature distributions below 
the substrate. Globally, both cases give similar profiles: the 
temperature, approximately constant below the substrate, decreases 
rapidly from the edge with a steep gradient. The thermal boundary 
layer thickness predicted by the model and that visualized from the 
interferogram (fig.4) are of the same order. This result illustrates 
the agreement between the simulation and experiment. 
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.c representation 

.ed reactor with 
conditions and 
grid. 
inflow pipe:25mm 
reactor 175 mm 
substrate 15 mm 

Fig.2:calculated streamlines 
(right) and 7 isotherms (left) 
from 10O0C to 700°C for 
T,=76O0C, Q=2.8 scm3/s and 
P=45 kPa of nitrogen. 

Fig.3:calculated streamlines 
(right) and 7 isotherms (left) 
from 10O0C to 700°C for 
T, =76OoC, Q=2.8 scm3 /s and 
P=450 Pa of nitrogen. 
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Fig.4:holographic interferogram 
i3 , , nitrogen, P=45 kPa, T, =760°C 

Fig.6 : 6, = f(Ts) at P=66.6 kPa 
a,, : S,[T,(K)] = 1 . 4 5 4 ~ T ~ ~ . ~ ~ ~ ~  nun 
a,, : s,[T,(K)] = 1.569~~,0"0~~ nun 

Substrate 

Fig.5:themal boundary layer 6(r) 

SUBSTRATE SUBSTRATE 

Fig.8 : radial distribution of temperature below the substrate 
a,,, nitrogen, P=45 kPa, TS=76O0C. a-Experiment, b-Simulation 


