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Chemical vapor deposition (CVD) of carbon by methane pyrolysis onto a nonporous 
graphite rod was studied experimentally in a hot-wall, laminar-flow reactor and theoreti- 
cally by finite-element modeling. Reactor pressure ranged from 10 to 40 torr, control 
temperature ffom 1,000 to l,lOO"C, and methane was diluted with H2, Ar, or N2. The 
average residence time ranged ffom 1 to 50 s. A combination of experimental measure- 
ment and numerical modeling was used to accurately characterize fluid and thermal 
$elds inside the reactor. Tractable numerical models were developed for the CYD of 
carbon with gas-phase chemical reaction mechanisms based on accepted kinetic expres- 
sions. Simpler mechanisms were reduced from ones based on a more extensive list of 
intermediate reactions by systematic comparison to experimental data. A simplifid but 
rational model is recommended based on the best fit to experimental data at various 
flow rates and pressures. The study indicates that axial dispersion plays a significant role 
and the pressure fall-off effect for rate coefsicients of unimolecular decomposition reac- 
tions must be taken into account. 

Introduction 
Aerospace applications of advanced materials represent 

one of the most promising areas for technological develop- 
ment in aerospace research today. Chemical vapor deposition 
(CVD) and chemical vapor infiltration (CVI) are widely used 
processes for the production of these advanced materials. CVI 
is very similar to CVD but is complicated by pore diffusion 
resistance and densification gradients. Many protocols for 
CVI have been suggested (cf., Besmann et al., 19911, but the 
isothemzal CVI technique is the most commonly practiced be- 
cause it is more economical to develop, more versatile for 
different geometries, and easier to scale up. Despite recent 
efforts by Starr et al. (1994) for S ic  CVI and McCallister and 
Wolf (1993) for carbon/carbon CVI, quantitative representa- 
tions of the pyrolysis reactions and transport phenomena in- 
volved in CVD/CVI have not yet been sufficiently developed 
for carbon/carbon CVI to permit complete process optimiza- 
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tion. This experimental and theoretical study is designed to 
elucidate many of the subtle features of the pyrolysis/deposi- 
tion mechanism by concentrating on the chemistry and trans- 
port occurring in the regions outside the substrate (i.e., CVD). 
The processes involved in infiltration will be reported in the 
future. 

A large number of related studies may be found in the 
literature. The following representative examples illustrate 
that most of these studies intended to minimize the impact of 
temperature and concentration gradients. Neuschutz et al. 
(1993) heated a narrow throat of the reactor with the expec- 
tation that reaction/deposition would only occur within the 
heated zone. Their substrate was a rod suspended from a 
microbalance in the throat of the reactor. Makarov and Pechik 
(1974) fluidized small carbon particles such that their surface 
to volume ratio was relatively high and bulk-phase transport 
was minimized. Je and Lee (1984) used a tumbling disk in 
order to minimize the effects of gradients in the reactor dur- 
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ing the study of carbon deposition from propane. Kim et al. 
(1992) studied deposition from aluminum nitride on the walls 
of tubes with varying diameters to investigate the role of sur- 
face to volume ratio. Interpretation of their results relied on 
the negligibility of axial dispersion. In all the studies except 
that of Neuschutz et al., the deposition rates were deter- 
mined by weight measurements before and after the reaction. 
McAllister and Wolf (1993) have studied infiltration of porous 
disks and porous rods in a hot wall reactor. They treated 
fluid, thermal, and concentration gradients by a finite volume 
model and fit the reaction rate to a simple power-law expres- 
sion. In the present study, we have designed a streamlined 
reactor in which all gradients were explicitly treated by 
finite-element modeling. Instead of trying to minimize the 
gradients, we simply constrain them to be predictable and 
study the necessity of accounting for the gradients by com- 
paring the models to each other and to experimental data. 

Our experiments were designed to measure the deposition 
on a nonporous graphite rod from pyrolysis of methane as 
the sole carbon source. In our systematic model develop- 
ment, we first developed continuous stirred tank reactor 
(CSTR) models with many explicit reactions in the mecha- 
nism in order to explore the sensitivity to the assumed species 
and narrow the field of prospective kinetic mechanisms. In 
the CSTR models, the comprehensive studies of Tsang and 
Hampson (1986) and Baulch et al. (1992) were applied to 
represent the rates of the fundamental reactions. A two- 
dimensional (2-D) finite-element model based on a commer- 
cial code (FIDAF') was implemented to investigate the mag- 
nitude of the temperature, flow, and, more approximately, 
concentration gradients in the reactor. Boundary conditions 
for wall and substrate temperatures were obtained by direct 
measurements in the experimental reactor. For computa- 
tional efficiency, the gas-phase reaction mechanism applied 
to the finite-element model was oversimplified relative to the 
1-D and CSTR models. Based on the 2-D finite-element 
model, the reactor was redesigned to eliminate recirculation 
zones. Recirculation can lead to the formation of undesired 
species and agglomerates via the free radical reactions that 
are typical of pyrolysis. The 2-D model indicated the pres- 
ence of small but significant temperature and concentration 
gradients in the reactor, which raised doubts about the gen- 
eral applicability of the gradientless CSTR model. On the 
other hand, the 2-D model had difficulty treating surface re- 
actions and complex reaction mechanisms, although fluid and 
thermal gradients were treated reliably. Disappearance of 
some species and evolution of others through multiple reac- 
tions at the surface, yielding carbon deposition, led to a num- 
ber of apparent inconsistencies when the 2-D code was ap- 
plied to species profiles with chemical reaction. Therefore, 
the discussion below focuses on results from gradientless and 
1-D models. These considerations led us toward a 1-D 
finite-element model which could easily accommodate a com- 
plex reaction mechanism while accurately focusing on the ax- 
ial gradients. The solutions of the 2-D model for very simple 
model systems indicated that gradients in the radial direction 
were much less than those in the axial direction. Further- 
more, deposition profiles from the 1-D model were nearly 
equivalent to the results from the 2-D model for these simple 
models. Hence, the identification of the most suitable chemi- 
cal mechanism was based on application of the 1-D model. 
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Figure 1. Reactor and peripherals. 

The various chemical mechanisms incorporated in the mod- 
els address the gas-phase and surface reactions of precur- 
sor formation and carbon deposition occurring during 
methane pyrolysis. For the high temperatures and low pres- 
sures of interest in this study, we determined that the pres- 
sure falloff effects in the unimolecular decomposition reac- 
tions were very significant. 

Experimental Studies 
The experimental low-pressure reactor system used in this 

work is shown in Figure 1. The gas-flow rates for diluents, 
nitrogen, argon, and hydrogen, and reactant methane were 
regulated by separate Brooks Type 580 mass-flow controllers. 
Mixing was achieved by flowing the gases in a common sec- 
tion of tubing before the reactor inlet. All gases used in this 
work were laboratory grade with purities listed as follows: H, 
and N, were 99.995% min. purity from Akron Welding and 
Spring Company; and CH, was 99.99% min. purity from 
Matheson. 

The gas mixture entered the vertical reactor at room 
temperature from below and flowed into the reaction zone 
through a graphite baffle. The baffle was intended to dampen 
the flow disturbances and result in essentially a flat flow pro- 
file. After the baffle, the mixture flowed through a short ex- 
pansion and preheating section to entering the isothermal re- 
action zone containing the substrate. Hot gases exited the 
reactor through a copper packed particle trap located just 
before the vacuum pump. 

In-situ sample weight measurement, setpoints of gas-flow 
rates, reactor temperature, and pressure were controlled us- 
ing LT Control by Laboratory Technologies, interfaced to an 
IBM PC. A strip chart recorder was also used to log reactor 
setpoint temperature and pressure and weight change of the 
substrate. 

Figure 2 shows details of the furnace used in this experi- 
ment. High temperatures in the graphite reaction chamber 
(102 mm dia. X 241 mm length) are achieved through resistive 
heating of the outer graphite shell. Owing to the good con- 
ductivity of the reaction chamber and uniform heating of the 
outer reaction chamber walls, an approximately isothermal 
distribution in the zone surrounding the substrate was 
achieved. Owing to the isothermal nature of the reaction zone, 
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Figure 2. Reactor detail. 

radiative effects were deemed negligible in subsequent analy- 
sis. The substrate was an ATJ purified graphite cylinder pre- 
coated with pyrolytic carbon to fill surface porosity. Its di- 
mensions were 12.7 mm in diameter and 200 mm long. The 
substrate was hung at the center-most section of the reactor 
and connected to a Cahn 1,000 microbalance via 0.51-mm-dia. 
304 stainless steel wire. This wire was chosen for its small 
size and ability to resist hydrogen embrittlement for extended 
experiments at temperatures nearing 1,lOO"C. 

A Stokes vacuum pump and a control valve (MKS Type 
253A) located at the exhaust of the reactor were used to con- 
trol the total pressure in the system to within k l  torr at 
pressure levels of 10 and 40 torr. Before each experiment, 
the vacuum leak rate was checked and reactor seals adjusted 
to prevent air leakage. An MKS Baratron Type 122AA pres- 
sure transducer and MKS Type 152 controller were used to 
set and monitor reactor pressure. The reaction zone setpoint 
temperature was controlled between 1,000 and 1,100"C via an 
unground Omega Type K thermocouple accurate to f3"C. 
Temperature profiles at the center of the reactor and along 
the walls were checked using similar temperature probes. No 
significant carbon deposition was observed on the thermo- 
couple during any of these experiments. 

Mathematical Models 
In the development of the mathematical models applied in 

our study, we made a conscious effort to apply readily avail- 
able software and implement the accepted expressions for the 
reaction kinetics. Our intention was to show that valuable 
engineering insights could be gained by adapting the avail- 
able fundamental technology through the use of a reactor 
which emulated the industrial practice of interest specifically 
to the carbon CVI process. The presentation of the mathe- 
matical models discusses first the algebraic/differential equa- 
tions and the software applied to solve them. The pressure 
fall-off effect and how we characterize it is then discussed. 
Finally, our approach for reducing prospective mechanisms 
to simpler, rational models is presented. 

Algebraic/differential equations 
Among the three different models applied in this study, 

the isothermal continuous stirred tank reactor (CSTR) model 
is the simplest ("0-D" model) with perfect mixing assumption, 
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i.e., there is no temperature or concentration gradient in the 
entire reactor. This model uses an implementation of Broy- 
den's iterative method for solving ncnlinear algebraic equa- 
tions (cf., Press et al., 1992). The l-D model, based on the 
COLSYS program of Ascher et al. (19811, solves the coupled 
second-order boundary value problems that arise from recog- 
nizing axial dispersion and temperature gradients. This 1-D 
model is based on the axial dispersion plug-flow reactor as- 
sumption similar to the classical work of Danckwerts (1953). 
Finally, FIDAP modeling was applied to a 2-D model of heat 
and momentum transport. FIDAP is a general purpose com- 
puter program that uses the finite-element method to simu- 
late many classes of steady-state or transient fluid flows in 
complex geometries including heat transfer and the species 
mass transport with chemical reactions. We also attempted to 
apply the FIDAP code to the multireaction mechanism which 
we developed, but found that it was extremely difficult to 
treat such a mechanism. Alternative software for similar re- 
active flow modeling is available as reviewed by Dombrowski 
et al. (1993), but there is no indication that other currently 
available software would perform better than FIDAP. This 
would appear to be a subject which requires further develop- 
ment by software vendors. The mathematical details of these 
models can be summarized as follows: 

We can express the CSTR equations as 

l+,Cr, x i =  l+-rr. [ ; ] [ G.1 
where tR is the residence time, x i  is the mole fraction of the 
ith component at the inlet, ri is the rate of reaction of the ith 
component, and C& is the inlet methane concentration. 

The rate expressions can be written in the general form 

r, = R . .  ' I  

I 

where Rij  is the net rate of formation of the ith component 
in the j th reaction. For first-order, second-order, and combi- 
nation reactions, R j j  has the form 

where k,, is the rate constant for the ith component in the 
j th reaction (discussed in Eq. 111, vij is the stoichiometric 
coefficient of the ith component in the j th  reaction, and Kcj 
is the concentration based equilibrium constant expressed 
with parameters aW, bKj,  and cKj given in Table 1. The val- 
ues in Table 1 were compiled from the references by Tsang 
and Hampson (19861, Baulch et al. (1992), and Stewart et al. 
(1989). As shown in Table 2, we have abbreviated the desig- 
nation of the particular reactor model according to the 
method for solving the algebraic/differential equations. We 
refer to the mechanistic models by designations of the form 
SLD, where S identifies the species assumed to be reacting at 
the surface, i specifies the number of species explicitly recog- 
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Table 1. Rate Coefficients and Equilibrium Constants for Reactions in Various Mechanisms 

Rate Coeficients 

CH, = l/ZC,H, +3/2H, 17.797 - 0.558 52,782 33.339 - 3.732 53,596 3,635 
CH, = CH, + 1/2H, 17.87 - 0.558 52,782 33.412 - 3.732 53,596 3,635 
CH, = 1/2C,H4 +H, 17.797 -0.558 52,782 33.339 - 3.732 53,596 3,635 
CZH,=C,H2+H, 12.9 0.44 44,670 39.74 - 5.973 44,670 2,384 
C7H7 =1/2C,H, 6.217 2.118 18,570 NA NA NA NA 

Reaction a, b, =, a0 bo co E, 

Equilibrium Constants 
Reaction aK bK CK aF b F  C F  

CH,=CH,+H 1.163 0.26 52,623 0.45 797 979 
CH, = CH, + 1/2H, 1.71535 0.0175 26,608 0.45 797 979 

CH, = 1/2C,H, +3/2H2 18.46 - 4.645 29,990 0.45 797 979 
H + CH, = CH, + H, 2.25768 - 0.225 638 

C,H, = 2CH3 7.704 - 1.236 45,700 0.35 
C,H, = C,H, +H, 6.472 - 1.37 17,830 0.35 
C2H, = C,H, +H, 1.60904 0 21,070 0.35 
C,H, = 1/2C4H4 20 0 0 

nized in the gas-phase reaction mechanism, and d specifies 
the spatial dimension recognized by the system of differential 
equations. Thus, the mechanism with the three species, 
methane, methyl radical (surface reactant), and hydrogen 
based on the CSTR equations, is designated by M i D .  As an- 
other example, the model based on the 1-D equations for the 
four species, methane, hydrogen, acetylene (surface reactant), 
and ethylene, is designated A;D. The details of each mecha- 
nism are given in Table 2. The surface area for deposition in 
the CSTR models was assumed to include all the surfaces in 
the reactor. The total surface area was multiplied by the ap- 
propriate sticking coefficient and collision rate to character- 
ize the total rate of surface reaction. The rate of deposition 
on the substrate was taken to be proportional to the frac- 
tional surface area contributed by the substrate. 

The 1-D CVD model treats an axisymmetric plug-flow re- 
actor. The equations solved by COLSYS are expressed as 

Pe,, ( 5 )  - - PeiMtRri = 0 
dz 1 

Pe,, = UL/DiM 

of the zth component, and r, is the rate of reaction of the ith 
component. The form of the rate expression r, is the same as 
given for the CSTR model. U is the volume averaged velocity 
through the reactor, L is the length of the reactor, and Di, 
is the mass diffusivity of the ith component in the mixture. It 
should be noted that the Peclet number is normally defined 
in terms of the vessel dispersion number, but for our condi- 
tions the dispersion number may be set equal to the mass 
diffusivity (cf., Levenspiel, 1972). The 1-D model accounted 
for the temperature variation in accordance with the temper- 
atures measured along the wall of the reactor. The tempera- 
ture and composition dependence of the diffusion coeffi- 
cients were included in the model. The equations addressed 
by FIDAP are the fundamental transport equations at steady 
state (cf., Bird et al., 1960). 

Accounting for the pressure fall-off effect 
Generally, the rate coefficient for a gas-phase unimolecular 

reaction can have a dependence on pressure of the bath gas 
depending on the temperature and pressure. It involves (1) a 
high-pressure limit in which the rate coefficient becomes in- 
dependent of pressure; (2) a low-pressure limit in which the 
rate coefficient is directly proportional to the pressure; and 
(3) a fall-off regime which involves a transition from one limit 

Table 2. Reactions included in the Various Mechanisms Considered 

3 Species, Acetylene depositing, A:D 
CH, =0.5C,H, + ISH, 
CZH, +2S 4 2C.S+H, 
3 Species, Methyl depositing, MiD 

CH, +S + C.S+ lSH, 
4 Species, Acetylene depositing, 

CH, = CH3 = 0.5H2 

CH,=OSCZH, +H,  
C,H4=C,HZ+H, 
CZHZ +2S+ 2C.S+H2 
5 Species Acetylene and Vinylacetylene depositing, AV 
CH,=OSC,H,+H, 
C,H, = C,H, +H, - 

C,H, +2S+ 2C.S+H2 
C,H, +4S + 4C.S+2H2 

CZH, =0.5C,H4 

9 Species Acetylene and Vinylacetylene depositing, AV 
CH,=CH,+H 
H+CH, = CH, +H,  
C,H, = 2CH3 
CH, +C,H, = CH, +C,H, 
C,H, =C,H, + H  
C,H,=C,H,+H, 
C,H, = 0.5C4H4 

C,H, +4S+ 4C.S+2H2 
CZH, +2S+ 2C.S+H, 
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to the other. The qualitative features of the pressure falloff 
effect are most easily explained by a simple Lindemann 
mechanism. Consider the overall reaction: A %'i products. 
The Lindemann mechanism accounts for the existence of two 
distinct processes in a thermal unimolecular reaction: colli- 
sion activation/deactivation and reaction. 

k0 

k0 
collision activation/deactivation: A + M - A* + M 

L 
reaction: A* -+ products 

where M represents the activating/deactivating species pro- 
vided by the bath gas, and k,,, is the unimolecular reaction 
rate coefficient. 

With the steady-state approximation for A*, the dimen- 
sionless rate coefficient is given by 

(10) 

where k, is effectively the infinite pressure limiting value of 
kuni and ko is effectively the zero pressure limiting value of 
kuni. [MI represents the total molar density in this notation. 

As expected, in the low-pressure limit (as [MI + O), kuni is 
directly proportional to pressure, making the rate effectively 
second order. In our case the reactant acts predominantly as 
its own bath gas, because we generally apply pure methane 
and dilute it only slightly during studies of diluent effects. 
Thus, the Lindemann description gives the qualitative behav- 
ior that is observed experimentally, viz., a unimolecular rate 
coefficient that becomes independent of pressure at suffi- 
ciently high pressures and proportional to bath gas pressures 
at sufficiently low pressures. 

The quantitative accuracy of the rate constant is increased 
by adopting the closely related form of Baulch et al. (1992) 

(11) 

where 

p.=-+- Ei 1 ( - Ei )'( 1- {<) 1+4-  
' RT 2 RT 

where pi is the correction factor for the collision efficiency 
and Ei characterizes the collision energy (cf., Stewart et al., 
1989). This form considers the microscopic rates of collisional 
energy transfer and reaction and incorporates the "Center 
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Broadening Factor" F,, using the principles of RRKM theory 
(cf., Gilbert, 1989). The temperature dependencies of the rate 
coefficients are given by modified Arrhenius forms (including 
the low-pressure correction factor for the collision efficiency) 
with the parameters specified in Table 1. 

To give some idea of the magnitude of the pressure falloff 
effect, consider the reaction rate for methane decomposition 
(Unimolecular Reaction: CH, = CH, +H) at 1,OOo"C and 40 
torr. The rate is 40 times lower if calculated with the falloff 
effect than if calculated with the high-pressure limit. We have 
incorporated this effect when using kinetic expressions avail- 
able through the extensive critical compilations of NIST 
(Tsang and Hampson, 1986) and Baulch et al. (1992). For the 
very important methane decomposition reaction, we specifi- 
cally apply the characterization of Stewart et al. (1989), which 
follows the same form. 

Model reduction 
Matching the models to the experimental data required the 

manipulation of several adjustable parameters. The most ob- 
vious of these were the sticking coefficients for the surface 
reactants. The calculated deposition rates were most sensi- 
tive to the magnitude of the sticking coefficient since the 
gas-phase reaction rates were altered only within the stated 
limits of uncertainty, as discussed below. Nevertheless, the 
magnitude of the sticking coefficient did not significantly al- 
ter the shape of the deposition rate curve (vs. flow rate). The 
values of the sticking coefficients were determined by mini- 
mizing the sum of squared deviations between the model pre- 
dictions and the experimental results. 

The specific values of the gas-phase reaction rate constants 
also required adjustment in some cases. Since the quoted ac- 
curacy of the rate equations given by Baulch et al. is & 300%, 
we were careful not to exceed this range of reliability. Con- 
sidering the formation of ethylene from methane, Chen et al. 
(1975) provided a detailed analysis of the intermediate steps 
and individual rate constants for each. There were five ele- 
mentary steps in the mechanism of Chen et al. Because the 
conditions of our experiments were somewhat narrower than 
theirs, we were able to simplify their mechanism. For in- 
stance, when methane is the primary gas-phase reactant, 
atomic hydrogen is likely to react rapidly with the readily 
available methane to form methyl radical and molecular hy- 
drogen, roughly doubling the conversion to methyl radical 
relative to the simple decomposition reaction. In order to 
characterize the extent to which the five-step mechanism 
could be reduced for our conditions, we developed a CSTR 
model at 1,400 K based on the complete mechanism of Chen 
et al. and compared it to another mechanism based on a sin- 
gle reaction mechanism consisting of methane decomposi- 
tion. The methane decomposition rate was multiplied by an 
"adjustment factor" to account for rapid conversion of the 
hydrogen atoms to methyl radicals. In this manner we deter- 
mined the adjustment factor to be 1.7, well within the uncer- 
tainty limit of +300% relative to the value of 2.0 that would 
be expected from simply doubling the effective rate. It should 
be noted that this effective rate constant is merely intended 
as an abbreviation for the overall mechanism of Chen et al., 
which is convenient for the conditions of interest in this study. 
We do not suggest this abbreviated mechanism as a global or 
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semiglobal substitute for the elementary mechanism at any 
other conditions of interest. For example, if methane was di- 
luted by other hydrocarbons in the feed, then the abbreviated 
mechanism could lead to significant errors. The abbreviated 
mechanism has been applied simply to facilitate calculations 
where we find no deviations between the abbreviated mecha- 
nism and the elementary mechanism over the range of condi- 
tions studied here. These factors have been incorporated into 
the rate coefficients given in Table 1. These values were then 
applied without adjustment in the subsequent modeling ef- 
forts. In the three-species models where ethylene was not ex- 
plicitly recognized, the same rate expression was assumed for 
the direct conversion of methane to acetylene. Similarly, 4- 
and 5-species models also use the same rate expression for 
conversion of methane to ethylene. For conversion of eth- 
ylene to acetylene, the basic form given by Tsang and Hamp- 
son (p. 1,182) was assumed. This form assumes unimolecular 
decomposition of ethylene to acetylene and hydrogen. As ad- 
justment factor was also applied to this reaction, but its value 
was determined by a best fit to the experimental data under 
consideration which turned out to be 1.5 for our final choice 
of the A4,, mechanism. These considerations indicate that 
there were two adjustable parameters for the four-species 
models based on acetylene deposition: the sticking coefficient 
and the adjustment factor for the ethylene to acetylene gas- 
phase reaction. 

\. 

Results 
Since the rates of reaction are sensitive to temperature, it 

is important to have a detailed knowledge of temperature 
profiles in the reactor. Figure 3 shows the smoothed temper- 
ature profiles derived from the experimental probes of the 
temperature at six points along the walls of the reactor with 
two different setpoint temperatures. The temperatures were 
controlled reactive to a setpoint probe placed between the 
reactor walls and the heating elements. The setpoint temper- 
atures were significantly different from the measured tem- 
peratures inside the reactor. Similar profiles were also mea- 
sured at the center of the reactor, suggesting a reasonable 
approximation of treating the temperature as being relatively 
constant with respect to radial position. The profiles exhibit a 
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Figure 3. Boundary temperatures in the modified reac- 
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Figure 4. Velocity vectors in the modified reactor. 
(a) The overall reactor showing large vectors in the center 
and short vectors near the walls; (b) enlargement of the vec- 
tors in the inlet region. 

significant peak in the temperature at about one-third the 
axial distance through the reactor. Note that the substrate tip 
begins at about 5 cm through the reactor, so temperatures in 
the deposition zone were relatively uniform. Preliminary sim- 
ulations performed with temperatures assumed to be con- 
stant at the average value within the deposition zone showed 
only small differences from results with the detailed tempera- 
ture profiles, but we applied the detailed profiles in all the 
results we report here for the l-D model. For the O-D model, 
however, the temperature averaged over the deposition re- 
gion was used. 

Figures 4 and 5 show the velocity and temperature profiles 
derived from the 2-D model of heat and momentum trans- 
port. The vectors in Figure 4 are proportional in size and 
direction to the velocity at each mesh point. The details in 
Figure 4a are difficult to read but comparison to the inset in 
Figure 4b shows that the flow is almost fully developed very 
shortly after the tip of the substrate. Figure 4 also shows that 
flows are laminar, and that no recirculations are generated 
by the presence of the substrate and the nonuniformity of the 
temperature profiles. It should be noted, however, that recir- 
culation zones are indicated to appear for pressures above 
100 torr, even for this streamlined reactor. Figure 5 shows 
that temperature profiles vary only slightly once beyond the 
short entrance region. Figure 6 shows the concentration pro- 
file for acetylene according to the A:, model. In contrast to 
Figure 5, the gradients in the axial direction are significant 
throughout the reactor. The concentration of acetylene shows 
a substantial increase in the axial direction with the decrease 
near the exit resulting from the temperature decline and a 
20% conversion in methane concentration. This gradient in- 
dicates that the gas-phase production rate of acetylene ex- 
ceeds its surface deposition rate at the fit value of the stick- 
ing coefficient. 

Figure 7 shows that the experimental deposition rates ob- 
tained in the modified reactor exhibit a peak relative to flow 
rate, in qualitative agreement with the findings of Neuschutz 
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B 1238K 
C 1261K 
D 1289K 
E 1305K 
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H 1373K 
I 1395K 
J 1418K 

Figure 5. Temperature contours based on the FIDAP 
simulation. 

et al. (1993). The location of the maximum provides signifi- 
cant information with regard to the chemical kinetic mecha- 
nism, because it is sensitive to the assumed kinetic model. 
The trends in this figure and those that follow are plotted 
with respect to flow rate more conveniently than residence 
time, because flow rate was the directly measured experimen- 
tal control variable, although residence times may provide a 
more general basis for comparison with other data in the Iit- 
erature. If these figures were plotted against residence time, 
the data for some experiments would be in very different 
ranges from each other and inhibit a clear understanding of 
the overall picture. The range of the average residence times 
can be readily estimated by considering the volume of the 
reactor 1,969 cm3, and the flow rate, temperature, and pres- 
sure. At 40 torr and 1,415 K, the residence times vary from 3 
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Figure 6. C,H, species profile based on the A:D model 

at 200 std. cm3/min, 40 torr, and T,,, = 
1,O5O0C. 
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Figure 7. Comparison of the At, and An:, models to the 
experimental data at 40 torr and T,,, = 1,050"C. 
The details of the mechanisms are presented in Tables 1 
and 2. 

to 26 s. At 10 torr and 1,415 K, the residence times range 
from 0.8 to 13 s. The shortest time considered was 0.77 s at 
1,475 K and 10 torr and 400 sccm. A representative Reynolds 
number can be estimated in similar fashion based on the re- 
actor diameter and standard correlations for the gas viscosity. 
Values for the Reynolds number are estimated to range be- 
tween 0.5 to 20 depending on the gas flow. 

Figure 7 also presents our analysis of the difference be- 
tween assuming methyl radical vs. acetylene as the deposition 
species. The models considered include the MiD, and 
M2D models. All the models in Figure 7 were based on 
three-species mechanisms in order to maintain a consistent 
basis for comparison. Although the experimental observa- 
tions show significant scatter, a mechanism based solely on 
the deposition of methyl radical could not be justified by our 
present analysis. In fact, including methyl radical as a surface 
reactant in our models always impaired agreement with the 
experimental data, even when the methyl radical was consid- 
ered along with acetylene for deposition. On the other hand, 
when acetylene was considered to be the principal surface 
reactant, agreement with the experimental observations was 
much improved. This observation is similar to the observa- 
tions by Frenklach and Wang (1991) in relation to diamond 
deposition. 

Figure 8 shows the comparison among the assumed chemi- 
cal kinetic mechanisms, each with various levels of simplic- 
ity/sophistication and all involving acetylene as the deposi- 
tion species in a CSTR model. The curves show that there is 
a significant difference between the A\, and the A;, mod- 
els, but a smaller difference between the A'&, and the AV2D 
models. This suggests that the conversion from acetylene to 
vinylacetylene does not appear to alter the essential kinetics 
of this system in a significant way. However, the CSTR mod- 
els do not provide sufficient guidance in the selection of A4 
or AV5 as the appropriate reduced mechanism. 

Figures 9 and 10 illustrate the experimental and predicted 
deposition rates with regard to the flow rate at different pres- 
sures. Figure 9 clearly shows the improvement that can be 
attained by applying the 1-D model instead of the 0-D model. 
Furthermore, the difference between the At, and the AV:D 
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Figure 8. Deposition vs. flow rate for the modified reac- 
tor. 
Points represent experimental data and curves represent re- 
sults from the numerical models. 

models is even less than it was for the 0-D case. The suppres- 
sion of the deposition rate at low flow rates is the same re- 
gardless of the presence of vinyl acetylene in the mechanism. 
This might be explained by considering the decomposition of 
methane as rate limiting and noting that both 1-D models 
treat the decomposition of methane vs. axial distance in much 
the same manner. Also shown in Figure 9 is the result for the 
1-D model in the limit as the diffusion coefficients approach 
zero. In this limit, the 1-D model becomes equivalent to a 
nondisperse plug-flow reactor (pfr) so we refer to this model 
as the A:, model. The A:, model (which includes disper- 
sion) gives a result which is intermediate between the A:, 
model (no dispersion) and the A:, model (complete disper- 
sion). Comparison of various models shows that A?, reason- 
ably provides accurate agreement with experimental data at 
both 40 torr and 10 torr, albeit the large error bars in the 
experimental measurements. Based on these results, there 
would seem to be little advantage offered by incorporating 
more complex mechanisms. 

Figure 11 summarizes our results at different temperatures 
and pressures while holding the flow rate constant at 400 std. 
cmymin (sccm). The trends are qualitatively correct. The val- 
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Figure 9. Comparison of the various models to the ex- 
perimental data at 40 torr and T,,, = 1,050"C. 
Details of the mechanisms are presented in Tables 1 and 2. 
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Figure 10. Comparison of the A;D and A&, models to 
the experimental data at 10 torr and 7,,,= 
1,050"C. 
Details of mechanisms are presented in Tables 1 and 2. 

ues of the sticking coefficient shown in Table 3 indicate that 
the sticking coefficients are not only temperature-dependent, 
but also pressure-dependent. The trend of increasing values 
of the sticking coefficient with decreasing pressure (as listed 
in Table 3) has been observed in other applications of CVD: 
for example, Blanquet and Gokoglu (1993) in silane deposi- 
tion. Their explanation is that the surface coverage may be- 
come smaller and the active surface sites may become more 
available for reaction as the pressure is dropped. Therefore, 
a higher percentage of surface collisions result in surface re- 
action at lower pressures, i.e., the efficiency of surface reac- 
tions increases. It should be noted, however, that the overall 
rate, which is proportional to the product of surface reaction 
efficiency and the pressure of the reactive species, does de- 
crease with decreasing pressure because the total number of 
collisions decreases. The magnitudes of the sticking coeffi- 
cients are difficult to compare to literature values because 
previous experiments have not treated deposition on carbon. 
Allendorf and Kee (1991) have summarized the literature with 
regard to deposition on silicon surfaces, however. They list a 
value of 0.02-0.03 for acetylene deposition on silicon at ul- 
trahigh vacuum, significantly higher than our values for depo- 
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Figure 11. Effects of temperature and pressure on de- 
position rate at a flow rate of 400 std. cm3/ 
min. 
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Table 3. Sticking Coefficients at Temperatures and 
Pressures of Interest 

For Surface Reactions 

k , = y  

Sticking Coefficients at T,,, = 1,05O"C, 40 torr 
Model Species y (109 Species y (lo6) 
A%, C2Hz 7 
Mi, CH, 150 
A4LlD CZH, 7 
AViD CZH, 8 C4H4 2 
AV& CZH, 10 C4H4 2 
AV:D C2Hz 8 C4H4 5.5 

- where y is the sticking coefficient F- 2vMi for the deposition species 

A4,, p-indp C, H , 0.7 
A4,rr CZH, 50 
,4iD Model Optimal Values of C,H2 Sticking Coefficient y (lo6) 

Pressure (torr) 
T,,, ("C) 40 30 20 10 
1,100 20 40 
1,050 4 16 32 48 
1,000 2 

sition on carbon but at different conditions. Also listed in 
Table 3 for completeness are the values applied for the other 
models in our study. These range from 0.7(10-6) to 50(10-6) 
depending on the model applied. The low value of 0.7(10-6) 
results from the pressure-independent model as a compen- 
sating factor for the overestimation of the gaseous rates when 
the pressure-independent assumption is applied. Similarly, 
the high value of 50(10-6) results from the nondisperse 
plug-flow reactor as a compensating factor for the inaccura- 
cies of that model. 

Figure 12 illustrates the effect of diluents in the feed stream 
on the deposition rate. The total flow rate is fixed at 400 std. 
cmymin in all cases. If the sticking coefficient is assumed to 
be unchanged by the presence of diluent, the A:, model pre- 
dicts that the deposition rate is only very weakly dependent 
on the type of dilute (hydrogen, argon, or nitrogen). It should 
be noted that the gas-phase chemistry is treated in detail by 
these models. The effects of the bath gas on the unimolecu- 
lar rate coefficients are included in the models as well as the 
effects of hydrogen participating throughout the pyrolysis 
mechanisms. This indicates that neither the bath gas effect 
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Figure 12. Effect of diluent on the deposition rate. 
Total flow rate is 400 std. cm3/min in all cases; the pres- 
sure and temperature are 40 torr and T,,, = 1,050"C. 
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Figure 13. Effect of the pressure dependence of the rate 
coefficients. 

nor the hydrogen-driven reverse reactions affect the deposi- 
tion rate significantly. If they were important, the model 
would reflect these differences. In contrast, the experimental 
deposition rates show that the magnitude of deposition rate 
suppression depends on the type of diluent. For example, 
while the presence of argon suppresses the deposition rate in 
direct proportion to the partial pressure decrease of methane, 
the data series involving hydrogen as diluent is systematically 
lower than the other two. For methane flow rates lower than 
about 150 std. cmymin, we observe no deposition in the 
presence of hydrogen. Hydrogen hindrance effects have been 
previously noted in other deposition studies (e.g., Hill and 
Norman, 1975; Comfort and Reif, 1989). This effect may, in 
fact, be closely related to the decrease in sticking coefficient 
at higher pressures as discussed in the analysis of Figure 11, 
i.e., the active surface sites may be covered by adsorbed hy- 
drogen. Such evidence suggests that the surface reaction 
mechanisms are likely to be more complex than ''lumped'' 
first-order kinetics, as implied by the use of sticking coeffi- 
cient. The surface mechanism may involve hydrogen and pos- 
sibly argon or nitrogen. At the limit of 400 std. cmymin of 
pure methane (no diluent), the deposition rate vs. flow rate 
curves should extrapolate to the same limit. The spread in 
data at 400 std. cmymin, however, can neither support nor 
refute this limit. 

The importance of the pressure falloff effect is illustrated 
in the Figure 13. We compare the pressure-independent A:, 
model to the pressure-dependent model by minimizing the 
rms deviations of each model relative to the experimental 
data. The pressure-independent model is relatively flat, be- 
cause the gas-phase rates are overestimated by a factor of 40. 
This is a consequence of the decomposition rate coefficients 
being overestimated at the matched flow rate, which causes 
the sticking coefficient to be underestimated for all other flow 
rates. The inclusion of the pressure falloff effect is thus seen 
to be critical to the accurate representation of the experi- 
mental observations. 

Conclusions 
The l-D model with a reduced reaction mechanism involv- 

ing four species (CH,, C,H,, C,H,, and H,), two gas-phase 
reactions, and only acetylene as the deposition species (A:, 
model) provides the most practical representation of our cur- 
rent understanding of this system. The application of litera- 
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ture rate data for the gas-phase reactions and the optimal 
determination of acetylene sticking coefficient were sufficient 
to describe our experimental observations. For pure methane 
as a feed, the optimal value of the sticking coefficient for 
acetylene increases with increasing temperature and decreas- 
ing pressure. The type of diluent (hydrogen, argon, or nitro- 
gen) also seems to affect the value of the sticking coefficient. 
These observations suggest that the surface reactions have 
more complex mechanisms than the assumed first-order ki- 
netics. The pressure fall-off effect for unimolecular gas-phase 
reactions is very significant at the operating conditions of in- 
terest and should not be neglected in similar modeling ef- 
forts. Similarly, the effect of dispersion is intermediate be- 
tween perfect mixing and plug flow and must be treated ex- 
plicitly. 

The insight gained in the CVD modeling is very useful for 
further investigations on the infiltration studies of the porous 
substrates in the processing of densified matrix composites. 
We expect, however, that a fibrous substrate may give con- 
centration gradients in the radial direction that necessitate 
the 2-D model for a more accurate description. Incorporating 
a complex reaction mechanism with pressure-dependent rates 
may present several significant challenges to the current gen- 
eration of commercially available software. These undertak- 
ings will be the subject of future research. 
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