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ABSTRACT

The Chemical Vapor Infiltration (CVI) process produces high performance ceramic composite materials. This
process involves running a gas into a pyrolosis chamber at high temperatures to cause desired reactions within
preforms of various shapes and chemical compositions. Achieving the desired pore filling in the least amount of
time requires modeling and subsequent optimization of the reaction parameters such as temperature, pressure,
and initial porosity of the preform. In this paper we present a model that describes gas transport phenomena,
reaction kinetics and pore filling. With very few assumptions, the model predicts the concentration of gas
molecules and the void in the preform. The proposed mathematical model yields a straight forward numerical
algorithm that accurately simulates the process.
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1. INTRODUCTION

The isothermal-isobaric carbon-carbon Chemical Vapor Infiltration (CVI) processes produce lightweight high
performance ceramic composites. The materials have properties that include high thermal resistance, high
mechanical strength, low coefficient of thermal expansion, low coefficient of friction and high chemical resistance.
These composite materials are used for the nose cones of fighter jets, rocket thrusters, aircraft break pads, fuel
cells and space shuttle tiles.

We examine a carbon-carbon CVI process that begins by raising the temperature of a graphite preform to
a constant temperature in a reactor filled with argon gas. Propylene gas at room temperature but at equal
pressure is connected to the reactor. The valve is then opened to allow the diffusion of the gas into the reactor
and the preform. When the gas reaches equilibrium temperature with the system, the gas begins to disassociate
and associate readily to form larger and smaller hydrocarbons. During this process, gas-solid reactions occur
which leads to the densification of the preform.

A problem encountered is the inlet of the pore closing before the desired pore filling. This may be due to
the large molecules reacting with the interior surface of the pore and sealing the inlet. Another cause is the
reaction of hydrogen with the surface preventing the carbon molecules from bonding to the surface, or blocking
of an active site. Lastly, the lightweight hydrogen products of heterogeneous and homogeneous reactions may
diffuse back toward the inlet, pulling the hydrocarbon molecules closer to the inlet where they react with the
surface to clog the pore.

Our model will be used to optimize the process using a variety of hydrocarbon precursors and industrial
processes. The optimization code will produce the parameters that achieve the desired pore filling in the least
amount of time. Since the molecules react with the surface of the pore, the model tracks the formation, transport
and surface bonding of the molecules. We use this to calculate the void fraction as a function of space and time.
In addition, the species of chemicals reacting with the substrate-hydrocarbon on graphite needed to be known
and they react in temperatures around 1273-1373K and pressures around 50-60kPa. To minimize complexity of
our model, we do not include the production of soot or bucky-balls, which are large nonreactive polyaromatic
carbon rings that must be blown off the specimen after the reaction is complete in order to achieve greater
densification.

For experimental and computational purposes, we assume that the preform is solid with uniform machined
cylindrical pores. In addition, we assume that the gas transport is due to binary diffusion, pressure and
concentration gradients. We use the Dusty-Gas Model to describe the mass transport and we assume that the
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reduction of the void fraction occurs within each pore separately. Our model will be verified by experiments on
prefabricated carbon performs.

2. CHEMICAL PATHWAY

A reaction pathway has been proposed based on previous research on infiltration of carbon graphite with
propylene (Li et al., 2005). The reaction rates are functions of temperature and pressure. Argon is used as a
carrier gas at a temperature of 1273K and a pressure between 50-60kPa. Our model assumes that the reaction
rates between the surface and aromatic molecules is much greater than the reaction rate between the surface
and smaller hydrocarbons. The goal is to have large molecules form deep inside the pore thus filling the preform
from the inside out.

This leads to a pathway describing the simplest formation of aromatic and poly-aromatic hydrocarbons from
acetylene, propylene or other precursors. We include a reduced set of intermediate hydrocarbons to approximate
the total gas composition.

3. MATHEMATICAL MODEL OF CHEMICAL SPECIES
The mathematical model governing the change in the number molecules with respect to time is given by the
following continuity equation.
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The dimensionless void fraction € is defined in terms V', the volume of the void as a function of space and time,

and Vjp, the volume of the pore at ¢ = 0 and is given by € = €(x,t) = Vlo The concentration and flux of

species i are functions of space and time and are C; and N;, respectively. The reaction rate for the creation

or decomposition species i in the gas phase is denoted by k; and k;s is the reaction rate of species ¢ with the

surface. The reaction rates k; and kg are Arrhenius functions of the temperature and have the following form.

k= k(x) = Ae”E/ET

where A is the proportionality constant, F is the activation energy, R is the gas constant and 7" is the temper-
ature. Note that T'= T(x) is a function of space for steady state thermal gradient CVI. For isothermal CVI, T
is constant.

3.1. Initial and Boundary Conditions.
First we determine the initial concentrations and concentration gradients. Let C; denote the concentration
of the precursor gas and assume that its normalized concentration does not change at the inlet.

C1(0,t) =1 (3.1.1)

We assume that there is only one gas at the inlet and that there are no other gasses in the system initially. For
1 <i<n-—1,let C; be the concentration of the gasses that result from chemical reactions. Let C),_; denote
the concentration of the hydrogen gas liberated by gas-gas and gas-solid reactions. Thus we have the following
conditions.

C5(0,t) = C3(0,t) = -+ =Cr—1(0,t) =0 (3.1.2)

Cy(x,0) = C3(2,0)=--- = Cp_1(x,0) =0 (3.1.3)
Let C,, denote the concentration of the inert carrier gas and we assume that the preform and the entire reactor
chamber is filled with this gas initially.

Cn(z,0)=1 (3.14)

From the given initial conditions we have the initial concentrations and we can solve for the concentration
gradient at ¢ = 0. Note that

aC1(0,t) _ Ci(0,t)

~
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w:0f0r1<i<n (3.1.6)
or

and

0C,(0,8) _ Cr(0,1)

~ (3.1.7)
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where Az is determined by the size of the spacial discretization.
The flux out at the right hand boundary is given by
(1t
% = FDg,C(1,t)e(1,t) (3.1.8)
z

where the constant of proportionality, F', is determined by comparing the numerical results with experimental
data and solving the resulting inverse problem.

3.2. The Flux.
Second, we calculate the flux term. We use the Dusty-Gas model to describe the flux due to binary diffusion
and Knudsen diffusion as well as incorporates concentration and pressure gradients
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where B, is the permeability of the porous media, p is the viscosity of the mixture, and P and T are the
pressure and temperature for the system. The effective binary diffusivity for species i and j and the effective
Knudsen diffusivity of species i are given by D;; and Dg, = Dk, (€), respectively.

The binary diffusion constant D;; can be calculated by

b
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where M is the molar mass, P, is the critical pressure, T¢; and T; are the critical temperatures for the respective
molecules ¢ and j.

The Knudsen diffusivity constant Dg is a function of the pore radius, temperature and molecular weight.
The Knudsen diffusion for the i*® species is given by

8RT
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where d(e) is the diameter of the pore as a function of ¢, the void fraction R is the universal gas constant, 7" is
the temperature of the system, and M is the molar mass times a conversion factor of 10° for unit equivalence
with the binary diffusion constant (Bird et al., 2002).

Dy, = d(e) x 106 (3.2.3)

We simplify equation 3.2.1 by letting Fp = %VP and v = %. (Note that if the flux due to a pressure
gradient is zero then Fj, = 0 and v is the molar volume of an ideal gas.) Thus, equation 3.2.1 becomes
"\ C;N; — CiN;
N; +vDg, Y CilNi = Gy _ —Dg,VC; — FpC; (3.2.4)
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which leads to the following system of equations.
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After rearrangement of terms we have
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which simplifies to
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fori=1,...,n.
For the off diagonal elements let
vDg,C; ..., .
ajj =————, ifi#]j
J Dij

and for the diagonal elements let

a; =1— Z a;; =1+ vDg, Z D»j»’ ifi=j
J=1,j#i j=lj#i

and define the matrix A = [a;;].
Recall that the flow is axial symmetric so that
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and define the vector B = [b;]. Thus, we have the system
a1nN1 + a12Na + aisNs + - + a1, Np, = by
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Thus,

AN =B (3.2.6)
where the flux vector is N = [N,;]. The flux of each species is then determined by N = A~1B.
3.3. Change in Gases.

Now that we have the flux for each species, we can calculate the change in the number of molecules with
respect to time due to the flux and chemical reactions. We do this for a reduced reaction set where n = 7. Let
Cl C3H6, 02 CH4, C3 02H4, 04 = CQHQ, 05 CGHg, 06 = HQ, and 07 = Ar. Since solid graphite is
much denser than the hydrocarbon gas we assume that (ec) << €2 t’ and treat the temporal change in the
void fraction separately. Again, since a cylinder is axial symmetrlc we consider flow in one dimension. Finally,
consider the following reduced reaction network:

/J\\A

CH*)CH*)CHH CHq *)C

Figure 1. A parallel/series-consecutive reaction model for propylene pyrolysis.

Thus, the continuity equation for each species is:

oC ON

6671 - a; (k1 + ko + ks + k4]Cy — k1,C4 (3.3.1)
aC ON.

667; = (972 + k1C1 — ksCoy — kogCy (3.3.2)
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The flux due to binary diffusion and concentration gradients of the inert gas Argon are the only contribution
to its change in concentration and its equation is given by the following.

oC7  ONy
— = 3.3.7
ot o G37)
3.4. Change in the Solid.
To model the temporal evolution of the solid we let
OJe
o = p1C1k1sVar, + p2Cokas Vi, + p3Cskss Vg, + paCakasVar, + p5CskssVar, (3.4.1)

where V), is the molecular volume of species i. p; is a proportionality constant that is equal to the probability
of a collision of the gas with the solid for a given concentration, temperature and surface to volume ratio.



3.5. The Numerical Algorithm.
Given the initial concentrations, C;(x,0) and initial concentration gradients we can calculate the
flux at the first time step N;(x,t;). Now that we have the flux N;(z,t;), we compute the consumption and

(9 [eC’l ($, tl)}

2]

. We assume that the
gas is stationary for a small time At and compute the change in the void from the gas-solid reaction. From
this we compute € (z,t1). With & (x,t;) we update the Knudsen diffusivity D, (¢) and repeat the process until
e (z,t) = 0 for some z € [0, 1].

creation of molecules form the gas-gas and gas-solid reactions and hence

4. EXPERIMENTAL DESIGN FOR VERIFICATION OF MODEL

We constructed a model with practical experimental conditions in mind. We will run experiments that
correspond the mathematical model. To satisfy the left had boundary condition C;(0,t) = 1 we adjust the
pressure so that the flux due to the pressure gradient it is slightly greater than the flux due to binary diffusion
and the flux due to concentration gradients.

C;B. VP> RT CiN; — C;N; n
Dk, Vi o D;;

This pressure gradient keeps the gas flowing in one direction. With this adjustment the impact of hydrogen
blocking active sights is greatly reduced. We assume that the pressure is a linear function of space and is
independent of the pore diameter. Thus, the pressure gradient is constant in space and time. We end the
experiment when the pore diameter is small at any point in the pore. The temperature will be kept constant.

First, we will construct and run experiments to verify the concentration of the gas species as a function of
space and time with no preform in the reactor. Second, we will experimentally determine the gas-solid reaction

rates. Finally, we infiltrate the cylindrical pores.

VC;

5. CONCLUSION

The assumption that the change is the concentration of gas with respect to time is much greater than the
change in the void with respect to time is valid for all practical experiments. For isobaric CVI the boundary
condition at the inlet C1(0,¢) = 1 will need to be modified. For CVI where the right hand boundary, z = 1 is
closed, e.g. deep coatings, the proportionality constant F will be zero and hydrogen-solid reaction will be taken
into account.

We have proposed a mathematical model of the Chemical Vapor Infiltration process with few simplifying
assumptions that yields a straight forward numerical algorithm that is experimentally verifiable. The model
allows for both a thermal and a pressure gradient and takes into account the flux. The model is then compared
to experimental data and refined, and will be extended to the case where the void at « = 1 is zero. That is,
where hydrogen blocks active sites. We will then consider a reduced reaction network that includes 44 species
of hydrocarbon and solve the resulting system with n = 46 (cf sec. 3.3). Optimal control will be applied to the
resulting model to produce the desired composite product in the minimal amount of time.
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