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Abstract: Carbon-Carbon composites are the materials of 21 century. Among various techniques for processing of Carbon-Carbon
composites, Chemical vapor infiltration (CV1) is the more economical and commonly employed one. Modeling studies on CVI process is
an efficient test for optimizing the process parameters and to study the feasibility of the process. The dynamic modeling and simulation
of CVI process is discussed. The process under consideration employs thermal cracking of methane gas to produce solid carbon and
gaseous hydrogen. Among different CVI systems, an isothermal, 2-dimensional model is considered in this work. The carbon preform is
kept at an elevated temperature, in an isothermal, isobaric reactor and when the methane gas reaches the preform and attains its
temperature, thermal cracking occurs and the solid carbon produced diffuses through the porous preform to fill the pores and reduces
the porosity to get a dense carbon matrix. Since the process involves diffusion, Dusty Gas Model and Fick’s law of diffusion are used for
modeling. Computer simulation is done to solve the resulting partial differential equations.

Deposition of Carbon from Methane cracking, at various distances from the open end of the cylindrical pore can be obtained from
the model. The change in the porosity of the carbon preform due to the deposition of solid carbon, as the process progresses, is also
obtained. The theoretically determined values are compared with the experimental works to check the validity of the model. The use of
mathematical models can avoid time consuming and expensive trial and error practices and help in rapid evaluation of novel reactor
designs and modes of operation. A computer model allows optimization of process parameters and production of uniform, dense
composites. These types of mathematical models can provide insight into the physiochemical processes governing CVI as well as
valuable guidelines for experimental research.

Index Terms— Chemical vapor infiltration, diffusion, Carbon-Carbon composites, Dusty Gas Model, Fick’s law of diffusion

I. INTRODUCTION

Composite materials are those materials composed of
two or more distinctly identifiable macro constituents that
differ in form or composition and are insoluble in each
other’. In composite materials, fibers or particles are
embedded in the matrix of another material. The classes of
composites vary from natural composites like timber, soil
agglomerates, minerals etc. to advanced fibre reinforced
plastics (FRP). Due to their high stiffness to weight ratio,
composite materials are having a variety of applications as
in automotive, electronic, wear, aerospace industries etc.
Among all, aerospace industry is the most important.
Depending upon the matrix used, composite materials are
classified as metal matrix, ceramic matrix, polymer matrix,
and carbon or graphite matrix. Among these, carbon matrix
composites are highly superior due to their high strength
and rigidity and ability to withstand high temperature up to
2300° C.

Carbon-Carbon composites rank first among composite
materials with spectrum of properties and applications in
various sectors. These are made of fibers in various
directions and carbonaceous polymers and hydrocarbons as
matrix precursors. Carbon-Carbon composites are very

much useful for high temperature applications due to their
excellent thermal  properties. Like carbon, Carbon-
Carbon composites can also be manufactured by using
different solid, liquid and gaseous routes such as solid
pyrolysis using thermosetting resins, or pitch route using
liquid infiltration carbonization route or Chemical Vapor
Infiltration (CV1) route. Among all, CV1 is the most
common and most economical method?.

Chemical vapor infiltration of carbon from pyrolysis of
hydrocarbons is a technique of great interest for different
applications, such as the densification of porous materials
in the preparation of Carbon-Carbon composites for the
aeronautics and space industries and the preparation of
carbon molecular sieves by partial blocking of micropore
entrance. The process includes the deposition of
hydrocarbon gases on a carbon substrate. The gas
containing active carbon diffuses into a fibrous substrate so
as to obtain uniform deposition on the matrix. Substrate
and susceptor design, source and carrier gases, temperature
pressure are to be considered, while determining matrix
characteristics, apart from efficiency, uniformity and rate
of process.
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Design studies are typically accomplished by
constructing mathematical models that simulate the
process. Such models use experimental data and mass
transfer fundamentals to estimate parameters for the
equilibrium and mass balance equations that describe the
process. Once a representation of the process is obtained,
operating parameters can be obtained as a function of key
process variables, and the economics of the design can be
assessed. Mathematical optimization procedure can then be
used to determine the optimal design for a given economic
objective function. Design studies thus explore the critical
process parameters on the economics. Areas of
improvement can be identified, and a decision can be made
whether to continue development of the process®.

Of course, the predictions of a design study are only as
good as the mathematical models that are used to describe
the process. Therefore, they should not be considered as a
replacement for experimentation. However, by using
process simulation in conjunction with basic experimental
measurements, the feasibility of a process application can
be assessed early in the development, there by guiding the
course of future work®.

The modeling and simulation of a CVI process using
methane cracking to produce, solid carbon is taken up in
this work. Among different CVI techniques, an
isothermal, isobaric two-dimensional model of CVI
process is considered in this work. The model is applied as
a guideline for choosing optimum conditions for producing
a dense carbon matrix composite. From this model, process
diagrams are constructed that can help an experimentalist
to choose the best conditions for the CVI process using
isothermal conditions. Mathematical models can provide
insight into the physicochemical processes governing CVI
as well as valuable guidelines for experimental research.
The use of mathematical models can avoid time consuming
and expensive trial and error practices and help in rapid
evaluation of novel reactor designs and modes of
operation. A computer model allows optimization of
process parameters and production of uniform, dense
composites. A two dimensional simulation of isothermal
isobaric CVI is presented in this thesis work because this is
the most widely accepted model of CVI. The model is
developed based on the work of Jiefei Huang®. In this
work, methane cracking process for producing solid carbon
matrix is analyzed .We assume only two gas .species
methane and hydrogen are involved in the CVI process.
Therefore, a simplified gas diffusion mechanism is used in
our work.

The analysis of the densification of a porous substrate
by CVI requires the consideration of diffusion and reaction
of gases in a porous substrate occurring simultaneously
with the deposition of a solid product. The work presented

here is to incorporate a scheme for the formation of carbon
deposits during the pyrolysis of methane into a model,
which accounts for the diffusion, reaction and porosity
changes occurring during carbon infiltration. This model
enables the prediction of the porosity as functions of
reaction conditions and time of deposition. The porosity is
defined as the ratio of void volume to the total volume of
the preform. The modeling partial differential equations
arc generated from reacting species mass balances on CHy,
H, and the deposited carbon matrix (which is directly
related to porosity).

Il.  LITERATURE SURVEY

2.1 MASS DIFFUSIVITY

Fick's first law relates the diffusive flux to the
concentration field, by postulating that the flux goes
from regions of high concentration to regions of low
concentration, with a magnitude that is proportional to
the concentration gradient (spatial derivative). In one
(spatial) dimension, this is

J= —D‘?—‘D
o
where
e Jis the diffusion flux in dimensions of [(amount

maol
of substance) length 2 time '], example (m .
J measures the amount of substance that will
flow through a small area during a small time
interval.

o Dis the diffusion coefficient or diffusivity in
2

(%5)
dimensions of [length? time '], example \ s

. ‘:b(for ideal mixtures) is the concentration in
dimensions of [(amount of substance) length™],
(e
example * m
e Tis the position [length], example 111
D is proportional to the squared velocity of the
diffusing particles, which depends on the temperature,
viscosity of the fluid and the size of the particles
according to the Stokes-Einstein relation. In dilute
aqueous solutions the diffusion coefficients of most
ions are similar and have values that at room
temperature are in the range of 0.6x107° to 2x10~°
m?/s. For biological molecules the diffusion
coefficients normally range from 10" to 107'° m?s.

In two or more dimensions we must use ? the del or
gradient operator, which generalises the first

derivative, obtaining
J=-DVo
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The driving force for the one-dimensional diffusion is
d¢

the quantity ~ 9z which for ideal mixtures is the
concentration gradient. In chemical systems other than
ideal solutions or mixtures, the driving force for
diffusion of each species is the gradient of chemical
potential of this species. Then Fick's first law (one-
dimensional case) can be written as:

De; Op;
~ RT oz
where the index i denotes the ith species, ¢ is the
concentration (mol/m?), R is the universal gas constant
(J/(K mol)), T is the absolute temperature (K), and p is
the chemical potential (J/mol).

Diffusivity — or  diffusion  coefficient s
proportionality constant between the molar flux due to
molecular diffusion and the gradient in the
concentration of the species (or the driving force for
diffusion). Diffusivity is encountered in Fick's law and
numerous other equations of physical chemistry. It is
generally prescribed for a given pair of species. For a
multi-component system, it is prescribed for each pair
of species in the system. The higher the diffusivity (of
one substance with respect to another), the faster they
diffuse into each other. This coefficient has an Sl unit
of m#/s (length?/time).

Temperature dependence of the diffusion coefficient

Typically, a compound's diffusion coefficient is
~10,000x greater in air than in water. Carbon dioxide
in air has a diffusion coefficient of 16 mm?/s, and in
water its coefficient is 0.0016 mmz/s. The diffusion
coefficient in solids at different temperatures is often
found to be well predicted by where

e s the diffusion coefficient
e is the maximum diffusion coefficient (at infinite
temperature)
e is the activation energy for diffusion in
dimensions of [energy (amount of substance) ']
e is the temperature in wunits of [absolute
temperature] (kelvins or degrees Rankine)
e is the gas constant in dimensions of [energy
temperature”' (amount of substance) ']
An equation of this form is known as the Arrhenius
equation. An approximate dependence of the diffusion
coefficient on temperature in liquids can often be
found using Stokes-Einstein equation, which predicts
that: where:
e T, and T, denote temperatures 1 and 2,
respectively
e D is the diffusion coefficient (cm/s)
e Tis the absolute temperature (K),
e 1 is the dynamic viscosity of the solvent (Pa-s)

J.g:
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The dependence of the diffusion coefficient on

temperature for gases can be expressed using the

Chapman-Enskog theory (predictions accurate on

average to about 8%):

where:

e 1and 2 index the two kinds of molecules present
in the gaseous mixture

e T —temperature (K)

e M —molar mass (g/mol)

e p—pressure (atm)

e — the average collision diameter (the values are
tabulated (A)

e Q — a temperature-dependent collision integral
(the values are tabulated but usually of order 1)
(dimensionless).

o D — diffusion coefficient (which is expressed in
cm?/s when the other magnitudes are expressed
in the units as given above)

Pressure dependence of the diffusion coefficient

For self-diffusion in gases at two different pressures
(but the same temperature), the following empirical
equation has been suggested:
where:
P, and P, denote pressures 1 and 2, respectively
D is the diffusion coefficient (m#/s)
p is the gas mass density (kg/m®)

Effective diffusivity in porous media

The effective diffusion coefficient!® describes

diffusion through the pore space of porous media. It is
macroscopic in nature, because it is not individual
pores but the entire pore space that needs to be
considered. The effective diffusion coefficient for
transport through the pores, D, is estimated as
follows:

where:

o D - diffusion coefficient in gas or liquid filling
the pores(m’s ")

e g - porosity available for the transport
(dimensionless)

e - constrictivity (dimensionless)

e 7 -tortuosity (dimensionless)

The transport-available porosity equals the total
porosity less the pores which, due to their size, are not
accessible to the diffusing particles, and less dead-end
and blind pores (i.e., pores without being connected to
the rest of the pore system). The constrictivity
describes the slowing down of diffusion by increasing
the viscosity in narrow pores as a result of greater
proximity to the average pore wall. It is a function of
pore diameter and the size of the diffusing particles.
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2.2 One dimensional diffusion equation

The problem statement, all variables and given/known
data

Solve:

at& 521!

— —k— 0=z <mt=0
g2 T

with initial condition
L 0< <2
ulx,0) = flx) = { L 0sz<m

0, 7/2<z<xw
and with non-homogeneous boundary conditions
wl0,t) =1, ulm t) =10
The attempt at a solution
Solution for the fourier series method is:

A = 2y . -
u(x.0) = TI+Z e A cos(nz)+ B, sin(nz)
- n—1

There is a standard way of handling problems with non-
homogeneous boundary conditions: "homogenize" them!

The simple linear function L= ?IJ' satisfies the boundary
conditions. Now let v(#-#) = ulz.1) =1+ o

It is easy to see that wv(xt) also satisfies
du 32w

ot ox?

but the boundary conditions for v are v(0, t)= 0, v(m. ¢ =0,
Of course, we have to change the initial condition to

(. 0) éx <z <m/2
oz, 0) = T ;
! I—L;r—]. T2<r<w

Now we can write v in a purely sine series:

&0
v(x, t) = Z C_J'""jrB_., sin(nx)

n—1

I1. Materials and Methods

The modeling studies on CVI process was carried out
at Composites Entity (CMSE) of Vikram Sarabhai Space
Centre. CMSE is assigned with the task of design,
development, production, testing and assembly of
composite products for ISRO’s launch vehicles and
satellites. The typical composite products in the launch
vehicles are composite motor cases, pressurant tanks,
igniters for motor cases, ablative nozzles and Carbon-
Carbon components. Some of the composite satellite
components are antenna reflectors, solar panels, payload
platforms, flexible booms, support structures, yokes etc.

Composite materials play a vital role in the realization
of ISRO’s current and futuristic programs like reusable
launch vehicle, air-breathing propulsion etc. design and
development of thermo-structural products capable of
withstanding the stringent flight conditions is the
responsibility of composite entity. Carbon-Carbon
composite products will be an important breakthrough as
far as the materials are concerned. Over the years,
composite entity has acquired state-of-the-art technology

in the entire realm of product realization like design,
analysis, process engineering, test and evaluation. The
processing facility set up by the group today rank among
the best of its kind in the country.
Mathematical modeling procedure

Mathematical modeling of the CVI process involves
the description of the transport and reaction phenomena
occurring inside the composite. The system is
characterized by the time evolution of species
concentration and pore structure. In general, important
processes include the diffusion of gaseous species into and
out of the fiber-matrix composite and the chemical
reaction. The governing equations for the processes
occurring are considered for obtaining the modeling
equations and hence the modeling parameters.
Material for experiment

A rectangular graphite block of 70 X 24 X 22 mm size
is used for analysis. On this block a blind cylindrical hole
of 3 mm depth and 1.2 mm diameter is drilled centrally
using precise micro machining tools.

24mm

A

A
3mm
70mm
> 1‘1._2mm 22mm
+

v 1.2mm

A\ 4

Elevation of block with hole Plan of block with hole

Cylindrical pore (enlarged view)

A

¢ dpo dpi

A
A 4

3mm

dpo - diameter after deposition
dpi ---- pore diameter before deposition

Figurel. Cylindrical Carbon perform

The two processes involved in the system are:
Chemical reaction

The rectangular graphite block is arranged
between graphite fixtures and dry bonding is done in CVI
furnace for 72 hours. CVI typically uses a hydro carbon
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containing gas to infiltrate a porous perform. The high
temperatures so as to leave a carbon coating on the fibre
structure of the preform, thereby increasing the density of
the rectangular graphite block. Here, methane cracking is
the process employed for producing solid carbon. The
methane gas is fed to the reactor and when it reaches the
preform, it undergoes thermal cracking due to high
temperature of carbon perform.

Pyrolysis

CH; ——C + 2H,
N, — carrier gas

Cracking of Methane.
CH4 —_— Cl —_ C2 —_ C=>6

|

Cu Coc Coc

Homogeneous gas phase reactions

Increasing T P T

k
CH~>CH

-H,

- ko k3 ky o
CoHy T CoH, CeHe™ C.gHy

ke|-H, ko|-H, kg|-H,

surface reactions

Heterogeneous
Increasing S,

Figure. 2: The multi — step deposition model with consideration

of the hydrogen inhibition.

(7 the residence time, P the pressure, T the temperature, S,
volume related surface area, k- reaction constants).

Diffusion
Dusty Gas model

The dusty gas model is a theory
which describes the transport of gases through porous
media. It is so called because it treats the porous medium
as a component of gas mixture, consisting of giant
molecules like dust in a gas. Transport equation for the
gas through the porous media are derived by applying the
kinetic theory of gases to this ‘Super Mixture’ of free gas
and fixed in space solid molecules.

Fick’s first law relates diffuse flux to the concentration
as,
J=- oG
Ox
J is the diffusion flux per unit area per unit time.
C; is concentration
x is the distance from inlet.

Fick’s second law predicts how diffusion causes the
concentration to change with time.

oC; =D 6°C;
ot oxt

where C; is the concentration
tis the time

D is diffusion coefficient

X is distance from inlet

It is derived from Fick’s First law and mass balance that,

oCi=-013 =0 (Der.0_c) +R
ot Ox Ox Ox
where R is rate of reaction which is a constant

Def‘f = Dbin : Dknu
Dyin + Dinu

Dyin is binary diffusion coefficient which is a constant.
Dnu is Knudsen diffusion coefficient

D = dpore V’ 8k NT
3

1 Mgu

where dyr is diameter before deposition
K is Boltzmann’s constant

N is Avagadro’s number

T is temperature

M, is mass of the reacting gas

Recongnize and specify Boundary conditions

A mass transfer process is fully described by the
differential equations of mass transfer only if the initial
boundary and initial conditions are specified. Typically,
initial and boundary conditions are used to specify limits
of integration or to determine integration constants
associated with the mathematical solution of the
differential equations for mass transfer. Since the process
is done for 72 hours at the initial time zero. The
concentration of methane that enters the blind hole is 1
I/min. A blind cylindrical hole of 3mm depth which is
divided into 86 equal slices. Hence the initial distance
from the inlet is 0.035mm. The initial pore diameter is
taken as
1.2 mm.

Table 1.Boundary conditions

Ci(:,1) 1 1/min
dp (:,1) 1.2mm

dp(l, ) 1.2mm

Solution of modeling equation
Solve the differential equations to get the concentration
profile and pore diameter different points of the hole

Programming in MATLAB code

MATLAB , which stands for MAT mix LABortaory, is
a very powerful technical language for mathematical
programming. MAT LAB has become a popular technical
language to mathematicians, engineers and scientists. It
can be used for data acquisition, data analysis, graphical
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visualization, numerical analysis, algorithm development,
signal processing, and many other applications. Writing
program in MATLAB is much easier compared to those in
other programming languages like FORTRAN, C, C++ or
Java. This is because when writing a program in
MATLAB, we do not have to worry about the declaration
of variables, their types, sizes and memory requirements,
which are the main source of problems in other languages.

RESULTS
Construction of solution

The principle difficulty faced in these types of works is
the evaluation of transfer coefficients like diffusivity. The
identification and calculation of these constants for the
particular reaction is given in the table below. Usually, the
reaction temperature and pressure are optimized by a large
number of trial and error calculations, considering the side
reactions occurring also. However, due to time constraints,
the reaction is assumed to be first order with only two gas
species, viz, methane and hydrogen taking part.

Table 2. Boundary conditions

Ci(:,1) 1 L/min
oCi /ot 0
dp (:,1) 1.2mm
dp(l,:) 1.2mm

The output is obtained in table of the order: Actual
pore radius after deposition, Numerical pore radius after
deposition, Variation between the two (error), Fractional
error, and Fractional error percentage. The output from the
program is analyzed and saved after 72 hours of reaction.
Table 3. Values of pore diameters before and after
deposition

Slide No. |(X) dpi dpo Deposition
micron micron micron micron
10 453.44| 1307.033 1307.033 0

20 802.24| 1270.72| 1198.113 72.607
30 1151.04 1198.113| 1161.801 36.312
40| 1499.84| 1198.113| 1161.801 36.312
50| 1848.64| 1198.113( 1161.801 36.312
60 2197.44( 1198.113| 1161.801 36.312
70| 2546.24| 1198.113( 1161.801 36.312
80 2895.04 1198.113| 1161.801 36.312
x = distance from open end of the hole
dpi = pore diameter before deposition
dpo = pore diameter after deposition |

Slide No.10 (x=453.44 um)

Before deposition

Slide No. 20 (x=802.24 pm)

After deposition

Before deposition

Slide No. 30 (x=1151.04 um)

After deposition

Before deposition

Slide No. 40 (x=1499.84 um)

After deposition

Before deposition

Slide No. 50 (x=1848.64 um)

After deposition

Before deposition

Figure .3 Sample slides of Micro CT scan showing pore
diameters before and after deposition

After deposition
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Table.4 Showing values of pore diameters before and after
deposition along with size of hole

Sliceno [x dpi dpo Size of hole
micron micron micron micron
1 139.52 1343.35 1343.35 1200
2 174.4 1379.64 1343.35 1200
3 209.28 1343.35 1234.43 1200
4 244.16 1343.35 1198.11 1200
5 279.04 1307.03 1270.72 1200
6 313.92 1307.03 1125.51 1200
7 348.8 1307.03 1233.28 1200
8 383.68 1307.03 1234.43 1200
9 418.56 1307.03 1198.11 1200
10 453.44 1307.03 1307.03 1200
11 488.32 1307.03 1270.72 1200
12 523.2 1307.03 1234.43 1200
13 558.08 1307.03 1270.72 1200
14 592.96 1307.03 1234.04 1200
15 627.84 1307.03 1234.43 1200
16 662.72 1307.03 1270.72 1200
17 697.6 1307.03 1270.72 1200
18 732.48 1307.03 1270.72 1200
19 767.36 1307.03 1198.11 1200
20 802.24 1270.72 1198.11 1200
21 837.12 1234.43 1198.11 1200
22 872 1270.72 1234.43 1200
23 906.88 1307.03 1161.8 1200
24 941.76 1198.11 1089.19 1200
25 976.64 1198.11 1161.8 1200
26 1011.52 1234.43 1161.8 1200
27 1046.4 1161.8 1125.51 1200
28 1081.28 1198.11 1161.8 1200
29 1116.16 1198.11 1125.51 1200
30 1151.04 1198.11 1161.8 1200
31 1185.92 1198.11 1161.8 1200
32 1220.8 1198.11 1161.8 1200
33 1255.68 1198.11 1125.51 1200
34 1290.56 1234.43 1161.8 1200
35 1325.44 1198.11 1161.8 1200
36 1360.32 1234.43 1198.11 1200
37 1395.2 1198.11 1161.8 1200
38 1430.08 1198.11 112551 1200
39 1464.96 1198.11 677.33 1200
40 1499.84 1198.11 1161.8 1200
41 1534.72 1198.11 112551 1200
42 1569.6 1198.11 1125.51 1200
43 1604.8 1198.11 1125.51 1200
44 1639.36 1198.11 1161.8 1200
45 1674.24 1198.11 1161.8 1200
46 1709.12 1198.11 1161.8 1200
47 1744 1198.11 1161.8 1200
48 1778.88 1270.72 1125.51 1200
49 1813.76 1198.11 1161.8 1200
50 1848.64 1198.11 1161.8 1200
x = distance from open end of the hole
dpi = pore diameter before deposition
dpo = pore diameter after deposition

Graph 1. Showingvalues of pore diameters before and after deposition alongwith size of
hole

2000
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/
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1357 91113151719212325272931333537394143454749

0

Slide numbers

Graph 1. Values of pore diameters before and after
deposition along with size of hole

Table 5.Showing values of pore diameters and deposition

SIno.  |Slideno  x dpi i Theoreticalldpo Deposition
micron |micron {micron  [micron  |micron  |Micron
1 1 13052 1343345 143345  1200] 1343345 0
2 2l 144 137964  17964)  1200| 133345  36.2%
3 3 20028 13335 143345 1200 1234425 10892
4 4 u416) 1333 14335 1200 1198113 145232
5 5 21904 1307033 107033 100] 12072 36313
6 6 31392 1307033 107033  1200] 1125506] 181527
7 7 38| 1307033 107033  1200] 1233276 73757
8 8 38368 1307033 107033  100| 1234425 72608
9 9 41856 1307033 107033  1200] 1198113 10892
10 10 45344] 1307033 107033  1200] 1307.033 0
1 10 48832 1307033 10703 1200 1227072 36313
V) 12 5232 1307033 10703  1200] 1234425 72608
3 13| 55808 1307033 107033  1200] 127072 36313
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dpi= pore diameter before deposition

dpo = pore diameter after deposition

ei=error due to drillng
6i=1200- dpi
Deposition = dpi-dpo
X=distance fromopen end of hole

Graph 2. Showing Values of Pore Diameters and Deposition
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CONCLUSION

The work was aimed primarily on the development of
computational toolbox using Numerical Solution methods
for the modeling and simulation of Isothermal Two-
dimensional Chemical Vapor Infiltration process used for
the densification of Carbon- Carbon composites. The
study was done at Composites Entity, VSSC. The process
under consideration employs thermal cracking of methane
gas to produce solid carbon that diffuses through the
porous preform and hence produces a solid carbon matrix.
An analysis of the partial differential equations that
describes the Chemical Vapor Infiltration processes is
presented in this paper. The mathematical model requires
partial differential equation, describing the gas phase.
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Computer simulation is done to solve the resulting partial
differential equation.

The basic objective of this problem is to obtain a
deposition  profile, which shows the rate of
infiltration/deposition, with a prescribed amount of
uniformity, in the shortest possible time. Dusty gas model
is used for modeling this work. Experimentally a
cylindrical pore in a graphite block is densified by carbon
deposition. Using MATLAB code, the deposition at
various positions of the hole is predicted. This value is
compared with experimental work using Micro CT
scanning technique. Slight variation around ten percentage
is viewed which may be due to errors in drilling the hole,
measuring the pore diameters etc.

The understanding of CVI process has been
substantially increased by the efforts to model the various
systems. The complex, interactive phenomena in CVI are
difficult to represent. However, a combination of
insightful modeling with key experimental efforts in
delineating has been very fruitful. There can be substantial
improvements in processing time and best deposition
patterns can be predicted if this work is extended,
considering different reaction rates. Scale up of the CVI
process is generally successful, with current efforts
focused on tubular components.

SCOPE OF FUTURE WORK

The aim of this thesis is primary the construction of
the software tools to implement high-dimensional
simulation and model reduction studies. There are many
improvements that can build on this work.

8.1 Improvements in the Numerical Technique

For more number of iterations the computational
steps become more time consuming. Therefore, important
progress can be made by some improvements on the
design and coding of the computing algorithm, which
reduces the working time.

8.2 Advanced Programming Approach

Based on a Sun Sparc ultra-10 workstation, the time
integration of the CVI problem can be less time
consuming, if object-oriented programming frame work is
implemented. Development in an Object-Oriented
approach to organize the physical parameters will increase
the software reuse. The goal is to create a framework that
would require the least possible changes that needed to be
made when the user switches from one simulation
problem to a different one. Development of Object-
Oriented methods for a “heterogencous” BVP based
simulation problems, where the BVPs are defined on
separate physical domains; Integration of Object-Oriented
based MWR techniques with MATLAB optimization,

control, and other toolboxes etc. are also some suggested
methods
8.3 Extension to different geometries of Carbon Preform

The present work is done for a two-dimensional
cylindrical co-ordinate perform. The same methods of
simulation can be extended to more commonly used
Cartesian co-ordinates and also for more complex
spherical co-ordinates. The changes occur in the case of
continuity equations only. The modeling theories and the
codes used will be similar. With the use of highly
sophisticated software tools like ANSYS, the modeling
and simulation can be done for irregular geometries.
Steady state considerations will be simpler than dynamic
approach. The complexity of the system can be varied
from two-dimensional to three-dimensional. Optimization
of the process parameters as temperature and pressure will
also be an important advancement in this field.
8.4 Improvements in the CVI Modeling

One of the drawbacks of the isothermal CVI process
is its long reaction time. This can be overcome by using a
thermal-gradient system. In a thermal gradient CVI
process, the highest temperature is at the center of the
preform, or at one end, depending on the heating
mechanism. The reactant gas diffuses through the perform
from the cold to the hot surface. This allows the reactant
gases to diffuse to the hot end before reacting to deposit
the matrix at the hot end. If the gradients are large enough,
a moving densification front is created so that dense
matrix grows from the hot end to the cool end of the
preform. A higher deposition rate than for isothermal
processes can be achieved without the ‘canning’ problem
with such a process. To model a CVI process with thermal
gradients, the improvement to be done is the addition of a
temperature governing equation.

Also by considering the rate of reaction as a
variable with respect to time (t) and distance from open
end of the pore(x), the rate of deposition can be predicted
numerically.

ACKNOWLEDGEMENT

I would like to thank Mr. K.K.Krishna Kumar,
Division Head, CCDD, CMSE, VSSC, for allowing me to
do my work here and for providing necessary facilities. |
am very much grateful to Mr. Jhon Paul,
Scientist/Engineer, CCDD, CMSE, for being an integral
part of this work.

www.ijastems.org

Page 210



National conference on Technology innovation in Mechatronics,Energy Management and Intelligent communication(NCTIMEMIC-2017)

International Journal of Advanced Scientific Technologies in Engineering and Management Sciences (IJASTEMS-ISSN: 2454-356X)  Volume.3,Special Issue.1,April.2017

REFERENCES

[1] Slianna, S. C., Composite materials. New Delhi: Narosa
publishing house.

[2] Dathan, M.C, Veeraswamy, K. A, Krishnakumar, K.K,
Carbon-Carbon Section, ABSG, VSSC, Trivandrum,
Workshop on processing and quality control of
composites, Lecture notes, 2004.

[3] Lijin Kuriachan, Mathematical modeling and Parameter
evaluation of Super Critical fluid and Solvent Extraction of
Vanilla (Vanilla Planifolia- Andrews). Master's Thesis,
Govt. Engg. College, Thrissur, 2006.

[4] Lalil, M. Manocha., High performance carbon-carbon
composites. Sadhana, Vol. 28, Parts 1 & 23, 49-358, 2003.

[5] Rosas, J.M, Bedia-Matamoros.J, Rodriguez-Mirasol.J and
Cordero, T., Kinetics of pyrolytic carbon infiltration for
the preparation of ceramic/carbon and Carbon-Carbon
composites. Carbon, 42, 1285-1290, 2004.

[6] Luyben, W.L, Process Modeling Simulation am! Control
for Chemical Engineers. New York: McGraw-Hill
International Book Company, 1981.

[7]1 Usha, K.M., Cure studies on Ablative Polymers and
Composites. Doctor's  Thesis, Indian Institute of
Technology, Madras, 2004.

[8] McAllister, P and Wolf, E.G., Simulation of a multiple
substrate reactor for chemical wvapor infiltration of
pyrolytic carbon within carbon-carbon composites. AIChE
Journal, 39(7), 1196-1209, 1993.

[9] Chung, G.Y. and McCoy, B-, Modeling of chemical vapor
infiltration for ceramic composites reinforced with layered,
woven fabrics. Journal of American Ceramic Society,
74(4), 746-751, 1991.

[10] Gupte, S.M. and Tsamopoulos, 1. A., Forced-flow
chemical vapor infiltration of porous ceramic materials.
Journal of Electrochemical Society, 137(11), 3675-3681,
1990.

[11] Skamscr, D. J., Jennings, H. M. and Johnson, D. L.. Model
of chemical vapor infiltration using temperature gradients.
Journal of Material Research, 12 (3), 724-737, 1997.

[12] Vaidyaraman, S., Lacke. W. J.. Agrawal. P. K. and Stair,
T. L., I-D model for forced flow-thermal gradient chemical
vapor infiltration process for carbon/carbon composites.
Carbon, 34(9); 1123-1133, 1996.

[13] 13, Vaidyaraman, S., Lacke, W. J., Agrawal, P. K. and
Langman, L.D., Fabrication of carbon-carbon composites
by forced flow-thermal gradient chemical vapor
infiltration. Journal of  material research, 10(6), 1469,
1995.

[14] David Jaglin, Jon Binner, Bala Vaidhyanathan, Calvin
Prentic, Bob Shatwell and David Grant, Microwave
Heated Chemical Vapor Infiltration:  Densification
Mechanism of SiC#/SiC Composites. Journal of American
Ceramic Society, 89(9), 2710, 2006.

[15] Noboru Yoshikawa, and James W. Evans., Modeling of
Chemical Vapor Infiltration Rate Considering a Pore Size
Distribution. Journal of American Ceramic Society, 85(6).
1485, 2002.

[16] Byung Jun Oh, Young Jin Lee, Doo Jin Choi, Gye Won
Hong, Ji Yeon Park and Won Ju Kirn, Fabrication of

Carbon/Silicon Carbide Composites by Isothermal
Chemical Vapor Infiltration using the In Situ Whisker-
Growing and Matrix-Filling Process. Journal of American
Ceramic Society, 84( 1), 245, 2001.

[17] Brian, W. Sheldoir and Theodore, M. Besmann., Reaction
and Diffusion Kinetics During the Initial Stages of
Isothermal Chemical Vapor Infiltration. Journal of
American Ceramic Society, 74(12), 3046, 1991.

[18] Middleman, S., The interaction of chemical kinetics and
diffusion in the dynamics of chemical vapor infiltration.
Journal of Material research, 4(6), 15 15-1524, 1989.

[19] McAllister, P. and Wolf, E.E., Modeling of chemical vapor
infiltration of carbon in porous carbon substrates. Carbon,
29(3), 387-395, 1990.

[20] Deepak and Evans, J. W., Mathematical model for
chemical vapor infiltration in a microwave-heated
preform. Journal of ~ American Ceramic Society, 76(8),
1924-1929. 1993.

[21] More 11, J. I, Economou, D. J. and Amundson N. R., A
mathematical model for chemical vapor infiltration with
volume heating, Journal of Electrochemical Society,
139(1), 328- 336, 1992.

[22] 22. Ofori, J. Y. and Sotirchos, S. V., Multidimensional
modeling of chemical vapor infiltration: application to
isobaric C VI. Industrial Engineering and Chemical
research, 36-2. 357-367, 1997.

[23] Midha, V. and Economou, D. J., A two-dimensional model
of chemical vapor infiltration with radio frequency
heating. Journal of Electrochemical Society, 144(11),
4062-4071, 1997.

[24] Midha, V. and Economou, D. J., A two-dimensional model
of chemical vapor infiltration with radio frequency
heating. Journal of Electrochemical Society, 145(10),
3569-3580, 1998.

[25] Jiefei Huang, An Object-Oriented programming approach
to implement global spectral methods: Application to
dynamic simulation of a chemical infiltration process.
Master's Thesis, Institute for Systems Research, 2001.

[26] Xi Wei, LaiFei Cheng, Li-Tong Zhang and Yong-Dong
Xu., A two-dimensional model for densification behaviour
of C/SiC composites in isothermal chemical vapor
infiltration. ModelingSimul. Mater. Sci. Eng., 14, 891-904,
2006.

[27] Xi Wei, LaiFei Cheng, Litong Zhang, Yongdong Xu and
Qingfeng Zeng., Numerical Simulation of Effect of
Melhyllrichlorosilane Flux on Isothermal Chemical Vapor
Infiltration Process of C/SiC Composites. Journal of
American Ceramic Society, 89(9), 2762, 2006.

[28] Aijun Li, Koyo Norinaga, Olaf Deutschmann, Modeling
and Simulation of material synthesis; Chemical Vapor
Deposition and Infiltration of Pyrolytic Carbon.
ECCOMHS CFD, 2006.

[29] Nyan-Hwa Tai and Tsu-Wei Chou, Modeling of an
improved Chemical Vapor infiltration Process for Ceramic
Composites Fabrication. Journal of American Ceramic
Society, 73(6), 1489, 1990.

[30] Connor, J.J and Brebbia, C.A., Finite elemental technique
for fluid flow. London: Newnes -Butterworths.

www.ijastems.org

Page 211



National conference on Technology innovation in Mechatronics,Energy Management and Intelligent communication(NCTIMEMIC-2017)

International Journal of Advanced Scientific Technologies in Engineering and Management Sciences (IJASTEMS-ISSN: 2454-356X)  Volume.3,Special Issue.1,April.2017

[31] Elaine, S.Oran and Jay, P.Boris., Numerical Simulation of
Reactive Flow. 2™ Edition, Cambridge: University press.

[32] Welly, J.R., Wicks, C. K., Wilson, R.E. and Gregory
Rorrer., Fundamentals of Momentum, Heat and Mass
Transfer. 4" Edition, New York: John Wilcy & Sons.

[33] Bird, R.B., Stewart, W. E. and Lightfoot, E. N., Transport
Phenomena. New York: John Wiley& Sons, 1960.

[34] Feng, C. and Stewart, W. E., Practical models for
isothermal diffusion and flow of gases in porous solids.
Industrial Engineering and Chemical Fundamentals, 12(2),
143-147, 1973.

[35] Bammidipati, S., Stewart, G. D.. etc.. Chemical vapor
deposition of carbon on graphite by methane pyrolysis.
AIChE Journal, 42(1 1), 3123-3132, 1996.

[36] Ben zinger, W and Klaus, J. Huttinger., Chemistry and
kinetics of chemical vapor infiltration of pyrocarbon -VI.
Mechanical and structural properties of infiltrated carbon
fiber felt. Carbon, 37, 1311-1322, 1999.

[37] Coughanowr, D.R., and Koppel, L.B., Process System
Analysis and Control. McGraw-Hill International Book
Company, 1965.

[38] Coulson, J.M. and Richardson, J. E., Chemical
Engineering, Volume 2, 3" Edition. Oxford: Pergaman
Press, 1978.

[39] Ditkowski, A, Gottlieb, D and Sheldon, B.W., On the
Mathematical Analysis and Optimization of Chemical
Vapor Infiltration.

[40] Ditkowski, A, Gottlieb, D and Sheldon, B.W.,
Optimization of Chemical Vapor Infiltration with
Simultaneous Powder Formation, ICASE. (2000).

[41] Ed K irk Othmer, Encyclopedia of Chemical Technology.
USA: John Wiley & Sons, (1984).

[42] Franks, R.G.E., Mathematical Modeling in Chemical
Engineering. New York; John Wiley & Sons, 1967.

[43] George Stephanopoulos, Chemical Process Control; An
introduction 'to theory and practice. New Delhi: Prentice-
Hall of India, 1998.

[44] Levenspiel, O., Chemical Reaction Engineering. 3"
Edition, New York; John Wiley & Sons.Inc, 2003.

[45] McCabe, W.L., Smith, J.C., Harriot, P., Unit Operations of
Chemical Engineering. 6" Edition, New York: McGraw-
Hill International Book Company, 2001.

[46] Perry, R.H., Green, D/W., Perry's Chemical Engineers
Handbook. 7" Edition, New York: McGraw-Hill
International Book Company.

[47] Kirani singh.Y, Chaudhuri. B.B., MATLAB Programming,
Prentice Hall of India Pvt. Ltd., NewDelhi 2008.

[48] Rudra prathap, Getting started with MATLAB, A quick
introduction for scientists and engineers. Oxford:
University Press, 2002.

[49] Savage, G., Carbon-carbon composites, London:
Chapman & Hall, 1993.

[50] Tryball, R.E. Mass Transfer Operations. 3"
Edition, New York: McGraw-Hill International Book
Company, 1980.

[51] Weigang Zhang and Klaus, J.Hulinger., Simulation studies
on chemical vapor infiltration of carbon. Composites
Science and Technology, 62. 1947-1955, 2002.

[52] Zijun Hu and Klaus, J.Huttinger. Chemical vapor
infiltration of carbon - Revised. Part 1l: Experimental
results. Carbon, 39, 1023-1032, 2001.

[53] Diefendorf, R. J., Chemical vapour deposition of carbon
matrix materials. In Proc. 10th Annual ASME Symp. On
Carbon Composite Technology, New Mexico, pp. 125-
142, 29-30January 1970,.

[54] Fitzer, E. and Burger, A., The formation of carbon/carbon
composites by thermally decomposing carbon-fibre-
reinforced thermosetting polymers. In Proc. Int. Conf. on
Carbon Fibres. The Plastics Institute, London, , pp. 134-
141, 2-4 February 1971.

www.ijastems.org

Page 212



