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ABSTRACT

Silane pyrolysis in a continuous flow pyrolyzer is a simple
process that is currently being developed for producing solar cell grade
silicon. The process involves complex phenomena, however, including
thermal decomposition of silane, nucleation and growth of silicon
particles, and mass and heat transfer. Modeling the effects of
transport phenomena on silane pyrolysis in a continuous flow pyrolyzer
is discussed in this report. One- and two-dimensional models are
developed to predict velocity, temperature, and concentration profiles

in the reactor. The one-dimensional model has been implemented as a
computer code.
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NOMENCLATURE

homogeneous pyrolysis of silane, sec_1

heterogeneous pyrolysis of silane, sec

total gas phase, g—mole/cm3

molecular hydrogen, g-mole/cm3

silicon vapor, g-—mole/cm3

silane gas, g—mole/cm3

. 3
silane on surface, g-mole/cm

gas

gas

. o
mixture at constant pressure, cal/g-mole K
. o
mixture at constant volume, cal/g-mole K
. . 3
of silane concentration, g-mole/cm

of hydrogen concentration, g—mole/cm3

. . . . 3
initial value of silane concentration, g-mole/cm

initial value of hydrogen concentration, g—mole/cm3

particle diameter, cm

binary diffusivity for silane hydrogen mixture, cmz/sec

gravitational acceleration, 981 cm/sec2

. . 2
heat transfer coefficient, cal/ecm” sec K

thermal conductivity of gas mixture, gm-cm/sec

o

3 oK

specific regition rate constant for homogeneous pyrolysis of

silane, sec

specific reéition rate constant for heterogeneous pyrolysis of

silane, sec

mass transfer coefficient, cm/sec

molecular weight of silane, gm/g-mole

molecular weight of hydrogen, gm/g-mole

atomic weight of silicon, gm/g-atom

mass per seed particle, gm

number concentration of seed particles, cm
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. e . . -3
n initial number concentration of seed particles, cm

Nsi flux of silane, g—mole/cmzsec

Nh flux of hydrogen, g-mole/cmzsec

Nsi,H rate of silane pyrolysis by homogeneous mechanism, g—mole/cm3sec
P pressure, dynes/cm2

Rr reactor radius, cm

r radial coordinate, cm

R gas constant, 8.314 x 107 gm cm2/sec2 g-mole °k

s surface area per seed particle, cm2

t time, sec

T temperature of the gas stream, °k

Tm axial mean temperature of the gas stream, °k

Ti initial temperature of the gas stream, °k

Tw wall temperature, °k

Vr radial velocity of gas stream, cm/sec

Vz axial velocity of gas stream, cm/sec

Vz’m axial mean velocity of gas stream, cm/sec

Vz,i initial axial mean velocity of gas stream, cm/sec
X, mole fraction of silane

Xg mole fraction of hydrogen

z axial coordinate, cm

Greek Symbols

P density of gas mixture, gm/cm3

€ void fraction in the reactor

A heat of reaction (includes heat of condensation), cal/g-mole

AEl activation energy for homogeneous silane pyrolysis, cal/g-mole
AE2 activation energy for heterogeneous silane pyrolysis, cal/g-mole
u viscosity of gas mixture, poise
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SECTION 1

INTRODUCTION AND THEORY

Silane pyrolysis is one of a number of approaches to the production
of polycrystalline silicon for use in the fabrication of solar cells. A
continuous flow pyrolyzer (CFP) is one of the reactors that is being
studied for use in the formation and growth of silicon particles by this
method. The mechanisms of silicon particle formation and growth involve
silane pyrolysis and silicon nucleation. The kinetic mechanisms are
independent of reactor configurations; the steps involved have been
modeled by Praturi (Reference 1) and by Praturi et al (Reference 2).
The effect of transport processes (momentum, heat and mass transfer) on
the rate of silicon particle formation and growth, however, is very much
dependent on the reactor design and reactor operating conditions. It is
the purpose of the present study to model the effects of transport
processes on the overall rate of silicon production in the continuous
flow pyrolyzer.

A. MECHANISMS OF SILICON PRODUCTION

Basically, there are two mechanisms by which silicon particles are
produced from silane pyrolysis. These are referred to as the homogeneous
and the hetergeneous mechanisms.

1. The Homogeneous Mechanism

The homogeneous mechanism consists of homogeneous pyrolysis of
silane and homogeneous nucleation of silicon vapor to form silicon
nuclei. The rate of these two steps depends on the temperature of the
gas stream, concentration of silane, and the supersaturation of silicon
vapor. The effects of transport processes on the homogeneous mechanism
are limited to determining the velocity, temperature, and concentration
profiles in the CFP. The rate of silicon production by the homogeneous
mechanism can be estimated quantitatively by a first-order Arrhenius
type equation* (Reference 3):

-dC .
si

dt 17s1

"
=
(@]

(1)

]
>
1]
a

*Symbols and units for all equations are defined in NOMENCLATURE (in
front of report).
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The depletion of silane by the homogeneous mechanism can therefore be
accounted for simply in the mass balances. The homogeneous mechanism
yields solid silicon nuclei. The size and distribution of these nuclei
can be estimated from the homogeneous nucleation theory (Reference 4).

2. The Heterogeneous Mechanism

The heterogeneous mechanism provides the means for silicon
particle growth., This mechanism consists of mass transport of silane to
the particle surface, heterogeneous pyrolysis of silane on particles,
and heterogeneous nucleation of silicon on the particles. When the
heterogeneous pyrolysis and nucleation steps occur at much higher rates
than the mass transport of silane, the overall rate of silicon particle
growth can be given by the rate of mass transport., It is this case of
mass-transfer-limited particle growth, in which the pryolysis and
nucleation steps occur at equilibrium or estremely high rates, that is
modeled in this study. Modeling of particle growth when either the
pyrolysis step or the nucleation step is controlling is described in
References 1 and 2. Therefore, only the effects of transport processes
on the mass transfer of silane to particle surface need to be considered
in order to predict the overall particle growth rate. The rate of
combined pyrolysis and nucleation steps in the heterogeneous mechanism
can be assumed to be given by the first-order Arrhenius type equation
(Reference 5):

si
dt 2 “si

fl
=
(@}

]
e
®
aQ

(2)

Since this rate is at least an order of magnitude higher (implicit
assumption) than the rate of mass transport, it can safely be assumed
that the concentration of silane on the particle surface vanishes to
zero.

Clearly, therefore, it is the transport processes in the CFP that
need to be modeled in order to predict the rate of new silicon nuclei
formation and the particle growth rate. The processes of momentum,
mass, and heat transfer in the CFP occur simultaneously and are best
described by their respective conservation equations. In the general
case, these conservation equations are non-linear partial differential
equations, and the general simultaneous solution would be extremely
difficult, if not impossible, to obtain, Simplifications have to be
made to obtain solutions to the simultaneous non-linear, partial
differential equations.
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B. PROCESS DESCRIPTION

The process of silicon production in a CFP is shown schematically
in Figure 1-1. 1In this process, a gas mixture containing silane and
hydrogen and fine silicon particles (0.1-50U) are fed to the tubular
reactor. The reactor is heated through the walls to give a gas
temperature of 400°-1000°C. At these temperatures silane is
thermally decomposed to produce silicon by the homogeneous and
heterogeneous mechanisms.

C. MODEL ASSUMPTIONS AND OBJECTIVE

Modeling of the process of silane pyrolysis in the CFP is based on
the following set of assumptions:

(1) The steady state prevails in the entire length of the CFP
with respect to momentum, heat, and mass transfer processes.

(2) The overall rate of silane pyrolysis and silicon nucleation
steps (in both the homogeneous and heterogeneous mechanisms)
can be given by a first-order Arrhenius type equation. This
implies that the nucleation step is faster than the
pyrolysis step.

(3) Heat is transferred through the reactor walls to the gas
stream at a constant wall temperature T,. The gas stream
enters the reactor at a constant inlet temperature Ty,

(4) In the reactor the gases and the silicon particles are in
thermal equilibrium and hence both are the same temperature
T.

(5) The silicon particles are small enough in size and have a
low enough number density so that they follow fluid motions
and do not affect flow patterns or heat and mass transfer
rates.

(6) Diffusional transfer in the reactor can be described as
binary (silane, hydrogen) counter diffusion.

The objective of this modeling effort is to predict 1) the rate of
silicon production, 2) the rate of silicon particle growth, and 3) the
rate of silicon deposition on the reactor walls for given operating
conditions of the CFP in the case of transport limited silane pyrolysis.
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Figure 1-1. Silicon Production in a Continuous Flow Pyrolyzer
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SECTION II

RATES OF STILANE PYROLYSIS

The physical picture of silane pyrolysis in the CFP can best be
described as two-phase flow with simultaneous heat and mass transfer and
chemical reactions. By any standards, this is a very complex problem
for rigorous theoretical analysis. To solve the conservation equations
for mass, momentum, and energy, it is necessary to know the rate of
pyrolysis of silane in the CFP. 1In this section the rate equations for
silane pyrolysis on silicon particles, on the reactor walls, and in the
gas stream are developed. As mentioned previously, the silane pyrolysis
reactions can be described by first-order Arrhenius type equations.

A. SILANE PYROLYSIS ON SURFACES

As shown in Figure l-1, the pyrolysis reaction SiH, Si + 2Hy
takes place in the CFP., It is assumed that the nucleation of silicon
takes place instantaneously and that the silicon particles follow fluid
motions. This means that there is no acceleration or radial diffusion
of the silicon particles. Since the relative velocity between the gas
and particles is zero, the visual image is one of a stagnant gas film
surrounding each particle through which silane has to diffuse in order
to arrive at the particle surface. The same assumption can be made for
the reactor wall., For every mole of silane diffusing to the surface,
there will be two moles of hydrogen diffusing back through the stagnant
gas film:

2N . = -N (3)

The mass transfer between the bulk gas and the surface can be given by
the Stefan-Maxwell relationship:

_ dx
Noi = Dy (——A) txy (N + ) (4)
dz
Substituting equation 3 in equation 4,
—CDAB dxA
N .= (5)
s1 1+ X, dz

Following is a mass balance of silane over a thin slab of the gas film
above the surface of thickness Az:

- SN . =0

SN .
s1lz silz + Az

where S is the cross sectional area.
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Dividing by S 4z and taking the limit as Az—— 0 gives

dN

si _
-— =0 (6)
Substituting equation 5 in equation 6,
4 (Pan o Ta) (7)
dz 1+ X, dz

Assuming that the total molal concentration and Dpp are constant in
the thin film that surrounds the surfaces,

dx
4 1 A)= 0 (8)

Integrating twice with respect to z gives

1n (1 + xA) = Clz + C2 (9)

The integration constants Cj and Cy can be evaluated with respect to
the boundary conditions:

at Z = ¢, Xy T X0
at z = 0, Xy, = X
The final result is
(1 +x,)=1+x (i~:—fég) 2/6 (10)
A As \1 + X,
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Substituting equation 10 in equation 5, we obtain the rate of silane
pyrolysis on surfaces:

CD 1 + x
N, = —2B 1 (———AO—> (11)

Equation 11 provides the moles of silane pyrolyzed or moles of
silicon deposited on surfaces per unit time per unit surface area. This
equation is derived for the case of laminar flow in the CFP.

A very similar equation can be derived for turbulent flow in the
CFP by assuming that enhancement in mass transfer can be accounted for
by eddy diffusivity, €¢.. The final result is

c(D + €. ) 1 + x
N, =8Bt g (———ﬂ) (12)

si Py 1 + Xpg

Equations 11 and 12 may be written in terms of mass transfer co-
efficients, as the values of §, e, and Dpg are difficult to

determine., The mass transfer coefficients can be evaluated from
correlations available in the literature (Reference 6). Equation 13
gives the rate of mass transfer of silane to surfaces, with the use of
appropriate mass transfer coefficient.

1 + x
Nsi = kmC 1In (l-—'f'—}_(ﬁ)-) (13)
AS

The reaction rate of silane pyrolysis on surfaces may be given by the
equation

N . = (13a)

si k2Csi,s

At steady state conditions, the rates of mass transport and reaction are
equal and hence the rate can be determined from the implicit
relationship that can be derived by equating equations 13 and 13a.

(N ./k C) C+C.
si’ "m si

e = (14)
C + (Nsi/kz)
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If silane mass transport is the controlling step (Csi,s =0, xpg = 0),
the rate is given by the equation

NSi = kmC In (1 + XAO) (15)

B. SILANE PYROLYSIS IN THE GAS STREAM

The rate of silane pyrolysis by the homogeneous mechanism can be
determined from the equation

NSi’H = klcsi (16)

Equations 15 and 16 will therefore be used in the conservation equations
to account for the loss of silane in the gas stream.
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SECTION III

MATHEMATICAL MODELS OF SILANE PYROLYSIS

The axial profiles of gas velocity, temperature, and concentrations
can be obtained by solving a set of differential equations that describe
the conservation of momentum, mass and energy of the gas stream in the
CFP. The solution of the simultaneous conservation equations for
momentum, heat, and mass (Reference 6) gives the profiles of velocity,
temperature, and concentrations as functions of the space coordinates
and time. An analytical or even a numerical solution of these
conservation equations is very difficult to obtain. For a complete
solution for simultaneous momentum, heat and mass transfer in the CFP,
seven simultaneous non-linear partial differential equations (3
equations of motion, 1 equation of energy, 2 equations of mass
continuity, and the equation of state for the gaseous medium) must be
solved for seven variables (3 velocity components, temperature,
concentrations of silane and hydrogen, and density of the gas mixture).
This is clearly a formidable task, even for a large computer. The
equations are therefore simplified based on the six assumptions given in
the previous section, the physical picture, and the silicon production
process in the CFP.

A. ONE-~-DIMENSIONAL MODEL

The steady state, one-dimensional model that is developed here is
based on macroscopic balances for momentum, mass, and energy. All of
the independent variables in this simple model (velocity, temperature,
and concentrations) are functions of the axial distance only. The
elemental volume over which the macroscopic balances are made is shown
in Figure 3-1. The macroscopic balances are based on the assumption
that radial variations in velocity, temperature, and concentrations are
insignificant in relation to their axial variations. The differential
macroscopic balances can also be derived from the general equations of
change given in Bird et al (Reference 6). Within the differential
volume, silane is depleted by both the homogeneous and heterogeneous
mechanisms. By the homogeneous mechanism, silane is pyrolyzed in the
gas phase at a rate given by equation 16. By the heterogeneous
mechanism, silane is pyrolyzed on the silicon particle surface and the
reactor wall at a rate given by equation 15, Thus, the transport
equations can be written in terms of the bulk mean values of the
independent variables.

Equation of Motion

de m dp
b - £
pvz,m dz dz te (an
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Figure 3-1. Differential Macroscopic Volume in the CFP

Equation of State

PV = nRT

= . .+
g C31,m M51 Ch,m Mh

Equation of Mass Continuity for SiH,

d (v

zZ,m

C .
si,m

2
= - . - (= +
GNS1,H NS1 (R ns)
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Equation of Mass Continuity for Hydrogen

d(v c, )

z,m h,m” _ 2
iz 2Nsi’H + 2N_. (R + ns) (21)

Equation of Energy

d
- = .o+ N
dz (Tm Vz,m [pm’cv,m *omn Cp,{]) (6N51,H N31ns> A

2 2h
TR Nsi (Msi Cv,si Tm - Mh Cv,h Tw) * R (Tw - Tm) (22)

Equation of Mass Continuity for Silicon Seed Particles

si

2/3
v 9mo_y w o+ (B m al_ (23)
p
p

The differential equations 17, 20, 21, 22 and 23 are to be solved
simultaneously to obtain the axial profiles of velocity, temperature,
concentrations of silane and hydrogen, and particle mass. The initial
conditions for the set of differential equations are:

at z =0, V; n = Vz,i
T = Tm,i
Csi,m Csi,i
Chym = Cn,i
m = mj

The equation (23) of mass continuity for silicon seed particles assumes
that all the silicon produced in the reactor (except for the amount
deposited on the reactor wall) is deposited on the seed particles and
that the seed particles are at the same temperature as the gas stream.
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B. TWO-DIMENSIONAL MODEL

The second model developed here is a steady state, two-dimensional
model based on conservation equations for momentum, mass, and energy.
In this model, all the independent variables are functions of both the
axial and radial distances. The two-dimensional model should reflect
the actual conditions in the CFP more closely than the one-dimensional
model, as the experiments at Union Carbide and JPL have shown the
existence of radial gradients for temperature and concentrations. In
the development of the model, the velocity components in the radial and
circumferential directions are assumed to be zero.

It is assumed that the axial velocity (V,), temperature (T), and
concentrations of silane and hydrogen (Cg4;, C,) are independent of 4,
by virture of cylindrical symmetry. It can also be assumed that the
variation of these variables in the axial direction is much smaller than
their variation in the radial direction. With these assumptions, and
neglecting viscous dissipation, the following equations can be derived
from the set of equations given in Bird et al (Reference 6). These
simplifications can be expressed mathematically as follows:

Vr = VG =0

B - o

Ea(V » Ty Cso Ch) 0 (Cylindrical symmetry)
9 =

at(Vz, T, Cs1’ Ch) 0 (Steady state)

2 . . L.
r =N ; (§ + ns) + Ns' (Rate of silane conversion to silicon)

s 1,H

2
2 O (9
2 (vz, T, C_.» ch) «< o (rar (vz, T, Cg.» ch))

(T:av) & 0 (Negligible viscous dissipation)

2 ..
KA "T 0 (Negligible heat-transfer by conduction)

PV = nRT (Ideal gas)

0
( P P

8Tp T
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The conservation equations can be simplified with these assumputions to

the form given below.

Equation of Motion

ov ov
_z .1 o, ., zy _ (9, pB
sz 8z r ar(rﬂar ) (az) *
B.C. at r = R, VZ =0
aVZ
at r = 0, =0
or
at z =0, V =YV
z z,1
Equation of Energy
ov
pc v & - li{rk a—"r-}— {——z}
z 9z r or or 8z
- {Nsi,H + N, (ﬁ + ns)}A
B.C,. at r =R, T = Tw
at r = 0, ol . 0}
or
at z =0, T =T.
i
Equation of Mass Continuity for SiI-AI‘,+
aCsi 1 ¢ rDaCsi 2
v == *=— (—) - . - N, (= +
z 9z r or ( ar ) N31,H N31 (R ns)
B.C. at r =R, C . =0
—_— si
aCsi
at r =0, =0
or
si si,i
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Equation of Mass Continuity for Hoy

2
ar_) + ZNSi + 2NSi (i + ns) (27)

[+]
T
H
]
L
]
o

The four partial differential equations (equations 24-27) can be
solved simultaneously on a computer using a numerical method based on
finite differences. A numerical solution of these four coupled partial
differential equations will yield the radial steady state profiles of
temperatures, velocity, and concentration along the length of the
reactor. The selection of a specific numerical algorithm depends on the
stiffness of the partial differential equations and the accuracy
needed. The bulk mean values of velocity, temperature, and
concentrations at any given axial position can be obtained by
integrating the radial profiles over the reactor cross section,

R R
{; Vzrdr ZW{ Vzrdr
VZm = R = (28)
S rdr A
(o)
R
27T.£ pC Vz T rdr
T = VLA (29)
zm
R
2m { Vz Csirdr
Csi,m = V A (30)
zmi
“hym = 17 Csim (31)

The solution of equations 24-27 will be stopped’at a reactor length at
which the silane concentration (Csi,m) has reached a negligibly small
value (0.1% of original value).
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C. TURBULENT FLOW IN THE CFP

In the case of turbulent flow in the CFP, the conservation
equations become much more complex and intractable. For turbulent flow,
the velocity components exist in all three directions, and this in turn
influences the heat and mass transfer. Thus, the complete set of
conservation equations (continuity for silane and hydrogen, momentum for
the three velocity components, equation of state for the gas, the energy
equation, and overall mass continuity), a total of eight-nonlinear
partial differential equations, have to be solved simultaneously to
obtain instantaneous three-dimensional profiles of velocity,
temperature, and concentrations. Alternately the set of equations can
be time averaged and expressed in terms of time-mean quantities of
velocity, temperature, and concentration. This would reduce the number
of equations to six, since time-mean velocity components in the "r" and
"O" directions are zero. The equations would be very similar to those
derived for the laminar case. However, the process of time averaging of
equations results in the creation of three new variables: turbulent
momentum, heat, and mass fluxes. It would be necessary to use three
additional relationships to express the three turbulent fluxes in terms
of the time-mean velocity, temperature, and concentration gradients,
Thus, we can see that the solution of the conservation equations for the
turbulent case may be very difficult and time consuming (even on a
computer). It is therefore more fruitful to solve the turbulent case
with the macroscopic balance approach (one-dimensional model).

D. IMPLEMENTATION OF THE MODEL

A computer program has been developed to implement the model of
CFP based on macroscopic balances (one-dimensional model). A listing of
the program is included as Appendix A. This computer program obtains a
solution of the simultaneous differential equations 17, 20, 21, 22, and
23. These equations are non—-dimensionalized so that all the time-
dependent variables have the same order of magnitude. The new variables
have been defined as follows:

Y .
= .21
Y, =5 (32)
zZ,m
Csi m 1
= -2 . Z_
HLie. .y, (33)
S1,1 1
C, . o
h,i h,m 1
= —_—t —_—2 .
Y3 1+{zc..} {20.. Y} (34)
s1,1 Si,1 1
_ W T m
Y, =5 -7 (35)
w m, L
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5w, - m; (36)

The final non-dimensionalized equations and their derivation are
included in Appendix B. The computer program has been debugged and

tested with data representative of the experimental conditions used in
the JPL experiments.

3-8



SECTION IV

SUMMARY AND FUTURE PLANS

A. SUMMARY

1. Mathematical models of the effects of tramnsport processes on
silane conversion in the continuous flow pyrolyzer have been developed.
The first model describes the silane conversion process by means of one-
dimensional macroscopic balances for momentum, energy, and mass. The
second model describes the process by means of two—dimensional
conservation equations for momentum, energy, and mass.

2. The macroscopic balances model has been implemented as a computer
program which predicts the axial velocity, temperature, and
concentration profiles in the reactor, and overall rate of silane
pyrolysis and seed particle growth.

B. FUTURE PLANS

1. The one-dimensional model will be modified to account for the
creation and growth of silicon particles within the CFP via the
homogeneous mechanism of silane pyrolysis and silicon nucleation. This
modification is necessary because all of the silicon product obtained in
the Union Carbide and JPL experiments is in the form of very fine
particles. 1In the Union Carbide experiment seed particles were not
used. In the JPL experiments growth on cold silicon seed particles was
not observed. Thus, the proposed modification for nuclei will allow
direct comparison of the experimental results on particle size with
model predictions.

2. The energy balance equations of the models will be modified to
allow for independent seed particle temperature. Hot silicon seed
particles will be used in JPL experiments for the purpose of increasing
the seed particle growth.

3. The boundary conditions used for the solution of the model
equation will be modified to reflect the actual geometry of the CFP and
the heating method used in JPL experiments. A co—axial thermowell
rather than a constant temperature hot reactor wall is used to provide
the heat in JPL experiments.

4. After the one-dimensional model is modified and tested with
experimental data, the two-dimensional mathematical model will be
implemented for a more precise modeling of silane pyrolysis in the CFP.
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APPENDIX A

LISTINGS OF THE COMPUTER PROGRAM FOR THE ONE-DIMENSIONAL MODEL




//SILICON  JOB (989084RAJJPL) ¢ 'RAVI*+TTME=(00+20)
/#ROUTE  PRINT R3

/7/ EXEC FORTG

//FORT DD #
EXTERNAL CLIKN
NIMENSION Y {4)e¥DOT (4)
COMMON/TDPRM/AL 4yF19A29F29HR
COMMON/INICON/CAO+CBOsVINsTIN,TW
COMMON/REKTR/RA
COMMON/PATICL/PMOWPNOSDSI sPCOWPC PSPV
COMMON/HTRC/RATIO
REAN(S+10) AleE14A29E29HR
REFAD(5+20) CAOsCBOVINsTINSTW
RFAD(5+30) RA
READ(5940) PMOsPNOsDSI
READ(5+450) RATIO

10 FORMAT (5F6,1)

2N FORMAT(2E13.,69eF7.302F7.1)

3n FORMAT(F6.3)

40 FORMAT(E13.69FS5,14F6.3)

50C FORMAT (FS5.2)
WRITE (6460)

60 FORMAT ('0t /0%, INPUT DATA'/)
WRITE(6+470) AlsFl14A2sFE24HR

70 FORMAT (0 /20 91A1sE19A29E2sHRY' /00" 45F6,1/)
WRITE(hsRN) CAQC +CBOsVINsTINSTW

80 FORMAT (90 /%0 gt CAOsCBOsVINGTINGTW /01 42E13,69F7.3,2F7,1/)
WPITE(6,490) RA

90 FORMAT ('0'/20','RAY /01 ,F6,3/)
WRITE(A+100) PMOsPNOsDSI

160 FNRVMAT (0 /20 s tPMOIPNOWDSTIN /101 ,F13,h9F5.19F6,3)
WRITE(6«]110) RATIO

110 FOARMAT('0'/20',*RATIO OF HT TR COFFFSt/'0°%,F5,2)
WRITFE (64900)

9n0  FORMAT(*0V///%0 ' 0UTPUTY// /)
K1=0
N=4
T=0.001
DO 1 I=1l.4

1 Y(I)=1,0
DT=0,1
EPS=1.0E=04
K=1

3 CALL MODDEQ(CLIKNsKsNsToYosYDOToNTLEPS)
IF(K.LT.0) GO TO 2
IF(Y(Z’.LFOOOSQANDOY(z).(’E‘n.79) Kl=K1+1
TF(Y(2) eLEeNeToAND Y (2) sGE,0,69) K1=K1+1
TEAY(2) eLFE o0 eb.ANNY(2) e GEL.0.59) K1=K1l41
IF(Y(2) aLFe0e5eANDaY(2) eGEL0e49) K1=K1+1
IF(Y(2) el FaDed o ANDeY(2) sGEL0439) Kl=K1+1
TFUY(?) dlFe0e3ANNY(2) GEL0429) KkK1=K1+1
IF(Y(?).LF.O.Z.AND.Y(Z).GE.G.IQ) Kl=Kl+l
IF(Y(?).LFQOOIQANDQY(z)OGEQOQQQ) K1=Kl*1
TF(K14FN.1) WRITE(694)KeToY
Ki=n
IFIY(2) T Ne01) GO TO 3

g WRTITE(6e4) KeTeyY
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FORMAT('0' /00 9 'K= "313/70",9AXTAL
11 AAVANILEY 1 v,
STOP

END

SUBROUTINFE CLIKN(NsT+Y,LYDOT)
EXTERNAL F1leF2

DIMENSION Y (4)sYDOT (4)

DIMENSION ROOTS(2)sITER(2)4FRT(?)
COMMON/TNPRM/ AL 4F19A2+E29HR
COMMON/INICON/CAO+CBOsVINSTINGTW
COMMON/REXKTR/RA
COMMON/PATICL/PMOsPNOsDSIsPCO4PC4PSyPV

COMMON/HTRC/RATIO

COMMON/SF/C€A

COMMON/SF1/RC24CMT1

COMMON/SF2/RC34CMT2

GR=1,987F-03

66=1.987

G0=8,314F+07

DT=TW-TIN

TG=TW=DT#Y (3)

C=Y(1)#CAO#(2.0+ (CBO/CAD)=-Y (2))

CA=Y (1) #Y (2)%*CAD

CR=C-=CA

RC1=(10,0##A1)#EXP(=E1/(GR#TG)) #2,0
RC2=(10.,0N##A2) #F XD (~FE2/ (GR#TG) ) #7,5
RC3=(10,08#A2) #FEXP (~E2/ (GReTW) ) #2,5
PCO=(T.N#PNQ) / (22, 0%RA4RA#YVTIN)

PC=PCO#*Y (1)

FM=(CAQO#2R,0) /PCO+PMO

PM=FMe (FM=PMO) #Y (4)

PS=((6.,08SQRT (22,0/7.0)#PM) /NCT)uu0,.6RRA

PV=PM/NS]1

VvDIn=1,0~PVv#PC

RP=((3.0#PV)/(4,0#3,143))##0,3333

DIFU=1,7508RE~04% (TG*#*] ,5)

DO 10 I=1e2

TG1=TG

IF(I1.,EN.2) TOI=TG+0.,5%(TW-TG)

VISAS{(TG1/288,0)#%#] ,5)%(524.,67/(TG1+236h«6T7))%(11.,24F~05)
VISB=((TG1/293.0n)##]1,5)#(327,841/(T(1429.841))#(R,8F=-05)
VIS=VISA/ (1,04 (((CB/CA)®(1,0+((VISA/VISR)##0,5)#0,5)%%#2)/1A,6619))
14VISB/ (104 (((CA/CB)Y# (1,04 ((VISR/VISA) ##0,5)82.,0)#%2)/2,015476))
IF(1.,FG,1) VISS=Vv1S

RE=(2.,08RA#(32,0#CA+2,0#CB)Y#VIN) /(VISS®Y (1))

K=0

IF(RE.GT,.21N00.0) k=1

CPA= (0472334 (1.323E-04)#TG1+(61,94FE=0R)#(TGl#22) )#32,0

CPB= (F52+ (0, 7BE-03)#TR1+(0,.17E+05)/(TGlua2))
CP=(CA#CPA+CBH#CPR) /C

IF(1.,FN,1) CV=C#(CP-=GG)/(CA#32,0+CR%#2,0)

TF(T1.ENs1) CVA=(CPA=GG)/32,.0

IF(1.FQ.1) CVB=(CPB=GG) /2.0

CONTINUF

CMT1=DIF)/RP

RAT=CMY1#C#PS#PCaALOG(]1,0+(CA/C)Y)

SC= VIS/((32.0%#CA+2,0%CR)#NTF1Y)
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RF=(2,0%#RA# (32,N#CA+2.0#CB)#VIN) /(VISH
CMT2=(DIFU/ (2. 0#RA) ) #(3,65+( (N, 0reBH*((

1(((2,0%#RA)/T)®*RE#SC) ##0,66F(A)))
RATE=(CMT2%C*2,0#AL0G(1,0+(CA/C)))/RA

TCA=VISA#(CPA+2,48)/32.0
TC8=0.002389%(0,080796+(3.7312E-04)#TG1=(7.46R3F=09)*TG1%TR])
TC=(CA#TCA#(32,0##0,3333)+CROTCA#(2,0%#0.3333))/(CA%(32,0%#0,3333)
1+CB#(2,0%%0,3337))

PR=(C#CP#VIS)/(TC# (CA#32,0+CB#?2,0))

IF(K.EQ,1) GO TO 20

HT=(TC/(2.0%RA) ) #(3,65+((0,0668%(2.N*RA/T)HRE#PR) /(1e040,04%(( (240
1#RA/T) #RF#PR) #4#0,6666))))

GN TO 3n

Y(l))
2.0%RA) /T)#RE#SC) /(1,0+40.04%

20 FR=0,316/(RF##0,25)
HT=(TC/(?.0#RA) ) #RE#PR® ((FR/2.0)/(1.,07+12.7#SQRT(FR/2.0) * (PR*#0N,66
166=1.0)))
3n HTR=RATIOH#HT
HT=HT+HTR
PCP=(5,74+0,000K1T7%#TG=(101000,0/(TG#%#2)))/28,0
STL1I=2.n#*(1,0+4CRN/(2.,0%CAD))
SIL2=(GN#TGHIY(1)##2) )/ ((Y(2)#32,04(STL1=2.0#Y(2))#2,0) % (VIN®=2))
SIL3=1,0-SILE#*(STL1-Y(2))
STL4=(GN#(STLI=-Y(2))#DT# (Y (1) ##3) )/ ((Y(2)#32,0+(SIL1=2.0%Y(2))%*2.0
1)# (VIN#=2))
STILS==DT#(CV# (Y (2) *CAO#VIN®3I2 04 (SIL1-2,0%Y(2))#CAQ#VIN#2,0)+ (FM={(
1FM=PMQ) #Y (4) ) #¥PC#PCP# (VIN/Y (1))
YNOT(1)==(STL2/(STL3#VIN) ) #Y (1) # (~RC1#VNIDH*Y (1) #Y (2)~(RAT ) /CAD
10-(RATE Y/CAD) = (STLA4/(STL3#ST1 5) ) # ((PCI#VOTDRY (1) #Y (2) #CAQ+RAT
2 ) #(HR+TGH28, 0% (CV~PCP) ) +RATF R(CVHTGR2R, 044 ,0%CYQETY=-32,0%
3CVA#TG))=(9R0 O (Y (1) ##3)) /(VIN#VINSSTL3)
YROT(2)==(1.0/VIN)#(RC1#VOID#Y (1) &Y (2)+(RAT/CAQ) +(1.0n/CAD)*
1RATE)
YDOT(3)=(1,0/SIL5)#((RC1#VOTID#Y (1) #Y (2) #CAO+RAT ) # (HR4THE2R N4
1(CV=PCP))+RATE #(CVHTG#22,N44 ,0#CYR#TW=32,9%CVA#TG) )
YDOT(4)==(2R+0/ (PCO#VIN® (FM=PM0O) ) ) # (RCI#VOID#Y (1) #Y (2) #CAN+PAT)
RF TURN
END
FUNCTION F1(X)
COMMON/SF/C+CA
COMMON/SF1/RC24CMT]
COMMON/PATICL/PMOsPNOsDSTsPCOGPCHPSePV
F1=(1.04+X)#EXP ((RC2%#X) / (CMT1#PS#PC))=(1.0+CA/C)
RFTURN
END
FIUMCTION F2(X)
COMMON/SF/C+CA
COMMON/SF2/RC3.CMT2
COMMON/REKTR/RA
FP=(1l0+X) #FXP ( (RCI#X#PA) / (CMT2#2,0))~(1.0+CA/C)
RFTURN
EMD
7/DATA DD i
12.0 36,0 6,0 17.05200.0
3.069240FE-06 5.R3155AFE-05 4,572 298,n 1073.0
2.858
1.00
/7/




APPENDIX B

NON-DIMENSIONALIZATION OF THE ONE-DIMENSIONAL MODEL EQUATIONS




This appendix discusses the non—dimensionalization of differential
equations 17, 20, 21, 22, and 23 in this report. Non-dimensionalization
is important for smooth integration.

New dimensionless variables were defined in equations 32, 33, 34,
35, and 36 as:

v .
v, = ok (aD)
zZ,m
Csi m 1
Y, = - 1 (A2)
si,i 1
C, . C
- h,1 _ h,m 1
Y3=l+9g "2, . % (43)
si,1i S1,1 1
Y4 = Tzf:ﬁfa—— (a4)
Y m, 1
m., — m
_ £
Yg = =0 (A5)
f i

where mg = mass/particle if all the silane in the feed reacts and all
the silicon produced is deposited on the particles. Using a simple mass
balance,

”AR°V .,C. .M = 7R°V n, m. - 7TR"V . n, m, (A6)

Since (for the particles)

d -
EE (n Vz’ )=0
or n V =n. V
z z,m 2,1
therefore n, V =n, V (A7)
1 'z,1 i z,1




Using equations A6 and A7

m =__.S.];Li__s+m. (A8)

The differential equations can now be written in terms of the new
dimensionless variables. Equations 17, 18, and 19 reduce to

le fo(Y) de fo(Y) dY3

& E M Y) 3z 2 £, (V) Y, 73z

f2(Y) dY

g 1 3
- Y (A9)
fl(Y) dz v 2 & 10 1
, 1
where
Rg T - (Tw - T i) Y, le
£.(Y) = T 5 (A10)
Y, M.+ (A-2Y) M vz’i
Ch, i
A=2 (l + E—L—) (All)
si,1i
fl (y) =1 - fo(Y) (A + Y, - 2Y3) (A12)
3
Rg (Y, + A-2Y,) (T ~-T .) Y
50 = —~ )
2 Tsi 3 Mh v .
Z,1
Equations 20 and 21 reduce to
dy k N .
2 _ 1 N si 2
@ -V oUW o v D e (a14)
Z,1 S1,1 z,1
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and

dY3 kl€ NSi 2
@ v U ey e (A15)
z,1 S§1,1 Z,1
Thus
M
d d
Z Z

This is not surprising, since examination of the definition of Yy and
Y3 reveals that both define (1 - conversion) or "degree of completion:

ﬂRz Vz m Csi m
Y2 = 5 2 2 =] - conversion
TR™ V C .
z,i si,i
WRZ C \'4 - ﬂRz C \
=1 - h,m z,m h,i 'z,1 -y
ZﬂR2V C . 3
Z, si,1

Equation 22, after some manipulation, reduces to

dy _ 1 B _
dz Ao [kKle YlYZ Csi,i * Nsi as) (A + (Tw (Tw Tm,i) Y4) (Ms)
(C. -C )+N.2( (T -(L -T DY)HM
v,m PsP si R ,m W w m,1i’ 4 ]
+2 Mh Cv,h Tw - Msi Cv,si (Tw - (Tw - Tm,i) Y4 ﬂ (A16)
where
AO=~-(T -T .) |cC (Y, C . .V .M.+ (A-2Y)
w m,1 v,m 2 “si,i1 2,1 si 3
Vz i
- - 2Z,1
Coi,i Vo,i Mei) + (mg - (mg - m) Yoy m C Yl] (a17)
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And finally, equation 23 becomes

dy M
5 _ s (k.€
dz n. V ., (m_~-m,) 1
1 z,1 £ i

(A18)

Y, Csi,i + N . ns)
si

Substituting in Yj, equation A9, can be rewritten using equations Al4,
Al5, and Al6.

Thus, since Yp = Y3, we have four equations in four unknowns.

dy £ (Y) k.€ N . N . 2/R
1 - o ¥ _ Y.y - si ns 3 s1
dz fl(Y)l vV . 172 c. .V . c. .V .
Z,1 S1,1 Z,1 S1,1 Z,1
fz(Y) 1
- —_— € - -
fl(Y) 20 [(k1 Y)Y, csi,i + N, ns)( A + (Tw (Tw Ti) Y4) M
2
(Cv’m - Cp’p) + N3 (¢ m ('1.‘w - (Tw - Ti) Ya) M+
9
2 Mh Cv,hTw - M51 Cv,31 (Tw - (Tw - Ti) Y4ﬁ - 2 1 Y 3
v . £, (Y) 1
zZ,1 1
dy k.€ N
2 _ i _ SL 2
dz - YWY, e v o gt
Z,1 S1,1 z,1
¥,
— i - € - -
iz - A0 [(kl Y)Y, Coyg * Ngg n8dOaw (T = (T =T .) ¥,) M
2
(cv’m - cp’p) * N3 (cv’m (Tw (Tw Tm’i) Y4) M

+2m cv’h T, - M Cv’si (Tw - (TW - Tm’i) Ya):]

dY5 MS

dz n. V . (m
1 z,1 f

€
- mi) (kl Y, Csi,i * N ns)




The initial conditions are:

at z = 0 Y] = Y(1) = 1.0
Yy, = Y(2) = 1.0
Y, = Y(3) = 1.0
Ys = Y(4) = 1.0

To use this model, expressions for heat and mass transfer coefficients
are needed.

Convective Heat Transfer Coefficient:

Expression 7-142 from Eckert & Drake, "Analysis of Heat and Mass
Transfer'" is used.

0.0668 (d/x) Re ,Pr

1 + 0.06 [(d/x) Re;pr] 2/3

Nud = 3.65 +

for Re < 2100

For turbulent flow, expression for 'St' given on page 383 of the
same book is used.

St = Nu] - £/2 75
RedPr 1.07 + 12.7V£/2 (pr - 1)
where
¢ - _0.316
(Re )/

In both cases, various properties (e.g. viscosity) are calculated at a
reference temperature given by expression 7-86 of the same book in
accordance with the discussion on page 341,

Radiative Heat Transfer Coefficient:

Assumed to be equal to convective heat transfer coefficient.



Particle—-Gas Mass Transfer Coefficient:

Since the seed particles are assumed to follow the gas velocity,
the dynamic picture is similar to that of particles in a stagnant gas, a
case for which Nu = 2; hence, by analogy

Sh = 2
or

Kd

D - 2

mass transfer coefficient

£
o
o]
o
~
1

[+
]

particle diameter

=
]

diffusisity

Wall-Gas Mass Transfer Coefficient:

The same expression as that for convective heat transfer
coefficient is used with the following substitution:

Sh for Nu
Sc for Pr
Mixture properties such as viscosity, heat capacity, and thermal

conductivity are calculated as functions of temperature and
concentration at each step of integration.
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