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ABSTRACT 

This program aims at developing a mathematical model and a computer code 

based on this model, which will allow prediction of the product distribution 

in chemical reactors in which gaseous silicon compounds are converted to 

condensed-phase silicon. The reactors to be modeled are flow reactors in 

which silane or one of the halogenated silanes is thermally decomposed or 

reacted with an alkali metal, H2 or H atoms. Because the product of interest 

is particulate silicon, processes which must be modeled, in addition to mix­

ing and reaction of gas-phase reactants, include the nucleation and growth of 

condensed Si via coagulation, condensation, and heterogeneous reaction. 

During this report period the most recent version of a free shear layer 

turbulent mixing code (LAPP) which treats finite rate, gas-phase chemistry 

has been acquired and documented to ascertain exactly the numerous changes the 

code has undergone in recent years. Equations describing particle dynamics 

have been formulated and are being coded. A code for calculating particle 

coagulation rates is available; it will be receded, combined with a nucleation 

model, and inserted into the LAPP code. A model for calculating nucleation 

rates has been selected from among several alternatives; the rate coefficients 

and thermochemical information needed for its utilization are currently being 

developed. 
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I I INTRODUCTION 

This program aims at developing a mathematical n1odel and a computer code 

based on this model, which will allow prediction of the product distribution, 

as a function of time, in chemical reactors in which gaseous silicon compounds 

are converted to condensed-phase silicon. The reactors to be modeled are flow 

reactors in which silane or one of the halogenated silanes is thern1ally decom­

posed or reacted with an alkali metal, H2 or H atoms. Because the product of 

major interest is condensed-phase silicon, the model must allow calculation of 

its rate of formation (via chemical reaction followed by nucleation), and the 

growth rate of the particulate Si via coagulation, condensation, and heteroge­

neous reaction. Since the efficiency of the particulate Si collection process 

will depend on the particle size distribution of the Si this must also be 

computed. 

The basic model and computer code to be used as a starting point in 

developing this model is a two dimensional, nonequilibrium, parallel stream 

mixing code which has been used for a number of years to treat systems in 

which parallel laminar or turbulent flows mix and undergo chemical reactions. 

This code, the Low Altitude Plume Program 1 (the LAPP code), treats only gas­

phase chemistry; one of the major tasks will therefore be the inclusion of 

"particle chemistry", i.e., nucleation and particle growth. The code, as 

implied by its name, treats the fluid dynamics of an open system. Thus modi­

fications will also be required to account for the presence of reactor side 

walls. This change will be effected by manipulation of boundary conditions. 

FinAlly, t.he reactor being modeled may allow for significant amounts of recir­

culation. This is particularly important if particulate products are returned 

upstream to provide nucleation sites. The rigorous inclusion of this effect 

would enormously complicate the code; the equations to be solved would become 

elliptic rather than parabolic, specification of downstream boundary condi­

tions would be required, and the marching technique used in LAPP to solve the 

conservation equations would have to be abandoned. It is not likely that such 

a scheme, with the complicated chemistry needed to describe the situation, 
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could be solved. Therefore, here also, boundary conditions will be manipu­

lated to test the effects of injecting reaction products into upstream sec­

tions of the code.* 

During this quarter a recent version of LAPP has been acquired and fully 

flow-charted to document the numerous small changes made in the code as it 

has evolved over the last few years. Equations to describe the flow of parti­

cles in the gas and couple the momentum and energy interactions between the 

particles and gas have been formulated and are being coded in a form appropri­

ate for LAPP. A model treating particle coagulation has been obtained from 

yet anot"hPr cod~ 2 (CRAM) -'lnd awalLl:l receding tor inl:lertion. A nucleation 

model'3 has tentatively been selected. The model treats nucleation from a gas­

phase chemical kinetics point of view and is particularly suitable for use in 

LAPP. It avoids ul:le of liquid rlroplet concepts (particularly the specifica­

tion of a surface tension) and instead depends on the specification of rate 

coefficients and thermochemistry of molecular n-mers up tn <'lrtd including a 

critical size. Above this size, which is a function of the supersaturation 

ratio, n-mers may be considered particles with bulk condensed-phase properties. 

I I, TECHNICAL DISCUSSION 

A, THE LAPP CODE 

The LAPP code 1 treats axisymmetric cyotcms in wlilch flowirtg gases 

mix and react. The gas composition, velocity, and temperature are specified 

as arbitrary functions of r (the transverse coordinate) at x = 0 (the st~rting 

position for the flow, x being the longitudinal coordinate). FinitP rate 

chemistry is computed within the context of mass, species, momentu~and energy 

conservation equations written in parabolic form. The species conservation 

equations, in which the chemical reaction rate equations appear, are solved 

u:'line; a11 lu:plicit differeuce scheme which circumvents the extreme "stiffness" 

*The procedure envisioned involves, for given geometries ann mass flows, the 
estimation of the amount of recirculated gas entering the main flow along its 
length, making initial guesses as to its composition and iterating the code 
calculation with the composition of the recirculated gas updated after each 
iteration. 
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these equations exhibit near chemical equilibrium. The other equations are 

solved using n standard explicit difference integration scheme. 

l. Conservation Equations and Boundary Conditions 

The following equations describe the free-shear layer turbulent or 

laminar mixing of co-flow:!.ng axisymmetric streams undergoing chemical reac­

tions. For turbulent flow all properties are interpreted to be the mean 

(time-averaged) values. The eddy viscosity, l.J, is then described by one of 

the phenomenological expressions given in Section II.A.S (nomenclature is 

given in Table I). 

Global Continuity 

a 
ax (pu) 

Conservation of SEecies 

aF. 
]_ 

+ pu pv ax 

Conservation of Momentum 

<lu 
pu ax + pv 

Conservation of Energy 

[ ar + dT J = ~ pc 11 -,- v u 
p dx ar ux 

+ 1 
r 

_£__ (pvr) 
ar 

0 

aF. 
1 a ( Le dFi) + ]_ 

-wi ar ar l.lr r Pr ar 

au ~ + 1 a 
(l.Jr au) = 

ar dx r ar ar 

+ (au) 
2 

+ 1 a [~ ~! J ~ l.lr ll 0r r Pr 

(1) 

(2) 

(3) 

Le aT L: 
aF. 

L wihi 
]_ 

+ ll ar Cpi ()r Pr 

State 

p = ~ RT 

i i 

The conservation equations are solved suhje.r.t to the following 

initial and boundary conditions: 
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""""'" 

X 0: u = u (r), Fi = F i (r) , T = T(r) 

0: 
dU C3T aF1 0 r ar = ar = ar 

r -+ 00:. u -+ u Fi e' 
-+ (Fi)e, T -+ T 

e 
(6) 

Pressure is allowed to vary in the axial direction according to, 

p Co + c.1x + C2X
2 · + CsX 

3 (7) 

where co, c1, c2, and C3 are input coefficients. 

2. Transformation to S_~ream Function C:nnrdinatss 

It is convenient to transform the ecp.tations into a streamline 

coordinAte system and utilize the stream function, ljl, as the radial coordi­

nate. The transformation from cartesian (x, r) coordinates to streamline 

(x, 'l') coordinates (which automatically satisfies global continuity, Eq. (1.)) 

is defined by: 

'¥.£.!. 
ar 

From Eqs. (8a) and (8b) we obtain, 

Clr)x ·- P\1.!. 
'¥ 

( d
13x) r = ( aax)'l' 

pur 

- pvr 

(:~)X 
pvr (a13'l') x -ljl-

Introducing Eqs. (9a) and (9b) into Eqs. (2), (3). and (4), gives: 

Species" 

3F. 
1 

ax = 

and, on the axis of symmetry, r = '¥ = 0 

3F. 
1 

ax 

4 

w. 
1 

up 

(8a) 

(8b) 

(9a) 

(9b) 

(lOa) 

.(lOb) 



Momentum 

au 
= ax 

and, on the axis of symmetry, r = '!' = 0 

au 
ax 

Energy 

= 1 ~ + 
pu dx 

c 1 
p 

E£. p~ I + 1 
'!' 

a 
a'!' 

_.£. 
dx 

i 

and, on the axis of symmetry, r = '!' = 0 

aT 
c - = 

p ax 1 E£. + 
p dx 

Pr 

+ 

aT] 
a'!' 

Le aT 
Pr a'!' 

+ 

2: ·C 

i 

- _!_~ hw 
pu L i i 

i 

(lla) 

(llb) 

aF1J 
Pi all' 

(12a) 

(12b) 

The governing set of parabolic partial differential equations, 

(Eqs. (10), (11) and (12)), are rewritten in finite difference form and then 

solved using a forward marching technique. The chemistry terms, wi, in the 

species continuity equations are evaluated via implicit differences; the dif­

fusion terms in the species continuity equations and the complete energy and 

momentum equations are evaluated via explicit differences. The finite differ­

ence equations actually solved are given in Ref. 1; the techniques involved 

are given in Ref. 4. 

3. Chemical Reaction Rate Equations 

Ten ·possible reaction types are currently included in the program: 

Reaction TyEe 

(1) A + B - c + D -
(2) A + B + M c + M 

(3) A + B - c + D + E -
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(4) A + B - c ... 
(5) A + M ~ c + D + M 

(6) A + B -+ c + D 

(7) A +· B + M -+ c + M 

(8) A + B -+ c + D + E 

(9) A + B -+ c 

(10) A + M -+ c + D + M 

Reaction types (6)- (10) correspond to reaction types (J.)-(5). but proceed i_n 

the forward direction only. In Reactions (2), (5) ' (7), and (10), M is an 

arbitr.:try third body. Iu this program, all species are assumed to have equal 

thi~d-body efficiencies; thus, in evaluating w(j), FM = (W)- 1
• The net rates 

of production for all reactions.Ar~ writtQn below, in the fo1~, 
w (j) = RP (j) - RM (j). * 

(1) w(j) = kf p2 FAFB 

(2) . (j) 
w 

w<.i> 
k p3 FCFDFERT 

(3) ~ 

FAFB 
f 

kf p -
K p 

. (j) 
k p3 Fe 

(4) k p2 FAFB 
f 

w ... 
f K RT p 

• (j) 
k p2 FA kfp 3 FCFDRT 

(5) 
f 

w = w K w p 

(n) 
. (;) 
I;J - 1':! k 2 . '1•' J:.' 

f p A B 

.(j) 
k p3 FAFB 

(7) 
f 

w = w 

* The symbols RP and RM are used on the computer output. 
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. (j) 
= k p2 FAFB w 

f 
(8) 

(9) . (j) 
w = kf p 

2 
FAFB 

. (j) 
k p2 FA f 

w w (10) 

To reduce round-off and truncation errors RP(j) and RM(j) are computed 

separately for each reaction. All contributions to the molar rate of produc­

tion of a given species are then computed and added algebraically to form wi. 

The forward rate coefficient, kf, is expressed in the form 

kf AT-N exp(B/RT) (13) 

and K is determined from, 
p 

lnK 
p 

- D.G/RT 

The rate coefficients are current!~ divided into seven types: 

Rate Coefficient Type 

(1) kf = A 

(2) kf AT- 1 

(3) kf = AT- 2 

(4) kf AT-1/2 

(5) kf A exp(B/RT) 

(6) kf = AT- 1 exp(B/RT) 

(7) kf = AT-3/2 

4. Thermodlnamic Data 

(14) 

The thermodynamic properties (specific heat, Gibbs free energy, 

and enthalpy) for each species are input to the program a~ 

(
g.- h29B•) 

cP.'- ~ T 
1 

and (hi- h 298 ) in tabular form as a function of tempera­
l. 

ture. Linear interpolation is used to define thermodynamic properties at the 

local temperature. Such data can, for many species, be. found in the JANAF 
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Thermochemical Tables. 5 Where no such source extsts, these quantities wi.ll 

be estimated in the best way available. (It should be kept in mind that any 

reasonable estimate is almost certainly better than exclusion of a species 

from the reaction scheme.) 

5. Turbulent Eddy Viscosity Models 

The following eddy viscosity models 6
-

9 are incorporated into the 

program: 

Model 1 (Ferri)_~ 

Initial region,* 

p e: = a0.00137 x IP u - P u I o o e e 
(15a) 

Developed region, 

].1 = p e: = aK b 1 I 2 I p u - r 11 I o o e e 
. (15b) 

where b1j2 is the value of r _where pu = (p u + p u )/2 and K is the eddy 
o e e e 

viscosity coefficient, usually taken to be 0.025.t 

Model 2 (Ting/Libby) 8 

p e: = aK rl/211.1 - u I p(fJ0
)

2 

(.!1)
2 

1 o e p r 

where 

2/r (p /p) r' d r' 
0 0 

and rl/2 is the value of n where u = (u + u )/2. 
u e 

* 

(16) 

(17) 

Defined as region upstream of ax~al position where {u - u )/(u. - u ) = 0.95. 
o e J e 

t Most of the models contain a numerical coefficient K which must be deter­
mined empirically. The value K = 0.025, taken from Schlicting, 7 has been 
incorporated directly into the program. This can be changed by the program 
~n.put data via an appropriate value for the additional constant, a, Eqs. 
(15). - (21). 
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Hodel 3 

Initial region, 

= p e: a0.00137 x p lu - u I 
o o e 

Developed region, 

~ = aK r1;2 P lu - u I o o e 

where r1;2 is the value of r where u = (u - u ) /2. 
o e 

Model 4 

Initial region, 

= p e: = 

Developed region, 

~ = p e: 

Model 5*(Ting/Libby) 8 

Initial region, 

p e: 

Developed region, 

Model 6 (Donaldson/Gray 9 

Iulllal tegluu, 

= p e: = 

* 

a0.00137 x p lu - u I 
e o e 

aK r1;2 P e:lu - u I o e 

aK(r1/2- ri) Plu - u l/2 n o e 

(18a) 

(18b) 

(19a) 

(19b) 

(20) 

(16) 

(2la) 

In the program, the specification of Model 5 means that Eq. (20) will be 
used in the initial region and Model 2 (Eq. (16)) will be used in the 
developed region. This is important for re-starting a problem in the 
developed region for which Model 5 was selected to run from x = 0. 
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K 0,0248 (22) 

where M1/2 is the value of the Mach number where u = (u + u )/2 (i.e., the 
o e 

half radius). The speed of sound at the half radius, a 1 j 2 is expressed by, 

(2 3) 

where WA/~ and T~/~ are evaluated at the half radius. In Eq. (2la), r;n is 

the inner mixing zone radius and is defined as the value of r where (~-uP.)/ 

(uj .... u,.) .. 0.95. 

Developed region, 

p e: = aK r 1j2 p I u ·· · u I I 2 
· o e 

(2lb) 

Laminar Flow 

Sutherland's Law 10 is used to describe the viscosity as a function 

of temperature. 

B. GAS/PARTICLE DYNAMICS 

Small particles will (1) follow the gas streamline as they are 

carried along and (ii) adjust rapidly to the temperature of the surrounding 

gas (although phase changes such as fusion may result in sizeable transfers 

of energy to or from the gas). Thus little exchange of momentum or energy 

will occur (with the notable exception of phase change just mentioned). Large 

particles, on the other hand, will slip in the gas and may find themselves at 

a temperature significantly different from the surrounding gas. Thus, to 

treat flows in which heavy particle loadings result in larg~ gaB/particl~ 

interaction, it is necessary to modify the gas momentum and energy equations 

to include this interaction and to introduce the momentum and energy equations 

of these larger particles. The following terms (24) and (25) must thus be 

added to the momentum and energy equations, respectively, (Eqs. (3), (4), and 

(11), (12) to account for this momentum and energy exchange. 
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Momentum 

F f llg 

L pj pj 
(u- upj) - 9/2u (24) 

2 

j pp rj 

Energz: 

[(u- ~J gp. 

(Tpj - T) }25) F f llg c 
9/2u L pj pj + 2/3 __E_ ___:_:}_ 

Pr f 
pp 

2 pj r. 
j J 

The indicated sums are over the particle mass classes. 

The species equations for each particle mass class can be written 

in a form similar to Eqs. (2) and (10), i.e., in (x, r) coordinates 

Particle Species 

= 

or, in (x, ~) coordinates 

1 a ~(Le) 
= qf a~ ~ Pr 

a 
1/r ar (

Le. 
Pr 

(26) 

(27) 

The equations describing the energy and momentum of the particles 

thems~lves ~rP.. the following: 

Particle Momentum 

(28) 
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Particle En.ergy 

c d

1:j) 3 lJ g c g pj 3£cr 
u c _e. 

(Tp j - T) - (Tpj - Tw) '+ 
pj pp 2 Pr r. pp 

PP rj J 
(29) 

For small particles, it can be seen from Eqs. (24), (25), (28), and (29) that 

u + u and T + T. A suitable criterion is now being sought to reduce the 
pj pj 

length of the calculation by excluding from Eqs. (28) and (29) those particle 

mass classes for which momentum and energy exchange with the gas is negligible. 

These small particle mass classes would then be treated in a manner identical 

to that for molecular species. Also to be determined are modelR for the 

estimation of particle diffusivities, p , and heat transfer coefficients, 
pi 

g . These quantities will be functions of the turbulence properties of the 
p. 

J 

flow. Physically, these problemR result from the fact that particles of 

sufficient size will cease to follow fluctuation in the flow and will thus 

(i) diffuse lesR rapidly and (ii) transfer heat more rapidly than would very 

small particles (or molecules). 

C. PARTICLE CHEMISTRY 

1. Nucleation 

In systems in which large supersaturation ratios occur, such as 

those of interest here, it is attr::tr..tive to employ a nucleatiuu model :a in 

which a limited series of Ri.mple gas-phase addi.t:l .. on r~actiono are written 

which result in a "critical nucleus" above which growth to particle species 

with bulk properties is rapid. Such a model recommends itself because 

(i) it fits naturally into the gas-phase chemical kinetics formAt of the 

LAPP code and (ii) it avoids the use of "liquid drop 11 models which utilize 

bulk surface tensions which, for small n-mers (n ~10-10 2 atoms), are diffi­

cult to justify. Such a model has recently been proposed and used to treat 

iron particle nucleation in shock-tube studies in which Fe(CO) was thermally 

decomposed. 
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The model is described in detail in Ref. 3. Briefly, for silicon 

nucleation, a series of reactions is assumed to occurt: 

Si + Si :;! Si* 
n n+l 

(30) 

* Si·n+l + M + Sin+l + M (31) 

The lifetimes of the transition complexes (Si)n+l increase with n and thus the 

kinetics change from three-body to two-body as n increases. A simple hard­

sphere model is assumed to obtain a rate coefficient for the forward three­

body overall reaction rate coefficient 

Si 
n 

k 

+ Si + M 
·k 

f ,n 
...... ..... 

r,n 

+ M (32) 

and the backw:ard reaction rate coefficient is obtained by estimating the 

standard condition free en.ergies for the n-mers and using 

k 
~ 
.k r,n 

~G 0 (Sin+l)- ~G~(Sin)- 6G
0
(Si)] 

RT 
( 33) 

The use of this model leads to a definition of a "critical nucleus" for that 

n = n* at which k = k = k = k At n* a "bottleneck" is f,n f,n-1 r,n r,n-1· 
observed in the n-mer concentration. Above n* n-mer growth is rapid and 

individual species concentrations are relatively decreasingly dependent on n. 

Below n*, the n-mer concentration decreases rapidly with increasing molecular 

weight; growth is slow due to the bottleneck aL n*. 

The application of this model provides a source for particles. Once 

n-mers pass through a size, say five atoms above the critical size, they will 

be considered as particulate matter which has the dynamic properties of the 

t Only monomer addition need be considered since Fsi>>Fsi
2

• Also, more com-
plicated reactions such as, e.g., Sin+ SiC1 2x + Sin+l + xCl2 will not be 
considered until this basic model is developed. Also the possibility of 
polymer formation (SiClx)n can be treated if analysis of products from experi­
ments indicates that such species are prevalent. 
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bulk material. If ~s and ~s are rates of creation of particles with masses 
p 1 P:z 

m1 and m2 by nucleation and m 1 < mn* < m:z, then the following equation 

dcscrilwl:j particle fornwtion 

w = 
Sin*+S 

where R
5

. is a fraction given by 
1
n*+5,1 

Rs. 
1 n*+5,1 

which is chosen to conserve mass and particle number. 

(34) 

(35) 

Work on determining the rate coefficients for n-mcr growth and the 

thermodynamic properties of the n-mers using the model of Ref. 3 is proceed-· 

ing. The next step will be the actual coding of this model and the coagula­

tion model described below. 

2. Co~gulatio~ 

The coagulation model to be used is described fully in Refs. 2 and 

11. The model assumes that particles coagulate as a result of random motion 

brought about by diffusion (both Brownian and turbulent) or by inertial 

effects 1n which the particles have non-zero, mass-dependent average veloci­

ties relative to the gas brought about by gravity, large scale rotational 

motion,or strong shearing of the gas. To formulate the model, particles are 

divided into mass classes {mi}i=l,r where 

m. 
l 

= 
i-1 

a m1 (36) 

The factor a should be as small as possible for accuracy; because of calcula­

tion time considerations it will probably be set at 10 which results in a 

rather minor overestimation 2 of the rate of growth of the particles. The rate 

of formation of particles of mass m1 via coagulation is given by 
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r i 

I + I sij K .. R .. 2 F F p 
1] 1] pi pj 

j=l j=l 

Si l . K. l . (l-RiJ.)p
2 

F F 
. - ,J 1- ,J pi p j 

+ 
j=l 

The fraction R .. , required to insure mass conservation, is given by 
1] 

R •. 
1] 

= 
mi+l - (trii + mj) 

mi+l -:- mi 

(3 7.) 

(38) 

Sij is a factor which insures correct counting when particles of the same 

mass collide 

s .. 
1] 

= 
{ 1/2 

1 

1 -= j 

i =I j (39) 

The rate coefficients for c?agulation, K .. , are sums of coefficients repre-
1J 

senting the various operative mechanisms, i.e., Brownian diffusion, 

turbulence-enhanced coagulation, coagulation due to the sedimentation of 

heavy, large particles, and shear-enhanced coagulation. 

K •. 
1] 

= K~: + 
1] 

+ + 

Brownian Coagulation 12 

Br . ~ r. + r. 
47T(r. + l'.)(D. +D.) :t. 

K .. '-'6 l ri + o .. + 
1] 1 J 1 J + r. 

J 1] 
.. 

where D. is the particle diffusion coefficient 1 

D. v [1 + 1.26 ~ + 0.4-~ .exp 1 67T J.l r. ri r. 
g 1 1 

cij is the mean l.'elatlve particle velocity 

G •• = [ (;i + ~) Bk/] 
1J 
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(- l.~gri)] . 

1 I 2 

(40) 

(41) 

(42) 

(43) 



oi.j is a particle mean free path 

oiJ = (62 + 02)1/2 
i i 

8. 
21/2 TI Gi 

[(2 + 
8 Di )3 - (4r~ + (: :~)') '''] = 48 r. 

]_ Di ri ]_• TI Gi 

The following simplified expression will be employed for certain cases: 

For large particles with 

KBr 
ij 

If Kn J, << 1 and Knj >>1 

f'or Krt and Kn. >> 1 
i J 

Kn. = >..g << 1 
]_ r. 

), 

2 kBT 
(r. + rj) (_!_ + l) ~ 

3 )J l.. ri r. 
g J 

KBr ff( + r )2 G ij ~ II ri j ij 

The>> sign in this case tentatively means ~ a factor of 10. 

Turbulence-Enhanced Coagulation 13 

Kturb 
i.i 

where E0 , the turbulent energy dissipation rate per unit mass is given by 

Eo = 

For consistency the length scale 1 used in Eq. (SO) is that used in the 

turbulent eddy viscosity model chosen (Section II.A.S). 

Gravitational-Enhanced Coagulation 12 

g 
K .. 

l.J 
= 

16 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 

(51) 



where 

and 

6 .. 
l.J 

v . g,J. 

= (1 

r min 

r max 

r 2. 

+ rmin) 
max 

r· = 

r.' 
·J 

1 
r ·. 1 + mJ.n 

i < j 

i > j 

i:::::::... j 

i ::::::..· -J 

r max 

r. ~ 25 11m 
l. 

and, for very large particles (ri > 25 ~m), v . must be found by solving g,J. 
Eq. (56) 12 

' 

V .s/.3 + g,J. 

Shear-Enhanced Coagulation 14 

Sh · 
K ... = 

l.J 

ll 
12~ 

r. p 
l. 

v . 
g,l. 

dU 3 
4/3 ~ (r. + r.) 

or 1. J 

8 
3 

p r.· 
p l. 

p = 0 

(52) 

(53) 

(54) 

(55) 

(56) 

A code 2 (CRAM) implementing the model, but without turbulence or 

shear-enhanced terms already exists. It must be recoded to include these 

effects and .to mate it to the nucleation model. 

I I I I CONCLUSIONS 

Documentation for a recent version of the.LAPP code 1 has been developed 

to allow the extensive modification required for efficient performance.· 

Equations for particle/gas interactions (dynamics) have been developed which 
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are suitable for inclusion into LAPP. A nucleation model 3 which fits naturally 

into the LAPP reaction kinetics format has been selected and the rate coeffi­

cients and thermochemical information necessary to implement ·j t for the case 

of Si particle formation are being computed. A particle coagulation model 2 

and a code implementing it are available. The effects of strong shear and 

turbulence on coagulation must be included and the code mated to LAPP. 

IV I PLANS 

During the next quarter the nucleation and coagulation models will be 

coded and inserted into LAPP. The particle/gas interaction equations will 

also be inserted. It is anticipated that the code containing these models ~ill 

be run with a simple gas-phase kinetics model frir the formation of 51 (gas) Dt 

the SiC1 4 /Na/H 2/Ar chemical system. This model will include simple Cl abstrac­

tion reactions 

SiC! + Na + NaCl + SiCl l x x-
(57) 

as well as the usual reactions among species such asH, Cl, H2, Cl2, NaCl, and 

HCl. It will be assumed, as indicated by observation of Na/SiC1 4 flames, that 

processes represented by Reactions (57) are fast (gas kinetic) and thus the 

reaction will probably be mixing rate limited. (Since modeling the mixing, 

is, at best, an art, as indicated by the number of models for this process 

included in the code, there will be reliance on experiment to select the 

most reliable model. Any of the models will, however, give a semi-quantitative 

estimate of what can be expected for a mixing rate.) 

Also during the next quarter, modeling efforts will be chiefly concerned 

with developing equations describing condensation onto and evaporation from 

particles in turbulent flows. The physical problem to be addressed here is 

that (i) for very small particles, evaporation and condensation will be rate 

limited not by the rate of diffusion to the particle surface, but by the sur­

face chemistry process itself, (ii) for larger particles, diffusion may become 

rate limiting until (iii) the particles become too large to follow the gas­

phase velocity fluctuations at which point surface rates may once again become 

important. Solving this problem, i.e., determining the particle sizes for 
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which changes in the rate limiting mechanism occur and writing the appropriate 

equations, will also bear directly on m~deling of heterogeneous reactions 

(which will be treated later in the program). 

V. NEW TECHNOLOGY 

No reportable items of new technology have been identified. 
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~G 

G .. 
1] 

h 

hB 

kf 

kr 

K 

K 

K .. 
lJ 

Kni 

Le 

, TABLE I 

NOMENCLATURE 

defined by Eq. (23) 

constant in expression for kf (see Eq. (13)) 

defined under Eq. (lSb) 

activation energy (see Eq. (13)) 

specific heat of mixture (l X Cpi) 
i i 

specific heat of ith species 

diffusion (Brownian) coefficient for particles, ith mass class 

ratio of actual drag coefficient to Stokes flow drag coefficient 
for particles, ith mass class 

defined as Xi/W(=Yi/Wi) in units of, e.g., molecules of ith 
species per gram of fluid 

number of particles per gram of fluid, ith mass class 

Gibbs free energy of ith species at standard state (1 atm) 

ratio of actual heat transfer coefficient to that for Stokes 
flow, ith mass class particles 

change in standard Gibbs free energy for a reaction, ~ (gi) 
products - l (gi) reactants i 

i 

particle velocity 

enthalpy of mixture 

enthalpy of ith species 

heat of formation of ith species at T 

Boltzmann's constant 

forward rate coefficient 

backward rate coefficient 

eddy viscosity coefficient 

298 K 

eddy viscosity coefficient for. Donaldson/Gray model (see Eq. (22)) 

coagulation rate coeffi~ient 

Knudson number of particles, ith mass class 

equilibrium constant 

Lewis number (laminar or turbulent) 
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p 

Pr 

r 

Re 

u 

v 

v . g,l 

.(j) 
w 

w 

X 

Greek 

a 

o. 
1. 

mass of particles, ith mass class 

Mach number at half radius, defined under Eq. (22) 

tempcrnturc exponent in rcnction ra tc equation (Eq. (13)) 

static pressure 

Prandtl number (laminar or turbulent) 

coordinate normal to jet centerline 

particle radius, ith mass class 

inner mixing zone radius 

defined under Eq. (18b) 

defined under Eq. (17) 

universal gas constant 

Reynolds number 

static temperature 

particle temperatur·e for ith mass class 

wall temperature 

x component of velocity 

x component of particle velocity, ith mass class 

r component of velocity 

particle sedimentation velocity, i.th mass class 

r<1te of production of ith ::;pecies 

rate of particle productio~ ith mass class 

rate of production from .i th re-F\ction 

molecular weight of mixture ( :1 F i) -l 
i 

molecular weight of ith species 

coordinate parallel to jet centerline 

mole fraction of ith species 

mass fraction of ith species 

constant for external control of eddy viscosity (see Eqs. (15) 
to (21)) 

particle mean free path,ith mas::; class 
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£ 

Subscripts 

e 

i 

j 

Miscellaneous 

eddy diffusivity for turbulent flow; defined as ~/p 

defined by Eq. (15) 

molecular mean free path 

eddy viscosity for turbulent flow 

molecular viscosity 

kinematic viscosity 

gas density 

particle density 

emissivity 

stream function 

evaluated at edge of mixing layer (free stream) 

ith species 

value at nozzle (jet) exit 

particle mass class i 

evaluated at axis of symmetry, r = 0 

absolute value 

partial derivative with respect to a; y being held constant 

summation over i species 
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