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ABSTRACT

A theoretical analysis of aeroso! nucleatlion and condensatlional
growth Is developed. A growing aerosol depletes the surrounding vapor,
leading to the development of a spherically symmetric radial distribution
of monomer partial pressure. A symmetric radlial temperature profile Is
simuitaneously developed due to release of latent heat of condensation.
These local perturbations are analyzed to determine the total effect on
the nucleation rate. The analyslis forms the basis for building an
experimental reactor for production of large particles of silicon for
semiconductors and photovoltalc cells. The large size of the silicon

particles facllitates separation and processing of the product.



CHAPTER 1
INTRODUCT I ON

This thesis has been organized In two major sectlions. The initial
chapters are devoted to the analysis of simultaneous nucleation and
aerosol growth by condensation, and subsequent chapters deal with the
applicatlon of the theoretical analysis to the development of an aerosol
reactor for sillicon production.

Nucleation and condensation are phase transitions which play a major
reiz in Initiating aerosol formation and growth. Although heterogeneous
nuciel are usually present, homogeneous nucleation can be the prevalling
mechanism In phase changes. Examples»are: combustion generated particles,
aerosols condensed In supersonic nozzles (1) and shock tubes, In the
formation of ceramics (2), In direct coal combustion (3) and In chemical
reactions (4) where Involatile products are produced.

The theories of homogeneous nucleation can be divided Into two major
groups (5), the classlical Volmer-Becker-Doering theory (9,10) and the
Lothe~Pound formulations (11). Experimental results have Indicated that
data from a class of vapors agree with the Classical theory (water,
ethanol, toluene); data from some others agree with the Lothe-Pound theory
{Ammonlia, lron).

The rate of new particle formation by homogeneous nucleatlon Is, In

both these formulations, assumed to be unaffected by particles In the gas.



Forelgn particles or particles formed by prlor nucleatlon act as sinks for
vapor that might otherwise contribute to nucleation., Pesthy, et al. (6)
have recently shown that the average nucleation rate Is proportional to
the product of the Initlal undisturbed, or intrinsic, nucleatlon rate and
a term which Is dependent largely on the volume fractlon of aerosol
present In the system. The nucleation rate for dibutyl phthalate was
predicted to quench gradually, effectively ceasing when the fraction of
vapor condensed into aerosol apprbaches 5 to 9%. Pesthy and coworkers
treated the case of the formation and growth of particles In the continuum
size range. Although this assumption may not lead to serlious
discrepanclies for condensation of organic vapors |lke dibutyl phthalate at
ambient temperatures, nucleation generated particles often remain in the
free moleculér or transition slie range for long times. Examples include
combustion generated soot and ash fume aerosols, and sulfate aeroscis
formed under dry atmospheric conditions. Even when particle growth Into
the contlnuum size range does occur, most of the dynamic processes may
take place In the free molecular and transition regimes,

In chapters 2 and 3, an extension of the analysis of Pesthy Is
developed to explore the interactlon between nucleation and particle
growth In the free molecular and transition size ranges and an analytical
criterion for control of nucleation Is obtalned.

The theory of simultaneous nucleatlion and aerosol growth Is then
applied to the design of an aerosol reactor for the production of sllicon
for photovoltalc and other semliconductor applications. A common feature
of many of the methods for productlon of high purity silicon Is the

conversion of metallurglcal grade siilcon to volatile compounds such as
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slllcon tetrachlioride, di- or tri-chlorosilane, other halo-sl{anes, or
silane. Distillation methods are then used to remove the Impurities from
these materials. Once the volatile species have been purlfied, the
precursor compounds are reacted fo produce solld slilicon., The
conventlional Siemens process for producing sillcon involves direct
chemlcal vapor depositlion on a heated substrate. The vapor deposition Is
siow due to mass transfer limitatlons. The slow deposition and large heat
losses make the sllicon produced by this method quite expensive. Never-
theless, Siemens=-type reactors, Ilke the bell Jar reactor shown in Flg. 1,
currently ac¢oun+ for the vast manrlnyof the silicon produced for semi-
conductor applications.

Entralned bed or "free space" reactors have been considered as an
alternate method for slljicon produc?lpn. The Jet Propulsion Laboratory
(7) and Unlon Carbide (8) have e%bérlmenfed with free-space reactors
(Fig. 2) designed to generate a sillicon powder by the thermally Induced
decomposlition of silane gas. The pyrolytic decomposition of silane Is
sufficlently rapid at high temperatures (600 °C to 1000°C) that efficlent
converslion of silane to condensed phase products can be achleved In a few
seconds or less. Much of the effort In the Union Carblde and JPL projects

was devoted to growth of product particles sufficliently large so that

simple processes |lke the cyclone illustrated In Fig. 2 can be used to~

separate the particles from the gases. In spite of these efforts, the
silicon powder generated by the JPL and Union Carblde bench scale reactors
consisted of particles in the 0.1 to 0.5 micron size range. ’§uch smal |
particles must be separated from the carrler gas by filtration since thelr

terminal settiing velocitles are below 1mm/sec and thelr aerodynamic
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relaxation times are well below 1 msec. Thls Introduces serlous problems
in particle collection, fransport and melting, and greatly Increases the
risk of contamlination, it Is therefore, desirable to produce larger
particles In a free space reactor.

At the operating conditions of the JPL and Union Carblde Systems, the
products condense homogenzously to form & large number of very small
particles which then grow by heterogeneous condensation and coagulation.
~To grow large particles of silicon, !t Is requlred that homogeneous
nucleation be substantiaily reduced, while promoting heterogeneous
condensation, The analysis developed for controi of nucleation indlcates
how a reactor should be opeiraied o grow large particles by pyrolysls of
sllane. The design of the @esrosol reactor Is discussed In Chapter 4. The
experimental reactor and axperimental results =re described In chapter 5.

The final chapter (6) is :devoted to discussion and conciusions.
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CHAPTER 2
SIMULTANEOUS NUCLEATION AND CONDENSATION

2.1 Introduction

The local perturbations on nucleation rates due fo an aerosol growing
by condensation are due to the changes In the vapor concentratlon and the
temperature profliles around the Individual particles. In order to
determine the change In nucleation rates, it Is necessary to determine the
vapor concentration and temperature profiies In the region surrcunding =
growing particle. The problem Is unsteady, but It Is possibie o {iad
analytical solutlions to a quasi~steady-state. The results are ihen
combined with particle growth laws fo predict the time evolution or ‘the
aerosol produced by the vapor., Stationary nubleaflon Thaory s sssuinse 10
be applicable to the region in the vicinlty of the particles. s saali
{imit our consideration to dllute systems In which the partial prassure of

the condensing vapor Is small compared to the total pressure.

2.2 Homogenous Nucleation

In a system contalning supersaturated vapor, condensation will occur
on free surfaces. At the same time, clusters of vapor molecules wiii form
by colllslons between the molecules. Of these, the smaller clusters tend
to evaporate while the larger clusters tend to grow, so supersaturated
vapor Is In a metastable state. This Is Illustrated inFig. 3 where the
variation of Gibbs free energy AG Is plotted as function of c!usfer slze
g. AG flrst Increases with g, reaches a maximum at g* and fheh decreases

contlnuously. The maximum is attained due to a balance between the volume
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and surface free energles. Once a cluster reaches the critical slze g*,
it grows rapldly by condensation. Therefore AG = AG* 1s the condition
for onset of condensation.

The fclassical! theory for the steady state rate of nucleation has
been developed by Frenkel (12), Zeldovich (13), Volmer (14), Becker=-
Doering (15) and others., In the classical formulation two major assump-
tions are made: (1) the flat fllm surface tension Is used to describe the
surface energy of the vapor clusters, and (I1) the clusters are assumed to
be at 'rest', undergoing nelther translatlional nor rotational motion. The
results of this theory are presented In Table 1(a).

The classlcal theory was further modifled by using statistical
mechanics to eliminate the two aforementioned assumptions. These methods
have been developed by, among others, Abraham (16), Kuhrt (17) and Lothe
and Pound (18). The non-classical formulations are shown in Table 1(b).
These formulations predict nucleatlion rates as much as 1012-1018 times
higher than the classical theory.

Experimental data Indicate that the classical theory resuits are more
accurate than the results of Lothe-Pound theory for some Ilquids (water,
methanol, octane etc.), and for certaln other liquids (ammonia, Iron) the

opposite Is frue.

2.3 Boundary conditions for condensation

The condensation flux to particles In the continuum size range Is
easily calculated as a diffusive flux. For particles which are not In the
continuum slize range, l.e, when the dimensions of the pa}flcle are

comparable to or less than the mean free path of the condensing vapor
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molecules, the theory must be modifled.

The rate of condensational growth of a spherical particle of radius a
_is a function of the Knudsen number K, = AA/a, where Ay is the mean free
path of the condensing vapor. For Kn << 1, the transport processes are well
described by the continuum theory. 1In cases where Kn >> 1, i.e., the free
molecular regime, the kinetic theory of gases may be readily applied. For
intermediate values of Kn, only approximate descriptions of the transport
processes are possible.
Jeans (3) showed that the effective mean free path AA in a binary

mixture of species A and B is given by

M= { TP N Pponst (142)1/2] }'1
where PA and PB are the partial pressures, o is the collision diameter
for binary collisions between molecules of A, and Cpp for collisions between
molécuTes of A and B. Z is the ratio of molar weights, i.e., 7 = MA/MB.
In the particular case being considered PA << PB’ i.e., the background
gas pressure PB ~ P, where P is the total pressure. Conseguently the

expression for AA simplifies to
=P
- 2 1/2Y -1
It also follows that

7P -1
)‘B ={ T UBBZ ‘J?} (2)



From Eg. (1) and (2),

2 _ o8 a7
A OBBz Z

and since Upg = (GAA$GBB)/2

A o] 2

B-'I( AA) 1+2

s / (3)
AA 4 CBB 2

It is possibiz to recast egn. 3 in terms of the kinematic viscosity Vg

of the species B,

™ 1/2

- B .8
"B"’s(“z“rﬁ> =5
B

where Vé = (§§1§%/2 is the mean velocity of molecules of B. Similarly

the mean velocity of molecules of A is given by

A (%{%)”2 ()
Transport processes at intermediate values of the Knudsen number

may be described approximately by the flux matching method (4). This

method has besen used to compute the rate of growth of particles by con-

densation and adsorption, and heat transfer between the particle and the

surrounding gas. In the flux-matching method, the region surrouﬁding a

spherical particle is divided into two parts by a concentric boundary sphere
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which is located at a distance & from the particle surface (Fig. &).
Within this boundary sphere the fluxes are described by the kinetic
theory résu]ts for the free molecular regime. Outside the bouﬁdary sphere
the fluxes are described using continuum transport theory. The fluxes
calculated by the two methods are then matched at the boundary sphere.

If the fluxes are matched at the particle surface, i.e., 2 = 0, the flux

of mass I to the particle surface becomes simply (5)
I = (1 + E-C-. )-] (5)
i
c

where the subscripts ¢ and fm denote continuum and free molecular fluxes,
respectively. The ratio of the free molecular mass flux to the continuum

mass flux may be written (5)

1
c _
T = gKn

fm

where B is a parameter whose value will be determined in subsequent

equations. So Eg. (5) becomes

.%....: (1 + BKn)-] (6).
C

Similarly the heat flux may be described by

Q . -1
Qc (! + YKH)



(a) (b)

Flgure 4. lllustration of the flux matching method
(a) Boundary sphere and vapor concentratlons.

(b) Vvapor concentration as a function of radlal dlstance.

91
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B and y relate the continuum transport properties DAB and KT to the
free molecular transport properties given by the kinetic theory of gases (5,6).

The relationship is given by

a4p,
4 KT
Y “g;é""@m 3 (8)

AVgPlig= ¥ 3)

Fuchs and Sutugin (5) assumed B = 4/3 in their calculation of condensational
growth rates in the transition regims. Davis and Ray (7) have recently shown
that this assumption can lead to subutianiizl errors in the mass transfer rates
since the dependence of the mass flux on the molecular weight and properties
of the condensing species is negiecied , ”

The diffusivity of the binavy sys%éﬁ (A,B} and the thermal conductivity
of the major species B must be known if more precise values of B and v
(Eqs. 7 and 8) are to be used. Using a<Leonard-Janes interaction potential,

these transport coefficients become {6):

Dpp = ]'8824X10~22 "?3 (1 +72) mzlsec (9)
AB Po P 0 (1,1} ZMB : -
AB AB
-22 C g
_ 8.3264x10 4 B 3 T W, o
o S A ) (5 % +5)\/MB /m*K (10)

BB ™ BB
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where the collision integrals Q£;'1) and Ség’z) are functions of the

reduced temperatures, TAB = —%ig and TBB = %%E, respective]y. fAB'and
cgg are Leonard-Jones parameters. CvB is the molar specific heat of B.
For diatomic gases Cv = 341. Thus B and y become
g =1.1784 ‘*Z%) (11)
Q’
C AB
.73 BR 'E) 1+ %An/opp T+ (12)
Y C (2,2) Z
vB 4 1 4 Q BB
R "2

For a specified binary gas mixture, B and vy are weak functions of
temperature. Since the temperature variation in the vicinity of a growing
particle is small, we shall assume B and v are consiants in this analysis.
The mass flux predicted using Eqs. (5) and (11} is compared with
experimental data of Davis and Ray (7) in Fig. 5. The theoretical

fomaulation of Sitarski-Nowakowski is also shown (8}, and corresponds to:

3(1+2)? }
1 _ Kn {1 + Z(3F 52 Kn (13)

1. (1,1)
fm 83.)AB + 1+22 +l Kn + 9(1+2)? ki
3n(1+2) " |m(3+5z) ~ 2 '

The Fuchs-Sutugin formulation is the expresssion:

I 10.75 Kn (1 + 8.064 Kn) (14)

1, ° ° ° £

m
In Egs. (5), (13) and (14), the mean free path (AA) for DBS vapor. in N2 gas
has been used to calculate the Knudsen number, and Qéé’l) was calculated to

be 1.34 for'DBS/N2 at 293°K (6,7,9).
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It can be seen from Fig. 5 that the flux matching approach underpredicts
the experimental values by less than 10% over the entire range of Knudsen
numbers. This approach, therefore, predicts mass flux reasonably well.

The Fuchs-Sutugin equation gives quite a good agreement with the dgta.
-particularly for Kn<0.1. The Sitarski-Nowakowski equation underpredicts
the flux substantially in the regime Kn> 1.

The flux matching method with the boundary sphere located at the
particle surface makes it possible‘to describe the composition and temperature
fields in the region surrounding the particle using the continuum transport
relationships. The boundary conditions at the particle surface are derived

by matching the continuum and free molecular fluxes.

Consider a particle of radius a with surface temperature TQ and vapor
concentration Xp = Xpo (Fig. 4). Far from the particle, 7 = T.» Xp = i e
At the boundary sphere, let XZ = Xp. At 2 = 0, the vapor Flux matching

implies

47TDa(XA°: X"\) = asz(XR' XAO) (15)
where D denotes the binary diffusivity DAB'
ap A
Using the relations B = ——— and Kn = —, the value of x; for £=0 is given as
AV a A
A'A
- = gKn
Xg = Xpo * (Xa™Xp0) Tipxm (16)
Since PA << PB’ it can be assumed that the heat cenduction occurs mainly
through the background gas rather than through the condensible vapor.

Matching the free molecular and continuum heat fluxes yields

4ma k(T -T7) = ma’ VB(EK—B + ’7) (r - To) P | (17)
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C
Since Ky = 4 YA VB T R -2) .
we obtain
= - XKn
T To + (T To) THyKn (18)

Transport of vapor and energy to the surface of the particle may now
be evaluated using the continuum transport equations subject to the

boundary conditions x; and T° at the particle surface.
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2.4 Nucleation Rates in the Presence of Growing Particles.

The classical treatment of homogeneous nucleation involves the
;omputation of the intrinsic nucleation rate, J_ (number of pari1c1es
}ormed per unit volume per unit time) based upon the mean vapor concen-
tration. Pesthy et al. (2) have recently shown that, once some particles
have been formed, the reduction of the vapor concentration in the region
surrounding the particle by diffusion to the particle surface can sub-
stantially reduce the total rate of homogeneous nucleation. Following the
approach of Pesthy et al. (2) we may define a clearance volume for use in
the evaluation of the average nucleation rate. Consider a particle with
radius a at time t. At large radial distance, r, the vapor pressure is
not perturbed by the particle, so the nucleation rate approaches the
intrinsic rate, J_. Nearer to the particle surface, the nucleation rate
is a function of radial distance, J(r). This is illustrated in Fig. 6.

The clearance volume is the volume inside the radial distance pa
defined such that, if the nucleation rate in the region from a to pa is
taken to be zero and that beyond pa is taken to be J_, the total nucleation
rate equals that determined by the exact volume integration. Thus, we

have

J J(r)anridr = I 3_amrldr (19)
a pa

Since J(r) = 0 for r < a, the integrals may be written as

[ J(r)amridr = I 3_anrPdr (20)
J
pa
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The dimensionless clearance volume may be explicity evaluated as

o3 = .:-3[ (1 - %f)-) rldr (21)

In terms of the dimensionless radial coordinate

_ r
y= 2(T+8Kn) (22)

Eq. (21) becomes
o = 3('I+8Kn)3f (1-ptl) oy (23)

For an ensemble of particles, the regions of influence of adjacent particles
may overlap. The appropriate 1imit of integration is, therefore, a finite

radius re. We may write
r

C
a(1+BKn)

p3 = 3(1+5Kn)3 . (1 - JS t ) yzdy

The fractional reduction in the overall nucleation rate due to a growing
polydisperse aerosol may be estimated by computing the fraction of the volume
in which nucleation is quenched. This total fractional clearance volume, §,

is calculated by integrating over the particle size distribution function, i.e.,

Q= jg-ﬂp3a3n(a,t)da (24)

©



25

In the 1imit of small Q, the volume average nucleation rate is

Jyy = e (1-0) (25)

As Q increases, the average nucleation rate approaches zero. A detailed
treatment of the final stages of nucleation quenching taking into account

the spatial distribution of particles and overlapping regions of influence,
is beyond the scope of the present analysis. Instead, the average

nucleation rate will be approximated by

J.(1-) : 0<@a<1
Jay = (26)

i.e., nucleation is assumed to be completely supressed for fractional clearance

volumes greater than unity.
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2.5 Concentration and Temperature Profiles.

The chemical species and energy conservation equations may be:501ved
subject to the boundary conditions derived by flux matching at ihe part1c1er
surface, Eq. (16) and (18), in order to compute the vapor concentration
and temperature profiles in the region surrounding a growing particle. The
problem is unsteady, but can be simplified since the time scales for
nucleation, vapor diffusion, energy transport, and particle growth are
widely different. This is illustrated in Table 2. For the vapors of
interest to the present discussion, the time scale for heat conduction
in the gas, Tes is much shorter than that for conduction within the particle.
Most of the heat can, therefore, be assumed to be conducted away from the
particie. The development of vapor concentration and temperature profiles
will occur on similar time scales. The time required for particle growth
4s much longer than the time for relaxation of the temperature and composition
fields surrounding the particle. For this reason, fluxes to the particle
may be described by a quasi-steady¥state model of trénsport into the gas
surrounding the particle.

The classical treatment of homogeneous nucleation predicts the rate
of new particle formation after a quasi steady cluster population has been
established. Collins (10) derived the following expression for the time
lag 14, in developing this steady state population of clusters in self-

nucleation:

o ‘/ ZTrMART

=4 -
" (Rr) PA(an)Z

Ton
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Table 2. Characteristic times for growing particle processes.
Heat Conduction [Heat Conduction Vapor Particle
in Air in Particle Diffusion Growth
Charagteristic
Time 2 ,2 K: c 27 (1+8kn)
T — = 1 — - —_——
O c d D cDxAoo
/1 1 o or che(1+sKn)
y oy e B
d A
Typical Values of T/Tc in Air
Water 1 145 0.86 > 10°
Organics 1 200 2-4 > 102
Metals 1 n 5 1.5 > 10*
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For most vapors of interest, the characteristic nucleation times
are very small compared to the time scale of particle growth, so that
steady state nucleation theory may be applied.

The steady state mass, chemical species,and energy conservation

equations are:

*
LS (V) =0 (27)
r
« g 2%
v —r—-gv;-z'd—‘: (!" 'a-;;") (28)
a1 _ 1 d { 24T
CV'a-F “T:Z"d? (T @a?) (29)

where the mass and chemical species conservation equations are written in
molar units to take advantage of the simplification which the constant molar
density affords in calculation of the molar average radial velocity, V*. r
is the ratio of specific heats, CpA/CpB.

The mass balance for the particle is

2, Cq %i-(%-na3) =0 (30)

va
C o Ta

The particle energy balance may be written

* 2 dT
cVo BH, (4ma®) - K

T dar 16(4‘"&2) = 0 (31)

Equations (27) and (28) are solved subject to the bohndary conditions
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The moiar average velocity at the particle surface is then found to be

1-x
*_ D A .
Vo =~ n (T_—)'q;) (32)

Limiting oaur consideration to a dilute system, Xpoo << 1, and utilizing the
flux matching condition, Eq.(16); Eq. (32) may be written

V* 5 2 (XA"O-XAO)
a

o T+8Kn (33)

Substituting into Eq. (30), the particle growth rate becomes
da _cD (, _
a(1+gKn) i3 <, (wa on) (34)

For binary system containing a dilute vapor, the mass average velocity

is related to the molar average velocity by

*MA

VeV ow (35)

For a dilute vapor, Eq. (33) and'Eq. (18) may be combined with Eq. (29) to
“obtain

T+yKn

KT(TO'Tw) - Achv( A Ao) 1+8Kn

(36)
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Eq. (36) will be solved to determine To. It is important to note that,

because of the Kelvin effect, the equilibrium concentration at_the surface

&
a0

Xpo st (Tol® (37)
where
2ov
¢ =

The time dependent vapor concentration and temperature profiles may

now be determined by solving the full conservation equations, viz.,

ox X X
AL vc%A_ D a (2%

EI A T (" ‘—r) (38)
T 5T _ %7 s (23T

----!,‘+?§V--—,,_—---—r.2 = (r = ) (39)

Xp = Xp s T=T at r = a(t)
(40)
Xy =Xy o, T=T atr-e

L]
1]

. 41
Xg =Xy . T=T, att=0 (41)
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The complications introduced by the moving boundary, a = a(t) may
be simplified by rescaling the radial coordinate. Pesthy et al. (2)
used r/a(t). The present problem requires the radial coordinate defined
in Eq. (22), i.e., y = r/[a{1+8Kn)],in order to account for the Knudsen

number dependence. Equations (38) and (39) are then transformed to

a2(1;skn)2 izA A ,{y a(1+gKn) sa , 1 XA="%po } 3%y

ot ;,7 (1¥8kn)2{ 3y
12 ()2 ffg) (42)
Z3w Y By
Yy
My, (xp =Xp.)
(1+BKn)~ 3T a(1+BKn) sa D A TAc TR0’ oT .
o y a ot i?' o ﬁg' (T+BKn)< oy
12 (23 (43)
AR AT

Defining parameters A and B as

= %-%—»(wa-on) (43)
(XpeXpo) |
B = (45)
' (l+BKn)2

equations (42) and (43) become L

X
B4 %A _ ] y2 A 46
—[2Ay+—zy13y —hy( - (46)
M
Bz Ay 3T _Le 3 (23T 47)
-—'[2“5'*;%‘@337‘;2 T (
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The initial and boundary conditions are now given by,

) 1

= ¥ = b -

Xp = Xq o ™Aty =
XA -+ XAoo s T = Too as y +

Xp = xA°° s To= Tm at9=20

(48)

(49)

The new time scale for the quasi steady state, 6, is defined such that

I :ngﬂﬁimfm (50)
&(1+8Kn)
6 may be calculated by foizgrating Eq. {50) over the particle history. The

particle growth vate i: siven by Eq. {34) which may be written in the form

Q.!Q_

o
138

<]

——

3

<

=3

where A is the dimensionlisss growth parameter given in Eq. (44). Recall

that Xpo = X

Sat(TO)eX$§§%w§ and that the radius of the freshly nucleated
a

particle is

a* = Zovm/(kTQ1ﬂS) = ¢/(T0?n5)

It is obvious, therefore that A = 0 when a = a*. In the nucleation
theory, it is assumed that the droplet current is independent of cluster

size. Thus, the nucleation rate is the same for particles somewhat

(51)
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larger than a*; and for particles of size somewhat greater than a*, it
is reasonable to assume thgt Xpo & xsat(To)’ so that A is independent
of the particle radius, i.e., the Kelvin effect is neglected. Equation (51)

may therefore be integrated to yield

a?(1+BKn)? = 4ADt + a*? (1+ BKn*)? (52)

A
where Kn¥ ==3é, and a = a*at t = 0.

Substituting Eg. {52) intoc Eq. {50), we get

i =  pdt |
= 5 7
8ADE + a*C(1+BKn*)

Setting 8 = 0 at t = 0 and integrating, the time scale for quasi-steady

particle growth beucomes

-

1 4Dt
8= 1In {1 + (53)
A a*? (14gKn*)2 }

Near the particle surface, the convection terms are small compared to

the other terms, and the Eqns. (46), (47} are approximated by

o3

s pmmmn.

A
30

ax
.1 3 2 A
Y (v ”?337”) (54)

BT_Le_a_ 2:@1 5
0 28y (y 3y> (55)
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These equations apply only until the concentration and temperature gradients
begin to change beyond y > %K‘ During this interval of time, e'f 1/4A, very
. 1ittle particle growth occurs so this initial transient may be neglected.

The particle growth phase is therefore the quasi-steady state given by

ax ax
B A_1 3 2 °7A
-(2hy + =) iy 2 (y" =) (56)
y ¥y
(28 + BF fﬂ) T, Lejg_’( 2 3Ty (57)
S TN Y 3y
y Y
Since vapor concentration 1s assumed to be dilute, the term B T can be
y s
neglected, and the equations simplify to
X ox
A_1 3 2 °7A
Le 3 (2 aT
-2Ay By (y ) (59)
with boundary conditions given by Eq. (48)
Solutions to equations {58) and (59) are
xply)-xz ‘
A R -F (yihkn) (60)
Xp =X
A "A
TWTe = f (y; A kn) (61)



35

where

2
1 -AY" L BE erel/EY)

K -~ e
F(y;A,Kn) = y (62)
(1+ BKn)eXP{TI—,;:BgR}W?i = 1B erfc (‘ﬁ%) )
since Xp << 1, A is small and F can be approximated by
F(y;A,Kn) = e —— (63)
y(1+BKﬂ)(2Ay2 ¥ :~ k- a\
The following definitions are now intvoducad
TO-T
by = = (64)
o}
Xae %20
A e (65)
x Xg_

To determine AT, the integrated Clausiuz-Ciapeyron expression s used,

i.e.,

TAHV
(To) = %, (T,) exp g«%i;

Xsat

Equation (36) may now be rewritten as

(- (66)
To

by = ( ) ( R ) e’ (ﬁ:g%) [XA -X t(TaQexp{

Ay

(T ]

(67)
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The Kelvin effect has been introduced in Eq. (87). As discussed earljer, the
Kelvin effect introduces a short time lag in the solution and may be neglected.

for most cases of interest,

Since xA°° >> Xsat
AH \ /
~{_V R -1 1+yKn :
by = (RTw) (W,;C;) e (+6Kn) “A, (68)
Ax can now be computed to be
X3 (Te) M
.7 . .sat’ ' ® v AT
B, 1 ——;;;T-—- exp [ﬁT;’ T, ] (69)

“The vapor concentration and temperature profiles, therefore, are given by

_ XA(Y) 1
x(y) = Xp =1-4 (T;B“mi’ F (y;A,Xn) (70)
riy) = T8 = 14 () F (ifeekn) (71)

The saturation ratio S(y) is

X
A
s(y) =xO¥) o7 (72)
*sat Ty
Using the integrated Clausius-Clapeyron equation,
AH
S = () exp [ e (1 - F‘(y—ﬁ] (73)
where
*A
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2.6 Clearance Volume and Average Nucleation Rates.
The results of the previous section give the vapor concentration
.and temperature profiles around a growing particle. These res&)ts will
now be combined with the formulations of section (3) to obtain the
clearance volume of a particle.
From nucleation theory (1), the local steady state nucleation rate is

given by

1/2
2P, A m2/3 cvm2/3 16ncav; )
J(.Y) = (ZTrM RT)]/Z ( KT ) ¢ ( kT ) exp "‘"—"'3_“'—’2} {54)
A

3(kT)~(&nS)

Therefore,

) . fxn) 2 o | 6 (“Vm2/3)3 ry) (znsm )2_]“ gy
e TV P17 3(ensay? \ K= YI o \ansyy ‘!

The dimensionless clearance volume p is then given by eqn. (23)

oS =3 (1+sxn)3f (- ;‘}éﬂ) ydy
(o]

Figure 7 shows the dimensionless clearance volume p3 as a function of the

Knudsen number for water droplets in air. The values used in the simulation

i

are shown in Table 3.

It can be seen from the figure that the dimensionless clearance volume

3

p3 is constant at small values of Kn and p~ decreases with increasing

monomer pressure. These results are consistent with the previous analysis

(2).



Tabie 3,

38

Parameter values for condensing water vapor

Parameter Value Parameter Value
BH /R 323°K c/cy 7.98x107%
T 275°K o 0.072 WN/m
Le 0.88 Psat(T“’) 705 Pa
B 1.91 P 101.3 k¥a
y 2.8 ¢ 55.5 kms?gﬁmg
A 5.95x10"°n s 0.274
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10°
Water droplets
T=275°K
P =1.013 kPa
10"
3 Pao=3-5 kPa
10°% |~
o = [ kPa
10° | | | i
100 10 | 0.1 0.0l 0.00l1

Figure 7. Dlmensionless clearance volume p ? for water droplets as

a function of Knudsen number.
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The most interesting feature is the behavior of p3 at large Knudsen
numbers; in this regime, 03 vs. Kn 1s linear on the log scale with

almost unit slope. In fact, p3 as a function of Kn for all values of Kn

can be approximated by the function

oS = pz (1 + zkn) (76)

where pf is the dimensionless clearance volume for Kn - 0, and 7 is a
constant which may vary with different vapors and different ambient vapor
prassures, but usually has a value close to B, the constant

ysed in flux matching method.

Thus, in the free molecular regime
03 a Kn (77)

This would seem to indicate that in the 1imit of Kn - «, p3 -+ o and
nucleation would therefore be totally suppressed when aerosol is in the
free molecular regime. That is, of course, not reasonable.

This apparent contradiction is easily resolved by noting that p3
increases slowly compared to the decrease in the volume of the particle.
Consequently, although p3 increases with Knudsen number, the clearance volume

of the particle which is %ma3p3 is decreasing, as can be seen from

gma3p3 = %ma3 3 (1 + zKn) (78)

(]

For large Kn, %ma P ='%w% ;Aikn
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2.7 Dimensionless Clearance Volume in the Free Molecular Regime.

The clearance volume calculations showed that the dimensionless
¢learance volume, p3, of particles in the free molecular regimé is ap-
proximately proportional to the Knudsen number. Particles in
the free molecular size range can influence the kinetics of
the condensing vapor because of collisions with vapor molecules and

clusters. The collision ffequency is given by the kinetic theory.

Consider a particle (Fig. 8) of radius a surrounded by vapor and non-
condensing gases. From a distance r, vapor molecules in the differential
element of volume 4nr2dr may be intercepted by the particle. The probability
of interception depends on

(i} The fraction of the solid angle that is intercepted by the

particle. This is approximated by wa2/(4wr2) = a2/(4r2).
(i1) Collisions with vapor molecules and clusters in the cone
between the vapor molecules at distance r and the particle.

The characteristic frequency of monomer/monomer collisions

which may contribute to nucleation is approximately given by

Q
VA Na (79)

N-—OAA

where PAA is the collision cross section and VA is the mean
molecular speed. For the vapor molecules to reach the particle
from a distance r, the characteristic time is r/VA. Therefore,
the probability of the molecules being intercepted by the

particle is OppnaT
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The above two effects combine, and we obtain the change in nucleation

rate to be

1.9 . a? L]
Joo

(80)
&rZ OaAT A
Equation (8J) has been derived from very simplified arguments, but it is
_sufficient to indicate the dependence of clearance volume on the Knudsen
number.
From Section 2.k
r.
Fedp 4. P
a 15 L6
a
using (80),
3.3 .4
p" = 4°AAﬂA (a) (lnrc - %na) (e1)
Since re >> a8
3 = 3 [ l
O g () (82)

Thus, we see that the dimensionless clearance volume is proportional

to the Knudsen number in the large Knudsen number limit.
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2.8 Time Evolution of Aerosol.

It is now possible to determine fhe evolution of aerosol from a
spatially homogeneous mixture of aerosol and vapor present in ﬁoncondensing
gases. It will be assumed that bulk gas conditions change much more
slowly than the vate at which the aerosol and its surrounding layers can
adjust to the change. Temperature changes in the bulk gas are now in-

corporated in eguation (83) as follows

a‘ ap
LI V] = Y+ 9
5Tt 53 fan(a,t)] Javé(a-a ) + P = (83)
where it is assumed
{
g dee {120} - 0<ax<
o f
Jav T3
L] Q> 1

We need one more equation to complete the system of ordinary differential

equations. This is the vapor conservation equation which may be written

=

dPA _ PA ap

ap
- g _ 2,2 a g 1,3
&7, % 4TRTc {:fna (a + 3—pg spo)da + g% + Ry
a*
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In the above equation FA is the average vapor pressure and

t
A'ﬁA = A(t=0) - FA(t=t) + £ Rpdt

Rp is the rate of vapor pressure increase due to reactions that may occur
in the system. The solutions for monomer concentrations were obtained on
the basis of PAm’ which was the ambient vapor pressure. For most systems,

nucleation is quenched before a significant ‘amount of vapor has condensed,

SO 5A = Py during the nucleation phase.

The particle growth rate may be evaluated using Eq. (34)

da _ 0¢ (§Am7on)

azqrs

t acy {148 Kn)

(84)

(85)

(86)

Applying the method of characteristics to convert this partial differential

equation to a set of ordinary differential equations, we find, along the

characteristic
dn _on , - 0on_ 5(a_a*)_n§§_+!‘_i‘gg_
dt ~ 5t oa av oa p_ 0

(87)
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2a °Pg , .
The terms St 5T are available as analytical expressions from

eqn. (85) and from the time-temperature history of the system. -

The coupled ordinary differential equations which describe the system

are, therefore,

dp AP 9p e a0 g
A A9 2342 %9 1.3, 5,
at = b T3 4nRTcd[ :a (a +'§5;" at)da +gatd, i Rp (88)
Xy = %
dt a Cd (1 + 8Kn) ]
g slaat) -0 @) 4 0 (87)
dt ayv sa pg PYAE

The characteristics have the initial cﬂﬁditimns
a=a* at t=t*

and _ ,
PA = PA°° at t = 0.

Figure 9 shows the results of a calculation of the size evolution
of water droplets from a supersaturated vapor. It is assumed that at
t = 0, supersaturated water vapor starts to nucieate and condense.

The parameters used for this simulation are given in Table 3.
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n(a) #/m*

18
10 I I :
Water droplets
Ta) = 275°K
Pa(t=0)= 3.5 kPa
1017 - |
- t= I ms
10" +— .0.25 |
; t= 1.7 ms
VR
10'5 | ' |
0.0l 0.l 1.0 50

Radius a (um)

Figure 9. Evolution of slze distribution of condensing water vapor.
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Size distributions at two different times are shown. After 1 msec,
Q = 0.29, and nucleation quenching has become significant. Very little
time is required for the particles to grow to the 0.1 to 1 micron size
" from the critical size which is in the free molecular range. After
1.7 msec, & = 1,and nucleation is quenched. Approximately 2% of the
water vapor is converted into aerosol by this time. As the quenching
point nears, the size distribution changes dramatically; the ﬁumber of
small particles drops sharply due to the decline in the nucleation rates.
Beyond this period, the dominént process is condensation. (Coagulation
will become important only much later. Modelling the final stages of
aerosol evolution requires consideration of coagulation and is beyond

the scope of the present work.
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2.9 Discussion
The present analysis is applicable to the formation and growth
of particles in the continuum, transition and free molecular s%ze
ranges. Transport processes in the transition regime have been
described by using flux matching (5) at the surface of particles.
Although previous applications of this method have resulted in substantiai
errors in transport rates, when the correct formulations for mean free

path and transport properties are used, flux matching at the surface

gives satisfactory results.

It has been assumed that a quasi-steady-state exists for fluxes
to the particles since the time required for partic]e'grawih is much
longer than the times for relaxation of the temperature and compositii. :
fields surrounding the particle.

The effect of cluster diffusion to the particie on the nucleation
rate has not been considered in the analysis. McGraw and McMurry {11}
have shown that the effect of cluster diffusion can be important in the
region close to the particle. Since nucleation suppression far
from the particle (r/a >> 1) contributes substantially to
"the total change in nucleation rates, the effect of cluster diffusion on
clearance volume (Eq. 21) is difficult to ascertain, but it may not be
significant.

In the sample calculation for condensing water vapor, it was observed
that new particles are formed only for a very short period of time. Similar
results are obtained in the simulation of other systems where vapor
nucleation occurs, i.e., there is a short initial interval of s%mu]taneous

nucleation and condensation. Nucleation may continue to occur in systems
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where vapor is produced by reactions, or saturation vapor pressure is
Towered due to thermal changes. Nucleation may also occur if the vapor
and aerosol distributions are not uniform. The present analysis
neglects the effects on nucleation rates of overlapping regions

of influence of adjacent particles. A detailed treatment of the

final stages in the quenching of nucleation must consider the spatial
distribution of particles and the vapor concentration and temperature

profiles in these regions.

The concept of the total fractional clearance volume discussed in
Section 2.4 can be utilized on its own without calculations of size
distribution evolution. To a first approximation, @ indicates the fraction
by which nucleation is reduced by a growing aerosol. Nucleation can be elimi-
nated in systems where seed particles are present in such concentrations that
Q > 1. This is obviously the condition for maximum growth of particles. The
final size of the particles is determined by the amount of vapor that is
available for condensation. In order to grow large particles, the vapor concen-
tration must be high, and the number of pre-existing particles must be small.
However, these conditions also tend to produce nucleation. Careful control

of vapor concentration is thus required for maximum growth of particles.
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CHAPTER 3
QUENCHING OF NUCLEATION

3.1 Introduction

The theory developed in the last chapter provides a criterion for
controlling nucleation. |t was shown that nucleation will be
substantial ly reduced when»a system Is operated with aerosol and vapor
zoncentrations such that the total clearance volume fraction ( Is greater
than unity. The determination of the total clearance volume fraction
involved a complex Integration (Eq. 23, Eq. 75) which could only be done
numerically. In Ifs‘presenf form, the clearance volume concept Is
somewhat difficult to Incorporate into calculatlons of aerosol nucleation
and growth., |t Is therefore desirable to have a simplified expression for
the dimenslonless clearance volume,

In this chapter, the clearance volume formulation is further analyzed
and simplified by determining asymptotic expansions of the integrals and a
simple analytical criterion Is established for the quenching of
nucleation. Using this expresslon, a calculatlion Is carrled out to

determine the growth of nucleated aerosols.

3.2 The Quenching Criterion
The total clearance volume fraction § , as defined in section 2.4,
Is the sum of individual clearance volumes of the particles In a system.

For a monodisperse aerosol of radlus a and contalning N_ number of
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particles per unit volume, the clearance voiume fraction is gliven by
Q= g-anp§p3

The criterion for nucleation to be quenched Is Q >1. In essence then,
it Is possible to predict quenching of nucleation In an aerosol system if
clearance volumes are calculated. |In the previous chapter, clearance
volumes were calculated by numerical Integration of the foliowling
equation:

oo

o’ = 3(1+5Kn)3f (1-2ptl) 2y (23)

[~ ]

d4(y) Is the nucleatlon rate at a distance y = ETTEEFFT from the particle.

Jy)/J, 1Is given by:

oo

2 af Ins_ \2

in the above equation,

2/3 3
16 ov
«= 3(“1; 2 ( k{, > (89)
xa(y) 1 (70)
x(y) = X =1-2 (T:EKH) F (y;A,Kn) 70
ry) = T = 14 o () F (ysfgkn) (71)



_ 1
A= -2 %E (xAx’on) (44)
.A_y2
FlyiA.Kn) = £ (63)
y(1+8Kn)(2Ry? + JZRy +1)
AH (73)

Wy ew |-gr0 - 157

Qe)shall now determine an approximate analytical value for the
lnfegfal In Eq. (23), thereby obtalning a2 simple criterion for quenchling
of nug[eaf!on. The method by which the integration will be done Is valld
for a;{ &n Sw(1+8Kn)2}J§K‘ This restriction does not limit the usefulness
Aéf The;resulf éince most systems operate In this range,

It 1s convenlent to Introduce the following deflnitions:

A
- X .

A] —m F (ys A, Kn)

A
T . A
TT+¥n) F(y; le® Kn) !
AHv
» A3 = Z(A] + "RT—AZ)/]H Sm

o

(90)

L]

)

Consequently

X) =18, T = 4, (91)
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(92)
Typically, 7or a dilute vapor

. -4
Ay << Ay and A <10
The initsgirand in Eq. (23) Is negligible except when y>>1, And for

y»»1, It con be shown That 33, Az and Ay are all much less than unity.

Eq.(73) can then be simplified to

- 1
nSe - 174 (93)
Using the above aquation, Eq.(88) can be simplified:

o - \
:jé:yfl = {1 ,ZAT-ZQZ) exp {’C!(’3A2+A3)} (94)

For systems with @< 20 S_(148Kn)2//2R, the followling approximation

holds,
| My o
],M=2A T

5 , (0 W‘LS;) + 28, {1-1.50 + 30— (95)
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The Integral for clearance volume (Eq. 23) now takes the form

BH
= 3(‘*5“)3E251 (1 + Tﬁg—s;) + 28, (1-1.50 + ﬁ;ﬁ-sﬁ)}yzdy (96)

Eq.(96) can be Integrated analytically If 1t Is possible to Integrate

each of the followlng expressions:

2
fA]yzdy and fAzy dy

These Integrals are similliar, and Lapliace's method (1) can be applled to

obtaln an approxlmate analytical value. We proceed as follows:

o (-]

y -]
A dy A
f Al_yzdyi j X 5 T ' = X 5 fe(‘(y)dy (97)
s S {1+8Kn)° (27 ¥ 2Ry + 1) (1+8Kn)S

where  qly) = =AyZ + Iny = In (2Ay2+y /2A + 1)

i+ can be shown that

%Eq'(y)-.o at y:y*EOOSBS

Consequentiy, the Integral In Eq. (97) may be approximated (1) by the

first term In the asymptotlc expansion:
@€«

A,
2 Q(Y ) "k *)2
.o[ B,y°dy = i Kn)2 f exp{-g q"(y*)(y-y*)"} dy

The Integral on the right Is a simple transformation of the Gamma function



57

with the argument 1/2; thus the Integral (Eq. 97) Is approximated by

' A
2, . caly*) x 0.172
A y d-y “-———_—- 1 = - (98)
6[ 1 (1+BKn)2 q (-V) (1+ kn)2 A
Simlliiarly
24y 5 Le L0172
f A (T O I E0 (99)

From Egs. (96), (98), (99) and (92), the value of o° Is seen to be,

3~2064(’I+8K)kT°° (1 + +~2) + (1-1.5 +AH"- u)AH“’
b = * n pAocqm ingw .50 m 'ngoo m
p
R A (100)
MeCp T}

A correction term can be obtalined by Integrating a second order term,

and this correction term p®' is

22
38 "o
3| — X 2 - 1 (]01)
(InS.)“(1+gkn) V2R
Thus f° Is glven by
o3 kT &H
= 2.064 (1+ T & - - G
(1+8kn) 5, [“ MR URIE S il P
2 2
e WG ° P - . (102)
B-P (lnSm) (1+8kn) /2R

Fig. 10 compares the analytical result of Eq.(102) with the numerical
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results In section 2.6. ‘The curves are drawn with the parameters glven In
Table 4. It can be seen that the two evaluations differ by less than 10%

at all points. At Kn=1, for example, the numerical Integration gives a
value of p3=SJX105. The analytical expression In Eq.(102) gives a value
of 506)(106 for p3 at the same polnt; and the dlfference between the two

is about 7%.

Further examination of EqQ.(102) shows that the flrst order terms are:

3., ¢ ETQ__. a
o = 2.064 (1"’5'(”) F;;Vm TFS; (]03)

The above equation =onflrms the results obtalned In section 2.4 regarding

the behavliour of @3 as & functlion of Kn and PA«,‘ It can be seen that

D3 a (1+8Kn)

p3a]
P

&
3
[

l.e.,, the dimenslionless clearance volume Increases |lnearly with Knudsen
number at large Knudsen numbers, and Is Inversely proportional to the
vapor pressure. Substltuting the value of o from Eq.(89) Into Eq.(103)

we obtaln

3 _ {1+8Kn)
= 34.583 . (104)
(1ns.)®  (kTo)?  Pa.

We now have a simple criterion for determining whether significant

nucleaﬂbn wlll occur In & system or not. There will be no significant
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nucieation In a system |f

144.86 N_a> (14 8kn) &° v_
3 5 >1 (105)
(Ins 3 (kT2

Ae

where N 1s the total number of particles In the system and a Is the
average particle radius. The above criterion can be made more accurate by
using Eq. 102 for the dimenslonless clearance volume and by integrating
the clearance volumes over the size distribution.

I+ Is Interesting to observe that the parameter y used In flux
matching of heat fransfer and the term AH, are both absent from the
above sxpression for dimenslionless clearance volume, This Implies that
the change In The Temperafure around a particle (due to condensation) Is
not as fwoortant a factor In quenching as the decrease of vapor pressure
In a dilute system. |In other words, quenching Is determined primarily by
the loss of vapor to the particles.

The dimensionless clearance volume p® Is also seen to be very
strengly dependent on the surface tension o of the condensed phase.
Since surface tension varles with temperature and Is somewhat difficult to
evaluate accurateiy In cases where cluster sizes are small, this
Introduces a certain amount of uncertalinty In calculation of the clearance

volume,

3.3 Growth of Self-nucleated Aerosol
This simple criterion for quenching of nucleation (Eq. 105) can be
used to calculate particie nucleation and'growfh In a manner similiar to

that of Sec, 2.8. In this sectlion, we shall simplify the calculations



61

even further and, In particular, examine the slze limlts of merosols
formed by homogeneous nucleation and grown by heterogeneous condensation.

Aerosols which are formed by homogeneous nucleation subsequently grow
by condensation of the remalining vapor. Unless additlional condensible
vapor s produced In the system after the nucleation phase, growth of the
nucleated aerosol wil]wbé | imited by the amount of vapor avallable in the
system at the end of nucleation.

Consider a system In which nucleation phase can be assumed to occur
during a perlod t, during which most of the nucleated particles are
formed. The system contalns nj= Pp/kT vapor molecules at the beglinning.
The total number of particles produced by nucieation Is N _. A typical
nucleation rate proflie,4é§’shown in Fig. 11(a), shows a steep rise and
fall with » well deflnéd péak value, - For the purpose of this calcufation,
the nucieation rate wil| be approximated by a step function (Fig., 11(a))
with a maximum value J of duration t,» The total number of particles
produced by the assumed nucleatlion rate profile Is also N_. The value of

J Is then given by

N =37t (106)

Nucleation produces critical clusters, each contalning g* vapor molecules,

where
3 2
l‘ 'ﬂ'a*B . g Vm
g‘k = = - (107)
3 Ym 6 (lenS)3 v

Durlng the nucleation phase, the fractlon of vapor depleted Is usually
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small, as we have seen in the previous chapter. We can, therefore, use the
steady state growth law (Eq. 52) for growth of particles during the
nucleation phase. Thus the average r=iius of the aerosol at the end of

the nucleation phase is gliven by

ey 13 1/2
a, = {2y nnt + [(Tf; v 3T e .,BAAIZ} /2. BAp (108)

The above equation s obtalnad by combining Egs. (52), (92) and (107).
Since nucleation Is quenched when particles reach size a,, the total

clearance volume fraction at thls soint is unlty. Thus

Using equations (104) and (107}, ‘the above conditlon may be written as:

n;il K AY
1.032 N, (37a’) g* (1+8kn) _ 4 | (109)

RLY

A'm

After this phase, nucleation becomes neglligible, and the aerosol
grows by condensation. The final average radlius of the particles Is
determined by vapor specles conservation, l.e.,

3 1/3
Vm -4_71’-) (110)

£

ag = (

Eqs.(106) through (110) are a set of algebralc equations which are easlly

solved for a set of glven parameters. {f the monomer concentration (nA)
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molecular volume (v.), temperature and the diffusivity of the condensing
specles are known, It Is possible to make calculations of the final size
of the aerosol as a function of the other parameters, T, 'tn,a:nd g*.

As an example, we can consider the aerosol! produced by the
vaporization and condensation of mineral matter durlng coal combustion.
Typlcally, 0.1 kg of coal is burnt per cublic meter of alr, producing about
0.1 gram of condensible vapor,

The final size of the aerosol due to nucleation and condensation of
this vapor Is shown In Fig. 11(b). The manner In which the probiem has
been formulated glves a monodlisperse aerosol as the product. The

following parameters were used for this calculation:

Density of condensed phase: 2.3X10° kg/m® T = 2000 °K
Diffusivity = 1072 m?/s B = 2. Ay = 7X1078
na = 1.5x102%/m at 2000 °K Vp = 4.34x10729

From the figure It can be seen that the aerosol produced grows to a
larger size If nucleation rates are low and the critical cluster Is big.
Typlical values (2) for J are in the range 1014 - 1017 /m3sec. For lower
values of nucleation rates the nucleation phase becomes unduly long. At
very high number concentrations the condensed aerosol will undergo
substantlial coagulation. |f coagulation occurs at a lower temperature,
l.e., below the ash fuslion temperature, the product may be composed of
chain agglomerates In which the basic unit is the condensed particle. The
critical cluster size for the ash vapor Is usually no more than 50. The

aerosol slze Is very strongly dependent on the nucleation rate and the
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duration of nucleatlon phase; It shows a weaker dependence on the critical
cluster size. It should be noted that the nucleation rate and the
critical cluster slze are not Independent varlables and that }h@y are both
strongly dependent on the surface tension of the conidensing species.
Therefore, 1t can be concluded that surface tension of the condensing
vapor Is a primary determinant of the size of the pradusi ssrosol.

It Is also seen from Fligure 11(b) that the sercszoi niroduced by
nucleation and condensation of ash vapor cannot be expectsd i ssuceed 1 um
In slze. Thls conclusion Is verifled by experliments! ahzervations (4)

which showed that the aerosol produced by nucleation und =ondensation of

ash vapor Is a submicron aerosol, |t should be mentiaia:! 3ie that the
slze ranges predicted by this calculatlion Is typiesl «7 ‘the aeroscis
produced In high temperature systems, Including th2 si.icon wroeduced in

the free space reactors at JPL and Union Carbide.
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CHAPTER 4
AEROSOL REACTOR FOR SILICON PRODUCTION

4.1 Introduction

Productlion of sillcon aerosol by gas phase reaction Is a promlising
alternative to the conventional methods for producling polycrystaliine
silicon for photovoltalc and electronic applications. At present most of
the high purity silicon Is produced by epitaxial reactors In the form of
flims, or in bell Jar or tubular reactors In bulk form. These are batch
operation reactors with hlgh energy and labor consumption. Consequentiy
the cost of production Is high {1). Recently Union Carblde (2) and ths
Jet Propulsion Laboratory (12) have developed a contlinucus fiow reactor in
which silicon aerosol Is obtained from silane gas by thermai
decomposition:

(n SIHy =====> SI + 2H,

The baslc concept of the continuous flow reactor is shown In Fig. Z.
In the Unlon Carbide process, silane is Introduced at the top of the
reactor and heated by recirculating hydrogen. The sllane thus produced
nucleates due to Its low vapor pressure, and forms a very flne powder af‘
submicron particles. Thls process has the potential of belng a continuous
operation, and the energy consumption Is lower than conventlonal methods
by a factor of ten or more.

Unfortunately, the submicron silicon éerosol that Is genefé%ed In the

flow reactor Is very difficult to separate from the gas flow and to handle
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In subsequent processing. Moreover, the large surface area of the small
sllicon particles makes the collected powder susceptible to contamination.
If larger particles could be produced In the aerosol éeacfor, the
separation, handling and contamination problems could be greatly reduced;
and the process could then become a fruly continuous one.

As we have seen In previous chapters, particle formation and growth
from 2 vapor are Initlally controlled by: (l) homogenous nucleation, and,
(11) heterogenous condensation or reactlon on particle surfaces. The JPL
and Unlon Carblide reactors were operated at sufficlently high temperatures
to ensure complete pyrolysis of the silane feed gas within a limited
residence time (about 5 seconds). The high rate of generation of
condensible products of reaction results In a high nucleation rate and the
formation of a large number of very small particles, Even after
condensation of the remaining vapor on these nuclel these particles remain
submicron In size. Much of the previous work on the free space reactor
has been devoted to Increasing the slze of the slilicon particles. These
efforts to Increase particle size have focussed on particle growth by
coaguiation (Levin (17), Praturi, et al. (15), Lay and lya (2)).

Particle growth by coagulation was examined by applying the sectional
model developed by Gelbard, et al. (13) to simulate particle growth In
a typical flow reactor. Fig. 12 shows the calculated evolution of
particle size distributlion In normal operation of the continuous flow
pyrolyzer developed at the Jet Propulsion Laboratory. The mean diameter
of the product at the end of about 4 seconds residence time Is about 0.2
micron. It ls apparent that particle growth by coaguiation Isffoo slow to

grow particles out of the submicron range.
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Particlie growth must, therefore, be achleved by vapor deposition on
the particles. However, given the large number concenitrations produced In
the Inltlial burst of nucleation, growth significantly beyond the submicron
range Is not practical. Large aerosol particles can be grown If the
number concentration can be reduced by several orders of magnitude and
malintained at this low level throughout this growth process. This
requires that addltional nucleation be prevented.

From the theory developed In the previous chapters, the method to
prevent nucleatlion is to keep the total clearance voliume fraction, & ,
greater than unity. In general, this condition can be met by doing any of
the following :

1) Maintain aerosol concentration at a sufficlentiy high level,

11) Keep the vapor pressure low, or

I11) Increase the temperature.

For the sllane system, the aim Is to decrease the number
concentration of the aerosol as much as possible In order to maximlize
particle slze., Vapor concentration can be kept low by limiting the rate
of silane decomposition. This would then disquallfy the third option,
since sllane undergoes a thermal decomposition, and the rate of
decomposition Increases wlith temperature.

A possible means of producing large particles In the siiicon aerosol
reactor Is to start with a small number of seed particles and fo control
the temperature of the reaction at a lower level than the present systems,
thereby lImiting the rate of sllane decomposition and allowing the seed
aerosol to grow. An understanding of the kinetics of sllane deéomposlflon

s, therefore, very Important for control of the system.
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4,2 Klinetics of Sllane Decomposition

The kinetics of the thermal decomposition of silane (SiH,) are not
yet fully understood. Purnell and Walsh (3) made a ploneering study
(1966) In which pyrolysis of silane was carrled out at 650°K to 700°K In a
static system. The products were seen to be hydrogen, disilane (SiyHg)
and a solid product with the composition (SiH,),. The hydrogen to
silicon ratlo x had the value 2 when the solfd product was first formed,
but decreased with reaction time, and ultimately pure silicon Is obtained.

A detaliled analysls by Purnell and Walsh of the Inltlal part of the
reactlon during which 0 to 3 percent decomposition occurs suggested a
unimolecuiar decomposition with a temperature and pressure dependent rate

constant, Two mechanisms were postulated. On the basis of thermodynamic

conslderations, Purnelil and Walsh favored the followlng mechanism:

k
(2) STHgtM ==22em> SIH, + Hy + M
ky3
L ..
(3) 5“‘"2 + SliHy :-':-—3—— Sf2H6
(4) SigHg + SiH, a=k;_i=é SiHg

It has been since confirmed (5,6) that thls mechanlism Is operative for the
Initlal part of the reaction. The Arrhenlus parameters of these
reactlons are shown In Table 4. These parameters are taken from a more
recent study by Ring et al.(9).

The later part of the reaction mechanism Is not well understood.

During this stage, the decomposition of disilane and trisilane are
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TABLE 4.

Arrhenlus Parameters for Silane Decomposition

Reaction logig A Eact(MI/kmole) Ref.
2 15.5 249,6° (6)
=3 14.4 - (9)
+3 10.3 4.186 (9
=4 15.7 222 (9)
5 15.3 230 (8)

6 14,7 | 206 (8)

a) The parameters are for the high pressure Iimit (k_ )s The actual
value of ky depends on pressure and temperature. The following chart
glves the ratio ky/ke

Pressure I Temperature ( 9K) I
{(torr) ] 650 710 1050 |
80 | 0.15 0.12 0.01 1

| | |

400 1 0.36 0.30 ' 0.03 |’

| |

4000 ] 0.73 0.67 0.16 |
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expected to become Important, The following mechanisms have been proposed

for these decompositlon reactions.
ﬂhﬁ
(53 SIZHG e e 512H4 + Hz
(6) SigHg ====—= > SlH4 + SIHzSIH

The kinetic parameters of these reactions are also shown in Table 4.

Above 500°C, the polyhydrides of silicon tend to decompose to silicon
and hydrogen (7). Of particular Interest In the later stages of sllane
pyrolysis is the sojlid proddéf (StH, ), where 0 < x < 2, It has been
suggested that (5} thls could be a mixture of (Sle)n, (SiH),, and silicon.
Purnell and Walsh theorlized that the solld product s formed by the

successive insertion of SFHZ In the lower silanes which then dlffuses to a

surface. This would Involve the following mechanism:

)] STHy + (STHp), _y ====== > (SIHy),
(8) SIHZ + SIn_1H2n ----- > S!

At large values of n the above two formulae become experimentally
indistinguishable.

Ring and O'Neal (9) have proposed that, during the later stages of
the reaction, heterogenous mechanisms become important and reaction occurs
at the wall surfaces of the reaction vessel. They proposed the following

additional reactions:
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(9) S“"‘Z m—————a=> Wal "'Sin
(10) S!Hz-Wall e men > WaII-SIHZ*

(11) Wal 1=SIHy* + SIHy —=——-=> Wal I-SIHz + SIHg*

(12) SiHg* + SIH, ====—v > Sl Hg + H*
(13) H¥ + SiHy ======> H, + SiHg*
(14) STHg¥ + SlHg® ~==~==> Sl Hg

The reactions (9-11) Inltlate S¥H3* radical formation, which then reacts
with additlional silane. Thls may explaln the observed Increase In
reaction rate In the final stages of the pyrolysls,

if surface reactlions are important, the formation of the aerosol may
become Important to the kinetics of the system, since It would provide a
surface for the reactants. No study of this aspect of the silane pyrolysls
has béen made to date. It is possible Thet Eurface reactions on aerosols
could explaln the difference In slilane decompositlion rates that have’been
observed by different authors in the later stages of the reaction.

From the above dlscussion It Is obvious that the flinal stages of
silane pyrolysis are uncertain. Most of the dynamlic processes In the
aerosol reactor occur before a signlificant amount of condensatlion has
occurred, If nucleation can be controlled during this perlod, control In
the later stages follows quite easlly., Surface reactions will enhance the
particle growth rate and minimize the risk of further nucleation. The
Important reaction Is, therefore, the Initlal silane decomposition

reaction. The rate of slilane consumption Is

pgd(LSTH1/ pg)/dt = =k [SIH,] (111)
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The rate constant kl depends on temperature as well as pressure; and at
atmospheric pressure, this constant can be approximated by:
kq= (0.96 - 8.735X10™4T) exp(35.69 - 30024/T) sec™

In the temperature range 650°K to 1050°K.

4.3 Clearance Volume 7o Silicon Aerosol

To determine the c¢isarance volume of the aerosol In thls system, It
Is required to determinz whether the condensing specles Is a polysliane,
SIon, or silicon, and whaether surface reactions are Important in the
process. Studies of siiane pyrolyslis have not addressed this lIssue. In
the absence of beiter information, It will be assumed that slilcon Is the
condensing specles, . since sllicon wii! have much lower vapor pressure
than a condensing polysiiane and surface remctions will promote aerosol
growth, 1t Is obvious that the worst case Is belng considered.

With the above assumption, the parameters for aerosol evolution In
the flow reactor are shown In Table 5. These values are for a system
where a small amount { 1% to 10%) of silane in nitrogen 1s pyrolyzed. For
parameters which vary wilth temperature, the value at 800°K has been taken.
The vapor pressure expresslion has been obtalined by extrapolation of the
vapor pressure curve shown In Fig. 13,

The assumptions made in obtaining the parameters are somewhat
extreme. It Is Important to note that, Irrespective of the values of
physical properties of thls system, the method for producing large aerosol
particles will remain the same. There must be a small amount of seed
aerosol, and a controlied, slow reaction rate ‘o promote see&'growfh and

prevent nucleation,
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TABLE 5.

Parameter Values for Sllicon Aerosol Growth

i Parameter | Value N Parameter | Value |
I i il [ |
[ M /R | 9.xtod i o I 0.87 N/m |
| | i 1 |
! Le | 1.1 il P I 1013 kPa |
| | i | 1
| B ! 3.1 i cy | 82,7 Kmole |
| | ¥ | /e
| Y I 3.7 I R/MBCP | 0.28 |

Pegt = 133.4exp(25.232~55894./T).

Pa
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The dimensionless clearance volume of sil|icon aerosol was calculated
on the basis of the parameters In Table 5 and the results are plotted In
Fig. 14. The behaviour of p3 as a function of Knudsen numbék Is similiar
to that of the H,0 aerosol system. Followling the results of the clearance
volume analysls In chapters 2 and 3, we can correlate the plots of p3 by

the analytical expresslon glven below:

p> = 5.95X10%(143.1Kn) (T/P,) 600°K < T < 1100%K

4.4 Controlled Rate Silicon Aerosol Reactor

The kinetics of sllane decomposition can now be Integrated Into the
mode| of simultaneous nucleatlon and particle growth to simulate the
previous silicon free space reactors and to Identify operating conditions
which would allow growth of large particles. The first case to be
considered Is the flow reactor operated at high temperature (high reaction
rate) with no seed aerosol. When 20% silane Is pyrolyzed In thls system
at 875 °K, nucleation occurs almost Instantly, producing 1.17x1017 /m3
particles before nucleation Is quenched. The nucleated particlies then
grow by deposition of vapor. As shown In Fig. 17, the particles grow to a
slze of about 0.2 micron. In fact, simulations carried out for
conditions under which substantial nucleation occurs always give a product
between 0.05 and 0.3 micron in size, as observed in the flow reactors at
Union Carbide and the Jet Propulsion Laboratory (2, 17).

A flow reactor for the growth of large silicon particles by silane
decomposition requires a much slower reaction rate than was achieved In
the free space reactors., Because of the extreme reactivity o% silane gas

and for reasons of conversion efficiency, the amount of sllane In the
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gases leaving the reactor should be kept very small. Thus, It Is
desirable to accelerate the reaction to ensure complete conversion within
the reactor. To do thls, the reactor wall temperature may be Increased

along its lengths In general, the temperature profile In the reactor may

be written as a functlon of axlal position, z, l.e.,
T = f(2) (112)

The point z=0 Is chosen where the silane reaction Is negligible; In the
present simulations this was faken to be at a temperature T;=775 °K. The
end point for simulations is at time f=ff, when the aerosol flow reaches
the point z=L In the reactor. The temperature at this point is Ty.

It can be shown that the temperature profile In the reactor as a

function of time Is given by

ndzT. T
t = —t f a1 (113)
4y, df
i 4 T(EE)

where UI s the volume flow rate at z=0 and d Is the dlameter of the

reactor tube.

The temperature profiles chosen for the reactor were of the form:

T= Ti/l + Coz (114)
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where C, =1 (Ti) 1}

The above equation can be substituted In Eq.(113) to find:

2C U,
T=T.[1 +_...9.2_‘t] (115)
1 nd

l.e. the temperature profile is Ilnear in time and parabollic along the

length of the reactor. The total reslidence time In the reactor Is then

glven by
te = (;i - 1) _____,ngﬁ (116)
i o i

The temperature proflle chosen Is by no means the optimum for the
reactor, but was selected for the simpllicity with which i+ may be
Implemented In the experiments and simulations. A set of parameters for

which experiments were carried out Is shown In Table 6.

Figures 16-21 show the results of a simulation of a flow reactor In
which 1§ to 2% sllane Is reacted In presence of seed aerosol. The
temperature proflle for this calculation Is glven by the parameters in.
Table 6. The seed aerosol size distribution for this simulation is shown
In Fig. 16. Thls size distribution Is obtalned from experimental data and
wlll be discussed later. The seed Is a submicron aserosol very simlllar to
the product obtained In the JPL and Unlon Carblide reactors; buf’fhe number

concentration has been reduced by a very large factor. Flig. 17 shows the
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TABLE 6.

Temperature Parameters for Silicon Reactor

| Parameter | Value Il Parameter | Value I
I I i | |
i L I 0.37 m 11 ts | 0.98 sec |
i | i I |
LT I 775 °K ¥ U | 2,2X107° m>/sec |
i | I | |
i Ty I 1100 °K 11 d ! 0.0095 m |
i 1 1l l _ |
i C | 2.7424 11 u I 0.3104 m/sec |

T = 775 VT#C,z

T = 775+332.6%
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temperature and the kinetics of the reaction in the reactor as a function
of time. The total residence tIme In the reactor is approximately 1 sec.
During the initial period (+<0.3 sec), very Iittle reaction occurs, and
the seed particles grow to about 0.5 micron. As the particles grow In
slze, they become more efficlent In scavenging the vapor, and the faster
reaction rate does not result In nucleation. The aerosol also becomes
monodisperse, as Is seen In Fig. 18. The mean diameter of the product Is
3.01 microns with 1% silane and 3.7 microns with 2% silane. This Is a
sufficlently large size for collectlion by Inertial deposition or, perhaps,
by sedimentation. Flg. 20 shows the total clearance volume?fracfion as a
function of time. As the aerosol volume fraction increaseskuig. 19), the
condensation process finally domlinates the reaction rate, énd the total
clearance volume fraction goes up steadlly. In ?he‘fﬁma% stages very
I1t¥+le silane Is ieft; the high temperatures in this r&g%cﬂ;serve mainly
to react all fraces of silane.

Some silane Is expected to be lost to the walls due to surface
reactlons. The rate constant for the surface reaction was }ound by lya,

et al., (14) 1o be:
k = 5.14X!Dgexp(-19526.9/T) sec'1 (117)

Surface reaction rates have been Incorporated In the simufation. Fig. 21
shows the losses due to wall reaction. About 6% Is lost +o the walls when
19 sllane Is reacted and this fraction remalns the same —wn 2% silane Is
reacted.

These calculations suggest that the controlled~-rate fiow reactor can
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grow substantially larger particles than were produced In the Unlon
Carbide or JPL experiments. An experimental system developed to test
these predictions will be discussed In the next chapter.

I+ Is Important to note that these simulations do not take Into
account particle growth by coagulation and the varlation of the reaction
rate with radial position In the reactor. Hence the size range of

particles may be broader than these simplified calculations Indicate.
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CHAPTER 5
EXPERIMENTAL SYSTEM

5.1 Introduction

Application of the theory of simultaneous nucleation and condensation
has cleariy shown that an aerosol reactor for production of large
particles of sillcon must have the fol lowing:

1) A low number concentration seed aerosol. The number concentration
must be low enough such that substantlal growth of the seed Is possible,

11} Reactlon rate controlled to minimize the nucleation rate while
the saed aercsol Is grown. The reactor wall temperature may be varied to
control the reaction rate. From the simulations carrlied out earlier, the
inttial temperatures may be as low as 775 °K. At these low temperatures,
the rate of vapor production Is slow enough to be scavanged by the
aerosol.

An experimental system incorporating these features was designed to

demonstrate the feasibility of controlled growth of silicon particles.

5.2 Deslgn Considerations of the Experimental System
An Important consideration in the design of the reactor is the fact
that silane Is a highly reactive toxic gas. 1t burns spontaneously in
contact with alr or oxygen, producing sliica (S105):
SiHy + Op ===~==> S10, + 2H,0

In order that sllica be not formed in the system, all gases
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introduced Into the experiment must be free of oxygen. All Jolints were,
therefore, regularly tested for leaks. Nitrogen, which was used as a
diluent gas, was cleaned of oxygen by passing It through a purging unit,
The purgling unit consisted of a stalnless steel vessel contalning copper
turnings and malntained at a temperature of 400 - 450 °C, Quartz reactor
tubes and mixIng sections were connected by vacuum o~ring Jolints. At the
start and the end of every experiment, the system was put through a number
of cycles In each of which It would be first pressurized with pure
nitrogen and then evacuated with a vacuum pump. Finally, a constant flow
of nitrogen was maintalined through the reactor for the duratlion of the
experiment,

Because of the extreme care necessary In the handling of silane, the
experiment was designed to use small quantities of sllane. The reactor
tube Inside dlameter was 9.5 mme To minimlze loss of aerosol by
sedimentation the primary reactor flow was dlrected vertically downwards.
Because the temperature must increase along the length of the reactor,
buoyancy Induced flow Instabllities are a potential problem. [f the flow
momentum Is greater than the buoyancy force, this probiem can be avolded,

l.e., this requlres that

gaATd

uzT

<1

where g, s the acceleration due to gravity, AT is the temperature
difference, d Is the dlameter of the reactor tube and u Is the mean
velocity of gases In the reactor tube. In the seed generator, the flow

valocltles are too small for this conditlon to hold. Fortunately, the
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degree of contfrol required of the seed generator Is not as severe as for
the primary reactor. Furthermore, the particles In this reactor are too
smal | for sedimentation to be signiflcant. Consequently thé seed aerosol
reactor was designed for a vertically upwards flow with buoyancy effects
dominating the flow.

The seed aerosol must be uniformly mixed throughout the gases
entering the primary reactor so that particle-free pockets of fluld do not
lead to homogenous nucleation of new particles and the disruption of the
process. Seed particles are expected to be In the submicron range. These
par?fc!es are fqo big for effective mixing by brownian motion within a
reaséhable perlod of time. Static mixing units were used to provide rapid
mixing within a small volume. A significant amount of the seed aeroso!l Is
iost !n the mixing zone, but this amount Is extremely small compared to
asrosol production In the primary reactor. Since these losses do not
significantly influence the efflicliency of the process, they have been

tolerated In fhe“aeslgn of the present apparatus.

5.3 Experimental System

The experimental setup Is Iliustrated In Fig. 22. It Is a vertically
mounted two stage system; the first stage serves as the aerosol seed
generator, and the second stage Is the the primary reactor. The fwo
stages are placed on parallel mounts. The maln components of the reactor
system are:

1} Reactor and Mixer Units

i1} Zone Furnaces

111} Flow Control Systems
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tv) Dilution and Sampling Systems

1) Reactor and Mixer Units: The seed aerosol reactor and the
primary reactor share a common baslc design and construction. Each is
made up of 8 9.5 mm l.d. (11 mm o.d.) quartz tube. The seed aerosol
reactor has @ 12 cm long heating zone, Thls stage Is connected to the

primarv reactor through the mixer tube (pyrex tube, 16 mm l.d., 40 cm

lengl. Fure sllane with carrier gas (nitrogen) enters the mixing tube
around The seed aerosol. The mixer ftube contalns 16 static mixing
elemenis {Luwa static mixer, 3/8 inch o.d.) In serles, and these elements

=i aerosol, slilane and the carrler gases into a homogenous two
phase “iow. This flow then enters the primary reactor tube (50 cm long).
Leal Cight connectlions between these sectlions are made through 'o! ring

flangee wndg viton 'of rings.

ti: Furnaces: The seed aerosol generator Is heated by a small
reslstance type spllt furnace containg a 5 cm long (5.5 cm l.d.) heater
element {Thermcraft). The heater Is capable of dellvering 200 watts at 28
veits. The heater Is enclosed In an Insulated firebrick housling
“survounded by a water cooled metal cover, Coolling Is done by flowing
water through cooling colls soldered on the metal cover. This feature
reduces the time for the furnaces to reach steady state.

The primary furnace Is a flve zone furnace, Each zone
furnace contalns three heating elements ldentlical to the one In the seed
aerosoi reactor furnace described above. The heater elements are

separated from each other by zirconia lInsulation plates, This minimlzes
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the effect of each zone on the nelighbouring one, and allows effective
temperature variation In the furnace. The primary reactor has 14
theromocouples cemented along the length, Flve of these are used as
sensors for feedback to control units. Each heating element Is powered
through a temperature control unit. These control unlits were desighed to
vary the power to the element by varying the Input voltage from 0 volt DC
to0 28 volts DC. Flg. 23 shows the deslred temperature profile and the
actual temperatures In the reactor.

111) Flow Control Systems: An iImportant consideration in the design
of the gas flow sysféms was the flow of silane gas. Siiane gas reacts
with oxygen to form sillca (S105) which could then deposit In the flow
system and Interfere In the proper operation of flowmeters and flow
controllers. The s!ians supply tanks were provided with dual purge valves
through which higiy purified nitrogen could be Introduced to remove all
traces of sllane,

A flow control ler (Porter Instruments, DFC 1400; 10 cc/min flow
element) was used to control the flow of 1% silane Info the seed aerosol
generator. This flow Is Introduced at the center of the seed reactor tube.
and around thls flow pure nitrogen Is Introduced coaxially through a Tylan
FC 260 flow controller. The flow of nitrogen reduces the residence times
In the seed generafor‘and decreéﬁes wall reactions,

The flow of the seed aerosol then enters the mixer tube. At the same
point a mixture of sifaﬂe and nltrogen enters the mixer tube coaxially
around the seed aerusoi flow. The new silane forms about 1% of the total
flow and Is metered by a Porter Instruments DFC 1400 flow controller. The

gases and the aerosoi are well mixed in the mixer and then they enter the
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primary reactor.

The typical flows and residence times In this system are shown below:

a) Seed aerosol reactor:

1% silane in nitrogen: 5-20 cc/min

Pure nitfrogen 5=-10cc/min
Residence time 10-25 secs
Temperature 900°K

b) Mixer tube

Seed Aercsoi fiow 10=30 cc/min
Primary siiane 7iow  5=20 cc/mln
Primary nlivogen 0.5-2 !/min
Residence i - 3-4 secs

¢) Primary Reactor: The Iniet flows are the same as in the mixer tube.

Residence time 1 sec

Reynolds number 114

gy AT/ (W%T) 0.2
Temperature 750°K to 1100°K

The flow at the exlt has no siiane )left.

Iv) Ditution and Sampling Systems: The product coming out of the
reactor is silicon aerosol at a very high temperature {approx. 1100 °K).
The aerosol concentration Is aiso extremely filgh and must therefore be

cooled and diluted béfore sampling. The dilution system shown In Fig. 24
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TABLE 7. Stze Cuts In Sampling Instruments

(all stzes in microns)

ROYCO PMS OPTICAL PARTICLE COUNTER
Channel EAA OPC RANGE 3 RANGE 2 RANGE 1 RANGE 0
1 .0032 0.12-0.17 0.5-1.0 1- 2 2- 4 2- 5
2 .0056 0.17-0.27 1.0-1.5 2- 3 4 6 5- 8
3 .0100 0.27-0.42 1.5-2.0 3- 4 6- 8 811
4 .0178 0.42-0,62 2.0-2.5 4-5 8-10 11-14
5 0316 0.62-0.87 2.5-3.0 5- 6 10-12 1417
6 0562 0.87-1.17 3.0-3.5 6- 7 12-14 17-20
7 .1000 1.17-1.52 3.5-4.0 7- 8 14-16 20-23
8 .178 1,52-1.92 4.0-4.5 8- 9 16-18 23-26
9 316 1.92-2.37 4.5-5.0 9-10 18-20 26-29
10 .562 2.37-2.87 5,0-5.5 10-11 20-22 29-32
" 1.00 2.87-3.42 5.5-6.,0 fimi2 22-24 32-35
12 3.42-4.02 6.0-6.5 12-13 24-26 35-38
13 4,07-4,57 §.5+7.0 13-1 26-28 38-41
14 6,67=5.57 ; e 26-30 a1-44
15 >6.12 (512 30-32 44-47

,,,,,,

[Epr——

e

0]}
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was developed to dilute and cool the aerosol with minimum losses. As the
aerosol leaves the reactor, a coaxial flow of equal magnitude but much
less momentum Is Introduced from the sides of a sintered tube. This
prevents the aerosol from coming In contact with the colder walls and
depositing due to thermophoresis. Further downstream, a large flow of
dlluent gas with much higher momentum Jolns the aerosol flow coaxlally and
In the same direction. The total flow rate !s such that the flow becomes
turbulent and the aerosol then mixes with the gases. Thls causes dilution
and coolIng to occur simultaneously.

SampliIng of the aerosol was done by an Electrical Aerosol Size
Analyzer (Thermo-Systems Inc., Model 3030}, a Royco Model 226 Laser
Optical Particle Counter and a Classical Scattering Optical Particle
Counter (Particle Measurement Systems, iodel CASP=100-HY (SP)). The

ranges of operation of these instruments i3 shown in Table 7.

5.4 Results and Discussion

Most of the experimental results described below were carried out In
the reactor with operating parameters gliven in Tabie 6. The only
exception Is the run In which the temperature (Fig. 28 and 29) Is kept
constant and the reactlion is not controlled.

Figures 25(a) and 25(b) show the mass distribuilons measured with the
Classical Scattering Optical Particle Counter (PMS). The seed aerosol for
these runs, as shown In Fig. 26, has a number concentration of
1.02X1011/m3. The seed aerosol slze distribution was obtained by
inverting the data from an Electrical Aerosol Size Analyzét with the

algorithm developed by Crump and Seinfeld (3). The product has & mass
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mean dlameter of 3.5 microns (mass median diameter: 6.23 mlcrons) when 1%
sllane 1s reacted and 4.95 microns (mass median diameter: 8.98 microns)
when 2% sllane Is reacted. Figures 17-21 of the last chapter show the
results of a theoretical simulation of the reactor with the same seed
aerosol. The product Is predicted to have a mass mean diameter of 3.0
microns for the case of 1% silane and 3.7 microns in case of 2% silane.
it must be noted here that the theory predicts a monodisperse aerosol,
whereas the product Is certalnly polydisperse. As was mentlioned earller,
thls Is malnly due to radlial varlations In the reactor and coagulation of
the aerosol, nrone of which have been accounted for In the theory.
fpagulation woulid also Increase the slze of the particles above that
predicted by Thaory,

Elawunve, analysis of the product aerosol revealed that it Is mainly
sitlcon wivix tess than 5% hydrogen,

Finaliy, the mass of the product was collected by a total fllter to
determine the loss of sliicon (both as silane and silicon) In the furnace.
The results are shown in Fig. 27. About 73% of slilicon Is recovered when
i4 sltane Is reacted. The recovered fractlion is less when silane
concentration Is increased. The losses In the figure Include deposition
in the dilution and cooling systems which are outside the reactor. In
chapter 4, it was shown that when 1% silane Is reacted, about 6% of the
silane Is expected to be lost due to reaction 6n the wall. It was
determined experimentally that, for the same case, about 10% of the
silicon Is iost In the ditution system; thus, the actual losses In the
reactor are about 17%.

The feaslblity of growing large silicon particles by silane
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pyrolysis has been demonstrated. Additlional experiments were conducted to
explore the reactor performance when Its operation was not optimlized to
maximize particle growth.

Figures 28 and 29 show the results of running the reactor in the
manner of a high temperature (high reactlion rate) free space reacfof as
was done at the Jet Propulslion Laboratory (1) and at Union Carbide (2).
The temperature for this run was 900 °K and there was no seed aerosol.
The mass mean dlameter is now 0.453 micron. These results are comparable
to those obtalned In the conventional free space reactors and It indlicates
that nucleation has been dominant, as was predicted by theory.

If the seed aerosol Is reduced substantlally, nucleation Is predicted
to occur by theory, and average particle size is predicted to be In the
submicron range. However, when the seed aerosol Is reduced 7o a total
number concentration of 2.7X1010 /m3 (i.e. reduced by a factor of 4), as
shown In Fig. 26, the product aerosocl becomes bimodal as shown In Fig. 30
and 31. The mass mean dlameter Is 1,34 um, Coagulation of seed aerosol
Is a possible explanation for this change in the character of the particle
slze distribution. Nucleation and growth of seed particles occur
simultaneously In this system. Once the seed particles have grown, they
efficliently scavenge the smallest of the nucleated particlies. As a
result, the seed particles grow at the expense of the smaller nucleated

particles. Coagulation Is thus an Important consideration in the reactor,
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CHAPTER 6
DISCUSSION AND CONCLUSIONS

The reactor for productlon of silcon appears to be successful In
producing large particles of sllicon. The maln difference between the
aerosol| reactor developed and the conventlonal free space reactors is
fllustrated In Fig. 32 where the characteristic times of the different
reactors 1s compared with the characteristic times for the silane
reaction. The JPL and Union Carbide reactors operate at high temperatures
where the reaction Is extremely fast, Thls leads to nucieation of the
vapors and the product Is a submicron aerosol. The reactor dlscussed here
operates under controlied reaction rates and condensation predominates.
The temperatures in the aerosol reactor Increase with time, but siowly
enough such that the aerosol Is at all times able to scavenge the vapors.,

The experimental data indlcate that the results from the reactor are
in reasonable agreement with theory when nucleation Is expected to be
significantly quenched and when the system Is run as a conventional high
temperature free space reactor. The maln reasons for the differences
between theoretical predictions and experimental results are probably the.
radial varlations In the reactor and coagulation of the aerosol.
Coagulation Is specially significant when large numbers of particles are
expected to nucleate and It leads to addifional growth of seed particles.

An Improved analysis would, therefore, Include coaguléf!on as a

mechanism for particle growth. The radial profiles In the reactor should
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also be taken Into account. The coagulation calculatlions must Include
both that due to brownian motion and that due to differential
sedimentation. The analysis would be more complex than the present
theory. Simpllifled computational techniques should be adopted. An option
Is to use the sectional mode! of aerosol dynamlcs developed by Gelbard, et
al, (1). This would reduce the computational effort significantly,

The experiments with the aerosol reactor Indicate that aeroscl
samp!ing methods should be a major consideration In future work., The
reactor generates aerosols In high concentrations and in size ranges
varylng from submlicron to over 10 microns. This creates problems In
sampling. Preliminary experiments also Indicated that particles tend to
bounce off or be broken up In Inertial Impacters. An Impactor designed to
collect friable solid particles and In-situ optical particie counters with
capability of sampling high aerosol concentrations would be particularly
helpful In further analyses of the product,

A significant step would be to enlarge the reactor to obtaln
particles large enough to be collected easily by gravitational settiing.
I+ would then be possible to incorporate a collecting crucible intec the
system in which the particles are melted. The reactor would then be able
to produce silicon melt In one operation. The melt could be processed to
grow single crystals by conventional methods.

The experimental reactor utilizes silane for production of silicon.
The theory can be applied to other gaseous reactants, and to other systems
where control of nucleation Is desired. In a modified form,vjhe analysls
may be applied to the fluldized bed reactor for silicon production,

The development of the reactor was made possible by analyzing the
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process of simultaneous nucleation and condensation for particles In the
free molecular, transition and the continuum slze ranges. The analysis is
a modification of the classical theory, and appears in the 4heory as the
total clearance volume fraction & , As long as 2 << 1, the two
approaches are ldentical. As ! becomes of the order unlty, the theories
diverge. 1t should be recalled that the present analysis was carried out
by consldering simultaneous nucleation and condensation around a single
particle and then summing up the indlvidual effects for all particles.
The effect of the influence of adjacent particles was Ignored. As the
volume of Influence of adjacent particles overlap, the relation between
average vapor pressure, as used in the classical theory, and the
background vapor pressure, as used In the clearance volume approach, Is
very difficult to define. Comparison of the two methods Is not possible
unless a detalled analysis of simultaneous nucleation and condensation Is
made by taklng Into account the spatlal distribution of particles and
overlapping regions of Influence, When the clearance volume approach Is
used with such a detalled analysis It can provide an accurate analysis of
nucleation and condensation, Ray and Dronamraju (2) have made an analysis
of vapor concentrations In a monodisperse aerosol. Their analysis does
not take Into account the effect of nucleating particles on vapor
concentrations. |t may be possible to extend thelr analysis and
Incorporate It iInto the present theory.

The present analysis also provides a compact analytical criterion to
determine the domlnant process In nucleation and condensation (Eq. 102).
This analytical expression could be used to simplify calculé%lons when

coagulation Is included in the analysis. Of particular interest is the
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conclusion that, for a dilute condensing vapor, the competition between
nucleation and condensation onto particles Is determined primarily by
vapor depletion by the particles, and not by the temperature changes due

+o release of latent heat of condensation.
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APPENDIX A. FORTRAN SOURCE CODE AND SAMPLE OUTPUT

A.1 DOCUMENTATION
A.2 FORTRAN CODE
A3 SAMPLE OUTPUT
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A.1 Documentation

Symbols used In Program SFR.FTN

Variable Description

AO Ratlo VM/k, m° OK/J

ABS Absolute error specifled for RKF subroutine

AJ Modifled nucleation rate, #/m sec

AL Lewls number

AQ Aerosol volume fraction

B1 Constant used In flux matching method

C1 Constant used to speclfy temperature proflle

Cv Total clearance volume fraction

DELT Time of Integration by RKF subroutine, sec

DiM Ratio Diffusivity/A0, kg/ Ksec™

DQ(26) dQ/dT : derivative array

DTF Nondimenslonal temp derlvative =(dTF/dt+)/TF, sec=!
EJ Material constant In expression of nucleation rate
F Mean free path of vapor molecules, m

HVR AHV/R, where pHv Is heat of vaporlsation, ( k)
IFLAG Flag : Indicates status of Integration in RKF
IWORK(6)] Array for use by RKF

K(26) Array used to number characteristics

L MaxImum number of characteristics (<12)

M Maximum number of equatlons (M=2L+2)

N 2+(actual number of characteristics)

PHT Material constant=2%SIG*A0, m K
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Variable Description

PIC Material constant=2%P1/A0, J/m> K

PSF Saturation vapor pressure, Pa

PT Total pressure, Pa

Q10 Initial value of Q(1) l.,e. vapor pressure, Pa

Q20 Initial value of Q(2), Pa

Q1) Vapor pressure, Pa

Q(2) Pressure of sllane, Pa

Q(3) +to Radll of charactferistics, m

Q(L+2)

Q(L+3) Q(L+1) Is the number distribution function for the
to radius Q(1), #/m4

0(2L+2)

Q(2L+3) Silane lost to wall by surface reaction, Pa

RADC Critical radius, m

REL Relative error specification for RKF

RO Radius of vapor molecule, m

SF Saturation ratlo, Q(1)/PSF

SM1 Material constant in expression of nucleation rate

glven by: SMI=(16%P1/3)*(SIG*VM/3/k)**3
T Time, sec
TF Temperature, °K
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Variable Description

TFO I Constant used to specify temp. profile, °K

TouT I Time up to which integration Is completed in RKF, sec
VM I Volume of vapor molecule, m>

WORK{159) | Array used by RKF

Note:= SIG Is the surface tenslon
k is the Boltzmann constant 1.38%X10723 J/ °K

R Is the gas constant 8.31X10° J/kmole °K
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DESCRIPTION OF FUNCTIONS AND SUBROUTINES

ANPUT
Reads Input from flle INPUT.DAT at start of program. N is the number
of characterlistics+2. LT Is a flag which Indicates whether output file
OUTPT.DAT wli!l be created (yes for LT>0).

OUTPT.FTN
Types output at DELT Intervals. WIlil also record output In flile
GUTPT.DAT 1f LT>0

RESET
Reduces number of characteristics whenever they exceed a certaln
number (10 in the program) by elIminating some of the characteristics.
K(1) Is an array which maintalns the original numbering of the

characteristics. Also resets IFLAG for further Integration.

DERIY
Computes derlivatives DQ(1) of the array Q(2L+2), Subroutine Is an

Input for RKF subroutine,
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JAY
Determines total clearance volume CV and the corrected nucleation
rate AJ. C(X) Is the clearance volume for a single particle of radlus X.

Approximate expression for C(X) Is used.

AY
Calculates the Integral on the r.h.s. of the vapor conservation
equation., This function Is called only by the subroutine DERIV to
determline dQ(1)/dt.

JEMP

Provides temperature profile as a function of time T. Also glves PSF

and F. Input Is T; outputs are TF,DTF,PSF,F.

ARV
Computes volume of aerosol (ARV), Simplified integration program Is

used.

RKF
Integrates a system of first order ordinary differential equations.
The program, developed by Sandia Laboratorlies, Is not  Included in the
Fortran Codes section. It uses the Runge-Kutta-Fehlberg method described
In the reference:
E. Fehlberg, ™. ow-order Classical Runge-Kutta Formulas With Stepsize
Control," NASA TR R-315. "

The parameters In RKF(F,N,Y,X,X0,REL,ABS, IFLAG, WORK, IWORK) represent



125

the following:

F ~- subroutine of derivatives = dY(1)/dX

N ~~ number of equaticns to be Integrated

Y(1) ~=- solution vector at the polnt X

X ~—-~ independent variable

X0 ==~ output point at which solutlon Is desired

REL, ABS == relative aud sbsciute error tolerances

IFLAG === Indlcator for status of Integration; IFLAG=2 Indicates succesful
{ntegration

WORK, iWORK === inforwmation generated by RKF which Is necessary for

subsequent ¢zlis o RKF
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A.2 Fortran Code

9] OO0 COOCO0O000000 OC

50

Program SFR.FTN  (For Sillicon Flow Reactor)

flow reactor where silane s decomposed to give slillicon.

It requires the Runge-Kutta Integrating subroutine; which is
RKF

This program calculates size evolution of sllicon aerosol In a

Q{1) : Vapor Pressure Q(Z) : Silane Pressure

Q(3 TO L+2) : Radlus of characteristics

Q(L+3 TO 2L+2) : Size distribution (dN/da)
SMI=(16*P| /3. ) ¥(SIG*VM¥**,6667/K)*%3 AD=VYM/K
DTO=HVR*RMB/ (P¥*AL)

EJ=ALOGC (VM/(K¥K) ) *SQRT(2.%S1G/{Pi *WM)))

J=(P/TF) ®%2¥EXP(EJ=SMT/(TF®%3%5F#%2)) defines EJ
PHT=2.%SiG*A0 DIM=DIF/AO PIC=2.%P| /A0
F=beta¥mean free path

EXTERNAL DERIV

COMMON/DER/L, N

COMMON/GEN/DEM PHT,PIC, A0 befa,QZO,Q10
COMMON/CLV/DTO, SM1,AL,EJ
COMMON/TMP/TFO, CI,TF1

DIMENSION Q(27),WORK(165), IWORK(6) ,K(15)

DATA HVR,A0,DTO,VM/99060,,1.45E-6,14.88,2 ,E=-29/

DATA AL,SM1,RO,PT/0.23,1.572E12,1.683E~10,1.013E5/
DATA B1,PIC,EJ,DIM/1,97,4.33E6,68.07,2.609E-11/
DATA IFLAG,T,REL,ABS,PHT/1,0.0,1.E-3,1,E~10,2.52E-6/

CALL INPUT(Q,L,N,LT,TFO,Ct,TF1,DELT,Q10,Q20)
CALL TEMP(T,TF,DTF,PSF,F)

CALL JAV(CV,AJ,TF,PSF,F,Q)

CALL OUTPT(Q,K,CV,TF,T,LT,N)

M=2%L+3

020=Q(2)

DO 50 |=3,L+2
K(1)=]

DO 100 I=N+1,L+2
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FIND INITIAL CONDITIONS FOR THE CHARACTERISTIC

Q(1)=0.0

Q(L+1)=0.0

IF (Q(1).LE.PSF) GO TO 38
SF=ALOG(Q(1)/PSF)
QIN+1)=PHT/ (SF*TF)
IFCQIN+1) LLT.(1.5%R0)) Q(N+1)=R0*1.,5
A=DIM*(Q(1)=PSF)/(TF*(F+Q(N+1)))
CALL JAV(CV,AJ,TF,PSF,F,Q)
QIN+1+L)=AJ/A

N=N+1

CALL TEMP(T,TF,DTF,PSF,F)

TYPE 40,N,Q(N),Q(N+L),Q(1),TF

FORMAT(/14,% RAD=',1PE10.3,?
1 ," TMP=',1PES.2/)
IF (LT.GT.0) WRITE (1,40) N,Q(N),Q(N+L),0Q(1),TF

N=',1PE10.3,!

P=7,1PES.1

-

CALL RUNGA KUTTA SUBROUTINE FOR INTEGRATION UPTQ T+DELT

TOUT=T+DELT
CALL RKF(DERIV,M,Q,T,TOUT,REL,ABS, |FLAG,WORK, IWORK)

IF (IFLAG.NE.2) GO TO 200
IF (N.GT.10) CALL OUTPT(Q,K,CV,TF,LT,N)
IF (N.GT.10) CALL RESET(Q,K, IFLAG,LT)

CALL TEMP (T,TF,DTF,PSF,F)
CALL JAV(CV,AJ,TF,PSF,F,Q)

CALL OUTPT(Q,K,Cv,TF,T,LT,N)

IF (Q(2).GT.(.001%Q20)) GO TO 90
IF (Q(1).LT.(.01%Q20)) GO TO 150
IF (CV.GE.1.0) GO TO 56

CONTINUE

TYPE 160,0(1),0(2),TF,T
PROG STOPS: Q1,02,TF,T=',4(1PE11.3))

FORMAT( !
STOP

TYPE 250, FLAG

FORMAT (!
STOP
END

PROBLEM IN RKF:

IFLAG=",12)

B U T R AT L A W B TR0 VS W
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SUBROUTINE INPUT(Q,L,N,LT,TFO0,C1,TF1,DELT,010,020)

Subroutine reads Input data

DIMENSION Q(26)
CALL ASSIGN (1,"INPUT.DAT ')

READ (1,10) DELT

TYPE 40,DELT

READ (1,10) TFO,C1,TF1
TYPE 50,TF0,C1,TF1
READ (1,30) L,N,LT
TYPE 60,L,N,LT

READ (1,10) Q(1),0(2)
TYPE 70,Q(1),0(2)
Q10=Q(1)

020=0Q(2)

IF (N.LT.3) GO TO 6
DO 5 1=3,N

READ (1,10) Q(1),Q(L+1)
TYPE 80,Q(13,0(L+1)
CALL CLOSE (i}

TYPE 90

IF (LT.LE.1) RETURN

CALL ASSIGN(1,"OUTPT.DAT ')
WRITE (1,40) DELT

WRITE (1,50) TFO,C1,TF1
WRITE(1,60) L,N,LT
WRITE (1,70) 0(1),Q(2)
IF (N,LT.3) GO TO 9

DO 8 1=3,N

WRITE (1,80) Q(1),0(L+1)
WRITE(1,90)

FORMAT (3G12.3)
FORMAT(415)

FORMAT (/8X,' INITIAL TIME INTERVALS ARE :',1PE10.3/)
FORMAT (' TEMP PROFILE PARAMETERS: ',3(1PE12.3))

FORMAT (12X,' MAX NO CHARACTERISTICS:

13,/

6X,! INITIAL NO OF CHARACTERISTICS:',13,' LT:%,12/)

FORMAT (6X, ' VAPOR PRESSURE:',1PE10.3,?
FORMAT(8X,' RADIUS (A):',1PE10.,3,?
FORMAT(/14X,t END OF INPUT FILE'//)

RETURN
END

SILANE PRESSURE:',1PE10.3/)
DN/DA:',1PE10.3)
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SUBROUTINE OUTPT(Q,K,CV,TF,T,LT)
Subroutine to print and record output

COMMON/DER/L, N
DIMENSION Q(27),K(15)

AQ=ARV(Q)

TYPE 40,T,TF

TYPE 45,0Q(1),0(2)

TYPE 48

IF(N.LT.3) GO TO 25

DO 20 [=3,N

TYPE 50,1,K(1),Q01),Q(L+1)

TNO=0.0

TNR=0.0

IF(N.EQ.3) GO TO 24

DO 22 1=3,N~1
TNO=TNOH(Q(L+1)+Q(L+1+1) ) *¥ABS(Q(1)=Q(1+1))
TNR=TNR+(Q(L+ ) ¥Q(1)+Q(L+1+1)#QC1+13 ) *ABS(Q{1)~Q{1+1 3
TNO=0.5%(TNO+Q(L+N) *Q(N))

TNR=0.5% (TNR+Q(L+N) *Q(N) ¥¥2)

IF (TNO.LE,0.0) GO TO 25

AVRDN=TNR/TNO

AVRDM=(AQ/ (TNO*4,1888) ) ¥¥_,333333
TYPE 80,TNO, AVRDN, AVRDM

TYPE 60,CV,AQ

TYPE 90,Q(2%L+3)

{F (LT.LE.O) RETURN

WRITE (1,40) T,TF

WRITE(1,45) Q(1),0Q(2)

WRITE (1,48)

IF (N.LT.3) GO TO 35

DO 30 1=3,N

WRITE (1,50) 1,KC1),Q01),Q(L+1)
[F (TNO.LE.0.0) GO TO 35

WRITE (1,80) TNO, AVRDN, AVRDM
WRITE (1,60) CV,AQ

WRITE (1,90) Q(2*L+3)
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C
40 FORMAT(/14X,'TIME=',1PE10.3,' SEC',5X,' TEMPERATURE=?,1PE10.3
1T ,'KY)
45 FORMAT(BX 'YAPOR PRESSURE=',1PE10.3,3X, 'SILANE PRESSURE="'
1 ,1PE10.3," PASCALS!')
48- FORMAT(/16X VEYLAX, KO Y, TX,T000) Y, 13X, QML+ )
50 FORMAT (12X, 15, 16, RAD“' 1PE14 7,' ND='1PE10.,3)
60 FORMAT(14X,'TOT CL voL=!, 1PE10 3," TOT AEROSOL VOL=',1PE10.3)
90 FORMAT (16X ' WALL LOSS BY SURFACE RXN=1',1PE10.3,! PASCALS'//)
80 FORMAT(/1OX '"TNO=',1PE10,3,' NUM AV RAD=" »1PE10.3
T ,' MASS AV RAD=',1PE10.3)
RETURN
END
C
C
C
C - e o s o 2 o @ 43 o 2
C
SUBROUTINE RESET (Q,K, IFLAG,LT)
C Reset resduces the number of characteristics., K(1) Is an array
C which preserves the original numbering of the characteristics.
c
C
C
C RESET REDUCES NUMBER OF CHARACTERISTICS
C
COMMON/DER/L, N
DIMENSION Q(27),K(15)
C
IFLAG=1
TYPE 5
IF(LT.GT.0) WRITE(1,5)
5 FORMAT(/10X, ' REDUCING NUMBER OF CHARACTERISTICS !'/)
1=2
10 IF (N.LT.7) RETURN
I=1+1
IF (Q(1).GT.0.0) GO TO 50
IF (1.EQ.N) GO TO 16
DO 15 J=1,N-1
R(I=Q(J+1)
QUJ+L)=Q(J+L+1)
15 K(J)=K(J)+1
16 Q(N)=0.0
Q(N+L)=0,0
N=N-1
50 °  IF (1.LT.N) GO TO 10
IF (N.LT.7) RETURN
60 RAT1=ABS(Q(4)/Q(3)~1.)
Ji=4
DO 30 J=4,N-1

RATZ=ABS(Q(J+1)/Q(J)=1,)
IF (RATZ.GT.RAT1) GO TO 30
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RAT1=RAT2

J1=J+1

CONT INUE

IF (J1.EQ.N) GO TO 100
DO 40 J=J1,N-1
QUJ)=Q(J+1)
QUJ+L)=Q(J+L+1)
K(J)=K(J)+1

Q(N)=0.0

Q(N+L)=0.0

N=N~1

IF (N.GT.7) GO TO 60
RETURN

END

SUBROUTINE DERIV(T,Q,DQ)
Calculates derivatives DQ(I) of variabies Q(}). Thls subroutine
Is an Input for RKF (Runga-Kutta) Integrating subroutine.

COMMON/DER/L, N
COMMON/GFK/D&M PHT,PIC,A0,B1,020,010
DIMENSION Q(27),DQ(27)

CALL TEMP(T,TF,DTF,PSF,F)

DO 40 1=3,N

IF (Q(1). LE 0.0) GO TO 40

DQ(1)= DIM*(Q(!)-PSF)/(TF*(F+Q(l)))

DQ2=Q(2) *EXP(-29,.427+1 ,93E-2*(TF-833))

DQZz 1S INCREASE DUE TO SURFACE RXN (SOURCE: IYA ET AL)
DQ(1)=DQ(1)+DQ2

DRUI+L)=QCI+L)*(DQ(1)/(Q(1)+F)+DTF)

CONTINUE

DO 45 |=N+1,L+2

DQ(1)=0.0

DQ(1+L)=0.0
DQ(2)=~{0,96~8.735E-4*TF ) *EXP(35.71~30000./TF) *Q(2)
DQ(1)=(Q10-~Q(1)+Q20-Q(2)~Q(2%L+3) ) *DTF-P | C*TF*AV (Q,DQ,DTF)=-DQ(2)
DQ(2*L+3)=DQ2*TF*2,74E8

DQ(2)=DQ(2)-DQ(2*¥L+3)

IF(Q(1).LE.PSF) GO TO 60

CALL JAV(CV,AJ,TF,PSF,F,Q)

RADC=PHT/ (ALOG(Q(1)/PSF)*TF)
DQ(1)=DQ(1)~-TF¥(PIC*0.66667) *(RADC**3) *AJ

RETURN

END
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SUBROUTINE JAV(CV,AJ,TF,PSF,F,Q)

Inputs to this subroutine are: TF,PSF,F,Q. If provides the
homogenous nucleation rate (AJ #/sec m*¥*3) and the total
clearance volume fraction (CV).

OO0OO0 OOOC
)

COMMON/CLV/DTO, SM1 AL ,EJ
COMMON/DER/L,N
DIMENSION Q(27)

OO0

C(X) Is the clearance vol for a particle of radlus X
C(X)=5,953E6%(X*%2) ¥ (X+3 . 1*¥F)*TF/Q(1)

AJ=0.0
Cv=0.0
IF (Q(1).LE.PSF) RETURN
IF (N.EQ.3) GO TO 200
IF (N.LT.3) GO TO 300
DO 100 J=3,N-1
100 CV=CV+(C(Q(J)) ¥Q(L+ ) +C(Q(J+1) ) *Q(L+1+J) ) ¥ABS(Q(J)=-Q(J+1))
200 CV=0,5*%(CV+C(Q(N) ) *¥Q(N) ¥Q(N+L))
IF(CV.GE.1.0) RETURN
300 SF=ALOG(Q(1)/PSF)
AJ=(1.=RA)*(Q(1)/TF)*%2*¥EXP (EJ-SM1/ (TF¥*3%¥SF#%2) )
RETURN
END

FUNCTION AV(Q,DQ,DTF)

—— " o S - .

AV INTEGRATES 2*ND*A**2%(DADT+AXDTF/3) |.E. THE INTEGRAND
2%Q(I1+L)*Q( 1) %%2%(DQ(1)+Q( 1) *DTF/3)

OO0 OO0

COMMON/DER/L,N
DIMENSION Q(27),DQ(27)
AV=0.0
IF(N.EQ.3) GO TO 70
DO 60 J=3,N-1
A=Q(J+L)*(DQ(J)+Q(JI*DTF/3.)*Q(J) **2
A=A+Q(J+L+1) *(DQ(J+1)+Q(J+1) ¥DTF/3.) ¥Q(J+1) *¥*2
60 AV=AV+AXABS(Q(J)=-Q(J+1))
70 AV=AV+Q(N+L) *(DQ(N)+Q(N) ¥DTF/3.) *Q(N) ¥*3
RETURN
END
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SUBROUTINE TEMP(T,TF,DTF,PSF,F)

= Input Is T (+ime). Outputs are temperature (TF), vapor
saturation pressure (PSF), mean free path*beta (F) and DTF.
DTF s =(DTF/DT)/TF
ASSUMING A TEMP PROFILE LINEARLY INCREASING WITH TIME

COMMON/TMP/TF0,C1,TF1

O OOO0O00O0 O0O0O0O000

TF=TFO+C1¥T

DTF=-C1/TF
F=1.97E-7%(TF/600,) %*1,27
PSF=133 ,4%EXP(25,23-5.59E4/TF)
RETURN

END

\n
o

FUNCTION ARV(Q)
ARV 1S THE VOLUME OF AEROSOL

O " 0000

COMMON/DER/L, N
DIMENSION Q(27)

ARV=0.0

IF (N,EQ.3) GO TO 70

DO 60 J=3,N-1

A=Q(L+J)*Q(J) *¥3+Q(L+J+1) ¥Q( J+1) *¥3
60 ARY=ARV+A*ABS(Q(J)=-Q(J+1))
70 ARY=2,094% (ARV+Q(N) ¥Q(N+L) ®Q(N) *%3)

RETURN

END
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INITIAL TIME INTERVALS ARE : 1.000E-01

TEMP PROFILE PARAMETERS: 7.750E+02 4,000E+02  0.000E-01
MAX NO CHARACTERISTICS: 12 |
INITIAL NO OF CHARACTERISTICS: 7 LT: 1

VAPOR PRESSURE: 0,000E-01 SILANE PRESSURE: 1.000E+03

RADIUS (A): 5.000E-07 DN/DA: 1.000E+13
RADIUS (A): 3,000E-07 DN/DA: 2.000E+17
RADIUS (A): 1.000E-07 DN/DA: 3.000E+17
RADIUS (A): 1,000E-08 DN/DA: 1.000E+15
RADIUS (A): 5,000E-09 DN/DA: 0.000E-01

END OF INPUT FILE

TIME= 0.000E~-01 SEC TEMPERATURE= 7.750E+02 K
VAPOR PRESSURE= 0.000E-01  SILANE PRESSURE= 1.000E+03 PASCALS

K(
0
0
0
0

~N oYW e AN -

0
TNO= 8.355E+10

Q) Q(L+1)
RAD= 5,0000000E-07 ND= 1,000E+13
RAD= 3.0000001E-07 ND= 2.000E+17
RAD= 1.0000000E~G7 D= 3.000E+17
RAD= 9,9999999E-0¢ ND= 1.000E+15
RAD= 5,0000000E-09 ND= 0.000E-01

NUM AV RAD= 1.957E-07 MASS AV RAD= 2.378E-07

TOT CL VvOL= 0.000E-01 TOT AEROSOL VOL= 4,706E-09
WALL LOSS BY SURFACE RXN= 0,000E-01 PASCALS

8 RAD= 0.000E-01 N= 0.000E-01 P= 0.0E-01 TMP= 7,75E+(C2

TIME= 1,000E-01 SEC TEMPERATURE= 8.150E+02 K

VAPOR PRESSURE= 3.

KCI)

OOV &N -
O~V W

TNO= 7.956E+10
TOT CL VOL=

824E+00  SILANE PRESSURE= 9,943E+02 PASCALS

Q) Q(L+1)
RAD= 5.0585078E-07 ND= 9,580E+12
RAD= 3,0782357E-07 ND= 1,927E+17
RAD= 1.1177767E~-07 ND= 2.940E+17
RAD= 2,5204979E-08 ND= 9,999E+14
RAD= 2.0453324E-08 ND= 0.000E-01
RAD= 0.0000000E-01 ND= 0.000E-01

NUM AV RAD= 2.053E-07 MASS AV RAD= 2.447E-07
6.187E+00 TOT AEROSOL VOL= 4.882E-09

WALL LOSS BY SURFACE RXN= 1,781E+00 PASCALS



TIME= 2,.000E-01 SEC
VAPOR PRESSURE= 2.186E+01

00~V b —

'rNOz 7.

K(1)

3 RAD=

4 RAD=

5 RAD=

6 RAD=

7 RAD=

8 RAD=
655E+10
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QU
5.4603225e-07
3.6012420E~-07
1.8555127E-07
1.1455893E~07
1.1083353E-07
0.0000000E~01

ND=
ND=
ND=
ND=
ND=
ND=

TEMPERATURE= 8.550E+02 K
SILANE PRESSURE= 9,703E+02 PASCALS

Q(L+1)

9.586E+12
1.995E+17
3303E+17
1.214E+15
0.000E-01
0.000E~01

NUM AV RAD= 2.675E-07 MASS AV RAD= 2.936E-07

TOT CL VOL= 1.802E+00 TOT AEROSOL VOL= 8.118E-09
WALL LOSS BY SURFACE RXN= 5,771E+00 PASCALS

TIME= 3.000E-01 SEC
VAPOR PRESSURE= 8.566E+01

}
3
4
5
6
7
8

TNO= 7.

TIME= 4.000E-01 SEC
VAPOR PRESSURE= 2.082E+02

W~V &N —

TNO= 7.295E+10

K

RAD=
RAD=
RAD=
RAD=
RAD=
RAD=

O~NOVWU W

Q1)
6.9781123E-07
5.4510008E-07
4,1569328E-07
3.6878220E~-07
3.,6643470E-07
0.0000000E~01

ND=
ND=
ND=
ND=
ND=
ND=

TEMPERATURE= 8.950E+02 K
SILANE PRESSURE= 8,810E+02 PASCALS

Q(L+1)
1.076E+13
2.425E+17
4 ,597E+17
1.842E+15
0.000E~-01
0.000E-01

477E+10 NUM AV RAD= 4,749E-07 MASS AV RAD= 4.835E-07
TOT CL VOL= 1.610E+00 TOT AEROSOL VOL= 3,540E-08
WALL LOSS BY SURFACE RXN= 1.431E+01 PASCALS

K(1)
RAD=
RAD=
RAD=
RAD=
RAD=
RAD=

W~ W

3

Q(h
1.0391304E-06
9.2821688E-07
8.4156170E-07
8.1212511E-07
8.1068231E-07
0.0000000E-01

ND=
ND=
ND=
ND=
ND=
ND=

TEMPERATURE= 9.350E+02 K
SILANE PRESSURE= 6.295E+02 PASCALS

QIL+1)
1.370E+13
3 330E+17
6 .893E+17
2.873E+15
0.000E~01
0.000E~01

NUM AV RAD= 8.806E-07 MASS AV RAD= 8.827E-07

TOT CL VOL= 2.968E+00 TOT AEROSOL VOL= 2.101E-07
WALL LOSS BY SURFACE RXN= 3.005E+01 PASCALS



TIME= 5,000E-01 SEC
VAPOR PRESSURE= 2.496E+02

OOV A W —

K(
3
4
5
6
7

8

TNO= 7.050E+10

TIME= 6.000E-01 SEC
VAPOR PRESSURE= 1.089E+02

O~V B -

K(
3
4
5
6
7

8

TNO= 6.788E+10

TOT CL VOL= 2.709E+01

TIME= 7.000E-01 SEC
VAPOR PRESSURE= 1.906E+01

|
3
4
5
6
7
8

TNO= 6.

RAD=
RAD=
RAD=
RAD=
RAD=
RAD=
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Q)
1.4569168E~06
1.3730352E-06
1.3097053E~06
1.2886773E~06
1.2876533E-06
0.0000000E~01

TEMPERATURE= 9,750E+02 K
SILANE PRESSURE= Z.304E+02 PASCALS

Q(L+1)
ND= 1,708E+13
ND= 4.301E+17
ND= 9.199E+17
ND= 3.881E+15
ND= 0.000E-01
ND= 0.000E-01

NUM AV RAD= 1.338E-06 MASS AV RAD= 1.339E-06
TOT CL VOL= 7.259E+00 TOT AEROSOL VOL= 7.086E-07
' WALL LOSS BY SURFACE RXN= 4,303E+01 PASCALS

RAD=
RAD=
RAD=
RAD=
RAD=
RAD=

/I@D
1.7074749E-06
1.6340931E~06
1.5792513E~06
1.5611563E~06
1.5602767E~06
0.0000000E-01

TEMPERATURE= 1.015E+03 K
SILANE PRESSURE= 1.876E+01 PASCALS

Q(L+1)
ND= 1.865E+13
ND= 4.749E+17
ND= 1.025E+18
ND= 4.339E+15
ND= 0.000E-01
ND= 0.000E-01

NUM AV RAD= 1.604E-06 MASS AV RAD= 1.604E-06

TOT AEROSOL VOL= 1.174E-06

WALL LOSS BY SURFACE RXN= 5.800E+01 PASCALS

K1)

O~V

533E+10

RAD=
RAD=
RAD=
RAD=
RAD=
RAD=

QU
1.7716562E-06
1.7005277E-06
1.6474739E-06
1.6299899E-06
1.6291403E-06
0.0000000E~01

TEMPERATURE= 1.055E+03 K
SILANE PRESSURE= 1.471E-01 PASCALS

Q(L+1)
ND= 1,.850E+13
ND= 4.719E+17
ND= 1,020E+18
ND= 4,322E+15
ND= 0.000E-01
ND= 0.000E~01

NUM AV RAD= 1.671E-06 MASS AV RAD= 1.672E-06
TOT CL VOL= 1,758E+02 TOT AEROSOL YOL= 1.278E-06
WALL LOSS BY SURFACE RXN= 5.884E+01 PASCALS
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TIME= 8.000E-01 SEC TEMPERATURE= 1,095E+03 K
VAPOR PRESSURE= 2.865E+00  SILANE PRESSURE= 8.657E-04 PASCALS

KCI) QU Q(L+1)

3 RAD= 1.7811113E-06 ND= 1.790E+13
4 RAD= 1.7103000E~06 ND= 4,568E+17
5 RAD= 1.6574969E-06 ND= 9.880E+17
6 RAD= 1.6400982E~06 ND= 4,185E+15
7 RAD= 1.6392530E~-06 ND= 0.000E-01
8 RAD= 0.0000000E-01 ND= 0.000E-01

O~V N~

TNO= 6.295E+10 NUM AV RAD= 1.681E-06 MASS AV RAD= 1.681E-06
TOT CL VOL= 1.212E+03 TOT AEROSOL VOL= 1.254E-06
WALL LOSS BY SURFACE RXN= 5,885E+01 PASCALS

PROG STOPS: 91,02,TF,T= 2.865E+00 8.657E-04 1.095E+03 8.000E-01
TT16 == STOP
>
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SYMBOLS USED

radius of particle, m

critical radlus for nucleation, m

dimensionless growth parameter defined by Eq. (44)
parameter deflned by Eq. (45)

total mofar concentration, Kmole/m”

molar concentration of monomer vapor, Kmole/m3
molar concentration of monomer In particles, Kmole/m3
constant defined by Eq. (114)

speciflc heat of gas at constant pressure, J/Kg °K
molar specific heat of gas at constant volume, J/Kmole °K
dlameter of reactor tube, m

dlameter of particle, m

diffusivity of monomer In gas, mZ/sec

function deflned by Eq. (62)

acceleration due to gravity, 9.81 m/sec?

cluster size of monomers

critical cluster size for nucleation

Planck's constant, 6.63x10"34 Jsec

latent heat of vaporization of monomer, J/Kmole
mass flux of vapor, Kg/mzsec

nucleation rate, #/m>sec

Boltzmann constant, 1.38X1072> y/°K

Knudsen number defined in section 2.

thermal conductivity of nonvolatile component, W/m°K
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L distance of boundary sphere from particle surface (Sec., 2), m
Le Lewls number , KT/(ngp)

m molecular mass of vapor, Kg

M  molar weight, Kg/Kmole

n(a) aerosol slze distribution function, #/m4

ny monomer concentration, Pp/kT, #/m

total number concentration, #/m>

total pressure, Pa

vapor pressure, Pa

pressure of component B, Pa

average pressure, Pa

5 W vz

change In vapor pressure from +=0, Pa
function defined by Eq.(97)
heat flux, W/m?

O

r radial coordinate from particle center, m

gas law constant, 8.31X10° J/Kmole°K

rate of vapor pressure Increase due to reactions, Pa/sec
saturation ratio of vapor

time, sec

-~ -+ » v X

temperature, °K

u veloclty of gases in reactor, m/sec
U volume flow rate, m>/sec

monomer volume, m3
17 mean velocity of molecules, m/sec

v radial velocity, m/sec

v molar averaged radial veloclty, m/sec
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X molar fraction of gas

Y dimensionless rad!af'coordlna+e, Eq. (22)

z axlal distance along reactor, m

V4 ratio of molar weights, Mp/Mg

Greek Symbols:

dimensionless variable defined by Eq. (89)
thermal diffusivity of gas, m?/sec

thermal diffusivity of particle, m?/sec
coeffliclent defined by Eq. (7)

coefficient defined by Eq. (8)

ratio of specific heats, CpA/CpB

mean free path of gas molecuies, m

symmetry number

condensation coefflcient

dimensionless temp. defined by Eq. (71)
functions defined by Eq. (90)

dimensionless temp. difference, Eq. (64)
dimensionless mole fraction difference, Eq. (65)
dimensionless time scale defined by Eq. (50)
dimensionless radius of clearance volume
dimensionless radius of clearance volume as Kn-->0
bulk gas density, kg/m3

surface tenslon, J/m?
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cyz colllsion diameter for molecules of y and z, m
T characteristic times, sec

o energy functlon, Eq. (37)

X scaled mole fraction, Eq.(70)

Q total fractional clearance volume, Eq. (24)
(1,1) ‘

Q?g 2) collision Integrals, Equations (9), (10)

“Bp

Subscripts and superscripts:

A vapor

B carrier gas

o] particle surface

sat saturation polnt of vapor

© large distance from the particle
I initial value In simulations

f value at end point In simulations



