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ABSTRACT 

A t h e o r e t i c a l  a n a l y s i s  o f  aeroso l  n u c l e a t i o n  and condensat ional  

growth I s  developed. A growing aeroso l  depletes t h e  surrounding vapor, 

leading t o  the development o f  a spher ica l ly  symmetric r ad ia l  d i s t r i b u t i o n  

o f  monomer p a r t  l a l pressure. A symmetr 1 c rad i a l  temperature prof 1 1 e I s  

s l  mu! taneous l y developed due t o  r e l e a s e  o f  l a t e n t  hea t  o f  condensation. 

These local perturbat ions are analyzed t o  determine t he  t o t a l  e f f e c t  on 

-the n u c l e a t i o n  ra te .  The a n a l y s i s  forms t h e  bas i  s f o r  bu 1 1 d i n g  an 

exper 1 men-ta l r e a c t o r  f o r  p roduc t  1 on o f  l arge p a r t  1 c l es o f  s l l icon  f o r  

semi conductors and photovol  t a l c  c e l  l s. The l a rge  s i z e  o f  t h e  s t  l l con  

pa r t i c l es  facilitates separation and processing o f  t h e  product. 



CHAPTER 1 

INTRODUCTION 

T h i s  t h e s i s  has been organized i n  t w o m a j o r  sect ions.  The i n i t i a l  

chap te rs  a re  devoted t o  t h e  a n a l y s i s  o f  s imul taneous n u c l e a t i o n  and 

aeroso l  g rowth  by condensation, and subsequent chap te rs  deal w i t h  t h e  

app l 1 c a t  ion o f  the  theoret  ica l anal ys i  s t o  the development o f  an aerosol 

reactor f o r  s 1 I i con product i on. 

Nucleation and condensation are phase t r ans i t i ons  which p lay a major 

roia i n  i n i t i a t i n g  aerosol formation and growth. Although heterogeneous 

nue , el are usua l l y present, homogeneous nuc I eat  ion can be t he  preva i l f ng 

mechanism i n  phase changes. Examples are: combustion generated part leles, 

aeroso ls  condensed l n  supersonic  nozz les (1) and shock tubes, I n  t h e  

formation o f  ceramics (21, i n  d i r e c t  coal combustion (3) and i n  chemical 

react  i ons (4) where i nvo l a t  i I e products are produced. 

The theor ies  o f  homogeneous nucleation can be div ided i n t o  two maJor 

groups (51, t h e  c l a s s i c a l  Vol mer-Becker-Doer i n g  t heo ry  (9,101 and t h e  

Ls-D-he-Pound formulations (11). Experimental r e s u l t s  have indicated t h a t  , 
data f rom a c l a s s  o f  vapors agree w i t h  t h e  C l a s s i c a l  t heo ry  (water, 

etbanol, toluene); data from some others agree w i t h  t he  Lothe-Pound theory 

(Amman 1 a, I rsn). 

The r a t e  o f  new p a r t i c l e  formation by homogeneous nucleat ion Is, i n  

boPh these formulations, assumed t o  be unaffected by p a r t i c l e s  i n  the  gas. 



Foreign pa r t i c l es  o r  pa r t i c l es  formed by p r i o r  nucleation ac t  as sinks fo r  

vapor t h a t  might otherwise cont r ibute  t o  nucleation. Pesthy, e t  al. (6) 

have recent ly  shown t h a t  t he  average nucleation r a t e  i s  p rbpor t iona~ t o  

t he  producl- o f  the i n i t i a l  undisturbed, o r  I n t r i  nsic, nucleation r a t e  and 

a t e r m  which i s  dependent l a r g e l y  on t h e  volume f r a c t f o n  o f  aerosol  

p resen t  I n  t h e  system. The n u c l e a t i o n  r a t e  f o r  d i b u t y l  p h t h a l a t e  was 

predicted t o  quench gradual ly, e f f e c t i v e l y  ceasing when t h e  f r ac t i on  o f  

vapor condensed 1 n t o  aeroso l  approaches 5 t o  9%. Pesthy and coworkers 

t reated t h e  case o f  the  formation and growth o f  pa r t i c l es  i n  t he  continuum 

s i z e  range. A i l though t h i s  a s s u m p t i o n  may n o t  l e a d  t o  s e r i o u s  

discrepancies f o r  condensation o f  organic vapors l i k e  d lbuty l  phthalate a t  

ambient temperatures, nucleation generated pa r t i c l es  o f ten  remain i n  the  

f r ee  molecular or t r a n s i t i o n  s ize  range f o r  long times. Examples i l~ciueie 

csmbust lon generated soo t  and ash fume aerosols, and s u l f a t e  ae rosc l s  

formed under dry atmospher llc conditions. Even when p a r t i c l e  growth i n t o  

t h e  continuum s i z e  range does occur, most o f  t h e  dynamic processes may 

take place i n  t he  f r ee  molecular and t r a n s i t i o n  regimes. 

I n  chap te rs  2 and 3, an ex tens ion  of  t h e  a n a l y s i s  o f  Pesthy I s  

developed t o  e x p l o r e  t h e  Onteract lon between n u c l e a t i o n  and p a r t i c l e  

growth I n  t h e  f r ee  molecular and Pr-ansltion s i ze  ranges and an analy t ica l  

c r i t e r i o n  fo r  cont ro l  o f  nucleation i s  obPained. 

The t heo ry  o f  s imul tanesus n u c l e a t i o n  and aeroso l  g rowth  i s  then  

applied t o  t h e  design o f  an aerosol reactor f o r  t he  production o f  s i l i c o n  

for  photovol t a t  c and other sem Iconductor app I i c a t  ions. A common feature 

of many o f  t h e  methods f o r  p roduc t i on  o f  h i g h  p u r i t y  s i l l 6 o n  i s  t h e  

conversion o f  metal lurgIca1 grade s i l i c o n  t o  v o l a t l l e  compounds such as 
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Figure I .  Bell  Jar Reactor for production of sllicon by 

Siemens Process. 



s i l i c o n  t e t r a c h l o r i d e ,  d i -  o r  t r i - c h I o r o s i l a n e ,  o t h e r  halo-s i lanes,  o r  

silane. D l s t l l l a t l o n  methods are then used t o  remove the  impurities from 

these  mad-erlals. Once t h e  v o l a t l l e  species have been p u r i f i e d ,  t h e  

p r e c u r s o r  compounds a r e  r e a c t e d  t o  p roduce  s o l i d  s i l l c o n .  The 

conven t iona l  Slemenr process f o r  produc ing s i l i c o n  i nvo l ves  d i r e c t  

chemical vapor depost-2'lon on a heated substrate. The vapor deposlt ion I s  

slow due t o  mass %rasasfer 19ml;tatlons. The slow deposlt lon and large heat 

losses make the  s i l !eon produced by t h i s  method qu 1 t e  expens ive. Never- 

the1 ess, S lemens-type reactors, I 1 ke Lhe be1 1 Jar reactor shown I n F ig. 1, 

cu r ren t l y  accounf f o r  fhe vast maJori ly o f  the s l l i c o n  produced f o r  seml- 

conduefor app l lcaBlans, 

EnPratwed bed or @ f r e e  spacen r e a c t o r s  have been considered as an 

aI%srnaPe meOhod far sE 9 icon prsductlon. The J e t  Propu l s l o n  Laboratory  

(7) and Unlon Carbide (8) have exper imented w i t h  free-space r e a c t o r s  

(Fig, 2)  deslgned t o  generate a s i  l i con  powder by t h e  therma l  l y  1 nduced 

decsmpos 1 tl on o f  s 1 l ane gas. The p y r o l  y t  1 c decompos 1 t 1 on o f  s 1 1 ane I s  

s u f f i s l e n t l y  r ap ld  a t  high temperatures (600 O C  t o  1000°C) t h a t  e f f i c i e n t  

conversfon o f  s l lane  t o  condensed phase products can be achieved i n  a few 

seconds o r  less. Much o f  the  e f f o r t - l n  t he  Unfon Carbide and JPL proJects 

was devoted t o  grow4-k sf p roduc t  p a r t  l c l  es su f  f i c i e n t  1 y l a rge  so t h a t  
l I 

s imp ie  processes I l k e  ?he cyc lone  i l l u s t r a t e d  i n  Fig. 2 can be used t o  

separa-te t h e  p a r t i c l e s  f rom t h e  gases. I n  s p l t e  o f  these  e f f o r t s ,  t h e  

si lKcon powder generafed by t he  JPL and Unlon Carbide bench scale reactors 

cons! s t e d  of partlcl es I n t h e  0.1 t o  0 3  m l c r o n  s i z e  range. Such smal l 
, . 

particles must be separated from the  c a r r l e r  gas by filtration since t h e i r  

t e r m  l n a l  seP t l  l n g  v e l a e l f - l e s  a r e  below 1 mm/sec and the1  r aerodynamic 
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GASEOUS REACTAtqTS 

Figure 2. A Free Space Reactor system for productfon of s i l  Icon. 



re laxa t ion  t imes are wel l  Bslsw 1 msec. ThIs introduces serlous problems 

i n p a r t  l c l e co l l e c t  1 on, t ransport  and me1 ti ng, and great l y 1 ncreases t he  

r i s k  o f  contaminat ion.  Ot i s  =therefore, d e s i r a b l e  t o  prbduce l a r g e r  

pa r t i c l es  i n  a f r ee  space reactor. 

A t  t he  operating condit ions of t he  JPL and Union Carblde Systems, the  

p roduc ts  condense Rsmogk:neousBy t o  farm a large number o f  very  sma l l  

p a r t  i c l es w h i c h  then  g r s ~ ~  Sy ; ie te~.~geneous esndensatlon and coagulation. 

To grow l a r g e  p a r t i c l e s  rs-?. s 7i l Icon, 1": is requ l r e d  Phat  homogeneous 

n u c l e a t i o n  be substanl.l%$ f y  reduced, whl!s  promot ing heterogeneous 

condensation. The analysis developed f o r  eonProi of nucleation Indicates 

how a reactor should be oger~~1.i-ed to grow large par?! sles by pyrol  ys is  o f  

s 1 l ane. The desi gn o f  .B.h-% aer~so8 reactor i s  d l  scussed I n Chapter 4. The 

exper i menta l reacPor arid zxpsr l mental 2-esu S :: *as descr i bed f n chapter 5. 

The f i na I chapter (61 % 3 <!&doled Bo discuss loll and concl us ions. 
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CHAPTER 2 

SIMULTANEOUS NUCLEATION AND CONDENSATION 

2.1 1 nt roduc t  I on 

The local  perturbat ions on nucleation ra tes  due t o  an aeroso! growlng 

by condensatlon are due t o  the  changes I n  the  vapor concentrat lsn and the 

tempera tu re  p r o f  1 l es around t h e  I nd 1 v 1 dual p a r t  0 c l es, J n or.dat- -2-0 

determine the  change I n  nucleation rates, It I s  necessary t o  de-termin~ :-'The 

vapor concentrat ion and temperature prof  l l e s  I n  t he  region surrstlnd%,ry a 

grow l n g  p a r t i c l  e. The problem I s  unsteady, b u t  f t % s poss l  b l e t e  : t i ~ d  

a n a l y t i c a l  s o l u t i o n s  t o  a quasi-steady-state. The resu lPs  are  $ha33 

combined w i t h  p a r t l c l e  growth laws t o  p red lc t  t he  t ime  evolu-"s!c: s~ 5 f ; *  

aerosol produced by t he  vapor. Stat ionary nucleation 9 h ~ o r y  14 a l ~ ~ i . l s u  20 

be a p p l l c a b l e t o t h e  r e g i o n  I n  t h e  v l c l n i t y  o f  t h e  particles, ?:& 3 q i ~ s ! f  

l l m l t  our consideration t o  d i l u t e  systems i n  which the p a r t i a l  p x i s u r e  of 

the  condenslng vapor I s  small compared t o  t he  t o t a l  pressure. 

2.2 Homogenous Nuc I eat  i on 

I n  a system contalnlng supersaturated vapor, condensation w i i  i occur 

on f r ee  sur f  aces. A t  the  same t lme, cl usters o f  vapor mot ecu l es v X B I f orm 

by collisions between the  molecules. O f  these, t he  smal ler  c lus te rs  tend 

t o  evaporate wh I i e t h e  i arger  c l u s t e r s  t e n d  t o  grow, so supersa tu ra ted  

vapor 1s I n a metas tab le  state.  Th I s I s  i I l u s t r a t e d  I n Fig, 3 where t h e  

va r i a t i on  o f  Gibbs f r ee  energy A G  I s  p l o t t ed  as funct ion o f  c l us te r  s i ze  

g. AG f l r s t  Increases w i t h  g, reaches a maximum a t  g* and then decreases 

continuously. The maximum f s  a t ta ined due t o  a balance between the  volume 





and surface free energles. Once a cluster reaches the crltlcal slze g*, 

It grows rap 1 d I y by condensation. Theref ore A G = A G* I s the cond 1 t 1 on 

for onset of condensatlon, 

The ~classlcaIt theory for the steady state rate of nucleation has 

been developed by Frenkel (121, Zeldovlch (131, Volmer (141, Becker- 

Doerlng (15) and others. In the classical formulatlon two maJor assump- 

tlons are made: (1)  the flat film surface tension 1s used to describe the 

surface energy of the vapor clusters, and ( 1 1 )  the clusters are assumed to 

be at 'rest', undergolng neither translational nor rotatlonal motlon. The 

results of thls theory are presented In Table l(a1. 

The classlcal theory was further modifled by uslng statlsklcal 

mechanlcs to ellmlnate the two aforementloned assumptlons. These methods 

have been developed by, among others, Abraham (161, Kuhrf (17) and Lsthe 

and Pound (181. The non-classical formulatlons are shown in Table f ( b ) .  

These formulations predict nucleation rates as much as 1 0 ~ ~ - 1 0 ' ~  times 

higher than the classlcal theory. 

Experimental data lndlcate that the classlcal theory results are more 

accurate than the results of Lothe-Pound theory for some I lquids (water, 

methanol, octane etc.1, and for certain other l lqulds (ammonfa, iron) the 

opposite Is true. 

2.3 Boundary condltlons for condensatlon 

The condensation f l ux to partlc I es in the cont l nuum slze range Is 

easily calculated as a diffusfve flux. For particles which are not In the 

continuum size range, leee when the dimensions of the particle are 

comparable to or less than the mean free path of the condensi ng vapor 







molecules, the theory must be modifled. 

The rate of condensational growth of a spherical particle o f  radius a 

Is a function of the Knudsen number K, = XA/a, where AA i s  the &an free . - 
path  of the condensing vapor. For Kn << 1, the transport processes are we11 

described by the continuum theory. In 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 t h a t  the effective mean free p a t h  AA i n  a binary 

mixture of species A and B i s  given by 

where PA and PB are the partial pressures, UAA i s  the collision diameter 

for binary collisions between molecules of A ,  and aAB for collisions between 

molecules of A and B. Z i s  the ratio of molar weights, i .e.,  Z = MA/RB. 

In the particular case being considered PA <c PB, i.e., the background 

gas pressure PB 2 P ,  where P i s  the total pressure. Consequently t h e  

expression for XA simplifies to 

I t  also follows t h a t  



From Eq. ( 1  and (z), 

and s ince oAB - ( U ~ + C T ~ ~ ) / P  

I t  i s  poss ib lz  to recast  eqn. 3 i n  terms o f  the kinematic v i scos i t y  vg 

o f  the specics BF 

- 'BRT)T'2 i s  the mean v e l o c i t y  o f  molecules of B. S i m i l a r l y  where vB - i ~ p ~  
8 

the mean ve?or.-i t y  of molecules of A i s  g iven by 

Transport processes a t  intermediate values o f  the budsen number 

may be described approximately by the  f l u x  matching method (4) .  This 

method has been used t o  compute the  r a t e  o f  growth o f  p a r t i c l e s  by con- 

densation and adsorption, and heat t ransfer  between t he  p a r t i c l e  and the 

surrounding gas. I n  the f l  ux-matching method, the  reg ion surrouhding a 

spher ical  p a r t i c l e  i s  d iv ided i n t o  two pa r t s  by a concentr ic  boundary sphere 



which i s  located a t  a distance from the p a r t i c l e  surface (Fig. 4). 

Wi th in  t h i s  boundary sphere the f luxes are described by the  k i n e t i c  

theory r e s u l t s  f o r  the  f r ee  molecular regime. Outside the boundary sphere 

the f luxes  are described using continuum t ranspor t  theory. The f luxes 

ca lcu la ted by the two methods are then matched a t  the boundary sphere. 

I f  the f l u x e s  are matched a t  the p a r t i c l e  surface, i.e., = 0, the f l u x  

of mass X t o  the p a r t i c l e  surface becomes simply (5)  

where the subscr ipts c and f m  denote continuum and f r ee  molecular f luxes,  

respectively. The r a t i s  o f  the f r ee  molecular mass f l u x  t o  the continuum 

mass f l u x  ms2 be written (5) 

where f3 i s  a parameter whose value w i l l  be determined i n  subsequent 

equations. So f q .  (5) becomes 

S i m i l a r l y  the heat f l u x  may be described by 



Flgure 4. l l lus t ra t lon  of  the f lux matching method 

(a)  Boundary sphere and vapor concentrations. 

(b )  Vapor concentration as a functlon of radla l  distance. 



B and y relate the continuum transport properties DAB and % t o  the 

free molecular transport properties glven by the kinetic theory of  gases (5,6). 

The relationship i s  given by 

Fuchs and Sutugin (5) assumed B b. 4P3 l k n  their calculation of condensational 

growth rates in the transition regjme, Davis and Ray (7) have recently shown 

t h a t  this assumption can lead $0 subi;i3~1Qlal errors $n the mass transfer rates 

since the dependence of the mass at2 the molesula~ weight and properties 

of the condensing spec fee^ i s  nfi?gIei;et~ij , 

The diffusivity o f  the binary system (8,B) and $he themal conductivity 

of the major species B must be kneewn jf more precise values o f  B and y 

(Eqs. - 7 a n d  8 ) are t o  be used. Llslng a Leonard-Jones interaction potential , 

these transport coefficients become 96): 



(1,1) where the  c o l l i s i o n  i n teg ra l s  QAB and 4ls2) are funct ions o f  the 

kT 
reduced temperatures, TAB = - kT and TBB = g. respect ively.  cm and 

c~~ 
gBB are  Leonard-Jones parameters. C V B  i s  the molar spec i f i c  h e i t  o f  B. 

5 
For diatomic gases Cv = gR. Thus 13 and y become 

For a speci f ied b inary  gas mixture, 6 and y are weak funct ions o f  

temperature. Since the  temperature v a r i a t i o n  i n  the  v i c i n i t y  o f  a growing 

p a r t i c l e  i s  small, we sha l l  assume 8 and y are esnsisnts %n t h i s  analysis. 

The mass f l u x  predicted using Eqs. (5) and (11) 4s compared w i t h  

experimental data of Davis and Ray (7) i n  f i g .  5. "$be theore t i ca l  

f o r~ i l u l a t i on  o f  Sitarski-Nowakowski i s  a lso shown (81, and corresponds to:  

The Fuchs-Sutugin formula t ion i s  the  expresssion: 

I - =  10.75 Kn ( I  + 8.864 Kn) 
I fnl 

I n  Eqs. (5). (13) and (141, the  mean free path (AA)  f o r  DBS vapor. i n  N2 gas 

(Is1) was ca lcu la ted t o  has been used t o  ca lcu la te  the  Knudsen number, and QAB 

be 1.34 f o r  DBS/N2 a t  293OK (6.7,9). 





It can be seen from Fig. 5 t ha t  the f lux matching approach underpredicts 

the experimental values by less than 10% over the en t i re  range o f  Knudsen 

numbers. This approach, therefore, predicts mass f l u x  reasonably we1 1. 

The Fuchs-Sutugin equation gives qu i te  a good agreement wi th  the data, 

-par t i cu la r ly  f o r  Kn < 0.1. The Sitarski-Nowakowski equation underpredicts 

the f l u x  substant ia l ly  i n  the regime Kn> 1. 

The f l u x  matching method w i th  the boundary sphere located a t  the 

p a r t i c l e  surface makes i t  possible t o  describe the composition and temperature 

f i e lds  i n  the region surrounding the p a r t i c l e  using t h e  ccnk4wuum transport 

relat ionships. The boundary conditions a t  the pa r t i c l e  aurf3ce are derived 

by matching the continuum and f ree  molecular fluxes. 

Consider a p a r t i c l e  o f  radius a w i th  surface temper8tuPe To and vapor 

concentration xA = xAo (Fig. 4). Far from the par t i c le ,  'T = T,, xA - xAm. 

A t  the boundary sphere, l e t  x;\ = xA. A t  a = 0, the <#aprdr ;%II:~ w-, 2~hir-i; 

imp1 ies  

where D denotes the binary d i f f u s i v i t y  DAB. 
.I 

40 and Kn = - Using the re la t ions  $ = - a' the value o f  x i  f o r  k = 0  i s  given as 

Since P << PBs i t  can be assumed t h a t  the heat conductl'on occurs mainly A 
through the background gas rather  than through the condensible vapor. 

Matching the f ree  molecular and continuum heat f luxes y ie lds  



Since 

we - obtain 

Transport of vapor and energy t o  the surface o f  the p a r t i c l e  may now 

be evaluated using the continuum transport equations subject t o  the 

boundary conditions x i  and T' a t  the p a r t i c l e  surface. 



2.4 Nucleation Rates i n  the Presence o f  Growing Part ic les.  

The c lass ica l  treatment of homogeneous nucleation involves the 

computation of the i n t r i n s i c  nucleation rate, J_ (number o f  par t i c les  - - 
formed per u n i t  volume per u n i t  time) based upon the mean vapor concen- 

t ra t i on .  Pesthy e t  a1 . (2) have recent ly shown that,  once some par t i c les  

have been formed, the reduction of the vapor concentration i n  the region 

surrounding the p a r t i c l e  by di f fusion t o  the p a r t i c l e  surface can sub- 

s tan t i a l  l y  reduce the t o t a l  ra te  of homogeneous nucleation. Following the 

approach o f  Pesthy e t  a l .  (2) we may define a clearance volume f o r  use i n  

the evaluation of the average nucleation rate. Consider a p a r t i c l e  w i th  

radius a a t  time t. A t  large r a d i a l  distance, r, the vapor pressure i s  

not  perturbed by the par t i c le ,  so the nucleation ra te  approaches the 

i n t r i n s i c  rate, J-. Nearer t o  the p a r t i c l e  surface, the nucleation ra te  

i s  a funct ion o f  rad ia l  distance, J ( r ) .  This i s  i l l u s t r a t e d  i n  Fig. 6. 

The clearance volume i s  the volume ins ide the rad ia l  distance pa 

defined such that,  i f  the nucleation ra te  i n  the region from a t o  pa i s  

taken t o  be zero and tha t  beyond pa i s  taken t o  be Jm, the t o t a l  nucleation 

ra te  equals t h a t  determined by the exact volume integrat ion. Thus, we 

have 

Since J ( r )  = 0 f o r  r < a, the in tegra ls  may be wr i t t en  as 



( P ' r n  
(D 

- @ 5  
u s -  - + a 



The dimensionless clearance volume may be explicity evaluated as 

In terms of the dimensionless radial coordinate 

Eq .  (21) becomes 

For an ensemble of particles, the regions of influence of adjacent particles 

may overlap. The appropriate limit of integration i s ,  therefore, a f ini te  

radius r,. We may write 

The fractional reduction i n  the overall nucleation rate due t o  a growing 

polydisperse aerosol may be estimated by computing the fractSon of the volume 

i n  which nucleation is  quenched. This total fractional clearance volume, Q, 

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



I n  the l i m i t  of small n, the volume average nucleat ion r a t e  I s  

As n increases, the average nucleat ion r a t e  approaches zero. A de ta i led  

treatment o f  the f i n a l  stages o f  nucleat ion quenching tak ing i n t o  account 

the spa t i a l  d i s t r i b u t i o n  o f  p a r t i c l e s  and overlapping regions o f  inf luence, 

i s  beyond the scope of the present analysis. Instead, the average 

nuc leat ion r a t e  w i l l  be approximated by 

i .e., nucleat ion i s  assumed t o  be completely supressed f o r  f r a c t i o n a l  clearance 

volumes greater than un i ty .  



2.5 Concentration and Temperature Prof i les.  

The chemical species and energy conservation equations may be solved 

-subject t o  the boundary condi t ions derived by f l u x  matching s t  the p a r t i c l e  

surface, Eq. (16) and (181, i n  order t o  compute the vapor concentration 

and temperature pro f i les  i n  the region surrounding a growing par t i c le .  The 

pr~$%em 4s unsteady, but can be s imp l i f ied  since the time scales f o r  

nucleatSon, vapor di f fusion, energy transport, and p a r t i c l e  growth are 

widely dif ferent,  This i s  i l l u s t r a t e d  i n  Table 2. For the vapors o f  

Bnte~gst t o  the present discussion, the time scale f o r  heat conduction 

i n  the gas, rc, i s  much shorter than tha t  f o r  conduction w i th in  the par t i c le .  

Most. 0 f  the heat can, therefore, be assumed t o  be conducted away from the 

r2~".  PI ~1 c?.. The development of vapor concentration and temperature p r o f i l e s  

will  occur an sin51ar time scales. The time required f o r  p a r t i c l e  growth 

9 %  ~ u c k  longer than the time f o r  re laxat ion o f  the temperature and composition 

f i e l d s  sur r~und ing  the par t i c le .  For t h i s  reason, f luxes t o  the p a r t i c l e  

may be described by a quasi-steady-state model o f  t ransport  i n t o  the gas 

surrounding the par t i c le .  

The c lass ica l  treatment o f  homogeneous nucleation predic ts  the ra te  

s f  new p a r t i c l e  formation a f t e r  a quasi steady c lus ter  population has been 

established. Col l ins (10) derived the fo l lowing expression f o r  the time 

l a g  rSn i n  developing t h i s  steady state population o f  c lusters i n  se l f -  

nucleatton: 



Table 2 .  Character is t ic  times for growing p a r t i c l e  processes. 

-i 

Heat Conduction 
i n  A i r  

2 a - - 9 = Tc 

t 

Character is t ic  
Time 
'I 

Heat Conduction 
i n  P a r t i c l e  

a 2 - 
OLd 

Vapor . 
Dif fus ion - 

a 2 - 
V 

P a r t i c l e  
Growth 

cda2 (1+8b) 
cDxL 



for most vapors of interest, the charaeteristic nucleation times 

are very small compared t o  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: 

where the mass and chemical species conservation equations are written i n  

molar units to  take advantage of the simp1 4'irScation which the constant molar 
* 

density affords i n  calculation of the molar average radial veloclty, V . 5 

i s  the  ratio of specific heats,  C p ~ / C p B  

The mass balance for the particle is  

The particle energy balance may be written 

Equations (27) and (28) are solved subject to  the boundary conditions 



The rtiolar- average velocity a t  the par t ic le  surface is  then found t o  be 

Lj33!tin:, aur consideration t o  a d i lu t e  system, xAw << 1 , and u t i  1 i z i n g  the 

f l u x  ma.ich%ng condition, Eq. (16); Eq. (32) may be written 

Subs t i  tu%Sag in to  Eq. (30), the par t ic le  growth r a t e  becomes 

For binary system containing a d i lu t e  vapor, the mass average velocity 

is related t o  the molar average velocity by 

For a d i lu t e  vapor, Eq. (33) and Eq. (18) may be combined w i t h  Eq. (29)  t o  

obtain 



Eq. (36) will be solved to  determine To. I t  i s  important t o  note that, 

because of the Kelvin effect ,  the equilibrium concentration a t  the surface 

where 

The time dependent vapor concentration and temperature profiles may 

Dakl be determined by solving the fu l l  conservation equations, v i z . ,  

subject t o  the boundary conditions 

xA = x T = T W  a t r - , ~  
A, 

and Initial conditians 

XA = x , T = T m  a t t = O  b\m 



The compl icatjons introduced by the moving boundary, a = a (t) may 

be simp1 ified by resealing the radial coordinate. Pesthy et al. (2) 

used r/a(t). The present problem requires the radial coordinate defined - 
in Eq. ( 2 2 ) ,  5*ee, y = r/[a(l+ BKn)], fn order to account for the Knudsen 

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

. , 

Defining parameters A and B as 

equations (42) and (43) become 



3 2 

The i n i t i a l  end boundary conditions a re  now given by, 

The new time scale f o r  the quasl steady s t a t e ,  8, i s  defined such tha t  

8 may be calculated ?; ' -9snrtb,%.ig Eq (50) over the part ic le  history. The 

par t ic le  grewtk rate ' ; I w n  by Eq. (34) whSch may be written i n  the form 

where A i s  the dimensionless growth parameter given i n  Eq. (44).  Recall 

t ha t  xA, - - "sat (T  o )exp(8- - )  and tha t  the radius of the freshly nucleated 
0 

par t ic le  f s 

I t  i s  obvious, therefore tha t  A = 0 when a = a*. In the nucleation 

theory, i t  is  assumed t h a t  t he  droplet current i s  independent of c lus te r  

size.  Thus, the nucleatjon r a t e  i s  the same f o r  par t ic les  somewhat 



l a r g e r  than a*; and fo r  p a r t i c l e s  o t  s ize  somewhat greater than a*, i t  

i s  reasonable t o  assume t h a t  xAo = x a 0 )  so t ha t  A i s  Independent 

6 f  the  p a r t i c l e  radius, i.e., the Kelv in  e f f ec t  i s  neglected. Equation (51) 

may therefore  be in tegrated t o  y i e l d  

where Kn* = F, *A and a = a* a t  t = 0. 

Subs t i tu t ing  Eq. (52) i n t o  Eq. (SO), we get  

%e&t";g e 0 a t  t = O st14 Integra%$ng, t%e t ime scale f o r  quasi-steady 

p a ~ 3  i cle y-~s:+~th b k c s n ~ i  

Near the p a r t i c l e  surface, the convection terms are small compared t o  

the other  te rns ,  and t h e  Eqno, (46E, (45) a re  approximated by 



These equations apply only unt i l  the concentration and temperature gradients 
1 begin t o  change beyond y > B. During t h l s  interval o f  time, 6 1/4A, very 

= l i t t l e  par t ic le  growth occurs so this i n i t i a l  t ranslent  may be'neglected. 

The pa r t i c l e  growth phase I s  therefore the quasi-steady s t a t e  given by 

Since vapor concentration i s  assumed t o  be d i lu t e ,  %RE term - can be 
Y L, 

neglected, and the equations simplify t o  

w i t h  boundary canditions given by Eq. (48). 

Solutions t o  equations (58) and (59 ) are 

A WE T'-Tm F (y; E, Kn) 



where 

since xA << 1, A i s  small and f can be epproxir;s%i.d by 

?f f i ! * & $ s ;  The following definitions are now I n t i  a: 

To determine %, the integrated Clausius-Clspeyvon expression i s  used, 

i .e . ,  

Equation (36) may now be rewritten as 



The Kelvin effect  has been introduced i n  Eq. (67). As discussed earl ier ,  the 

Kelvin effect  introduces a short time lag i n  the solution and may be neglected. 

Since x >> xsat for  most cases o f  interest,  
A, 

Ax can now be computed t o  be 

The vapor concentration and temperature prof4 less  therefore, sre gdven by 

The saturation ra t io  S(y) i s  

Using the integrated Cl ausi us-Cl apeyron equation, 

where 

= x(y) exp so0 



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 results will 

now be combined w i t h  the fonnulations of section (3) to obtain the 

clearance volume of a particle. 

From nucleation theory (11, the local steady s ta te  nucleation ra te  i s  

given by 

2/3 2/3 'I2 3 2 

J(Y) = 
p ~ v m  ''A (r) ( uv!T ) erp [- 16")v, (74) 

( PITM~RT ) 3(kT) (Q~s) '  

Therefore, 

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

3 Figure 7 shows the dimensionless clearance volume p as a function of the 

Knudsen number for  water droplets i n  a i r .  The values used i n  the simulation 
i 

are shown i n  Table 3. 

I t  can be seen from the figure that  the dimensionless clearance volume 
3 3 

p i s  constant a t  small values o f  Kn and p decreases w i t h  increasing 

monomer pressure. These results are consistent w i t h  the previous analysis 

(2) 



Table 3. Parameter values for condensing water vapor 



Fi gure 7. Dl mensf on less clearance vol ume p for water droplets as 

a function of Knudsen number. 



3 The most interesting feature i s the behavior of p a t  large Knudsen 
3 numbers; i n  th i s  regime, p vs. Kn is linear on the log scale w i t h  

almost u n i t  slope. In fact ,  p3 as a function of Kn for  a l l  values of Kn 

can be approximated by the function 

3 where p is  the dimensionless clearance volume for  Kn + 0, and 5 i s  a 
0 

constant which may vary w i t h  different vapors and different ambient vapor 

pressures, b u t  usually has a value close to  0, the constant 

used i n  flux matching method. 

Thus, i n  %Re free molecular regime 

This would seem to  indicate that  i n  the limit of Kn + =, p3 + a and 

nucleation would therefore be to ta l ly  suppressed when aerosol i s  i n  the 

free molecular regime. T h a t  is, of course, not reasonable. 

This apparent contradiction i s  easily resolved by noting that  p 
3 

increases slowly compared to  the decrease i n  the volume of the particle. 
3 Consequqtly , a1 though p increases w i t h  Knudsen number, the clearance volume 

of the particle which is $ra3p3 i s  decreasing, as can be seen from 

$ra3p3 = $ ~ a ~ ~ ~  o (1 + qKn) 

4 3 3 - 2  
For large Kn, $a3p3 = ~p o 5AAKn 



2.7 Dimension1 ess Clearance Volume i n  the Free Molecular Regime. 

The clearance volume calculations showed that  the dimension1 ess 
3 clearance volume, p , of particles i n  the free molecular regime is  ap- 

proximately proportional t o  the Knudsen number. Particles i n  

the f ree  molecular size range can influence the kinetics of 

the condensing vapor because of coll i sions with vapor molecules and 

clusters. The collision frequency i s  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 i n  the differential 
2 el ernent o f  volume 471-r d r  may be intercepted by the particle. The probabil i t y  

of {wterception depends on 

Qi) The fraction of the solid angle that  i s  intercepted by the 
2 2 2 2 particle. This i s  approximated by na /(47rr ) = a /(4r ). 

( i  i ) Call isions w i t h  vapor molecules and clusters i n  the cone 

between the vapor molecules a t  distance r and the particle. 

The characteristic frequency of monomer/monomer col 1 isions 

which may contribute to  nucleation i s  approximately given by 

where 'AA i s  the collision cross section and vA js the mean 

molecular speed. For the vapor molecules t o  reach the particle 

from a distance r, the characteristic time is  r/vA. Therefore, 

the probabil i t y  of the molecules being intercepted by the 

particle is uAAnAr. 





The above two effects combine, and we o b t a i n  the change i n  nucleation 

rate t o  be 

Equation (83) has been derived from very simplified arguments, b u t  it i s  

sufficient to i n d j c a t e  the dependence o f  clearance volume on the Knudsen 

number. 

From Sect i~n  2.4 

using (8QIs 

Since rc >> a , 

Thus, we see that the dimensionless clearance volume i s  proportional 

to the Knudsen number i n  the large Knudsen number limit. 



2.8 Time Evolution s f  Aerosol. 

I t  i s  now possible t o  determine the evolution of aerosol from a 

spatially homogeneous mixture of aerosol and vapor present f n  noncondensing 

gases. I t  will be assumed t h a t  bulk gas conditions change much more 

slowly t h a n  the rate a t  which the aerosol and i t s  surrounding layers can 

adjust .to %he c:-mge. Temperature changes in the bulk gas are now i n -  

corporated 5~ quation (83) 3s fo~~ows  

where i t  i s  asstsmed 

We need one more equatlsn t o  complete the system o f  ordinary differential 

equations. T h i s  ds the vapor conservation equation which may be written 



45 

In the above equation 'FA i s  the average vapor pressure and 

R is the rate of vapor pressure increase due to reactions that may occur 
P 

i n  the system. The solutions for monomer concentrations were obtained on 

the basis of PA,, which was the ambient vapor pressure. For most systems, 

nuc7 eati on is quenched before a significant amount of vapor has condensed, 

s o F A  2 P during the nucleation phase. 
A, 

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

Eq. (83) may be rewritten as 

an  - + a - -  a; n 3 
a t  an - Jav 6 (a-a*) - n - + - aa aa p g a t  

Applying the method of characteristics to  convert th is  partial differentia1 

equation t o  a s e t  of ordinary differential equations, we find, along the 

characteristi e 



a; 3 The terms XT., at are available as analytical expressfsns from 

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

The coupled ordinary differential equations ~ h i e h  descsibe the system 

are, therefore, 

The characteristics have the in i t i a l  cotiditions 

and 

Figure 9 shows the results o f  a ca l cu l a t i~n  sf  the sf ne evolution 

o f  water droplets from a supersaturated vapor. I t  i s  assumed that  a t  

t = 0, supersaturated water vapor s t a r t s  t o  nucleate and condense. 

The parameters used for  this simulation are  given i n  Table 3 .  



0.0 I 0,1 1.0 

Radius a ( yrn) 

Flgure 9. Evolutlon of s i t e  dlstrlbutlon of condensing water vapor. 



Size distributions a t  two different times are shown. After 1 msec, 

n = 0.29, and nucleation quenching has become significant. Very l i t t l e  

time i s  required for the particles to grow to the 0.1 to 1 micron s i te  

' from the critical size which i s  i n  the free molecular range. After 

1.7 msec , Si = 1, and nucleation i s  quenched. Approximately 2% of the 

water vapor i s  converted i n t o  aerosol by this time. As the quenching 

p o i n t  nears, the size distribution changes dramatically; the number of 

small particles drops sharply due to the decline I n  the nucleation rates. 

Beyond this period, the dominant process i s  condensation. Coagulation 

will become important only much later. Modelling the final stages of 

aerosol evolution requires consideration of coagulation and i s  beyond 

the scope of the present work. 



2.9 Discussion 

The present analysis is applicable to  the formation and growth 

of particles i n  the continuum, transition and free molecular s ize 

ranges. Transport processes i n  the transition regime have been 

described by using f l u x  matching (5) a t  the surface of particles. 

A1 though previous applications of th i s  method have resulted f n substant-ial 

errors i n  transport rates, when the correct formulations for  mean free 

path and transport properties are used, f l u x  matching a t  the  surface 

gives satisfactory resul ts. 

I t  has been assumed t h a t  a quasi-steady-state exists  for fluxes 

t o  the particles since the time required for particle growth i s  muck 

l onger than the times for re1 axation of the temperature and ~ompoo4~? i t  

f ie lds  surrounding the particle. 

The effect  of cluster diffusion t o  the particle on the nucleation 

rate has not been considered i n  the analysis. McGraw and McMurry (11 d 

have shown that  the effect of cluster  diffusion can be important i n  %he 

region close to  the particle. Since nucleation suppression f a r  

from the particle (r/a >> 1) contributes substantially to  

' the  total  change i n  nucleation rates, the effect  of cluster diffusion on 

clearance volume ( E q .  21) i s  d i f f i cu l t  to  ascertain, but  it may not be 

significant. 

In the sample calculation for  condensing water vapor, i t  was observed 

that  new particles are formed only for  a very short period of time. Similar 

results  are obtained i n  the simulation of other systems where vapor 

nucleation occurs, i.e., there is  a short i n i t i a l  interval of simultaneous 

nucleation and condensation. Nucleation may continue t o  occur i n  systems 



where vapor i s  produced by reactions, o r  saturation vapor pressure is 

lowered due t o  thermal changes. Nucleation may also occur if  the vapor 

and aerosol dis t r ibut ions a re  not uniform. The present analyiis 

neglects the e f fec ts  on nucleation ra tes  of overlapping regions 

of influence of adjacent particles.  A detailed treatment of the 

f ina l  stages i n  the quenching of nucleation must consider the spat ia l  

dis t r ibut ion of par t ic les  and the vapor concentration and temperature 

profi les  i n  these regions. 

The concept of the to ta l  fractional clearance vol m e  discussed i n  

Section 2.4 can be u t i l ized  on i ts  own without calculations of s i r e  

dis t r ibut ion evolution. To a f i rs t  approximation, n indicates the f r a c t i o n  

by  which nucleation is reduced by a growing- aerosol. Nucleation can be el imt- 

nated i n  systems where seed par t ic les  a re  present i n  such concentrations t h a t  

n > 1. T h i s  is  obviously the condition fo r  haximum growth of par t ic les ,  The 

f inal  s i ze  of the par t ic les  is. determined by the amount of vapor tha t  i s  

available for  condensation. In order t o  grow large par t ic les ,  the vapor concen- 

t r a t ion  must be high, and the number of pre-existing par t ic les  must be small. 

However, these conditions a1 so tend t o  produce nucleation. Careful conirol 

of vapor concentration is  t h u s  required f o r  maximum growth of par t ic les .  
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CHAPTER 3 

QUENCHING OF NUCLEATION 

3,1 1 ntroduct i on 

The theo ry  developed I n  t h e  l a s t  chap te r  p r o v i  des a c r i t e r i o n  f o r  

c c s n l - r o l l i n g  n u c l e a t i o n .  It was shown t h a t  n u c l e a t i o n  w i l l  be 

-substant l a l  l y reduced when a system I s  operated w i t h  aerosol  and vapor 

:;oncentrations such t h a t  the  t o t a l  clearance volume f rac t i on  52 i s  greater 

,I !-taw un I ty. The determ 1 n a t  i on o f  t h e  t o t a l  c learance  v o l  ume f r a c t  i on 

E nvol ved a complex I n t e g r a t l o n  (Eq. 23, Eq. 75) wh l c h  cou l d on l y  be done 

rrumerlcal ly. I n  i t s  p resen t  form, t h e  c learance  volume concept I s  

somewhat d l f f l c u l t  t o  incorporate i n t o  ca lcu la t ions of  aerosol nucleation 

and growth. It i s  therefore desirable t o  have a simplified expression f o r  

%he dimensionless clearance volume. 

I n  t h i s  chapter, t he  clearance volume formulat ion i s  fur ther  analyzed 

and s rmp l l f i ed  by determining asymptotic expansions o f  t h e  in tegra ls  and a 

s i m p l e  a n a l y t i c a l  c r i t e r i o n  i s  e s t a b l  i shed  f o r  t h e  quenching o f  

nuclea%lon. Us lng  t h i s  expression, a c a l c u l a t i o n  i s  c a r r f e d  o u t  t o  

determine the  growth o f  nucleated aerosols. 

3,2 The Quenching C r i t e r i on  

The t o t a  l c l earance vol ume f r a c t i o n  R , as def i ned i n sect  l on 2.4, 

i s  t he  sum o f  Ind iv idua l  clearance volumes o f  t he  p a r t i c l e s  I n  a system. 

For a monodisperse aeroso l  o f  r a d I u s  a and  c o n t a i n i n g  Nm number o f  



parttcler per unit volume, the clearance volume fraction is g1ven by 

The crlterlon for nucleation to be quenched Is R > I .  In essence then, 

it Is gasslble to predict quenching of nucleation In an aerosol system If 

clearance v ~ l  umes are calculated, In the prevl ous chapter, clearance 

volumes were calculated by numerical integration of the following 

equation: 

r 
.J(y) Is the nueleatlon rate at a distance y = F ( T ~ J  - from the particle, 

JCy)/J, Is given by: 

In the above equation, 



We shal l  now determine an approximate analytical value for  t h e  

integral I n  Eq. (231, thereby obtaining a slmple cr i te r ion  for  quenching 

of nucleation. The method by which the OnOegration w l l l  be done I s  va l id  

for a 4 an 5 (l+e~~)2/m. This restslct ion does not limit the usefulness 
00 

of =the resu l t  slnce most systerns operate In t h i s  range, 

It f s  convenient to InProduce the foIIowlng definitfons: 

Consequently 



Recall f r m  section 2,5 Qhat: 

I t  eri ss fo i  i 3 . s ~  from Eq. (44) that, 

Typlcai ty, :or a d l  lute  vapor 

AT TC An, and A < log4 

The I n  i-,;.gi*$.bo~ $ p Eq, (25) I s  negl l g l  b l e  except when y>>l,  And f o r  

y>>3, I t  :.rr be snown 9ha.k A 1 * A 2  and A 3  a r e  a l l  much less than unity,  

Eq.(73) can the;! . ~ s  srmgl l f  led to 

Using the above squation, Eq.(88) can be slmpllfled: 

11 - 2 ~ ~ - 2 $ )  exp { - ~ ( - ~ A ~ + A ~ ) I  
J30 

(94) 

For systems w l t h  4 en SS_(I+f3Kn)2/m, t h e  f o l  low lng approxlmatlon 

ho l ds, 



56 

The Integral for clearance vol ume (Eq. 23) now takes the form 

Eq.(96) can be fntegrated analytically I f  I t  1s posslble t o  Integrate 

each of the fof lowfng expresslsns: 

j l y 2 d y  and J%Y2dY 

These I ntegral s are s 1 m f l lar, and Lap l ace's method (1) can be appl 1 ed t o  

obialn an approxlmafe analytical value, We proceed as  follows: 

*here q(y) - ~ y 2  + I n y - i n  [ 2 ~ ~ ~ + ~  /*A + 1  

I t  can be shown that 

Consequen.tly, the  integral I n  Eq. ( 9 7 )  may be approximated ( 1 )  by the 

first  term t n  the asympOodlc exganslon: 

The integral on the r f g h t  f s a s! mp le transformati on of the Gamma f unctlon 



with the argument 1/25 thus the Integral (Eq. 97) Is approximated by 

From Eqs. (961, (981, (99) and (921, the value of p3 IS seen to be, 

A cortectfon term can be obtalned by Integrai-lng a second order .term, 

and this correction term p 3 '  is 

Fig. 10 compares the analytical result of Eq.(1021 with the numerical 



- Numerical Evaluation 
-- Analytical Expression 
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Figure 10. Canpartson of analytlcal approxlmatlon of the dlmenslonless 

clearance vol ume w l t h  numer lcal  eval uatlon of the exact expresslone 



resul fs  I n  secPlon 2b. The curves are drawn wrth the parameters gfven I n  

Table 4, It can be seen tha t  the two eval uatlons d i f f e r  by less than 10% 

a* a l l  polnte, A t  B(wl.1, f o r  example, t h e  numerical 1ntegra)Ion g lves a 

vsl  ua of p3=52~106. The analytical expression I n  Eq.(102) gtves a val ue 

o f  5 . 6 ~ 1  o6 f o r  p3 a t  t h e  same p o l n t i  and t h e  difference between t h e  two  

1s ataau? 7%. 

Further examlnatlon of Eq.(102) shows tha t  the f i r s t  order terns are: 

The absve eq~!a-3-%0rp T ~ 3 ~ f  trms the  resu l t s  obtalned I n  sectlon 2.4 regardlng 

t h e  behavlour of p3 8s a function o f  Kn and PA . It can be seen t h a t  
a3 

feed., Qhe d t m@ns f on I ess c l earance vol ume l ncreases l 1 nearly w 1 t h  Knudsen 

number a t  O arge Knudsen numbers, and f s fnversely  p ropor t fona l  t o  t h e  

vapor pressure, S u b s t  I t u t l n g  t h e  va l  ue o f  a f rom Eq,(89) 1 n t o  Eq.(103) 

we obfaln 

We now have a slmple c r t t e r l o n  f o r  determlnlng whether s ign i f fcant  

nuc l e a t  Ion  w 1 l I occur I n  CI system o r  not. There w I i I be no s l  gn 1 f 1 cant  



nucleat fon I n  a system f f  

wnere N Is t h e  t o t a l  number o f  particles I n  t h e  system and a I s  t h e  
03 

average p a r t i c l e  radius. The above c r i t e r i o n  can be made more accurate by 

us i ng Eq. 11 82 for  t h e  d I mensI on I ess c I  earance v o l  ume and by I n t e g r a t  1 ng 

Phe clearance volumes over ihe s ize  d is t r ibut lon.  

IP  i s  I w t e r e s t f n g  t o  observe t h a t  t h e  parameter y used I n  f l u x  

match f ng of  hea-t- t r a n s f e r  and t h e  t e r m  A Hv a re  bo th  absent f rom t h e  

above sxpr~sslesn for dlmewslicanless c learance  v o l  ume. Th I s Imp I l e s  t h a t  

?ks ehd~9ge i n  %Re *emperature around a p a r f l c l e  (due t o  condensation) I s  

s":o* as I,;go?r8a~:'.: a fact-or I n  quenching as the decrease o f  vapor pressure 

On a d9fu-i.e sys?i.em, I n  other words, quenching I s  determlned p r ima r i l y  by 

Pha loss of vapor to the  particles. 

The dirnenslonless c learance  volume p3 i s  a l s o  seen t o  be very 

s t r o n g l y  d e p e n d e n h n  t h e  su r face  t e n s i o n  u o f  t h e  condensed phase. 

Since surface tension var ies  w i t h  temperature and I s  somewhat d i f f i c u l t  t o  

eva9 uaTs accusa-fe l y I n  cases where c l u s t e r  s l z e s  a r e  sma 1 I, t h  1 s 

Endsi-aducer a cer ta fn  amount of uncertainty I n  calculation o f  t he  clearance 

vo! me, 

3,3 Growth o f  Self-nucleated Aerosol 

T h f s  s fmp!e e r I t e r 1 o n  f o r  quenching o f  n u c l e a t i o n  (Eq. 105) can be 

used fo calcu ia te  p a r t t c l e  nucleat ion and growth I n  a manner s Im i l1ar  t o  

t h a t  o f  See. 2.8. I n  t h i s  sect?on, we s h a l l  s l m p l  I f y  t h e  c a l c u l a t l o n s  



even f u r t h e r  and, I n  p a r t i c u l a r ,  examine t h e  s i z e  l i m i t s  o f  aeroso ls  

formed by homogeneous nucleation and grown by heterogeneous condensation, 

Aerosol s which are formed by homogeneous nucleation subs-equent l grow 

by condensation o f  t h e  rema in ing  vapor. Unless a d d i t i o n a l  condens ib le  

vapor i s  produced i n  the system a f t e r  the  nucleation phase, growth o f  the  

nucleated aerosol w f l l , b e  l i m i t e d  by the  amount o f  vapor ava i lab le  i n  t he  

system a t  *the end o f  nucleation. 

Consf der a system In wh lch nucleation phase can be assumed t o  occur 

d u r i n g  a p e r i o d  tn d u r i n g  whtch most o f  t h e  nuc leated p a r t i c l e s  a r e  

formed, The sysPem contains n ~ =  PA/kT vapor molecules a t  t he  beglnnlng. 

The P o t a l  ngmbets o f  p a r t l c l e s  produced by n u c l e a t i o n  f s N . A t y p i c a l  
00 

n u c l e a t f ~ r t  r a t e  p r o f i l e ,  as shown i n  Fig. 11(a), shows a steep r i s e  and 

Pa l l  w1-E-h 8 well defined peak value, For the purpose of  ahis calculat ion, 

t h e  nue9sat lon r a t e  w I I I be approxtmated by a s tep  f unePlsn ( f i g ,  1 I(a19 

w i t h  a maxlmum va lue  7 o f  d u r a t i o n  tn. The t o t a l  number o f  p a r t i c l e s  

produced by the  assumed nucleat ion r a t e  p r o f i l e  I s  a lso Nm. The value of 
- 
J i s  then g!ven by 

* 
Nucleatton produces c r i t i c a l  clusters, each containing g vapor molecules, 

where 

Dur l ng t h e  nuc i  e a t l o n  phase, t h e  f r a c t i  on o f  vapor dep I e t e d  I s usual l y 



small, as we have seen In the  prevjous chep.1.er. We can, therefore, use the 

s teady s t a t e  g row th  law (Eq. 521 f o r  growth o f  p a r t i c l e s  du r l ng  t h e  

n u c l e a t i o n  phase, Thus t h e  average rs.itszs o f  t h e  aeroso l ' -a t  t h e  end of  

t h e  nucleat ion phase Is given by 

The above equat ion  t s  o b t a l  n a d  bgl 7 : ~ 3 i 2  l t l f  ng Eqs. (521, (92) and (107). 

Since nucleaflon B S  quench3il ';!hefi $?a~-$-lcles reach s ize  an, the  t o t a l  

clearance volume frac-tlgan e-t t h t s  psvna" Ts ~ n l 4 - y ~  Thus 

Using equations (104) and (1871, ?%:a above ~0ndl-k'lofI may be w r i t t en  as: 

A f t e r  t h i s  phase, nucleak;a;lln becower negf i g i b l e ,  and t h e  aeroso l  

grows by condensatlen. The 45nal average r a d i u s  o f  t h e  p a r f l c l e s  I s  

determined by vapor species csnssrvailon, reg,, 

Eqs.(t06) through (110) a re  a s e t  of algebraic equations whIch a re  east l y  

solved fo r  a se t  o f  glven parameters, Sf t h e  monomer concentrat ion (nA) 



Figure I f .  (a9 lllusfratlon of nucleation r a t e s  used I n  calcuiation 

of aerasoi grskth. 
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mot ecu I a r  vol ume (vm), temperature and t he  d l  f f uslv t i y  o f  the  condens1 ng 

species are known, It I s  possible t o  make ca lcu la t ions o f  t he  f l n a l  s ize 
- # of the  aerosol as a funct ion o f  t he  other parameters, J, t,,and g . 

As an example, we can  c o n s i d e r  t h e  a e r o s o l  p roduced by t h e  

vapor l z a t  I on and condensat l  on o f  m 1 neral matter dur I ng coal combustion. 

Typical ly, 0.1 kg o f  coal i s  burnt per cubic meter of afr, producing about 

0.1 gram of condensl b l e  vapor, 

The f I nal s l ze  o f  t he  aerosol due t o  nucl eat  ion and csndensa-bion of 

t h i s  vapor I s  shown I n  Fig. I 1  (b). The manner I n whlch fhe prrsbiern has 

been fo rmu la ted  g l ves  a monodlsperse aerosol  as t h e  pt-sduc?, The 

following parameters were used f o r  t h l s  calculation: 

Density of condensed phase: 2 . 3 ~ 1 0 ~  kg/$ T = 2000 OK 

-5 2 D i f f u s l v l t y  = 10 m /s B = 2. hA 7 ~ 1 0 ~ ~  m 

n~ = 1.5~1 oZ0/m3 a t  2000 OK vm = 4 . 3 4 ~ 1 0 - ~ ~  

From t h e  f 1 gure  It can be seen t h a t  t h e  aeroso l  produced grows t o  a 

larger s i ze  I f  nucleatlon ra tes are low and t h e  c r l t l c a l  c l us te r  Is big. 

Typ i ca l  va l  ues (2) f o r  T a r e  I n  t h e  range - 10'' /m3sec. For  lower  

val ues o f  nucl eat  1 on ra tes  t he  nucl eat  1 on phase becomes undu I y I ~ n g .  A t  

very  h 1 gh number concen t ra t  i ons t h e  condensed aeroso l  w i l I undergo 

subs tan t  1 a l  coagu l a t  i on. l f coagu I a t  I on  occurs a t  a lower temperature, 

i.e., below t h e  ash f u s i o n  temperature, t h e  p roduc t  may be composed o f  

chain agglomerates I n  whlch the  basic u n i t  i s  t he  condensed particle. The 

c r l  tl c a l  c l  u s t e r  s l z e  f o r  t h e  ash vapor I s  usual  l y  no more t han  50. The 

aeroso l  s i z e  I s  very  s t r o n g l y  dependen? on t h e  n u c l e a t l o n  r a t e  and t h e  



durat ion o f  nucleation phase; it shows a weaker dependence on ?he c r l t l c a l  

c l u s t e r  size. I t  should  be noted t h a t  t h e  n u c l e s t l a n  r a t e  and t h e  

c r i  t i c a l  c l  uster s i ze  are not  independent va r i  ab l es and t h a f  they are both 

s t r o n g l y  dependent on t h e  su r face  t ens fon  o f  t h e  condensing species. 

Therefore, it can be concluded t h a t  su r face  t e n s i o n  of the condensi ng 

vapor I s  a primary deterrn i nant of the s lze of the  prt2drg;-, s~ ~350JB 

It I s  a l s o  seen from F i g u r e  I l ( b )  t h a t  t h e  aarfsy-;~;1 ~,.oduced by 

nucleat ion and condensation of ash vapor cannot be exgec*-.,'P-* sxceed I urn 

i n  size. T h i s  conclusion I s  v e r l f  l e d  by axperlmeraPa! -:6ss:.vs.P!anr (4 )  

which showed t h a t  the  aerosol produced by nucleation ,.-?ti --~::dewsatlsn of 

ash vapor i s a subm i c r o n  aerosol. I t  shou l d be rnsn-tli;. " : jt e !-ha% the 

s i z e  ranges p r e d i c t e d  by t h i s  calculation i s  typSc:%I .- ?h% ss~~iscsgs 

produced I n  high temperature systems, I nc! uding :'!is 5 :  , ;tors :ft+~p?~~c:ed I n 

t he  f r ee  space reactors  a t  JPL and Union Carbide. 
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CHAPTER 4 

AEROSOL REACTOR FOR SILICON PRODUCTION 

4.1 In t roduc t  i on 

Produc t ion  o f  s i  I i con  aerosol  by gas phase r e a c t i o n  i s  a prom i s !  ng 

a l  t e r n a t l v e  t o  t h e  conventional methods f o r  produc i  ng p o l  y c r y s t a l  I l ne 

s i l i c o n  f o r  photovol ta ic and e lec t ron ic  applications. A t  present most of 

t he  hlgh p u r i t y  s i l i c o n  i s  produced by ep i tax ia l  reactors I n  the  form of 

f i l ms, o r  i n  be l I j a r  o r  tubu I a r  reac-l-ors i n bu l k f srm. These a r e  ba.5-ch 

operation reactors  w i t h  hlgh energy and labor consumptton. Consequen B : y 

t h e  c o s t  o f  production i s  h l gh  ( 1  1, Recent1 y Union Carbide (2) and i he 

Je t  Propulsion Laboratory (12) have developed a conOInusus f low reactor 3n 

w h i c h  s i l i c o n  a e r o s o l  1s o b t a i n e d  f r o m  s t l a n e  gas by t h e r m a i  

decmposit lon: 

( 1  1 SIH4 -----> S i  + 2H2 

The basic concept of the  cont 1 nuous f l ow reactor I s shown I n F l  g, 2. 

I n  t h e  Union Carb ide process, s f l a n e  is i n t roduced  af; t h e  t o p  o f  t h e  

r e a c t o r  and heated by r e c i r c u l a t i n g  hydrogen. The sf  lane  t hus  produced 

nucleates due t o  i t s  low vapor pressure, and dorms a very f i n e  powder of 

submlcron part ic les.  Thls process has the  potenf la l  o f  being a continuous 

operation, and t h e  energy consumption 1s lower than conventional methods 

by a f a c t o r  o f  t e n  o r  more. 

Unfortunate I y, t he  subm icron s t  l icon aerosol t h a t  I s  generated f n the  

f low reactor I s  very d i f f i c u l t  t o  separate from the  gas flow and t o  handle 



i n  subsequent process1 ng. Moreover, t h e  large surf  ace area of t he  smal l 

s i l i c o n  pa r t i c l es  makes the col  lected powder susceptible t o  contamlnatlon. 

If l a r g e r  p a r t i c l e s  cou ld  be produced I n  t h e  aerosol  reactor,  t h e  

separation, handling and contamination problems could be great ly  reduced; 

and t h e  process could then become a t r u l y  continuous one. 

As we have seen i n  previous chapters, p a r t i c l e  formation and growth 

from s vapor are J n i t J a1 l y control  led by: ( I )  homogenous nucleation, and, 

(ii) heterogenous condensation o r  reac t ion  on p a r t f c l e  surfaces. The JPL 

and Union Carbide reactors were operated a t  s u f f i c i e n t l y  hJgh temperatures 

t o  ensure complete  p y r o l y s i s  o f  t h e  s i l a n e  feed  gas w i t h i n  a l i m i t e d  

res idence  ti me (about 5 seconds). The h fgh r a t e  o f  genera t ion  o f  

condenslble products o,f react ion r e s u l t s  i n  a high nucleation r a t e  and t he  

fo?-.mat i o n  o f  a i arge number o f  very  smal l p a r t i c l e s .  Even a f t e r  

condensation of  t he  remaining vapor on these nuclei  these pa r t i c l es  remain 

subm i c r o n  I n  size. Much o f  t h e  p rev ious  work on t h e  f r e e  space r e a c t o r  

has been devoted t o  I ncreasi ng the  s i ze  o f  t he  s l I Icon part ic les.  These 

e f f o r t s  t o  Increase p a r t i c l e  s i z e  have focussed on p a r t i c l e  growth by 

coagu la t i on  (Lev in  (171, P r a t u r i ,  e t  al. (151, Lay and l y a  (2)). 

P a r t i c l e  growth by coagulat ion was examined by applying t h e  sectional 

model developed by Gelbard, e t  al. (13) t o  s i m u l a t e  p a r t i c l e  g rowth  i n  

a t y p i c a l  f l ow reactor .  Fig. 12 shows t h e  c a l c u l a t e d  e v o l u t i o n  o f  

p a r t i c l e  s l z e  d i s t r i  b u t i o n  i n  normal o p e r a t i o n  o f  t h e  cont inuous f l o w  

pyrol  yzer developed a t  t h e  Je t  Propu I s i  on Laboratory. The mean d l  ameter 

of t h e  p roduc t  a.9. t h e  end of about 4 seconds res idence  t I me i s  about 0.2 

micron. It I s  apparent t h a t  p a r t i c l e  growth by coagulation i s  t oo  slow t o  

grow pa r t i c l es  ou t  o f  t he  submicron range. 



Figure 12. Sectional model calculations of aerosol evolution in 

the JPL reactor. 



Par t i  c I e growth must, therefore, be ach ieved by vapor deposit ion on 

the particles. However, given the large number concentrations produced I n  

the  i n i  t i a l  burst  of  nucleation, growth sign1 f icant l  y beyond the subm icron 

range I s  n o t  p rac t i ca l .  Large aerosol p a r t i c l e s  can be grown I f  t h e  

number concent ra t ion  can be reduced by several  orders o f  magnitude and 

mainta ined a t  t h l s  low leve l  throughout t h i s  growth process. This  

requires t h a t  addit ional nucleation be prevented. 

From t h e  theory  developed i n  t h e  previous chapters, t h e  method t o  

prevent  nuc lea t i on  i s  t o  keep t h e  t o t a l  c learance v o l  ume f rac t ion ,  52 , 
greater than unity. I n  general, t h i s  condit ion can be met by doing any of 

the  f o l  lowing : 

I )  Maintain aerosol concentration a t  a su f f i c i en t l y  high level, 

O 1 )  Keep the vapor pressure low, o r  

1 1 I )  I ncrease the temperature. 

For  t h e  s i l a n e  system, t h e  a im  i s  t o  decrease t h e  number 

concent ra t ion  o f  t h e  aerosol as much as possl  b l e  I n  order  t o  maximize 

p a r t i c l e  size. Vapor concentration can be kept low by I im i t l ng  the ra te  

o f  s i l a n e  decomposition. Th is  would then d i s q u a l i f y  t h e  t h i r d  option, 

s ince  s i l a n e  undergoes a thermal decomposition, and t h e  r a t e  o f  

decomposition increases with temperature. 

A possible means of producing large par t i c les  i n  the s i l i c o n  aerosol 

reactor I s  t o  s t a r t  w i t h  a smal I number of seed par t i c les  and t o  control 

the temperature of the react ion a t  a lower level than t h e  present systems, 

thereby l l m  l ti ng the r a t e  of  s 1 lane decomposi t Ion and a I lowing the seed 

aerosol t o  grow. An understand1 ng of the  k ine t ics  o f  s i lane decomposi t i o n  

fs, therefore, very important f o r  control  of  the system. 



4 Klne t l cs  o f  Si lane Decomposition 

The k l  n e t i c s  o f  t h e  thermal  decomposi t ion o f  s i  lane (SiH4) a r e  n o t  

y e t  f u l l y  understood. Purnel  l and Walsh (3) made a p l o k e r i n g  study 

(1966) I n  which py ro lys is  o f  s i lane  was car r ied  ou t  a t  650°K t o  700°K I n  a 

s t a t  l c  system. The p roduc ts  were seen t o  be hydrogen, d  i s i lane (S12H6) 

and a so i  l d  p roduc t  w1.P.h 4he composition S i n .  The hydrogen t o  

s t  l icon r a t i o  x had t he  value 2 when the  sol  i d  product was f i r s t  formed, 

but  decreased w i t h  react ion time, and u l t imate ly  pure s i l i c o n  i s  obtained. 

A d e t a l l e d  a n a l y s l s  by P u r n e l l  and Walsh o f  t h e  I n i t i a l  p a r t  o f  +he 

r e a c t i o n  dur-lng which 0 i s  3 pe rcen t  decomposl t i  on occurs  suggested a 

unfmolecular decomposltion w i t h  a  temperature and pressure dependent r a t e  

constant. Two mechan t sms were por tu l  ated. On t h e  basis of thermodynam fc 

canslder-%t9nns8 Purnel f and Walsh favored t he  fo l lowing mechanism: 

It has been since confirmed (5,6) t h a t  t h i s  mechanism i s  operative fo r  the  

I n i t i a l  p a r t  o f  t h e  react ion.  The Ar rhen i  us parameters o f  these  

r e a c t i o n s  a r e  shown 1 n Tab I e 4. These parameters a r e  taken  from a more 

r e c e n t  s tudy by R ing  et at. ( 9 ) .  

The l a t e r  p a r t  o f  t h e  r e a c t i o n  mechanism is n o t  we1 l bnderstood. 

Du r i ng  t h i s  stage, t h e  decomposl t lon o f  d i s i l a n e  and t r l s l l a n e  a r e  



TABLE 4. 

Arrhenlus Parameters for Silane Decomposition 

React l on loglO A EaCt(MJ/kmole) Ref. 

a )  The parameters a r e  f o r  t h e  high pressure 1 i m  i t  (k, 1. The actual  

va lue  of kl depends on pressure and temperature. The 301 lowing char t  

glves 3he kaPio k t / k a  : 

Pressure I Temperature ( %) I 

btorr) 1 650 71 0 1050 1 



expected t o  become I mportant. The f o l  low I ng mechanisms have been proposed 

fo r  these decompssltlon reactlons. 

u 
S13H8 ------> SlH + SiH3SlH 4 

The k ine t i c  parameters of  these reactions are also shown i n  Table 4. 

Above 580aC, *he goiyhydrides of s l l i c o n  tend t o  decompose t o  s l l i c o n  

and hydrogen 871, O f  per+?cu l a r  I n t e r e s t  i n  t h e  I a t e r  stages o f  s l  1 ane 

pyrofysYs 1s f h @  soffd product (SIH,), where 0 < x < 2. It has been 

sugges%ed thaB 15) <-his could be a mixture of (SIH2In, (SIH), and sllfcon. 

P u i = n s $  t and Walsi7 %keorl+ed t h a t  t h e  so l  I d  product I s  formed by t h e  

successive insertism of SOH2 i n  the lower si lanes which then di f fuses t o  a 

surface, ThJs would Involve the following mechanism: 

AP l a rge  val  ues sf n t h e  above two  formulae become exper 1 mental l y  

W f ng and OrNeal (99 have proposed that ,  dur l ng  t h e  l a t e r  stages o f  

the  reac t l  on, hetel-sgenous mechan 1 sms become important and react ion occurs 

a t  the w a l l  surfaces of the react ion vessel. They proposed the  fo l lowing 

addit ional reactlons: 



(9) SiH2 ------> Hal I-SiH2 

( 1  0) SiH2-Wal I ------> Wal I-StH2* 

( 1  1 )  Wal I-SIH2* + SiH4 ----> Wal I-SIH3 + SiH3* 

(12) SiH3* + SIH4 ------> SI2H6 + H* 

(13) H* + SiHg ------> H 9 SIH 2 3 

(14) SIH3* + SfH5B ------> $ 1  H 2 6 

The react ions (9-11) l n l t i a t e  SfH3* rad lca l  formation, whfch then reacts 

w i t h  a d d i t i o n a l  s i lane,  This  may explain fhe  observed Increase i n  

react ion r a t e  i n  t h e  f i n a l  s t a g s  o f  the  pyrolysis. 

I f  surface react lons are important, Ohe fa-matlion o f  the  aerosol may 

become important t o  t he  k i ne t i cs  o f  t h e  system, sf nce It would provide a 

surface f o r  the reactan-ts, No ~ i u d y  of  -&Ria 2spec.t o f  the  s l lane pyrolysis 

has been made t o  date. It Is posslble - thdt  surface reactfons on aerosols 

could explain t he  d i f ference i n  s l lane dscornpssltlon ra tes  t h a t  have been 

observed by d i f f e r e n t  authors In t he  later stages of  t h e  reaction. 

From t h e  above d l s c u s s i ~ n  it i s  obv lous t h a t  t h e  f i n a l  stages o f  

s i  lane p y r o l y s i s  a r e  uncertain,  Mosf of QRs dynamic processes I n  t h e  

aeroso l  r e a c t o r  occur be fo re  a s i  gn 1 f I can9 amount o f  condensat i o n  has 

occurred. If nucleat ion can be cont ro l  led during t h l s  period, cont ro l  I n  

t he  l a te r  stages f o l l ows  qu i t e  easlly. Surface react ions w l l l  enhance the  

p a r t i c l e  growth r a t e  and minimize t h e  r i s k  o f  f u r t he r  nucleation. The 

important r e a c t i o n  is, the re fo re ,  t h e  i n i t i a l  s l l a n e  decompositJon 

reaction. The r a t e  o f  sf lane consumption I s  



The r a t e  cons tan t  kl depends on temperature as we1 I as pressure; and a t  

atmospheric pressure, thls constant can be approximated by: 

kl= (0.96 - 8 , 7 3 5 ~ 1 0 ~ ~ ~ )  exp(35.69 - 30024/T) recW1 

i n  the  temperature range 650% Po 1050°K. 

4.3 Cl earance Vol issne -;.>a* 611icon ka-osol 

To determine the cleix-~rtce volume of  the  aerosol i n  t h l s  system, it 

i s  requ 1 red t o  deferat i rib Y he-f'her fhe condens1 ng species I s  a pol ys f  lane, 

S i  ,HX, o r  s 1 l l con, mnd -:hather su r face  r%actOons a r e  l mpor tan t  I n  t h e  

process. Studies o*f FI lsns pyrolysis have not  addressed t h i s  Issue. I n  

t he  absence o f  be-Her t ri.f~f-ndd?~on, % t w 1 l I be assumed t h a t  sl l I con i s  the  

condens t ng spec! es ,  . -;;it;cta s ?  8 ?con ;; I E i Rave muck lower  vapor p ressure  

than a condens9 r.ig p s i  ys l i ane and sur-.sac@ ?e;ic=fions w I I l promote aerosol 

growth, it i s  obvious 'tha"rhe worst case I s  being considered. 

With the  above asstsmption, the parameters f o r  aerosol evol u t i on  i n  

t h e  f low r e a e f  or a r e  shown f n Tab l e 5, These va l  ues a r e  f o r  a system 

where a smal l amount 1% t o  10%) sf s l  lane I n  nl t rogen I s  pyrolyzed. For 

parameters w h ich vary w 13% %emperaf use, t he  val ue a t  800°K has been taken. 

The vapor pressure exy rsss lon  has been o b t a l  nec! by e x t r a p o l  a t  i o n  o f  t h e  

vapor pressure curve shown tn Fig. 13. 

The assumpt ions made In o b t a l n l n g  t h e  parameters a r e  somewhat 

extreme. It I s  I mportan% So n o t e  tha t ,  f r r e s p e c t  I v e  o f  t h e  va l ues o f  

physical propert ies of t h i s  system, t h e  me%hod f o r  producing large aerosol 

p a r t l c l e s  w i l l rema t n t h e  same. There must be a smal l amount o f  seed 

aeroso I, and a cont ro l  led, s B ow react  ion r a t e  t o  promote seed .growth and 

prevent nucleat  l on. 



TABLE 5 .  

Parameter Values for Sllison Aerosol Growth 

*-.--C-----CI-I---C----------------.----e-".----"-----"-----------m 

I Parameter I Val ue I I  Parameter I Val ue I 
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Figure 13.  Vapor pressure curve for sllicon. 

(Source: Yaws, et a l .  (16))  





The d l  mensl onless clearance volume of  sf l Icon aerosol was cal cul ated 

on t h e  bas i s  o f  t h e  parameters I n  Table  5 and t h e  r e s u  I t s  a r e  p l o t t e d  I n 

Fig. 14. The behaviour of p3 as a funct ion o f  Knudsen number I s  s l m l l l a r  

t o  t h a t  o f  t he  H20 aerosol system. Following the  resu l t s  o f  the  clearance 

volume analysis 1 n chapters 2 and 3, we can cor re la te  the  p lo t s  o f  p 3  by 

t he  ana iy t i ca l  expression given below: 

p 3  = 5 . 9 5 ~ 1 0 ~ ( 1 + 3 . 1 ~ n ) ( ~ / ~ ~ )  600'~ < T < 11 OO'K 

4.4 Control led Rate S l l l con  Aerosol Reactor 

The k i n e t i c s  o f  s i lane  decomposition can now be integrated i n t o  the  

model o f  s imul taneous n u c l e a t i o n  and p a r t i c l e  growth t o  s i m u l a t e  t h e  

prevlous s i l i c o n  f r e e  space reactors and t o  i den t i f y  operating condl t ions 

which would a l l o w  growth o f  l a r g e  p a r t i c l e s .  The f l r s - t  case t o  be 

considered i s  the  f low reactor operated a t  high temperature (high react ion 

ra te )  w i t h  no seed aerosol. When 20% s i lane  I s  pyrolyzed I n  t h i s  system 

a t  875 OK, nuc l  e a t  I on  occurs  a l  most i n s t a n t 1  y, produc l  ng 1.17~1 017 /m3 

p a r t i c l e s  be fo re  n u c l e a t i o n  I s  quenched. The nuc lea ted  p a r t i c l e s  t hen  

grow by d e p ~ s i t i o n  o f  vapor. As shown i n  Fig. 17, the  pa r t i c l es  grow t o  a 

s i z e  o f  about 0.12 micron. I n  fact, s Imu la tJons  c a r r i e d  o u t  f o r  

condIt lons under which substant ia l  nucleatton occurs always g lve a product 

between 0.05 and 0.3 mic ron  1 n slze, as observed i n  t h e  f I ow r e a c t o r s  a t 1  

Union Carbide and t h e  Jet  Propulsion t,aboratory (2, 17). 

A f l o w  r e a c t o r  f o r  t h e  g row th  o f  l a r g e  s i l  i con  particles by s l l a n e  

decomposi t i o n  requires a much slower react ion r a t e  than was achleved f n 

t h e  f r ee  space reactors. Because of  t he  extreme r e a c t I v l t y  o f  s l  lane gas 

and f o r  reasons o f  convers ion  e f f i c i e n c y ,  t h e  amount o f  $ 1  l ane  f n t h e  
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Figure 15. Partlcle growth In a conventional free space reactor 



gases l eav lng  t h e  r e a c t o r  should be kept very small. Thus, It I s  

desirable t o  accelerate the  react lon t o  ensure complete conversion w i th in  

t h e  reactor .  To do th is ,  t h e  r e a c t o r  wal I temperature may be increased 

along I t s  length. I n  general, the  temperature prof 1 l e  I n  the reactor may 

be wr i t ten  as a function of axlal  posltlon, z, lee., 

The p o i n t  2-0 I s  chosen where t h e  s l l a n e  r e a c t l o n  I s  neg l fg lb l t ; ;  i n  t h e  

present simulations t h i s  was taken t o  be a t  a temperature T,=775 OK. The 

end point  f o r  simulations I s  a t  t Ime t'-tf, when the aerosol flow reaches 

the  point  z=L i n  the reactor. The temperature a t  t h i s  goln-k Is Tf. 

I t  can be shown t h a t  t h e  temperature prof  i l e  I n  f he reacl-or as a 

function of t ime 1s given by 

where U i  i s  t h e  vo l  ume f low r a t e  a t  z=0 and d  Is t h e  diameter of t h e  

reactor tube. 

The temperature p ro f i l es  chosen f o r  the reactor were of the form: 



where 

The above equation can be subst i tu ted I n  Eq. (113) t o  f ind: 

1.e. t h e  tempera tu re  p ro f  1 l e  i s  l i nea r  I n  t i m e  and parabol  i c  a long  t h e  

l eng th  o f  t h e  reac to r .  The t o t a l  r e s  1 dence ti me i n t h e  r e a c t o r  i s  t hen  

glven by 

The tempera tu re  p r o f  I l e  chosen I s  by no means t h e  optimum f o r  t h e  

reac to r ,  b u t  was se lec ted  f o r  t h e  s i m p l i c i t y  w i t h  which it may be 

implemented I n  the  experiments and simulations, A se t  o f  parameters f o r  

which experiments were car r ied  ou t  I s  shown I n  Table 6. 

Figures 16-21 show the  r e s u l t s  o f  a s imulat ion o f  a f low reactor  i n  

w h i c h  1 $ t o  2% s i l ane i s  r eac ted  i n presence o f  seed aerosol, The 
i 

tempera tu re  p r o f  1 l e  f o r  t h i s  c a I  c u l  a t l o n  I s  g i ven  by t h e  parameters  1 n 

Table 6. The seed aerosol s i ze  d i s t r i b u t i o n  f o r  t h i s  s imulat ion Is shown 

I n  Flg. 16. This s ize  d l s t r l b u t i o n  I s  obtained from experimental data and 

w l l l  be discussed later. The seed I s  a submicron aerosol very s l m l l l a r  t o  

the  product obtalned I n  t he  JPL and Union Carbide reactors; but  t h e  number 

concentrat ion has been reduced by a very large factor. Flg. 17 shows the  



TABLE 6. 

Temperature Parameters for  Si l icon Reactor 

I ParmePer I Val ue I I Parameter I Val ue I 
-w---nmamo-U-o------------------------------------------------------- 

I I I I I I 

D k 1 0.37 m I I 1 0 . 9 8 s e c  I f 
I I I I I I 
I .- 

i 1 1 775 O K  I I U 1 I ~~~~~~~5 m3/sec I 
I I I I I I 
i Tr I llOO°K I I d 1 0.0095111 I 
1 I I I I I 

I % 1 2.7424 I I I 1 0.3104m/sec I 
*rna<e,rjj. .bl - ^ _ _ - a l e  -_-----------s---_---------------------------------.--- 
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Figure 16. SOze dlstrlbution of seed aerosol ( T=775 OK) 
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Figure 17, Temperature profile and reactton kinetlcs In the aerosol 

reactor, 
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Figure 18, Partiehe grwkh In Pha slllcen aerosol reactor. 



FJgure 19, Aerosol vol ume fraction evo! o f  9sn i n  the aerosol reactbr 



Figure 20. Total clearance vgaSzrrne ft-scklon $2 In fhs re%acPQsP 



temperature and the  k i n e t i c s  o f  t he  react ion i n  the  reactor as a funct ion 

of t i m e .  The t o t a l  residence t ime  i n  t h e  reactor is approximately 1 sec. 

Our l ng t h e  i n l ti a I per f  od (tc0.3 sec), very  l 1 ttl e r e a c t l o t i  occurs, and 

t h e  seed p a r t i c l e s  grow t o  about 0.5 mlcron. As t h e  p a r t i c l e s  grow I n  

size, they become more e f f  l c i e n t  i n  scavenging t he  vapor, and t he  faster 

r e a c t i o n  r a t e  does n o t  r e s u l t  I n  nuc leat ion,  The aerosol  a l s o  becomes 

monodisperse, as Is seen ? n  Fig. 18. The mean diameter of t he  product I s  

3.01 mic rons  w i t h  9 %  s l l a n e  and 3.7 mlerons w i t h  2% s l fane,  T h l s  I s  a 

su f fSc ien t l y  large s ize  f o r  collection by I n e r t i a l  deposiT90n or, perhaps, 

by sedlmentation, Fig, 20 shows t h e  t o t a l  clearance volume f rac t ion  as a 

funct lon o f  time. As the aerosol volume f r a c t i o n  increases (Fig, 191, the  

condensatf on precess f inai l y elors, lnates 4-he reac t  ion rats, and Phe t o t a l  

c learance  vol aerie fl-acPlsn goes u p  steadf  I ye I n  =the $ ! # , B E  stages very  

l i t t l e  s l fane i s  1ef-b; t h e  hfyh temperatures On t h I s  rcg!srt serve malnly 

t o  reac t  a l I t races o f  s i lane. 

Some s i l a n e  Is expected t o  be l o s t  t o  t h e  w a l l s  due t o  sur face  

reactions. The r a t e  constant f o r  the  surface reac t  ion was found by lya, 

e t  at .  (141 t o  be: 

Surface reac t lon  ra tes  have been incorporated I n  t he  slmulatlon. Fig. 21 

shows t h e  losses due t o  wal l reaction. About 6s f s D osti ?a the wai 1s when 

If s 1 I ane f s  reacted and t h  1 s f r a c t i o n  remalns the  same : ~ j n  2$ s i  l ane I s  

reacted. 

These ca lcu la t ions suggest t h a t  t h e  cont ro l led- ra fe  P.i"s:v rreacksr can 



0.5 
TIME (see.)  

Figure 21. Wal l losses due to reaction on %he wal l surf a c ~  



grow substantially larger particles than were produced In the Union 

Carb 1 de or JPL exper 1 ments. An exper i menta I system dewel oped to test 

these predictions will be discussed in the next chapter. 

It is Important to note that these slmulations do no+ kake Into 

account particle growth by coagulation and the variation sf tka reaction 

rate with radial posltion in the reactor. Hence ti=*@ s i z e  range of 

particles may be broader than these simplified calculations IndlcaPe. 
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CHAPTER 5 

EXPERIMENTAL SYSTEM 

5.1 1 ntroduct ion 

Application o f  the  theory of  simultaneous nucleation and condensation 

has c l e a r l y  shown t h a t  an aerosol r e a c t o r  f o r  product ion o f  la rge  

par t i c les  o f  s l  l icon must have the f o l  lowing: 

i) A low number concentration seed aerosol. The number concentration 

must be low enough such tha t  substantial growth of the seed i s  possible. 

ill Reaction ra te  control led t o  minimlze the nucleation r a t e  whi le 

the sl?ed aeroso! i s  grown. The reactor wal 1 temperature may be varied t o  

confrol  the react ion rate. From the simulations carr ied ou t  ear l ier ,  the 

in1 t l a l  temperatures may be as low as 775 OK. A t  these low temperatures, 

t h e  raPe of vapor product lon i s  slow enough t o  be scavanged by t h e  

aerosol 

An exper 1 mental system I ncorporat 1 ng these features was designed t o  

demonstrate the f e a s i b i l i t y  of  control led growth of s i l l c o n  part icles. 

5.2 Deslgn Considerations of the Experimental System 

An important consideration i n  the design of the  reactor i s  the fac t  

Bhat s i  lane i s  a h i g h l y  r e a c t i v e  t o x i c  gas. I t  burns spontaneously i n  

contact w i t h  a1 r or oxygen, producing s l  I 1 ca tS1O2): 

SIH4 + 02 --' Si02 + 2H20 

I n  order  t h a t  s i  1 i c a  be n o t  formed i n  t h e  system, a1 I gases 



i ntroduced i n t o  t h e  exper 1 ment must be f r ee  of  oxygen. A I  l j o i n t s  were, 

there fo re ,  r e g u l a r l y  t e s t e d  f o r  leaks. Nitrogen, whlch was used as a  

d i  I uen t  gas, was c leaned o f  oxygen by pass1 ng I t through a purg ing  un I t. 

The purging u n i t  consisted of  a  s ta in less steel  vessel containing copper 

turn1 ngs and maintained a t  a  temperature of 400 - 450 OC. Quartz reactor 

Pubes and mlxing sections were connected by vacuum o-ring joints. A t  t he  

s t a r t  and t he  end o f  every experiment, t he  system was put through a number 

o f  c y c l e s  i n  each o f  which It would be f i r s t  p ressu r i zed  w i t h  pure 

ni t rogen and then evacuated w i t h  a  vacuum pump. Final ly,  a  constant f low 

of  n i  t r ogen  was ma in ta ined  through t h e  r e a c t o r  f o r  t h e  durat l ion o f  t h e  

experiment. 

Because o f  t h e  extreme care necessary i n  t h e  handling o f  silane, t he  

experf men* was designed t o  use smal l quant i t i es  o f  s t  lane. Tba2 reac'rr ,. 

$-&be i n s i d e  d iameter  was 9.5 mm. To m l n i m i z e  l o s s  o f  aerosol  i3.g;. 

sedimentation the  prtmary reactor f low was directed v e r t i c a l l y  dawnwards, 

Because +he tempera tu re  must Increase a long  t h e  l eng th  o f  t h e  reactor ,  

buoyancy induced f low Instabilities are a  potent ia l  problem. I f  t he  f low 

momentum Ss greater than t he  buoyancy force, t h i s  problem can be avoided, 

lee., t h i s  requi res t h a t  

where g, fs  t h e  acceleration due t o  g r a v i t y ,  AT I s  t h e  tempera tu re  

di f ference, d  Is t h e  d iameter  o f  t h e  r e a c t o r  t u b e  and u I s  t h e  mean 

vs!  oc I l y  sf gases f n t h e  r e a c t o r  tube. I n  t h e  seed generatof, t h e  f low 

v e S o c l t l s s  a r e  t o o  srnal I f o r  t h  I s  condl  t J o n  t o  hold. For tuna te ly ,  t h e  



degree o f  c o n t r o l  r e q u i r e d  o f  t h e  seed generator  I s  n o t  as severe as f o r  

t he  primary reactor. Furthermore, t he  pa r t i c l es  f n t h i s  reactor are t oo  

smal l for  sedimentation t o  be sign1 f icant. Consequently t h e  seed aerosol 

reactor  was designed f o r  a ve r t i ca l  l y  upwards f low w i t h  buoyancy e f f ec t s  

dominating t he  flow. 

The seed aeroso l  must be u n i f o r m l y  mixed th roughout  t h e  gases 

enPering the primary reactor so t h a t  par t i c le - f ree  pockets o f  f l u i d  do not 

lead t o  homogenous nucleation o f  new pa r t l c l es  and t h e  d isrupt ion o f  t h e  

process. Seed pa r t i c l es  are expected t o  be I n  the submicron range. These 

p a r t l c l e s  a r e  t o o  b i g  f o r  e f f e c t i v e  m i x i n g  by brownlan mo t i on  w i t h i n  a 

reasonable per iod of  t i m e .  S ta t i c  mix ing un l t s  were used t o  provide rap id  

s l x i n g  w l i h l n  a small  volume. A s i g n i f i c a n t  amount o f  t he  seed aerosol I s  

l o s t  In t h e  in 1x1 ng zone, b u t  t h i s  amounP I s  ex t reme ly  omal I compared t o  

aerosol pi-oduct ion i n  t h e  p r  imary reac-for. Since these  losses do n o t  

significantly I n f l u e n c e  t h e  e f f i c i e n c y  o f  t h e  process, they  have been 

to le ra ted  I n  t h e  design o f  t he  present apparatus. 

5 ,5  Experimental System 

The experimental setup i s  i l l u s t r a t e d  i n  Fig. 22. It I s  a v e r t i c a l l y  

mounted t w o  s tage system; t h e  f i r s t  s tage  serves as t h e  aeroso l  seed 

generator, and t h e  second s tage I s  t h e  t h e  p r lma ry  reactor .  The t w o  

stages are placed on pa ra l l e l  mounts. The main components of t he  reactor 

system are: 

I 1  Reactor and Mixer Un i ts  

l i )  Zone Furnaces 

8 6 ; )  Flow b n f r o l  Systems 



Silane 6 Carrier Gas 

-- Carrier Gas 

Silicon 
Carrier Gas 

'42 FDgure 22, Aerosol Reactor 
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Iv9 B l !u t l on  and Sampling Systems 

i P  Reactor and Mixer  Un i ts :  The seed aeroso l  r e a c t o r  and t h e  

pr Imai-y r e a c t o r  share a  common bas i c  des ign and cons t ruc t ion .  Each i s  

mads : ~ p  ~f b 9.5 mm 1.d. (11 mm o.d.1 qua r t z  tube. The seed aerosol  

reas;$ ~r $as a I2 cm l ~ n g  heat1 ng zone. T h i s  s tage  i s  connected t o  t h e  

p r i m a r y  r a n c f ~ r  Phrough t h e  m ixe r  tube (pyrex tube, 16 mm i.d., 40 cm 

Iang), "'A:-,: s i  lane w l t h  c a r r i e r  gas (n i t r ogen )  e n t e r s  t h e  m i x i n g  t ube  

asoci.2 -:I:*: seed aerosol. The m lxe r  tube  con ta ins  16 s t a t i c  m i x i n g  

$1 *$$a s t a t i c  mixer, 31'8 inch ad.) I n  ser ies, and these e l  ements 

aeroscai, s i lane  and t h e  c a r r i e r  gases i n t o  a  homogenous two 

ph,.i.-;e ' 0 . 1 ~ ~  Shls Ciiobs $her? enters t he  primary reactor tube (50 cm long). 

- L ~ ~ ~ ~ C + I O F ~  between these  s e c t i o n s  a r e  made through '09 r i n g  

f E B t3i;:, i.cd v f '0' B' f D ~ S *  

t n s  
P i ;  Furnaces: The seed aeroso l  generator  i s  heated by a  smal l 

resf::-snc$: I y p e  sp l  i t  furnace con ta ing  a 5 cm long (5.5 cm 1.d.) hea te r  

sE e m ~ ~ r  (Therwcraf$). The heater i s  capable o f  del i v e r i  ng 200 watts a t  28 

volats, The heaf-er f s  enellored i n  an i n s u l a t e d  f i r e b r i c k  housing 

surr~erncled by a wafer  coo led meta l  cover. Cool i n g  i s  done by f l o w  i n g  

wafer  through 6801 1 ng ~ 0 1 1  I s sol dered on t h e  meta l  cover, Th 1 s  f e a t u r e  

reduces Pha $%me f o r  fhe  furnaces t o  reach steady state. 

The p r f m a r y  fu rnace :  is a f fve  zone fu rnace .  Each zone  

furnace contatns three heafing elemend-s Iden$lcal t o  t h e  one i n  t h e  seed 

aeroso l  r e a c t o r  furnace descs l bed above. The h e a t e r  e lements  a r e  

seperatsci f rsm %i%h ofher by z ?  reon? a f nsu l a t  ion p  l ates. Th 1 s  m i n  1 m lzes 



t h e  e f f e c t  o f  each zone on t h e  nelghbouring one, and a1 lows e f f e c t i v e  

temperature variation I n  t h e  furnace. The pr imary reac to r  has 14 

theromocoup les  cemented along t h e  length. F i ve  o f  t h e s e  are  used as 

sensors f o r  feedback t o  con t ro l  un i ts .  Each heat lng element I s  powered 

through a temperature control unit, These control un i ts  were designed t o  

vary the  power t o  the element by varying the input voltage from 0 v o l t  DC 

t o  28 v o l t s  DC. Ft g, 23 shows t h e  desi red temperature pro f  1 l e  and t h e  

actual temperatures tn  the reactor, 

Iil) Flow Control Systems: An important consideration i n  the design 

of t h e  gas f I ow systems was t h e  f low o f  s l  l ane gas, S i  I ane gas r e a c t s  

w l t h  oxygen t o  form slD i ca  (S102) which cou ld  then depos i t  i n  t h e  f l ow  

system and i n t e r f e r e  i n  Phs proper opera t ion  o f  f lowmeters and f l o w  

cnontroilers, The sf lane supply tanks were provided w l th  dual  purge valves 

Through which h i g  i y pur t f led n l  trogen cou l d be i nProduced t o  remove a! l 

traces of s i  lane, 

A f low c o n t r o l  l e r  (Por te r  Instruments, DFC 1400; 10 cc/m l n  f low 

element) was used t o  control the f low o f  1 % s 1 lane i n t o  the seed aerosol 

generator. This f low i s  Introduced a t  the center of %he seed reactor tube 

and around t h i s  f low pure nltrogen I s  introduced coaxial ly through a Tylan 

FC 260 flow control ler, The flow of nitrogen reduces the residence times 

I n  the seed generator and decreases wall reactions. 

The flow of the seed aerosol then en-ters the  mixer tube. A t  the same 

p o i n t  a m i x t u r e  o f  s i  lane and n l t r ~ g e n  e n t e r s  t h e  mixer  tube coax la l  l y  

around the  reed aerusoi f l ox,  The new s i l ane f orms about 1% of the t o t a l  

f low and 1 s metered by a Por Per I nstrumen%s BFC 1400 f low control  I er. The 

gases and the  aerosol ars well mixed En the  mixer and then they enter the 



Flgure 23. Ternpera;.*>~..~ prof f ! * I sn the reactor  

- des l red i-@?:per-sf.ure prof f l e 



p r  I mary reactor. 

The t yp i ca l  f lows and residence times I n  t h i s  system are shown below: 

a) Seed aerosol reactor: 

1% s i lane  In n?=ftogen: 5-20 cc/mIn 

Pure n I trogen 5-1 Occ/m I n 

Res I dence t f me 10-25 secs 

Temperature 900°K 

b) Mixer tube 

Seed Aerosol f t z d  10-30 sc/min 

Prlmary sllane :lo& 5-20 celm in 

$r- F mary n F i;-,;2;t 0,5-2 IJmln 

Residence i i ~ ~ s  3-4 sees 

c) Pr I mary Reactor: %ha l n l e t  f lows a re  t he  same as f n t h e  m lxer  tube. 

Residence +Dme 1 sec 

Reynol ds wumber 114 

g, A T ~ / ( Q ~ T I  o .2 

Temperafure 750°K t o  l 1 OO°K 

The f low a t  the exit has no s l lane  le f t .  

I v )  D l  l u t t o n  and Sampl ing Systems: The produca corn l ng  o u t  o f  t h e  

r e a c t o r  i s  s I I f con aeroso l  a t  a very  h l g h  teinpsretur-ar, Sapprox, I f 00 OK), 

The aeroso l  c o n c e n t r a t i o n  Is a $  so extreme1 y & ? g h  sad musf t h e r e f o r e  be 

cooled and d i l u ted  before sampling. The d!lu"ran system shown In  Fig. 24 
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TABLE 7. Stze Cuts tn Sampltng Instruments 

(all stzes I n  mlcrons) 

ROYCO PMS OPTJCAL PARTICLE COUNTER 

Channel E A A OPC RANGE 3 RANGE 2 RANGE 1 RANGE 0 



was developed t o  d i l u t e  and cool the  aerosol w l th  minimum losses. As t he  

aeroso l  leaves t h e  reac to r ,  a coax1 a l  f l o w  o f  equal magnitude b u t  much 

l e s s  momentum I s  in t roduced  f rom t h e  s ides  sf a  s i n t e r e d  tube, T h i s  

p reven ts  t h e  aeroso l  from com 1 ng i n  con f  a c t  w I t h  t h e  c o l  der wal I s  and 

d e p o s i t i n g  due t o  thermophoresis. F u r t h e r  downstream, a  large f low of  

d i l uen t  gas w i t h  much higher momentum Jolns the  aerosol f low coax ia l l y  and 

i n  t h e  same direction. The t o t a l  f low r a t e  Is such t h a t  the  f low becomes 

tu rbu len t  and the  aerosol then mixes w i t h  Phe gases. This causes d i l u t i o n  

and cool ing t o  occur simultaneously. 

Sampling o f  t h e  aerosol  was done By an E l e c t r i c a l  Aerosol S ize  

Analyzer (Thermo-Systems Inc., Model 30301, a Royco Model 226 baser 

O p t i c a l  P a r t i c l e  Counter and a  C l a s s i c a l  S c a t t e r i n g  OpPlcai P a r t i c l e  

Counter ( P a r t  1 c  I e  Measurement Sys%ems, r n 1 ~ d e %  CASP-100-HV (SP)). The 

ranges of operation of these instruments fs shsvn i n  Table 7. 

5.4 R e s u l t s  and D i s c u s s i o n  

Most of t h e  experimental r esu l t s  described below were car r ied  out- i n  

t h e  r e a c t o r  w i t h  o p e r a t i n g  parameters g fven  I n  Tab le  6, The o n l y  

excep t i on  i s  t h e  r u n  I n  which t h e  tempera tu re  (Fig.. 28 and 29) i s  k e p t  

constant and t he  react fon i s  not  control led. 

Figures 25(a) and 25(b) show the  mass d i s t r i bu t i ons  measured w i t h  *he 

Classical Scatter ing Optical P a r t i c l e  Counter (PMS). The seed aerosol f o r  

t h e s e  runs,  as shown i n  F lg .  26, has a  number c o n c e n t r a t i o n  o f  

1 1  3 1.02XfO / m  . The seed aeroso l  s i z e  d l s t r l b u t . i o n  was ob ta ined  By 

i n v e r t i n g  t h e  data f rom an E l e c t r i c a l  Aerosol S ize  Analyzer  w l t h  t h e  

a l g o r i t h m  developed by Crump and S e i n f e l  d  (3). The p roduc t  has a mass 



10 
d p  ( m i  c r o n s )  

Figure 25. (a)  Mass dlstr ibutlon of aerosol a f te r  reacting 1% 

silane in  presence of seed aerosol ( to ta l  seed 

11 3 concentrat ion = 1.02X10 /m 1 



d p  ( m i  c r o n s )  

Figure 25. ( b )  Mass d l  str I but Ion of aerosol after react1 ng 2% 

silane In presence of seed aerosol (total seed 

concentrat Ion = 1.02~1 o1 l/rr?) 
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Ffgure 26. Size distributions of seed aerosol a t  775 O K  

- (a)  Reduced concentrat 1 on ( 2 . 7 ~ 1 0 ~  '12 

- (b) seed aerosol of F I ~ .  16 (1 . o z x I o ~ ~ / ~ )  



p e r c e n t  s l a n e  

Figure 27. SllOmn losses In the reactor as a functlon of I n p u t  

sllane concentration. 



mean d l  ameter of  3.5 microns (mass medi an d l  ameter: 6.23 microns) when 1% 

s l lane i s reac ted  and 4.95 m i c rons  (mass median diameter: 8.98 m icrons)  

when 2% s I l ane 1 s reacted. F igures 17-21 o f  t h e  l a s t  chapter show t h e  

resu  l t s  o f  a .$Resref 1 ca l s I mu l a t i o n  o f  t h e  r e a c t o r  w 1 t h  t h e  same seed 

aerosol The product i s  p red ic ted  t o  have a mass mean d l  ameter o f  3.0 

m l crons tor +he ease o f  1% s i  lane and 3.7 m Ic rons  i n case o f  2% s i  lane. 

It mus-t be noted here t h a t  t h e  theory p r e d i c t s  a monodlsperse aerosol, 

w Rereas Phe prt>ducO I s  certaf n I y pol ydisperse. As was mentf oned ear l  ier, 

th fs  Is mainly dive t o  rad ia l  var iat ions i n  the reactor and coagulation of 

*he aerosol, none o f  which have been accounted f o r  I n  t h e  theory. 

f:sagu!atHon - 5 ~ ~ ~ f d  a l s o  lncrease t h e  s i z e  o f  t h e  p a r t i c l e s  above t h a t  

pred i ctsd by '""zory, 

itmIysYs of the product aerosol revealed t h a t  it I s  mainly 

5 .;a l l cor3 ;J k ,-;: less "ihan 5% hydrogen. 

F i n a l  i y, Phe vt~ass o f  t h e  product was co l  l ec ted  by a t o t a l  f 1 I t e r  t o  

determine the loss of  s l t l con  (both as s l lane and s i l i con)  I n  the furnace. 

The resii PPs sr-s shown On Fig. 27. About 73% of s i  l icon i s  recovered when 

5 %  s i  t ane ;" s reacted, The recovered f r a c t i o n  I s less  when s i lane 

concent-ratiort is increased, The losses I n  the f igure  Include deposition 

i; !z t h e  d f B trtlosa and @06;1 1ng systems which a re  outs1 de t h e  reactor.  I n  

chapter 4, it was shown t h a t  when 1% s i  lane I s  reacted, about 6% o f  t h e  

s l t a n e  Is expec-ted t o  be l o s t  due t o  r e a c t i o n  on t h e  wall.  It was 

determined exper!mental l y  that ,  f o r  t h e  same case, about 10% o f  t h e  

s l l f c o n  I s  l o s t  i n  t h e  d l l u t l o n  sysiem; thus, t h e  ac tua l  losses i n  t h e  

reactor are about 14% 

The f e a s i b l l t y  o f  growing l a rge  s i l i c o n  p a r t i c l e s  by s i l a n e  



1 0 0  
d i a m e t e r  ( p m )  

Figure 28. Mass distrlbutlon of sillcon aerosol In a high temperature 

reacPor aP 900 OK without seed aerosol. 

(Si lane concentration 1%) 



Figure 29. Size distr ibution of s I I I c o ~  aerosol I n  e high temperature 

reactor a t  900 OK without seed aerosol. 

( S  1 l ane concentrat i on 1 % 1 



1 o0 
d i a m e  t e r  ( p m )  

Figure 30. Mass dlstrlbutlon of product aerosol after reacting 1% 

sf lane n l t h  reduced seed concentrat lon (2 .7~10~~/11?) .  



d i a m e t e r  (pm) 

FIgure 31. Number dtstrlbution of product aerosol after reacting 

1% t l  lane w lth reduced seed concentration i 2 . 7 ~ 1 0 ~ ~ / 1 1 ? )  



pyrolysis has been demonstrated. Additional experiments were conducted to 

explore the reactor performance when its operation was not opPlrnized to 

maximize particle growth. 

Figures 28 and 29 show the results of running the reactor in the 

manner of a high temperature (high reaction rate) free space reactor as 

was done at the Jet Propulsion Laboratory (1) and at Unlon Carbide (21. 

The temperature for this run was 900 O K  and there was no seed aerosol. 

The mass mean dtameter is now 0.453 micron. These results are comparable 

to those obtained in the conventional free space reactors and it Sndicafes 

that nucleation has been dominant, as was predicted by theory, 

If the seed aerosol is reduced substantially, nucleation Is predicted 

to occur by theory, and average particle sf ze Is pred 1 cted ta be in Jpbs 

submicron range. However, when the seed aerosol Is reduced -?o a I - s i - ~ i  

number concentration of 2 . 7 ~ 1 0 ~ ~  /m3 (i.e. reduced by a factor of 41, as 

shown in Fig. 26, the product aerosol becomes bimodal as shown I n F l  g. 30 

and 31. The mass mean diameter is 1.34 urn. Coagu I ation of seed aeraro t 

is a possible explanation for this change In the character of the particle 

size distribution. Nucleation and growth of seed particles occur 

simultaneously in this system. Once the seed particles have grown, they 

efficiently scavenge the smai lest of the nucleated particles. As a 
i 

resu It, the seed particles grow at the expense of the smal ler nucleated 

particles. Coagulation Is thus an important consideration in the reactor. 
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CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

The reactor for production of sllcon appears to be successful in 

product ng large particles of s I I i con. The ma1 n dl f f erence between the 

aerosol reactor developed and the conventional free space reactors Is 

illustrated i n  Fig.32 where the characterlstic times of the different 

reactors is compared with the characterlstic times for the sf lane 

reaction. The JPL and Union Carbide reactors operate at hlgh temperatures 

where the reactlon Is extremely fast. This leads to nuc9eation of $he 

vapors and the product is a submicron aerosol. The reactor discussed here 

operates under control led reaction rates and condensation predominates. 

The temperatures I n the aerosol reactor 1 ncrease w ith $ 1  me, but s I ow I y 

enough such that the aerosol Is at all times able to scavenge the vapors. 

The experimental data indicate that the results from the reactor are 

In reasonable agreement w lth theory when nucleation Is expected to be 

slgniflcantly quenched and when the system Is run as a conventional high 

temperature free space reactor. The main reasons for the d l f  ferences 

between theoretical predictions and experimental results are probably the 

radial variations 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 additional growth of seed particles. 

An improved analysis would, therefore, include coagulation as a 

mechanism for particle growth. The radial proflles in the reactor should 



Flgure 32. Canpartson of characterlsttc times of the sllane 

reaction wlth residence times i n  the reactor. 



a1 so be taken i n t o  account. The coagu la t i on  c a l  cu l a t i o n s  must I n c l  ude 

b o t h  t h a t  due t o  b r o w n i a n  m o t i o n  and t h a t  due t o  differential 

sed imenta t  ion. The a n a l y s i s  would be more complex t h a n  t h e  present  

theory. S imp l i f ted  computailonal techniques should be adopted. An opt ion 

i s  t o  use the  sectional model of aerosol dynamics developed by Gelbard, e t  

1 .  1 .  This would reduce the  computational e f f o r t  sign1 f i can t l  y. 

The exper iments  w i t h  t h e  aerosol  r e a c t o r  i n d i c a t e  t h a t  aeroso l  

sampl l n g  methods shout d  be a  major  cons1 d e r a t i o n  i n  f u t u r e  work, The 

r e a c t o r  generates aeroso ls  i n  h i g h  concen t ra t i ons  and I n  s l z e  ranges 

vary  1 ng f rom subm 1 c ron  t o  over  10 microns. Th 1 s  c rea tes  prob I ems i n 

samp I 1 ng. Prel i m  1  nary exper lments a1 so f ndlcated t h a t  pa r t i c l es  tend t o  

bounce o f f  o r  be broken up I n  i n e r t i a l  impacters. An fmpacior deslgnsd =to 

c o l l e c t  f r l a b l e  s o l i d  pa r t i c l es  and in -s i tu  op t i ca l  p a r t i c l e  counters w i t h  

capab i l i t y  o f  samp I ing h  igh aerosol concentrations wou l d  be p a r t i  cu 1 arl y 

he1 p fu l  I n  fu r ther  analyses of the  product. 

A s l g n i  f i c a n t  s tep  woui d  be t o  en1 arge t h e  r e a c t o r  t o  o b t a l  n 

p a r t i c l e s  large enough t o  be cot lected eas i l y  by g rav i ta t iona l  s e t t i  ing, 

I t  would t h e n  be p o s s i b l e t o  i nco rpo ra te  a  cot  i e c t l n g  c r u c i b l e  I n t o  t h e  

system i n  which the pa r t i c l es  are melted. The reactor  would then be able 

t o  produce s i l i c o n  me l t  i n  one operation. The me l t  could be processed t o  

grow s lng le  c rys ta ls  by conventional methods. 

The exper 1 menta l reactor u t  i l izes s  1  l ane f o r  product 1 on of s  1 I i con. 

The theory can be applied t o  other gaseous reactants, and t o  other systems 

where cont ro l  of nucl eat  ion i s  des i red. I n  a  mod 1 f ied fo rm,  t he  anal ys i  s  

may be applied t o  the  f l u i d i zed  bed reactor  for s i l i c o n  production. 

The development o f  t h e  r e a c t o r  was made p o s s l b l e  by ana l yz ing  t h e  



process of  s i  mu l taneous nuc I eat  Ion and condensation f o r  pa r t  i c l es I n the 

f r e e  molecular, t r a n s i t i o n  and t he  continuum s ize  ranges. The analysis i s  

a mod i f  l ca t i on  o f  the  c lass ica l  theory, and appears f n t h e  theory as the 

t o t a l  c learance  volume f r a c t i o n  52 . As long as R << 1, t h e  t w o  

approaches are identical.  As 0 becomes of  the  order unity, the  theor ies 

diverge. It should be reca l led  t h a t  t he  present analysis was car r ied  out  

by consldering simultaneous nuc leat ion and condensat ion around a s i n g l e  

p a r t i c l e  and t h e n  summing up t h e  I n d i v i d u a l  e f f e c t s  f o r  a l  I p a r t i c l e s .  

The e f f e c t  o f  t h e  1 n f  l uence o f  ad Jacent p a r t l c  l es was ignored. As t h e  

vol ume of  I n f  l uence of adjacent p a r t i  c l  es over I ap, t h e  re1 a t  ion between 

average vapor pressure, as used i n  t h e  c l a s s i c a l  theory, and t h e  

background vapor pressure, as used I n  t h e  c learance  v o l  ume approach, I s  

very d 1 f f i cu  l t t o  def 1 ne. Compar ison of t he  two methods I s  not  possi b l e 

unless a deta i led analysis o f  simultaneous nucleation and condensation i s  

made by t a k i n g  i n t o  account t h e  s p a t i a l  d i s t r i b u t i o n  o f  p a r t i c l e s  and 

over l appl ng reg1 ons o f  I nf l uence. When the  clearance vol ume approach I s  

used w i t h  such a deta i led analysis it can provide an accurate analysis o f  

nucleat ion and condensation. Ray and Dronamraju (2) have made an anal ys i  s 

o f  vapor concentrations 1 n a monodisperse aerosol. The1 r ana l y s  1 s does 

n o t  t a k e  l n t o  account t h e  e f f e c t  o f  nuc l  e a t  1 ng p a r t  I c I es on vapor 

concent ra t ions.  It may be p o s s i b l e  t o  extend t h e i r  a n a l y s i s  and ' 

Incorporate it I n t o  t h e  present theory. 

The present analysis a lso provides a compact ana ly t i ca l  c r i t e r i o n  t o  

determ 1 ne the  d m  1 nant process I n nuc l e a t  i on and condensat 1 on (Eq. 102). 

T h i s  a n a l y t i c a l  express ion  cou ld  be used t o  simp1 i f y  c a l c u ~ a t i o n s  when 

coagu la t i on  i s  inc luded  i n  t h e  analys is .  Of p a r t i c u l a r  i n t e r e s t  i s  t h e  



concl uslon that, f o r  a d l  l u te  condensing vapor, t h e  competlt lon between 

n u c l e a t i o n  and condensat lon o n t o  p a r t i c l e s  i s  determined p r l m a r l l y  by 

vapor depl etSon by t h e  part icles, and not  by t he  temperature changes due 

t o  release o f  l a ten t  heat o f  condensation, 

References (Chapter 6) 

1 )  F, Gelbard, Y. Tambour and J. H. Selnfeld,  J. Col t o l d  and I n t e r f a c e  

Scl., Vol 76, pp 541-572, (1980). 

2) A, K, Ray and Mw Dronamraju, Aerosol Scl. and Tech., Vol 1, No 4, pp 

449-462 ( 1  982). 



APPENDIX A. FORTRAN SOURCE CODE AND SAMPLE OUTPUT 

................................................. 

A. 1 DOCUMENTAT l ON 

A.2 FORTRAN CODE 

A.3 SAMPLEOUTWT 



120 
A . l  Documentation 

Symbols used In Progra SFR.FTN 

Varfable Description 

A0 

AB S 

AJ 

A 1  

AQ 

B1 

C1 

CV 

DELT 

DIM 

DQ(26) 

DTF 

E J 

F 

HVR 

l FLAG 

IWORK(6) 

K(26) 

L 

M 

N 

PHT 

------------------- I,U~---------.........- 

Ratlo VM/k, m3 %/J 

Absolute error specifled for RKF subroutine 

b d  I f I ed nuc l eat I on rate, ~ / d s e c  

Lewis number 

Aerosol volume fraction 

Constant used In flux matchlng method 

Constant used to specify temperature prsflle 

Total clearance volume fraction 

Time of integration by RKF subroutine, see 

Ratio Dlffuslviiy/AO, kg/ ~ s e c ~  

dQ/dT r der lvat ive array 

Nond 1 menslona l temp der lvatlve -(dTF/dt)/TF, sec-' 

Material constant In expression of nucleation rate 

Mean free path of vapor molecules, rn 

AHv/R, where AHV Is heat of vapor isation, ( %) 

Flag : indicates status of fntegratlon in RKF 

Array for use by RKF 

Array used to number characteristics 

Maxlmum number of characteristlcs ((12) 

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

Z+(actual number of characterlstlcs) 

Mater 1 a l constant=2*S I G*AO, m q< 



Variable 

---------- 
PIC 

PSF 

PT 

QIO 

020 

Q ( 1 )  

Q(2) 

Q(3) to 

Q( Lt2) 

Q(L+3) 

to 

Q(2L+2) 

Q ( 2L+3 

RADC 

REL 

RO 

SF 

SMI 

T 

TF 

Description 

.-.-----------------.---------------------------------- 
Mater 1 a I constant=2*P I /AO, j/m3 OK 

Saturation vapor pressure, Pa 

Total pressure, Pa 

I nit Ial val ue of Q( 1 )  1 .e. vapor pressure, Pa 

Initial value of Q(Z!), Pa 

Vapor pressure, Pa 

Pressure of sf lane, Pa 

Radii of characteristics, m 

Q(L+O) is the number distribution function for the 

radius Q(l), #/m4 

Silane lost to wall by surface reaction, Pa 

Critical radius, m 

Relative error specification for RKF 

Radius of vapor molecule, m 

Saturation ratio, Q( 1 )/PSF 

Material constant in expression of nucleation rate 

given by: ~~1=(16*~1/3)*(~l~*~$/~/k)**3 

Time, sec 

Temperature, OK 



Varfable Descrlptton 

................................................................... 
TFO I Constant used to specify temp. profile, OK 

TOUT I Time up to which integration is completed ln RKF, sec 

VM I Volume of vapor molecule, m 3 

WORK(t591 I Array used by RKF 

--O~a--Os------------------------------~---------------------------------- 

Note:- SIG is the surface tension 

k I s the Bol tzmann constant 1.38X1 0-23 J/ OK 

R is the gas constant 8.31~10~ J/kmole OK 



lNE!KI 

Reads lnput  from f l l e  INWT.DAT a t  s t a r t  o f  program. N 1s t he  number 

sf cha rac te r I s t i c s+2 .  L T l s  a  f l a g  which I n d l c a t e s  whether o u t p u t  f i l e  

BIPllTeDAT w t i l be created (yes f o r  LT>O). 

OUTPTSTN 

Types su-tput a t  DELT I n t e r v a l  s. W 1  l l a l  so  r e c o r d  o u t p u t  1 n f ? l e 

sdki T&"LDAT I f k"T0 

RESFT 

Reduces number o f  cha rac te r  1 s t  l c s  whenever they  exceed a c e r t a l  n  

number (10 I n  t h e  program) by e l  l m l n a t l n g  some o f  t h e  charac te r1  s t l c s .  

# ( I )  I s  an a r r a y  wh i ch  r n a i n t a l n s  t h e  o r I g l n a l  number l ng  o f  t h e  

eharacterIst lcs. Also resets  IFLAG f o r  f u r t he r  lntegratlon. 

QEEu 

Computes d e r l v a t i v e s  DQ( I )  o f  t h e  a r ray  Q(2L+2). Subrout ine 1s an 

lnput  f o r  RKF subroutine. 



am! 
Determ I nes ?eta 1 c l  earance v o l  ume CV and t h e  co r rec ted  nuc 1 e a t  1 on 

r a t e  AJ. C(X) I s  t h e  c learancevo lume f o r  a s i n g l e  p a r t l c l e o f  rad lusX.  

Approxi mate expresslon f o r  C(X) I s  used. 

BY 

Ca lcu la tes  t h e  I n t e g r a l  on t h e  r.h.s. o f  t h e  vapor conservation 

equation. T h i s  f u n c t i o n  I s  c a l l e d  o n l y  by t h e  sub rou t l ne  DERlV t o  

determ I ne dQ(1 )/dt. 

JXw 

Provides temperature p r o f i l e  as a funct ion o f  t ime  T. Also glves PSF 

and F, I n p u t  I s  T; ou tpu t s  a r e  TF,DTF,PSF,F. 

BBll 

Computes volume of  aerosol (ARV). Simpl I f  led In tegrat ion program i s  

used. 

B E  

Integrates a system of  f i r s t  order ordinary d l f f e r e n t l a i  equations. 

The program, developed by Sand1 a Labora to r  les, I s  n o t  Included i n  t he  

Fortran Codes section. It uses t h e  Runge-Kutta-Fehlberg method described 

i n  t he  reference: 

L Fehl berg, wLow-order Cl asslcal Rungs-Kutta Formui as W f t h  Stepsize 

C o n t r ~ l , ~  NASA TR R-315. 

The parameters I n  RKF(F,N,Y,X,XO,REL,ABS, IFLAG,WORK, IWORK) represent 



the followfng: 

F -- subrauf l ne of dertvaPFvss dY( l )/dX 

N -- number of equafions 4-0 be Integrated 

Y ( I )  -- solution vecfsr a t  -the point X 

X ---- independent variable 

XO --- ~ u $ p u t  poOn4 3.E. ,:h:ich solution 1s desired 

REL, Wt3S --- relai-lve aer4 & a s ~ l  ute error tolerances 

l FLAG -- 1 md i ca4-08- POT 3t$"i's of I ntegrat 1 on; I FLAG=2 1 nd i cates succesf u l 

WORK, D W OWK --- InP;: 7n;d.J;ion generated by RKF w h l c h  I s  necessary fo r  

subsequent c a ; ' s  'is WKF 



A.2  Fortran Code 

-----------------------------------------.----------------------------.- 
1 Program SFR.FTN (For Silicon Flow Reactor) I 
I r 
1 Thls program calculates size evolution of silicon aerosol in a I 
f flow reactor where sf lane Is decomposed to give slllcon. I 
! It requires the Runge-KuWa Integrating subroutine; which Is I 
f RKF 1 

- - - - -  --- - --- 

Q(1) : Vapor Pressure Q(2)  : St lane Pressure 
Q(3 TO L+2) : Radius sf ckaractes!stics 
Q(L+-3 TO 2b+2) : Size dIsSribut9on (dN/da) 
SM1=(16*P1/3.)*(SlG*VM**066667/K)*K3 AO=VM/K 
DTO=HVR*RbB/(P*AL) 
EJ=ALOG( (VM/(K"K) )*SQRT(Zo~SIG/~Pi~WM9 11 
J=(P/TF) *#2*EXP(EJ-SMI /tTFgE3*SFs++2) 1 def I nes EJ 
PHT=2.*SIG*WO D I M=D I F/AO PI@2,*PI/AO 
F=betawmean free path 

-~B--~~~--~-B~O-------~~~-~......)..)..)..)..)..)..)wwrr-"~--~--~------------------------ 

EXTERNAL QER I V 

GOMMONPDER/L, N 
COMMON/GEN/D I M, WT, P I Cv AO, beta, Q20 ,Qt 0 
COMMONJCLVbDTO, SF41 ,ALP EJ 
CX)MMON/?MP/TFO, CI ,TF I 

DIMENSION Q(279,WOWK(165),9WORK(6),K(15) 

DATA MVR,AO,DTO,VM/99060.,1.45E-6,14,88,2,E-291 
DATA AL,SMI ,RO,PT/0,23,1.572E12,1.683E-10,1 .013E5/ 
DATA B1 ,PIC,EJ,DiM/I .97,4.33E6,68.07,2,609E-1 I /  
DATA IFLAG,T,REL,ABS,PHT/l ,O.O,l .E93,1 .E-10,2,52E-6/ 

CALL INPUT(Q,L,NvLT,TF0,C1~Tfl,DELT8Qf0,Q20) 
CALL TEMP(T,TF,D?F,PSFvFl 
CALL JAV(CV,AJ,TF,PSF,F,Q) 
CALL OUTPT(Q,K,CV,TF,T,LT,N) 



----------------*-------------------------------------------- 

FIND INITIAL CONDITIONS FOR M E  CHARACTERISTIC 

Q( I >=O.O 
Q(L+I)=O.O 
IF (Q(I).LE.PSF) GO TO 38 
SF=ALOG(Q( 1 )/PSF) 
Q( N+1) =PHT/ ( SF*TF 1 
IF(Q(N+l) .LT. (?.5*R0) Q(N+l )=R0*1.5 
A=DIM*(Q(l)-PSF)/(TFs(F+Q(N+lIl) 
CALL JAV(CV,AJ,TF,PSF,F,Q) 
Q(N+1 +L)=AJ/A 
-------------------------------------------------=----------------- 

N=N+1 
CALL TEMP(T,TF,DTF,PSF,F) 
TYPE 40,N,Q(N),Q(N+L),Q(l),TF 
FORMAT(/14,fRAD=',lPE10.3,~ N=',IPE10.3,' P=\lPE8.1 
1 ,' TMP=v,1PE9.2/) 
IF (LT.GT.0) WRITE (1,401 N,Q(N),Q(N+L),Q(I),TF 

- - - - - - - - ~ - ~ - - O - - " ~ - ~ - - ~ - - - - - - - - - - - - - - - - " - ~ ~ " ~ - ~ ~ - - ~ - - ~ - - ~ - - m - ~ . - - ~ ~ -  

CALL RUNGA XUTTA SUBROUTINE FOR INTEGRATION UPTO T+DELT 

TOUT=T+DELT 
CALL RKF(DERIV,M,Q,T,TOUT,REL,ABS,IFLAG,WORK,lWQRK) 
--------------'------------------------------------------------------- 

IF (IFLAG.NE.2) GO TO 200 
IF (N.GT.10) CALL OUTPT(Q,K,CV,TF,LT,N) 
IF (N.GT,IQI 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.(.OOl*Q20)) GO TO 90 
IF (Q(l).LT.(,Ol*QZO)) GO TO 150 
IF (CV.GE.1,O) GO TO 56 
CONT I NUE 
JYPE 160,Q(l),Q(2),TF,T 
FORMAT(' PROG STOPS: Ql,Q2,TF,T=',4(1PE11.3)) 
STOP 
TYPE 250,IFLAG 
FORMAT(' PROBLEM IN RKF: IFLAG=',I2) 
STOP 
END 



SUBROUTINE INPUT(Q,L,N,LT,TF0,C1,TF1,DEkTpQS0,Q20) 
Subrout ine reads i n p u t  data 
-----------------------------------<--=----------------------------- 

DIMENSION Q(26) 

CALL ASSIGN (1,'INPUT.DAT ' 1  

READ (1 ,10 DELT 
TYPE 40,DELT 
READ (1,10) TFO,Cl,TFl 
TYPE 50,TFO,Cl,TF1 
READ (1,301 L, N, LT 
TYPE 60,L, N, LT 
READ (1.10) Q(l ),Q(2) 
TYPE 70,Q(l),Q(2) 
Q1 O=Q( 1 1 
Q20=Q(2) 
IF  (N.LT.3) GO TO 6 
DO 5 I=3,N 
READ (1,lO) Q( l ) ,Q(L+I)  
TYPE 8O,Q(I>,C:!,.+I) 
CALL CLOSE ii i 
TYPE 90 

IF  (LT.LE.1) RETURN 

CALL ASSIGN(1,'OUTPT.DAT ' 1  
WRITE (1,40) DELT 
WRITE (1,501 TFO,Cl,TFl 
WRITE(1,60) L,N,LT 
WRITE (1,701 Q( 1 )  ,Q(2) 
I F  (N.LT.3) GO TO 9 
DO 8 1=3,N 
WRITE (1,801 Q(l),Q(L+O) 
WRITE(1,90) 
FORMAT ( 3G12.3 
FORMAT(4 I5  
FORMAT (/8X,f INITIAL TIME INTERVALS ARE :t,IPEt0,3/) 
FORMAT ( '  TEMP PROFILE PARAMETERS: ',3(4PE12,3)) 
FORMAT (12X,' MAX NO CHARACTERISTICS:',13,/ 

1 6X,' INITIAL NO OF CHARACTERISTICS: ',I3,' LT:', 12,') 
FORMAT(6X, 'VAPOR PRESSURE: ', 1 PE10.3, V !LANE PRESSURE: ', 1 PE10.3/) 
FORMAT(8X,' RADIUS (A):',lPE10.3,' DN/DA: ',lPE10.3) 
FORMAT(/14X,f END OF INPUT FILE'//) 

R ETU RN 
END 



SUBROUTINE OUTPT(Q,K,CV,TF,T,LT) 
Subroutine t o  p r i n t  and record  output  

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

TYPE 40,T,TF 
TYPE 45,Q(lI,Q(2) 
TYPE 48 
IF(N.LT.3) GO TO 25 
DO 20 I=3,N 
TYPE 50,I,K(l),Q(II,Q(L+I) 
TNO=O . 0 
TNR=O . 0 
IF(N.EQ.3) GO TO 24 
DO 22 I=3,N-1 
TNO=TNQt(Q(L+I)+Q(L+I+1))*ABS(Q(l)-Q~l+4)~ 
T N R = T N R + ( Q ~ L + I ) ~ Q ( I ) + Q ( L + l t 4 ) # Q ( ~ + ~ 1 ~ ~ A B S ~ Q ~ l ~ - Q ~ l ~ l ~ ~  
TNO=0.5*(TNWQ(L+N)sQ(N) 1 
TNR=O.5*(TNR+Q(L+N)*Q(N)**2) 
IF (TNO.LE.O.0) GO TO 25 
AVRDN=TNR/TNO 

AVRDM=(AQ/(TN0*4.1888))**e333333 
TYPE 80,TNO,AVRDN,AVRDM 
TYPE 60,CV,AQ 
TYPE 90,Q(2*L+3) 

IF (LT.LE.0) RETURN 

WRITE (1,401 T,TF 
WRITE(1,45) 9(1),Q(2) 
WRITE (1,481 
IF (N.LT.3) GO TO 35 
DO 30 1=3,N 
WRITE (1,501 I,K(I),Q(I),Q(L+I) 
IF (TNO.LE.O.0) GO TO 35 
WRITE (1,801 TNO,AVRDN,AVRDM 
WRITE (1,60) CV,AQ 
WRITE (1,901 Q(2*L+3) 



45 FORMAT(~X, 'VAPOR PRESSURE=',I PE10e3,3X, 1s I LANE PRESSURE=' 
1 ,1PE10.3,' PASCALS') 

48- FORMATf/16X,tl*,4X,'KfI )1,7X,fQ( I )~ ,13X, 'Q(L t l ) ' )  
50 FORMAT(12X, 15,16,' RAD-',lPE14.7,t ND=tlPE10.3) 
60 FORMAT(14X,'TOT CL VOL=',lPE10.3,' TOT AEROSOL VOL=t,1PE10.3) 
90 FORMAT (16X,' WALL LOSS BY SURFACE RXN=',lPE10.3,' PASCALS'//) 
80 FORMAT(/10X,1TNO=',1PEt0.3,1 NUM AV RAD=*,lPE10.3 

1 ,I MASS AY RAD=1,1PE10.3) 
RETURN 
END 

C 
C 
C .................................................................... 
C ----------------------------------------------------------------*-- 

C 
SUBROUTINE RESET (Q,K,IFLAG,LT) 

C Reset resduces t h e  number of cha rac te r l s t l cs .  K ( I )  i s  an ar ray  
C which preserves t h e  o r i g i n a l  numbering of t h e  cha rac te r i s t i cs .  
C ------------------------------------------------------------*---*--- 

C 
C 
C RESET REDUCES NUMBER OF CHARACTERISTICS 
C 

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

C 
I FLAG= 1 
TYPE 5 
IF(LT.GT.0) WRITE(1,5) 

5 FORMAT(/1 OX, ' REDUC 1 NG NUMBER OF CHARACTER l ST f CS 1 ' / I  
1 =2 

10 IF (N.LT.7) RETURN 
I =  1+1 
IF (Q(II.GT,O.O) GO TO 50 
IF (1.EQ.N) GO TO 16 
DO 15 J=I,N-1 
Q(J)=Q( J+1) 
Q( J+L)=Q( J+L+1) 

15 K( J)=K( J)+1 
16 Q(N)=O.O 

Q(N+L)=O.O 
N=N- 1 

5 0 IF  (I.LT,N) GO TO 10 
I F  (N.LT.7) RETURN 

6 0 RATI=ABS(Q(4)/Q(3)-1.) 
Jf =4 
DO 30 J=4,N-1 
RATZ=ABS(Q( J+1 )/Q( J)-1.) 
I F  (RATZ.GT.RAT1) GO TO 30 



RAT1 =RAT2 
J1 =J+f 
CONTINUE 
IF (J1 *EQ.N) GO TO 100 
DO 40 J=J1 ,N-1 
Q(J)=Q(J+l) 
Q( J+L)=Q( J+L+1) 
K(J)=K(J)+l 
Q(N)=O.O 
Q(N+LI=O.O 
N=N-1 
IF (N.GT.7) GO TO 60 
RETURN 
END 

------------------------.-------------------------------------------- 
SUBROUT l NE DER I V (T, Q, DQ 1 
Caiculates derivatives DQ(I) of variables Q(1). Thls subroutlne 
i s  an Input for RKF (Runga-Kutta) integrating subroutine. "-----"---'---"-----------------------------------------------.----- 
~MMON/BER/ t, la 
COMMON/GEN/D I M, PWT,P I C8A0,B1 ,Q20,QlO 
DlMENSlON Q(27%,DQ(27) 

CALL TEMP(T,TF,DTF,PSF,F) 
DO 40 I=3,N 
IF (Q( I ).LE.O.O) GO TO 40 
DQ( I )=DIM*(Q(1 )-PSF)/(TF*(F+Q( 1))) 
DQ2=Q(2)*EXP(-29.427+1.93E-2*(TF-833)) 
DQ2 IS INCREASE DUE TO SURFACE RXN (SOURCE: IYA ET AL) 
DQ(I)=DQ(I)+DQ2 
DQ(l+L)=Q(l+L>*~DQ(l)/(Q(I)+F)+DTF) 
CONT I NUE 

DO 45 I=N+1 ,L+2 
DQ( I )=O,O 
DQ(I+L)=O.O 
DQ(2)-(0.96-8.735E-4*TF)*EXP(35.71-30000./TF)*Q(Z) 
DQ(1)=(Q10-Q(t>+Q20-Q(2)-Q(2*L+3))*DTF-PlC*TF*AV(Q,DQ,DTF)-DQ(2) 
DQ(2*L+3)=DQZ*TF*2.74E8 
DQ(Z)=DQ(2)-0Q(Z*L+3) 
IF(Q(l).LE.PSF) GO TO 60 
CALL JAV(CV,AJ,TF,PSF,F,Q) 
RADC=PHT/ ( ALoG (Q( 1 1 /PSF *TF 1 
DQ(l)=DQ(l)-TF*(PIC*0.66667)*(RADC**3)*AJ 
RETURN 
END 



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

Inputs t o  t h i s  subrout ine are: TF,PSF,F,Q. It provides t h e  
homogenous nucleation r a t e  (AJ #/sec m**3) and t h e  t o t a l  
c learance volume f r a c t i o n  (CV). 
- - - - - - - - - - 

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

C(X) I s  t h e  clearance vo l  f o r  a p a r t i c l e  o f  rad ius  X 
C(X)=5.953E6*(X**Z)*(X+3.1*F)*TF/Q(I) 

AJ=O .O 
CV=O 00 
IF (Q(l).LE.PSF) RETURN 
IF  (N.EQ.3) GO TO 200 
IF  (N.LT.3) GO TO 300 
DO 100 J=3,N-1 
CV=CV+(C(Q(J))*Q(L+J)+C(Q(J+l))*Q(L+1+J))*ABS(Q(Jl-Q(J+l)) 
CV=0.5*(CV+C(Q(N))*Q(N)*Q(N+L)) 
IF(CV.GE.l .O) RETURN 
SF=ALOG (Q(  1 1 /PSF 
AJ=(l.-A)*(Q(l)/TF)**Z*EXP(EJ-SMI/(TF**3*SF**Z)) 
RETURN 
END 

................................................................... .................................................................... 
FUNCTION AV(Q,DQ,DTF) 

................................................................... 
AV INTEGRATES Z*ND*A**Z*(DADT+A*GTF/3) I.E. THE INTEGRAND 
2*Q( I+L)*Q( 1 )**2*(DQ( I )+Q( I )*DTF/3) 

COMMON/DER/L, N 
DIMENSION Q(27),DQ(27) 
AV=O .O 
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)**Z 
A=A+Q(J+L+l)*(DQ(J+l)+Q(J+l)*DTF/3.)wg(J+1)**2 
AV=AV+A*ABS(Q(J)-Q(J+1)) 
AV=AV+Q(N+L>*(DQ(N>+Q(N)*DTF/3.)+0(N)**3 
RETURN 
END 



- - - - - - - - - - - - - - - - - - - - - - - - - - - 

SUBROUTINE TEMP(T,TF,DTF,PSF,F) 
Input  Is T (t ime). Outputs are temperature (TF), vapor 
sa tu ra t ion  pressure (PSF), mean f r e e  path*beta (F) and DTF. 
DTF 1 s -(DTF/DT)/TF 
ASSUMING A TEMP PROF l LE L INEARLY l NCREAS ING W lTH TIME 
-~------o--------------w*------o--------.--.-.--------.-----------.I- 

TF=TFO+Cl *T 
DTF=-C1 /TF 
F=1.97E-7*(TF/600,) **I .27 
PSF=133.4*EXP(25.23-5.59E4/TF) 
RETURN 
END 

--.I------------------------w-----------------w--.----------.------.- 

FUNCTION ARV(Q) 
ARV iS THE VOLUME OF AEROSOL 
------"'-----------------I------.----.-.----------o--------------.--- 

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

ARv=o .O 
IF (N.EQ.3) GO TO 70 
DO 60 J=3,N-1 
A=Q(L+J)*Q(J)**3+Q(L+J+l)*Q(J+l)**3 
ARV=ARV+A*ABS(Q(J)-Q(J+I)) 
ARV=2.094*(ARV+Q(N)q(N+L)*Q(N)**3) 
RETURN 
END 



A.3 Sample O u t p u t  

INITIAL TIME INTERVALS ARE t 1.000E-01 

TEMP PROFILE PARAMETERS: 7.750E+02 4.000E+02 0.OOOE-01 
MAX NO CHARACTERISTICS: 12 

INITIAL NO OF CHARACTERISTICS: 7 LT: 1 

VAPOR PRESSURE: 0.000E-01 SILANE PRESSURE: 1.000E+03 

RAD l US (A)  t 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 
RAD tUS (A)  t 1.000E-08 DN/DA: 1,00OE+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 
VWOR PRESSURE= 0.000E-01 SILANE PRESSURE= 1.000E+03 PASCALS 

I K ( I )  Q( 1 )  Q(L+I 
3 0 RAB 5.0000000E-07 ND= 1.000E+13 
4 0 R A P  3.0000001E-07 N P  2.000E+97 
5 0 RAD- 1,0000000E-07 iul%c 3,000Ei17 
6 0 RAD= 9.9999999E-09 ND= !,000E+15 
7 0 RAW 5,0000000E-09 ND= 0.000E-01 

TNO= 8.355E+lO NUM AV RAD= 1.957E-07 MASS AV RAD= 2.378E-07 
TOT a VOL= 0,000~-01 TOT AEROSOL VOL= 4 .706~09  

WALL LOSS BY SURFACE RXN= 0.000E-01 PASCALS 

TIME= 1.000E-01 SEC TEMPERATURE= 8.150E+02 K 
VAPOR PRESSURE= 3.824E+00 SILANE PRESSURE= 9.943E+02 PASCALS 

TNOP 7,956E+l0 NUM AV RAD= 2.053E-07 MASS AV RAD= 2.447E-07 
TOT a v o ~ =  6.187~+00 TOT AEROSOL VOL= 4.882~-09 

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



TIME= 2.000E-01 SEC TEMPERATURE= 8.550E+02 K 
VAPOR PRESSURE= 2.186E+01 SILANE PRESSURE= 9.703E+02 PASCALS 

TNQa 7.655E+10 NUM AV RAW 2.675E-07 MASS AV R A P  2.936E-07 
TOT a VOL= I.~OZE+OO TOT AEROSOL VOL= 8.118~-09 

WALL LOSS BY SURFACE RXN= 5.771E+00 PASCALS 

TIME= 3.000E-01 SEC TEMPERATURE= 8.950E+02 K 
V P O R  PRESSURE= 8.566E+01 SILANE PRESSURE= 8.810E+02 PASCALS 

I K ( I )  Q( I )  Q(L+I 1 
3 3 RAD= 6 -9781 123E-07 ND= 1.076E+13 
4 4 RAD= 5.451 0008E-07 ND= 2.425E+17 
5 5 R A P  4.1 569328E-07 N P  4.597E+17 
6 6 RAD= 3 06878220E-07 ND= 1 r842E+15 
7 7 RAD= 3,6643470E-07 ND= 0.000E-01 
8 8 R A P  0.0000000E-01 N P  0.000E-01 

TNOx 7.477E+10 NUM AV R D  4.749E-07 MASS AV RAD= 4.835E-07 
TOT a VOL= 1 .~IOE+OO TOT AEROSOL VOL= 3.540~-08 

WALL LOSS BY SURFACE RXN= 1.431E+01 PASCALS 

TIME- 4.000E-01 SEC TEMPERATURE= 9.350E+02 K 
VAPOR PRESSURE= 2.082E+02 SILANE PRESSURE= 6.295E+02 PASCALS 

TNOl 7.295E+10 NUM AV R D  8.806E-07 MASS AV R D  8.827E-07 
TOT a voc= 2.968~+00 TOT AEROSOL VOL= ~. IOIE-O~ 

WALL LOSS BY SURFACE RXN= 3.005E+01 PASCALS 



TIME= 5,000E-01 SEC TEMPERANRE= 9,75OE+02 K 
VAPOR PRESSUREr 2,496E+02 SILANE PRESSURE= 2.304E+02 PASCALS 

I K ( I 1  Q( I > Q(L+I 1 
3 3 RAD= 1.4569168E-06 ND= 1.708E+13 
4 4 RAD= 1,3730352E-06 NDE 4.301 E+17 
5 5 RAD= 1,3097053E-06 ND= 9.1 99E+17 
6 6 RAB= 1,2886773E-06 ND= 3,881 E+15 
7 7 RAD= 3,2876533E-06 ND= 0.000E-01 
8 8 RAD= 0,0000000E-01 NDE 0,000E-01 

TNO= 7,05OE+10 NUM AV R A P  1,338E-06 MASS AV R A P  1,339E-06 
TOT CL VOL= 7.259E+00 TOT AEROSOL VOL= 7.086E-07 

WALL LOSS BY SURFACE RXN= 4.903E+Ol PASCALS 

TIME= 6,QOOE-01 SEC TEMPERATURE= 1 .0 1 5E+03 K 
VAPOR PRESSURE= 1.089E-l-02 S l LANE PRESSURE= 1.876E+01 PASCALS 

TNO= 6.788E+lO NUM AV RAD= 1.604E-06 MASS AV RAD= 1,604E-06 
TOT Ch VOL= 2.709€+01 TOT AEROSOL VOL= 1 ,174E-06 

WALL LOSS BY SURFACE RXN= 5,80OE+01 PASCALS 

TIME= 7.000E-01 SEC TEMPERATURE= 1.055E+03 K 
VAPOR PRESSURE= 1.906E+01 SILANE PRESSURE= 1.471E-01 PASCALS 

TNO= 6.533E+10 NUM AV RAD= 1.671 E-06 MASS AV RAD= 1.672E-06 
TOT CL VOL= 1.758E+02 TOT AEROSOL VOL= 1,278E-06 

WALL LOSS BY SURFACE RXN= 5.884E+01 PASCALS 



TIME= 8.000E-01 SEC TEMPERATURE= 1.095E+03 K 
VAPOR PRESSURE= 2.865E+00 SILANE PRESSURE= 8.657E-04 PASCALS 

I K ( I )  Q( I 1 Q(L+I 1 
3 3 RAD= 1,781 1 11 3E-06 ND= 1.790E+13 
4 4 RAD= 1.71 03000E-06 ND= 4.568E+17 
5 5 RAD= 1.6574969E-06 ND= 9.880E+17 
6 6 RAD= 1.6400982E-06 ND= 4.185E+15 
7 7 RAD- 1.6392530E-06 ND= 0.000E-01 
8 8 R A P  0,0000000E-01 ND= 0.000E-01 

"I~P 6,295E+10 NUM AV RAD= 1.681 E-06 MASS AV RAD= 1.681 E-06 
TOT CL VOL= 1.212E+03 TOT AEROSOL VOL= 1.254E-06 

WALL LOSS BY SURFACE RXN= 5.885E+01 PASCALS 



SYMBOLS USED 

radius of particle, m 

critical radius for nucleation, m 

dlmenslonless growth parameter defined by Eq. (44) 

parameter defined by Eq. (45) 

total molar concentrat ion, ~rnole/m~ 

mol ar concentrat I on of monomer vapor, ~mol e/d 

molar concentration of monomer in particles, Kmole/rn 3 

constant def lned by Eq. (1  14) 

spec 1 f I c heat of gas at constant pressure, J/Kg OK 

molar specific heaf of gas at constant volume, J/Kmole OK 

diameier of reactor tube, m 

diameter of particle, m 

d i f f us i v I ty of moncmer i n gas, mZ/sec 

function defined by Eq. (62) 

acceleration due to gravity, 9.81 m/sec2 

cluster size of monomers 

crftical cluster size for nucleation 

PI anckls constant, 6 . 6 3 ~ 1 0 ' ~ ~  Jsec 

latent heat of vaporization of monomer, J/Krnole 

mass flux of vapor, Kg/rn2sec 

nuc I eat ion rate, #/dsec 

Bol tzrnann constant, 1 .38~1  o - ~ ~  J/OK 

Knudsen number deflned In section 2. 

thermal conduct i v i ty of nonvol at i 1 e component, W/m°K 



distance of boundary sphere from particle surface (Sec. 21, m 

Le Lewis number , K / ( p  C ) 
T g P  

m molecular mass of vapor, Kg 

M molar weight, Kg/Kmole 

n(a1 aerosol slze distribution function, #/m4 

n~ monomer concentration, PA/kT, P/m 3 

N, total number concentration, #/m3 

P total pressure, Pa 

PA vapor pressure, Pa 

PB pressure of component B, Pa 
- 
P average pressure, Pa 
- 
AP change in vapor pressure from - 9 . 4 ,  Pa 

q f u n c t l o n d e f l n e d b y ~ q . ( 9 7 )  

Q heat f l ux, w/$ 

r radial coordlnate from particle center, m 

R gas law constant, 8.31~10' J/Kmole°K 

Rp rate of vapor pressure increase due to reactions, Pa/sec 

S saturatlon ratio of vapor 

t t ime, sec 

T temperature, OK 

u velocity of gases in reactor, m/sec 

3 U volume flow rate, m /sec 

vm monomer vol ume, m 3 

- 
V mean velocity of mot ecu les, m/sec 

V radial velocity, m/sec 

V* molar averaged radial vet oci ty, m/sec 



x molar fraction of gas 

y dimensionless radial coordinate, Eq. ( 2 2 )  

- z axial distance along reactor, m 

Z ratio of molar weights, MA/MB 

Greek Symbols: 

a dimensionless variable defined by Eq. (89) 

a~ 
thermal dlf f uslvlty of gas, rn2/sec 

O"d 
thermal dlffuslvlty of particle, $/scdc 

6 coefficient defined by Eq, (7) 

Y coefficient defined by Eq. (8) 

G ratio of specific heats, CpA/CpB 

X mean free path of gas molecules, rn 

v symetry number 

5, condensat 1 on coef f l c1 ent 

r dlmenslonless temp. defined by Eq. (71) 

A1 ,A2 ,A3 functions deftned by Eq. (90) 

dl- dlmensionless temp, difference, Eq. (64) 

*x 
dimensionless mole fraction difference, Eq. ( 6 5 )  

8 dlmenslonless time scale defined by Eq. (50) 

P dlmensioniess radius of clearance volume 

Po 
dimensionless radius of clearance volume as Kn-->O , 

9 
bulk gas density, kg/$ 

0 surface tension, J/m 
2 



a col l lsion diameter for molecules of y and z ,  m 
YZ 

'I characteristfc times, sec 

9 energy function, Eq. (37) 

X scaled mole fraction, Eq. (70) 

R total fractional clearance volume, Eq. (24) 

collision integrals, Equations (91, (10) 

Subscripts and superscripts: 

A vapor 

B carrier gas 

o particle surface 

sat saturation point of vapor 

OD large distance from the particle 

I initial value in simulations 

f value at end point in simulations 


