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AN ANALYSIS OF THE H I G H  TEMPERATURE PARTICULATE COLLECTION PROBLEM 

P a r t i c u l a t e  agglomerat ion and s e p a r a t i o n  a t  h igh  temperatures  
and p r e s s u r e s  a r e  examined, w i th  p a r t i c u l a r  emphasis on t h e  unique 
f e a t u r e s  of t h e  d i r e c t - c y c l e  a p p l i c a t i o n  of f luidized-bed combustion. 
The b a s i c  long-range mechanisms of a e r o s o l  s e p a r a t i o n  a r e  examined, 
and t h e  e f f e c t s  of h igh  temperature  and high p re s su re  on usab l e  
c o l l e c t i o n  techniques  a r e  a s se s sed .  Primary emphasis is  placed on 
those  avenues t h a t  a r e  not  c u r r e n t l y  a t t r a c t i n g  widespread r e sea rch .  
The high-temperature ,  p a r t i c u l a t e - c o l l e c t i o n  problem i s  surveyed,  
t oge the r  wi th  t h e  p e c u l i a r  requirements  a s s o c i a t e d  wi th  ope ra t i on  
of t u r b i n e s  w i th  p a r t i c u l a t e - b e a r i n g  gas s t reams 

SUMMARY 

The con tex t  of t h e  p re sen t  a n a l y s i s  i s  p a r t i c u l a t e  s e p a r a t i o n  and 
c o l l e c t i o n  i n  t he  high-temperature  h igh-pressure  environment a s s o c i a t e d  wi th  
d i r e c t - c y c l e  a p p l i c a t i o n  of  f lu id ized-bed  c o a l  combustors. 

The problem of high-temperature  c o l l e c t i o n  has  been a c t i v e l y  s t u d i e d  
f o r  a t  l e a s t  f ou r  decades wi thout  a  wholly adequate  s o l u t i o n .  The 15-year 
e f f o r t  of t h e  Locomotive Development Committee of  t h e  Bituminous Coal 
Research I n s t i t u t e  was d i r e c t e d  toward developing a  cyc lon ic  device  and 
r e p r e s e n t s  t h e  most comprehensive known i n v e s t i g a t i o n .  I n  c o n t r a s t  t o  t h i s  
work, most of t h e  c u r r e n t  r e s e a r c h  a c t i v i t y  i s  committed t o  u t i l i z i n g  t h e  
g ranu la r  bed concept .  Recent surveys  of t h i s  problem publ ished by Stone and 
Webster f o r  t h e  E l e c t r i c  Power Research I n s t i t u t e  and by t h e  Midwest Research 
I n s t i t u t e  f o r  t h e  U.S. Environmental P r o t e c t i o n  Agency have a l s o  g e n e r a l l y  
favorcd f i l t e r  and bed-type c o l l a c t o r ~ .  

One of t h e  c e n t r a l  d i f f i c u l t i e s  i n  e v a l u a t i n g  c o l l e c t o r  concepts  i s  t h e  
l a c k  of an adequate ly  p r e c i s e  and r e a l i s t i c  t u r b i n e  s p e c i f i c a t i o n  f o r  allow- 
a b l e  i n l e t  concen t r a t i on  a s  a  f u n c t i o n  of p a r t i c u l a t e  d iameter .  The Aerospace 
Research Laboratory of A u s t r a l i a  has  concluded a f t e r  25 yea r s  of s tudy  t h a t ,  
f o r  r e l a t i v e l y  low-tip-speed r o t o r s ,  p a r t i c u l a t e  sma l l e r  than 5  t o  7 um d i a -  
meter does n o t  cause s i g n i f i c a n t  e r o s i o n ,  even i n  r e l a t i v e l y  h igh  concen t r a t i ons .  
However, domest ic  t u r b i n e  manufacturers  who a r e  accustomed t o  high-rotor-speep 
t u r b i n e s  have concluded t h a t  t h e  concen t r a t i on  i s  c r i t i c a l  even f o r  r e l a t i v e l y  
sma l l  p a r t i c l e s  and have e s t a b l i s h e d  concen t r a t i on  s p e c i f i c a t i o n s  which a r e  
on ly  s l i g h t l y  above t h e  ambient l e v e l  of an urban environment. Thus, t h e  
c u r r e n t  performance envelop f o r  a  c o l l e c t o r  system r e q u i r e s  c l ean ing  from ca .  
40 000 mg/m3 a t  t h e  bed o u t l e t  down t o  ca .  1 mg/m3 a t  t h e  t u r b i n e  o u t l e t .  



There a r e  t"o b a s i c  k inds  of s e p a r a t i o n  p o t e n t i a l s :  e x t e r n a l  f i e l d  and 
s t r e a m l i n e  modi f ica t ion .  None of t h e  s i x  known concepts  employing e x t e r n a l  
f i e l d  s e p a r a t i o n  appear  t o  be usab le  i n  t h e  envisioned environment of 1000°C 
and 10 atmospheres.  Separa t ion  by s t r eaml ine  modi f ica t ion  can be accomplished 
by e i t h e r  per imeter  dev ices ,  which r e l y  upon i n t e n s e  c e n t r i f u g a l  v e l o c i t y  
f i e l d s ,  o r  by d i s t r i b u t e d  dev ices ,  which accomplish s e p a r a t i o n  i n  two stages-- 
f i r s t  by p r e c i p i t a t i o n  onto  an o b s t r u c t i n g  media-and then d e p r e c i p i t a t i o n  of 
t h e  media i n  a  r egene ra t ion  s t e p  e x t e r n a l  t o  t he  c o l l e c t o r .  Curren t ly ,  t h e  
concept  of d i s t r i b u t e d  c o l l e c t i o n  i s  r ece iv ing  t h e  primary a t t e n t i o n  of 
r e s e a r c h e r s .  

A s  a  r e s u l t  of . the a n a l y s i s  presented ,  i t  i s  shown t h a t  per imeter  devices  
such a s  cyclones and gas c e n t r i f u g e s  a r e  t h e o r e t i c a l l y  capable  of meeting 
much h ighe r  s t anda rds  of e f f i c i e n c y  than  have been'demonstrated. Very l i t t l e  
is known about  t h e  s e p a r a t i o n  f l u i d  mechanics of a e r o s o l s  w i th in  cyclones,  
and t h i s  has  handicapped t h e  development of ,  advanced-technology devices .  

. . 

Five  agglomerat ion concepts  which can be used t o  enhance t h e ' c o l l e c t i o n  
s t e p  a r e  surveyed. Agglomeration by turbulence  and a c o u s t i c  f i e l d  appear t o  
b e  t h e  only  techniques s u i t a b l e  t o  t h e  envisioned environment, and these  can 
d r a m a t i c a l l y  improve t h e  t o t a l  system e f f i c i e n c y  when used wi th  a  cyc lonic  
c o l l e c t o r .  

The f i v e  p r i n c i p a l  conclusions and recommendations of t h i s  a n a l y s i s  a r e  
a s  fo l lows:  

1. Develop a  thorough compendium of t h e  d a t a  developed i n  high- 
temperature c o l l e c t i o n  over  t he  p a s t  four  decades; 

2. C lea r ly  e s t a b l i s h  t h e  bounds of t h e  c o l l e c t o r  performance 
r e q u i r e m e n t s , f o r  e f f i c i e n c y  a s  a func t ion  of p a r t i c l e  diameter ;  

3 .  Begin a  fundamental s tudy of t h e  f l u i d  mechanics of s e p a r a t i o n  
i n  cyc lonic  flows t o  develop an understanding of t he  turbulence  

A. s t r u c t u r e  and how i t  p r e s e n t l y  impedes t h e  achievement of h igher  
e f f i c i e n c i e s ;  

4.  Develop advanced .gene ra t ion  c o l l e c t o r s  such a s  cyclones 
wi th  modified boundary cond i t i ons ,  gas  c e n t r i f u g e s ,  and eddy- 
b a f f l e  assemblies;  

5 .  Determine the  agglomeration k i n e t i c s  of a c o u s t i c  f i e l d s  on 
. a e r o s o l s  emi t ted  from f l u i d i z e d  beds a t  h igh  temperatures  and 

p re s su res .  



The purpose of t h i s  r e p o r t  i s  t o  p re sen t  t h e  conc lus ions  and a n a l y s i s  
of a four-month s tudy  performed by t h e  au tho r  on t h e  problem of p a r t i c u l a t e  
removal under high-temperature ,  high-pressure cond i t i ons .  The r e p o r t  i s  
organized i n t o  f i v e  major p a r t s :  

PART I. Engineer ing Relevance and a Survey of P e r t i n e n t  Research , 

11. Gas Turbine C o n s t r a i n t s  and Imp l i ca t i ons  
111. P a r t i c u l a t e  Separa t ion  a t  High Temperature and P re s su re  

I V .  P a r t i c u l a t e  Agglomeration a t  High Temperature and P re s su re  
V .  Conclusions and Recommendations 

The scope of t h i s  a n a l y s i s  i nc ludes  a survey of a l l  known p a r t i c u l a t e  
removal p r i n c i p l e s  and techniques  t h a t  appear  t o  be  u sab l e  i n  a high-temper- 
a tu re lh igh -p re s su re  environment. Two promising techniques ,  p a r t i c u l a t e  . 

cond i t i on ing  by a c o u s t i c  agglomerat ion and p a r t i c u l a t e  removal by vo r t ex  
tubes  developed a t  t h e  Aerospace Research Laboratory (ARL) of t h e  U.S. A i r  
Force,  a r e  examined and eva lua t ed  i n  some d e t a i l .  A survey of  gas  t u r b i n e  
e ros ion  and performance deg rada t ion  experienced wi th  dust- laden gases  i s  
presen ted  because no accep tab l e  v a l u e s  have been conc lus ive ly  e s t a b l i s h e d  
f o r  t h e  p a r t i c u l a t e  i n l e t  numberlmass d e n s i t y ,  s i z e  d i s t r i b u t i o n ,  and t r a c e  
element concen t r a t i ons .  These c o n s i d e r a t i o n s  a r e  c r i t i c a l  t o  any assessment 
of a c leanup s t r a t e g y .  

The primary o b j e c t i v e  of t h i s  s t udy  was t o  develop a r e s e a r c h  p lan  t h a t  
would c o n t r i b u t e  t o  a s o l u t i o n  of t h e  hot-gas c leanup problem. Although t h i s  
work w a s  in tended  t o  a s s i s t  t h e  development of  t h e  d i r e c t - c y c l e  concept of 
t h e  f l u i d i z e d  combustion of c o a l  i n  a bed of calcium-containing s o l i d s ,  i t  
i s  a l s o  r e l e v a n t  t o  a number of o t h e r  a p p l i c a t i o n s .  

High-temperature p a r t i c u l a t e  removal i s  necessary  f o r  d i r e c t - c y c l e  
a p p l i c a t i o n s  11sing f u e l s  o t h e r  t han  c o a l :  wood was tes  (hog f u e l ) ,  municipal  
s o l i d  was tes ,  and heavy r e s i d u a l  o i l .  Power gene ra t i on  by means of t h e  
magnetohydrodynamic e f f e c t  (MHD) w i l l  r e q u i r e  t h e  r e t r i e v a l  of va luab le  seed 
m a t e r i a l  d i spe r sed  i n  a high-temperature  medium. High-temperature p a r t i c u l a t e  
removal w i l l  a l s o  h e  np re s sa ry  f o r  t h e  high-temperature  gas-cooled r e a c t o r  
(HTGR) employing C02 coo lan t  f lowing through a bed of r a d i o a c t i v e  Be0 spheres .  
Small p a r t i c l e s  of Be0 from t h e s e  sphe re s  w i l l  i n e v i t a b l y  be en t r a ined  and 
must be removed. Also proposed a r e  coa l - f i r ed  f u e l  c e l l s  i n  which high- .- 
t empera ture  p a r t i c u l a t e  c o l l e c t i o n  would be r equ i r ed  t o  prevent  blockage i n  
t h e  c e l l s  (which would cause  h o t  s p o t s  t o  deve lop) .  I n  a d d i t i o n ,  many 
i n d u s t r i a l  high-temperature  removal a p p l i c a t i o n s  a r e  p r e s e n t l y  solved a t  t h e  
cxpcnsc of being exceedingly w a s t ~ f l i l  of energy: a t y p i c a l  c a s e  i s  t h e  u se  
of s c rubbe r s  t o  coo l  and agglomerate p a r t i c u l a t e  ( i n i t i a l l y  a t  c a .  1000°C) i n  
t h e  exhaust  of a ciipilla fu rnace  used t o  produce gray  i r o n .  I f  an  e f f i c i e n t  
removal t echnique  were a v a i l a b l e  t h a t  could o p e r a t e  e f f e c t i v e l y  i n  t h i s  ' 
environment,  t h i s  high-temperature  medium could be  used a s  an  energy source  
i n  a hea t  exchanger.  I n  i n s t a n c e s  where such energy recovery i s  a l r e a d y  
p r a c t i c e d ,  a need s t i l l  e x i s t s  f o r  g r e a t l y  improved g a s  c l ean ing  s i n c e  t h e  
convect ion s u r f a c e s  e rode lcor rode  qu i ck ly ,  n e c e s s i t a t i n g  f r equen t  replacement 
which i s  both  expensive and d i s r u p t i v e .  



PART I. ENGINEERING RELEVANCE AND A SURVEY OF PERTINENT RESEARCH 

A PRIMER ON AEROSOLS 

This  s e c t i o n  s e r v e s . a s  a  b r i e f  primer on a e r o s o l s  and a s  a  g los sa ry  f o r  
terms used throughout t h e  r e p o r t .  A l l  micrometer dimensions quoted w i l l  r e f e r  
t o  p a r t i c l e  d iameter  u n l e s s  o therwise  noted.  The terms "high-temperaturet1 
and "high-pressure" a r e  intended t o  mean approximately 1000°C and 10  atm 
( 1  MPa), r e s p e c t i v e l y ;  t h e  phrase  "hot-gas condi t ions"  i s  usua l ly  employed 
a s  an  abbrev ia t ion  f o r  a  "high-temperature,  high-pressure environment." 
Symbols'which r e f e r  t o  p a r t i c u l a t e  p r o p e r t i e s  a r e  des igna ted  by t h e  use  of a .  
t i l d a :  e . g . ,  9 i s  used f o r  p a r t i c u l a t e  v e l o c i t y .  

* 
A ~ c l a t i v a l y  long-l ivcd d i a t r i b u t i o n  of vcry  smal l  oo l id  o r  l i q u i d  

p a r t i c u l a t e  i n  a gaseous medium i s  c a l l e d  an  "aeroso1,"f and t h e  f i e l d  of 
s tudy  dea l ing  w i t h  the.combined motion of t h e  p a r t i c u l a t e  and medium is  c a l l e d  
t h e  "Mechanics o t   aerosol^." 'I'iie removai of t h e  pa re l cu laee  f r o m  che medium, 
termed l l c o l l e c t i o n , l l  i s  b u t  one of t h e  s p e c i a l i z a t i o n s .  of t h i s  very  d i v e r s e  
f i e l d  o t  engineer ing  and i s  based upon both t h e - s c i e n c e  of c o l l o i d s  (wi th in  
t h e  branch:of  phys i ca l  chemistry)  and f l u i d  mechanics. A bib l iography of t h e  
l i t e r a t u r e  of a e r o s o l s  is  present,ed i n  Appendixes 1 and 2 and i s  taken  l a r g e l y  
from a r e c e n t l y  publ i shed  handbook on t h e  s u b j e c t .  l r* . . . . 

Aerosols  a r e  c l a s s i f i e d  by t h e  uni formi ty ,  o r i g i n ,  and s i z e  of t h e  
d i spe r sed  p a r t i c u l a t e .  I f  t he  p a r t i c u l a t e  is  very  n e a r l y  of a  s i n g l e  s i z e ,  
i t  i s  termed "monodisperse" a s  d i s t i n c t  from "polydisperse" (a spectrum of 
s i z e s ) .  Aerosols  can o r i g i n a t e  i n  two ways: (1) by "d ispers ion ,"  which i s  
a  pu re ly  mechanical process  (such a s  g r ind ing  o r  pu lve r i z ing )  and tends  t o  
c r e a t e  l a r g e  ( > 1  pm), i r r e g u l a r l y  shaped, po lyd i spe r se  p a r t i c u l a t e  chemical ly 
i d e n t i c a l  t o  i t s  pa ren t  o r  (2) by "condensation," which i s  a phyisico-chemical 
p roces s  (such as combustion, condensat ion,  o r  subl imat ion)  forming smal l  
p a r t i c u l a t e  ( < 1  pm) which may be s p h e r i c a l ,  monodisperse, and chemical ly d i f -  
f e r e n t  from i t s  pa ren t .  Two subtypes of each of t h e s e  c a t e g o r i e s  a r e  f r e -  
quen t ly  i d e n t i f i e d .  Dispers ion  a e r o s o l s  a r e  d iv ided  i n t o  "dust" and " g r i t "  
u s u a l l y  based upon a n  a r b i t r a r y  s i z e  c r i t e r i o n  such a s  t h e  200-mesh s i e v e  
("dust" would then  d e s i g n a t e  d i s p e r s i o n  p a r t i c u l a t e  ranging i n  s i z e  from 1 
t o  74 pm). Condensation a e r o s o l s  a r e  occas iona l ly  c l a s s i f i e d  a s  "smoke" o r  
"fume" a l though t h i s  d i s t i n c t i o n  is o f t e n  ambiguous; fumes most o f t e n  occur 
a s  a  r e s u l t  of meta l  o r e  process ing ,  whereas smokes usua l ly  r e s u l t  from t h e  
combustion of o rgan ic  subs tances .  

* 
Because the  a p p l i c a t i o n  envisioned he re  involved a  high-temperature environ- 
ment, a e r o s o l s  c o n s i s t i n g  of l i q u i d  p a r t i c u l a t e  w i l l  not  be  considered 
f u r t h e r .  

 h he term a e r o s o l  i s  h e r e i n  reserved  t o  d e s i g n a t e  t h e  two-phase p a r t i c u l a t e -  
medium s t a t e ;  t h e  s t a t e  of t h e  system of d ispersed  p a r t i c l e s ' t h e m s e l v e s  
i s  i d e n t i f i e d  by t h e  term,  p a r t i c u l a t e .  

* supe r sc r ip t  numbers r e f o r  t o  r e f e r e n c e s  l i s t e d  near  t h e  end of t h i s  r e p o r t .  



A final important distinction accorded aerosols concerns the size range 
of the particulate. The ultimate bounds on the particulate diameter that ca,n 
form an aerosol are 10'~ to pm, although the practical range of interest 
for assessing removal concepts is 0.1 to 100 pm. Particulate larger than 
approximately 2 pm is influenced predominantly by gravitational settling, 
rather than Brownian motion, and is here termed "coarse;" aerosols whose 
particulate is smaller than this size are referred to as "fines." The 2 pm 
demarcation, which corresponds to that usually employed by physical chemists 
to'distinguish colloids from suspensions, can only .be unambiguously applied 
to monodisperse aerosols, although it is useful for the polydisperse case 
when the concept of a mean diameter is used. 

Fines can be further classified into two categories: (1) particulate 
smaller than ca. 0.2 pm (about three mean-free-path lengths at standard 
conditions), which are dominated by Brownian motion and (2) those betwee-n 0.2 
and 2 pm, which represent a transition size for which the effects of the 
Brownian phenomena and of gravitational settling (sedimentation) are of the 
same order. Transitional fines are the most difficult to analyze because of 
the influence of both of these effects and, at the same time, they are 
extremely important for both physiological and meteorological reasons. Even 
for relatively large particulate number densities, the spacing between indi- 
vidual particles is relatively large (on the order of ten particle diameters), 
and hence interparticle interactions can often be ignored. Yet, because' the 
particulate is both small and disperse, aerosols are especially sensitive to 
surface chemistry phenomena (which admits the possibility of occurrences such 
as the sublimation of small particles followed by condensation onto large 
ones to form even larger particles). This accounts for many of the analytical , 

and experimental difficulties associated with this subject. 

Aerosols, which are not a fundamental state of matter, are unstable. 
This instability takes two related forms: "agglomeration" and "precipitation." 
Agglomeration (the term "coagulation" is also used) occurs because of attrac- 
tive intermolecular forces such as the van der Waals force; these forces are 
significant only for very small particle-to-particle spacings and are effec- 
tive only because Brownian motion permits particles to randomly approach a 
neighbor. The result is an "aggregate" which can be very stable ("hard") or 
very friable ("soft"), depending on the characteristics of the particulate 
itself. Agglomeration can also result when the fluid dynamic environment 
encourages particlc encounters such as occur when pnlydisperse aerosols flow 
in any kind of an oscillatory environment--for example, within an acoustic 
field or through turbulent eddies. As noted earlier, sublimation causes an 
effect similar to agglomeration: a net disappearance of the smaller-sized 
particulate, a subsequent decrease in the number density, and an increase 
in the mean particulate diameter, The calculation of the rate at which 
agglomeration occurs in a general physical setting is a prodigious analytical 
problem. For the simple case of a nondisperse aerosol that is continuously 
mixed so as to maintain a homogeneous dispersion, ~moluchowski~ has shown 
that the agglomeration rate is equal to the product of a constant (which is 
a function of the temperature of the medium) and the square of the number 
density when only Brownian motion is considered. Thus, this phenomenon is 
most important only for those aerosols which have a high initial particulate 
number density. 



P r e c i p i t a t i o n ,  t h e  o t h e r  form of a e r o s o l  i n s t a b i l i t y ,  occurs  because 
t h e  p a r t i c u l a t e  d e n s i t y  d i f f e r s  from t h a t  of t h e  medium; t h e  ever-present  
g r a v i t a t i o n a l  f i e l d  causes  s t r a t i f i c a t i o n  and, u l t i m a t e l y ,  adhesion t o  a  
bounding, lower s u r f a c e .  A s  w i l l  b e  noted later, t h e  sedimentat ion r a t e  
i s  p r o p o r t i o n a l  t o  t h e  p a r t i c u l a t e  diameter  squared (over  a  wide range of 
d i ame te r s )  and is thus  most important  f o r  a e r o s o l s  c o n s i s t i n g  of la rge-s ized  
p a r t i c l e s .  Th i s  phenomenon is  r e l a t e d  t o  agglomeration i n  t h a t  i t  provides  
t h e  mechanism by which t h e  aggrega tes  formed can s e p a r a t e  from t h e  medium. 
I n  a d d i t i o n  t o  p r e c i p i t a t i o n  by sed imenta t ion ,  o t h e r  f o r c e  f i e l d s  can cause 
p a r t i c l e s  t o  s t r a t i f y .  Temperature, concen t r a t ion ,  e l e c t r i c a l ,  and c e n t r i -  
f u g a l  f i e l d s ,  which can a r i s e  q u i t e  n a t u r a l l y  i n  a  p r a c t i c a l  flow f i e l d ,  w i l l  
cause  p rec ip i t a t i on - -p r imar i ly  of t h e  la rge-s ized  p a r t i c l e s .  

Thus, t h e r e  a r e  two a e r o s o l  types  which a r e  h igh ly  uns t ab le  and may be  
thought  of a s  bounding extremes: a e r o s o l s  which c o n s i s t  of very  l a r g e  
p a r t i c u l a t e  ( i n  e i t h e r  s m a l l  o r  l a r g e  concen t r a t ions ) ,  and a e r o s o l s  which 
i n i t f a l l y  consist of h igh  concen t r a t ions  of p a r t i c u l a t e  (of any d iameter ) .  
Aerokols which f a l l  between t h e s e  two extremes--modest p a r t i c u l a t e  concen- 
t r a t i o n  and diameter--are s t i l l  s t r i c t l y  uns t ab le ,  b u t  agglomerate and 
p r e c i p i t a t e  s lowly  enough so thar: they  can be  col~s ldered  Cu Le permanent. 
T h i s [ c o n s i d e r a t i o n  can  be  q u a n t i f i e d  by comparing t h e  magnitude of t h e  
sed imenta t ion  v e l o c i t y  w i th  t h a t  of a  c h a r a c t e r i s t i c  f low v e l o c i t y  and by 
c a l c u l a t i n g  t h e  t ime f o r  t h e  number d e n s i t y  t o  decrease  s u b s t a n t i a l l y  (perhaps 
by one o rde r  of  magnitude) wi th  a c h a r a c t e r i s t i c  r e s idence  time. 

I n  a d d i t i o n  t o  t h e  a e r o s o l  p r o p o e r t i e s  presented ,  s e v e r a l  o t h e r s  deserve  
mention: a e r o s o l s  va ry  widely i n  terms of e l e c t r i c a l  resistivity,.stickiness, 
f r i a b i l i t y ,  c o m b u s t i b i l i t y ,  co r ros iveness ,  and t o x i c i t y .  Each of  t hese  
p r o p e r t i e s  can be important  i n  a s s e s s i n g  a  p r e c i p i t a t i o n  s t r a t e g y .  

An e l e g a n t  p r e s e n t a t i o n  d e p i c t i n g  many p h y s i c a l  a e r o s o l  p r o p e r t i e s  and 
f low c h a r a c t e r i s t i c s  i s  reproduced (by permission.) as Fig. 

ENGINEERING RELEVANCE 

The des ign  of c o l l e c t i o n  schemes f o r  a e r o s o l s  i s  an  o ld  and well-estab- 
l i s h e d  a r t .  Aerosol  c o l l e c t i o n  h a s  been widely app l i ed  f o r  both m a t e r i a l  
recovery  and environmental  p r o t e c t i o n  purposes a s  t h e  f i n a l  s t e p  b e f o r e  
d i scha rge  under v i r t u a l l y  every kind of i n d u s t r i a l  p rocess  a t  low temperature 
(250°C and l e s s ) ,  and low p r e s s u r e  (atmospheric p re s su re  + 2 2 ) .  Two new 
problems p r e s e n t l y  r e q u i r e  s a t i s f a c t o r y  s o l u t i o n :  f i n e s  removal and p a r t i -  
c u l a t e  removal i n  a  hot-gas environment--and t h e  p o s s i b i l i t y  of bo th  requi re -  
ments have t o  be  met s imultaneously.  

S ince  t h e  c u r r e n t  U.S. Environmental P r o t e c t i o n  Agency (EP$) New Source 
Performance s t anda rds4  f o r  p a r t i c u l a t e  m a t t e r ,  0 .1  lbm/106 Btu, do no t  
d i s t i n g u i s h  between rocks  and 10'~ pm smoke, the  f i n e s  removal requirement 

* 
This  t r a n s l a t e s  t o  approximately 140 mg/m3 (0.06 t 3 )  a t  s tandard  
c o n d i t i o n s  f o r  t h e  combustion of c o a l  a t  15% excess  a i r .  
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has  pe r t a ined  only t o  c e r t a i n  s p e c i a l  a p p l i c a t i o n s  such as hardware protec-  
t i o n ,  m a t e r i a l  recovery ,  and r a d i o a c t i v e  m a t e r i a l  f i l t e r i n g .  It should be 
no ted ,  however, t h a t  concern f o r  t h e  phys io log ica l  hazards  a s soc i a t ed  wi th  
f i n e s  emission has  heightened g r e a t l y  i n  r e c e n t  yea r s .  The reason f o r  t h i s  
i nc reased  apprehension is  t h a t  p a r t i c u l a t e  sma l l e r  than  about  2 pm pas ses  t h e  
human f i l t r a t i o n  system (nose,  t r achea ,  b ronchi ,  and b ronch io l e s ) ;  i f  p a r t i c l e s  
a r e  l a r g e r  than  about  0 . 1  pm, they  w i l l  p r e c i p i t a t e  w i th in  the  a l v e o l i  of 
t h e  lungs .  A f u r t h e r  complicat ion a s soc i a t ed  wi th  p a r t i c l e s  i n  t h e  s i z e  
range of 0 .1  t o  2 pm is t h a t  they  may con ta in  enhanced concen t r a t ions  of 
mercury, l ead ,  and o t h e r  p o t e n t i a l l y  carc inogenic  elements which can remain 
i n  t h e  lungs f o r  many years .  The p r a c t i c a l  consequence of t hese  cons ide ra t ions  
i s  t h a t  any long-term technology p r e s e n t l y  under development should even tua l ly  
be  capable  of meeting very  t i g h t  emission s t anda rds  f o r  both f i n e s  and f o t a l  
p a r t i c u l a t e  m a s s  burden w i t h i n  t h e  l i f e t i m e  of t h e  process .  

I n  c o n t r a s t  t o  ex t ens ive  work on t h e  fines-removal problem, t h e r e  has been 
very  l i m i t e d  exper ience  with p a r t I c ~ ~ I a t e  t ' ~ m n ~ ~ a 1  under hot-gas condi t ion0  
(%l.OOO°C, 10 atm) , Although t h i s  tnvirirruenL resu lLs  111 a Iavurabfe BOX 
r educ t ion  i n  t h e  volume of gas (compared t o  a 250°C, 1 atm gas)  r e q u i r i n g  
t r ea tmen t ,  t h e r e  a r e  n e a r l y  insuperable  d i f f i c u l t i e s  a s soc i a t ed  w i t h  a l l  
p a r t i c u l a t e  c o l l e c t i o n  concepts .  I n  a d d i t i o n  t o  s eve re ly  l i m i t i n g  t h e  k inds  
of m a t e r i a l s  t h a t  can be  used f o r  a c o l l e c t o r  s t r u c t u r e ,  t hese  cond i t i ons  
have adverse  consequences upon t h e  s e p a r a t i o n  mechanics of ae roso l s .  The 
coup de  grace  i s  t h a t  t h e  p u r i f i c a t i o n  s t anda rds  a r e  s i g n i f i c a n t l y  h igher  
f o r  high-temperature p a r t i c u l a t e  removal than  they  a r e  f o r  ambient-temperature 
removal because t h e  former environments a r e  u s u a l l y  intended f o r  gas t u r b i n e  
a p p l i c a t i o n  and domestic t u r b i n e  manufacturers  have placed very  t i g h t  con- 
s t r a i n t s  upon bo th  maximum p a r t i c u l a t e  s i z e  (ca.  2 pm) and i n l e t  m a s s  concen- 
t r a t i o n  (approximately 1 mg/m3t). Also, accep tab le  va lues  f o r  t h e  
concen t r a t ions  of t r a c e  elements  (such as sodium, potassium, vanadium, calcium, 
l e a d ,  and copper) a r e  s t r i n g e n t l y  s p e c i f i e d .  

These p u r i f i c a t i o n  requirements  have s o  discouraged some o rgan iza t ions  
working on d i r e c t - c y c l e ,  low-Btu, fixed-bed g a s i f i e r  systems t h a t  they  favor  
coo l ing  t h e  o u t l e t  product  from t h e  g a s i f i e r  upstream from the  gas cleanup 
s t a g e ;  t he  cleaned gas would then  be "pre-heated" and combusted upstream from 
t h e  gas t u rb ine .  D i r e c t  c y c l e  concepts  employing e i t h e r  a fluid-bed combustor 
o r  an  entrained-bed g a s i f i e r  do n o t  a l low such an op t ion ,  and f a i l u r e  t o  
develop a s o l u t i o n  t o  meet t h e  p a r t i c u l a t e  col lect i .on requi.rernen.ts would be 
t h e  dea th  k n e l l  f o r  gas  t u r b i n e  u t i l i z a t i o n  wi th  t h e s e  devices .  

Data from t h e  Argonne Nat iona l  Laboratory (ANL) f luidized-bed program 
f o r  c o a l  combustion i n  a dolomite  bed,5-6 i .nd ica te  t h a t  t h e  p a r t i c u l a t e  e x i t  
concen t r a t ion  from t h e  combustor v a r i e s  from 1.0 tn 50 depending upon 
t h e  f l u i d i z i n g  v e l o c i t y ,  t h e  calcium-to-sulfur  r a t i o ,  and the  s i z e  d i s t r i b u t i o n  

* 
Often termed " r e s p i r a b l e  dus t , "  which is  n e a r l y  i d e n t i c a l  t o  t h e  previous ly  
de f ined  " t r a n s i t i o n a l  f i n e s . "  

'A concen t r a t ion  va lue  which i s  c l o s e r  t o  t h a t  of a t y p i c a l  U.S urban environ- 
ment ( 0 . 1  mg/m3) than  i t  is t o  t h e  EPA s tandard  (ca.  140 mg/m3). 

*A commercial v e r s i o n  of a f luidized-bed combustor may gene ra t e  concen t r a t ions  
somewhat h ighe r  than  t h i s  va lue :  Keairns  e t  a ~ . ' ~ , ~  e s t i m a t e  40 t o  160 g/m3 
a t  hot-gas cond i t i ons  (or  16  t o  69 g/sm3). 



of t h e  p a r t i c l e s  making up t h e  bed, a s  shown i n  Fig.  2. The mass-mean 
p a r t i c u l a t e  s i z e  emi t ted  from t h e  bed v a r i e s  from ca. 100 t o  250 vm and is  
a l s o  a  func t ion  of f l u i d i z a t i o n  v e l o c i t y  a s  shown i n  F ig .  3.  P a r t i c l e  s i z e  
d i s t r i b u t i o n s  i n  Fig.  4 a r e  f o r  f l u i d i z e d  combustion i n  an  Alundum bed (Figs, 
2  and 3 were obta ined  w i t h  a  dolomite bed) and thus  r e p r e s e n t s  only t h e  f l y -  
a sh  c o n t r i b u t i o n  t o  t h e  p a r t i c u l a t e  concentr .a t ions shown i n  Fig. 3 .  

TEMPERATURE 1450-1650 'F 

GAS VELOCITY , f l /srt  : 

K 

U 
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Fig. 2. P a r t i c u l a t e  Concentrat ion 
a t  t h e  Ex i t  of t h e  ANL 
Fluidized-Bed Combustor 
(reproduced from Ref. 5 ,  
p*  57) 
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DIAMETER, Ir r r ~  

Fig .  4.  P a r t i c u l a t e  Trapped by t h e  Cyclones 
i n  t h e  Cleanup System of t h e  ANL Pluidized-  
Bed Combustor (repruduced from Ref. 5,  p. 83.) 

Many of th,e t r a c e  elements  of concern t o  t u r b i n e  manufacturers  have a l s o  been 
d e t e c t e d  i n  t h e  sepa ra t ed  p a r t i c u l a t e  a s  shown i n  Table 1,' and work is  
con t inu ing  t o  p r e c i s e l y  determine t h e  h i s t o r y  of t h e s e  elements i n  a f l u i d i z e d -  
bed combus t o r .  ' ' ' 

The engineer ing  problem a t  hand, then ,  i s  t o  perform t h e  fo l lowing  
o p e r a t i o n s  under hot-gas cond i t i ons :  

(1) Remove v i r t u a l l y  a l l  p a r t i c u l a t e  l a r g e r  than a c r i t i c a l  s i z e ,  probably * 
i n  t h e  range of 2 t o  10  pm, 

(2) Reduce t h e  p a r t i c u l a t e  concen t r a t ion  d e n s i t y  by more than  fou r  o r d e r s  
of magnitude t o  approximately 1 mg/m3, and . . 

(3)  Keep w i t h i n  a l lowable  t o l e r a n c e s  a l l  t r a c e  element concen t r a t ions  
l e a v i n g  t h e  c o l l e c t i o n  system. 

* 
It may a l s o  be  necessary  t o  remove t h e  t r a n s i t i o n a l  f i n e s ,  0.2 t o  2 pm, t o  
meet f u t u r e  environmental  s t anda rds ,  a l though it  appears  t h a t  t h i s  higher-  
l e v e l  requirement needs t o  b e  s a t i s f i e d  only downstream from t h e  gas t u r b i n e  
s t a g e .  



Table 1. Trace Element Concentrations on a Combustible-Matter-Free 
Basis (Reproduced from Ref. 9, p. 147) 

Concentration, ppm 
TR-3 TR-5A 

Primary Secondary Primary Secondary 
Element Coal Cyclore Cyclone Cyclone Cyclone Filter 

As 63 - + 9 
Ba D 
Be 9.1 - + 0.9 
C e D 
Co 23 + 3 
12 r 300 T 130 
3~ 2.5 T 0.4 
F 350 + 7C 
FeC 13 z 1 
'.If N.D. 
H g 1.4 + 0.1 
K 7,300 3,600 
La 53 i 5 
Mn 330 + 33 
NaC 0.9 T 0.1 
pb 21 + 0.2 
pb 380 T 38 
Sb 3.8 T 1.9 
s c 21 T 2 
Ta N 5. 

N.D. 
-- - 

N.D. 
940 + 140 
3.6 T 0.4 
51 T 26 

0.23 T 0.02 
N.5. 
45 + 22 
550 + 280 
1.2 T 0.1 
23 + - 0.2 

- 
N.D. 
20 + 2 
1.6 T - 0.8 

N. D. 
N.D. 

N.D. 
30 + 3 
3.7 .- T '1.8 

N.D. 
1800 + 900 
7.9 T 0.8 
25 T 12 
33 T 3 
560 56 

N.D. 
36 + 4 
4.5 T - 2.2 

a 
bN.D. = not detected. 
D = detected qualitatively. 
C Concentrations in wt %. 

dThe measured concentrations of lead in the coal samples used in the two experiments differed considerably. 
Therefore, lead mass balances for the two experiments were based on the respective lead concentrations in 
each starting coal sample. C~ncentrations of the remaining elements in the two samples did not differ. 
significantly. 



Thus t h e  emphasis i n  t h e  ensutng a n a l y s i s  w i l l  b e  on t h e  a e r o s o l  mechanics of 
p a r t i c u l a t e  l a r g e r  than  approximately 1-pm diameter  and smal le r  than  300 v m  
w i t h  a mean d iameter  of ca .  200 pm (from Fig.  3) ;  t h e  c o l l e c t i o n  of f i n e s  
s m a l l e r  than  1 u m  i n  t h e  high-temperature environment does no t  appear  t o  be  
necessary  and w i l l  n o t  be considered.  S ince  t h e  i n t e r p a r t i c l e  spac ing  i s  
always g r e a t e r  than  10 p a r t i c l e  d iameters  (varying from ca. 30 d iameters  a t  
t h e  maximum concen t r a t ion  of Fig.  2 t o  more t h a t  1000 d iameters  a t  t h e  1 mg/m3 
c o n d i t i o n ) ,  i n t e r a c t i o n s  between p a r t i c l e s  w i l l  be  neg lec t ed  whi le  they remain 
d i s p e r s e d .  Ther a e r o s o l  under cons ide ra t ion  i s  both  h igh ly  d ispersed  and 
c o n s i s t s  of bo th  small and l a r g e  p a r t i c u l a t e ,  t h e  l a t t e r  be ing  q u i t e  uns tab le .  
The common o b j e c t i v e  of a l l  c o l l e c t i o n  s t r a t e g i e s  i s  t o  provide a f l u i d  dynamic .. 

environment which w i l l  increas .e  t h i s  n a t u r a l  i n s t a b i l i t y ,  r e s u l t i n g  i n  a high 
p a r t i c u l a t e  removal r a t e  wllich permi ts  cleanup t o  be accomplished i n  a 
reasonably  s i z e d  device .  

I n  a d d i t i o n  t o  t h e s e  pu re ly  t e c h n i c a l  cons ide ra t ions ,  the gas cleaning 
o p e r a t i o n  must be  performed i n  a manner t h a t  wJ .11  s a t i s f y  t h e  requirements  
and expec ta t ions  of p a r t i c i p a n t s  employed i n  pub l i c  u t i l i t i e s .  Proposed 
p a r t i c u l a t e  c o l l e c t i o n  systems must be  h igh ly  r e l i a b l e ,  capable of handl ing  
e x c e p t i o n a l l y  l a r g e  gas  volumes, adap tab le  t o  the d a i l y  load-fo1low;lag environ- 
ment, r e q u i r e  r e l a t i v e l y  moderate c a p i t a l  and ope ra t ing  expendi tures  
(consumption of power and m a t e r i a l s ,  maintenance, e t c . ) ,  and have long  l i f e -  
t imes .  

PERTINENT LITERATURE 

The problem of p a r t i c u l a t e  c o l l e c t i o n  a t  temperatures  above ambient 
is most o f t e n  a s s o c i a t e d  w i t h  e i t h e r  t h e  combust ion/gas i f ica t ion  of c o a l  o r  
t h e  process ing  of me ta l  o r e s .  Since both of t h e s e  ope ra t ions  a r e  old and 
envi ronmenta l ly  o f f ens ive ,  t h e r e  e x i s t s  a v a s t  body of  l i t e r a t u r e  on gas- 
c l e a n i n g  devices .  A g r e a t . d a n g e r  (and temptation) of working i n  t h i s  a r e a  
is  t h e  f a i l u r e  t o  b e  cognizant  of t h e  work of o t h e r s .  The i n t e n t  of t h i s  
s e c t i o n  i s  t o  provide  a b r i e f  h i s t o r y  of t he  problem and a summary of r e c e n t  
and c u r r e n t  assessment  s t u d i e s .  The d e t a i l s  of t h e s e  and o t h e r  i n v e s t i g a t i o n s  
w i l l  be  d iscussed  i n  a l a t e r  s e c t i o n  of t h i s  a n a l y s i s .  

A Brief  H i s to ry  

Widely d ive rgen t  s t a t i s t i c s  have been publ ished about our o i l  r e s e r v e s ,  
and t h e r e  is  some doubt what t h e  t r u e  s i t u a t i o n  is. Never the less ,  t h e r e  
i s  l i t t l e  ques t ion  b u t  t h a t  i n  a n a t i o n a l  emer ency, f u e l  o i l  would be i n  
s h o r t  supply,  j u s t  a s  i t  was i n  t h e  l a s t  war. 1 5  

This  obse rva t ion ,  made i n  1949, is  a l s o  t r u e  today and i s  a reason f o r  con- 
t i n u i n g  t h e  a s s a u l t  on an a s  y e t  unsolved problem: f i n d i n g  workable and 
economic methods t o  u t i l i z e  t he  abundant,  domestic c o a l  r e se rves  t o  produce 
d i r e c t  power. 

Coal has  been used t o  produce power--both mobile,  r o t a t i n g - s h a f t  power 
and s t a t i o n a r y  e l e c t r i c a l  powec--in t h r e e  con tex t s :  (1) i n d i r e c t  t o  produce 
s team v i a  a convec t ion / r ad ia t ion  s u r f a c e ,  (2)  d i r e c t  i n  an i n t e r n a l  combustion 



engine (ICE), and (3) d i r e c t  i n  a tu rb ine .  Tn t h e  f i r s t  a p p l i c a t i o n ,  steam 
r a i s i n g ,  t h e  convect ion tubes a c t  as flow b a f f l e s  and become fouled  due t o  
t h e  depos i t i on  of f l y  a sh  ( t h e  en t r a ined  p o r t i o n  of t he  t o t a l  a sh  content  of 
t h e  c o a l  f u e l ) .  A t  p r e s e n t ,  t h i s  depos i t ion '  can b e  s a t i s f a c t o r i l y  c o n t r o l l e d  
by p e r i o d i c a l l y  blowing o f f  t h e  accumulations by means of h igh-ve loc i ty  j e t s ;  
t h i s  circumvents t h e  need f o r  ash  o r  p a r t i c u l a t e  s epa ra t ion .  The p r i n c i p a l  
reason f o r  t h e  succes s  of c o a l  u t i l i z a t i o n  i n  t h i s  case  i s  t h a t  t h e  s u r f a c e s  
sub jec t  t o  t h e  flow of t h i s  a e r o s o l  , a r e  n o t  4"performance sur faces ' '  s i n c e  i t  
i s  only r equ i r ed  t h a t  t h e s e  s u r f a c e s  main ta in  steam system i n t e g r i t y .  
Although t h i s  concept of c o a l  u t i l i z a t i o n  convenient ly  avoids t h e  need f o r  a  
high-temperature p a r t i c u l a t e  c o l l e c t i o n  device ,  i t  does s o  a t  t h e  c o s t  of an  
enormous l o s s  of a v a i l a b i l i t y .  Since a  c o a l  power p l a n t  is  a  hea t  engine,  
i t s  e f f i c i e n c y  is  bound by the  Second Law, wh,ich can be expressed by t h e  
Carnot r e l a t i o n :  ~t = 1 - (TO/T1), where To and T1 a r e  t h e  a b s o l u t e  temper- 
a t u r e s  a t  which energy i s  r e j e c t e d  and rece ived  a c r o s s  t h e  system boundaries .  
Thus, f o r  a combustion process  which n a t u r a l l y  proceeds a t  2100°C 
( s to i ch iome t r i c  a i r  w i t h  low-rank c o a l  of 10% mois ture  a t  10-atm p res su re  
under near  a d i a b a t i c  cond i t i ons )13  i n  an environment t o  i d ~ i c h  energy can b e  
r e j e c t e d  a t  30°C, t h e  e f f i c i e n c y  wi th  which t h e  chemical energy s t o r e d  i n  
t h e  c o a l  may be  transformed i n t o  u s e f u l  work ( t . e . ,  e l e c t r i c a l  energy) could 
be  a s  g r e a t  a s  87% (i.e., 87% of t h e  energy is a v a i l a b l e ) .  A t  p r e s e n t ,  system 
temperatures  f o r  steam gene ra t ion  are l i m i t e d  t o  550°c,* which reduces t h e  
achievable  e f f i c i e n c y  ( a v a i l a b i l i t y )  t o  63%. Thus, 24% of  t h e  energy o r  28% 
of t he  a v a i l a b i l i t y  o r i g i n a l l y  i n  t h e  c o a l  is  l o s t  because of energy t r a n s f e r  
a c r o s s  a 1550°C temperature d i f f e r ence . ?  I n  a d d i t i o n  t o  t h i s  performance . 
pena l ty ,  steam r a i s i n g  r e q u i r e s  a s u b s t a n t i a l  amount of hardware t o  make i t  
work: b o i l e r  t ubes ,  supe rhea t l r ehea t  tubes ,  feedwater  h e a t e r s ,  d e a e r a t o r s ,  
demine ra l i ze r s ,  and o t h e r  equipment. 

Improved performance and reduced system complexity can be  obta ined  w i t h  
e i t h e r  of t h e  d i r e c t  a p p l i c a t i o n s  of c o a l  power--ICES and tu rb ines .  However, 
i n  t h e s e  a p p l i c a t i o n s ,  t h e  s u r f a c e s  exposed t o  t h e  high-temperature a e r o s o l  
( cy l inde r  walls o r  t u r b i n e  b l ades )  a r e  performance s u r f a c e s  and hence very  
s e n s i t i v e  t o  deposition/erosion/corrosion. A device  f o r  h igh-ef f ic iency  
removal of a sh  ( p a r t i c u l a t e )  t h a t  can ope ra t e  i n  t h i s  environment i s  necessary .  
Af t e r  more than  e i g h t  decades* of e f f o r t ,  t h e  f a i l u r e  t o  develop such a  
device  rernai-ns one of t h e  fundamental b a r r i e r s  t o  t h e  development o f . d i r e c t ,  
coa l - f i r ed ,  power-generation systems. 

I n  a d d i t i o n  t o  c o a l  u t i l i z a t i o n ,  two o t h e r  p r i n c i p a l  " fue ls"  have been 
d iscussed  i n  t h e  l i t e r a t u r e  which r e s u l t  i n  a  high-temperature a e r o s o l  product  
and have been used f o r  d i r e c t  power genera t ion :  b l a s t  furnace  gas w i t h  t u r b i n e s  
and, more r e c e n t l y ,  a  v a r i e t y  of top gases  which a r e  a v a i l a b l e  i n  many chemical 
procceces w i th  expanders.  

* 
This  l i m i t  is  due p r i m a r i l y  t o  t h e  h igh  c o r r o s i v i t y  of Rteam above t h i s  
temperature.  

?TO adhere t o  t h e  s team-rais ing concept as ' t h e  proper  a p p l i c a t i d n  of c o a l  
a v a i l a b i 1 i t y . i ~  t o  i r r e v e r s i b l y  des t roy  more than  one-fourth of t h e  u s e f u l  
energy p re sen t  i n  t h e  c o a l  r e s e r v e s  of t he  e a r t h .  

%udolf D iese l1  s o r i g i n a l  e f f o r t s ,  i n  1898, were d i r e c t e d  toward t h e  app l i -  
c a t i o n  of u s ing  powdered c o a l  as t h e  fuel f o r  a  mobile,  e f f i c i e n t  i n t e r n a l  
combus t i o n  engine.  l 



It i s  t h e  i n t e n t i o n  i n  t h i s  subsec t ion  t o  provide a synop t i c  overview 
of  t h e  p r i n c i p a l  r e sea rch  e f f o r t s  t h a t  have been a s s o c i a t e d  wi th  the  genera l  
problem of high-temperature p a r t i c u l a t e  removal from ca.  1930 t o  1973. 

Germany. Because of i t s  p o s i t i o n  of having abundant c o a l  and sca rce  
o i l  r e s e r v e s ,  Germany has  had a long h i s t o r y  of u s ing  c o a l  and o t h e r  dus ty  
f u e l s  f o r  power product ion .  Since t h e  1 9 3 0 s ~  b l a s t  furnace  gas (Gichtgas) 
h a s  been used t o  power gas t u r b i n e s  d e s p i t e  i ts  h igh  p a r t i c u l a t e  concentra- 
t ion .  l 5  Pro fes so r  K.  Bammert of t h e  Technischc U n i v e r s i t a t  Hannover has  
au thored  21 papers  dur ing  t h e  pe r iod ,  1959 t o  1976.16-36 During WW-11, e f f o r t s  
were made t o  develop a coal-burning gas  t u r b i n e ,  bu t  t hese  were no t  succes s fu l  
due t o  exces s ive  e ros ion .  This  r e s u l t  l e d  t o  t h e  development of a p re s su r i zed  
c o a l  g a s i f i e r  which w a s  t o  power a gas  t u r b i n e  and which presented  a l e s s  
formidable p a r t i c u l a t e  c o l l e c t i o n  problem. Although t h e  l a t t e r  program 
appeared t o  be  r,a.pable of s ~ l c c e s s f ~ ~ l .  r.ornpletion, work wne stopped after the 
war when o t h e r  much more economical sources  of f u e l  became a v a i l a b l e .  
Pfenninger  b r i e f l y  summarized t h e  exper ience  of Brown Boveri w i th  t h i s  
p r o j e c t .  3 7 

A u s t r a l i a .  The Aerospace Research Laboratory (ARL) of A u s t r a l i a  began 
work on a coal-burning gas  t u r b i n e  i n  1948. By 1958, they  were t e s t i n g  a 
0.9-MW(e), two-stage Ruston and Hornsby tu rb ine .  Ser ious  e r o s i o n  wi th  t h i s  
dev ice  l e d  t o  a n  ex tens ive  t e s t i n g  program which was t o  q u a n t i f y  t h e  s i g n i f i -  
c a n t  parameters  and mechanisms caus ing  b l ade  f a i l u r e .  By 1970, a newly 
designed t u r b i n e  was a v a i l a b l e  f o r  t e s t i n g  and, i n  1973, a f i n a l  r e p o r t  on 
t h e  25-year p r o j e c t  was i ssued .  38 Unlike conclus ions  from s i m i l a r  work i n  
South A f r i c a  and t h e  United Kingdom (BCURA, Leatherhead) ,  t h e i r  conclus ions  
were of a p o s i t i v e ,  encouraging n a t u r e ,  even t o  i n d i c a t i n g  t h a t  multimegawatt 
u n i t s  could be  b u i l t  immediately (personal  communication t o  E. E. Soehngen) . ' 

United S t a t e s .  Domest ical ly ,  t h e  f i r s t  work w i t h  a c a a l - f i r e d ,  open- 
c y c l e  t u r b i n e  was begun by t h e  Locomotive Development Committee (T,DC) of 
Bituminous Coal Research, Inc.  (BCR) i n  1944, In 1946, they  began b u i l d i n g  
combustors,  t u r b i n e s ,  and more impor tan t ly ,  ash-separa t ion  equipment. By 
1955, they  had accumulated more than  1000 h r  of ope ra t ing  exper ience  on 
t u r b i n e s  as l a r g e  a s  3.2 MW(e) . 39-42 I n  1959, a f t e r  more than  4000 h r  of 
o p e r a t i o n ,  LDC turned  over  t h e i r  equipment and exper ience  t o  t h e  U.S. Bureau 
of Mines (BOM) i n  Morgantown, West V i rg in i a .  A f t e r  an l n i t i a l  assessment 
s tudy , '43  BOM commenced work on a t e s t i n g  program designed t o  demonstrate a 
t u r b i n e  conf igu ra t ion  capable  of enduring 50,000 t o  100,000 hours  of ope ra t ion .  
I n  1963, t e s t i n g  was begun and, a f t e r  878 accumulated hours ,  t h e  u l t i m a t e  
l i f e  of t h e  r o t o r  b l a d e s  w a s  es t imated  t n  he ln,nO0 hours .44  By 1966, almost 
2000 hours  of o p e r a t i o n  had been completed wi th  an  e s t i m a t ~ d  l i f e  of 20.000 
hours f o r  the  r o t o r .  4 5  Today, t h e  BOM o rgan iza t ion  (now the  Morgantown Coal 
Research Center ,  U.S. ERDA) is  cont inuing  i t s  p a r t i c u l a t e  removal a c t i v i t y  
f o r  a p p l i c a t i o n  t o  s t i r r ed -bed  c o a l  g a s i f i e r s  f o r  which d i r ec t - cyc l e  ope ra t ion  
i s  h igh ly  d e s i r a b l e  ( i f  n o t  e s s e n t i a l ) .  

The O f f i c e  of Coal Research (OCR) of t h e  U.S. Dept. of t h e  Interior--now 
a l s o  w i t h i n  ERDA--commissioned ' a s tudy  by westinghouse7, on the  d i r ec t - cyc l e  
a p p l i c a t i o n  of c o a l  v i a  bo th  g a s i f i e r s  and combustors. The o r i g i n a l  terms 
of t h e  c o n t r a c t  were n o t  consumated s i n c e  t h e  s tudy  was terminated by OCR 
a f t e r  s i x  months work. 



Combustion Power Co., Inc .  (CP) began work i n  1967 wi th  t h e  suppor t  of 
OCR and t h e  U.S. Environmental P r o t e c t i o n  Agency (EPA) t o  develop a  t u r b i n e  
opera ted  us ing  p re s su r i zed  f l u e  gas from a f luidized-bed combustor f i r e d  by 
s e v e r a l  s o l i d  f u e l s :  municipal  s o l i d  wastes, wood was tes ,  and h igh-su l fur  
bituminous coa l .  I n  1970, work began on t h e  cons t ruc t ion  of a municipal  
so l id-was te- f i red ,  t u r b i n e  power p l a n t  f o r  t h e  c i t y  of Menlo Park,  C a l i f o r n i a .  
The p l a n t  was intended t o  provide approximately 5% of t h a t  c i t y ' s  e l e c t r i c a l  
power from i ts  own garbage. 46  To d a t e ,  more than  1000 hours  of ope ra t ion  of 
a  t u r b i n e  ( a  1-MW(e) Ruston TA 1500) h a s  been completed i n  conjunct ion  wi th  
a  4-atm f luidized-bed c o m b u ~ t o r . ~ ~ - ~ ~  Combustion Power now c la ims  t h a t  t h e  
c u r r e n t  process  development u n i t  (PDU) war ran t s  t h e  next  step--a p i l o t  p l a n t  
module c o n s i s t i n g  of four  f luidized-bed combustors producing a  t o t a l  of 50 
MW(e); such a  system could be  a v a i l a b l e  w i t h i n  2 o r  3  yea r s .  United Te.ch- 
no log ie s  Research Center (UTRC) of United Technologies,  Inc .  has  completed 
s e v e r a l  i nc lud ing  a n  eva lua t ion  of high-temperature c o l l e c t i o n  
devices .  51 

I n  a d d i t i o n  t o  t h e  above mentioned work, o t h e r  l i t e r a t u r e  e x i s t s  t h a t  
p e r t a i n s  t o  high-temperature p a r t i c u l a t e  c o l l e c t i o n .  One body of l i t e r a t u r e  
could be  c l a s s e d  under t h e  ca tegory  of General S tud ie s  of t he  Erosion 
Mechanism; Smeltzer e t  aZ. 5 3  provides  a r e l a t i v e l y  r e c e n t  sample and b i b l i o -  
graphy of work i n  t h i s  a r ea .  Another body of l i t e r a t u r e  can be  found under 
t h e  gene ra l  heading of Expanders, which have begun t o  f i n d  widespread use  
i n  t h e  chemical indus t ry*  f o r  energy conserva t ion;  .StettenbenzS4 has  b r i e f l y  
surveyed the  s t a t u s  of t h i s  work. 

An enormous number of papers  have been w r i t t e n  on p a r t i c u l a t e  c o l l e c t i o n  
and c o l l e c t o r s  ( a s  can be  v e r i f i e d  by looking  under t h e  heading, "Dust 
Co l l ec t ion , "  i n  a  r e c e n t  i s s u e  of Engineering Index) ,  b u t  s u r p r i s i n g l y  l i t t l e  
work has  appeared t h a t  i s  d i r e c t e d  toward e v a l u a t i n g  high-temperature app l i -  
c a t i o n s .  Thring and ~ t r a u s s ~ ~  and S t r a u s s  and  anc caster^^ have w r i t t e n  t h e  
only  known papers  t h a t  d e a l  w i th  a  survey of c o l l e c t i o n  mechanisms under hot- 
gas  cond i t i ons .  One d i f f i c u l t y  of working i n  t h i s  a r e a  i s  t h e  problem of 
l o c a t i n g  many d i f f u s e l y  publ ished papers  which r a r e l y  con ta in  adequate  
l i t e r a t u r e  surveys .  A s  a n  example, i n  1955 Y e l l o t t  and Broadley publ i shed  
a  paper d e t a i l i n g  t h e  high-temperature and p re s su re  f l y  a sh  removal work of 
t h e  LDC. 4 2  Although t h i s  remains a  s i g n i f i c a n t  paper i n  t he  a r e a  of high- 
temperature c o l l e c t i o n ,  a search  of every  i s s u e  of Science C i t a t i o n  Index 
from 1961 through September 1975 r e v e a l s  t h a t  n o t  a  s i n g l e  paper i n  t h e  d a t a  
base  of ca .  2000 jou rna l s  c i t e d  t h i s  work. Fu r the r ,  t he  device  developed 
by t h e  LDC--which they  c a l l e d  a Dunlab Tube--is no t  mentioned i n  any known 
paper publ i shed  s i n c e  1955; computer s ea rches  of bo th  jou rna l  and document 
d a t a  bases  d id  no t  y i e l d  a  s i n g l e  c i t a t i o n .  

Current  Research A c t i v i t y  
.I. 

The fines-removal problem has  r e c e n t l y  begun t o  a t t r a c t  widespread 

*I1 Every major o i l  company i s  p r a c t i c i n g  power recovery i n  a t  l e a s t  one of 
t h e i r  r e f i n e r i e s  v i a  3rd s t a g e  cyclones."  (F. A. Zenz, Ref. 61, p. 1-7). 

 h he ques t ion  of. f i nes  removal i s  inc luded  h e r e  because of its p o s s i b l e  impact 
upon proposed devices  expected t o  b e  r equ i r ed  by f u t u r e ,  a n t i c i p a t e d  environ- 
mental r e s t r i c t i o n s .  



a t t e n t i o n ,  f o r  t h e  reasons  noted earlier.  amm mar ti no^^, 58 has w r i t t e n  genera l  
surveys  on t h e  problem and t h e  proposed c o l l e c t i o n  techniques.  Midwest 
Research I n s t i t u t e  (MRI) has  completed a very  d e t a i l e d  s tudy  of t h e  s u b j e c t  
f o r  t h e  EPA. 59 y 6 O  I n  t h i s  s tudy ,  they  have. analyzed a l l  known c o l l e c t i o n  and 
agglomerat ion mechanisms and have assessed  approximately 20 "emerging" systems 
(def ined  as having s u f f i c i e n t  d a t a  t o  permit an eva lua t ion )  and "proposed" 
systems (concepts  w i t h  l i t t l e  o r  no d a t a ) .  Most of t h e s e  systems were based 
upon some v a r i a t i o n  of  water-scrubber  technology, which is  t o t a l l y  unsu i t ab l e  
f o r  hot-gas a p p l i c a t i o n .  Acoust ic  agglomeration w a s  d i scussed  b r i e f l y  and was 
deemed t o  have " s i g n i f i c a n t  p o t e n t i a l , "  wh i l e  t h e  ART,* vo r t ex  tube  was no t  
mentioned a t  a l l .  Southern Research I n s t i t u t e  has  a l s o  done a similar survey 
on f i n e  p a r t i c u l a t e  c o n t r o l  f o r  EPRI. 75 

Stone and Webster of Boston, Mass., is  under c o n t r a c t  t o  t h e  E l e c t r i c  
Power Research I n s t i t u t e  (EPRI) t o  survey p a r t i c u l a t e  c o l l e c t i o n  techniques 
s u i t a b l e  f o r  high-temperature a p p l i c a t i o n  a t  t h e  o u t l e t  of a low-Btu g a s i f i e r ,  
and they  have i s sued  a pre l iminary  r e p o r t .  Their  i n i t i a l  recommendat i ons  
favored  high-temperature meta l  f i l t e r s  and g ranu la r  beds a s  t h e  most l i k e l y  
cand ida t e  concepts .  No mention was made of e i t h e r  a c o u s t i c  agglomeration o r  
t h e  ARL v o r t e x  tube. Cur ren t ly ,  however, bo th  Stone and ~ e b s t e r ~ ~  and E P R I ~ ~  
f a v o r  t h e  abandonment of high-temperature process ing  f o r  t h e i r  a p p l i c a t i o n  
and, i n s t e a d ,  f avo r  coo l ing  t h e  gas t o  permit  convent iona l  techniques t o  he 
used. Low-temperature c l ean ing  i s  p a r t i c u l a r l y  appea l ing  i n  t h i s  process  
because t h e  removal of H2S i s  a l s o  r equ i r ed .  There is, o r  course ,  a thermal  
e f f i c i e n c y  pena l ty  t o  be  p a i d ,  depending upon t h e  ope ra t ing  temperature of 
t h e  g a s i f i e r  under s tudy  (some fixed-bed g a s i f i e r s  ope ra t e  a t  less than  550°C), 
b u t  d i r e c t  c y c l e  o p e r a t i o n  is  a t  l e a s t  p o s s i b l e  because t h e  c l ean ing  ope ra t ion  
precedes  combustion. A f i n a l  r e p o r t  on t h i s  i n v e s t i g a t i o n  i s  expected some- 
time i n  1976. 

A s tudy  somewhat p a r a l l e l  t o  t h a t  of Stone and Webster i s  be ing  performed 
by UTRC f o r  t h e  EPA. A r e p o r t  covering t h e  work done dur ing  t h e  f i r s t  t h r e e  
phases  of  a four-phase program has  r e c e n t l y  been i s sued .52  The primary focus 
bf t h i s  i n v e s t i g a t i o n  was upon t h e  sys  tem performance of t h e  d i r e c t - c y c l e ,  
combined gas and steam concept w i t h  both  low and high temperature c o a l  gas- 
i f i e r s .  The gas-cleaning'  problem addressed w a s  p r i m a r i l y  t h a t  a s s o c i a t e d  
w i t h  s u l f u r  compound removal, and more than  f o r t y  such processes  were d iscussed .  
On t h e  s u b j e c t  of p a r t i c u l a t e  removal, on ly  b r i e f  mention was made of panel- 
bed f i l t e r s ,  g r anu la r  f i l t e r s ,  and convent iona l  cyclones.  The problem of t h e  
s p e c i f i c a t i o n  of  accep tab le  p a r t i c u l a t e  s i z e s  and concen t r a t ions  w a s  addressed,  
a l though i t  is  s t i l l  n o t  considered t o  b e  a s e t t l e d  i s s u e . 6 4  

MRI has  s t u d i e d  hot-gas c l ean ing  i n  another  i.nvesti.g;l.t i an f o r  t h e  EPA. ' 6 6  

Th i s  e f f o r t  appears  t o  be  t h e  most comprehensive t o  d a t e  (al though i t  does 
r e p l i c a t e  some of t h e  work of ~ t r a u s s ~ ~ , ~ ~ ) .  I n  r e f e r e n c e  65, p. 4 ,  i t  i s  
concluded t h a t  ". . .very  l i t t l e  t h e o r e t i c a l  o r  experimental  work [has  been] 
conducted i n  t h e  p a s t  on e f f e c t s  of h igh  temperature and/or  h igh  p r e s s u r e  on 
gas c l ean ing . .  . [and]  cons ide rab le  development is  r equ i r ed  b e f o r e  any system 

* 
It is unfo r tuna te ,  b u t  two d i f f e r e n t  o rgan iza t ions  a r e  widely known as ARL. 
The one r e f e r r e d  t o  h e r e  i s  t h e  now-dismantled Aerospace Research Laboratory 
of t h e  USAF, Dayton, Ohio. 



is  commercially ava i l ab l e . "  Thei r  very  d e t a i l e d  r e p o r t  i n d i c a t e s  t h a t  a  
l a r g e  number of i n v e s t i g a t i o n s  a r e  a l r e a d y  f n  progress  us ing  granular-bed 
and f a b r i c  f i l t e r s ,  a few w i t h  high-energy cyclones,  and fewer still  wi th  
a c o u s t i c  agglomeration. The l i t e r a t u r e  on t h e  ARL v o r t e x  tube  was no t  r epo r t -  
ed. The Aerotherm Divis ion  of t h e  Acurex Corp. has  a l s o  r epo r t ed  t o  t h e  EPA 
on t h e  hot-gas cleanup problem. 67  Thei r  s tudy  w a s  p r imar i ly  a s s o c i a t e d  wi th  
low-Btu gas a p p l i c a t i o n s  and is  a  l e s s - d e t a i l e d  s tudy  which preceded t h a t  by 
MRI.~ '  The EPA i s  c u r r e n t l y  sponsoring two ongoing studies--one by   it re=* 
t o  update  t h e  MRI work and t h e  o t h e r  by A i r  Pol lut$on ~ e c h n o l o ~ ~ ~ ~ , ~ ~  whose 
purpose inc ludes  exper imenta l  i n v e s t i g a t i o n s  of v a r i o u s  devices  i n  a d d i t i o n  
t o  b a s i c  s t u d i e s .  The EPA is a l s o  c u r r e n t l y  eva lua t ing  t h e  responses t o  a n  
RFP (which f e l l  due i n  January 1976) f o r  f u r t h e r  work wi th  s p e c i f i c  c o l l e c t i o n  
devices .  71 There has  a l s o  been a t  l e a s t  one i n t e r n a l ,  unpublished paper s tudy  
i n  t h i s  a r e a .  72 

ERDA i s  sponsoring t h e  s tudy of s e v e r a l  s p e c i f i c  removal concepts ,  'I  3 9 / '4 

and it a p p e a r s , t h a t  they  w i l l  be  expanding f u r t h e r  i n  t h i s  r e sea rch  a r e a .  

I n  a d d i t i o n  t o  t h e  aforementioned gene ra l  survey s t u d i e s ,  a number of 
s p e c i f i c  i n v e s t i g a t i o n s  p e r t i n e n t  t o  high-temperature c o l l e c t i o n  and p a r t i -  
c u l a t e  measurement are c u r r e n t l y  a c t i v e .  Table 2 p r e s e n t s  a  summary of knowrt 
sponsored r e s e a r c h  a c t i v i t y  on t h e s e  subjects--work which i s  e i t h e r  c u r r e n t  
o r  has  been completed w i t h i n  t h e  p a s t  two yea r s .  I n t e r n a l  c o r p o r a t e - s p o n s ~ r ~ d  
r e sea rch  is  very  d i f f i c u l t  t o  i d e n t i f y  ( s i n c e  i t  is  f r equen t ly  viewed w i t h  
t h e  same p e r s p e c t i v e  a s  t r a d e  s e c r e t s )  and is  no t  included i n  t h i s  t a b l e .  
The d e t a i l s  of s e v e r a l  of t h e s e  s t u d i e s  w i l l  b e  considered i n  subsequent 
s e c t i o n s .  



Table 2. Recent .and c u r t e n t  spo&sored b s e a r c h  b;h P a r t i c u l a t e  and C o l l e c t o r s  

Agency O f f i c e r  Subject  S t a t u s  Contractor  Personnel  

EPA Midwest RI . 

GCA Corp & 
Braxton 

Midwest RI 

L.. Shannon 

R. Dennis 
E. Kent 

R. Hegarty 

L. Shackelford Fine P a r t i c u l a t e  R e q v a l  

D. Harmon Braxton Acoust ic  Agglomerator 

D. Drehemel Acoust ic  Agglomeration Evaluat ion Complete 

Evaluat ion RFP For  Novel High Temperature 
Devices 

L. Sparks High Temperature Removal Survey Midwest RI 

Air Po l  Tech 

A. Rao . 

S. Calver t  Basic  S t u d i e s ,  Experiments a t  
High Temp. 

EPa a t  High Temperature Res C o t t r e l l  

Aerotherm Div 

IITRC 

Mi t re  

J. Ki lg roe  High Temperature Removal Survey R. Ful ton 

P. Rnbson 

B. T r u i f t  

W. Rhodes Gas Turhi.nes 

( l u ~ ~ ~ u w n )  l41gl1 Temperarure Survey 

ERDA 'W, Fcdarko Fluidized-Bed C o l l e c t o r  , Pending Exxon Res 

C. Grua I r o n  Oxide Bed C o l l e c t o r  Act ive ' ERDA, ' E. Oldaker 
. . Morgantowu 

A i r  Prod & Chem 

Molten S a l t  Scrubber ' E 45-1-1830 l a t t e l l e  NW 

P a r t i c u l a t e  Measurement Survey E 49-18-2220 G i l b e r t  ASsoc 

High-Temperature EPa Pending . ., 
Coal U t i l i z a t i o n  Experience . , ' ~ c t i v e ' ~  ' - Soehngen 

Baffle-Array C o l l e c t o r  ~ c t i v e l ~ ~  Const Eng Res 

Coal G a s i f i c a t i o n  System ~ c t  i v e e  Westinghouse 

K. Mnnre 

B. Murthy 

(unknown) E. Soehngen 

E. M. Honig 

D. L. Keairns 

M. Giuckman Hot Gas Cleaning Survey, I completeb I Stone 6 Webster 
Ha l l  AGsoc, l n c  
Zonz Consul tant  

E. Zabolotny 
H. Ha l l  
B. Zonz 

Hot Gas Cleaning Survey, I1 

S. Alper t  Panel  Bed F i l t e r  

0. Tass icker  EP f o r  Low Conduct ivi ty  Ash 

EP Performance Eva lua t ion  

Dry Scrubber Evaluat ion 

Condi t ioning f o r  E P ~  

P a r t i c l e  Migrat ion i n  E P ~  

Acouotic Agglomeration w i t h  I S F ~  

Foam C o l l e c t i o n  f o r  Fines  

Mecluureruent v i a  D l f f u v i o ~ ~  Ba t te ry  

Spectruscopy UP BPy h h  

Fly Ash Tes t ing  F a c i l i t y  

Agglomerator & C o l l e c t o r  f o r  EPa 

H. Kornberg P a r t i c u l a t e s  6 Heal th  E f f e c t s  

A, Stankunas Measurement w i t h  I o n i z a t i o n  
Dec tec to r  

R. Carr  Measurement w i t h  Cascade Impactor 

Measurement w i t h  In-Stack E P ~  

(unknown) Cont ro l  of F ine  P a r t i c u l a t e  

Stone 6 Webster C . Jones  

CCNY A. Squires  

Air Po l  Sys 

Southern RI 

J.  Cooper 

R. Bickelhaupt 

Bechtel  Corp 

Southern RI 

Wash S t  U 

(pending) 

D. S t rock  

(pending) 

Wash S t  U 

Air Pol Tech 

R. Mahalingam 

(pending) 

(panding) 

(pending) 

(pending) 

R. Ziskind 

L. A l t p e t e r  

Babcock & Wilcox 

S tanford  U 

S c i  Appl I n c  

Midwest RI 

U Washington 

Meteorology Res 

Southern R I  

U Michigan 

G. F a w e l l  

D. Ensor 

(unknown) 

(unknown) Eva lua t ion  of  Coal Conversion 
- - -  

' ~ l e c t r o s t a t i c  p r e c i p i t a t o r  ( p r e c i p i t a t i o n ) .  



PART 11. GAS TURBINE CONSTRAINTS AND TMF'LICATIONS 

D e s N t e  t h e  enormous l i t e r a t u r e  on gas tu rb ine  operat ion with high- 
temperature ae roso l s ,  t h e r e  remains a  g r e a t  d e a l  of uxlcertainty a s  t o  the  
p rec i se  requirements f o r  a  p a r t i c u l a t e  c o l l e c t i o n  device t o  be used wi th  a  
given p a r t i c u l a t e  and appl ica t ion .  The two most important ae roso l  parameters 
t h a t  govern tu rb ine  l i f e  a r e  the  p a r t i c u l a t e  s i z e  ( spec i f i ed  e i t h e r  a s  a  mass 
mean value  o r  a s  a  d i s t r i b u t i o n  curve) and the  p a r t i c u l a t e  concentrat ion.  
It is  these  q u a n t i t i e s  t h a t  w i l l  be  emphasized here.  

FACTORS WHICH AFFECT TURBINE LIFE 

Turbine opera t ing  l i f e  is governed both by the  aerodynamics of the  
ae roso l  and by mate r i a l s  considerat ions:  t h e  former e s s e n t i a l l y  determines 
the  number and i n t e n s i t y  of p a r t i c l e  impacts (deposi t ion/erosion) on both 
r o t a t i n g  and s t a t i o n a r y  surfaces ;  the  l a t t e r  c e n t e r s  on the  eros ive/corros ive  
inf luence  of the  impactsldeposi t ion.  

Mater ia ls  cons idera t ions  p e r t a i n  t o  t h e  r e a c t i v i t y  of t h e  tu rb ine  b lade  
mate r i a l  (and i ts  coat ing)  i n  the  presence of the  elements contained i n  t h e  
p a r t i c u l a t e  a t  t h e  opera t ing  temperature of the  medium. The r e s i s t a n c e  of 
the  tu rb ine  su r face  t o  p a r t i c l e  impacts can be determined f a i r l y  e a s i l y  and 
c o r r e l a t e s  w e l l  wi th  s t i f f n e s s  (Young's modulus) of t h e  su r face  and with 
s t i f f n e s s  of the  p a r t i c u l a t e  (i. e . ,  degree of "hardness"). 53 Coal combustion 
below t h e  ash-softening temperature, such a s  occurs i n  a  fluidized-bed 
combustor, tends t o  produce s o f t  particulate--however, the  e l u t r i a t e d  calcium 
s tones  (which c o n s t i t u t e  the  major f r a c t i o n  of the  p a r t i c u l a t e  loading) a r e  
considered t o  be hard and the re fo re  eros ive .  Quantifying the  corrosiveness 
of the  p a r t i c u l a t e l b l a d e  system i s  much more d i f f i c u l t .  When a l k a l i  metal 
compounds a r e  present ,  l i q u i d  f i lms  of s u l f a t e  and sul fa te-chlor ide  mixtures 
can form on tu rb ine  b lades  over temperature ranges of i n t e r e s t .  I f  these  
f i lms  a t t a c k  the  p ro tec t ive  oxide l a y e r ,  ca tas t roph ic  oxidat ion  leading t o  
blade f a i l u r e  w i l l  r e ~ u l t . ~  I n  add i t ion ,  t a r  w i l l  condense from the  ae roso l  
a t  temperatures l e s s  than ca. 500°7C and w i l l  i n t e r a c t  wi th  depos i t s  on t h e  
blading. In pr inc ip le .  i t  is poss ib le  t o  reduce these  de le te r ious  e f f e c t s  
t o  v i r t u a l l y  any des i red  l e v e l  by designing very t h i c k  (and aerodynamfcaPly 
i n e f f i c i e n t )  b lades  protected by h ighly  e x o t i c  (and expensive) coat ings .  

Aerodynamic considera t ions  include s p e c i f i c a t i o n  of the  s t reamlines  of 
t h e  flow f i e l d  and of the  secondary flows, the  r e l a t i v e  v e l o c i t y  between the  
p a r t i c u l a t e  and t h e  turbine  b lades ,  and the  p a r t i c u l a t e  s ize /concentra t ion  
mentioned previously.  These f a c t o r s  determine the  percentage of the  p a r t i -  
c u l a t e  present  t h a t  w i l l  impact a  su r face ,  the  angle  a t  which the  impact w i l l  
occur, and the k i n e t i c  energy associa ted  wi th  each impact. A s  wi th  ma te r i a l s  
condisera t ions ,  a  wide l a t i t u d e  e x i s t s  wi th in  which performance may be traded 
f o r  decreased erosion.  

The l a r g e  number of parameters present  i n  t h i s  problem, together  wi th  
the  sub jec t ive  judgments i n t r i n s i c a l l y  requi red ,  make i t  impossible a t  present  
t o  determine "how clean i s  clean." 



PARTICULATE COLLECTION PERFORMANCE ENVELOPE 

A c r i t i c a l  i s s u e  t h a t  must be  s e t t l e d  be fo re  any assessment can be  made 
of p a r t i c u l a t e  c o l l e c t i o n  f o r  high-temperature a e r o s o l s  is  t h e  q u a n t i t a t i v e  
s p e c i f i c a t i o n  of t h e  necessary  t u r b i n e  i n l e t  cond i t i ons .  The emphasis i n  
, t h i s  s e c t i o n  i s  upon p a r t i c u l a t e  s i z e  and concent ra t ion .  I s sues  such a s  
p a r t i c u l a t e  r e a c t i v i t y  and r e l a t i v e  b l ade  v e l o c i t i e s ,  though important ,  w i l l  
n o t  b e  addressed  he re .  The presence  of complicated secondary flows r e s u l t s  
i n  a s u b t l e  and p o t e n t i a l l y  important  d i f f i c u l t y :  s i n c e  the  i n l e t  a e r o s o l  
can be  expected t o  comprise d i f f e r e n t  s i z e  d i s t r i b u t i o n s  depending upon both 
t h e  o r i g i n a l  sou rce  of t h e  high-temperature a e r o s o l  and t h e  c o l l e c t o r  used,  
t h e s e  p a r t i c l e s  w i l l  s t r a t i f y  i n  d i f f e r e n t  concen t r a t ions  due t o  t h e  presence 
of t h e s e  l o c a l  c e n t r i p e t a l  f i e l d s  and thus  exper ience  d i f f e r e n t  s t r eaml ine  
and impact ion h i s t o r i e s .  The p r a c t i c a l  consequence of t h i s  s i t u a t i o n  is t h a t  
i t  may n o t  b e  p o s s i b l e  t o  p r e d i c t  t h e  e r o s i v e  in f luence  of a new a e r o s o l  
sou rce  o r  c o l l e c t o r  system when t h e  performance of a  b a s e l i n e  system is  
k n o a ,  even i f  both a e r o s o l s  have p r e c i s e l y  the  same chemical composition, 
m a s s  mean p a r t i c u l a t e  d iameter ,  and p a r t i c u l a t e  c o n c e n t r a t i ~ n .  

A graphic  d i s p l a y  of t h e  known d a t a  on t u r b i n e  e r o s i o n  and i t s  p.arti-  
c u l a t e  c o l l e c t i o n  i m p l i c a t i o n s  is presented  i n  F ig .  5 . i n  t h e  form of 
particulate,concentration ( loading)  a s  a func t ion  of mass mean p a r t i c u l a t e  
d iameter .  The o r d i n a t e  o n . t h e  r i g h t  s i d e  r e p r e s e n t s  t h e  permitted, penetra-  
t ion--defined as one minus t h e  e f f i c i e n c y  (i.e., 99% c o l l e c t i o n  e f f i c i e n c y  
corresponds t o  1% p e n e t r a t i o n ) .  P e n e t r a t i o n  is  based on a  given p a r t i c u l a t e  * 
i n l e t  concen t r a t ion :  namely, 37.8 g/m3,  which corresponds t o  7 g r a i n s  p e r  
s t a n d a r d  cubic  f o o t  and i s  r ep resen ted  by t h e  t r i a n g l e  symbol. This  va lue  
r e p r e s e n t s  a  t y p i c a l  concen t r a t ion  e x i t i n g  from a  f luidized-bed combustor 
f o r  moderate calcium t o  s u l f u r  r a t i o s  and f l u i d i z i n g  v e l o c i t i e s ;  i t  w a s  used 
by Westinghouse a s  t h e  b a s e l i n e  l e v e l  i n  t h e i r  s tudy.8 Commercialized 
v e r s i o n s  of such combustors mag gene ra t e  h igher  concen t r a t ions  of pa.rtl.f.ul.atct.. 
The mass mean p a r t i c u l a t e  d iameter  was taken t o  b e  225 pm, based on t h e  data 
of F ig .  3. This  i n l e t  cond i t i on ,  37.8 g /m3  and 225 urn, cortespnn.ds t o  oper- 
a t i o n  a t  5 f t / s  f l u i d i z i n g  v e l o c i t y  and Ca/S = 2 wi th  t h e  ANL combustor. 
Th i s  concen t r a t ion ,  a l though t y p i c a l  of many I n d u s t r i a l  a e r o s o l s  (10 g r a i n s /  
s t d  f t 3  i s  common), i s  much lower than  t h a t  generated by f l u i d  c a t a l y t i c  
c r a c k e r s  now used t o  power gas t u r b i n e s  i n  t h e  o i l  i ndus t ry .  6 1 

Six  performance l e v e l s  f o r  c o l l e c t o r  o u t l e t  cond i t i ons  a r e  given i n  
F ig .  5 .  The EPA l i m i t ,  t h e  most l e n i e n t  bound, has  been converted from 
s t anda rd  t o  hot-gas cond i t i ons  such t h a t ,  i f  Level  1 should be  achieved by 
t h e  c o l l e c t o r  system, no f u r t h e r  gas  t rea tment  would be  r equ i r ed  downstream 
t o  ' s a t i s f y  environmental  r e s t r i c t i o n s .  The mnst s t r l n g ~ n t  bound was presented 
i n  a  somewhat d i f f e r e n t  form i n  t h e  UTRC r e p o r t 5 2  and o r i g i n a t e s  from a  c i t e d  
petrochemical  source .77  This  l i n e  r e p r e s e n t s  a  cons tan t  va lue  of t u r b i n e  
l i f e ,  10,000 hours ,  and i s  t h e  only  known s p e c i f i c a t i o n  of i t s  kind.  It 
assumes a s imple i n v e r s e  r e l a t i o n s h i p  between t u r b i n e  l i f e  and both  p a r t i c l e  
s i z e  and concen t r a t ion ;  t hus  f n r  cons tan t  t u r b i n e  l i f e  t o  be  maintained,  

* 
A l l  concen t r a t ion  v a l u e s  presented  i n  Fig.  5 a r e  based upon a c t u a l  gas  
c o n d i t i o n s  a t  10-atm p res su re  and 1000°C. 
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i n c r e a s i n g  t h e  p a r t i c l e  s i z e  by one o r d e r  of magnitude r e q u i r e s  t h a t  t h e  
concen t r a t ion  be decreased  4y one o rde r .  

The four  c i r c l e  symbols i n  Fig.  5  r e p r e s e n t  t h e  known p a r t i c u l a t e  concen- 
t r a t i o n l d i a m e t e r  p a i r s  t h a t  have been d iscussed  i n  t he  l i t e r a t u r e  i n  terms 
of accep tab le  t u r b i n e  wear. The l i n e s  extending t h e s e  symbols were developed 
by t h i s  au tho r .  The most exhaus t ive  s tudy  t o  d a t e ,  t h a t  of t he  ~ u s t r a l i a n s ,  38 
concluded t h a t  f o r  a  f i x e d  p a r t i c u l a t e  s i z e ,  t h e  eros&on r a t e  i s  p ropor t iona l  
t o  t h e  concen t r a t ion  ( a  r e s u l t  c o n s i s t e n t  w i t h  R e f .  77).  For a f i x e d  concen- 
t r a t i o n ,  t h e  e r o s i o n  rate,of a  s i n g l e  p a r t i c l e  increased  approximately by 
t h e  cube of t h e  diameter .  However, when one is  d e a l i n g  wi th  an  a e r o s o l ,  t h e  
concen t r a t ion  w i l l  a l s o  dec rease  by t h e  cube of t h e  p a r t i c l e  d iameter  and 
t h u s  reduce t h e  number of impacts  p ropor t iona l ly .  I f  t h i s  were t h e  complete 
p i c t u r e ,  e r o s i o n  wi th  an a e r o s o l  would be independent of  p a ~ L l c l r  size--a 
f a l s e  conclusion.  The miss ion  element i n  t h e  a n a l y s i s  i s  t h e  s e n s i t i v i t y  of 
t h e  r a t e  a t  which ind iv idua l  p a r t i c l e s  d r i f t  a c r o s s  f l u i d  ~ L r e a m l i n e s  a s  a 
f u n c t i o n  of t h p i r  diametaro,  a t o p i c  Ll~at is developed i n  P a r t  IIT of t h i s  
r e p o r t .  The A u s t r a l i a n  s tudy  presented  d a t a  f o r  t h e  e ros ion  r a t e  experienced 
with t h r e e  d i f f e r e n t  re]-at ivo v e l o c i t i c s  (600, 900, and 1200 f t / s )  t o r  ' , 
p a r t i c u l a t e  d iameters  of 7  t o  1 5  pm. According t o  t h e s e  d a t a ,  t h e  e ros ion  
i a t e s  were p r o p o r t i o n a l  t o  t h e  d iameter  r a i s e d  t o  powers of 1 .17,  1.22, and 
1.00 f o r  t h e  t h r e e  v e l o c i t i e s  s t u d i e d  (a  r e s u l t  which is In  approximate 
aggreement w i th  t h a t  g iven  i n  Ref. 77).. Thus, t h e  l i n e s  extending t h e  c i r c l e  
symbols were a l l  based on 

L i f e  % (;I-' 
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where p is t h e  concen t r a t ion  of t h e  p a r t i c u l a t e  i n  t h e  medium and d  is  t h e  
, p a r t i c u l a t e  diameter .  

F. A. Zenz, i n  t h e  Stone and Webster r e p o r t , 6 1  d e r a i l s  some of t h e  
expe r i ence  of t u r b i n e  power recovery jn a t y p i c a l  r e f i n e r y  (She l l  O i l ) ;  
I I . . . u s ing  a  m u l t i p l i c i t y  of r e l a t l i ve ly  small d iametcr  cyclones which 
r e p o r t e d l y  r e s u l  t r d  i n  tilrh! ne feed  gao par  tie.1.e.. C O ~ L ~ I I L S  of 0,044 eo 0. UbY 
g r a i n s  per  a c t u a l  cub ic  f o o t  (100 t o  135 mg/m31 of gas .  . ." (p. 1-3) and 
"It has  been found t h a t  p a r t i c l e s  up t o  1 5  and even 20 microns i n  diameter  
a t  concen t r a t ions  of 0.08 to .  0.12 g r a i n s  of c a t a l y s t  p e r  ACF (183 t o  275 mg/m3) 
of gas c r e a s e  no s i g n i f i c a n t  i nc reased  ra te  of h l a d ~  eros ion ."  (p.  1-4) and 
! I  . . . t h e  c a t a l y s t  l oad ing  l eav ing  t h e  second s t a g e  cyclones can b e  expected 
r o  b e  i n  t h e  range of 0.2 t o  0.4 g r a i n s l a c t u a l  cub ic  f o o t '  (458 t o  915 mg/m3) 
of e f f l u e n t  gas .  . ." (p. 1-3). Also presented  i s  a s i z e  d i s t r i b u t i o n  range: 
40 t o  80% l e s s  than  2  v m ,  1 5  t o  40% from 2  t o  4 vm,  5  t o  17% from 4  t o  10 v m ,  
and 3% from 1.0 t o  70 pm. ,By  aooigning a ~peclLlc conceri t rat ion percentage a t  
t h e  mass mean d iameter  0 f . ea r .h  of t h e  =bovc fnllr ranees,  lrlltl uaoo mcan diameter 
of t h e  t o t a l  p a r t i c u l a t e  can be found f o r  any  elected concentration. A va lue  
of 500 mg/m3 was chosen d i s t r i b u t e d  a s  300 mg/m3 a t  1.59 pm, 150 mg/m3 a t  
3.30 pm, 45 mg/u3 a t  8.10 pm, and 15 mg/m3 a t  16.5 pm, y i e l d i n g  a m a s s  mean 
d iameter  f o r  t h e  p a r t i c u l a t e  of 5 .8  pm. 

* 
However, "It has  been shown t h a t  p a r t i c l e s  s m a l l e r  than  5  microns do n o t  
c o n t r i b u t e  t o  e ros ion .  . ." (Ref. 38, p. 211). 



The Westinghouse s tudy8 analyzed t h e  e r o s i v e  e f f e c t s  of t h r e e  d i f f e r e n t  
p a r t i c u l a t e  d i s t r i b u t i o n s  a t  two concen t r a t ions  f o r  two impact v e l o c i t i e s .  
The "probable ash" concen t r a t ion  w a s  0.16 g r / s t d  f t 3  (864 mg/m3) d i s t r i b u t e d  
as fol lows:  0.13 from 0 t o  1, pm (mean = 0.79 pm) , 0.02 from 1 t o  2 um (1.65 
pm), 0.01 from 2 t o  5 pm (4.05 pm), and 0.002 from 5 t o  10 pm (8.25 pm). Thus, 
t h e i r  probable a sh  can be  depic ted  a s  864 mg/m3 a t  a mass mean diameter  of 
2.3 um, as shown i n  Fig.  5. The es t imated  e r o s i o n  of t h i s  c o n c e n t r a t i o n / s i z e  
p a r t i c u l a t e  was 4 amd 30 m i l s  per  year  (based upon 5000 h r l y r )  f o r  500 and 
1000 f t / s  impact v e l o c i t y .  Although t h e s e  r a t e s  a r e  n o t  i n t o l e r a b l y  h igh ,  
they  do n o t  t ake  i n t o  account e i t h e r  s t r a t i f y i n g  e f f e c t s  due t o  l o c a l  stceam- 
l i n e  cu rva tu re  which w i l l  cause nonuniform e r o s i o n  r a t e s  o r  co r ros ion  due t o  
t h e  presence  of t r a c e  elements.  For t h e s e  reasons,"  they concluded t h a t  t h e  
a l lowable  concen t r a t ion  f o r  commercial ope ra t ion  w i l l  have t o  b e  s u b s t a n t i a l l y  
sma l l e r :  below ca.  0.5 mg/m3 f o r  p a r t i c u l a t e  l a r g e r  than 2 pm. 

Combustion Power Co. has  had l i m i t e d  exper ience  ope ra t ing  a  t u r b i n e  
d i r e c t l y  from a f luidized-bed c o m b ~ s t o r . ~ ~  ' They r epor t ed  concen t r a t ions  of 
0.047 g r / s t d  f t 3  (254 mg/m3), wi th  97% of t h e  m a s s  having a diameter  below 
5 pm. .The  mass mean average diameter  f o r  t h e i r  p a r t i c u l a t e  was taken t o  b e  
4 pm. Based upon t h e i r  wood-waste f u e l  experience,  Furlong and Wade c la im 
I I . . . t h e r e  i s  good reason  t o  b e l i e v e  t h a t  many t u r b i n e s  can su rv ive  such 
an  i n e r t  p a r t i c l e  loading  p r o f i l e .  Although n o t  y e t  confirmed by long 
d u r a t i o n . t e s t s ,  a s i m i l a r  s i t u a t i o n  is  a n t i c i p a t e d  f o r  c o a l  f i r i n g . "  (Ref. 46, 
P. 8 ) .  

The c u r r e n t  t u r b i n e  s p e c i f i c a t i o n  l i n e  shown i n  Fig.  5  was taken from 
t h e  Westinghouse r e p ~ r t , ~  where i t  was given as a concen t r a t ion  of less than  
2 x g r / s t d  f t 3  (1.08 mg/m" w i th  95% of t h e  p a r t i c u l a t e  l e s s  than  20 pm 
and a n  a b s o l u t e  t op  s i z e  of 100 pm. This  s p e c i f i c a t i o n  has  been included i n  
Fig.  5  by assuming a  mass mean diameter  f o r  t h e  given concen t r a t ion  of 15 pm. 

I n  o rde r  t o  u t i l i z e  t h e  above s i x  performance bounds t o  s p e c i f y  t h e  
r equ i r ed  co l l ec t io r l  e f f i c i e n c y ,  i t  is necessary  t o  know t h e  "performance 
t rack"  of t h e  ae r .o so l / co l l ec to r  combination a s  t he  gas is  cleaned i n  going 
from i t s  i n i t i a l  s t a t e ,  t h e  t r i a n g l e  symbol, t o  i t s  f i n a l  state. This  t r a c k  
is  c l e a r l y  a  func t ion  of t h e  a e r o s o l  p r o p e r t i e s  (e.g. ,  s i z e ,  d i s t r i b u t i o n ,  
s p e c i f i c  g r a v i t y  of t he  p a r t i c u l a t e ,  concen t r a t ion ,  and tempera ture /pressure  
of t h e  medium) and of t h e  c o l l e c t o r  ( s epa ra t ion  p o t e n t i a l ,  d r i f t  d i s t a n c e ,  
r e s idence  t ime,  secondary f lows,  e t c . ) ,  and s u f f i c i e n t  d a t a  do n o t  e x i s t  t o  
e s t a b l i s h  such a  l i n e  a priori. I f ,  however, i t  can be assumed t h a t  t h e  
c o l l e c t i o n  process  does n o t  d i f f e r  too  widely from t h a t  of i n d u s t r i a l  d u s t  
c leaned by convent iona l  dev ices ,  i t  is  p o s s i b l e  t o  a t  l e a s t  e s t i m a t e  t h e  s l o p e  
of t h i s  t r a c k .  Reference 78 (p. 890) p r e s e n t s  a  c l ean ing  s l o p e  t h a t  can be  
represented  a s  fo l lows:  

* '  
Another important  reason  f o r  conservat ism was noted .by ~ o b s o n ~ ~ - - a l l  p rev ious  
exper ience  of commercial t u r b i n e s  has  been wi th  s o f t  p a r t i c u l a t e ,  whereas 
clle f  luidized-bcd a p p l i c a t i o n  w i  11, p r e s e n t  h igh  concen t r a t ions  of r e l a t i v e l y  
hard p a r t i c u l a t e .  



f o r  "ordinary i n d u s t r i a l  dus ts . "  It was o r i g i n a l l y  developed by S. Sylvan 
of American A i r  F i l t e r  Co., Inc.  The performance t r a c k  shown as a do t t ed  
l i n e  i n  F ig .  5 was obta ined  by us ing  an  in t e rmed ia t e  va lue  of 3.25 f o r  t h e  
exponent.  It must b e  emphasized t h a t  t h i s  t r a c k  is  a s t r o n g  func t ion  of both 
t h e  i n i t i a l  s i z e  d i s t r i b u t i o n  and t h e  s e p a r a t i o n  mechanics of t h e  c o l l e c t o r .  
For example, i f  a c o l l e c t o r  could be designed t o  s e p a r a t e  only  the  very  small  
p a r t i c l e s  wh i l e  l e a v i n g  t h e  l a r g e  ones una f fec t ed ,  t h e  t r a c k  would have a 
n e g a t i v e  s lope  s i n c e  t h e  mean s i z e  would be  inc reas ing  w i t h  a decrease  i n  
concen t r a t ion .  

There are, then ,  t h r e e  p r inc ipa l  assiimptions upon which Fig.  5 i o  baocd: 
t h e  s l o p e  of t h e  cons t an t  t u r b i n e  l i f e  curves, t h e  s lope  of t he  q n l l e r t n y  
performance track, and t h e  concept  of c h a r a c t e r i z i n g  t h e  proper tie^ of t h c  
a c r o s o l  by a mass mean diameter .  I f  t hese  assumptions a r e  j u s t i f i e d ,  t h e  
s i x  r equ i r ed  l e v e l s  of c o l l e c t o r  performance a r e  as shown: t o  99+% t o  meet 
t h e  c u r r e n t  EPA requirement  ( ~ e v e l  I ) ,  t o  99.9+% t o  meet t h e  Combustion Power 
d a t a  (Level 4 ) ,  t o  99.99+% t o  meet c u r r e n t  s p e c i f i c a t i o n s  (Level 5 ) ,  and, 
f i n a l l y ,  t o  99.999+2 t o  meet Ref. 77 requirement f o r  10 000 hours  (Level 6 ) .  

IMPLICATIONS OF COLLECTOR REQUIREMENTS 

It remains t o  b e  e s . t ab l i shed  where the  f i n a l  t u r b i n e  s p e c i f i c a t i o n . l i n e  
w i l l  f a l l ;  i t  w i l l  c e r t a i n l y  b e  a func t ion  of t h e  o t h e r  f a c t o r s  mentioned, 
e a r l i e r  ( t r a c e  elements ,  r e l a t i v e  v e l o c i t y ,  etc.). Level  6 appears  t o  be  
extreme s i n c e  i t  would r e q u i r e  concent ra t ions  lower than t h a t  p re sen t  i n  a 
t y p i c a l  urban atmosphere. With ,the' n o t a b l e  excepti-an o f  the A.us t ralian conanun%i;fy, 
most i n v e s t i g a t o r s  have c o n c l u d e d ' t h a t  Levels  2-4 w i l l  n o t  b e  given an  adequate 
t u r b i n e  l i f e t i m e .  Fu r the r  q u a n t i t a t i v e  work is  needed to set t le  t h i s  issne 
conc re t e ly .  I n  this rega rd ,  it is very  important t h a t  a f u l l  account b e  made 
of  t h e  worldwide exper ience  a v a i l a b l e  t h a t  extends back more than  four  decades; 
i n  p a r t i c u l a r ,  t h e  work of D r .  Bammert ,16, 36 which t o  t h e  a u t h o r ' s  knowl.edge has  
n o t  been c i t e d  by any of t h e  r e f e r e n c e s ,  needs t o  be  c a r e f u l l y  examined. 

These high e f f i c i e n c e s  would c o n s t i t u t e  nea r ly  impossible  c o l l e c t o r  
requi rements  were i t  n o t  f o r  t h e  l a r g e  i n i t i a l  diameter  of t h e  p a r t i c u l a t e  
(no te  t h e  c o n s t r a s t  between t h e  s i z e  d i s t r i b u t i o n  f o r  f l y  ash  i n  Fig. 4 and 
t h a t  of t h e  a e r o s o l  given i n  Fig. 3 ) .  With convent iona l  combustion (which 
g e n e r a t e s  f l y  a s h ) ,  t h e  EPA.l imit  cannot be  met r e a d i l y  wi th  cyclone technology 
a lone .  Current  p r a c t i c e  is  t o  use e i t h e r  an agglomeration technique--namely, 
wacer scrubbing--to i n c r e a s e  t h e  p a r t i c u l a t e  s i z e  s o  t h a t  i t  may be  removed 
w i t h  cyclone-type devices  o r  t o  u se  a n  e l e c t r o s t a t i c  p r e c i p i t a t o r  (EP). For 
r ea sons  presented  i n  P a r t  111, n e i t h e r  of t h e s e  c u r r e n t ,  commercial techniques 
is  a p p l i c a b l e  t o  t h e  high-temperature and p re s su re  environment. 

The two f a m i l i e s  of c o l l e c t i o n  concepts  commonly suggested a r e  e i t h e r  
- advanced technology cyclones o r  high-temperature f i l t e r s  ( f i b e r  o r  g ranu la r )  ; 

cyclones  a r e  r e l a t i v e l y  cheap and f i l t e r s  a r e  r e l a t i v e l y  more e f f i c i e n t .  
Which of t hese  concepts  w i l l  u l t i m a t e l y  f i n d  commercial acceptance remains 
t o  be  seen;  t he  t u r b i n e  requirements  w i l l  a c t  a s  t h e  fulcrum i n  the  dec i s ion .  



A p l o t  of t h e  annual ized c o s t  (c 'api ta1:plus  ope ra t ing )  o f ' b o t h  t h e  c o l l e c t o r  
and t h e  t u r b i n e  a s  a func t ion  of ' t u r b i n e  p a r t i c u l a t e  i n l e t  concen t r a t ion  is 
l i k e l y  t o  t a k e  t h e  form shown i n  Fig. 6 ;  t h e r e  a r e  two bounding systems--the 
high-performance t u r b i n e  which w i l l  probably r e q u i r e  a g ranu la r  f i l t e r  and 
t h e  modest-performance t u r b i n e  which may ope ra t e  acceptab ly  . wi th  . a cyc lon ic  
s o l u t i o n  (perhaps t o g e t h e r ' w i t h  a  p a r t i c u l a t e  agglomerator) .  ' I f  t h e s e  c o s t  
curves can be  developed--which would b e  .a formidib le  task--then t h e  optimum; 
minimum-cost s o l u t i o n  can b e  e s t a b l i s h e d .  I 
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PART 111. PARTICULATE SEPARATI0,N AT HIGH TEMPERATURE AND PRESSURE 
. , 

BASIC PRINCIPLES 

: The p roces s  of s eg rega t ing  an  a e r o s o l  i n t o  predominantly sol id-phase 
and predominantly vapor-phase s t reams is  termed "co l l ec t ion . "  Four s e p a r a t e  
knd d i s t i n c t  subprocesses  occur dur ing  c o l l e c t i o n :  s e p a r a t i o n ,  agglomeration, 
p r e c i p i t a t i o n ,  and removal. Separa t ion  is  t h e  subprocess  which s t r a t i f i e s  
t h e  p a r t i c u l a t e  t o  e s t a b l i s h  a l o c a l ,  nonunfform concen t r a t ion  by means of 
a n  ac t ion-a t -a -d is tance  f o r c e .  Agglomeration i s  t h e  phenomenon whereby 
p a r t i c l e s  randomly c o l l i d e ,  adhere ,  and grow i n  s i z e .  p rec . ip i t a t i on  is  s i m i l a r  
i o  agglomerat ion except  t h a t  t h e  adhesion f o r c e s  a r e  between p a r t i c u l a t e  
and a system boundary. The f i n a l  s t a g e  of t he  c o l l e c t i o n  process  involves  
t h e  removal of t h e  separated/agglomerated/preciPitated part i r . l i1a. t~.  frnm a 
sys tem boundary. 

.The e x t e n t  t o  which each of t hese  fou r  s,ubprocesses ' is important  v a r i e s  
w i t h  t h e  c o l l e c t o r  concept .  Cyclonic devices ,  f o r  i n s t a n c e ,  do n o t  cause 
s i g n i f i c a n t  p r e c i p i t a t i o n .  A s  a r e s u l t ,  t h e  removal s t e p  is r e l a t i v e l y  un- 
complicated s i n c e  in t e rmolecu la r  bonds need n o t  b e  broken. F i l t e r s  ope ra t e  
w i t h  r e l a t i v e l y  weak s e p a r a t i o n  f a r c e s  and work only  because of s u b s t a n t i a l  
p r e c i p i t a t i o n ;  t hus ,  t h e  removal problem i s  much more complex. 

These subprocesses  can be d iv ided  i n t o  two c a t e g o r i e s  depending upon 
t h e  c h a r a c t e r  of  t h e  a s s o c i a t e d  ae roso l :  d i s p e r s e  .or concent ra ted .  Agglomer- 
a t i o n ,  p r e c i p i t a t i o n ,  and removal of a l l  involve  r e l a t i v e l y  concent ra ted  
p a r t i c u l a t e  and t h e  e f f e c t s  of short-range,  in te rmolecular  f o r c e s  are 
predominant. Th i s  ca tegory  of c o l l e c t i o n  is d iscussed  under t h e  P a r t  TV 
heading of " p a r t i c u l a t e  condi t ion ing ,"  which d e a l s  w i t h  t h e  e f f e c t  of t h e  
shor t - range  mechanism. 

The s e p a r a t i o n  p roces s  occurs  wh i l e  t h e  p a r t i c u l a t e  i s  s t i l l  h igh ly  
d i s p e r s e ,  wi th  i n t e r p a r t i c l e  spac ing  one o rde r  o r  more l a r g e r  than  t h e  
p a r t i c l e  d iameter .  Sepa ra t ion  occurs  only i f  t h e , p a r t i c u l a t e  phase experi-  
ences  a f o r c e  t h a t  t h e  medium does no t ;  t h i s  can only  b e  accomplished by 
a n  ac t ion-a t -a -d is tance  body f o r c e  and is  termed t h e  long-range mechanism. 
The e s s e n t i a l  o b j e c t i v e  of t h e  long-range mechanism i s  t o  e s t a b l i s h  a 
velociey component normal t o  t h e  t l u i d  s t r e a m l i n e s ,  a s  shown i n  Fig.  7. 
This  d r i f t  v e l o c i t y  w i l l  r e s u l t  i n  a nonhomogeneous d i s t r i h u t i m  nf  the 
p a r t i c u l a t e  ( s t r a t i f i c a t i o n )  w i th  a small i n t e r p a r t i c l e  spacing t h a t  permi ts  
t h e  a c t i o n  of shor t - range  mechanisms t o  complete t h e  c o l l e c t i o n  process .  

A numberous and d i v e r s e  assortment  of long-range s e p a r a t i o n  mechanisms 
has  been i n v e s t i g a t e d  and i t  i s  impossible  t o  develop a complete and unam- 
biguous c l a s s i f i c a t i o n  system on ithe s u b j e c t .  Nontheless,  because it i s  
f r u i t f u l  t o  examine s i m i l a r  mechanis t ic  f a m i l i e s  and an imperfec t  c l a s s i f i c a t i o n  
i s  b e t t e r  than none a t  a l l ,  t h e  au tho r  has  at tempted t o  e s t a b l i s h  such 
f a m i l i a l  r e l a t i o n s h i p s  (Table 3 ) .  The fou r  most commonly known co l l ec to r s - -  
s e t t l i n g  chambers, e l e c t r o s t a t i c  p r e c i p i t a t o r s ,  i n e r t i a l  c o l l e c t o r s ,  and 
f i l t e r s - - a r e  i n  quo ta t ion  marks. Scrubbers and o t h e r  agglomerating devices  
a r e  n o t  s e p a r a t e  e n t r i e s  i n  t h i s  t a b l e  s i n c e  they  a r e  n o t  s e p a r a t i o n  mechanisms 
b u t  p a r t i c u l a t e  cond i t i on ing  techniques and a s  such can be  used i n  conjunct ion  
w i t h  any l i s t e d  s e p a r a t o r  concept .  



Fig. 7.  I l l u s t r a t i o n  of t h e  iong-~ange  Separa t ion  Mechanism 

A 

A s  i n  a l l  c l a s s i f i c a t i o n  schemes, a number of f a c t o r s  arise which tend 
t o  obscure d i s t i n c t i o n s  between t h e  v a r i o u s  ca t egor i e s .  It is f r e q u e n t l y  
d e s i r a b l e  t o  combine devices  from two d i f f e r e n t u f a m i l i e s  i n t o  a s i n g l e ,  
hybr id  system, such a s  t h e  use  of a  cyclone i n  s e r i e s  w i t h  an  e l e c t r o s t a t i c  
p r e c i p i t a t o r .  A . f u r t h e r  complicat ion e x i s t s  when more than  one mechanism 
is  app l i ed  w i t h i n  a  s i n g l e . d e v i c e ,  such as combination of an e l e c t r i c a l  
f i e l d  wi th  a  s u r f a c e  f i l t e r .  Also, t h e  s i n g l e  mechanism of s e p a r a t i o n  ind i -  
ca t ed  f o r  a p a r t i c u l a t e  device  (such a s  s t r eaml ine  mod i f i ca t ion  wi th  a  f i l t e r )  
may b e  supplemented t o  a  s i g n i f i c a n t  degree by e f f e c t s  n o t  shown; f o r  an  
e l e c t r i f i e d  f i l t e r ,  separat ion:  i s  also i.nfl.~ienced by i n t e r c e p t i o n ,  Brownian. 
motion and o t h e r  phenomena not  d i r e c t l y  r e l a t e d  t o  the  i s s u e  of s t r e a m l i n e  
shape.' Despi te  t hese  l i m i t a t i o n s ,  i t  i s  b e l i e v e d .  t h a t  t h e  c l a s s i f i c a t i o n  
scheme ,presented  i n  Table 3 i s  a. va luab le  a i d  t o  t h e  comprehension and i n t e r -  
p r e t a t i o n  of c o l l e c t o r  performance. It w i l l  s e r v e  as t h e  o r g a n i z a t i o n a l  . 
o u t l i n e  of t h e  d i scuss ion  of p a r t i c u l a t e  s epa ra t ion .  

. . 
. . 
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* 
I n  gene ra l ,  t h e s e  secondary in f luences  become of i n c r e a s i n g  importance a s  
t h e  l eng th  s c a l e  of a c t i o n  decreases ;  f o r  i n s t a n c e ,  w i t h  p a r t i c l e s  sma l l e r  
than  ca. 0.5 m, t h e  e f f e c t  of Brownian motion exceeds t h a t  of c e n t r i p e t a l  
motion. 



Table 3 .  A C l a s s i f i c a t i o n  of Long-Range P a r t i c u l a t e  
Separa t ion  Mechanisms 

I. Separati ,on'  by an  Ex te rna l  F i e l d  

A. G r a v i t a t i o n a l :  " S e t t l i n g  Chamber" 
B. E l e c t r i c a l :  " E l e c t r o s t a t i c  P r e c i p i t a t o r "  
C. Magnetic 
D .  Thermal 

. . 
' E.. Photon. 

F. concen t r a t ion  -' 

11. Separa t ion  by Streamline Modif ica t ion  

A .  Per imeter  Col lec t ion :  " I n e r t i a l  Col lec tor"  
1. Baffle 
2 .  Scroll . 

a. S t a t i c  
b . I1ynnmi.r. 

3.  Cyclone 
a .  ~ i r e c t / R e v e r s e  Flow 
b .  Tangent ia l IAxia l  I n l e t I E x i t  

4. Cent r i fuge  

B. D i s t r i b u t e d  Co l l ec t ion :  " F i l t e r "  
1. Baffle-Array 
2. Granular-Bed 

a. . Fixed 
b. , Moving 
c. F lu id i zed  

3 .  Fibrous Mesh 
a. Surface  
b. Depth 

PROPERTIES CONSIDERATIONS . . 

Three p r o p e r t i e s  of t h e  media--density, v i s c o s i t y ,  and mean f r e e  path-- 
a r e  a t t e c t e d  by v a r i a t i o n s  i n  temperature and pressure .  It w i l l  be  assumed 
t h a t  t h e  medium h a s  t h e  p r o p e r t i e s  of a i r .  

For t h e  range of i n t e r e s t ,  27 t o  1000°C and 1 t o  10 atm (10' t o  l o 6  P a ) ,  
t h e s e  p r o p e r t i e s  may b e  c a l c u l a t e d  us ing  t h e  a l g e b r a i c  r e l a t i o n s h i p s  given 
i n  Table 4 and are based on t h e  d a t a  compiled i n  Ref. 66. 



Table 4. P r o p e r t i e s  of A i r  . . - . 

Algebraic  Re la t ion  Accuracy a b' . . .  
Reference Value - . . . . .  

!L=(E-)l(%)-l - ' Exact p, = 1.176 kg/m 3 C 

13 0 

+3% - vo = 1.830 x kg/m-s 

a 
For P < 20 a t m  and 240 < T < 1400 K. 

b ~ t  Po = 1 a t m  and To = 300 K. 
C 
Gas cons t an t  = 287.2 N-m/kg-K. 

AEROSOL MECHANICS OF SEPARATION 

Force Balance and Separa t ion  Veloc i ty  

The s e p a r a t i o n  mechanics of a e r o s o l s  involves  t h e  a n a l y s i s  of two f o r c e s  
on t h e  p a r t i c u l a t e  : t h e  s e p a r i t  ion  body f o r c e  and t h e  r e t a r d a t  ion  s u r f a c e  
fo rce .  The r e t a r d a t i o n  f o r c e  is  e s s e n t i a l l y  t h e  sum of t h e  v i scous  and 
wake drag  f o r c e s  t h a t  t h e  i n d i v i d u a l  p a r t i c l e -  exper iences  a s  a r e s u l t  of i t s  
motion r e l a t i v e  t o  t h e  medium--primarily Vn, t h e  d r i f t  v e l o c i t y .  The d rag  
f o r c e  is  cus tomar i ly  analyzed i n  a nondimensional . fashton as t h e  drag  co- 
e.f f  i c i e n t  , de£ ined by 

where FD i s  t h e  d rag  f o r c e  on t h e  p a r t i c l e ,  d i s  t h e  p a r t i c l e  d iameter ,  and 
Vn i s  t h e  r e l a t i v e  v e l o c i t y  of t h e  p a r t i c l e  w i t h  r e s p e c t  t o  t h e  medium; a i s  
a p a r t i c l e  shape parameter  which permi ts  a n  account  t o  be  made of t h e  p a r t i c l e  
a r ea -a sphe r i c i ty  as i t  a f f e c t s  t h e  drag  f o r c e ,  a l though i t  w i l l  b e  assumed 
t o  be  u n i t y  throughout .  

The behavior  of t h e  drag  c o e f f i c i e n t  f o r  continuum flows (designated 
by CD, wi thout  t h e  prime) p a s t  spheres  is w e l l  e s t a b ~ i s h e d . ~ ~  Three regimes 
have been i d e n t i f i e d :  a v iscous  ( c a l l e d  Stokes)  regime f o r  very  low Reynolds 
numbers, a t u r b u l e n t  (sometimes c a l l e d  Newtonian) regime a t  l a r g e  Reynolds 
numbers, and a t r a n s i t i o n  regime connect ing t h e  two. For very small p a r t i -  
c u l a t e ,  t h e  a c t u a l  drag  c o e f f i c i e n t  (CD') i s  found t o  be  somewhat lower than  
t h a t  p red ic t ed  by continuum r e l a t i o n s  (CD). This  cond i t i on  arises because 
t h e  dimensions of t h e  spheres  a r e  approaching t h e  s c a l e  of t h e  mean f r e e  pa th  
c i . e . ,  t h e  Knudsen number, def ined  as t h e  r a t i o  of t h e  mean f r e e  pa th  t o  t h e  
p a r t i c l e  r a d i u s ,  is approaching 11, a c ircumstance known as s l i p  flow. For 

8 



Knudsen numbers <<I, t h e  p a r t i c l e s  behave e s s e n t i a l l y  as i f  they were gas 
molecules ,  and t h i s  regime is  c a l l e d  free-molecular flow; t h e r e  is, of 
cou r se ,  a t r a n s i t i o n  regime between s l i p  and free-molecular flow. Thus, s i x  
f low regimes can be i d e n t i f i e d  i n  decreas ing  Re-Kn order :  t u r b u l e n t ,  t r ans -  
i t i o n ,  Stokes,  s l i p ,  t r a n s i t i o n ,  and free-molecular.  The in f luence  of t h e  
l a t t e r  t h r e e  regimes upon CD' a r e  most convenient ly handled by us ing  t h e  
Cunningham c o r r e c t i o n  f a c t o r ,  CC,  def ined  as 

The Cunningham f a c t o r  can be  expressed66 a s  a func t ion  of t h e  Knudsen number 

for '  a i r ,  where 

Th i s  f a c t o r  i n c r e a s e s  w i th  inc reas ing  temperature and decreases  (i.e., 
approaches 1.0)  w i th  both  i n c r e a s i n g  p re s su re  and inc reas ing  p a r t i c u l a t e  
diameter .  A p o r t r a y a l  of t h e  cond i t i ons  under which t h e  Cunningham f a c t o r  
i s  n o t  s i g n i f i c a n t l y  l a r g e r  than one- -spec i f ica l ly ,  CC > 1.2--is given i n  
F ig .  8. It can be seen  t h a t  f o r  h o t  gas  cond i t i ons  (10 atm/lOUO°C), l e s s  
t han  20% e r r o r  (CC < 1.2)"  r e s u l t s  by t ak ing  CC t o  be  u n i t y  f o r  t h e  a n a l y s i s  
of p a r t i c l e s  l a r g e r  than  ca .  0 .5 pm. Since t h e  p a r t i c l e  s i z e s  of most ' 

i n t e r e s t  a r e  20-pm diameter  p l u s  o r  minus one o r d e r ,  t h i s  f a c t o r  can j u s t i f i -  
a b l y  b e  taken t o  be  1 .0  throughout a l l  subsequent d i scuss ions .  For conven- 
t i o n a l  p a r t i c u l a t e  s e p a r a t i o n  environments,  Fig.  8 shows t h a t  p a r t i c l e s  must 
b e  l a r g e r  than  ca .  2 v m  f o r  CC < 1.2 .  

Thus, t h e  drag  f o r c e  r e t a r d i n g  par t icu laee . ,mot ion  can be evalua ted  by 
u t i i i z i n g  t h e  a v a i l a b l e  d a t a  f o r  continuum flow s i n c e  f o r  CC = 1, CD' = CD. 
The drag  c o e f f i c i e n t  da t a t  f o r  t h e  t h r e e  continuum regimes can be  
as a f u n c t i o n  of t h e  p a r t i c u l a t e  Reynolds number a s  

Stokes:  \ .  i e < 3 ;  CD = 24/<e (7a) - - 
T r a n s i t i o n :  3 ' < ~ e < 1 0 ~ ;  CD E 1 4 / ~ e ~ ' ~  ( jb  

Turbulent  : iie > lo3;  CD z 0.44 ( 7 ~ )  

where 

The e f f e c t  of v a r i a b l e  medium p r o p e r t i e s  upon p a r t i c u l a t e  Reynolds number 
can  b e  seen  by forming t h e  r a t i o  of t h e  praduct  of  p a r t i c u l a t e  v e l o c i t y  and 

* 
This  corresponds . t o  Kn = 0.12. Thus, t h e  t h r e e  l i n e s  of Fig.  8 a r e  approx- 
imate ly  l i n e s  of cons t an t  Knudsen number (0.12) f o r  t h e  t h r e e  p a r t i c l e  
d iameters  shown. 

' ~ u c h s ~ ~  has  summarized o t h e r  f u n c t i o n a l  r e l a t i o n s h i p s  f o r  t h e  drag  c o e f f i c i e n t  
which are ob ta inab le  from pure ly  t h e o r e t i c a l  cons ide ra t ions .  



Pressure (PI, atrn 

Fig.  8. P o r t r a y a l  of t h e  Slip-Flow Regime 

d i a m e t e ~  a t  hot-gas cond i t i ons  t o  t h a t  a t  r e f e rence  cond i t i ons  

Thus, a t  l i k e  Reynolds numbers, t h e  q u a n t i t y  Vnd a t  10 atm/lOOO°C i s  a c t u a l l y  
11% l a r g e r  than  a t  r e fe rence  cond i t i ons  ( 1  atm, 27OC) b u t  i s  37% s m a l l e r  than 
a t  convent iona l  c o l l e c t i o n  'corldirions (1 aLu1, 150°C). 

The s e p a r a t i o n  f o r c e  pe r  u n i t  mass, o r  a c c e l e r a t i o n ,  i s  d e r i v a b l e  from 
a s c a l a g  s e p a r a t i o n  p o t e n t i a l ,  Q ,  f o r  conse rva t ive  f o r c e  f i e l d s  as 

'where On d e s i g n a t e s  t h e  d i r e c t i o n a l  d e r i v a t i v e  i n  t h e  +n d i r e c t i o n  (Fig. 7) 
'which reduces t o  t h e  g r a d i e n t  ope ra to r  i f  l i n e s  of cons t an t  Q a r e  p a r a l l e l  
t o  t h e  s t r e a m l i n e s  ( a s  they should be f o r  optimum performance).  Dropping t h e  



v e c t o r  n o t a t i o n  and in t roduc ing  t h e  p a r t i c u l a t e  d e n s i t y  and volume y i e l d s  t h e  * 
s e p a r a t i o n  f o r c e  

where f3 is ano the r  p a r t i c l e  shape parameter which accounts  f o r  aolume-aspheri- 
c i t y  and w i l l  b e  taken  as u n i t y ,  as was done f o r  a. 

. . -  . . 

Each p a r t i c l e  w i l l  a c c e l e r a t e  under a c t i o n  o f . t h e  s e p a r a t i o n  p o t e n t i a l  
u n t i l  t h e  s e p a r a t i o n  f o r c e  and r e t a r d i n g  drag  a r e  %.equal. The p a r t i c l e  
v e l o c i t y  f o r - t h i s  equ i l i b r ium cond i t i on  can be  expressed by Eqs. 3  and 11 and 
s o l v i n g  f o r  Vn 

S u b s t i t u t i n g  t h e  d a t a  f o r  CD from Eqs. 7  and s e t t i n g  p, 8 ,  and Cc equa l  t o  
1 . 0 y f e l d s :  , 

Stokes : 9 = ( ~ d ~ / 1 8 ~ )  (-om) n 
T r a n s i t i o n  : V, = 0. 209 (p2i3/pb) 113 (-v@) 2'3 

Turbulent  : 

A summary of t h e  i n f l u e n c e  of p a r t i c u l a t e ,  medium, and f i e l d  p r o p e r t i e s  upon 
t h e  s e p a r a t i o n  v e l o c i t y  i s  presented  i n  Table 5. 

Equations 1 3  may only  be  app l i ed  w i t h i n  t h e  Reynolds number bounds of 
Eqs. 7  which a r e  a l s o  f u n c t i o n s  of Vn. This  .dual dependency may b e  e l imina ted  
by s o l v i n g  Eqs. 7a and 13c f o r  Vn and likewise us ing  eqs. 7c and 13r, ybe.!.ding 

f o r  which t h e  r e f e r e n c e  v a l u e s  of Po and 'p,  have been s u b s t i t u t e d  and a  
p a r t i c l e  d e n s i t y  of 2 g/cm3 assumed, r e s u l t i n g  i n  t h e  u n i t s  i nd ica t ed .  These 
L u u ~ l d s  are shown f o r  r e f e r e n c e  and hot-gas cond i t i ons  i n  Fig.  9 by dashed 
and s o l i d  l i n e s ,  r e s p e c t i v e l y .  The l i n e s  of cons t an t  s e p a r a t i o n  v e l o c i t y  
w i t h i n  Stokes and t u r b u l e n t  regimes a r e  obta ined  from Eqs.13a and 13c and 
a r e  termTnated, a t  which p o i n t  s l i p  f low e f f e c t s  become apprec i ab le  (fram 
Fig .  8) .  Constant Vn l i n e s  r ep re sen t  l i n e s  o'f cons tan t  Y / t R  where Y i s  the  . .  

* 
For t h e  a n a l y s i s  of a  g r a v i t a t i o n a l  f i e l d ,  t h e  buoyant f o r c e  should be  used 
which causes  p t o  b e  rep laced  by 6 - p )  however, s i n c e  5 i s  t h r e e  o r d e r s  
l a r g e r  t han  p f o r  a e r o s o l s ,  t h i s  e f f e c t  w i l l  be  ignored.  



Separation Acceleration (-V41. m/s2 
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Fig. 9. P a r t i c u l a t e  Flow Regimes and S e p a r a t i o n  V e l o c i t i e s  as 
a Funct ion of P a r t i c u l a t e .  Diameter, Medium P r o p e r t i e s  
and sepa ra t ion  P o t e n t i a l  . f o r  6 = 2 g/cm3. (Sol id  l i n e s  
correspond t o  hot-gas condi t ions  and dashed l i n e s  t o  
s tandard  condi t ions . )  

. - 

s e p a r a t i o n  d i s t a n c e  and t~ t h e  r e s idence  t ime;  l a r g e r  va lues  of Vn permit  
... 

e i t h e r  a s h o r t e r  r e s idence  t ime (higher  throughput) o r  l a r g e r  s e p a r a t i o n  
d i s t a n c e  (more converlient c o l l e c t i o n ) .  The e f f e c t  of h igh  temperature and 
p re s su re  i s  t o  r e q u i r e  an  a c c e l e r a t i o n  f i e l d  a f a c t o r  of 2.64 more i n t e n s e  
than  t h a t  a t  r e f e rence  c o ~ l r l i t i a n s  t o  . ach ieve  any given cn f o r  p a r t i c u l a t e  
s e p a r a t i o n  i n  t h e  S tokes , reg ime.  



Table 5. Separa t ion  Veloc i ty  (3,) Parameters 

P r o p e r t i e s  
Flow Regime 

Stokes T r a n s i t i o n  Turbulent  

P a r t i c u l a t e  a2 

Medium 

Field (-VQ 1 'A ( - v @ ) ~ / ~  , (-vQ)1/2 

For a mean c o l l e c t o r  i n l e t  p a r t i c l e  s i z e  of 225 pm (Figs.  3 and 5 ) ,  i t  
can  b e  seen  from F ig .  9 t h a t  t h c  p a r t i c ~ ~ l a t e  w i l l  i n i t i a l l y  be  i n  t hc  
turbuleuL regime f o r  s e p a r a t i o n  f i e l d s  on t h e  o r d e r  of l o 4  m / s 2  (a  t y p i c a l  
cyc lone) .  A t  t h e  c o l l e c t o r  e x i t ,  t h e  v a r i o u s  l e v e l s  presented  i n  Fig.  5  
would correspond t o  e i t h e r  t h e  Stokes o r  t r a n s i t i o n  regime f n r  t h i s  s e p a r a t i o n  
f i e l d  i n t e n s i t y .  'Jho gene ra l  obse rva t ions  should b e  made: (1) a n a l y t i c a l l y ,  
t h e  s e p a r a t i o n  problem is ve ry  d i f f i c u l t  because t h e  p a r t i c u l a t e  Reynolds 
n&ber v a r i e s  over  a wide range and (2) t h e  s e p a r a t i o n  v e l o c i t i e s  ob ta inab le  
even a t  modest a c c e l e r a t i o n  f i e l d s  under hot-gas cond i t i ons  are q u i t e  sub- 
s t a n t i a l ,  which sugges t s  t h a t  no fundamental b a r r i e r  e x i s t s  t o  achiev ing  t h e  
r e q u i r e d  s e p a r a t i o n  e f f i c i e n c y  by pu re ly  cyc lonic  techniques.  

Governing Equations and Dimensionless Parameters 

A l l  s e p a r a t i o n  processes  can he div ided  i n t o  two c a t e g u r l e s  (from.Table 
I t  3)--'If i e l d  separa t ion"  or stream1 i,nc p e p q r n t i  r3n. " n.1~ guvcrning equaLlbns 

and s i g n i f i c a n t  parameters  f o r  each of t h e s e  types a r e  very  d i f f e r e n t  and 
w i l l  h e  presented  s e p a r a t e l y .  

F i e l d  s epa ra t ion  is t h e  least complex s i n c e  i t  can,  and usua l ly  does,  * u t i l i z e  s t r a i g h t  s t r e a d i n e s .  Two rogimeo can h~ irlenLlficd! the  t r a u s i e n t  
co~lc l l t lon  f o r  which a p a r t i c l e  i s  a c c e l e r a t i n g  due t o  t h e  imbalance of  t h e  
s e p a r a t i o n  and r e t a r d a t i o n  f o r c e s ,  and a s t eady- s t a t e  condi t ion .  I f  t h e  
t r a n s i e n t  cond i t i on  corresponds t o  a smal l  f r a c t i o n  of t h e  s e p a r a t i o n  t ime,  
t hen  t h e  p a r t i c u l a t e  pos i t ion  is  simply found from  he product of Vn, from 
Eqs. 13 and t h e  r e s idence  t i m e ;  a s  a r e s u l t ,  simi1arll;y cons ldera t io l l s  a r e  
po i r l t l e s s  f o r  t h i s  case.  The c o l l e c t i o n  e f f i c i e n c y  can be  expressed simply 
as t h e  r a t i o  of t h e  r e s idence  t ime t o  t h e  s e p a r a t i o n  t i m e  

* 
It is asLumed' throughout t h e s e  d i scuss ions  t h a t  t h e  s e p a r a t i n g  p a r t i c u l a t e  
does n o t  apprec iab ly  a f f e c t  t h e  flow s t r eaml ines ,  pe rmi t t i ng  them t o  b e  
c a l c u l a t e d  a p r i o r i ,  independent ly of any imposed f i e l d  p o t e n t i a l .  



where t h e  r e s u l t  shown is based on a  s imple ,  r ec t angu la r  geometry f o r  which 
X i s  t h e  o v e r a l l  l eng th  and Y t h e  mean d i s t a n c e  of t h e  p a r t i c u l a t e  from t h e  
p r e c i p i t a t i o n  su r f ace .  The e f f e c t  of h igh  temperature and high p re s su re  
e n t e r s  t h e  s e p a r a t i o n  mechanics i n  two ways. F i r s t ,  i t  impai rs  Vn because of 
h ighe r  drag ,  a s  shown i n  Table 6. Therefore,  h o t  gas  cond i t i ons  w i l l  r e q u i r e  
on t h e  o rde r  of twice a s  i n t e n s e  a  s e p a r a t i o n  a c c e l e r a t i o n  t o  achieve  a  
s e p a r a t i o n  v e l o c i t y  s i m i l a r  t o  t h a t  r equ i r ed  under a low-temperature, low- 
p re s su re  environment. The phys i ca l  reason f o r  t h i s  s i t u a t i o n  is  a n  i n c r e a s e  
i n  t h e  r e t a r d a t i o n  f o r c e  w i t h  inc reas ing  temperature and/or  p re s su re .  Secondly, 
high temperature may o r  may n o t  a l s o  a f f e c t  t h e  formation of t h e  p o t e n t i a l  
f i e l d .  I n  t h e  c a s e  of g r a v i t a t i o n a l  a t t r a c t i o n ,  media p r o p e r t i e s  c l e a r l y  
have no in f luence  upon VQ. For e l e c t r o s t a t i c  p r e c i p i t a t i o n ,  however, a e r o s o l  
p r o p e r t i e s  g r e a t l y  i n f luence  both  t h e  f i e l d  p o t e n t i a l  and t h e  p r e c i p i t a t i o n  
process  i t s e l f  (because p a r t i c u l a t e  r e s i s t i v i t y  i s  a  s t r o n g  func t ion  of 
temperature)--matters which a r e  d iscussed  i n  a  l a t e r  s ec t ion .  

Table 6. E f fec t  of High Temperature and Pressure  Upon Separa t ion  P o t e n t i a l  
Required t o  Maintain Constant Separa t ion  Veloc i ty  ( 6 ,  d  cons t an t )  

Separa t ion  Accelera t ion  Flow Regime 
Rat io  f o r  Equal 

s e p a r a t i o n  v e l d c i t i e s  Stokes T r a n s i t i o n  Turbulent  

General Form 

(-Vala - - 
(-Valb 

Hot G a s  t o  Reference 
a .  10 atm/lOOO°C 2.62 
b. 1 atm127OC 

Hot G a s  t o  Conventional 
a .  10 a t m / l O O O ° C  2.08 2.63 3.32 
b. 1 atm/150°C 

For t h e  t r a n s i e n t  regime of f i e l d  s e p a r a t i o n ,  a n a l y t i c a l  s o l u t i o n s  a r e  
much more cumbersome. The drag  f o r c e  is  h i g h e r  than  t h a t  p red ic t ed  by Eqs. 
1 3  dur ing  t h i s  per iod  and i s  used t o  d e f i n e  a  modified drag  c o e f f i c i e n t ,  CDA. 
Data e x i s t  f o r  t h i s  c o e f f i c i e n t  and, i f  i t  can b e  assumed t o  be approximately 
cons t an t  dur ing  t h e  a c c e l e r a t i o n  pe r iod ,  then  d i r e c t  a priori  i n t e g r a t i o n  is  
poss ib l e .  s t r a u s s e 3  reviews t h e s e  d a t a  and p r e s e n t s  t h e  r e s u l t s  of t h e  
i n t e g r a t i o n  process .  

S t reaml ine  s e p a r a t i o n  i s  s u f f i c i e n t l y  complex mathematical ly  t h a t  gene ra l  
s o l u t i o n s  do n o t  e x i s t ,  and s o  dimensional a n a l y s i s  p l ays  a n  important  r o l e .  
Two gene ra l  approaches may be  taken: (1) nondimensionalize t h e  governing 
equat ions  t o  i d e n t i f y  t h e  s i g n i f i c a n t  groups o r  t o  c o l l e c t  a l l  t h e  s i g n i f i c a n t  
geometric,  kinematic ,  and dynamic dimensional q u a n t i t i e s  and (2)  apply t h e  
Buckingham TI Theorem t o  reduce t h e  t o t a l  number of o r i g i n a l  q u a n t i t i e s  by 
( i d e a l l y )  t h e  number of p h y s i c a l  dimensions ( t h r e e  i n  t h i s  c a s e ) .  

The governing equa t ions  of motion can  be  obta ined  most d i r e c t l y  by us ing  
a  Lagranian pe r spec t ive .  The l o c a l  a c c e l e r a t i o n s ' i n  t h e  t a n g e n t i a l  and 
r a d i a l  d i r e c t i o n s  ( s , n )  - - are given by 



where r, 8 are the instantaneous cylindrical coordinates of the particle 
positioned at to in Fig. 7. Equating these accelerations to the tangential 
and axial forces per unit mass yields 

where it has been assumed that the,particle tangential velocity is always 
identical to the local streamline velocity so that the tangential force is 
identically zero and the radial force is given by the Stokes drag relation. 
These equation? may be nondimensionalized.by using a reference length, Ro, 
and velocity, Vso, where 

to yield 

d2r* 18p !L (g) - r* (K) 2 - . - +  .-.. 
dtkZ i d '  jso dt* = 0 

Integrating the tangential equation and evaluating the constant yields 

9 dA - s C 
dt* (20) 

where C is a nondimensional constant. This constant can be evaluated by 
observing that 

? - 
d8 .. ." - 

r* - = v* I vs/vB0 
dt* s - _ ,  

and so 



Thus, i f  Ro and Vso represent  the  i n i t i a l  r ad ius  of curvature of ' the flow 
s t reamline  and i f  t h e  t a n g e n t i a l  v e l o c i t y  and~subse.quent.motion is  assumed t o  
be i r r o t a t i o n a l  ( p o t e n t i a l  f low) ,  then t h i s  cons tant  is i d e n t i c a l l y  1, and 
S 0 

- -  de - 
d t*  

Subs t i tu t ing  Eq. 23  i n t o  19b and def in ing the  following nondimensional 
group a s  the  Stokes number 

y i e l d s  the  f i n a l  r e s u l t  

2 
1 dr* 1 - d r * + -  - - - -  

dt*2 Sk dt*  
r * 3 

This i s  a nonl inear  d i f f e r e n t i a l  equation f o r  which no genera l  s o l u t i o n  
e x i s t s .  Numerical s o l u t i o n s  which can be provided a r e  funct ions  of t h e  
Stokes number only and e s t a b l i s h  a nonl inear ,  d i r e c t  r e l a t i o n s h i p  between 
separa t ion  performance (i.e., l a r g e  values  of r* f o r  f ixed t* o r  small  t* 
f o r  f ixed r*) and Sk. C lea r ly ,  s t reamline  separa t ion  works b e s t  wi th  dense, 
l a r g e  p a r t i c u l a t e  flowing a t  high v e l o c i t i e s  along s t reamlines  of small 
r a d i u s  of curvature  through a medium of low v i s c o s i t y .  The e f f e c t  of high 
temperature and high p ressure  i s  s o l e l y  through the  vi.scosity f a c t o r  i n  the  
Stokes parameter and thus  Sk decreases wi th  abso lu te  temperature t o  the  two- 
t h i r d s  power. 

The primary l i m i t a t i o n  of the  preceding development l i e s  i n  t h e  assumed 
Stokes drag law used i n  t h e  r a d i a l  f o r c e  balance. Re-expressing t h e  r igh t -  
hand s i d e  of Eq. 17b f o r  a more genera l  drag c o e f f i c i e n t  r e l a t i o n s h i p ,  namely 

y i e l d s  

I f  a f 1, t h e r e  remains a p a r t i c u l a t e  Reynolds number dependence which g r e a t l y  
complicates t h e  a n a l y s i s  s i n c e  the  equations must then be solved stepwise i n  
t i m e .  Solut ions  t o  Eq. 25 a r e  v a l i d  only i f  t h e  p a r t i c u l a t e  Reynolds number 
h i s t o r y  is  such t h a t  Re < 3 a t  a l l  times, which from Fig. 9 r equ i res  bo th  
r e l a t i v e l y  small p a r t i c u l a t e  and weak acce le ra t ions .  



Another d i f f i c u l t y  wi th  t h i s  a n a l y s i s  i s  t h a t  the  acce le ra t ion  f i e l d  f o r  
v i r t u a l l y  a l l  s t reamline  separa t ion  geometries is nonuniform. In .genera1,  
t h i s  problem is approached by assuming t h a t  t h e  system geometry w i l l  generate 
a unique a c c e l e r a t i o n  f i e l d  based upon t h e  f l u i d  Reynolds number and s o  i t  
should be  poss ib le  t o  c o r r e l a t e  sepa ra t ion  e f f i c i ency  t o  two dimensionless 
parameters: f l u i d  Reynolds number, pVsD/v,  where D is a c h a r a c t e r i s t i c  
dimension of t h e  geometry, and some form of the  Stokes number. 

The.use of the  Buckingham ll Theorem requ i res  j u d i c i a l  s e l e c t i o n  of the  
s i g n i f i c a n t  physica l  parameters of the  problem. I f  i t . i s  assumed t h a t  the  . 
p a r t i c u l a t e  sepa ra t ion  e f f i c i e n c y ,  TI, is dependent upon only the  following 
q u a n t i t i e s  

then t h e  theorem e s t a b l i s h e s  t h a t  r~ must be a funct ion  of only f i v e  dimension- 
less groups. The procedure by which these  groups can be generated i s  
s t r a igh t fo rward  and p r e c i s e ,  although t h e  groups t h e m s e l v e s  a r e  i n  no sense 
unique. I n  t h i s  ins tance ,  however, i t  is  e a ~ i y  t o  develop them by inspection:  
two a r i s e  from leng th  r a t i o s ,  a t h i r d  by a dens i ty  r a t i o ,  and a four th  by 
a v e l o c i t y  r a t i o  

The f i f t h  group can be  found i n  a v a r i e t y  of ways; one procedure is  t o  form 
t h e  r a t i o  of t h e  ins tantaneous  c e n t r i f u g a l  force  t o  t h e  Stokes drag force  

Thus, the  separa t ion  e f f i c i e n c y  func t iona l  r e l a t i o n s h i p  can be expressed a s  
fol lows : 



Since (3 i s  of t h r e e  o r d e r s  l a r g e r  than  p f o r  a e r o s o l s  and remains r e l a t i v e l y .  
unchanged f o r  a l l  systems of i n t e r e s t ,  t h e  i n f l u e n c e  of 111 can j u s t i f i a b l y  
be neglec ted .  The same assessment can a l s o  be  made of II2 and f o r  t h e  same 
reason: a << D. * F i n a l l y ,  a hypothes is  is  proposed t h a t  permi ts  t h e  number 
of s i g n i f i c a n t  dependent v a r i a b l e s  t o  be  reduced from 3  t o  2:  i t  i s  assumed 
t h a t  t h e  s e p a r a t i o n  e f f i c i e n c y  i s  n o t  s e p a r a t e l y  dependent upon'I14 and 115, 
bu t  only on t h e i r  combined product  (no t ing  t h a t  Vs = vs throughout t h e s e  
cons ide ra t ions )  

This  q u a n t i t y  i s  i d e n t i c a l  t o  t h e  Stokes number which a r o s e -  from t h e  dimen- 
s i o n l e s s  r a d i a l  equat ion  of motion. Thus, i f  t h e s e  t h r e e  hypotheses a r e  v a l i d  

A s  a  f i n a l  s t e p ,  l e t  i t  b e  assumed t h a t  n 3 ,  %/D is  f i x e d  (and s o  % is  as 
convenient and meaningful a  nondimensional izing l e n g t h  as D) and r e s c a l e  Sk 
on D i n s t e a d  of Ro, y i e l d i n g  

s o  then ,  f i n a l l y  

n = n(Im) (34) 

11 

where 115 ha s  been def ined  a s  t h e  impact ion number t o  d i s t i n g u i s h  i t  from Sk. 
(Various names have appeared i n  t h e  l i t e r a t u r e  f o r  t h i s  u a n t i t y :  impact ion 
parameter,  'O p a r t i c l e  parameter ,  84 s e p a r a t i o n  number, 85 ,I6 i n e r t i a  para- 
meter ,87 and t h e  Stokes number i t s e l f .  '' s e 2  ,88) 

The  phys i ea l  s i g n i f  i canae  of this dimensi.onless group can be apprec i a t ed  
by c a l c u l a t i n g  t h e  s topping  d i s t a n c e  of a  p a r t i c l e  i n i t i a l l y  t r a v e l i n g  a t  V, 
acted on by Stolcec drag a lone  

I n t e g r a t i n g  and so lvk lg  lor c s ( t )  y i e l d s  

* 
F i l t r a t i o n  can v i o l a t e  t h i s  cons ide ra t ion  because t h e  f i b e r  diameter  can 
approach t h e  diameter  of t h e  p a r t i c u l a t e  t o  be c o l l e c t e d .  



where T i s  g iven  by , . 
. . 

~ , , . .  ? .  

and r e p r e s e n t s  t h e  r e l a x i t i o n  time i .  e .  t h e  t i m e  r equ i r ed  f o r  a p a r t i c l e  t o  
slow t o  l / e ,  o r . 6 3 % ,  of i t s  i n i t i a l  v e l o c i t y ) .  Because t h e    article does 
n o t  s t o p  i n  a  f i n i t e  t ime, t h e  s topp ing '  dis ' tance, L, is given by 

m 

Therefore ,  t h e  impact ion n u e e r  is simply the ratio of t h e  St.nk~zcj.nn s topping  
: . 

. d i s t a n c e  . t o  .a c h a r a c t e r i s t i c  geometric dimension. 

and is a measure of t h e  p a r t i c u l a t e ' s  i n a b i l i t y  t o  m i s s  an  o b s t a c l e .  

The a u t h e n t i c a t i o n  of t h e  f r u i t  of t h i s  d ime~ l s ion le s s  a n a l y s i s  -- namely, 
Eq. 34 -- . is g iven  i n  Fig. 10,  which i s  from ~ a v i e s ~ ~  and i s  based on t h e  

' 

* 
experiments  of Landahl and ~ e n n a n n ~ '  f o r  t h e  t a r g e t  e f f i c i e n c y  as a func t ion  
of t h e  impact ion number f o r  a  very  s imple  geometry, t h a t  of a cy l inde r .  

0 2 - 4  6 8 10 12 14 16 18, 7fl 

2 x Impaction Number. 2 Im  . 

Fig. 10. E f f i c i ency  of Impingement of . P a r t i c l e s  on cy l inde r sB4  

Comparison of experiments by Landahl and Hermann w i t h  
~llrurrtical r e s u l t s  f o r  K e  = 2,UUO and PO, when a / ~  
i s  n e g l i g i b l e .  a E d / 2 ,  R - d/2 ,  c y l i n d e r  radius.. 
Reproduced by t h e  permission of t h e  I n s t i t u t i o r l  of 
Mechanical Engineers from h o c e e d i n g s  of t h e  I n s t i t u t i o n  
of MechanicaZ Engineers ,  Vol. l B ,  1952 

* 
Defined a s  t h e  r a t i o  of t h e  a c t u a l  mass r a t e  of p a r t i c u l a t e  impacting t h e  . 

b a f f l e  d iv ided  by t h e  'mass ' r a t e  o f  . ' pa r t i cu l a f  e f lowing w i t h i n  t h e  t h e o r e t i c a l  
c a p t u r e  planform a r e a  of - t h e " t a r g e t .  ' . 



The d a t a  c l e a r l y  i n d i c a t e  t h a t  f o r  a  g iven  t a r g e t  shape, t h e  e f f i c i e n c y  i s .  
p r imar i ly  a  func t ion  of I m  b u t  i s  a l s o  s e n s i t i v e  t o  t h e  Reynolds number of 
t h e  flow. This  Reynolds number dependency can be  apprec i a t ed  by examining 
ll3, %ID, which e s s e n t i a l l y  r e p r e s e n t s  t h e  c h a r a c t e r i s t i c  s t r eaml ine  shape 
s i n c e  i t  depends on a c h a r a c t e r i s t i c  t a r g e t  dimension and can be expected t o  
be a func t ion  of Re.  Re la t ionsh ips  between ri and I m ,  Re a r e  no t  r e a d i l y  
a v a i l a b l e  f o r  many geometr ies  of p r a c t i c a l  i n t e r e s t .  For. many s e p a r a t i o n  
concepts ,  i t  i s  n o t  p o s s i b l e  t o  c h a r a c t e r i z e  t h e  geometry by a  s i n g l e  l i n e a r  
dimension ( D ) ;  f o r  i n s t a n c e ,  t h e  e f f i c i e n c y  of a cyclone i s  known t o  depend 
upon t h e  l eng th  of t h e  c y l i n d r i c a l  s e c t i o n  and t h e  i n l e t l e x i t  dimensions i n  
a d d i t i o n  t o  a  primary dependence upon diameter .  Also, f o r  i n t e n s e  s e p a r a t i o n  
a c c e l e r a t i o n  f i e l d s ,  t h e  p a r t i c u l a t e  Reynolds number w i l l  exceed t h e  Stokes 
bound, and a more complex dependence upon flow Reynolds number ,can be  expected. 
The e f f e c t  of h igh  temperature and p r e s s u r e  upon s t r e a m l i n e  s e p a r a t i o n  
in f luences  t h e  e f f i c i e n c y  i n  two ways: F i r s t ,  t h e  e f f i c i e n c y  has been shown 
t o  b e  d i r e c t l y  dependent upon Sk o r  I m ,  parameters  which are t empera tu reT  
dependent 

Sk - -  I m  - -  . 
Sko Im, 

and a t  1000°C a r e  t hus  only  36% of t h e  r e f e r e n c e  cond i t i on  o r  48% of t h e  
convent iona l .  c o l l e c t i o n  condi t ion .  It i s  n o t  p o s s i b l e  t o ,  d i r e c t l y  c o r r e l a t e  
t h i s  change i n  I m  t o  a  change i n  q, a s  was done i n  Table 6 f o r  f i e l d  s e p a r a t i o n  
(o the r  than  t o  n o t e  t h a t  i t  has  a n  unfavorable  i n f luence )  because t h e  
f u n c t i o n a l  dependence of  Eq.  34 i s  no t  expl ici t1y.known.  . A second in f luence  
of v a r i a b l e  p r o p e r t i e s  i s  v i a  t h e  f low f i e l d  Reynolds number; f o r  a f i x e d  ' 

v e l o c i t y  and c h a r a c t e r i s t i c  dimension 

and r e s u l t s  i n  t h e  hot-gas Reynolds number being 90% of t h e  r e f e r e n c e  v a l u e  
bu t  159% of t h e  convent iona l  c o l l e c t i o n  va lue .  This  i nc reased  Reynolds 
number w i t h  r e s p e c t  t o  convent iona l  c o l l e c t i o n  a t  s i m i l a r  throughput and col-  
l e c t o r  s i z e  is a f avo rab le  i n f l u e n c e  s i n c e  t h e  a b i l i t y  of f l u i d  s t r eaml ines  
t o  pe rce ive  downstream i n f l u e n c e  i s  diminished,  w i th  t h e  r e s u l t  t h a t  a more 
i n t e n s e ,  l o c a l  a c c e l e r a t i o n  f i e l d  is  generated.  

S i x  d i s t i n c t ' v a r i e t i e s  of s e p a r a t i o n  f i e l d s  can b e ' u s e d  t o  provide  a  
p a r t i c u l a t e  d r i f t  v e l o c i t y  ( s ee  Table 3 ) .  Only 'two, g r a v i t a t i o n a l  and 
e l e c t r o s t a t i c ,  have been widely Lsed f o r  gas  c leaning .  From Eq. 15,  i t  can  
be  seen  t h a t  t h e  p r e f e r r e d o o p e r a t i o n  of f i e l d  s e p a r a t i o n  devices  is  a t  low 
throughput v e l o c i t i e s  i n  long ,  narrow channels  w i t h  l i n e s  of cons t an t  
p o t e n t i a l  p a r a l l e l  t o  f l u i d  s t r eaml ines .  P r e c i p i t a t i o n  then  occurs  on l a r g e  
system-surface a r e a s ,  n e c e s s i t a t i n g ' c a r e f u l  des ign  of remova1,schemes. 
Reentrainment of s e p a r a t e d l p r e c i p i t a t e d  p a r t i c u l a t e  i s  a l s o  an  important  
problem a r c o  bccauae of t h c  need f o r  sma l l  s e p a r a t i o n  d i o t a n c e ~  (Y) . 



G r a v i t a t i o n a l  F i e l d  

This  mechanism of s e p a r a t i o n  e x p l o i t s  t h e  d e n s i t y  d i f f e r ence .be tween  t h e  
p a r t i c u l a t e  and t h e  medium by us ing  t h e  uniform a c c e l e r a t i o n  f i e l d  of t h e  
e a r t h .  The p a r t i c u l a t e  d r i f t  v e l o c i t y ,  Vn, i s  simply t h e  t e rmina l  v e l o c i t y  
(neg lec t ing  t h e  a c c e l e r a t i o n  per iod)  obta ined  by balancing the  weight of a  
p a r t i c l e  and t h e  d rag  f o r c e .  For t h e  Stokes regime, t h i s , r e s u l t s  i n  

and decreases  w i th  t h e  two-thirds power of a b s o l u t e  temperature.  By s u b s t i t u -  
t i o n  of t h i s  r e s u l t  i n t o  Eq. 15, t h e  c o l l e c t o r  e f f i c i e n c y  can be  c o r r e l a t e d  
in t e r n s  of a  form of t h e  Stokes number 

where SQ is based upon a  c h a r a c t e r i s t i c  flow lengch,  v:/~, ma logous  t o  
/ 

% i n  Eq. 24. 

These devices  r e p r e s e n t  t h e  s imp les t  p o s s i b l e  c o l l e c t o r  and o p e r a t e  a t  
a  low p r e s s u r e  drop. Although i n  p r i n c i p l e  i t  i s  p o s s i b l e  t o  s e p a r a t e  a l l  
p a r t i c u l a t e  down t o  Brownian f i n e s  by g r a v i t a t i o n a l  s e t t l i n g ,  t h e s e  devices  
a r e  i m p r a c t i c a l  f o r  s i z e s  beldw ca. 50 um due t o  t h e  dependence of in upon 
t h e  squa re  of p a r t i c u l a t e  diameter .  I f  a  s e p a r a t i o n  e f f i c i e n c y  of 99% is  
requ i r ed  f o r  a  flow v e l o c i t y  of 1 m / s  of 2 g/cm3 p a r t i c u l a t e  a t  1000°C, then 
t h e  r a t i o  of flow l e n g t h  (X) t o  s e p a r a t i o n  d i s t a n c e  (Y) f o r  a  10-pm-diameter 
p a r t i c . l e  would need t o  be  

This  is  c l e a r l y  an i m p r a c t i c a l  requirement.  

E l e c t r i c a l  F i e l d  

T h e  usc of a u n i d i r e s t i o n a l  e l e c t r i c a l  f i . e ld  t o  e s t a b l i s h  a  d r i f t  v e l o c i t y  
f o r  ~ . l e c . t r i c a l l y  charged p a r t i c u l a t e ,  a  process  c a l l e d  e l e c t r o p h o r e s i s ,  is  a  
very  o l d  and w e l l  known technique:  e l e c t r o s t a t i c  phenomena were known fo 
t h e  Greeks 2500 y e a r s  ago al though i t  was Hohlfeld i n  1824 who developed t h e  
f i r s t  device  us ing  t h i s  p r i n c i p l e  t o  pre .c ip1ta te  an a e r o s o l ,  a concept l a t e r  
red iscovered  by bo th  Lodge and Clark  i n  England (1883) and, C o t t r e l l  i n  t h e  
U.S. (1906). General surveys of t h e  basic  p r i n c i p l e s  of e l e c t r o s t a t i c  : 
p r e c i p i t a t o r s  (EP) by s t r a u s s S 3  and ~ o b i n s o n ~ ~  a r e  a v a i l a b l e ;  t h e  l a t t e r  
i nc ludes  a  ve ry  d e t a i l e d  h i s t o r y  and a  b ib l iography of 494 r e fe rences .  

The a p p l i c a t i o n  of EP t o  high-temperature and/or  high-pressure environ- 
ments has  been t h e  o b j e c t  of a  g r e a t  d e a l  of research .  Surveys inc lud ing  



t h i s  a spec t  of EP performance have beeh piiblished by ~ t r a u s s ~ ~ * ~ ~  and 
~ o b i n s o n ~ ~  and, more r e c e n t l y  by ~ e r o t h e & ,  6 7  Stone and ~ e b s t e r  , and Midwest 
Research I n ~ t i t u t e . ~ ~  Much of t h e  ac t t i a l  r e sea rch  a c t i v i t y  has  been performed 
aE t h e  Bureau of Mines (C. C.  Sha le  e t  a l . )  and Research-Cot t re l l ,  Inc.  
(H. J. Ha l l ,  M. Robinson, R. F. Brown, A. B. Walker, e t  a l . ) .  Curren t ly ,  
t h e  known sponsored a c t i v i t y  (Table 2) i nc ludes  a  Research-Cottrel l  p r o j e c t  
f o r  t h e  EPA designed t o  exper imenta l ly  examine EP performance i n  a  1100°C/21 
atm environment; EPRI i s  sponsoring seven s e p a r a t e  p r o j e c t s .  A complete 
survey of t h e  publ i shed  work i n  t h i s  a r e a  is  included w i t h  H a l l ' s  r e c e n t  
a n a l y s i s .  c u r r e n t  ' t y p i c a l  u se  of EP i s .  150 t o  450°C w i t h  a  convent iona l  
l i m i t  of 540°C and/or  11 atm,' a l though capable  of ope ra t ing  a t  930°C and 60 atm 
and " f eas ib l e "  a t  1700°C'/21 a t m . 9 1  

The process  by which e l e c t r o p h o r e s i s  t akes  p l a c e  i s  r e l a t i v e l y  simple. 
An e l e c t r o s t a t i c  p o t e n t i a l  i s  maintained between two s u r f a c e s  which i s  g r e a t e r  
than  t h e  th re sho ld  v o l t a g e  r equ i r ed  t o  produce a corona a t  t h e  charg ing  
e l e c t r o d e  b u t  l e s s  than  t h e  v o l t a g e  which would produce sparkover  t o  t h e  
c o l l e c t i n g  s u r f a c e s  (both  t h e s e  v o l t a g e s  a r e  s t r o n g  func t ions  of medium 
d e n s i t y ) .  Ions ,  e i t h e r  p o s i t i v e  o r  nega t ive ,  produced by t h e  corona migra te  
toward t h e  c o l l e c t i n g  s u r f a c e  and bombard t h e - p a r t i c u l a t e ,  r e s u l t i n g  i n  each 
p a r t i c l e  becoming charged and thus  provid ing  t h e  mechanism f o r  t h e  f i e l d  
f o r c e  t o  cause p r e c i p i t a t i o n ;  t y p i c a l  d r i f t  v e l o c i t i e s ,  qn, a r e  i n  t h e  range 
of 10  t o  20 cm/s f o r  10 t o  40 pm p a r t i c u l a t e  and a r e  n o t  a  s t r o n g  f u n c t i o n  of . D r i f t  v e l o c i t i e s  a r e  adverse ly  a f f e c t e d  by g r e a t e r  medium v i s c o s i t y  
because of increased  drag.  Af t e r  p r e c i p i t a t i o n ,  .the p a r t i c l e  g radua l ly  l o s e s  
i t s  charge ( t h e  rate be ing  a  f u n c t i o n  of i t s  r e s i s t i v i t y )  and i s  he ld  i n  p l ace  
by a  combination of van d e r  Waals and e l e c t r o s t a t i c  fo rces .  The r e s i s t i v i t y  
of t h e  p a r t i c u l a t e ,  a  temperature-dependent p rope r ty ,  is a  c r i t i c a l  performance 
parameter:  i f  i t  is  too  low (<ca.  l o 4  ohm-cm), i t  w i l l  l o s e  i t s  charge  too  
r a p i d l y  and because t h e  van de r  Waals f o r c e  i s  r e l a t i v e l y  weak and t h e  flow 
geometry c o n s i s t s  of narrow passages,  p r e c i p i t a t e d  p a r t i c l e s  w i l l  become 
re-en t ra ined;  i f  t h e  r e s i s t i v i t y  i s  too  g r e a t  (>ca.  5  x  lo1' ohm-cm), t h e  
p r e c i p i t a t e  w i l l  c r e a t e  a  s t e e p  v o l t a g e  g r a d i e n t  which w i l l  decrease  t h e  
e f f e c t i v e  s e p a r a t i o n  p o t e n t i a l  and u l t i m a t e l y  can cause  a  second ("back") 
corona which w i l l  c r e a t e  i o n s  of o p p o s i t e  charge and completely negate  
p a r t i c l e  migra t ion .  P r e c i p i t a t e  i s  removed by p e r i o d i c  c l ean ing  of t h e  
c o l l e c t i n g  s u r f a c e ,  by e i t h e r  i r r i g a t i o n  o r  p u l s a t i o n  (hammers o r  v i b r a t o r s ) ,  
which breaks rhe i n t e r p a r t i c l e / s u r f a c e  bonds and c r e a t e s  l a r g e  aggrega tes  
which f a l l  r e a d i l y  i n t o  a  c o l l e c t i n g  hopper. 

Thus, high.  temperature and h igh  p r e s s u r e  a f f e c t  EP performance because of 
s e p a r a t i o n  f l u i d  mechanics c o n s i d e r a t i o n s .  (Qn i s  dependent on T  and perhaps 
on P ) ,  f i e l d  c o n s i d e r a t i o n s  ( accep tab le  v o l t a g e  p o t e n t i a l  band is  dependent 
on p ,  and p a r t i c u l a t e  charg ing  r a t e  i s  dependent upon T) ,  and p r e c i p i t a t i o n  
cons ide ra t ions  ( t h e  r e s i s t i v i t y  of t he  p a r t i c u l a t e  must be between ca.  l o 4  
and 5  x l o 1  O ohm-cm) . 

The p a r t i c l e  d r i f t  v e l o c i t y  a t  s t eady  s t a t e  can  be expressedg0 by 
equat ing  t h e  s e p a r a t i o n  f o r c e  



where E~ i s  t h e  p e r m i t t i v i t y  of f r e e  ,space and R t h e  r e l a t i v e  d i e l e c t r i c  
c o n s t a n t  of t h e  p a r t i c u l a t e .  This  equat ion.presumes t h a t  t h e  charging 
mechanism i s  i o n  bombardment ( v a l i d  f o r  a - >  1 pm) and t h a t  t h e  p o t e n t i a l s  
of t h e  charging and p r e c i p i t a t i n g  f i e l d s  are equal ;  equat ing  t h i s  r e s u l t  t o  
t h e  S tokes  drag  f o r c e  y i e l d s 9 0  

Th i s  r e s u l t  d i f f e r s  s i g n i f i c a n t l y  from t h a t  der ived  i n  E ~ .  13a: t h e  d r i f t :  
v e l o c i t y  i s  p r o p o r t i o n a l  t o  t h e  f i r s t  power of a ( i n s t e a d  of t h e  second power) 
and t h e  second power of VO ( i n s t e a d  of t h e  f i r s t ) .  The reason  f o r  t h i s  l ies i n  
t h e  n a t u r e  of t h e  s e p a r a t i n g  f o r c e  f i e l d  g iven  i n  Eq. 45, compared t o  t h e  
g e n e r a l  form given  i n  Eq. 1.1 -- a d i f f e r e n c e  which can be  a t t r i b u t e d  t o  t h e  
nature of t h e  pa r t i c l e - cha rg ing  mechanism, which i s  a d i s t i n c t  process  n o t  
d i r e c t l y  r e l a t e d  t o  p a r t i c l e  s epa ra t ion .  Thus, Fig .  10 i s  LLUL i ipp l ieablc  
t o  t h i s  iiiddel of all EP p l u c e s s .  

F6r a give11 " u l l a g e  p o t e n t i a l ,  Eq.  46 chows t h a t  V~ decreases with t h e  
two-thirds  power of a b s o l u t e  temperature.  However, because of a n  i n c r e a s e  
i n  medium d e n s i t y  a t  h igh  p r e s s u r e  and moderate temperature,  i t  is p o s s i b l e  
t o  o p e r a t e  a t  h ighe r  p o t e n t i a l  -- how much h igher  i s  very  d i f f i c u l t  t o  
p r e d i c t  because a c c e p t a b l e  threshold /sparkover  v o l t a g e s  a r e  a l s o  ve ry  sens i -  
t i v e  t o  c o l l e c t o r  geometry. I n  a d d i t i o n ,  f i e l d  s t a b i l i t y  cons ide ra t ions  
become i n c r e a s i n g l y  impor tan t  under t h e s e  condi t ions .  

The t h e o r e t i c a l  c o l l e c t i o n  e f f i c i e n c y  a s  a  f u n c t i o n  of vn can  be  
c a l c u l a t e d  us ing  Eq. 1 5  f o r  a r e c t a n g u l a r  geometry. The a c t u a l  d a t a  f o r  
e f f i c i e n c y  show a n  exponen t i a l  v a r i a t i o n  w i t h  r e s idence  time, r a t h e r  t han  
t h e  l i n e a r  r e l a t i o n  of Eq. 15  and can b e  understood by recogniz ing  t h a t  t h e  
f low i n  t h e  s e p a r a t i o n  passages c o n s i s t s  of a  t u r b u l e n t  c o r e  s o  t h a t  t h e  
u n p r e c i p i t a t e d  p a r t i c u l a t e  i s  c o n t i n u a l l y  b r i u g  remixed i n  t h i c  r eg ion  u n t i l  
i t  u l t i m a t e l y  e n t e r s  t h e  laminar  w a l l  l a y e r  t o  b e  permanently separa ted .  
Th i s  express ion  for t h e  e f f i c i e n c y  1s huuw~i as tkc Dcutuoh equat ion  find is 
given  by 

n = I - exp(-V,x/Vsy) (47) 

f o r  r e c t a n g u l a r  passages.  Typlcal v a l u e s  f o r  qs and -GI1 are I. to 2 m i s  and 
10 t o  20 cmls, r e s p e c t i v e l y ,  f o r  p a r t i c u l a t e  of 10  t o  40 pm diameter .  A t  
1 m / s  f low v e l o c i t y ,  10 cm/s d r i f t  v e l o c i t y ,  and 99% e f f i c i e n c y ,  Eq. 47 
i n d i c a t e s  t h a t  t h e  r a t i o  of flow l e n g t h  t o  s e p a r a t i o n  d i s t a n c e  must be  

* 
The d a t a  show t h a t  Gn i s  dependent upon Vs, w i t h  a maximum occur r ing  a t  - .* 
Vs = 2 m / s .  



o r  approximately one o rde r  of magnitude sma l l e r  t han  t h a t  r equ i r ed  f o r  a  
s e t t l i n g  chamber, Eq. 44. This  dramat ic  performance improvement has  been 
obta ined  a t  a  l a r g e  c a p i t a l  c o s t .  EPs a r e  cus tomar i ly  t h e  most expensive 
f i r s t - c o s t  c o l l e c t o r :  on t h e  o rde r  of $7200 p e r  a c t u a l  m 3 / s  f o r  s i z e s  of 
470 m 3 / s  and, a l though t h e  p r e s s u r e  drop a c r o s s  t h e  dev ice  is  low (ca. 1 mm Hg), 
t h e  y e a r l y  o p e r a t i n  and maintenance c o s t  (ca.  $100/ac tua l  m3/s) i s  s t i l l  a  
s i g n i f i c a n t  amount. 52 

The f e a s i b i l i t y  of ope ra t ing  EPs a t  1000°C/10 atm remains t o  be demon- 
s t r a t e d .  Its p r i n c i p a l  advantage i s  t h a t  t h e  d r i f t  v e l o c i t y  dec reases  w i t h  
2 t o  t h e  f i r s t  power, whereas' most dev ices  decrease  exponen t i a l l y  w i th  d ,  and 
so  EP should be capable  of removing much f i n e r  p a r t i c u l a t e .  However, from 
Figs.  3  and 5 ,  i t  would appear  t h a t  t h i s  f e a t u r e  is  n o t  as c r i t i c a l  a s  i t  
would be  i n  a  convent iona l  a p p l i c a t i o n  since t h e  p a r t i c u l a t e  h e r e  i s  r e l a t i v e l y  
l a r g e .  Two primary d isadvantages  a s s o c i a t e d  w i t h  EP can be  noted. F i r s t ,  
they  a r e  i n h e r e n t l y  l a r g e  devices  which, a t  10-atm p r e s s u r e  and h igh  tempera- 
t u r e s ,  cause  t h e  s t r u c t u r e  requirements  t o  become exceedingly expensive. 
Secondly, t h e  e f f i c i e n c y  i s  very  s t r o n g l y  dependent upon p a r t i c u l a t e  r e s i s t i v i t y  
which i n  t u r n  is  a f u n c t i o n  of composition and temperature.  soog3 p o i n t s  ou t  
t h a t  a n  EP ope ra t ing  a t  q = 0.95 w i t h  5% s u l f u r  c o a l  w i l l  on ly  perform a t  
r~ = 0.70 f o r  low s u l f u r  c o a l  (0.5%). Th i s  has  l e d  t o  t h e  need f o r  "condi- 
t i on ing , "  e i t h e r  by means of  chemical seedingg" (e.gbf H20, SO3, NH3) o r  by 
s p e c i f i c a t i o n  of the  r equ i r ed  ope ra t ing  temperature.  The c o n t r o l  of 
temperature is n o t  p o s s i b l e  f o r  t h e  f luidized-bed combustor a p p l i c a t i o n  
because t h e  bed temperature i s  f i x e d  by o t h e r  cons ide ra t ions  and cleanup must 
precede t h e  tu rb ine .  Condit ioning t h e  a e r o s o l  by adding s u l f u r  compounds 
i s  a f r u s t r a t i n g  op t ion  n o t  on ly  i n  t e r m s  of p o t e n t i a l  t u r b i n e  m a t e r i a l s  prob- 
l e m s  b u t  a l s o  because i t  i s  con t r a ry  t o  one of  t h e  b a s i c  purposes of  f l u id i zed -  
bed combustion: t o  prevent  t h e  a d d i t i o n  of s u l f u r  compounds t o  t h e  atmosphere. 
Su l fu r  a d d i t i o n  (however smal l )  t o  s a t i s f y  t h e  needs of a n  a n c i l l a r y  dev ice  
would be  d i f f i c u l t  t o  accept .  

Magnetic F i e l d  

I n  an  analogous manner t o  t h e  e l e c t r o s t a t i c  ca se ,  a  p a r t i c u l a t e  phase 
t h a t  has  been charged by i o n  bombardment can  be  sepa ra t ed  by a  ma n e t i c  f i e l d .  
This  technique has  been noted i n  s t r a u s s e 3  and i n  two MRI s t u d i e s g 0  *66 and 
can be a s ses sed  by equat ing  t h e  Lorentz  f o r c e  

where n is t h e  number of elementary charges  q,  and B is  t h e  magnetic f i e l d  
s t r e n g t h .  By equat ing  t h e  f o r c e  w i t h  t h e  Stokes drag ,  t h e  d r i f t  v e l o c i t y  may 
be* found 

I n  o r d e r  t o  develop a  p a r a l . l e 1  express ion  t o  Eq. 46, a  r e l a t i o n  is  needed 
f o r  t h e  p a r t i c u l a t e  charg ing  rate a s s o c i a t e d  w i t h  t h e  mechanism by which 
ions  a r e  t o  be  generated.  This  technique ,  known as magnetophoresis,  
apparent ly  was n o t  pu t  t o  any r a c t i c a l  u s e  (Ref. 83, p. 422). I n  a survey 
of photophoresis  by Preining,"  he  n o t e s  t h e  i n f l u e n c e  of a magnetic f i e l d  
upon p a r t i c u l a t e  motion a s s o c i a t e d  w i t h  understanding t h e  atmospheric  ae roso l .  



No a d d i t i o n a l  l i t e r a t u r e  on t h i s  top ic .  is  known. 
. , 

An a l t e r n a t i v e  approach t o  ion-magnetic s e p a r a t i o n  can be  pos tu l a t ed  
which e x p l o i t s  t h e  magnet ic  p r o p e r t i e s  o f - t h e  p a r t i c u l a t e  phase. A r e c e n t  
survey a r t i c l e g 7  noted  t h a t  of 1 0 4  elenients,  3  are ferromagnet ic  (Fe, Co, Ni) ,  
55 are paramagnetic,  30 diamagnet ic ,  and only  16  a r e  apparent  duds. Thus, 
i n  theory ,  88 o u t  of t h e  104 elements can be  magnet ica l ly  d i sc r imina ted  from 
t h e  medium. I n  o r d e r  t o  ach ieve  s e p a r a t i o n  i n  reasonable  r e s idence  t imes ,  an 
exceedingly powerful magnetic f i e l d  is  necessary  -- a requirement which is  
a t  l e a s t  conce ivable  w i t h  t h e  u s e  of superconduct ing magnets. The concept -- 
termed h igh-eradien t  magnet ic  s e p a r a t i o n  -- i s  f e a s i b l e ,  based upon pre l iminary  
informat ion ,  f o r  hydrosol  a p p l i c a t i o n s  such as water p u r i f i c a t i o n .  Such a 
p roces s  has  been widely used t o  s e p a r a t e  i r o n  p a r t i c u l a t e  (which, of course ,  
i s  fer romagnet ic )  from c l a y  s l u r r i e s ,  ceramic g l aze ,  and even p r i n t e r s  i n k  
and p a i n t s  (Ref. 98, p. 503).  

The 19 d i f f e r e n t  e lements  i d e n t i f i e d  i n  Table 1 as p resen t  i n  t h e  p a r t i c u l a t e  
genera ted  i n  t h e  ANL combustor, may be c l a s s i f i e d g 7 a s  fo l lows:  two a r e  f e r ro -  
magnetic (Fe, Co), s i x  e x h i b i t  paramagnetic p r o p e r t i e s  i n  both pure  £om and 
. i n  compounds (Ce, C r ,  Dy, Mn, Sc, Ta) ,  fou r  e x h i b i t  paramagnetic p r o p e r t i e s  
i n  pu re  form b u t  a r e  diamagnet ic  i n  compounds (Ba, Hf, La, Na), one e x h i b i t s  
paramagnetic p r o p e r t i e s  on ly  i n  compounds (K) , . and  t h e  remaining s i x  elements 
are e i t h e r  diamagnet ic  o r  complete duds (As, Be, F, Hg, Pb, Sb). Thus, i n  
p r i n c i p l e ,  i t  appears  p o s s i b l e  t o  ach ieve  p a r t i c u l a t e  s e p a r a t i o n  wi thout  a 
need f o r  i o n  bombardment by us ing  a high-gradient  magnetic f i e l d .  

The $nfluence of h igh  temperature upon s e p a r a t i o n  performance is  t o  
dec rease  Vn w i t h  t h e  two-thirds  power of temperature,  a s  shown i n  Eq. 50. 
What i n f l u e n c e  ho t  gas  c o n d i t i o n s  w i l l  have upon i o n  charging and/or  f e r r o /  
paramagnetic p r o p e r t i e s  remains t o  be determined. 

Thermal F i e ld  

The phenomenon of p a r t i c u l a t e  d r i f t  down a temperature g r a d i e n t ,  luwwn 
as thermophoresis ,  was f i r s t  observed by Tyndal l  i n  1870 and has  a t t r a c t e d  t h e  
i n t e r e s t  of many i n v e s t i g a t o r s .  The a c t u a l  mechanism by which t h i s  d r i f t  
occurs  is very  complex and is  a f u n c t i o n  of p a r t i c l e  s i z e .  The gene ra l  form 
of t h e  imposed f o r c e  of t h i s  thernlal f i e l d  on a n  i n d i v i d u a l ,  l a r g e  
( x a .  1 pm, i.e., K n  + 0) p a r t i c l e  can b e  expressed as 

where f  (k/c)  i s  a  nondimensional f u n c t i o n  of t h e  r a t i o  o t  t h e  thermal  
c o n d u c t i v i t i e s  of t h e  medium and t h e  p a r t i c u l a t e  and Q i s  simply t h e  a b s o l u t e  
tempera ture  (T) .  By equat ing  t h i s  exp res s ion  w i t h  t h e  Stokes drag  r e l a t i o n ,  
t h e  p a r t i c u l a t e  d r i f t  v e l o c i t y  may be  found 



For low-conductivity particulate, the theory of  s stein'' adequately expresses 
f as 

Equation 52 predicts that the drift velocity is independent of particle 
size and actually increases with absolute temperature to the two-thirds power. 
For a required separation efficiency of 99% at 1 m/s flow velocity (is) with 
a length to width ratio (X/Y) of 50, a drift velocity of 2 cm/s is needed, 
based upon the laminar form of the efficiency relation given in Eq. 15. The 
ratio of k/E for airllimestone is approximately 116 at ca. 1000°C. For hot- 
gas conditions, the required temperature gradient to meet these requirements 
would be approximately 2 x 1 0 ~ ~ ~ / c m  -- a highly impractical result. 

The subject of thermophoresis is addressed in strausse3 and by the MRI 
studies, 66 and general surveys have been published. O-l O2 Althou h a 
collection concept employing a temperature field has been lo8 it has 
actually been used only as a particulate sampling device.8gatE::zt;r, this 
separation mechanism may have a significant enhancing effect in certain 
situations: straussS5 suggests that the observation of higher performance 
of granular beds with hot gases when the bed is initially cold can be 
attributed to this phenomenon. Nevertheless, to utilize this effect would 
exact a serious thermal efficiency penalty since the aerosol must necessarily 
be cooled. 

Photon Field 

In the absence of a temperature gradient and electromagnetic effects, 
particles will exhibit a drift velocity as a result of a simple beam of 
light -- a phenomenon known as photophoresis. Although this effect is 
important in understanding the behavior of the atmospheric aerosol at high 
altitudes and for certain other applications, the intensity at which photons 
can presently be generated does not provide large enough values of Vn to 
permit its use as a particulate separator. preiningg6 has written a general 
survey on photophoresis which includes more than forty references. 

Concentration Field 

For the case of an aerosol medium which is a multicomponent mixture, the 
potential for gas diffusion exists if a concentration gradient for any one 
phase can be established. For such a gradient to be maintained, the diffusing 
component must be continually removed (condensed, absorbed, etc.) at a 
collecting surface. This environment will cause particulate to also 
precipitate at the gas-collecting surface as a result of momentum interchange 
with the diffusing component. The establishment of a particulate drift in 
this manner is known as diffusiophoresis. 

Following Waldmann, the dif f usion-imposed force for a binary medium 
can be expressed as 



where a12 is  t h e  d i f f u s i o n  s l i p  f a c t o r ,  Dl2 i s  t h e  b ina ry  gas  d i f f u s i o n  toe'£- 
f i c i e n t ,  and @ i s  t h e  concen t r a t ion  of t h e  gas  component which is  being - 

c o l l e c t e d .  Equat ing t h i s  f o r c e  w i t h  t h e  Stokes drag  y i e l d s  

Both t h e o r e t i c a l  and e m p i r i c a l  express ions  a r e  a v a i l a b l e l o o  f o r  012 and D12. 
This  r e s u l t  shows t h a t  t h e  d r i f t  v e l o c i t y  i s  independent of p a r t i c u l a t e  
d iameter  and w i l l  i n c r e a s e  w i t h  i n c r e a s i n g  temperature because of U12. 

The e s s e n t i a l  l i m i t a t i o n  t o  apply ing  t h i s  concept i s  t h e  d i f f i c u l t y  of 
main ta in ing  c o n c e n t r a t i o n  g r a d i e n t s  of s u f f i c i e n t  magnitude t o  provide  
r easonab le  in. A t  p r e s e n t ,  t h e  most f e a s i b l e  method i s  by condensing water  
vapor  a t  t h e  c o l l e c t i n g  s u r f a c e  -- a n  untenable  s o l u t i o n  a t  hot-gas cond i t i ons .  
The c u r r e n t  r e s e a r c h  a c t i v i t y  i n  t h i s  a r e a  is focused on improving scrlibber 
performance by u t i l i z i n g  t h i s  mechanism. Surveys of t h e  phys ics  of d i f f u s i o -  
phorcs i s  a r e  a v a i l a b l e .  * 66 * 8 8 *  l o o  

SEPARATION CONCEPTS EMPLOYING STRE~EINE MODIFICATION 

The mechanism of s t r e a m l i n e  s e p a r a t i o n  d i f f e r s  from f i e l d  s e p a r a t i o n  ( s e e  
Table 3)  i n  two s i g n i f i c a n t  p a r t i c u l a r s :  no th ing  t h a t  is  e x t e r n a l  (power, 
equipment, e t c . )  t o  t h e  f low system boundary i s  r equ i r ed ,  and t h e  s e p a r a t i o n  
e f f i c i e n c y  g e n e r a l l y  i n c r e a s e s  w i t h  i n c r e a s i n g  throughput.  * Sepa ra t ion  i s  
achieved by t h e  es tab l i shment  of l o c a l  a c c e l e r a t i o n  f i e l d s  due t o  s t r e a m l i n e  
c u r v a t u r e  and can  b e  c l a s s i f i e d  by t h e  manner i n  which t h e  p a r t i c u l a t e  i s  
c o l l e c t e d .  Per imeter  c o l l e c t i o n  concepts  permit  t h e  con t inua l ,  un in t e r rup ted  
s e p a r a t i o n  of t h e  i n l e e  a e r o s o l  f n t u  gas p a x t i c u l a t e  streams; Dio t r ibu tad  
c o l l e c t i o n  concepts  make u s e  6f p a r r i c u l a t r  yreciplCaLiou upon a very l a r g e  
and d i s p e r s e  system s u r f a c e ;  t h i s  concept  r e q u i r e s  a  two-stage c o l l e c t i o n  
p roces s ,  which u s u a l l y  n e c e s s i t a t e s  i n t e r m i t t e n t  o p e r a t i o n  of t h e  device.  

Per imeter  Co l l ec t iun  

Th i s  c l a s s  of dev ices  i s  u s u a l l y  known a s  " i n e r t i a l "  o r  "mechanical" 
c o l l e ~ t o r s  and comprises f o u r  b a s i c  cypes: ballled geuue t r i e s ,  s c r o l l s ,  
cyclones,  and c e n t r i f u g e s  ( i n  o r d e r  o f -  i n c r e a s i n g  p o t e n t i a l  ef f i c i e n c y j  . 
These types  can  b e  d i s t i n g u i s h e d  by examining t h e  t r a j e c t o r y  of a c o l l e c t e d  
p a r t i c l e .  B a f f l e s  cause  f low streamliries Lu di'verge around t h e  implanted 
o b s t r u c t i o n  and r e s u l t  i n  a n  a c c e l e r a t i o n  f i e l d  which a c t s  over  l e s s  than  
a  n-radian sweep angle .  S c r o l l s  make u s e  of a  confined flow i n  a  s h o r t ,  
q u a s i c y l i n d r i c a l  geometry t o  provide  a  ca.  2n-radian s t r e a m l i n e  r o t a t i o n .  
Cyclones and cen tx i fuges  a r e  designed t o  e s t a b l i s h  s e v e r a l  s t r e a m l i n e  
r o t a t i o n s  by t h e  u s e  of a r e l a t i v e l y  long c y l i n d r i c a l  tube. 

* 
A s  can be  observed from Eqs. 42, 46, 52 and 54 f o r  t h e  f i e l d  d r i f t  v e l o c i t y  
when combined w i t h  t h e  equa t ion  f o r  e f f i c i e n c y ,  Eq. 1 5  o r  Eq. 47, I-I decreases  
w i t h  i n c r e a s i n g  Qs; t h e  except ion  i s  f o r  t h e  c a s e  of t h e  magnetic f i e l d ,  
Eq. 50, f o r  which T-I i s  independent of is. 



Baffles:. The concept o£ b a f f l e ' s e p a r a t i o n  is  depic ted ' in  Fig. 11." . 

Fig. 11. Baf f l e  Separat ion 
. . 

The e f f i c i e n c y  of such dev ices ' can  be  predic ted  and t h e  d a t a  c o r r e l a t e d  u s i n g .  
t h e  Stokes and Impaction numbers developed i n  Eqs. 31-34. Data i n  t h e  form 
of Fig. 10 e x i s t  f o r  a  wide v a r i e t y  of b a f f l e  shapes a s  a funct ion  of I m  and 
Re. These devices a r e  capable of very high e f f i c i e n c y  when,used a t  high I m  
and Re and a r e ,  i n  f a c t ,  used t o  o b t a i n  submicron p a r t i c u l a t e  sainples i n  a  

. 

conf igura t ion  known a s  a  cascade impactor." A s  a  c o l l e c t o r ,  however, b a f f l e s  
a r e  usual ly  l imi ted  :to a l a r g e  p a r t i c G I a t e  a p p l i c a t i o n s  (ca.  >30 urn) because 
of excessive p ressure .  drops as soc ia ted  wi th  opera t ion  a t  high ‘impaction number. 
They a r e  a l s o  popularly employed i n  an arrangement somewhat s i m i l a r  t o  venet ian  
b l inds ,  c a l l e d  "louvers"; t h i s  a p p l i c a t i o n  is  espe.cial ly u s e f u l  f o r  ae roso l s  
of low p a r t i c u l a t e  concentra t ion ,  f o r  example, a s  a  condi t ioner  upstream from 
a cyclone (a  process known a s  "'enrichment") s i n c e  t h e  e f f i c i e n c y  of cyclonic 
separa t ion  is ,  known' t o  inc rease  'with ,.an inc rease  i n  g r a i n  loading. 

. . 

T.he cur ren t  research  i n t e r e s t  i n  t h i s  sepa ra t ion  concept 'is associa ted  
wi th  i n v e s t i g a t i n g  i t s  utj..l:i.ty as a p a r t i c u l a t e  sampler at  hot-gas condit ions.  

Sc ro l l s .  The separa t ion  , residence time and c o l l e c t i o n  e f f i c i ency  can be 
improved by ~ r o v i d ' i n ~  a  geometry which w i l l  cause t h e  s t reamlines  t o  tu rn  over 
longer angularc d i s t ances  than '  a r e  achievable  k i t h  a  simple baff  le-geometry. 
The s c r o l l  c o l l e c t o r  u t i l i z e s  approximately a   IT-radian r o t a t i o n  of the  - ' ' 

. . s t reamline  v e l o c i t y ,  a s  shown i n  Fig. 12. 

Despite  t h e  longer res idence  time wi th in  t h e  a c c e l e r a t i o n  f i e l d ,  sepa ra t ion  
e f£ ic iency  .is. s t i l l  r e l a t i v e l y  low'unless  extremely high v e l o c i t i e s  (with 

* .  . . . .  . 
For i n s t a n c e ,  an impactor des igned f o r  a  ts of 3 0 ~  m / s  a t  a  s t r eaml ink  rad ius  
of curvature-  of 1 cm would iinpose a  l o c a l  cenfrip.eta1 a c c e l e r a t i o n  four'  ord'ers . . 
of magnitude l a r g e r  than t h a t  of g rav i ty .  



Streamline 

Gas "Shave-off" Slot 
J - 

Fig.  12. S c r o l l  s e p a r a t i o n  

a t t e n d a n t  l a r g e  preSsure  drops)  a r e  used; 

A n  i n t e r e s t i n g  a d a p t a t i o n  of t h e  s c r o l l  c o l l e c t o r  involves  t h e  u s e  of a 
powered c e n t r i f u g a l  impe l l e r  mounted w i t h  t h e  c o l l e c t o r  i t s e l f  -- a "dynamic" 
s c r o l l .  One v e r s i o n  ( t h e  "Rotoclone" manufactured by American A i r  F i l t e r  
Corp.) i s  shown i n  Fig.  13. 

Other geometr ies  employihg t h e  same dynamic cbncepr have a l s o  been 
developed ( e .  g., "Sircocco Cinder Fan" manuf accured by ~mt r i ca11  Blower Corp.  ) 
which a r e  s i m i l a r  t o  t h e  s c r o l l  shown i n  Fig.  12 except  . t h a t  a r o t a t i n g  
set of f a n  b lades  i s  added. Unlike every o t h e r  c o l l e c t o r  t o  be  considered 
i n  t h i s  r e p o r t ,  t h e  dynamic s c r o l l  c o l l e c t o r  can o p e r a t e  w i th  a n  a t t e n d a n t  
p r e s s u r e  r i s e  i n s t e a d  of a p re s su re  drop. 

Although very  i n t e n s e  c e n t r i f u g a l  f o r c e s  can be  developed w i t h  such 
dev ices ,  they a r e  none the l e s s  of l i m i t e d  e f f i c i e n c y  due t o  e i t h e r  t h e  s h o r t  
r e s idence  t i m e  a v a i l a b l e  (Fig. 12 )  o r '  t h e  long  s e p a r a t i o n  d i s t a n c e  t h a t  must 
b e  t r ave r sed  ( F i g .  1 3 ) .  I n  a d d i t i o n ,  th 'ere  a r e  s e r i o u s  e ros ion  d i f E i c u l t i e s  
a s s o c i a t e d  w i t h  ope ra t ing  t h e  impel le r '  iri  a  dus ty  " e n v i r o m e ~ l t .  

' 

One conf igu ra t ion  c l o s e l y  r e l a t e d  t o  a dynamic s c r o l l  t h a t  i s  p o t e n t i a l l y  
v e r y  e f f i c i e n t  i s  t h a t  of a powered ax ia l - f low   his' device ,  c l o s e l y  
resembling an ax ia l - f low compressor, would provide  both  a long r e s idence  
t i m e  and a s h o r t  s e p a r a t i o n  d i s t ance .  Fu r the r ,  t h e s e  devices  a r e  most s u i t e d  
f o r  r e l a t i v e l y  l a r g e  flow r a t e s  a t  low heads whsch would be  h ighly  compatfble 

, . 
w i t h  a p a r t i c u l a t e  s e p a r a t i o n  environment. , .  . 

. . 

Separated p a r t i c u l a t e  could be  removed cont inuous ly  by means of a d u s t  
s l o t  extending t h e  l e n g t h  of t h e  compressor.   lade e r o s i o n  could be reduced 



Fig. 13. 1mp.eller-Scr.011. c o l l e c t o r  (Side View) 

by preremoval of t h e  l a r g e  p a r t i c u l a t e  by means of a convent iona l  cyclone 
and by des igning  t h e  flow f i e l d  such t h a t  t h e  r e l a t i v e  b l ade  v e l o c i t 2 e s  
are low; al though t h i s  la t ter  s t e p  reduces compressor e f f i c i e n c y ,  t h e . r e s u l t  
may s t i l l  b e  adequate  s i n c e  i t s  primary mission i s  sepa ra t ion .  A number of 
obvious disadvantages can b e  c i t e d  -- t h e  p r i n c i p a l  ones being t h e  r e l a t i v e l y  
h igh  c o s t  t h a t  would be  a s s o c i a t e d  w i t h  such a device  and t h e  s h o r t  E i f e  
due t o  e ros ion .  This  l a t t e r  problem, however, may no t  be  i n s o l u b l e  s i n c e  
i t  has  been experimental ly  d e t e r m i ~ ~ e d ~ ~  t h a t  b l ade  e ros ion  r a t e s  a r e  propor- 
t i o n a l  t o  r e l a t i v e  v e l o c i t y  r a i s e d  t o  a power between 3 and 5 ;  hence; i f  
very  low speeds a r e  t o l e r a b l e ,  i t  may b e  p o s s i b l e  t o  reduce e r o s i v e  e f f e c t s  
t o  accep tab le  l e v e l s .  A sea rch  of t h e  l i t e r a t u r e  has  f a i l e d  t o  uncover any 
d i scuss ion  of such a device. * 

General d i scuss ions  of t h e  performance of bo th  s t a t i c  and dynamic s c r o l l  
c o l l e c t o r s  a r e  a v a i l a b l e 8  r O 4  These devices  have e f f i c i e n c i e s  i n t e rmed ia t e  
between b a f f l e d  geometr ies  and cyclones.  Unless a g r e a t l y  improved dynamic 
concept can be developed, s c r o l l s  a r e  n o t  capable  of meeting t h e  higfi- 
e f f i c i e n c y  requirements  a s s o c i a t e d  w i t h  t u r b i n e  ope ra t ion .  

Conventional Cyclones. The v a r i e t y  of con f igu ra t ions  of t h e  c y c l o n e . t h a t  h a v e  
evolved i n  t h e  more than  100 yea r s  s i n c e  i t s  inven t ion  boggles  t h e  imaginat ion.  
Y e t , ,  t h e  most commonly employed geometry -- a v a i l a b l e  from more than  s i x t y '  
domest5c. manufac turers lo5  -- remains remarkably s i m i l a r  t o  t h e  dev ice  whi.ch 

* 
A p a r t i c u l a r  gas  c e n t r i f u g e ,  known as a "turbocyclone.," has  been suggested 
which c l o s e l y  resembles t h c  a x i a l  conipressor/separat.os. However,. becabse 
bo th  t h e  b lades  and t h e  o u t e r  ca s ing  r o t a t e  i n  t h i s  device ,  i t  i s  discussed:  
under t h e  heading, "centrifuges. ." 



received a German patent in 1855: a typical design with geometrical propor- 
tions is. shown in Fig. 14. 

Recommended Duty \ D 3/D b / ~  Dqdp S/D h / ~  ' HID B/D 

~ i g l l  e~flcltluc~?~~ 1 0 . 5  0.2 0.3 0.5 1.5 . 4 .U  U.313 

Higheffi~ienc~~'~ 1 0.44 0,21 0.4 0.5 1.4 . 3 . 9  0.4 

. General purpose1 O9 1 0.5 0.2.5 ' n.5 0.625 , 2.0 &,n 0.25 

~ e n e r a l ~ ~ u r ~ o s e ~ ~ ~  1 0.5 0.25 0.5 . '0.6 1.75 3.75 0.4 

High throughputalo7 1 0.75 0.375 ' 0.75 0.875 .1.5. ' 4.0 ,0.375 

High throughputlo6 1 0.8 0.35 0.75 ' 0.85 1.7 ' 3.7 0.4 

a 
Scroll type gas entry used. 

Fig. 14. Standard Cyclone Geometry and Proportions . . 
(schematic reproduced from Ref. 133 with 
pcrrtlission of Cheulical Engineering P~ogress) 

' 

Cyclones may be distinguished from scroll collectors by observing that the 
streamline is designed to traverse more than one complete revolution (usually 
ca. 5). They can bc classified in a number of ways: direct (ur u~liIluw) 
versus vane rotation; simple-flow versus flow with auxiliary injection; and 
induced draft versus forced draft. In addition, cyclones are also approximately 
classed based upon their diameter: "large,': which corresponds to roughly 0.5 
to 4 m diameter and is used for high-throughput ~pplications where low 
efficiency is acceptable; "medium," of approximately 20 to 100 cm diameter 
for moderate throughputs and efficiency; and "small" or "multiclones," in the 
range of 5 to 30 cm diameter and used for the highest efficiency requirements. 



Numerous d a t a  e x i s t  f o r  cyclone performance a t  moderate temperatures  
and a t  atmospheric p re s su re  (e .  g., Refs.  78, 80, 83-86, 9 2 ,  104, 106-111) . 
These d a t a  a r e  u s u a l l y  presented  i n  t h e  form of a p l o t  (which i s  termed a 
"grade e f f i c i e n c y  curve") of e f f i c i e n c y  ve r sus  p a r t i c l e  s i z e  f o r  a  prescr ibed  
p re s su re  drop. 

I f  t h e  p a r t i c u l a t e  d i s t r i b u t i o n  is.known f o r  t h e  gas stream t o  be . c l eaned ,  
then  t h e  o v e r a l l  s e p a r a t i o n  e f f i c i e n c y  can be c a l c u l a t e d  by weighted s t e p  
ca l cu la t ions . -  Data of a more d e t a i l e d ' n a t u r e ,  such a s  v e l o c i t y  p r o f i l e s ,  
is  ava i l ab l e1  12-' though n o t  abundant :' more fundamental s t u d i e s ,  such as 
a  mapping of t h e  three-dimensional tu rbulence  stress f i e l d ,  have s t i l l  t o  be 
done. .Although i t  is  n o t  p o s s i b l e  a t  p re sen t  t o  provide a  s imple  des ign  
parameter t h a t  w i l l  p r e d i c t  t h e  s e p a r a t i o n ' e f f i c i e n c y  based upon gas and 
p a r t i c u l a t e  p r o p e r t i e s ,  v e l o c i t y ,  and geometry, i t  is p o s s i b l e  t o  i n d i c a t e  
what must be done i n  gene ra l  t o  i n c r e a s e  t h e  e f f i c i e n c y .  

Table 7. Parameters which Af fec t  Cyclone Ef f i c i ency  
. . 

Type Trend Required t o  Inc rease  Ef f i c i ency  
. . 

. . Medium 

Decrease Diameter 
Inc rease  Lengph 

Inc rease  Tangent ia l  Veloc i ty  
Decrease - Viscos i ty  

P a r t i c u l a t e  Increase'  Density 
Inc rease  Diameter 
Decrease Surface-to-Volume Rat io  
Inc rease  Concentrat ion 

Decreasing t h e  cyclone diameter  has  proved t o  be t h e  most convenient  des ign  
parameter and i s  t h e  b a s i s  of t h e  mul t i c lone  concept:  an  a r r a y  of s m a l l  
cyclones i n  p a r a l l e l  i s  more e f f i c i e n t  than  a  s i n g l e  l a r g e r  one. 

- Fac to r s  which adverse ly  in f luence  c o l l e c t i o n  e f f i c i e n c y  i n  cyclones a r e :  
deagglomerat ion ,  reent ra inment  , d e p r e c i p i t a t  ion ,  i n £  i l t r a t i o n ,  r e c i r c u l a t i o n ,  
and plugging. Deagglomeration occurs  when f r i a b l e  p a r t i c u l a t e  e n t e r s  a  h ighly  
t u r b u l e n t  environment. Secondary flows and v i scous  e f f e c t s  can cause t h e  w a l l  
boundary l a y e r  (which con ta ins  a  h igh  p a r t i c u l a t e  concen t r a t ion )  t o  p e r i o d i c a l l y  
s e p a r a t e ,  w i th  t h e  r e s u l t  t h a t  t h e  p a r t i c u l a t e  which had been sepa ra t ed  r e t u r n s  
t o  t h e  flow f i e l d ;  t h i s  phenomenon is  c a l l e d  reentrainment .  Adhesion f a i l u r e  
of t h e  p a r t i c u l a t e  s u r f a c e  bond can occur  when t h e  f l u i d  shea r  stress i n  t h e  
v i c i n i t y  of t h e  w a l l  i s  too  l a r g e  and r e s u l t s  i n  d e p r e c i p i t a t i o n .  I n f i l t r a -  
t i o n  can occur  f o r  cyclones which o p e r a t e  a t  subatmospheric p re s su re .  
Rec i r cu la t ion  and plugging can occur  i n  mu l t i c lone  a r r a y s  which u s e  a common 
hopper and very  smal l  tube  e x i t  diameters .  I n  gene ra l ,  t h e  i n f luence  of 
t h e s e  adverse  f a c t o r s  i n c r e a s e s  w i t h  i n c r e a s i n g  i n l e t  t a n g e n t i a l  v e l o c i t y  
and u l t i m a t e l y  negates  any i n c r e a s e  i n  c o l l e c t i o n  e f f i c i e n c y  d e s p i t e  improved 
s e p a r a t i o n  mechanics. 

The theory  of confined v o r t e x  f lows is  p r e s e n t l y  woeful ly inadequate t o  
un rave l  t h e  fluid-dynamic mys te r i e s  of t h e  cyclone.  Even t h e  very  s imp les t  



of geometries, t h a t  of t a n g e n t i a l  inj'ect.ion throughout the  ' length  of a -  
c y l i n d r i c a l  tube wi th  a s i n g l e  e x i t  hoLe i n  one end p l a t e ,  can only be  solved 
f o r  very s p e c i a l  f ami l i e s  of flows due t o  needed s i m i l a r i t y  c r i t e r i a .  120 '. . 

For t h e  cyclone geometry shown i n  Fig. 14, t h e r e  i s  a double vor tex  (one 
i n s i d e  the  o the r )  wi th  two flow e x i s t s ,  which makes t h e  problem a n a l y t i c a l 1  
insurmountable. In  add i t ion ,  complex i n t e r n a l  r e c i r c u l a t i o n  zones e x i s t ,  12Y 
a t  both t h e  top and bottom of t h e  cyclone, causing a s t rong ly  three-dimensional . . . .  
flow. - .  

'The governing equations of motion a r e ,  n a t u r a l l y ,  highly nonlinear .  .,, 
Since the  flow along t h e  diameter of t h e  cyclone is viewin a concave sur.face, 
t h e  formation of a ~ g r t l e r  long i tud ina l  vor tex  s t r u c t u r e  l2!, 123.  i s  l i k e l y ,  
which adversely a f f e c t s  performance by reen t ra in ing  separated p a r t i c u l a t e .  
The w a l l  boundary l a y e r  i s  a l s o  known t o  be uns table  t o  I.n,wa.rd displacements, 
which i s  the  cause of t h e  often-observed dus t  s t r e a k s  o r  s t r i a t i ~ n s . - l ~ ~ ? . f ~ : ~  
The i n t e r n a l  flow f i e l d  of cyclones is ,  of course, tu rbu len t ;  but  i t  i s  a non- 
homogeneous,and h ighly  an i so t rop ic  turbulent  f i e l d  f o r  which . the many closure 
hypotheses developed f o r  quas i l inea r  flows a r e  not  appl icable .  126 Confined 
vor tex  flows a l s o  present  o ther  p e c u l i a r i t i e s  such a s  extreme sens i t iv i ty .  
t o  downstream boundary conditions127 and t h e  formation of -vor tex  bubbles o r  
breakdown. 12' These and o the r  analy t ica l '  d i f f i c u l t i e s  have been s w r i z e d  
i n  a recent  survey paper on confined s w i r l  flows. 129 

Despite these  prodigious problems, it  is not  uncommon t o  f i n d  statements 
such a s  the  fol lowing i n  t h e  l i t e r a t u r e :  "The theory conforms wi th  experience 
so  t h a t  performance l i m i t s  and c a p a b i l i t i e s  a r e  e a s i l y  ca lcula ted"  (Ref. 130, 
p. 1-7). Although expressions a r e  a v a i l a b l e  t o  p red ic t  both pressure  drop 
and grade e f f i c i ency ,  these  should be  taken a s  semiempirical r u l e s  of thumb 
f o r  a l ready es tab l i shed  geometries and no t  "solut ions" t o  t h e  gener ic  problem. 
The d i s t i n c t i o n  between so lu t ions  and empir ica l  design expressions is  an 
important one because i t  suggests  t h a t  marked improvements may be poss ib le  i n  
t h e  pertormance o t  devices employing a confined c e a t r i p e r a l  acce le ra t ion  
f i e l d  -- p a r t i c u l a r l y  f o r  novel geometries and new flaw regimes. Because 
t hese  devices have been s o  success tu l  rou t ine ly  i n  many different  i n d u g t r l a l  
app l i ca t ions ,  they have been the  s u b j e c t  of very l i t t l e  fundamental research:  
11 ... cyclones have been designed t o  f i t  a standard-sized shee t  metal r a t h e r  than 
a s p e c i f i c  app l i ca t ion  ..." (Ref. 131, p. 414). The primary research e f f o r t  on 
cyclones was accomplished, f o r  t h e  most p a r t ,  i n  the  period ca. 1930-1950 before  
t h e  advent of e l e c t r o n i c  hot-wire probes /corre la tors ,  laser-doppler veloci-  
meters,  e t c .  and while t h e  theory of turbulence was s t i l l  i n  i t s  infancy; not  
even t h e  exis tence  of Gor t ler  v o r t i c e s  and t h e  Ranque-Hilsch e f f e c t  -- two 
pecu l i a r  phenomena of confined vor tex  flows -- was known i n  the  United S t a t e s  
u n t i l  t h e  end of t h i s  period (ca. 1950). 

Over the  years ,  a l a r g e  number of quasiempirical  c o r r e l a t i o n s  have been 
developed £,or r e d i c t i n g  both t h e  pressure  drop and the e f f i c i ency  o f ,  , . ,  

cyclones. "0-192 Leifh  and Licht l  have developed a t h e o r e t i c a l  r e s u l t  based 
upon a cont inual  backmixing assumption -- t h a t  turbulence a c t s  t o  maintain 
a unif o m  p a r t i c u l a t e  concentra t ion  throughout the  flow f i e l d .  * They a l s o  
assumed t h a t  t h e  p a r t i c u l a t e  was spher ica l ,  highly d ispersed ,  and ac ted  upon 

* 
A condi t ion  which i s  t h e  b a s i s  of t h e  Deutsch equation (Eq. 47) and is 
c h a r a c t e r i s t i c  of any tu rbu len t  flow i n  long, narrow geometries. 



by Stokes drag. The second o rde r  term of t h e  governing equat ion ,  Eq. 25, was 
dropped t o  making i t  l i n e a r  and f i r s t  o rder .  The flow s t r eaml ines  were assumed 
t o  be s t r i c t l y  c i r c u l a r  ( i . e . ,  no r a d i a l  component) and t h e  t a n g e n t i a l  v e l o c i t y  
was expressed i n  a power law r e l a t i o n  w i t h  t h e  r a d i u s  def ined  by a power 
exponent, n,  a s  

= cons t an t  (55) 

where Vs and Vs were assumed t o  be  i d e n t i c a l .  I n  t h e  c o r e  of a confined vo r t ex  
flow, approximately bounded by t h e  diameter  of t h e  e x i t  tube  (De of Fig. 1 4 ) ,  
t h e  flow e x h i b i t s  s o l i d  body r o t a t i o n  (concent ra ted  v o r t i c i t y )  and n = -1 i n  
t h e  region.  I n  t h e  annular  reg ion  between t h e  c o r e  and t h e  boundary l a y e r  on 
t h e  o u t s i d e  w a l l ,  t h e  f low approximates p o t e n t i a l  f low (vor tex- f ree)  such 
t h a t  n 2 +l. I n  t h e  w a l l  boundary l a y e r ,  cs decreases  r a p i d l y  wi th  inc reas ing  
r and hence n >> 1'. Data f o r  t h e  t a n g e n t i a l  v e l o c i t y  p r o f i l e  from t h e  c o r e  
boundary, which is  t h e  l o c a t i o n  of maximum vs, t o  t h e  w a l l  boundary l a y e r  
i n d i c a t e  t h a t  n 1 0.5 -t 0.8, depending upon c o l l e c t o r  geometry and media 
p r o p e r t i e s  (p r imar i ly  f low Reyx~olds number). The only  known means of pre- 
d i c t i n g  n is  by t h e  empi r i ca l  r e l a t i o n s h i p  given by ~ l e x a n d e r l ~ ~  

where D i s  t h e  cyclone d i a m e t e , r i n  cm and T i s  t h e  medium temperature i n  O K .  

The motion becomes ' less  vor tex- f ree  ( i .e . ,  i -1) w i t h  decreas ing  D and/or  
i nc reas ing  T . 

The r e s u l t s  o f  ' t h i s  . . ~ n a l y s i s l ~ ~  y i e l d .  

. ,  where 

11 (n + 1 )  B = 4 [n + 1 )  ImC] 

where C is s t r i c t l y  a geometr ica l  parameter  based upon t h e  dimensions of Fig. 
14,  and I m  is a s  given in2.Eq., 33 with  qs eva lua t ed  a t  t h e  r a d i u s  of t h e  cyclone 
wal l*  ( i .  e. , . D/2). Thus, t h e  e f f i c i e n c y  is p red ic t ed  t o  i n c r e a s e  w i t h  increas-  
i n g  C and I m ;  n a l s o  i n c r e a s e s  w i t h  i n c r e a s i n g  n excec t  f o r  ve ry  l a r g e  va lues  
of C Im.  This  p r e d i c t i v e  model has., been compared133 .with t h e  d a t a  of 
~ e n ~ b e r ~ e n l ~ ~  a s  shown i n  Figs.  1 5  and 16 f o r  a cyclone 28 cm i n  diameter .  
From t h e  s l o p e  of " the d a t a  in: Fig. 16 ,  n can be  found t o  b e  0.43. From t h e  
va lue  of t h e  o r d i n a t e  where, 2, = 1 ( i .  e . ,  a b s c i s s a  = 1 )  , C can b e  found t o  b e  
17.6. The p red ic t ed  va lues '  0.f n (from Ref. 134) and of C (Ref. 133)' based upon 
t h e  cyclone geometry a r e  0.60 and 23.8, respect ively. :  .Thus, t h e  c o l l e c t i o n  
e f f i c i e n c y  of cyclones can b e  empi r i ca l ly  we l l - co r r e l a t ed  i n  terms of an impac- 
t i o n  number i d  a ,floy,.Reynolds number-dependent .exponent,  n ;  t h e  methods of 
c a l c u l a t i n g  n and C a priori y i e l d  only  approximate e s t i m a t e s  of  t h e i r  t r u e -  ** . . values .  

' 6 * . . 
S t r i c t l y  speaking, t h i s  must b e  out$i.de t h e  boundary l a y e r  b u t  s i n c e  D >> 6 
( t h e  boundary-layer t h i c k n e s s ) ,  t h e r e  is  . l i t t l e  e r r o r  i n . i g n o r i n g  t h i s  

. .  . 
d i f f e r e n c e .  

. .. , . ** 
The c a l c u l a t i o n  of C .by. ~ e i t h ~ . ? ~  f o r  two. s i z e s  .of cyclones used by 
~ e n ~ b e r ~ e n  l (28 and 47 cm) y i e lded  ' i d e n t i c a l . - v a l u e s  ( i .  e .  , 23.8) , b u t  t h e  
d a t a  r e q u i r e  a change by a f a c t o r  of 2 (8.78 and 17.6,  r e s p e c t i v e l y ) .  
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The e f f e c t  of high temperature and h igh  p re s su re  upon the  performance of 
a given cyclone geometry (i.e., f i x e d  C) can be p r e d i c t e d  by c a l c u l a t i n g  t h e  
e f f e c t  upon I m  .and n. A s  was noted by Eq. 40, I m  decreases  w i th  t h e  two- 
t h i r d s  power of T. Using Alexander 's  Eq. 56 f o r  a f i x e d  ,D y i e l d s  

. ~ 

By taking no = 0.7 and C = 20 a t  300 K w i th  an e f f i c i e n c y  of 0.990, 

. A t  1273 K, us ing  Eqs. 58, 40, and 57, . t h e  p red ic t ed  performance can  be 
determined 

Thus, t h e  e f f i c i e n c y  based upon t h i s  model .£or  t h e s e  p a r t i c u l a r  va lues  of no,  
n.,,,and C can be expected t o  decrease  l e s s  than  2% ( e .g . ,  1.9%) f o r  an i n c r e a s e  
i n  temperature from 27OC t o  1000°C. 

- This  a n a l y s i s  may be compared wi th  t h e  technique suggested by ~ a ~ l a n l ~ ~  
where 

Using n, = 0.990 a t  300K as before ,  t h i s  method y i e l d s  0 = 0 . 9 8 4 ' a t  1273K, a 
decrease  pf 0.6%. This  r e s u l t  p r e d i c t s  a much less adverse  change i n  
e f f i c i e n c y  than  t h a t  ob ta ined  fo l lowing  Le i th :  0.6% v s .  1.9% decrease .  In  
both ana lyses ,  t h e  p r e s s u r e  of t h e  medium does n o t  e n t e r  i n t o  cons ide ra t ion .  

Although t h e  decrease  i n  cyclone e f f i c i e n c y  wi th  i n c r e a s i n g  temperature 
i s  small, t h e . e f f e c t  is  nonethe less  s i g n i f i c a n t  b e c a u s e ' t h e  envisioned . 

a p p l i c a t i o n ,  Fig. 5 ,  p r e s e n t s  such s t r i n g e n t  requirements .  The e f f i c i e n c y  
d a t a  of cyclones i s  given a s  a f u n c t i o n  of p a r t i c u l a t e  diameter  (which i s  



usually a mass-mean value for polydisperse aerosols). and pressure drop (which 
is directly relatable to inlet velocity, Vs) based upon a fixed cyclone dia-' 
meter (the primary geometrical parameter). For multiclones of D =.lo-3O'cm, 
at pressure drops of 7-11 mu Hg, efficiencies of 0.95 are possible with par- 
ticulate as small as 5-pm diameter.92 By using a device known ag a fines 
eductor ( a continuous dust removal slot along the entire length of the cy- 
clone), efficiencies as high as 0.955 on fly ash ( 6  = 2.5 g/cm3, 45% mfnus 
10 pm, 150°C) are ossible with cyclones 150 cm in diameter at a ressure 
drop of 11 mm Hg. lg7 Some manufacturers le .  g.', Fi~her-Klosterman~~~) claim ' 
rl = 0.999 on particulate as small as 4 pm via a "super-~~clone." If it is 
assumed that a given cyclone geometry can demonstrate rl = 90% at d = 10 pm 
at an acceptable pressure drop, then Eq. 57 would predict that efficiencies 
on the order of 99.99% can be achieved on particulate of 70-pm diameter--a 
highly promising prospect based upon the requirements of Fig. 5.* Therefore, 
Lur a fluidized-bed application, the use of cyclonic separation appears feas- 
ible despite the high inlet particulate concentration h e C a i i s ~  t h ~  meail par- 
Cicle diameter is sufficiently large that the h'igh collection efficiencies 
required oppcor to be obtainable. , 

Although high-temperature operation of cyclones is not common, it is ' 

readily possible. Cyclones have been used at temperatures as high as llOO°C 
(Ref. 140, p. 111). and at least one manufacturer quotes off-the-shelf usage 
at 980°C. There are two general structural approaches possible: use of an 
external pressure shell (i.e., double-wall structure) or use of a refractory 
lining inside a single shell. Thus, no fundamental barrier exists to the 
application of cyclones to the high-temperature and pressure environment. 

Locomotive Development Committee (LDC) Dunlab Tubes. The only known 
program to develop cyclone technology for high-temperaturejhigh-efficiency 
application was that of the LDC, established by BCR from 1944 to 1959 and 
carried on for a time by BOM (+rgantown), as was, noted in Part I. 39-45 
Yellott's paper42 details the principal results of the LDC effort and Smith's 
paper45 of the BOM cffort. 

Four types of cyclones were tested by and for the LDC: the Aerotec (a , 

very small diameter multiclone) by the Inst'itute of Gas Technology, a multi- 
clone (10 VSX) by Western Precipitation Corp., an American Blower ST 361 by : 

Northrup Corp., and the "Dunlab Tubee" by the Dunkirk Laboratory of the LDC. 
The geometries of these devices are shown in Fig. 17. The typical operating 
environment of these devices was 2 to 5 atm pressure and 370-700°C at an inlet 
particulate concentration of ca. 5 g/m3. The original target concentration at 
the exit was ca. 0.5 g/m3, which corresponds to a collection efficiency of 
90%. A major problem associated with using these collectors was the need to 
separate very fine, hot ash particulate that had carbon contents as high as 
50%. The carbon burned "vigorously" unless the collected particulate was 
removed by using a continuous blowdown of approximately 1 to 2% of the through- 
put. Much of the design effort was related to solving this difficulty. 

* 
By fitting data to r~ = aib typical values of the exponent based upon &nu- 
facturer's specifications139 yield b & 0.07 for d ; 10 + 35 pm. 
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Fig. 17; Cyclones Tested by 'LDC 

. . 
Diaa~rtrr, Inchcs Over-all Blowdown 

Discharge Length, Vane . Size of 
Tube Designation Barrel tube Inches Angle, Type line, inches 
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Am. Blower ST 361 
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'Tangential 
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Reprinted with permission, from J. I. Yellott and P. R. Broadley, Ind. Eng.. Chem. 4 7 ( 5 ) ,  9t1t1-952 (May 1955). 
. . Copyright by the American Chemical Society. '. - 

. . . , 

The effect of these parameters--particulate size, medium temperature, 
.and mass throughput--was examined in detail. Typical particulate distribu- 
tions £or the fly, ash 'used and the.performan-ce of the Mark 111 Dunlab tube 
with three different distributions are shown in Fig. 18. It is clear that ' ' 

the ef,ficiency,is:very dependent upon the relative concentration ,of the small 
particulate :in the aerosol. F O ~  f luidi'zkd-bed combust ion, the efficiency of 
these devices would be very high.' . . .  



Fig. 18. The Effect  o f  P a r t i c u l a t e  Fly-Ash 
Didt r ibut ioa  upon the  Efficiency 
of t h e  Nark I11 D~inlsh Tube a t  
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-... .... . ___i_ . . 
Reproduced wi th  p e k s a l o n ,  from J. I. Yel lo t t  . . 
and P. R, Broadley, Ind. Eng. Chem. 4 7 ( 5 ) ,  
944-952 (May 1955), copyright by t h e  American 
Chemical Society. 

The e f f e c t  of temperature upon co l l ec t ion  e f f i c iency  f o r  a given p a r t i c u l a t e  
cafi be seen i n  Fig. 19. 

The e f f i c iency  d a t a  f o r  a l l  cyclone types can be  presented as a fnnctlon 
of a m s  flow r a t e  (which can be t r ans la ted  t o  flow Reynolds number), a s  shown 
i n  Fig. 20. 
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Fig. 19.  .The Effect of Temperature upon the ~ f f i c i e n c ~  of . . . . 
. .  . Three Cyclones for. a Fixed particillate,. 42 : 
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Fig. 20. The Effec t  .af Mass Fl.aw Rate and , 

Temperature, on t h e  Col lec t ion  
~f f i c i e n ~ ~ . . ~ ~  "Reprinted with 
permission, from J. I. Y e l l o t t  and 
P . R. Bradley, Ind. Eug. C1.lem. 

. . .. ... . . 
,::. ,,..,!. , .  . ,  . ~ .  47(5), 944-952 .(May 1955). Copy- 

r i g h t  by the  American Chemical ... , ,. . ? . . .  . . . . . . . 
Society. . .. . . ,  

. . . . .: . .  . . .  ,. . . 
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A s m a l l  sp inner  was placed i n  a  scale-model of a  Mark I Dunlab tube and 
i ts  r o t a t i o n  was measured by a stroboscope and found t o  be  a s  high a s  15,000 
revolut ions  per ,  minute which f o r  t h e  10-in. tube, implfes t h a t  . t h e  c e n t r i p e t a l  
acce le ra t ion  w a s  3 x l o 5  m / s 3  ( 3  x l o 4  times t h e  acce le ra t ion  of g rav i ty ) .  
From Fig. 9 ,  t h i s  acce le ra t ion  i n t e n s i t y  should r e s u l t  i n  a  d r i f t  v e l o c i t y  
g r e a t e r  than 1 m / s  f o r  2 > 1 Dm. In  t h e  absence of secondary e f f e c t s ,  p a r t i -  
c u l a t e  l a r g e r  than 1 Dm should reach t h e  tube w a l l  from.any point  wi th in  t h e  
cyclone i n  25 ms. The mean residence time f o r  a  Mark i . t u b e  a t  50 lbm/mid i s  
on t h e  order  of I s o r  40 times t h e  maximum residence time required t o  separa te  
t h e  most unfavorably posi t ioned 1-pm p a r t i c l e .  The-discrepancy between t h e  
impl ica t ions  of t h i s  ana lys i s  and t h e  da ta  can be  a t t r i b u t e d  t o  t h e  presence 
of secondary flows (Gijrtler v o r t i c e s ,  wall- layer  separa t ion ,  r e c i r c u l a t i n g  
flows, e t c . )  and t h e  cont inual  mixing e f f e c t  of t h e  f low-field turbulence. 
F e s e  phenomena can be  expected t o  preclude any improvement i n  0 with inc reas ing  
Vs and a r e  i n  f a c t  ref lec t ,ed  i n  t h e  d a t a  ( e . g . ,  curve 5 of Pig. 20). The 
proper conclusion of t h i s  circumstance i s  t h a t  the  microflow s t r u c t u r e  needs 
t o  be  examined f o r  mechanisms which w i l l  i n h i b i t  t h e  de le te r ious  e f f e c t s  of 
secondary flows and turbulence upon t h e  separa t ion  p o t e n t i a l .  The r e l a t i v e l y  
poor performance of t h e  LDC cyclones should be  q u a l i f i e d  by observing t h a t  
t h e s e  devices were being used f o r  very small  p a r t i c u l a t e  and compromises were 
made i n  t h e i r  design t o  dea l  wi th  t h e  combust ib i l i ty  of t h e  co l l ec ted  mater ia l .  

After t h e  BOM took over t h e  LDC program, they f i r s t  redesigned t h e  tur -  
b ine  b lades  t o  make them more r e s i s t a n t  t o  erosion.  Af ter  2000 h r  of opera- 
t i o n  us ing a bank of 26 Dunlab tubes i n  p a r a l l e l  a t  5 a t m  and 670°C, f t  was 
concludid4 t h a t  f u r t h e r  improvements i n  the  ash-removal system and , coal  
combustor were required before  t h e  concept of a  coal-burning tu rb ine  would 
be p r a c t i c a l .  An a x i a l  flow ash separa to r ,  shown i n  Fig. 21, was proposed 
a s  a  second s t a g e  c o l l e c t o r  o r  a s  a  replacement f o r  t h e  Dunlab mult iclones.  



Fig. 21. Bureau of ,Mines (Morgantown) 
Proposed Axial-Flow Ash 
sepa ra to r4  (reproduced wi th  
permission,  from Trans,  ASME, . .. 
J. Eng. Power) 

Fu r the r  tests of t h e  d i r ec t - cyc l e  c o a l  combustor were t o  be  performed. 
However, a s ea rch  of t h e  Science C i t a t i o n  Index through September 1975 y i e lded  
only one c i t a t i o n 1 4 1  of t h e  Smith paper .45 The Corporate Source Index d i d  
no t  produce a s i n g l e  j o u r n a l  c i t a t i o n  by any of t h e  au tho r s  of Ref. 45 over  
t h i s  same pe r iod ,  sugges t ing  t h a t  t h i s  work w a s  e i t h e r  terminated o r  unpublished. 

ARL Vortex Tubes. During t h e  per iod  1961-1975, t h e  Aerospace Research 
Labora tor ies  of t h e  U.S.A.F. a t  Wright-Patterson AFB, Ohio, sponsored a s e r i e s  
of a c t i v i t i e s  r e l a t e d  t o  confined v o r t e x  flows. Among t h e i r  i n t e r e s t s  were 
a p p l i c a t i o n s  t o  (1) f i s s i o n - m a t e r i a l  containment f o r  a v o r t e x  nuc lea r  rocke t ,  
(2) s t a b i l i z a t i o n  and h e a t  t r a n s f e r  a s soc i a t ed  wi th  a plasma-jet a r c ,  and (3)  
improved cyc lonic  s epa ra t ion .  General research  i n t o  t h e  problems of  confined 
vo r t ex  flows wno a l s o  sponsored and has  heen surveyed. 142 Thei r  r e s u l t s  i n  
t h e  a r e a  of h e a t  t r a n s f e r  were r e c e n t l y  summarized. 12' No such summary of 
t h e i r  work on cyclones i s  k.nown t a  exist, 

The cyclone work was begun i n  1961 and w a s  conceived15 ,143 by D r .  Hans 
von 0hain." The b a s i c  o b j e c t i v e  of t h i s  e f f o r t  was t o  f i n d  geometr ical  con- 
f i g u r a t i o n s  wi th  secondary i n j e c t i o n  f o r  which t h e  secondary flows i n e x t r i c a b l y  
a s s o c i a t e d  wi th  confined v o r t i c e s  a ided  r a t h e r  than  i n h i b i t e d  p a r t i c u l a t e  
s epa ra t ion .  The devices  which germinated from t h i s  concept were c a l l e d  

* .  
D r .  von 0hain is  p r e s e n t l y  Chief S c i e n t i s t  of t h e  Aero-Propulsion Laboratory 
of WPAFB, Dayton, Ohio. 



"reversed  f low v o r t e x  chambers." The documentation of t h i s  15-yr program d id  
n o t  r e c e i v e  a wide c i r c u l a t i o n  and, a s  a r e s u l t ,  t h e i r  work is no t  widely 
known. A computer key-work sea rch  of t h e  Engineering Index (ca.  2000 jour-  
n a l s  s i n c e  1970) a n d , t h e  Nat iona l  Technical  Information Serv ice  ( r e p o r t s  
s i n c e  1964) d a t a  bases  f a i l e d  t o  y i e l d  a s i n g l e  c i t a t i o n  on "reversed-flow 
v o r t e x  chambers." -The publ i shed  l i t e r a t u r e  of t h i s  o r g a n i z a t i o n ' s  work on 
cyclonic s e p a r a t i o n  has  been compiled (with t h e  a s s i s t a n c e  of E.  E. soehngen15) 
and i s  given as Ref. 144-159 .* 

Poplawski and ~ i n c h a k l ~ ~  have presented  soine of t h e  pre l iminary  work on 
d u s t  s e p a r a t i o n .  Three d i f f e r e n t  chambers,were cons t ruc ted :  one f o r  high- 
p r e s s u r e  work and two f o r  low p res su re  a p p l i c a t i o n s  (one forced  low flow and 
one induced h igh  f low) .  The high-pressure s e p a r a t o r  i s  shown i n  F ig .  22. 

Fig.  22. The High-Pressure ARL Vortex Tube 
(reproduced from nc f ,  145) . , 

Tangent ia l  i n j e c t i o n  from t h e  i n l e t  manifold was by menas o:f 48 no&le&, of 
1 . 6 - m  diameter ,  l o c a t e d  a t  f o u r  d i f f e r e n t  r a d i i .  The cleaned a i r  was removed 
a t  t h e  exhaust  manifold a t  each end; t h e  p a r t i c u l a t e  was removed,near t h e  
c e n t e r  a t  a p a i r  of " ex i t s . "  By cons t ruc t ion  of t h e  'chamber i n  .two mirror-  
image ha lves ,  one end-wall boundary l a y e r  (and i t s  a s soc i a t ed  secondary £lows) . 

was e l imina ted .  The v o r t e x  generated by t h i s  device  was exceedingly  intense-- 
t a n g e n t i a l  Mach numbers of ca. 1 .2  and anemometer r o t a t i o n a l  speeds, of 480,000 
r evo lu t ions  p e r  minute,  which t r a n s l a t e s  t o  an a c c e l e r a t i o n  . f i e l d  100 m i l l i o n  
t i m e s  t h a t  of .g rav i ty  ( s ee  Fig. 9): No p a r t i c u l a t e  s e p a r a t i o n  da t i :was  
r epo r t ed  f o r  t h i s  chamber. 

The low-pressure,  low-flow ( fo rced ) ,  v o r t e x  chamber t e s t e d  i s  shorn  in 
Fig. 23. No provis ion  was made f o r  con t inua l  removal of s epa ra t ed  p a r t i c u l a t e ,  
and s o  a l l  d a t a  were taken on a batch-run b a s i s ,  us ing  weighed q i i a n t i t i e s  o f  

* 
Many of t h e s e  documents a r e  now d i f f i c u l t  t o  ob ta in .  The au thor  has  n o t  y e t  
been a b l e  t o  s e c u r e  copies  of Refs. 144 and 146-154. 



"Arizona road dus t"  which had a  t op  s i z e  of c a . . 5  pm. Visua l  examination of 
t h i s  chamber i n  ope ra t i on  revea led  t h a t  a  c loud of 1-2 pm p a r t i c u l a t e  
s t a b i l i z e d  i n  a  r eg ion  ca.  5  cm t h i c k  on e i t h e r  s i d e  of t h e  geomet r ica l  
cen.t.er. Th i s  s epa ra t ed  p a r t i c u l a t e  c loud was l o s t  i f  t h e  secondary i n j e c t i o n  
a t  R1 of Fig.. 23 was 'reduced by approximately.  50%. The r v t a t i o n a l  v c l o c i t y  
i n  t h i s  chamber was es t imated  t o  be  55,090 r e v o l u t i o n s  pe r  minute o r  one- 
t e n t h  t h a t  of t h e  high-pressure chamber. 

EXHAUST fl 8 INLET INLET 1, fl EXHAUST 

P I  EACH SIDE OF CHPMRFRI 
E REt,IAIN1);3 RADII HAVE 3.L- 

Fig .  23. The Low-Pressure, Low-Flow ARL Vortex 
Tube (reproduced from Ref. 145) 

The second low-pressure chamber u t i l i z e d  an induced-flow geometry t h a t  
r e s u l t e d  i n  a  much h ighe r  vo lumet r ic  flow r a t e .  A schematic  of t h i s  separa-  
t o r  i s  shown i n  F ig .  24. Many d i f f e r e n t  geomet r ica l  v a r i a t i o n s  of t h i s  de- 
v l c t :  were uscd: two d i f f e r e n t  c o n i c a l  end s e c t i o n s  ( l eng ths  of 7.75 o r  15  
i n . )  and a  number of d i f f e r e n t l y  shaped c o a x i a l  tube  i n s e r t s .  Continuous 
p a r t i c u l a t e  removal was accomplished a t  t h e  per iphery  of each end and was 
a ided  by means of a u x i l i a r y  a i r  i n j e c t i o n .  Two i n l e t  p a r t i c u l a t e  s i z e  d i s -  
t r i b u t i o n s  were used--"coarse" (0-200 ~ m )  and " f ine"  (0-15 pm). No s i z e  
d i s t r i b u t i o n  curves f o r  t h e s e  p a r t i c u l a t e s  were given.  The independent var-  
i a b l e  was t h e  vo lumet r ic  flow r a t e ,  which was v a r i e d  from 0 t o  0 .3  m 3 / s  
(0-600 f t3 /mi i l ) .  The d a t a  f o r  two g ~ n m e t r i e s  and s e v e r a l  flow r a t e s  a r e  
g iven  i n  Table  8. For t h e  range of  f low r a t e s  r epo r t ed  i n  Table  8 ,  t h e  ro- 
r a c i o n a l  speed  w a s  ca,  10,000 revol i l t ions  p e r  minute.  

From t h e s e  d a t a ,  i t  is  no t  p o s s i b l e  t o  e v a l u a t e  t h e  merits of t h e s e  
s e p a r a t o r s .  E f f i c i e n c i e s  of 95% f o r  p a r t i c u l a t e  l a r g e r  than  50 pm and 75% 
f o r  c a .  5-11m p a r t i c u l a t e  a r e  r e a d i l y  achieved w i t h  convent iona l  dev ices  ( a t  
much lower p re s su re  d rops ) ,  and s o  t h e  d e t a i l e d  s i z e  d i s t r i b u t i o n s  of t h e  
d u s t  must be  known be fo re  t h e s e  r e s u l t s  can be  a s se s sed .  
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PPg. 24. The Lm-Pressure, High-Flow ABL Vorrex 
Tube (reproduced from Ref. 145) 

Table 8. Separation Efficiency Data for the Low-Pressure, Low-Flow MU Vortex ~ u b e l ~ ~  

Geometrical Configuration . Volumetric Chamber Dump . Dust Separation 
Coaxial Insert End Cone Flow Rate, Pre.ssl?re Drop, Time, Size Range, Efficiency , 

Length, 
Diameter, in. Length, cfm. in wg nin ~m X 

5.10 3 (Cone) 15 498 8.60: 3 0-200 95 

5.10 3 (Cone) 15 508 8.60 3 0-5 74 
. . 

5.10 ., 3 (Cone) ' 7 314 .  478 8.47 3 0-5 6 8 
. . 

5.10' 3 (Cylinder) 7 314 584 7.80,. . 1 114 . 0-200 89 

5.10 3 (Cylinder) 7 3/4 . 584 7.70 3 0-200 . . . '  88 
. I . .  

5.10 3 (cylinder)' 7 314 . 5814 7.80 1 0-5 , . . ,65 

5.10 3 (Cylinder) 15 591 7.80 3 0-5 ' 71 

It should b e  noted t h a t  t h e s e  d a t a  weretobtained from t h e  f i r s t  .prototype 
t e s t e d ,  and improved conf igu ra t ions  of bo th  geometry and a u x i l i a r y  i n j e c t i o n  
should b e  p o s s i b l e  as t h e  s e p a r a t i o n  mechanics become b e t t e r  understood. . A t  
t h e  t ime t h e  r e p o r t  145 w a s  w r i t t e n ,  twenty s c i e n t i s t s  and t e c h n i c a l  . suppor t  
pe . r~onne1  were a c t i S e l y  a t  work on t h i s  problem. 



Current  High-Energy Cyclones. Despi te  t h e  apparent  absence of government- 
sponsored r e sea rch  on improved-technology cyclones,  s e v e r a l  devices  a r e  be ing  
developed by va r ious  manufacturers ,  These devices  f a l l  i n t o  two groups: 
mul t ic lones  and a u x i l i a r y  i n j e c t i o n  cyclones.  

S h e l l  O i l  Company has developed a h igh-ef f ic iency  mul t i c lone  arrangement 
t h a t  has  permi t ted  e f f l u e n t  from c a t a l y t i c  c rackers  t o  be  used wi th  t u r -  
b ines .  130 Babcock and Wilcox Company has  developed a p r o p r i e t a r y  c o l l e c t o r  
based on advanced cyclone technolo y t h a t  has  been' t e s t e d  under ambient con- 
d i t i o n s  on a hydrbcarbon m i s t .  y f 

The Corad Div is ion  of Donaldson Company has  developed160 a "TAN- JET^^ 
Cyclone System" which i s  e s s e n t i a l l y  a. mul t ic lone  concept employing a u x i l i a r y  
i n j e c t i o n  i n  each cyclone,  a s  shown i n  Fig.  25. 

. . 

PRIMARY 
BLOWER 

Fig. 25. The Donaldson T A N - J E T ~ ~  ~ u l t i c l o n e l ' ~  (reproduced 
wi th  permis'sion of .Donaldson Co., Inc . )  

Each cyclone is 22 cm i n  diameter  and 67 cm long wi th  a capac i ty  of 3 m3/min 
(100 s t d  f t 3 /min )  and r e q u i r e s  15-20% of t h e  primary a i r  flow f o r  a u x i l i a r y  
i n j e c t i o n .  Of'f-the-shelf usage t o  315°C i s  quoted,  w i th  h igher  temperature 
systems a v a i l a b l e  on r eques t .  The c o l l e c t i o n  e f f i c i e n c y  claimed f o r  t h e i r  
system is  given i n  F ig .  26 f o r  s i l i c a  d u s t  possess ing  t h e  shown d i s t r i b u t i o n .  

.'. The most widely app l i ed  new-technology cyclone has  been developed by 
System.Siemens and i s  a v a i l a b l e  domest ica l ly  by l i c e n s e  from t h e  A.erodyne 
Developinent Corporat ion.  1 6 1  These s e p a r a t o r s  are d i r ec t - f low cyclones wi th  

ii: vane-axial  i n j e c t i o n  cha t  employ a u x i l i a r y  i n j e c t i o n  and, a r e  a v a i l a b l e  f o r  
e i , ther  d r y  o r  s c rubbe r  a p p l i c a t i o n .  The  dry ve r s ion  i s  .shown i,n F i g ,  ,27. 

, . . . . . . .  . 
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Fig. 26. TAN- JET^^ Grade Ef f i c i ency  cu&ve16 O 
(reproduced with permi ssinn nf 
Donaldson Co . , Inc.  ) 
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Fig. 2 I .  Aerudylle SV (reproduced 
wi th  permission of Aerodyne 
Development Corporat ion)  

More than,1500 of t h e s e  c o l l e c t o r s  have been i n s t a l l e d .  throughout t h e  wor ld .bb  
They have been opera ted  a t  500°C/30 atm and a r e .  p ro j ec t ed  t o  be  usab le  t o  
900°C/30 atm.66 They have been t e s t e d  bywes t inghouse  a t  760°C and 0.7  m 3 / s  
(1500 f t 3  /min) and have demonstrated c o l l e c t  ion  e f f i c i e n c i e s  of 90% f o r  1 - p m  
p a r t i c u l a t e  a t  p r e s s u r e  drops of 1 . 5  cm H ~ . ~ ~  9 6 7  Combustion Power Company 
has  a l s o  t e s t e d  t h e s e  devices  i n  connect ion wi th  t h e i r  CPU-400 program.46-4q 



The claimed performance of t h i s  cyclone i s  shown i n  Fig.  28. . 
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Fig.  28. Aerodyne Grade Ef f i c i ency  curve16 
(reproduced w i t h  permission of 
Aerodyne Development Corporation) 

Despi te  t h e  apparent  c a p a b i l i t i e s  of t h i s  cyclone,  both Westinghouse and 
Combustion Power have e l e c t e d  t o  develop t h e i r  own c o l l e c t o r  systems based 
on granular-bed technology. 6 6  3 6 7  These dec i s ions  a r e  probably due t o  the 
high  concent ra t ions  of smal l  p a r t i c u l a t e  p re sen t  i n  t h e  d i r e c t  combustion 
(i. e.., non-fluidized-bed) concept . Aerodyne has submit ted a  proposa l  t o  
Foster-Wheeler Corporat ion t o  use  t h i s  c o l l e c t o r  fox p a r t i c u l a t e  c o l l e c t i o n  
a t  930°C/10 atm and 4 3  m 3 / s  (91,000 f t3 /min )  w i t h  a  f luidized-bed combustor. 

The s e p a r a t i o n  performance of convent iona l  cyclones can be improved by 
ope ra t ing  a t  a  h igher  throughput and p r e s s u r e  drop. However, t h e r e  is  a 
d e f i n i t e  l i m i t  t o  t h e  improvement r e a l i z e d  by simply inc reas ing  t h e  flow 
r a t e  (because of secondary f lows,  tu rbulence ,  e tc ' . )  and i t  is .under .  t h e s e  
c o i d i t i o n s  t h a t  t h e  a u x i l i a r y  i n j e c t i o n  technique can r e s u l t  i n  an  i n c r e a s e  
i n  e f f i c i e n c y  a l b e i t  a t  a  c o s t  of a d d i t i o n a l  complexity.  

,Centrifuges: I n  a d d i t i o n  t o  t he  d e l e t e r i o u s  e f f e c t s  of secondary f lows and 
turbulence  upon s e p a r a t i o n  performance f o r ' c o n f i n e d  v o r t i c e s ,  t h e r e  e x i s t s  an 
apparent  fluid-dynamic l i m i t a t i o n  upon a c c e l e r a t i o n  sepa ra t ion .  Hasinger i n  
two papers157,  15' has  shown t h a t  f o r  smal l  . p a r t i c u l a t e  (ca.  5 pm) in a Rar~klue 
vo r t ex ,  t h e r e  e x i s t s  a  s i g n i f i c a n t  r a d i a l l y  inward s u r f a c e  f o r c e  on an  ind i -  
v i d u a l  p a r t i c l e  a s ' a  r e s u l t  of t he  v e l o c i t y  g r a d i e n t  a c r o s s  i t s  diameter .  
The conclusion of t h i s  a n a l y s i s  i s  t h a t ,  a l though complete s e p a r a t i o n  must 
occur  f o r  p a r t i c u l a t e  i n  solid-body r o t a t i o n  v e l o c i t y  f i e l d s  ( i n  t h e  absence of 
r a d i a l  in-flow), f o r  vo r t ex  flows t h i s  cond i t i an  i s  no t  t r u e  and a p a r t i c l e  
can a t t a i n  a  p o s i t i o n  of r a d i a l  equ i l i b r ium away from t h e  w a l l  i n  s p i t e  of 
t h e  imposed body fo rce .  He concludes159 f o r  t h i s  case  t h a t  t h e  p a r t i c u l a t e  
d e n s i t y  muct be 200 t o  hQQ times t h a t  of t h e  medium i n  o rde r  t o  ensure  separa-  
t i o n  (aga in  ignor ing  secondary f lows) .  It i s  t h i s  c ircumstance t h a t  makes 
t h e  concept of a  gas c e n t r i f u g e  a t t r a c t i v e .  



Sol id  body r o t a t i o n  a l s o  e x h i b i t s  another  f avo rab le  fluid-dynamic 
c h a r a c t e r i s t i c :  i t  tends  t o  suppress  turbulence .  Experiments wi th  
ro t a t ing - tube  h e a t  exchangers have shown t h a t  h e a t  t r a n s f e r  a c t u a l l y  dimin- 
i s h e s  w i th  i n c r e a s i n g  r o t a t i o n  speed; t h i s  .is a t t r i b u t e d  t o  i nc reas ing  t h e  
c r i t i c a l  Reynolds number f o r  t r a n s i t i o n f r o m  laminar  t o  t u r b u l e n t  f 1 0 w . l ~ ~ ~ ~ ~ ~  
Thus, f o r  a  c e n t r i f u g e ,  t h e  t h e o r e t i c a l  p a r t i c u l a t e  d r i f t  v e l o c i t y  found from 
Fig .  9 can be  expected t o  be r e a l i s t i c .  The problem can be  analyzed by 
equa t ing  the  a c c e l e r a t i o n  body f o r c e  and t h e  Stokes drag  under equ i l i b r ium 

- 
where Vn has  been rep laced  by t h e  d e r i v a t i v e  of t h e  r a d i a l  p o s i t i o n .  In t e -  
g r a t i n g  from time equa l s  zero t o  t h e  r e s idence  t ime (tRES) y i e l d s  

where R i s  t h e  r a d i u s  of t h e  c e n t r i f u g e  and r .  is  t h e  i n i t i a l  r a d i a l  p o s i t i o n  
of t h e  p a r t i c l e  t o ,  be  separa ted .  For i j  = 2 g)cm3, 2 = 1 p m ,  o = 3000 rpm, and 
p evalua ted  a t  1000°C/10 atm, Eq. 62 y i e l d s  R / r i  = 1.26;  t h i s  means t h a t ,  f o r  
a  1-m-diameter c e n t r i f u g e ,  a l l  1-pm p a r t i c u l a t e  i n i t i a l l y  a t  a  r a d i u s  l a r g e r  
t h a n  40 cm w i l l  s e p a r a t e  i n  1 s o r  l e s s . *  Despi te  t h i s  very  promising f i g u r e ,  
gas  c e n t r i f u g e s  have no t  a t t r a c t e d  a t t e n t i o n  a s  collec.tors--no doubt due t o  
t h e  prodig ious  mechanical d i f f i c u l t i e s  a s soc i a t ed  wi th  t h e i r  ope ra t ion  on a 
cont inuous ( r a t h e r  than  ba tch)  b a s i s .  

~ i l s o n l ~ ~  has  r epo r t ed  on t h e  development of a  "Turbocyclone" i n  
A u s t r a l i a .  The dev ice  c o n s i s t s  of two concen t r i c  r o t a t i n g  s l e e v e s  wi th  
a t t a c h e d  t u r b i n e  b l ades  which s e r v e  t o  a c c e l e r a t e  t h e  incoming a x i a l  flow 
t o  solid-body r o t a t i o n  more r a p i d l y .  The d iameters  of t h e  inne r  and o u t e r  
s l e e v e s  are 10  and 1 5  cm, and t h e  r o t a t i o n  r a t e  i s  5000 rpm. 'The measured 
e f f i c i e r l cy  of t h i s  device  is  shown i n  Yig. 29 t o r  50UU rpm ope ra t ion  on an 
a e r o s o l  ob ta ined  by a  g l a s s  s i n t e r i n g  t o r c h  used t o  produce spheres  0.5 t o  
50 pm w i th  a  d e n s i t y  of 2.23 g/cm3. F i e l d  t e s t s  were conducted on a  sodium 
s u l f a t e  a e r o s o l  from a  paper  m i l l  and on t h e  a e r o s o l  produced by a  s u l f u r i c  
a c i d  p l a n t .  The p r i n c i p a l  d i f f i c u l t y  noted was t h e  i n a b i l i t y  t o  remove 
sepa ra t ed  p a r t i c u l a t e  t h a t  was not  a  l i q u f d  o r  s o l u b l e  s o l i d .  Despi te  t h e s e  
g e n e r a l l y  f avo rab le  r e s u l t s ,  a  s ea rch  through Science C i t a t i o n  Index up t o  
September, 1975, revea led  only  one paper ,  Schmidt, lb5 which has c i t e d  Wilson's 
work. 

Schmidt 's  paper i s  very  b r i e f  and g ives  only two a d d i t i o n a l  r e f e rences  
( i n  German) on t h i s  s u b j e c t .  16' , 167  I n s o f a r  a s  t h e  s e p a r a t i o n  mechanics a r e  
concerned, t h e  gas c e n t r i f u g e  remains a very a t t r a c t i v e  s o l u t i o n  t o  high- 
temperature,  h igh-ef f ic iency  c o l l e c t i o n .  A somewhat s u r p r i s i n g  f i n d i n g  i s  
t h a t  t h e  power requirements  a r e  comparable t o  t hose  of mu l t i c lones ,  bag 
f i l t e r s ,  and e l e c t r o s t a t i c  p r e c i p i t a t o r s  (ca.  2  kW per  1 m3/s) . 'IG4 

* 
The r equ i r ed  l e n g t h  of t h e  c e n t r i f u g e  w i l l  depend on t h e  a x i a l  v e l o c i t y  
p r o f i l e  and i s  a  more complex c a l c u l a t i o n .  



0 1 2 3 4 5 

SPHERE DIAMETER. urn 

Fig.  29. Turbocyclone Grade Ef f i c i ency  
(reproduced wi th  permission of Common- 
weal th S c i e n t i f i c  and I n d u s t r i a l  
Research Organizat ion,  A u s t r a l i a )  

D i s t r i b u t e d  Co l l ec t ion  

This  c l a s s  of c o l l e c t i o n ,  g e n e r i c a l l y  c a l l e d  " f i l t r a t i o n , "  can be 
c l a s s i f i e d  i n t o  t h r e e  subca tegor ies :  ba f f l e - a r r ays ,  g ranu la r  beds,  and 
f i b e r s  ( i n  o;der of i nc reas ing  e f f i c i e n c y )  . The primary c o l l e c t i o n  mechanism 
f o r  a l l  t h r e e  types  i s  impaction s e p a r a t i o n  ( v i a  s t r eaml ine  mod i f i ca t ion ) ,  
f o r  which t h e  c h a r a c t e r i s t i c  parameter i s  given by Eq. 33 .  The f l u i d  dynamic 
environment under which f i l t e r s  ope ra t e  is q u i t e  d i f f e r e n t  from t h a t  of 
cyclones and s i m i l a r  devices :  t h e  s e p a r a t i o n  a c c e l e r a t i o n  p o t e n t i a l  i n  f i l -  
t e r s  i s  very  smal l  s i n c e  Vn i s  t y p i c a l l y  1 t o  2.5 cm/s (i.e., laminar  f low) ,  
and very high e f f i c i e n c i e s  a r e  obtained only by e s t a b l i s h i n g  very smal l  
s e p a r a t i o n  d i s t a n c e s  by means of a  d i s t r i b u t e d  c o l l e c t i o n  s u r f a c e .  Because 
of t h i s  c o l l e c t i o n  s u r f a c e  geometry and t h e  a s s o c i a t e d  h igh  s e p a r a t i o n  e f f i -  
c iency f o r  very small  pa r t i - cu l a t e ,  a number of a d d i t i o n a l  mechanisms need 
t o  be noted. 

I f  a  f i l t e r ,  c o l l e c t o r  was t e s t e d  a t  a  f i xed  p a r t i c u l a t e  approach v e l o c i t y  
( t s )  t o  determine s e p a r a t i o n  e f  fici.p.ncy a s  a func t ion  of g a r t l c u l a t e  di'ameter 
(a),  t h e  d a t a  would show a  decrease  i n  r~ w i th  decreas ing  d  ( a s  would b e .  
expected f r o m - ~ i g .  l o ) ,  bu t  t h e r e  would be a  minimum e f f i c i e n c y  a t  c a .  5 pm; 
a s  d  decreased below t h i s  va lue ,  would a c t u a l l y  i nc rease .  I n  a  s i m i l a r  
fash ion ,  i f  t h e  t e s t  were c a r r i e d  ou t  based on a  f i xed  a b u t  w i t h  vary ing  
vs, f o r  p a r t i c u l a t e  l a r g e r  than  ca .  5 pm, Q would i n c r e a s e  wi th  Vs (i. e., , t h e  
impaction mechanism) b u t  f o r  p a r t i c u l a t e  sma l l e r  than  5 pm, t h e  e f f i c i e n c y  
would decrease  wi th  inc reas ing  vs. The secondary e f f e c t  t h a t  dominates"for  
very  smal l  p a r t i c u l a t e  i s  a  r e s u l t  of p r e c 2 p i t a t i o n  by p a r t i c l e s  randomly 
contacLlag the c o l l e c t o r  cu r f ace  beca i .1~~ .  nf Brownian motion and i s  known a s  
t he  d i f f u s i o n  mechanism. Another secondary e f f e c t  which becomes i n c r e a s i n g l y  
important f o r  smal le r  c o l l e c t i n g  s u r f a c e s  i s  d i r e c t  i n t e r c e p t i o n :  p a r t i c u l a t e  
on, s t r eaml ines  which pass  w i th in  d/2 of t h e  s u r f a c e  w i l l  con tac t  and perhaps 
p r e c i p i t a t e .  at he primary mechanism (impaction) and t h e  two most important  
secondary mechanisms ( d i f f u s i o n  f o r  very  smal l  a, and in te rcept ion , . ,  f o r  very 
small D) a r e  i l l u s t r a t e d  i n  Fig. 30. 
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Fig .  30. An I l l u s t r a t i o n  of t h e  Tmpact inn,  n i f f u s i o n ,  and 
Tnte rcep t ion  Mechanisms Associated wit11 FilLraLiurl 
(reproduced from Ref. I.) 

I n  a d d i t i o n  t o  t h e s e  two secondary mechanisms, t h e r e  e x i s t s  a l s o  t h e  p o t e n t i a l  
i n f l u e n c e  of e l e c t r o s t a t i c  a t t r a c t i o n  between the  p a r t i c u l . a t e . a n d  t h e  co l l ec -  
t o r  and of .sedimentation due t o  g r a v i t y .  F u r t h e r ,  f o r  f i l t e r s  of app rec i ab l e  
depth ,  p a r t i c u l a t e  agglomerat ion as a  r e s u l t  of t h e  t o r t u o u s  flow pa th  w i l l  
become important .  F i l t e r  cake formation u s u a l l y  p l ays  an  important  r o l e ;  t h e  
e f f i c i e n c y  oE a  new f i l t e r  c.ustomarily i n c r e a s e s  dramat ica l ly 'dur ing  t h e  f i r s t  
t h i r t y  minutes  of ope ra t i on .  

Because of t h e s e  compl ica t ions ,  t h e  theory of f i l t r a t i o n  is very  complex 
and a  l a r g e  l i t e r a t u r e  e x i s t s  on t h e  s u b j e c t  ( R e f .  l,SS,56,60,50,82,83,87, 
109,131,168, i69) .  I n  s p i t e  of t h e  a n a l y t i c a l  d i f f i c u l t i e s ,  t h e s e  devices  
have found widespread i n d u s t r i a l  use--most commonly i n  t h e  fArm bf " h a g h n i ~ s e s . "  
However, they s u f f e r  from seve re  l i m i t a t i o n s .  For t h e  2 7  f i l t e r  m a t e r i a l s  
commonly used, t h e  maximum a l lowable  ope ra t i ng  temperature  i s  2 9 0 0 ~ .  140 The 
approach v e l o c i t y ,  expressed a s  t h e  "a i r - to -c lo th  r a t i o , "  must b e  low because 
of s t r u c t u r a l ,  pressure-drop,  and e f f i c i e n c y  cons ide ra t i ons :  0.6 t o  1 . 5  
m3/min of flow pe r  m2 of s u r f a c e  (2 t o  5  c fm/f t2)  ; a s  a  r e s u l t ,  these .  co1.l.e.c- 
t o r s  r e q u i r e  l a r g e  volumes, which is  ve ry  c o s t l y  f o r  p r e s su r i zed  a p p l i c a t i o n s .  
Also, t h e  p a r t i c u l a t e  removal s t e p  is  r e l a t i v e l y  complex. Typ ica l ly ,  removal 
t a k e s  p l ace  by s h u t t i n g  down t h e  f i l t e r  t o  be  regenera ted  and e i t h e r  shaking 
t h e  s u r f a c e  o r  apply ing  a reversed  a i r  flow. F i n a l l y ,  t h e  f i l t e r  l i f e t i m e  
i s  ve ry  s e n s i t i v e  t o  t h e  c h a r a c t e r  of t h e  p r e c i p i t a t e ;  i f  t h e  p r e c i p i t a t e  i s  
very s t i c k y  and/or  c o r r o s i v e ,  t h e  maintenance c o s t s  can be exces s ive .  . For 
t h e s e  KeasoIls, f i l t e r s  have n o t  been accepted  by t h e  e l e c t r i c  u t i l i t y  in -  
dus'try , * 

Current  r e s e a r c h  and development work on t h e  a p p l i c a t i o n  of f i l t r a t i o n  
t o  high-temperature  environments is  r e l a t i v e l y  ex t ens ive ,  involv ing  ap rox i -  

P7",171 mately 1 8  o rgan iza t ions .  The i d e a  of sand o r  g r anu la r  beds i s  n o t  new 
a l though i t  has  n o t  been widely adopted because of i t s  c o s t  (es t imated  t o  be  

* 
The only  baghouse i n s t a l l a t i o n  known t o  be  a t  a  u t i l i t y  power p l a n t  is  a t  

t h e  Sunbury S t a t i o n  of Pennsylvania  Power and Light .  



ca. 25% r e a t e r  than t h e  cos t  of an e l e c t r o s t a t i c  p r e c i p i t a t o r 6 0 ) .  Recent 
 survey^^^,^^ ,60 ,6  ,66 y 6  have discussed t h i s  c o l l e c t o r  type i n  g r e a t  depth. 

Baf f l e  Arrays. A device using b a f f l e s  f o r  c o l l e c t i o n  can be  c lassed  under 
d i s t r i b u t e d  c o l l e c t i o n ,  i f  i t  resembles a f i l t e r  more, o r  under perimeter  
c o l l e c t i o n  i f  i t  resembles a f i l t e r  l e s s .  Louvers are.  one common form of 
b a f f l e  array.  Recently, a new concept of c o l l e c t i o n  t h a t  f a l l s  i n  t h i s  
category has  been invented and patented by H. G, Rigo172 9 173 and is being 
developed a s  a "Par t i cu la te  P r e c i p i t a t i n g  Heat-Transfer Surface (PPHTS) . 
Figure 31 i l l u s t r a t e s  t h e  cross  s e c t i o n  of t h e  b a f f l e  and t h e  vor tex  mechanism 
by whicli p a r t i c u l a t e  is trapped wi th in  t h e  cusps. The c o l l e c t i o n  e f f i c i e n c y  

~. . .  . .; ' 
. .  . , . .  

. . . . .  . 
. % 

Fig., 31. P a r t i c u l a t e  p r e c i p i t a t i n g  Heat-Transfer Surface ; ' ' 

Invented by H. G. Rigo (reproduced from Ref. 172) 

has been cor re la t ed  i n  terms of a "scaling" parameter, $, which is  equal  t o  
the  square r o o t . o f  t h e  impaction number defined i n  Eq. 33. The performance . . 
of a s i n g l e  baf f l e  i s  shown i n  Fig. 32. 

U. S. ERDA i s  sponsoring t h e  development and t e s t i n g  of a prototype device 
by t h e  Construction Engineering Research Laboratory a t  Champaign, I l l . ,  of t h e  
Department of the  Army. Currently,  work is progressing on t h e  cons t ruct ion  of 
a test s e c t i o n  housing 70 b a f f l e s  of "Style 1" and 1 8  of "Style 2," each of 
which i s  1 .3  m long (52 i n . ) ,  a s  shown i n  Fig. 33. The angle a t  which these  
' b a f f l e s  w i l l  be mounted with respect  t o  t h e  v e r t i c a l  ("angle of a t tack")  w i l l  
be va r i ed  from 0 t o  30 degrees. This t e s t  s e c t i o n  is being constructed on t h e  
site o f  t h e  Alexandria Fluidized Bed-Test F a c i l i t y  operated by Pope, Evans, 
and Robbins, Inc. 

The separa ted  p a r t i c u l a t e  i s  expected t o  flow continuously down t h e  l eng th  
of t h e  b a f f l e  i n t o  a hopper, thereby e l imina t ing  t h e  need f o r  i n t e r m i t t e n t  
opera t ion  and secondary removal techniques such as v ib ra t ion .  This concept 
is  very a t t r a c t i v e  f o r  those app l i ca t ions  f o r  which simultaneous hea t  recovery 
is des i red  s ince  t h i s  can be r e a d i l y  accomplished'by providing a flow passage 
i n  t h e  b a f f l e  i t s e l f .  
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Fig. 32. Separation Efficiency of PPHTS as a Function 
of 1rnpact=on Number (3+') (~epiucluced l ~ u m  Kel. 172) 
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Fig. 3 .  Styles of PPHTS Currently Being Construcred 
Note: All Curves are Ellipses 
(reproduced. from Ref. 174) . . 

G~auular Beds. Collector concepes employing granular beds can be,classi- 
fied on the basis of the condition of the collector surfaces during precipi- 
tation: fixed, moving, or fluidized. A summary of the devices currently 
attracting active research and/or develop men^ is given in Table 9. The first 
four listed collectors are illustrated in Fig. 34. The means by which these 
beds are regenerated varies: fixed-backflush (panel bed), stirred-backflush 
(Rex) fluidized-backflush (Ducon), and moving vibration (dry scrubber). In 
addition to these configurations, a large number of others have been pro- 
posed--by Wes tinghouse and BOM (Morgantown) ; * by Dorfman (Impingo) , Consoli- 
dation Coal Company, Carnegie-Mellon, and Lurgi M-B;~' and by Pall Trinity 
Micro Corp. (sintered porous metal). 67 



Table 9. Granular-Bed Collectors Under Active Development 

Type Device Organization Ref. 

Panel Bed CCNY (Arthur Squires) , 175 
Fixed Rex Gravel Bed Rexnord (by license) 176 

Ducon Ducon Co. 177 

Moving Dry Scrubber Combustion Power Co. 178 
CANMET Physical Res. Lab.-Ottawa 179 

Fluidized Exxon Exxon Reseqrch, Inc. 171 

Shannon has reviewed the literature on fluid-bed collectors and has 
concluded that they have "...been studied only to a limited extent and their 
potential as particulate filters has not been completely characterized" 
(Ref. 60, p. 200). No citation is know for the Exxon Research fluid-bed 
collector concept. 

These devices may be generally characterized as highly efficient although 
complex* (i.e., costly) collectors that appear to be well suited to high 
temperature applications. In principle, there appears to be no insurmountable 
difficulty in achieving the needed separation efficiencies of Fig. 9. But 
in addition to the high cost of these collectors, there remains unanswered 
how well they can be regenerated in the presence of potentially "sticky" par- 
ticulate without'decrepitation. The concept of collection without regenera- 
tion (i.e., once through)--such as by means of sulfated dolomite destined to 
be discarded--avoids the difficulties of particulate removal; however, since 
this material includes small particulate, it will be difficult to avoid 
elutriation of the collector itself during the precipitation process. 

Fibrous Mesh. This type of distributed collector is very commonly em- 
ployed at moderate temperatures. Research on high-temperature applications 
of fibrous collectors has centered on developing materials which can with- 
stand ca. 1000°C and can be distributed over large areas in small dimensions. 
The known work is summarized in Table 10, which is based on Ref. 61. The 
range of applications intended for these materials extends from less than 
820°C (Norton ceramic) to 1200°C (alumina-borica-silica by 3M and Brunsmet by 
Brunswick). Due to structural limitation, the approach velocity will neces- 
sarily be low and the regeneration techniques gentle. It does not appear . . 

- - * 
The Combustion Power Co. "dry scrubber," for instance, is a pressurized 
vessel, 75 ft 'tall with a cross section o f  13.5 by 27 ft. 4 9 
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Table 10. Fibrous Mesh Collectors Under Active Development 

Type Material Organization 

Glass Inorganic-bond Owens Corning Co.. 
Fiberglas 

Silica Silica Fiber 
Alumina-Borica 
Zirconia 

J. P. Stevens Co. 
3M Corporation 
3M Corporation 

Metal Brunsme t Brunswick Cdrp. 

Ceramic Norton Norton Company 

that any of these concepts will be able to meet the high-capacity, long-life 
requirements associated with a power generation application." . 

Augmented Concepts. The concept of employing two distinct separation 
potentials in a single collector is currently being studied in several'con- 
texts. The Rex filter is essentially 3 cyclone and a fixed granular bed in 
series within one housing. American Precision Industries, Inc. is developing 
a combined fabric filter and electrostatic precipitator ("APITRON")~ l--a con- 
cept which could also be applied to granular beds. J. M. Beeckmans has exam- 
ined acoustical enhancement of both granular180y181 and fibrous filters.la2 

EVALUATION OF SEPARATION CONCEPTS 

Each of the three general categories of separation mechanisms--field 
(I. in Table 3 ) ,  perimeter streamline (II.A), and distributed streamline 
(1I.B)--has the potential to be applied to high-temperature, high-pressure 
environments, although each has unique disadvantages. Electrostatic pre- 
cipitation (EP), the only field technique that appears usable, requires care- 
ful control of both particulate properties (resistivity) and medium proper- 
ties (breakdown and sparkover voltages); also, the drift velocities generated 
?re relatively small, which requires large value of X/Y and small values of 
Vn in order to attain high efficiency (Eq. 47); this results in large col- 
lector volumes. Cyclones have fluid dynamic limitations which are not well 
understood; high efficiency is presently attainable only at large pressure 
drops or by the use of multicyclones, which results in high operating costs 
or large collector volumes, respectively. Fibrous and granular filters also 

* 
The Stone and Webster reportY6l however, deemed the Brunsmet filter to have 
potential. 



r e q u i r e  a l a r g e  volume and, i n  a d d i t i o n ,  p re sen t  a c u t e  d i f f i c u l t i e s  a s soc i a t ed  
w i t h  removal of t h e  p r e c i p i t a t e  ( a l s o  a problem a r e a  wi th  EP) .  

The assessment of t h e s e  t h r e e  c o l l e c t o r  concepts can be  summarized by 
n o t i n g  t h a t  t hey  r e p r e s e n t  b a s i c  approaches :  (1) a h igh-ef f ic iencylh igh-  
c o s t  s o l u t i o n  by means of EP and f i l t e r s  versus  (2)  a.moderate-efficiency/low- 
c o s t  s o l u t i o n  by means of cyclones;  mul t ic lones  would f a l l  somewhere i n  be- 
tween. An i l l u s t r a t i o n  of t h i s  p o i n t  i s  given i n  Fig.  35. 

Peiiet ration (1 - r l )  , 70 

10 

1.0 

Fig .  35. R e l a t i v e  Cost of Severa l  Converitional 
C o l l e c t o r s  as a Function of Performance 
(based on t h e  d a t a  of Ref. 183) 
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The optimum device  w i l l  be  s t r o n g l y  dependent on t h e  r equ i r ed  performance 
l e v e l  which, i n  t u r n ,  i s  inf luenced  by a v a i l a b l e  t r ade -o f f s  i n  t u r b i n e  design 
and t h e  r e l a t i v e  concen t r a t ion  of smal l  p a r t i c u l a t e  p re sen t  i n  t h e  o r i g i n a l  



F .  . . 
s o u r c e ;  t h e  l a t te r  d i f f e r s  g r e a t l y ,  'dep&n'ding u$oh whe ther  i't i s  ,. s i m p l e  f l y  
a s h . o r  e l u t r i a t e d  f l u i d i z e d - b e d  m a t e r i k l .  : .  

It is  s i g n i f i c a n t  t o  c o n t r a s t  t h e  i n t e n s e  l e v e l  of r e s e a r c h : a n d  develop- 
ment a c t i v i t y  b e i n g  a p p l i e d  t o  t h e  hig1.1-ef I i c i e n c y / h i g h - c o s  t s o l u t i o n  (Tab les  
9 ,  1 0 ,  and 27) w i t h  - t h a t  b e i n g  a p p l i e d  t o  t h e  moderate-efficiency/low-cost 
c y c l o n e s ,  m u l t i c l o n e s ,  c e n t r i f u g e s  , and b a f f l e s .  The o n l y  known sponsored  
r e s e a r c h  i n  t h e  l a t t e r  a r e a  i s  a s s o c i a t e d  w i t h  t h e  b a f f l e  a r r a y  o f  Fig . . '33 .  -.  

' The d e l e t e r i o u s  e f f e c t  of p r e s s u r e  drop a c r o s s  t h e  c o l l e c t o r  upon . sys tem 
b p e r a t i o n  h a s  been examined184 f o r  Brayton c y c l e  a p p l i c a t i o n s  and can b e  
e s t i m a t e d  a s  a 1% l o s s  i n  e f f i c i e n c y  f o r  each  1% l o s s  i n  p r e s s u r e .  F 0 r . a  
combined c y c l e  i n  whicli t h e '  t u r b i n e  exhaus t  i s  used f o r  s team r a i s i n g ,  t h i s  
l o s s  i s  even s m a l l e r  because  t h e  e n t r o p y  p r o d u c t i o n  s t e p  which r e s u l t s  i n  t h e  
p r e s s u r e  l o s s  a l s o  c a u s e s  a t e m p e r a t u r e  r ise which can ,  i n . p a r t , ' b e  recovered  
because  t h e  t u r b i n e  c y c l e  o n l y  c o n t r i b u t e s  c a .  20% t o  t h e  t o t a l  p l a n t  powe-r. 
~ e a i r n s ~  e s t i m a t e s  t h a t  each  1% l o s s  i n  p r e s s u r e  (i.e., 7.6 mm Hg a t  1 0  atm) 

' 

w i l l  c a u s e  a drop of o n l y  0.1% i n  t o t a l  p l a n t  e f f i c , i e n c y .  

A p e r t i n e n t  q u e s t i o n  r e g a r d i n g  a l l  c o l l e c t o r  development c o n c e p t s  r e l a t e s  
t o  what i s  t h e  u l t i m a t e ,  t h e o r e t i c a l  e f f i c i e n c y  and how c l o s e l y  p r e s e n t . d e -  
v i c e s  approach t h i s  bound. S e v e r a l  p a p e r s  8 5  3 186 have t r e a t e d  t h i s  i s s u e .  
The answer can be  a s c e r t a i n e d  by examining t h e  minimum work r e q u i r e d  by t h e  
Second Law t o  u n m i x ' t h e  p a r t i c u l a t e  and t h e  medium.. For a e r o s o l s ,  t h i s  quan- 
t i t y  is  s imply t h e  t o t a l  k i n e t i c ,  energy  pf mot ion o£ .. t h e  . p a r t i c u l a t e  phase  
a s  g i v e n  heJ.ow:* 

where W m i n  i s  t h e  i d e a l  work r e q u i r e d  p e r  u n i t  mass o f  m i x t u r e ,  and r~ i s  t h e  
c o l l e c t i o n  e f f i c i e n c y .  The Second Law performance i n d e x ,  q s ,  i s  t h e n  g i v e n  
by 

and h a s  been c a l l e d  t h e  "energy Typica l -  c o l l e c t o r  p e r f o r -  
mance u~lcler. corivenrional c o n d i t i o n s  has  been e v a l u a t e d  by S t u k e l  and ~ i ~ o ' ~ '  
and is  shown i n  F ig .  36 based  upon a c t u a l  power consumption d a t a .  S i n c e  a l l  
d e v i c e s  are less t h a n  0 .1% e f f i c i e n t  on a  Second Law b a s i s ,  i t  is c l e a r  t h a t  
no fundamental  b a r r i e r  e x i s t s  t o  g r e a t l y  improving s e p a r a t o r  performance.  

* 
There  i s ,  i n  g e n e r a l ,  a  second te rm i n  Eq. 64 which is impor tan t  f o r  gaseous  
p o l l u t a n t  s e p a r a t i o n  b u t  can  u s u a l l y  b e  ignored  f o r  p a r t i c u l a t e  s e p a r a t i o n .  



Penetration (1 - r$, 70 

Fig. '  36 .  Second Law Ef f i c i ency  f o r  t h e  Four Mnst- .: . 
Common C o l l e c t o r s  (based upon t h e  work' 
of Ref. 186) 



PART IV PARTICULATE AGGLOMERATION AT HIGH TEMPERATURE AND PRESSURE 

GENERAL CONSIDERATIONS OF PARTICULATE CONDITIONING 

* 
Agglomeration is but one aspect of the general subject of particulate 

conditioning. Conditioning is a pertinent consideration for the collection 
steps (for example, agglomeration, precipitation and removal) that involve 
high concentrations of particulate (since,in such steps,) interparticle and 
particle-surface interactions are predominant.. ~hese processes are governed 
by short-range mechanisms and can be substantially affected by modifications 
of particulate properties. 

One example of conditioning is the use of a seed material to control 
the resistivity of a particulate to be subjected to electrostatic precipi- 
tation. The general subject of adhesion treatment--the securing of the 
precipitate until it is ready to be removed--also falls within this area. 
In addition to standard texts on colloid chemistry that detail the influence 
of particulate properties upon aerosol behavior, a number of specialized 
references exist that are relevant .to collect. 187-189 The. complexity of 
the short-range mechanisms that are known to exist can be appreciated from 
Table 11. 

The'motivation for promoting agglomeration can be seen.by examining 
the various drift velocity relations developed' in Part 111. In general, 
V increases with increasing d, and usually be the second power. Agglomeration n 
occurs inadvertently in many collectors. Cyclones, for instance, are known 
to demonstrate increasing efficiency with increasing particulate inlet con- 
centration. This is due to large particulate experiencing a higher separating 
forcet than does small particulate, yielding a larger drift velocity. As 
a result, large particulate overtakes and impacts the small particles en . 
route to the outer wall. This effect will be more.pronounced with highly 
polydisperse aerosols. In granular beds, the flow field is such that.a 
significant relative motion exists between the large and small particulate, 
which results in a natural agglomesa~ion. 

The general objective of agglomerating techniques is to enhance the 
natural tendency of polydisperse particulate to self-impact. Schemes to 
accomplish this can be,develupeJ as a pretrearmenc s t e p ,  prior to the . 

collector or in situ. These techniques can be put into five general 
categories which arc Jesc~ilerl i l l  the  nexr secrion. 

*The synonymous term "coagulation" is used by many authors (especially 
chemists). 

- 
tF d3 and F - G2 so that Fn/FD ' a, where I? is the centrifugal force and 
n D n 

F is the Stokes drag. 
D 



Table 11. Short-Range Binding ~ e c h a n i s m s  l 89 ( r e p r i n t e d  from. ., 
W. B. P i e t s c h ,  J. Eng. Ind. 91 (2), 435-449 (May 1969) 

I So l id  b r i d g e s  
1 Mineral  b r idges  
2 Chemical r e a c t i o n  
3 P a r t i a l  mel t ing  
4 Hardening b inde r s  
5 (a) C r y s t a l l i z a t i o n  of d i s so lved  subs tances  

(h )  Deposi t ion of suspended c o l l o i d a l  p a r t i c l e s  
I1 Adhesion and cohesion f o r c e s  i n  n o t  f r e e l y  movable b inde r s  

1 Highly v i scous  b inde r s ,  adhes ives  
2 Adsorption l a y e r s  (below ca .  30-50 A t h i ckness )  

I11 Interfacial f o r c e s  and c a p i l l a r y  pre.sslire*at f r e e l y  movable 
l i q i j i  a qiir Fat-PS 

1 Liquid b r idgcc  
2 Cap i l l a ry  I u ~ c e s  aL ~ I l t  s u r f a c e  s f  aggrcgatco f i l l o d  with 

l i q u i d  
1 V  ACKracrion f o r c e s  beLwee11 sulid p a r t i c l e s  

1 Molecular f o r c e s :  Van-der Waals f o r c e s ,  Chemical b inding  
f o r c e s  (Valence f o r c e s )  

2 E l e c t r o s t a t i c  f o r c e s  
3 Magnetic f o r c e s  

V I n t e r l o c k i n g  bonds 

PARTICULATE AGGLOMERATION TECHNIQUES 

Brownian Agglomeration 

A s  a  r e s u l t  of Brownian motion, p a r t i c l e s  c o l l i d e  and agglomerate.  
For t h e  Smoluchowski model2 of a  monodisperse, cont inuvus ly  honogeneous 
a e r o s o l  

where N i s  t h e  number of p a r t i c l e s  (aggrega tes )  and K is  t h e  hgglomeration 
0 cons tan t  

* 
K = 27rdD 

0 * 
where D i s  t h e  d i f f u s i v i t y  

where K i s  t h e  Boltzmann cons tan t  a i d  CC t h e  Cunningham c o r r e c t i o n  f a c t o r .  
E l imina t ing  K and D* y i e l d s  

0 



Since  CC i n c r e a s e s  wi th  i n c r e a s i n g  T  and dec reas ing  P and d ,  and 1.1 - T ~ / ' ~ ,  
Eq. 67 i n d i c a t e s  t h a t  Brownian agglomerat ion w i l l  be  most e f f e c t i v e  f o r  sma l l ,  
populous p a r t i c u l a t e  i n  a 'h igh- tempera ture ,  low-pressure medium. For t h e  
gene ra l  c a s e  of a  po lyd i spe r se ,  nonhomogenous a e r o s o l ,  t h e  r e s u l t  i s  a  non- 
l i n e a r  f n t e g r o - d i f f e r e n t i a l  equa t ion  f o r  which no g e n e r a l  s o l u t i o n  e x i s t s .  

Because t h e  agglomerat ion rat .e  i s  most s t r o n g l y  dependent upon t h e  
p a r t i c u l a t e  number d e n s i t y ,  i t  is  n o t  p o s s i b l e  t o  r e a d i l y  enhance t h i s  r a t e  
by cond i t i on ing  techniques.  For t h e  c a s e  of hydroso ls  ( e . g . ,  locophobic  
c o l l o i d a l  s o l u t i o n s ) ,  however, t h e r e  e x i s t s  t h e  "ze t a  p o t e n t i a l "  ( t h e  e l e c t r i c a l  
double l a y e r )  which may be  overcome by t h e  use  of f l o c c o l a t i n g  agen t s  and 
thus  r e n d e r . a p p r e c i a b l e  a s s i s t a n c e  t o  Brownian motion. For a e r o s o l s ,  no 
such enhancement is  p o s s i b l e  s i n c e  no such i n h i b i t i o n  e x i s t s .  

Turbulent  Agglomeration 

On a  s c a l e  l a r g e r  than Brownian motion, tu rbulence  causes  random pa r t i cu -  
l a t e  motions and t h e r e f o r e  agglomerat ion.  t h e  s c a l e  of t u r b u l e n t  edd ie s  
u s u a l l y  p re sen t  i n  a  flow varies--from s c a l e s  on t h e  o rde r  of t h e  dimensions 
of t h e  flow passage ( f o r  which v iscous  e f f e c t s  a r e  smal l )  down t o  very  s m a l l  
edd i e s  ( f o r  which t h e  v i s cous  e f f e c t s  a r e  dominant).  The l a r g e - s c a l e  edd ie s  
tend p r imar i l y  t u  c r e a t e  s t r a t i f i c a t i o n  ( s i n c e  t h e s e  motions a r e ,  i n  e f f e c t ,  
l o c a l  c e n t r i p e t a l  a c c e l e r a t i o n  f i e l d s )  and agglomerat ion is  a secondary . 
e f f e c t .  Turbulent  agglomerat ion occurs  p r i m a r i l y  a s  a  r e s u l t  of t h e  s m a l l  
o r  microsca le  motion. 

This  s u b j e c t  has  been d iscussed  by ~ u c h s ; ~ ~  a n a l y t i c a l  models lgO and 
d a t a l g l  ( f o r  a l a r g e r  than t h e  mic rosca l e  of tu rbulence)  have been developed 
and t h e  imp l i ca t i ons  upon p a r t i c u l a t e  c o l l e c t i o n  ~ u r v e y e d . ~ '  Turbulence has  
been found t o  be only e f f e c t i v e  i n  agglomerat ing p a r t i c u l a t e  l a r g e r  than ca .  
0.2 vm. Also, e s t ima te s  of t h e  energy r equ i r ed  t o  grow a  0.5-pm p a r t i c l e  t o  
ca .  2-3 pm a r e  d i scourag ing:  on t h e  o r d e r  of 1 kw/m3 (40 hp/1000 f t 3 )  f o r  a  
p rocess  t h a t  t akes  one minute .60 The e f f e c t  of h igh  temperature  and h igh  
p r e s s u r e  i s  p r imar i l y  through a  change i n  t h e  flow Reynolds number (Eq. 41) 
a s  t h e  d a t a  f o r  t h e  coagula t ion  c o n s t a n t l g l  can be  approximately c o r r e l a t e d  
by K - ~e~ where a  = 2 f o r  p a r t i c u l a t e  ca .  0.3-0.8 pm. Thus, t h e  i n f l u e n c e  
of h o t  gas  cond i t i ons  i s  a  f avo rab l e  one i n  comparison t o  convent iona l  
c o l l e c t i o i i  cunclit ions.  

Gene ra l i za t i on  01 Lhe agglomerat ing c h a r a c t e r i s t i c s  of l a r g e - s c a l e  
tu rbulence  i s  much more d i f f i c u l t  s i n c e  t h e  flow f i e l d  is  s t r o n g l y  dependent 
on t h e  p a r t i c u l a r  geometry employed. The i d e a  of u s ing  l a r g e - s c a l e  eddy 
motions t o  agglomerate a r t i c u l a t e  i s  n o t  new: a  r o t a r y  "screw agglomerator" 
was suggested i n  1957. l g2  The b a f f l e  a r r a y  invented by ~ i ~ o ~ ~ ~  (Fig.  31) makes 
u s e  of a  t u r b u l e n t  eddy' t o  t r a p  and agglomerate  p a r t i c l e s .  I n s o f a r  a s  i s  
known, t h i s '  technique has  rece ived  very  l i t t l e  a t t e n t i o n  d e s p i t e  i t s  promise. 

Electro/Magnet ic  Agglomeration 

Electromagnet ic  f o r c e  can be  used t o  agglomerate  p a r t i c u l a t e  i n  two 
ways: by us ing  t h i s  e f f e c t  t o  provide  arl i n t e r p a r t i c l e  f o r c e  (e.y., s l e c t r i -  
c a I l y  charged p a r t i c l e s  o r  e l e c t r i c a l / m a g n e t i c  d i p o l e s )  o r  by imposing an  
e x t e r n a l  o s c i l l a t o r y  f i e l d  upun charged o r  magnetic p a r t i c l e s .  The former 
concept has  rece ived  t h e  most a t t e n t i o n 6  0 9 8 0  a l though the  l a t t e r  ( "d i rec ted"  



coagula t ion)  has  a l s o  been noted.  , l g 4  

The e f f e c t  of h igh  temperature and p.ressure ,upon t h e  theore t . ica1  agglom- 
e r a t i o n  r a t e  f o r  bipolar-charged p a r t i c l e s  i s  very  complex, a l though i t  has 
been es t imated  t o  i n c r e a s e  approximately wi th  t h e  square  r o o t  of absolu te '  
temperature.  6 6 

Acoust ic  Agglomeration 

The agglomerat ing in f luence  of an a c o u s t i c . f i e l d  has been known f o r  
100 y r  and has undergone a  remarkable h i s t o r y  of development:'  cyc l e s '  
from wi ld  enthusiasm t o  complete d i s d a i n .  This  s u b j e c t  is  d iscussed  i n  d e t a i l  
i n  a  l a t e r  s e c t i o n .  

Scrubbing/Condensation . . . -. .. . . . Agglomeration 

In t roduc t ion  of a d d i r i o n a l  p a r t i c l e s ,  e i t h e r  by i n j e c t i o n  (scrubbing)  o r  
by a  phase change (condensa t ion) ,  is  not', , s t r i c . t l y  speaking,  agglomeration 
h i l t  pa r ' t i c l e  growth--a d i s t i n c t i o n  w11icf.1 i s  not  pressed  f u r t h e r .  Scrubblillg 
v i a  water  d r o p l e t  i n j e c t i o n  i s  a  very popular  technique f o r  convent ional  
CAI-lection environments because i t  has a high e f f i c i e n c y ,  even wi th  small 
p a r t i c u l a t e  (F ig .  35), bu t  i t  i s  of course  u n s u i t a b l e  f o r  t h e  hot-gas environ- 
ment. Likewise u n s u i t a b l e  i s  agglomerat ion by t h e  condensat ion of water  
around p a r t i c u l a t e  a c t i n g  a s  n u c l e i .  

Scrubbing can only be accomplished by us ing  a  subs tance  which i s  molten 
a t  ca .  1000°C, such a s  a  meta l  o r  a  s a l t .  B a t t e l l e  Northwest is  pursuing 
molten s a l t  sc rubbing  wi th  ERDA suppor t74  i n  a  geometry very  s i m i l a r  t o  a  
convent iona l  v e n t u r i  sc rubber .  The p e c u l i a r  advantage of t h i s  technique 
would be  i t s  a p p l i c a t i o n  t o  a  h igh-su l tur  a e r o s o l s  since che sc rubb l r~g  dcLkun 
of an a l k a l i  carbonate  r e a d i l y  removes S Q ~ ~ ~ ~ ,  i n  a d d i t i o n  t o  causiiig p a r c i c l e  
growth. The d isadvantage  f o r  t u r b i n e  a p p l i c a t i o n s  is  t h a t  s a l t  m i s t  n o t  
removed would p o t e n t i a l l y  have a  c o r r o s i v e  a c t i o n .  BaLLelle l~cis pruvided 
sapph i r e  f i l t e r s  manufactured by Alcoa t o  ensure  complete d e m i ~ t i n ~ . ~ ~  

I G T  i s  appa ren t ly  developing a  molten meta l  scrubber  which i s  intended 
t o  provide  H2S removal i n  a d d i t i o n  t o  agglomeration. 67 No o the r  work i n  
t h i s  a,rea J . s  known. 

A SURVEY OF ACOUSTIC AGGLOMERATION 

Basic  Concepts 

* 
The e s s e n t i a l  o b j e c t i v e  of a c o u s t i c  agglomerat ion (AA) is  t h e  growth 

of p a r t i c l e s  which a r e  ca.  0 .5 v m  ( t o o  l a r g e  t o  be  a f f e c t e d  by Brownian motion) 
t o  ca.  10 pm i n  diameter  s o  t h a t  they may be  separa ted  by inexpensive cyc lonic  
devices .  T h u s , . t h e  mean p a r t i c l e  s i z e  must i n c r e a s e  by a  f a c t o r  of about  20 ,  
which r e q u i r e s  char  rhk! p a r t l c u l a l e  cu l~ce l l t za t ion  must d o c r c a ~ c  by four  o rde r s  

. * 
A dazz l ing  a r r a y  of names have appeared i n  t h e  l i t e r a t u r e  f o r '  t h i s  phenomenon: 
permutat ions of a c o u s t i c ,  son ic ,  u l t r a s o n i c ,  and supersonic  w i th  agglomerat ion,  
coagula t ion ,  and f l o c c u l a t i o n .  



of magnitude.  Although t h e  agg lomera t ing  p r o c e s s  i s  exceed ing ly  complex, t h e  
r a t e  of i n c r e a s e  can b e  approximated by e q u a t i o n s  .of t h e  t y p e  f o r  t h e  Smoluch- 
owski model (Eq. 66a) -- which i l l u s t r a t e s  t h e  extreme s e n s i t i v i t y  of t h e  
agg lomera t ion  rate t o  t h e  i n s t a n t a n e o u s  c o n c e n t r a t i o n .  T h i s  c i r c u m s t a n c e  
s u g g e s t s  t h a t  t h i s  t e c h n i q u e  w i l l  become e x p o n e n t i a l l y  more cost1.y a s  N 
d e c r e a s e s  i n  o r d e r  t o  m a i n t a i n  t h e  agg lomera t ing  rate a t  a c c e p t a b l e  va1ue.s. 

S i x  pa ramete rs  have been found t o  b e  of pr imary importance:  t h e  
f requency  ( f )  and i n t e n s i t y  (J) of  t h e  a c o u s t i c  f i e l d ,  t h e  c o n c e n t r a t i o n  (6) , 
t h e  r e l a t i v e  p a r t i c u l a t e  d e n s i t y  (pip) , t h e  d i a m e t e r  (d)  , and t h e  
p h y s i c a l  p r o p e r t i e s  o f  t h e  p a r t i c u l a t e  m a t t &  i t s e l f .  

The a c o u s t i c  f i e l d s  which have been  s t u d i e d  o r i g i n a t e  from a v a r i e t y  o f  
s o u r c e s :  f l u i d  g e n e r a t o r s  ( w h i s t l e s  o r  s i r e n s ) ,  mechan ica l  p i s t o n - g e n e r a t o r s ,  
o r  e l e c t r i c a l  p i s t o n - g e n e r a t o r s  ( p i e z o e l e c t r i c ,  m a g n e t o s t r i c t i v e ,  o r  e l e c t r o -  
magne t ic ) .  Both standing-wave and t ravc l l ing-wave  f i e l d s  have been examined. 
F requenc ies  and f i e l d  i n t e n s i t i e s  have v a r i e d  from 500 t o  30 000 Hz and from 
135 t o  g r e a t e r  t h a n  170 dB, r e s p e c t i v e l y .  

L i t e r a t u r e  Surveys  

Because t h e  s u b j e c t  of AA is  r e l a t i v e l y  o l d  and t h e  i n t e r e s t  i n  i t  
widespread,  a l a r g e  number o f  s u r v e y s  of t h e  b a s i c  p r i n c i p l e s  of a c o u s t i c a l  
f l u i d  mechanics r e l e v a n t  t o  agg lomera t ion  and sunmar ies  o f  s p e c i f i c  a p p l i c a t i o n s  
have appeared .  Tab le  12 p r e s e n t s  a summary of t h e s e  s u r v e y s .  

. . 

Table 12.  Summary o f  Surveys  on Acous t i c  ~ ~ ~ 1 o m e r a t i d . n  (AA) 
- - ~ -  - 

Authors Year Ref. (pages )  

D. S i n c l a i r  1950 196 (pp.  72-76) 

H. Johns tone  e t  aZ. 3.956 197 (p.  .13-71) 

A. C. S t e r n  e t  aZ. 1956 110 (pp.  47-48) 

C. E. Lucas 1963 85 (p .  18-88, p. 20-96) 

G . N o ~ ~ l i r b e l  1964 183  (p.  718) 

H. L. Green & W .  R. Lane 1964 87 (pp. 170-186, 333) a 

N .  A. Fuchs 1964 82 (pp. 80-95, 315-319) 

.E .  P. ~ e d n i k o v  

G. Zebe l  

1965 198 (180 pp.)  

1966 193  (pp.  52-55) 

. W.. S t r a u s s  1966 83  (pp. 402-416) 

N .  A. P U C ~ S  1968 199 (pp.  27-37, 41, 127-128) 

; H. L. Shirokova 1973 ' 200 (pp. 476-539) 

L. J. Shannon 1974 60 (pp. 23-24, 51,  89-92) 

A. K. Rao e t  aZ. 1975 66 (pp. 42-43) 

8. Hcgarty  & L. S1-1aiii1ou 1976 2U.L (45 pp. )  



The t o t a l  l i t e r a t u r e  of AA exceeds 500 r e f e r e n c e s ,  w i th  t h e  ma jo r i t y  of t h e  
papers  being of  Sov ie t  o r i g i n ' ( e s p e c i a l l y  s i n c e  1950).  The p r i n c i p a l  survey 
work is t h a t  of Evgeni i  Mednikov,lgO which was o r i g i n a l l y  publ ished i n  
Russian i n  1963. Th i s  book inc ludes  more thqn 300 r e fe rences  on AA. ' 

A H i s t o r i c a l  Synopsis 

I n  1866, ~ u n d t ~ ' ~  observed t h a t  p a r t i c u l a t e  spheres ,  placed i n  a tube 
w i t h  a n  imposed s t and ing  wave, migrated toward t h e  nodes and agglomerated. 
~ o n i ~ , ~ '  i n  1891, analyzed t h e  hydrodynamic f o r c e s  between two spheres  i n  
a v i b r a t i n g  medium and showed t h a t  they a t t r a c t  one another  when t h e i r  l i n e  
of c e n t e r s  i s  pe rpend icu la r  t o  t he  v i b r a t i o n  vec to r  and r e p e l  when i t  is 
p a r a l l e l  t o  t h e  vec to r .  These obse rva t ions  remained r e l a t i v e l y  unnoticed 
u n t i l  t h e  P a t t e r s o n  and Cawood paper204 i n  1931, which showed how a sound 
f i e l d  could be  used t o  c r e a t e  aggrega tes  which then  r e a d i l y  p r e c i p i t a t e d .  
This  paper sparked worJ.dwide i n t e r e s t :  ~ n d r a d e  i11 Euglaud, Ilrcmdt -Freund- 
Hideman i n  Germany (wllo l a t e r  ob ta ined  s e v e r a l  German and B r i t i s h  p a t c n t s  i n  
1936 and 1937),  and Amy i n  t h e  U.S. who, i n  t h e  same y e a r ,  demonstrated an  
a c o u s t i c  system t h a t  could d i s p e r s e  fogs  (for wh.i.cl1 he l a t e r  rece ived  a 
U.S. p a t e n t  2 0 5 ) .  The M e t a l l u r g i c a l  Div is ion  of t h e  Bureau of Mines (H. W .  S t .  
C l a i r )  began t o  work on a "sonic  f l o c c u l a t o r "  and gave a demonstrat ion a t  
t he  1937 annual  meeting of t h e  AIMetE i n  New York. I n  1940, s e v e r a l  a d d i t i o n a l  
U.S. p a t e n t s  were i ~ s u e d . ~ ' ~ ~ ~ ' ~  

I n  t h i s  e a r l y  pe r iod ,  t h e  p r i n c i p a l  d i f f i c u l t y  was a s s o c i a t e d  w i t h  Lhr 
poor e f f i c i e n c y  of t h e  a c o u s t i c  gene ra to r s  then a v a i l a b l e .  During W W - 1 1 ,  
when t h e  p o t e n t i a l  m i l i t a r y  a p p l i c a t i o n s  of fog  d i s p e r s i o n  became apparent ,  
an  i n t e n s e  e f f o r t  was i n i t i a t e d  t o  develop a high-energylhigh-efficiency 
s i r e n .  The r e s u l t  was a "v ic tory"  s i r e n  manufactured by Chrys le r  Corp. 
which had a 37 kW r a d i a t i o n  power a t  an  e f f i c i e n c y  of 70-90%.~'' Experiments 
on fog  d i s p e r s i o n  were performed a t  Columbia University, and l a t e r  (1943) a 
f i e l d  t e s t  was periormed a r  Eu11ke11 F i e l d ,  t h c  C inc inna t i ,  Ohin, a i r p o r t .  A t  
calm cond i t i ons ,  f o u r  v i c r o r y  s l r e l ~ s  were a b l c  t o  double the  v i s l - b i l i l y  i n  
about nne mlnute. 

During t h e  postwar pe r iod ,  U l t r a son ic s  Corp. developed a s i r e n  agglomerating 
chamber (150+ dB a t  3-5 kHz), which was used i n  s e r i e s  w i th  a large-diameter  
cyclone a s  a c o l l e c t i o r ~  system. 209-2  The f i r s t  commercial i n s t a l l a t i u ~ l  
( i n  1948) was f o r  t h e  c o l l e c t i o n  of a suda asli fume a t  a paper m i l l  i n  Maine. 
Later i n s t a l l a t i n n s  were completed f o r  s u l f u r i c  a c i d  fog (1949) and furnace  
b l a c k  (1950). Although environmental problems were a s s o c i a t e d  w l c h   he 
i n t e n s e  sound l e v e l s  needed (problems which u l t i m a t e l y  l e d  t o  t h e  d ismant l ing  
of a t  l e a s t  one i n s t a l l a t i o n 8  > ) ,  t h e s e  systems were comprLiLivc wi th  e l c c t r o -  
s t a t i c  p r e c i p i t a t o r s .  A1~11uu~ll  they  werc noL d b  e f f i c i e n t ,  acowtic-agglnmera- 
t o r  systems c o s t  approximately 20% l e s s  (Ref. 85, pp. 20-96) and r equ i r ed  
a modest amount of power: ca. 4-11 kW per  m 3 / s  of gas t o  be t r e a t e d . 2 0 9 y 2 1 2  

By 1952, t he  e l e c t r o s t a t i c  p r e c i p i t a t o r  had won t h e  performance/cost 
war, and i n t e r e s t  i n  a c o u s t i c  agglomerators  waned Lo v i r t u a l l y  n i l  i n  t h e  
U.S. A t  t h e  same time, however, i n t e n s e  i n t e r e s t  w a s  generated i n  t h e  
Sov ie t  Union (lamp b lack ,  Zn02, d r i l l i n g  d u s t ,  e t c . ) ,  Hungary (cementat ion 
fu rnace  gases ) ,  Poland ( m e t a l l u r g i c a l  f u r n a c e s ) ,  Japan (c racking  gas 
p u r i f i c a t i o n ) ,  and a number of o t h e r  c o u n t r i e s .  This  fo re ign  i n t e r e s t  has  
cont inued t o  t h e  p re sen t .  A s  a r e s u l t ,  t h e  U.S. has  been l e f t  behind i n  
both  developing t h i s  technology and main ta in ing  t h e  r e q u i s i t e  s c i e n t i f i c  
i n t e r e s t .    able 1 3  summarizes many of t h e  commercial a p p l i c a t i o n s  of 11A and 
i s  based on t h e  work of Mednikov. l g 8  



Table 13. Summary of Acoustic Agglomeration Experience 
(from Ref. 201, based upon Ref. 198) 

,. . . - 
Aerosol and Gas Stream Proper t ies  Agglomerazion Chamber Collector Sys tes  

Percentage 
Length Removed ?ercentage 

.: P.argicle Conc. by Vol. .. .Type, of Sonic . Without Removed 
Aerosol . Radius Weight Temp. Treated Dimensions T y p e o f ,  F r e q . f  Intens.  Treatment ' Sound 'Ji th Sound 

Type r cum) (g/m3) ( t ,  OC) (4,  m3/hr) (Dc x Hc, m) ' Sireh (kclsec) J (w/cm2) t o  (sec) Type rln ( X )  n s i  
-- 

Gas furnace 0.03-0.07 1.2-12.6 
b lack-  

Gas furnace 0.03-0.07 1.2-2.1 
black . . .. . . 

:Aggregated 0.5-15 0.5-2.5 
gas black . 

Atomized . 0.1-0.2 26 
carbon 

. . black 

Hard c o a l  0.5-1.0 0.5-2.4 
black 

Su.lfuric 0.5-5.0 5-40 
ac id  fog 

40 1,700-2,000 . Exp. d i r e c t  Dynamic, 
. flow 1.1 dia .  r a d i a l  

x 6.6 

40 1,700-2,000 The same, with The same 
water addi t ion  

-- 600 Exp. reverse Dynamic, 
flow with a x i a l  
water 0.5 d ia .  

82 45 ' .  Exp.. r i s i n g  S t a t i c  
strearp 0.29 with 
.dia. '  x .1.9 pump-of f 

80-9Q 90-100 . Exp., reverse,  Dynanic, 
flow, 0.2 dia.  a x i a l  
x 2.5 

180 1,700 The same, 0.6 The same 
dia .  x 6 

TWO .cy- 40 83-90 
clones 
1 .3  i n  
dia.  ( i n  
s e r i e s )  . 

.The. same 8-32 99 

One .or ' , '68-72 9 5 
four cy- 
clones' ( i n  
p a r a l l e l )  

Two cy- . (30)a . . 99.98 
c lones  and (97)a 
a g lass  
c lo th  
f i l t e r  ( i n  
s e r i e s )  

Cyclone 68-74 87 (971b 
0.15 m dia.  ( a l l b  

Multi- 84 99.6-99.9 
cyclones ( i n  
p a r a l l e l )  

Natural 0.25-2.5 1 50 40.0$0 Indust. ,  . Dynamic, 2.25 0 .,I 4 Two- cyclones -- 90 
r a d i a l  ( i n  pa ra l l e l ) ,  , .sul£.uric , . composite ' 

acid  fog flow; 2.4 d ia .  ' 

x 10.5 (2 s e t s )  

M l u t e  2.5-50, : 0.5-1.2 20 1,800 Eq., reverse Dynamic, 1-2 0 .1  7 Four cy- 69-72 78-82 
s u l f u r i c  pre- flow, 0.64. dia.  a x i a l  clones ( i n  

.. acid  .fog . dominant x 11 para l l e l )  
7.5 

. . 



Table 13. (contd) 

Aerosol and Gas Stream Proper t ies  .Agglomeration Chanber Collector System 

Percentage 
Length Removed Percentage 

P a r t i - l e  Conc. Vol . ~ T P ,  of S o d c  Without Removed 
Aerosol Radiss Weight Temp. 'LTeated Diuensions Type of .Freq.. f I n t w .  T r e a t m t  Sound With Sound 
Type r (un) (g/rn3) . ( t ,  "C) (4, m3/hr) (Dc x F-c, m) Siren , . (kclsec) J (w/c$) to. (sec) Type 11, (%) n s i  (%) 

Zinc oxide 0.5-LO, 1-2 40-100 1,600 . Exp., r e v e n e  Dynamic,' 3-3.i 0 .1  10 Cyclone 84-87 94-98 
sublimate pre- f l m ,  0.75 3 1 ~ .  a x i a l  
from dominant x 1Cl 
roas t ing  2.5 
z inc  o re  

Zinc oxide 
sublimate 
from 

. copper 
smelting 

Zinc oxide 
sublimate 
-from b ras s  
melting 

Coke gas 
( t a r )  . . 

. .  , 

Cracking 
gas (con- 
densate) 

0.5-5.0. 30-70 
pre- 
dominant 
2.5 

Cracking. .0;5-5.0, 6-15 
gas (con- pre- 
densate) dominant 

3.0-3.5 .- 

Open- 2.5 (55%) 2 
hear th  

, furnace 
smoke 

50-350 1.300- The sane,  1.0 Dynamic, 
:. ,160 dia: x 9 r a d i a l  

The sane, C .  7 Dynamic, 
d i a .  x 10 a x i a l  

40-60 - 1,300- The sane, 0.5- The same 
2,100 0.63 dia .  x 9 

35 1,200 The same, 0.5 The same 
dia. x 9 

3-9 0.12 19 Cyclone . 70 . . 90-95 
1.35 m 
d ia .  

0.7 0 . E. 2.5 Cyclone -- 
, 0.15-0.3 : 

m dia .  
. .and f i l - '  

t e r s  ( i n  
s e r i e s )  

' 4  : o-r,. . .,5-8.5 Ztro cy- 88 99-99.8 
. . . clones ( i n  

p a r a l l e l )  

i 0.: 5 The sane 76-82 97.5-99.3 

40 12 ,boo I n d w t . ,  The same 3.: 0. 1 6 Two 
revzrse flow, - Pelouze 
1.6, d la .  X 11 t a r  ex- 

. ,. (2 sets)  .. . :.-,.-. r 
t r ac to r s  
( i n  paral- 
l e l )  

Exp., reverse  Dynamic . 2.2 - -- Wet type W .- 

f l w  v i t h  rotoclone 
watez a d d i ~ i c m  



. . I ., 
. Table 13. (contd) . ., 

Aerosol and Gas St reah  Proper t ies  Agglomeration Col lec tor  System 

Percentage 
Length Removed Percentage 

. P a r t i c l e  Conc. by . Vol . Type, of Sonic Without Removed 
Aerosol . Radius Weight Temp. Treated Dimensions Type of Preq. f Intens.  'Treatment So* With Sound 

'Pype r (11m) (g/m3) ( t , * C )  C ~ , ' m ~ / h r )  ( D C x H c , m )  S i r en  ( '~c lsec)  ' J (w/cm2) to (sec) Type nn (%) ' nsi  (%) 
- -- - --- - - -  - 

Carbide 0.5-15, 0.25-2.8 12Cl 500 Exp., reverse  S t a t i c  7-10 -- 4-6 Multi- 11 94 
furnace pre- flow cyclones 
smoke dominant ( i n  parel-  

0.5 l e l )  

500 -- -- Carbide The same 0.25-2.8 12C The same, w i t h  S t a t i c  10.5 4.6 The same . 86 
furnace water addi t ion  
s m k e  ( 5  g/m3) 

a ~ e s u l t  without c l o t h  f i l t e r ,  i n  parentheses.  

b ~ e s u l t  from water addi t ion ,  i n  parentheses.  



Seve ra l  obse rva t ions  should be  made regard ing  t h e  premature demise of 
AA. F i r s t ,  because t h e  a e r o s o l  mechanics of AA were poorly understood," t h e  
des igns  o r i g i n a l l y  developed f o r  commercial a p p l i c a t i o n  d i d  n o t  i n  any sense  
r e p r e s e n t  optimum conf igu ra t ions .  This  p o i n t  is  very  important  s i n c e  t h e  
agg rega te s  formed by t h i s  process  tend t o  b e  ve ry  d e l i c a t e :  "Turbulence, i n  
an  i n t e n s e  sound f i e l d ,  b reaks  up t h e  l a r g e r  aggrega tes .  Aggregates formed 
du r ing  u l t r a s o n i c  coagu la t ion  are g e n e r a l l y  n o t  very  s t r o n g  and o f t e n  crumble 
on depos i t i on .  Break-up of aggrega tes  is t h e  reason f o r  t h e  i n e f f e c t i v e n e s s  
of u l t r a s o n i c s  f o r  removing f l y  ash." (Ref. 82, p. 317). I n  a d d i t i o n ,  t h e s e  
dev ices  were a p p l i e d  t o  r e l a t i v e l y  f i n e  a e r o s o l s ,  u s ing  moderate and low 
e f f i c i e n c y  cyclones which demand a l a r g e  p a r t i c l e  growth f a c t o r  f o r  t h e  
AA cond i t i on ing  s t age .  F i n a l l y ,  a l though t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r  
has  a h i s t o r y  of demonstrated s u p e r i o r i t y  (wi th  t h e  above two p o i n t s  no ted ) ,  
t h e r e  a r e  a number of s e t t i n g s  f o r  which i t  is  poor ly  s u i t e d :  very  high- 
tempera ture  environments,  combustible p a r t i c u l a t e  (explos ion  haza rd ) ,  corro-  
s i v e  atmospheres,  p a r t i c u l a t e  r e s i s t i v i t y  oues lde  an acceprable  band, r t c .  
For t h e s e  circumstances,  t h e  c o s t - e f f e c t i v e  method might be AA. 

Research Ac-ttlIvII~.-Slt lct? 1970 

I n  1970, Braxton  or^..^ announced2 t h e  development of a pro to type  AA -- 
t h e .  "Al t e rna t ing  Veloc i ty  P r e c i p i t a t o r "  (AVP) -- capable  o£ handl ing 7 m 3 / s  
and us ing  a ve ry  low frequency sound f i e l d  (400 Hz) d r iven  by an  e l e c t r o -  
magnetic p i s ton .  The agglomerating chamber i s  75 cm i n  diameter  and 4.3 m . 
h igh  ( a d j u s t a b l e  t o  provide  4.5 wavelengths) and has a p rov i s ion  f o r  i n g e s t i o n  
of water  and/or  steam t o  assist t h e  agglomerat ing process .  A series of p a t e n t s  
were secured f o r  t h e  concept  and s e v e r a l  of i t s  The very  
low frequency f i e l d  has  a t t r a c t e d  t h e o r e t i c a l  ana lyses  by S. T s a i  of North- 
e a s t e r n  ~ n i v e r s i t ~ . ~ ~ ~ , ~ ~ ~  I n  1974, t h e  U.S. EPA con t r ac t ed  wi th  t h e  GCA Corp. 
t o  formal ly  test t h i s  pro to type  AA i n  what w a s  c a l i e d  a f i e l d  e v a l u a ~ i o n . ~ ~ ~  
Nineteen t e s t  runs  were performed a t  f low r a t e s  of 2.2 t o  3 . /  m 3 / s  and i n l e t  
concen t r a t ions  of 0.9 t o  6 g/m3 a t  sound power . l e v e l s  of 2.3 t o  3.6 kW w i t h  
v a r i o u s  combinations of sound p l u s  wa te r  and/or  p l u s  steam (but  never  w i t h  
sound on ly ) .  The r e s u l t s  showed only a smal l  improvement w i t h  t h e  u s e  of 
steam; t h e  i n f l u e n c e  of water  i n j e c t i o n  was almost  2s s i g n i f i c a n t  a s  t h e  use  
of sound. Although t h e  system e f f i c i e n c y  was h igher  w i t h  sound and water 
than  when t h e  system was ope ra t ing  as a s imple h igh-ef f ic iency  cyclone,  t h e  
r e s u l t s  were d i sappo in t ing  i n  view of t h e  complexity of t h e  process .  Une 
test which was run wi thout  sound, water ,  o r  steam gave an  i n d i c a t i o n  of a t  
l e a s t  one shortcoming of , t h e  system: t h e  p a r t i c u l a t e  d i s t r i b u t i o n  w a s  
app rec i ab ly  s h i f t e d  t o  sma l l e r  s i z e s  as a r e s u l t  of f lowing through t h e  system-- 
i . e . ,  t h e  dev ice  is  s o  h igh ly  t u r b u l e n t  t h a t  i t  a c t s  as a deagglomerator.  
S ince  t h i s  s tudy  w a s  done, t h e r e  has  been e s s e n t i a l l y  ~ l o , l l r w  dev.elopment work 

* 
Although it  should be  noted t h a t  a e r o s o l  mechanics remains an  enigma t o  t h i s  
day -- i n  p a r t  because of  t h e  complexity of t h e  governing equations and i n  
p a r t  because of t h e  da t a :  "Experimental d a t a  on u l t r a s o n i c  coagu la t ion  of 
a e r o s o l s  a r e  f o r  t h e  most parL u1 110 u s e  f o r  comparing wi th  theory  s i n c e  they 
have u s u a l l y  been obta ined  f o r  po lyd i spe r se  a e r o s o l s  of unknown p a r t i c l e  
s i z e  and concent ra t ion ."  (Ref. 82, p. 316). 

 his organ iza t ion  began i n  1964. Caperton Braxton Horsley , who was formerly 
a s s o c i a t e d  w i t h  t h e  U l t r a s o n i c s  Corp. , was one of i t s  p r i n c i p a l s .  l 4  



by Braxton Cor and t h e  pro to type  AVP a t  Bedford, Mass. , remains t h e  only 
2P; , i n s t a l l a t i o n .  

I n  a d d i t i o n  t o  ~ r a x t o n  Corp., only two o t h e r  o rgan iza t ions  a r e  known t o  
a d v e r t i s e  t h e  a v a i l a b i l i t y  of AA: American Van Tongeren Corp. of Columbus, 
Ohi", aid BelLran Assoc. of Brooklyn, N Y . " ~  

Prof .  D. S. S c o t t  of t h e  Un ive r s i t y  of Toronto has  examined AA i n  a 
s e r i e s  of papers223-229 wi th  t h e  suppor t  of t h e  Ontar io  Research Foundation 
and t h e  National  Research Council  of Canada. I n  a ' r ecen t  paper ,229  he 
aclvocated new sound f i e l d  concepts  : progres s ive  saw-tooth waves and pulse- 
j e t  genera t ion .  A p ro to type  r e sea rch  f a c i l i t y  i s  being cons t ruc t ed  a t  t h e  
Ontar io  Research Foundation. 

The concept of u s ing  an  a c o u s t i c  f i e l d  t o  augment f i l t r a t i o n  has  been 
pursued by Prof .  J. M. Beeckmans of t h e  Un ive r s i t y  of Webtern Ontar io .  180-18' 
The a e r o s o l  being examined is  of s u f f i c i e n t l y  low concen t r a t ion  t h a t  agglomer- 
a t i o n  does not  occur  upstream from t h e  f i l t e r  and s o  t h i s  concept r e p r e s e n t s  
augmented c o l l e c t i o n  r a t h e r  than  AA. 

. . The U.S. EPA has  sponsored s e v e r a l  s t u d i e s  a t  t h e  Midwest Research .  ' 

I n s t i t u t e  (MRI) on f i n e s  c o l l e c t i o n 6  and high-temperature co l l ec t ion6 '  which 
have included reviews of t h e  AA concept .  Recent ly,  MKI completed201 an 
eva lua t ion  of AA and concluded t h a t  t h e  energy requirements  a r e  p r o h i b i t i v e :  
a t  165 dB (3.2 w/cm2) f o r  growth r a t i o s  of 20 i n  5 s e c ,  8 .2 kW per  m3/s would 
be  needed. I n  com a r i s o n ,  t y p i c a l  h igh-ef f ic iency  f i b r o u s  c o l l e c t o r s  r e q u i r e  5 1 .6  t o  32 kW per  m 1s. What must bc  noted ,  however, i s  t h a t  t h e  p o s s i b i l i t y  
e x i s t s  t h a t  only a sma l l  improvement i n  cyclone performance may be r equ i r ed  
t o  meet performance s p e c i f i c a t i o n s  ( e .g . ,  EPA New Source Standards,  t u r b i n e  
manufacturer s p e c i f i c a t i o n s ,  e t c . ) ;  j u s t  a smal l  change i n  p a r t i c u l a t e ,  
diameter  (perhaps by a f a c t o r  of 2 t o  5)  may provide  t h e  needed impetus. 
Also, f o r  high-temperature a p p l i c a t i o n s ,  t h e  energy reguirements  a s s o c i a t e d  
wi th  a l t e r n a t i v e  so lu t ions (g ranu1a r  beds,  s i l i c a  f i b e r s ,  e t c . )  may a l s o  b e  
very h igh  and even when 8.2 kW is  added t o  t h e  energy needs of a cyclone,  
t h e  r e s u l t  may s t i l l  be  competi t ive.  

EPRI is  suppor t ing  a program a t  SUNY-Buf f a l o  (Prof .  Shar214) -- RP 539 -- 
t h a t  w i l l  examine t h e  u s e  of an a c o u s t i c  f i e l d  i n  conce r t  w i t h  an  e l e c t r o s t a t i c  
p r e c i p i t a t o r .  No o t h e r  a c t i v i t i e s  a r e  known t o  b e  c u r r e n t l y  r e c e i v i n g  sponsored 
suppor t  i n  t he  U.S. Computer s ea rches  of Engineering Index and NTIS d a t a  
bases  on t h e  s u b j e c t  of AA (and a l l  i ts  permutat ions)  y i e lded ,  i n  a d d i t i o n  t o  
t h e  l i t e r a t u r e  a l r e a d y  c i t e d ,  one Harvard studyZ3O and Sovie t  papers.231-234 

Agglomerating Mechanisms and Data 

That an  a c o u s t i c  f i e l d  i s  capable  of caus ing  p a r t i c u l a t e  agglomerat ion 
is  a wel l -es tab l i shed  and widely accepted  f a c t .  How t h e  agglomerat ion 
process  t akes  p l ace ,  i.e., t h e  mechanism(s) of AA, remains an  engima d e s p i t e  

* - 
The Impaction number i s  dependent upon t h e  squa re  of d ,  and s o  t h i s  amount of 
growth w i l l  cause  I m  t o  i n c r e a s e  by a f a c t o r  of 4 t o  25. The n e t  impact on 
c o l l e c t i o n  e f f i c i e n c y  can no t  be determined - a p r i o r i  s i n c e  g e n e r a l  func t iona l  
forms of ~ ( 1 m )  a r e  no t  known. 



f o u r  decades of r e sea rch :  , .  . 

"The exac t  i n t e r r e l a t i o n  of t h e s e  mechanisms of s o n i c  agglomeration has 
n o t  been found . . . " (Ref. 83, p. 408) 

"Very l i t t l e  p rog res s  has  been made i n  t h e  p a s t  few yea r s  i n  understanding 
son ic  coagula t ion ."  (Ref. 82, p. 318) 

I I A completely s a t i s f a c t o r y  theory  of a c o u s t i c  coagula t ion ,  which w i l l  
account  q u a n t i t a t i v e l y  f o r  t h e  manner i n  which v i b r a t i o n  and a c o u s t i c  
f o r c e s  i n c r e a s e  t h e  rate of c o l l i s i o n  of p a r t i c l e s ,  has  y e t  t o  be 
developed." (Ref. 87,  p. 172) 

11 Although t h e  a c o u s t i c  coagu la t ion  of a e r o s o l s  enjoy widespread appl ica-  
t i o n s  i n  i n d u s t r y ,  t h e  theory  o i  t h e  process  has  s t i l l  n o t  been f u l l y  
dcvclaped.ll (nef. 200, p. 535) 

Agglomeration is  known t o  occur  f o r  a l l  degrees  of d i s p e r s i o n  (more t o  
h i g h l y  po lyd i spe r se ) ,  w i t h  bo th  l i q u i d  and sol id-phase p a r t i c u l a t e  y i e l d i n g  
aggrega te s  comprising s e v e r a l  thousand p a r t i c l e s .  " The r a t e  of agglomerat ion 
g e n e r a l l y  d iminishes  r a p i d l y  w i t h  i n c r e a s i n g  t ime and/or  decreas ing  p a r t i c u l a t e  
concen t r a t ion .  More than  t e n  s e p a r a t e  agglomerating mechanisms have been 
sugges ted  i n  t h e  l i t e r a t u r e  which occur  i n  one of two b a s i c  modes: " d i s t r i b -  
uted" and " loca l"  agglomeration. 

D i s t r i b u t e d  agglomerat ion occurs  as a r e s u l t  of enhanced p a r t i c u l a t e  
r e l a t i v e  motion, throughout  t h e  flow f i e l d ,  much i n  t h e  manner of Brownian 
motion, whereas l o c a l  agglomerat ion i s  caused by l o c a l i z e d  s t r a t i f i c a t i o n  1 
of t h e  p a r t i c u l a t e  phase a s  a  r e s u l t  of t h e  a c o u s t i c  f i e l d  c r e a t i n g  a r eg ion  
of r e l a t i v e l y  sma l l  i n t e r p a r t i c l e  spac ing  t h a t  a l lows  t h e  short-range f o r c e s  
t o  fOPm aggrega tes .  The problem is s u t t i c i e n t l y  complex t h a t  n o t  only 1s 
"the" mechanism n o t  known, i t  p'robably does n o t  e x i s t  s i n c e  AA occurs  i n  a 
d i v e r s e  v a r i e t y  of ways, depending upon t h e  n a t u r e  of t h e  a e r o s o l ,  t h e  
a c o u s t i c  f i e l d ,  t h e  flow geometry, e t c .  Thus,' t h e  conclus ions  of p a r t i c u l a r  
s tudy  may be  seemingly c o n t r a d i c t e d  by o t h e r  experiments ,  whereas i t  i s  
e n t i r e l y  p o s s i b l e  t h a t  bo th  s e t s  of d a t a  a r e  equa l ly  v a l i d  and a r e  d e p i c t i n g  
d i f f e r e n t  dominant mechanisms under d i f f e r e n t  c ircumstances.  The dependence 
of AA upon a c o u s t i c  trequency i s  a n  example of t h i s  s i t u a t i o n ;  some inves- 
t i g a t o r s  have concluded t h a t  i t  is  a n  important  parameter wh i l e  o t h e r s  
have concluded t h a t  i t  i s  n o t ,  and i t  appears  t h a t  bo th  groups a r e  c o r r e c t .  

It is  in tended  t h a t  t h i s  s e c t i o n  b r i e f l y  survey t h e  v a r i o u s  mechanisms 
of M t h a t  have been propounded i n  ord,er t h a t  t h e  d a t a  may be  analyzed 
w i t h i n  some a n a l y t i c a l  framework, 

Or thok ine t i c  V ib ra t ion  w a s  proposed as t h e  AA mechanism f o r  po lyd i spe r se  
a e r o s o l s  by Brandt,  Freund, and Hidemann i n  t h e  mid-1930's. Since each 
p a r t i c l e  possesses  a  unique diameter  ( 2 )  and d e n s i t y  ( F ) ,  i t  responds to. 
a  changing f low f i e l d  a t  a c h a r a c t e r i s t i c  rate: namely, t h e  r e l a x a t i o n  
t i m e  (?) developed i n  Eq. 37. I n  a n  a c o u s t i c  f i e l d ,  t h e  p a r t i c l e s  w i t h  
s h o r t  r e l a x a t i o n  t i m e s  c l o s e l y  fo l low t h e  v ib ra t iona1 ,mot ion  of , the  medium . . . .. . . . 
(2. e . ,  'viscous-dominated regime) wh i l e  t hose  'with a  l a r g e  -7: remain almost' 
s t a t i o n a r y  w i t h  r e s p e c t  t o  t h e  mean f low ( t h e  i n e r t i a l  regime).  Thus, t h e  
a c t i o n  of a c o u s t i c  wave t o  an  observer  s t a t i o n e d  on a l a r g e  ? p a r t i c l e  is 



t o  'cause t h e  v i b r a t i o n a l  motion of sma l l e r  ? p a r t i c l e s  i n  a  surrounding 
envelope. Within an "aggregat ion volume," t h e  p a r t i c l e s  w i th  sma l l  t ime 
cons t an t s  approach near  enough t o  a pa ren t  p a r t i c l e  of l a r g e  ? t h a t  t h e  
short-range f o r c e s  r e s u l t  i n  a . c a p t u r e  and t h e  c r e a t i o n  of a  p a r t i c l e  of 
s t i l l  l a r g e r  r e l a x a t i o n  time. S ince  this~ 'mechanism of AA i s  probably t h e  
most s i g n i f i c a n t ,  t h e  governing equat ions  w i l l  be  developed i n  d e t a i l .  

The gene ra l  s o l u t i o n  f o r  p a r t i c u l a t e  o s c i l l a t i o n  i n  a  medium of 
app rec i ab le  i n e r t i a  has  been developed by ~ u c h s . ~ ?  For a  comparison of t h i s  
r e s u l t  w i th  t h a t  obtained by neg lec t ing  t h e  mass of t h e  medium, Fuchs has  
shown t h a t  t h e  e r r o r  i s  n e g l i g i b l y  small .  Equating t h e  a c c e l e r a t i o n  of a  
s i n g l e ,  s p h e r i c a l  p a r t i c l e  t o  t h e  Stokes d rag  f o r c e  and making use of t h e  
i n e r t i a - l e s s  medium approximation y i e l d s  , 

where V is t h e  v i b r a t i o n a l  v e l o c i t y  of t h e  medium and can be  expressed as 

This  equat ion  of motion i s  r e s t r i c t e d  t o  t h e  low Reynolds numberllow Knudsen 
~ l u m l ~ e ~  I l o u  regime, i. e . ,  

Kn E 2x12 20.1 

s i n c e  t h e  s imple  Stokes l a w  has  been presumed. 
. ... 

Rearranging Eq. 68a y i e l d s  

where 

The gene ra l  s o l u t i o n  of t h i s  f i r s t - o r d e r  d i f f e r e n t i a l  equat ion  i s  given by 
t h e  sum of two terms, one r ep re sen t ing  t h e  t r a n s i e n t  e f f e c t  and one t h e  
s teady  s t a t e  cond i t i on  

where t h e  phase ang le  $ i s  given by 

t a n  (g = wr (71b) 

Since t h e  t ime cons t an t  of those  p a r t i c l e s  s a t i s t y i n g  Eq. 69a i s  very  sma l l ,  
t h e  t r a n s i e n t  term can be  j u s t i f i a b l y  ignored.  It is c l e a r ,  then,  t h a t  
t h e  p a r t i c u l a t e  motion can be  expressed a s  



whcr c  

- -, 

V = Vo s i n  (ot-4) 
_. . .I (72b) 

The nondimensional r a t i o  of  t h e  modules of t h e  p a r t i c u l a t e  motion t o  t h e  
medium motion, namely, A*, i s  known a s  t h e  entrai~uueul :  coef f j -c lenr  and varies 
from ze ro  t o  u n i t y  as a  f u n c t i o n  of t h e  product  U T .  

The s i g n i f i c a n c e  of Eq.  72 is t h a t  f o r  a flow f i e l d  w i th  a s i n g l e  
imposed v i b r a t i o n a l '  f requency,  t h e  p a r t i c u l a t e  d i s p e r s i o n  w i l l  v i b r a t e  a t  
c h a r a c t e r i s t i c  va lues  of A* a s  governed by t h e  t ime c o n s t a n t s  of each 
p a r t i c l e .  The very  l a r g e  ? p a r t i c l e s  w i l l  remain e s s e n t i a l l y  mot ionless ,  
whereas t h e  very  s m a l l  -r p a r t i c l e s  w i l l  v i b r a t e  e s s e n t i a l l y  w i t h  t h e  medium. * Thus, s i g n i f i c a n t  r e l a t i v e  motion is e s t a b l i s h e d  between t h e  various-sized 
p a r t i c u l a t e  and hence c o n t a c t  and agglomerat ion can  be  expected t o  occur .  
I n  a d d i t i o n  t o  a d i s t r i b u t i o n  of r e l a t i v e  maximum v i b r a t i o n s ,  AA a l s o  
causes  t h e  p a r t i c u l a t e  t o  undergo p e r i o d i c  motion a t  v a r i o u s  phases,  a s  
governed L y  Eq. 71b. 

A t  1 0 0 o O ~ ,  p a r t i c u l a t e  of spec i f  ir. gravity 2.85 g/cm2 (dolomite)  hao t imc 
c o n s t a n t s  given by t h e  fo l lowing  expressinn: . 

Since  t h e  a c o u s t i c  f requency i s  simply w div ided  by ZIT, Eqs. 7 2  and 73 can 
be  expressed a s  

f o r  t h e  hot-gas condi t ion .  This  equa t ion  i s  dep ic t ed  i n  Fig. 37 f o r  two 
v a l u e s  of t h e  entrainment  coefficient: 0.1.0 and 0.90. The s i g n i f i c a n c c  
of t h i s  graph can  be seen by examining t h e  i n f l u e n c e  of a  10-kHz a c o u s t i c  
f i e l d  on a  h igh ly  d i s p e r s e  a e r o s o l  ( e .g . ,  0 . 1  t o  >300 pm p a r t i c u l a t e )  such 
as would be  produced by f luidized-bed combustion: a l l  p a r t i c u l a t e  l a r g e r  
than  c a  15  pm w i l l  b e  e s s e n t i a l l y  s t a t i o n a r y  w i t h  r e s p e c t  t o  t h e  v i b r a t i n g  

* 
Since  t h e  t ime c o n s t a n t  exp res s ion  invo lves  p a r t i c u l a t e  d e n s i t y ,  even a 
monodisperse a e r o s o l  can  agglomerate  by t h i s  mechanism provided i t  i s  
nonhomogeneous. 
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1 
" medium whereas a l l  p a r t i c u l a t e  sma l l e r  t han  ca.  2 pm w i l l  b e  v i b r a t i n g  

e s s e n t i a l l y  w i th  t h e  medium. Hence, f o r  t h i s  f requency,  p a r t i c u l a t e  on t h e  
o i d e r  of 10  pm and l a r g e r  can  b e  cons idered  a s  s t a t i o n a r y  pa ren t s  which a c t  . 

": as agglomerat ion s i t e s  f o r  p a r t i c u l a t e  of t h e  o r d e r  of 1 pm and smaller. I n  
f ac t , ,  a l l  par . , t i c les  a r e  v i b r a t i n g  t o  some degree  and a t  d i f f e r e n t  phase 
arigles -- a s  'a consequence of Eq. 7lb--but t h e  h i g h l y  desirable.phenomenon 
of growing s m a l l ,  d i f f i c u l t - t o - c o l l e c t  p a r t i c l e s  on to  t h e  l a r g e  p a r t i c l e s  
p re sen t  can c l e a r l y  be . expec ted  t o  occur .  

Because high-frequency a c o u s t i c  f i e l d s  a t t e n u a t e  r a p i d l y ,  i t  i s  probably 
i m p r a c t i c a l  t o  a t tempt  t o  main ta in  a s t and ing  wave i n  a l a r g e  a g g l o m e r a t h g  
v e s s e l  a t  f r equenc ie s  i n  t h e  kHz range.  It is p o s s i b l e ,  however, t o  u s e  a 
p rog res s ive  wave f i e l d  such t h a t  t h e  a e r o s o l  is  o r i g i n a l l y  sub jec t ed  t o  a 
h igh  frequency f i e l d  which a c t s  t o  agglomerate submicron p a r t i c u l a t e  i n t o  
t h e  t ransmicron range. Then, by provid ing  a lower frequency f i e l d ,  t h e  
same h igh  entrainment  c o e f f i c i e n t  can b e  maintained f o r  t h e  cont inued 
e f f i c i e n t  agglomerat ion of t h e  now l a r g e r  p a r t i c u l a t e .  A s  t h e  smal l - s ize  
p a r t i c u l a t e  reaches  t h e  10 pm range,  t h e  optimum a c o u s t i c  frequency f o r  
agglomerat ion dec reases  t o  l e s s  than  ca.  1000 Hz. One concept  u t i l i z i n g  
such a frequency v a r i a t i o n  has  been r e c e n t l y  proposed by ~ c o t t  . 229 

Seve ra l  important  second-order e f f e c t s  r ega rd ing  t h e  succeeding a n a l y s i s  
have been developed by Mednikov : 98 t h e  flow-around f a c t o r  (a l) and t h e  
phase-difference f a c t o r  (a2). Both of t h e s e  c o r r e c t i o n s  have t h e  e f f e c t  
of decreas ing  t h e  aggrega t ion  volume of an  agglomerat ion p a i r .  



I n  a d d i t i o n  t o .  o r t h o k i n e t i c  v i b r a t i o n ,  numerous a d d i t i o n a l  mechanisms 
o r  phenomena have been proposed a s  s i g n i f i c a n t l y  a f f e c t i n g  t h e  agglomerating 
c h a r a c t e r i s t i c s .  S ince  t h e  e s s e n t i a l  r o l e  of t h e s e  a d d i t i o n a l  e f f e c t s  appears  
t o  be  t h a t  of enhancing o r  i n h i b i t i n g  t h e  primary mechanism of o r t h o k i n e s i s ,  
they  w i l l  be  t r e a t e d  only b r i e f l y .  

Radia t ion  Pressure .  An a c o u s t i c  wave impinging upon a p a r t i c l e  w i l l  
r e s u l t  i n  r e f l e c t i o n ,  . s c a t t e r i n g ,  a b s o r p t i o n ,  and d i f f r a c t i o n ,  c a u s i n g , a  $ .  

n e t  t r a n s f e r  of energy (momentum) from t h e  wave system t o  t h e  p a r t i c u l a t e  . 

phase. For a t r a v e l i n g  wave, t h i s  r e s u l t s  i n ' t h e  p a r t i c u l a t e  exper ienc ing  
a  r e l a t i v e  f o r c e  w i t h  r e s p e c t  t o  t h e  medium i n  t h e  d i r e c t i o n  of t h e  wave 
motion; f o r  a  s t and ing  wave, t h i s  f o r c e  a c t s  t o  e s t a b l i s h  a  d r i r t  v e l o c i t y  
toward t h e  nodes and an t inodes .  (The r a d i a t i o n  as p re s su re  vanishes  a t  
bo th  t h e  nodes and an t inodes ,  a l though only a t  t h e  l a t t e r  l oca t son  is  it 
p o s s i b l e  f o r  t h e  p a r t i c u l a t e  t o  s t a b l y  congregate .  ) This  mechanism w a s  
f i r s t  p ro  osed by King i n  1 9 3 4 ~ ~ ~  t~ e x p l a i n  the observed c l ~ u d s  by Kusdt 

205' i n  1866 - which forwad at the  an t inodes  when a s t a n d i n  a c o u s t ~ e  wave w a s  
imposed on a  nonflowing a e r o s o l  i n .  a tube.  S t .  C l a i r Y Z e 6  who d i d  much of 
t h e  e a r l y  work on AA i n  t h e  U.S.,,was a  s t r o n g  proponent of t h i s  mechanism. 
As a r e s u l t  of h i s  a n a l y s t s ,  he was a b l e  t o  c a l c u l a t e  a  decrease  i n  
p a r t i c u l a t e  c o n c e n t r a t i o n  a t  t h e  nodes and a corresponding i n c r e a s e  a t  t h e  
ant , inodes pure ly  a s  a r e s u l t  of r a d i a t i o n  pressure .  

3. For p a r t i c l e s  of r e l a t i v e l y  long 
r e l a x a t i o n  t ime w i t h  r e s p e c t  t o  t h e  a c o u s t i c  pe r iod ,  t h e  e f f e c t i o f  t h e  
o s c i l l a t i n g .  medium i s  t o  e s t a b l i s h  a  r e l a t i v e  v e l o c i t y  paral le l :?  t o  t h e  
d i r e c t i o n  of t h e  v i b r a t i o n  vec to r .  For a p a r t i c u l a t e  system a l igned  
perpendicular  t o  t h i s  v e c t o r ,  t h e  r e l a t i v e  medium v e l o c i t y  causes ' the  
s p h e r i c a l  p a r t i c l e s  t o  be a , t t r a c t e d  t o  one ano the r  as a r e s u l t  of t h e  
inc reased  medium v e l o c i t y  and, t h e r e f o r e  decreased f l u i d  p re s su re ,  between 
t h e  spheres .  Conversely, f o r  a p a r t i c l e  sys t em 'a l igned  p a r a l l e l  t o  t h e  
v i b r a t i o n  v e c t o r ,  t h i s  e f f e c t  causes  a  r e l a t i v e  r epu l s ion .  This  mechanism 
was o r i g i n a l l y  p o s t u l a t e d  by ~ o n i ~  i n  1891Z03 as an  exp lana t ion  of t h e  d u s t  
f i g u r e s  i n  Kundt 's t ube  and i s  o f t e n  r e f e r r e d  t o  i n  t h e  l i t e r a t u r e  as t h e  
Bernou l l i  f o rce .  

p a r a k i n e t i c  A t t r a c t i o n .  I f  t h e  ~ e y n o l d k  number of r e l a t i v e  v e l o c i t y  
of t h e  medium w i t h  r e s p e c t  t o  t h e  p a r t i c u l a t e  i s  l a r g e r  than  one (which 
can  r e a d i l y  occur  f o r  h igh  a c o u s t i c  i n t e n s i t i e s  and/or  l a r g e  p a r t i c u l a t e ) ,  
i t  is 'known t h a t  s t r e a m l i n e  asymmetry occurs  fo re -a f t  of each p a r t i c l e .  
A s  a k e s u l t  of t h i s  asymmetry i n  t h e  s t r e a m l i n e  f i e l d ,  shor t - re laxa t ion- t ime 
p a r t i c u l a t e ,  which c y c l e s  back and f o r t h  i n  t h e  v i c i n i t y  of long time 
p a r t i c l e s ,  f i n d s  i t s e l f  on d i f f  e r e q t  s t r e a m l i n e s  a f t e r  each cyc le .  Such 
a  h y s t e r e t i c  motion w i l l  cause sma l l  p a r t i c l e s  o r i g i n a l l y  w i t h i n  a  narrow band 
above and below a  s t a t i o n a r y  p a r t i c l e  ( f o r  a  h o r i z o n t a l  v i b r a t i o n  v e c t o r )  
t o  d r i f t  toward t h a t  p a r t i c l e  r e g a r d l e s s  of i t s  i n i t i a l  h o r i z o n t a l  p o s i t i o n ,  
whereas p a r t i c l e s  i n i t i a l l y  o u t s i d e  t h i s  narrow band w i l l  exper ience  a n e t  
d r i f t  away from t h e  s t a t i o n a r y  p a r t i c l e .  . .. 

L 

Wake A t t r a c t i o n .  For t h e  l a r g e  Reynolds number condit ion:  t h e  v e l o c i t y  
f i e l d  a s  w e l l  a s  t h e  s t r e a m l i n e  f i e l d  is  asymmetrical.  Two p a r t i c l e s  of 
similar bu t  unequal r e l a x a t i o n  t i m e  t hen  a l t e r n a t e l y  exper ience  e i c h  o t h e r ' s  
wake. Because of t h e  v e l o c i t y  d e f i c i t  i n  t h e  wake, t h i s  c y c l i c  a c t i o n  
causes  t h e  t r a i l i n g  p a r t i c l e  t o  approach t h e  l end ing  p a r t i c l e  dur ing  each 



cyc le ,  a l though t h i s  e f f e c t  i s  r e s i s t e d  t o  a degree  by t h e  hydrodynamic 
r e p u l s i o y  f o r c e  noted above. - .1 

, . 

Stokes .Force. Since t h e  Stokes drag  f b k  r e l a t i o n  involves  t h e  medium 
v i s c o s i t y  t o  t h e  f i r s t  power, t h i s  f o r c e  w i l l  vary  wi th  t h e  temperature of 
t h e  medium. Since any t u r b u l e n t  v e l o c i t y  f i e l d  evidences a  temperature 
turbulence  f i e l d  (even i f  t h e  system i s  a d i a b a t i c ) ,  t h e r e '  w i l l  b e  a p e r i o d i c i t y  
t o  t h e  Stokes drag  fdrce .  This  e f f e c t  can be  compounded i f  , t h e  agglomerating 
process  t akes  p l ace  i n  a  d ia thermal  environment. 

Acoustic Streaming. This  phenomenon occurs  as a r e s u l t  of t h e  a c o u s t i c  
f i e l d  i n t e r a c t i n g  wi th  s o l i d  o b s t a c l e s ,  which causes  r e c i r c u l a t i o n  motions 
of t h e  common, g ros s  v a r i e t y  a r o u n d ' t h e  e n t i r e  o b s t a c l e ,  a s ' w e l l  a s  very  
minute motions w i t h i n  t h e  boundary. l a y e r  i t s e l f  (microstreaming) . shirokova2 O O 
has  pos tu l a t ed  t h a t  t h e  microstreaming which occurs  when an a c o u s t i c  wave 
s t r i k e s  t h e  p a r t i c u l a t e  phase exp la ins  why she  observed t h a t  p a r t i c l e s  w i t h i n  
a  prescr ibed  cap tu re  s o l i d  ang le  were a t t r a c t e d  t o  a  r e f e rence  p a r t i c l e  wh i l e  
t hose  o u t s i d e  t h i s  ang le  were r e p e l l e d .  . . 

. . 

Turbulence Incept ion.  S ince  turbulence  causes  r e l a t i v e  microsca le  motion 
between p a r t i c l e s ,  i n  t h e  manner of Brownian.agglomeration, t h e  augmentation 
of tu rbulence  due t o  a  h igh - in t ens i ty  a c o u s t i c  f i e l d  can be expected t o  a l s o  
i n c r e a s e  t h e  agglomeration r a t e .  . . . 

E l e c t r o s t a t i c  Charge. It i s  w e l l  known t h a t  t h e  p a r t i c u l a t e  phase i n  
an ae roso l  possesses  va r ious  i n t e n s i t i e s  of e l e c t r o s t a t ' i c , c h a r g e  even i n  t h e  . . absence of an  impressed p o t e n t i a l .  This  charge a r i s e s  i n  par t -because  of 

t h e ' r e l a t i v e  motion between t h e  medium and t h e  p a r t i c l e  and can be  ari 
' 

important f a c t o r '  i n ' e i t h e r  a s s i s t i n g  or. opposing agglomerat ion 'and c o l l e c t i o n .  
Since a n '  a c o u s t i c  f i e l d  enhances t h i s  r e l a t i v e  motion,' i t  is  expected 
t h a t  t h e  e l e c t r o s t a t i c  charge ' e f f e c t s  w i l l  a l s o  be  more important  f o r  AA.' 

Acoustic Agglomeration Kine t i c s  

For h igh ly  polydisperse  aero ' so ls ,  t h e  dominant e f f e c t  causing agglomeration 
is  o r t h o k i n e t i c  v i b r a t i o n .  The o t h e r  mechanisms supplement t h i s  agglomeration 
process  i n  two ways. F i r s t ,  they provide a  means of r e f i l l i n g  t h e  emptied 
aggrega t ion  volume a f t e r  each ha l f - cyc l e  of v i b r a t i o n  by t h c  smal l - s ize  
p a r t i c u l a t e  phase. I f  t h i s  r e f i l l i n g  d i d  n o t  occur ,  t h e  agglomerat ion r a t e  
would decrease  d rama t i ca l ly  a f t e r  t h e  f i r s t  cyc le .  Secondly, t h e s e  supple- 
mental mechanTsms cause long-time-period g ros s  motions of t h e  e n t i r e  

' 

p a r t i c u l a t e  phase, r e s u l t i n g  i n  nonhomogeneous d i s t r i b u t i o n s .  One example 
of t h i s  e f f e c t  is' t h e  tendency of p a r t i c u l a t e  t o  s t r a t i f y  near  t h e  nodes .  
Zn s tanding  wave systems o r  t o  g radua l ly  fo l low t h e  wave f r o n t  i n  a  t r a v e l i n g  

. . 
wave'.system. ' . '. 

. The f i r s t ,  and most important ,  i n f l u e n c e  of t hese  supplemental mechanisms 
has  been portrayed by Shannon and Hegarty,  a s  shown i n  Fig.  38.  

, , I n  o rde r  t o  a s s e s s  t h e  k i n e t i c s  of t h e  e n t i r e  process ,  a  number of 
s inlpl i f  i c a t  ions  must h c  made. The e n t i r e  i n £  l.ilence of the r e f i l l i n g  
mechanisms w i l l  b e  contained i n  a  s i n g l e  parameter ,  6, where i t  i s  de f ined  
as 
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Fig. 38. An I l l u s t r a t i o n  of t h e  Hypvthesized   elation ships Among 
Various Acoust ic  Agglomeration Mechanisms (reproduced 
from Ref. 201) . 

where n~ i s  tl ie r~umber d e n s i t y  of smal l  s i z e  p a r t i c l e s  maintained w i t h i n  t h e  
aggrega t ion  volume of t h e  parent  p a r t i c l e  and n i s  t h e  ambient number d e n s i t y  
of t h e  smal l  s i z e  p a r t i c u l a t e  o u t s i d e  t h i s  volume. Mednikov r e f e r s  t o  t h i s  
f a c t o r  as t h e  " f i l l i n g  c o e f f i c i e n t , "  which may be  considered a measure of 
t h e  e f f i c i e n c y  wi th  which t h e  va r ious  r e f i l l i n g  mechanisms maintain t h e  
aggrega t ion  volume f i l l e d  with t h e  ins tan taneous  ambient concen t r a t ion  of 
p a r t i c u l a t e  t o  be agglomerated. 

The k i n e t i c  eq,uation of t h e  agglomeration r a t e  due t o  orll l lokinetic 
v ib ra . t i on  may be assumed t o  be  of t h e  form 

I f  t h e  k i n e t i c s  of t h i s  process  were s i m i l a r  t o  Brownian agglomerat ion a s  
governed by Eq.  66a, t h e  exponent would be 2 .  However, s i n c e  self-agglomera- 
t i o n  $s no t  t h e  dominant mode ( C . e . ,  sma l l  p a r t i c l e s  do n o t  tend t o  
agglomerate upon qach o t h e r  hu t  nntn l a r p , ~  p a r t i c l e g ) .  i t  might b c  c~cpr.ct.r.d 
t h a t  t h e  exponent would be u n i t y  a s  f o r  a unimolecular chemical r e a c t i o n  

. n - -  - exp (-KAt) . . n  
0 . . 

where a t  t = 0, t he  number d e n s i t y  is  no. The a v a i l a b l e  d a t a  tend t o  suppor t  
t h i s  f i r s t  o rde r  r e a c t i o n  mode love r  a wide range i n  ope ra t ing  v a r i a b l e s .  



. . .., , . .  -. c ': ; 

For i n s t ~ c k ,  ~ e d r i i k o v . . ( ~ e ' f .  198, p. 117)' ha;, o n  'tge b a s i s  , . of ' da t a  i .. ,. by.: ,,.: ; 
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f o r  i c o u i t i i  agglomeration of 0.28 'urn d ioc ty lph tha l a t e '  f o g  d r o p l e t s  a t  13. kHz 
where p  i s  t h e  sound p r e s s u r e . i n  k i l o b a r s  and t h e  time i s  given i n  seconds. 

' 

For moderate va lues  of ( p t ) ,  t h e  second o rde r  termmay be j u s t i f i a b l y  neglec ted .  .. , . . 

The fbnc ' t i dn i l  forb f b r  t h e  A A  k i h e t i c  F p e f f i c i e n t  K A. may be i n £  e r r e d ,  . : ' ,. 
by observing t h a t  i t  r e p r e s e n t s  t h e  f r a c t i o n  of n  . p a r t i c l e s  p re sen t  i n  

. .  . . 

sma l l  s i z e  t h a t  a r e  captured '  i n  t ime d t  and can  be expressed a s  
, . . 

where 2f r e p r e s e n t s  t h e  number of pas ses  of t h e  sma l l  p a r t i c u l a t e  by t h e  
agglomerating c e n t e r s  i n  d t ,  nAQA r e p r e s e n t s  the.number of p a r t i c l e s  w i th in  
t h e  agglomerat ing volume; N r e p r e s e n t s  t h e  number d e n s i t y  of s t a t i o n a r y  . 

l a r g e  p h a s e . p a r t i c l e s ,  and n  r e p r e s e n t s  t h e  number dens i ty . .o f  t h e ' s m a l l  phase 
p a r t i c l e s ,  By s u b s t i t u t i n g  Eq. 76 f o r  t h e  f i l l i n g  c o e f f i c i e n t ,  t h i s . r e d u c e s  
t o  

. The agglomerating volume can be  viewed-as an  approximate c i r c u l a r  cy l inde r  
of c ros s - sec t iona l  a r e a  a1nC2/4 where D i s  t h e  diameter  of t h e  l a r g e - s i z e  
p a r t i c l e  and a1  is  a  c o r r e c t i o n  f a c t o r  t o  reduce t h e  a r e a  due t o  secondary 
e f f e c t s  (which Mednikov terms t h e  c a p t u r e  c o e f f i c i e n t )  and a l eng th  
2a2Ag where Ag i s  t h e  maximum ,gas ampli tude and a2 i s  ano the r  c o r r e c t i o n  
f a c t o r  which reduces t h e  p o t e n t i a l  l e n g t h  of t h i s  yolume due t o  p h a s e , s h i f t s  
and o t h e r .  i n f luences .  The maximum gas ampl i tude  may, be  exp.ressed i n  . . terms 
of t h e , f r e q u e n c y  ( f )  and a c o u s t i c  p,ower d e n s i t y  ( J ) ' b y  

where p and c  a r e ,  r e s p e c t i v e l y ,  t h e  d e n s i t y  and speed of sound i n  t h e  
. . 

medium. 

S u b s t i t u t i n g  t h e s e  r e l a t i o n s  i n t o  Eq. 8 1  y i e l d s  

where 

. - . . 
and thus  . . . . .  . .. :. 



showing t h a t  t h e  agglomeration r a t e  is most s t rongly ,dependent  upon t h e ,  
diameter  of . t h e  l a r g e  s i z e  p a r t i c u l a t e  'phase and is  l e a s t  ' s t rongly '  dependen't, . . . .  , . .  _ 

. .  . upon J, p ,  and c. 

This  r e s u l t  may be convenient ly a s s e s s e d : i n  .two contexts :  agglomeration 
of a monodisperse a e r o s o l  f o r  a des i r ed  growth r a t i o  of t h e  p a r t i c u l a t e s  
and. . for  t h e  agglomeration of t h e  small s i z e  phase onto t h e  l a r g e  s i z e  phase , 

f o r  a binary ae roso l .  . . 

The f i r s t  cake, t h a t  of a monodispers& a e r o s o l ,  was evaluated by Hegir ty 
and shannonZo1 i n  t h e  EPA-sponsored s tudy and l e d  t o  very pess imis t i c  
conclusions a s  t o '  t h e  p r a c t i c a l i t y  of AA. But i t  is important t o  observe . . 
t h a t  they evaluated t h e  l e a s t  adaptable  conf igura t ion  f o r  AA. For t h e  
monodisperse a e r o s o l ,  a mass balance y i e l d s  

. . 
1. . 

where i5'.is t h e  d e n s i t y  o f . t h e  aggregated p a r t i c u l a t e  and can be expected . .  

t o  be  somewhat smal ler  than  p f o r  smokes and dus ts , .  which tend t o  t o m  chain 
and f l ake - l ike  s t r u c t u r e s .  Solving f o r  n/no. and sub . s t i tu t ing  " i t .  i n t o  t h e  
k i n e t i c .  equat ion  y i e l d s  ' . . 

where . . 

K = y i 2 G  n 
A 

(86b) 
. , ,  

Since  t h e  agglomerating c e n t e r s  diminish i n  number a s  they form from the  
+ smal l  s i z e  p a r t i c l e s ,  i t  is  apparent  t h a t  t h e  above equations a r e  much more 

complex than o r i g i n a l l y  angic ipa ted  by t h e  k i n e t i c  model s i n c e  KA con t inua l ly  
changes due t o  changes i n  d and n. Hegarty and Shannon circumvented t h i s  
d i f f i c u l t y  by merely analyzing t h e  fol lowing form: 

LC -i 3 !~,,[a/a,l (87) 

f o r  growth r a t i b s  of 5 '  t o  20 ( a l s o  known a s  the  agglomeration index) which 
r e q u i r e s  

By us ing  the  d a t a  of Neumann and they reexpressed t h e  above 
equat ion  a s  

i n  order  t o  achieve  t h i s  range of growth r a t i o s .  Thus, a sound i n t e n s i t y  of 
1 w/cm2 (160 dB) i s  needed t o  provide a growth r a t i o  of approximately 8 i n  
10 s e c  of res idence  time. Next, by assuming va r ious  e f f i c i e n c i e s  f o r  t h e  
a c o u s t i c  genera tor ,  compressor, and t h e  agglomerating chamber, they .were  



a b l e  t o  e s t ima te  t h e  s i z e  and power requirements  f o r  such a n  agglomerator , 

system. A s  a t y p i c a l  r e s u l t ,  f o r  a growth r a t i o  of 1 5  a t  160 dB, a r e s idence  
time of 8 seconds i s  r equ i r ed  i n  a chamber 4 m i n  diameter  and 11 m t a l l  w i t h  
a n  energy consumption of 9 .1 kW-hr pe r  1000 m3 of gas  t r e a t e d  (21  hp/1000 cfm). 
S ince  t h i s  energy requirement would be  i n  a d d i t i o n  t o  t h a t  a s s o c i a t e d  w i t h  
t h e  p re s su re  drop a c r o s s  t h e  c o l l e c t i o n  cyclone downstream (ca. 4 hp/1000 
cfm), t h e  t o t a l  power requirement would exceed t h a t  of even t h e  h i g h e s t  
v e n t u r i  sc rubber  system (ca. 20 hp/1000 cfm). Hence, they  concluded: "The 
u t i l i t y  of a s o n i c  agglomerator  as an  a i d  t o  c o n t r o l l i n g  f i n e  p a r t i c u l a t e s  
seems d o u b t f u l  a t  b e s t .  " (Ref. 201, p. 39) .  

This  s tudy ,  t oge the r  w i t h  t h e  poor performance of t h e  Braxton s o n i c  
agglomerator ( a l s o  t e s t e d  by EPA), has  r e s u l t e d  i n  a very  p e s s i m i s t i c  a t t i t u d e  
toward AA i n  many q u a r t e r s .  However, because t h e  Hegarty and Shannon s tudy  
eva lua ted  t h e  concept of AA i n  its l e a s t  adequate  s e t t i n g  ( i . e . ,  a mono- 
d i s p e r s e  a e r o s o l  of f i n e s )  and because t h e  poor performance of t h e  Braxton 
agglomerator can b e  expla ined  on o t h e r  grounds, t h i s  assessment of AA should 
no t  be c a s u a l l y  extended t o  o t h e r  p o t e n t i a l  a p p l i c a t i o n  f o r  which t h e  a e r o s o l  
c h a r a c t e r i s t i c s  and system requirements  a r e  more s u i t a b l y  matched w i t h  t h e  
c a p a b i l i t i e s  of AA. 

:To, assess AA i n  t h e  con tex t  of p r e t r e a t i n g  an  a e r o s o l  t h a t  has  been 
produced by f luidized-bed combustion and cleaned by a medium-efficiency 
cyclone,  t h e  model.of a b ina ry  a e r o s o l  is developed: a l a r g e - s i z e  p a r t i c u l a t e  

' ' phase which a c t s  as agglomerat ion c e n t e r s  and a smal l - s ize  phase which i s  
diminished i n  concen t r a t ion  - a s  a r e s u l t  of agglomerat ion onto  t h e  l a r g e  
p a r t i c u l a t e . .  The t r i a n g u l a r  p o i n t  of Fig.  5 w i l l  be  used as t h e  b a s e l i n e  
ae roso l :  ? = 37.8 g/m3 and ( a a v g  = 225 pm. S ince  t h e  e f f i c i e n c y  of 
cyclones dec reases  s i g n i f i c a n t l y  f o r  p a r t i c u l a t e  below ca.  20 pm, t h e  
agglomerat ion process  should be  designed p r imar i ly  t o  dec rease  t h e  concen- 
t i a t i o n  of t h e  p a r t i c u l a t e  below t h i s  s i z e .  For i n s t a n c e ,  t h i s  a e r o s o l  
can be  approximated a s  c o n s i s t i n g  of a l a r g e  phase of 37.7 g/m3 a t  a s i z e  
of. 230 pm and a sma l l  phase of 100 mg/m3 a t  10 pm. From grade e f f i c i e n c y  
curves a v a i l a b l e  from cyclone manufacturers ,  approximately 0.1% of t h e  
l a r g e  phase and 90% of t h e  sma l l  phase w i l l  e scape  t h e  c o l l e c t i o n  system. 
Thus, w i t h  no AA, t h e  concen t r a t ion  a t  t h e  cyclone o u t l e t  would be  approximately 

o u t l e t  = 0.001(37 700) + 0.90(100) 

which corresponds t o  t h e  EPA upper bound of Fig. 5. By us ing  A A ' a t  a 
fr-equency of ca. 1 kHz (from Fig. 37) ,  t h e  concen t r a t ion  of t h e  sma l l - s i ze  
phase w i l l  v i b r a t e  w i t h  t h e  medium and t h e  l a r g e  phase w i l l  be  mot ionless ,  
caus ing  a r educ t ion  i n  s u ~ a l l  phase conccn t r a t ion  i n  p rnpnr t ion  t o  t h e  product  
K A t  as given by Eq. 78, namely, 



where t h e  s u b s c r i p t s  i and e  denote  i n l e t  and e x i t  t o  t h e  agglomerat'ing 
chamber. I f  t h e  concen t r a t i on  is  to '"be:reduced by one o r d e r  of magnitude, 
then  . . . . .. :, . . 

. = +2.3 . (90) 
,. . .  

For t h i s  degree of agg lomera t ion , . t he '  smal l  phase concen t r a t i on  would diminish 
by 10  mg/m3 and t h e  l a r g e  phase would i n c r e a s e  t o  37 790 mg/m3;  by ,assuming 
t h e  same cyclone e f f i c i e n c i e s ,  t h e  c leaned  a e r o s o l  would then  be 

. . 

= 0.001(37:790) + 0.90(10) ('1 o u t l e t  
cyr.1 nne/AA 

. =  3 8 + 9  . . 

. . .  

= 47 mglm3. (91) 

o r  a  . reduct ion i n  a e r o s o l  c o n c e n t r a t i o n  of 63.X (in compn~r i .~~ :~~ :~  LU IIV kl) a~ 
an expend i tu re  of  K A ~  = 2.3. This  e x i t  concen t r a t i on  corresponds t o .  .. 

approximately l e v e l  4 of Fig.  5. A g r aph ic  p o r t r a y a l  of t h i s  model i s  
g iven  i n  Fig.  39 f o r  v a r i o u s  expendi tures  of a c o u s t i c  ener.gy and /o r . t r ea tmen t  
t iue . 

I I I I 

/Large Phase 37.7 glm7 
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Bl l ldry . uf.  @225prn-  ' P i ~ r o r o l  U.I g/m9 
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I 
0 1 2 "  3 4 5 
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P i d u c t  of AA Kinet ic  Coefficient and T i m e ' ( K ~ t )  - 1 

Fig. 39. Estimated In I luence  of AA f o r  a  Binary Aerosol.  

I n  o r d e r  t o  compute t h e  r e q u i s i t e  a c o u s t i c  power, t h e  agglomerat ion 
c o e f f i c i e n t  f o r  t h e  c o n d i t i o n s  of t h e  given b ina ry  a e r o s o l  a t  h igh  tempera- 
t u r e  and p re s su re  must be given.  No s u c h , d a t a  a r e  known t o  e x i s t .  From 
Eq. 8 3 ,  i t  can be seen  t h a t  KA i s  expected t o  b e  given by 



B y  assuming a perf .ect  . . gas model 
. .  . 

. . 
- :  p = P / R T  (93a) 

c = & ?  . (93b) 

c h i s  'may be  expressed a s  

where N i s  t h e  number of agglomeration c e n t e r s  and can b e  w r i t t e n  a s  

i h e r e  6 ' i s  t h e  d e n s i t y  of t h e  aggrega te ,  which is  expected t o  be somewhat 
sma l l e r  than  6 .  S u b s t i t u t i n g  f o r  N y i e l d s  ' 

Hegarty ,and Shannon simply assumes t h a t  a l l  Che f a c t o r s  mu l t ip ly ing  5'. . . 
combined t o  u n i t y ,  i. e . ,  

. .. . K I r J l  
A (97) 

I f  i t  is  assumed t h a t  a l l  t h e  f a c t o r s  i n  Eq. 96 correspond t o  t h e  Hegarty and 
~ h a n n o n  va lues  except  t h a t  due t o  t h e  p re s su re  and temperature of t h e  a e r o s o l ,  
one f i n d s  t h a t  f o r  1000°C/10 atmospheres 

kf Eq. 97 i s  based upon 23"C/1 atmuspllere. 

S u b s t i t u t i o n  of rh i s  r e l aL ion  i n t o  Eq.  89 y i e l d s  . 

. . = -gn ( i e l i i )  (99a) 

o r  .. . 

. . t G = - 2 . 2  t n ( i e / i i )  .. ' (99d)' 
. . 

The above r e s u l t  can now be used t o  c a l c u l a t e  t h e  combination of 
r e s idence  time and power d e n s i t y  t o  achieve t h e  es t imated  p a r t i c u l a t e  
cbncen t r a t ions  a f t e r  t h e  cyclone given i n  Fig. 39. This  r e s u l t  i s  shown 
below. 
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Based on Binary Aerosol 
and Cyclone of Fig. 39 
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CONCENTRAT~ON AT THE COLLECTOR OUTLET -mg/m3 : 
Fig.  40. Est imated Acoust ic  Power and Residence Time t o  Achieve 

Ind ica t ed  Concent ra t ions ,  Using a  Standard Cyclone. 

For a n  a c o u s t i c  power of 160 dB ( 1  w/cm2), t h e  o r d i n a t e  r eads  as simply t h e  
r e s i d e n c e  time r equ i r ed  i n  seconds. Using t h e  same assumptions' f o r  t h e  
e f f i c i e n c y  of t h e  a c o u s t i c  gene ra to r  and a s s o c i a t e d  agglomerator componen.ts, 
t h e  47 nlg/m3 paf i i t ,  which r e q u i r e s  TG 2 5, t r a n s l a t e s  t o  a t o t a l ,  trea,tment 
puwrr esc imate  f o r  AA of 2 1  hp/1000 cfm and r equ i r ed  a chamber 4 m i n  diameter  
and 6 m high. * 

. . 

It is exceedi.ng1 y d i f  f i cu l , t  t o  c a l c u l a t e  ' a  i r i u r i  ~ l ~ e  r f  ficien'cy of an  
AA/cyclone sysCem due t o  t h e  absence of p e r t i n e n t  d a t a  f o r  k i n e t i c  c o e f f i c i e n t s .  
It is e n t i r e l y  p o s s i b l e  t h a t  t h e  a c t u a l  performance would exceed t h e  va lues  
i n d i c a t e d  above. 

There a r e  s e v e r a l  possible .  f avo rab le  i n f l u e n c c s  t h a t  have i~oll  Leru 
accounted f o r  i n  t h e  p rev ious  a n a l y s i s .  The mean diameter  of both t h e  s m a l l  
and l a r g e  phase p a r t i c u l a t e  w i l l  i n c r e a s e  a s  a  r e s u l t  of AA ( i n  a d d i t i o n  t o  
a  s h i f t  i n  concen t r a t ion  from t h e  sma l l  t o  t h e  l a r g e  phase) ,  and t h i s  w i l l  
i n c r e a s e  t h e  e f f i c i e n c y  of cyc lon ic  c o l l e c t i o n .  This  e f f e c t  should be 
e s p e c i a l l y  important  for the c o l l e c t i o n  of t h c  sma l l  phase. Arluther 
f a v o r a b l e  i n f luence  i s  t h e  h igh  degree  of s i z e  d i s p e r s i t y  p re sen t  w i th  a  
f luid-bed ae roso l .  V i r t u a l l y  a l l  a v a i l a b l e  d a t a  have been obta ined  w i t h  
e s s e n t i a l l y  monodisperse a e r o s o l s .  T t  i s  a l s o  p o s s i b l e  t h a t  t h e  r e f i l l i n g  
and g r o s s  d r i f t  mechanisms may b e  more e f f i c i e n t  i n  t h e  high-pressure 
environment. U n t i l  a c t u a l  k i n e t i c  d a t a  a r e  developed f o r  t h e s e  cond i t i ons ,  

* 
This  power requirement  i s  c o i n c i d e n t l y  i d e n t i c a l  t o  ' t h a t  computed ' i n  t he '  
Hegarty and Shannon s tudy ,  bu t  t h e  r equ i r ed  AA vo lume ' i s  50% sma l l e r .  



A t y p i c a l  example of d a t a  p r e s e n t l y  a v a i l a b l e  is  shown below. It i s  
due t o  ~ r e b s , ~ ~ *  who used an AAIcyclone on t h e  very  f i n e ,  e s s e n t i a l l y  
monodisperse a e r o s o l  formed i n  t h e  f l u e  of a  pu lver ized  c o a l  b o i l e r .  

I I I 

With AA 

- .~ 
- 

--- - Without AA - 

- - 

I 1 I 

3 *. Gas Volumetr ic Flow Rate - ft / m ~ n  

Fig. 41.  E f f e c t  of AA. on Cyclone c o l l e c t i o n  Ef f i c i ency  
(based on Ref. 238)  . 



PART V .. .CONCLUSIONS ,AND RECOMMENDATIONS : . . . 
. . 

, +'?I , 
' . rq. .; . " ' .  , 

. . . 3 . I  ..: 

The f i v e  p r i n c i p a l  conclusions and recommendatidns of t h i s  a n a l y s i s  a r e  
presented  below. 

(1) E f f i c i e n t  p a r t i c u l a t e  separati 'oti ,  and. co l - lec t ion  .from high-tempera- 
t u r e  media has  been t h e  o b j e c t  of many y e a r s  of r e sea rch ,  y e t  remains a re- 
s e a r c h  f r o n t i e r  becau'se of .ever- increasing e f f i c i e n c y  requirements  and even 
h ighe r  . p a r t i c u l a t e  concen t r a t ions  i n  thk i & r b s o l s .  t.9 be t reated, .  Because 
much of t h e  r e sea rch  w a s  accomplished 30 and 40 yea r s  ago, t h e r e  i s  gene ra l  
ignorance today of p e r t i n e n t  d a t a  and r e s u l t s  a v a i l a b l e .  For t h i s  r e a s o n ,  a 
comprehensive and i n t e l l i g e n t  compendium of t h e  d a t a  on high-temperature 
c o l l e c t i o n  would be  of g r e a t  b e n e f i t  t o  workers i n  t h i s  a r e a .  . , 

(2) The performance requirements  .of a c o l l e c t o r  s i t u a t e d  between a 
f lu id ized-bed  combustor and a  t u r b i n e  a r e , . a f ' p r e s e n t ,  very p n n r l y  ' a e f i n ~ d ,  
as can be s e e n  i n  Fig. 5.  I n  p a r t i c u l a r ,  t h e  t u r b i n e  to l e radde  f o r  p a r t i c -  
u l a t e  c ~ ~ l c e n t r a . r f n n  a s  a f u n c t i o n  of mcan djm~el;ei ~ I L ~ C I  br? deremined.rrrith u 
g r e a t  d e a l  more s p e c i f i c i t y .  Complicating t h i s  t a s k  is the'  i nhe ren t  tendency 
of  des igne r s  of f l u i d  beds and t u r b i n e s  t o  maximize t h e  perfo:rmance of t h e i r  
p a r t i c u l a r  dev ice ,  wi th  t h e  consequence t h a t  s p e c i f i c a t i o n s .  f o r  t h e  i n t e r -  
vening c o l l e c t o r  system r e q u i r e  c l ean ing  of an  exceedingly concent ra ted  aer -  
o s o l  (on t h e  o rde r ,  of l o 5  mg/m3) t o  limits approaching . . t h a t  p f  ambient a i r  
( e .  1 0  m g m 3 )  I f  t h i s  s i t u a t i o n  i s  permi t ted ,  t h e  en t5re  concept of 
d i r e c t  u t i l i z a t i o n  of a  f lu id ized-bed  combust:or w i l l  f a i l  s i n c e  no p r a c t i c a l  
c o l l e c t o r  system appears  capable  of economica l ly~c lean ing  h igh  volume a e r o s o l  
f lows by s i x  o r d e r s  of magnitude.,. C lea r ly ,  some very  pragmatic c o n s t r a i n t s  
w i l l  have t o  be  e s t a b l i s h e d  f o r  khe minimum ' t o l e r a b l e  f l u i d i z i n g  v e l o c i t y  
and maximum t u r b i n e  i n l e t  concen t r a t ion .  

. . .  

(3)  The s e p a r a t i o n  mechanics of a e r o s o l s  remains an ~~nscr lved  science-- 
p a r t i c u l a r l y  f o r  t h e  nonhomogeneous v e l o c i t y  f i e l d s  c h a r a c t e r i o t i c  of cy lon ic  
dev ices .  From Fig.  9 ,  t h e r e  i s  evcry j n d i r a t i o n  t h a t  cycloncs should be 
capable  of achiev ing  very  h igh  e f f i c i e n c i e s  on p a r t i c l e s  a s  smal l  a s  and 
s m a l l e r  than 1 pm i n  d iameter .  The p r i n c i p a l  reason t h i s  is  no t  experienced 
i n  p r a c t i c e  i s  t h e  turbulence  s t r u c t u r e  of t h e  w a l l  boundary l a y e r .  Very 
l i t t l e  work h a s  been done on understanding t h e  fundamental f l i i i d  mechanic€ 
uf cyclotlic t lows ,  and almost no tt1rh1.11 ence d a t a  exist undcr ac.trial rrpara- 
t i o n  cond i t i ons .  A s tudy  needs t o  be  made of the i n f luence  of changes i n  t h e  
geometry and thermal  boundary cond i t i ons  upon t h e  turbulence  process  and 
hence p a r t i c u l a t e  reent ra inment  k i n e t i c s .  One t h e o r e t i c a l l y  promising device  
is  t h e  gas cen t r i f l i ge .  A.l.though t h c  cen t r ipc t c l l  a c c e l e r a r i o a  achievable  wi th  
t h i s  device  i s  not  a s  g r e a t  as i n  a cyclone. the boundnry r and i t i o~ i t i  L W I ~  t o  
suppress  t u r b u l e n t  b u r s t s  and thus  they  should bc  capable  of very h igh  separ-  
a t i o n  e f f i c i e n c i e s .  Yet only two o r  t h r e e  s t u d i e s  have pursued t h i s  concept.  
F igu re  36 c l e a r l y  shows t h a t  s i n c e  t h e  h ighes t  ope ra t ion  e f f i c i e n c y  of any 
c u l l e c t o r  is  s t i l l  below 0.1% of what i s  achievable ,  a  g r e a t  d e a l  of progress  
is  y e t  t o  be made i n  a l l  areas of s e p a r a t i o n  f l u i d  mechanics. 

(4)  There a r e  two c a t e g o r i e s  of c o l l e c t o r s  t h a t  a r e  workable i n  t h e  
high-temperature and high-pressure environment: t h e  per imeter  and d i s t r i b u t e d  
c l a s s e s  (IIA and I I B  i n  Table 3 ) .  They r ep resen t  i n t e r e s t i n g  c o n t r a s t s  



i n .  t h a t  t h e  one is  simple,  r e l a t i v e l y .  che,ap , and h ighly  r e l i a b l e  ( t h e .  per.i- 
meter devices)  whereas t h e  o t h e r  has  t h e  p o t e n t i a l  f0.r h ighes t .e f f ic ien ,cy : '  
( t h e  d i s t r i b u t e d  dev ices ) .  C lea r ly ,  i f  an a e r o s o l  i s  passed through a  bed 
of rocks deep enough, v i r t u a l l y . a n y  l e v e l  of c leaning  d e s i r e d  may be rea l ized- -  
an .analogy which does no t  ex.tend t o  cyclone-l ike devices .  Howewer,.unzik,e 
per imeter  c o l i e c t o r s ,  t h e  d i s t r i b u t e d  type  c o l l e c t o r  must be regenera ted ,  
and i t  is  t h i s  ' a spec t  of t h e  process  t h a t  has  proved t o  be most d i f f i c u l t .  
The p r e c i p i t a t i o n  of an ae roso l  onto a  g ranu la r  subs tance  r e p r e s e n t s  a  smal l  ' 

f r a c t i o n  of t h e  t o t a l  p rocess  t h a t  must be  s u c c e s s f u l l y  accomplished: t h e  
c o l l e c t i o n  of t h e  p a r t i c u l a t e  phase i n t o  a  s i n g l e ,  concent ra ted  mass. The 
s i z e  of p a r t i c l e  bed c o l l e c t o r s ,  such a s  t h e  Combustion Power moving bed sys- 
tem which is  25 m t a l l ,  i s  proof of t h e  complexity of t h i s  concept.  Cyclonic 
devices ,  on t h e  o t h e r  hand, have t r a d i t i o n a l l y  been of l i m i t e d  u t i l i t y  when high 
c o l l e c t i o n  e f f i c i e n c i e s  have been requi red .  The primary reason f o r  t h i s  
l imi t a tkon  has been t h a t  t h e  concept of "high e f f i c i e n c y , "  f o r  most i n d u s ' t r i a l  
a e r o s o l s ,  r e q u i r e s  t h e  removal of s u b s t a n t i a l  f r a c t i o n s  of 1 pm and smaller 
p a r t i c u l a t e  ( i n  c o n t r a s t  t o  f luidized-bed a e r o s o l s ,  which have l a rge - s i ee  
p a r t i c u l a t e )  and t h e  t u r b u l e n t  reentrainment  of a l r eady  separa ted  p a r t i c u l a t e  
con t inua l ly  f r u s t r a t e s  t h i s  process .  From a s tudy  of F igs .  5 and 9 and t h e  
achievable  e f f i c i e n c y  of c u r r e n t l y  a v a i l a b l e  cyc lones ,  t h e  gap between 
what i s  r equ i r ed  and what is  a v a i l a b l e  i s  s u f f i c i e n t l y  c l o s e  t h a t ,  i n  
view of t h e i r  s i m p l i c i t y  and low c o s t ,  r e sea rch  a c t i v i t y  employing t h i s  
concept should b e  pursued. This  p u r s u i t  must b e  of a  more fundamental 
na tu re  than  merely t r y i n g  t o  i n c r e a s e  t h e  Impaction number and/or  decreas ing  
the .  cyclone diameter  s i n c e  i t  is  c l e a r  from t h e  BLM and ARL exper ience  t h a t  
t h e  p o i n t  of diminishing r e t u r n  has  a l r eady  been reached wi th  t h e s e  two 
approaches. 

It should a l s o  be noted from Table 2 t h a t  t h e  primary e f f o r t s  a t  high- 
temperature gas c leaning  a r e  being d i r e c t e d  toward d i s t r i b u t e d  c o l l e c t o r s .  
The absence of any known sponsored r e sea rch  i n  advanced technology cyclones 
is  s t r i k i n g l y  apparent .  

(5) The extreme p o l y d i s p e r s i t y  and l a r g e  i n i t i a l  number d e n s i t y  of 
a e r o s o l s  form f lu id ized-bed  combustors a r e  c h a r a c t e r i s t i c s  i d e a l l y  s u i t e d  
t o  agglomeration concepts .  Of t h e  f i v e  agglomeration techniques d iscussed  
i n  P a r t  I V Y  only t u r b u l e n t  and a c o u s t i c  agglomeration appear  promising. The 
technique of AA i s  p a r t i c u l a r l y  a t t r a c t i v e  f o r  t.hi.s environment be'cause i t  
is  not  confronted wi th  t h e  overwhelming l i m i t a t i o n s  of most a e r o s o l s ,  such 
a s  m e t a l l u r g i c a l  fumes. Fu r the r ,  s i n c e  t h e  c o l l e c t i o n  system f o r  t h i s  app l i -  
c a t i o n  must p r o t e c t  a  h igh ly  va luab le  component, i t  is  p o s s i b l e  t o  j u s t i f y  
h ighe r  expendi tures  t o  meet h ighe r  s t anda rds  than  a r e  customary f o r  pure ly  
environmental cons ide ra t ions .  

I n  summary, t h e  fol lowing recommendationo a r e  o f f e r e d :  

1. Develop a ~ l ~ o r o u g h  compendium of t he  da t a  developed i n  hi-gh-temper- 
a t u r e  c o l l e c t i o n  over t h e  p a s t  f o u r  decades; 

2. C lea r ly  e s t a b l i s h  t h e  bounds of t h e  c o l l e c t o r  performance requi re -  
ments f o r  e f f i c i e n c y  as a func t ion  of p a r t i c l e  diameter ;  

3 .  Eegin n fundamental sti ldy of t h e  f l u i d  mechanics of s e p a r a t i o n  i n  



cyclonic flows to develop an understanding of the turbulence structure and 
how it presently impedes the achievement of higher efficiencies; 

4. Develop advanced-generation perimeter collectors such as cyclones 
with modified boundary conditions, gas centrifuges, and eddy-baffle assem- 
blies; 

5. Determine the agglomeration kinetics of acoustic fields on aerosols 
emitted from fluidized beds at high temperatures and high pressures. 
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