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ABSTRACT 

Th is  r e p o r t  presents  t h e  r e s u l t s  o f  a  t h e o r e t i c a l  i n v e s t i -  
g a t i o n  of aerosol  t r a n s p o r t  I n  a  lan i lnar ,  n a t u r a l l y  convected, con- 
dens i  ng-steam boundary 1 ayer ,  The boundary-9 aye r  equat ions g iven  
i n  p rev ious  l e t e r a t u r e  have been extended t o  account f o r  aeroso l  
t r a n s p o r t ,  and so lved  f o r  va r ious  cases o f  i n t e r e s t  us i ng  a  h y b r i d -  
computer technique,  E f f e c t s  o f  d i f f u s i o p h o r e s i s ,  thermophoresis,  
and Brownian mot ion a r e  inc luded  i n  t he  ae roso l - t r anspo r t  a n a l y s i s .  
So lu t i ons  a re  presented as p r o f r l e s  o f  temperature,  v e l o c i t y ,  steam 
concentrata"on, and aerosol  concen t ra t i onn  These a r e  eniployed t o  
o b t a i n  corresponding hea t - t r ans fe r ,  aeroso l -depos i t ion ,  and con- 
densa t i  on ra tes ,  

For  ve ry  snial 1 p a r t i c l e  s izes ,  aerosol  -deposi t i o n  r a t e s  were 
found t o  decrease w i t h  i n c r e a s ~ n g  p a r t i c l e  s i ze ,  For  l a r g e r  s i zes ,  
however, d e p o s i t i o n  r a t e s  were found t o  be independent o f  p a r t i c l e  
s i z e ,  and s u b j e c t  o n l y  t o  c o n d i t i o n s  w i t h i n  t h e  a i r -s team boundary 
1  ayer .  Computed deposi t a  on r a t e s  were compared wi t h  r a t e s  es t imated  
by assuming p a r t i c l e s  t o  be depos i ted  w i t h  t he  mass-average v e l -  
o c i t y  o f  t h e  a i r -s team m i x t u r e ,  Depos i t ion  r a t e s  es t imated  i n  t h i s  
manner ranged f rom about 60% t o  20% below those computed v i a  t h e  
boundary l a y e r  model, depending on phys i ca l  c o n d i t i o n s  o f  the  system. 

Steam condensa t~on  r a t e s  computed f rom t h e  boundary- layer equa- 
t i o n s  were compared w i t h  those es t imated  f rom exper imenta l  heat -  
t r a n s f e r  da ta  on t h e  bas i s  o f  a  h e a t - t r a n s f e r  - mass- t ransfer  analogy, 
Th i s  comparison showed t h e  analogy t o  be q u i t e  accura te  ove r  t he  
range o f  condi  t i  ons s tud1 ed, 

The computed r e s u l t s  a r e  d iscussed p r i m a r i l y  i n  t h e  con tex t  o f  
nuc lea r  r e a c t o r  contas" nnient-vessel a n a l y s ~  s  , where t he  deposi t i o n  
o f  aeroso ls  I n  condens7ng steam environments i s  o f  p a r t s c u l a r  i n -  
t e r e s t ,  These r e s u i  t s  p e r t a i n 1  ng t o  l am ina r  boundary l a y e r s  on ly ,  
a r e  i n s u f f i  c-yent f o r  d t o t a l  d e s c r i p t i o n  o f  c o n t a ~  nment-vessel 
behavior ,  where tu rbu lence  as w e l l  as a  v a r i e t y  o f  engineered safe-  
guard measures may be present ,  The d e f i n i t i v e  a n a l y s i s  o f  aerosol  
t r a n s p o r t  i n  laminar boundary l a y e r s  presented here i s  an e s s e n t i a l  
f i r s t  s t ep  toward understandang o f  t o t a l  system behavior ,  It i s  
expected t h a t  a  l a r g e  p o r t ~ o n  of t he  va lue  o f  t h i s  work w i l l  be 
r e a l i z e d  i n  i t s  subsequent a p p l i c a t i o n  f o r  f u t u r e  analyses o f  en- 
g ineered  safeguard measures and t u r b u l e n t  boundary layers ,  
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AEROSOL TRANSPORT 111 A CONDENSING-STEAM BOUNDARY L A Y E R  

INTRODUCTION 

I n  the unl i kely event of a 1 oss-of-cool ant accident, reactor-core over- 

heating may lead t o  fuel failure and the consequential release of steam and 
radioactive fission products t o  the containment vessel atmosphere, Because 

of potential hazards t o  the outside environment, i t  i s  imperative that  these 

fission products be immobilized as rapidly as possible, I t  i s  important also 
to promote rapid condensation of steam within the syster ,  thus suppressina 

pressure bui l dup and preventing overs tressing of the containpent s t ructure,  

Removal of steam and fission products may be auqniented by engineered safe- 

guard measures, which are designed to enhance the natural process of immobi- 

l i z a t i o n ,  Such measures often depend on common mechanisms of removal, I n -  

formation pertaining to each of these mechanisvs, therefore, should be useful 

for  analysis of a variety of safeauard measures, The present investioation 

i s  concerned primarily with removal throuah natural transport t o  the contain- 
ment vessel walls; however, the insights provided concerning the nature of 

such basic mechanasms as diffusiophoresis, thermophoresis, and part ic le  di f -  
fusion shoul d be benef i ci a1 to  other stud: es where engineered safeguards are 

analyzed in closer detaa I ,  

Past experiments have demonstrated that wall-transport processes associa- 

ted with post-accident conta~nment system environments give r i se  to a char- 
ac t e r i s t i c  boundary-1 ayer structure,  The understanding of transport across 
such boundary layers i s  adequate for  most si tuations involvino I aminar flow 

in the absence of aerosol, This understanding i s  incomplete, however, for  
conditions wherein turbulence and/or the deposition of aerosol occurs, 

Boundary-1 ayer phenomena associated wi t h  heat and vapor transport in l aminar, 

naturally-convected, condensinp systems have been investiaated previously on 
rigorous theoretical bases, l o  ' 3 1 5 6 1  Simi 1 a r  attempts for  turbulent 

boundary-1 ayers have been more res t r ic ted ,  and have met wi t h  1 i t t l  e success, [3,4,81 

To our knowledge, there i s  essent ial ly  no pub1 ished work concerninp aerosol 

interactions in e i ther  turbulent or laminar boundary layers of th is  type, 

In view of th i s  present s t a t e  of theoretical development, i t  i s  approp- 
r i  a te  to di rect  further investigation toward unders tandi n c  aerosol behavior 



i n  laminar ,  condensing-steam boundary l a y e r s .  I t i s  expected t h a t  l a m i n a r  

boundary l a y e r s  w i l l  e x i s t  t o  some e x t e n t  i n  a l l  pos t - acc i den t  systems. I n  

a d d i t i o n ,  a  thorough i n v e s t i g a t i o n  o f  1 aminar d e p o s i t i o n  processes w i  11 p rov i de  

s u b s t a n t i a l  i n s i g h t  f o r  f u r t h e r  analyses t o  be made o f  t h e  t u r b u l e n t  reaime. 

F i n a l l y ,  d e t a i  l e d  (a1 though i d e a l i z e d )  i n f o r m a t i o n  concern ing p a r t i c l e  t r a n s -  

p o r t  i n  l a m i n a r  boundary l a y e r s  w i l l  be h e l p f u l  i n  e x p l a i n i n g  phenomena occur-  

r i n g  i n  connec t ion  w i t h  engineered safeguard measures, 

A thorough i n v e s t i g a t i o n  o f  p a r t i c l e  t r a n s p o r t  i n  l am ina r  boundary 1  ayers  

shou ld  a t t emp t  t o  answer t h e  f o l l o w i n g  ques t ions :  

1. Under what c o n d i t i o n s  do l am ina r  and t u r b u l e n t  boundary l a y e r s  e x i s t ?  

2, What i n t e r r e l a t i o n s  e x i s t  between t h e  processes f o r  momentum, energy, 

steam, and p a r t i c l e  t r a n s p o r t ,  and what a r e  t he  p h y s i c a l  cha rac te r -  

i s  ti cs o f  1  aminar boundary 1  ayers? 

3. What paths,  i ,e, , t r a j e c t o r i e s ,  do t h e  aeroso l  p a r t i c l e s  f o l l o w  dur-  

i ng t he  d e p o s i t i o n  process? 

4, How adequate ly  can t h e  d e p o s i t i o n  process be represen ted  mathemat ica l l y?  

5. Can s  i nip1 e r ,  semi -errpi ri c a l  c o r r e l a t i o n s  and anal  og ies  be used t o  

p r e d i c t  t r a n s p o r t  r a t es ,  r a t t l e r  than t h e  more complex boundary-1 ayer  

analys  i s? 

6, How can r e s u l t s  o f  t h e  boundary- layer  a n a l y s i s  be a p p l i e d  t o  r e a l  

sys tems? 

I OBJECTIVES 

I The p r ima ry  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  i s  t o  cons ide r  each o f  t h e  
I f o r ego ing  ques t i ons  on t h e  bas i s  o f  a  t h e o r e t i c a l  a n a l y s i s  o f  boundary l a y e r  
I 
I behav ior ,  Q u a l i t a t i v e  aspects o f  such behav io r  a re  d iscussed i n  t h e  f o l l o w -  

I i n g  sec t i on .  Subsequent sec t i ons  w i l l  deal  w i t h  development o f  q u a n t i t a t i v e  
1 equat ions,  t h e i r  s o l u t i o n ,  and t h e i r  app l  i c a t i o n  t o  r e a l  phys i ca l  systems. 



CHARACTERIZATION OF NATURALLY-CONVECTED, CONDENSING-STEAM 
BOUNDARY LAYERS 

The mathematical modeling presented in t h i s  paper wil l  be focused upon 

condensing-steam boundary layers t ha t  a re  formed adjacent t o  a semi- inf in i te ,  

v e r t i c a l ,  f l a t  p la te ,  Use of t h i s  ideal iza t ion i s  expedient because of mathe- 

mati cal t rac tabi  1 i t y  and because of s imi la r  assumptions employed in previous 

theoretical  work, Practical  consequences of the ve r t i ca l  -pl a t e  assumption 

wil l  be discussed in a l a t e r  sect ion,  

Boundary 1 ayers occurring under such circumstances a re  typ i f i ed  by the 

drawing shown i n  Figure I ,  Here the boundary l ayer  i n i t i a t e s  a t  the p la te  

top, the gases i n  the v ic in i ty  of the face being accelerated downward by v i r -  
tue of t h e i r  increased density,  For condensing steam-air mixtures, the den- 

s i t y  gradient  in the wall region occurs as a consequence of gradients in both 

temperature and concentration, The laminar boundary layer  grows continuously 

w i t h  distance down the p la te ,  Such growth i s  manifested in both the thick- 

ness of the boundary layer  and in increased flow i n  the ver t ica l  d i rec t ion ,  

A t  some distance from the top of the wa1 I ,  the laminar reoime gives way t o  a 
t r ans i t ion  t o  turbulent  flow, Once ful  ly-developed, the turbulent  boundary 

layer  i s  not expected t o  change s ign i f i can t ly  with increasing distance down 

the wall , 

The material required f o r  growth of the laminar boundary layer  i s  sup- 

pl ied  by an i n f l  ux of bul k gas as shown i n  Figure 1 ,  A portion of the steam 

in t h i s  gas mixture migrates t o  the in terface  and condenses; the remainder 

i s  accelerated i n  the downward di rect ion,  Since downward accelerat ion i s  small 
f o r  the case of a turbulent  boundary 1 ayer, the corresponding inf lux i s  of 
l e s s e r  magnitude, as indicated by the schematic, 

Conditions f o r  the existence of a s t ab le ,  1 aminar boundary 1 ayer can be 
estimated from known behavior of noncondensing systems, I n tu i t i ve ly ,  one 

should expect the conditions t o  depend primarily upon the Grashoff number (Gr, 

r a t i o  of buoyancy t o  viscous fo r ce s ) ,  These conditions should depend a1 so on 

the  Prandtl (Pr) and Schmidt (Sc) numbers (which influence the boundary l ayer  

widths) ,  a1 though these dependences should be of only secondary importance, 

Pr and Sc a re  comparable i n  magnitude, and do not vary appreciably f o r  a i r -  

steam mixtures; hence i t  i s  a1 lowable t o  express conditions f o r  the flow 

regimes i n  terms of Gr only, 

From data obtained from noncondensing f luidsr151,  the fol  lowing condition 
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may be written, 

transit ional 
laminar c 1.5 x 10" Gr r 11,5 x 1010 -t turbulent. (1 

Gr may be expressed (taking advantage of the ideal-gas law), as 

Here M represents molecular weight, xw represents mole fraction of water, and 

the distance down the wall i s  given by L ,  The f i r s t  term in brackets relates  

to  buoyancy arising as a consequence of the concentration gradient across the 

boundary layer; the second term ref lec ts  buoyancy changes owing to the asso- 

ciated temperature gradient, 

Figure 2 shows solutions of equation ( 2 )  fo r  a se t  of conditions in the 

range of in te res t  to  the present investipation. From th is  figure i t  i s  seen 

tha t  the transit ion zone i s  expected to cover a relat ively wide range of con- 

di t ions,  The laminar boundary layer will be confined to  several fee t  from 

the t o p  of the vertical  condensation surface, and depend upon the temperature 

difference between the wall and the bulk gas, 

Liquid condensate wi 11 be influenced by gravity a1 so, and wi 11 run down 

the wall surface as a resul t ,  Ideally, such runoff will conform to laminar- 

film behavior; however, such nonideal factors as l iquid r i f f l e s  and drop-w~se 

condensation are often encountered in practice, Presence of condensate adds a 
fur ther  barr ier  to heat t ransfer?  since i t  acts as an insulating surface; at 

also serves to  a1 t e r  the velocity profile of the gaseous boundary layer, owin9 
to i t s  own x-component of velocity, 

Aerosol par t ic les  I n  the system are influenced by a number of phenomena, 
Part ic le  velocity i s  known t o  be a rather complex function of the effects  of 

Brownian motion, thermal diffusion, diffusiophoresis, bulk convection ef fec ts ,  

and gravity. Owing to this  dependence, par t ic le  transport i s  seen to  be qui te  

i  ntiniately related to other boundary-layer phenomena. For systems involving 

relat ively d i lu te  suspensions of small par t ic les ,  al 1 gravitational effects  

associated with the part ic les  may be neglected, In addition, several other 

simplifying assumptions can be jus t i f ied ,  These will be considered in detail  

in the following s e c t ~ o n  of th i s  report, 
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FORMULATION OF GOVERNING EQUATIONS 

Figure l gives the basis for  formulation of the boundary-layer equations, 
A bulk mixture of steam, a i r  and aerosol i s  exposed to  the condensation sur- 
face, which i s  maintained a t  the temperature T w o  Steam from the bulk mixture 
migrates to the wall, forminn a liquid film which runs off under the force of 
gravity, The convention will be used that  energy, gas, and aerosol fluxes 
away from the wall are positive e n t i t i e s ,  

Presence of the l iquid film in addition to  the gaseous boundary layer 

causes heat transfer to  occur as a two-step process. By making some reason- 
able assumptions one can reduce the complexity of the mathematics associated 
with th is  process, allowing solutions f o r  each step t o  be obtained indiviu- 
a l ly ,  Once formulated, these solutions can be matched a t  the interface,  giving 

a composite description of the total  system, 

Heat transfer through a l iquid film formed upon condensation of a pure 
vapor has been treated in a sat isfactory manner by Nusselt, [ I 2 ]  Nussel t s 
derivation may be extended to  situations wherein a noncondensable gas i s  pres- 
ent ,  provided that  the gas-liquid interface temperature, Ti,  i s  independent 
of position, Assumption of constant Ti i s  a1 lowabl e whenever the temperature 
drop across the l iquid f~ l m  i s  small compared to that  across the gaseous bound- 

ary-layer -- a condition that  i s  met for almost a l l  practical s i tuat ions,  [61 

Use of Nussel t s derivation imp1 fes acceptance of a1 1 assumptions employed 
therein, The validity of these assumptions has been discussed a t  length else- 
where, ' The most important of them are l i s t ed  as follows: 

1 ,  Zero shear a t  the gas-liquid interface,  

2 ,  Constant I s  qui d properta es (except temperature), 
3, Zero viscous dissipation, 
4 ,  Constant energy flux across l iquid film, 

Description of the gaseous boundary layer i s  accomplished using the ap- 
propriate forms of the equations for  conservation of mass, momentum, and 

energy, Assuming zero viscous dissipation, zero longitudinal diffusion, 
and negl igi  ble coupled transport effects  such as thermal diffusion and di ffu- 

sion thermo, Minkowycz and Sparrow [ ' I1  have l i s t ed  these equations for  the s i t -  
uation wherein aerosol i s  absent, These equations are valid fo r  aerosol-con- 
taining systems, provided the presence of aerosol does not s ignif icant ly affect  

the bulk properties of the gas, The equations are l i s t ed  as follows: 



T O T A L  MASS: 

MASS O F  WATER: 

MOMENTUM : 

and ENERGY: 

The nomenclature used i n  equat ions ( 3 )  through ( 6 )  i s  c o n s i s t e n t  w i t h  

t h a t  found i n  most pub l i shed  t reatments  o f  t h i s  sub jec t ,  and a  complete d e f i n -  

i t i o n  o f  t he  symbols i s  g l ven  i n  t h e  Table o f  Nomenclature. However, i t  should 

be noted t h a t  here W denotes t he  mass f r a c t i o n  o f  water.  T h i s  c o n t r a s t s  t o  

t h e  W o f  Minkowycz and Sparrow, which denotes t h e  mass f r a c t i o n  o f  a i r .  

For  a  complete desc r i  pta on o f  aerosol  - c o n t a i n i n g  systems an a d d i t i o n a l  

equa t ion  i s  requ i red ,  Th i s  accounts f o r  conserva t ion  o f  t h e  aerosol  species,  

and may be w r i t t e n  as f o l l o w s .  

where N i s  the  number concen t ra t i on  o f  p a r t i c l e s ,  and v and u  a r e  t he  mean 
P  P  

p a r t i c l e  v e l o c i t i e s  i n  t h e  y and x d i r e c t i o n s ,  r e s p e c t i v e l y .  Equat ion ( 7 )  i s  

v a l i d  f o r  any aerosol  under s teady-s ta te  cond i t i ons ,  p rov ided  t h a t  no gener- 

a t i o n  o r  decay occurs,  

I n  view of t he  phys i ca l  s i t u a t i o n  of i n t e r e s t ,  i t  i s  j u s t i f i a b l e  t o  l e t  

t he  x-component o f  t h e  p a r t i c l e  v e l o c i t y  equal t h e  mass-average v e l o c i t y  i n  

t h a t  d i r e c t i o n ,  i ,e, , 



P a r t i c l e s  moving i n  t he  y - d i r e c t i o n  a l s o  a re  i n f l u e n c e d  by the  b u l k  v e l -  

o c i t y ,  tlere, however, c o r r e c t i o n  t e r m  a r i s i n g  f rom thermophoresis,  counter -  

d i f f u s i o n  o f  a i r  and water,  and p a r t i c l e  d i f f u s i o n  may become impor tan t ,  Assum- 

i n g  an a d d i t i v e  r e l a t i o n s h i p ,  t he  n e t  e f f e c t  o f  these c o n t r i b u t i o n s  may be 

represented as 

where D i s  the aerosol  d i f f u s i o n  c o e f f i c i e n t ,  p i v i n g  t h e  aerosol  d i f f u s i o n  

f l u x  i n  terms o f  a mass- f ixed frame o f  re ference,  

The d i  f f u s i  opho re t i  c c o r r e c t i o n  term, vc, depends on t he  aerosol  - p a r t i  c l  e 

s i z e  and i t s  r e l a t i o n  t o  t he  mean-free-path o f  t he  gas molecules,  For  con- 

d i  t i o n s  where in  t he  mean-free-path i s  l a r p e  compared t o  p a r t i c l e  s i z e ,  ( f r e e -  

txol ecu l  e regitxe) , Glal dmann [I7] has developed t h e  f o l  l ow ing  equat ion:* 

Free-molecule c o n d i t i o n s  w i  19 be assumed throughout  t h i s  study. Wal dmann has 

a l s o  forniul  a ted  an express ion f o r  t h e  thermophoret i  c c o n t r i b u t i o n  t o  p a r t i c l e  

v e l o c i t y ,  T h i s  may be expressed as: 

where k i s  t he  thermal c o n d u c t i v i t y  and P i s  t o t a l  system pressure.  

With these s u b s t i  t u t l o n s  equat ion  ( 7 )  becomes : 

comple t ing  t h e  f o r m u l a t i o n  o f  conserva t ion  equat ions f o r  the  gaseous bound- 

a r y  1 ayer, 

* Equat ion  (10)  appears Sn a form somewhat d i f f e r e n t  f rom t h a t  g iven  by 
e a r l i e r  authors ,  T h i s  i s  because o f  t h e  necess i t y  t o  express t he  c o r r e c t i o n  
i n  terms o f  t h e  masst-average v e l o c i t y ,  v, r a t h e r  than  t h e  molar-average 
v e l o c i t y  which i s  used t r a d i t i o n a l  l y ,  



FORMULATION OF BOUNDARY CONDITIONS 

The l i q u i d - f i l m  d e s c r i p t i o n  g iven  by Nusse l t  can be conven ien t l y  matched 

t o  t h e  f o rego ing  system o f  equat ions through boundary-condi t ions a t  t h e  gas- 

1  i q u i d  i n t e r f a c e ,  Neg lec t i ng  i n t e r f a c i a l  r es i s tance ,  one may w r i t e  immediately,  

and 

W = Wi ( s a t u r a t i o n  va lue  a t  Ti) a t  y = a. 

As a  consequence o f  t h e  absence o f  i n t e r f a c i a l  s l i p ,  

- uL - uG a t  y = 6. 

I n  terms o f  N u s s e l t %  model t h i s  becomes, 

where qt i s  t h e  t o t a l  hea t  f l u x  f rom t h e  w a l l  and A i s  t he  l a t e n t  hea t  o f  vapor- 

i z a t i o n  o f  water .  

I n  a d d i t i o n ,  conserva t ion  of a i r  and energy a t  t h e  g a s - l i q u i d  i n t e r f a c e  

g i  ves 

and 

r e s p e c t i v e l y ,  

F i n a l l y ,  a  d e s c r i p t i o n  o f  aerosol  concen t ra t i on  a t  t h e  i n t e r f a c e  i s  r e -  

qu i red .  T h i s  i s  g i ven  s imp ly  by de f i n i ng  an i n t e r f a c e  concent ra t ion ,  

Boundary c o n d i t i o n s  a t  i n f i n i t y  depend on t h e  assumption o f  a  we1 1-mixed 

bu lk .  These a re  l a r g e l y  se l f - exp lana to ry ,  and a re  g i ven  as f o l l o w s :  



comple t ing  t h e  d e s c r i p t i o n  of boundary c o n d i t i o n s  f o r  t he  gaseous boundary- 

1  ayer  model , 

SIMILARITY TRANSFORMATION 

Often, through an app rop r i a te  combinat ion o f  va r i ab les ,  one can t r ans fo rm  

a  s e t  of p a r t i a l  d i f f e r e n t i a l  equat ions i n t o  an equ i va len t  s e t  o f  o r d i n a r y  d i f -  

f e r e n t i a l  equat ions. T h i s  r e d u c t i o n  i n  the  number o f  independent v a r i a b l e s  i s  

u s u a l l y  accomplished a t  t he  expense o f  r a i s i n g  t h e  o r d e r  o f  t h e  t ransformed 

equat ions. Such t r ans fo rma t i ons  serve t o  s i m p l i f y  t he  problem o f  s o l v i n g  t he  

p a r t i  a1 d i  f f e r e n t i  a l  equat ions,  and a r e  known as s im i  l a r i  ty t rans fo rmat ions .  

Minkowycz and Sparrow [I1 have i n t r oduced  a  s i m i l a r i t y  t r ans fo rma t i on  f o r  

t h e  s  tean-a i  r boundary-1 ayer  problem descr ibed i n  t h e  preceedi ng sec t ions .  I n  

app l y i ng  t he  t rans fo rmat ion ,  these authors  f o l l o w e d  t h e  convent ional  procedure 

o f  i n t r o d u c i n g  a  stream. functjon, +, de f i ned  so as t o  s a t i s f y  t he  t o t a l  c o n t i n -  

u i  ty  equat ion:  

Here TT i s  t h e  d e n s i t y  r a t i o ,  pm/p, 

These au thors  proceeded t o  de f i ne  a new dependent va r i ab le ,  F, i n  terms 

o f  t h e  stream f u n c t i o n ,  hav ing  t h e  q u a l i t y  o f  depending s o l e l y  on t h e  t r a n s -  

f o rma t i on  v a r i a b l e ,  q: 

(25 1 



where 

and 

I n  addi  t i o n ,  one can express steam concent ra t ion ,  temperature,  and aero- 

s o l  popu la t i on  i n  terms o f  t he  normal ized va r i ab les ,  

and 

Making use o f  t h e  f o l l o w i n g  r e l a t i o n s  ( c f .  Minkowycz [ l o ] )  , 

Minkowycz and Sparrow' t rans fo rmed (4) ,  (51, and (6 )  f rom t h e  x, y domain i n t o  

t h e  n ,  x domain, r e s u l t i n g  i n  an e l i m i n a t i o n  o f  t h e  x - va r i ab le :  



Here t h e  dependent v a r i a b l e s  a re  somewhat d i f f e r e n t  f rom some o f  those 

chosen by Sparrow and Minkowycz, Also, t he  assumptions o f  cons tan t  k and Sc 

have en te red  the  de r i va t i on . "  A d iscuss ion  o f  assumptions rega rd ing  t he  con- 

s tancy  o f  phys i ca l  p r o p e r t i e s  w i l l  appear i n  a  l a t e r  sec t i on .  

Equat ion  (12)  a l s o  can be t ransformed t o  t he  domain, t he  r e s u l t  be ing  

g i ven  by: 

where 

and 

Formu la t ion  o f  equa t ion  (39)  i nco rpo ra tes  t h e  assumption o f  cons tan t  @, 

which, i n  v iew o f  S tokes-E ins te in  behavior ,  shou ld  n o t  i n t r oduce  app rec iab le  

e r r o r  when temperature 1  i m i  t s  a re  smal l ,  

To complete a  d e s c r i p t i o n  o f  t he  system o f  t ransformed equat ions, an 

equat ion  o f  s t a t e  i s  requ i red ,  Assuming idea l -gas  behavior ,  one can s a t i s f y  

t h i s  r equ i  rement by w r i t i n g  

AT)  + ~i 
I T = (  T a +  b  ( A W )  E +  Wi) , 

00 I 
where 

*This  c o n t r a s t s  w i t h  t h e  work o f  Minkowycz and Sparrow, whose equat ions 
a1 lowed f o r  v a r i a b l e  k and Sc. 



and 

I n  equat ions (36)  through (39)  t he  pr imes denote d i f f e r e n t i a t i o n  w i t h  

r espec t  t o  the  v a r i a b l e  n; hence t h e  s e t  of p a r t i a l  d i f f e r e n t i a l  equ-ations has 

been converted, through t he  s i m i l a r i t y  t rans fo rmat ion ,  t o  an e q u i v a l e n t  s e t  s f  

o r d i n a r y  d i  f f e r e n t i  a1 equat ions. 

A t  t h i s  p o i n t  t he  u l t i m a t e  success o f  t h e  s i m i l a r i t y  t r a n s f o r m a t i o n  de- 

pends on i t s  a b i l i t y  t o  express t he  boundary c o n d i t i o n s  s o l e l y  i n  terms o f  n. 

From equat ions (13) ,  (14) ,  (19) ,  (20),  (21),  (22),  and (23)  i t  i s  obv ious t h a t  

~ = O a t n = O ,  

~ = O a t n = O ,  

~ = O a t n = O ,  

~ = 1 a t ~ =  O0 , 

5 = 1 a t n =  , 
- ~ = 1 a t n -  a, and 

F ' =  0 a t  = a. 

I n  a d d i t i o n ,  t r a n s f o r m a t i o n  o f  ( 1  7)  p rov ides  t h e  c o n d i t i o n :  

F i n a l l y ,  t h e  n o - s l i p  c o n d i t i o n  (16)  can be combined w i t h  (34)  t o  g ive :  

From Nussel tk d e r i v a t i o n ,  

Hence, 



Upon transforming (18) and subst i tu t ing in to  (58) ,  one obtains 

F O  = r ( s  T O  + t e n )  2/3 a t  li = 0, 

where 

and 

successfully transforming t h i s  f ina l  boundary condition in to  the q domain and 

completing the statement of the transformed problem. 

WALL-FLUX EQUATIONS 

Because of t h e i r  usefulness fo r  re la t ing  solutions of the boundary-layer 

problem t o  macroscopic system behavior, the wall-flux equations are  of p r i -  

mary importance t o  t h i s  invest igat ion,  Formulated by performing materSal and 
energy balances a t  the gas-liquid in te r face ,  these equations may be wrf t t en :  

STEAM 

ENERGY 

and AEROSOL 

Transformed t o  the n domain, these become 

STEAM 



ENERGY 

- C A ( A W )  Cp prn (AT) T' 
hih - - - [  x 114 Sc ( 1  - W )  " ' P r 

and  AEROSOL 

ESTIMATION OF PHYSICAL PROPERTIES 

Phys ica l  p r o p e r t i e s  o f  a i r  and steam were ob ta ined  f rom the  l i t e r a t u r e  

and combined t o  es t ima te  m i x t u r e  p r o p e r t i e s ,  u s i n g  recommended methods. 41 
A 1 i s t i n g  o f  t h e  es t imated  va lues i s  g i ven  i n  Appendix 3, a long  w i t h  a  tabu- 

l a t i o n  o f  t h e  sources, 

V a r i a t i o n  o f  s p e c i f i c  hea t  and v i s c o s i t y  across the  boundary 1 ayer  was 

approximated by assuming these p r o p e r t i e s  t o  be p r o p o r t i o n a l  t o  t h e  mass f r a c -  

t i o n  o f  stean. These approx imat ions r e s u l t e d  i n  i n s i g n i f i c a n t  e r r o r ,  owing 

t h e  smal l  d i f f e rences  i n  temperature and t o  t h e  s i m i l a r  shapes o f  t h e  temper- 

a tu re -  and s team-concentrat ion p r o f i l e s .  

V a r i a t i o n  o f  dens i t y ,  as discussed p rev ious l y ,  was assumed t o  f o l l o w  

idea9 -,gas behavior .  Thermal conduc t i  vl" ty and Schmi d t  number d i d  n o t  va ry  s i  g- 

n i f i c a n t l y  across t he  boundary l aye rs ,  and were taken t o  be cons tan t  d u r i n g  

each s o l u t i o n  o f  t h e  boundary-1 ayer  problem, 

SOLUTION OF BOUNDARY-LAYER EQUATIONS 

The boundary- layer equat ions (36), (37),  (38)  and (39),  s u b j e c t  t o  t h e  boundary 

cond i t i ons  (48)  - (55)  and (59) ,  c o n s t i t u t e  a  boundary-val ue problem composed 

o f  coupled, n o n l i n e a r  equat ions,  S o l u t i o n  of such problems by present-day 

computat ional  methods demands t h a t  some t ype  of i t e r a t i v e  technique be em- 

ployed, Such techniques can be ca tegor ized  rough l y  i n t o  two c lasses.  The f i r s t  

o f  these i n v o l v e s  l i n e a r i z a t i o n  us ing  approx imat ing f u n c t i o n s  which a r e  r e - e s t i -  

mated a f t e r  each i t e r a t i o n .  The second c l ass  o f  methods e n t a i l s  e s t i m a t i o n  o f  

t he  m iss ing  i n i t i a l  c o n d i t i o n s  (boundary cond i t i ons  a t  = O) ,  and s o l v i n g  t he  



resul t ing i n i t i a l  -val ue problem, with subsequent re-estimation of the i n i t i a l  

conditions a f t e r  each i t e r a t i on ,  

For complex systems of coupled nonl inear  equations, convergence schemes 

are  normally qui te  compl i cated, and numerical a1 gori thms designed t o  1 ead such 

systems toward convergence are  l i ke ly  to be i ne f f i c i en t  and time-consuming, 

For t h i s  reason, a hybrid-computer technique was chosen f o r  solution of the 

present problem, This technique combined the capabi 1 i t y  of rapid i t e r a t i v e  

solution with the  advantage of manual adjustment of the i n i t i a l  conditions, 

thereby enabling an adequate degree of convergence t o  be a t ta ined in a compar- 

a t ive ly  shor t  time, 

The ra ther  complicated algebra of equations (40) and (41 ) made i t  exped- 

i e n t  to  solve them d ig i t a l l y .  The remaining segments of the boundary-value 

problem were processed on the analog portion of the hybrid computer, Figure 3 

gives a schematic of the hybrid system, This system was composed of a Beckman 

2133 analog computer interfaced with a Digital Equipment Corporation PDP-7 

d ig i t a l  computer operated by the Simulation Section of Battelle-Northwest Lab- 

oratory. A char t  showing the analog network i s  given in Appendix 1 ,  

Inspection of equation (39) shows t ha t  i t  may be solved independently of 

the remaining equations provided c l  and c2  are known, Moreover, knowledge of 

these variables renders equation (39) l i nea r  i n  form, allowing i t s  solution 

t o  be accomplished rapidly using conventional numerical techniques, Solution 

of equation (39) in t h i s  manner has the additional advantage of not occupying 

the hybrid computer f o r  long periods of time while i t e r a t i ons  on equation (39) 

are  performed; f o r  these reasons hybrid solutions of equation (39) were res-  

t r i c t e d  to  preliminary determinations, All subsequent computations of pa r t i c l e  

p rof i l es  were perfornied d i g i t a l l y  using c l  and c2 furnished by the hybrid com- 

puter,  Tabulations of c ,  and c 2  are  given in Appendix 2. The f in i te-di f ference 

equations used fo r  solution of equation (39) are l i s t e d  in Appendix 1 ,  

The majority of time expended in solving the t o t a l  boundary-val ue prob- 

lem was spent on scaling the analog t o  achieve optimal resu l t s .  Once s e t  up, 

the system permitted convergence t o  be approached adequately within a f ive  

minute period, 
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RESULTS 

SoZutions of Steam, Energy, and Momentum Transport Equations 

As discussed previously, the equations for  steam, energy, and momentum 

transport could be solved independently of the particle-transport  equations, 

Such solutions were obtained for  each of the conditions shown in Table I ,  The 

range of variables l i s t ed  in Table I was chosen because i t  was believed to be 

representative of conditions expected in post-acci dent containment systems, 

Bulk and interfacial  mixtures were maintained a t  saturation for a1 1 conditions 

studied, The results of these computations are shown in Figures 4 through 12, 

The points on the curves were generated by a digi ta l  computer solution which 

was performed to check the analog resul ts .  A discussion of this  check will 

be presented in the following section, 

The variables c l  and c, were computed for  the conditions l i s t ed  in Table I 

as well. These were obtained as digital  print-out from the hybrid computer, 

and are given in Appendix 2 ,  

Solutions of ParticZe-Transport Equation 

Sol utions of the particle-transport  equation, as discussed previously, 

were obtained through the f in i  te-di fference approximations given in Appendix 1. 

These equations were solved using a Univac 1108 digi ta l  computer operated by 

the Computer Sciences Corporation. Various solutior~s t o  equation (39),  cor- 

responding t o  hybrid runs 1-1, 1-4, and 1-1 6 appear in Figures 13, 14, and 15, 

Steep slopes of the par t ic le  profiles I n  the vicinity of the interface neees- 

s i ta ted  use of a rather fine grid spacing in this  area; wider grid spacings 
could be employed for  other regions, with negl igible  loss of accuracy, Grid 

spacings for  the present numerical evaluation were chosen to  approximate the 
solutions so that  truncation error  was less  than 0,2 percent. Grid spacings 

fo r  each of the solutions are given in Table 11. 



TABLE I 

PHYSICAL CONDITIONS FOR COMPUTED RESULTS 

T - T i  Ps team T 
Run* TOR) (ATM) ("E) 

A i r  p ressure  i n  atmospheres i s  equal t o  (T , "R)/539.7 
f o r  a1 1 cases, corresponding t o  base condiy ions o f  one 
atmosphere a i r  a t  80°F. 

* F i r s t  te rm i n  run  number des ignates b u l k  steam pressure  
i n  atmospheres. Second term denotes Tw-Ti, O F .  

TABLE I1  

GRID SPACINGS USED FOR FINITE-DIFFERENCE 
APPROXIMATION OF PARTICLE-TRANSPORT EQUATION 

P o s i t i o n  O f  G r i d  
An Enlargement An 

Run* I n i t i a l  rl= F i n a l  

* L a s t  term r e f e r s  t o  aerosol  p a r t i c l e  d iameter  i n  
microns.  Other  terms a re  as i n d i c a t e d  i n  Table I. 
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WaZ l Transport Calculations 

- Transport rates of energy, steam, and aerosol t o  the liavid-vapor inter-  

face can be calculat-.c! directly f ror  tile cor>~utecl resul ts  using relations (66)  

through (68) .  Interfacial fluxes deterpined in ti- is r1annctr are shown in 

Tables 111 a r d  I \ / ,  tfere the fluxes are rr1ultipliec' by the factor x1I4  t o  

eliminate x-dependence, in conformity with the siwi l a r i  ty transformation. Aero- 

sol-deposition fluxes have Seen calculated assumin? s perfect sink a t  the inter-  

face, i , e . ,  11 = 0 a t  n = 0, 

Humidltu in the Boundam- Lauer Reaion 

The question of whether or n o t  saturation exists in the boundary-layer 

region i s  of primary importance to  this  inves t ioa t i~n .  If  supersaturation 

exis t s ,  the basic governing equations will n o t  appl,v, since they do  rlot a1 low 

for condensation in regioi-1s othcr tlian a t t ! i e  liauid-vapor interface,  Further- 

more, supersaturatioi~ in t!:e iio:ndary-1 a~ le r  revion \tlould allrost certainly cause 

part ic le  gro!rth by co1ldensaticr1, inval idatin? many of t i l e  assumptions made in 

forrnul a t i  t i ?  t!:c par t ic le- t rar~sport  qua t ion .  

For given conditions of temperature and pressure, the saturation curve can 

be represented as a plot o f  r versus 5 ,  as sliown by the dashed l ine in Figure 
. 16, Area above the dashed l ine corresponds t o  subsaturated conditions, while 

that  be1 ow the 1 i  ne indicates condi tions wherein supersaturation exis ts  . Plot- 

ing T versus 6 from the computed results produces l ines that  f a l l  above the 

saturation curve, indicating a d is t inc t  tendency t o c a r ~ s u b s a t u r a t i ~ ~ n  i n  the 

boundary layer. Figure 16 s h o ~ ~ s  a curve corresponclincl t o  a single s e t  of bulk 

and interface conditions; however, the in$i cated tendency toward subsatura- 

tion was observed i n  each of tile cases sfud'l'ed. 

Owing t o  the relative magnitudes of  the Schmidt and Prandtl nu~ber s ,  one 

might intui t ively expect the noted trend toward subsaturation. However, the 

rather complex interactions between the various transport tvechani sms render 

such an in tu i t ive  prediction of doubtful val idi ty ,  necessitating this  more 

exact type of analysis to  deterpine true physical behavior. 

I 

Particle Trajectories 

For visualization purposes, i t  i s  interesting to observe the path of an 
- 

aerosol par t ic le  from the point i t  enters the boundary layer t o  the point i t  

impinges on the liquid interface.  The equation describina the path i s  given by: 



TABLE I 1 1  

COMPUTED FLUXES OF EIIERGY AND STEAI' AT LIQUID-VAPOR INTERFACE 

Run 

0.5-1 
0.5-2 
0.5-4 
0.5-8 
0.5-16 

1-1 
1-2 
1-4 
1-8 
1-16 
2-1 
2-2 
2-4 
2-8 
2-1 6 

TABLE I V  

COFIPUTED AEPOSOL DEPOSITInN FLUXES* 

Run 

* Per  u n i t  b u l k  concen t ra t i on .  
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where u  and v  a re  t h e  v e l o c j t i e s  o f  t h e  p a r t i c l e  i n  t h e  x  and y d i r e c t i o n s  
P 

as descr ibed  p rev ious l y ,  

Except f o r  reg ions  very  c l o s e  t o  t he  i n t e r f a c e ,  p a r t i c l e  d i f f u s i o n  and 

growth of t h e  l i q u i d  f i l m  have l i t t l e  e f f e c t  on vp. Assuming these e n t i t i e s  

t o  be n e g l i g i b l e ,  t h e  r e l a t i o n  

may be w r i t t e n ,  where 

Combining w i t h  equat ions ( 3 4 )  and ( 6 9 ) ,  and n e g l e c t i n g  t h e  e f f e c t s  o f  v a r y i n g  

v i s c o s i t y  and dens i t y ,  one may w r i t e  t he  f o l l o w i n g  approximate d i f f e r e n t i a l  

equa t ion  d e s c r i b i n g  t h e  p a r t i c l e  t r a j e c t o r y :  

Equat ion (72)  was so l ved  numer i ca l l y  us i ng  i n t e r p o l a t e d  va lues f rom t h e  
[ 2  I h y b r i  d-computer ou tpu t ,  A  f o u r t h - o r d e r  Runge-Kutta technique was employed 

which s t a r t e d  a t  some p o i n t  on t he  i n t e r f a c e  and computed t h e  t r a j e c t o r y  back- 

wards t o  t h e  edge o f  t h e  boundary l aye r ,  

Curves f o r  severa l  o f  these computat ions are shown i n  F igu re  17, These 

are expected t o  be q u i t e  accura te  f o r  p a r t i c l e s  l a r g e r  than about .02 microns 

i n  diameter, where t he  n e g l e c t  o f  Brownian d i f f u s i o n  i s  j u s t i f i e d .  Some o f  

these curves undoubtedly p ro t rude  i n t o  t u r b u l e n t  boundary-1 ayer  cond i t i ons ,  

and must be cons idered i n v a l  i d  a t  p o i n t s  where nonl  aminar s i t u a t i o n s  e x i s t ,  

I n  t h i s  con tex t ,  i t  i s  i n t e r e s t i n g  t o  no te  t h a t  many o f  t h e  p a r t i c l e s  e n t e r i n g  

t h e  l am ina r  boundary l a y e r  w i l l  depos i t  under t u r b u l e n t  cond i t i ons ,  pass ing  

i n t o  t he  t u r b u l e n t  regime somewhere a long  t h e i r  t r a v e r s e  t o  t h e  w a l l .  
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DISCUSSION OF RESULTS 

Val id i t y  of Equations 

Equat ions (36),  (37) and (38),  d e s c r i b i n g  steam, energy, and momentum 

t r a n s p o r t  i n  a  l am ina r  boundary l a y e r ,  a re  be l i eved  t o  be based upon a  h i g h l y  

r e a l  i s t i  c  model o f  phys i ca l  behavior ,  A1 though no exper imenta l  p r o f i  l e - d a t a  

have been pub l i shed  t o  t e s t  these equat ions d i r e c t l y ,  one can r e f e r  t o  pre-  

v ious  comparisons o f  t heo ry  w i t h  exper imenta l  r e s u l t s  f o r  non-condensing sys- 

tems. Such comparisons [I5] show agreement between exper iment and t heo ry  t o  be 

q u i t e  good -- c e r t a i n l y  w i t h i n  the  e r r o r s  o f  exper imenta l  measurement, 

The assumptions t h a t  N u s s e l t ' s  equa t ion  i s  a  v a l i d  d e s c r i p t i o n  o f  l i q u i d -  

f i l m  behavior ,  and t h a t  i n t e r f a c i a l  temperature i s  cons tan t  m igh t  be somewhat 

i n  quest ion;  however, these assumptions may be expected t o  be reasonably  v a l i d  

whenever t h e  r a t e - i n f l u e n c i n g  s i g n i f i c a n c e  o f  t he  l i q u i d  f i l m  i s  smal l  com- 

pared t o  t h a t  o f  t h e  gaseous boundary l a y e r ,  [61 Temperature drop across t h e  

l i q u i d  f i l m  may be computed on the  bas i s  o f  N u s s e l t k  t heo ry  us ing  t h e  f o l l o w -  

i n g  express ion:  

Values o f  1 i q u i d - f i l m  temperature-drop f o r  each o f  t he  c o n d i t i o n s  s t u d i e d  were 

c a l c u l a t e d  f rom equat ion  (731% and a re  presented i n  Table V .  From t h e  low 

magnitudes o f  these va lues i t  i s  apparent t h a t  t he  assumptions o f  Nusse l t -  

t ype  behav io r  and cons tan t  i n t e r f a c i a l  temperature a re  t o t a l l y  c r e d i b l e  f o r  

a1 1  p r a c t i c a l  appl i c a t i o n s  o f  t h e  p resen t  s tudy,  

TABLE V 

LIQUID-FILM TEMPERATURE-DROPS CALCULATED FROM NUSSELT THEORY 

T i  - Tw**, O F  

T, - Ti* Run Se r i es  Run Ser ies  Run Ser ies  

* Across gaseous boundary l a y e r .  
** Across l i q u i d  f i l m ,  



Boundary c o n d i t ~ o n s  (48) and (49) s t a t e  t h a t  t h e  i n t e r f a c i a l  temperature 

and composi t ion a re  i n  e q u i l i b r i u m  i n  the  l i q u i d  and gaseous phases. Th i s  i s  

n o t  q u i t e  t r ue ,  s i nce  continuum mechanics break down i n  t h e  range o f  a  mean- 

f ree-pa th  f rom t h e  i n t e r f a c e ,  g i v i n g  r i s e  t o  an apparent d i s c o n t i n u i t y ,  o r  

"jump" i n  temperature. For  t he  cond i t i ons  imposed i n  t h e  p resen t  study, however, 

t he  s i g n i f i c a n c e  o f  i n t e r f a c i a l  r es i s tance  has been shown t o  be n e g l i g i b l y  

smal l ,  [ l o 1  

An a d d i t f o n a l  p o i n t  o f  i n t e r e s t  i s  t h e  s t i p u l a t i o n  t h a t  the  b u l k  be main- 

t a i n e d  a t  s a t u r a t i o n ,  Th i s  seems a  reasonable assumption w i t h  r espec t  t o  con- 

ta inment  vessel  ana lys is ,  s i nce  t he  supply  o f  steam should tend t o  keep t he  

i n t e r i o r  o f  t h e  vessel  c l ose  t o  one hundred pe rcen t  r e l a t i v e  humid i t y ,  Never- 

the less ,  the  behav io r  e x e m p l i f i e d  i n  F igu re  16 i n d i c a t e s  a  d i s t i n c t  tendency 

o f  t he  condensat ion process t o  l e a d  t he  b u l k  toward subsa tu ra t ion .  L i m i t e d  sub- 

s a t u r a t i o n  should n o t  a f f e c t  hea t  and mass t r a n s f e r  r a t e s  apprec iab ly ;  hence, 

t he  sa tu ra ted-bu lk  assumption i s  n o t  cons idered t o  be a  ser ious  one so f a r  

as t h e  p resen t  i n v e s t i g a t i o n  1s concerned, 

Equat ion (39),  d e s c r i b i n g  aerosol  t r a n s p o r t  through t he  condensing-steam 

boundary- layer,  i s  thought  t o  be somewhat l e s s  accura te  than i t s  coun te rpar ts  

i n  d e s c r i b i n g  p h y s ~  c a l  behavior ,  The compara t i ve ly  h i g h  d i  f f u s i v i  t i e s  o f  

steam and thermal energy render  equat ions (36)  and (37)  r a t h e r  i n s e n s i t i v e  t o  

minor  p e r t u r b a t i o n s  i n  f l o w  pa t t e rns ;  however, such p e r t u r b a t i o n s  would n o t  

have t o  be l a r g e  t o  c rea te  e f f e c t i v e  p a r t i c l e  d i f f u s i o n - c o e f f i c i e n t s  i n  excess 

o f  those r e s u l  t i n g  f rom Brownian motion, A c o r o l l a r y  o f  t h i s  i s  t h a t  t h e  v a l -  

i d i t y  o f  equa t ion  (39) should t end  t o  inc rease  as t h e  p a r t i c l e  s i z e  decreases 

(as Brownian d i  f f u s i  v i  t y  inc reases) ,  

I t  shou ld  be p o i n t e d  o u t  t h a t  w h i l e  t h e  above-mentioned d i f f i c u l t i e s  

p o s s i b l y  cou ld  cause s i g n i f i c a n t  d e v i a t i o n s  between ac tua l  and computed aero- 

s o l  concen t ra t i on  p r o f i l e s ,  t he  r e s u l t i n g  d e p o s i t i o n  r a t e s  would n o t  be a l -  

t e r e d  apprec iab ly ,  Th i s  a r i s e s  f rom t h e  f a c t  t h a t  w h i l e  p a r t i c l e  d i f f u s i o n  

i s  impo r tan t  i n  es tab l  i s h i n g  the  concen t ra t i on  p r o f i l e s ,  d i f f u s i o p h o r e s i s  i s  

s t i l l  t he  most prominent mechanism o f  mass t r a n s f e r .  A  d i scuss ion  o f  t he  

r e l a t i v e  importance o f  t he  var ious  p a r t i c l e - t r a n s p o r t  mechanisms w i l l  be g iven  

i n  a  f o l l o w i n g  sec t ion .  

I n  d i scuss ing  t h e  v a l i d i t y  o f  equa t ion  (39)  i t  i s  i n t e r e s t i n g  t o  no te  

t he  p r e d i c t e d  aerosol  - concen t ra t i on  b u i  1 dup i n  t he  boundary-l ayer  reg ion ,  as 

shown i n  F igures  13, 14, and 15,  Ana lys is  o f  t h e  equa t ion  shows t h a t  such a  



b u i l d u p  can occur  o n l y  i f  c 2  i s  non-zero. Non-zero c2  occurs f o r  severa l  

reasons. F i r s t ,  t h e  terms i n v o l v i n g  ( A N )  q  5 9 c c u r  because o f  d i f f e r e n t i a -  

t i o n  o f  t h e  aeroso l  f l u x  a r i s i n g  f rom t h e  d i f f u s i o p h o r e t i c  c o r r e c t i o n  f a c t o r .  

The a d d i t i o n a l  term con ta in i ng  r n  a r i s e s  f rom a  s i m i l a r  d i f f e r e n t i a t i o n  o f  

t h e  thermophoret i c  c o n t r i b u t i o n .  If these terms were neglected,  (41 ) would 

t ake  t he  form, 

Th i s  remain ing term a r i s e s  because t h e  express ion  f o r  p a r t i c l e  d i f f u s i o n  was 

w r i t t e n  i n  terms o f  a  concen t ra t i on  g r a d i e n t  r a t h e r  than  a  mass- f rac t ion  grad- 

i e n t ,  as was t h e  case f o r  d i f f u s i o n  o f  steam, Expressed as t h e  f l u x  o f  par-  

t i c l e s  pass ing a  re fe rence  frame moving w i t h  t h e  mass-average v e l o c i t y ,  t h i s  

express ion  i s  

Equat ion (75)  was chosen r a t h e r  a r b i t r a r i l y  by   in stein'^] f o r  use i n  

h i s  f o r m u l a t i o n  o f  t he  S tokes-E ins te in  equat ion.  For  systems where in  d e n s i t y  

i s  cons tan t  t h i s  express ion  i s  equ i va len t  t o  t he  fo rm 

where W i s  t he  p a r t i c l e  mass - f r ac t i on  and mp i s  t h e  mass o f  a  s i n g l e  p a r t i c l e .  
P  

Th i s  i s  n o t  t h e  case, however, f o r  t he  p resen t  s i t u a t i o n ,  wherein v a r i a t i o n s  i n  

d e n s i t y  a r e  s i g n i t i c a n t , *  

A l though equat ion  (76)  has a  c e r t a i n  amount o f  i n t u i t i v e  appeal, bo th  

expressions must be regarded as somewhat phenomenological i n  na tu re ,  and t h e  

t r u e  s i g n i f i c a n c e  o f  t h e  term n y 3 S c F )  i n  equa t ion  (41)  i s  d o u b t f u l ,  

S i g n i f i c a n c e  o f  t h e  c o n t r i b u t i o n s  by therniophoresis and t h e  d i f f u s i o p h o r -  

e t i c  c o r r e c t i o n  f a c t o r  i s  a l s o  s u b j e c t  t o  some con jec tu re .  Dur ing  the  d e r i v a t i o n  

o f  equa t ion  (391, t he  y-component o f  p a r t i c l e  v e l o c i t y  was taken as equal t o  

t h e  f o l l o w i n g  sum: 

vp = mass-average v e l o c i t y  + p a r t i c l e  d i f f u s i o n  v e l o c i t y ,  
r e1  a t i v e  t o  mass-average v e l o c i t y  + v e l o c i t y  corresponding 
t o  d i f f u s i o p h o r e t i c  c o r r e c t i o n  te rm + thermophoret ic  v e l o c i t y .  

* I t  should be noted here t h a t  i f  E i n s t e i n  had chosen a  ~henomeno loa ica l  fo rm o f  
F i c k ' s  l aw based on a  mass - f r ac t i on  d r i v i n g  f o r ce ,  h i s '  exp ress ion - f o r  t h e  d i f -  
f u s i o n  c o e f f i c i e n t  would n o t  have taken t he  form D  = 1 / 6 ~ p r .  Th i s  has n o t  been 
recognized e x p l i c i t l y  i n  a  m a j o r i t y  o f  t h e  pub l i shed  l i t e r a t u r e  ( c f  [ I ] ) .  



This implies an a d d ~ t i v e  relationship between each of the mechanisms. I t  
also depends on the assumption of psuedo-binary diffusion. I n  view of the 
obvious interactions of the mechanisms, these assumptions are not s t r i c t l y  

valid; however, there i s  l i t t l e  reason to expect tha t  they should not apply 

with reasonable accuracy under the present circumstances, 

There are several other possible crit icisms of equation (39),  The assump- 
tion of constant par t ic le  sfze precludes the assessment of particle-growth 

effects  arising from nucleation and coagulation, Nucleation effects  are ex- 
pected to be insignificant because of the saturation relationships in the 

boundary layer exemplified by Figure 16. Coagulation, which depends on par- 

t i  cl e popul a t i  on dens i t y ,  s houl d be negl i gi bl e during most of the pos t-acci dent 

period when equat~on (39) i s  otherwise appl icable. 

The boundary condition (1 9) ,  giving aerosol concentration a t  the l iquid- 

vapor interface,  also i s  s u b ~ e c t  to  some conjecture, I n  the present study the 

interfacial  aerosol concentration was taken to be zero, implying a perfect sink 

for  particles a t  n = 0, Because of the nature of the wet surface, such an 

assumption should be reasonably val id, especially for  water-sol uble aerosol s o  

From the above discussion i t  i s  concluded that  equation (39) and i t s  
boundary conditions present a reasonably val id model of aerosol transport, 

provided the boundary layer i s  t ruly laminar, Shapes of the predicted concen- 

tration profiles may not be as accurate as the predicted deposition ra tes ,  

owing to the overwhelming importance of diffusiophoresis as a particle-trans- 

port mechanism, The concentration bui ld-up predicted by equation (39) i s  
probably a real phenomenon, although there are several uncertainties pertain- 

ing to i t s  physical origin,  

Accmacy of Computations 

Accuracy of solutions to  the boundary-layer equations was limited pri- 

mari ly by performance of the analog-computer components. Normal ly taken to 

be within one percent, machine error  can accumulate seriously i f  large numbers 

of nonlinear components are involved, or i f  a poor choice of scaling param- 

eters  i s  employed, Scale factors used in the present computations are given 

in Appendix 1 ,  These were chosen carefully so as to  maximize accuracy of the 

computations, 

A dig7 ta l  -computer program was written to  estimate magnitudes of the 

analog-computer errors ,  This program employed the i n i t i a l  conditions deter- 



mined by t h e  analog computer t o  so l ve  equat ions (36)  through (41) ,  us i ng  a  

f ou r t h -o rde r  Runge=Kutta techn iqueOL2]  A s t ep  s i z e  AT-, = 0.1 was found t o  be 
s u f f i c i e n t  f o r  adequate convergence of t he  Runge-Kutta anlalysis.  

Comparison o f  t h e  r e s u l t s  ob ta ined  f rom bo th  types o f  computers ( r u n  1-4) 

showed analog-computer e r r o r s  t o  be g e n e r a l l y  l e s s  than one percent .  Com- 

pa r i son  o f  t h e  r e s u l t s  i s  presented g r a p h i c a l l y  i n  F igures  5, 8, and 11. 

Values o f  zp and c 2 ,  computed d i g i t a l l y  from t h e  analog r e s u l t s ,  were 

s u b j e c t  t o  a l l  o f  t h e  assoc ia ted  sources o f  e r r o r .  c 2  r e s u l t e d  f rom a  sub- 

t r a c t i o n  o f  va r i ab les ,  and t h i s  o f t e n  served t o  a m p l i f y  d e v i a t i o n s  between i t s  

r e a l  and computed values. E r r o r s  i n  c l  are  expected t o  be on t he  o r d e r  o f  two 

percent ,  w h i l e  corresponding e r r o r s  i n  c 2  may be as h i g h  as f i v e  percen t .  

F i n i  t e - d i  f f e r e n c e  approx imat ions o f  t h e  p a r t i  c l e - concen t ra t i on  p r o f i  l e s  

were performed so as t o  converge t o  w i t h i n  0.2 percent.  Therefore,  t h e  ma jo r  

source o f  e r r o r  i n  these computations arose f rom u n c e r t a i n t i e s  i n  c l  and 12. 

Owing t o  t he  smal l  r e l a t i v e  magnitude o f  c,, i t s  e r r o r s  d i d  n o t  a f f e c t  t h e  

concen t r a t i o n - p r o f  i l e v a l  ues t o  an apprec i  ab l  e  ex ten t .  Therefore,  t he  expec- 

t e d  e r r o r s  i n  the  computed concen t ra t i on  values should be on t he  o r d e r  o f  one 

o r  two percen t  o f  t h e  corresponding maximum values. 

Simpli f ied Analysis of  Heat and Vapor Transport -- Test  of  Heat Transfer-Mass 
Transfer Analogy 

Transpor t  o f  vapor and energy i n  a  condensina-stear houndarv l a y e r  occurs 

by processes t h a t  a r e  rough l y  analogous. Because o f  t h i s ,  i t  i s  p o s s i b l e  t o  

per fo rm a  s l 'mp l i f f ed  a n a l y s i s  o f  heat  and vapor t r a n s p o r t  i n  condensing sys- 

tems, based on known b e h a w o r  o f  hea t  t r a n s f e r  i n  noncondensing boundary l aye rs ,  

Such an a n a l y s i s  1s p o s s i b l e  f o r  bo th  laminar  and t u r b u l e n t  regimes. [ 9 I 
For 1 aminar, noncondensing boundary 1  ayers formed ad jacen t  t o  fl a t ,  ver-  

t i c a l  p l a t e s ,  t heo ry  has i n d i c a t e d  [I5] t h a t  t he  Nussel t number, Nu, should 

possess t he  f o l l o w i n g  f u n c t i o n a l  dependence on t h e  Grasho f f  and P rand t l  numbers: 

T h i s  compares w e l l  w i t h  t he  express ion 

which was ob ta ined  on t h e  bas i s  o f  exper imenta l  h e a t - t r a n s f e r  data. 

The Sherwood (Sh) and Schmidt numbers a re  t h e  mass- t ransfer  analogs o f  



t h e  Nusse l t  and P rand t l  numbers; hence t h e  mass- t ransfer  analog o f  equa t ion  

(77) i s :  

The corresponding interfacial steam f l u x  can be c a l c u l a t e d  us ing  t h e  de f -  

i n i t i o n  o f  t h e  mass- t ransfer  c o e f f i c i e n t ,  combined w i t h  t he  f i l m - t h e o r y  cor -  

r e c t i o n  f a c t o r  o f  Stewart ,  [I1 Given here w i t h o u t  d e r i v a t i o n ,  t h i s  i s  

where 

A s i m i l a r  equa t ion  can be w r i t t e n  f o r  t he  conduct ion h e a t - f l  ux a t  t he  

i n t e r f a c e ,  Th i s  i s :  

where 

One should no te  t h a t  6; i s  t he  hea t  f l u x  a r i s i n g  f rom conduct ion alone, 

and t h a t  t h e  t o t a l  i n t e r f a c i a l  f l u x  o f  thermal energy i s  g iven  by: 

Val i d i  ty o f  t h e  analogy was t e s t e d  by comparing mass and energy f l u x e s  

c a l c u l a t e d  through equat ions (80) and (811, w i t h  those ob ta ined  f rom t h e  com- 

p u t e r  s o l u t i o n s  o f  t h e  boundary- layer  equat ions on t h e  bas i s  o f  equat ions (66)  

and (67) .  Th i s  comparison i s  shown i n  Table V I ,  which g ives  r a t i o s  o f  i n t e r -  

f a c i a l  f l u x e s  p r e d i c t e d  by t he  two methods o f  ana l ys i s .  Table V I  i n d i c a t e s  

t h a t  t h e  heat  t ransfer-mass t r a n s f e r  analogy i s  v a l i d  w i t h  a  s u r p r i s i n g l y  h i gh  

degree o f  accuracy f o r  1  aminar- f low cond i t i ons .  I t  a l s o  imp1 i e s  s t r o n g l y  t h a t  

such an analogy shou ld  app ly  accu ra te l y  under t u r b u l e n t  c o n d i t i o n s  as w e l l ,  

F i n a l l y ,  i t  shou ld  be no ted  t h a t  t he  t h e o r e t i c a l  equa t ion  (77)  was used 

as a bas i s  f o r  comparison, r a t h e r  than  equat ion  (78) ,  which was ob ta ined  f r om 
t 

exper imenta l  data, Since these equat ions agree t o  w i t h i n  about t e n  percent ,  



t h e  analogy i s  regarded as h i g h l y  s a t i s f a c t o r y  no m a t t e r  which i s  employed f o r  

comparison. Edge e f f e c t s  i n  exper imenta l  h e a t - t r a n s f e r  measurements would 

t end  t o  make t he  r e s u l t i n g  da ta  somewhat h igh ;  hence equat ion  (77 )  was thought  

t o  be a somewhat more l o g i c a l  bas i s  f o r  t e s t i n g  t he  analogy. 

TABLE V I  

RATIO OF TRANSFER RATES CALCULATED BY ANALOGY WITH PURE HEAT 
TRANSFER TO RATES CALCULATED FROM COMPUTER SOLUTION 

t i w  analogy ii analogy 

Run i computer l;l ' computer 

Simpli f ied Analysis o f  Aerosol Transport 

I n  t he  absence o f  s o l u t i o n s  t o  t h e  boundary- layer  equat ions, one m igh t  

conce ivab ly  a t tempt  t o  es t ima te  p a r t i c l e  d e p o s i t i o n  r a t e s  on t he  bas is  o f  

steam condensat ion, assuming t he  aerosol  t o  be swept t o  t h e  w a l l  w i t h  t h e  mass- 

average v e l o c i t y  o f  the  f l u i d ,  Such an approach i s  p a r t i c u l a r l y  appeal ing,  

s i nce  mass-average v e l o c i t y  can be es t imated  s imp ly  by measuring condensat ion 

ra tes ,  o r  by app l y i ng  t he  analogy d iscussed i n  t h e  preceeding sec t i on .  I n  

accordance w i t h  t h e  boundary- layer  ana l ys i s ,  mass-average v e l o c i t y  a t  the  

l i q u i d - v a p o r  i n t e r f a c e  i s  g i ven  by: 



Aerosol  f l u x e s  es t imated  on t h e  bas i s  o f  (85)  were compared t o  those c a l -  

c u l a t e d  f rom equat ion  (68) .  Th i s  comparison, presented as t h e  r a t i o  o f  ca lcu-  

l a t e d  t o  es t imated  va lues i n  Table V I I ,  shows t he  agreement t o  be f a i r l y  good 

f o r  c o n d i t i o n s  o f  l a r g e  p a r t i c l e  s i zes  and r a p i d  condensat ion r a t e s .  For  

sma l l e r  p a r t i c l e s  and lower  condensat ion r a t e s ,  t he  i n f l uence  of Brownian 

d i f f u s i o n  becomes s i g n i f i c a n t ,  caus ing t h e  c a l c u l a t e d  d e p o s i t i o n  r a t e s  t o  de- 

v i a t e  s i g n i f i c a n t l y  f rom those t h a t  were es t imated  on t he  bas i s  o f  equa t ion  

(85)  0 

I n  a l l  o f  t he  cases s tud ied,  t h e  neg lec t  o f  thermophoresis and t h e  d i f -  

f u s i o p h o r e t i c  c o r r e c t i o n  f a c t o r  caused t he  approx imat ion t o  p r e d i c t  deposi-  

t i o n  r a t e s  lower  than  those c a l c u l a t e d  f rom the  boundary- layer ana l ys i s ,  An 

a d d i t i o n a l  f a c t o r  t h a t  caused t h e  es t imated  r e s u l t s  t o  f a l l  below those o f  t h e  

boundary-1 ayer  a n a l y s i s  was t h e  assumpti on o f  one-dimensional behavior,  which 

p rec luded  t h e  assessment o f  p a r t i c l e  t r a n s p o r t  a r i s i n g  f rom t h e  l o n g i t u d i n a l  

component o f  v e l o c i t y ,  

TABLE V I I  

COMPARISON OF COMPUTED AND ESTIMATED 
DEPOSITION RATES 

ia x1I4  Computed 

Run ia x1/4 Est imated 

Relative Contributions to ParticZe Transport by Individual Mechanisms 

To conclude the  f o rego ing  d i scuss ion  o f  t h e  computed r e s u l t s ,  i t  i s  ap- 

p r i p r i a t e  t o  examine t he  i n d i v i d u a l  mechanisms o f  p a r t i c l e  t r a n s p o r t  i n  terms 

o f  t h e i r  separate c o n t r i b u t i o n s  t o  t h e  t o t a l  d e p o s i t i o n  process. Browian 

d i f f u s i o n  i s  o f  p a r t i c u l a r  importance i n  t h i s  respec t ,  s i nce  i t  i s  t h e  o n l y  

mechanism which .depends s t r o n g l y  on p a r t i c l e  s i z e  -- a  p rope r t y  which i s  



s i g n i f i c a n t  whenever heterogeneous aeroso ls  a re  present .  The aerosol  f l u x e s  

g i ven  i n  Table IV show a  decreas ing dependency on p a r t i c l e  s i z e  as p a r t i c l e  s i z e  

increases ( d i  f f u s i o n  c o e f f ~  c i e n t  decreases). For  even 1  a rge r  p a r t i c l e  s i  zes, 

t he  r e s u l t s  i n d i c a t e  t h a t  a l i m i t i n g  d e p o s i t i o n  r a t e  i s  approached, which ap- 

p a r e n t l y  depends s o l e l y  on t he  d i f f u s i s p h o r e t i c ,  therniophoret ic,  and f l o w  

p r o p e r t i e s  of t h e  f 1 u ~ d , ,  

Such behav io r  can be v i s u a l i z e d  f u r t h e r  by cons ide r i np  t he  p e c u l i a r  i n t e r -  

a c t i o n  o f  t h e  Brownian d i f f u s i o n  process w i t h  o t h e r  mechanisms o f  t r a n s p o r t .  

D i f f u s i o p h o r e s i s  and thermophoresis supply  an i n f l u x  o f  p a r t i c l e s  t h a t  f o r c e  

a  concen t ra t i on  g r a d i e n t  t o  become e s t a b l i s h e d  which, i n  accordance w i t h  the  

assoc ia ted  d i f f u s i o n  c o e f f i c i e n t ,  w i l l  account f o r  d e p o s i t i o n  a t  t he  pres-  

c r i b e d  r a t e ,  From such behavior ,  one can assess t he  e f f e c t  of smal l  p e r t u r -  

ba t i ons  i n  f l o w  s t r u c t u r e  w i t h i n  t he  boundary l a y e r ,  The r e s u l t i n g  i nc rease  

i n  t h e  apparent p a r t a c l e  d i f f u s i v i t y  w i l l  obv ious l y  a f f e c t  t h e  shape of t h e  

p a r t i c l e  c o n c e n t r a t i o n - p r o f i l e ,  Thfs  change, however, w i l l  t end  t o  occur  i n  

a  manner so as t o  accorr~modate t h e  i n f l u x  o f  p a r t i c l e s ,  r e s u l t i n g  i n  o n l y  a  

minor  change o f  the gross d e p o s i t i o n  r a t e ,  

I n  t h i s  con tex t ,  t h e  range o f  p a r t i c l e  s i zes  chosen f o r  s tudy i n  t he  

p resen t  i n v e s t i  f a t i o n  should be ment i  sned. On the  bas is  o f  p rev ious  s tud ies [7 ]  
3 

t h i s  range was thought  t o  f a l l  on t he  lower  p o r t i o n  o f  t he  expected spectrum 

o f  p a r t i c l e  s izes ,  Subsequent analyses, however, have i n d i c a t e d  t h a t  the  

s i z e s  o f  aerosol  p a r t i c l e s  e x i s t i n g  under pos t -acc iden t  c o n d i t i o n s  may be 

l a r g e r  than expected p r e v ~ o u s l y ,  Regardless o f  t h i s ,  t he  r e l a t i v e  independ- 

ence o f  d e p o s i t ~ o n  r a t e s  on p a r t i c l e  s i z e  renders these cons ide ra t i ons  o f  

minor  jmportance so f a r  as gross r a t e s  o f  p a r t i c l e  t r a n s p o r t  a re  concerned, 

I n  p r e l i m i n a r y  computat ions performed d u r i n g  t h i s  i n v e s t i g a t i o n ,  p a r t i c l e  

t r a n s p o r t  r a t e s  were c a l c u l a t e d  assuming t h e  thermophoret ic  e f f e c t  t o  be 

n e g l i g i b l e ,  These r e s u l t s  may be compared w i t h  those g i ven  i n  Table IV, t o  

assess t he  i n d i v i d u a l  c o n t r i b u t i o n  o f  thermophoresis t o  t h e  o v e r a l l  d e p o s i t i o n  

process, Th i s  comparison i s  shown i n  Table V I I I ,  where t h e  r a t i o  of p a r t i c l e -  

d e p o s i t i o n  ra tes ,  anc lud ing and exc lud ing  thermophoresis, i s  g i ven  f o r  each 

o f  t he  runs, 

The r e l a t s v e  e f f e c t  o f  t h e  d i f f u s i o p h o r e t i c  c o r r e c t i o n  f a c t o r  i s  a l s o  o f  

i n t e r e s t .  Al though t h i s  cannot be eva lua ted  d i r e c t l y  on t he  bas i s  o f  r e s u l t s  

ob ta ined  i n  t he  p resen t  study, some i dea  o f  i t s  e f f e c t  can be ob ta ined  by com- 

pa r i son  o f  t h e  i nd i vadua l  v e l o c i t y  c o n t r i b u t i o n s  i n  equa t ion  ( 9 ) ,  Table IX 



TABLE V I I I  

EFFECT OF THERMOPHORESIS ON AEROSOL DEPOSITION RATES 
8 

R a t i o s  o f  D e p o s i t i o n  Rates 
I n c l u d i n g  ~ h e r n i o ~ h o r e s i  s  

Run e g l  e c t i  ng Thermophoresi  s] 

TABLE I X  

ESTIMATED EFFECTS OF THE DIFFUSIOPHORETIC CORRECTION FACTOR 

P a r t i c l e  F l u x  R a t i o  
F l u x  f rom Equa t ion  (10 )  

Run Computed F l u x  ( T a b l e  I V )  



g i ves  one such comparison, p resen t i ng  t he  r a t i o s  o f  t o t a l  p a r t i c l e  f l u x e s  t o  

those a t t r i b u t e d  t o  t h e  d i f f u s i o p h o r e t i c  c o r r e c t i o n  f a c t o r  alone. Here t o t a l  

p a r t i c l e  f l u x e s  were taken from Table I V .  F luxes corresponding t o  t he  d i f -  

f u s i o p h o r e t i c  c o r r e c t i o n  f a c t o r  were es t imated  on the  bas i s  o f  equa t ion  (10).  

assuming u n i t  y a t  t h e  l i q u i d - v a p o r  i n t e r f a c e .  Because o f  t he  n e g l e c t  o f  

a x i a l  c o n t r i b u t i o n s ,  the  es t imated  e f f e c t s  o f  t he  d i f f u s i o p h o r e t i c  c o r r e c t i o n  

f a c t o r  g i ven  i n  Table I X  a re  expected t o  be somewhat lower  than those en- 

countered i n  p r a c t i c e ,  

From t h e  f o rego ing  ana l ys i s ,  one may conclude t h a t  o f  a l l  t h e  mechanisms 

of p a r t i c l e  t r anspo r t ,  d i f f u s i o p h o r e s i s  i s  o f  p r imary  importance i n  determin-  

i n g  d e p o s i t i o n  r a t e ,  P a r t i c l e  d i f f u s i o n  i s  impo r tan t  i n  e s t a b l i s h i n g  concen- 

t r a t i o n  p r o f i l e s ,  b u t  1s o f  minor  importance i n  de te rmin ing  d e p o s i t i o n  r a t e s ,  

except  f o r  cases where p a r t i c l e  s i z e  i s  ext remely  smal l .  E f f e c t s  o f  t h e  d i f -  

f u s i o p h o r e t i c  c o r r e c t i o n  f a c t o r  and thermophoresis a r e  o f  secondary importance, 

each account ing  f o r  l e s s  than 10 percen t  o f  t he  t o t a l  e f f e c t  under t h e  most 

extreme c o n d i t i o n s  s tud ied ,  

APPLICATION TO REAL SYSTEMS 

I n  app l y i ng  r e s u l t s  o f  t h e  boundary- layer  ana lys is ,  one must examine t he  

s i g n i f i c a n c e  o f  i t s  i d e a l i t i e s  i n  1  i g h t  o f  rea l -system c h a r a c t e r i s t i c s .  The 

c h a r a c t e r i s t i c s  o f  r e a l  systems a r e  d ive rse ,  and cannot be cons idered i n  de- 

t a i l  here.  Instead,  t h e  r e s u l t s  w i l l  be a p p l i e d  f o r  an ext remely  s imple macro- 

scopi  c  system, w i t h  a  subsequent d i scuss ion  o f  r a m i f i c a t i o n s  a r i s i n g  when more 

complex c o n d i t i o n s  a re  encountered. Such a  d i scuss ion  should form a  bas i s  f o r  

f u r t h e r  a p p l i c a t i o n s  t o  i n d i v i d u a l  systems, and p rov ide  an i dea  o f  t h e  con- 

d i t i o n s  under which such a p p l i c a t i o n s  a r e  appropr ia te .  

Such a  system i s  shown i n  F igu re  18. I t  c o n s i s t s  o f  a  r i g h t ,  c i r c u l a r  

c y l i n d e r  o f  l e n g t h  h  and r a d i u s  r. I n  accordance w i t h  t h e  p rev ious  de r i va -  

t i o n s ,  we assyme cons tan t  bu lk ,  w a l l ,  and i n t e r f a c e  temperature,  and laminar  

behavior ,  T o t a l  aerosol ,  steam, and energy t r a n s p o r t  may be ob ta ined  by i n -  

t e g r a t i n g  equat ions (66) ,  (67) ,  and (68)  over  t he  v e r t i c a l  w a l l ,  hence, 

4 h 3 I 4  [C ; ~ N I ]  p a r t i c l e s  
Waerosol  = 21~ r  i u n i t  t ime  

1-I 



FIGURE 18 

SCHEMATIC OF SIMPLIFIED VESSEL 
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F o r  an example, we a p p l y  these  equa t ions  t o  a  vesse l  where in  h  = 40 ft. 

and r = 10 f t ,  For  c o n d i t i o n s  s i m ~ l a r  t o  those  o f  r u n  1-1, where in  t h e  aero-  

s o l  l o a d i n g  c o n s ~ s t s  o f  10 0 , l  m i c r o n  p a r t ~ c l e s  p e r  c u b i c  f o o t ,  t hese  g i v e  

a r t i c l e s  - 2.63 l o q P  hour , 'aerosol - 

ounds 
'steam = 23.7 b, 

BTU Q = 2,37 x l o L  - h o u r '  

Per fo rm ing  t o t a l  m a t e r l a l  and energy ba lances f o r  t h e  system o f  = r 2 h  f t3  

volume, e q u a t i o n s  (89 )  and ( 9 0 )  l e a d  t o  p r e d i c t e d  ins tan taneous  a e r o s o l  and 

steam decay r a t e s  o f  2.1 and 5,0%/hour,  r e s p e c t i v e l y .  The c o r r e s p o n d i n g  r a t e  

o f  tempera tu re  f a l l  i s  abou t  3%'F/hr. 

Severa l  c r i t ~ c i s m s  o f  t h s s  a p p l i c a t i o n  m i g h t  be vo iced .  Among these  

a r e  : 

i. T r a n s f e r  t o  t h e  vesse l  ends has been neg lec ted .  

2. P e r t u r b a t i o n s  o f  t h e  boundary l a y e r  a r i s i n g  f r o m  t h e  c l o s e d  ends have 
been assumed un impor tan t .  

3. U p w e l l i n g  o f  t h e  f l u i d  I n  t h e  c e n t e r  o f  t h e  vesse l  i s  assumed t o  have neg- 
l i g i b l e  e f f e c t  on m a t e r ~ a l  and energy f l u x e s .  

4. The p o s s i b i l i t y  o f  t r a n s i t i o n  t o  a  t u r b u l e n t  boundary l a y e r  i s  n e g l e c t e d .  

5 .  Any n o n u n i f o r m i t y  i n  i n t e r f a c e  and b u l k  p r o p e r t i e s  i s  assumed t o  be 
n e g l i g i b l e ,  

6. Any s u b s a t u r a t ~ o n  o f  t h e  b u l k  m i x t u r e  i s  t a k e n  t o  be n e g l i g i b l e .  

7.  T r a n s i e n t  e f f e c t s  a r e  n e g l e c t e d  th rough  assumpt ion o f  a  q u a s i - s t e a d y  
s t a t e .  

Most  o f  these  c r i t - i c i s m s  a r e  n o t  s e r i o u s -  T r a n s f e r  t o  t h e  ends o f  t h e  

v e s s e l  can be e s t i m a t e d  r o u g h l y  by assuming 1 t s  e f f e c t  t o  be p r o p o r t i o n a l  t o  



the ra t io  of head area to total  area. Because of the large ra t io  between 

vessel height and boundary-layer width, end effects  are expected to  be neg- 
l ig ib le .  Upward f lu id  velocity i s  small in most cases[", and the effect  of 

axial velocity on  radial heat and mass transport i s  of secondary importance, 
anyway. The assumption of constant surface and bulk properties has been shown 

t o  be reasonably valid in several containment experiments[91; and subsatur- 

ation, although i t  undoubtedly does tend to occur, i s  negligible for  a l l  prac- 

t ica l  purposes, 

The assumption of a quasi-steady s t a t e  implies that  the time-rate of ac- 

cumulation wi thin the boundary 1 ayer i s  small compared to  rates of gross trans- 

Port -- a condition that  undoubtedly i s  met for  a l l  systems of reasonably large 

s ize.  Applicability of the quasi-steady s t a t e  assumption allows transient 

response to  be predicted simply in a to ta l ly  satisfactory manner, This i s  

accompl i shed by conibi ni ng wal I transport ra tes  with total  system bal ances , and 

stepping off in incremental elements of time, 

Neglect of turbulent transport i s  undoubtedly the most serious of a l l  the 

crit icisms l i s t ed ,  For energy and steam transport ,  where molecular diffusiv- 
i t i e s  are relat ively high, t h i s  problem can be circumvented by using the pre- 

viously mentioned empirical correlations and analogies. [81 Because of funda- 
mental differences i n  transport mecfiantsms, however, such analogies cannot be 

applied to  determine part ic le  transport rates in turbulent boundary layers. 
Provided that  par t ic le  transport rates in the turbulent boundary layer are known, 

they can be combined with those for  the laminar boundary layer using standard 
methods, and composite behavior can be defined, In th is  respect, a large 

portion of the appl icabi l i ty  of the present work will be realized only a f t e r  
fur ther  work i s  accomplished in analyzing turbulent deposition. Theoretical 

and experimental work regarding mechanisms of deposition in turbulent boundary 

layers i s  practically nonexistent a t  the present time. Accordingly, acqui- 

s i t ion  of such information would s ignif icant ly increase the level of under- 

standing of natural-process removal, 

Further complexities in the macroscopic system, such as internal s t ruct-  

ures, transient sources, and nonideal geometries, wi 11 obviously compl icate  

natural-response analysis. Here, the judgment of the person performing the 

analysis i s  of great importance to  i t s  success. In the event that  proper 

. judgment i s  exercised, however, the resul ts  presented in the previous sections 

should be useful to the basic analysis, 



CONCLUSIONS 

1, Boundary 1 ayer  equat ions have been f o rmu la ted  and so lved  which descr ibe  

aerosol  t r a n s p o r t  i n  a  laminar  condensing-steam system. These s o l u t i o n s  

a r e  presented as p r o f i l e s  o f  v e l o c i t y ,  steam concent ra t ion ,  aerosol  con- 

c e n t r a t i o n ,  and temperature. From t h e  s o l u t i o n s  one may compute w a l l  

f l u x e s  f o r  use i n  ana l yz i ng  t h e  t r a n s i e n t  response o f  pos t -acc iden t  con- 

ta inment  systems, 

2, For  s team-ai r  m i x tu res  ad jacen t  t o  a  v e r t i c a l  w a l l ,  l aminar  and t u r b u l e n t  

boundary- layer f l o w  regimes occur  under t h e  f o l l o w i n g  cond i t i ons :  

t r a n s i t i o n a l  
laminar  t 1,5 x 108 < G r  i 1.5 x 1010 -+ t u r b u l e n t .  

3, Approximate p a r t i c l e - d e p o s i t i o n  t r a j e c t o r i e s  have been computed. These 

i n d i c a t e  t h a t  a  l a r g e  p o r t i o n  o f  p a r t i c l e s  e n t e r i n g  t h e  l am ina r  boundary 

l a y e r  w i l l  d e p o s i t  down-wal 1 , where t u r b u l e n t  o r  t r a n s i t i o n a l  c o n d i t i o n s  

e x i s t .  

4, There i s  a  tendency f o r  t h e  boundary- layer r e g i o n  t o  become subsaturated.  

Th i s  w i l l  r e s u l t  i n  a  s i m i l a r  tendency f o r  t h e  b u l k  m i x t u r e  t o  become sub- 

sa tu ra ted  swing t o  t h e  simultaneous h e a t - t r a n s f e r  - mass- t ransfer  pro-  

cess, Th i s  i m p l i e s  t h a t  o t h e r  types o f  heat  s inks ,  such as c o l d  sprays, 

a l s o  w i l l  t end  t o  cause subsa tu ra t i on  o f  t h e  bu l k  m ix tu re ,  

5. Use of t h e  h e a t - t r a n s f e r  - mass- t rans fe r  analogy i n  con junc t i on  w i t h  ex- 

per imenta l  h e a t - t r a n s f e r  da ta  i s  an accura te  means f o r  e s t i m a t i n g  conden- 

s a t i o n  r a t e s  i n  laminar  boundary l aye rs .  Such an analogy i s  p robab ly  v a l i d  

f o r  t u r b u l e n t  boundary l a y e r s  as w e l l ,  

6, D i f f u s i o p h o r e s i s  i s  t h e  predominant f a c t o r  i n  c o n t r o l l i n g  aerosol  deposi-  

t i o n  ra tes ,  Both thermophoresis and t h e  d i f f u s i o p h o r e t i c  c o r r e c t i o n  te rm 

a r e  respons ib l e  f o r  o n l y  about 10% o f  t h e  t o t a l  d e p o s i t i o n  ra te ,  even under 

t h e  most extreme circumstances s tud ied ,  Brownian d i f f u s i o n  does n o t  i n -  

f l u e n c e  t h e  r a t e  o f  p a r t i c l e  d e p o s i t i o n  except  f o r  c o n d i t i o n s  where very  

low condensat ion r a t e s  and f i n e  p a r t i c l e  s i z e s  a re  encountered. 

7, An approximate, one-d imens~onal  ana lys is ,  which assumes p a r t i c l e s  t o  be 

depos i ted  w i t h  t he  mass-average v e l o c i t y  o f  t h e  f l u i d ,  has been compared 

w i t h  t h e  computed r e s u l t s .  Th is  a n a l y s i s  g i v e s  d e p o s i t i o n  r a t e s  t h a t  a r e  

f rom 20% t o  60% lower  than those p r e d i c t e d  f rom t h e  boundary- layer theory ,  

depending upon physaeal c o n d i t i o n s  o f  t h e  system, 
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TABLE OF NOMENCLATURE 

a  = Constant de f i ned  by equa t ion  (46) ,  

b  = Constant de f i ned  by equa t ion  (47) .  

c  = Concentrat ion,  1 b-moles/ f t3 ,  

- 
kx - 
L  = 

ih = 

'I; = 

Constant de f i ned  by equa t ion  (27 ) .  

S p e c i f i c  heat  o f  gas m ix tu re ,  BTU/lbm O F .  

S p e c i f i c  heat  o f  a i r ,  BTU/lbm O F .  

S p e c i f i c  heat  o f  steam,BTU/lbm O F ,  

Aerosol d i f f u s i o n  c o e f f i c i e n t ,  f t 2 / h r .  

A i r -s team d i f f u s i o n  c o e f f i c i e n t ,  f t 2 / h r .  

Dimensionless v a r i a b l e  de f i ned  by equa t ion  (25) .  

G r a v i t a t i o n a l  acce le ra t i on ,  f t / h r 2 .  

Grasho f f  Number, d e f i n e d  by equa t ion  ( 2 ) .  

He igh t  o f  t e s t  vessel ,  f e e t ,  a l s o  h e a t - t r a n s f e r  c o e f f i c i e n t ,  
BTU/ f t2hr  "F, 

Thermal c o n d u c t i v i t y ,  BTU/f t  h r  O F ,  

Mass t r a n s f e r  c o e f f i c i e n t ,  l b-moles/hr ft2. 

Dis tance down w a l l ,  f e e t .  

I n t e r f a c i a l  f l u x  o f  energy away f rom w a l l ,  B T U / ~ ~ ~  h r .  

I n t e r f a c i a l  f l u x  o f  energy through gaseous boundary l a y e r  by con- 
duc t ion ,  BTU/ft2 h r .  

I n t e r f a c i a l  f l u x  o f  aerosol  p a r t i c l e s  away f rom w a l l ,  p a r t i c l e s 1  
f t2 hr .  

I n t e r f a c i a l  f l u x  o f  steam away f rom w a l l ,  1  bm/ f t2  h r ,  

Mo lecu la r  weight ,  

Aerosol p a r t i c l e  concen t ra t ion ,  p a r t i  c l  e s / f t 3 .  

Nussel t number, ( l o c a l  ) hL/k. 

To ta l  pressure, 1  b f / f t 2 .  

P rand t l  Number, 

Constant de f i ned  by equa t ion  (44) .  

I n t e r f a c i a l  f l u x  o f  energy away f rom w a l l ,  BTU/f t2 h r .  q t  = r$,. 

Radius o f  t e s t  vessel  , fee t .  

Schmidt Number, DAB/V. 

Sherwood Number, ( l o c a l  ) k x ~ / c  DABo 

Temperature, O F ,  

Down-pl a t e  mass-average v e l  o c i  ty , f t / h r .  

Outward, normal mass-average v e l o c i t y ,  f t / h r .  

Mass f r a c t i o n  o f  steam, 



Depos i t i on  r a t e ,  1 b /hr ,  o r  p a r t i  c l e s / h r .  

D is tance  v a r i a b l e s  d e f i n e d  i n  F igu re  1. 

Constant d e f i n e d  by equa t ion  (43) .  

L i q u i d - f i l m  th ickness ,  f e e t .  

Operator  deno t ing  t he  d i f f e r e n c e  between bu l  k and i n t e r f a c i  a1 con- 
d i  ti ons, 

T rans fo rmat ion  v a r i a b l e  de f i ned  by equa t ion  (26) .  

L a t e n t  heat  o f  v a p o r i z a t i o n  o f  water,  BTU/lbm. 

Dynamic v i s c s s i  ty, 1  bm/ f t  h r ,  

K inemat ic  v i s c o s i t y ,  f t 2 / h r .  

Norn~al i z e d  mass f r a c t i o n  o f  water, W-Wi/Wk-Wi . 
Dens i ty  r a t i o ,  p m / p ,  

Densi t y  , 1  bm/f t3,  
Var i ab les  d e f i n e d  by equat ions (40) and (41 ) .  

Normal i zed temperature,  T-Ti/Tw-Ti. 

S p e c i f i c  heat  r a t i o ,  Cp/Cp,. 

Speci f i  c  hea t  d i f f e r e n c e ,  (Cpw-Cpa)/Cpw. 

V i s c o s i t y  r a t i o ,  u/um. 

Stream f u n c t i o n  d e f i n e d  by equat ions (24a, b ) .  

Normal ized p a r t i c l e  concen t ra t ion ,  N-Ni/Nw-Ni.  

Subscr ip ts  

a  = A i r  

c  = D i f f u s i o p h o r e t i  c  c o r r e c t i o n  

G = Gas 

i = I n t e r f a c e  

L = L i q u i d  

P  = Aerosol  p a r t i c l e  

t = Thermophoresis 

w = Water 



APPENDIX 1 

COMPUTER NETWORK AND DIFFERENCE EQUATIONS 

Finite-Difference Approximations to the Particle-Transport Equation 

The f i  n i  t e - d i f f e r e n c e  approx imat ions used f o r  s o l u t i o n  o f  equa t i on  (39)  

were w r i t t e n  w i t h  r espec t  t o  t h e  increment  spac ing shown i n  F i gu re  A-1. 

I = 1 2 3 . . . NSHIFT NSHIFT+1 NSHIFT+2 
t I I 1 I 

I 
I 

I 1 w h 
9 

FIGURE A-1 

INCREMENT SPACING FOR FINITE DIFFERENCE APPROXIMATIONS 

These are:  

~ ( n  - h )  A(1 )  + T(T,) B(1)  + ~ ( q  + h )  C(1)  = 0 (A-1 

f o r  I < NSHIFT, 

~ ( n  - g )  A ( I )  + T ( U )  6 0 )  + T(T, + g )  C ( I )  = 0 (A-2) 

f o r  I > NSHIFT, and 

~ ( 1 1  - h )  A(1)  + T ( U )  B(1,) + T(T, + g )  C(1)  = 0 (A-3) 

f o r  I = NSHIFT, where NSHIFT i s  t h e  index  where g r i d  enlargement takes p lace.  

The c o e f f i c i e n t s  i n  equa t ions  (A-1) th rough  (A-3) a re  g i v e n  as f o l l o w s :  

Fo r  1 < I < NSHIFT and NSHIFT c 1 < N, 

and 



where L = B Sc/vm, and N i s  t h e  uppermost index of I. Here ~n = h  f o r  

1  I < NSHIFT, and ~n = g  f o r  NSHIFT < I < N. For  I = NSHIFT t h e  c o e f f i c d  

i e n t s  a re  g i ven  by: 

and 

The f i n i t e - d i f f e r e n c e  equat ions were so lved  by express ing them and t h e i r  

boundary c o n d i t i o n s  i n  terms o f  a  t r i d i a g o n a l  ma t r i x ,  which was so lved  i n  t u r n  

t o  o b t a i n  t h e  corresponding u p s i l o n  values. 

Schematic Analog Network 

The Analog-Computer network used f o r  s o l u t i o n  o f  t h e  boundary l a y e r  prob- 

lem i s  shown i n  F i g u r e  A-2, The symbolism i s  de f i ned  as f o l l o w s :  

0 = po ten t i ome te r  

D = l i n e a r  a m p l i f i e r  

C>= h igh -ga in  a m p l i f i e r  

n>= i n t e g r a t o r  

= mu1 t i p 1  i e r  

= d i v i d e r  

0 = t r u n k  l i n e  t o  ( o r  f rom) d i g i t a l  computer. 

Scale Factors for Analog Solu t ions  

Table A-1 g i ves  sca le  f a c t o r s  used f o r  each o f  thepna log-computer  runs. 

Scale f a c t o r  i s  def ined as an abso lu te  va lue  o f  t he  number t ha t ,  when m u l t i -  

p l i e d  by t h e  va lue  o f  t h e  computed va r i ab le ,  w i l l  g i v e  t he  analog-computer 

v o l t a g e  corresponding t o  t h a t  v a r i a b l e .  The l e t t e r s  g i ven  i n  Table A-1 cor -  

respond t o  those shown i n  t h e  network i n  F igu re  A-2. 



F I G U R E  A 2  

ANALOG-COMPUTER NETWORK 



TABLE A-1 

Run 

0.5-1 

0.5-2 

0.5-4 

0.5-8 

0.5-1 6 

1-1 

1-2 

1-4 

1-8 

1-16 

2- 1 

2- 2 

2-4 - 

2-8 

2-1 6 

SCALE FACTORS FOR ANALOG-COMPUTER SOLUTIONS 

Scal e Fac to rs  
A - B D E G I K - - 



APPENDIX 2 

TABULATED VALUES OF AWD c2  

Yalues o f  e l  and c2  were taken f rom t h e  hybr id-computer ou tpu t  and i n -  

t e r p o l a t e d  t o  correspond t o  common values o f  q. The i n t e r p o l a n t  va lues a re  

g i ven  i n  Tab le  A - I I .  Values o f  e l  do n o t  i n c l u d e  t h e  f a c t o r  

because of i t s  dependence on p a r t i c l e  c h a r a c t e r i s t i c s .  Th i s  f a c t o r  i s  so 

smal l  t h a t  i t  does n o t  a f f e c t  t he  va lues o f  e l  s i g n i f i c a n t l y ,  and can be 

ignored  f o r  a1 1  p r a c t i c a l  purposes. 

One should no te  t h a t  t h e  s i x -p l ace  decimals i n  t h e  computer o u t p u t  do 

n o t  imp l y  t h a t  t h e  r e s u l t s  a re  t h i s  accurate.  E r r o r  es t imates  f o r  t h e  tabu- 

l a t e d  va lues a r e  g i ven  i n  t he  DISCUSSION OF RESULTS s e c t i o n  o f  t he  main 

r e p o r t .  
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APPENDIX 3  

PHYSICAL PROPERTIES 

Phys ica l  p r o p e r t i e s  o f  steam-,air m i x tu res  were ob ta ined  through combin- 

a t i o n  o f  t h e  pure  component p r o p e r t i e s  us ing  recommended methods. The sources 

and combinat ion methods a re  l i s t e d  as f o l l o w s :  

Saturation conditions -- Taken f rom steam da ta  g i ven  i n  t h e  E l e c t r i c a l  Research 

Assoc ia t i on  1967 Steam Tables, Thomas Nelson, L td . ,  Edinburgh, (1  967).  D a l t o n ' s  

law and t he  idea l -gas  r e l a t i o n s h i p  were u t i l i z e d  f o r  de te rmin ing  m i x t u r e  prop-  

e r t i e s .  

Viscosity values -- Taken f rom NBS - NACA Tables o f  Thermal P rope r t i es  o f  Gases. 

M i x t u r e  p r o p e r t i e s  es t imated  by t h e  Wi lke method, as descr ibed  i n  R O C ,  Re id  

and T.K, Sherwood, The P rope r t i es  o f  Gases and L iqu ids ,  McGraw-Hil l ,  Inc., New 

York, New York, p, 199 (1958). (He rea f t e r  r e f e r r e d  t o  as R&S). 

Specific-heat values -- Taken f rom NBS-NACA Tables o f  Thermal P r o p e r t i e s  o f  Gases, 

M i x t u r e  p r o p e r t i e s  es t imated  by we igh t i ng  i n d i v i d u a l  p r o p e r t i e s  w i t h  t he  cor -  

responding mass f r a c t i o n .  . 

~hermal-conductivity values -- Taken f rom NBS-NACA Tables o f  Thermal P rope r t i es  

o f  Gases. M i x t u r e  p r o p e r t i e s  es t imated  by method o f  L indsay and Bromley as 

descr ibed  i n  R&S, p, 240, 

Mutual-diffusion-coefficient values -- Taken f rom phys i ca l  data i n t e r p o l a t e d  

by E.A. Mason and L, Monchick, "Survey o f  The Equat ion o f  S ta te  and Transpor t  

P rope r t i es  o f  Mo i s t  Gases," 1963 I n t e r n a t i o n a l  Symposium on Humid i ty  and 

Mois ture,  Na t i ona l  Bureau o f  Standards, Washington, DOC. ,  (1 963). 

Aerosol diffusion-coefficient values - , -  Ca l cu la ted  f rom t h e  ( co r rec ted )  r e1  a- 

t i o n s h i p  g i ven  by C O N .  Davies, Aerosol  Science, Academic Press, New York, New 

York, p. 408, (19661, 

Phys ica l  p r o p e r t i e s  es t imated  by these methods a re  l i s t e d  i n  Tables A-3 

and A-4. 
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TABLE A - 4  

VALUES OF @ USED FOR CALCULATION* 

RUN 

Dm + (Dm,)i * D e f i n e d  a s  B = (D$,),,g9 where (D$,)avg = 2 
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