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Analyzed i s  the e f fec t  of vo lumed fog fo rmat ion  on the prec ip i ta t ion  of sma l l  vapor  admix tu re s  
f r o m  a l a m i n a r  gas  s t r e a m  at  the cooled sur face  of a plate.  It  i s  shown that  prec ip i ta t ion  in 
this  case  may  be different  f r o m  diffusive precipi ta t ion.  

Severa l  f a c t o r s  govern  the p rec ip i ta t ion  of sma l l  vapor  admix tu res  on the cooled surface  of a plate 
i m m e r s e d  lengthwise in a s t r e a m  of noncondensating gas.  These f ac to r s  include vapor  diffusion through 
the boundary l aye r  [1], thermodif fus ion  [2], and volume fog fo rmat ion  [3]. This a r t i c le  will deal with the 
ef fec t  of vo lumed fog fo rmat ion  on vapo r  prec ip i ta t ion .  The p r e sence  of a vapor  super sa tu ra t ion  zone is  
evident  f r o m  a c o m p a r i s o n  between the cu rves  of sa tura t ion  p r e s s u r e  and pa r t i a l  vapor  p r e s s u r e  v e r s u s  
ex t r a  vapor  p r e s s u r e  in the boundary layer .  The solution to the p r o b l e m  in t e r m s  of the hydrodynamic,  
the the rma l ,  and the diffusion boundary l a y e r s  at  the plate sur face  was given in [1] as  the solution to the 
following s y s t e m  of o rd ina ry  di f ferent ia l  equations:  

~"  + q%D" = O; (i') 

h" + Pr~q~h' = O; (1") 

c" + PrD| = 0 ( lm) 

w i t h  the boundary  condi t ions ~o(0) = O, ~o(~o) = 2, h(O) = h w, h(~) = 1, o(O) = c w, c(~o) = 1. 

Equation (1") was der ived  f r o m  the co r respond ing  pa r t i a l  d i f ferent ia l  equation for  the ease  of a low 
vapor  content in the gas.  Fo r  this r eason ,  then, the Stefan flow has  been d i s r ega rded  here .  In this equation 
~0 (g) is  a function obtained f r o m  the Howarth function [4] by s imple  t r ans fo rma t ion  and it  i s  r e l a t ed  to the 
flow function as  follows: 

, = -,, ~ ~ ( ~ ) ,  ( 2 )  

where 

2 V~ (3) 

In order to account for the variability of thermophysieal properties* in terms of coordinates ~,~, it 
is convenient to use the A. A. Dorodnitsyn variables 

g 

= x;  ~ = p ' d v .  (4) 
0 

The solut ions of Eqs.  (1'), (1"), (I n') a re  given in the f o r m  

u 1 _ _  = _ _  ,p ( ~ ) ,  
U,~ 2 

*The s y s t e m  of Eqs.  (19, (1"), (1") was solved on the assumpt ion  that the v i s cos i t y  coeff ic ients ,  the 
t h e r m a l  conductivity,  and the D12/T ra t io  i nc rea se  l inea r ly  with the t e m p e r a t u r e .  Actually,  these r e l a -  
t ions a re  somewhat  weaker  than that. 

( 5 )  
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T - -  Tw o'i [(f (~)lPr| 

T~ ~ T w i [qf (~)]P~d~ 
0 

[cO" (~)lP%.d~ 
P / )  

~-w _ o 

(6) 

(7) 

For a specific example, with T w, Too, Pw, Poo, Pw, P~, Proo, and PrDoo known, it is possible, 
after the numerical values of the integrals in (6) and (7) have been found, to obtain the profiles of vapor 
temperature and concentration in the boundary layer. From the known relation Ps = Ps (T)' we can also 
plot the vapor saturation pressure as a function of the temperature in the boundary layer: 

P~ (T) - -  P" (T) - -  P w 
p ~  _ p (8)  

W 

Here Pw denotes the vapor saturat ion p r e s s u r e  at a tempera ture  equal to the wall temperature .  

For  example, the problem was solved for  an a i r  s t r eam containing an admixture of water vapor and 
flowing around a plate at a velocity of 10 m / s e e  under a total p r e s s u r e  in the s t r eam ~ = 1 atm. The s t r eam 
tempera ture  was assumed  equal to 50~ the Prandt l  number  equal to 0.711, the Prandt l  diffusion number  
(Sehmidt number) equal to 0.616, the par t ia l  p r e s s u r e  of water  vapor  in a i r  P~o = 0.11 kgf /em 2, and the plate 
length L = 1 m. The solution to (7) and (8) for this case is shown in Fig. 1. 

The solution was obtained for wall t empera tu res  T w = --20, --10, and 0~ 

The graph shows that near  the wall saturat ion p r e s s u r e  drops below the par t ia l  p r e s s u r e  of vapor. 
This means that there exists  a supersa tura t ion zone and volumed fog formation occurs .  Fog format ion in 
the boundary layer  causes  a change in the concentrat ion profi le  here.  In o rde r  to determine the new con-  
centrat ion profi le of the boundary layer_ it is n e c e s s a r y  to solve Eq. (1"') so that, with some point M( ~, P) 
as the origin, the boundary conditions P(~) = 1 and P ' (~)  = 0 a re  also satisfied. For  such a solution one 
may use the same function ~ (~) which was used for  solving sys tem (1), inasmuch as the hydrodynamic 
boundary layer  is a ssumed  not to change in the p rocess .  

We will r ep resen t  Eq. (1") in t e rms  of the following sys tem of two l inear  differential  equations: 

c~ = c=, ( 9 ' )  

c~ = - -  Pr D | q~ (~) c~. (9") 

This sys_tem was solved numerically on a digital computer "PROMLN' ". The location of point M(~ M, 
eM) on curve Ps(~) was selected so as to satisfy the condition 

e l (oo)  = 1; c ~ ( ~ )  = 0. (10) 

The slope at point M of the solution and at point M of the Ps(~) curve were considered equal, m o r e -  
over,  so as to ensure  continuity of the diffusion current .  Near  the wall, where the par t ia l  p r e s s u r e  var ies  
l inearly,  the mola r  mass  t r ans fe r  is negligibly small.  This decrease  of the slope pas t  point M indicates 
that pa r t  of the vapor  s t r eam becomes a fog. 

Since even smal l  differences between the ca lcula ted  location of point M and its sought actual location 
caused large deviations f rom condition (10), hence it was possible to ra ther  accura te ly  es tabl ish  the co-  
ordinates  of point M. Determined were also ci(1Vl) and c2(M). 

This modified concentrat ion boundary layer  is shown in Fig. i by the dashed line. 

We note that this method of solving the p rob lem has yielded a l a rge r  value for  the derivative of par t ia l  
p r e s s u r e  with respec t  to coordinate at point M and a correspondingly  l a rge r  diffusion cur ren t  of vapor than 
in the case of no volumed fog formation.  * This is indicated by the .following values of the rat io 

�9 We assume that the number  of condensation centers  in the s t r eam is sufficiently large and that fog fo rma-  
tion s tar ts  before saturat ion has been reached. The l a rge r  diffusion cu r ren t  is due to an ea r l i e r  vapor  
drain here than at the wall [5]. 
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Fig. 1. P a r t i a l  p r e s s u r e  P and equi l ibr ium p r e s s u r e  
P s  of vapor  in the boundary layer ,  as  a function of the 
d imens ion les s  ~ coordinate:  d imens ion less  pa r t i a l  
vapor  p r e s s u r e  in the boundary  l aye r  (1), d imens ion-  
l e s s  equi l ib r ium vapor  p r e s s u r e  in the boundary l aye r  
a t  a wall  t e m p e r a t u r e  T w = 0~ (2), --10~ (3), --20 ~ 
(4), boundary  l aye r  modif ied by volumed fog fo rmat ion  
(5). 

T w, ~ = 0~ - -  10~ --20~ c~(M) = 1.08; 1.13; 1.23, 
c~ (0) 

r e  spe ctively.  

The resu l t ing  a e r o s o l  is  apparen t ly  a mi s t  of submicron  size p a r t i c l e s  which, under  such conditions 
fo r  smal l  a e r o s o l  pa r t i c l e  s and, pa r t i cu l a r ly ,  under  a tempe  r a tu re  gradient ,  obeys  the equation of the rmophore t i c  
flow [6]. Under  the conditions of our  p rob l em,  the re fo re ,  an ae ro so l  pa r t i c l e  f o rmed  in the boundary l aye r  
moves  with the s t r e a m  at  a ve loci ty  u at  a given location in the boundary layer ,  and in the di rect ion oppos -  
ing the t e m p e r a t u r e  gradient  (in our  case  toward the cooled wall  surface)  at  a the rmophore t i c  ve loci ty  VT. 
F o r  6 < X, the l a t t e r  i s  de te rmined  f r o m  the ra t io  

15k~ grad T 
V, ~ - -  ! ~ a \  (11) 

20~ ( 1 + % 
\ 

The equation of the t r a j e c t o r y  i s  then 

dy dx 
V, u (12) 

This equation can be solved with the va lues  of ~M, CM, and c~I found f rom the solution to (1") ,  if  a 
change is  made to phys ica l  v a r i a b l e s  accord ing  to re la t ions  (3) and (4) and with known values  of the phys ica l  
p a r a m e t e r s  p, P~,  v, u~, woo, etc.  The re la t ion  between the phys ica l  va r i ab l e s  will t h e n b e  obtained in 
the f o r m  

y ---- 0.0077 I / x  ~. (13) 

Fo r  specif ic  va lues  of coordinate  ~ we will have a specif ic  f o r m  of the re la t ion  between y and x. 
Taking into account  a lso  the n e a r l y  l inear  var ia t ion  of ve loc i ty  and t e m p e r a t u r e  n e a r  the wall,  we approx i -  
mate  the re la t ions  obtained as  a r e s u l t  of a n u m e r i c a l  solution accord ing  to fo rmu la s  (5) and (6): 

u = 0.86.103. y (14) 
g x '  

T = ( -  20 + 41.24~) + 273,16, (15') 

T = ( "  10 ~- 35.33~) + 273.16, (15") 

T = 29.45~ -t- 273,16 (15'") 

r e s p e c t i v e l y  for  wall  t e m p e r a t u r e s  T w = --20, --10, and 0~ Such an approx imat ion  makes  it  poss ib le  
to calculate  the the rmophore t i e  ve loc i ty  and to solve the equat ions of a e ro so l  t r a j ec to ry .  
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x,, x,~ Xo ~ x  

Fig. 2. T r a j e c t o r i e s  of a e ro so l  
pa r t i c l e s :  upper  boundary of 
a e r o s o l  fo rmat ion  (1), t r a j e c t o r y  
of an ae ro so l  drople t  (2), e x t r e m e  
t r a j e c t o r y  of an ae ro so l  drople t  
which has r eached  the pla te  (3). 

The solution to these equations a r e  pa rabo las :  

1.62 10~y z = x + A ,  

1.46 106y 2 = x + A, 

1.15 10Sy 2 = x + A 

for  the r e spec t ive  wall  t e m p e r a t u r e s  Tw = --20, --10, and 0~ 

(16 ~) 

(16") 

(16,,,) 

Constant  A is  de te rmined  f r o m  the stipulation that the ini t ial  coordinate  of the pa r t i c l e  is  y = YM and 
i t s  final coordinate  i s  y = 0. One can a lso  find a re la t ion  between x M and x 0 of an ae ro so l  pa r t i c l e  (i. e . ,  
between the coordinate  of the ae roso l  source  and the coordinate  of a e ro so l  precipi ta t ion) :  

1 
X,u = - ~  X0, 

where x M is  obtained f r o m  expres s ion  (13) with a specif ic  value given for  ~M. 
r e spond  to this e x t r e m e  t r a j e c t o r y  of a pa r t i c l e  which has  r eached  the plate .  
s imul taneous ly  solving the t r a j e c t o r y  equations (16) and (13). 

When no vo lumed condensat ion oeeur s ,  then the eondensat ing substance p r ec ip i t a t e s  on a given plate  
length in a quanti ty 

L 

Gdiff = S ,  DlzM 1 dP ) dx. 
0 

When volumed condensation occurs ,  then the quanti ty of p rec ip i t a t e  is  

(17) 

Point  x M (Fig. 2) will c o t -  
Coefficient  B we find by 

(19) 

x M  L 

o RTo~ \ dy /y=uM, RT~ [ ,--~Y /y=e(x) 
x M 

L 

RT~ \ dy ] y=o ] dx, 
0 

where 

k = 

The f i r s t  t e r m  in (19) r e p r e s e n t s  the quanti ty of condensate  which has  pene t ra t ed  into the boundary 
l a y e r  f r o m  the outer  edge of the fog fo rmat ion  zone down to point  x ~  off the plate  sur face .  The second 
t e r m  in this sum r e p r e s e n t s  the quantity of a e r o s o l  f o r m e d  behind point  x ~  within the fog fo rmat ion  zone. 
This quantity of a e ro s o l  p r e c i p i t a t e s  on the surface .  The thi rd  t e r m  of the sum r e p r e s e n t s  the quantity of 
vapor  p rec ip i t a t ed  on the sur face .  This por t ion  of the vapor  p r e c i p i t a t e s  in accordance  with the laws of 
diffusion. If dPs/dY is  a s s u m e d  to v a r y  l i nea r ly  through the in t e rva l  [0, YM], then the r igh t -hand  side of 
Eq. (19) can be r ewr i t t en  as:  
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.5 L 
d2~ 

RT.  �9 RToo \ dy ~o 
0 xM 

(20) 

The ratio G'/Gdiff "will be the cr i ter ion characterizing the effect which aerosol  formation and aerosol  
ejection beyond the boundary layer  has on the precipitation of small vapor admixtures from a gas stream. 

Calculation based on the specific values here have yielded the following values for this ratio: 

6' Tw, ~ ---- 0; --  10; --20~ 0.30; 0.17; 0.14. 
G diff 

At small temperature gradients and high s t ream velocities, in other words, the ejection of aerosol  
may be the predominant factor which abates the precipitation of vapor on a surface. The results may be 
different under other conditions. For example, G'/Gdiff = 1 during precipitation of K2CO 3 and K2SO 4 ad- 
mixtures from a high-temperature s t ream of flue gases. 

h 
c 

r 

x,y 

P 
p, 

T 
U,V 

T~o, U~, Pr 

Tw, Pw 
P~ 
Di2~ 

X~ 

6/oo 

PrD~ = u~/Dn~ 

P r ~  = u ~ / a ~  
k = 1.38.10 -23 m 2- kg/sec 2" ~ 
~ 1  
mg ~ 4.8" 10 -26 k g  

VT 

5 

= (p--pw)/(p--pw) 

N O T A T I O N  

is the function numerically equal to twice the dimensionless velocity in the 
boundary layer; 

is the dimensionless temperature in the boundary layer; 
is the dimensionless mass concentration in the boundary layer; 
is the flow function; 
is the dimensionless coordinate; 
are the longitudinal and t ransverse  coordinates respectively; 
is the density of gas; 
is the gas density r e fe r red  to density of oncoming stream; 
is the temperature;  
are the velocity components along the x and y axes respectively 
are the temperature,  velocity, and part ial  pressure  of vapor admixture in 

oncoming stream; 
are the temperature and partial  p ressure  of vapor at the wall surface; 
is the density of oncoming stream; 
is the diffusivity of  oncoming stream; 
is the dynamic viscosity of oncoming stream; 
is the thermal conductivity of oncoming stream; 
is the thermal diffusivity of oncoming stream; 
is the Prandtl  diffusion number (Schmidt number) r e fe r r ed  to oncoming 

stream; 
Prandtl  number r e fe r r ed  to oncoming stream; 
is the Boltzmann constant; 
is the fraction of diffusively dispersed part icles;  
is the mass of gas molecule; 
is the thermophoretic velocity; 
is the free-path-length of molecule in the gas 
is the character is t ic  dimension of aerosol  particle;  
is the dimensionless partial  pressure  of vapor. 
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