
P2, T~, specific density and tempera ture  of the gas inside the closed volume; f, e, e ,  d imensionless  pa rame te r s ;  
m = U1/V, outflow rate; y =PIP1; ~= (aFc/kF) + 1. 
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MASS TRANSFER IN CONDENSATION OF VAPOR FROM 

A FLOW OF FOG-CONTAINING VAPOR- GAS MIXTURE 

Ya. M. Vizel', D. I. Lamden, 

and I. Lo Mostinskii 

UDC 536~ 

Results  are  presented  for the experimental  settling of fog on the internal wall of a c h a n n e l f r o m  
a v a p o r - a i r  mixture  moving along it. Variat ion of fog concentrat ion was determined by mea-  
surement  of the intensity of sca t tered  light. Experiment  and theory are  compared .  

The analogy between the p r o c e s s e s  of heat  and m a s s  t ransfer  is valid for  condensation of a vapor  on a 
cold surface f rom a flow of superheated o r  slightly supersa tura ted  v a p o r - g a s  mixture.  For  a high degree of 
supersaturat ion,  the intensity of mass  t ransfer  is determined not only by diffusion of vapor  to the condensation 
surface but also by the settl ing of par t i c les  of condensed aerosol  on it. The la t ter  p roce s s  is often predominant ,  
and many special is ts  a re  engaged in a study of it. 

The existing experimental  work in this field can be divided into two groups.  In the f i r s t  group are  studies 
of the settling of  a fog which is formed by the art if icial  introduction of condensation nuclei [1, 2]~ The rate  of 
aerosol  settling was determined ei ther  f rom the deflection of a beam of "developed" nuclei in a t ransparent  
vessel  [1] or  f rom measurements  of the dust concentrat ion introduced into the condenser  and of the dust concen- 
tration emerging f rom it [2]. As a rule ,  the introduction of condensation nuclei makes it possible to distinguish 
in pu re r  form the settling of an aeroso l  f rom the overal l  p rocess  of mass  t ransfer  during the flow of a v a p o r -  
gas mixture .  

In the second group of experimental  work are studies of the settling of a fog formed by homogeneous con- 
densation of a v a p o r  in the flow of a v a p o r - g a s  mixture.  In [3 ,4] ,  the total flow rate was measured  for  a con- 
densate which was formed as  the resu l t  of s imultaneously occur r ing  p r o c e s s e s  of surface condensation and fog- 
par t ic le  settling. The relat ive contributions of the two p r o c e s s e s  were determined by theoretical  methods onlyo 

In the present  work,  a fog which was formed by homogeneous condensation before entrance into the exper i -  
mental  section was used as the nucleus.  In this case,  we measured  and calculated both the total amount of con- 
der~a-to-x~ich sett led on the wall and the var ia t ion of aerosol  concentrat ion in the flow along the condenser.  

The experimental  device (Fig~ 1) is in the form of a closed loop through which a i r  is pumped by the cent r i -  
fugal fan 1. After leaving the fan, the air  passes  through the s t ra ight  section 2 and the gas-f low mete r  3 (for 
turbulent flow, this is a normal  venturi ;  for laminar  flow, it is an RS-5 ro tameter) .  Then the a i r  is fed into the 
gas hea te r  4, into which water  vapor  f rom the vapor genera tor  is also fed, and into the chil ler  5. The gas 
heater  and chil ler  are  two sequentially installed pipes with an internal d iameter  of 95 mm in which s t ra ight -  
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Fig. 1o Diagram of experimental  device~ 
I) photomultiplier,  and II) digital voltmeter. 

through tubing is soldered perpendicular ly to the pipe axis. To improve heat t ransfer ,  the tubing is al ternated 
in mutually perpendicular  planes.  In the gas heater ,  Nichrome heating elements a re  installed inside the tubing; 
in the condenser,  tap water  flows through the tubing. 

Following this, the v a p o r - g a s  mixture is fed into the thermal ly- insula ted  channel 6, 20 x 80 x 500 mm in 
size,  which acts as  a thermal and hydrodynamic stabilization section. The experimental  section 7 immediately 
following is in the form of a rec tangular  channel 20 x 80 x 1210 mm in size. The wide wall is cooled by running 
water and there a re  windows of optical glass in the narrow wallo The ver t ica l  section of the loop ends in the 
condensate col lector  8 following which the v a p o r - g a s  mixture is fed back to the fan. Above the stabilization 
section and below the experimental  section there are  the fittings 9 with heated opt ica l -g lass  inser ts  for  vert ical  
illumination and adjustment of the light beam along the condenser axis. 

The tempera ture  of the gas flow is measured  at the beginning and end of the chiller and also before en- 
trance into the stabilization section and after  leaving the experimental  section by means of the thermoeouples 
15 which are in thin s leeves.  The temperature  of the walls of the stabilization and experimental  sections is 
measured at 74 points, which makes it possible to follow the lengthwise variat ion of temperature  mos t  thorough, 
ly. The vapor  content before entrance into the chil ler  is determined from the dew point. The temperature  is 
controlled by changing the cur ren t  to the gas heater and the temperature range over  which condensate t racks  
appear and vanish is no more  than 2~ During an experiment  the output of the vapor genera tor  is also mea-  
sured along with the condensate flow rate beyond the chil ler  and beyond the experimental  section. 

The experimental section is i l luminated f rom above downwards by a beam from the h e l i u m - n e o n  lase r  
10 which is directed by the m i r r o r  sys tem 11. The light intensity scat tered by fog par t ic les  at var ious angles 
to the flow axis is determined by means of the ebonite collimating sight 12, which is connected to the Fl~U-77 
photomultiplier 13 by a fiber light-pipe; the signal f rom the photomultiplier is r ecorded  by the digital vol tmeter  
14. Movement of the sight along the channel, its setting at var ious  angles, and adjustment with respect  to the 
beam are accomplished by means of a special locater .  

The determination of the mean size of aerosol  par t ic les  was based on the rat io of light intensities scat-  
tered at two angles (45 ~ and 135 ~ ) using the technique proposed in [5]. The relat ive variation of ae roso l -par t ic le  
concentrat ion along the beam was determined both f rom scat ter ing at 45 ~ and f rom scat ter ing at 135 ~ using the 
data for  mean size.  Tabulated values of the Mie function [6] were used in the calculations. It should be noted 
that while the intensity of light sca t tered  at 45 ~ depends strongly on mean s ize ,  the size dependence for light 
intensity scat tered at 135 ~ is extremely weak in the range of sizes we produced (around 0.15 #m). This markedly 
increases  the reliabil i ty of the resul ts  for the variat ion of par t ic le  concentration along the section.  

The experiments  were pe r fo rmed  over  the following ranges of the basic pa rame te r s :  temperature  of 
v a p o r - g a s  mixture at  entrance to the stabilization section, 314-350 ~ vapor content at the entrance to the 
experimental  section,  0.18-0.55; wall temperature  of experimental section, 278-290~ tempera ture  of v a p o r -  
gas mixture at exit f rom experimental  section, 295-330~ gas velocity, 0.3-9 m / s e c ,  corresponding to Reynolds 
numbers  Re = 600-16,000. In the experiments ,  the Prandtl  and Schmidt numbers  remained pract ica l ly  constant 
and were identical,  P r ~ ,  Se - 0 . 7 - 0 . 8 .  
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As shown by calculations using the method in [7], a v a p o r - g a s  mixture in a chil ler  f i rs t  rapidly becomes 
supersa tura ted  and then its supersa tura t ion rapidly falls to a lmost  1 because of the formation of nuclei and the 
condensation of vapor on them. Since the zone of homogeneous condensation was very  short,  the aerosol  formed 
was fair ly monodisperse .  The par t ic le  radius was ~ 1.5 �9 10 -~ cm for  l aminar  modes and ~ 0.5 �9 10 -5 cm for  
turbulent modes.  The numerica l  concentrat ion of par t ic les  at the entrance to the stabilization section was de- 
termined with considerat ion given to the escape of condensate after  the chiller.  

Two p r o c e s s e s  were considered separate ly  in the calculation of heat and mass  t rans fe r  within the exper i -  
mental  section: vapor  condensation on the walls because of diffusion and settling of fog par t ic les .  The entire 
condenser was divided lengthwise into 10 computational regions in which all p a r a m e t e r s  were assumed constant 
and both p r o c e s s e s  independent of one another; the gradient  of vapor concentrat ion over  c ro s s  section was 
determined f rom the gradient  of par t ia l  sa tura t ion  p r e s s u r e .  

The calculation of mass  t ransfer  for vapor  condensation on the wall was ca r r i ed  out in analogy with heat 
t ransfer  [8]. For  turbulent modes,  the flow was stabilized before entrance into the condenser,  but stabilization 
did not occur  for  l aminar  modes and the entire condenser  was in the region of the thermal  and diffusion initial 
section [9]. 

A calculation of the behavior  of fog par t ic les  arr iving in the experimental  section f rom the chil ler  using 
the method of [7] showed that par t ic les  change their initial size insignificantly because of condensation growth 
and vaporization~ Homogeneous condensation also can be neglected here  because supersa tura t ion is nowhere 
more  than 1.8. 

We used relat ions in [10] to calculate thermal  and diffusion phores is  of fog par t ic les .  The evaluations 
made showed that in our exper iments ,  just  as in [2], settling because of thermophores i s  was small in compar i -  
son with diffusion phores is  (no more  than 15%). 

For  the velocity of t r ansver se  motion under the action of diffusion phores i s  forces  we have [10] 

V~ - -  D m~ t 1 -~ 6C,~ ~- grad nl. (1) = - -  - -  1 ~ ~ 
m.. n~ 1 § 2Cm ~-  . 

We consider  express ions  for  the capture coefficient 6 of aerosol  par t ic les  [10] which can be obtained 
with the help of Eqo (1) for  each of the computational regions  of the experimental  condenser .  The capture co-  
efficient is defined as the rat io between the number  of par t i c les  settling on the wall per  unit time and the number 
of pa r t i c l e s  ar r iv ing in the computational reg ion  during that same time. 

For  laminar  flow, the distr ibutions of mass  veloci ty and concentrat ion obey a parabol ic  taw: 

3 ( 1 - -  

( n t = n  w - i  - ~  , , �9 

We obtain an express ion for  the capture  coefficient by considering the t ra jec tory  of par t ic les  obeying the equa- 
tion 

dx dz (4) 
dV~ dV, 

(the x axis coincides with the flow velocity and the z axis is perpendicular  to it; the flow is assumed two-dimen-  
sional): 

4l (n 1 -  n w) tnt 1 1 ~,- 6C m -~ 
(1 - -  8)  2 -  In (1 - -  6 )  = f f~h~ D - -  - -  1 + ~, . ( 5 )  

rr h n~ 1 + 2C,,, 
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Fig. 2. Variat ion of  relat ive intensity of light scat tered by fog (a) and of amount of 
fluid settling (b) along the channel length L, cm (Re = 1800): I) at  45~ II) at 135~ 
1) total calculated flow rate  of fluid settling on the wall (g/see); 2) settling of aerosol  
(calculated); 3) settling of aerosol  (calculated f rom variat ion of luminosity); 4) total 
amount of settled fluid (experiment). 

Fig. 3. Distribution of numerical  (1) and mass  (2) concentrat ions of fog along con-  
denser  length L, cm: a) Re = 800; b) Re = 1800. 

For  turbulent flow, the distributions of mass  velocity and concentration obey a 1/7 law in the core of the 
flow and are l inear in the laminar  sublayer  (two-layer model). The thickness of the laminar sublayer for  two- 
dimensional flow can be determined by using the Blasius formula for frictional s t r ess :  

6' 59.8 
2 - ~ -  (2Reh) ~ " (6) 

In calculating the capture coefficient, one can assume that the concentration in the flow core is constant 
and that a gradient  exists only in the viscous sublayer:  

6 = D  

1 + 6C,. ~ ) 

1 -I- R- 
1 lTl I 

m 2 r~ 1 + 2C~ -~- 6'V~F~n 1 

We compare the resul ts  of a m a s s - t r a n s f e r  calculation with experiment .  Luminosity of the fog in a l a se r  beam 
was observed only for  laminar modes.  This is undoubtedly explained by the large s izes  of fog par t ic les ,  since 
in this region the grea tes t  intensity of scat tered light is proportional to roughly the sixth power of the radius.  
The variat ion in intensity of the light sca t tered  at angles of 45 ~ and 135 ~ along the condenser  is shown in Fig. 2. 
This is a typical example (Re = 1800). All other experiments  in the laminar mode gave a qualitatively s imi lar  
pattern.  The same figure shows the var ia t ion of the flow rate of the aerosol  settl ing along the experimental  
section calculated f rom Eq. (5) and obtained f rom luminosity measurements .  The same figure shows, in addition, 
the calculated total variat ion of condensate flow rate  along the experimental  section (including condensation on 
the wall) and an experimental  point (measured condensate flow rate). It is c lear  f rom Fig. 2 that although Eq. 
(5) gives almost  the same final resul t  as  experiment ,  the actual nature of the variat ion in the flow rate of an 
aerosol  settling along the condenser  differs f rom the calculated variat ion.  The difference lies in the fact that 
there is a shor t  region in the condenser  where a lmost  90% of the fog sett les.  The drop in concentration in this 
region var ies  with var ia t ion of Re; it becomes s teeper  for smal le r  Re. One should note that the position of the 
region of intensified settling in the experimental  section remained constant in all experiments  with laminar  
flow i r respec t ive  of the dependence on the value of Re. For  comparison,  Fig. 3 shows the variat ion of the r e l a -  
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Fig. 4. Var ia t ion in amount of  fluid sett l ing along 
the channel length L, cm,  in turbulent  flow (Re = 
12,000): 1) total calculated flow ra te  of fluid se t t led 
on wall,  g / s e c ;  2) set t l ing of  a e r o s o l  (calculated); 
3) expe r imen ta l  point .  .. 

t i re numer ica l  and m a s s  concentra t ions  of pa r t i c l e s  along the exper ime~, ,~  ~ . ~ , ,  ,~,~ ~wu values of Re: for  
Re = 800 in Fig. 3a and for  Re = 1800 in Fig. 3b. As is c l ea r  f r o m  these  f igures ,  the region of intensified 
sett l ing of fog i s  highly elongated when the flow veloci ty  is  i nc rea sed  and the re la t ive  amount  of se t t l ing  ae roso l  
is d e c r e a s e d .  

In the calculation of the capture  coefficient ,  the var ia t ion  in the radius  of  fog pa r t i c l e s  because  of v ap o r i -  
zation and condensation of moi s tu re  on them was taken into account.  The radius  of fog p a r t i c l e s  va r i ed  along 
the length of the condenser  within l imi t s  of  �9 30%, which was a lso  ver i f ied  by calculat ions based  on the ra t io  
of the light in tens i t ies  sca t t e red  at 45 ~ and 135 ~ It  is the re fo re  imposs ib le  to explain the exis tence  of a region 
of intense sett l ing by a va r ia t ion  in pa r t i c l e  rad ius .  This p rob lem r equ i r e s  fu r the r  study. 

Figure  4 shows the calculated dependence and an exper imenta l  point for  a typical expe r imen t  in the tu r -  
bulent mode {Re = 12,000)o Ra the r  good ag reemen t  between the final r e su l t  of m a s s - t r a n s f e r  calculat ion and 
exper iment  is also obse rved  h e r e .  A compar i son  of F igs .  2 and 4 shows that while the main  m a s s  of condensate 
in the l aminar  mode consis ts  of se t t led fog p a r t i c l e s ,  deposit ion of vapor  f r o m  the flow occu r s  mainly because  
o f  condensat ion on the wal ls  in turbulent  flow. 

N O T A T I O N  

D, mutual diffusion coefficient  for  a i r  and wate r  vapor ;  m 1, m 2, thei r  molecu la r  weights; nl, n2, volume 
concentrat ions;  Cm, diffusion sl ip coefficient;  ~,  f ree  path of  gas  molecules ;  R, radius  of fog pa r t i c le ;  5, cap-  
ture  coefficient;  h, half-width of channel; Vz, gas velocity;  n~ v, vapor  concentrat ion at wall de te rmined  by vapor  
e las t ic i ty  at wall t empera tu re ;  i0 length of computat ional  region in exper imenta l  section; 5 ' ,  th ickness  of l a m i -  
nar  sublayer ;  F 1, F z, sur face  condensation a r e a  of computational  region and c r o s s  sect ion of exper imenta l  
section. 
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