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THERMODIFFUSIOPHORETIC CAPTURE OF AEROSOL 

PARTICLES IN A PLANE CHANNEL WITH NONUNIFORM 

TEMPERATURE 

M. F. Barinova and E. R. Shchukin UDC 533.72 

The a r t i c l e  t h e o r e t i c a l l y  s tud ies  the p r o c e s s  of c a p t u r i ng  a e r o so l  p a r t i c l e s  f rom a l a m i n a r  

s t r e a m  of a b i n a r y  gas m i x t u r e  inhomogeneous  in t e m p e r a t u r e  and c o n c e n t r a t i o n  p a s s i n g  
through a p lane  channe l  with n o n u n i f o r m  t e m p e r a t u r e .  

Aerosol particles are settling in a channel through which passes a stream of a binary gas mixture; its 

first component consists of molecules of some volatile substance condensing on the lower plate with a temper- 
ature T h that is lower than the temperature of the upper plate T 0. We examine the case of steady-state motion 
of the gas stream where we may neglect the influence of the inlet part on the distribution of mass velocity, tem- 

perature, and concentration of the components of the gas mixture. The theory of capture is devised for gas 

mixtures with similar molecular masses where the coefficients of viscosity, thermal conductivity, and diffu- 
sion depend only weakly on the concentration of the substances of which the gas mixture is composed. Among 
such gas mixtures is the steam-air mixture consisting of molecules of air and water vapor. 

The aerosol particles entering the channel begin to move toward the surface of the lower plate along a 

path described by the differential equation of motion of aerosol particles 

dx/v~ = dz/vz  , (1) 

where v x and v z are the x- and z-components of the velocity of the particles. The velocity of steady-state 
motion of the particles relative to the channel walls is composed of the velocity of mass motion of the gas u, 
the speed of diffusiophoresis due to nonuniform distribution of the concentration v D [I, 2], the velocity v T due 
to nonuniform distribution of the temperature T [i, 2], and the gravitational velocity Vg: 

D,JD v 2 R ~ 
v = u + vD -~ vr + vg : u gradct - -  [r T grad T - - - -  [ggp~ - -  nx, (2) 

c2 9 9v 

where  c 1 = h i / n ;  c 2 = n2/n;  n = n I + n2; n 1 and n 2 a r e  the c o n c e n t r a t i o n s  of mo lecu l e s  of the f i r s t  and second 
kind,  r e s p e c t i v e l y ;  m 1 and m2, m o l e c u l a r  m a s s e s  of the f i r s t  and second componen t ,  r e s p e c t i v e l y ;  Pi,  d e n s i t y  
of the s u b s t a n c e  of the p a r t i c l e ;  nx,  un i t  vec to r .  The s c a l a r  coef f ic ien t s  fD, fT,  and fg depend on the geo-  
m e t r i c a l  d i m e n s i o n s  of the p a r t i c l e s ,  on the phase  c o m p o s i t i o n  of the s u b s t a n c e  of the p a r t i c l e s ,  on cl ,  c2, T,  
and on the m o l e c u l a r  p r o p e r t i e s  of the gas m i x t u r e .  We do not p r e s e n t  h e r e  the exp l ic i t  f o r m  of the e x p r e s -  
s ions  for  the coef f ic ien t s  fD'  fT '  and fg because  in  the g e n e r a l  c a se  these  e x p r e s s i o n s  have a f a i r l y  c u m b e r -  
s o m e  fo rm.  The e x p r e s s i o n s  for  fD, fT,  and fg can  be found in [1-4]. In the model  of gas flow examined  h e r e ,  

the d i s t r i b u t i o n s  of Ux, Uz, T, and c 1 depend only on the x - c o o r d i n a t e .  T h e r e f o r e  v z = Uz, and v x is d e s c r i b e d  
by the e x p r e s s i o n  

d In T 2 R ~ •  = u x + f D D 1 2  d ln (l - -  ca) - -  'vdr dx 9 gfgPi  9 v v~ = u~ + vD~ § v r  . . . .  d x  __ - -  _ _  (3) 
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Fig .  1. S c h e m a t i c  d i a g r a m  
of  t he  p l a n e  c h a n n e l .  

The path of the aerosol particles is bounded above by the limit path (see the curve in Fig. i), and the length 

of its projection onto the horizontal plane determines l K at which complete capture of the particles in the 

channel occurs. This path can be found when the expressions for u, T, and c I are known. 

The distribution u in the channel, the pressures p, and c I and T in the stream under examination are 

described by the system of equations (4)-(6) which contains the system of hydrodynamic equations (4) and the 

equations describing mass transfer (5) and heat transfer (6)inthe channel: 

d 9 d u2 Op 4 d / du~ 
d--~ p u x = O ;  2 dx x 0~- + 3 dx ~ dx ] '  (4) 

d G _ Op d ( du, I 
pux dx Oz I I - T  \~t dx ] ' 

d (niux_D1 n2m~- de1 ) = _ ] ,  (5) 
dx 9 dx 

ddx {kT [Cpi ( n # x - - D l 2 - -  nYmz dc i _[_ Cp2 (nyux --  Di~ 
9 dx \ 

nYm~ dco ) ]  dT } 
" - - x - -  : :L ind, (6) 

p dx dx 

where p = mjnl+ m2n2 is the density of the gas mixture; Cp~ and Cp2 are the heat capacities per one molecule 
of the first or second kind, respectively, with constant pressure; 

](x, z)'= 4 ~ S Rz(p(R, T, cx) f(R, x, z) dR. 
0 

(7) 

In (7), the function ~0 (R,  T, c i) describes the density of the stream of vapor molecules condensing (evaporat- 
ing) on the surface of a drop. The function f describes the distribution over the dimensions of the aerosol 

particles. 

The system (4)-(6) is integrated in squares only in two boundary cases: when the particles have a neg- 

ligible effect on the distribution of c I and T (i. e., with j = 0) and in the case of substantial effect exerted by 

the particles on the distribution of c I and T, when the concentration of the vapors n I of the volatile component 

at each point of the gas stream may be considered equal to the concentration of saturated vapors nls (i. e., n t 

is a function uniquely depending on the temperature T). With j = 0, integration of (4)-(6) yielded the follow- 

ing expressions for the distributions of Ux, Uz, p, ci, and T in the channel: 

Ux = nhnD12s/(gh), (8) 

ah2 [ 1- -exp(o) t )  ] 
tt z - -  t ' ( 9 )  

~Y(oz { P 4 ~ (m~--mx) .[(l_clo)exp(st) Vh (._~_h) 2 ]} P=Po- -az - - - - - -2 '  1 - - - -  -[- . . . .  ( 1 - - c l h )  , ( 1 0 )  
h~p p~ 3 Di2 pmi 9 

el = 1 - -  (1 - -  Clo) exp (st), (ii) 

T = ( T ~ - -  To) t -k To, (12.) 

w h e r e  

o: = pa)QJ(Mbnyo~); nyo = (1 - -  clo) n: exp s - -  
exp s --- 1 1 

s (1--.  e• co)- -]- -~-  q- 
exp (co + s) - -  1 (13) 

(o~ -{- s) (1 - -  exp oJ) 

712 



8 4 

/8 

~7 

4 

a) 

\ 

o o2 o~ o# o8 c<o 

'Q~ b) I / 

/ I T 
a & q+ qe q8 % 

Fig .  2. D e p e n d e n c e s  of B = lKbnD12(1 +A)/(Q2h) (a) and Q1/Q2 
(b) on  cl0 fo r  v a p o r - a i r  m i x t u r e  wi th  Clh = 0 .02 .  

In  ( 8 ) - ( 1 3 ) ,  c i 0  , Clh and T0, T h a r e  the  r e s p e c t i v e  v a l u e s  of c 1 and T at  the  s u r f a c e s  of the  Upper  (clo, To) and  

l o w e r  (e lh ,  T h) p l a t e s ;  t = x / h ;  P0 = pl z=0; t=l ;  

o) = nDr,_m,s/,a; s = In 
(1 --qh) 
(1 -- Clo) ; Ph ~%'lt=1 ; Oh = ,O[t=t " 

When there is no stream of vapor (Clh ~ Ci0) the value of the parameter s tends to zero. 

and (9) turns into Poiseuille's formula [6]: 

(Z0 h2 
Vz - t (I --t),  

2 ~t 

In  tha t  c a s e  u x = 0, 

(14) 

where c~ 0 = 12~*Q/(h3bn). 

Expressions (8)-(13) were obtained on the assumption that (T-Th)/T << 1 and that the distributions of c I 

and T along the surfaces of the plates are uniform. The smallness of the gradients permitted us to consider 

the transfer coefficients vc, D12 , and # to be independent of T. 

When the aerosol particles have a substantial effect on the distribution of c I and T (i. e., the concentra- 

tion of n in the stream may be considered equal to nls(T)), the values of cl and T in the channel can be found 

with the aid of the transcendental relationship obtained by joint integration of (5) and (6): 

Dr,. ( f i -  ~Ln'zl~ i ]  In 1--Cls(T)l - -  ClO ~ln 1 - -  Clh ] 1  - -  clo ~-~ 0[(T o - -  T)--t(T o -- Th) ] - - 0 ,  (15) 

w h e r e  T = (T O + T h ) / 2 ;  Cts = n l s ( T ) / n ;  n l s (T )  is  the  c o n c e n t r a t i o n  of s a t u r a t e d  v a p o r s  a t  t he  t e m p e r a t u r e  T;  
0 = ~</(CplM1 ). The  d i f f e r e n c e  b e t w e e n  the  v a l u e s  c 1 and  c l s ( T )  wi th  s p e c i f i e d  t i n  a c h a n n e l  w i th  c o n s t a n t  c10 , 

q h ,  To, and Th c a n  be e v a l u a t e d  to a d v a n t a g e  wi th  the  aid of t he  p a r a m e t e r  

[Cl -- ci, (T)[ (16) 
8-- 

C1 

In (16), the values of c I at the point with the coordinate t, with specified %0 and Cih, are calculated by for- 

mula (11), and els(T) at the point t, with the same ci0, Clh, To, and Th, are found in the process of solving 

the transcendental equation (15). If e, with 0 < t < I, is in absolute value much smaller than unity, the 

values of c i can be calculated by formula (ii). As a rule, the maximum value of the parameter e decreases 

with increasing T of the gas mixture. Here it should be pointed out that if an air-vapor mixture is indis- 

pensable for practical applications, formula (ii) makes it possible to find the actual values of c, within a 

fairly broad interval of temperature changes. For instance, evaluations showed that in the case of channels 

with %0 = %s(T0), %h = Cls(Th) for T~ 10~ the maximum error that may be permitted in finding the values 

of e i of water vapors with the aid of (ii) cannot exceed 10%; for T ~20~ 7%; and for T~ 30~ 5%. 

The motion of the aerosol particles toward the surface of one of the plates is described by the differen- 

tial equation (i). ~hen the v x- and Vz-components of v may be considered dependent only on the x coordinate 
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Fig. 3. Comparison of the curves 

of the dependence of l K on T O with 
the experimental data of [5]. 

(this poss ib i l i t y  is r e a l i z e d ,  e . g . ,  when the d i s t r i bu t ions  of c 1 and T a r e  d e s c r i b e d  by  f o r m u l a s  (11) and (12) 
or  by the r e l a t i onsh ip  (15) and by the  dependence  of the coef f i c i en t s  fD, fT ,  and when the dependence  of Vg on 
It m a y  a l so  be  neglec ted) ,  the length l K m a y  be found by the f o r m u l a  

h 

l,~ = S v__.~.ZVx dx. (17) 

0 

The integral on the right-hand side of (17) is expressed through elementary functions when the following condi- 
tions are fulfilled: a) the distributions Ux, Uz, cl, and T are described by formulas (8), (9), (ii), and (12), res- 
pectively; b) the variables fD, fT, u, and Vg x change only slightly in the channel and may be considered cons- 
tant; c) the value of the parameter 4, determined by (18), may be considered smaller than unity (4 < i): 

= [(me - -  nh) Ac2]/[(1 + A) rrtl] < 1, (18) 

whe re  

A -- fD + f rv  T~ Th + Dl~.sV~h~ _ ; f ~ To-i-2 Th " 

In gas m i x t u r e s  with s i m i l a r  m o l e c u l a r  m a s s e s  (e.g., v a p o r - a i r m i x t u r e ) ,  when !Vgxl < [VTx + VDxf, the 
va lue  of 4 is much  s m a l l e r  than unity.  This  m a k e s  it po s s ib l e  in the i n t eg ra t i on  of (17) to confine onese l f  to  
the t e r m s  of ze ro  and f i r s t  o r d e r s  of s m a l l n e s s  with r e s p e c t  to the p a r a m e t e r  ~. As a r e s u l t  we obta in  fo r  l K 

{( 1 1 1 ) 1 _~_ (m2--mx) 
l, = 1,0 ~ 1 - -  exp ~o /o ~C2o ml 

--[3 [ 1 +  (mz--ml) c~h2mls~exps ( c~176 -~ 1--exp(2S)2s ]} ~l"~ 

H e r e  lKo = Q2h/[bnD12s(1 + A)]; s = ln(C2h/C20); /3= [ ( m 2 - m l ) A ] / [ m l ( 1  + A)], ~ = nmlD12s/p.  

F o r m u l a  (19) a s s u m e s  a s i m p l e r  f o r m  when w = s: 

( 1 9 )  

where  

l~ = l~o { S ~_ m2 --- ml ~ 1 -~- c~ (m~-  ml) F (s) ~ l.ocb2 (s), (20) 
c~o - -  c ~  m l  m l  

[(1 -k exps -k exp2 s)/3+ (1 - - e x p  2 s)/(2 s)] 
2 [1/2 § 1/s'+ (1/2 - -  1/s) exp s] exps 

F (s) - -  

E x p r e s s i o  n (20) m a y  be Used, e . g . ,  in ca lcu la t ions  of l K O f channels  with v a p o r - a i r  m i x t u r e .  When ~ >- s ,  
the funct ion of l K d e c r e a s e s  mono ton ica l l y  with i n c r e a s i n g  %o and T 0, tending  to the l im i t  

lira l, =- Q~h [1 + 9/D12mln]/[2 bnDlo.c2u (1 -~ A)]. (21) 

l K to which app l ies  that  l K cannot  be s m a l l e r  than it. If  in (21) we put e2h equal  to  uni ty ,  we obtain the length * 
The na tu re  of  the d e c r e a s e  of l K can  be s e e n  in Fig.  2a ,  w h e r e  a c c o r d i n g  to f o r m u l a  (20) the  c u r v e  of the  

714 



dependence of the function B = /KbnD12(l + A)/Q2h on ci0 for particles with fD : 0.2, suspended in a stream 

of vapor-air mixture with Clh = 0.02, was plotted. Here, the VTx- and Vgx-Components of the velocity were 
disregarded because they are small [5]. 

When w < s, the function l K with increasing cl0 at first monotonically decreases, and then, when c~0 has 

attained a certain value, it begins to increase monotonically (i. e., the function l K for w < s has a minimum). 

It can be seen from formulas (19) and (20) that when the values of h, b, ci0, Cth, T 0, T h are constant, the 
length l K depends linearly on the throughput of scrubbed gas Q2. When Q2, cI0, To, Clh, and T h are constant, 
the length I K depends linearly on h and changes inversely proportionally to b. The molecular stream of the 
volatile substance QI (throughput), required for scrubbing the stream Q2 in the case described by expressions 
(19) and (20), can be evaluated by the formula 

Q1 = l~bnD~s/h = Qocp~ (s)/(1 @ A), (22) 

from which it can be seen that the stream Qi depends linearly on Q2 and does not depend on the geometrical 

dimensions of the channel. An analysis of (22) showed that with increasing el0 (with constant values of Q2, Clh, 
To, and Th) the function QI increases monotonically (i. e., the minimum amount of the volatile substance is 
expended on scrubbing the polluted gas when c10 differs little in magnitude from Clh ). This is clearly shown in 
Fig. 2b which contains the curve of the dependence of the variable QI/Q2 on cl0 (22) for aerosol particles with 
fD = 0.2 suspended in a vapor-air mixture with Clh = 0.02. In calculating the values of QI/Q2, the function ~2(s) 
was used. The minimum flow Q~ of water vapor, required for scrubbing Q2, can be found by a formula that 

was obtained by the limit transition s ~ 0: 

C2lt ml 

The smallest value Q1min is attained with C2h = i, and it is equal to Q2m2/(ml + Am2). It follows from (23) that 
when the process of scrubbing air can be described by the relationships (19) and (20), complete scrubbing of 

the air stream Q2 requires a larger stream QI of water vapor molecules (with fD = 0.2; Q1min = 1.25). 

Formulas (19) and (20) describe the capture of aerosol particles from gas mixtures unsaturated by vapors 

of the volatile substance (i. e., when the concentration of vapors of the volatile component at the surface of the 
upper plate is lower than the concentration of the saturated vapors corresponding to the temperature of the up- 
per plate). Such conditions of scribbing can be created, e.g., by evaporating the molecules of the volatile com- 

ponent from the surface of the upper plate made of porous material, or by making the vapors in the channel 

pass through the pores of this plate. 

When l K is calculated by formulas (19) and (20), the mean values of the coefficients DI2 and # and of the 
concentration n have to be substituted in these formulas. These relationships may be used for calculating l K 
and QI when volatile drops or particles are captured in the channel (passing with e <<i), if one of the following 

conditions is fulfilled: 

Vx>>VDx + Vr~ -~ Vg~, (24) 

Vx + VDx>>Vr~ + Vgx, VDx const, (25) 

v~ + ~ const, vg~ -- const. (26) UDx-~- Ugx/,gUTx ~ VDx : =  

When formulas (19) and (20) cannot be used for evaluating/K, the boundary path of the particles can be found 
by numerically integrating the systems of equations (i), (4)-(6) to which the equation of the growth of drops has 

to be added: 

4 z~p~ d r y 3 -  4 ~P,2q~(R, T, cl)ml.  (27) 
3 dt 

It should be pointed out that with the aid of (20) we can also approximately evaluate l K when the drops grow in 
a condenser, where ~ <<i. In that case we must substitute into (20) the minimum values of fD, v, fT, and vg x. 

The experimental study of the settling of particles of tobacco smoke from a vapor-air stream in a plane- 
parallel channel was carried out in [5]. In the installation described there water vapor evaporated from the 
surface of the upper plate and condensed on the lower plate. The authors of [5] obtained satisfactory agreement 
between the experimental dependences of l K on T o and Q2 and the results of numerical calculations on a computer. 
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The distributions of cl, T, and u in [5] were found by hUm erical integration of the system (4)-(6) which in the 

present work was integrated in quadratures. The authors of [5] took into account the dependence of it, DI2, 
and ~t on T. A comparison of the values of IK, obtained in [5] by numerical integration, with the values of 

l K calculated by formula (19) showed that they coincide well. The maximum difference between the values of 
l K calculated by formula (19) and those taken from [5] (caused by the fact that in deriving (19) the dependence 
of the transfer coefficients on T was not taken into account) did not exceed 8%. 

Figure 3 represents a comparison of the curves of the dependence of l K on T plotted according to for- 
mula (19) with the experimental data presented in Figs. 3 and 12 in [5]. The experimental results were ob- 
tained with h = 2 cm, width of the plates b = 30.5 cm, mass throughput of air Q2* = 0.0216 g/sec for particles 
with a radius of 8.10 -5 cm. Curves 1 were plotted for T h = 68~ curves 2 for Th = 77~ curves 3 for Th = 
83~ The solid lines in Fig. 3 were plotted without regard to the thermodiffusiophoretic motion of the aero- 
sol particles (model 1 in [5]); the dashed lines with taking thermodiffusiophoretic motion of the aerosol par- 
ticles into account (A = 0.2). It can be seen from Fig. 3 that the solid lines as well as the dashed lines agree 
within the experimental accuracy with the experimental data. The experimental values for T h = 68~ are de- 
noted by rings, for Th = 77~ by rectangles, and for Th = 83~ by triangles. 

N O T A T I O N  

T, t empera tu re ;  x, z, Ca r t e s i an  coordinates ;  t ,  d imens ionless  coordinate  (t = x/h);  v, par t ic le  velocity;  
u, mass  veloci ty of the gas; c ,  re la t ive  concentrat ion;  n, concentrat ion;  p, densi ty  of the gas mixture ;  Pi, den-  
s i ty of the substance;  m, molecu la r  mass ;  it, coeff icient  of dynamic v iscos i ty ;  p, coefficient  of k inemat ic  v i s -  
cosity;  Di2, diffusion coefficient;  ~ ,  t h e r m a l  conductivity; R, radius  of ae roso l  par t ic le ;  g, acce le ra t ion  of 
gravi ty;  Cp, heat  capaci ty  with constant  p r e s s u r e ;  k, Bol tzmann constant;  L, t e m p e r a t u r e  of phase  t rans i t ion;  
j ,  densi ty  of vapor  effluence; Q, gas flow; p, p r e s s u r e ;  h, d is tance between the plates forming the channel; b, 
width of the plates;  lK, length of the channel.  
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