
A NONSTATIONARY METHOD OF MEASURING THE 
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M. A. Bukhtilova and G. D. Rabinovich UDC 621.039.3 

Art improved form is given for  a method previously described for measur ing the Soret  coeff i -  
cient,  and new values are  presented.  

We have previously [1] given a method of determining the Soret coefficient by a nonstationary technique 
applied to thermal-diffusion columns,  which applies for the case where the concentrat ion of one of the c o m -  
ponents is smal l  and so  the quadratic t e rm in the t ranspor t  equation can be linearized in the form c(1 - c) ~ c; 
a complete solution has been given [10] for the t ransient  state in a column having vessels  at the ends, and 
asymptot ic  solutions for  smal l  t imes are  also given there,  which agreed well with the exact solution for x <_ 1. 
Figure  1 shows the asymptotic solutions in graphic form. The method of [1] involves approximating each of 
the curves  in Fig. 1 throughout the range of variation in 4x by the linear relation 

v = p - -  r 1 / : ~ ,  (1 )  

and it has been applied for r > 0, i.e., when the concentrat ion of the target  components is elevated at the end 
of the column used in the sampling (positive end). In some of the experiments  descr ibed below, we used the 
relationship of [10] for the case where the samples were taken from the negative end, which cor responds  to 
r < 0; it has been shown [1] that the following relat ionships apply for  smal l  concentrat ions:  

S ]/:ff= / -~ rh2 6 1 rh. gigp6SAT 
7 Cop2n AT ; o)]/:D . . . .  - - ,  (2) g 9! pn ~IL 

pa: - h312 ]/"Ye 0)"  (3) 

We see f rom (2) and (3) that the quantities r / p  2, r / p ,  and r / p  a/2 are the decisive ones; in [1], the value 
of p was taken as constant for  all the curves  of Fig. 1, and although r varied for each of them, it was indepen- 
dent of ,fx. which introduced a cer ta in  amount of e r r o r  into the calculation of the Sorer coefficient from (2), 
since Fig. 1 shows that the Mope of the tangent to the approximating curves  var ies  quite appreciably with :x .  
F o r  this reason,  it was felt desirable  to divide the ent i re  significant range of ~/-x into severa l  overlapping 
sma l l e r  ranges ,  for each of which the e r r o r  introduced by the linear approximation in (1) will be small.  Table 
1 gives the resul ts  f rom this approximation, and in this connection it is necessary  to examine the range of (x  
used in any experiment.  The appropriate es t imate  Can be made if we write the express ion for ~x in the expanded 
form 

1 (gp~6~ATB)2 x 

If an experiment  is performed with the column closed at both eads, all the quantities appearing in (4) are known 
apar t  f rom the mass  M at the end of the column. The accumulated evidence indicates that x may be est imated 
by assuming that M = 0.1-0.2, af ter  which the calculation is performed in the following sequence. We use (3) 
with a ser ies  of values for  yea) to determine the corresPonding values for r / p3 /2 ,  and select  f rom these the one 
that agrees  with the data 'of  Table 1. This operation is most  conveniently performed graphically.  F rom the 
resul t  for r / p  3/2 we derive r / p  2 and r / p ,  with interpolation if necessa ry ,  and f rom (2) we calculate s and w. 
Then from s we can calculate Ye f rom the formula 
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TABLE i. Data for Approximating (i) 

Positive end 

4,5 
2 
1 
0,8 
O, 666 
O, 125 

4,5 
2 
1 
0,8 
0,666 
0,125 

Y~fo e 

i p 
0,25 1 0,984 

,66 0,978 
0,976 

3,33 0,972 
6,02 0,966 
8,0 0,962 

I/x= 0,1-- O, 3 
I 

r I rip3/2 r/P~ 
i 

0,56 ]0,573 0,578 
0,52 10,538 0,542 
0 453 ! 0 4681 0,475 
O, 376 t O, 393 L, O, 398 
0,266 0,2801 0,284 
0,20 0,212 0,216 

V x ' ~ 0 . 2 - - O .  4 

r/p p ] r 

0 5 910,968 i0,5 
015 110,96410,46 
0,46410,95210,36 
O, 3871 O, 946 / O, 28 
O, 275 O, 208 O, 935 1 O, 15 

O, 935 i O, 095 

i 
yeCOe ]/-x-"= O, 3-- O, 5 

0,25 0,946]0,43 [0,46810,48 ]0,454 
0,66 0,942 0,39610,432 0,446 0,421 
2 t0 924 0,27810,313 0,326 10,301 
3,33 !0191610,19610,224 0,234 10,214 

10 110 0,101 0,092 ] O, 105 6,02 0,914 I I'. 
, O, 05 8,0 0 918 0,046,0,052]0.f)545 

r/p3/2 r/p ~- r/p 

0,524 0,534!0,516 
f 

0 486 0 495[0,477 
0 388[0,397 0,378 
0:30410,31210,296 
0,1661 0,17110,16 
O, 105 i O, 1091 O, 101 

i 

V;=o,4--o,6 

o92!o383!o,43!o,451o415 
0,916 0,343 10,39 10,408 !0,374 
0,89610,22 i0,26 10.274 i0,245 
0 891]0 14 ]0 166 0.176 i0 157 
0,898 0,053 01062210 065610,059 
0 91 0 0283!o o326!0'0342o 0312 

k YeO)e l '  x ' =  0 , 5 - -  0 , 7  V - x = 0 , 6  - -  0 , 8  

4,5 
2 
1 
0,8 
O, 666 
O, 125 

1o,98o40, o  6 0,4o7 oO, ? 
j0:877 0:186 0:226 10:242 }0:212 
16,872 0,106 0,130 0,139 0,121 
I O, 884 ]0,0286 O, 034410,0366[0,032' 
]0 904 !0,0171]0,0199:10,0209]0,018! 

O, 25 
,66 

3,33 
6,02 
8,0 

0,8844i0,32 385 410 !0 362 
0,329 10,3o2 0,307 0,872i0,268 ' , _, , , 

0,858 0,15510,195 0,210 iO, 181 
0,85610,08 iO 101 ',0 117 iO 093 
0,876 0,015 010183010195010171 
o,9 o,oi [o,o1171o,o123io,o111 

.~ yeO~e V x ~ O ,  7 - -  O, 9 1 / x  - 0 , 8 -  i ,  0 

4,5 
2 
1 
0,8 
O, 666 
0,125 

0,25 
O, 66 
2 
3,33 
6,02 
8,0 

I l / 
0,858 0,282 0,354 0,384 0,32~ 10,831 ]0,25210,332 0,366 i0,304 

]0,85 !0,238 0,304 10,33 0,28 0,828 0 21210,281 0,310 0,256 
]0,828]0,11610,153 ]0,169 10,14 10,814 I 0,09810,134 ]0,148 i0,121 
0,84 ] 0,059 I0,076610,0837[0,07021 0,8241 0,04 i0,054 ]0,059 ]0,048 
0 87210 012 0 01470,01580,0138 0 871 0 01110,0135[0,01450 0126 
0]902 0,007 0,0082 0,0086 0,0077 O, 896 0,006 0,007 0,0075 0,0067 

Negative end 

i 1/.~-~0. ]-- o, 3 v~-=0,2-- 0,4 

I r/p3/2 r/p3 t2 

I 
k YeO) e 

i P r r /p" -  r / p  p �9 , , r /p"-  r i p  
I 
, I 

3,5 
0 

--0,2 
--0,333 
--0,375 

L [ 0,593 0,606 0,25 ~ 0,985 
2 1 0 I0,736.0,736 
3, 33 1'00610,85 10,842 

1' 028 I ,02 1,086 1,042 
!1:038! 1,246 1,182 

o,612]o,6o2o,9721o,541o,564]o,572io,55  
0,73610,736 0,99210,71 0,71710,7211 0,715 
0,84110,844] 1,006 0,836 0,8301 0,826] 0,832 
1,03 1,056 1,042 1,125 1,055]I,035 1 1,08 
1,16 1,20 1,052 1,30 l 20 I1 17 i 1,23 

k Ye(')c ' /x - '~O,  3 - -  O, 5 1 "x---~--O, 4 - -  O, 6 

[ 
10,524 0,5361 0,514 

k [ I 
0,25 0,955,0,49 0,936 0,45, 0,4961 0,512 0,482 

0 O, 982 t O, 682 I O, 70 O, 706 i 0,694 I O, 966 O, 646 0,678 [ 0,690 O, 668 
-0,-~176 0,99210 80510,81410,818 0,810 

jl,008 1,020 t1,024 1,016 1,026 1,08 1,04 t,025 1,05210,9911 ' 
--0,375 1,032 1,226 1,165 1,15 1,18610,954 1,06 [I,14 F.l,16 1,11 

k YeO) e 1 - ~ 0 , 5  - -  O, 7 T x-~0,6--. O, 8 

3,5 0,25 10 91 0,402 0,46210,485 0,441 0,886 0,364 0,43710,464 0,41 
0 0,95 0,61 0,66110,676 0,643 0,918 0,565 0,64110,67 0,615 

--0,2 3,33 0,96210 748 0,79310,81 0,778 0,918 0,677 0,77 ]0,802 0,739 
0:86 0,984 1,03 0,942 0,804 0 697 --0,333 86,02 0,914 0,97 1,08 0,868 

--0,375 0,826 0,837 1,11 1,22 1,01 0,692 !0163111,096 1,32 0,912 

k Ye(ge I " ~ x ~ O , 7 - -  0 , 9  f f x ~ 0 , 8 - - 1 , 0  
J 

3,5 
0 

--0,2 
--0,333 
--0,375 

,25 0,868!0,34 0,42 0 451 
0,882 0,518 0,626 0 665 

3,33 
02 0,701 0,561 0,957/1,14 

, O, 856 O, 5931 0,75 ] 0,807 

0,574 0,472 1,086 1,43 

0,391 
O, 587 
O, 69 
0,80 
0,823 

i t 
0,846 0,312 0,4 J0,435 
0,?,5 0,478 0,61 10,664 
0,79 0,51410,73110,824 
0,634 0,477 0,946 1,19 
0,472 0,35 1,08 1,57 

0,368 
0,563 
0,65 
O, 754 
0,741 
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v r ~  i / z 
~Cfo5 --~-. 

Fig. 1 Fig. 2 

fie/J 

/,0 \ \ 

, x ~  

I ' o, I ! 

o 50 /oo ~ 

Fig. 3 

Fig. 1. The relation of v to ~rx for yea:e of: 1) +8; 2) +6; 3) + 1 0 / 3 ;  4) +2; 5) + 2 / 3 ;  6) +0.25; 7) -0 .25 ;  8) - 2 ;  9) 
- 1 0 / 3 ;  1 0 ) - 6 ;  11) - 8 .  

Fig. 2. Relation of A c / T  (sec -1) to 4T (sec 1/2) for mixtures 5-8 ffable 2). 

Fig. 3. Relation of Ac/~- (sec -1) to 4T (sec 1/2) for mixtures  1-3 (Table 4). 

TABLE 2. Data on Binary Mixtures Used in Measuring the Soret 
Coefficient in a Thermal  Diffusion Column at T = 308~ AT = 30~ 

No. 

1 
2 
3 

4 
5 
6 
7 
8 

Mixture Ico, molar fract.(mf) D. IO', 

I I  I I I  m~'/sr 

CC14 
CCI4 
CCI, 
CC14 

n-CTH I 
n-C-HI 

C'sH i 
n-CIaH: 

C6H1~ 
C~Hz2 
C6H6 
C~H~ 
CeHs 
C~He 
C~HI~ 

n-CTHza 

0,9612 
0,9648 
0,9578 
0, 9767 
0,908 
0,9646 
0,978 
0,952 

0,0388 
0,0352 
0,0422 
0,0233 
0,092 
0,0354 
0,022 
0,0482 

1,487 [2] 
1,34 [2] 
1,79 [2] 
I, 775 [2] 
3,56 
3,56 
2,1 
0,76 [21 

~.10 3, 
deg "~ 

1,242 
1,242 
1,242 
1,242 
1,29 
1,29 
1,28 
0,804 

i 

~l. I0',  1 
N'SeC! 0,10% 

0,739 
0,739 
0,739 
0,739 
0,338 
0,838 
0,503 
2,232 

1,5557 
1,5557 
1,5557 
1,5557 
0,6665 
0, 6665 
0,8576 
0,7597 

Note. 1. Diffusion coefficients of mixtures 5-7 calculated from formula of [3]. 2. 
Values of B, ~, and p taken as for component i. 3. CsH~z = cyclohexane. 

ge = 504 m DE (5) 
pg~84 ' 

and also the product yecc, which we compare  with the resul t  previously obtained for the chosen range in v x; if 
the two values do not agree ,  the calculation is repeated for another  range in ~x. 

Measured values have been given [1] for the Soret coefficients for four mixtures :  in each case the major  
substance was CCI 4, while the target  components were C6H14, C6H12 , and C6H6, which accumulate at the top o f  
the column. Therefore ,  samples taken f rom the bottom of the column in [1] corresponded to the negative end, 
whereas  the calculation was per formed for the positive end, and for this reason the Soret coefficients for these 
mix tures  were cor rec ted  in accordance  with the method presented above. The f i rs t  four lines in Table 3 give 
the result ing values for s. 

In addition, we detgrmined the Soret coefficients for severa l  other binary mixtures :  n-CTH16-C6H6, n- 
CTHt6-n-C16H34 , and C~H6-n-CsH14. 

We use the apparatus and experimental  technique of [1]. 

Table 2 gives the data on the mix tures  and working tempera tures .  

F igure  2 gives the resul ts ;  Table 3 gives the values result ing f rom process ing the data (h, n, and ~v), 
anda l so the  resul ts  for  s. Since the samples were always taken f rom the bottom of the column, the Soret coef-  
ficients for  mixtures  5 and 6 were calculated by reference  to the positive end, whereas  those for  7 and 8 were 
calculated for the negative end, in accordance with the sense of variation in the concentration. 
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TABLE 3. R e s u l t s  for  Sore t  Coef f ic ien t s  of ]3inarTr Mix tu res  

Mixture (Table 2) 

m 

1 
2 
3 
4 
5 
6 
7 
8 

h. 10~,SeC -1 
n ,  1 0  ~ , 

SeC-3 "2 

2,42 2,5 
0,93 0,680 
1,2 0,931 
0,93 0,86 
0,94 0,286 
0,64 0,378 
0,39 1 0,22 
0,3 I 0,141 

from (6) 

0,169 
0,153 
0,141 
0,119 
0,144 
0,08 
0,22 
0,03 

s. lO,L deg -1 

from (3) cr tests 

16,8 12,0 [71 
6,6 5,6 181 
6,35 5,4 [9] 
7,41 5,8 [9] 
2,2 2,42 [41 
2, 14 2,3 [41 
7,6 6,95 [61 
2,91 2,5 [5] 

TABLE 4. R e s u l t s  for  Sorer  Coef f i c ien t s  for  CCI4-C6HI 4 Sampled 
at  Top and Bot tom of Co lumn  (Nos. 1 and 2) and for  CC14-C6H 6 with 

the Top Joined to a V e s s e l  (No. 3) 

No MJxt-tll:e 

CCI,--C~Hx~ 
CCI4--CoH1, 
CCI~--C~H~ 

Impurity concen- 
tration m mixture 

impurity mf I 

CsHI~ 0,0046 
C6H14 0,0046 
C~H 6 0,02 

Ac 

c t - - c  o 
co--c b 
Co--C b 

r 

End ' h .10  s. n .10 ' ,  ~ . 1 0  3. 
sec-I sec-3/2 aeg-, 

Positive 
Negative 
Negative 

t ,26 
0,35 
0,37 

0,774 
0,4 
0,214 

15,6 
15,4 
6,9 

Tab t e  3 c o m p a r e s  our  va lues  with publ i shed  ones [4-9], which shows that  in nea r ly  a l l  cases  our  r e s u l t s  
for  s a re  h igher  than those d e t e r m i n e d  in ce l l s .  

Two e x p e r i m e n t s  w e r e  p e r f o r m e d  in o r d e r  to check  out the above method.  

In the f i r s t  c a se ,  s a m p l e s  w e r e  taken f rom both ends  s i m u l t a n e o u s l y .  The co lumn  was of height  35 cm,  
d i a m e t e r  22 m m ,  and ,  f u r t h e r ,  had 5 = 0.25 m m ,  AT = 40~ T = 318~ at  each  end there  was  a volume of 
1.5 ml.  The e x p e r i m e n t s  we re  pe r fo rmed  on a CC14-C6H14 m i x t u r e  with an  in i t i a l  C6HI4 con ten t  of 0.0046 m o l a r  
f r ac t ion .  The s a m p l e s  we re  ana lyzed  with an LKhM-7a c h r o m a t o g r a p h .  

We ca lcu la ted  s for  each end of the c o l u m n  s e p a r a t e l y  by g r a p h i c a l  p r o c e s s i n g  (Fig. 3); s ec t ions  i and 2 
of Tab l e  4 give the r e s u l t s ,  which show that  the va lues  f r o m  the two ends  were  v i r t u a l l y  the same .  In the s e c -  
ond ca se ,  the upper  end of the co lumn  was  connected  to a v e s s e l  in which a cons t an t  c o n c e n t r a t i o n  c o was  m a i n -  
ta ined .  The s a m p l e s  w e r e  taken f rom the bot tom.  The c o l u m n  had L = 35 c m,  d i a m e t e r  30 m m ,  and 6 = 0.25 
m m ;  the other  condi t ions  were  AT = 40~ T = 318~ with a CC[4-C~H ~ mi x t u r e  (0.02 m o l a r  f rac t ion) .  Line 3 
in F ig .  3 shows the r e s u l t s ,  white the ca l cu la t ed  Sorer  coef f i c ien t  (sect ion 3 of Tab le  4) was s = 6 . 9 . 1 0  -3 deg - i .  
Sect ion 4 of Tab le  3 r e l a t e s  to a co lumn  c losed  at  both ends ,  for  which this  m i x t u r e  gave s = 7.41 �9 10 -~ deg -1. 
The  somewha t  h ighe r  s g iven  in Tab le  3 for  CCI4-C6H 6 and CC14-C6H14 m i x t u r e s ,  which a re  t a r g e t  than those 
f r o m  the e x p e r i m e n t s  of s ec t ions  1-3 of Tab l e  4, a r i s e  because  the l a t t e r  e x p e r i m e n t s  were  pe r f o r med  a t  a 
t e m p e r a t u r e  10~ h igher .  

F r o m  this  we may say that  the r e s u l t  f rom (2) for the Sorer coef f ic ien t  is v i r tua l ly  the same  for  co lumns  
of va r ious  des igns  opera ted  under  va r i ous  condi t ions  no m a t t e r  whe the r  the s a m p l e s  a re  taken f rom the top or 
bo t tom of the co lumn.  

T h i s  p rov ides  add i t iona l  ev idence  that  the method is r e l i ab l e .  

N O T A T I O N  

c,  c o n c e n t r a t i o n ;  T, t ime ;  p, dens i ty ;  fi, volume expans ion  coef f ic ien t ;  6, gap width;  AT = T 1 - T 2 ; ' ~  = 
1 / 2  (T1 --T2);  T1, T2, t e m p e r a t u r e s  of hot  and cold s u r f a c e s ,  r e s p e c t i v e l y ;  ]3, gap p e r i m e t e r ;  ~, dynamic  
v i s c o s i t y ;  D, d i f fus ion coeff ic ient ;  L, work ing  height ;  w= M / m L ;  m = p]36; M , m a s s  in vo lumes  n e a r  ends ;  s, 

Sore t  coef f ic ien t ;  v e = [(c e - c 0 ) / 2 c 0 ] .  [ ( 2 k - 1 ) / x ] ;  x = @ ( k - 1 / 2 ) 2 ;  k = 1 / y e ~  e • 1 / 2 ;  G = H2T/mK; H -- 
sgp2p63(AT)2B/6! 7; K = g2p3/3267(AT)213 / 9!772D; Ye = H L / K ;  r ,  slope in l i n e a r  app rox ima t ion  of quadra t ic  t e r m  
c(1 - c ) .  Ind ices :  e ,  pos i t ive  end;  0, i n i t i a l  va lue ;  b, bot tom;  t,  top. 
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T H E R M A L  D I F F U S I O N  IN A P A C K E D  C O L U M N  

V.  M.  D o r o z u s h  a n d  G.  D. R a b i f i o v i c h  UDC 533.735 

A performance analysis is presented for packed thermal-diffusion columns; a method is given 
for determining the Soret coefficient for a packed column, and test  resul ts  are presented. 

A packed thermal--diffusion column is a form of gravitat ional  Clausius-Dickel column in which the packing 
in the gap affects the convection and hence the separation. 

In the f i rs t  experiments  on packed columns [1-3], it was found that the degree of separation is much 
larger  than for the unpacked case with the same gap. and that the separation increases  as the gap is reduced 
and the packing density increases .  It was found that the time needed to attain the equilibrium state (a very 
important parameter)  was very large and increased with the packing density. 

The thermal  diffusion in a packed column has been discussed theoretically [4], and recently this theory 
has been improved substantiaUy [6], where it was stated that the hydrodynamic behavior in a packed column 
should be described by the infiltration equation 

k 
w = --  - -  (grad p -t- Pg), il) 

11 

where w is not the actual velocity in the pores,  which is a distinction from the Navier -S tokes  equation used in 
[4], but some effective velocity. In what follows, we re ta in the  symbols and terminology used in [7]. The theory 
of gravitational thermal-diffusion columns presented there indicates that the coefficients in the t ransport  equa- 

x 
tion are expressed in te rms  of the flux function @(x) = -p  f wzdx, which takes the following form on the basis  of 
(1) in the sampling mode: o 

r  (rx kp~gf~ATx ( X _ i )  . (2) 
B8 2n . - T , 

F r o m  (2) we get the following expressions for the t ransport  coefficients in a packed column by analogy with an 
unpacked one: 

60~ H*(1 --~sAT ) t (3) 
H =  88 2 

3024k25' DefD K*- [ 1-- 56 xsAT + ~18 (xsAT)~]J, (4) 

K.= 7'k___~ ~ __O K:~shT( l_XS~r  ) ,  (5) 
2~ 4 Def 

Kd Def Kd. (6) 
D 
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