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A Study on the Separation Efficiencies 
of Rotating-Tu be Wired Thermal-Diffusion Columns 
under Higher Flow-Rate Operations 

HO-MING YEH and SHENG-JUNG HSIEH 
CHEMICAL ENGINEERING DEPARTMENT 
NATIONAL CHENG KUNG UNIVERSITY 
TAINAN, TAIWAN, REPUBLIC OF CHINA 

Abstract 

Even under higher flow-rate operations, a' > 0.42A2, rotating the tubes oppositely in 
a wired concentric-tube thermal diffusion column still substantially increases the 
separation efficiency by improving the cascading effect. The equations for estimating 
the best tube speed of rotation and maximum separation, with the inclination of the 
wire angles as parameters, have been derived. The maximum separation increases as 
the inclination of the wire angle decreases; however, this also leads to increasing the 
best tube speed of rotation and thereby raising the operating cost. 

INTRODUCTION 

A number of improved thermal diffusion columns have been developed in 
which the desirable cascading effect is increased and/or the undesirable 
remixing effect is reduced, and thereby lead to improved separation (5-12, 
14, 18-22). The application of linear fluid shear in thermal diffusion 
columns was first investigated by Ramser ( 7 ) .  He demonstrated that the 
separation efficiency of a batch-type flat-plate thermal diffusion column 
placed in a horizontal position could be improved with walls set in parallel 
opposite motion. In 1972, Yeh and Tsai pointed out that the optimal angle of 
inclination also exists in such moving-wall columns (10). Later, Yeh and Ho 
reported that the phenomena of thermal diffusion in a wired concentric-tube 
column with tubes rotated in opposite directions is equivalent to that in an 
inclined flat-plate column with walls set in opposite motion (14). It has been 
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1066 YEH AND HSIEH 

also found that the maximum separation obtainable in a rotating-tube wired 
column is exactly the same as that in a moving-wall inclined column. Since 
the construction and operation of a rotating-wall inclined column is much 
easier than those of a moving-wall inclined one, the former is recommended 
for use. 

The optimal wire angle of inclination in rotating-tube wired columns exists 
only for lower flow-rate operations, i.e., cr’AP2 < 0.42.  However, the 
installation of spiral wires in concentric-tube thermal diffusion columns is 
still required for conducting the fluid shear to produce the cascading effect in 
the transport direction, even when d/A2 > 0.42.  The principal purpose of 
this work is to investigate the effect of fluid shear on the separation 
efficiencies of rotating-tube wired thermal diffusion columns under higher 
flow-rate operations. 

WIRED COLUMN WITH TUBES ROTATED IN OPPOSITE 
DIRECTIONS UNDER LOWER FLOW-RATE OPERATIONS 

The wired thermal diffusion column with tubes rotated in opposite 
directions was introduced by Yeh and Ho (14). They considered a 
concentric-tube thermal diffusion column with smaller annular spacing and a 
tight fitting wire spiral, having a diameter equal to annular spacing, wrapped 
on the entire inner tube as shown in Fig. 1. During operation, the outer tube 
is heated while the inner tube is cooled, and both tubes are rotated in opposite 
directions. The equation of separation is 

A @  - 5 X ( @  - @’)” 
A; = 

4 cr’ 
- U‘ 

1 - exp 

2 n R l p $ g 2 ( A o 2 ( R 2  - R , ) ’  
9!p2D ( 3 )  KO = 

x= (-)v 2w 
j 6 3 0 0  
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ROTATING-TUBE WIRED THERMAL-DIFFUSION COLUMNS 1067 

Vertical 
k 

FIG. 1 .  Spiral wire inserted as a spacer in the annulus of a concentric-tube thermal diffusion 
column with tubes rotated oppositely. 

In the derivation of Eq. ( I ) ,  the effect of tube curvature was neglected 
because of the diminutive size of the annular spacing. It was also assumed 
that the concentration in the column is anywhere between 0.3 and 0.7 weight 
fraction. For the whole range of concentration, some suitable correction is 
necessary, as shown by Yeh et al. (13, Z5-17, 21) .  

Equation (1) can be used to obtain the optimal conditions for maximum 
separation. Yeh and Ho obtained the best tube-speed of rotation and best 
wire-angle of inclination for maximum separation by partially differentiating 
Eq. ( 1 ) with respect to X and @, respectively, and setting d A; l d X  = 0 and 
dA;/d@ = 0. The results are 
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1068 YEH AND HSlEH 

-3 + 2J21 + 3A2d/" 
( 1  - e-y)  (12) 12a'A I A; I max = 

provided that 

y2( 14 - J21 -k 3A2d/y) 
e y = 1 + 2 y +  

a'A2 

Unlike the flows of fluxes in a stationary column, Component 1 ,  which 
accumulates near the hot wall, will be transferred downward by the linear 
fluid shear which plays the role of increasing the cascading effect, while the 
natural convective flow plays the role of reducing the remixing effect. 
Therefore, separation obtained under optimal conditions is always negative. 
Since A and a' are generally greater than 100 and 1000, respectively, and 
y i~ 1.26, Eqs. ( lo) ,  ( l l ) ,  and (12) reduce to 

They also pointed out that the existance of the best wire angle of 
inclination is restricted by the following range of flow rate, according to the 
fact that I 1 ,  

a' I 0.42A2 ( 1 7 )  

WIRED COLUMN WITH TUBES ROTATED IN OPPOSITE 
DIRECTIONS UNDER HIGHER FLOW-RATE OPERATIONS 

In fact, for flow rates exceeding this critical value, the inclination 
decreases the separation. Since the inclination of the wire spiral in a rotated 
column plays the important role of conducting the fluid shear for producing 
the cascading effect in the transport direction, separations obtainable in a 
wired column operating at the best tube speed of rotation might therefore be 
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ROTATl NG-TU BE W I RED TH ERM AL-D I FFUSlO N CO LU M NS 1069 

still better than those obtainable in the same column operating with 
stationary tubes, even when d > 0.42A2. For this reason, the effect of the 
wire angle on the degree of separation in rotated wired thermal diffusion 
columns will be investigated further for d greater than 0.42A2. The best tube 
speed of rotation, with the inclination of wire angles as parameters, is 
obtained from Eq. (1) by setting dA;/dX= 0. The results are 

42(Q - 0’)’ X l , b e s t  = 

( 1  - ePy) 
168u’ IA ;  lmax = 

provided that 

2@y2 y2A2Q2 ( 0.2 (: ) ) 
(20)  

Furthermore, we may assume that when d/y@ >> 1 and a’/”@ >> 1 ,  

l - -  84 - - @  -3A2@ e Y = 1 + 2 y - -  - - 
a’ 14a’ A@ 

Eqs. (18), (19), and (20) reduce to, after rearrangement, 

ep = 1 + 2y - - Y W  ($) [ 1 - 0 . 2 / - m ]  (23 )  

14 Y Q 2  
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1070 YEH AND HSIEH 

Some values of X l . b e s t  and 1 A; Imax are calculated and presented graphically 
in Figs. 2 and 3 ,  respectively, for convenient use. It is easy to show that Eqs. 
(21), (22), and (23) have solutions only when, according to the restriction 
(84/y@)( o‘/A2) - 3 2 0 ,  

WIRED COLUMN WITH ONE TUBE ROTATED 

Fluid shear can also be created by rotating only one tube in the wired 
columns. The equation of separation in such columns is obtained by 
following the same derivation performed in Yeh and Ho’s work (14). The 
solution is 

1 - G’ 

A’@* -t @ t 9AX(Q3 - a4)’” + 24X2(@ - a’) X 1 - e x p  [ 

in which the choice of plus or minus sign depends on either the cold tube or 
the hot tube being rotated. The best tube speed of rotation and the best wire 
angle of inclination for maximum separation in a wired column are obtained 
by partially differentiating Eq. (25) with respect to X and @, respectively, 
and setting dA;/dX = 0 and dAi/d@ = 0. After simplification, we have 

-32 + J 2 4  + 15A2d/y 
10A2 (26) G 2 . b e s l  = 
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FIG. 2. The best tube-speed of rotation for maximum separation in a rotated wired thermal 
diffusion column. 
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1072 YEH AND HSlEH 

FIG. 3. The maximum separation obtainable in a rotated wired column under higher flow-rate 
operations. 

provided that 

y2(32 - J 2 4  + 15A2a’/y) 
10 a’A2 e Y =  1 + 2 y +  (29)  

The plus and minus signs in Eq. (27) also denote the cold tube rotated and 
the hot tube rotated, respectively. For A > 100, d > 1000, and y X 1.26, 
Eqs. (26), (27), and (28) reduce to 

It is very interesting to observe from Eqs. (31) and (32) that the same 
degree of maximum separations are obtained, either cold tube rotated or hot 
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ROTATING-TUBE WIRED THERMAL-DIFFUSION COLUMNS 1073 

tube rotated. Consequently, the plus and minus signs in Eq. (31) may be 
omitted. Since CP2.kst I 1 in Eq. (30), or ( 2 . 9 K ” A  - 1) 1 0  in Eq. (31), 

d I 8.4A2 ( 3 3 )  

which should be satisfied if Eqs. (31) and (32) are to have solutions. 

WIRED COLUMN WITH STATIONARY TUBES 

When wired columns are operated with stationary tubes, the effect of fluid 
shear vanishes and only the wire angle of inclination plays the role of 
reducing the remixing effect. The equation of separation can be obtained 
from Eq. (1) or Eq. (25) by setting X= 0: 

A 2 a 2  -d + CP 1 A ; = E  [ 1 - e x p  
4 uf 

(34) 

The best wire angle of inclination and maximum separation were given by 
Yeh, Ward, and Ho (9, 14): 

- 1  + J 1  + 4A2u‘/y 
2A2 (35) @3.best = 

- 1  + J 1 + 4A2a’/y 
8 a’A 

( 1 - e-?’) A ; . b e s t  = 

in which y is determined from 

u2( 1 - J 1 + 4A2d/y)  
2 A2 u’ 

e g =  1 + 2 y +  ( 3 7 )  

From Eq. (37) we also get y = 1.26, and Eqs. (35) and (36) reduce to 

CP3.best = 0 .890f”A- ’  ( 3 8 )  

= 0.16a’-’ ( 3 9 )  

with the restriction 
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1074 YEH AND HSIEH 

COMPARISON OF SEPARATION 

When an open column (the column without a wire spiral) with a stationary 
tube is considered, X =  0 and CD = 1, and either Eq. ( l ) ,  or Eq. (25), or Eq. 
(34) reduces to 

A;=A [ I  -eexp- 
4 *’ A2 -*‘ + 1 I 

Yeh and Ward ( 9 )  pointed out that the separation efficiency of a 
concentric-tube thermal diffusion column can be improved by means of a 
wire spiral having a diameter equal to the annular spacing and inserted as a 
spacer in the annular region when d 5 1.26A2, i.e., > A(,. Later, Yeh 
and Ho (14)  showed that further improvement in separation was obtained by 
rotating the tubes oppositely in a wired concentric-tube column when d 5 
0.42A2, i.e., I A; I m a x  > A\;,,,, > A;. From Eqs. (16), (32), and (39) we then 
conclude that 

It is difficult to put IA; Irnax,IA; I m a s ,  and & in order for cr’ > 
0.42A2 because obviously the magnitude of I A; l m a x  cannot be compared 
with those of others by using Eq. (22). However, comparison can be made 
successfully by graphical representation as shown in Fig. 3. The results 
are 

and 

Consequently, considerable improvement in separation is still obtainable in 
the wired column with tubes rotated oppositely at the best speed, even under 
higher flow-rate operations, i.e., d > 0.42A2. 

It is evident ffom Fig. 3 that IA; l m a x  increases as CD does. However, this 
also increases XI,best as shown in Fig. 2 and thereby leads- to raising the 
operating cost. For the extreme case that approaches unit, XI,best as well as 
VI,best approaches infinity, as shown by Eq. (18). On the other hand, since all 
separation theories of wired columns were derived under the assumption 
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ROTAT I N G-T U BE WIRED TH E R M AL-D I F F U SI 0 N CO L U M NS 1075 

that the space occupied by the wire spiral in the annulus is negligible, the 
separation equations become increasingly inaccurate as @ decreases, and 
cannot be applied when approaches zero because the annular space is 
occupied entirely by the wire spiral at that time. 

The improvement in separation by operating at the optimal conditions is 
best illustrated by calculating the percentage increase in separation based on 
an open column with stationary tubes: 

For the purpose of illustration, let us extend the numerical example given in 
Yeh and Ho’s work (14).  The results are presented in Table 1, in which the 
values of @I.best have been corrected. The mistakes in the previous paper were 
due to calculation errors. It is also shown in Table 1 that u’/y@ = 5 X lo3 
to 2.6 X lo5 and u ’ / y 2 @ =  4.7 X lo3 to 2 X 10’. Therefore, the 
assumptions that u’/yQ, >> 1 and o‘/y2@ >> 1 are reasonable. 

CONCLUSIONS 

It has been shown that the cascading effect in wired concentric-tube 
thermal diffusion columns can be effectively improved even for higher flow- 
rate operations, u’/A > 0.42. The equations of optimal conditions and 
maximum separation have been derived. From these equations and the given 
example, we conclude that 

I Al  1 > 1 A2 1 > A3.max > A. for CT’ 5 0.42A2 

and 

Therefore, in order to obtain a higher degree of separation, the use of a 
wire column with the tubes rotated oppositely, operating at the best tube- 
speed of rotation, and the best wire angle of inclination (Column I), is 
recommended for d / A 2  5 0.42, there is no best wire angle of inclination for 
a rotated column. However, for flow rates that exceed this critical value, the 
degree of separation obtainable in a wired column, with the tube rotated 
oppositely and operating at the best tube speed of rotation (Column I’), is still 
higher than those obtainable in other types of concentric-tube columns. 
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Consequently, Column i is recommended for use under higher flow-rate 
operations. 

is affected by the wire 
angle of inclination. Decreasing the inclination of the wire angle (or 
increasing a) in Column I will increase the degree of separation. Unfortu- 
nately, this also leads to increasing the best tube speed of rotation and 
thereby raising the operating cost. Therefore, the economic factors con- 
cerning the best tube speed of rotation and the maximum separation 
obtainable must be taken into consideration simultaneously when Column i 
is employed. 

The equation of separation for wired thermal diffusion columns with only 
one tube rotated (Column 11) has also been derived. Accordingly, the 
maximum separation and the best tube speed of rotation, as well as the best 
inclination of the wire angle, are then obtained. Although considerable 
improvement in separation was also obtained in Column I1 as compared with 
a stationary open column and even with a stationary wired column, the 
degree of separation in such a column is lower than those obtainable in 
Columns I and I .  

The degree of separation obtainable in Column 

SYMBOLS 

system constant defined by Eq. (9) 
wire spacing of wired concentric-tube column, i.e., B = 2rRI cos 
@ 
fractional mass concentration of Component 1 in the product 
stream exiting from the stripping, enriching section 
ordinary diffusion coefficient 
gravitational acceleration 
system constant defined by Eq. (2) 
height of concentric-tube column 
improvement in separation defined by Eq. (45) 
system constants defined by Eqs. (4), ( 3 )  
length of transport path 
outside radius of inner tube of concentric-tube columns 
inside radius of outer tube of concentric-tube columns 
absolute reference temperature 
temperature of cold, hot wall 
tangential velocity of the rotating tubes 
best value of I/ for maximum separation 
dimensionless velocity defined by Eq. ( 5 )  
best value of X for maximum separation 
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Greek Letters 

YEH AND HSIEH 

thermal diffusion constant 
- (dpldT),  at T 
c,. - Cfj 
A obtained in open column with stationary tubes 
A obtained in wired column with tubes rotated in opposite 
direction 
A, obtained under higher flow-rate operations 
A obtained in wired column with one tube rotated 
A obtained in wired column with stationary tubes 
A obtained under the optimal operating conditions 
reduced separation defined by Eq. (8)  
T2 - TI 
COS? @ 
best value of for maximum separation 
wire angle of inclination from the vertical 
best value of @ for maximum separation 
viscosity 
mass density at T 
mass flow rate in the enriching or stripping section 
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