
9 

R 
r 

T* 

T. 

Y A  

c 

Y 

P 

= rate of energy transfer to pro- 
pellant surface, cal./sec. sq. 
cm. 

= gas constant, cal./g. mole OK. 
= linear burning rate, cm./sec.; 

ro = burning rate at  zero gas 
velocity 

= temperature of primary reac- 
tion (propellant surface tem- 
perature during burning, O K . )  

= initial temperature of propel- 
lant, OK. 

= temperature of core gas dur- 
ing burning, O K .  

= mole fraction A in gas phase 
= pressure coefficient in empiri- 

cal burning rate, Equation ( 2 )  
= frequency factor in Arrhenius’ 

representation of chemical rate 
equation 

= density of solid propellant, g./ 
cc. 

Subscripts 
A, B, D = components in the primary 

g = core gas 
i = gas-solid interface 

surface reaction 
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Continuous-Throughput Rectification of 

Organic Liquid Mixtures with 

Thermal-Diffusion Columns 
DAVID R. LONGMIRE 

University of Wisconsin, Madison, Wisconsin 

Experiments were carried out with cylindrical thermal-diffusion columns in which the separa- 
tion chambers were sufficiently narrow so that curvature effects might be ignored. For both 
open and closed operation, results were obtained for the two binary systems benzene-carbon 
tetrachloride and n-heptane-benzene as well as the ternary mixture n-heptane-methylcyclo- 
hexane-toluene. For the binary systems, correlations are given in terms of dimensionless com- 
binations which arise when the equations of conservation are placed in dimensionless form. The 
thermal-diffusion coefficients used in the correlations are literature values determined in 
steady-state-cell (no convection) measurements. 

The historical background of thermal 
dsusion has been covered by Powers 
and Wilke (1). Except for the many 
steady-statwell experiments (no con- 
vection), studies with liquids generally 
have been confined to the vertical or 
inclined countercurrent thermal-dif- 
fusion column conceived by Clusius 

David R. Longmire is with Texas Butadiene 
and Chemical Corporation, Channelview, Texas. 

and Dickel (2).  Although for continu- 
ous throughput the product positions 
on a Clusius-Dickel column are usu- 
ally at the extremities, with the feed 
position at an intermediate point, re- 
cent arrangements by A. L. Jones and 
his associates (3  to 12) include con- 
current flat-plate columns operated 
vertically or horizontally with or with- 
out membranes as well as apparatus 

with porous walls. Studies have been 
reported recently on the Clusius-Dickel 
column operated with packing as well 
as centrifugal force (13, 1 4 ) .  

In addition to the work of Powers 
and Wilke (1 ) , the principal quantita- 
tive investigations covering thermal- 
diffusion columns operated with a con- 
tinuous throughput have been those of 
Heines, Larson, and Martin (15 )  and 
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Thomas and Watkins (16, 17). The 
former have contributed a large num- 
ber of data for the system n-heptane- 
benzene, and their results have been 
expressed in terms of a dimensionless 
group FL/4K, ,  which appears in the 
earlier theoretical developments of 
Furry, Jones, and Onsager ( 1 8 ) .  The 
thesis by Heines (19) was the first 
experimental study on continuous- 
throughput operation for liquids pre- 
sented as a dimensionless-group cor- 
relation. The study of Powers and 
Wilke (1) was carried out with the 
system ethanol-water as well as n-hep- 
tane-benzene. Variables examined were 
feed rate, length of column, wall spac- 
ing, temperature difference between 
walls, and the angle of inclination of 
the apparatus, which was of the flat- 
plate type. By extrapolation to zero 
throughput of curves describing the 
difference of top and bottom product 
concentrations vs. throughput con- 
stants H and K ,  for the Furry, Jones, 
and Onsager ( 1 8 )  equations were de- 
termined. Curves then calculated from 
the equations were generally in good 
agreement with experimental results. 
The failure of the equations at high 
throughputs led Powers and Wilke (1) 
to a novel theory modification which 
assumes a linear variation of vertical 
concentration gradient with the hori- 
zontal Cartesian coordinate. Thomas 
and Watkins ( 1 7 )  have presented the 
first experimental results for continu- 
ous-throughput operation of thermal- 
diffusion columns with concentrated 
mixtures of ternary gaseous mixtures. 

For binary systems this study differs 
from previous ones in several respects, 
essentially, in the thermal-diffusion co- 
efficients utilized in the correlations, in 
the method of developing the correla- 
tions, and in the correlations them- 
selves. In view of the disagreement 
between thermal-diffusion coefficients 
determined from column experiments 
(20 to 23)  and those arising from 
steady state thermal-difksion-cell ex- 
periments without convection (24, 25, 
2 6 ) ,  coefficients which have resulted 
from steady-state-cell measurement, a 
more fundamental type of determina- 
tion, have been used in the correlations. 
The binary systems benzene-carbon 
tetrachloride and n-heptane-benzene 
were selected because of the availabil- 
ity of data on ordinary diffusion (27,  
28 )  and thermal-diffusion coefficients 
(24, 26). On account of the many as- 
sumptions in the classical derivation of 
Furry, Jones, and Onsager ( 1 8 ) ;  
Waldmann (29); and de Groot ( 3 0 )  
and in the more recent modification of 
Powers and Wilke ( I ) ,  quantitative 
expressions more general in applica- 
tion were sought. The unintegrated 
dimensionless equation of mass con- 
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servation revealed the dimensionless 
groups and combinations thereof for 
treatment of operating data. 

The study of ternary systems was in- 
tended for observation of continuous 
throughput operation with concen- 
trated solutions for which a composi- 
tion analysis for each component could 
be made. Previous investigations for 
concentrated three-component liquid 
mixtures are the closed-column experi- 
ments of Jones and Milberger ( 3 1 )  as 
well as of Begeman and Cramer ( 3 2 ) .  

THEORETICAL CONSIDERATIONS 

Fundomentol Theoretical Expressions 
The theoretical relations are founded 

on the partial-differential equations of 
fluid mechanics which describe the 

VE 

VELOCITY PROF1 LE 
BELOW FEED 

Fig. 1. Vertical flat plate, open thermal-diffu- 
sion column. 

laws of conservation of mass, momen- 
tum, and energy. The nomenclature 
for the equations, fluxes, and transport 
coefficients is not given here, but it is 
identical to that in the review article 
by Bird ( 3 3 ) .  The coordinate arrange- 
ment is the three-dimensional, orthog- 
onal system of Figure 1. 

Applicotion to the Verticol, 
Countercurrent Thermal Diffusion Column 

Physical problem. The column con- 
sists of two flat plates, one at a high 
temperature and one at a low tempera- 
ture, as described by Figure 1. Both 
plates of vertical length L and hori- 
zontal length b are spaced parallel to 
each other with a horizontal separa- 
tion a. The quantity o is the mass frac- 
tion of that component in a binary 
mixture which migrates toward the 
hot wall and the top of the column. 
The definition of :is 

- 
0 = 2- ab la [ J - , L c ]  dy (1) 

Before beginning the dimensional 
analysis of the equations of change, 
the author omits some of the terms 
according to the following physical 
assumptions: 

A.1.Ch.E. Journal 

1. Steady state, realized experimen- 
tally 

2.  No chemical reaction, realized 
experimentally 

3. Laminar flow, realized experimen- 
tally 

4. Pressure and external force dif- 
fusion absent, realized experimentally 

5. No viscous heat effects, negligible 
effects at low velocities 

6. Insignificance of Dufour effects, 
radiation heat flux, and flux due to in- 
trinsic energy carried by diffusing 
species 

7. p = p ( z )  
8. T = T ( x )  
9. No variations in the y direction 

The Dufour effect is neglected for lack 
of a descriptive expression as well as 
the probability that it is small ( 3 3 ) .  
The equation for radiation heat flux is 
valid only if the flux is in equilibrium 
with the matter, a prerequisite which 
usually does not exist ( 3 3 ) .  This 
energy flux has been ignored in the 
past and is not accounted for here. 
Intrinsic energy carried by dausing 
species is discussed in the application 
of the equation of energy balance in 
the analysis of the final correlations. 
The significance of its effect is not 
known ( 3 4 ) .  

Dimensionless relations. When ana- 
lytical solutions of the partial differen- 
tial equations of fluid mechanics are 
not easily found, the equations and 
their boundary conditions can serve 
as a guide to physical behavior. In the 
examination of the conservation equa- 
tions Schlichting's ( 3 5 )  procedure for 
handling problems in fluid mechanics 
has been applied. The equations of 
change and their boundary conditions 
are placed in dimensionless form, and 
the resulting dimensionless groups of 
physical quantities are noted. The 
groups are the coefficients of the di- 
mensionless derivatives and of other 
variable terms in the equations of 
change and their boundary conditions. 
These dimensionless groups of physical 
quantities are parameters of any ana- 
lytical solution to the dimensionless 
equations of change, no matter how 
difficult that solution might be. 

Above the feed point dimensionless 
variables are defined as follows: 

( 2 )  

Although such a procedure is not en- 
tirely sound, for simplicity p, D, D?, 
p, and /3 are assumed constant. In 

Page 305 



open-column operation above the feed 
point 

1 
(0,")~ = ( 0 , ) ~  dX (3)  

A similar relation would define ( v ~ , , ) ~  
below the feed point. For closed-col- 
umn cases above the feed point 

6 with being defined by a like 
relation below the feed point. Dimen- 
sionless numbers are formulated as 
follows: 

a ( V a V )  D 
( N R , ) ,  = - p Reynolds number 

P 

U 

Nor  = '" '" ' AT Grashof number 
P2 

Schmidt number B 
N B c  = - 

P Dl.2 

N ,  = - TaoDIT Thermal-diffusion 
D, 

factor 

( 5 )  
The quantity T,, denotes the arithme- 
tic mean temperature of the hot and 
cold walls, and AT is Thot - Teotd. 

For the giveri assumptions the equa- 
tions of change and their boundary 
conditions have been set down by 
others ( 1 ,  18, 20, 30) and are repeated 
here in dimensionless form. The equa- 
tion of energy conservation is 

d" T* 
dx*' 
-- - 0  

with boundary conditions 

T * = l  a t x * = O  
T * = O  a t x * = l  

The equation of momentum 
tion can be simplified to 

( 6;) 

(7) 
conserva- 

- _-- 8 (I)*.) D 

dxo8 ( N R e ) D  

( 8 )  
for which the boundary conditions are 

closed open 
column column 

The equation of mass conservation be- 
comes 
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and has the boundary conditions 

- 
{ 1 - [O* ( O D  - O F )  c c  + O F  1 } 

N , N h T = O  at X" =0,1 (11) 

at z" = 1 
O* = 0 at z* = zoR 

above the feed point. 
Solutions to the equations of energy 

and momentum conservation, Equa- 
tions (6) and ( 8 ) ,  have been estab- 
lished by previous investigators (1, 18, 
20, 30) ,  although not explicitly in this 
nomenclature. The integration of Equa- 
tion (6) gives a linear variation of T 
with x. Above the feed point the solu- 
tion for Equation (8) and its boundary 
conditions (9) becomes 

Although Equation (8) can easily be 
integrated, the general expression, 
Equation (12),  suffices for this illustra- 
tion. Substitution of Equation (12) for 
[ u , * ( x " ) ] D  in Equation (10) gives 

A.1.Ch.E. Journal 

(13) 
For Equation (13) and its boundary 

conditions (11) an analytical solution 
of the form O* =o*(x" ,  z " )  is diffi- 
cult because of the nonlinearity of 
both the partial ddferential equation 
and its boundary conditions. Although 
they have been carried through with 
ingenuity (1 ,  18, 29, 3 0 ) ,  existing 
solutions are approximate and of the 
form O" = ~ ' ( z " ) .  

With Not& being of the order lo-", 
terms with coefficients of ( N P / L )  / ( N , ,  
N s c )  were neglected in accordance 
with Schlichting's procedure for com- 
paring dimensionless terms (35). Then 
any solution to Equation (13) and its 
boundary conditions must be a relation 
of the following type: 

(14) 
Actually when physical properties of 
liquids in the column vary to some 
extent as they did here, particularly on 
the z axis, these properties might be 
described as dimensionless variables 
with boundary conditions correspond- 
ing to p D ,  p3,, ( D,,)D,  etc. Then dimen- 
sionless ratios such as p D / p F ,  etc., 
would become parameters of a solution 
to the dimensionless equations of 
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TABLE 1. BINARY SYSTEMS-OPERATING DATA FOR CLOSED COLUMN RUNS 

- - 
O D  O B  (OF System Run T,,, "C. AT, "C. L,cm. a,cm. 

C&-CCIP I-C-2 39.8 33.5 183 0.043 0.968 0.004 0.337 
I-C-7 40.1 34.6 183 0.079 0.523 0.175 0.337 

nC7-CeHs 11-C-1 33.5 36.0 183 0.043 0.965 0.004 0.577 
I-C-9 40.2 34.3 36.6 0.079 0.930 0.899 0.903 

11-C-2 38.9 37.8 36.6 0.079 0.609 0.540 0.549 

change. The experimental data have 
been examined only with the aid of 
the groups incorporated in Equation 
( 14) .  The group N .  iVAJ ( N B , N ~ c N a , L )  
multiplied by 9!/6! is identical with 
the quantity H L / K , ,  which results 
from an integration of the Furry, Jones, 
and Onsager (18) transport equation 
for the vertical closed column in the 
steady state with longitudinal diffusion 
neglected. 

EXPERIMENTAL WORK 

Experimental Apparatus 
Thermul-diffusion column. The column 

consisted of two concentric tubes. Except 
for physical dimensions, it was similar to 
the multiple port device described by 
Jones and Milberger ( 3 1 ) ,  the annulus 
between the two tubes serving as the 
separation chamber. The tubes were of 
304 stainless steel and formed a separation 
chamber 183 cm. in length. Annulus 
width, varied by use of alternate inside 
tubes, was either 0.043 or 0.079 cm. The 
outside tube was equipped with iron- 
constantan thermocouples, one at the 
center and one near each-xtremity of the 
tube. A nichrome heating element was 
wrapped on the outside tube, the inside 
wall of which served as the hot wall of 
the annulus. Each of the two tubes which 
could be used as the inside tube was 
equipped with five copper-constantan 
thermocouples installed at equal intervals 
in the tube wall as shown in Figure 2. 

Cooling. The inside wall of the annular 
space was maintained at lower tempera- 
tures than the hot wall by cold water 

passing in turbulent flow through one of 
the two center tubes available for this 
purpose. The temperature of the cold 
water could be varied by mixing it with 
hot water. 

Feed and product lines. From the feed 
reservoir copper tubing led through a 
rotameter and stainless steel needle valve 
into one of the column ports. The two 
ports at the extremities of the column 
served as product ports to which copper 
tubing lines were connected. The product 
lines each led through stainless steel needle 
valves to upper and lower product-line 
rotameters and finally to a product reser- 
voir. Construction materials exposed to the 
chemical systems studied were copper, 
brass, stainless steel, glass, and Teflon. 

Instruments. A precision potentiometer 
indicated thermocouple potentials. For 
closed-column runs a six-point recording 
potentiometer was used during periods of 
absence by the operator. Although steady 
state throughput was indicated by rota- 
meters, actual flow rates were measured 
by allowing liquid product to pass into 
small sealed bottles placed at the ends of 
the product lines, which otherwise emptied 
into a large collection bottle used for re- 
plenishing the feed reservoir. The small 
bottles were weighed on an analytical 
balance, collection time having been 
measured with a stop clock. 

Power deuices. A variable reactance 
controlled voltage across the column heat- 
ing element. A household type of electric 
fan placed about 6 ft. from the center of 
the column and turning at a low speed 
helped to equalize the temperatures along 
the hot wall. At larger values of AT layers 
of Fiberglas insulation added near the 

TABLE 2. BINARY SYSTEMS-OPERATING DATA FOR CONTINUOUS THROUGHPUT RUNS 

System Run 

CsHr CCL 1-5 
1-12 
1-17 
1-51 
1-55 

nC7-CoHG 11-18 
11-24 

System Run 

CsHG-CCl, 1-5 
1-12 
1-17 
1-51 
1-55 

nCi-C6H,, 11-18 
11-24 

D, g./sec. B ,  g./sec. 

0.00210 0.00162 
0.00188 0.00197 
0.00383 0.00375 
0.00544 0.00528 
0.0109 0.0108 
0.00456 0.00406 
0.00656 0.00658 

- 
T,,, "c .  AT, "C. O D  

39.8 33.6 0.560 
40.2 22.0 0.458 
39.7 9.4 0.350 
40.2 34.5 0.464 
40.2 34.5 0.443 
35.5 35.0 0.597 
38.9 37.2 0.629 

L, cm. 

183 
183 
183 
183 
183 
183 
183 

- 
O B  

0.157 
0.186 
0.310 
0.207 
0.234 
0.520 
0.532 

a, cm. 

0.043 
0.043 
0.043 
0.079 
0.079 
0.043 
0.079 

O F  

0.328 
0.331 
0.331 
0.337 
0.337 
0.562 
0.577 

column extremities reduced the heat leak 
and temperature gradient between the 
midpoint and ends of the column. 

Analytical equipment. The two binary 
systems were analyzed with a refractometer 
at 25°C. The first six runs with the ter- 
nary system were analyzed with a double- 
beam infrared recording spectrophoto- 
meter. The remaining ternary-system 
runs were analyzed with a vapor fracto- 
meter. 

Equipment Operah'on 
Continuous throughput runs. The in- 

crease in temperature of the cooling water 
was about 1.5"C. or less. The cold-wall 
temperature fluctuation was not greater 
than zt 0.1"C. Lengthwise the hot-wall 
variation in temperature was about 2°C. 
or less with fluctuations of about 2 0.2"C. 
at any one of the three thermocouple 
positions. The rotameter floats were held 
to a fluctuation of 2 to 4% of the indi- 
cated float level. A run was considered 
complete when liquid compositions at the 
ends of the product lines were the same 
as, or within 1% of, those at the sample 
taps on the upper and lower ends of the 
column. 

Closed-column runs. Before such ex- 
periments were begun, the top and bot- 
tom product lines leading from the col- 
umn were disconnected and the port caps 
designed for those ports were put in 
place, the connection between the center 
feed port and feed reservoir being main- 
tained. After the annulus had been filled 
with liquid, the valve at the feed port 
was closed and operation commenced. 

When the operator was absent, the 
average hot-wall temperature might fluc- 
tuate as much as 2°C. for AT values of 
about 35°C. For lower AT values the 
fluctuation in average hot-wall tempera- 
ture was proportionally lower. Usually at 
the end of 48 hr. any change in OD-OB, 

the composition difference between the 
top and bottom of the column, would be 
less than 0.5% over a period of 12 hr. 

- -  

DISCUSSION OF EXPERIMENTAL 
RESULTS 

Binary Systems 
Separation curves. Conditions which 

were varied were feed rate, tempera- 
ture difference, wall spacing, column 
length, and feed concentration. For 
continuous throughput runs the quan- 
tity F was varied, with all other condi- 
tions remaining constant when each of 
the quantities AT, a, L, or F was 
studied. Curves describing OD - OB 
vs. F appear elsewhere (36)  and 
are similar in form to those reported 
by other investigators (1, 15). Samples 
of the closed column and continuous 
throughput operating results are given 
by Tables 1 and 2, in which o refers 
to benzene in the system benzene- 
carbon tetrachloride and to n-heptane 
for the combination n-heptane-ben- 
zene. 

Construction of correlations. The re- 
sults for the two-component systems 

- 
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Fig. 3. Binary-system correlation of closed-column separations 
with parameter of feed composition. 

have been expressed in the form of 
correlations constructed from the di- 
mensionless quantities included within 
Equation (14 ) .  Literature sources 
were utilized for the transport coeffi- 
cients and density data which made 
the correlations possible. For the sys- 
tem benzene-carbon tetrachloride the 
thermal-diffusion coefficients had been 
determined in cells by Tichacek, Kmak, 
and Drickamer ( 2 6 ) ,  the ordinary dif- 
fusion coefficients by Caldwell and 
Babb (27), the coefficients of shear 
viscosity by Thorpe and Rodger (37), 
and the density by Hubbard ( 3 8 ) .  
For the system n-heptane-benzene the 
thermal-diffusion coefficients had been 
measured in cells by Huse, Trevoy, 
and Drickamer ( 2 4 ) ,  the ordinary dif- 
fusion coefficients by Trevoy and 
Drickamer ( 2 8 ) ,  and both viscosity 
and density by Heines (19). In the 
correlations absolute values of thermal- 
diffusion coefficients are used. 

The closed-column correlation is 
discussed initially. In the experiments 
the composition measurements corres- 
pond to o ~ ,  o ~ ,  and OF. Therefore for 

- -  
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Fig. 5. Final closed-column correlation for two binary systems. 

closed-column operation and for Equa- 
tion (14) 

and (iD - o ~ ) ~ ~  becomes a function of 

a similar statement being possible for 
( w F  - below the feed. In the di- 
mensionless numbers average fluid 
properties have been taken at  the 

- 

TABLE 3. BINARY SYSTEMS-THERMAL 
DIFFUSION FACTORS N ,  USED IN 

CORRELATIONS 

arithmetic mean temperature and arith- 
metic mean composition for that por- 
tion of the column above or below 
the feed point. After a combination of 
dimensionless numbers had been com- 
puted for both top and bottom portions 
of the column, the arithmetic average 
of the two computations was used in 
the correlations. The group. N, , /N , ,  
has not been considered, since the 
average value of N , ,  is zero at any 
position z for the closed column oper- 
ating in the steady state. The closed- 
column separation, (& - uB) c c ,  has 
been plotted vs. N .  NAT/ (NG,N,JVa,L) 
in Figure 3. The sets of points appear 
to be stratified according to the feed 
concentration wF.  The quantity OF( 1 - 
w F )  has been used to form the group 

- 

[OF ( 1 - OF ) N .  NAT/ ( N A ' s J " , L )  
which has been plotted against (OD - 
o ~ ) ~ ~  in Figure 4. Included is a closed- System w Tav, "C. N ,  Ref. - 

column separation reported by Trevoy 
and Drickamer (22) with a column 4 0.336 40.0 1.43 

0.670 40.0 1.48 26 in. in height. The upper line corre- 
nC,-CaH6 0.561 38.7 0,342to 24 sponds to n-heptane-benzene and the 

0.371 lower to benzene-carbon tetrachloride. 

iz CsHo-CClr 0.113 40.0 1.37 

Fig. 4. Binary-system closed-column correlation with feed com- 
position incorporated. 

1.0 

0.01 

0 001 001 01 1.0 

Fig. 6. Correlation of continuous throughput separations with 
parameter of feed composition. 
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Fig. 7. Final binary-system continuous-throughput correlation 
with feed composition incorporated. 
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The dimensional analysis of the 
equations of change gives N .  in either 
of the two groups N .  N , ,  or N ,  NAT/ 
(NQ,NscNa/L). If the terms of the 
equation of energy conservation con- 
taining partial molal enthalpy are 
omitted in the solution of the equa- 
tions of change, N ,  never occurs alone 
and cannot be obtained by intermulti- 
plication of the groups which remain. 
I t  is possible to merge the two sets of 
points of Figure 4 by multiplying the 
abscissas of the points by a factor of 
N,"." to give the result in Figure 5,  
which is presented with the reserva- 
tion that N .  and NAT occur only as 
N.NAT unless the terms containing 
partial molal enthalpy are accounted 
for. 

The continuous throughput results 
have been related to the closed-column 
separations. In the theoretical discus- 
sion concentration was defined 

1.0 

0-, 
0.8 . 

0.6 

- 
W. 

0.4 

0.2 

O - O F  Except for four runs for which no 
- values of (O, - 0s)  were determined, 

the concentration data for all the con- 
tinuous - throughput, two - component 
runs have been placed in the form of 
the ratio (16). 

Since feed rate was varied in all of 

w 8  = 
(OD - o F ) c c  

One reason is that in a series of runs 
for which the only factor varied is the 
feed rate, the closed column, steady 
state concentration difference between. 
the top and feed point (OD - u p )  E C  is 
greater than that for any run with a 
throughput. Furthermore, Heines (15) 
has had success with a correlation by 
beginning at this point. He has intro- 
duced the following expression which 
is conveniently in terms of the product 
compositions of the experimental runs: 

LEGEND 

0 n-HEPTANE 

0 TOLUENE 
To" = 39.7 OC. 

ATov 384 OC. 

Zi 
FEED 33.3-33.3-33.3 '10 

a METHYLCYCLOHEXANE 

= MASS FR. OF COME i 

BY VOLUME 

0 I 2  3 4 5 6 7 8 9 10 
PORTS, NUMBERED FROM TOP 

Fig. 8. Closed-column separation for ternary mixture; (I = 
0.043 cm. 
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the sets of continuous-throughput runs, 
the dimensionless group into which 
the feed rate could be incorporated, 
NE,/NQ,,  was investigated initially. 
The ratio has been averaged in the 
following manner: 

$=3(3D+(3B1 
(17) 

In a series of runs in which the ratio 
of product rates, B / D  or D / B ,  in the 
two sections of the column was varied 
with F being approximately constant, 
the Powers (20) data for ratios in the 
range 1 to 1 through 1.5 to 1 show a 
variation in rectification between top 
and bottom fractions of perhaps several 
per cent of total rectification. In this 
investigation similar behavior was 
noted, and an attempt was made to 
keep the ratios of product rates as 
close to unity as possible. 

As NEe/NQ,  was increased, the ratio 
( O D  - o B )  / ( OD - OB ) eC decreased for 
both binary systems with considerable 
scattering of points for benzene-car- 
bon tetrachloride. The plots are given 
elsewhere (36). Although the points 
for one system appeared to be dis- 
placed from those of the other by a 
factor almost equal to N., the ratio 
( Z D  - W B )  / (OD - o ~ )  cc has been plot- 
ted vs. N E , / ( N Q r  N .  N I T )  for both bi- 
nary systems in Figure 6, since N .  
occurs as N. NAT in the dimensionless 
groups. In Figure 6 between the 

- -  - -  

- -  
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abscissa values of 0.0025 and 1, the 
straight lines are least-squares repre- 
sentations of the data. The four points 
toward the lower left-hand region of 
Figure 6 correspond to runs for a di- 
lute solution of carbon tetrachloride in 
benzene. The forms D / H  and B / H  
which occur in the Funy, Jones, and 
Onsager developments (18) include a 
constant 6!. Except for this constant, 
the combination NRe/ ( N o ,  N ,  N A T )  is 
similar to D / H  and B / H .  

The quantity OF (1  - W )  has 
been used together with Figure 6 
to form the combination [wF(1 - 
w F )  NRe/Nov N ,  N A T )  which is the 
abscissa of Figure 7. The n-heptane- 

L E G E N D  

0 n - H E P T A N E  

0 T O L U E N E  
Tav = 39.3 OC. 
AT,, = 38.5 OC. 
FEED 33.3-33.3-33.3 % 

e METHYLCYCLOHEXANE 

BY V O L U M E  

0.7 

0.6 

13" 0.5 
I 
n 

13 0.4 - 
0.3 

0.2 

0.  I 

0 
0 10 20 30 40 

FEED RATE, GRAMS PER HOUR 

Fig. 10. Continuous-throughput separations for 
ternary mixture; a = 0.043 cm. 

benzene points of Powers and Wilke 
( l ) ,  also shown on Figure 7, were not 
included in the least-squares computa- 
tion for the straight portion of the line. 
The values of ( & - G B ) c c  for the 
Powers and Wilke points were esti- 
mated from the closed-column correla- 
tion of Figure 4. 

Analysis of correlations. In Figures 
4 and 5 the variation in No- was about 
twenty-five-fold, Nsc 1.7 fold, N .  four- 
fold, NoIL ninefold, and or from 0.34 
to 0.90 fold. For the straight portion 
of the curve in Figure 5 

The possible error in N .  if determined 
from closed-column experiments as 
conducted in this investigation can be 
as high as 30%; the most probable 
error is about 16%. For definitions of 
these errors see reference 39. 

One shortcoming of the continuous- 
throughput correlation is that the ex- 
ponent -1.8 on up( 1 - W )  is heavily 
influenced by the points corresponding 
to runs conducted with dilute solu- 
tions. Also in the experiments no as- 
surance was made that the feed was 
equally distributed about the circum- 
ference of the annulus. Although the 
arithmetic mean circumference b does 
not enter into the group N R , / ( N G , N .  
N I T ) ,  it is necessary to use b to com- 
pute N R ,  from the top and bottom 
product rates. Short-circuiting would 
cause the effective b to be smaller 
than its true value if any tendency 
exists for the solution concentration to 
vary circumferentially. This problem 
has been studied by Jones ( 4 0 ) ,  but 
nothing quantitative appears to have 
been established. 

For the convection effect due to the 
x direction concentration gradient it is 
possible to define a Grashof group dif- 
ferent from that given by Boelter 
(41) .  I t  is 

(19) 
aapa/3&(Am) constant z 

NOGI = 
P= 

In neither the continuous throughput 
nor the closed-column correlations does 
the group NWG, appear. An accurate 
measurement of the derivative am*/ 
ax* would be essential for calculating 
NWGv.  By the use of theoretical rela- 
tions of de Groot (30)  for the system 
benzene-carbon tetrachloride the ratio 
N"op/NG, was estimated to be about 
0.10. Since the effect of NWGI must be 
greater for benzene-carbon tetrachlo- 
ride than for n-heptane-benzene, the 
curves of Figure 4 probably should be 
closer together, which would modify 
the exponent on N .  for Figure 5. Di- - 

NP, 
mensionless terms such as - 

N ~ , T  

5 ] and M J M ,  arise [ M,C,T,, ax" 
(36) when partial molal enthalpy is 
treated in the dimensionless equation 
of energy conservation, partial molal 
enthalpies being a function of tempera- 
ture, pressure, and composition ( 4 2 ) .  
How these groups would affect the 
correlations is not known. As has been 
pointed out, variations in physical 
properties such as p ,  D,,, etc., intro- 
duce additional parameters which have 
not been included in the dimension- 

less-group treatment. In the correla- 
tions the absolute value of N ,  is used. 
In the strict meaning N ,  would have a 
negative value when that component 
which migrates toward the hot wall 
is considered. 

Ternary System 
Separation curves. For the ternary 

combination n-heptane-methylcyclo- 
hexane-toluene the factors studied 
were F and a. The closed-column runs 
are reported in Figures 8 and 9. When 
placed in the thermal-diffusion column 
under closed-column conditions 50 
mole % methylcyclohexane-toluene 
mixtures had little tendency to sepa- 
rate, a result observed by others (31, 
32) .  Figures 8 and 9 show an improve- 
ment in the rectification of methyl- 
cyclohexane and toluene by the addi- 
tion of the third component n-heptane. 

For the continuous-throughput runs 
an attempt was made to maintain the 
product rates as nearly alike as possi- 

LEGEND 

0 n-HEPTANE 
0 HETHYLCYCLOHEXANE 
0 TOLUENE 
Tow = 39.2 O h  

0.3 
- 
,g 0.2 
,P 0.1 
I 

- 
0 

o to 20 30 40 M 50 ro 
FEED RATE, GRAMS PER HOUR 

Fig. 11. Continuous-throughput separations for 
ternary mixture; a = 0.079 cm. 

ble for each run. The absolute value 
of the difference in mass fraction be- 
tween the top and bottom ports for 
each component in the mixture has 
been plotted vs. feed rate in Figures 
10 and 11. At high feed rates the sepa- 
rations tended to be smaller. The sepa- 
rations for larger annulus width were 
greater than those for smaller annulus 
width at the higher throughputs. This 
behavior for annulus width and 
throughput is similar to that observed 
with binary systems. 

CONCLUSIONS 

For the binary solutions benzene- 
carbon tetrachloride and n-heptane- 
benzene and for the conditions under 
which they were studied in this 
investigation it is possible to corre- 
late thermal-digusion-column operat- 
ing variables on the basis of thermal- 
diffusion coefficients determined in cell 
experiments. The correlating combina- 
tions of dimensionless groups can be 
obtained from the equations of con- 
servation and their boundary condi- 
tions in dimensionless form. With the 
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ternary system n-heptane-methylcy- 
clohexane-toluene, variations in feed 
rate and wall spacing gave results 
similar to those observed in binary 
systems. 
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NOTATION 

a 

B 

b 

c, 
D 

D, 

D? 

F 
f”  

gH 

HI 

K O  

L 
M 
T 
T., 

V 

X 

Y 

= distance between hot and 
cold walls 

= bottom product rate, mass 
per unit time 

= arithmetic mean circumfer- 
ence of hot and cold walls 
forming an annulus in a cy- 
lindrical thermal-diffusion 
column or horizontal width 
of heat transfer plates for a 
flat column 

= heat capacity per unit mass 
at constant pressure 

= top product rate, mass per 
unit time 

= concentration diffusion mass 
transport coefficient in a bin- 
ary mixture of components 
1 and 2 

= thermal diffusion mass trans- 
port coefficient for compo- 
nent 1 in a binary mixture 

= feed rate, mass per unit time 
= arbitrary function, dimen- 

= acceleration of gravity 
= thermal-diffusion-column pa- 

rameter from physics litera- 
ture 

= partial molal enthalpy of 
component 1 in a binary 
mixture 

= thermal-diffusion-column pa- 
rameter from physics litera- 
ture 

sionless 

= vertical length of column 
= molecular weight 
= absolute temperature 
= arithmetic mean temperature 

of hot and cold walls 
= mass average velocity 
= Cartesian coordinate perpen- 

dicular to heat transfer sur- 
faces 

= horizontal Cartesian coordi- 
nate parallel to the heat 
transfer surface 

Z = Cartesian coordinate parallel 
to the heat transfer surface 
and perpendicular to the x, 
y plane 

Greek Letters 

jiI = volumetric coefficient of 
thermal expansion 

& = volumetric coefficient of ex- 
pansion from concentration 
variation 

= coefficient of shear viscosity 

= mass fraction of that compo- 
nent in a binary mixture 
which migrates toward the 
warm wall and is enriched 
toward the top of the column 

c” 
P = mass density 
0 

Dimensionless Variables 

TQ = ( T - T r o i d ) /  ( T h o t - T c o i d )  

v Q ,  = V J V , ”  
XQ = x/a 
ZQ = z / L  
0’ = (0-0,) / (OD- OF) oe 

Dimensionless Numbers 

N o ,  = Grashof number for heat 
transfer 

N“,, = Grashof number for mass 
transfer 

N x e  = Reynolds number 
Ns,  = Schmidt number 
N,, = Prandtl number 
N ,  = thermal-diffusion factor (cal- 

NoIL = a/L,  geometric factor 

Subscripts 

- 

led a in physics literature) 

B = quantity pertaining to 

D = quantity pertaining to 

F = quantity pertaining to 

bottom product 

top product 

feed 

the 

the 

the 

1 = component in a binary mix- 
ture which migrates toward 
hot wall 

= component in a binary mix- 
ture which migrates toward 
cold wall 

2 

CC = closed column 
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