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ABSTRACT 

THERMAL DIFFUSION NEAR A BINARY LIQUID AZEOTROPE 

by Edward R. Peterson 

Induction of a mass flux by a temperature gradient is 

known as the thermal diffusion or Soret effect, and is 

characterized by the thermal diffusion factor. 

A thermogravitational column’was used to obtain thermal 

diffusion factors and steady state separations in the 

ethanol-water mixture at its azeotropic composition. The 

thermogravitational diffusion column was calibrated using 

the value of the thermal diffusion factor of the cyclohex¬ 

ane - benzene mixture, which had been previously determined 

at 25°C. 

The temperature dependence of the thermal diffusion fac¬ 

tor was determined for the ethanol-water system within 

0.5°C of the azeotropic point and in the range of 25° to 

77.7°C. Within 10°C of the azeotropic point, the thermal 

diffusion factor shows an anomalous behavior. It appears 

to increase rapidly as the azeotrope temperature is ap¬ 

proached. 

In addition to the thermal diffusion factor, the heat 

of transport and thermal diffusion coefficient were deter¬ 

mined for the ethanol-water system as functions of temp¬ 

erature, based on the assumption of Onsager Reciprocity. 
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These parameters also exhibit a divergent character as 

the boiling point is approached. Further studies are 

needed to determine the significance of this effect in 

terms of molecular models. 

Ethanol enriched fluid from the thermogravitational 

column operating in the continuous mode was used as feed 

to a packed distillation column. Further separation 

occurred via distillation. Thus, thermogravitational 

columns offer a convenient small scale intermediate to 

break the azeotropes which often arise in the separation 

of liquid mixtures by distillation. 

ii 



TABLE OF CONTENTS 

Page 

ABSTRACT   i 

TABLE OF CONTENTS   iii 

LIST OF TABLES   V 

LIST OF FIGURES   vi 

NOMENCLATURE    viii 

I. Phenomenological Description   1 

Nonequilibrium Thermodynamics   7 

II. General Transport Equations   15 

III. Experimental Design      25 

Experimental Procedure   43 

Analysis of Output    46 

IV. Results   61 

V. Application to Azeotrope  89 

VI. Conclusions   95 

Industrial and Further Applications 
of Thermogravitational Diffusion   100 

APPENDIX 1 

Data for the Calibration of the 
Ethanol-Water System   103 

APPENDIX 2 

Data for the Calibration of 
Cyclohexane-Benzene System 105 



APPENDIX 3 

The Thermal Diffusion Factor for the 
Cyclohexane-Benzene System from the 
Literature     

APPENDIX 4 

Equations for Properties of the 
Ethanol-Water, Cyclohexane-Benzene 
Systems   

REFERENCES 109 

iv 



LIST OF TABLES 

Table 
Number Title 

1 Specifications of Equipment used in 
this Work  

2 Data for the Cyclohexane-Benzene System 
at 25°C and 89.457 mole % Cyclohexane... 

3 Data for the Ethanol-Water Experiments 
Between 23.9 and 77.7°C  

4 Temperature Dependent Equations for Aw., 
a , and Q.* from MULTREG8 Fit of Ex¬ 
perimental Data. These equations are 
for the ethanol-water system at the 
azeotropic composition.   

5 Temperature Dependent Equations for 
Aw^(Top) and Aw^(Bottom) Obtained from 
Least Squares Analysis    

6 Data for Continuous Thermogravitational 
Diffusion Experiment with Subsequent 
Fractional Distillation  

Page 
Number 

40 

63 

65 

81 

82 

92 

v 



Figure 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

LIST OF FIGURES 

Title 

Diagram of Pure Thermal Diffusion at 
Steady State  

Free Convection Velocity Profile of a 
Fluid Between Vertical Plates Main¬ 
tained at Different Temperatures   

Schematic Diagram of Thermogravita- 
tional Diffusion Column   

Thermogravitationad Diffusion Column 
Design    

Schematic Equipment Used in this Work.... 

Differential Refractometer and Thermo- 
gravitational Diffusion Column in 
Final Positions Surrounded by Syringe 
Pump, Pressure Leveling Mercury Bulb, 
and Constant Temperature Baths 
(in background)   

Logging Multimeter and Strip Chart 
Recorder with Ice Bath Reference 
for Thermocouples at Bottom.    

Constant Temperature Water Baths, from 
Left to Right: 25°C Water Bath for 
Differential Refractometer, Refrig¬ 
erated Cold Water Bath, Hot Water 
Bath  

Overview of Differential Refractometer 
and Peripheral Equipment Showing 
Sample Tubing and Circulation Tubing 
in Detail.    

Calibration of the Ethanol-Water 
System for the Differential 
Refractometer    

Calibration of the Cyclohexane-Benzene 
System for the Differential 
Refractometer  

Refractometer Output for Top and Bottom 
Samples of Column, Respectively, 
at 61.8°C  

Page 
Number 

3 

6 

17 

27 

30 

32 

34 

36 

38 

48 

50 

52 

vi 



Figure 
Number 

13 

14 

15 

16 

17 

18 

19 

20 

Title 
Page 

Number 

Refractometer Output for Top and 
Bottom Samples of Column, Respectively 
at 61.8°C Without Precooling of 
Sample Ports   

Refractometer Output for Top and Bottom 
Samples of Column, Respectively, at 
71.1°C with Precooling of Sample Ports. 

Refractometer Output for Top and Bottom 
Samples of Column, Respectively, at 
77.7°C with Precooling of Sample Ports. 

Plot of Change in Weight Fraction of 
Ethanol, Aw^, as a Function of 
TemperatùrexOver the Range 23.9°C to 
77.7°C. The curve represents the 
best fit by MULTREG.   

Plot of Thermal Diffusion Factor for 
the Ethanol-Water Mixture at the 
Azeotropic Composition as A Function 
of Temperature over the Range of 
23.9°C to 77.7°C. The curve rep- 
resents„the best fit of data by 
MULTREG    

The Heat of Transport for Ethanol 
in the Ethanol-Water Mixture at the 
Azeotropic Composition as a Function 
of Temperature between 23.9°C and 
77.7°C  

Thermal Diffusion Coefficient for the 
Ethanol-Water Mixture at the 
Azeotropic Composition as a Function 
of Temperature between 23.9°C and 
77.7°C  

Change in Aw. Data for the Top and 
Bottom of the Thermogravitational 
Diffusion Column Plotted Separately 
as Linear Functions of Temperature 
between 23.9°C and 77.7°C  

54 

56 

58 

71 

73 

78 

80 

87 

vii 



Nomenclature 

area 

I2âC2aib)4/t23L " 4!)hI 

through Kn-constants 

chemical affinity including external forces 

p/nD 

reaction rate 

degrees in Centigrade scale 

partial specific heat capacity 

mutual diffusion coefficient 

thermal diffusion coefficient 

r i(3rjlr/9r> + (3jiz/3z) 

external body force 

5/16£(52- îi)/eTVj0j2(aTw1w2/T)0_2 

-rj-^/lpDfav^/az) 

gravity constant 

partial specific enthalpy 

height of thermogravitational diffusion column 

heat flux 

generalized flux 

mass flux of component i relative to the barycentric 
velocity, p^(V^ - v) 

degrees in Kelvin scale 

thermal conductivity 

Onsager coefficient 

milliliter 

millimeter 

viii 



millivolt 

pressure 

peak height 

pure vapor pressure of component i 

r
-1 (d/dr) rK± (dT/dr) 

heat of transport defined as (J /j.,) 
q 1 T 

heat flux 

gas constant 

property of a system per unit mass 

radial direction vector 

<r1
r2>1/2 

0,3 k^i 

inner radius of annular region in column 

outer radius of annular region in column 

partial specific entropy of component i 

-ln(r/rQ) 

temperature in degrees Centigrade 

average temperature in degrees Centigrade 

change in temperature 

hot temperature 

cold temperature 

time 

specific internal energy 

velocity vector 

volume 

partial specific volume 

velocity vector in x direction 

ix 



wi - weight fraction of component i 

Awj[ - change in weight fraction of component i 

Xi - mole fraction of i in liquid phase 

*i *" 
mole fraction of i in vapor phase 

z ~ vector in the z direction 

Greek 

a - van Laar parameter 

am “ T thermal diffusion factor 

3 Van Laar parameter 

3T thermal expansion coefficient 

Yi - activity coefficient 

V isothermal del operator 

bulk viscosity 

*1 “ 
(£ + P1J : Vu 
^ » 

K (^WjV^/T) PDQJL* + K± 

n shear viscosity 

P density 

a ~ l/2ln(r^/r2) 

a « 
rate of strain tensor or stress tensor 

al " Soret coefficient according to Horne 

a12 

T1 “ 

Soret coefficient accordin g to Story and Turner 

2 irj 1 rp«,l2dr 
r2 

T “ 
ft 

viscous stress tensor 

^11 
C3y1/3w1)T 

/\ 
Wi " 

specific chemical potential of component i 

X 



y.' - specific chemical potential of component i 
1 • including external forces 

Ÿ - entropy dissipation function 

X - generalized force 

Other 

“ 4>^_Ir ^(3rqr/3r) + (3qz/3z) — j13 - Î^J/Sr] 

“jlzl3(Sl " 52,/3z] 

1 - unit tensor 

xi 



CHAPTER I 

Phenomenological Description 

In order to understand the complex process of thermo- 

gravitational diffusion, an effect that involves the force 

of gravity, it is best to start examining thermal diffusion, 

the same effect without the force of gravity included. 

Whereas a temperature gradient obviously causes a 

heat flow (thermal conduction), thermal diffusion is a 

cross phenomenon characterized by the separation of compo¬ 

nents in a homogeneous mixture due to an imposed temper¬ 

ature gradient. Schematically, a simple cell consists of 

adiabatic vertical walls and horizontal faces maintained 

at different temperatures as shown in Figure 1. Since 

thermal diffusion is a cross phenomenon, the resulting 

separation is very small. The top of the cell must be the 

warmer wall to prevent free convection, which would easily 

cancel out any separation caused by thermal diffusion. 

When the temperature gradient is applied to a homogeneous 

binary mixture, one component is more thermodynamically 

stable in the warmer environment, and so tends to migrate 

in that direction. The other analogously moves toward 

the cooler wall, and separation results. Because this 

1 



Figure 1. Diagram of pure thermal diffusion at 

steady state. 
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effect is opposed by ordinary diffusion, only a small 

separation is observed at steady state. However, the 

power of this method lies not in the magnitude of the 

separation, but in the type of separation it can affect. 

Isotopes and even isomers that differ only in their ability 

to polarize light can and have been separated by thermal 

diffusion. Therefore, it is not an inefficient method for 

separation, but one to be improved. 

One way of improving this method is to take advantage 

of free convection instead of working to prevent it. This 

is done by turning the cell so that the top and bottom are 

now the adiabatic surfaces and the horizontal walls are at 

different temperatures. When a species migrates toward 

the warm wall, free convection moves that species towards 

the top of the cell. The complementary effect occurs at 

the cold wall moving the second species towards the bottom 

of the cell. Figure 2 illustrates the velocity profile 

that occurs for a linear temperature profile when density 

as a function of temperature is given by,^ 

p = p + Ip (T - T), 

where p is density at the cell center, I = - 1/p <3p/3T), 

and T is the temperature at the cell center. Making the 

distance between the hot and cold wall as small as pos¬ 

sible, and making the height of the cell orders of magni¬ 

tude larger will decrease the effect of ordinary diffusion 

by greatly increasing the distance over which it must 

operate. Thermogravitational diffusion makes use of this 



Figure 2. Free convection velocity profile of a fluid 

between long vertical plates maintained at 

different temperatures. 
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geometry to greatly enhance separations from thousandths 

to tenths of a percent in liquid mixtures. 

Thermal diffusion is characterized by aT, the thermal 

diffusion factor. This factor has its basis in nonequi¬ 

librium thermodynamics. 

Nonequilibrium Thermodynamics 

The second law of thermodynamics which states that the 

entropy of the universe must increase for any real process, 

2 
is the beginning of nonequilibrium thermodynamics. An 

increase of entropy can result from either an exchange of 

mass and/or heat with the environment or irreversible 

changes in the system itself. For an isolated system (no 

exchange of heat or mass with the environment) internal 

irreversible processes produce the total entropy change, 

and the second law can be written, 

d/S>dt > .0. (1) 

The entropy dissipation function, ¥ , must be greater than 

or equal to zero for the irreversible, real process: 

¥ = TdjS/dt > 0. (2) 

For arbitrarily small elements in a nonequilibrium system, 

the small elements can be assumed to be at local equilib¬ 

rium, which means that local thermodynamic properties are 

defined analogously with those of a macroscopic element. 

Also, it can be concluded that the thermodynamic laws for 

the equilibrium case will apply to the nonequilibrium 



case. In order to obtain the dissipation function in 

measureable quantities, the Gibbsian equation from thermo¬ 

dynamics is rearranged for an n-component system to yield, 

p (dS^/dt) = p/TCdU/dt) + p/T(PdV/dt) 

- E pfr!/T(dw./dt) - 0 
i=l 1 1 

(3) 

Each of the terms on the right side of equation (3)can 

be replaced by the appropriate conservation equation. 

The conservation equations for energy, density, and mass 

fraction are respectively? 

/v n 

pdü/dt = -V • J + a: Vu + Y j. • F. 
~q « ~ .tr*! ~i i 

- 7« 
n 

i=l 
3 A (4) 

dp/dt = -( 7•pu), (5) 

pdw./^t = - 7 * j. (6) 
X rv X 

Here j. is the mass flux of component i relative to the 
1 n 

barycentric velocity. Note that ]T) j. = 0. Substitution 
i=l 1 

of each of these equations into equation (3) and subsequent 

simplification and rearrangement yields, 

p (d^/dt) = - 7 * (J /T) - (J /T2) • 7T + (xs7u)/T q ~ ~ 
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Analogous to equations (4) - (6), a balance equation can 

be written for entropy. Entropy is not conserved and so a 

source term must be included, 

n 
£ 
i=l 

_/V * 
p (dS/dT) = -V*(Jq/T) - V * E ii§i + VT (8) 

Comparison of equations (8) and (7) yields, 

T | 
V = - Y b A - J 

rti 
r r ~q 

n /v 
vlnT - E j. * VmPi 

i=l T 1 

+ x : v u (9) 

where y ^ is the specific chemical potential including 

external forces. The dissipation function is of the form. 

n 

= £ 
i=l 

Ji Xi (10) 

where is a generalized flux and X^ is a generalized 

force. The generalized fluxes and forces can be identi¬ 

fied as, 

fluxes: b , J j., T , r ,~i ~ 

• ' 
fluxes: Ar, ylnT, v^, V&. 

A MacLaurin expansion of = J^(Xj) would give the 

equation for a particular flux as a function of all forces 

in the following manner: 

Ji 

n 
* Jf(Xj=0) E OV3X..) 

J^'s2V3xjxk)xjxk + 

+ 1/2! 

... ] (11) 



If Xj = 0, then 0\ = (x^ = 0) = 0, and the system is at 

equilibrium, Linear nonequilibrium thermodynamics states 

that near equilibrium fluxes are linear functions of all 

forces subject to certain symmetry principles. This is 

based on truncating the MacLaurin series expansion after 

the first term. This gives a set of linear phenomeno¬ 

logical equations which can be represented by, 

J. = EL. .X. 
l V i] ] (12) 

where L^j are Onsager coefficients. 

Symmetry in an isotropic medium (Curie's Principle) 

does not permit coupling of fluxes and forces whose ten- 

sorial rank differ by an odd number. Thus, scalar and 

second order tensorial fluxes cannot interact with vector 

fluxes. 

Another important aspect of nonequilibrium thermody- 

2 
namics is that of Reciprocal Relations, proved by Onsager. 

This simply states that phenomenological coefficients are 

related by, 

L.., (13) 

for any independent system of fluxes and forces. It 

should be noted that for systems involving magnetic fields 

or Coriolis forces, the Onsager - Casrair relation, 

2 
-L-- = kji' is obeyed. The symmetry effect allows the 

entropy dissipation function to be written for.vector 

fluxes and forces independent of scalar and tensor terms, 



- "Jq • 71nT - 2 3i ‘ 7l'î'i - 
^ i=l ~ 

(14) 

This gives the form of the phenomenological equations 

as; 

-Jq = L007lnT + J^OiVV (15a) 

n 

"il = L10
vlnT + .I^LliVT^i (1 = i'2'3--**)- (15b) 

These equations are in a dependent form since, 

Vmli T*n 

n 

.Ë (wi./wn) Vi + and 

£ it. =0- 

(16) 

(17) 
i=l 

Equations (15) may also be written for independent fluxes 

and forces by substitution of equation (17) into equation 

(14), 

t . -jg . vlnT - jL • VT(^‘ - i 0. (18) 

For a two component system in which gravity is the only 

external force, the linear laws in independent form are 

therefore. 

-2q - L00VlnT + L0lV*l 
/V X 

- V2), (19a) 

-ii = L107lnT + hl’T^i - u2>* 
(19b) 

If the chemical potential gradient is now expanded, 

VT(vi 
= {^1 “ ^2)VP + l/^^^i/^iÎT^^Wi, (20) 



then the flux equations become, 

(21b) 

Note that since the gravitational field acts on both 

components equally per unit mass, it completely cancels 

out. Comparison of these equations to phenomenological 

equations such as Fick's law, Fourier's law, etc., provides 

a relationship between the Onsager coefficients of equations 

(21a) and(21b) and the more commonly used transport co¬ 

efficients. Namely, 

where DT is the thermal diffusion coefficient. Defining 

the thermal diffusion factor a^, as, 

L11 “ PDw2/
(3^l/3wl)T,P' 

(22). 

(23) 

(24) 

a
T = V

DW1W2' (25) 

the Onsager coefficient becomes, 

1*10 aTwlw2PD. (26) 

The heat of transport is defined as the heat flux 

divided by the mass flux in the limit of no temperature 

gradient. Equations (21) therefore require, 
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Qi* = Loi/Lir (27) 

Note that Q^* and c*T are therefore related through Onsager 

Reciprocity (equation 13) and, 

“arp = Ql*/Wi(3yi/3Wi)T,p (28) 

In terms of transport coefficients equations (21) can be 

rearranged to, 

-Jq - K±VT - pDc^w^KV^ - V^) VP 

+ l/w2 (3Î1/3w1)T^pVw1], (29a) 

”4l = (PDœJW^/T) VT + pDw2I(V1 - V2)VP 

+ l/w2 . (29b) 

For mechanical equilibrium, the equation of motion can be 

reduced to, 

VP = - pg. (30) 

The gravitational effect is manifest in the pressure 

gradient although it does not appear explicitly in equa¬ 

tions (29). These flux equations apply directly to the 

thermogravitational diffusion cell. 

Objectives 

The initial goals of this work were to a) measure 

otT as the temperature approaches the boiling point of the 
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azeotropic mixture, b) to determine the temperature 

dependence of aT as it approaches the boiling point of 

the azeotropic mixture, and c) to see if fractional dis¬ 

tillation and thermal diffusion can be used to separate 

azeotropes. It was hoped that thermal separations would 

be enhanced near the non-critical azeotrope boiling point as 

they are near the liquid-liquid consolute point. It 

was also hoped that the reliability of this method in 

determining values could be exhibited in comparison 

to pure thermal diffusion. It would be easier to obtain 

data on multicomponent systems via thermogravitational 

diffusion columns and thereby help in the elucidation of 

molecular phenomena. 



CHAPTER II 

General Transport Equations 

The flux equations (29) can be used in conjunction 

with the conservation equations (4) - (6) to mathematic¬ 

ally describe thermogravitational diffusion. 

The equation of motion, which resembles the Navier- 

Stokes equation, includes the variation of viscosity 

coefficients with position, assuming a Newtonian fluid; 

p (dv/dt) = -pg - VP - Vi (2/3) rj -¥>](V • v) 
^ /V 

- pv * Vv + v(2nsym vv). (31) 

The problem now remains of modeling the system in terms 

of the actual experimental design. The basic nature of 

the apparatus is shown in Figure 3. Essentially, it con¬ 

sists of two concentric cylinders providing an annular 

region where the sample is placed. The constant temper¬ 

ature T2 of the outer cylinder at rj is maintained higher 

than the constant temperature T^ at the inner wall r^. 

Therefore, T2 > T^ and x 2 > r^. The mean temperature 

and constant difference in temperature across the annulus 

are defined by: 

15 



Figure 3. Schematic diagram of thermogravitational 

diffusion column, 

h = 24.384 in. 

2r^ = 0.873 + 0.001 in. 

= 0.941 + 0.001 in. 
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T = 1/2 (Tx + T2) ; = (T2 - T]L). (32) 

Since the system is in a cylindrical form, the equations 

are written in cylindrical coordinates. The apparatus 

is assumed to have axial symmetry, implying no depen¬ 

dence on 0 of any properties or velocities in the system. 

The axial temperature gradient is assumed to be very small 

or zero in relation to tiro large temperature gradient be- 
3 

tween the walls. Horne Iras solved this system for the 

cylindrical case at steady state. A generalized outline 

of this method follows s 

For the steady state, tire energy equation of transport 

may be written: 

S= pCp(dT/dr)ur - T0T(dP/dz)u2 = - [r”1 (3rqr/3r) 

+ Oqz/3z)]- jlrI3 («!” H2)/3r] - jlzl
3 (H-j-H^/az] . (33) 

The substantial time 

tion of continuity yield y 

F s p(aw1/3r)ür + p C3w1/3z)uz 

=- [r-1 (3rjlr/3r) djlz/3z] . 

of equation (33) and equa- 

(34) 

Equations (33) and (3 4) may Joe solved for the radial and 

vertical velocities , res] 

ur = ,ÎP Ow^az)^ — TeT(dP/dz)Fj 

/ tp2Cp (3T/3r) (3w^/3z) pT6T (dP/dz) Ow^ar)], (35) 
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= I“PC (3T/3r ) F + p (3w-/3r)£]/[p2C (3T/3r) Z P J- P 

(aw^^/az) + pT$T(dP/dz) (3w^/3r)] . (36) 

3 
Horne has shown that, 

T eT (dP/dz ) ( awx/ ar )/ lpCp ( aT/ ar ) ( aw1/ az ) ] < < 1, 

and, 

( aw, / ar ) ê/c (aT/ar)F«i. 

Therefore, vertical velocity becomes, 

uz = -F/POw^ar), (37) 

and the radial velocity becomes, 

u. - -I(aw^azjE/Cp(3T/ar)F] 

+ IT6T(dP/dz)/PC^aT/ar)] . (38) 

If vertical diffusion is assumed small, which is reason¬ 

able, then; 

Ojlz/az) <<r"
1(arjlr/ar), 

and the equation for vertical velocity reduces to; 

uz « “(
3rjlr/

ar)/iap(aw1/az)]. (39) 

For steady state, (the vertical component) equation (31) 

may be written in cylindrical coordinates as, 

dP/dz + pg = -3/3z {[(2/3) - <P] [r^ofru^/ar) 

+ 3u./3z] > - p [u (3u /3r) + u (3u /3z)l + r”^3/3r (nr) 
z ) r z z z 

[(3u /ar) + u. (au /3z)] + 2a/az(n(3u /az)). 
z z z z 

(40) 



If Uj. = 0 and (S^/Sz) =0, the above equation reduces to, 

r"1(3/3r)rir(3uz/3z) = (dP/dz) + pg (41) 

The introduction of a function G, defined as; 

G s -rjlr/IpD(3Wi/9z)3 r (42) 

and the assumption that, 

[ pDG/ ( 3w^/ 3z ) ] ( 32W^/ 3 r 3z ) < < (3/3r)pDG, (43) 

2 
(which is reasonable, since (3w^/3z) and (3 w^/3r3z) are 

so small), leads to a fourth order differential equa- . 

tion in G and r , 

S/Srtr”1)3/3r(nr)3/3r(r"1p“1)3/3r(pDG) = g3p/3r. (44) 

Here, Horne introduces the variable s defined as, 

s = -ln(r/rQ), 

and the above equation becomes, 

3/3s(e2S) 3/3s(n) 3/3s(e2Sp) 3/3s(pDG) « -rQ
4g3p/3s (45) 

The boundary conditions used in the solution of this 

equation are that the velocities vanish at the walls, 

url _ 0 = ur2 ’ Vrl> ” 0 = uz (r2>' (46) 

and that the walls are impermeable, 

jlr<
rl> - o = jlr(r2) ; jl2(ri) = 0 = jlz(r2) (47) 



Therefore, according to the equation for G, the boundary 

conditions on it are; 

G(x±) = 0 = G(r2). (48) 

Since j^z is zero at the walls, it is consistant that, 

Urjlr/Sr)^ “ 0 = (3rlr//ar)r2* <
49> 

Differentiating equation (42) with respect to r yields, 

(3G/3r) = - [1/pDOwj/az)] (3rjlr/3r) 

+ jrjlr/IpD(3w.j/az)]
2j (3/3r) pD( aw1/3z). (50) 

Assuming (3w^/3z) does not vanish in order to prevent 

division by zero, a second set of boundary conditions 

can be stated, 

(3G/3r)r = 0 = (3G/3r) . (51) 
1 r2 

Another important function is the net upward transport 

of species 1, which is, 

T1 
S2*Jr22 rplulzâE* <52) 

This represents the net number of grams passing through 

a horizontal plane per unit time. Using Gauss' theorem 

along with the condition of steady state, 

P^dV dS =0, (53) 

and since u and u vanish at the walls, 
r z ’ 
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rri :x = 0 = -2TTJ r rpu^dr. (54) 

Thus, no vertical transport occurs at steady state. Sub¬ 

stitution of equations (39) and the derivative with respect 

to r of equation (29b) into equation (54) yields, 

0 *“ 2*f r PDG(3w1/3r)dr- 2ir^1pDr (3Wl/3z)dr. (55) 

Using equations (42) and (55), 

°“2’f\ pD6(aTw1w2/T) (dT/dr) 

- 2TIr“'1pDG2 + rpD] (Zw^/.dz) dr, (56) 

which in terms of the variable s becomes, 

id 

a 
0 = 2Ttj* pDG(aTw^w2/T) (dT/ds)ds 

-2Ttf (pDG2 + ro
2e_2sPD) Ow^azjds. (57) 

The solution for G as a function of s was done rigor¬ 

ously by Horne,2 so it will not be repeated here. Initially, 

he integrated the fourth order differential equation, then 

solved for the constants of integration according to the 

boundary conditions. He then expanded the variables p,P 

and Tt”\ about the geometric mean radius, s = 0, into 

a Taylor series, truncating after the second order terms. 

As these terms are all functions of the annular width, 

which is itself very small, third order terms are not nec¬ 

essary in the generated polynomials. These expansions are 



then solved according to the aforementioned boundary con¬ 

ditions. The temperature distribution was analyzed in a 

manner similar to the analysis of G. Starting with equa¬ 

tion (29b), at steady state, the vertical and radial 

components of the heat flux were found for an ideal binary 

mixture. Applying the boundary conditions to the resulting 

equations and neglecting any vertical temperature gradient, 

the equations, 

r-1(d/dr) rK(dT/dr) = QQ , (58a) 

(d/ds)K(dT/ds) = QQr
2 e"2s (58b) 

were formed. A solution for equation (58b) was obtained as 

before by a Taylor's expansion about s = 0, including only 

the terms of second order or less. This expanded equation 

was then solved by appropriate application of the boundary 

conditions. 

The final solution was obtained by relating the solution 

of the function G to equation (57). The result of this 

manipulation leads to, 

Owj/az) = 21 • 4 !
(«T

W
!
W
2/
T
^O,Z 

/(2aro)
4(PBT/nD)0,z[l + f] , (59a) 

with f defined by; 

f * V16IV2-n/V]0rZ(aTwlW2/T)0j2 . (59b) 

In order to find <*T directly, the equations are rearranged 



to: 

oT = SfTa^WjW^ Awx j/(l-F), (60a) 

8 = [2g(2aro)
4]/(21 • 4! )h, (60b) 

§ = p/nD, r and (60c) 

F 5 5/16 X §I(V2- V^/VlAWjJ. (60d) 

In a later work, Horne asserts that his first result was 

incorrect, giving too much emphasis to the dependence of. 

density on composition commonly known as the "forgotten 

4 
effect". The final correct equations become? 

“T = (2aro)
4gPeTT(2Aw1) 

/ 1504w1w2riDhIl-(152/143)F/25)] j , (61a) 

and, 

F = 5/16(2aro)
4gp2(V2-V1)2Aw1/(504r1Dh) , (61b) 

where Aw^ is the experimentally determined difference 

between the top and bottom compositions at steady state. 

This equation was used to calculate all values in this 

thesis 



CHAPTER III 

Experimental Design 

In order to quantitatively use thermogravitational 

diffusion to get a^, the equipment must be designed care¬ 

fully and precisely. Thermogravitational diffusion in 

an annular region demands a small annular width, about 

1 mm, for the free convection pattern to occur without 

turbulence. Actual dimensions of the experimental column 

are shown in Figure 3. Since the annular width is so 

small, the walls of the annular region had to be smooth 

so no wall effects would affect the boundary conditions. 

An important criterion was axial symmetry, without which 

the separation is greatly reduced and the modeling equa- 
5 

tions are not applicable. These requirements were met by 

using stainless steel tubing, lathed to a tolerance of 

one thousandth of an inch and assembled as shown in Fig¬ 

ure 4. Stainless steel spacers were made to assure axial 

symmetry. The two cylindrical walls were separated by 

Teflon gaskets in order to prevent conduction of heat from 

the hot to the cold wall at the ends and maintain a neg¬ 

ligible vertical temperature gradient. Rubber O-rings 

were used to seal off the annular compartment from the 

25 



Figure 4. Thermogravitational diffusion column design 

A. High Temperature Water 

B. Sealing Nut 

C. Spacer Washer 

D. Teflon Gasket 

E. Rubber 0-Rings 

F. Filling Port 

G. End Closure 

H. Sample Port 

I. Annulus Sample Region 

J. Thermocouple Well 

K. Low Temperature Water 

L. Pipe Walls 

M. Cold Water Jacket 

N. Hot Water Jacket 





inner tube and outer annular compartment; each of which 

contained circulating bath water. Sample ports were 

connected to the cylindrical column leading directly to 

the annular sample space. They were designed to have min- • 

imal dead volume and be air tight when closed. Sample 

ports were located at each end of the column. They were 

designed to have minimal volume so they would not act as 

reservoirs. 

Constant pressure was assured by connecting the 

bottom port once the column was filled, to a leveling 

bulb containing about 250 cc mercury. The large surface 

area of the mercury in the bulb in comparison to that in 

the hanging tube (see Figures 5-9) is about 1000-1. The 

pressure over the mercury in the bulb was calibrated to 

one thousandth inch of mercury, and further adjusted to 

one atmosphere absolute by use of an inclined manometer 

accurate to 0.01 inch water. This adjustment was very 

important near the temperatures where the azeotrope 

boiled. 

From the sample ports, stainless steel 1/16" O.D. 

(0.030" I.D.) connecting tubes were made to lead directly 

to the refractometer which determined the composition of 

the sample. Direct sampling was found to be better than 

indirect, such as by syringe, since the ethanol - water 

azeotrope can easily absorb water from the air. The sample 

was introduced into the sample lines by inserting some 

starting azeotrope into the sample port in the middle of 



Figure 5. Schematic of equipment used in this work 

A. Bath Cooler 

B. 25°C Water Bath 

C. Hot Water Bath 

D. Cold Water Bath 

E. Syringe Pump 

F. Differential Refractometer 

G. Sampling Valve 

H. Thermogravitational Diffusion Column 

I. Mercury Bulb 

J. Strip Chart Recroder 

K. Logging Multimeter 

L. Thermocouple Leads 

M. Manometer 





Figure 6. Differential refractometer and thermogravita- 

tional diffusion column in final positions 

surrounded by syringe pump, pressure leveling 

bulb, and constant temperature baths (in 

background). 





Figure 7. Logging multimeter and strip chart recorder 

with ice bath reference for thermocouples 

at bottom 
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the column. Insertion of fluid into the column results 

in a small pressure head in the column. This is pref¬ 

erable near the sample's boiling point to a pressure 

decrease which would be caused by withdrawal of fluid by 

syringe.. 

Since the separation of the liquid mixture is small, 

less than 1%, and the sample size is less than 0.1 ml, a 

very sensitive instrument, capable of handling very small 

samples, had to be chosen which could measure changes in 

concentration of water. A differential refractometer was 

—6 capable of detecting mass fraction changes of 10 for 
_7 

the ethanol-water azeotrope and 4x10 for the benzene- 

cyclohexane system. Total dead volume in the refracto¬ 

meter prism is 0.5 microliter. Therefore, it meets the 

analysis requirements of the experiment well. The speci¬ 

fications for the refractometer and the other equipment 

are shown in Figure 5 and are listed in Table 1. 

The differential refractometer operates by monitoring 

the difference in refractive index between a reference 

fluid and a sample fluid. In order to measure a small 

sample, the sample must be introduced as a plug of fluid 

through a sample valve. Therefore, two flows of refer¬ 

ence fluid were introduced in the refractometer; one 

into each prism. The sample was then introduced as a 

unit into one stream with a chromatographic sampling 

valve of 30 microliters dead volume. The differential 

refractometer used was very sensitive to temperature 



Table 1 

Specifications of Equipment used in This Work 

Logging multimeter - Hewlett Packard, model no. 3467A 

0 - 21 mV range sensitivity, 

1 yV accuracy: 0.05% of reading 

Strip chart recorder - Houston Instruments, model no. 
B5117-5 

linearity: +0.2% full scale 

chart speed accuracy: + 0.1% 

response: 1/2 second to 90% full scale 

overall accuracy: +0.1% 

Syringe pump - Harvard Apparatus, model no. 940 

pump speed accuracy: + 0.01% plus 
syringe variations 

Water bath - Neslab (Tamson), model no. TXVZ - 45HT 

accuracy: + 0.02°C 

Water bath - Neslab, model no. RTE - 8 

accuracy: + 0.03°C 

Manometer - King Engineering Co., model no. CSWM - 30 

accuracy: 0.005 in. water 



Table 1 (continued) 

Differential Refractometer - Laboratory Data Control, 
model no. 1107 

refractive index range: 1.31 - 1.44 

minimum detectable differential refractive 
index: 1 x 10“6 

sample cell volume: 0.5 microliter 

differential refractive index range: 
5 x 10“6 to 1.28 x 10”3 full scale 
in nine binary steps 

drift rate: l.ess than 1 x 10~^ refractive 
index unit per hour 

Analytical balance - Mettler, model no. H51AR 

range: 0.00001 to 159.99999 g 

accuracy: + 0.00001 g 

Sampling valve, Chromatographic - Valeo Co., 

sample volume: 30.0 + 0.3 microliters 

Thermogravitational column, Ray Martin, Rice University 

height: 24,384 + 0.0002 in. 

inner annulus diameter: 0.873 + 0.001 in. 

outer annulus diameter: 0.941 + 0.001 in. 

material of construction: stainless steel 



and pressure fluctuations. Therefore, the reference fluid 

was introduced into the refractometer at identical flow 

rates by using a double syringe pump. The temperature in 

the refractometer was regulated by flowing water from a 

constant temperature bath through a heat exchanger in the 

refractometer. The temperature of the individual walls 

in the thermogravitational column had to be kept very 

constant. This was accomplished by using two large 

constant temperature water baths and flowing the water 

through the center tube and a water jacket around the an¬ 

nular sample region. 

Temperature was monitored by 40 gague copper-constantan 

thermocouples inserted into small mercury filled holes 

drilled into the steel column near the wall-sample bound¬ 

ary. The temperature change from the top of the column 

to the bottom was generally 0.2°C or less. This vertical 

temperature change was due to the small wall separation 

and large temperature difference between the walls. Often 

temperature gradients of 20 to 50 degrees per centimeter 

were applied across the annulus. Since the vertical 

temperature gradient was one hundreth degree per centi¬ 

meter, the vertical temperature gradient is indeed negli¬ 

gible. 

All samples were prepared by a balance accurate to 

ten micrograms. Accuracy of this degree was needed in 

preparing the samples used in calibrating the refracto¬ 

meter 



Preparation of the ethanol - water azeotrope was 

accomplished by fractional distillation of a mixture 

prepared close to the azeotrope composition. The feed 

fluid was also used as the reference fluid in the refrac- 

tometer so that relative separations could be measured. 

Experimental Procedure 

Two mixtures were used in the experiments for this work. 

The first was an ethanol-water mixture, and the second was 

a cyclohexane-benzene mixture. The ethanol used was 

pharmaceutical grade absolute ethanol. By Karl Fisher 

water analysis, it was consistently 0.02 + 0.002% water, 

which was taken into account in azeotrope preparation. 

The water was deionized. Mixtures were heated and allowed 

to sit in order to degas. The cyclohexane used was 

Reagent quality; 99.9%. The benzene used was 99.95% 

Spectroquality. Nothing further was done to purify these 

reagents. The glassware used had to be clean and dry. 

Drying was performed by blowing dry nitrogen gas over the 

surface of the glass. The ethanol - water mixtures 

employed for calibrating the differential refractometer 

were prepared to + 0.001%. The thermocouples were stan¬ 

dardized and referenced against a constant temperature 

ice bath. All readings from the thermocouples were taken 

initially as potential differences and later converted 

to temperature. The thermogravitational diffusion column 

was purged with dry nitrogen before the azeotrope was 



loaded. Fluid was injected into the column using a syringe 

and luer-lock valve. The fluid was inserted slowly to 

prevent bubble formation and subsequent entrapment of 

bubbles in the column. To insure that no bubbles were in 

the column, a second syringe was placed at the top of the 

column, and fluid was passed between the syringes through 

the column. Any bubbles initially trapped in the column 

would flow into the top syringe. 

Once bubbles were cleared from the column, the tube 

from the mercury bulb was connected to the column. When 

this was done, the top of the column was plugged, the three 

way filling port valve at the bottom was turned so the 

mercury and fluid in the column were in contact, and 

the bottom filling syringe was removed. Then, plastic 

luer-lock caps were placed over the sample ports to 

doubly seal the ports. 

The fluid was allowed to reach steady state separation 

in accord with the mathematical model. It was found that 

steady state separation was reached after 18 hours when a 

1.5°C temperature difference was imposed on the sample. 

Since Tyrrell** has shown that the steady state time is 

proportional to the inverse of the temperature gradient, 

shorter times were allowed when appropriately larger temp¬ 

erature gradients were used. When the separation was com¬ 

plete, starting fluid was inserted into the middle port 

and separated fluid exuded either from the top or bottom 

sampling port, according to which port valve was opened. 



This fluid was allowed to fill the chromatographic samp¬ 

ling valve leading into the refractometer (see Figure 5). 

When this valve was switched, the sample plug was placed 

in line with the reference fluid, taking the place of an 

equal volume of reference fluid. This plug was then pushed 

through the refractometer where its refractive index was 

compared to the other stream of reference fluid. A dif¬ 

ference in refractive index between the reference and 

sampling fluids resulted in an electropotential output. 

This output was recorded simultaneously on a multimeter 

and strip chart recorder. The baseline was obtained from 

the chart recorder and maximum value read from the multi¬ 

meter. By this technique, the maximum sensitivity of 

the refractometer could be used since even though peaks 

went off the strip chart they were recorded easily on 

the multimeter while the strip chart recorder monitored 

the baseline accurately. 

In order to convert electropotential outputs from 

the recording devices directly to concentration differences 

without refractive index measurements, calibrations of 

known concentrations were made. The concentration dif¬ 

ference from the reference fluid was known to one thous¬ 

andth percent in the calibration runs. The reference 

fluid was carefully prepared to be that of the azeotrope 

concentration to within one hundreth percent.^ The 

resulting electropotential output was plotted against 

the known concentration differences, and a "best fit" 



g 
function was obtained for these points by MULTREG. The 

calibration curve obtained from the equation and data 

listed in Appendix 1 is shown in Figure 10. 

To insure the reliability of the apparatus, similar 

calibration runs and thermogravitational diffusion separ¬ 

ations were performed on the cyclohexane - benzene 

system. Calibration data for this system are contained 

in Appendix 2 and the calibration curve is shown in 

Figure 11. The standardization of aT against reliable 

literature value for cyclohexane-benzene mixtures will 

be discussed in the results section. All standardizations 

and calibrations were done at 25°C to be consistent with 

literature values. 

Analysis of Output 

From the output, examples are shown in Figures 12 

through 15, the baseline can be easily determined by 

drawing a line through the middle of the noise between 

the peaks. Full scale on the strip chart recorder was 

10 mV. The noise level was between 0.2 and 0.4 mV corre- 

-5 
sponding to changes in weight fraction of 2 x 10 and 

-5 4 x 10 for the cyclohexane - benzene system and 

-5 -5 6 x 10 and 12 x 10 for the ethanol-water system. 

Peak heights, if not appearing totally on the strip 

chart, were recorded from the multimeter onto the strip 

chart near the peak. It can be seen that on the strip 

chart recordings, the samples from the top and bottom of 
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the column caused outputs that were positive and negative, 

respectively. This corresponded to an increase in ethanol 

concentration at the top of the column and an increase of 

water concentration at the bottom. 

A main difficulty in interpreting the graphs at higher 

temperatures came from a complicated peak formation when 

the ethanol enriched sample was analyzed. In the middle 

of these peaks, which were positive, another negative 

peak formed. It was found that the size of this anomalous 

downward peak would be decreased, sometimes eliminated, 

by cooling the sample ports on the column. However, 

the size of these negative peaks did not affect the size 

of the positive peak. It was decided that their presence 

did not affect the results, although they increased in 

size at higher temperatures (72 to 77°C). This negative 

peak was almost always bounded by two positive peaks, 

and its position never changed, no matter how the sample 

was injected into the sample valve. If dissolved air 

had been the cause of this problem, the negative peak's 

location would have changed with respect to the positive 

peak. 

To eliminate temperature nonuniformities as the source 

of this anomalous peak, azeotrope was injected into the 

column, rapidly heated to 75°C, then sampled. No net 

separation was observed, but the anomalous negative peak 

did occur. The fluid was allowed to cool down to room 

temperature. The same anomalous negative peak was 



evidenced, along with no net separation. 

Another interesting fact is that when subsequent 

experiments were done at much lower temperatures, around 

25 - 55°C, the anomalous peak totally disappeared, and 

the results compared well to those done before this confu 

sing negative peak appeared. 

Although no concrete explanation was found for this 

strange peak, results did not seem to depend upon its 

presence, as comparable results in change of weight 

fraction at the same temperature were found in cases 

where no negative peak was found in the ethanol enriched 

sample peak. It is important to differentiate this 

strange negative peak from the peak caused by water 

enrichment,which was expected to be negative. 



CHAPTER IV 

Results 

In getting values for the ethanol-water system, 

the refractometer had to be calibrated in order to get 

changes in weight fraction directly from peak heights or 

electropotential output. Mixtures were prepared from 
7 

pure substances. The solutions used for calibrations 

were prepared gravimetrically to an accuracy of better 

than one part in one hundred thousand. The initial start¬ 

ing mixture was prepared volumetrically to an accuracy 

better than one part per thousand. The calibrations 

indicated how output changed with changes in weight frac¬ 

tion from the reference mixture hence, the exact composi¬ 

tion of the initial reservoir of solution does not affect 

the calibrations, Prom the plots in Figures 10 and 11, it 

can be seen that the relationship between the electropoten¬ 

tial and change in weight fraction is nearly linear. 

Equations for these curves are given in Appendices 1 and 2. 

Standard deviations for the coefficients of these equations 

are also given so estimates of experimental precision can 

be made. From the equation for the ethanol-water system, 

the standard deviation of the first order coefficient is 

61 



about 3%. The contribution of the fourth order term to 

the result is less than one half percent. 

The output data baseline is accurate to 0.4 mV, due to 

thermal noise oscillation. For the ethanol-water system, 

-4 
this contributes a possible error of 1.1 x 10 total 

weight fraction. Therefore, since the weight fraction 
-3 

changes for this solution were from 4.1 to 6.lx 10 , 

the noise level inaccuracy of the data output was between 

1.8 and 2.7%. Therefore, the possible error in weight 

fraction was less than 6%. 

From the equation for the cyclohexane - benzene 

system, the contribution of the standard deviations of 

the coefficients was about 3.3%. The output data base¬ 

line was the same as in the ethanol - water system, but 

due to the much greater sensitivity of the differential 

refractometer towards this system, such an uncertainty 

-5 contributed a possible error of 5.0 x 10 weight frac¬ 

tion. Since the weight fraction changes for this system 

were 1.14 to 1.29 x 10 , the noise error of the data 

output was between 3.9 and 4.4%. Thus, possible compo¬ 

sition errors for the cyclohexane - benzene system were 

less than 8%. 

The results obtained from the standardization runs 

with the cyclohexane - benzene mixture are shown in 

Table 2. Differences in w^ were computed from the cali¬ 

bration curve (Figure 11 and Appendix 2). Values for 
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a^, were computed from Aw^ values with the aid of equations 

(61). In Table 3, T is the mean temperature, AT is the 

applied temperature gradient across the annulus, and t 

is the time allowed for the system to reach steady 

state. Property relations and values for this system 

are in Appendix 4. 

Q 

Story and Turner also report thermal diffusion data 

on this system. In Appendix 3, the conversion from their 

reported Soret coefficients to thermal diffusion factors 

is outlined. They obtained aT = 0.0952 for an 89.457 mole 

% cyclohexane mixture at 25°C. Comparison of this value 

to the value measured in this work (0.109 + 0.005) yields 

a correction factor for the measured annular width due 

to alignment inconsistencies. 

Since the values of aT observed in this system had 

a standard deviation of only 4.3%, but differed from the 

literature value by 14.6%, aT values for the ethanol- 

water system were changed by the factor of the literature 

value divided by the experimental value of a^,. This 

system was used in this fashion to standardize the appar¬ 

atus for allignment inaccuracies. This procedure is 

endorsed by Horne.^ 

The column dimensions shown in Figure 3 and the 

measured ethanol separation data of Table 3 were used to 

calculate <*T values using equations (61). These values 

were then corrected with the correction factor obtained 

from the cyclohexane - benzene standardization experiment. 
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The final thermal diffusion factor results are also 

tabulated in Table 4. Property values and relations 

for this system are in Appendix 4. A graphical display 

of and “T v* temperature is shown in Figures 16 and 

17, respectively. 

The thermal diffusion factor, as previously stated, 
3 

is related to the Onsager coefficient L^Q. These two 

properties are related by 

XJ^Q - ot^,pDw^W2. (62) 

According to Onsager Reciprocity, Lio = Lor 

The coefficient LQ-^ is related to the diffusion thermo¬ 

effect, which is just the complement to thermal diffusion. 

In the diffusion thermoeffect, a concentration gradient 

causes a heat flux. This effect is characterized by the 

heat of transport, Q^*. The heat of transport theory 

simply states that a component of one system crossing over 

into another system brings its initial energy along.^ The 

heat of transport can be defined as, 

Qx* = 
Loiyll/pviD (63) 

so and Q^* are related by; 

Qi* = Vn^ÏL (64) 

The factor is simply the partial differential of the 

specific chemical potential of component one with respect 

to mass fraction of component one at constant temperature 
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and pressure: 

yll = ^3JI
I/
3W

I
)
T/P* 

(65) 

For a real system,is, 

V11 = IRT/Xi + RT01na1/3x1)T^p]M2/M1
2M2.

12 (66) 

At low pressures, the following equation can be used to 

find values of the activity coefficient: 

Yi = yip/sipi (67) 

For an azeotrope, the values of y^ and x^ are equal, 

which reduces the prefious equation to a yet simpler one, 

Yi = p/pi • (68) 

The Clausius - Clapeyron equation for the pure component 
7 

vapor pressure of ethanol is, 

log p/5 » 1-2113.8/T(°K)] + 8.827392. (69) 

At one atmosphere and 78.2°C, the boiling point of the 

ethanol-water azeotrope, YEt0H 
= w^ere equations (68) 

and (69) have been used. The vapor pressure of water at 

78.2°C is 330 torr. Therefore, y„ n = 2.303. 
H2U 

In order to get the composition dependence of activity 

coefficients for use in equation (66), one might use the 

Van Laar equations, 

lny^^ = <*/II + ax^/Bx^ , (70a) 
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lny2 - 3/11 + 3X2/OX13
2, (70b) 

These can be solved for a and 3 , 

a = (1 + x2lnY2/x1lnY1)
2lny1/ (71a) 

3 = (1 + x1lnY1/x2lnY2)
2lnY2r (71b) 

which for this system are: 

a » 0.415, 3 » 5.673, (72) 

Differentiation of this function with respect to x-^, one 

yields, 

(ainYj/ax^^p = -0.0607 (l-2x1) 

/II + 0.0731(s1/l-x1)]
3 (l-x^2. (73) 

For the azeotrope of ethanol and water at 78.2°C and 

0.9560 mass fraction ethanol, equation (66) and equation 

(73) yield, y^ = 72.3 cal/g. Using this value for y^ at 

78.2°C and one atmosphere along with equation (64), Q^* can 

be computed. Since Q^* is defined by the relationship, 

V - L10/Lll' <74) 

the ratio L^o^Lll can calculate<^ f°r anY known value 

of aT. 

The experiments reported here indicate that ct^ increases 

near the azeotrope boiling point. Since w^ and y^ remain 

finite, Q^* must also grow large in this region. 



To find how Q^* changes with temperature, the temper¬ 

ature dependence of must be known. At 25° C, y^ = 1.017^3 

Since there is a small change of y^ with temperature, it 

will be assumed y^ can fit to a linear function of T. The 

result obtained from 25°C to 78.2°C is,^2 

y1 = 1.017 + 1.880 x 10~3T(°C). (75) 

Since y^ is such a small function of temperature, it is 

assumed that 31ny^/2x^ remains essentially constant at 

the azeotrope composition for the temperature range 25°C 

to 78.2°C. 

12 Therefore, Q^* as a function of temperature becomes, 

Q1* = aT(T)w1!RT/x1 + RT01ny1/3x1)T^p]M2/M1
2M2. (76) 

Values for a^,(T) from Table 4 were used in equation (76) 

to obtain Q^*.as a function of temperature as shown in 

Figure 18. Also shown in Figure 19 is D^,, the thermal 

diffusion coefficient, which is related to c*T by, 

Dip = ^rpDw^w2 « (77) 

Moreover, it is related to L^Q by, 

pDT = L1Q. (78) 

Equations for aT, Aw^, and Q^* vs. temperature were 
O 

found using MULTREG with only the second and third values 

from any of the mean temperature data sets shown in Table 

3. These temperature dependent equations are shown in 

Table 4. The first value was not used as it often differed 



77 

CD 
U 
2 
-P 

CD 
•H U 
S P 

-P 
P rd 
CD U 
+> CD 
rd eu 
£ g 
1 CD 
H -P 
0 
G 4H 
rd 0 
Xî 
-P a 
CD 0 

•H 
CD -P 
A ü 
+) £ 

3 
a 4H 
•H 

rd 
rH 
0 CO 
a rd 
rd 

C 
-P O 
CD •H 

-P • 
P •H a 
0 CO 0 
4-1 0 r^ 

B* • 
-P g r^ 
P 0 
0 u 
tu "d 
co a G 
G •H rd 
rd Pi 

O U 
•P M 0 

•P cr\ 
m 0 • 

o CD en 
N CN 

-p rd 
rd C 
CD CD CD 
X A CD 

-P 
CD «P 

4J CD 
EH rd JQ 

CD 
U 

2 
0> 
•H 
Pu 



ÏO
P

 

78 

O 
CO 
O, 

(0
o
)l 



79 

£ 
-p 0 
0 0 

S 
0 -P 
P 0 
£ rQ 
•P 

0 
•H P 
g £ 

«P 
P 0 
0 P 
4J 0 
0 04 

g 
1 0 

iH -P 
0 
£ «■H 
0 0 
•£ 
-P £ 
0) 0 

•H 
0 -P 
*£ Ü 
•P £ 

£ 
P m 
0 

<W 0 

•P 0 
£ 0 
0 

•H £ 
Ü o 

-H •H 
*w -P 
4-1 •H 
0 0 
0 0 
Ü Q* 

• 
£ 0 u 
0 Ü 0 

•H r- 
0 o • 
£ •H 

4-1 cu r* 
m 0 
•H p 
*0 .p £ 

0 0 
rH 0 
0 N U 
g 0 0 
P a\ 
0 0 • 

XI *£ ro 
ti •P CM 

a 
0 
p 
£ 

•H 

IP 



80 

H 
Q 

(0
o)l

 



Table 4 

Temperature dependent equations for Aw^f aT, and 

8 
were obtained from MULTREG fit of experimental data. 

These equations are for the ethanol-water system at the 

azeotropic composition. 

Awi = Ao + BoT + COt2 + DOt4 

3 4 
+ CjT + D-^T (curve) 

a
T = + BgT (line) 

Ql* = A2«T(T + B2} 

A0 " 

B0 " 

C0 = 

D0 

A1 = 

C1 = 

D1 = 

A2 = 

B2 = 

Constant 

5.97692 

Standard Deviation 

0.1968 

2.71 x 10' 

3.88577 X i<r2 8.21179 X 10 

-1.61066 X 10-3 1.24533 X 10 

1.67377 X 10-7 7.18088 X 10 

2.34604 

-5 
-1.01586 X 10 3 2.04209 X 10 

1.30051 X io"7 2.50420 X 10 

-2 

-3 

-8 

-6 

-8 

A3 

B3 " 

2.4899 

-1.0941 x 10 -2 

Correlation Coefficient 

-0.9705 



Table 5 

Temperature dependent equations for Aw-^ (Top) and 

Aw^(Bottom) obtained from least squares analysis. 

AWj^ (Top) = + B^T 

AWj^ (Bottom) — A4 + B4T 

A3 = 

Constant Correlation Coefficient 

3.0373 -0.968 

B3 * -3.8022 x 10"2 

A4 " 
-2.7137 -0.7076 

B4 = -2.8095 x 10"2 
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greatly from the second two, yet in no consistent manner. 

Such a deviation in the first point is attributed to two 

causes. First, the initial fluid flowing from the column 

to the refractometer could have mixed with moist air to 

an unknown extent, changing its refractive index. Further¬ 

more, the first sample contained a purge of the sample 

port dead volumes. 

From the equations of aT and Aw^, as a function of T 

for the ethanol-water system, an estimate of the error 

can be made. Note that the scatter of data far from the 

azeotrope temperature is not great (see Figure 17). 

However, the amount of scatter increases as the boiling 

point of the azeotrope is approached. This is presumably 

due to the anomalous downward peak previously discussed. 

The errors observed in this region are much larger than 

the 6% attributable to data measurement. Although this 

agreement is less than desirable, there appears to be a 

very definite upturn in aT. Very near the azeotrope point, 

the quantitative value of aT is somewhat uncertain but the 

temperature dependence is clear. This noted decrease in the 

value of aT for the ethanol-water system from 25°C to 60.8°C 

followed by the increase up to 77.7°C (the last measured point) 

is evidence that there is some anomalous behavior as the 

azeotrope approaches its boiling point. Again, measure¬ 

ments within 2° of the boiling point were widely scattered. 



The rapid divergence of a^r D^, and Q1* near the 

azeotrope point is remarkably similar to property beha- 

14 
vior the liquid-liquid critical points. Rowley and Horne 

have shown that near the consolute temperature LQ^, L^Q, 

and LQQ remain finite while diverges to infinity. 

Likewise, D and Q^* rapidly go to zero in this region. 

The results for D^, aT, and Q^* are all based upon the 

assumption that D shows no anomaly near the azeotrope 

point, since a literature equation was used for temperature 

extrapolation. The results of this work indicate that 

either D becomes small in this region or that indeed 

does become large. Since the system is approaching a more 

loosely structured gaseous state, it does not seem rea¬ 

sonable that D would go to zero. This implies that L10 

goes to infinity more rapidly than does L^. This is the 

exact opposite behavior of that near a consolute point. 

In fact, nonequilibrium thermodynamics requires that 

2 
L11L00 ” L10 “ 0/ thereby putting an upper bound on 

Obviously, further work needs to be performed to correctly 

and accurately assess the behavior of such a system. 

It is presumed that in mixtures, the individual com¬ 

ponents of these mixtures have different distributions of 

kinetic energy values about an equal average value.^ For 

such a model, one of the species could migrate through the 

system at a faster rate than the other. For a system in 

equilibrium, this effect is not seen, just as a reversible 

reaction at equilibrium does not appear to be producing 

product or reactant. In reality, the reaction is constantly 



occurring, but each component reacts at such a rate as to 

produce no net gain or loss in any component, Perturbing 

the system moves the reaction away from equilibrium, and 

noticeable changes occur. Inposing a temperature gradient 

upon a binary mixture establishes a nonequilibrium condi¬ 

tion. The distributions of kinetic energy will certainly 

differ for the individual components at the different 

15 temperatures. How much this redistribution changes the 

rate of diffusion of either component through the mixture 

is important in determining any net separation. The more 

one component’s diffusion rate is enhanced with increasing 

temperature over the other's and also above its own rate 

at the lower temperature, the greater separation becomes. 

For this effect to increase to infinity, the rates of dif¬ 

fusion due to temperature difference must become dispropor¬ 

tionate, builidng one component up at one boundary due to 

a difference in kinetic energy distribution of one com¬ 

ponent between the temperature extremes while the second 

maintains a moderate rate of diffusion due to a kinetic 

energy distribution of its molecules originally in the 

lower energy region and changing little with temperature. 

Another interesting phenomenon that was observed was 

the change in AW^ in both the top and bottom of the column 

as a function of temperature. This effect can be seen in 

Figure 20. Each was approximated by a linear function of 

temperature according to a linear regression analysis of 

the data points, and is listed in Table 5. It is noticed 

that the ethanol enhancement steadily decreases as the 
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temperature increases; decreasing to zero close to the 

azeotrope boiling point. It is noticed that the water 

enhancement in the bottom of the column increases greatly 

as the azeotrope nears boiling. It is interesting that less 

and less ethanol separates out of the mixture, and the 

separation of water greatly increases. 

This could be explained by the second argument given 

for the ratio Q^* = L^Q/L^ becomin9 large in this region. 

As the temperature increases for the ethanol molecules 

to near the normal boiling point, for the liquid, the dis¬ 

tribution of kinetic energy becomes wide and insensitive 

to any further temperature increase. The water molecules 

have a narrower distribution and thus this distribution is 

more dependent upon temperature differences. Therefore, 

water tends to build up on one side more than the ethanol. 



CHAPTER V 

Application of Azeotrope Separation 

By definition separation of an azeotrope cannot be 

accomplished by fractional distillation. However, a solution 

near the azeotrope composition but not at it can be separa¬ 

ted an amount directly dependent upon the difference in 

liquidus and vapor curves at that composition. Thermo- 

gravitational diffusion allows for the separation of 

azeotropes, but only a small separation results as was 

6 16 shown in this work. ' By cascading thermogravitational 

columns, greater separations can be realized. Cascading 

is done by putting several columns in line such that the 

enhanced product of one column becomes the feed for the next. 

The main problem with such an operation is a large initial 

feed is necessary for a relatively pure final product of 

either component. If one single stage separation was done, 

fractional distillation might lead to a purified product 

also. Since another column was not available, this second 

method of purification was tried. 

89 



Initially, a small fractionating column was prepared 

by using a micro fractional distillation column of the 

Vigreux type and packing it with small glass helices of 

about 3 mm in diameter. Before a distillation was tried 

in the completed system, dry nitrogen gas was passed through 

an opening into the sealable system through a tube containing 

phosphorous pentoxide, a drying agent. After several 

minutes, the exit hole for this gas was plugged with a 

syringe septum stopper and the flow of gas was discontinued. 

The drying tube was left connected to the fractional dis¬ 

tillation system so that when the fluid in the boiling 

flask boiled, the pressure in the system would not build; 

the nitrogen was allowed to escape through the drying tube. 

More importantly, humid air from the atmosphere was not 

allowed to enter the distillation system, thereby destroying 

the integrity of the experiment. 

Since the ethyl alcohol and water azeotrope is mostly 

ethyl alcohol, and pure ethyl alcohol is worth 

more than pure water, it was decided to try a purifica¬ 

tion of the ethyl alcohol enhanced product coming from the 

top port of the thermogravitational column. In order to 

obtain a large enough sample to fractionally distill, 

the thermogravitational column was used in a continuous 

rather than a steady state mode. In order to do this, 

the column was filled normally, but the sample ports were 

not plugged. A large reservoir of azeotrope was attached 

to the middle sample port and opened to the annular sample 

region. The top and bottom ports were connected by 



stainless steel tubes to syringes mounted in the syringe 

pump. Fluid was withdrawn at a very slow rate, about 9.7 

microliters per minute, through the top and bottom sample 

ports each. Fluid withdrawal had to be very slow so the 

free convection pattern in the annular region would not be 

altered. Therefore, the fluid withdrawn through the top 

and bottom sample ports was constantly replaced by the 

fluid in the syringe reservoir at the middle sample port. 

In this way 17 ml of ethanol enriched fluid could be with¬ 

drawn after about 30 hours of continuous operation of the 

thermogravitational column. 

From the data in Table 6, it is noticed that the 

sample was separated under continuous operation of thermo¬ 

gravitational column. However, the separation was not 

as great as would be obtained at the same temperature under 

steady state conditions. Such a decrease in separation is 

to be expected, since some perturbation of the free con¬ 

vection pattern should occur. It is noticed that total 

separation was about 70% of that obtained at steady state 

at equal temperature. The 17.0 ml of enriched ethanol 

fraction collected was inserted into the fractional dis¬ 

tillation system through the septum. This sample was slowly 

distilled into a collection flask until only a small amount 

of liquid remained in the boiling flask. At this point, 

both the boiling and collection flasks were stoppered with 

syringe septums and analyzed using the differential refrac- 

tometer. The 14.3 ml of collected distillate showed no 
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raeasureable output peak in reference to the initial azeo¬ 

trope solution. The solution left in the boiling pot did 

show an increase in ethanol concentration. The originally 

enriched solution, enriched by 0.414% in ethanol from the 

azeotrope point, was further increased by 0.055% by fractional 

distillation. Although this increase was small, it shows 

that the thermogravitational column did separate the azeo¬ 

trope, as the resulting solution could be enriched further 

by fractional distillation. Near the azeotrope point, 

such a small separation is expected, as the vapor-liquid- 

equilibrium curves for the individual components are nearly 

coincident. Therefore, several hundred theoretical plates 

might be necessary to affect separation of the near¬ 

azeotrope into a pure component and azeotrope. Since the 

column.used probably had only ten or less theoretical 

plates, a very small separation was expected. 

The experiment also showed that more than one stage 

of thermogravitational diffusion should precede fractional 

distillation for an azeotrope. Thermogravitational separ¬ 

ations are not very concentration dependent within a small 

17-21 
concentration range of a few percent. Also, they are 

not based on relative volatility considerations as fractional 

distillation is. Therefore, for every stage of a cascading 

system of thermogravitational columns nearly the same separ¬ 

ation will be achieved in each stage. Therefore, initial 

separation by thermogravitational columns should be followed 

by fractional distillation only when fractional distillation 



to pure components would require only a few theoretical 

plates. 



CHAPTER VI 

Conclusions 

Before the experiments for this work were done, it was 

known that values of would be small. Indeed they 

were small, but they none-the-less could be measured accur¬ 

ately with reasonable precision. Once the equipment 

calibrations were done and the peripheral apparatus was 

correctly used for controlling conditions in the thermo- 

gravitational column and refractometer (e.g. temperature 

and pressure), it was a simple matter to determine the 

change in weight fraction as a function of temperature at 

normal temperatures. Calibrations done at other composi¬ 

tions would have extended this analysis to a function of 

concentration. 

The ethanol-water system was chosen because a detailed 

knowledge of density, thermal expansivity, viscosity,and 

mutual diffusivity, all as functions of temperature and 

composition, is required before any value of a T can be 

computed.^ For many systems all of this data cannot be 

found, making thermogravitational diffusion experiments 



time consuming since other properties must be measured. 

Another difficulty that could occur is achieving an 

annular region that is near perfect in axial symmetry. 

Dissymmetry reduces results and causes erroneous values 

of aT. Such a system could be calibrated to a known system, 

as was done in this work, but large deviations of an ex¬ 

perimental value of aT for a particular column from a known 

or accepted value of °T might not allow for simple corre¬ 

lation adjustments. However, the main advantage of using 

thermogravitational 'diffusion is in the increased separation 

achieved over that in pure thermal diffusion. Also, in 

this theory of thermogravitational diffusion, the free 

convection has been accounted for in the transport equations. 

In pure thermal diffusion, free convection has not been 

included in the equations and must be rigorously excluded 

from the system by careful and precise control of the 

temperature. Therefore, the experimentally simple thermo¬ 

gravitational diffusion method is limited in getting values 

of aT by incomplete knowledge of the properties of the 

solution, while the experimentally difficult pure thermal 

diffusion method gives values of readily if free con¬ 

vection can be eliminated. If pure thermal diffusion 

equations were forced to include free convection, their 

solution would likely include all the temperature and 

composition dependent parameters that complicate the 

thermogravitational method for finding aT. Therefore, at 

moderate temperatures, it appears best to use a thermo- 
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gravitational diffusion, system to find aT when the properties 

of the system are well known, and a pure thermal diffusion 

system when they are not. 

When operating near a transition point of liquid to 

vapor, it is important to control pressure and temperature 

very carefully so phase change does not occur. It is 

believed that for the experiments done at higher temperatures, 

ten degrees Celsius or closer to the azeotrope boiling 

point, some flashing occurred to the samples when pushed 

out of the sample ports. This could explain a small portion 

of the anomalous negative peaks described in the section on 

output analysis. Even though the effect could not be 

negated in all circumstances, it was found not to matter in 

the final determinations. 

If the solution could have been analyzed within the 

column, no problems with flashing or rapid temperature 

changes would have occurred. However, internal analysis 

is very difficult inside the annulus in a thermogravita- 

tional column. Using a pure thermal diffusion system 

close to a transition region would be advantageous, since 

it can be constructed from optical glass. Thus, refrac- 

tometry or interferometry could be used to find values of 

aT. Since the system would be thermodynamically closed, 

pressure could be more accurately controlled. Therefore, 

it would be possible to get even closer to a transition 

point in a pure thermal diffusion cell than in a thermo- 

gravitational column. Since <*T is postulated here to increase 
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greatly near the azeotrope boiling point, the closer one 

can precisely approach it, the better one can find the 

true nature of as the azeotrope boiling point is 

reached. It has been shown in this work that aT acts 

anomalously in the region of the azeotrope boliing point 

but the data surffered severe scattering. Use of a pure 

thermal diffusion cell probably would have eliminated 

this scatter. Also, points closer than 0.5°C from the 

azeotrope boiling point could have been plotted, thus 

getting more information about aT» I believe any further 

measurements of a T should be made using a pure thermal 

diffusion cell, to assure more accurate results and get 

results closer to the transition temperature. 

Another suggestion for further work is the study of a 

as the azeotrope boiling point is approached from the vapor 

side. It is known that values of a^, are typically one to 

two orders of magnitude smaller for a system in the gas 

2 
state than in the liquid state. Since aT for the liquid 

azeotrope of ethanol and water appears to be increasing 

away from the proposed value of for the wapor state 

azeotrope, it would be interesting to see if ctT for the 

vapor state increases also or decreases near the azeotrope 

point. In conjunction with this, it would be very inter¬ 

esting to see what happens to the mutual diffusivity of 

the azeotrope as the phase transition temperature is ap¬ 

proached from both the vapor and liquid sides. In the 

results, it was postulated that the mutual diffusivity 



might decrease towards zero near the phase transition 

point as it does when the critical point is approached 

in a liquid-liquid mixture. If the mutual diffusivity 

remained finite, then for a system where aT becomes large, 

it would be known that also becomes large. Such know¬ 

ledge would embellish understanding of molecular processes 

at phase transitions for azeotropes and possibly for all 

solutions. 

Of course, much more work must be done on getting fluid 

properties as functions of composition and temperature, 
/ 

expecially near phase transitions. The data found for the 
s' 

properties listed in Appendix 4 was fitted by a curve 
O 

fitting routine, MULTREG, designed to give a best fit 

curve and eliminate unnecessary terms from a set of 

polynomial terms by statistical"analysis. However, such 

a routine cannot predict anomalous behavior of these 

properties as they approach the phase transition point. 

From accurate measurements of properties such as density, 

mutual diffusivity, and viscosity in the transition region, 

values of aT can be precisely determined'. Without this 

fluid property data, the value of aT in this phase tran¬ 

sition region is only as good as the estimate of the 

fluid properties it is based on. 

For the azeotrope system studied in this work, accurate 

values of c*T were obtained as a function of temperature due 

to the availability of data on density, viscosity, and 

mutual diffusivity as functions of temperature. However, 
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at high temperature, this data was scarce. Therefore, 

the trend of the last few data points determined the values 

used near the transition region. The trend of aT probably 

differs from the real aT values as a function of a com¬ 

bination of the errors of these fluid properties. 

Industrial and Further Applications 

of Thermogravitationai Diffusion 

It is seen that for fluids, the separation achieved 

in thermogravitationai diffusion is not large. Also, it 

has been shown that wall spaces in the annular region 

must be small and closely controlled. Axial symmetry 

is a necessity. These facts would apparently discourage 

any potential user from employing thermogravitationai 

diffusion for separations. Compared to other operations, 

such as distillation and gaseous diffusion, this method 

is very energy inefficient. However, the applicability 

of this method is actually greater than it initially 

appears. 

A normal wall spacing for a thermogravitationai dif¬ 

fusion column is 0.8 to 1.2 mm. If a packing material 

such as glass wool is inserted in the annular region, the 

annular spacing can be increased many times, up to a 

21 
full centimeter. Also, when packing is used, the wall 

spacings do not have to be as carefully aligned. This 

allows one to use even glass, a comparatively uneven 

surface material, instead of finely machined metal for 
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the column construction. Separations are comparable in 

packed wide-annulus and unpacked narrow-annulus columns. 

Another interesting fact of thermogravitational diffusion 

columns is that they only need small temperature gradients 

to operate effectively.^ Although increasing the temp¬ 

erature gradient will reduce the time necessary for the 

steady state to be reached, it will not increase the net 

separation. Waste water is often found in large quantities 

in any chemical processing industry. Putting this to use 

as a heat source for thermogravitational diffusion 

instead of just disposing of it would make the net energy 

cost for this system almost zero. Since no specific 

temperature is required for this process, the wast water 

could be run directly through the column without need of 

further heat exchange equipment. The only cost of such an 

operation would be the initial cost to fabricate and install 

the columns and the subsequent cost of maintaining it. 

Such a system is especially good for purifying azeotropes, 

isotopes, and hazardous chemicals, along with chemicals 

that must be ultra pure. 

One further use of thermogravitational diffusion 

might be extra-terrestial processing. It has been found 

that for many separations, extremely low gravity forces 

will increase the separation in thermogravitational 

diffusion. Since the system is simple and can be main¬ 

tained closed, the system can be designed to be unaffected 

by the space environemnt. With the sun as an energy source, 

and conduction cooling of the column eliminated, a greater 



range of temperature can be used for materials processing 

in space, from near absolute zero to hundreds of degrees 

above. In this way, materials difficult to process or 

extremely hazardous materials can be handled safely in 

space. 

Since simplicity is important in equipment used in 

space, thermogravitational diffusion might be a promising 

separation tool for outer space materials processing. 
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Appendix 1 

Data for the calibration of ethanol-water system, which 

is plotted in Figure 10. 

Aw.-j/XO. 
-3 

Peak Height 

-3.1585 -12.30, -12.31 

-6.0677 -22.78, -22.81 

-3.0365 -10.27, -11.71 

2.5416 9.53, 9.94 

1.4116 5.61, 6.19 

-1.7491 -5.95, -4.71 

4.9640 16.07 

6.6210 21.64 

3.9751 10.42 

8.1633 32.93 

3.9052 13.21 

-3.6521 -10.41, -9.82 

-8.4000 -29.05, -30.76 

-1.9172 -5.69, -6.17 

-8.3143 -29.39, -28.44 

-5.4402 -19.20, -19.43 

-10.5407 -40.23, -38.86 

: data was fit by MULTREG8 to 

• B-^Aw^ + ci*«i4 

continued 



standard deviation 

Appendix 1 (.continued} 

constant 

Ax = 6.77465 x lO" 

BL = 3.59630 x 10
4 1.05187 x 102 

Cx » -1.53649 x 10
8 1.11509 x 108 



Appendix 2 

Data for the calibration of the cyclohexane-benzene 

system which is plotted in Figure 11. 

Awj/10 -3 peak, height 

1.320 14.51, 13.73 

6.062 53.05, 54.48 

-7.647 -56.30, -54.88 

•10.207 -74.68, -73.98 

0.947 10.01, 10.13 

0.548 5.45, 6.15 

-0.671 -4.12 

-1.749 -11.95 

0.3933 4.64, 5.45 

0.1891 2.94 

-1.1668 -7.62 

O 

The above data was fit by MULTREG to, 

Ph = A2 + B2AW1 + C2AW1
2
 + D2AW1

3
 + E2AW1

4 

A2 " 

B2 * 

C2 = 
D
2 = 

E2 = 

constant 

1.83227 

8.54893 x 10' 

1.24950 x 10; 

-1.18777 x 10' 

-1.34302 x 10S 

standard deviation 

2.38575 x 102 

2.56322 x 104 

6.12688 x 10 

5.93614 x 10 
8 



Appendix 3 

It is important to note that the values of the lit¬ 

erature were found in the form of Soret coefficients for 

the cyclohexane-benzene system. These Soret coefficients 

were defined as: 

o12 » QX*/ART x2. 

3 
The thermal diffusion factor defined by Horne is 

aT = ”Q1*
W
2/
ARTX

2* 

The resulting conversion from cr^2 to ct^ is: 

aT = T012"2• 

The data by Story and Turner was fit to the function: 

CT12 “ A3 + B3X1 + C3X1 

A3 “ 

B3 " 

C3 " 

constant 

1.62597 x 10 

1.74493 x 10 

-1 

-1 

6.19336 x 10 
-3 

standard deviation 

6.34212 x 10 

6.99239 x 10 

-3 

-4 

from which an <*T value of 0.0952 was obtained for an 

89.457 mole % cyclohexane mixture at 25°C. 
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Appendix 4 

The following equations apply to the ethanol-water 
g 

system as obtained from MULTREG . fit of literature values. 

p/gcm“3 - Nx + 
ciwi3 + HiwlT*22* 

D/10"5cm2s”1 « N2 + B^
2 + G^T + H2W1

2
T + K2WXT

2 (23
"
25) 

(26) 
n/lo”2gcm”1s”1 = N3 + A3W1 + B-jW^ + D3T + E3T

2
 + F3T

3 

2 
+ G-jWjT + H3W1 T + K3W1T2 

The following equations apply to the cyclohexane-benzene 
g 

system as obtained from MULTREG fit of literature values. 

—3 22 2 2(27,28) 
p/ gem = N4 + B4WX + E4T + H4W^T + K^T* 

-5 2 -1 245 l2^»29) D/10 cm s = N5 + A^x^ + B5XX + CgX^ + DgX^ 

—1 —1 235 {29^30) 
n/gem s = Ng + AgXj^ + BgX^ + c6x1 + DgX^^ 

N1 - 

N2 - 

N, = 

N4 = 

N 5 

N 
6 

A 3 

A 5 

A 6 

constant 

0.879465 

0.483903 

4.37858 

0.819974 

2.1942 

0.6016 

3.48816 

0.4944 

standard deviation 

3.21450 

-0.1848 



constant ' standard deviation 

1.34253 0.358151 

-5.93355 1.79585 

-2.14686 X 10“2 9.46711 X 10-3 

5.27 x 10“2 — 

0.5305 — 

-6.76907 X io"2 5.76855 X 10"3 

-1.8200 

-0.3898 — 

-0.112802 4.5339 x 10-2 

0.9429 — 

0.3272 — 

1.90541 X io-3 2.22581 X 10“4 

-2.48341 X 10~5 7.50864 X 10-6 

-3.81812 X IQ’6 1.03137 X io“5 

-2.41569 X IQ"2 1.16369 X 10-2 

-8.01454 X io-2 9.97603 X io"2 

-9.74837 X 10~3 2.38737 X io"5 

3.19277 X 10-2 1.20006 X io"2 

0.143959 5.55046 X 10”2 

1.03252 X 10-3 3.84482 X io”4 

3.07006 X 10“4 2.54993 X 10-5 

-1.22399 X io“3 2.02850 X io"4 

2.59651 X io"5 1.10395 X 10’5 
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