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ABSTRACT 

A theoretical and experimental study was conducted of the 

esterification of methanol and acetic acid in a packed distillation 

column.. The investigation was divided into two parts dealing 

respectively with the equilibrium data and the distillation-reaction 

process. 

The isobaric vapour-liquid equilibrium data were determined 

experimentally for the binary, ternary and quaternary systems for 

which no data were available in literature. Cathala's ebulliometer 

was used for this purpose. The Margules equations in combination 

with Marek's equations, to take into consideration the nonideality of 

acetic acid, were used to correlate the equilibrium data for the 

quaternary system. 

In the process investigation part experiments were carried 

out in a distillation reaction column and compared with theoretical 

predictions. The latter were obtained from mathematical description 

of the steady-state operation of the process and'i€ consisted of the 

integration of differential equations obtained from combination of 

the mass and heat balances of the reacting system with the kinetic 

equations of reaction and mass transfer under distillation conditions. 

The model was employed to predict the performance of the column under 

different operating conditions which had not been examined experiment-

ally. For design purposes a calculation procedure was developed to 

determine the column height under different operating conditions. 
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INTRODUCTION 

Chemical reaction with simultaneous distillation in a column 

is an operation of particular interest. Two processes are carried out • 

in a single unit as a result of which capital and operating costs are 

considerably lowered. Furthermore, removal.of the reaction product, 

if it is the less volatile component, increases overall conversion and 

diminishes the formation of by-products. Distillation conditions also 

produce higher temperatures which speed up the chemical reaction. 

Higher temperatures however suffer from the disadvantage that they may 

lead to the enhancing of side reactions. The suitability of such a 

process therefore cannot be assessed beforehand and each chemical 

reaction considered must be examined individually. 

The practical evaluation of a process of distillation with 

chemical reaction requires the formulation of a model which will describe 

the complete operation of the column. The model should be able to 

predict the overall conversion, the column height and the top product 

compositions. For this purpose data on the vapour-liquid equilibria-

of the multicomponent system must be available. Information on the 

kinetics and mass transfer of the process has also to be known. 

The present research was devoted to the experimental and 

theoretical study of the esterification of methanol and acetic acid 

in a packed column. A theoretical model was postulated for the 

steady state operation of the reacting process under distillation 

conditions. Kinetic data were available in literature, but isobaric 

vapour-liquid equilibria were not comprehensive and had to be deter- 

mined in the laboratory. 	The overall vapour mass transfer coefficients 

had also to be obtained experimentally. 
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The adequacy of the model was confirmed by experimental 

results and the model was applied to predict the effect of different 

operating variables on the performance of a fixed length column. 

Finally,for design purposes a procedure, using the theoretical model, 

was developed to establish column height for different operating 

conditions. 



PART I 

VAPOUR-LIQUID EQUILIBRIUM DATA  
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CHAPTER 1 

LITERATURE SURVEY 

1.1 Experimental determination of vapour-liquid equilibrium  

There are only few systems which obey Raoult's and Dalton's 

law, and equilibrium relations' predicted from purely theoretical 

considerations are not always correct. Themostdirectand,accurate 

method for the determination of vapour-liquid equilibria is by experi-

mentation in a suitable still. The principle of the experimental method 

is the separation of the liquid and vapour phases which are at equilib-

rium followed by analysis of their respective concentrations. 

Five major techniques exist for the determination of equilib- 

rium data: 

(1) Distillation method 

(2) Circulation method 

(3) Static method 

(4) Dew and bubble point method 

(5) Flow method 

The data may be determined under isothermal or isobaric conditions. 

(1) Distillation method  

This is the oldest technique but is now seldomused4 . A large 

amount of well-stirred liquid is contained in a boiling flask and the 

vapour produced is considered to be in equilibrium with the liquid phase. 

(2) Circulation method  

There are two types of circulation stills relying respectively 

on 	(a) circulation of the vapour phase, 

and (b) circulation of both the vapour and liquid phases. 

The first still of the former type which produced satisfactory 



10 

results was due to Othmer (69). 	Since then the Othmer still has been 

improved and modified by a number of workers and the details are 

summarised by Hala (35). 

In this method the vapour produced in the reboiler is condensed 

into a receiver. Once the receiver is full the additional condensate 

returns back over a weir to the reboiler. It.is desirable that the 

condenser be positioned in such a way as to avoid subcooling of the 

condensate. This also minimises any possibility of gas dissolving in 

the condensate (modification of Othmer still). 

For systems of low relative volatility a two plate still has 

been devised (13). This produces an increased difference between the 

composition of the liquid in the reboiler and the vapour on the second 

plate, which gives a more accurate calculation of the relative volatility 

using the Fenske equation: 

Y1 x2 
a
12 

= 
Y2 xl 

where a
12 

is the relative volatility, x
1 
 and x

2 
are the mole fractions 

of components 1 and 2 respectively in the boiling flask, yl  and y2  are 

the mole fractions of components 1 and 2 on the second plate. 

The circulation of both the vapour and liquid phases is 

obtained by incorporation into the apparatus of a Cottrell pump. In this 

device vapour and liquid slugs are entrained and thrown on to a thermometer 

well, the temperature thus measured corresponding to the true boiling 

point of the mixture. The heterogeneous mixture enters a separator.  

where the vapour is separated allowing the liquid to flow back to the 

reboiler. 	The vapour is condensed and collected in a receiver from 

which the excess condensate returns through an overflow to the boiling 

flask. 

The first still of this category which gave accurate results 



was described by Gillespie (32). Since then details of further 

improvements have been published, as summarised by Hala (35). 

(3) Static method 

In this method the liquid mixture is put into a closed and 

evacuated vessel, which is immersed in a thermostat. The vessel is 

shaken until equilibrium is attained between the liquid and vapour 

phases. Samples are then taken from both phases and analysed. 

At low pressure the amount of vapour required for analysis 

is of the same order of magnitude as the total amount of the vapour phase, 

so that removal of a sample causes a marked disturbance of the equilibrium. 

This method is of particular interest when operation is 

desirable at high pressures, mainly if the temperature is in the vicinity 

of the critical point of one of the constituents. Densities of the 

liquid and vapour phase near the critical point are similar and by using 

the circulation method, droplets of liquid may easily be entrained in 

the outlet vapour. 

(4) Dew and bubble point method  

It is possible to obtain the vapour-liquid equilibrium curves 

by using mixtures of constant composition at constant temperature and 

varying the pressure. The equilibrium vessel is immersed in a thermostat 

in which a vapour mixture is compressed. The pressure at which conden-

sation begins and ends is observed. The liquid mixture in the equilib-

rium chamber is then replaced, and experiments repeated until the 

complete range of the P vs x,y equilibrium curve is covered. 

The advantage of this method is that no liquid and vapour 

samples are required for analysis, and thus the consumption of materials 

is minimal. The disadvantage is that it cannot be used for the 

determination of mixtures of more than two components. 
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(5) 	Flow method  

In this method the equilibrium chamber is supplied by 

continuous streams of the components at constant concentrations either 

in liquid phase or in vapour phase or in a combination of the two phases. 

Large quantities of components are consumed, but steady state is obtained 

very quickly. Furthermore systems of partial miscibility in the 

liquid phase can be dealt with. 

In Cathala's (16, 17) dynamic still one compoent-is fed into 

the still as a.superheated vapour, while the other is fed as a preheated 

liquid. The system is suitable for determining equilibria in systems 

of limited miscibility or in systems in which a chemical reaction may 

occur on long heating at the boiling point. After a few seconds steady 

state is reached, equilibrium obtained, and the components are separated 

and cooled quickly. 	In this way, the effect of chemical reaction is 

minimised. However, because of its complexity, it is not suitable 

for routine measurements. 

Fowler (28) and Hala (35) summarized the basic requirements 

to be fulfilled by the apparatus in order that the samples of vapour 

and liquid withdrawn have the equilibrium composition and that the still 

operates economically and as simply as possible. 

(1) The liquid drop entrainment by the vapour leaving the reboiler 

must be minimised. 

(2) There should be no concentration gradients in the boiling flask. 

These arise mainly due to the returning condensate. 

(3) The walls of the reboiler must not be overheated,as this would 

totally evaporate the droplets of liquid which would adhere to 

the walls and produce non-equilibrium conditions. 



13 

(4) The instrument must make possible the accurate.  measurement of 

the boiling point. 

(5) There should be no partial condensation of the equilibrium vapour 

on the walls of the reboiler. 

(6) Sampling of the liquid and vapour condensate should be possible 

without interrupting the operation of the apparatus. 

(7) There should be no superheating of the boiling liquid. 

(8) Mixing of the returning condensate and_the boiling. liquid should 

be possible without interrupting the operation of the apparatus. 

(9) Steady state conditions should be achieved as quickly as possible. 

(10) The apparatus should preferably be easy to construct, simple in 

operation and economical in its consumption of materials. 

These conditions can be well approximated in the following 

ways: 

Accurate measurement of the boiling point is achieved using.  

a Cottrell pump. Good mixing in the boiling flask is obtained 

employing a magnetic stirrer (e.g. 16). 	Partial condensation of the 

vapour on the walls can be prevented by the vapoUrs surrounding the 

exit vapour tube. An alternative method is to provide a hot bath 

circulating in a jacket around the entire distillation flask (48), or 

use a silvered evacuated jacket (1). 

Hala (35) classifies in tabular form and discusses various 

stills from the point of view of their precision and range of use. 

He also reviews the experiniental techniques used in the high-pressure 

range. 
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1.2 Correlating equations  

At moderate pressures (= 1 atmosphere) the behaviour of a real 

vapour phase is expressed by the following equation: 

pi = 11Y.=x.Y.P. 1  

where fugacities have been substituted by pressures P, and P
i 

, and 

where x,, y. are the mole fractions of constituents i in the liquid 

and vapour phases respectively, II is the total pressure, and yi  is the 

activity coefficient of constituent i. 

The activity coefficient is dependent on pressure , temperature 

and concentration. For distillation, where the pressure is considered 

constant, the dependence of y on temperature is neglected, so that the 

variation with the concentration of the constituents of the solution 

needs only to be considered. 

There are several equations expressing this dependence. 

(1) 	Wohl equation (101, 102)  

The third order version of this equation for a binary system 

is: 
q 

log y
1 	

1 2 r 
= z

2 
LA + 2z

1
(B 
4 

- A)] ;  
LB log y

2 
= z

1
2 
 LB + 2z2 	a1 

 
(A 	- B)] 

-2 
q2 

n — n
1 

	q
1  where 	z 	= 	 , (where Iz. = 1.0) 

1 q2  ' Z
2 
 = 

q2 	
i 

n + n —2 n
1 

+ n 
1 	2 q

1 	
2 q

1  

n
1 	

n
2  

and 	x
1 

- X
2  = 
	, (where Ix. = 1.0) 

n
1 
 + n2 
	

n
I  + n2 

where ql, q2  are constants which Wohl called the effective molar 
■ 

volumes of the constituents 1 and 2 respectively, z
1 

z
2 
are the 

effective volumetric fractions of these constituents 1 and 2. 
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This equation contains three constants A, B and q /qi  which 

must be determined by experimentation. 

Using simplifying assumptions the following equations can be 

derived from Wohl's equations. 

(2) Scatchard and Hamer equation (85)  

Replacing q1  and q2  by the molar volumes of the pure constit- 

uents V
1 
and V

2
.gives: 

V 
log yl  = z22  [A + 	1 - A)] 

2 
(1.2) 

V 
 r log y2  = zi2  LB + 2z2  (AT- - B)1 
1 	V2 

x 
1 	

x2 V
1  
V 

In this case: 	z
1 	

Z2  
V
2 	 2 xi  + x2 	 xi  + x2 17--
Vl  

The values A, B, V
1
/V
2
, have to be evaluated from experimental 

data. 

(3) Van Laar equation (95, 96)  

Assuming that q2/q1  = B/A yields: 

2 
2 	A x

1 
1°g Y1 = A z2 

Bx 2 	1  
log y2  = B zi  - 

(xi  + x2 B 2 ) 	(1 + x2  B)2 x
1 

A 

A 2 (x2 + x1 —B 
2 

A 

(1 + J.  A )2 
x
2 (1.3) 

(4) 	Margules equation in the Carlson and Colburn modification (59, 15)  

Assumption of q2/q1  = 1 leads to: 

logy=x2
2 
 A+AB - A)] = x2

2  
(2B - A) + 2x3(A - B) 

1 	
2xi 	

2 
(1.4) 

2 	 3 
log y2 

= x1 
LB + 2x2  (A - B)] = x2  (2A - B) + 2x1 (B- A) 
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When A = B (symmetrical system) both the Margules and Van-

Laar equation simplify to: 

2 
log yi  = A x2  

2 
log y2  = A xi  

Physical meaning of constants A and B  

Constants A and B are the terminal values of log yi  and 

log y2  respectively, on log yi  vs. xi  plots. Hence: 

A = lim log yi 	, B = lim log y2  
x
1 	

x
2
-.)0 

(see fig. 1.1) 

log y2  

B 

0.0 	x1 
	1.0 

FIGURE 1.1 

These constants are determined by: 

	

(a) 	Knowing the vapour-liquid equilibrium compositions 

	

or (b) 	Knowing the composition of the azeotropic mixture (if there 

is any). 

	

Or (c) 	Knowing the isothermal dependence of the pressure of the 

saturated vapours on the composition (P - x curve) 

	

or (d) 	Knowing the isobaric dependence of the boiling points of 

the mixture on composition (t - x curve). 
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Method (a) is the most precise and was used in the present 

work. Using this technique the Van Laar equations can be solved for 

A and B: 

( 
i 	

x2  log Y2  , 
A = log yi  	+ ,j_  log Yi  

(1.5) 

( _i_ x1  log Yl  B = log Y2  1  '- x2  log Y2  

Similarly for the Margules equations: 

(x
2 
- x

1
) 	2log yi  

2 
log y

1 
+ 	 

xl x
2 

(1.6) 
(x
1 	

x
2
) 	2log yi  

2 log y2 + x2 x1 

As recommended by Bala (35) constants A and B are computed 

for each experimental point and mean arithmetic values of A and B are 

evaluated. 

Since the Margules equation has been used in the present work 

it will be dealt with more explicitly. 

For ternary mixtures, the Margules (3rd order) equation becomes: 

log yi  

r 
+ 

x3LA13 
+ 2x

1
(A

31 
- A

13
)] 

+ x
2
x
3
[A
21 

+ A
13 

- A
32 

+ 2x
1
(A
31 

- A
13
) 

2x
3 
(A
32 

- A
23
) - C(1 - 2x1)] 
	

(1.7) 

The expressions for the activity coefficients of the 

remaining constituents can be obtained by a cyclic permutation of the 

A = 

B = 

2 
= x2 [Al2+ 2x1(A21 - Al2)]  

indices: 
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Constantsri..i] 
 are derived from experimental vapour-liquid 

equilibrium data of binary mixtures, while constant C is obtained 

using ternary experimental vapour-liquid data. 

Again, following Hala (35) equation (1.7) is solved for C and 

its value computed for every experimental point and every activity. A 

mean arithmetic value of C is then evaluated. Usually the experimental 

data are taken from the region in which the constant C has a large 

influence, that is from the region in which its coefficient (1 - 2xi) 

has a significant value. 

In case of lack of experimental data Colburn and Wohl (19) 

proposed the equation: 

1 - (A
21 

- A
12 

+ A
13 

- A
31 

+ A32 - A23) 
	

(1.8) 

The quaternary Margules equation is expressed by (54): 

2 	 2 
log yi  = x2[Al2  + 2x1(A21- Al2)] + x3[A13  + 2x1(A31  - A13)] + 

.2 r 
x4 LA14 + x (A

41 
- A14fl  + 

x2x3[A21 
 + A

13 
- A

32 
+ 

2x1(A31  - A13) + 2x3(A32  - A23) - (1 - 2x1 )C123] + 

x2x4[A21 A14 - A42 	2x1(A41 - A14) 
+2x4(A42 

 - A24)  

- 2x1)C124
J 
+ x

3  x4 [A31 
 + A

14 
 - A

43 
 + 

2x141 
 - 

A14) 
 + 

2x4(A43  - A34) - (1 - 2x1)C134] + 2x2x3x4(A42  - A24  + C234) 	(1.9) 

This equation contains twelve binary and four ternary constants, 

some of which may of course be equal to zero (the original equation 

derived by Marek (54) contained one quaternary, twelve ternary 
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and eighteen binary constants). 

The expressions for the activity coefficient of the remaining 

constituents are obtained by a cyclic permutation of the indices 1, 2, 

3 and 4. 

(5) White equation (98)  

These equations are essentially the same as the Van Laar 

equations, but they take into account the effect of variable temperature. 

For a binary system they assume the form: 

b
1.5 

b1.5 

	

-0.5 	1 	
xl 
	1 	

b
2 (T.log y

1) a
21 

x
2 

a21 b
l  

1.5 	1.5 x
2 	b

2 	
b 

	

-0.5 	2 	1 
2 

(T.log y) 	_ b 
	

+ 
a12 

x
1 a12 

b2 

(1.10) 

where a
12, a21,  b1, 

b
2 are constants connected by the following 

equations: 1.5 
a
21 	a

12 
(b) 

 

a21 = -a12
, and 1.5 	1.5 b 

b2 	1 b1  

Hence there are two independent constants to be determined. 

This can be done by plotting (T.log Y .)-0.5 vs. (x.1/x.j) 1   

(6) Li and Coull equation (51)  

These equations are also similar to the Van Laar equations. 

For a binary system they are: 

-0.5 =  b 
) b (b2 	xi  

(T.log y
1) b

2 k12 	x2 

2
('5 

k12 

1 

( 

(T.log y2)
-0.5  

= b
1 

k
12 	

x
1 	k12 

b b 0.5  x 	0.5 

where b1, 
 b2, 

 k12 are constants related by the following equation: 



T kn y2  = 	c + dT 
(c + dT)x2

i2 
1 i 

and 

(a + bT)xl  

20 

1 b2 
b
1 

k
12 

k
12 

b
2 

The two independent constants to be determined in this equation 

,-0.5 
are evaluated by plotting (T.log yi) 	against (X./x.

3
) 

(7) 	Yu and Coull equation (103)  

These equations are also of the Van Laar form. 

For, a binary system they take the form: 

a + bT 
T 2,n y - 

1 [1 4.  (a + bT)12 

(c + dT)x
2 

where a, b, c and d are constants to be determined, which are 

independent of temperature. 

(8) 	Margules-Wohl equation (102)  

The vapour-liquid equilibrium relationship could be also 

described in terms of the relative volatility. 

By definition 

	

. y. x. 	Y. P
o 

a.  = 	-  1  i 
ij 	x. Y. 	0 

	

j 	Y
i 
P
i 

This means that-to express the relative volatility only the dependence 

of y./y.
3 
 on composition is needed. 

Wohi derived a relevant equation, the third order version of 

which is: 

Y1 
log — = (1 - 2x)B + (1 - x) (1 - 3x) (A - B) 

Y2 
(1.13) 

where A and B are the same as the constants in equations (1.1) to (1.4). 
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(9) Redlich-Kister equation (75)  

The Redlich-Kister relation falls into the same category and - 

in the fourth order form it is 

Y1 
log 

Y
--- = b(1 - 2x) + c[6x(1 - x) - 1] + d(1 - 2x) [1 - 8x(1 - 	+ 	(1.19 2   

where b, c and d are constants differing from the constants A and B in 

equations(1.1) to (1.4). 

Details of the method of evaluating these-constants are given 

by Bala (35). 

(10) Wilson equation (100)  

More recently equations have, been developed which differ from 

the classical ones of the Wohl expansion type (Margules, Van Laar, etc.) 

in that they can be readily applied to multicomponent mixtures without 

additional assumptions being made, or the necessity of using higher 

than binary parameters. A typical example of this type is the Wilson 

equation: 

2,n yi  = 	(1 - 	x.A..) + 1 - X[(x4(1 - Aij)/(1 - YxkAki
3
l 

j 	3' 	 k j  

For a binary mixture after rearrangement: 

x
1
A
21  tn 	= -kn (1 - 

A21x2) 
 + x

2 

x
2
A
12  

[1 - Al2x1 	1 - A
21
x
2 

(1.15) 

	

x
2
A
12 	

x
1
A
21  

kn y2 = -kn (1 - A12x1) 
 - x 1 - Al2x1 

	
1 - A

21x2 
 

The advantage of the Wilson equations is the accurate 

representation of data with only a few parameters. 	Its major 

disadvantage is its inapplicability to mixtures consisting of more than 

one liquid phase. 



22 

(11) 	Renon Prausnitz NRTL equation (78, 63)  

The Renon Prausnitz NRTL equation is similar in nature but 

overcomes the disadvantage of the Wilson equation at the expense of a 

third adjustable parameter. However, this parameter can be easily 

estimated using simple rules (78) for the nature of the binary mixture 

and its components. 

The NRTL equation fora binary system is: 

2 T12exP(-a12T12)  kn yi  x2  
[x2  + 

xlexp (-a12T12)]2 

T
2 
 exp(- 2a

12
T
21

)  

 

+ x
2
exp(-a

12
T
21
)] 
2  

• 

(1.16) 

kh .1(2 = x
2 
l 

T12exP(-2a12T12) 
+ 

T21exp(-a12T21) 
r 

2 Lx
2 
+ x

1
exp(-a

12
T
12)] [x1 	x

2
exp(-a

12T21)] 
 

where T12, T21 are adjustable parameters and the third parameter a12 
is 

estimated according to Renon Prausnitz's rules or calculated as a third 

adjustable parameter. 

1.3 Non-ideality of liquid and vapour phases (The association of  

acetic acid) 

The phenomena of association of carboxylic acids in the liquid 

and vapour phases is well known. Ritter and Simons (79) and Johnson 

and Nash (44) have studied the molecular state of acetic acid in the 

vapour phase and proved that the vapour forms an equilibrium mixture of 

monomers, dimerg and a small amount of higher polymers (see fig. 1.2). 

The linkages for this association is effected by hydrogen bonding. 
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O --H-- 0 
/  CH C 	■ CCH 

3 \ 	/ 3  
0--H- -0 

CH 
3 
C 	• 	CH

3
C--0--H--0--CCH

3 / 
0 0 

0 	0 

0 	0 
0 	0 

CH
3  C — 0- -H- -0 — CCH3 

	
CH

3
C-0--H--0-CCH

3 

FIGURE 1.2 

Since acetic acid associates,the system was considered non- 

ideal and correction factors had to be introduced. 

Marek (56, 57) derived expressions, which take into consider-

ation this association in both phases, in a slightly different form 

from the usual ones. 

For the associating component A he wrote: 

o 
ILYAZA = PAc xAYA 

V1 + 41(11yA(2 - yA) 	- 
where 	Z

A 	 (1.17) 

For the non-associating component B he wrote: 

ILyBZBzB  = PB  xB; 

2KilyA(2 - yA) 

where Z
B 

2(1 - yA  + 11 + 4fflyA(2 - yA)) 

 

(1.18) 

   

 

(2 - yA)(1 + 	+ 4KHyA(2 - y
A
)) 

 

TA , yB are the activity coefficients of associating component A and 

non-associating component B respectively, yA, yB  are the vapour mole 

fractions of A and B, and 11 is the total pressure. 

The factor z
B 
is a correction factor for the non-ideality in 

the liquid phase. 	Using the Scheibel (86) correlation, it was found 
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that z
B
= 1. A value of z

B 
= I was therefore assumed throughout the 

calculations. 

The factors Z
A 
and Z

B which express the influence of the 

vapour phase association of A may be evaluated from a knowledge of its 

association constant K. 

Marek determined K for acetic acid at 760 mm Hg. He expressed 

the dependence of K on temperature as follows: 

- log K = 9.7535 + 0.00425.t 	
3166  

t + 273.2 (1.19) 

He also evaluated the corrected vapour pressure, PAC, of 

acetic acid as a function of temperature, as: 

o 	10821.1  log P
Ac = 15.6699 t + 698.09 (1.20) 

where P
Ac 

is in mm Hg. 

1.4 Consistency testing methods  

A method to test the accuracy of the experimental data is to 

plot (y - x) against x. The scatter from the smooth curve shows up 

any random errors in experimental values (fig. 1.3). 
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However the experimental apparatus may be producing a 

systematic error which is not going to appear on this curve. Hence the 

smoothness of the curve is not a guarantee of good results. Reliability 

of the results can only be proved when thermodynamically consistent 

equations are obeyed. 

Experimental data which can be defined by one of the Margules 

or Van Laar equations are considered to be thermodynamically consistent 

(72, page 13-8). Failure of the data to fit such equations does not 

necessarily imply inconsistency unless the data also fail to satisfy 

the standard consistency tests. 

To isothermal data and ideal behaviour of the vapour phase it 

is possible to apply the Duhem-Margules equation (35) 

x
1 
dP
1 	

x
2 
dP
2 

P
1 
dx
1 	

P
2 
dx
2 

A 

where A is zero or very nearly zero. 	If A is not near zero then the 

data are not consistent. 

The Redlich-Kister equation (76), which follows from the 

Gibbs-Duhem equation also applies to isothermal data: 

P 
Ylx2 

	

log 
yl 	

log 	log 
1 

 o 

	

Y2 	Y2x1 	P
2 

where the activity coefficients yi  and y2 
are computed from experimental 

results. 

Integrating between x = 0 to x = 1 gives: 

1 
f-  log I 

y
2

L dx1 = 0 

On plotting log y1/12  against xl  (see fig. 1.4), it follows that the 

algebraic sum of the areas produced below and above the coordinate x 

must be equal to zero. 
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Herington (37) extended this method to isobaric data, 

log Y
l

/Y
2 

was plotted against xl as for isothermal data but the algebraic 

sum of the t\-lO areas. A and B produced above and below the x axis was now 

equal to a value I: 

1 

J 
o 

Y1 log - dx = I Y2 1 

The following values \-lere then computed. 

D = 
100. III where L is the sum of the areas A and 

I: 
B without regard to sign 

J = 
150. 18 I where 8 is the overall range of boiling 

T 
min 

points of the system and T. the lowest _ m~n 

boiling point temperature (in K). 

In case of a minimum azeotrope this is taken as the lotvest boiling point. 

If D - J < 10, the results are said to be consistent. However 

this correlation is empirical and does not apply when the overall range 

of boiling points of the -system is large. 

It should·be pointed out that for systems associating ~n the 
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vapour phase it is necessary to make the appropriate corrections for 

the activity coefficients evaluation, before application of the 

consistency test. 	Some systems, such as water-acetic acid, are 

inconsistent if these corrections are not applied. They do become 

consistent when association is considered (35). 

Finally another equation, which applies to isobaric data, is 

the equation given by Redlich et al (76): 

dtd  xi 7  yi  
= s. 	 

dy 	Y1Y2 

where s = 0.4343/[xl  dlog P7/dt x2dlog Pc3/dt]. 

For isothermal data the equation: 

dtn P 	Y1 xl  
dy
1 	y1y2 

can be used. 
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CHAPTER 2 

EXPERIMENTAL 

2.1 Apparatus  

The traditional types of equilibrium apparatus are unsatis-

factory for measurement of vapour-liquid equilibrium data of a system 

in which a chemical reaction is taking place, since the-compositions 

of the phases are constantly changing. In order to avoid this 

difficulty it was necessary to use a flow still. The Cathala ebullio- 

meter 	(17) was selected for this purpose. 	In it the liquid and the 

vapour which is independently generated, flow at constant flow rates 

into a mixing zone. On perfect mixing this behaves as a theoretical 

plate so that the exit liquid and vapour are in equilibrium. This 

method has the disadvantage of requiring large quantities of pure 

products (2 - 3 kg). 

The Cathala ebulliometer  

The Cathala ebulliometer (see fig. 2.1) consists of three 

main parts, boiler, mixer and condenser. The boiler, which forms the 

base of the apparatias is a cylindrical glass tube, 56 mm diameter, 

heated electrically by external winding. The generated vapour enters 

the mixing chamber formed by two horizontal perforated plates fitted 

into a cylinder 30 mm in diameter. The plates are made of fritted 

glass and have 60 evenly spaced perforations 0.5 mm in diameter. 

The mixing chamber is supplied by preheated liquid through 

an inclined side-tube and by the vapour entering through the perfor-

ations of the lower plate which thus acts as an injector mixer. The 

dispersed vapour produces vigorous mixing and the resulting emulsion 



FIGURE 2.1 

■ 

Cathala ebulliometer 



FIGURE 2.2 

Cathala ebulliometer 
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is. discharged through the upper plate. The rising emulsion encounters 

a series of Vigreux points, which ensure additional mixing and is then 

thrown against the thermometer well through the exit. 

The physical separation of the phases is achieved by 

expansion. The vapour escapes through orifices suitably placed in a 

separation cylinder of 30 mm diameter whereas the liquid droplets flow 

down the inner partition and accumulate in a syphon operated hydraulic 

valve before entering the sampling bottle. 

A second larger cylinder, serves as a perfect thermal screen since 

the vapour, completely free of any entrained liquid (this was tested 

as mentioned later), will condense only on the external partition of 

the ebulliometer (56 to 60 mm dia.). 

The liquid which is formed by total condensation of the 

vapour phase runs towards its sampling point. Heat exchangers are 

provided at both liquid and vapour sampling points in order to cool the 

samples and minimize losses by vaporisation and suppress any chemical 

reaction. A refrigerant is circulated through the heat exchangers 

from a refrigeration machine. 

The apparatus is suitably insulated at its lower part and 

an envelope with controlled heating prevents any loss of heat which 

could affect the temperature measurement (see fig. 2.2). 

A continuous feed of the two liquids is ensured by means of 

aspirators of sufficient capacity. The liquid feed is preheated by 

means of an electric resistance. 	The uniform vaporisation of this 

liquid feed at constant rate needs some care to prevent overheating. 

The second liquid is fed at a constant rate into the flat 

bottomed boiler flask. - A -heating tape wound around the flask and 

regulated by a variac enables a steady liquid level to be accurately 
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maintained. A magnetic stirrer, externally operated, ensures uniform 

vaporisation. 

Temperature measurements are achieved by means of calibrated 

copper-constantanthermocouples and a sensitive potentiometer. The 

cold junction is kept in a Dewar flask which contains oil (water was 

used at the beginning but the junctions soon-oxidised). A thermometer 

is used to read the temperature in the Dewar flask. 

Temperature gradients 

The use of an insulating. envelope is imperative for the 

prevention of thermal perturbations coming from outside the system. 

According to Cathala (17) a difference of ±10°C between the 

internal surface of the envelope and the thermocouple well gives only 

a difference of 0.5°C in the equilibrium temperature and has negligible 

effect on the compositions. 

Tests of apparatus  

The apparatus was tested using a strongly coloured solution 

(strong sulphuric acid solution of potassium bichromate) as a liquid 

feed. The condensed vapour phase was completely colourless. 	In a 

second test a.KC1 solution was employed as a feed and condensed vapour 

phase failed to give any precipitate when mixed with a solution of 

AgNO3. This means that the vapour is free from liquid droplets which 

could have been entrained. 

2.2 Operational procedure  

The reservoirs were filled with their respective liquids. 

The insulating envelope was heated to a temperature around 

the temperature of operation (a thermocouple embedded in the insulation 

measured the temperature of the external envelope). 
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The preheater and the boiler were then filled and heated up. 

Drop counters allowed the flows of the two phases to be adjusted in 

such a way that the desired composition was obtained. In general the 

flows varied between 1.5 to 3 cm
3
/min for the phase to be evaporated 

and 3 to 12 cm
3
/min for the liquid phase. Generally 15 to 20 minutes 

were required to obtain a steady state condition. Two samples from 

each phase were then taken and analysed chromatographically. 

The purity of the substances employed in the investigation 

is presented in Appendix A.1. 

2.3 Sample analysis  

All the liquid and condensed vapour samples of the phases in 

equilibrium were analysed by liquid-gas chromatography for water, 

methanol, methyl acetate and acetic acid, with a Perkin-Elmer 452 

apparatus provided with a katharometer detector (thermistors). 

Hydrogen was used as the carrier gas at a flow rate of 

approximately 150 cm
3
/min and under pressure of 1.72 bar at the entrance 

of the packed column. The sample (1 mm
3
) was passed through a 2 m 

length 3/16 inch int. dia. poropak-Q column maintained at 150°C. The 

katharometer bridge current was set at detector supply No. 6. The 

injection block temperature was set at 2. The approximate retention 

time of the different components at 150°C was: 

water: 2 min., 	methanol: 3 min., 

methyl-acetate: 10 min. and acetic acid: 22 min. 

Total elution in the chromatographic column took 

approximately 26 mins. 

Peak areas were calculated by an integrator although for 

small peaks it was found more accurate to measure the peak height. 

Calibration was first carried out by injecting individually 
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mixtures of each component with different relative amounts of acetic 

acid as the reference compound to relate component concentration with 

peak area/height. 

For the miscible binary mixtures calibration was carried out 

using different relative amounts of the mixtures concerned. 

For the partially miscible binary mixture methyl acetate-

water, acetic acid was added to each sample to form a miscible solution 

and this was analysed. 

Graphs of peak area/heights against weight % were drawn and 

used to determine the component percentage. 

The accuracy of the method was assessed by analysing chroma-

tographically the composition of standard test mixtures. The mean 

deviation between the analysed and known component concentration was 

found to be 0.5 weight per cent. 

Since the above technique of analysis was a convenient one 

for the multicomponent mixture it was employed throughout the whole 

programme of work. 
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CHAPTER 3 

CORRELATION AND TESTING OF EQUILIBRIUM DATA 

The usual equations used for the determination of vapour-liquid 

equilibrium data are the Wohl, Margules, Van Laar, Wilson and lately 

the NRTL equations. 	Sabylin et al (82) concluded that the best 

predictions for multicomponent systems were given by the Wilson equation, 

while the Wohl equation produced the worst results. The N.R.T.L. 

equation is superior to the Wilson equation since it can also describe 

systems with immiscible components.'  

In the present work initially the Margules equation in 

combination with Marek's equation (for the association of acetic acid) 

was used. 	Later on the N.R.T.L. equation was tested. 	(In the N.R.T.L. 

equationand T
21 

were adjustable parameters. i2 The third parameter 

a12 was estimated according to both Renon's and Prausnitz's rules and 

calculated as a third adjustable parameter). Best results for the 

binary systems were obtained when the N.R.T.L. equation was used in 

combination with Marek's equation for association of acetic acid and 

all three parameters determined. Although the binaries gave good 

predictions of the vapour compositions the predictions for the 

quaternary system were not as good as those obtained from the Margules 

equation. For this reason the Margules (3rd order) equation was 

finally' adopted.. 

The calculation of the constants in the Margules quaternary 

equation from the known equilibrium compositions of the vapour and 

liquid is the most precise of the available methods (35) and was 

therefore adopted for the present work. For this determination, the 

following vapour-liquid equilibrium data at 760 mmHg must be known: 
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(a) methyl acetate - methanol 

(b) methyl acetate - water 

(c) methyl acetate - acetic acid'  

(d) methanol - water 

(e) methanol - acetic acid 

(f) water - acetic acid 

(g) methyl acetate - methanol - water 

(h) methyl acetate - methanol - acetic acid 

(1) 	methyl acetate - water - acetic acid 

(j) methanol - water - acetic acid 

(k) methyl acetate - methanol - water - acetic acid 

Existing data for systems given in literature were considered 

correct and were not therefore repeated. System (a) has already been 

investigated by Teshima (93) ,Crawford (23), Bushmakin (14) and Bredig (10). 

Complete data for system (b) have been presented only by Teshima (93). 

Similarly,system (d) has been investigated by Fastovskij (27), Bennett (7), 

Bredig (9), Dunlop (26), Huges (42), Ramalho (74) and many others; 

system (f) by Rivenc (81), Brown (11), Garwin (30), Othmer (70) and 

others; and finally system (g) by Crawford (23), Kogan (47) and 

Teshima (93). 	Data for system (e) have been given in literature by 

Rius (80) at pressures of around 706 mmHg and had to be repeated at 

atmospheric pressure. 

The system water-acetic acid has been presented (81) in weight 

fraction in the liquid and vapour phases. To convert it into molar 

fraction a constant molecular weight of monomeric acetic acid was used. 

Initially to test the accuracy of the Cathala still, experiments 

were carried out for vapour-liquid equilibrium of a system which is well 

documented. 	The system methanol-water was chosen. 	The agreement 

between these results and existing literature data was good and 
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confirmed the reliability of the still (see fig. 3.4 and tables B.4.a. 

and B.4.b. in Appendix B.1). 

Results of all the vapour-liquid equilibrium data are presented 

in tables B.l to B.11 (Appendix B.l). 	The source from which the data 

were taken is presented at the beginning  of each table. All binary 

data points were plotted on x, y axis for the more volatile component 

and are presented in fig. 3.1 to 3.6. 	In these figures the continuous 

line represents the theoretical prediction of the curve. 

All A.. constants for the binaries and C 	constants for the 
ij 	 ijk 

ternaries were calculations from the present work. For the calculation 

of A...
ij 
 in the binaries a computer programme was used. The sum of 

squares of the deviations EDY
2 
= E(y 	- 	was 

calculated Yexperimental)2  

minimized by the use of a minimization routine based on Powell's work 

(73). 	Initially a given set of A..
ij 
 was selected, the activity 

coefficients were calculated, the temperatures determined (by a bubble 

point method, see Appendix C.2.2.), y calculated, and EDY
2 
computed. 

New values ofAij 	an were derived and iterations continued till EDY
2 
was 

minimized. 

Values of A. are presented in table 3.1. Values of the 
ij M N 2  

root mean square deviation R.M.S.D. = y 	X DY../M.N , where M is 
i=1 j=1 13 

the number of components and N 	the number of experimental points, 

were calculated and are also presented in table 3.1. 

TABLE 3.1 ' Constants for the Margules binary 3rd order equation with 

inclusion of Marek's equation 

System A
12 

A
21 

R.M.S.D. 

Methyl acetate - methanol 0.4416 0.4335 .005 

Methyl acetate - water 1.0045 0.6764 .023 

Methyl acetate - acetic acid -0.1026 0.6118 .020 

Methanol - water 0.3444 0.2268 .005 

Methanol - acetic acid -0.0305 0.0098 .009 

Water - acetic acid  0.2569 0.2940 .010 



Since acetic acid associates in the vapour and liquid phases, 

Marek's equations were used in combination with the Margules equations 

to take into account this nonideality (see Chapter 1.3). 	In order to 

use Marek's equations for the prediction of the composition of the 

vapour phase from the liquid phase, the mole fraction of acetic acid 

in the vapour phase, yA, is required. This was obtained by direct 

iteration, hence an initial guess of yA  was used to compute a new value 

for yA, which in turn was substituted into Marek's equation. Iteration 

was carried out until convergence was achieved. 

For low values of yA 
(less than 0.003), ZA and ZB were put 

equal to one, this was done to make calculations possible, since 

without this assumption, at low values of yA, ZA  and ZB  became 

indeterminate. A flow chart of this procedure is presented in 

Appendix B.2. 

The C constants in the ternary systems were determined by 

the following methods: 

(i) C's for all experimental points and all components were 

calculated and an average arithmetic value used. 

(ii) C's for all experimental points and all components for which 

x <0.25 or 
i
> 0.75 were calculated. 	This allowed the C factor 

(1 - 2x.) to be large (see Chapter 1.2). 	A mean arithmetic value was 

then evaluated. 

(iii) C was calculated according to Colburn's and Wohl's equation 

(see equation 1.8). 

(iv) C was evaluated using a routine to minimize 
M N 

X 	( 	- Yi 	
)2 

Yijexperimental 	jcalculated 
i=1 j=1 

(v) C was set equal to zero. 

44 
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Calculations for all these different methods were performed 

using a computer programme. 	Methods (iii), (iv) and (v) gave the 

best results. Method (iv) was fOund to be superior and was hence 

adopted. Values of C's together with the R.M.S.D. are presented in 

table 3.2. 

TABLE 3.2 Ternary constants for the 3rd order Margules equation 

with incorporation of Marek's equation. 

System 

Methyl acetate - methanol - water -0.1201 .035 

Methyl acetate - methanol - acetic acid -0.1200 .020 

Methyl acetate - water - acetic acid -0.0953 .021 

Methanol - water - acetic acid 0.3546 .024 

A flow chart describing the determination of C in a ternary 

system is not presented since the calculation procedure is similar to 

that of the binary system. 

For the quaternary system no constants need be determined. 

The R.M.S.D. of this system was .023. 

Experimental results proved to be in good agreement with 

predicted vapour compositions for the binary, ternary and quaternary 

systems. 

Some binary systems were highly non-ideal. Thus methyl 

acetate - water was only partially miscible (93), whereas methyl acetate - 

methanol exhibited an azeotrope at 0.677 mole fraction of methyl acetate 

and a corresponding minimum boiling point of 54°C (93). 

Hirata (38b) also investigated this quaternary system and 

presented four equations to predict the vapour liquid equilibrium 

ratios as a function of temperature. 	He did not present any vapour 

liquid equilibrium data but plotted his results as curves. 	His 
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equations were tested in the present work with known equilibrium data. 

The results were found to be inconsistent. 

Hirata (38a) also presented an equation to calculate the 

activity coefficients of this quaternary system. His equation which 

consisted of sixty four constants was based on Margules equation 

rearranged as a polynomial series in mole fractions of the components 

in the mixture. His equation was tested with binary, ternary and 

quaternary vapour-liquid equilibrium data and the results were also 

found to be inconsistent. 

Since during operation of the reaction/distillation column 

sulphuric acid is present as a catalyst, it was necessary to investigate 

the quaternary system in the presence of this catalyst. 	It was found 

that the same vapour-liquid equilibrium equations were valid even when 

the non-volatile catalyst was present. As shown in table B.11 there 

was reasonable agreement between yexperimental 
and 	 for d y 

calculated 

such a case. 

According to Teshima (92) the influence of sulphuric acid 

catalyst on vapour-liquid equilibrium of the system water - acetic 

acid is given by the following equation: 

11/(1 - Y1) = 	{Xi/ (1 - X1)] 
n
, where -Xi, Y1  are the 

weight fractions of 'component 1 in the liquid and vapour phases, a is 

the relative volatility given by the equation a = 1.59.e-0.0191'S+ 0.1 

and n is given by n = 0.00475.S + 0.96, where S is the catalyst 

concentration in weight %. 	If S = 2%, according to Teshima's equation 

the change in n is of the order of 1% and in a of the order of 

3.65%, i.e. changes are very low. 	This provided further proof that 

the effect of the catalyst was negligible. 
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Consistency testing  

All six binaries fitted a binary 3rd order Margules equation, 

in combination with Marek's equations for association of acetic acid, 

and were therefore considered thermodynamically consistent (72). 

System (c) was inaccurate for vapour mole fractions of ester 

higher than 0.90. System (b) presented some deviations mainly due to 
• 

its strong nonideality but this system satisfied Herington's test of 

consistency. 	Furthermore systems (a), (d), (e) and (f) satisfied the 

Herington's test as shown in table 3.3. 	It should be pointed out that 

for systems (e) and (f) Marek's equations were used. 

TABLE 3.3 	Herington's test 

System P(mmHg) 0(K) Tmin(K) III E D J D-J 

Methyl acetate- 
methanol 

760 10.7 327.0 0.0025 0.2225 1.12 4.91 -3.79 

Methyl acetate- 
water 

760 42.9 330.1 0.05 0.4372 11.44 19.49 -8.05 

Methanol-water 760 35.3 337.7 0.0092 0.1588 5.79 15.68 -9.89 

Methanol-acetic 
acid 

760 53.4 337.7 0.0063 0.0284 22.26 23.72 -1.46 

Water-acetic 
acid 

760 18.1 373.0 0.00425 0.1663 2.56 7.28 -4.72 

Since high accuracy was not required for the determination of 

the areas A and B, these were calculated manually from a graph. 

System (c) did not satisfy Herington's test but this was 

probably due to the fact that the boiling points of the components of 

this system were widely different. 



PART II 

DISTILLATION WITH CHEMICAL REACTION 
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CHAPTER 4 

LITERATURE SURVEY 

4.1 Distillation with chemical reaction  

Esterification has been the most popular reaction to conduct 

in a distillation column. Early patents were awarded to Backhaus (5) 

in 1921 combining distillation with chemical reaction of alcohol.and, 

acetic acid using H2SO4  as a catalyst. Ester was removed continuously 

in this process. Such processes do not mention details of column 

design or calculation. 	Subsequently Keyes (45) in 1932 reviewed the 

various esterification processes used in industry mainly summarising 

material from patent literature. Further patents have been granted to 

McKeon (62), Brunn and Grubb (12). 

Schniepp et al (87) produced 2,3-butylene glycol diacetate in 

a continuous process from butylene glycol and acetic acid with sulphuric 

acid as catalyst. The column consisted of an interconnected series of 

reaction vessels each containing a single bubble cap. The glycol and 

the sulphuric acid catalyst were fed into the top of the reaction column 

with glacial acetic acid fed continuously at the bottom. The column 

distillate, consisting mainly of acetic acid and water, was separated 

and the acetic acid recycled to the column. The base product from the 

reaction column consisted of sulphuric acid and glycol. This mixture 

was separated by vacuum fractional distillation, the acetic acid and 

sulphuric acid esters being returned to the esterification column as 

feed and catalyst respectively. 	Experiments were carried out and a 

97% yield of ester was achieved. 

Leyes and Othmer (50) studied the continuous esterification 

of butanol and acetic acid in a five stage apparatus where a hot feed 
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was introduced to the top plate of the esterification column. They 

showed that long times of contact (produced by large holdup volumes or 

large number of plates) were not needed for a high overall extent of 

reaction. On the other hand an increase in catalyst concentration 

increased overall conversion. 

Belk (6) describes a plate to plate, calculation for hypothetical 

two and three component liquid-phase reversible reactions, carried out 

continuously in a single distillation column. He disregarded deviations 

of the liquid mixture from ideal behaviour, assumed a plate efficiency 

of 100% and adiabatic operation of the column. He also assumed that 

reaction took place only in the liquid phase and required the presence 

of a catalyst, the vapour pressure of which was negligible. To 

simplify further the calculations he assumed that the heat of reaction 

as well as the influence of differences in temperature between various 

plates of the column on density, heat of vaporisation and reaction rate 

were negligible. He considered two specific examples of a two 

component reversible reaction A -* B, resulting in the formation of a 

low and high boiling product. He also examined the hypothetical 

2A :z= B and 2C-7=A + B reactions. 

Marek (55) examined a rectification column when a chemical 

reaction occurs among the components of the mixture. He derived a 

design procedure for plate columns based on material and enthalpy 

balances, including the effect of the reaction. 	In the general case 

vapour-liquid equilibria, reaction kinetics, molal volumes and enthalpy 

data of the mixture were necessary for the calculations. For a 

ternary mixture a combined numerical and graphical method was suggested 

with a suitable plot of the equilibrium data on two diagrams. 	This 

was based on a modified McCabe.-Thiele construction. The problem was 

simplified by assuming that the heat of reaction was zero and the plate 
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efficiency 100%. He then proceeded with the study of a A + B 2P 

type reaction where no change in the total number of moles occurred and 

the type A + B a  P with a change in the total number of moles. 

Marek (58) used his calculation procedure together with physico-

chemical data and plate efficiencies of the column to calculate conditions 

in a column having 30 bubble cap plates. A rectification and chemical 

reaction of water-acetic acid and acetic anhydride mixture took place 

in a stainless steel and aluminium column which was operated at 

400 mm Hg pressure. The feed plate was the 16th plate from the bottom 

of the column. To simplify the calculation procedure he assumed that 

the chemical reaction in the vapour phase was negligible, that the 

reflux was intoduced into the column at its boiling point and that 

constant molal overflow existed in the stripping and enriching sections 

of the column. The predictions were tested against data obtained from 

hydrolysis in a continuous distillation column and provided the plate 

efficiency for each component was of the order of 50%, reasonable 

agreement was obtained. 

The influence of the reaction on the concentration distribution 

in the column was such that the anhydride concentration in the stripping 

section at first decreased in the direction away from the feed plate 

the effect of the reaction predominated over the rectification process) 

and began to increase only on the plates where there was practically no 

water present. 	Similarly the increase in the water concentration in 

the enriching section was at first slowed down by the losses of water 

due to its reaction with the anhydride, and only on the top plates was 

it considerable. 

Costa (22) studied both theoretically and experimentally the 

continuous hydrolysis of acetic anhydride in a ten plate distillation 

column operating under a pressure of 400 mm Hg. Data for only one 
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experiment were recorded. 

Matz (61) investigated the production of hydrocarbon halide 

in a packed column using phosphorus and methyl alcohol. The resulting 

methyl alcohol - methyl halide azeotrope was then separated by liquid-

liquid extraction using water as the continuous phase. 

Corrigan and Miller (21) investigated the reaction of 

ethylene oxide and water to form ethylene glycol in a distillation 

column reactor. They concluded that distillation with chemical 

reaction was not an improvement over a plug flow reactor or perfectly 

mixed reactors if a high mole ratio of water to ethylene oxide was used 

in the feed. For stoichiometric ratios of ethylene- oxide and water in 

the feed distillation with chemical reaction was superior. 

The production of ethylene glycol by the high pressure 

reaction of ethylene oxide has also been investigated by Sive (90), 

Parker (71) and Miller (64). 

Sive concluded that a high selectivity, which was not strongly 

affected by changes in operating pressure or feed composition, was 

achieved. 

Using an Oldershaw pyrex sieve tray column Corrigan and 

Ferris (20) investigated the. esterification .of methyl alcohol by acetic 

acid catalysed by H2SO4. The reactants were mixed in a tank before 

being fed into the column whose reboiler had a capacity similar to that 

of the tank. Batch and continuous -experiments were carried out and 

the latter gave a 90.4% methyl acetate composition in the top product. 

Geelen and Wijffels (31) investigated in a distillation 

column the reaction of vinyl acetate with stearic acid: 

vinyl acetate 	stearic acid 	vinyl stearate + acetic acid 

The acetic acid produced was stripped with vinyl acetate vapour. The 

theoretical-plate-concept for mass transfer, assuming phase equilibrium 

between the liquid and the gas leaving a plate, was used in the 
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description of the process. On the phase equilibrium diagram a stepwise 

construction was possible giving the column operating line. The number 

of theoretical plates necessary for a certain conversion was thus 

derived. The same authors used a glass Oldershaw bubble-plate column 

as a distillation chemical reactor column and a packed column as a 

distillation column for the top products of the first column (vinyl 

acetate, acetic acid). Their theoretical considerations agreed 

reasonably well with experiments. 

Zyryanov (105) proposed a calculation method for rectification 

of a binary mixture accompanied by the first order isomerisation A + B. 

Jeffreys et al (43) studied the hydrolysis of acetic anhydride 

to acetic acid in a six-tray sieve distillation unit. 	The investigation 

was both theoretical and experimental. The theoretical analysis 

comprised the solution of mass and enthalpy balances with an additional 

term allowing for the effect of chemical reaction. Good.agreement was 

obtained between calculated and observed results. 

Hirata (40) discussed an iterative method for the determination 

of stage temperatures, stage reaction rates and interstage flow rates. 

This was in the context of multicomponent distillation with a simultaneous 

chemical reaction and the use of a modified Muller's method for the 

convergence of the column temperature profile. He assumed that one 

feedstreamF.,one vapour side stream G., one liquid side stream U. 
3 	 3 

andoneintercoolerorinterheater. Q. exist at each stage except for 

the condenser or the reboiler. Each stage in the model column was 

assumed to be an equilibrium stage, the vapour stream leaving the stage 

being in equilibrium with the liquid stream leaving the same stage. Four 

equations had to be satisfied: the material balance equation, the 

vapour-liquid relation, the rate equation of reaction and the heat 

balance equation. Derivation of the equation was simplified by using 



54 

matrix notation. For the solution of the linearized material balance 

equation, the tridiagonal matrix algorithm was employed. 

Hirata (39) also studied the behaviour of an Oldershaw 

column, a packed column and a sieve tray column all of which were used 

as reactors for the esterification of ethyl alcohol and acetic acid. 

' He found that conversion increased as reflux ratio increased and that 

reflux ratio was an important factor which had an effect not only on 

separation but also on conversion. 

Saunders (83) investigated the heterogeneous sulphonation of 

toluene in a distillation column both practically and theoretically. 

In order to describe the steady state operation of the column the 

mathematical approach comprised a numerical procedure to integrate a 

set of simultaneous differential equations that govern the heat and mass 

transfer in the three-phase reacting system. 

Nelson (66) 	studied theoretically the general case of 

countercurrent equilibrium stage separation with reaction and applied 

his technique for solving the equations which describe distillation 

with reaction. His mathematical model relied on the assumption that 

(1) each stage was a perfectly mixed reactor with the reaction taking 

place in the liquid bulk, and (2) the vapour leaving any stage was in 

physical equilibrium with the liquid on that stage. 	In the former 

case the liquid composition on any stage was homogeneous and equal to 

the composition of the liquid leaving that stage. 

Lopez (53) investigated the esterification of acetic acid by 

methanol under distillation conditions in a wetted wall column. He 

found experimentally that the conversion was enhanced by an increase 

in the feed rate of the acid or the concentration of catalyst but 

decreased by an increase in reflux ratio. His differences between 

calculated and experimental results were attributed to the inadequacy 
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of.the predicted vapour-liquid equilibrium data. 

Finally Davies (24,25) studied the continuous transesterification 

of ethyl alcohol and butyl acetate in a column of six sieve plates. The 

experimental results were analysed by solving a series of material and 

enthalpy balances in which allowance was made for the effect of chemical 

- reaction. He reported good agreement between observed and predicted 

results. The component conversion was observed to depend on the stage 

hold up, the reflux ratio and the boilup rate. The component liquid 

phase concentration profiles were influenced by the reaction to the extent 

that one of the most volatile component concentrations increased below 

the feed plate. 

4.2 Kinetics of the esterification reaction  

Smith (91) and Othmer (46) confirmed the work of Goldsmidt, 

developed over the period 1895-1929, on the acid-catalyzed esterification 

of an organic acid by alcohol and presented it in the following form: 

The assumption that the hydrogen atoms from the catalyst first 

react with the alcoholic hydroxyl group and form a complex ROH2 which 

in turn reacts with the organic acid, leads to the following equations: 

ROH + H 
	

ROH 
 

2 

R'COOH + ROH
2 

4. R'COOR + H
3
0
+ 

The rate of formation of the ester is proportional to the 

product of the concentrations of the organic acid and the activated 

alcohol complex 

+1 
d[R'COOR]/dt = k[R'COOH] [ROH2] 

The concentration of the alcohol complex is considered to be 

equal to the total H
+ 
concentration in dry alcohol. As water is 

formed, however, it competes with the alcohol for the hydrogen ion, 

reducing the concentration of the alcohol complex, and thus slowing 

down the esterification. An equilibrium is set up between alcohol and 
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K
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the water complex. 

ROH
+ 

+ H
2
0

3
0
+ 

+ ROH 
2 

The equilibrium constant for this reaction is: 

[H
3
01[ROH] 

K1  

If the concentration of alcohol is considered constant, 

factor .r is defined as: 

[R0H42] [H2O] 

1 
also 	[H3

01= [total H
+ 
 j - [ROH

2 
+1 

(4.2) 

Combination of (4.1) and (4.2) gives 

[ROH
2 

EH2cg 

[total 	- [ROH1 
2 

i.e.. 	[ROH
2
I] 	r [total H1 

r + [H20] 

Substituting this value in the rate equation leads to: 

d[R'COOR] 	k[RPCOOH] r [total H1  
dt 	r + [H20] 

If the original concentration of the organic acid is taken as 

a and x is the concentration of ester formed at time t , assuming 

no water is present at the start, this relation reduces to: 

	

dx 	k(a x)r (catalyst)  

	

dt 	r + x 

Integrating the above equation and setting x = 0 when t = 0, 

and solving for k, gives 

(r + a) kn[a/(a - x)] 	x  
(catalyst) rt 

r 

k 
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The value of r must be determined empirically by 

substituting two values of t with the corresponding x values, 

setting these two equations equal to each other and solving for r. 

The following experimental procedure was used. Appropriate 

solutions were heated in small sealed soda glass tubes (5 or 10 cm3) 

in a thermostat and the products titrated with alkali (cresol red as 

indicator). 

The value of r is independent of the. acid and concentration 

of the acid, but will vary with different alcohols and with temperature. 

Data for 	r 	(mol/litres) 	for methanol and acetic acid are given by 

Smith (91) and by Williamson (99): 

Temp 
o
C 	0 	20 	30 40 50 

r 0.11 	0.20 	0.25 0.32 0.42 

0.4 

0.3 

r 
0.2 

0.1 

O 

O 
	

10 	20 	30 
	

40 	50 

Temperature 

FIGURE 4.1 

In the present work it was found that r could be expressed 
• 

as a function of t by the following equation: 

r = 0.11 + 0.0007043.t
1.556 

This also determines K
1 
 which is given by the equation: K

1 
= [ROI-1]/r. 
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As methanol is in excess its concentration in the mixture 

could be considered the concentration of pure methanol. 

Hence 	RCM] = density of methanol/molecular weight of methanol 

K
1 could then be defined as: 

K
1 	

= density of methanol/[(M.W. of methanol).(0.11 + 

0.0007043.t1'556)] 	(4.3) 

In the present work methanol was not in excess, thus r is 

no longer a constant and is substituted by [ROIVK1  which equals r. 

The rate expression then becomes: 

d [R COOR]k[RiCOOH] [total H-1 [Ron]  
dt 	[ROH] + K1  [H20] (4.4) 

where K
1 

has already been defined by equation (4.3). 

The activation energy for the acetic acid - methanol reaction 

turns out to be 41,876 kJ/kmol (10,000 kcal/kmol) (91). 	(The value 

found by Williamson and Hinshelwood (99) was 42,713.6 kJ/kmol 

(10,200 kcal/kmol)). 

Finally, k is given by the following expression where the 

exponential term has been included (91): 

k .= 1.2 x 106 
 e-10,000/R.T 	

(4.5) 



CHAP'l'ER 5 

MODELLING OF THE PROCESS 

5.1 l~ssum12tions 

The following assumptions were made to formulate the model of 

the process of distillation with chemical reaction in a packed 

distillation colwnn: 

1) The reaction is assumed to take place only in the liquid phase, 

since the reaction rate is very much higher in this phase. Furthermore, 

the sulphuric acid catalyst is nonvolatile and does not exist in the 

vapour phase. 

The kinetics of the esterification reaction have been 

extensively discussed in Chapter 4.2 and the reaction rate as given by 

equation (4.4) is employed. 
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2) The mass transfer process is adequately described by the film theory. 

This assumes a steady state and a planar interface with mass transfer 

occurring only in the direction normal to the interface. 

3) There is thermodynamic equilibrium between the vapour and the 

liquid at the interface. 

4) The system operates under distillation conditions, i.e. the vapour 

is at its dew point and the liquid at its boiling point. 

5) '1'he heat liberated by reaction results in surface vaporisation. 

6) The molar latent heats of the components are asswned to be 

sufficiently similar for an average value to be used. 

7) The l.iquid and vapour phases are assumed to be in plug flow. 

8) No account is taken of heat losses from the system. 

9) 'l'he reboiler behaves as an equilibrium flash vaporiser and a 

continuous perfect stirred tank reactor. The vapour leaving the reactor 
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is in equilibrium with the liquid in the reactor, while'the liquid 

leaving the reactor reboiler has the same composition as the liquid in 

the reactor. 

5.2 Determination of molar flux 

For mass transfer in a multicomponent mixture of n components 

the total molar flux N. for transfer of component j in the direction 

normal to the interface can be written as 

n 
N. = x. 	1 N. 	+ n•  
is 	3s 1. 	is 	Js =1 

(5.1) 

where n represents the diffusional molar flux, the subscript s is 

used in this section to denote surface (interfacial) conditions in 

preference to the customary i to avoid confusion in notation and x. 

in this section denotes the mole fraction of component j in the liquid 

or vapour phase. 

With reference to equation (5.1) the mass transfer coefficient 

can be defined either as 

or as 

K.=11. /(x. - X. ) 
3 Js 3 Js 

0 
n. /(x. - x. ) 

J 	Js 	 Js 

(5.2) 

(5.3) 

In ordinary distillation under assumption of equal molar 

lateritheatsofevaporatiorlofallcomponentsal.= 0, so that N. = njs
. 

Js 

Under such conditions K, = K. 	However, in the present case, as a 
3 	3 

o 
resultofheatofreactionEN.i0 and consequently K. 	K. 	Since, _ 	is 	3 

	Sin ce, 

however, all correlation equations for mass transfer coefficients are 

based on equimolar counterdiffusion and even in absorption they usually 

refer to zero-nett-flux conditions, it was decided to work in K, as 

reference coefficients and incorporate the effect of heat of reaction 

into the flux equation. 
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n
js 

= -(D
jm
C
T9?

3)  

j through the mixture m: 

(5.6) 
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Consequently, equation (5.1) becomes 

N. = x. (q 
s 
 /A) 	

3 
n. 

 s 	(5.4) 3s 	3s  

where qs  is the heat flux at the surface resulting from the heat of 

reaction and producing surface vaporisation and A is the molar latent 

heat assumed equal for all components. Summation of equation (5.3) 

for all components in the mixture gives the relation 

- x. ) = 0 
j=1 3  3 	Js 

(5.5) 

Thus, in a mixture of n components there are only n-1 independent mass 

transfer coefficients, the remaining one being determined by equation (5.5). 

The diffusional molar flux n
js  may be expressed in the form 

ofFick'slawbydefiningadiffusivityD.for diffusion of component 
3m 

where CT is the 
	molar density of the mixture. As with the mass 

transfer coefficients 

y D. C Vx = 0 
j=1 jlii T  3  

which means that in a mixture of n components there-are only n-1 

independent values of D. . 
Jm 

As was shown by Curtiss and Hirschfelder (8) for multicomponent 

gas mixtures 
(N.x. - N.x.)/C D.. 

1 	i=1 3  1 	3 T 13 

- D. C 
3m T 

N. - x. y N. 
J 3 i=1 1  

(5.7) 

By comparingecillations (5.6) and(5.3)itisseeri thatx..is equal to 
3 

Dimqr/zL, where zr,  is the film thickness, as defined by the film theory, 

only if Dim  is constant over the diffusion path. 	From equation (5.7) 
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. it follows that this condition is satisfied if all the binary diffusion 

coefficients D.. are equal. This.assumption is therefore made in order 
ij 

to simplify the calculations and its corollary is the equality of the 

mass transfer coefficients Ko. for all components. 
3 

Such an assumption 

is equivalent to assuming equal plate efficiencies for all components 

in plate coluMns - a common feature of multicomponent distillation 

calculations. 

5.2.1 Molar flux in the gas phase  

In the gas phase, where there is no chemical reaction taking 

place the relevant flux is given by 

N. = (.4 /A)y! - D. C (dy!/dz) 
3 	s 	3 	3m G 	3 

Or 	 N.=(q /X)y'  - K
o 
(dy!/dV 

s 	jG 3 
(5.8) 

where C = z/z
G 

and the prime denotes variable composition inside the 

film. 	The boundary conditions are (i) y! = y at t = 0 and (ii) 
3 	js 

y!. at C = 1. 	The solution of equation (5.8) for the flux • 3 Y3 

subject to the above boundary conditions is 

q 	y. e - y. 
s 3 	3 N. - 

3s A 
e
E 
- 1 

(5.9) 

where .E = (q
s
/X)/K

o
jG. 	

For small values of E , i.e. for E < 0.1, 

N.
35 	3 

= K.
G 
 (y. - y.) + (q 

s
Thy. 

3s 	3 	js 
(5.10) 

the contact distillation and thermal distillation contributions can be 

regarded as additive. 

5.2.2 Molar flux in the liquid phase  

From conservation of mass the basic differential equation for 

unidirectional steady-state mass transfer is 

dN 

-dz 
+' = 
	

(5.11) 

For a first-order or pseudo-first-order reaction in the abSence 
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of thermal effects (qs  = 0) the equation becomes 

d
2
x! 

0
2
x! = 0 	(5.12) 

4
2 

where C is now equal to z/zL, 2 
= k1  D. C

L
2 
 /(K

3
.)
2 
 and k

1 is the first- jm 	
o 

order rate constant defined by 

r. = -k1 C
L3  
x. 	(5.13) 

By assuming the direction from the liquid to the gas phase as positive 

thatisselectingtheboundaryconationsas(i"!=x.a.t C = 0 and 3 	3 

(ii) x!
3  = xjs 

at = 1 the solution of (5.12) expressed in terms of 

interfacial flux is 

Nj = K°  	
x. 

s 	jL tanh 0 cosh 0 
x, 
3S) 

(5.14) 

For a slow reaction, i.e. S 0.2, the above equation reduces to 

N. = K. (x. - x) 
Js 

K. 
 3 js  (5.15) 

Under such a condition the presence of the chemical reaction has 

negligible effect on the diffusional transfer across the film and affects 

only the value x. in the bulk. 	This variation is taken into account 
3 

in setting up a material balance for the conservation of species j 

in a height increment of a column. 

In the presence of thermal distillation the bulk flow in the 

gas phase induces a similar bulk flow in the liquid phase so that, from 

(5.4) and (5.11), the differential equation assumes the form 

d2x! 	dx!.   

4
2 

6 4 ex, = 0  
(5.16) 

The boundary conditions remain as for equation (5.12). 	The solution . 

of (5.16) yields the following equation for the molar flux at the 

interface 

6/2 

Nj = K
o 

3 
x. (1 + 2b  tanh b) 	(5.17) 

s 	jL tanh b 	cosh b 	s 



where.  b = 
1(e2 + 4132)1/2 
2 

For 	b < 0.2 it reduces to 

Nis  = cp. + E.M (xi  .- :Xj 
 ) 
s 

(5.18) 
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5.2.3 Use of overall mass transfer coefficient  

An expression for the flux is obtained by assuming equilibrium 

at the interface (y. = m.x. ) and then eliminating y , and x. from 
3s 	3 3s 	3s 	3s 

	

equations (5.9) and (5.17). 	This gives 

	

CG 	-1  
e
EG+EL/2 

	

e6G-1 	m .e tanh b 
3  = 	 1T - y. 	(5.19) 

N]s 
	CL 	

E
L 
	3 

	

((0 c 	0  

	

jG G 	bKjL
(1 + 3701 -tanh b) 	cosh b + 2r3 sinh b 

For small values of C and 13 it reduces to 

-1 

1 
m. 	1+E

G 	
1+EG

+C
L
/2 

—1_, 

	

N . 	+ 	 11.  - 
K 	

Y. 
K0 

	

	 ) o 1+E 3S ( 	L
/2 	1+E L 	3 /2 	3 

3G 	jL 

which, without great loss of accuracy, gives the standard equation for 

the addition of resistances in mass transfer 

)-1 

	

Nis 	
1 
o 	--1— 	1?' 

3 	3 	jOG 

In section5.2ithasalreadybeenasumedthate--= K
o 

so that 

0 KJG  = KG  , KiL= KL  and KjoG  = KOG'. Any further simplifications have 

to be considered with respect to the esterification reaction involved. 

(a) 	Effect of chemical reaction on rates of diffusion  

The esterification reaction is not of first-order kinetics 

nor can it, in-a general case, be assumed to be pseudo-first order. 

As given by equation (4.4), the rate of formation of ester is 

kH
+
]C
L
x
M
xA 

r
E xM  + K

l
x
w 

However, under certain conditions, it becomes pseudo-first-order with 

respect to methanol so that 

. = 	+ 	( 	- y.) = 	3 
- 	.) 	(5.20) 

K
jG 



k 
1.4111CLx and = 

	

A 	Mm 1M  
Ko 

C
L 

	

1M xM 
+ K

l
x
w 	

0 
 

(5.21) 
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and,under different conditions 

k[H1C x 
 /DklA  C 

L M . 
k •.- 	and 0A - yo L lA x + K x

w  M 1  
(5.22) 

It was found that for column operation under all conditions 021  and/or 

a were smaller than 0.2 so that the effect of chemical reaction on the 

mass transfer coefficient could be neglected. 

(b) 	Effect of thermal distillation on mass transfer rates  

For a gas-phase controlled process the effect of thermal 

distillation on column performance is given by the expression 

NGG 
iN°  = 

G
/(1 - e -) 

where N
G 

is the number of gas phase transfer units which is a measure 

of column performance. Since distillation is, in general, a gas-phase 

controlled process, the effects of thermal distillation can be neglected 

if E
G 	

0.1. 

Since 
r(-AH)H

o 	
k
lA
x
A
(-AH)H

o 
a 
's 	a

s 	
a  

qs
k -AH lAH  o  E

G 
 =ale K

G
as 

It was found that, in general, the column was operating under conditions 

for which E
G 

< 0.1 so that the effect of thermal distillation on mass 

transfer coefficients could be neglected. 	The effect is, however,. 

included in the enthalpy balance. 

From the above considerations it follows that the molar flux 

can be assumed to be given by equation (5.20). 	Most work in the 

determination of mass transfer coefficients has been done with systems 
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operating under absorption conditions. It was therefore decided to 

determine the overall mass transfer coefficient by experimentation in 

distilling a binary mixture in the experimental column (see also 

Chapter 6.5). 

Initial experiments carried out with the binary system 

methanol-water (relative volatility at liquid mole fraction of 0.50 is 

equal to 3.5), proved unsatisfactory since this resulted in an almost 

complete separation of the components in a packed section of the column. 

Therefore a system with a much lower relative volatility had .to be chosen. 

The binaries methyl acetate-methanol, methanol-acetic acid, methyl 

acetate-water, water-acetic acid, methyl acetate-acetic acid, had 

equally high relative volatilities. Furthermore it was undesirable 

to use a‘binary mixture which contained acetic acid, since its association 

nature would have changed the liquid and vapour molar flowrates. 

The binary methanol-ethanol mixture, with a relative 

volatility of 1.73, gave good results and was therefore used for the 

determination of K
o
OG. 

 This system is recommended by Zuiderweg (104) 

as a test mixture for distillation columns and values for its vapour-

liquid equilibrium were taken from the same reference (104). 

Experiments were repeated twice and results are presented in 

table 5.1. 	A mean'value for K
OG
.a
s 
of 0.20 x 10

-4 
mol/cm

3
.s was 

adopted. 	Since methanol is one of the components of the quaternary 

system , it was not thought necessary to correct this value for 

variation in molecular diffusivity. 	In addition an assumption was 

made that K
o 

= 10K
o 
G.  

Consequently, the degree of approximation 

involved in estimation of the effect of chemical reaction on KL 
is not 

very important. 
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TABLE 5.1 

Run 	N
OG 	

h(cm) 	
HOG (

cm
) 	G(mol/s) 	K

OG
o 
.a
s 
 (mol/cm

3
.$) 

1 7.225 150.0 20.76 0.01949 0.206.10
-4 

2 6.909 150.0 21.71 0.01930 0.195.10
-4 

Normalization of fluxes  

By taking an energy balance at the vapour-liquid interface 

the following relations are obtained: 

q = Eq. 	 (5.23) 

and 

= N. X. 	(5.24) 3s 3 

where q is the total heat flux, and q. is the heat flux due to 
143 

component j. 

Substituting. from (5.24) into (5.23) and using an average 
c17 

value for the molar latent heat of vaporisation we obtain: 

= N. X - 3s (5.25) 

where A is the mean molar latent heat of vaporisation. 

In order to satisfy equation (5.25) the fluxes were normalized 

according to the following method: 

4 
If 	y N. = S 

i=1 3s  
4 

and y CN. = q/X 
i=1 3s  

where N. and CN. denote the flux and the corrected flux of component 
3s 	3s 

j at the interface 

then CNis ..N.(2. sign:e) 	(5.26) 
3s 	7 

where sign. determinates the sign of flux N. 
7 	 Js 
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and e is given by the following equation: 

e 
q/X - S • 

4 
y (sign.-N. ) 
i=1 	> js 

(5.27) 

5.3 	Mass balances  

The component mass balances are given by the following 

equations: 

Ester: 	d(G yE)= -NEs  as  A dh = d(L xE) - rE  Ho  A dh 	(5.28) 

Methanol: 	d(G ym) = -Nms  as  A dh = d(L x .) - rm  Ho  A dh 	(5.29) 

Water: 	d(G yw) = -Nws  as  A dh = d(L xw) - rw  Ho  A dh 	(5.30) 

Acid: 	d(G yA) = -NAs as  A dh = d(L xA) - rA  Ho  A dh 
(5.31) 

where x., y. are the mole fractions in the liquid and vapour bulk 
3 	3 

respectively, 

G, L are the vapour and liquid molar flow rates, 

N. are the molar fluxes at the interface defined by equation 
3s 

(5.20) and corrected by equation (5.26), 

a
s 

is the vapour-liquid interfacial area per unit volume of 

packed bed, 

A is the column cross sectional area, 

H
o 

is the holdup of the liquid in the packing per unit volume of 

packed bed, 

and 	r, indicates the rate of formation (or disappearance) of 
3 

component j. 

Addition of equations (5.28) to (5.31) gives 

dG 
 dh = - 

A  
--a

s 
 A (5.32) 

and 
dh

=
a a A 

dh 	s (5.33) 
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The derivatives of the mole fractions with respect to column 

height can be obtained from equations (5.28) to (5.31) and are given 

by: 

dx
E 	dL 

dh = 
1 
 (r

E 
H
o 
A - x 	N a 

	

E dh 	Es s A)  

dx
M 1 	dL dh = (rM Ho A - xM dh

- 
 Ms 

a
s 

dx
W = 

2, 
(r H A - x 	N a 

rs 

dh 	L W o 	W dh 	Ws s) 

dx 	
1 
(r 	dL 

= L 
— 

dh
A 	

A
H oA-x A dh-N a  

As s A)  

dh 
dYE G (- yE . 

dh 
Aa- N

Es as 
A) 

(5.34) 

(5.35) 

(5.36) 

(5.37) 

(5.38) 

dyM 
dh 

1 	dG 
- G 

 (- y . 	- N 	a AL) 
M dh Ms s (5.39) 

dh 

dyw  

G 
dG 

- — (- y
W.  dh  - NWs  as 

 A) 

dh
YA 1 	dG 
- G 
— (- y

A  . dh 
— - N

As  as 
 A) 

(5.40) 

(5.41) 

Initially a Runge Kutta Routine was used to obtain values of 

flowrates and mole fractions one step further down the column. Later 

on Taylor series expansion up to and including the first derivative 

was used and it was found that it gave similar results while at the 

same time taking only one third of the computer time. To save computer 

time the latter method was adopted. 

Normalization of mole fractions  

In equations (5.34) to (5.41) the derivatives of each mole 



G, y_ 

L,x, 
<  3  

	

IG' 	L' 

	

Y! 	x! 

	

3 	3 

T 
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fraction are calculated without taking into consideration the value of, 

or the changes in, other mole fractions. For this reason the mole 

fractions in each phase may not sum to unity. They are therefore 

normalized. 	Hence: 

x. 
x, = -1- 

Ex, 
J 

and 
Y. _1_ 

YJ  . - E 
Y • 

5.4 Enthalpy balance  

The liquid and vapour temperatures can be calculated from the 

respective liquid and vapour compositions, since the liquid was assumed 

to be at its boiling point and the vapour at its dew point. 

An enthalpy balance is however required for the calculation 

of the value of q. Such a balance over a differential section of 

column height, dh, gives: 

d(G.c.
0
0
GL  
) = -q as A dh = d(L.c.0L 

 ) - H
R 
- H

D 
- H

L 

where cL, cG  are the liquid and vapour specific heats respectively and 

eL, eG  the liquid and vapour temperatures respectively. 

HR is the heat generated by the reaction given by the equation: 

H
R 

= r.AH.H .A.dh 
	

(5.42) 

HD and HL 
are the heats of dilution and heat losses from the column. 

The heat of reaction of the system under consideration is 

high so that the terms containing the liquid specific heat, HD  and HL  

are small compared to the heat of reaction term and can be neglected. 

Hence: 
r.AH.H

o q  _ 	
a
s 

5.5 Reflux inlet 

(5.43) 

FIGURE 5.1 
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The reflux was introduced at a temperature of approximately 

20°C. This was responsible for a partial condensation of the vapour 

phase. This condensation was important and had to be taken into 

consideration. 

L" is the amount (in mol/s) condensed and is calculated by 

the following equation: 
E(c ..x ) 

L" = L 	P3 	. At 
Xt 

(5.44) 

where xj  is the mole fraction of component j in the reflux, c
P3 
 is 

the heat capacity of component j at a mean temperature which is the 

mean of the boiling point of the liquid stream L' and the inlet 

temperature of the.reflux, At is the difference between the boiling 

point of the reflux and the inlet temperature of the reflux, L is the 

molar reflux rate and Xt is the latent heat of condensation of the 

vapour stream G'. The latent heat of vaporisation of the reflux is 

approximately equal to the latent heat of condensation of the vapour 

stream G'. For the calculations therefore Xt was taken equal to the 

latent heat of vaporisation of the reflux. 

Also 	G' = G 	L" 	(5.45) 

and 
	

L' = L 	L" 	(5.46) 

where G' and L' are the vapour and liquid molak flow rates below the 

reflux feed point. 

Assuming equilibrium condensation the liquid stream L" is in 

equilibrium with the vapour stream G (see fig 5.1) so that: 

_ 	B 
H.y,.Z 

(5.47) 
J' P..y . 

3 

where 	is the composition of component j in the liquid stream L", 

Yj 

	

	
3 

is the composition of component j in the vapour stream G, y, is 

the activity coefficient of component j in the liquid stream L" and 

and P°.(t) is the vapour pressure of compbnent j (when present alone) 
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at. the temperature of the vapour stream G. 

An initial value of x7 equal to x was assumed and 
3 	

Y3 

calculated.Thecalculatedvalueof. Y3  was used in equation .(5:47) to 

compute a new value for x7. A check was made whether this new value 
3 

of x7 was equal to the assumed value of x7. If not, the newly 
3 	 3 

calculated value of x" was used to compute a new value for y,. This 
3  

was then used to compute another new value for x7. This iterative 
3 

process was carried on till the values of x" converged. 
i 

Then y! was calculated from the mass balance: 
3 

y! = (G.y. + L"x7)/G' 	(5.48) 
3 

and x! (the composition of component j in the liquid stream L') 

from the mass balance: 

x! 	L"x")/L' 	(5.49) 
3 	3 

5.6 Feed inlet  

To prevent partial condensation of the vapour phase inside 

the column the feed should be introduced at a temperature for which 

the following equation is valid: 

F i
F 

+ L i
L 

= L' i
L' 

where i
F' 

i
L 

and i
L' 

are the enthalpies of the feed,-the liquid stream 

L and the liquid stream L' respectively. 	If this is done the flowrates 

and compositions in the column can then be adjusted according to the 

following equations: 

L 	= L 	+ L 	(5.50) 
below feed 	above feed 	feed 

G 	= G 	 (5.51) 
below feed' 	above feed 

L x. 	+ L x. 
3 above feed 	J feed  x. 	 (5.52) 

3 below feed 
L below feed .- 

. 
Y3 below feed 

= y 
3 above feed 

(5.53) 
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However for the actual experiments the feed was a few 

degrees below its desired temperature. The amount of condensation 

taking place because of this is equal to: c .A0/X; where c is the 

heat capacity of the feed, AO is the temperature difference between 

the feed and the liquid inside the column at the feed point, X is the 

latent heat of condensation of the vapour stream inside the column. 

For a feed containing 50% methanol and 50% acetic acid in 

mole fractions, and for a AO = 10°C, 

the amount of condensation - 23.64 x 10= 0.0307 i.e. 3.07% of the 
7691.3 

feed flowrate or 1.54% of the vapour flowrate. 

Hence the amount of condensation due to the feed not being 

at the desired temperature is negligible and was not taken into 

consideration. 

5.7 Reboiler  

L,x 	G,y. 

17 3 	

 

4 
Bottom column section 

1 
-Mass balance 

V 

r. 

Reboiler 

FIGURE 5.2 

Z. 

AssuMing the reboiler to be a well mixed reactor and applying 

a mass balance over the rebOiler and bottom section of the column gives 

(see fig 5.2): 
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L.x
E 
+ V.r

E 
= B.zE  + G.yE 	

(5.54) 

L.xM  + V.r
m 
= B.zM  + G.y

m 	
(5.55) 

L.xw  + V.rw  = B.zw  + G.yw 	
(5.56) 

L.xA + V.rA 
= B.zA + G.yA 	

(5.57) 

where V is the volume of the reboiler, equal to 2600 cm
3 
 , B is the 

molarproduetflowrate(inmol/s)andz.the mole fraction of component j 

at the bottom. 	Equations (5.54) to (5.57) were solved using a .  

minimization routine based on Powell's work (73). 

Summation of equations (5.54) to (5.57) gives: 

L = B + G or B = L - G 	(5.58) 

Furthermore the vapour leaving the reboiler should be in 

equilibrium with the bottom liquid product from the reboiler. The 

composition of the vapour entering the packing, calculated using the 

procedure described in section 5.3, and the composition of the vapour 

leaving the reboiler should be equal. This is not always the case 

since an arbitrary assumption was made as to the conditions at the top 

of the column. To satisfy this condition, the top vapour compositions 

were adjusted using a minimization routine based on Powell's work (73). 

This minimizes the difference between the two vapour compositions at 

the bottom of the column. When convergence is achieved equations 

(5.54) to (5.57) are satisfied and furthermore the vapour leaving the 

reboiler is in equilibrium with the bottom product from the reboiler. 

5.8 Flooding velocities calculation 

The column had to be operated below its flooding velocity. 

An empirical correlation for the calculation of flooding rates based 

on Lobo's expression (52) was presented by Sawistowski (84): 
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v2.a p
G L

\ p0.2 
kn  

(L)1/4 (p
- 
 1/3. 

= -4 -G- 	• -,77 
% g.63 PL 

where a is the surface area of the packing per unit volume of column, 

g is the gravitational acceleration, c is the void fraction of the 

packing, pL  and pG  are the densities of the liquid and gas respectively, 

pL and p are the viscosities of the liquid and of water at 20°C and 

G, L are the mass flowrates of the gas and liquid phase respectively. 

This equation was used to check that velocities were below 

their flooding values. 

5.9 Calculation procedure  

The calculations for the column were carried out using the 

Imperial College digital computer CDC 6400. The following procedures 

were adopted: 

5.9.1 Calculation procedure for fixed length column (A flow chart 

and a listing of this procedure is presented in Appendix D.4) 

1. Set values for molecular weights, molecular volumes, critical 

temperatures, boiling points, column operating pressure, cross-sectional 

area of the column, voidage and specific surface area of the packing. 

2. Set the molar flowrate of the catalyst at the top of the column. 

Set the molar flowrates and molar compositions of the feed. Set the 

reflux temperature (equal to 20°C). 	Set the molar flowrates of the 

reflux and the top vapour. Provide an estimate of the vapour and 

liquid temperatures. 	Set the step length. 

3. Provide an estimate of the top compositions. 

4. Calculate compositions and flowrates of the vapour and liquid 

streams below the reflux position using equations (5.44) to (5.49). 
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5. 	Calculate: 

(i) The boiling and dew point temperatures 

(ii) The reaction rate. 

(iii) The wetting rate, w 

(iv) The liquid holdup in the column,. Ho  

(v) The heat of vaporization 

(vi) The vapour liquid interfacial area, as  

(vii) The interface heat flux, q 

(viii) The activity coefficients,. Y)  

(ix) The partial pressures, P
o 

(x) The vapour mole fractions in equilibrium with the liquid phase, 

3 

(xi) The overall vapour mass transfer coefficients, Ko 
jOG 

(xii) The total concentration of the liquid and vapour phase, CL  

and C
G 

■ 

(xiii) The diffusion coefficients in the liquid phase, DjL 

(xiv) riA  and f31,4  from equations (5.21) and (5.22) 

(xv) The interfacial molar fluxes from equation (5.20). Normalize 

the fluxes using equations (5.26) and (5.27) 

(xvi) The gradients from equations (5.32) to (5.41) 

6. Integrate equations (5.32) to (5.41) to obtain values of flowrates 

and mole fractions one step further down the column using Taylor series 

expansion. 

7. Normalize the mole fractions in the liquid and vapour phases. 	If 

after normalisation any mole fractions are found negative or zero 

return to step 3 using a new estimate for the top compositions. 

. 
8. Repeat steps 5, and 7 till the feed point is reached. 

9. Calculate conditions below the feed point using equations (5.50) 

to (5.53). 
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10. Repeat steps 5, 6 and 7 to obtain values of flowrates and mole 

fractions one step further down the column. Iterate till the bottom 

of the column is reached. 

11. Calculate the mole fractions in the reboiler and the bottom 

flowrate B using equations (5.54) to (5.58). Calculate the reboiler 

temperature using a bubble point determination. 

12. • Calculate the compositions of the vapour leaving the reboiler 

which is in equilibrium with the liquid in the reboiler. 

13. Calculate the sum: E(y. 	- Y. 	)
2 
and estimate new 

3reboiler 3column 

top compositions to minimize this sum at the next iteration'. 

14. If the estimated new top compositions and the previous top 

compositions differ by less than 0.1% the calculation is terminated. 

If not return to step 3 using the new estimate for the top compositions. 

5.9.2 Calculation procedure for determination of column length  

For design purposes it is required to determine the column 

height rather than to work with a fixed length. For calculations of 

this type the bottom mole fraction of methyl acetate (zE) has been fixed 

(x
Methanol/xAcid)above feed  

(x
Methanol

/x
Acid

)
feed 

The procedure is then as follows: 

1. Set values for molecular weights, molecular volumes, critical 

temperatures, boiling points, column operating pressure, cross-sectional 

area of the column, voidage and specific surface area of the packing. 

2. Set the molar flowrate of the catalyst at the top of the column. 

Set the molar flowrates and molar compositions of the feed. Set the 

reflux temperature (equal to 20°C). Set the molar flowrates of the 

as well as the ratio b 



78 

reflux and the top vapour. Provide an estimate of the vapour and.' 

liquid temperatures. 	Set the step length. 

3. Fix the ester bottom composition in mole fraction (zE) and the 

(x
M
/x
A
)
above feed 

(x
M
/x
A
)
feed 

4. Provide an estimate of the top compositions. 

5. Calculate the bottom product flowrate from equation: B = F - T. 

6. Calculate the overall reaction from an overall mass balance: 

R = T.xTE + B.z
E 

the bottom product composition of water from equation: 

z 	= (R - T.x )/B 
Tw 

the bottom product compositions of methanol and acetic acid from equation: 

z. = (F.xfi  - T.xi  - R)/B 

and the reboiler temperature using a bubble point determination. 

7. Calculate compositions and flowrates of the vapour and liquid 

streams below the reflux position using equations (5.44) to (5.49). 

8. Calculate: 

(i) The boiling and dew point temperatures 

(ii) The reaction rate 

(iii) The wetting rate, w 

(iv) The liquid holdup in the column, Bo  

(v) The heat of vaporization 

(vi) The vapour liquid. interfacial area, as  

(vii) The interface heat flux, q 

(viii) The activity coefficients, y.  

0 
(ix) The partial pressures, P. 

ratio b 
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(x) The vapour mole fractions in equilibrium with the liquid 

phase,* Yj  

(xi) The overall vapour mass transfer coefficients, K
o 
jOG 

(xii) The total concentration of the liquid and vapour phase, CL  

and C
G 

The diffusion coefficients in the liquid phase, D
jL 

$A and 13 from equations (5.21) and (5.22) 

The interfacial molar fluxes from equation (5.20). Normalize 

the fluxes using equations (5.26) and (5.27) 

(xvi) 	The gradients from equations (5.32) to (5.41) 

9. Integrate equations (5.32) to (5.41) to obtain values of flowrates 

and mole fractions one step further down the column using Taylor series 

expansion. 

10. Normalize the mole fractions in the liquid and vapour phases. If 

after normalization any mole fractions are found negative or zero return 

to setp 4 using a new estimate for the top compositions. 

11. Check whether (x
M
/x
A )above feed 

is equal or less than b.(x
M
/x
A
)
feed. 

If so continue. 	If not return to step 8. 

12. Calculate conditions below the feed point'using equations (5.50) to 

(5.53) and compute the value of (x /x ) 
M A below feed point.  

13. Calculate the composition of the vapour leaving the reboiler. 

14. From a mass balance at the bottom of the column calculate the 

liquid composition entering the reboiler taking into consideration• the 

reaction in the reboiler. 

15. Change the sign of the step length. 

16. Repeat step 8. 

17. Integrate equations (5.32) to (5.41) to obtain values of flowrates 
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and mole fractions one step further up the column using Taylor series 

expansion: 

18. 	Repeat step 10. 

19. is equal or greater than Check whether (x
M 
x
A
)
in column 

(x
M
/x

A
)
below feed point' 

	If so continue. 	If not return to step 16. 

20. Calculate the sum: E( 

	

	
m
)
2 
and estimate new Yjbelow feed Yjcolun 

top compositions to minimize this sum at the next iteration. 

21. If the estimated new top compositions and the previous top 

compositions differ by less than 0.1% the calculation is terminated. 

If not return to step 4 using the new estimate for the top compositions. 
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CHAPTER 6  

EXPERIMENTAL 

6.1 Apparatus (Experimental set up. A)  

The packed column forming the distillation column had an 

internal diameter of 3 inches. In order to minimize the problem of 

corrosion standard glassware equipment was used (supplied by 

J.A. Jobling Q.V.F.). 	This also allowed a certain degree of flexibility 

in arranging the components. 

Fig. 6.1 shows details of the layout of the column. 

Every Q.V.F. glassware connection was specially made of 

flanged joints provided with rubber asbestos gaskets fitted with 

P.T.F.E. sheaths. 	This was done to counteract the corrosive action 

of the catalyst. The column comprised four equal 24 inches sections 

A, B, C and D (see Fig. 6.1). 	These sections, separated by packing 

supports, were packed up to the level of the liquid sampling device 

with 8 mm glass Raschig rings. This gave a 48 cm packed height for 

each section. 

Quickfit sockets fitted with P.T.F.E. sheaths (Fisons 

Scientific Apparatus) were used for each sampling device and rubber 

tubing lined with P.T.F.E. was employed to connect sampling taps with 

the body of the sampling device. 	The devices comprised several glass- 

blown joints and were therefore fragile. When samples were taken 

the strain exerted on these joints was thus greatly reduced by the 

rubber sleeves. Details of the liquid and vapour sampling devices 

are shown in fig. 6.2 and fig. 6.3. 

The vapour sampling taps passed the vapour into small water 
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cooled condensers. Liquid samples were also cooled by a small heat 

exchanger. Taps connected to these heat exchangers were lubricated 

with graphite. Cold water was circulated into the heat exchangers by 

a pump and cooling was provided by a refrigeration machine. 

At the bottom of the column a 0.5 m
2 

transfer area reboiler 

provided the necessary heat to the columh. At the top part of the 

condensed top vapour was returned as reflux. 

The inlet streams to the reboiler and the- reflux as well as 

exit streams from the bottom and top of the column were measured by 

rotameters. For higher accuracy the exit streams were also measured 

manually during each experiment. In order to do this a thirty second 

flow was collected in a sampling bottle and weighed. 

To facilitate calculations over the bottom section of the 

column there should be no reaction in the feed loop to the reboiler. 

Therefore a heat exchanger at the bottom of the column cooled the 

liquid reboiler feed to quench the reaction (see Fig. 6.1). 	Further- 

more another heat exchanger at the exit from the reboiler cooled the 

liquid before the sampling point SB. 

Gravity feed of both reactants was achieved by using air-

lifts to supply the constant head reservoirs, which - were supported 

about a metre above the top of the column. 

Steam heated heat exchangers of 0.15 m
2 
surface area were used 

before the inlet to the column to preheat both feeds, where flow rates 

were controlled by a diaphragm valve and measured by rotameters. 

Acetic acid was fed in liquid form, at a temperature of 

approximately 1000C (b.p. of acetic acid 118.00C), at point 2 (Fig. 6.1). 

The entry of methanol feed, was constructed in such a way that it could 

be introduced in vapour or liquid form at points 4 and 3 respectively 

(see Fig. 6.1). 	During initial experimentation it was found difficult 
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to control and thus measure the vapour input at point 4.. Liquid 

methanol fed into this heat exchanger was measured by a rotameter and, 

by keeping a constant level within the heat exchanger, it could be 

assumed that the vapour output was equivalent to the liquid input. The 

difficulty in measuring the vapour released from this heat exchanger 

was related to the practical difficulty in controlling the heat-released 

from the stream input (around 100°C) and thus maintaining a constant 

level within this vessel. 

As a result of the above difficulty it was found necessary to 

use liquid methanol preheated to just below boiling point (b.p.of 

methanol 64.7oC) and fed at point 3. 	In order to do this a heating 

tape was wound around the inlet pipe so that the heat exchanger became 

superfluous. 

The catalyst was fed into the column through the reflux at the 

top and its flow measured by a calibrated rotameter. Since flow rates 

were however very low, in order to double check rotameter readings 

during each run, flow rates of catalyst output were measured manually. 

In order to ensure proper heat insulation several layers of 

one inch width asbestos tape were used to lag the column. In addition 

heating tapes were embedded into the lagging.' Two variacs controlled 

independently the power input to sections A, D and another one to B and C. 

Two thermocouples in series were embedded on each side of a 

layer of lagging between the column wall and the heating tape. For 

adiabatic conditions the power input to the heating tapes was adjusted 

until the e.m.f. across the thermocouples was zero. 	Even so, a 

substantial loss of heat occurred due to heat transfer through the 

unlagged joints and supports. 

Furthermore, independently controlled heating tape and lagging 

were wound around the top of the column to minimize the condensation of 
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vapours above the introduction of the reflux.. 

Figures 6.4 to 6.6 show respectively the bottom, middle and 

top sections of the column. 

Rotameters 

The rotameters were supplied by Meterate, and were of the F-

type with glass floats. The reboiler rotameter was supplied by 

Rotameter Ltd and is of the Metric 102 type with koranite float. 

The reboiler and reflux rotameters were calibrated for methanol, 

acetic acid, methyl acetate and water. A Mettler semiautomatic balance 

was used to weigh the liquid flowing through the meter during a known 

period of time. A plot of W/p over p(p
ft

- p)ip
2 
on log-log paper gave 

a set of calibration curves so that the flow rate could be determined 

regardless of the density or viscosity of the mixture (60). 

The calibration curves for the reflux rotameter are shown in 

Fig. 6.7. 	The float densities were 

3 
. 2.48 g/cm = 

' Pft koranite 	2.53 g/cm
3 

and 0ft glass 

Thermocouples  

Copper-constantan 30 S.W.G. diameter thermocouples were used 

to measure temperatures, in parallel with thermometers, at points Tl to 

T7. Their cold junction was immersed in a Dewar flask which contained 

oil. A thermometer was used to read the temperature in the Dewar flask. 

A potentiometer was used to read the e.m.f. All thermocouples were 

calibrated in a constant temperature oil bath against an accurate 

thermometer the reading accurance of which was ±0.2°C. 

In addition a Cambridge Alt amplifier instrument continuously 

recorded the e.m.f. output of six thermocouples. 	Temperature 
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variations in the reboiler, four column sections and acetic acid feed 

heat exchangers could therefore be followed and steady state easily 

defined. 

Similarly thermocouples indicated the temperature gradient 

across the lagging at column sections A, B, C and D (Fig. 6.1). 

Safety precautions  

Safety precautions were necessary because of the acidity of 

concentrated acetic acid and the explosivity of methanol and acetic 

acid vapours. 

The operator was supplied with a helmet, visor, overall and 

rubber gloves for personal protection. 

Cold water showers were fitted on both levels of approach to 

the column. 

A metallic rail surrounded the top half of the equipment 

accessible from the upper level and a wooden sheeting covered the floor 

of the upper level preventing any leakages splashing down. 

A metal splash tray at the bottom of the column retained any 

leakages. 

During initial operation of the column the explosivity of the 

atmosphere surrounding the column was measured by means of an 

explosimeter. This was found to be far below the explosive limit. 

Initial testing  

The reboiler was filled up with water and this was heated up. 

The apparatus was run under_total reflux conditions to detect and 

eliminate all leakages. This initial test with water was necessary 

since leakages of acetic acid during normal operation of the column 

might have been dangerous. 
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6.2 Operational. procedure 

Each reservoir was topped up with reactants and compressed 

air lifted the liquids to their respective constant-head tanks. 

Steam was supplied to the reboiler and to the feed heat 

exchangers and the diaphragm valves were opened to allow acetic-acid and 

methanol feed to flow into the column. 

The valves required adjustment every ten minutes to maintain 

the flowrate within ±5%. 

When reflux was achieved steam supply to the reboiler was 

reduced since,at high flow rates the column was liable to flooding. 

The power input to the heating tapes around the column was 

adjusted to maintain adiabatic conditions. 

The heating tapes wound around the top of the column were 

turned on to minimize condensation of vapour above the reflux feed. 

Temperatures settled down to steady values after 2 to 3 hours 

of operation, but the total operating time before sampling started was 

found to vary between 3 to 4 hours. 

The flow coming off the bottom of the column at point SB was 

adjusted to maintain a constant level of liquid above the steam coils 

in the reboiler. 

Timed flows of the bottom and top products were collected from 

points SB and ST (Fig. 6.1) and weighed using a Mettler semiautomatic 

balance. 	The flowrate of the bottom product was most accurately 

estimated from-an overall mass balance. 

Vapour samples were taken from points S2 to S4 while liquid . 

samples were taken from points ST, SB and S2 to S4. 

Temperatures were read at points Tl to T7. 

Liquid samples taken from the column were analysed immediately 

to prevent any further chemical reaction. These were analysed 
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chromatographically. Since a 14 minute interval was necessary between 

two injections into the chromatograph, operation time of the column had 

to be extended until all liquid samples were analysed. 

The purity of the substances employed in the investigation 

is presented in Appendix A.2. 

6.3 Apparatus (Experimental set up B)  

The apparatus set up was altered and further experiments were 

performed. 

A mixture of methanol and acetic acid was fed in liquid form 

at point 4 (see Fig. 6.1). This was preheated to a temperature of 

approximately 60°C by means of a heating tape. 

The air lift system was dropped and supply was achieved by 

means of .a piston pump of approximately 2 strokes/s, in order to 

establish constant feed flowrates. 

The operational procedure used was similar to that of 

experimental set up A. 

6.4 Sample analysis  

The analysis of the samples was made chromatographically. 

The same procedure was followed as explained in Chapter 2.3. 

6.5 Determination of the overall vapour mass transfer coefficient 

For the determination of the overall mass transfer coefficient, 

K
o  
OG' the column-was operated under total ref lux conditions, the two 

feed sections being disconnected. 

The binary system methanol-ethanol was used for the determination 

of K
o 

. Liquid samples.of-this binary mixture were taken from points 
OG 

ST and S2 to S4 and analysed chromatographically. 
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CHAPTER 7 

RESULTS AND DISCUSSION 

The experimental results from - the packed distillation reaction 

column are presented in Appendix'D.1. Suitable flowrates were chosen 

below flooding point. 

Initially experiments were carried out with methanol...being 

fed at point 3 and acetic acid at point 2 (see fig 6.1, Chaptet 6) both 

in liquid form and at a temperature near their respective boiling points 

(series A, Appendix D.1). 	It was then desired to provide a computing 

progmmmetocalculate the theoretically predicted concentration and 

temperature profiles (liquid and vapour) for these operating conditions 

and to compare them with the experimental results. When the calculations 

were started from the top of the column downwards it was found that at a 

few steps below the methanol feed point the liquid concentration of 

methanol became zero. A computation starting from the bottom and 

moving towards the top provided a methanol vapour concentration equal 

to zero above the same methanol feed point. This proved that the 

experimental conditions were not suitable for a theoretical solution. 

It is actually a knciwn fact, even in binary distillation, that the 

feed position cannot be chosen arbitrarily, since under certain conditions 

there is no solution to the problem. Thus, a computer programMe• could 

not be applied.  to the experimental setup A of Chapter 6.1 and it was 

therefore not possible to compare the experimental results with 

theoretical predictions. 

This discrepancy led to the necessity of finding conditions 

under which a computing programme could be applied. They were found to 

be those for which both methanol and acetic acid were fed as a mixture 
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at point 4 (see fig 6.1). Experiments were therefore carried out under 

these conditions (setup B) and results compared with computed values 

(series B, Appendix D.1). 

The computing procedure described in Chapter 5.9.1 and listed 

in Appendix D.1 was used to calculate the concentration and temperature 

profiles (liquid and vapour) in the column under'these conditions. This 

programmewasthen used to calculate theoretically the effect of operating 

and control variables on the overall conversion and ester top product 

concentration. Finally for design purposes the programme was altered so 

that the height of the column could be determined under different 

operating conditions. This programme is described in Chapter 5.9.2. 

7.1 Correlation of results  

Experimental results carried out in the packed column when 

methanol and acetic acid were. fed together (at point 4, fig 6.1) are 

compared with theoretically predicted results using an integration 

step length of 2 cm (see Appendix D.1, series B). 	The physical 

properties for the system were calculated according to the methods of 

Appendix C. 

Since the feed was a mixture of acetic acid and methanol 

some methyl acetate and water were formed in the feed tank. This was 

also taken into consideration. 

The concentration and temperature profiles in the packed 

column were found to be smooth, except for a discontinuity at the feed. 

A number of runs were plotted on a height versus mole fraction chart, 

to depict the concentration profiles along the column. 	Experimental 

points were also shown, see fig 7.1 to 7.10. 	Run B.2 was also 

plotted on a height versus temperature chart to show the liquid and 

vapour temperature profiles along the column, see fig 7.11. 
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At the top of the column the vapour and liquid phases consisted 

mainly .of ester and methanol although water of 0.0014 to 0.005 mole 

fraction was also present. There were also some traces of acetic acid. 

The ester-methanol concentrations were very near the azeotrope of the 

binary mixture concentration. This was in disagreement with Corrigan 

and Ferris (20) who presented .a top ester concentration of 90.4%. 

Initial guesses of these top concentrations had to. be made 

thefourthbeingfixedfromtherelationEx...=1. 	It was important to 

include acetic acid and water (which were both present in small quantities) 

in these guesses. 	Ester was chosen as the third guess. 

It should be pointed out that the convergence of the mathematical 

model depended strongly on the initial guesses of top concentrations. 

It was essential to choose a mole fraction of acetic acid which was high 

enough (order of 0.00004 to 0.00030) in order not to produce zero acid 

concentration below the acetic acid feed point. The mole fraction of 

ester should also be below the azeotropic value of ester-methanol. 

Methyl acetate (the most volatile component) increased in 

concentration up the column. Methanol (the second most volatile 

component).  in general decreased down the column but in certain cases it 

passed through a local maximum below the feed point. Acetic acid and 

water (these being the two less volatile components) increased down the 

column. 

The liquid and vapour temperatures increased down the column 

as the concentration of high boilers increased. 

The agreement of the theoretical predictions with the 

experimental results was considered satisfactory. The main factors 

responsible for the discrepancies between theoretical and experimental 

work, as shown in series B, Appendix D.1 and fig 7.1 to fig 7.10, are: 
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(i) Liquid samples below the feed point gave scattered results. 

This indicates that perfect mixing did not take place between 

the feed and the liquid in the column at the feed point. 

(ii) Glassblowing problems made it difficult to obtain the bottom 

product from the middle of the reboiler and it was therefore 

taken from the bottom part. It was thus possible that this 

sample was not truly representative of the conditions within 

the reboiler. 

(iii) The difficulty in adjusting the bottom product rotameter (which - 

was fluctuating) produced an unsteady level in the reboiler. 

(iv) When injecting samples into the chromatograph it was possible 

that some reaction took place. 

(v) In the theoretical investigation all overall vapour mass 

transfer coefficients have been taken as equal. 

(vi) The kinetics of the reaction apply to systems in which the 

reactant methanol is in excess. This was not generally the 

case under the experimental conditions. 

For runs in series A the discrepancy in mass balances obtained 

is due to the experimental factors (i), (iii) and (iv) and to the fact 

that the two feed rotameters (methanol and acetic acid) fluctuated. 

This last defect was eliminated during runs B with the introduction of 

a feed pump. 

It should be pointed out that there was no liquid droplet.  

entrainment in the vapour samples. Vapour samples corresponding to 

liquid samples containing 15% mole fraction of acetic acid showed only 

traces of acetic acid. 



110 

7.2 Theoretical predictions of column performance  

7.2.1 Predicted performance of fixed length column  

Following the correlation of the experimental results, further 

tests with the model were conducted to predict the behaviour of systems 

for which experimental results were not available. 

Trials were made to study the effect of the following operating 

and control variables on conversion and top product mole fraction of 

the ester: 

(1) Feed composition 

(2) Feed rate 

(3) Catalyst concentration 

(4) Column operating pressure 

(5) Reflux ratio 

(6) Reboil ratio 

(7) Integration step length 

(8) Catalyst introduction with the feed 

(9) Use of high holdup packing 

The overall conversion (4) was calculated from the following 

equation: 
Fx
fA
-  (Tx

TA 
+ BzA) 	

Tx + Bz
E 

TxT
E 

where D is equal to F.xfA  or F.xfM  whichever is smaller. 

F, T, B are the feed, top and bottom molar flowrates respectively, 

xfA, xfm  are the acetic acid and methanol feed mole fractions respectively, 

xTA , XTE 
 are the acetic acid and ester top mole fractions respectively, 

and zA, zE  are the acetic acid and ester bottom mole fractions 

respectively. 
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In certain operating regions the mathematical model did not 

converge and it was not possible to obtain results for these conditions. 

The theoretical results are tabulated in Appendix D.2 and can 

be summarized as follows: 

(1) 	Effect of feed composition  

The effect of feed composition on conversion (41) was considered 

in two parts, since conversion was defined in two different ways 

depending on the acetic acid mole fraction in the feed. 

Tx
TE + BzE  

(i) • 	 , for 
F.x

fA 	
xfA 

4 0.5 
• 

(1)  

Tx
TE 

+ Bz
E  

F.x 	
for x

fA 
 0.5 

fM 
 

Under the assumptions that (a) the two definitions of conversion 

are symmetrical, (b) the effect of temperature on conversion is 

negligible and (c) the reboiler compositions of acetic acid and 

methanol are proportional to the respective feed compositions, there 

should be a minimum of conversion at an acetic acid feed mole fraction 

of 0.5 (see fig 7.12). 

(2) Effect of feed rate  

On decreasing the feed rate the catalyst concentration in 

the liquid phase increases and hence a higher conversion is obtained 

(see fig 7.13). 

The ester top product concentration was also affected by the 

feed rate. At high feed rates conversion was lowered and ester 

concentration dropped. 

(3) Effect of catalyst flowrate on introduction at top of the column  

An increase in catalyst flowrate provided an increase in 

conversion and a slight increase in ester top concentration, as 
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presented in fig 7.14. Ester top concentration cannot increase 

considerably since an azeotrope existed at the top of the column. 

(4) Effect of column operating pressure  

Higher operating pressures resulted.in higher boiling points 

and thus increased the liquid and vapour temperatures in the column 

as well as the reaction rate constant. This resulted in higher 

conversion with increase in pressure (see fig 7.15). 

The top ester composition however decreased with increase in 

pressure (fig 7.15). This was caused by the shift of the azeotropic 

composition towards lower ester concentrations with increase in pressure. 

(5) Effect of reflux ratio  

Conversion decreased with increase of the reflux ratio since 

the reactants were diluted with ester. This excess in ester also 

lowered the boiling point temperatures and hence provided lower reaction 

rates. 

The ester top composition was independent of the reflux 

ratio. This was due to the azeotrope at the top of the column. At 

low reflux ratios however there was a slight increase in the ester top 

composition (see fig 7.16). 

(6) Effect of reboil ratio  

Changes in the reboil ratio did not affect the overall 

conversion, see fig 7.17. 	There was however a slight increase in 

ester top concentration with increase of reboil ratio. 	Furthermore, 

there were differences in the liquid and vapour concentration profiles 

in the column with increase of reboil ratio as shown in figs 7.19 and 

7.20. 	Water concentration at the top increases from 0.37% to 2.26% 

for increase in reboil ratios from 3.27 to 6.50. 
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(7) Effect of integration step length  

The magnitude of the integration step length did not affect 

the calculated overall conversion and the top ester concentration, 

see fig 7.18. 	Concentration profiles also remained unaltered. 

It is however important when using high step lengths to start 

computation with an estimated guess of top component values approaching 

those of the final solution. 

(8) Effect of catalyst introduction with the feed  

The effect was tested of sulphuric acid catalyst being 

introduced with the feed instead of with the reflux. It was 

interesting to find out whether this will reduce the water concentration 

at the top. In fact there was a negligible reduction of water as 

shown in table D.2.2, Appendix D.2. 	Furthermore, the concentration 

profiles remained almost identical. This is undoubtedly caused by 

most of the reaction occurring in the reboiler. 

(9) Effect of high holdup packing  

The effect of a high holdup packing (HY - Contact Multifil 

Hyperfil) on overall conversion and concentration profiles was tested. 

In this case the holdup was calculated from a graph provided by the 

manufacturers from Which the following equation was derived: 

	

70.0 	0.10  
Holdup = 	. G 

	

1100.0 	1100.0 

Again, the effect proved to be negligible as the column 

holdup remained a small fraction of the reboiler holdup and did not 

significantly change the amount of reaction in the column (see table 

D.2.3, Appendix D.2). 

Concentration-profiles remained almost unchanged. 
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7.2.2 Performance prediction of a column for fixed bottom mole  

/x 	) 	feed fraction of methyl acetate (z
E
) and fixed ratio b -

xMethanol ( 	Acidabove  
(x

Methanol/x  Acid)feed 

The procedure described in Chapter 5.9.2 was used to calculate 

the effect of the feed rate, reboil ratio and step length on total packed 

height of column, conversion and top ester concentration. 

In the case of feed rate and reboil. ratio the.effect.was 

examined by using a step length of 2 cm. The type of packing and the 

column diameter were taken to be the same as for the fixed length column. 

Flowrates were chosen below the flooding point. 

For these calculations the bottom mole fraction of methyl 

acetate (z
E) and the ratio b - 

(x
Methanol/xAcid

)
above feed had to be fixed. (x

Methanol/xAcid
)
feed 

The effect of feed composition on conversion could not be 

investigated. 	Initially proper values of zE  and b were chosen and a 

solution was obtained. When the feed composition was altered pinch 

conditions appeared and hence no solution could be achieved. 	(It 

should be pointed out, however, that a solution existed for a different 

set of z
E and b at this altered feed composition). Similarly, for 

the same reason the effect of pressure,catalyst concentration and 

reflux ratio on conversion could not be studied. 

The theoretical results are tabulated in Appendix D.3 and can 

be summarized as follows: 

(1) 	Effect of feed rate  

There was a decrease in conversion with an increase in the 

feed rate, as shown in fig. 7.21, probably as the result of.dilution of 

the catalyst. 

At a low feed rate there was an increase in the top ester 

mole fraction. 
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(2) Effect of reboil ratio  

An increase in the reboil ratio did not significantly affect 

the overall conversion. However the packed height and the top 

ester mole fraction increased with increase of reboil ratio (see fig. 7.22) 

(3) Effect of integration step length  

The effect of increasing the step length on the packed height 

of the column was investigated. Two flow rates (0.0150 and 0.0175 mol/s) 

were chosen for this study. For the first flow rate (0.0150mol/s) 

the packed height did not vary with increasing step length (fig. 7.23). 

The overall conversion and ester top concentration also remained 

unaltered. 	However for the second flowrate chosen (0.0175 mol/s) an 

increase in step length resulted in greater packed height (fig. 7.24). 

This is an indication of the errors introduced by using the Taylor 

expansion for larger step lengths. There is no apparent effect on top 

ester composition but this is probably hidden by the proximity of the 

azeotropic composition. 

A 
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• CHAPTER 8 

CONCLUSIONS 

8.1 Conclusions  

The esterification of methanol and acetic acid in a single-

stage reaction-distillation column was investigated. 

A 3 inch packed column was set up and experiments were 

carried out. 

A mathematical treatment was developed consisting of the 

solution of mass and enthalpy balances in the two phase reacting system 

under distillation conditions. These balances incorporated the 

kinetics of chemical reaction and mass transfer. 

The agreement of the theoretical predictions with the 

experimental results was considered satisfactory. 	Small discrepancies 

between calculated and experimental results in some cases were due to 

experimental errors and inaccuracies in the predictions of overall mass 

transfer coefficients and kinetic data. 

It was found experimentally that there was an azeotrope at 

the top of the column which resulted in a maximum ester concentration 

of 67.06 mole percent. This was in disagreement with Corrigan and 

Ferris (20) who found a top ester concentration of 90.4%. 

Increase in pressure produced higher temperatures and 

conversions as well as shifting of the azeotrope at the top of the 

column, as a result of which lower methyl acetate concentrations were 

obtained. An increase in the catalyst flowrate increased the conversion. 

The value of the reboil ratio did not affect the overall conversion but 

higher reboil ratios produced more water at the top of the column. On 

increasing the reflux ratio, the conversion was decreased. 	The 
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variation of acetic acid concentration in the feed produced a minimum 

in conversion at 50% mole fraction of acid. An increase in the feed 

flowrate decreased the conversion. Most of the reaction took place in 

the reboiler since the column holdup was low compared to the volume of 

the reboiler and a higher holdup packing did not affect the overall 

conversion. 

The operation of a reaction-distillation column for a fixed 

composition of one of the components was also investigated. The 

overall conversion dropped with increase of the feed flowrate but 

remained constant with increase of the reboil ratio. 

8.2 Suggestions for future work  

An examination and simplification of the mathematical model 

should be carried out in order to save computing time. 

Distillation with chemical reaction of methanol and acetic 

acid in a plate column should be investigated. This should be compared 

with the packed column results. A high percentage of holdup on the 

plates compared to the volume of the reboiler would involve more 

reaction in the column. 

An economic evaluation of single-stage and two-stage operations 

for the production of methyl acetate from methanol and acetic acid 

should be carried out and results should be compared. 

Studies on a distillation-reaction column should be extended 

to other reacting systems. 
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APPENDIX A  

PURITY OF SUBSTANCES 

The substances employed in the investigations were of the 

following specifications: 

A.1 Vapour-liquid equilibrium experiments  

1) Water: Distilled water was used. 

2) Methanol: A.R. Quality supplied by James Burrough Ltd. 

• Maximum limits of impurities: 

100 g of methanol require 0.02 ml of N NaOH to neutralize 

the acidity 

100 g of methanol require 0.01 ml of N HC1 to neutralize 

the alkali 

Non-volatile matter: 0.0005% 

Organic impurities: passes tests 

Substance reducing permanganate(0): 0.0005% 

Water: 0.1% 

3) Methyl acetate: supplied by B.D.H. Chemicals Ltd. 

Density at 20°C : 	0.929 to 0.931 g/cm
3 

Refractive index: 	1.3605 to 1.3625 

Assay (saponification):Not less than 98% 

Maximum limits of impurities: water -0.1%, non-volatile 

matter 0.01%, 100 g of methyl acetate require 1 ml of 

N NaOH to neutralize the free acid 
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4) Acetic acid: Glacial'supplied by Hopkin and Williams Ltd. 

Specification: 	Assay 99% minimum 

Density at 20°C about 1.048 to 1.051 g/cm3  

Non-volatile matter: 

Chloride (Cl): 

Sulphate (SO4): 

Arsenic (As): 

Lead (Pb): 

0.01% max 

0.005% max 

0.02% max 

0.0001% max 

0.003% max 

Oxidizable impurities (as CH3CHO) 0.01% max 

Freezing point not below 14.8°C 

5) Sulphuric acid (the catalyst): G.P.R. supplied by Hopkin 

and Williams.Ltd. 

Non-volatile matter: 

Chloride (Cl): 

Nitrate (NO
3
): 

Heavy metals (Fe): 

About 98% w/w H2SO4  

0.015% max 

0.004% max 

0.0005% max 

0.0025% max 

6) Hydrogen (the carrier gas for the chromatograph): pure 

A.2 Reaction-distillation experiments  

1) Methanol: S.L.R. supplied by Fisons Scientific Apparatus Ltd. 

Acidity (CH3COOH) < 0.004% 

Boiling point range (95%): 64.5 - 65.5°C 

Residue after evaporation < 0.002% 

Density at 20°C: 0.790 to 0.793 g/cm
3 
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2) Acetic acid: S.L.R. supplied by Fisons Scientific Apparatus Ltd. 

Assay: 	99-100% 

Iron (Fe)< 2. ppm 

Chloride (C1) < 5 ppm 

Residue after evaporation < 0.01% 

Freezing point: 15.0°C min 

Sulphate (SO4) < 5 ppm 

Heavy metals (Pb) < 2 ppm 

Density at 20°C: about 1.048 g/cm
3 

3) Sulphuric acid (the catalyst): G.P.R. as for the vapour-

liquid equilibrium experiments. 

4) Hydrogen (the carrier gas for the chromatograph): pure 
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APPENDIX B.1  

VAPOUR LIQUID EQUILIBRIUM DATA  

Nomenclature used in the tables: 

X,Y:mole fraction in the liquid and vapour phase respectively 

DY: deviation in the vapour phase: Y 	- Y calculated 	experimental 

R.M.S.D.: root mean square devation of the vapour phase mole fraction: 

where N is the number of experimental points 
M.N 

and M is the number of components 

M N 
Dy2  1.; i=1 j=1 

A..: calculated constants for the Margules 3rd order binary equation 13 

Cijk : calculated constants for the Margules 3rd order ternary equation 

TABLE B.1  

Binary system: methyl acetate - methanol (93) 

A
12 

= 0.4416 

A
21 = 0.4335 

R.M.S.D. = .005 

Experimental Calculated 

x
Ester XMeth 

Y 
Ester 

Y 
Meth 

Temp oC YEster Y Meth 
DYEster DYMeth 

.049 .951 .146 .854. 62.10 .144 .856 -.002 .002 

.110 .890 ' .273 .727 59.80 .266 .734 -.007 .007 

.214 .786 .390 .610 - .395 .605 .005 -.005. 

.284 .716 .456 .544 56.10 .454 .546 -.002 .002 

.440 .560 .551 .449 54.70 .548 .452 -.003 .003 

.593 .407 .619 ..381 54.10 .623 .377 .004 -.004 

.688 .312 .684 .316 54.00 .675 .325 -.009 .009 

.810 .190 .761 .239 54.30 .758 .242 -.003 .003 

.872 .128 .820 .180 54.90 .815 .185.  -.005 .005 

.957 .043 .917 .083 55.90 .924 .076 .007 -.007 
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TABLE B.2 

Binary system: methyl acetate - water (93) 

A12 	1.0045 

A
21 = 0.6764 

R.M.S.D. = .023 

Experimental ' Calculated 

X Ester X W ater Y  E Ester Y  Water 
Temp oC YEster Y 

Water 
DY 	DY 

Ester.. 	Water 

.927 .073 .934 .066 56.6 .946 .054 .012 -.012 

.863 .137 .900 .100 56.8 .908 .092 .008 -.008 

.784 .216 .868 .132 56.4 .872 .128 .004 -.004 

.724 .276 .847 .153 56.9 .852 .148 .005 -.005 

.549 .451 .804 .196 59.0 .823 .177 .019 -.019 

.436 .564 .816 .184 57.8 .821 .179 .005 -.005 

.389 .611 .819 .181 - .822 .178 .003 -.003 

.268 .732 .798 .202 - .824 .176 .026 -.026 

.106 .894 .822 .178 - .771 .229 -.051 .051 

.010 .990 .239 .761 - .276 .724 .037 -.037 
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TABLE B.3 

Binary system: methyl acetate - acetic acid (Experimentally 

determined in the present work) 

A
12 = -0.1026 

A
21 = 0.6118 

R.M.S.D. 	.020 

Experimental Calculated 

x
Ester 

X 
Acid Y Ester YAcid 

o Temp 	C YEster Y Acid DY Ester DYAcid 

.021 .979 .072 .928 115.75 .064 .936 -.008 .008 

.022 .978 .069 .931 115.75 .069 .931 .000 .000 

.022 .978 .072 .928 115.00 .069 .931 -.003 .003 

.087 .913 .285 .715 106.70 .282 .718 -.003 .003 

.082 .918 .285 .715 106.50 .268 .732 -.018 .018 

.108 .892 .345 .655 104.40 .348 .652 .003 -.003 

.116 .884 .402 .598 102.50 .372 .628 -.030 .030 

.117 .883 .397 .603 102.00 .375 .625 -.022 .022 

.118 .882 .380 .620 103.60 .378 .622 .-.002 .002 

.143 .857 .447 .553 98.40 .447 .553 .000 .000 
..144 .856 .460 .540 100.50 .449 .551 -.011 .011 
.146 .854 .447 .553 100.30 .455 .545 .008 -.008 
.154 ,846 .470 .530 99.50 .475 .525 .005 -.005 
.159 .841 .483 .517 98.10 .486 .514 .003 -.003 
.166 .834 .503 .497 96.75 .503 .497 .001 -.001 
.163 .837 .496 .504 96.30 .496 .504 .000 .000 
.170 .830 .514 .486 98.00 .513 .487 .000 .000 
.171 .829 .480 .520 98.60 .516 .484 .036 -.036 
.173 .827 .535 .465 95.50 .520 .480 -.015 .015 
.203 .797 .595 .405 95.50 .584 .416 -.012 .012 
.216 .783 .626 .374 94.70 .609 .391 -.016 .016 
.215 .785 .622 .378 93.50 .606 .394 -.017 .017 
.273 .727 .680 .320 88.50 .696 .304 .016 -.016 
.385 .615 .812 .188 80.00 .808 .192 -.003 .003 
.412 .588 .853 .147 78.80 .826 .174 -.027 .027 
.420 .580 .849 .151 77.70 .831 .169 -.018 .018 
.492 .508 ,_ 	.876 .124 76.60 .867 .133 -.009 .009 
.500 .500 .885 .115 74.00 .870 .130 -.015 .015 
.581 .419 .928 .072 70.25 .896 .104 -.032 .032 
.719 .281 .969 .031 64.60 .924 .076 -.045 .045 
.819 .181 .999 .001 62.00 .943 .057 -.056 .056 
.900 .100 .997 .003 59.40 .965 .035 -.032 .032 
.950 .050 .999 .001 58.30 .984 .016 -.015 .015 
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TABLE B.4.a  

Binary system: methanol - water (27) 

A
12 

= 0.3444 

A
21 

= 0.2268 

R.M.S.D. 	.005 

Experimental Calculated 

X 
Meth )( Water Y  Meth Y Water 

Temp 
o
C Y 

Meth 
Y  
Water 

DY 
Meth Water 

.020 .980 .121 .879 96.92 .129 .871 .008 -.008 

.026 .974 .159 .841 95.82 .162 .838 .003 -.003 

.033 .967 .188 .812 95.06 .198 .802 .009 -.009 

.036 .964 .215 .785 94.13 .210 .790 -.004 .004 

.052 .947 .275 .725 92.24 .280 .720 .005 -.005 

.074 .926 .356 .644 90.00 .352 .648 -.004 .004 

.087 .913 .395 .605 88.57 .389 .611 ------.)006 .006 

.108 .892 .440 .560 86.93 .438 .562 -.002 .002 

.129 .871 .478 .522 85.37 .480 .520 .002 -.002 

.163 .837 .537 .463 83.38 .535 .465 -.002 .002 

.191 .809 .572 .428 81.95 .572 .428 -.001 .001 

.233 .767 .616 .384 80.25 .616 .384 .000 .000 

.268 .732 .648 .352 79.06 .648 .352 -.001 .001 

.294 .706 .666 .334 78.14 .668 .332 .002 -.002 

.352 .648 .704 .296 76.52 .707 .293 .002 -.002 

.402 .598 .734 .266 75.34 .736 .264 .002 -.002 

.454 .546 .759 .240 74.22 .763 .237 .003 -.003 

.502 .498 .785 .215 73.21 .786 .214 .001 -.001 

.563 .437 .812 .188 71.95 .814 .186 .001 -.001 

.624 .376 .835 .165 70.90 .841 .159 .006 -.006 

.717 .283 .877 .123 69.15 .881 .119 .004 -.004 

.790 .210 .910 .090 68.07 .912 .088 .002 -.002 

.857 .143 .939 .061 66.90 .940 .060 .002 -.002 

.930 .070 .958 .042 65.73 .971 .029 .012 -.012 

.938 .062 .971 .029 65.71 .974 .026 .003 -.003 



Experimental 

xMeth XWaer Meth Water 
o' Temp 	C 

.0838 .9162 .3861 .6139 88.2 

.1005 .8995 .375 .625 87.7 

.0947 .9053 .3881 .6119 87.0 

.1301 .8699 .4892 .5108 85.0 

.1722 .8278 .5164 .4836 83.25 

.1831 .8169 .5275 .4725 80.0 

.2523 .7477 .6342 .3658 80.5 

.3065 .6935 .6923 .3077 78.5 

.3800 .62 .7440 .256 75.7 

.462 .538 .768 .232 74.0 

.5817 .4183 .8187 .1813 70.2 

.5916 .4084 .8274 .1726 70.2 

.59 .41 .832 .168 71.5 

.6125 .3875 .843 .157 70.5 

.6717 .3283 .8657 .1343 68.8 

.6694 .3306 .8535 .1465 68.8 

.75 .25 .894 .106 68.25 

.825 .175 .93 .07 67.0 

.893 .107 .955 .045 66.0 
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TABLE B.4.b 

Binary system:methanol - water (Experimentally determined in 

the present work) 
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TABLE B.5 

Binary system: methanol - acetic acid (Experimentally determined 

in the present work) 

A12 = -0.0305 

A21 = 0.0098 

R.M.S.D. = .009 

Experimental Calculated 

XMeth XAcid YMeth 
Y
Acid 

o Temp 	C Y
Meth YAcid 

DY
Meth 

DY
Acid 

.071 .929 .222 .778 110.30 .216 .784 -.006 .006 

.088 .912 .275 .725 108.50. .259 .741 -.016 .016 

.098 .902 .279 .721 108.20 .282 .718 .004 -.004 

.112 .888 .323 .677 107.50 .315 .685 -.008 .008 

.143 .857 .377 .623 105.10 .379 .621 .002 -.002 

.178 .822 .441 .559 102.10 .445 .555 ' 	.004 -.004 

.282 .718 .591 .409 95.80 .602 .398 .011 -.011 

.305 .695 .643 .357 93.70 .632 .368 -.011 .011 

.357 .643 .684 .316 91.90 .690 .310 .006 -.006 

.468 .532 .797 .203 85.00 .794 .206 -.002 .002 

.514 .486 .844 .156 82.70 .830 .170 -.014 .014 

.600 .400 .905 .095 78.30 .885 .115 -.020 .020 

.687 .313 .943 .057 74.50 .928 .072 -.014 .014 

.718 .282 .945 .055 73.50 .941 .059 -.004 .004 

.749 .251 .959 .041 72.10 .952 .048 -.007 .007 

.797 .203 .955 .045 70.30 .967 .033 .011 -.011 

.810 .190 .970 .030 70.10 .971 .029 .000 .000 

.824 .176 _ 	.978 .022 69.40 .975 .025 -.003 .003 

.841 .159 .980 .020 68.60 .979 .021 -.001 .001 

.878 .122 .996 .004 67.40 .987 .013 -.009 .009 
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TABLE B.6 

Binary system: water - acetic acid (81) 

A
12 = 0.2569 

A21 = 0.2940 

R.M.S.D. 	.010 

Experimental Calculated 

Y, Water XAcid Y Water Y 	, Acia Temp 
o
C Water YAcid DYWater DYAcid 

.002 .998 .020 .980 118.0 .004 .996 -.016 .016 

.029 .971 .085 .915 116.0 .061 .939 -.023 .023 

.079 .921 .157 .843 114.0 .150 .850 -.007 .007 

.136 .864 .236 .764 112.0 .237 .763 .000 .000 

.205 .795 .321 .679 110.0 .327 .673 .007 -.007 

.285 .715 .413 .587 108.0 .417 .583 .004 -.004 

.394 .606 .526 .474 106.0 .523 .477 -.004 .004 

.539 .461 .659 .341 104.0 .649 .351 -.010 .010 

.736 .264 .815 .185 102.0 .812 .188 -.003 .003 

.952 .048 .970 .030 100.25 .977 .023 .008 -.008 



TABLE B.7 Ternary system: methyl acetate - methanol - water (23) 

  

C = -0.1201 
	

R.M.S.D. = .035 

Experimental Calculated 
xEster xMeth XWater 

Y 
Ester 

Y 
Meth 

Y 
Water 

Y 
 
Y 
Meth 

Temp 0C 
 

Y 
Water 

DY 
 
DY

Meth 
DY  

Water 

.07 .11 .82 .60 .19 .21 63.7 .5597 .1996 .2407 -.0403 .0096 .0307 

.36 .18 .46 .65 .17 .18 60.5 .6787 .1861 .1352 .0287 .0161 -.0448 

.48 .22 '.30 .65 .18 .17 57.5 .6670 .2247 .1083 .0170. .0447 -.0617 

.16 .46 .38 .45 .41 .14 58.3 .4675 .4216 .1109 .0175 .0116 -.0291 

.13 .29 .58 .54 	. .29 .17 59.7 .5231 .3224 .1545 -.0169 .0324 -.0155 

.06 .16 .78 .49 .28 .23 62.7 .4787 .2812 .2400 -.0113 .0012 .0100 

.06, .08 .86 .57 .19 .24 64.8 .5639 .1660 .2701 -.0061 -.0240 .0301 

.26 .69 .05 .42 .53 .05 65.8 .4503 .5320 .0177 .0303 .0020 -.0323 

.20 r .54 ' .26 .42 .46 .12 57.1 .4662 .4532 .0807 .0462 -.0068 -.0393 

.54 .25 .21 .63 .22 .15 56.0 .6613 .2544 .0843 .0313 -.0344 -.0657 

.41 .52 .07 .51 .44 .05 56.5 .5501 .4232 .0267 .0401 -.0168 -.0233 

.34 .43 .23 .53 .34 .13 56.7 .5614 .3626 .0759 .0314 .0226 -.0541 

.26 .35 .39 .53 .29 .18 58.2 .5723 .3160 .1117 .0423 .0260 -.0683 

.13 .22 .65 .60 .21 .19 60.5 .5690 .2641 .1669 -.0310 .0541 -.0231 

.53 .41 .06 .57 .36 .07 57.0 .6071 .3674 .0255 .0371 .0074 -.0445 

.45 .34 .21 .57 .30 .13 57.9 .6138 .3096 .0766 .0438 .0096 -.0534 

.35 .28 .37 .59 .23 .18 58.5 .6244 .2625 .1131 .0344 .0325 -.0669 

.19 .18 .63 .65 .16 .19 59.4 .6432 .2018 .1550 -.0068 .0418 -.0350 

.12 .09 .79 .77 .10 .13 62.0 .6708 .1335 .1957 -.0992 .0335 .0657 

.17 .75 .08 .35 .60 .05 57.9 .3729 .5995 .0277 .0229 -.0005 -.0223 

.11 .65 .24 .35 .57 .08 59.2 .3370 .5838 .0792 -.0130 .0138 -.0008 

.10 .54 .36 .36 .51 .13 63.0 .3602 .5265 .1133 .0002 .0165 -.0167 

.65 .30 .05 .65 .31 .04 55.2 .6667 .3092 .0241 .0167 -.0008 -.0159 

.52 .23 .25 .65 .20 .15 57.8 .6670 .2365 .0965 .0170 .0365 -.0535 

.11 .86 .03 .24 .74 .02 61.0 .2739 .7153 .0108 .0339 -.0247 -.0092 

.89 .06 .05. .81 .13 .06 56.1 .8682 .0980 .0338 .0582 -.0320 -.0262 

.62 .15 .23 .70 .15 .15 57.5 .7202 .1779 .1019 .0202 .0279 -.0481 

.58 .13 .29 .70 .14 .16 58.0 .7253 .1547 .1200 .0253 .0147 -.0400 

.20 .20 .60 .64 .16 .20 60.1 .6337 .2165 .1497 -.0063 .0565 -.0503 

.24 .27 .49 .59 .22 .19 60.7 .6060 .2631 .1309 .0160 .0431 -.0591 

.06 .84 .10 .14 .83 .03 63.2 .1915 .7715 .0371 .0515 -.0585 .0071 

.03 .46 .51 .15 .67 .18 62.6 .1900 .6244 .1857 .0400 -.0456 .0057 



TABLE B.8 
	

Ternary system: methyl acetate - methanol - acetic acid (experimentally determined in the 

present work) 	C = -0.12 	R.M.S.D. = .020 

Experimental Calculated 
x
Ester 

x
Meth 

X 
Acid 

Y 
Ester YMeth 

Y
Acid 

Temp 0C 
YEster YMeth YAcid 

DY
Ester 

DY
Meth 

DY
Acid 

.3343 .0683 .5974 .7094 .1045 .1861 80.3 .7210. .0946 .1844 .0116 -.0099 -.0017 

.3579 .2176 .4245 .6704 .2690 .0606 70.1 .6651 .2447 .0902 -.0053 -.0243 .0296 

.0947 .1357 .7696 .2936 .2827 .4237 94.7 .2735 .3030 .4235 -.0201 .0203 -.0002 

.1662 .4521 .3817 .3937 .5468 .0595 71.3 .3859 .5345 .0795 -.0078 -.0123 .0200 

.0589 .5433 .3978 .1571 .7696 .0733 76.1 .1661 .7331 .1008 .0090 -.0365 .0275 

.1192 .2974 .5834 .3407.  .4790 .1803 82.9 .3144 .4776 .2081 -.0263 -.0014 .0278 

.2872 .3406 .3722 .5679 .3950 .0371 68.5 .5592 .3710 .0697 -.0087 -.0240 .0326 

.0514 .1508 .7978 .1667 .3587 .4746 98.4 .1505 .3617 .4878 -.0162 .0030 .0132 

.0695 .6633 .2672 .1875 .7764 .0361 70.0 .1918 .7626 .0456 .0043 -.0138 .0095 

.1145 .3048 .5807 .3314 .4893 .1793 82.9 .3033 .4896 .2071 -.0281 .0003 .0278 

.4343 .1789 .3868 .7323 .2191 .0486 68.2 .7301 .1922 .0778 -.0022 -.0269 .0292 

.0504 .4819 .4677 .1415 .7510 .1075 79.4 .1439 .7135 .1426 .0024 -.0375 .0351 

.0851 .7281 .1868 .1995 .7898 .0107 65.9 .2252 .7520 .0228 .0257 -.0378 .0121 

.2974 .0684 .6342 .6913 .1045 .2042 81.3 .6833 .1026 .2142 -.0080 -.0019 .0100 

.0690 .0589 .8721 .2293 .1405 .6302 103.7 .2117 .1655 .6228 -.0176 .0250 -.0074 

.0529 .1521 .7950 .1738 .3646 .4616 98.3 .1547 .3626 .4826 -.0191 -.0020 .0210 

.0948 .1874 .7178 .2220 .4100 .3680 90.9 .2671 .3800 .3529 .0451 -.0300 -.0151 

.0870 .2386 .6744 .2583 .4483 .2934 88.9 .2426 .4524 .3050 -.0157 .0041 .0116 

.4835 .1789 .3376 .7617 .2160 .0223 65.7 .7503 .1861 .0636 -.0114 -.0299 .0413 

.1986 .4815 .3199 .4387 .5342 .0271 67.7 .4281 .5177 .0542 -.0106 -.0165 .0271 

.0884 .1564 .7552 .2830 .3402 .3768 93.7 .2540 .3410 .4050 -.0290 .0008 .0282 

.0679 .0938 .8383 .2147 .2307 .5546 100.3 .2034 .2437 .5529 -.0113 .0130 -.0017 

.0848 .2365 .6787 .2518 .4463 .3019 89.3 .2372 .4524 .3104 -.0146 .0061 .0085 

.0911 .8172 .0917 .2198 .7360 .0442 62.6 .2352 .7575 .0072 .0154 .0215 -.0370 

.3712 .2160 .4128 .6907 .2681 .0412 69.5 .6750 .2392 .0858 -.0157 -.0289 .0446 

.0718 .6378 .2904 .1870 .7741 .0389 70.6 .1971 .7499 .0530 .0101 -.0242 .0141 

.0621 .1772 .7607 .1897 .3919 .4234 95.2 .1796 .3952 .4251 -.0051 .0033 .0017 

.0255 .1474 .8271 .0886 .3519 .5595 101.5 .0744 .3735 .5521 -.0142 .0216 -.0074 

.0523 .0458 .9019 .1909 .1258 .6833 106.3 .1616 .1378 .7006 -.0293 .0120 .0173 

.0776 .2139 .7085 .2312 .4270 .3418 91.5 .2198 .4319 .3483 -.0114 .0049 .0065 



TABLE B.9 	Ternary system: methyl acetate - water - acetic acid (experimentally determined in the 

present work) 
	

C = -0.0953 
	

R.M.S.D. = .021 

Experimental Calculated 

xEster xWater X Acid Y Ester 
v 
-Water 

Y
Acid 

o 
Temp 	C YEster YWater YAcid DYEster DYWater DYAcid 

.2356 .6172 .1472 .8159 .1787 .0054 65.5 .7781 .2038 .0181 -.0378 .0251 .0127 

.0185 .6854 .2961 .1942 .6401 .1657 96.2 .2046 .6228 .1727 .0104 -.0173 .0070 

.1847 .6620 .1533 .7967 .1896 .0137 67.6 .7529 .2251 .0221 -.0438 .0355 .0084 

.2734 .4194 .3072 .7524 .2040 .0436 71.8 .7505 .1891 .0603 -.0019 -.0149 .0167 

.1302' .6730 .1968 .7040 .2685 .0275 72.7 .6826 .2755 .0418 -.0214 .0070 .0143 

.2479 .6091 .1430 .8256 .1680 .0064 65.0 .7834 .1997 .0170 -.0422 .0317 .0106 

.0088 .6805 .3107 .0922 .7127 .1951 99.6 .1046 .6915 .2039 .0124 -.0212 .0088 

.0522 .1718 .7760 .2113 .2454 .5433 103.4 .1954 .2476 .5570 -.0159 .0022 .0137 

.1494 .7280 .1226 .7833 .2106 .0061 67.5 .7437 .2388 .0176 -.0396 .0282 .0115 

.3901 .2331 .3768 .8256 .1300 .0444 71.7 .8054 .1149 .0797 -.0202 -.0151 .0353. 

.0196 .6289 .3515 .1751 .6221 .2028 97.6 .1872 .5992 .2136 .0121 -.0229 .0108 

.0252 .6447 .3301 .2380 .5856 .1764 95.2 .2399 .5733 .1868 .0019 -.0123 .0104 

.2851 .4129 .3020 .7768 .1923 .0309 71.9 .7581 .1841 .0578 -.0187 -.0082 .0269 

.4332 .2315 .3353 .8310 .1309 .0381 69.3 .8253 .1093 .0654 -.0057 -.0216 .0273 

.0035 .8127 .1838 .0710 .8097 .1193 99.1 .0652 .8203 .1145 -.0058 .0106 -.0048 

.0048 .8194 .1758 .0679 .8234 .1087 99.2 .0896 .8045 .1059 .0217 -.0189 -.0028 

.0537 .1597 .7866 .2165 .2335 .5500 103.3 .1980 .2338 .5682 -.0185 .0003 .0182 

.0112 .6754 .3134 .1289 .6807 .1904 98.6 .1286 .6708 .2006 -.0003 -.0099 .0102 

.6322 .0555 .3123 .9174 .0423 .0403 66.0 .9007 .0268 .0726 -.0167 -.0155 .0323.  

.0127 .6950 .2923 .1479 .6811 .1710 97.7 .1516 .6677 .1807 .0037 -.0134 .0097 

.2445 .4098 .3457 .7574 .2065 .0361 73.4 .7215 .2002 .0783 -.0359 -.0063 .0422 

.0262 .2584 .7154 ' .1155 .3523 .5322 105.1 .1132 .3569 .5299 -.0023 .0046 -.0023 

.0327 .4702 .4971 .1982 .5050 .2968 98.8 .2059 .4867 .3075 .0077 -.0183 .0107 

.0329 .4662 .5009 .1989 .5037 .2974 98.6 .2053 .4841 .3106 .0064 -.0196 .0132 

.0015 .9083 .0902 .0467 .8918 .0615 98.9 .0394 .9127 .0479 -.0073 .0209 -.0136 

continued 	 



Table B.9 continued  

Experimental Calculated 

XEster 
x
Water 

X Acid Y 
Ester 

Y 
Water 

YAcid 
o Temp 	C Y

Ester 
Y 
Water 

Y  
Acid 

DY 
Ester 

DY
Water 

DYAcid 

.0008 .9637 .0355 .0478 .9281 .0241 98.8 .0256 .9593 .0151 -.0222 .0312 -.0090 

.5913 .0598 .3489 .9087 .0462 .0451 67.8 .8912 .0288 .0800 -.0175 -.0174 .0349 

.2634 .4199 .3117 .7371 .2119 .0510 71.9 .7464 .1910 .0626 .0093 -.0209 .0116 

.0190 .6003 .3807 .1404 .6285 .2311 99.2 .1701 .5917 .2382 .0297 -.0368 .0071 

.2447. .4793 .2760 .7330 .2339 .0331 70.6 .7420 .2057 .0523 .0090 -.0282 .0192 

.1779 .5172 .3049 .7339 .2331 .0330 75.9 .6793 .2476 .0731 -.0546 .0145 .0401 

.0172 .6035 .3793 .1359 .6325 .2316 99.4 .1570 .6023 .2407 .0211 -.0302 .0091 

.6061 .1174 .2765 .9082 .0758 .0160 64.5 .8857 .0564 .  .0579 -.0225 -.0194 .0419 

.0009 .9624 .0367 .0515 .9243 .0242 98.7 .0287 .9557 .0156 -.0228 .0314 -.0086 

.1166 .7554 .1280 .7153 .2707 .0140 69.8 .7079 .2702 .0219 -.0074 -.0005 .0079 

.1327 .6367 .2306 .6863 .2786 .0351 75.1 .6659 .2804 .0537 -.0204 .0018 .0186 

.1278 .6346 .2376 .6829 .2782 .0389 76.0 .6550 .2873 .0577 -.0279 .0091 .0188 

.5844 .1222 .2934 .8943 .0778 .0279 65.8 .8808 .0584 .0608 -.0135 -.0194 .0329 

.0904 .6681 .2415 .6095 .3367 .0538 80.25 .5838 .3442 .0720 -.0257 .0075 .0182 



TABLE B.10 	Ternary system: methanol - water - acetic acid (experimentally determined in the 

present work) 	C = 0.3546 	R.M.S.D. = .024 

Experimental Calculated 

X
Meth 

X
Water 

X 
Acid 

Y 
Meth 

Y 
Water 

Y  
Acid 

Temp 
o
C Y

Ester 
Y
Water Acid DY

Ester 
DY

Water 
DY

Acid 

.1148 .6056 .2796 .3442 .5361 .1197 93.4 .3506 .5204 .1290 .0064 -.0157 .0093 

.0344 .6787 .2869 .1312 .7030 .1658 99.6 .1312 .6903 .1785 .0000 -.0127 .0127 

.3555 .5899 .0546 .7039 .2682 	, .0279 79.0 .7040 .2899 .0061 .0001 .0217 -.0218 

.0178 .9141 .0681 .0544 .8985 .0471 98.3 .1042 .8653 .0305 .0498 -.0332 -.0166 

.3362 .5591 .1047 .7079 .2790 .0131 80.6 .6855 .2990 .0155 -.0224 .0200 .0024 

.1724 .8097 .0179 .5984 .3991 .0025 84.1 .5418 .4557 .0025 -.0566 .0566 -.0000 

.3795 .5258 .0947 .7237 .2608 .0155 79.4 .7177 .2695 .0127 -.0060 .0087 -.0028 

.1641 .7961 .0398 .5407 .4492 .0101 85.3 .5224 .4706 .0070 -.0183 .0214 -.0031 

.4069 ..5223 .0708 .7530 .2394 .0076 78.6 .7368 .2555 .0077 -.0162 .0161 .0001 

.0264 .3894 .5842 .0776 .5010 .4214 104.6 .0781 .4895 .4324 .0005 -.0115 .0110 

.1268 .5316 .3416 .3741 .4867 .1392 94.3 .3599 .4739 .1661 -.0142 -.0128 .0269 

.1482 .8090 .0428 .5304 .4587 .0109 85.5 .4966 .4952 .0082 -.0338 .0365 -.0027 

.0321 .4019 .5660 .0796 .5083 .4121 104.3 .0949 .4937 .4114 .0153 -.0146 -.0007 

.0399 .6684 .2917 .1515 .6897 .1588 98.9 .1486 .6732 .1782 -.0029 -.0165 .0194 

.0361 .6818 .2821 .1475 .6972 .1553 99.3 .1378 .6888 .1735 -.0097 -.0084 .0182 

.4386 .4855 .0759 .7765 .2157 .0078 77.4 .7563 .2357 .0080 -.0202 .0200 ..0002 

.1632 .8165 .0203 .5716 .4235 .0049 84.9 .5280 .4690 .0030 -.0436 .0455 -.0019 

.1913 .7880 .0207 .6263 .3697 .0040 83.3 .5654 .4319 .0028 -.0609 .0622 -.0012 

.0214 .9098 .0688 .1316 .8273 .0411 97.7 .1225 .8475 .0301 -.0091 .0202 -.0110 

.4177 .4968 .0855 .7376 .2506 .0118 78.5 .7433 .2465 .0102 .0057 -.0041 -.0016 

.0467 .6815 .2718 .1786 .6782 .1432 98.3 .1745 .6669 .1585 -.0041 -.0113 .0153 

.3395 .5184 .1421 .6892 .2676 .0432 81.4 .6841 .2904 .0255 -.0051 .0228 -.0177 

.2225 .5762 .2013 .5558 .3869 .0573 87.8 .5534 .3891 .0575 -.0024 .0022 .0002 

.3387 .5617 .0996 .7632 .2305 .0063 80.6 .6880 .2977 .0142 -.0752 .0672 .0079 

.3985 .5217 .0798 .7500 .2411 .0089 78.7 .7314 .2595 .0092 -.0186 .0184 .0003 

.0702 .5801 .3497 .2190 .5949 .1861 97.9 .2256 .5718 , .2026 .0066 -.0231 .0165 

.0889 .6060 .3051 .2865 .5717 .1418 95.7 .2839 .5574 .1587 -.0026 -.0143 .0169 

.3583 .5865 .0552 .7309 .2634 .0057 78.6 .7060 .2881 .0059 -.0249 .0247 .0002 



TABLE B.11  

Quaternary system: methyl acetate - methanol - water - acetic acid (experimentally determined in the present work) 

R.M.S.D. = .023 

W%  

2504 	 Experimental ' Calculated 
x
Ester xMeth )(Water YEster YMeth YWater 

o Temp 	C Y
Ester Y 

Meth Y 
Water Y 

Acid DY 
Ester DY

Meth DV Water DY 
Acid 

0 .0912 .1947 .5290 .4471 .2863 .2404 74,420 .4521 .2972 .2215 .0291 .0050 .0109 -.0189 .0029 
4 .2011 .6096 .1837 44824 .4583 .0546 55,50 .4416 .4953 .0600 .0002 •-.0405 .0395 .0054 -.0040 
5 .0414 .0900 .5002 .4791 .1985 .3022 76.20 .4294 .2154 .3440 .0112 s0497 .0166  .0413 -.0087 
0 .0136 .0835 .7967 .2060 .2615 .4961 56.80 .1935 .2738 .5024 .0303 -.0125 .0123 .0063 -.0061 
0 .1958 .6769 .0083 .3583 .5445 .0923 61.70 .3369 .5910 .0031 .0090 .0396 .0462 -.0892 .0044 
0 .0373 .1974 .6396 .2998 .3933 .2553 77.90 .2945 .3877 .2956 .0212 -•.0053 •..0056 .0113 ....0004 
0 .0370 .1998 . 46024 .2667 .3842 .3170 79.30 .2771 .3926 .2987 .0315 .0104 .0054 -.0183 -.0006 
0 .1265 .0827 .5223 .5754 .1304 .2567 76.20 .56/1 .1342 .2452 .0595 -.0143 .0038 -.0115 .0220 
5 .1693 .2173 .5402 .6161 .1303 .1507 63.20 .5359 .2495 .1597 40049 -.0302 .0692 . 	.0090 -.0480 
0 .0409 .0585 .7123 .4011 .1420 .4041 83.60 .3822 .1497 .4105 .0576 •.0199 .0077 .0064 .0043 
0 .0548 .3971 .1512 .1702 .6276 .1077  80.85 .1945 .6088 0855 .1081 .0243 -.0188 •..0192 .0136 
0 .0625 .2067 .4802 .3165 .3564 .2743 79.50 .3391 .3568 .2496 .0555 .0226 .0004 -.0257 .0027 
0 .0556 .0330 .7569 .5358 .0712 .3600 78.60 .5024 .0505 .3766 .0405 -.0334 .0093 .0166 .0075 
2 .0237 .0441 .7474 .2354 .1507 .5276 90.35.  .2303 .1380 .5107 .0.709 .0449 -.0127 -.0169 -.0154 
0 .1065 .1902 .2045 .3408 .3136 .1776 84.90 .3537 .3243 .1416 .1704 .0229 .0107 -.0360 .0024 
0 .1049 .0613 .4971 .4776 .1161 .3153 82.10 .5025 .1132 .2844 .0997 .0252 -.0029 -.0309 .3057 
0 .0570 .1686 .3855 .2562 .3355 .2849 85.50 .2324 .3247 .2610 .1319 .0262 -.0108 *40235 .0094 
0 .0277 .1527 .6579 .2382 .4099 .3290 80.45 .2452 .3969 .3327 .0253 40070 -.0130 .0047 .0014. 
0 .1008 .0398 447116 .6482 .0635 .2665 72.50 .6229 .0733 .2768 .0271 -.0253 .0098 .0103 .0053 
0 .0245 .1699 47257 .2611 .3909 .3348 79.60 .2510 .3918 - .3444 .0129 -.0101 .0009 .0096 -.0003 
0 .0570 .1259 .2213 .1963 .2674 .2456 94.00 .2248 .2721 .2075 .2955 .0285 .0047 -.0381 .0045 
0 .0886 .2724 .4608 .3876 .3313 .2161 72.90 .4037 .3818 .1901 .0244 .0161 .0005 -.0260 .0094  
2 .0196 .0525 .8033 .2409 .1909 .5145 88.00 .2708 .1745 .5140 .0407 .0299 .-.0164 ..•.0005 •...0130 
0 .0295 .0875 .5091 .1355 .2/87 .4421 91.70 .2043 .2171 .4101 .1686 .0158 ...0016 -.0320 .0149 
0 .0127 .0535 .7251 .1499 .1690 .5880 92.20 .1592 .1505 .5677 .0926 .0093 .0115 -.0203 -.0005 
0 .0704 .1238 .5198 .3515 .2425 .3397 83.35 .3962 .2341 .2911 .0757 .0447 -.0084 ••00456 .0124 
0 .0244 .1511 .6878 .2213 .3934 .3542 81.30 .2379 .3610 .3704 .0307 .0166 .-.0324 .0162 -.0004 
0 .0699 ..0944 .5969 4 4287 .1798 .3334 80.60 .4404 .1860 .3115 .0622 .0117 .0062 -.0219 .0041 
0 .0605 .3742 .1431 .1813 .6150 .0974 81.25 .2094 .5829 .0863 .1215 .0281 '-.0321 -.0111 .0152 
4 .0 1 97 .0696 .8426 .2341 .2.620 .4725 86.30 .2387 .2254 .4702 .0158 • .0546 .-.0366 •..0023 .•.0156 
0 .0116 .0491 .7249 .1463 .1587 .5977 92.80 .1476 .1694 .58+4 .0987 .0013 .0107 -.0133 .0014 
0 .0267 .0810 .5135 .1692 .2090 .4565 92.50 .1594 .2065 .4261 .1780  .0202 -.0025 .1.0304 .0127 
0 .0713 .1216 .5194 .3756 .2321 .3222 83.40 .3997 .2299 .2913 .0792 .0241 •...0022 -.0309 .0091 
2 .0317 .0531 .7279 .2954 .1714 	.4618 88.15 .3312 .1493 .4551 .0644 .0358 -.0221 ..•,40067 -.0070 
4  .1291 .0519 .6043 45421 .1375 ,..-2631 75.40 •6174 _:0857 .2535 '0434_ _4,11_753 7440513 ...440096 ....0135 



Table B.11 continued  

H2SO 

W% 

4  E xperim ental Calculated 
X Ester XMeth XWater YEster YMeth YWater 

o 
Temp 	C YEster Y Meth Y Water Y Acid DY Ester DYmeth DYwater DYAcid 

0 .1418 .0493 .6005 .6424 .0727 .2535 72..50 .6400 .0786 .2427 60358 -.0024 .0059 .0158 .0124 
2 .0124 .0516 .8125 .1503 62102 .5823 90.60 .1922 .1899 .5735 .0444 .0414 -.0203 -.0088 -.0123 
4 .1344 .0522 .6022 .15677 .1201 .2533 77.40 .5262 .0846 .2480 .0412 .0585 -.0355 -.0103 -.0127 
0 .0137 .0935 .6732 .1187 .2873 .5118 90.50 .1451 .2759 .4917 543 .0294 .0119 -.0201 .0026 
0 .0232 .1459 .6423 .1946 63673 .3356 84.50 .2117 .3525 .3843 .0515 .0171 -.0143 -.0043 .0020 
0 .0119 .0864 .6802 L1203 .2581 05340 91.20 .1333 .2643 .5130 .0894 .0130 .0062 -.0210 .0015 
2 .0249 .0408 .7489 .2235 .1547 .5336 90.30 .2926 .1273 .5059 .0712 '0658 -.0274 -.0247 -.0167 
0 .0922 -.0363 .7222 .6420 .0622 .2719 73.50 .6092 .0701 .2915 00292 -,0328 .0079 .0196 .0053 
4 .1971 .1362 .5175 .6055 .2014 .1623 69.95 .6409 .1689 .1741 .0161 .0351 -.0325 .0113 -.0139 
2 .0241 .0345 .7561 .2240 .1354 .5457 91.30 .2914 .1107 *5243 .0737 .0674 -.0277 -.0214 -.0182 
0 .0615. .1308 .7541 .5551 .2102 .2310 69,00 .4340 .2445 .2660 .0055 -.0711 .0343 .0350 .0018 
0 .0424 .0436 .7853 .5145 .1081 .3535 80.00 .4465 .1161 .4044 .0330 -.0630 .0053 .0509 .0091 
4 .1752 .2505 .4736 .5257 .3202 .1409 66.60 .5537 .2994 .1423 .0040 .0250 -.0209 -.0052 -.0021 
0 .0097 .1116 .7552 .1373 .3536 .4759 36.40 .1377 .3543 .4342 .0239 -.0001 -.0043  .0033 -.0035 
0 .0084 .1011 .7949 .1305 .3384 .4945 87.35 .1252 .3378 .5109 .0261 -.0053 -.0006 .0164 -.0105 
4 .0114 .0521 .8684 .1620 .2280 .5701 90.30 .2041 .2043 .5723 .0193 .0421 -.0237 .0022 -.0206 
0 .1554 66446 60773 43381 .5911 .0632 62.50 .3309 .5824 .0237 .0080 .0426 -.0087 -.0345 .0004 
0 .1240 .0480 .6069 .6258 60763 .2634 74.60 .6115 .0512 .2615 .0454 '-.0140 .0049 -.0069 .0159 
0 .0393 .2113 .5897 .2373 .3876 .2984 75.10 .2831 .4013 .2864 .0291 -.0042 .0135• -.0120 .0026. 
4 .1991 .0236 .4709 .6831 .0533 .1361 80.45 .6778 .0354 .2190 .0679 -.0053 60179 .0329 -.0095 
4 .1775 .3063 .4359 .5201 .3443 .1256 66.20 .5385 .3209 .1354 .0053 .0184 -.0234 .0093 -.0047 
4 .1721 .2954 0460.9 .5224 63236 .1422 66.50 .5420 .3134 .1402 .0044 ..0196 -.0152 -.0020 -.0024 
0 .0593 .1253 .2238 .1360 .2663 .2463 94.20 .2299 .2703 .2080 .29/8 .0439 .0035 -.0383 -.0091 
4 .2089 .1382 .4822 .6048 .20i1 .1642 71.15 .6414 .1695 .1690 .0200 .0366 -.0316 .0048 -.0099 
0 .0248 .1447 .7445 .3007 .3511 .3330 79.40 .2563 .3531 .3654 .0152 .-.00344 .0020 .0324 .0000 
0 .0413 .0591 .7109 .4008 .1451 .4037 83.50 .3833 .1505 .4037 .0575 -.0175 .0054 .0050 .0071 
0 60183 .1305 .7416 .2362 .3445 .3944 52.50 .2118 .3509 .4125 .0245 -.0244 .0064 .0131 -.0001 
4 .1379 .0520 .6062 .5700 .1242 .2561 76.90 .6345 .0833 .2439 .0383 .0645 *60409 -.0122 -.0114 
0 .2558 .0934 6511'8 .7302 .0940 .1706 64.60 .7063 .1131 .1652 .0124 -.0239 .0191 *.0024  .0072 
2 .0149 .0480 .9124 .1962 .1865 .5568 89.90 .2243 .1726 .5592 .0438 .0281 -.0139 .0024 -.0167 
2 .0055 .0055 .8292 .0916 .0373 .7599 95.20 .1040 .0266 .7500 .0894 .0124 -.0107 .0201 -.0213 
0 .0916 .0366 .7211 ,6420 .0622 .2719 73.70 .6067 .0709 .2927 .0297 -.0353, .0067 .0208 .0055 
0 .0b97 .0946 .6081 .4313 .1820 .3346 80.40 .4460 .1862 .3105 .0573 .0147 .0042 -.0241 .0052 
0 .1215 .3182 .4007 14443 .3812 .1629 68.50 .4476 .3847 .1509 .0169 ..0033.  .0035 -.0120 .0053 
0 .0974 .0357 .6379 .6261 00603 .2850 74.70 .6015 .0677 .2924 .0354 -.0246 	• .0074 .0074 .0098 
0 .2.550 .0929 .5177 .7367 00355 .1643 64.70 .7063 .1126 .1635 .0125 .-.0304 .0241 .0042 .0020 
0 .0934 .2811 .4459 .3936 .3820 .2027 72.30 .4091 .3846 .1824 .0238 .0153 .0026 -.0203 .0023 
0 .0602 .1310 .7527 .5551 .2102 .2310 69.00 .4780 .2470 .2691 .0059 -.0771 .0368 .0381 .0022 
0 .2542 63693 .1397 .504E .4065 .0713 66.10 .5392 .3756 .0565 .0286 40346 -.0309 -.0145 .0110 



Table B.11 continued 

H2SO 

W% 
-t) 

Experimental Calculated 
xEster XMeth xWater Y Ester YMeth • YWater 

o Temp 	C YEster YMeth YWater YAcid 
.030,6 

Ester 
.0141 

DYMeth 
.0109 

DY'q t 
-= 172090437  .0682 .2353 .4933 .3470 .2650 .2566 76.40 .3611 .3759 .2276 

0 .0964 .3669 .2900 .3357 .4863 .1501 72.90 .3520 .4775 .1313 .0391 .0163 -.0088 -.0158 '.0112 
0 .2468 .3765 .1139 ,5048 .4071 .0676 66.20 .5279 .3859 .0493 .0335 .0231 -.0182 -.11183 .0133 
0 .1174 .0691 .4604 .521.8 .1185 .2760 81.45 .5145 .1210 .2625 .1020 -.0073 .0025 -.0135 .0153 
4 .1064 .0350 .6157 .5233 .1095 .2937 81.80 .5509 .0699 .2907 .0585 .0576 -.0396 -.0030 -.0150 
0 .0384 .3504 .3026 .03228 .4769 .1625 74.20 .3382 .4756 .1420 .0442. .1154 -.0013 -.0205 .0064 4 .3686 .2055 $3540 .7091 .1684 .0968 60.70 .6689 .2087 .1183 .0042 -.9402 .0203 .0215 -.0015 
0 .0813 $1457 .4733 .3931 .2492 .2869 80.95 .4074 .2563 .2588 .0775 .0143 .0071 -.0281 .0067 4 .3893 .1920, .3472 .7292 .1624 .1026 60.60_ .6800 .1975_ .1153.0042_7.0492 .0351 .0157 -.0016 
0 .0576 .1271 .2234 .2014 .2750 .2354 93.55 .2276 .2735. .2079 	.2910 	.0262 --.0015 -.027E7--  .0028 
0 .0244 .1371 .6464 .1905 .3484 .4032 85.30 .2228 .3338 .3687 .0547 .0323 -.0146 -.0145 -.0032 
4 .1110 .0391 .6111 .5282 .1129 .2346 81.35 .5873 .0706 .2843 .0579 .0591 -.0423 -.0003 -.0164 
2 .0073 .0631 .7895 .1226 .2244 .5931 90.90 .1133 .2356 .5969 .0540 -.0093 .0114 .0038 -.0059 
4 .1122 .0073 .3810 .5015 .0211 .2343 90.20 .4730 .0148 .3001 .2121 -.0215 -.0063 .0653 -.0310 
0 .0.096 .0339 .5603 .0714 .1145 .5942 98.60 .0332 .1204 .5596 .2363 .0113 .0059 -.0346 .0169 
0 .1044 .1769 .6135 .5544 .2337 .2016 69.00 .5255 .2547 .2090 .0103 -.0289 .0210 .0074 .0005 
0 .1192 .0475 .6159 •.6348 .0785 .2569 74.50 .6058 .0817 .2666 .0458 -.0290 .0032 .0097 .0160 
2 .0057 .00. 57 .8231 ,0916 .0373 .7599 98.20 .1055 .0268 .7745 .0932 .0139 ...0103 .0146 -.0130 
0 .0092 .0725 .7820 .1412 .2563 .5511 69.65 .1355 .2559 .5601 .0485 -.0057 -.0009 .0090 -.0024 
0 .1337 .1726 .5894 .5829 .2103 .1954 67.10 .5718 .2284 .1898 .0100 -.0111 .0181 -.0066 -.0004 
0 .1231 .0796 .5247 .5666 .1274 .2629 76.90 .5561 .1315 .2505 .0619 -.0105 .0041 -.0124 .0185 
0.  .1220 .07/5 .4540 .5043 .1088 .2962 80.95 ..5218 .1231 .2556 .0994 .0175 .0143 -.0406 .0087 
4 .1763. .6252 .1923 .4577 .4742 .0651 59.70 .4176 .5195 .0627 ,0002 -.0401 .0453 -.0024 -.0023 
0 .0879 .1575 .4703 .4129 .2592 .2720 79.25 .4242 .2649 .2437 .0673 .0113 .0057 -0283 .0114 
0 .0797 .1736 .5475 .1230 .2841 .2650 76.40 .4323 .2865 .2453 .0360 .0093 .0024 -.0197 .0081 
0 .0129 .0775 .7096 .2069 .2502 .5059 87.20 .1376 .2611 .5184 .0330 -.0193 .0109 .0134 -.0049 
0 .0312 .1353 .7244 .3306 .3071 .3410 79.10 .3057 .3213 .3520 .0205 -.0249 .0147 .0110 -00004 
0 .1179 .0423 .6704 .6513 .0633 .2634 72.50 .o357 .0728 .2610 .0305 -.0156 .0093 -.0024 .0087 
0 .0546 .2020 .4675 .2829 .3677 .2866 81.50 .3039 .3659 .2610 .0691 .0210 -.0018 -.0256 .0053 
0 .1079 .1930 .2112 .3445 .3190 .1799 84.00 .3693 .3250 .1433 .1623 .0248 .0060 -.0366 .0057 
0 .1022 .3976 .3249 .3306 .4852 .1460 70.75 .3726 .4757 .1302 .0205 .0420 -.0055 -.0155 -.0177 
0 .1043 .3928 .3242 .340E .4965 .1494 70.85 .3778 .4716 .1303 .0204 .0372 -.0249 -.0191 .0069 
2 .0353 .0998 .7730 13494 .2584 .3631 80.40 .3703 .2461 .3659 .0178 .0209 -.0123 -.0022 -.0063 
2 .0348 .0962 .7762 .2493 .2471 .3767 80.70 .3599 .2405 .3712' .0184 .0205 -.0066 -.0055 -.0035 
0 .0026 .0137 .8303 .0401 	• .0668 .7994 98.20 .0511 .0667 .7969 .0853 .0110 -.0001 -.0025 -.0054 
0 .0082 .0646 .7892 .1266 .2352 .5816 90.40 .1255 .2375 .5553 .0518 	• -.0011 .0023 .0337 -.0043 
5 .1303 .0454 .6273 .6715 .0552 .2290 73.00 .6344 .0750 .2526 .0330 -.0371 .0196 .0236.  -.0063 
0 .0480 .0469 .7731 .5413 .1121 .325 79.20 ..4587 .1177 .3812 .0324 -.0726 .0056 .0557 .0113 
0 .0698 .1164 .5225 .3768 .2329 .3227 83.40 ..3965 .2234 .2975 .0826 .0197 -.0095 -.0252 .0150 



APPENDIX B.2 

COMPUTER PROGRAMME FLOW CHART 

(CALCULATION OF CONSTANTS A
12 
 AND A

21 

OF THE MARGULES EQUATION FOR A BINARY 

SYSTEM WHICH CONTAINS ACETIC ACID) 

144 



145 
Start ) 

Set NX equal to the number of experimental points 

Read X
1
(I)exp.,  YI(I)exp.

, t(I)exp., 
 for I=1 to NX 

Calculate X (I), Y (I), for I=1 to NX 

4  
Set initial guesses for A

1 
and A

21 

Calculate y (1), y2(1), for I=1 to NX 

I = 1 

Set as first guess t(I)
calc = t(i)ex  p 

Calculate P°(I)' 
2  

P°(I) 

J= 1 

Set as first guess AY2  (J) = Y (I) 
2 exp 

Calculate Z , 
A 

1 
J = J + 1 

Calculate new vapour mole fractions AY1(J), AY 2( 

Set YN 	
talc

=AY1  (J), YN2 (I)calc=AY2(J). 

Calculate the sum: S - 	+ 
x
2
(I).P

2
(1).y

2
(I) 	x

1 	1 
(I).P (I).y

I 
 (I) 

11.ZA 	H.Z
B 

io 	cr 

Calculate a 
new value 
for t(I)

calc 

Calculate DY
1
(I)=YN

1
(I)

calc
-Y
I
(I), DY

2
(I)=YN

2
(I)

calc-
YN
2
(I) 

= I + 1 

YES 

Calculate the sum: E{DY
1 
 (I) + DY

2(I) 

Calculate the R M.S.D 

Estimate new values for A
12 

and A
21 

NO 
Is 

ccuracy require. 	* The accuracy required 
achieved* 	is achieved when the 

change in the values of 

 

YES A1.2 
and  A

21 
is lesS 

than 0.1% (  Stop ) 



(Pk - Pv)2 	
(Tc  - T2)1/3  

(p
k 
- p

v
)
1 	

T
c 
- T

l 
(C.2) 
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APPENDIX C  

PHYSICAL PROPERTIES AND COLUMN CHARACTERISTICS  

C.1 Physical properties  

C.1.1 Vapour density  

The vapour is taken to be ideal and the density is thus 

given by: 
273•II•MG  

m
3
) = 	 PG - G 22.4-1-TG 

(kg/ 
 

(C.1) 

where II (atm) is the pressure, T
G(K) the vapour temperature and 

MG = Ey.M. the mean molecular weight. 

C.1.2 Liquid density  

A-known liquid density at 20°C is extrapolated to other 

temperatures using the equation (34): 

where pt  is the liquid and pv  the vapour density at the given 

temperature and T
c
(K) is the critical temperature. 	T2(K) is taken as 

the operating temperature, and T1  as 293 K. 

C.1.3 Vapour pressure  

The vapour pressures of the pure components were estimated 

by the Antoine equation (3): 

109P.'="A t + C 
(mm Hg) 	(C.3) 

where 
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Component 	A 	B 	C 

Acetic acid 	15.6699 	10821.1 	698.09 

Methanol 	7.87863 	1473.11 	230.0 

Methyl acetate 	7.20211 	1232.83 	228.0 

Water 	 7.96681 	1668.21 	228.0 

The values of A, B and C for acetic acid were taken from the 

work of J. Marek (57). 

C.1.4 Vapour viscosity  

The effect of temperature on gas viscosity was evaluated from 

the relation (4,29,72): 

112 	T2 "2 (T1 
+ 1.47.T

b
) 

p
1 
	T

1/ 	
(r
2 
+ 1.47.T

b
) 	

(C.4) 
 

_where pi  and 112  are the viscosities at temperatures T1(K) and 

T
2
(K) respectively. 	T

b
(K) is the boiling point temperature. 

Values for the viscosities were taken from Reid and Sherwood 

(77 - page 409) and the Handbook of Chemistry and Physics (36 - page F-43). 

The viscosity of vapour mixtures was determined using the 

following equation (77 - page 423): 

0.5 
EY.P.M. 

p= 	 
Eyimi0.5  (C.5)  

C.1.5 Liquid viscosity  

  

The effect of temperature on liquid viscosity is given by the 

Gusman-Andrade equation (2): 

p = A.e
B/T  

B,  
or log p = A' +

T (C.6)  

Values of A' and B' were evaluated using the least square 

method with values of p and T taken from literature. 
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Component A' B' Reference for p values 

Acetic acid -1.8791 574.1635 (77, page 442-444) 

Methanol -2.1187 553.799 (77) 

Methyl acetate -1.7266 384.639 (36) 

Water -2.4026 690.868 (72, page 3-202) 

The viscosity of liquid mixtures was calculated using the 

following equation (68): 

log p = y xilog pi 	(C.7) 
i=1 

C.1.6 Vapour phase diffusion coefficient  

The vapour phase binary diffusion coefficient, DAB, was 

calculated using the Gilliland correlation (33) 

D
AB = 

3/2 1 1 
0.0043 TG 	

mA 
+ 
mB  

(cm
2
/s) 

H.(VA
1/3 

+ VB
1/3

) 

(C.8) 

where M is the molecular weight 

A and B refer to the two components present 

V(cm
3
/gmol). is the molecular volume at boiling point. 	Values 

of V were obtained by summing the atomic volumes given by Perry 

(72 - page 14-20). 	The following values were calculated: 

Component 	Molecular volume in cm
3
/gmol 

Acetic acid 	 63.8 

Methanol 	 42.4 

Methyl acetate 	 83.1 

Water 	 18.8 

For the diffusion of one component through a. multicomponent 

mixture the following correlation was used (72, page 14-13): 



1 -yi  
(C.9) D. 	- 

im  
X y./D.. 

j=2 3 13  

440.5 11/3, \
0.93 

D 	= 5.4 x 10-8 	
S 	AS j-L 

jL ,0.3 	5 
L
.A
j 

.Vm0. 
 j 

(C.10) 
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i = •diffusing component 

= remaining component 

C.1.7 Liquid phase diffusion coefficient  

The correlation of gitaraman et al (89) was used to calculate 

the liquid phase diffusion coefficient D
L 

 . 
j 

This correlation was used in preference to others as it 

applies to the diffusion of an organic compound in water, as well as to 

the diffusion of water in an organic solvent. 

The correlation was used to estimate all liquid diffusion 

coefficients. 

D
jL is the diffusion coefficient (cm

2
/s) 

is the mean molecular weight of the solvent 

X. 	is the latent heat of vaporisation of component j at the 

normal boiling point (cal/g) 

V
m 

is the Molecular volume of the solute (cm3/gmol) 

T
L is the liquid temperature (K) 

L  is the liquid viscosity (cp) 

S 	refers to the solvent 

This correlation refers to a solution of infinite dilution 

C.1.8 Total molar concentration (molar density) in the liquid phase  

The total molar concentration in the liquid phase, CL, is 

defined by 
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PL 
C
L 

= -Tyr 	(mol/cm
3
) 	(C.11) 

L 

where pi,  is the liquid density and ML  the mean molecular weight of the 

liquid. 

C.1.9 Total molar concentration (molar density) in the vapour phase  

The total molar concentration in the vapour phase, CG  , 

assuming the vapour is ideal, is given by 

H.273  
C
G 	

(mol/cm
3
) 	(C.12) 

C.1.10 Activity coefficient  

The prediction of the activity coefficients of acetic acid, 

methanol, methyl acetate and water in the quaternary mixture has been 

presented in detail in Chapter 1.2. The correlation is summarised by 

equation (1.9), where values of A..
13 
 and Cijk  are presented in Tables 3.1 

and 3.2 respectively. 

C.1.11 Kinetic data 

The kinetics of the esterification of acetic acid by methanol 

have been discussed in Chapter 4.2. The correlation for the rate 

constant is summarised by equation (4.5). 

C.2 Thermal data  

C.2.1 Heat of reaction 

The heat of reaction has been calculated from data of heats of 

formation of acetic acid, methanol, methyl acetate, and water. 	The 

heat of formation of methyl acetate has been calculated from its heat of 

combustion. 	Dataweretaken from Perry (72) and Laudolt-Bornstein (49). 

The value obtained was AH = -5.417 kJ/ mol (or -1.2936kca1/ mol) at 

25
o
C, the reaction being exothermic. 

1.,(273 t
G
).22400 
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C.2.2 Temperature determination  

The system under consideration was assumed to be ideal. The 

liquid was assumed to be at its boiling point, and the vapour at its 

dew point. 

As has been presented in Chapter 1.3, for an associating 

substance (i.e. acetic acid): 

ILYAzA = P(A).xAYA 
	(C.13) 

and for a non-associating substance' (all except acetic acid): 

o 
ILYBZBzB = ' 

v
BxBYB 

z
B is approximately 1 and is neglected. 

V1 + 4KHyA(2 7 yA) -1 
Z
A 	2KHyA(2 - yA) 

2(1 - yA  + 11 + 4KHyA(2 - yA)) 
Z
B 

.(2 - yA)(1 + V1 + 4KHyA(2 - yA)) 

1 366  and -log K = 9.7535 + 0.00425.t
L t + 273.2 

L 

Boiling point determination  

Since in the vapour phase the sum of the mole fractions must 

equal one, the following applies: 
oo 4 	P
A
x
A
yA 	L 

P 

H

x
B . 
y 

r  B B 
Y. .= 	+ 	= 1 	(C.14) 

i=1 1 	
H.zA 	.z13 

The problem is then to find a value of T such that equation 

(C.14) is satisfied. 	By definition: 
_ 	o 	o 

P
A
x
A
y
A 	c.

P
B
x
B
y
B  

f
n
(T) = 	+ L 	1 H.zA 	II.Z

B 
(C.15) 

If T is the assumed value of T for trial number n, a better 

value of T (denoted by Trii.1) for trial number (1+1) is given by Newton's 

formula. The algorithm has the form: 



T
Ln+1 

= T
Ln xA  yA  (1)

o
AszA 	A 

- PoZ
A 
 ') 	xB  yB  (r)

o
B'zB 	B - P ZB  ') 

II 
 

+ II ZA
2 

ZB 
 

PAxAyA VPBxB
y
B 

	 L 	 H.ZA 	H.z
B 	

1 
 

where ZA' 

[2KHYA(2 YA)] 2  

121 2KyAH(2 - yA) - 2K'HyA(2 - yA)(R - 1) 

Tn+1 = Tn 

f (T) 
n  

fn' (T)  

(c.16) 
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where fn(T) is given by equation (C.15) 

On differentiating with respect to T 

x y 	e'z - PoZ ') 	x .y (P
o
'Z - P

o
Z ') 

n 
A'A 	AA 	AA 	xBB BB 	B B  f'(T) - 	+ 
H' 	H 	- Z2 Z2  

A 	- B 

(C.17) 

Substitution of f (T) and fn'(T) into equation (C.16) yields 

an algorithm for the determination of the liquid temperature: 

(C.18) 

2yAR' 

	

Z
B
' - 	 

(2 - yA)(1 + R)
2 

	

R = 	+ 4KHyA(2 - yA) 

4K'HyA(2 - yA) 

( 

K' = K.2.11 10. -0.00425 
(ti,  + 273.2) 2 / 

o .P P  
log P? -= A 	B 	

' P-
o 
 I . 	

i 	. kn 10 
i 	t 

L 	(t
L
+ CP

2 + C 	i 

Iteration is continued until equation (C.14) is satisfied. 

Equation (C.18) provides the liquid temperature by Newton's method. 

R' = 
2.R 

3166.0 



X 	(t
C 
- t

L
)
1 1 

X
2

0.38 
(t
C 
- tL) 

 

0.38 

(C.23) 
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Dew point determination  

Since the mole fractions in the liquid phase must sum to unity 

by equation (C.13) 

4 	fly Z 	HyBZB  v x. 	A 	A  + 	= 1 	(C.19) I  .1, 	0  
1=1 	PA.yA 	PB.yB 

Also by definition 

RI
o
TAZA 	 nYBZB  

fn (T) 	 1 	(C.20).  vo
A.YA 

PB.yB '  

The vapour temperature is obtained by solving equation (C.19) 

	

using Newton's method. 	Equation (C.16) forms the algorithm but f (T) 
n 

is now given by equation (C.20). 

On differentiating with respect to T 

P HyA Z
A
IPo A - P

o
A 	B 'ZA 	rHyB 	Z'P

B
o 
 - P'Z 

fn' (T) = 	+ 	 (C.21) 

	

YA 	po2
A 	

YB 	o2 
B B  

P
B 

Substitution of f
n
(T) and fn'(T) into equation (C.16) yields 

an algorithm for the determination of the vapour temperature. 

EyA 	.ZA 	HyB 	.ZB 1 

	

PA.yA 	PB.yB (C.22) TGn+1= T + 
Gh H.yA  A  Z'P°A 

 - PoA, 
	o 
ZA 	n' y13 BB Z'P

o 
- PB

, 
 ZB  

o2 	
,1 

,B 	po2 YA 	P
A 

C.2.3 Latent heat of vaporisation  

The correlation of Watson (97) extrapolates known latent heats 

to other temperatures 

where t (°C) is the critical temperature and t
L
(°C) is the liquid 

temperature. 
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C.2.4 Specific heat of liquid phase  

The specific heat of water is taken as 4.1868 J/g.degC(=lcal/g.degC) 

at all temperatures, that of methyl acetate is taken as 1.96 J/g.degC 

(=1.96/4.1868 cal/g.degC). 	For methanol the low pressure function of 

Chow and Bright (18) extrapolates a known value to temperatures within 

the range Tr  << 0.65 at pressures below 10 atm. 

w2)2.8 
c 	= c • (— 	(C.24) 
Pm

2 
 P m

l 
1 

where W= 0.1745 - 0.0838.T
r 

The specific heat of acetic acid is estimated using the 

correlation given by Hougen et al (41). 

c 	= 0.468 -I- 0.000929.t 
PA

L (C.25) 

C.3 Column characteristics  

C.3.1 Packing characteristics  

8 mm diameter soda glass packing rings (manufactured by Q.V.F. 

glassware) were used in the column. 

Their surface area is 4.07 cm
2
/cm

3 
and when packed randomly 

their voidage is 0.73. Other characteristics are taken to be the same 

as those of stoneware rings of 1/2-inch diameter (65). 	Hence gas 

film packing factor 113  = 2.7, liquid film packing factor RL  = 0.88 and 

constant for the packing used n = 0.75. 

C.3.2 Wetting rate  

The wetting rate in the packed column is defined here by 

w 
L 

C .a.A 
(cm

3
/s cm) (C.26) 

where a is the.surface area of packing per unit volume of packed bed, 

C
L 

is the total liquid concentration, L (gmol/s) the flow rate of the 

liquid phase and A(cm
2
) is the cross sectional area of the column. 



155 

C.3.3. 	Vapour-liquid interfacial area 

It is taken that with a reasonably large packing size the 

wetted area of the packing is approximately the same as the vapour-

liquid interfacial area. 

Shulman et al (88) correlation was used in the calculation of 

the vapour-liquid interfacial area, as. 

(Ej.m  )0.25 

a
s 
= a. 0.24  	(cm

2
/cm

3) 	(C.27) G.M
G 

This correlation was used in preference to that of Van 

Krevelen et al (94) which does not require the vapour flow rate G, in 

the determination of a
s
. 

C.3.4 Specific holdup  

The specific holdup of the liquid in a packed tower, Ho, is 

the product of the wetted area and the thickness of the liquid film on 

the packing. 	In practice as empirical correlations are employed 

surface area is employed instead of wetted area. 

A graph of film thickness (cm) as a function of wetting rate, 

w (m3/hr.m2), given by Morris and Jackson (65), may be approximated by: 

Film thickness = 0.087
.w1/3 (C.28) 

Since this applies only to water at 20°C, for other systems 

0.33 
the film thickness must be divided by 0.215 (p/p) 	• 

The specific holdup of the liquid in the column is therefore: 

H
o 

= 0.087.a.w
1/3 

	

(cm
3
/cm

3
) 	(C.29) 

C.3.5 	Mass transfer coefficients  

Most work in the determination of mass transfer coefficients 

has been done with systems_ operating under absorption conditions. 

(a) Vapour  

The correlation used is that described by Morris and Jackson (65) 



based upon experiments carried out in a wetted wall column: 
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v(p)
G 	-0.25 	-0.5 

(K.)G 
	11 
= 0.04 	. (R ) 	.(S ) 	. (Drift Factor) (C.30)  

 

where (K.)
G  is the mass transfer coefficient of the ith component in 

the vapour phase and v is the vapour velocity relative to the liquid 

surface. 

Similar equations have been given by Norman (67). 

Reference conditions are 20°C and 1 atm. and all physical 

properties evaluated at these conditions carry the subscript r. 

The final form of the expression for the vapour phase mass 

transfer coefficient (K.)
G 
 , is 

a.R .0 (P.) 	 1) 	r  0.25 (T)0.56 G g 1 Gr 	0.75 	11  (C.31)  (K.) = v G 	Ey.M. 	(li p)mean 

where a = 36.1, is a numerical constant dependent on the units used. 

R
G = 2.7, is the gas film packing factor. 

Cg  is the gas mixture constant, defined by: 
0.25 

	

(P, G2. 	0.5 C = 	. (D.) 

	

g PGr 	Gr 
(C.32)  

The vapour velocity relative to the liquid-surface, v(m/s) 

is given by: 

v = v
G 

+ v
L 

where v
G (m/s) is the velocity of the vapour through the packing and 

is given by: 
G.Ey.M. 

1 1  v 	x 10
-2 

G 	p
G.A.(C - H

o) 
 

(C.33)  

where C is the voidage of the packing and H
o 
is the liquid holdup. 

The liquid surface velocity vL  (m/s), is estimated from the 

wetting rate w (m3/hr.m2) by the equation: 
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v
L 
= 0.32.w

2/3 	
(C.34) 

This applies to water at 20°C, and must be multiplied by 

0.33 

0.215 — 
(CIL) 

 

. The liquid surface velocity is usually small compared 

with the vapour velocity through the packing. When the liquid velocity 

is of the same magnitude as the vapour velocity, countercurrent 

conditions probably do not exist. It is then recommended that the 

value of v should not be greater than 1.3 v , whatever .the value of v
L 

The drift factor is
(11 - p) 
	 , where (E - 

p)mean 
is taken 

mean 

to be an arithmetic mean of the conditions in the bulk and at the 

interface. 

Thus: 

	

()I - pi) + 	- p0) 	H(2 - yi* - yi) 

P)mean 	2 2 
(C.35) 

(b) Liquid  

The correlation used is that described by Morris and Jackson 

and is based on experimental work in a disc column. Similar equations 

are quoted by Norman (67). 

(K.) 	= R . 	.w0  .7 
L 

(C.36) 

where (K.)
L 
 is the mass transfer coefficient of component i. 
 

RL 
 =.0.88, is the liquid film packing factor 

and K, isdefined by 

= B.0 f(T) 	(C.37) 

where B is a numerical constant dependent on the units 

C
k 
 is the liquid film constant which is obtained from 

0.2 • 

(D.) 0  
1 rL 

and f(T) is the temperature correction factor, given by 

L 

(C.38) 



(C.39) f(1) =(---) 
0.5 (p 

T  
0.7 
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This equation is derived for a standard wetting rate of 

0.2 m
3
/hr.m. 

	

	The mass transfer coefficient must be multiplied by a 

(0.2 
w 

n 
correction factor — 	, where n is a constant for the packing 

used. 



SERIES A: 

APPENDIX D.1  

EXPERIMENTAL RESULTS OF 3-INCH COLUMN  

Methanol was fed at point 3; acetic acid was fed at 

159 

   

point 2 (see fig 6.1). 

A total of 26 runs were carried out. Each run was repeated, 

but only average values of the variables are tabulated. 

RUN A.1 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.31 42.7 53.9 

Feed temperature (°C) - 57.0 104.0 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

48.39 31.65 - 	64.95 

Sampling point Temp (oc)  Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST(Top) L: .0192 - .2778 - .7030 - .00 

2 76.0 L: .0409 - .1337 - 	.2132 - .6122 
V: .0582 - .1770 - 	.3394 - .4254 

3 64.0 L: .0552 - .6052 - 	.2114 - .1282 
V: .0318 - .7098 - .2474 - .0110 

4 64.0 L: .0613 - .5588 - .2249 - .1550 
V: .0474 - .5711 - .3713 - .0102 

SR (Reboiler) 71.0 L: .2990 - .3698 - .1526 - .1786 
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RUN A.2 

TJ Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.34 42.7 86.6 	. 	.. 

Feed temperature (°C) - . 	61.0 105.3 

Reflux 	(g/min)  Distillate (g/min) 	i Bottom product. 	(g/min) 
- 

48.19 :31.65  1 -- 	' 	• 97.65 

Sampling point Temp 
(oc)  

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0309 - .2647 - .7044 - .00 

2 82.0 
L: 
V: 

.0560 

.0430 
- .0731 
- .1245 

- .2388 
- .3906 

- .6321 
- .4419 

L: .0612 - .4592 - .2336 - .2460 
3 66..2 V: .0340 - .6586 - .2552 - .0522 

4 68.0 
L: 
V: 

.0695 

.0484 
- .4412 
- .4899 

- .2439 
- .4203 

- .2454 
- :0414 

STUReboiler) 76.5 L: .3051 - 	.2122 - .1715 - .3112 

RUN A.3 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.26 .42.7 15.7 

Feed temperature (°C) 59.0 109.0 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

36.42 30.57 27.83 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0046 - .5846 - .4108 - .00 

2 	- 65.5 
L: 
V: 

.0580 

.0426 
- .5566 
- .7067 

- 	.1272 
- .2021 

- 	.2582 
- .0486 

3 64.0 
L: 
V: 

.0275 

.0130 
- .8358 
- .8873 

- 	.1223 
- .0997 

- 	.0144 	. 
- .00 

4 - 64.5 
L: 
V: 

.0312 

.0207 
- .8546 
- .8641 

- .0718 
- .1152 

- .0424 
- .00 

SR(Reboller) 70.0 L: .1895 - .7312 - .0383 - .0410 
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RUN A.4 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.12 42.7 53.9 

Feed temperature (°C) - 
• 

54.5 102.0 

Reflux ' (g/min) Distillate (g/min) . Bottom product (g/min) 

50.6 30.50  66.1 

Sampling point Temp (pc)  Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0088 - .3860 - .6052 - .00 

2 77.0 L: 
V: 

.0388. - .2076 

.0440 - .3031 
- .1620 
- .2605 

- .5916 
- .3924 

t 
3 65.1 L: 

V: 
.0399 - .6114 
.0221.- 	.7528 

- .1878 
- .2043 

- .1609 
- .0208 

4 65.4  
L: 
V: 

.0419 - .5966 

.0274 - .6284 
- .1870 
- .3223 

- .1745 
- 	.0219 	- 

SR(Reboiler) 76.0 L: .2674 - .3716 - .1100 - .2510 

RUN A.5 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.12 42.7 75.7 

Feed temperature (°C) - 59.0 104.2 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

40.99 31.31 87.09 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0123.- 	.3552 - .6325 - .00 

2 84.0 L: .0507 - 	.2142 - .1969 - 	.5382 
V: .0455 - 	.3021 - .2811 - 	.3713 

3 • 69.0 L: .0270 - 	.5864 - .1986 - .1880 
V: .0267 - .7006 - .2184 - .0543 

4 68.0 - L: •V: 
.0308 
.0308 

- 	.5234 
- .5686 

- .2143 
- .3578 

- .2315 
- .0428 

SR(Reboiler) 79.0 L: .2693 .- 	.2656 - .1310 - .3341 
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RUN A.6 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.13 42.7 30.4 

Feed temperature (°C) - 59.5 105.0 

Reflux 	(g/min) Distillate (g/min) f Bottom product (g/min) 
. 

62.42. • 31.31 
.- ... 

- 	41.79 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) • L: .0021 - .3803 - .6176 - .00 

2 63.2 L: .0213 - .3493 - .2405 - .3889 
V: .0155 - .4702 - .4294 - .0849 

3 64.8 L: .0267 - .7058 - .1748 - .0927 
V: .0126 - .7829 - .1946 - .0099 

4 64.0 L: .0277 - .7021 - .1630. - .1072 
V: .0I50 - .7248 - .2527 - .0075 

SR(Reboiler) 72.0 L: .2102 - .5424 - .0922 - .1552 

RUN A.7 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.075 42.7 43.2 

Feed temperature (°C) - 55.0 109.0 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

50.66 31.31 '54.59 

Sampling point Temp 
(oc)  Liquid and vapour mole fractions 

Water-methanol-ester-acid 

ST (Top) L: .0054 - 	.4398.- .5548 - .00 

2 	- 	. 77.0  L: 
V: 

.0438 

.0466 
- .3442 - .1467 
- .4338 - .2408 

- .4653 
- .2788 

3 67.0 
• 

L:
V: 

., 	.0313 
.0179 

- .6818 - .1593 
- .7751 - .1902 

- .1276 
- .0168 

4 65.5 - L: 
V: 

.0378 

.0228 
- .6746 - .1546 
- .7058 - .2522 

- .1330 
- .0192 

SR(Reboiler) 74.0 L: .2355 - .4664 - .0795 - .2186 
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RUN A.8 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.07 32.3 75.7 

Feed temperature (°C) -  59.5 108.7 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

41.27     31.31 - - ' 	76.69 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0509 - .3014 - .6477 - .00 

2 95.0 L: .0382 - .1187 - .1293 - .7138 
V: .0582 - .1916 - .2498 - .5004 

3 67.0 L: .0384 - .5003 - 	.2227 - .2386 
V: .0269 - .6459 - .2713 - .0559 

4 69.0 L: .0464 - .4388 - .2596 - .2552 
V: .0371 - .4902 - .4223 - .0504 

SR(Reboiler) 89.0 L: .2974 - .1773 - .1259 - .3994 

RUN A.9 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.07 57.4 43.2 

Feed temperature (°C) - 52.0 109.0 

Reflux 	(q/min) Distillate ((j/min) Bottom product (g/min) 

33.36 50.1 50.5 

Sampling point Temp 
(oc)  Liquid and vapour mole fractions 

Water-methanol-ester-acid 

ST 	(rop)• L: .0166 - .6046 - .3788 - .00 

2 	- 77.5  L: .0493 - .3192 - .1174 - .5141 
V: .0648 - 	.4812 - 	.1993 - .2547 

3 66.2 L:,  .0445 - .6704 - 	.1122 - .1729 
V: .0189 - .8155 - .1485 - .0171 

4 65.5 
L: .0304 - .7268 - .1138 - .1290 
V: .0211 - .7753 - .1908 - .0128 

SR(Reboiler) 74.0 L: .2196 - .5446 - .0526 - .1832 
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RUN A.10 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.07 50.5 15.7 

Feed temperature (°C) - 54.8 107.5 

Reflux 	(g/min) Distillate (g/min) 1  Bottom product 	(g/min) 

32.52.  25.19 ' 	41.01 

Sampling point Temp 
(oc)  Liquid and vapour mole fractions 

Water-methanol-ester-acid 

ST (Top) L: .0074 - .7163 - .2763 - .00 

2 63.0 
L: 
V: 

.0270 

.0273 
- .6548 
-. .8099 

- .0783 
- .1230 

- .2399 
- .0398 

3 64.0 L: 
V: 

.0272 - .8304 

.0085.- .9084 
- .0612 
- .0778 

- .0812 
- .0053 

4 64.0 L: 
V: 

.0223 

.0120 
- .8818 
- .8975 

- .0488'- .0471 
- .0905 - .00 

SR(Reboiler) 69.1 L: .1241 - .7920 - .0261 - .0578 

RUN A.11 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.065 20.0 75.7 

Feed temperature (°C) - 58.3 . 101.0 

Reflux 	(g/min) Distillate (g/min) Bottom product (q/min) 

36.99 14.8 80.9 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0152 - .2768 - .7080 - .00 

2 86.2 L: .0159 - .0783 - .2814 - .6244 
V: .0272 - .1406 - .3761 - .4561 

3 67.5 
L: .0292 -.3644 - .3032 - .3032 
V: .0192 - 	.5484 - .3640 - .0684 

4 . 69.9 L: .0462 - 	.3516 - .2963 - .3059 
V: .0306 - 	.4143 - .4935 - .0616 

SR(Reboiler) 95.5 L: .2441 - 	.1367 - .1265 - .4927 
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RUN A.12 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.065  20.0 48.5 

Feed temperature (°C) - 61.0 101.6 

Reflux 	(g/min) i 	Distillate '(g/min) Bottom product (g/min) 

56.18. 
- 

16.68 	- -- 	' 	. 	51.82 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0075 - .2796 -.7129 - .00 

2 62.0 L: .0213 - .1969 - .2258 -.5560 
V: .0113 - .2263 - .6314 - .1310 

3 60.1 L: 
V: 

.0180 - .4508 

.0205.- 	.4707 
- .4359 
- .4709 

- .0953 
- .0379 

4 61.7 L: 
V: 

.0249 

.0373 
- .3980 
- .3730 

- .4207 
- .5547 

- .1564 
- .0350 

SR(Reboiler) 86.5 L: .3357 - .0996 - .1447 - .4200 

RUN A.13 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.065 20.0 30.5 

Feed temperature (°C) - 54.0 105.0 

Reflux 	(q/min) Distillate (g/min) Bottom product (g/min) 

37.37 31.0 19.5 

Sampling point Temp 
((pc)  Liquid and vapour mole fractions 

Water-methanol-ester-acid 

ST (Top) L: .0082 - .3592 - .6326 - .00 

2 	- 	. 68.6 
L: 
V: 

.0361 

.0346 
- 	.2535 
- .3739 

- .2370 
- .3639 

- 	.4734 
- .2276 

L: .0322 - .5554 - .2992 - .1132 
3 61.4 V: .0149 - 	.6396 - .3339 - .0116 

L: .0415 - .5168 - .2766 - .1651 
4 62.8 	- _ V: .0239 - .5241 - .4403 - .0117 

SR(Reboiler) 82.8 L: .5048 - .1476 - .0800 - .2676 
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• 

RUN A.14 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.075 32.3 43.2 

Feed temperature (°C) - . 	54.0 103.0 

Reflux 	(g/min)  Distillate (g/min) Bottom product (g/min) 
_ 

41:01 31.0 
• 

• • 	. .. 
- 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) ' L: .0165 - .3623 - .6212 - .00 

2 79.0 L: .0409 - .1933 - 	.1846' - .5812 
V: .0552 - .3050 - .2950 7 .3448 

3 63.3 L: .0493 - .5951 - .2251 - .1305 
V: .0244 :- .6903 - .2667 - .0186 

4 	' 65.0 L: .0515 - .5656 - .2134 - 	.1695- 
V: .0309 - .5814 - .3710 - .0167 

SR(Reboiler) 77.4 L: .2921 - .3395 - .1108 - .2576 

RUN A.15 

. Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.075 32.3 43.2 

Feed temperature (°C) - 52.4 102.0 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

58.93 0.0 75.5 

Sampling point Temp (oc)  Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST 	(Top) • L: .0044 - .2855 - .7101 - .00 

2. 59.0 L: .0066 - .1364 - .4690 - .3880 
V: .0088 - .1982 - .7054 - .0876 

3 61.0 L: .0137 - .4291 - .4004 - .1568 , 
 V: .0104 - .5432 - 	.4391 - .0073 

4 61.7 - L: 
V: 

.0155 

.0107 
- .4862 
- .4883 

- .3260 
- .4837 

- .1723 
- .0173 

SR(Reboiler) 74.0 L: .1865 - .3826 - .1852 - .2457 



167 

RUN A.16 

CatalySt Methanol . Acetic acid 

Feed flowrate (g/min) 0.085 13.7 48.5 

Feed temperature (°C) - 56.0  102.0 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

49.60 0.0 - . 	- 	62.2 

Sampling point TemP 
(oc)  Liquid and vapour mole fractions 

Water-methanol-ester-acid 

ST (Top) L: .0074 - .2848 - .7078 - .00 

2 64.0 
L: .0103 - .0679 - .4033 - .5185 
V: .0158 - .1084 - .6682 - .2076 

3 61.5 L: 
V: 

.0178 - .3314 

.0148.- .4191 
- .4684 - .1824 
- .5376 - .0285 

4 64.5  L: 
V: 

.0274 

.0170 
- .3080 
- .3201 

- .4273 - .2373 
- .6275.- .0354 

SR(Reboiler) 84.8 L: .2182 - .1378 - .2534 - .3906 

RUN A.17 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.075 ' 	32.3 15.7 

Feed temperature (°C) - 56.5 106.9 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

57.15 0.0 48.0 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0054 - .3053 - .6893 - .00 

L: .0060 - .2395 - .5469 - .2076 
2 	• 	- 55.2 V: .0090 - .2810 - .6957 - .0143 

L: .0109 - .5182 - .4253 - .0456 
3 58.0 VI .0038 - .5726 - .4236 - .00 

4 
56.0 	. L: 

V: 
.0115 
.0087 

- .6068 
- 	.5338 

- .3155 
- .4575 

- .0662 
- .00 

SR(Reboiler) 66.5 L: .1534 - 	.5562 - .1787 - .1117 
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RUN A.18 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.075 50.5 43.2 

Feed temperature (°C) - 54.0 102.6 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

25.89. :32.32 - 	.. 	61.38 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0169 - .5186 - .4645 - .00 	. 

2 78.2 L: 
V: 

.0522 - .2840 

.058 3 - .4190 
- .1273 
- .2132 

- .5365 
- .3095 

3 64.7 L: 
V: 

.0431 

.0158 
- .6739 
- .8072 

- .1277 
- .1682 

- .1553 
- .0088 

4 64.9 L: 
V: 

.0322 

.0211 
- .6996 
- .7281 

- .1391 
- .2380 

- .1291 
- .0128 

SR(Reboiler) 74.0 L: .1914 - .5524 - .0744 - .1818 

RUN A.19 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.07 50.5 43.2 

Feed temperature (°C) - 55.3 102.0 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

41.33 14.27 79:43 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST 	(Top). L: .0068 - 	.3459 - .6473 - .00 

2 70.6 L: .0186 - .2363 - .2264 - .5187 
V: .0273 - .3808 - .3422 - .2497 

3 63.8 L: .0345 - .6526 - 	.1492 - .1637 
V: .0157 - .7915 - .1808 - .0120 

4 64.9 - L: .0279 - .7109 - .1338 - 	.1274 
V: .0153 - .7280 - .2392 - .0175 

SR(Reboiler) 71.0 L: .1615 - .5886 - .0809 - .1690 
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RUN A.20 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.075 32.2 15.9 

Feed temperature (°C) -- 63.0 105.9 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 
. 	_ 

38.18 19.92 ' __ 	:. 	28:18 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0112 - .6120 - .3768 - .00 

2 63.3 
L: 
V: 

.0269 

.0246 
- .6037 - .1030 
- .7758.- .1622 

- .2664 
- .0374 

3 64.0 L: 
V: 

.0215 - .8457 

.0108.- 	.8825 
- .1047 
- .1067 

- .0281 
- .00 

L: .0281 - .8617 - .0591 - .0511 
4 64.4 V: .0167 - .8823 - .1010 - .00 

SR(Reboiler) 71.1 L: .2052 - .7169 - .0236 - .0543 

RUN A.21 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.075 52.1 75.7 

Feed temperature (°C) - 50.2 101.0 

Reflux 	(g/min) i Distillate (4/min) Bottom product (g/min) 

54.72 22.5 105.3 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0144 - .4395 - 	.5461 - .00 

77.5 L: 
V: 

.0416 

.0517 
- .2552 
- 	.3736 

- .1377 
- 	'.2103 

- .5655 
- .3644 

3 66.5 L: 
V: 

.0401 

.0189 
- .6028 
- 	.7871 

- .1302 
- .1673 

- .2269 
- .0267 

L: .0378 - .6180 - .1491 - 	.1951 
4 	. 66.9 - V: .0271 - .6850 - .2574 - .0305 

SR(Reboiler) 78.3 L: .2059 - 	.4144 - .0975 - .2822 
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RUN A.22 

Catalyst Methanol Acetic acid .  

Feed flowrate (g/min) • 0.105 37.6 36.9 

Feed temperature (°C) - 61.0 101.3 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 
. 

49.94 	. 28.45 
. 

- 
• 
- 	-- 	46.05 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top)  L: .0065 - .4064 - .5871 - .00 

2 69:0 
L: .0422 - .3592 - .1919 - .4067 
V: .0458 - .4719 - .3205 - .1618 

3 63.1 L: .0382 -.6621 - .1848 - .1149 
V: .0206 - .7509 -- .2147 - .0138 

4 64.0 L: 
V: 

.0455 

.0265 
- .6670 
- .6928 

- .1652 
- .2612 

- .1223 
- .0195 

SR(Reboiler) 74.4 L: .2813 - .4649 - .0741 - .1797 

RUN A.23 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.105 37.6 36.9 

Feed temperature (°C) - 59.3 103.5 	• 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

59.31 '0.0 74.5 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) • L: .0108 - .2986 - .6906 - .00 

2 	. 60.0 L: - V: 
.0170 
.0171 

- .1644 
- .2235 

- .4764 
- .6692 

- .3422 
- .0902. 

3 
• 

60.8 L:. 
V: 

.0178 

.0103 
- :4979 
- .5935 

- .3791 
- .3876 

-..1052 
- .0086 

4 61.0.- L: 
V: 

.0244 

.0148 
- .5604 
- .5468 

- .2973 
- .4314 

- :1179 
- .0070 

SR(Reboiler) 71.0 Li .2158 - .4166 - .2134 - .1542 
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RUN A.24 

. Catalyst 	' Methanol Acetic acid 

Feed flowrate (g/min) 0.105 46.5 48.4 

Feed temperature (°C) - 54.4 101.3 

Reflux 	(r/min) I 	Distillate (g/min) 1 Bottom product (g/min) 

49.65: 26.21 
- ---- 	68.69 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0129 - .3810 - .6061 - .00 

2 69.7 
L: 
V: 

.0372 

.0485 
- .2675 - .2219 
- .4217.- .3010 

- .4734 
- .2288 

3 
• 65.4 L: 

V: 
.0428 
.0182 

- .6346 - .1581 
-- .7598 - .2067 

- .1645 
- .0153 

4 64.9 
L: 
V: 

.0394 

.0242 
- .6561 - .1487 
- .6869 - .2766 

- .1558 
- .0123 

SR(Reboiler) 74.0 L: .2064 - .5021 -.0896 - .2019 

RUN A.25 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.105 26.1 48.4 

Feed temperature (°C) - 54.5 101.4 

Reflux 	(g/min) Distillate (g/min) Bottom product (g/min) 

48.83 26.2 48.3 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top). L: .0236.- 	.2912 - .6852 - .00 

2 	. 84.0 L: 
V: 

.0576 - .1423 

.0681 - .2466 
- .2038 
- .3397 

- .5963 
- .3456 

L: .0531 - .5346 - .2689 - .1434 
3 62.3 V: .0280 - .6302 - .3194 - .0224 

4 65.0 	- L: 
V: 

.0633 - .4903 

.0332 - .5142 
- .2431 
- .4299 

- .2033 
- .0227 

SR(Reboiler) 78.4 L: .3415 - 	.2637 - .1211 - .2737 
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RUN A.26 

Catalyst Methanol Acetic acid 

Feed flowrate (g/min) 0.105 42.7 81.1 

Feed temperature (°C) - 52.8 101.2 

Reflux 	(g/min)  Distillate (g/min) ' Bottom product (g/min) 

47.05 25.84 97.96 

Sampling point Temp 
(°C) 

Liquid and vapour mole fractions 
Water-methanol-ester-acid 

ST (Top) L: .0173 - .3167 - .6660 - .00 

2 81.5 L: 
V: 

.0455 

.0516 
- .1976 
- .2725 

- .2594 
- .3557 

- .4975 
- .3202 

3 67.3 L: 
V: 

.0511 

.0257 
- .5031 
- .6664 

- .1862 
- .2647 

- .2596 
- .0432 

4 67.5 
L: 
V: 

.0521 

.0322 
- .5068 
- .5785 

- .1881 
- .3524 

.2530 
- .0369 

SR (Reboiler) 81.5 L: .2546 - 	.2742 - .1268 - .3444 
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SERIES B: Methanol and acetic acid was fed as a mixture at point 4 

(see fig.6.1). 	Ten runs were carried out. 	Each run was repeated, but 

only average values for the variables are tabulated. In order to 

facilitate comparison, theoretically predicted values are also tabulated. 

RUN B.1 

Catalyst 
feed 

(g/min) 

Feed 
flowrate 
(molls) 

Feed mole fractions Reflux 
(mol/s) 

Distillate 
(mol/s) 

xfM. - 0.6351 	xU  - 0.3341 V 

xfE.- 0.0123 	xfW.-  0.0185 
0.14 0.01058 0.01601 0.00279 

Sampling 
point 

Temp (°C) Liquid and vapour mole fractions 
Exp. Theo. Experimental 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid tL tG 

ST(Top) L:. .0111-.3300-.6589-.00* .0016-.3472-.6512-.0000 

2 - 54.0 54.2 
L: 	.0106-.3386-.6508-.00 .0052-.3566-.6380-.0002 
V: 	.0173-.3374-.6453-.00 .0047-.3554-.6398-.0002 

3 - 54.2 55.4 L: 	.0104-.3717-.6179-.00 .0138-.3808-.6040-.0014 
V: 	.0108-.3687-.6205-.00 .0121-.3764-.6102-.0012 

4 - 58.4 59.0 L: 	.0121-.5226-.3659-.0993 .0308-.5167-.3232-.1293 
V: 	.0141-.4605-.5254-.00 .0329-.4343-.5242-.0086 

SR 
(Reboiler) - 

63.7 L: 	.3900-.4054-.1111-.0935 .3897-.3731-.1486-.0887 



174 

RUN B.2.  

Catalyst 
feed 

(g/min) 

Feed 
flowrate 
(mol/s) 

Feed mole fractions Reflux 
(mol/s) 

Distillate 
(mol/s) 

	

x
fM:0.4743 	xfA:0.4750 

	

xfE:0.0284 	xfW:0.0223 
0.14 0.01009 0.01763 0.00294 

Sampling 
point 

Temp (°C) 	, Liquid and vapour mole fractions 
Exp. Theo. Experimental 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid tL tG 

ST(Top) L: 	.0073-.3293-.6634-.00 .0041-.3290-.6669-.0000 

2 54.0 54.2 54.5 L: 	.0107-.3279-.6613-.00 .0120-.3128-.6747-.0004 
V: 	.0110-.3308-.6582-.00 .0110-.3149-.6737-.0004 

3 54.1 54.4 56.2 L: 	.0108-.3308-.6584-.00 .0284-.2910-.6780-.0026 
V: 	.0075-.3358-.6567-.00 .0252-.2959-.6766-.0023 

4 58.9 58.5 59.2 L: 	.0257-.3613-.4665-.1465 .0511-.3379-.4411-.1698 
V: 	.0221-.3503-.6276-.00 .0576-.2768-.6519-.0137 

SR 
(Reboiler) 

72.6 70.1 L: 	.5003-.1145-.1596-.2257 .4493-.1145-.1854-.2507 

RUN B.3 

Catalyst 
feed 

(g/min) 

Feed 
flowrate 
(mol/s) 

Feed mole fractions Reflux 
(mol/s) 

Distillate 
(mol/s) xfM:0.4825, 	xfA: 0.4824 

xfE:0.0155 	xfW.-  0.0196 
0.21 0.00998 0.01856 0.00308 

Sampling 
point 

Temp (°C) Liquid and vapour mole fractions 
Exp. Thed. Experimental 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid tL tG 

ST(Top) 
• 

L: 	.0072-.3280-.6649-.00 .0052-.3224-.6724-.0000 

2 54.0 54.2 
•-_ 

54.9 L: 	.0070-.3248-.6682-.00 
V: 	.0104-.3236-.6660-.00 	- 

.0144-.2997-.6850-.0009 

.0132-.3026-.6833-.0008 

3 55.0 54.6 56.1  L: 	.0068-.3242-.6690-.00  
V: 	.0104.-.3249-.6646-.00 

.0323-.2697-.6930-.0050 

.0287-.2766-.6902-.0045 

4 59.0 58.6 60.8 L: 	.0196-.3594-.4845-.1365 
V: 	.0169-.3369,-.6462-.00 

.0544-.3181-.4541-.1734 

.0622-.2509-.6634-.0236 

SR 
(Reboiler) 

73.0 69.5 L: 	.4908-.0863-.1759-.2470 .4903-.0897-.1866-.2333 
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RUN B.4 

Catalyst 
feed 

((j/min) 

Feed 
flowrate 
(mol/s) -  

Feed mole fractions Reflux 
(mol/s) 

Distillate 
(mol/s) 

xfM: 0.4472 	xfA: 0.5127 

xfE: - 0.0152 	xf141.  - 0.0249 
0.21 0.00999 0.016564 0.002527 . 

Sampling 
point 

Temp (°C) Liquid and vapour mole fractions 
Exp. Theo. Experimental. 	. 	, 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid tL tG 

ST(Top) L: 	.0035-.3285-.6681-.00 .0033-.3272-.6695-.0000 

2 	• 54.0 54.1 54.7 L: 	.0075-.32507.6675-.00 .0101-.3058.6834-.0067 
V: 	.0070-.3261-.6668-.00 .0092-.3084-.6817-.0007 

3 54.0 54.5 55.8 L: 	.0069-.3220-.6710-.00 .0250-.2736-.6966-.0049 
V: 	.0070-.3242-.6688-.00 .0222-.2801-,6932-.0045 

4 59.0 59.1 61;0 L: 	.0256-.3413-.4786-.1546 .0478-.3112-.4418-.1992 
V: 	.0171-.3332-.6497-.00 .0527-.2498-.6686-.0289 

SR 
(Reboiler) 

74.8 70.2 L: 	.4338-.0764-.2075-:2823  .4436-.0765-.2049-.2750 

RUN B.5 

Catalyst 
feed 

(g/min) 

Feed 
flowrate 
(mol/s) 

Feed mole fractions Reflux 
(mol/s) 

Distillate 
(mol/s) x 	0.3185 	x 	- 0.6473 fM.- 

	• 	xfA:  

x 

	

fE'- 0.0103 	x il'  0.0239  
0.28 0.00959 0.01649 0.01649 0.00328 

Sampling._ 
point 

__...- 

Temp (°C) Liquid and vapour mole fractions 
Exp. Theo-. Experimental 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid tL tG 

ST(Top) L: 	.0158-.3136-.6706-.00 , 

2 

. 

54.0 L: 	.0154-.3179-.6667-.00 
V: 	.0159-.3081-.6760-.00 

. 

3 54.0 L: 	.0171-.3153-.6676-.00 
V:..0186-.3032-.6782-.00.  

4 68.0 L: 	.0539-;3119-.4170-.2172 
V: 	.0307-.3013-.6558-.0121' 

SR 
(Reboiler) 

103.7 L: 	.3042-.0446.1280-.5231 

Note: Theoretical values are not presented, since the mathematical model 
did not converge. 
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RUN B.6 

Catalyst 
feed 
(g/min) 

Feed 
flowrate 
(molts) 

Feed mole fractions Reflux 
(mol/s) 

Distillate 
(molls) xfm. '' 0.5489 	x 	• 0.4115 EA' 	' 

xfE' 0.0171 	xfw: 0.0225 0.21 0.01034 0.01987 0.00315 

Sampling 
point 

Temp (°C) Liquid and vapour mole fractions 
Exp. Theo. Experimental 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid tL tG 

ST(Top) L: 	.0053-.3323-.6624-.00 .0047-.3325-.6627-.0000 

2 54.0 54.1 54.6 L: 	.0053-.3318-.6629-.00 .0126-.3234-.6634-.0006 
V: 	.0055-.3372-.6573-.00 .0117-.3245-.6633-.0005 

3 54.5 54.4 56.6 L: 	.0054-.3433-.6513-.00 .0280-.3138-.6552-.0029 
V: 	.0054-.3427-.6519-.00 .0251-.3162-.6561-.0026 

4 59.0 57.9 59.3 L: 	.0198-.4120.4664-.1018 .0494-.3857-.4256-.1394 
V: 	.0168-.3922-.5865-.0045 .0545-.3135-.6193-.0127 

SR 
(Reboiler) 

69.0 65.2 L: 	.4352-.2174-.1810-.1664 .4826-.1914-.1865-.1395 

RUN B.7 

Catalyst 
feed 

(g/min) 

Feed 
flowrate 
(mol/s) 

Feed mole fractions Reflux 

(m
ol
ls) 

Distillate 
. (mol/s) 

-  

	

xfM. • 0.4821, 	xfA. 0.4842 

	

: 0.0135 	xfw: 0.0202 0.28 0.01318 0.01759 0.00335 

Sampling 
point 

Temp (°C) Liquid and vapour mole fractions 
Exp: Theo. Experimental 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid tL  L f 
1 

tG 
 

ST(Top) L: 	.0053-.3309-.6638-.00 .0040-.3300-.6660-.0000 

2 54.1 54.2 54.8 L: 	.0053-.3265-.6682-.00 
V: 	.0054-.3322-.6624-.00 

.0115-.3156-.6720-.0009 

.0104-.3177-.6710-.0009 

3 54.5 54.5 56.1 L: 	.0069-.3347-.6585-.00 
V: 	.0054-.3352-.6594-.00 

.0267-.2980-.6698-.0055 

.0232-.3028-.6690-.0050 

4 64.0 59.7 61.4 L: 	.0189-:3837-.4572-.1402 
V: 	.0173-.3706-.6076-.0046 

.0447-.3649-.3786-.2119 

.0519-.2942-.6261-.0278 

SR 
(Reboiler) 

70.8 68.3 L: 	.4048-.1393-.2299-.2260 .4372-.1224-.2027-.2376 
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RUN B.8 

Catalyst 
feed 
(g/min) 

Feed 
flowrate 
(mol/s) 

Feed mole fractions Reflux 
(mol/s) 

Distillate 
(mol/s) 

xfM : 0.5136 	xfA  : 0.4564 

xfE"' 0.013 	xfW: 0.017 0.00326 
 

0.28 0.01591 0.02009 

Sampling 
point 

Temp (°C) Liquid and vapour mole fractions 
Exp. Theo. Experimental 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid t
L 

tG 

ST(Top) L: 	.0093-.3329-.6578-.00 -0042-.3359--6598-.0001 

2 54.0 54.2 55.0 L: 	.0087-.3281-.6632-.00 	• .0113-.3307-.6569-.0011 
V: 	.0057-.3334,..6609-.00 .0103-.3315-.6572-.0011 

3 54.5 54.4 56.2 L: 	.0087-.3376-.6537-.00 .0249-.3281-.6415-.0055 
V: 	.0057-.3390-.6553-.00 .0220-.3294-.6435-.0051 

4 60.9 59.8 61.2 L: 	.0190-.4006-.4582-.1221 .0393-.4107-.3463,-.2037.  
V: 	.0150-.3938-.5912-.00 .0477-.3390.7.5891-.0242 

SR 
(Reboiler) 

70.0 66.4 L: 	.3832--1761-.2285-2122- .3792-.2005-.2052-.2151 

RUN B.9 

Catalyst 
feed 

(g/min) 

Feed 
flowrate 
(mol/s) 

Feed mole fractions Reflux 
(molls) 

Distillate 
- 	(mol/s) xfM: 

.: 

0.4382- 

0.0115 

xfA"'  0.5345 

xfw: 0.0158 0.23 0.01417 0.01668 0.00333 
• 

Sampling_ 
point 

Temp (°C) Liquid and vapour mole fraCtions 
Exp. Theo. Experimental 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid L 
t
G 

ST(Top) L: 	.0051-.3317-.6631-.00 .0037-.3288-.6674-.0001 

2 54.0 54.1 55.0 L: 	.0071-.3262-.6667-.00 .0111-.3116-.6760-.0013 
V: 	.0052-.3318-.6630-.00 .0099-.3142-.6747-.0011 

3 54.5 54.5 56.4 L: 	.0053-.3334-.6613-.00 .0264-.2899-.6759-.0079 
V: 	.0053-.3309-.6638-.00 .0227-.2960-.6743-.0070 

4 62.6 60.9 63.0 L: 	.0182-:3625-.4744-.1450 .0420-.3467-.3552-.2561 
V:_.0151-.3670-.6178-.00 .0520-.2866-.6203-.0411 	• 

SR 
(Reboiler) 73.5 72.1 L: 	.3806-.0979-.2208-.3007 

. .3964-.0950-.1868-.3218 
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RUN B.10 

Catalyst 
feed 

(g/min) 

Feed 
flowrate 
(molls) 

Feed mole fractions Reflux 
(mol/s) 

Distillate 
(mol/s) 

	

- 0.3315 	xfA: - 0.6290 xfm. 

x 	0.0129 	xa  - 	. fE- 0" 	l' 0.0266 
0.175 

• 
0.01391 0.01860 0.00236 

Sampling 
point 

Temp (°C) Liquid-and, vapour mole fractions 
'Exp. Theo. Experimental 

Water-methanol-ester-acid 
Theoretical 

Water-methanol-ester-acid tL tG 

ST(Top) L: 	.0084-.3342-.6574-.00 .0050-.3139-.6816-.0001 

2 54.0 54.2 55.9 L: 	.0051-.3248-.6700-.00 V: 	.0086-.3253-.6661-.00 
.0140-.2800-.7034-.0026 
.0130-.2835-.7010-.0024 

3 54.7 54.9 57.4 L: 	.0086-.3169-.6744-.00 V: 	.0126-.3067-.6807-.00 
.0317-.2344-.7192-.0146 
.0288-.2427-.7151-.0134 

4 62.9 61.5 65.6 L: 	.0328-.2878-.5218-.1576 V: 	.0301-.2727-.6597-.0375 
.0534-.2501-.4015-.2950 
.0636-.2091-.6595-.0678 

SR 
(Reboiler) 85.0 79.2 L: .3131-.0655-.1460-..4754 .3199-.0466-.1652-.4683 



APPENDIX D.2 

PREDICTED PERFORMANCE OF A 3 INCH PACKED COLUMN OF 92 CM HEIGHT  

TABLE D.2.1 Effect of feed composition, feed rate, catalyst concentration, column operating pressure, 

reflux ratio, reboil ratio and integration step length. 

Run 
Liquid 
reflux 
(mol/s) 

Vapour top 
flowrate 
(mol/s):  

Catalyst top 
flowrate 
(g/min) 

Feed mole fraction 
Feed 

flowrate 
(mol/s) 

Step 
length 
(cm) 

Column 
operating 
pressure 
(atm) 

Obtained results 
Top ester 

mole fraction 
overall 

conversion % Methanol Ac. acid 

1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
1.10 
1.11 
2.1 
2.2 
2.3 
2.4 
2.5 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
4.1 
4.2 
4.3 
4.4 

4.6 
4.7 

4.5  

0.0177 
11 

I, 
,, 	. 
n 	, 
II 

II 

n 
11 

" 
" 

0.0177 
n 
,, 
11 

,, 

0.0177 
II 

11 
It 

II 

n 

0.0177 
II 

IT 

II 

n 
11 

0.020668 
II 

It 

n 
n 
tt 

II 

11 

II 

11 

ft 

0.020668. 
II 

11 

II 

11 

0.020668 
It 

n 
I/ 

II 

IT  

0.020668 
II 

II 

II 

I 

II 

0.0703 
II  

II 

n 
n 
It 

II  

II 

,, 
n 
/1 

0.0703 
If 

TI 

II 

n 

0.0703 
0.1406 
0.2812 
0.4218 
0.5624 
0.703 
0.0703 

If 

11 

11 

I 

II 

0.33 
0.40 
0.45 
0.50 
0.55 
0.575 
0.60 
0.635 
0.67 
0.70 
0.75 
0.33 

II 	. 

If 

11 

,, 

0.50 
.1 
II 

II 

11 

It 

0.50 
tl 

II 

11 

I  

II 

0.67 
0.60 
0.55 
0.50 
0.45 
0.425 
0.40 
0.365 
0.33
0.30 
0.25 
0.67 

II 

It  

II  

n 

0.50 
11 

It 

II 

II 

It 

0.50 
II 

II 

II 

II 

0.010 
n 
11 

1, 
n 
II 

n 
n 
n 
II 

11 

0.010 
0.0125 
0.015 
0.0175 
0.020 
0.010 

II 

II 

II 

11 

II 

0.010 
It  

II 

II 

II 

n 

2.0 
II 

II 

n 
11 
It 

II 

It 

11 

P 
,, 

2.0 
II 

n 
II 

n 

2.0 
11 

II 

II 

II 

II 

2.0 
n 
II  

II  

11  

n 

• 

1  

1.0 
n 
n 
,, 
n 
II  

II  

II  

t1  

11  

t/ 

1.0 
11 
n 
11 

n 

1.0 
II  

11  

II  

II  

11  

0.5 
0.75 
1.0 
2.0 

3.0 
4.0 
5.0 

) 

.6840 

.6793 

.6702 

.6631 

.6574 

.6548 

.6524 

.6493 

.6459 

.6425 

.6332 

.6840 

.6819 

.6742 
• .6681 

.6632 

.6631 

.6669 

.6689 

.6700 

.6707 

.6716 

.7082 

.6816 

.6631 

.6148 

.5884 

.5696 

.5554 

69.88 
68.74 
64.59 
59.23 
65.24 
68.17 
71.06 
75.09 
79.07 
82.44 
87.78 
69.88 
69.88 
66.85 
63.26 
59.75 
59.23 
64.25 
68.89 
71.22 
72.77 
73.85 

' 52.70 
56.62 
59.31 

.65.76 

68.65 
70.25 
71.24 

• 



TABLE D.2.1 continued 

Run 
Liquid 
reflux 
(mol/s) 

Vapour top 
flowrate 
(molls) 

Catalyst top 
flowrate 
(g/min) 

Feed mole fraction Feed 
flowrate 
(molls) 

Step 
length 
(cm) 

Column 
operating 
pressure 
(atm) 

Obtained results 
Top ester 

mole fraction 
overall 

conversion % Methanol Ac. acid 

	

C
N

 ("n
  d

  in
 l0

  N
 oo 	

U)
 r-I CNI

 ri
 

d
i  LC

) t.0
 N.
 

CO 

• 

. 	• 	
• 	

. 	• 	
• 	

. 	• 	
. 	• 	

• 	
. 	• 	

• 	
•

 	
• 	

•
 	

•
 	

• 

	

lf)
 in
 in

 in
 in

 in
 in

 in
 t.o  t0

 tO
 	

r-
 r-

 r  r
-
 r-

 r-
 r- 

. 

0.0170 0.020668 0.0703 0.50 0.50 0.010 2.0 1.0 .6658 62.21 
0.0177 II 11 II II !I II VI  .6631 59.23 
0.018 
0.019 

It 

1, 
11 

n 
11 

n 
H 

11 
1, 
n 

II 

n 
11  

n 
.6623 
.6605 

58.02 
54.15 

0.0195 II 11 	. II It ,1 II II  .6599 52.38 
0.01985 It 11 11 11 11 II II  .6596 51.22 
0.020  n n II II 11 11 It  .6595 50.72 
0.020668 II 11 n It II 11 II  .6590 48.66 
0.0177 0.020668 0.0703 0.50 0.50 0.010 2.0 1.0 .6631 59.23 
0.0227 0.025668 n n n 11 11 11  .6683 59.44 
0.0277 0.030668 II II 11 11 H II  .6726 59.66 
0.0327 0.035668 ?I 11 11 II II II  .6756 59.85 
0.0377. 0.040668 n II It 11 11 II  .6779 60.03 
0.0177 0.020668 0.0703 0.50 0.50 0.010 0.5 1.0 .6630 59.22 

II 

11 

II 

11 

it 

IT 

11 

, 
11 

11 

H 

II  

II  

1.0 
2.0 

1, 
II  

.6631 

.6631 
59.22 
59.23 

II II II 11 11 11  3.0 n .6632 59.24 
VI IT 11 11 II II  4.0 	. n .6633 59.24 
I, II I/ II it II  6.0 n .6634 59.25 
II 11 11 II II 11  8.0 n .6635 59.27 
11 II 11 II 11 11 12.0 n .6637 59.29 

* The reboil ratios for runs 6.1 to 6.5 are respectively: 3.27, 4.08, 4.88, 5.69, 6.50 



TABLE D.2.2 	Effect of catalyst introduction with the feed 

Catalyst 
introduced 

with 

Liquid 
ref lux 
(mol/s) 

Vapour top 
flowrate 
(mol/s) 

Catalyst top 
flowrate 
(g/min) 

Feed mole fraction 
Feed 

flowrate 
(mol/s) 

Step 
length 
(cm) 

Column 
operating 
pressure 
(atm) 

Obtained results 
Top water 

mole fraction 
Top ester 

mole fraction 
overall 

conversion % 1 Methanol Ac. acid 

Reflux 

Feed 

Reflux 

Feed 

0.0177 
II 

0.0177 
11 

0.020668 
II 

0.020668 
n 

0.0703 
II 

0.0703 
n 

0.50 
II 

0.33 
I/ 

0.50 
II 

0.67 
II 

0.01 

" 

0.0125 
It 

2.0 
II 

2.0 
11 

1.0 
II  

1.0 
11  

.003749 

.003719 

.006237 

.006151 

.6631 

.6631 

.6819 

.6817 

59.23 

59.22 

69.88 

69.80 

TABLE D.2.3 	Effect of high holdup packing 

Packing 
used 

Liauid 
reflux 
(mol/s) 

Vapour top 
flowrate 
(mol/s) 

Catalyst top 
flowrate 
(g/min) 

Feed mole fraction Feed 
flowrate 
(mol/s) 

Step 
length 
(cm) 

Column 
operating 
pressure 
(atm) 

Obtained results 
Top water 

mole fraction 
Top ester 

mole fraction 
overall 

conversion % Methanol Ac. acid 

Raschig 
rings 

BY-Con tact 
Multifil 
Hyperfil 

0.0177 

" 

0.020668 

n 

0.0703 

. 	11 

0.50 

11 

0.50 

11 

. 

0.01 

II 

. 

2.0 

II 

1.0 

II  

.003749 
. 

.003783 

.6631 

.6633 

59.23 

59.30 



APPENDIX D.3  

PREDICTED PERFORMANCE AND HEIGHT DETERMINATION OF A 3 INCH PACKED COLUMN FOR FIXED BOTTOM MOLE 

(xMethanollxAc. acid)above feed  

TABLE D.3 Effect of feed rate, reboil ratio and integration step length 

Run 
Liquid 
reflux 
(mol/s) 

Vapour top 
flowrate 
(mol/s) 

Catalyst top 
flowrate 
(g/min) 

Feed mole fraction 
Feed 

flowrate 
(mol/s) 

Step 
length 
(cm) 

Column 
operating 
pressure 
(atth) 

zE b 
Obtained results 

Top ester 
mole fraction 

overall 
conversion % 

packed 
height (cm) Methanol Ac. acid 

, 
1.1 0.0177 0.020668 0.0703 0.33 0.67 0.0125 2.0 1,0 0.105 1.75 .7263 76.52 216 
1.2 " ," n II II  0.0150 " n n n .6852 66.60 194 
1.3 " II H II 11  0.0175 " II /1 11  .6845 61.60 176 
1.4 " II II II II  0.020 n n II II  .6849 57.9 166 
2.1* 
2.2 

0.0177 
0.0227 

0.020668 
0.025668 

0.0703 
II 

0.50 
II 

0.50 
11 

0.010 
It 

2.0 
II 

1.0 
II 

0.14 
II 

7.5 
II  

.6639 

.6673 
59.10' 
59.30 	• 

190 
210 

2.3 0.0252 0.028168 11 II 11 II II II 	. 11 II  .6676 59.32 216 
2.4 0.0277 0.030668 II II II II II II • II 11  .6699 59.45 246 
2*.5 0.0327 0.035668 II II II 11 II Il II 11  .6723 59.60 260 
2.6 0.0352 0.038168 It 11 II TI II II II 11  .6741 59.70 256 
2.7 0.0377 0.040668 II II II II II 11 II II  .6740 59.70 276 
3.1 0.0177 0.020668 0.0703 • 0.33 0.67 0.0175 1.0 1.0 0.105 1.75 ..6868, 61.72 168 
3.2 " 11 II 11 H II  2.0 II II II  .6845 s  61.60 176 
3.3 " II It 11 II 11  4.0 II II II  .6852 61.64 184 
3.4 " II II It II 11  6.0 11 11 If  .6810 61.42 192 
4.1 0.0177 0.020668 0.0703 0.33 0.67 0.0150 2.0 1.0 0.105 1.75 .6852 66.60 ' 	194 
4.2 11 I/ II II II II  3.0 11 II II  - 	.6861 66.66 192 
4.3 " II 11 11 II II  4.0 n n n .6881 66.78 184 
4.4 " 11 II II 11 II  5.0 II I, n .6855 66.62 195 
4.5 " 11 II I/ II II  6.0 11 in II  .6846 66.57 198 

FRACTION OF METHYL ACETATE (z
E) AND FIXED RATIO b- (x

Methanol/
x
Ac. acid)feed 

* The reboil ratios for runs 2.1 to 2.7 are respectively: 3.27, 4.08, 4.48, 4.88, 5.69, 6.09, 6.49 • 



APPENDIX D.4 

COMPUTER. PROGRAMME FLOW CHART AND LISTING- 

183 

(FIXED LENGTH COLUMN). 



FLOW CHART  

MAIN PROGRAMME 

Start 

Set physical properties, operating conditions and step length 

Set initial guesses of top compositions 

Calculate compositions and flowrates below reflux position. 	I 

Calculate compositions of the vapour leaving the reboiler 

Estimate new top compositions 

184 

Is 
Accuracy require 

achieved* 

Stop ) 

* The accuracy required 
is achieved when the 
change in the top 
compositions is less 
than 0.1% 

= h oh 

Call integration routine I 

Normalize mole fractions 

Estimate new 
top 

compositions 

Calculate G, L, x,, y. below feed 
3 3 

h' = h' 	Oh  

Call integration routine' 

Normalize mole fractions 

Estimate new 
top 

compositions 

Calculate B and z. 

Calculate the sum: 	X (y. 	-Y . =1  , 	j ]reboiler column)2 
 

1  



Calculate N, 

I 
Normalize N. 

Js 
I 

Calculate SA  and 0m  

Calculate D
. 

Calculate CLand C
G 

Calculate K
o 
OG 

 
j 

Calculate 

Calculate P. 
J 

Calculate y. 

Calculate a 

Calculate q 

INTEGRATION ROUTINE 

( Start ) 

Call YGRD 

I
Integrate 

( Return ) 

GRADIENT EVALUATION ROUTINE (YGRD) 

Start 

Calculate tL  and t 

Calculate r. 

Calculate w 

Calculate H 

Calculate A 

Calculate gradients 

Return ) 
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C 	 . COMPUTER PROGRAMME 
C 
C 
JOB ( UMEC078 JI 3 CM30000 T600 *LC 9000 ) 	PeR I L AVAK I S 	BINRY7 • 
BOX. 	 TRAY NUMBER OWN 
ATTACH(ICLIB/UN=LIBRARY) 
MNF(T•B=BIN.R=2•E=2) 
MAP(PART) 
SETCORE(INDEF) 
LOAD(BINsRUNLIB•ICLIB) 
EXECUTE(•LC=21450) 

CS 	TRACE ARITHMETIC 
Cs 	TRACE SUBSCRIPTS 

PROGRAM FIRST(INPUT•OUTPUT•TAPES=INPUT.TAPE6=.OUTPUT) 
EXTERNAL CALCFX 
DIMENSION X(4)'E(4)•W(28) 
COMMON/AK/K 
COMMON/NUMB/XX(4) 
CALL DATAIN 
K=I 
XX(1)=0.25 
XX(2)=0.25 
XX(3)=0.2S 
EscaLE=sooso 
IPRINT=1 
ICON=I 
N=3 
MAXIT=500 
N3N=N*(N4-3)+1 
MAXFUN=150*N 
X(1)=0.65 
X(2)=0.00006 
X(3)=0.003 
DO 1 I=1*N 
E(I)=0.001*ABS(X(I)) 

I CONTINUE 
C 
C SUBROUTINE VA04A AND SUBROUTINE PLVKS ARE THE SAME. 
C THEY ONLY DIFFER IN THAT SUBROUTINE VA04A CALLS 
C CALCFX(N*X*F) WHILE SUBROUTINE PLVKS CAL-Ls CLFAtN,A,F) 
C 

CALL VA04A(X*E*N*FolESCALE*IPRINT*ICON*MAXIT*CALCFX*WAN3N,MAXFUN) 
STOP 
END 



.SUBROUTINE CALCFX(N,X,F) 
EXTERNAL CLFX 
DIMENSION X(41 
DIMENSION YG(10)04((10),YD(10)+Y(10) 
DIMENSION DDXA(100)+DDXM(100)•DDXME(100),DDXW(100) 
DIMENSION EE(3)+WW(50) 
COMMON/NUMB/XX(4) 
COMMON/HEATS/CPA+CPM•CPME'CPW 
COMMON/LHVAP/VILHAIWLHM,WLHME.WLHW.WLH 
COMMON/Y/Y 
COMMON/XY/XA.XM.XME+XW,YA.YMIYME.YW 
COMMON/XCATAL/XCATIXNCAT 
COMMON/STATE/GM$FLMIPPI 
COMMON/ACTVTY/ACIIAC2+AC3/AC4 
COMMON/TLTG/TL•TG 
COMMON/XJ/J 
COMMON/BB/6 
COMMON/AAX/AXA'AXM+AXME•AXW 
COMMON/B1B2/B1+62 

C 
C CALCULATION OF PACKED REACTION/DISTILLATION COLUMN 

C CATALYST FEED IN MOLFS/SEC 
XNCAT=0.0703/(60.0*98e08) 

C SET FEED RATES AND TFMPERATURES 
FFED=0.010 
XFM=005 
XFA=0•50 
XrME=0.0 
XFW=0.0 
TFEED0=20.0 

C GIVEN TOP EXPERIMENTAL VALUES 
ELMT=0.0177 
GMT=0.020668 
DO 666 I=1.3 
IF(X(1)4,GE.1.0)G0 TO 400 
IF(X(I).LE.0.0)G0 TO 200 

666 CONTINUE 
AXN=X(I)+X(2)+X(3) 
IF(AXNGGE.1.0)G0 TO 300 
YMET=X(1) 
YAT="X(2) 
YWT=X(3) 
Ym7=1.0—AXN 
XmET=YMET 
XMT=YMT 
XWT=YWT 
XAT=YAT 
TL=56.7 
Tn=56.7 

C 
C X=HT,Y(1)=GM,Y(2)=ELM•Y(3)=YME,Y(4)=YM,Y(5)=YWeY(6)=YA, 
C 	Y(7)=XME,Y(8)=XM.Y(9)=XW.Y(10)=XA 
C SET STEP LENGTH 

H=2,0 
C SET NUMBER OF VARIABLES 

NXX=I0 
WRITE(693015)GMT,YMET,YMT.YWT,YAT.ELMT,XMET,XMI,XWT,XAT,TG.IL 

3015 FORMAT(1H0,10HTOP VAPOURI5EI6e8/7H REFLUX45E16o8/IX,3H1G=. 



AE15,3,3X.3HTL=eEI9•8) 
C STARTING VALUES FOR INTEGRATION 

Y(1)=GMT 
Y(2)=ELMT 
Y(3)=YMET 
Y(4)=YMT 
Y(5)=YWT 
Y(6)=YAT 
Y(7)=XMET 
Y(8)=XMT 
Y(9)=XWT 
Y(1O)=XAT 
XA=Y(10) 
XW=Y(9) 
Xm=Y(8) 
XmE=Y(7) 
YA=Y(6) 
yw=Y(5) 
ym=Y(4) 
YME=Y(3) 
GM=Y(1) 
ELM=Y(2) 

C CALCULATE REFLUX FEED 
1=1 
DOXA(I)=XA 
prowm=xm 
onxmE(1)=xmE 
DI1XW(1)=XW 
CALL TEMPS 
WRITE(6,235)TL 

235 FORMAT(1X.3HTL=9E11.4) 
Tx=(TFEEDO+TL)/2.0 
CALL HTDATA(TX) 
CALL HTVAP(TL) 
DOL=ELM*(CPA*XA+CPM*XM+CPME*XME+CPW*XW)*(TL-TFEED0)/WLH 
P=P/*760,0 
EK=10,0**(-9.7535-0.00425*TG+3166.0/(TG+273.2)) 
RrET=(1.20+440*FX*p*YA*(2.0-YA))**0.5 
IF(YA0LE.0.003)G0 TO 3210 
ZA=(REET-1.0),(2.0*EK*P*YA*(2.0-YA)) 
ZR=2•0*(1.0-YA+RFET)/((2.0-YA)*(1•0+REET)) 
GO TO 3211 

3210 ZA=100 
Z9=100 

3211 CONTINUE 
CALL PRSSRE(P0A.P0M,POME9POW+TG) 

555 CONTINUE 
CALL ACTVTY(DDXA(I)•DDXM(I)+DDXME(I)•DDXW(1)) 
I=14-1 
DOXA(1)=P*YA*ZA/(P0A*AC4) 
DOXM(/)=P*Ym*Z=1/(p0M*AC2) 
DnXmE(/)=P*YME*4=1/(POMF*AC1) 
DOXW(/)=P*YW*Zp/(POW*AC3) 
S8S=DDXA(I)+DDXM(1)-4-0DXME(I)+DDXW(I) 
DDXA(I)=DOXA(I)/SSS 
DOXM(I)=DOXM(I)/SSS 
DOXME(T)=DDXME(I)/SSS 
DnXW(T)=DOXW(I)/S8S 
WRITE(6,30)DOXA(1),DDXM(1),DDXME(I),DDXW(I) 



30 FORMAT(1X.E11.4.3Y,E11.4.3X4E11.4.3X.E11.4) 
IFC(ABS(DDXA(I)-0DXA(I-1))).LE.0.005.AND. 

A(ABS(DOXM(I)-DOXM(I-1))).LE.0.005.AND. 
B(ABS(DDXME(I)-DOXME(I-1))/eLE.0.005.AND. 
C(ABSIDDXW(I).-DDXW(I-1))).LE.0.005)G0 TO 222 
GO TO 5555 

222 CONTINUE 
OG=GM+DDL 
DL=ELM+DDL 
DYA=(GM*YA+DOL*DDXA(I))/DG 
DYM=(GM*YM+OOL*DOXM(1))/DG 
DYME=(GM*YME+DDL*nDXmF(I))/DG 
DYW=(GM*NeW+DDL*DOXW(I))/DG 
SMM=DYA+DYM+DYME-1-OYW 
DYA=DYA/SMM 
DYM=DYM/SMM 
DYME=DYME/SMM 
DYW=DYW/SMM 
SM=(ELM*XA+DDL*DOXA(1))+(ELM*XM+DDL*DDXM(I))+ 
A(FLM*XME+DDL*DDXMF(I))+(ELM*XW+DOL*DDXW(I)) 
OXA=(ELM*XA+DDL*DDXA(1))/SM 
DXM=(ELM*XM+DDL*DDXM(I))/SM 
oymE=AELm*xmE+DDL*DpxmE(I))/sm 
Dxw.,..(ELm*xw+DDL*onxw(1))/sm 
SSM=DXA+DXM+DXME+n)(W 
DXA=DXA/SSM 
DXM=DXM/SSM 
DXME=DXME/SSM 
OXW=DXW/SSM 
Y(1)=DG 
Y(2)=0L 
Y(3)=DYME 
Y(4)=DYM 
Y(5)=DYW 
Y(6)=DYA 
Y(7)=DXME 
Y(8)=DXM 
Y(9)=DXW 
Y(10)=DXA 
WPITE(6.1000)Y(1),Y(2)+Y(3)+Y(4)9Y(5),Y(6),Y(7).Y(8),Y(9),Y(10) 

1000 FORMAT(10(2X,F8.6)) 
CALL TEMPS 
WRITE(61652)TL,TG 

652 FORMAT(1X93HTL=oE11o4.5X+3HTG=4E11.4) 
XXX=0.0.  
HMXN=48o0/H 
NXN=HNXN 
NNNXN=3*NXN 

C CALCULATE CONDITIONS IN FIRST TOP SECTION 
C INTECAATION 

no 100 NSTFP=I,NNNXN 
CALL RKINT(XXX,HINXX.Y.YG,YH,YD,IFLAG) 
1F(IFLAG,FQ•O)GO TO 3501 

C NORMALISATION 
Do 108 t=1,10 
IF(Y(I).LE0000)Y(I)=0.0 

108 CONTINUE 
SUMX=Y(7)+Y(8)+Y(9)+Y(10) 
Y(7)=Y(7)/SUMX 



Y(8)=Y(8)/SUMX 
Y(9)=Y(9)/SUMX 
Y(10)=Y(10)/SUMX 
SUMY=Y(3)+Y(4)+Y()+Y(6) 
Y(3)=Y(3)/SLIMY 
Y(4)=Y(4)/SLIMY 
y(5)....;y(5)/SUMY 
Y(6)=Y(6)/SUMP 

199 FORMAT(1X.3HGM=.EIle4.3X.4HELM=.11E11.403Xs4HYME=,E11.4.3X, 
A3HYM=$E1164,3X(13HYW=.E11.4413X43HYA=tE11.4) 

198 FORMAT(1X44HXME=.F114403X.3HXM=.E11.4.3X43HXW=.E11.443X, 
B3HXA=4Elle4t3X,3HTL=,E11.4.3X,3HTG=,E1104) 
IFIMOD(NSTEPo4),E0o0)WRITE(6,2266)NSTEPIY(3).Y(4),Y(6);Y(6),Y(7). 

AY(8),Y(9),Y(10)sTL,TG•91+B2 
2266 FORMAT(1Xe6HNSTER=.13.1X.*YME=*.F6.4,1X..*YM=*.F6.441Xi*YW=#,F6.4, 

AlX**YA=*sF8.6.1X**XME=if.F6.4.1X,I*XM=*.F6.4.41X**XW=*.F6i4,1X,*XA=.* 
EIFSe6f1Xt*TL=*9F6.P41X4*TG=*.F6.2o1X,*61=-X.F6.4e1X**82=*.F6.4) 

100 CONTINUE 
CALCULATE CONDITIONS BELOW FEED 

XA=Y(10) 
XW=Y(9) 
Xm=Y(8) 
XME=Y(7) 
YA=Y(6) 
Yw=Y(9) 
YM=Y(4) 
YME=Y(3) 
ELM=Y(2) 
Gm=Y(1) 

CALCULATE FEED 
ELMD=FEED+ELM 
XA=(ELM*XA+FEED*XFA)/FLMD 
XM=(ELM*XM+FEED*XFM)/ELMD 
XME=(ELM*XME+FEEO*XFME)/ELMD 
XW=(ELM*XW+FEED*XFW)/FLMD 
ELM=FLMD 
Y(2)=ELM 
Y(7)=XME 
Y(8)=XM 
Y(9)=XW 
Y(10)=XA 
CALL TEMPS 
WPITE(6,652)TLeTG 
WRITE(6.1000)Y(1),Y(?),Y(3),Y(4),Y(5),Y(6),Y(7)9Y(8),Y(9)1Y(10) 
XXX=000 
DO 102 NSTEP=16NXN 
CALL RKINT(XXX,HtNXX,Y,YG.YH4YD4IFLAG) 
IF(IFLAG.E00)G0 TO 3501 

C NORMALISATION 
DO 109 1=1010 
IF(Y(I).LE.0.0)Y(T)=0.0 

109 CONTINUE 
SUMY=Y(7).4-Y(8)+Y(9)+Y(10) 
Y(7)=Y(7)/SUMY 
Y(8)=Y(8)/SUMY 
Y(9)=Y(9)/SUMY 
y(0)=N(10)/sune 
Sumx=y(3)+y(4)+Y(5)+Y(6) 
y(3)=y(3)/sumx 



Y(4)=Y(4)/SUMX 
Y(5)=Y(5)/SUMX 
Y(6)=Y(6)/SUMX 
IF(M0D(NSTEP14)6E060)WRITE(6,2266)NSTEPIY(3),Y(4),Y(5),Y(6),Y(7),  
AY(8).Y(9),Y(10)/TL,TG181082 

102 CONTINUE, 
XA=Y(10) 
XW=Y(9) 
Xm=Y(8) 
XmE=Y(7) 
YA=Y(6) 
yw=Y(5) 
YM=Y(4) 
YME=Y(3) 
ELM=Y(2) 
GM=Y(1) 

CALCULATION OF PRODUCT STREAM 
B=ELM—GM 
Wp/TE(6/1245)B 

1245 F0RMAT(1X,2HB=sE11.4) 
AXA=XA 
AXM=XM 
AXME=XME 
AXW=XW 
XcAT=XNCAT/R 
ECA=50060 
IpR=0 
tr=i 
NN=3 
MAX=5.

00 

NN3N=NN*(NN-1-3)+1 
MAXF=I50*NN 
00 1616 I=1.NN 
Er(I)=0,001*ABS(XX(1)) 

1616 CONTINUE 
CALL SECONO(T1) 
CALL PLVKS(XX/EE,NN/FF,ESCA,IPR,IC.MAX/CLFX,WW/NN3N/MAXF) 
CALL SECOND(T2),  
PpINT 1223,T14T2 

1223 FOPMAT(1X,*TIMES FOR PLVKS*.F16.5/F16o5) 
XA=XX(3) 
XmE=XX(1) 
Xvi=XX(2) 
Xm=10—XX(1)—XX(2)—XX(3) 
WRITE(6,1256)XA.XmE,XmoXW 

1256 FORMAT(Ix,*zA=*.E11.4+2X.*ZME=*,E11.4+2X,*ZM=*,E11.412X,*Zw=*. 
4E11.4) 
CALL TEMPS 
Tp=TL 
CALL PRSSRE(P0A.P0M/p0mE/POWiTR) 
CALL ACTVTY(XX(3),XM/XX(1),XX(2)) 
P=PI*760,0 
EK=10,0**(-9.7539-0000425*TR+3166.0/(TR+273.2)) 
REET=(100+4.0*EK*P*YA*(20,0—YA))**0.5 
IF(YA•LE.00003)GO TO 6060 
ZA=(REET-1.0)/(200*EK*P*YA*(2.0—YA)) 
Zn=2.0*(1.0—YA+REET)/((2.0—YA)*(1.04-REET)) 
GO TO 6061 

6060 ZA=160 



ZR=1.0 
6061 CONTINUE 

AYA=(:210A*AC4*XX(3))/(P*ZA) 
AYM=(POM*AC2*XM)/(P*Z9) 
AYME=(POME*ACI*XX(1))/(P*41) 
AYW=(ROW#Ac3*XX(2))/(P*Ze) 
SS=AYA+AYM+AYME+AYW 
AYA=AYA/SS 
AYM=AYM/SS 
AYME=AYME/SS 
AYW=AYW/SS 
WRITE(6,299)YAsAYA,YMIAYM.YMEIAYME+YW.AYW 

299 FORMAT(IXII-YA=*,FR.443X,*AYA=*9F8e4+3X11*YM=*,F8e4.3X.*AYM=*.F8.41 
A3X.*YME=*oF8.4,3X.*AYME=*.F8.4.3X1*YW=*.F8.403X.*AYW=*,F8.4) 

CALCULATE CONVERSION 
FXFA=FFED*XFA 
FXFM=FEED*XFM 
IF(FXFAeLE.FXFM)PR=FXFA 
IF(FXFM.LE.FXFA)PR=FXFM 
T=GMT—ELMT 
CONV=(T*X(1)+B*XX(1))/RR 
WRITF(6 ,66)CONVITR 

66 FoRmAT(Ix.*ovEPALL CONVERSION=*1E11.4,*TR=*tE11e4) 
F=(1000.0*(YA—AYA))**2+.(100040*(YM—AYM))**24. 
A(1000,04E(YME—AYMF))**24-(1000.0*(YW—AYW))**2 
RFTURN 

400 F=10.0*#g*X(I) 
RFTURN 

200 F=10.0**9*(1.0—X(1)) 
RFTURN 

300 F=1000**9*.AXN 
RETURN 

350I F= 10,0**9#(1,0—y(J)) 
RFTURN 
END 



SUBROUTINE CLFX(NN.XX,FF) 
DIMENSION XX(3) 
COMMON/XCATAL/XCATONCAT 
COMMON/88/B 
COMMON/ACTVTY/ACI.AC2IAC3+AC4 
COMMON/STATE/GM,ELM,PI 
COMMON/XY/XA,XMIXME,,XW.YA.YM,YME.YW 
COMMON/TLTG/TLoTG 
COMMON/AAX/AXA,AXM,AXME,AXW 
DO 6868 1=1,3 
IF(XX(I).GF.1.0)G0 TO 402 
Ir(xX(7).LE.0.0)G0 TO 202 

6868 CONTINUE 
AAXN=XX(1)+XX(2)+XX(3) 
IE(AAXN.GE.1.0)G0 TO 302 
V=260040 
XA=XX(3) 
XME=XX(I) 
XW=XX(2) 
XM=1.0—XXIII—XX(2)—XX(3) 
TL =70.0 
TG=70.0 
CALL TEMPS 
TO=TL 
CALL XRATE(XX(3),XMIXX(1).XX(2),TReTG,RKI,DELTAH.RATE) 
FEI=ELM*AXME+RATE*V-9*XX(I)—GM*YME 
FE2=ELM*AXW+RATE#V—R*XX(2)—GM*YW 
FP3=ELM*AXA—RATE*V—R*XX(3)—GM*YA 
FE=(FFI*1000.0)*-ip+(FF2*1000.0)**24-(FF3*1000.0)**2 
RETURN 

402 FF=I0*0**9*XX(I) 
RETURN 

202 FF=10.0#*9*(1.0—XX(I)) 
RETURN 

302 FE=100**9*AAXN 
RETURN 
END 

SUBROUTINE RRSSRF(P0A+POM.POME+POW,TG) 
C ANTOINE EQUATION 
C TG IN DEGREES CENTIGRADE 

POA=10.0-**(154,6649— I082161/(TG+698009)) 
PnM=1000-**(7687863-1473.II/(TG-1-230o0)Y 
POMF=104,0*#(7.20211—I2324,83/(TG+2?8.0)) 
PnW= 10.0**(76,96681-1668.21/(TG+228.0)) 

C MM MERCURY 
RETURN 
END 



SUBROUTINE DATAIN 
COMMON/STATE/GM.ELM.PI 
COMMON/MOLWT/MWA,MWM,MWME•MWW 
COMMON/COLUMN/XSA 
COMMON/CRITIC/TCRTA,TCRTM.TCRTME.TCRTW 
COMMON/PACKNG/VOIDGE,SURFCE.HOLD,RG,RL,EN 
COMMON/MOLVOL/VMA,VMM.VMME.VMW 
COMMON/BPTS/TBA,TBM,TAME•TAW 
REAL 	MWA,MWM,MWME,MWW 

C 	----USE C.G.S. UNITS--- 
C MOLErULAR WEIGHTS(PFFODEPPY 3-23) 

MWA=60.05 
MWM=3P.04 
MWME=74006 
MWW=18.016 •  

C MOLECULAR VOLUMES IN C.C./GMOLE (REF.PERRY 14-20) 
VMA=63.8 
VMM=42.4 
VMME=83.1 
VMW=18.8 

C CRITICAL TEMPERATURES IN DEGREES CENTIGRADE(REF. PERRY, 3-100) 
TrRTA=321.6 
TrRTM=240.0 
TrRTME=233.7 
TCRTW=374.15 

C BOILING POINTS DEGREES KELVIN(REF.PERRY 3-23) 
TRA=118.1+273.0 
TRM=64.7+273.0 
TRME=57.1+273.0 
TAW=100.04-273.0 

C TOTAL COLUMN PRESSUPF IN ATM 
PT=1.0 

C 
C COLUMN MEASUREMENTS 
C CROSS SECTIONAL AREA IN CMS•#2 

XSA=45.98 
C CHARFCTERISTICS OF PACKING ie. 8 MM GLASSRASCHIG RINGS 
C (REF. MORRIS AND JACKSON.PAGE 39) 

VOIDGE=0.73 
C SPECIFIC SURFACE AREA OF PACKING PER UNIT VOLUME IN CM**2/CM**3 

SURFCE=4.07 
RFTURN 
END 



SUBROUTINE YGRD(X,N , Y+YG) 
DIMENSION AYA(50),AYM(50)+AYW•(50),AYME(501+Y(10) , YG(10) 
COMMON/XY/XA,XM,XMEIXW,YAgYM,YME, YW 
COMMON/TLTG/TL,TG 
COMMON/LHVAP/VILHAO/LHM,WLHME+WLHWOILH 
COMMON/COLUMN/XSA 
COMMON/XCATAL/XCATONCAT 
COMMON/PACKNG/VOIDGEoSURFCE.HOLD.RG,RL*EN 
COMMON/STATE/GM,FLM ,RI 
COMMON/ACTVTY/ACI.AC2+AC3 , AC4 
COMMON/AA/YAA,YMM/YMEEgYWW 
COMMON/61A2/B1,a2 

RFAL KOGA,KOGM4KOGME,KOGWIKLA,KLM.KLME.KLW 
DO 110 1=1.10 
IF(Y(I)eLE.0.0)Y(I)=0.0 

110 CONTINUE 
SUMX=Y(7)+Y(8)+Y(9)+Y(10) 
Y(7)=Y(7)/SUMX 
Y(8)=Y(8)/SUMX 
Y(9)=Y(9)/SUMX 
y(10)=Ne(10)/sumx 

Sumy=y(3)+Y(4)+Y()+Y(6) 

Y(3)=Y(3)/SUMP 
Y(4)=Y(4)/SLIMY 
Y(5)=Y(5)/Sumy 
Y(6)=Y(6)/SUMY 
GM=Y(1) 
ELM=Y(2) 
YME=Y(3) 
YM=Y(4) 
YW=Y(5) 
YA=Y(8) 
XME=Y(7) 
XM=Y(S) 
XW=Y(9) 
XA=Y(10) 
XcAT=XNCAT/ELM .  
CALL TEMPS 
CALLXRATE(XA,XM.XME,XWITL,TGoRKI,DELTAH,RATE) 
CALL XHOLD 
CALL HTVAP(TL) 

C 0 IN.CAL/CM**2eSEC 
0=DFLTAH*RATE*HOLD/AREA(XAsXM4XMEIXW.YA ,YM, YME , YW ,ELM1GM) 
F1=RATE*HOLD*XSA 
P=760 00*PI 
CALL ACTVTY(XA,Xm4XMF,XW) 
CALL PRSSRF(P0A.20M9POME.POW+TL) 
EK=1000*#(-907939-0.00425#TL+(3166.0/(IL+273.2))) 
J=1 
AYA(J)=YA 

200 RFET=(1E.0+4‘.0*FK*P*AYA(J)*(2o0—AYA(J)))**085 
/F(YAoLT.00003)GO TO 6666 
TF(AYA(J).LTs04,003)G0 70 6666 
ZA=(REET-1.0)/(2.0*EK*P*AYA (J)*(2o0—AYA(J))) 
ZR=200*(1.0—AYA(J)+REET)/((260—AYA(J))*(1.0+REET)) 
GO TO 6667 

6666 ZA=1.0 
ZR=1.0 

6667 CONTINUE 



d=J+1 
AYA(j)=P0A*AC4*XA/(760.0*P1*ZA) 
AYM(j)=POM*AC240(M/(76060*PI*ZB) 
AYW(J)=POW*AC3*XW/(760o0*PI*ZB) 
AYME(J)=POME*AC1*XME/(760.0*PI*ZB) 
SS=AYA(j)+AYM(J)+AYME(J)+AYW(J) 
AYA(J)=AYA(J)/SS 
AYM(J)=AYM(J)/SS 
AYME(J)=AYME(J)/SS 
AYW(J)=AYW(J)/SS 
IF(ABS(AYA(J)—AYA(J-1)).LE.04,003)G0 TO 201 
GO TO 200 

201 CONTTNUE 
YAA=AYA(J) 
YMM=AYM(J) 
YMBE=AYME(J) 
YWW=AYW(J) 

CALCULATE B1 AND B2 
CALL MTC(KOGAtKOGM•KOGME.KOGW,KLA,KLM,KLME,KLW) 
CALL MOLAR(CMOLELeCM0LEG,TL9TG) 
CALL DIFFUS(DIFFA,DIFFMoDIFFME,DIFFW,TL*TG) 
RATE1=RATE/(CMOLFL*)(A) 
RATEP=RATF/(CMOLEL*XM) 
B1=(DIFFA*RATE1)*#0./KLA*CMOLEL 
B7=CDIFFM*RATE2)**089/KLM*CMOLEL 
FLUX1=KOGME*(YMEF—YME) 
FLUX2=KOGM*(YMM—YM) 
FLUX3=KOGW*(YWW—YW) 
FLUX4=KOGA*(YAA—YA) 
IF(Y(3).LE.04,0)FLUX1=0.0 
IF(Y(4)0LE.080)FLUX2=0.0 
1F(Y(9).LEo0.0)FLUX3=0.0 
1F(Y(6).LE.0.0)FLUX4=000 

C NORMALISATION OF FLUXES 
SUM=FLUX1+FLUX2+FLUX3+FLUX4 
IF(FLUXI.GE41.00)SIGN1=1.0 
IF(FLUXI.LT.0o0)STGN1=-100 
IF(FLUX20GE0,0,0)SIGN2=160 
IF(FLUX2.LT.0.0)STGNP=-1.0 
IF(FLUX3eGFe0e0)SIGN3=1.0 
1F(FLUX3.LT•00)5/-GN3=-1.0 
IF(FLUX4eGE00o0)SIGN4=1.0 
IF(FLUX4.LT.0.0)SIGN4=-1.0 
EPS=(Q/WLH—SUM)/(SIGN1*FLUX14-SIGN2*FLUX24-SIGN3*FLUX3+SIGN4*FLUX4) 
FLUX1=FLUX1*(1.0+SIGN1*EPS) 
FLUX2=FLUX2*(100+SIGN2*EPS) 
FLUX3=FLUX1*(1.0+SIGN3*EPS) 
FLUX4=FLUX4*(1004-SIGN4*EPS) 
YG(2)=-041-AREA(XA,XMIXMEIXW4YA.YM,YME4YW,ELM,GM)*XSA/WLH 
Yn(I)=YG(2) 
YG(7)=160/ELM*(FI —XME*YG(2)—FLUXI*AREA(XA.XM,XME.XW,YA,YM.YME.YWo 

1FLM,GM) *XSA)  
YG(8)=100/ELM*(—F1—XM*YG(2)—FLUX2*AREA(XA,XM.XMEoXWoYA9YM,YME,YW, 

2ELM,GM)*XSA) 
YG(9)=1.0/ELM*(F)—XW*YG(2)—FLUX3*AREA(XA.XM,XME,XWoYA.YM,YMEtYW, 

3ELM,GM)*XSA) 
YG(10)=1s0/ELM*(—F1—XA*YG(2)—FLUX4*AREA(XA*XM,XME.XW.YA,YM,YMm''YW4 0 

4ELM,GM)*XSA) 
YG(3)=1o0/GM*(—FLUX1*AREA(XA.XM*XME,XWiYA.YM,YME,YWoELMIGM)*XSA- 



4YME -YG(1)) 
YG(4)=1.0/GM*C—FLUX2*AREA(XA.XM,XME.X1/1,YA.YM,YME,YWIELM,GM)*XSA 

5—YM*YG(1)) 
YG(5)=1.O/GM*C—FLUX3*APEA(XA.XM,XME,XW,YA,YM.YME,YW.ELM,GM)417XSA—Yll 

6*YG(1)) 
YG(6)=1.0/GM*(—FLUX4*AREA(XA,XMOKME,XW,YAIYM,YME.YW,ELM.GM)*XSA- 

7YA*VG(1)) • 
RETURN 
END 

SUBROUTINE RKINT(OHINeY,YG.YHoYDelFLAG) 
- INTEGRATION ROUTINE 

COMMON/XJ/j 
REAL X*1-10e(10).YG(10),YH(10) 
REAL YD(10) 
IFLAG=1 
CALL YGRD(X,N.Y.YG) 
DO 6 J=1.N 	• 
Y(j)=Y(J)+H*YG(J) 

6 IIT(Y(J).LTol.0E-30)G0 TO 100 
RETURN 

IOU IrLAG=0 
RETURN 
END 



SUBROUTINE TEMPS 
DIMENSION AYA(50).AXA(50),AXM(50),AXME(50).AXW(50) 
DIMENSION .AYM(50),AYME(50),AYW(50) 
COMMON/TLTG/TL,TG 
COMMON/STATE/GM,ELM4Pt 
COMMON/XY/XAO<M4XME,XWeYA,YM,YME,YW 
COMMON/ACTVIY/ACloAC2,AC3oAC4 
COMMON/AK/K 

C 
C 	TFMPERATURE DETERMINATION 

C BOILING POINT DETERMINATION 

XTL=TL 
XTG=TG 

IJK=l 
CALL ACTVTY(XA,XM,XMEtXW) 

200 CALL PRSSRE(P0AtP0M.POME,POWITL) 
IJ=TJ-1-1 
I=1 
AYA(I)=YA 
P=760.0*P/ 
EK=10.0**(-9.7539-0.00425*TL+3166.0/(TL+273.2)) 

306 RFET=(1.0+4.0*EK*P*AYA(I)*(2.0—AYA(I)))**0.5 
IF(YA.LT,0,003)G0 TO 6666 
IF(AYA(I).LT.04,003)G0 TO 6666 
ZA=(REET-100)/(2.0*EK*P*AYA(I)*(26.0—AYA(I))) 
ZP=2.0*(1.0—AYA(I)+REET)/((2.0—AYA(/))*(1.0+REET)) 
GO TO 6667 

6666 ZA=1.0 
ZR=1 00 

6667 CONTINUE 
I=I+1 
AYA(I)=XA*P0A*AC4/(P*ZA) 
AYM(I)=XM*POM*ACP/(P*ZR) 
AYME(I)=XMF*POME*AC1/(P*ZB) 
AYW(I)=XW*POW*AC1/(P*ZB) 
SS=AYA(I)+AYM(I)+AYME(I)+AYW(I) 
AYA(I)=AYA(I)/SS 
IF(ABS(AYA(I)—AYA(I-1)).LE80.005)G0 TO 305 
GO TO 306 

305 CONTINUE 
SUM2=XA*P0A*AC4/(P*ZA)+XM*POM*AC2/(P*Z3) 

A 	4-XME*POME*AC1/(P*ZB)+XVI*POW*AC3/(P*ZB) 
IF(ABS(SU12-160).LE000001)G0 TO 201 
EKDASH=EK*ALOG(10.0)*(-0.00425-316600/(TL+273.2)**2) 
RFETDA=4.0*EKDASH*P*AYA(I)#(2,0—AYA(I))/(2,0*REET) 
IF(YADLT.0.003)G0 TO 6061 
IF(AYA(I).LTe06003)G0 TO 6061 
ZADASH=CREETDA*200*EK*P*AYA(I)*(200—AYA(I))-2o0*EKDASH*P*AYA(I)* 

A(2.0—AYA(I))*(REET-14.0))/(2s0*EK*P*AYA(I)*(2.30—AYA(1)))**2 
ZPDASH=(200*AYA(I)*REETDA)/((2o0—AYA(I))*(1.04.REET)**2) 
GO TO 6062 

6061 ZADASH=0.0 
ZRDASH=0.0 

606P CONTINUE 
POADA=P0A*ALOG(10.0)#1082101/(TL4-698.04)**2 
POMDA=POM*ALOG(10.0)*1473011/(TL+230.0)**2 



POMEDA=POME*ALOG(10.0)*1232.83/(TL+228.0$**2 
POWDA=POW*ALOG(10.0)*1668e21/(TL+228.0)**2 
FOASH=XA#AC4/P*IPOADA*ZA—P0A*ZADASH)/ZA**2 

1 	+XM*AC2/P*(POMDA*ZB—POM*ZBDASH)/ZB**2 
2 	+XME*AC1/P*(POMEDA*Z8—POME*ZBDASH)/Z8**2 
3 	+XW*AC3/P*(POWDA*ZOI—POW*ZBDASH)/Z8**2 
TL=TL—(SUMP-1.0)/PDASH 
IF(IJ.GT.100)G0 TO 2000 
GO TO 200 

2000 TL=XTL 
IF(K.E6.1)WRITE(6.106)XA,XM,XME,XW,YA+YM,YME,YW 

106 FORMAT(lXv*XA=*.8(E11.441X)) 
TF(K.E0.1)WRITE(61107)POADA.POMDA,POMEDAtPOWDA,FDASH,ZADASHI 

AZ8DASHeEKDASH,REETDA 
107 FORMAT(1X,*POADA=*.9(E11.4+1X)) 

IF(KeE0.1)WRITE(6,108)R0A+POMIPOME,POW,ACI*AC2IAC3,AC4,ZA+ZB 
108 FORMAT(1X4*P0A=*.10(E10.4,1X)) 

K=2 
C DEW POINT DETERMINATION 
C 
201 CALL PRSSRE(P0A,P0M,POME,POW,TG) 

IJK=IJK+1 
IN=1 
AXA(IN)=XA 
AXM(IN)=XM 
AXME(IN)=XME 
AXW(IN)=XW 

307 CALL ACTVTY(AXA(IN)+AXM(IN),AXME(IN)*AXW(IN)) 
EK=10.0*#(9.7935-0.00425*TG+3166e0/(TG+273.2)1 
P=760.0*PI 
I-F'(YA.LT,0,003)G0 TO 3071 
RFET=(10+4.0*EK*P*YA*(2.0—YA))**0.5 
ZA=(REET-1.0)/(2.0*FK*P*YA*(2.0—YA)) 
Zr1=2.0*(1.0—YA+REFT)/((2.0—YA)*(1.0+REET)) 
GO TO 3081 

3071 ZA=1.0 
Zn=1.0 

3081 CONTINUE 
TN=IN+1 
AXA(IN)=P*YA*ZA/(P0A*AC4) 
AXMCIN)=P*YM*Z8/(POM*AC2) 
AXME(IN)=P*YME*ZR/(POME*AC1) 
AXW(IN)=P*YW#ZR/(POW*AC3) 
S=AXA(IN)+AXMC/N)+AXME(IN)+AXW(IN) 
AYA(IN)=AXA(IN)/SS 
AXM(IN)=AXMCINVSS 
AXME(•IN)=AXME(IN)/SS 
AXW(/N)=AXW(IN)/SS 
Tr((ARS(AXA(IN)—AXA(IN-1)))eLE•0.0050ANDo 

A(A8S(AXM(IN)—AXM(IN-1)))*LE.0■005,1ANDe 
DCABS(AXME(IN)—AXMECIN-1)))(1LE000005eAND. 
CCABS(AXW(IN)—AXW(1N-1))).LE.0.005)G0 TO 308 
GO TO 307 

308 CONTINUE 
SUM1=P*YA*ZA/tP0A*AC4)+P*YM*Z8/(POM*AC2) 
B • +P*YME*Z8/(P0ME*AC1)+P*YW*Z8/(POW*AC3) 
IF(ARS(SUM1-1oOjeLE00.001)G0 TO 202. 
EKDASH=EK*ALOG(10.0)*(-0000429-31660/(TG+2734,2)**2) 
RFETDA=4.0*EKDASH*P*YA*(2.0—YA)/(2.0*REET) 



IF(YA.LT.0.003)GO TO 6071 
ZADASH=(REETOA*2.0*EK*P*YA*(2.0—YA)-2.0*EKDASH*P*YA* 
A(7.O—YA)*(REET-1,,O))/(2.0*EK*P*YA*(2.0—YA))**2 
ZRDASH=(2.0*YA*RFETDA)/((2:0—YA)*(1,04-REET)**2) 
GO TO 6072 

6071 ZADASH=0.0_ 
ZRDASH=0.0 

6072 CONTINUE 
POADA=P0A*ALOG(10.0)*10821.1/(TG+698.09)**2 
POMDA=POM*ALOG(10.0)#1473.11/(TG+230.0)**2 
POMEDA=POMF*ALOG(10.0)*123?.83/(TG+228.0)**2 
POWDA=POW*ALOG(10,0)*1668.21/(TG+228.0)**2 
FOASH=P-WYA/AC4*(ZADASH*100A—POADA*ZA)/P0A**2 

1 	4-P*YM/AC2*(ZPDASH*POM—POMDA*ZB)/POM**2 
2 	+P*YME/ACI*(ZROASH*POME—POMEDA*ZB)/POME**2 
3 	4.P*YW/AC3#(ZBDASH*POW—POWDA*ZB)/POW**2 
Tn=TG—(SUM1-1.9)/FOASH 
IF(IJK.GT.100)G0 TO 2001 
GO TO 201 

2001 TG=XTG 
202 RETURN 

END 

SUBROUTINE XRATE(XAOCM.XME,XW+TLtTG,RK1,DELTAH4RATE) 
COMMON/XCATAL/XCATONCAT 
COMMON/RHO/RHOAIPHOM,RHOME.RHOW 

C 	----USE C.G.S. 
ArT=10200.0 
RK0=1200000000,0 

C CALCULATE RATE CONSTANT AT TEMP OF LIQUID IN COLUMN 
C IN Ce C./MOLES*SEC 

R=1.987 
CALL DENSTY(RHOLoPHOG,TL+TG) 
AK=RHOM/32.04/(0,11+0.0007043*TL**1•556)*1000. 
POWER=—ACT/(R*(TL+2731,0)) 
RK1=RKO*EXP(POWER) 

CALCULATE RATE OF REACTION PER UNIT VOLUME 
CALL MOLAR(CMOLEL.CMOLEG,TL,TG) 

C MOLES/CM**3.SEC 
IF(XM.E06000)G0 TO 666 
RATE=RKI*CMOLEL**p*XCAT*XA*XM/(XM+AKEN) 
GO TO 667 

666 RATE=0.0 
667 CONTINUE 

C 	HEAT OF REACTION TN CAL/MOL 
DFLTAH=-129306 
RFTUPN 
END 



SUBROUTINE ACTVTY(XA•XM•XME+XW) 
DIMENSION Y(10) 
COMMON/ACTVTY/AC1,AC2,4C34AC4 

C 
C MARGULES EOUATION 
C THE COEFFICIENTS ARE DEFINED FROM EXPERIMENTAL RESULTS 
C 
C X1=ESTER•X2=METHANOL,X3=WATER•X4=ACID 

XIITXME 
XP=XM 
X1=XW 
X4=XA 
AI2=0.44163011 
AP1=0.43353055 
A13=1.0045' 
A11=0.6764 
A14=-0.10257020 
A41=0661181664 
A23=0634435888 
Al2=0.22680332 
A24=-0.030531442 
A42=000097783815 
A34=0.25694759 
A43=0.29397882 
CI23=-0.12006963 
CI24=-0611997715 
C134=-0.092682911 
C234=0035457367 
AL1=X2**P*(A124-2.0*X1*(A21-Al2))+X3**2*(AA3+2.0*X1 

1*(A31-413))+X4**2*(A144-2.0*X1*(A41.-414))+X2*X3* 
2(A21+413-A32+2.0#X1*(A31-A13)+2.0*X3*(A32-423)-(1.0-260# 
3X1)*C123)-1-X2#X44E(A214-A14-4424.2.0*X1*(A41-A14)+260* 
4X4*(442-424)-(1.0-2.0*X1)*C1241+X3*X4*(431+414-443+ 
52.0*X1*(A41-A14)+PoO*X4*(A43-A34)-(1.0-2.0*X1)*C134)+ 
6X7#X3*X4*260*(A42-A24+C234) 
AL2=X3**2*(A234.2.0*X2*(A32-423))+X4**2*(A24+2.0*X2 

A*(442-A24))+X1*#2*(A214-2.0#X2*(Al2-421))+X3*X4* 
B(A32+A24-A43+260*X2*(A42_-A24)+2.0'•'X4*(A43-A34)-(1.0-2.0* 
CX2)*C234)+X3*X1*(A324-AP1-A134-2.0*X2*(412-421)+2.0* 
DX1*(413-431)-(1.0-2.0*X2)*C123)+X4*X1*(442+A21-A144. 
E2.0*.X2*(Al2-AP1)+PeO*Xl#(A14-441)-(1.0-2.0*X2)*CI24)+ 
FX7*X4*X1*2. 0*(A13-A31+C134) 
AL3=X4**2*(A344-200*X3*(A43-A34))+X1**2*(A31+260*X3 

G*(A13-A31))+X2**P*(A324-260#X3*(A21-432))+X4*X1.* 
H(A434-A31-414+2.0*X3*(A13-A31)+200*X1*(A14-A41)-(100-200* 
1X3)*C134)+X4*X2*(A434-A32-A244-2.0*X3*(A23-432)+200* 
JX2*(424-442)-(1.0-200*X3)*C234)+X1*X2*(4134-A32-A21+ 
K2.0*X3*(A23-A32)+260*X2*(A21-Al2)-(1.0-2.0*X3)*C123)4. 
LX4*X1*X2*200*(424-4424.-C124) 
AL4=X1**2*(A41+2e0*X4*(414-A41))+X2**2*(A42+2,0•X4 

1*(A24-442))+X3*41.2*(A43+2_.0*X4*(A34-A43))+X1*X2*(414+ 
2A42-A21+2.0*X4*(A24-A42)+2.0*X2*(A21-Al2)-(1.0-200*X4)* 
3C124)+X1*X3*CA144-A43-A31+200*X4*(A34-A43)+200*X3* 
4(A31-A13)-(160-2.0*X4)*C134)+X2*X3*(A244-A43-4324-2.0*X4 ' 
5*(434-A43)+260*X3*( A32-423)-(100-2_430*X4)*C234)+2.0*X1* 
6X9*X34F(A31-4134-CI23) 
Ar1=100**ALl 
Ac2=1000**AL2 
Ac3=100**AL3 



AC4=100**AL4 
RETURN 
END 

SUBROUTINE HTVAPCTL) 
COMMON/MOLWT/MWA,MWM,MWME0MWW 
COMMON/XY/XA+XM+XME•XW+YA+YM.YME+YW 
COMMON/CRITIC/TCRTA,TCRTM,TCRTME+TCRTW 
COMMON/LHVAP/WLHA.WLHMeWLHME,WLHWtWLH 
COMMON/LVAP/WLAIWLM,WLME0WLW,WL 
REAL 	MWA,MWM,MWME.WWW 

CALCULATES LATENT HEATS OF VAPOURISATION IN CAL/GM 
C WATSON.K.M.,IND.ENG.CHEMosVOL.35,398,(1943) 
C 

WLA=95e75*((TCRTA—TL)/(TCRTA-118.1))**04,38 
WLM=262.79*((TCRTm—TL)/(TCRTM-64.70))##0.38 
WLME=98.09#C(TCRTME—TL)/(TCRTME-57.10))##0.38 
WLW=540.0*((TCRTW—TL)/(TCRTW-100.0))##0.38 

CALS/GR 
S=XA*MWA+XM*MWM+XME*MWME+XW*MWW 
WA =XA*MWA/S 
wm=XM*MWM/S 
WME=XME#MWME/S 
WW=XWWWW/S 
WL=WA*WLA+WM*WLM+WME*WLME-WW*WLW 

CALS/GR 
WLHA=WLA*MWA 
WLHM=WLM#MWM 
WLHME=WLME*MWME 
WLHW=WLW*MWW 

CALS/GMOLE 
WLH=XA*WLHA+XM*WLHM+XME*WLHME+XW*WLHIV.  

CALS/GMOLE 
RETURN 
END 



SUBROUTINE HTDATACTL) 	• 
COMMON/XY/XAO(M.XME,XW,YA,YMIYME,YW 
COMMON/HEATS/CPA4CPM,CPME.CPW 
COMMON/MOLWT/MWA.MWM,MWME9MWW 
COMMON/CRITIC/TCRTA,TCRTM,TCRTME.TCRTW 
COMMON/LHVAP/WLHAOILHM,WLHME,WLHW,WLH 
RFAL MWA,MWM,MWME,MWW 

CALCULATES SPECIFIC HEATS 
C 
C ACETIC ACID 

C 	REF.HOUGEN ET AL,CHEM.PROC.PRINCIPLES 
CDA=0.468+0.000929*IL 

CALS/GM.DEG C 
CPA=CPA*MWA 

CALS/GMOLE.DEG C 
C 
C METHANOL 

-------- 
• CHOW W•M•IBRIGHT,J.A•qCHEM•ENG•PROG• *VOL•49.175. (1953 ) 

Tp1=293.0/(273.0+TCRTM) 
TD2=(273•0+TL)/(273.0+TCRTM) 
OMEGA1=0.1745-0.0838*TR1 
OmEGA2=0.1745-0.0838*TR2 
CPM=0.600*(OMEGAI/OMEGA2)**2.8 

CALS/GM.DEC 
CPM=CPM*MWM 

CALS/GMOLE.DEG C 
C METHYL-ACETATE 
C 	- 

CPME=1.96/4.1868 
CALS/GM.DEG C 

CPME=CPME*MWME 
CALS/GMOLE.DEG C 
C WATER 

CPW= 18.0 
CALS/GMOLE.DEG C 

RrTURN 
END 



SUBROUTINE VSCSTY(ETALAvETALM.ETALME.ETALW,ETAL,ETAG.TL.TG) 
COMMON/XY/XAO(MO(ME,XW,YA,YMIYME,YW 
COMMON/STATE/GM,ELM,PI 
COMMON/MOLWT/MWA.MWM,MWME,MWW 
PEAL 	MWA,MWM,MWMEWWW 

USE C.G.S• UNITS ---- 
C 
C 
C LIQUID 

C 	IN GP/CM*SFC(=POISE) 
AA=1.8791 
BA=574e1635 
AM=-2.11B7 
BM=5530799' 
AME=-1.7266 
BME=384.639 
AW=.-2.4026 
BW=690.868 
ETALA=10.0**(AA+RA/(TL+2734,0))/100.0 
ETALM=10.0**(AM+SM/(TL+273.0))/100.0 
ETALME=10.0**(AME+BME/(TL+273.0))/100.0 
ETALW=10,0**(AW+BW/(TL+273■ 0 ) ) /100 .0 
ETAL=10.0**(XA*ALOG10(ETALA)+XM*ALOGIO(ETALM)+XME*ALOG10(ETALME) 
1+XW*ALOGIO(ETALW)) 

C VAPOUR 

C VISCOSITY IN POISE 
ETAGA=107.0*((TG+273.0)/39261)**(3.0/2.0)*(392.1+1.47469101)/ 

1(TG+273.04-14,474-39101) 
ETAGA=ETAGA*10.0**(-6) 
ETAGM=125.9*((TGA-P73.0)/384.3)**(3.0/2.0)*(384.3+14,47*337.7)/ 

2(TG+27390+1.47*33707) 
ETAGM=ETAGM*106 0**(-6) 
ETAGME=100.0*((TG+27300)/37360)**(300/2.0)*(373e0+1.47*330.1)/ 

3(TG+273604-1.47*310.1) 
ETAGME=ETAGME*10410**(—.6) 
ETAGW=125e5*((TG+273.0)/37300)**(300/2o0)*(373.04-1047*37300)/ - 

4(TG+273,04-1.47*373o0) 
ETAGW=ETAGW*10.0**(-6) 
SN=YA*ETAGA*MWA**0e5+YM*ETAGM*MWM**0.54-YME*ETAGME*MWMF**005+ 
lYM*ETAGW*MWW**0.5 
SD=YA*MWA**0.5+YM*MWM**0.54-YME*MWME**0.5+YW*MWW**0.5 
ETAG=SN/SD 
PFTUPN • 
END 



SUBROUTINE DENSTY(RHOL,RHOG4TL,TG) 
COMMON/MOLWT/MWA,MWM,MWME,MWW 
COMMON/RHO/RHOA,RHOM,RHOME,RHOW 
COMMON/XY/XA•XM•XME•XW,YA•YM•YME+VU! 
COMMON/STATE/GM.ELM,PI 
REAL 	MWAIMWM.MWME,MWW. 

C VAPOUR 

C IN GR/CM**.3 
RHOG=(YA*MWA+YM*MwM+YME*MWME+YW*MWW) 
RHOG=RHOG*273.0*P//((273*0+TG)*22400.0) 

C LIQUID 
C 	 
C IN GR/CM-**3 
C. ACETIC ACID 

RHOD1=273.0*-MWA*P1/(224000*293.0) 
RHOD2=273.50*MWA*PI/(24006*(273.0+TG)) 
RHOA=RHOD2+(1.0498-RHOD1)*((321.6-TL)/(321.6-20.0))**(1.0/3.0) 

C METHANOL 
RHOD1=273.0*MWM*PI,(22400**293.0) 
PHOD2=273.0*MWM*Rj/(72400**(273.04.TG)) 
RHOM=RHOD2-1-(0.79I7-PHODI)*((240.0-TL)/(240.0-20.0))**(1.0/3.0) 

C METHYL ACETATE 
PHOD1=273.0*MWME*PI/(22400.*293.0) 
PHOD2=2730*MWME*P1/(22400.*(273.0+TG)) 
RHOME=RHOO24-(0.924-RHODI)*((233.7-TL)/(233.7-20.0))**(1.0/3.0) 

C WATER 
RHOO1=273.04WWW*RT/( 22400.*293.0) 
RHOD2=27300*MWW*py/(22400.*(273.0+TG)) . 
RHOW=PHOD2+(04,998P-RHOD1)*((374.15-TL)/(374015-20.0))**(1.0/3.0) 
S=XA*MWA+XM*MWM+XME*MWME+XW*MIVW 
WA=XA*MWA/S 
WM=XM*MWM/S 
WmE=XME*MWMF/S 
WW =XW*MWW/S 
RHOL=WA*RHOA+WM*RHOM+WME*RHOME+WW*RHOW 
RrTURN 
END 



• SUBROUTINE MTC(KOGA,K0GM,KOGME,KOGWIKLAWLMoKLME,KLW) 
. COMMQN/XY/XAeXM,XME.XWIYAeYMeYMEsYW 

COMMON/STATE/GM,ELM.PI 
PEAL KOGA,KOGMeKOGME,KOGWIKLAIKLM,KLME4KLW 
REAL 	MWA.MWMemWmEemWw 

CALCULATES VAPOUR MASS TRANSFER COEFFICIENTS 
XKOG=0,260*10.0*#(-4)/AREA(XAeXM,XME,XWoYAIYMIYMEIYWeELMIGM) 
KOGA=XKOG 
KOGM=XKOG 
KOGME=XKOG 
KOGW=XKOG 

C IN MOLES/CM*41-2.BEC 
C 
CALCULATES LIQUID MASS TRANSFER COEFFICIENTS 
. • KLA=11410#KOGA 

KLM=11.04K0GM 
KLME=11.0*K0GME 
KLW=110*KOW 

C-  IN MOLES/CM**2.BEc 
RETURN 
END 

SUBROUTINE MOLAR(CMOLEL.CMOLEG.TLoTG) 
COMMON/XY/XA,XMOCME,XW,YA,YM.YME,YW 
COMMON/STATE/GM,ELMIPI 
COMMON/MOLWT/MWAeMWM,MWME.MWW 
COMMON/ROMASS/RHOLoRHOG 
REAL 	MWA,MWM,MWMEeMWW 

C 
CALCULATES TOTAL CONCENTRATIONS IN LIQUID AND VAPOUR 
C PHASF RESPECTIVELY 
C 
C ----USE CoGeSo 
C LIQUID 

AMOLWT=XA*MWA+XM*MWM+XME*MWME+XW*MWW 
CALL DENSTY(RHOLoRHOG,TLITG) 
CMOLFL=RHOL/AM°LWT 

C MOLES/Cm**3 
C VAPOUR 

CMOLEG=PI*27360/I1e0*(27300+TG)*22400o0/ 
C MOLE/Cm**3 

RETURN 
END 



SUBROUTINE DIFFUS(DIFFA,DIFFM,DIFFME,DIFFWeTL/TG) 
C LIQUID DIFFUSIVITY IN CM**2 PER SEC 
C 

COMMON/XY/XAO(M.XME,XW.YA,YM,YME,YW 
COMMON/VISC/ETALAIETALM,ETALME.ETALW,ETAL,ETAG 
COMMON/MOLVOL/VMA,VMM,VMME,VMW 
COMMON/STATE/GlIELM•PI 
COMMON/MOLWT/MWA.MWM,MWME+MWW 
COMMON/LHVAP/WLHA,WLHM,WLHMEtWLHW,WLH 
COMMON/LVAP/WLAIWLM,WLME,WLWoWL 
REAL 	MWA,MWM,MWME.MWW 

C 
C 	SITARAMAN,ReET AL. JeCHEM.ENGoDATA VOLs8(1963)198 
C 
C . 	CM**2/SEC 

CALL VSCSTY(ETALA,ETALMIETALME.ETALW,ETAL,ETAG,TL,TG) 
CALL HTVAP(TL) 
AMOLWT=XA*MWA+XM#MWM+XME*MWME+XW*MWW 

C ACETIC ACID 	• 
F=(AMOLWT**0,5/(100.0*ETAL))*(WL**(1.0/3.0)/WLA **o.3 ) 
DIFFA=544*10.0**(-8)*(F*(TL+273,0)/VMA**0.5)**0.93 

C METHANOL 
F=(AMOLWT**0.5/(100.0*ETAL))*(WL**(14,0/3.0)/WLM **0.3) 
DIFFM=504*10.0**(-8)*(E*(TL+273.0)/VMM**0.5)**0893 

C METHYL ACETATE 
F...:(AMOLWT**0.5/(100.0*ETAL))*(WL**(1.0/380)/WLME**003) 
DIFFME=5.4*10.0**(-8)*(F*(TL+2734,0)/VMME**0.5)**0.93 

C WATER 
F=(AMOLWT**005/(100.0*FTAU))*(WL**(1.0/3.0)/WLW **O.3) 
DIFFW=9.4*10.0**(-8)*(F*(TL+P73.0)/VMW**0.9)**0.93 
RmTURN 
END 

FUNCTION AREA(XA,XM.XME+XW.YA.YM,YME,YW.ELM4GM) 
COMMON/MOLWT/MWAoMWM,MWME,MWW 
COMMON/PACKNG/VOIDGE,SURFCE,HOLD,KG,RL,EN 
REAL 	MWA,MWM,MWME.MWW 

CALCULATES„ VAPOUR Ltourn INTERFACIAL AREA IN CM**2/CM**3 
C CORRELATION OF SHULMAN FT AL 
C 

AREA=SURFCE*00P4*( ( ELM*(XA#MWA+XM*MWM+XME*MWME+XW*MWW))/(GM*(YA* 
1MWA+YM*MWM+YME*MWME+YW*MWW)))**0.25 
RETURN 
END 



SUBROUTINE XHOLD 
COMMON/PACKNG/VOIDGE,SURFCE.HOLD,RGIRLtEN 
COMMON/ROCONC/CMOLELICMOLEG 
COMMON/VISC/ETALA,ETALMoETALMEsETALW,ETALIETAG 
COMMON/ROMASS/RHOLIRHOG 
COMMON/TLTG/TL,TG 

C MORRIS AND JACKSON 
C 
C 	---- USE C.C.S. UNITS ---- 

CALL WETTNG(WRL) 
CALL VSCSTY(ETALA.ETALM,ETALME,ETALW.ETAL+ETAG,TLoTG) 
CALL DENSTY(RHOLIRHOG,TL,TG) 
WRL=WRL*36001,0/I0000.0 

C M**3/HR.M 
CALCULATE FILM THICKNESS FROM MORRIS AND JACKSON 

FILM=0.087*WRL**0.33 
FILM=FILM/(0.215#(RHOL/ETAL)**0.33) 

CMS. THIC,KNESS 
CALCULATE SPECIFIC HOLDUP 

HOLD=SURFCE*FILM 
C CM**3/CM**3 

IF(HOLD.GE.VOIDGF)HOLD=0.99*VOIDGE 
C IN CM-W*3 

RETURN 
END 

SUBROUTINE WETTNG(WRL) 
COMMON/COLUMN/XSA 
COMMON/PACKNG/VOIDGEsSURFCE.HOLD+RGeRL4EN 
COMMON/ROCONC/CMOLELICMOLEG 
COMMON/STATE/GM,FLMIPI 
COMMON/TLTG/TL,TG 

CALCULATES WETTING RATES IN CM**3/SEC.CM 
C 

CALL MOLAR(CMOLEL.CMOLEG,TL.TG) 
WPL=ELM/(CMOLEL*SURFCE*XSA) 
RETURN 
END 



SUBROUTINE PLVKS (X,E,N0F+ESCALEs1PRINT,ICON4MAXIT,CALCFX,WIN3N4 
1 

	

	MAXFUN) 
RFAL X(N)•E(N) 
RFAL W(N3N) 
ASSF(XYZ123)=ABS(XYZ123) 

C 
C MINIMISATION ROUTINF 
C 
C 

IF(N3N—N*(N+3)) 8000,8002,8002 
8000 WPITF(6,8001) 
8001 FORMAT(26H DIMENSION OF W TOO SMALL ) 

STOP 
8002 CONTINUE 

GO TO 8005 
8003 WPITE(6,8004) NFCC 
8004 FORMAT(1X415.25H FUNCTION. VALUES IN VA04A) 

RFTURN 
8005 CONTINUE 

OnMAG=0.1*ESCALE 
SCER=0.05/ESCALE 
JJ=N*N+N 
JJJ=JJ-I-N 
K=N+1 
NFCC=I 
IND=1 
INN=1 
DO 1 I=14oN 
DO 2 J=1,N 
W(K)=0, 
IF(I—J)4.3,4 

3 W(K)=ABSFEE(I)) 
W(I)=ESCALE 

4 K=K+1 
2 CONTINUE 
1 CONTINUE 

TTERC=1 
1GRAD=2 
CALL CLFX(N,X,F) 
FKEEP=ABSF(F)+ABSF(F) 

5 ITONE=1 
FP =F 
SUM=O. 
IXP=JJ 
DO 6 I=ItN 
IXP=IXP4-1 
w(IXn)=X(I).. 

6 CONTINUE 
IntaN=N+1 
ILINE=1 

7 DmAX=W(1LINE) 
DACC=DMAX*SCER 
DmAG=AMIN1 (DDMAG.0.1*OMAX) 
DMAG=AMAX1(DMAG.20o*DACC) 
DnMAX=10.*DMAG 
GO TO (70+70,71),ITONE 

70 DL=O. 
D=DMAG 
FPREV=F 



I S=5 
FA=F 
DA=DL 

8 DD=D-DL 
DL =D 

58 K=IDIRN 
DO 9 	I=11N 
X(I)=X(/)+DD*W(K) 
K=K+1 

9 CONTINUE 
CALL CLFX(NqX1F) 
NFCC=NFCC+1 
IF(NFCC.GT.MAXFUN) GO TO 8003 
GO 	TO 	(10,11 ,124130 14996),IS 

14 IF(F-FA)15:16024 
16 IF 	(ARSF(D)-DMAX) 	17.17,18 
17 D=D+0 

GO TO 8 
18 WRITE(6,191 
19 FORMAT(5X.44HVA04A MAXIMUM CHANGE DOES NOT ALTER 

- GO TO 20 
15 FR=F 

DR =D 
GO TO 21 

24 FR=FA 
DR=DA 
FA =F 
DA=D 

21 GO TO (83,23),ISGRAD 
23 D=D8+DB-DA 

IS=1 
GO TO 8 

83 D=01,5*(DA+DB-(FA-FB)/(DA-DR)) 
IS=4 
IF(CDA-D)*(D-DR))P5.8.8 

25 IS=1 
IF(ARSF(D-D9)-DDMAX)8.8,26 

26 D=D8+SIGN (DDMAX,OB-DA) 
IS=1 
DDMAX=DDMAX+DDMAX 
DDMAG=DDMAG+DDMAG 
IF(DDMAX-DMAX)8,8•27 

27 DOMAX=DMAX 
GO TO 8 

13 IF(F-FA)28.23,23 
28 FC=FR 

DC=DR 
29 FR=F 

DR=D 
GO TO 30 

12 IP-(F-FR)284PB.31 
31 FA=F 

DA=0 
GO TO 30 

11 IF(F-FB)32,10,10 
32 FA=FR 

DA =DR 
GO TO 2P 

71 DL=1. 

FUNCTION) 



onmAx=s. 
FA=FP 
DA=-1. 
FR=FHOLD • 
DR=0, 
D=1. 

10 FC=F 
DC=D 

30 At,..(DP-DC)*(FA-FC) 
Bm:(DC-DA)*(FB-FC) 
Ir((A+R)*(DA-DC))33.33.34 

33 FA=FP 	• 
. DA=05 
FR=FC 
Dri.oc 
Go TO 26 

34 D=0.5*(A#(DB+DC)+R*(DA+DC))/(A+B) 
DI=DB.  
FI=FB 
IF(FR-FC)44.44.43 

43 DI=DC 
FT=FC 

44 GO TO (86,86.85)+ITONE 
85 ITONE=2 

GO TO 45 
86 IF (ARSF(D-DI)-DACC) 41.41.93 
93 IF (ABSF(D-DI)-0.03*ARSF(D)) 41.41.45 
45 IF ((DA-DC)*(DC-D)) 47.46.46 
46 FA=FB 

DA=DB 
FR=FC 
DR=DC 
GO TO 25 

47 IS=2 
IF ((DB-D)*(D-DC)) 48.848.  

48 1S=3 
GO TO 8 

.41 F=FI 
D=DI-DL 
Dn= 	((DC-DR)*(DC-DA)*(DA-DB)/(A+B)) 
DO=SaRT(ARS(DD)) 
DO 49 1=1+N 
X(I)=X(I)+D*W(IDIPN) 
W(IDIRN)=DD*W(IDIRN) 
IDIRN=rDIRN+1 

49 CONTINUE. 
WITLTNE)=W(ILINE)/DD 
ILINF=ILINE+1 
I='(IPRINT-1)51.50.51 

50 WRITE(6.52) 	ITERC9NFCC.F.(X(I),I=1.N) 
52 FORMAT (/1X.9HITFRATION.151110.16H FUNCTION VALUES. 

110X/3HF =1E21.8 /(5E24e8 )) 
GO TO(51,53),IPRINT 

51 GO TO (55.38)+ITONE 
55 IF (FPREV-F-SUM) 94995.95 
95 SUM=FPREV-F 

JIL=ILINF 
94 IF (IDIRN-JJ) 7/7.84 
84 GO TO (0?,72),IND 



92 FHOLD=F 
IS=6 
IXP=jj 
DO 59 I=1•N 
IXP=TXP+1 
W(IXP)=X(I)—W(IXP) 

59 CONTINUE 
DO=1. 
GO TO 58 

96 GO TO (112e87)4TNO 
112 IF (FP—F) 37.37,91 
91 D=2.*(FP+F-2.*FHOLD)/(FP—E)**2 

(D#CFP—FHOLO—SUM)**2SUM) 87.3707. 
87 J=JIL*N+1 

IF (J—JJ) 60460461 
60 DO 62 I=J•JJ 

K=I—N 
W(K)=W(I) 

62 CONTINUE 
DO 97 I=JILIN 
W(I-1)=W(I) 

97 CONTINUE 
61 IDIPN=IDIPN—N 

ITONF=3 
K=TDIPN 
IXP=JJ 
AAA=0, • 
DO 69 I=1•N 
IXP=IXP+1 
W(K)=W(IXP) 
IF (AAA—ABSF(W(K)/E(I))) 66467467 

66 AAA=A8SF(W(K)/E(I)) 
67 K=K+1 
65 CONTINUE 

DnMAG=lo 
W(N)=ESCALF/AAA 
ILINF=N 
GO TO 7 

37 IXP=JJ 
AAA=O. 
F=FHOLD 
DO 99 I=1•N 
IXP=IXP+1 
X(I)=X(I)—W(TXP) 
IF (AAA*ARSF(E(I))— A9SF(W(TXP))) 98999,99 

PA AAA=A8SF(W(IXP),F(I)) 
99 CONTINUE 

GO TO 72 
38 AAA=AAA*(1.+DI) 

GO TO (724106) , IND 
72 IF (IPRINT-2) 93,90.90 
53 GO TO (109 ,88) , IND 

109 IF (AAA-0.1) 89489'76. 
89 GO TO (20 , 116) , ICON 

116 IND=2 
GO TO (100.101)•INN 

100 INN=2 
K=JJJ 
DO 1 02 I=14N 



.K=K+1 
W(K)=X(I) 	• 

• X(I)=X(I)+10.*E(I) 
102 CONTINUE - 

FKEEP=F 
CALL CLFX(N9X,F) 
NFCC=NFCC+1 
IF(NFCCeGTeMAXFUN) GO TO 8003 
DilMAG=0, 
GO TO 108 

76 IF (F—FP) 3597897S 
78 WPITF(6980) 	• 
80 FORMAT (5)(937HVA04A ACCURACY LIMITED BY ERRORS IN F) 

GO TO 20 
88 IND=1 
35 DnMAG=004*SORT(ABS(FPF)) 
• ISGRAD=1 

108 ITERC=ITERC+1 
IF (ITERC—MAXIT) 515981 

81 WRITE(6.82) MAXIT 
82 FORMAT(I5430H ITERATIONS COMPLETED BY VA04A) 

IF (F—FKEEP) 20,20,110 
110 F=FKEEP 

DO 111 I=1•N 
JjJ=JJJ+1 
X(I)=W(JJJ) 

111 CONTINUE 
GO TO 20 

101 JIL=1 
FP=FKEEP 
IF (F—FKEEP) 105,78,104 

104 JIL=P 
FP=F 
F=FKEEP 

105 IXP=JJ 
DO 113 T=1,N 
IXP=IXP+1 
K=IXP+N 
GO TO (114.115)9JIL 

114 W(IXP)=W(K) 
GO TO 113 

115 W(IXP)=X(I) 
X(1)=W(K) 

113 CONTINUE 
JIL=2 
GO TO 92. 

106 IF (AAA-001) 20,2041.07 
20 RFTURN 
107 INN=1 

GO TO 35 
END 



APPENDIX E 

NOMENCLATURE 

A 	cross sectional area of column 

a 	surface area of packing per unit volume of packing 

A.. 	constants of the Margules binary equation 13 

A, B 	constants used in equations (1.1), (1.2), (1.3) and (1.4) 

a
s 	vapour liquid interfacial area per unit volume of packing 

molar bottom flowrate 

b 	= 1/2(E2 	4P,2)
12 

(Chapter 5.2), or 

(x
Methanol/xAcid)above feed  

(Chapters 5.9.2 and 7.2.2) (x
Methanol

/x
Acid

)
feed 

C or C
ijk constants of the Margules ternary equation (1.7) 

C
G 	total molar density in gas phase 

Cg 	gas mixture constant defined by equation (C.32) 

C
L 	total molar density in liquid phase 

CQ 	liquid film constant 

CN. 	corrected molar flux of component j across the interface Ds 

cp 	specific heat of a liquid mixture 

cp. 	liquid specific heat of component j 

C
T 	total molar density of a mixture 

Dequal to F.xfA  or F.xfm  whichever is smallei (Chapter 7), 

or equal to 
100111. 

 (Chapter 1.4) 

D.. 	binary diffusion coefficient of component i through phase j 13 

Djm 
	

diffusion of component j through a multicomponent mixture 

. DY 	deviation of the vapour phase 
= Ycalculated Yexperimental 

4 
e 	= (q/X - S)/ X (signj.Nis) 

i=1 

214 



215 

F 	molar feed flowrate 

g graVitational acceleration 

G molar flowrate of the vapour phase 

h, dh 	height and incremental height of column 

AH 	heat of reaction.  

H
D 	term for heat of dilution 

H
L 	term for heat losses from the column 

HR 	.term for heat of reaction 

H0 
	holdup of the liquid in the packing per unit volume of 

packed bed 

HOG 	
height of overall gas transfer unit 

I 	algebraic sum of the areas A and B (figure 4.1) 

enthalpy of phase j 
3 

J 
150.101  
T . 
min 

K calculated from equation (1.19) 

k 	rate constant 

defined by equation (C.37) 

k
1A' 

k
1M 	defined by equations (5.22) and (5.21) respectively 

K
1 	

calculated from equation (4.3) 

K. 	mass transfer coefficient of the jth component=N. /(x -x ) 
3 	 js j js 

K mass transfer coefficient of the jth component=n /(x.-x ) J  
js 	J 	j s 

KiG 	vapour mass transfer coefficient of component j 

KjL 	liquid mass transfer coefficient of component j 

KjOG 	overall vapour mass transfer coefficient of component j 

L molar flowrate of the liquid phase 

M 	number of components 

M. 	molecular weight of component i or phase i 

m. 	equilibrium constant of component j 
3 



n 

n. 
Js 

N 

N, 
js 

N
G 

N
OG 

P
Ac 

P. 

P, 

q1fq2 

qj  

packing constant 

molar flux defined by Fick's law 

number of experimental points 

molar flux of component j across the interface 

number of gas phase transfer unit 

number of overall gas transfer unit 

corrected vapour pressure of acetic acid calculated from 

equation (1.20) 

partial pressure of component i 

vapour pressure of pure component i 

total heat flux across vapour-liquid interface 

effective molar volumes of components 1 and 2 respectively 

heat flux due to molar flux of component j 

216 

R 	= T.x
TE 

+ B.zE  (Chapter 5.9.2) 

r 	factor defined by equation (4.1) 

Re 	Reynolds number 

R
G 	gas film packing factor 

r. 	rate of formation of component i 

RL 	liquid film packing factor 

4 
= 	N. 

i=1 3s 

Sc 	Schmidt number 

signj 	. determines the sign of flux 

T 	molar top flowrate or 

absolute temperature 

t 	Celsius temperature 

T
b 	

absolute boiling point temperature 

TC 	absolute critical temperature 
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tC 	Celsius critical temperature 

Ti 	absolute temperature of component i 

T
min lowest absolute boiling point temperature (Chapter 1.4) 

T
r. 	reduced temperature 

At, A® 	temperature difference 

✓ volume of the reboiler-reactor 

✓ vapour velocity relative to the liquid surface 

V
i 	molecular volume of component i at boiling point 

V
m 	molecular volume of the solute 

v
G 	velocity of the vapour through the packing 

v
L 	liquid surface velocity 

47 	mass flowrate 

w wetting rate 

xfi 	feed mole fraction of component i 

x
i
, X

i 	mole fraction of component i in the liquid phase 

x. 	liquid mole fraction of component j at the interface 3s 

yi, i  Y 	mole fraction of component i in the vapour phase 

Y.3s 	
vapour mole fraction of component j at the interface 

z 	distance measured normal to interface 

zl,  z2 	effective volumetric fractions of constituents 1 and 2 

respectively 

Z
A 	calculated from equation (1.17) 

Z
B 	calculated from equation (1.18) 

zB 	factor for the correction of nonideality 

z.
1 	mole fraction of component i in the reboiler-reactor 

zL 	liquid film thickness 

z
G 	

vapour film thickness 
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Greek symbols  

a 	numerical constant used in equation (C.31) 

a
12 	parameter estimated according to Renon Prausnitz's 

rules or calculated as a third adjustable parameter (see 

equation 1.16) 

a.. 	relative volatility of component i with respect to ij 

component j 

numerical constant used in equation (C.37) 

A' f3M 	defined by equations (5.22) and (5.21) respectively 

Yi 	activity coefficient of component i 

(qs/X)/KjG 

E
p 	

voidage of the packing 

= z/zG 

0 	overall range of boiling points of the system (Chapter 1.4) 

A. 

11  

pi  

E 

T
12

, T
21 

latent heat of vaporisation of component i 

viscosity 

viscosity of component i or phase i 

total pressure 

density 

density of phase j 

sum of theareas A and B without regard to sign (figure 1.4) 

adjustable parameters (see equations 1.16) 

overall conversion 

Superscripts  

* ' 	 equilibrium 

Subscripts  

A 	acetic acid 

b 
	

boiling point 
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critical 

E methyl acetate 

f feed 

fl 	float 

gas 

i 	component or phase 

j 	component or phase 

L, 	liquid 

M 	methanol 

p 	constant pressure 

✓ reference state 

s 	surface (interface) or solvent 

T 	top 

vapour 

W water 
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