
ture. A theoretical mechanism for the 
adsorption-based cohesiv-nergy-dens- 
ity differences is suggested. 

NOTATION 

A 

A, 

A, 

a. 

US 

a, 

B 

C 

D 
d 
G 

e 
k 
M 

= liquid component A, the 
more highly adsorbed com- 
ponent (benzene in this 
case) 

= effective area occupied by a 
mole of component A in a 
monolayer (sq. m./g.) 

= effective area occupied by a 
mole of B in a monolayer 
(sq. m./g.) 

= attractive force constant be- 
tween components and ad- 
sorbent surface 

= attractive force constant be- 
tween binary solution and 
components 

= attractive force constant be- 
tween binary solution and 
pore 

= liquid component B, com- 
ponent (cyclohexane in this 
case) 

= Stuart slope of In y/l--y vs. 
In d 1 - X  

= adsorbent pore diameter, A. 
= constant in Stuart equation 
= selective. adsorption capacity 

(g. of component A ad- 
sorbed/g. of adsorbent) 

= moles of component A ad- 
sorbed /g. of adsorbent 

= constant in Stuart equation 
= Stuart intercept of plot Iny/ 

1- y vs. In x / l - x  

= average molecular weight of 
binary solution in monolayer 

= average molecular weight of 
equilibrium solution 

= moles of total original solu- 
tion 

= moles of component A ad- 
sorbed /g. of adsorbent 

= moles of component B ad- 
sorbed/g. of adsorbent 

= universal gas constant 
= pore radius, A. 
= adsorbent surface area, sq. 

= temperature, OK. 
= adsorbent pore volume cc./ 

= weight of original solution, g. 
= adsorbent weight, g. 
= equilibrium weight fraction 

of adsorbed component 
(bulk solution) 

= weight fraction of stronger 
adsorbed component in orig- 
inal solution 

= equilibrium mole fraction of 
adsorbed component (bulk 
solution) 

= mole fraction of more highly 
adsorbed component in orig- 
inal solution 

= weight fraction of compo- 
nent A in equilibrium solu- 
tion 

= mole fraction of component 
A in monolayer calculated 
by the use of Williams equa- 
tion 

= equilibrium mole fraction of 

m./g. 

g. 

component A in the pore as 
calculated by the Williams 
equation 

Greek Letten 
6 = constant in Stuart equation 
pa = density of benzene, g./cc. 
pat,,,, = density of binary mixture in 

monolayer, g./cc. 
P. = density of equhbrium solu- 

tion, g./cc. 
hp, = density differences between 

the equilibrium liquid com- 
ponents, g./cc. 

Appy = density difference between 
adsorbate components, g./cc. 

Y 
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Calculation Procedures for Binary 
Batch Rectification 

CHARLES E. HUCKABA and DONALD E. DANLY 
University of Florido, Gainesville, Florido 

A rigorous mathematical description, consisting of differential-difference equations, is pre- 
sented for binary batch rectification in the plate type of column. Two approaches are taken 
to solving these equations for the condition of constant reflux ratio: an integration by numer- 
ical means employing an ISM 650 computer, and a hand calculation procedure that involves 
trial-and-error computation of batch-rectification curves, which i s  of interest primarily where 
high-speed computing equipment is not available. 

Enthalpy balances are used to avoid assumption of equal rate of overflow in the tower; weight 
units are used instead of mole units: means for accounting for holdup in the condenser-accu- 
mulator system are described. Criteria of convergence and stability of the numerical solution 
are presented. The validity of the results of the proposed calculation procedures is  sub- 
stantiated by the close agreement of experimental and calculated batch-rectification curves. 

Interest in batch-rectification calcu- literature. For a review of most of this 
lations has grown during recent years, work it is recommended that the reader 
as evidenced by the contributions consult the work of Rose and Rose (1 ) 
Which have appeared in the technical and Rose and Johnson (2). Rose, John- 
Chemstrand Corporahon. Pensacola, Flonda. 

Donald E. Dd''. ' at Present the son, and Williams (3) also give a brief 

historical outline of many of the ac- 
complishments in the field. 

The mathematical model describing 
batch recacation is inherently very 
complex even for the case of a binary 
mixture. Batch-rectification calculation 
procedures, comparable in rigor to 
methods for continuous steady state 
distillation calculations, have therefore 
led to long and tedious procedures. 
Simplification for convenience, on the 
other hand, has tended to restrict ap- 
plicability of the results to the condi- 
tions embodied within the simplifying 
assumptions. For instance, the use of 
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some of the traditional assumptions 
frequently emplo ed in continuous 
steady state d d a t i o n  has in most 
cases not met with great success in 
batch-rectification computations. It 
should be generally recognized now 
that because of the assumptions re- 
quired the McCabe-Thiele ( 4 )  method 
can lead to gross errors in batch-recti- 
fication calculations where appreciable 
holdup is present in the tower. This 
was pointed out by Colbum and 
Stearns (5) and has been discussed by 
Van der Hoeven (6) and Rose et al. 
(7) .  Huckaba and Tour ( 8 )  presented 
further confirmation of the wide diver- 
gence which can exist by comparing 
experimentally determined batch-recti- 
fication operating lines with the cor- 
responding lines calculated by both the 
McCabe-Thiele and Ponchon-Savarit 
(9, 10) methods. 

Rose and Johnson (2) made a very 
comprehensive study of the various non- 
idealities which might have to be con- 
sidered in batch-rectification calcula- 
tions. They suggested approaches for 

variable relative volatility, 

adiabatic operation, condenser holdup, 
and variation of column holdup with 
time. Huckaba and Tour (8) pointed 
out the advantages of using weight 
units in batch-rectification computa- 
tions and showed that equality of 
plate-to-plate overflow in batch recti- 
fication would not usually occur on 
either a mole or weight basis. 

The investigation reported in this 
paper represents a continuation of the 
work of Huckaba and Tour ( 8 ) ,  who, 
emphasizing rigor rather than con- 
venience, presented design procedures 
that were tedious and time consuming 

The work has proceeded along two 
lines of approach. The hand-calcula- 
tion method of Huckaba and Tour was 
simplified in order to be of more 
practicable value for those workers 
who do not have access to a high-speed 
computing machine. The other portion 
of the work was devoted to the adapta- 
tion of the solution of the basic equa- 
tions to a medium-speed di ital com- 

machine procedures was obtained 
through direct comparison of calcu- 
lated and experimental curves. 

THEORETICAL ANALYSIS 

ciency less than loo%, non- 

puter. Confirmation of the a and and 

To select the proper operating con- 
ditions and number of plates required 
in designing a batch-rectification col- 
umn to perform a given separation, it 
is necessary to predict the composition 
of the distillate and kettle liquid as a 
function of the fraction of the batch 
distilled. This can be accomplished by 
solving a series of simultaneous differ- 
ential-difference equations, based on 
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enthalpy and material balances around 
the individual plates. These balances 
consist of merely an extension of the 
work of Sore1 (11) to transient condi- 
tions. Most of the previous work has 
involved material balances, but only 
Rose and Johnson ( 2 )  and Huckaba 
and Tour ( 8 )  have written the en- 
thalpy balances. 

For a column having N-plates N + 
1 differential material balances of the 
more volatile component can be 
written, one around each plate and one 
around the kettle. A corresponding 
number of enthalpy balances can also 
be made. Several authors (2, 5, 7, 12) 
have discussed the possible assump- 
tions upon which these balances can 
be written. The basic assumptions 
made in setting up the differential 
equations in this paper are (1) the 
holdup of vapor in the column is 
small compared with that of the liquid; 
(2) heat losses from the column are 
negligible; (3) holdup per plate is con- 
stant; (4) liquid composition on a tray 
is uniform. 

Under these conditions a differential 
material balance for the more volatile 
component and a differential enthalpy 
balance around plate n (section A in 
Figure l), written as suggested by 
Pigford et d. (13) in terms of fraction 
distilled, give respectively 

-- 
D D 

Similar material and enthalpy bal- 
ances around the kettle (section B in 
Figure 1) yield 

L,x, Vsye - d(xsS/S,)  ---_ 
D D  

(4) 

It is the solution of this group of dif- 
ferential equations which is sought, 
given the boundary conditions for 4 
= 0, that is the steady state conditions 
at the end of the warmup period. In 
addition to the initial steady state con- 
ditions, it is also necessary to prescribe 
the value of one of the variables as a 
function of +. This may be the speci- 
fication of LJD, for operation of con- 
stant reflux ratio, or, alternately, a con- 

stant or prescribed variation of yl with 
4 might be the given condition. These 
two alternatives are the ones most 
commonly met in industrial applica- 
tions, but a number of other possibili- 
ties exist. However care must be taken 
to set up a boundary condition which 
will lead to a physically sigruficant 
solution. 

The solutions developed in this in- 
vestigation are for constant reffux ratio. 
If the reflux to the column is below 
its boiling point, iR is not only a func- 
tion of xR but also of the degree of sub- 
cooling, which must be known. 

It should be noted that in develop- 
ing the basic equations it was not 
necessary to stipulate constancy of 
D, (VBLx),QB, or, in fact, any mass 
or heat flow rates. Thus a varying 
boilup rate throughout a batch-rect%- 
cation run would result in the same 
curve of overhead composition vs. frac- 
tion distilled as a constant boilup rate, 
providing the plate-efficiency relation- 
ships were not affected. 

To make the solution as general as 
possible the equilibrium and plate-effi- 
ciency relationships are taken as 

and 

or 

y"n = f (5) 

(6) 

( 7 )  

( 8 )  

yn = Exv*y*m -t (I-Exm)yn+* 

x*n = f ( yn) 
xn = E,L+s*, + (l--EaLn)sn-1 

With a functional relationship be- 
tween EM, (or Ex,,) and x, there are 
a sufficient number of equations avail- 
able to solve the set of differential 
equations. If Hn cannot be assumed 
constant, there are N additional varia- 
bles, H,, H,, . . . HN, but since each of 
these is a function only of the corres- 
ponding compositions, xl, M, . . . xN, 

the solution of the differential equa- 
tions can still be accomplished. 

Consideration of Condenser and 
Accumulator Holdup 

In most actual batch-re&cation 
systems the holdup of material in the 
condenser-accumulator system cannot 
be neglected. Consideration of this 
holdup was omitted from the previous 
section on derivation of the basic equa- 
tions, since there is some question as 
to the manner in which this holdup 
should be treated. 

As pointed out by Rose et d. ( 1 4 ) ,  
the overhead holdup can be broken 
down as follows: holdup of vapor in 
the line between the top of the column 
and the condenser, holdup of vapor 
and condensate in the condenser, 
liquid holdup in the lines between the 
condenser and accumulator and be- 
tween the accumulator and reflux inlet 
of the column, and accumulator holdup. 
For the first &ee types of holdup 
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listed, the assumption of slug flow with 
no back mixing definitely seems to be 
better than that of complete mixing; 
however, the degree of mixing in the 
accumulator can be expected to vary 
widely from one installation to the next 
depending on the shape of the vessel, 
the position of the inlet and outlet noz- 
zles, and the liquid flow rate. 

One of the following assumptions 
could be niade concerning condenser- 
accumulator holdup: (1) the entire 
holdup of the condenser-accumulator 
system is completely mixed, or ( 2 )  all 
flow through the overhead system is 
free of back mixing. Based on what 
little information is available on the 
applicability of these alternate as- 
sumptions, the assumption of no back 
mixing appears to be the better 
founded of the two. If an analytical 
solution of the design equations were 
to be attempted, material- and en- 
thalpy-balance equations written around 
section C of Figure 1 would have to 
be used to relate xa with yl. However 
in solving the equations by numerical 
methods, as will be shown later, the 
value of xa when 4 = kA4 can readily 
be determined, since it is equal to the 
value of yl when 4 = kA4 - (A+)o 
where (Ad;)o is the time lag expressed 
in terms of 4 for a small increment of 
material to pass through the condenser- 
accumulator system. 

Since C is the mass of the overhead 
holdup and ( R  + 1) D is the mass rate 
of flow, the time lag between entering 
and leaving the condenser-accumulator 
system is C / ( R  + 1 ) D .  To express 
this lag in terms of t$ it must be multi- 
plied by D/S,: 

From + = 0 to 4 = C / S , ( R +  l), 
that is the time required to displace 
completely the original contents of the 
overhead system, the composition of 
the reflux is equal to the composition 
of the vapor leaving the top plate at 
steady state. For larger values of 4 
the appropriate value of xR can be de- 
termined from the portion of the y 
vs. 4 curve already developed in the 
calculation. 

The assumption of no back mixing 
was versed experimentally by taking 
samples simultaneously from each end 
of the condenser-accumulator system 
during the batch-rectification runs 
described below and establishing that 
the difference in compositions of the 
two samples did, in fact, correspond to 
a lag between entering and leaving the 
system of C / S . ( R  + 1). 
Derivation of the Over-all 
Moteriol-Bolonce Equotion 

When it is assumed that the amount 
of holdup on each tray is equal and 

r I 

I 

a, 

D 

’ QB 

Fig. 1 .  Sections of the batch-rectification syr- 
tern about which material and enthalpy bal- 

ances are made. 

constant, a material balance of the 
more volatile component around the 

graphical integration. First, ex is de- 
termined graphically as a function of 
xE, and then the integral of Equation 
(11) can be evaluated graphically. 
For H T  and C equal to zero the inte- 
gral term vanishes and the conven- 
tional Rayleigh type of equation 
results. 
Simplification of the Boric Equotionr 

Plate-to-plate calculations based on 
the use of both material and heat bal- 
ances around a plate normally involve 
a trial-and-error procedure. In calcu- 
lating down a column, y,,, must be de- 
termined from G. However this re- 
quires a knowledge of VWl, which in 
turn depends on yWl. 

For a number of systems, however, 
the enthalpy-composition relationships 
are essentially linear, and simplified 
equations can be derived expressing 
y,+, directly as a function of x,,, the 
rates and composition of the streams 
entering and leaving the top of the 
column, and the rate of change of 
holdup of the more volatile component 
on plates 1 through n. 

In this paper the enthalpies of the 
saturated vapor and saturated liquid 
are emressed bv 

entire system shown in Figure 1 leads L 

to 1, = A f By, (12) 

(10) 

This equation is a linear, first order 
differential equation in the variable 
S/S,, and so its solution can be ex- 
pressed as 

xs 
S e‘ 

S O  

H T  dXjm C dG yo dx8 +- S, - ] d x 8 ]  dx, 

(11) 
X S  

dxx 
where M =s - 

xs, Xn - Xe 

This equation is very similar to the one 

i, = a + bx, (13) 
A material balance for the more vola- 
tile component and an enthalpy bal- 
ance around section. D shown in 
Figure 1 gives 

Vm+iym+l- Lnxn + L R x B  - Vzyl 

(14) 
- - 2 H,dx, 

j=1 d8 
V,tlIn+l - L,i, + L A  - VJi 

The degree of subcooling of the reflux 
below its boiling point is given by 

AT= (U+bXR-&)/C,  (16) 

Substitution of the above together with 
the linear expressions for I,, and i, 
into Equation (15) and combining 
with Equation (14) gives 

obtained by Rose (15) .  

known as a function of x,, the value 
of S/S. corresponding to any given 
value of xs can be found by a double 

where fi  = ( R + 1 )  (l-l-gyl) + R C & ’ /  
(B--b) 1 (A-a) Y and R = 

L J D .  
The above equation relates y,,, to X, 

and thus represents the operating-he 

If dxaT/dxE, dTc/dxs, and xo are (A-U) ,  g 
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equation. At steady state &,/a% = 0 
and yl = xB, and so for use in steady 
state warm-up calculations the equa- 
tion becomes 

(18) 

Use of either the unsteady state or 
steady state forms of the above equa- 
tion eliminates the trial-and-error pro- 
cedure normally required in plate-to- 
plate calculations employing enthalpy 
balances. It should be restated, how- 
ever, that the applicability of these 
simplified equations is limited to sys- 
tems having essentially linear enthalpy- 
composition relationships. 

B x ,  + h-d 
8 - g  (xz -x , )  

y*+1 = 

CALCULATION PROCEDURE 

Two approaches to the solution of 
the basic differential- difference equa- 
tions were taken. The first involved a 
numerical integration of the differen- 
tial equations in the direction of in- 
creasing + with the conditions at the 
end of the steady state start-up period 
used as the boundary conditions. The 
second approach was based on the 
method of Huckaba and Tour ( 8 ) ,  in 
which the finite-difference equations 
are integrated step by step in the di- 
rection of increasing n and in which it 
is necessary to establish the relation- 
ship between xD and 4 by trial and 
error. 

Selection of Units 
Distillation calculations are gener- 

aUy carried out with compositions and 
flow rates expressed in mole units, 
since for many binary systems it is 
possible to assume constant molal 
liquid overflow from tray to tray. Since 
this assumption is rather restrictive, it 
was obviated in the derivation of the 
basic unsteady state equations by in- 
clusion of enthalpy balances around 
the individual plates. If it is not 
necessary to assume constant molal 
ovedow, there is no particular advan- 
tage in the use of molar units; in fact 
there is a definite disadvantage in 
their use, since flowmeters and level 
gauges cannot be used to measure 
molar rates' and quantities directly. 

The reason for using weight units is 
that the pounds of holdup per plate is 
generally much less dependent on 
composition of the plate li uid than is 

it is probably the volume of holdup 
that is least dependent upon composi- 
tion, but since volumetric flow rates of 
liquid mixtures are not necessarily ad- 
ditive, the use of weight units appears 
preferable. As the range of liquid 
densities normally encountered is much 
narrower than the range of molecular 
volumes, the assumption of constant 
weight of holdup would seem for most 

the moles of holdup. Stric t? y speaking, 

cases to be better &an that of constant 
moles holdup. However for those cases 
in which the moles of holdup do not 
vary greatly with time, if it should be 
desired to work in mole units, the cal- 
culation procedures described in this 
paper can be employed without altera- 
tion except for conversion of units. 

Solution by Numerical Methods 
Solution of the N+1 differential 

equations relating the dependent vari- 
ables xl, x2,. . . xN, and xs with the in- 
dependent variable 4 can be accomp- 
lished by conventional techniques for 
numerical integration. The simplest of 
these, known as the Euler method, as- 
sumes that dx,/& is constant over the 
increment from 4a to 4E+,, so that 

A considerably better assumption is 
that dx,/d4 is linear between and 

This corresponds to the assump- 
tion that the curve of x, vs. # can be 
fitted by a second-degree polynomial 
in $ over a single A 4  increment. In 
this case the numerical formula is 

A 4  +- - - 
'n :k+ l  'n:k 2 

I: (dxn/&) 1 4 ( d ~ / & )  *+1I 

(20)  
Since the derivative (dx,/&)l+l can- 
not be determined until x ~ : ~ + ~  is 
known, an iterative process is neces- 
sary to satisfy the above equation. 

This method, lmown as the modified 
Euler method, was the one selected for 
use in starting the solution of the un- 
steady state distillation equations, since 
is could be applied beginning with the 
very first increment in 4. Methods 
based on a past history are obviously 
not applicable over the first few incre- 
ments, where no past history yet exists. 

The great disadvantage in the modi- 
fied Euler method is that under certain 
circumstances many iterations may be 
necessary for the prescribed degree of 
satisfaction of Equation (20). This is 
undesirable from the standpoint of the 
calculating time required. 

Consequently in most of the calcula- 
tions the modified Euler method was 
used over only the &st few increments, 
and the simple Euler method was em- 
ployed thenceforth for numerical in- 
tegration of Equations (1) and (3). 
Convergence and Stability of the 
Numerical Formulas 

Rose et d. (7) and Rosenbrock 
(17)  have pointed out the necessity 
of ensuring convergence and stability 
in calculations of this type. In the ap- 
plication of the numerical formulas the 
size of the increment in + that could 
be employed in the solution was found 
to be limited by one or the other of 
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two factors. When the modified Euler 
method was used, there was an incre- 
ment size above which the iterative 
process, common to all numerical 
formulas of the closed type, would not 
converge. On the other hand, the in- 
crement size used in the simple Euler 
method was limited by the stability of 
the solution; that is, the use of too 
large an increment size caused succes- 
sive values of x, to oscillate about the 
true curve with ever increasing ampli- 
tude, resulting ultimately in com- 
pletely absurd values of x,,. 

By a derivation similar to that given 
by Hildebrand (18) for the case of a 
single dependent variable, it can be 
shown that the limiting increment size 
for convergence of the mod8ed Euler 
method is defined by 

In the derivation of the limiting value 
of A$ it is necessary to assume that & 
and m are constant over a range of 
two plates. Under these conditions it 
can further be shown that the limiting 
condition for stability of the simple 
and modified Euler methods is also 
given by Equation (21). 

Equation (21) was not derived until 
most of the computer runs had been 
completed, and consequently this 
equation was not used in the work 
described in the following sections. 
However the need for a relationship 
by which a satisfactory increment size 
could be estimated became increas: 
ingly apparent as the work progressed, 
and more and more hours of computer 
time were wasted because an incre- 
ment size was used which ultimately 
led to divergence or instability. 

The validity of Equation (21) for 
convergence of the modified Euler 
method was demonstrated by a series 
of calculations over the first increment 
in +. The values of x n z l  were punched 
out b the computer for n from one to 

tions, and from these data it was possi- 
ble to determine whether the iterative 
process was converging or diverging. 
The enthalpy data used in the program 
for this calculation was chosen such 
that R,, was constant, since this was 
assumed in the derivation of the limit- 
ing increment size for convergence. In 
addition, the operating conditions and 
equilibrium data were chosen to mini- 
mize the variation of m. 

In one series of runs, in which H / S ,  
was taken as 0.012, R was 2.0 and m 
varied from 0.520 at the bottom of a 
twelve-plate column to 0.500 at the 
top; 4 = 0.0035 was found to give con- 
vergence, whereas + = 0.0040 gave 
divergence. When the maximum value 
of m is used, the b i t i n g  A 4  predicted 
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Fig. 2. Comparison of calculated and experimental data- 
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Fig. 3. Comparison of calculated and experimental data- 
run B-1. 

by Equation (21) is 4 < 0.00343. Thus 
the predicted value of A4 would give 
convergence of the iterative process 
but is only slightly less than the maxi- 
mum usable value, determined by 
trial and error to lie between 0.0035 
and 0.0040. 

For the general case where R,, and 
m vary from plate to plate, use of the 
maximum value of the term ( R  + 1 )  
m + R. in Equation (21) was found, 
in some instances, to predict a value 
of A+ which gave divergence, and 
values 20 to 30% less than the pre- 
dicted maximum were found to be 
necessary for convergence. Thus in 
general Equation (21) can be used to 
determine only a fist approximation 
of the maximum increment size for 
convergence and stability and is exact 
only if R,, and m are constant. The 
equation does however give the right 
order of magnitude for the maximum 
value of A+ that can be used and can 
therefore save a large portion of the 
trial and error involved in establishing 
the increment size. 

The Computer Program 
The numerical integration of the 

N $. 1 difTerentiaI equations was pro- 
gramed on an IBM 650 data-process- 
ing machine. This was desirable since 
the extremely small increment size re- 
quired for convergence and stability 
made a hand-calcuIated solution en- 
tirely impractical. The initial, steady 
state calculation was also inchded in 
the program, and so a minimum 

Vol. 6, No. 2 

number of data is needed for calcula- 
tion of the complete batch-rectification 
curves. Danly (19) has presented a 
detailed discussion of this program. 

The computing time on the IBM 
650 required for the unsteady state 
calculation is approximately 0.5 sec./ 
plate/A$ increment when the simple 
Euler method is used and about two to 
four times as long with the modified 
Euler method, depending on the num- 
ber of iterations necessary. In the cal- 
culations made for comparison with 
the experimenta1 runs described below, 
the modified Euler method was used 
for only the first twenty increments 
(A+ = 0.0005), and the enthalpy data 
were assumed linear. About 2% hr. 
was required to reach a value of + = 
0.70. 

EXPERIMENTAL WORK 

Mixtures of methanol and tertiary butyl 
alcohol were distilled at about atmo heric 
pressure in a twelve-plate, bubze-cap 
column. The column had an internal diam- 
eter of 10 in. and a plate spacing of 12 
in. Five 2-in. O.D. bubble caps were 
contained on each plate. Sample outlets on 
each plate were positioned to allow with- 
drawal of samples of the liquid just prior to 
entry into the downcomer. The entire 
column was insulated to minimize heat 
losses. 

A 40-gal. jacketed kettle served as the 
still pot. A rotary pump was used to cir- 
culate the contents of the kettle during 
runs to ensure adequate mixing. 

The accumulator was designed to keep 
a constant liquid head on the reflux to 
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run 8-4. 

the column to allow close control of the 
reflux rate. The split of condensate into 
reflux and product was controlled man- 
ually b means of a valve in the reflux 
h e .  de portion of the flow from the 
condenser that was not returned as reflw 
overfiowed to the product receivers. An 
electric immersion heater in the reflux 
line was provided for reheating the reflux. 

After passihg through the product rota- 
meter, the product stream could be di- 
rected into either one of two receivers or 
returned to the kettle. A b ass line was 
installed between the vaporxe  from the 
kettle and the condenser. This line enabled 
the column holdup to be determined at 
various operating conditions, since the 
column could be completely isolated from 
the system by directing the vapor flow 
from the kettle through the bypass, instead 
of through the column, and by closing 
valves in the reflux line and column- 
bottoms line. 
Experimental Procedure 

The experimental runs were of two 
difFerent types. First a preliminary set of 
runs was made to investigate the effects of 
liquid composition, vapor velocity, and 
reflw ratio on the plate efficiencies. The 
second series, the batch-rectification runs, 
comprised the major part of the experi- 
mental program. The purpose of these 
runs was to determine sets of experimental 
curves of product and kettle composition 
vs. fraction distilled for comparison with 
calculated curves. 

Since the initial conditions for the batch 
runs were those of stead state, two types 
of batch runs were possitle. One involved 
an initial steady state start-up at the 
same finite reflux ratio as that used for 
the unsteady state portion of the run, re- 
turning the product stream directly to the 
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kettle. Alternately, the column could be 
allowed to come to equilibrium at total 
reflux for the start-up condition. The latter 
mode of o eration is the one more mm- 
monly emp P oyed in industry. All m were 
made at co-tant reflux ratio during the 
unsteady state portion of the run. 

In the batch runs when equilibrium had 
been reached, the tweIve plates, kettle, and 
reflux were sampled. The unstead state 
portion of the run was &en initiate8 either 
by diverting the product stream from the 
kettle to a product receiver (for finite-re- 
flux start-up) or by cutting down on the 
reflux rate to begin withdrawal of product 
to a receiver (for total-reflux start-up). At 
regular time intervals the product flow was 
switched from one product receiver to the 
other, and the liquid was immediately 
drained from the partially full receiver 
into a tared container. 

During an entire run about fifteen to 
twenty samples of the overhead condensate 
and about half as many kettle samples 
were withdrawn at recorded times. In 
some runs samples were also taken from 
selected plates directly after each change 
in product receivers. 

When about 5 gal. of liquid remained 
in the kettle, the run was terminated. 
Following shutdown the liquid drained 
from the accumulator and associated lines 
was weighed. From these weights, along 
with those of the intermediate product 
accumulations, a material balance could 
be made, and in turn the relationship 
between time and fraction distilled could 
be determined. From the refractive-index 
measurements of the liquid samples, it was 
then possible to make lots of composition 
vs. fraction distilled. &e determination of 
these plots for a variety of operating con- 

ditions constituted the main objective of 
the experimental program. 

Comparison of Calculated and 
Experimental Results 

In making the calculations for com- 
parison with the experimentaI data the 
following empirical relationships were 
employed to represent the binary- 
system data: 

Plate-Efficiency Data 
EM, = 0.845 - 0.740 %, 

0.000 < xn < 0.224 

0.224 < x,, < 1.000 

(22)  

(23)  

EM&, = 0.763 - 0.374 ~ 1 ,  

Equilibrium Data 
x'n z= 0.6184 y n ,  0 < y n  < 0.3234 

(24)  
x'. = (y. - 0.0355)/1.4393, 

0.3234 < y ,  < 0.4670 (25)  
9,. + 0.406 

x*, = 
4.232 - 2.826 y,, ' 

0.4670 < y,, < 1 (26)  
Enthalpy Data 

i, - 115.0 - 44.0% 
I,, = 349.8 + 194.2~- 

(27)  
(28)  

Heat-Capacity Data for Saturated 
Liquid 

C, = 0.880 - 0.244~ (29)  
The plate-efficiency data were ob- 

tained experimentally for the desired 

QO 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
I, FRACTION DISTILLED 

I .o 

0.9 

a r 

I 
0.7 

0. I 

rate of throughput as a function of 
liquid composition. Equilibrium datzi 
were obtained with a Fenske (20)  
still. Basic thermal data were obtained 
from Perry (21) and Parks and Ander- 
son (22). 

Comparisons of calculated and ex- 
perimental batch-rectification curves 
are given in Figures 2 through 4. It is 
seen that in general the agreement is 
excellent. A number of other experi- 
mental and calculated batch-rectifica- 
tion plots were determined with 
mutual agreement comparable to the 
runs shown. The ranges of operating 
variables studied were 1 < R< 4 and 
0.119 < H J S ,  < 0.257. 

The close agreement obtained in 
these comparisons substantiates the 
validity of the numerical calculation 
procedure for the ranges of variables 
considered. Thus it is believed that 
this procedure provides a generally 
satisfactory means for making accurate 
batch-rectification calculations P'O- 
vided that electronic computabon 
equipment is available. Without such 
equipment however this method is too 
lengthy, and for hand computations an 
alternative procedure is recommended. 

Solution by the Huckaba-Tour Method 
The basic difference between the 

numerical solution previously de- 
scribed and the Huckaba-Tour method 
(8) is that in the former a series of 
differential equations is integrated in 
the direction of increasing 4, whereas 

0.0 
0.0 0.1 0.2 0.3 0.4 0.5 

0 ,  FRACTION DISTILLED 
0.6 0.7 

Fig. 4. Comparison of calculated and experimental data- 
run 6-6. 

Fig. 5. Calculated batch-rectification curves illustrating the 
Huc ka ba-Tour method. 
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TABLE 1. SUMMARY OF RESULTS OF SECOND TRIAL CALCULATION IN ILLUSTRATIVE 
PROBLEM BY TFIE USE OF THE HUCKABA-TOUR METF~OD 

Composition, weight fraction methanol 

cb 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

xo 0.9995 0.991 0.874 0.543 0.302 0.170 0.096 0.059 
yi 0.9995 0.989 0.845 0.515 0.284 0.160 0.090 0.057 
xc 0.9995 0.990 0.860 0.529 0.293 0.165 0.093 0.058 
XHT 0.8370 0.563 0.268 0.129 0.067 0.037 0.021 0.014 
x s  0.1962 0.154 0.112 0.076 0.045 0.027 0.016 0.011 

0.1962 
0.1800 
0.1600 
0.1400 
0.1200 
0.1000 
0.0800 
0.0600 
0.0400 
0.0200 
0.0100 

0.9995 
0.998 
0.995 
0.981 
0.920 
0.775 
0.585 
0.417 
0.269 
0.125 
0.055 

1.000 
0.980 
0.956 
0.934 
0.912 
0.888 
0.858 
0.818 
0.763 
0.666 
0.568 

0.318 
0.591 

. 1.189 
1.062 
0.900 
0.606 
0.445 
0.298 
0.228 
0.193 
0.193 

0.000 
0.005 
0.012 
0.040 
0.163 
0.282 
0.262 
0.243 
0.211 
0.211 
0.211 

0.396 
0.745 
1.504 
1.403 
1.459 
1.481 
1.632 
1.852 
2.518 
5.77 

15.82 

0.000 
0.009 
0.033 
0.062 
0.090 
0.119 
0.150 
0.185 
0.227 
0.303 
0.397 

0.000 
0.029 
0.075 
0.125 
0.170 
0.218 
0.271 
0.334 
0.411 
0.536 
0.658 

in the latter an integration of a series 
of finite-difference equations is per- 
formed in the direction of increasing n. 
One basic advantage of the Huckaba- 
Tour approach is that only N incre- 
ments need be taken in the n direc- 
tion, with x,, evaluated only at as 
many values of 4 as are necessary to 
draw in the curve of x,, vs. 4, whereas 
in the numerical solution as many as 
2,000 to 10,000 increments may be 
required in the integration in the 4 
direction for a stable solution. Thus 
the Huckaba-Tour method finds ap- 
plicability where high-speed com- 
puters are not available. 

However this method also has one 
serious drawback, in that the boundary 
condition relating xO as a function of 4 
cannot be established in advance. 
Therefore it is necessary to assume a 
curve of x, vs. 4, corresponding to 
specified values of N and R,  from 
which curves of xi, x2, . . . x,, and x8 
vs. 4 can successively be determined. 
Then an over-all material balance is 
made to give a corrected curve of xO 
vs. 4. This iterative process is con- 
tinued until the assumed and calcu- 
lated curves are in satisfactory agree- 
ment. 

The steps involved in the calcula- 
tion procedure are 

1. Assume a curve of xD vs. d; based 
on a knowled e of the initial value of 
xD (that is tfe steady-state value of 
xn existing at  end of warm-up period) 

and the relationship between the area 
under the entire curve and the over- 
all composition of the material charged 
to the still. 

2. At discrete values of 4, for ex- 
ample, 0.05, 0.10, 0.15, . . ., determine 
the values of y1 from the curve of xO 
vs. 4 and the condenser lag (A+)=.  

3. Calculate the corresponding val- 
ues of xi from the equilibrium and 
plate-efficiency relationships. If the 
plate efficiency varies with x, trial and 
error will be necessary. 

4. Plot xi vs. 4 and evaluate the 
slopes dx,/d+ at the selected values of 
4. Then determine the corresponding 
value of d&/& from the composition- 
enthalpy relationship. 

5. Calculate gx by Equation (1)  
with V./D used as a first approxima- 
tion of V J D .  

6. Calculate V J D  by Equation (2) 
and compare with the value used in 
step 5. Repeat steps 5 and 6, if the 
agreement is not satisfactory. 

7. Determine xx from the equilib- 
rium and plate-efficiency relationships, 
as done for xl in step 3. Calculate on 
down the column in this manner until 
yN has been determined. 

8. Calculate x8 as the liquid in equi- 
librium with y.. 

9. Integrate Equation (11) graphi- 
cally to relate xe with S/S,. Since for 
constant holdup S/S. = 1 - 4, xs and 
the corresponding value of xD can then 
be related with 4. Compare the cal- 

culated curve of xO vs. 4 with that as- 
sumed in step 1 and repeat the entire 
calculation procedure if necessary. 

If the enthalpy-composition relation- 
ships are linear, then Equation (17) 
can be used to calculate Y,,+~ from x,,, 
avoiding the necessity for the iterative 
procedure described in steps 5 and 6. 

Illustrative Problem 
A batch-rectscation design calculation 

was carried out by the Huckaba-Tour 
method with the following data assumed: 

1. Relative volatility 2.0 
2. Reflux ratio 2.0 
3. Number of plates 12 
4. Enthalpy constant, g 1.0 
5. Reflux subcooling 0 

7. Plate holdup H / S .  0.012 
1.0 6. Plate efficiency, Ex, 

8. Condenser holdup C / S ,  0.030 
9. Charge composition XF 0.295 

Total reffux start-up was assumed; there- 
fore the operating-line relationship for the 
steady state period was mere1 y 

total reflux is straightforward, a trial-and- 
error approach was necessary in order to 
find the set of still, plate, and condenser 
compositions which has a composite value 
equal to that of the liquid charged to the 
system. 

The initially assumed curve of XD VS. + is 
shown in Figure 5. The value of X D  at 
+ = 0 was determined in the steady state 
calculation, and then a curve was drawn 
through this point such that the total area 
under the curve was approximately x> (I - 
H N / S .  - C / S , ) .  This relationship follows 
by equating the amount of the more vola- 
tile component initially in the system to 
that removed in the product when the 
contents of the kettle have been depleted, 
with the liquid on the plates and in the 
condenser assumed to be essentially pure 
high boiler at + = 1.0. Values of yi, XI, yz, 
x2, . . . ye, xs were calculated successively 
at a number of values of + as described 
earlier. Following the plate-to-plate calcu- 
lations the values of the average plate 
holdup x B T  and the average condenser 
holdup yc were determined corresponding 
to each value of +. Plots were then - made 
of and x B T  vs. xs, and the slopes d x c / d x s  
and dxBT/dx.¶ were evaluated. The relation- 
ship between P and x8 was found from the 
area under the curve of (xo-xs)-' VS. XS, 

between xse and x8. Then S / S ,  was related 
to x8 by graphically integrating Equation 
(11). Since each value of xs had as- 
sociated with it a value of xD, the curve 
of XD vs. + could be plotted for compari- 
son with the curve assumed initially. 

The entire procedure was then repeated 
with the results of the first trial calculation 
for the relationship between X D  and + used. 
The results of the second trial are sum- 
marized in Table 1.O The values of X D  and 
xs determined in the first and second trial 
calculations are shown in Figure 5, 
together with the points defining the 

Although the steady state ca r culation =+I = for xm* 

*Tabular material showing results of the first 
trial has been deposited as document 6262 with 
the American Donunentation Institute, Photodu- 
plication Service, Libraw of Congress, Washington 
25, D. C., and may be obtained for $1.25 for pho- 
toprints or 35-mm. microfilm. 
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initial estimate of the XD vs. @ curve and 
the results of the computer solution, based 
on numerical integration of the basic dif- 
ferential equations. The increment in $ 
used in the numerical integration was 
sdciently small (A+ = 0.0005) that this 
solution can be considered as exact for all 
practical purposes. Also shown in Figure 5 
is the gross error resulting from completely 
neglecting column holdup in this batch- 
rectification calculation. 

Ideally one would like to be able to 
repeat the trail calculations until the 
resulting curve of XD VS. 9 fails directly on 
top of the one assumed at the beginning 
of the trail calculation. However in gen- 
eral such erseverance would probably not 
be just id ,  owing to the excessive amount 
of calculating time required. There can be 
little doubt however that some accounting 
of holdup is absolutely essential and that 
the above method does provide a possible 
approach to the problem where electronic 
computers are not available. 

SUMMARY 

Two approaches to the solution of 
the basic batch-rectification equations 
have been demonstrated and verified 
by experimental data. The first in- 
volves integration of the basic differen- 
tial equations by conventional numeri- 
cal methods. The extremely small in- 
crements in fraction distilled that are 
required for stability of the numerical 
formulas requires the use of an elec- 
tronic computer. A medium-speed 
computer gave rapid and accurate re- 
sults. 

For designers who do not have ac- 
cess to an electronic computer, the 
approach of Huckaba and Tour ( 8 )  as 
modified in this investigation is much 
faster than attempting a numerical in- 
tegration with a desk calculator or 
slide rule. 

Both of the approaches assume 
that the holdup per plate is constant, 
but use of these methods is not re- 
stricted to any particular set of units. 
In many cases the use of weight units 
appears to be satisfactory with respect 
to constancy of holdup and is prefera- 
ble froin the design standpoint of ap- 
plying economic data directly to the 
results of the calculation. Methods of 
accounting both for enthalpy effects 
and for condenser-accumulator holdup 
in batch-rectification calculations have 
been demonstrated. Also an approach 
to the development of quantitative 
criteria for ensuring convergence and 
stability in the numerical machine 
computations has been presented. 

It is Eelieved that the two calcula- 
tion procedures presented herein pro- 
vide the designer with tools for devel- 
opment of batch-rectification curves, 
which are in general both convenient 
and valid and as such allow a high 
degree of confidence in batch-recaca- 
tion designs in which they are applied. 
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NOTATION 

a = y intercept in the linear 
liquid-enthalpy equation, i, 
= u + bm, B.t.u./lb. 

A = y interce t in the linear 
vapor entpldpy equation 1. 
= A -I- By,,, B.t.u./lb. 

= slope in the linear liquid- 
enthalpy equation B.t.u./lb. 

= slope in the linear vapor en- 
thalpy equation, B.t.u./lb. 

= holdup in the condenser-ac- 
cumulator system, Ib. 

= mean heat capacity of re- 
flux between its subcooled 
temperature and boiling 
point, B.t.u./(lb. O F . )  

D = flow rate of distillate from 
the svstem. Ib./hr. 

b 

B 

C 

Cp 

g 

H 

i 

I 

k 

L 

m 

M 

N 

0 
R 
R n  
S 

AT 

X 

Y 

B 
4 

= Murl;hree ‘ liquid-plate . effi- 

= Murphree vapor-plate effi- 

= (B - b)/(A - a ) ,  enthalpy 

= total liquid and vapor hold- 

= enthalpy of the liquid, 

= enthalpy of the vapor, B.t.u. 

= number of increments in + 
= liquid flow rate down the 

= slope of the curve of yn vs. xn 

= J - cIxs/(xo - r s )  

ciency 

ciency 

constant 

up per plate, Ib. 

B.t.u./lb. 

/Ib. 

between 4 = 0 and 4 = 4 

column, Ib./hr. 

x.9 

x.9. 

umn 
= number of plates in the col- 

= heat flow rate, B.t.u./hr. 
= reflux ratio, LJD 
= internal reflux ratio, LJD 
= quantity of liquid in the still, 

Ib. 
= temperature difference be- 

tween the boiling point of 
the reflux and the tempera- 
ture at which it is intro- 
duced into the column, O F .  

= liquid composition, weight 
fraction more volatile com- 
ponent 

denser-accumulator holdup, 17. Rosenbrock. H. H.. Brit. Chem. Ene.. 
weight fraction more volatile 
component 

= vapor composition, weight 
fraction more volatile com- 
ponent 

/ (A - U )  

= time, hr. 
= fraction distilled, defined as 

1 - s/s, 

= average composition of con- 2494 (1950). . 

= ( R  + 1) (1 4 gyi)+RCpAT 

Subscripts 
1, 2 , .  . ., n-1, n+l, . . . , N  = top 

plate, second plate from the 

top, . . ., plates n - 1, n, 
and n + 1, . . ., and the bot- 
tom plate 

k -1, k, k + l  = integral number of 
increments in fraction dis- 
tilled, (k-1) 4, ( k )  4, and 
( k + l )  4 

B = reboiler 
C = condenser-accumulator sys- 

D = distillate (pertains to instan- 

F = feed charged to the st i l l  

H T  
0 
R = reflux stream 
S = st i l l  material 
T = total 
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