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Batch processes are becoming more important as a result 
of the renewed significance of the fine chemical industries, 
which are usually required to produce small amounts of 
products and high added value. Batch distillation often plays 
an important role in a batch process because, due to its in- 
trinsic flexibility, a single batch column can separate a variety 
of feed mixtures, easily accommodating the frequent change 
of market demand. In many cases, the objective of the distil- 
lation is to recover both components of a binary mixture at a 
very high degree of purity. In this case, a convenient way to 
operate the batch column is that proposed independently by 
Bortolini and Guarise (1970) and by Treybal(1970). The feed 
charge is split between the reflux drum (HD, kmol) and the 
reboiler (HB), and the column is operated at total reflux for 
the whole duration of the batch (Figure la). If the reflux drum 
holdup has been chosen correctly and there are enough 
stages, the steady state approached by the column is charac- 
terized by the accumulation of the (essentially) pure light 
component in the reflux drum, and of the (essentially) pure 
heavy component in the reboiler. The advantages of this op- 
erating mode are clear: the column always operates at its 
maximum fractionating capacity (that is, less stages are re- 
quired in comparison to operation at finite reflux ratio); col- 
umn operation is very easy (only a level controller is neces- 
sary, so as to keep the reflux drum holdup at the prespecified 
desired value; no product switchovers are required); neither 
the yield nor the quality of the products are influenced by 
variations in the heating rate or interruption of the distilla- 
tion. 

However, one should take into account the fact that batch 
processes are frequently operated through repeated chains of 
operations. Thus, the actual composition of the feed charge 
during one batch distillation may not be known precisely, as 
it may result from the mixing of fresh feed and of recycling 
streams (slop cuts, for example). Therefore, the uncertainty 
on feed composition leads to an erroneous choice of the re- 
flux drum holdup, and eventually results in the production of 
one off-specification product (either the lighter one or the 
heavier one) if no feedback adjustment of HD is provided 
during the operation. 

Correspondence concerning this article should be addressed to M. Barolo. 

As early as 1970, Bortolini and Guarise indicated that the 
use of a middle-vessel batch column proves useful in order to 
“damp out” the uncertainties on the feed charge composi- 
tion. These authors suggested charging part of the feed (HM) 
to the middle vessel also, and to operate the column at total 
reflux and total reboil (Figure lb) until the products are on 
specification; although industrial applications of this proce- 
dure were known by that time (Guarise, 19961, the authors 
did not report any experimental results in their article. Ex- 
perimental evidence of this operating procedure has been 
provided only recently (Barolo et al., 1996). Clearly, the main 
disadvantage of this strategy is that part (HM) of the whole 
feed charge is not separated, because it is “trapped” into the 
feed vessel. Also, presently it is not clear how to choose HM 
for a given feed; in practice, given the feed nominal composi- 
tion, one would like to know the minimum amount of such 
feed that should be charged to the middle vessel in order to 
guarantee that the final products are obtained pure through 
simple operation at total reflux and total reboil. 

The objective of this article is to provide practical guide- 
lines for the choice of HM. 

I 

WHB 

rHD 
H 

U 

Figure 1. (a) Conventional and (b) middle vessel 
total-reflux batch distillation columns. 
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Development, Results and Discussion 
In the following, we will assume that the tray holdup is 

negligible in comparison to the amount charged in the ves- 
sels, some considerations on the effect of tray holdup will be 
given later on. Also, the usual assumptions of constant molar 
overflows, perfect mixing on the vessels, total condensation 
with no subcooling, boiling feed, and perfect level control will 
be considered. As for the description of the thermodynamic 
equilibrium, a binary mixture with constant relative volatility 
a will be considered for the sake of simplicity; however, as 
will be shown, this assumption is not restrictive. 

Consider a conventional total reflw operation (Figure la) 
in a column with a large number N of stages. Here, “large” 
has a relative meaning rather than absolute; in fact, depend- 
ing on the system relative volatility, even a “sma1l”number of 
theoretical trays will give the same result as the case with 
N B 1. For a feed of nominal composition z (mole fraction), 
the pure components can be recovered at the end of the batch 
distillation if the reflux drum and reboiler holdups are cho- 
sen according to the following criterion 

HD 

HB 1 - z  
_ = -  (1) 

This can be seen from the full lines of Figure 2, which refers 
to the system considered in Table 1; the dimensionless time T 
in abscissa is defined as T = tV/H,, where t is the time and I/ 
is the vapor boilup rate. However, if the actual feed composi- 
tion z’ differs from the expected nominal value z ,  the feed 
charge split calculated through Eq. 1 is not correct and only 
one product will be obtained pure. In the case of Figure 2 
(broken lines), the feed is richer in the light component than 
expected (z’ > z ) ,  so that some of the light component neces- 
sarily contaminates the bottom product; thus, an on-line ad- 
justment of the reflux drum holdup should be performed 
(Wittgens et al., 1996), which may somewhat complicate the 
operation of the column. 

As was noted by Bortolini and Guarise (1970), the inser- 
tion of a middle vessel in the column has the advantageous 
effect of “damping out” the uncertainties in the feed compo- 
sition. This can be clearly seen by the curves represented in 
Figure 3; these curves refer to the separation of a feed of 

1.0- 

T = tVIH,, 

Table 1. System Parameters and Operating Conditions Used 
in the Simulations 

z V H D  HB 
a (Nominal) (kmol/h) (krnol) (kmol) 
3 0.60 7 45 30 

composition z‘ = 0.65 with H ,  and HB as in Figure 2. The 
practical implementation of a total-reflux middle vessel strat- 
egy is indeed simple, and can be easily implemented even in 
a column designed for continuous operations (Barolo et al., 
1996). However, the main drawback of the middle vessel col- 
umn is that not all the feed can be separated and one should 
determine the minimum amount H,,,, of feed that needs 
to be charged to the feed vessel in order to separate a given 
amount (HD + HE) of pure products from a feed of nominal 
composition z such that z‘ = z + Az, where Az is the uncer- 
tainty on the feed composition. 

For the purpose of calculating H,.min, it is convenient to 
refer to the steady state to which the column moves. From a 
theoretical point of view, this steady state is reached after an 
infinite distillation time; however, it is clear (Figure 3 )  that a 
situation very close to that of the final steady state is reached 
after a limited time. Two cases can be outlined. In both of 
them, it is supposed that the amount charged to the reflux 
drum and to the reboiler meets the condition of Eq. 1. 

Case 1. Az > 0 (feed lighter than expected). 
In this case, the reflux drum contains H, kmol of pure 
light component at steady state ( x ,  = 1). However, since 
the amount of light component charged to the column is 
larger than HD, the exceeding amount ( E  kmol) of this 
component will eventually accumulate in the middle ves- 
sel, and possibly in the reboiler. Depending on the 
amount charged to the middle vessel, one of the follow- 
ing three subcases can be encountered: 

(a) E > H,: the middle vessel composition is x,  = 1, and 
the bottom product is contaminated by the light component; 

(b) E = H,: the middle vessel composition is X ,  = 1, and 
the bottom product is composed by pure heavy component 

(c) E < HIM:  the middle vessel composition is such that x,  
< 1, and the bottom product is composed by pure heavy com- 
ponent. 

(XB = 0); 

K = tVIHD 

Figure 2. Total reflux operation in a conventional batch 
column for a correct (full lines) and incorrect 
(broken lines) split of the feed charge. 

Figure 3. Composition profiles in the reflux drum, mid- 
dle vessel and reboiler for different values in 
the middle vessel holdup. 
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When 

Ho = H D  + HE (2) 

it follows that 

Subcase b refers to the minimum amount HG that needs to 
be charged to the middle vessel in order to ensure the sharp 
separation of the mixture components when an uncertainty 
A z  > 0 is expected in the feed composition. Thus, taking into 
account condition 1, Eq. 3 gives 

(4) 

Note that HG is a function of the nominal feed composition, 
the expected feed composition uncertainty, and the total 
amount of products only. 

Case 2. Az < 0 (feed heavier than expected). 
In this case, the reboiler contains HE kmol of pure heavy 
component at steady state (x, = 0). With a reasoning 
similar to that developed for the previous case, the 
amount E' of heavy component that will distribute be- 
tween the middle vessel and the reflux drum is ex- 
pressed by 

Depending on the middle vessel charge, one of the following 
three subcases can be encountered: 

(a) E' > HM : the middle vessel composition is x, = 0, and 
the top product is contaminated by the heavy component; 

(b) E' = H,: the middle vessel composition is x, = 0, and 
the top product is composed by pure light component (x, = 

(c) E' < H,: the middle vessel composition is such that 
x, > 0, and the top product is composed by pure light com- 
ponent. 

Application of the condition pertaining to subcase b leads 
to the following expression for the minimum amount H i  that 
needs to be charged to the middle vessel in order to ensure 
the sharp separation of the mixture components when an un- 
certainty Az < 0 is expected in the feed composition 

1);  

However, it should be noted that the sign of A z  is not known 
a priori. So, one should first estimate the maximum expected 
absolute uncertainty IAzmml on the feed composition (that is, 
z' = z IAzmmI), and then use Eqs. 4 and 6 to calculate the 
values of H& and H i .  Finally, the amount to be charged to 
the middle vessel will "prudentially" be chosen as H ,  = 
max{H&; H i ) .  Thus, either Subcase c (Case 1) or Subcase c 
(Case 2) will generally be met. 

Note that this result is independent of the system of rela- 
tive volatility; more generally, it is independent of the form 
of the equilibrium relationship between the light and the 

heavy components. This is due to the fact that the number of 
stages of the column has been estimated to be large enough 
for a pinch point to be found in each section of the column at 
any time. However, the relative volatility will affect the time 
needed to approach the final steady state. As for the effect of 
column holdup, the tray holdup itself has a stabilizing effect, 
as was indicated by Bortolini and Guarise (1970). This was 
also verified through simulations with a more detailed col- 
umn model. However, one should remember that more feed 
needs to be charged to the column in order to provide the 
necessary tray holdup. 

Example 
It is required to obtain Ho = 75 kmol of very pure products 

from a feed mixture of mole fraction z = 0.620.05. Accord- 
ing to Eq. 1, the feed should be split so that HD = 45 kmol 
and HE = 30 kmol are charged to the reflux drum and the 
reboiler, respectively. Since IAz,,l= 0.05, by applying Eqs. 4 
and 6 one gets: HG = 10.7 kmol and H i  = 6.8 kmol. Thus, 
the amount of feed that needs to be charged to the middle 
vessel in order to ensure the requested purity for both prod- 
ucts is H, = max{HL; H i } =  10.7 kmol. Figure 4 illustrates 
three possible situations that can be met for this value of 
H,. It is clear that if z' E [0.55; 0.651, then the desired purity 
is guaranteed in spite of the uncertainty on the actual feed 
composition; however, if z' = 0.67 is found, the bottom prod- 
uct will not be obtained pure ( E  > H,; x, = 1). 

U 

0,4[ 
0.2 1 

t 
0.0 L 

0 1 2 3  
J . l . L . I . , . , . I  

4 5 6 7 8 9 10 
T = fVlHl, 

0.0' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' d 
0 1 2  3 4 5 6 7 8 9 10 

T = tVIHD 

Figure 4. Effect of the feed charge composition on the 
attainable product purities for IfM = 10.7 kmol: 
composition profiles (a) in the reflux drum and 
reboiler and (b) in the middle vessel. 
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Conclusion 
Two products at a very high degree of purity can be simul- 

taneously obtained from batch distillation of a binary mix- 
ture, if part of the feed is charged to a middle vessel con- 
nected to the column. The column can be operated very eas- 
ily at total reflux and total reboil. Practical guidelines for the 
choice of the amount of feed that need to be charged to the 
middle vessel have been provided. The engineering signifi- 
cance of the proposed method has been illustrated through a 
numerical example. 
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