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Time requirements in closed and open batch distillation arrangements for 
separation of a binary mixture
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Batch time requirements are provided for the separation of binary zeotropic mixtures in two different multivessel 
columns (with and without vapor bypass), a non-cyclic two-vessel column and a regular batch column based on 
dynamic simulations. The fi rst three columns are operated as closed (total refl ux) systems and the regular batch 
column is operated as an open (partial refl ux) system. We analyze the effects of feed composition, relative volatility 
and product specifi cation on the time requirements. The multivessel arrangements perform better than the regular 
batch column, which requires from 4.00 to 34.67% more time to complete a given separation. The elimination of 
the vapor bypass in the multivessel column is impractical though it has a positive effect on the batch time require-
ments. Thus, the multivessel column, with the vapor stream bypassing the intermediate vessel, is proposed as the 
best candidate for a binary zeotropic mixture with low concentration of light component, low relative volatility and 
high product purity demand. Furthermore, an experimental multivessel column with vapor bypass is built and the 
corresponding experiments verify the simulations.
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INTRODUCTION

The regular batch column operated as an open system 
(with continuous product withdrawal) is widely used 
in the fi ne and specialty chemical and pharmaceutical 
industries, as shown in Figure 1(a). The feed is charged 
to the reboiler and the products are taken from the top 
of the column sequentially one after the other during a 
rectifi cation process. Moreover, in the past two decades, 
batch distillation has aroused increasing interest because 
of its own advantages such as simplicity of operation, 
fl exibility, less capital investment, etc. With an increasing 
demand for high quality products and fl exible plants, the 
researches of batch distillation have mainly focused on 
non-conventional operation modes, such as closed (total 
refl ux) operations, and novel batch column confi gura-
tions, like inverted column1–3, middle-vessel column4–13 

and multivessel column. 
The closed operation is one of the promising modes 

of batch distillation, which has several main advanta-
ges over the conventional partial refl ux modes such as 
achieving the maximum fractionating capacity, easier 
operational control and less disturbances to product 
quality and yield from the practical point of view14, 15. 
In addition, closed operation modes are preferable in 
terms of separation time or energy requirements16–20. 
The non-cyclic two-vessel column, shown in Figure 1(b), 
is a simple confi guration of the closed operation, which 
means that there is no distillate or bottom stream out 
from the column and the fi nal products are accumula-
ted in the condenser vessel and the reboiler when the 
specifi cations are satisfi ed21, 22. 

Multivessel column, as a novel batch distillation con-
fi guration, can be viewed as a generalization of previo-
usly proposed batch distillation schemes, including the 
inverted column and the middle-vessel column. With n 
vessels along the column including a reboiler, a conden-
ser vessel, and n-2 intermediate vessels, it is possible to 
obtain n pure products in the multivessel column in a 
single batch. In most cases, the term is used for processes 

with at least four product vessels including the reboiler 
and the distillate receiver. Moreover, the main reason 
for using the arrangement is that it usually requires less 
energy or shorter batch time for a given heat input than 
a regular batch distillation column23–31. 

To the best of our knowledge, there is still no result 
for separating a binary zeotropic mixture by the multi-
vessel column. In this paper, it is the fi rst time to use 
the multivessel column to separate a binary zeotropic 
mixture. For designing the multivessel column, two 
confi gurations are developed. One is the conventional 
multivessel column, in which the vapor stream from the 
lower section bypasses the intermediate vessel and enters 
the upper section, as shown in Figure 1(c). The other is 
the modifi ed multivessel column, where both the liquid 
and the vapor streams enter the intermediate vessel, 
as illustrated in Figure 1(d). Furthermore, we compare 
the two different multivessel column confi gurations with 
the non-cyclic two-vessel column and the regular batch 
column in terms of time requirements for the separation 
of a binary zeotropic mixture. Two multivessel columns 
and the non-cyclic two-vessel column are carried out in 
closed mode, and the regular batch column is operated 
under constant refl ux ratio. Meanwhile, the effect of feed 
composition, relative volatility and product specifi cation 
on the time requirements is also studied based on dy-
namic simulations of the processes. A laboratory-scale 
multivessel column with the vapor stream bypassing the 
intermediate vessel is built, and then the corresponding 
experiments verify the simulations. 

New Operation Process
As one of the most promising new batch column 

confi gurations, the multivessel column is capable of se-
parating a dual composition mixture with constant total 
refl ux. The operation mode of the multivessel column 
confi gurations for separating a binary zeotropic mixture 
is illustrated in Figures 1(c) and 1(d). 
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There are 3 vessels which can be connected to or 
isolated from the column by adjusting valves in the sys-
tem. Moreover, for each vessel, a corresponding liquid 
level controller is designed. The Vessel 1 (refl ux drum) 
is connected to the condenser as the product receiver. 
At the beginning of the operation, all the vessels are 
connected to the column and fi lled with a specifi ed 
amount of feed charge. The total refl ux operation starts 
and goes on until the holdup in the top drum reaches 
its on-specifi cation composition for the fi rst time. At this 
moment, all of the fi lled vessels are isolated from the 
column, the liquid in Vessel 1 is drained away as the top 
product and the holdups in other 2 vessels are moved 
upwards in turn through switching the pumps and valves 
in the pipelines. Consequently, the present holdups in 
Vessel 1 and Vessel 2 are the previous holdups in Vessel 
2 and Vessel 3 respectively, while Vessel 3 is empty at 
present and will not be connected to the column any 
more. Then, the remaining fi lled vessels (Vessel 1 and 
Vessel 2) are connected to the column and the system 
repeats the total refl ux operation. When the concentra-
tion in Vessel 1 reaches its qualifi cation for the second 
time, the remaining two vessels are isolated from the 
system, the liquid in Vessel 1 is still drained away as 
the top product and the holdup in Vessel 2 is shifted 
to Vessel 1. And then, the column with only one vessel 
(Vessel 1) is operated under total refl ux once again. 
The holdup in Vessel 1 is discharged as product after 
its concentration meets the requirement for the third 
time. The whole operation process is carried out with 3 
total refl ux operations until the holdups in all the vessels 
are drained away as the top satisfactory product. The 
number of vessels connected to the column is reduced 
by one after each closed operation. Hence, the constant 
total refl ux operation is characterized by retaining infi -
nite refl ux ratio and gradually reducing the number of 
vessels connected to the column during the whole batch 
operation. Moreover, it is well known that the total refl ux 
mode can achieve the maximum fractionating capacity. 
Therefore, the novel operation mode has the higher 
effi ciency than the partial refl ux mode. 

SIMULATIONS

The mathematical models
The mathematical models used in our simulations 

consist of material balances, vapor-liquid equilibriums, 
and summation equations. Before proceeding, we present 
some simplifying assumptions as follows: (1) constant 
molar vapor fl ows (in which energy balance is neglected); 
(2) constant molar liquid holdup on all stages (in which 
liquid fl ow dynamics are neglected); (3) constant relative 
volatility; (4) negligible vapor holdup; (5) perfect mixing 
and equilibrium in all stages and in all vessels; (6) constant 
pressure; (7) constant tray effi ciency (100%); (8) total 
condensation without sub-cooling. Then, the models of 
the conventional and modifi ed multivessel column are 
obtained. These assumptions are introduced to simplify 
the model, and similar results can be obtained when the 
assumptions are relaxed.

The model of the conventional multivessel column
The conventional multivessel column is modeled as 

a stack of stages (counted from the top) as shown in 
Figure 2. Index i denotes the stages (including the 
theoretical stages and the vessels), and index j denotes 
the components. Note that the vapor fl ow V does not 
pass through the intermediate vessels, so these are not 
counted as part of the theoretical stages. Hence, the 
material balances can be written as follows:

The top vessel (i = 1)

 (1)

Column stage i away from the intermediate vessels

 (2)

As shown in Figure 2(a), when the intermediate vessel 
i is connected to column, the material balance equation 
for column stage i-1 above the intermediate vessel i is

 (3)
For intermediate vessel i, the material balance equ-

ation is

 (4)

Figure 1. (a) Regular batch column; (b) non-cyclic two-vessel column; (c) conventional multivessel column with vapor bypass; (d) 
modifi ed multivessel column without vapor bypass
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Note that unlike the conventional multivessel column, 
both of the vapor fl ow V and liquid fl ow L pass through 
the intermediate vessels, so these should be counted as 
part of the theoretical stages having larger holdup. Thus, 
the material balances can be written as follows:

The top vessel (i = 1)

 (11)

Column stage i away from the intermediate vessels

 (12)

As shown in Figure 3(a), when the intermediate vessel 
i is connected to column, the material balance equation 
for the intermediate vessel i is given by

 (13)

As shown in Figure 3(b), when the intermediate vessel 
i is isolated from column, the material balance equation 
for column stage i-1 above the intermediate vessel i is 
rewritten as

 (14)

Column stage i+1 under the intermediate vessel i, the 
material balance equation is

 (15)

For the reboiler ( ), the corresponding balance 
equation is given by

  (16)

Therefore, we obtain the material balance equations 
of the modifi ed multivessel column which consist of Eqs. 
(11)–(16). Moreover, the vapor-liquid equilibrium equ-
ation and the summation equation are the same as those 
in the model of the conventional multivessel column. 

The dynamic mathematical model of the multivessel 
column takes the form of a set of differential and algebraic 
equations (DAE system) with a total of   
state variables, where nC is the number of components, 
nN  is the total number of stages in the column sections 
and nV is the number of vessels (two for the regular co-
lumn and the non-cyclic two-vessel column, and four for 
the multivessel confi gurations). In addition, the simple 
models for the regular batch column under constant 
refl ux and the non-cyclic two-vessel column under total 
refl ux are taken from Mujtaba32.

The DAE system is implemented by using the MATLAB 
software with Runge-Kutta integral method. Furthermore, 
the solver ODE45 in MATLAB software is proved to be 
very effi cient in initializing the simulations in all cases 
and no problems are experienced on this issue.

Simulation aspects
Batch time comparisons are provided for the sepa-

ration of a binary zeotropic system. Specifi cations for 
four batch column confi gurations are shown in Table 1. 
The initial value of purity in each column is the same 
as the feed concentration. The batch time calculations 
do not include charging of the column and heating up 
the column and feed mixture to the boiling temperature. 

For column stage i+1 under the intermediate vessel 
i, the material balance equation is

 
 
 (5)

As shown in Figure 2(b), when the intermediate vessel 
i is isolated from column, the material balance equation 
for column stage i-1 above the intermediate vessel i is

  (6)

For column stage i+1 under the intermediate vessel 
i, the material balance equation is

 (7)

For the reboiler ( ), the corresponding balance 
equation is given by

 (8)

The material balance equations of the conventional 
multivessel column consist of Eqs. (1)–(8). The additional 
relations for solving the model equations are as follows:

The vapor-liquid equilibrium

 (9)

The summation equation

 (10)

The model of the modifi ed multivessel column
The modifi ed multivessel column is designed as a stack 

of stages (counted from the top) as shown in Figure 3. 
Index i denotes the stages (including the theoretical stages 
and the vessels), and index j denotes the components. 

Figure 2. Vapor and liquid fl ow state in the conventional 
multivessel column and vessels (a) the ith vessel con-
nected to column; (b) the ith vessel moved upwards

Figure 3. Vapor and liquid fl ow state in the modifi ed multives-
sel column and vessels (a) the ith vessel connected 
to column; (b) the ith vessel moved upwards
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requirement and the product recovery in the vessels 
reaches 75%. 

The effect of liquid holdup on the column stages in 
the separation times is not addressed in this study. All 
column confi gurations have constant and very small liquid 
holdup negligible compared to the initial feed (1.5% 
of the charge). In practice, this means that almost all 
the initial charge is recovered in the vessels at the end 
of the process. It also means that the dynamics inside 
the column sections are negligible compared to that in 
the vessels and the change of the light component con-
centration in each vessel is almost instantaneous. Note 
that the dynamics inside the column sections mean the 
dynamic changes of vapor phase composition and liquid 
phase composition on each stage in the column.

SIMULATION RESULTS AND DISCUSSION

Conventional multivessel column versus regular batch 
column and non-cyclic two-vessel column

  From the batch time comparisons in Table 2, it is clear 
that when feed composition (xF) is less than 0.5, the co-

These are considered to be the same for both of the mul-
tivessel column confi gurations, the non-cyclic two-vessel 
column and the regular batch column. Especially, the 
time to spend in shifting the holdup from lower vessel 
to the upper vessel is also neglected in simulations of 
the multivessel column confi gurations. During the closed 
operation period, the reflux flow rate has a constant value 
which is the same as the vapor flow rate. As a result, the 
holdups in all the vessels and in the reboiler are constant 
as their predetermined values throughout the closed 
operation process. By considering the amount of feed, 
feed composition and product specifi cations (including 
the recovery and the purity of the product), the holdup 
of each vessel in both of the multivessel confi gurations 
can be calculated in advance. The values of the refl ux 
ratio in regular ba  tch column are determined in order 
to satisfy the product recovery and the product purity 
simultaneously. The liquid rate in the open operation 
also has a constant value which is determined by the 
vapor flow rate and refl ux ratio. In addition, it should 
be noted that in practice, the simulations are carried out 
until some criterions are met, e.g. the light component 
concentration in each vessel fulfi lls the product purity 

Table 1. Column data

Table 2. Batch time calculations of different column confi gurations for different operating conditions
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nventional multivessel column needs less operation time 
and provides higher separation effi ciency than the regular 
batch column and the non-cyclic two-vessel column. As 
shown in Figure 4, when xF is 0.15 and relative volati-
lity (α) is 1.5, compared with the regular batch column 
and the non-cyclic two-vessel column, the conventional 
multivessel column saves the batch time by 34.67% and 
9.21%, respectively. Meanwhile, it is important to note 
that in order to simultaneously satisfy the product reco-
very (Rec = 75%) and the product purity (xP = 0.999), 
the regular batch column has to adopt a very high refl ux 
ratio (R = 46.0) under this operating condition. More-
over, w  ith the decrease of feed composition and relative 
volatility, the conventional multivessel column saves more 
operation time compared to the regular batch column. 
It means that the feed condition has direct infl uence on 
the batch time requirements. 

light component, low relative volatility and high product 
purity demand.

Conventional multivessel column versus modifi ed mul-
tivessel column

From Table 3, it can be seen that the elimination of the 
vapor bypass in the multivessel column has a signifi cant 
effect in the batch time requirements. The modifi ed 
multivessel column requires from 1.18 to 18.33% less 
time than the conventional multivessel column, when 
the xF is less than 0.5. Moreover, with the decrease of 
feed composition and relative volatility, the modifi ed 
multivessel column saves more operation time compa-
red to the conventional multivessel column. It is also 
clear that both of the multivessel confi gurations require 
more operation time with the increase of the product 
purity under the certain feed condition. Nevertheless, 
the differences between time requirements of the two 
multivessel columns decrease with t  he increase of the 
product purity, when xF is 0.15 and α is less than 2.5. 
This indicates that the batch time requirement exhibits a 
strong dependence on the separation condition, including 
the feed condition and the product quality demand. 

In addition, when xF is more than 0.5, the batch time 
of the modifi ed multivessel column is longer than that 
of the conventional multivessel column. It shows that 
the modifi ed multivessel column does not always display 
superiority over the conventional multivessel column, 
which further verifi es that the multivessel column is more 
suitable for a binary system with low concentration of 
light component and low relative volatility. 

The signifi cant differences between the two different 
multivessel arrangements should be attributed to the 
large holdups in the two intermediate vessels of the mo-
difi ed multive  ssel column compared to the conventional 
column. However, the intermediate vessels should not be 
considered simply as equilibrium stages. The dynamics 
in the intermediate vessels play a decisive role in the 
separation time requirements due to the larger holdups 
in the two intermediate vessels compared to the stages 
inside the column.

Figure 5 illustrates what is happening in the vessels of 
the multivessel columns during the process, when xF is 
0.15, α is 1.5 and xP is 0.99. Figures 5(a) and 5(b) show 
the composition dynamics of the light component in each 
vessel for the conventional multivessel column and the 
modifi ed multivessel column, respectively. From Figure 5, 
it is shown that the operation process of the conventional 
multivessel column is greatly delayed, due to the vapor 
bypass from the lower section to the upper section of 
the column. Furthermore, we can believe that the light 
component in the intermediate vessels is depleted in a 
slow rate because there is no vapor stream coming in 
contact with the liquid holdup in it. This disadvantage of 
the conventional multivessel column is removed in the 
so-called modifi ed multivessel column, where the vapor 
stream from the lower section enters the intermediate 
vessels. The elimination of the vapor bypass enhances 
the composition dynamics in the intermediate vessels, 
thus the process becomes faster. However, it is obvious 
that the elimination of the vapor bypass has negligible 
effect in the composition dynamics of the light com-
ponent in the reboiler. It is reasonable that since the 

Figure 4. Top concentration profile of different column con-
fi gurations (xF = 0.15, α = 1.5, xP = 0.999)

It is easy to fi nd that the time requirements in all the 
batch distillation arrangements increase with the augment 
of the product purity under the certain feed condition in 
Table 2. Furthermore, the differences between the time 
requirements of the conventional multivessel column and 
the regular batch column increase with the augment of 
the product purity, when xF is 0.15 and α is less than 2. 
This indicates that the conventional multivessel column 
is more suitable for separation of a binary mixture that 
is hard to be separated. 

However, it can be observed in Table 2 that when xF 
is more than 0.5 or α is more than 3.0, the operation 
time of the regular batch column is less than that of 
the conventional multivessel column. It means that the 
multivessel column is not always advantageous.

The above simulation results illustrate that the multi-
vessel confi guration has the following advantages. First, 
compared to the open batch column depending on the 
partial reflux policy, the multivessel column has lower 
time requirements and higher separation efficiency for 
obtaining the desired product. Second, the multivessel 
column is more reasonable and efficient compared to 
the non-cyclic two-vessel column. Third, the novel closed 
batch distillation arrangement is more suitable for a 
binary zeotropic system that is diffi cult to be separated, 
such as separation of a mixture with low concentration of 
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vapor fl ow out from the reboiler vessel, the liquid fl ow 
into the reboiler remain almost unchanged in the two 
multivessel confi gurations. 

In general, the elimination of the vapor bypass in the 
multivessel column improves the dynamics in the vessels 
for separation of a mixture with low concentration of light 
component and low relative volatility. However, such a 
modifi cation can give rise to practical problems and is 
mostly of theoretical interest, at least for the mixtures 
studied here. Thus, the conventional multivessel column, 
with the vapor stream bypassing the intermediate ves-

sel, is proposed as the best candidate for separation of 
a binary zeotropic mixture.

THE EXPERIMENTAL SECTION

Experimental apparatus and procedure
The laboratory-scale multivessel column with the vapor 

stream bypassing the intermediate vessel used to verify 
the proposed operation strategy is shown in Figure 6. 
It consists of a 1 L reboiler, a condenser, three packed 

Figure 5. Concentration of the light component in each vessel for two different multivessel columns (a) Conventional multivessel 
column; (b) Modifi ed multivessel column

Table 3. Batch time calculations of two multivessel column confi gurations for different operating conditions
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column sections of 8 theoretical trays and an inner dia-
meter of 30 mm, a product receiver, three liquid traps 
and three vessels with a maximum holdup of 60 mL. 
Each column section is packed with φ3×3 mm Dixon 
rings, and the height of each packed layer is 0.5 m. 

The initial liquid mixture is fed in along the column and 
vessels into the reboiler in order to make the concentra-
tion uniform, which approximately fulfi lls the assumption 
that the initial concentration everywhere in the system 
is the same. As the total refl ux operation proceeds, the 
concentration of holdup in top vessel reaches the specifi ed 
value. At this time, all of the vessels are isolated from 
the column, and the liquid in top vessel is drained away 
as the product. The holdups in other 2 vessels are moved 
upwards in turn. Then, the remaining fi lled vessels are 
connected to the column and the system repeats above-
-mentioned operations until the holdups in all vessels 

Figure 6. Scheme for the experimental setup (1 – thermocouple; 
2 – liquid trap; 3 – condensor; 4 – electromagnet; 
5 – product receiver; 6 – vessel; 7 – packed column 
section; 8 – pressuremeter; 9 – reboiler; 10 – heater)

Table 4. Experimental conditions and results

reach desired composition. During the experimental 
process, the new operation mode is easy to be operated, 
the reason of which is that the column is always run 
under constant total refl ux. The experiment with regular 
batch column is conducted in the same column without 
vessels and distillate is collected in the product receiver, 
so the parameters of column are all same.

Experimental results and discussion
Two binary chemical systems, either of which is fairly 

ideal, methanol-ethanol and ethanol- 1-propanol, are 
studied in the experiment. Sample composition analysis 
is performed off-line by using an Agilent 6890N Gas 
Chromatography equipped with an Agilent J&W HP-
-FFAP capillary column (30 m × 0.53 mm × 1 μm) and 
a Flame Ionization Detector (FID). The operation time 
to obtain the same amount of product with specifi cation 
purity is set as the comparing parameter to evaluate 
the performances of different operations. Before the 
experiments are carried out, the regular batch distillation 
process is simulated to optimize the refl ux ratio. 

The experimental specifications and the results are 
shown in Table 4. It is easy to fi nd out that the mul-
tivessel column has obvious advantage in saving time. 
Compared to the regular batch column, the reduction of 
operation time for the separation of methanol-ethanol 
and ethanol-1-propanol is approximately 28.46% and 
27.08%, respectively. The top concentration profi le with 
time of the multivessel column and regular batch column 
for separation of two mixtures is presented in Figure 5. 
It demonstrates that the total refl ux operation time for 
the fi rst vessel is longer than that for the constant fi nite 
refl ux operation. The result can be explained in terms 
of the negative effect of the liquid holdups in three ves-
sels. With the higher amount of total holdup in column 
and vessels, the product concentration in the top vessel 
increases more slowly and requires more time to reach 
the specifi cation value. 

It is well known that the total refl ux operation has the 
maximum fractionating capacity for the column with the 
same number of theoretical trays, while regular batch 
distillation under the refl ux ratio of a constant value 
does not make full use of the separation ability of the 
packed column. As a result, the multivessel column shows 
great superiority under the same operating conditions 
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Figure 7. The top concentration profi le with time of different 
column confi gurations (a) methanol and ethanol; (b) 
ethanol and 1-propanol

such as feed concentration, product concentration and 
relative volatility, etc. 

The experiments show good agreement with the 
simulations, and confi rm that the multivessel column 
with constant total refl ux using in separation of binary 
system is easier to operate and provides new potential 
for the improvement of batch distillation.

CONCLUSIONS

In this paper, the multivessel column is proposed to 
separate a binary zeotropic mixture. For designing the 
multivessel column, two different confi gurations are de-
veloped. One is the conventional multivessel column with 
vapor bypass, and the other is the modifi ed multivessel 
column without vapor bypass. By using the mechanical 
modeling technique the relative mathematic models are 
set up for dynami  c simulations in MATLAB software.

Then, we present batch time requirements for the 
separation of binary zeotropic mixtures in two different 
multivessel columns, a non-cyclic two-vessel column and a 
regular batch column based on dynamic simulations. The 
fi rst three columns are operated under total refl ux and the 
regular batch column is operated under constant refl ux 
ratio. The results show   that multivessel confi guration, 
either conventional or modifi ed, has greater potential to 
save operation time than traditional confi gurations like 
the regular batch column and the non-cyclic two-vessel 
column, when a system is diffi cult to be separated. The 

modifi ed multivessel column requires much less time 
than the conventional one, because the elimination of 
the vapor bypass improves the composition dynamics 
in the intermediate vessels. However, practical issues 
  make the idea of eliminating the vapor bypass in the 
multivessel column confi guration unattractive. Thus, the 
multivessel column with vapor bypass is recommended 
for the separation of a binary zeotropic system that is 
diffi cult to be separated.

Finally, a laboratory-scale multivessel column with 
the vapor stream bypassing the intermediate vessel is 
built. Two binary zeotropic systems, methanol-ethanol 
and ethanol-1-propanol, are studied in the experiment. 
The corresponding experiments confi rm that the mul-
tivessel column with vapor bypass is feasible and easy 
to implement and operate, and it is of great practical 
importance in the pharmaceutical, fi ne and specialty 
chemicals industries.

NOMENCLATURE

α – Relative volatility
F – Initial feed, mol
Hi – Holdup on the ith stage, mol
HT – Holdup in the top vessel of the non-cyclic 
   two-vessel column, mol
HV – Holdup in each vessel of the multivessel column, 
   mol
HB – Holdup in the reboiler of the multivessel column, 
   mol
L – Liquid fl ow, mol/min
Li – Liquid fl ow leaving the ith stage, mol/min
nC – Number of components
nN – Number of total stages
nV – Number of vessels
N1 – Theoretical stage number of the section 1 in the 
   multivessel column
N2 – Theoretical stage number of the section 2 in the 
   multivessel column
N3 – Theoretical stage number of the section 3 in the 
   multivessel column
Ntotal – Total number of theoretical stage
R – Refl ux ratio
Rec – Product recovery
V – Vapor fl ow, mol/min
Vi – Vapor fl ow leaving the ith stage, mol/min
xi,j – Liquid concentration of the jth component leaving 
   the ith stage, mole fraction
xF – Initial feed composition
xp – Product purity
xV1 – Concentration of light component in Vessel 1
xV2 – Concentration of light component in Vessel 2
xV3 – Concentration of light component in Vessel 3
xBot – Concentration of light component in the reboiler
yi,j – Vapor concentration of the jth component leaving 
   the ith stage, mole fraction
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