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Abstract−−−−Based on the assumption of adiabatic equilibrium stages, a rigorous calculation procedure applicable to
a multicomponent batch distillation with a distillate receiver under total reflux condition was developed. Provided that
the operating conditions including the desired product purity of the most volatile component in the receiver are
specified, the proposed model estimates the volume of the distillate receiver, changes in compositions in the receiver
and still, concentration profiles of the column, and the batch time required to complete the separation. In order to test
the validity of the proposed model, experimental data for the separation of acetone-methanol-2-propanol mixture using
a 10 cm I.D. column having six theoretical stages were compared with the simulation results for the two cases when
the distillate receiver is initially empty and initially full.
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 INTRODUCTION

Batch distillation is the most widely used method of separating
liquid mixtures in the batch processing industry. The flexibility in
operation and the lower costs for the separation of relatively pure
components are the advantages of batch distillation over continu-
ous distillation. Moreover, the recent increase in the production of
high added value, low volume specialty chemicals and biochemi-
cals has created an additional interest in batch distillation.

There are two basic modes of operating a batch distillation col-
umn: (1) constant reflux and variable product composition, and (2)
variable reflux and constant product composition. The behavior of
these conventional columns can be analyzed either by rigorous stage-
by-stage calculation methods [Meadows, 1963; Distefano, 1968;
Boston et al., 1981; Choe and Luyben, 1987; Jang, 1993] or by short-
cut methods [Farhat et al., 1990; Salomone et al., 1997; Lotter and
Diwekar, 1997; Diwekar and Madhavan, 1991; Sundaram and Evans,
1993] assuming negligible holdups and constant molar overflows.
Meadows [1963] developed the first rigorous multicomponent batch
distillation model, based on the assumptions of adiabatic equilib-
rium stages and constant molar liquid holdups for stages and con-
denser. Distefano [1968] extended the model and developed a com-
puter-based method for solving a set of differential mass and en-
ergy balance equations. Distefano’s work forms the basis for almost
all of the later work on rigorous modeling of batch distillation col-
umns. Diwekar and Madhavan [1991] presented shortcut methods
for the multicomponent batch distillation operation for the two cases
of constant reflux and constant distillate composition. Sundaram
and Evans [1993] also performed a simulation of the multicompo-
nent batch distillation operations at constant reflux. Treating batch
distillation as a sequence of continuous distillation, they calculated
the vapor and liquid compositions at successive time steps using
the Fenske-Underwood-Gilliland shortcut procedure for continu-
ous distillation. Seader [1988] presented an excellent review of mod-

eling of batch distillation columns.
Another mode of operating a batch distillation column under to

reflux condition was proposed by Treybal [1970]. A convention
apparatus with distillate receiver as depicted in Fig. 1 is used in
mode of operation. The equipment set-up has provision for t
reflux. The batch charge is introduced into the still and the leve

Fig. 1. Batch distillation column with a distillate receiver under
total reflux conditions.
(a) total condenser, (b) distillate receiver, (c) still, (d) column,
(e) reflux line
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the overflow reflux line adjusted for the distillate receiver to hold a
correct amount of distillate. Heat is then supplied and the distilla-
tion proceeds until the liquid in the distillate receiver becomes pro-
gressively richer in the light component reaching the desired com-
position. The operation can be performed with the distillate receiver
either initially empty or filled-up with the original batch charge. The
advantages of this operating mode are: (i) simplified equipment set-
up because of no reflux control, and (ii) no influence by the varia-
tion in the heating rate on either the yield or the quality of the prod-
ucts. Moreover, since the column operates under total reflux condi-
tion, it operates at its maximum distillation capacity and fewer stages
are required in comparison to the other mode of operation under
finite reflux ratio. Applying this technique for separating a binary
mixture, Treybal reported a shortcut calculation method for the dy-
namics of a binary column.

For the purpose of extending Treybal’s mode of operation for a
binary mixture to a multicomponent system, Kim and Ju [1999]
proposed recently a shortcut calculation procedure assuming con-
stant molar overflow, constant relative volatilities and negligible hold-
ups. Comparing the simulation results with the experimental data
obtained in the separation of a ternary mixture of benzene, toluene,
and o-xylene, the authors proved the usefulness of the shortcut meth-
od for separating an ideal or nearly ideal multicomponent mixture
using Treybal’s mode of operation.

The objective of this study is to develop a rigorous calculation
procedure for a batch distillation operation with a distillate receiver,
which is applicable to separating a nonideal multicomponent mix-
ture. Under the specification of the desired product concentration
of the lightest component in the distillate receiver, the calculation
procedure for determining the characteristics of the operation such
as the volume of the distillate receiver, the variation of compositions
in the distillate receiver and the still, and the stagewise concentra-
tion profiles are to be presented for two cases of startup policies of
the distillate receiver. The validity of the proposed method is con-
firmed by comparing the theoretical concentration profiles with ex-
perimental results obtained for acetone-methanol-2-propanol system.

ANALYSIS OF THE SYSTEM

1. Assumptions
W0 mol of a multicomponent mixture, composed of n compo-

nents 1, 2, …, n in the order of decreasing volatility, are to be dis-
tilled in a batch column of N+1 theoretical stages including the still
as sketched in Fig. 1. Initial feed compositions are x0

Wi. The dynam-
ic behavior of the column with a distillate receiver which operates
under total reflux mode can be analyzed by using the following as-
sumptions: (i) There are adiabatic equilibrium stages; (ii) there is
same volume of liquid holdup on each plate; (iii) vapor holdup is
negligible, and (iv) contents of the still and distillate receiver are
well mixed.
2. Maximum Distillate Concentration of the Lightest Com-
ponent (xD1

max)
In order to perform a batch distillation operation with distillate

receiver under total reflux condition, it is essential to find out the
amount of the overhead product in advance of the startup of the op-
eration since the level of the overflow reflux line must be adjusted
so that the distillate receiver will contain the correct amount of the

distillate during the operation. The amount of the distillate prod
depends primarily upon its purity. Prior to specifying the produ
purity, it is necessary to examine the maximum product concen
tion obtainable by using the equipment at hand. Since the m
mum distillate concentration of the lightest component ( )
the steady-state concentration attainable under total reflux co
tion without distillate receiver (D=0), it is calculable by using th
fol- lowing equations.

Component balances for still (n equations):

L1(x1i−xWi)−VW(yWi−xWi)=0 i=1, 2, …, n (1)

Component balances for column stages (nN equations):

Vj−1yj−1i+Lj+1xj+1i−Vjyji−Ljxji=0 i=1, 2, …, n j=1, 2, …, N (2)

Overall component balances (n equations):

i=1, 2, …, n (3)

Enthalpy balance for still (1 equation):

VWHW−L1h1−QR=0 (4)

Enthalpy balances for column stages (N equations):

Vj−1Hj−1+Lj+1hj+1−VjHj−Ljhj=0 j=1, 2, …, N (5)

Flow rate identities for total reflux condition (N+1 equations):

Lj=Vj−1 j=1, 2, …, N+1 (6)

Concentration identities for total reflux condition [n(N+1) equ
tions]:

yj−1i=xji i=1, 2, …, n j=1, 2, …, N+1 (7)

Condition for maximum concentration (1 equation):

D=0 (8)

Eqs. (1)-(8) constitute a system of algebraic equations. The 
number of equations is (2nN+3n+2N+3). In these equations, 
ues of W0, x0

Wi, N and QR will be known since they are operating
conditions. Since Hj, hj and Uj can be estimated from the literatur
correlations by using the composition, temperature and pres
for each stage, then the number of unknown variables, distrib
as follows, is equal to the number of equations.

xDi n
xji and yji 2nN

xWi and yWi 2n
Vj N+1
Lj N+1
D 1

2nN+3n+2N+3

Hence Eqs. (1)-(8) can be solved by using an iterative solution 
cedure such as the Newton method. Value of xD1 obtained in this
manner is the maximum distillate concentration ( ). But if o
desires this value as a distillate concentration, the volume of the
tillate accumulated in the receiver will be null. Therefore, the des
product concentration ( ) must be specified somewhat lower v
than  in order to obtain definite volume of distillate product.

xD1
max

W0xWi
0

 − Ujxji  − W0
 − Uj  − D

j = 1

N

∑
 
 
 

xWi − DxDi  = 0
j = 1

N

∑

xD1
max

xD1
F

xD1
max
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3. Volume of the Distillate Receiver Corresponding to xFD1

The volume of the distillate product, or the volume of the dis-
tillate receiver (D mol) corresponding to a specified xF

D1 can be de-
termined by solving once again the set of equations in the previous
section. But in this case, Eq. (8) must be replaced by

xD1=xF
D1 (9)

4. Operation with a Distillate Receiver Initially Empty
4-1. Analysis of the Regime for Rayleigh Distillation

Suppose initially the distillate receiver is empty. Then some time
will be required to condense D mol of vapor to fill the receiver. Dur-
ing this time, there will be no reflux and the system undergoes a
Rayleigh distillation. The changes in compositions and the variations
of the amounts of the liquid in the distillate receiver and the still
during this period can be estimated by the following equations.

Component material balances for the still (n equations):

i=1, 2, …, n (10)

Component material balances for the distillate receiver (n equa-
tions):

i=1, 2, …, n (11)

There are 2n equations in 2n variables (wi, di i=1, 2, …, n). An IMSL
library routine such as IVPAG can be used to solve Eqs. (10) and
(11) simultaneously using the following initial values:

w0
i=W0x0

Wi (12)

d0
i=0 (13)

The IVPAG routine solves an initial-value problem for first-order
ordinary differential equations using the implicit Adams-Moulton
method or Gear’s BDF method. Then the volume and the compo-
sition of the distillate receiver and the still at any instant are deter-
mined by the relations

(14)

(15)

and (16)

(17)

During the calculation, the values of yWi and VW in Eqs. (10) and
(11) are renewed at every time step (∆t=0.01 min in this study) since
the composition of the mixture in the still, xWi varies continuously
resulting in the variation of the latent heat of vaporization of the
mixture. VW is estimated from the division of the heating rate to the
still by the latent heat of the mixture in the still, and yWi is deter-
mined through the bubble point calculation of the mixture in the
still. Since the contents of the distillate receiver increase continu-
ously during Rayleigh distillation, the calculation is repeated until
the volume of the receiver, DR obtained by Eq. (14) grows to D.
Multiplying the time increment ∆t by this number of repetitions,

one can estimate the time required for Rayleigh distillation.
4-2. Analysis of the Operation under Total Reflux

As the amount of the distillate in the receiver just becomes
mol by Rayleigh distillation, reflux runs down the column at th
same molar rate as vapor boils up. From now on, the operatio
conducted under total reflux mode. The dynamic behavior of 
system can be described by using the following equations.

Component material balances for the distillate receiver, colu
stages, and still:

i=1 to n (18)

i=1 to n, j=1 to N (19)

i=1 to n (20)

Enthalpy balances for distillate receiver, adiabatic column sta
and still:

(21)

j=1 to N (22)

(23)

Phase equilibrium relations on column stages and in the still:

yji=Kjixji i=1 to n, j=0 to N (24)

Mole fraction summations at column stages and in the still:

j=0 to N (25)

Molar holdups on the column stages:

Uj=Gjρj j=1 to N (26)

where Gj and ρj are the volume of the liquid holdup and the mol
density of the liquid for j-th plate, respectively. Eqs. (18)-(26) co
stitute an initial value problem for a system of ordinary differen
and algebraic equations. In this work, IVPAG routine was use
solve the set of equations at each time step. The initial stage c
positions were taken by assuming linear variation between the c
positions of the distillate receiver and the still at the end of R
leigh distillation. K-values, vapor and liquid enthalpies, and liqu
densities were estimated from Soave-Redlich-Kwong equatio
state using the calculated values of stage compositions and tem
atures. As the time step increases, the composition of the lig
component in the distillate receiver (xD1) varies continuously toward
its ultimate value of xFD1. Counting the number of time steps, on
can estimate the distillation time required for total reflux operatio
5. Operation Using the Distillate Receiver Initially Full

An alternate procedure is to start the operation with the distil
receiver full of the same liquid as the initial charge. In this pro
dure, there exists no region for Rayleigh distillation and the ope
tion is carried out entirely under the condition of total reflux. Ana
ysis of this mode of operation is analogous to that of operation w

dwi

dt
-------- = − VWyWi

ddi

dt
-------  = VWyWi

DR = di
i = 1

n

∑

xDi = 
di

DR

------

WR = wi
i = 1

n

∑

xWi = 
wi

WR

-------

dxDi

dt
---------  = 

VN

D
------ yNi − xDi( )

dxj i

dt
--------  = 

1
Uj

----- V j − 1y j − 1i + L j + 1x j + 1i − V jy ji − L jxji[ ]

dxWi

dt
----------  = 

1
W
----- L1 x1i − xWi( )  − VW yWi− xWi( )[ ]

d DhD( )
dt

----------------- = VNHN − LDhD − QC

d Ujhj( )
dt

----------------- = V j − 1Hj − 1+ L j + 1hj + 1 − V jHj  − L jhj

d WhW( )
dt

------------------- = QR + L1h1− VWHW

yji  = 1
i = 1

n

∑
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the receiver initially empty. Eqs. (18)-(26) are applied once again
using x0Di and x0Wi for the initial compositions of the receiver and the
still.

EXPERIMENTAL

In order to test the validity of the calculation method proposed
in this study, distillation experiments of a ternary system, a mixture
of acetone, methanol, and 2-propanol, were undertaken by using a
batch column depicted in Fig. 1. Two different modes of operation,
that is, use of a distillate receiver initially empty and initially full
with the original batch charge, were tested in these experiments.
The details of the experimental apparatus and operating conditions
are summarized in Table 1. In order to follow up the variation of
the concentrations in the column, samples were taken from each
stage, still and distillate receiver during experiments and analyzed
by gas chromatography (Hewlett Packard 5890 series II plus).

RESULTS AND DISCUSSION

By means of the calculation method proposed herein, one can
estimate the maximum distillate concentration, the amount of the
distillate product corresponding to the desired product purity, the
variation of the compositions in the distillate receiver and the still,
the stagewise concentration profiles at any instant during the distil-
lation, and the batch distillation time required to complete the sep-
aration. Prior to the initiation of the operation, one must examine
the ability of the equipment to deliver the specified product purity
(xF

D1). If the product purity is attainable by the apparatus at hand,
then the proposed method estimates the volume of the distillate re-
ceiver (D mol) corresponding to the specified purity. In case of the
separation specified in Table 1, the maximum concentration of the
component 1 (acetone) in the distillate receiver is 0.68, which is great-
er than the desired purity of xF

D1=0.66. For this purity, the amount
of the distillate product was calculated to be 16.8 mol. Fig. 2 shows
the experimental variations of the compositions in the distillate re-
ceiver when the receiver is initially empty. Two different theoreti-
cal profiles, estimated by the rigorous calculation method proposed in
this study and the shortcut method proposed by Kim and Ju [1999],

are also indicated in this figure. The agreement between the r
ous method and the experimental results is satisfactory while
differences between the shortcut method and the experimental
are considerable. It reveals that the shortcut method, developed
inally for an ideal or nearly ideal multicomponent mixture, is n
promising for the nonideal ternary mixture under consideration. 
3 shows the variation of the compositions in the still when the
ceiver is initially empty. In this case, the conformity of the theore
cal profiles with experimental results is excellent. Figs. 4 and 5 sh

Table 1. Description of the batch column and operating conditions

Distillation column

column: I.D. 10 cm, Pyrex glass, thermally insulated, 7 actual
plates equivalent to 5 theoretical stages (N=5)

plate: cross-flow, sieve-plate type, number of holes/plate=251,
hole diameter=0.2 cm, weir length=8.4 cm, weir height=
0.5 cm, spacing=15 cm

still: 20 L, Pyrex glass, heated by electric mantle

Operating conditions

system: acetone(1)-methanol(2)-2-propanol(3)
initial charge: W0=220 mol
feed composition: x0W1=0.1449, x0W2=0.3165, x0W3=0.5386
rate of heat transfer to still: QR=1.47 kW
product purity: xFD1=0.66
volume of the distillate receiver: D=16.8 mol

Fig. 2. Changes in compositions in the distillate receiver. The re-
ceiver is initially empty.

Fig. 3. Changes in compositions in the still. The receiver is initially
empty.
Korean J. Chem. Eng.(Vol. 20, No. 3)
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the trends of the composition change in the receiver and the still
when the receiver is initially filled with the batch charge. Since the
period of Rayleigh distillation does not exist in this case, the com-
position of acetone increases directly from the feed composition
(x0

W1) to the desired product concentration (xF
D1). The predictions of

the rigorous calculation method are excellent while the shortcut meth-
od gives unsatisfactory estimates in case of the distillate receiver.
Fig. 6 represents the stagewise composition profiles of the liquid
phase at the end of the distillation. Naturally, these final profiles are
the same regardless of the initial condition of the distillate receiver.

In contrast with the shortcut method, the rigorous calculation m
od gives again an excellent estimation.

CONCLUSIONS

Recently, we proposed a shortcut calculation method for ba
distillation. This was to separate an ideal or nearly ideal multico
ponent mixture by using a batch column equipped with a distil
receiver which operates under total reflux condition. Since the sh
cut method was based on the assumptions of constant relative
atilities, constant molar overflows and negligible vapor and liqu
holdups, it is not suitable for simulating a batch column of a nonid
multicomponent mixture. In this study, a rigorous calculation me
od was developed assuming negligible heat loss from the col
wall. The behavior of the column was analyzed by solving a se
mass and energy balance equations.

To start the simulation, values of some parameters such a
number of equilibrium stages in the column, amount of the ini
batch charge, initial feed compositions and the heating rate to
still have to be provided. The model first estimates the highest c
position of the lightest component in the distillate receiver theor
cally attainable under given operating conditions. In considera
of this maximum composition, desired distillate purity is specifi
as an input. Then the proposed model estimates the volume o
receiver, the variation of compositions in the receiver and the 
composition profiles of the column, and the distillation time requir
to complete the separation for the two cases of the receiver init
empty and initially filled-up with the original batch charge. The v
lidity of the proposed method was demonstrated by comparing
simulation results with the experimental data, taking the separa
of a nonideal acetone-methanol-2-propanol mixture. Judging f
the fact that the agreement between the simulation and the ex
ment is excellent, it can be concluded that the calculation met

Fig. 4. Changes in compositions in the distillate receiver. The re-
ceiver is initially full with original batch charge.

Fig. 5. Changes in compositions in the still. The receiver is initially
full with original batch charge.

Fig. 6. Concentration profiles of the liquid phase at the end of dis-
tillation. Stage locations: 0 refers to the still, and 6, the dis-
tillate receiver.
May, 2003
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proposed in this study is sound and useful for separating a nonideal
multicomponent mixture using a batch column with a distillate re-
ceiver.
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NOMENCLATURE

D : volume of distillate receiver [mol]
DR : volume of distillate receiver during Rayleigh distillation

[mol]
di : amount of component i in distillate receiver during Ray-

leigh distillation [mol]
d0

i : initial amount of component i in distillate receiver [mol]
Gj : volume of the liquid holdup in plate j [m3]
Hj : enthalpy of the vapor stream leaving plate j [J/mol]
HW : enthalpy of the vapor stream leaving still [J/mol]
hD : enthalpy of the liquid in distillate receiver [J/mol]
hj : enthalpy of the liquid stream leaving plate j [J/mol]
i : component
K ji : equilibrium ratio of component i in plate j
LD : flow rate of liquid stream leaving distillate receiver [mol/s]
L j : flow rate of liquid stream leaving plate j [mol/s]
N : number of equilibrium stages in the column
n : number of components in feed mixture
QC : rate of heat transfer from condenser [J/s]
QR : rate of heat transfer to still [J/s]
t : time [s]
Uj : liquid holdup in plate j [mol]
V j : flow rate of vapor stream from plate j [mol/s]
VW : vapor boilup rate from still [mol/s]
W : amount of liquid remaining in still [mol]
WR : amount of liquid remaining in still during Rayleigh distil-

lation [mol]
W0 : amount of the original batch charge [mol]
wi : amount of component i in still during Rayleigh distillation

[mol]
w0

i : initial amount of component i charged in still [mol]
xF

D1 : specified product purity of the lightest component in the
distillate receiver

xD1
max : maximum concentration of the lightest component in the

distillate receiver
xDi : mole fraction of component i in the distillate receiver
xji : mole fraction of component i in liquid stream leaving stage

j

xWi : mole fraction of component i in still
x0

Wi : initial concentration of component i in the batch charg
yji : mole fraction of component i in vapor stream leaving sta

j
yWi : mole fraction of component i in vapor stream leaving s

Greek Letters
ρi : density of component i [kg/m3]
∆t : time increment with a default value of 0.01 [min]
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