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Batch Rectification
Optimum Number of Theoretical Plates When

Operated with Constant Distillate Concentration
(C Received May 30, 1952 )
Shinichi HIBINO*
Abstract

For batch rectification of two component mixture which is operated with constant
distillate concentration, the relation between the yield of the lighter component Y
and the reflux ratio R is calculated for various values of number of the plates # and
relative volatility «, initial charge composition and distillate composition being taken
as 0.50 and 0.95 respectively throughout the calculation. From the results of this,
the graph showing the relation between # and the distillation time, which is obtained
by the graphical integration of the ¥ vs. R curve, is constructed. Using this graph,
the optimum value of # and its optimum range are determined.

I. Introduction

Batch rectification becomes important in small scale industrial applications, but
since it is essentially an unsteady operation, its calculations are more involved
compared with a continnous rectification. For this reason, useful studies for design
purpose on batch rectification are rather meager.

There can be considered two distinct operations in batch rectification. One is
the operation with constant refiux ratio, and another is with constant overhead
product concentration. In the former case the distillate concentration changes with
time and in the Iatter the reflux ratio mut be increased continuously to maintain
constant distillate concentration. For both cases, it is desirable to have some method
of estimating the number of theoretical plates and reflux ratio to be used to obtain
some specific degree of separation. On the batch rectification of two component
mixture with constant reflux ratio, A.Rose? and his collaborators have studied
extensively and determined the optimum value of the number of theoretical plates
and reflux ratio to give the standard separation (i. e., the separation in which the
first 409 distillate has average concentration of more than 95% ) as a function of
the relative volatility. In the case of constant overhead product concentration,
J.C.Chu® has developed the calculation methods for various comnditions, but he
gave no numerical results. It is the purpose of this paper to give some numerical
results for this case to aid in selecting the number of theoretical plates and reflux

ratio range.
II. Method of calculation of yield
In the following, only two component mixture is considered. The mixture is
assumed to be ideal, and its equilibrium line is represented by
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_ax ‘ C(1
L i (1
where x : mole fraction of iighter component in liquid

y : mole fraction of lighter component in vapor
a: relative volatility
If hold-up is neglected, the following material balances hold at any time t in
the course of the operation.
F=L+D (2

Fx; = Lxg + Dxp (3>
where F: initial charge, mole
L : quantity of liquid remaining in the still, mole
D : quantity of liquid distilled over, mole
Xy, X3, xp : mole fraction of lighter comporent in charge, still and
distillate, respectively
If the reflux ratio at any time is R, the equation of the operating line is
Y= g1t t R (4)
In Eqns. (2 ), (3) and (4), L, D, Rand =z change with time, while F, 2, and
zp are constant. =
Since the yield of the lighter component Y is

- _ D
Y=g . ()
we obtain
— % ¥ — % ,
Y= X; Xz — Xp (6)

using (2) and (3).
"z is calculated using Smoker’s® equation in the form

Xp — Xx .
xB. = xp + _ a \n, . 7
[1—-N] (;6—2 ) + N
where zx : « coordinate of the intersection of the equilibrium line (1) and

operating line (4 )
r=R/(R+1)
7 : equivalent number of the theoretical plates

N =[G (o

Using (6) and (7 ), we can obtain the relation between B and Y for the fixed
values of zp, 2y, & and n.

3) Trans, Amer. Inst. Chem. Engrs., 34, 165 (1938)
(25)
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Calculations to obtain this relation were made for various values of & and 7.
Zp and 2, are taken as constont at 0.95 and 0.50 respectively throughout the calcu-
lation. As an example, the results when « = 15 is shown in Fig. 1,
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Fig. 1. Relation Between Y and R

II1. Distillation time

In the case of constant reflux ratio, the calculation of distillation time is simple.
But in the case of constant xp, the distillation time must be obtained by integration
since reflux ratio must be changed with time.

If we.assume constant vapor rate V [ mole/hr ], the material balance in the
differential time interval d¢ [ hr ] is,

Vdt = (R+1)dD (8)

On the other hand, from (5)
_ Xp
dy = Fr, dD (9)
Combining ( 8) and (9 ), we obtain
' = Fxr
dt._VxD(R+1)dY . 10
Integrating’
_ X5 ¥
0—-;[50RdY+Y] (11)
where
_V
=7 ¢ ( 12)

Hence, if we have the relation between R and Y, the distillation time can be calcu-
lated by graphical integration. The curve, showing the relation between reflux ratio
and distillation time thus obtained, indicates how to change reflux ratio with time

(26)
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to maintain constant wp.

Fig. 2 shows such a relation of # and R which is calculated by graphical integration
of R vs. Y curve in Fig. 1. :

IV. Minimum value of # and 4.

30
If we calculate the value of the yield 2 Y
when R = oo for a fixed value of # and !
a, this is the upper limit of the yield / /
that is obtainable with those #» and «. .= ,
Therefore, to obtain a definite yield, / /
there exists a lower limit of # to be 8 v
used. On the other hand, when the R / /
rectifying column with % = co is used, 14 eyl
the distillation time to obtain a specified / //
value of Y is minimum. 10 % %
The calculations in both extreme cases / / /
are rather simple, and minimum values of 6 V\E //
n and 6 (denoted by %mmn and Gumm ) to /}0
obtain a specified yield are tabulated in 2
Table 1. ’ 0 ! 2 ® * *
0

Fig. 2. Relation Between R an_d 0

Table 1. Values of npin and 9min

Nomin Omin
[a~Y| o7 | o8| 09 | o8 | [;>J[ 07| o8] 09 @ o
20 | 60 6.5 7.6 8.6 2.0 1.25 1.54\ 1.97 2.35
15 101 | 111 12.8 14.5 15 213 | 267 | 348 4.40
1.25 18.3 20.2 23.2 26.0 1.95 3.88 488 | 6.66 8.16
1.1 432 | 475 54.5 61. 11 | 94 | 119 | 157 —_
105 | 84 92. | 106. 121. 105 | 186 | 234 | 311 —

In practice, somewhat larger value of # than 7., must be used and consequently
some what larger value of # than G, is required.

V. Optimum value of 7

As known from the inspection of Fig. 1, to obtain a specified value of Y, any
value of n larger than 7., may be used, but as » increases, both initial reflux
ratio and cutting reflux ratio decrease and hence distillation time decreases. This
relation between » and ¢ is calculated for various values of ¥ and «a and the
graph when Y = 09 is represented in Fig. 3. They resemble equilateral hyperbola
with 7 = %mm and 0 = nin as asymptotes. It is clear from this figure that, in the
range of the curve near the asymptote 7 == 7um, 8 increases strongly with decrease

27)
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Fig. 3. Relation between 6 and n to dbtain 909 yield

Table 2. Optimum number of theoretical plates

N 07 | 08 | 09 | o095
20 | 75 | 85 | 95 | 105
15 | 14 5. | 16 | 18
125 | 25 | 27. | 29 | b
11 | se. 63. | 69. |C74)
105 | 115, | 123. | 134 ((145.)
c 243 | 261 | 28 | 31

figures in ( ) are obtained using Egqn. (13)

7, = —
opt logma

The values of C are also given in Table 2.

in n» and that near the
asymptote @ = Onun, shorten-
ing in distillation time is little -
even if we increase # conside-
rably. Since larged and n
means high operating  cost
and high fixed charge respec-
tively, the operation in these
rangs of # is unpracticable.
From these considerations, the
existence of optimum range
of n is obvious. The central
value of this range 7., is
determined as the
of n at the
of each & ws. n curve and
the line drawn 45° to the
n axis from the intersection
of two asymptotes of that
curve. Mo, and corresponding
., for other vales ‘of Y are
determined in the same way
and tabulated in Table 2.
Since a plot of 7., and

value
intersection

1/logex fits very closely on

the relation
and a for
of Y can be

a straight line,
between 7oyt
various values
expressed as

(13)

The upper and lower limits of the optimum range of 7 ( denoted by »” and »n" )
and corresponding values of 6 (¢ and 6" ) are determined here in somewhat

arbitrary way by the following expressions.

N = Nopt — G1
”” = Nopt + as
0’ = 0mtn + dl
o = emin + d,

(14)

The values of a, a;, d,, d; are independent of the value of Y and listed in Table 3.

(28)
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Table 3. Values of constants in Eqn, ( 14 )

a a; as dy dy

20 1 3 10 0.1
15 | 2 5 1.6 ‘0.2
1.25 4 7 3.5 0.5
11 10 20 85 0.8
1.05 20 40 18. 1.5

Though the final selection of # must be decided by the economic balance in
each specific case, the value of n to be used will probably lie within the optimum
range here determined.

(29)



