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2

Basic Modes of Operation

2.1 A mixture containing 48.6 percent benzene and 51.4 percent ethylene chlo-
ride is to be distilled in a batch distillation column with 20 theoretical
plates. The column is operating under the constant reflux mode at a reflux
ratio equal to 9.8. Assume the relative volatility of benzene with respect
to ethylene chloride is 1.109.

a) Find the concentration of the product when 95.4 percent of the to-
tal mixture is distilled. Assume that the initial distillate composition is
approximately 0.722.

b) If the original feed is 100 moles and the vapor boil-up rate is 100
moles/hr, what is the time required to complete the operation?

c) Simulate the variable reflux operation assuming the reflux ratio varies
from 5.0 to 20.0. Find the end compositions and the total time.

2.2 A batch distillation column operating at atmospheric pressure is to be
designed to separate a mixture containing 15.67 mole percent CS2 and
84.33 mole percent CCl4 into an overhead product containing 91 percent
CS2. Assume the column to be operating in the variable reflux mode with
an initial reflux ratio of 3.0.

a) How many theoretical plates are required for the process?

b) If the distillate is stopped when the reflux ratio is equal to 15.0, what
is the amount of distillate obtained?

c) What is the heat required per kmole of product?

Latent heat for the CS2 and CCl4 mixture is 25,900 kJ/kmol and the data
for the equilibrium curve is given below.

xCS2 .0296 .0615 .1106 .1435 .2585 .3900 .5318 .6630 .7575 .8604
yCS2 .0823 .1555 .2660 .3320 .4950 .6340 .7470 .8290 .8780 .9320

2.3 If the same system is operating with the constant reflux mode of operation,
with the initial product composition of 95 percent and with a reflux ratio
of 5.0,

a) How many theoretical plates are required?

b) Simulate the condition and stop the operation when the average distil-
late composition is 0.90. What is the amount of distillate collected at this
stage? What is the batch time if V=100 moles?
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c) Find the heat required per kmole of product.

2.4 A multicomponent mixture containing meta, ortho and para mono-nitro-
toluene is to be distilled using a distillation column containing eight the-
oretical plates. The feed composition at the start of operation is 0.6, 0.36,
0.04 of meta,ortho and para-mono-nitro-toluene respectively. The column
is operating at a reflux ratio equal to 3.0 and with constant reflux mode of
operation. Assume that the product composition varies from 0.94 to 0.85.
The relative volatilities of meta, ortho, and para-mono-nitro-toluene can
be assumed as 1.7, 1.16 and 1.0 respectively. Use the plate-to-plate calcu-
lation method to calculate the relation between the distillate composition
and the still composition at any instant.

a) Plot the distillate compositions of meta,ortho and para-mono-nitro-
toluene versus the still composition of meta-mono-nitro-toluene.

b) Plot the still compositions of ortho and para-moono-nitro-toluene versus
the still composition of meta-mono-nitro-toluene.

c) Find the fraction distilled at the end of the operation.

2.5 The same column in Example 2.4 is operated with the variable reflux mode
of operation. The distillate purity of the meta-mono-nitro-toluene is to be
maintained at 0.98. Assume that the reflux ratio varies from 10 to 80.

a) Plot the distillate compositions of ortho and para-mono-nitro-toluene
versus the still composition of meta-mono-nitro-toluene.

b) Plot the still compositions of ortho and para-mono-nitro-toluene versus
the still composition of meta-mono-nitro-toluene.

c) Plot reflux ratio versus the still composition of meta-mono-nitro-
toluene.s

c) Find the fraction distilled at the end of the operation.

2.6 Converse and Gross, in 1963, solved the maximum distillate optimal reflux
problem given below (Converse and Gross, 1963).

Maximum Distillate Problem – Maximize the amount of distillate of
a specified concentration for a specified time.

Use their system to compare the three modes of operation.

2.7 Find the heat duty of the reboiler for the minimum time problem solved
in the section on optimal reflux (Section 2.4).

2.8 Bowman and Cichelli, in 1949, presented a very interesting concept of pole
height for a binary batch distillation column. A pole height is defined as
the product of the mid-point of the slope of the distillate composition
versus material remaining in the still curve and the amount of the mate-
rial remaining in the still at that time. Figure 2.1 illustrates the concept
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FIGURE 2.1
The Pole Height Concept (reproduced from Bowman and Cichelli, 1948)

of pole height. They stated that the pole height is invariant to the ini-
tial concentration and provides a good measure for defining sharpness of
separation.

Take 100 moles of a binary mixture containing component A & B with a
relative volatility 1.5. Use a five theoretical stage batch distillation column
and a constant reflux operation with a reflux equal to 5.0. Vary the initial
composition from xA equal to 0.5 to 0.4 and plot the distillate composition
versus the amount remaining in the still. Calculate the pole height for each
case. Verify the concept.
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2.9 Problem 2.8 described the pole height concept proposed by Bowman and
Cichelli. Use the above definition to prove that:

a) At a total reflux condition (minimum number of plates), the pole
height S is related to the number of platesN by the following relation.

S =
αN

8F (1 − xF )

b) At an infinite number of plates (minimum reflux condition) and mod-
erately good separation, the reflux can be expressed as:

R =
2S − α

α − 1

Assume that at moderate separation the quantity of xB is extremely
small.

Solution: A Pole height for binary mixture is defined as

S =
dxD

dxB
|xD=0.5 (2.1)

a Rayleigh equation gives

B
dxD

dxB
= xD − xB (2.2)

At total reflux

N = Nmin =
1

lnα

xD(1− xB)

xB(1 − xD)
(2.3)

At xD = 0.5 αN = 1−xB

xB
; Hence,

xB = 1/(αN + 1) (2.4)

dxB

dB
=

dxB

dxD

dxD

dB
(2.5)

From Equations 2.2 and 2.5

B
dxD

dxB

dxB

dB
= (xD − xB)

dxD

dxB
(2.6)

From Equation 2.3

dxB

dxD
=

d

dxD
[

xD

αN − (αN − 1)xD
] (2.7)

=
αN

(αN − (αN − 1)xD)2
(2.8)

dxD

dxB
=

(αN − (αN − 1)xD)2

αN
(2.9)
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From Equations 2.4, 2.6, and 2.9

B
dxD

dxB

dxB

dB
=

(αN − (αN − 1)0.5)2

αN
(0.5− 1

αN + 1
)(2.10)

B × S =
α2N − 1

8αN
(2.11)

S =
α2N − 1

8BαN
(2.12)

For sharp separations αN is large, resulting in α2N − 1 = α2N . Fur-
ther, for sharp separations, one can assume that amount of material
remaining in the pot is equal to amount of heavy component in the
original charge. Therefore,

B = F (1− xF ) (2.13)

Combining Equations 2.12 and pole-8 results in

S =
αN

8F (1 − xF )

b At minimum reflux (infinite number of plates), Underwood’s equa-
tions for binary separation with relative volatility α are given by

n∑
i=1

αix
(i)
B

αi − φ
= 0 (2.14)

Rmin + 1 = R+ 1 =

n∑
i=1

αix
(i)
D

αi − φ
(2.15)

For binary component, from Equation 2.14

−αφxB + α− φ+ φxB = 0 (2.16)

Therefore;

xB =
−(α− φ)

(1− α)φ
(2.17)

φ =
α

1− (α− 1)xB
(2.18)

1− φ =
(α− 1)(1− xB)

1− (α− 1)xB
(2.19)

Simplifying Equation 2.15 results in

xD =
−R(α− φ)

(α− 1)φ
+ (R+ 1)

φ(α − φ)

α− 1
(2.20)
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Substituting value of xB

xD = RxB + (R+ 1)φxB (2.21)

Replacing φ in terms of xB

xD = −RxB +
(R+ 1)αxB

1 + (α− 1)xB
(2.22)

Rayleigh equation in terms of pole height as shown in (a).

S =
dxD

dxB
|xD=0.5 (xD − xB) (2.23)

From Equation 2.22

dxD

dxB
= −R+

(R+ 1)α

(1 + (α − 1)xB)2
(2.24)

At xD = 0.5., xB << xD, Hence xD − xB = xD. Also, since xB is
small (1 + (α− 1)xB) = 1. Therefore,

S = 0.5[−R+ (R+ 1)α] (2.25)

Simplifying,

R =
2S − α

α − 1
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FIGURE 2.1

Schematic of a Batch Distillation Column
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FIGURE 2.2

McCabe–Thiele Method for Plate-to-Plate Calculations
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FIGURE 2.3

McCabe–Thiele Method for the Constant Reflux Mode
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Graphical Integration for Example 2.1

CLICK HERE TO ACCESS THE COMPLETE Solutions

https://testbanks.ac/product/9781439861226-SOLUTIONS-5/


0

0.2

0.4

0.6

0.8

1

y

0 0.2 0.4 0.6 0.8 1

x

D
x

B1
x

B2
x

Slope = 
R

R  + 11

1

Slope = 
R

R  + 1

2

2

FIGURE 2.5

McCabe–Thiele Method for the Variable Reflux Mode
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Graphical Integration for Calculation of Batch Time for Example 2.2
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FIGURE 2.7

Graphical Integration for Calculation of Reboiler Heat Duty for Example 2.2
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FIGURE 2.8

McCabe–Thiele Procedure for the Third Mode of Operation
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Graphical Integration for the Rayleigh Equation for the Third Mode of Operation
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FIGURE 2.10

Graphical Integration for Calculation of Batch Time for the Third Mode of Operation
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FIGURE 2.11

The Pole Height Concept (Reproduced from Bowman and Cichelli, 1948)
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