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ABSTRACT

This paper presents an interactive M-file algorithm capable of running in a MATLAB environment, which
can estimate the number of theoretical plates a distillation column ought to contain at total reflux to
efficiently separate a multicomponent mixture into their individual components. Fenske’s model was used to
achieve the estimation at total reflux, and six feed variations for the multicomponent mixture of propane,
iso-butane, n-butane, iso-pentane and n-pentane were used as case studies. The first three feed variation
have iso-butane and n-butane as the light and heavy key respectively while the last three feed variation have
iso-pentane and n-pentane as the light and heavy key respectively. 2.324, 2.321, 2.321, 2.775, 2.718 and
2.691 average relative volatilities, condenser temperatures of 324K, 325K, 325K, 357K, 359K and 360K,
reboiler temperatures of 369K, 371K, 372K, 387K, 387K and 387K obtained for the six feed variations
respectively when applied in Fenske’s model, gave a minimum of 6.62, 6.66, 6.63, 6.57, 6.72 and 6.77 plates
as the number of theoretical plates required by the column for optimum separation of the components in
each feed variation. This method is simple, robust and saves time.
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1.0 INTRODUCTION

Fenske’s model is an approximate method that has been widely used for preliminary design and
optimization of simple distillation column’s processes [1]. According to [2], it calculates the number of
plates for a given separation based on total reflux condition.

Although this method can be applied readily by manual calculation, computer calculations are preferred. The
Fenske’s model is included in most computer-aided process design programs [1]. It relies on certain
simplifying assumptions, such as

constant relative volatilities and constant molar overflow along each column section [3]. In Fenske’s model,
the relative volatility (o) is an important parameter [2]. The total reflux condition can be achieved by
operating the column at finite feed and product output with a very high reflux rate or by operating it with no
further input of feed and no withdrawal of products [1]. The column considered here is a conventional
simple column, which has the following features: a single feed, an overhead product, a liquid bottom
product, multi-plate column with one condenser at the top and one reboiler at the bottom. An important
assumption of this method is related to the vapour-liquid equilibrium coefficient or K-value [4]. The
derivation was based on the assumptions that the stages are equilibrium stages [5]. The concept of key
components was adopted in the work of [2], which allows multicomponent separations to be treated as
separations of simple binary mixtures.

The objectives of this paper are:
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a. To obtain an estimate of the number of theoretical plates in a distillation column using Fenske’s model.

b. To develop a computer-based M-file algorithm capable of producing converged solutions to the computed
problem.

c. To ensure the algorithm is interactive with its end-user(s) by being simple, robust, fast and modifiable.

2.0 THEORETICAL ANALYSIS
It is obvious that good design requires good data especially so with multicomponent calculations [6].
Vapour-liquid equilibrium is calculated by Antoine equation [7]:

B
lOng%p =A—- m (1)
Pvap= vapour pressure of the component
A, B, C = Antoine constants
T = absolute temperature in Kelvin
Table 1 displays Antoine constants obtained from [4]:

Table 1: Antoine constants for the
system C3 —Cs

Components A B C

Propane 15.7260 1872.46 -25.16
Iso-butane 15.5381 2032.73 -33.15
n-butane 15.6782 2154.90 -34.42
Iso-pentane 15.6338 2348.67 -40.05
n-pentane 15.8333 2477.07 -39.94

For equilibrium relationship:
Ki = Pi/P 2
Where: Pi=vapour pressure of component i
P = total column’s pressure
The relative volatility, defined by the ratio of K-values of any two components (i and j) is assumed to be
constant throughout the whole column [1].
a;; = Ki/K; 3

K = vapour-liquid equilibrium or distribution coefficient (K-value)

The relative volatilities may vary somewhat with composition and temperature inside a column, so it is
necessary to use average values [8]. The most commonly used approximation for which the average o is
computed as the geometric mean value according to [8], [1], [9], and [10] is:

Aapy = (atop + Apor) /2 (4)

Where: aav = average relative volatility for a component.
aitop, Obot = relative volatilities of the component in the top and bottom of the column.
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Dew points and bubble points can be calculated from the vapour-liquid equilibrium for the system. In terms
of equilibrium constants, they are defined by:

Bubble point: } y; = Y(K;x;) = 1.0  (5)

Dew point:

Xx =2X(i/K) =10 (6)

For multicomponent mixtures, the temperature that satisfies these equations, must be found by iteration [4].

The Fenske equation for a multi-component mixture by [2] is:

_ (Qog(xLx/xHK)d(XHK/XLK)Db)
Nmin - (loyaav,LK) (7)

Nmin = minimum number of plates

(xLk)d = mole fraction of the light key in the distillate

(XHK)d = mole fraction of the heavy key in the distillate

(X))o = mole fraction of light key in the bottom

(XHK)o = mole fraction of the heavy key in the bottom

aav,Lk = average relative volatility of the light key component

By defining key components (LK and HK) in the Fenske equation, the problem of determining Nmin for a
given separation becomes relatively simple regardless of how many components are contained in the
mixture. The simplicity of the Fenske method is an advantage for predicting product compositions,
especially for a mixture involving a large number of components, such as crude oil distillation or other
separations in the petroleum industry.

3. DESIGN METHODOLOGY:

The general program design steps for obtaining solutions for each of the estimated variables based on [11] are:

a. State the design problem that requires a solution.

b. Define the input and output variables required to write the M-file.

c. Design the program algorithm.

d. Develop a flowchart for the algorithm.

e. Convert the algorithm into MATLAB M-file statements.

f. Test the designed M-file program to ensure it is working properly and error-free, thereby producing converged
solution to the computed problem.

Design Assumptions

a. Pressure is assumed to be constant throughout the whole column.

b. Stages are equilibrium stages.

c. The feed is assumed to be mostly liquid at boiling point.

d. Relative volatility is assumed to be constant at different temperature and pressure.
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START
p

Set Design Specifications for the six
feed variations and for each:
.
v
/
Calculate the components
Average Relative Volatility
9 using aqy = (Aeop + Apor)/2

v

Calculate the Dew point
temperature using

2x =2Xi/K) =10

Calculate the Bubble point
temperature using

Yy =X(Kix;) = 1.0

v

Design the minimum number

of plates using Fenske’s model

N — (log(xLk/xHK)d(XHK/XLK)D)
min (logaay.rk)

A 4

( STOP )

Figure 1: Conceptual flowchart for the required general processes.
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START

Input xi, yi, Al,
Bi, Ci, P

'

Assume Td, Tb (dew
and bubble point

temperature) |
Pi = exp (Ai — (Bi /Td+Ci))
Pi = exp (Ai — (Bi /Th+Ci)
Td=Td1

A 4

K; = Pi/P Th=Tht1

Sum = X(yi/Kj)
Sum = Z(Ki*X;)
NQO

0.99<=Sum<=1.00

YES (converged)

Figure 2: Flowchart algorithm for dew and bubble point temperatures.
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START
INPUT
Th,Td Ai, Bi,

v
[ Pia = exp (Ai _ (Bi /Td+Ci) ]
v
[ Pid(N/m”2) = Pig(mmHq) *133.32 ]

Kid=Pid/P

[ Pin=exp (Ai — (Bi /Tb+Ci)) ]
v
[ Pin(N/m”2) = Pip(mmHg) *133.32 ]
v
[ Kip = Pin/P ]

aid = Kid/Knk
aip = Kip/Khk

v
[ Olav = (0li,d + 0li,d)/2 ]
v

[ Output day ]

STOP

Figure 3: Flowchart algorithm for determining average relative volatility
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| STAR )

v
INPUT n,
(XLK)d,
(XHK)d, (XLK)b,

A 4

[N - _ (og(xrk/xHK)d(XHK /XLK)b) ]
min —

(loyaav,LK)

A\ 4

[ Output Nmin ]

v

4. RESULTS AND DISCUSSION

At a column’s pressure of 800kN/m? and applying the product compositions for the six feed variations in
[11] for which the compositions of their base feed variations are in Table 1 and 2, the M-file results obtained
are displayed in this section:

Figure 4: Flowchart algorithm for solving
Fenske’s model

Table 2: Result for the first base feed variation

Feed F (kmol/s) | Xt | D(kmol/s) | x4 | B (kmol/s) Xb

C3 5 0.05 5 0.25 - -
(LK) i-C4 15 0.15 14 0.70 1 0.013
(HK) n-C4 20 0.20 1 0.05 19 0.238
i-C5 35 0.35 - - 35 0.437
n-C5 25 0.25 - - 25 0.312
Sum 100 1.00 20 1.00 80 1.00
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Table 3: Result for the second base feed variation

FEED F (kmol/s) | x; | D (kmol/s) | Xq B (kmol/s) | X
C3 5 0.05 5 0.067 - -
i-C4 15 0.15 15 0.20 - -
n-C4 20 0.20 20 0.267 - -

(LK) i-C5 35 0.35 34 0.453 1 0.04
(HK) n-C5 25 0.25 1 0.013 24 0.96
Sum: 100 1.00 75 1.00 25 1.00

In Table 2, five feed components with total feed flow rate of 100kmol/s produced a total distillate flow rate
of 20kmol/s and a total bottom flow rate of 80kmol/s.

In Table 3, five feed components with total feed flow rate of 1200kmol/s produced a total distillate flow rate
of 75kmol/s and a total bottom flow rate of 25kmol/s.

Plot of D,B against Td, Tb for six feed variations
80 T . . . o :

[
(=}
T

product flowrates in kmol/s
A o
=) o
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320 330 340 350 360 370 380 390
dew and bubble-point temperatures in kelvin

Figure 5: Plot of D and B against Td and Tb for the six feed variation
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Average relative volatility versus feed components
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average relative volatility of components
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Figure 6: Average relative volatilities of components in the feed variations

The components in the fourth feed variation as seen in Figure 6 can be separated more easily in the
distillation column than those of other feed variations due to its high average relative volatility based on [4].

Table 4: Result for the estimated dew point temperature

Xdl D (kmol/s) | Td (K)
For 5 cpts: x4l 20 324
Xd2 22.5 325
Xd3 25 325
Xd4 65 357
Xdb 70 359
Xd6 75 360

The converged dew point temperatures (Tdi) of the column are shown in Table 4. The dew point
temperature (Tdi) of the condenser increases as the distillate flowrate (Di) increases as seen in Figure 5.
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Table 5: Result for the designed bubble point temperature

Xpl B (kmol/s) Th (K)
5cpts: Xpl 80.0 369
Xp2 77.5 371
Xp3 75.0 372
Xp4 35.0 387
Xp5 30.0 387
Xp6 25.0 387

When the LK and HK for the first three variations (xb1, xb2, xb3) were i-C4 and n-C4 respectively from
Table 5, the bubble point temperature for each feed variation increases. At the last three variations (xb4,
xb5, xb6) where the LK and HK were i-C5 and n-C5 respectively, their bubble point temperature remained
constant simply because of the presence of just one component (n-C5) in the bottoms. It still showed that as
the bottom flowrate (Bi) decreases, the bubble point temperature increases as reflected in Figure 5. It
correlates to other standardly designed column’s bubble point temperature [4] and [9].

The flowchart algorithms in Figure 1 to 4 aided in developing a Matlab M-file algorithm capable of running
error -free in a Matlab environment:

%%file name: minimum_stage.m

%this program calculates the theoretical number of stages required in a multicomponent distillation column
using Fenske’s model.

%Date: Programmer:  Description of code change:

%26-12-2015 Okafor Blessing Original code
%%description of variables:

%X1 --distillate flowrate of LK in kmol/s

%X2 --distillate flowrate of HK in kmol/s

%X3 --bottom flowrate of LK in kmol/s

%X4 --bottom flowrate of HK in kmol/s

%Nmin --minimum number of plates

%A_LK --average relative volatility of Lk
%%prompt user for the input data

X1=input(‘enter distillate flowrate of light key,X1:);
X2=input(‘enter distillate flowrate of heavy key,X2:");
X3=input(‘enter bottom flowrate of light key,X3:");
X4=input(‘enter bottom flowrate of heavy key,X4:");
A_LK=input('enter average relative volatility of light key,A_LK:");
%Solve Fenske’s model at total reflux condition:
D=X1/X2;

B=X4/X3;

Suml=(log(D*B));

Sum2=(log(A_LK));

Nmin=(Sum1)/(Sum2);
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fprintf(Nmin=%7f/n',Nmin);

Table 6: Result for estimated number of plates at total reflux

Feed variation no | aavk | Nmin(plates)
1 2.324 6.62
2 2.321 6.66
3 2.321 6.63
4 2.775 6.57
5 2.718 6.72
6 2.691 6.77

From Table 6, a minimum of 7 plates approximately is required for the separation of the six feed variations
in a distillation column. Its correlation with the dew and bubble point temperatures is shown in Figure 7 and
8 respectively.
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6.7

Nmin in plates

6.6

6.55 : - : ; ; . .
320 325 330 335 340 345 350 355 360

Dew point temperatures in Kelvin

Figure 7: Nmin versus Td for the six feed variation
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Nmin in plates
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Figure 8: Nmin versus Thb for the six feed variation

CONCLUSION

With the aid of an interactive, simple, fast and robust Matlab M-file program for the Fenske’s model, the
estimated theoretical number of plates a distillation column will have to efficiently separate the six
multicomponent feed variation are a minimum of 6.62, 6.66, 6.63, 6.57, 6.72, 6.77 plates each. This paper
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therefore concludes that from the results, an approximate of 7plates is required to separate the six feed
variations at a condenser temperature of 324K, 325K, 325K, 357K, 359K and 360K respectively and a
reboiler temperature of 369K, 371K, 372K, 387K, 387K, and 387K respectively. The M-File algorithm used
IS very interactive and can be modified to suit other user’s needs. It is recommended that more feed
variations be used as case-studies to compare with those used in this research for confirmation.
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