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ABSTRACT

Fuel ethanol research development deals with process design integration for improving
production of ethanol. This paper investigates the effect of variable reflux ratio on the design
of distillation column using developed JAVA based simulation software. This was done by
varying reflux ratio as an input parameter and observed the effect it has on the number of
trays that produced the column height. Varying reflux ratio arbitrarily from 3.094 to 9.301
produced column height ranging between 5.897 and 6.232 respectively. With the feed
composition of ethanol-water mixture set at 45 percent, and the minimum reflux ratio of 3.4.
The results showed that the number of trays decreases with increase in reflux ratio while the
column height varies inversely with the reflux ratio

Keywords: Fuel ethanol, Reflux Ratio, Simulation, Distillation Column. Process design, Bio-
ethanol/water system

1. INTRODUCTION

The need for alternative energy has been on sharp increase in the recent past. This is due to
increased instability in energy supply from oil producing regions of the world and the
environmental impact associated with use of fossil fuel as energy source. It has therefore
become necessary to source for alternative energy which is environmentally friendly,
sustainable as well as reliable. One of such alternative energy source is the use of biofuels,
which includes bioethanol [1, 2, 3]. Bioethanol is an alcohol made by fermenting the sugar
components of plant materials and it is made mostly from sugar and starch crops such as
sugarcane, corn, beet, cassava, wheat and sorghum. With advanced technology being
developed, cellulosic biomass, such as trees and grasses, are also used as feedstocks for
ethanol production. Ethanol can be used as a fuel for vehicles in its pure form, but it is
usually used as a gasoline additive to increase octane and improve vehicle emissions. Fuel
grade ethanol can wholly replace petroleum in modified vehicles[4]. Cassava (Manihot
esculeta) is an excellent source of ethanol due to its high starch content. It is the most
popular root crop in Sub-Sahara Africa. Oyewole[5] noted that the increasing potential of
cassava as an individual crop has influenced the policy of the Federal Government of
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Nigeria in 2004 to embark on cassava multiplication program intended to supply fresh
cassava roots and its product for the small and medium scale industrial uses and for
exportation. To produce the bioethanol, it is necessary to separate ethanol from ethanol-
water mixture after fermentation of alcohol. In practice, distillation is widely used for the
separation [6] of this mixture therefore the distillation unit has to be design properly to
enhance high purification. High purity of ethanol is required for efficient and effective
utilization as gasoline fuel. Mechanical design of a distillation column of a bioethanol plant
requires rigorous simulation of the process design for optimum parameters of which reflux
ratio is of important. Industrial towers use reflux to achieve a more complete separation of
products. Reflux refers to the portion of the condensed overhead liquid product from a
distillation or fractionation tower that is returned to the upper part of the tower. Inside the
tower, the downflowing reflux liquid provides cooling and condensation of the upflowing
vapors thereby increasing the efficiency of the distillation tower. In existing designs, much
has not been found in the literature on the effect of reflux ratio on the design of distillation
column for bioethanol plant using cassava as feedstock. The purpose of this study is to
investigate the effect of reflux ratio using a new simulation model for distillation column in a
bio-ethanol/water system.

2. MATERIAL AND METHODS

2.1 PROCESS SIMULATION

Process simulation is a model-based representation of chemical, physical, biological, energy
producing and transforming, in addition to other technical processes and unit operations
using software. The software has to solve the mass and energy balances, and find a stable
operating point with optimal conditions for the process examined. Process simulation always
uses models which introduce approximations and assumptions, but allow the description of a
property over a wide range of parameters which may not be covered by real data. Models
also allow to interpolate or extrapolate, searching for conditions outside the range of known
properties.

The process design software used for this work was developed using JAVA programming
language hinged on McCabe-Thiele graphical method and Fenske equations to determine
theoretical and actual number of stages involved in the distillation process. The process
design parameters such as Reflux Ratio (R), Coefficient of Reflux (Rceer), mole fraction of
the most volatile component in distillate (xp), mole fraction of the most volatile component in
bottom (xg), mole fraction of the most volatie component in feed (xg), Viscosity,
thermodynamic property of feed (q) were simulated for optimum values through parametric
process. Reflux ratio was then varied to give the mechanical design parameters (Number of
trays and column height).

2.2 Distillation Columns

Distillation columns are made up of several components, each of which is used either to
transfer heat energy or enhance material transfer. A typical distillation unit contains the
following major components:

i. A vertical Shell where the separation of liquid is carried out.

ii. Column internals such as trays/plates and /or packing which are used to enhance
component separations.

iii. A reboiler to provide the necessary vaporization for the distillation process.



98

99
100

101
102
103

104
105

106
107

108
109
110
111
112
113
114

115
116

117

118

119
120

iv. A condenser to cool and condense the vapour leaving the top of the column.

V. A reflux drums to hold the condensed vapour from the top of the column so that
liquid (reflux) can be recycled back to the column.

The vertical shell houses the column internals and together with the condenser and reboiler,
constitutes a distillation unit as shown in Figure 1. Also, the distillation column is divided into
three sections (Rectifying, Stripping and feed) as shown in Figure 2.
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Figure 1. Main Components of Distillation Unit
2.2.1 Operation line
The general equation for a continuous binary distillation is given by Equation (1)
Fxg =Bxg +DxXp 1)

Where; F, D, B are flowrates (kg.mol/hr) of feed, distillate, and waste or bottom, respectively.
Xk, Xp, Xg are mole ratios of the most volatile components in feed, distillate, and the bottom
respectively.

Given that x, and L, as the mole ratio and flowrate of the liquid phase flowing out of tray
number n, counting from the overhead, and given y,.; and V,.; as component and flowrate
of vapour rising up from tray number n+1, the operation line of the rectifying section called
the Rectifying Section Operating Line (ROL) is given by Equation 2.

R 1
Yoo = 75— X

(R+1) " (R+D

XD
()

Where Reflux Ratio, R=L/D

where the subscripts "n+1" and "n" are not shown Equation 2 is written in the form of
Equation 3.
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2.2.2 Feed Section Operating Line (g-line)
The operating line for a feed tray considering the F moles/hr of feed, with fraction q of liquid,

the liquid flow = g F moles/hr and vapour flow = (1-q) F moles/hr. The Feed section
Operating Line(g-line) is given by Equation 4

qx+1xF
@+a) (-9

y=-
@

For a given feed condition, xr and q are fixed; therefore the g-line is a straight line with slope
-q/ (1-q) and intercept xg / (1-q).

If X = Xg, then y = Xg.
2.2.3  Stripping Section
The operating line for the stripping section called Stripping operation line(SOL) as shown in

Figure 2 is given by Equation 5.
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Figure 2 Equilibrivm curve for the binary mixture
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This is straight line with slope (L'/ L' - B) and intercept (B xg /L' - B)
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2.2.4  Determination of Number of Trays

The Fenske Equation [7] given by Equation 6 was used to determine the minimum number
of trays required for separation with the assumption of constant Relative Volatility (RV).

In(aAB) (6)
2.2.5 Minimum Reflux ratio

The minimum reflux ratio was determined mathematically from the endpoints of the rectifying
line at minimum reflux ratio using Equation 7.

y =X @

2.2.6 Number of Trays

Theoretical number of trays was determined using Gilliland [8] given by Equation (8).

N-N

0.566
min_ — 07 1 _ R B Rmin
N+1 R+1

2.3 Design Process and Validation

(8)

The process design software used for this work was developed using JAVA programming
language hinged on McCabe-Thiele graphical method and Fenske equations to determine
theoretical and actual number of stages involved in the distillation process.

The process design parameters such as Reflux Ratio (R), Coefficient of Reflux (Rceefr), Mmole
fraction of the most volatile component in distillate (xp), mole fraction of the most volatile
component in bottom (xg), mole fraction of the most volatile component in feed (xg),
Viscosity, thermodynamic property of feed (q) were simulated for optimum values through
parametric process. Reflux ratio was then varied to give the mechanical design parameters
(Number of trays and column height).

A central composite experimental design was used to test the design software by varying the
design parameters at five levels each. The experimental design allows the fixing of the lower
and upper limits for each of the parameter tested. The parameters are R, RV, Xp, Xg, Xg
while responses were Theoretical number of Trays in column (NT); Fenske Number of
Trays; Mc-Cabe Number of Trays, Column height and the Efficiency of distillation column

3. RESULTS AND DISCUSSION

The screen shot of the designed software is shown in Figure 3 while Figures 4,5, and 6
depicts the input and output results of the effect of reflux ratio on number of trays when the
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values of reflux ratio was 3.094, 3.713,and 4.180 respectively as determined by the
developed software at constant relative volatility . The same procedure was repeated for the
values of reflux ratio of 5.733, 6.274, 6.819, 7.439, 7.984, 8.447, and 9.30 with the
generated output shown in Table 1. The values shown in Table 1 were plotted to produce
Figures 7 and 8 which showed the effect of reflux ratio on number of trays and column height
respectively.

The test results of the experiment showed that reflux ratio had a negative effect on the
number of trays using the developed software as shown in Figure 8; an increase in reflux
ratio produced a reduction in number of trays and consequently the column height. This is
not unexpected as using a higher reflux ratio results in less number of trays required.
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Figure 3. A screen shot of a typical run of the design software

Adelekan [9] in a research on ethanol productivity from cassava reported a similar
observation in his study. A column with a high R may have fewer stages, but it refluxes a
large amount of liquid, giving a wide column with a large holdup. Conversely, a column with
a low R must have a large number of stages, thus requiring a taller column [10,11], this is
evident in Figure 8.
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Figure 4. Report of McCabe-Thiele graphical simulation of a distillation column at R=3.094
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Figure 5. Report of McCabe-Thiele graphical simulation of a distillation column at R=3.713
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198 Figure 6. Report of McCabe-Thiele graphical simulation of a distillation column at R=4.180
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202 Tablel. Effect of Reflux Ratio on the Theoretical =~ Number of Tray at Constant RV
203

Reflux Minimum Theoretical Actual McCabe Column
Ratio number  number of number number height(m)
of tray tray of tray  of tray

3.094 21 36 11 17.0 6.232
3.713 21 36 11 14.0 6.153
4.180 21 36 11 13.0 6.108
5.733 21 35 11 11.0 6.007
6.274 21 35 11 11.0 5.983
6.819 21 35 11 11.0 5.962
7.439 21 34 11 11.0 5.942
7.984 21 34 11 10.0 5.927
8.447 21 34 11 10.0 5.915
9.301 21 34 11 10.0 5.897
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Figure 8. Effect of Reflux Ratio on distillation column height

4. CONCLUSION

The use of the new simulation software revealed that Reflux Ratio (R) had a negative effect
on the no of trays using both the Mc-Cabe and Fenske equations; an increase in reflux ratio
produced a reduction in number of trays and consequently the column height.
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