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ABSTRACT

Fuel ethanol research development deals with psodesign integration for improving
production of ethanol. This paper investigatesetiect of variable reflux ratio on the design
of distillation column using developed JAVA basedhdation software. This was done by
varying reflux ratio as an input parameter and olestthe effect it has on the number of trays
that produced the column height. Varrying refluticaarbitrarily from 3.094 to 9.301
produced column height ranging between 5.897 a@326respectively. With the feed
composition of ethanol-water mixture set at 45 petcand the minimum reflux ratio of 3.4.
The results showed that the number of trays deeseagh increase in reflux ratio while the

column height varies inversely with the reflux oati

Keywords: Fuel ethanol, Reflux Ratio, Simulati@stillation Column. Process design

INTRODUCTION

The need for alternative energy has been on sharpdse in the recent past. This is due to
increased instability in energy supply from oil gucing regions of the world and the
environmental impact associated with use of fos#l as energy source. It has therefore
become necessary to source for alternative enerfgichwis environmentally friendly,
sustainable as well as reliable. One of such atesm energy source is the use of biofuels,
which includes bioethanol (Ibrahim et.al, 2004, Unetal 2006 and Gupta et.al 2007).
Bioethanol is an alcohol made by fermenting theaswgmponents of plant materials and it is
made mostly from sugar and starch crops such asrcamge, corn, beet, cassava, wheat and

sorghum. With advanced technology being developeliylosic biomass, such as trees and
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grasses, are also used as feedstocks for ethasthiqiion. Ethanol can be used as a fuel for
vehicles in its pure form, but it is usually useddaagasoline additive to increase octane and
improve vehicle emissions. Fuel grade ethanol caollw replace petroleum in modified
vehicles (Wahoho 2007, Yamaji et. al, 2006). Cazgdlanihot esculeta) is an excellent
source of ethanol due to its high starch contéms. the most popular root crop in Sub-Sahara
Africa. Oyewoleet al., 2007 noted that the increasing potential of czsses an individual
crop has influenced the policy of the Federal Gonent of Nigeria in 2004 to embark on
cassava multiplication program intended to suppdghi cassava roots and its product for the
small and medium scale industrial uses and for gapon. To produce the bioethanol, it is
necessary to separate ethanol from ethanol-wateturai after fermentation of alcohol. In
practice, distillation is widely used for the segt@on Seader and Henley, 1998f this
mixture therefore the distillation unit has to besidn properly to enhance high purification.
High purity of ethanol is required for efficient dreffective utilization as gasoline fuel.
Mechanical design of a distillation column of addimanol plant requires rigorous simulation
of the process design for optimum parameters o€lheflux ratio is of important. Industrial
towers use reflux to achieve a more complete séparaf products. Reflux refers to the
portion of the condensed overhead liquid produwhfa distillation or fractionation tower that
is returned to the upper part of the tower. Ingiue tower, the downflowing reflux liquid
provides cooling and condensation of the upflownagors thereby increasing the efficiency
of the distillation tower.In existing designs, much has not been found ifitbeature on the
effect of reflux ratio on the design of distillati@olumn for bioethanol plant using cassava as
feedstock. The purpose of this study is to inveséghe effect of reflux ratio on the design of

the distillation column of a bioethanol plant ustassava as feedstock.

THEORY OF DESIGN
Distillation Columns
Distillation columns are made up of several comptsieeach of which is used either to
transfer heat energy or enhance material transfertypical distillation unit contains the
following major components:
i.  Avertical Shell where the separation of liquict#sried out.
ii.  Column internals such as trays/plates and /or packihich are used to enhance
component separations.
iii. A reboiler to provide the necessary vaporizatiartifie distillation process.

iv. A condenser to cool and condense the vapour legh@tpp of the column.
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v. A reflux drums to hold the condensed vapour fromtthp of the column so that liquid
(reflux) can be recycled back to the column.
The vertical shell houses the column internals tagegther with the condenser and reboiler,
constitutes a distillation unit as shown in FigliréAlso, the distillation column is divided into

three sections (Rectifying, Stripping and feed$laswn in Figure 2:

COMDEMSER
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Figure 1. Main Compats of Distillation Unit
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Figure 2. Schematic diagram of distillation cotushowing the three major sections

Calculation for continous binary distillation isvrgn by Equation (1)

Fx=Bxg +DXp (1)
Where; F, D, B are flowrates (kg.mol/hr) of feettillate, and waste or bottom, respectively.
Xk, Xp, Xg are mole ratios of the most volatile componenttead, distillate, and the bottom
respectively.

Operation line

Given %, and L, as the mole ratio and flowrate of the liquid phHseing out of tray number
n, counting from the overhead, and givemand V.1 as component and flowrate of vapour
rising up from tray number n+1, the operation laofethe rectifying section (particular point

where location is above the feed point) can be draw

Rectifying Section Operating Line (ROL)

Considering the rectifying section shown in theufgg2, the Material balance around the
envelope:

Material IN = Material OUT

Material balance in the distillation column

Overall Balance (Total): M= L,+D

Component Balance (MVC): W1 Yn+1=Ln Xn + D %o

Thus, we have

(Lhn+ D) Ya+1=LaXn + D %o

Under constant molal overflow assumption:
Li=L=...... la.1 = Ln = Lh+1 = L = constant
Vi=Vo=.......... -1 = Vh = Vhe1 = V = constant

The subscripts can be dropped. Thus, the equatigpliBes to:

(L+D)Yyn1=LX +D X
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Re-arranging in the form y = f(x), we have

yo = L\ +[.D
n+l L+D n L+D D

Where Reflux Ratio, R =L /D, then

R 1

Xn + XD (2)
(R+D) © (R+])

yn+1 =

This is the Operating Line Equation for the rectifysection or ROL
Usually the subscripts "n+1" and "n" are not shosmthat Equation 2 can be re written as:

R 1
= X+ X5
(R+1 (R+1)

y 3

Feed Section Operating Line (g-line)
Figure 3 shows the operating line for a feed t@ystdering the F moles/hr of feed, with
fraction g of liquid; thus liquid flow = g F molds/and vapour flow = (1-q) F moles/hr

Overall material balance:
L'=L+qF
V=V+(1q)F
Component balance for the more volatile comporeasishown in Figure 4, thus,
Rectifying section: Vy =L x + Dx
Stripping sectionV'y = L' X - B %3
At the feed point where the two lines operatingdimntersect:
(V-V')y=(L-L'Y+Dx +Bxs
we have: V-Vi=(1-q)F
L-L'=-qF

In addition, from component balance around theremlumn:
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Fee DX + B xs
Thus, (1-qFy=-qFx+FXx

Re-arranging in the form y = f(x), we have:

a1
T M X

For a given feed conditionpand q are fixed; therefore the g-line is a strialigie with slope
-q / (1-g) and interceptet (1-q).

If X =Xf, theny = x.

) soL
“*l roL -

Liolz Fraction of Ethaneol in Vapour. v
-
Y
)

7 { Reboller )

i Xg XF : Xp:
@onn =
LR LA L) (L8] LU o, 050 L) Tm LR nan 1.0

Mole Fraction Ethanol in liquid, x

Figure 3 Equilibrium curve for the binary mixture

Analysis of Stripping Section

Analysis of SOL is presented below using the Figurehich shows the stripping section of a
distillation column.The reboiled vapour in equilion with bottoms liquid leaving the
column.

Material balance: Mass IN = Mass OUT

Assuming constant molar overflow
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L'm=Lw+1=.... = L' = constant
V'm=Vhme1= ... = V' = constant

Material balance:
Overall :L'=V'+ B
MVC :L'Xn=V'Ym+1+ B Xg

Substituting, and re-arrange in the form y = f{xg obtain

(AN
ym+1 V. m V. B

Again, dropping the subscripts "m+1" and "m" we dtav

y V' v e

Substituting V' = L' - B: we have the stripping ogting line (SOL)
L X= B Xg

(L-B) (L-B)

y= (5)

This is straight line with slope (L'/ L' - B) amttercept (Bx/L'-B)

Deter mination of Number of Trays
The Fenske Equation (Fenske, 1932) was used ferrdigting the minimum number of trays

required for a given separation. It is an example ‘shortcut” distillation method.

(6)

The Fenske equation when applied to distillatiorstespns assummes constant Relative
Volatility (RV).

Minimum Reflux ratio

The minimum reflux ratio is determined mathematickiom the endpoints of the rectifying
line at minimum reflux ratio using Equation 7. Theerhead product composition poing{(x
Xp) and the point of intersection of the feed linel @quilibrium curve (x', y') are as shown in

Figure 4.
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178 Theoretical number of trays was determined usinggign (8) by Gilliland (1993)
179

180 N-Nmin/ = 0781 (R~ Rmin | 1)]0'566 (8)
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185 Figure 4 shows 3 different SOL that correspond tifférent g-lines, for a given
186 ROL (i.e. fixed R ang)x

187

188 PROCESSSIMULATION

189 Process simulation is a model-based representafichemical, physical, biological, energy

190 producing and transforming, in addition to othexhigical processes and unit operations using
191 software. The software has to solve the mass aedygmalances, and find a stable operating
192 point with optimal conditions for the process exaed. Process simulation always uses

193 models which introduce approximations and assumgtidut allow the description of a
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property over a wide range of parameters which naybe covered by real data. Models also
allow to interpolate or extrapolate, searching émnditions outside the range of known

properties.

MATERIALSAND METHODS

The process design software used for this work deagloped using JAVA programming
language hinged on McCabe-Thiele graphical methudl Benske equations to determine
theoretical and actual number of stages involvatendistillation process.

The process design parameters such as Reflux fRjticCoefficient of Reflux (Boer), mole
fraction of the most volatile component in distdax), mole fraction of the most volatile
component in bottom g, mole fraction of the most volatile component feed (%),
Viscosity, thermodynamic property of feed (q) weimulated for optimum values through
parametric procesfeflux ratio was then varied to give the mechanaedign parameters
(Number of trays and column height). The screert shthe designed software is shown in
Figure 5.

A central composite experimental design was usdddbthe design software by varying the
design parameters at five levels each. The dedigwsathe fixing of the lower and upper
limits for each of the parameter tested. The patams are R, RV, Xs, X While responses
were Theoretical number of Trays in column (NT)nslee Number of Trays; Mc-Cabe

Number of Trays, Column height and the Efficiecydtillation column
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Figure 5. A screen shot of a typical run of the design sofeva
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RESULTSAND DISCUSSIONS

Figures 6,7, and 8 show the input and output resiithe effect of reflux ratio on number of
trays when the values of reflux ratio is 3.094,13,and 4.180 respectively determined by the
developed software at constant relative volatilithe same procedure was repeated for the
values of reflux ratio of 5.733, 6.274, 6.819, B43.984, 8.447, and 9.30 with the generated
output shown in Table 1. The values shown in Tabkeere plotted to produce Figures 9 and
10 which show the effect of reflux ratio on numbétrays and column height respectively.
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236 Figure 7. Report of McCabe-Thiele graphical simtioh of a distillation column at R=3.713
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242  Figure 8. Report of McCabe-Thiele graphical sirtiataof a distillation column at R=4.180
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247 Table 1 Effect of Reflux Ratio on the Theoratilumber of Tray at Constant RV

248

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

3.094 20.64 36.29 11.35 17.0 6.232

3.713 20.64 35.79 11.19 14.0 6.153

4.180 20.64 35.51 11.10 13.0 6.108

5.733 20.64 34.87 10.90 11.0 6.007

6.27¢ 20.6¢4 34.71 10.8¢ 11.C 5.98:

6.819 20.64 34.58 10.81 11.0 5.962

7.439 20.64 34.46 10.77 11.0 5.942

7.984 20.64 34.36 10.74 10.0 5.927

8.447 20.64 34.29 10.72 10.0 5.915

9.301 20.64 34.17 10.62 10.0 5.897

11
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Figure 9.  Effect of Reflux Ratio on numbé plates
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Figure 10. Effect of Reflux Ratio on distillati@olumn height

The test results of the experiment showed thatixefitio has a negative effect on the number
of trays using the developed software as shownigurEé 10; an increase in reflux ratio
produced a reduction in number of trays and cormatjuthe column height. This is not
unexpected as using a higher reflux ratio resultes$s number of trays required. Adelekan
(2010) in a research on ethanol productivity freessava reported a similar obsrvation in his
study. A column with a high R may have fewer stapesit refluxes a large amount of liquid,
giving a wide column with a large holdup. Conveysa column with a low R must have a
large number of stages, thus requiring a talleurool (Toliver and McCume, 1978, Roat
et.al., 1988) this is evident in Figure 10.
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Conclusion
The Reflux Ratio (R) had a negative effect on tbheohtrays using both the Mc-Cabe and
Fenske equations; an increase in R produced atredus number of trays and consequently

the column height.
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