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Abstract: Using modern computer programming resources, a computer code has been developed in the MatLAB
programming environment, which allows the use of the McCabe-Thiele and Ponchon-Savarit methods for SHORT-CUT
distillation design. The McCabe-Thiele and Ponchon-Savarit methods are easy to apply, are not time consuming, and allow the
easy visualization of the interrelationships among variables. In order to describe all the programming steps of these methods, a
combination of different types of MatLAB functions has been used. The optimum reflux ratio is determined by using volume
criteria, whichallows minimizing the volume of the distillation column and thereby reducing the total cost of a distillation unit.
To evaluate the accuracy of the results, a comparison between the results produced by graphical methods and those calculated
by other SHORT-CUT methods and rigorous calculations has been carried out. To perform this, the ChemCAD 7.1.5 simulator
has been used. The SHORT-CUT distillation module in this simulator uses the Fenske-Underwood-Gilliland (FUG) method.
For rigorous estimation, the SCDS multi-stage vapor-liquid equilibrium module in ChemCAD software environment has been
used. SCDS is a rigorous multi-stage vapor-liquid equilibrium module which simulates any single column calculation
including distillation columns, absorbers, reboiler and strippers. The results produced by graphical methods are closer to the
rigorous-calculation results than to the FUG SHORT-CUT method ones, with respect both to the reflux ratio and to the bottom
and top light-key mass fraction.
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and simplified methods [1-3]. The first ones are based on the
performance of operating columns and on results of rigorous

Before the advent of the modern digital computer, various ~ designs. Typical examples of these methods are the
"SHORT-CUT" methods had been developed to simplify the ~ Cilliland's [4] and the Erbar-Maddox correlations [S]. The
task of designing multicomponent distillation columns. other methods are based on the simplification of the rigorous
Though computer programs would normally be available for stage-by-stage prgcedures in order to enable thg calculatpns
the rigorous-solution equations, SHORT-CUT methods are ~ t© be done by using hand calculators or graphically. Typical
still useful in the preliminary design work, and as an aid in ~ Xamples of this approach are the McCabe-Thicle [6] and the

defining problems for computer solution. Intelligent use of ~ Fonchon-Savarit methods [7, 8].

the SHORT-CUT methods can indeed reduce both computer The first class of methods has been implanted in modern
time and costs. simulation software such as ASPEN ONE, ChemCAD, or

The SHORT-CUT methods available for distillation design ~ LToSIM  while the McCabe-Thiele and Ponchon-Savarit
processes can be divided into two classes: empirical methods ~ Methods are two graphical methods used for the design of

1. Introduction
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multistage distillation columns for binary systems. They are
very useful for didactical purposes and for preliminary
calculations. The basic advantages of these methods are the
easy visualization of the interrelationships among variables
[9] and the use of clearly defined criteria for calculating the
optimal reflux ratio in the distillation columns (see part 2.4).
The disadvantages relate to their effort- and time-consuming
aspects, which are due to the graphical constructions of these
hand-executed methods. This is the reason why they are not
included in the package methods of modern computer
simulator for chemical engineering processes.

The purpose of this study is to use modern computer
programming resources to develop a computer code in the
MatLAB programming environment that allows the use of
graphical methods for SHORT-CUT distillation design which
can be integrated into commercial chemical engineering
software products through the Computer Aided Process
Engineering Open (CAPE OPEN) interface standard.

For a better visualization when presenting the developed
program codes, the results of calculations for a selected real
system composed of acetone/n-butanol have been displayed.

2. Model Development

The graphical McCabe-Thiele and Ponchon-Savarit
methods are well known in the literature [10-13]. Therefore,
a detailed thermodynamic description of these methods is not
hereby provided. It is directly described how the individual
details (steps) of the two methods are realized according to
the computer code.

2.1. Thermodynamic Calculations

Regardless of which method is used for the design of
distillation columns, the first step always consists in
determining the thermodynamic parameters of the selected
system. When using the McCabe-Thiele and Ponchon-Savarit
methods, the thermodynamic parameters are the liquid-vapor
equilibrium and the enthalpies of the liquid and vapor phases.
There are two approaches to determine these parameters.

The first approach involves the use of a commercial
simulator such as ASPEN ONE or ChemCAD. In this case, the
code created in MatLAB should be connected to the simulator
using the CAPE OPEN interface standard. Once the
connection between the MatLAB code and the simulator is
carried out, any feature integrated in the simulator models to
determine the necessary thermodynamic parameters can be
used. This is a good approach for -calculating the
thermodynamics of the selected system, because rigorous
models are integrated into the simulators to calculate the
required parameters and there is a possibility to combine
different models. Whichever thermodynamic model from the
simulator library is to be selected (except for the UNIFAC
activity coefficient model), it will however require the
availability of experimental vapor-liquid equilibrium data [14].
The disadvantage of this approach is that MatLAB code cannot
work alone and a commercial simulator must be available.

The second approach relates to the possibility of directly

determining  the  thermodynamic  parameters from
experimental vapor-liquid equilibrium data only. On the basis
of such data, the vapor-liquid equilibrium is approximated
and the enthalpies of the liquid and vapor phases are
calculated. The approximation is performed using the
“spline” function in MatLAB, which performs an
approximation of the experimental data. The syntax of this
function is: Z = spline(X,Y). This function returns the
piecewise polynomial form of the cubic spline interpolant.
The obtained result in MatLAB is in the form of an
information array and does not represent a specific
mathematical expression. To convert and use the result of the
information array in order to calculate the required
parameters, the “ppval” function is used. It has the following
syntax: V = ppval(Z,X;). This function returns the value
of the piecewise polynomial f contained in Z, at the entries
of X;. Thus, a combination of the two functions spline and
ppval , experimental vapor-liquid equilibrium data and
enthalpy data for both phases are approximated. The use of a
spline function allows for the approximation of highly
nonlinear and discontinuous functions, and it allows for the
statistical aggregation of disperse experimental points. This
gives good accuracy in the approximation of the
experimental data.

The created MatLAB code allows to select one of the two
approaches discussed above, i.e. either using the CAPE
OPEN interface standard with a commercial simulator or the
direct approximation of experimental vapor-liquid
equilibrium data. The results presented in this work relate to
the latter option.

2.2. McCabe-Thiele Method

The McCabe-Thiele and Ponchon-Savarit methods have
been developed for binary systems. In order to apply these
methods to multicomponent systems, the concept of “key”
components must be defined. Key components are the two
components of a multicomponent mixture between which
separation is desired. The light key (LK) refers to the
component that is desired to keep out of the bottom
productand shall accumulate in the top product. The heavy
key (HK) reversely refers to the component that is desired to
keep out of the top product and shall accumulate in the
bottom product. The keys can therefore be treated as a
pseudo-binary pair and the McCabe-Thiele and Ponchon-
Savarit methods can be applied to this pseudo-binary system
for the separation of multicomponent systems.

The description of the development of graphical design
procedures starts with the vapor-liquid equilibrium. As mentioned
in the previous part (2.1), the approximation has been performed
by a spline function. For the acetone/n-butanol system, the
acetone is LK and experimental data on vapor equilibrium have
been taken from the literature [15]. In Figure 1, a comparison
between experimental and model results is presented (red curve).
The x-axis shows the molar concentrations of LK in the liquid
phase and the y-axis shows the molar concentrations of LK in the
vapor phase. The figure shows a good agreement between model
and experimental values.
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2.2.1. Construction of the Operating Lines of the
McCabe-Tile Method

This methods hinges upon the fact that, as an
approximation, the operating lines on x — y diagram can be
considered straight for each section of the fractionator [6, 11,
12, 16]. The parameters available are the concentration of LK
in the top product (in the condenser) - xp, the concentration
of LK in the bottom product (in the reboiler) - xy,,, and the
concentration of LK in the feed stream - x;. For the
acetone/n-butanol system, the following starting values for
these parameters have been selected: x; = 0.56, x, = 0.95,
and x,, = 0.03.

_ R Xp

Y= (R+1)x + (R+1) @
_ SR f-1

Y= & (R+D) W @

Equations (1) and (2) represent the rectifying operating
line (ROL) and the stripping operating line (SOL)
respectively. In equations (1) and (2), the parameter R
corresponds to the reflux ratio of the column. In order to be
able to calculate the number of theoretical degrees by the two
graphical methods, the parameter R must be assessed. In
order to determine an optimum reflux ratio (R,,:), the
minimum reflux ratio R,,;, must first be determined .

Calculations of the optimum reflux ratio (R,p,) are given in
more detail in Part 2.4. Assuming that this parameter for the
acetone/n-butanol system and for the McCabe-Thiele method
is Rope = 0.594, equation (1) provides:

0.594407 0.95

= (0.594407+1)x (0.594407+1) = 0.3728x + 05958 (3)

The feed entering the distillation column may consist of liquid,
vapor or a mixture of both. Some portions of the feed go as the
liquid and vapor stream to the rectifying and stripping sections.
This is represented by the parameter f in equation (2).

In order to construct the operating lines, it is necessary to find
(calculate the coordinates) the end points bounding these lines
and corresponding to certain points through the height of the
column. The first point of ROL corresponds to the condenser
and the end point of SOL corresponds to the reboiler. One
consideration of the McCabe-Tile method consists in the
equality of concentrations in the liquid and vapor phases in both
the condenser and the reboiler: y,, = xy, and yp, = xj,. Thus,
the coordinates of the first point of the ROL (to the top)
are(xp, xp). Similarly, those of the end point of the SOL are
(xw, xy) These two points lie on the diagonal of the diagram.
For the acetone/n-butanol system, the corresponding points are:
B (0.95,0.95) — for the ROL and € (0.03, 0.03) — for the SOL
respectively, as shown in Figure 1.
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Figure 1. Theoretical stages for the two sections of the column.

2.2.2. Determination of the Feed Condition (q)

The locus of the intersections of the operating lines for the
enriching section and the stripping section is called the “feed
point” and it is obtained by simultaneous solution of the ROL
(1) and the SOL (2) equations [17].

=| 4 |-
[ v

Equation (4) is the equation of a straight line which
iscalled the g — line. The intersection of the operating lines
and g — line (point A on Figure 1) corresponds to the feed
point. The parameter q is defined by:

_ _H+ — molar heat of vaporization 5)
1 H,-H, H, molar latent heat of vaporization
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where H), is the enthalpy of the vapour, H; is the enthalpy
of the liquid at its boiling point under standard atmospheric
pressure and H, is the enthalpy of the liquid at its entering

condition. In equation (5), the parameter H; corresponds to
the heat required to convert 1 mole of feed from its entering
condition to a saturated vapor and /1, to the molar latent

heat of vaporization of the feed. The values of both H; and

H, are available; they are calculated in an additive manner

shown in section 2.3.1. The parameter q corresponds to the
fraction of the feed that is liquid.

For a given feed condition, x; and g are fixed; the slope of
the g — line is —q /(1 —q) and its intercept x;/(1 —q).
If x = x¢, equation (4) results in y = x; and the q — line
passes through the point D (x¢, x¢) on the diagonal. Different
values of g will result in a different slope of the g — line.

The construction of the g — line is operated as follows;
from point D (xf,xf), a straight line with slope —q / (1 — q)
is drawn to the intersection with ROL, as shown in Figure 1.
The intersection of both lines represents the feed point A. In
MatLAB, this is realized using the polyxpoly function, which
has the following syntax:

[n,m] = polyxpoly(xy,y1,%2,¥2)

This function returns the intersection points of two lines in
a planar, Cartesian system. In the above equation (x;,y;) and
(x,,y,) are vectors containing the x- and y-coordinates of the
vertices in the first and second polylines. The output
variables, n and m, are the x and y coordinates of the
intersection of the two lines. In the present case, the
intersection between ROL and q — line is the feed point A.
Once the feed point has been determined, the SOL is
constructed as a straight line through the points: C (xy,, x)
and A. In MatLAB, this is implemented using the polyfit
function, which has the following syntax:

z = polyfit(x,y,1)

This function returns the coefficients for a polynomial
z(x) of degree 1 that is a best fit (in a least-squares sense) for
the data in y. The coefficients in z are in descending powers,

and the length of z is 2.

After the coefficients of the polynomial have been
calculated, the equation (2) or SOL is determined. In the case
of the acetone/n-butanol system, equation (2) provides:

y = 2.3291x — 0.0372 (©)

For the acetone/n-butanol system, the feed temperature of
Ty = 87°C is selected; the results obtained for the equilibrium
curve, the operating lines, and the g — line are shown in
Figure 1.

2.2.3. Determination of the Number of Theoretical Stages
by the McCabe-Tile Method

According to the McCabe-Tile method, the number of
theoretical stages is determined by constructing steps
between the working and equilibrium lines [6]. The steps are
obtained by sequentially drawing parallel lines to the abscissa
and ordinate axes between the working and the equilibrium
lines. In order to determine these lines, it is necessary to
calculate the coordinates of their end points. For a calculation
of the corresponding steps from the top to the bottom of the
column, the starting point corresponds to the concentration in
the condenser (point B in Figure 1). A line parallel to the
abscissa axis is then drawn until it intersects with the
equilibrium curve; the upper part of the first step thus starts
from point B(xp,yp = xp) and ends at point B, on the
equilibrium curve (see Figure 2). The coordinates of point B,
are (x,y;) , and for the acetone/n-butanol system
specifically: y; = yp = xp = 0.95.

The abscissa of point By (x;) represents the equilibrium
concentration in the liquid phase of LK corresponding to the
vapor concentration y;. This concentration is determined in
MatLAB by the combination of spline and ppval functions;
these functions (see part 2.1) approximate the liquid-vapor
equilibrium. For the acetone/n-butanol system, x; = 0.6532
and y; = 0.95 correspond to the coordinates of point By, as
illustrated in Figure 2.

The next part of the first stage consists in drawing a line
parallel to the ordinate axis from the point B; to the
intersection with the ROL at point B, (x,,y,), with x, = x; =
0.6532 and its ordinate being calculated by equation (3):

y, = 0.3728x, + 0.5958 = 0.3728 x 0.6532 + 0.5958 = 0.8393

The whole first step ends with the determination of point
B, (0.6532,0.8393), as shown in Figure 2.

All the necessary steps for the rectifying section of the
column are calculated and constructed in the same way. The
criterion for completing these calculations is that the
coordinate of the last point x, is less than x¢, because x; is
the last point of the rectifying section. Therefore, a loop
“while”’has to be used in MatLAB to calculate all the steps
required for the top of the column.

The theoretical steps for the stripping section of the
column are calculated and drawn in a similar way, starting in
this case from the last step of the rectifying section and

incrementing steps until x,, becomes less than xy,,. Unlike the
previous case, the steps are calculated between the
equilibrium curve and equation (6) corresponding to SOL.
For the acetone/n-butanol system, the various theoretical
stages for both parts of the column are shown in Figure 1.

2.2.4. Calculation of the Fractional Part of the Last Stage
Figure 1 displays entire steps for the top section of the
column (rectifying section) except for the last one; its end must
be calculated as part of the bottom section. The same remark
applies for the bottom of the column (stripping section).
Figure 3a shows the intersection point A of the operating
lines and the last theoretical step for the top of the column,
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with the projection of point A on that step (point b of Figure
3a and Figure 1). Figure 3b similarly shows the projection of
point C, which is the end point of the SOL at the bottom of

the column, on the bottom last step (point b’ of Figure 3b and
Figure 1).
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Figure 2. The first theoretical stage.
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Figure 3. Determination of the last steps for both parts of the column.

From point 4, a straight line, parallel to the ordinate, rises
to the intersection with the last step of the rectifying section,
resulting in a dashed section Ab (see Figure 3a).

The entire step represents the segment ac; the part of this
step corresponding to the top of the column is the segment bc
while he segment ab represents the part corresponding to the
bottom of the column. The lengths of the segments ac and bc
are measured. For example, if ab = 12 cm and bc = 7 cm,
the part of the 8" step corresponding to the rectifying section
of the column is:

top=E=l
1 ab 12

In MatLAB, this is represented by the difference in the
abscissa of the last three points - a(x;), b(x,) and c(x,), the
abscissa of point b(x,) being calculated by the q — line
equation.

For the acetone/n-butanol system, the part of the second
step that corresponds to the rectifying section is niOp = 0.93.
For this section, there is one entire step: NP =1 (see

=0.5833 = 0.6
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Figure 1). The total number of theoretical stages for the
rectifying section is therefore:

NP = NP + n!P =1+ 0.93 = 1.93

The portion of the step corresponding to the segment ab
can be determined as follows:

nbot =1-nl® =1-0.93 = 0.07

This part is added to the number of theoretical stages for
the stripping section of the column.

It is similarly proceeded at the end of the SOL, as shown
in Figure 3b. The entire last step corresponds to the segment
a'c’ while the segment b'c’ corresponds to the part of this
step for the stripping section that can be determined as
described above. For the acetone/n-butanol system, the
following is obtained:

not = 0.985

There is one entire step for the stripping section, i.e.
NP°t = 1, and the total number of stages is:

Npot = Nbot 4 pbot 4 nbot =1 4+ 0.07 + 0.985 = 2.055
2.3. Ponchon-Savarit Method

The assumptions of constant molar overflow in distillation
seriously curtail the general utility of the McCabe-Thiele
method. This disadvantage is avoided in the Ponchon-Savarit

x 10

method. The operating lines are developed from enthalpy
balances on the rectifying and stripping sections in the
H —y — x diagram [7-9]. This graphical method uses both
material and energy balances to determine the number of
theoretical stages.

2.3.1. Calculation and Approximation of the Saturated
Enthalpy Curves in Both Phases

In order to construct the H —y — x diagram, three
parameters are required: H — enthalpies; y - the molar
concentration in the vapor; x - molar concentration in the
liquid.

The parameters x and y are available and they are
determined by the data equilibrium liquid-vapor (see Part 1).
The enthalpies in both phases are unknown: H,, - saturated
vapor enthalpies and H; - saturated liquid enthalpies. To
determine these enthalpies, the latent-heat enthalpy model is
used [18]. Thus, for each experimental liquid-vapor
equilibrium point, the enthalpies H, and H; are calculated;
they constitute “experimental enthalpy data” because they are
obtained directly from the vapor-liquid equilibrium data. To
determine H,, and H; at any point of the composition range,
the enthalpy functions shall be determined. The enthalpy
functions have been generated from the fittings of the
experimental enthalpy data in all the composition range to
the appropriate functions. In order to produce enthalpy
functions, the polynomial form of the cubic spline interpolant
obtained by “sline” functions in MatLAB has been used.

s -
@ o %]

Enthalpy curves H,h [kJ/kmol]
(s7]

Xy

e e e e

1 1 1i L 1

0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

Concentrations x,y [mol part]

Figure 4. Graphical presentation of the number of stages for the rectifying section.

Figure 4 shows experimental enthalpy data corresponding
to the liquid “+” and vapor “*” phase respectively as well as
the saturated vapor curve (red curve) and the saturated liquid
curve (blue curve) obtained by enthalpy functions for the
acetone/n-butanol system. The figure shows a good

agreement between experimental and calculated results.

2.3.2. Determination of the Difference Points Line
The next step in the Ponchon-Savarit method consists in
locating the “difference points line”, which is a straight
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line between two operating points called "difference
points". The rectifying section difference point Ay has its
x coordinate equal to the concentration of LK in the
condenser - Ag(xp,hp) , and the stripping section
difference point Ag has its x coordinate equal to the
concentration of LK in the reboiler - Ag (xy,hy) .
According to the Ponchon-Savarit method [7-9], the
difference points line coincides with the 'feed line', which
is equivalent to the g — line in the McCabe-Tile method.
This line is defined by two points labeled Ly and Vf; he
point Lf(@, Hlf) represents the enthalpy of the liquid
phase corresponding to the concentration of LK in the feed
stage Xr and the point Vf(ﬁ, H,,f) the enthalpy in the
vapor phase corresponding to the working vapor
concentration Yy in the feed stage. Using the q — line
equation (5), both X and J; can be determined (see part
2.2.2) and allows for the enthalpies H;r and H,; to be
calculated. The point with coordinates (@,Tf) actually
corresponds to point A in Figure 1. The enthalpy curves
H, = f(y) and H, = f(x) are used andthe feed line Ls, V¢
is defined and shown for the acetone/n-butanol system in
Figure 4.

According to the Ponchon-Savarit method, points
Ap, Lg, Vs and Ag are colinear, i.e. the feed line and the
difference points line match; the segment Wcan thus be
extended until it intersects with the perpendiculars elevated
from the points x, and xy, at points Ag and Ay respectively.
In the MatLAB, this is done as follows:

1. For the two points Ly and V; the polyfit function
determines the coefficients for a polynomial of z1 (x)
of degree 1 passing through the two points.

2. The polyfit function determines the coefficients for a
polynomial of z2 (x) of degree 1 that is parallel to the
ordinate and passes through a point with coordinates
(xp,0).

3. The polyfit function determines the coefficients for a
polynomial of z3 (x) of degree 1 that is parallel to the
ordinate and passes through a point with coordinates
(xW' 0)

4. The polyxpoly function finds the coordinates of the
intersection points of two lines z1(x) and z2(x). This
is the coordinate of the rectifying section difference
point Ap.

5. The polyxpoly function finds the coordinates of the
intersection points of two lines z1(x) and z3(x). This
is the coordinate of the rectifying section difference
point Ay,

For the acetone/n-butanol system, the points Ag, Ls, Vy, Ag

and the difference point line are shown in Figure 4.

2.3.3. Determining the Number of Stages

The number of theoretical plates is then determined by
application of the straight line relationship on the H —x —y
diagram and the equilibrium data.

Rectifying section

Using the sline function for an approximation of the
liquid-vapor equilibrium (see part 1), the equilibrium

concentration y_; corresponding to a liquid concentration of
LK in the feed stage X; is determined.

By means of the enthalpy curves H, = f(y), the enthalpy
H,, corresponding to the vapor concentration y_; is
calculated, as illustrated by the point V' (y_;, Hyl) in Figure
4. The points Ly and V; represent the two ends of the line
segment W (green line in Figure 4).

The segment ARVy connects the rectifying section
difference point Ag with the point V7' . According to the
Ponchon-Savarit method, the extension of this segment to its
intersection with the liquid enthalpy curve H; = f(x) (point
L, on the Figure 4) corresponds to the first stage in the
rectifying section of the column. Thereby, the segment
ARViLy is a straight line, which connects the rectifying
section difference point A, to point L;. In MatLAB, this is
realized using the polyfit and polyxpolyfunctions:

1. Polynomial g(x) of degree 1 passing through the points

Ag ang V' using the polyfit function is defined.

2. The polyxpoly function finds the coordinates of the
intersection points of two polinomials g(x) and liquid
enthalpy curve H; = f(x). This is the coordinate of the
point Ly (1, Hyq).

3. The green polyline LyV;L; in Figure 4 correspond to
the first stage of the rectifying section.

Similarly, starting from point L;, all other steps for the
rectifying section are determined. As with the McCabe-
Thiele method (see part 2.2.4), the last step in the Ponchon-
Savarit method for the rectifying section is not entire (see
point b in Figure 4). The fractional part of this last stage is
calculated in the same way as in the McCabe-Thiele method
(see part 2.2.4). For the acetone/n-butanol system, the
number of theoretical stages for the rectifying section
determined by the Ponchon-Savarit method is N/ =
1.87722.

Stripping section

The number of theoretical stages for the stripping section
of the column can be similarly found. The difference relates
to the starting point which corresponds to the concentration
of LK in the vapor phase of the feed stage yr, as illustrated
by point V; in Figure 4.

With the sline function for the liquid-vapor equilibrium
approximation (see part 1), the equilibrium concentration x—;
corresponding to the vapor concentration of LK in the feed
stage J5 can be determined. By using the enthalpy curves
H; = f(x) , the enthalpy H,,; corresponding to the
concentration x_; is calculated, as illustrated by point

L} (x—;, Hxl)- The points V and L} represent the two ends of
the line segment V¢L; (green line in Figure 4). The segment
m connects the stripping section difference point A; with
the point L¢. According to the Ponchon-Savarit method, the
extension of this segment to its intersection with the vapor
enthalpy curve H, = f(y) (point V; on the Figure 4)
corresponds to the first stage in the stripping section of the
column. The segment ALV, is the straight line connecting
the stripping section difference point Ag to the point V;. In
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MatLAB, this is realized in the same way as in the
rectifying section by the combination between polyfit and
polyxpoly functions. Therefore, the green polyline VyL¢V,
correspond to the first stage of the stripping section.
Similarly, starting from the point V;, all other steps for the
stripping section are determined. The fractional part of this
last stage (see point b’ in the Figure 4) is calculated in the
same way as in the rectifying section. For the acetone/n-
butanol system the number of theoretical stages for
stripping section determined by the Ponchon-Savarit
method is N/°P = 2.2299.

2.4. Determination of Optimum Reflux Ratio

Economic calculations are important in industrial
designs. The total cost of a distillation unit includes capital
costs for the equipment as well as installation and operating
costs for utilities, labor, raw materials, and maintenance and
energy requirements. The desired separation can be
achieved with relatively low energy requirements by using
a large number of trays, thus incurring larger capital costs
with the reflux ratio at its minimum value. On the other
hand, by increasing the reflux ratio, the overhead
composition specification can be met by a fewer number of
trays but with higher energy costs. Thus, the minimum of
the total cost should correspond to the optimal reflux ratio
Rope [19].

The steam required will be proportional to the molar vapor
flow in the column Vj,. Under the consideration of McCabe-
Thiele method first the concept of total condenser is used and
second in the column for every mole of liquid vaporized, a
mole of vapor is condensed, thus V, is constant along the
column. In a total condenser, the entire vapor leaving the top
of the column V, is condensed. One part of I, is returned to
the column as reflux Vi and another is separated as a liquid
distillate product Vp i.e. V, = Vg + Vp. The reflux ratio is
R =Vg/Vy then V, =V,(R+ 1) . Therefore, the steam
required per mole of product is proportional to (R + 1),
minimal when R equals R, and steadily rising as R
increases. The molar vapor flow in the column V being
proportional to the column diameter D, D is proportional to
(R + 1).

A reduction in the required number of stages N as R is
increased beyond R,,;, will tend to reduce the cost of the
column. At values still close to R,,;,, @ marked reduction in
the number of stages can be attained, although at higher
values of R, further increases have little effect on the number
of plates [20].

The total volume of the column is V = DH, where H is the
height of the column. The height of the column is
proportional to N and then V is proportional to N(R + 1).
The objective function F = N(R + 1) is thus defined, with
the minimum of this function corresponding to the minimum
in the volume of the column. This volume criterion can be
used to determine the optimum reflux ratio R,,;.

The MatLAB code presented above for both the
McCabe-Thiele and Ponchon-Savarit methods is running
with a fixed reflux ratio. Thus, if a series of reflex ratios
R; are selected, for each of them, the number of theoretical

degrees N; can be determined by the two graphical
methods. Then, the minimum of the function R = f(F) is
found. Thereby, the reflux ratio corresponding to min(F)
represents the optimum reflux ratio R,,;, which allows
minimizing the volume of the column and thereby
reducing the total cost of a distillation unit. A smaller
column volume means:

1. Lower column height, respectively fewer theoretical
stages - minimizes the capital costs;

2. Smaller column diameter, respectively smaller molar
vapor flow in the column V, - minimizes operating
costs.

Rules of thumb are often used by designers to shortcut
reflux optimization. Such rules of thumb are usually
expressed as the optimum reflux ratio of minimum reflux
Ropt/Rmin~

According to a number of authors [20-23], Ryp¢/Rmin
ranges from 1.1 — 1.5 times to the minimum. It should be
emphasized, however, that in many cases, much higher
values of Ryp¢/Rpin are being employed, especially in the
case of vacuum distillation. In this study, the range of
variation of reflux ratio from 1,1R,,;, to 10R,,;, has been
adopted.

According to the theory of both graphical methods [6-9],
the minimum reflux ratio R,,;;, can be calculated as follows:

= xD_yg‘q
Rmin = 208 ™)

The concentration y,, representing the equilibrium
concentration corresponds to the x,, concentration of
point A. It is calculated using the g — line function (see
part 2.2.2) and the already defined spline function
characterizing the vapor-liquid equilibrium. For the
acetone/n-butanol system, it is obtained: R, =
0.285235. Thus, varying the reflux ratio with the volume
criterion defined above and using McCabe-Thiele or
Ponchon-Savarit methods, the optimum reflux ratio is
determined. The result of applying the above procedure to
the acetone/n-butanol system is presented in Figures 5a
and 5b.

Figure 5 shows a clear minimum of the objective function
in both cases. The optimum reflux ratios obtained by
McCabe-Thiele and Ponchon-Savarit methods are R, =
0.594407 and R,,; = 0.696462 respectively.

To determine the theoretical number of stages and the
optimum reflux ratio according to McCabe-Thiele or
Ponchon-Savarit methods, the following algorithm is
proposed:

1. Initial data: experimental liquid/vapor equilibrium
data, data for enthalpy calculation, xp, Xf, Xy, Tf;
Equilibrium data approximation;

q — line determination;

Rnin determination;

Formation of R vector from 1,1R,,;, to 10R,in;
Selecting a method: McCabe-Thiele or Ponchon-
Savarit;

7. Determination of number of stages for all elements of

SAINANE e N
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R vector by selected method,
8. Defining the objective function: F = N(R + 1);
9. Determining the minimum of the objective function F;

ik -
o w o -

Function F = (R+1)N

~

6 1 i i i i
0 Ropt 1 1.5 2 2.5 3
Reflux ratio R

a) McCabe-Thiele method

10. Determining the Rp¢;
11. Determining the number of stages using Rp¢;
12. Plot and printing of final results.

(R+1)N
N o R

1MF

Function F
[{e]

'3 1 i

0 Ropt 1 16 2 2.5 3
Reflux ratio R

b) Ponchon-Savarit method

Figure 5. Graphical results of the optimal reflux ratio for the acetone/n-butanol system.

3. Results and Discussion

Using the acetone/n-butanol system, the individual steps in
MatLAB code have been developed. Figures 1 and 4
graphically show the theoretical number of stages obtained
for this system by the McCabe-Thiele and Ponchon-Savarit
methods, respectively. Figures 5a and 5b graphically present
the results for determining the optimum reflux ratio by both
methods. The final results are summarized in Table 1.

The sensitive analyses for number of working reflux ratios
R; in the range of 1,1R,;;, to 10R,,;, 10 have been made.

The number of R; was varied from 10 to 1000; it was found
that for R; > 200, no changes in the determination of R,
occurred. Thus, in this study, R; = 200 was used. Despite
this result, the MatLAB code provides an opportunity to set
the number of working reflux ratios R;. Table 1 shows that
for the acetone/n-butanol system, the two graphical methods
give almost identical results. With regard to the total number
of stages, N = 4 is obtained by both methods. There is little
difference with respect to the optimal reflex number:
McCabe-Thiele R,,; = 0.6, Ponchon-Savarit R,,; = 0.7.

Table 1. Results for acetone/n-butanol system.

Parameter McCabe-Thiele Ponchon-Savarit
Minimum reflux ratio 0.2852 0.2852

Optimum reflux ratio 0.594407 0.696462
Number of theoretical stages for rectifying section 1.93033 1.87722

Number of theoretical stages for stripping section 2.05526 2.2299

Total number of theoretical stages 3.98559 4.10713

Top LK mass fraction 0.95 0.95

Bottom LK mass fraction 0.03 0.03

Table 2. Results for the acetone/n-butanol system.

Parameter FUG with Fenske feed stage location FUG with Kirkbride feed stage location
Minimum reflux ratio 2.77 x 1071 2.77 x 1071

Optimum reflux ratio 7.77 x 1071 7.77 X 107t

Total number of theoretical stages 6.43 6.43

Feed stage location 3.92 4.24

Top LK mass fraction 9.76 X 1071 9.76 x 1071

Bottom LK mass fraction 6.16 X 1072 6.16 x 1072

In order to verify the possibility of using both graphical  Kirkbride [26] equations. In order to determine the

methods for SHORT-CUT distillation design, the acetone/n-
butanol system has been modeled by conventional SHORT-
CUT methods. To perform this simulation, the ChemCAD
7.1.5 simulator has been used. The shortcut distillation module
in the simulator uses the Fenske-Underwood-Gilliland (FUG)
method [4, 24, 25] to simulate a simple distillation column.
The feed location can be calculated by the Fenske [24] or

thermodynamic of the system, the same experimental data for
the vapor/liquid equilibrium [15] and NRTL model have been
used [27, 28]. The use of ChemCAD allowed regress
experimental data and generate binary interaction parameters
(BIP) for mixtures. The results of the simulation for the
acetone/n-butanol system are shown in Table 2.

The only difference between the two methods in the
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ChemCAD shortcut distillation module is about the feed
stage location. The results are however very close for this
parameter and basically show the same feed stage
location Ny =~ 4.

In the FUG method, the reflux ratio R or the ratio R/R;p,
must be specified. Thus, there is no possibility to obtain the
optimum reflux ratio. If R/R,;;, is set, ChemCAD first
calculates Ry, and then determines R,,; as R/R;, ratio.
Determination of R,;, in the ChemCAD shortcut distillation
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module is performed by the Underwood procedure [25].

The resulting value is R,,;, = 0.277358 whereas R,,,;, =
0.285235 is obtained if using graphical methods. The two
values are very close, which is a criterion showing the ability
to use graphical methods for SHORT-CUT distillation design.

In the ChemCAD shortcut distillation module, a case study
option is provided to allow to vary R/R,;, in a specified
range and review its effect on column performance indicators
such as the number of stages or the final product concentration.
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Figure 6. Sensitive study for influence of R/ Ry on the final LK concentration.

On Figure 6, the sensitive analyses to check the influence
of R/R,in, on the final LK mass fraction in the distillate and
in the bottom product are shown. The figure shows that the
change in R/R,,;,, does not affect the final LK mass fraction.
The desired value of LK mass fraction in the distillate is
xp = 0.95 whereas the value of this parameter obtained by
ChemCAD shortcut module is xp = 0.98. The desired value

12

of LK mass fraction in the bottom product is x,, = 0.030
whereas the value of that parameter obtained by ChemCAD
shortcut module is x, = 0.062. Thus, according to the FUG
SHORT-CUT method, the separation of the acetone/n-
butanol system by rectification makes it impossible to obtain
the bottom product with LK mass fraction x;, = 0.03.
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Figure 7. Sensitive study for influence of R /Ry, on the total number of stages.

On Figure 7 the sensitive analyses to check the influence
of R/R,in, on the total number of stages is shown. It can be
seen from the figure that after R/R,,;;, > 2.8, the reduction

of the total number of stages is very slight. Thus, R/R i =
2.8 is the optimum ratio and the value R,,, = 0.78 for the
optimum reflux ratio is then obtained. Determining R,y in
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this way is however not very accurate because it takes into
account the influence of R only on the total number of stages
but not on the total cost of a distillation unit. Therefore,
defining R, using the MatLAB code, as proposed here, has
an advantage over the FUG method for the following two
main reasons:

1. The sensitive-analysis option is additional and not
integrated into the FUG SHORT-CUT method itself.
Thus, after determining the number of stages, further
research must be conducted to determine R,;, whereas
the MatLAB code suggested here directly determines
R,,: based on the volume criteria (see part 2.4);

2. Determination of R, by sensitive analyses in the FUG
SHORT-CUT method does not take into account the
total cost of a distillation unit whereas the volume
criteria in the MatLAB code (see function F=N (R + 1)
in part 2.4) account for the total cost of a distillation
unit. Therefore, defining R,,; is much more accurate.

For comparison to the SHORT-CUT methods proposed
here (graphical and FUG methods), a rigorous calculation has
been made by using the SCDS module in the ChemCAD
simulator.

SCDS is a rigorous multi-stage vapor-liquid equilibrium
module which simulates any single column calculation [13].
This module is mainly designed to simulate non-ideal
K — value chemical systems. It uses a Newton-Raphson
convergence method and calculates the derivatives of each
equation rigorously.

The calculation algorithm of the SCDS module requires to
initially setting the number of theoretical stages and the feed
stage location. Then as a result of the solution the
concentration of LK in the top and the bottom of the column
is obtained. In this case, in order to make a comparison
between the rigorous and SHORT-CUT methods, the number
of theoretical stages 5 and the feed stage location 3 are
selected. SCDS offers a variety of specifications, such as
total mole flow rate, heat duty, reflux ratio, boil-up ratio,
temperature etc. Therefore, there are several different ways to
initially define the SDST module. The results obtained by
SCDS modulates for the acetone/n-butanol system are
presented in Table 3.

Table 3. Rigorous results obtained for the acetone/n-butanol system via the
SCDS module.

Parameter SCDS module
Reflux ratio 0.7

Total number of theoretical stages 5

Feed stage location 3

Top LK mass fraction 0.95149058
Bottom LK mass fraction 0.03

The results in Table 3 show that there is little difference
between the SHORT-CUT and the rigorous calculation. For
comparison in terms of accuracy between the graphical
methods and the FUG method in ChemCAD shortcut
distillation module, the differences are indicated: on the one
hand between the FUG method and the rigorous calculation,
on the other hand between graphical methods and the

rigorous calculation.

1. The rigorous calculations show that the desired end
results are achieved by the reflux ratio R = 0.7. This
value is closer to the optimum reflux ratio obtained by
the Ponchon-Savarit method rather than by the FUG
method;

2. The rigorous calculation gives a total number of 5
theoretical stages. For this parameter, the graphical
methods give 4 while the FUG method gives 6. The
difference between the rigorous calculation and all
SHORT-CUT methods is thus the same;

3. The rigorous calculations show that it is possible to
obtain distillate with the LK mass fraction xp =
0.95149058, and the bottom product with the LK mass
fraction xy, = 0.03. According to the results of the
graphical methods (see Table 1), this is possible whereas
the sensitive analyses of the FUG method (see Figure 6)
show that this is not possible. According to Figure 6, the
minimum bottom LK mass fraction is xp =
0.06156551. Thus, with respect to the bottom and top
LK mass fraction, the results of graphical methods
practically coincide with the rigorous calculation.

4. Conclusion

A MatLab code for SHORT-CUT distillation design using
the McCabe-Thiele and Ponchon-Savarit methods is
proposed, in the first place because those methods are easy to
apply and are not time consuming, and moreover because
they allow for the easy visualization of the interrelationships
among variables. By the combination of the two functions
spline and ppval, experimental vapor-liquid equilibrium
data and enthalpy data for both phases have been
approximated. In the studied system, this approximation has
given very accurate results. In order to obtain a basic
estimation of both methods, a combination of several
MatLAB functions such as "polyxpoly","polyfit","min",
and "max"has been used.

The volume criterion has been defined and used to
determine the optimum reflux ratio R,,;, which allows
minimizing the volume of the column and thereby reducing
the total cost of a distillation unit. The sensitive analyses for
number of working reflux ratios R; in the range of 1,1R,,;, to
10R,;,;, 10 have been made. The number of R; was varied
from 10 to 1000. It was found that for R; > 200, no changes
in the determination of R,,; occurred. Thus, in this study,
R; = 200 has been used. Notwithstanding this result, the
MatLAB code provides an opportunity to set the number of
working reflux ratios R;.

To evaluate the accuracy of the results obtained with the
graphical methods via the generated MatLab code, a
comparison with the results calculated by other SHORT-CUT
methods and rigorous calculations has been performed. The
ChemCAD 7.1.5 simulator has been used for this
comparison; its shortcut distillation module uses the Fenske-
Underwood-Gilliland  (FUG) method. For rigorous
estimation, the SCDS multi-stage vapor-liquid equilibrium
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module has been used.

The results show that the graphical methods are closer to
the results of rigorous calculations than the FUG SHORT-
CUT method. This is both with respect to the reflux ratio and
to the bottom and top LK mass fraction. It can therefore be
concluded that the McCabe-Thiele and Ponchon-Savarit
graphical methods can be successfully used for SHORT-CUT
distillation design. The main advantage of these methods
over the FUG method in the ChemCAD shortcut distillation
module is the criterion defined in Part 2.4 to determine the
optimal reflux ratio.
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