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ABSTRACT: Dividing wall columns (DWCs), as a subset of fully thermally coupled distillation systems (FTCDS), is
considered as one of most appealing distillation technologies to the chemical industry, because it can bring about substantial
reduction in the capital investment, as well as savings in the operating costs. This study targets on how to improve the energy
efficiency of DWCs by achieving their well-designed feasible parameters. Two methods are applied to study the effect of liquid
and vapor split ratios including a shortcut method and a method of systematic calculations by using differential equation profiles.
In the latter approach, differential composition profiles in each column section are obtained by considering feasible key design
parameters. The finding of pinch points for each section profiles allowed determining the limiting values of the operating
parameters. The intersections of these profiles are used to get well-designed feasible parameters of the liquid and vapor split
ratios in an attempt to obtain the desired purities of the top, bottom, and side-stream products. The obtained parameters are
validated by rigorous simulations. Three types of case studies involve the separation of hydrocarbons (n-pentane, n-hexane, n-
heptane), aromatics (benzene, toluene, p-xylene), and alcohols (ethanol, propanol, butanol).

1. INTRODUCTION

Distillation columns are used for ~95% of liquid separations
and the energy use from this process accounts for an estimated
3% of world’s energy consumption.' Distillation is the most
commonly used separation technique in the chemical and
petrochemical process industries but, at the same time, also is
the most energy intensive operation unit. To overcome this
problem, several heat-integrated and fully thermally coupled
distillation systems (FTCDS, also called Petlyuk columns) were
studied, and it has been proved that thermally coupled
configurations, such as dividing distillation columns (DWCs),
are promising energy alternative solutions. The theoretical
studies have shown that DWCs can achieve ~30% energy and
capital cost savings, compared to conventional distillation
systems. Any reduction of energy consumption will not only
bring economic benefits but also environmental benefits, in
terms of reduced usage of fossil fuels and its associated
emissions.”>

Thermally coupled arrangements are realized by setting up
two-way vapor/liquid flows between different columns of the
simple column configurations.* Reported studies®® reveal that
Petlyuk columns provide maximum energy reduction in
columns, and in most cases, it is implemented in the form of
a dividing-wall column (DWC) in which both columns are
located in a single shell. This reduces not only the energy

consumption but also space and investment requirements,
compared to the conventional column system.

The DWC has been known for several decades, since a
patent submitted by Wright.'® Petlyuket al.*® introduced the
thermal coupling for separating ternary mixtures and presented
a fully thermally coupled configuration—Petlyuk column.
Thermally coupled distillation arrangements offer direct
coupling between the prefractionator and the main column,
which reduce mixing losses and also minimize the energy
requirements for a specified separation. Amminudin et al.”'
developed a semirigorous method for the initial design of
FTCDS. In their study, the FTCDS was divided into two
separate columns to eliminate interlinking and obtain an
optimal design that could be confirmed through rigorous
simulation. Fidkowski and Krolikowski** established that,
among all the options for a three-product system, the Petlyuk
system requires the least energy. This key advantage is also
applicable for a DWC, which has the minimum vapor flow rate
for the particular separation, compared to the conventional
system. Triantafyllou and Smith, and Agrawal and Fidkow-
ski,** showed that, for a mixture of three components, the
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Figure 1. Fully thermally coupled distillation columns: (a) with a prefractionator, (b) with a postfractionator, and (c) with a dividing-wall column

(DWC).

DWC reduces the total vapor flow by 10%—50%, compared to
conventional systems using direct and indirect sequences.

Reduction in vapor flow contributes to lower duties of
reboiler and condenser and, consequently, capital and operating
costs. Furthermore, DWC uses only one reboiler and one
condenser, compared to a conventional two-column system
with two reboilers and two condensers. This would be
beneficial to the savings in capital costs, as well as operating
costs. Simulations and experimental studies of Abdul Mutalib
and Smith®** demonstrate that the DWC can be operated
successfully.

Lee et al.”” proposed a design method from which internal
sections of the column system are divided into six separate
sections and matched to the sloppy arrangement with three
conventional simple columns. Uwitonze et al.”** introduced a
new design method based on approximate group method. The
proposed method uses the group methods for the design of
each column section, and they focus on employing an
approximate method that relates the compositions of multi-
component vapor and liquid streams inside the column section
and streams leaving the column to compute the number of
stages. This design method gives near-optimal values of all
important design variables, mainly the total number of trays in
all column sections.

Design of DWCs has been studied in the open literature
using basic equations and using commercial simulators.
Investigators™*~* generally use Fenske—Underwood—Gilliland
(FUG) equations as part of the shortcut method for

initialization, followed by a rigorous simulation with simulators
Aspen HYSYS. Shortcut methods have been proposed for the
design of Petlyuk and divided-wall columns,””~** which can be
used to quickly evaluate the applicability of a Petlyuk system for
a given separation problem.”® Alternative structures to the
Petlyuk column have been developed by changing or
eliminating interconnection flows.>® Sotudeh and Shahraki*’
proposed another shortcut method. In their method, the
compositions in the upper and lower zones of the
prefractionator are design variables. The total number of trays
of each section in the main column can be calculated, and the
minimum total number of trays in the main column is obtained
by manipulating the variables. Only the number of trays in the
side section is calculated, and the total number of trays in the
prefractionator is set to be the same as in the side section.
However, this method may not always work, because we cannot
be certain that the prefractionator will have enough trays. Also,
they did not explain how exactly to decide the vapor and liquid
split ratio. Chu et al.** developed a novel design method that
can be applied to all three types of DWCs. The method allows
for the determination of near-optimal values of all important
design variables, including the reflux ratio, the total number of
trays in all column sections, and values of the liquid and vapor
split ratios. However, it suggests iterative adjustments in the
design of the sections of main column, which makes the
method somewhat tedious.

In this contribution, we developed a novel shortcut method
that combined the Fenske, Underwood, Gilliland, and



v :@. D, (A +8)
P

Section 1

D, |T Tl D,

Section 4_1 T l

Seil
e S B+

F(A+B+C) b1

Section 2
_l I Section 4_2 _1 i
L, V, V, Ly
L1 il
w, LI .
L: V;
t
Section 3

Figure 2. Model applied for the design of a three-product DWC.3*

\_@_. W (C+ B)

Kirkbride equations. Composition profiles of different sections
(e.g, rectifying, prefractionator, and stripping) of DWCs are
derived following the differential model; the composition
profiles are established to assess feasible design parameters
(e.g., reflux ratio, interlinking vapor and liquid streams, and
reboil ratio). This work attempts to study the feasibility of
DWC by introducing a new design method based on the
calculation of the composition profiles, which allows one to
define the key operating parameters necessary to make the
process feasible. Three types of illustrative cases are
investigated in this study: hydrocarbon mixture separation
(pentane—hexane—heptane), aromatic mixture (benzene—
toluene—xylene), and alcohol mixture (ethanol—propanol—
butanol). The rigorous simulations are performed to validate
the obtained parameters using shortcut method and systematic
calculation based on differential equations to determine the
well-designed parameters of fully thermally coupled distillation
columns.

2. METHODOLOGY

2.1. Establishment of Design Models of DWCs. The
modern energy-integration technologies for multicomponent
distillation separations are mostly based on the Petlyuk
configurations. DWC (Figure 1) is a practical implementation
of the Petlyuk setup, in which the prefractionator and the main
column are built in a single shell but separated by a vertical wall
inside the column.”*”*® The prefractionator (feed side of the
column) performs the preferred separation between lightest
and heaviest products, driving them toward the top and
bottom, respectively. The objective of the main column
(sidestream section) is to obtain a high-purity side-stream

product of a middle boiling component. These features allow
the DWC to achieve average 25%—30% of energy savings by
avoiding remixing effects when it has been well-controlled.'"'*
Besides the energy savings, compared to the conventional
distillation sequences, DWC also provides a lower capital
expenditure and a smaller plant footprint. The process
flowsheets of DWC are illustrated in Figure 1. Figures la and
1b represent schematic diagrams of thermally coupled
distillation column with a prefractionator and a postfractiona-
tor, respectively, where liquid and vapor are distributed across
the two column sections. Figure 1c provides the typical design
structure of the DWCs. The light component recovered at the
top is denoted as “A”, the middle boiling component recovered
in the sidestream is defined as “B”, and the heavy component
recovered as the bottom product is denoted as “C”.

We assumed that component B is distributed to three
product sections of the FTCD column, while a small amount
remains at the top and bottom. The relative volatility of each
component is considered constant from top to bottom
throughout a symmetrical column. The net flows model is
interpreted in Figure 2.** Referring to this net flow diagram, the
material balance equations for modeling the thermally coupled
column are illustrated as follows:

Balance on component A:

FZ, = Dixypy + Sxas + Wykaws (1)

Balance on component B:

FZy = Dyxgp; + Sxgg + Wirgyy, ()



Balance on component C:
FZo = Dixcpy + Sxcg + Waxcws (3)

The column is divided into five sections: section 2 is
equivalent to a prefractionator column; sections 1 and 3
correspond to the rectifying section and the stripping section of
the main column, respectively; sections 4_1 and 4_2 represent
the upper and lower section of the right side of the DWCs,
respectively.

Therefore, the net flow of component C at the top of section
2 is assumed to be equal to the flow of component C in the side
draw. Similarly, the net flow of component A at the bottom of
section 2 is equal to the flow of component A in the side draw.
The component B is distributed to the top and bottom
products of section 2 (prefractionator). f is defined as the
fraction of B sent to the top of prefractionator, and it is
calculated by eq 4.>*

_ xppD,
p = —Bbr2
Fzg 4)

The top and bottom product net flows of each section are
obtained using the following balance equations:

D, = FZ, + fFzy + S(xcs - xAS) (5)
W,=F - D, ©)
W,y=W,-W, (7)

The given assumptions allow one to determine (approx-
imately) the composition at key points in the column. The
compositions of D,, W,, S, ; and S, , are obtained by the mass
balance at given feed flow rate (F), feed compositions (x4, xgp,
and x(p), and product purities (xp,;, g, and xy;3). In this work,
we consider a column with theoretical stages, such that, to
follow the assumption given in the shortcut method for the
design of DWC, in this respect, the phases leaving each of its
plates are mutually in thermodynamic phase equilibrium.

2.2. Design Procedure for DWCs Using a Shortcut
Method. Based on the Fenske, Underwood, Gilliland, and
Kirkbride equations,®*~* a shortcut method is applied in this
study. The relative volatility of each component is assumed to
be constant throughout the column. The compositions of the
top and bottom products of each section are required for
calculation of total trays number. Also, the thermal feed state g
and relative volatility a; of each component are necessary for
calculation of the minimum vapor flow using Underwood
equations (ie., eqs 9 and 10), which relies on assumptions of
constant molar flow rate and constant relative volatility. Again,
the notation is demonstrated in Figure 2.

The value of f is required for calculation of net flows and
compositions of streams at the top and bottom of
prefractionator D, and W, (see eqs S and 6). This variable is
defined when the condition in eq 8 is satisfied.

Vinin4 1 = Vimina 2 (8)

The minimum vapor flow is calculated on the basis of the
given roots limited by the values of the relative volatilities a,,
ag, and ac, the maximum one is chosen (see eqs 9 and 10).
The liquid L,,; and vapor V,;,, flows are combined to form
distillate flow D, (see eq 11).

(Xl-,Zi .

where a, > 0, > ag > 6, > ag, 0, and 0, are the roots of the
Underwood equation. The minimum vapor flow rates for four
sections can be obtained using eq 12:

v _ @, xDy
min,k —

k=1, 2,3, 4(section number)
a,— 0

(10)

Lmin,k = Vmin,k - Dk (11)

For section 2, the minimum theoretical tray number is
calculated using the Fenske equation (i.e., eq 12); three N,
values of ternary mixture are obtained, and we choose the
maximum value. For others sections, sections 1 and 4_1 are
combined in a similar fashion, for the purpose of calculating the
minimum total number of trays (see eq 13), and same is true
for sections 3 and 4_2 (using eq 14).

ln(Zi/Z}.)Dz(Zj/Zi)Wz . i={A B, C}
min,2 = l)] = 9 Dy
In a; (12)
In(Z/2)p (2, Z)y;
Nmin,l + Nmin,471 = 1 -
n (ll—}-
i,j=1{A B} (13)
In(Z/Z)n, (Z/Z),
Nmin,3 + Nmin,4_2 = 1 -
n ai}.
i,j={B, C} (14)

The internal reflux ratio change along with the changes in
liquid split ratio Sy and vapor split ratio Sy. Sy and Sy are
defined as

L
S ==
L (15)
|4
Sy =2
v (16)

We note that /5, Nivin1/Niin4 1) Ninin3/Nmin4 2 S1, and Sy are
the degrees of freedom of the shortcut design procedure for
DWC. The minimum reflux ratios and reflux ratios are first
defined; the total number of stages then is calculated for each
section using Gilliland correlation (i.e., eq 17). The two degrees
of freedom, Ny 1/Npina 1 and Ny s/Npying o are defined
when the Kirkbride equations (ie, eqs 18 and 19) are
satisfied.**

N— N R — R 05688
min — 0.75 1 _ ( mm)

0.206

N, _ Dy % %piD1

N, Si1 *pseaSe (18)
0.206

N, [ h % st4_zS4_2]

Ny w; xewsWs (19)

The shortcut design procedure for DWC of non-azeotropic
mixture is illustrated in Figure 3. To get the design parameters,
a value of f3, needed to calculate the minimum vapor flow rate
at each section, is set using above given equations. We then
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choose a value of # when the equal minimum vapor flows of
sections 4 1 and 4 2 could be achieved. The estimated
minimum vapor flows allow one to calculate the minimum
reflux ratio at each section of the column and the minimum
total number of trays. We set the reflux ratio at the condenser
of the main column and calculate the internal reflux ratio with
every given value of liquid split ratio S;. Iterative calculations on
Sy are performed until the Kirkbride equation is satisfied, and
then the total number of stages is determined.

2.3. Assessment of Feasible Design Parameters of the
DWC Using Profile Models. To assess the feasible
parameters of DWC for separation of ternary non-azeotropic
mixture, in this section, we develop the profiles models for
different sections of DWC, based on the differential equation of
Lelkes.**~* The computing of composition profiles approach
has been proven to be very efficient in assessing feasible design
parameters of nonideal mixtures and separations using
extractive distillation.**™** The differential model is based on
the following simplifying assumptions: (i) theoretical plates, (ii)
saturated liquid feed, and (iii) constant molar flow rate ratio in
the four respective DWC sections. The computing of section
composition profiles allows checking whether they intersect

each other. The process is feasible if the composition profile
connects the top and bottom compositions.

The investigated DWC, equivalent to fully thermally coupled
distillation column (FTCD), can be divided into four sections
as in Figure 2. Each section of FTCD is described by profile
equations: rectifying profile is the function of reflux ratio, the
prefractionator profiles are functions of the liquid and vapor
split ratio, and the stripping profile is a function of the reboil
ratio. We derived the following profile equations of each
section:

Section 2_1, the prefractionator profile above the feed
stream:

dx SvVs (SLRIDI) [ D, ) o
- = x + Xp, =Y
dh SRD |\ Sy SvVs (20)

Section 2 2, the prefractionator profile below the feed
stream:

dx _ SV SRD, + F . Wkw,
dh  SRD, +F|| SV s,

(21)
The main column can be described by the following four
composition profiles:
Section 1, the rectifying profile:

dx Rl + 1 R1 Xp, "
- = x + -y
Section 3, the stripping profile:

1 1
dx =9 (1 + —)x - (—]xm —y*

Section 4_1, the middle section profile above the side
stream:

e (1-8)V [((1 — §,)RD, )x Dyxp,

dr (1= SPRD |\ (1 -8y,

]
(24)

Section 4_2, the middle section profile below the side
stream:

& (-8
dh (1 S)RD, — S

% [(1 — SURD, — S]x _ Wk, _ %
(1- )% a-syv "’
(25)

The profile equations model is applied for the design DWC
(see Figure 2), the developed equations (eqs 20 and 21) are
used to describe the prefractionator (section 2), and eqs 24 and
25 are applied to interpret the middle section of the main
column (section 4). The section profiles are functions of the
liquid and vapor split ratios (S;, Sy), the vapor flow rate at the
reboiler (V3), and the reflux ratio (R,) of the main column. The
composition profiles are calculated with the aid of Simulis
thermodynamic1.4.10 software, and the rigorous simulation is
carried out using ProSimPlus 3.3 software.*




Table 1. Feed Composition and Physical Properties of Three Cases of Illustrated Mixtures

case study feed composition, z;  relative volatility, a;  boiling temperature (°C)  feed flow rate (kmol/h)  pressure (bar) ESI?
Case 1 pentane 0.4 7.9272 36.06 45 149 1.0202
hexane 0.2 2.7875 68.73
heptane 0.4 1 98.43
Case 2 benzene 0.3 5.4100 80.09 3600 0.37 1.0315
toluene 0.3 2.2901 110.65
xylene 0.4 1 138.36
Case 3 ethanol 0.2 4.5310 78.25 100 1.00 0.9224
propanol 0.6 2.2163 97.1S
butanol 0.2 1 117.75
“Ease of separation index.
Table 2. Specifications of DWC Column for Three Case Studies
Case 1 Case 2 Case 3

pentane/hexane/heptane

benzene/toluene/xylene ethanol/propanol/butanol

Distillate
D, (kmol/h) 18 1090,8 20
xp, (mole fraction) 0.9834/0.0166/0 0.9867/0.0133/0 0.956/0.044/0
Sidestream
S (kmol/h) 9 1065.6 60
x5 (mole fraction) 0.0332/0.9635/0.0033 0.0035/0.9585/0.0380 0.015/0.977/0.008
Bottom Product
W, (kmol/h) 18 1443.6 20
%3 (mole fraction) 0/0.0017/0.9983 0/0.0306/0.9694 0/0.025/0.975
Vapor
V, (kmol/h) 56 38816 1747
In this study, a shortcut method based on the Fenske— ESI = HB
Underwood—Gilliland—Kirkbride equations is first employed in Opc (26)

order to calculate the preliminary operating parameters of the
DWC configuration, the obtained parameters were then applied
to assess their feasibility and determine the composition of the
interlinking liquid and vapor streams and the composition of
the feed tray. Finally, the obtained set of parameters (reflux
ratio, liquid split, vapor split, total number of stages, stage
locations of feed stream, side stream, and liquid and vapor
interlinking streams) was used to initialize the rigorous
simulation of DWCs. The numbers of stages of the main
column and the prefractionator, as well as the liquid and vapor
splits, have been adjusted to achieve high product purity via
rigorous steady-state simulation.

3. APPLICATION OF THE PROPOSED DESIGN
METHOD

Three categories of ternary non-azeotropic mixtures are
investigated to illustrate the effectiveness of the proposed
design method. For the sake of simplicity, three component
abbreviations are used: A represents the lightest component, B
represents the middle component, and C is the heaviest
component. The three case studies involve the separation of
hydrocarbons (where A = n-pentane, B = n-hexane, and C = n-
heptane), aromatics (where A = benzene, B = toluene, and C =
p-xylene), and alcohols (where A = ethanol, B = propanol, and
C = butanol). The degree of difficulty for the separation is
characterized by the ease of separation index (ESI), as defined
in eq 26.%°

For the feed case where ESI > 1, the ease of splitting A from
B is easier than splitting B from C. For the feed case where ESI
< 1, the ease of splitting A from B is more difficult than splitting
B from C. In this study, we intend to study different mixtures
with close ESI in order to compare their performances. For the
selected case studies, the compositions of feed stream have
been chosen in such way as to have close ESI values for
mixtures that belong to different chemical families (i.e.,
hydrocarbon, aromatics, and alcohol mixtures).

The Modified UNIFAC Dortmund is used to predict the
vapor—liquid equilibrium (VLE) for mixtures of alcohol
(ethanol—propanol—butanol) and aromatics (benzene—tol-
uene—xylene) in the simulations. The binary parameters of
NRTL and UNIQUAC models for these two mixtures are not
complete, and both mixtures are not common mixtures lacking
adequate experimental data to regress. Since the Peng—
Robinson equation of state could reliably predict hydrocarbon
mixtures, the Peng—Robinson equation is chosen for the
pentane—hexane—heptane hydrocarbon mixture. Table 1
summarizes the feed specifications and thermodynamic proper-
ties of three mixture cases.

4. RESULTS AND DISCUSSION

4.1. Preliminary Design Parameters Using a Shortcut
Method. In this section, the preliminary designs of the
columns were performed based on a proposed shortcut
method. The DWC specifications for three illustrated cases
are calculated by mass balance and given in Table 2. The



shortcut design method provides information on the feed stage
and the total number of stages of prefractionator, total number
of stages of the main column, interlinking stages, and
interlinking liquid and vapor flow.

The operating and design parameters are obtained using the
proposed shortcut procedure that is given in Figure 3. The
design begins by using eq 4 to determine /3 (i.e., the fraction of
intermediate component B that is sent to the top of
prefractionator). The value of f§ is necessary to calculate the
minimum vapor flows in the prefractionator, and then
minimum vapor flows in each section of main column are
obtained using eq 10. The minimum reflux ratios are calculated,
and the actual reflux ratio is set to define the liquid and vapor
splits (i.e., S. and Sy, respectively). Solving eqs 18and 19
provides a way to estimate the number of stages of each section
of the main column and the prefractionator. S; and Sy values
are chosen so that there are the same number of trays in section
2 and section 4. The minimum number of trays of the
prefractionator and the main column are computed from feed
and product compositions. The results of operating and design
parameters for the three cases are summarized in Table 3.

Table 3. Operating Parameters of Three Illustrated Cases
Obtained Via the Shortcut Method

Case 1 Case 2 Case 3
pentane/hexane/  benzene/toluene/  ethanol/propanol/
parameter heptane xylene butanol
p 0.575 0.610 0.630
S. 0.528 0.432 0.254
Sv 0.746 0.7434 0.5426
Ry 1219 2.535 6257
R 2.44 2.84 8.13
» 3.44 2.90 9.615
N cotamn 27 40 37
Nieast 8 12
Nyipp 9 12 8
N refractionator 10 17 20
N; 5 8 16
Nigestroam 13 22 20
L,/V, 23.18/46.17 1338/3113.65 41.32/99.12

For the separation of selected ternary mixture cases, the
obtained values of # show that the intermediate components
are almost fairly well-distributed between the top and the
bottom of the prefractionator, and the difference between the
volatilities of intermediate and light components is only slightly
higher than those of the intermediate and heavy components. It
could also be observed from Table 3 that the vapor split ratios
are higher than the liquid split ratios for the three mixtures,
namely, the amounts of vapor going to the prefractionator are
more important than those of the liquid. This is due to the fact
that the prefractionator holds a sufficient amount of liquid,
which is a summation of part of the internal liquid coming from

the rectifying section and part coming from the saturated liquid
feed mixture. The reflux ratios for Cases 1, 2, and 3 are 2, 1.12,
and 1.3 times greater than the minimum reflux ratios,
respectively, and they are all located within an acceptable
range in industrial practice.

For cases 1 and 2, the ESI values are close to 1, namely, the
ease of separation of B and C is the same as that of the
separation of A and B (ESI = 1). Therefore, the total number of
trays of rectifying and stripping sections are approximately the
same. The intermediate component (B) is distributed between
the top and bottom products of the prefractionator; therefore,
separation of the light component (A) from the heavy
component (C) takes place in the prefractionator. Con-
sequently, the prefractionator required more stages to obtain
the expected purities of A as the top product in section 1, while
C is the bottom product in section 3. For case 3, the separation
between ethanol and propanol is more difficult than that
between propanol and butanol, since the ESI value is <1.
Therefore, the separation requires a larger total number of
stages and a higher reflux ratio than the two previous mixtures.
The results are less influenced by the values of the liquid split
ratio (S.) and the vapor split ratio (Sy) than those for the two
other cases, since Case 3 has higher of reflux ratio and reboiler
ratio values. The interlinking liquid and vapor compositions are
estimated by combining the feed line and the operating line.
Equations 27 and 28 provide an estimation of the interlinking
streams, as a function of the reflux ratio and thermal feed state
of each feed section.

_ Xi,DZ(Rl +1) + xi,DI(q -1)

X = i={A, B, C}
L, Rl + q y Dy
(27)
Rx; py + 9%, by .
W Ry TRPY

Accordingly, the calculated interlinking liquid and vapor
compositions between the prefractionator and the main column
are shown in Table 4, which are necessary design parameters
for further rigorous simulations.

4.2. Rigorous Simulation of DWC. To complete the
process design, further rigorous simulation is carried out using
the ProSim Plus process simulator.** In the first step of the
rigorous simulation, the preliminary design parameters of DWC
provided by the shortcut method in section 4.1 are first
validated by rigorous simulation.

The corresponding results are summarized in Table 5. We
notice that the rigorous simulation leads to approximately the
same product specifications as those imposed as constraints in
the applied shortcut method. There are small differences
between the purities of the three products assumed in the
shortcut method and obtained by the rigorous simulation. For
the three illustrated cases, the compositions of the light
component in the distillate are very close to the specified
compositions in the preliminary design, and both compositions

Table 4. Interlinking Liquid and Vapor Compositions between the Prefractionator and the Main Column, Using Shortcut

Method Parameters

Case 2 Case 3

Case 1
stream pentane/hexane/heptane
liquid, L,x;, (mole fraction) 0.6275/0.3659/0.0066

vapor, V,y, (mole fraction) 0.0558/0.7683/0.1759

ethanol/propanol/butanol

0.1919/0.7953/0.0128
0.0/0.8390/0.161

benzene/toluene/xylene

0.3193/0.6407/0.04
0.0/0.6351/0.3649



Case 1

Table 5. Validation of Shortcut Design Parameters by Rigorous Simulation

Case 2

Case 3

benzene/toluene/xylene

1090.8
0.9876/0.0124/0

1065.6
0.0024/0.9391/0.0585

1443.6
0/0.046/0.954

3881.6

1.587 x 10°
1.725 x 10*

ethanol/propanol/butanol

20
0.9553/0.0447/0

60
0.0143/0.9715/0.0142

20
0/0.0431/0.9569

99

7.139 x 10°
7.067 X 10°

Table 6. Interlinking Liquid and Vapor Compositions between the Prefractionator and the Main Column, Using Rigorous

Case 2 Case 3

specifications pentane/hexane/heptane

Distillate

D, (kmol/h) 18

xp; (mole fraction) 0.9761/0.0239/0
Sidestream

S (kmol/h) 9

x (mole fraction) 0.0482/0.8914/0.0604
Bottom Product

W; (kmol/h) 18

X3 (mole fraction) 0/0.0302/0.9698

Vapor

V; (kmol/h) 5445

Duty

Qg (J/h) 1.699 x 10°

Q¢ (J/h) 1.579 x 10°

Simulation
Case 1
stream pentane/hexane/heptane

liquid, L,x;, (mole fraction) 0.4074/0.5739/0.0187
vapor, Vyyy, (mole fraction) 0.012/0.7113/0.2766

ethanol/propanol/butanol

0.1405/0.8472/0.0123
0.0084/0.8196/0.1710

benzene/toluene/xylene

0.127/0.8176/0.0553
0.0002/0.8127/0.1871

Table 7. Design Parameters of the DWC Column, Using Rigorous Simulation for High Product Purities

Values

specifications pentane/hexane/heptanes
Distillate
D, (kmol/h) 18
xp; (mole fraction) 0.99/0.01/0
Sidestream
S (kmol/h) 9
xg (mole fraction) 0.0206/0.978/0.0013
Bottom Product
W;(kmol/h) 18
Xy (mole fraction) 0/0.0048/0.9952
Vapor
V, (kmol/h) 56.62
Heat Duty
Qr (KJ/h) 1.696 x 10°
Qc (kJ/h) 1.570 x 10°
B 0348
N 0.49335
Sy 0.7771
R 2.59
@ 3111
N cotumn 50
Nrecrie 4
Nripp 9
Nt 37
N 18
N, 25

sidestream

benzene/toluene/xylene ethanol/propanol/butanol

1090.8 20
0.99/0.01/0 0.963/0.037/0

1065.6 60
0.0001/0.99/0.0099 0.0124/0.9828/0.0048
1443.6 20

0/0.0105/0.9895 0/0.016/0.984
3881.6 192.3

1.586 x 10° 7.139 X 10°

1.721 x 10° 7.067 x 10°

0.636 0.57954

0.391 0.2075

0.549 0.442

2.84 8.13

2.9 9.615

45 62

10 18

12 16

23 28

10 14

21 24

of the heavy component in the bottom product and the
intermediate component in the sidestream product are just
slightly higher than that in the design specifications. Thus, we
confirmed that the assumptions assumed previously in the
shortcut method are verified by rigorous simulation. As can also
be observed in Table 5, the top product is almost free of heavy

component C, the bottom product is almost free of light
component A, and the intermediate component is distributed
in the three products. Note that the compositions of the
interlinking of liquid and vapor streams to the prefractionator

obtained from rigorous simulation are similar to those obtained



(@)

Hexane
0

> >0 0 m O

Rectifying profile
Stripping profile
Section S2_1
Section S2_2
Section S4 1
Section S4 2

Hexane

Distillate 4,

0.8
0.!

L [\

Pentane’
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Figure 6. Composition profiles of ethanol—propanol—butanol in DWC column: (a) using differential equations and (b) using rigorous simulation.

by the shortcut method as well (see Table 6), which validate
the efficiency of the applied method.

In the second step of rigorous simulation, the simulations
have been carried out to improve the operating parameters
obtained from the shortcut method to reach high purities (99%
mole fraction) of the three products. To validate the proposed
design method, rigorous simulations are performed by first
determining the operating conditions (such as liquid and vapor
splits ratios), and then the design parameters of DWC (namely,
the number of stages in each column section, feed stage, upper
and lower interlinking stages, and side product draw stage). To
establish the effects of changes in internal flows to the design
equations, operating conditions (i.e, liquid and vapor splits
ratios and reflux ratio) that could result in different internal
flows in all column sections are used to calculate their
corresponding numbers of equilibrium stages. The design
procedure was repeated for different systems to test the
usefulness and efficiency of our method.

This step of the design method gives near-optimal values of
all important design variables, mainly, the number of trays in all
column sections (prefractionator and main column) and values

of the interconnecting streams. The achieved specifications of
the three products in DWCs using improved design parameters
are listed in Table 7.

The obtained results show that the purities of the three
products are influenced by key parameters: the liquid and vapor
split ratio values. To obtain a high purity of each product
(>98%), compared to case 3 with ESI < 1, the separation of
Case 1 and Case 2 with ESI > 1 requires a greater total number
of stages. Therefore, to get the desired purities, the total
number of main column stages must be increased to maintain a
constant reflux ratio. For the three illustrated cases, the
separation requires more stages in the prefractionator and the
intermediate section than those in the rectifying and stripping
sections.

4.3. Composition Profiles of the DWC. The composition
profiles for the three ternary mixtures cases are displayed in
Figures 4—6. The obtained profiles based on differential
equations show that the profiles of main column and
prefractionator intersect at the locations of feeds and products
stages. This means that the preliminary design parameters
obtained from the shortcut method are feasible. As shown in



the Figures 4a, Sa, and 6a, the rectifying profile intersects with
the upper section profile of the prefractionator at the
interlinking stage location, and the stripping profile connects
the lower section of the prefractionator at the interlinking stage
location as well. Therefore, the calculated profiles based on
differential equations provide a suitable composition of
interlinking stages, which are important data for the thermally
coupled distillation column structure. For the middle section of
the main column, the intersection between the upper and lower
section 4 (S4_1 and S4 2) performed at the sidestream stage
composition and also joined the rectifying and stripping
sections.

The composition profiles of different sections obtained using
developed differential equations (i.e, eqs 20—25) based on
shortcut design parameters method are in accordance with
those calculated using rigorous simulations (see Figures 4b, Sb,
and 6b). From the differential profiles, we notice that the
intersection of Sections S2 1 and S2_2 occurs at the
composition of the feed stage, and the intersection of Sections
S4 1 and S4_2 occurs at the sidestream effluent stage.

The composition of the feed stage obtained from the
intersection of composition profiles for the three investigated
cases, using both rigorous simulation and differential equations,
are given in Table 8. We note that the feed stage composition

Table 8. Feed Stage Composition of the DWC Column,
Using Rigorous Simulation Profiles and Differential
Equations Profiles

differential equation

system rigorous simulation profiles
pentane/hexane/heptane 0.254/0.313/0.433 0.26/0.32/0.42
benzene/toluene/xylene 0.186/0.387/0.427 0.18/0.34/0.48

ethanol/propanol/ 0.161/0.659/0.18 0.14/0.67/0.19

butanol

of the DWC column deduced from the intersection of the
differential profiles method are very close to those obtained via
the rigorous simulation method (see Table 8). This means that
the novel proposed method works well for finding feasible
operating parameters and is close to the best design of the
DWC.

5. CONCLUSIONS

This work provides a novel method that can be used for the
design of dividing-wall columns (DWCs); this method is based
on shortcut and differential equation profile methods. For the
separation of non-azeotropic mixtures, an efficient model is
developed to define preliminary design parameters. Three case
studies of non-azeotropic systems are considered to validate
this method. It can be observed from the result that the key
parameters—the liquid and vapor split ratios—play a very
important role in the design of DWCs. The method provided
feasible design parameters of the distillation column with an
internal separating wall, which can be used for the initialization
of a rigorous simulation.

The developed differential equations allow one to examine
the feasibility of the preliminary design parameters, defined
from the applied shortcut method, and determining the
composition of feed and side product at the intersection of
the plotted profiles of DWCs. We conclude that the differential
equations method is consistent with the shortcut method, and
the two methods are also validated by rigorous simulation. The

DWC configurations for distillation columns are not only
technically feasible but also economically more attractive, with
significant energy savings.

Note that many degrees of freedom of input and output
exist; thus, the complex nonideal DWC separation provides
difficulties for steady-state design. In this study, shortcut and
composition profile methods are proposed for design feasible
parameters of the DWC process; it provides the necessary
initial key operating parameter values for optimization and
dynamic studies.
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B NOMENCLATURE

a; = relative volatility of component i, with respect to
component j

P = fraction of B sent to the top of the prefractionator

@ = boilup ratio

D, = top product flow rate of section k

F = feed flow rate

W, = bottom product flow rate of column i

L, = liquid flow in the upper zone of column i

Lyin = minimum liquid flow in the upper zone of column i
L, = liquid flow in the lower zone of column i

Lo = minimum liquid flow in the lower zone of column i
N, = total number of trays of section i

Nipinx = minimum total number of trays of section i

Nroa = total number of trays

q = thermal feed state

R, = reflux ratio of section k

R = minimum reflux ratio of section k

S = side-draw flow rate

Sy, = liquid split ratio

Sy = vapor split ratio

V; = vapor flow in the upper zone of section i

Vinini = minimum vapor flow in the upper zone of section i
V; = vapor flow in the lower zone of section i

Vinin; = minimum vapor flow in the lower zone of section i
x;; = mole fraction of component i in liquid flow j

Z; = mole fraction of component i in the feed flow

0 = root of Underwood’s equation

Ninain column = total number of stages in the main column
N eyt = number of stages in the rectifying section
Nyuipp = number of stages in the stripping section

orefractionator = total number of stages in the prefractionator
N = number of feed stages

Niidestream = Number of sidestream stages
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