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Design of a dividing wall column for fractionation of biodiesel
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Abstract—This study presents an efficient design method for DWC which can fractionate palm methyl esters (PME,
biodiesel) into three more valuable product groups: a mixture of methyl laurate and methyl myristate as light-cut, pure
methyl palmitate (>99.5%) as middle cut, and the mixture of the remaining methyl esters (biodiesel), which has good
low-temperature operability to such an extent as to come close to cold filter plugging point (CFPP) 0 °C, as heavy cut.
The first step of the design was to determine numbers of stages for four sub-sections of DWC, liquid split ratio, and
initial reflux ratio by the shortcut design, based on the component net flow model and the method of Fenske, Under-
wood, and Gilliland (FUG method). Secondly, optimal reflux ratio, vapor split ratio, locations of stages for feed and side
product were found out by sensitivity analysis in rigorous simulation. The results from the simulation model developed
by the method show that the reboiler duty of a single DWC is about 24% less than that of two simple columns in direct
sequence and about 25% less than in indirect sequence. These energy saving ratios are almost close to 30%, which is
popularly known as a typical value for energy saving of DWC.
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INTRODUCTION

The use of palm methyl esters (PME) at high blend ratio and/or
in geographical regions outside tropical latitudes is limited mainly
due to poor operability in low temperature condition [1], although
PME is currently one of the most popular biodiesels in the world.
Low-temperature operability of biodiesel is normally determined
by three common physical properties: cloud point (CP), pour point
(PP), and cold filter plugging point (CFPP). The CFPP is the lowest
temperature at which a given volume of biodiesel completely flows
under vacuum through a wire mesh filter screen within 60 seconds.
It is generally considered a more reliable indicator of low-tempera-
ture operability than CP or PP since solids contained in the fuel
are large enough to render the engine inoperable due to fuel filter
plugging once the CFPP is reached [2]. The CFPP of PME, gener-
ally found to be 10-16°C in the literature, is higher than that of
soybean methyl esters (SME), —4 to —2°C, and that of rapeseed
methyl esters (RME), —14 to —9 °C. Poor CFPP property of PME

is mainly related to the degree of unsaturation because PME has,
typically, about 50% (w/w) of saturated components. Table 1 shows
typical compositions and distributions of fatty acid methyl esters
for three types of biodiesel. Having ~50% of saturated components
for PME is considerably higher than SME (<12%) and RME (<16%)
[2]. Main saturated component in PME is methyl palmitate (C,),
while other saturated components include methyl stearate (Cg,,
<5%) and saturated methyl esters of fewer carbon chains (<3%), for
example, methyl myristate (C,,,) and methyl laurate (C,,,). Among
these, the ‘saturated methyl esters of fewer carbon chains’ (the 1*
group), Le,, methyl laurate and methyl myristate, are highly demanded
materials in the oleochemical industry [3], produced mainly from
coconut oil and palm kernel oil of which scarcity value is relatively
higher than palm oil. Pure methyl palmitate (>99%), the second
group, can be applied to the feedstock for fatty alcohol--cetyl alco-
hol--which is useful in the cosmetic industry [4] and/or in the
oleochemical industry [5]. The mixture of the rest of methyl esters,
the third group, excluding the above saturated methyl esters from

Table 1. Typical compositions and distributions of fatty acid methyl esters for three types of biodiesel

Cio' Ciso Ciso Caoo Cano Cis Cisa Ciss XSats 2Unsats
PME (%)b 24 439 49 0 0 39.0 9.5 0.3 51.2 48.8
RME (%) [1] 0.3 43 14 2.1 39 54.5 16.1 16.1 12.0 88.0
SME (%) [1] 0.2 11.3 3.6 0.2 03 222 50.2 12.0 15.6 844

» «  »

« »

Note: In “C,,,,;, “m” denotes the number of carbon atoms in the fatty acid chain, and “n” represents the number of double bonds in the chain
“The sum of compositions for methyl esters of fewer carbon chains, i.e. Cyg, C5 and Cyyy
®Analysis result by gas chromatography for a PME sample, provided by SK Chemicals Inc. in Korea

"To whom correspondence should be addressed.
E-mail: ykyeo@hanyang.ac.kr
Copyright by The Korean Institute of Chemical Engineers.
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PME, is also expected to have much improved CFPP property than
PME. Therefore, there is strong economic incentive for the frac-
tionation of PME into three groups: the ‘saturated methyl esters of
fewer carbon chains, the pure methyl palmitate, and the ‘rest methyl
esters, which allows simultaneous production of the higher value-
added products, and the better biodiesel of the improved CFPP,
compared to original PME.

On the other hand, there are a few works reported in the refer-
ences for improving the low-temperature operability of PME, for
example, blending with RME or SME which contains low saturated
components [6-8] or addition of cold flow improvers as an additive
to PME [1,6,9], while crystallization fractionation, widely known as
winterization, has been widely practiced in industries, which exploits
relative differences in melting points between components for remov-
ing the saturated components from PME [6,10]. Crystallization frac-
tionation is effective for separating saturated methyl esters group
from unsaturated methyl esters group; however it is limited to achiev-
ing sharp separation of methyl palmitate from the other saturated
methyl esters, and hence to meet its specification as oleochemical
feedstock. Another design option for the separation of methyl esters
is fractional distillation, which has been applied in practice [11,12].

According to Heck et al. [11], the fractional distillation system
to obtain a technical grade of methyl oleate (Cyg,), having methyl
stearate (Cg0) content of less than about 2% by weight, and methyl
palmitate content of less than about 5%, should be composed of
four simple columns in sequence. While the conventional distilla-

Table 2. The correlations for estimation of CFPP found in literatures

tion system allows sharp separation, this system inherently requires
significant energy consumption. Therefore, it is sensible to investi-
gate alternative separation systems for improving economic and
environmental viability for PME separation. Among various tech-
nologies available, utilization of a dividing wall column (DWC) is
considered in this study because DWC systems can achieve con-
siderable energy savings, typically 30%, compared to conventional
distillation systems using simple columns, without compromising
product quality [13-21].

Therefore, the present study aims to provide an efficient method
for the design of a single DWC which can fractionate PME into
three products: the methyl esters of fewer carbon chains (C,, &
Ci4) with methyl palmitate (C,4,) content of less than 0.1%, as light-
cut, the pure methyl palmitate (=99.5%) as middle cut, and the rest
of methyl esters (biodiesel) which have better CFPP, i.e. 0°C, than
PME as heavy cut. This design method presented in this paper con-
sists of two major phases, which are relatively simple and less time-
consuming in computation. The first is the application of short-cut
design methods to determine numbers of stages for four sub-sec-
tions of DWC, liquid split ratio, and initial reflux ratio which are
based on the component net flow model [22] and the method of
Fenske, Underwood, and Gilliland (FUG method). Secondly; opti-
mal reflux ratio, vapor split ratio, locations of stages for feed and
side product were determined by sensitivity analysis using rigor-
ous simulation. In the present work, the economic benefit of DWC
for the fractionation of PME was also evaluated by the compari-

Source Correlations Effective range of XSats (wt%) R’

Gomez et al. [24] CFPP (°C)=0.99*XSats—19.0 14-26 0.95
Moser [8] CFPP=0.438*XSats—8.93 12-48.2 0.98
Park et al. [7] CFPP=-0.4880*XUnsats+36.0548 12-100 N. A.
Ramos et al. [25] CFPP=3.1417*LCSF(B)— 16.477 N. A. 0.966

where, LCSF(B)=0.1*C;5+0.5*C g+ 1*Cpo0+ 1.5%Crpg+2%Cyap

Note: C,., - concentration (wt%) of ‘component C,,,;

R?*=0.9987

CFPP(C)

0 5 10 15 20

y =-0.0033x2- 0.2296x + 13.357

25 30 35 40 45

The ratio for removal of the saturated methyl esters (%)

Fig. 1. A correlation of CFPP of the ‘rest methyl esters’ with the ratio for removal of the saturated methyl esters (C,,,, C49 & Ci0)-
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son of the energy requirement with those of the conventional dis-
tillation systems which are composed of two simple columns in
direct sequence and indirect sequence.

METHOD

1. Estimation of CFPP

The low-temperature operability of biodiesel may be estimated
based on the concentration of total saturated methyl esters (X(Sats))
[23]. Some correlations, reported in the literature, for estimation of
CFPP as a function of X(Sats) are shown in Table 2. The effective
range of correlations and their accuracy in terms of coefficient of
determination (R?) were compared from the viewpoint of applica-
bility for the composition of PME and ‘rest methyl esters’ group
notated as the third group in this study, with which the correla-
tion proposed by Moser et al. [8] was selected for estimating CFPP.
A correlation to estimate CFPP of the ‘rest methyl esters’ as a func-
tion of the ratio for the removal of the saturated methyl esters, hav-
ing carbon chains below 16, can be easily obtained based on the
correlation of Moser et al. [8] as shown in Fig. 1. From the correla-
tion in Fig. 1, the ratio for removal of the saturated methyl esters
(Clap Crup and Cygp), required to meet a target CFPP of the ‘rest
methyl esters, i.e., 0 °C in the present work, can be calculated.

2. Design of DWC

Design of the DWC is more complex than a simple column be-
cause there are more degrees of freedom to be specified. Key vari-
ables and parameters such as the distribution and number of plates
in each of the column sections, reflux ratio, liquid and vapor splits
to each side of the dividing wall, the feed stage locations and side-
draw locations, must be established before simulation can be per-
formed. These degrees of freedom all interact with each other and
need to be optimized simultaneously to obtain the best design [26].
A common difficulty associated with the design of DWC is related
to estimation of the number of stages in each column section. Since
number of stages is an integer variable, the optimal design of DWC
falls into a class of mixed integer non-linear programming prob-
lems (MINLP). This cannot be done within commercially available
process simulators. To overcome this, usually an external optimi-
zation routine is introduced, coupled with process simulators [21].
But, the optimization-based methods [27-29] to solve these kinds
of MILNP problems are reported to have extreme complexities in
problem formulation and great difficulties in approaching the opti-
mum solution [30].

To gain conceptual understanding in key design parameters for
the design of distillation column, many researchers have proposed
various ‘short-cut design methods. The works which considered
the minimum vapor requirement as the most decisive factor for
the design of DWC [31-33] paid less attention to the problem of
determining the number of stages in the sub-sections of DWC [22].
Triantafyllou and Smith [34] applied the traditional shortcut method
based on the Fenske, Underwood, and Gilliland equations to get
the initial number of trays for each column. The operation leaves
method based on the equilibrium stage composition concept by
Amminudin et al. [26] also has the shortcomings in that they needed
much time-consuming iterations and/or tunings to get solutions
[22]. Although a structural design procedure by Kim [35] elimi-

nates tedious iteration in calculation, this method was limited to
carry out accurate determination of the number of the stages for
sub-sections, because the number of trays was assumed to be equal
to twice the minimum number of trays. Some statistical approaches
such as ‘factorial design’ [15,16] and response surface methodol-
ogy (RSM) [18,36-38] could be used with the aid of commercial
software, and the predicted results by these approaches showed a
good agreement with the actual trend from rigorous simulation.
However, the design results from these methods can be significantly
changed, depending on key variables selected and considered in
the reduced model.

Recently, a novel shortcut method was reported that can be used
to rapidly determine near-optimal values of important design param-
eters, including the reflux ratio, number of stages in all sections, and
split liquid and vapor ratios. The method is based on the develop-
ment of a rational and efficient net flow model and the applica-
tion of the methods of Fenske, Underwood, and Gilliland (FUG)
and the Kirkbride equation. The results show that this shortcut
method leads to a process similar to a feasible actual process, and
also provides good initial values for rigorous optimization [22]. How-
ever, because this shortcut is based on FUG method with the as-
sumptions of constant relative volatility and constant molar inter-
nal flow; which is hardly the case in practice, direct implementation
of these methods to the fractionation of PME must be avoided.

Therefore, in the present work, a two-staged method for the design
of DWC for the fractionation of PME was proposed by method-
ologically integrating shortcut methods with rigorous simulation
method, with which benefits of both design methods are fully ex-
ploited and shortcomings of each method are supplemented. Inac-
curacy associated with taking assumptions of constant relative vol-
atility and constant molar flow in shortcut methods is resolved by
rigorous simulation by AspenPlus® (AspenTech, Inc.), while design
difficulties in providing reliable and practical starting design points
for DWC arrangement in rigorous simulation can be easily dealt
with by relying on conceptual design information gained from short-
cut methods. The first step of the design is to determine numbers
of stages for four sub-sections, liquid split ratio and initial reflux
ratio of DWC, which are the variables not easily determined by
rigorous simulation, with the aid of short-cut method [22]. The sec-
ond step is to screen key design parameters including reflux ratio,
vapor split ratio, and locations of stages for feed and side product,
and investigate their sensitivity in the economic performance, with
which optimal design parameters for the DWC were determined.
2-1. Phase I: Short-cut Design

When the products should be fractionated into three groups by
DWG, the first, named as product 4 is the ‘methyl esters of fewer
carbon chains’ (Cp,, & Cyy), the second, product ‘B; is the pure
methyl palmitate (C,4,), and the third, product ‘C; is the ‘rest methyl
esters (biodiesel), as described in the introduction. For the conve-
nience of calculation, product A can be represented by methyl myri-
state (Cy4p) and C by methyl oleate (Cg,), because they have the
closest boiling point to that of methyl palmitate (C,s,), product B.
Then, the changes of the relative volatilities of A and B with respect
to C at 5kPa, which were generated by AspenPlus®, can be shown
as in Fig. 2. For ideal mixtures, a geometric average of the relativi-
ties for the highest temperature and lowest temperature in the col-
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Fig. 2. The changes of the relative volatilities of A and B with respect to C at 5 kPa.

Table 3. Feed conditions and product specifications for the design of DWC in the present work

Feed Product
Flowrate (F) 100 kgmol/h Top product composition (molar) Xpa, 4l X, 5/ X2, c=0.999/0.001/10°°
Quality (q) 1 (saturated liquid) Side product composition (molar) X, 4/ Xs, /X5, c=0.001/0.995/0.004
Composition (molar)  Z,/Z,/Z,-=0.028/0.459/0.513 Bottom product composition (molar) Xy 4/Xa, 5/ Xws, c=10°/0.165/0.835
Relative volatility el gl Ac=5.745/2.261/1.000

umn usually gives sufficient accuracy in the computations [39],
and the average, ¢, can be calculated by Eq. (1).

aij, avg =~ aij, top X az‘j, bot (1)

where, 0;;,,, and @, are the relative volatilities at top and bot-
tom of column, respectively. Therefore, the average volatilities of A
and B with respect to C can be obtained from Fig. 2 and Eq. (1).
In a commercial plant, feed is usually given as liquid and the feed
composition of PME can be assumed to be same as in Table 1. Con-
sidering the product specification described in the introduction
(section 1) and the target ratio for the removal of the saturated
methyl esters from Fig. 1, which enables the CFPP of the ‘rest methyl
esters’ to be 0 °C, basic information needed for the design of DWC
can be simplified and summarized as shown in Table 3.

The DWC in the present study is divided into five sections as
shown in Fig. 3. Section 1 corresponds to the pre-fractionator. Sec-
tion 2 is a rectifying section and section 4 is a stripping section.
Section 3_1 is the upper section on the right side of the dividing
wall, and section 3_2 is the lower section on the right side of the
dividing wall. The component net flow model proposed by Chu et
al. [22] has been adopted for the short-cut calculation for DWC in
this study; because their short-cut method is effective to determine
rapidly near-optimal values of key design parameters for DWCs.
According to Chu et al. [22], the component net flow model has
two assumptions that the net flow of C at the top of section 1 is
equal to the flow of C in the side-draw, and that the net flow of A
at the bottom of section 1 is equal to the flow of A in the side-draw,
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Step 1

Establish and solve the overall mass balance equations.

. Z, F, Xoz, Xsi Xwai

D3, S, Wy

Step 2

Solve the sectional mass balance equations.

Calculate Ryn; by Underwood’s method & set Rz = X Ryinz.

. 4, Qac, Qsc, dco, .34 ,Sc

Vinini, Lmini, Rimini, Xicii Be, D1, D3, W1, W3

Step 3

Calculate Np,in; by Fesnke's equation.

Nmin, 1, (Nmin,2* Nemin.3_1), (Nmin,4* Nimin3_2)

Step 4

Assume or adjust Nein2 / Nmin3_1 & Nminz 2 / Nimin4.

A

Nunin,2, Nimin,3_1, Niin, 4, Nemin,3_2

Step 5

Assume or adjust SL (or SV) and calculate R;

&

lRa. R3 1, R3 2 R4

Step 6

Calculate N; by the Gilliland correlation.

lNa. Nz, N3 1, N3 2, Ny

(Yes)

MNminz f Nmina 1 = N2/ N3 17 &

Niins_2 / Nmina = N3 2/ Na ?

Done

Ny, N2, N;;_;, Ng_z, Ny

(No)

Fig. 4. The procedure for the shortcut design of DWC in this work based on Chu et al. [22].

avoiding the ‘long way around travel: These assumptions allow the
engineer to determine approximate values of the composition at
key points in the column if the feed flow rate, feed composition,
and product specifications are known. Overviews for the short-cut
method of Chu et al. [22] can be found in the appendix, which de-
scribes a design parameter, /3, representing the fraction of i sent to
the top of the pre-fractionator', a calculation procedure for esti-
mating the minimum vapor flow rate in each column section, and
a design method for obtaining minimum reflux ratio and minimum
number of stages. The overall procedure for the shortcut design in

'In this study, 0.999 and 0.001 were used for 3, and f.

the present work is summarized as shown in Fig. 4.

A different number of stages between section 1 and section 3
may be considered for detailed design as long as the difference is
not too practically large to be implemented. However, we believe
that the same number of stages is a reasonable and practical engi-
neering decision in the conceptual design stage, because advan-
tages obtained from different number of stages cannot be fully judged
before studying detailed column sizing and column hydraulic per-
formance.

2-2. Phase II: Rigorous Simulation

Most of studies for the shortcut design of DWC, including that

of the present work, have been based on FUG methods or at least

Korean J. Chem. Eng.(Vol. 32, No. 7)
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on Fenskes equation or on Underwoods method. As discussed
earlier, the basic assumptions related with these methods, constant
molar flow’ and/or constant relative volatility, may be the main ob-
stacles to applying the shortcut design to actual plant. Nevertheless,
the values for the key design parameters, obtained by the shortcut
method in the present work, are very meaningful because these
values are close to optimal ones studied by Chu et al. [22]. Espe-
cially, the numbers of stages in all subsections, which have not been
determined easily with acceptable tolerance by other studies, and
the split ratio (SL or SV), which was determined in order to assure
the same numbers of stages on both sides of the dividing wall (N,=
N;), from the shortcut design in the present work can be informa-
tive enough to be directly used for rigorous simulation. Once the
values for these key design parameters are obtained, the optimiza-
tion is carried out for determining the other design parameters
without having any computational difficulties or convergence issues,
with the aid of sensitivity analysis tool available in AspenPlus”.
The first thing to do in rigorous simulation is to check whether
the product specifications are met with the design parameters from
the shortcut design, or not. If any product composition does not
meet the target purity, the reflux ratio (R,) should be increased until
the composition reach the target with the number of stages in each
subsection and the liquid split ratio (SL) kept same as the shortcut
design. Of course, there could be the opposite case if the composi-
tion overpasses the specification. At the optimal reflux ratio found,
the vapor split ratio (SV) and the locations of feed and side-prod-
uct can be determined to minimize the reboiler duty of DWC. On
the contrary to the shortcut design, SV does not depend on SL in
the rigorous simulation because the constant molar flow assump-

tion is not effective any more. The efforts to obtain the optimal
values in rigorous simulation of the present work are drastically
reduced due to the decrease in degree of freedom for design param-
eters and in the variance of the parameters. The optimal values for
the reflux ratio and the vapor split are found during the adjustment
to meet the product specifications and/or to minimize the reboiler
duty, using the function of ‘DesignSpec or ‘Sensitivity analysis’ in
AspenPlus®. And it does not require many trials to compute the
optimal locations for feed and side-product because the variance
of these parameters are limited within the numbers of stages for
section 1 and section 3 which were already determined by the short-
cut design. As a result, the rigorous simulation incorporated with
the shortcut design in this work can lead to cost-effective and practi-
cal engineering solutions using relatively much less computational
efforts and resources.

The original built-in physical property data were used for methyl
myristate (C14:0), methyl palmitate (C16:0) and methyl oleate (C18:1),
and the Soave-Redlich-Kwong (SRK) method as the equations of
state for VLE calculation were selected for the rigorous simulation, be-
cause these methyl esters can be considered as non-polar components.
Generally, DWC can be represented by two ways in AspenPlus”
without any conflict over the concept of DWC, i.e., fully thermally
heat-integrated distillation column. One is that DWC consists of
two serial RadFrac columns, while a single MultiFrac column can
be used in the other case. In the present work, the former was adopt-
ed, having the DWC composed of a pre-fractionator and a main
column as shown in Fig, 5.

2-3. References: Conventional Distillation Systems
As is well known, considering separation of a three component

Fig. 5. The flowsheet for the DWC in the rigorous simulation of the present work.
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Fig. 6. Conventional arrangements of distillation columns for three component separation [21].

Table 4. The product specifications for the columns in conventional arrangements

Direct (Fig. 6(a))

Indirect (Fig. 6(b))

Top product composition (molar),
Xiop, 4/ Xiap, 5/ Xiap, c=0.999/0.001/10"°

Bottom product composition (molar),
Xpor, 4/ Xpot, 5/ Kpor, c=107°/0.165/0.835

1* Col
Column Recovery to top product (molar), Recovery to top product (molar),
Bl $:=0.98712/0.00006 sl =0.77977/0.00280
Top product composition (molar), Top product composition (molar),
Xoop Al Xiap, 5/ Xiap, c=0.001/0.995/0.004 Xoop Al Xiap, 5/ X, =0.999/0.001/107°
2 Column Bottom product composition (molar), Bottom product composition (molar),

B! f:=0.77975/0.00280

Xoor, 4/ Xpot, 5/ Xoor, c=107°/0.165/0.835
Recovery to top product (molar),

Xoot, A/ Xoor, B Xpor, c=0.001/0.995/0.004
Recovery to top product (molar),
Pl f=0.98714/0.00008

feed into pure products, an obvious choice is to employ either the
so-called direct or indirect configuration, shown schematically in
Fig. 6(a) and (b), respectively [21]. To compare energy consump-
tions in the same basis, a two-phase method used for the design of
DWC was applied for that of distillation columns in conventional
arrangement. So, a shortcut design based on FUG method was first
performed to find the number of stages in each column, followed
by rigorous simulation to obtain optimal reflux ratio and locations
for feed and side-product. The product specifications for each col-
umn in conventional arrangements are shown in Table 4. On the
contrary to DWC, the parameters for the shortcut design in con-
ventional systems can be readily obtained by FUG method and the
rigorous simulation also needs less effort due to much fewer degrees
of freedom. The results from the rigorous simulation will be com-
pared to those of DWC to prove the validity of DWC. Considering
capital cost, for example, TAC (total annualized cost) for economic
evaluation would be preferred as long as accurate estimation for
DWC can be made. However, due to lack of detailed and reliable
costing data available for DWC, reboiler duty was chosen as a per-
formance indicator in this study, which can be easily calculated
from a simulation model and is not based on any engineering judg-
ment or preference made in the application of costing data, for ex-
ample, materials, site conditions, equipment types, etc.

RESULTS AND DISCUSSION

In the shortcut design of the present study, the optimal value for
s ie, [ o has to be found during the calculation of minimum

vapor flow to obtain the values for the net internal flows (D, Ds,
W, W3) and the compositions in the net internal flows (X, , k=1, 3,
j=A, B, C) as well as the minimum reflux ratio of the DWC (R, ,)
after solving the overall mass balance equations. The value f; o,
0.6268, was determined in order that V,,;, ; ; can be equal to V,,,5 ,
and that V,,,;, pwe can be minimum as shown in Fig. 7, bearing in
mind that side-product should be withdrawn as liquid in actual
plant. The values for the net internal flows, the compositions in
the net internal flows, and the minimum reflux ratio of the DWC
based on f; , are shown in Table 5. The results for the minimum
stages for section 1, section 2+section 3_1 and section 3_2+section
4 are also shown in Table 5, which were calculated by Egs. (A8)-
(A10). As a next step in the shortcut design, the number of stages
in each section according to a certain reflux ratio, 1.2R,;, , in this
work, was determined by adjusting the split ratio (SL), N,,,3, 2/Npin 3 1
and N, 5 o/N,, - Fig. 8 shows that the number of stages in sec-
tion 1, N, is equal to that in section 3 (section 3_1+section 3_2),
N;, and that the numbers of stages on both sides of dividing wall
section reach the minimum at the point of the optimal SL. Finally,
the design results for the DWC in the present work are shown in
Table 5.

The rigorous simulation model was developed, based on the de-
sign data from the shortcut method as shown in Table 5, using Aspen-
Plus”. Considering the numbers of stages, 5.3kPa and 2.4kPa were
applied as pressure drops for the main column and the pre-frac-
tionator, respectively, with top pressures set to 5.0 kPa, 6.0 kPa, respec-
tively. First, the product purities at the pre-determined values for
reflux ratio, SL and the number of stages in all subsections and at

Korean J. Chem. Eng.(Vol. 32, No. 7)
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Fig. 7. The minimum vapor flows for each section and the DWC by the shortcut design in the present work.

Table 5. The results for the DWC by shortcut design of the present work

Design variables and parameters Values

Product flows (kgmol/h) D,/S/W,=2.77/35.97/61.26

Net internal flows (kgmol/h) D,/D,/W5/W,=31.62/28.85/68.38/7.12
Compositions in the net internal flows X 01/ X5, 01/ X, p1=0.0885/0.9099/0.0016
(mole fraction) X4 03/ X, s/ X, p3=0.0012/0.9970/0.0018

X wilXp, wi/Xe, w1 =4%107°/0.2505/0.7495
X1 wa/ Xz ws/Xe w3 =0.0004/0.9866/0.013
Minimum reflux ratio for the DWC (R,;,,») 34.54
Minimum number of stages Nin1: 9.1
Nyin 2+ Nopin 3.1 2 14.7
Noin 3 2+ Noin 4 1 7.3
Other design parameters R,:41.44 (1.2R,;,,)
SL:0.483 (SV : 0.741)
N,/N,/N,/N,=23/10/23/18

40

35 ’

30

25

Number of stages

20

043 046 049 052 0.55 058
SL

Fig. 8. Determination of number of stages in section 1 (N,) and section 3 (N;) at the optimal SL.
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Table 6. The results from the sensitivity analysis in the rigorous sim-

ulation for DWC
P -
Optimal location roduct purity
Reflux (mole frac.)
ratio (R,) Feed Side-product X X
(Np) (Nsp) D2, A S, B W4, C
0.60 10 28 1.000 0.845 0.747
1.2R,;,, 0.67 15 26 1.000 0.905 0.782
0.74 6 29 0.999 0924 0.793
0.60 13 27 1.000 0.876 0.765
1.3R,;, 0.67 16 23 0.999 0940 0.803
0.74 4 28 0.999 0919 0.790
0.60 15 28 0.999 0.903 0.781
14R,., 067 16 22 0999 0972 0.822
0.74 4 30 0999 0913 0.787
0.60 16 24 0.999 0.934 0.799
L5R 0.67 13 20 0.999 0.994 0.834
Tz 0.68° 13 21 0.999 0.996 0.835
0.74 3 30 0999 0.899 0.779

“The optimal point found in the sensitivity analysis

the changing values for SV, feed position (Ng) and side-product
position (Ng) were checked as to whether the product specifica-
tions were met or not. At the reflux ratio, SL, and the number of
stages in all subsections as shown in Table 5, it was observed that
any combinations of SV, N, and N, could not meet the product
specifications. The optimal point, the best combination of Ng, Ngp,
and SV, which enable to meet the given product specifications and
to lead to minimum reboiler duty; were barely found when the reflux
ratio reached 1.5R,,;, , as shown in Table 6. In conclusion, the opti-
mal values for the reflux ratio (1.5R,,,,) and the vapor split ratio
(0.68) in the rigorous simulation are somewhat different from the
values from the shortcut design (1.2R,,;, ,/0.741).

Such difference resulted from smaller internal flowrate (L) below
the range of 1.5R,,;, , in rigorous simulation than internal flowrate
(1.2L,;,1) at 1.2R,,;, , in shortcut design, which can be observed in
Fig. 9. One of reasons for such difference in internal flowrates be-
tween shortcut design and rigorous simulation is that the heat bal-
ance is not considered in the shortcut design method adopted in
this study, while it can be attributed that an underlying assump-
tion of constant relative volatility for the shortcut model is not thor-
oughly valid for components A and C, as shown in Fig. 2. However,
the assumption of constant molar flow for the shortcut seems to
be reasonable for design purpose, which is illustrated in Fig 9.

SL and SV strongly affect heat duty and/or product purities, and
hence they are important design parameters for DWC in practice.
Rigorous simulation was carried out in this study to understand
impacts of SL and SV on heat duty and product purities. As shown
in Table 6, at fixed reflux ratio (1.5R,,, ,), feed stage (Nz=13) and
side-product stage (Ns=21), SL and SV have little impact on heat
duty; as the reflux ratio is a main design variable for heat duty, while
product purities are heavily dependent on the choice of SL and SV,
and even off-specification products are produced for some operat-
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Fig. 9. The internal flow profiles for (a) the pre-fractionator and (b)
the main column from the rigorous simulation of the pres-
ent work.

0.7

0.65 Feasible region

sV

0.6

0.35 0.4 0.45 0.5
SL

Fig. 10. A feasible region for SL an SV which enable the product
specifications to be met in the present work (R=1.5R,,,;, »,
N;=13, Ng=21).

ing range of SV and SL. A feasible design range for SL and SV to
meet product specifications was determined through rigorous sim-
ulation, of which results are given in Fig. 10.

Overall, it is reasonable that most shortcut methods for DWC,
which are based on FUG method, may be inaccurate or infeasi-
ble, if directly applied to an actual plant. Therefore, it is preferable

Korean J. Chem. Eng.(Vol. 32, No. 7)
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Table 7. The design results for the columns in the conventional arrangements by FUG method

Sequence Direct (Fig. 6(a)) Indirect (Fig. 6(b))
Minimum reflux ratio (R,,,;, i) 14.89 1.56

1* Column Minimum number of stages 16.74 8.91
Number of stages at R=1.2R,,;, con 31.14 18.36
Minimum reflux ratio (R, con) 1.81 9.37

2" Column Minimum number of stages 892 16.31
Number of stages at R=1.2R ,;, o 18.15 30.52

Table 8. The results from the sensitivity analysis in the rigorous simulation for the conventional arrangements

Feed location

Product purity (mole frac.)

Sequence Column Reflux ratio
(NF ) Xprod, A Xprod, B Xpmd, C
12R i con 12 0.949 - -
1* Column L5R i con 13 0.995 - -
Direct L63R i, con” 14 0.999 - -
1.2R i1 o 12 - 0.966 0.818
2™ Column Rz B
1.45R ..., oo 15 - 0.995 0.835
1.2R i cot 10 - - 0.814
1¥ Column L5R i cont 13 - - 0.832
1 '67Rmin, colla 1 5 - - 0.835
Indirect
12R i o 11 0.963 0.993 -
2" Column 1.5R i o 12 0.997 0.995 -
1.62R,,, cor” 14 0.999 0.995 -

“The optimal point found in the sensitivity analysis

that the final design results for DWC have to be obtained only from
the rigorous simulation, like this work.

As a reference work, the design for distillation columns in con-
ventional arrangements was also performed in this study. The short-
cut design results for the columns to meet the specifications in Table
4, based on the FUG method, are shown in Table 7. The results
for the sensitivity analysis in the rigorous simulation are presented
in Table 8, which shows that the product specifications cannot be
met by the product purities using the reflux ratio and the number
of stages in each column, which were determined by FUG method,
and that the optimal point in each column can be found on an in-
creased reflux ratio, as like the results for the DWC. These gaps are
also considered to originate from the assumptions made in the FUG
method.

The design results for the fractionation systems by the DWC and
by the conventional arrangements are summarized as Fig. 11. From
the results, the reboiler duty for the DWC is about 24% less than
that of two series columns in direct sequence and about 25% less
than in indirect sequence. This kind of energy reduction by DWC
is attributed to the removal of inefficiency in conventional arrange-
ments. According to Triantafyllou and Smith [34], the inefficiency
in conventional arrangements comes from the remixing of the mid-
dle component (B) and from the remixing on the feed stage due
to the discrepancy between the feed composition and the compo-
sition on the feed plate. There is no remixing of the component B
found in the profiles for DWC of the present work, whereas some
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inevitable mismatches between the feed composition and the com-
position on the feed stage were detected (Fig. 12). On the other
hand, the two-phased design method in the present work was not
proven to be perfect for the design of DWC, considering a slight
decrease in the composition of B in top section of fractionator, as
shown in Fig. 12. This phenomenon was related to compositional
mismatches between inter-connecting sections, e.g., between the
composition in the top of pre-fractionator and the composition in
the bottom of section 2, as shown in Fig. 13(a). This inconsistency
was easily remedied by moving the location of the dividing wall
section down to five stages, by increasing five stages for the num-
ber of stages in section 2 and by decreasing five stages for the num-
ber of stages in section 4, keeping the number of stages in both sides
of dividing wall section the same as the original design. After the
adjustment of the number of stages, the mismatches were almost
alleviated as shown in Fig. 13(b) and that the reboiler duty was re-
duced to 10.620 GJ/hr, which is about 26% less than that of two
series columns in direct sequence and about 27% less than in indi-
rect sequence. Only about 2% was improved by the adjustment of
the number of stages, compared to the original design.

CONCLUSION
We have presented an efficient design method for DWC which

can fractionate PME into three more valuable product groups--a
mixture of methyl laurate and methyl myristate as light-cut, pure
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Fig. 11. The design results for the fractionation systems by (a) DWG, (b) direct sequence and (c) indirect sequence in conventional arrangement.
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Fig. 12. The composition profiles for the pre-fractionator of DWC
in the present work.
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Fig. 13. The composition profiles for component B in the DWC (a)
before the adjustment of the number of stages (b) after the
adjustment of the number of stages.

methyl palmitate (=99.5%) as middle cut, and the mixture of the
remaining methyl esters (biodiesel)--which has the good low-tem-
perature operability to such an extent as to come close to cold fil-
ter plugging point (CFPP) 0°C, as heavy cut. As the first step, our
shortcut design method provides the values for the numbers of stages
in all subsections, which are the most annoying parameters in the
design of DWC, and for the liquid split ratio, resulting in a remark-
able decrease in degree of freedom for design parameters and in
the variance of the parameters. Another distinct feature of the short-
cut method is that the solutions are easily obtained by a simple
algorithm, involving the reduced iterations. The rest of the design
parameters, including reflux ratio, the vapor split ratio, feed loca-
tion and the side-product location, were readily determined by a
sensitivity analysis in the rigorous simulation with the help of com-
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mercial software, AspenPlus”. As a reference work, the energy con-
sumption for the distillation columns in conventional arrangements
was calculated and compared to that of the DWC.

From the rigorous simulation results, the reboiler duty for the
DWC was about 24% less than that of two series columns in direct
sequence and about 25% less than in indirect sequence. These reduc-
tion ratios are almost close to 30%, which is popularly known as a
typical value for energy saving of DWC, and, therefore, can be a
positive proof that the design for the DWC in the present work,
which can fractionate PME into the three more valuable products,
is sufficiently effective, although a little bit of room for improve-
ment was found. Eventually, it can be concluded that the design
method for DWC in the present work is obviously practical at least,
in terms of the accuracy in the design results and the applicability
of the method to actual plant due to its feature of requiring less
effort. However, the robustness and the validity of the design method
in the present work must be further verified by further work.
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APPENDIX

The appendix provides design procedures of a short-cut model
proposed by Chu et al. [22]. First, the recovery of component i as
top product at section 1 (£), defined as the fraction of i sent to the
top of the pre-fractionator, is given in Eq. (A1).

,Bi:DlxDl,i/FZi (A1)

where, D; is the net molar flow rate of top product at section j, W;
is the net molar flow rate of bottom product at section j and X, ; is
the composition of i in the stream k. f3; is a key variable for the
design and will be determined for DWC to be balanced properly
during the calculation of minimum vapor flow; while suitable val-

ues for £, [ should be set in order that net internal flows (Ds,
W) should not be minus value and that the specifications of side-
product should be met. Then, all values for the net molar flow rates
of products (D,, S, W,) and net internal flows (D, D;, W, W5), and
for the composition of i in the stream k (X, ;) can be obtained by
solving the set of algebra equations simultaneously, which are mass
balances as shown in Chu et al. [22], with the data in Table 3 and 3.

As described in Chu et al. [22], the next step in the calculation,
after the establishment of the component net flow model, is to esti-
mate the minimum vapor flow rate in each column section using
Underwoods method [40], which relies on the assumptions of con-
stant molar flow rate and constant relative volatility. The calculation
of minimum vapor flow rate for only section 1 is briefly described
here, having been discussed by several authors [31-33] besides Chu
et al. [22]. In section 1, the Underwood root is obtained from Eq.
(A2) as below:

(1-9=Z acZ /(i 6), i={A, B, C} (A2)
which has solutions
> 0> 0> 6> e (A3)

The minimum vapor flows in section 1, V,,;, ,, are calculated on
the basis of the roots, and the larger one is chosen:

Voin1=Z 0cXpy, D1/ (e~ O) =% aicBZF/(cic— 0) (A4)
Vmin,l :Ma-x{vmin, 1(91)’ Vmin, 1(02)} (AS)

Likewise, the minimum vapor flow in the other section i, V,,,;, » is
calculated as described in Chu et al. [22] and the minimum vapor
flow for DWC is chosen as

Viin, pwe=Max {V,in, 3 Vi s+ (1= Q) F} (A6)

As found in Eq. (A4), the minimum vapor flow calculation depends
on [ The minimum vapor flow is constant between two special
points called “beta preferred” () [41] and “beta balanced” (£,
[42] and V,,,;, pwc is minimized in this section. £ is the value of £,
for which V,,,;, | is @ minimum and £, is the value of S for which
V,in3.1 18 equal to V,;, 5, [22]. In the present study, /3, was chosen
for the shortcut design, considering that the withdrawal of vapor
side-product would be very rare case in actual operation of DWC.
The minimum reflux ratio of DWC, R, », is calculated by Eq. (A7).

Rmin, 2:Vmin, /Dy-1 (A7)

In the next step, the minimum numbers of stages are calculated
using the Fenske equation, which requires only the assumption of
constant volatility [39]. The minimum numbers of stages for sec-
tion 1, N, 1, is calculated by Eq. (A8) as below and the largest
one among three values is chosen.

N, 1 =In (X, 1/ X, p1) Ko, wi/ Ko, wi))/I %, m, n={A, B, C} (A8)

Section 2 and section 3_1 should be combined for the purpose of
calculating the minimum number of stages:

N, 2Ny 31 =10 (K, 02X 02) Xy 531/ K,53.1)]
/In «,,, m, n={A, B} (A9)

Section 4 and section 3_2 should also be combined:

Korean J. Chem. Eng.(Vol. 32, No. 7)
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N, s+ Ny 3 2=I0 (X, 53 2/, 53 ) K wal X, )]
/In ¢, m, n={B, C} (A10)

The ratio of N, , to N, 5 ; and the ratio of N, , to N, 5 , are
degrees of freedom and these values will be determined in the next
design procedure [22].

The reflux ratio and minimum reflux ratio for each section should
be defined before using the Gilliland correlation, which empirically
relates the number of stages at finite reflux ratio, N, to the N, and
R, For section 1, 2 and 3_1, the reflux ratio, R, and the minimum
reflux ratio, R,,;, » are defined as Eq. (A11) and (A12).

R, i =L, Di (A11)
R=L/D; (A12)

where L, ; and L, are the minimum internal liquid flowrate and
the internal liquid flowrate in the section i, respectively. The defi-
nitions for section 4 are given as Eq. (A13) and (A14).

Ryin,4=Lonin, o/ (W1 = W) (A13)
R,=L/(W,—W,) (A14)
The definitions for section 3_2 are shown as Eq. (A15) and (A16).
Roin, 3 2=Lonin3 2/S5 2 (A15)
R =L /Ss (A16)

On the other hand, liquid split ratio (SL) and vapor split ratio (SV)
of DWC in the present work are defined as follows:

SL=Li/Ly=(Lo=Ls 1)L, (A17)
SV=V,IV=(V,=V;)IV, (A1)

where V; and V; are the internal vapor flowrate for the upper part
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of the section i and for the lower part of the section i, respectively,
as shown in Fig. 3. SL and SV are dependent on each other due to
the constant mole flow assumption in shortcut design. The reflux
ratios for section 1, 3_1, and 3_2 are found to depend on SL or SV
from Fig. 3, Egs. (A12) and (A16), and, consequently; the number
of stages for these sections is also affected by SL or SV. Therefore,
the values of SL or SV are chosen so that there are the same num-
ber of stages in section 1 and section 3 and the smallest number of
stages for these sections during the design procedure.

Once R, is set to a certain ratio to R,;, ., eg R,=12R, ;. ,, and
SL or SV is assumed, the reflux ratios for all sections are calculated
one by one using the above equations, and, then, the number of
stages for all sections, N;, are estimated by the Gilliland correlation
[43] as shown in Eq. (A19).

(NN, )/ (N+1)=0.75 [1— (R—R,, )/(Ri+ 1)>%] (A19)

Then, the Kirkbride equation is used to determine the feed loca-
tion for section 1:

(NL_/N,)=[(W/Dy) (Zd/Zs) Xy, 4/ X, c)z]o'206 (A20)

where N, ;, N , are the numbers of stages above and below feed,
respectively. The ratio of N, to N; ; and the ratio of N ; to N, should
also be determined by the Kirkbride equation as shown in Egs. (A21)
and (A22).

(NL/N;_)=[(S; 1/D,) Xpy, 5/Xpy1,4) Kss_t, 4/ Xps, el (A21)
(N3 /NG =[(W./S5 5) Xy, o/ X, ) Kiva, 5/Xs3.2, c)z]o'206 (A22)

The ratios, determined by the Kirkbride equation, are used to deter-
mine initial values of N,.,;, 2, Nyyin 31> Nypin3 »» and N, , and replaced
with the newly updated values during iterations.
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