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Abstract

Thetask of separating amulticomponent mixtureinto streams enriched in the respective constituentsiscommonly
carried out in conventiona distillation columns arranged in series. However, due to the scrutiny of tighter require-
ments for energy and cost efficiency, current research aims at aternative column arrangements that offer savingsin
both operational (energy) and capital costs. Among these are the Petlyuk or dividing wall column, in which three
components are separated in a single shell using only one reboiler and one condenser. In this paper we extend the
Petlyuk ideas to separations of four components, athough extensions to more components is straightforward. We
provideagenera definition of Petlyuk arrangementsand discuss dternative structuresfromthe literature. Following
this overview we consider the arrangements which alows for implementation in a single shell using dividing walls

or vertical partitions.

INTRODUCTION

Industrial distillation processes are commonly known to
be highly energy—demanding operations. Recent surveys
indicate that energy inputs to digtillation columns ac-
count for roughly 3% of the total energy consumption
inthe U.S. (Ognisty 1995). For this reason thereis am-
ple scope for developing more energy efficient separa-
tion schemes. In order to reduce energy consumption at
least two alternative approaches have been proposed both
in the literature and by industria practicionairs. These
approaches subscribe to either integrating conventional
digtillation arrangements, or to the design of new con-
figurations. The former approach typicaly involvesdis-
tillation columns arranged in series with energy integra-
tion between columns or other parts of the plant. Among
the “new” configurationsthat offer both energy and cap-
ital savings we find the dividing wall column first pro-
posed by Wright (1949). Beloved children are known
by many names, and this arrangements is also known as
the Petlyuk column, due to a theoretical study of Pet-
lyuk et al. (1965), or as a fully thermally coupled col-
umn (Triantafyllou and Smith 1992). In order to provide
a common framework for future work, we define a Pet-
Iyuk arrangement as follows:

A column arrangement separating three or more compo-
nents using a single reboiler and a single condenser, in
which any degree of separation (purity) can be obtained
by increasing the number of stages (provided therefluxis
above a certain minimum value).

Use of this definition eliminates for example a conven-
tional sidestream column from being considered as a Pet-
lyuk arrangement, sincetheserequireinfinitereflux to ob-
tain apure sidestream product (even with an infinitenum-

ber of stages).

For separations of ternary mixtures (n = 3), the Pet-
lyuk Column is represented by the well known configu-
rationsgiven in figure 1. We emphasi ze that the two rep-
resentations are identical from a computational point of
view if we neglect hest transfer across the dividing wall.
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Figure 1: Left : Petlyuk (dividing wall) column
Right : Equivalent prefractionator arrangement.

Although the Petlyuk arrangement shown in figure 1
have been known for ailmost 50 years (Wright 1949), it
has only quite recently gained interest also in industry.
The dividingwall column has neverthel ess been the sub-
ject of several theoretical studies (see eg. Petlyuk et al.
(1965), Kaibel (1987), Triantafyllou and Smith (1992)
and Wolff and Skogestad (1995)), in which it is reported
that for n = 3 it requires typicaly 30% less energy in-
put compared to conventiona arrangements using sim-
ple columnsin sequence. Due to implementationin only
one shell, and savings of one reboiler and one condenser,
the capital savings are also typically in the order of 30%
(Smith 1995). The literature on mixtures with more than
three components (n > 3) isreatively scarce. Among
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tional results are presented.
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The main contribution from our work lies in provid-
ing a systematic framework for analysis and design of
Petlyuk arrangements for separations of mixtures with
four or more components. Let n here denote the number
of components in a mixture to be separated into its pure
constituents. For a conventional scheme consisting of a
sequence of simple columns, itiswell known that thisre-
quiresaminimumof 2(n—1) sectionswith (n—1) reboil-
ersand (n — 1) condensers. Here a section denotes a part
of the column from which no streams enter or leave. One
penalty for using only one reboiler and one condenser is
an increase in the required number of sections.

In order to derive the“optima” scheme from al pos-
sible sequences, various methods have been presented in
the literature. The mathematical problem may be for-
mulated as a MINLP-problem to be solved by some
optimization—algorithm. However, for alarge number of
components, onein practice oftenfail stolocate theglobal
optimum due to non—convexities and computationa is-
sues. To overcome these limitations, heuristics and evo-
lutionary strategies have been proposed to guide the en-
gineer in choosing from the set of possible arrangements
(eg. (Tedder and Rudd 1978)). Among the most im-
portant tasks when seeking to find the optima column
arrangement, is that of deriving a genera superstruc-
ture which incorporates al other configurations as sub-
structures. In this work we consider three different ap-
proaches for arriving at such a superstructure for Petlyuk
arrangements, based on the previous works of Sargent
and Gaminibandara (1976), Agrawal (1996) and Kaibel
(1987).

SHARP SPLIT ARRANGEMENTS

It is common practice within theoretica studieson batch,
continuous and complex distillation columns to infer the
separation of a given mixture in terms of sharp splits.
For instance, Cerda and Westerberg (1981) use the word
sharpfor the case where the recoveries of light and heavy
key are “ close to on€”. However, the sharpness of the
splits obviously depends on a number of factors such as
the structure of the column, the number of stages, the
reflux and the thermodynamic properties (e.g. relaive
voldtility). In this paper we are mainly interested in the
structure (arrangement) of the columns and we propose
the following definition:

A sharp split arrangement is an arrangement of columns
in which any degree of separation (purity) can be ob-
tained by increasing the number of stages (provided the
internal refluxes are above certain minimum values and
provided the separation is thermodynamically feasibl€).

A Petlyuk columnisthen asharp split arrangement with
a single condenser and a single reboiler. To clarify the
above definition, we note that a specia property of dis-
tillation columns isthat any degree of separation (purity)
can be achieved by increasing the number of stages. In
order to illustrate this point, consider first the McCabe-
Thielediagramsin figure 2.
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Figure 2: McCabe-Thielediagrams

In the case of limiting flow conditions (minimum re-
flux R,.:» ), apinch zone occursin thevicinity of thefeed
point, requiring a large number of stages in this section.
However, by increasing the number of stages, and allow-
ing for afiniteincrease in R, we may in fact achieve any
purity. Thisrelationisalsoreveaded if we consider theap-
proximate expression for the separation factor as derived
by Skogestad and Morari (1987) for abinary mixturewith
constant relative volatility a:
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where 7" and B denote the top and bottom respectively.
We see clearly that S — oo when N — oo, whilst
S — o when L — 1 (total reflux). The latter is the
well known Fenske equation which yields the minimum
number of stages N, for agiven separation.

SUPERSTRUCTURESFOR PETLYUK
ARRANGEMENTS

A simple way to compare the different column arrange-
ments and “superstructures’, is provided by the network
in figure 3 (eg. Agrawa (1996)). Such networks yield
convenient visualizations of which splitsthat are actually
carried out in the various sections. In such a network,
the feed represents a node, whereas each line connect-
ing neighboring nodes represents a column section, i.e.
a stripping or rectifying section. The intermediate nodes
represent streams that are passed from one two—sectional
unit to another. The column configuration corresponding
to the network in figure 3 consists of n(n — 1) sections
(= 12 sectionsfor n = 4). Itispossibleto eliminatesome
of theintermediate nodesin the network, thusdecreasing
the number of sections. However, we note that any struc-
turewithlessthann(n—1) sections, by virtue cannot pro-
duceonly “ reversible splits’ (Petlyuk et al. 1965). For a
“reversible split”, only the components with the highest
and the lowest boiling points should be separated in each
section (Petlyuk et al. 1965).

We first consider the superstructure proposed by Sar-
gent and Gaminibandara (1976) consisting of n(n — 1)
sections as shown in figure 4. Asindicated, the authors
also incorporatethe option of additional heating and cool-
ing in each column section. Astheauthors note, the num-
ber n(n — 1) actually represents the maximum number of
sectionsin sharp split arrangements for an n—component
separation, as al nodesin figure 3 are included.



Figure 3. Network representation of possible separationsin-
volved in separating 4—component mixtures.
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Figure 4: Sequence proposed by Sargent and Gaminibandara
withn(n — 1) = 12 sectionsfor n = 4 (gives Petlyuk arrange-
ment by deleting intermediate heaters and coolers)

According to the authors, this superstructure con-
tained al functionally possible column arrangements as
substructures. However, as we show below, the proposed
superstructureactually failsto do so (seee.g. figure6 and
7). This means that some potentially interesting column
arrangements cannot be obtained by removing either col-
umn sections or flows from the superstructure.

In arecent article, Agrawal (1996) proposes an alter-
native superstructure for a certain subclass of Petlyuk ar-
rangements. By considering arrangements with n — 2
satellite columns in communication with a centra dis-
tillation column, he arrives at the superstructure shown
in figure 5. Agrawal claims that this superstructure in-
cludes as substructures al previously proposed configu-
rationsgiving“sharp splits’, whichinfactisnot quitetrue
aswewillillustrateby a structure proposed by Cahnet al.
(1962) and later by Kaibel (1987). Inany case, Agrawal’s
superstructure is more general than Sargent’s arrange-
ment, in the sense that fluid transfer may take place be-
tween any of theinterconnected columns, and it includes
Sargent’s superstructureand also Kaibel’'sand Cahn’'s ar-
rangements as substructures. We furthermorenotethat in
Sargent’ssequentia structure, thereisno direct fluid flow
between the first and the last columns. This conceptual
difference between the “ superstructures’ owes to the fact
that Sargent considers n — 1 interconnected digtillation
columns in sequence, whereas Agrawal’s superstructure
consistsof n — 2 satellitecolumns arranged around a cen-
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Figure 5: Satellite column arrangement proposed by Agrawal
with n(n — 1) = 12 sectionsfor n = 4

Agrawa derives by simple arguments that the mini-
mum number of rectifying and stripping sectionsrequired
for sharp splitsusing such satellitearrangements, isequal
to 4n — 6 (10 sections for n = 4). These may be ob-
tained by deleting the BC, ABC or BC'D node from
the network in figure 3. By deleting for example the BC
node we obtain such astructurewith 10 sectionsas shown
in figure 6. For n > 4 thisis considerably less than
n(n — 1) as suggested by Sargent and Gaminibandara
(1976). However, we also notethat 4n — 6 in fact is not
the minimum number for sharp split arrangements, asil-
lustrated by considering the Kaibel columninfigure7.

We ask the reader to note that in figure 11 we will
demonstrate how the arrangementsinfigures 6 and 4 may
be implemented in a single shell with two vertica parti-
tions.

In the work of Kaibel (1987), columns consisting of
vertical partitions are considered, based on the dividing
wall column previously described by Wright (1949). Al-
though Kaibel analyzes in detail only the case of n = 3,
he also indicates interesting arrangements for n > 4.
The dividing wall column proposed by Kaibd for n =
4 is given in figure 7. In order to understand how the
Kaibel column may result, and how pure products can
be obtained in the sidestreams, we draw attention to the
schematic in figure 8.
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Figure 6: Agrawal’s substructurewith “ minimum’ number of
sections, 4n — 6 = 10 sectionsfor n = 4
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Figure 7: Kaibel’s dividing wall column for n = 4
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Figure 8: Stepstowards the Kaibel column.

(A) : conventional arrangement. (B) : arrangement after (1)
merging columnsC'2 and C'3 (2) adding an intermediate section
and (3) taking boilup and reflux for C'1 from C2 and C'3.

The column consists of 7 sections, which is consider-
ablelessthan Agrawa’s“ minimum’ number of 10. The
reason for this“inconsistency” isthat the Kaibel arrange-
ment consists of only n — 2 = 2 columns, whereas
Agrawal only considers satellitearrangements withn — 1
columns. Comparing the network representations given
in the bottom of figure 8 with the network in figure 3,
we see that Kaibel’s structure corresponds to eliminat-
ing the ABC', BC'D and BC nodes, whereas one sec-
tion is added between the B and C' nodes. It isaso eas-
ily derived fromboth Agrawal’ sand Sargent’ ssuperstruc-
tures. Idedlly, this latter section should act as atotal re-
flux column (L/V = 1), in which “heat integration” of
thetwo columns C'2 and C3 infigure 8isfacilitated. We
thus recognize that it in fact has no designated separa
tion task. Itstask issimply to transfer heat while avoid-
ing remixing of theaready separated components(5 and
(). Thus, total reflux is needed to avoid net transport of
components between the two sidestreams. Further, since
we require that only A and B should enter the main col-
umn from thetop, and only €' and D from the bottom, we
see that the Kaibel column violates the requirement for
apotentidly “reversible split” for which only the light-
est and heaviest component should be removed at each
stage (e.g. (Petlyuk et al. 1965) or (King 1980)). Thus,
one should bear in mind that any arrangement with less
than n(n — 1) sectionsintroduces additional irreversibil-
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that there are additional difficultieswith respect to the op-
eration of the Kaibel column.

Having considered some “superstructures’ for Pet-
lyuk arrangements, we now focus on how these may be
implemented in single shellswith dividing walls.

DIVIDING WALL COLUMNS

A benefit of aPetlyuk arrangement with asinglereboiler
and asingle condenser isthat it may beredized inasin-
gle shell with dividingwalls, which possibly yields capi-
tal savingsin addition. In thiswork we consider arrange-
ments with only vertical paritions, in which we also al-
low for communication points between neighboring sec-
tions. In order to cope with some i nadeguacies of the con-
ventional dividing wall columns, we a so introduce some
novel geometrical wall structures such as the triangular
wall column. From these superstructureswe a so demon-
strate how one may derive arrangements with the “mini-
mum” number of 4n — 6 sections. Before going into de-
tailed discussion onthese particul ar designs, we el aborate
some on the large number of degrees of freedom offered
by Petlyuk arrangements.

Degrees of freedom (DOF) analysis. When analyzing the
degrees of freedom for a given process, one should in
the genera case distinguish between degrees of freedom
(DOF) for design and the DOFs for control (operation).
In this paper we consider only the latter, hence we re-
strict ourselves to columns with fixed number of stages,
feed location(s) and feed condition(s). These variables
off course must be taken into account for optimization
purposes, i.e. optimal design.

Assuming that the holdups and the pressure are con-
trolled, conventiona binary columns yield two poten-
tially manipulated variables, e.g. reflux (L) and boilup
(V). For columnswith vertica partitions, wegainingen-
eral one DOF for each sidestream and two for each divid-
ing wall (the vapor and liquid split). Hence, the follow-
ing formula yields the number of operation DOFs for a
columnwith ng sidestreams and np dividingwalls

DOF =24+ ns+2%xnp (2)

For Petlyuk columns with one dividing wall (figure 1),
this gives 5 DOFs at steady state, and with two walls 8
DOFs result.

If we dso alow for the possibility of having lig-
uid and vapor transport (communication) between cer-
tain stages on both sides of awall, there are in fact four
streams which may be redistributed (liquid and vapor on
each side). Thus, we add yet another four degrees of free-
dom for each communication point. In Figure 9 we give
anillustrationof theadditional liquid and vapor splitsdue
to fluid transfer through the communi cation point.
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Figure 9: Additional DOFs due to communication between
partitions

To avoid confusion in the proceeding discussion of
columns with such communication points, we make the
somewhat fictious distinction between dividing walls for
the overal structure and vertical partitions. Hence, we
may have acolumnwithtwo dividingwallsand three par-
titions as illustrated in figure 10. The total number of
DOFs for a structure with n communication points is
thus

DOF =24+ ns+2+«np+4+nc (3)
For the structurein figure 10 we thus have, according to
equation (3), atotal of 2+ 2+ 2% 2+ 4 = 12 DOFsfor
operation. However, from physicd insight we conjecture
that fluid should only be transported in the direction to-
wardsthefinal products,i.e. with Rys = Rys = 0infig-
ure9. Theliquid and vapor splitsin the middle partition
(B2 and Ry ) then congtitutes an intermediate feed to
the sidestream side. The “ feed condition” thus depends
on the relative amounts of Rz, and Ry ;. The optimal
condition of this feed could be optimized, but for prac-
tical purposes it is much easier to transport only liquid
across the partition (i.e. Ry = 0). Taking the latter ob-
servations into account, 9 potential DOFs remain. As a
comparison, the structure proposed by Kaibel yieldsonly
6 DOFs.
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Figure 10: Distribution of componentsfor dividing wall col-
umngivenin figure 4

Dividing wall implementationsfor n = 4. The arrange-
ment illustrated in figure 10, which is a specia case of
Sargent’s superstructure, consists of n(n — 1) = 12 sec-
tions. Thisisas previously noted the* maximum” number
of sectionsrequired for a sharp split arrangement. Anil-
lustration of the corresponding sequence of binary splits
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and also indicated the “direction” of flowsfor the various
subgroups. Infigure11 weshow dividingwall implemen-
tations of the Kaibel, Sargent and Agrawal arrangements.
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Figure 11: Dividingwall implementationsof the Kaibel (top),
Sargent (middle) and Agrawal (bottom) arrangements

For the Agrawa arrangement we recognize that the
feed should enter the dividingwall column from the mid-
dle partition. Thisis perhaps more clearly understood if
we consider the column viewed from the top as demon-
strated in figure 12.

Figure 12: Top view of dividing wall column

Agrawal (1996) argues that there are 3 different satel-
lite arrangements corresponding to the “minimum” of 10
sections for a 4—component separation. If we consider
the dividing wall implementation in figure 12, we find
that it allows for only one possible arrangement with 10
sections, because no communication is allowed between
parts / and //I. However, the triangular structure in
figure 13 alows for interconnections between any two
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Figure 13: Top view of triangular wall structure

At right in figure 13 we have indicated that one may
implement a tube along the center section in order to a-
low for fluid transport between various sections. In prac-
ticethisis achieved by withdrawing fluid from one stage
and passing it to the appropriate stage in the correspond-
ing section.

NUMERICAL RESULTS

In order to compare the energy efficiency for the differ-
ent Petlyuk arrangements proposed in the previous sec-
tions, we give here some preliminary numerical results
for a case where the relative volatility between the four
componentsis8 : 4 : 2 : 1. For al columns we
use 40 stages counting from the bottom to the top of
each column. The results are computed from optimiza-
tion of relatively simple models, for which we assume
constant molar flows and constant relative voltility. For
more details we refer to Christiansen et al. (1996). In
Table 1 we give the minimum energy inputs (boilup to
feed ratio 1/ F'), the number of sections and the num-
ber of DOFs used for optimization for two mixtures of
different feed composition. (V/F) corresponds to an
equimolar feed, i.e. al feed compositionsare z; = 0.25,
whereas (V/F')p correspondsto z4 = zp = 0.4 and
zp = z¢ = 0.1. In @l cases the purity specifications
for the products are 99% in the top and bottom and 95%
for the side products. The Agrawal arrangement with 10
sections (figure 6) is seen to be the better for this study.
However, even though the Kaibel arrangement requires
thelargest heat input, it still constitutes an interesting al-
ternative taking into account its simplicity. Initial results
(not shown) for Agrawal’s superstructure with 12 sec-
tions (figure 5) yields even lower vaues, typicaly in the
order of (V/F)g = 1.60.

Table 1 : Minimum energy inputs

Sections | DOFs | (V/F)a | (V/F)g
Kaibel 7 6 2.58 1.99
Sargent 12 12 2.27 1.76
Agrawa 10 8 211 1.65

CONCLUSIONS

In this paper we have extended the Petlyuk idess to di-
viding wall columns that permit multicomponent sepa-
rations within a single shell. In particular we have ad-
dressed different superstructures proposed in the litera-
turefor arrangementswith n — 1 interconnected columns,
and demonstrated how such arrangements may beimple-
mented in asingle shell with vertical partitions. We have
briefly discussed the extent to which such arrangements
alow for potentialy reversible splits, which strongly in-
fluences the required exergy input.

WV T TR L VT T, VL TV L WA M VYpVYaAa v aila

of what isto be referred to as Petlyuk arrangements and
sharp split arrangements. A discussion on how to utilize
the large number of degrees of freedom for such column
arrangements is also given in some detail. In thisrespect
we suggested simple formulas for computing the num-
ber of DOFs for Petlyuk arrangements. For design and
optimization purposes, we find that the number of DOFs
become excessive if all variables may be set arbitrarily.
An issue of great importance for future work thus rests
in providing guidelineswhich implicitly reduce the set of
DOFs. In particular we will aim at finding adequate re-
|ations between the corresponding liquid and vapor splits
to be used for operation.

Finally weintroduced anovel geometrical column ar-
rangement, thetriangular wall, to overcome somelimita-
tions of conventional dividingwall columns with respect
to flexibility.
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