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Abstract

Dividing wall columns (DWCs) have been widthdied over the lastdecade mainly
because of their potentials in energy and capital saviligss often stated hat no
commercial simulation software package o#ddWC as a standard modulbence
engineers employmulti-column mode$ for simulations of such columns.nl such
simulations,a DWC islividedinto different independent segmentsvith eachsegment
modeledusinga conwentional column modelHowever, this sequential solving approach
is sometimeschdlengingwhen the column system iscomplicated A parallel column
modelis proposedin this researclthat isequationbased in natureThat means all of the
equations that describe the columsystemare solved at the same tim&he proposed
modelis showncapable of modelindWG of arbitrary configurationsExtensive DWC
simulationsare usedo testthe model, andit is concluded that the equatiotvased PCM
exhibits better numerical performance, compared to sequentrabdular multicolumn

models.

Theparallel column model igalidated using the pilot DWC data from University of Texas
at Austin good agreement is observed between model predictions and experimertial da
The CAPBPEN is a standard allowing interoperability between different simulation
software. The parallel column modét a CAPEOPEN compliant and can be used in any
CAPEOPENompliant process flowsheet simulation package as a standard DWC module.
Examples of flowsheet intensification using thparallel column modein a CAPBPEN

flowsheet simulation package ademonstrated.
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CHAPTER 1Introduction and Literature Review

1.1 Introduction to Dividing Wall Column

Distillationis widely known as one of the most commonly used processes in the chemical
AYRAZAGNASE® | 26SOSNE GKAA LINRPOSaa Aa OF LKA
in the chemicals and petroleum refining industries alone account for almost 53% of the
t20F € & SLI NI (A@®sk Rifigé NNutiEmal Lakzér&drys 200B)ividing wall
columns (DWCs) are attracting considerable attention in the scientific and patent
literature (see Tan et al.,2018 because of their potential for saving capital and energy
costs. It is claimed that DWCs may be able to save up to 30% of the energy when
compared to conventional column sequencéBecker et al., 2001; Fidkowski and
Krélikowski, 1987; Triantafyllou and Smith, 1992paddition, a DWC is installed in a single
column shell, thereby (usually) saving a significant percentage of the capitg§Scbsittz

et al., 2002)

The concept o& dividing wallcolumn (DWC) was originally proposed by Richard Wright
in 1949(Wright, 1949) in which he claimed that a vertical partition at about the middle
section of the column can effectively prevent the side stream product from being
contaminated by the ligter and heavier components, and three relatively pure products
may be obtained from a single column. A diagrara simple DWC is shown kgurel.1,
which resembles a sidgtream column except that it has a piidn in the middle. Unlike

a sidestream column, where the purity of middle product is limited)WChassuperior
separation abilities, due primarily tthe fact that the vertical partition effectively

prevents lateral mixing in the column.



AB,C —» —— g

Figurel.1l Diagram of a simple DWC

Figurel.2a and b shows the direct and indirect column sequence for ternary separations.
Another possible sequence, also knowrtlas sloppy €quence, is shown iRigurel.2c.

Note that, in the sloppy sequence, the bottom flow from the second column and the top
flow from the third column are both product B, these two columns can be combined as
one singlecolumn with a side product{gurel.3a). Further modifications can be made
by replacing the condenser and reboiler on the first column with vapor and liquid material
flows (Figurel.3b); this is known as the fully thermally coupled (FC) configuration or

Petlyuk arrangementPetlyuk et al., 1965)

The prefractionator in the Petlyuk arrangement can be integrated into the main
fractionator, where the two columns share the same column skédjurel.3c). The fact

that a DWCincorporatestwo columns into one shelinderliesthe ability of a DWC to
obtain a side stream product with high purity. Fibre same ternary mixture separation,

the conventional direct (or indirect) sequence needs two column shells, two condensers,
and two reboilers; while a DWC needs one shafie condenser, ah one reboiler.
Therefore, for thesame taska DWC can achiesgnificantcapital savings, and, obviously,

needsa smaller footprint.



ABC AB

C B

(a) Direct sequence (b) Indirect sequence

AB,C

(c) Sloppy

Figurel.2 Conventional column sequences for ternagstem separation

)

AB

AB.C
ABC

B.C

T

(a) Prefractionator arrangement (b) Petlyuk arrangement
with a side column

Tk ..

(c) DWC

Figurel.3 (a) Prefractionator arrangement, (b) Petlyuk arrangement, and (c) DWC

From the perspective of thermodynamics, the Petlyuk arrangement and a simple DWC
are equivalent structus, assuming heat transfer across the dividing wakis (Schultz
et al.,, 2002) The onventional direct or indirect sequences are considered

thermodynamically inefficient, due pnarily to the existence of remixing tfe internal
3



streams(Smith, 2005)In the first columrof the direct sequencethe concentration of B
reaches a peak W#e on a tray near the bottom; as the heaviest component C is
predominant at the bottom, the concentration of B then starts to decreasstages ever
closer tothe bottom of the column. The decrease in the concentration is the main source
of inefficiencywhich should be avoided in the operatioh smilar explanation applies to

the indirect sequencdn contrast, the Petlyuk arrangement avoids this remixing problem
by conducting a nossharp separation in the priractionator. In addition, the entropy of
mixing between the feed composition and the compositiontla feed stage can be
effectively reduced in the préractionatar (Smith, 2005) Therefore,by avoidng these
thermodynamic inefficienciesDWCs can save up to 30% of energy cost compared to
conventional direct and indirect sequencesAdditional commentary on the

thermodynamic analysis of DW@4l be discussed in the following section.

1.2 Thermodynamic Anlysis

Since the Petlyuk column and DWC configurations are thermodynamically equivalent as
long as the wall is adiabatianything we conclude about theetlyuk column should also

be applicable to the equivalent DWC configuration. Many studies have beetucieal

on the thermodynamic aspects of the Petlyuk configuratibiukowski and Krolikowski,
1986; Agrawal and Fidkowski, 1998a; Halvorsen and Skogestad, 28Mhandez et al.,
2006; Hernandefsaona et al., 2005; Rev et al., 2001; Stichimair and Stemmer,.1989)
Fidkowski and Krolikowski986)compared the minimized energy requirements for an
assumed ideal ternary mixture separation using four different configurations (Petlyuk
column, direct sequence, indirect sequence, and separation complex), and found that the
Petlyuk column requires the least energy of the four configurations. Later on, they
compared the Petlyuk column with other three thermally coupled configurations (inner
column, siderectifier, and sidestripper) for the separation of a ne#deal ternary

mixture (Fidkowski and Krolikoski, 1987)the Petlyuk column again needs the minimum



energy requirement. In their work, they used the sum of vapor flow rates from all

reboilers to approximate energy requirements.

Although the Petlyuk column has been said to have the ability to sawvayerage, 30%

of the energy compared to conventional direct and indirect sequefitaantafyllou and
Smith, 1992)that does not mean the Petlyuk column is perfect. Agrawal and Fidkowski
(1998)were the first to analyze the thermodynamic efficiency of different configurations.
Theystudied five different configurations for ideal ternary mixture separatbdmixtures

with different feed compositions andifferent relative volatilities They found that, based

on the combination of feed compositions and relative volatilities, the R&tlgolumn
usually is not the most thermodynamically efficient configuration, while the-sedéfier

and sidestripper configurations show higher thermodynamic efficiency more often than

does the Petlyuk configuration.

Halvorsen and Skogesté2D01)evaluated the minimum entropy production (second law)

of the reversible and irreversible (adiabatic) Petlyuk column, and they concluded that
even if the reversible arrangement is optimal with respect to entropy production (second
law), the adiabatic Petlyuk column has thewest energy consumption (first law).
HernandezGaona et al(2005)studied several different column sequences for ternary
and quaternary separations, and they applied exergyalgsis in evaluating the

efficiencies for each configuration.

In summary, from the perspective of the first law, the Petlyuk column requires less energy
than conventional configurations féine same task; however, in terms of the second law,
the Petlyuk ctumn has a lower thermodynamic efficiency for most cases, resulting in

large temperature ranges.



1.3 Simulation and Design
1.3.1 Approximate Design Methods

Although DWCpossess significamapital and energy savings, they are gonstructed
asfrequentlyas conentional distillation columns. This is mainly because the simulation
and control of DWCemains somewhaimmature (Kabel, 2014) Unlike conventional
distillation columns, DWCs have more degrees of freedomdesign and simulation
studies Considerable research work has been conduttedards developing shorcut
methods for DWC design, because a good shotrtmethod @n, most likely, garantee a

fast convergence of agorous simulation of DWC.

Fidkowski and KrolikowsKiL986) optimized a model that can quickly calculate the
minimum energy requirem@ for the Petlyuk column. Latethey applied this approach
to other thermally coupled systemmcluding sideectifiers and sidestrippers(Fidkowski
and Krélikowski, 1987)However, Dunnebier and Pantedil (1999) questioned the

appropriateness@and accuracy of the model.

Triantafyllou and Smitl{1992) presented a shortut design method for the Petlyuk
arrangement based on FenskiderwoodGilliland model (FUG), which is a combination
of models widely used for making preliminary designs and optimizatainsimple
distillation columns. They optimized the threelumn model by minimizing the reboiler
duty (energy requirement) and the number of stages (capital cost) at the same time.
Vapor and liquid flows in the main column were considered not independethieosapor

and liquid flows fed to the préractionator.

Amminudin et al(2001)LI2 A Y 1 SR 2dzi &a2YS RNI gol Ola Ay
They thought the Gilliland correlations can cause significant errors if used to compute
number of stages for the Petlyuk arrangement; the Kirkbride equation can also cause

errors when rigorous simulation is conducted. Based on the equilibrium stage

¢ N



composition concept, they proposed a sengiorous model that can providan initial

design close tthe rigorous simulation results.

Sotudeh and Hashemi Shahrék®d07)believed that the Fenske equation is inappropriate
for the estimation of the mimhum number of stages in a DWC. This is because the
composition of the vapor stream going to the main column and the composition of the
liquid stream going back from the main column are not equal, while the equality of these
compositions is the prerequisitef using the Fenske equation. Therefore, theiort-cut

model is based on the Underwood equations.

Apart from the abovenentioned methods, that are mainly based on all, or a portion of,

the FenskeUnderwoodGillilandKirkbride model combination, other sht-cut methods

are based oentirelyRA FFSNByYy i (SOKyAljdzSad ¢KSasS AyOf dzF
(Holland et al., 2004)and genetic algorithmg$GémezCastro et al., 2008; Vazquez

Castillo et al., 2009; Gutiérrémtonio and Brione®Ramirez, 2009)

1.3.2 Rigorous Simulation Strategies

Unlike conventionadlistillation columns, DWCs have more degrees of freeftmmdesign

and simulation. Furthermore, there is no standard DWC module in commercial software
packages, such as ASPEN P!, L.&8hemCAD or Aspen HYYRat can be used directly

for design and simul&in, and one has to arrange the conventional columns in sequences

to simulate DWC8 Y+ A0St X wnmnT 5S2ly20A06 Si Ff®I H
There are several strategies of simulating a simple DWC using commercial simulation

packages, each witbros and cons discuss@adwhatfollows.

The first approach is the twoolumn model, where the DWC is modeled as the Petlyuk
arrangement. However, the original Petlyuk arrangeméngyrel.3b) has a potential
issue in that the pressure at the top of the prigactionator should be greater than the

pressure of the point of connectioim the mainfractionator, while the pressure at the
7



bottom of prefractionator should be less than th@essure at the point of connéon in

the mainfractionator. This is a significant restriction the pressure anan thepressure

drop for the two columns. Agrawal and Fidkowd898b)discussed some more operable
arrangements, e.grigurel.4, in this arrangement, the pressure of the second column
can be slightly higher than that of the first column. Simulation of this arrangement makes
use of two distillation columns, so conventional sequential modular simulators can solve
these systems iteratively. However, these simulations may exhibit poor convergence
because of the strong interaction between the units. In large columns containing complex

mixtures, the computational costs can become exces®eeker et al., 2001)

gl
gl

Ty

Figurel.4 More operable Petlyuk arrangement

The second approach is to split a conventional DWC into four individual column sections
with two columns in the middle section representing the {bractionator and side
product section conected in parallelFigurel.5) (see, e.g. Géra&nd Olujic, 2014)This
four-column model is considered to be the best suitable structure for the study of
dynamic simulations and process control. However, this-tmlumn model requires four
initial guesses for four interconnecting streams, thus eitimyp the same convergence

weakness as the twoolumn model above.
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Figurel.5 Fourcolumn DWC model

Another commonly used method is the pumparound mostebwnin Figurel.6. It uses
pumparounds and vapor bypasses to simulate a DWC in a single conventional distillation
unit. However, at the point between section B and section C, there is no vapor or liquid

flow. This camakethe model difficult to converge, or everivérge(Becker etl., 2001)

Figurel.6 Pumparound DWC model

The last approach that is mentioned in the literaturearsequationbased model, or,

equivalently, equationoriented model. By using this type of approach, tlmatire
9
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is considered to offer significant advantages over sequential modular approaches, as it
converges more easily and quickBecker et al., 2001 However, there is no paper that

reports on ths approach in detalil

1.3.3 RateBased (or Norequilibrium) DWC Model

As mentioned above, no commercial flowsheet simulation package has yet offered a DWC
as a standard module; as a result, nearly all simulations of )Ve@d there are many
employ interlinked multicolumn equilibrium stage models in a sequentradular
process simulator. Notable exceptions are the work of Mueller and K@0ig7) who

used a ratebased model to describe reactive distillation iniding wall columns, andf

the Fieg group(Hiller et al., 2010; Egger et al., 2018yho described a nonequilibrium
stage model for dividing wall columns. Also noteworthy (and unusual) about their work is
that they usedAspen Custom Modeler (ACM), a commercial tool that employs equation
based solution techniques. This is in complete contrast to all other models in the
published literature on dividing wall columns (at least those that have been described in
sufficient deail). (Although models developed in ACM uses equabased solution
techniques, they cannot be generally used to model DWCs with arbitrary configuration

without recreating the model if the DWC configuration changes.)

1.4 Heat Transfer across the Dividing Wal

Few studieshaveconsidered heat transfer across the dividing wall when modeling DWCs.
The main reasois thatthere is no easy way to include wall heat transfer in the model.
Some researchersee, e.g. Mueller and Kenig, 2007; Hiller et al., 2010; Niggemann et al.,
2010, 2011; Niggemann and Fieg, 2012; Egger et al., 2ppB@¢d ACM tsimulate DWCs

with wall heat transfelaccounted forin a relatively simple way.

10



The first work on heat transfer across the dividing wall was by Lestak(@98#) where

a steadystate simulation wasestablished in Aspen with heat excigers positioned
employed between stages dmoth sides of the wall. They simulated several cases, and
found that, in each case, the reboiler duty would increase as the wall heat transfer
coefficient increaseslhey claimed that heat transfas beneficialin some regions of the
wall (it can help to reduce the energy consumptipnwhile detrimental in others;

insulation should be installed in regions that have detrimental effects.

Suphanit et al(2007) analyzed heat transfer effects by using the column grand composite
curve (CGCGQC)Yogether with exergy analysiShey determind i KS a6 Sy STFA OAl f ¢

the wallin aDWC in terms ofeducedexergy losses

Ehlers et al(2015)confirmed theconclusion from Lestak et 4lL994)that heat transfer
across the dividing wall can either increase or decrease the minimum energy demand of
a DWC. They also found that the heat transferred across the dividing wall would never

change tle minimum energy demand by more than the amount of heat being transferred.

Mueller and Kenig2007)proposed a ratebased model for modeling either reactive or
nonreactive DWE They considered wall heat transfer by assugrthe wall is covered by
one phase only. They used the pilot DWC results from Mutalib ¢1998)to validate
their nonreactive model, and analyzed theall heat transfer effects by assuming a
constant overall heat transfer coefficient, 600 Wi They concluded, based on the
limited experimental results, that the changes in the product streams are marginal;

further work requires the report of pilot congsition profiles inside the column.

TheFieg group used their pilot DWC data to validate their DWC models, both equilibrium
and nonequilibriun(Hiller et al., 2010; Niggemann et al., 2010, 2011; Niggemann and Fieg,
2012) The models considevall heat transfer and pressure dragm both sides of the wall.

In the nonequilibrium model, heat transfer is assumed to occur between liquacgsh

only, but the determination of the overall heat transfer coefficient should take into

account multiphase heat transfgHiller et al., 2010)Theycalculated the ovell heat
11



transfer coefficient to b&00 W/n?K. The authors concluded that, for tabale columns,
heat transfer across the dividing wall can haveignificant impacbn hydraulics and
vapor load. Further research is needed to investigate the wall heat transfer effects in large

scale DWCs.

Roach(2017)emphasized that different column internals (trayspacking) would result

in different wall wettability, which is an important factor that can affect wall heat transfer.
The design model proposed by Roach took into account both heat transfer across the
dividing wall and heat loss to the atmosphere througysoftware HEEDS, which can be
linked with Microsoft Excel and Aspen Plus to modify the desired variables in the Aspen
input file. The simulation results were compared with extensive experimental pilot

temperature data from the pilot DWC built in Univeysof Texas at Austin.

1.5 Pressure Balancing and Vapor Split

Mutalib and Smith{1998)conducted a degrees of freedom aysisfor a simpleDWC, and
concluded that, compared to a side draw columar)WC has two additional degrees of
freedom, namelythe vapor and liquid splits. Many studiesveshown the significant
impactthat vapor and liquid splits have on a DWC perfornea(see, e.g.Steacy, 2003;
Dwivedi et al., 2012a; Xia et al., 2013; Kang et al., R0he onsensuview is that the
liquid split above the dividing wall can be manipulated easily and predigein external
device(Asprion and Kaibel, 201Mowever, disagreement exists on whether vapor split

can be manipulate@s easilyasthe liquid split, or even if it can be controlled at all.

Dwivedi et al(2012)used two vapor split valves on their lab scale DWC to experimentally
show that vapor split can be used as a degree of freedom during practical operations. Ge
et al. (2016)proposed a vapor splitter device and conducted experimental stuthey
claimed that the device can adjust the vapor split regardless of operating conditions.
Similarly, research conductdry Kang et a2017)proposed an active vapalistributor

(AVD) that can be applied to controlling the vapor split during DWC operation; they
12



presented their laboratory results on the AVD to show its capability. Such work on
inventing a device for controlling the vapor split is only limited to thesledde, no large

scale devicéor industrial uséhas been reporteget.

On the other hand, many other researchers consttiervapor splitto be aselfadjusting
parameter, which is determined by balancing the pressure drops on both sides of the
dividing vall (see thereview paperof Y+ A0 St 2 wnmnT 5S2Fy2OA0
Sincethe pressure drop in sections alongsithe dividing wall is a complicatédnction

of column internals, liquid loadyall positioning (cross sectional area), and so on, it then
becomes possible to indirectly control the vapor split by tuning these variables. One
example is the work of Mutalib and Smift098) who found that varying the liquid split
would affect the vapor split considerably in the high liquid and vapor loading region.
5S 2l y 2 Jd2081)d&rbnstratedthe use dahe free area of liquid collectors to fire
tune the pressure drop on both sides of the wald henceo obtainthe desired vapor

split. The work of Niggemann et €2010)shows that, for labscale columns, heat transfer
across the dividing wall can have significant impacts on the column hydrodynamics, and
thus onthe vapor split. A nonequlibrium stage model proposed by Hiller ef28l10)is

able to seMadjust the vapor split according to the pressure drops on both sides of the
wall; they proved that the vapor split ratio is not necessarily equal to the cross sectional

area ratio.

Pressure drop correlations used MWCs are similar to those in conventional columns.
BarroseMufioz et al(2010)conductedan experimental study bpressure drop in a DWC,

and found that the preditions from the model of Stichimair et L989)were in good

FaINBSYSyild 6AGK (KS $SE LISRIMSYdSrived lafpresBureidiopp wA E

model for liquid collectors and distributors, and validated it with experimental data. They
found, from a vacuum column example, that the pressure drop of intsrriduid
collectors and distributors) took upearly12% of the total pressure drop, and therefore

should not be ignored in simulations.

13



1.6 Experimental Work on DWC

A few studies have published pilot plant data of DWC operations (both steady state and
dynanic). Comprehensive reviews on the experimental work of DWCs can be found in the

doctoral dissertations of Nguyg@015)and Roacl{2017)

The first experimentastudy in a DWC wa reported by Mutalib and Smitf1998)and
Mutalib et al.(1998)for separating methanol, isopropanol, anéblitanol. The pilot DWC

has a diameter of 0.305 if@about 12 inches) and an overall height of 10.97 m (about 36
feet), with Gempak 4A structured packing installed as internals. The dividing wall is
positioned offcenter to the prefractionator side, with a cross sectional area ratio of
1/1.29.

The Skogesthgroup studieda pilot Kaibel column built athe Norwegian University of
Science and Technology (NTNU) in Trondheim [seieedi et al., 2012a;)bThe pilot

column has no actual wall, but two parallel tubes acting as the feed and side sections of

a DWC. The internal diameter of all sections is 50 mm, and glass Raschig rings are used as
column internals. In this pilot plant, the vapor split ratio denadjusted through a valve;

heat transfer is not considered since the column does not have a real dividing wall.

The Fieg group reporteithe separation of shexanol, roctanol, and rdecanol in a pilot

plant at Hamburg University of Technology, Germainywhich all three products
achieved high purity (>99wt%Niggemann et al., 2010Yhis pilot DWC has an inner
diameter of 68 mm, with a centered welded dividing wall. The four columricgectre

filled with Montz B1500 structured packing, with each section having a height of 980 mm
packed bed. They used the HETP value provided by the manufacturer. The pilot data
obtained from their pilot plant are used to validate the nrequilibrium staye model they

proposed for DWC simulatioriBliller et al., 2010)

Nguyen and coworke(®guyen, 2015; Nguyen et al., 20%6)died a pilot Petlyuk column

for both nonreactive and reactive systems; the pilot column was set up in their laboratory

14



(Toulouse, France) in 2013. The pilot plant has a total height of 5.53 m (about 18 feet),
and a diameter of 80 mm in the nemall region, and 50 mm in the wall region. Tkt

plant resembles the one built the NTNU, where the feed and side sections are two
separated shells; Sulzer DX structured packing is used as column internals. They measured
the HETP experimentally, which was 0.115 m (the HETP provided by SO0L&ar nis).

Heat transfer is not considered in their work, due to the structure of the pilot plant.

A more recent doctoral thesis of Roa(@017)reported a comprehensive experimental
study of the pilot DWC built at the University of Texas, Austin (UT Austin). Roach and
coworkers studied the separation of two sgsts, alcohol system and hydrocarbon
system, at different pressures, with extensive pilot data published. The pilot column is
filled with Sulzer Mellapak 500Y structured packing, and has an internal diameter of 6.63
inches. The pilot data are used for thalidation of the DWC model proposed by Roach,

in which heat transfer across the dividing wall and heat loss to the surroundings are both

included.

1.7 Summary and Outline of this Thesis

Dividing wall columshave beenstudied extensively in recent years; ardge number of
paperswere published covering various aspects of DWCs. Several comprehensive review
papers or book chapters are mentioned inthischage8 ®3® 5S2 y2 @A 06 Si
and Kaibel, 2010; Kiss, 2013; Kaibel, 2014)

The main focus of this dissertation is on the simulation and modeling of DWCs;

accordingly, the present situation of that can be summarized as follows:

1 Most simulations oDWCs are done using muttblumn models ircommercial
flowsheet simulation software

¢ Commerciakoftware still do not ontain DWC as a standard module

15



1 Studies on ratdased (or nonequilibrium stage) modeling of DWCsfavein
numberandhave so far beehimited to simpé DWCs with one walll

1 Heat transfer across the dividing wall is usually ignored in the simulations, partly
because there is no easy weymodelit

1 Different opinions exist on whethefapor split can be manipulated

1 Itis nd easyto modelasdf-regulatng vapor split ratio

This dissertation is composed of eight chapters and four appendicescHdpter has
servel to provide background and to give a summary of thtest research on DWCs,
especially orthe important aspects of simulation ancedign; both the equilibriurstage
model and ratebased (also termed as nonequlibrium) model for DWCs in the open

literature were reviewed.

It has long been recognized that a simultaneous equaltiased model is probably the

smart tool to use for modelingf DWC. Many investigators cite a paper by Becker et al.
(2001)who make such a recommendation, but they provide no evidence at all of having
R2yS &a2® b2NJ R2 tye 2F (GKS YlIye 20KSNJ gNA
propose in Chapter 2 an equilibriustage paallel column model (PCM) that is equation

based in nature. One of the goals of this dissertation is to provide definitive evidence that

a simultaneous column model can converge quickly and easily, even in cases where the
multi-column models fail. The motis then verified by comparing the simulation results

with those obtained from other flowsheet simulation packages using sequential modular

multi-column models.

Prior work on ratebased (or nonequilibriurstage) models for DWC is limited to three
papersby Mueller and Kenig2007) Mueller et al.(2007) and Hiller et al.(2010)
Noteworthy (and unusual) about their work is that they used Aspestdin Modeler, a
commercial tool that employs equatidmased solution techniques. However, Aspen
Custom Modeler does not qualify as a standard DWC module, as it cannot be used to

model DWCs if the configuration changes. Therefore, in Chapter 3, we deaarde
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based PCM that can be used to model DWCs of arbitrary configuration (this includes

columns with multiple walls, and multiple condensers/reboilers).

Chapter 4 serves to validate the models put forth in the previous two chapters against the

pilot DWCdata from University of Texas at Austin.

Chapter 5 presents multiple steadyate solutions in one DWC simulation using the

equilibriumstage PCM proposed in Chapter 2.

Chapter 7 demonstrates the use of the proposed PCM for flowsheet intensificateon in

flowsheet simulation package via the CAPEEN mechanism.

Chapter 8 concludes this thesis and puts forth some interesting perspectives on future

work concerning Dividing Wall Columns.
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CHAPTER Equilibrium Stage Parallel Column Model

The common approachds modding DWCsvere reviewed in the previous chapter. Few

of the many papers on DWC modeling discuss in any detail a methodology for simulating
a DWC using a multiolumn model in a commercial simulator. A significant exception is
the paper of Navarro et a{2012) They propose an approach they call acyclic simulation.
Essentially, this means modeling a sequence of columns without recycles. The evidence
in their paper suggests that their methodology provides extremely good initiahasts

for a similar sequence that includes the recycles. It does not, however, appear that this
method has (as yet) been widely adopted. The first half of a paper by Waltermann and
Skiborowsk{2017)provides an elegant summary of various approacheblesimulation

of Dividing Wall Columns (the second half is concerned with optimization and compares

two different optimization approaches).

Other authors have rmtten in somewhat norspecific terms about their general
experience modeling DWCs using a commercial simulator (see, for exatofibe, and

28yl St wnanT ! aLINRA2Y YR YIA0SES wnmnT 58
Nguyen et al., 2006 Kolbe and Wenz¢P004) for example, had this to say:

Commercial process simulators are not well suited to solving the task of designing a
dividedwall column easily, because manual variation of the input is necessary using the

commercially available software, which is rather complex and-toresuming.
MoreNS OSyYy (if 83 ZF@wyte:gA06 Sia | f o

Carrying out DWC performee simulations requires great experience and these are more
2NJ £ Saa O2YLMzildA2ylffe @GSNEBE RSYlFIYyRAYy3ID
packages still do not contain a DWC as a standard model. This however will occur sooner

or later, most probably as simultaneous, equation based model.
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It has long been suggested that equatibased simulators offer some advantages over
sequential modular simulators in convergence stability and speed when modeling DWCs.
Many investigators cite a paper by Becker e{2001)who make such a recommendation,

but they provide no actual evidence in support of their claim. Nor do any of the many
20KSNJ gNAGSNE GKFdG OAGS . SO1TSNRa LI LISNX
long used equatiorriented models for the imulation of such column@enfer, 2018)

but, to the best ofour knowledge, has never published any details concerning the
performance of their model. An extensive literature review by Tian ef28l18) lists a
number of papers that describe equatiamiented modeling of WCs. Although models
developed in process modeling environments such as Aspen Custom Modeler or gPROMS)
use equatiorbased solution techniques, they cannot be generally used to model DWCs
with arbitrary configuration without recreating the model if the @Aconfiguration

changeqMueller and Kenig, 2007; Hiller et al., 2010; Idris et al., 2017)

In this chapter, a flexible equatidmased equilibriunrstage parallel column mod&@PCM),

is proposed. This model can be used as a standard unit operation module within
commercial simulation packages to model DWCs with arbitrary configurations.
Furthermore, this equatiofbased PCM facilitates the inclusion of wall heat transfer

effects,with no auxiliary software required.

In the latter sections, DWCs of different configurations are first modeled with the PCM
ignoring heat transfer effects. Results are compared with other simulators using multi
column models to verify the PCM. Heat tréareffects are included in a subsequent case.

Finally, a simulation of a DWC with multiple condensers is considered.
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2.1 Model Description
2.1.1 Numbering Stages

One of the objectives behind the development of our PCM is to be able easily to model
DWCs with arbiary configurations; thus, a minor problem is to propose a consistent
method for numbering stages in DWCs. This numbering exercise is avoided completely in
the creation of a multcolumn DWC model in a commercial simulator, but must be

addressed in the delopment of any independent equatienriented model.

When modeling simple columns it is common either to number stages from top to bottom
or from bottom to top; condensers and reboilers (if present) sometimes are included in
the numbering schemes, othenties they are omitted. From a programming perspective,

however, all stages, no matter what type or position in the column require a reference

label (normally a number) associated with them.

We start by defining a column section as beginning and endinighatreéhe top or bottom

of the column or at the top or bottom of a wall and confined laterally by the column outer
shell and/or the dividing walls inside the column. Sections are assumed to be segmental;
this is not strictly necessary, it is more of a pi@a matter reflecting how (most) DWCs

are constructed. The distributor design could be quite complicated for asegmental

column section.

Within each column section we nhumber the stages consecutively, starting from the top of
the section. We further ssume that the column configuration is known in the sense that
the number of stages in each section is known, as is the presence (or absence) of any
condenser and reboiler and the relative location of the feed and side product streams.
Condensers and rebers are included with their appropriate section. Thus, the
condenser in the onavall DWC irFigure2.1is included in the top section, the reboiler is

part of the bottom section.
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Figure2.1 Diagram of the DWC with one wall and four sections. Romanericals
identify the section and lower caseis the number of stages in the section identified by
the subscript.

The only question that needs to be answered before wem@ceed to the numbering of
all of the individual stages in the column as a whole then becomes: In what sequence

should we place the various column sections?

For the onewall, foursection column irFigure2.1 there are 24 different ways to order

the column sections. For two tesection, threewall columns that we will consider later
(one can be found in Appendix A) there are more than threlion different ways to

order the sections! Not all of these section seqces are particularly helpful when it
comes to visualizing the column configuration, but there will usually be several possible
section sequences that are more or less equally useful. Arguably, only 8 of the possible
24 sequences for the onall columnare useful: ABCD, ACBD, ABDC, or ACDB; and their

mirrors.
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The scheme that is used in our software implementation is to number column sections
following the flow of liquid down the column (i.e. starting from the top of the column).

When we come to the top foa wall we arrive at what we call an "interconnection”
between column sections. Each next section is assigned the next unused identity in the
sequence AZ, starting from the left hand side of the column and continuing sideways as

far as necessary (usuatlynew wall creates just two new sections immediately below).
0b203S GKIFG afSFhé FYyR GNRAIKGE KSNB aAYLX @
such as that irfFigure2.1. In addition, there is no need to aipri position feed streams

to the left and product streams to the right. In fact, for some DWCs it will be necessary to
KIS a2YS FSSR FyR LINRPRdzOG auNBlFYa lFaaiadays
we arrive at the bottom of a wall then two (usuallsgctions give way to a single new

section immediately below. This new section receives the next available section identity.

Section identities are assigned using these rules every time we come to the top or bottom

of a wall, only stopping at the bottom diie column itself. Thus, for the simple DWC in
Figure21G KS &SI dzSy0S 2F aSOGA2y ydzyoSNE GKFG N
is ABCD as shown in the figure. These simple guidelines do not, howeventgadree

fewest number of norconsecutively numbered stage connecting streams (NCCs). (Liquid

NCCs occur when the split leaving the bottom stage of Section S, say, goes to a stage in

any section not next in the sequenceZAor when a vapor split leaviniget top of a stage

in Section S goes to any stage in a section not next in the sequeAgeHowever, all

variants of a particular DWC are formally equivalent and we have verified that our
simulation code yields identical results no matter what section bermg sequence is

employed.

The stages can then be numbered consecutively starting with 1 at the top of the column
(usually a condenser) and then proceeding through the column, following the appropriate

(alphabetical in our case) order of the sections.
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(It is possible for a wall to extend all the way to the top or bottom of the shell and, as a
result, for the column to be linked to multiple condensers and/or reboilers. In that
situation condensers and reboilers should be associated with those columiorsetd
which they are physically connected. An example of such a column will be considered

later in this chapter.)

Further discussion of section numbering can be found in Appendix A.

2.1.1.1Flow Splits

When the liquid reaches the top of a wall or the vapor reethe bottom of a wall the

flows are split with part going to one side of the wall or to the other side.

To specify the intestage flows, we introduce four parameters: phase, originasitage,

destinationstage, and the flow split ratio. The flow $phtios are defined by:

0 Qn QRDE O DA & 0'QO
0 QR QROWB £iad OMRE L Q

O ON Qb oUW 0 OARE & QO
OO Qb B £id0 OARA £ 0

With these definitions at hand, we can summarize the flow splits for the simple DWC in
Figure2.1in Table2.1.

It is not feasible to present generalized stage connection tdblesther DWCs; there are

too many potential configurations to consider.

In an equilibrium stage model it is necessary to specify the flow split ratios (or the actual

flows themselves).
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Table2.1 Stageconrection information for a simple DWC.

Phase From Stage To Stage Split Ratio
E p e ¢ "
; ; N
Liquid E_& ¢ L
& & 0 £ £ G 0
E &€ & ¢ 1
E € € ¢lg & & p 1-]
E & p j
Vapor . . PR b 0
G E p 1

2.1.2 A Parallel Column Model

The parallel column model described in this chapter makes use of the equilibrium stage
concept, meaning that the vapor and liquid flows legven stage are assumed to be in
equilibrium. To assist the discussion, we showigure2.2 a schematic diagram of three
stages at the top of a dividing wall, with notations introduced. The vapor and liquid
flowrates leaving staggare denoted byw and0 , respectively, and andw are the

mole fractions in these streams. Stream enthalpy leaving stageenoted byO, with

the superscript indicating the stream phase. Side streams are denotéd bye molar
flowrate, again with superscript indicating the side stream phasds the heat loss on
stagej, with the superscript S standing for column shéll; , represents the heat
transferred across the dividing wall (if present) from stageto stage m; this term is
discussed in more detail in the next section. Interlinking fl&Wsrepresent the vapor

and liquid traffic between stageand m created by a wall that partitions the column into
different segments. It is worth emphasig that for conventional columns there are no
such interlinking streams, while in divided wall columns only a few such connecting mass

streams exist.
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Figure2.2 Diagram of sections in a DWC and the coroegfing equilibrium stage model

A detailed description of equilibrium models for conventional distillation columns is
widely available (see, e.g., Seader and Her#8¢)). In the parallel column modelye

write the socalled MESH equations (MESH stands for Material balance, Equilibrium

relations, composition Summation, and entHalpy balance) for stages in DWCs, with

interlinked terms considered. Assume a distillation system contaisséages andc

componants.

1. M equations.

! Component material balance () (c equations for each stage)
0 k 0 Y W YO 175 D o 15 W Wy

RO Dw Ow T

where]  is the ratio of the liquid flow from stagel to stagej, while]

the ratio of the vapor flow from stagerl to stagej. If stagej has no liquid

connection wih stagej-1,1  Is set to zero, and the same applie$ tg

{1 Total material balancea)( ) (one for each stage)
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(2.2
O O T
2. E equationsdequations for each stage).
Okw 0w 1 (2.3)
whereU is the Kvalue of componenton stagg.

3. S equations (one for each stage).
“Yk W W T (2.9

4. H equations (one for each stage).

Ok 0 YO ®w YO 175 DO 145 W O

. (2.5)

C
C-
A

"00 0 0O

An example of writing the MESH equations for a simple DWC is demonstrated below. The
DWC has 30 stages in total, and the dividing wall is located in the center of the column,
with 10 stages on each side of the wall. Heat transfer across the wall is ignored. A brief
schematic diagram irFigure 2.3 shows stage numbers and the corresponding flow

notations around the dividing wall.

In Figure 2.3, most stages only have flow connections with stages having adjacent
numbers (stagg¢has connections with stagel and stagg+1), which is similar to the case

in conventional columns. Exceptions are the staggbetop and bottom of the diviaig

wall. The interlinked termsQ , in the MESH equations of the six stages show igare

2.3 (stage 5, 6, 15, 16, 25, 26) are nonzero.
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Figure2.3 Schematic diagram of a DWC example

According to the notations introduced Figure2.3, the liquid flow on stage 5 splits into
two streams, with a split ratio defined as similarly,the vapor flow on stage 26 splits
with a vapor split rati¢ . Note thda Egs (2.3) and () contain no terms for adjacent
stages; therefore, these two types of equations remain the same as for conventional
columns. Only the material balandel), both Eqg (2.1) andEq.(2.2), and energy Hdance
(H) equationskq (2.5), need to be modified for stage interlinking. The M and H equations
for stage 5, 6 and 16 are written as:
ODprkd o 0 0w w ™
Dpkdowp wwp; 00 0O © W T

OkOO w0 00 WO w0 m

ODpkd o | D w @
Dp kDo ooy | Doy W T
k0O w0 | DO WO ™
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Similar M and H equations are modified on stage 15, 25, and 26 to account for interlinked

streams, with vapor split ratid,, used in the equations.

2.1.3 Heat Transfer across Dividing Wall(s)

Most simulations of DWCs that have been described in the open literature neglect heat
transfer across the wall. There are two main reasons for this neglect: in part it is because
the inclusion of heat transfer is extremely difficult when using rdtumn maular
flowsheet simulations and, also, because heat transfer is not thought to be important in
large DWCs (it can, however, be very important in smaller columns often used in small

scale experimental work).

The first study of heat transfer effects in diwig wall was conducted by Lestak et al.
(1994) using Aspen with heaters connected to each stage in the wall region. Suphanit et
al. (2007)analyzed heat transfer effects by usitfie column grand composite curve
(CGCCQC), together with exergy analysis. Mueller é2@07)and Hiller et al(2010)used a
nonequilibrium stage model to desbe heat and mass transfer in DWCs. Both teams
developed their models using Aspen Custom Modeler (ACM), an equaiemied
simulation environment. A recent doctoral dissertation by Ro@tH 7)includes a DWC

model considering both heat transfer across the dividing wall, and heat loss to the
atmosphere. Thenodel simulates the heat loss and wall heat transfer through use of a
software package called HEEDS, which was linked with Microsoft Excel and Aspen Plus to

modify the desired variables in the Aspen input file.
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The equation oriented parallel column modeepented in this chapter makes it very easy

to include heat transfer effects across dividing wall(s). The consideration of heat transfer
effects is realized by adding a generic tefm, , to the energy balance equations in Eq
(3.5); a positive Mae means that heat flows from stagéo stagem, whereas negative
value indicates the opposite. Since heat transfer across dividing wall(s) occurs only in the
wall region(s), all of th& terms for stages above and below dividing wall(s) @z

It is important to note that the number of stages on opposite sides of a dividing wall are

not necessarily equal. We will return to this point in the analysis that follows.

Heat transfer across dividing wall(s) is driven by the temperature differemrceso sides
of the dividing wall. For simplicity, only horizontal heat transfer is considered in our study.

The amount of heat transferred from stagean be expressed by
0 Y D Y (2.6)

whereY'Y Y "Y is the temperature difference between the staggnd stagem; "Y
is the overall heat transfer coefficient from stage stagem; andd is the heat transfer

area from stagg to stagem.

The calculation of the heat transfer aréa requires a knowledge of the diameter of the
DWC, the tray spacing (for tray columns) or HETP (for packed columns), as well as the
location of the dividing wall. Since the colummay not be evenly divided by a wall, the
horizontal width of the wall might not equal the diameter of the column. A simple

geometry is demonstrated to determine the width of the dividing wall.

Assume a DWC has vapor split ratio 70% / 30%, the dividimgtineakfore, needs to be
installed offcenter in order to keep the pressure drop equal on both sides of the wall (we
will address pressure balancing in the subsequent chafegire2.4 shows a schematic
diagramof the DWC geometry, with the straight line AB representing the width of the
dividing wall. Since the vapor split ratio is 70% / 30%, the area on the left of the wall takes
up approximately 70% of the total area.
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Figure2.4 Schematic diagram of a DWC intersection

Assume the radius of the circlerighe area of the right sectar 0 Gs calculated to be

o Wy L—
0 3 2.7)
The area of the isosceles triangle AOB is
o P. v
0 El J Q¢ — (2.8)

The area on the right side of the dividing wall X can be calculated as the difference
betweend  andd , which takes up 30% of the whole circle, thus:

f o ST P s ,
0 i OC_ cl d Qe on i (2.9)

“ Oly 0S a2 t9then the Nidthvof thelwakdy 6 Hs calculated from

w ¢l Jd Qe (2.10)

With the width of the dividing wall known, the height of the wall for each stpge is
needed to complete the computation of the heat transfer area. Assume the total height
of the dividing wall i80 ; the number of stages (or packed sens) on two sides of the
dividing wall aré) and0 (L = left, R = right). The tray spacing (or HETP) on two sides of

the wall can be determined @ j0O andO | U , respectively.
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Figure2.5 Schematic diagram of cases with (a) equal and (b) unequal number of stages
on two sides of the wall

If 0 equalsl (seeFigure2.5a), the tray spacing (or HETP) on both sidab@fvall are
equal. The height of the dividing wall that heat transfers from stagestagem can be
obtained easilya®© j0 (or"O jO0 ), and thus the heat transfer area from stgge
stagem is computed in Eq(211), withw the width of the dividing wall computed

before.

. ‘ 0
0 w N (2.11)

However, it and0 are unequal, the determination of the heat transfer area is not
that straightforward. As one possible scenario shamRigure2.5b, stagg is horizontally
connected both to stage m and stage m+1. The calculation of the heat transfer orj stage
should be separated into two parts. Frdaigure2.5b, the tray spacing (or HETP) on the
left side of the wall is greater than the right side, which is:

O 0

0 0 (2.12)

The height on the dividing wall that heat transfers from the upper part of stagstage
m is the tray spacing (or HETP) on the right side of the dividing wall, wh@h jsi .

Therefore 0 can be determined from Eq..@3) as:
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0 w T (2.13)

The area of the lower part of stagas obtained from Eq. (24), and this is the heat

transfer area from staggto stagem+1

O n T (2.14)

Note that stagem+21on the right side of the dividing wall has horizontal heat connections
with both stagej and stagej+1. Similar calculation procedures can be conducted to
determine the heat transfer area from thremainder of the stages on opposite sides of

the dividing wall.

2.1.4 Summary of Specification
Table2.2 provides a summary of specified variables and parameters.

It is worth noting that in most real DWCs it is not pbksto specify the vapor flow split

at the bottom of a wall. In actual operation the vapor will be distributed so as to equalize
the pressure drop on both sides of the wall. It is not generally possible to calculate the
pressure drop in an equilibrium stagnodel because there is no relationship in the model
to actual equipment design. In addition, the usual way of modeling D§M@zs multk
column model in a process simulation packggeakes balancing the pressure extremely
difficult and is not usually dé 06 aSS 5 S 22011FoPandexeion td durd
generalization). Pressure balancing can be accomplished more easily with-lzasaie®

model, which will be disessed in the following chapter.
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Table2.2 Summary of simulation parameters and sgied variables for a DWC
simulation.

Specified Parameter/Variable

Configuration Parameters/Variables

Number of stages (including condensers and reboilers)
Number (and stage numbers) of condensers

Number (and stage numbers) of reboilers

Stage numbersf all feeds

Stage numbers of all sidestreams

Stage numbers for the top of each wall

Stage numbers for the bottom of each wall

Feed Specifications

Flowrate of all feeds

Temperature and pressure of all feeds
Composition of all feeds

Product Speifications

Condenser specification (one of, e.g., reflux boilup ratio, product flow rate, mole
fraction)

Reboiler specification (one of, e.g., boilup ratio, product flow rate, mole fraction)
Sidedraw specification(s) (one of, e.g., sidestream ratwy fate, mole fraction)

Other Column Specifications
Pressure on all stages
Heat duties for all stages except condensers and reboilers

Dividing Wall Operational Specifications

Split ratio for each vapor stream at the bottom of each wall

Split ratd for each liquid stream at the top of each wall

Overall leat transfer coefficients for heat transfer across wall

Area of each wall (or the dimensions of the column so that area can be calculate

2.1.5 Method of Solution

The PCM equations are a combinatioh linear and nonlinear equations, with the
nonlinearity resulting primarily from the physical properties (e.galie, and enthalpy
|l 0d LY GKA& ¢2N] =z bSgi2yQa YSGK2R A& dzaSR
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in a manner similar to the algorith developed by Naphtali and Sandho{&®71)and
Hofeling and Sead€1978)

As discussed in the previous section, there @® o equations on each stage and
the correspondingc® o variables on each stageare (1) vapor and liquid flowrates
(whD ; 2), (2) vapor and liquid mole fractiond (w ; 2c), (3) stage temperaturé¥ 1).

The modekquations carbe written in the form of EqQ. (25).
3 (2.15)

where Fis a vector containing equations, withé the total number of equations in the

column systemthat ¢® o i, andeis a vector of variables:
ol olfeliB Fel
(2.16)
with e=a vector of variables on stagéhat:
(2.17)

An initial guess for all variables () are neededtof A GA I S bSgiliz2yQa YSiK
of variablesg, is then updated using thieqg (218).
m De g ° g 3 ° ﬁ

(2.18)
where L2 s the Jacobian matrix at the kth iteration with
10
7o (2.19)

In contrast with the equilibriunstage model for conventional columns, the Jacobian
matrix in the PCM is no longer a blettidiagonal structure, due to the consideration of
interlinked terms. The Jacobian matrix becomes a large sparse matrix with nmo=no
elements located in the bloekidiagonal positions. A general Gaussian elimination

method for sparse matrices can be used to solve the equations.

38



2.2 Model Verification

To demonstrate the correctness of the PCM discussed in Sétfiptwvo DWC cases with
different configurations are simulated using both the PCM and with rsoltimn models

in other simulators. Additional cases are documented in Appendix C. All examples are
taken from published papers in whichd original authors used mutolumn models in

a commercial simulator. Heat transfer effects are neglected in this verification work, due
to the fact that heat transfer was ignored in the original publications that form the basis

for this phase of our wdx:

2.2.1 Aromatics Complex Separation

hdzNJ FANBRG SEFYLXS A& || 52/ {(@Iitosepathted y 9S4
40-component platformer reactor effluent stream into three fractions, with the
sidestream (often referred to as a benzeneh cut or BRC) containing most benzene (>60
mas$6). It is shown that, compared to a twolumn sequence configuration, the
proposed DWC configuration requires 43% less energy to get the same product

specifications, and enables 51% savings in tevhitstal annualized cost (TAC).

2.2.1.1Simulation Specificatins

C2NJ GKSANI aAYdz I A2y Z2811)iskdhaFourdRimrdmogelin 5 S2 | y
ChemCAD similar to that shown Higure 1.5. Table 2.3 summarizes the column
configuration and operating parameters of the DWC that wereadusdhe simulations of
5S2Fy20A0 |(30R) Thefeed Nkas Mk slightly subcooled liquid consisting

of 15 components. Reflux ratio and hgol ratio are specified as mass ratidhe liquid

split ratio at top of the wall is 40% / 60%, meaning that 40% of the liquid flows to the left

side of the dividing wall. The vapor split is 66% / 34%.
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the condenser operating at 2.7 bar, and the reboiler operating at 3.04 bar.SRK
equation of state was used as the thermodynamic model for their simulation, but no

binary interaction parameters (BIPs) were given in their paper.

2.2.1.2Simulation Setup with the PCM

The parallel column model simulates the entire DWC as a single unatapewith stage
numbering as shown iRigure2.1 with numbers of stages for each section taken from
Table2.3. In our PCM the total number of stages in the DWC model is 88ding the
condenser and reboiler), the feed stage becomes stage number 37, and the liquid side
stream leaves stage 61. Other specifications for this simulation follow thoBahie2.3
andTable2.4.

We used the Penfobinson (PR) equation of state thermodynamic model in our
simulations with BIPs obtained from Uni&esign, a process modeling software system

from Honeywell. The BIPs for the BRS are provided in Appendix C
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Table2.3 Summary of simulation parameters for aromatics column
froY 5 S 2K A 6

Simulation Parameters Value
Numbers of stages:

Section A (includes condensex) 1) 27
Section Bg 22
Section Cg( 22
Section D (included reboilers) (+1) 17
Feed stage (counted in section B) 10
Side draw stage (counted in section 12
Feed temperature?C 100.07
Feed pressure, bar 3.5
Feed flowrate, kg/h 31730
Top mass reflux ratio 2.74
Bottom mass boilup ratio 1.74
Side stream flowrate, kg/h 3680
Dividing wall:

Liquid split ratio 40% / 60%
Vapor split ratio 66% / 34%

Table2.4 Pressure specifications of the feoolumn model.
Top (A) Left(B) Right (C) Bottom (D)
Stages Pres (bar) Stages Pres (bar) Stages Pres (bar) Stages Pres (bar)
1 2.7

1¢15 3.02 1¢15 3.02 1g7 3.03
2¢9 3
1026 3.01

16¢22 3.03 16¢22 3.03 8¢l7 3.04
27 3.02 % % -

2.2.1.3Simulation with Multi-Column Models

The same siolation was conducted in other two software packages, COCO and @iSim

Design, using a forsolumn model similar to that shown figurel.5. COCO is a freely
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available (from www.cocosimulator.org) flowsheet sinida program that can useur
model as its column simulator. This makes it an excellent vehicle for comparing the
simultaneous method in our PCM to a mdtlumn model because the only difference
then is the modular flowsheet convergence loop; the actharmodynamics and stage
model is actually using the same code minus the interconnections betweern non

consecutively numbered stages.

The simulations with the foucolumn model in two simulators use the converged results
from PCM as an initial guess for thieur interlinked streams. More information is

available in Appendix C.

2.2.1.4Simulation Results

For this simulation, the PCM takes only six column iterations to converge, while COCO
takes more than 100 flowsheet iterations (we do not know the number of column
iterations in each flowsheet iteration), even though we used the converged results from
the PCM as an initial guess. The number of iterations U@IBesign takes to converge is

not known, but a randomly given initial guess would sometimes cause slowrgemoe,

or no convergence at all.

The profiles plotted in this section and the rest of this paper for DWCs are with respect to
0SR StS@IFIiA2y> LINRPYGARSR (KIG GKS 19¢t @Ftd
dzyAGaés AT (GKS | 9 ¢The reddor iszBad in DVNIS thgfe2aiie aflleast 6y U &
one section in parallel with others, simply plotting the profiles as a function of stage
number, as typically is done for conventional columns, does not adequately reflect the

reality inside the column.

In Figure2.6, the mass flowrate and temperature profiles calculated from the PCM are
given, with MC denoting the main column, and PF thefpretionator. The results from

all three simulations are in close agreement wetdch other. It is worth noting that COCO
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and our PCM lead to identical results, but this should not be a surprise since the column
model we used in COCO is the same one that underlies our PCM, but with each column

section treated as an independent column.

Liquid composition profiles of five components from the PCM are showigumre2.7. It

can be seen that the top product is rich in isopentane ande2hylpentane; rhexane

and benzene are the more important compownad the middle product, and toluene
represents the heavy components in the bottom. Solid lines denote the profiles in the
main column, while dashed lines show the profiles in thefpaetionator. The sidedraw
position of the DWC is on a stage where thelenfraction of benzene is around its

maximum.

Product purities fre + / KSY/ !'5  AAYdzZ F GA2y (20M05A LINR OA |
comparison of the purities from ChemCAD and PCNiable2.5 shows that they are
almost the same with only slight differences. Additional results, including comparisons of

the profiles, are provided iAppendix C
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Figure2.7 Liquid composition profiles for five components from the PCM simulation of
the aromatic column.
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Table25/ 2 YLI NA &2y a 2F LINRPRdAzOG LJIzNA G A Sa
(2017)
Feed C5C6 (Top) BRC (Side) heavies (Bottom)
ChemCAD PCM ChemCAD PCM ChemCAD PCM
Total flow [t h] 31.74 7.35 7.33 3.68 3.68 20.70  20.72
Mass fraction:
n-Butane 0.019 0.0838 0.0840 0 0 0 0
i-Pentane 0.064 0.2764 0.2770 0 0 0 0
n-Pentane 0.045 0.1956 0.1960 0 0 0 0
2-Methylpentane 0.08 0.3329 0.3263 0.0285 0.0430 0 0
n-Hexane 0.043 0.0983 0.0955 0.1700 0.1761 0 0
Benzene 0.086 0.0130 0.0212 0.6825 0.6695 0.0050 0.0047
3-Methylhexane 0.020 0 0 0.1154 0.1077 0.0105 0.0120
Toluene 0.247 0 0 0.0036 0.0036 0.3786 0.3784
Bhylbenzene 0.035 0 0 0 0 0.0538 0.053
p-Xylene 0.042 0 0 0 0 0.0651 0.0649
m-Xylene 0.122 0 0 0 0 0.1868 0.1867
o-Xylene 0.055 0 0 0 0 0.0841 0.0839
m-Bhyltoluene 0.047 0 0 0 0 0.0720 0.0718
1,3,5Trimethylbenzene 0.077 0 0 0 0 0.1184 0.1182
1,4-Diethylbenzene  0.017 0 0 0 0 0.0257 0.0256

2.2.2 Satellite Column Simulation

Here we consider what is known as a satellite column systagrawal, 1996) by

following a detailed case study provided by Tudwtila et al.(2017) TututrAvila and

gAlGK

coworkers demonstrated a design case of using the satellite column system to separate

four fractions (benzene, toluene, xylene, and heavies). Compared to the-tiotaenn

direct sequence configuration, the satellite column system achieved 25% energy savings

and24% capital investment savings, resulting in about 24% reduction in the TAC.

2.2.2.1Simulation Specifications

The satellite column system is equivalent to a three column system, with the main column

located in the middle, and two additional column sections, tmeach side of the main
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section.Figure2.8a shows the satellite column system, which is equivalent to a DWC

structure with two parallel walls shown Figure2.8b.

FollowingTututi-Avila et al(2017) the system consists of a mixture of benzene, toluene,
m-xylene, and 1,3 frimethylbenzene. A feed stream enters the system from the main
column (MC), and the four products with high purities (99%) are obtained from the
column system as distillate and both of the MC, two side products from the two side

columns, SC1 and SC2.

Table 2.6 summarizes the column specifications of the satellite column system as
simulated in Aspen Plus by Tutdtvila et al(2017) Tray pressure drop was reported to
be 0.0068 atm, but, for simplicity, the column pressure in our simulation is assumed

constant at 0.35 atm.
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Figure2.8 Diagrams of (a) the satellite column system, and (b)ettpeivalentDWC
structure.
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The feed stream is a saturated liquid with flowrate 114.8 kmol/h, consisting of 28.4mol%
benzene, 31.7mol% toluene, 28.1mol%xgiene, and 11.8mol% 1,3tBmethylbenzene.

The feed pressure is not provided in the original source, so the column pressure, 0,35 atm
is used as the feed pressure. The NRKLthermodynamic model was used by Tufutila

et al.(2017) but model parameters are not provided.

Instead of specifying product purities as was done by T4tuilia et al(2017) we have
specified product flowrates in our simulation. As the side stream informasiomt given

in their work, we assume both side streams to be liquid, and the flowrates are specified
as 36 kmol/h and 32 kmol/h for SC1 and SC2, respectively. The bottom product flowrate
is set to 13.4 kmol/h. The same liquid and vapor split ratios fromidVBC1 and SC2, that

were reported by TututAvila et al(2017)in their simulations, are uskin our simulation.

2.2.2.2Simulation Setup with PCM

In our simulation of the satellite column system with PCM the entire column is modeled
as a single entity with all stages numbered sequelytial the DWC as shown kigure

2.8b. Other specifications are as provided in the earlier section.

The NRTL model was used for liquid phase, while the vapor phase is assumed ideal in our
simulation. The interactioparameters of NRTL model are taken from Un@&idesign,

and given ifrable2.7. Any parameters not given in the table are set to zero.

2.2.2.3Simulation with Multi-Column Models

The column system was also simulated witmalti-column model in both COCO and in
UniSin® degn. There are two possible muitblumn models that one can use for this

simulation: a threecolumn model and a sevezrplumn model.
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The threecolumn model uses the flowsheet shown kigure 2.8a and is more
straightforward to create. An initial guess of four interlinked streams are required to
initiate the simulation. The severolumn model breaks the main columns into five
connected column sections (s€ggure2.9). The convergence of the seven column model
strongly depends on the initial guesses provided for the eight recycle streams. In our work,
converged results from the PCM are used to provide good initial gadss themulti-

column models.

Table2.6 Summary of the satellite column specifications.
Satellite column system

Column

SC1 MC SC2

Number of Stages 26 58 26
Feed Stage(s)/Interconnection Stage 1¢26 29 1¢26

14¢40

21c47
Side Stream Stages 10 C 13
Reflux Ratio 5.3
Liquid Split 0.389 0.797
Vapor Split 0.375 0.407
Operating Pressure (atm) 0.35

" Pressure is assumed constant throughout the column system

Table2.7 Interaction parameters of NRTL model from UniBDesign.

T dependence:  A+B/T

Component-j " . . - -
Aij Aji h -] B-ij Bji
Benzeng Toluene 0.000 0.000 0.303 -7.326 1.706
Benzeng; m-Xylene X X 0.288 309.7 -228.614
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Figure2.9 Flowsheet of seveolumn model in UniSi@Design.

2.2.2.4Simulation Results

In this simiation, the PCM takes six column iterations to converge, while COCO uses a
three-column model, and takes 33 flowsheet iterations (again, the total number of
column iterations required is not known). However, the seeeflumn model fails to
converge in COC&yen though the converged results from the PCM were provided as the
initial guess. The sevarolumn model converges in UniSiDesign, but the number of

iterations required is not available.
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Figure2.10 shows the vpor and liquid flowrate profiles predicted from the PCMgure
2.11 shows the temperature profiles of this satellite column system. Additional results

are provided in Appendix C.

Simulations from COCO and Uni®iBesign using mulcolumn models are compared
with the results from the PCM, and good agreement among the three simulators can be
observed. More details concerning the simulations in COCO and @i3sign are

available in Appendix C.

Figure2.12 shows the liquid composition profiles predicted with the PCM. Solid lines with
solid symbols are the profiles of the main column, solid lines with empty symbols are the
profiles of the left side column, and dash lines with éyngymbols are for the right side
column. FromFigure2.12 we can see that benzene accumulates at the top; %,3,5
trimethylbenzene is the heavy key and is obtained from the bottom product of the main

column. Toluenerd m-xylene are found in the two side streams.

The product purities predicted from UniS®Design and the PCM are compared able

2.8. The slight differences in the results between two semis is considered acceptable.

Table2.8 Comparison of the product compositions.

Top product Side stream 1
PCM aubD PCM ubD
Benzene 0.9754 0.9848 0.0007 0.0005
Toluene 0.0246 0.0152 0.9647 0.9703
m-Xylene 0 0 0.0346 0.0292
1,3,5Trimethylbenzene 0 0 0 0
Side stream 2 Bottom product
PCM ubD PCM ubD
Benzene 0 0 0 0
Toluene 0.0263 0.0306 0 0
m-Xylene 0.9681 0.9671 0.0025 0.0027
1,3,5Trimethylbenzene 0.0056 0.0023 0.9975 0.9973

auD refers to UniSi@Design
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Figure2.10 Results of (a) vapor flowrate and (b) liquid flowrate profiles from the PCM,

Bed elevation, unit
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Figure2.11 Temperature profiles of satellite columgstem predicted from the PCM,

assuming equal HETP.
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Figure2.12 Liquid composition profiles predicted with the PCM, assuming equal HETP.

2.3 Other Applications

As demonstrated inSection 2.2, the PCM is able to model DWCs with different
configurations. Note that as the number of dividing walls increases, the flowsheet created
using a multicolumn model become quite intricate; providing good initial guesses for the

conrecting streams is quite a chore.

In this section, two more case studies are shown to demonstrate the versatility of the
PCM. In the first case we consider heat transfer across the dividing wall to help make the
case that it is rather straightforward to ilde heat transfer with the PCM. The other case
illustrates that the PCM is able to model DWCs with multiple condensers (and/or

reboilers).
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2.3.1 Heat Transfer across Dividing Wall

The case study in this section is based on one of the cases investigatedyloyBesnet
al. (2015) Heat transfer across the dividing wall is ignored in their simulation,isut

considered in this section.

2.3.1.1Base Case

Benyounes et la(2015)used a twecolumn model (or Petlyuk column) to simulate the
DWC. As reported, the pifeactionator (PF) has 37 stages, and the main column (d€)

50 stages. Two connecting streams are withdrawn from stage 4 and stage 42 of the MC.

A saturated liquid feed, consisting ofpentane, nhexane and theptane, enters the PF
on stage 18, with flowrate and compositions given in. A liquid side prodwtitésned
from the MC on stage 25. The column system operates at a constant pressure, 1.49 bar.

Other simulation specifications from Benyounes e{2015) are given InTable2.9.

Benyounes et al(2015) used the Pendrobinson (PR) thermodynamic model in the
ProSimPlus process simulator, but the model parameters are not given. In our work, we

also use the PR model with parameters from Un@&basign as tabulated ihable2.10.
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Table2.9 Simulation specifications of the pentane/hexane/heptane case from
Benyounes et al2015).

Specifications Pentane/Hexane/Hptane
Feed:
Compsitions 0.4/0.2/0.4
Flowrate, kmol/h 45
Pressure, bar 1.49
Top:
Reflux ratio 2.59
Sidestream:
Flowrate, kmol/h 9
Bottom:
Boilup ratio 3.11
Split ratio:
Liquid 49% / 51%
Vapor 78% / 22%

Table2.10Binary interaction parameters of PR model from Uni@esign.

Component n-Pentane n-Hexane n-Heptane
n-Pentane X 3.90E04 0.00137
n-Hexane 3.90E04 X 3.00E04
n-Heptane 0.00137 3.00E04 X

2.3.1.2PCM with Heat Transfer

The DWC used in this simulatitvas the configuration shown iRigure2.1 with the
following numbers of stages of¢ o¥ o %  ( (the condenser and
reboiler are not included), with the feed to stage 18 (of 37 in Section B) and the side
product taken from stage 21 (of 37 in Section C). In the PCM the feed stage is number 22

and the side prduct drawn from stage 62.

Calculations of the heat transfer parameters follow Section 2.3. As the number of stages
on both sides of the dividing wall is 37, the heat transfer area on each stage should be the

same. This is computed from the product of th&lth of the dividing wall and the stage
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height. The column diameter is 0.09. The wall width is determined following the
procedures in Section 2.3, with vapor split ratio 78% / 22%. Accordingly, the width of the
dividing wall is calculated to be 0.85 As there are 37 stages on each side of the dividing
wall with HETP of 178 & , the height of the wall is approximately 6.68 Therefore, the

total area of the dividing wall can be computed tode ed P T v TS T , SO

the heat transfer area on each stage® o @ . The overall heat transfer coefficient is
assumed constant for all stages alongside the dividing wall, and a reasonable™VYalue,

X T Fa Q) hobtained from Niggemann et g2010)is used in the simulation.

2.3.1.3Simulation Results with Heat Transfer

For the abovementioned case, the PCM takes 3 iterationeui@90 ms) to converge if

heat transfer is not considered; while it takes 6 iterations (about m#pto converge if

heat transfer is considereéigure2.11 shows the comparison of the temperature profiles
simulated using the PCM with and without heat transfer across the dividing wall. The
temperature profiles ignoring heat transfer effects are shown with dash lines, large
temperature differences, up to 19K can be observed between two sides of the wall.
Temperature profiles with heat transfer considered are plotted in solid lines, the
temperature differences decrease as heat transfer across the dividing wall is involved.
Furthermore, the heat transfer across the dividing wall can even reverse the heat transfer

direction in the bwer part of the dividing wall.

The significant changes in the temperature profiles lead to corresponding large changes

in the composition profiles, as seenkigure2.14.

As shown imrable2.11, when heat transfer is considered, the purity epentane in the
top product and the purity of #mnexane in the side product increase, and the purity -of n
heptane in the bottom product decreases. As the overall heat transfer coefficient

increases, the heat transfer resistance of the dividing wall decreases, and the

55



temperature differences between two sides of the wall reduces. However, heat transfer
can lead to negative flowrates if the heat transfer coefficient is too large T€.g.

¢ mTwIra  Q)).

Table2.11 Comparisons of product purities with and without considering heat transfer
(HT) effects.

Top product Side product Bottom product
without HT  with HT without HT with HT without HT with HT

n-Pentane 0.9397 0.9705 0.1464 0.0776 0 0
n-Hexane 0.0603 0.0295 0.8535 0.9032 0.0136 0.0190
n-Heptane 0 0 0.0001 0.0192 0.9864 0.9810
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Figure2.13 Comparison of temperature profiles with and hatut heat transfer,
assuming equal HETP.
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2.3.2 Column with Multiple Condensex

Dai et al(2016)describe a process for separating the azeotropic mixtireenzene and
cyclohexane (CYH) using an Extractive Dividing Wall Column (EDWC) illustragedein
2.15 (left). The dividing wall in this type of column extends to the very top of the column
which, therefore, diides the column top into two sections, both of which connect to a

condenser.

Dai et al.(2016)used an entrainer consisting of a mixture of sulfolane and/lene to
separate benzene and cyclohexane. The entrainer permits recovery of CYH in the
overhead from the EDC section. Benzene is separated from the mixed entrainer in the
entrainer recovery section (RC), and is recovered from therigit section ED®. The
entrainer mixture is obtained from Section RC and can be recycled back to SectiGn EDC
A mixed entrainer was proposed in order to moderate the temperature in the erdra
recovery column; allowing water to be used for cooling thereby helping to reduce the

costs of utilities. Further savings were achieved by applying the EDWC configuration. As
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reported by Dai et ak2016) an EDWC with a mixed entrainer could save 44% of energy
and 36% of TAC, when compared to a conventionatdalamn extractve distillation
arrangement with a pure component entrainer. They used a tho@lemn model in

Aspen Plus to simulate the process.

2.3.2.1Simulation with the PCM

The EDWC was modeled using the PCM structure shovingure 2.15 (right). Heat
transfer across the dividing wall is ignored (although the temperature difference in this

column is quite substantial). Note that the second condenser is numbered as stage 37.

1 37
2 38

EDC-C EDC-B Entrainer Feed | 19

Entrainer Feed

Feed

Feed 25

36 61
62

RC

66

% :

Figure2.15 Flowsheet of the EDWC simulation with thre@umn model and the PCM
(right).

Following Dai et a{2016) Section EDC has 36 stages, Section HDRas 25 stages, and
Section RC has 6 stages, with condensers and the reboiler counted as additional stages.
The bottom product from column RC was not recycled in our simulatiom.ehtrainer

feed, consisting of 90% sulfolane and 10%ykene,enters Section EDBC on stage 10,
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with flowrate 110 kmol/h. An equimolar stream of benzene and cyclohexane enters

Section EDC on stage 25, with flowrate 100 kmiol/

The cyclohexane productupty at the top of Section EBC is specified as 0.998, while

the reflux ratio of the condenser for Section EB@ set at 2.1. The bottoms flowrate of
Section RC is specified as 110 kmol/h. The column pressure is assumed constant at 0.6
atm. The vaporgit ratio from column RC to column EfQGs not given by Dai et £2016)

and is assumed to be 0.5 in our simulation. The NRTL thermodynamic model is used for

this simulation.

2.3.2.2Simulation Results

This PCM simulation required 30 iterations (about 2&)to convergeFigure2.16 shows
the temperature profiles of the EDWC predicted using the PCM. The temperature profiles
in the topright column and bottom column are combined. As anticipated above, the

temperature differences over the wall is significant.

Calculated product purities are sumneed inTable2.12. The distillate from the tofeft
column contains almost pure CYH, while the distillate 2 from therigigt column is
YySENI @& LJz2NBE o0Syl SySed ¢KS LINRPRdzOG TRNRBY { SOI

contairs neither of the hydrocarbonsand can be recycled back to Section EDC

Table2.12 Product purities in the EDWC predicted from the PCM.

Distillate 1 (topleft) Distillate 2 (topright) Bottom
Benzene 0.0020 0.9996 0
Cyclohexane 0.9980 0.0001 0
Sulfolane 0 0 0.9000
o-Xylene 0 0.0002 0.0999
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Figure2.16 Temperature profiles of the EDWC predicted from the PCM.

2.3.3 Additional Case Studies

Two other cases amiscussed in detail in Appendix C. They include a dividing wall column
flowsheet for separating benzene, toluene, andylene, adapted from Ling and Luyben
(2009) Another case is derived from the waskAshrafian2014)who describes a three

wall DWC for an LNG process simulation.

2.4 Performance Summary

Table2.13 provides a summary of the performance of our equat@iented Parallel

Column Model. For the cases dabed in this chapter as well as additional cases in
Appendix C we report the number of iterations, the execution time, and the average rate

2T O2yOSNHSYOS O0y2NXY NBRAOGAZ2YOP ¢KS ydzyo S
method and excludes the timeeeded for the automated initialization described in

Appendix B. The average rate of convergence is found by dividing the difference between
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the first and last values of the norm of the function values by the number of iterations.
The execution time is ported directly by the simulation program and is an average of 10
separate runs of each case. The simulations were carried out on a Dell Precision 7710
using an Inte®/ 2 NJS-2760QM CPU @ 2.40 GHz processor. The operating system was
Microsoft Windows 7@4-bit version).

FromTable2.13, it can be seen that the equatiesriented PCM converges quite quickly

in all of the cases we have considered here (as well as many etbediscussed in this

chapter).
Table2.13PCM performance for DWC simulations.
Number of Number Numberof Time Ave. rorm
Cases . . :
components of gages iterations (seconds) reduction
Aromatics Processing 15 88 6 0.71 13
Satellite Column 4 110 6 0.12 34
DWC with heat transfe 3 87 6 0.17 113
EDWC 4 67 30 0.24 2
BTX Separation 3 70 4 0.05 13
LNG Simulation 10 191 13 1.49 5

Simulation times are not provided by UniSim De8igirhe number of iterations also can

be difficult to ascertain and is, in amase, strongly dependent on the convergence
algorithm employed at the flowsheet level and, also, on the initial guesses for the streams
that connect the separate column sections. In our own verification work we made use of
the converged results from our RCn order to initialize the connecting streams in our
simulations with COCO and with UniSim De8i@ur observation is that UniSIm Desgn
generally converged very quickly from such high quality initial estimate of stream
conditions (as should only be macted, of course). It is also, however, extremely easy to
provide initial estimates for the connecting stream compositions that lead to complete
failure of a modular simulation. COCO does provide execution times but is using our own
model for each indepeaent column section. These factors render unfair any direct

comparison of execution times for a modular simulator with our PCM. What we can say
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with reasonable certainty is that the time needed to create a DWC model with our PCM

is significantly less thatte time needed to create a multolumn flowsheet simulation
Y2RSt® LY FRRAGAZ2YS 6KSY LINRPDGARSR 6AGK aNB
streams we do observe the PCM converging significantly faster than an equivalent
modular simulation everthough it is next to impossible to present objective data to

support this observation.

Since it was beyond the scope of our work we made no attempt to investigate the use of
the short cut models or the acyclic simulation technique described by Navartq2042)
to initialize the modular simulation models. Such additional simulations necessarily

involve a degree of effort not required by a PCM.

2.5Usage in a Commercial Simulation Program

Many independently created software systenrgated for modeling chemical processes

now make use of the CAREPEN standards that allow software systems to work together

Ay &a2VYS RSThe[CABPENGsfaadarddefines rules and interfaces that allow
CAPE (Computekided Process Engineerirgpplications or components to interoperate
(www.colan.org. To the best of our knowledge, all major commercial flowsheeting
systems are CARBPEN compliand @+ y . | G Sy I WiRracticg, yhis learsn mn 0
that the PCM described in thehapter, can simply be selected as the column model of
choice in any CARBPEN compliant flowsheeting system on any computer on which both

the flowsheging system andhis modelhave been installed.

Figure2.17 shows the final separation train of a process in which the last two columns
are using the PCM. We used the COFE (OFHEN Flowsheeting Environment) to mak

this flowsheet in part because COFE is freely available, but also because COFE is the only
CAPEDOPEN flowsheet simulation package with adaptable unit operation icons. In other
words, a DWC column inserted into a COFE flowsheet looks like a DY@MiAserted

into another package (UNISIM Design for example) will be displayed using a standard icon
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that that package uses for all CAGBEN unit operations. The original process was the
work-up section of an alphalefins plant separating a mixture of nineteenmponents
using 7 columns. In the revised process showkigare2.17two DWCs replace 5 ordinary

columns.

A complete description ahis modelbeingusedas a column model in UNISIM Design is
available in Sectiorb of Appendix C. The process of using the PCM in any other

commercial simulation system is very similar and the specification oDYME itself is

identical.

2

Figure2.17 A flowsheet for the worlup sectionof an alphaolefins plant created with
COFE containing DWCs modeled using the PCM in which a direct separation sequence of
5 columns has been replaced by two DWI® top product stream from the first
column is a recycle. Figure shows the acamieararcein the COFE flowsheet
simulation program.

2.6 Remarks

This chapter has presented a parallel column model (PCM) and applied it to simulation of
Dividing Wall Columns (DWCs). Using the PCM can effectively circumvent the tedious

procedures of setting up suatolumns with multicolumn models in a modular process
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simulator. The automatic initialization option in the PCM eliminates the difficulties of

providing adequate initial guesses for the connecting streams.

Two DWCs with very different structures were siatatl with both the PCM and muiti
column models in commercial software. The simulation results are compared with other
two simulators, COCO and UniSim DeRigeOCO and our PCM provide identical results
as long as the specifications are the same (this ig nbe expected because the COCO
simulations used our own column simulator for each of the column sections in the COCO
simulator). The PCM and UniSim De&ighow nearly identical results, with acceptably
small deviations due essentially to minor diffeoes in the underlying physical property
constants used in the thermodynamic property evaluations (critical properties, acentric
factor, and ideal gas heat capacity). Additional simulations including a case with heat
transfer across the walls demonstrateet greater versatility of an equatidmased Parallel
Column Model; an equivalent simulation using a modular process simulator is extremely

difficult.

It should be possible to adapt the PCM to describe reactive distillation. Our own
experience with this tge of distillation process in a DWC is extremely limited. That said,
we have been able to converge cases involving reaction and distillation in our equilibrium

stage Parallel Column Model.

Our PCM can be used as a single unit operation model within conahgnocess
simulation tools via the CARBPEN mechanism, thereby greatly simplifying the task of
building DWC models. What is more, due to its equabased nature, the rate of

convergene of the PCM can be very rapid.
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Software Used in This Work

COCO v3.3) ¢ a modular chemical process simulator available free from
www.cocosimulator.org UniSin® Design (v6.61.0.0§% a modular process simulator

available from Honeywell Inc.
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CHAPTER RateBased Parallel Column Model

In the last chapter, we presented an equatibased, equilibriurrstage parallel column
model (PCM) and applied it to DWC simulation. This msig@lvs great advantages over

the sequentiaimodular multtcolumn models in reducing the time needed to create a
DWC model while possessing excellent convergence characteristics. The equilibrium stage
PCM can, via the CARFPEN mechanism, be used as a staddinit operation within any
CAPEOPEN compliant commercial process simulation tool, and thereby ease the task of

developing processes that include such columns.

In this chapter, the parallel column model framework is extended to use abaged
stage nodel. The ratebased PCM allows for the vapor split ratios to be determined during
the solution of the model equations by equalizing the pressure drop on opposite sides of
the dividing wall. While it is generally recognized that pressure balancing is chéede
properly determine the vapor splits, it is also not generally done in most DWC simulations
that have been described in the literature. The reason for the absence of pressure
balancing is that nearly all simulation studies use an equilibrium stage Intteatehas no
actual connection to real columns. The rditased PCM also can easily incorporate heat

transfer across the wall.

3.1 Model Description

Ratebased models of countesurrent columns have been established now for some time.
A detailed description foa ratebased model for a simple column can be found in Taylor
and Krishna(1993) The building blocks of such a model are thecalled MERSHQ
equations:

1. Material balances for each distinct phase

2. Energy balances for each phase

3. Mass and energy trafer Rate equations in each phase
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4. Mole fractionQummation equations
5. Hydraulic equations to account for the pressure drop

6. Phase Quilibrium equations to model the phase interface(s)

To assist the discussion, we showFigure3.1, a schematic diagram of three stages at
the top of a dividing wall. Arrows represent material or energy flows, due either to
physical flows fromone stage to another, or to transport across the tpase

boundaries that are represented ingldiagram by the wavy lines.

Figure3.1: Schematic diagram of sections in dividing wall column and corresponding
stage model.

It is not possible for all of the stages of a parallel column model to be ntedlso that

all material and energy flows are between consecutively numbered stages. Thus, the mass
and energy balance equations in a PCM must account for flows between stages with any
arbitrary number. It is worth noting that in a simple column there apestreams that
connect noradjacent stages and in divided wall columns there are only a few such inter
connecting streams. An extended discussion of the details of the numbscimgme is

provided in Chapter 2which includes a simple explicit examplestiow how the mass
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balances are constructed as well as illustrations that show application of the model to

DWCs with multiple walls.

The equations that need to be modified for stagennections in DWCs are summarized
below. The equations are written for ambitrary stagg which could be on eitheride of,
above or below any wall.

1. Material balances (M)

1 Component Material Balances

-

O k @ Y& 15 I o OO 0 & n (3.1

-

0 kO Yo 1; D @ 06 0 & n (3.2

where]  is the ratio of the vapor flow from stagel to j, while]  is the ratio

of the liquid flow from stagg-1to j.7 ; and] j are in range [0,1], with zero
meaning no material connectioi®O and"O are the vapor and liquid flows from
stagemto stagg created by a wall that partitions the column into different segments.
In conventional columng, ; and] ; are always one, andD and'O are
always zero.  represents the mass transfer rate phase PThe term"O contains
the vapor split ratio if j is the stage at the bottom of a wall (it can be the stage to
either the left or the right side of the wall).

M Total Material Balances

Cc
~
3
-<
e
c
c
=

(3.3)

O k 0 Y 17:; D O "0 T (3.4)

The last term on the lefhand side of the total material balance equatjon , is the
total mass transfer rate in phase which is the sum of all component mass transfer

rates in the corresponding phase.
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2. Energy Balances (E)

Ok w YO 145 W O 00 o0 0O°n
(3.5)
T
Ok 0 YO 1, b 'O "0O0 oo oFf
(3.6)
0 . Tl
where0 " and0 " are the heat losses to the surroundings from stagevith S

denoting column shell. denotes the interfacial energy transfer rate in phdse
Heat transfer aoss the dividing wall is modsd by he summation ternB 0
in Eq (3.6), whereW representsadividing wall, and)  is the rate of energy transfer
across the wall from stageto stagem. Heat transfer across the dividing wall in the
rate-based PCM involves heathsfer between multiple phasesgporand vapor,
vaporand liquid, liquid and liquid). It can become quite complicated to consider all of
the possibilities for heat transfer between phases; we therefore, assume that heat
transfer occurs only between ligdiphases. It is worth noting thétqg (3.6) is valid for
heat transfer across multiple walls as the summation t&m 0 , covers all of the
dividing walls in a column. Additional details of the heat transfer modetles@issed
in the equilibriumstage PCM
An energy balance around the phase interface gives

O k. . T (3.7)

3. Hydraulic equations (H)

The hydraulic equations in the parallel column model depend strongly on the relative
positions of stages. Unlike conventional columns where stégjalways below stage
J-1, in the parallel column model, the stage above stpgen be ay arbitrary stage.
To account for this, the hydraulic equations are given by

Y

Ok0 0 YO T (3.8)
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where m is the stage located immediately above stadiemust be remembered that
in a PCM, the stage located above staignot necessarily numbergel. 0 is the
pressure on stagen, andw) is the pressure drop on stagae. The pressure drop is
of centralimportance in the proper modglg of DWCs; further discussion follows our
introduction of a new equation, one that applies only to DWCs.

4. Pressure Balance equations (B)
In a simple column (whichof present purposes, means one with no wall) the
hydraulic equations only determine the pressure profile in the column. In a DWC,
however, there exists an additional complication in that the pressure change on one
side of a wall must be balanced by the ggsare change on the opposite side of the
wall. This pressure balance will determine how much ofwapor phase passes on
each side of the wall; that is, the pressure drop determinesvidgaorsplit. We must,
therefore add a pressurkalance equation to tb set of MERSHQ equations, but only
for selected stages. (This is possible in #@sed models in which there is a direct
connection with the actual equipment, but pressure balancing is not possible in an
equilibrium stage simulation unless an effort iade to incorporate a pressure drop
model tied to the actual equipment design. This is rarely done in practice.)
The pressure balance equation, for divig wallk, can be written as:

6 k Y0 Y0 T (3.9)

There is one of thse equations for each wallhe first term in Eq(3.9),Y0
represents the overall pressure drop on the left hand side of the dividing wall and is
the sum of the pressure drop over all of the stages on the left side. Sim¥arly,
is the sum of the pressure drop over all of the stages on the right hand side of the wall.

These terms are functions of tvaporflow rates (among other things) and, indirectly,

of the vapor split.

The pressure drop on each stage is composedsbatec part and a dynamic part;
YO Y0 Y0 (3.10)
with the static head given by:
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Y0 " 0000 (3.11)

where ” is the density of the vaporQis the gravitational constant, and
represents the stage height. The dynamic contribution to the pressure drop is a function
of operational parameters such as vapeelocity and liquid holdup, as well as to
equipment design parameters such as tray hole size, packing void fracttbscaon.
There are many different models for the dynamic hold up; see, for example, LOt886)

and Kister(1992)for useful reviews of the different approaches. We will return to this

point later in the paper when we discuss how the PQ@ations are solved.

The phase equilibrium equations, mole fraction summation equations and mass and
energy transfer rate equations in a PCM are essentially identical to the equivalent
equations in the standard ratbased model (see Taylor and Krish@893. The only
aspect of the rate equations that nesedoncern us here is to ensure that the correct
column geometry be used in the calculation of the mass transfer coefficients and effective

interfacial areas for those stages on either side of a digiavall.

It should be noted out that the conventional MERSHQ equations are-stagged; that

is, for each stage, there is one set of MERSHQ equations; however, the newly added
pressure Balance equations are watliented, and the number ab equatiors is equal to

the number of walls in the columns. We add thequations to the group of equations

for the stage at the bottom left of a wall, e.g. stagjein Figure3.2.06 ¢ KA &4 A ay Qi
necessary sinc&e use a sparse matrix solver to solve the linearized equations that result
FNRY |y | LILX AOLI GA2Y 6 eduatidnsScarn] thefefbie, by fdled 2 R ¢

anywhere in the system.)

Note that the height of the stages on opposite sides of a wall atenacessarily equal, a
point emphasized by the different heights of the stageBigure3.2. Such differences can
arise because there are different heights of packing in the two sections of the column or,

rathermore likely perhaps, because of different HETPs (Height Equivalent of a Theoretical
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Plate) on opposite sides of the wall. The latter will clearly impact a simulation whether

equilibrium stage or rate based; this is a point not previously discussed @s\vieg know).

wall
L
1 Rl
L, R»
BY; 1 -8,
A 4 T \ A
J

Figure3.2 Stage alignment at the foot of a dividing wall.

To continue, we enumerate the numbers of variables and equations respectively in a DWC
that has s stages (this includes all geneia@jss, condensers and reboilers) and w dividing
walls, and is separating a mixture containing c components. In what follows Tisléxe

component index (s used to count stages, afdentifies the wall.

There arebc+6variables for each nerquilibrium stage with the exception &taged :
DZ Vaporand liquid flow rates o) N¢ ,
DZ Vaporand liquid phase compitions ® o Mo,
DZ Vaporand liquid temperatures”Y AY T}, ,
DZ Vaporand liquid interface compositiongo f ML,
Dz Interface temperature "YIp ,
DZ Mass transfer rates 0,

DZ Stage pressured Ip .

There are 6+7 variables foBtagel ; all of the above variables plus
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Dz Thevaporsplitratio | Ip .

There are 6+6 equations for each neaquilibrium stage with the exception &taged :
DZ M: Material balance equations faaporphaz 0 B o p,
DZ M: Material balance equations for liquid phase 0 Mo p ,
Dz E: Energy balance equatior® hO O Ip
DZ R: Mass transfer rate equationy¥ RY o ¢ ,
DZ S Summation equations’Y RY IT, ,
DZ H: Hydraulic equations) Ip ,
DZ Q: Interface equilibrium equation® .
There arebc+7equations forStage) ; all of the above equations plus
DZ B: Pressure balan@aguations 6 Ip , only if stage is the bottom left stage

of a wall.

The total number of equations and variables in a system @Gitbndensers an&reboilers

isi 6 'Y 0 Vw @ O VO X 6 Y ¢ T.

3.2 Method of Solution

2S dzaS b S¢ 02y QaePCMeduaiths ino maanrith@t & laigély the same

as that described by Taylor et §1.994)for a ratebased model of simple columns. An

essential and critical aspect of the algorithm is the generation of initial estimates from
GKAOK bSgi2yQa YSIiK2oase®dPCM tisesQie jhigafizhih&tdd h dzNJ NJ
developed forthe equilibrium stage PCMwhich is shown in Appendix. B-or the

simulations described in the next sections convergence was attained in most cases in
around 1012 iterations, sometimes fewer. More iterations may be needed when the wa

YR aKSftft KSFG GNIyaFSNI O2SFFAOASyGa | NB «a

bSsiz2yQa YSUGUK2R NBIldZANBE GKS OFfOdZ A2y 2°

with respect to all of the independent variables (see Taylor gf1@94)for a discussion
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of the calculation of the partial derivatives for a simple column).heoéxtent possible

the necessary partial derivatives are obtained from analytical expressions. Derivatives of
the mass balances and mole fraction summation equations with respect to the flow rates
and mole fractions are the most straightforward. Derivasived the mass transfer rate
equations are obtained partly analytically and partly approximately as described by Taylor
et al. (1994). The partial derivatives of the energy balances and the phase equilibrium
equations require partial derivatives of varioueermodynamic properties vapor
pressure, activity coefficients, fugacity coefficierasd enthalpy. The partial derivatives

of these properties with respect to temperature, pressure and composition are the most
awkward to obtain (and the ones that hawbhe most influence on the rate of
convergence). With just two exceptions (the derivatives of the excess or residual enthalpy
with respect to temperature and pressure), derivatives of all thermodynamic properties
are obtained analytically. Composition dexiiwes of activity and fugacity coefficients are
with respect to the unconstrained mole fractions as described in detail (only for activity

coefficients) by Taylor and Kooijman (1991).

In the ratebased PCM, because of the newly added variablesydiper split ratios, on

the bottom left stages of dividing walls, the partial derivatives of the material balance
equations (these include both component and total material balance equations) and
energy balance equations on such stages with respect to sphisratust be added to the
Jacobian matrixMore specifically, théO terms in Eqgs. (3.1), (3.3), and (3.5) jfer L

andj = R, in Figure3.2, should all contain the vapor split ratio, and, hence, the
derivatives of these equations with respectitaare required.Furthermore, the naly
added B equations are functions of the pressure on certain stages and, indirectly, of the
vaporflow rates so the partial derivatives for these terms must be included (not doing so

will surely lead to failure to converge).

The precise functional formf the pressure drop equation depends on the model selected
for the dynamic contribution. To a first approximation we can say that the pressure drop
is approximately proportional to the square of thaporvelocity. (It may be that a given
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model is exactlyproportional to the square of theapor velocity but this depends, to

some extent, on the model and on the local flow regime.)

Thus, we postulate the following functional form for the pressure drostaged

Y0 6 (3.12)

where 0 is a proportionality coefficient that, in practice, is a complicated function of
column internal charactestics, and physical propertie3aking the stage numbers in
Figure3.2 for example, he dynamic part of the pressure drop on the left and right side of
the wall can be calculated by summirifgy. 8.12) over the stages on the corresponding
side, as shown in Bg(3.13) and 8.14) respectively, assuming stage numbirso 0 ,

and sage numbersY to'Y are consecutive.

Y0 O Dm (3.13)

(Y
g

Y0 6 Jw (3.14)

# and# are the pressure drop proportionality constants for stdgm the left () and

right (2) sides of the wall. These proportionality coefficients can be calculated quite easily
following the rigorous estimation of the pressure drop for each sagtusing thavalue

in Eq (3.12).

SubstitutingEcs. 3.13) and 8.14) into Eq. 3.9) leads to the following form for the B

eqguation:

o

6k Y0 Y0 O W O Jw m (3.15)

Note that Ecp. (3.12) to (3.15) are exact as long as the pressure drop proportldpa

equations are calculated for each stage from the pressure drop model selected for that
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particular simulation. The approximation comes when we differentiate these equations

F2N) dzaS Ay bSgiliz2yQa YSGIK2R®

The partial derivatives of theé equation with repect to vapor flowrates on stages
alongside the dividing watlan be calculated from Eg.16) and @.17) for the left and

right side of the wall, respectively:

) SO
;—(b ¢d W Q® 0B (3.16)
16 o , v v v R

This formulation of the pressure balance over the wallhich, we emphasize agaqis
only for the purposes of approximating the partial derivatives, the balance equation itself
is calculated rigorously permits the use of any available correlation for the dynamic

pressure drop; we will demonstrate this fanota later section of this paper.

3.3 Aromatics Processing Case Study

In this section, we use the rateased PCM to model an aromatics processing column the
RSaA3dy 2F 6KAOK ¢l a RSaONIODIFRe sarffe cBs8wasA f 0 ¢
simulated using the agjlibrium-stage PCM in Chapter 2

Shown to the left inFigure3.3A a4 | aOKSYFGAO RAFINIY 2F GKS
seven packed beds. MonBak B1350 MN corrugated sheet metal structured packing

was selected for use in their design5 S 2 | y 2 @A & Th8 shellldianie®r andrsihe O

height of the DWC are 1.7 m and 37.3 m, respectively. Note that the dividihgswot

flat; as showron the left of Figure3.3, the upper part of the wall divides the column

exactly in half with equivalent diameters on two sides both 1.2 m, while the lower section

of the wall is slightlyffset to the right, with equivalent diameters 1.43 m and 0.92 m,
respectivelyo 5 S2F y2@Aa S |t ®X HAMMO
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The feed stream is a slightly subcooled liquid (g = 1.064), consisting of 15 components

(the feed composition is given in Table Al in the Supplementary Material). The feed

pressure is 3.5 bar, feed temperature is 100907 and feed flowrate is 31730 kg/h.
I OO02 NRA Y 3 (A7) Hherefluxyfatiaddnd boilup ratio (in mass units) are 2.74
and 1.74, respectively; the liquid side draw flowrate is 3680 kg/h; the liquid split ratio

above the dividing wall is 40% / 60%, while the vapor ggiiib at the bottom of the wall

is given as 66% / 34%. The column top pressure is 2.7 bar, and bottom pressure is 3.04
OF NJI LINSadaadaNBa Ay o0S0s308F | NS LINPOBARSR o0&

3.3.1 Simulation Description

The right side oFigure3.3 shows the initial model setup for the rateased PCM in which

we follow the rules for numbering stages that were describeGhapter2. Our basecase

model of this DWC has 26 rabmsed modéstages (not including the condenser) in the

section above the wall (this is the same as the number of equilibrium stages used in the
aAYdz I GA2Yy A 230116 Bhee¢ afe22d dtapes Srileadh Gide Bf the wall, and
17 stages (including the reber) below the wall. The feed and side draw stages are the
aryYS a Ay GKS Y2AREJn theifequiiBiarsiide girulatiofsi

Distillate

Feed —————

Sidestream
T 1
52m 4.0m
) Il

Bottoms

Figure3.3 Diagram of te DWC with packed beds (left)patel setup in the PCM (right).
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In our ratebased PCM simulation, theapor split ratio is predicted by equalizingpe
pressure drop on two sides of the wall; while the pressure profiles throughout the column

are estimated using pressure drop correlations (more on this last point below).

Our model is based on Moniak B1350 packing because the parameters needed to
properly model MontaPak B1350MN¢l & dza SR Ay (G KS RS{2AMHY 0@
¢ are not available in thetérature. The expected HETP of Moftak B1350 is between
02¢n®n Y ohfdz2Ad SG [f®dS Hnnov o

Mass transfer coefficients were estimated from a hybrid model composed of the Rocha
et al.(1996)correlation for the gas phase mass transfer coefficient, the Song €Gil4)
correlations for the liquid phase mass transfer coefficient, and the Tsai €RG@il1)
correlation for the effective aregeometric parameters of Monak B350 structured
packing (needed for these correlationgged in our simulations are as followgesific
surface area 346/m, void fraction 0.98, channel base 16.7 mm, crimp height 7.9 mm,
channel side, 11.6 mm, and channel flow angle 450. Bafiorand liquid phases were
assumed to be in plug flow. The pressure drop for a corrugated sheet metahgacis
estimated from the model proposed by Rocha et(4P93) Other sources of pressure

drop, e.qg. liquid distributors and collectors, are ignored in this simulation.

We use the Penobinson (PR) equation of state thermodynamic model as we e in
equilibriumstage PCM (model parameters are available in Appendix C). For this particular

set of simulations the following models were used for estimation of other physical

properties:
Vapordensity PengRobinson EOS
Liquid density COSTLD method
Vapa viscosity Brokaw method
Liquid viscosity Mass fraction average of lo
Vaporpressure Antoine
Vapordiffusivity Fuller et al.
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Liquid diffusivity (at infinite dilution)  Modified WilkeChang

Liquid diffusivity (at finite concentration KooijmanTaylor+ Vignes

3.3.2 SimulationResults

The ratebased PCM takes only 7 iterations to converge this case, compared to 6 iterations
(0.7 seconds) for the corresponding equilibristage simulatiorof the same case (see
Chapter 2. With the liquid split ratio specéd to be 40% / 60% at the top of the dividing
wall, the vapor split ratio at the bottom of the dividing wall is estimated as 65.7% / 34.3%
by balancing the pressures on two sides of the wall. This is very close to the ratio of 66%
/ 34% giverd & 5 S J20y7pTa@bled.1 summarizes the pressure drop in each section,
where the pressure drops in the @fractionator and mairfractionator are equal (17.04

mbar).

Other pressure drop correlations could be used in the simulations of this aromatic DWC.
The vapor split ratios calculated from this type of model will vary slightly depending on
the pressure dropmodel that has been selected. For this column the vapor split ratio is
estimated to be 67.4% / 32.6% using the model of Stichimair £1289); 66.0% / 34.0%
using the modeof Billet and Schultgd992) and 65.0% / 35.0% using the model of Bravo
et al.(1992)

The fact that the simulations with different pressure drop mtsdall converge easily
suggests that the approximation of the dynamic part of pressure drop specifically for the
purpose of calculating the derivative terms in the Jacobian matrix works well. (We have
also simulated this column using packings other thamtd®ak, and with pressure drop
models other than those mentioned above, so far with complete success in the sense that
all converged easily. We should add a caveat that operation under different flow regimes
¢ e.g. above the loading poing might alter ths conclusion, but we have not yet

encountered such conditions.)
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Table3.1 Basic dimensions and estimated pressure drop in each packed bed section.
Prefractionator Main-fractionator

Section I Il 11 \% V VI VIl
First stage 2 15 28 37 50 62 72
Last stage 14 27 36 49 61 71 87
Section height, m 5.2 5.2 3.6 5.2 4.8 4.0 6.4
Diameter, m 1.7 1.7 1.2 1.43 1.2 0.92 1.7

pnts ¥ YOIN 91 9.0 6.8 10.3 6.9 10.1 15.0

Figure3.4 shows the temperature profiles for this column conducted with simulations
with decreasing the integration height over the beds, which increases the number of
stages used in the model. It illustrates that the temperature profiles appear to be
converging towards the profiles that would result from an infinite number of stalgsle

3.2 shows the resulting product compositiofie the key components and the error in

the key components using the values in the last rowalble3.2 as the basis. We see the
mole fractions converging towards their infinistage value smoothly as the number o
stages per unit height of packing increases. In this particular case a stage/integration
height equivalent to HETP/3 provides a reasonable compromise between accuracy of
prediction of the mole fractions of the impurities and major products in produestrs.

A more coars@rained simulation using a stage height approximately equal to the
expected HETP will still yield useful results if the composition of the minor components is
not a consideration. Stage heights greater than the expected HETP are oimimended.

(Not shown here is a similar table created using a-weXed liquid flow model; the plug

flow model inTable3.2 converges significantly more rapidly than does the mixed flow

model.)
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Figure3.4 Temperature profiles of the aromatic DWC predicted from the Hzdsed
PCM.The solid lines represent the temperature pte$ in the maidractionator, while
the dashed lines are the profiles in the gractionator.

Table3.2 Selected product mole fractions as a function of stage height.

Stage kight x Top X Heart cut x Bottoms Key comp's
Effective m 2MP B 2MP B 3MH | 3MH T error
1.5 HETF 0.6 | 0.2766 0.0347| 0.0485 0.6757 0.1160| 0.0062 0.4224 6.1%
HETP 0.4 | 0.2863 0.0247| 0.0284 0.7103 0.1179| 0.0056 0.4266 1.5%
HETP /2 0.2 | 0.2962 0.0155| 0.0075 0.7359 0.1163| 0.0059 0.4280 2.2%
HETP /3 0.13| 0.2981 0.0132| 0.0033 0.7408 0.1170| 0.0057 0.4282 0.8%
HETP /5 0.08| 0.2989 0.0119| 0.0015 0.7436 0.1174| 0.0056 0.4282 -

2MP= 2methylpentane, B= benzene, 3MHarethylhexane, T=oluene
HETP reference value = 0.4 m
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3.4 Remarks

In this chapter, we have described an equatmrented norrequilibrium or ratebased
Parallel Column Mael (PCM) and used it for the simulationddfidingwall columns. The
rate-based PCM described here is an extension of the earlier equation oriented
equilibrium staye model (discussed in Chaptey &nd, therefore, inherits all of the
advantages of the edlibrium-stage PCM, namely significantly reduced effort required to
create a model of a DWC compared to the effort needed teuped multicolumn model

in a commercial simulator, and rapid and stable convergence from an automated
initialization procedure,again when compared to the performance of mudalumn
models. Heat transfer across the dividing wall can be accounted for very easily in an

equationoriented PCM.

A significant aspect of DWC simulation that usually is ignored in-oolitmn models is

the fact that in a real column the vapor flows to each side of the wall cannot be known a
priori because the actual vapor split depends on the pressure drop in the walled part of
the column. To be precise: the flows to each side of the wall witbsklfstin an operating
column to ensure that the pressure drops on eagille of a wall are equal. This is
impossible in a true equilibrium stage simulation because such a model has no connection
to real process equipment. We have shown here how to include a presmlance in an
equationoriented and ratebased model in a flexible way suitable for a range of internals

types (and, hence, their underlying pressure drop models).

A case study involving an aromatics processing column demonstrates that it is also
possble to simultaneously determine the vapor split ratio, and that such calculation can
be done quite easily using different pressure drop models. In this case the estimated

vapor splits were all close to the value provided in the original paper.

The proposd rate-based PCM can be used as a single, standard DWC unit model within
commercial process simulation tools via the GAFEN mechanism. This aspect of the

model is discussed in more detailSectior?.5.
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A facor apparently not previously considered by DWC researchers (i.e. not written about
anyway) is that changes in the flow rate (made in order to equalize the pressure drops)
necessarily changes the stripping factors on opposite sides of the walled seatibti(s)
column. This in turn, means the HETP will change and so the precise number of stages on
opposite sides of the wall must change to accommodate this. The appropriate number of
equilibrium stages should, therefore, be adjusted during a DWC simulatis dynamic
adjustment of the number of stages cannot be adequately anticipated using an
equilibrium stage model. We conclude that a rdt@sed model such as that described in

this paper is the proper way to simuéatividingwall columns.
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CHAPTER #Model Validation with Pilot Data

4.1 Validation with the Pilot Data from University of Texas at Austin

A comprehensive experimental study of DWCs has recently been documented in the
dissertation of Roac{2017) (see, also, Roach and Hiigie,2017; Roach et al2017). The

pilot DWC at the University of Texas, Austin, is composed of six sections, with each section
fabricated using 6 inch schedule 40 pipe. Therewgetded wall, made of a 1/4 ithick

304 stainless steel plate, that divides the cross sectional area more or less exactly in half.
The DWC has anternal diameter of 6.63 i0.17 m), and has 2.i(0.051 m)f insulation

on the outside of the shell. Sulzer Mellapak 500Y (M500Y) corrugated sheet metal
structured packing is used in the column. Mellapak 500Y has a sieghent bed height

of 8.125in(0.21 m), an effective packing area of 56¥/m?3, and a val fraction of 0.975

(see, again, RoacR017, for details).

Liquid and vapor distributors are four chimney trays in the column, each of which has a
number of points for liquid distribution and four chimney columns for vapor distribution.
An exception is the chimney tray right above the dividing wall, whiaeHicuid trap tray

and has no distribtion points or weep holesThe liquid from the rectifying section is
collected on this trap tray and fed to a tank; the liquid is then pumped to two control
valves that control the liquid splits to the two sides of thall. The vapor split in the DWC

is not controlled during the expenents; it must, therefore, setidjust in order to balance

the pressure drop on both sides of the wall.

Roach(2017)studied two different mixtures in the pilot DWC: an alcohol system and a

hydrocarbon system. The alcohol system consiststeéxanol, roctanol, and rdecanol,

and was run under vacuum conditions, approximately 0.9 psia. In total 11 experiments
with differing liquid split ratios and feed compositions are recorded in detail in Appendix
F of the thesis of Roacfk017) The hydrocarbon system consists ofpentane,

cyclohexane, and-heptane, and for these tests the column was operated at around 20
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psia. There are 22 experiments for the hydrocarbon system reported in her thesie

4.1 summarizes different pilot tests at different liquid splitThe experiments
documented in the thesis were conducted from February 2015 to May 2016 during which
time the outside temperatures vary quite widely. It might, therefore, be expected that
the column performance would have been affected by different anteuri heat lost to

the environment.

4.1.1 Simulation with the EquilibriumStage PCM

We have carried out simulations of all of the experiments described by RPAER)using

the equilibriumstage PCM described in Chapter 2

Figure4.1 shows a schematic diagram of the DWC with stage numbers used. Our
model of the Austin DWC has 38 stages in total, with condenser and reboiler included in
that number (thisis the same number of stages used by Roach in her own equilibrium
stage simulations). The feed is to stage 14 and the @idductis taken from stage 25.

The right side of Figure 3 shows the specifications of the column interconnections. The
upper one is for the liquid flow on stage 7, which splits into two streams going to stage 8
and stage 20 with the ratios 30% / 70%. ®hat the bottom are the vapor split ratio and

the heat transfer coefficient (denoted by U) of the dividing wall. Note that the vapor split

ratio is specified in the equilibrivvstage PCM tbe 50% / 50%.
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Table4.1 Summary of pilot tests in the thesis of Ro&2017).

Alcoholsystem Hydrocarborsystem
Test Liquidsplit Test Liquidsplit
Total Reflux

Al 50/50 H13 50/50

A2 30/70 H14 30/70

A3 70/30 H15 70/30

Ad 25/75 H16 60/40
H17 40/60

Equimolar Feed

A10i 25/75 H1 30/70

A10ii 32/68 H2 30/70

Al2 75/25 H8 25/75

Al13 50/50 H9 25/75
H10 25/75
H11 25/75
H3 25/75
H7 25/75
H12 50/50
H6 50/50

10/80/10 Feed

A7 50/50 P4 50/50

A8 44/56 P5 50/50

A9 25/75 P6 50/50
P1 50/50
P3 44/56
P7 55/45
P2 40/60

The column inner diametesigiven by Roach to be 6.63 inches, and the dividing wall
divides the cross sectional area in half, hence the equivalent diameter in the wall region
is about 4.69 inches. This DWC has six packed beds (two of which are, of course, parallel

to two others), @ch with a height of 4.74 feet (56.88 inches).

The NRTL activitgoefficient model is used to model the phase equilibrium of both
YAEGdzZNBEa 66S dzZaSR G(KS LI NI YSGSNER LINEROARSR
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Simulations of all the experiments describdy Roach are carried out using the

equilibriumstage PCM discussed in Chapterla@d three cases are seledt for further

discussion here.
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Figure4.1 (left) Schematic diagram of the DWC with fpacked beds (numbers indicate
stages in model)right) Initial liquid split at the top and vapor split at the bottom of the
wall (specified by Roach, 2017).

4.1.1.1Selected Case Studies

Three cases studied in this section are alcohol equimolar case AZ10ii,chyloo
equimolar case H1, and hydrocarbon equimolar case H12. Specifications for these cases
are provided inrable4.2. In these simulations, both heat transfer across the dividing wall
and heat loss to the surrowlings are considered. The heat transfer coefficients are

denoted as Shell (for column shell) and Wall (for dividing wall), respectively.
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In the equilibriumstage PCM, pressures throughout the column are specified, according
to the overall pressure drop andall region pressure drop data provided by Roach. Vapor

split ratios in the equilibriurstage model are specified.

Table4.2 Specifications for the selected DWC simulations (from Roach, 2017).

Case Number Al0ii H1 H12
Feed flowrate (Ib/h) 66.73 101.95 103.48
Feed temperature®f) 202.39 133.07 139.98
Feed pressure (psia) 1.00 25.00 25.00
Feed Composition (wt%)

n-Hexanol 24.4

n-Octanol 37.1

n-Decanol 38.5

n-Pentane 26.1 26.7
Cyclohexane 341 33.2
n-Heptane 39.7 40.1
Sidedraw rate (Ib/h) 24.86 35.06 36.23
Bottom flowrate (Ib/h) 25.66 40.45 39.75
Overhead reflux ratio 1.12 2.62 6.62
Flow split ratios (left % / right %)

Vapor split 50/50 50/50 50/50
Liquid split 32/68 30/70 51/49
Pressure overhead (psia) 0.90 20.00 20.00
Overall pressure drop (in28) 3.29 3.58 3.09
Wall region pressure drop (in@&l) 1.52 2.11 1.79
Heat Transfer Coefficients

Shell (W/niK) 14 85.4 85.4
Wall (W/nvK) 400 420 850
Surroundings temperatre CF) 73.91 34 65

" Actual value in experiment of Roach (2017) was 1:
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4.1.1.2Simulation Results

Case A10ii

In case A10ii, the pilot purity of the top, side, and bottom products are recorded to be
99.6 wt%, 99.8 wt%, and 99.8 wt%, respectively; wthigepurity from the simulation are
99.4 wt%, 99.2 wt%, and 99.6 wtBagure4.2 shows the predicted temperature profiles
and pilot data recorded from temperature sensors. Note that the elevations at-trasy

are estimated from the column detailed drawing in the thesis of Roach, where all the

temperature sensors are shown.
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Figure4.2 Temperature profiles of case A10ii (data from Roach, 2017).

Case H1

The product prity in the pilot column of case H1 is recorded as 100 wt% (top), 93.8 wt%
(side), and 95.6 wt% (bottom), and the corresponding simulation results are 100 wt%

(top), 92.6 wt% (side), and 94.0 wt% (bottom). The predicted purity in the side and bottom
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products are slightly smaller than the experimental ddteggure4.3 shows the predicted

temperature profiles and the pilot data for case H1; good agreements are seen in the plot.
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Figure4.3 Temperature profiles of case H1 (data from Roach, 2017).

Case H12

Figure4.4a shows the predicted temperature profiles and pilot data for case H12. Heat
effects (this includes wall heat trafes and heat losses) are not considered in this
simulation. However, the predicted temperature in the gractionator show large
deviations from the measured temperatureszigure 4.4b shows the improved
temperature profiles that result when we include the effects of heat transfer with the
heat transfer coefficient for the shell, 85.4 W7Ky and the wall heat transfer coefficient,

850 W/nvK, modified from the simulation of Roa2017)
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Figure4.4 Predicted temperaturgrofiles in case H12 using equilibritstage PCM with
(a) no heat transfer, and (b)ad = 85.4 W/niK, Wai= 850 W/n?K. Data from Roach
(2017).

The pilot product purity of case H12 are 100 wt% (top), 88.2 wt% (side), 97.1 wt%
(bottom); the simulated puty with heat transfer effects (this includes heat transfer
across the dividing wall and heat losses) included are 100 wt% (top), 87.35 wt% (side),
96.1 wt% (bottom). However, if heat effects are not included in the simulations, the purity
of the side andottom products would be significantly deteriorated (72.4 wt% in the side
draw and 82.5 wt% in the bottom product). We infer that heat transfer effects are

important in the model of this particular pilot scale DWC.

4.1.1.3All Experimental Cases

All 22 experimerg with the hydrocarbon system and all 11 cases involving alcohols
(shown inTable4.1) have been modeling using the equilibritstage PCMFigure4.5
shows a parity plot ofolumn temperatures in all cases listed in the dissertation, in which

green squares denote data for alcohol system, and red dots are hydrocarbon system data.
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Points in dark colors (dark green and dark red) represents data points in the wall region,
and the statistical data provided in this figure is only for the points in the wall region; the

data in the top and bottom sectionsm®t included in these numbers.
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Figured.5 Parity plot of temperatures for aflase studies in Roach (2017), predicted
with the equilibriumstage PCM.

We see fromFigure4.5 that the equilibriumstage PCM gives good predictions to the
temperatures in an extensive number of simulations. Tnedictions for the alcohol
system are better than for the hydrocarbon system, as the green squares are collected

more closely to the 45 degree line than the red points.
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4.1.2 Simulation with the RateBased PCM

In the ratebased PCM, a same stage numbers aswshin Figure4.1 is used for
simulations. Note thathe vapor split ratio is calculated in the rabased PCM, in our case

the ratio 50% / 50% shown Figure4.1b serves onlws the initial estimate.

Mass transfer coefficients are estimated from a hybrid model composed of the Rocha et
al. (1996)correlation for the gas phase mass transfer coefficient, the Song €2@l4)
correlation for the liquid phase mass transfer coefficient, dhd Tsai et al(2011)
correlation for the effective area. The vapor is assumed to be in plug flow, while mixed
flow model is used for the liquid phase. (The liquid flow model does not appear to have a
significant impact on theesults obtained in this study.) The pressure drop is estimated

from the model proposed by Kooijman et 2002) with parameers listed inTable4.3.

The vapor split ratios were specified to be 50% / 50% in the simulations of Roach (2017),
here they are determined by equalizing the pressure drop on two sides of the wall with
our rate-basel PCM.

Table4.3 Parameters used in Kooijman et @d002)pressure drop modebr Sulzer
M500Y packing.

Parameters Description Value
fpack Friction factor of the packing (the packed set of corrugatio 0.25
fudir Friction factor for redirection 0.05
Goad Onset of loading parameter 0.0047
G Liguid loading pressure drop paratee 0.01
G Liquid holdup parameter 3.5
Giv Rivulet formation parameter c, constant value of 0.3 0.3
» cit Critical surface tension, below which full wetting occurs (N 0.04
Hel Height of an element (m) 0.206
Wy Width of wall wipers (m) 0.005
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4.1.3 Simulation Results

Three cases are selected for further discussion, specifications for which are pravided
Table4.4. Computed temperature profiles for hydrocarbon Case H1 and alcohol Case
A10ii are shown irFigure4.6, together with the corresponding measurements from
Roach(2017) The red lines represent the liquid phase temparas, and green lines

show the vapor phase temperatures. The temperature profiles are plotted as a function

of elevation, with single bed height given to be 4.74 feet; the height of the reboiler and
condenser are estimated from the DWC drawing in the ApgpeA of the thesis of Roach
(2017). Both plots demonstrate good agreement between the predicted values and pilot
plant data. The vapor split ratio estimated in Case H1 is 50% / 50%, and 46% / 54% in Case
A10ii.

Figure4.7 shows the predicted temperature profiles and pilot plant data for case H12.
Figured.7a shows the profiles when heat effects (this includes wall heat transfer and heat
losses to the environment) are notmsidered in this simulation. However, the predicted
temperatures in the prdractionator show large deviations from the measured
temperatures Figured.7b shows the improved temperature profiles that result when we
include the effects of heat transfer with the heat transfer coefficient for the shell, 85.4
W/m?2K, and the wall heat transfer coefficient, 1238 V¥Kn values that are provided by
Roach(2017) The vapor split ratios estimated by the model are includetainied.4. We

infer that heat transfer effects (both heat transfer across the dividing wall and heat loss)

are important in the model of this particular pilot scale dividimgll column.

All 22 experiments with the hydrocarbon system and all 11 cases ingaleohols hee

also been modeld using our PCMrigure4.8 shows parity plots of column temperatures

in all cases listed in the dissertation, obtained using the-b@tsed PCM. The statistical
data provided in this figure isnty for the points in the wall region; the data in the top
and bottom sections are not included in these numbers (although points for the top and

bottom sections are included iRigure4.8). Compared to the paritplot obtained from
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the equilibriumstage PCMHKigure4.5), we see that the ratdased PCM gives better
predictions for the hydrocarbon cases than does the equilibratage PCM, while both
models give comparativergdictions to the alcohol cases, with equilibritstage PCM

performing slightly better.
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Figure4.6 Temperature profiles in the DWC of two diffetesystems described ihable
4.4. Data from Roach (2017).
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Figure4.7 Predicted temperature profiles in hydrocarbon case H12 with (a) no heat
transfer, and (b) kin = 85.4 W/mK, Wai= 1238 W/niK. Data from Roach (2017).
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Table4.4 Specifications for selected dividing wall column simulations
(from Roach, 2017).

Case Number H1 H12 A10ii
Feed flowrate (Ib/h) 101.95 103.48 66.73
Feed temperature®f) 133.07 139.98 202.39
Feed pressure (js) 25.00 25.00 1.00
Feed Composition (Wt%)

n-Pentane 26.1 26.7

Cyclohexane 34.1 33.2

n-Heptane 39.7 40.1

1-Hexanol 24.4
1-Octanol 37.1
1-Decanol 38.5
Pressure overhead (psia) 20.00 20.00 0.90
Overall pressure drop (in2B) 3.58 3.09 3.29
Wall region pressure drop (in@) 2.11 1.79 1.52
Heat Transfer Coefficients

Shell (W/niK) 85.4 85.4 14
Wall (W/nvK) 420 1238 400
Surroundings temperaturelf) 34 65 73.91
Sidedraw rate (Ib/h) 35.06 36.23 24.86
Bottoms flow rag (Ib/h) 40.45 39.75 25.66
Overhead reflux ratio 2.62 6.62 1.12
Flow split ratios (left % / right %)

Vapor split specified by Roach 50/50 50/50 50/50
Liquid split specified by Roach (and in this work)30 / 70 51/49 32/68
Vapor spt estimated in this work 50.1/49.9 47.7/52.3 46.1/53.¢
Vapor split estimated when ignoring heat transfe 52.1/47.9
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Figure4.8 Parity plots of temperatures in dividing wall sections for atlecstudies in
Roach (2017).

Simulation details (specifications and results) of all 22 experimental cases using both the

equilibriumstage PCM and the rateased PCM are summarized in Appendix D.

4.2 Validation with the Mutalib Pilot Data

Figure4.9 shows the PCM model established to simulate the pilot DWC in the work of
Mutalib et al.(1998)where the dividing wall isff-centered to the left. Liquid and vapor

split ratios are specified to be 17.24% / 82.76%, and 43.67% / 56.33%, respectively. The
feed is an equimolar stream with flowrate 75 L/h, at temperature P&5According to
Mutalib et al.(1998) the volumetric feed flowrate is equivalent to 1.082 kmol/h molar
flowrate. In the table that summarizes the results of steady state runs, information for

conducting thesimulations is not completely provided by them (this includes three
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product flowrates). The following simulation is, instead, conducted based on the

information of their base case simulation in Aspen Plus.

Based on the Figure 1 in Mutalib et @998) the distillate from the column top is 15.14
L/h, and the reflux rate is 95.84 L/h. The volumetric reflux rate is equivalent to 2.174
kmol/h. Since the condeser is a total type, the density of the distillate equals to that of
the reflux stream. Hence, the distillate in molar unit can be calculated as 0.3434 kmol/h.

Similarly, the side draw flowrate in molar unit is calculated as 0.3549 kmol/h. Reboiler

duty isgiven to be 23.981 kW.
; 5 1
2 2

14

15 29

22
37

&

Figure4.9 Schematic diagram of the pilot DWC in the work of Mutalib ef1£198)
(numbers indicate stages in the PCM).

The simulation results are compared with those given by Mutalib €18D8) and are
shown inTable4.5. The purity of the side draw and bottoms have relatively large
differences. The explanations of the large deviations are possibly because, firstly,
incomplete information is provided in the paper, and, secondly, the fltegrare given

in volumetric unit, and there could be some inaccuracy converting the flowrate to molar

unit. No further investigation is conducted with this case, due to the lack of information.
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Table4.5 Comparison of the simulated purity and those provided in the paper of
Mutalib et al.(1998)

Mol frac, % .TOp _Side Bpttom
' Mutalib PCM Mutalib PCM Mutalib PCM
Methanol 98.50 99.70 1.33 5.17 0 0
Isopropanol 1.50 0.30 9850 94.78 1.50 6.03
1-Butanol 0 0 0.17 0.05 98.50 93.97
4.3 Remarks

In this chapter, both the equilibriuratage PCM and the ratgased PCM are validated

using an extensive set of experimental ddtom the thesis of Roach (2017), where two
different chemical systems were investigated. One was a mixture of linear alcoHo& (n
n-C8, and AC10) and the other a mixture ofpentane, cyclohexane, andheptane.

Good agreement is observed between tim@del predictions and the pilot plant data.

A comparison athe parity plots from the equilibrium PCM and the ratased PCM show
that the ratebased PCM gives better predictions of the experiments with hydrocarbons
than does the equilibrium PCM. The hgdarbon case H12 highlights the importance of

heat transfer effects in the simulations of such pilot scale DWC.

Although several papers have published pilot plant data for DWC operations, few of the

papers provide complete information for one to reprodube work.
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CHAPTER Multiple SteadyState Solutions in a Dividing Wallolumn

Simulation

5.1 Introduction

The existence of multiple steady states (MSS) in multicomponent distillation has been
known for a long time. First reports were from analytical or simulabased studies (see,

e.g. Bekiaris et al(1993) Guttinger & Morari(1996) for nearly complete historical
surveys). To the best of our knowledge the earliest docuneéntase of MSS in
multicomponent distillation can be found in the Ph.D. thesis of C.F. She{tht&k)who

found two different solutions for ethanol dehydration using benzene (a system frequently
used in later studies of MSS). A later paper by Magen et al(1979)¢ which often is

said by many others to be the first report of MSS in multicomponent distillagifmund

three steadystate solutions for the same system. It was, however, the Magnussen paper
that led to increased interest in MSS with many subsequent publicatieporting the
occurrence of MSS in different systems, or with different specifications, proposing
explanations of why MSS exist, and, relatively recently, experimental studies that confirm
that MSS is not a phenomenon that arises solely from the nabfireur mathematical
models (see, e.dvller & Marquardt(1997) Guttinger et al(1997). One of the findings

of some of the many studies on MSS is that interlinked column systems can exhibit

multiplicity, an observation that may lie behirthe results reported in this paper.

Wayburn, Seader, and coworkers (see Wayburn and Séage4) Chavez C et 4[L936),

and Lin et al(1987) used a differential arc length homotopy continuation method and
found MSS for the weknown Petlyuk column configuration. A simple DWC is structurally
equivalent in some ways at leagh a Petlyuk column. Thus, it could, perhaps, be
anticipated that a DWC can exhibit multiple steady states. However, the MSS reported in
the works of Wayburn, Seader and colleagues, who specified product purities, is what
others refer to as input multiplity, meaning that two or more independent sets of input

variables result in the same output condition (see, e.g., Jacobsen and Sko({a)l.
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It is, therefore, unlikely that a real DWC with a fixed wall could exhibit that type of
multiplicity (a fixed wall implies that operating specifications should iemgore or less

the same for each steady state). Output multiplicity is when a single set of input
specifications leads to multiple independent sets of outputs; it is an example of that type

of multiplicity for a DWC that we report in this chapter.

5.2 Case tudy

The simulation described here was carried out using an equati@mted equilibrium

stage parallel column nael (PCM) described in Chapten2 other words, the simulation

O2RS dzaSa bSsilz2yQa YSiUK2R (2 &a2f @6nedfA Ydz I
the advantages of an equatidmsed approach is that it becomes very easy to include in

the model heat transfer across the wall. Accounting for heat transfer across the wall is

not straightforward in the more widely usegbproach in which a DWCrnsodeled using

a multrcolumn model in a sequenti@hodular simulator. Complete details of the parallel

column model, the solution procedure, and the initialization (which is of some importance

here) are given in Appendix B.

The example that exhibits mullg steady states is derived from a comprehensive

experimental study conducted by Rog@®17)at the University of Texas at Austin.

The pilot DWC at the University of Texas, Austin, uses Sulzer Mellapak 500Y with an HETP
of 9.5 inches/stage (as indicated by Sulzer). The welded dividing wall (1/4 inch 304 SS)

divides the crossestional area exactly in half.

The DWC is simulated with 38 equilibrium stages in total, with condenser and reboiler
included in that number (this is the same number of stages used by Roach in her
simulations) Figure5.1b shows the diagram of the DWC with the stage numbers we use

in our parallel column model. The feed enters on stage 14, and the liquid side product is

taken from stage 25. Specifications for our simulation are provided in Table 1 (at the end
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of the paper); the case study is adapted from experiment A9ii in the dissertation of Roach
(2017) The important specification that differs from her experimental values is the reflux

ratio, 12 here instead of 6.

e IS

) 14
D ——

19 31
32

>

Figure5.1 (a) Diagram of the packed DWC; (b) Diagram of the DWC with nember
indicatingstages in model

Table5.1 Specifications for dividing wall column simulation
Base Case Number in Roach (20:A9ii

Feed flowrate (Ib/h) 51.57 Shell heat transfer coefficient (WAK) 14

Feed tate Saturated Wall heat transfer coefficient (W/AK) 1600™

Feed Composition (wt%) Surroundings temperaturék) 75.75

1-Hexanol 7.6

1-Octanol 74.6 Sidedraw rate (Ib/h) 38.72

1-Decanol 17.8 Bottoms flow rate (Ib/h) 8.99

Pressure overhead (psia) 0.90 Overhead reflux ratio 12

Overall pressure drop (in28) 241

Wall region pressure drop (in@®) 1.09 Vapor split (left % / right %) 50/50
Liquid split (left % / right %) 26 /74

Actual value in experiment of Roaf2017)was 6
" Actual feed in the experiment was not saturated
™" See discussion
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The NRTL activity model is used to model vapor liquid equilibrium, with parameters

200FAYSR FTNRY

| LIWSYRAE 5

correlation of experimental vapor pressure data

2F w2l OK@amaR A a4 & S N.

Three steady state solutions to this silation problem are summarized ifable5.2 and

in Figure5.2 and Figureb.3. Figure5.2 shows temperature profiles of three steady state

solutions to the simulation iTable5.1; Figure5.3 shows the flowrate and liquid mole

fraction profiles for tke three steag state solutions.
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Figure5.2 Temperature profiles of three steaebtate solutions

Table5.2 Summary of multiple steady state solutions

Solution 1 Solution 2 Solution 3
Top Side Bottom Top Side Bottom Top Side Bottom

Recovery (%) 98.1 99.7 97.9 98.3 99.9 979 985 99.7 96.7
Condenser duty (Btu/h -11589 -11583 -11586
Reboiler duty (Btu/h) 24645 24478 23587
Flowrates (Ibmol/hr)

from reboiler 0.906 0.900 0.861

to condenser 0.490 0.491 0.491

* 1-hexanol in top product,-bctanol in side draw,-tlecanol in bottom product
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Figure5.3 Flowrate and liquid phase mole fraction profiles for three steatiite
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solutions for the dividing wall column in Table 6.1
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To gain further insight, we varied the side product mass flowrate from 38.68 Ib/h to 38.75
Ib/h, while retaining the bottom flowrate at 8.99 Ib/h. The effect of varying the side
product mass flowrat on the top and middle product purities is showrFigure5.4, with

an sshape curve (for the top product purity) and a btier shape (for the middle product
purity) shown in the plots. It is worth noting that éhcurves in Figure 4 should be
continuous in the range of varying side product flowrate, although the curves are not
closed at the connections of different solutions due to the extreme difficulty of obtaining
convergence of the simulation in the close wityi of the turning points. It can be
concluded from the plots that three steadyjate solutions exist if the side product
flowrate is in the very narrow range of 38.702 Ib/h to 38.724 Ib/h. If the side product
flowrate is less than 38.702 Ib/h, only satut 1 exists; if the side product flowrate is

greater than 38.724 Ib/h, solution 3 is the only one.
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Figure5.4 Product purity as a function of side product mass flowrates: (a) top product
purity, and (b)middle product purity vs. side product mass flowrate. Points represent
the solution in Figure 6.2 and 6.3

These MSS do not disappear when the vapor split below the wall is other than 50%/50%
as, following the experimental work of RogRwach, 2017)specified in the simulations

reported here.
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Not shown are (because they are muifficiently different) are similar plots that show the
multiplicity as a function of the bottom and side flow rates expressed in molar units,
rather than mass units. Thus, that the existence of multiple stesdie solutions is due

to mass flow specifations when the model equations employ molar flows, advanced by
Jacobsen and SkogestéP91)as a potential explanation for MSS in some distillation

systems, seems unlikely here.

Figure5.5 shows the result of varying both side draw and bottoms rate at the same time.
The side product flowrate is varied over the same range as before, and bottom product
flowrate varied from 8.96 Ib/h to 9.03 Ib/h. At each combination of side draw rate and
bottoms rate the simulation is run from 3 different starting points; the resulteduto
create the surface plots iRigure5.5. These figures show a threkmensional sshaped
surface corresponding to the curvehigure5.4a and a bowtie surface correponding to

the curve inFigure5.4b.

0.98g a0 802
e 9

898 B
8.97 & 1o

Figure5.5 Multiple steadystate solutions obtained when varying side product and
bottom product flowrates simultaneously: X®urity of main compound in the distillate
(left), and (b) mole fraction of main product in the sidedraw. B = Bottom mass flow, S =

Sidedraw rate (both in lb/h)
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5.3 Discussion

Our discovery of multiple steady state solutions shown above came about entyely b
accident. We were experimenting with different ways to initialize the flow rates,
temperatures, and mole fractions in the parallel column model and obtained different

solutions depending on what particular method was used for the initialization.

In the example shown here the window for MSS is quite narrow and is somewhat sensitive
to the value of the wall heat transfer coefficient. For this simulation we used a value at
the upper end of the range indicated by Ro#20817)(she quotes values of the wall heat
transfer coefficient from 14 to more than 1800 WAKy with one very higvalue for about
30,000 W/ntK). We were not able to find MSS for this particular simulation when heat
transfer across the wall was ignored. This might mean that these MSS are dependent on
wall heat transfer; it may, instead, mean that the window for M&Srhoved to a location

we were not able to find.

Given the large number of more or less conventional distillation processes already
demonstrated to show MSS, we speculate that it is likely that there are many other DWC
operations that exhibit multiplicitytHowever, we have not yet been able routinely to find
MSS in other DWC systems. It is possible that MSS in other cases will be hard for others
to find because the vast majority of DWC simulations are carried out with-galltmn
models in commercial seqnéal modular simulation systems in which it is not
straightforward to include heat transfer. (It is not, however, impossible to do so, as
evidenced by the work of Roach). In addition, it is not easy to exercise any control over
the computational processiia commercial simulation program. It is very easy to include
heat transfer in the PCM that is described in the previous chapter. What may help here is
to couple the PCM to an arc length continuation method that can assist with the
automatic location of MS in DWCs (see, for example, the works of Wayburn, Seader and

coworkers cited in the introduction).
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5.4 Conclusion

Multiple steadystate solutions are found in simulations of a DWC with two product
flowrates specified in mass units. Variation of both spedifieass flowrates result in a
narrow region where three solutions exist. The reasons underlying multiplicity in the DWC
model remain unclear. Possible factors that may cause multiple stsi@dy solutions
include heat transfer across the dividing wall, hksss to the surroundings, fixed vapor
and liquid traffic on both sides of the dividing wall, and more. Further investigation is
needed to gain deeper understanding of the multiplicity in modeling DWCs. Such

investigation might be helped considerably tsing differential ardength continuation.

We will encounter another case involving multiple steady state solutions in the next

chapter.

Given that multiplicity has been verified experimentally in simple distillation columns we
suspect that it is only a nii@r of time before the experimental verification of MSS in a

real DWC is confirmed.
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CHAPTER @rocess Planintensification with DWCs

6.1 LPG Recovery Ria

In a natural gas processing plant, the natural gas liquids (NGL), consisting of ethane (C
propane (@), butane (@), pentane (€), and heavies ¢), must be removed from natural

gas streams to maintain methaneif@s dry gas, due to the fact thaG\ may condense

in methane pipe lines forming hydrat@&sIBadawy et al., 2018)he separated NGL is then
sent to an LPG (liquefied petroleum gas) recovery plant to sép&RG, which comprises
propane (@), isobutane (G) and normal butane (@&). Several patents and papers are
available in the open literature, in which new processes of LPG recovery were proposed
(e.g.Khan and Haliburton, 1990; Phu, 2018; Mostafa et al., pGiSwever, the LGP recovery
processes are considered highly energy intensive. It is desirable to reduce the energy

consumption while still maintaining high LPG recovery rate, and the product purity.

Dividing wall columns are considered a promising candidatehis application, due to

its potential capital and energy saving&ihoub et al.(2017)proposed a shortcut method

for DWC design, and applied it to a LPG process. It is said that the process with DWC
implemented saved about 21% energy compared to the conventional direct sequence; in
addition, significant capital cost savings can also be achieved. More recently, Mostafa et
al. (2019) also employed a DWC to replace the two conventional columns in a LPG

recovery process.

In this section, we simate the process based on the work of Mostafa et(2019) in
which they compared a process employing conventionalroakl with one using DWCs
for a same separation task. Two approaches are compared from the perspective of

economics, aiming at finding the most economic and optimum technology.
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6.1.1 Process Description

According to Fig. 4 of Mostafa et €2019) the natural gasurrivingfrom offshore is firstly

sent toslug catchesto remove liquidsthe resultinggas stream ithen pressurizedn the
compression unit from 17 bar to 83 bar using two compressors. Thepnegsure gas is
processed in the temperature swing adsorption (TSA) section (in the dehydration unit).
The LPG recovery sectionsvadded by Mostafa et gl2019)after the dehydration unit;
pentane (@), isobutene @G), normal butane (¥Cj), and natural gasoline £ are furthe

separated for ommercial use.

NGL Recovery

The stream coming out of the TSA section (in the dehydration unit) is the feed Ld’tBe
recovery plant. The specification to this stream, adapted from the work of Mostafa et al.
(2019), is shown ifable6.1. The NGL recovery process shown in Fig. 5 of the paper of
Mostafa et al. (2019) is created in CO&Xhown inFigure6.1. The Predictive Peng
Robinson equation of stat@aubert and Mutelet, 20043 chosen as the thermodynamic
model in this simulatiorbecause the method provides excellent predictions of VLE for
mixtures of alkanes, alkenes, aromatics, and ligtgeg for which no experimental data

exists (and, therefore, no binary interaction parameters have been published).

The feed stream exchanges heat with the sales gas out of the cold box, resulting in a
temperature decrease (of the feed stream) from@to10°C. The cooled stream is sent
through a pressure control valve (RGY), in which the pressure is reduced from 82.8 bar

to 52.8 bar, and the temperature is reduced from°®to-4.10°C. The stream out from

the control valve is then sent to the coldbtobe cooled down to-60°C, witha pressure

drop of around 2 bar. The cold stream is then sent through a turboexpander (TE) section,
which consists of a TE suction flash tank to remove the liquids, a TE to reduce the pressure
from 50.8 bar to 35.8 bamnd a TE discharge vessel to separate the vapor and liquid
phases. In order to save energy, the liquid flow from the TE suction flash tank and the

vapor flow from the TE discharge vessel are both directed to the cold box to exchange
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heat with the stream at of the control valve. The vapor flow of TE discharge vessel is
heated from-77 °C to about-9.26 °C, and is directed to a heat exchanger to further
exchange heat with the Feed Outlet TSA stream. The sales gas, containing mainly

methane, is sent to a a8 compressor for further processiagd liqguefaction

Table6.1 Natural gaseed (from Mostafa et al. 2019).

Property Value
Mole flow, tome/day 6868.99
Pressure, bar 83
Temperature?C 30
Mass fraction

\7} 0.0005
COo 0.0033
Methane 0.9461
Ethane 0.028
Propane 0.0098
i-Butane 0.0035
n-Butane 0.0028
i-Pentane 0.0016
n-Pentane 0.0011
n-Hexane 0.0016
Benzene 0.0001
Toluene 0.0001
n-Heptane 0.0011
n-Octane 0.0005

" The original value in Mostafet al. (2019) is 350 MMSs#t.

In the process shown iRigure6.1, there are two streams containing NGL: one is the
stream exiting the bottom of the TE suction flash tank, and the other is the bottom stream
exiting the TE discharge vessel. Both streams are directed to the LPG recovery unit to

produce LPG. More information of these two streams is showrale6.2.
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Figure6.1 NGL recovery process simulated in COCO.

Table6.2 Streams sento the LPG recovery sectigirom Mostafa et al. 2019).

hrge vessel

Streams To De@ Discharge vessel to B@
Mole flow, tome/day 618.49 240.65"
Presure, bar 50.2 35.4
Temperature’C -10.00 -21.39
Mole fractions:

N2 0.0000 0.0001
COo 0.0061 0.0078
Methane 0.6035 0.6997
Ethane 0.1003 0.1352
Propane 0.0902 0.0960
i-Butane 0.0471 0.0304
n-Butane 0.0417 0.0198
i-Pentane 0.0277 0.0061
n-Pentane 0.0191 0.003
n-Hexane 0.0298 0.0014
Benzene 0.0017 0.0001
Toluene 0.0010 0.0000
n-Heptane 0.0213 0.0003
n-Octane 0.0095 0.0000

" The original value is 17.74 MM&ftin Mostafa et al(2019)
™ The original value is 9.151 MM%ftin Mostafa et al. (2019)
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LPG Recovery

Two streams imTable6.2 are fed to the LPG recovery sectiontao feed streams. In the

LPG recovery section, NGL is separated into three different fractions: sales gas containing
mainly Gand G, LPG containings@nd G (-G, and nCy), and heavies ¢9. Twodifferent
approaches are discussed by Mostafa et2010),a conventional direct sequence, aad
processthat includesa dividing wall column. The details of the tvwgmulationsare

discussed in the next section.

6.1.2 Simulation of the LPG Recovery
Conventional Method Simulation

The LPG recovepnit is first smulated usinga conventional direct sequence. A shat
calculation was conducted by Mostafa et al. (2019) in otdeyet initial estimates for this
sequence. In the first columadeethanizer, a mixture of methane and ethane is obtained
in the distilate, thus the light key in the deethanizer is ethang) (@hile the heavy key is
propane (G). It is specified that the light key in the bottoms should be less than 0.005
mole fraction, and the heavy key in the distillate should be less than 0.005 racteh

as well. In the second columa debutanizer, LPG 4G-G, n-Cy) is separated from the
heavies (€). The light key in this column is-butane (rG), and the heavy key is
isopentane @G). It is specified that the light key in thmttoms is les than 0.0004 mole
fraction, while the heavy key in the distillate is less than 0.021 mole fraction (see Mostafa
et al.(2019 for more details). The results of the shamtiit calculation and the results after
optimization are tabulated in Table 3 and 4tire article of Mostafa et al. (2019). The
results obtained from the shoitut calculation indicate that the number of stages in the
deethanizer is 22, while 3ére neededin the debutanizer (condenser and reboiler are
counted as two equilibrium stages)hd optimal feed stages for the two columns are 6

and 18, respectively. The condenser pressure in the deethanizer is 25.8 bar, and 26.2 bar
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in the reboiler; the condenser pressure in the debutanizer is 10 bar, and 11 bar in the

reboiler.

The flowsheetfor LPG recovery using the conventional direct sequence is shofiguime

6.2. Two feed streams enters the deethanizer from the same stage (stage 6). In the
deethanizerthe reflux ratio is specified to be 0.25, and ettgarecoveryin the bottoms

is specified to 0.01. The bottom products{Cfrom the deethanizer is sent through a
pressure control valve to decrease the pressure from 26.2 bar to 11 bar. In the
debutanizer, the mole fraction ofgentane (iG) is specifiedo be 0.021, while the mole
fraction of nbutane (rCG) in the bottoms is set to 0.0004ll these values are from
Mostafa et al.(2019. The product purities from these two columns are show @ble

6.3, with undelined values repesent the design requirements.

________ >
Discharge vessel to De-C2, I_.;:::g_:::
To De-C2 18
< T0 DeC4 e bl
PCV_02
I
\ i C3+
De-C2

Figure6.2 LPG recovery flowsheet of the conviemtal method simulated in COCO.

As is indicated fronTable6.3, the top product from the deethanizeis mostlymethane

and ethane; the mole fraction of propane in the top product is 0.0047, which is less than
the design value (0.005). The mole fraction of ethane in the bottoms (stregrs0.0045
whichmeetsthe designrequirement of beindess than 0.005. The LPG stream out of the
debutanizer contains mainlysJ-G, and rG, the mole fraction of-Gs in the distillate is

0.021, while the mole fraction of-@4 in the bottoms is 0.0004; both satisfy the design
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requirements. The condenser and reboiler duties of the deethanizer columrB&BkW

and 25@ kW, respectively; and ar027 kW and 1587 kW for the debutanizer column.

Table6.3 Product purities from the conventi@h column sequence simulation.

Streams G+G G+ LPG G+
Pressure, bar 25.8 26.2 10 11
Temperature?C -57.8 118.0 438 157.0
Flowrate, tome/day 406.23 452.91 258.6 194.31
Mole fraction:

N2 0.0001 0 0 0
COo 0.0079 0 0 0
Methane 0.8370 0 0 0
Ethane 0.1503 0.0045 0.0066 0
Propane 0.0047 0.3552 0.5147 0
i-Butane 0 0.1724 0.2497 0
n-Butane 0 0.1425 0.2064 0.0004
i-Pentane 0 0.0850 0.0210 0.2274
n-Pentane 0 0.0586 0.0016 0.1854
n-Hexane 0 0.0855 0 0.2761
Benzene 0 0.0053 0 0.0172
Toluene 0 0.0053 0 0.0173
n-Heptane 0 0.0588 0 0.1899
n-Octane 0 0.0267 0 0.0863

DWCProcessSimulation

To model the DWQVlostafa et al. (2019 seda shortcut calculation for the DWGased
on a threecolumn model.The top product from the DW@as permitted to catain no
more than 0.0001 mole fraction of propanes(Cthe side product is the LPG stream,
containing no more than 0.08 mole fraction of ethane)(@&hd no more than 0.01 mole
fraction of tpentane (iG); the bottom product from the DWC is the heavi€s:), which

should contain no more than 0.01 mole fraction ebutane (rC;).

According to Table 6 of Mostafa et al. (2019), the prefractionator has 28 stages, and the
main column has 52 stages with condenser and reboiler inclutied.eed location for
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the prefractionator is at stage €ounting from top downthe liquid from thebottom of

the prefractionator is sent to the main column on stage 32, while the vapor frontape

of the prefractionator is directed to the main column on stage 5. The liquid\aambr
recyclesto the prefractionator are from stage 5 and 32 of the main column, respectively.
The equivalentDWC configuratiofor the parallel column model (PCM) is showifrigure

6.3.

At the column top the moléraction of propane iset to 0.0001; the sidedraw mass
flowrate is 260.76 tone/day; themole fraction of rRbutane in the bottom product i6.01.
The condenser pressure is 9 bar, and the bottom pressure is 11 bar; constant pressure

drop of 0.0148 bar/stge is assumed in the simulation.

Cl+C2

Feed 14

47

> LPG

33 61
62

19

Figure6.3 DWC model fob PG recovergolumn(numbers represent stagen the PCM).

Thevapor and liquid split ratios are not provided in the article of Mostafa et all4pan
our simulation, a vapor split of 22% / 78% (meaning that 22% of vapor flows to the left
side of the wall), and a liquid split of 76% / 24% (meaning that 76% of liquid flows to the

left side of the wall\wasused as these ratiotead to the lowesenergydemand Figure
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6.4 shows the flowsheet usintpe DWC. The resulting temperature profiles of the DWC

are shown inFigure6.5. The product purities are summarizedTiable6.4 (undedined

values are the design requirements). All three products satisfy the design requirements.

TE suction vessel

arae ve o

A J

DWC

Figure6.4 LPG recovery flowsheet of the DWC method sinadah COCO.

Bed elevation, unit

40

20

10

° Pre-fractionator
—e—  Main-fractionator

-100 -50 0 50 100 150

Temperature, °C

Figure6.5 Temperature profiles of the DWC.
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Table6.4 Product purities from the DWC simulation.

Streams G+G LPG G+
Pressure, bar 10 10.568 11
Temperature?C -81.43 46.55 155.59
Flowrate, tome/day 402.28 260.76 219.92
Mole fraction:

N2 0 0 0
COo 0.0088 0 0
Methane 0.8449 0 0
Ethane 0.1462 0 0
Propane 0.0001 0.5289 0
i-Butane 0 0.2504 0.0003
n-Butane 0 0.2075 0.0100
i-Pentane 0 0.0100 0.2445
n-Pentane 0 0.0032 0.1728
n-Hexane 0 0 0.2709
Benzene 0 0 0.0155
Toluene 0 0 0.0090
n-Heptane 0 0 0.1918
n-Octane 0 0 0.0852

Table6.5 summarizes the reboiler dutiger both the conventionaflowsheetand the
DWCcolumnsimulations We assumehat the reboiler duty can be used to approximate
the energy consumption in the distillation systeWle see thathe DWGQCcolumnrequires

about 226 less energy than the conventiomidect sequence.

Table6.5 Comparison of the reboiler dutyetweendirect sequencend DWQolumn
DeC2 DeC4 DWC
Reboiler duty, kW 2503 1587 3228
Sum, kW 4090 3228
Savings, % - 21
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6.1.3 Summary

In the first part of this chapter, acpted a LPG recovery plant case and simulated the
process using both the conventional direct sequence method and the DWC method. The
DWC method simulation employs tparallel column moddldiscussed in Chaptej as a
standard DWC moduleThe entire fowsheet, including the NGL recovereatedin
COCQis shown inFigure 6.6, where the DWC icon in COCO correctly shows the
appearance of the column. A comparison between the conventional and the DWC
configurationsindicates that, with the given simulation informationhe flowsheet with

the DWC saves about 21%thbE energyrequired by the direct sequence

L 2

0 sales compres:
@ o cold box

) EEETE (R
PCV_01

Heat extchanger

ge vessel to subcoolel

bwc

Figure6.6 The entire flowsheet of the DWC method setup @D.
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6.2 ShellHigher Olefin Process (SHOP)

Linear alpha olefins (LA also known as normal alpha olefins (MpQvith carbon
numbers greater or equal to four are important chemical intermedigtiesy are the key
building blocks foa wide variety of pebchemical products. The applications of ISAO
vary with the carbon numbers, among which an important use ofdig\t® convert them
into fatty alcohols that are mainly used for PVC plasticizergo€detergent alcohols
(>G2) (Behr and Keim, 1985 he products that have the primary market are thedXCis
fractions valuable for the dergent market, while the markets for light LAGG2) and

heavy LAG(>Gg) are relatively smal(Keim, 2013)

Commercially there are two processefor manufacturing LA® one is through the
thermal cracking of waxes, and the other is based on the oligomerization of ethylene
(Turner, 1983; Lappin, 198%rior to the 1970s, the main approath manufacturing

LAG was through thermal cracking of high molecular weighgamaffins. However, the
products from thermal cracking strongly depend on thgaraffin content and the
conditions in the cracking furnace, the manufactured sA®ually have low purity (less
than 90 wt%); the products also contain some undesired byproducts, such as secondary
olefins, dienes, and aromaticéTurner, 1983) On the other hand, the ethylene
oligomerization processes produce higher purity Eh evennumbered chains (LAO
manufactured from thermal crackingave a mixture of both odd and even numbered
chains). During the 1970s and 80s, companies that employed the ethylene
oligomerization processes include Ethyl, Chevron, Shell, and Mitsubish with different
catalytic systems useflLappin, 1989; Alarallah et al., 1992Pue to he fact that LA®
produced from ethylene oligomerization have higher purity and less costs, many thermal
cracking plants eventually shut down in the 70s and 88s.a result ethylene

oligomerization became the primary approach for manufacturingd. AO

The Shell Higher Olefins Process (SHOP) from the Shell Oil Company is considered the

most remarkable, as the products can be readily adjusted to meet various market
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demands(Freitas and Gum, 1979The SHOP comprises three steps: oligomerization,
isomerization, and methathesis. In the ogilomerization step, ethylene reacts over a nickel
complex catalyst to duce linear every dzY 6 S Noefidis ranging from £to Geos,
which follows a certain geometric distribution. By adjusting the reaction conditions, the
distribution of the LA®can be controlled in response to the market needs. The products
are then sepaated using distillation technique into three fractions: @, Go ¢ G4, and

Cis+~ The middle cut LASYGo ¢ G4) can be converted toi€¢ Gs alcohols through a
hydroformylation reactor. The light and heavy LsAfan be converted to internal olefins

in the isomerization stegn which thedouble bond is shifted from the primary position

to a differentposition. Then the light (&, G) and heavy (f6+) internal olefins react over

a heterogeneous catalyst to generate internal olefins in the detergergedGo ¢ G4) via

the metathesis (or disproportionation) mechanism. An example is that one mple C
internal olefin and one moleginternal olefin react to produce two moles Gnternal
olefin. Therefore, the relativeliessvaluable light and heavy D& can be upgraded to

detergent range through the combination of isomerization and metath@sisner, 1983)

The main focus of this section is on the separation of the oligomers produced from the
SHOP oligomerization reactor. As the spf@ducts from the oligomerization range from

G to Gos, the physical properties of each cut vayyite considerablya separatio train
comprising of several distillation columns, operating at different conditi@rgquired.

In this section, we first simulate the SHOP ethylene oligomerization process, and then we
useaconventional direct sequence of distillation columns to sepathe products. Three
different configurations employing dividing wall column techniques are introduced to
perform a same separation task, capital and energy costs are compared among different
configurations. The simulations of the DWCs employ the [gu@blLmn model discussed

in Chapter 2and the entire flowsheet is built up the COCO simulator.
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6.2.1 Oligomerization Reaction

¢KS {1 ht 2fA32YSNAI lolfiksFrgm theBriorOmiek éthyleneIdBR dzO S a
a nickel complex catalyst dissolved in agamic solvent, e.g. 1;8utanediolo h Q5 2 yy S f
and Gum, 1981)The reaction is homogeneous, and occurs at nettt low temperature

(80¢ 120°C) and high ethylene pressure (@@40 atm), which is essential to control the

product linearity (Olah and Molnar, 2003)it should be noted that olefins made by
ethylene oligomerization have a very broad chain length distribution ranging feeto C

G5, and only olefins with an even number of carbons exist.

¢ KS OKI Ay f-defindfollivwitheSahulEdky$ypedistributior{seeFigures.7),
and a molar growth factork, is often used to characterize the product compositions,
which is defined agKister and Lutz, 1977; Freitas and Gum, 1979)

beand tanQoE
el Ta o0k

The Kfactor varies with catalyst composition and reaction conditions, e.g. reaction
temperature and pressure. Typical values dhétor in industries are usualket in the
range of 0.6 to 0.8. It is reported by Lappi®89)that K-factor varies from about 0.5 to
0.75 for Chevron, and from about 0.6 to 0.85 for Shell.

The product of the SHOP oligomerization process containg §6r ®p -gléffis; h
byproducts involve branched olefins (3.0 wt%), internal olefins (1€2.4 wt%), and

paraffins (<0.1 wt%) (se&-Jarallah et al., 1992 Ly ( KA aolefin@with e&vent A y S N
carban numbers from & to Go-= are considered the major products, andniethyh1-
Ff1SyS @@L -okfihs vitthNevgnOQclrBoR numbers froms-Go G- are
O2YyAARSNBR (KS 2yfeé 0@LINRPRdAzOUG & -dlefinsinakeS a & & (i
up 97.5 wt%2-methyt1-pentene (or bGs=) and bG=makeup 1.0 wt%, and 4€io=to b-

Go= make up 1.5 wt%. Together with the molecular weight of each componerass
compositions can be easily converted to malampositionsTable6.6 shows the product

molar compositions at#actors 0.6, 0.65, and 0.7.
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Figure6.7 Schulz-lory type distributior(plotted at K = 0.6p

For simplicity, we lump alif the possible reactions together into one loreaction, where
ethylene is the only reactant. All the olefins with chain length frogm t€ Go- are
considered products from ethylene oligomerization; the stoichiometric parameters of this
lumped reaction are determined from the molar compositions shawiable6.6 at

different K-factors.

Although some researchers have studied the kinetics of ethylene oligomerization reaction
with different types of catalyst (see, for examplReuckert and Keim, 1983; Galtier et al.,
1988; AlJarallah et b, 1992, our interest is not in modeling of such reactions; instead,
we focus more on the separation train coming after the reaction. As a result, the
oligomerization reactions modeledusing a simple conversion reactor in COCO, with K

factor and readbn conversion athe two parameterghat determine the reactor output
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Table6.6 Ethylene oligomerization product compositions at differerfaktors.
Growth factor K

Component name Chain length 0.6 0.65 0.7
(mole %)
h-olefins:
1-Butene G- 39.73 35.1 30.66
1-Hexene Gs= 23.84 22.81 21.46
1-Octene G- 14.3 14.83 15.02
1-Decene Gio= 8.58 9.64 10.52
1-Dodecene Cio= 5.15 6.27 7.36
1-Tetradecene CGus= 3.09 4.07 5.15
1-Hexadecene Cie= 1.85 2.65 3.61
1-Octadecene Cis= 1.11 1.72 2.52
1-Eicosene Co= 0.67 1.12 1.77
Byproducts:

2-Methyl-1-pentene b-Gs= 0.49 0.53 0.57
2-Methyl-1-heptene b-Gs= 0.49 0.53 0.57
2-Methyl-1-nonene b-Gio= 0.11 0.12 0.13
2-Methyl-1-undecene b-Cio= 0.11 0.12 0.13
2-Methyl-1-tridecene b-Gia= 0.11 0.12 0.13
2-Methyl-1-pentadecene  b-Ge- 0.11 0.12 0.13
2-Methyl-1-heptadecene b-Cig= 0.11 0.12 0.13
2-Methyl-1-nonadecene b-Coo= 0.11 0.12 0.13

6.2.2 Process Simulation
6.2.2.1Simulation of the Reaction System

The SHOP oligomerizatigpprocess comprises of two parts, the reaction system and the
separation train. This section mainly focuses on the description of the reaction system
and the simulation of it in COC®igure6.8 shows the reaction sgem setup in COCO.
The flowsheet consists of the ethylene oligomerizatieactor, which forms €¢ Go-+
linear olefin products, the separation and recycle of the unreacted ethylene, and the
separation and recycle of the organic solvent as wetlfdlse catalyst. In this simulation,

the polar organic solvent used is dhdtanediol (BDO), which is substantially insoluble in

the hydrocarbon product phag&ister and Lutz, 197.7)
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The thermodynamic y@or-liquid equilibrium (VLE) model used for the reaction modeling
is the PengRobinson equation of state with the Universal Mixing RulelRR)(Voutsas

et al., 2006)which uses the UNIFAC activity coefficient model in the mixing rdles.
reason for the change (from PPR78) is because of the need to model stronglyeabn
systems with componds that have a molecular structure theannot be represented by
the PPR78 model (BDO here).

Figure6.8 Simulation of the oligomerization reaction system in COCO.

A news report in early 2018 stated thitK St f Qa | f LIKI 2f STAY LINR2
Tiger AO4 Project) in Geismar, Louisiavasto be commercially operatedy the end of
2018(Veazey, 2018)rhis project adds 4250@0ns of capacity at Geismar, which makes

GGKS aAxidsS GKS fIFNBSald It LKI sinladyFizedprobdss? R dzO S |
plant, the capacityf the plantin our simulation is set tbe about 425000 tons per year,

assuming an uptime of 850@ours (96%l/year). The feed flowrate of pure ethylene is

therefore set to 50 tons per hour.
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I OO2NRAY 3 G2 h(m®BI1}tifeys@\erit/olihoyhdr wdlgtrYatio is about 10:1.

Both the ethylenerich stream and the BD@ch stream are mixed together and fed to the

reactor. The reaction temperature is preferably from about 70 to AD(Xister and Lutz,

1977) and here we use T in this simulation; the pressure is chosen from the range 20

to 345 bar (300 to 5000 psigiKister andLutz, 1977)and here we use 90 bar in this
simulation. We take the growth factor K of the oligomerization reaction a value of 0.65,

YR |aadzyS GKS SiKetSyS O2y@dSNBRA2Y -Aa | 02
wSIF Ol 2NRSLW R WHNEBbESR2GY AY

Table6.7 Simulation result$or the oligomerization reactor inlet and outlet streams.

Streams To-Reactor To-Sepl
Pressure, bar 90 90
Temperature?C 47.4 90
Howrate, torne/h 501.07 501.07
Vapor fraction 0.201 0.198
Mass compositions:

G- 0.1247 0.0249
Gi= 0.0779 0.0969
Go=+ b-Gs= 0.0299 0.0488
Go=+ b-Gs= 0.0128 0.0293
Cio=t+ b-Gio-= 0.0054 0.0185
Ci2=t+ b-CGo- 0.0023 0.0127
Cis=+ bCus= 0.001 0.009
Gie=*+ b-Gie- 0.0004 0.0064
Gis=+ b-Gis- 0.0002 0.0047
CGo=+ b-Co- 0.0001 0.0034
BDO 0.7453 0.7453

An essential step is to remove the catalyst in the hydrocarbon phase as soon as possible;
this is because polyethylene tends to fommen ethyleneand nickel complex catalyst
existin a hydrocarbon mediur{Kister and Lutz, 197.7The polyethylene has little value,

and would reduce the yield, and rapidly foul the downstream equipment.

The stram out of the reactor is a vapdiquid-liquid threephase mixture, containing a

large amount of solvent (75 wt%). The organic solvent with catalyst in it is mostly
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immiscible with the hydrocarbon liquid phase. Before conducting a lbjgicd
separationyremoval of the gaseous ethylene using a flash tank (Sep1l) is pref{&ustdr
and Lutz, 1977)The flash (Sepl) is operated at a reduced pressure, 20 bar, &3d Bbe
vapor cut from the flashgontaining mainly ethylene G, 1-butene (G-), and thexene
(G, is directedo the reactoras part of the ethylene recycle. The liquid cut from Sep1l is
first cooled t035°C and then directed to a liquid phase separator (Sep2). The Hogudl

equilibrium (LLE) thermodynamic model in this separation is UNLEAC

In the liquidliquid separator (Sep2), the organic phase, containing BDO and catalyst, is
separated at 20 bar and 3&from the hydrocarbon phaséhe latter containing mainly

the oligamerization reaction products and some dissolved ethylene, as well as a small
amount of catalyst. Theeavy BDO richquid from Sep2 is recycled back to the reactor.
Thelight LAGrich liquidis first cooled ta27 °C, and then directed to aacuumcolumn,

which separates the heavies2(@ via the bottom. The normal boiling point dhese
heavies are greater than that of BDO (501.15IKprder to separate theemainder of

the BDO for recycle use, the heavies need to be removed first. The product separati
column has 8 stages including a partial condenser and a partial reboiler, and the feed
stage isstage 3. The column is operated lagh vacuum(20 mbar). The eflux ratio is
specified tobe 0.4, and the fraction of combined fde recovered at the bottons very

small only 0.8% on molar base)

After removal of the heavies, a waterash removeall BDCand pumped back to the feed
vessel whererecycled BD@ topped up withmakeup BDO Note that in our simulation,

the homogeneous catalyst is not actuaiynulated
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Table6.8 Inlet and outlet stream information of column DC2=.

Stream ToDC2 C2= C4+
Pressure, bar 33 30 30
Temperature?’C 8.0 54.8 187.4
Flowrate, tome/h 49.72 0.87 48.85
Vapor fration 0 1 0
Mass compositions:

G- 0.0123 0.7032 0
Gi= 0.1964 0.2967 0.1946
Gs=+ b-Gs= 0.1907 0.0002 0.1941
Ge=+ b-Gs- 0.1673 0 0.1703
Cio=+ b-Cio= 0.1329 0 0.1353
Cio=+ b-CG2- 0.1044 0 0.1063
Cia=+ bCus= 0.0799 0 0.0813
Gie=*+ bGe- 0.0604 0 0.0614
Cis=+ b-Cs- 0.0451 0 0.0459
Co=+ b-Co- 0.0106 0 0.0108
BDO 0 0 0

To separate the remaining ethylene from the olefin products, the stream from the top of
the water wash column is pressured to 33 bar via a tkstagje compressor. The resulting
liquid stream at 88C is directed to a distillation column (DC2=) to remove ethylene. The
DC2= has 12 stages (this includes the partial condenser and the reboiler), with the feed at
stage 6. Column pressure is assumed constant at 30 bar. The refluisr@iy and the

mole fraction of ethylene in the bottoms is specified toget . Table6.8 shows the feed

and products of the column DC2=. The overhead product (C2=) is recycled and mixed with
the vapor cut fromSepl and then pressurized through a compressor back to the feed

pressure of 90 bar.
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6.2.2.2Products Separation Using a Direct Sequence

Stream'€4«€Xxontains olefins ranging fromu&to Gg= with a traceamount of Go= The
product mixture is first separated talifferent fractions using conventional direct
sequence of distillation column&igure6.9 shows the flowsheet of product separation
using the conventional method simulated in COCO, where the feed (C4+) is separated
seven fractions (i.e. streams C4=, C6=, C8=, C10=, C12=, C14=, and C16sinGkx)

conventional columns in a direct sequence.

The feed stream C4+ is cooled down to 20efore it enters column DC4=; the pressure
drop of the cooler is 0.5 bar.otimn DC4= has 20 stages with a total condenser and a
reboiler counted as two equilibrium stages; the feed enters the column from stage 9. The
condenser pressure is 7 bar, and the reboiler pressure is 7.6 bar. Since this column
separates dbutene (G-) from heavier alkenes, the heavy key component in this column

is I-hexene (6). The mole fraction of&in the distillate is specified to 0.001, while the
recovery of G=in the bottoms is specified t8.001 The purity of strean24=£1s shown in
Table6.9, where the mass fraction ofsCandb-G=is 99.89 wt%.

AT

DC6=

Figure6.9Cf 2 ¢ & K DISfim pr@diict Separation using conventional direct sequence
of columns.

The bottom stream (&) from the columnn DC4= is cooled down from 19C to 80 °C
before it enters column DC6After the DC4= column we switthermodynamic moded
from PRUMR to modified UNIFAC. The reason for using two different models is because
the PRUMR models more suitable for modeling processashigh pressure operations
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this modelis mainly used in the first part of the flowshegthe columns after DC4are
operated at atmospheric or vacumm pressures, where the modified UNIFAC model

(Weidlich and Gmehling, 1987; Lohmann et @002 would be expected to be superior

The column DC&emovesl-hexene () in the distillate. This column has 25 stages with
afeed stream enteringt stage 15. The condenser pressure is 1.1 bar with a pressure drop
of 0.3 bar; the reboiler pressure 1s8 bar.The eflux ratio of this column is 0.6, and the
recovery of @ at the bottom is specified t0.001 The purity of stream C6=is shown in

Table6.9, where the sum of the fractions og&and b-Gs=is 99.85wt%.

Similar specifications are provided for the remaining four columns (DC8=, DC10=, DC12=,
and DC14=). Details of the column setup in COCO are summariZedlet.10. The
FenskeUnderwoodGilliland (FUG) shedut methods are employed to determine the
minimum theoretical stages and minimum reflux ratio in each column. The actual reflux
ratio is taken to be about.2 timesthe minimum valueA McCabeThiele diagranwas

used to optimize the feed stage in each column

Table6.9 Summary of the product streams simulated with the conventional method.

Stream Cé6= C8= C10= Cl2= Cl4= Cl6=,C18=
Pressure, bar 1.1 1.1 0.1 0.1 0.1 0.15
TemperatureC 65.9 1241 97.5 135.2 169.3 2215
Flowrate, tome/h 9.47 8.32 6.61 5.20 3.96 5.78
Mass compositions:

G- 0 0 0 0 0 0
G- 0.0010 0 0 0 0 0
Go=+ b-Gs= 0.9990 0.0011 0 0 0 0
Ge=+ b G- 0 0.9985 0.0012 0 0 0
Gio=+ b-Cio- 0 0.0003 0.9986 0.0013 0 0
Cio=+ b G- 0 0 0.0001 0.9987 0.0006 0
Cia=+ b-Gus= 0 0 0 0 0.9991 0.0020
Cie=*+ b-CGe- 0 0 0 0 0.0003 0.5189
Cis=+ b-Cs- 0 0 0 0 0 0.3875
Co=+ b-Coo- 0 0 0 0 0 0.0915
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¢KS adzy 27F (KS -ofinaaad tie Ndrrésponding ranéh@d ofefin are
shown for each prduct stream inTable6.10. The simulation results of condenser and
reboiler temperatures and duties in each column are also summarizédhte6.10. The

sum of the reboiler dtes in these columns is an estimation of the total energy

requirement, which is 8.54 MW for the conventional separation method.

Table6.10 Summary of column specifications and some simulation results.

ColumnSpedication DC6= DC8= DC10= DC12= DCl4=
Number of stages 25 30 30 40 30
Feed stage 15 14 15 28 17
Pressures (bar):

Condenser pressure 1.1 1.1 0.1 0.1 0.1
Condenser pressure drop 0.3 0.3 0.05 0.02 0.02
Reboiler pressure 1.8 1.8 0.25 0.25 0.15
Top Specs:

Reflux ratio 0.6 1.2 2.0 2.3 1.7
Bottom Specs:

Recovery of the light kéy 0.001 0.001 0.001 5.00e04 0.003
Simulation Results:

Boilup ratio 1.4 1.3 0.6 2.0 1.8
Condenser temperaturéeC 65.9 124.1 97.5 135.2 169.3
Reboilertemperature,°C 1785 227.4 183.5 214.4 221.5
Condenser duty, MW -1.47  -1.65 -1.84 -1.47 -0.87
Reboiler duty, MW 3.41 2.13 0.73 1.51 0.77
Sum of reboiler duties, MW 8.54

" The light key components in each column age G-, Go=, Go-, Ga-
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6.2.2.3Product Sem@ration with DWCs

In this section we consider replacing the conventional columns in the product separation
part, in Figure6.9, with DWCsTable6.10 indicates that colmns DC6= and DC8&ave
similaroperating pressuresand columns DC10=, DC12=, and DC14= operate at more or
less the same pressure. Therefore, columns DC6= and DC8= can be combined into a DWC

operating at about 1.1 bar, and columns DC10=, DC12=, and D&ldts@ be combined.

All the dividing wall columns modeled in tisisctionemploy the standard DWC module
discussedn Chapter 2 The use of the PCbnsiderably reduces the time and effort in

setting up, and converging a DWC simulation, no erdtte column configuration.

Combining DC6= and DC8=

Columns DC6= and DC8= are combined into a tpreduct DWC with the wall in the
center of the column. The top product of the dividing wall column-egene (6), the

sidedraw product is-bctene (@-), and the bottom stream is C10+.

Forthe design of this DWQye first use a ery large number of stage8@0 in this case) to
find out the minimum (or close to the minimum) reflux ratiecessary to attain particular
product purities. When the purity requiremengse satisfiedone then needs to vary the
vapor and liquid split ratioto reduce the reflux and boilup ratsan orderto lower the
energy consumption. Thefor the final design, we take about 1.2 times the minimum
reflux ratio as the actual value, antagually reduce the number of stages in each section

to ensure that the column configuration canlsteach the required purities.

The DWGwas modeled initiallywith 300 stages in total, 75 stages in each section,
assuming equal number of stages in eaglumn sectionthe feed and sidedraw positions
are in the middle otheir respectivesection (c.fFigure2.1 in Chapter 2. The condenser

pressure is 1.1 bar, with a pressure drop of 0.3 bar; all other stagesir{thisles the
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reboiler) are assumed at constant pressure 1.4 bar. The liquid sidedraw flowrate is
specified to be 8323 kg/h. The colurdasignrequires the sum of mass fractions a=C

and bGs=reaches 9R0wt% in the distillate, while the sum of the mafsactions of G-

and bG-reaches 99.Bwt% in the liquid sidedraw. Vapor and liquid split ratios are both
initially 50% / 50%.

After running simulations at different vapor and liquid split ratios, we found that, with
fixed product purities, changing thepor and liquid split ratios in a simulation can result
in different reflux ratio and boilup ratio. Therefore, the minimum reflux ratio can be found

by varying the split ratios.

We varied the liquid split ratio from 00 (this meand0% liquid flows tolhe left side of
the wall) to 050, and vapor split ratio from 0.45 (this means 45% vapor flows to the left
side of the wall) to 0.75, the change of reflux ratio is plotteigure6.10. It is obvious
that, in thisparticular case, increasing the vapor split ratio, or decreasing the liquid split
ratio, can decrease reflux ratio. The minimum (or close to mininmefityx ratio is found
to be 1.3 at a combination of vapor split ratio 0.74 and liquid split rétitD. Hence, we

take 16 as the actual reflux ratio for this D&V
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Figure6.10 Reflux ratio as a function of vapor and liquid split rafjpsint indicates the
found minimum reflux ratio)
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Figure6.11 DWC configuration separating=@nd G-
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Then, we gradually decrease the number of stages in each section, while keeping the

product purities in the top and middle products unchanged. A potential DWC

configuration isshown inFigure6.11with 12 theoretical stages in each section. The reflux

ratio that gives the required purities is 1.6; the vapor and liquid split ratios are 0.77 and

0.21, respectively. The dividing wall is-ofintered to the right, as more vapor flows to

the left side of the wall.

It is worth noting that when solving thDWC simulationwe found multiple solutions!

Perhaps it idecause product purities are specified in the simulation, and tleneore

than one way to reach that purity. The reflux ratio in the second solution is 1.92.

Temperature profiles and flowrate profiles of two solutions for this DWC simulation are

shown inFigure6.12 andFigure6.13 (we do not know how many solutions in total exist).

It should be noted that the multiple solutions hebelong tothe category ofd A y LJdzii

multiple steady states ¢ K S NB

0KS

LINE R dzGhey arddaNidh thie/s8nee |

NS

categoryas theMSSreported inChapter 5 In this case, we tak&lution one with the

reflux ratio of 16 in our simulation.
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Figure6.12 Two solutions of the temperature profiles of the DWC simulation.
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Figure6.13 Two solutions of the flowrate profiles of the DWC simulation.

Combining DC10=, DC4,2and DC14=

There are more possible configurations.nfore straightforward way is to use a four
product DWC; available optiorsse, for example, the Kaibel column with one wall, the
satellite column system with two walls (discusse8attion2.2.2), and the fully extended
Petlyuk column with three walls (s€&eS 2 | y 2 @A 0 ). Thél Kaibdl eblEmnHsmot &
wise choice,iace the required purity for each product cut is quite higq.8 wt%), and

it may require a large number of stagbetween the two sidedraws to get two higlrity
sidedraws. The fully extended Petlyuk coluasyethas no industrial application, mainly
because of its complexity in design and control. Tferee for a fourproduct DWC, we
choose the satelliteconfiguration with two walls. In order to distinguish different
configurations, we give names to them according to the numb@raduct streams each
column processesFor example, the configuration comged of a threeproduct DWC
(replacing columns DC6= and@{ and a fowproduct DWC (replacing columns DC10=
G2 5/mMnlTo0 A& yIM$R O2yFAIdzNI A2y do
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Other options includeeombiningtwo conventional columns into a thrgeroduct DWC,

while leaving the other column a conventional tgooduct column. In the followig
discussion, columns DC10= and DC12= are combined into agivéect DWCBased on
wherethe heavies (G= Gs2) will go, two different configurationspamdyd &-H ¢ Y R & o
2-0 £ T pokshiiB

62231 [/ 2y FAIAdASHEA2Y GO

Figure6.14 showsthe flowsheetfor O 2 y ¥ A 3 dzBkk &ThezglumiasdC6= and DC8=

in Figure6.9 are replaced with the DWC1, and columns DC10= and DC12= are replaced
with the DWC2. The number of columns redsideom five to three. Similar to the
simulation setup for DWC1 (discussed above), the DWC22wages in total, with each
section containind.8 stages. Feed and sidedraw stages 29end 46, respectively (this
follows the way of numbering stages in tR&€€M). The condenser pressure is at 0.1 bar,
with a pressure drop of 0.04 bahe pressuresof all other stages are assumed constant

at 0.14 bar. Liquid sidedraw mass flowrate is specified to 5195 kg/h. Product purities of
CGio=in the distillate and G=in the sidedraw are specified to guarantee the mass fraction

of both (Go=+ b-Gio9) and (@-=+ b-C2-) reach 99.8 wt%. Vapor and liquid split ratios are
adjusted to lower the boilup ratio, which is considered proportional to the energy
consumption. lis essential to mention that when varying the vapor and liquid split ratios,
multiple solutions similar to the one shown kigure6.12 and Figure6.13 are found; it

also posesome convergence problesasthe simulationbecomesextremely difficult to
converge if the initial guess happeto be in the vicinity of two solutiond KI 4 I NB & Of
to each other In this case, we found the vapor and liquid split ratios ar® artd Q50,

respectively.
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Figure6.14 Flowsheet of thax €-H €£onfiguration.

The last column (DC14=) is a conventional column similar to the last colufigune6.9.

The column condenser operates at 0.1 bar, with a pressure drop of 0.02 bar; the reboiler
pressure is 0.15 bar. The FUG shout method estimates that the number of stages |

about 30, with feed from stage 16. We specify the distillate purity to ensure(Bat+

b-Ci45) is no less than 9958vt%; the smallest boilup ratio is found to Be8by conducting

a parametric study. A comparison of thequired hardwarebetween the conventional
O2ftdzyya O2y TAIdBAIEGARYY H AYFRIzZNG KiBalegbd 1A Both A K2 gy
O2y FAAdzNF GA2ya KI @S Y2NB 2N fSaa -3HkS aly
configuration requires 4fewer heat exchangers, and fewer column shells. The

simulation results are summarizedTiable6.12.

The condenser and reboiler temperatures and heat duties of each column are
summarized imable6.11. A comparison ifable6.11A Y RA Ol 1Sa GKIF G- §KS O3

3-H gequires 24% less energy than the conventional direct sequence configuration.
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Table6.11 Comparison between theonventional and the "3-2" configurations.

Conventional "3-3-2"

DC6= DC8= DC10= DC12= DC14= DWC1 DWC2 DCl4=
Number of stages 25 30 30 40 30 48 72 30
Sum of stages 155 151
Number of HE 10 6
Pressure, bar:
Cond" pressure 1.1 1.1 0.1 0.1 0.1 1.1 0.1 0.1
Cond” pressure drop 0.3 03 005 002 002 03 0.03 0.02
Reb" pressure 1.8 1.8 025 025 015 14 014 0.15
Reflux ratio 0.6 1.2 2.0 2.3 1.7 1.6 2.1 1.7
Boilup ratio 1.4 1.3 0.6 2.0 1.8 2.8 1.2 2.2
Vapor split ratio - - - - - 0.77 0.59 -
Liquid split ratio - - - - - 0.21 0.50 -
Simulation results:
CondT,°C 65.9 1241 975 1352 169.3 65.8 975 169.2
Reb T°C 178.5 227.4 1835 214.4 2215 214.0 1951 221.7
Cond duty, MW -1.47 -165 -1.84 -1.47 -087 -240 -1.89 -0.88
Reb duty, MW 341 213 073 151 077 466 092 0.92
Sum of Rb duties, MW 8.54 6.49

" HE: heat exchange
* Cond: condenser, Reb: reboiler

Table6.12 Summary of the product streams simulated with the configuratio3-3'.

Streams C6= C8= Cl10= Clz2= Cl4= Cil6=, C18:
Pressure, bar 1.1 14 0.1 0.14 0.1 0.15
Temperature?C 65.8 133.6 97.5 144.6 169.2 2215
Flowrate, tome/h 9.47 8.32 6.60 5.19 3.97 5.78
Mass compositions:

G- 0 0 0 0 0 0
G- 0.0010 0 0 0 0 0
Go=+ b-Gs= 0.9990 0.0003 0 0 0 0
Ge=+ b-Gs= 0 0.9985 0.0015 0 0 0
Cio=+b-Cio- 0 0.0013 0.9985 0.0007 0 0
Ci2=+ b-Co- 0 0 0 0.9987 0.0008 0
Cua=+ b-Cus= 0 0 0 0.0005 0.9991 0.0003
Cie=+ b-Ce-= 0 0 0 0 0.0001 0.5199
Cig=+ b-Cis- 0 0 0 0 0 0.3882
Co=+ b-Co- 0 0 0 0 0 0.0917
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Figure6.154 K2 ga G KS aAvYadd 1Q2yWT RFdzNiFK&oldigos ihy / h/
Figure6.9 reduce to onlythree columns with the addition of pump. After the DWC1, the
heavies (€= Gs-) are separated first, themgs, G2 and Gs=are separated in the DWC2.
. & NBY2@0Ay3 (GKS KSI@ASa FANRGE GKS tlad 5
almost pure components. In additionigeto Gs=are important products in the detergent

range, this configuration could be superior in terms of the prodyadlity.

C10+

pwel

Figure6.15 Flowsheet of the'3-2-3" configuration.

The bottom stream from the DWC1 (C10+) is directed to DC14= to sepa&it®@ Gs-=
According to the FUG shectit method, the number of stages in this column is about 34,
with feed entering from stage 20. The condenser pressure is 0.1 bar, with a pressure drop
of 0.02 bar; the reboiler pressure is 0.15 BHne eflux ratio in his column is set to 03

and, at the bottom, @=recovery is specified tbe 0.0Q2.

The top stream from the column DC14= contains mainby t8 G- olefins, which is
directed to apumpto increase the pressure to 0.2 bar. The pressurized stream s the

sent to the DWC2 for further separation.

DWC2 has 72 stages in total, with 18 stages in each section. Feed and sidedraw stages are

28 and 44, respectively (these numbers are the stage numbers in the PCM). The
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condenser pressure is 0.1 bar, with a pressdrop of 0.04 bar; pressures of all other
stages in this column are assumed constant at 0.14 bar. Column top and bottom product
purities are specified to ensure that the mass fractions ef=€b-Gio-) and (@=+ b-Gi4-)

are bothabove99.8 wt%. The Iquid sidedraw flowrate is adjusted to control the purity

of G5 which turns out to be 5199 kmol/h. Vapand liquid split ratios of 0.78nd 030,

respectively, result in a small boilup ratio, thus a low energy requirement.

Table6.13 compares the hardwareequiremensd S 6 SSy (G KS O2y @Sy i(iAzy
20¢ O2YyFAAdAzNI GA2yad . 20K O2y FAIdzNI A2y a  NJ
0KS2NBGAOI t-2-080 | B2SyaTTA AdkNS: (ko2 Yy NBIlj dzA RIBsE n S

columns &ells, but one morgoump, which will add considerably to theapitalcost.

Table6.14&d dzY Yl NAT Sa (GKS NBadzZ da 27 28¥® ad KB IiXK:
product steams reach the required pty. A comparison ifmmable6.13 shows that the

O2y FAIARI i ARV OSD mMo: SySNHe O2YLI NBR G2 (K
LG aK2dzZ R y2id 02YS 6AGK -ZHEINLINRGSA (1KdzGK KSNE

A A v oA

02y i Sy ia2ory ORKSF A@GWZNI G A2y ®
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Table6.13 Comparison between theonventional and the "2-3" configurations.

Conventimal
DC6= DC8= DC10= DC12= DC14= DWC1 DC14 DWC2

Number of stages
Sum of stages
Number of HE
Pressures, bar
Cond’ pressure

Cond" pressure drop

Reb’" pressure

Reflux ratio
Boilup ratio
Vapor split ratio
Liquid split ratio
Simulation results:
Cond T?2C

Reb T°C

Cond duty, MW
Reb duty, MW

Sumof Reb duties,

MW

25 30 30

155
10

11 11 0.1
0.3 0.3 0.05
1.8 1.8 0.25

0.6 1.2 2.0
1.4 1.3 0.6

40

0.1
0.02
0.25

2.3
2.0

"3-2-3"
30 48 72 34
154
6
01 11 01 01
002 03 002 0.04
015 14 015 0.14
17 16 03 14
18 28 25 56
- 077 - 078
- 021 - 030

65.9 1241 975 1352 169.3 658 1129 97.5
178.5 227.4 183.5 214.4 2215 2140 2216 179.1
-0.87 -2.40 -2.18
0.77 466 1.04

-1.47 -1.65 -1.84
341 213 0.73
8.54

-1.47
1.51

7.41

-1.48
1.71

* HE: heat exchangers
“ Cond: condenser, Reb: reboiler

Table6.14{ dzY Yl NBE 2F aiNBI Ya

AYT2R0E OAZ2Y AY

Streams C6= C8= C(C10C14 Cl6=,C18: Cl1l0= Cl2= Cu=
Pressure, bar 1.1 14 0.1 0.15 0.1 0.14 0.14
Temperature?C 65.8 133.6 1129 221.6 975 1446 179.1
Flowrate, tome/h  9.47 8.32 15.76 5.78 6.60 5.20 3.96
Mass compositions:

G- 0 0 0 0 0 0 0
Gi= 0.0010 O 0 0 0 0 0
Gs=+ b-Gs= 0.9990 0.0003 0 0 0 0 0
Go=+ b-Gs= 0 0.9985 0.0006 0 0.0013 O 0
Cio=t+ b-Go- 0 0.0012 0.4185 0 0.9987 0.0006 O
CGio=+ bC2= 0 0 0.3293 0 0 0.9985 0.0004
Cu=+ b-Gas- 0 0 0.2514  0.0013 0 0.0009 0.9992
Gie=+ b-Cie= 0 0 0.0001 0.5192 0 0 0.0004
C=+ bCs- 0 0 0 0.3878 0 0 0
Go=+ b-Co-= 0 0 0 0.0916 0 0 0
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with two walls.Figure6.16a K2 ga G KS 7T 2céoiidution @niulatédinS a o
COCO; the total number of columns decreases ffiws) in Figure6.9, to onlytwo. The

sum of the number of stages in columns DC10=, DC12=, and DC14= are 100; in order not

to add too much caital cost, the fousproduct DWC (DWC2) has 110 stages. The DWC2

takes the column configuration of the satellite column systerfigure2.8, discussed in

Chapter 2 The feed enters the column from stage 55; two didevs are taken from

stages 24 and 85, respectively (the numbers here are the stages numbered in the PCM).

The condenser pressure is 0.1 bar, with a pressure drop of 0.05 bar; all the other stages

(this includes the reboiler) are assumed at constant pres&ul5 bar.

C1o-MRE
2 = 2 C10-gu
. = 4 |
L <50 Traingt Sl ot N SN - ﬂ@_ﬁ
41 109

0
,'/ |
DWC1 DWC2

Figure6.16 Flowsheet of the3-4" configuration.

The liquid sidedraw from stage 24 has mass flowrate 5199 kg/h, and the other liquid
sidedraw hasa mass flowrate 3962 kg/h. The purities ab<and Gs=are, respectively,

specified for the column top product and the sidedraw product from stage 85; by
adjusting the specified values, we aim to reach 8%8%"> ¥ 2 NJ (-E&ins&@amty 2 F b
branched olefins in each product stream. When the purities are satisfied, varying the

vapor and liquid split ratios can change the reflux ratio, as well as the boilup ratio, which

relates to the energy consumption of tleslumn system.
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Figure6.17 Diagram of the DWC2 in the-#B configuration (numbers indicate stage
numbers in the PCM).

Figure6.17 shows a close look of the DWCatigurations.With extensive simulations,
we found that when the liquid split ratifstom stage 14 to stage 1§ 0.45, the liquid split
ratio from stage 47 to stage 4i8 0.26, the vapor spliatio from stage 66 to stage 46
0.59, the vapor splitatio from stage 99 to stage 78 0.59, the boilp ratio isclose to the
minimurm therefore, at this combination of the split ratios, the energy consumption is

low.

Table6.15 compares the hardware requiremesibetweenthS 02y @Sy (1 A 2-y | f
nég O2YFTAIANI GA2yad . 20K O2yFAIdzNI GA2Y A
GKS2NBGAOIT amkl1O2Y FTARAANMNS (ARY &B I dzA NB a

less column shells.

Product purities are summarized irable6.16, with all the products reach their purity
requirements. A comparison with the reboiler heat dutie§ able6.15indicates that the
Gaoé O2Yy TAIdzNIV%Ilds2efigyNB lj dzZA NS & ™
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Table6.15 Comparison between theonventional and the "3l" configurations.

Conventional "3-4"

DC6= DC8= DC10= DC12= DCl14= DWC1 DWC2
Number of stages 25 30 30 40 30 48 110
Sum of stages 155 158
Number of HE 10 4
Pressures, bar
Cond’ pressure 1.1 11 0.1 0.1 0.1 1.1 0.1
Cond" pressure drop 03 03 005 0.02 0.02 0.3 0.05
Reb’" pressure 1.8 18 025 025 0.15 1.4 0.15
Reflux ratio 0.6 1.2 2.0 2.3 1.7 1.6 4.4
Boilup ratio 1.4 13 0.6 2.0 1.8 2.8 5.8
Vapor split ratio - - - - 0.77 (See text)
Liquid split ratio - - - - 0.21 (See text)
Simulation results:
Cond T°C 65.9 1241 975 1352 169.3 6584 9751
Reb T°C 178.5 227.4 1835 2144 2215 214.02 221.64
Cond duty, MV -1.47 -1.65 -1.84 -1.47 -0.87 -2.40 -3.35
Reb duty, MW 341 213 073 151 077 4.66 2.45
Sum of Reb duties, MW 8.54 7.11

* HE: heat exchangers

* Cond: condenser, Reb: reboiler

Table6.16 Summary othe product stream information in the configuration-23.

Streams Cé6= C8= C10= Cl2= Cl4= Cl6=, C18:
Pressure, bar 1.1 1.4 0.1 0.14 0.1 0.15
TemperatureC 65.9 133.6 97.5 144.6 169.2 221.5
Flowrate, tome/h 9.48 8.32 5.60 5.20 3.96 5.78
Mass composibns:

G- 0 0 0 0 0 0
G- 0.0010 0 0 0 0 0
Go=+ b-Gs- 0.9990 0.0003 0 0 0 0
Ge=+ b G- 0 0.9985 0.0013 0 0 0
Gio=t+ b-Cio- 0 0.0012 0.9987 0.0000 0 0
Cio=+ bGp2- 0 0 0 0.9986 0.0005 0
Cia=+ bCis- 0 0 0 0.0014 0.9991 0.0004
Cis=*+ b-CGe- 0 0 0 0 0.0004 0.5197
Gig=*+ b-Gs- 0 0 0 0 0 0.3882
Co=+ b-Coo- 0 0 0 0 0 0.0917
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6.2.3 Simulations at Different Growth Factasr

The oligomerization reaction productsllow the Schul#lory type distributionthat is
characterized byhe growth factor,K; see Figure6.7. The previous simulatiordescribed
in the preceding sectiowere conducted aK=0.65,and in this section, we attempt to

find oneconfigurationthat can obtairproducts atall threeK-factors, 0.600.65,and 0.70.

The specifications for columns in the separation trains remain unchanged, where the

reflux ratio at the column top and component recovery at the bottom are specifiedr
RAFFSNBYU O2yFAIdzNI A2y ax yIYSte -3mkesS Ozy
configdzNJ G A 22D ¢ 1 ©8 Yy & a I dzNI-Mé 20 ZY F ¥V RAzZNUKBA 2> | NB
K-factor equals 0.600.65,and 0.7Q and the separation aK = 0.65has already been

discussed

At Kfactor equals 0.60, with the same specifications as tHadkor equds 0.65, the
product purities from the conventional direct sequerae only slightly affected; all the
product purities are still above 99.85 wt%, and hence no change is required in this
configuration. ¢ KS LINE RdzO{  LJdzMeW i A 052 v F NdE ¥igEicEnEy2 y& o
different whenthe Kfactoris changedrom 0.65 to 0.60, the purities ofsCand G2-have
dropped to less than 99.85 wt%lthough theothersremainabove the required purity.
Similar behaviori8 6 & S NI S R2-aAéy’ |[(yKES d&@ayioRsASintty adjusting the
sidedraw flowrates and column refluatesin the columnscan bringall of the purities

back to the required value.

At Kfactor equals 0.70, with the same specifications as tHadkor equals 0.65, thes€
purity in the convational direct sequence dragdrom 99.85 wt% to 99.19 wt%, whilke
other purities are still above the required valuglightly increagag the refluxrate in the
column DCB8= can increase the purity to 99.85 wi?the other three configurations with
DWCsmore than two products fail to meet the purity requirement. Howewde product
puritiesin DWCIcannot meet the requiremengthis applies to all three configurations
with DWC}% although all other product purities can be increased by adjusting the
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sidedraw flowrates andhe reflux raes in the columnsThe possible reasotfigr this could
be either the DWC1lhas too fewstagesto achieve the necessargeparation, orthe
preceding column separating{s insufficientlycomplete that some £ slipsthroughto

contaminatethe top of the DWCL1.

In the new flowsheeshown inFigure6.8 we change the specification in the column DC4=

by tightening the recovery specificatian the bottomsfrom 0.001 to 0.0001, so the

amount of G=in the bottoms significantly decrease. Figure 6.18 shows the new

Tt 204aKSSBH 2dnfigirdich,whtece the first DWC has &agesin total, with

each section containing 18 stagékese include the condenser and reboilddere we
discusgsheuseof it K S3-Hido O2y FAIdzNI A2y (2 &aSLI NMBGS 2f A

to high puritiesat three different Kfactors.

27

71 C14-+ N SEEL S

A 10+ [ N S | ,E
(L B C16=, C18=g 3
DWC1 DWC2 DC14

Figure6.18 New flowsheet of the "3&3-2" configuration.

At Kfactor equals 0.60the purities obtained from the conventional direct sequence are

99.92 wt% for €, 99.89 wt% for &, 99.99 wt% for = 99.99 wt% for G-, and 99.98
Wt% for Ga= ¢ KS &1 YS aSLI NFGA2Y RBacé20O2yFNSIEzNDaEAd
Table6.17 summarizes thsimulationresults in both configurationg.he resulting energy

al Ay BHE GROSYyBoIdzNI A2y A& [ o62dzi wm:z O

conventional direct sequence atfctor equals 0.60.
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Table6.17 Comparison between the conventional and the3-2" configurations for
separations at #actor equals 0.60.

Conventional "3-3-2"

DC6= DC8= DC10= DC12= DCl14= DWC1 DWC2 DCl4=
Number of stages 25 30 30 40 30 72 72 31
Sum of stages 155 175
Number of HE* 10 6
Pressures, bar
Condenser pressure 1.1 1.1 0.1 0.1 0.1 1.1 0.1 0.1
Condenser pressure drop 0.3 0.3 005 002 002 03 0.03 0.02
Reboiler pressure 1.8 18 025 025 015 14 014 0.15
Reflux ratio 0.5 1.0 2.2 15 1.6 1.3 2.4 15
Boilup ratio 15 14 1.0 1.8 2.2 3.1 2.1 2.5
Vapor split ratio - - - - - 0.78 0.65 -
Liquid split ratio - - - - - 0.21 0.55 -
Simulation results:
Condenser T°C 66.2 124.3 97.7 135.2 169.3 662 97.7 169.3
Reboiler TSC 174.0 222.0 180.8 211.8 218.8 210.3 192.6 218.6
Condenser duty, MW -1.52 -153 -1.89 -097 -069 -2.38 -1.98 -0.66
Reboiler duty, MW 314 188 094 098 0.61 425 114 0.68
Sum of reboiler duties, MW 7.55 6.07
Energy savirgy - 20%

* HE: heat exchanger

Table6.18 and Table6.19 show theresults of separating the oligomerization products at
K-factors of 0.65and 0.70, respectivelysingthe conventionadirect sequence and the
B-3H ¢ O2y TAIDWE dorfiguyatiodan sakeSabout 22% energlyKfactor of
0.65,and 16% energy at K-factor of 0.70
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Table6.18 Comparison between the conventionaldithe "3-3-2" configurations for
separations at #actor equals 0.65.

Conventional "3-3-2"

DC6= DC8= DC10= DC12= DCl14= DWC1 DWC2 DCl4=
Number of stages 25 30 30 40 30 48 72 31
Sum of stages 155 151
Number of HE* 10 6
Pressures, bar
Conderser pressure 1.1 1.1 0.1 0.1 0.1 1.1 0.1 0.1
Condenser pressure drop 0.3 0.3 005 002 002 03 003 0.02
Reboiler pressure 1.8 18 025 025 015 14 014 0.15
Reflux ratio 0.7 1.2 2.2 1.9 1.7 14 2.6 1.8
Boilup ratio 1.4 1.3 0.7 1.8 1.8 2.7 1.6 2.3
Vapor split ratio - - - - - 0.78 0.585 -
Liquid split ratio - - - - - 0.2 0.495 -
Simulation results:
Condenser T°C 66.2 124.2 97.7 1353 169.3 66.2 97.7 169.3
Reboiler TSC 178.6 227.5 183.6 2145 2215 214.1 195.1 221.7
Condenseduty, MW -1.52 -1.64 -197 -1.26 -0.87 -2.23 -2.19 -0.91
Reboiler duty, MW 347 213 086 131 0.77 449 121 0.95
Sum of reboiler duties, M\ 8.53 6.66
Energy savings - 22%

* HE: heat exchanger
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Table6.19 Comparison between the conventional and the3-2" configurations for
separations at actor equals 0.70.

Conventional "3-3-2"

DC6= DC8= DC10= DC12= DCl14= DWC1 DWC2 DCl4=
Number of stages 25 30 30 40 30 48 72 31
Sum of stages 155 151
Number of HE* 10 6
Pressures, bar
Condenser pressure 1.1 1.1 0.1 0.1 0.1 1.1 0.1 0.1
Condenser pressure drop 0.3 0.3 005 002 002 03 003 0.02
Reboiler pressure 1.8 18 025 025 015 14 014 0.15
Reflux ratio 0.5 1.2 2.5 1.8 2.2 1.6 3.4 1.9
Boilup ratio 1.3 1.1 0.6 15 1.8 2.4 1.7 2.0
Vapor split ratio - - - - - 0.78 0.585 -
Liquid split ratio - - - - - 0.19 0.495 -
Simulation results:
Condenser T°C 66.2 124.3 97.7 1353 169.3 66.2 97.7 169.3
Reboiler TSC 1832 230.2 186.3 216.8 223.6 218.1 197.3 223.8
Condenser duty, MW -1.21 -156 -2.17 -135 -1.20 -2.08 -2.76 -1.11
Reboiler duty, MW 347 210 0.89 143 108 474 166 1.17
Sum of reboiler duties, M\ 8.97 7.57
Energy savings - 16%

* HE: heat exchanger

6.2.4 Remarks

This workhas describedan industrial proces$or production off A y Sdlefiis. This
process comprises two part: the reaction and the product separation. The reaction part
Gr1Sa SaGkKetSyS I|a Al slefiisSvitiRa vide/rRngel INBuRazO S &
numbers. The oligomerization reaction procegss modeled using a simple conversion
reactor. In the product separation pathe conventional direct sequence of distillation
columnswere used to separate the reaction products into diéat fractions. Based on
the conventional separation train, three different, more advanced, configurations
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containing dividing wall columnsere LINR LJ2 & SR X Y3 ¥ S2-aéoXi KIByERI 0d o
DWCconfigurations.

We compare the sum of the reboiler duties the three configurationgthisis considered

an approximatiorto the energy consumptionf the column systemThe results indicate

that all three proposedWCconfigurations can save at leak3%of the energyrequired

by aconventional process, witlktS O2 y T A 3-dz8I G A @) Y @0)ereyy Y2 4 G ¢
In addition, all three configurations requifewer heat exchangers anféwer columns
shellswhich can reduce the capital cost6.K S-n 60 O2y FAIdzNF GA2Yy NBIJj
energy than the conventionalirct sequencegand furthermoreit employs only two

DWCs (the second DWC contains two walls) to achieve the same separationhas$k,

is considered to havihe most capital savingamong the three configurations.

I Y2RABFASROZYT A I dzMdditohsBparatd the olighidetidgtion reaction

products at three different actors. We show tha& o6 & dza-3-&a QXKWBT aHdzNI
one only needs to slightly change the reflux rates, product withdraw rates, or split ratios

to maintain the high separatio purities at different Kactors. The configuration with

DWCs has similar flexibilitiés handle different feed compositiorss he conventional

direct sequencgand, more attractively, the configuration with DWCs can save #2%

energy compared to #corresponding conventional sequenttes useful to note that the

purity specifications on this process are somewhat higher than might be typical in actual
practice(Turner, 1983)This was done in part to demonstrate that it is possible to obtain

very high purities from a sequence of DWCs.

It shouldalsobe noted that multiple solutionsvere found inthe DWC siralations The
existence of MSS coufbsea challenges for DWf@rocessdesign. Theimulation can be
extremely difficult to converge if the starting point is in the vicinity of twearby

solutions
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CHAPTER Tonclusions and Future Work

7.1 Conclusions

Thisthesis includes proposals fowo equationoriented models for simulating dividing
wall columns: the equilibriurstage PCM (parallel column model), and the #assed
PCM. Several case studies witffetient DWC configurations (these include D¥Wath
multiple walls, and multiple condensers) are modeled with the equilibratage PCM,
elaborating thatthe equilibrium PCM is capable of simulating DWCs of arbitrary
configuration. The simulations from thequilibriumstage PCMwere verified by
comparison withthose from other flowsheesimulation software package¥MGSim,
UniSin®Design, and COCtat usemulti-column models. The comparisons between the
proposed PCM and the muktblumn models show thatyhile leading tomore or less
equivalentresults, the proposed PCM takes considerably less effort to setup a DWC
flowsheet, and converges more rapidly from the automatically generated initial guess (the
multi-column model requires engineers to provide gomitial guesss to initiate the
simulation) for most cases. Heat transfer across the wall can be modeled in the PCM in a

quite straightforward way, due to the equatiesriented nature of the model.

The equilibriurastage PCMvas extended to a ratéased EM, where model equations
for vapor and liquid phases are considered separately. Thehased PCM has all the
abovementioned advantagefor the equilibriumstage PCM; furthermore, it considers
the column geometry and column internals in a more detaiedly compared tothe
equilibriumstage PCM. A significant aspect of DWC simulations is that the vapor split
ratio is, in fact, a consequence of pressure balancing on two sides of theltvaltate
based PCM is capable of predicting the-se¢julating vapo split ratio by equalizing the
pressures on two sides of the waWarious pressure drop models for conventional
columns can also be applied to DWCs, as long as the geposd in the models
correct.For heat transfer across the wall in the rabmsedPCM it is considered adequate
to only account for heat transfer between two liquid phas@sasestudy on the impact
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of stage height shows that, when decreasing the stage height while keeping the product
of stage height and number of stages the same, ridte-based PCM converges to a fixed
point (thisshould always be true for rateased models, althougsome other ratebased

models fail to converge

Both the equilibriursstage PCM and the rateased PCM are validated using an extensive
set of experimerdl data from the University of Texas at Austin, where two different
chemical systems were investigated. One is a mixture of linear alcohols \etlkamol,
n-octanol, and rAdecanol; the other is a mixture of-pentane, cyclohexane and- n
heptane. Both modeal give good predictions to the temperature profiles in the column.
The results from the ratbased PCM are statistically superior to those from the

equilibrium-stage PCM.

The two proposed PCétan,via the CAPIOPEN mechanism, be used as a standard DWC
module in any major commercial flowsheeting systems. Tivdustrialcase studies.PG
recovery process and the Sheligher Qefins Process (SHOP), are used to demonstrate
the application of the PCM in flowsheet intensification. Three different process
configurationswerediscussed imodeling theSHORrocess with hardwarerequirement

and energy requirem@ in each configuration shown, based on which engineers can
aSt SO0 GKS ao0Saité¢ O2yFTAIANI GAZ2y O

In addition, multiple stead¥tate solutions are found in DW&Imulations by solving the
model equations from different starting points. The existence of multiplicity poses some
challenges to DWC design, as gasnetimesdifficult for engineers to tell which solution

is the practically feasible one if no expeental work is done a prioriFurther
investigations are needed to either find the physical explanationsdohmultiplicity, or

find a criteria to distinguish a feasible solution from the others.
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7.2 Future Work

With the results shown in this researdtereare some promisingvenues for futurdWC

studies

1 Material leakagearoundthe wall

Since more and more DWCs use stacked wall elements as an alternatietdted walls,
leakageof liquid and vapois unavoidable. The parallel column model can easily include
the flow aroundthe wall by adding terms to the mass balance equatiérisiowledge of

how mass leakage would affect the separation, and how engineers should react in order

to diminishits negative effects might bimteresting
1 Dynamisand control

Dynamc models can provide information on how columns respond to some unwanted
disturbances.Dynamic simulation allows engineets gain further insights into the
flexibility, operability, and safety of a proce&ffective control schemesf a unitcan be
proposed according toits dynamic behaviar Current studies oDWC dynamics and
control mainly use mukcolumn modelsTheproposedequationoriented modeldn this
thesiscansignificantly ease the dynamic simulationWCsDifferent control schemes

can aso be studied fovariousDWC operations.
1 Multiple steadystate solutions

The reasons for the ntiiplicity reported in Chapter are still unknownHnding multiple
solutionsbyjustrandomly varying the initial guessextremely difficult. Ongossible vay
of automatically locatingll solutions is t@wouplke the PCM to an arc length continuation
method. On the other hand, xperimental workmay berequired totell which solution is
practically feasiblgcriteria may be set upo screen thepracticalsolutionsif experiments

are not available.
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1 Flowsheet intensificatiowith rate-based PCM

All the fowsheets simulated in Chapteru&e the equilibriurrstage PCM with the vapor
split ratios specified by engineers. It would be interestmgmploy the ratebasedPCM

for DWC modeling with vapor split ratios estimated from pressure equalizing.
Pumparound(or bypass)nay be used tochange the internal liquid flows, and pressure
drop in different sections, and henaadirectly regulatethe vapor split ratios to findhe

optimum operation.

1 CAPEX and OPEX estimations of the SHOP process

The SHOP work discussed in Chapter 6 compared the energy consumption and the
hardware requirements between the conventional direct sequence and the
configurations with DWCs. A more rigois model is required to predict the capital
expenditure (CAPEX) and the operational expenditure (OPEX), and hence to predict the
total annualized cost (TA@Ydditional savings are possible because the cost of stages in
the center section of a DWC can less than the cost of additional stages in the top or

bottom sections or of those in a conventional column.

1 Automated hardware design with the account for maldistribution

The parallel colummodel in this thesis can be used to model maldistribution in peck
columns. It would be interesting if practical procedures can be proposed to design packed

columns with maldistributiomutomaticallytaken into consideration.

162



Appendix A: Counting StagesAdditional Discussion

In the main body of the paper we outéd a scheme for enumerating the different
sections of a DWC. While we prefer a scheme that requires the fewesadjanent stage
connections, the method we actually employ in our software, while straightforward, does

not guarantee that we end up with thiewest connections.

The table below identifies the number of different ways to order varying numbers of

column sections.

Number of Number of Possible
Sections Section Orders
4 24
5 120
6 720
7 5040
8 40320
9 362880
10 3628800

Consider the 3vall, 4-product DWC in Fig. Al. By drawing horizontal lines across the
column at the top and bottom of each wall (but only between the nearest vertical lines to

the left and right) we will find that there are ten sections in this column.

From the table above weee that there are more than three million ways in which to
order the ten sections of this column. Three possible sequences are shown in Fig. A2. The
configuration to the left follows the guidelines for assigning section identities outlined in
the main bog of the paper. The configuration in the center follows a scheme in which we
start at the top of the column and assign section identities as we move down the column
while staying to the left of all walls encountered as we do so. We stop this sequence when
we reach the bottommost section which is assigned the identity for the total number of
column sections (J for the tenth section in this case). Then we move up the right hand side

of the column reducing the section identity, from section J, by one everg e
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encounter the start or end of a wall while staying to the right of each wall. The last two
sections are numbered by moving up from Section D or down from Section G (both
approaches yield the same result). The configuration on the right hand sidev$atie
column from top to bottom while staying to the left of walls until we reach the bottom
section which will, as before, be assigned a section identity equal to the total number of
sections. Then from Section D we ascend the column staying to theflefty walls
encountered to the right (note that for Section F that is the column shell itself). When we
encounter a section above that already is numbered (Section B here) we move right again
(if required) and continue numbering sections while moving dowvrall of these schemes

the top section is A and the bottom section has an identity equal to the total number of

sections.

> Top

——— > Side stream 1

Feed

> Side stream 2

é( > Bottom

Fig. Al 3VNall, 4product Dividing Wall Column.
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B Side1
RS
Feed
RS

Side2

| % Bottom

Feed
—_—

J

| & Bottom

Top

Side1

Side2

Feed
—_—

B Side1
—_—

Side2

Fig. A2 Three possible sequences of column sectionsvi@ill34product Dividng Wall

Column.

The numbers of nowonsecutively numbered stage connecting streams (NCCs) in these

three variants are 8, 6, and 8 respectively. (Liquid NCCs occur when the split leaving the

bottom stage of Section S, say, goes to a stage in any sectiorexiin the sequence-A

Z, or when a vapor split leaving the top of a stage in Section S goes to any stage in a section

not next in the sequence-&.) Our simulation program defaults to the first scheme in Fig.

A2.

Figure A3 shows three different sectisaquences for a-@&all 5-product DWC devised by

Halvorsen et al(2011)the column also has 3 walls and 10 sections.
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Feed
—_—

Scheme (i) in Figure A3 has 10 NCCs; Scheme (ii) has 10 and Scheme (iii) also has 6 NCCs

Our software will normally prefer Scheme (ii) (although the calculation module can handle
any of these or any other scheme).

A

B

J

/—ﬂ_, Top

[— Side1

H f—— Side 2

3 Side 3

\h__I:::i:i}ﬂ____, Bottom

Reference

Feed
—_—

,_:ﬁ_ Top

— Side1

G p———> Side 2

—» Side 3

\h__I:::i:;gf_____, Bottom

Fig. A3 Three possible sequences of column sectionsvi@ill35product Dividing Wall

Feed
—_—

Column. After Halvorsen et §2011)

;:€?f:]————o Top

[— Side1

Hp——— Side 2

- Side 3

;I__J'%'_. Bottom

Halvorsen, 1.J., et al., 2011. Mystioduct dividingwall columns:a smple andeffective
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Appendix B: PCNhitialization

In this work, the bubble point (BP) method, proposed by Wang and H&8k®) is used
to provide initial estimates for the PCM. The algorithm for the BP method, adapted from

Seader and Henlg2011) is shown in Fig. B1.

Start

y

Compute V;and L;

Y

Initialize T}(O)using

feed temperature T¢

Set k = 1 (begin first iteration)

Set k=k+1 i k‘: P No .| Update V; and L; from
(begin next iteration) : M; and H equations

Yes

b

Compute x from the
Compute heat transfer modified M, equations (One component at a time)
across the dividing wall

(if considered) .

-~

Normalize x;
for each stage

3

Update T} = T}U‘) Compute new T; from the
¥ bubble-point equations,
and y from E equations

X

No
Is 35, (1 - T.(k_l))z < 0.01s? s ki
Not converged =AY J Converged

Fig. B1 Flowchart for the PCM initialization.

To initiate the calculation, vapor and liquid molar flowrates are first estimated. Due to the
lack of temperature information, enthalpies cannot be calculated at this monsend,

thus, energy balance equations cannot be used. To deal with this, constant molar

overflow is assumed.
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The total material balance equation on stgge Eqg. 2.2) is rearranged to Eq. (B.1), and

can be extended ts equations, with one for each stage.

0 ko 15 145 D 0 O O
(B.1)

0 Y Y

This form of the balance equations is a system of linear equations with variables the vapor
and liquidflowrates & fo 8 Fofd B BB A) . To solve for thesei variables, another
i equations are required. These additional equations come from the energy balances
using the constant molar overflow assumption, as well as theiipation equations for
condensers and reboilers if they exist. The constant molar overflow assumption for liquid

phase is written in a general form as in Eq. (B.2).
0 145 D O 0O Y (B.2)

Equation (B.2) can be extended t6 ¢ equations withj from 2 to i p . The last

two equations depend on the column configuration as discussed below.
1) Columns with one condenser and one reboiler

For this type, the specifications (or estimates) of the reflatio and boilup ratio (or

top or bottom product flowrate, etc.) constitute the last two equations.
2) Columns with one condenser and no reboiler

The condenser specification is written as one equation; since there is no reboiler, a

vapor feed should entethie column from the last stage, thus the last equation is:

® 'O (B.3)

3) Columns with no condenser and one reboiler

Similar to type 2), the reboiler specification is written as one equation, while the other

equation comes from the liquid feed to the first stage, that is:
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4)

5)

O O (B.4)

Columnswith no condenser and no reboiler

For this type of columns, one liquid and one vapor feed should enter the column from
the first and last stage, respectively. Therefores.Eg.3) and (B.4) should hold at the

same time.
Columns with multiple condensers@/or reboilers

To illustrate this more complicategpe, take a column with two condensers and no
reboiler as an example. Assume that the first condenser is stage 1 (it should be if one
follows the stage numbering rule in Secti®d.1), and the second calenser is stage

11. The first equation is the specification of the condenser with stage number 1, while
the second equation is Eq. (B.3) for the bottom of the column. Note that stage 11 is
presumed to be a general stage while the equation for stage %#iiten as in Eq.

(B.5) assuming no liquid interlinked stream to stage 11jangl is one.

0 0 O Y (B.5)
However, stage 11 is, in fact, a condenser, and Eqg. (B.5) does not apply. Therefore, Eq.
(B.5) is replaced with the specification of this extra condenser. Similar procedures

apply to casewith multiple reboilers.

Theci linearized equations can be solved by Gaussian elimination for the initial vapor

and liquid flowrates. The temperature on each stage is initialized as equal to the feed

temperature,”Y.

The component mass balance equats in Eq. (2) and theequilibrium equations in Eq.

(2.3) are combined to give

o Y w YO © Ti5 D w; 1K

(B.6)
W 0V Wy 0 w O w
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The last term on the lefhand side of the Eq. (B.6) accounts for the interlinked streams,
containing vapor and/or liquid flows from stages other than stgdeand j+1. For
conventional columns, kich have no interlinked streams, this summation term is zero.
The combined Eq. (B.6) can be extended exjuations, with one for each stage. This
system of equations can be considered as linearized equations for compgnaith
variableswy, foop B Foor, and can be written in a matrixector multiplication form as

® @ @ If no interlinked stream exists, as for conventional columns, the mathias a
tridiagonal structure, which can be solved with the Thomas algorithm. If the iritedin
term is nonzero, the structure of the matriis a large sparse matrix with most nonzero
elements in the tridiagonal positions, thus a general sparse Gaussian elimination

algorithm can be used to solve the equations.

The computed set ab values in each iteration do not necessarily satisfy the summation
equation that the component mole fractions on each stage should sum up to one;

therefore, it is advisable to normalize the computd values.

With normalized liquid mole fractions commd, new temperature on each stage can be

obtained by bubblepoint calculations from Eq. (B.7).

0 @ P8t ™ (B.7)
As the temperature on each stage is determined, thealie is then computed, thus the
vapor mole fractions , can be obtained easily.

The solution is converged if the criterion below is satisfied. This convergence criterion is
proposed by Wang and Henk&966) and is considered adequa{&eader and Henley,
2011)

t YooY T8I p (B.8)
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If the criterion is not satisfied, another iteration is needed. In the next iterations,
temperatures are updated to the newly computed bublpleint temperatures, and, if
heat transfer across thdividing wall is considered, the amount of heat transfer on each
stage alongside the diviay wall is computed using Eq..§2 in Sectior2.1.3. As the
temperature on each stage is estimated, enthalpies are able to be compititesl the

energy balance equations can be used to update the vapor and liquid flowrates.

The total mateial balance equations in Eq..2} and theenergy balance equations in Eq
(2.7) can be rarranged in terms of the vapor and liquid flowrates tsH&1) and (B.9),
respectively. Equation (B.1) is extendedstequations, one foeach stage, and E¢B.9)
is extended toi ¢ equations withj from 2 to i p . The rest two equations are
determined using similar procedures as the estimation of the vapaor liquid flowrates
with constant molar overflow assumed.

Ok™O w 175 J0 MW oD 15 0 D

00 00
(B.9)

YO YO v §

The totalgi equations can be written in a linearized matrix foénto & wherewis a
column vector containing vapor and liquid flowrates fo 8 hoh) Fb B A)  , and can

be obtained by solving this matrix equation with the Gaussian elimination algorithm.

With the updated vapor and liquid flowrates, the algorithm is continued for a few (4 or 5)

iterations (but not usually until convergence is reached).

Reference

Seader, J.D., and Henley, E.J., 28&paration process principles 1 2621 Sy~ bW Y

Wang, J.C., 1966. Tridiagonal Matrix for Distillatibydroc. Process45,pp.155163.
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Appendix C: Additional Case Studies and Supplementary Material to
Chapter2

1. BTX Separation

Figure C1 shows a dividing wall column flowsheet for separating benzene, toluene, and o
xylene, adapted from Ling and Luyb@®09) The column has 9 stages in the top section
(the total condenser is counted as one stage), 24 stages in each section along the dividing
wall, and 12 stages in the bottom section (the partial reboiler is counted as one

equilibrium stage). Other necessary information for modeling this column is also shown

322K, 0.37atm 0.303 kmol/s
RR = 2.84 0.99B, 0.01T, 0X
> Distillate

Reflux

in Figure C1.

> Sidestream

Feed 0.296 kmol/s
0.001B, 0.99T, 0.009X

Vo/Vq = 0.627

0.401 kmol.s
403.7K, 0.67atm kl_/ 0B, 0.01T, 0.99X
Boilup ratio = 2.36

Bottoms

Figure C1 Dividing wall column flowsheet adapted from Ling and Ly2b668)

1.1 Simulation with Muki-Column Model

This column is first modeled in UniSDesign using a forzolumn model (see Figure C2).
The NRTL thermodynamic model is used for the liquid phase, and vapor phase is assumed

ideal. The pressure in the condenser is 0.37 atm, and the presbop is 0.0068 atm.
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The pressure profiles in the column can be easily worked out, noting that, at the top and
bottom of the dividing wall, the pressures on two sides of the wall should be equal. Vapor
and liquid split ratios are given by Ling and Luy(#809)as 62.7% / 37.3% and 35.3% /

64.7%, respectively. Condenser reflux ratio and bottom product flowrate are specified as

indicated in Figure C1.

J' .
A&
tﬂ f’

%

=h

T
. o

Jhs

.

L

—

Figure C2 Fotrolumn model built in UniSi@®Desigrfor modeling the DWC.

1.2 Simulation with the PCM

Figure C3 represents the dividing wall column established in the PCM. NRTL
thermodynamic model is used, with interaction parameters obtained from U@Sim

Design. Other specifications are the same as desdrin Figure C1 and the above section.
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Feed 2
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0
Figure C3 Schematic diagram of the DWC built in the PCM.

Bottoms

1.3 Simulation Results

The simulation results from the multolumn model and the PCM are compared. Figure
C4 shows the temperature profiles predicted framo models. The two models give

almost identical predictions throughout the column.

T T T

40t

30+

20

Bed elevation, unit

10
= =0==  PCM: pre-fractionator
—e—  PCM: main-fractionator

==0== UniSim Design: pre-fractionator
—a—  UniSim Design: main-fractionator

Ok » I 1 | R =
320 340 360 380 400
Temperature, K

Figure C4 Comparisons of temperature profiles, assuming equal HETP.
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Product purities are compared in Table C1, where two models results in very close
agreement. Three @ducts from the DWC all have high purity (around 99%). The liquid
composition profiles throughout the column, predicted from the PCM, are shown in

Figure C5.

Table C1 Comparisons of product purities.
Top Middle Bottom
PCM auD PCM uUbD PCM uUbD
Temperatue, K 324.44 323.57 361.27 361.04 402.85 402.95
Flowrate, kmol/s  0.303 0.303 0.296 0.296 0.401 0.401

Benzene, mol % 0.9897 0.9897 0.0005 0.0004 0 0
Toluene, mol %  0.0103 0.0103 0.9978 0.9978 0.0038 0.0038
0-Xylene, mol % 0 0 0.0018 0.0018 0.9962 0.9962

aUD represents UniSi@Design

Bed elevation, unit
\

£ o 1
20 b 3 =] —

10

A i 1 1 .
0 0.2 0.4 0.6 0.8 1
Liquid mole fraction

~~~~~ B: pre-fractionator -—0-—  T: pre-fractionator -=0== X: pre-fractionator
—e— B:main-fractionator —®— T:main-fractionator —— X: main-fractionator

Figure C5 Liquid composition profiles predicted from the PCM, assuming equal HETP.
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2. Aromatics Separation

The aromatics separating DWC discussed in Chajgexiso simulated in other simulation
software, using multcolumn models. Figure C6 shows two flowsheets established in
COCO and UniS@esign for modeling the DWC. The BIP information from U@Sim

Design is shown in Table C2.

[ E—
I

(b)

Figure C6 Aromatics separating DWC flowsheets established in (a) COCO and (b)
UniSin®Design.

Table C2. BIPs of the PR model from Urgglasign.

n-Butane i-Pentane n-Pentane 2-Mpentane n-Hexane Benzene 3-Mhexane Toluene E-Benzene p-Xylene m-Xylene o-Xylene 1M3-Ebenzene 135-Mbenzene 14-Ebenzene
n-Butane 0.00050 0.00055 0.00182 0.00187 0.00001  0.00293 0.00064 0.00203 0.00218 0.00208 0.00190 0.00581 0.00338 0.00553
i-Pentane 0.00050 0.00000 0.00042 0.00044 0.00040  0.00102 0.00001 0.00052  0.00060 0.00055 0.00046 0.00293 0.00161 0.00273
n-Pentane 0.00055 0.00000 0.00037 0.0003% 0.01600  0.00095  0.00000 0.00047  0.00054 0.00050 0.00041 0.00280 0.00152 0.00261
2-Mpentane 0.00182 0.00042 0.00037 0.00000  0.00163 0.00013  0.00030 0.00001 0.00002 0.00001 0.00000 0.00113 0.00039 0.00101
n-Hexane 0.00187 0.00044 0.00039 0.00000 0.00700 0.00012  0.00032  0.00000 0.00001 0.00001  0.00000 0.00110 0.00037 0.00098
Benzene 0.00001 0.00040 0.01600 0.00163 0.00700 0.00269  0.00053 0.00183 0.00197 0.00188 0.00170 0.00547 0.00360 0.00520
3-Mhexane 0.00293 0.00102 0.00095 0.00013 0.00012  0.00269 0.00084  0.00008 0.00006 0.00007 0.00011 0.00043 0.00007 0.00041
Toluene 0.00064 0.00001 0.00000 0.00030 0.00032  0.00053 0.00084 0.00039 0.00046 0.00042  0.00034 0.00261 0.00137 0.00242
E-Benzene 0.00203 0.00052 0.00047 0.00001 0.00000  0.00183 0.00008  0.00039 0.00000 0.00000  0.00000 0.00098 0.00030 0.00086
p-Xylene 0.00218 0.00060 0.00054 0.00002 0.00001  0.00197 0.00006  0.00046  0.00000 0.00000  0.00001 0.00088 0.00024 0.00077
m-Xylene 0.00208 0.00055 0.00050 0.00001 0.00001 0.00188 0.00007  0.00042  0.00000 0.00000 0.00000 0.00094 0.00028 0.00083
o-Xylene 0.00150 0.00046 0.00041 0.00000 0.00000 0.00170 0.00011  0.00034  0.00000 0.00001  0.00000 0.00108 0.00035 0.00096
1M3-Ebenzene| 0.00581 0.00293 0.00230 0.00113 0.00110  0.00547 0.00043  0.00261  0.00098 0.00088 0.00054 0.00108 0.00020 0.00000
135-Mbenzene| 0.00338 0.00161 0.00152 0.0003% 0.00037  0.00360 0.00007  0.00137  0.00030 0.00024 0.00028 0.00035 0.00020 0.00015
14-Ebenzene | 0.00553 0.00273 0.00261 0.00101 0.00088  0.00520 0.00041  0.00242  0.00086 0.00077 0.00083  0.00096 0.00000 0.00015
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Flow rate profiles and temperature profiles estimated from COCO, ChemSep PCM, and
UniSin®5 S&A 3y | NB O2YLI NBR gA0GK GKS 203083 aAiyd
see Figure C7 and C8. The differences between Figure C7a and other profiles are the vapor
flowrates on stage 28 and stage 50 of the miactionator (red solid line). The reas

for these differences is because of the way that the stream flowrates are reported by

5 S 2| BI@WAPart from this, the results are almost idesal with each other.
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Figure C7 Flow rate profiles from (a) ChemCAD, (b) COCO, (c) ChemSep PCM, and (d)
UniSin®Design.
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Figure C8 Temperature profiles from (a) ChemCAD, (b) COCO, (c) ChemSep PCM, and (d)
UniSin®Design.

3. Satellite Column Simulation

The satellite column system is also simulated in COCO and Wisisign. Figure C9

shows the flowsheets established in COCO and U@iBesign using two different muiti

column models.
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Figure C9 Flowsheets for modeling the satellite column in (a) COC®)duaiSin®
Design.

Flow rate profiles and temperature profiles simulated in Un@Design are compared
with the ones from ChemSep PC8hown in Figure C10 and C11. The results are almost

identical with each other.
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Figure C10 Flowrate profiles simuwdtfrom ChemSep PCM and Uni®Design.
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Figure C11 Temperature profiles simulated from (a) ChemSep PCM and (b)&niSim
Design.
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4. LNG Simulation

This example is described in detail by Ashra{z®il4) Figure C12 shows a schematic
diagram of the multpartitioned DWC in the LNG production.

Pl

Cl+C2

Feed —

¥'_/ é C5+

Figure C12 Configuration of a mepgtrtitioned DWC.

4.1 Simulation with multicolumn models

The DWC is simulated by Ashrafian in Aspen I&ysgs1g a ninecolumn model to
separate ten components (C1 to C8) into rfdtactions, with all stream information
reported in the thesis of Ashrafia(014) The same muktolumn model is built in
UniSin®Design to reproduce the work (see Figure C13), with initial guesses obtained from
the converged PCM results. The Pdtwmpinsm equation of state thermodynamic model

is used for the simulation.
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Figure C13 Flowsheet built in Uni®Design to simulate DWC with three dividing walls.

4.2 Simulation with the PCM

According to the information provided by Ashrafig@d014) the followng column
structure is built in the PCM (Figure C14), with stages numbfaiémving the rule in
Chapter 2
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31 61
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—_—
Feed 91
92 | 152
136 | 106 1% 53
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176
——LPG
| 161 181

W é Cc5+
191

Figure C14 Schematic diagram of the rapitititioned DWC built in the PCM.

Note that one stage (stage 91 in Figure C14) is added to the PCbh pihys a role as
both collector and splitter, thus the mass transfer effeciency for stage 91 is set to a tiny
number (e.g. 18 in the PCM. The PeiRRpbinson equation of state, with binary
interaction parameters obtaied from UniS®Design, is used the simulation. Vapor and

liquid split ratios are summarized in Table C3.

183



Table C3 Summary of vapor and liquid split ratios in the rpaltitioned DWC.

Phase From Stage To Stage Split Ratio
30 31 0.3
61 0.7
45 107 0.25
46 0.75
60 61 0
Liquid 91 1.0
91 92 0.2
152 0.8
106 107 0
137 1.0
151 152 0
182 1.0
182 151 0.55
181 0.45
152 151 0
91 1.0
137 136 0.05
Vapor 106 095
107 106 0
45 1.0
91 60 0.8
90 0.2
61 60 0
30 1.0

Due to the complexity of tkimultipartitioned DWC, temperature or composition profiles
are not shown, and only product purities are compared among three simulations (Aspen
Hysys, UniSifDesign, and ChemSep PCM), and summarized in Table C4. The three

different simulation software gedict similar results for the four product streams.

As the two side products are withdrawn from the same column section, we suspect that
the upper dividing wall has little function in separating the products. Figure C15 shows
the DWC structure with the yger dividing wall omitted from Figure C9. This column is
modeled with the PCM, and we compare the product purities with those obtained from

Figure C14, see Table C5.
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Figure C15 DWC structure with the upper dividing wall omitted from Figure C14.

As is idicated from Table C5, the twwall DWC and the threwall DWC tend to give
almost identical purities. Therefore, the upper dividing wall does not seem to be

necessary in this DWC.
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Table C4 Comparisons of product purities from three simulation software.

C1+C2 C3

Hysys auD PCM  Hysys ubD PCM
Temperature, K 238.41 238.44 238.41 337.58 337.59 337.61
Pressure, kPa 2535 2535 2535 2604 2604 2604
Molar flowrate, kmol/h 305.3 305.2 305.3 150 149.9 150
Compositions:
Methane 0.5939 0.5935 0.5939 0 0 0
Ethane 0.4061 0.4065 0.4061 0.0783 0.0783 0.0786
Propane 0 0 0 0.8899 0.8897 0.8889
i-Butane 0 0 0 0.0159 0.0161 0.0162
n-Butane 0 0 0 0.0159 0.0159 0.0163
i-Pentane 0 0 0 0 0 0
n-Pentane 0 0 0 0 0 0
n-Hexane 0 0 0 0 0 0
n- Heptane 0 0 0 0 0 0
n-Octane 0 0 0 0 0 0

LPG C5+

Hysys ubD PCM Hysys ubD PCM
Temperature, K 380.45 380.35 380.43 502.75 502.95 502.01
Pressure, kPa 2626 2625 2626 2640 2640 2640
Molar flowrate, kmol/h 315.7 315.8 315.7 75 74.99 75
Compositions:
Methane 0 0 0 0 0 0
Ethane 0.0008 0.0008 0.0009 0 0 0
Propane 0.2950 0.2952 0.2953 0.0010 0.0010 0.0016
i-Butane 0.2189 0.2192 0.2181 0.0139 0.0138 0.0162
n-Butane 0.4591 0.4597 0.4575 0.0913 0.0902 0.0972
i-Pentane 0.0139 0.0136 0.0152 0.0747 0.0744 0.0689
n-Pentane 0.0101 0.0097 0.0110 0.1030 0.1028 0.0992
n-Hexane 0.0021 0.0017 0.0019 0.2452 0.2464 0.2459
n- Heptane 0.0002 0.0001 0.0001 0.1810 0.1814 0.1811
n-Octane 0 0 0 0.2900 0.2901 0.2898

aUD represents UniSi@Design
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Table C5 Comparisons of product pies from a twewall DWC and a threwall DWC.

LPG
3-wall 2-wall

C5+
3-wall 2-wall

Cl+C2 C3

3-wall 2-wall 3-wall 2-wall
Temperature, K 238.41 238.41 337.61 337.54
Flowrate, kmol/h 305.3 305.3 150 150
Campositions:
Methane 0.5939 0.5939 0 0
Ethane 0.4061 0.4061 0.0786 0.0785
Propane 0 0 0.8889 0.8908
i-Butane 0 0 0.0162 0.0156
n-Butane 0 0 0.0163 0.0151
i-Pentane 0 0 0 0
n-Pentane 0 0 0 0
n-Hexane 0 0 0 0
n- Heptane 0 0 0 0
n-Octane 0 0 0 0

380.43 380.49
315.7 315.7

0 0
0.0009 0.0009
0.2953 0.2943
0.2181 0.2184
0.4575 0.4580
0.0152 0.0153
0.0110 0.0111
0.0019 0.0019
0.0001 0.0001

0 0

502.01 501.96
75 75

0 0

0 0
0.0016 0.0016
0.0162 0.0163
0.0972 0.0976
0.0689 0.0688
0.0992 0.0990
0.2459 0.2458
0.1811 0.1811
0.2898 0.2898
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5. Dividing Wall Column Simulation with the ChemSep PCM in Uni&asign

In this section we demonstrate the simulation of a dividing wall column (DWC) with the
Parallel Column Model (PCM) in Uni®iDesign. The example used for demonstration is
from Ling and Luydn (2009) also discussed in Section 1 of this Appendix.

322K, 0.37atm 0.303 kmol/s
RR = 2.84 0.99B, 0.01T, 0X

> Distillate
Reflux

¥ Sidestream

Feed 0.296 kmol/s
0.001B, 0.99T, 0.009X

ViV, =0.627 [T

0.401 kmol.s
403.7K, 0.67atm kl_/ 0B, 0.01T, 0.99X
Boilup ratio = 2.36

Bottoms

Figure C1 Dividing wall column flowsheet adapted from Ling and Ly{2b668)

A schematic digram of the column was given above, Figure C1. It is repeated here for

convenience of this part of the presentation.

From the diagram, there are 9 stages (including a condenser) in the section above the
dividing wall, 24 stages on each side of the walll 43 stages (including a reboiler) at the
bottom section below the wall. Liquid split ratio is given by Ling and Lu{2@0D)as
0.353. Pressure drop is considered in the simulation of Ling and Lu2089) for
simplicity, we assume constant pressure throughout the whole DWC. The procedures of
setting up the ChemSep PCM, via the GAIPEN mechanism, in Uni&mesign are

discussed as follows.
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1. Open UnSin®Design, then add benzene, toluene, andydene to the simulation.

& Component List View: Component List - 1 EI@

Add C N Selected Components Companents Available in the Library
E| Library Components ?2;:::‘: Match l:l View Fiters...
= Traditional ovlene
9 Hoo Comporents || —
‘... Other Comp Lists (O SimMame (@) Full Name / Synorym () Formula
<—Add Pure Methane
Ethane ce C2HE
Fropane c3 C3HE
{-Substitute-» i-Butane i-C4 C4H10
n-Butane nC4 C4H10
i-Pentane i-C5 C5H12
Remove-> rePentane nC5 CEH12
n-Hexane [} CEH14
n-Heptane C? C7H1E
Sart List... nctane ca C8H18
n-Honane C9 C9H20
rDecans cio CioH22
“iews Component... Nitrogen M2 M2
coz coz coz
H25 H25 H25 e
S v Show Sypnongms [ Cluster

=
Selected | Component by Type J Companent Databases J

Delete MName |Component List -1

2. Select a fluid package (thermodynamic model) for the simulation. In this case, we use
General NRTL model with default parameters from Urgghesign.

@ Fluid Package: Basis-1 EI@

Property Package Selection - Activity Model Specifications
Braun K10 A g)o::r;}' Package Filte Y apour Model [ Ideal
BWRS Ypes UNIFAC Estimation Temp | 25.0000 C
Ehao Seader OEDss Uze Poynting Correction | ~
Chign Hull . O Activity Madels -
Clean Fuel: Plkg UniSim C () Chaa Seader Madels
DER Amine Package
Esso Tabular ()% apour Pressure Models
Extended MRTL () Electrolyte Madels
) el Topss [ Make H25 as Condenzable Component

Advanced Thermodynamics
Component List Selection Impart

| Component List - 1 R | Wiem. .. []UniSim Themo - [REQIESSoNES Ezpart

_—
Set Up| Parameters J FParameters2 J Binary Coeffs J StabTest J Phase Order Jicns Tabular J NotesJ

Delets | MName Praperty Pk RN | i Fropeties
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3. Enter the simulation envomment, and then insert a material stream (Feed) as the
feed to the column.

4. Specify the feed stream temperature, pressure, molar flowrate, and compositions as
shown below.

= Feed (= EE= ]| | = Feed =@
Stream Wame Feed i
WOII.(f;heel apour / Phaze Fraction 01353 W'orl.x.sheel Benzene 0.200000
Eondmgns T 04.05 CUI’]dIIIl?IHS Toluene 0. 300000
PIDDBIEI?.S Pressure [kFal 5127 Properties | aFylene 0.400000
Compostion Molar Flaw [kgmole/h] 3600 it
K Walue Mass Flovs [ka/hl 3.367e+005
User Variables 5td Ideal Lig Yol Flaw [m3sh] 3831
Maotes talar Enthalpy [k)/kamale] 2 373e+004
i Cost Parameters | | Molar Entrapy [k fkgrale-C] 31.59
Heat Flow [k /h] 8 541 e+007
Lig %ol Flow @5td Cond [m3/h] 3805 < >
Fluid Package Basziz-1
Phase Option tdulliphase Toatal |1 .0ooo0
< >

Edi... Edit Properties... Basis..

1 - N
WOlksheetI Aftachmentz | Dynamics | kasheell Attachments | Dynamics

Delete Difine from Other Stream & =5 Delete Define from Other Stream.. - =

5. Go to Flowsheet> Add Operation

@ MeMName.usc - UniSim Design R440
File Edit Simulation Flowsheet PFD  Tools Window Help

R H & |0 Add Stream mo | A
. | Add Qperation... Fi2_ |
#  Find Object... F3
H e | g EES Simulation Nawigator

Motes Manager Ctrl+G

Palette F4

Optimization Objects...

U Reaction Package...
Fluid Package/Dynamics Model...

Dynamic [nitialization...

Malfunction Manager...

Flowsheet User Variables...
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6. In the pop up window, select CARPEN y A (i

button.

{4 UnitOps - Case (Main)

(=] & s

O Sub-Flowshests

Categories Ayailable Unit Operations
@ Al Unit Ops Boolean CountD own ~ add
OV, | Boolean CountUp
SRS ; Boolean HOA Cancel

() Heat Transfer Equipment Boolean |do
() Rotating E quipment Boolean Latch
(O Piping E quipment Eoo:ean gﬁtDl

) ) oolean Iy
(O Solids Handling Boolean OrDly
O Reactors Boolean Or
() Prebuilt Columns Boalean Sw
() Short Cut Calumis Boalean Tran

Boolean x0

O Logicals auze And Effect Matrix

(O Extensions Centrifuge

O User Ops CLLumper

() Electralyte Equipment Egm?g@ﬂ?;ﬁn‘:ﬁea

O Upstream Ops Compressible Gas Pipe

(O Shadow Plant Ops Compressor

O UOP Dps Cont. Stired Tank Feactor v

CFEN |

(O Rate-bazed Distillation Colume

- 7

hLISNI GA2Y X

7.{08t 806 /KSY{SLI FYR OtA0] 2y a
m Select CAPE-OPEN Unit Operation: X
Details:
UniSim / Mixer-Splitter . Chemsep
Description: Chem3Sep CAPE-OPEM 1.0 Unit Operation
ProglD: ChemSepUQ. ChemSep_UnitOperation
Class ID: {71F5ACO7-65A1-4357-8F 1B-ABCD53 148763}
CAPE Version: | 1.0
Version: 2.0.0.9
URL: http:/fwww.chemsep.com/ Wisit
About: Copyright {C) Ross Taylor and Harry Kooijman 2017
Cancel
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8.

9.

Ly GUKS ySg

L2 L) dzLJ 6 AYR2 5
would open the CAREPEN window of ChemSep.

6aAK26Y

m Column - 100:

Connections | Vanables

I Heportsl About I

Port Type
feed Material

Direction  Connected to

Input

top Material

Output

bottom Material

Output

e

Qi

In the ChemSep CAREPEN window, do someasic specifications to the column as
follows. Users can use Ca@pen thermodynamic model (UniS®Design in this

OFasSuvz 2NJ

iKS

would enter the ChemSep interface.

== Cancel

Mew Unit Operation =
Urit name |C0|umn
Operation I Cormplex Calurin ;I
# stages IT
Uitz Sl -
Pressure Im [M/m2)
Thermo I Cape-Open j
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10.In the ChemSep Operation pal, specify the column interconnections for DWC.

i ChemS5ep (TM) (CAPE-OPEN] - Celumn

File Edit Check [[EETH Help

«f Properties

- Reactions

~f Feeds

- % Specilications

o Ainalysis

- X Pressures

- Heaters/Coalers
- Efficiencies

- X Sidestreams
o Interconnections
- 2 Column specs

|| | |1x [t 7| £ || =] B|ES| @ | ||
"(QPE'DPEN b Operation 1
j EEI;DDHBNS Select Type of Simulation
= " Flash

&+ Equilibrium columi
" Monequilibrium calurn
~

Canfiguration

Operation: | Camplex Colurnn -
Condenser. | Total [Liquid product) -
Partial [Liquid product] -

Reboiler:

= % Result
& X Tzsbl:ez MNumber of stages (e.g. 10) 70
- [Graphs
MoCabe-Thicle Feed stage(s) (2.g. 5.7] 21
Rating . ’7
Urits Sidestream stagels) (e.0. 2.9 44
Solve optians Pumparound(s] (e.g. £28, 3>1]
Paths I i 5-6l26. 25145-46 ,7
nterconnections e.0. 5-626. - - o
to define wall StartStage//EndStage 3=10134 33157-58
or StartStaget\MumberStages. Use
more sashes for more walls
< >
Changed Mot converged C:AUsershzhoussppDatasLocal\TemphCS_2_1~1.5EP

molar flowrate to be 0.296 kmol/s.

Sidestreams

Column Prezsure Specifications

Condenser pressure

Column pressure

Top pressure

[Mém2)

37430.3
Constant pressure b
37430.3

[M#m2)
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11.Assume the column pressure is constant at 0.37 atm; specify the liquid sidestream

Inzert Remove |
Sidestream: 1 |
Mame Sidestreaml
Stage 44
Phaze Liquid
Type talar flow
Flavy ratia [-]

tdolar flow (krnol/s):
b ass flow [kads):




12.In the Interconnections panel, specify the liquid split ratio to be 8.86.647, while
the vapor split ratio to be 0.627 / 0.373:

—Top partition: Bottom partition
[ Zone 1 [ Zone 2 3
Flow Flow
Area Area
u u
| Stage 9 | Stage 10 34
—Top partition: B aottam partition:
[ Zone 2 3 [ Zone 4
Flow Flow 100%
Area Area 100%
u u
|_Stage 33 57 |_Stage 58

13. Specify the reflux ratio at the top to be 2.83, and the bottom product flow rate to be
0.401 kmol/s.

rColumn Product Specification:

Top product name Top Condenser duty name IQCDndenser

Top specification IHequx ratio ;I = |2.BBDDD [

Bottorn product name IBottom Feboiler duty name IQreboiIer

Bottarn specification IBottom product flow rate LI = ID.4EI1 Q0o [krnol/z)

194



14.Save the ChemSep file, and close the ChemSep interface. AOPAREColumn icon
appeas now on the flowsheet. Then add three streams, denoted as Top, Side, and
Bottom.

CAPE
OPEN

Column

Bottom

15.Double click on the column icon, and connect the streams to the right ports.

{B Column: [m]

X

Connections |Variab|es | Reports | About |

Port Type Direction  Connected to
Feedi_stage2i Material  |Input Feed
Sidestream1_stage4d |Material  [Output Side
BottomProduct Material Qutput Bottom
TopProduct Material | Output Top

Show Unit GUI

16.Close the Column window, and in the flowsheet the column is now solved.

Column Bottom
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17.Users can therheck the results from either UniSBiDesign or ChemSep interface.
The three product compositions from UniSinDesign are shown below; the
simulation results from the ChemSep GUI are also shown below.

= Top o O s side (= Eo ==
Mole Fractions Mole Fractions
Worksheet | 15 rrene 0985844 Workshest | 15 ene 0001264
- Conditiors Taluene 0.011156 +- Conditions Taluene 0986556
Properties o¥ylene 0.000000 - Properties oylene 0012119
- Compaszition Composzitian
K. alue K. Walue
- User Varniables UserVariables
- Motes i Maotes
- Cogt Parameters - Cost Parameters
£ > £ >
Total 1.00000 Total 1.00000
Edit... Edit Properties... Basiz... Edit... Edit Properties... B asis..

i Worksheet | Attachments | Dynamics
1

tw’olksheel Aftachments | Dynamics
.

Delete Define from Other Stream. . L = Delete Diefine from Other Stream... 4= =
= Bottom [ o]
Mole Fractions
plorksheet Benzens 0.000000
Toluene 0.011440
o¥ylene 0.988560
User W ariables
MHaotes
i Cost Parameters
£ >
Total 1.00000
Edit... Edit Froperties... Basis...
t Worksheet | Attachments | Dynamics
S
Delete Diefine from Other Stream... L] =
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{ ChemSep (TM) (CAPE-OPEN] - Column - m] X
File Edit Check Tools Help
H[2] 4 [ |lx|st]l T E | £ |ES| & ||
- CAPE-OPEN Tables | Graphs | MeCabe-Thiele | Rating |
+f Title
-nff Components
" Operation Select table: [Steams ~  ow Edit Copy Fort Print
-+ Fropetties
bof Reactions
P
b Feeds Stream Feedl V.Feedl L.Feedl Top Bottom Sidestream
S+ Specilications
H Stage 21 pal 21 1 70 44
(AHEL\JSIS Pressure (N/m2) 51270.4 37490.3 37490.3 37490.3 37490.3 37490.3
o Pressures vapour fraction (-) 0.139310 1.00000 0. 000000 0. 000000 0.000000 0. 000000
~f Heaters/Coolers Temperature (K) 356.640 347.624 347.624 321.300 380.719 349,929
Effi
js.d‘c‘emes Tota]l molar flow (kmol/s) 1,00000  0.184917  0.815083  0,303000  0.401000  0,296000
idestieams Total mass flow (ko/s) 93,5410 15,9461 77.5949 23.7153 42,5078 27.3178
~+ Interconnection: Vapour std.vol.flow (m3/s) 3.58779 4.38079
o Colurn specs Liquid std.vol.flow (m3/s)  0.0916279 0.0883081 0.0268886  0.0481651  0.0314079
b Results Mole flows C(kmol/s)
Benzene 0. 300000 0.105195 0.194805 0.299620 2.2695E-1l 3.80Z0E-04
Toluene 0. 300000 0.0523716 0.247628 0.00338020 0.00458735 0.292032
O-xylene 0.400000 0.0273510 0.372649 7.9296E-09 0.396413 0.00358734
McCabe-Thisle
Rating Mole fractions (-)
- Units Benzene 0. 300000 0.568875 0.239000 0.988844 5.8597E-1l 0.00128449
. Toluene 0. 300000 0.283216 0.303808 0.0111558 0.0114398 0.986596
- Solve options O-xylene 0.400000 0.147909 0.457192 2.6170E-08 0.988560  0.0121194
Paths
Mass flows (kg/s)
Benzene 23.4336 8.21698 15. 2166 23.4039 1.7728E-09 0.0296989
Toluene 27.6414 4.82541 22.8160 0. 311445 0.422669 26.9073
0-xylene 42.4660 2.90372 39.5623 B.41B4E-07 42.0851 0.380850
Mass fractions (-)
Benzene 0.250517 0.515297 0.196103 0.986867 4.1705E-11 0.00108716
Toluene 0.295500 0.302607 0.294040 0.0131326 0.00994333 0.984971
0O-xylene 0.453983 0.182096 0.509857 3.5498E-08 0.990057 0.0139414 w
< >
Saved \ Converged 1 iterations \ C:\UsershzhoutdppDataiLocalhTemphCS_1_271.5EP Y

The figure below shows the composition ptes from the ChemSep interface.

Liquid phase compostion profies

ChemSep

20 o Benzene?|

o TD\uenr:.‘g
+ O-xylene
© _Benzene

0 Touene_|
+ Oaxylene
@ Benzene

D Toluene
+ O-xylene
@ Benzene|
Toluene
| + Oxyiene

Stage

and—

04 06 =
Liquid mole fracton Click left + drag = Mark and Zoom: Click right for ssttings
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Software Used in This Work

COCO (v3.3)¢ a modular chemical process simulator available free from
www.cocosimulator.orgThe column model used in the COCO simulationsstaradard

ChemSep column model, not the PCM.
UniSin®Design (v6.61.0.@) a modular process simulator available from Honeywell Inc.

I KSY{ S Lnc ACCEREIPEN compliant column simulation program. A version of

ChemSep including some DWC capability idahla free fromwww.chemsep.org

Reference

Ashrafian, R., 2014. Usingriding wall columns (DWC) in LN@@dtuction: dividing wall
column double dividing wall column, prefractionator arrangement, Petlyuk
column, NGL recovery, distillatigmhesis)

5S2Fy20A03 LOPI HAMT® t NAGIFGS O2YYdzyAOl GA2Y

Ling, H., and Luyben, W.L., 2009. New Control Structure for Diw@#ldColumns.
Industrial & Engineering Chemistry Resead8(13), pp.60346049.
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Appendix D: Simulation Results of Cases from Roach (2017)

Alcoholc Total Reflux Case Al

Specifications:
Case Number Al (egm) Al (neq)
Feed flowrate (Ib/h) 0.99 0.99
Feed temperature®f) 99.74 99.74
Feed pressure (psia) 1.0 1.0
Feed Composition (wt%)
n-Hexanol 33.0 33.0
n-Octanol 334 334
n-Decanol 32.6 32.6
Sidedraw rate (Ib/h) 0.33 0.33
Bottom flowrate (Ib/h) 0.33 0.33
Overhead reflux ratio 98.03 98.03
Flow split ratiogleft % / right %)
Vapor split 50/50 -
Liquid split 50/50 50/50
Pressure overhead (psia) 0.9 0.9
Overall pressure drop (in28) 2.93 -
Wall region pressure drop (in@&l) 2.3 -
Heat Transfer Coefficients
Shell (W/niK) 0 0
Wall (W/n#K) 14 14
Surroundings temperaturelf) 71.00 71.00

" Vapor split ratio is estimated in the rateased PCM

egm: equilibriumstage PCMpeq: ratebased (or nonequilibriurstage) PCM

Results:

Product Purity (equilibriunstage PCM):

Unit Pilot Sim
ovhd_LK 0.998 | 1.000
sidedraw_MK| mass frac | 0.997 | 1.000
bot HK 0.986 | 0.988
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Product Purity (ratdbased PCM):

Unit Pilot Sim
ovhd_LK 0.998 | 0.998
sidedraw_MK mass frac | 0.997 | 0.998
bot_ HK 0.986 | 0.988

Temperature profiles:

300 T T T T T T 300 T T T T
5 Alcohol Al
conhol case
séol 1° i 250 Alcohol case A1
Equilibrium-Stage PCM Rate-Based PCM
200 =1 200+
w w
@ @
= =
] ]
£ £
T 150F = 150+
=) o
k=] k=]
© ©
> >
L L
= =
100 |~ h 100 [~
" . o
[u} pilot pre-fractionator o
(o] pilot main-fractionator
50 o Pilot pre-fractionator o =] 50 | ---- T pre-fractionator
o pilot main-fractionator ———  T"main-fractionator
————— T pre-fractionator -===- T prefractionator
——— T main-fractionator ——  T'main-fractionator
0k I 1 I L 1 Q S 0k I 1 I L 1
180 200 220 240 260 280 300 180 200 220 240 260 280
Temperature (°F) Temperature (°F)

Pressure drop:

Unit Pilot Sim
Overall dp sia 0.1057 | 0.0606
Wall regiondp| ">% [0.0830] 0.0318

Estimated vapor split ratio: 50.17% / 49.83%
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Alcohol¢ Total Reflux Case A2

Specifications:

Case Number A2 (eqgm) A2 (neq)
Feed flowrate (Ib/h) 0.99 0.99
Feed temperature®f) 118.76 11876
Feed pressure (psia) 1.0 1.0
Feed Composition (wt%)

n-Hexanol 335 335
n-Octanol 334 33.4
n-Decanol 32.1 32.1
Sidedraw rate (Ib/h) 0.33 0.33
Bottom flowrate (Ib/h) 0.33 0.33
Overhead reflux ratio 69.76 69.76
Flow split ratios (left %right %)

Vapor splif 50/50 -
Liquid split 30/70 30/70
Pressure overhead (psia) 0.9 0.9
Overall pressure drop (in2B) 1.80 -
Wall region pressure drop (in@) 0.93 -
Heat Transfer Coefficients

Shell (W/niK) 0 0
Wall (W/n#K) 14 14
Surrowndings temperature®f) 84.00 84.00

* Vapor split ratio is estimated in the rateased PCM

Results:

Product Purity (equilibriunstage PCM):

Unit Pilot Sim
ovhd_LK 1.000 | 0.998
sidedraw_MK mass frac | 0.982 | 0.998
bot_HK 0.971 | 0.988
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Product Purity(rate-based PCM):

Estimated vapor sjtlratio: 50.03% / 49.97%
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Unit Pilot Sim
ovhd_LK 1.000 | 0.999
sidedraw_MK| mass frac | 0.982 | 0.984
bot_HK 0.971 | 0.973
Temperature profiles:
300 T T T T 300 T T T T T
250} % Alcohol case A2 526l Alcohol case A2
o Equilibrium-Stage PCM Rate-Based PCM
200 - 4 200 -
T 150} T 150}
£ £
- 100 |~ 1 - 100 |~
[u} pilot pre-fractionator
r o pilot main-fractionator
50 o pilot pre-fractionator o 5 50 -~= T pre-fractionator o
[e] pilot main-fractionator ——  T"main-fractionator
————— T pre-fractionator -—= T prefractionator
T main-fractionator ——— T’ main-fractionator
ot L L I I T ot L I I I 1 o |
180 200 220 240 260 280 300 180 200 220 240 260 280 300
Temperature (°F) Temperature (°F)
Pressure drop:
Unit Pilot Sim
Overall dp sia 0.0650 | 0.0401
Wall regiondp| "> [0.0336] 0.0199




Alcohol¢ Total Reflux Case A3

Specifications:

Case Number A3 (egm) A3 (neq)
Feed flowrate (Ib/h) 0.99 0.99
Feed temperature®f) 95.01 95.01
Feed pressure (psia) 1.0 1.0
Feed Composition (wt%)

n-Hexanol 33.1 33.1
n-Octanol 33.9 33.9
n-Decanol 32.0 32.0
Sidedraw rate (Ib/h) 0.33 0.33
Bottom flowrate (Ib/h) 0.33 0.33
Overhead reflux ratio 86.58 86.58
Flow split ratios (left % / right %)

Vapor splif 50/50 -
Liquid split 70/30 70/30
Pressure overhead (@i 0.9 0.9
Overall pressure drop (in2B) 2.51 -
Wall region pressure drop (in@) 1.36 -
Heat Transfer Coefficients

Shell (W/niK) 0 0
Wall (W/n#K) 14 14
Surroundings temperature€k) 75.00 75.00

" Vapor split ratio is estimated in the rateasedPCM

Results:

Product Purity (equilibriunstage PCM):

Unit Pilot Sim
ovhd_LK 1.000 | 1.000
sidedraw_MK mass frac | 1.000 | 0.997
bot_HK 0.973 | 0.970
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Product Purity (ratdoased PCM):

Unit Pilot Sim
ovhd_LK 1.000 | 1.000
sidedraw_MK mass frac| 1.000 | 0.996
bot_HK 0.973 | 0.969
Temperature profiles:
300 T T T T T 300 T T T T T
250} % Alcohol case A3 526l Alcohol case A3
o Equilibrium-Stage PCM Rate-Based PCM
200 - 4 200 -
T 150t Z 150+
£ £
- 100 |~ 1 - 100 |~
[u} pilot pre-fractionator
r o pilot main-fractionator
50 o pilot pre-fractionator o 5 50 -~= T pre-fractionator
[e] pilot main-fractionator ——  T"main-fractionator
————— T pre-fractionator -—= T prefractionator
T main-fractionator ——— T’ main-fractionator
0k L 1 I I 1 o, S (S L I I I 1 0 |
180 200 220 240 260 280 300 180 200 220 240 260 280 300
Temperature (°F) Temperature (°F)
Pressure drop:
Unit Pilot Sim
Overall dp sia 0.0906 | 0.0906
Wall regiondp| "> [0.0491] 0.0491

Estimated vapor split ratio: 50.00% / 50.00%

The predicted temperatures in the pfeactionator have larg deviations to the pilot
data, and this case is considered an outlier when making the parity plot.
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Alcoholc Total Reflux Case A4

Specifications:

Case Number A4 (eqgm) A4 (neq)
Feed flowrate (Ib/h) 0.99 0.99
Feed temperature®f) 92.11 92.11
Feed presure (psia) 1.0 1.0
Feed Composition (wt%)

n-Hexanol 33.7 33.7
n-Octanol 33.1 33.1
n-Decanol 32.2 32.2
Sidedraw rate (Ib/h) 0.33 0.33
Bottom flowrate (Ib/h) 0.33 0.33
Overhead reflux ratio 85.09 85.09
Flow split ratios (left % / right %)

Vapor split” 50/50 -
Liquid split 20/80 20/80
Pressure overhead (psia) 0.9 0.9
Overall pressure drop (in2B) 2.27 -
Wall region pressure drop (in@) 1.21 -
Heat Transfer Coefficients

Shell (W/niK) 0 0
Wall (W/n#K) 14 14
Surroundings tempetture CF) 77.00 77.00

* Vapor split ratio is estimated in the rateased PCM

Results:

Product Purity (equilibriunstage PCM):

Unit Pilot Sim
ovhd_LK 1.000 | 1.000
sidedraw_MK mass frac | 0.975 | 0.978
bot_HK 0.972 | 0.975
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Product Purity (ratdoased EM):

Unit Pilot Sim
ovhd_LK 1.000 | 0.999
sidedraw_MK mass frac | 0.975 | 0.977
bot_HK 0.972 | 0.975

Temperature profiles:

300 T T T T T T
(o}
o Alcohol case A4
250
Equilibrium-Stage PCM
200 =
w
@
£
=}
£
= 150
=)
P
©
>
2
[}
100 |~
50 o pilot pre-fractionator o 5
[e] pilot main-fractionator
————— T pre-fractionator
T main-fractionator
0k L 1 I I I T
180 200 220 240 260 280 300

Temperature (°F)

Pressure drop:

Unit Pilot Sim
Overall dp sia 0.0819| 0.0187
Wall regiondp| ">% [0.0437] 0.0091

Estimated vapor split ratio: 501% / 49.59%
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