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Abstract

A rigorous structural design procedure for fully thermally coupled distillation columns (FTCDC) is applied to the example system of
butanol isomers in order to show the design performance. The procedure gives structural information of the column, and therefore iterative
computation encountered in the design using conventional procedure and commercial packages can be eliminated.

Using the outcome of the structural design, other topics, such as thermodynamic efficiency, dividing wall column structure and the
arrangement of interlinking streams, are investigated. Finallyxa33operation scheme, which has favorable indices of multivariable
controllability, is examined by checking the control performances of set-point tracking and regulation with a model predictive control.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction umn. This problem also arises when the commercial design
program, e.g. HYSYS, is utilized. Moreover, an inadequate

Though the design of operational information, such as the structure does not give a converged solution in the process
minimum reflux flow rate, in a fully thermally coupled distil-  of simulation for the design.
lation has widely been investigated, the structural design of ~For the simplicity of column construction, a dividing wall
the distillation column was rarely examined before. Since the structure is preferred and has been adopted in many studies
fully thermally coupled distillation column (FTCDC), also [3—6]. But the structure adds the complexity in the design
known as the Petlyuk column [1], has interlinking between a since the number of trays in a prefractionator has to be same
prefractionator and a main column, usual multi-component or close to the tray number in the middle section of a main
design procedures are not applicable to the design of thecolumn. Another problem associated with the dividing walll
column when the information of the interlinking streams is Structure is that controlling the split of liquid and vapor flow
not given. is difficult.

A design procedure to utilize the three-column modelwas  Agrawal and Fidkowski [7] showed that the thermody-
introduced by Triantafyllou and Smith [2]. Separating the namic efficiency of fully thermally coupled distillation is not
main column of the fully thermally coupled distillation sys- S0 high as suggested in earlier studies for some cases. The
tem into two columns makes a system of three separate conthermodynamic efficiencies computed from minimum work
tinuous distillation columns to which the short-cut design of separation and energy loss of a conventional system and
equations for the multi-component distillation design can be the fully thermally coupled distillation are compared in the
applied. Though the design procedure easily gives the traystudy. Yet the improvement of the efficiency in the coupled
numbers of the three separate columns, matching the com-system is largely due to the less mixing in feed stage and
positions of interlinking streams requires adjustment and remixing of middle component in a prefractionator [2], and
time-consuming iterative calculation. the mixing and the remixing are not counted in the study.

On the other hand, using only the operation condition = When the compositions of feed and liquid in feed tray are
without the structural information leads to tedious iterative different, the introduced feed is mixed with the tray liquid
simulation in order to find a proper structure of the col- and the mixing causes irreversibility to decrease the ther-

modynamic efficiency. In the first column of a conventional
* Tel.: +82-51-200-7717; fax+82-51-200-7728. ternary separation system in direct sequence, the composi-
E-mail address: yhkim@mail.donga.ac.kr (Y.H. Kim). tion of intermediate component in the middle of the column
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Nomenclature manipulation of vapor flow between the main colu_mn and_
a prefractionator are proposed by Agrawal and Fidkowski
B flow rate of bottom product (mol/h) [9]. The pressure difference between the main column and
D  flow rate of overhead product (mol/h) prefractionator has a key role to determine a plausible alter-
F flow rate of feed (mol/h) native.
h  liquid enthalpy (kcal/mol) Rigorous simulation models associated with mathemati-
H  vapor enthalpy (kcal/mol) cal optimization are utilized to find the optimal design and
K equilibrium constant operational condition for multi-product distillation systems
L reflux flow rate (mol/h) [10]. However, the procedure gives a local minimum solu-
L2 liquid flow rate in a prefractionator (mol/h) tion because of the mathematical limitation of the optimiza-
Lp liquid flow rate in a main column (mol/h) tion technique.
M liquid holdup (mol) In order to alleviate the control difficulty of an FTCDC,
NF  feed tray number the reduction of the number of interlinking streams is at-
NP side draw tray number tempted by installing a heat exchanger at the interlinking
NR location of upper side stream streams [11]. The proposed structures provide energy saving
NS location of lower side stream comparable to the fully thermally coupled system in some
NT  number of trays in a main column cases. Wolff and Skogestad [12] examined possible control
NT2 number of trays in a prefractionator schemes of the column and suggested that controlling the
S  flow rate of side product (mol/h) tray temperature close to the most critical composition mea-
t time (h) surement gives better performance than the direct compo-
T  tray temperature’C) sition control. In a dividing wall distillation column, cross
vV vapor flow rate (mol/h) pairing control structures are suggested and the role of lig-
V2 vapor flow rate in a prefractionator (mol/h) uid and vapor splits is investigated by Abdul Mutalib and
Vg  vapor boil-up rate (mol/h) Smith [4].
X liquid composition (mole fraction) In this study, a structural design procedure for fully ther-
y  vapor composition (mole fraction) mally coupled distillation columns is explained with an ex-
z  feed composition (mole fraction) ample system having three different feed compositions. The
thermodynamic efficiency and multiple design solutions as-
Subscripts sociated with the FTCDC are examined. The effect of the
B bottom product mixing in feed tray and the remixing of middle component
D overhead product in a prefractionator is examined using the liquid composi-
[ component tion profiles. In addition, a % 3 control scheme is utilized
j component for the operation of the column, and its control performance
n  tray number from the bottom with a model predictive control is investigated.
S side product

2. Structural design

is higher than that of bottom product because its distilla-

tion line is convex. Unless feed has high concentration of A brief schematic diagram of FTCDC is shown in
the intermediate component, the composition of the compo- Fig. 1. Since there are two interlinking streams between
nent goes up and down along with trays from feed tray to a prefractionator and a main column, the conventional
the bottom of the column. In other words, the intermediate multi-component column design procedure is not directly
component is refined first and then mixed with others while implemented unless the compositions of the interlinking
tray liquid flows down the column. This is called remixing streams are given. But, none of previous studies gives the
and its irreversibility reduces the thermodynamic efficiency. compositions without an iterative computation.

The operational complexity of an FTCDC has prevented  Using the three-column model [2], a short-cut design pro-
from the wide utilization of the column ever since it was cedure for the conventional multi-component distillation can
introduced a half century ago. Since a main column and be utilized in the design of an FTCDC. In the three-column
a prefractionator are interlinked, more degrees of freedom model, a main column is divided into two columns separated
than two binary distillation columns are involved and they at the tray of side draw. In this case, it is required to match
are five at steady state [8]. There are not enough manipulatedhe compositions entering and leaving streams of the bottom
variables to formulate control loops equivalent to the degreestray of upper section and the top tray of lower section of the
of freedom, and therefore multiple steady-state solutions aretwo separate columns, which leads to tedious iterative ad-
obtained for a given set of product specifications. justment. In addition, since an ideal equilibrium is assumed

By rearranging sections in a main column and a prefrac- between the vapor and liquid of interlinking streams and the
tionator, various configurations of an FTCDC for the easy short-cut design equations of multi-component distillation
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Here, the equilibrium constani, has to be calculated it-
% eratively because the composition used in the equilibrium
relation is unknown, but the computation procedure is sim-

Ip D ple. Again, this stage-to-stage calculation continues until
the liquid composition satisfies the specification of bottom
product.

The same procedure is applied to the design of a prefrac-

—— S tionator with the assumption that the composition of feed

stage is equivalent to feed composition. In this case the end
stage composition is not determined yet, and therefore the
computation continues in a similar manner as in the main
column design.

Now, the interlinking stages between the main column

B and the prefractionator are decided by matching the com-

position of top and bottom trays of the prefractionator and
their correspondent trays in the main column. For an ex-

Fig. 1. Schematic diagram of a fully thermally coupled distillation column. &Ct match between them is unlikely, the closest match is

found to determine the interlinking trays. The closer the

match between the concentration of top and bottom of a

prefractionator and a main column is, the better the design

“is. Therefore, the trays of the smallest difference have to be

selected.

In the process, however, there is one thing to be con-
sidered. A small amount of the third component, e.g. the
heaviest component in the upper interlinking, is practically
transferred from the prefractionator to the main column and
the trays between upper interlinking stage and top tray are
necessary to eliminate the component from the product.
The same processing is required in the trays between the
lower interlinking stage and bottom tray of the main column.
This removal of the third component has to be considered
in the selection of the interlinking stages. The location of

columns are employed in the design, the outcome is not ac
curate enough to be implemented as the initial condition for
a rigorous simulation.

Unlike a binary system, in a ternary distillation, there are
many distillation lines to connect the same composition of
overhead and bottom products depending upon vapor boil-up,
rate, and the composition in the middle of the lines is quite
different from one to another. Thus, when a composition in
the middle of a distillation line is given, the path of a ternary
distillation line is set. In a main column of fully thermally
coupled distillation, the composition of side product is equal
to the composition of the stage of the side draw. Namely, the

composition profile of the main column with total reflux op- feed and side product stages is directly obtained from the
eration and the assumption of ideal tray efficiency, is readily stage-to-stage calculation

? t;italr?eid urS ng ihe 3targe|-t:) 'St?gﬂe )czt;lm&uitatlonaliigr tcor;pl#' The resulted design gives the minimum number of trays,
ational purpose, a very large refiux fiow 1s used instead ot o the design is conducted for a total reflux operation. In

thié?t?rl]éeﬂ.g); roduct is drawn from a main column. the many field applications, twice the minimum number is em-
side product Is draw ! umn, ployed as an actual tray number [13]. Therefore, the actual

design of the. column begins W'Fh the composmpn .Of the number of trays of an FTCDC system is taken to be twice
product. Starting at the stage of side product, the liquid com- he calculated minimum. The optimality of this practice can

pos |t|otr;] at one S“"?f!e ab?\;ﬁ the porlodtu ct Ztage IS c.tl)'[)npute e checked comparing the required reflux flow for different
using the composition of the product and an equilibnium -, mper of multiplying factor. A previous study [14] indi-

relation: cates that the factor of two is reasonable for practical ap-
Kn.iXn,i plication. The locations of feed and side product stages and

Kntli = > Kn iXn (1) interlinking stages are also determined by taking twice the
S stage numbers in the minimum design.

whereK, ; is an equilibrium constant of thigh compo- The proposed design procedure here is quite different

nent at thenth tray from the bottom and obtained from an from the conventional design in terms of determining'col-
equilibrium relation. This procedure continues until the tray UMn structure, such as the number of trays and location of

composition meets the specification of overhead product. feed. In the conventional design, the minimum liquid flow is
The liquid composition of the stages below the side prod- calculated first and an optimum liquid flow is decided to find

uct stage is found in the same manner and the compositionthe structural information. However, the same procedure is

equation is modified as Eq. (2): unaple to be.implement.ed Fo the desigq of an FTC[?C_unIess
the information of interlinking streams is given. This is the
Xpq; = Xn,i @) main reason to utilize an alternate procedure here; structural
n—1,1 —

Kn-1,i2_;(xn,j/Kn-1,j) design first.
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3. Operational design 4. Dynamic simulation

The analysis of degrees of freedom by Abdul Mutaliband  |n order to analyze the operational characteristic of an
Smith [4] indicates that there are nine manipulated variables FTCDC, its dynamic simulation is conducted in which the
for the operation of an FTCDC. In the steady-state design, change of operation variables is applied and examined the
the flow rates of three products are fixed and so are the feedvariation of product composition. The initial operation con-
temperature and column pressure. Therefore, four of reflux dition of the dynamic simulation is derived from the design
flow, vapor boil-up, liquid split from a main column to the  result of the previous section.
top of a prefractionator and vapor split from a main column  The liquid composition is updated from the material bal-
to the bottom of a prefractionator have to be determined ance of a component in a tray:
from the operational design.

Many previous studies [15-17] examined the minimum dx, i
liquid flow of a prefractionator and a main column using = " dr
the Underwood equation [18,19]. The optimum liquid split 3
is also given in the studies. However, an actual liquid flow
is not given in the studies. The flow is numerically found Where the initial value of the liquid holdupd,, is derived
from simulation. Referring to the minimum liquid flow and  from liquid flow rate using the Francis weir equation [21].
the optimum split, an actual liquid split ratio is yielded. Va- Unless the initial liquid flow rate found from the rigorous
por split ratio is readily found from the steady-state material design of the previous section is accurate, the initial steady
balance. Therefore, the ||qu|d and vapor flow rates are un- state of the dynamiC simulation is not attainable. Therefore,
known design variables, and they are numerically searchedthe outcome of the design has to be very accurate. The high
for the given specification of products. non-linearity contained in the Francis weir equation causes

The steady-state material and energy balances along withthe problem associated with the initial convergence of the
the UNIQUAC equilibrium relation are utilized in the eval- dynamic simulation.
uation of the product composition. Note that the structure of ~ Vapor holdup in a tray is ignored, since its amount is
the FTCDC is known. In this process, the optimum liquid Much less than liquid holdup. Vapor flow rate is computed
split has to be checked if it is true optimum, because the pre-from energy balance in a tray, and liquid flow rate is from
dicted minimum is too conservative [20]. For the example Material balance. The UNIQUAC equation is employed in
systems of this study, the predicted split is not the optimum the evaluation of equilibrium composition.
and new optimum split is numerically looked for. The new
optimum split is searched from examining if the reflux flow
is the lowest while the composition of products meets the 5. Example system
given specification.

The design specification includes feed flow rate, feed com-  The proposed design procedure of this study does not uti-
position and composition of overhead, bottom and side prod- lize short-cut design equations, so a generalized design out-
ucts. The itemized design procedures are listed as follows: come of ideal ternary systems having an equilibrium relation

with relative volatility is not delivered here. The system is

= Ln+lxn+1,i + Vn—lyn—l,i - Lnxn,i - Vnyn,i

1. SpecifyF, z, xp, xg andxs. a ternary system of-butanolHbutanol-n-butanol. It is an
2. Perform stage-to-stage composition calculation. alcohol system having near ideal equilibrium.
3. Get NT, NT, NF, NP, NR and NS in minimum trays. Three different feed materials are an equimolar mixture
4. Take twice the minimum as practical trays. (F1) and two mixtures of mole fractions of 0.75-0.125-0.125
5. Assume liquid split ratio. (F2) and 0.125-0.75-0.125 (F3). In the selection of feed
6. ProvidelLp andVp and calculatd.». composition, it is presumed that the impact of high con-
7. FindL, andV, using equimolal overflow assumption.  centration of the lightest component in feed on the column
8. Assume linear composition profile to calculate initiaf. design is similar to that of the heaviest component.
9. Compute equilibrium constant with the UNIQUAC equa-  The design specification of products in the example sys-
tion. tem is set to 0.9 of mole fraction of the middle component
10. Obtain newx, ; using matrix inversion. in side product, 0.95 of the lightest component in overhead
11. Calculaten, andH,. product and 0.95 of the heaviest component in bottom prod-
12. ComputeV, from energy balances. uct. For equimolar feed, the fractional component recovery
13. ObtainL, from material balances. is same to the product specifications. In the case of feed F2,
14. If the total AT, is greater than limit, go to step 9. the component recoveries of the lightest component in over-
15. If product compositions do not meet the specification, head product, middle component in side product and heav-
adjustLp andVg and go to step 6. iest component in bottom product are 0.99, 0.64 and 0.96,
16. ChecklLp minimum. If not, go to step 5. respectively. With feed F3, the numbers are 0.68, 0.99 and

17. Stop. 0.68 for the example system.
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Table 1 feed tray and the bottom, indicates the remixing of the
Design result of an example ternary system component to reduce the efficiency.
Feed NT NBR NS NR NF NP L \% )

FIL 72 20 10 57 9 31 9608 10065 325.0 o
F2 72 20 6 63 15 31 6117 8030 3493 /- Thermodynamic efficiency
F3 72 20 16 45 11 31 6601 650.7 166.4

While the distillation lines of a conventional two-column
system for ternary separation has quite different pattern
6. Design results compared with the residue curve of the ternary system, a

fully thermally coupled system has similar one. It means

The design outcome of the example system using the pro-that the fully thermally coupled system has less mixing
posed procedure is listed in Table 1. The table includes theand remixing in the distillation process. Mixing is an ir-
numbers of trays in a prefractionator and a main column and reversible process, and its reverse process, separation, and
location of interlinking, feed and side product trays. Also, requires a certain type of energy. Therefore, it reduces the
the operational information of reflux flow and vapor boil-up thermodynamic efficiency of a process having the mixing.
rates and the liquid flow rate in the prefractionator is con-  The thermodynamic efficiency of a fully thermally
tained. The feed flow rate is 300 mol/h for all the cases.  coupled distillation is higher than that of a conventional

The liquid composition in trays for the system with distillation in the separation of a ternary mixture. In the
equimolar feed is illustrated in Fig. 2. The numbers in the study of Agrawal and Fidkowski [7], the thermodynamic
figure are tray numbers, and the mid-section means theefficiencies of the conventional system and the fully ther-
trays between upper and lower interlinking stages of a main mally coupled distillation are examined by including energy
column. The circles are of a main column and the plus sym- loss in the computation of the efficiencies. Since heat is
bols are of a prefractionator. Note that the distance betweensupplied at the highest possible temperature in the fully
the point F, the feed composition, and the closest point, thethermally coupled distillation system, energy loss is larger
feed tray composition, denotes composition difference and than the conventional system. However, the amount of
the magnitude of mixing at the feed tray. The mixing has heat requirement in the fully thermally coupled system is
the most significant effect on the thermodynamic efficiency much less than that of the conventional system, and the
of the system. In addition, the decrease of the concentra-total utility cost adjusted for the high price steam used in
tion of intermediate component in the lower section of the the coupled system is less than the conventional system
prefractionator demonstrated by the curvature between the[14].
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Fig. 2. Liquid composition in a fully thermally coupled distillation system with 48 tray mid-section and 20 tray prefractionator.
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Fig. 3. Liquid composition in a fully thermally coupled distillation system with 48 tray mid-section and 48 tray prefractionator.

Table 2

Triantafyllou and Smith [2] explained that the remixing Reflux flow rates for same product with different column structures

of middle component in a conventional distillation and the

mixing in feed tray induce the thermodynamic irreversibil- Mid-section NT Sum Reflux flow
ity to result in the efficiency reduction. In order to evaluate 4g 20 68 960.8
the effects of the remixing and the mixing in feed tray in 48 48 96 831.6
separate, various combinations of tray numbers in a prefrac-34 34 68 915.3
tionator and the middle section (between upper and lower 34 6152 gg igi';‘)
linking stages) of a main column are examined. The combi- ;¢ 16 32 401.0

nations are arranged from the initial structural design of the
base system.

When 28 trays are added to the prefractionator of the Comparing the composition profile of the tall prefrac-
system to make the same number of trays (48) of a prefrac-tionator with that of the base system (Fig. 2) indicates less
tionator and the middle section of a main column and the mixing in feed tray while more remixing of middle com-
same amount of reflux flow is provided, the liquid composi- ponent is observed. For the numerical comparison of the
tion profile is given in Fig. 3. The added trays are distributed thermodynamic efficiency, the reflux flow rate to produce
proportionally from the structure of the prefractionator in the same products from both systems is calculated and listed
the base system. The composition profile between the feedin Table 2. Increasing the tray number of the prefractionator
tray, the closest tray to the feed composition, and bottom reduces the reflux flow rate significantly. This explains that
tray of the prefractionator shows the remixing of middle the mixing at feed tray has stronger impact on the efficiency
component. The peak of the profile is the highest concen-than the remixing of the middle component. The explana-
tration of intermediate component and the concentration tion is evident when the outcome (Fig. 4) from to the system
diminishes as moving from the peak to the bottom of the having 34 trays of a prefractionator and 34 trays of the
prefractionator. In other words, the higher the curvature is, middle section of a main column is compared with the base
the more the remixing is. The mixing in feed tray is simply system (Fig. 2). The remixing of the intermediate compo-
found from the distance between the feed composition andnent is nearly same, but the mixing in feed tray of the 34-34
the feed tray composition. Notice that by adding the 28 trays system is less than the base system and the reflux flow rate
the numbers of trays in a prefractionator and the middle is lower. Note that the total numbers of trays are same.
section of a main column are the same and the construction When 26 more trays are added to the prefractionator of
of dividing wall structure is available. the 34-34 system, less mixing in feed tray is observed while
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Fig. 4. Liquid composition in a fully thermally coupled distillation system with 34 tray mid-section and 34 tray prefractionator.
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Fig. 5. Liquid composition in a fully thermally coupled distillation system with 34 tray mid-section and 60 tray prefractionator.

more remixing of the intermediate component is shown in trays in the middle section of a main column contribute to
Fig. 5. Again, less reflux flow is required to produce same the reduction.

products as listed in Table 2. In this case, the total number of ~ Since the mixing at the feed tray induces a significant ir-
trays is comparable with the 48—-48 system, but more reflux reversibility in the separation of a ternary mixture, a proper
flow is necessary although less mixing is resulted. More column has to be selected to avoid large mismatch between
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Fig. 6. Liquid composition in a fully thermally coupled distillation system with 16 tray mid-section and 14 tray prefractionator for the feed of high
concentration of intermediate component.

the feed composition and the liquid composition at the feed 8. Multiple solutions
tray. However, a conventional two-column distillation sys-
tem does not provide a wide variety of feed tray composition =~ The multiple solutions for the same product composition
in the first column, and therefore the loss of thermodynamic in fully thermally coupled distillation have been investigated
efficiency is inevitable due to the large mismatch in com- in many studies [2,4,12,23] ever since Chavez et al. [8] pub-
position. It is because the column must produce at least onelished their existence. Because of the multiple steady states,
high concentration product and the composition profile in the design of operating condition for a certain product spec-
the column is shifted to the product. In fully thermally cou- ification includes the search of the optimal reflux flow rate
pled distillation, none of the streams from a prefractionator by changing the liquid and vapor split ratios between a main
contain high composition of any of three components and column and a prefractionator. The extra degree of freedom
the liquid composition in trays can be adjusted for the inan FTCDC comparing with a conventional distillation has
feed composition, therefore the composition mismatch relation with the existence of the multiple steady-state solu-
in feed tray is much less than that of the conventional tions.
system. In the relation between liquid split and vapor boil-up [12],
When the feed contains high concentration of intermedi- there are three regions of liquid split in which no operation
ate component (0.075-0.85-0.075), the mismatch in feedis available. At high and low ends of the split ratio, liquid
tray is not found as seen in Fig. 6. Moreover, the effect flow rate is less than minimum flow in either a main column
of the increase of tray number of a prefractionator on or a prefractionator and column operation is not possible
the mismatch and the reduction of reflux flow are barely there. However, there is a region of no operation in the
noticeable. The liquid composition profile of the taller pre- middle of the split. Because of the middle hole, four split
fractionator column using the same amount of reflux flow ratios can give same product while the liquid and vapor flow
as in Fig. 6 is demonstrated in Fig. 7, and the reflux flow rates are same. In other words, there are four solutions for
for the equal product with the two different systems is the same product and operation condition. This is shown in
given in Table 2. The commercially operating columns in the computation result of Lin et al. [23]. Though there are
Japan are processing the feed of very high concentration ofmultiple solutions, the optimum liquid flow obtained from
intermediate component and the operators from the plantthe operational design gives the best solution.
claim that their dividing wall column utilizes less steam In the design of an FTCDC, the multiple solutions make
than the conventional two-column system by about 40% the conventional design complicated. Without the struc-
[22]. tural information, an iterative computation using arbitrary
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Fig. 7. Liquid composition in a fully thermally coupled distillation system with 16 tray mid-section and 16 tray prefractionator for the feed of high
concentration of intermediate component.

structure often leads to the divergence of composition cal- of the operation, a separate prefractionator has to be built in

culation and the multiple solutions make the design more spite of the complicated construction.

difficult. The advantage of the dividing wall column is its simplic-
ity of construction. However, the manipulation of the dis-
tribution of liquid and vapor flow between a prefractionator

9. Petlyuk column versus dividing wall column and a main column is impossible in the column. Also, heat
transfer between two contacted sections of the dividing wall

For the simplicity of construction, low heat loss and small column affects design and operation of the column. These

construction space, a dividing wall column is widely adopted disadvantages are not involved in the Petlyuk column.

in the commercial applications of an FTCDC [22,24]. In the

case, an equal or close number of stages in a prefractiona-

tor and the middle section of a main column is necessary. 10. Interlinking streams

Though the stage number can be adjusted using different tray

spacing or packing material, the possible adjustment num- In ternary separation, feed has lower concentration of the

ber is limited. The structure of the dividing wall column has intermediate component than the side product, and there-

a couple of problems. First, the manipulation of liquid and fore the tray number of a prefractionator is fewer than the

vapor split is difficult. The adjustment of flow rates of in- mid-section of a main column as shown in Fig. 2. In the case

terlinking streams between the prefractionator and the mainthat the tray number in a prefractionator is smaller than the

column is unlikely in the dividing wall column structure. mid-section of a main column, placing the prefractionator in

Second, the intentional adjustment of the stage numbers prethe middle of the mid-section allows the liquid streams of the

vents from the optimal design of the system. Moreover, an prefractionator flow by gravitational force. Also, there is less

iterative recalculation to find an adjusted stage number is pressure drop in the prefractionator than in the mid-section

required from the original number of trays obtained with a because the prefractionator has fewer trays. Then vapor will

standard design procedure, which results in computationalflow from the lower section of a main column to the bottom

burden. of the prefractionator and from the top of the prefractionator

However, the most important point to be considered is that to the upper section of the main column without an external

the intentional adjustment leads to the irreversible remixing mechanical work.

of intermediate component and reduces the thermodynamic When feed has high concentration of the intermediate

efficiency of the column. In order to avoid the irreversibility component, the difference in the tray number between the
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prefractionator and the mid-section is small and the inter- Also, other control schemes derived by swapping between
linking liquid and vapor flows require external work because input variables (cross pairing), e.0~S-B and L-B-S are
of the small difference of pressure drops in the prefraction- not investigated.
ator and the mid-section of the main column. In this case, a The suggestetl-S-B structure is examined for the case
modified structure can be utilized. Agrawal and Fidkowski of this study, and the steady-state gain matrix leads to nega-
[9] proposed modified structures of the original Petlyuk col- tive diagonal elements in the relative gain array (RGA) [27].
umn by rearranging a section of a main column in order to Instead D-V-Sstructure is implemented since the structure
give easy vapor flow. Also, the dividing wall column struc- gives positive elements of the RGA and positive Niederlin-
ture is favorable for the system of the high concentration skiindex (NI) [28]. In the selection process of the suggested
of intermediate component in feed, and it is commercially control structure, open-loop step tests are conducted with
implemented. possible manipulated variables and an interesting response
is yielded. The flow rate of side product affects only the
composition of bottom product. Therefore, the flow rate is
selected as manipulated variable for bottom product compo-
sition in the design of multivariable control scheme. This is
The most likely controlled variables in the operation of notincluded in the complete search of control scheme for an
an FTCDC are the compositions of overhead, bottom and FTCDC [26]. The array of steady-state gainsgf—xs>-Xs3
side products. Especially, the concentration of the lightest for the 1% increase of inputB-V-S from their steady-state
component in the overhead product, the heaviest componentwalue is
in the bottom product and the intermediate component in a

11. Operation scheme

side product are the most convenient set of the controlled —768 358 -015
variables. =| -085 182 -0.88 (4)
From the operation of a binary distillation column, one 507 -0.95 501

can find some guideline for the operation of the Petlyuk
column. Most industrial binary columns are operated with Where the values are multiplied by 1000. The diagonal ele-
one-point control: either the composition of overhead or ments are 1.01, 1.09 and 0.87 and the NI is 0.90. This control
bottom product [25]. Similarly, the Petlyuk column can be scheme was suggested by Abdul Mutalib and Smith [4].
operated using two-point control. Two of the three con-

trolled variables mentioned above are adjusted, where the

control problem is much easier than three-point control. 12. column control

However, the two-point control does not give the best
regulation of all three products and the most economic
operation.

A 3 x 3 control is suggested by Wolff and Skogestad
[12] with the structure of outputs ofp1—xg3—Xs2 and in-
puts of L-V-S and satisfactory control performance is ob-
served except the set-point changexgf Symbols of input
are shown in Fig. 1. They explain that the problem is from
the strong non-linearity fron¥ to xs,. For the case that the
two components of side product are specified, twa 4
control schemesyp1—xg3—xs1—Xs2 and L-V—(R_ or Rs)-S
are examinedR_ is the ratio ofL,/L andRg is the fraction
of upper side draw of two side product operation. The gain
matrices of both four-point controls indicate thay is in-

The conventional PID control is implemented in the inves-
tigation of the performance of the proposed control scheme
[4], but an advanced control, the quadratic dynamic matrix
control [29] is utilized in order to obtain improved perfor-
mance. It is widely known that the difficulty of operation
of the Petlyuk column has been one of major obstacles in
its application. The difficult operation of the column using
the conventional control is expected, so the model predictive
control is applied. With the sampling time of 30 s, 200 steps
are used for the model in each pair of input—output relation
and three steps of control horizon.

The controlled variables are compositions of the lightest
- Y ! > component in overhead product, middle one in side product
sensitive to paired input to make the control infeasible. and the heaviest one in bottom product, and the manipulated
~ A complete search for the possible<B control schemes  yariaples are flow rate of overhead product, vapor boil-up
is conducted by Mizsey et al. [26] by comparing various rate and flow rate of side product. The split ratios of liquid
controllability indices for multivariable systems. Using gpq vapor between a main column and a prefractionator
the steady-state gains of the schemes, three input sets Ofrom the column design are 1.67 and 1.07, respectively. The
D/V-S-B, L-S-B and R-S-B are found to be plausible to  gistripution is manipulated at the design value during the

control the outputs okpi—xs>—Xg3. A regulatory control
with changes of feed flow rate and feed composition is ap-

investigation of control performance.
The dynamic matrix of 3x 3 multivariable process is

plied to examine the control performances of the possible yig|ged from the step response of the controlled variables,

control schemes, and it is found that the input set-e$-B
gives the best control. As indicated in the study, the control
scheme may not be valid for other compositions of feed.

and predicted error and manipulated variable are related as

(5)

e=Au
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Fig. 8. Set-point tracking performance of ax3 control scheme using the quadratic dynamic matrix control.

whereA is the dynamic matrixy the manipulated variable The set-point changes of three components are imposed
ande is the error which is computed from Eg. (6): separately and the response is shown in Fig. 8. In the top of
e=y.—y —d ©) the figl_Jre_, the_composition of overheao! p_r_oduct varies_ as the
set-point is raised and returned to the initial value while the
whereys is set-point,y* the predicted output and is the composition of side product is affected by the change and
unmeasured disturbance. The control objective is formulated shows some deviation from its set-point. However, the com-
as a quadratic minimization problem: position of bottom product fluctuates very little. When the
set-point change of side product composition is applied in
the same manner, nearly similar deviation in overhead and
s.t. bottom products is observed, but the magnitude of the devi-
ation is much less than the previous case. In the change of

mind = JuTHu —gu 7)

Cu=b bottom product composition, the deviation of side product
Umin < U < Umax composition is nearly same as the outcome of the change of
overhead product composition and the deviation of overhead
where product composition is not significant. The control perfor-
H=ATFIA+ATA mance of the set-point tracking in all three products is sat-
isfactory, since no significant deviation from the set-point
and is developed though the response is slow. Though different
g=ATI e system is studied in Abdul Mutalib and Smith [4], more step

change of set-point is applied in this study and better control
whereI'and A are control tuning parameters. The first con- performance is yielded.

straint is formulated from the limit of total variation of the A regulatory performance is examined by changing feed
manipulated variable, and the second is of a single-step vari-flow rate and feed composition as given in Fig. 9. In the
ation. This problem is solved using the IMSL, a commercial bottom figure, the first 200 steps denote the variation of
software, and the solution is implemented as a manip- feed flow rate and should be read from the scale on the left
ulated variable. The constraints are composed of the limit ordinate. The rest of the 600 steps are of the composition
of manipulated variable. The upper limit of the variable is of lightest component in feed and use the scale of the right
+5% from its steady-state value and lower limit-i5%. ordinate. The initial feed composition is equimolar mixture
A single-step variation of the variable is set to 0.1% of the of s-butanoH-butanoln-butanol and the varied composition
steady-state value. The diagonal elements of control tuningis 0.32-0.34-0.34. The effect of a 2% change of feed flow
parameters of"and A are all given with one. rate is not significant, but the impact of the change of feed
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Fig. 9. Regulatory performance of ax33 control scheme using the quadratic dynamic matrix control.
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