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Abstract : This paper considers operation and control the Petlyuk design. The
degrees of freedom are analyzed especially at steady-state. These results together with
steady-state solution curves help describe the complex plant dynamics and possible
optimization strategies. We also propose control schemes for controlling three and four
product compositions. The results indicate that there may be serious problems involved

in operating the Petlyuk column, at least for high-purity separations.

1 INTRODUCTION

The separation of more than two components has
traditionally been done by arranging distillation
columns in series. Several alternative configura-
tions exist, most notably the direct and indirect
sequence (where light or heavy components are
removed first, respectively).

Almost 50 years ago Wright (1949) proposed
a promising design alternative for separating a
ternary feed. This design consists of an ordinary
column shell with the feed and sidestream prod-
uct draw divided by a vertical wall through a set
of trays.

It is usually denoted a Petlyuk column af-
ter Petlyuk et al. (1965) who later studied
the scheme theoretically. Many authors have
later predicted considerable savings in energy
and capital cost with this design, but still few
of these integrated columns have been built.
One reason is probably that the Petlyuk column,
compared to an ordinary distillation column, has
many more degrees of freedom in both operation
and design. This undoubtably makes the design
of both the column and its control system more
complex.

A two-column implementation of the Petlyuk
design is shown in Figure 1. It consists of a
prefractionator with reflux and boilup from the
downstream 3-product column, a setup with only
one reboiler and one condenser. As proposed by
Wright (1949) practical implementation of such
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a column can be accomplished in a single shell by
inserting a vertical wall through the middle sec-
tion of the column, thus separating the feed and
side product draw. Petlyuk’s main reason for
this design was to avoid thermodynamic losses
from mixing different streams at the feed tray
location. We will hereafter denote the product
streams D, S and B (and feed F'), with ternary
components 1, 2and 3. Molefractions are de-
noted z;; where ¢ is the stream and j is the com-
ponent.

A similar design, but with a condenser and
reboiler also for the prefractionator was proposed
even earlier by Brugma (1939). We will denote
this a pseudo-Petlyuk design.

As compared to the direct or indirect se-
quence, this implementation of the Petlyuk de-
sign offers savings in investment (only one shell
and two exchangers) as well as operating costs.
Although several authors have studied the de-
sign of such columns, very little work has been
done on the operation and control.

Stupin and Lockhart (1971) claimed that
Fenske-Underwood design computations overes-
timated the stage requirements and found the
performance of the Petlyuk column to be rather
insensitive to changes in trays and internal flows.

Tedder and Rudd (1978) were among the
first to study the optimal separation of a given
ternary feed. The alternatives included the di-
rect and indirect sequence, columns with side-
draws, columns with sidestrippers and siderecti-
fiers and a pseudo-Petlyuk design. They found
the pseudo-Petlyuk design to be preferable when



the fraction of intermediate component 2in the
feed is large (40% - 80%).

Cerda and Westerberg (1981) derived simple
methods for estimating the operating parameters
at limiting flow conditions.

Fidowski and Krolikowski (1986) compared
the optimal (minimum) vapor flow rates for the
direct and indirect sequence with both the Pet-
lyuk and the pseudo-Petlyuk design. The Pet-
lyuk design shows significant savings. The de-
veloped analytical expressions are based on the
Underwood formulas.

Glinos and Malone (1988) also derived ana-
lytical expression for various alternative designs,
including the Petlyuk design. Their recommen-
dations are to use the Petlyuk design when the
fraction of intermediate component 2in the feed
is small, and they found that the maximum va-
por savings compared to simple sequences were
about 50% when zps — 0. They found that
columns with siderectifiers may be equally well
suited when less the fraction of component 2in
the feed is less than 30%. However, they con-
cluded that Petlyuk columns may also have a
significant advantage for moderate or high zry
values, but that the conclusion depends on the
relative volatilities.

Chavez et al. (1986) discuss the possibility for
multiple steady states in complex columns, con-
centrating their work on a Petlyuk design. The
found that the Petlyuk design has five degrees
of freedom at steady-state, and they found that
four different steady-state solutions may occur
when specifying three purities (in each of the
products) plus bottom rate and reboiler duty.
They explain this in terms of matching specifi-
cations in interlinked columns.

Faravelli et al. (1989) build on the work of
Chavez et al. and look at which of the steady
states are most resilient to changing internal
flows. They applied “control” to the column, but
only to aid in finding the steady-state solutions.

Triantafyllou and Smith (1992) present a good
overview over the design of Petlyuk columns, and
explain how it may be approximated as a regular
column with two sidestrippers which are joined
together.

The only report of an industrial implementa-
tion of a Petlyuk design is from BASF in Ger-
many (as reported by Rudd, 1992)

In this work we will study the dynamic be-
havior of a Petlyuk column and propose suitable
controller structures.

The original motivation of this project was to
study composition control of the three product

streams of a Petlyuk column. The results from
this study, which are presented at the end of
this paper, show that from a linear point of view
there are no major problems.

However, during this work it became clear that
there are serious problems related to the steady-
state behavior that can make practical operation
very difficult. The main problem is that there
exist “holes” in the operating region for which
it is not possible to achieve the desired product
specifications. This behavior has no equivalent
in ordinary two-product distillation columns.

2 DEGREES OF FREE-
DOM

We here consider the Degrees of Freedom in a
given column with fixed stages, feed locations,
etc., here abbreviated to DOF.

Starting with binary distillation and consid-
ering steady-state where it is assumed that the
holdups (condenser level, reboiler level and pres-
sure) are already controlled, two independent
(manipulated) variables remain, for example L
and V.

In a Petlyuk column we get at steady-state
three additional degrees of freedom - one for
each of the three additional streams leaving the
column. These are the sidestream S plus the
streams L, and V5 sent back to the prefraction-
ator (we will use the fractions R, = L;/L and
Ry = V»/V as DOFs in the further analysis).
Note that in this analysis the prefractionator
itself does not have any degrees of freedom at
steady state. The five DOFs for the Petlyuk de-
sign may be used to specify (control) the top and
bottom composition (zp; and zps) and one or
two compositions in the side stream. This leaves
one or two degrees of freedom for optimization
purposes, which we in this paper select to be
minimizing the energy consumption in terms of
the heat duty Q5.

There are also possibilities for increasing
the DOFs, for example, by taking off several
sidestreams (e.g., a vapor and liquid sidestream,
Sy and Sp), and by using a triple-wall solution
as suggested in the figure in the paper of Petlyuk
et al., but these are not considered here.

In a usual two-product distillation column one
can at most control one specification for each
product (two-point control). Simpler alterna-
tives are no control (relying on self-regulation)
or one-point control. Since in high purity distil-
lation columns it is critical that the overall prod-



uct split is adjusted correctly (such that D/F is
approximately equal to the fraction of light com-
ponent), one generally finds that no control is
unacceptable. However, due to strong interac-
tions one-point control, with the composition in
the other end being self-regulated, is usually sat-
isfactory if some over-refluxing (increased energy
consumption) is allowed for.

For a Petlyuk scheme one must at least ad-
just two product splits correctly (e.g. D/F to
match the light component and S/F to match
the intermediate component), thus at least two-
point control is required. Such a control scheme
is not treated in detail here, but again it is clear
that it will at least require increased energy con-
sumption. Additionally, there will be no way to
adjust the separation in the prefractionator, as
determined by the recycle fractions Ry and Ry .

In this paper we first study three-point con-
trol where one composition in each product is
controlled, for example £p1, g2 and zg3. This
may be an adequate control scheme.

However, with only one degree of freedom
to control the sidestream composition, we will
not be able to adjust the ratio between the
sidestream impurities, 51 and zg3, which may
constitute an additional product specification.
Thus, we finally consider four-point control with
four product composition specifications (two in
the sidestream).

3 CASE STUDY

Previous authors have looked at a variety of
ternary systems, from close boiling C4 isomers to
component sets spanning C; to Cs. We have cho-
sen the system ethanol, propanol and butanol for
the examples. This system has a relative volatil-
ity of approximately 4:2:1 for the three compo-
nents.

Steady state simulations were done with AS-
PENPLUS, using Redlich-Kwong-UNIFAC ther-
modynamic properties. Optimization, lineariza-
tion and dynamic simulations were performed
with SPEEDUP, assuming constant molar flows
and constant relative volatility. This model in-
corporates linearized flow dynamics with a time
constant of 3.6 minutes. Although the thermo-
dynamic data are different, the programs have
yielded very similar results.

We have used the same number of trays in
the center sections of the “main” column as in
the prefractionator. This is in line with the as-
sumed industrial implementation with a divid-

Design Boilup
Direct 100 %
Indirect 108 %
Rectifier 88 %
Stripper 89 %
Pseudo-Petlyuk | 85 %
Petlyuk 77 %

Table 1: Relative energy consumption.

ing wall in the shell. The “main” column con-
sists of 40 stages and there are 20 stages in
the prefractionator. The feed is liquid with a
flowrate of 60 kmol/min. and feed composition
zrp = [0.33,0.33,0.33]. We demand 99% pure
products in the top and bottom and the design
purity in the sidestream is 99%.

Economic gain in Petlyuk design. Ear-
lier work has showed that the Petlyuk design
often is more energy efficient. This was con-
firmed for our mixture and the savings in en-
ergy compared to the standard “direct sequence”
with two columns was 23%. As shown in Ta-
ble 1 it was also favorable compared to other
schemes. These were the Indirect sequence, re-
moving the heaviest component first, Pseudo-
Petlyuk, as described earlier and a binary col-
umn with a side-Rectifier or side-Stripper at-
tached, respectively. All designs consist of 60
stages, optimally distributed between the design
column section. The designs have been opti-
mized to give the least boilup.

4 STEADY STATE

4.1 Four compositions specified

As noted above the column has five degrees of
freedom at steady-state. We first study the
steady-state behavior with four compositions
specified: zp; = 0.99, g3 = 0.99, zg52 = 0.99
and zg1/zs3 = 1 (99% purity for each product
and equal distribution of the impurities in the
sidestream). The purity of the sidestream (zs2)
is nominally 0.99, but the results are also given
for other values.

One degree of freedom (DOF) then remains
to be specified (denoted X in the following). For
operation it is important to make a good choice
of X since this variable will be kept constant or
changed only slowly to minimize the operation
costs, which is here selected to be given by the
heat duty, @p. At first we expected to find a



relationship as given in Figure 2, where Q has a
minimum as a function of X. Ideally, we would
like the plot to be as “flat” as possible such that
the exact value of X was not too important.

Unfortunately, the picture is not quite as sim-
ple in practice. This is illustrated in Figure 3
which shows Qp as a function of X = Ry, (the
internal reflux ratio to the prefractionator) for
two values of g5. The first thing to note is that
there for some values of Ry are two possible so-
lutions. One of these corresponds to a higher
value of () g and should be avoided. These results
are similar to those of Chavez (1986). Thus, if
Ry is used as the DOF to be kept constant, the
first challenge for operation and control would
be to stay at the “lower” solution corresponding
to the smallest Qp. Assuming that this could be
done, we find for zg2 = 0.986 that keeping Rp
at about 0.35 would be a good choice, and that
Q@B would not depend too strongly on the exact
value. However, for increased sidestream purity,
zg2 = 0.99, there is a “hole” in the operating
region, and for Ry = 0.35 it is not possible to
achieve the desired product specifications even
with infinite reflux.

It is then clear that Ry is not a good choice for
the remaining DOF. To see if other choices are
better we prepared similar plots for other choices
(X = Ry, compositions in the prefractionator.
See Figure 3-6). However, we find that none of
these are acceptable. For example, with Ry fixed
we find a hole in the operating range for low val-
ues of z259. We also find similar problems when
specifying compositions in the prefractionator.

4.2 Three compositions specified

The conclusion from the above plots is that
“holes” in the operating range will make it very
difficult to control four compositions. A possibly
better alternative is to control only three com-
positions, that is, to let the ratio of the impuri-
ties in the sidestream vary freely (and not spec-
ify zs1/253 = 1 as above). This yields another
DOF that must be specified, for example, one
may select X; = Ry and Xy = Ry. This is the
choice made in the control part later.

We have not make extensive studies with only
three compositions fixed, but obviously the re-
moval of one specification “loosens up” the prob-
lem somewhat, and one may at least reduce the
holes in the operating range. Reducing the con-
straints on the system will probably move the
“holes” to operating points with higher purity
products.

For example, while it was impossible to
achieve zss = 0.99 with R = 0.35 and
z51/xss = 1, we find that we can achieve zg3 =
0.99 with Ry, = 0.35 and Ry = 0.50, for exam-
ple, giving 251 /253 = 1.23 and Qp = 87.5MW.

5 CONTROL

In the remaining part of the paper we consider
control of the column using decentralized con-
trol. The reflux (L) is used to control top com-
position (2p1), boilup (V or @p) is used to con-
trol bottom composition (zps), and sidestream
flowrate (S) is used to control sidestream compo-
sition (zg2). For “three-point” control Rp and
Ry are fixed. For “four-point” control Ry, is used
to control the impurity ratio (zs1/%s3) with Ry
fixed.

5.1 Linear Analysis Tools

In the following we will use a plant description
of the form

Ys) = Glouls) + Ga(sd(s) (1)
where G and G4 denote the process and dis-
turbance plant model and y, u and d are the
measurements, manipulated inputs and distur-
bances, respectively.

In this paper we mainly use the relative gain
array (RGA or A) to look at interaction in the
distillation column. The properties of the RGA
are well known (e.g., Grosdidier et al., 1985).
The most important for our purpose are: 1) No
twoway interaction is present when A = I, 2)
The RGA is independent of scaling in inputs
or outputs, and 3) The rows and columns both
sum up to 1. To evaluate the disturbance sen-
sitivity, we consider the closed loop disturbance
gain (CLDG) which is the appropriate measure
when we use decentralized control (Hovd and
Skogestad, 1992). The CLDG is defined as
A= GdiayG_lGd, where G444 consists of the di-
agonal elements of G. For decentralized control
frequency-dependent plots of §;x may be used to
evaluate the necessary bandwidth requirements
in loop 1, that is, at low frequencies the loop gain
L; = gi;c; must be larger than é;; in magnitude
to get acceptable performance.

We also look at the singular value decompo-
sition G = UXV7T and examine the elements of
G.

The disturbances considered are changes in
the feed flow and feed composition.



All variables have been scaled with respect to
the maximum allowed change: AL = AV =
30%, ARL = ARV = 0.2, AS = 25%, A:l,‘ij =
0.01, AF = 17% and Azr = 20%.

5.2 Linear analysis, three-point
control, LVS-configuration

In this case Ry, and Ry are fixed and the outputs
and inputs are

Lp1 L
y=|zps | u=|V
rs2 S

The Petlyuk column at the operation point
with minimum energy use (Rp = 0.394, Ry =
0.55) has no poles or transmission zeros in the
right half plane (RHP). Thus, there are no fun-
damental problems with instability, inverse re-
sponses or inherent bandwidth limitations.

RHP zeros may occur between S and zg2 for
other operating points, depending on how the
sensitivity of the sidestream compositions varies.
Changes in S will affect on 53 somewhat as an
integrator, while changes in g1 will level off af-
ter a short time. The initial slope for these two
responses will determine if an inverse response
occurs or not.

The steady state gain matrix G is

112.9 -112.6 0.112
G(0)=| —85.3 86.6 14.5
284 —26.8 -—-9.70

We see that the sidestream S mainly affects the
middle and bottom product, while both L and V
have a large effect on xg2. We see quite readily
that there will be interaction between the top
and bottom composition, in line with ordinary
binary distillation.

The singular value decomposition G = USVT
(at steady-state) will allow us some conclusions
on the high and low gain directions of the plant.
The output and input directions are given in U
and V, respectively and the singular values are
¥ = diag[297 15.0 0.64].

0.72 -0.68 0.16
U=]|—-0.69 -0.69 0.21
0.03 0.26 0.97
0.66 —0.04 0.76
V=|-07 003 065
-0.06 —-1.00 -0.02

We see that the high gain direction corresponds
to moving the top and bottom compositions in

opposite directions, or moving the column com-
position profile up or down. The low gain di-
rection corresponds to moving them in the same
direction, 1.e. making both D and B more or
less pure. This is in accordance with ordinary
distillation. The medium gain direction corre-
sponds almost entirely to changing S and moves
T g9 opposite to zp; and zps.

We then look at the interaction and distur-
bance rejection properties. The steady state

RGA values
26.19 —25.19 0.00
A(0)=| —32.65 32.83 0.82
7.47 —6.64 0.17

show again that the control of £p, and zps in-
teract. The same trend is evident from the fre-
quency dependent RGA as shown in Figure 7.
The interaction tapers off at higher frequencies,
showing that the control having effect around the
bandwidth of the plant will not be much affected
by interaction.

The closed loop disturbance gain, CLDG, is
shown in Figure 8. The most difficult distur-
bances to reject are changes in F' on zp and
zp requiring a bandwidth of about 0.25 rad /min
(time constant of 4 minutes) in this loops. On
the other hand, the required bandwidth for con-
trolling z g4 is significantly smaller (less than 0.1
rad/min).

5.3 Nonlinear simulations

The conclusion is that from a linear point of view
the process is easy to control in this operating
point. This is confirmed by the nonlinear sim-
ulation in Figure 9 which shows the closed loop
response to disturbances in F' (60 — 50) and
zr ({0.33,0.33,0.33] — [0.33,0.40,0.27]) and a
distillate purity setpoint change (0.99 — 0.995),
respectively. However, a setpoint change in z g2
of 0.99 — 0.995 is infeasible for this operating
point, showing that three-point control may have
problems for some range of Ry and Ry. The re-
sponse of g1 and zga to a setpoint change in
T g9 help explain why the column has more dif-
ficulties with increased purity specifications in
the sidestream than in the top or bottom. This
is due to zg; being insensitive to changes in S.
Thus an increase in xg, will primarily reduce
T 53, which becomes increasingly difficult at high
zgo values. This leads to an interest in four-
point control, including zg; or zg3 as measured
variable.



5.4 Four-point control,
configuration

LVR.S

Rp is added as a manipulated variable and is
used to control xgy. The set of measurements
and manipulated variables is thus

Ip1 L

_ B3 _ v
= u= R
Ts1 L

259 S

The process gain and RGA at steady-state op-
erating conditions are

124.67 —124.48 0.09 0.11
G(0) = —118.86 119.31 —0.09 20.02
- 23.44 —-23.64 -0.09 -0.21
5.82 —5.16 0.01 —-4.30
25.69 —24.80 0.11 0.00
-32.92 33.04 0.06 0.82
A0) = 0.71 —-0.56 0.85 —0.00
7.52 —6.68 —0.02 0.17

We see that although a suitable pairing exists
(L — zp1, V — 23, Ry — x51 and S — zg53)
the manipulated variable Ry has a very low gain
towards all control objectives. The largest gain
is about 0.1 which means that the input sig-
nal needed to reject disturbances will be ap-
proximately 10 times the assigned bounds. The
closed loop disturbance gain is nearly identi-
cal to the three-point control case. The addi-
tional measurement zg; is insensitive to all dis-
turbances, having values below 0.2 at all frequen-
cies and thus not needing control at all for dis-
turbance rejection. Conclusion: zgl is insensi-
tive to both inputs and disturbances. This con-
firms the steady-state analysis where we found
that specifying the ratio zs;/zg3 may not yield
feasible solutions.

5.5 Problems with Four-point con-
trol

It was predicted earlier that four-point control
may experience problems with either Ry or Ry
fixed. This is indeed the case, and Figure 10
shows the result of a setpoint decrease in zg;
with fixed Ry = 0.525; the column becomes un-
stable. The difficulties with operating in areas
corresponding to “holes” in the @p(X) plots se-
riously limit four-point control, despite good dis-
turbance rejection properties.

6 CONCLUSION

The Petlyuk column displays complicated behav-
1or with multiple internal distributions for given
product compositions. Some product specifica-
tion sets may be infeasible (“holes”) for some
choices of Ry, and Ry in the operating range. It
has been shown that fixing Ry or Ry at values
in the “hole” may give instability to xgq setpoint
increases and decreases, respectively. A better
understanding of the complexities of the Petlyuk
column is needed.

The results have illustrated that it is possi-
ble to control a Petlyuk column, although seri-
ous problems may arise due to the mentioned
“holes”. Three-point control looks most promis-
ing.

There is an abundance of DOFs when count-
ing both design and control and all have not been
exploited here. For example, the stage for with-
drawing S heavily influences zs1/253. The de-
sign of the Petlyuk column is a difficult task and
developments here may aid the operational prob-
lems encountered.
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Figure 1: Petlyuk column stream notation.
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