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Department of Chemical Engineering, National Taiwan d¢msity of Science and Technology,
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In the production of terephthalic acid and isophthalic acid, a tiny amount of one repotgleine orm-xylene

may exist in the unreacted acetic acid, which needs to be purified for reuse by a dehydration column. In our
previous study (Huang et &), it was found that the feed tray location is extremely important for optimizing

the operating and the total annual costs. In this paper, the optimal designed processes with and without feed
impurity will be further studied in terms of their bifurcation behavior and control. Three cases (one without
feed impurity, one with feed impurity and side stream, and one with feed impurity but without side stream)
will be studied. In this study, bifurcations due to output multiplicity are observed in two of the cases which
have feed impurity but not in the case without. In each bifurcation case, the optimal base case is located
on an unstable branch. The overall control at this unstable operating point is thus proposed to deal with
disturbance from throughput or feed composition (e.g., water or the impurity) variations. It is found that a
dual-temperature control scheme is necessary to keep products at both ends of the column within specifications.
For the impurity disturbances, the side streamflow rate needs to be manipulated accordingly. A novel side-
stream operating strategy to maintain the impurity concentration inside the column is proposed for an energy-
efficient operation.

1. Introduction acid in the solvent HAc is produced. After separation of the
product from the HAc and removal of;® by evaporation, the
Acetic acid (HAc) dehydration is an important operation in - solvent HAc will be returned to the oxidation step (Hindmarsh
the production of terephthalic acid and isophthalic acid (Hind- et 312 and Lee et af). To recover the solvent HAc, a HAc
marsh et afand Lee et aﬂ‘) or in the manufacture of cellulose dehydrating column is necessary. However, in this recovering
acetate. To make the dehydration easier, an entrainer is oftenstep, tiny amounts of one reactant may also enter along with
introduced into the system. In a review paper, OtHrdescribed this aqueous HAc into the dehydration column.
an azeotropic distillation system containing a dehydrating  For the feed of agueous HAc containing an impurity for
column, a decanter, and a water column for the separation of gehydration, Chien et at studied the design and operation of
HAc and water. In a paper by Pham and Dohérgxamples of  the process which has five feed streams. The entrainer used for
using ethyl acetate (Tanake and Yanfyda-propyl acetate  this industrial column is also the IBA. In that paper, optimal
(Othme), or n-butyl acetate as entrainers were listed in a table sjde-stream location and its flow rate were designed, and an
of examp|eS of heterogeneous azeotrOpIC Sepal’atlons SIII’O|a automatic purging Strategy was proposed to prevent accumula-
uses HAc dehydration as an example to demonstrate a systematigion of an impurity (not specified for proprietary reasons) inside
design technique for synthesizing the process flowsheet. Ethylthe column. However, the effect of the feed tray location was
acetate was used as the entrainer in that paper to design gt investigated in that paper.
complete HAc dehydration process using multiple-effect azeo- |n one of our latest papers, dehydration columns via
tropic distillation and heat integration. Wasylkiewicz et®al. heterogeneous azeotropic distillation (Huang €),alith and
proposed using a geometric method for the optimum design of without the tiny amounts of impurity in the feed stream, are
an HAc dehydrating column with+butyl acetate as the entrainer.  considered for optimal design. Simulation results show that,
Chien et af® studied the design and control of an HAC \yithout changing the feed location, an addition of 0.1 mol %
dehydration system via heterogeneous azeotropic distillation. of p-xylene orm-xylene into the feed stream will bring forth
Isobutyl acetate (IBA) was selected from three candidate acetatesjyastic differences in the optimized results. Over 50% more TAC
as a suitable entrainer on the basis of the total annual cost (TAC)gnq operating energy are needed to operate this column with
analysis. In that heterogeneous distillation column, only three sjde stream. However, by considering the feed tray location as
components (HAc, kD, and the entrainer) were considered. In  gn additional design variable in the optimization search,
practical situations, HAc dehydration may be more complicated. sjgnificant savings in TAC with a reduction of more than 21%
For example, in the production of aromatic acids such as can pe realized. Note particularly with this change of the feed
terephthalic and isophthalic acids by oxidizipgylene (PX) tray location significant saving of the reboiler duty with a
or m-xylene (MX), a slurry of terephthalic acid or isophthalic  yeduction of more than 18% can also be achieved.
Besides the drastic change is the TAC, the existence of a

* To whom correspondence should be addressed. Tel: 886-2-2363-tiny amount of impurities also has a remarkable effect on the
8999. Fax: 886-2-2362-3935. E-mail: huanghpc@ntu.edu.tw. control of this dehydration column. In this paper, the bifurcation
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Makeup
IBA: 0.0546 kmol'hr

ﬁ Makeup : IBA

0.0582 kmol/hr

Organic Reflux
44.46 kmol/hr
HAe : 0.18 mol%
H:0 : 6.52 mol%
IBA : 86.85 mol% |'

Organic Reflux
36.96 kmol/hr
HAc : 0.19 mol%
H;O : 7.98 mol%

Decanter

: PX : 6.45 mol%
7~ IBA: 9183 mol% Decanter 1 fma
1 - Aqueous Reflux
Feed 100 kmol/hr T 20.432 kmol/hr _
HAe : 50 mol%e - Aqueous Product
H;0 : 50 mol% _ Aqueous Product Feed 100 kmol/hr 50,023 kmol/hr
|9 Aqueous Reflux 5(3053 kmol/hr HAc : 49.9 mol% 18 > HAc : 0.1 mol%
| 6.187 kmol/hr HAc : 0.1 mol% H,0: 5““'“}:/" Sidedraw 0.2 kmol'hr Hy0: 99.8 mnl"ﬁ.
H,0 :99.79 mol% PX : (L 1mol% 24 HAC : 34.04 mol% IPF:{A :‘30';;32'];'{" /ul"/
IBA : 0.109 mol% H;0 : 32.15 mol% X:3 mol%
IBA : 0.29 mol%,
PX : 33.52 mol%
Steam Duty = 1393.476 KW
Rebaoiler Steam Duty =1113.681 kW Reboiler Product 49.831 kmol/hr
HAC : 99.9 mol%s
H.0 : 0,028 ml,‘ll%
IBA : 6.68%107 mol%
Produet 50 kmol/hr :
PX : 0.066 mol%
HAc : 99.9 mol % ) pmeti )
H,0 : 9.25%10° mol% Figure 2. Process flowsheet for the case with feed impurity.
IBA : 7.47%107 mol %
Figure 1. Process flowsheet for the case without feed impurity. the time origin. Notice, in these two cases, the top and bottom

HAc compositions are considered as process variables.
and dynamic analysis of three cases (one without feed impurity,  For the “without impurity” case, the process variables respond
one with feed impurity and side stream, and one with feed to the pulse disturbance and return to its original steady state
impurity but without side stream) will be investigated. The in 100 h. Figure 3 displays the results in time domain. As can
overall control strategy for the acetic acid dehydration process be seen from the result, the steady state of the optimal operating
with side stream will be proposed. Only control of tray point is stable.
temperature will be used for product purity. The purpose of the  On the other hand, in the “with impurity"case, the results
overall control strategy is to maintain product purity despite are significantly different. After perturbed in either direction,
feed flow rate or feed composition disturbances. For the feed the final steady state drifts away from its original steady state.
impurity disturbances, the proper manipulation of the side From Figure 4, a positive pulse in aqueous reflux flow rate leads
streamflow will also be studied in order to ensure energy- the column to reach another steady state after 1000 h, where

efficient operation. Xg.Hac = 99.57 mol % andkp yac = 0.04356 mol %. Conversely,
perturbed in an opposite direction, the phase-splitting behavior
2. Process Flowsheets with and without Feed Impurity in the decanter disappeared and the column operation collapsed

after 104.8 h. Similar behavior appears if the process is perturbed

In this HAC dehydration process, the HAC specifications are by a square pulse with reboiler duty. The dynamic effect is even
99.9 mol % in the bottom and 0.1 mol % in the aqueous outlet faster. With a pulse to reboiler duty in negative direction, the
from the decanter. In the case “without impurity”, the feed column top and bottom compositions reach a new steady state.
stream is assumed to contain equal moles of HAc a@ &hd However, a positive pulse in the reboiler duty will force the
the IBA is introduced into the column through the organic reflux phase-splitting behavior in the decanter to disappear after 67.5
stream. The resulting optimal process flowsheet is given in h and the column operation collapsed. In other words, under
Figure 1. The optimal flowsheet was found to have 40 total the above pulse input tests, the column discloses that to each
stages (including reboiler) with feed tray locating at the ninth set of input variables there are two steady states in cor-
stage and a fraction of aqueous reflux equaling to 0.11. respondence. This phenomenon is known as output multiplicity

If a tiny PX or MX impurity exists in the feed stream, taking or multiple steady states. The occurrence of multiple steady
PX impurity as an example, the feed consists of 49.9 mol % states only exists for “with impurity” case. No multiple steady
HAc, 50 mol % HO, and 0.1 mol % PX. The base case result states were found in the “without impurity” case.
is very different from the above one that is free of impurity. In 2.2 Bifurcation Branches AnalysisTo explore this multiple
this “with impurity” case, the feed location moves to the 24th steady-state phenomenon further, the bifurcation branches of
stage and a side stream at the 18th stage is required, to minimizehis system will be studied. The bifurcation branch is a trace of
TAC and the operating energy. The resulting flowsheet is the steady states along a varying bifurcation variable which is
summarized in Figure 2. Later on, a feed stream with PX one of the manipulation variables in this case. Figure 5 shows
impurity will be considered for dynamic analysis and control the bifurcation branches for the “with PX impurity” case. In
study. The process flowsheet with MX as impurity exhibits each plot of this figure, the upper part gives the steady-state
dynamic and control behavior very similar to the PX case; thus, HAc composition in the bottom; the lower part gives the steady-
the result for the MX case is omitted in this paper. state HAc composition at the top. The dashed line shown in

2.1. Multiple Steady-States Phenomendn both the “with- the figure is the unstable bifurcation branch, and the solid line
out impurity” and “with impurity” systems, there are two is the stable one. From this figure, it is found that when the
manipulated variables adjustable to make products meet the topaqueous reflux flow rate is less than 20.26 kmol/h, under a given
and bottom specifications. One is the aqueous reflux flow rate, reboiler duty of 1393.46 kW, the system would be unstable and
and the other is reboiler duty. To investigate the open-loop none of the steady state can be found. Figure 5 also shows
stability of the optimal operating point for each case, manipula- similar phenomenon while the reboiler duty is the bifurcation
tion variables perturbed by square pulse (ih width and variable and greater than 1397.47 kW, under a constant reflux
+1% high) one at a time are introduced at the 10th hour from flow rate at 20.46 kmol/h.
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Figure 6. Temperature and composition profiles for optimal operating point

Reboiler duty [kW] and lower steady state.

Figure 5. Bifurcation plot using aqueous reflux or reboiler duty as the
bifurcation parameter.

Makeup : IBA

Organic Reflux 0,057 kmol'hr

43.245 kmol/hr
HAc : 0.177 mol%

From Figure 5, the points of bifurcation branches that cross
vertical solid line are the optimal operating poirs (iac, X8,HAc)

at (0.1 mol %, 99.9 mol %) and the lower stable steady-state H;0 : 6.563 mol%
POINt (Xo" Hac, Xe“ ac) at (0.04356 mol %, 99.57 mol %), under PR et |_

the same set of manipulating variable values. From the figure,
the steady-state HAc compositions of the top and bottom will

be either on the stable or on the unstable branch simultaneously

For example, the top and bottom HAc compositions of optimal Hac: 49.9 mal%

operating point are both on the unstable branch and the

Feed 100 kmol/hr

H,0 : 50 mol%
PX : 0.1 mol%

Aqueous Reflux
18.477 kmol'hr

Aqueous Product
49,957 kmol/hr
HAc : 0.1 mol%
H,0 : 99.798 mol%
IBA :0.102 mol%

compositions of the lower steady state are both on the stable
branch.

Figure 6 shows the temperature and composition profiles for
the optimal operating point and the lower steady state. For the
composition profiles, Cruickshank et’@lorthogonal projection
for four-component systems as used in our part 1 paper (Huang
et all) are shown. From Figure 6a, it shows that the temperature
profiles split obviously after the 24th stage (i.e., the feed R
Iocatlon)._ For _the opt!mal operating point, the temperature is Figure 7. Optimal design flowsheet for the lower product purity case.
monotonically increasing from column top to bottom. However,
for the lower steady state, the temperature starts to drop down
at the 25th stage and has the largest drop at the 26th stage. Thgroduct purity specification, the specification of the top HAc
composition profiles, as shown in Figure 6b, also show drastic composition is still set at 0.1 mol % HAc. The optimal design
changes below the feed location. The lower steady state followsflowsheet for this lower product purity case was developed in
the path with less PX in the lower part of the column. Huang et al and is shown in Figure 7.

3. Effect of Product Purity Specifications. The design to Following the analysis method in section 2, the multiple
meet a lower HAc composition (99.5 mol %) specification at steady states were also found for this lower purity specifications
the bottom is considered in this section, where there is no needsystem. There are also two bifurcation branches for each
to include the side stream in the flowsheet. For this lower manipulated variable. Figure 8 shows the optimal operating point

24 PX : 3.68+107 mol%

Reboiler Steam Duty =1350.181 kW

Product 50,100 kmol/hr
HAc : 99.5 mol%
H;0 : 0.288 mol%
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Figure 8. Bifurcation plot for the process with lower product purity 29.80 29.81 29.82 29.83 29.84

specification. Aqueous reflux flow [kmol/h]

Figure 10. Effect of increasing reboiler duty for the process with higher

is also open-loop unstable. The HAc compositions will decrease Product purity specification.
from this unstable steady state to stable steady state{from
99.5 mol % to 99.06 mol % angp pac from 0.1 mol % to ) ) ) o
0.03355 mol %). The shapes of bifurcation branches are similar State- The system with higher purity specification (flowsheet
with higher and lower purity specifications (Figure 5 vs Figure &S I Figure 2) will be used for the investigation of the control
8). The only difference in the case with lower specifications is study.
that the curve is smoother near the turning point. The above 4. Control Strategy Development.Basic inventory control
results represent that no matter if side stream exists or not, theloops are determined by first following the control strategy in
bifurcation phenomenon occurs when the feed stream containsChien et a® They are the following: column bottom level is
PX impurity. controlled by manipulating the bottom flow; organic level is

For the controller design convenience, the operating point is controlled by manipulating the organic reflux flow; agqueous
preferable to move to a stable steady state. However, the procestVel is controlled by manipulating the aqueous outlet flow;
specifications cannot be achieved at the lower stable steadycolumn top pressure is controlled by manipulating the top vapor
states because of too low of a bottom HAc composition. To flow. The remaining two important manipulated variables for
solve this problem, a conservative condition by increasing Product quality control are aqueous reflux flow and reboiler
reboiler duty is considered. Figure 9 displays that the system duty.
with lower purity specification needs about1al0% reboiler 4.1. Temperature Control Strategy.In Chien et al1® only
duty increase to move the operating point from an unstable a single temperature control loop is needed to hold the top and
steady state to a stable one, with the same bottom productbottom products at their purity specifications by manipulating
specification. Similarly, the system with higher purity specifica- the aqueous reflux flow. The reboiler duty is fixed and maintains
tion (99.9 mol % case) needs to increase more reboiler duty toat a constant ratio to the fresh feed flow rate. However, their
move the steady state onto the stable branch. Nevertheless, asase is different from ours because there is no feed impurity
Figure 10 shows, even though the reboiler duty is increased uppresented in the system. Table 1 shows the results of our case
to +15%, the steady state is still on the unstable branch. As in Figure 2 where the aqueous reflux flow and the reboiler duty
the results shown, there is a trade-off between TAC and easinesare manipulated by two composition control loops when
of controller design. It costs much more reboiler duty to operate subjected to various disturbances. Of course, this situation is
the column at a stable steady state, especially for the case withnot feasible in industry because of the unavailability of on-line
higher purity specification. In the following, we will show how composition measurements. However, the results of these closed-
to control this column at the more economical unstable steadyloop runs can be considered as the targeting goal for the
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ST T T T T Table 1. Values of the Two Manipulated Variables under Two
4 —— , +5% Comoposition Controls (Xgnac = 99.9 mol % and Xp pac = 0.1
o] Ao 5% mol %)
] composn control aq reflux flow (mol/h) reboiler duty (kW)
2 ] nominal condition  20.4567 (deviation %) 1393.4810 (deviation %)
14 X0 +5% 22.8367 (11.63%) 1492.8027 (7.13%)
1 Xg,H,0 —5% 20.1386 {-1.55%) 1336.3404-(4.10%)
S Xe,px +10% 20.9546 (2.43%) 1403.7999 (0.74%)
= 4] Xe.px —10% 20.1192 {1.65%) 1386.47980.50%)
= AF +5% 21.4622 (4.92%) 1459.4518 (4.73%)
< -2+ AF —5% 19.4494 € 4.92%) 1327.087+4.76%)
3 ] AF +10% 22.4689 (9.84%) 1525.056 (9.44%)
_ AF —10% 18.4360{9.88%) 1260.1839.57%)
-4 -
s ] . o
] two product purity specifications (bottoms at 99.9 mol % HAc
- T T T T T T T

5 2 3 s and top at 0.1 mol % HAc) being met. On the basis of the results
as shown in Figure 11, the temperature control points are
selected at the 11th and 32nd stages (counting from column
Figure 11. Closed-loop sensitivity plot for the disturbances 6% top to bottom). The final control strategy is then proposed as
feedwater composition changes. the one in Figure 12. Noticed that the other two operating
variables (IBA makeup and sidedraw) not being used in the
temperature control. From Table 1, it is found that both aqueous temperature control loops are all ratios to the fresh feed flow
reflux flow rate and reboiler duty need to be adjusted to cope rate.
with the various feed disturbances. As a result, it is not possible  4.2. Closed-Loop Simulation Results.The closed-loop
to achieve the dual composition control with only a single simulation results with:5% feedwater composition disturbances
temperature control loop. are shown in Figure 13. The two product specifications are
Because the operating point is open-loop unstable, thus open-maintained quite nicely under these two unmeasured feed
loop sensitivity analysis cannot be applied to determine the composition disturbances. For the disturbance witth0%
temperature control points. Instead, the closed-loop sensitivity changes in the fresh feed flow rate, the set-points of the two
analysis as in Lee et &t.is performed and shown in Figure 11. temperature control loops need to be adjusted to maintain the
With £5% changes in the feedwater composition, the temper- product purities to meet their specifications. The reason for the
ature profiles under two perfect composition control loops are necessary adjustments to the two set-points is because the
compared with the temperature profile of the base case. Thepressures at the two temperature-controlled stages were changed
two temperature control points should be chosen at the stagesalong with the feed rate disturbances due to the varying of the
that have least deviation of the tray temperatures leaving the pressure drop through each tray. The pressure drop through each

Stages

IBA Makeup

Decanter

Aqueous Reflux
z rw

__________ ,@ 5 _ _ Aqueous Outlet
. 24 » E Sidedraw

Feed {i} .
® 32 B ®

40 ._@7 Steam
f Reboiler

11

Bottom Product

Figure 12. Proposed overall control strategy.
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Figure 13. Closed-loop results fot-5% changes in the feedwater composition.

tray was determined by the liquid holdup at each tray and the from 99.9 to 99.85 mol % HAc) occurs. Nevertheless, this
vapor rate (influenced by the reboiler duty) through that tray, deviation is considered acceptable because the purity is still very
although the pressure at the top of the column is under high.

controlled. Since the reboiler duty should be varied with the  Enirely different closed-loop dynamic results are obtained
feed rate changes (see Table 1) to hold the two product,,pen changes of the feed PX composition are larges00%6
specifications, the pressure at the temperature-controlled Stageﬁhanges). Figure 17 shows the closed-loop results for these
were changed acpordingly. Because the_se fresh feed flow ratechanges. One important observation is that the changes of the
changes are considered as measurable disturbances, feEdforVV‘"‘Fﬂanipulated variables are not symmetric at all. Both manipulated

i?Jﬂf;mleélnfhgcvéhtiéec;ﬁféztgﬁﬁst{\zg'?ér%agrk;?u'gpsl,‘é?e:i;etgvariables need to be increased no matter if the changes of the
9 P P feed PX composition are positive or negative. Especially, in

unpler various fresh feed flow rates. From this figure, the set- the —50% case, both manipulated variables need to be at very
points of the two temperature control loops can be determined

to accommodate:10% changes in the fresh feed flow rate. high Ya'”_es- This causes much higher energy requirement gnd
Figure 15 shows the closed-loop dynamic results with this certainly is not d_e_swable for only a small amount change in
feedforward control. Notice that, after implementation of this [€7™MS of composition of PX from 0.1 to 0.15 mol %.
feedforward control, the two product purities meet successfully ~ The above asymmetric closed-loop behavior occurs even with
the high specification on purity. two perfect composition control loops. With a gradually change
The other feed composition disturbance considered is the Of feed PX composition from base case-t®0%, Figure 18
changes in the feed PX composition. Figure 16 shows the closed-shows the temperature and composition profiles of the column
loop dynamic results with-30% changes of PX composition. ~ With perfect control of two compositions. It is noticed that the
A +30% of PX composition change is equivalent to change of behaviors of temperature and composition profiles gradually
PX composition in the feed stream to 0.13 mol % together with switch from one pattern to the other. For a change withi0%
the corresponding decrease of acetic acid. It is noticed that theto —90% in PX composition, high-energy operation results
two product purities deviated from their specifications, especially which follows the path that has less or no PX in the bottom
in the +30% case, where a largest deviation (bottoms product part of the column. This behavior was also noticed in the first



Ind. Eng. Chem. Res., Vol. 47, No. 9, 2008053

‘alel MoJ} paay ysaly ayl ul sabueyd 9,0TFo} S)nsal dooj-paso|) "GT ainbiq
[q] sy [4] sy
00E 0sT 00T 0eT 001 0F Q 00E 05T 00T 051 00t 0g Q
b oozt 91
S >
|||||||||| —_————— } 4 .m
1 S R B
| [oost W llllllllllll { g
] (=]
1 2. e 2
' & © =
roort 2 =
o} c
,m T =
L —_ =
00ST = v =1
= Tz
— =
F 0091 o
(o] outy [y] swry
00E 08T [Lird 0eT 001 0g Q 00E 05T 00T 051 001 ag Q
P e S S VP c96
.................. I gk i
]
8 (T L
) [OsT p 066
- \ )
= —
Feszr B _| =
Foszt — 4 §'66
FEsTl
00EL 0001
[y] s [y] sy
0OS 05T 00T 0sL 001 0§ 0 00F  0ST 00T 0ST 001 0§
: : : : A 0L6s : ; : : ; 00
Folee ! .
b - ___ 800
] __ I
b bogss = ’ 0 S
. 866 o e s
h qw - - " 2
0 FESEE = f——— == 0 =
! 5 010 3
fy m.o F,u
‘J.a.g = o =
[ £6'66 o
00001 €10

2,01+ : ndySnoanyp

0,01~ :ndysnonp- - - -

'sabueyo 1ndybnouyy Japun sjulod-19s ainjesadwa)l
oM} Jo Buinpayds premioipas (q) ‘a1es mojy pasy sa sajyold ainjeladwsa] (e) T ainbi4

[%] 4V
01 S 0 g ol-

L 1 " 1 " 1 1 " 1
AVTLOLO'0 + $T61'8T1 = TEL |
AV69ETO0 + 9PP1T66 = 11L—— >

€L . T

1L = |

e —8 B |

~ —— [

e R
sagelg

ov s¢ o€ 5T 0z s1 o1 s

86

066

§'66

0’001
LTl

O] L

8C1

6C1

o€l Q)

o] Lv

o
! 0o [0 AV o I
B . %0+ 4V —e 90
.wootatho:!-otc %S AV —0 ww,o
I %S+ AV —m— A
L 1 n L " 1 L 1 n L " 1 " 1 n o1

(®)



3054 Ind. Eng. Chem. Res., Vol. 47, No. 9, 2008

‘uonisodwod Xd pasy} ayr ul sabueys 940570} synsal dooj-paso|) 2T ainbi4

[y] emy, [q] eump
006 06T 00T 0ST 00T 0€ 0 006 05T 00T 0ST 00T 0% 0
i ; : i oct f ; : ; \ ot
-
y iI.KI
:L FO00FT . ..W
¥ [cc =
, Z J g
. FOMFT O ' =
P = i Fre 2
' g ' z
. osrt , S
' = ' Loz g
o ’ .omﬂm e, ’ =
- - i = ~ e =
-~ M -~ z
oo — 8 W
009t (113
[y] e, [y] sy,
006 06T 00T 0ST 001 0€ 0 00€  0sT 00T OST 00T 0§ 0
: ; : : A otszt . : : i ;
Fotes
L CTerT [8ues
m —~
R 4 A M v — .J_._r-ow.mm.“
y o - ~ =
b g 3
FOTETL brrss
ks
cTsTI
(] sy (1] ot
006 0ST 002 0ST 00T 0§ 0 006 05T 00T DS 00l 0§ 0
: : : ; f oves : ; : : 1 200
TTTTeee Ll 100
Fsaes it ™~ =
= N o =
5 N 900 =
i —
g , ]
=3 \ Fsoo =
........... - oroses S \ =
- N ' A Y
-~ ] ||.|ll..|l-‘.l|lﬁ: 0
56'66

I
905+ ¥ ——

o

‘uonisodwod Xd paay} ayy ul sabueyd 9,0eFo) synsal dooj-pasol) 9T ainbi4

. - XNd 4
00€- -

9%0g+ M — —

[q] sum [y] sum
006 05T 00T oSt 001 0§ 0 006 05T 00T 0ST 001 0§ 0
. L 4 : 4 081 L : L L 1 §61
~--e o .
S N 2
~ = Tee Foot §
R - N =
| = z
=3 “a ~
o beor &
=
= =
FO0vT m M
- Larm
M o1z =3
- =
01F1 1T
[u] sumy [y] sy
005 0§T 00T 051 001 0% 0 00 05T 00T 0SL 00l 0§ 0
01871 166
Fsretl
o o
2 | FOTE6—
sl ﬂn -~ ﬂu
FOTRTL
§TRTI $T66
[y) ouny (4] otz
00€ 0sT 00T 0sT 00T 08 ) 00€ 05T 00T 051 001 0§ 0
966 1 ; 1 . 5 00
-
o [e0o =
z - g
L6 — ~ =
! =]
' M = =N
|||||||||||||||| - = =
= o0 =
0001 1o



Ind. Eng. Chem. Res., Vol. 47, No. 9, 2008055

(@)

130 o Base case
c-10%%
=300
1 -50%

s =T

120

T[°C)

110 <

(b)

1.0=

B Aceoimpes o
— Base Case

== e

11525°C

; . e o, SRR
o de
: X=Xy b Xee e 08 09 L0

Ky = Xyt Xpy

Figure 18. Temperature and composition profiles for various feed PX composition changes.

part of our paper, where, in the case when the feed tray locationPX changes (e.g—30%) do not have this large temperature
was not properly located, a high-energy operation resulted. variation. Assuming the biggest feed PX composition drop is
4.3. Side Stream Operating StrategyAn important conclu- ~ —90%, a manipulating strategy is proposed as follows to
sion that comes up with the above analysis is that it needs todifferentiate the PX change from the feedwater change.
keep proper PX concentration inside the column to ensure In the figure,t; is defined as the starting time when the
energy-efficient operation. Fer50% to—90% changes in the  temperature at stage 25 departs from its nominal temperature.
feed PX composition, if the side streamflow rate is fixed A noise band can be defined for the possible noisy measurement
constant, the PX will be depleting from the column and thus of this stage temperature. Also in the figuteis defined as the
cause high-energy operation. This was certainly not the attentionstop time when the temperature difference is &C5If t, — t3
before, as we design the side stream to take PX out to preventis greater than 2 h, which means that this is not feedwater
accumulation of PX inside the column. A side stream operating composition disturbance, than the side stream valve is closed
strategy thus needs to be devised to keep proper PX concentrato preserve PX inside the column. When temperature at stage
tion inside the column subjected to disturbances from feed 25 is back to 108C, the side stream valve is opened back to
composition. resume its nominal flow rate.

Since measuring composition especially inside the column  Figure 21 shows the closed-loop result of the dual-point
is impractical in industry, we will use some tray temperature temperature control together with this side stream operating
measurement as an indication for manipulating the side stream strategy, when—50% feed PX composition disturbance is
Figure 19a shows the dynamic responses of the columnintroduced at a time of 10 h and then back to original feed
temperature profile under dual-point temperature control (e.g., composition at a time of 300 h. It is found that both products
Figure 12) subjected to a PX composition change-60%. It are maintained at high purity and, more importantly, the aqueous
seems that temperature at stage 25 can be used as an indicatioeflux flow rate and reboiler duty are kept at low values
to shut the side stream valve to preserve PX inside the column.(comparing to the results in Figure 17). Figure 22 shows the
However, as shown in Figure 19b, the temperature profile in dynamic responses of the side streamflow rate and the column
response to another different disturbance5% feedwater temperature profile. It is noticed that the side stream valve is
composition change) has also a considerable increase of temyperiodically closed between 10 and 300 h to preserve PX in
perature on stage 25. Thus, a criterion to differentiate betweenthe column. After a time at 300 h, the side streamflow rate is
these two types of unmeasured disturbances is desirable. desirably returning back to its nominal value following the

One of the differences between these two types of distur- Proposed side stream operating strategy.
bances is that the increase of temperature has much faster rate Figures 23 and 24 show plots similar to those in Figures 21
when water composition changes than PX composition does.and 22 but with a90% feed PX composition disturbance. The
The dynamic characteristics of the two types of feed changestwo products are still maintained at high purity with low aqueous
as well as the feed rate change are shown in Figure 20. For thereflux flow rate and reboiler duty. During the time period under
PX composition changes-60% to—90%), temperature at stage a—90% feed PX composition disturbance, the side stream valve
25 has more than a & increase. On the other hand, smaller is closed accordingly to preserve PX concentration in the
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Figure 19. Dynamic responses of stage temperatures:—&0)% change in feed PX composition; (6p% change in feedwater composition.

120 brings the side streamflow rate back to its nominal value as
t,-¢, > 2 h, sidestream close expected.

1184 Temp. < 108 °C, sidestream open

116 - 5. Conclusion

In summary, there are several important findings from this
study: (1) The bifurcation phenomenon was found in the case
of feed with impurity no matter whether the column has a side
stream or not. However, this phenomenon was not found for
the case of feed without impurity. (2) For the case of feed with
impurity, the column should be operated at an operating point
which is open-loop unstable. If operating at a stable steady state
is desired, 10% more reboiler duty is needed for lower purity
case and much greater reboiler duty is needed for higher purity
case. (3) Dual-point temperature control strategy is needed for

Time [h] the case of feed with impurity. On the contrary, as seen in Chien
Figure 20. Dynamic response of stage 25 temperature under various €t al.1° only single-point strategy is required for the case of
disturbances. feed without impurity. (4) PX concentration inside the column
needs to be maintained to keep the composition profile following
column. Comparing the results in Figure 24 to those of Figure the path with more PX in the bottom part of the column. To
22, itis noticed that closing of side stream valve is more frequent ensure energy-efficient operation of the column, a side stream
for this —90% feed PX composition disturbance. This makes operating strategy is devised to preserve PX inside the column.
sense because that less PX than the previous case goes into th®) The proposed overall control strategy is tested under various
column. When feed composition is returning back to normal at feed disturbances. High-purity products (column bottoms and
a time of 300 h, the proposed side stream operating strategytop) can still be obtained despite disturbances.
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