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I's pnpgsent aspAgimprovement in the prior art process for the carbonylation of an alcohol to produce

the carboxylic acid having one carbon atom more than the alcohol in the presence of a rhodium
catalyst is disclosed in commonly assigned U.S. Patent Nos. 5,001,259, issued Mar. 19, 1991;
5,026,908, issued Jun. 25, 1991; and 5,144,068, issued Sep. 1, 1992; and European Patent No.
EP 0 161 874 B2, published Jul. 1, 1992. As disclosed therein, acetic acid is produced from

25  methanol, or a carbonylatable derivative thereof, iﬁ areaction medium containing methyl
acetate, methyl halide, especially methyl iodide, and rhodium present in a catalytically effective
ccncentration. These patents disclose that catalyst stability and the productivity of the
carbonylation reactor can be maintained at surprisingly high levels, even at very low water
concentrations, i.e. 4 weight percent or less, in the reaction medium (despite the general

30  industrial practice of maintaining approximately 14-15 wt % water) by maintaining in the
reaction medium, along with a catalytically effective amount of rhodium and at least a finite
concentration of water, a specified concentration of iodide ions over and above the iodide

content which is present as methyl iodide or other organic iodide. The iodide ion is presentas a
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specifications. It is desirable, however, to return to normal operating conditions as rapidly as

possible after a process disturbance. It has been observed, however, that process controllers

25 employing standard linear control algorithms do not provide sufficiently rapid recovery from
large-magnitude process disturbances because the controllers are tuned to maintain control over
the narrow range of “normal” operating conditions rather than the broad range resulting from a
significant disturbance. In particular, linear controllers are limited in that the controller gain
(i.e., the relationship between the magnitude of a deviation from target conditions associated

30  with certain control variable(s), and the magnitude of the corrective control action achieved
using manipulated variable(s)) is fixed rather than changeable. An example of a gain is the
amount of steam flow change required to a heat ekchanger to cause a one degree change in

temperature of a process stream. During rate changes, such as upsets, the composition of the
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(e.g. to change a product grade) and the objective is to minimize the transition time between
grades. Existing nonlinear control applications have focused on production of polymers where
there are frequent changes in product grades. These applications have not focused on rate

25  related changes. There remains a need, however, for control systems that are capable of
managing nonlinear processes in response to unexpected disturbances so as to provide rapid
recovery.

One such system now available commercially is a system from ASPEN Technology that

employs two separate components to manage a process upset. In addition to a dynamic

30  controller for maintaining control until a disruption has been addressed, ASPEN’s solution
employs a separate gain-scheduling component that is designed to manage the return to normal
operating conditions. In effect, the gain scheduler treats the return from abnormal to normal

conditions as a grade change and imposes upon the return a series of essentially linear
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In another aspect, the present disclosure describes a process for producing acetic acid by
25 carbonylation of methanol, including the step of controlling at least a reaction section of the
process and/or a purification section of the process using a multivariable nonlinear predictive
controller based on a nonlinear model of the process. The controller employs the same process
model to control the process during normal operations, during a process upset condition and also
during a recovery period after the upset has been addressed.
30
Brief Description Of The Drawings
While the invention is susceptible to various modifications and alternative forms,

specific embodiments have been shown by way of example in the drawings and will be
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20 numerous implementation-specific decisions must be made to achieve the developers’ specific
goals, such as compliance with system-related and business-related constraints, which will vary
from one implementation to another. Moreover, it will be appreciated that such a development
effort might be complex and time-consuming, but would nevertheless be a routine undertaking
for those of ordinary skill in the art having the benefit of this disclosure.

25 Figure 1 depicts a commonly used methanol carbonylation process for producing acetic
acid. As explained in U.S. Patent Nos. 3,769,329 and 5,001,259, which are incorporated herein
by reference, the carbonylation reaction is typically carried out by introducing carbon monoxide
and a feed containing methanol, and/or a carbonylatable derivative thereof, into a stirred reactor
with a catalyst, for example a rhodium or iridium catalyst, an organic iodide such as methyl

30  iodide, and (in the case of a rhodium catalyst) an inorganic iodide such as lithium iodide as
described above. The reactor effluent is flashed to recover catalyst and inorganic iodide. This is
often accomplished in a separate vessel, not shown in Figure 1, from which the residue is

recycled to the reactor and the overhead product is subjected to additional purification. The
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ains are linear, the controller output will change ve .
g not robust enough to correctly c culiate Hle ?equu'\gﬁ mnecgve gctlon. H particular, because

such a controller assumes that process gains are linear, the controller output will change very

25 slowly (and at a constant rate) to avoid overcompensation. As a result, it may take several
hours, or even days, for an acetic acid process to recover from a severe process disturbance ¢ven
after the disturbance itself has been addressed. When a plant is operating at or close to capacity
because demand is high, extended delays in returning to full capacity may amount to millions of
dollars of lost profits.

30 One alternative approach that has met with some success is “gain scheduling”. This
approach employs a limited number of distinct sets of controller tuning parameters to control
discrete, well-characterized operating regions within the overall operating range of the process.

In effect, this approach addresses nonlinear process gains by subdividing the process into
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effect of controller output changes on the process. This faster recovery translates into increased

profitability because the process returns more quickly to operation at its optimum capacity.
This improved recovery time is depicted schematically in Figure 2, which is a generic

25 plot of acid production rate versus time. A target production rate R1 is maintained until time t1,
when a process disturbance (such as a sudden reduction in carbon monoxide supply) requires a
reduction of the production rate to R2 at time t2 until t3, when the condition requiring the rate
cut is corrected. Using nonlinear model-based control according to the present invention, a
nonlinear multivariable controller returned the process to production rate R1 at time t4. In

30  contrast, because a linear multivariable controller operates only over a narrow operating range,
the process recovery is usually managed by a combination of linear automatic control and direct
operator control. Under these conditions, the process returns more slowly to production Rate

R1. Under nonlinear model-based control according to the present invention, the controller is
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Suitable control software for implementing multivariable nonlinear control includes a
25 Galaxy Nonlinear Control system from PAS, Inc. The PAS NOVA® modeling system or a
similar package may be used to develop a first-principles model of the system. This system is
particularly appropriate for the acetic acid process because it is capable of modeling the complex
reaction scheme in the reactor as well as the downstream separation processes. Unlike linear
model predictive control systems, the Galaxy system takes account of process nonlinearities so
30 hat a single set of controller tuning parameters can be used to manage the entire process. This
iffers fundamentally from the “gain scheduling” approach in which separate sets of control

wameters are implemented depending on the present process conditions.
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dependent variables may not be relevant to certain processes and that additional dependent
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variable may be relevant to certain processes.
Independent variables that can be expected to be common to many methanol
25  carbonylation processes include methanol feed flow; reactor temperature; reactor to flasher flow;
drying column control temperature; drying column overhead receiver reflux to drying column
flow; drying column overhead receiver recycle to reactor flow; and drying column overhead
receiver pressure. It will be recognized by those of ordinary skill having the benefit of this
disclosure that all of these independent variables may not be relevant to certain processes and
30 that additional independent variable may be relevant to certain processes.
With the number of dependent variables and independent variables that might be relevant
to any particular process implementation, the number of potential gains tﬁat might be considered

for nonlinear multivariable control is potentially considerable. As might be determined from
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25 disclosure that all of these gains may not be relevant to models of certain processes and that
additional gains may be relevant t.o models of certain processes. Specific choices in gains to be
included in a model will vary from process to process and will vary upon numerous factors,
including, but not limited to, control objectives, control strategy, and other practical
considerations, such as signal reliability. The effort to identify the gains that should be used for

30  nonlinear multivariable control for any specific process, while possibly complex and time-
consuming, would be a routine undertaking for those of ordinary skill in the art having the
benefit of this disclosure.
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20  respective conditions prior to the process upset or as a percentage of the respective condition
prior to the process upset (100%), were as follows:
Temperature Difference: - 12 °C
Reactor pressure: 94.6 %
Carbon monoxide flow: 32 %
25 At time t3, the carbon monoxide flow was restored. At that time, the process was being
operated at a production rate that was 31 % of the rate at R1. The process conditions at time t3,
provided as either a difference from the respective conditions prior to the process upset or as a
percentage of the respective condition prior to the process upset (100%), were as follows:
Temperature Difference: - 20 °C
30 Reactor pressure: 100 %
Carbon monoxide flow: 31 %

The process was maintained under multivariable nonlinear model-based control to return

the process to the previous steady state conditions associated with the target production rate R1,
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associ at ed w ; ction rate R, WD 2006/ 086376

neT Usp006/ 00 pe B e L O e i et 2t th e t4, the
process condThé wasveryfromi thertdusedgiroduetionsratedRZ dosordingtofthis exarhple isdagieated ve
condi tions. priLor .t he prage upset or as a percentage of the respective
conditi %ﬁxsﬁﬁe&mpgi)spﬁ? cgfvgg@g?fg@t (100%, were as follows: Tenperature
Di fference: Thd ik comPesatidnost the Recioh Medihid) includisg, bannorlintdedds, nidtigyd. 100 %

The recovery fromthe reduced production rate R2 according to this exanple
i s iMdi édideandimethyl gentate Jevalsgatdimes th {3, and tAavaze Psﬁew@lofm@c@nm@m@%e

COMPOSi & | . . . . e oot L i ; t hyl
o o el por itc b3k ke TREAT o bREHHE iy iol¥nonlta, ioahithestt
essent i abityol tnefficientdrefurn thetadoeticeacid proedsstotatigetrproductibe ratesoipHewing jas @pset.
attesting to the ability of nultivariable nonlinear nodel -based control to
efficiently return the acetic acid process to target production rates

fol | oW gGpifariivetxamglenpar ative Exanple 2 is A methanol carbonyl ation
process Wwas operated as described in Exanple 1, except that at tinme t3,

t he Brocess Hemethanol casbenylatiop prasessavasopetated gpdesaribad indixample I, exeeptihatiaj

control ﬁﬁﬁ%, the process was put under a combination of operator managed regulatory control and

multivariable linear model-based control to return the process to the previous steady state
conditions associated with the target production rate R1, which was achieved at time t5. The
recovery from the reduced production rate R2 according to this comparative example is

20 indicated by curve A in Figure 3.
Therefore, the present invention is well-adapted to carry out the objects and attain the ends and
advantages mentioned as well as those which are inherent therein. While the invention has been
depicted and described by reference to exemplary embodiments of the invention, such a
reference does not imply a limitation on the invention, and no such limitation is to be inferred.

25 The invention is capable of considerable modification, alternation, and equivalents in form and
function, as will occur to those ordinarily skilled in the pertinent arts and having the benefit of
this disclosure. For example, the present invention is not limited to the use of processes
employing rhodium as a catalyst. The present invention can be applied to systems using other
catalyst systems, including processes using iridium. The depicted and described embodiments

30  of the invention are exemplary only, and are not exhaustive of the scope of the invention.
Consequently, the invention is intended to be limited only by the spirit and scope of the
appended Claims, giving full cognizance to equivalents in all respects.



mul tivariable |linear nodel -based control to return the process to the

previ ous steady state conditions associated with the target production
rate R, which was achieved at tine t5. The recovery fromthe reduced
production rate R2 according to this conparative exanple is 20 indicated by
curve Ain Figure 3. Therefore, the present invention is well-adapted to
carry out the objects and attain the egpgls and advantages nentioned as well
as those which are inherent therein. Ile the invention has been depicted
and described by reference to exenplary enbodi nents of the invention, such
a reference does not inply alimtation on the invention, and no such
limtation is to be inferred. 2s Thej Ry@Rti on i s capabl e of considerable
nodi fication, alternation, and equivalents in formand function, as wll
occur to those ordinarily skilled in the pertinent arts and having the
benefit ofWhatis elaithekisosure. For exanple, the present invention is not
limted to the use of processes enploying rhodiumas a catalyst. The
present invention can be applied to systens using other catalyst systens,

i ncl udi ng procéssesAusnethjod rafdicomtrolllinge ad gpocete doanprodedng | dretc earixb diyment s
30 of the invention are ex | ary only, and are _not .exhaustive of the scope
of the i n@HPRYFION QETREBAGLAL f Garbeniiatitc dFiivatte theraohcsRpBAIEAILReRsioN) 1 od
only by theniBlifd the2 Rtk B¢ PR&Iuefiord BE theARREBURH Ghddl B set WtVihdithal Ybdrating
cogni zance to equivalents in all respects. 13 CLAIMS Wat is clained is:
1. A net heohdifionspmduoingi thg paoducticr sase fimregpoustutoi ang unexpeited aod digmificant

carbonyl atj on of nethanol aqr.a carbonyl atabl e derivative, thereqf

Conpr 1 &1 ngM4ee 10; AIRtBE; condisighs e 1G4 MEPeFsk SsBPArE SUINIGRT ot iR et i ¢
aci d undepp@a®t colditidAs MRfuiRed Aldubiibn & PRSHUCON Bate; raE@H BHeNFoditBoR kA UCE | ON
rate in response to an unexpected and significant change in operating
condi t i onsedyoed, tapntrolbingcths spra¢ess wat Hhaaedused prefbicten gated andrinereasingéieat i ng
conditions requiri reduction.in production rate: after.th roduction
Fare 1o " PRl 8 Ahes T sofuon, Beael ik el Wi B S Al oI o o
and i ncr epgidagtidnn ate REQEHLCIO Odid Ndrallbp@titipatdhge.0Mbieteid usihg e stepsofbeen
addressed until at |least the production rate returns to said nornal

oper at i ngincssgiag thiaiodpetionuratengntil e Brodyction ratefeuEnsstorigid prmst epRIHNEON rat e

til th ' t . S A Yol dic i
o o " BB LS Ghad 05nblrs uBORTe OBRIATND of aRB8e S
of the purcparessyhaice¢in theecanmdllingl bf nhe girodebe ipraagmgs thes sehigrd Peocksse

severe process disturbance outsjde of said nornmal operating conditions
and/ or dufisHbance gutsids q} spidrnogmal eperatingiopaditignset s/ BERES BFAtDY BHinde

outside ofagahd s&@fe%hc&pgfs%BﬁQe ORI r 941 nBAtal l?)%@lréting conditions has been

addressed,

wherein the unexpected and significant change in operating conditions due to a
process disturbance outside of said normal operating conditions requiring a reduction in
production rate results from a condition change selected from the group consisting of:

(a) a reduction in the supply of carbon monoxide and/or methanol to the
reactor in an amount sufficient to require a reduction in production rate greater than
experienced during said normal operating conditions;

(b)  failure of a mechanical pump;

(c) loss of heating or cooling capacity;

(d)  flooding of a downstream purification column;

(e) a shortage of storage capacity for acetic acid product; and combinations

thereof.



addressed, wherein the unexpected and significant change in operating
conditions due to a process disturbance outside of said normal operating
conditions requiring a reduction in production rate results froma
condition change selected fromthe group consisting of: (a) a reduction in
the supply of carbon nonoxi de and/ or nethanol to the reactor in an anount
sufficient to require a reduction in prigduction rate greater than
experienced during said nornmal operating conditions; (b) failure of a
mechani cal punp; (c) loss of heating or cooling capacity; (d) flooding of a
downstream purification colum; (e) a shortage of storage capacity for
acetic acid praduct A afthodaiEbbrdiigl NSaimt H)eriRedin tHedprodess Andtl bedpaeesar di ng
to claim1, wherein the process nodel conprises a dynam c nodel of at |east
a reacti orflysamic raeded pf atHeasht raetien segtionnofifpe pwEessccording to claim 1,
wherein the process nodel conprises a dynam c nodel of at |east a
purification section of the process. 4. A nethod according to claim1,
wherein the pra@ess Amagelodceomdinged cdaimf 1, rvelierdgin ithecprotess nmidebomaprisat al east a
reacti on section 9%%%€e process. 5. A neth?g$according to claim1, wherein
the procesynagiano #tjleasta gurification sqstiop of PEQEOKEdel of at | east a
purification section of the process. 6. A nmethod according to claim1,
further conprising the step of continuously optim zing process conditions
based on the processA neted acbadinghte clgmol] wdterem theaprecess madehcompriseoamal
operating range..7. A pethod according to clajm®6, wherein said optim zing
step bal arfi,rété‘%“ﬁfPLé‘éB?fgﬁPEatj%ﬁSh%reﬁgé%ﬁe&?fé’doﬁhPlroF‘?f’éT eased or decreased
production rate against a changed cost of raw nmaterials and energy

associated with the increased or decreased rate. .
5. A method according to claim 1, wherein the process model comprises a

first-principles model of at least a purification section of the process.

6. A method according to claim 1, further comprising the step of
continuously optimizing process conditions based on the process model when the

production rate is within a normal operating range.

7. A method according to claim 6, wherein said optimizing step balances
an economic value associated with increased or decreased production rate against a
changed cost of raw materials and energy associated with the increased or decreased

rate.





