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CHAPTER |

INTRODUCTION

1.1 Importance and Reasons for Research

The process should.

waste production e products. In the real

and the intern; Lnot,majtemwha fay {s, calseline change, in case of
Weliiect should be eliminated
from the pro onfBs Jpes ib' hafinekorBe eSSyl Mave the least deviation

from the designe '. More@) r;f to th ioRg8f the environment, safety
and operating condli n ' |S®§ a-a..;_ﬁ"_ 0 3 ‘ ontrol system to control the

-4

condition and compensate for apy ideviati rred.

Previously, the € procéss is designed to control only

each individual unit. In_gen ,‘f—’ in ggrated process (material recycle

and energ&_’ ,,,,,,, ey if operation are not
available b&a I s units. The design

process controm' ing p

us prﬁm Because plantwide
process control eS|gn a control system from the wewpomt of the entire plant.

Autinanin R

cont?des,lgn procedure of Montre‘Wongsrl (2009) applied to alkylation proce

AWIRNIUANTL NYINY

number of 100, so it is valuable for making gasoline for high-compressor engines that
require high octane number (suppress pre-ignition). The alkylation process was

commercialized just before World War Il, and it provided high-octane gasoline for the



airplanes in that historic conflict. It is still widely used around the world in many refineries
as a way to upgrade light component and to produce a high-valve, non-aromatic

gasoline blending material.

1.3 Scopes of
The Scopes v isted belew

gt they alkylation |
commercial proce ., atg —|—| ﬂ‘f’p Sion x
2. it ﬁ"r"" Fiyat1on BRCSER is obtained from William L.

Luyben, 2002. -‘ ' ; H"-.

3. Plantwide g0F - Aealkylation process are designed using
new design;jsoced

designed.

kylation process are

1.4 Contributions ?Research

AUl ARBNITNYINT

1. Steady state and ?namlc HYSYS model for Alkylation process

:I 1%' a §pm %& ruaures' OVI{ il rﬁ ﬂ
esigned and compared with the work given by William L. Tuyben, 2 0z

3. Evaluation of the new plantwide control structures design procedure.




1.5 Research Procedures
The procedures of this research are as follows:

1. Study of plantwide process control theory.

2. Study of

procedure.

i O

igned control structures.

5 .| \
\

1.6 Research Contents e ﬁ{

This thesis .r VICea-o-SI-Chapan '
il -|
=

; earch:i is chapter consists of

ﬁiapter
importance an reasons for research, research objectives, scopes of research,

AU AU NaNng. .

relat to plantwide control structur‘de&gn procedure id the method of selecvet

ARTRINUHRTINE 1A E

Chapter 1ll cover some background information of Luyben’s theory
concerning with plantwide control and new plantwide control structure design

procedure of Wongsri (2009).



Chapter IV describes the process description and process simulation via

HYSYS

Chapter V describes the design of plantwide control structures, dynamic

simulation results and compares ure of Luyben with new control structures.

’/;ﬁ)ths research and makes the

Chapter

recommendations fo

- - f

‘,,r‘.

—
)

f .J' il

j‘.-i" h,

ﬂﬂﬂ’)ﬂ&lﬂﬁﬂﬂﬁﬂﬁ
QW’]Mﬂ'ﬁﬂJﬂJ‘W’]’JﬂEﬂﬂU



CHAPTER 1l

LITERATURE REVIEW

This chapter is a literature review of this research. It presents a review of

"yf// al analysis of the problem for

order case of A—»B, an

the previous works on plantwide

nction of the fresh feed

Op.| ¢ gne' reellelenthe flow rate of the reactor
§ '-_ ldl

effluent can be set. In c bcesseSl fith“two e recycle streams, the flow rate of each

'.Lf-. ‘ w

P

recycle can be fixed. . =

in a liquid recycle

LRI

steady-stateiprocess flowsheet is finding the number-of variablesi that must be specified

Luybe 2| problems in developing a

to completeR=éef|
=

Once this num}H}s has been found; the™nt

des Is idegrees of freedom.
o

oer of design optimization variables can be

calculated by subiﬁctlng all variables that are&}by specifications on production rate,

AU UIANANINGINT

equa ns from the number of va.pbles However, for typically complex |ndustr|a|

RIEINTWARITN YNy

this conventional variables-minus equations approach requires that a detailed model of
the process be available. Once the plant has been specified, the design of a control

structure requires that the control degrees of freedom be known. This is the number of



o)

variables that can be controlled. It is very easy to calculate this number, even for quite
complex processes, because it is equal to the number of manipulated variables (the

number of control valves in the process). These variables are different than the design

equal to the number of control ideg@iees (o bm_for an important class of processes.

For a much broader clas$%giBlotesst ﬁ ification of this equality must be
used. Several progr vely :" ( s case studies are used to

eneral heuristic design

procedure. Thei ‘ - 301 &, it TdBcontrol structure for an
entire complex pro : nd_nofysi Il'i ilic 8 units. The nine step of the
proposed proce E f'"_ ] cntel Pk Bles of plantwide control:

energy managem ; .,.?oi.* ’t Jualith op&rational, environmental and
{7
AT CJ

Mol
safety constraints, ligt ahd "'?I.; e inveptories, makeup of reactants,
J ?"J-. J i o ) )
component balances” and¥etenomic-or & optimization. Application of the

mples: the vinyl acetate monomer

procedure was illustrated: “:‘!’} .;5 a_,.-'

process, E{EN d HDA proce re‘é?

duced a workable

w

e I
Mhajanam, 01) prop@d a shortcut method to

eliminate poor Cho?es and to generate and rank attractive alternatives without solving

A ULINNIW ﬂ’pm?ii?l‘fi

|Ilust d on a simplified butane alkéatlon process.
i | |
uctle electi ra simpl t -p actor, tiIIatIn "

and recycle of unreacted reactants. The starting point is a clear definition of the

operational objectives, constraints, and degrees of freedom. Active constraints should



be controller to optimize the economic performance. This implies for this case study that
the reactor level should be kept at its maximum, that being economically attractive.
Maximizing the reactor holdup also minimizes the "snowball effect". The main focus is no

the selection of a suitable controlled varia le for the remaining unconstrained degree of

freedom, that use the concept ¢ control to search for a constant setpoint

strategy with an accep e case with a given feed rate

where the energy co mlnlmlzed se where the production rate

e ——
should be maximized, theyfi

ta o od c bIe is the reflux ratio L/F. This

applies to single-loop.¢ e 'mode red|ctive control.

4 ide control strategies for
designing co apt to"achieve the objective of

this process an vithig COl tof\8afely, eMigonment, and operation.

Three alternative pl i ol struct re¥3signed, tested and compared the

performance wij '-.\. " uCtllres can operate within
L}

constraint, achieve tHe olje “and gt trol'Strdetlyre was quickly response to

disturbance and adjusfifitself ..l:':mft; vhileWllinimizing the deviation of the
product quality. I

ture design deals with the
structural 0"'- >iloNs of the control system, inciuding Wolkand how to pair the
variables t& 0 ._i prfocedure for control

st =
structure desigiﬂjfor complete al pla plantwide,@Pntrol). It started with

carefully defining tﬁe operational and econom|c objectives, and the degrees of freedom

AUY INBNINEINT

om up design, and a defln n of a the * compIeX|ty number” for the control

QW"‘i MMGMBJM’MEJ Ay

plantwide control (PDC) methodologies are becoming increasingly important as

chemical processes are becoming more and more integrated with recycle for reasons of



safety, environmental considerations, and economics. Hence, in the present work, an
integrated framework of simulation and heuristics is proposed. The main emphasis here
is on vertical integration of simulation and heuristics which exploits the inherent interlink
between them. By adopting third framewaork, simulators can be more efficiently utilized
and they also offer invaluab ecisions taken by heuristics. The

Wy

the hydrodealkylationsafstol o DA

A — - 7| - ‘ -
proposed framewoﬂ( ' i

proposed framework is e industrially relevant case study:

sis of results shows that the

wide control design

procedure base igeaflof self-optimizing centro 8Blect controlled variables
which when kept ¢ e maximum scaled gain is
used to selectin rol ’ ' vithWnaMigulated variables. In her

dynamic behaviors of tite control”structu reacti@n section of HDA plant when
economic disturbanc load :;-_,;.y::.e,.» A= )| struCtures can operate to achieve
the objective and within on

structures @ e IAE valu | rf:r‘

P — =
designed s& ufe and can handle

disturbance Oflﬁjge

Su?ada Suntisrikomol (2008) presented the “Fixture Point Theorem” for

AUYINENINEINT

the rﬂt disturbed points must be s tlsfactorlly controlled by giving them consideration

0 T LTV ok it

of controlled variables are same as Luyben (1998). She selected three set of controlled

performance of designed control

nce structure. The

variables (second and third rank from fixture point) and five control structures were

designed and compared. In order to illustrate the dynamic behaviors of the control



structures when economic disturbance load occur (such as change in methane
composition in fresh feed gas and quencher outlet temperature), the performance of
designed control structures were presented in IAE value and compared with reference

structure. The designed structures_are fast response and the most effective on

compared with Araujo et al, 20\“ //

ﬂ?JEJ’JVIEJVIﬁWEHﬂ?
RIAINTUURITINIA Y



CHAPTER I

THEORY

ﬂ)process has main function.

311Tore1m C -—==-

3.1 The main function of contro

disturbance is
result, the con e pfisifog in ed )

manipulate the p :

factors.
3.1.2 ToMaint
Scessary. cvery i'~1| pce8s. As a result the control
system is set to imprQ & -process [ak e 'Quarantee of quality of product,
safety to equipment of proces: and plant.

Ii tability, the control

— =
system can aclhﬂve the gre sses less &rgy and raw materials

during the operat? Moreover the product WI|| meet the required specification and

ﬂﬂﬂﬁﬂﬂﬂiﬂﬂnns

Cess

q RIS TNy

(1) The effect of material recycle

(2) The effect of energy integration



11

(3) The need to account for chemical component inventories.

If these issues did not have to worry about, then a complex plantwide

control problem was not had to deal Wi

each there exists in vrrtuall\
3.2.1 Materi

-—-—i—‘

#88es involving reversible

odynamic equilibrium

1§ simply cheaper to build a

reactor with incompl conversion <and le ='"-,‘ ants than it is to reach the
! i ol = ; .
necessary Conversio eveI iInfohe reactor al in Series. A reactor followed by a

stripping column with recyglE¥iSie

series. @

t B — C, where B is

= .
the desired prciﬂjct, the per- ust be keﬂ'low to avoid producing

too much of the u esrrable product C. Therefore the concentration of B is kept fairly

0l ﬁﬂ;ﬁ; NENININT.

coolmg is difficult and exothermic fat effects are Iar it is often necessary

RIRNNTUN HINIAY

create several unpleasant events: it can lead to thermal runaways, it can deactivate

large reactor or three reactors in

catalysts, it can cause undesirable side reactions, it can cause mechanical failure of
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equipment, etc. So the heat of reaction is absorbed by the sensible heat required to rise

the temperature of the excess material in the stream flowing through the reactor.

5. Prevent side re

large excess of one of the reactants is often
used so that the concentrati I
not kept in low concen at¥] }ndesirable products. Therefore
the reactant that is& @roduct components in the
reactor effluent W ¢

eactors, conversion of
monomer is limi [ ¢ fed P [ Pre IS These include average

B

molecular weight, ight\distribution legree o

dkanching, particle size, etc.
Another reaso ' ' n eh S0 €bptroMilie increase in viscosity

that is typical of ¢ ! ONSHTSMAL i ata8k radk oRgitation and heat removal

gse of energy integration is to improve

the thermodynamics_effieten e apslates into a reduction in utility

hem|ca| processes can characterize a plan

ziﬁ gy %w ta s

enUrﬂroceSS Every molecule of reactants fed into the plant must either be consumed

ar leave as |mpurltf or purge. Be use of their valueﬁwe revent reactanyom

consumed by the reactions.

chemical species into
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This is an important, from the viewpoint of individual unit; chemical
component balancing is not a problem because exit streams from the unit automatically
adjust their flows and composition. However, when we connect units together with
recycle streams, the entire sys a ost like a pure integrator in terms of
\ stem without changing reactor

conditions to consu -:-;_; :! , UI|d up gradually within the

reactants. If additional

plant because it ha

3.3 Plantwide Contr

configuration, where the
no recycle of material or

energy, the plan gontge! protle e do not have to worry
Y N T - _
. i

about the issues dis _ | ipftie previot J4 '-.,h‘ L". an be simply configure the

| o

f _ 1
control scheme on*eachgindivid [ un i'E, s q to ha \ e |0ad disturbances.

f il

P

If production'rat end of process, each unit will only see

load disturbances comings fr S ‘upstre r. If the plant is set up for “on-

demand" p@ ges in throu gh e 'rough the process.

So any indti oth its downstream

neighbor (flowrg'“ﬁ chan ) : P its upstream neighbor

(composition cl anges as the upstream units adjust to the load changes they see).

U Emmjmmmm;:?:

fed in o a two-column distillation tra‘? The relation volat are oC, >0C, > oC, d he

Q‘mumﬂiﬁlﬁﬁ”ﬁﬂ YN

Figure 3.1 (a) shows the situation where the fresh feed stream is flow-

pl‘ t.

controlled into the process. The inventory loops (liquid levels) in each unit are controlled
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by manipulating flows leaving that unit. All disturbances propagate from unit to unit
down the series configuration. The only disturbances that each unit sees are changes in

its feed conditions.

Figure 3.1 pend situation where the flowrate of

product C leaving the* set by the requirements of a

ecycles, the plantwide
control problem, ; iyely broke I n of each individual unit
operation. There is, ! W eedback of material from
- is governed by the
individual unit opegition r' nly- pe ‘-‘ X opagation is linear along

the process.

(a)

2TAS

S

QRIANTANNINLAE
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s
Figure 3.1 Unit in ofricsy ?I’ evel contfel direct "1] offiow By level control in direction
J . dhiida \ \
opposite flow. f “h @i <),
i ""Y“'
/ | o J:-
3.3.2 Effects of g€cycle _';_
o ol ol
¢t
Most real pr csses-contai e streams. In this case the plantwide

rliad ‘j‘

,- ,—/'n * ¥ .
control prcia bece ore: jon iSﬁQt intuitively obvious.
The prese of /cle-streams-profoundly-aliers-the-plant's-dwnamic and steady-state

behavior. T"gain 3 - #Mple recycle systems
i |

are looked. Th |i sight they are™obta nese idealiz simplistic systems can

be extended to ?e complex flowsheets of |ca| chemical processes. First the

ANy AngNINEINT

Two basic effects of€cycle

ARIaN NIUANIAINYINY

time constant can be much different than the sum of the time constants of the individual

units.
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(2) Recycle leads to the “snowball" effect. This has two manifestations,
one steady state and one dynamic. A small change in throughput or feed composition

can lead to a large change in steady-state recycle stream flowrates. These disturbances

can lead to even larger dynami | |
loop. Both effects have 'm& |

| \ -
flows. Plant ope i, Operati@n when very small recycle

flows, which propagate around the recycle

//@ntro of components.

en made about recycle

agnitude of the recycle

flows occur. It is of icul Irn-the's owRdto such low flowrates. Then,

Ji@cnt, recycle flowrates

L]
increase drasticallyf usullly over aye

o A
cannot handle sfich a rg fﬁ

. e

A
ThiS high#8ensitivilyaor ihe g flow '\' to Small disturbances is called

e. Often the equipment

the snowball effect. It #€ impofeatieinome

not'a dynamic effect; it is a steady-

state phenomenon. But itjd e dyna ications for disturbance propagation
and for inv s nothin pﬁability. However, this
does not impPI inatitis-independent-oi-the-plants-eontrokstrueidlc’ On the contrary, the

' WA 1
extent of the sngwba 0 7'_ control structure used.

J 0

Theéarge swings in recycle flowrates are undesirable in a plant because

the nQVverlo ' ityaOf S i i Veethe agation section
intﬁ(lcﬂg bel it ni ﬁo wfg ﬁn select a

plan%e control structure that avoids this effect. As the example below illustrates and

more complex processes also s’:ow, a very plant \ﬁcontrol heuristic “A uam

Let us consider one of the simplest recycle processes imaginable: a

continuous stirred tank reactor (CSTR) and a distillation column. As shown in Figure 3.2,
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a fresh reactant stream is fed into the reactor. Insider the reactor, a first-order isothermal

irreversible reaction of component A to produce component B occurs A —> B. The
specific reaction rate is k(h'1) and the reactor holdup is Vg(moles). The fresh feed

flowrate is F,(moles/h) and its ' ﬁ s ole fraction component A). the system

is binary with only two ¢ ) / roduct B. the composition in the
reactor is Z (mole fr f &vrate F (moles/h) is fed into a

D

Q %
'-@ -

o

P o i i e e e i

Figure 3.2 Conver@ﬁontrol structure with fiﬂreactor holdup

AUBINENINEINT: - -

bottm from the column is the product stream. Its flowrate is B (moles/h) and its

ngosition is xE (mole fraction A). ﬁe amount of A im@ in this product streauan

RANEAR Y

product quality requirements of the customer.
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The overhead distillate stream from the column contains almost all of
component A that leaves the reactor because of the purity specification on the bottoms

stream. It is recycled back to the reactor at a flowrate D and with a composition x, (mole

fraction A). The column has N

The reflux flowrate is R an

r Figure 3.2, the following

oI s‘ctu

control loops are

r effluent flow.

ating heat input to the

reboiler.

JAL B Atillg reflux flow. Note that dual
composition control ( (._....:am..:- | 0d bo II"a s purities) have been chosen
| N A . |
to use in the distillation c‘,.‘.,;:..:'_-r..ia 0 a priori reason for holding the

iy - :1;;4—- : ;!._l
composition of the recycle: ;:1’,.‘: ::'-‘-}»@ goes not leave the process. It may

be useful t@wt f retct r yield purposes or

for improvel poth the design and

operation of th&“’jan

St I?ﬂux drum level is held by d|3t|llate flow (recycle).

ﬂumwmwmm

7. Column pressureécontrolled by mampulatmg coolant ﬂowrate to the

QW’TaQﬂ?ﬂJNW]’JVIFJ’]ﬂEJ
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This control scheme is probably what most engineers would devise if
given the problem of designing a control structure for this simple plant. Our tendency is

to start with setting the flow of the fresh reactant feed stream as the means to regulate
egm from there as if looking at a steady-
}Z back to the reactor based upon a

vhere in the recycle loop.

plant production rate, and the

iffel.in the reactor and reflux
MBiting the snowball effect. By
) ances around the whole
th 8, recycle stream can be

= fow and composition.
e base-case fresh feed flow
mally 260 o es/h. However, the recycle
csh¥f@ed composition is 0.80 mole
e fresh feed composition changes to
pure A. Thus a 25 perce e hgein the ¢ esh feed composition) results in
a 60 perce@ 1ge in recycie flow. Witn . j and the base-case
fresh react*t : s/h if the fresh feed
flow changes ﬁ 15 mo

2 moI la when the fresh feed

flowrate is changes to 265 moles/h. Thus a 23 percent change in fresh feed flowrate

AugIngNINgInT

re is no flow controller somewhere in the recycle Ioop

QAN NIRAMIINTAY

important ways.
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1. Reactor effluent flow is controlled.

2. Reactor holdup is controlled by manipulating the fresh reactant feed

flowrate.

All other c
directly by manipul
However, the plant Ao
setpoint of the reactor-
previously, th esfresh feed composition
changes. To al oles/h (a 23 percent

change), the reactggfhold o ustibeLhande fr @80 MOles/h to 1520 moles/h (a 48

percent changg Re Ie o Iso ?

an 18 percent ch ge‘ : Tow
S _

strategy.

Figure 3.3 Control structure with variable reactor hold
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3.3.4 Reaction/Separation Section Interaction

For the process considered in the previous section where the reaction is,

the over reaction rate depends upongr@agtor holdup, temperature (rate constant), and

reactant composition (mole fraciie ‘ . Bihe two control structures considered

above produce fundamgnictivadife ant ﬁdling disturbances. In the first,
' Ustabsol @ For example, to increase
e — = -

recycle flowr

P
. , *-r}ﬁ ‘
/ i P . - e iti
the secofd str ri*'.-"' { agtarholdlp afd reactor composition z
= e AT 1

can change, so the e;ﬂ ation ~-=*J' 3y B sma "E loadl disturbance. This reduces
H'.r': ,‘-:‘

the magnitude of th esul -;——;---:;r- e floW because the effects of the
i # r

=
,pi-_-

disturbance can be distributctbaiwesn-the

T

Onh and separation sections.

heﬁbnventional structure

(Figure 3.2)3 ' roduction rate also
il -|

produce changg Isate somewhat for the
111

required chanu mact on the separation

section. So both‘o | system structure a e algorithm used in the inventory

ﬂﬂﬁ‘i%ﬁmﬁw 8113

This example has a liquid-phase reactor, where volume can potentially

varied. If the reactor were vapor phase, reactor volua/ould be fixed. Howeyan

rate.

P

in overall reaction rate and lessens the



22

A very useful general conclusion from this simple binary system can be
depicted that is applicable to more complex processes: changes in production rate can

be achieved only by changing conditions in the reactor. This means something that

affects reaction rate in the reac dup in liquid-phase reactor, pressure in
gas-phase reactors, temp \ of reactants (and products in

reversible reactions),~and "eataly dition rate. Some of these

control is achicwe®, ¢onto) St typically have fewer

available manip : \ onitrol. The setpoints of the

changes should pre en Ilﬁe aCch .‘@L_ 1adifyiRg i setpoint of a partial control

- ,é.l"

loop in the reaction s@ction. ' meal at the
Lr;-.‘

cparation section will not be
significantly disturbed®Usingh Figlre 3.2, changes in production
rate require large changesjn vhich disturb the column. Using the
control str c:&e | jure 3.3) jon #ate are achieved by

altering the pofdup, with only small

changes in regCter cc nl-""_' not disturbed as much
|
as with the altegnative control scheme. i |

ﬁ'ﬁ"ﬂﬁ ﬂmmmgm

proc ses have traditionally followf the "unit operations approach". First, aII

AUIRSNIANRTIN I8

conflicts among the control loops somehow had to be reconciled. The implicit

assumption of this approach was that the sum of the individual parts could effiectively

comprise the whole of the plant's control system. Over the last few decades, process
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control researchers and practitioners have developed effective control schemes for
many of the traditional chemical unit operations. And for processes where these unit

operations are arranged in series, each downstream unit simply sees disturbances from

x L) -
|
i / mplex flowsheet with several

plantwide contrW . nent eseanttok/oops needed to operate

an entire process . E §SIC IV “Re Bycle streams and energy

its upstream neighbor.

integration introduc g c >r 8pong units upstream and
downstream. . infergbnhect/sepaiaie ‘U n and create a pate for
disturbance propg@atiogh ThHe gfesence Lrecysia oundly alters that is not

[}
L

localized to af'isolatgll pgft offthighord:

/ i‘ .
Despi hig & f'-;-‘; om

system design hagorkld reaspr 'F n the 0 tM@lants with recycle streams

Mol

Operations approach to control

contained many surge g@nk A ffer dist {o ize interaction, and to isolate

units in the sequence of ' atertat—flow: 5= allowed each unit to be controlled
) e ¥
individually. Prior to_thest@& "f*_f'-“.v# E; ant little economic incentive for

energy inte@ ....................................... | g pital environmental
concerns. 1‘1

increasing rec;ﬂ:fl strea

many surge tanks,
|l -
gration l both exiting and new

plants. Often this | done without a complete understanding of their effects on plant

Al HAngnin HT...

capltal productivity. Requirements w on-aim product (ﬂty control grow mcre

il ANIRANIING A

recycle rates through the process. Better product quality, energy integration, and higher

yields are all economically attractive in the steady-state flowsheet by they present
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significant challenges to smooth dynamic plant operation. Hence an effective control
system regulating the entire plants operation and a process designed with good

dynamic performance play critical parts in achieving the business objectives of

‘!ﬂ% n procedure for the plantwide

control problem thatconsiotett o two‘age e determined the material

reducing operating and capital ¢

the conceptu g control systems for
complete plants. gfoweyer, #n tage. - \ rovides little guidance
concerning three | rt t g of . strategy. First, it does not
explicitly discussgenerg ) mar ;_ ) II"-_E ( ot address the specific issues
of recycle systems. ilrl.’ it ,..-ﬂ,.-.-. de .'. poneht balance in the context of
inventory control. '= plécing "{’Pé” ate "x" balance over product quality

control, the procedure®Can .;f,."'_;{“"’ mi bility 'n choosing the latter.

ess control system include.

= |F =
m. Tight co e face q@sturbances.

3. ‘v nce of unsafe proces dltlons

AU mmmw g ..

oper r attention.

9 AIATRIARAINYIA Y

6. Zero unexpected environmental releases.
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3.5 Basic Concepts of Plantwide Control

Buckley Basic

Page Buckley ( 3 gifirgt to suggest the idea of separating the

plantwide control proble

logical arran d, using the flowrates

of liquid and gasg@roces gffegms. e t Of S .. Bhing the product-quality

control loops By cha ir‘]' approp t"’é i 5 &s. The time constants of the

' i F Y e “'. ‘I.
closed-loop prod#éct-g Iit.r loops :!;T ated ."1,1 jall agfpossible. The most level

i vl P \ \
controllers should be rog 'raa-- !' ohleve t.\m Sioothing.

'l I i W. ¥ E\
Douglas doctr' .. :

- F
i ¥ A
,pt-_-'f

Jim Douglas ,;;:".‘—FT, i, a hierarchical approach to the
i ff/‘g.ﬁyt

conceptual desig : hatg#mthe typical chemical

plant the cOStS olrawsmaterials-ancthe-valie-oi-thespioducis=are tsually much greater

than the cost o# ap 0 aa_o trines.

) Mlnlmlze losses of reactants and products.

AU ANUNTNEINT

The first implies that we need tight control of stream composition exiting

qm@iﬁﬁ%ﬁtwﬁﬁﬁﬁt&tﬁ

The control structure implication is that we do not attempt to regulate the

gas recycle flow and we do not worry about what we control with its manipulation. We
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simply maximize its flow. This removes one control degree of freedom and simplifies the

control problem.

Downs drill

Jim Down
component balance
structure handl@

amE—
components (reaCtants,. /
the process. reactants, particularly
when several ch y want to minimize raw
material costs and i igh Z_’,': products, ! Pikthe reactants fed into the
| AR ¥ etry must be satisfied
e integrators in terms of

reactants will r i ! 8 '_‘,'.J-'"'.-I ling ‘-.‘ - the eactant component that

is in excess. Ther e fres "'. pedillowrates so that exactly the

ber of case studies

- -

= I
111
M All recycle loops should be flow controlldﬂl This is to prevent the

snowball effect.

AU L INUNINYINT- -

t|a||y complete one-pass converS|on of one of the reactants.

q m AsnIRiNNYINgSY

column, the feed to the column should be vapor (Cantrell et al., 1995). Even if steady-

state economics favor a liquid feed stream, the profitability of an operating plant with a
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product leaving the bottom of a column may be much better if the feed to column is

vaporized.

Richardson rule

Bob Rich

/ tic that the largest stream should

' ger the handle you have to

vel in a v

Can Cogol it).; -

be selected to contr
of “advanced control”

tWeninG of P controller is usually
trivial: set the contr [ al e 6 (e ais will f : valve wide open when the

level is at 80 percent - valve shut wt evellighht 20 percent.

he use of Pl controllers. The relay-

feedback t gate gain (K,) and ultimate

period an-—'*"‘m"m"""‘”‘""“’""'“ = dyben (1992) settings

il
can be used: at

eyl
e

) i

K, = K/zerN = P/1.2

ﬂﬂﬂ?ﬁﬂ?ﬁﬂiﬂﬂ?

The use of PID con rollers, the controlled variable should have a very

q Wﬁm ANy
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3.6 Step of Plantwide Process Control Design Procedure

Luyben et al. (1998) presented nine steps of the design procedure

center around the fundamental pring

ples of plantwide control: energy management;

production rate; product qua - i ironmental, and safety component

Skpadiion yields, product quality

specification, ironmental restrictions,

and the range of s
Step 2#/Detefmine control ! fredflom
Count the.nbmt ol.af conffe g//able.

variables tha

FiIl_l_-.'---‘-l..--v-v_-‘--l-v-'l”.-'-l_-‘—---v-v-r-w..-v----‘:n o], Ie, the number of

il
aj De

de to improve dynamic performance, but ofte

L
,J 8se control valves can

there is no choice in

sometimes be

their location.

Al HANUNINIING

Cess set production rate, maintain gas and liquid inventories, control product

iualmes and avoid safety and en\’;nmental constrawﬁ\n valves that remauter

economic obJectlves or dynamic controllability (e.g. minimizes energy consumption,

maximize yield, or reject disturbances).
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Step 3: Establish energy management system

Make sure that energy disturbances do not propagate throughout the

process by transferring the variabilit Q {l ,o/am‘ utility system.

We use th o describe two functions.

second functio engfgy, aage l'P rovideka ¢t W8y stem that prevents the
! W - ; X "
propagation of thgfmalffdigiurba ce ute BXothermic reactor heat is

angers and heat-integrated

L}

dissipated andfiot reglcle &
unit operations mugt beffanalyze are sufficient degrees of

freedom for control.

Heat remoy Xott
for thermal':s othermi 8o, 2dgenough heat simply

8.iS crucial because of the potential

results in th : " g adiabatically, the

il I
control system st Jithe reactor.

1] U

mtegrahon of a distillation column with other columns or with

mw Anunswens

behawor and poor performance due to recycling of disturbances. If not already

q RSN IRy

whenever possible to remove this source of variability from the process units.
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Step 4: Set production rate

Establish the variable that dominate the productivity of the reactor and

determine the most appropriate mani r to control production rate.

st increase overall reaction rates.

ing temp -‘%mg reactant concentrations,

easirgreac@variable we select must

s the least effect on the

To obtain

This can be accompli

increasing reactor = I
i-n—-"'-‘—
be dominant for act

safety, operational, and

each "14. heMproduct-quality, safety and

We shou ,“" jables such that the dynamic

relationshiréle t;é\feature small time

constants at

—d I
iltljhould be note that, since product quality Co@berations have become

more important, s“|t hould be establish th ductquallty loops first, before the

ﬁﬂﬂ?‘ﬂ&l“ﬂiﬂﬂ’]ﬂi

Step 6: Fix a flow in every recycle loop and control inventories (pressure

and Ievel

AN ANNINURIINIAY

variable to control inventories
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In most process a flow controller should be present in all liquid recycle
loops. This is a simple and effective way to prevent potentially large changes in recycle
flows that can occur if all flows in the recycle loop are controlled by level. We have to
determine what valve shou[d be -,l ] ngol each inventory variable. Inventories
include all liquid levels (ext _. Onsurg // ertain liquid recycle streams) and

able shoul with the manipulate variable

that has the Iarng th*umt
a—

Identify: cave, "1 )d are generated or consumed

in the process

Compongais gportant in process with recycle

streams be@ I cific mechanism or

control Ioopb up of any chemical

component W|t!rdthe pro

In ‘Oﬁ, we don’t want reac”components to leave in the product

ited Befthe Wee Bf ethods: S reaCtants®by®eaction or

adjusting their fresh feed flow. The p‘fge rate is adj usted&control the inert com

q Wﬂﬁﬁﬂ? NAMINYIaY
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Step 8: Control individual unit operations

Establish the control loops necessary to operate each of the individual

unit operations.

freedom.
k@guirethents, we usually have
L ' [, . - F \ \ 1 A
additional degre 9(0 r‘—.\a K hatghave not been used and
setpoints in some co 3Is tHat'e il ' . ' be used either to optimize
I’ 3 3 | F \ 1
steady-state  ecofomicf procesSyrperior e (el I‘L'n, mffhimize energy, maximize

selectivity) or improve@ynad ""'E-F‘_.

3.7 New Plantwide Contralt

i

"""""" KOV LUV DE] e =_eonfrol structure design

procedure DaSeC ri g msight. Several case

in the book. Luyben’'s procedure is wide Al studied and used the

studies are gi)lg
plantwide process‘oa community. Howevwe structural design procedure is not

ﬂ WHINHENINEINT

resented the new design pr?edure mainly based on the mathematical analy5|s

q masnTa U ingng

and the variables that must be maintained to achieve minimal economic loss when
disturbances occur. Then the control variable determining the production rate is

selected based on the optimization resulted in the previous step. The pairings of the
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selected sets of MVs and CVs are done hierarchically: regulatory control, supervisory
control (loop enhancement for SISO or constraint handling for MPC), and optimization

layers. Several analysis tools are utilized in these steps, e.g. pole vector analysis, RGA,
tior eyer, he did not discuss which controlled
' / nt would have a large number of

“ ] :}" e established to assure the
optimality of the dmr"
M
handle the distur ces i S

@edsion. Second, how to

structure desi 158d N Redrisiics “a Mmathe atical analysis. In this
procedure, the p efof > "-. 3 de. The major disturbances
‘ o) i A Iteraction between loops by
using the exten m. | di _:s ce "Ilh'\i s Wongsri, 1990) to cover
the material distur =S : ) r ) 3 '_ iVide Ii‘x,ll tructure design procedure

1 Y \
for selection the bést sej fco | Vfg - uitive "ki_ ple and straightforward.

_ 7 gn procedures consider decision about
plant control structu J‘- ide control structure design is
complex: r@ rical, structural, having | ontai | g many units and
layers, an(L pore ,. Qf this complexity is
compartmentalﬁi‘ g it. Howeve ely the unl' slcombined, it has it own

properties. The Wh le is greater than the sum of its parts. There are properties (or

Ly 83y wﬁ'w Jiata s
ammmmﬁmmmaﬂ

Step 1 Establishment of control objectives.
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Step 2 Selection of controlled variables to maintain product quality and
to satisfy safety operational and environmental constrains and to setting the production

rate. The selected CVs are ranked using the Fixture Point theorem.

Step 3 Se ' riables and measurements via DOF

analysis.
rious tools available
hecking the component
balance.
?"
J " S
Fixture point the@rem AR -

1. The proces G

P

namic mode (we run the process until

o

the processSpon es ar
of the process ﬁ:r!iab ooﬁn
MV, the other Id be fixed then alternate to other until com : )
I process
iates ersisig ppc variables

|nclu g temperature, pressure, flow rate, level, Tray temperature and Tra

M ’1 Wﬂ mum [} m 1

state (high value score).

¥ the most sensibility

trol (change only one




CHAPTER IV

ALKYLATION PROCESS

4.1 Introduction

In alkylation

Piofe_another complex multi-unit process,
which features several, ! }ﬁﬁams and many control loops.
ting 3thre =™ crics with one of the reactant

e otfjer reacal

There is a reaction s
* — I

feeds split among Fisekeptsin. excess by a large recycle

stream. The reactorsg % empe g, M8iigecation is required to remove
the exothermic hea jon. g ; o ghieved by autorefrigeration
h WhE e feeds contain inert

components, so t s | ng Aemist se .. e e from the reactants and the

L

| \

| 1
ane Wil butéene to form iso-octane is a

I N |
Ikyldfion pratess.of i

widely used method fc or‘r“:ﬁ‘f::f}azﬁ?qfﬂ ndifg component for gasoline.

P

q

The mai ;‘f’-‘l'ﬁy -ﬂ of isobutane and butene to form

iso—octane.@
§

=
\ ] ||
wever, there is an undesirable consecuti action of butene with

iso-octane to form‘oﬂn

AUEINENINYING

The kinetic data is tigen from a case study given by Mahajanam et al.

QRN TUARTING TR Y
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The kinetic expressions assumed to be valid for the system are

=9.6x10" 72??7?00 (. )e..)
- e iCy c;

Wher s are Ib—;@ation energies have units of

Btu/Ib-mole and co e Ib- I/ft '_=='

Noteghe? ner the. s eaction is larger than the
first. Therefore low. tg > dasiied firs B ion. This is why the reaction

is carried out

concentration of b Pow. V& Wals. Flkst, there is a large excess

e butene feed is not all

of isobutane (t e8nd,

fed into the first re ‘alflt th _i t=\flIII efflist two reactors.

Yy | |
The refiction dse J‘.;.s, ric a catalyst and is conducted in a

heterogeneous two- phaseJr w}n# and acid phases. We will ignore the

acid phase@ur jii

4.3 HYSYS&'

e |

, f
Mure 4.1 gives the HYSYS simulation rowsheﬂ.There are three CSTRs,
each with a volurrfo 0 ft* and each is 80‘7” of liquid. They operate at 50 °F and

ﬁﬂﬁi’[&fﬂiﬂmﬂiﬁ;ﬁ

5 mol% propane, 20 mol% |sobutaw 60 mol% 1- buten and 15 mol% normal

AR MNIUUNINYIAE
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The reactors have no external heat transfer. They operate adiabatically,
and the required low temperature is attained by autorefrigeration (evaporative cooling).

The boiling liquid in the reactor generates a vapor stream, and the latent heat of

vaporization removes the exoth f reaction and cools the reactor to the

desired temperature. The Ji ﬁin phase equilibrium.
The IV% romﬁe fuf&@s to the second CSTR where
—
a second fresh BB lb-maphr) is=a

eactor is also cooled by

removing vapor strea d reactor goes to the final

' heated in heat exchanger,
which warms t Vil e am. This reduces both
refrigeration requir e it ey, 1,_,, ) /SE eam consumption in the
downstream distifati | . l’ . de-i r colymn produces a recycle

cled back to the reaction

I ' ;r'-' ” 0
section. The column hagf50 traffS,-operate: D o-lll'*- flux drum temperature 108 F)
P ;
and has a reflux ratio of 2. "-Li:f efflu d on Tray 35. There is a second feed

stream, the Sat.C, fresh_ f,,“ij'}# E o 6. Thus one of the fresh feed is

introduced@ — ’_,-

w

r is introduced into

=
H'| bottoms fro

takes the normal iltane out the top and the pro uct stream of iso-octane (with some

AU HINENINY ‘TTTT%

The final column m‘e separation secti@iflgis used to remove p

enough pressure (100 psia) so that it can be condensed using cooling water. The liquid

I
into a debut%er (DB) column, which

is pumped to a higher pressure and fed into a depropanizer distillation column, which



39

operates at 200 psia. This column has 30 trays and a reflux ratio of 5. The small
distillation stream (4.4 Ib-mol/hr) with a purity of 95 mol% removes the propane from the

system. The bottoms from the column is combined with the distillate from the DIB, and

reaction section.

)

the total is cooled in a feedeffuentl’i exchanger (FEHE) before recycling back to the

The hea

';gwngs: it lessens the cooling load

of the refrigeration eact!’ sectio ns the heating load in the

DIB reboiler. T an overall heat-transfer

coefficient of 10

three reactors, three

distillation columnsg shahger. Table 4.1 gives stream

information.

AU INENINGINg
RIAINTUNRIINYIAY
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Table 4.1 Data stream of alkylation process ; “" ‘*'—“.;.—a
'y '

Name recycle v3ou vio ap1 L1 vi2out | v1tout BB2
Vapor Fraction 0.0000 0.1414 0 0.124 1.0000 0.0000 1.0000 0.0071 0.0000
Temperature (F) 83.66 02 0 6 49.38 45.56 47.55 90.00
Pressure (psia) 95.00 3 0@’0 0 .00 31.00 20.00 30.00 100.00
Molar Flow (Ibmole/hr) 633.05 33.0 of ik 139.62 505.35 139.62 505.35 25.00
Mass Flow (Ib/hr) 36484.14 | 36484114 | F1406.32 37 7.56 | 29911.90 | 7977.56 | 29911.90 | 1405.32
Comp Mole Frac (Propane) 0.0352 0.035’? ‘.' 0.0704 0.0271 0.0704 0.0271 0.0500
Comp Mole Frac (i-Butane) 0.9477 0.9477 .200 0. 91 0.9099 0.9213 0.9099 0.9213 0.2000
Comp Mole Frac (1-Butene) 0.0019 0.0019 0. 46 0.0040 0.0051 0.0040 0.0051 0.6000
Comp Mole Frac (n-Butane) 0.0152 0.0152 0: 3 0.0154 0.0222 0.0154 0.0222 0.1500
Comp Mole Frac (3-Mheptane) | 0.0001 0 O@] 0.0230 0.0002 0.0230 0.0000
Comp Mole Frac (n-C12) 0.0000 o 0.0015 0.0000 0.0015 0.0000

= =

ﬂuﬁl?ﬂﬁlﬂﬁwmﬂﬁ
ammnsmumawmaﬂ
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Table 4.1 (Continued) Data stream of alkylation prw/

Name v2out tot2 vap3 L3 v32out plout
Vapor Fraction 0.1304 0.0131 1.0000 0.0000 1.0000 0.0000
Temperature (F) 54.45 488 48.26 48.26 4512 48.84
Pressure (psia) 30.00 30:Q8 29.00 29.00 20.00 100.00
Molar Flow (lomole/hr) 25.00 0.35 11.09 442.56 11.09 442.56
Mass Flow (Ib/hr) 1405.32 | 3131423 | #8 440 | 63519 | 27259.20 | 635.19 | 27259.20
Comp Mole Frac (Propane) 0.0500 0.0281 Y Ml"‘l&’ 0.0639 0.0233 0.0639 0.0233
Comp Mole Frac (i-Butane) 0.2000 0.887: '@ 0.9129 0.8843 0.9129 0.8843
Comp Mole Frac (1-Butene) 0.6000 0.0331 l'rﬁ"-' 0.0056 0.0007 0.0009 0.0007 0.0009
Comp Mole Frac (n-Butane) 0.1500 0.0282 oF 0:3_:;«; | 0.0220 0.0303 0.0220 0.0303
Comp Mole Frac (3-Mheptane) | 0.0000 0.0 0.0005 0.0549 0.0005 0.0549
Comp Mole Frac (n-C12) 0.0000 a4 — 0.0000 0.0064 0.0000 0.0064

ﬂuﬁl?ﬂﬁlﬂﬁwmﬂﬁ
ammnsmumawmaﬂ

3%
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Name v31out vapto
Vapor Fraction 0.0000 1.0000
Temperature (F) 48.89

Pressure (psia) 87.00

Molar Flow (Ibmole/hr) 442 56

Mass Flow (Ib/hr) 27259.20

Comp Mole Frac (Propane) 0.0233

Comp Mole Frac (i-Butane) 0.8843 9l
Comp Mole Frac (1-Butene) 0.0009

Comp Mole Frac (n-Butane) 0.0303

Comp Mole Frac (3-Mheptane) 0.0549

Comp Mole Frac (n-C12) 0.0064

42

vtk Ltk v13out p3out
1.0000 0.0000 1.0000 0.0000
116.10 116.10 1439.71 117.55
95.00 95.00 45.00 225.00
0.00 210.53 0.00 210.53
0.00 12035.58 0.00 12035.58
0.1387 0.0687 0.1387 0.0687
0.8456 0.9094 0.8456 0.9094
0.0032 0.0040 0.0032 0.0040
0.0124 0.0175 0.0124 0.0175
0.0000 0.0003 0.0000 0.0003
0.0000 0.0000 0.0000 0.0000

AUt INeNineIng
ARIAINTAUUNIING A

A%
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Name vSout hxco
Vapor Fraction 0.0000 0.0041
Temperature (F) 117.57

Pressure (psia) 205.00

Molar Flow (Ibmole/hr) 210.53

Mass Flow (Ib/hr) 12035.58

Comp Mole Frac (Propane) 0.0687

Comp Mole Frac (i-Butane) 0.9094

Comp Mole Frac (1-Butene) 0.0040

Comp Mole Frac (n-Butane) 0.0175

Comp Mole Frac (3-Mheptane) 0.0003

Comp Mole Frac (n-C12) 0.0000

B1 D1 p2out v7out
0.0000 0.0000 0.0000 0.0945
211.11 107.66 107.88 197.88

85.00 80.00 100.00 65.00
47.19 430.37 430.37 4719
4423.84 | 2484516 | 24845.16 | 4423.84
0.0000 0.0280 0.0280 0.0000
0.0050 0.9575 0.9575 0.0050
0.0006 0.0008 0.0008 0.0006
0.4195 0.0136 0.0136 0.4195
0.5148 0.0000 0.0000 0.5148
0.0601 0.0000 0.0000 0.0601

AUt INeNineIng
ARIAINTAUUNIING A

1974



Table 4.1 (Continued) Data stream of alkylation proces

\\‘\’////
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Name D2

Vapor Fraction 0.0000 0.0000 O 0
Temperature (F) 110.52 8
Pressure (psia) 200.00

Molar Flow (Ibmole/hr) 4.37

Mass Flow (Ib/hr) 195.94

Comp Mole Frac (Propane) 0.9500

Comp Mole Frac (i-Butane) 0.0500

Comp Mole Frac (1-Butene) 0.0000

Comp Mole Frac (n-Butane) 0.0000 0.0179
Comp Mole Frac (3-Mheptane) | 0.0000

Comp Mole Frac (n-C12) 0.0000

44
D3 v15o0ut v14out
0.0000 0.1654 0.2050
112.24 68.89 333.26
60.00 30.00 40.00
20.03 20.03 27.16
1164.23 | 1164.23 | 3259.61
0.0000 0.0000 0.0000
0.0118 0.0118 0.0000
019 0.0000 0.0014 0.0014 0.0000
0.0010 0.9868 0.9868 0.0010
8%??] 0.0000 0.0000 0.8945
1645 0.0000 0.0000 0.1045

'J

Il

ﬂUEl’JﬂEWﬁWEI']ﬂﬁ
QW’]MﬂﬁﬂJﬁJW\')ﬂU’]ﬂB
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The three columns, the tank after the compressor, the knock-out drum
before the compressor and the heat exchanger must be sized for dynamic simulation.

The usual sizing methods are used, and result are summarized in Table 4.2

Table 4.2 Equipment data sp htign process (Luyben, 2002)

Unit

DIB 6 ft
360 ft3

_ /]J“\\ 300 ft3
. TSR RN\ 121

FAIABANNY |
! ! ‘\ 100 ft3

DB 1ft
9 ft3

40 ft3

KO Drum 100 ft3
Drum 62 ft3
FEHE 11 ft3
’) 11 ft3

Reactor (3) itk 100 ft3

|

I {

ﬂﬂﬂ?ﬂ&lﬂﬁﬂﬂ’]ﬂ?
QW’]Mﬂ'ﬁﬂJﬂJ‘m?ﬂmﬂﬂ




CHAPTER V

CONTROL STRUCTURE DESIGN AND DYNAMIC SIMULATION

Maintaining the plant energy and mass balances are the essential task of

plantwide for a complex plant streams and energy integration when

the disturbance load com ontrol system is needed to reject
loads and regulate 'ion to achieve its objectives
ntrol structures of alkylation

therefore our purpo chapter is | [
i-n—-"'-‘— " .
process. Moreover, the €j i )N Beluies are also compared between

base case of i messimulation by using the

esign procedure for selection

the best set of ioflire is ir "i" dhstraightiorward.

In This  @@search | 3 con "'._l structures in the typical of
alkylation process arefdesig| ':r.'f n desigh procedure given by Wongsri

(2009) for all designed Cont ytl ;T-w ssed below.

'1-'"1/“

Plantwide leve Unit level.

L@d omosed into two levels:
# WEANENIN i

Unit Level: Stabllltatlf and smooth oper

ARaNAIN URIINBIN Y

should be around 50 °F and pressure about 30 psia. This is an optimization decision to

product

have better reaction rate. Providing a large recycle stream to maintain the desired yield
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at 632.9 Ibmol/hr with 94 mol% iso-butane purity to suppress the second undesirable

reaction.

Step 2: Selection of controlled variables to maintain product quality and
to satisfy safety operational and i ntal constrains and to setting the production
rate. The selected CVs are Pomt theorem

Plant\% nS|der @ loop because it causes a
system to be bor “SHOWBAT Effect”. Ikyla T proe as a large recycle stream.
Therefore to avo ,OWb ol thezniolay of recycle stream in the
process. |

appropriate controlled
variables from 7 =10 ainthi ality, to satisfy safety
operational l ‘ 7 . production rate. The most
disturbed points Sitisfac ﬂ""‘ _“ em consideration before
other variables. Scr o afs:iafg.'_ M idefliifieation controlled variables by
using input variablés chahge ( . \ ated variables)

2tion result of reaction section from
Fixture Point method_toseelset=!
operational@ ¢ strain:

reactor 1 (Iﬁ

sensitive than m others

olled variables to satisfy safety
_ é\ eviation. We select
I use they are more

and reI tor 1 (R1) temperature,

reactor 2 (R2) t mperature and reactor 3 ) temperature are selected as the

CPLBT (e

to select the appropriate controlled variables to setting the production rate from
a candidate output deviation. Fromﬁls table, fresh feea1 molar flow rate ancM
QRN INIRINE Y
sensitive than the others (temperature and pressure). Table 5.3 shows the IAE
summation result of Tank and KO from Fixture Point method to select the appropriate

controlled variables of Tank and KO to satisfy safety operational and environmental
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constrains from a candidate output deviation. From this table, Tank level, Tank
temperature and KO pressure are selected as the controlled variables for Tank and KO

section because they direct to the point to control.

Table 5.1 IAE summation result of reagtiongsegtion

Rank Variables \\",, SUM IAE

1 Reactor.. r»—..,__‘_‘ 0.1653
2 Ff— 0.1459
3 ey N 0.0870
AN
oo e 2 AN\ 0.0364

Reagir 1 M& ‘\ W O 0.0100

0.0099

0.0053

0.0053

0.0053

0.0052

0.0052

0.0052

0.0050

0.0048

=
tor 1 temperature

Reac‘rﬂrtlet tem perature 0.0048

Reactor 1 |n|et flow rate

f

Reactor 3 pressure

Reactor 1 pressure
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Table 5.2 IAE summation result of two fresh feeds

Rank Variables SUM IAE
1 Fresh feed BB1 molar flow rate 0.0001

2 Fresh feed BB2 molar floyv. jat 0.0001

3 Fresh feed BB 1e/perat i 0.0000

4 Fresh fee N \ 0.0000

5 0.0000

-

6

7'\.‘
| | IAE I Nadl® C
able 5.3 i ///A\\?‘

0.0000

Rank . Illﬂﬁ?\\ SUM IAE
1 I / t ﬂ\\\\ 0.2603
, ll M\\ 0.0249

A; / \

. I N M \ 0.0248
) 0.0248
. , = | 0.0066
. = - 0.0062
; . 0.0046
s A A — : 0.0046
. | 0.0046

0.0046

ebutanizer

DB%Iumn are standard stand- a ne schemes. The controlled variables are Tray

R AN INENAY

is different from traditional schemes. A composition controller is used instead of a

temperature controller in the DIB column because there is very little difference in the
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boiling points between the two key components in this column (iso-butane and n-

butane). So we control the iso-butane composition of DIB column.

Table 5.4 and Figure 5.1 show the IAE summation result of Tray iso-

butane composition for de-isobut , )jcolumn from Fixture Point method to select

the appropriate controlled.

I W composition for DIB column from

a candidate output de o-buta ﬂn on Tray 19 for DIB column is
‘*‘n-.___ﬁ : -

the appropriate ¢ dles f*all (ﬁ@l structures (CS1 to CS8)

because it is thM _7

column (this value is
the slope valu izer (DIB) column from
the steady state o of Tray iso-butane
ar when compare with
slope value of Tr or DIBfeolimn the steady state value.

Figure 5.1 and Figurelb.2 im trolled variables of Tray iso-

Table 5.4 IAE summation re mposition deviation for DIB column

Tray Suk'g' Tray 4o Tra Tray kalgn Tray Sfxgl
1 0'@ —— - @3 41 | 0.0011
> | odgig] __;mg'a4 42 | 0.0010
3 o.oo1q|'| 13 : 33 :| 0027 | 43 | 0.0009

0.0019 ‘14 0.0134 24 0.0146 34 0.0021 44 0.0009

0.0008

0.0007

ﬁ

R

10 0.0069 20 0.0195 30 0.0053 40 0.0011 50 0.0003
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0.0250

0.0200 PR XS

0.0150 * *

Deviation for DIB Column

IAE Summation Result of Tray Composition

.
0000000000000..
T T T T T T T T I

. [ S

Figure 5.1 IAE summaiién 1 ray I§o ition deviation for DIB
column
g 0 0
E J
8 0.0500 ;
Q v if
a '
5 00400
= J
S 0.0300
©
E ¥
o
2 0.0200 |
S
g 00100
: I I]
Q
O 0.0000 I]\I]\I]\ T ¥ T \[I\D\D\n\“\“\“\“\“\D\D\D\D\D\D\D\ T
3139 1 43 45 47 49
=

-
Figure 5.2 Conlrﬂsition Gra \ ||

Tatﬁ and Figure 5.3 s the IAE summation result of Tray

AUHINENINGMNT -

apprepriate 'co led Vari pefatu colu andidate
output deviation. The temperatur‘on Tray 25 for column is the appr

QRIRINT MANIINGIRY
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Figure 5.4 shows the temperature gradient for DP column (this value is
the slope value of Tray temperature for depropanizer (DP) column from the steady state
value). The appropriate controlled variables of Tray temperature for DP column from

Fixture Point method is similar when co

.3 and Figure 5.4 show the similar

are with slope value of Tray temperature for
j P column.

DP column from the steady_staai ‘f"
SUM S S

2

1| 0.0169 L ﬂ ‘\ b 1O%alo 0184 | 25 | 0.0262
. d | T

Tray Tray

2 100170 Wb 0191 | 26 | 0.0260

3 00172 ﬂ $ 515 0.0 R T 0. 27 | 0.0245

4 017 , ok 2 e 28 0222
oors 1gf fofrs | Y| oot 2 00

5 | 00173, ‘rﬂ £17 % : 29 | 0.0200

6 |00174 KL gl NN 2 . 30 | 0.0182

@UB’JVIEWITNMTW

Figure 5.3 IAE summation result of ﬁy temperature dev n for DP column

qmmnmum'mmaﬂ

IAE Summation Result of Tray Temperature
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Temperature Gradient for DP Column
o

R —— e - Q e
102 3 1011_1314 A
e -

Figure 5.4 Temperatyj

Table#b.648nd  Fighre 5l5ME b WA 1 Sy summation result of Tray
temperature fo#€ebyi@niz s DB) =eet m, Fixi POWIlk method to select the
appropriate controlid variales” of JkayJ By column from a candidate
output deviation® The era .F'é - Tray celumih is the appropriate controlled

J - l‘1 L -I
variables for all designe¢ Ok structure t ) because it is the most

sensitive.

Figure 5.6 § yradient for DB column (this value is
the slope vatye of O umrom the steady state
value). The%aPPiophaie=Contioletmvarabloostmtayaiemparatyre~for DB column from
Fixture Poins 2 ue'- ray temperature for

DB column fr

o
, vica
oMthe steady state value. Figure 5.5 and Fi;‘ﬂ]a 5.6 show the similar

appropriate contrc*d&wﬂables of Tray temperw for DB column.

AUEINBENINDING -

deb izer (DB) column is 3" Tray temperature because it is the most sensitive but the

temperature on Tray 10 for DB glumn is sensitivedi@d because it has ﬁ

RN HRTINE

slope value of Tray temperature for DB column from the steady state value. So some
designed control structure (CS3, CS5, CS7 and CS8), we use the two point control to

control the Tray temperature of DB column on Tray 3 and Tray 10.



Table 5.6 IAE summation result of Tray temperature deviation for DB column
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Ty | S | T | Sapr | Tr | Sap | ooy | e | Ty |
1 0.0968 4 0.3191 7 0.1552 10 0.1211 13 0.1168
2 0.2568 5 0.2335 1189 11 0.1274 14 0.1047
3 0.3749 6 8 12 0.1246 15 0.0814
5 5 mlll\.,
s 5 o 77/ A WA
g é 1500 ml’rq \\\
s LA TIRE M\\\ .
Y BA |
R & ¥ n\
B 13 15
Figure 5.5 IAE summati itof-Trayter tion for DB column
g
3
:
= i I
ofH ; - N :
WEIYIES ).
‘ Tray Number u

QRIBINTUNRT

b
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Step 3: Selection of manipulated variables and measurements via DOF

analysis

The base case control structure (CS0) for alkylation process has 24

control degrees of freedom; 7 utilit compressor power and 16 control valves.
For desig & //1), designed control structure |I

(CS2), there are 24 of freedo X base case.

lesigned control structure

VIIl (CS8), there : Jreé "’“ i‘ Pelifity, streams, 1 compressor

8re. are 24 control degrees of

freedom; 7 utilj 7 m ; afig 15%kntrol valves.

apd ¥8signed control structure

VIl (CS7), there a ﬂ" i *"‘ s iectiomp 7' ity streams, 1 compressor

\

power, 2 reflux and 15 g@htrol va : \

For designed OAtFo! f‘-:‘f 1(CS6), there are 24 control degrees of

J o w
freedom; 7 ufility streae and 15 coEtroI valves.

—"'):L‘ 'f"#"
d .
rctures are shown in
Table 5.7.

ﬂUEJ’JVIEJVITNEI’Wﬂi
QW’]Mﬂ?ﬂJNW]’mFJ’]ﬂEJ



Table 5.7 The control degrees of freedom for each control structures
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SatC4 fresh feed val

ve

Position CSO | CS1|CS2|CS3|CS4|CS5|CSb | CS7|CS8
BB1 fresh feed valve \/7 .\/ v v v v v v v
BB2 fresh feed valve Vi v|v]|v] Vv
recycle stream ‘ oy | V| VY
ﬂ-—'r-‘_: T -
Reactor 1 ( apo
= vi| vi] v Vv
strea 3}
Reactor li
; vi| vi] v Vv
effluent valWe
Reactor 2 (R2Wapa .
o | v vivlv] v
streamValve g = =,
Reactor 2 (R2) liqui
(RET1g vivliv] vl v
effluent valve
Reactor_3 (R3 =
SV ﬁ‘ Vi v] Vv
st J_J
= (L
Reactor 3 [i |
E!ﬁ) . villv ] v| v| v
effluertwalve
~ o
Nadad et h/IL4AK/
) rl . L _ | [ ]
“ Cooling duty v
'ri'l, P '.‘,lﬁ.'! 11* r; '
b r N ]
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Table 5.7 (Continued) The control degrees of freedom for each control structures

57

Position CSO | CS1|CS2|CS3|CS4|CS5|CSb | CS7|CS8
Condenser duty of
/ viviv]v] v
DIB column
Reboiler duty of DIB colt V| Vv] v] Vv
Bottom valve of DIB-clii vI| vi] v Vv
Conden =, of
o Vi vl v v
DP colup
Reboiler duty of P co V| Vv]| Vv] Vv
Distillate valve of @P co v v
Bottom valve of DPgolug V| Vv| Vv] Vv
r A ‘
. y Vi v v] v
eflux of DP colur y ¢t{“ﬁﬁ _
SR——r——
LI
Condenser duty of « _,_,a;:,‘g v v v
Reboiler dfty*c DE V| v| Vv
et
1
Distillate valve 8 DB coumn | V' | V| v | V V| v Vv
: ! v | v
BBk &V 6FDB €0/t . v :
iy =T 1Y v
| rlr [} ] | Bl - [
®gfiux of DB column V| v
W
e ¥ edlcd - reéao s B4 24N | WK , 5 745 5
K1 TR P | Fal 415l B
i % " n Lef sy ! M i [ ] i ]
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Step 4: Energy management via heat exchanger networks

In this research, we no design the new heat exchanger network, since

alkylation process is low temperature operation.

The heat exch

lessens the cooling load™

. .,g'nr are? tf "\E- t8ectors (CSTR) exothermic

reactions. The reactors ffave nee ’m’fi-- ansfe I\ ey operate adiabatically, and
f“:ﬁ.

the required low temperaturg _t':;.._a.a, ing li e reactor generates a vapor stream,

and the latent heat of _-,nj' ermic heat of reaction and cools
removing a vapor

r temperature. And

we select the

id e ﬂctor level because the

:1
COELLIEJ ANYNINYINT

pressure down can adjust at‘pe compressor power |mmed|ate|y

1RINTRAUNYINEIRE

temperature increase will become a liquid substance that makes pump (P3) break and

liquid effluent fi the reactor is out of this stream.
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manipulate at cooling duty in the condenser because if the Tank temperature increase

can adjust at the cooling duty in the condenser immediately.

For distillation section: The control schemes are standard stand-alone.

The manipulated variables are ¢ ty, distillate valve, reboiler heat input and
bottom product valve. \\ /

control str ' 83, CS6 and CS7), for de-
a’

In sorm
isobutanizer (DIB) sscompeosition of de-isobutanizer (DIB)

column is controlled.. ipllating theaDIE N .n"“--;- duty (qr1) because it is

, CS6 and CS7), for

C

debutanizer (DP€olungh, ORtrolled by manipulating

the DP column reflugfoe d'théte dret > ole OV than distillate stream.

G mpleting e ,_' trol e des \ by checking the component
balance 3. %3 \
- - <
>€5S-h: nts 10 be accounted for: There are

propane (C,), isobutane ﬁi:f

dodecane @ ons of

impurities (E

ane (nC,), iso-octane (iC,) and
isobutene with two

(C,,) leave in

product streajf |Ilalastream of DB column.
| |
Propane leav H n distillate stream of DP column. Unreac l obutane from product

stream of DP colt‘1 combined with the ate stream of de-isobutanizer (DIB)

ﬂ%ﬂ%’ﬂﬁ‘ffﬁw g1N3

Step 7: Selection of controller type: smgle Ioops or MPC

qIaN NN INSY

controller and level controller. Temperature controllers and composition controller are

PIDs which are tuned using relay feedback. Pressure controllers and flow controllers are
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Pls and their parameters are heuristics values. Proportional-only level controllers are
used and their parameters are heuristics values. All control valves are half-open at

nominal operating condition.

Step 8: Validation v N g ’ i§) dynamic simulation

Using s rmance for alkylation process of

all designed control e control structure (Luyben,

2002) at dynami@

ure by Wongsri (2009)
to all design contri rgs Jr Blkylation T 0 \ T jectives were decomposed
into two levels; Jevs and 1 ntrol structures (CSO0,

CS1,CS2,CS3, C 36, C 4“ ok ' .‘ A . 305, are used as follows:

ol thelrecycle flow rate

eailrjir temperature.
111
L

® alve V11 is manipulated to rol the reactor level.
v o
Reactor 2 (R2) unit

q W’] AN ﬂ‘%ﬂm%ﬂ@aﬂ HAA Y

® Valve V21 is manipulated to control the reactor level.

® Valve V2 is manipulated to control fresh feed (BB1) flow rate.
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Reactor 3 (R3) unit
® \alve V32 is manipulated to control the reactor temperature.

® Valve V31 is mani uI t to control the reactor level.

KO vessel unit \\\ /
o) wer‘man&%trol the KO vessel pressure.

g,a‘?”’ S —
Tank ve 'y r

e | |
i .
Heat duty of condenser (qc1) is ma lated to control the

ﬁﬁaanlzer DP) column ftefsure.

AU NN INYINTG....

(DP) column Tra‘.temperature

q ‘W’] AIATHURIINEY a8

level reboiler.
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Debutanizer (DB) column unit

® Heat duty of condenser (gc3) is manipulated to control the

debutanizer (DB) column pressure.

® Heat dut nipulated to control the debutanizer

-—-J

am&ated@ebutanizer (DB) column

debutanizer (DB) column

CS3, CS4, CS5, CS6,

CS7 and CS8) the forafice 00ps ArBUS!

! rﬁr

By "
e

5.2.1 Base

r

Tray iso-butane composition

of de-isobutanizer (DIB) colum ‘;..SI;A;,...--.': # manipulating the DIB column bottom
o e o e -

product valve (V7). ThesE ontrolled by manipulating the

DIB column, reBoiler dut

;

For de-isobutanizer (DIB) column, the 19" Tray iso-butane composition

wH AN weans

DIB ﬂumn reboiler duty (gr1). As show in Figure 5.8

mewmmm'rmma d

For de-isobutanizer (DIB) column, the 19' Tray iso-butane composition

of de-isobutanizer (DIB) column is controlled by manipulating the DIB column reboiler
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duty (gr1). The DIB column condenser level is controlled by manipulating the DIB

column bottom product valve (V7). As show in Figure 5.9

5.2.4 Design of control structure Il (CS3)

the 19" Tray iso-butane composition

of de-isobutanizer (DIB IUMANS ! Iatlng the DIB column reboiler
duty (gr1). The DIB=eglumn enser le _‘Md by manipulating the DIB
column bottom proag_lxa - : olumn, 10" Tray temperature

Or degisoblitamizer sy olummithe, 1
i B f LR
)

of de-isobutanizerdDIB)§co i f rolle by \. B ig the DIB column bottom

50-butane composition

product valve ( 7). THde DIE ¢ Pg Eve trolled by manipulating the
The DP column condenser

DIB column reboilggutylfor). F1

level is controlled by m s show in Figure 5.11

5.2.6 Design of contrt "';

utane composition

of de-isobuk [ hjE)IB column bottom

| —
product valve W ). The is contrglled by manipulating the

DIB column reboHerduty (gr1). For debutanizer (DP) column, The DP column condenser

mﬁﬁ%]!@m NINInS

colu reflux. As show in Figure 5. 12

ammﬂmmm'mma t

For de-isobutanizer (DIB) column, the 19" Tray iso-butane composition
of de-isobutanizer (DIB) column is controlled by manipulating the DIB column reboiler

duty (gr1). The DIB column condenser level is controlled by manipulating the DIB
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column bottom product valve (V7). For debutanizer (DP) column, The DP column
condenser level is controlled by manipulating the DP column reflux. As show in Figure

5.13

ISQ d// X Tray iso-butane composition
of de-isobutanizer ( ‘ ' ing the DIB column reboiler

flux. For depropanizer

plumn is controlled by

18, 1 ray iso-butane composition

- T J Ill‘ L}
of de-isobutanizer ) el ' 2dhlby ma "\- aihg the DIB column bottom

product valve (V7). T Becolumn con el Telbontrolled by manipulating the
DIB column reboiler duty ( r 19=E 1601 2 (DP) column, 10" Tray temperature of

depropanizer (DP) columirfis<controlled by guthe DP column reflux. As show

in Figure 5@
§

ﬂUEJ’JVIEJVITNEI’Wﬂi
QW’]Mﬂ?ﬂJNW]’mFJ’]ﬂEJ
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5.3 Dynamic Simulation Results

In order to illustrate the dynamic behaviors of base case control structure

by Luyben (2002) and all designed control structures using new design procedure of

| material and thermal disturbances are used
E/p;/ 0), the designed control structure |
‘ )ﬁ}lvey for alkylation process.

e ©
banc are Wse of the system:
\

step change of molar

Wongsri (2009), two types of dist

in evaluation of the base ca

(CS1) to the designed

flow rate +10% of ty - BB OM,25MBme!/hr to 27.5 Ibmol/hr at 50

min to 250 mi miblinvia 828l i i P80 Mo 450 min.,

e .-- by step change of
temperature +10%4#6f t ( - ’-' ‘-l""-1 L 0%, to 99 °F at 50 min to 250

-ri"*r \

H F

Tempe _f re conptroll --w-f g hic \\ e tuned using relay feedback.
inute are included in the three
temperature loops (25" .Jfl,_f«‘j"' i izer (DP) column, 3 and 10" Tray

temperatur@

controlled Lﬁl

is measured and

\ agurement lags of 0.5
minute are ’[heeﬁ1 a 2 Flrﬂand pressure controller
are Pls and th arameters are heuristics values. Proportion l nly level controllers are
used and their p‘aﬁrs are heuristics valu All control valves are half-open at

ﬂ%ﬂo@oﬂﬂﬂﬁw g1n73
QW’]Mﬂ’iﬂJﬁJW]'JVIFJ']ﬂEJ
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5.3.1 Change in material disturbances of two fresh feeds flow rate for all control
structures (base case control structure (CS0), designed control structure | (CS1) to

designed control structure VIII (CS8))

+10% in two fresh feeds (BBixaut BB32) ifc) m 25 Ibmol/hr to 27.5 Ibmol/hr at 50

min to 250 min and degre ‘- from YRS bmol/hr at 250 min to 450 min.

As shown in Figure —~Fhe S ? nses of base case control
— ,

structure (CS0), desj ' B SMmigegdesigned control structure VIII

|Ermalethr]

Figure 5.1{ namic responses for alky _ hge molar flow rate
+10% in twcbr

molar flow rate ﬁ?m
AUINENINGINg

ARIANTUUMINYAE

ate of BB1 and (b) is a
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a Co,
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5.3.2 Change in thermal disturbances of two fresh feeds temperature for all
control structures (base case control structure (CS0), designed control structure | (CS1)

to designed control structure VIII (CS8))

Dynamic responses fay - lation process by step change temperature

fgom 90°F to 99 °F at 50 min to 250 min
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130

;0.9813 g
= 09615 = 0.929
s olasm [ oz
2 e y L0.9613 () w528 —_ 7 09288 ()
(U) 2 Sl 7 (y) 2 05284
8 09612 E‘U.SESU
. 0.8611 =]
= 0.0000 2000 400.0 B00.0 U 0.0000 2000 400.0 B00.0
Mirtes o4 Mirtes
iu 011 % %u.asm
00117 o L2
' 0.0116 o 09— 0.95707)
(v) 200115 /A = 0.3869
00114 : 367
8 0.0000 - 00 2000 400.0 B00.0
= ; imtes
S —
i 0.5364 = —
L 5352 ! - g
Z 0.53404 et 0.53391) = =(1.8864 ()
(w) 2.0 = /
20538 —— W
$ 200.0 00, i A400.0 E00.0
o imt =53
Zna53 o
g L i v
- 0.1 \
| | 120 11127 ]
X 0.95249
(x) £ 9529 e
W ooo o A 2] 2 400.0 EO0.0
rs es
Figure 5.35 (Contihue y@lemic 1 of designedkco | structure VIII (CS8) for
Fy i
. . - \
alkylation process tef h%g 40 resh feeds (BB1 and BB2),
where (u) and (v) is a cg@ihpositi and tane in distillate stream of DIB
column respectively, (W) is e inYproduct stream of DIB column,

(x) is @ composition of prog

iso-butane 'n}o

stream of D

product strea

DP column, (y) is a composition of

ition

-butane in distillate

e and dodecane in

ﬂLlEJ'JVIEJVITNEI’]ﬂﬁ
QW’]Mﬂ’a’ﬂJﬁJ‘W]'JVIFJ’]ﬂEJ



o)

131

For changing in material disturbances and thermal disturbances of two
fresh feeds for base case control structure (CS0) and designed control structure | (CS1)

to designed control structure VIII (CS8).

For de-isobutani golumn, the pressure condenser of all

f maller deviation than base case
J ctures (CS1 to CS8) control the
Eﬁﬁen of de-isobutanizer (DIB)

tane composition of DIB

designed control structur
control structure (CS0)
appropriate contr
column is 19" T
column for the yned control structure |l
(CS3), the design . \ : igned control structure VII
: hStcuctlre (CS0) and the other
designed contr . 4 A os lise they control the 19"

Tray iso-butane co iflon o1 de L', izar (D by manipulating the DIB

L}

the s' Ufe condenser of designed

ct e v (CS5), the designed control
structure VI (CS6) and the 7_ ghed-cont , icture VIl (CS7) have a smaller deviation
than the other contr ’ ondenser level is controlled
by manipuleat a ‘he DP column reflux. Sin z a small molar flow
rate so contt e DP column reflux

is better. H|

For‘dhanlzer DB) columnu pressure condenser of designed

devr n than the other control structures and he Srd ray tempera ure o: !B column

for the designed control structure I‘CSZ the desrgne ntrol structure Il (

column.
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5.4 Evaluation of the Dynamic Performance

The dynamic performance index is focused on time related
characteristics of the controller's response to setpoint changes or deterministic

performance measures such as settling

disturbances. There exist several, 2 :
time and integral absolute_e /ol te error is well known and widely
used. For the formule& C peffé] }ritten below:

——

N

r) of the response from

W®, cvaluate the dynamic
performance ontrol structures. In the
process have m ' Of iables* (temperatu "ﬁ." NheSsu olar flow rate and level)
so to compare it we i o arge "l_; expeéeted change in disturbance)

' |,I A
dle disturbances and maintain product
A
quality. For energy use, .-;?{,-f}?ﬂqﬂ. enefgy use is used to evaluate the

dynamic performance of _the=Base=Cas 0| structure and designed control

structures. @
Vi
control structuﬂ(cs

e | (ﬁ) to designed control
i
structure VIII {€S8). The IAE results for handle disturbancé® and maintain product

qualityy and the sur n value of all energ %ares wn in Table 5.8, Table 5.11
an@¥abidls §4 Fespectifely g iWI i

For changing in thegaal disturbances of Ewo fresh feeds for baswse

AR IUUNIINGINY

quality and the summation value of all energy use are shown in Table 5.9, Table 5.12

h feeds for base case

and Table 5.15 respectively.
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Table 5.8 The IAE Result for handle disturbances to t_ne l- tw resh ceds.flow raie.

Controller 3 &i te =rror (A
CS5 CS6é CSs7 CS8

TC1 0.1007 0.0996 0.1001 0.0998

TC2 0.1625 0.1540 0.1560 0.1497

TC3 0.1443 0.1417 0.1430 0.1390

TC4 0.0006 0.0007 0.0006 0.0007

PCR 0.0003 0.0003 0.0002 0.0002
PCdib , 0000 _‘.{g- \‘ 0.0000 0.0000 0.0000 0.0000
PCdp 0.0000 0.0000 0.0000 0.0035
PCdb 01 0.0001 0.0003 0.0002 0.0001
CCdib - Tray 10 : j -1 0.0001 | 0.0001 | 0.0€ - ‘ 0.0001 0.0001 0.0001 0.0001
CCdib - Tray 19 I ; J 0.0001 0.0000 0.0000 0.0001
TCdp - Tray 25 0.0018 H' 0.0019 .0 . . M 0.0033 0.0037 0.0033 0.0015
TCdb - Tray 3 0.0885 . 0.0774 0.0420 0.0483 0.0785
= FUE AN WIS - o oo

AR TN IS

€el
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Table 5.9 The IAE Result for handle disturbances to ;Ile tw&fresh fee ‘
Controller
CSo CS5 CS6é CSs7 CS8

TCH1 0.0158 0.0160 0.0122 0.0122 0.0163

TC2 0.0283 0.0346 0.0102 0.0103 0.0278

TC3 0.015 0.0158 0.0080 0.0081 0.0170

TC4 0.0006 ; ﬂ F@J M\ \ 0.0004 0.0004 0.0004 0.0004

‘ - oy .

PCR 0.0002 0.0002 0.0000 0.0000 0.0001
PCdib 0.0000 0000 _‘.{g- \ ). 0.0000 0.0000 0.0000 0.0000
PCdp 0.0000 0.0000 0.0000 0.0002
PCdb 0.0000 0.0000 0.0000 0.0000

CCdib-Tray 10 | 0.00005+-0.0000  0.0000 | 0.0C 0.0000 0.0000 0.0000 0.0000
CCdib - Tray 19 J 0.0000 0.0000 0.0000 0.0000
TCdp - Tray 25 0.0003 H' 0.0003 0.000 0.0008 0.0005 0.0003 0.0003 0.0002
TCdb - Tray 3 0.0109 ; 1 0.0044 . 0.0075 0.0121 0.0027 0.0028 0.0114
SUM F ]nil I@E} ‘E};?‘m‘i N}EY&E 0.0340 | 0.0342 | 0.0735

AR TN IS

vel
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For all disturbances testing, Figure 5.36 shows the results of Integral
Absolute Error (IAE) of all control structure for handle disturbances. Control structure VI

(CS6) can handle disturbances the best. Control structure VII (CS7) is the second and

i this result, if the designed control structure
|
/ e-isobutanizer (DIB) column by

duty Mﬂdle disturbance well.

control structure Il (CS2) is the thi

controls the 19" Tray iso-

manipulating the DIB ¢

7’
0.5574

0.6000

0.5500 =l fhgs G518
0.5000

0.4500

0.4000 4#

Integral Absolute Error (IAE)

Lallall 4
W~y

Figure 5.36 The IAE sy ,‘:":’_;-"»- 1dlle- es 1 the change in all

disturbances testing ; ._,_4 -
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Table 5.10 The IAE Result of product variation to the

; -
- s dtepa™ARselute Error (IAE)
Product . : WA %‘:‘m
; CS5 CS6 CSs7 CS8
Molar Flow of iC8 0.2207 0.2139 0.2150 0.2208
Comp Mole Frac of iC8 0.0012 0.0012 0.0012 0.0012
SUM J 0.2218 0.2150 0.2162 0.2220
Table 5.11 The IAE Result of product variation to the ¢ ! ﬁq‘ ) fres S .\ atL
_ T d L
i~ @\ psolute Error (IAE)
Product =
S0 Kol :'__‘ﬂf' Ccs4 Ccs5 Ccs6 cs7 Ccs8
Molar Fl fiC8 0.0094 0.01297 -1, 4000066 . 0.0078 0.0128 0.0039 0.0039 0.0125
olar Flow of | 1. ﬂi‘,‘?" _ﬁ_
Comp Mole Frac of iC8 3 0.0001 0.0000 0.0000 0.0001
SUM 0.0129 0.0039 0.0039 0.0126

ﬂﬂEl’JVlEM?WMﬂﬁ
a»w'mnmummmaﬂ
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For all disturbances testing, Figure 5.37 shows the results of Integral
Absolute Error (IAE) of all control structure for product variation. Control structure VI

(CS6) can maintain product quality the best. Control structure VII (CS7) is the second.

0.2400 ’ - T N, . 0.2346
0.2350 - \
0.2300 '
0.2250 = AN O o 02201
0.2200 ' 5 \

0.2150 - ‘ - -.
0.2100 7 i “5 z w

Integral Absolute Error (IAE)

Figure 5.37 The IAE $Ummationof frod C 'he change in all disturbances

testing

AUEANENINEINS
IR TUNNINY 1Y



Wy,

Energy

CSO CS1 CS6 CS7 CS8

wkcomp - Heat Flow | 1.06E+05 1.06E+08 1.06E+05 1.06E+05 1.06E+05

gcond - Heat Flow 4.17E+05 4.17E+05 PMOE+05 4.16E+05 4.16E+05 417E+05

qc1 - Heat Flow 2.42E+06 2.17E+06

‘A}i\ 42E+06 2.42E+06 2.42E+06 2.42E+06

| \
“\‘ B®1E+04 3.51E+04 3.51E+04 7.18E+04

qc2 - Heat Flow 7.01E+04 | 7.01E+04 4

qc3 - Heat Flow 4.51E+04 4.78E+04

‘ 4 52 \‘ 4.53E+04 4.52E+04 4.53E+04 4.53E+04

gr1 - Heat Flow 1.99E+06 1.99E+06 1.99E+06 1.99E+06 1.99E+06 1.99E+06
qr2 - Heat Flow 1.81E+05 1.81E+05 1.73E+05 1.73E+05 1.73E+05 1.81E+05
ar3 - Heat Flow 9.82E+04 9. 82E+ 9. 8%04 9.82E+04 9.84E+04 9.83E+04

SUM 5.32E+06 5. -,f—-‘-"-==-'-—-'--—-----——-—'-—-----——--;L F06 5.28E+06 5.28E+06 5.32E+06

A1
==
e

Il

ﬂﬂﬂ?ﬂﬁlﬂﬁﬂﬂ']ﬂﬁ
qmmn'smum'mmaﬂ

8¢l
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Table 5.13 The summation value of all energy use to "“- e twg freshure
Energy |
CS0o CS1 CS6é CSs7 CS8

wkcomp - Heat Flow | 1.06E+05 1.06E+08 1.06E+05 1.06E+05 1.06E+05
gcond - Heat Flow 4.16E+05 | 4.17E+05 415E+05 | 4.15E+05 | 4.17E+05
qc1 - Heat Flow 2.42E+06 2.17E+06 43E+06 2.43E+06 2.43E+06 2.42E+06
qc?2 - Heat Flow 6.99E+04 | 6.99E+04 4 . BOE+04 | 3.50E+04 | 3.50E+04 | 7.16E+04
qc3 - Heat Flow 4.48E+04 4.75E+04 4.50E+04 4.49E+04 4.51E+04 4 .50E+04
ar1 - Heat Flow 1.99E+06 1.99E+06 1.99E+06 1.99E+06 1.99E+06 1.99E+06
gr2 - Heat Flow 1.81E+05 1.81E+05 1.73E+05 1.73E+05 1.73E+05 1.81E+05
gr3 - Heat Flow 9.79E+04 9. 80E+ 9.82)2(204 9.80E+04 9.82E+04 9.81E+04
SUM 5.33E+06 | 5. f—mm—-ﬂ ------- a2 9=1 06 | 5.29E+06 5.29E+06 | 5.33E+06

5

e

Il

ﬂUEl’JﬂEWﬁWEI']ﬂﬁ
QW’]MﬂﬁﬂJﬁJW\')ﬂU’]ﬂB

6¢l
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For all disturbances testing, Figure 5.38 shows the summation value for
all energy use of all control structure. Control structure Il (CS2) is the most minimize
energy use. Control structure | (CS1) is the second. Control structure VI (CS6) is the

third.

1.08E+07 —
1.06E+07
1.04E+07
1.02E+07
1.00E+07

9.80E+06

Integral Absolute Error (IAE)

9.60E+06

Figure 5.38 The syMmafibn val"E all eneig (@ tH8fichange in all disturbances

testing ]

agility. For estimating

operation costsTass

ﬁ oC rent ) ocesses, the approach
U
taken here is to*&ssume that the capital investment required uild a facility to supply

the utility, for exarﬁlncoollng tower, a steauoner and so forth, has been already

u/vai be t e ass—incw H be nﬂoﬁ the fixed
cap| investmen The costs associated with supplying a given utility are then obtained

by calculatlng the operating costs ‘generate the utlllt ese are the costs th

RININIUANIINYIRY
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Table 5.14 Utility costs (Analysis, Synthesis, and Design of Chemical Processes, 2007)

Utility Description Cost ($/GJ)

Steam from boilers | Process steam: latent heat only

160 C from HP steam 6.08
r‘/ 184 °C) from HP steam 6.87
‘épégil from HP steam 9.83

Electrical substation, iC ibuti _; 16.8

a. Low pressur

Refrigeration _ iq 3gated water

CSO CS1 CS2 CS3 CS4 ©CS5 CS6 CS7  CS8

‘ Control Stru“ . U
J L] [ ] | F

~fgure

testing
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CHAPTER VI

CONCLUTIONS AND RECOMMENDATIONS

6.1 Conclusion

In this researchligs | ! cantrol structure design for alkylation

process, using new desidngpraced! \ 9). This procedure based on

heuristics and mathematicala is. adefte of control variables is
— e —
established. The p [ = WDrocedure for selection

the best set of control iti 5 0 ightforward.

fle. listurbances entering the

\ ' .
process, mai dlity and minimize Gy UsBs. The major disturbances are
directed or ma i€itl Sinialyintdsdation between loops by

using the material digtur

oy e - %
For t rln, -ﬁ”r- oan 516 .'. Yo, o ntrol structure 1l (CS2) can

handle disturbance the@@est, dg€ '..U"u- struc \ \

CS6) can maintain product

quality the best and d glonati« 52)

,pt-.-a

he most minimize energy use.

For the the ed control structure VI (CS6) can

handle dis@ ces the best, designea c : ﬁ

quality the *

n maintain product

inimize energy use.

e
‘HJ‘ all disturbance

handle dlsturbancf E best, designed contro tructure VI (CS6) can maintain product

AUYINYN NgnT

New design procedure of Wongsri (2009) can find the appropriate set of

I
esigned contrdﬂtructure VI (CS6) can

controlled varlables to achleve ‘orm fixture pomﬁeorem The best urol

erefore th|s researc estab Ishes that the Wongsri‘s proCcedure, which combines

heuristics, analytical method and dynamic simulation, a useful design procedure that

leads to a good-performance plantwide control system.
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6.2 Recommendations

Study and design the control structure of the other process in plantwide

control via new design procedure of Wongsri (2009).

Wy

ﬂUEJ’JVIEWIﬁWEHﬂi
R AINTNUNIINYINY
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APPENDIX A

TUNING OF CONTROL STRUCTURES

A.1 Tuning Controllers

eral types of controllers such as P,

Pl, and PID controllers sIhey*dep " In theory, control performance
can be improved by {Ne USe ot rivati‘ acti@e the use of derivative has
e — - -

some significantW

careful that th it S iy tfing Method.

iLr ation "ff pProxXif

f ‘!.-f | \ , _
performance control S aff re ‘f,, fo ofo[e} (@ f.\- Skfrom the simulation, the real

he real plant. If high

plant may not work well. ”" ‘

,pi-

A.2 Tuning Flow, Level, Pres

Flov\rxntr
(A A

time constants for

er c r|1| be turned with a small

Vi Y
movin controIH lves
integral or rese |me constant. A value of 7; = 0.3 minutes WO in most controllers. The

f confrol kept.mode asurement signal are
ﬁ; y W thirou Iatelﬁ Econtroller

gamﬂK = 0.5 is often used. Derlvatlve action should not be used.

qmmﬁ MANIINYIS

level controllers should use proportional-only action with a gain o
to 2. This provides the maximum amount of flow smoothing. Proportional control means

there will be steady state offset (the level will not be returned to its setpoint value).
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However, maintaining a liquid level at a certain value is often not necessary when the
liquid capacity is simply being used as surge volume. So the recommended tuning of a

level controller is K, = 2.

Pressure Controllers

and tanks are K_

Temperatyfe Cafitrolfers

Te pers re flynami€red glie 'géncrally slow, so PID control is

ey

used. Typically, the cg trp 'iﬁ-l! : .a"" en 2'to 10, the integral time,

d i
i
r

A.3 Relay-Feedback Tegling

at serves a quick and simple method
for identifying the dya nic-parameters t artant for to design a feedback
controller. fhetesults of the test are the ¢ Wgate frequency. This

informationk $ asonable controller

=
tuning constantm.

Th‘ d consists of merelyvrtmg an on-off relay in the feedback

UHANHNTNENT o

around the setpoint with the contro"r output switching ry time the process v

Q‘Wﬁﬁﬂﬂﬁﬂiﬁmﬂ@ﬂﬂﬂﬁ?ﬂ

ultimate gain, K, from the equation
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Ky =— (1)

The period of the output PV curve is the ultimate period, P, from these

two parameters controller tuning con fapts can be calculated for Pl and PID controllers,

using a variety of tuning me jterature that require only the ultimate

gain and the ultimate fr

ified (relay height).

t, particularly compared to
HOCSES is not driven away from

accurate in the frequency

range that is important fei 8cdback controller.

ur‘ﬂhing the test can be

ik =n variable.
s

- :
ﬂ]jese entire fee dback tes:ﬂig a useful identification
tool.
S er;. meth these two

parameters. The Ziegler-Nichols tur“g equations for a P ntroIIer are:

QW’]Mﬂ‘iﬂm%’}’mmﬂﬁl

=P, /12
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These tuning constants are frequently too aggressive for many chemical
engineering applications. The Tyreus-Luyben tuning method provides more

conservative settings with increased robustness. The TL equations for a Pl controller

are:

(4)

(9

ent and actuator lags

always exist. In ' C g | aie ol .0k (he unit models. Much

stic dynamic simulations

require that we expliditly #hcludglags: 8 A . in all the important loops.

) ‘i .
Usually this mean NtEe ;_‘_ CURgg uct .'l\ ity '@ process constraint. Table

A.1 summarizes some{ dc in'several different types of control

>CO “___ua,ﬁr :
2T

loops.

0
Time (minutes)

QRIANAIATIANGNY
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Table A.1 Typical measurement lags

y Time constamnt
Number ) Type
{minutes)

05 First-order lags

1 First-order lags

Temperature Liquad

Composition Deadtime
e has lags: ement and actuator lags
always exist. In sige®lions? , thes \"'\ e ™watiee’ the unit models. Much
more aggressive.t i g igfof ) ) thets " forithan is possible in the real
plant. Thus the prt_a_' long’ off d | offo - yoe OVerly optimistic. This is

poor engineerip A cogfengatiye design,

1)
_‘ ﬁl |
aY =
s I‘}';-'.
ﬂ" ,'
- - -r

‘,,r‘ -.

—
)

f .J' il

j‘.-i" h,

ﬂﬂﬂ’)ﬂ&lﬂﬁﬂﬂﬁﬂﬁ
QW’]Mﬂ'ﬁﬂJﬂJ‘W’]’JﬂEﬂﬂU



Table B.1 Tuning parameters for the base case ¢

Controller Controlled Variables
FC1 Fresh feed flowrate

FC2 Fresh feed flowrate

FC3 Recycle flowrate

PCR KO vessel pressure
TC1 Reactor 1 vessel temperature
TC2 Reactor 2 vessel temperature
TC3 Reactor 3 vessel temperature
TC4 Tank vessel temperature

LC1 Reactor 1 liquid percent level
LC2 Reactor 2 liquid perce:ﬁ u E]
LC3 Reactor 3 liquid percent le¥el

gcond

V11

’mﬁl

-i 7.02e-2

0.274 'l

NN

152
Action PV Range
T, Controller
- Reverse 0-50 Ibmole/hr
- Reverse 0-50 Ibmole/hr
- Reverse 0-1000 Ibmole/hr
- Direct 0-50 psia
- Direct 0-100 °F
f - Direct 0-100 °F
- Direct 0-100 °F
]i6.09e-2 Direct 50-150 °F
Direct 0-100 %
fm ﬂ ﬁ Direct 0-100 %
. Direct 0-100 %

ﬂW’]Mﬂ’iﬂJﬁJW\’MMﬂH

sl
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Action PV Range
T, Controller
- Direct 0-100 %
- Direct 50-150 psia
- Direct 150-250 psia
- Direct 0-100 psia
1.79 Reverse 0-0.2
0.651 Reverse 100-200 °F
Reverse 200-400°F
‘ - Reverse 0-100 %
.'-.'1 i Direct 0-100 %
'l]' - Direct 0-100 %
- - Direct 0-100 %
8 fm ﬂ ﬁ Direct 0-100 %
- ; Direct 0-100 %

Controller Controlled Variables
LC4 Tank liquid percent level .
PCdib Pressure condenser of DIB column
PCdp Pressure condenser of DP column J
PCdb Pressure condenser of DB column
CC Tray 10 iso-butane composition

of DIB column
TCdp Tray 25 temperature of DP column
TCdb Tray 3 temperature of DB colu ﬁ‘l
LCdib2 Level condenser of DIB column k —
LCdib1 Level reboiler of DIB column -
LCdp2 Level condenser of DP column Hl ‘
LCdp1 Level reboiler of DP column 4
LCdb2 Level condenser of DB ru E]
LCdb1 Level reboiler of DB cofimni

RIANTUUMINYAE

€Gl
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Action PV Range
Controller
Reverse 0-50 Ibmole/hr
Reverse 0-50 lbmole/hr
Reverse 0-1000 Ibmole/hr
Direct 0-50 psia
Direct 0-100 °F
Direct 0-100 °F
Direct 0-100 °F
Direct 50-150 °F
Direct 0-100 %
Direct 0-100 %
- Direct 0-100 %
- Direct 0-100 %
fm ﬂ ﬁ Direct 50-150 psia
= Direct 150-250 psia

Controller Controlled Variables
FC1 Fresh feed flowrate
FC2 Fresh feed flowrate
FC3 Recycle flowrate
PCR KO vessel pressure
TC1 Reactor 1 vessel temperature
TC2 Reactor 2 vessel temperature
TC3 Reactor 3 vessel temperature
TC4 Tank vessel temperature
LC1 Reactor 1 liquid percent level
LC2 Reactor 2 liquid percent level
LC3 Reactor 3 liquid percent level
LC4 Tank liquid percent level ‘
PCdib Pressure condenser of Cu E]
PCdp Pressure condenser of DR ol

MR TN N8 Y

12512



Controller Controlled Variables Action PV Range
T, Controller
PCdb Pressure condenser of DB column ' - Direct 0-100 psia
CcC Tray 19 iso-butane composition 4.63 Reverse 0-0.2
of DIB column

TCdp Tray 25 temperature of DP column 0.659 Reverse 100-200 °F
TCdb Tray 3 temperature of DB column 0.893 Reverse 200-400°F
LCdib2 Level condenser of DIB column - Reverse 0-100 %
LCdib1 Level reboiler of DIB column - Direct 0-100 %
LCdp2 Level condenser of DP column "‘) - Direct 0-100 %
LCdp1 Level reboiler of DP column L 1 : f— Direct 0-100 %
LCdb2 Level condenser of DB column — ja - Direct 0-100 %
LCdb1 Level reboiler of DB column ”l | V14 - ] - Direct 0-100 %
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Controller Controlled Variables
FC1 Fresh feed flowrate
FC2 Fresh feed flowrate
FC3 Recycle flowrate
PCR KO vessel pressure
TC1 Reactor 1 vessel temperature
TC2 Reactor 2 vessel temperature
TC3 Reactor 3 vessel temperature
TC4 Tank vessel temperature )
LC1 Reactor 1 liquid percent level k
LC2 Reactor 2 liquid percent level —_—
LC3 Reactor 3 liquid percent level Hl
LC4 Tank liquid percent level
PCdib
PCdp

156
Action PV Range
T, Controller
- Reverse 0-50 Ibmole/hr
- Reverse 0-50 Ibmole/hr
- Reverse 0-1000 lbmole/hr
- Direct 0-50 psia
- Direct 0-100°F
- Direct 0-100 °F
- Direct 0-100 °F
4.30e-2 Direct 50-150 °F
- Direct 0-100 %
- Direct 0-100 %
- Direct 0-100 %
- - Direct 0-100 %
OEj fm ﬂ : Direct 50-150 psia
0! - Direct 150-250 psia

Pressure condenser uﬂ ﬂ §
Pressure condenser

a«mmmmummmw

9G1



Controller Controlled Variables
PCdb Pressure condenser of DB column '
CC Tray 19 iso-butane composition

of DIB column
TCdp Tray 25 temperature of DP column
TCdb Tray 3 temperature of DB column
LCdib2 Level condenser of DIB column
LCdib1 Level reboiler of DIB column
LCdp2 Level condenser of DP column "‘)
LCdp1 Level reboiler of DP column L 1
LCdb2 Level condenser of DB column —
LCdb1 Level reboiler of DB column ”l |

V14

157

Action PV Range
T, Controller
- Direct 0-100 psia
0.836 Reverse 0-0.2

0.645 Reverse 100-200 °F
0.981 Reverse 200-400°F

- Reverse 0-100 %

- Direct 0-100 %

. Direct 0-100 %

: f— Direct 0-100 %

G - Direct 0-100 %

* ] - Direct 0-100 %
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Action PV Range
Controller
Reverse 0-50 Ibmole/hr
Reverse 0-50 lbmole/hr
Reverse 0-1000 Ibmole/hr
Direct 0-50 psia
Direct 0-100 °F
Direct 0-100 °F
Direct 0-100 °F
8e-2 Direct 50-150 °F
Direct 0-100 %
o Direct 0-100 %
]. - Direct 0-100 %
- Direct 0-100 %
fm ﬂ ﬁ Direct 50-150 psia
= Direct 150-250 psia

Controller Controlled Variables
FC1 Fresh feed flowrate
FC2 Fresh feed flowrate
FC3 Recycle flowrate
PCR KO vessel pressure
TC1 Reactor 1 vessel temperature
TC2 Reactor 2 vessel temperature
TC3 Reactor 3 vessel temperature
TC4 Tank vessel temperature
LC1 Reactor 1 liquid percent level
LC2 Reactor 2 liquid percent level
LC3 Reactor 3 liquid percent level
LC4 Tank liquid percent level ‘ -
PCdib Pressure condenser of Cu E]
PCdp Pressure condenser of DR ol
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Controller Controlled Variables
PCdb Pressure condenser of DB colurr]n
CC Tray 19 iso-butane composition

of DIB column y
TCdp Tray 25 temperature of DP column
TCdb Tray 3 temperature of DB column
TCC Tray 10 temperature of DB column
LCdib2 Level condenser of DIB column
LCdib1 Level reboiler of DIB column "‘)
LCdp2 Level condenser of DP Colum& ‘
LCdp1 Level reboiler of DP column
LCdb2 Level condenser of DB column
LCdb1 Level reboiler of DB column

IJ

V15
‘ﬁ V14
I J ‘I H 'f

Action PV Range
T, Controller
- Direct 0-100 psia
0.844 Reverse 0-0.2
0.637 Reverse 100-200 °F
0.999 Reverse 200-400°F
1.22 Direct 56.1-256.1°F
- Reverse 0-100 %
- Direct 0-100 %
- Direct 0-100 %
- Direct 0-100 %
- Direct 0-100 %
= Direct 0-100 %

QW’]Mﬂ’iﬂJﬁJW\’MEﬂﬂH
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Action PV Range
Controller
Reverse 0-50 Ibmole/hr
Reverse 0-50 lbmole/hr
Reverse 0-1000 Ibmole/hr
Direct 0-50 psia
Direct 0-100 °F
Direct 0-100 °F
Direct 0-100 °F
Direct 50-150 °F
Direct 0-100 %
Direct 0-100 %
Direct 0-100 %
- Direct 0-100 %
fm ﬂ ﬁ Direct 50-150 psia
= Direct 150-250 psia

Controller Controlled Variables
FC1 Fresh feed flowrate

FC2 Fresh feed flowrate

FC3 Recycle flowrate

PCR KO vessel pressure
TC1 Reactor 1 vessel temperature
TC2 Reactor 2 vessel temperature
TC3 Reactor 3 vessel temperature
TC4 Tank vessel temperature

LC1 Reactor 1 liquid percent level
LC2 Reactor 2 liquid percent level
LC3 Reactor 3 liquid percent level
LC4 Tank liquid percent level
PCdib Pressure condenser of Cu E]
PCdp Pressure condenser of DR ol

MR TN N8 Y
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Controller Controlled Variables
PCdb Pressure condenser of DB column '
CC Tray 19 iso-butane composition

of DIB column
TCdp Tray 25 temperature of DP column
TCdb Tray 3 temperature of DB column
LCdib2 Level condenser of DIB column
LCdib1 Level reboiler of DIB column
LCdp2 Level condenser of DP column "‘)
LCdp1 Level reboiler of DP column L 1
LCdb2 Level condenser of DB column —
LCdb1 Level reboiler of DB column ”l |

V14

Action PV Range
T, Controller
- Direct 0-100 psia
4.25 Reverse 0-0.2
0.659 Reverse 100-200 °F
0.920 Reverse 200-400°F
- Reverse 0-100 %
- Direct 0-100 %
. Direct 0-100 %
: f— Direct 0-100 %
G - Direct 0-100 %
-l ] - Direct 0-100 %

ﬂUEl’JVlEWIﬁWMﬂﬁ
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Action PV Range
Controller
Reverse 0-50 Ibmole/hr
Reverse 0-50 lbmole/hr
Reverse 0-1000 Ibmole/hr
Direct 0-50 psia
Direct 0-100 °F
Direct 0-100 °F
Direct 0-100 °F
Direct 50-150 °F
Direct 0-100 %
Direct 0-100 %
Direct 0-100 %
- Direct 0-100 %
fm ﬂ ﬁ Direct 50-150 psia
= Direct 150-250 psia

Controller Controlled Variables
FC1 Fresh feed flowrate

FC2 Fresh feed flowrate

FC3 Recycle flowrate

PCR KO vessel pressure
TC1 Reactor 1 vessel temperature
TC2 Reactor 2 vessel temperature
TC3 Reactor 3 vessel temperature
TC4 Tank vessel temperature

LC1 Reactor 1 liquid percent level
LC2 Reactor 2 liquid percent level
LC3 Reactor 3 liquid percent level
LC4 Tank liquid percent level
PCdib Pressure condenser of Cu E]
PCdp Pressure condenser of DR ol

MR TN N8 Y
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Controller Controlled Variables
PCdb Pressure condenser of DB colurr]n
CC Tray 19 iso-butane composition

of DIB column y
TCdp Tray 25 temperature of DP column
TCdb Tray 3 temperature of DB column
TCC Tray 10 temperature of DB column
LCdib2 Level condenser of DIB column
LCdib1 Level reboiler of DIB column "‘)
LCdp2 Level condenser of DP Colum& ‘
LCdp1 Level reboiler of DP column
LCdb2 Level condenser of DB column
LCdb1 Level reboiler of DB column

Action PV Range
T, Controller
- Direct 0-100 psia
4.25 Reverse 0-0.2
0.846 Reverse 100-200 °F
0.920 Reverse 200-400°F
1.22 Direct 56.1-256.1°F
- Reverse 0-100 %
- Direct 0-100 %
- Direct 0-100 %
- Direct 0-100 %
- Direct 0-100 %
: Direct 0-100 %

QW’]Mﬂ’iﬂJﬁJW\’MEﬂﬂH
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Action PV Range
Controller
Reverse 0-50 Ibmole/hr
Reverse 0-50 lbmole/hr
Reverse 0-1000 Ibmole/hr
Direct 0-50 psia
Direct 0-100 °F
Direct 0-100 °F
Direct 0-100 °F
Direct 50-150 °F
Direct 0-100 %
Direct 0-100 %
Direct 0-100 %
- Direct 0-100 %
fm ﬂ ﬁ Direct 50-150 psia
= Direct 150-250 psia

Controller Controlled Variables
FC1 Fresh feed flowrate
FC2 Fresh feed flowrate
FC3 Recycle flowrate
PCR KO vessel pressure
TC1 Reactor 1 vessel temperature
TC2 Reactor 2 vessel temperature
TC3 Reactor 3 vessel temperature
TC4 Tank vessel temperature
LC1 Reactor 1 liquid percent level
LC2 Reactor 2 liquid percent level
LC3 Reactor 3 liquid percent level
LC4 Tank liquid percent level ‘ -
PCdib Pressure condenser of Cu E]
PCdp Pressure condenser of DR ol

MR TN N8 Y
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Controller Controlled Variables
PCdb Pressure condenser of DB column '
CC Tray 19 iso-butane composition

of DIB column
TCdp Tray 25 temperature of DP column
TCdb Tray 3 temperature of DB column
LCdib2 Level condenser of DIB column
LCdib1 Level reboiler of DIB column
LCdp2 Level condenser of DP column "‘)
LCdp1 Level reboiler of DP column L 1
LCdb2 Level condenser of DB column —
LCdb1 Level reboiler of DB column ”l |

V14

165

Action PV Range
T, Controller
- Direct 0-100 psia
0.848 Reverse 0-0.2

0.899 Reverse 100-200 °F
0.921 Reverse 200-400°F

- Reverse 0-100 %

- Direct 0-100 %

. Direct 0-100 %

: f— Direct 0-100 %

G - Direct 0-100 %

* ] - Direct 0-100 %
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Action PV Range
Controller
Reverse 0-50 Ibmole/hr
Reverse 0-50 lbmole/hr
Reverse 0-1000 Ibmole/hr
Direct 0-50 psia
Direct 0-100 °F
Direct 0-100 °F
Direct 0-100 °F
Direct 50-150 °F
Direct 0-100 %
Direct 0-100 %
Direct 0-100 %
- Direct 0-100 %
fm ﬂ ﬁ Direct 50-150 psia
= Direct 150-250 psia

Controller Controlled Variables
FC1 Fresh feed flowrate

FC2 Fresh feed flowrate

FC3 Recycle flowrate

PCR KO vessel pressure
TC1 Reactor 1 vessel temperature
TC2 Reactor 2 vessel temperature
TC3 Reactor 3 vessel temperature
TC4 Tank vessel temperature

LC1 Reactor 1 liquid percent level
LC2 Reactor 2 liquid percent level
LC3 Reactor 3 liquid percent level
LC4 Tank liquid percent level
PCdib Pressure condenser of Cu E]
PCdp Pressure condenser of DR ol

MR TN N8 Y
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Controller Controlled Variables Action PV Range
T, Controller
PCdb Pressure condenser of DB colurr]n - Direct 0-100 psia
CC Tray 19 iso-butane composition 0.847 Reverse 0-0.2
of DIB column y

TCdp Tray 25 temperature of DP column 3.81 0.847 Reverse 100-200 °F
TCdb Tray 3 temperature of DB column 414 0.921 Reverse 200-400°F
TCC Tray 10 temperature of DB column 55 1.22 Direct 56.1-256.1°F
LCdib2 Level condenser of DIB column - - Reverse 0-100 %
LCdib1 Level reboiler of DIB column "‘) - Direct 0-100 %
LCdp2 Level condenser of DP Colum& ‘ - Direct 0-100 %
LCdp1 Level reboiler of DP column - Direct 0-100 %
LCdb2 Level condenser of DB column - Direct 0-100 %
LCdb1 Level reboiler of DB column 5 Direct 0-100 %

QW’]Mﬂ’iﬂJﬁJW\’MEﬂﬂH
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Action PV Range
T, Controller
- Reverse 0-50 Ibmole/hr
- Reverse 0-50 lbmole/hr
- Reverse 0-1000 Ibmole/hr
- Direct 0-50 psia
- Direct 0-100 °F
- Direct 0-100 °F
- Direct 0-100 °F
1e-2 Direct 50-150 °F
- Direct 0-100 %
-l Direct 0-100 %
]. - Direct 0-100 %
- Direct 0-100 %
fm ﬂ ﬁ Direct 50-150 psia
= Direct 150-250 psia

Controller Controlled Variables
FC1 Fresh feed flowrate
FC2 Fresh feed flowrate
FC3 Recycle flowrate
PCR KO vessel pressure
TC1 Reactor 1 vessel temperature
TC2 Reactor 2 vessel temperature
TC3 Reactor 3 vessel temperature
TC4 Tank vessel temperature
LC1 Reactor 1 liquid percent level
LC2 Reactor 2 liquid percent level
LC3 Reactor 3 liquid percent level
LC4 Tank liquid percent level ‘ -
PCdib Pressure condenser of Cu E]
PCdp Pressure condenser of DR ol

MR TN N8 Y
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Controller Controlled Variables Action PV Range
T, Controller
PCdb Pressure condenser of DB colurr]n - Direct 0-100 psia
CC Tray 19 iso-butane composition 4.25 Reverse 0-0.2
of DIB column y

TCdp Tray 25 temperature of DP column 2.65 0.59 Reverse 100-200 °F
TCdb Tray 3 temperature of DB column 414 0.920 Reverse 200-400°F
TCC Tray 10 temperature of DB column 5.49 1.22 Direct 56.1-256.1°F
LCdib2 Level condenser of DIB column - - Reverse 0-100 %
LCdib1 Level reboiler of DIB column "‘) - Direct 0-100 %
LCdp2 Level condenser of DP Colum& ‘ - Direct 0-100 %
LCdp1 Level reboiler of DP column - Direct 0-100 %
LCdb2 Level condenser of DB column - Direct 0-100 %
LCdb1 Level reboiler of DB column 5 Direct 0-100 %
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APPENDIX C

FIXTURE POINT THEOREM DATA

Table C.1 List of Manipulated Variables for Alkylation Process
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Table C.2 IAE Results of Flow Rate Deviation for the Process Stream

171

Stream V3 V1 V2 V12 V11 V22
B1 - Molar Flow 6.3064 | 0.1229 | 0.3505 | 1.0254 | 0.0536 | 0.0677
B2 - Molar Flow 26.7745 |w54030 | 4.4079 | 7.6075 | 0.6413 | 0.1916
B3 - Molar Flow 7 204 | 0.3696 | 0.0386 | 0.1361
BB1 - Molar Flow 4.4 0.0000 | 0.0000 | 0.0000
BB2 - Molar Flow 5 ahooo 4= 000 | 0.0000 | 0.0000
D1 - Molar Flowea®™! 6016 21 | 0.7764 | 0.2988
D2 - Molar Fl 0 0.0264 | 0.0066
D3 - Molar Flo _ 6 2 | 00186 | 0.0732
disch - Molar Flo il ob 728 | 1.1040 | 4.7771
dondout - Mol Flo 84077 91 6. 11333 | 5.0421
hxcout - Molar F . .0517 30 48 | 0.3850 | 1.6432
hxhin - Molar Flow & 8767 | 0.1375 | 0.1970
hxhout - Molar Fiéw  #f 71. 0.71 0'8674 | 0.1344 | 0.1996
L1 - Molar Flow 1254668 5701 29.8565 | 5.0996 | 14.0739
L2 - Molar Flow 50 6 | 18.9064 | 3.9535 | 5.0614
L3 - Molar| Elf of | 0.3881 | 1.6405
Lko - MolabFT8 ——— ) 5%0.J 0.0000 | 0.0000
P ]

Ltk - Molar quwi 13.@5 0.5334 | 1.7317
ptout - Molar Flo 25.1467 3.0330 | 1.8600 | 0.3881 | 1.6405

0.2988
odout - Nl Fios 1.7317

Sat&- Molar Flow

OﬁB

RIBIN
t2 4M Flo

total - Molar Flow

71.4927

0.1375
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Table C.2 (Continued) IAE Results of Flow Rate Deviation for the Process Stream

Stream V3 V1 V2 V12 V11 V22
vifout - Molar Flow | 122.4688 | 4.9019 | 23.5570 | 29.8565 | 5.0996 | 14.0739
vi2out - Molar Flow | 34.1797 |w786722 | 15.9679 | 23.3849 | 1.5021 | 4.4240
vi3out - Molar Flow 000 | 0.0000 | 0.0000 | 0.0000
vi4out - Molar Flow 4 0.3696 | 0.0386 | 0.1361
vi50ut - Molar Fl 5 ases 4= 1862 | 0.0186 | 0.0732
Viout - Molar Flews™ 42805 0 | 0.0000 | 0.0000
v20out - Mola 0 0.0000 | 0.0000
v21out - Molar E -9p: 4 4 | 3.9535 | 5.0614
v220ut - Molar Fl e 793 | 0.3170 | 9.3969
v2out - Molar#fow 00 .0 0.0000 | 0.0000
v31out - Molar E 1467 310 00 | 0.3881 | 1.6405
v32out - Molar Flo : 6423 | 0.0754 | 0.4158
v3out - Molar Flo 71. 0.71 0'8674 | 0.1344 | 0.1996
vdout - Molar Flow 502" 00 1 0.4057 | 0.0176 | 0.0273
v5out - Molar Flow 359 2 [ 13.7975 | 05334 | 1.7317
v7out - Mglatf 5| ) 0.0536 | 0.0677
vBout - Molgr F w | 2 7 %) 06413 | 0.1916
s =

vSout - Molar Figw o.ﬂﬂo 0.0264 | 0.0066
vap? - Molar Flow 34.1797 23.3849 | 1.5021 | 4.4240

9.3969

0.4158

vaptot - Molar Flow

4&51

tK -

cy lar Bl
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Table C.2 (Continued) IAE Results of Flow Rate Deviation for the Process Stream

Stream V21 V32 V31 wkcomp | qgcond V5

B1 - Molar Flow 0.0539 | 0.0288 | 4.2986 | 0.5145 | 2.1581 | 0.0645
B2 - Molar Flow 0.1180 | Q.47 2.2971 | 11.6573 | 23.7012 | 0.8662
B3 - Molar Flow \\wﬂ 1.1612 | 0.7462 | 0.0998
BB1 - Molar Flow Y m ,'_.:d 0.0000 | 0.0000 | 0.0000
BB2 - Molar Flow 0@00 | -0-0000efee0000 | 0.0000 | 0.0000
D1 - Molar Flow ), 04536 Nvags |10 21.2337 | 0.6898
D2 - Molar Flous# ‘Wf 4.7634 | 0.0357
D3 - Molar Flo 0.5723 | 0.0528
disch - Molar Flo 3.9163 | 0.5282
dondout - MléF Floy 4.3871 | 0.5681
hxcout - Molar F 11.9546 | 0.5263
hxhin - Molar Flow 6.0775 | 0.4239
hxhout - Molar FIgw 19769 | 6.0031 | 0.4217
L1 - Molar Flow B0o [ 9.6885 | 13.4993 | 1.4172
L2 - Molar Flow 98 | 245.3811 | 7.6075 | 1.7248
L3 - Molar| Flgwg 7£ )11.9963 | 0.5282
Lko - Mola J« 8 | 0.0000 | 0.0000
Ltk - Molar FIqu & 11, 7 §0 | 20.3802 | 4.6610
ptout - Molar Flo 0.8028 | 0.4403 |26.9145 | 6.7075 | 11.9963 | 0.5282
0.6898

_ﬂﬁ 4.6610

Sat&- Molar Flow

1.4658

RIBIN
t2 4M Flo

total - Molar Flow

6.0775
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Table C.2 (Continued) IAE Results of Flow Rate Deviation for the Process Stream

Stream V21 V32 V31 wkcomp | qgcond V5

v11out - Molar Flow 24746 | 2.8475 | 10.4509 | 9.6885 | 13.4993 | 1.4172

v12out - Molar Flow 0.1972 3.4087 | 5.4561 | 13.3758 | 0.4369

v13out - Molar Flow 0 00 \\‘rﬂ 0.9P00 0.0000 | 0.0000 | 0.0000

1.1612 0.7462 | 0.0998

v14out - Molar Flow 5
- !..__k b Y a

- e ]
vi150ut - Molar FloW 00408 0@97 | —.8482 | ( 0.5723 | 0.0528

————

viout - Molar Fiews™ 000007/, 0. 100000 | o 0.0000 | 0.0000
v200ut - Molar et r:o;ifa ) », 000 0.0000 | 0.0000

v21out - Molar E 7.6075 1.7248

v22out - Molar Flo 2.2701 | 0.0992

v2out - Molap#fow l 0 | B.00 0.0000 | 0.0000
=3 A\

v31out - Molar F 11.9963 | 0.5282

v32out - Molar Flo 0.3002 | 0.0100

v3out - Molar Flo 1.9769 6.0031 0.4217

/ AT
v4out - Molar Flow 0227 .020: 99 |* 0.6626 1.4658 | 0.0784

vbout - Molar Flow 11.7580 | 20.3802 | 4.6610

v7out - MI’& —— ol

J 2.1581 | 0.0645

vsout-lvlobr ‘ 237012 | 0.8662

v9out - Molar m w 4.7634 | 0.0357

0.3@

0.1972 | 0.4572 | 3.4087 | 5.4561 | 13.3758 | 0.4369

—_
vap1 - Molar Flow

7 0.0992
14| 80.300 0.0100

vaptot - Molar Flow 0.0978 'f 189 | 45922 | _8.7515 3.9163 Oﬁ2

tK -

cy lar Bl
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Table C.2 (Continued) IAE Results of Flow Rate Deviation for the Process Stream

o2

Stream V4 qc1 qr1 V7 qc2 qr2
B1 - Molar Flow 0.1891 0.5363 | 28.7745 | 7.0480 | 0.0665 0.6724
B2 - Molar Flow 0.3655 43.7524 | 0.0330 | 1.1975 | 15.2081
B3 - Molar Flow 2.5776 | 0.1122 1.9598
BB1 - Molar Flow 0.0000 | 0.0000 0.0000
BB2 - Molar Flow 0.0000 0.0001
D1 - Molar Flow 0.9443 | 13.3702
D2 - Molar Flow 0.0624 0.4766
D3 - Molar Flow 0.0592 0.9975
disch - Molar Flow 0.8008 | 8.2932
dondout - MolafFlow, 0.8270 | 8.2774
hxcout - Molar FIg 0.5121 7.2947
hxhin - Molar Flow 0.3497 | 3.7407
hxhout - Molar Flo 7 0.1157 | 0.3500 3.7281
L1 - Molar Flow 1.0939 | 1.8806 | 11.2214
L2 - Molar Flow 136680 11965 9| 06264 | 1.1112 | 337.1695
L3 - Molar Fiok 40 33 | 3 14 [ )0.5134 | 7.0995
Lko - Molar[ETg B0g J 0.0000 | 0.0000
— =]
Ltk - Molar FlO\"Ii 20 O.']&ﬁ 2.1101 11.7169
plout - Molar Il;r;w 541219 | 0.1514 | 0.5134 7.2995
I , 13.3702
: H42 I ljiﬁ 11.7169
SatCﬂ Molar Flow 6.3471 e.4559 6.0429 | _0.0154 | 0.0841 1@5
= 1
tet2 - lo o7 810.84 06 ®»2
total - Molar Flow 0.7273 | 3.0033 | 53.9329 | 0.1140 | 0.3497 3.7407
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Table C.2 (Continued) IAE Results of Flow Rate Deviation for the Process Stream

Stream V4 qc1 qr1 V7 qc2 qr2
v11out - Molar Flow 0.8719 | 3.7345 | 87.8493 | 1.0939 | 1.8806 | 11.2214
v12out - Molar Flow 0.5288 4.2755 | 0.0626 | 0.6261 6.5676
v13out - Molar Flow 0.0000 | 0.0000 | 0.0000
v14out - Molar Flow 2.5776 | 0.1122 1.9598
v150ut - Molar Flow 0.0592 | 0.9975
viout - Molar Fle )00 0.0000 | 0.0000
v20out - Molar_EloW W 0.0000 | 0.0000
v21out - Molar Flg ﬂ JE ak 1.1112 | 337.1695
v22out - Molar Flow Vli ’E- ‘ 0.1616 1.0085
v2out - Molar 6 0.0000 0.0001
v31out - Molar FlgW t‘: 0.5134 7.2995
v32out - Molar Flow ﬂ;ﬁﬁ?f 0.0185 | 2.4162
v3out - Molar Flo . 0.1157 | 0.3500 | 3.7281
v4out - Molar Flow 0.0154 | 0.0841 1.0595
vbout - Molar Flow r : 7. | 0.1042 | 21101 11.7169
v7out - Mo __ 1 | 05 0.0665 | 0.6724
v8out - Molk s AL J 11975 | 15.2081
v9out - Molar Flﬁ)i/ 0.0@ 0.0624 | 0.4766
vap1 - Molar FIow 0.0626 | 0.6261 6.5676
q ﬁ 1.0085
408 B.0 g 2.4162

vaptot™- Molar Flow

8@2

$8500




Table C.2 (Continued) IAE Results of Flow Rate Deviation for the Process Stream

177

Stream V9 V8 qc3 qr3 V15 V14
B1 - Molar Flow 0.0641 | 1.1253 | 0.2024 | 6.8921 | 1.2319 | 0.0586
B2 - Molar Flow 1.0216 | 216067 | 0.0401 | 0.0242 | 0.0427 | 0.0392
B3 - Molar Flow 0, 168 | 53740 | 2.0107 | 3.0945
BB1 - Molar Flow 0066/ 9| 0.0000 | 0.0000 | 0.0000
BB2 - Molar Flow 00 | ofois = 0000 | 0.0000 | 0.0000
D1 - Molar Flow - ¢ 15{7256 8% 48 | 0.0220 | 0.0329
D2 - Molar Flo i/ 0.89 0.0017 | 0.0015
D3 - Molar Flow J/ _ 8 5 | 2.3890 | 0.0352
disch - Molar Flow 879 | 0.0301 | 0.0214
dondout - Mola®Flowd | #6 7 o0 0.0616 | 0.0528
hxcout - Molar Fl .O 493 00 15 0.0281 0.0147
hxhin - Molar FIrow. ( .1'I .0 .0841 0.0211 0.0078
hxhout - Molar Flo 0.12 0.01 '0828 | 0.0227 | 0.0085
L1 - Molar Flow 18280 251 1.0461 | 0.5852 | 0.5860
L2 - Molar Flow v 6 | 0.9346 | 0.7400 | 0.7594
L3 - Molar FIol gﬁ; 0.0290 | 0.0149
Lko - Molar Elgh ——=; 7 be0J 0.0000 | 0.0000
P =~
Ltk - Molar FIO\Mi o.&ﬂzx 0.0326 | 0.0330
plout - Molar Flow 0.0174 | 0.0902 | 0.0290 | 0.0149
4 (0993 0.0329
ﬂmﬂﬁ 0.0330

o2

tet2 - lo

total - Molar Flow

11.4602




Table C.2 (Continued) IAE Results of Flow Rate Deviation for the Process Stream
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Stream V9 V8 qc3 qr3 V15 V14
v11out - Molar Flow 1.9250 | 37.3617 | 0.5825 | 1.0461 0.5852 | 0.5860
v12out - Molar Flow 0.4911 $5§9 0.0222 | 0.0607 | 0.0273 | 0.0205
v13out - Molar Flow 0. QOO 0.0000 | 0.0000 | 0.0000
v14out - Molar Flow . ] s ! 5.3740 | 2.0107 | 3.0945
v15out - Molar Flo 7 | 1dps7 = 2565 | 2.3890 | 0.0352
Vlout - Molar Flows®™ ¢ , 0.D00OSE 00 | 0.0000 | 0.0000
v20out - Molar 0.60 0.0000 | 0.0000
v21out - Molar F 14 3 22 6 | 0.7400 | 0.7594
v220ut - Molar Flo 261 | 0.0066 | 0.0057
v2out - Molar .0 3 .0 0.0000 | 0.0000
v31out - Molar FI .O 515 00 02 | 0.0290 | 0.0149
v32out - Molar FIovy 0 0 .0 .0033 | 0.0015 | 0.0013
v3out - Molar Flo 0.12 0.01 .0828 | 0.0227 | 0.0085
vdout - Molar Flow oo~ : 33 1 0.0111 0.0049 | 0.0028
vbout - Molar Flow T L8 0 | 0.0874 | 0.0326 | 0.0330
v7out - Molar i; 1.2319 | 0.0586
vBout - Moldg Eh T [ 242) 0.0427 | 0.0392
9out - Molar E‘i/ 0. I:ﬁ‘IO 0.0017 | 0.0015
o i g
vap1 - Molar Flow 0.0222 | 0.0607 | 0.0273 | 0.0205
81 (0902 0.0057
) ﬂgﬂﬁ 0.0013




Table C.3 IAE Results of Temperature Deviation for the Process Stream
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Stream V3 V1 V2 V12 V11 V22

B1 - Temperature 165.5618 | 9.2092 8.4723 23.7314 | 1.0797 | 5.9352
B2 - Temperature 144.2621 12.3240 | 30.7229 | 2.6937 | 1.0703
B3 - Temperature 5.7902 | 0.2598 | 0.6795
BB1 - Temperature 0.0000 | 0.0000 | 0.0000
BB2 - Temperature 0.0000 | 0.0000
D1 - Temperature = 11 0.2222 | 0.1409
D2 - Temperatuzes 2.5975 | 0.6807
D3 - Temperatur 0.6830 | 2.6882
0.8168 | 23.3394

dondout - Tem@€ratug 4.2610 | 3.3369
hxcout - Temperailire 0.8196 | 1.3761
hxhin - Temperétute _ 7375 1 0.3540 | 0.1369
hxhout - Tempera re 3405 | 1.0086 | 2.3243
L1 - Temperature / 16.2672 | 2.7983 | 6.4501
L2 - Temperature 3 15.7873 | 0.5073 | 6.3614
L3 - Temp'r}&r v @ 0.3263 | 6.7248
Lko - Temp&a . 145 '~' 2.1598 | 20.0909
Ltk - Temperatﬁﬁ 089 49—Lﬁ58 4.2807 | 3.0291
plout - Tempe?;ur 74.4964 | 18.5538 | 14.3543 | 15.4115 | 0.3329 | 6.7045
0.1444
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Table C.3 (Continued) IAE Results of Temperature Deviation for the Process Stream

Stream V3 V1 V2 V12 V11 V22

total - Temperature 51.9750 | 3.7705 1.4027 3.7375 | 0.3540 | 0.1369

11.7927 | 16.5799 | 0.4613 | 7.1155

v11out - Temperature 62.8308

v12out - Temperature 150.3355 | 2.9550 | 5.2390

v13out-Temperature; 0.0000 | 0.0000 | 0.0000

v14out - TemperaturEas OB 4788 | 0.4720 | 0.9127

-

v150ut - Temperat 0.0034 | 0.0184

) = ¥, e A"-;\-..‘- g
viout - Temperaie rjﬂ t_ B[ 6 2.3701 | 5.7000
o / A R

v20out - Temperaiiife rl-' I @ “ : 0.0000 | 0.0000

v21out - Temperat 0.3759 | 6.5335

v22out - Tempéfature 0.4590 | 46.2254

v2out - Temperatyfé : 375 0.6148 | 6.3645

v31out - Températl_Jr 0.3324 | 6.7060

v32out - Temperature 5.8563 | 0.3791 | 5.2473

v3out - Temperature * 16.3460 | 2.4487 | 5.5148

vdout - Temperature 0.0139 | 0.0005 | 0.0008

v5out - Tempalke 4.2890 | 3.0323

v7out - Tee

=
v8out - Temperlﬂti;re
—_

0.9497 | 5.0977

=
3%7 0.4096 | 0.4205

4.2987 | 2.0808 | 0.7974 2.1130 | 0.2536 | 0.1294

vOout - Temperaturg

6.4494

vap3ﬂTemperatu re

(0] u

k - tu

recycle - Temperature | 81.6096 | 16.5774 | 4.1554 17.3405 | 1.0086 | 2.3243
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Table C.3 (Continued) IAE Results of Temperature Deviation for the Process Stream

Stream V21 V32 V31 wkcomp | qcond V5
B1 - Temperature 3.7763 | 0.5435 | 113.5445 | 13.5451 | 69.5378 | 2.5028
B2 - Temperature 0.5503 10.6473 | 45.9338 | 185.2885 | 3.8764
B3 - Temperature 13.9932 | 15.6540 | 0.4015
BB1 - Temperature 0.0000 0.0000 0.0000
BB2 - Temperature 0.0000 0.0000
D1 - Temperature=s 18.2401 | 0.9834
D2 - Temperatuze# 182.4623 | 3.6540
D3 - Temperaturg 13.0988 | 1.9460
disch - Températur li 261.4891 | 1.3693
dondout - Tem ratu : 300.8152 | 5.0940
hxcout - Temperailire 0 55.6754 | 1.9262
hxhin - Temperétute _ 25.0605 | 1.0349
hxhout - Temperature ©66.5348 | 2.3008
L1 - Temperature ' 7.9740 | 13.8584 | 0.9571
L2 - Temperature Q304070 ¢ 8.4830 | 13.7058 | 0.9795
L3 - Temp' 75 | 04 I ':] 13.7605 | 1.0282
Lko - Templrait 788 ) 257.8578 | 1.2968
- =]

Ltk - TemperatnﬂH 68.8\';&6 291.6473 | 5.1843
plout - Tempe?;ur 3.9654 | 13.8260 | 1.0193
0.9899

ﬂoﬁ 2.8376

_0.0000

0.0000
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Table C.3 (Continued) IAE Results of Temperature Deviation for the Process Stream

Stream V21 V32 V31 wkcomp | qcond V5
total - Temperature 0.1217 | 0.3179 | 1.1229 | 8.4879 | 25.0605 | 1.0349
vi1out - Temperature 0.5858 6.8184 | 7.9614 | 13.6390 | 0.9465
v12out - Temperature | 7.5529 | 278.6349 | 1.2927
v13out - Temperaturel »| 0.0000 0.0000 0.0000
v14out - Temperat ,_—- - 00487 | 5.3650 0.7396
vi50ut - Temperatgre® 46661 | 0.0099
viout - Temperaiwre ‘lﬁ 12.1533 | 0.8557
v20out - Temperaiiife jﬂi 0.0000 0.0000
v21out - Temberat ‘r 30 13.7458 | 0.9993
v22out - Tempé -‘W - 32.3402 | 1.3072
v2out - Temperatyf€ ' *H 11.9487 | 0.8430
v31out - Temperatur ‘rm 13.8030 | 1.0187
v32out - Temperature j@ 32.5636 | 1.2784
v3out - Temperature * 036 8.3637 | 13.6579 | 1.0132
vdout - Temperature 0.0510 0.0026
v5out - Terhpdke ‘886695 | 2.8432
v7out - Tenmpep 3 J 79.6542 | 2.6730
v8out - Temperﬁ?i;re 9.3@ 20.1754 | 1.1876
vOout - Tempe.r..;ur 4.9005 7.8681 0.4480
0.9570
vap?2 J F'.. " 0.9795
vap3“Temperature 13.7605

u

k - tu

recycle - Temperature

13.8930

23.1561

66.5348
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Table C.3 (Continued) IAE Results of Temperature Deviation for the Process Stream

Stream V4 qc1 qr1 V7 qc2 qr2

B1 - Temperature 32.7830 | 27.3300 | 1154.3888 | 0.4850 | 2.0752 | 22.3314
B2 - Temperature 0.9422 107.3838 | 0.1350 | 4.5391 | 63.0076
B3 - Temperature 110.8793 | 0.4159 | 21.7842
BB1 - Temperature 0.0000 | 0.0000 | 0.0000
BB2 - Temperature 0.0000 | 0.0000
D1 - Temperature=s 0.9510 | 12.2799
D2 - Temperatuzes 7 | 1.4178 | 61.2131
D3 - Temperatur 2.1806 | 36.3377
0.5030 | 10.9780

dondout - Tem@€ratug 3.1863 | 15.7295
hxcout - Temperailire 184 2.1167 | 29.3440
hxhin - Temperétute _ 0.9531 | 13.4173
hxhout - Tempera re 2.6208 | 37.0316
L1 - Temperature / 0.1247 | 1.0284 | 22.8417
L2 - Temperature | 0.1463 1.0433 | 23.6966
L3 - Temp'r}&r 1.0825 | 12.6406
Lko - Temp&a . 2l 1.2707 | 11.1306

= —

Ltk - TemperatnﬂH O.‘_'ﬁﬂ. 5 | 3.2645 | 15.4367
plout - Tempe?;ur 0.1741 | 1.0731 | 16.6547
12.3148

15.3742
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Table C.3 (Continued) IAE Results of Temperature Deviation for the Process Stream

.2

Stream V4 qc1 qr1 V7 qc2 qr2
total - Temperature 0.5542 | 4.0979 47.3158 0.1357 | 0.9531 | 13.4173
v11out - Temperature 0.7107 8.1723 0.1442 | 1.0072 | 23.1256
v12out - Temperature s._zg‘ \w 0.1484 | 1.2663 | 28.2203
| Al
v13out - Temperature __' )0 0. u 0 0.0000 | 0.0000 | 0.0000
— . A
v1dout - TemperatifSme ""'1 @)497 & #73.3305 | 0.8366 | 26.0388
v150ut - Temperatlife™ | _0-055 6:0625 | 0.0119 | 0.1358
- i
viout - Tempegatéife &ﬁ‘l 4097 | 1.0601 | 21.6768
‘!’ &
v20out - Temperattre ‘W 0C L: QOO0 | 0.0000 | 0.0000
v21out - Temperagufe W 01582 | 1.0586 | 17.0133
v22out - Tem@€ratug 1.2839 | 29.2552
v2out - Temperaitire k 1272 1.0304 | 22.1383
L i
v31out - Temperat \ 0.1744 | 1.0725 | 16.6400
v32out - Temperature 0.2019 | 1.2450 | 28.1481
v3out - Temperature 'l 0.1087 | 1.0618 | 23.0765
v4out - Temperature 0.0028 | 0.0358
v5out - Tempara 3.3160 | 15.3636
v7out - Tefypgrs 58240 | 2.0475 | 19.0696
- =
v8out - Tempqnaiure M377 1.0126 | 15.0994
—_
vOout - Temperatiﬁ 2.7297 | 6.4655
vapi- efiule { 22.8391
vap2k T e .0 23.7785
vap3™- Temperature 0.7382 g4¢ 3.1601 13.8594_ | 0.1769 | 1.0824 &6229
.,J' -fTempearatire 1 D78 N1 6810
1l . ] 2 ‘ Il‘ 1;\
tk - FeMp8ratfe N toSds 2050 s deet
recycle - Temperature 1.1868 | 6.2844 15.8798 0.0928 | 2.6208 | 37.0316
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Table C.3 (Continued) IAE Results of Temperature Deviation for the Process Stream

Stream V9 V8 qc3 qr3 V15 V14
B1 - Temperature 1.7302 | 53.4890 | 0.1207 | 0.2783 | 0.1344 | 0.1370
B2 - Temperature 3.8204 6378 | 0.1599 | 0.0977 | 0.1704 | 0.1540
B3 - Temperature §18 96.2467 | 40.7424 | 3.3133
BB1 - Temperature s I 0.0000 | 0.0000 | 0.0000
BB2 - Temperatur: C @000 E «0000 | 0.0000 | 0.0000
D1 - Temperaturea ™ 14113058 32 | 00534 | 0.0278
D2 - Temperat 1 1 0.1706 | 0.1562
D3 - Temperatur _ 66 0| 37.2037 | 1.3062
disch - Températur 2“ 602 | 0.0774 | 0.0743
dondout - Tem€ratu 40 19 1881 0.2108 | 0.1798
hxcout - Temperailire . 5992 06 0.0934 0.0698
hxhin - Temperétute - 0.'I .0 .0940 | 0.0535 | 0.0343
hxhout - Temperature 2.0 0.09 1318 | 0.1073 | 0.0831
L1 - Temperature __‘? 437 1 0.1156 | 0.0525 | 0.0395
L2 - Temperature 06 B 4 | 0.1460 | 0.0512 | 0.0403
L3 - Temp rpﬂr fﬁ; 0.0990 | 0.0878
Lko - Temp&a L —— : 98 J 0.0681 | 0.0535
— —
Ltk - TemperatnﬂH O.ﬁjiﬁo 0.2868 | 0.2561
plout - Tempe:;trui& 0.1448 | 0.0855 | 0.0742
p2 jem geratuf -2F 0.0317
p3Qut k TeMiper: El:;}ﬂ:ﬁ 0.2503

SatCﬂ- Temperature
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Table C.3 (Continued) IAE Results of Temperature Deviation for the Process Stream

Stream V9 V8 qc3 qr3 V15 V14
total - Temperature 0.6303 | 11.8220 | 0.0405 | 0.0940 | 0.0535 | 0.0343
v11out - Temperature 0.7793 [w980i17 | 0.0415 | 0.1396 | 0.0497 | 0.0381
v12out - Temperature 611 0.1340 | 0.0713 | 0.0564
v13out - Temperaturel s @ | 0.0000 | 0.0000 | 0.0000
vl4out - Temperat 2__133215 . 6752 | 0.7235 | 0.6974
vi50ut - Temperatgre® | ol F 77 | 06472 | 0.0023
viout - Temperai 0 9 0.0572 | 0.0462
v20out - Temperaiiife 0 0 | 0.0000 | 0.0000
v21out - Temperat Ak 370 | 0.0651 | 0.0538
v22out - TempéFatur 1 94 £l 0.0630 | 0.0492
v2out - Temperat 987 80 | 0.0459 | 0.0356
v31out - Températl_Jr Ofl i .0 1448 | 0.0861 0.0748
v32out - Temperature 0.9 0.047€ .1903 | 0.0540 | 0.0466
v3out - Temperature 81831 = 58 0.1116 | 0.0547 | 0.0413
vdout - Temperature 0077 0 | 0.0004 | 0.0000 | 0.0000
vBout - Terfi ﬁ; | 0.2807 | 0.2500
v7out - Tenpep I587J 23.5416 | 0.6460
v8out - Temperﬁ?i;re O.éjﬂ4 0.0601 0.0407
vOout - Tempe.r.;ui& 0.0062 | 0.0134 | 0.0118
vap™s T ratur ' 1y 0.0395
vag2 4T ra | 9459_ ﬂﬁ 0.0401
ap3ﬂTemperature
veplo u
k- tu

recycle - Temperature

14.8864
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Table C.4 IAE Results of Pressure Deviation for the Process Stream
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Stream V3 V1 V2 V12 V11 V22
B1 - Pressure 441917 | 3.0822 | 1.7992 | 4.5838 | 0.1981 | 0.3085
B2 - Pressure 83.0725 28.0944 | 46.9199 | 5.1004 | 1.3001
B3 - Pressure 1 5.0275 | 0.5010 | 1.9528
BB1 - Pressure 0.0000 | 0.0000 | 0.0000
BB2 - Pressure 0.0000 | 0.0000
D1 - Pressure 0.1982 | 0.3064
D2 - Pressure 5.0846 | 1.2963
D3 - Pressure 0.5108 | 2.0118
disch - Pressﬁre 5.4051 4.5000
dondout - Presélire 5.4960 | 4.7141
hxcout - Pressure 0.1981 0.3062
hxhin - Pressure 0.3213 | 0.2942
hxhout - Pressure 0.1241 0.3346
L1 - Pressure 7.5671 1.1054 | 2.6542
L2 - Pressure 2485757 1478 7.0466 | 0.2812 | 2.8789
L3 - Press _' Al 54 | 7 ) 02015 | 2.8614
Lko - Press&e h 080 J| 1.3506 | 1.0421

= —
Ltk - Pressure H| 09: 51.]'5. 2| 54960 | 4.7141
plout - Pressu:: 37.5635 1.7334 | 51497 | 0.1634 | 1.2162
IiE)
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Table C.4 (Continued) IAE Results of Pressure Deviation for the Process Stream

188

Stream V3 V1 V2 V12 V11 V22
total - Pressure 52.3041 41839 | 1.7688 | 4.7483 | 0.3213 | 0.2942
v11out - Pressure 24.8575 49775 | 7.0466 | 0.2812 | 2.8789
v12out - Pressure | 8.0689 | 1.3506 | 1.0421
v13out - Pressure 0.0000 | 0.0000 | 0.0000
v14out - Pressure 0.0000 | 0.0000
v150ut - Pressures 0.0000 | 0.0000
viout - Pressurgs 1.1054 | 2.6542
v20out - Pressurg 0.0000 | 0.0000
v21out - Pressure 0.2015 | 2.8614
v22out - Presséife 1.3506 | 1.0421
v2out - Pressure 0.2812 | 2.8789
v31out - Pressure . 0.1910 | 0.4609
v32out - Pressure 1.3506 | 1.0421
v3out - Pressure 7.5671 1.1054 | 2.6542
v4out - Pressure 0.1980 | 0.3066
v5out - Pressilie ) 50964 | 1.3002
v7out - Pre#u 5% J 05107 | 2.0115
v8out - Pressurﬁ‘. 471513‘3 0.3213 | 0.2942
vOout - Pressu.r.: 0.0000 | 0.0000

re: 0 2.6542
vag2 SSUr ﬂs§ 2.8789
vaquPressure 4

: Y,
- Pre R

recycle - Pressure 46.3789 | 1.6633 | 0.6866 | 1.6505 | 0.1241 | 0.3346




Table C.4 (Continued) IAE Results of Pressure Deviation for the Process Stream
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Stream V21 V32 V31 wkcomp qcond V5
B1 - Pressure 0.2490 | 0.2284 | 0.8150 7.3501 16.7702 | 0.8800
B2 - Pressure 1.0238 | 3 18.6639 | 92.6037 | 136.1149 | 6.9725
B3 - Pressure 1. 511 16.3623 | 10.3338 | 1.4203
BB1 - Pressure .0000% 0.0000 0.0000 0.0000
BB2 - Pressure 0=| 0.0dbo 00 | 0.0000 | 0.0000
D1 - Pressurc a0, /0.2282 .1 16.7818 | 0.8809
D2 - Pressure .9 323.4194 | 6.9557
D3 - Pressure 9 0 169 10.6652 | 1.4548
disch - PreSSl;re .8 1 63 | 287.7420 | 6.3918
dondout - Presélire 4 .8 307.1253 | 6.6184
hxcout - Pressur 0 74 0.7 /. 16.7837 | 0.8806
hxhin - Pressure £X 401 | 17.9743 | 0.9877
hxhout - Pressure .268 796 4.0377 1.6970 0.6094
L1 - Pressure 0. == '3.7541 5.6209 0.3976
L2 - Pressure 05 X D RZ% 3.6923 5.3675 0.3825
L3 - Pressure) of [)52155 | 03842
Lko - Press&e h — o 7 ;‘J 49.7293 | 1.1700
— =]

Ltk - Pressure Il 115.&233‘5 307.1253 | 6.6184
plout - Pressu:: 0.6527 | 0.1766 | 20.3402 | 4.5315 12.0314 | 0.6722

NP : 7 0.9877

!} ,
SatC4™- Pressure 0.0000 ?OOOO 0.0000 I&.OOOO 0.0000 WO
6807 169
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Table C.4 (Continued) IAE Results of Pressure Deviation for the Process Stream

Stream V21 V32 V31 wkcomp qcond V5
total - Pressure 0.1864 | 0.3109 | 0.5083 | 9.4401 | 17.9743 | 0.9877
vi1out - Pressure 0.1906 26807 | 3.6923 | 5.3675 | 0.3825
v12out - Pressure 0.1 12300 5.8227 49.7293 | 1.1700
vi3out - Pressure 100007 g 0.0000 | 0.0000 | 0.0000
v14out - Pressure " o 0.@0 U 00 0.0000 0.0000
V150Ut - Pressurea®®™ 000807400400 {83 . 0.0000 | 0.0000
viout - Pressurge# ; 18pe\] %) 5.6209 | 0.3976
v20out - Pressur .0 ¥ 0. ) U 0.0000 0.0000
v21out - Pressure 4 ' 10 | 52155 | 0.3842
v22out - Presst 1 9 2 k32 49.7293 | 1.1700
v2out - Pressure 0406 2,680k YA3 ! 5.3675 | 0.3825
v31out - Pressure _ é‘x ‘0.210 605 687 | 15.9781 | 0.8452
v32out - Pressure 178 | 300 W 5.8227 49.7293 | 1.1700
v3out - Pressure 048305 182 3.7541 | 56209 | 0.3976
vdout - Pressure 02477 1] ) 228 7.3468 | 16.7760 | 0.8802
v5out - Pref o 5240352 | 6.9703
v7out - Preggugt 0.26 B0, JJ 10.6393 | 1.4546
v8out - Pressurﬁ- 9.44;@ 17.9743 | 0.9877
V9out - Pressure 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
; 306 . 0.3976
, , ) ﬁmﬂ:}ﬁg 0.3825
vapsquressure 14106 | @3831 | 2.9039 'é.g:ﬂ 0 | 52155 (ﬁ42

| 7

ofrsaol| 148 5 11258 (W68
recycle - Pressure 0.2682 | 0.1295 | 0.9796 4.0377 1.6970 0.6094
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Table C.4 (Continued) IAE Results of Pressure Deviation for the Process Stream

Stream V4 qc1 qr1 V7 qc2 qr2
B1 - Pressure 1.0709 | 5.1357 | 62.9282 | 0.1736 | 0.9444 | 11.6989
B2 - Pressure 74.2394 | 0.2596 | 9.0382 | 124.6451
B3 - Pressure 022080 | 27.5074 | 1.5913 | 28.2668
BB1 - Pressure 0.0000 | 0.0000 | 0.0000
BB2 - Pressure 0.@0 000 | 0.0000 | 0.0000
D1 - Pressure -~ | 51361 1] 0.9450 | 11.6933
D2 - Pressure 4 .966 ‘ 9.0307 | 124.2002
D3 - Pressure 6.34%1 1.6306 | 28.3781
disch - Pressﬁre 4 33 | 4.3067 | 131.5269
dondout - Presélire 7 1% 4 4.3961 | 135.8313
hxcout - Pressur 1.. 14 62. 0. 8 0.9447 11.6941
hxhin - Pressure | %& 1494 | 1.1191 | 14.2314
hxhout - Pressure .858 596 0.1436 | 0.6060 | 7.1718
L1 - Pressure 0. == . 4 [10.0507 | 0.4932 | 10.4217
L2 - Pressure 0. o 1.86¢ 0.0580 | 0.4670 | 10.3487
L3 - Press rﬂa i? 0.4635 | 5.2340
Lko - Press&e h — o 7 72 1.0187 | 22.6936
— =
Ltk - Pressure H| 0.43‘1]‘& 4.3961 | 135.8313
plout - Pressu:: 0.7826 | 3.5956 | 39.8251 | 0.0934 | 0.7406 | 8.9948
Jof: y | O q ﬂ 14.2314
0 392 mﬂw i i3 3128.4805
SatCﬂ- Pressure 0.0000 ?OOOO 0.0000 |_0.0000 | 0.0000 0@0
0 2
3M05 .0580
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Table C.4 (Continued) IAE Results of Pressure Deviation for the Process Stream

1646

Stream V4 qc1 qr1 V7 qc2 qr2
total - Pressure 0.9713 | 4.6588 | 58.4546 | 0.1494 | 1.1191 14.2314
vi1out - Pressure 3.1055 | 0.0580 | 0.4670 | 10.3487
v12out - Pressure 0.1021 1.0187 | 22.6936
v13out - Pressure 0.0000 | 0.0000 | 0.0000
v14out - Pressure 000 | 0.0000 0.0000
vi5out - Pressu 0 | 0.0000 | 0.0000
viout - Pressurgs 4 4 0.4932 | 10.4217
v20out - Pressur .0 0. 0.0000 0.0000
v21out - Pressure £ 32 | 04635 | 5.2340
v22out - Presst 9 1 1.0187 | 22.6936
v2out - Pressure 0. 20. 3.1 O.r 0 0.4670 10.3487
v31out - Pressure _ *\ - 1601 | 0.9101 | 11.2359
v32out - Pressure 797 | 7359 % 0.1021 1.0187 | 22.6936
v3out - Pressure 0. == 2 4 0.0507 | 0.4932 | 10.4217
vdout - Pressure 1,06 i 5. 0.1737 | 0.9443 | 11.6919
v5out - Pref A [)0.0320 | 124.4569
v7out - Preggugt 6.33 980 ) 16305 | 28.3775
8out - Pressug 0.1 iy 1.1191 14.2314
: il i
vOout - Pressure 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
485§ . 4 | q ﬂ 10.4217
i SSUIre )7 | mﬂ% i 84 ﬁ 10.3487
vapSﬂPressure 0.3783 ‘!3332 44749 | _0.0632 | 0.4635 5@

0
m
8961 :

recycle - Pressure

69.5960

0.6060 7.1718




Table C.4 (Continued) IAE Results of Pressure Deviation for the Process Stream

193

Stream V9 V8 qc3 qar3 V15 V14
B1 - Pressure 0.5703 | 13.0954 | 0.0377 | 0.1240 | 0.0550 | 0.0316
B2 - Pressure 7.6719 0.3121 | 0.1896 | 0.3320 | 0.3037
B3 - Pressure 49.7021 | 26.8196 | 0.9890
BB1 - Pressure 0.0000 | 0.0000 | 0.0000
BB2 - Pressure 0.0000 | 0.0000
D1 - Pressure 0.0557 | 0.0324
D2 - Pressure ﬂ A% o' 0.3297 | 0.3015
D3 - Pressure I G I e @»“H; : ‘\ 2 | 27.3674 | 0.9704
disch - Pressﬁre Ii '}i Qk\\‘k 0.3458 | 0.3096
dondout - Presélire ). 32 n"'. \l 0.3634 | 0.3269
hxcout - Pressure l 0.0554 0.0320
hxhin - Pressuré 0.0589 | 0.0385
hxhout - Pressure 0.17082 | 0.0393 | 0.0200
L1 - Pressure 0.0484 | 0.0239 | 0.0185
L2 - Pressure 0:3619117/4.63¢ 0.0592 | 0.0198 | 0.0152
L3 - Press _' A 3 | 4 | J 0.0305 | 0.0260
Lko - Press&e h 0.0635 | 0.0539
Ltk - Pressure r”‘ 0.3‘I . 0.3634 | 0.3269
p1out - Pressure 0.0919 0.0442 0.0284
0.0385

ﬁ; 0.3022

0.0000

#0198




Table C.4 (Continued) IAE Results of Pressure Deviation for the Process Stream

194

o2

Stream V9 V8 qc3 qar3 V15 V14
total - Pressure 0.7587 | 14.7689 | 0.0438 | 0.1012 | 0.0589 | 0.0385
v11out - Pressure 0.3619 0163 | 0.0592 | 0.0198 | 0.0152
v12out - Pressure 0.0904 | 0.0635 | 0.0539
v13out - Pressure 0.0000 | 0.0000 | 0.0000
v14out - Pressure 0.0000 0.0000
vi50ut - Pressuress 0.0000 | 0.0000
viout - Pressurgs 0.0239 | 0.0185
v20out - Pressurg 0.0000 0.0000
v21out - Pressure 0.0305 | 0.0260
v22out - Presséfe 0.0635 | 0.0539
v2out - Pressure 0.0198 0.0152
v31out - Pressure _ 0.0535 | 0.0314
v32out - Pressure 0.0635 0.0539
v3out - Pressure 0.0484 0.0239 0.0185
v4out - Pressure 0.1236 0.0552 0.0319
vsout - Pressuie ] o) 0.3312 | 03029
V7out - Predg U 50 27.3184 | 0.9703
= —

vBout - Pressure 0.1 ‘nﬁ 0.0589 | 0.0385
vOout - Pressu.r.: 0.0000 0.0000 0.0000
0.0185

” S8Ura ﬁg 0.0152
vapaq-’Pressure 0.3553 |g4.3170 | 0.0272 | 0.0535 | 0.0305 %o

(0] D
- Pre 3563 8634 | ¥

recycle - Pressure 0.2971 | 14.0286 | 0.0250 | 0.1082 | 0.0393 | 0.0200




Table C.5 IAE Result of Level Deviation for the Process

S

Unit V3 V1 V2 rf l !‘ \ V32 V31 wkcomp | gcond V5
R1 - Level 747.721 | 356.275 | 384.558 lﬂ % 122.265 | 118.475 | 429.809 | 350.385 | 62.120
R2 - Level 750.707 | 201.474 | 402 64.897 | 108.945 | 26.433 | 75.242 | 6.787
R3 - Level 479.013 | 330.404 614.4 83.404 | 769.298 | 302.033 | 603.651 | 52.559
Tank - Level 856.284 | 594.552 | 950.738 133.916 | 374.886 | 678.743 | 930.513 | 927.141
DIB-Level-Condenser | 36.311 3.460 1.84 ﬂ:r&,' 0.284 1.866 7178 9.876 0.581
DIB-Level -Reboiler 330.116 | 63.014 | 46.901 N ¥ 2.397 | 336.324 | 43.666 | 78.943 | 3.892
DP-Level -Condenser | 41.826 | 8.700 8.221 0.722 4200 | 18.889 | 37.055 | 1.155
DP-Level -Reboiler 615.565 | 62.350 | 420.769 6.673 | 16.905 | 51.517 | 291.370 | 663.625 | 300.841
DB-Level -Condenser | 332.160 | 2.547 1.320 ;U 18 | 20.688 | 5414 | 50.010 | 0.672
DB-Level -Reboiler 59.865 | 55.846 (503 2128491 —1—7.362— 1730018647 45 590.867 | 96.515 | 5.891 10.737

=h
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Table C.5 (Continued) IAE Result of Level Deviation for the Proe
able (Continued) esult of Level Deviation for. ﬁ"'“

\\V\’////

nit =
F

1OAN oA ALEAt a5 070 | oA

Unit V4 qc1 art

R1 - Level 8.146 | 102.335 | 753.388
R2 - Level 12.109 | 26.808 | 5024820
R3 - Level 26.734 | 244.456 47Q.3 3
Tank - Level 28.898 | 222.848 | 806.254
DIB-Level-Condenser | 0.180 69.051 14.0
DIB-Level -Reboiler 66.554 | 31.509 | 814.113
DP-Level -Condenser | 0.600 2.389 25.199
DP-Level -Reboiler 3.877 | 38.791 | 586.956
DB-Level -Condenser | 6.563 3.946 ?8.610
DB-Level -Reboiler 186.134 | 65.800 ‘

A4 004 10T 112 27c 217001919420 d ' 330

il

=

e

Il

196
: ____:

V8 qc3 qr3 V15 V14

379.884 | 1.447 3.502 0.002 1.313

223.819 | 0.159 4513 0.000 0.120

' W, 404.724 | 0.713 5.507 0.002 0.534
154.205 | 2.750 1.555 0.005 2.627

9.036 0.019 0.014 0.023 0.019

89.302 6.327 | 126.644 | 21.004 1.367

7.238 0.067 0.051 0.069 0.064

51.673 | 894.399 | 1.089 1.418 1.098 1.080
}Q844 124.412 1 198.837 | 81.438 0.403
‘ 69.370 | 716.173 | 213.630 | 692.150

|
e

M
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ammnsmumawmaﬂ

961



1
Wy
N =

Table C.6 IAE Result of Temperature Deviation for th;m__‘ - f—-&

Unit V3 V1 V2 1 V32 V31 wkcomp | qcond V5
R1 - Temperature 57.5807 | 17.4623 | 10.6635 79 0.5088 | 6.4767 | 7.9740 | 13.8584 | 0.9571
R2 - Temperature 67.6832 | 18.3214 | 1 9 5.387 501 1 8133 | 7.1631 | 8.4827 | 13.7058 | 0.9795
R3 - Temperature 74.2688 | 18.5560 | 14.37 4 O 6. 3 0.8926 | 8.0043 | 4.3623 | 13.7605 | 1.0282
Tank - Temperature | 266.6373 | 34.7682 | 17.0897 41 49712 27176 | 17.3607 | 68.0196 | 291.6473 | 5.1844
KO - Temperature | 277.1584 | 20.6882 | 101.3421 508662 |- 0 207, 0.2898 | 7.8898 | 14.0797 | 257.8633 | 1.2968

y ‘

Table C.6 (Continued) IAE Result of Temperature Deviationfor th

Unit V4 qci qri V7 ¥ V8 qc3 qr3 V15 V14
R1 - Temperature 0.6896 | 3.1279 | 9.7549 | 0.124F 7 0.8020 | 8.7760 | 0.0437 | 0.1156 | 0.0525 | 0.0395
R2 - Temperature 0.7473 | 3.1335 2 moo 0.0434 | 0.1460 | 0.0512 | 0.0403
R3 - Temperature 0.7381 | 3.1601 | 1B. ?. 92 | 0.0914 | 0.1504 | 0.0990 | 0.0878
Tank - Temperature | 1.9467 | 8.7424 | 151 %ﬁz 50 | -|I2.5O71 0.2649 | 0.2800 | 0.2868 | 0.2561
KO - Temperature 0.8852 | 3.7615 120.%%8 0.1512 | 1.2707 | 11.1304 | 0.9879 | ©60.0121 | 0.0581 0.1391 0.0681 | 0.0535

AUEINININYINT
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Table C.7 |IAE Result of Pressure Deviation for the Process Uni

Unit V3 V1 V2 Y W%‘@“ V31 | wkcomp | qeond | V5
R1 - Pressure 235498 | 7.4909 | 4.59 Vi \\@ 01820 | 25091 | 37544 | 56197 | 0.3969

2.6811 3.7220 5.3677 | 0.3830

R2 - Pressure 24.8941 | 7.4143 J .AM@?'I\ L% 0.2297

R3 - Pressure 28.3882 | 7.2261 M ﬁ- \\N\\ @M0.3859 | 2.9065 | 5.8651 5.2178 | 0.3867
F %

‘ = A |
F o N\ 1 ]
Tank - Pressure 209.1803 | 61.0661 /. .495 " :\.\\‘\1 3\"3‘ 3.5522 | 20.7824 | 115.8036 | 307.1484 | 6.6181

L
T

KO - Pressure 40.1318 | 13.9933 0.9672 | 52289 | 58214 | 49.7261 | 1.1692

F
i
J
¥

/]
[~

i

4.5 ;‘ ‘L §.3063W.2488 | 0.2282 | 0.7707 7.3482 16.7805 | 0.8808

AN
A

DIB-Pressure-Condenser | 44.1730 | 3.0745 1.8l

W -
.r_-.‘.‘ \

DIB-Pressure-Reboiler 44.1882 | 3.0818 .7990 3 --“.“-‘ 489 | 0.2283 | 0.8150 | 7.3493 16.7689 | 0.8800

DP-Pressure-Condenser | 259.6840 | 41.7277 | 30.8928 1.0196 | 3.5994 | 18.6053 | 92.3283 | 323.3950 | 6.9555

DP-Pressure-Reboiler 83.0275 | 41.8516 18.6622 | 92.5979 | 136.1019 | 6.9723

080904 | 46:91607 6.0999 RS | 3,080

DB-Pressure-Condenser | 30.6413 7.411’&- E.':::::==.—.:::::==::.-.:::::::::::."._..‘.._.. W?O 54.3932 | 16.4551 10.6644 | 1.4547

DB-Pressure-Reboiler 30.0839 | 7.3358™

_ﬁ! 06 02640 | 54.2615 | 16.3608 | 10.3330 | 1.4203

v U
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861



\\“’y// 199
§ * /é;
Table C.7 (Continued) IAE Result of Pressure Deviation for the .. OC¢

Unit V4 qc1 qri " V8 qc3 qr3 V15 V14
R1 - Pressure 0.4038 | 1.4351 3.3419 Q u ' A, 4.2555 1 0.0192 | 0.0484 | 0.0233 | 0.0178
R2 - Pressure 0.4013 | 1.3703 183 "ilgﬁ?"\\‘\' y 4.7336 | 0.0167 | 0.0589 | 0.0202 | 0.0156
R3 - Pressure 0.3766 | 1.3359 ‘ii __1‘ \ \ 8.0703 | 0.0300 | 0.0542 | 0.0333 | 0.0288
Tank - Pressure 3.1757 | 11.3798 1303160 | 0.3368 | 0.3552 | 0.3633 | 0.3268
KO - Pressure 0.7974 | 2.8158 7.4969 | 0.0557 | 0.0903 | 0.0628 | 0.0532
DIB-Pressure-Condenser | 1.0603 | 5.1358 13.0951 | 0.0385 | 0.1231 | 0.0557 | 0.0324
DIB-Pressure-Reboiler 1.0708 | 5.1355 13.0948 | 0.0377 | 0.1240 | 0.0550 | 0.0316
DP-Pressure-Condenser | 2.4365 | 10.9655 | 212.8616 7.6693 | 24.2690 | 0.3098 | 0.1881 | 0.3296 | 0.3015
DP-Pressure-Reboiler 2.4420 10.9969H 74.2048 65712 r%4.3565 0.3120 | 0.1895 | 0.3319 | 0.3037
DB-Pressure-Condenser | 19.0972 6.341&| : :'_':::’.::.—.:‘:::’.‘.':’..‘.:::‘.;:;::::‘.'::;.‘.’:..__..._...E 4 2665 | 3.3112 1 49.0363 | 27.3660 | 0.9703
DB-Pressure-Reboiler 18.9876 6.0194 ‘ ﬁi 0 0 '42.1468 3.2679 | 49.7012 | 26.8181 | 0.9890

EU
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Table C.8 IAE Result of Tray Composition Deviation for DIB Column

200

Tray V3 V1 V2 V12 Vi1 | v22 | vt V32
1 75620 | 0.7362 | 0.2624 | 1.1736 | 0.0376 | 0.2582 | 0.1625 | 0.0125
2 9.0461 | 0.9074 | 0.28 4047 | 0.0435 | 0.3080 | 0.1941 | 0.0147
3 11.3386 | 1.137 J17/696 4§0.0549 | 0.3886 | 0.2448 | 0.0178
4 14.2171 | 13 u | o 7 | 0.4896 | 0.3090 | 0.0216
5 17.7749 — ‘56909 2.76%0 0.6146 | 0.3881 | 0.0261
6 22, 140689 T5g 7126 | 3474 7676 | 0.4857 | 0.0315
7 27.4 2. 1 40 | 0.6039 | 0.0379
8 33.85 Y 735 775 | 0.7465 | 0.0454
o | 414511 439863 3MNI 4422 | 0.9156 | 0.0541
10 | 50.3 i/ 68504 4.9 - 94 | 1.1131 | 0.0640
11| 604979ff| 54639 | 2.0 173 0973 | 1.3389 | 0.0749
12 | 71.8274 608 787W 2.4841 | 1.5863 | 0.0872
13 | 84.0284"| 7.8831 0.4465 ' 2.8919 | 1.8531 | 0.0998
14 | 96.6082 | 8.524 i 5167 | 3.3052 | 2.1240 | 0.1126
15 | 108.8432 | 9.362804 866 | 3.6946 | 2.3848 | 0.1243
16 |1 w @ 2.6122 | 0.1351
17 1;&. ) 610390 : 2.7886 | 0.1427
—t =
18 1340H)|Ei4 10. 57427 éﬂj‘ﬁg 2.8917 | 0.1475
19 135.5:1'58‘ 10.1216 | 6.0462 | 20.8516 | 0.7634 | 4.4064 | 2.9124 | 0.1481
ﬂ 31 _a 6 q 51| | 2684 0.1446
21 % 6d |l6 1447 %.00_2 jﬁ 0.1382
2211 116.2434 | 7.3255 | 6.6046 | 18.051 0.71'& 3.6610 | 2.4954 &390
b3
062 Is .98 %0
25 | 77.1336 | 3.4755 | 6.4307 | 12.6863 | 0.5840 | 2.4368 | 1.7147 | 0.1002




Table C.8 (Continued) IAE Result of Tray Composition Deviation for DIB Column

201

Tray V3 V1 V2 V12 V11 v22 | vt V32
26 | 64.3616 | 2.3929 | 6.3134 | 10.9639 | 0.5416 | 2.0556 | 1.4641 | 0.0935
27 | 53.3232 | 1.6062 | 6.3165 496429 | 0.5168 | 1.7446 | 1.2582 | 0.0915
28 | 43.3458 | 1.1014 4973 | 1.4616 | 1.0689 | 0.0895
29 | 346204 | 0. 0 | 1.2174 | 0.8974 | 0.0882
30 | 27.2109 61709 *6.165‘ 1.0081 | 0.7554 | 0.0878
31 | 21.08464PERIG 5,378 %6368 | 0.6303 | 0.0874
32 |16.1 y 4. ;7 60 | 0.5258 | 0.0875
33 | 12.1269#"2.5 1806 <=8 2 1 81 | 0.4423 | 0.0889
34 | 89631 9 TNQ.4786 | 0.3645 | 0.0897
35 | 6.73 saff |63 44 S\ 00 | 02931 | 0.0971
36 | 989240 1.0f73f 361 89 004 | 0.2596 | 0.0809
37 | 9.7146 79 55\ 749, 0.1831 | 0.2428 | 0.0823
38 | 9.3961 1 0.78¥5 0. 1725 | 0.2245 | 0.0816
39 | 9.0714 | 0%6190=28a20 2302 | 0.1654 | 0.2073 | 0.0815
10 | 87450 | 0.5502 B 6oAM 146 | 0.1628 | 0.1928 | 0.0839
41 % 1@ 0.1770 | 0.0844
42 @ > [ 03748 7 0.1600 | 0.0826
—t =

43 7.73m&i 0.2 0.1455 | 0.0832

0.1299 | 0.0817

o2

50

1.9600

0.0661




Table C.8 (Continued) IAE Result of Tray Composition Deviation for DIB Column

Tray V31 wkcomp | qcond V5 V4 qc1 qr1 V7
1 5.9504 | 1.2143 | 2.0142 | 0.1229 | 1.2837 | 0.7709 | 17.7813 | 0.0294
2 | 7.2640 | 1.5021 | 2.4100 1.5067 | 0.9538 | 20.7488 | 0.0408
3 | 9.2099 | 1.8865 1.1974 | 22.9290 | 0.0527
4 | 11.6426 g 1.4992 | 24.9739 | 0.0677
5 | 14.6398 .8715 | 30.3426 | 0.0859
6 | 18.3034 38.0993 | 0.1087
7 | 22.73704 47.7509 | 0.1358
8 | 28.0367 59.5715 | 0.1690
o | 342707 73.9040 | 0.2083
10 | 41.4588 91.0699 | 0.2546
11 | 49.5389 111.3146 | 0.3084
12 |58.3285 134.7377 | 0.3654
13 | 67.5065 6237 | 161.1841 | 0.4292
14 | 76.5800 9.8551 | 190.1585 | 0.4934
15 | 84.9152 220.7136 | 0.5565
16 251.4146 | 0.6101
17 8)| 280.3602 | 0.6529
18 98.482rﬁ- 19.71 13"@42 305.3553 | 0.6763
19 | 97.4875 35.6553 | 1.9867 13.3167 | 324.1736 | 0.6800
: 0.6624
X 372 3 .j 0.6233
22% 328.3845
25 | 50.8118 | 10.5214 | 20.5655 | 1.0917 | 4.4342 | 7.5603 | 258.1014 | 0.3615

202



Table C.8 (Continued) IAE Result of Tray Composition Deviation for DIB Column

203

Tray V31 wkcomp | qcond V5 V4 qc1 qr1 V7
26 | 42.1967 | 8.8099 | 17.3378 | 0.9222 | 2.7018 | 6.3777 | 225.8302 | 0.2938
27 | 3512671 | 7.3232 | 14.6264 [j0§751 | 1.9898 | 5.3840 | 197.6993 | 0.2408
28 | 28.7007 | 5.9747 4683 | 4.4753 | 169.2819 | 0.1926
29 | 23.0279 | 4. 3.6782 | 141.8025 | 0.1456
30 | 18.1470 == ﬁ—'895f).43cE‘ .9934 | 116.2829 | 0.1104
31| 140084990, 6 [ 0.353Q 57 | 93.3459 | 0.0751
32 |105 2 1 0. ;  8 | 73.2254 | 0.0452
33 | 7.641 6 5651 <45 2 7 | 55.8593 | 0.0283
34 | 52065 |19 1 483 | 40.9680 | 0.0188
35 | 3.15 788 | #1960 1 BN 1 28.1942 | 0.0199
36 | 2894340 0.9462 4 232 61 128 | 28.9581 | 0.0143
37 | 2.5767 4 : 93 0’ 0116 | 26.2744 | 0.0136
38 | 2.2659 | 0.9387 0.2 0046 | 23.8280 | 0.0116
39 | 1.9759 | 00667 | 12428 | 0.9923 | 21.5875 | 0.0106
20 | 17074 | 097857 \7aNe 52 | 0.9734 | 19.5353 | 0.0124
41 1:& 5,6;1 17.6612 | 0.0125
42 1&1 | 00854 7 15.9469 | 0.0108
43 1.00:;?7 0.9 14.3697 | 0.0118

12.9096 | 0.0115

0.4170

3.0141




Table C.8 (Continued) IAE Result of Tray Composition Deviation for DIB Column

204

o2

Tray qc2 qr2 V9 V8 qc3 ar3 V15 V14
1| 0.1535 | 2.0653 | 0.1119 | 2.2565 | 0.0068 | 0.0336 | 0.0039 | 0.0082
2 | 01919 | 2.5684 | 0.1356y|§28111 | 0.0079 | 0.0467 | 0.0037 | 0.0099
3| 0.2410 | 3.2247 4 0099 | 0.0604 | 0.0045 | 0.0125
4 | 03015 | 4. 2 | 0.0769 | 0.0052 | 0.0155
5 | 0.3764 - 04689 {8 .50§ 0977 | 0.0064 | 0.0195
6 | 0.4675=m8"R05 6.8370 oM 228 | 0.0075 | 0.0240
7 | os7 5 8! ;7 40 | 0.0094 | 0.0301
8 | 0.71064##0.4 42 8 12 | 0.0112 | 0.0370
o | 0.8665 (g5 2357 | 0.0136 | 0.0454
10 | 1.046% | 1363 76307118 21 09874 | 0.0160 | 0.0548
11| 1248541688674 0.91 85 [\Bo 457 | 0.0180 | 0.0646
12| 14731 | 18494 ﬁ-. 058, 0.4138 | 0.0230 | 0.0786
13 | 1.7069 | 225845 0. 4839 | 0.0257 | 0.0904
14 | 1.9425 | 28 507 A4t A3eT 0793 | 0.5571 | 0.0296 | 0.1037
15 | 21618 | 2830067560 871 | 0.6260 | 0.0318 | 0.1146
6@ 0.0356 | 0.1262
7863 | 0.0369 | 0.1330

=1
45 | Q61 | 0.0389 | 0.1384
36.1278 | 0.1039 | 0.7718 | 0.0389 | 0.1382
0 0.1334
71 eﬁ 0.1266

22" | 21248 | 26.6650

25 | 1.4155 | 17.3555 | 1.0899 | 19.4244 | 0.0566 | 0.4338 | 0.0227 | 0.0765




Table C.8 (Continued) IAE Result of Tray Composition Deviation for DIB Column

Tray qc2 qr2 V9 V8 qc3 qr3 V15 V14
26 1.1960 | 14.5201 | 0.9231 | 16.2609 | 0.0473 | 0.3612 | 0.0194 | 0.0640
27 1.0061 | 12.0603 | 0.7800y |1 35584 | 0.0385 | 0.3034 | 0.0157 | 0.0526
28 0.8337 | 9.8391 y 1. .0300 | 0.2499 | 0.0122 | 0.0419
29 0.6873 | 7. 8 | 0.2060 | 0.0122 | 0.0365
30 0.5566 04331 - .11E 1614 | 0.0073 | 0.0254
31 0.452 _J—Y_ 0 5. ) 1 89284 | 0.0067 | 0.0211
32 0.36 W/ 4. ;, 09 | 0.0067 | 0.0176
33 0.293 8 2F14988.5 9 38 | 0.0032 | 0.0109
34 0.2565 A .0557 | 0.0051 | 0.0098
35 0.18 80 4131 87 08888 | 0.0060 | 0.0082
36 0.1578 4 1.7, 6 0.10 99 |RA0 296 | 0.0010 | 0.0042
37 0.1549 . 5 ' &\ 1 0.0255 | 0.0009 | 0.0040
38 0.1525 T 1.7482 0. .0231 | 0.0016 | 0.0045
39 0.1490 | 1%7304 ; : .001 0.0207 | 0.0017 | 0.0043
40 0.1436 | 1.718% 0899, |~ 017 | 0.0169 | 0.0010 | 0.0025
41 :]& O@] 0.0014 | 0.0021
42 Oﬁ T 6775 7 04 0.0009 | 0.0027
- —
43 0.13(m)i 1.6 0.0017 | 0.0016
=
0.0016 | 0.0015

o2

50

0.0333
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Table C.9 IAE Result of Tray Temperature Deviation for DP T

Tray V3 V1 V2 V12 7 2 v V32 V31 wkcomp gcond V5

1 143.1370 | 21.2817 | 12.9250 | 31.37 1.0k 9 . 8983 | 10.9723 | 46.1664 | 185.0196 | 3.8871
2 144.3188 | 21.4205 | 13.6811 084 7 ; 19001 | 11.1576 | 46.3790 | 187.9321 | 3.8711
3 146.9762 | 21.5222 | 14.0046 | 334598 & 2§46 = ' 08 | 11.2623 | 46.5252 | 190.1771 | 3.8489
4 148.4353 | 21.5948 | 14.1461 | 33.4 I/ ﬁ‘a 2 9032 | 11.3238 | 46.6272 | 191.4171 | 3.8291
5 149.3245 | 21.6469 | 14.2096 | 33583 801 & ] 19073 | 11.3637 | 46.7013 | 192.1317 | 3.8135
6 149.8894 21.6848 14.2419 | 33.6 7 18 j 5 9116 11.3941 | 46.7576 | 192.5728 | 3.8033
7 150.2741 21.7059 14.2669 | 33.71054 2 : 78 1.9077 11.4293 | 46.7951 | 192.8800 | 3.8061
8 150.5491 21.7317 14.2822 | 33.7386 | 2.7 :-’ .5734 1.9143 11.4506 | 46.8369 | 193.1013 | 3.7994
9 150.7703 21.7464 14.3012;‘__ 33.76 1.91%9,\‘ 11.4796 | 46.8672 | 193.2929 | 3.8033
10 150.9578 | 21.7635 | 14.318 ". Jﬂj} 11.5037 | 46.8999 | 193.4595 | 3.8031
11 154.4760 | 21.6988 | 14.4006 =38, 9 11.4260 | 46.6802 | 193.5363 | 3.7984

12 154.5318 | 21.6490 | 14.3984 @9195 2.7903 0.9588 0.5793 19025 | 11.3582 | 46.6188 | 193.4927 | 3.7982

13 154.4858 | 21.6078 | 14.3902 11.2880 | 46.5694 | 193.5261 | 3.7940

14 154.4953 | 21.5716 46.5239 | 193.7664 | 3.7911

15 154.6254 | 21.5472 46.4924 | 194.4163 | 3.7874
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Table C.9 (Continued) |AE Result of Tray Temperature ' DP Cglumn -

Tray V3 V1 V2 V12 - / / mmm V31 wkcomp qgcond V5
16 154.9925 21.5294 14.3764 | 33.908 iz’ﬂn ‘\\i 58 S Rl 11.1198 | 46.4763 | 195.8414 | 3.7962
17 155.7941 21.5456 14.3717 57023 E?\\\\ 1.88 11.0877 | 46.51517 | 198.6385 | 3.8020
18 157.4154 21.6034 14.3734 | 33,8738 . ﬂ\\\‘k 9 11.0910 | 46.6358 | 203.8098 | 3.8236
19 160.5142 21.7323 14.3911 | " ::‘ l\\‘“‘ 8990 | 11.1570 | 46.9033 | 212.7657 | 3.8757
20 166.0825 22.0043 14.4316 | 34338 : :T 1 ‘ 11.3064 | 47.4523 | 226.9868 | 3.9602
21 175.2763 22.5113 14.5295 | 34.81§ i 9782 11.5963 | 48.4756 | 247.0480 | 4.1045
22 188.5728 23.3831 14.7471 | 35.7098 {R;ELW 2.0676 12.0981 | 50.2514 | 271.1240 | 4.3461
23 204.3035 247492 151736 | 37.2244 “';" ‘ ) 2.1996 12.8711 | 53.0736 | 294.2508 | 4.7202
24 217.8798 26.6249 16.8720 | _39.4248 64 = Wt 2.38};\ 13.8589 | 57.0172 | 309.3259 | 5.2065
25 223.4470 | 28.6332 16.7881"' i":.:}::::::::::';::::;::';::;:;:.:;'_.::.;. 147999 | 61.3998 | 309.8849 | 5.7066
26 217.5801 29.9395 17.5871 ' .'ﬁ 15.1545 | 64.5076 | 293.8253 | 5.9584
27 202.3172 29.6306 17.8559 3.8588 1.3456 0.8658 2% 2 | 14.5656 | 64.3416 | 266.0249 | 5.7922
28 183.8476 27.6857 17.4547 13.5426 1.1449 W829 24469 | 13.2130 | 60.5871 | 235.7882 | 5.2587
29 167.8032 25.0360 55.0371 | 210.6893 | 4.6033
30 156.4164 22.6399 49.7982 | 193.2756 | 4.0447
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Table C.9 (Continued) |AE Result of Tray Temperatur‘éﬁv'_'_d P Cglumn ___*
Tray V4 qc qri V7 /) V8 qc3 qr3 V15 V14
1 0.8738 5.7315 105.8405 0.1341 4 62.807 .8048 0.1571 0.0971 0.1679 0.1510
2 0.8392 5.7653 105.5395 78 4 6 3 12. 0.1629 0.1014 0.1735 0.1563
3 0.8235 5.7865 106.8735 0. 4, 70 0.1668 0.1044 0.1775 0.1602
4 0.8166 5.7991 107.3467 0.14 4 @"ﬁ 1 5958 0.1673 0.1053 0.1781 0.1606
5 0.8137 5.8066 107.5459 0#595 44653 9 1278441 0.1653 0.1046 0.1762 0.1586
6 0.8118 5.8126 107.6279 0.13%, .4606" i 3.75 .5096 0.1631 0.1035 0.1740 0.1563
7 0.8070 5.8273 107.6630 0.1422 r 4. : 3 12.4929 0.1698 0.1076 0.1807 0.1629
8 0.8066 5.8293 107.6699 0.1387 4.46 0 .7582 12.4760 0.1645 0.1049 0.1755 0.1577
9 0.8028 5.8407 107.6697 0.141 . 2.46}\‘ 0.1683 0.1073 0.1793 0.1615
10 0.8009 5.8473 107.6612 %= @ ‘thl 0.1673 0.1067 0.1783 0.1604
11 0.8121 5.8309 113.8600 .-_'!Lf) .'3 0.1648 0.1049 0.1758 0.1581
12 0.8223 5.8195 114.3432 I 13 4.4344 60.7254 3.7297 12%1 0.1677 0.1060 0.1786 0.1610
13 0.8345 5.8031 114.6014 O.14‘é AR 60.6891 12.7976 0.1048 0.1772 0.1598
14 0.8466 5.7883 1 ﬁ d ‘ 0.1042 0.1767 0.1593
15 0.8597 5.7717 115“2 0.1017 0.1731 0.1558
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Table C.9 (Continued) IAE Result of Tray Temperature Deviati P Cglumn -
Tray V4 qc1 qr1 V7 /) V8 qc3 qr3 V15 V14
16 0.8686 | 5.7675 | 115.7014 | 0.14194 4 60.69 9145 | 0.1680 | 0.1048 | 0.1788 | 0.1615
17 0.8809 | 5.7583 | 116.4635 90 4 4 60,684 12} 0.1635 | 0.1017 | 0.1743 | 0.1572
18 0.8914 | 57635 | 117.7472 | 01381 3. { 741 01628 | 01008 | 0.1735 | 0.1564
19 0.8969 | 5.7963 | 119.9913 | 0.14 N 2620 | 01709 | 0.1053 | 0.1817 | 0.1644
20 0.9051 | 5.8571 | 123.9209 | 0#%42 & 28086 , 14,7805 4138858 | 0.1735 | 0.1062 | 0.1845 | 0.1671
21 0.9171 | 59727 | 130.5917 | 0.14] 0369 0.48 9710 | 01743 | 01057 | 0.1854 | 0.1677
22 0.9357 | 6.1818 | 141.0362 | 0.1446 | 1. 26| 14.6443 | 01780 | 0.1063 | 0.1896 | 0.1710
23 0.9653 | 6.5249 | 155.0849 | 0.1524 | 4.43 6 6583 | 15.6126 | 0.1921 0.1130 | 0.2043 | 0.1846
24 1.0197 | 6.9927 | 169.6396 0.161 ' 6.80},\‘ 0.2079 | 0.1196 | 0.2207 | 0.1998
25 1.0942 | 7.4990 | 178.6906 4 0.2369 | 0.1356 | 0.2505 | 0.2284
26 1.1888 | 7.7853 | 177.1539 [ ;{ia g 0.2379 | 0.1336 | 0.2622 | 0.2295
27 1.2564 | 7.6635 | 165.5927 MESO 13.2198 | 83.8683 | 13.1997 17%6 02294 | 01285 | 0.2435 | 0.2216
28 1.2718 | 7.1588 | 149.7070 16.2063 | 0.2141 0.1213 | 0.2275 | 0.2075
29 1.2473 | 65073 | 1 5624 ol %40 | 0.1112 | 0.2055 | 0.1877
30 1.2073 | 5.9361 1241134 0.1390 | 1.2611 0.1024 | 0.1860 | 0.1701
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Table C.10 IAE Result of Tray Temperature Deviation for ol - =
Tray V3 V1 V2 V12 -\ ﬁ l V32 V31 wkcomp qcond V5
1 48.4416 | 1554.0847 | 10.0361 14.956 / m%\m 0.9602 | 328.2463 | 142.9029 | 14.0297 7.9244
2 82.0000 | 5202.2466 | 61.2315 | .89.2094 ME?\\\,&\ ‘ 049 712.6402 | 373.1440 | 91.4279 | 41.7484
3 386.6306 | 7129.0079 | 180.9171 | 304866 l ﬂ\‘Mkc 691.4464 | 415.0516 | 343.6438 | 117.4492
4 792.5965 | 3926.8491 | 250.8339 N‘i‘l\. 2313 | 365.5278 | 209.1736 | 654.3078 | 122.8602
au
e
5 987.4736 | 1254.2576 | 183.6241 | 630.106 '-v#r 1;; N‘&\ 164.4321 | 64.5964 | 754.7704 | 50.0121
"-l

6 1019.2582 | 417.6943 | 83.6950 | 566.9648 9 8 3 ).9800 | 105.7086 | 21.4441 | 697.8078 | 12.8322
7 987.6347 | 224.7134 | 30.1140 | 442.2126 3 “ 0.6644 | 92.9085 | 14.6360 | 576.2137 | 3.8705
8 869.6411 184.1746 | 14.0255 | 256.5040 0.6629 | 90.8264 | 13.7928 | 388.1299 | 3.0472
9 567.7727 | 176.7709 | 10.3418 | 98.680 0.67}4\ 91.0619 | 13.8424 | 180.8583 | 3.0807
10 800.5394 | 407.0781 22.2231'&\ 04 4446 D A813 144127 | 74819 1+ 12606 | 107.1387 | 254759 | 318.3601 6.1151
11 1004.0442 | 88.3795 4.9917 " !. 0,4708 33.1899 | 12.7262 | 443.6817 | 1.8885
12 1012.7862 | 192.3825 4.4412 w.%% 0.5920 2.1066 2.3373 64.5164 | 20.4227 | 423.8749 | 1.8126
13 981.4595 | 207.9003 5.3333 107‘7 0.6807 2.6436 uB232 0.3553 | 67.6943 | 21.3114 | 367.9204 | 1.9334
14 | 907.9156 | 209.0145 g% ' lj ”l 15 ’ i ﬁi‘a v li @l a@ 013783 | 267.4848 | 1.9457
15 628.8034 | 209.3015 10.7104 21.3994 | 100.6023 | 1.9447
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Table C.10 (Continued) IAE Result of Tray Temperature o DB Golum

Tray V4 qc1 qr1 V7

y m.‘_& qc3 qr3 V15 V14

1 185.0294 | 19.3298 | 385.5067 | 457.109 il D t‘\‘“ﬁ‘xt‘ 5.6772 110.4467 | 17.6646 | 10.4092

2 466.2653 | 121.0972 | 407.6824 ’ M@?\\mh‘o, 08 | 42.6380 | 215.7565 | 87.7536 | 36.1685
/e B\

3 508.8683 | 425.0230 | 706.3533 v% 066 | 126.6498 | 537.6673 | 402.4730 | 74.5432

4 261.1580 | 797.7762 | 1133.9585 139.1408 | 949.2483 | 805.6307 | 55.0350

5 90.9590 | 883.0033 | 1348.8576 | 590199 58.6742 | 1111.7043 | 963.5635 | 18.3298
6 39.7730 | 711.6278 | 1394.0974 | 12.02: "E’%},’ Z / .9156 | 13.6100 | 1087.5635 | 913.0603 | 4.8246
7 28.1914 | 415.5654 | 1385.9249 | 24.2590" .34 ﬁ-—'ﬁ_ B¢ ‘ 71.5482 1.3903 987.1110 | 714.9843 | 1.5774
8 25.8986 | 160.1043 | 1352.9089 | 27.6041 1963 | 61.3784 1.5305 7754102 | 370.1419 | 0.8721

9 25.6076 | 52.8946 | 1284.1441 | _28.36 4360 © 22,364 . 2.0847 403.6206 | 95.5047 | 0.7176

i

10 46.8040 145.4662 | 1493.2889 % ¥ 120415149711 385617 14:33151-108:9; ( 8.5078 598.3038 | 297.0085 1.3900

11 10.1745 | 100.7885 | 1691.5259 |

o

3.8703 765.5822 | 411.8304 | 1.5073

1.9959 35.1852 | 1.2067 45%2 4.1810 763.2840 | 344.9723 | 1.3358

12 23.0928 | 10.6843 | 1689.2759 3@450

13 24.6980 7.1985 | 1655.9632 36.1‘ B 2.1642 36.2565 W682 40.8201 4.4453 724.3656 | 250.4868 | 1.3025

14 | 24.8208 | 84360 | 1646 Ejlhi’ji“hgimw v | 58 | 6458477 | 137.1243 | 1.3033

15 24.8481 8.5275 152”“)84 35.9425 1 36.3689 41 1011 401.3050 | 42.1847 | 1.3014
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