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CHAPTER 1

INTRODUCTION

This chapter introduces the importance and reasons for research, research

objectives, scope of research and procedure.

1.1 Importance aind Reasons for Research

A chemical industty has become even more competitive as companies try to
|
improve their profits and reduge production times to shorten the supply chain to

the customer. Part of this competitixgene@has lead to the design of highly complex

processes. The increaseddomplexity. hassbcen justified on the bases of improving

> i
energy recovery and unused raw material, and reducing the environmental impact

b

o

of the process. aid
ool o = of
#e a2 Al

Dimethyl ether (DME) is & Cleanﬁ%id_'; economical alternative fuel which

can be produced frorf} natural gas through synthesis g':asA that is easy to liquefy

and transport. The ‘pi";operties of DME are very similar to those of LP gas. DME
can be used for various fields as a fuel such as power ‘generation, transportation,
etc. It contains.me sulfur.er aitrogen. - It-iS.not.corrosive to any metal and not

harmful to human bedy:

Significant potential in! three major markets; power generation is already
approved 'by manufacturers such as Mitsubishi, Hitachi and General Electric as a
fuel for their gas turbines, DME is an efficient alternative to other energy sources
for medium-sized power plants especially on islands or in isolated regions where
is can be difficult to transport natural gas and where the construction of liquefied
natural gas (LNG) regasification terminals would not be viable. DME is trans-
ported at a temperature of —25°C, making it easier to handle than LNG, which

is shipped at —163°C.. Its use would reduce costs across the supply chain because



existing LPG infrastructure could be utilized. Domestic LPG substitute; likely to
have a generally more attractive price structure than LPG, DME can be blended
in a proportion of 15 to 20% in LPG, without necessitating modifications to equip-
ment or distribution networks. Automotive Fuel; often described as “diesel LPG”,
DME is a future automotive fuel solution. Promoting its use in captive corporate
and public fleets would initially reduge the problems of developing a clean distri-
bution network, while taking advantage of 14§ environmental benefits such as no
particulate or sulfur emissions. In ad_(}ition, few-engine modifications would be

required.

An innovative proeesssofdirect "lsynthesis of DME from synthesis gas has
been developed to minimtina’ ehergy. usage by heat integration process, but it
increase the interaction bhetween ‘uniit 55 a plantwide control strategy for DME
plant is present. J‘ '

’ 4
Essentially, the plantwide"(Tontrolsf)‘foblem is how to develop the control

loops needed to operate an entire proceqs aﬁf to achieve its design objectives. The

problem is extremely" complex and is very muCh opened. There are a combinatorial

number of possible ChOlces and alternative strategies to control and manage the
disturbance load enteripg the process. Tt isrecognized Ehat one key tool to be used
in designing more effective,control structures is dynamic simulation. With the aid
of simulation, both research and mmdustrial practitioners can test their ideas and
gain insight into process behavior that would not normally be intuitive given the
complexity of an eutire process design. Unfortunately for the researeh world, much

plantwidée information is proprietary and not available in open literature.

The main objective of this study is to use plantwide control strategies to
develop the new control structures for the DME process with heat-integrated pro-
cess structures schemes that are designed to achieve the control objective and
reduce the cost of production. In this work, the performances of the heat ex-

changer network (HEN) are designed and their control structures are evaluated



via commercial software HYSYS to carry out both steady state and dynamic

simulations.

1.2 Objectives of the Research

3. To evaluate p

DME plant. ; AN

°d process structures for

1. Description and data of N t are obtained from Analysis, Synthesis,
and Design of € . Righard Turton (2003).

A ——

e L)
2. The heat exch t s of the DME plant are
|

¢ a commercial process simulater HYSYS for control struc-

e ERAngNSNeng

3. The desighi/heat-integrated process structures for DME plant for 3 alterna-

“&mmmm UA1AINYA Y

4. The design control structures for heat-integrated process DME plant are

programmed usi

design using Luyben’s heuristics method for 1 alternative and using fixture

point method for 2 alternatives.



1.4 Contributions of the Research

The contributions of this work are as follows:

1.

2.

—_

. The new plantwide control

. Process flow diagra

The new plantwide control structures for typical of DME process.

The new heat-integrated processes structures for DME process.

’f yth heat-integrated processes struc-

at-integration process have

tures for DME proce

been simulated.

Study and desig Tograted proc ructures for DME process by

Steady state simmation of heat-integrated procemes structures of DME pro-

. Dynamic aunumonra Zmlz gllegrated processes sﬂmtures of DME process.
R PG U B G

for DME process.

. Dynamic simulation for the heat-integrated process structures for DME pro-

cess alternative.

. Evaluation and analysis of the dynamic performance of the heat-integrated

processes structures.

Conclusion of the thesis.



1.6 Research Contents

This thesis is divided into six chapters.
Chapter I is an introduction to this research. This chapter consists of research

objectives, scope of research, contribution of research, and procedure plan.

of heat exchanger network

design, disturbance transfer techniq ie plantwide (Won osri, 1990) and theory con-

Chapter IV descrik design of heat exchanger

networks for the typica

Chapter V the three new plantwwide control structures and dynamic simulation

for the heat integrated plant "'; fruct of the DME process are present.

Chapter VI thesoverall conclusions and recommendations of this thesis are
\ 2 A

discussed. m L.j
AU INENTNEINS
RINNIUUNIININY



CHAPTER 11

LITERATURE REVIEWS

nt a review of the previous work on

/(changer networks (HENs) and

Conceptual De-

sign
A synthesis/an st flowsheets and base case
designs has been establi: ugla \ e procedure is described in

3. Recycle structure of the flowsheet

- mm angnn ’Emd sy ystem
’ ”@Wﬁiﬁ*&ﬂﬁﬁﬂmw]’] NYNa Y

Douglas (1988) considered a continuous process for producing benzene by
hydrodealkylation of toluene (HDA plant) to illustrate the procedure. The com-
plete process is always considered at each decision level, but additional fine struc-
ture is added to the flowsheet as he proceeds to the later decision level. Each

decision level terminates in an economic analysis. Experience indicates that less



than one percent of the ideals for new designs are ever commercialized, and there-
fore it is highly desirable to discard poor projects quickly. Similarly, the later level

decisions are guided by the economic analysis of the early level decisions.

In a series of papers, Fisher et al. (1988 a, b, c) presented a study of
the interface between design and control including process controllability, process
operability and selecting a set of controlled variables. At the preliminary stages
of a process design, most plants are uncontrollable. That is normally there are
not enough manipulative variables in the flowsheet to be able to satisfy all of the

process constraints and to.eptimize all of the operating variables as disturbances

!

enter the plant. In ordestosdevelop a systematie procedure for controllability

analysis, Fisher et al. (108%8)/ged the design decision hierarchy described by
Douglas (1988) as thé decomposi—_tio?l procedure and considered HDA process as
W

a case study. Where at some _leveis, that are level 1, 2 and 3, the process is

Fdd
bt

uncontrollable, but contrellaple at Jevel 4;|5ﬁy;d level 5. If the available manipulated

Y

variables are compared with the'constraints and operating variables introduced at

each level, the preliminary con’g_roﬂabﬂity_igi;i‘ogrion can often be satisfied. Beside

controllability analyéi_é, Fisher et al. (1988b) also focusé:d_.-on operability analysis.

The goal of operabﬂi"'t'"y analysis is to ensure that there'is an adequate amount
of equipment over design so that they could satisfy the process constraints and
minimize a combination Of the, operating costs.and. over design costs over the
entire range of anticipated-process’ disturbances= They ‘also followed the same
hierarchical procedure to develop ‘operability @malysis. For HIDA process, the
operability decisionsiwere encounteredat each level. Fisher et ali’(1988c¢) proposed
steady state control structure for HDA process using an optimum steady state
control analysis. They found the values of manipulated variables (that minimize
the total operating costs for various values of the disturbances) and used it to

define the controlled variables.

Terrill and Douglas (1987) have studied HDA process from a steady state

point of view and determined that the process can be held very close to its opti-



mum for a variety of expected load disturbances by using the following strategy:
(1) Fix the flow of recycle gas through the compressor at its maximum value, (2)
Hold a constant heat input flowrate in the stabilizer, (3) Eliminate the reflux en-
tirely in the recycle column, (4) Maintain a constant hydrogen-to-aromatic ratio
in the reactor inlet by adjusting hydrogen fresh feed, (5) Hold the recycle toluene
flowrate constant by adjusting fuel tothe furnace, (6) Hold the temperature of

the cooling water leaving the partial condenser constant.

Downs and Vogel (1993) described a model 6f an industrial chemical process
for the purpose of developmg btudylng and evaluating process control technology.
It consisted of a reactor / Separator / recylcle arrangement involving two simultane-
ous gas-liquid exothermlg_.reactlolls.- This process was well suited for a wide variety

of studies including b6th plagtwide Eont‘(oL;and multivariable control problems.
" W,

Tyreus and Luyben (1993) 'ébnsidé}‘ié(f ‘second order kinetics with two fresh

feed makeup streams. Two Cascs are (‘on51dered (1) instantaneous and complete
e .'
one pass conversion of one of the_two components in the reactor so there is an
..._4‘_

2
excess of only one component that must be recycled and (2) incomplete conversion

per pass so there arestwo recycle streams. It is shown_;that the generic liquid-
recycle rule proposed E_y Luyben applies in both of thg_@e cases: “snow-balling” i

prevented by fixed the flowrate somewhere in the recycle system. An additional
generic rule is proposed fresh feed makeup of any component cannot be fixed
unless the component undergoes complete single-pass conversion. In the complete
on-passgonyersion case, throughput can be set by to fix the flowrate.of the limiting
reactant. "The makeup of the other reactant should be set by level control in the

reflux drum of the distillation column.



2.2 Design and Control Structure

Vasbinder and Hoo (2003) present the concept of plantwide control struc-
ture in a DME process. They use method base on a modified version of the
decision-making methodology of the analytic hierarchical process (AHP). The de-
composition utilizes a series of steps to select among a set of competing modules.
The control structure for each of the individual modules was developed using
Luyben’ nine-step approach. The decomposition serves to make the plantwide
control problem tractablesbyreducing the size-of the problem, while the modified
analytic hierarchical procegssgiarantees consistency. The modular decomposition
approach was applied to the ditaethyl either (DME) process, and the results were
compared to a traditional plantwide'design approach. Both methods produced the
same control structurve that was s__holwn fo ]?e adequate for the process. Satisfac-
tory disturbance rejection was demdnstria!ged on the integrated flowsheet. Future

work will include demongtraging the appi'(iac-h on a more complex flowsheet and
ald vl

employing a model-based céntralized Contr_o_'_l;_s't;ructure.

Van der Lee, -Young and Svrcek (200234 i)-resent & background on Dimethyl

Ether (DME) that i-p__éluded it’s current uses, potential ’e_ls an alternative fuel and
the current and future f)_roduction processes. A detailed steady state and dynamic
simulation of the currer;t methanol dehydration produc’;ion process was performed.
Two control strategies were examined using the dynamic simulation of the plant,
a base control strategy which utilized PI and PID controllers exclusively, and an
alternative strategys which iricorporated a DMC controller tocoutrel the methanol
distillation column. It was found that the base control scheme showed a good
response for both circulation flow rate and feed composition change however the
response to a composition controller set points changes was poor for the methanol
column. The implemented DMC controller resulted in slightly better result foe
the methanol column bottoms composition set point changes when compared to
the base case controller scheme, however if failed to effectively reject circulation

rate and feed composition disturbance.
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Handogo and Luyben (1987) studied the dynamics and control of heat-
integrated reactor/column system. An exothermic reactor was the heat source,
and a distillation column reboiler was the heat sink. Two types of heat-integration
systems were examined: indirect and direct heat integration. Both indirect and
direct heat integration systems are found in industry. In the indirect heat-
integration system, steam generation muas used as the heating medium for the
reboiler. The direct heat integration systcm wsed the reactor fuid to directly
heat the column. The indirect heat—igtegration system was found to have sev-
eral advantages over the dirvect licat integration system in term of its dynamic
performance. Both systems were operable for both large and small temperature

differences between thesreactorand column base.

4

Luyben and Layben (1995). e;ammeg the plantwide design and control of a
W

complex process. The plantcontaing fwo teaction steps, three distillation columns,

Fdd
bt

two recycle streams, and six chemical coi:;‘iponents. Two methods, a heuristic de-

Y

sign procedure and a nonlinear-optimizationy have been used to determine an

approximate economically optign_a_l‘stead}?é{t‘@;te_ design. The designs differ sub-

stantially in terms of jﬁ‘he purities and flow rates of the fécycle streams. The total

annual cost of the noflinear optimization design is aboutt 20 % less than the cost
of the heuristic design=" An analysis has also been done to examine the sensitiv-
ity to design parameters, and specifications.” Two.effective control strategies have
been developed using guidelinés frem previous plantwide ¢ontrol studies; both re-
quire reactor composition control as well as flow @eontrol of a stréam somewhere in
each recycle loop. (Several alternative control strategies that might finitially have

seemed obvious do not work.

Luyben, Tyreus and Luyben (1997) presented A general heuristic design
procedure is presented that generates an effective plantwide control structure
for an entire complex process flowsheet and not simply individual units. The
nine steps of the proposed procedure center around the fundamental principles

of plantwide control; energy management; production rate; product quality; op-
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erational; environmental and safety constraints; liquid-level and gas-pressure in-
ventories; makeup of reactants; component balances; and economic or process
optimization. Application of the procedure is illustrated with three industrial
examples: the vinyl acetate monomer process, the Eastman plantwide-control
process, and the HDA process. The procedure produced a workable plantwide
control strategy for a given process design. The control system was tested on a

dynamic model built with TMODS, Dupont’s in-house simulator.

Luyben (2000) studied the pro"é'ess had the exothermic, irreversible, gas-
phase reaction A + B — € oecrring in an adiabatic tubular reactor. A gas
recycle returns unconverted reéactants ﬂom the separation section. Four alterna-

tive plantwide control stafictairés for-achieving reactor exit temperature control

were explored. The réactor exit/temperature controller changed different manip-
W

ulated variables in three of the foutt cotitrol schemmes: (1) CS1, the set point of

Fdd
bt

the reactor inlet temperature controller V&Jf,as changed; (2) CS2, the recycle flow

Y

rate was changed; and (3)7CS3; the- flow 'fé’é__e:a of one of the reactant fresh feeds

was changed. The fourth control =§cheme_;",fC_S;4,_uses an “on-demand” structure.

Looking at the dynarr_iics of the reactor in isolation Worild lead one to select CS2

because CS1 had a;'i?éry large deadtime (due to the dynamics of the reactor)
and CS3 had a very small gain. Dynamic simulations’demonstrated that in the
plantwide environment, with the reactor and separation. operating together, the
CS3 structure gaveeffeetive’ control and offered an’attractive alternative in those
cases where manipulation of recycle flow rate #as undesirablé-because of com-
pressor limitations:s The on-demand €54 structure was/the hegt for handling feed

composition disturbances.

Kietawarin (2002) presented a comparison among 4 control structures de-
signed for withstanding disturbances that cause production rate change of HDA
process. The changes had been introduced to the amount of toluene and feed
temperature before entering the reactor. Compared with the reference control

structure using a level control to control toluene quantity in the system, the first
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control scheme measured toluene flow rate in the process and adjusted the fresh
toluene feed rate. This structure resulted in faster dynamic response than the ref-
erence structure. The second control scheme was modified from the first scheme
by adding a cooling unit to control the outlet temperature from the reactor ,
instead of using internal process flow. The result was to reduce material and sep-
aration ratio fluctuations within the process. The product purity was also quite
steadily. In the third control scheme, a ratios€ontrol was introduced to the secon
control scheme for controlling the ratig of hydiegen and toluene within the pro-
cess. This scheme showed.that it could withstand large disturbances. Dynamic
study showed that the gentrolstructure had significant effect on process behavior.
A good system controlgshould quickly Tespond to disturbances and adjust itself
to steady state while nunimizing tﬁg d@;ation of the product quality. The con-
trol structures were comparad with rcfell%ﬁrfée on plantwide process control book,
Luyben, Tyreus and Luyben 1998,..ﬁhe ré;glt;was performance of these structures

higher than reference. A ‘-:J':-;‘
! T .:-:.?J

L N

Thaicharoen (2004) presented the n_gﬂ-zv‘_;gz_'putrol structures for the hydrodealky-

lation of toluene (HDA) process with energy integrati_t;ﬁ_l.- schemes alternative 3.

Five control structﬁf’és have been designed, tested and compared the perfor-
mance with Luyben’s'structure (CS1). The result shows that hydrodealkylation
of toluene process with.heat integration.camrreduce energy. cost. Furthermore, this
process can be'operated weéll by using plantwide'methodology to design the con-
trol structure. The dynamic responses of the designed control structures and the
reference structurejare'similar. The €952 has been limited in Bypass, so it is able
to handle in small disturbance. CS3 has been designed to improve CS2 in order
to handle more disturbances by using auxiliary heater instead of bypass valve to
control temperature of stabilizer column. The recycle column temperature control
response of the CS4 is faster than that of the previous control structures, because
reboiler duty of column can control the column temperature more effective than

bottom flow. CS5 on-demand structure has an advantage when downstream cus-
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tomer desires immediate responses in the availability of the product stream from

this process. The energy used in CS6 control structure is less than CS1 and CS4.

Wongsri and Hermawan (2005) studied the control strategies for energy-
integrated HDA plant (i.e. alternatives 1 and 6) based on the heat pathway heuris-
tics (HPH), i.e. selecting an appropriate heat pathway to carry associated load
to a utility unit, so that the dynamic MER/can be achieved with some trade-off.
In they work, a selective controller with lowSclector switch (LSS) is employed to
select an appropriate heat pathway th"r’lough the network. The new control struc-
ture with the LSS has begnrapplied in the HDA plant alternatives 1 and 6. The
designed control structuze'is evaluated ‘]_aased on the rigorous dynamic simulation
using the commercial software FNSYS. The study reveals that, by selecting an
appropriate heat pathway/through the network the utility consumptions can be
reduced according to the inpuf heat load‘dlsturbances hence the dynamic MER

-’:! J

can be achieved. ¥ £ j.-
7 ‘.“
Kunajitpimol (2006) presented the—'resﬂlent heat exchanger networks to

achieve dynamic maximum energy recovery, plantvvlde control structures, and

control strategies are. de81gned for Butane Isomerlzatlou plant The control dif-
ficulties associated Wl’gh heat integration are solved bX adding auxiliary utilities
which is kept minimal. Four alternatives ef heat exchanger networks (HEN) de-
signs of the Butane Isomerization plant are proposed. 'They used the heat from
the reactor effluent stream to provide the heat for the column reboiler. The
energy saved is 24:88 from the design without heat integration, but the addi-
tional capital is 0.67 % due to adding of a process to process exchanger and an
auxiliary utility exchanger to the process. The plantwide control configuration
of heat-integrated plant is designed following Luyben’s heuristic method. Vari-
ous heat pathways throughout the network designed using Wongsri’s disturbance

propagation method to achieve DMER.
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2.3 Heat Exchanger Networks (HENs)

Linhoff and Hindmarsh (1983) presented a novel method for the design of
HEN. The method is the first to combine sufficient simplicity to be used by hand
with near certainty to identify “best” designs, even for large problems. Best de-
sign features the highest degree of energy recovery possible with a given number
of capital items. Moreover, they feature network patterns required for good con-
trollability, plant layout, intrinsic safcty, ‘eter Lypically, 20-30 % energy savings,
coupled with capital saving;ean be realized instate of the art flowsheets by im-
proved HEN design. The task involves the placement of process and utility heat
exchangers to heat and @00l process sltrearns from specified supply to specified

target temperatures. e ¥

l' &

Linhoff, Dunford @nd Sith (198?;) studied heat integration of distillation

columns into overall process. ThlS Study reveals that good integration between
4 ¥/
distillation and the overall procesa can result in column operating at effectively
+2h4

zero utility cost. Generally, the. good 111teg§{“”on is when the integration as column

not crossing heat recovery plnches of the process and eﬂ:her the reboiler or the

condenser being mtegxated with the process. If these crlterla can be met, energy

cost for distillation can leffectively be zero.

Saboo afid Moargri (1984 ) classifiedfleiblet HENsdntetwo classes according
to the kind andanagnitude of disturbances that effect the pinch location. For the
temperaturevariation they show, that ifsthe-MER can be expressed explicitly as
a function of ‘stream supply and target conditions the ‘problem’belongs to Class
I, i.e. the case that small variations in inlet temperatures do not affect the pinch
temperature location. If an explicit function for the minimum utility requirement
valid over the whole disturbance range does not exist, the problem is of Class II,
i.e. the case that large changes in inlet temperature of flowrate variations cause

the discrete changes in pinch temperature locations.



15

Marselle et al. (1982) addressed the problem of synthesizing heat recovery
networks, where the inlet temperatures vary within given ranges and presented
the design procedure for a flexible HEN by finding the optimal network structures
for four selected extreme operating conditions separately. The specified worst
cases of operating conditions are the maximum heating, the maximum cooling,
the maximum total exchange and the minimum total exchange. The network
configurations of each worst condition are gencrated and combined by a designer
to obtain the final design. The strategy} is to-dcrive similar design in order to have

as many common units as.pessible in order to minimize number of units.

Linnhoff and Kotjabasakis (198%’) developed a design procedure for op-
erable HENs by inspectiofl andiusing the concept of downstream paths, i.e. the
paths that connect the disgtirbed Varilable;"s downstream to the controlled variables.
They generated HEN design alternativesf_]?y tJhe pinch method for the nominal op-
erating condition. Theny the al-t(’%_l;dnative;}giﬁsﬂigns are inspected for the effects of
disturbances on the controlled variables ah_'(i_{they are removed by breaking the

troublesome downstream paths. Path bre_&)?kflilﬁ‘égr can be done by relocating and/or

removing exchangets:s If this procedure is not feasible,_"-'control action is inserted

into the structure.

Saboo and Morari (1984) proposedgthe corner point theorem which states
that for temperature variation only, if & network allows MER without violating
?Tmin at M corner points, then the network is_structurally resilient or flexible.
This is she case where the lconstraint is ¢onvex, so examining the vertices of the
polyhedron is sufficient. This procedure again can only apply to restricted classes
of HEN problem. Their design procedure is similar to Marselle et al. (1982), but
using two extreme cases to develop the network structure. The strategy for both
procedures is finding similar optional network structures for the extreme cases
and the base case design in order that they may be easily merged and not have

too many units. Two extreme cases are:
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1. When all streams enter at their maximum inlet temperatures and the heat
capacity flowrates of hot streams are maximal and those of cold streams

minimal. This is the case of maximum cooling.

2. When all streams enter at their minimum inlet temperatures and the heat
capacity flowrates of hot streams are minimal and those of cold streams
maximal. This is an opposite case the above one and in this case maximum
heating is required.

J
The “base” design_is«then generated by using an optimization technique

and the final design is gbtained by combining these designs. A test for resiliency
(calculating, RI) is required Jf the desién is not feasible a modification is done by
attempting to reduce AL, and if n(_)’r S{E‘éessful, a new heat exchanger will added
or some heat exchangers are located. I %jlé"modiﬁed network is still not resilient,
synthesize network structures at, alllicorné_‘i"ﬂ.pgints where the current design is not
feasible. The new structuresghouldbe as;.gﬁn‘ilar fio the current design as possible.

The new design is obtained bj—-’s’:upferimpoiiiffg’l*‘the current structure and the new

structures. The unneeded heat‘exizhangeréfé‘t"é inspected and removed.

. ' .

Floudas and G-r"b_ssmann (1987) presented a synth_'es"is procedure for resilient
HENs. Their multiperiod operation transshipment medel is used to find a match
structure for selected desigh points.  Thedesign obtained for feasibility at the
match level. If itl8 not feasible,.the critical point'is added as an additional
operating point and the problem is feformulatedsand solved. If the match network
is feasible then the multiperiodysuperstructure is derived and formulated as an

NLP problem to find a minimum unit solution.

Calandranis and Stephanopoulos (1988) proposed a new approach to ad-
dress the following problems: design the configuration of control loops in a network
of heat exchangers and sequence the control action of the loops, to accommodate
set point changes and reject load disturbances. The approach proposed exploits

the structure characteristics of a HEN by identifying routes through the HEN
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structure that can allocate load (disturbances, or set point changes) to available
sinks (external coolers or heaters). They also discussed several design issues such
as the placement of bypass lines and the restrictions imposed by the existence of
a process pinch. An online, real-time planning of control actions is the essence of
implementation strategies generated by an expert controller, which selects path
through the HEN is to be used for each entering disturbance or set point change,
and what loops should be activated (and msuhat sequence) to carry the associated

load (disturbance or set peint. change) fod utilibysunit.

Colberg (1989) suggested that, flexibility should deal with planed, desirable
changed that often havesa discrete sotlllof values. Whereas resilience deals with
unplanned, undesirable gilanges which are naturally continuous values. Thus a
flexibility problem is‘a 'rattltiple - perlod’ type pf problem. A resilience problem
should be a problem with a contlnuous range of operating conditions in the neigh-
borhood of nominal opetrating pom‘rs ;‘f'J.:___‘

34

Wongsri (1990) Studled a resﬂlentiHENs design. He presented a simple

but effective systematlc synthesm procedure for the deblgn of resilient HEN. His

heuristic design procodure is used to design or synthesme HENS with pre-specified
resiliency. It used physmal and heuristie knowledge in ﬁndlng resilient HEN struc-
tures. The design must not-only feature minimum cost, but must also be able cope
with fluctuation or/changers in operating conditions. The ability of a HEN to tol-
erate unwanted changes is called regiliency. It should be noted that the ability of
a HEN @0 toleratewanted changes is called flexibility. = A resthient HEN synthe-
sis procedure was developed based on the match pattern design and a physical
understanding of the disturbances propagation concept. The disturbance load
propagation technique was developed from the shift approach and was used in a
systematic synthesis method. The design condition was selected to be the mini-
mum heat load condition for easy accounting and interpretation. This is a con-
dition where all process streams are at their minimum heat loads, e.g. the input

temperatures of hot streams are at the lowest and those of cold streams are at the
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highest.

Ploypaisansang (2003) presented to redesign six alternatives for HDA pro-
cess to be the resiliency networks for maintain the target temperature and also
achieve maximum energy recovery (MER). The best resilient network is selected

by to trade-off between cost and resiliency. The auxiliary unit should be added in

to the network.

AULINENINYINg
PRIANTUUMINYAE



CHAPTER III

THEORY

Now a day many chemical plants are integrated process as material recycle
and energy integration which inerease intetacion between unit operations. There-
fore the control system that-just combines the control schemes of each individual
unit can’t achieve its controlkebjective. This can be solved by the plantwide pro-
cess control strategy whigh™ designs a ('Eontrol system from the viewpoint of the

entire plant. Hence, Our ptirpoge of this ¢hapter 15 to present plantwide control

- _—

fundamentals. ) L 4
J

." <

3.1 Plantwide Control ]E}e81gn Procedures

Ja
The plantwide control procedme h been established based upon heuris-

tics (Luyben et al., 1997). The nine steps of the de51gn procedure center around

the fundamental pringiples of plantwide control: energy,management, production
rate; product quality; V’eperational, environmental, angi safety constraints; liquid
level and gas pressure inventories; make upsof reactants; component balances; and
economic or process optimization.” This heuristic design procedure is described

below.

3.1.1 ‘"Establish Control Objectives

Assess steady-state design and dynamic control objectives for the process.
This is probably the most important aspect of the problem because different cri-
teria lead to different control structures. These objectives include reactor and
separation yields, product quality specifications, product grades and demand de-

termination, environmental restrictions, and the range of operating conditions.
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3.1.2 Determine Control Degrees of Freedom

Count the number of control valves available. This is the number of degrees
of freedom for control, that is, the number of variables that can be controlled. The
valves must be legitimate (flow through a liquid-filled line can be regulated by only

one control valve).

3.1.3 Establish Energy Managément System

Term energy management is u"ged to describe two functions. First, we
must provide a control systeiLehat rerove exothermic heats of reaction from the
process. If heat is not removed fo utili“%ies directly at the reactor, then it can be
used elsewhere in the proéesg’hy other unit operations. This heat, however, must
ultimately be dissipated tgutilities. 1t he‘;t integration does occur between process
streams, then the second functlon of energy management is to provide a control
system that prevents propagatlon of the thgrmal disturbances and ensures that the
exothermic reactor heat is dlssipafged andic?_tf recycled. Process-to-process heat

exchangers and heat-integrated unit opefeéjc‘ti'cﬁls. must be analyzed to determine

that there are suﬂicieﬁ_t degrees of freedom for control. H_ea-t removal in exothermic

reactors is crucial béé'z;use of the potential for thermal 'ﬁi}naways. In endothermic
reactions, failure to add enough heat simply results in“the reaction slowing up. If
the exothermicaeactoris runningsadiabatically; the eontrol-system must prevent
excessive temperature ‘rise through' the' reactor (e'g., by setting the ratio of the
flow rate of the limiting fresh reactant to the flow rate of a recyele stream acting
as a thermal sink).JIncreaseéd fisé of heat infegration candead to complex dynamic
behavior and poor performance due to recycling of disturbances. If not already
in the design, trim heaters/coolers or heat exchanger bypass lines must be added
to prevent this. Energy disturbances should be transferred to the plant utility
system whenever possible to remove this source of variability from the process

units.
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3.1.4 Set Production Rate

Establish the variables that dominate the productivity of the reactor and
determine the most appropriate manipulator to control production rate. Often
design constraints require that production be set at a certain point. An upstream
process may establish the feed flow sent to the plant. A downstream process may
require on-demand production, with fixes the product flow rate from the plant.
If no constraint applies, then we select the ¥alve that provides smooth and stable
production-rate transitions and rejectsidisturbances. We often want to select the
variable that has the least cliect.on the separation section, but also has a rapid
and direct effect on réaction rate in thle reactor without heating an operational
constraint. This may“be the fecd flow t:f),.the separation section, the flow rate of
recycle stream, the flow rafe of Initiator or catalyst to the reactor, the reactor

heat removal rate, the reactor terhperatlff-l;e, and so forth.

3.1.5 Control Product Qualif&fgpd Handle Safety, Opera-
tional and Env_iyonmen’@;g_onstraints

Select the besﬂ—valves—%e—een%rel—e&eh—ef;th&pmdUCt—quality, safety, and
environmental variaioie's. We want tight control of the"s;: quantities for economic
and operational reasons. Hence we should select manipulated variables such that
the dynamic rélationships'betweeil controlled and manipulated variables feature
small time constants and dead times and large steady-state gains. The former
gives smalliolosed-loopitime constants, and the latteriprevents-preblems with the

range-ability of theé manipulated variable (control-valve Saturation)

3.1.6 Fix a Flow in Every Recycle Loop and Control In-

ventories (Pressure and Liquid Level)

Determine the valve to control each inventory variable. These variables

include all liquid levels (except for surge volume in certain liquid recycle streams)
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and gas pressures. An inventory variable should typically be controlled with the

manipulated variable that has the largest effect on it within that unit.

Proportional-only control should be used in non-reactive control loops for
cascade unit in series. Even in reactor-level control, proportional control should
be considered to help filter flow-rate disturbances to the down stream separation
system. There is nothing necessarily sacrédiabout holding reactor level constant.
In most processes a flow controller should be present in all liquid recycle loops.
This is a simple and effective way to ﬁ’;event potentially large changes in recycle
flows that can occur if alleflows i recycle loops are controlled by levels. Two
benefits result from this flow-gontrol str‘_htegy. First, the plant’s separation section
is not subjected to large d6addistirbances. Second, consideration must be given
to alternative fresh reactant mak—_eug coﬂtr@l strategies rather than flow control.
In dynamic sense, levelcoufrolling Al ﬁ(‘;vvs in recycle loop is a case of recycling

Fdd
y N

of disturbances and shouldl he avoidad: £y

Y

s A

3.1.7 Check Component Balanc

L N

Identify how",éi%em'rcai-com;ments-enter,-le&ve; Zmd are generated or con-
sumed in the proces; FEnsure that the overall compone-i;t- balance for each species
can be satisfied eithe;-through reaction or exit stre;ms by accounting for the
component’s composition or inventory at some peint in théprocess. Light, inter-
mediate, and héavy inert components must have an exit path from the system.
Reactantynmist be consumedsin the|réaction Sectiomor leaves asyimpurities in the
product streams. Fresh reactant makeup feed stream can be manipulated to con-
trol reactor feed composition or a recycle stream composition (or to hold pressure
or level as noted in previous step). Purge stream can also be used to control the

amount of high- or low-boiling impurities in a recycle stream.
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3.1.8 Control Individual Unit Operations

Establish the control loops necessary to operate each of the individual
unit operations. For examples, a tubular reactor usually requires control of inlet
temperature. High-temperature endothermic reactions typically have a control
system to adjust fuel flow rate to a furnace supplying energy to the reactor.
Crystallizers require manipulation of refrigeration load to control temperature.
Oxygen concentration in stack gas from a fiunace is controlled to prevent excess
fuel usage. Liquid solvent feed flow tosan absorber.is controlled as some ratio to

the gas feed.

|
3.1.9 Optimize Egonomic and Improve Dynamic Control-

lability L 4
v

Establish the best way to use fhé' remaining control degrees of freedom.
After satisfying all of the basic regulatory requlrementb we usually have additional
degrees of freedom involving couitrol valves_thazt have not been used and setpoints
in some controllers that can be adjusted. UThesescan be used either to optimize

steady-state econonlic-performance-(e:g-—minimize-encigy, maximize selectivity)

or to improve dynami€ response.

For example, an.exothermic chemicalreactor,can be cooled with both jacket
cooling water and biine'to‘a reflux'condenser.! Awvalve-position control strategy

would allow fast, effective reactor témperature céntrol while minirizing brine use.

3.2 Control of Process-to-Process Exchangers

Process-to-process (P/P) exchangers are used for heat recovery within a
process. Most heat exchanger network are not operable at the optimum steady
state design conditions; i.e., normally they can tolerate disturbances that decrease

the loads but not those that increase loads and there are not an adequate number
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of manipulative variables to be able to satisfy the process constraints and to
optimize all of the significant operating variables. These types of operability
limitations can be identified by using steady state considerations, and normally
these operability limitations can be overcome by installing an appropriate utility

exchanger and by installing bypass around the exchangers.

have a few design deci | The utili anger can be installed to
P/P exchanger either i ' DA 1. Figure 3.1 shows the combination of
P /P exchanger with afitilig chan, er.Generally, theutility system of a complex

energy-integrated plan ed "t A ) larg turbances in the process,

AULINENTNEINT
Figure 3.1 %ontrol of processdo-process heat exchanger uging the auxiliary

v 4 WIRNNIUHATINYTIR Y

The relative sizes between the recovery and the utility exchangers must
be established. From a design standpoint we would like to make the recovery
exchanger large and utility exchanger small. This gives the most heat recovery,

and it is also the least expensive alternative from an investment standpoint.
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3.2.2 Use of Bypass Control

When the bypass method is used for unit operation control, we have several
choices about the bypass location and the control point. Figure 3.2 shown the
most common alternatives. For choosing the best option, it depends on how we

define the best. Design consideration might suggest, we measure and bypass on

the cold side since it is typically less expensive to install a measurement device
and a control valve for cold service that igh-temperature service. Cost

consideration would also suggest a small @ to minimize the exchanger

and control valve sizes.7

regardless of temperat : on the's e gide as well we control (see

most important stream,

Fig 3.2.a and ¢). This i ; ects of exchanger dynamics in the loop.
We should also want to b ; L .i-_; v \ e controlled stream since it
improves the control range. Sl ge heat exchanger. There are sev-
eral general heuristic guide ines | -m : —: anger bypass streams. We typically
want to bypass the flow of the strean ; emperature we want to control.

—

The bypass should v————-—-——fi —————— ) percent of the i 0y to be able to handle

disturbances. m m
ﬂ’lJEJ’J‘VlEJ‘MWEJ']ﬂ‘E
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(a) (b)

—] | P ¢ =l | FO

Figure 3.2 Bypa of eat exchangers. (a) Con-
trolling and bypassing h ' 2 [b)c ontrollit g cold stream and bypassing hot

stream; (c) controlling and by passing cold d) controlling hot stream and

s Hemammmmm
QYRR SRR AR TR {2 i

number of units that reflects on a capital cost and minimum utility consumption
that reflects on operating costs. A good engineering design must exhibit minimum
capital and operating costs. For Heat Exchanger Network (HEN) synthesis, other
features that are usually considered in design are operability, reliability, safety,
etc. in recent years the attention in HEN synthesis has been focused on the
operability features of a HEN, e.g. the ability of a HEN to tolerate unwanted

changes in operating conditions. It has been learned that considering only a cost
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objective in synthesis may lead to a worse network, i.e. a minimum cost network
may not be operable at some neighboring operating conditions. The design must
not only feature minimum cost, but also be able cope with a fluctuation or changes
in operating conditions. The ability of a HEN to tolerate unwanted changes is
called resiliency. It should be note that the ability of a HEN to tolerate wanted

changes is called flexibility.

The resiliency property of a design.bcgemes an important feature to be
accounted for when the extent of integ"f’ation of @ design introduces significant in-
teractions among process compenents. [I'he energy integration of a HEN generates
a quite complex interaction of process Il]streams, despite the fact that transfer of
heat from hot to cold progéss&treams is the only activity of the network. The goal
of a network is to deliver the process ;‘tre&:fn@ to their target temperatures by using
most of their heating and cgoling avaﬂab;];itlyrand a minimum of heating and cool-
ing utilities. The process strear@_Lare Couplfzd through a net of heat exchangers.
Changes in conditions of one sfreati in thé-'_'r;;@:twork may affect the performances

of many heat exchanges and the: COlldit]'_Ii)‘l-f_lS__.:Of_ several process streams. Since

resiliency is a property of a network structure.

3.3.1 Definition of HEN Resiliency *~

In the Literature, resiliency and flexibility have beén, used synonymously
to describe the fproperty of HEN to satisfactorily handle variations in operating

conditions.Fhese two termschave differencedn meaning:

The resiliency of a HEN is defined as the ability of a network to tolerate or
remain feasible for disturbances in operating conditions (e.g. fluctuations of input
temperatures, heat capacity flowrate, etc.). As mentioned before, HEN flexibility
is closed in meaning to HEN resiliency, but HEN flexibility usually refers to the
wanted changes of process conditions, e.g. different nominal operating conditions,

different feed stocks, etc. That is, HEN flexibility refers to the preservation of sat-
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isfactory performance despite varying conditions, while flexibility is the capability

to handle alternate (desirable) operating conditions.

A further distinction between resiliency and flexibility is suggested by Col-
berg el al. (1989). Flexibility deals with planed, desirable changes that often have
a discrete set of values, resilience deal with unplanned, undesirable changes that
naturally are continuous values. Thus a flexibility is a 'multiple period’ type of
problem. A resilience problem should bé‘aspreblem with a continuous range of

operating conditions in the neighborh('j"od of nominal operating points.

Wongsri (1990)"deyeloped the Iieuristic and procedures for resilient heat

exchanger network synthesis. The heuristics are used to'develop basic and derived

match patterns which avere Classn‘ied acct’)rdlng to their (1) resiliency (2) chances
that they are in solutiom and (3) the mz{tchlng rules like the pinch method, and
the thermodynamics law etc: Furthermore the same author developed for syn-
thesize heat exchanger network (‘zﬂled Tfle Drsturbance Propagation Method”.

This method will find a res,lhency networ]r_’cructure directly from the resiliency

- i
requirement and also, feature minimum number of units and maximum energy

recovery. Y

3.3.2 Design Conditions

There are several deésign ‘conditions for resilient' HEN synthesis. Usually,
these are specified at extreme opeérating conditions. The follewing conditions

(Wongsri, 1990) are:

1. Nominal Operating Condition. This is an operating condition that is ob-
tained from a steady state heat and mass balance of a process. In a good
design, a network must be operated at this condition most of the time. In
general, a fluctuation in operating condition is plus and minus from this

point.
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2. Mazimum Heat Load Condition. This is a condition where all process stream
are at their maximum heat loads. For example inlet temperatures of hot
streams are the highest and of cold streams are the lowest. This is also

known as the largest maximum energy recovery condition.

3. Maximum Cooling Condition. This is a condition where hot process streams
are at their maximum heat loads whereas cold process streams are at their
minimum heat loads.. For example inlet temperatures of hot and cold

streams are the highest: o

4. Minimum Heatinge@ondition. Thisis a condition where hot process streams
are at their minimatim hecat loads ]'whereas cold process streams are at their

maximum heat loads s For éfan@lle inlet temperatures of hot and cold

1 &

streams are the lowest. / )

5. Minimum Heat Load Condition. ThlSlsa condition where all process streams
d - II‘
ik v ol i
are at their minimumheat-loads. Eglj)@xample inlet temperatures of hot

streams are the lowest and of coldﬁéams are the highest. This is also

- el

known as the l0west maximum energy recoveryiscondition.

3.3.3 Match Pafterns

HEN synthesis is usuallysconsidered-as a gombinatorial matching problem.
For a HEN in"which a“design’ property is regarded as'a'network property, or a
structure property, we need to look beyond the match level to a higher level where
such a property exists, e.g. tofa matchstructure or match-pattein. Match patterns
are the descriptions of the match configuration of two, possibly more process
streams and their properties that are thermally connected with heat exchangers.
Not only the match description, e.g. heat duty of an exchanger and inlet and
outlet temperatures is required but also the position of a match, e.g. upstream
or downstream, the magnitude of the residual heat load and the heat capacity

flowrates between a pair of matched streams. So, we regard the resilient HEN
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synthesis problem as a match pattern combinatorial problem where more higher

- level design qualities are required.

By using the ’tick off rule’ there are four match patterns for a pair of hot
and cold streams according to the match position and the length of streams. The
four patterns are considered to the basic match pattern classes. The members
of these classes are the patterns where othier configurations and properties are
specified. The four match pattern classes arc simply called A, B, C and D and

are shown in Figure 3.3 t6 3.6 respectf’\'fely.

1. Class A Match Pattezn: The hea’& load of a cold stream is greater than the
heat load of a het'streamiiu a patﬁerp7 i.e. the hot stream is totally serviced.

The match is positioned at the ce}d end of the eold stream. The residual
li ¥
heat load is on thehot portlon of th’e cold streamn, (See Figure 3.3) A match

of this class is a first type match at co’l'd end position and the heat load of

the cold stream is greater than that OT the hot stream. This is a upstream
2

match. For a heating subproblem ;Class A match is favored, because it

_,,-4.1_‘-

leaves a cold process stream at the pinch heurlstl(,s

2. Class B MatclrBattern: The HeatROatBIer Lot stream is greater than
the heat load of*a cold stream in a pattern, i.e"the cold stream is totally
serviced. ~The match-is pesitioned at the hot .end-of-the hot stream. The
residual heat Toad-s on the eold portion of the hot stream. (See Figure 3.4)
A match of this class is_a second type mateh; a hot end niatch and the heat
load of'the Kot streamtare ‘greater than that of'the c¢old stream. This is
an upstream match. For a cooling subproblem, a Class B match is favored,
because it leaves a hot process stream at the cold end also follows the pinch

heuristics.

3. Class C Match Pattern: The heat load of a hot stream is greater than
the heat load of a cold stream in a pattern, i.e. the cold stream is totally

serviced. The match is positioned at the cold end of the hot stream. The
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residual heat load is on the hot portion of the hot stream. (See Figure 3.5)
A match of this class is a first type match; a cold end match and the heat
load of the hot stream are greater than that of the cold stream. This is a

downstream match.

4. Class D Match Pattern: The heat load of a cold stream is greater than the

this class is a seco e AN nd match and the heat load f the

cold stream is greate { of the ho am. This is a downstream
match. : ": W\ \

When the residuz ‘“'\,‘ is matched to a utility
stream, it is closed or completed pattern Otheryise, 1t is an open or incomplete
pattern. It can be seen tha . e residual stream is lea than the
minimum heating or cooling reg it e chances that the match pattern

will be matched to a.utilit

F = o

lli 2
ﬂ‘UEJ’JVIEJVIﬁWEJ\’m‘i

’Q‘mﬂﬁﬂ‘im UA1AINYA Y

Figure 3.3 Class A Match Pattern.
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h Pattern.
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Figure 3.6 Class D Match Pattern.

A match of Class A or Class C will leave a residual at the hot end, while
a match of Class B or D will leave a residual at the cold end. Heuristics N.3 and
N.4 will be use heuristics to further subclassify matches of Class A and B into

matches of high priority.
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3.3.4 Disturbance Propagation Design Method

In order for a stream to be resilient with a specified disturbance load, the
disturbance load must be transferred to heat sinks or heat sources within the
network. With the use of the heuristic: To generate a heat exchanger network
featuring the minimum number of heat transfer units, let each match eliminate at

lease one of the two streams.

We can see that in asmateh of t\jv‘,o heat load variable streams, the variation
in heat load of the smallerstream S1 will cause a wvariation to the residual of the
larger stream S2 by thesamedegree: iul effect the disturbance load of S1 is shifted
to the residual of S2. Listhe sesiclual str]'eam 52 is matched to S3 which has larger
heat load, the same situation will I'lléppé;;. The combined disturbance load of S1
and S2 will cause the vasiation in the h:'eafc’- load to the residual S3. Hence, it is
easy to see that the disturbance. lozid in ;;ésidual 53 is the combination of its own
disturbance load and those obtamed fronal -Sl and S2. Or, if S2 is matched to
a smaller heat load stream S4 the new d;si;tfrbance load of residual S2 will be
the sum of the dlsturbance loads of Si a‘nd' S'4 Form thls observation, in order
to be resilient, a smaller—proeess—stream*wrth—specrﬁed -dlqturbance load must be
matched to a larger stleam that can tolerate its dlsturbance In other words, the

propagated disturbance will not overshoot the target temperature of the larger

process streamni.

However, the amount of diSturbance lo&d that can be“shifted from one
stream tQ anotheridepends wupen<thestype of mateh patterns’and the residual
heat load. Hence, in design we must choose a pattern that yields the maximum
resiliency. We can state that the resiliency requirement for a match pattern selec-
tion is that the entire disturbance load from a smaller heat load stream must be
tolerated by a residual stream. Otherwise, the target temperature of the smaller
stream will fluctuate by the unshifted disturbance. Of course, the propagated

disturbance will be finally handled by utility exchangers. In short, the minimum
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heat load value of a larger stream must be less than a maximum heat load value

of a smaller stream.

By choosing the minimum heat load condition for the design, the new input

temperature of a residual stream to its design condition according to the prop-

agated disturbance. The propagated disturbance will proportionally cause more
temperature variation in the resi l stroaud and the range of temperature varia-
tion of the residual stream will | 1o ger tha original range. The propagated
disturbance of a stream 1§ the disturba nce by a variation in heat load of
‘up-path’ streams to whichust ‘w; 1. Only a residual stream will
have a propagated distusbe le.1 sturbance load of a residual stream
will be the sum of its o | \

See Figure 3.7 and 3.8.

e propagated disturbance.

ﬂ‘UEJ’JVIEJVIﬁWEJ’]ﬂ‘i
Q‘W%Nﬂ‘im UA1AINYA Y

Figure 3.7 A Concept of Propagated Disturbance
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Figure 3.8 ncept ated Disturbance

Hence, a stream o { AT1é 1 heat load will be subjected

‘.\,,,
\

design consideration is that dtirbar ad travel path should be as short as

with disturbance. Another

possible, i.e. the lease number :‘T’ 3 volved. Otherwise, the accumulated
disturbance will be a point of view, it is difficult
to achieve good co -l;a". .E transportation lag are
high. From the desig 'i ewpao : -'?‘fi sinks or sources that can

iF |

handle the large amount,o é)ropagated di t rbance. (Wongsri, 1990).

ﬂ‘NEJ’JVIEmﬁWEJ’lﬂi
QWWMﬂ‘iﬂJW‘IT}‘HH'}ﬂH



CHAPTER IV

DIMETHYL ETHER (DME) PROCESS

4.1 Process Description

Dimethyl ether (DME) is used primaziy as propellant. DME is miscible
with most organic solvents. it Las a hiéh solubility in water, and it is completely
miscible in water and 6% ethaunol: Recently, the nse of DME as a fuel additive for
diesel engines has been _investigated d&e to its high volatility (desirable for cold
starting) and high cetane numbper.” The production of DME is via the catalytic
dehydration of methanol @ver an acid z'zaolite catalyst. The main reaction is as
follows: =

4 )

40 H5OT—(CHg)0 $Ho

......

In the temperatire range of normal operation, theye are no significant side

reactions.

A preliminary process flow diagram, for a DME process is shown in Finger
4.1, in which 50,000 metric tons per| year of 99:5 wt% purity DME product is
produced. Due'to the simplicity of the process, a stream factor of 0.95 (8375
h/yr) isaised.

Fresh methanol is combined with recycle reactant, and vaporized prior to
being sent to a fixed-bed reactor operating between 250°C' and 368°C'. The single-
pass conversion of methanol in the reactor is 80%. The reactor effluent is then
cooled prior to being sent to the first of two distillation columns, T-100 and T-
101. DME product is taken overhead from the first column. The second column

separates the water from the unused methanol. The methanol is recycled back to
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the front end of the process, while the water is sent to waste water treatment to

remove trace amounts of organic compounds.

ocess (Turton, 1998.)

\

The reaction takin pl-' il othermic with a standard heat of

reaction, AH,...(25°C) = he equilibrium constant for this

reaction at three diffo ——-

e
(Kp) for reaction

o

Table 4.1 The eqﬂibrium consta
El u Ej ﬁ 3K (200°C)
RIANNFRY AN

The corresponding equilibrium conversions for pure methanol feed over

the above temperature range are greater than 92%. The equilibrium constants re-
ported above appear to be higher that those calculated by method using standard

Gibbs free energy and heat of formation data. The single-pass conversion of 90%
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used above may not be attainable due to equilibrium constants. A singer-pass

conversion of 80% may be more realistic goal for this design.

The reaction takes place on an amorphous alumina catalyst treated with
10.2% silica. There are no significant side reactions below 400°C. Above 250°C,

the rate equation is given as:

—Tme ﬂ]pmethanol

g‘
Where kg = 1.21 x 1 lyst.filled reactor h kpa), E, = 80.84
kJ/mol, and P, ethanot =

4.2 Design of it l' rger Networks of DME
Process

Heat exchanger net

method. The Problem Table M

re designed by Wongsri (1990)

blied to find pinch temperature and

RS

reach maximum energ ingated will be consequence

inal for the DME process.
n the following @ble 4.2

AU INENTNEINS
RINNIUUNIININY

to compare and chogse the

The information for dﬁgn 1s show
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Table 4.2 The information of DME Process

Stream Name Tin’C  Tout®’C W (kW/°C) Duty (kW)
H1 : Reactor effluence stream 287.15  95.00 19.37 3722.08
H2 : Waste Water Stream 150.82  49.94 3.26 328.85
H3 : Product Column Condenser 50.30  46.35 235.42 927.88

H4 : Recycle Column Condense

%121.69 496.19 1452.56
; : 35.67 3823.49

C1 : Vaporizer Feed Strea

C2 : Product Column Rebeiler 119.86 985.99
C3 : Recycle Column -/ / 535.52 1421.35
4.2.1 Resilient { Exchanger N rk of DME process

alternative
The Table 4.3 is b¢ stream at is chosen for alternative

1. There are two streams

using Problem table method @E%%

S

stream and 56.8°C' in

predicted 101.52 kW of

condition, the pinc]@;ﬁemperature occur

hot stream. The mini

hot utilities. E 7l
The sy é‘%“ﬂﬁ%ﬁdw’ﬁjﬁ Fijation method and

math pattern is'shown in Table 4.4;“Figure 4.2 shows a design of resilient heat ex-

e T I S AN R

the minimum temperature difference n the process-to-process-heat-exchangers

AT,.in is set to be 10°C.



Figure 4.2 The resili

table 4.3 Process st

»

Stream Name

c1 lf/ﬁh‘\\\i \

, #y)er network alternative 1

for,'lté@

003

Duty (kW)

3722.08

FT%ET TouC W/ °C)
H1 5/ ospo | 1o

3823.49

40

Table 4.4 Problem tablefor/alfernative
W (kW/0C) Thot | T &ld [§Ff 3 v’ Aral Ay vy - b gho Q nterval Cascade Sum
H1 C1 °c) CT) M (s /“C) £, : (kW) Heat(kW) | Interval(kW)
0.00 0.00 87.15 277.15 .0( 0.00 0.00
19.37 | 0.00 164.00 | 154.00 - 2385.52 2487.03 2385.52
19.37 | 35.67 95.00 85.00 —16@ 4 -1124.52 1362.51 1260.99
0.00 35.67 56.80 ' 16.80 13.5;)1 0.00 -101.52
- —— e . Qc
_f
synthesis table for ho@nd of a
Action

state 1 Load ¢ & T1 T?y

H1Fr 023.99 | 19737 f288015 |
o1l | 364516 3587 | 15

m q selected

q.
33668l | O sclected

to Heater

1 «a 19.92 | 35.67 | 154.00 | 153.44

4.2.2 Resilient Heat Exchanger Network of DME process

alternative 2

The Table 4.5 is the process stream data that is chosen for alternative 2

There are two streams in the network. We do not find pinch temperature using
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problem table method as shown in Table 4.6. The minimum utility requirements

have been predicted 2735.55 kW of cold utilities.

The synthesis procedure using the disturbance propagation method and
math pattern is shown in Table 4.6. Figure 4.3 shows a design of resilient heat ex-

changer network for DME process alternative 2. In our case as shown in Figure 4.3,

\
" /Jrocess—to—process—heat-exchangers

the minimum temperature di

AT,.in is set to be 10°C.

/0
19.37

Duty (kW)
3722.08

V.
Stream Nm'- ul

287.15  95.00

4
Table 4.6 Problem table for alternative 2 s

4
SdASAI919827 9 El‘”aﬁl
w kw/oe) ! i T Tt | WM 0TV | rlquffeal Ikl sdadl Sum
H1 (°c) ©o) (kW/°C) o) Heat (kW) (kW) Heat(kW) | Interval(kW)
0.00 0.00 287.15 | 277.15 0.00 0.00 Qh 0.00 0.00 0.00
19.37 0.00 161.07 | 151.07 19.37 126.08 2442.17 244217
19.37 | 119.86 | 152.84 | 142.84 -100.49 8.23 -827.03 1615.14
19.37 0.00 95.00 85.00 19.37 57.84 1120.36 2735.50
Qc
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synthesis table for hot end of alternative 2

state 1 Load w T1 T2 D1 D2 Action
H1 3528.25 | 19.37 | 277.15 | 95.00 | 193.70 0.00 Selected
C2 986.45 | 119.86 | 151.07 | 142.84 0.00 119.86 Selected
state 2 Load A% T1 T2 D1 D2 Action
H1 2421.94 | 19.37 | 277.15 | 152.11 | 313.56 0.00 To cooler
Matched to H1

The Table 4.7 i Proces ~dat is chosen for alternative
3. There are three streams in f 7O | an find pinch temperature
using problem table method as vfnr i > 4.8. At the minimum heat load
condition, the pinch tempera e gﬂ}ﬁ! “ in cold stream and 56.8°C' in
hot stream. The minim l1ty@p‘i el been predicted 1088.40 kW
of hot utilities. aE{.fﬂ ;

The synthesi. ce fpropagation method and

math pattern is shown' W ign of resilient heat ex-

changer network for DﬁE process a ative 5. In ourmanse as shown in Figure 4.4,

the minimum temperaturesdifference in the process-to-process-heat-exchangers

ATmmlssettﬂ"udEJ’mEJﬂ‘i’WEJ']ﬂ‘i
’QW’]ENﬂ‘EEN UA1AINYA Y

Figure 4.4 The resilient heat exchanger network alternative 3
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Stream Name Tin°C  Tout’C W (kW/°C) Duty (kW)
H1 287.15 95.00 19.37 3722.08
C1 46.80 154.00 35.67 3823.49
C2 142.84 151.07 985.99 119.86
Table 4.8 Problem table for alt
W (kW/0C) T hot / Required | Interval Cascade Sum
H1 C1 C2 o) W/°C) eat(kW) (kW) Heat(kW) | Interval(kW)
0.00 0.00 0.00 287.1 . p, 0. Qh 0.00 0.00 0.00
19.37 | 0.00 0.00 164. il % 4 ] .04 2385.47 3473.51 2385.47
19.37 | 35.67 0.00 16 il 6.3 1 -47.75 3425.75 2337.71
19.37 | 35.67 | 119.86 | 152.8 1 75 -1120.60 2305.16 1217.12
19.37 | 35.67 | 0.00 00 %5 2416, 7,84, | 12305 942,64 | 1362.51 274.47
0.00 35.67 0.00 56. -35.6 II. \ 1 -1362.51 0.00 -1088.04
% (= | Qe
A A
i . ‘
synthesis table for hot en T&ﬂﬁtr 3 \
a0 la] L
state 1 Load J&E‘.'{:-‘ D D2 Action
F e
H1 3625.10 ,37“4%%&[: 93. 0.00 Selected
C1 3645.47 35.6?‘: 7 i 0.00 356.70
C2 Selected
state 2 Action
H1 Selected
C1 .‘ Selected
C2 0.00 [y #£0:00 0.00 0.00 0.00 0.00 Matched H1
¥ ®1r
statl! Jak ]k 2 Action
H1 0.00 0.00 0.00 0.00 go 0.00 Ma@bcd C1
O AETHTRIOE LuTE Tar T
2 40.0 .00 0% 0.0 0: h 1

The various alternatives of heat exchanger network are designed for the

DME process, the energy saved from the base case is shown in Table 4.9
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Table 4.9 Energy integration for DME process

Alternatives
The DME process Base-Case AL 1 AL 2 AL 3
Vaporizer 3823.49 101.41  3823.49 1087.40
Coolerl 3722.08 0 2736.09 0
Cooler2 328.85 328.85 328.85 328.85
Product column reboiler 985.99 0 0
Recycle column i 421@.35 1421.35  1421.35

Hot utilities usage, (kW) 83 : 08.8 5244.8 2508.8

Product column psex | 927’8 \ 927.88 927.88
Recycle colu afended [0, - 1452 A; 1452.56  1452.56
) 5445.38  2709.29

Cold utilities

Total Hot &Cold utilitie 10690.22  5218.04

Energy savings from RHE] | 15.57 58.79

4.3 Altern _;:;7.';:.:::::;:;.::‘.';;:=::;_ 4' PI‘OCGSS

f L)
Three alternatiws of heat exchanger networks %}N ) designs of the dimethyl

ether plant are proposed te, save energy from the Base Case and use to evalu-

ate performan u&%rw&snésu&aﬂrgly energy-integrated

plant and compl x energy-integrated plant.

ARIANN 3TN 1A1AINYA Y
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Figure 4.5 shown the base case of the dimethyl ether process with simply
energy integration, they used a feed-effluent heat exchanger (FEHE) to vaporize

the reactor feed stream.

In alternative 1 part « ,, C reactor effluent stream is used to
vaporize the feed stream but va 3POTIZE 1 s d for the process because total heat

from reactor is not enoug & 5 shown on Figure 4.6.

J
,i .iJ-'

ﬂ‘LlEJ’JVIEJVIiWEJ’]ﬂ?'
amaﬁmmumqﬂmaﬂ

Figure 4.6 Dimethyl Ether process Alternative 1
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In alternative 2 part of the heat in the reactor effluent stream is used to
drive the product column reboiler that does not add the auxiliary reboiler because

the total heat from reactor effluent stream is enough for reboiler as shown on

Figure 4.7.

Figure | . (] \lternative 2

In alternative 3 part gi; €3 eactor effluent stream is used to

drive the product column reboiler and vaporizer at f

cédstream. The auxiliary

I:“

vaporizer is need to atlde al Heat from effluent stream
- o
not enough for both of‘reboiler and vaporizer as sho vir on Figure 4.8.

AU INENTNEINS
ARIANTAUNININGIAE

Figure 4.8 Dimethyl Ether process Alternative 3
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4.4 Steady State Modeling of DME Process

First, a steady-state model is built in HYSYS.PLANT, using the flowsheet
and equipment design information from Turton(1988). Figures 4.11 to 4.14 show
the HYSYS flowsheets of the DME process with energy integration schemes for
alternatives 1, 2, and3, respectively. For our simulation, UNIQUAC model is se-
lected for physical property calculations because it can be applied to a wide range
of mixture containing watery alcohols, nittiles. amines, esters, ketones, aldehydes,
halogenated hydrocarbonssand hydrocarbons; se it-can be applied with dimethyl
ether process. The reactionkinetics of reaction is modeled with standard Ar-
rhenius kinetic expressiong‘available in -‘iHYSYS.PLANT, and the kinetic data are

taken from Bondiera and Nagcache: = = ©

— -
i
4

A A5
When columns are modeled din steady-state, besides the specification of
inlet streams, pressure profiles, 'n'umbers 'ci_f‘tfiayq and feed tray, two specifications
need to be given for columuns Wlth‘both ré%oﬂer and condenser. These could be
A

the duties, reflux rate, draw stream ratesﬁ:omp051t10n fractions, etc. We chose

distillate rate and overhead dlmethly cther mole fractlou for the product column.

For the remaining cc_)_l_pmns, distillate rate and bottom \K@ter mole fraction are se-
lected. The tray sectioﬁ_s of the columns are ealculated {}sing the tray sizing utility
in HYSYS, which calcﬁlates tray diameters,based on Glitsch design parameters for
valve trays. Though the tray diameter and spacing, and weir length and height are

not required in steady-state modeling, they are required for dynamic simulation.
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4.5 Energy Integration for Steady State Simula-
tion of DME Process

From steady state simulation results by HYSYS, the energy saved from the

base case heat consumption as shown in Table 4.10.

Table 4.10 Energy integration for

rocess (Steady State Simulation)

Alternatives

The DME pro Base-Cage™ 1 AL 2 AL 3

Vaporizer - 2¢ Q,622 3828.34  1091.52
Coolerl

() 2735.32 0.00

Cooler 328.69  328.65  328.56
N

Product colum 0.00 0.00
142135  1423.86  1422.70
92513.54 5252.19 2514.22

Recycle column r

Hot utilities usage,

Product column'c ol

&, 928.07  927.63
Recycle colum 0 : e

5256 1455.06  1453.98
Cold utilities usEQe (kW) 6432.27 270912 544710 2710.18

Total Hot &ﬂ u‘ﬂml M nfﬁ)w EJ;J Q 1699 30 5224.40
Emﬂﬂyu/l:aﬂ Qﬁ«w 1] %0,-] ’J WEJ f] ﬁsﬁl 58.77




CHAPTER V

CONTROL STRUCTURES DESIGN AND
DYNAMIC SIMULATION

Maintaining the plant energy apd mass balances are the essential task of
plantwide for a complex plant consisgs of reeyele streams and energy integra-
tion when the disturbamee lgacd come Fhrough the process. The control system
is needed to reject loads and regulate Lgm entire process into a design condition
to achieve its objectivegithercfore our j_S_}llfpose of this chapter is to present the
new control structures amd enecrgy inteé;aﬁed process. Moreover, the three new
designed control structureg and encrgy irzljldje;grated process are also compared with
base case of DME process that given by ’fniri_on(lQQS) based on rigorous dynamic
simulation by using the commeicial softwair_;f ﬁYSYS.

5.1 Plantwide Control Strategies.

The plantwide control structure tool can be applied to the modules. Here,
the nine-step approach of“Lwyben jand Erxturespoint «theorem are selected for

demonstration en each of the DME module the module and discussion below.

5.1.1 'Nine-step'approach ‘of Luyben

Stepl. Establish the Design and Dynamic Control Objectives for the
Module

The design and dynamic objectives for the separations module are to reg-
ulate the DME purity, maintain the production rate of DME, be flexible, and
be profitable. The last two objectives are implicit and must be translated into

directly measurable process variables. For the separations module, flexibility is
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associated with ability of the column to maintain the purity constraints, and profit

is assigned to the product (DME) distillate rate.

Step2. Determine Control Degree of Freedom
Usually, this means counting the number of control valves, but other de-
vices that qualify include the fan, mixer, etc. For the DME module, there are 17
control degrees of freedom, 10 control valves: and 7 utility streams. They include:
methanol feed valve, heat exehanger feed valvesbypass for heat exchanger valve,
stream inlet product column valve Vafj"orizer and cooler utility streams: product
column are included refluxwalye. distillate and bottom product valves, condenser
and reboiler utility streams: #eeycle C(Ililumn are included reflux valve, distillate
and bottom product valyes scondenser-and reboeiler utility streams, and cooler
utility stream for waste water. = ‘ : #
Step3. Establish Energy inanage'i:-ﬁ:ei‘it system

id i . .
The product DME is produced from the exothermic reaction of methanol
e s s Jd

at 250°C'. The reactor operates; adiabaticafjf_lﬁéo for a given reactor design the exit

temperature dependswpon the reactor inlet temperaturé, and reactor conversion.

Heat from the adiaﬁaftzic reactor is carried in the efﬂuerﬁi _étream and it remove to
stream inlet of reactorr_-for base case. ‘-

The alternative way i$ aising of the heuristic laws; Montree (1990) introduces
about the energy mamnagement that “Degreasing the effect of heat integration
in the process can be done by remove the energy as much as_possible”. Three
alternatives were designed; first, we are integration with utility stream of vaporizer
at feed stream; second, at the separations module we are integration with reboiler

utility stream of distillation T100 and third, we are integration both of vaporizer

and reboiler utility stream of distillation T100.

Step4. Set Production Rate
There are two places within the module where the production rate of DME

can be controlled: the distillate valve or the feed valve of the DME column. The
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latter is selected by the base case to set the production rate on the basis of the
process knowledge that control of the inventory in the condenser is better achieved

by using the distillate flow of the DME column.

Step5. Control Product Quality and Address Safety, Operational,

and Environmental Concerns

The DME product purity (99.5" percent) can be controlled using DME
column reflux valve. The strategy is to emplogan inferential measurement that
is based on a temperature reading on stage 20. (The stage temperature was
identified as being the mos#Scusivive of temperature changing.)

The environmental constraiut on tﬁe effluent water purity can be controlled
using either the vapor boilup rate or the reboiler steam flow rate of the recycle
column to maintain teémperatiire in the geoycle column like the DME column.

Step6. Control Inventories and fo a Flow in Every Recycle Loop

In most processes a ﬂow (‘o'ift‘rol shbﬁfd be present in all recycle loops. This

is a simple and effective way to prevent pﬁtlally large changes in recycle flows,

while the process is perturbed by small disturbance We call this high sensitivity

of the recycle ﬂowrat(‘b to small disturbances the snowbadl effect”. There are two
recycle control loops. ')
Four pressures and liquid levels must sbe controlled in this process. For the
pressures, there are.in“the two distillation columns. | DME: column and recycle
colume are pressure-controlled to the cooling utility stream at condenser.
ThepDME colunin, condeniser  level | is,flow-controlled to the DME distillate
valve, the: DME reboiler level is flow-controlled to DME column bottoms valve, the
recycle column condenser level is flow-controlled to the recycle column distillate

valve and the recycle reboiler level is flow-controlled to the recycle column bottoms

valve.
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Step7. Check Component Balances
Component balances consists of: Dimethyl ether is removed from the sys-
tem at production column by distillate flow and it is used to control level of
condenser. Water is removed from the system at recycle column by bottom flow
and it is used to control level of reboiler and methanol that reactant is sent back
to the system by distillate flow of recycle column and it convert to dimethyl ether

and water in reactor so no accumulation of any.component in the system.

Step8. Control Individual Unit Operations

The rest degrees of feeedenu are assigned for control loops within individual

units. These include: |
Cooling utility of the @olér €ontrols témperatire inlet of the product column.

Heating utility of the"vaperizer contTrols",‘ter;nperature of stream before inlet heat
4

dd

exchanger and feed flow controlled.

.‘_I}

Step9. Optimize Economics or IH{EI;?VG Dynamic Controllability

This step is not conside}ed_in this %rk

- « d -l

5.1.2 Fixture. Point Theorem

The fixture pomt theorem define the control variable that the most sensi-
tivity. Defined.control,vatiable.should.consider to, centrol and pairing with ma-

nipulate variable (MV)+in the first-

Fixtmre point theorem analysis

1. Consideration in dynamic mode of simulation until process set up to steady

state.

2. Control variable (CV) can be arranged to follow the most sensibility of the
process variable by step change the MV (change only one MV, the other
should be fixed then alternate to other until complete). Study the magni-

tude of integral absolute error (IAE) of all process variables that deviates
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form steady state. This thesis considers six process variables including tem-

perature, pressure, flow rate, composition, tank level and stage temperature.

3. Consider CV that give the most deviation from steady state (high TAE score)
to match with MV. CV and MV should be directing interactive together,
after that will consider the next CV to match with other MV.

5.2 Energy Managemernt of-Heat-Integrated Pro-

cess

As the operatings€onditions chaﬁge, the designed control system must reg-

ulate the entire process t@ meet, the'aesif‘ed condition. On the other hand, changes

in the heat load disturbanée of thecold 01} hot stream affect energy consumption of
its unity units. Therefore, for/a _compleky_:qpe,l_rgy—integrated plant, it is important
to study the heat pathway control in orde; to manage the heat load disturbance

in such a way that the maximudn energy r@%féry (MER) can always be achieved.

.q‘l""-r -

e v J

We now look ‘z_xt the plantwide control issues arg‘h_nd energy management.

The control conﬁguré;t_ions of RHEN are determined,_‘ﬂ:'sing the Heat Pathway
Heuristics (HPH) (Wougsri and Hermawan, 2005). The objective of HPH design
is to find proper heat pathways to achieve‘the dynamic HEN operation objective
which is desired targetivariables’and maximum/energy recovery. As the operating
conditions change or heat load disturbances enter, the designed control system

must regulate the heat flow within the network t6 meet the desired goal.

HPH is used in design and operation of RHEN. HPH is about how to
properly direct heat load disturbance throughout the network to heat sinks or
heat sources in order to achieve MER at all time. First two kinds of disturbances
is needed to be introduced: Positive disturbance load, D+, an entering disturbance
resulting in increasing heat load of a stream; Negative disturbance load, D-, an

entering disturbance resulting in decreasing heat load of a stream. D+ of a hot
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stream and D- of a cold stream must be directed to heaters and vice versa for D-
of a hot stream and D+ of a cold stream. The heat pathway should be short to
minimize the input and propagated disturbances, simply a path with minimized

upsets.

s and HEN Control Config-

5.

S —

fo@e 1 is shown in Figure 5.1.

C1 are directed to vaporizer;

5.2.1 Design of Heat Pa

uration for Alte

The design of twa

Both the positive and negative. dis ;
the corresponding of vaperizer ¢ isli ! ecreased accordingly. The
positive and the negative » :‘: ‘10ad “H1 hifted to vaporizer through
hot stream will result in

decrease of the vaporize ty whi ‘good. ative disturbance load of

hot stream will result in inc i@fr Povi y which is ruled by ATmin

AUEINENINYINg
RINNIUUNIININY

Figure 5.1 Heat pathways through alternative 1, where: (a) path 1 is used to shift
the positive disturbance load of the cold stream C1 to the vaporizer, (b) path 2 is used
to shift the negative disturbance load of the cold stream C1 to the vaporizer, (c) path
3 is used to shift the positive disturbance load of the hot stream H1 to vaporizer, (d)

path 4 is used to shift the negative disturbance load of the hot stream H1 to vaporizer.



29

From design the heat pathways for alternative 1, we can design the control
configurations as show in Figure 5.2. These control systems involve two manip-
ulated variable and two controlled variable and work as follows: the hot outlet
temperature of FEHEL is controlled at its nominal set point by manipulating the
valve on the bypass line and the cold stream is nominal temperature controlled

by manipulating the hot utility of vaj

5.2.2 Design of Heat Pz - J and HEN Control Config-

The design of 116 heat ative 2 shown in Figure 5.3 shifts
the positive and negatlve dlsturbance loads of C2 to cooler through the FEHE 2.

Thus, the posﬂﬁﬂr@ﬁ@:ﬂ ﬁ%ﬁﬁ ﬂujesult in decrease of

the cooler dutyﬂ/hlch 1S goo negative disturbance load of a cold stream

will resﬁ: ﬂi\m gmﬁ @ Eﬁln constraint.
The negzqtlve or 1t1ve is dlrected e cooler; the

corresponding of cooler duty is increased or decreased accordingly.
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Figure 5.3 Heat path : (a) path 1 is used to shift

the positive disturbanc r, (b) path 2 is used to shift
the negative disturban ; ¢ dold \ , (¢) path 3 is used to shift

\ (d) path 4 is used to shift
O leI'

From design the heat path o ‘-.\ ve 2, we can design the control

configurations as show in Figure 4.4. Th ntrol systems involve two manip-

ulated variable and two con -;1 work as follows: the cold outlet

)
niy

temperature of FEH] point by manipulating the

valve on the bypass -I- 0 ; -r’“-' is nominal temperature

L] -
controlled by manipula ing the cold utility of cooler.

ﬂUEJ’JVIEJVI‘ﬁWEJ’]ﬂﬁ
Q‘mﬁﬂﬂ‘im UA1AINYA Y

Figure 5.4 Control configurations of alternative 2
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5.2.3 Design of Heat Pathways and HEN Control Config-

uration for Alternative 3

The design of the heat pathways for alternative 3 shown in Figure 5.5 the
positive and negative disturbance loads of C1 are directed to vaporizer; the corre-
sponding of cooler duty is increased or decreased accordingly, shifts the positive

and the negative disturbance loads of vaporizer through FEHE 4. Thus,

result in decrease of the vapor-
izer duty which is good. T cative di load will result in increase
of the vaporizer duty which tled | \ T'min constraint and shift the positive
and the negative disturbam rn \\\. orizer through FEHE 3 and
FEHE 4. Thus, the positive di : fa \: C2) stream will result in
increase of the vaporize 7

“constraint. The negative

disturbance load will res r duty which is good.

2
ﬂ‘UEJ’J‘VIEJVIﬁWEJ\’m‘i

’Q‘mﬂﬁﬂ‘im UA1AINYA Y
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NG
Figure 5.5 Heat path gh %3;
- ‘t - -

positive disturbance load cold :EE n C1 to the vaporizer, (b) path 2 is used to

a) path 1 is used to shift the

shift the negative disturbanceload of 1 1 to the vaporizer , (c) path 3 is

used to shift the positive disturbance hot stream H1 to vaporizer, (d) path
R o . -
4 is used to shift the rege > stream H1 to vaporizer, (e)

path 5 is used to shifr s old stream C3 to vaporizer

and (f) path 6 is used @Shift e negative disturbance ]@d of the cold stream C3 to

vaporizer. g

-9 L ‘

From desigﬂ}yhgr Qltmag %Qeﬂtﬂ ;] Ie] (3: design the control
configurati show in K1 ;ﬁ 1K i iﬁf three manip-
ulated alﬁjﬁlﬁﬂi lj;ﬁj ﬁsg?oj :Elle hot stream
outlet temperature of FEHE 4 is controlled at its nominal set point by manipu-
lating the valve on the bypass line. The cold (C1) stream is nominal temperature
controlled by manipulating the hot utility of vaporizer and the cold (C2) stream

outlet temperature of FEHES is controlled at its nominal set point by manipulat-

ing the valve on the bypass line.
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f alternative 3

5.3 Design o ol Structure

In this work, considering two control

metric tons per year and

structure, one Luyben’s heuristic dt Cture point method (Wongsri, 2008)

—-,I-/tl "J‘l t.r '_F_"_ _-j,“
For all the heili mtegratlon unlﬁs M?ms are designed to con-
trol the outlet temp .*F ures of FEHESs and the t temiperatures in the columns
The bypass stream shb ld out-5a4g cent ﬂ the total flow to be able

to handle disturbances JOEES and Wllsont}997 In normal operation, a control

valve should ogﬂ fio it gl opening ekt 30 fol€olpErterit (Jones and Wilson,

1997). In our s&ldy, the bypass Valyes in the process -to- process heat-exchangers
o QORI FREUNI 9 HAR B oo
flow rate§ of about 6% of the total flow. In practice we have to overdesign the
process-to-process-heat- exchanger, in order to be able to handle the disturbances.
In this work, it is not our intention to study the best overdesign policy. The over-
size of the heat exchanger is related to the estimated maximum size of disturbance
loads of both the cold and hot streams. The size of disturbance in this study is

about 5 to 10% according to Luyben’s recommendations.



64

5.3.1 Design of Plantwide Control for the DME Process
of the Base Case and Heat Integration Process Al-

ternatives

Four control structures are present in this work. Control structure 1 (CS1)
is design by Turton (1998) and three new control structures are designed follow-
ing Luyben’s heuristic in control structure2 (CS2) and Fixture point method in
control structure 3 and 4 (CS3-and CS4). ‘The*€ontroller parameters are given in

Appendices C.

5.3.1.1 Control Structure d (CS1) ffor Base Case of the DME Process

This control struétuwe is sht;Wn @'Figure 5.7. This control structure fol-
low the fresh freed flow satejis Cohtrolle"d by valve, vaporizer outlet temperature
is controlled by hot utility; heat.exchang%éig outlet temperature for cold stream is
controlled by bypass valve on hot side, fee'd temperature of the product column
is controlled by cold utility. At séparatiaiii;sgction, the temperature of produc-
tion column on stage 20 is-contiolled by Héf’“iit‘ﬂity of reboiler, column pressure
is controlled by the;cold-utility-of-condenser;-level-of -condenser is controlled by
the distillate valve andlevel of reboiler is controlled by lgottom valve, the recycle
column temperature on stage 24 is controlled by hot utility of reboiler, column
pressure is controlled by the eoldiutility ‘of condenser, fevéliof condenser is con-
trolled by the distillate valve and level of reboiler is controlled by bottom valve.

DME puzityrand, resycle flow=rate domnot)controhaty this contrel structure.

5.3.1.2 Control Structure 2 (CS2) for Base Case of the DME Process

This control structure is followed Luyben’s heuristic that shown in Figure
5.8. This control structure follow; the fresh freed flow rate is controlled by valve,
vaporizer outlet temperature is controlled by hot utility, heat exchanger outlet
temperature for cold stream is controlled by bypass valve on hot side, feed tem-

perature of the product column is controlled by cold utility. At separation section,
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the DME purity is controlled by reflux valve, column pressure is controlled by the
cold utility of condenser, level of condenser is controlled by the distillate valve
and level of reboiler is controlled by reboiler utility, the recycle column; column
pressure is controlled by the cold utility of condenser, level of condenser is con-
trolled by the hot utility of reboiler and level of reboiler is controlled by bottom
valve. Recycle flow is control by recycle valve but column temperature does not

control at this control structure.

J
5.3.1.3 Control Structure 3.(CS3) for Base Case of the DME Process

This control steuctuze s followed Fixture point method that is shown in
Figure 5.9. Control variable and manlpulatlon item can be selected as follow;
the fresh freed flow rage is (ontrollod bgy valve, stream pressure before feed in
vaporizer is controlled by cageade with fr-:_b;sli feed flow controlled, vaporizer outlet
temperature is controlled by ‘hot otility,' ‘heat exchanger outlet temperature for

cold stream is controlled by byp‘asq Valvé onphot side, feed temperature of the

product column is controlled by cold utﬂiﬁy At separation section, the DME

purity is controlled by reflux Vavle product “column temperature at stage 20 is

controlled by hot utrh’cy of reboiler, column pressurexls controlled by the cold
utility of condenser, level of condenser is controlled by the distillate valve and
level of reboiler is controlled by cascade with flow control to recycle column. The
recycle columniRecycle column temperatute at stage 24 is controlled by hot utility
of reboiler, column pressure is controlled by the cold utility of condenser, level of
condenset 1§ contralled by refhixivalvé and level ofireboiler is'cdutrolled by bottom

valve. Reeycle flow is control by recycle valve.

5.3.1.4 Control Structure 4 (CS4) for Base Case of the DME Process

This control structure is followed Fixture point method that is shown in
Figure 5.10. Control variable and manipulation item can be selected as follow;
the fresh freed flow rate is controlled by valve, stream pressure before feed in

vaporizer is controlled by cascade with fresh feed flow controlled, vaporizer outlet
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temperature is controlled by hot utility, heat exchanger outlet temperature for cold
stream is controlled by bypass valve on hot side, feed temperature of the product
column is controlled by cold utility. At separation section, the DME purity is
controlled by reflux vavle, product column temperature at stage 20 is controlled
by hot utility of reboiler, column pressure is controlled by the cold utility of

condenser, level of condenser is congrolled by the distillate valve and level of

reboiler is controlled by feed va n. The recycle column; Recycle

column temperature at stage ttom valve, column pressure
is controlled by the co i1 ' ser, level of condenser is controlled by
reflux valve and level ility of reboiler. Recycle

flow is control by rec

U

AU INENTNEINS
RINNIUUNIININY
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5.3.1.5 Control Structure (CS1, CS2 CS3 and CS4) for the DME Pro-

cess Alternative 1

This alternative show control structure 1 (CS1) in figure 5.11, control struc-
ture 2 (CS2) in figure 5.12, control structure 3 (CS3) in figure 5.13 and control
structure 4 (CS4) in figure 5.14. The main control structure loop of CS1, CS2,
(CS3 and CS4 same as the base case that the fresh freed flow rate is controlled by
valve, vaporizer outlet temperature is controlled by hot utility, heat exchanger out-
let temperature for cold stream is controlled by bypass valve on hot side, but the
alternative 1 added theheat exchanger network to integrate the reactor efluence
stream for hot streani (H L#wigh the Vé&porizer feed stream for cold stream (C1).
Temperature is controlled at hot strea:méqtlet (product eolumn feed temperature)

by manipulating bypass valve of _hot str;liéa@ so this alternative not necessary to
add cooler. "‘

The separation loop control is ﬁhe sarﬁé" as the base case that the product col-
umn; pressure is controlled by cold utlhty of gondenser temperature is controlled

by hot utility of reboiler except CSQ is no‘t,‘ (;ontrolled product column tempera-

1_‘ -

ture, level of condenser is controlled by the distillate vajve and level of reboiler is

controlled by bottom valve for CS1, CS2 and control b,y cascade with flow con-
trol to recycle column jor CS3 and control with column feed valve for CS4, DME
purity is controlled by reflux valve of produet column for CS2, CS3, CS4 but not
controlled in CS1.The recygle coluin; temperature is contrelled by hot utility of
reboiler for CS1, CS2, CS3 but controlled by bottom valve for €S4, column pres-
sure is eontrolled by the cold utility of condenser; level of condenser is controlled
by recycle valve for CS1, control by hot utility of reboiler for CS2 and controlled
by reflux valve for CS3 and CS4, level of reboiler is controlled by bottom valve
for CS1, CS2, CS3 and control by hot utility of reboiler for CS4.
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5.3.1.6 Control Structure (CS1, CS2 CS3 and CS4) for the DME Pro-

cess Alternative 2

This alternative shows control structure 1 (CS1) in Figure 5.15, control
structure 2 (CS2) in figure 5.16, control structure 3 (CS3) in figure 5.17 and
control structure 4 (CS4) in figure 5.18. The main control structure loop of CS1,
CS2, CS3 and CS4 is the same as the base case that the fresh freed flow rate is
controlled by valve, pressure of stream inlet vaporizer is control by cascade with
flow inlet control for CS3 and CS4, vaporizer outlet temperature is controlled by
hot utility, heat exchanger outlet temperature for cold stream is controlled by
bypass valve on hot side, product colu'inn inlet. temperature is control by cooler
utility but the alternative2 added‘,the.f‘h@at exchanger network to integrate the
reactor effluence stream forhot st¥eam QHl) the produet column reboiler for cold
stream (C2). The tempgratareis .CQI'ltI'Oﬂ_QC{ at heat exchanger out of cold stream
(product column temperafure) by f:nanipéij%:ti‘ﬁg bypass valve of hot stream so this
alternative not necessary to add i‘éBolier "at‘:!pmduct column.

4’

The separation loop control IS the sarrre‘ as the base case that in the product

- 1_‘—

column; pressure is ccpntrolled by cold utlhty of condepber temperature is con-

trolled by bypass Valve adjusting except CS2 is not coutrolled product column
temperature, level of Condenser is"controlled by the dlstlllate valve and level of
reboiler is controlled bybettom valve for €€S1, CS2 and control by cascade with
flow control to recyele column for CS3 and control with column feed valve for
CS4, DME purity is controlled by reflux valve of product column for CS2, CS3,
CS4 butynot controlled in CS1.The recycle column; temperatite is controlled by
hot utility of reboiler for CS1, CS2, CS3 but controlled by bottom valve for CS4,
column pressure is controlled by the cold utility of condenser, level of condenser
is controlled by recycle valve for CS1, control by hot utility of reboiler for CS2
and controlled by reflux valve for CS3 and CS4, level of reboiler is controlled by
bottom valve for CS1, CS2, CS3 and control by hot utility of reboiler for CS4.
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5.3.1.7 Control Structure (CS1, CS2 CS3 and CS4) for the DME Pro-

cess Alternative 3

This alternative shows control structure 1 (CS1) in figure 5.19, control
structure 2 (CS2) in figure 5.20, control structure 3 (CS3) in figure 5.21 and
control structure 4 (CS4) in figure 5.22. The main control structure loop of CS1,
CS2, CS3 and CS4 is the same as the base case that the fresh freed flow rate is
controlled by valve, pressure of stream inlet vaporizer is control by cascade with
flow inlet control for CS3 and CS4, saporizer outlet temperature is controlled
by hot utility, heat exchangeroutlet temperature for cold stream is controlled
by bypass valve on hot side, but altoﬁflative 3 18 increased two heat exchanger
network. First, integrate ghe reactor ef}ﬂuenee stream for hot stream (H1) with
the product column rgboiler for €old stream (C2). The temperature is controlled
at product column by manipulatihg bypé}S‘s ,Valvo of hot stream. Second, integrate
the reactor effluence stream for h"ot:' streargi r(H‘l) with the vaporizer feed stream for

add vl
cold stream (C1). Temperaguire iscontrolled f;};c.‘hot stream outlet by manipulating

bypass valve of hot stream. T—'

- el

The separation loep control is the same as the basg case that in the product

column; pressure isicentrolled by cold utility of cond)eijser, temperature is con-
trolled by bypass valvé_ adjusting except C52 1s not éontrolled product column
temperature, level of condenser is controlled by the distillate valve and level of
reboiler is controlled by bottom! valve for £S1; €S2 and control by cascade with
flow control to recycle column foryCS3 and control with column feed valve for
CS4, DME purity ds éontrolled by reflux valve of product coltmnn-for CS2, CS3,
CS4 but not controlled in CS1.The recycle column; temperature is controlled by
hot utility of reboiler for CS1, CS2, CS3 but controlled by bottom valve for CS4,
column pressure is controlled by the cold utility of condenser, level of condenser
is controlled by recycle valve for CS1, control by hot utility of reboiler for CS2
and controlled by reflux valve for CS3 and CS4, level of reboiler is controlled by
bottom valve for CS1, CS2, CS3 and control by hot utility of reboiler for CS4.
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5.4 Dynamic Simulation Results

In order to illustrate the dynamic behaviors of new control structures, two
kinds of disturbances: thermal and material disturbances are used in evaluation
of the plantwide control structures. Three types of disturbance are used to test
response of the system: (1) change in the heat load disturbance of cold stream
(Reactor Feed Stream), (2) chauge in the heat load disturbance of hot stream
(Reactor Product Stream) and (3) change an the flow rate. Three disturbance
loads are used to evaluatesthe dynamie performanee of the base control structure
(CS1) is provided by Turton(1998) and new coutrol structures (CS2, CS3, and
CS4) for the DME procegst '

i
Temperature controllers are 21Ds which are tuned using relay feedback.

Temperature measurement lags of 0.5 rfi}iriute are included in the temperature
loops (vaporizer outlet temperature reat:'tbr"inlet femperature, product column
inlet temperature, product eolumn ‘temperathre and recycle column temperature).
Flow and pressure controller are PIS andft;heur parameters are heuristics values.

Proportional-only level controllers are used and their parameters are heuristics

values. Dimethyl ethe‘r composition is measured and cont"r_'olled using PI controller.
All control valves are h-alf—open at nominal operating condition.

In order to ﬂlustrate the. dynamic behayior of the C(;ntrol structure in the DME
process alternatives several disturbance loads areamade; The dynamic results are

explained in this‘part.

5.4.1 ‘Dynamic Simulation Results of the DME Process
Base case
Three disturbance loads are used to evaluate the dynamic performance

of the base control structure CS1 and design control structures from Luyben’s

heuristic CS2 and fixture point method CS3 and CS4 for DME process base case.
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5.4.1.1 Change in the Heat Load Disturbance of cold stream (Reactor
Feed Stream)

Figures 5.23, 5.26, 5.29 and 5.32 show the dynamic responses of the control
systems of DME process for base case to a change in the heat load disturbance
of cold stream (reactor feed stream). In order to make this disturbance, first
the temperature of combine stream between feed stream and recycle is decreased
from 46.4°C' to 41.4°C occurring at time égifial® 10 minutes, and the temperature
is increased from 41.4°C to 51.4°C' oceurring at time equals 200 minutes, then its
temperature is returned™to itsfiominal value of 41.4°C occurring at time equals
400 minutes (Figures 57238 264, 5.29@, and 5.32a).

All control structufé; ancliading, basg control structure CS1 and new control
structure CS2, CS3 andf’ésél give tbe‘sanﬁé rf_zsult to reject disturbance by vaporizer
to adjust duty as cold négative diéturl)aﬂg:e' is effected to vaporizer duty decrease
and cold positive disturbange is effected to' vaporiger duty increase, shown in
figures 5.23h, 5.26h, 5.29h and 5 32h NI;F only that heat load disturbance of
cold stream make vapor fractlon af \faporlz.—g;-(;utlet not equal one at short period

274 "y ' -
so effect to FEHE be(;a,use thls F EHE exchange heat of qtreams in vapor phase,

however it can be ad;_usted by bypass valve to control _t@mperature outlet of cold
stream as shown in ﬁgﬁre 5.23¢, 5.26¢,75.29¢, and 5312(: This disturbance dose
not affect product purity and a little affect production flow.

As can be see, this;disturbance load has a little bit effect to the tray temper-
atures in the product column and gproduct purity is slightly well however when
considemoutlet temperature of FEHE of ¢old stream CS3 and €S4is better than
CS1, CS2 because CS3 and CS4 control pressure of steam before feed to FEHE,

it makes temperature control smoothly at vaporizer outlet.
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5.4.1.2 Change in the Heat Load Disturbance of Hot Stream (Reactor
Product Stream)

Figures 5.24, 5.27, 5.30 and 5.33 show the dynamic responses of the control
systems of DME process of Base Case to a change in the heat load disturbance of
hot stream (Reactor Product stream).

In order to make this disturbanee, first the temperature of the reactor outlet
is decreased from 365.7°C to 360.7°C' océuftine at time equals 10 minutes, and
the temperature is increased from 36007°C £0 370.7°C occurring at time equals
200 minutes, then its témpesature is returned to its nominal value of 365.7°C
occurring at time equals 400 minttes 'll(Figures 5.24a, 5.27a, 5.30a, and 5.33a).
The disturbances load of ghe hot streamygare direct send to cooler because cold
temperature is controlled by Val_v_e ’byp‘ﬁ‘ssl 50 the disturbance can be reject by
cooler duty. The heat load distufba’nco ?:‘fgo;n the hot stream make effect smaller
than heat load disturbanee from "the cold stream because no phase change in
FHEE as shown in figures 5. 24c 5 27¢, 5 300,, and 5.33c. The dynamic responses
of product purity are shghtly Well and hav_e;a little bit effect to product ion flow

o | o™

rate. However if we con51der the product column temporature cold stream outlet

temperature of FEHE the dynamic response of CS3 is. bmoother than CS1, CS2
and CS4.

5.4.1.3 Change in the Flow rates of Main Process stteam

Figures 5.25, 5.28, 5.31 and 5.34 show the-dynamic respomses of the control
systems'of DME process base case/to.a change in the flow rates of main process
stream. This disturbance is made by decreasing flow rates from 328.5 kgmol/h to
323.5 kgmol/h occurring at time equals 10 minutes, and the flow rates is increased
from 323.5 kgmol/h to 333.5 kgmol/h occurring at time equals 100 minutes, then
its flow rates is returned to its nominal value of 328.5 kgmol/h occurring at time
equals 200 minutes (Figures 5.25a, 5.28a, 5.31a and 5.34a).

The dynamic result can be seen that the drop in flow rates reduces the reaction
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rate, so the production rate is decreased as shown in figures 5.25g, 5.28g, 5.31g and
5.34g but the DME product purity is opposite responded to increase when flow
rates decrease as shown in figures 5.25f, 5.28f, 5.31f and 5.34f. The disturbance
makes the large effect of the product column temperature but can be controlled to
set point value. The CS3 can control the temperature of product column better

than CS1, CS2 and CS3 so deviation of DME product quality from nominal value

AU INENTNEINS
PRIANTUUMINYAE
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Figure 5.23 Dynamic Responses of the DME Process Base Case to Change the
Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS1, where: (a) com-
bination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.24 Dynamic Responses of the DME Process Base Case to Change the Heat

Load Disturbance of Hot Stream (Reactor Product Stream): CS1, where: (a) reactor

outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature ,

(d) product column inlet temperature, (e) product column stage temperature, (f) DME

product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.25 Dynamic Responses of the DME Process Base Case to Change the
flow rate Disturbance of process stream: CS1, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.26 Dynamic Responses of the DME Process Base Case to Change the Heat
Load Disturbance of Cold Stream (Reactor Feed Stream): CS2, where: (a) combination
of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (¢) Reactor
inlet temperature , (d) Product column inlet temperature, (e) product column stage
temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer power

usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.27 Dynamic Responses of the DME Process Base Case to Change the Heat

temperature, (j) product column pressure.

Load Disturbance of Hot Stream (Reactor Product Stream): CS2, where: (a) reactor
outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature ,
(d) product column inlet temperature, (e) product column stage temperature, (f) DME

product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet
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Figure 5.28 Dynamic Responses of the DME Process Base Case to Change the
flow rate Disturbance of process stream: CS2, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.29 Dynamic Responses of the DME Process Base Case to Change the Heat
Load Disturbance of Cold Stream (Reactor Feed Stream): CS3, where: (a) combination
of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (¢) Reactor
inlet temperature , (d) Product column inlet temperature, (e) product column stage
temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer power

usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.30 Dynamic Responses of the DME Process Base Case to Change the Heat

Load Disturbance of Hot Stream (Reactor Product Stream): CS3, where: (a) reactor

outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature ,

(d) product column inlet temperature, (e) product column stage temperature, (f) DME

product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.



98

-1 - .
20000 700 i 7 @00 0000
4 : f: Lenmairad
| ©) i ®
3 : %
!m- 5 ;I? ‘
!ﬂﬂ' w R o
00000 2000 : 0 6000
7 (h)
e = -
E x ——] h
}_ oL fmv =11 o
| 400 0000 29000 2000 0Q, 4 0000
: . i
Ko imnivneioelimesiraniia
q

Figure 5.31 Dynamic Responses of the DME Process Base Case to Change the
flow rate Disturbance of process stream: CS3, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.32 Dynamic Responses of the DME Process Base Case to Change the Heat
Load Disturbance of Cold Stream (Reactor Feed Stream): CS4, where: (a) combination
of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (¢) Reactor
inlet temperature , (d) Product column inlet temperature, (e) product column stage
temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer power

usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.33 Dynamic Responses of the DME Process Base Case to Change the Heat

Load Disturbance of Hot Stream (Reactor Product Stream): CS4, where: (a) reactor
outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature ,
(d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.34 Dynamic Responses of the DME Process Base Case to Change the
flow rate Disturbance of process stream: CS4, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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5.4.2 Dynamic Simulation Results of the DME Process

Alternative 1

Three disturbance loads are used to evaluate the dynamic performance
of the base control structure CS1 and design control structures from Luyben’s

heuristic CS2 and fixture point method CS3 and CS4 for DME process base case.

5.4.2.1 Change in the Heat Load Disttiecbance of cold stream (Reactor

Feed Stream) J

Figures 5.35, 5.38, 541 and 5 44 show the dynamic responses of the control
systems of DME process.dér altemative‘ll to a change in the heat load disturbance
of the cold stream (reacter feed stréam)i. T order to make this disturbance, first
the temperature of combine gtream betvgeen feed stream and recycle is decreased
from 46.4°C' to 41.4°C Occudrring af time’i_égu‘als 10 minutes, and the temperature
is increased from 41.4°C £o 51.40Q’;occurtjijgg -at time equals 200 minutes, then its
temperature is returned to'its’fieminal Val'ﬁei_ﬂbf 41.4°C occurring at time equals

400 minutes (Figures 5.35a, 5.38a, 5414, é‘;l_dj.éléla).

This alternative.hgs been managed heat load propqéation of cold stream dif-
ference with base casé_that all control structures includfﬁg base control structure
CS1 and new control structure CS2, CS3 and CS4 give the same result to shift
the heat load disturbance to, FEEHE outlet-of ¢oldsstream-and.control temperature
of FEHE outlet of hot'stream by adjusting bypass valve and ' reject heat load dis-
turbance of cold stream same as base case by vaporizer duty adjusting as shown
in figures 5:35h, 5:38h,"541h @nd5:44h. The dyhamic responsibility of vaporizer
outlet temperature of this alternative is better than Base Case because the cold
stream is pre-heat by FEHE before send to vaporizer so the disturbance makes a
little liquid at stream outlet of vaporizer at short period. The dynamic response
of CS3 and CS4 are smoother than CS1 and CS2 because CS3 and CS4 are con-
trolled both of product column temperature and DME product purity but CS1

control only product column temperature and CS2 control only DME product.
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5.4.2.2 Change in the Heat Load Disturbance of Hot Stream (Reactor
Product Stream)

Figures 5.36, 5.39, 5.42 and 5.45 show the dynamic responses of the control
systems of DME process of alternative 1 to a change in the heat load disturbance
of hot stream (Reactor Product stream).

In order to make this disturbanee, first the temperature of the reactor outlet
is decreased from 365.7°C to 360.7°C' océuftine at time equals 10 minutes, and
the temperature is increased from 36007°C £0 370.7°C occurring at time equals
200 minutes, then its témpesature is returned to its nominal value of 365.7°C
occurring at time equals 400 minutes'll(F igures 5.36a, 5.39a, 5.42a and 5.45a).
The disturbances propagationofthe hot:}s’pream are difference with base case that
shift load to the cold streana; hot s_‘_creamjldu‘lc_let temperature of FEHE is controlled
by bypass valve and cold stream ‘tempegat{lre are reject by vaporizer duty. The
heat load disturbance from the hot stream }nake effect smaller than the heat load

disturbance from the cold btream because no Phase change in FHEE as shown in

figures 5.36¢, 5.39¢, 5.42c and 45¢. Thqynamlc responses of product purity

- o™

are slightly well and have a httle blt affect productlon ﬂow rate. However if we

consider the product LO]U.IIlIl temperature, the cold stredm outlet temperature of
FEHE, the dynamic response of CS3 and C54 are srqoother than CS1 and CS2
because CS3 and CS4 arescontrolled both.of product column temperature and
DME product purity hut CS1 control only: product column temperature and CS2
control only DME product purity.

5.4.2.3 Change in the Flow rates of Main Process stream

Figures 5.37, 5.40, 5.43 and 5.46 show the dynamic responses of the control
systems of DME process alternative 1 to a change in the flow rates of main process
stream. This disturbance is made by decreasing flow rates from 328.5 kgmole /h to
323.5 kgmol /h occurring at time equals 10 minutes, and the flow rates is increased

from 323.5 kgmol/h to 333.5 kgmol/h occurring at time equals 100 minutes, then



104

its flow rates is returned to its nominal value of 328.5 kgmol/h occurring at time
equals 200 minutes (Figures 5.37a, 5.40a, 5.43a and 5.46a).

The dynamic result same as Base Case that the drop in flow rates reduces
the reaction rate, so the production rate is decreased but DME product purity
increased. The CS4 can control the temperature of product column better than
CS1, CS2 and CS3 so deviation of DM

'L product quality from nominal value in
CS4 smoother than CS1, CS2 a t‘

AU INENTNEINS
ARIANTAUNNINGIAY
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Figure 5.35 Dynamic Responses of the DME Process Alternative 1 to Change

the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS1, where: (a)

combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)

Reactor inlet temperature , (d) Product column inlet temperature, (e) product column

stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.36 Dynamic Responses of the DME Process Alternative 1 to Change

the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS1, where: (a)

reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature

d) product column inlet temperature, (e) product column stage temperature, (f) DME
) p g

product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.37 Dynamic Responses of the DME Process Alternative 1 to Change the
flow rate Disturbance of process stream: CS1, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.38 Dynamic Responses of the DME Process Alternative 1 to Change
the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS2, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.39 Dynamic Responses of the DME Process Alternative 1 to Change
the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS2, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.



110

20 bt o« Tarrp-arturs (|

P

(®)
i
| ﬁn
.H. — :
00000 2000 7 — @00 6000
Mentes
(c) -~ (@
1w — —
g —
Y7 —
$117: — i l :
S 4 -;-' p—
s Meates
— © e ®
! i 3 ; ——385 kW
! v [

gm | §% ﬁm =

i marwis_ e
e | BeEeE

gmmmﬁm—

Figure 5.40 Dynamic Responses of the DME Process Alternative 1 to Change the
flow rate Disturbance of process stream: CS2, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)

DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.41 Dynamic Responses of the DME Process Alternative 1 to Change

the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS3, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.42 Dynamic Responses of the DME Process Alternative 1 to Change
the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS2, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.43 Dynamic Responses of the DME Process Alternative 1 to Change the
flow rate Disturbance of process stream: CS3, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.44 Dynamic Responses of the DME Process Alternative 1 to Change

the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS4, where: (a)

combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)

Reactor inlet temperature , (d) Product column inlet temperature, (e) product column

stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.45 Dynamic Responses of the DME Process Alternative 1 to Change
the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS4, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.46 Dynamic Responses of the DME Process Alternative 1 to Change the

flow rate Disturbance of process stream: CS4, where: (a) process stream flow rate, (b)

reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column

inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)

DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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5.4.3 Dynamic Simulation Results of the DME Process
Alternative 2

Three disturbance loads are used to evaluate the dynamic performance
of the base control structure CS1 and design control structures from Luyben’s

heuristic CS2 and fixture point method CS3 and CS4 for DME process base case.

5.4.3.1 Change in the Heat Load Disttiecbance of cold stream (Reactor

Feed Stream) J

Figures 5.47, 5.50, 5:53 and 5 56 show the dynamic responses of the control
systems of DME process.dér alternativelb to a change in the heat load disturbance
of the cold stream (reacter feed stréam):m. T order to make this disturbance, first
the temperature of combine gtream %etvgeen feed stream and recycle is decreased
from 46.4°C' to 41.4°C Occurring a_t'fime’f_‘ggqals 10 minutes, and the temperature
is increased from 41.4°C fo 51.40Q’:doccuriji;§g -at time equals 200 minutes, then its
temperature is returned to'its/nominal Va@fbf 41.4°C occurring at time equals

400 minutes (Figures 5.47a, 5.50a,5.53a and 5:56a).

This alternative,hé_,s been managed heat load propa,g';'_at-ion of cold stream same

as Base Case that aﬂ"'éontrol structures including base control structure CS1 and
new control structure*CS2, CS3 and CS4 give the samie result to shift the heat
load vaporizer directlysands using dutysto-rejeat disturbange. as shown in figures
5.47h, 5.50h, 5530 and 5.56h." The" dynamic' responsibility of this alternative
same as_base _case because it_makes vapor fraction_at vaporizer<outlet not equal
one for short period so reactoriinletttemperatute is decreased for.short period.
However CS4 can control temperature loop, production rate and DME product
purity better than CS1, CS2 and CS3 because CS4 control pressure of steam

before feed to FEHE, it makes temperature control smoothly at vaporizer outlet.
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5.4.3.2 Change in the Heat Load Disturbance of Hot Stream (Reactor
Product Stream)

Figures 5.48, 5.51, 5.54 and 5.57 show the dynamic responses of the control
systems of DME process of alternative 2 to a change in the heat load disturbance
of hot stream (Reactor Product stream).

In order to make this disturbance, first the temperature of reactor outlet is
decreased from 365.7°C' to 360.7°C" oceuiring at time equals 10 minutes, and
the temperature is increased from 36007°C £0 370.7°C occurring at time equals
200 minutes, then its témpesature is returned to its nominal value of 365.7°C
occurring at time equals 400 minutes"l(F igures 5.48a, 5.51a, 5.54a and 5.57a).
The disturbances propagation/of the -ho._t‘ stream are difference with the base case
and alternative 1 thatsshiff distu_rbance:’te_ the hot stream outlet of FEHE and
reject disturbance by coeler: This alternngi{fe control temperature of product col-
umn by bypass valve so the dev1at10n of temperdture larger than base case and
alternative 1 as shown in hguree 48e 5 516’1 5.54e¢ and 5.57¢. However when

compare between control structureq thatﬂr dynamlc response of CS3 and CS4

1_‘ -

are smoother than CS,l CSZ because 083 and CS4 are controlled both of prod-

uct column temperaﬁcure and DME product purity but. CSl control only product
column temperature and CS2 control only DME prodgct purity.

5.4.3.3 Change in the Flow rates of Main Process stteam

Figures 5.49, 5.52, 5.55 and 5.58 show the-dynamic respomses of the control
systemsiof DME process alternative 1.to a/changein the flow rates 6f main process
stream. This disturbance is made by decreasing flow rates from 328.5 kgmol/h to
323.5 kgmol/h occurring at time equals 10 minutes, and the flow rates is increased
from 323.5 kgmol/h to 333.5 kgmol/h occurring at time equals 100 minutes, then
its flow rates is returned to its nominal value of 328.5 kgmol/h occurring at time

equals 200 minutes (Figures 5.49a, 5.52a, 5.55a and 5.58a).
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The dynamic result is the same as the base case and alternative 1 that the
drop in flow rates reduces the reaction rate, so the production rate is decreased but
DME product purity increased. The CS4 can control the temperature of product
column better than CS1, CS3 and CS3 so deviation of DME product quality from
nominal value in CS4 smoother than CS1, CS2 and CS3.
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Figure 5.47 Dynamic Responses of the DME Process Alternative 2 to Change
the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS1, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.



121

fae e | 25 o
Menter Menges .
(a) )
e s
2900 ' 'wl : %(C)
e ' :
2080
00000 2000 W00 v L @00 6000
J - Mirtes
© e, (@
?1“ s ) |
s 78— | S 2 |
s — A7) ——
00000 2000 7, 00 6000
J = Miretes
© o - il ®

ol TN TNl d¢el]
q
Figure 5.48 Dynamic Responses of the DME Process Alternative 2 to Change

the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS1, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.49 Dynamic Responses of the DME Process Alternative 2 to Change the
flow rate Disturbance of process stream: CS1, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.50 Dynamic Responses of the DME Process Alternative 2 to Change
the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS2, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.51 Dynamic Responses of the DME Process Alternative 2 to Change
the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS2, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.52 Dynamic Responses of the DME Process Alternative 2 to Change the
flow rate Disturbance of process stream: CS2, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.53 Dynamic Responses of the DME Process Alternative 2 to Change
the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS3, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.54 Dynamic Responses of the DME Process Alternative 2 to Change
the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS3, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.55 Dynamic Responses of the DME Process Alternative 2 to Change

the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS3, where: (a)

reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature

, (d) product column inlet temperature, (e) product column stage temperature, (f) DME

product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.56 Dynamic Responses of the DME Process Alternative 2 to Change
the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS4, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.57 Dynamic Responses of the DME Process Alternative 2 to Change
the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS4, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.58 Dynamic Responses of the DME Process Alternative 2 to Change
the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS4, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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5.4.4 Dynamic Simulation Results of the DME Process
Alternative 3

Three disturbance loads are used to evaluate the dynamic performance
of the base control structure CS1 and design control structures from Luyben’s

heuristic CS2 and fixture point method CS3 and CS4 for DME process base case.

5.4.4.1 Change in the Heat Load Disttiebance of cold stream (Reactor

Feed Stream) J

Figures 5.59, 5.62, 565 and 5 68 show the dynamic responses of the control
systems of DME processfor alternativell?» to a change in the heat load disturbance
of cold stream (reactor féed/sireamy. it order to make this disturbance, first
the temperature of combine gtream %etvgeen feed stream and recycle is decreased
from 46.40C to 41.40COccurring a_t’ﬁme‘f_f;gqals 10 minutes, and the temperature
is increased from 41.40C fo 51.40@doccurﬁ'§ég -at time equals 200 minutes, then its
temperature is returned to its/neminal val'ﬁe!ifbf 41.40C occurring at time equals

400 minutes (Figures 5.59a, 5.62a,5.654 and 5:68a).

This alternative,hés been managed heat load propag’i‘ét-ion of cold stream same
as alternative 1 to Sfﬁft the heat load to EBHE outlet of cold stream and control
temperature of FEHE"0utlet of hot stream by adjusting bypass valve and reject
heat load disturbance of the eoldsstream~is the same as, base case by vaporizer
duty adjusting'figures 5:59h; 5.62h;"5:65h "and 5.68h. The dynamic responsibility
of this alternative is better than the hase casé-because the cold_stream is pre-
heat by FEEHE befdre send totvapotizer'so the disturbance makes alittle liquid at
stream outlet of vaporizer at short period. However CS4 can control temperature
loop, production rate and DME product purity better than CS1, CS2 and CS3
because CS4 control pressure of steam before feed to FEHE, it makes temperature

control smoothly at vaporizer outlet.
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5.4.4.2 Change in the Heat Load Disturbance of Hot Stream (Reactor
Product Stream)

Figures 5.60, 5.63, 5.66 and 5.69 show the dynamic responses of the control
systems of DME process of alternative 3 to a change in the heat load disturbance
of hot stream (Reactor Product stream).

In order to make this disturbanee, first the temperature of the reactor outlet
is decreased from 365.70C to 360.70C oceutmng at time equals 10 minutes, and
the temperature is increased from 360:70C £0.370.70C occurring at time equals
200 minutes, then its témperature is returned to its nominal value of 365.720C
occurring at time equals 400 tainaites (figures 5.60a; 5.63a, 5.66a and 5.69a). The
disturbances propagation of the hot stréam is the same as alternative 2 that shift
disturbance to the hotfstream outle‘t of‘F EHE and reject disturbance by cooler.
This alternative controlk temperature of product column by bypass valve so the
deviation of temperature darger’ than the base case and alternative las shown in
figures 5.60e, 5.63e, 5.66e and 5 69e However ,When compare between the control
structures that the dynamic response of €S‘3 and CS4 are smoother than CS1,

s,-a. ' by

g

(CS2 because CS3 and1 CS4 Control both product colunm temperature and DME

product purity but CS1 control only product column temperature and CS2 control

only DME product purity.

5.4.4.3 Change in the Flow rates of Main Process stteam

Figures 5.61, 5.64, 5.67 and 5.70 show the-dynamic respomses of the control
systems‘of DME ptocess alternative 3.t0 a/‘changein the flow rates ofimain process
stream. This disturbance is made by decreasing flow rates from 328.5 kgmol/h to
323.5 kgmol/h occurring at time equals 10 minutes, and the flow rates is increased
from 323.5 kgmol/h to 333.5 kgmol/h occurring at time equals 100 minutes, then
its flow rates is returned to its nominal value of 328.5 kgmol/h occurring at time

equals 200 minutes (Figures 5.61a, 5.64a, 5.67a and 5.70a).
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The dynamic result same as Base Case alternative 1 and alternative 2 that the
drop in flow rates reduces the reaction rate, so the production rate is decreased but
DME product purity increased. The CS4 can control the temperature of product
column better than CS1, CS3 and CS4 so deviation of DME product quality from
nominal value in CS4 smoother than CS1, CS2 and CS3.
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Figure 5.59 Dynamic Responses of the DME Process Alternative 3 to Change
the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS1, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.60 Dynamic Responses of the DME Process Alternative 3 to Change
the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS1, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.61 Dynamic Responses of the DME Process Alternative 3 to Change the
flow rate Disturbance of process stream: CS1, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.62 Dynamic Responses of the DME Process Alternative 3 to Change
the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS2, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column

stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.



139

00000 2000 ez ~ 400 8000
S Metes
(d)
—A———0 954
1, " fet | Mnater
gl (®
s
J - e 115
" 1091 (W)
| 7
2000 00 6000

Figure 5.63 Dynamic Responses of the DME Process Alternative 3 to Change
the Heat Load Disturbance of Hot Stream (Reactor Product Stream): CS2, where: (a)
reactor outlet stream temperature, (b) fresh feed flow rate, (c) reactor inlet temperature
, (d) product column inlet temperature, (e) product column stage temperature, (f) DME
product purity, (g) DME production flow, (h) vaporizer power usage, (i) vaporizer outlet

temperature, (j) product column pressure.
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Figure 5.64 Dynamic Responses of the DME Process Alternative 3 to Change the

£

flow rate Disturbance of process stream: CS2, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.65 Dynamic Responses of the DME Process Alternative 3 to Change the

flow rate Disturbance of process stream: CS2, where: (a) process stream flow rate, (b)

reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column

inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)

DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.66 Dynamic Responses of the DME Process Alternative 3 to Change the
flow rate Disturbance of process stream: CS2, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.67 Dynamic Responses of the DME Process Alternative 3 to Change the
flow rate Disturbance of process stream: CS3, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column

inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)

DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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Figure 5.68 Dynamic Responses of the DME Process Alternative 3 to Change

the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS4, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.69 Dynamic Responses of the DME Process Alternative 3 to Change

the Heat Load Disturbance of Cold Stream (Reactor Feed Stream): CS4, where: (a)
combination of fresh feed and recycle stream temperature, (b) Fresh feed flow rate, (c)
Reactor inlet temperature , (d) Product column inlet temperature, (e) product column
stage temperature, (f) DME product purity, (g) DME production flow, (h) vaporizer

power usage, (i) vaporizer outlet temperature, (j) product column pressure.
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Figure 5.70 Dynamic Responses of the DME Process Alternative 3 to Change the
flow rate Disturbance of process stream: CS4, where: (a) process stream flow rate, (b)
reactor outlet stream temperature, (c) reactor inlet temperature, (d) product column
inlet temperature, (e) product column stage temperature, (f) DME product purity, (g)
DME production flow, (h) vaporizer power usage, (i) vaporizer outlet temperature, (j)

product column pressure.
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5.5 Evaluation of the Dynamic Performance

The dynamic performance index is focused on time related characteris-
tics of the controller’s response to setpoint changes or deterministic disturbances.
There exist several candidate performance measures such as settling time and in-

tegral absolute error (IAE). Integral absolute error is well known and widely used.

# as written below:
—af?gé.
Y ==

rror) of the response from

For the formulation of a dynami

Note that €(t)

the desired setpoint.

dynamic performance of

the designed control systerus. s ¢ show the TAE result for

change in the disturbance loa,‘da,’éf%lfceﬁr native 1, Table 5.3a to Table 5.3c show
P ..3“’,9;'-"..(' £ LY e
the TAE result for ‘pm change in the ;fist il: f alternative 2and Table

5.3a to Table 5.3c s t u' the disturbance load of

alternative 3 D m
¢ o o/
As can ﬁ ﬂﬂ]ﬁeng ﬂ)ﬁﬂﬂ:ﬁ@]iﬂlﬁdi%urbanoe loads of

the hot and cold steam and the change in the disturbance loads of the process
s

stream Q‘Aﬁ’cﬂ ﬁ QIE! y fafi ﬁ)ﬁﬁﬁi 1&3@ laother control

structures so the control y performance o S1, CS2 and

CS3
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Table 5.1a The TAE result of the DME process in the base case to a change in

the disturbance load of cold stream (reactor feed stream)

Table 5.1b The [AE

the disturbance load of fot

Table 5.1c Tﬂlu Eju‘ftgoﬁﬁ

the disturbanceload of hot stream ‘(reactor product stream)
=9

o

Integral Absolute Error (TAE)
Controller Cs1 CS2 CS3 CS4
T-disl | 0.57025 | 0.00000 | 1.02570 | 1.40404
T-BP 0.61350 | 1.13097 | 1.15717 | 1.09836
Tin-disl | 2.0 6 | 0.65360 | 0.60062
Tin-vap _ 0.84473 | 0.87334
DME-pur 00 [41.1 034 | 1.73627
Su 4|37 5.71263
Aver 0.93065 - 1.14253
‘DA ‘ alternative 1 a change in
4 !
¥ reactor pr eam)
_ 'Tn-ﬁgJ I Absolute Error, (IAE)
Controll G I )7 cs4
T-di 056300 | 0:00000 | 077301 | 166303
T-BP tﬁ%ﬁw . 0.67487 | 0.69310
Tin-dis] | 186525 E;ou 0.62055 | 0.54224
Tib-vap | 1.51616 | 0 10,83915
D purity | 0. 1.39730
Sim | 48037 5.13483
Average | 1.37575 | 0. 72045 0.49607 | 1.02697

ﬂ)wlﬁw Sl lcfaliGimative 1 a change in

a

aqn :I't 2l éalt% 1 ~F£E) EI
Controller CS1 CS2 CS3 CS4
T-disl 0.93449 | 0.00000 | 1.05329 | 1.01222
T-BP 1.11153 | 1.15142 | 1.32694 | 0.41011
Tin-disl 2.08004 | 0.53882 | 0.44550 | 0.43564
Tin-vap 1.88248 | 0.59805 | 0.48092 | 0.63855
DME-purity | 0.00000 | 1.65772 | 0.30292 | 1.03936
Sum 6.00854 | 3.94601 | 3.60957 | 3.53588
Average 1.50214 | 0.98650 | 0.72191 | 0.70718
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Table 5.2a The [AE result of the DME process in the alternative 1 a change in

the disturbance load of hot stream (reactor product stream)

Table 5.2b The [AE

the disturbance load of fot

Integral Absolute Error (TAE)
Controller Cs1 CS2 CS3 CS4
T-disl | 0.80065 | 0.00000 | 1.38815 | 0.81119
T-BP 115192 | 1.26619 | 0.38759 | 0.79429
Tin-disl | 1. 871 | 1.37328 | 0.78507
Tin-vap _ 0.23175 | 0.62983
DME-pur 00 [,1.4 232 | 0.75516
Su 51151 3.77553
Aver § |11.29158 0.75511
‘DA ‘ alternative 1 a change in
4 !
¥ reactor pr eam)
_ 'Tn-ﬁgJ I Absolute Error, (IAE)
Controll G I )7 cs4
T-di 0.93040 | 0:00000 | 1:10949 | 0.95111
T-BP £ | OiT 1 0.01187 | 0.92270
Ti-disl | L19573. E;lu 11116 | 0.16044
Tip-vap | 1.06467 | 1.1 4@31554
D purity | 0. .15703
Su Ty 09576 | 2.50682
Avg: e | 1.01024 | 1. 08911 0.81915 | 0.50136

Table 5.2¢ Tﬂl% Ej Q ﬁf ﬂ)@ﬂ:‘% W E] {q ﬂt‘ﬁ]&tlve 1 to a change

in the flow rate ‘of process stream

N

v

aﬂ n 4 I-te ,-m_lte r F[ E) a‘ EI
Controller CS1 CS2 CS3 CS4
T-disl 0.86098 | 0.00000 | 0.89572 | 1.24330
T-BP 0.69134 | 0.95802 | 0.68567 | 0.66497
Tin-disl 0.73613 | 1.50900 | 1.36329 | 0.09158
Tin-vap 1.11370 | 1.22353 | 0.11550 | 0.14726
DME-purity | 0.00000 | 0.89710 | 1.19041 | 0.91249
Sum 3.40215 | 4.58765 | 4.25060 | 3.05960
Average 0.85054 | 1.14691 | 0.85012 | 0.61192
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Table 5.3a The TAE result of the DME process in the alternative 2 to a change

in the disturbance load of cold stream (reactor feed stream)

Table 5.3b The IAE

the disturbance load of fot

Table 5.3¢ Tﬂl% Ej Q ﬁf

alternative 2 a change in

Integral Absolute Error (TAE)
Controller Cs1 CS2 CS3 CS4
T-disl | 0.49792 | 0.00000 | 1.04615 | 0.45593
T-BP 0.49062 | 0.90348 | 1.48682 | 0.91907
Tin-dis1 | 0. 814 | 1.35212 | 1.02338
Tin-vap _ 1.05469 | 0.68927
DME-pur 00 |,0.6 454 | 0.58185
Su 4 (3.1 3.66951
Aver 0.27797 0.73390
4 A
¥ reactor pr eam)
_ 'Tn-ﬁgJ I Absolute Error, (IAE)
Controll G I )7 cs4

T-di 114540 | 0200000 | 067019 | 0.84704
T-BP Q;eé%g - 14 1.00005 | 0.90337
Tin-dist | 074522 | 0. 14884 | 0.79158
Tiuvap | 054410 | 10,6012
D purity | 0. 1.01749
Sim | 27458 | 4.25071
Avg: e | 0.85755 | 0. 77672 0.85491 | 0.85014

in the flow rate ‘of process stream

N

AN
Controller CS1 CS2 CS3 CS4
T-disl 1.58811 | 0.00000 | 1.02013 | 0.39176
T-BP 0.53139 | 1.19520 | 1.63567 | 0.63774
Tin-disl 0.78161 1 | .18850 | 1.28547 | 0.74441
Tin-vap 1.11517 | 1.01399 | 1.01457 | 0.85627
DME-purity | 0.00000 | 1.12570 | 1.06158 | 0.81272
Sum 4.01628 | 4.52339 | 6.01742 | 3.44290
Average 1.00407 | 1.13085 | 1.20348 | 0.68858

ﬂ)wﬂﬁ W EI {q ﬂt‘ﬁlatlve 3 to a change
AlY
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Table 5.4a The TAE result of the DME process in the alternative 3 to a change

in the disturbance load of cold stream (reactor feed stream)

Integral Absolute Error (TAE)
Controller CS1 CS2 CS3 CS4

T-dis1 1.24585 | 0.00000 | 1.44532 | 1.30883

T-BP 1.35307 _0:76412 1.36364 | 1.51917

Tin-disl 1.3 5 | 1.38750 | 0.04408

Tin-vap 1.42148 | 1.32247

DME-pur 00 | .7 536 | 0.38434

Su 73 4.9 4.57890

Aver 26568 ||1.22877" 0.91578

Table 5.4b The IAE DA ‘ alternative 3 a change in
the disturbance load of hot st ‘gi"eLa tor pr Y eam)
_ 'Tn-ﬁgJ I Absolute Error, (IAE)
Controlle %ﬁgl_‘:i - CS4

T-dist®  J0.97347 | s 9348 | 1.03105

T-BP | (/69976 1.0 0.99929 | 0.99988

Tin-dis] | 130489 | 1.2 37060 | 0.04998

Titkvap | 1.25877 gl A 0.45565

D Zpurity /.55952

Sﬁ - 99822 | 4.09608

Avera%g 1.13472 | 1. 09170 0.99964 | 0.81922

Table 5.4c Tﬂl% Ej Q ﬁf ﬂ)@ﬂ:‘% W E] {q ﬂt‘ﬁ]&tlve 1 to a change

in the flow rate ‘of process stream

AR TR TR ¢

q Controller CS1 CS2 CS3 CS4
T-disl 1.59929 | 0.00000 | 0.83620 | 0.56450
T-BP 0.90471 | 1.02804 | 1.03094 | 1.03631
Tin-disl 1.07625 | 1.52970 | 1.35704 | 0.03701
Tin-vap 1.81856 | 1.05140 | 0.69710 | 0.43294
DME-purity | 0.00000 | 1.59704 | 0.16152 | 1.24144
Sum 5.39881 | 5.20619 | 4.08280 | 3.31220
Average 1.34970 | 1.30155 | 0.81656 | 0.66244




CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusion

In this thesis, we consgidered two mainobjectives that to design heat inte-
grated process and design-eontrol structure of the DMFE process that given by Tur-
ton (1998). First objective to*design heat integrated process of DME process for
three alternatives by using disturbancel'lload propagation method (Wongsri, 1990)
to minimize energy usage #/hen compare with Base Case. From steady state sim-
ulation result by HYS¥S we ¢an save tlf"é energy usage 58.78% for alternative 1,

BEV
15.55% for alternative 2'and 58.77% for alternative 3 compare with Base Case

FRAd g
a

\ <)
Second objective, wa congidered the'plantwide control structure of DME
s 22

process to matching with heaf'ihtegratioﬁ%é’l_‘ternatives. The plantwide control

structures are carry-qut_in to four control structiire, control structure 1(CS1) is

design by Turton (1‘9?%25) for base control structure, co:ﬂt_f.i:ol structure 2 (CS2) is
designed follow nine step approach of Luyben and co—vx;orkers, control structure 3
(CS3) and control structure 4 (CS4) are designed follow the fixture point method
to make a goodscontrollability and maintaining good control performance.

The plantwide control structures are designed using the disturbance load prop-
agationmethod and HEN designfollotvs rédilient H ENlsynt hiésis-métiod (Wongsri,
1990) and heat pathway heuristics,(HPH) (Wongsri and Hermawan, 2005), re-
spectively. In general the HPH is very useful in terms of heat load or disturbance
management to achieve the highest possible dynamic MER.

Two kinds of disturbances: thermal and material disturbances are used in
evaluation of the plantwide control structures. The performances of the heat

integrated plants and the control structures evaluated dynamically by commercial

software HYSYS.
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Since the major of control loop is similar, the dynamic response and dynamic
performance of the three new control structures are slightly deference. The IAE
method is used to evaluate the dynamic performance of the designed control sys-
tems.

As can be see, The TAE result of control structures CS3 and CS4 are nearly
and CS1 give the result near CS2 begause CS3 have a control structure similarly
CS4 and CS1 have a control structure similarly CS2, however CS4 give the best
performance of control structure to n_ljnimize the IAE score. But IAE score of
CS2 to high because CS2 exhibited véry slow dynamics and is more sensitive to
the disturbances. .

The heat-integratedsplants of DME ]i)lant is selected to illustrate the concepts,
the design procedures aud the analyéiq is;ifiustrated using time domain simulation-
based approach through/HY¥YSYS" r1gor0,us ‘dynamic simulator. Although heat-
integration process is diffigult to. con‘rml but ‘proper control structure can reduce
complication for complex heat m‘u@gratlonf process control and achieve to design

objectives. However, the energy usage is u:x_;po‘rtant to consider because the good

control structure with heat integration proeess*m less energy consumption, namely

decreasing operatlon Sost: A

6.2 Recomrﬁendations

1. Study andadesign the highly complex heat-integrated plants of DME process

pointeof views

2. Study the controllability characteristics of highly complex heat-integrated
plant of DME process.

3. Study and design the control structure of complex heat-exchanger networks
and heat-integrated plants of the other process in plantwide control point of

view.
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APPENDIX A

PROCESS STREAM DATA FOR SIMULATION AND
EQUIPMENT DATA SPECIFICATION OF THE DME

Vap_out HEN _feed
Stream name
(4) (4-1)
Temperature [°C] 154.00 154.00

Pressure [bar] 15.20 15.10
MolarFlow kgmole/hr] 328.51 328.51
Methanol, mole fraction 0.9841 0.9841
Water, mole frection 0.0114 0.0114
DME mold fraction 0.0045 0.0045

Sooler_inlet Disl_inlet DME_product

- r-;J.l‘:'*ﬂﬁ)‘ /0 (8) (10)

Stream name

Temperature [°C] lh 250.00 365.96 ' 95.00 46.35
A i

13.40 10.30

Pressure [bar|

MolarFlowkgmole/hr] "« , 328.51 129.7
il 1l
= —
Methanol, mole fraction 0 9841 0.1982 0.1982 0.1982 0.0046
Water, mole frection 0.4044 5 0.4043 0.0000
DMEmowfrﬁuﬂwﬂmwmm

- QN ET Eﬁﬁﬁﬂ FANFTIR

Temperature °c 151.04 138.36 121.69 166.11
Pressure [bar] 10.40 7.38 7.30 7.45
MolarFlowkgmole/hr] 198.81 198.81 66.29 132.51
Methanol, mole fraction 0.3246 0.3246 0.9590 0.0071
Water, mole frection 0.6681 0.6681 0.0191 0.9929

DME mold fraction 0.0073 0.0073 0.0219 0.0000
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Table A.2 Equipment data and Specifications of heat-integrated plant of

DME process

Heat integrated process of DME process
Equipments Specifications
BC Alternative 1 | Alternative 2 | Alternative 3
Diameter (m) 0.750 0.750 0.750 0.750
Reactor Length (m) 13.475 13.475 13.475 13.475
Number of tube. J 1 1 1
Vaporizer 0.1 0.1
Cooler 0.1 -
2.272 2.272
FEHE1 0.193 0.193
1.69 x 10* 1.69 x 10*
2.272
FEHE2 - 0.193
7.54x 10°
2.272 2.272
Reboiler Column 1
Tube yvolu 0.193 0.193
(CC1)
(kd/C 7.53 x 10* 7.54 x 10*
Tank Bottom C1(TB1) | Vessel volu 1.911 1.911

Table A.3 Column

[OCESS hase case

L
~

Parameters colu

Model -w
SievelIr Sieve Tray

NuﬁuE}’JVIEJWWEJ']ﬂi
q W aﬁmm WANYTAY

r'- ecycle Column

Refluxed absorber ’I >fluxed absorber

Tray space ( 0.5499 0.550
Weir length (m) 1.200 4.278
Weir height (m) 0.05 0.05

Distillate rate
66.3 kgmol/h
Water purity 0.959

Distillate rate
129.7 kgmol/h
DME purity 0.9954

Specification 1

Specification 2
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APPENDIX B

PARAMETER TUNING OF CONTROL STRUCTURE

B.1 Turning Flow, Level, Pressure, Temperature Control.
Flow Controllers
The dynamics of flow measurement are fast. The time constants for moving

control valves are small. Therefore, the edutroller can be tuned with a small
integral or reset time constant 7;. A.walue of 7; = 0.3 minutes works in most
flow controllers. The value of.eontroller gain should be kept modest because flow
measurement signals are semetime noikfy due to the turbulent flow through the
orifice plate. A value®f contreller/gain gf..-Kc = 0.5 is often used.

Level Controllers i

Most level contralless should useffproportional—only action with a gain of
1 to 2. This provides the njaxinmum arﬁfj'llﬁt of flow smoothing. Proportional
- - II'
gbd v ol o
control means there will be'steady=state o.ffsgtﬂ (the level will not be returned to

its setpoint value). However, maintaining ,afrliquid level at a certain value is often

4 -

not necessary when the liquid Eapécity is sifnply being fised as surge volume. So

the recommended tuzing of a level controller is K¢ = 2.
Pressure Control;lers ;
Setting the integralstime equal togabout 2 to 4 times the process time
constant and using a reasonable controller gain usually gives-satisfactory pressure
control. Of course the gain used depends on the_span of the pressure transmitter.
Some simple gtep tests can belused to find the value of eontroller gain that yields
satisfactory pressure control. Typical pressure controller tuning constants for
columns and tanks are Kc¢ = 2 and 71 = 10 minutes.
Temperature Controllers
Temperature dynamic responses are generally slow, so PID control is used.
Typically, the controller gain, Kc, should be set between 2 and 10, the integral

time, 77, should set between 2 and 10 minutes, and the derivative time 74, should

be set between 0 and 5 minutes.
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Table B.1 Parameter tuning of DME process \k‘ //
W *

Controller | controlled variable | Control action | Kc | Ti (min) | Td (min)
Reaction section
Flow_ in Process flow rate Reverse 0.5 0.3 -
Fin_ FEHE1 Heat exchange feed flow rate Reverse 0.5 0.3 -
Fin_ disl Product column feed flow rate Reverse 0.5 0.3 -
Tout_ vap Vaporizer outlet temperature Reverse 0.050 0.220 0.049
T_BP Reactor inlet temperature Direct 0.100 0.170 0.100
Tin_ disl Product column inlet temperature Direct 0.100 0.100 0.050
Twaste Waste water temperature Direct 0.100 0.100 -
Separation section (Product Column)
P_ disl Product column pressure | Direct 2 10 -
T_ disl Product column stage 20 temperature (Qreboill) Reverse 2 25 0.111
Lcon_ disl Product column condenser level j ‘ Direct 2 - -
Direct 2 - -
Direct 2 - -
Lreboil_ disl Product column reboiler level
Direct 2 - -
Reverse 2 - -
Separation section (Recycle Column) Ii'i
P_dis2 Recycle column pressure ‘ﬁ{ecycle column condenser duty (Qcon2) Direct 2 10 -
Cs1, C98 ) Reboiler Quty (Qreboil2) Reverse 2 15 0.138
T_ dis2 Recycle column stage 24 temperature - 3
e Botsoni|flow rate valve (VLV-105) Direct 406 | 26.70 5.94
Sll" D stll'l'l'ﬂtion low rate valve (VLV-104 Direct 2 - -
Lcon_ dis2 Recycle column condenser level
CS2, CS3, CS4 1 Reflux val& ﬁirect 2 - -
1 tto e L. ect 2 - -
Lreboil_ dis2 Recycle column reboileraelw W @ Ee i
q S le ty (Qreboi )I L b ]jnslt 2 - -

91
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APPENDIX C

FIXTURE POINT THEOREM DATA

Table C.1 List of Manipulate Variable for DME Process

Manipulate Variable Descript' 1 i
[ "o
VLV-100 anipulat te bypass/é of FEHE1
VLV-101 Manipulat ﬁo in oduct column

VLV-102 distilla __ of product column
VLV-103 f/ of product column
VLV-104 / dist 1

VLV-105 {

cle column (recycle flow)
r bot s \ cycle column
VIV-106 s '

VLV-107
Flow topl ‘ X *o D 1\ 't column
Flow top2 3 pl i 2 ow 0 \\ e column
Qevap mipulate 1o Jg vaporizer
Qcooler v.of cooler
Qconl ct lumn condenser

con2 Y el et 11, ) 011 CTISCT
@ \7 )
1u F olumn reboiler

Qreboill
- Manipulate hot utility of recycle¢olumn reboiler

ﬂ‘UEJ’J‘VIEJVI’ﬁWEJ’]ﬂ‘i
QW%Nﬂ‘iELI UA1AINYA Y
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Table C.2 TAE Result of Temperature Deviation at Process Strea?l

//

il

viv | viv | viv | viv | viv | viv | Vi WLV | Flow = Flowd SUM

Steam ] | Qevap | Qcooler | Qconl | Qcon2 | Qreboill | Qreboil2
2100 | -101 | -102 | -103 | -104 | -105 | "|OE"1107 | Hopl I top? IAE
feed (1) | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 [*:0000 00600 | 0.0000 | 0.0000 | 0:0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
1-2 0.0015 | 0.0049 | 0.0020 | 0.0026 | 0.0087 | 0.0008 |@00724 00019 | 0.0018 | 0.0030 | 0:0023 | 0.0045 | 0.0017 | 0.0027 | 0.0024 | 0.0031 | 0.0513
2 0.0014 | 0.0049 | 0.0020 | 0.0026 | 0.0087 | 0.0007 34700019 | 00018 | 0.0030 | 0:0023 | 0.0045 | 0.0016 | 0.0027 | 0.0024 | 0.0031 | 0.0510
com_cold_st | 0.4019 | 0.2427 | 05337 | 0.5784 | 1.1728 | 0.4730"] 0.3382 ({08780 | 04331 | 0.9100 | 0.6462 | 0.4040 | 03895 | 0.7041 | 0.8311 | 0.9371 | 9.4137
4 1.2319 | 3.2685 | 1.0927 | 0.9942 | 12173 | 0.6352 [ 97130 20813 [ 11845 | 0.2608 | 14747 | 25174 | 13405 | 11989 | 01827 | 02044 | 215883
41 1.2377 | 3.3813 | 1.2234 | 0.9974 | 1.6025 | 0.6315| 3.2490 4 21303 | 1.10574| 0.3550 | 1.5022 | 25583 | 15382 | 1.2050 | 02136 | 0.4272 | 23.4582
5 0.0376 | 2.4860 | 1.1087 | 0.4502 | 0.8046 | 0.2560 | 24630 | H.1000 | 06437 | 06495 | 19600 | 21804 | 08188 | 0.5578 | osas2 | 05275 | 176810

Re_out 2.4551 | 0.3141 | 0.2172 | 1.3978 | 1.0369 | 3.3287 I.Zﬁl 255684 1.676(];4 4.0.0892 0.0344 | 0.0606 2.6647 | 2.0652 0.0264 0.1169 19.2832

com_hot_st | 3.2518 | 1.3448 | 0.6178 | 1.5558 | 1.3106 | 3.4258 1£68‘ 2.827f§- 1.83{?} 0.3928 | 0.9252 1.0460 2.8576 | 2.2630 0.2698 0.4017 25.9930

8 1.2176 | 1.5786 | 0.8871 | 0.4601 | 1.2072 | 1.4586 1.28¢ 12‘37‘5 0.73?5%::9!53287 | 0.4690 0.7506 1.3141 | 0.8323 0.4795 0.6102 15.0465
9 0.5486 | 0.6448 | 0.3422 | 0.2305 | 0.5222 | 0.6986 | 0.5568 "6:51_85 0.36é§:ﬁ:2599 0.2015 0.3033 0.7006 | 0.4080 0.2119 0.2436 6.8197
10 0.0953 | 0.2498 | 0.6928 | 0.0968 | 0.2756 | 0.0508 | 0.2249. __{;_)}1‘8’2 0.76%{:;@;@6 0.0999 0.1739 0.3907 | 0.0977 0.0969 0.0910 3.6880
11 0.9136 | 0.8296 | 1.4044 | 0.5695 | 0.8736 0.663-‘_3_1,_ 0.6043 | 0.5549 | 1.6096 | 0.3895 0.452? 1.0730 | 0.5565 | 0.3755 0.5323 0.5416 11.9440
11-1 0.9136 | 0.8296 | 1.4044 | 0.5869 | 0.8733 0.6‘(?35-:’f 0.6042 | 0.5550 | 1.6088 | 0.3875 Easﬁ ] 1.0817 | 0.5569 | 0.3755 0.5330 0.5410 11.9679
12 0.9324 | 0.6551 | 1.4734 | 1.5883 | 1.7600 0.89?){_, 10.8109 | 0.7179 | 1.4437 | 2.3570 1.6-53"’7-' 1.1912 0.8640 | 1.7921 2.2188 2.2887 22.6463
16 1.4152 | 0.9052 | 2.0915 | 1.3824 | 1.4929 | 1.5821 | 0.9747 | 1.2475 | 1.5282 | 2.7014 2.0292 1.5424 1.3890 | 1.7366 2.8034 2.6064 27.4281
13 1.4138 | 0.9035 | 2.0899 | 1.3727 | 1.4792 | 1.5811 | 0.9733 | 1.2465 | 1.5264 | 2.6869 | 2.0189 1.5427 1.3884 | 1.7244 2.7899 2.5917 27.3295
13-1 1.4139 | 0.9035 | 2.0899 | 1.3727 | 1.4792+L 15810 s 0.9733 [y 1:2465) (14156264 | p2:6869, | 2:0189 15427 1.3884 | 1.7244 2.7900 2.5918 27.3297
13-2 1.4139 | 0.9035 | 2.0899 | 1.3727 | 1.4792 | 1.5810 [| 0.9733 | 1.2465 |[1.5264 | 2.6869 | 2.0189 15427 1.3884 | 1.7244 2.7900 2.5918 27.3297
14 0.2030 | 0.5496 | 0.5469 | 4.9886 | 1.3055 11.0.4888 | 0.2882 | 0.2194 | 0.4401 | 2.4840 | 2.0364 | 0.4709 0.4503 | 1.2096 2.6775 2.5913 20.9500

791
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Steam VLV VLY ViV ViV ViV VLY Vi - s - Qevap | Qcooler | Qconl | Qcon2 | Qreboill | Qreboil2 SUM

-100 -101 -102 -103 -104 -105 -106 =107 “eopl O —|— TAE

feed (1) 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 0 1,0:0000 | 0.0000 | 0.0000"170.0000 | 0.0000 | 0.0000 | 0.0000 0.0000 0.0000 0.0000
1-2 0.7700 | 1.0358 | 0.4264 | 0.3800 | 0.7884 | 0.6187 8 535 || 0.6160 | 0.4089 1%0.3665 0.9251 0.5742 | 0.5225 0.2603 0.5499 10.1412
2 0.8243 | 1.1093 | 0.4569 | 0.4071 | 0.8447 | 0.6623 | 1.3843 {bﬁswo 703}’601 0.4388 | 0.3935 | 0.9898 | 0.6160 | 0.5595 0.2797 0.5895 10.9759
com_cold_st | 0.8243 | 1.1093 | 0.4569 | 0.4071 | 0.8447 0.6623«4”.3% Oﬁlﬂ()‘ J 0.i669‘1 0.4388 | 0.3935 | 0.9898 | 0.6160 | 0.5595 0.2797 0.5895 10.9759
4 0.8437 | 1.1443 | 0.4677 | 0.4008 | 0.8317 | 0.6638 ﬂ IJE?QO'I - O.F?41I2 0.4347 | 0.3942 | 1.0216 | 0.6342 | 0.5525 0.2767 0.5825 11.0708
4-1 0.8495 | 1.1534 | 0.4711 | 0.4004 | 0.8337 | 0.6698 1.?%9 1)5_%45 0.6—E81* 0.4350 | 0.3918 | 1.0301 | 0.6402 | 0.5521 0.2767 0.5826 11.8050
5 0.8721 | 1.1861 | 0.4827 | 0.3987 | 0.8420 | 0.6904 /349! !.5620-"# O-@Bﬁ 0.4361 | 0.3821 1.0614 0.6608 | 0.5506 0.2767 0.5830 12.0274
Re_out 0.9535 | 1.3072 | 0.5348 | 0.4194 | 0.8751 | 0.7554 Fl.BﬁO Fl. 1537, 0.7;;.?,2} 10.4564 10.4047 | 1.1638 | 0.7240 | 0.5801 0.2890 0.6082 12.8311
com_hot_st | 1.3416 | 1.3345 | 0.5459 | 0.4218 | 0.8786 | 0.7673 1;‘935 1.6170 0'76}'5'1!; 0.4594 | 0.4090 | 1.1870 | 0.7397 | 0.5843 0.2908 0.6116 13.3472
8 1.3735 | 1.4111 | 0.5769 | 0.4273 | 0.8895 | 0.8085 1.404 16‘31J8 08 ‘ ’—;.:0}4677 0.4178 | 1.2536 | 0.7828 | 0.5942 0.2955 0.6206 13.7585
9 0.7517 | 0.7094 | 2.2727 | .1944 | 0.3413 | 0.8320 0.49r26 J’{)M 1.96@2‘{;‘.}3044 0.2066 | 0.5202 | 2.2553 | 0.3250 0.1306 0.1885 12.1348
10 0.7499 | 0.7075 | 2.2730 | 0.1938 | 0.3403 | 0.8316 | 0.4913 0’ZO:73 1.91.3-9‘—3_‘.,!@?&%7 0.2060 | 0.5191 | 2.2581 | 0.3243 0.1303 0.1878 12.1379
11 0.7522 | 0.7078 | 2.2772 | 0.1945 | 0.3409 | 0.8378 | 0.4927 | 0.7102 | 1.8976 | 2.6715 | 3.8114"| 2.0219 | 2.2583 | 0.3255 5.1376 0.1875 24.6245
11-1 0.7119 | 0.6766 | 2.1263 | 5.1970 | 0.3283 0.75;1&'% 0.4645 | 0.6647 | 1.8333 | 2.5667 | 3.7071 | 1.8793 | 2.0970 | 0.3011 5.1056 0.0532 28.4526
12 1.9057 | 1.0549 | 1.6685 | 2.8718 | 2.0280 2.61'1{ 0.7641 | 1.2752 | 1.3272 | 2.7498 2.2!9_UC'J 0.8640 | 1.0823 | 3.6935 1.9124 3.7981 31.8974
16 1.9048 | 1.0545 | 1.6678 | 2.8706 | 2.0269 | 2.6106 | 0.7637 | 1.2746 | 1.3268 | 2.7486 | 2.2800 | 0.8637 | 1.0818 | 3.6914 1.9116 3.7964 31.8828
13 1.0142 | 1.0245 | 0.7119 | 1.1183 | 3.2469 | 1.2871 | 1.1210 | 0.5956 | 0.8499 | 1.0615 | 0.8594 | 0.8653 | 0.6638 | 1.4686 0.6803 1.4928 18.0613
13-1 0.8243 | 1.1093 | 0.4569 | 0.4071 | 0.8447_.(+0.6623 | 1.3343 | 0.8100, [..0.6601".0.4388 | 0.3935 0.9898 0.6160 | 0.5595 0.2797 0.5895 10.9759
13-2 0.8243 | 1.1093 | 0.4569 | 0.4071 | 0.8447 7 0.6623 ;" 1.3343 | 0.8100 | 0.660L | 0.4388 | 0.3935 | 0.9898 | 0.6160 | 0.5595 0.2797 0.5895 10.9759
14 1.9084 | 1.0551 | 1.6695 | 2.8825 | 2.0295 4 2.6159 | 0.7647 | 1.2772 | 1.3289 | 2.7504 | 2.2905 | 0.8647 | 1.0835 | 3.6965 1.9072 3.7992 31.9238
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—-"Fﬁv .
O

Steam VLV VLY ViV ViV ViV VLY V&Y = 4 JFIOW Qevap | Qcooler | Qconl | Qcon2 | Qreboill | Qreboil2 SUM

-100 -101 -102 -103 -104 -105 -106 =107 topl top2 IAE
feed (1) 0.9119 | 0.9625 | 0.6678 | 0.1038 | 1.3633 0.0778 '1‘571'_‘9?‘, (l.ﬁl'?ﬁ 0.5889 |+.1.1079%1.1556 1.1148 0.6573 | 1.3250 1.1775 1.1265 14.7801
1-2 0.9119 | 0.9625 | 0.6678 | 0.1038 | 1.3633 0.0778 ’ lgrml'ﬂi 5889 | 1.1079}..1.1556 1.1148 0.6573 | 1.3250 1.1775 1.1265 14.7801
2 0.9119 | 0.9625 | 0.6678 | 0.1038 | 1.3633 | 0.0778 )@ -L().8176 §.5889 1.1079 | 1.1556 | 1.1148 | 0.6573 | 1.3250 1.1775 1.1265 14.7801
com_cold_st | 0.9149 | 1.2447 | 1.0214 | 0.0300 | 0.6145 | 0.075 1}8{6“4@3!6‘9 J 6,411198 0.3713 | 0.5392 | 1.2563 | 0.9101 | 0.2896 0.4297 0.4260 11.2048
4 0.8944 | 1.2441 | 1.0222 | 0.0312 | 0.6146 0.0703 .Qﬁ 1;&3'16_ 0‘:7141:76 0.3700 | 0.5388 1.2566 0.8960 | 0.2829 0.4291 0.4246 11.1341
4-1 0.8944 | 1.2441 | 1.0222 | 0.0312 | 0.6146 | 0.070 1ﬁ99 ]{3,:31; 07%47@, 0.3700 | 0.5388 | 1.2566 | 0.8960 | 0.2829 0.4291 0.4246 11.1341
5 0.8815 | 1.2437 | 1.0228 | 0.0320 | 0.6148 0.0679 .27ﬁ) 1.3210° 07%%65 0.3692 | 0.5385 1.2567 0.8875 | 0.2814 0.4288 0.4237 11.0930
Re_out 0.7496 | 2.3057 | 1.0330 | 0.0440 | 0.6198 | 0.0898 1.‘#60 .1.2062 04‘1,@'4:6 - 0.3609 | 0.5351 1.3100 | 0.9023 | 0.4074 0.4239 0.4118 12.1000
com_hot_st | 0.9980 | 2.3413 | 1.0374 | 0.0530 | 0.6283 | 0.1409 ;224; 1.2636 0.§.3'6ﬁ 0.3556 | 0.5332 | 1.3202 | 1.0737 | 0.5938 0.4215 0.4058 12.9272
8 10359 | 1.8961 | 1.0190 | 0.0264 | 0.6180 | 01237 | 13000 | #4577 | 0.4874 103806 | 05419 | 1.2044 | 1.0447 | 04327 | 04318 | 04318 | 12.4931
9 1.0359 | 1.8961 | 1.0190 | 0.0264 | 0.6189 | 0.1237 1,3b00 J”@? 0,4@?&3806 0.5419 | 1.2944 | 1.0447 | 0.4327 0.4318 0.4318 12.4931
10 1.1870 | 0.9236 | 3.2969 | 0.0728 | 0.8148 | 0.1270 | 0.9610 4, 10300 3.0@“&._1_742 0.9194 | 0.8862 | 3.4105 | 1.0782 0.8339 0.5512 20.2860
11 1.6499 | 0.4335 | 1.2852 | 6.0557 | 0.7149 | 0.2381 |-0.6060 | 0.9750 | 3.0876 | 2.0441 | 1.5398 | 1.3340 | 1.4070 | 1.6576 1.4971 1.9326 26.4580
11-1 1.6499 | 0.4335 | 1.2852 | 6.0557 | 0.7149 0?382 0.6060 | 0.9750 | 3.0876 | 2.0441 | 1 ‘:39% 1.3340 | 1.4070 | 1.6576 1.4973 1.9326 26.4581
12 1.6499 | 0.4335 | 1.2852 | 6.0557 | 0.7149 0.238{_: 0.6060 | 0.9750 | 3.0876 | 2.0441 1£§9§ 1.3340 | 1.4070 | 1.6576 1.4971 1.9326 26.4580
16 0.8241 | 0.3455 | 0.6266 | 0.1303 | 1.9501 | 0.1355 | 0.5131 | 0.6552 | 0.4340 | 1.4435 | 1.3980 | 0.2636 | 0.6015 | 1.5918 1.5971 1.5518 14.0616
13 0.8241 | 0.3455 | 0.6266 | 0.1303 | 1.9501 | 0.1355 | 0.5131 | 0.6552 | 0.4340 | 1.4435 | 1.3980 | 0.2636 | 0.6015 | 1.5918 1.5971 1.5518 14.0616
13-1 0.8241 | 0.3455 | 0.6266 | 0.1303 | 1.9501 0.1355 0.5131_1.0.6552 | 0.4340 | 1.4435 | .1.3980 0.2636 0.6015 | 1.5918 1.5971 1.5518 14.0616
13-2 0.8241 | 0.3455 | 0.6266 | 0.1303 | 1.9501 7@ 0.1355; 7| 0.5131 | 0.6552 | 0.4340 | 1.4435 | 1.3980 | ,0.2636 | 0.6015 | 1.5918 1.5971 1.5518 14.0616
14 0.4267 | 0.0907 | 0.1407 | 0.6533 | 0.2058 § 117.6212 | 0.1209 | 0.3152 | 0.4476 | 0.6376 | 1.0952 | 0.4674 | 0.3355 | 0.6036 1.3280 0.6846 25.1739
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Table C.5 IAE Result of Purity and Level Deviation at Proeess Stream

VLV VLV VLV VLV VLV VLV VLV VLV Flow M , SUM
DME ’ __,.-""*F Qevap | Qcooler | Qconl | Qcon2 | Qreboill | Qreboil2
-100 -101 -102 -103 -104 -105 -106 =107 topl FOD i IAE
feed (1) 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000° 0.0000 0,6600 0.0000 | 0.0000 0.0000 0.0000 | 0.0000 0.0000 0.0000 0.0000
5 0.0045 | 0.0368 | 0.0946 | 0.0079 | 0.0084 | 0.0031 | 0.0 00327} 0.0071 | 0.0545 | 0.1719 | 0.2173 | 0.0042 | 0.0029 0.2070 0.0400 0.8675
Re_out 5.6955 | 5.7440 | 5.4008 | 5.6813 | 5.6988 | 5.6968 | 5. 516968 5.6’&16 5.5749 | 48015 | 4.5879 | 5.6957 | 5.6953 4.5332 5.7859 87.6288
10 0.0030 | 0.0337 | 0.0425 | 0.0021 | 0.0072 | 0.0028 | 0.006 20031 0.04}7 0.0375 | 0.0724 | 0.0664 | 0.0035 | 0.0026 0.0800 0.0288 0.4349
16 0.2970 | 0.1855 | 0.4621 | 0.3087 | 0.2856 | 0.2973 |.018007 f(}E?S)T_QQ J .0_.29é_6 | 0.3331 | 0.9543 1.1284 | 0.2965 | 0.2992 1.1799 0.1453 7.0688
14 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 O.M) gdopr 0:0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000 0.0000 0.0000
Water ; f .‘Iir b F T :
feed (1) 0.1317 | 0.1314 | 0.1319 | 0.1280 | 0.1313 | 0.1317 O.]}ffi 0.5&17l _Q.lSlhéf r6.1320 0.1202 0.1215 0.1317 | 0.1315 0.1153 0.1309 2.0640
5 0.0005 | 0.0032 | 0.0069 | 0.0014 | 0.0034 | 0.0004 | 0:0007 0ﬁ004 F “1.0008 .0.0242 | 0.0434 | 0.0191 | 0.0004 | 0.0014 0.0557 0.0225 0.1845
Re_out 5.5921 | 5.5827 | 5.5716 | 5.4382 | 5.5724 | 5.5926 5.58% 59237 :5.583?;1:"5.15324 4.9820 | 5.1391 | 5.5919 | 5.5833 4.7112 5.5104 87.1648
10 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 O.OOO,E).J.J £0.0000 J:0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000 0.0000 0.0000
16 0.2708 | 0.2618 | 0.2496 | 0.2681 | 0.2656 | 0.2710 | 0.2712°1 0.2709.. 0.2716-‘;. :;Tr..lfﬁjéfi 0.1235 | 0.2454 | 0.2711 | 0.2716 0.1433 0.1706 3.7907
14 0.0049 | 0.0209 | 0.0399 | 0.1642 | 0.0273 | 0.0043 | 0.0073 | 0.0047—| 0.0127?___273124.68 0.7309 | 0.4749 | 0.0049 | 0.0123 0.9744 0.1655 2.7959
Methanol P ‘, ; -'.:f{‘-:" -
feed (1) 3.9047 | 1.6342 | 0.9532 | 2.0208 | 3.3008 | 3.9864 |43.7413 | 3.9767 | 2.9380 | 1.2977 | 0.3423 /| ,0.3108 | 3.8593 | 3.8070 0.2654 1.6530 37.9924
5 0.1175 | 0.4113 | 0.6550 | 0.1152 | 0.1537 | 0.0803 "j.).l()d() 0.0818 | 0.1374 | 0.3645 | 0.4419+| J|0.5575 0.1113 | 0.0728 0.4338 0.2415 4.0791
Re_out 1.1138 | 1.5457 | 0.5564 | 0.5902 | 0.9550 | 1.1496 | L0927 | 1.1470 | 0.8713 | 0.4696 | 0.4193.| 0.9128 1.1536 | 1.1216 0.2695 0.3406 13.7088
10 0.0881 | 0.4015 | 0.3146 | 0.0310 | 0.1768 | 0.0823 | 0.1791 | 0.0920 | 0.9363 | 0.3681 0.2161 7| 0.1853 | 0.1004 | 0.0737 0.1956 0.3463 3.7872
16 0.6299 | 1.7475 | 3.2326 | 0.6515 | 0.7274 | 0.5707 | 0.6769 | 0.5602 | 0.8312 | 2.0566 | 2.4997 | 2.8189 | 0.6319 | 0.5700 2.5931 1.3293 22.1274
14 0.1460 | 0.2599 | 0.2882 | 2.5912 | 0.6863 | 0.1307 | 0.2064"|" 0.1423_| 0.2847 | 1.4436 | 2.0807 | _1.2148 | 0.1434 | 0.3549 2.2426 2.0893 14.3050
Level

LConl 0.2008 | 0.1712 | 0.1783 | 0.0143 | 0.2968 | 0590 | 0.2528 | 0.2108 | 0.1289 | 0.5418 | 0.1019 0.1100 1.8983 | 0.1618 0.0999 0.0609 4.4874

Lcon2 2.6294 | 0.3860 | 0.1619 | 0.1481 | 1.7701 | 0.7573 | 1.9946 | 2.8136 | 1.1099 | 0.9574s, 0.0865 0.1205 1.3277 | 2.5394 0.0786 0.1706 17.0515

LReboill | 1.0485 | 3.1919 | 3.4013 | 2.8050 { 1.4701 |"0.2566 |4 1.5104) |70.8160 | 2:4369: [ 00007 | 2:4208 2.7141 0.6836 | 0.9072 2.2457 3.3666 29.2753

LReboil2 | 0.1212 | 0.2508 | 0.2585 | 1.0327 | 0.46307%| 2.92%27| 0:24231 | 0:1596 " 0.32437| 12.5001 " 1.83909 1.05544 | 0.0904 | 0.3916 1.5758 0.4020 13.1858
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Table C.6 IAE Result of Stage Temperature Deviation at Produet/Column

/7
Tdisl VLV VLY VLY VLY VLY VLY VLV Y Fl? — 'aeyap Qcooler | Qconl | Qcon2 | Qreboill | Qreboil2 SUM
-100 -101 -102 -103 -104 -105 -106 -!07 top top2 IAE

state 1 | 0.5136 | 0.7118 | 0.4578 | 0.4643 | 0.7236 | 0.5467 | 0.9270 | ,9;{;22% 2.5207 | 1.0186 | 0.6947 | 0.4083 | 0.4813 | 0.5474 0.7006 0.6737 12.0106
state 2 | 1.1868 | 1.9138 | 1.4941 | 0.9706 | 1.5304 | 1.3326 | 1. 80 5.39%8 24103+ 1.8617 1.1922 1.2776 | 1.3589 2.1273 1.4645 28.8569
state 3 | 0.8397 | 1.5384 | 1.2061 | 0.6712 | 1.0469 | 0.9559 | 1.30 E’l-% 3.223b 1.9294 | 1.7707 | 1.3506 | 0.8765 | 0.9810 2.8386 1.0252 22.5653
state 4 | 0.4612 | 0.7773 | 0.4994 | 0.3673 | 0.5547 | 0.5303 0@3% Oﬁf ".1.073§ 10.9399 | 0.882871" 0.8597 | 0.4833 | 0.5474 2.2038 0.5249 11.9541
state 5 | 0.3343 | 0.4877 | 0.2598 | 0.2676 | 0.3922 | 0.3863 | 0.4940 4?51! 0‘3’597 0.5544 | 0.4522 | 0.4344 | 0.4071 | 0.4003 1.1854 0.3553 7.1727
state 6 | 0.3038 | 0.4122 | 0.1970 | 0.2453 | 0.3543 | 0.3506 (5:148 qubﬁé J 0.1906 04634 | 0.3303 | 0.2550 | 0.3835 | 0.3635 0.5890 0.3152 5.5667
state 7 | 0.3020 | 0.4005 | 0.1818 | 0.2470 | 0.3536 | 0.3473 | 0.4477 ﬁsﬁg 9:?1821_‘.].; 0.4469 | 0.3074 | 0.2027 | 0.3718 | 0.3597 0.3975 0.3139 5.2237
state 8 | 0.3085 | 0.4080 | 0.1690 | 0.2564 | 0.3659 | 0.3513 | 0.4629 0!68{0 44042298 ;;‘.9.45_29 0.3154 | 0.1909 | 0.3588 | 0.3629 0.3607 0.3269 5.2884
state 9 | 0.3164 | 0.4225 | 0.1632 | 0.2679 | 0.3831 | 0.3543 0.483g .¢3744 ;i[)s2953 ;f?;4702 0.3356 | 0.1905 | 0.3451 | 0.3642 0.3711 0.3470 5.4843
state 10 | 0.3156 | 0.4244 | 0.1637 | 0.2712 | 0.3924 | 0.3460 | 0.4925 .36?,,4‘_. :0.3077 ::F:H?:SQE 0.3537 | 0.1944 | 0.3355 | 0.3532 0.3863 0.3632 5.5585
state 11 | 0.2887 | 0.3833 | 0.1662 | 0.2407 | 0.3662 | 0.3072 | 0.4542 0.3332_;:(-).1]25 _‘12!16.56 0.3385 0.1820 0.3327 | 0.3111 0.3610 0.3473 4.9948
state 12 | 0.2906 | 0.3831 | 0.1683 | 0.2419 | 0.3676 | 0.3123 | 0.4554 | 0.3360" ;f0.1132 _}fﬁL’?_Q'-éL- 0.3403 | 0.1867 | 0.3369 | 0.3166 0.3603 0.3481 5.0276
state 13 | 0.2941 | 0.3842 | 0.1697 | 0.2438 | 0.3706 | 0.3159 1_9.4575 0.3391 | 0.1146 | 0.4724 | 0.3472 _—9.2206 0.3398 | 0.3201 0.3587 0.3505 5.0989
state 14 | 0.3063 | 0.3900 | 0.1689 | 0.2533 | 0.3808 0.32777‘5}4004 0:3498~0:1192|~0:4796 |~ 0:3716" ; q.3310 0.3476 | 0.3319 0.3547 0.3592 5.3370
state 15 | 0.3478 | 0.4101 | 0.1669 | 0.2917 | 0.4147 | 0.3701 ""6&922 0.3872 | 0.1350 | 0.5008 0.4603; -(']‘6123 0.3734 | 0.3745 0.3584 0.3885 6.0838
state 16 | 0.4770 | 0.4759 | 0.2636 | 0.4228 | 0.5207 | 0.4990 %755 0.5045 | 0.1863 | 0.5628 | 0.7355 1.1490 0.4564 | 0.5036 0.4470 0.4817 8.2612
state 17 | 0.8631 | 0.6990 | 0.6567 | 0.8402 | 0.8365 | 0.8850 | 0.8223 | 0.8637 | 0.3598 | 0.7419 | 1.3617 | 1.9107 | 0.7928 | 0.8902 0.7414 0.7650 14.0300
state 18 | 1.8357 | 1.3415 | 1.6769 | 1.9097 | 1.6384 | 1=8255, |p Led67 1ofn, 17647 oy 0.8282 [=1.1925y | #2.8168 |~2.7269 | 1.7597 | 1.8269 1.3780 1.5153 27.0039
state 19 | 3.4401 | 2.5245 | 3.3982 | 3.6864 | 2.9950 | B.38357.4 255563 |+ 3.2185 (| 1.6273 |2.0085 |[3.0710 | 3.2511 | 3.3832 | 3.3202 2.1544 2.8942 46.8635
state 20 | 4.2597 | 3.3661 | 4.5859 | 4.6223 | 3.7241 | 4.0439 | 3.0912 | 3.9041 | 2.0925 | 2.4968 | 2.8638 | 3.0543 | 4.1859 | 4.0008 2.3079 3.8891 56.4882
state 21 | 3.1603 | 2.7434 | 3.7913 | 3.4673 | 2.8218 _1,2.9222 | 2.3050 | 2.8270 | 1.6340 | 1.9197"1°1.7423 | 2.1068 _["3.0199 | 2.8654 1.5189 3.2193 42.0648
state 22 | 1.5547 | 1.4021 | 1.9954 | 1.7511 | 14666 | 1.3543 % 1.1933 | 1.3173 1{.0.9020 |/1.5096 |.0.7466 |~ 0.9900 . [+ 1.3510 | 1.3001 0.4990 1.7320 21.0650
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Table C.7 IAE Result of Stage Temperature Deviation at Recycle Column

VLV VLV VLV VLV VLV VLV VLV VLV vy j’f)ﬁ SUM
Tdis2 -100 -101 -102 -103 -104 -105 -106 -107 topl . (_\y&/ Qevap | Qcooler | Qconl Qcon2 | Qreboill | Qreboil2 IAE
state 1 | 1.0081 | 0.9283 | 0.9283 | 0.2680 | 1.0151 | 0.9082 | 0.9622+}.0.8078 | 0.4835 | 0.8921 j»0:9248 | 0.6067 | 0.6010 | 1.0037 | 0.9288 | 0.8821 | 13.1488
state 2 | 0.8600 | 0.9172 | 0.9172 | 0.2801 | 1.0474 | 0.7522 | 0.8753 | 0.8422 0.5027 | 0.9030 | 09356 | 0.6283 | 0.6277 | 0.9922 | 09377 | 0.8945 | 12.9133
state 3 | 0.8558 | 0.9301 | 0.9301 | 0.2845 | 1.0486 | 0.7474 OSGW@S% 0.52383 | 0.9147 | 0.9473 | 0.6566 | 0.6273 | 0.9779 | 0.9472 0.9080 | 13.0067
state 4 | 0.8440 | 0.9408 | 0.9408 | 0.2883 | 1.0453 | 0.7316 | 0.87 W 0.5535 | 0.9277 | 0.9600 | 0.6942 | 0.6239 | 0.9669 | 0.9572 0.9228 | 13.1027
state 5 | 0.8623 | 0.9537 | 0.9537 | 0.2021 | 1.0424 | 0.7485 | 0.87594] 0. ';1_0 0.593}7 0.9415 | 0.9733 | 0.7440 | 0.6074 | 0.9584 | 0.9675 0.9387 | 13.2642
state 6 | 0.8961 | 0.9698 | 0.9698 | 0.2964 | 1.0406 | 0.7821 | 08818 }8%;& 0.6_49'Z 0.9556 | 0.9860 | 0.8088 | 0.5993 | 0.9570 | 0.9769 | 0.9546 | 13.5159
state 7 | 0.8972 | 0.9894 | 0.9894 | 0.3015 | 1.0388 | 0.7769 | 0.89 ‘pﬁ;;éo 0.7176+ [ 0.9677 | 0.9954 | 0.8821 | 0.5773 | 0.9639 | 0.9831 0.9683 | 13.6706
state 8 0.8958 | 1.0142 | 1.0142 | 0.3075 | 1.0390 | 0.7716 0&)02 rO]ﬂ[’)Sﬁ 07787 i 0.9738 | 0.9987 | 0.9478 | 0.5500 | 0.9783 | 0.9839 0.9738 13.7948
state 9 | 0.8754 | 1.0458 | 1.0458 | 0.3143 | 1.0416 | 0.7457 0.9]9@ it’)%is Y (_),;83131.)‘, 09733 | 0.9901 | 0.9773 | 0.5208 | 1.0002 | 0.9792 0.9596 | 13.8173
state 10 | 0.8567 | 1.0848 | 1.0848 | 0.3213 | 1.0480 | 0.7202 | 0.9248 | 0.3835 L 0:8159 1109326 | 0.9542 | 0.9450 | 0.5415 | 1.0458 | 0.9571 0.9070 | 13.6732
state 11 | 0.8092 | 1.1285 | 1.1285 | 0.3272 | 1.0580 | 0.6647 | 0.939 0‘%13)7 "IS‘)T70377_H6.9%J'82 0.9290 | 0.8071 | 0.5860 | 1.0288 | 0.9336 | 0.8903 | 13.3557
state 12 | 0.7534 | 1.1700 | 1.1700 | 0.3283 | 1.0701 | 0.5878 | 0.9500 ﬁ.5106,» 4076781 f'ﬁROSQ 0.9245 | 0.7867 | 0.5939 | 1.0213 | 0.9300 | 0.8879 | 13.2665
state 13 | 0.7014 | 1.1759 | 1.1759 | 0.3201 | 1.0814 | 0.5222 | 0.9507 f0.5pf‘k(1"_' :20.6659 ‘9,_§q33 0.9236 | 0.7773 | 0.6013 | 1.0116 | 0.9295 0.8880 | 13.1293
state 14 | 0.6418 | 1.1422 | 1.1422 | 0.3011 | 1.0948 | 0.4717 | 0.9354 | 0.4983--0.6555 2—5‘5_90—4‘ 0.9239 | 0.7698 | 0.6126 | 0.9961 | 0.9303 | 0.8900 | 12.9104
state 15 | 0.5678 | 1.0791 | 1.0791 | 0.3033 | 1.1053 | 0.4853 | 0.8481 | 0:5004 | 0.6420 .gf:géu;‘-- 0.9258 | 0.7807 | 0.6445 | 0.9639 | 0.9329 | 0.8955 | 12.6633
state 16 | 0.5563 | 1.0659 | 1.0659 | 0.2995 | 1.1023 | 0.4895 | 0.8331 | 0.4911 | 0.6500 | 0.9233 | 0.9311 IQ.§294 0.7385 | 0.8920 | 0.9397 | 0.9097 | 12.7174
state 17 | 0.5452 | 1.0568 | 1.0568 | 0.2869 | 1.0933 | 0.4892 T@;uu 0.5077 | 0.8589 | 0.9584 | 0.9447 V’OJ||9544 0.9682 | 0.8501 | 0.9572 0.9460 | 13.3010
state 18 | 0.5376 | 1.0463 | 1.0463 | 0.2539 | 1.0770 | 0.4987 | 08197 | 0.9537 | 1.3784 | 1.0418 0.9778-] 1.2266 | 1.4886 | 0.7902 | 0.9993 1.0348 | 15.1708
state 19 | 0.5275 | 1.0298 | 1.0298 | 0.1931 | 1.0428 | 0.5274 | 0.7999 | 2.2836 | 2.4959 | 1.2146 | 1.0563 | 1.7645 | 2.5184 | 0.8635 | 1.0918 1.2281 | 19.6670
state 20 | 0.4970 | 0.9979 | 0.9979 | 0.3014 | 0.9627 | 0.5968 | 0.7460 | 3.6918 | 3.7352 | 1.4586 | 1.2196 | 2.4391 | 3.7461 | 1.7001 | 1.2503 1.5153 | 25.8558
state 21 | 0.4935 | 0.9311 | 0.9311 | 0.6679 | 0.7730 | 0.7938 | 0.6554' |"3.3189 | 3.3616 | 15397 | 1.4078 | 2.5444 | 3.3607 | 1.5001 | 1.3880 1.6262 | 25.2933
state 22 | 0.7675 | 0.8112 | 0.8112 | 1.8667 | 0.3539 | 13071 [/ 0.6822 |11.4586 |~1.6532 | 1.3144 | 1.4027 || 118431 | 1.7760 | 0.5975 | 1.3279 1.3716 | 19.3445
state 23 | 2.0431 | 0.7752 | 0.7752 | 3.9362 | 0.6505 | 23809 | 1.4801 | 0.8078 | 0.4835 | 0.8921 | 0.9248 | 0.6067 | 0.6010 | 1.0037 | 0.9288 0.8821 19.1719
state 24 | 3.3890 | 1.0839 | 1.0839 | 5.7046 | 1.5107 | 3.5581 | 2.4307 | 0.8422 |{0.5027 | 0.9030 40.9356 | 0.6283 |0.6277 | 0.9922 | 0.9377 | 0.8945 | 26.0248
state 25 | 3.0461 | 1.0614 | 1.0614 | 5.1499 |/1.3257 1 3.2366, | 2:1920 || 0:8392 | 0.5233 % 0.9147| 0.9473 |70.6566 ..0.6273 | 0.9779 | 0.9472 0.9080 | 24.4144
state 26 | 1.2721 | 0.6706 | 0.6706 | 2.8058 | 0.2918 | 1.706L | 0.9476 | 0.8356 /{.0.5535 | 0.9277 [L0.9600 [-0.6942 \'0.6239 | 0.9669 | 0.9572 0.9228 | 15.8064
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Table C.8 TAE Result of Stage Temperature Deviation at Pr\ﬂl ’ }? umn

Stream process VLV VIV VLV Vv Vv VLV - "KI .} Qevap | Qeooler | Qeonl | Qeon2 | Qreboill | Qreboilz | oM

variable 100 -101 -102 -103 104 -105 07 top ,d IAE
16 Pressure | 1.9048 | 1.0545 | 1.6678 | 2.8706 | 2.0269 | 2.6106 12746 | 1.3208 (27486 2.2800 | 0.8637 | 1.0818 | 3.6914 1.9116 3.7964 | 31.8828
LReboill Level 1.0485 | 3.1919 | 3.4013 | 2.8050 | 1.4701 | 0.2566 8160 | 2.4369. | 0: 24208 | 2.7141 | 0.6836 | 0.9072 2.2457 3.3666 | 29.2753
12 Flow rate | 1.6499 | 0.4335 | 1.2852 | 6.0557 | 0.7149 | 0.2381 | 0 0.9750 | 3.0876 | 2.0441 | 15398 | 1.3340 | 1.4070 | 1.6576 1.4971 1.9326 | 26.4580
com_hot_st Temp 3.2518 | 1.3448 | 0.6178 | 1.5558 | 1.3106 | 3.4238¢| 1.6 267s || 18347 dfﬁggs"'isﬂgz 1.0460 | 2.8576 | 2.2630 0.2698 0.4017 | 25.9930
4 Temp 1.2319 | 3.2685 | 1.0027 | 0.9942 | 1.2173 | 0.6352 [ 087139 | /20313 %.1*5_’ 0.2608 | 14747 | 25174 1.3405 | 1.1989 0.1827 0.2944 21.5883
14 Temp 0.2030 | 0.5496 | 0.5460 | 4.9886 | 1.3055 | 0.4 0.288 2194 4454\. 2.4840 4 | 0.4700 | 0.4503 | 1.2006 2.6775 2.5913 | 20.9500
10 Flow rate | 1.1870 | 0.9236 | 3.2969 | 0.0728 | 0.8148 | 0.1270 |#0.9 ] L 0.8862 | 3.4105 | 1.0782 0.8339 0.5512 20.2860
Re-out Temp 2.4551 | 0.3141 | 0.2172 | 1.3978 | 1.0369 | 3.32 1943 3 F?go'q 0.0606 | 2.6647 | 2.0652 0.0264 0.1169 19.2832
5 Temp 0.9376 | 2.4860 | 1.1087 | 0.4502 | 0.8946 | 0.2560 | 42.46 2.1894 | 0.8188 | 0.5578 0.5482 0.5275 17.6819
Leon2 Level 2.6204 | 0.3860 | 0.1619 | 0.1481 | 1.7701 | 0.7573.4| 1.9946 0.1205 1.3277 | 2.5304 0.0786 0.1706 17.0515
8 Temp 1.2176 | 1.5786 | 0.8871 | 0.4601 | 1.2072 | 1.45 20 0.7506 | 1.3141 | 0.8323 0.4795 0.6102 15.0465
2 Flow rate | 0.9110 | 0.9625 | 0.6678 | 0.1038 | 1.3633 | 0.0778 |/1.62 1.1148 | 0.6573 | 1.3250 1.1775 1.1265 14.7801
13-1 Flow rate | 0.8241 | 0.3455 | 0.6266 | 0.1303 | 1.9501 | 0.1355 4 0.5131 0.2636 | 0.6015 | 1.5918 1.5971 1.5518 14.0616
LReboil2 Level 0.1212 | 0.2508 | 0.2585 | 1.0327 | 0.4630 | 2.9272 | 0.2423 1.0554 | 0.0904 | 0.3916 1.5758 0.4020 13.1858
9 Flow rate | 1.0359 | 1.8961 | 1.0190 | 0.0264 | 0.6189 | 0.1237 000", 1.2044 | 1.0447 | 0.4327 0.4318 0.4318 12.4931
10 Pressure | 0.7499 | 0.7075 | 2.2730 | 0.1938 | 0.3403 | 0.8316 | 0.4913 -1 0.5101 | 2.2581 | 0.3243 0.1303 0.1878 12.1379
Re_out Flow rate | 0.7496 | 2.3057 | 1.0330 | 0.0440 | 0.6198 | 0.0898 | 1.2360 1.3100 | 0.9023 | 0.4074 0.4239 0.4118 12.1000
11 Temp 0.0136 | 0.8206 | 1.4044 | 0.5695 | 0.8736 | 0.6633 | 0.6043" - 1.0730 | 0.5565 | 0.3755 0.5323 0.5416 11.9440
4-1 Flow rate | 0.8944 | 1.2441 | 1.0222 | 0.0312 | 0.6146 | 0.0703 | 1.2799 1.2566 | 0.8960 | 0.2829 0.4201 0.4246 11.1341
4 Pressure | 0.8437 | 1.1443 | 0.4677 | 0.4008 | 0.8317 113082 | 1.0216 | 0.6342 | 0.5525 0.2767 0.5825 11.0708
Leonl Level 0.2008 | 0.1712 | 0.1783 | 0.0143 | 0.2968 |“00590 | 0.2528 0.1100 | 1.8983 | 0.1618 0.0999 0.0609 4.4874
14 Water Com | 0.0049 | 0.0200 | 0.0399 | 0.1642 | 0.0273 | 0.0043 | 0.0078 | 7 0.4749 | 0.0049 | 0.0123 0.9744 0.1655 2.7959

10 DME Com | 0.0030 | 0.0337 | 0.0425 | 0.0021 | 0.0072 | 00028 | 0.0065 00724 | 0.0664 | 0.0035 | 0.0026 0.0800 0.0288 0.4349
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Table C.9 Control Variable and Manipulate Variabl

d for Control Structure 3 and Control Structure 4

stream Type of Variable Control V: able for CS3 Manipulate Variable for CS4
16 Pressure Recycle colu Qcon2
Lreboill Level Product col VLV-101
12 Flow rate Recycle colum VLV-103
4 Temperature Vaporizer outl: Q26
14 Temperature Recycle colun VLV-105
5 Temperature Reactor inle VLV-100
Lcon2 Level Condenser leve ﬂ ; Reflux flow dis2
8 Temperature Product column ﬂ g cratu Q27
2 Flow rate Inlet flow ratg E ! VLV-106
13-1 Flow rate Recycle flow r VLV-104
Lreboil2 Level Recycle column le Qreboil2
9 Flow rate Product column feed floWeEate - VLV-101 -
10 Pressure Product colun}r_l_ gr_esfs;e:__-'g-”‘ f!" conl Qconl
11 Temperature P roduct co mn temperature ) Qreboill
4-1 Flow rate FE VLV-107
4 Pressure Vaporize - 1 V-106 | Cascade with flow in, VLV-106
LConl Level Condenser levﬂf product column VLV-lOZE VLV-102
10 DME Com Producltipurlty Reﬂux flow disl Reflux flow disl

ﬂﬂﬂ?ﬂﬂﬂ‘ﬁﬂﬂ?ﬂ‘i
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