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Introduction Introduction 

Introduction n 

Thiss research addresses the design and control of recycle systems by non-linear analysis. 

AA clear distinction of terms is required right from the start. The term "recycle systems" does 

nott refer to recycling systems but to typical systems from the chemical industry, where one or 

moree recycle streams of reactants are involved. The main reason for using recycle streams is 

thee incomplete conversion of the reactants and hence the need to recover them. Recycle 

systemss consists of one or more reactors, followed by a separation section involving one or 

moree units and one or several recycle streams. Therefore, these units are interconnected 

throughh mass and/or energy streams. Due to the strong interdependence between units and the 

masss feedback, the system as a whole exhibits a non-linear behaviour. Obviously a non-linear 

approachh is required for analysis of such systems. The next chapters extend this key topic. 

Duringg the last decades the strong interaction between design and control of chemical 

processess has been recognized as playing an essential role (Luyben, 1994, Bïldea et ai, 2000). 

Thiss interaction is extremely important also in case of recycle systems. Reactor-Separator-

Recyclee systems involve several units which, typically, are stable as stand-alone units. 

Nevertheless,, coupling stable units does not ensure an overall stable system. Positive 

feedbackk effects complicate the dynamics and control because of interactions and non-linear 

phenomena.. The combination of nonlinearity, disturbances and design uncertainty might lead 

too undesired phenomena: state changes, oscillatory or even chaotic behaviour. Evidently, 

thesee should be avoided by design and control. A poor design or control leads to unwanted 

statee transitions, difficult control or even uncontrollable plant, unpredictable changes in the 

productionn rate, lower purity of products, etc. In contrast, a good design and control lead to a 

simplifiedd flowsheet with increased flexibility , safety and robustness of the plant. This work 

analysess recycle systems and provides guidelines and rules applicable in design and control. 

Thee cause of state multiplicity is found by screening different type of stoichiometrics, from 

thee simple first order reaction to complex multiple reactions, such as polymerization. Besides 

conversion,, selectivity is additional key parameter considered. Definition of a plant 

Damköhlerr number allows the generalization of the results in dimensionless form. 
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Motivation n 
Thee main motivation is given by the design and control interaction. Ziegler and Nichols 

(1943)) remarked in early papers that it is extremely important to realise that controller and 

processs form a unit. Therefore credit or discredit for results obtained are attributable to one as 

muchh as the other. While a poor controller is often able to perform acceptably on a process 

thatt is easily controlled, the finest controller may not deliver the desired performance when 

appliedd to a miserable designed process. Nowadays it is widely accepted that a strong 

interactionn between design and control exists (Douglas, 1988; Fischer et al., 1988). In a recent 

manuscript,, Luyben et al. stressed that "How a process is designed fundamentally determines 

itsits inherent controllability. In an ideal project dynamic and control strategies would be 

consideredconsidered during the process synthesis and design activities" (Luyben et. al, 1999). 

Givenn that design determines controllability of a system, designing the reactor in a stable 

pointt is logical. This is considered necessary also from a health-safety-environment (HSE) 

viewpoint.. A stable operating point avoids undesired effects as: runaway, overflows, leakages, 

emergencyy purges, production and purity fluctuations, state changes, etc. Most modem 

chemicall  plants requires high flexibility  in production, without stopping the system, in order 

too minimize state transition costs. Due to economical reasons, good designs should be also 

ableable to eliminate the unnecessary classical buffer tanks. While a linear approach is usually 

enoughh for a production change of  5-10%, a large change of production (  30-50%) 

requiress a nonlinear approach to determine the changes of conversion and selectivity. 

Processess involving recycles and multiple reactions are typical for the chemical industry. 

Unfortunatelyy there is a lack of information regarding the design an control of recycle systems 

involvingg complex stoichiometry. While the non-linear behaviour of stand-alone reactors -

bothh CSTR and PFR - was intensively studied, there is much less work performed in the area 

off  recycle systems. Most studies about recycle systems considered so far only simple reaction 

types.. However, these simple reactions are rarely found in industrial processes. 

Thiss thesis explores by non-linear analysis, the design and plantwide control of recycle 

systemss involving complex stoichiometry. To give a comprehensive presentation, the thesis 

mayy be divided into three parts. First, a systemic approach of the design of CSTR-Separator-

Recyclee systems is presented. Stoichiometrics with increased complexity, from first order 

reactionn to chain-growth polymerization, are investigated. Reaction stoichiometry plays an 

importantt role as source of multiplicity in recycle systems. Afterwards, the study is extended 

6 6 



Introduction Introduction 

too PFR recycle systems considering also non-isothermal cases. An interesting similarity 

betweenn the behaviour of CSTR- and PFR- recycle systems is observed. This suggests that the 

behaviourr of the system is determined by stoichiometry, flowsheet and control structure, 

ratherr than by the reactor type. 

Finally,, the nonlinear behaviour of Reactor - Separator - Recycle systems is analysed for 

somee representative multi-reaction systems with regard to design and plantwide control 

issues.. Besides conversion, selectivity is also considered as key parameter. Results are 

illustratedd using case studies represented by typical industrial processes. 

Mainn contributions 
Thiss thesis brings the following contributions to the field of integration between design 

andd control by non-linear analysis: 

1.. Plant Damkohler number (Da) is used to study the nonlinear behaviour of recycle 

systemss for design and plantwide control purposes. The usual chemical reaction 

engineeringg definition for Damkohler number uses the flow rate at reactor inlet as 

reference:: Da = k- V-F^-C"'1, where k is the reaction rate constant, V - reactor volume, C -

concentrationn of reference reactant, n - reaction order and F - reactor inlet flow rate, 

respectively.. The plant Damkohler number definition uses the flow rate at plant input 

(Fo)(Fo) as the reference value: Da = k-V-F^-C1'1. In case of complex stoichiometrics k is a 

pseudoo reaction rate constant that accounts for multi-reactions. For systems involving 

recycless this definition is more appropriate than the classical definition of Damkohler 

numberr (Kiss et al., 2002). 

2.. For feasible operation, it is established that plant Damkohler number must exceed a 

criticall  value corresponding to a bifurcation point of the mass balance equations: Da > 

DaDaaa.. Practically, designs near turning points are dangerous, since changing operating 

conditionss or uncertain design parameters can lead to a behaviour that is different from 

thee expected one. Moreover, high sensitivity is likely to occur near turning point (fold). 

Therefore,, designs close to the fold could suffer from operability problems. 

3.. A relative simple design methodology is provided by using nonlinear approach to design 

andd plantwide control problems, where state multiplicity and instability limits the range 

off  feasible designs. Desirable operational regions are found after dividing the space of 

designn parameters in regions with different stability and number of states. The approach 
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iss applied to generic recycle systems, for which design guidelines are proposed. In order 

too avoid state instability and/or high sensitivity, designs around fold must be avoided. 

Thiss extends previous studies which considered only simple reactions (Bildea et al, 

2000;; Pushpavanam et al, 2001). 

4.. The behaviour of recycle systems is determined by the reaction stoichiometry, recycle 

policyy and control structure, and not by the reactor type. For instance, the behaviour of 

isothermall  PFR recycle systems is identical to the one of recycle systems involving a 

CSTR.. The agreement refers not only to qualitative features, but also to the parameter 

valuesvalues at which different bifurcation phenomena occur. Previous studies considered only 

simplee reactions taking place in CSTRs, stand-alone or involved in recycle (Tyreus and 

Luyben,, 1993; Bildea et al, 2000; Pushpavanam and Kienle, 2001; Waschler et al, 

2003).. The non-linear behaviour of recycle systems involving PFR - operated isothermal 

orr non-isothermal - was not investigated until recently (Kiss et al, 2003). 

5.. Guidelines for controllable designs of recycle systems involving complex stoichiometry, 

ass for example parallel and/or consecutive reactions, are provided. There is a strong 

interconnectionn between the recycle rate, purity of recycle, kinetics and state multiplicity 

andd stability. Large, pure recycles of reactants are recommended as a wise plantwide 

controll  structure (Kiss et al, 2004). In case of multiple products, the kinetic parameters 

couldd be adjusted {e.g. temperature or catalyst change) to manipulate the selectivity 

accordingg to the product of interest. 

6.. Control structures involving self-regulation are feasible only if there are sufficient 

reactionss to adjust the consumption rate of each reactant in such a way that no 

accumulationn occurs. This condition is expressed by a simple equation 

(rank(v )̂) = TV < R ; see Chapter 4 - Kiss et al, 2004), which states that it is possible to 

putt all feed flow rates on flow control only if the rank of the stoichiometric matrix is 

higherr than or equal to the number of reactants. The equation confirms previous 

controllabilityy studies reported in literature (Luyben, 1996). The self-regulation condition 

couldd be defined in a more comprehensive manner as: the maximum number of feed flows 

thatthat can be put onflow control is equal with the minimum value between the rank of the 

stoichiometricstoichiometric matrix and the number of reactants (Dimian and Bildea, 2004). 
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Thesiss overview 
Eachh chapter of this thesis is written in the form of a stand-alone article, including 

abstract,, introduction, results, conclusions, notation and literature references sections. 

Therefore,, each chapter may be read independently. 

Chapterr 1 (Kiss et aU 2004) 

Thiss chapter introduces the type of non-linear behaviour encountered in recycle systems 

andd makes a comparison with stand-alone reactors. When stand-alone units are coupled via 

masss recycle, the system may exhibit state multiplicity. The non-linear behaviour of recycle 

systemss depends also on stoichiometry. Compared to stand-alone reactors, a minimum reactor 

volumee is required in recycle systems for feasible operation. In case of first order reactions, 

forr any Da > Da", the feasible operating point is unique and stable. For more complex 

stoichiometry,, multiple steady states exist some of them being unstable. As a consequence, 

thee range of achievable conversion is limited by the instability of the low-conversion state. A 

relativee simple methodology is provided for the design of recycle systems. In recycle systems 

thee design of the chemical reactor and the control of the reactants' make-up are 

interconnected.. Two basic types of reactant inventory control are considered: 1. Conventional 

settingg of the fresh reactant feeds on flow control, based on the concept of self-regulation. 

Twoo main advantages of this strategy are worth mentioning: a) The production rate can be set 

directlyy by manipulating the feed flow rate, b) The product distribution is fixed in case of 

complexx reactions (see Chapter 4). 2. Fixing the reactor-inlet flow rate, by measuring the 

inventoryy in the recycle loop and adjusting the fresh feed accordingly. (Luyben, 1994; Bïldea 

andd Dimian, 2003). This method decouples the reactor from the rest of the plant, the 

behaviourr being similar to a stand-alone reactor. However, the production rate can not be set 

directlyy in this case. The setpoint of recycles is used to manipulate the production rate. 

Chapterr 2 (Kiss et aL, 2002) 

Thee multiplicity behaviour of six reaction systems of increasing complexity, from one-

reactant,, first-order reaction to chain-growth polymerisation is investigated. Below a critical 

valuee of the plant Damköhler number, Da < Da", the only steady state involves infinite flow 

rates.. Feasible steady states become possible if the critical value is exceeded, Da > Da". For 

one-reactionn systems, one stable steady state is born at a transcritical bifurcation. For 
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consecutive-reactionn systems, including polymerisation, a fold bifurcation can lead to two 

feasiblee steady states. Moreover, the transcritical bifurcation is destroyed when two reactants 

aree involved. If the gel-effect is included, a maximum of four steady states are possible. When 

multiplee steady states exist, the achievable conversion is constrained by the instability of the 

low-conversionn branch. For polymerisation systems, this has practical importance when the 

radicals'' quasi-steady state assumption is not valid or the gel-effect is significant. 

Chapterr 3 (Kiss et aL, 2003) 

Thee non-linear behaviour of isothermal and non-isothermal PFR -separator - recycle 

systemss is explored. The steady state behaviour of six reaction systems of increasing 

complexity,, from one-reactant first-order reaction to chain-growth polymerization, is 

investigated.. In PFR - separator - recycle systems feasible steady states exist only if the 

reactorr volume exceeds a critical value. For one-reaction systems, one stable steady state is 

bornn at a transcritical bifurcation. In case of consecutive-reaction systems, including 

polymerization,, a fold bifurcation can lead to two feasible steady states. The transcritical 

bifurcationn is destroyed when two reactants are involved. In addition, the thermal effects also 

introducee state multiplicity. When multiple steady states exist, the instability of the low-

conversionn branch sets a lower limit on the conversion achievable at a stable operating point. 

AA low-density polyethylene process is presented as a real plant example. The results obtained 

aree similar to CSTR-separator-recycle systems. This suggests that the behaviour is dictated by 

thee chemical reaction and flowsheet structure, rather than by the reactor type. 

Chapterr 4 (Kiss et al, 2004) 

Thee design and plantwide control of Reactor-Separator-Recycle systems implying multi-

reactionss is addressed. The study presents results of the non-linear analysis for two reactor-

separator-recyclee systems involving consecutive/parallel reaction: SI. A + B —> P; A + P —* R 

wheree both reactants are recycled together; and S2. A + B  1P\ 1A —  P + R where reactants 

aree recycled separately. The non-linear analysis, conducted in terms of dimensionless 

numbers,, ensures a large range of applicability. Two case studies corresponding to each 

systemm are presented: butane alkylation and toluene trans-alkylation processes. It is 

demonstratedd that plantwide control relying on self-regulation manifests regions of state 

multiplicityy or unfeasibility. Ignoring the steady state multiplicity can lead to control 
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difficultiess or even un-operable plant. Nonlinear analysis is a way to identify and avoid such 

dangerouss situations at the conceptual stage of design. This chapter provides basic guidelines 

thatt are useful for the design and control of such systems. 

Conclusionss and suggestions for further research 

Inn the last part of the thesis the main conclusions of this study are presented. Author's 

commentss and suggestions for further research conclude the thesis. The interaction between 

designn and control can be revealed by mathematical models that considers the nonlinearities 

existingg in nearly every process. The use of linear models is not excluded but linearisation 

aroundd several operating points is required. Design by nonlinear analysis can be outlined as 

follows:: the space of the design parameters is divided into regions with different bifurcation 

diagrams,, then desirable regions of operation and potential stability and/or operability 

problemss are identified. The operation near bifurcation varieties, such as folds, should be 

avoided.. If operation near bifurcation points is required due to performance reasons, the 

controll  system must ensure that possible disturbances do not lead to a catastrophic change of 

system'ss behaviour. 

Thee original contributions presented in this thesis cover an important area of the design 

andd plantwide control of recycle systems. Nevertheless, there is more to explore in future 

studies.. Further research could consider other reactor types, reactions networks and use of 

chemicall  reaction network theory, heat-integration, optimised methods for selecting control 

alternatives,, different separations and product specifications. 
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