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ChapterChapter 1. DesignDesign and Control of Recycle Systems by Non-linear Analysis 

Chapte rr  1 : Desig n and Contro l of Recycl e System s by 

Non-linea rr  Analysi s 

Abstrac t t 

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 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 

stoichiometryy multiple steady states exist, some of them being unstable. Consequently, the 

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

relativee simple methodology for designing recycle systems is provided. This is applied latter 

forr several case-studies. 

Inn recycle systems the design of the chemical reactor and the control of the reactants' 

make-upp are interconnected. Two basic types of reactantt inventory control are considered: 

1.. Conventional setting of the fresh reactant feeds on flow control, based on the concept 

off  self-regulation. Two main advantages of this strategy are worth mentioning: a) The 

productionn rate can be set directly by manipulating the feed flow rate, b) In case of complex 

reactionss the product distribution is fixed (see Chapter 4). 

2.. Fixing the reactor-inlet flow rate, by measuring the inventory in the recycle loop and 

adjustingg the fresh feed accordingly. (Luyben, 1994; Bildea and Dimian, 2003). This method 

decoupless the reactor from the rest of the plant, the behaviour being similar to a stand-alone 

reactor.. However, the production rate can not be set directly. The production rate is changed 

byy manipulating the setpoint of recycles. 
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ChapterChapter 1. DesignDesign and Control of Recycle Systems by Non-linear Analysis 

Introductio n n 

Reactor-Separator-Recyclee systems involve several units which are coupled by mass and 

energyy streams. However, even coupling stable units does not guarantee a resulting stable 

systemm (Bildea and Dimian, 2000). The nonlinear behaviour of stand-alone chemical reactors, 

includingg state multiplicity and isolated solutions, has been demonstrated by a large number 

off  articles (Balakotaiah and Luss, 1983; Subramanian and Balakotaiah, 1996; Uppal et al, 

1976;; Waschler et al., 2003). In all cases, the source of state multiplicity was the nonlinear 

dependencee of reaction rate on temperature, coupled with some form of energy feedback. 

Nevertheless,, coupling chemical reactors and separation units through material recycles is an 

additionall  source of nonlinearity that can lead to unstable systems. Undesired phenomena, 

suchh as unfeasibility, parametric sensitivity, state multiplicity or instability, are likely to 

occur.. These should be avoided by design and plantwide control. 

Typicallyy optimization procedures applied in design lead to small reactors. However, 

smalll  reactors exhibit high sensitivity and therefore are very difficult to operate (Dimian, 

2003).. The main requirement is to design reactors that are stable and do not exhibit high 

sensitivity.. Stand-alone reactors are characterized by Damköhler number (Da = k-V-F^C1'1, 

wheree F is the reactor inlet flow rate). For systems involving recycles the plant Damköhler 

numbernumber is more appropriate: Da = k-V-F^-C1'1, where the flow rate at plant input (Fo) is used 

ass reference value. For feasible operation, it has been established that plant Damköhler 

numbernumber must exceed a critical value corresponding to a bifurcation point of the mass balance: 

DuDu > Dac\ (Bildea et al, 2000; Kiss et al, 2002). In recycle systems, designs exhibiting high 

sensitivityy and/or state multiplicity are situated near the critical Damköhler number. These 

designss suffer from serious operability problems. For any small change in kinetics or flow-

rate,, the operating point may fall to the left of the turning point, where no feasible states exist. 

Thee main task of plantwide control is to ensure the overall mass balance, as well as the 

balancee for each component. Normally, the separation units remove the products at a rate 

equall  to their generation rate, hence accomplishing the control of inventory. For recycled 

reactants,, the reactor must ensure that the entire amount fed in the process is transformed into 

products.. When only one reactant is involved, recycle systems are self-regulating. As a result, 

controll  structures consisting of fixed fresh reactant flow rate and floating recycle are feasible. 

Thiss works well when the reactor is large enough (Larsson and Skogestad, 2000). An 
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attractivee advantage of this strategy is the direct setting of the production rate. On the other 

handd the plant is very sensitive to disturbances for small reactors (Dimian, 2003). In this case, 

fixingfixing the recycle and changing the reaction conditions (e.g. temperature, pressure, volume) 

resultss in better performance (Luyben et al, 1999). An alternative is to distribute the 

disturbancee rejection effort equally between the reactor and separation (Wu and Yu, 1996). 

Byy using Luyben's rule (Luyben, 1994) of fixing one stream in the recycle, namely the reactor 

inlett (Bïldea and Dimian, 2003), the reactor behaves as decoupled from the rest of the plant, 

similarr to a stand-alone reactor. If the stand-alone reactor is stable or can be stabilized by 

locall  control, this strategy ensures the stability of the whole recycle system. 

AA relatively simple design methodology consists of the following steps. Write the balance 

equationss for a recycle system considering some basic assumptions: 1. isothermal reactors -

thiss implies that temperature can be controlled. If this is not possible or desired then equations 

forr the energy balance must be taken into account. 2. 'black-box' separation models - this 

assumess that composition can be controlled. These assumptions allow a simplified balance 

thatt written in a dimensionless form ensures a large range of applicability. The degree of 

freedomm analysis for these equations provides the number of variables that must be specified. 

Typically,, several sets of specifications are possible. Therefore, the next step is to choose a 

controll  structure that satisfies one of these sets. Using non-linear analysis, bifurcation 

diagramss are plotted. Effect of different parameters is studied with regard to state multiplicity, 

stabilityy and sensitivity. The instability of some states can be simply demonstrated by steady-

statee analysis. These unstable states should be avoided when selecting the nominal design. At 

thiss stage is also important evaluating the sensitivity with Damköhler number. We have to 

ensuree that no major behavioural changes are possible (e.g. disappearance of steady-states left 

too the fold) when Damköhler number vary (e.g. change of production rate, catalyst 

deactivationn or temperature changes). On top of everything, economic considerations must be 

takenn into account: reasonable temperatures, realistic recycle rates, practical reactor volume, 

etc.. The end result of this analysis is a nominal design, based on the simple steady-state model 

availablee in early design stage when only the plantwide control structure is considered. 

Thee detailed control structure is not yet available nor the size of the units. Therefore a 

dynamicc model is not possible at this conceptual stage. Detailed modelling becomes possible, 

forr example using traditional process simulators such as: AspenTech AspenPlus™ and Aspen 

Dynamics™.. Other commercial (ChemCAD, HYSYS) or in-house simulators are suitable as 
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well.. The full steady-state and dynamic model is used to check the accuracy of the simple 

model.. From our experience, the full model agree with the simple one. This agreement is 

illustratedd in the next chapters where several case-studies are considered. 

Thee design methodology outlined above is very important because the behaviour of 

reactorss in recycle is different compared to stand-alone reactors. Multiple steady-states, 

instabilityy and parametric sensitivity could occur in recycle systems. Reaction systems 

involvingg material recycles are common to industrial practice (Figure 1.1). These recycle 

systemss were recognized as being representative for industry (Luss and Amundson, 1967). 

VJ>> CA.3 

^ 0 > C C 0''  L A, 0 

Recycle e 

AA feed 

^2>^2>  CA,2 

EX] ] 

Separation n 

ccy—c ccy—c A.4 4 

^4 »» CA' 

Figuree 1.1. General structure of CSTR-Separator-Recycle systems with one reactant. 

Thee reactor effluent is processed by the separation section, and afterwards recycled. 

Productt and recycle streams have fixed composition. 

Throughoutt this work. fV and F^m\ are molar and volumetric flow rates, respectively, 

wheree the index k follows streams numbering. The dimensionless volumetric flow rates are 

denotedd by fk = Fkvol -cA0/F0. Concentration and dimensionless concentration of the i"1 

speciess in the kth stream are denoted by Cyt and z& = c\x I CA,OS respectively. All reaction rate 

constantss are evaluated at the fixed reactor temperature. Definition of a plant Damköhler 

numberr (Da) allows the generalization these results in dimensionless form. 
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Desig nn issue s 

FirstFirst  order irreversible reaction: A —>B 

Wee start with the simple first order reaction A-* B, taking place in a stand alone CSTR 

andd a CSTR-Separator-Recycle system. Let us define the plant Damkohler number as: 

DaDa = ky-^—  (1.1) 

Thiss definition uses the flow rate at plant input as the reference value. In case of stand-

alonee reactors the plant input corresponds to the reactor inlet. For recycle systems this 

definitionn is more appropriate than the usual chemical reaction engineering definition, which 

usess the flow rate at reactor inlet as reference. 

Then,, in the stand alone CSTR the conversion can be simply written as: 

ll  + Da 

Forr pure recycle (ZA,3=1) and product (ZA,4=0), the recycle system (Figure 1.1) can be 

describedd by the following dimensionless model: 

Reactor:: l + / 3 - ( l + /3) - zA2 - Da  zA2 =0 (1.3a) 

Separation:: (l + /3)  zA2 - /3 = 0 (1.3b) 

Thee steady-state model has two solutions: 

( z- ^=Gra )) °-4b) 

Conversionn is given again by a simple relationship: 

XX = l-zA2; X = ^ - (1-5) 
Da Da 
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1 1 
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0.6 6 

X, X, 
0.4 4 

0.22 -

00 -

Stand-alonee CSTR ^ — ~ ^ Z ^ ^ 

// / CSTR - Separator - Recycle 

''  r 1 r~ 

A^B B 

0 0 1 1 Da Da 

Figuree 1.2. One reactant, first  order  reaction .4 -> B: Xxs. Da bifurcation diagram. 

AA feasible solution always exist for a stand-alone CSTR. For the recycle-system one 

solutionn is feasible (0 <X< 1) if, and only if Da > 1. 

Figuree 1.2 presents the conversion vs. plant Damköhler number. For the stand-alone 

reactorr a feasible solution always exist. In the case of recycle system, one solution is 

unfeasiblee corresponding to zero conversion and infinite recycle flow rate. The other solution 

iss feasible (0 <X< 1, finite recycle) if, and only if, the following condition is fulfilled: 

Da>\ Da>\ (1.6) ) 

Suchh a feasibility constraint does not appear in the case of stand-alone reactors but it is 

characteristicc to recycle systems. This can be explained by the fact that the separation section 

doess not allow the reactant to leave the process. Consequently, for a given reactant feed flow 

ratee (FQ), large reactor volume (V) or fast kinetics (ki) are necessary to consume the total 

amountt of reactant fed in the process, and thus to avoid reactant accumulation. These three 

variabless are conveniently grouped in the dimensionless plant Damköhler number. When 

designingg such recycle systems one have to keep in mind that a minimum reactor volume is 
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requiredd for a specified kinetics and flow-rate or the flow-rate is limited to a maximum value 

forr a specified kinetics and reactor size. 

FirstFirst  order reversible reaction: A++B 

Lett us consider now the case of a simple reversible reaction taking place in a recycle 

system:: 4< > B Along with the plant Damköhler number defined previously we consider 

thee additional parameter /?=&,/£2, which is the ratio of the reaction rate constants. The 

dimensionlesss model for a CSTR-Separator-Recycle system can be written as: 

Overalll  mass balance: (1 - z . 4) — Da 

Separation: : 

Mixingg point: 

ZJLI-ZJLI- P P 

a+^)-^, 1-( i+/3-v0=o o 

(1.7a) ) 

(1.7b) ) 

(1.7c) ) 

1 1 

0.8 8 

0.6 6 

0.4 4 

0.2 2 

j3=k.,/k2 2 

ZA3=1-0 0 
zA4=0.0 0 

A-c^BA-c^B t 
II i i i I I i t - * * " * 

J 3 = 1 0 Q ^ ^ ^ ^ 

-^TTTTTT77

/?=10 0 

(3=2 (3=2 

£=1 1 

y3=0.5 5 

j3=0.1 1 

L —"- HH ' — 

0.1 1 1 1 100 Da 100 1000 0 

Figuree 1.3. Reversible reaction A <-> B: X vs. öa bifurcation diagram, perfect separation. 

Thee achievable conversion depends on kinetics, but the solution is feasible (0 < X< /) 

if,, and only if Da> 1. 
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Inn case of pure recycle (ZA,3 = 1) and product (ZA.4 = 0) the conversion is given by: 

Da+P Da+P 
XX = \ 

Da-{\Da-{\ + fi) 
(1.8) ) 

Figuree 1.3 presents the conversion versus plant Damköhler number diagram for the case 

off  perfect separation - pure recycle and pure product - for different kinetics. The achievable 

conversionn depends strongly on kinetics. High values of reaction constants rate (B) 

correspondss to the limiting case of irreversible reaction A—>B. It is important noting that also 

inn this case the critical value of Damköhler number is one. Hence the same limitations 

regardingg the reactor volume and/or feed flow rate remains valid. 

Att the Damköhler value corresponding to the transcritical bifurcation point 

(Guckenheimerr and Holmes, 1983), given by Eq. 1.9, the recycle becomes infinite. However, 

thiss will be discussed in more detail in the next chapter. Because the reaction is reversible it is 

safee to consider that in practice there will be some reactant A present in the product stream 

(ZA,44 > 0) due to the imperfect separation. 

1 1 

0.8 8 

0.6 6 

< < 

0.4 4 

0.2 2 

0 0 

_zA3=0.8 8 
zA4=0.02 2 

AT^B AT^B 
^ ^^ L4_J 

J33 = = 1 0 0 ^ ^ ^ ^ ^ 

ii 7 i i 

! ! 

0=10 0 

0=2 2 

0=1 1 

0=0.5 5 

0=0.3 3 
ii i i i i i i i i i i i 

0.1 1 1 1 10 0 DaDa 100 1000 0 

Figuree 1.4. A <-> B reaction: A'vs. Da bifurcation diagram for  incomplete separation. 

Thee kinetics influence not only the achievable conversion but also the minimum 

reactorr volume, corresponding to the critical Damköhler value. 

20 0 



ChapterChapter 1. Design and Control of Recycle Systems by Non-linear Analysis 

Thiss case is described in Figure 1.4, where a 2% and 80% concentration of reactant A in 

productt and recycle, respectively, has been considered. Yet again a minimum Damköhler 

numberr exists. This value is no longer one because it depends on kinetics and separation 

performance. . 

Da'-^-Da'-^-ZZ^ ^ (1.9) ) 
(11 + 0K3-1 

Figuree 1.5 shows the conversion vs. Damköhler bifurcation diagram for different recycle 

puritiess (zA,3 = 50% ...100%). The concentration of reactant A in product is considered 2% 

andd the reaction rate constants ratio P = 2. 

0.1 1 1 1 10 0 DaDa 100 1000 0 

Figuree 1.4. A <->B reaction: Xvs. Da bifurcation diagram for  different recycle purities. 

Lowerr recycle purities decrease the achievable conversion. The minimum reactor 

volumee depends on the separation performance (Eq. 1.9). 

Besidess a minimum Damköhler value there is also a maximum Damköhler value that 

correspondss to a zero recycle (fi = 0): 

DaDamsxmsx = 
OO + PK4-I 

(1.10) ) 
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Figuree 1.5 presents the effect of kinetics on the transcritical and maximum Damkohler 

number.. For a feasible design this condition must be fulfilled: Da1 <Da< Damax. 

50 0 

40 0 

(0 0 
Q Q 

30 0 
i i 

20 0 

10 0 

0 0 

Da'Da' = 
(1+0K3-1 1 

/3=k1/k2 2 

zA3=0.8 8 
zA4=0.04 4 

0 0 0.5 5 P P 1.5 5 

500 0 

400 0 

«300 0 
C C 

Q Q 
200 0 

100 0 

0 0 

0 0 

Da™*Da™* = PiPi11-**.*) -**.*) 
ZAS~ZAS~1 1 

20 0 40 0 60 0 

A; A; 

zA3=0.8 8 
zA4=0.04 4 

P P 80 0 100 0 

Figuree l.S. Effect of kinetics on transcritical and maximum Damkohler  numbers. 

DaDaTT and Do"1™ increase when then kinetic ratio ft decreases. 
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Lett us consider now the same reversible reaction (^< ' >B) taking place in a PFR-

Separator-Recyclee system (Fig. 1.6). The dimensionless model for this case is similar to the 

previouss one for CSTR recycle systems: 

dzdzAA<g)<g)==  Da V^ ' ' 
Q+fQ+f33)-z)-zAaAa-(f,-z-(f,-zA3A3+z+zAAAA)) = 0 

(ll  + / , ) - z , , - (l  + /3-z ,3) = 0 

z,(0)) = z,i ; ^e(0..1) (1.11a) ) 

(1.11b) ) 

(1.11c) ) 

Whenn separation is considered to be perfect (zA,3 = 1, zA.4 = 0), the minimum reactor 

volumee corresponds to the same critical value of Damköhler number: DaT=\  (Fig. 1.7). If the 

separationn is not perfect then the separation performance affects the minimum Da value. 

Althoughh the reactor is different, Eq. 1.9 is valid also in this case. 

Recyclee p^ fi>  zi 

Product t Coolant t 

Figuree 1.6. General structure of PFR-Separator-Recycle systems with one reactant. 

Thee reactor effluent is processed by the separation section, and afterwards recycled. 

Productt and recycle streams have fixed composition. 
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0.8 8 

0.6 6 

X X 

0.4 4 

0.2 2 

0 0 

/3=k1/k2 2 

zA3=1-0 0 
zA4=0.0 0 

'' *, 

PS S =1000 /^~" 

11 1 1 , 1 

0=10 0 

0=2 2 

0=1 1 

0=0.5 5 

0=0.1 1 
II  . i i i i i 

0.1 1 1 1 Da Da 10 0 100 0 

Figuree 1.7. Reversible reaction /4 o 2? in PFR recycle system, perfect separation. 

Thee achievable conversion depends on kinetics. Solution is feasible (0 < X< 1) if, and 

onlyy if Da> 1. 

1 1 

0.8 8 

0.6 6 

0.4 4 

0.2 2 

0 0 

zA3=0.8 8 
Z A 4 = 0 . 02 2 

i4<< ' i s 
* 2 2 

P' P' = 1 0 0 ^ " " 

A/^ ~ ~ 
//^~I I 

0=10 0 

0=2 2 

13=1 13=1 

0=0.5 5 

0=0.3 3 
rr ' i 

0.1 1 1 1 Da a 10 0 100 0 

Figuree 1.8. Reversible reaction A <-> B: bifurcation diagram for  incomplete separation. 

Thee kinetics influence not only the achievable conversion but also the minimum 

reactorr volume, corresponding to the critical Damköhler value. 
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Figuree 1.9 makes a comparison between the CSTR- and PFR-Separator-Recycle systems for 

thee reversible reaction A <-> B, using the reactor volumes ratio as criteria. This ratio increases 

forr higher conversions. The same conversion can be achieved in a smaller PFR. 

1 1 

0.8 8 

88 0.6 

Q Q 

Q Q 

0.44 -

0.2 2 

0 0 

\ \ \ T ^ ^ ^ 

\\ \ 

\\ 0=0.5 \ j8=1 1 
- HH ' L-

\P=2 \P=2 
_+__Lii  1 

11 k> \ c 
A<A< > B 

* 2 2 

j3=k1/k2 2 

zA3=0.8 8 
zA4=0.02 2 

/3=10\ \ 
1 — i — ' — ^ — ' — l l 

0 0 0.2 2 0.4 4 0.6 6 0.8 8 

100 0 

TO TO 
Q Q 

tn tn o o 

Q Q 

/3=k1/k2 2 

zA3=0.8 8 
zA4=0.02 2 

10 0 

0 0 0.2 2 0.4 4 0.6 6 0.8 8 

Figuree 1.9. Reversible reaction A <->B: reactor  volumes rati o vs. conversion. 

Thee ratio between reactor volumes (VCSTR / VPFR) increases with conversion. 
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SecondSecond order reaction: A+B —y C 

Wee continue this short analysis with the second order reaction A + B —» C, taking place in 

aa CSTR-Separator-Recycle system (Fig. 1.10). Considering that reactants are completely 

recycled,, the dimensionless model is given by these equations: 

Overalll  mass balance: f2 - (1 + fK) = 0 

Reactorr - balance A: 

Reactorr - balance B: 

ll + fyZA3-f2-ZA,7-Da-ZA,7-ZB,2=Q 

JJB,0B,0 "  Ji '  ZB,3 — Jl '  ZB,2 ~ ^ a '  ZA,2 '  Z8,2 = 

Separationn - balance A: f2 • zA 2 - ƒ, • zA 3 = 0 

Separationn - balance B: f2 • zB 2 - ƒ, • zB 3 = 0 

Separationn - balance C: \-{zAi +2g3 +zc 3) = 0 

Mixingg point: fR -(ƒ, + fB0) = 0 

(1.12a) ) 

(1.12b) ) 

(1.12c) ) 

(1.12d) ) 

(1.12e) ) 

(1.12f) ) 

(l-12g) ) 

Bfeed d 

Coolant t 

Figuree 1.10. General structure of CSTR-Separator-Recycle systems with two reactants. 

Thee reactor effluent is processedd by the separation section, and afterwards recycled. 
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Conversionn can be calculated again using a simple relationship: 

1 1 
X>X> =

l + / 3 - f u u 
(1.13) ) 

Figuree 1.11 shows the Da vs. XA bifurcation diagram for the second order reaction considered. 

Theree is a major change of behaviour compared to the first order reaction discussed above. 

Twoo steady states are born at a turning point (fold bifurcation), at least one of them being 

unstable.. Next chapters demonstrate that low-conversion branch is unstable. The locus of the 

turningg points gives a necessary, but not sufficient, feasibility condition. This can be 

calculatedd rather simple as: 

(Da,X(Da,XAA))
FF = PP + A) 

{{ ( l - z«) (1~/R)2 1 + A + Z C , - / R - -C.3 3 

(1.14) ) 

withh the limiting case (zc,3->0 and JR-X»), corresponding to zero conversion: lim DaF = 4. 
/ R - > » » 

0.8 8 

>? ? 
0.6 6 

0.4 4 

0.2 2 

0 0 

ZC,3=0 0 

AA  5 
f R = 1 0 // ^... 

ii .. . , 

A+B^C C 

^ \ ' 3 3 

0 0 10 0 200 Da 30 40 0 50 0 

Figuree 1.11. Second order  reaction A+B—ï C: X\ vs. Damköhler  bifurcation diagram. 

Multiplee steady-states exist. The achievable conversion depends on the recycle rate. 
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1 1 

0.8 8 

X" " 

0.6 6 

* * 

0.4 4 

0.2 2 

0 0 

fR=5 5 A+B-*C C 

Zc,3=0\ \ 

10 0 200 Da 30 40 0 50 0 

Figuree 1.12. Second order  reaction A+B-> C: X\ vs. Damköhler  bifurcation diagram. 

Multiplee steady-states exist. The achievable conversion depends on the recycle purity. 

Figuree 1.12 presents the effect of recycle purity on the behaviour of the system, for a 

specifiedd recycle flowrate (/R=5). A lower purity of the recycle limits the achievable range of 

conversionn and increases the reactor volume (Da) for a given kinetics and feed flow-rate. 

Thee simple examples presented above illustrate the complexity of recycle systems 

comparedd to stand-alone reactors. This complexity is increasing with the reactions 

stoichiometry.. More details about this key topic are presented in the next chapters. Compared 

too stand-alone reactors, a minimum reactor volume is required in recycle systems for feasible 

operation.. In case of first order reactions, for any Da > Daa, the feasible operating point is 

uniquee and stable. For more complex stoichiometry multiple steady states exist, some of them 

beingg unstable. Consequently, the range of achievable conversion is limited by the instability 

off  the low-conversion state. Design parameters, such as recycle or reaction rates, can be 

manipulatedd to achieve desired conversions. 
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Plantwid ee Contro l 

Thee approach of controlling recycle systems is recognized nowadays as plantwide 

control.control. One of the first volume dedicated to this topic has been published by Luyben et al. 

(1999).. They acknowledged that design fundamentally determines the process controllability. 

safetyy margin ^ - ^ " " " ^ 

~xx stable operating point 

.22 / 
SS j 
II  fold A 
o o 
UU \ 

I—— • nominal operating point (unstable) 

extinctionn " . . . 
. . .. l i i — *• 

Reactorr volume 

Figuree 1.13. Generic bifurcation diagram for  a recycle system. 

Statee multiplicity exist, at least one state being unstable. Feasible region is limited. 

Thee control strategy should be considered during the process synthesis and design 

activities.. Plantwide control problems occur due to the complex recycles of mass and energy 

thatt characterise modern plants. Positive feedback effects complicate the dynamics and 

controll due to interactions and non-linear phenomena. As demonstrated the probability of 

multiplee steady-states is high for recycle systems. For example, the conversion vs. Damköhler 

diagramm exhibits two branches in the case of bimolecular reactions. The instability of the low 

conversionn branch can be demonstrated using only steady-state considerations (Kiss et al., 

2002).. The dynamic demonstration for this branch is not required since this branch is unstable 

alreadyy from the steady-state (Fig. 1.13). However, the full dynamic model is required to 

provee the stability of the high conversion branch. This is an interesting issue for the design of 

suchh systems because here more exotic unstable behaviour could appear. 
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Inn recycle systems the design of the chemical reactor and the control of the reactants' 

make-upp are interconnected. Two simple types of reactant inventory control are possible: 

1.. Self-regulation of component inventory: this conventional control structure consists of 

settingg the fresh reactant streams on flow control (Fig. 1.1). This classical strategy is possible 

onlyy if the reactor is large enough (i. e. high plant Damköhler number). In case of first-order 

reactions,, this control structure could lead to snowballing if the conversion is low (Wu and 

Yu,, 1996). However, the conventional structure works well at high conversion (Bildea and 

Dimian,, 2003). The explanation is related to the design of the chemical reactor characterized 

byy the plant Damköhler number. Additional constraints could arise because of undesired non-

linearr phenomena such as state multiplicity, high sensitivity to production rate changes or 

parameterr uncertainty in design. However, these constrains could be avoided by correct 

designn decisions. Using this strategy the production rate can be simply set in a direct manner. 

Moreover,, the product distribution is fixed in the case of complex reactions (see Chapter 4). 

Coolant t 

''  CA,0 

AA feed jV3-

I I -+T+ -+T+ 

"X1 1 

7,—(TC)--

CSTR R 

7 T T 

- ^ 3 ''  CA,3 

Recycle e 

^ 1 ''  CA,1 

cch—— c A,3 3 

^ 2 ''  CA' 

1X3 3 

Separation n 

CCH—— c A,4 4 

^ 4 ''  CA,< 

Figuree 1.14. Regulation by feedback control for  a one-reactant recycle system. 

Reactorr inlet flow rate is fixed while fresh feed of reactant is variable. 
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2.. Regulation by feedback control: the component inventory is measured and a suitable 

feedbackk control system is applied. Luyben's rule states that a stream in a recycle loop should 

bebe set onflow control (Luyben, 1994). Bildea and Dimian (2003) recommend the inlet of the 

chemicall  reactor being an appropriate location for fixing the flow rates. This location ensures 

stablee behaviour and avoids the undesired non-linear effects. The reactant make-up could be 

suppliedd in any inventory device of the recycle loop. Therefore, an appropriate 

implementationn is fixing the reactor-inlet flow rate, measuring the inventory in the recycle 

loopp and adjusting the fresh feed accordingly (Fig. 1.14). 

Byy adopting the proposed rule, for instance, the behaviour of a PFR in recycle becomes 

identicall  to that of a stand-alone PFR that has a unique stable steady state. Therefore, classical 

controll  strategies developed for stand-alone reactors can be applied. However, this approach 

bringss no significant improvement when the stand-alone reactor itself {e.g. non-isothermal 

CSTR)) exhibits state multiplicity. An interesting approach in this case would be to modify or 

compensatee the non-linear behaviour of the stand-alone reactor by using the material feedback 

off  die recycle in a clever manner. 

Onee major inconvenient of the regulation by feedback control structure is that the 

productionn rate can not be set directly. The production rate can be changed by manipulating 

thee setpoint of recycles. 

Conclusion s s 

Whenn stable stand-alone units are coupled via mass recycle, the complete system may 

exhibitt state multiplicity. The non-linear behaviour of recycle systems depends also on 

stoichiometry.. In case of simple first order reaction a minimum reactor volume is necessary 

forr feasible operation. For any Da > Daa, the feasible operating point is unique and stable. In 

otherr cases {e.g. second order reaction), multiple steady states exist, some of them being 

unstable.. Consequently, the range of achievable conversion is limited by the instability of the 

low-conversionn state. 

Inn recycle systems, a strong interaction between the design of the chemical reactor and 

thee control of the reactants' make-up exists. Two basic types of reactant inventory control are 

possible:: 1. Self-regulation of component inventory: this conventional control structure 

consistss of setting the fresh reactant streams on flow control (Fig. 1.1). 2. Regulation by 
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feedbackfeedback control: the component inventory is measured and an appropriate feedback control 

systemm is implemented. An appropriate location for fixing the flow rates is the inlet of the 

chemicall  reactor (Fig. 1.14). Feed policy of the reactants is the main difference between these 

twoo control strategies. 

Thee conventional strategy, based on the concept of self-regulation, offers more 

advantagess but one must be aware of the non-linear behaviour when designing such systems. 

AA major advantage of this conventional control structure is the opportunity to set directly the 

productionn rate and fix the product distribution (Kiss et al, 2004). The regulation by feedback 

controll  approach leads to systems where the reactor behaves as decoupled from the rest of the 

plant,, similar to a stand-alone reactor. Therefore, conventional control strategies developed 

forr stand-alone reactors can be applied. However, this approach is not always feasible or very 

helpfull  due to the process constrains or because the stand-alone reactor itself exhibits state 

multiplicity.. The main inconvenient of the regulation by feedback control structure is that the 

productionn rate can not be set directly. The production rate can be changed by manipulating 

thee setpoint of recycles. 

Notatio n n 

cc = concentration, mol/m3 

FF = flow rate, mol/s 

fifi  = flow rate, dimensionless 

kk = reaction rate constant, (mol/m3)1""^" 1 

nn = reaction order, dimensionless 

VV = reactor volume, m3 

XX = conversion, dimensionless 

z\z\ = concentration, dimensionless 

== C\ I CA,0 

pp = reactions rate constants ratio, dimensionless 

== k21 ifci 
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Subscripts s 

00 = fresh feed 

11 = reactor inlet 

22 = reactor outlet, separation inlet 

33 = recycle stream 
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