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ChapterChapter 4. PlantwidePlantwide Control of Recycle Systems with Multiple Reactions 

Chapte rr  4 : Plantwid e Contro l of Recycl e System s wit h 

Multipl ee Reaction s 

Abstrac t t 

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

reactionss is addressed. This work 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 —  2P; 1A —  P + R where reactants 

aree recycled separately. 

Thee non-linear analysis, conducted in terms of dimensionless numbers, ensures a large 

rangee of applicability. Two case studies corresponding to each system are presented: butane 

alkylationn and toluene trans-alkylation processes. It is demonstrated that plantwide control 

relyingg on self-regulation manifests regions of state multiplicity or unfeasibility. Ignoring the 

steadyy state multiplicity can lead to control difficulties or even un-operable plant. Nonlinear 

analysiss is a way to identify and avoid such dangerous situations at an early stage of design. 

Thiss study provides basic guidelines that are useful for the design and control of recycle 

systemss involving multi-reactions. 
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Introductio n n 

Todayy process plants have to be designed in such a way to be capable of handling large 

changess in throughput, product specifications and feedstock quality (flexibility) . They should 

bee capable to move between various operating points with smooth and short transitions 

(switch-ability).. These issues are critical also in the case of plants with recycles where strong 

nonlinearitiess could manifest by unwanted dynamic phenomena such as unstable steady, 

oscillationss or even chaotic behaviour. A good design should predict and avoid the occurrence 

off  unstable behaviour when the process is faced with flexibilit y and switch-ability 

requirements. . 

Thiss article investigates the problem of state multiplicity in generic system Reactor-

Separator-Recyclee systems dealing with complex stoichiometry from the perspective of the 

interactionn between flowsheet design and plantwide control. Important issues are feed policy 

andd reactor design, with regard to desired conversion and selectivity. These should comply 

withh the requirement of a stable operating point faced to large disturbances. 

Statee multiplicity has been intensively studied for stand-alone processes, mostly in 

chemicall  reaction engineering. Some works treated the effect of recycle but in the simplest 

mannerr as the split of the effluent without processing. Even in this case the interaction 

betweenn energy and mass recycle can lead to complex behaviour. For instance, the dynamics 

off  a fixed-bed reactor with reactant recycle may exhibit multiple and high-order periodic 

solutionss (Recke and Jorgensen, 1999). However, in this study we are interested in the 

behaviourr of a more generic system, when the effluent from the reactor is submitted to 

separation.. This operation can be simple or more complex, depending on the thermodynamic 

properties,, and purity specifications of products and recycled reactants. Accordingly, various 

designss of separators are possible. To avoid the combinatorial explosion of designs a 

systematicc approach is necessary. 

Thee systematic non-linear analysis of the Reactor-Separator-Recycle system is only 

recent.. Tyreus & Luyben (1993) reported for the first time the occurrence of multiple steady 

statess in a system dealing with a bimolecular reaction A + B —» Products, as well as the 

connectionn between state multiplicity and reactant make-up control policy. However, they did 

nott proceed to a fundamental analysis. A first theoretical investigation of the non-linear 

behaviourr of the Reactor-Separator-Recycle systems has been published by Bildea, Dimian 

100 0 



ChapterChapter 4, Plantwide Control of Recycle Systems with Multiple Reactions 

andd Iedema (2000). The dimensionless mole-balance equations have been parameterised in 

termm of the plant Damköhler number (Da) and the specification of the separations. It was 

shownn that reactant accumulation does not occur if the reactor volume exceeds a critical 

value.. This condition can be expressed as Da > Daa, in which Daa corresponds to a 

bifurcationn point. Near the critical value of the plant Damköhler number the system manifests 

highh sensitivity to disturbances. Only one reactant feed may be on flow control, while the 

otherr should be fed to exactly match the stoichiometry. These results have proved a generic 

significancee in recycle systems. Further works of Kiss et al. (2002, 2003) have shown that 

statee multiplicity and instability could occur also in systems with recycle, involving more 

complexx kinetics such as polymerization. Although the stoichiometry is rather complex, only 

onee recycle of one pure reactant was considered due to the relatively easy separation of 

monomerr from polymer. It is remarkable that CSTR- and PFR-Separator-Recycle systems 

behavee similarly, thus demonstrating the essential role of the mass recycle. 

Thee above mentioned works assume perfect separation. The main limitation of this 

assumptionn is that the behaviour of the unstable states cannot be completely explored. 

Therefore,, a dynamic model of the separation is necessary. In this respect a first attempt was 

donee by Pushpavanam and Kienle (2001) and Waschler et al (2003). They analysed a reactor-

separatorr network housing a first-order exothermic reaction. The reactor was of CSTR type, 

adiabaticc or non-isothermal, while the separator was a simple instantaneous single-stage flash. 

Itt was found that the nonlinear behaviour depends crucially on the control strategy. Fixing the 

feedd flow rate was found to lead to unstable states. 

Thee influence of complex reaction stoichiometry on the non-linear behaviour of the 

Reactor-Separator-Recyclee system has not been investigated yet. Blagov et al. (2000) showed 

thatt state multiplicity is possible with consecutive-parallel reactions: A + B —> P;A + P —> R, 

butt the reactants were fed together and no control structure was used. Nevertheless, the results 

presentedd in our article have an extensive character. 

Ann important concept used in this article is the self-regulation. According to Larsson and 

Skogestadd (2000) a plant is considered self-regulating "if  with constant inputs the controlled 

outputsoutputs can be kept within acceptable bounds". Self-regulation implies that the expected 

disturbancess can be rejected over the whole frequency range. In this study, we use the concept 

off  self-regulation for the situation in which the component inventory is not measured. 

Consequently,, there is no attempt to regulate the component inventory by manipulating 
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streamss or process conditions. The implicit assumptions behind conventional control 

structuress based on self-regulation of reactants inventory are: 1. the reactants are fed in the 

correctt stoichiometric ratio, and 2. the reactor is large enough to transform into products the 

entiree amount of components fed in the process. These assumptions are not always 

guaranteed,, especially in systems involving complex reactions. In controlled-regulation the 

inventoryy of each reactant is measured or evaluated by indirect measurements and adjusted by 

manipulatingg the corresponding fresh feed flow rate. For controlled- and self-regulation 

examples,, the reader is referred to work of Downs (1992) and Dimian and Bïldea (2004). 

Thee approach based on self-regulation has the advantage of setting directly the 

productionn rate by simple adjusting the feed flow rates of self-regulating reactants. In case of 

complexx reactions an additional benefit is the fixed product distribution. This classical 

strategyy is possible only if the reactor is large enough {i.e. high plant Damköhler number). In 

casee of first-order reactions, this control structure could lead to snowballing if the conversion 

iss low (Wu and Yu. 1996). However, the control structure relying on self-regulation works 

welll  at high conversion (Bïldea and Dimian, 2003). Although the self-regulation strategy 

offerss more advantages, one must be aware of the nonlinear behaviour when designing such 

systems.. Additional constraints could arise because of undesired non-linear phenomena such 

ass state multiplicity, high sensitivity to production rate changes or parameter uncertainty in 

design.. Nevertheless, these constrains could be prevented by proper design decisions. 

Thiss study extends the analysis to more complex stoichiometry. The motivation for this 

studyy is given in the next topics. A general feasibility condition for self-regulation in multi-

reactant/multi-reactionn processes is presented in the next chapter. Then, the non-linear 

analysiss starts with a one-recycle system implying parallel-consecutive reactions. It is 

demonstratedd that stale multiplicity occurs with unstable low conversion and selectivity 

branch.. The results are confirmed by an industrial case-study, butane alkylation. The next 

topicc is a two-recycle system involving parallel reactions. For this system, the selectivity 

showss a more complex pattern with regard to state multiplicity. The non-linear analysis is also 

supportedd by an illustrative example, the toluene trans-alkylation process. Guidelines of 

practicall  significance are provided in the conclusions. Although in the present paper we 

restrictt the discussion to liquid-phase reactions and well-mixed reactor (CSTR), the results 

couldd be extended as well to recycle systems including PFRs. In Reactor-Separator-Recycle 

systems,, CSTR and PFR exhibits similar non-linear behaviour (Kiss et al, 2003). 
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Self-regulatio nn conditio n for comple x stoichiometr y 

Inn case of the simple A + B —  P reaction, the feed flow rates of reactants can not be set 

bothh on flow control. Because of inherit measurements errors, reactants can not be fed in the 

correctt stoichiometric ratio if both feed flow rates are set on self-regulation. In case of 

parallel-consecutivee reactions it can be possible to put all feed flow rates on flow control. This 

iss because the system can rely on the self-regulating ability to reject disturbances in the feed 

floww rate. Due to the more complex stoichiometry, the 'generation' and 'consumption' terms 

fromm the mass balance for each component are adjusting according to the reactants ratio. The 

self-regulatingg behavior depends on the number of reactions and the stoichiometry of these 

reactions.. As a rule, it is possible to put all feed flow rates on flow control, only if the rank of 

thee stoichiometric matrix is higher than or equal to the number of reactants (Dimian and 

Bïldea,, 2004). 

Lett us consider a Reactor - Separator - Recycle system where JV reactants Ay gives M 

productss and intermediates i \ . The network of/? reactions can be described by: 

xxTT
AA-AW-AWpp-P-P (4.1) 

wheree VAT and vi>T are matrices of stoichiometric coefficients. Assuming that the separation 

sectionn does not allow the reactants Aj to leave the process, the overall mass balance can be 

writtenn as: 

vy$=F«vy$=F« (4-2) 

wheree £ is the vector of reaction extents and FQ is the vector of fresh reactant flow rates. 

Obviously,, this linear system has at least one solution £ for any vector Fa, if the following 

conditionn is fulfilled: 

rark(vrark(vAA)) = N<R (4.3) 

Forr the second-order reaction: A + B —> Products, the rank of the stoichiometric matrix is 

one.. According to Eq. 4.3 it is not possible to put both reactants on flow-control in such a 

system.. This result has been also confirmed by previous studies reported in literature 
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(Luyben,, 1996). In Table 4.1 other examples are given. The self-regulation condition 

expressedd by Eq. 4.3 is not always fulfilled for complex reactions. In other words the self-

regulationn condition could be expressed as: the maximum number of feed flows that can be 

putt on flow control is equal with the minimum value between the rank of the stoichiometric 

matrixx and the number of reactants. 

Tablee 4.1. Self-regulation condition for  different stoichiometrics. 

Reaction n 

AA ->P 

AA ->P 
AA ->R 

AA + B->P 

AA + B->P 
AA ->R 

AA + B->P 
AA -^R 
BB ->S 

type e 

AA + B + C-+P 
AA + B->R 
C->S C->S 

Numberr of 
reactants s 

1 1 

1 1 

2 2 

2 2 

2 2 

3 3 

Numberr of 
reactions s 

1 1 

2 2 

/ / 

2 2 

3 3 

3 3 

Rankk of 
stoichiometric c 

matrix x 

1 1 

1 1 

7 7 

2 2 

2 2 

2 2 

Self-regulation n 
conditionn fulfilled? 

Yes s 

Yes s 

No No 

Yes s 

Yes s 

No No 

AA + B + C->P 
AA + V?B->R 
'/2'/2 B + C ->S 

AA + B + C-+P 
AA + B->R 
AA + C~>S 
AA ->T 

AA + B + C->P 
2A+2A+ B->R 
AA + C - >5 
AA ->T 

AA + B + C->P 
AA + 2B->R 
A+2C->S A+2C->S 
AA ->T 

No No 

Yes s 

Yes s 

Yes s 
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Inn the following topics we show that complex stoichiometry helps enlarging the range of 

controll  structure that can be considered. The flow rates of fresh reactants can be set at 

arbitraryy values, but within stoichiometric constraints. Then, the internal flow rates and 

concentrationss adjust themselves in such a way that, for each reactant, the net consumption 

ratee equals the feed flow rate. Therefore, the reactants' inventory is self-regulating. When 

N-R,N-R, equation 4.3 has a unique solution. This means that the reaction rate constants or reactor 

volumee do not influence the selectivity or the production rate (Dimian and Bïldea, 2004). 

Desig nn by non-linea r analysi s 

Inn this section a brief description of the design methodology is presented. Some basic 

assumptionss are considered: 1. isothermal reactors, this implies that temperature can be 

controlledd and 2. 'black-box* separation models, this assumes that composition can be 

controlled.. These assumptions allow writing a simplified balance in a dimensionless form that 

ensuress a large range of applicability. The degree of freedom analysis for these equations will 

providee the number of variables that must be specified. Usually several sets of specifications 

aree possible. Next step is choosing a control structure that satisfies one set of specifications. 

Then,, bifurcation diagrams are plotted. Effect of different parameters is studied with regard to 

statee multiplicity, stability and sensitivity. The instability of some states could be simply 

demonstratedd by steady-state analysis. These unstable states must be avoided when the 

nominall  design is selected. At this stage is also important to evaluate the behavioural 

sensitivityy with Damköhler number. We have to ensure that no major changes in the non-

linearr behaviour are possible {e.g. disappearance of steady-states left to the fold) when 

Damköhlerr number fluctuates {e.g. change of production rate, catalyst deactivation or 

temperaturee changes). On top of everything, economic considerations must be taken into 

account:: reasonable temperatures, realistic recycle rates, practical reactor volume, etc. The 

endd result of this analysis is a nominal design. The approach described provides a fast method 

too find a feasible design. Steady state controllability of a design is a necessary condition for 

dynamicc controllability. 

Afterr choosing the nominal operating point the model is detailed and developed using a 

traditionall  process simulator such as AspenTech Aspen Plus™ and Aspen Dynamics™. The 

fulll  steady-state and dynamic model is used to validate the accuracy of the simple model. 
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One-recycl ee system s 

Lett us consider the following consecutive parallel reactions: 

AA + B—^P 

AA + P^^R 

takingg place in an isothermal CSTR-Separator-Recycle system. Such chemistry can be found 

inn important processes, as olefins alkylation (butane/butene to iso-octane), or polyether 

synthesiss (ethylene or propylene oxide and alcohols). 

Usually,, the intermediate product P is of interest. We consider here the case when the 

reactantss have adjacent volatilities. The assumption is equivalent with this volatilities order: 

ÖA,, CÜB > ctp, OR (i.e. the reactants are lighter than the products). This volatilities order is 

importantt from a practical viewpoint since it is very reasonable that two moles of light 

componentss (reactants A and B) produce one mole of heavy/heaviest component. Since both 

reactantss A and B are recycled together the flowsheet has only one recycle (Figure 4.1). We 

assumee good separation, such that both reactants are completely recycled. However, cases 

whenn the recycle contains also product along with reactants are taken into account as well. 

BB Feed 
— * v **  l 

Recyclee (A + B) 

AA Feed 

Figuree 4.1. Control structure relying on self- regulation for  a one-recycle plant. 

Thee reactor effluent is processed by the separation section, and afterwards recycled. 
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Non-linea rr  analysi s 

Thee analysis that follows is formulated in terms of dimensionless quantities. In general, ƒ 

andd z ,̂ are dimensionless flow rates and concentrations, respectively, where the subscripts i 

andd k define streams and components, respectively. The plant input flow rate and 

concentrationn of reactant A is used as reference values. The model assumptions are: 

-- Irreversible chemical reactions that follows the second-order reaction kinetics. 

Thee separation delivers pure product but not necessarily pure reactants. 

-- Constant mixture density. 

Thee control structure consists of setting A on flow control, and adding B in the recycle on 

constantt level control (Figure 4.1). The steady state mass balance can be described by the 

followingg equations: 

Reactor Reactor 

Componentt A: 1 + ƒ,-zAi3 - f2
 z

A,2~^a'{zA.2 'ZB,2
 +a'zAj 'ZP.I) =  ̂ (4.4a) 

Componentt B: fB0 + /3  zB 3 - (f2  zB2 + Da-zK2- zB2) = 0 (4.4b) 

Componentt P: f2  zp 2 - Da -(zA2  zQ2 - a  zA 2  zP2) = 0 (4.4c) 

Totall  balance: 1 + fR - f2 = 0 (4.4d) 

Separation Separation 

Component:̂: f2z\2~fizA,i=® (4.4e) 

Componentt B: f2
zB2 ~ /IZB,3 = ^ (4-4f) 

Componentt P: z 3̂ + zB 3 + zp  ̂= 1 (4.4g) 

ReactantReactant make-up 

Componentt B: /R - /3 - fBfi = 0 (4.4h) 

Inn the above relation the following dimensionless quantities are defined: 

V V 
Plantt Damköhler number: Da = kx CA0 (4.5) 

k k 
Kineticc constants ratio: a = — (4.6) 

K K 
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Fromm the degree of freedom analysis results that five variables must be fixed (DOF = 13 

variabless - 8 equations). Several sets of specifications are possible. We consider two of them: 

1.. one reactant on self-regulation: (Da, a, z?j, f^o, /R) or (Da, a, z?,i,/B.O,/R), and 2. both 

reactantss on self-regulation (Da, a, zP 3, f A 0 , / B 0 ) . 

Inn case of the first set of specifications, for solving the system described by Eq. 4.4 we 

choosee a and R̂ as parameters and/B,O as variable. The separation of product R is perfect and 

theree is no component R in recycle. When the product P is also absent from recycle (zp,3=0), 

thee Damköhler number, conversion of reactant A and product distribution are given by: 

DaDa = P-^) 2(1 +^ 2
 (47) 

a-a- {2fBO-\){a-fBfi(2fBO-\)-(fB0- ƒ„)(!-ƒ,.„)] 

i+A( 1-^,o)-A.o[(2-/B,o)+«(2/fl0-i) ] ] 

(4.9) ) 

wherefs,oo = 0.5 ... 1 

Thee value Da? is the minimum Damköhler number for which feasible steady state exists 

andd represents a limit point of the balance equations. At the limit point (fold): 

g(x,Da)g(x,Da) = Q; d e t^ = 0 (4.10) 

wheree g is the model expressed by Eq. 4.4 and x represents all unknowns from g. 

Then,, the following feasibility conditions (i.e. existence of steady states) can be derived, when 

noo products are recycled (zp,3=0): 

nn [/B
3,o(4«-2) + 6/B

2,0(l-2a) + /B,(7«-4)-a]2 

DaDarr=-=- ——77——ii TT ; : T~, 1^~> Da>Daf (4.11) 
B

2
0(l-2a)] ] 
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$ $ 

1 1 

0.8 8 

0.6 6 

; ; 

0.4 4 

0.2 2 

0 0 
1 1 

0.8 8 

0.6 6 
£ £ 

CO O 
0.4 4 

0.2 2 

0 0 

ZP,3=00 ^ _ _ _ _ _ 

aa =0.2 ^ ^ ^ ^ 

/ 7 / \ 1 . 5 5 

l.. 10 

"-""  c ^ =1 1 

A A 

A+B^P P 
A+P-^R R 

,, , , 1 , 1 , 1 1 , 1 . 1 1 

50 0 Da Da 100 0 150 0 

aa =0.2 

50 0 Da Da 100 0 150 0 

Figuree 4.2. SI  - Influence of recycle flowrate (/R) on conversion and selectivity. 

A.. Da-XA bifurcation diagram B. Da-SP/A bifurcation diagram 

Diagramm A in Figure 4.2, shows the conversion of the key component XA for different 

valuesvalues of the recycle flow rate (/R). When the Damköhler number exceeds the critical value 

correspondingg to the turning point of the Da - XA diagram, two feasible steady states exist. A 

higherr recycle rate shifts the limit point to lower conversion and Damköhler number values. It 

iss worth noting that increased recycle rates enlarge the region of feasible steady states and the 
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rangee of achievable conversions. Feasible low-conversion operating points are possible for 

largee recycle rates. However, this might not be economically feasible due to the increased 

costss implied by higher recycle rates. Diagram B of Figure 4.2 shows the selectivity of 

productt P (SP/A,), as function of Damköhler number. Two steady state solutions are also 

possible.. The shape of this diagram resembles a vertical flip of the Da-X diagram. Again, a 

higherr recycle rate increases the range of feasible selectivity. 

1 1 

0.8 8 

>? ? 
0.6 6 

0.4 4 

0.2 2 A+B^P P 
A+P-^R R 

50 0 Da Da 100 0 150 0 

00 50 Da 100 150 

Figuree 4.3. SI  - Effect of separation performance (zp3) on conversion and selectivity. 

A.. DO-XA bifurcation diagram B. Da-Sp/A bifurcation diagram 
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Att a given recycle rate (Figure 4.3, diagram A), a higher molar fraction of product in 

recycle,, zP,3 shifts the fold to higher conversions and larger Damkohler numbers. In 

consequence,, due to the poorer separation, the critical (minimum) reactor volume increases. 

Too minimize the effect of recycle purity on state multiplicity it is therefore recommended to 

designn the separation section in such a way that pure products are obtained. In this case, the 

absencee of product P in recycle - or its presence in very low concentrations - leads to larger 

rangee of stable operating points. Selectivity exhibits a similar trend, as shown in diagram B of 

thee same figure. When the recycle contains only reactants (z  ̂ = 0) the selectivity is much 

higher. . 

Inn diagram A of Figure 4.4, conversion is plotted versus Damkohler number for different 

valuess of the reaction rates ratio, a, for a fixed recycle rate and no product in recycle (zp.3 = 

0).. Although the range of achievable conversion does not vary much with the reaction rates 

ratio,, it is worth noting that a higher value of a leads to a smaller reactor volume. As shown 

inn diagram B, the selectivity becomes higher at low values of the reaction rates ratio, a. 

Unlikee conversion, the selectivity exhibit a high sensitivity with the kinetic ratio a. If high 

selectivityy is required one could decrease the reaction rates ratio by changing the reaction 

temperature,, if thee activation energies permit. An interesting aspect, highlighted by diagram B 

off  Figures 4.3 and 4.4, is the insignificant variation of selectivity at higher Damkohler 

numbers.. In conclusion neither the volume nor the type of reactor can be used to improve the 

selectivity. . 

Att low Damkohler values all the diagrams from Figures 4.2, 4.3 and 4.4 exhibit an 

unfeasibilityy region. The turning point (fold) where a change in stability of states takes place 

playss an important role in the bifurcation diagrams, as shown in Figures 4.2-4.4. From a 

controll  viewpoint, designs close to this turning point should be avoided. The high sensitivity 

inn this region and the uncertainty of the design parameters may shift the operating point to 

anotherr region where undesired behavior, such as loss of stability or even inexistence of 

feasiblee steady states, is likely to occur. It is worth noting that in all figures exhibiting two 

steadyy states the low-conversion branch is unstable, as previously demonstrated by Kiss et al. 

(2002).. A brief demonstration of the low-conversion branch instability, for all recycle systems 

consideredd in this study, is given in the appendix of this article. 
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100 Da 15 20 0 25 5 

CO O 

1 1 

0.8 8 

0.6 6 
[ [ 

0.4 4 

0.2 2 

0 0 
00 20 40 Da 60 80 100 

Figuree 4.4. SI  - Influence of kinetics (a = ki / kj ) on conversion and selectivity. 

A.. DO-XA bifurcation diagram B. Da-Sp/A bifurcation diagram 

Lett us consider now the second set of specifications (Da, a, zPj, f^o, Ao) for Eq. 4.4. 

Thee control structure relies on self regulation of all reactants. This means that both feeds (/A,O> 

yi},o)) from Figure 4.1 are set on flow control. Figure 4.5 shows that state multiplicity is still 

presentt in this case. Moreover the variation of conversion with other parameters exhibits a 

similarr trend with previous figures (diagram A, Figures 4.2-4.4). However, a significant 

aa = 0.1 

0.5 5 
B B 

r^r^  ^  1 

( \\ ^ - ^ ^ ZP,3=0 

C^^== = = — — 

A+B^P P 
A+P^R R 

—— — 
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differencee exits with regard to variation of selectivity. In this case, the selectivity does not 

dependd on the Damköhler number, only on /B,O and it is given by the simple linear 

relationship:: SWA = 2-f&$— 1. Therefore the feasible range of values for/s.o is limited to the 

intervalTB.OO = 0.5 ... 1. We remark that selectivity is constant for a given^BQ. 

25 5 500 Da 75 5 100 0 

$ $ 

0.2 2 

0 0 

1 1 

0.8 8 

0.6 6 

i i 

0.4 4 

0.2 2 

0 0 

00 10 20 Da 30 40 50 
Figuree 4.5. SI  - Influence of reactants feed ratio (A) and kinetics (B) on conversion. 

Bothh feed flow rates of reactants are set on feed control (i.e. self-regulating). 
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Consideringg the results attained in this section the following guidelines can be derived for 

screeningg feasible designs in case of parallel/consecutive reactions: 

•• Work at highest recycle rate (e.g. /R > 10) allowed by the economical trade-off 

betweenn selectivity gain vs. cost of recycling; 

•• Use high purity recycles, preferable free of product (zpj = 0); 

•• Minimize or maximize the kinetic ratio a, according to the desired product - P or R. 

Casee stud y - butane/buten e alkylatio n 

Thiss system corresponds to the stoichiometry analysed in the previous section. The 

physicall properties of A  ̂ B, P, and R correspond to butene, butane, iso-octane and Ci2H26, 

respectively.. The main reactions are: 

<;,//„„ +C4//I0—^~*C%Hi% *o,i = 1.735-1010 nrVkmols; E  ̂ = 15.55 kcal/mol 

C',, //„ + Cg//lg -
J^>CnH26 koj = 4.342-1013 nrVkmols; £ u = 19.45 kcal/mol 

Kineticc data and other parameters are available (Rama et ah, 2001). Secondary reactions 

aree possible but not essential in this case. The product of interest is iso-octane, while n-

dodecanee (C12H26) is the by-product. The unconverted reactants (mainly iso-butane) are 

separatedd from the products and recycled to the reactor. Main and by-product are separated in 

thee last column. The product purity is minimum 99.8%. 

Thee design of this plant is based solely on the rules formulated in the previous section. 

Becausee the product of interest is P (iso-ocatane), the kinetic ratio a should be minimized. In 

Figuree 4.6. diagram A, the variation of the kinetic ratio a with the temperature is shown. As 

cann be easily observed, in order to minimize the kinetic ratio it is better to work at the lowest 

temperaturee possible. However, cooling requirements constraints must be taken into account. 

Thereforee a temperature of -6.5°C (266.5 K) is chosen. This corresponds to a kinetic ratio 

valuee of a = 1.55. The next design decision concerns the purity of the recycle. Because of the 

easyy separation C4 / Cg-C^, a safe assumption is that no products are recycled. This obeys the 

ruless previously formulated. 
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00 10 20 fK 30 40 50 0 25 Da 50 75 

Figuree 4.6. Case study: butane alkylation - steady state design. 

A.. Variation of kinetic ratio a with temperature. 

B.. Variation of selectivity with recycle rate. 

C.. Effect of recycle rate on conversion. 

D.. Effect of recycle rate on selectivity. 

Inn Figure 4.6, diagrams B, C and D, the variation of conversion and selectivity is 

presentedd at different recycle rates (a = 1.55 and zp,3 = 0). According to the guidelines it is 

betterr to use higher recycle rates. Diagrams C and D will help us choose the proper recycle 

rate.. Due to economical constrains (i.e. cost of the recycling) the recycle rate could not be 

extremelyy high. Therefore, in order to keep a high selectivity (>85%), while considering the 

economicc constrains, we choose a recycle rate of twenty (/R = 20). Any higher recycle rate 

willl provide an irrelevant increase of selectivity, as illustrated in diagram B of the Figure 4.6. 

AA larger recycle means higher selectivity but also higher concentration of component B in 

thee recycle streams. That implies low sensitivity of the recycle with Da or conversion. Hence 

ann optimized design would suggest a design close to fold. If the activity of the catalyst is 

alteredd or temperature changes occur, then the design may fall left to the fold where no 

feasiblee states exist Therefore, designs in the region near fold should be avoided. The last 
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designn variable that must be set is the Damköhler number. According to Figure 4.6 there is no 

changee in selectivity on the stable high-selectivity branch when Da is increased. For that 

reasonn it is not required to use a large reactor {i.e. high Da). However, choosing a very small 

DaDa leads to designs where no feasible states exist {Da < DaCI). A simple optimization 

proceduree suggests Da = 10 as minimum value. Considering a classical 20% over-design of 

thee reactor volume the chosen Damköhler number is Da = 12 (case A). This corresponds to a 

reactorr volume of 3 m3. However, such designs near fold that might be difficult to control. 

Thereforee we choose a second design characterized by a higher Damköhler number, Da — 20 

(casee B). This relate with a reactor volume of 5 m3. In this second case the Damköhler number 

wass chosen taking into account that the minimum reactor volume corresponds to the 

maximummaximum rejectable disturbance. Hence, a disturbance of +100% in the feed flow rate is 

equivalentt with a decrease of Da from 20 to 10. This value {Da=\0) corresponds to the 

maximummaximum disturbance and it is the minimum value suggested by the optimization procedure. 

Finally,, the designs based on these decisions have these parameters: isothermal CSTR 

(T=266.55 K); reactor pressure = 8.5 atm; recycle rate ratio = 20; products molar fraction in 

recyclee = 0. The distillation columns are designed using the classical method: number of trays 

Mrayss = 2-Mrays. mm and reflux ratio R = 1.3/fmin. The columns have 15 and 10 stages, 

respectively.. Correspondingly, the reflux ratio is 0.1 and 1. Both columns have total 

condenserss and 100% tray efficiency. The inlet pressure in the columns is the same as in the 

reactorr and the total pressure drop is 0.7 and 0.35 atm, respectively. For each column, the 

refluxx drum and the sump were dimensioned considering a residence time of 5 minutes. The 

samee rule was applied for the design of the mixer. All controllers used are PI controllers with 

thee following specifications: 

-- LC: Reactor, columns, mixer: Kp = 10 /a/% and A^mix = 1 /aU/;, T\ = 6000 min; Range: 0...2-L 

-- TC: Columns: A'p = 1 %A0; T, = 20 min; Reactor: Kp = 5 %/%; T\ = 6 min; Range:  10 K 

-- PC: Columns: Kp = 20 %/%; Tt = 12 min; Range: P  0.01 bar 

Thee steady-state simulation was performed in AspenTech AspenPlus™. Afterwards, a 

rigorousrigorous dynamic model was built in AspenTech AspenDynamics™. Three cases, for two 

differentt control structures were considered: 

1.. Case A: only one reactant {A) on flow control, as shown in Figure 4.1 - optimized design; 

2.. Case B: only one reactant {A) on flow control (Figure 4.1) - guidelines design; 

3.. Case C: both reactants {A,B) on flow control - guidelines design. 
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Figuree 4.7. Butane alkylarion - dynamic response for  a 100% increase of feed-flowrate. 

Variationn in time of product purity (zp), production rate (Fp) and selectivity (SP/A)-

Onlyy one reactant is self-regulating: A. optimized design B. guidelines design. 

Bothh reactants are self-regulating: C. guidelines design 

Figuree 4.7 presents the results of the dynamic simulation results for all three cases 

considered.. At time t = 1 hr, a disturbance of+100% in the feed flow-rate is applied. Diagram 

AA shows the inability of the small reactor (3 m3, Da=l2) to reject such a huge disturbance. 

Afterr two hours the system can no longer be controlled due to the overflow. Diagrams B show 

thee dynamic response for the second case (5 m , Da=20) where only one reactant is self-

regulatingg (i.e. reactant A is on flow control). The increase of iso-octane production rate is 

accompaniedd by a decrease of purity and selectivity. The system reaches the new steady-state 

afterr approximately 8 hours. This control structure obeys Luyben's rule to keep one of the 

117 7 



ChapterChapter 4. PlantwidePlantwide Control of Recycle Systems with Multiple Reactions 

flowflow rates from recycle loop on flow control. Therefore, as expected, there are no difficulties 

inn this case. In diagram C, the dynamic response to the same disturbance is shown for the case 

CC (5 m3, Dcr=20) where this time both reactants are self-regulating (i.e. both reactants A, B are 

sett on flow control). The production rate of iso-octane increases, being accompanied again by 

aa decrease of purity and selectivity. However, this decrease is not as large as in the previous 

casee thus offering a better performance, but the system reaches the new steady-state after a 

longerr time — approximately 17 hours. This control structure does not obey Luyben's rule, as 

theree is no flow rate controlled in the recycle loop. However, as can be observed there are no 

difficultiess in this case. The explanation is simple given by the self-regulation condition (Eq. 

4.3),, which correctly predicts that both reactants can be set on flow control for this 

stoichiometry.. Luyben's rule was established for simple stoichiometrics and there is no 

contradictionn with the self-regulation condition (Eq. 4.3) deduced in the first part. 

Onee predictable question is how the plant is able to reject such a large disturbance. At the 

nominall operating point the reactor and columns must process the fresh feed and a recycle 

floww rate that is 20 times larger than the feed. Any large increase of the fresh feed (e.g. 100%) 

iss rather small compared to the recycle rate. Therefore, all units involved in recycle are able to 

rejectt the disturbance. 

Two-recyclee systems 

Inn this section we consider another complex stoichiometry, namely the parallel reactions: 

AA + B—^->2P 

2A^^>P2A^^>P + R 

Suchh chemistry can be found in the toluene trans-alkylation process presented as case study in 

thee next section. Depending on the physical properties of the species, several design 

alternativess are possible. If the reactants A and B are lighter and heavier, respectively, than the 

mainn product P, the flowsheet has two recycle streams. Figure 4.8 describes the flowsheet for 

thee case when volatilities are ordered as: OCR > «A > «p > «B- The control loops regards the 

reactorr level and temperature, as well as the top and bottom purity of the distillation columns. 

Thee feed of reactant A is on flow control,^0 = U relying on self-regulation. The flow rate of 

reactantt B at the reactor inlet ̂ RB is fixed. Note that this includes recycle and make-up feed. 

Thee feed rate of reactant B,/^0, is used to control its inventory. 

118 8 



ChapterChapter 4. Plantwide Control of Recycle Systems with Multiple Reactions 

AA Feed 

- & & 
AA Recycle 

i-eeaa r—i .. 

h]]  A+B—2P 11 3V—«R 
Q , -- Product (TO O 

- yy . r 

( 0 __ Product 

Figuree 4.8. Control structure relying on self- regulation for  a two-recycle plant. 

Non-linea rr  analysi s - CSTR 

Usingg the same assumptions as for the previous system, the following mass balance 

equationss can be derived for this control structure: 

ReactorReactor mass balance 

Componentt A: 1 + f3 • zA 3 - ƒ, • zA2 - Da • (zA 2 • zB2 + a • z\2) = 0 

Componentt B: fB0 + f5 • zB5 -(f2 • zB2 + Da• zA2 • zB2) = 0 

Totall balance: 1 + f3 + f5 + fB0 - /2 = 0 

SeparationSeparation mass balance 

Componentt A: f2
zAi ~ fizA •>, = 0 

Componentt B: /2zB|2 — f5zB 5 = 0 

Make-upMake-up ofB: f^-f5- fBfi =0 

Selectivity:Selectivity: SP/A = (l+3/B0)/2; SWA = (l-/B>0)/2 

where: : DaDa = k\-^-CA,a> a=-r 

(4.12a) ) 

(4.12b) ) 

(4.12c) ) 

(4.12d) ) 

(4.12e) ) 

(4.12f) ) 

(4.12g) ) 

F„ „ K K 
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Thee degree of freedom for the model expressed by Eq. 4.12 is six {DOF = 12 variables -

66 equations). When the kinetic ratio a decreases to zero (first reaction dominates) or increases 

too infinite (second reaction dominates) the following limiting cases can be derived: 

(4.13) ) limSp/A=2 2 
a-»0 0 

limm iSp, :: 0.5; lim Da = -1 1 

a-z: a-z: 
(4.14) ) 
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Figuree 4.9. S2 - Effect of recycle flow rate (/R) on conversion and selectivity 

A.. Da-Xj bifurcation diagram B. Da-Sp/A bifurcation diagram 
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Diagramm A of Figure 4.9, shows the conversion of reactant A versus Damköhler number 

ass bifurcation diagram for different recycle rates. State multiplicity is possible for Damköhler 

numberss exceeding the critical value. In addition, when the recycle rate increases too much 

(/R>3)) the performance of the reactor (i.e. the conversion) drops down. This occurs due to the 

increasedd reactor inlet flow rate that leads to a smaller residence time. 

20 0 400 Da 60 80 0 100 0 

1 1 10 0 Da Da 100 0 

Figuree 4.10. S2 - Influence of recycle purit y (ZBS) on conversion and selectivity. 

A.. DÜ-XA bifurcation diagram B. Da-Sp/  ̂bifurcation diagram 
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Inn diagram B of Figure 4.9 the selectivity is plotted versus Damköhler number. The 

variationn of selectivity with the Damköhler number is very low at high values of Damköhler 

number.. However, around Da = 5 corresponding to the lowest selectivity, the sensitivity of 

selectivityy is extremely high, signifying that any small change in the Damköhler number leads 

too a very large variation of selectivity. 

0.11 1 Da 10 100 

Figuree 4.11. S2 - Effect of kinetics (a = ki I Ai) on conversion and selectivity. 

A.. DÜ-XA bifurcation diagram B. DÖ-SP/A bifurcation diagram 
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Inn Figure 4.10, diagram A, the Da-X bifurcation diagram is plotted for different 

separationn performances. When the purity of the recycle decreases the reactor performance 

alsoo decreases. Therefore it is better to work with high purity recycles, considering of course 

thee economic trade-off (i.e. purity vs. cost of separation). Diagram B shows the variation of 

selectivityy with the Damkohler number for different recycle compositions (ZB,S)- The 

selectivityy exhibits low sensitivity at high Damkohler numbers, but very high sensitivity 

aroundd the fold. 

Figuree 4.11, diagram A, shows the influence of kinetics on the conversion of reactant A 

versuss Damkohler number bifurcation diagram. For small kinetic ratios (a < 0.5) multiple 

steadyy states are possible. However, for a > 0.5 the second reaction dominates. As a result the 

systemm behaves similarly to a pseudo first-order reaction system (A —*• Products). Therefore, 

onlyy one steady state exists for these cases. Diagram B shows a similar transition for 

selectivityy versus Damkohler number. For low a values the system behaves as pseudo first-

orderr reaction, while for high a values the system follows a second-order reaction behaviour. 

Thee curves plotted in diagram B change from one steady state to two steady states. 

Itt is interesting to remark that the guidelines to avoid the undesired effects of state 

multiplicity,, formulated for the previous system, remain valid also for this case. 

Non-linea rr  analysi s - PFR 

Replacingg the CSTR with a PFR leads to similar balance equations. The only difference 

iss reactor mass balance: 

ReactorReactor mass balance 

Component^:: —- = Daiz^ , -zBI +2-a -z\2\ (4.15a) 
d%d% f 

dzdz 1 
Componentt B: —i- = Da-zA]-zBl (4.15b) 

dldl fx 

Totall balance: 1 + f + f + fB 0 - f2 = 0 (4.15c) 

CSTRR and PFR exhibit similar non-linear behaviour in recycle systems, as previously 

demonstratedd (Kiss et ah, 2003). In order to illustrate the similarities, Figure 4,12 shows the 
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non-linearr behaviour of the PFR in the two recycle system. The similarity can be easily 

observedd by comparing Figure 4.12 (PFR in recycle) with Figure 4.9 (CSTR in recycle). The 

non-linearr analysis reveal the same qualitative behaviour. There are however some small 

quantitativee differences. 

>? ? 

1 1 

0.8 8 

0.6 6 

< < 
0.4 4 

0.2 2 

0 0 

2.0 0 

1.5 5 

CO O 

1.0 0 

0.5 5 

A+B^2P P 
2A-+P+R R 

Z A , 3 = 1 1 

ZB,S=1 1 

a=0.1 1 

--

A A 
&k?S\ &k?S\ 

'**/£ '**/£ 

''  ' ' i — 

/100 / / 

/255 / 

B B 

1 1 

10 0 

10 0 

Da Da 100 0 

A+B^2P P 
2A-^P+R R 

Da Da 100 0 

Figuree 4.12. S2 - The nonlinear  behaviour  of the PFR-Separator-Recyclee system 

iss similar  to the CSTR-Separator-Recycle system. 

A.. DÜ-XA bifurcation diagram B. Da-Sy/A bifurcation diagram 
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Casee stud y - toluen e trans-alkylatio n 

Inn order to assess the stability of the steady states, a dynamic simulation was developed 

inn Aspen Dynamics™. The physical properties of A, B, P, and R species correspond to 

toluene,, tri-methyl -benzene, xylene and benzene, respectively. 

CC66H,H, -CH,+CtH, (CHy)3 -^>2C6H4 (CH,\ Jfco,i= 2-1010 m3/kmol-s; E^= 20 kcal/mol 

2CH2CH55 - CH, —b-^L\HA (CH, )2 + C6H6 h,2= 2.8-109 nrVkmols; E 2̂=  19 kcal/mol 

Inn this example both products are of interest. Setting the product distribution is the main 

challenge.. As previously shown, several sets of specifications result after the degree of 

freedomm analysis. These sets of specifications lead to different control structure. For this case 

studyy we consider the control structure based on one set of specifications: (Da, GL, ZA,3, 2B,5» 

f\,o,fy)-f\,o,fy)- Other control structures could be better but this is beyond the scope of this article. 

Thee design of this plant is also based exclusively on the rules formulated in the previous 

section.. According to Figure 4.11 it is preferable to work at a kinetic ratio a = 0.3 because it 

offerss a large range of achievable conversion and selectivity. Lower a values lead to state 

multiplicityy and instability of one state and higher a values requires a large change of DÖ for 

aa small change of selectivity. In Figure 4.13, diagram A, the variation of the kinetic ratio a 

withh the temperature is shown. The temperature of 380 °C (653 K) corresponds to the desired 

kineticc ratio a - 0.3. The next design decision concerns the purity of the recycle. Because of 

thee easy separation of products, a safe assumption is that no products are recycled. This obeys 

thee rules previously formulated. 

Inn Figure 4.13. diagrams B and C, the variation of conversion and selectivity is presented 

att different recycle rales (a = 03 and ZA.3 = 1, ZB,S = 1). According to the guidelines it is better 

too use higher recycle rates. Diagrams B and C facilitate choosing the proper recycle rate. Due 

too economical constrains the recycle rate could not be extremely high. Therefore, in order to 

keepp a high selectivity, while considering the economic constrains, we choose the recycle rate 

/RR = 5. This value is enough to ensure a large range of achievable selectivity. Any larger 

recyclee will offer an unimportant increase of the attainable selectivity range. The last design 

variablee that must be set is the Damköhler number. 
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Figur ee 4.13. Case study: toluene trans-alkylation - steady state design. 

A.. Variation of kinetic ratio a with temperature 

B.. Effect of recycle rate on conversion. 

C.. Effect of recycle rate on selectivity. 
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Figuree 4.14. Toluene trans-alkylation - products distributio n and dynamic responses. 

A.. Variation of products distribution with plant Damköhler number. 

B.. Conversion and products distribution change when Damköhler increases with +100%. 

C.. Conversion and products distribution change when Damköhler decreases with -50%. 
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Accordingg to Figure 4.13 the sensitivity of selectivity is decreasing when Da is increased. A 

smallerr Da offers a larger range of attainable selectivity. For that reason we choose Da = 4. 

Thiss value let us manipulate the selectivity in a large range, by small changes of Da (i.e. flow 

rate).. Steady-state simulations were performed in AspenTech AspenPlus™. Afterwards, a 

rigorousrigorous dynamic model was built in AspenTech AspenDynamics™ (AspenTech, 2001). For 

eachh column, the reflux drum and the sump were dimensioned considering a residence time of 

55 minutes. The same rule was applied for the design of the mixer. All controllers used are PI 

controllerss with the following specifications: 

-- LC: Reactor, columns, mixer. Kp = 10 /o/%andK m̂{X = 1 /o/%,; T\ = 6000min; Range: 0...2L 

-- TC: Columns: Kp = 1 "%„;  T\ = 20 min; Reactor: Kv = 5 %/%; Ti = S min; Range:  10 K 

-- PC: Columns: Kp = 20 %l%\ T\ = 10 min; Range: P  0.01 bar 

Thee reactor has a volume of 3 m and is operated isothermal at T=653 K and P=30 atm. All 

distillationn columns have 30 trays and are operated at normal pressure. The purity of products 

iss 99.9%. The inlet pressure in all columns is 2 atm and the total pressure drop is 0.5 atm. 

Diagramm A of Figure 4.14 shows the product distribution at steady states. Unlike the 

previouss case study, the stability is not the main concern here because the operating point was 

chosenn in the region where only one steady-state exists. The most important issue in this case 

iss the flexibility and products distribution. Any change of the nominal operating point (Da=4) 

shiftss the distribution to a product or the other. Diagrams B and C of the same figure present 

thee response of the system for +100% and -50% disturbance in the plant Damköhler number. 

Thesee disturbances correspond to an increase from Da=A to Da=% and a decrease from Da=4 

too Da=2, respectively. When Damköhler number is increased by 100% (i.e. feed flow rate is 

reducedd to half of the nominal value) the distribution of the products change from 78% xylene 

andd 22% benzene to 86% xylene and 14% benzene. The disturbance in opposite direction 

(Damköhlerr decreases by -50%, i.e. feed flow rate increases with half of the nominal value) 

shiftss the distribution of products from 78% xylene and 22% benzene to 66% xylene and 34% 

benzene.. Therefore, a reasonably large range of product distributions is feasible: 66%-86% 

forr xylene and 14%-34% for benzene. 

Thee flexibility of the production rate is associated with the flexibility of the products 

distribution.. This important feature can be used in practice in a clever manner to change the 

productionn rate and product distribution according to market requirements. 
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Conclusion s s 

Thiss study deals with non-linear phenomena as state multiplicity and instability in 

Reactor-Separator-Recyclee systems involving multi-reactions, as well as with reactor design 

andd plantwide control issues. Two typical schemes are studied, as parallel/consecutive 

reactionn SI: A + B - • P; A + P -> ƒ?, and parallel reaction S2: A + B -> 2P\ 1A ->• P + R, 

respectively,, both considering bi-molecular kinetics. The analysis is presented in term of 

dimensionlesss numbers, as the plant Damköhler number and the ratio of kinetic constants. For 

eachh system a set of guidelines has been formulated. These guidelines should be considered 

duringg the conceptual stage of design and control of such systems. Two case studies 

consolidatee the theoretical analysis of the studied systems. 

Whenn two or more reactants have adjacent volatilities, they are recycled together. Fixing 

partiall flow rates would require composition measurements. In this case, designs achieving 

almostt complete conversion of one reactant are recommended. 

Althoughh self-regulation works well for simple reactions, in the case of complex 

stoichiometryy the situation is more complicated. Control structures involving self-regulation 

aree feasible only if there are sufficient reactions to adjust the consumption rate of each 

reactantt in such a way that no accumulation occurs. This condition is simple expressed by the 

equationn 4.3, which states that it is possible to set all feed flow rates on flow control only if 

thee rank of the stoichiometric matrix is higher than or equal to the number of reactants. 

Statee multiplicity could occur, some states being unstable, if the control structure implies 

self-regulationn of one reactant. The low-conversion branch is always unstable. This instability 

setss a hard constraint on the selection of the operating point. The high sensitivity of selectivity 

aroundd the turning point is an additional non-linear effect in the case of parallel reactions (two 

recyclee system). Therefore, designs close to this area must be avoided. 

Feasiblee steady states exist only if the reactor volume exceeds a critical value. This 

conditionn corresponds generally to a bifurcation point of the mass balance equations. For 

example,, for first-order reactions with pure product and recycle the feasibility condition is 

simplyy Da > 1 (Bildea et al, 2000; Kiss et al, 2002). Similar expressions hold for complex 

stoichiometricss (e.g. Eq. 4.11). 

Ignoringg the steady state multiplicity can lead to control difficulties. The nonlinear 

analysiss is an appropriate tool to identify and avoid such dangerous situations at the 
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conceptuall design stage. In order to enlarge the feasibility region and avoid unstable states or 

regionss where no steady states exist, we provide some basic guidelines, as follows: 

•S•S The recycle should contain only a very small amount of product or no product at all. 

SS The recycle rate should be as high as possible, limited only by the economical trade

off. . 

VV Depending on the product of interest the kinetic parameters could be changed in such 

aa way that the selectivity is maximized. The kinetic ratio a, used to manipulate the 

selectivity,, can be adjusted by changing the reaction conditions {e.g. temperature) or 

usingg another catalyst. 

Notatio n n 

CkCk - concentration of reactant k, mol/m3 

DaDa = Damköhler number, dimensionless 

== kl-V-Fo]-CA
n-i 

£a,ii = activation energy, kcal/mol 

FF = flow rate, m3/s 

/kk = flow rate, dimensionless 

== FJFO 

Aro.ii = pre-exponential factor, m 3 k m o r 1 s " 1 

A,, = reaction rate constant, (mol/m3)s_1 

A'pp = controller proportional gain, % / % 

nn = reaction order, dimensionless 

SS - selectivity, dimensionless 

T,T, = controller integral time, minutes 

VV = reactor volume, m 3 

XXkk = conversion of reactant k, dimensionless 

ZkZk = concentration of reactant k, dimensionless 

== Ck/C0 

aa = reactions rate constants ratio, dimensionless 
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Subscript s s 

00 = fresh feed 

11 = reactor inlet 

22 = reactor outlet, separation inlet 

3,, 5 = recycle streams 

Appendi x x 

Instabilit yy  of the low-conversio n branc h 

Whenn two steady states are born at a fold bifurcation point, at least one of them is unstable. In 

thee following, we will prove the instability of the low-conversion steady state, using only the 

steadyy state model. Hence, this result is independent of the dynamic separation model. For a 

stand-alonee reactor, the amount of reactant consumed depends on the reactor's feed flow rate. 

Inn a Reactor-Separator-Recycle system, the steady state values of the reactor-inlet flow rate 

orr recycle rate are given by the intersections of this curve with the dimensionless amount of 

reactantt fed in the process. We choose one example for each system discussed in the article. 

Forr the case shown in diagram A of Figure 4.2 (/R=10 and Da = 10) and the one presented in 

diagramm A of Figure 4.9 (/R=10 and Da = 4), two steady states exist. Both cases are shown in 

Figuree 4.15. To analyse the stability of the low-conversion state B, let us consider a small, 

positivee / negative deviation of the recycle and reactor inlet flow rate, respectively. At the 

rightright / left of point B, the amount of reactant fed in the process is larger / smaller than the 

amountt of reactant consumed. Reactant accumulation / depletion occurs, which is reflected by 

aa further increase / decrease of the recycle and reactor-inlet flow rates; hence the steady state 

BB is unstable. Note that although these arguments are independent of the dynamic separation 

model,, they give a necessary but not a sufficient stability condition. To prove the stability of 

thee high-conversion steady state A, a dynamic model is needed. The results of the dynamic 

simulationss for the case studies presented in the article confirm the stability of the high 

conversionn branch. 

131 1 



ChapterChapter 4. PlantwidePlantwide Control of Recycle Systems with Multiple Reactions 

0.2 2 

Q Q 

XX * 
COO \ 

+ + 

0 0 

A+B-»P P 
A+P-+R R 

Z A , 3 ^ 3 3 10 0 

0.3 3 

g0.2 2 

-511 Q 
«fc .. "Ox 

S<"o.i i 

0 0 

/ ^^  — 

1 1 

ƒƒ consumption rate 

/ / 

A+B^2P P 
2A^P+R R 

11 1 1 1 — 

i i 

—~~ 1/Da = reactantfeed rate 
^ ^ 

BB ^ — 

aa =0.1 
f R = 1 0 0 
Daa =4 

Z B , 5 = 1 1 

ZA,33 = 1 

155 ( l+f 3+f R) /Da 30 0 

Figuree 4.15. Instabilit y of the low-conversion branch for  one- and two-recycle systems. 
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