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Chapter r 

4 4 
Recyclee Interaction effects on Plantwide Controllabilit y 

4.11 Introductio n 

Thee synthesis of complex processes with good controllability characteristics requires specific 

attentionn for the recycle structure, since recycle interactions may have a strong effect on 

thee dynamic behavior. Two simple examples in chapter 1 have demonstrated this point in 

essence.. Convergence problems in steady state simulations may be caused by infeasible 

specificationss in combination with recycle loops. Overall response times are much larger as a 

resultt of recycle loops and dead times may lead to resonant peaks in the frequency response. 

Thee systems approach that is presented in chapter 2 may be used to get a better understanding 

off  dynamic interactions between the units and recycle streams. This has been demonstrated in 

thee previous chapter by a practical problem: the removal of impurities in a balanced VCM 

process.. It was shown how the interaction between recycles might be exploited to create 

flowsheett and control alternatives with feasible plantwide control properties. Furthermore it 

wass shown how the introduction of an extra reactor for the transformation of some light 

impuritiess into heavies improved the controllability of the plant's material balance. 

Inn this chapter, the attention is focused on the effect of the recycle structure of this plant. 

Severall  alternative recycle structures are possible when the extra reactor is introduced. These 

structuress will be studied and compared with the basic flowsheet. This will lead to a better 

understandingg of the interaction between the recycle loops and the effect of these interactions 

onn the controllability of the material balance. 
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4.22 Process description 

Ann extensive description of the balanced Vinyl Chloride Monomer (VCM) process is already 

givenn in chapter 3. Here, only the main aspects are resumed. The reactions are described by: 

Chlorinationn C2H4 + C12 -> 1,2-C2H4Cl2 (DCE) + impurities 

Crackingg DCE -> C2H3C1 (VCM) + HC1 + impurities 

Oxychlorinationn C2H4 + 2 HC1 + V2 02 -> DCE + H20 + impurities 

Thee intermediate product 1,2-dichloroethane (DCE) is produced by the direct chlorination of 

ethylenee with fresh chlorine. The cracking of this intermediate gives Vinyl Chloride (VCM) 

andd HC1, which is reused in the oxychlorination process. Waste and impurities in the effluent 

off  the three reactors may originate from (1) feed impurities, (2) secondary reactions with the 

mainn reactant(s) and (3) supplementary reactions with feed impurities. 

Figuree 4.1 shows the basic flowsheet. The reactions take place in the reactors Rl 

(Chlorination),, R2 (Cracking) and R3 (Oxychlorination). Three recycle loops cross in the 

distillationn column S2 whose main function is to purify fresh and recycled DCE. Three other 

distillationn columns are involved in this operation: S3 for 'finishing' DCE, S4 for 'Lights' 

andd S5 for 'Heavies' removal. 

D44 Lights 

JJeaviesJJeavies  ̂ DQE 

Figuree 4.1; Flowsheet of the balanced VCM process with additional reactor  R4 
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Columnn S2 will collect also a great variety of impurities associated with the production and 

thee recycling of DCE. Among the impurities three significant components are identified for 

thiss process: chloroprene (Ii) , trichloroethylene (I2) and CC14 (I3). Both Ii and I2 are 

polymerizablee and have concentration constraints in the bottom product of the column S2. 

Theyy can leave the plant as Lights via column S4 but they can also be transformed into 

Heaviess in reactor Rl, which are easily removed by column S5. Therefore they are drawn as 

aa side stream of column S2, recycled back to reactor Rl. This operation creates a fourth loop, 

ass well originated in S2. 

AA major feature of this process is the fact that impurity I3 has a beneficial role since it 

enhancess both conversion and yield of the cracking reaction. It can leave the system only via 

thee top of column S4. Therefore the removal of Ii and I2 has to find a compromise with an 

optimall  concentration of I3 in the bottom of the column S2. Its operation is constrained by 

specificationss on the quality of the bottom product: speci the maximum concentration of L, 

spec?? the maximum concentration of I2 and spec-i the optimum concentration of I3. 

Inn the previous chapter it has been shown how column S4 may be used to improve 

performance.. S4 is a small distillation column that not only controls the exit of Lights, but 

alsoo the amount of impurities in the recycle loops crossing the column S2. Improving the 

separationn characteristics of the column S2 would be useless without the simultaneous 

revampp of column S4. Both are linked through the overall material balance. It was also 

shownn how the introduction of a supplementary reactor R4, between the columns S2 and S4, 

forr the transformation of I> and I2 into Heavies improved the performance of the whole 

system.. This extra reactor gives access to alternative recycle structures. 

LightsLights Lights Lights 
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alternativee A 
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alternativee B 
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alternativee C 

Figuree 4.2; Flowsheet alternatives 
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Sincee substantial parts of Ii and I2 are transformed into Heavies in R4, it is no longer needed 

too send the bottom product of column S4 back to reactor Rl. Instead, it can be drawn to 

columnn S5, where the heavies are removed directly. This is shown in Figure 4.2 as alternative 

A.. The top distillate of S5 should then be send to column S2. This creates a Lights removal 

loopp S2-R4-S4-S5-S2 that crosses the Heavies removal loop S2-S3-S5-S2. This modification 

hass the advantage to reduce the Heavies in S2 and to increase the robustness in operation by 

eliminatingg the loop S2-R4-S4-R1-S2. 

Inn alternative B the bottom of S4 returns directly to S2. This creates a small Lights removal 

loopp S2-R4-S4-S2, while the Heavies leave the plant via S2-S3-S5. The increased amount of 

Heaviess in S2 may have a danger for more fouling as compared to the previous alternative. 

Inn alternative C the bottom of S4 goes to the finishing column S3, which is now subject to 

moree fouling. A failure of S4 may also affect immediately the quality of DCE. It may be 

expectedd that each recycle structure alternative will have distinct control properties. The final 

selectionn for one of the alternatives should take this into account. 

4.33 Control strategy 

InIn a complex plant like the one described here, many variables have to be controlled. Most of 

themm - pressures, temperatures, levels - may be controlled locally. However, material 

balancess in general and especially the material balances of impurities are established by 

interactionss between the different operating units and recycle loops in a plant. Therefore, the 

controll  of all material balances requires a plantwide approach. 

Inn this case study we focus our attention on the material balances of the impurities Ii , I2 and I3 

(thee outputs of the control problem). The objective is to control their concentration in the 

bottomm product of column S2, for which stream the three specifications are given. This may 

bee achieved by manipulating the column S2 distillate flowrate (D2), side stream flowrate 

(SS2)) and reboiler duty (Q2). Since the columns S2 and S4 are strongly coupled to each other 

byy the recycle loops, we may also make a combination with the column S4 distillate flowrate 

(D4)) and reboiler duty (Q4). These five variables are the inputs of the control problem. 

Thee main disturbance of the material balance in a plant is associated with a change of the 

productionn rate. Its influence on the impurities material balances will be studied by modifying 

thee flowrate of the external DCE feed (FDCE). A second disturbance is the amount of 

impuritiess in the feed streams. For this reason also the fraction of impurity I3 in the DCE feed 

(Xo)) is taken into account. 
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Becausee the material balances of impurities are characterized by long settling times, it is 

assumedd that pressures, temperatures and levels are well controlled within the time scale of 

interest.. Therefore their values are fixed and the corresponding heat duties and flow rates are 

calculatedd directly instead of using real controllers. This considerably simplifies the modeling 

withoutt affecting the heart of the case study, being the effect of recycle interactions on the 

dynamicss and control of the material balance of impurities. 

4.44 Steady state analysis 

AA steady state simulation model of the basic flowsheet with the additional reactor R4 

includedd is used to find the nominal operating point. This is the point where the specifications 

onn the impurities Ii , h, and I3 in the bottom product of column S2 are satisfied. These 

specificationss are maximum concentrations of Ii and I2 and an optimal concentration for I3. 

Thee nominal operating points of the alternatives A, B and C, which have a different recycle 

structure,, are found in the same way. The values of the control system inputs and outputs are 

givenn in Table 4.1. 

Althoughh the nominal values of the impurities Ii and h are below their maximally allowed 

values,, they are different for each alternative. This is a consequence of our comparison 

strategyy to select the nominal operating points of the alternatives as close as possible to the 

operatingg point of the base case. This implies that the optimal value for I3 is maintained in the 

alternatives,, while the fractions of impurities Ii and h in the bottom product of column S2 are 

leftt free as long as they are below their maximum. This yields some additional operational 

freedom,, being the range between the nominal point and their maximum acceptable value. 

Hence,, these alternatives here already show some advantage over the base case as regards 

controllabilityy of impurities Ii and I2. 

Tablee 4.1; Nominal operating points 

Output t 

Input t 

Disturbance e 

I i i 
I2 2 
I3 3 
D2 2 
SS2 2 
02 2 
D4 4 
Q4 4 
FDCE E 
X,3 3 

Wt-ppm m 
Wt-ppm m 
Wt-ppm m 
Kmol/h h 
Kmol/h h 
GJ/h h 
Kmol/h h 
GJ/h h 
Kmol/h h 
Mol-% % 

spec c 
<100 0 
<600 0 
2000 0 

base e 
81.7 7 
547 7 
2000 0 
14.5 5 
35 5 
34 4 
3.53 3 
0.9 9 
175 5 
0.12 2 

altt  A 
69.4 4 
567 7 
2000 0 
14.5 5 
39 9 
37.5 5 
3.48 8 
0.85 5 
175 5 
0.12 2 

altB B 
87.0 0 
567 7 
2000 0 
14.5 5 
45 5 
34 4 
3.1 1 
0.96 6 
175 5 
0.12 2 

altC C 
84.6 6 
571 1 
2000 0 
14.5 5 
60 0 
34 4 
3.7 7 
1 1 
175 5 
0.12 2 
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Duringg the attempts to satisfy the specifications on the steady state plant models of the 

flowsheett alternatives, it turned out to be extremely difficult to get an acceptable value for I2, 

whilee maintaining a constant, optimal value for I3. Keeping the manipulated variables on their 

basee case nominal values when changing the recycle structure leads to a drop of the I3 

concentrationn while the concentration of I2 in the system is rising. The supplementary reactor 

R44 has a short residence time, which is enough to realize a high conversion of l\, but the 

conversionn of I2 is too low. To compensate this, one may increase the Lights removal via 

columnn S4 (D4), but then the amount of impurity I3 will drop further. In fact, D4 should be 

decreasedd to keep I3 in the system, but then the concentration of I2 will further rise. On the 

otherr hand, when the side draw from column S2 (SS2) is increased, more impurities are 

recycledd to reactor Rl where I2 is transformed into Heavies. I3 is then kept in the system. To 

achievee both specifications, a compromise has to be found between increasing the side draw 

andd decreasing the Lights removal. However, these modifications also affect the impurity Ij , 

yieldingg additional constraints. 

Noticee that in alternative A the distillate flow of column S5 is returned to column S2. This 

streamm still contains a large amount of impurity I2. A larger reboiler duty and a slightly 

increasedd side draw will bring its amount on an acceptable value. Small changes to the 

columnn S4 variables are enough to keep I3 on its optimal value, but the nominal value of Ii 

becomess much lower as compared with the base case. 

Thiss is in contrast with the alternative B, where the reboiler duty of column S2 is the same as 

inn the base case. Therefore the side draw has to be increased much more to remove 12, while 

thee Lights removal has to be decreased to keep I3 on its optimal value. The nominal value of 

Iii  becomes much higher as compared with the base case. 

Alternativee C is a special case. Because the bottom of column S4 is sent directly to the 

finishingg column S3, the amount of light impurities should be much lower than in the 

previouss cases. This requires a higher Lights removal and a very high side draw. Although 

thiss is unfavorable for the operation of Rl, we will keep this alternative in our case study 

becausee it may have special controllability properties. 

Inn conclusion we can say that only small changes of the input variables are needed to keep 

thee nominal operating point close to that of the base case while die recycle structure is 

changed.. The fact that it was difficult to find these new settings suggests that the outputs are 

veryy sensitive to the inputs, so let us look now to the static gains. 
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4.4.11 Static gains 

Forr each alternative we have developed a static gain matrix around the nominal operating 

pointt by extensive steady state simulations. All gains in this analysis are scaled. The scale 

factorss are the maximum allowed (inputs/outputs) or expected (disturbances) variation, so the 

expectedd values of all variables are between -1 and 1 {see also Chapter 2). Table 4.2 resumes 

thee static gains for the base case. We have already seen in the previous chapter that there are 

indeedd some high gains, in particular for the reboiler duty (Q2) and the flowrate of the 

externall  DCE feed (FDCE). Hence the system is very sensitive to disturbances. 

Tablee 4.2; Static gain matrices of the base case 

G G 
I i i 
h h 
h h 

D2 2 
-0.076 6 
-0.140 0 
0.737 7 

SS2 2 
-0.184 4 
-0.302 2 
0.156 6 

Q2 2 
-4.325 5 
-2.298 8 
-0.908 8 

D4 4 
-0.154 4 
-0.215 5 
-2.136 6 

Q4 4 
-0.041 1 
-0.061 1 
-0.727 7 

Gd d 

I i i 
h h 
h h 

FDCEE X13 

3.3033 0.096 
2.0611 0.157 
2.2377 1.853 

Thee development of the static gain matrices drew our attention to an important difference 

betweenn the base case and the alternatives, concerning the effect of the distillate flowrate of 

columnn S2 (D2) on the impurities Ij and h (Table 4.3). When D2 is increased, the throughput 

off  reactor R4 is also increased, which decreases the residence time. This leads to a lower 

conversionn of impurities Ii and h and an increase of their concentration in the bottom product 

off  column S4. In the base case, this product is recycled to reactor Rl, where more of the 

impuritiess Ii and I2 are converted into Heavies. Finally, the concentrations of impurities Ii 

andd I2 in the bottom product of S2 will decrease. However, in the alternatives the bottom 

productt of column S4 will not pass the reactor Rl and therefore the increased amount of 

impuritiess will come back in column S2. In alternative B this only means a recycling of 

impuritiess in the short loop S2-R4-S4-S2 and the effect of D2 on Ii and I2 is only slightly 

positive.. In alternative A the impurities are recycled through the loop S2-R4-S4-S5-S2 and 

theirr amount in the bottom product of S2 considerably increases. This effect becomes even 

worsee in alternative C, where the impurities will come directly in the top product of S3, 

whichh requires a cleaner bottom product of S2. 

Tablee 43; Steady state magnitudes of D2 

basee alt A Alt B altC 
hh -0.076 0.226 0.007 0.378 
122 -0.140 0.672 0.080 0.726 
133 0.737 0.800 0.500 0.369 
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Thee effect of D2 on I3 is positive and of comparable magnitude in all cases. This impurity is 

mainlyy built up in the large DCE recycle loop S2-S3-R2-S6-S7-S2 that all cases contain. 

Mostt gains of the other manipulated variables are comparable, although small changes may 

havee a great impact on the interactions between control loops. Therefore it is interesting to 

performm an RGA analysis. 

4.4.22 RGA analysis 

Wee have calculated relative gain arrays (RGA) for all square control systems. The results for 

thee three most promising combinations are given in Table 4.4. It can be seen that strong 

interactionss exist between the control loops I rQ2 and I2-SS2 in all alternative design and 

controll  structures, while the control loop of I3 with either D2, D4 or Q4 is less affected by 

interactionss with the other loops. Especially the loops I3-D4 and I3-Q4 in the base case and 

I3-D44 in alternative C are hardly affected, as can be seen from their RGA elements being 

closee to one. 

Tablee 4.4; RGA diagonal elements 

ll uu I 2,13 Basil aït~A aïtB aïTc 
Q2,SS2,D22 1.47,2.01,1.34 1.58,1.27,1.10 1.37,1.27,0.89 1.63,0.96,0.83 
Q2,, SS2, D4 1.43,1.35,0.96 1.51, 1.38,1.13 1.43,1.29, 0.92 1.61,1.43,1.06 
Q2,SS2,Q44 1.43,1.36,0.97 1.65,1.48,1.25 1.43,1.30,0.93 1.74,1.57,1.19 

Noticee that the RGA elements of the loops with Ii and I2 are always greater than one, while 

thee RGA elements of the loops with I3 are in some cases less than one. An RGA element 

greaterr than one means that the open loop gain exceeds the closed loop gain, so the 

interactionss are in an opposite direction. When the interactions are in the same direction as 

thee single loop, the closed loop gain will be greater than the open loop gain and the RGA 

elementt will be smaller than one. Thus it is concluded that the magnitudes of Q2 and SS2 are 

reducedd by interactions. 

Wee can also see that the effect of the controller interactions on the control loop of I3 depends 

onn the recycle structure. When the column S4 is connected to the column S2, either via 

reactorr Rl (base case) or directly (alternative B), the effect of the S4 variables on I3 is 

enhancedd by closing the other loops. This effect is reduced in the alternatives A and C, where 

thee Heavies that are produced in R4 are not passing S2, but directly removed by S5. 
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Thee above steady state analysis showed that systems with alternative recycle structures could 

bee operated close to the base case nominal operating point by minor changes in manipulated 

variables.. The system is very sensitive to disturbances and there are strong interactions 

betweenn control loops. However, what is the dynamic consequence? 

4.55 Dynamic simulations 

Thee steady state analysis showed the important role of the impurities destruction in reactor 

Rll  and R4. Therefore the impact of these liquid phase reactors on the plant dynamics is 

considered.. The gas phase reactors R2 and R3 have a negligible holdup and are assumed to 

operatee instantaneously. The separation system is simulated dynamically with a reduced set 

off  components. The reactants having zero flow in the reactor outlet streams are left out. Since 

phenomenaa of the impurities material balances are taking place at long time scales, level and 

pressuree controllers are assumed to operate instantaneously as well. Therefore condenser 

pressuress are fixed and total material balances in drums and reboilers are modeled in a steady 

statee manner. 

4.5.11 Step responses 

Dynamicc simulations with step perturbations on the manipulated variables and disturbances 

showedd interesting responses of the outputs. All impurities will finally reach steady state 

values,, but in different lengths of time. The responses on the perturbations will be discussed 

inn detail. 

Increasingg the distillate flowrate of column S2 (D2) in the base case flowsheet will increase 

thee throughput of reactor R4, which slightly reduces the conversion of impurities. The 

increasedd load of column S4, right after R4, will lead to the removal of more light impurities, 

includingg impurity Ii , while the intermediate impurities I2 and I3 are forced to go to the 

bottom.. This bottom flow is recycled to reactor Rl where more Ii and I2 are transformed into 

Heavies.. The conversion of impurities in this large reactor is hardly affected by the increased 

recycle,, which is only a small part of the total throughput that is dominated by the fresh feed. 

Ann increased recycle through reactor Rl therefore leads to more transformation of impurities 

Iii  and I2 into Heavies. The Heavies are easily removed by column S5 and the concentration 

off  impurities It and I2 in column S2 are decreasing (Figure 4.3). After VA hours the 

concentrationn of impurities I| and I2 in the top distillate of column S2 are at a value where 
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Figuree 4.3; Concentration of impuritie s Ii , I2 and 13 in the bottom of column S2 versus 

timee after  a step on D2 in the base case 

MoreMore impurities Ii  and h are transformed into Heavies in reactor Rl and their concentration 

decreases.decreases. On the contrary, I3 is built up in the recycles in the first hours. When the 

concentrationconcentration ofh in the top of column S4 also increases, more I3 is removed from the system 

andand its concentration in the bottom of S2 increases more slowly. Later, the high 

concentrationconcentration of I3 in the top of column S4 forces h and I2 to go to the bottom, so their 

concentrationsconcentrations in the system and therefore also in the bottom ofS2 increase. After about 50 

hourshours the recycle loops are in equilibrium and the system reaches a new steady state. 

theirr partial flows are equal to the partial flows before the step change of D2. This implies a 

breakpointt in the operation of column S4, which starts to remove more I3 while the 

concentrationss of light impurities in the top distillate of column S4 are decreasing. 

Thiss effect is reflected by the concentration of I3 in the bottom of column S2, which still 

increases,, but with a much slower rate. Since the distillate flow of column S4 contains more 

I3,, the amount of Ii and I2 that leave the plant as Lights decreases. Therefore, after 8 hours, 

thee concentrations of Ii and I2 in the bottom of column S4 start to rise again, which leads to 

ann increase of their concentrations in all recycle loops as well. It will finally take about 50 

hourss to reach steady state values of the impurities concentrations. 

Increasingg the side stream flowrate of column S2 (SS2) in the base case flowsheet also 

increasess the recycle flow through Rl. The impurities Ii and I2 are transformed into Heavies 

andd their concentration in the system decreases (Figure 4.4). The increase of SS2 leads to a 

fastt drop of the concentration of I3 in the top distillate D2, while the concentration of I3 in the 

bottomm product rises. The lower concentration of impurities in the top distillate also affects 

thee removal of Lights in column S4. The amount of I3 being removed by the top distillate D4 
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Figuree 4.4; Concentration of impuritie s Ii , I2 and 13 in the bottom of column S2 versus 

timee after  a step on SS2 in the base case 

MoreMore impurities Ij  and I2 are transformed into Heavies in reactor Rl and their concentration 

decreases.decreases. This is in contrast with I3, which is build up in the recycles in the first hours. When 

thethe concentration of I3 in the top of column S4 also increases, more I3 is removed from the 

systemsystem and its concentration in the bottom ofS2 decreases. After about 50 hours the recycle 

loopsloops are in equilibrium and the system reaches a steady state. 

showss a decrease in the first 1 lA hours. Then it rises again because the recycling of I3 has 

increasedd its concentration. This yields a lower concentration of I3 in the recycle loops that 

slowlyy become steady state after 50 hours. At 8 hours the removal of I3 by D4 shows a 

maximumm and then it drops to its steady state value. The impurities Ii and I2 are less affected 

byy the operation of column S4 now and they become almost steady state after 10 hours. 

Thee responses described above are a result of the interaction between the units and the 

recyclee loops. This is in contrast with the effect of the reboiler duty of column S2 (Q2). Now, 

thee responses of the impurities show a fast drop in a few minutes followed by a slow rise to 

reachh the new steady state values in about two hours (Figure 4.5). The fast drop originates 

fromm the direct effect of the reboiler duty, which boils out the light impurities. The impurity 

concentrationss rise again since the vapor is recycled over the top of the column. The effect of 

thee recycle structure is negligible here. The column response itself is dominating. 

Thee column S4 variables D4 and Q4 are using the recycle structure of the base case flowsheet 

too affect the impurity concentrations in the bottom product of column S2. The Lights removal 

iss an exit for all three impurities and an increase of either D4 or Q4 will result in a decrease 

off  their concentrations in the bottom of column S4. This stream is recycled through reactor 

Rll  and column S2. So, the impurity concentrations in the bottom product of column S2 will 

alsoo decrease. The impurities that are recycled through all loops have to become in 
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Figuree 4.5; Concentration of impuritie s Ii , I2 and I3 in the bottom of column S2 versus 

timee after  a step on Q2 in the base case 

TheThe light impurities are boiled out of the bottom product by increasing the reboiler duty, 

whichwhich lead to a fast drop of the impurity levels. The recycle over the top of the column leads 

toto an increase after 20 minutes. After two hours the system is almost steady state. The column 

effecteffect in itself is dominant here and the effects of the recycle interactions are negligible. 

equilibrium.. Therefore it takes also 50 hours before a steady state value of the impurities 

concentrationss is reached. This time is also required for the system to reach steady state after 

aa disturbance, either the flowrate of the external DCE feed (FDCE) or its impurity I3 fraction 

(X13).. This time seems to be characteristic for the recycle structure of the base case. 

4.5.22 Alternativ e flowsheets 

Thee alternative flowsheet structures differ in the location where the bottom product of 

columnn S4 is recycled. This has an influence on the steady state values that the outputs reach 

butt the profiles are comparable. The response of I3 to D2 in the base case was already 

discussed.. In the alternatives A and B, I3 shows the same profile with a different magnitude, 

butt in alternative C it is different (Figure 4.6). In the beginning the removal of I3 by column 

S44 is decreased and therefore its amount in the recycle loops starts to rise, as it did in the 

otherr alternatives. After 1 'A hours this removal of I3 increases again, which leads to a slower 

increasee of I3 in the base case. In alternative C, where the impurities material balances are 

moree strongly affected by the operation of column S4,13 goes through a maximum and then 

dropss to become steady state. The mechanism is the same, but the different magnitudes lead 

too a different profile. We can conclude that all alternatives show the same mixture of dynamic 

elements.. However, the relative magnitudes of these elements are different, so they sum up to 

differentt overall dynamic responses. 
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Figuree 4.6; Concentration of impurit y 13 in the bottom of column S2 versus time after  a 

stepp on D2 for  the base case and alternative C 

TheThe recycle structure strongly affects the time profile of I3 after a step on D2. However, a 

closeclose examination shows that the same phenomena are responsible and the differences are 

onlyonly caused by the different magnitudes. In the beginning, I3 is forced to go to the bottom of 

columncolumn S4 and its concentration in all recycle loops starts to increase. After 1 'A hours more 

I3I3 may leave the plant via the top distillate of column S4, resulting in a slower increase ofh 

inin the base case but a decrease in alternative C, where the impact is larger. 

Thee only real structural difference between the base case and the alternatives is the recycle of 

thee bottom product of column S4. Raising D2 in die base case increases this recycle flow 

throughh reactor Rl, which leads to more transformation of impurities Ii and I2 into Heavies 

andd a decrease of their concentration in the bottom product of column S2 (Figure 4.7). In the 

alternatives,, the increased flow is recycled over a different path, not passing reactor Rl. 

Insteadd of transforming the impurities into Heavies, they are only recycled and their 

concentrationss in the bottom product of column S2 are increased. After a while their 

concentrationss in the side draw to reactor Rl also increase, leading to more transformation 

intoo Heavies. The concentrations of Ii and I2 in the alternatives A and C therefore go through 

aa maximum at 1 'A hours followed by a decrease. 

Inn alternative B the bottom product of column S4 is directly send to column S2, where it 

enterss at a stage near the side draw. Therefore, the concentrations of impurities Ii and I2 in 

thiss side draw to reactor Rl increase almost instantaneously, leading to a decrease of Ii and I2 

inn the bottom of column S2. Finally, the buildup of impurity I3 in the system leads to a 

competitionn with Ii and I2 in column S4. A higher concentration of I3 in the Lights removal 

impliess less removal of Ii and I2, so that these impurities will go to the bottom of this column 

andd remain in the system. In the base case this leads to a small increase after 8 hours. The 
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Figuree 4.7; Concentration of impurit y Ii in the bottom of column S2 versus time after  a 

stepp on D2 for  the base case and alternative A, B and C 

TheThe recycle structure strongly affects the time profile ofh after a step on D2. In the base case 

raisingraising D2 increases the recycle through reactor Rl, resulting in additional transformation 

ofhofh and therefore a lower concentration in the bottom of column S2. In the alternatives, 

reactorreactor Rl is not passed and I, is recycled Therefore in alternative A and C the 

concentrationconcentration ofh in the bottom of column S2 rises. In alternative B, the concentration ofh 

inin the side draw also rises in the short term, which leads to extra transformation of h in 

reactorreactor Rl by another mechanism as in the base case, but with the same result: a lower 

concentrationconcentration in the bottom of column S2. The competition between I, and I3 in column S4 

finallyfinally leads to an increase again on the long term so the final response becomes almost zero. 

alternativess A and C also show this small increase. In alternative B, however, this increase is 

largerr and almost equal to the decrease in the first hours. Therefore the new steady state 

valuess are almost equal to the old ones and the magnitudes of D2 on Ii and I2 in alternative B 

aree almost zero. 

Hence,, the most remarkable dynamic effect of changing the recycle structure is concentrated 

inn the response of the system to a change of the top distillate of column S2 (D2). This is 

associatedd to the change of effect in the static gain matrices (Table 4.3). 

4.66 Frequency analysis 

AA scaled linearized state space realization around the nominal operating point of the dynamic 

modell  has been generated as a basis for the calculation of frequency responses. The 

frequencyy analysis is expected to show the static gain impact of changing the recycle 

structuree (in particular the effect of D2) as well as the dynamic impact at the higher 

frequencies. . 
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Inn the previous chapter it was already shown that the static gains appear to be representative 

forr frequencies up to 0.02 h . At frequencies above 10 h"1 the system is not responding 

anymoree to disturbances and feedback control is no longer needed. Besides, the system is 

neitherr responding anymore to the manipulated variables. For oscillations with a frequency 

betweenn 0.02 and 10 h'1 the system responses feature a delay and the magnitudes are lower. 

Thiss clearly demonstrated why a steady state analysis of the plant behavior falls short. During 

operationn of the plant there will always be oscillatory disturbances with frequencies in this 

range,, hence impurity concentrations will always be in a transient. 

Takingg a closer look at the frequency responses of the base case, a clear difference between 

D2,, Q2 and D4 can be seen (Figure 4.8). The response of I3 to an oscillation of D4 starts to 

deviatee from steady state at a low frequency already. The Lights removal by D4 cannot 

followw these fluctuations and its effect is damped. The response of I3 to an oscillation of D2 

alsoo decreases at this frequency. In the analysis of the step responses it is already explained 

howw the recycle effect of column S4 is playing an important role in the response of I3 to D2. 
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Figuree 4.8; Frequency responses of impurit y 13 for  D2, Q2 and D4 in the base case 

TheThe response of I3 to an oscillation of D4 starts to deviate from steady state at a low 

frequencyfrequency already. The Lights removal by D4 cannot follow these fluctuations. The response 

ofof I}  to an oscillation of D2 also decreases at this frequency because of the recycle effect of 

columncolumn S4, playing an important role in the response of I3 to D2. At higher frequencies, 

wherewhere the oscillations are faster than the response time of column S2 itself the magnitude of 

D2D2 drops fast. At these frequencies the magnitude of Q2 is increased because there is no 

counteractingcounteracting effect of the recycle over the top (reflux). 
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Whenn the Lights removal by D4 cannot follow the fluctuations anymore, the response of I3 to 

D22 is also affected. At higher frequencies, where the fluctuations are faster than the response 

timee of column S2 itself, the magnitude of D2 completely breaks down. At these frequencies 

thee magnitude of Q2 is increased because there is no counteracting effect of the recycle over 

thee top. The frequency where the response to Q2 shows a maximum corresponds 

too the time where the step response of I3 to Q2 shows a maximum (Figure 4.5). Both the step 

andd frequency responses show that the magnitude of the reboiler duty is large and mainly 

affectedd by the recycle over the top of the column. The response of the impurities to Q2 in the 

flowsheetflowsheet alternatives is almost equal in profile and magnitude of the base case. Therefore, 

thee effect of the recycle loops in the flowsheet is negligible in the case of Q2. 

Thee effect of the recycle structure on the response of the outputs for the other inputs is mainly 

relatedd to the magnitude. This was already shown by the step responses. The frequency where 

thee response starts to differ from steady state in the alternatives is equal to that in the base 

case.. The most important contribution to the recycle effects at low frequencies is originating 

fromfrom the Lights removal by column S4. Although the bottom product of this column is 

recycledd to different places, the column effect is damped at the same frequency. This yields a 

dampedd magnitude for all outputs in all alternatives at this frequency. Hence, new differences 

betweenn the alternatives are not detected with the frequency analysis. 

4.77 Controllabilit y study 

Previously,, the high sensitivity of the plant to changes has been revealed. The recycle 

interactionn effects in the alternative flowsheet structures are comparable with the base case. 

Theyy only differ in magnitude. However, this may have a strong effect on the controllability 

off  the system. Therefore, let us analyze the sensitivity of the flowsheet alternatives in a 

systematicc manner using closed loop controllability tools in the frequency domain. 

4.7.11 Relative Gain Arra y 

Thee steady state RGA analysis already showed that a control structure with D2-I3 is more 

severelyy affected by interaction with the control loops for Ii and I2 than for the case of I3 

beingg controlled by either D4 or Q4. This is confirmed by an RGA analysis in the frequency 

domainn (Table 4.4). The RGA number is defined as ||RGA - I||sum and gives a quantitative 

measuree of the interactions in a diagonal control structure. All structures show an increased 

RGAA number at the frequency range where the effects of the recycle interactions are 
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decreasingg (Figure 4.9). This is caused by the reboiler duty that has an amplifying effect on 

alll  outputs, while the magnitude of the other manipulated variables are decreasing. This 

stronglyy affects the relative gains in negative direction, resulting in an increased RGA 

number.. This effect is independent of the recycle structure and the alternatives therefore show 

thee same behavior in this respect. 
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Figuree 4.9; RGA numbers versus frequency of three control structures in the base case 

TheThe control structure with D2-U has more interactions than the structures where I3 is 

controlledcontrolled with either D4 or Q4. All structures show an increased RGA number at the 

frequencyfrequency range where the effects of the recycle interactions are decreasing. This is caused 

byby the reboiler duty, having an amplifying effect on all outputs, while the magnitude of the 

otherother manipulated variables are decreasing. This strongly affects the relative gains in 

negativenegative sense, resulting in an increased RGA number. 

4.7.22 Closed loop performance 

Att  the frequencies where interaction between the control loops increases, the effect of the 

disturbancess is decreasing, but feedback control might still be needed. Therefore we will take 

aa look at the closed loop disturbance gains. These parameters give the performance of a 

diagonall  control system with respect to disturbance rejection. A description of the 

performancee of decentralized control is given in chapter 2. In order to keep the control error 

betweenn acceptable bounds, the closed loop disturbance gain should be smaller than the loop 

transferr function (l+gn(s)kj(s)), for each disturbance. Here gü(s) is the open loop input-output 

modell  and k(s) is the controller model. 
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Figuree 4.10; Closed loop disturbance gain and loop transfer  function for  I3, controlled 

withh D2, and an impurit y disturbance Xu in the base case, while Ii is 

controlledd with Q2 and 12 with SS2 

TheThe loop transfer function is drawn with a proportional controller with gain 1, which is not 

enoughenough to come on top of the CLDG line at low frequencies. This means that the input 

magnitudemagnitude of D2 is too small to keep I3 between its bounds when the disturbance Xu is 

maximalmaximal at low frequencies in this control structure. 

Figuree 4.10 shows the closed loop disturbance gain and loop transfer function for the control 

off  I3 with D2 and the impurity concentration in the DCE feed Xo as disturbance in the base 

case,, while Ii is controlled with Q2 and I2 with SS2. The loop transfer function is drawn with 

aa proportional controller with gain 1, which is insufficient to become larger than the CLDG at 

loww frequencies. To keep I3 between its bounds, the loop transfer function should be larger. 

Thiss may be achieved by increasing the controller gain. However, a scaled controller gain 

abovee 1 is not possible, because the input will become outside its bounds with an output error 

beloww 1. This implies that the input magnitude of D2 is too small to keep I3 between its 

boundss when the disturbance XB is maximal at low frequencies in this control structure. The 

problemm is even worse in the alternative recycle structures, where the input magnitude of D2 

iss much smaller. 

Figuree 4.11 shows the closed loop disturbance gains of I2 to FDCE and X13 in the base case 

withh the controllers IrQ2,12-SS2 and I3-D4. Both closed loop disturbance gains are below 1 

overr the whole frequency range. This means that I2 does not exceed its bounds when the 

controlledd system is disturbed with either FDCE or X13. Therefore it is not necessary to control 

I22 between its bounds. The open loop magnitude of FDCE on I2 is around 2 at low frequencies, 
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whichh indicates that a controller is required indeed. However, in the closed loop disturbance 

gainn the interactions between the controllers are also taken into account. Then it is seen that 

thee control of 11 by Q2 and I3 by D4 are interacting in such a way that I2 is automatically kept 

betweenn its bounds. The disturbances affect the outputs in the same direction. The reboiler 

dutyy and the side draw also affect the impurities Ii and I2 in the same direction. So both 

controllerss are assisting each other in rejecting the disturbance. Because the magnitude of Q2 

iss much larger than the magnitude of SS2, the controller Ii-Q2 is dominating and the 

controllerr I2-SS2 is not needed. Closed loop simulations with only the controller Ii-Q2 

implementedd show that the effect of the disturbance FDCE on I2 is reduced by 80% (Figure 

4.14).. I2 is then below its maximum and further reduction is not needed. Still, a controller is 

requiredd if I2 has to be kept on setpoint, but the objective in this case study is to keep I2 below 

itss maximum. This may be achieved by control of Ii by Q2 and I3 by D4. 

Inn the alternative flowsheet structures I2 is also kept between its bounds with the controllers 

Ii-Q22 and I3-D4. The CLDG values for I2 are somewhat higher as a result of the recycle 

interactions,, but they are below 1 over the whole frequency range so boundary control is not 

needed. . 
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Figuree 4.11; Closed loop disturbance gains for  I2 in the base case with the controllers 

Ii-Q2,12-SS22 and I3-D4 

TheThe CLDG for I2 is below 1 for both disturbances over the whole frequency range of interest, 

whichwhich means that U will  never become outside its bounds under these disturbances and 

thereforetherefore does not need to be controlled between its bounds. The high CLDG value for the 

feedfeed flowrate disturbance FDCE is around a frequency of 8 cycles per hour, which is an 

unrealisticunrealistic fast fluctuation for this feed with this amplitude (75 kmol/h). Only small 

fluctuationsfluctuations may occur at these high frequencies and these will  not cause problems. 
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Iff  Q4 is used to control I3,12 does not need control either, but the input magnitude of Q4 is 

tooo small to keep I3 between its bounds over the whole frequency range. Therefore, the only 

possiblee control structure is the control of Ii with Q2 and I3 with D4, keeping I2 free to vary 

betweenn its bounds. 

Iff  we calculate the RGA number for this control system in the base case (Figure 4.12), we see 

thatt the interaction is much lower than the control systems with the loop SS2-I2 included 

(Figuree 4.9). In fact, at low frequencies, the control loops Q2-Ii and D4-I3 are almost 

decoupled.. The higher RGA numbers in the 3x3 control system are a result of the interaction 

betweenn Q2-Ii and SS2-I2, which is in fact a positive interaction in this case study because we 

cann keep I2 between its bounds with the control of Ii only. Furthermore it is seen that the 

controllerr interactions in alternative B are also very low, but they increase rapidly at 

intermediatee frequencies. At these frequencies the magnitude of D4 drops fast. Because of the 

recyclee structure this affects the controller interactions in alternative B to a larger extent than 

inn the base case. The controllers in alternatives A and C have already more interactions at low 

frequencies,, so the base case seems to be the better one. 
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Figuree 4.12; RGA number  of the control structure Ii - Q2 and I3-D4 versus frequency for 

alll  flowsheet structures 

HardlyHardly any interaction exists between the controllers I,-Q2 and I3-D4 in the base case and 

alternativealternative B at low frequencies. At intermediate frequencies the interactions in alternative B 

increaseincrease fast while the interactions in the base case remain low till  frequencies where control 

isis no longer needed. In the alternatives A and C there is more interaction at low frequencies, 

butbut this is still low compared to the interactions with the control loop I2-SS2 included. 
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4.733 Controller  gains 

Tablee 4.5 shows the minimal controller gains that are required to keep the outputs between 

theirr bounds under the disturbances FDCE and Xn with the proportional controllers Ii-Q2 and 

I3-D4.. The controller gain for Ii in alternative A is small compared to the others, but in this 

alternativee the nominal value of Ii is considerably lower and therefore it may vary more 

beforee it exceeds its bounds. Because of this difference in nominal value, alternative B has a 

higherr gain. 

Tablee 4.5; Proportional controller  gains (scaled) 

I i -Q 2 2 
I3-D 4 4 

base e 
0.46 6 
0.40 0 

altt  A 
0.13 3 
0.47 7 

altB B 
0.53 3 
0.56 6 

altC C 
0.46 6 
0.38 8 

Thee controller gain for I3-D4 in alternative B is also larger. While in the other alternatives the 

impurityy disturbance X13 is the most difficult to reject, in alternative B it is the flow 

disturbancee FDCE- The open loop disturbance gain of FDCE to I3 in alternative B is already 

largerr than in the base case, while for alternative C this is lower. On the other hand, the 

nominall  value of D4 in alternative B is lower than in the base case, while for alternative C it 

iss larger (Table 4.1). We have seen before that the impurity removal by column S4 and the 

impurityy buildup in the recycle loops are strongly related to each other. A higher nominal 

valuee of D4 means more effective removal of impurities and less buildup in the recycle loops. 

Thiss leads to the result that the impurity level of I3 is less sensitive to disturbances and hence 

lesss control action is required to keep I3 between its bounds during a disturbance. So, the 

controllerr gain for h-D4 in alternative C may be lower than in the base case and in alternative 

BB it should be higher. We can conclude that the controller gains in the alternative flowsheet 

structuress differ mainly because of the different nominal operating points, but it must be 

realizedd that these are a result of the recycle interactions. 

4.88 Closed loop simulations 

Dynamicc simulations of die full order nonlinear disturbed system with the control structure 

Ii-Q2,, I2-SS2, I3-D2 implemented show that I3 becomes outside its bounds when D2 is 

clippedd on its bounds (Figure 4.13). The input magnitude of D2 is indeed too small to control 

I3,, as was indicated by the analysis of the closed loop performance. 
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Figuree 4.13; Closed loop response of I3 in the base case with controllers Ii-Q2, I2-SS2 

andd I3-D2 for  the step disturbance FDCE 

I3I3 becomes outside its bounds because the magnitude ofD2 is too small. 

Wee already referred to the simulation with only the controller Ii-Q2 implemented. The effect 

off  the flow disturbance FDCE on I2 is then reduced with 80% (Figure 4.14). We also 

implementedd the controllers IrQ2 and I3-D4 with the controller gains from Table 4.5. This 

affectss impurity I2 in such a way that it never exceeds its bounds and control of I2 is not 

needed.. We also see that the impurities Ii and I3 (Figure 4.15) are well controlled and do not 

exceedd their bounds. The nonlinear behavior on the dynamic model affect the control system 

inn such a way that the bounds are even not reached with the most difficult disturbance, 

althoughh the controller gains that are calculated with the linearized model are based on these 

bounds. . 
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Figuree 4.14; Time response of I2 after  a step on FDCE in the base case 

IfIf  the control loop h-Q2 is closed, also the effect of FDCE on h is reduced (by 80%). If the 

looploop h-D4 is also closed, h is well below its maximum and no further control is needed. 
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Inn other cases the nonlinear behavior may lead to a slightly increased effect, so the bounds 

mayy be exceeded. However, when the linear model gives an acceptable description of the 

dynamicc system, the controller settings from the linear model are a good starting guess. They 

mayy be fine-tuned in the dynamic system but that is beyond the scope of this case study. 
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Figuree 4.15; Closed loop response of I3 in the base case with controllers Ii-Q 2 and I3-D4 

forr  a step on the disturbances FDCE and X13 

I3I3 is kept between its bounds by the controllers after a step on either FDCE or X13. 

4.99 Conclusions 

Thiss thesis started with two simple examples to demonstrate that recycle interactions strongly 

affectt the material balance and its controllability. As a more complex case study the balanced 

VCM-plantt with all its recycle loops and alternative flowsheet structures has been introduced. 

Wee described the problem of controlling the impurities material balances and analyzed the 

dynamicc behavior and controllability properties in a systematical way. We may conclude that 

thiss case study clearly demonstrates that recycle interactions are affecting the dynamics and 

controllabilityy properties of the material balance indeed. Moreover, the case study allows 

analyzingg in detail how and on which part of the plant these effects are realized! 

Wee have seen that the interaction of recycle loops leads to an increase of response times. This 

wass demonstrated by an example in chapter 1, but it is also reflected by the case study. The 

systemm is almost at steady state in two hours after a step on the reboiler duty of column S2, 

whilee it takes about 50 hours to reach a steady state when one of the other inputs is changed. 

Thee reboiler duty has a strong effect on the impurities material balance in the column itself 

andd recycle interaction effects are negligible. On the other hand, the effect of the other inputs 
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iss mainly a result of the interactions between columns S2 and S4 being connected by the 

recyclee loops. Therefore, these inputs affect the system on a complete different time scale 

thann the reboiler duty does. 

Inn this chapter it was specifically shown that the recycle structure strongly affects the nominal 

operatingg point of the plant and how this affects the controllability. Therefore, part of the 

discussionn on recycle structures shifts to a discussion on nominal operating points, in 

particularr the nominal values of the impurity levels. The lower nominal value of Ii in 

alternativee A widens its operating range considerably and therefore less control action (lower 

gain)) is required to keep its value below the maximum. From this point of few alternative A 

wouldd be preferable. However, it requires a higher nominal value of the reboiler duty Q2, 

whichh is unfavorable in respect with operating costs. 

Wee have seen that the removal of lights by column S4 has a great influence on the material 

balancee of the impurities and how its nominal value affects the sensitivity of the impurities to 

disturbances.. Alternative B has a relative low nominal value of D4 as compared to the other 

alternatives,, but I3 is more sensitive to disturbances and a higher controller gain is needed to 

keepp it between bounds. Hence, alternative B is not recommendable from this respect. 

Inn conclusion we can say that low nominal values of impurity levels are preferable since they 

enlargee the operating range. However, this is unavoidable counteracted by the related 

phenomenaa that the nominal values of the manipulated variables are required to be larger. 

Hence,, the lower nominal values of impurity levels have to be balanced with the higher 

operatingg costs associated with the higher levels of the manipulated variables, being energy 

consumption,, reflux ratios and recycle flowrates. This conclusion may be generalized to other 

plantss with impurity problems. Low impurity levels are more easily controllable, but require 

highh basic recycle loads. 

Itt was also demonstrated that control of the impurities Ii , I2 and I3 is not possible only using 

thee input variables on column S2 itself (D2, SS2 and Q2). The input magnitude of D2 is too 

smalll  to keep I3 between its bounds. On the other hand, when the Lights removal D4 is used 

too control I3, together with the controller Q2-Ii, I2 does not require control. The interaction 

betweenn the controllers and recycle loops is such that all three impurities are kept between 

theirr bounds with only these two controllers. Closed loop simulations have confirmed these 

conclusions. . 
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Comparingg the different flowsheet structures, we may state that the high nominal value of 

SS22 in alternative C is unfavorable for the operation of reactor Rl, while the controllability is 

nott improved as compared to the base case. In alternative B, the low value of D4 increases 

thee system's sensitivity to disturbances and a high controller gain for D4-I3 is needed for 

compensation.. This results in a fast increase of interactions between the controllers Q2-Ij and 

D4-I33 at intermediate frequencies, which makes this alternative also unfavorable. In 

alternativee A the higher nominal value of Q2 is compensated by a lower nominal value of Ii 

andd therefore a lower controller gain for Q2-Ii, as compared to the base case. The higher 

interactionn between the controllers Q2-Ij and D4-I3 at low frequencies does not affect the 

controllability.. Therefore alternative A is a good alternative flowsheet structure for the base 

case. . 




