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ChapterChapter 2. DesignDesign and Control of a Distillation System with Prefracüonator 

Chapte rr  2 Interactio n betwee n Desig n and Contro l of a 

Heat-Integrate dd Distillatio n Syste m wit h Prefractionato r 

Abstrac t t 

Thee relationship between the design and the control of a heat-integrated distillation 

set-up,, consisting of a prefractionator and a side stream main column, is analysed. The 

separationn of a pentane-hexane-heptane mixture with moderate purity requirements is 

considered.. Both forward and reverse heat-integration schemes are investigated. Different 

designss are possible, depending on the light/heavy split in the prefractionator and the heat-

integrationn scheme. They are similar with respect to energy consumption, but very different 

withh respect to dynamic behaviour. The differences are studied using frequency-dependent 

controllabilityy analysis, as well as carrying out closed-loop simulation, in the presence of 

largee feed composition disturbances. Thus, it is found that the forward heat-integration is 

muchh easier to control, and with only temperature measurements. The low-cost design with a 

smalll  prefractionator has the best closed-loop performance. The reverse heat-integration can 

bee controlled only if a composition analyser of the side stream is available; sharp light/heavy 

splitt in the prefractionator gives better disturbance rejection. The superior dynamic behaviour 

off  the forward heat-integration scheme was confirmed by the study of a high purity separation 

off  the benzene-toluene-xylene mixture. 
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ChapterChapter 2. DesignDesign and Control of a Distillation System with Prefractionator 

Introductio n n 

Thee direct and indirect sequences are well-known conventional configurations for 

separationn of ternary mixtures by distillation. Due to the higher cost of energy during the last 

decade,, there is an increased interest in other alternatives. They include heat integration 

(Rathoree et al., 1974, Morari and Faith, 1980), thermal coupling (Petlyuk et al., 1965, Tedder 

andd Ruud, 1985, Alatiqi and Luyben, 1985, Nikolaides and Malone, 1988), and complex 

configurationss (Doukas and Luyben, 1978, Cheng and Luyben, 1985). These alternatives 

have,, for some range of feed composition, lower energy consumption than the conventional 

configurations.. As an example (Cheng and Luyben, 1985), for a 25/50/25 benzene - toluene -

xylenee mixture, the prefractionator / side-stream column (Figure 2.1) with reverse heat 

integrationn and low operating pressure consumed 45% less energy than the direct sequence. 

ABC C PF F 

Owl l 

a a c2 2 

AB B 

BC C 

A A 

B B 

Q Q w2 2 

Figuree 2.1. Prefractionator  / side stream column configuration for  ternary separation. 

Thee dynamics and control of these systems is as important as energy saving (Tyreus 

andd Luyben, 1978, Frey et al., 1984, Chiang and Luyben, 1985, Mizsey et al., 1998, Doukas 

andd Luyben, 1978, Alatiqi and Luyben, 1986). Ding and Luyben (1990) studied the 

controllabilityy of the prefractionator / side stream column with reverse heat integration. The 

controll  structure used concentration measurements and single-input single-output (SISO) 

loops,, including split-range control. For the low purity separation, the system was found 

controllable.. For the high-purity case, the system could handle only small disturbances. 
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ChapterChapter 2. Design and Control of a Distillation System with Prefractionator 

However,, they did not study the controllability of the forward heat-integration arrangement. 

Moreover,, the relationships between the design and controllability properties were not 

analysed. . 

Thee fact that the design of a process determines its controllability is well recognised 

(Luybenn and Luyben, 1997). However, no applications to complex distillation configurations 

aree reported. In the previous studies, heuristic rules (endorsed by industrial experience) were 

appliedd to obtain an approximate design, which was later refined by rigorous methods. 

Afterwards,, the controllability analysis was performed. 

Forr conventional distillation columns, there are few design decisions to be taken and 

thee design is almost established once the product purity is specified. However, more decisions 

(forr which no guidelines are available) are involved in the design of complex configurations. 

Theyy will affect the controllability properties, besides energy consumption, total annual cost 

orr other economic index. 

Thiss work investigates the interaction between design and control of the heat 

integratedd prefractionator / side-stream column configuration for ternary separation. For this 

arrangement,, an important design decision refers to the split between the light and heavy 

componentss to be performed in the prefractionator. According to this, several designs arc 

possible.. They are presented and discussed, for both the forward and reverse heat-integration 

arrangements.. Multi-input multi-output (MIMO) controllability analysis is performed based 

onn linear models. For the particular mixture considered in this work and forward heat-

integration,, the design with a small prefractionator performs better. It has excellent 

controllabilityy properties and good composition control can be obtained using only 

temperaturee measurements. The reverse heat-integrated alternative is more interactive. In this 

case,, good control can be achieved only if at least one composition analyser is available. 

Controllabilityy is improved if a sharp split between the light and heavy components is 

performedd in the prefractionator. Finally, the performance of the proposed control structures 

iss evaluated by dynamic simulation. 

Throughoutt this work, A, B and C will denote the light, intermediate and heavy 

components,, respectively. For the particular separation investigated, they are pentane, hexane 

andd heptane, respectively. 
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Desig nn of the prefractionato r / sid e strea m colum n configuratio n 

Thee prefractionator / side stream column configuration is presented in Figure 2.1. 

Typically,, the design specifications are expressed as the purity of the product streams. Design 

decisionss refer to the range of operating pressures and the quality of the separation to be 

performedd in the prefractionator. 

Forr each column, a pressure profile, which is related to the heat-integration scheme, is 

assumed.. For forward heat-integration, heat transfer is possible when the distillate of the 

prefractionatorr is hotter than the bottom of the second column. This can be achieved if the 

pressuree in the prefractionator is high enough. If reverse heat-integration is of interest, the 

secondd column is the one to be operated at high pressure. Several design iterations may be 

necessaryy because the pressure profile depends on the design of the columns. 

Too design the prefractionator, the fractional recoveries of the light and heavy 

components,, F^  Z^A /F*BC,A '*ABCA
 and FBC 'ZKJC/FABC 'ZABCJC > respectively, are 

specifiedd (the first and second subscripts denotes the stream and the component, respectively). 

AA binary A/C separation is considered and the Underwood-Fenske method is used to find the 

minimumm reflux and minimum number of trays. Then the reflux ratio and the number of trays 

aree chosen (for example 1.2  Z?̂  and 2  N )̂. This gives an approximate design, due to the 

presencee of the intermediate component. Consequently, a rigorous method is used to adjust 

thee product and reflux flow rates until the desired A/C separation is achieved. At the same 

time,, the top and bottom concentrations of the intermediate component are obtained. 

Thee main column may be treated as two pseudo-conventional sections. The mass 

balancee equations give the flow rates of the product streams. The controlling feed (the one 

requiringg the largest reflux, Nikolai des and Malone, 1987) is found and the reflux ratio is set 

accordingly.. Then, an approximate design is found by a short-cut method. Finally, a rigorous 

methodd is used to refine the number of trays, feed and side stream locations. 

Dependingg on the specified recoveries for the light and heavy components in the 

prefractionator,, different designs are arrived at. Consider a ISO mol/s equimolar ABC feed. 

Lett the desired purity of the A, B and C products be 0.99,0.98 and 0.99, respectively. Assume 

thatt the B product should contain equal amounts of A and C, i.e. 0.5 mol/s. Then, the whole 

amountt of A (or C) that leaves the prefractionator with the bottom (or top) stream will end in 

thee side stream of the main column. Consequently, the maximum amount of A (or C) in the 

prefractionatorr bottom (top) is 0.S mol/s. 
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Tablee 2.1. Possible specifications for  the A / C split in the prefractionator . 
Thee feed consists of 150 mol/s equimolar ABC mixture. For product purity A: 99%; 
B:: 98%; C: 99%, the maximum flow rate of C in distillate and A in bottom is 0.5 
mol/s. . 

Distillatee (mol/s) 
A A 
C C 

Bottomm (mol/s) 
A A 
C C 

Designn I 

49.975 5 
0.025 5 

0.025 5 
49.975 5 

Designn II 

49.525 5 
0.475 5 

0.475 5 
49.525 5 

Designn ID 

49.525 5 
0.025 5 

0.475 5 
49.975 5 

Designn IV 

49.975 5 
0.475 5 

0.025 5 
49.525 5 

Too design the prefractionator, several specifications are possible. Table 2.1 displays 

fourr design alternatives. In the first one, a sharp A/C separation is performed in the 

prefractionator.. Alternatively (Design II), the quantities of light in bottoms and heavy in 

distillatee are close to their maximum allowed values, and sharp A/B and B/C split is required 

inn the main column. Other options investigated are: (IS) high recovery of the heavy 

component,, low recovery of the light component and (IV) low recovery of the heavy 

component,, high recovery of the light component. 

Thee alternatives have different operating parameters (reflux, condenser and reboiler 

duty,, etc.) and columns' size (number of trays, diameter). In addition, different controllability 

propertiess are expected. 

Heatt  integratio n consideration s 

Thee forward heat-integration will be discussed. The same considerations apply to the 

reversee heat-integration. 

Usually,, the heat-integration is attempted by combining in one heat exchanger the 

condenserr of the first column and the reboiler of the second column. In most of the cases, the 

dutiess do not match. First solution is to install auxiliary equipment. If there is a heat surplus 

(öcii  > 0*2)'a condenser is added to the first column. If there is a heat deficiency (Qci < Qw2), 

aa reboiler is added to the second column. In both cases, the capital cost is increased because 

additionall  equipment, but one variable (duty) is preserved to be manipulated in the control 

structure. . 
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Ann alternative solution is to change the columns' design to match the duties. For heat 

surplus,, the second column reflux may be increased and the number of trays decreased. This 

requiress higher reboiler duty. Because the additional duty is attained by heat integration, there 

iss no penalty in terms of energy consumption. Note that the option of decreasing Qcl may not 

workk due to the minimum-reflux constraint. If there is heat deficiency, Öclmay be modified 

byy increasing the reflux in the first column. The number of trays is decreased, but the reboiler 

dutyy (öwi) must be increased. Because this does not come by heat integration, there is a 

penaltyy in terms of energy consumption. As in the previous case, we remark that decreasing 

QQw2w2 may not always work. 

Thee systems investigated in this work are based on the perfect-match alternative. This 

wayy one manipulated variable (the duty of the additional condenser or reboiler) is missing. 

Thee inclusion of the auxiliary heat exchanger should lead to better controllability. However, 

thee improvement might be minimal because only small duty change will be available 

Additionall  energy can be recovered if various hot streams are used to preheat the 

prefractionatorr or main column feed streams. Because this article concentrates on the 

controllabilityy analysis, we included in our flowsheet only heat integration between the feed 

andd product streams. 

Desig nn result s 

Thee general design specifications were: 

a)) Feed: 41.66 mol/s, equimolar pentane / hexane / heptane mixture, at 25 °C and 1 bar. 

b)b) Product specification: pentane, 99%; hexane, 98%, impurified with equal amounts of 

pentanee and heptane; heptane, 99%; 25 °C and 1 bar. 

Thee following assumptions were made during the design: ideal vapour-liquid 

equilibrium;; 100% tray efficiency; saturated liquid reflux; columns feed: saturated liquid, 0.1 

barr pressure difference between the feed and the feed tray; 10 °C pinch temperature difference 

forr feed preheating; 10 °C temperature difference in heat-integrated reboiler/condenser; 

pressuree drops: 0.01 bar/tray, 0.05 bar in condenser, residence times of 5 min in reflux drums 

andd 10 min in reboilers; heat transfer coefficients of 500 W/(m2K) in the heat exchangers. 
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ABCJf f 

PF F 

AB B 

BC C 

HX33 (HX1 

Figuree 2.2. Prefractionator  / side stream column with forward heat integration. 

ABC C 
PF F 

-s~~i i 

XL L 

AB B 

BC C 

Figuree 2.3. Prefractionator  / side stream column with reverse heat integration. 

57 7 



ChapterChapter 2. DesignDesign and Control of a Distillation System with Prefractionator 

Steadyy state design was performed in ASPEN PLUS® (ASPEN Technology Inc, 

1997a),, using RADFRAC™ models for the distillation columns. When pinch analysis was 

applied,, the feed preheating layout presented in Figures 2.2 and 2.3 was obtained. Table 2.2 

summarisess the results of column sizing. Table 2.3 presents the flow rate and composition of 

intermediatee streams. 

Tablee 2.2. Results of the design of prefractionator  / side stream column. 
Numberss in bold represent heat supplied / removed by heat integration 

Forwardd heat integration 
refluxx ratio 
totall  stages 
feedd tray (from top) 
side-streamm tray 
topp stage pressure (bar) 

reboilerr duty, 106 W 

condenserr duty, 106 W 

feedd preheat duty, 106 W 

totall  duty, 106 W 

Reversee heat integration 
refluxx ratio 
totall  stages 
feedd tray (from top) 
side-streamm tray 
topp stage pressure (bar) 

reboilerr duty, 106 W 

condenserr duty, 106 W 

totall  duty, 106 W 

Design n 
PF F 

2.007 7 
24 4 
12 2 

7.3 3 
1.323 3 

1.223 3 

0.529 9 

1.852 2 

0.891 1 
20 0 
10 0 

1 1 
1.059 9 

0.998 8 

I I 
C C 

2.393 3 
28 8 
6,20 0 
12 2 
1 1 
1.223 3 

1.223 3 

2.588 8 
34 4 
7,25 5 
15 5 
5.95 5 
1.812 2 

1.059 9 

1.812 2 

Design n 
PF F 

1.958 8 
12 2 
6 6 

7.1 1 
1.337 7 

1.242 2 

0.514 4 

1.851 1 

0.980 0 
10 0 
5 5 

1 1 
1.072 2 

1.030 0 

II I 
C C 

2.355 5 
30 0 
6,23 3 
12 2 
1 1 
1.242 2 

1.216 6 

2.568 8 
35 5 
6,26 6 
15 5 
5.4 4 
1.793 3 

1.072 2 

1.793 3 

Design n 
PF F 

2.144 4 
15 5 
10 0 

7.4 4 
1.336 6 

1.257 7 

0.573 3 

1.909 9 

1.016 6 
15 5 
9 9 

1 1 
1.065 5 

1.010 0 

m m 
c c 

2.405 5 
28 8 
5,20 0 
12 2 
1 1 
1.257 7 

1.233 3 

2.568 8 
35 5 
6,25 5 
15 5 
5.6 6 
1.794 4 

1.065 5 

1.794 4 

Design n 
PF F 

1.55 5 
19 9 
8 8 

7.0 0 
1.264 4 

1.172 2 

0.502 2 

1.674 4 

0.828 8 
15 5 
6 6 

1 1 
1.041 1 

0.992 2 

rv v 
c c 

2.166 6 
28 8 
6,20 0 
12 2 
1 1 
1.172 2 

1.149 9 

2.5 5 
35 5 
7,26 6 
15 5 
5.75 5 
1.790 0 

1.041 1 

1.790 0 
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Tablee 23. Flow rate and composition of the streams leaving the prefractionator . 

Forwardd heat integration 
Distillatee (mol/s) 
Pentanee (%) 
Hexanee {%) 
Heptanee (%) 

Bottomss (mol/s) 
Pentanee (%) 
Hexanee (%) 
Heptanee (%) 

Reversee heat integration 
Distillatee (mol/s) 
Pentanee (%) 
Hexanee (%) 
Heptanee (%) 

Bottomss (mol/s) 
Pentanee (%) 
Hexanee (%) 
Heptanee (%) 

Designn I 

18.47 7 
75.16 6 
24.81 1 
0.03 3 

23.19 9 
0.02 2 

40.11 1 
59.86 6 

18.89 9 
73.50 0 
26.46 6 
0.04 4 

22.78 8 
0.03 3 

39.03 3 
60.94 4 

Designn II 

18.76 6 
73.27 7 
25.91 1 
0.82 2 

22.91 1 
0.62 2 

39.41 1 
59.97 7 

18.54 4 
73.95 5 
25.22 2 
0.83 3 

23.13 3 
0.77 7 

39.84 4 
59.39 9 

Designn m 

18.01 1 
75.72 2 
24.21 1 
0.07 7 

23.66 6 
1.07 7 

40.28 8 
58.65 5 

18.06 6 
76.31 1 
23.46 6 
0.05 5 

23.61 1 
0.47 7 

40.74 4 
58.79 9 

Designn IV 

20.33 3 
68.28 8 
31.17 7 
0.55 5 

21.33 3 
0.03 3 

35.39 9 
64.58 8 

19.31 1 
71.88 8 
27.43 3 
0.69 9 

22.36 6 
0.05 5 

38.43 3 
61.52 2 

Controllabilit yy  analysi s 

Thee main control objective is to maintain the products' concentration at their setpoints. 

Thee composition of the feed stream is considered as disturbance. Because distributed control 

systemss implementing PID controllers are widespread in the chemical industry, decentralised 

controll  is of interest. In addition, an attempt is made to develop the control system using 

temperaturee measurements to infer the concentrations because composition analysers are 

expensive,, require maintenance and have unfavourable dynamics. The temperature-control 

trayss were selected to be close enough to product withdrawal, but still sensitive. Typical 

temperaturee profiles in the side stream column are presented in Figure 2.4. 
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Forwardd heat-integration, design II 
110 0 

00 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

Stag e e 

Reversee heat-integration, design I 
180 0 

99 160 

00 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 

Stage e 

Figuree 2.4. Side stream column temperature profiles. 
OO - feed;  - side stream;© - temperature control. 

Thee performance of the control system can be improved if concentration controllers 

aree added. They may give, in a cascade manner, the setpoint of the temperature control loops. 

Therefore,, the analysis will try to assess both disturbance rejection and set point tracking 

propertiess of different system designs. To accomplish this task, the Closed Loop Disturbance 

Gainn (CLDG) and the Performance Relative Gain Array (PRGA), respectively, will be 

calculated.. For an excellent presentation of the controllability analysis tools, we refer to the 

bookk of Skogestad and Postlethwaite (1996). 
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Thee controllability properties of Design I and III (and Design II and IV) are similar, 

forr both forward and reverse heat integration schemes. For this reason, the results for Design I 

andd II will be presented comparatively. 

SPEEDUP®® (ASPEN Technology Inc, 1997b) was used to simulate the dynamic 

behaviourr of the different configurations. In all cases, levels were controlled by P-only 

algorithm.. The maximum allowed control error (fin«) and the maximum control action ( iw ) 

weree chosen as 50% of the steady state value of the controlled and manipulated variables, 

respectively.. The gain of the controllers was set to Kp = «„„  / ^ . For pressure controllers, 

thee maximum allowed control error was set to 0.1 bar and integral action (T\=0.2 h) was used. 

Smalll  adjustments of one of the operating parameters (reboiler duty) were necessary to get the 

samee stationary state as the one obtained by steady state simulation in ASPEN PLUS®. (The 

differencess may be due to the local thermodynamic model used byy SPEEDUP®). 

SPEEDUP®® allows two different types of dynamic simulation. In pressure-driven 

simulations,, the pressure-drop across the valves determines the flow rates. In the flow-driven 

case,, the flow rates are specified. The latter alternative assumes fast flow controllers and was 

usedd in this study. 

Thee state space linear model of the process was obtained using the CDI (Control 

Designn Interface) facility offered by SPEEDUP®: 

4&4& = A-x(t) + B.yb)+Bé-d{t) 
at at 

y( / )=CC ) (2.1) 

e(t)=r(t)-y(t) e(t)=r(t)-y(t) 

x,x, u, dy y, e and r are the vectors of the state variables, manipulated inputs, 

disturbances,, controlled outputs, control errors and setpoints, respectively. A, B, B& C, D and 

DiDi  are matrices of appropriate dimensions. In order to obtain meaningful controllability 

results,, the inputs, disturbances and outputs were scaled. In terms of scaled variables, the 

controll  objective is to keep \e(t] < 1, using \u(t] < 1, when disturbances |d(f)| < 1 affect the 

process. . 

Inn terms of transfer functions, the linear model of the process is given by: 

y(s)^G(s)-u(s)+Gy(s)^G(s)-u(s)+Gii{s)-d(s){s)-d(s) (2.2) 

where: : 

G(s)=C{sI-A)~G(s)=C{sI-A)~llBB + D (2.3a) 
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Gi(s)=C-(s!-A)-*.BGi(s)=C-(s!-A)-*.Béé+Dt+Dt  (2.3b) 

Linearr models were used only for controllability analysis. The full nonlinear model 

wass used to evaluate the performance of the control system. 

Prefractionatorr  / side stream column with forward integration 

Itt is necessary to control four concentrations in the product streams: B in top, A and C 

inn side stream, and B in bottom. If inferential control is used, it is necessary to control four 

temperaturess in the main column, corresponding to the four sections. Additionally, large 

amountss of light/heavy component going in thee bottom/distillate of the prefractionator makes 

thee separation in main column very difficult. Consequently, it may be desirable to control the 

compositionn of the streams leaving the prefractionator, controlling two temperatures in the 

strippingg and rectifying sections. 

However,, after closing the inventory control loops, only four manipulated variables 

aree left: prefractionator reflux flow rate and reboiler duty, main column reflux and side draw 

floww rate. Moreover, dynamic considerations discourage die use of prefractionator 

manipulatedd variables to control temperatures in main column. 

Itt was found that acceptable control could be achieved when only one temperature is 

controlledd in the prefractionator (Figure 2.5). Because the vapour dynamics are faster than the 

liquidd dynamics, the reflux ratio is kept constant and one temperature in the prefractionator 

bottomm is controlled by the reboiler duty. This loop gets the setpoint from a controller 

regulatingg the temperature in the bottom of the main column. 

Thee main column reflux and side draw flow rates are used to control temperature in 

thee top and between the side stream and the second feed, respectively. 

Tablee 2.4 gives the nominal values and scaling factors for the manipulated inputs, 

controlledd outputs and disturbances. The maximum change of the set point in temperature 

controll  loops was assumed to be 5 °C 

Whenn decentralised control is of interest, the input-output pairing may be evaluated 

usingg the Relative Gain Array, defined as: 

AA = G®(CT,) r (2.4) 
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+1 1 

~y-^& ~y-^& 
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SPfrom m 
composition n 
controller r 

1 1 
11 @+- SPfrom 

compositionn controller 

Figur ee 2.5. Forward heat-integration. Control structure. 
Standardd notation is used. YC denotes ratio controller. 

•fifc-I I 

Q Q 

/ / 

Tablee 2.4. Control of prefractionator / side stream column with forward heat 
integration.. Nominal values and scaling factors oi 

Designn I 

Designn II 

Disturbances s 

Variable e 

yii  (PF stage 22 temperature, °C) 
y22 (C stage 4 temperature, °C) 
y33 (C stage 17 temperature, °C) 
ujj  (PF reboiler duty,106 W) 
U22 (C reflux flow rate, mol/s) 
U33 (C side draw flow rate, mol/s) 

yii  (PF stage 10 temperature, °C) 
y22 (C stage 4 temperature, °C) 
y33 (C stage 17 temperature, °C) 
uii  (PF reboiler duty, 106W) 
U22 (C reflux flow rate, mol/s) 
U33 (C side draw flow rate, mol/s) 

Lightt in feed 
Intermediatee in feed 
Heavyy in feed 

outputs,, inputs 
Nominall  value 

167.3 3 
40.3 3 
81.8 8 
1.337 7 
33.22 2 
13.89 9 

161.2 2 
40.7 7 
78.6 6 
1.337 7 
32.69 9 
13.89 9 

0.333 3 
0.333 3 
0.333 3 

andd disturbances. 
Scalingg factor 

1 1 
0.5 5 
0.5 5 

0.674 4 
16.66 6 
6.94 4 

1 1 
0.5 5 
0.5 5 

0.674 4 
16.66 6 
6.94 4 

0.1 1 
0.1 1 
0.1 1 
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Forr both designs analysed, the chosen pairing corresponds to positive diagonal 
elementss in the RGA matrix. 

A,(0)) = 

A n(0)) = 

1.4833 -0.492 0.009 

0.0199 1.090 -0.109 

-0.5022 0.402 1.100 

2.3088 -1.326 0.019 

0.0822 1.155 -0.163 

-1.3166 1.171 1.145 

Close-to-onee diagonal elements denote littl e interaction. Small values in the RGA 

matrixx also indicate that model uncertainty is not a problem. 

Thee RGA_number, defined as: 

RGA_numberRGA_number = \\l-A{jco}\smn (2.5) 

hass small value and drops to zero for high frequency (Figure 2.6), showing that good control 

performancee is possible. 

3 3 
E E 

< < 
GC C 

0-01 1 

Frequenc yy / [rad/h ] 

2 2 

0.01 1 

Frequenc yy / [rad/h ] 

Figur ee 2.6. Forward heat-integration. RGA_number. 
Thee RGA_number has small values and drops to zero at high frequencies. 
Designn I is less interactive. 
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Designn I is (slightly) less interactive. However, because interactions can help the 

disturbancee rejection, it cannot be concluded that it is also better. 

Too analyse the disturbance rejection properties, the Closed Loop Disturbance Gain 

(CLDG)) is calculated: 

GGAA=G>G-=G>G-ll-G-Géé (2.6) 

wheree G is a matrix consisting of diagonal elements of G. 

Itss elements, g ,̂ give the apparent gain of the k*  disturbance on the i*  output under 

decentralisedd control. The necessary condition to avoid inputs constraints is: 

| *M|> |S« |.. Vk (2.7) 

Althoughh in both cases the inputs are powerful enough to reject disturbances (Figure 

2.7),, the second design is clearly better. 

Thee ability of the system to follow set point changes can be analysed using the 

Performancee Relative Gain Array: 

rr  = G Gl (2.8) 

Itss elements, jfj, show how the i*  manipulated input must change when the j * setpoint 

iss changed. More precisely, input saturation is not a problem if: 

ka|>|r*H* k|>> Vk, (2.9) 

wheree /fk is the scaling factor of the k*  setpoint. 

Figuree 2.8 shows the frequency dependent PRGA for the second design (the results for 

thee first design are similar). To allow comparison with the loop gain, they are multiplied by 

thee scaling factors for setpoint changes. 

Thee following conclusions can be drawn: 

•• Fast change of the prefractionator bottom temperature (yi) can not be achieved with the 

availablee manipulated inputs (at high frequency, condition 2.9 is not satisfied for k=l). 

•• Input saturation may occur in the third loop (at high frequency, condition 2.9 is not 

satisfiedd for i=3). 

However,, there are few negative implications on die controllability properties. If 

temperaturess are used to infer concentration, fast setpoint tracking is not a concern. When 

compositionn controllers provide the setpoint for the temperature control loops, the system will 
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bee almost all the time close to the desired operating point; hence, only small adjustments of 

thee temperature setpoints will be necessary. 

Designn I Designn ü 

0.001 1 

Frequencyy / [rad/h] 
0.001 1 

Frequencyy / [rad/h] 

Frequencyy / [rad/h] 

0.0011 -

Frequencyy / [rad/h] 

'„<**** » » 

0.0011 -
Frequencyy / [rad/h] 

0.001 1 
Frequencyy / [rad/h] 

Figuree 2.7. Forward heat-integration. Frequency dependent loop gain, g„  ( • ) and 

CLDGelements,, £ * ( • k=l,^  k=2,X k=3). 
Designn II has better disturbance rejection properties. 
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§§ 0.01 

0.0001 1 

Frequenc yy / [rad/h ] 

10000 -, 

Frequenc yy / [raoVhJ 

Figuree 2.8. Forward heat-integration, Design II . Frequency dependent loop gain gü (^ ) 
andd PRGA elements }(kRk( • k=l, A k=2, X k=3). 
Fastt setpoint change may cause input saturation. 

Inn conclusion, the prefractionator / side stream column with forward heat integration 

hass very good controllability properties. The practice of a small prefractionator (doing just the 

necessaryy separation) is justified (at least for the case analysed) by its better disturbance 

rejectionn properties. 
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Prefractionatorr  / side stream column with reverse integration 

Afterr closing the inventory control loops, four manipulated variables are left for 

temperaturee (composition) control: prefractionator reflux flow rate, main column reflux and 

sidee stream flow rate, and reboiler duty. There are six temperatures it may be necessary to 

control,, corresponding to the two sections of the prefractionator and the four sections of the 

mainn column. 

AA control structure, similar to the one developed for the forward integration scheme, 

cann be imagined (Figure 2.9). The reflux flow rate controls one temperature in the top of the 

prefractionatorr (no input is available to control the temperature in the bottom). In the main 

column,, the reflux ratio is kept constant and reboiler duty is used to control the bottom 

temperature.. One temperature located either above or below the side stream is controlled by 

thee side stream flow rate. 

However,, strong interactions make it unfeasible. A typical steady-state RGA matrix is: 

"1.1444 0.008 -0.153" 

At(0)== -0.164 -0.001 1.165 

0.0199 0.990 -0.012 

PP from composition controller 

SPP from composition 
controller r 

Figuree 2.9. Reverse heat-integration. Unfeasible control structure using only 
temperaturee measurements. 

Standardd notation is used. YC denotes ratio controller. 
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Thee small values of the last two diagonal elements show strong interaction. Moreover, 

theirr negative sign means that the system is not decentralised integral controllable (Skogestad 

andd Postlethwaite, 1996), i.e. there exists no diagonal controller with integral action such that 

bothh of the following conditions are true: a) The closed loop system is stable, b) The gains of 

anyy subset of loops can be arbitrarily reduced without causing system instability. 

Addingg a fourth control loop, in which the main column reflux flow rate controlled top 

temperature,, did not help. Several other control structures were tried and it was found that the 

controll of the temperature in the middle of the main column is responsible for the negative 

diagonall elements in the RGA matrix. Hence, if only temperatures are measured, the side 

streamm flow can not be the manipulated variable in a control loop. However, keeping the side 

streamm constant is unacceptable, because any change of the feed flow rate of the intermediate 

componentt will result in impure products. 

AA successful control structure (Figure 2.10) can be developed if the flow rate of the 

sidee stream is used to control its composition. The nominal and scaling values of the 

controlledd outputs, manipulated inputs and disturbances are presented in Table 2.5. 

D—© © A A 
SPP from composition 
controller r 

SPP from composition 
controller r 

Figuree 2.10. Reverse heat-integration. Feasible control structure using side stream 
compositionn analyzer. 
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Tablee 2.5. Control of prefractionator  / side stream column with reverse heat integration. 
Nominall  values and scaling factors of outputs, inputs and disturbances. 

Variablee Nominal value Scaling factor 
Designn I V] (PF stage 4 temperature, °C) 

y22 (C stage 4 temperature, °C) 
y33 (C side stream purity, °C) 
y44 (C stage 27 temperature, °C) 
uii (PF reflux flow rate, mol/s) 
U22 (C reflux flow rate, mol/s) 
U33 (C side draw flow rate, mol/s) 
U44 (C reboiler duty, 106 W) 

Designn II yi (PF stage 4 temperature, °C) 
y22 (C stage 3 temperature, °C) 
y33 (C side stream purity, °C) 
y44 (C stage 28 temperature, °C) 
uii (PF reflux flow rate, mol/s) 
U22 (C reflux flow rate, mol/s) 
U33 (C side draw flow rate, mol/s) 
U44 (C reboiler duty, 106W) 

Disturbancess Light in feed 
Intermediatee in feed 
Heavyy in feed 

56.7 7 
104.1 1 
0.98 8 
168 8 

16.83 3 
35.94 4 
13.89 9 
1.814 4 

61.2 2 
98.7 7 
0.98 8 
165.6 6 
18.16 6 
35.66 6 
13.89 9 
1.790 0 

0.333 3 
0.333 3 
0.333 3 

1 1 
0.5 5 
0.02 2 
0.5 5 
8.33 3 
10 0 

6.94 4 
0.907 7 

1 1 
0.5 5 
0.02 2 
0.5 5 
8.33 3 
10 0 

6.94 4 
0.907 7 

0.1 1 
0.1 1 
0.1 1 

Forr both designs analysed, the chosen pairing correspond to positive diagonal RGA 

elements: : 

""  1.824 0.028 0.0O1 -0.853" 

2.7588 11.90 0.002 -13.66 

0.0366 1.273 0.445 -0.755 

-3.6188 -12.20 0.552 16.27 

AI(0)= = RGARGA _ numberi^) = 63.3 

An(0)) = 

1.2655 -1.625 -0.O5 1.364 

-0.2833 23.15 0.05O -21.92 

-0.0522 -18.66 0.151 19.56 

0.0688 -1.868 0.8O3 1.997 

RGARGA _ number(0) = 90.5 

Forr high frequencies, both RGA_numbers drop to zero, showing that control 

performancee is possible. 
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Designn I Designn II 
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Figuree 2.11. Reverse heat-integration. Frequency dependent loop gain,g„ ( $ ) and 
CLDGG elements, gdik ( • k=l,A k=2,Xk=3). 
Inn Design E, the second manipulated input is not strong enough to reject the 
disturbances. . 
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Figuree 2.11 presents the closed loop disturbance gain. The main difference between 

Designn I and Design II is in the disturbance rejection properties of the second control loop 

(mainn column top temperature - reflux flow rate). In the first case, all disturbances can be 

properlyy rejected. In the second case, the maximum allowed change of the reflux flow rate is 

nott big enough to reject any of the three disturbances. There are also some problems with the 

firstt control loop (Design II performs slightly better). However, this loop is not directly 

relatedd to product purity. 

Thee frequency-dependent PRGA is similar to the forward heat-integration case. Input 

saturationn may occur in some control loops, if fast tracking is required for certain setpoints. 

However,, as previously discussed, this will rarely be the case. 

Wee conclude that the controllability properties of the prefractionator / side stream 

configurationn with reverse heat-integration are worse than for the forward integration scheme. 

Iff only temperature measurements are available, good control is impossible due to strong 

interactions.. A feasible control structure, in which the composition of the side stream is 

measured,, was developed. The controllability properties are better if the prefractionator 

performss a sharp A/C split. 

Wee acknowledge the anonymous reviewer who suggested to ratio the side stream to 

thee reflux flow rate. The closed-loop performance of this strategy was investigated. It 

achievess good control of the top and bottom purity. However, there is a rather large (about 

2%)2%) steady state error of the side stream composition. Hence, when tight control of the 

intermediatee product purity is not required, this control scheme is also a good option. 

Close dd loo p dynami c simulatio n 

Thee performance of the proposed control configurations was tested using the 

SPEEDUP®® nonlinear model. A typical run required about 80 seconds, on a Pentium II 350 

MHzz computer. 

Designn I was analysed for the forward heat-integration configuration. For the reverse 

heat-integrationn arrangement, Design II was investigated. A lag time of 1 min was assumed 

forr temperature sensors. A dead time of 3 min was assumed for composition analysers. 

Controll structures presented in Figures 2.5 and 2.10 were used. The parameters of the PI 

controllerss were found by trial-and-error. They are presented in Table 2.6. 
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Tablee 2.6. Controller  tuning. 

Forwardd heat integration 
Loopp 1 0.0139 106 W/K 0.2 h 
Loopp 2 16.66 (mol/s) / K 0.2 h 
Loopp 3 6.94 (mol/s)/K 0.2 h 
Loopp 4 (Column tray 27 temperature - Loop 1 setpoint) 5 K/K 0.2 h 

Reversee heat integration 
Loopp 1 
Loopp 2 
Loopp 3 
Loopp 4 

2.777 (mol/s)/K 
3.611 (mol/s)/K 0.2 h 
1.39mol/(s%)) 0.2 h 
0.9077 106 W/ K 0.2 h 

Thee control system performance, as deviation of the products' concentration from the 

designn values, is presented in Figure 2.12. Disturbances Di, D2 and D3 correspond to increase 

off the feed concentration of pentane, hexane and heptane, respectively. In each case, one 

concentrationn was increased from 33.3% to 43.3%, while the other two were decreased to 

28.3%. . 

Iff the magnitude of die disturbances is taken into account, the performance of the 

controll system seems acceptable. The purity deviation is less than 0.5 % for all streams. The 

settlingg time is less than 0.5 hours for forward heat-integration and less than 2 hours for 

reversee heat-integration. It is noted that the steady state error in concentration can be removed 

iff concentration controllers are used. 
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Forwardd heat-integration. Design II Reversee heat-integration. Design I 
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Figuree 2.12. Control system performance. 

AA pentane, • hexane, J  ̂ heptane. Disturbances Di, D2, D3, correspond to increase of 
thee feed concentration of pentane, hexane and heptane, respectively, from 0.33 to 0.43. 
Controll structures are presented in Figures 2.5 and 2.10 (the composition-temperature 
cascadess were not used). Controller tuning is presented in Table 2.6. 
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Conclusions s 
Thee relationship between the design and the control of a heat-integrated distillation 

set-up,, consisting of a prefractionator and a main column with side stream, was analysed. 

Bothh forward and reverse heat-integration schemes were investigated. Detailed results are 

presentedd for the separation of an equimolar pentane-hexane-heptane mixture, with moderate 

purityy requirements. These results were confirmed by the high purity separation of the 

benzene-toluene-xylenee mixture. 

1.. Four different designs were investigated, both for forward and reverse heat-integration. 

Energyy integration took into account a total match of the reboiler and condenser of the 

first/secondd and second/first columns, respectively, as well as feed preheating with 

products'' excess enthalpy. Design I considered a tall prefractionator for sharp light/heavy 

split,, while Design II considered a shorter prefractionator for a moderate light/heavy split. 

Inn the other cases, the prefractionator was designed for high recovery of the light, or of the 

heavyy component, respectively. In all designs the number of stages varied significantly for 

thee prefractionator, but remained practically constant for the main column. 

2.. In all cases, the total energy consumption varied only slightly. Consequently, energy 

recoveryy cannot be a selection criterion between alternatives. However, the dynamic 

behaviourr showed significant differences. 

3.. MIMO linear controllability analysis in the frequency domain was performed to evaluate 

thee dynamic properties of alternative designs. Large disturbances in feed concentration of 

thee three components were considered. Among controllability indices, Closed Loop 

Disturbancee Gain (CLDG) and Performance Relative Gain Array (PRGA) were 

calculated.. The controllability analysis predicts, in all situations, better dynamic properties 

forr the forward heat-integration scheme compared with the reverse one. This behaviour 

wass tested by closed loop simulation with the full non-linear model. 

4.. For the preferred forward integration scheme, an efficient control structure, using only 

temperaturee measurements, was developed. The design with a short prefractionator has, 

byy far, the best performance. 

5.. The control of the reverse heat-integration scheme does not work with only temperature 

measurements.. The system is controllable only if the concentration of the side stream can 

bee measured. Moreover, better disturbance rejection is possible with a sharp light/heavy 

splitt in the prefractionator. 
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6.. The behaviour of a high purity separation of a benzene-toluene-xylene mixture was tested, 

similarlyy to the work of Ding and Luyben15, who developed a quite complex control 

structuree for the reverse heat-integration scheme. For forward heat-integration, the 

simplee temperature-based control structure works well. This confirms the better 

controllabilityy of the forward heat-integration arrangement. 

7.. It may be concluded that in general the forward heat-integration scheme is easier to 

control.. A possible explanation may be the absence of a positive feedback of energy, 

whichh is very likely in the reverse heat-integration scheme. 
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