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SUMMARY

In this work, the effects of the sinus changes given to the flow rate of the cascade of five
continuous flow stirred tank reactors to the output variables were investigated theoretically.
In addition, the feedback and feedforward control of the same cascade under the similar chan-
ges were investigated. From the results of calculations, the stability of the system was examined
with the phase-plane analysis. Laplace transformations of the first and fifth tanks were derived

and than related transfer functions were calculated, Bode and Nyquist diagrams were given
for the same tanks with the aid of these functions.

INTRODUCTION

Alpbaz (1), has showed in his experimental work that there was
ideal well stirred behaviour in the five continuous flow stirred tank re-
actors (CSTR) which were used in this research and the output tem-
perature was controlled with feedforward and feedback contrel mee-
hanism under the effect of step change given to the feed flow rate.

In dynamic and control work, the sinus changes were used for the
stability analysis. For this analysis a lot of work dealing the effects
of the sinus change on the processes have been done in literature (2,3,4)
In chemical engineering, sinus changes can be given separately on the
teed flow rate or input temperature.

The mathematical form of the sinus input is shown below.
t =o0 f(t) = o 1)
t =t f(t) = Asinwt :
The sinus input which has amplitude, A, frequency, w,is shown
in Fig. 1. The Laplace Transform of the sinus change,

L {f(t)} = s—z‘:_i@ )



f (1)
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time ,t T

Fig. 1. The sinus change with amplitude A and {frequency w.

MATHEMATICAL MODELS

Some assumptions have been done for developing the mathematical
models.

1- First order reaction is taking place in reactor.
2— Heat loss from reactor is negliable.
3— Heat transfer coefficient is changed with cocling flowrate.

4— The physical proporties of the reactor content are constant
during transient period. '
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CSTR cascade model for a first order reaction.

The transient mass balance for stage 1 is.

dc._V

i TL (o= ¢;) — K(T))e; 3)

The transient energy balance for stage 1 is

dTl Vl V2P2C 2 AHCI

—— = —— (Ty—Ty) - —==2= (6-60,) - k(T 4
dt vV ( () 1) Plvcpl (5 4) 01€01 ( 1) ()
The transient energy balance for coolant

7 dg .
Vapreealy + UA (T1=05) = Vyppe,0, + M, —‘WS—‘ (5)

Since the time constant so small, the accumulation term in the
coolant circuit can be neglected and hence the solution of equation
becomes.

0, =T - (Ty - Os) exp (UA/ Vszcpz) (6)

The steady-state mass and energy balance for stage 1 are

dCl o dT1 -
dt 0 dt 0
CO — cO :
k(T°)V (7
1 Al
+ v,
V2pzc 2 k(Tol)V AHCID
T = Ty - —=282 (0°, - 6°,) — 8
1 P T (0°5~ 6°) o Vie @)

THE LAPLACE TRANSFORM AND TRANSFER FUNCTIONS OF THE
ENERGY AND MASS BALANCE

For the examination of the dynamic and control proporties of the
five CSTR cascade under the effect of the sinus input, the transfer
functions of the mass and energy blance were found with the aid of
Laplace transform. These functions were solved putting s = iw and
than Bode and Nyquist diagrams were drawn.
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For the first reactor, steady-state mass balance (7) was substrac-
ted from the unsteady-state balance (1) and than nonlinear terms,
V1C; and k(T{)C;, were linearized with Taylor’s theorem and per-
turbation vaiables were defined.

V ) dCll _ CO— Col V/ o
( Ve Vi(Ty) J ° dv ( Vet Vk(Tol)) =

_ ( V ey €36°49712100/ T 12100/T102 ) T ©)
Voi+ VKT,
K g:l =L Vy-¢y- MT, (0

Laplace transform of the equation (10) is evaluated and than be-
comes,

, L , M
¢'y(s) = FeE Vis) - 11 T1(s) (11)

The similar procedure is repeated for temperature, Ty, equation
(8) is substructed from equation (4) and it is written as an perturbation
variables and than the nonlinear term is linearized,

T , o o
Veiey, ——dtl = V'ile1ep1To— p1¢,1T°1) — [p1€,1 V"1 + AHV  (12)
12100 / Ty 2 ¢®ye 36°49-121001% - UA] T+ UA®’s ~(AHVK(T,))e,’
dT’ , , ' ’
Ni —g= = N2 V= T Nybs' - Nye'y (13)

Laplace transform of the equation (13} is evaluated and than put-
ting inorder it becomes,

N
le+1

, N / N,
Vils) + Wl—sﬁT 0'5(s) - WJ:T c l(s()M)

Ty(s) =

If similar procedure is repeated for equations (5,6),

M.c,, a, UA
UA + Vzpchz Todt T UA —+ V292Cp2

T - 0 (15)
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If Laplace transform is evaluated,

R,

0's(s) = R 1 T'y(s) (16)

If equation (16) is put in to equation (14),

Ny(Rys + 1) , N,(R;s + 1)

T = Mo DR ) NoR; O~ N )Rt D) NoR, © 1)
Y
¢ 1(e) — L(Ns-+1)(Rys+1)— LN;Ry- MN(Rys--1) V'i(e)
! (Ks+D)(Nis+1)(Ris+1)- N3Ry(Ks+1)- MN(Rys 1) !
(18)
C’I(S) — L(N1S+ 1)(R1S—|—1)— LN3R2— MNz(RIS+1) (19)
V'1(s) KsF ) (N s F 1) (R s1)- NyRy(Ks 1)~ MN,(Rys-1)

Equation (19) are used for obtaining Bode and Nyquist diagrams
putting s=iw for output concentrations and solved numerically. Re-
lated amplitude ratio |G | and phase angle ¢ are given below,

9.625x1078s2+ 1.125x10~7s-+ 2.549x10-10

¢1(s) = $31 1.180 s24- 2.100x102s+ 1.098x10-4 Viale) (20)

putting s =iw and than,

/(1.048x10-9w4 T 2.053x109w2 | 2.801x10- 142+

16| = WO 1.351 wi 1.818x10—4w2L 1.207x10-3 @1)
F (—9.625x10 8w 1.305x10~7w3+ 7.012x10-12w)2
w6 1.351 w4 1.818x10-4w2+ 1.207x10-8
— —8wS— —Tw3 ] —12.
tan o — 9.625x10-8w5— 1.305x10~Tw3 7.012x10~12w 22)

1.048x10-%w4+ 2.053x10-%w2+ 2.801x10-14

DIGITAL COMPUTER SOLUTION

For the cascade model, steady-state solutions were obtained and
used as initial values for integration of their respective models. The
dynamic characteristics of cascade models without control and on ad-
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dition of feedback and feedforward control were investigated. In ste-
ady-state model the input conditions must be known and in the case
of countercurrent coolent flow, its input value is known when Z =L
and the method of solution must be able to deal with the calculation
of the output value of coolant boundary conditions at the two ends
of the system obtained in this situation by an iterative procedure.
Newton—Raphson iterative method and Golden-Section Search were
used for the solution of steady-state cascade model. The equations
(3,4) described the unsteady-state cascade models can be integrated
by the 4 the order Runge—Kutta method. In order to control the cas-
cade, feedback, feedforward control, measement and valve subrou-
tines were introduced into the programs.

The total sistem is shown in Fig. 2. The range of parameters in this
work are shown below.

Rate constant,

The reaction chosen was first order and irreversible with a tem-
perature dependent rate constant assumed to be expressible as

o 4
k = Ze™ ®T CEN

The values chosen for Z and E were taken Aris and Amundson (5)

Z = 6.3x1015 E = 24000 Cal/ mol
if this equation was rearranged,
k = exp (36.49-12100/ T)
The value of AH = — 18600 cal/ mol was selected.

The each volume of the five CSTR cascade used for simulation
was the value of 3,375 cm3.

The value of UA was calculated theoretically and compared with
experimental result (1). The values of UA are given in Fig. 3.

The steady-state input conditions of five CSTR is shown in Table 1.

RESULT

When the five CSTR cascade came to the steady-state having
input conditions given in Table. 1, the temperature and concentration
profiles are shown in Fig. 4. :
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Table 1. The operating steady-state conditions for the five CSTR cascade.

v, v, G, 0, T,
It / min It/ min mol/ It ’ °C °C
1.0 6.0 l 0.5 l 0.5 I 23.0 I

214
19 4
S 17 +
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° 15+
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7 + { : + -+
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Op 15 30 45 60 7
Distance (cm.) ————*

Fig. 4. Steady-state temperature and concantration profiles for the five CSTR cascade.



When the system was in the steady-state condition given in Fig. 4.
the sinus changes with different frequencies were given to the feed
flow rate. The results for (w =2t /360) was chosen as an typical example.
The time response of the output temperature which is the result of
the unsteady-state digital computer solution are given in Figs. 5,6.

2035+
2204
©
<
=
20054
t ; | ¢ }
0 4 8 12 16 20

Time, t (min)

Fig. 5. Open loop dynamic temperature profiles for the first tank of the five CSTR cascade
(w = 2wt/ 360).

706
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Ts(°C)

7.80;
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t —+ t +

I
0 4 8 12 16 20
Time ,t {min) ———

Fig. 6. Open loop dynamic temperature profiles for the fifth tank of the five CSTR cascade
(w = 2xt] 360).
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Related Bode diagrams for output concentrations are givenin Figs.
7,8. According to the Bode stability criterion,a control system is uns-
table if the open-loop frequency response exhibits on the value of amp-
litude ratio of the function |G | is less than unity at the frequency for
which the phase angele ¢ is 180° and than it can be seen that the five
CSTR cascade controlable and stable with the variation of concent-
ration respect with time.

T

el —
@

[
~3
+

log

1 10

oo 0 1 10
Frequency W (radyan)

Fig. 7. Bode diagrams for the output cocentration of the first tank.

For the phase—plane analysis, the related diagrams for output
concentrations and temperature effected with sinus input (w =

mt | 360) are given in Figs. 9,10.

‘The method of the Nyquist stability criterion was examined for
another stability analysis. Nyquist diagrams for output concentration
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Fig. 8. Bode diagrams for the output concentration of the fifth tank.

are shown in Figs. 11,12. For this stability analysis, same amplitude
ratio and phase angle shown with the equations (20,21) were used. As
it is shown from Figs. 11,12, when the diagrams do not pass the right
half of the real axis the variation of output concentration with time is
stable according to the Nyquist stability criterion.

As a result of dynamic studying, the variation of output variables
with time show stability when the sinus chance (w = 2wt/ 360) effects
to the system.

On the effect of sinus change (w=2nt/ 360) given to the feed flow
rate of the similar system, the effect of the feedforward and feedback
control system on the output temperature is shown in Fig. 13.



)
86+

85T
841
83+

82 -

T5 (°C)—

81 1

.80 1

19+

778 +

I

04100 04120 04140 Q4160 0480 04200  0.4220

C5x1d1 (mol /1t) ————
Fig. 9. Phase-plane diagram for the first tank of the five CSTR cascade (w = 27t/ 360)
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Fig. 10. Phase-plane diagram for the fifth tank of the five CSTR cascade (w = 2mt/ 360).
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0 1078 1077 107

Fig. 11. Nyquist diagram for the output concentration of the first tank.

Fig. 12. Nyquist diagram for the 6utput concentration of the fifth tank,
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Fig. 13 Feedforward and feedback control of the fifth tank of cascade (w=2rt/3600).

Phase-plane diagram is drawn for examining the stability of the
control systems and five CSTR. The related diagramis shown in Fig.
14. From the direction of the arrows it can be seen that the output
temperature shows stability.

KC TR TD KCF TRF TDF
16 10 10 10 10 10

7.87 +

785 ¢+

7.83 ¢+

C}

=, 7.81
K

777 ¢

7.75 . . ,
04140 0.4160 0.4180 0.4200

Cgx 107 (mol/lt) ———

Fig. 14. Phase-plane diagram for the feedforward and feedback control of the fifth tank of
cascade (w = 2wt/ 360),
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CONCLUSION

The variation of output temperature and concentration with time
were stable when the sinus change given to the feed flow rate of the five
CSTR. With the aid of Laplace trasform and trasfer functions, Bode
and Nyquist diagrams were drown for first and fifth tanks and output
variables arc stable according to these two stability cariterions.

The outy 1t temperature, Ts, effected with sinus changes can be
controllable with the feedforward and feedback control mechanisms.
For the stability analysis, the phase-plane diagram was used and it
was seen that system was stable.

NOMENCLATURE
A Amplitude, Reactor heat transfer surfece (cm2).
Co Initial input concentration (mol/ lt).
ey Concentration of n’th tank (mol/lt).

cp1  Spesific heat of feed (cal/g °C).

ep>  Spesifik heat of coolant (cal/g °C).

E Activation energy

AH Heat generation by reaction (cal/ mol).

k Reaction rate constant (1/ min).

K Proportional acting factor for feedback contro..

KCF Proportional acting factor for feedforward control.

M Total mass holdup for the cooling jacket (g).
R ldeal gas constand.

] Laplace operator.

t Time

Ty Input temperature of reactor (°C).
T Temperature of n’th stage of reactor (°C).
Ty Derivative action time for feedback control.

TDF Derivative action time for feedforward control.
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Reset time for feedback conrol.

Reset time for feedforward control.

Heat transfer coefficient (cal/cm? sec °C).
Volume of each vessel (cm?).

Feed flow rate (It/ min).

Cooling flow rate (It min).

Initial temperature of input coolant (°C).
Temperature of coclant in n’th tank (°C).
Density of reactor content (g/cm3).
Density of coolant (g/ cm3).

Frequency.

OZET

121

Bu calismada, bes tam kanstirmali akim reaktorleri dizisinin besleme akis lmzina verilen

siniis degigimlerinin ¢ikis degiskenleri iizerindeki etkileri kurulmsal olarak incelenmistir. Ayrica

aym sistem benzer etkiler altinda iken, ileri ve geri beslemeli kontrel mekanizmalarnin etkileri

arastinlmgtir. Bilgisayar ile ¢bziim sonuglarinda, faz-diizlem analizi ydénteminin yardimm ile

sistemin kararhligs incelenmistir, ayrica birinci ve besinei tanklar igin Laplace déntigiimii yap1-

larak ilgili taransfer fonksiyonlan hesaplanmistir. Bu fonksiyonlar yardinm ile aym tanklar icin

Bode ve Nyquist diyagramlan c¢izilmigtir.
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