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ABSTRACT

Normally it is assumed that the steady state mode of
operation is most desirable for the design of the chemical
reactor system. However it appears that this assumption may

not be correct in many cases,

In the present work disturbances of various types were
externally created and forced on a system comprising an
isothermal continuous stirred tank reactor. The effects of
these purposefully created disturbances were investigated
by mathematically modelling the system and simulating it on

a digital computer,

The change in reactor performance, as defined by the
percentage change in the production rate from the steady
state value, can be either an improvement or deterioration
compared to the steady state operation depending on the
parameters like inlet feed concentration, f£low rate, comb-
ination of both, reactor temperature etc., on which the
disturbance is forced. Of the various parameters considered,
feed concentration disturbance resulted in the most improved

performance.

The investigation of the various form of disturbances
like sinusoidal, ramp, and different types of step disturb-
ance variations, showed that the form of the disturbance can

profoudly change the reactor performance. The results indic-

ated that of all the disturbances considered, the simple full

ii



step type of disturbance gives the maximum change in
performance. The percentage improvement brought about by

full step concentration disturbance was almost twice asiiuch as
that due to sinusoidal disturbance, which is the next best

in terms of performance.

The study of the effect of the order of reaction showed
that improving performance results for concentration distur-
bance with increasing order of reaction, due to the increasing

non-linearity of the system.

e
e
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CHAPTER 1

INTRODUCTION

In the development of chemical processes, operating
conditions are commonly fixed prior to the design of the equip-
ment and subsequent efforts are made to maintain the processes
at the chosen steady state conditionr primarily because it
is normally assumed that steady state operation is always
the most desirable. As disturbances occur in the input
feed streams, they are taken care of either by elaborate
control systems or by surge tanks so that the specified steady
state conditions are regained. However recent investigations
have shown that for some processes such as extraction, dis-
tillation, adsorbtion, unsteady state operation improves the
performance. Horn (5,6) has shown that the over all stage
efficiency of periodically operated distillation and extrac-
tion columns depends in a complicated way on the number of
stages in the column as well as on egqguilibrium and transport
parameters, and that the performance of such columns can
be improved considerably by periodic operation. Wilheim,

Rice and Bendelins (9) have indicated that in a column of
adsorptive particles, the coupling effect of velocity and

thermal fluctuations can be used to improve the separation.

Recently several investigators have extended this
concept of unsteady state operation to the chemical reactor
system. Douglas (2, 3, 4) in his study on the backmix
reactor has shown that, uynder certa in circumstances, it is

sometimes preferable to permit the disturbances to enter the
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reactor system rather than to damp them out with the control
system, for they result in improved performance, however
small, which tends to be profitable. Chang and Bankoff (1)
have reported same results for tubular jacketed reactors.
Laurence and Vasudevan (7) and Ray (8) have suggested that
the periodic operation of a polymerizer could result in a
product not obtainable from an isothermal steady state poly-
merizer and hence could be an attractive means of carrying
out polymerization.

The question thereupon arises whether there might be
any way in which such minimally improved performance can be
improved still further. Why should the system upsets occur
only at the whim of random chance? Even an inexperienced
operator knows it is no difficult task to induce disturbances
in a system. It may be advisable, therefore, to create the
disturbances externally and make them follow a predetermined
pattern through the system. In this way the best disturbances,
in terms of the optimally improved performances, can be
forced and the magnitude of such disturbances can then be
carried to the limits of feasibility. In this work an attempt

has been made to investigate these propositions.

The system discussed here is an isotherxrmal, continuous
stirred tank reactor for the general, irreversible reaction
nA —» Products. It is assumed that the system has been
optimized based on some design for steady state operation
prior to forcing the disturbances. Possible variations

on which the disturbances can be imposed for such a

reactor system are the concentration of the feed, the input
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flow rate, combinations of both of these and the temper-
ature in the reactor. The system parameters considered
here were chosen to be the same as those employed by
Douglas (2, 3) to facilitate the comparison of results.
Douglas indicated that periodic fluctuations in input result
in small improvements in performance. One obvious way to
increase the performance would be to force periodic dis-
turbances of greater amplitudes ; however, there could be

a limit to this from the viewpoint of feasibility of
operation. Another technique is to consider the effect of

the form of the disturbance itself.



CHAPTER _2

METHOD OF SOLUTION

Introduction

For a second order irreversible reaction of the
type 2A — Products
taking place in a single, isothermal, constant volume CSTR
under forced concentration disturbance, the differential
equation for the unsteady state mass balance on the
reactant A is given by
(av/dt + o/V + 2KA_ ) Y + k¥° = (Q/V) F(t) ee (1)

where F(t) is the function representing the type of

disturbance forced.

For a flow rate type of disturbance the unsteady
state mass balance on the reactant A results in the
differential equation

dy/dt = Fy (t) (Aos - A) / VvV -

2
(o +F, () /V ) +2ka ) ¥ - k¥ ee (2)

The above two equations are derived and explained
in detail in the subsequent chapters. The purpose of
introducing them here is to indicate the type of
differential equations that will be encountered in the
present work. As can be seen equations 1 and 2 result-
ing from forcing of the diturbances are nonlinear, nonhomo-
geneous, first order differential equations. The

differential equations resulting from forcing of the
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disturbances on other operating parameters are also

of the same type, and are also dicussed in the later
chapters., Approximate solution can be obtained for
such equations using standard analytical techniques by
first converting to a second order linear equation (3).
However the forcing of the step disturbance which can
be represented mathematically by Fourier Series expan-
sion makes the analytical approach highly complicated.
The approach used in the present work is to solve the
equation numerically on a RCA Spectra 70/35 digital

computer,

The method used for the solution of the differential
equation is of the predictor-corrector type, which offers
the following advantages :

1. The difference between the predicted and

corrected values provides one measure of the
error resulting at each step, and can be used

to control the step size.

2. Only one, or at the most two evaluations of
derivatives need be computed at each §;ep
(compared to four for the fourth order kunge-—
Khﬁté ﬁéghbd) which results in a saving of com-

puting time.
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Compared to these advantages, the major disadvantage

of the method lies in the instability, or propagation
errors, that arises because the order of the approxi-
mating difference equation is higher than that of the
original differential eugation and hence the difference
equation possesses extraneous solution which in some
instances can dominate the solution so that the solution
of the differential equation bears little resemblance

to the true solution of the original differential equation.
Because of the range of the integration involved in the
present solution it is absolutely essential that the
method be stable or relatively stable to obtain an accurate

solution.

Selection of the Method

For the ordinary differential equation of the type

Y = (ay/dt) = U(t, ¥) ... (3)
the basic requirement for a stable method of solution
(when dUADY< 0) or one that is relatively stable
(whendu/dY >0 ) is that

At<h/ (DU OY)
where h is a constant depending both on the type of
the predictor-corrector method used, and on whether

both O U/ oY is negative or positive.

For a concentration disturbance on a second-order,

irreversibly reacting system, the final differential
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equation is given by Equation l. Comparing Equation 1

with Equation 3 there is obtained
ule,v) = - ( (@/V) - 2kA_ )Y -
kY2 - (Q/V)F(t) cee (4)

Differentiating equation (4) with respect to Y results in

aU/ aY = - (Q/V) Lnd 2](As - ZkY eee (5)
Therefore if values of the parameters are V=100:
Qs = 10; k= 1.2 and Aos = 1,0 then AS = 0,25.
Substituting these values in equation (5)

AU/AY

-.1 - (2x1.2x0,25) - 2 x 1.2Y

-0.7 - 2.4Y o ee (6)

Now since Y represents the change in exit reactor
concentration from the steady state.value of AS equal

to 0.25, ¥ can never be less than minus 0.25 under any
circumstances. Also since A, the inlet reactant con~
centration at steady state, is 1.0, Y could never be
greater than 0.75 (though in actuality it is not greater
than 0.25). Substituting this limit of ¥, it can be
seen that for

Y = 0.75: QU/QY = =0.7 - (2.4 x 0.75)==2.5 ..(7)

R4

0.257 AU/AY = —0.7 - (2.4 p. 4 2.5)= -'1.3 00(8)

and that for

Y = =0,25 dU/BY= —=.7 - (2.4 x -.25) = -0,1 ..(9)



Thus for all the possible values of ¥, QU/AY is
always negative, and it is apparent that the method
will be stable. Distafano (10) has tabulated limit-
ing values of the constant h required for the various

methods to be stable.

Based on the tabulated values of h as reported by
Distafano (l0), and also knowing that the truncation
error for a fourth order predictor-corrector method is
lower than that for a third order, a fourth order
Milne-Hamming (11-12) method was selected from the
various predictor-corrector methods available. It
should be noted that some other predictor-corrector
methods might have been used effectively without
sacrificing the accuracy since the At finally used
is much lower than that permitted by the limit imposed

by stability considerations.

The basics involved in any predictor-corrector
methods are that first the open end predictor equation
is used to extrapolate from Point ¥Y; to point Yj,;q.

By using the predicted Yi,; value a closed end corrector
equation is next applied to interpolate for an improved

value of Yi+1' A rigorous truncation error analysis then
follows to modify the corrected wvalue or in some cases

both the predicted and corrected values, The predictor-
corrector method used thus requires two derivative

evaluations per increment.
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For a fourth order method, the truncation error

term is given by

(Bs (AB)°Y ) /5! .e. (10)
Where Eg for the Milne-Hamming (MH) method is
equal to negative three. The truncation error for
MH method is thus given by

- (1/40) - (At.)sY5 eee (11)

Now as the values of Y range between 0.25 and ~0.25,
the per-step truncation errors for ¥ = 0.25 have
been calculated for various step sizes and are reported
in Table I. Keeping the truncation error low will
increase the accuracy of the solution and from Table I
it appears that any of the four values of step sizes

will give low truncation error values.

The fourth order MI method uses the same predictor-
equation as does the Milne method, which is then corrected.
Now, instead ofiterating the corrector eguation to
convergence Hamming (1ll) suggested an alternate way to
save iteration time. According to him, a study of
truncation erroxr indicated that most of the error in the
predicted and corrected values can be eliminated by the
use of the modified predictor and corrector egquation.
The equations for the fourth order MH method used for
calculation for the solution of equation 3 are shown
below in the order in which they are used. In the

following equations i + 1 represents the point at
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Table I : Truncation Error as a Function

of Step Size At

Step Size Truncation Error

-7
0.4 2,50 x 10

-9
0.2 7.31 x 10

-10
0.1 2.44 x 10

-12
0.05 7.63 x 10

v = |o.25
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which the wvalues are to be calculated and i, i-1, i-2,
i-3, the previous points at which the values are
assumed to be known.
Predictor :
P

— 1 '
= F(Y;_5) + (2¥] - ¥} _

) = Predicted value of ¥ at point i-1
+2Y! ) (4 at/3)
e e (12)

1l

"here F(Y¥,;_j5) is the final value of the differential

equation at the point i-3.

Modifier :

M(Yi+1) = Modified value of ¥ at point i+l
= P(Y;,q) - (P (¥;) - c(¥;) ) (112/121)
eee (13)
Differentiél Equation:
MY 4) = U(t,,,7, MY, .4 ) e (14)

Corvrector :

C (Yi 4+ 1) = Corrected value of Y at point i+l

]

(1/8) ( (9Y, - ¥, _, + 3AEI (MY}, ) +

i i-

1

Final value :

F(Yi+ ) = Final value of Y at point i+l

1

= C(Yi+1) + (9/121) ( "_P(Yi+1) - C (Yi+l

¥
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Final form of Differential Equation :

(Y1) = U (£, F(¥;,0) ) cee (16)

When the procedure involving the above equations is
employed, the limiting value of A t for stability is
given by

At < 0.65/ (|du/d¥l|) ee. (17)

Substituting these values of OU/ 0) Y obtained in

equations (7. and 8.
At < 0.65/ |1.3] = 0.5 e (18)

= 6.5 eoo (19)

At < 0.65/ |O0.1
Hence it is seen that for stability, the limiting step

size should be less than 0.,50.

The study of equation 16 shows that the fourth
order MH method is not self starting as it requires a
knowledge of the values at four previous points. If
knowledge of the initial condition represents the value
at the first starting point, the value of the second,
third and fourth (i-2, i-1, i) points may be obtained
by using the fourth order Runge Kutta method (13).

This method involved the use of

+ 2L2 + Lg ) (1/6)

Y. .. =Yy + (L, + 2L
l O ee o (20)

i1 1

where the respective L values are determined by
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substituting the following appropriate L values in the

above question.

Ly = At U (t;, ¥,)

Ly = At-U (t+ t/2), Y; + L0/2) )

L2 = At.U (ti + ( t/2), Y., + L1/2) )

Ly = At U (t; + OE, Y, + Ly) ee. (21)

By employing the fourth order Runge Kutta method
for the first three points and then using the fourth
order MH predictor-corrector method for the remaining
points, a time-versus~change in concentration profile and
hence a reactor concentration, profile can be obtained.
The results show that the concentration of the reactor
exit stream due to forcing of the periodic disturbance,
is also periodic in nature. This is true for any ampli-

tude and frequency of the forced disturbance.

Now if Y is a function of time, or as a matter of
choice of any other variable which is a periodic function
of t, with period 2M, then the finite Fourier series
based on 2M equidistant sample points, 0, 1, 2,cccecee
(2M-2), (2M1) is given by

Y(t) = (3,/2) +iii By Cos (TMKRE/M) +
M-1

2 Bg * Sin ( TKt/M)+ ('ziM/z) Cost TTt) ee. (22)
K-1
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2M-1

Where BAyp = (1/M) Z Y(t) Cos (TTKt/M)
t=0
And _ 2M-1
B = (/M) Z Y(t) Sin (1T Kt/M)
t=0 eoee (23)

The coefficient'ﬁo/2 is zero for a periodic func-
tion which is symmetrical about the t axis; for any
nonsymmetrical function it represents the mean value of

the function over the period. It is given by

2M=-1

2/2 = (1/2m) £ Y(t) ee. (24)
£=0

For 2M+l points which represents an odd number of
equidistant points
_ 2M
A/2 = (1/ (2m+ 1) )£ Y(v) ... (242)
t=0
In the present work since the objective is to
determine the performance of the reactor over an

extended period of time, all that is required is the

average value of the function Y given hw'ﬁo/Z.

Series of average values of Y given by A, /2 are
found for a number of consecutive periods and the mean
of this average value is used to evaluate the reactor
performance. It should he noted here that before startimng
to calculate 'XO/Z , the system is allowéd to reach a
state where the negative exponential effect of time on

the reactor exit concentration has died out.
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The average value of ¥, then, for a particular
system is given by
P —
Y = Z  @B/2) /¢ ee. (25)
av Period = 1
Where P is the number of periods over which (KO/Z)

is averaged out and

A = A *+Y

eee (25
av s av (25a)

This value of A__ is then substituted in Equation 32
for calculation of reactor performance when a periodic
disturbance is forced on the inlet reactant concentration.
For periodic disturbances of feed flow rate and simultane-
ous feed flow rate and concentration type, an additional
profile of time versus QA =Q (As + Y) is obtained. Since
it is found that QA is also periodic in nature, a proce-
dure for averaging QA similar to that for averaging Y is
employed. This QA is then substituted in Equation 7 for

the evaluation of the reactor performance.

Selection of the Step Size

The choice of the step size involves consideration
of numerical stability, truncation error and the roundoff
error. Truncation error and numerical stability have
already been discussed under "Selection of the Method"

and needs no further elaboration here.
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The roundoff error was kept at a minimum level
by running the solution on the computer in double
precision arithmetic. Also it was found that running
the problem in single precision arithmetic gave identical
results to that in double precision arithmetic up to
five significant digits of Y for all the step sizes

considered.

On the basis of this study involving these three errors
in the solution of the differential equation for the cal-
culation of various Y values one can conclude that keeping
the step size under 0.5 will ensure the accuracy of the

solution.

However because of the nature of the periodic

disturbances and the manner in which the average value
of Y per cycle ( '50/2 ) is calculated, it is imperative
that the value of A+t shall be as low as possible. This
can be easily seen by referring to Table II where are
tabulated the values of time and the reactor concentra-
tion at the beginning of each period, the total time
per period, and the average concentration change per period
as a function of step size. It will be seen that with
increasing At, the total time per period for a given

At varies widely, which results in wide variation of
average values of Y., Table III shows the percentage error

in average ¥, (Y,,), for the reactor system for the
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TABLE III :
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éomparison of Y,, in Table II

At Yav Hav) Pavpt = 0.1, 14
Fav) e < 0.1

0.4  -.02770449 10.900

0.2  -.02514892 0.609

0.1  -.02496600 -

0.05 -.02493514 0.123
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different step size At with reference to At = 0.1,

As the average value of Y is obtained by summation
of individual Y values, lowering the step size A t,
will increase the number of intervals in any given
cycle., This will result in a higher number of Y values
to be summed up per cycle leading to higher roundoff
errors, Table IV shows the Y_,, obtained for different
step sizes using double and single precision arithmetic.
From this Table IV it is seen that the effect of roundoff
error even for the smallest step size condisered is

only 0.018 percent, which is quite insignificant.

Coupling of the above effects as shown in Tables
UL and 1V, with the availability of computer time, it
appears that the optimum step size to use is 0.1l for
the parameters involved and accordingly computer calcu-
lations were carried out using At = 0.1 as a step

size,

The computer programs for the calculation of
average exit concentration due to the forcing of step
disturbances on concentration, feed flow rate and both
the concentration and the feed flow rate are shown in
the Appendix. Also shown in the Appendix is a complete
printout of a time versus concentration change profile

for step concentration disturbance.
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TARLE TV : Comparison of Y from Double
and Single Precision Arithmetic

At Y ~F p
av Yav Yav = Yay
doub}e_ single x 100
precision precision Yav
0.4 -0.02770449 -0.02770394 0.0020
0.2 -0.02514892 -0.02514795 0.0039
0.1 ~0.02496600 -0.02496418 0.0073

0.05 -0.,02493510 ~0.02493069 0.0180
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CHAPTER 3

DISTURBANCES IN REACTOR FEED CONCENTRATION

The various types of concentration upsets considered
are sine, ramp and step disturbances., These are dia-
grammed in Figure 1. All the disturbances are symmetrical
about a mean value which corresponds to the steady state
concentration so that over a given period, the net input
of the reactant remains constant and averages out to steady

state operation.

Consider a second order irreversible reaction of

the type
2A => Products
taking place in a single, isothermal CSTR, with such
disturbances applied on the inlet reactant concentration.
Let A, be the inlet reactant concentration at any time t,
and A can be the concentration of thereactant in the
reactor, which is the same as the exit concentration for
an ideal CSTR. By material balance, accumulation of A
in the reactor equals the net rate of flow o£ A in, less
the rate at which A is converted to products, as formulated
by
v(daa/at) = Q (A, - A) - kva’ ... (26)

Here, V is the volume of the reactor, Q is the volu-
metfig flow rate and k is the specific reaction rate con-

stant., If As represents the steady state exit concentration
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FIGURE l: Types of Concentration Disturbance Forced

on the System.
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of reactant A, and Qg denotes the steady state flow

rate,then at the steady state, equation 26 reduces to

2

If we now let Y represent any deviation in the

v(da /dt) = Q

exit concentration f£rom As, then, by definition
A = A +Y ... (28)
By subtracting equation 27 from equation 26 and elimi-
nating A with the help of equation 28, there is obtained
dy/at + ( (Q./V) + 2kA)) Y + kY2 =
(Qy/V) (B = 2gg) eee (29)
where Qg is the constant flow rate of the steady state.
Now, Ao itself is a function of time and can be rewritten
as
By, = BAgg + F(t) ees (30)
where F(t) depends on the type of disturbance being
forced, Models of these disturbances are listed in
Table V., Substitution of F(t) ineguation 29 finally
results in
(ay/dat + Q/v + 2k ) ¥ L+ ke? =
(o/Vv) F(t) ce. (31)
Differential equation 31 is nonlinear and nonhomogeneous.
It is solved numerically on a digital computer using the
fourth qrder Milne-Hamming predictor—corrector method

(10, 11, 12) to give (QA)aV, the time average flow rate

of reactant A out of the reactor. For the numerical
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calculations, the values of the parameters used were

v=100; Qg = 10; k = 1.2 and Aos = 1.0. Substituting
these values in equation 27 results in
10(1-a)) - 1.2 x 100A> = O

2

12AS +AS - 1 = 0

-1 + <J1+48

24

A
s

= + 0.25 or -0.333
Neglecting the negative value, which is physically

meaningless,

As = 0,25

The steady state rate of production may be measured
by the change in concentration of A. By material balance,

this is QAO - QA . A net change in the production rate

S
attributable to a disturbance can conveniently be repre-
sented by the change in the output rate of reagent A,
which is given by (QA)_. - (QA)S. If this difference is
negative in value, more A has been convefted and thepro-
duction rate has been improved. Conversely, a positive
value of the difference indicates deterioration of the
productivity of the reactor. Of greater significance to
the designer is the effect of the periodic disturbance

relative to the steady state performance of the reactor.

This can be formulated into a figure of merit, symbolized by
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TABLE V : F(t) For Pisturbances
Shown in Figure 1.
Refer Periodic
To Fi~- MNisturb-
gure ance Fi(t) z, z,
la Sine a Sinuwt - -
1b Ramp a(t = mT) / (T/4) 0 1/4
a(t = (m+%)7T ) / (T/4) 1/4 1/2
~a( (mt%)T - t) / (T/4) 1/2 3/4
-a( (m+l)T - t) / (T/4) 3/4 1
lc Step 0 0] 3/8
+a 3/8 1/2
0 1/2 7/8
-a 3/4 1
14 Step 0] 0 1/4
+a 1/4 1/2
0 1/2 3/4
-a 3/4 1l
le Step +a 0 1/4
0 1/4 3/4
-a 3/4 1
1f Step +a 0 1/2
-a 1/2 1l
1g Ramp a(t-mT) / (1/2) 0 1/2
a( (m+1)T - t) / (T/2) 1/2 1
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b= ( (o), - (o) ) /

( (Qng) - (Qa) () ) =x 100 ees (32)

A negative value of the figure of merit, A ,
indicates improved productivity of the reactor relative
to the steady state performance. Figures of merit have
been calculated for a range of frequencies and amplitudes,
not all of which are necessarily practicable, for the
different types of disturbances. The results are plotted
in Figure 2, All the results plotted in Figure 2 and in
the subsequent figures have been tabulated separately and

are listed in Appendix A.

The periodic disturbance of the feed concnetration,
of whatever form, leads to definite improvement in the
reactor performance. An examination of the results indicates,
however, that the relative improvements vary with both
frequency and amplitude of a given form of disturbance.
This variation is best generalized by noting that the
relative improvement in performance is proportional to the
absolute area included under the cover of the concentration

disturbance,
’ T/2
(Area) = 2m ] F(t) dt ... (33)
0

where m is the integral number of cycles in time t, or
m = t/T as long as t is an integrallmultiple of T, For
a given amplitude, a, and frequency, these areas are at
for the step disturbance, 0.63...at for the sinusoidal

disturbance and %at for the ramp disturbance. Thus it
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is expected that the change in performance will be maxi-

mized by the step disturbance and least for a ramp
disturbance., This is confirmed by the results summarized

in Table VI.

The step disturbances modelled in Figures 1b,
1d and le, with the same amplitude and frequency, have
exactly the same areas, yet the relative change in perfor-
mance, A , is different for each of them. This difference
can be qualitatively correlated with the number of times
in a cycle the slope of the disturbance curve undergoes
a change, as shown in Table VII. The results clearly
indicate the trend toward decreasing values oflas the
number of slope changes increases. For a given included
area under the curve, it would be expected that a
sinusoidal disturbance, with constantly changing slope would
be a preferred form of feed concentration disturbance.
Given the same amplitude and frequency, however, in a
sinusoidal and a step disturbance, the former includes
only about 0.63 times the area of the step disturbance.
This areal difference outweighs the effect of continuous
slope change enjoyed by the sine disturbance. To include
the same included area with a sinusoidal disturbance as
with a step necessitates operating at a higher amplitude
for the former. If such an amplitude is indeed achievable,
in practice it would be better processing strategy to force
the step disturbance to take advantage of the improved

performance which the step would provide.
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TABLE VI: Effect of Area Under the Disturbance
Curve on Reactor Performance.
Refer to Amplitude
Figure Form Area A a
1£ Step ‘at .89 o5
la Sine 0.63 at .51 5
1b Ramp 0.50 at .33 5




TABLE VII: Effect of Slope Changes

on Reactor Performance

31.

Disturbagce Slope Changes A
Model, Fig. Per Cycle
1b 2 .33
1a 4 «45
le 3 .36
lg 1 «26
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CHAPTER 4

STEP DISTURBANCE ON CONCENTRATION
AND FLOW RATE

Frequency Effects in Step
Disturbances of Concentration

Because the step disturbance of feed concentration
appears to provide the best operating stwtegy, a detailed
study was made of the effect of step frequency the results
of which are presented in Figure 3, For all cases, the
figure of merit, A, is a negative quantity, and for a
given amplitude of the disturbance, decreases with increa-
sing frequency. At lower frequencies, the system approaches
zero frequency effect conditions. However, at higher
frequencies, the system cannot respond to infinitely fast
switching and it tends to operate closer to a steady state
condition of concentration which is the mean of the upper
and lower bounds of the disturbance and which, for a
symmetrical disturbance corresponds to the original steady
state inlet concentration. This is more readily explained
by reference to Figure 4 which represents the steady state
response curve for various inlet concentrations. This response
surface is the locus of points obtained by solving for Ag
in eguation 27 for various values of inlet feed concen-
tration. This means that any point on the surface represents
a reactor exit concentration for a corresponding inlet feed

concentration for a second order irreversible reaction. For
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33.

FTGURE 3 : Full Step Concentration Disturlances
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example, consider an exaggerated disturbance of amplitude

0,7, symmetrically imposed on a steady state inlet con-
centration of 1.0. This results in an inlet feed concentra-
tion of 0.3 for one half of the disturbance cycle and 1.7

for the other half of the cycle. For zero frequency effect,
the exit concentration can be approximated by operation under
steady state for two different inlet concentrations of 0.3
and 1l.7; the final exit concentration is then given by the
mid-point of the chord joining these two points. For very high
frequency the disturbances are too fast for the system to
respond and the system behaves as if it were operating at an
inlet feed concentration value 1.0 which is the mean of 0.3 and
1.7. This mean value is nothing but the steady state opera-
tion value of the inlet feed concentration and hence the

exit concentration is a point on the steady state response
curve for a mean inlet, concentration of 1.0. Between these
two points is the locus for the exit concentrations for other,
intermediate frequencies obtained by solving for Y in
equation 31 for step concentration disturbance of amplitude
0.7. It can also be appreciated that if the steady state
response curvature had been opposite to that shown in

Figure 4, there would have been experienced a deterioration

in performance rather than an improvement.

Figure 5 provides a comparison between the performance
of step and sine concentration disturbances for an otherwise

identical system. It is seen that even for low amplitudes,
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FIGURE 5: Performance Improvement of Full Step
Disturbance in Concentration Compared
to Sinusoidal Disturbance.
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the percentage improvement in performance brought about

by the step disturbance is in the range of 170 to 185
percent of the improvement due to a sinusoidal distur-

bance, a significant improvement.

Step Disturbances in Feed Flow Rate

For the same reactor system, if a step disturbance
is forced on the inlet flow rate, it may be modelled by
the equation

Q = Qo +F, (t) eee (34)
where the flow disturbance Fq (t) has an amplitude
b, and Fy (t) and b have the same significance as F1 (t)
and in Table V, except that they apply to flow rate
instead of concentration. The material balance for such
a system gives
2
V (aa/at) = ( Qg * Fy () ) ® (A - A) -kvA
o0 e (35)
subtracting equation 27 from equation 35 results in
V (av/at) = Fy(t)A _ - ( (Qg * F4(£) )A)
g - - A+ A
.+ QA kv (A As) ( &) ees (36)
Substituting equation 28 into 36 and rearranging leads to
dr/dat = Fy(t) (A, - BY) /¥

- 2
T LR HF () )/ V) + 2KA)Y - kY

eee (37)

For a sinusoidal flow disturbance it was shown by Douglas
(1) that the resulting effect would be opposite to that

obtained by concentration disturbances. The data plotted
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in Figure 6, resulting from the numerical solution of

differential equation 37 shows that A is positive,
indicating that flow disturbances result in deterioration
of reactor performance in the present case of a second
order reaction., Step disturbances of the feed flow

rate produce greater deterioration in performance than

do sinusoidal disturbances of the same amplitude and

frequency.
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CHAPTER 5

SIMULTANEOUS STEP DISTURBANCES IN FEED
CONCENTRATION AND FILOW RATE

The effect on reactor performance due to coupled
disturbances in feed composition and flow rate was
investigated. In addition to the amplitude and freguency
variables in both kinds of disturbances, it is necessary
to consider the phase lag between the two disturbances.
If the flow rate disturbance given in equation 34 lags
behind the concentration disturbance of equation 5 by an
angle g4, then substitution of equations 23 and 30 in
egquation 26 and subtraction of eguation 27 from this
results in

v(dy/dt) = Q (Agg + Fq(t) = Ag - ¥) - Qg

(A g - By) - kv(A - A) (A +A) ... (38)

os
Rearranging equation 38 leads to
\'4 dY/dt = (Q - QS) (Aos - As) + Q (F(t)"Y) -

KVY (235 + ¥) oo (39)

and finally substitution of 34 for Q produces

v dy/dt = Fy(t) (A - A)) +

s

(Q + Fl(t) Y (F(t) - ¥) - kVY(ZAS + YY)
ees (40)

The difference in performance resulting £rom the
forcing of step and sine wave types of disturbances
follow the patterns previously described for the indi-
vidual variations. The absolute value of /A is higher

for the step disturbance, indicating the greater effec-



tiveness of the latter. i
The application of eguation 32 for the cal-
culation of A would be quite misleading in studying the

performance of the reactors with combined disturbances
since the amount of reactant A fed into the reactor for
disturbances of the same frequency depends on the phase
lag g and can differ from the steady state value of

Q, Agge For example, for simultaneous sine wave distur-
bances, the average amount of reactant A into the reactor

is

T
(QAO) = ( ’O (Ayg + 2 Sineot)

T
(Qg + b Sin (wt-g))dt, ) / ()odt) E ... (41)

Noting that sine and cosine are orthogonal and periodic
in nature, equation 41 reduces to
= 1
(QAO) QS Aos + % ab Cos & eee (42)
For simultaneous step disturbances, eugation 41 can

be rewritten as follows
T
(ea) = (}o (A, + F(t) )

T.
(Qc + F, (t) ) at) / ( }Odt) | cee (43)

which, after some manipulation reduces to

(QA)) = QSAOS + ab G () ceo (44)
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where, if 4 is in radians

G(B) = (-48 / 2T) + 1; (0<B<i)
and G(4) (48 / 2TM) - 3; (n<p/<2Ti)
eeo (45)

The function, G(4) is shown in Figure 7.

The amount of reactant A fed into the reactor is
thus higher than, equal to or lower than the steady state

value, Qg A _, depending on the value of phas angle 4.

oS
Values of (QA)aV - (QA)s are shown in Figure 8 as a
function of different amplitudes and frequencies of the

oscillatory disturbances.

The guestion arises: what would happen if the process
were to run at a new equivalent steady state condition,
with the new reactant feed concentration given by

Blog = (0 + (/) Cosd)/ o

for sinusoidal disturbances and
| ] .
Al o= (@A, +ab G (8) ) /Q¢g eee (47)
for step disturbances. Equations 44 and 45 show that
the reactant feed concentration does not vary from the old

0
steady state value for phase angles of 90° and 270 and

has a maximum deviation for 0° and 180°. Table VIII
demonstrates that for a phase angle of 0°, which represents

the highest inlet concentration, the new equivalent steady

state operation appears to be more favourable than does
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FIGURE 7 : Function G(#) for Simultaneous Full Step
Concentration and Flow Rate Disturbances.
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periodic operation. For aphase lag of 1800, although
periodic operation appears to give performance which

is superior to that produced by the new equivalent steady
state value, it still operates at a disadvantage when
compared to the old steady state. Since either the feed
rate or the product capacity of the reactor is pretty
well fixed, the best operating strategy would be to run

as close as possible to phase lag of 90° or 270° .
However, Figure 8 shows that (QA), - (QA)S is positive,
indicating deteriorating reactor performance. This leaves
the region around the 270° phase lag, for which (QA)av -
(QA)s is negative. For the step disturbance, a comparison
of A for the 270o phase lag shows that somewhat better
performance results when a disturbance is forced only on
the concentration. These considerations indicate a

useful strategy which might be followed in operating a
reactor where the feed concentration alone cannot be
changed periodically without disturbing the steady state
flow, thus involving in addition the forcing of the

flow disturbance.



CHAPTER 6 47.

THE INFLUENCE OF KINETIC PARAMETERS

The effect of the residence time, T , on & for periodic
step disturbances was briefly investigated for the irrever-
sible second order reaction., The results are plotted in
Figure 9, In essence, at a given amplitude and frequency
of the periodic disturbance, A increases with decreasing
residence time. This corresponds to a closer approach to the
zero~-frequency case which produces the greatest effect on A ’
as we have already noted. The effect is a considerable one,
For example, for a frequency of 0.1l radians per hour, and
concentration amplitude varying between 0.1 to 0.9, at T of
10 hours, & varies from -0.05% to -4.75%. With the same
disturbance parameters, at T of 1.0 hour, A ranged from 0.2%

to 20.5%, greater than a fourfold increase in effectiveness.

The effect of a periodic disturbance depends essentially
on the non-linearity &f the kinetic system. For a first order
system, which is linear, disturbances symmetrical about a
mean steady state have no net effect on the system productivity,
and A is invariably zero-valued. As the reaction order
increases, for a given disturbance, the change in performance
is amplified. For example, Figure 10 shows IA| for a third
order reaction to be higher than for a second order reaction
with a corresponding disturbance. As the order of reaction
falls below first, the sign of A for a particular kind of
disturbance changes. Thus, for a half oxrder reaction, we
should find A< 0 for cyclic flow disturbances, and A> 0

for feed concentration, optimum strategy would be to force
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FIGURE 9 : Effect of Full Step Concentration
Disturbance for a Third Order Reaction.
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cyclic feed flow disturbances without changing the feed

concentration.

A very brief study was made of the effect of temperature
disturbance on the reactor system. Since the rate constant
is an exponential function of the temperature, a very slight
change in temperature should result in a substantial change
in rate constant. It is assumed that the two are related
by the egquation

k= E5 exp ( - Ey / Rx Temp) wee (47a)

where E, is 1.,08713 x 10]'4 cu, £ft. / 1lb. mole - hr and

Eqy is 44700 B.T.U. / 1b., mole and R is the Universal

constant equal to 1,987 B.T.U. per lb. mole - °r.

Substitution of the above constants and the temperature
of 700°R in equation 47a results in value of k equal to
1.2, which is the same as the one used all along in this
work. Amplitude variation of ten percent in temperature

from the steady state value of 700 °R leads to
. 7 k = 0.376 for 630 ©OR

and k = 22,285 for 770 °R
When substituted in equation 27, these result in steady
state value of A, as noted by A, of 0.7745 and 0.06478

respectively.

For zero frequency effect due to the full step disturbance,
the exit concentration can be approximated by equal steady
state operation for k = 0,376 and 22.285, and is given by

AS of 0.41964 which is the average of the above two values

A
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of A, and indicates a deterioration in performance. For
very high frequency, the system should behave as if it
were operating at a temperature of 700°R and k = 1.2,
because the disturbances are too fast for the system to

respond and should approach a value of A equal to 0.25,

Actual calculations confirm the zero frequency. effect,
but at high fregquency it was found that You approaches
zero at about a frequency of 0.4 and then undergoes a reversal
in sign and approaches a value of about minus 0.09. Before
any conclusions can be made about this contradicting behaviour
at high frequency, it is suggested that a detail separate study

be made of the temperature effects.
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CHAPTER 7

SERIES REACTORS AND THE INLET
CONCENTRATION _DISTURBANCE

The results outlined in the previous chapters show
that the forcing of a periodic disturbance on the feed
concentration results in the improvement of the reactor
performance and also that reactor exit concentration
stream concentration is periodic in nature. Based on this,
the concept of forcing periodic step disturbances on the
feed concentration has been extended to a series of

backmix reactors.

Consider a second order irreversible reaction of
the type
2A - products
taking place in a series of N isothermal CSTR of volumes

Vl ’ V2, v3 -....VN-

Let the subscripts 1, 2, 3 ..... N in the concentration
terms refer to the streams coming out of the reactor

number 1, 2, 3 ..... N respectively, Then by definition

A, + A, , esesA represent the steady state exit concentration
ls” 2s Ns

of reactant A from the reactor number 1, 2, .... N respectively

and Yy, Yy -« Yy the deviation in the exit concentration

from Aq g, Bog, +eelyg respectively.



Based on this notation, equation 28 can be rewritten

as :
= +

Al A1s Yl for reactor number 1 ees (48a)

A2 = AZS + Yz for reactor number 2 ees (48D)

AN = ANs + Yﬁ for reactor number 3 ees (48N)

Since the exit stream for reactor number
1( 2, 3, «o. N-1 ) is fed in toto into the reactor
number 2 ( 3, 4, ... N ), the concentration of the
stream entering any reactor is same as the concentration
of the stream leaving the previous reactor, equation 30

too can be rewritten as :

A, = Ay +F(t) ceo (493)
Ay = A+ Y eee. (49D)
A, = By + Y, eee (49c)

A1 T Py s T Ynea ee (49

By material balance on the reactant A around reactor

number 1, eguations 26, 27, 29 and 31 can be rewritten

as follows :



v, (aa,/at) = Q (A, + A) - kV;A > .ee (50)

- 3 =
vy (8, /ar) = o (A - Ay~ kva 2=0 ... (51)

2
ay,/at + §
v/ C(Q/Vy)) + 2kA, ) v, + k)0

(@/Vy) (a - A ) ... (52)

2
ay /dt + AV + 2kA Y + kv .
1/ ( (o/ 1) 1s ) 1 K 1

(Q/v,) F(t) ees (53)
Similarly for reactor number 2, the equations are :

v, (an,/at) =0 (A - A) - kv A° cee (54)

2 -0

d bl L
28 (55)

da = A, - A -
v, (@, /at) e By - 2,) - kv,A

2
av,/dt + ( (Qg/V,) + 2Kk, ) Y, + K, =
) ... (56)

(QS/V?.) (Al - A].S

2
(de/dt) + ( (Q/Vé) + 2kAzs ) Y2 + kY2
(Q/vy) ¥, ees (57)

The same procedure can be repeated for any number of
reactors. For the Nth reactor the final differential
equation is given by

2

(avy/at) + ( (Q/Vg) + 2KAy ) ¥ g + KE D =

(/v ¥, .o (58)

N-1
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These differentials have been solved by the method previously
used on the digital computer and the results are plotted in
Figure 11 . As may be expected \AJ . the figure of merit,
decreases with increasing number of reactors. This arises
because the reactor exit stream, even though periodic in
nature will be of relatively lower amplitude compared
to the inlet periodic concentration disturbance because
of the damping effect resulting from the holding time of
the reactor. This in turn will affect the figure of merit,

A, because A itself is a function of amplitude.

Also since a plug flow reactor system can be approxi-
mated by an infinite number of backmix reactors in series,
the results can be expected in the limit to predict the
behaviour of a plug flow system under forced inlet concen~

tration disturbance condition.



A

Figure of Merit

FIGURE

56.

11: Effect of Full Step Concentration
Disturbance for a Series of Reactors

Reactor

‘3 .5 .7 .9
Amplitude
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NOMENCLATURE
A = reactant concentration
a = amplitude of oscillations of feed

composition disturbances.

b = amplitude of oscillations of flow
rate disturbances.

G = functional variattion of phase lag of
simultaneous disturbances.

k = specific rate constant.

N = number of reactors

Q = volumetric flow rate

T = period of oscillation

t = real time

v = reactor volume

Y = deviation from steady state reactor
composition of reactant A,

4 = fraction of period of oscillation.

Greek Letters

A = percentage change in production relative
to the steady state.

T = residence time in the reactor.

8 = phase angle or lag between disturbances
in feed composition and flow rate.

w = frequency of the disturbance

Superscripts and Subscripts

av = average value

o = feed condition

0]
i

steady state condition
' = eqguivalent steady state operation

1,2,N = number of the reactor.
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APPENDIX A

Tabulation of Results, Obtained Through
Computer, Which are Used for Plotting

of the Various Figures.,
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APPENDIX B

COMPUTER PROGRAMS USED IN THE SOLUTION
OF THE DIFFERENTIAL

EQUATIONS

80.



8l.

COMPUTER PROGRAM 1

Computer Program for Simulation of Periodic Tank Reactor

under Forced Concentration Disturbance Conditions.

SYMBOL

W

TIME 1
DELTT 1
DELTPR
FREQ

AMP

AS
RK

0ol
Qla, Q2

DELTT

Yl

YID

TIME

TPR

DEF INITION

Number of frequencies for which computation
is performed.,

Number of amplitudes for which computation is
performed.

Initial time at which the disturbance is forced.
Initial step size.

Interval at which the results are printed.
Frequency of the disturbance.

Amplitude of the disturbance.

Inlet Volumetric flow rate.

Volume of the reactor.

Steady state, reactant A exit concentration.
Specific rate constant.

Reciprocal of residence time.

Dummy Variables.

Additional step size for which the computations
can be repeated.

Change in reactant A exit concentration from
the steady state value.

Difference between YI values at time t and
time t plus delta t.

Total Time at a particular instance since the
initial forecing of the disturbance.

Time at which the results are printed.

Value of the concentration change at the
point i-3.



SYMBOIL

YA

YDD1,YDD2,
YDD3

YD1, YD2,

¥YD3P, YD3C

KS, SK

YA2

YD4P, YD4M,
YD4C

TL

SN1

82.

DEF INITION

Summation of YI values calculated by the
Runge-Kutta method.

L values in the Runge-Kutta equation
Concentration change of A as represented
by YI plus some value of L in the
Runge-Kutta egquation.

Step function of concentration disturbance.

First three final YI values as calculated by
the Runge-Kutta method.

First three final values of the differential
equation (Equation 30) as calculated by
Runge-Kutta method.

Final value of the differential equation
(Equation 30) at the points i-2, i-1l and i
respectively as calculated by the Milne-
Hamming method.

Final values of YI at the points i-2, i-1l
and i respectively as calculated by Milne-

Hamming method. ~ e

Predicted and corrected values respectively
of YI at the point i.

Number of steps representing negative values
of YI in a cycle.

Number of steps representing positive values
of ¥I in a cycle.

Summation of the positive values of YI in
a cycle.

Summation of the negative values of ¥I in
a cycle.

Predicted modified and corrected values
respectively of YI at the point i + 1.

Time for completion of one cycle of the
disturbance,

Time for completion of integral number of cycles.

“



_SYMBOL

YDD4

YD4F
YAVG

83.

DEF INITION

Value of the differential equation (Equation 30)
based on the modified and the final values of YI

at the point i + 1.
Final value of YI at the point i + 1.

Average value of exit concentration change of
reactant A per cycle.
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FORTOAY TYOLT SUURCEL | FLORAN

1 PRULPAY TAL A ‘

2 IR LICITY REALT Y A= is()=2¢

- DELFUSTONDY TR, YRRy NYES5< JANMP%10< S FREQZ12<
AOCSECLTL WPDER IREFVERSIPLE STEP FUCT ON FEED COMNC

© 0 RKEFFR JANES S SaTTH , MLFARN ,pP 380

A0 DATA PREMTID 1M PpAD URDER '

7 C NG REPRESTLTS VARTATINN FRUM STEADY STATE VALUE

o kKEZLD 250 Wy L
o WERD 3, TIY“EY, DELTTL .»DFLTPP
i "EAL 45 Dy Vs AS, RK o ‘
11 lrnﬁ 415 4 FREOZNW<C, NW §## 12 LW <
? nlnn 41, % AMPENC 5 N # 1, L <
19 41 FNEMAT “T7FLN .4 <
16 2 FKMAT %212 < :
15 3 FDEMAT % 3F10.4 < BN
) 4 FUPMA1 %0 F1lus4<
17 PRINT 203
1R 2030 FIWMAT 2 1%, /71 d”X; cdCALCULATIUNS FNR STEPO,
10 1 11Xy, aCUONCENTRATTUN PISI”R”A”CE& <
2n PRINT 204

21 204 FIMMAT % /// 12%» @SECUMD UPDEK IRRFVERSIBLE REACTINNDC

2?7 COPRIMT 78 : :
23 78  FNRMAT ¥% 177777 12Xs ZDATA USFD IS AS FOLLOWSD <
26 PPIMT 79, Lu :

25 7.0 FORMAT % // 12X»2CALC, FNR Nfle UF FRFQ #P, [2<
24 TR RPRIMT 80 5 L '

27 B0 FOrMAT / 12Xs2CALEC, FNR NNe UF ApPL #7» 12¢
en PRIMT R1ls, TIME1L .

20 81 FORMAT %/12%, oINITYAL TIME #3dy F5.2 <

30 i PRINT 82, DELTTU .

37 .82 FORMAT %/12X, OSTEP SIZF #3, F5,2 <

37 , PRINT  R7, NELTPR

32 87 FDRMAT %/ 12Xs APRINT STEP SIZE #A@s FS5e2 <

34 PRINT 83, @

a5 83 FDRMAT 2/12%s GINLEY FLMNW RATE #fas F5,1 <

A PRIMT 84, V

37 B4 FORMAT %/12X, AREACTDR VOLUME #as FO,1 <

3n PRIMT 85 5 AS

30 85 FORMAT %/12X, aSTEANY STATE REACTOR,/CNANCe #7s F542¢
40 C PRINT 86y PK / o

41 86 FORMAT %/12X, aRATE CONSTANT #as F5.2 <

47 C0p0D 33 UW ¥ 1, LW s

4 W # FREO4JNC | /

44 LoDl 32 0 w4l L y //

4% AM # AMPBIL '

4 PRINT 42, AMPZUC HFRFOBIWL

47 420 . FORMATZ12,/// 12X, DAMPLITUDE #a, FboeZs TX»
4n 1AFREOUENCY #Ady, - F6e2 ///1 < S

40 alL # Qv

50 o Qla #oolxAM ~



CORTCA

o
‘7 e ]
H
Hh
-
5

5

57

H N
ol
bf\
61
G?
61
64

6%

6h
67
6n
6N
70
A
1?
T2
74
75
15
17
10
7’)
80
81
8?
g3

84

88
8n
87
an
go
gn

91 -

9?2
91
QhL
9%
9h
97
91
99

100

TVl

!

60
1

201
7

17
12

119

19

180

85 3

TUNRGE FROSKAN PALHAN POQGRAN R

B Y 8T 2 P RASC

PELTT  # OfgTM

vy 1 # NN

VI @ nyn

TLIHF K TIMED

TPic %  DELTPR

PRINT &

FINMAT ~ /// 167 “Tlhﬁw’ 10X» EXIT  CONC CHANCEa
» X STFP DISTUPB.? <

PRINT 201

FNKPAT 0 56X A2AMPLITURED <

RKINT T» TIME»Y?

FORMAT % / 12¥%s F9.3s 8¥s F15.,5 / <

yb #oov]

YA # YD

DYZIC  # 0,0

vty 18 K i 1. 3
ny 19 1 2, 5

GN TN ~11, 12, 13, 12, 13 < s M

TIME # TIME ~% OFLTT/2.0 <

Y # YT & %DY%N=1< . /240 <

IF  ZN.LE. 4< GU TN119

Y # Y & % DY sN=) </ 2.0 K

CAONTIMNUF )

ARG H 1,0

ARGY  # AMEARG . , _
DYWNK 4% %01A% ARG € = GRKRYRYC «=Q2%YCXUELTT
YID # %1e/6.0<C%%DY%2<E6% 24 *70V%3< & DY%4<¢< & DY%5¢<
YI # Y1 & YID

YRWKL it Y1 .

YA # YA L YRLKKL

PRIMT o0, TIME, YI, ARGY =

ARG # 1.0 _

ARGL  # AM%XARG ~

DYF%ZK<C it %QLA% ARG ¢ =%RK% YRIKLEYR4%KLE <

- % Q2% YRuKL < .

Ybpl #  DYF%1< .

YNhp2 # DYF%2<

YDL3 # DYF%3(

YOL # YR%1L

YDeg # YR%2<

YD3 # YR%3L

PRINT A _

FORMAT %//712Xs aTHE FULLOWING VALUFS CALCULATED&
» o BY HAMMING FQUATION a/< -

TIHME  # G O%DELTT

Ynap #iyD3

YDac #  yp3

KS # 0
KP # 0



T

1o
107
107
104
10F
104
107
100
109
11
1
112
113
114
118
116
117
117
119
127
121
12?7
127
124
125
126
127
127
12"
13n
131
132
139
134
135
13n
137
130
137
14N
141
147
14"
144
145
146
147
14R
149
150

86,

AN TVOLT SONRCL PEQGEAE RAL AN PRGCRAAR

170

129
121

141

142

143

151

0
1

0
1

71

75

74
72

73

140
1

170

YAL " Qa0

Yhe ! Ge" .

iy 3 I L 20000

YOali YN £474 o/ e <x¥%%24%YDD1¢~ YOD2 & "d.*VDDB <<
% pFLTY <

YOl ff ¥YDGPY =4112,/121,< *%YD3r -YDBC(

TV # 7 2.0% 3,1415927 < / W

no 179 AN ¥. 1 » 10

SMft oy

SNML Y SN%T]

IF % TIME LT, SHL <€ D TN 121

LT IMUF

COUTINUF

Qrt # SN = 1,0

IF ¥ TIME JLEe % TL % % UME& % 1./2. << < 6N TO 142
IF % TIME JLEe ¥ TL % % ON& 4% 4./4. <<€ € 6N TU 143
ARG 1 Qel) ’ ‘

ARGYL AMBARG

GN TU L5}

Ay # 1,0

ARGY # AMEARG

GN TO 151

ARG 1 =140

ARGT it AMEARG

G TU 1R-1

COLWTIMUE

YNNG  #L01A% ARG < =ZRKEXYDGMNAYDGME =%y2%Y DoM<

YDGC # % q125¢ #%%9,%YNI¢ =YN1 & %% B*DELTTCH%YNDA
& %#?2e¢*YND3 ¢ = YPDZ < ¢ <

YNaF # YDGC & %9¢/121.< %%YN4P = YD4C <

Yhud  # %QLAa%x APy < = ZRKXAYDGFXYD4F<¢<

= % U2%YD4F <

IF % TIME JLEe %Bel/UH< ¢ GD TO 23
IF % YU4F = 0,0 < 75, 71 71 '
IF ¥ KP = 2 < 23 725 12 :

IF % KS = 1 € T4y 745 72

YAz # YA2 & YD4F . .
KP # kP & 1
GN TN 23

YAL # YAl & YD4F

"KS # ¥S &1

6N Tn 23

SK 8 kS

PK H# wp o :
YAVG #- % YAL & YA2 </ % SK & PK <

PRINT 14, TIME, YD4Fs YAVG

FORMAT%//12XsF9.358Xs Elbe5, ax,aAVFRAuF CUNCENTRATIONG
2 /49Xs ACHAMGE#a», El4.6 < ,

PRINT 17, SK » YAl | IR

FOKMAT% / 12X» @NQ. NF =VE PTS, #as FT.1 »



»87.
FOPT A TVAOLT SOURCE PROGRAN PAY AR PPOGRANM

o L o« ATHD JTS TOTAL Dy kY606 <

162 PRIVT D1, PK s YA2

157 916G FIN AT 17Xxs  oMde NF GVE PTS, Has F7.1 »
)54 j - AMD ITS TNTAL 4@ E1646 1/ < ' ‘
19° P : ' :

154 KS # o

157 YAL ¥ Ual

150 YAZ 4 YD4F

1yn 6T 23 '

100 23 IF % TIME « TPK < 2fs 2% 25

161 25 PRINT 9,TIMF, Yh4aF ,  ARGL ‘
162 .9 FLURMAT ¢ 12X» F9,3, B8%Xs EL5,5 » Txs EL15.5 <
16° 27 TP 4 TPR & QELTPR

164 26 IF YTINF = % 7% 643/W<Ck6,9< < 20,21,21
l6% 20 A ¥ ] : '
14 TINF  # AXDELTT

167 yYn i Yol :

1on YRy # vp?

160 Yu2 i ovp3

170 YD3  # YD4F¥

171 YD3P 4 YD4p

177" YN3C # YD4AC

172 Yopl # YDn2

174 YDy?2 ¥ YDpn3

175 YOD3 #  YDD4

176 - 31  CONTINUF

177 PRINT 43

179 43  FORMATS/ /70 AVG. CHANGE IN COMC, 15K
170 21 IF % DFLTT «GF, 0Llln < 6N TN 22

180 - IF % DELTT «LFe 04110 < GO TD 11
161 - G TN 11 ,

182 22 DELTT # DELTT/2.0

183 TINE # TIMEL

184 PRINT 24, DELTT

185 240 FORMAT %///8 ANDTHER CASE WITH DIFFERENT DELTT #3
186 12 F5.3 ¢

187 60 TU 1 )

188 11 CONTINUE

189 32  COJTINUE

190 - ¢ DELTT # DELTIL.

191 - TIME. # TIME1

192 33 CONTIMUE .

193 STOp

194 . END



88.
CALCULATINNS FOR "TEp CUNCENTRATIWN DISTURBANCE

SECNED NRPER TRREVERSTIBLE REACTION

LATA DSED. IS AS FOLLUMS

CALE. FNR WA, OF FREQ = 1
CALCs FOR NO. OF AMPL = ]

INITIAL TIME = 0,00

STEP SIZE = 0.10

PRINT STEP SIZE = 2.00

IMLET FLUMW RATE = 10,0

REACTOR VOLUME = 100,0

STEADY STATE REACTOR CONC, = 0,25
RATE CONSTANT = 1,20



89.

AUPLLTUNE = N,99 FrENUFHEY = 0410

P nre EXIT CU™C CHAMGE SIFP DISTURB,
AMPL I TUDE
Ve 000 n,N00000y U0
Uel0O 0,%67920=02 0.920000D 0O
Uel00 Ne167740L~01 0.,90000D 00
U300 Ne24?63D=01 0,90000D 00
THE FOLLUWMING VALUES CALCULATED BY HAMMING EQUATINN
Z.lﬂ() 00'920660-01 OOQU()U(10 00
44100 0,105980 00. 0.90700D 00
6el00 0. 108060 0N 0,20000D 0N
Jel0O N,107370 00 0.200600 00
1ue100 N 108410 00 0.000000 00
12.100 N.10%42) 00 0.%0000D -un
14100 N10%%20 00 0.,2°0N000 00
16,100 n,10%21 00 0,900000 0O
1Ue100 NelU%42() 00 N.000000 00
20.100 Nel0"42D 00 0,°00000 00
224100 Ne10%620 00 0. 200090 0O
244100 N, 10420 00 0200000 00
20.100 0,1.07%420) 00 0.,20000D 00
28.100 Ne.103421) 09 0.90000D 0O
3. 100 0,10042D 00 " 0420N0ND VO
32,100 Na197229p~01 W =0,00000D 00
34,100 =N, 08480D=01 =0.,200000 @n
364100 =N.1425%%) 00 =0,9200000D 00
344100 «0 167770 00 =0,000000L 00
40.100 =0,175150 00 =0,00000p OO
124100 =0,181630 00 =0.,20000D0 00
444100 “N.18%440) 00 =0,00000D 00 -
404100 "N 18773D 00 =0,700000 00
483.100 -Nel87%121) 00 . =0,90000D 00
50,100 -N,189961) 00 =0,700000 0O
52100 =D 190480 00 ~0.,20000D 0O
544100 ~Ny19080D 00 -0,20000D 00
. 56,100 =0,191000L° 00 ~-0,900000 00
50e100 ~M,191120 00 ~0,20000D 0O
600100 ‘00191200 00 "00000000 00
624100 -=0s191250 00 =0,200000 00
644100 -0e13N80D=01 ) --0,90000D 00

“ L]



90.

HLelDO N7 OTL=01 0.,00000D 90
i 0 10V0 Na10Y320 00 0.20000H0 00
Tuel0 0107971 00 N,n0NPND N
7100 Nye104%D OO0 0.90007D 00
Ta.l00 0,107410 00 «0NOND Q0
TaelOO Na10v421y Q0O 0.c00Qrd o0
Tuelno N,10742p 00 0,2000600 G0
e LOO Na107420 QO 0.,7°0000D 00
Nea.l100 N,a1uv42L 00 0.200000 00
NgelNQ Ns10G2H Q0 0.90000D 00
56 100 N 107420 00 0.0000D 00
34100 0,10R42( 00 0.,70000D 00
06100 N,101r42L 00 0.200u0D 0D
D¢2.100 Nel0F428 00 0.,00000D 00
944100 0107420 00 0200000 0O
96.100 “Ne664840-01 T=0,30000D 00
4. l0N0 C=0,122020 00 =04900000 00
100,100 -Nea154A91py 00 =0,20000D 00
1064100 -Ne184151 00 =0.90000D 00
105,100 -0,18695D 00 . -0,.,00000D 00
170,100 ~0,18P640D 00 =0.700000 00,
112.100. =N,182670 00 - =0,00000D Q0
114.100 -Ne19N31p 00 - =0,900000 00
116.100 =N,19070) Q0 ~0,000000D 00
116,100 -0,19n93 00 =0.,200000 00O
120,100 -0,19108D 00 -0,900000 0O
122.100 -0.19117D 00 - =0.,900000 0N
124,100 -N,19123D 00  =0,%0000D 0O
126,100 N, k187720 00 0.,500000 00
125,100 . N852030-01 0,900000 00
130.100 0,101790 00 0.700000 0N
132.100 0.,107440D 00. 0.70000D 00
134.100 N.107%280 00 0.200000 QO
126.100 N,10H40D 00 "0,90000D 00
1364100 0108420 00 0.,50000D 0O
14G.100 N,10R420 00 0.,900000 0N
142.100 N, 100420 00 . 0,20000D 00
174,100 N, 1OR42( 00, 0.,20000D 00
146.100 N.10°42D 0O 07200000 VO
1404100 N, 10R42D 00 - 0.,7000n0 00
150.100 Ny10242D 00 0,200000 00
152.100 0.108420 00 0,900000 00 .
154.100 0,10142D 00 0.,200000 00O
1564100 Nn,1008429P QO 0.,900000 -Q0
-0,103260=03 " . AVERAGE CNNCENTRATION

157.900
: CHANGE® =0,355659D=0],

0.317235p 02
045405880 02

NO, OF =VE PTS. = 30,0 AND ITS TUTAL =
CNMe UF #VE PTS. = 320,0  AND ITS TUTAL =



9l.

150100 ~C e tuLT =01 =0,70000) N
LA0. 100 ~0 11544y 00 =0,."0700) 26
1624100 =0, 140y 00 =0,700000 O
1h4 4100 N, 6561 00 ~=0,00000 0O
11641700 =N 170 T4U 00 =0,90000D 0O
15154100 =N 182560 0O "=0,20000D 00
1704100 =N, 18AGHD 00 =0.00000D ON
L7¢e100 =0,184%00H0 00 =0,307°0N0D ¢N
17‘00100 -”.18"321} 00 -Oof’UO\)OD On
1704100 =N 150090 00 =0,00000p 0O
176,100 =N, 19054 OO0 =0,509000 00
1304100 ~-N,19085%y 00 =0,20M00D 0O
182,100 -0, 19103y 0N -0,200000. 00
184,100 =N,191141) 00 =0,%00000 00
190100 =N,19121y 00 =0,°0Nu0D 00
1%8u.100 -N, 191250 00 | =0,20000D 00
190.100 Ng2075NL=01 0.00000D 00
1744100 Nel04310 00 0,000000 0N
1964100 Na10°110) 00 0.700000 VO
196100 Nel07370 00 0."0000D 00
2004100 N.10%10 00 0,700000 00
2026100 Ne10R42D 00 0.20000D 00
2044100 0.10n742y 00 0.900000 O
200100 Ns10f42y 00 0,200000 U0
20y.100 01042y Q0 0.90000u 00
210,100 0,102420 00 0.,720000D 00
2124100 N,10942) 00 0,00000p uo
214,100 | Ne101420 00 0.500000 00
216.100 N.103420p 00 0.¢00000 00
218.100 0,10%%2p 00 0.90000)D 00
220,100 NeBLl7710~01 =0,200000 00
220800 -Ne10226D=03 AVERAGE CMNCEMNTRATINON
"CHANGE®= «0,3533690=01
Ny UF =VF PTS. = 309,0 ANP ITS TOTAL (= "0.31B319p 02

NNe UF +VE PTS, 8 320.0 AND ITS TUTAL': =0e540580D 02
2224100 =N 0NI1p=01" © =0,00000D 0O
224,100 -Ne 134590 00 . =04200000 00
22064100 -Ne1596%9D 00 - - =0,20000D yn
228.100 e 172890 00 C =0 D0000D. (0
23¢.100 -0.184660 00 =0,00000p 0O
234,100 -0,187260 00 =0,20000D0 00
2364100 00 00

-N,188830

[

=0,9200000D



236100 -0, 1u 70y 00 on
284100 -3, 197371, 00 =0, 700070 un
2424100 AP TR R IR VB =0.,70000) uo
Ahq o 100 =M 19rGhay 00 =Cen0NYND LD
2% ¢ 100 =N 191100 00 “0.0209000D. unN,
200« 100 ~0o1911%y QO =m0, 00UND 00
Z50e 190 -0,19124D 00 - =GL,n00900) 0N
2566100 =-Ne72737D=01 0700000 0N
2544100 NeTH02HD=01 0.70000pD LN
250.100 0.10344 00 0.7200000 00
258.100 Ne107630 00 . 0.,7200090 00
2500100 ND.107310 00 0.m000ND 00
2624100 N, 10%0y 00 0.1n0N00D QO
2644100 N,a10r42y 00 0,70000D OO0
260.100 Ne107420p 00 0.,202900 0O
c68.100 N.10%2y 00 0.,30000D 00
270100 n. 108420 00 0.20000D 0O
2724100 n,10842H 00 0.,”00000 00
2744100 010842 00 0,720000D 00
270.100 Nel0%42D 00 0.720000D 00
2745.100 N, 101420 00 0.20000D 00
280.100 N.10R42D 00 0,20000D 00
282100 N 10R42L 00 0.200000 00
283,600 -0,103260=-03 AVERACE CONCEMNTRATION

-O.OOOUDU

92,

CHANGE= =0,355659D=01

NOy UF =VF PTS, = .308,0 AND ITS TOTAL = 0.,317235p 02
NMe UF +VE PTS, 3  320,0 AND ITS TUTAL = - =0.540568D 02

320.100

274,100 -0,383310~01 =0,900000 (0

280.100 -n. 11"'1’01) 00 -OQQOOOQD OO

284.100 =N,15164) 00 =0,500000 00

290100 -0,167530 00 =0,20N000D 0O

292.100 -0,177830 00 -0,20000D 00

294.100 -0,18319) 00 -0,.20000D 00

. 2964100 ~N,18638) 00 =0,90000D LO
296.100 ~-N,18229D0 00 -0,20000D 0O

300,100 ~0,189460) 00. =0.200000 00

30¢.100 -0,197180 00 - -0,200000) 00

3044100 -0e197¢1D 00 =0.200000 00

3006100 =N, 19089y 00 -0,20000D 00

ANy, 100 =N, 19105y 0O =-0,00000D 00

310.100 -0,19115L 00 =0, 50000D 00

31¢.100 =N,191220 00 -0470000D 00

3144100 -0e191260 00 =0.200000 0N

3164100 N.40°190~01 0.90000D 0O
318.100 0,977610-01 0.20000D0 0O

0.,10684D 00 0.900000 00



04108420

~
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370100 "elU "1 0N O QNN 00
A24 4100 nyluT BN 0N 0.0700D g0
370.100 Nelug2y 00 0em0% 0D un
A2¢ve190 N,10742y QO Q00" 00
330,100 Ne10420 Q00 Q. 20NYaY ¢o
33:2.100 N,10°420 00 00000 WO
3344100 N,10742Y 00 0.0 WO uh
335.100 N 1uR420 00 0.70000D 0N
33454100 Nel0P42Y 0N 0.200000 O
349,100 N,10742p 00 D,000Q0h v .
3424100 N,10n420 OO Q. 20N00D un
344,100 N,10P42p 00 0,200 o
3464100 0,30045p)-01 =0,200000 00
346,400 -0,103260=03 AVERAGE CPHCENTRATINM
CHANGE= «0.355659D=01
NP, UF =VE PTS. = 307,0 AnD ITS TUTAL = 0.317235p 02 .
NDe UF +VE PTS, = 320,0 AHD ITS TUTAL = ~0+540548D 02
3464100 -N.951330=01 =-0,702Q00 ¢0
350,100 -N,14110y 00 -0,2000N0 0
3‘5&.100 -ﬁolb"OﬂU 0() "O."’UOUQD UO
354,100 -0,17472D 00 =0,230N000 0N
3564100 -N0,18133y 00 =0,700M000 (O
3584100 -N,18529Y 00 =0,20007) 0o
360,100 ~0.187640 00 -0,2000M) U9
362,100 -N,13°06L 00 =0.70NQ00 yn
364,100 -0.189293p 00 =0,2020% 90
360,100 =N.197460 00 =0,900un) 00
30B.100 -N.19779y 0O =0,000000 YO
370.100 -N,19n099) 00 =0.,90000D 0N
3744100 -N,19112p 00 "=0,00000D U0
.374.100 -N.191200 00 . =0,200000 00
376,100 =-0.19124D 00 =0.72000M) 00
3764100 ~04261720=01 0.P00000 yn
380,100 N,85789D=01 ‘0.°0000D QN
382.100 0,10%02D 00 - 0.00000pD Q0
3844100 "N,10792L 0O - 0,7°00000 QO
3904100 ©0,10%35D 00 04700000 0O
38484100 N.10%%1D 00 - 04900000 00
370100 0.10%420 00 0,7°0000D 00
392,100 0.1.07421H 00 0,20000D VO
394.100 N0.10n42y 00 04200000 Y0 -
396.100 0.10042p 00 0,°00000 00
3944100 N.107420D 00 0.20000D 0O
4004100 0,107420 00 0,000000 00
402.100 N,10R42D 00 0,200000 00
404,100 00 0,720000D 00



94,

/s (‘)"\ . l_” U
400 10U N.T0"420 00
e oD wo
40y 4300
; -n, -
10226p=03 AVERACE CONCEHTRATINI
Wy LR =VE PTS. = 300.0 CHANGE= =0,353309D=01
MM, LF - * U AND '
. =

4104100
4124100
414,100
4104100
416.100
4206100
4224100
424,100

4204100 °

42134100
430,100
432.100
434,100

~N.5061761=01

=Ny12492D
~0.154910D
=Ny 70r2%
-0, 177¢3u
«Nel8%4730
~Ne18951p
~Ne 189591
=Nel9N26D
=N,19N66D
=Ne19092p
=0s191070

00
00
00
00 -
00
0n
00
00
00
00
00
00

=0+540548Dp 02

=-0.70000D
=0,900000
=0,200000D
0, 20000D
-0.200000
-0. Oonono

=0,"0N00(

-OQOOOUﬁO
-N,900000D
=0.500000
-0,720000D
-OQQOOOOD
=0,900000

on
00
00
Jo
($14]
on
Jyn
0on
)
uo
(]0)
00
00.



95.
COMPUTER PROGRAM 2

Computer Program for Simulation of Periodic Tank Reactor under

Forced Flow Rate Disturbance conditions,

SYMBOL

Lw

L

TIME 1
DELTT 1
DELTPR
FREQ
AMP

Q

v

AS

RK

AF'S

Ql, Qla, Q2

DELTT

YI

YID

TIME

DEF INITION

Number of frequencies for which computation is
performed.

Number of amplitudes for which computation is
performed.

Initial time at which the disturbance is forced.
Initial step size.

Interval at which the results are printed.
Frequency of the disturbance.

Amplitude of the disturbance.

Inlet steady state volumetric £low rate.
Volume of the reactor.

Steady state reactant A exit concentration.
Specific rate constant.

Steady state reactant A inlet concentration.
Dummy variables.

Additional step size for which the computation
can be repeated.

Change in reactant A exit concentration from the -
steady state value.

Difference between YI values at time t and
time t plus delts. t.

Total time at a particular instance since the
initial forcing of the disturbance.

Time at which the results are printed.



SYMBOL
YD

YA
DY ( )
e

YR ( )
DYF ( )
ARG

YDD1, ¥YDD2
YDD3.

YD1, YD2,
¥YD3.

YD3P, Y¥YD3C
KS, SK

KP, PK
OAl, QA2
YAl, YA2
PAl .
PA2

96.

DEF INITION
Value of the concentration change at the
point i - 3.

Summation of YI values calculated by the
Runge Kutta method.

L values in the Runge Kutta eguation.
Concentration change of A as represented by
¥YI plus some value of L in the Runge-Kutta
equation.

First three final YI values as calculated
by the Runge-Kutta method.

First three final values of the differential
equation (Equation 37) as calculated by the
Runge~Kutta method.

Step function of flow rate disturbance.
Final value of the differential equation.
(Equation 37) at the points i-2, i-1, and i
respectively as calculated by the Milne-
Hamming method.

Final values of YI at the points i-2, i-1,
and i respectively as calculated by Milne-
Hammingmethod.

Predicted and corrected values respectively
of YI at the point.

Number of steps representing positive values
of YI in a cycle.

Number of steps representing negative values
of YI in a cycle.

Summation of all QUS1 values corresponding to
positive and negative YI values respectively.

Dummy variables.
Summation of all the positive values of YI.

Summation of all the negative values of YI.



SYMBOL

¥YD4P, YD4M,
¥YD4cC

Tl

SN1

YDD4

YDAF

QuUs
YD4AFA
QUSl
PAVG

QAVG

97.

DEF INITION

Predicted, modified and corrected values
respectively of YI at the point i + 1 as
calculated by Milne~-Hamming equation.

Time for completion of one cycle of the
disturbance,

Time for completion of integral number of
cycles.

Value of the differential equation (Egquation 37)
based on the modified and the final values of
¥YI at the point i + 1.

Final value of YI at the point i + 1.

Magnitude of the disturbance at any given
time t.

Volumetric flow rate at any given time t.
Product of QUS and YI.
Exit molar flow rate of reactant A.

Average value of exit concentration change
of reactant A per cycle.

Average value of QUS 1 per cycle.



98.
PRI AN TYALT SONROL FRGAEAM

1 RITGPAY YA,
2 ]|P|If1T REAL YO A= IHU l<¢
1 DTAFNSIONDYYHLE, YRE5<s NYF L »AP%10< ;FREQ712<

A0 SECHL UPDER IPRTVFRSIABLR STEP FUCT NN FEED FLOW
5 6 REFFR JAMFS :QdTTH » WULFORN 66 380
o6 DATA PRIMTED IN RgAD URDFR
7 C CONC REPRESEMNTS VARTATINON FQUM QTFADY STATE VALHE
n READ 251 Ws L
© READ 3, TIMEl, DElTTl ':DFLTPR L
10 FEAL 45 Ny, Vs ASs RK o .
n READ 41, J FREOHMWCy Nw #.1» LW <
1?2 READ 41, 7 AMPONC » N # 1, L < - =
13 4)  FNRMAT %T7F1N,4 < o
14 2 FORMAT %212 <
L5 3 FOKMAT % 3F10.4 <
1% 4 FORMAT %4F10.4<
17 PRIMT 2,LV¥s L
1A PRINT 3, TIMEL, DFLTTY
i PRINT 4, 0,V,ASsRK -
20 P # 0,0 S
21 DN 33 Jyw  # 1» LW
22 W H FREORJIWLC
23 Do 32 J 4 1lr L ,
26 - AYM B AMPHRIKL
25 PRINT 42, AMP%J< * sFREQHJMG
25 420 FORMAT %a1as7Xs 1LHAMPLITUDE, #; F6 2: llHFREOUENCY #
27 1 ? F6o2 <
29 AFS # 1,0
29 Q1 # Aam/v
3an QLA % Ql% % AFS = AS < . S
N Q2 # % %0/VC &  %2.0%RK%AS € €
3, - PRINT 44 S
33 44 FNRMAT%/@ 01 QLA - . . Q2 a<
3s ' DELTT # DELTTL ' S
35 1 Yl # 0,0
3h YID # 0,0 : o
37 TIWE # TIMEL o
3n TPR # DELTPR . :
309 PRINT 6 R . :
40 6  FORMAT #///10XsSHT IME4HRSKs 10X, 15HCONCHHMOLES/CUFTC
41 PRINT 55 Ql, QlAr, Q2 o . s
4? 5 .FORMATZ 3E12.4///<
43 PRINT 7 . TIME,YT DS
46 7  FORMATY //rx, F9 3, lox, E15.5_//< '
45 - Yy # Y1 - o
h6 YA # YD
47 DY%I< # 0.0
48 po 18 K # 1s 3
. 49 DO 19 N 4 2, 5

50 GD T0 %11, 12, 13, 12» 13 < » N

”



: 29,
FORTEAN TVNLT SOURCE PPUCkA RALHANM  PROGRAM

59 L3 VIaF ok TINE S5 UFLTT/2.0 <

42 12 Yy YU £ DY N=1¢< /2,0 (

5o COJF ANV E, A< G NLLY

Ha Y B & " DY %MNe) €/ 2,0 <

5% 119 AL B 1,0 .

Rl 19¢ LY ~*< Ho RO 1A% ARG € ~. GRKEYEYC =2Q2%Y <
57 L = 7% QUdARNMARY <€ < * DELTT

hf YTU 21 4/76,0<%%0Y %2000 2%%DY%3<C & DYH4<<¢< & DY%5¢<
H" YI # ¥l & Yl '

on YRAKL  #  ¥yT

61 YA #H YA L YPZKL

6? FRINT 9, TIMF, YI

63 ARG # 1.0

64 180 DYFYKS # “QlAa* ARG < =5%RK* YRUKCRYRYKL <
05 1 = i Q2%YRZKL <

66 2 = % Q1 % ARG * YRYUK<C <

67 YNDl  # DYF%IK

on YDOu2 # DYF%2<

60 . YNl #  DYF%3K

m YDL #  YR%I

T Yne #  YRZ2L

72 YN3 #  YR%3IL

73 PRINT 8

Th BQ FORMAT %//a THE FOLLOWING VALUES CALCULATED
75 1 HAMMIMG  EQUATINN o £ : -

76 TInFE  # 4,0%DELTT

77 YN3IP  #vYD3

79 ynit # vp3

79 KS . # 0

8n KPP # 0

81 QAL # 0,0

8?2 QA2 # 0,0

83 YAL # 0,0

B4 YA'& v 000

85 PAL # 0,0

86 PA2 # 0,0

87 npo 3 I # 5, 20000 \

an 100 YN4GPH YD, 6%%4 o/ 3 e <x%%2 « ¥YDD1= YDD2 & %24%YDD3<L
BO 1 % DELTT « ' )

90 ‘ YD4M  # ¥YD4aP =%112,/121,< *%YD3P =YD3CL

91 Tl # % 2,0% 3,1415927 < / W

92 PO 129 NS # ) » 30

93 .S # Mg -

94 TSNL O F SN%TY .

9% IF ¢ TIME LT, 8Nl < 60 THh 121

96 129 CONTINUF
97 121 COWTINUE
98 QM # SN = 1.0 - .
99 IF % TIME JLE, % T1%% ON 6% 1./ 2, <<< < 6N.TU 142
100 IF % TIME WLE, % TI*% ON &% 4o/ 4, <<< < GN TO 143

v



ri{nR T

101
1u?
1.7
1o
105

194

107
100
](\’1
11N
11
117
1113
114
115

141

142

143

151

114

117
111
11
12n
121
122
12?7
124
12%
124
127
121
127
13n
131
132
133
134
1358
136
137
138
130
140
14)
14?

7
75
74

72

73

14

95

79
93

143

“14%

145
146
147
148
149
150

17

100.

WYOTYNLT SHMRCE PPUGRAM RALHAH PPUGRANM

Al 1 .0
GV TU 1IN
AR o 1.0
GO Tw 15}
Aty i =]1,.0
eC.TO 151
COLTIMNUF

OvYOD4  #Z0LA% ARG § SHRUOEYD4GMREYDOMNC =%U2 %Y PLML

1
V]
1

- C

PAVG  # % PAL & PAZ <
<

- % QI¥*ARGRYDGIL :
YNG4 # £, 125¢ #%%%9,%YN3IC =YDl & %% J4%DELTT<CX%YND4S
& %24 *YPN3 ¢ = Ypn2 € < <
YD4F  # YDAC & %49./121.< ®%YD4P «"YD&C <
YNDps  # 1A% ARG < = BRKEBYD4GFAYDLF¢KL
-~ 5 Q2%YD4F ¢ = % Q1% AnG % YD4F <
AM4 # AN %X ARG
QuUS o Q &  AMA
YN4FA QIS % YD4F

aysSl # QUS % %4 AS & YD4F <
IF % TIME JLE, %8el/HC ¢ G0N TD 23
IF ¥ YD4F = 0,0 < 75, Tl 171
IF % KP = 2 <€ 23, 72, 72 :

IF % KS = 1 € 74, 74, 73
PA2 # PA2 & YD4F
QA2 # GA2 & QUsH
KPP # KP & 1 '
GO TN 23 .
PAY # PAL & Y D4F
QA1 # QA1 & QUS)
KS # KS & 1

GO T0O 23

SK # KS

PK # kp

QAVG # % QAL & QA2
PRIMT 14, TIME » YD&4F » 0OUS1
FOKMAT%//10X»F9,3510XsE15,5, TX» El5.5 <«
PRIMT 95, PpPAVG .
FORMAT %/35Xs o AVG. COMC, ALONE #a» E15.7 //¢
PRINT 79, QAVG . '
FORMAT %/35X, o AVERAGE % CDNC%QS< #2s E15.7 /<
PRINT 93, QAls QA2

FORMAT %/ E15.5» 7TXs EL5.5/¢
PRIMT 17, SK, PK

KP # 1
KS # 0
QAL
QA2
PAL
PAZ

'EORMAT % 2X» ONO. OF PTS, #2 » Fl0.4s -10Ks ~F10.4/<

0.0
QuUS1
0.0
YD4F

‘I ET
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/

FORTPAY TVOLT SUURCE PROGRAK  PATHAM  PPUCRAN

Iy YAL ! 0.0

150 YAL U yDaFa

151 LGOI 23

196 C YhoF REPRESFNTS AVEPAGE CHAMGE TN CONCEMTRATION
155 € FRUM  THE  STFARY  STATE  WITH NN FEED CUMCENTRATION
156 C BDISTUPRANCE

157 23 IF % TIUL ~ TPR < 26 2% 25 :
LI 25  PRINTIL,TINF, YP4F =, 2US s  QUS1 . 2 YD4FA
1H" 910 FURMAT » 10Xy, F9.3, 10%X» Flbe5 » 10% EL5,5,
1¢0 1 10X, E15,5% » 10Xy E15.,5 (

160 9  FINKMAT ~« 10Xs» "F9,35 10X» Fl5e5 <

162 27 TPR # TPR & DELTPR ‘

163 26 IF STIME = % % 6.3/UW<%k31< < 20,21021

164 20 A ¥ I

165 TIME #  A%DELTT

166 YN 4 YDl

167 yor # vpe

161 YDRZ # Y3

167 YD3 ¥ YDAE

170 YN3IP # YD4P

17 _¥YDAC H YD4C

172 Ybul # YDD2

173 Ynp2 # Ypn3

174 Ynu3 # YoD4

175 31  CNONTINUFE

176 PRINT 43

177 43 FDRMAT%///a AVG. CHANGE IN CONC, ISA< -
179 21 IF % DELTT «GFe. 0,110 < GO TO 22

179 IF % DELTT .LF, 0,110 < GO 7O 11

180 ¢o TN 11 :

181 22 DELTT # DFLTT/2.0

182 TInF  # TIMEL

187 PRINT 24  , DELTT |

184 . 260 FORMAT %///d ANDTHER CASE WITH DIFFERENT 4ELTT #3,
185 1 F5,3 < o o
136 6N TO

187 11 CONTINUE :

16R 32 CONTINUF

1809 DELTT # DELTTL

190 . TIME # TIMEL

191 33 CONTINUE

192 STOP

193 - END
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COMPUTER PROGRAM 3

Computer Program for Simulation of Periodic Tank Reactor

under simultaneous forced concentration and Flow Rate

Disturbances,.

SYMBOL

w

LP

TIME 1
DELTT 1
DELTPR
Q

\

AS

RK
FREQ
AMP, AM
PHP

AM2

ars

Ql, Qla, Q2

Q6

Pl

e}

DEF INITION

Number of frequencies for which computation
is performed.

Number of amplitudes for which computation
is performed.

Number of phase lag for which computation
is-~performed.

Initial time at which the disturbance is forced.

Initial step size,

Interval at which the results are printed.
Inlet steady state volumetric flow rate.
Volume of the reactor.

Steady state reactant A exit concentration.
Specific rate constant.

Frequency of the concentration.disturbance.
Amplitude of the concentratior disturbance.
Phase lag between two disturbances in degrees.
Amplitude of the flow rate disturbance.
Steady state reactant A inlet concentration.
Dummy variables.

Rate of unconverted reactant A in the exit
stream at steady state.

Phase lag between two disturbances in radians.

Dummy variable.

ey



Dy

SYMBOL

DELTT

YT

YID

TIME

YA

oy ()

YR ()

DYF ( )

YDD1, YDD2,

YDD3

YD1, ¥YD2,
¥D3

YD3P,¥YD3C

KS, SK

DEF INITION

Additional step size for which the computation

can be repeated.

Change in reactant A exit concentration from
the steady state value.

Difference between YI values at time t and
time t plus delta. t. .

Total time at a particular instance since the
initial forcing of the disturbance.

Time at which the results are printed.

Value of the concentration change at the
point i-3,

Summation of YI values calculated by the
Runge Kutta method.

L values in the Runge Kutta egquation.

Concentration change of A as represented by
¥I plus some value of L in the Runge-Kutta
equation,

First three final YI values as calculated by
the Runge-Kutta method.

First three final values of the differential
equation (Equation 40) as calculated by the
Runge-~Kutta method.

Final value of the differential equation
(Equation 40) at the points i-2, i-1 and
i respectively as calculated by the Milne-
Hamming method.

Final values of YI at the points i-2, i-1
and i respectively as calculated by the
Milne-Hamming method.

Predicted and corrected values respectively
of ¥YI at the point.

Number of steps representing positive values
of YI in a cycle.

C

fel (&
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SYMBOL _ DEF INTTION

KP, PK Number of steps representing negative values
of YI in a cycle.

QAl, QA2 Summation of all QUSl values corresponding to
positive and negative YI values respectively.

YAl, YA2 Dummy variables.

PAl Summation of all the positive values of YI.

PA2 Summation of all the negative values of YI.

YD4P, YD4M, Predicted, modified and corrected values
¥YD4C respectively of ¥YI at the point i + 1
as calculated by Milne~-Hamming equation.

T1 Time for completion of one cycle of the
disturbance.

SN1 Time for completion of integral number of
cycles.

YDD4 Value of the differential equation (Equation 37)

based on the modified and the final values of
YI at the point i + 1.

YD4F Final value of YI at the point i + 1,
AM4 Magnitude of the disturbance at any given
time t.
QuUSs Volumetric flow rate at any given time t.
YDAFA Product of QUS and YI
QUsl Exit molar flow rate of reactant A.
PAVG Average value of exit concentration change of

reactant A per cycle.

QAVG Average value of QUS1 per cycle,

.
Q o
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in
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17
1N
12
2n
. 21
27
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7 SLDRCE PRORAL

DEVGRY AT DALHAR
A b LCLT REALAGYA=tplj=Z? _
DA FRSIDRNY 8¢, YPLS<y DYF%SC 2AMPLLIOC S FREG%L2<Z
UTLPRNST N PREPLI2KE Ty AUrBZ10L
SFCIND RDER TRPEVERSTIGLE STNGLF CoSeT,R,
GOV MIME STEP NISTHURRAMCFS UM FEFD  FLDW AND FEED CUMC,
Feio A GTVEI CASF PUTH HAVE SAME FREAUENCY BuT THE
APVLITUNES YARY Y A FACTDOR (OF TEN
FLut NISTURRAMCE LAGS BFEHINM CuvMC, DISTURBAMNCE BY
PASE LAG I DERREES
FROJAMES ,SNITH , WUILFEARD » &6 380

NATA PRIMTFO IN PEAD URDFR
CNC REPRESTMTS VARTATINWN FROM STEANY STATE VALUE

41
2
3

KEAD 25 LWy Ls LP

KEAD 3, TIMEl, DELTT1 »DFLTPR
PEAL 45 0Oy Vs AS» RK .
READ 41, % FREOZMw<, NY # l» LW <
READ 41, % AMPUNC » N H# 1, L <
READ  41,% PHPZMPL » NP # 1, LP <
FORMAT 27FL0,4 < :
FOKMAT 312 <

FORMAT % 3F10.4 <

4 FURIAT %4F10e4<

420

460

44

PRINT 2, LW, Ls» LP

PRINT 3, TIMEl, DFLTTI

PRINT 4, 0,VyA5,RK

PO 33 gw #  1y LW

W # FREO%JIWC

pn - 32 J # 1, L

AM # O ANPRIKL

AMZ H AME 10,0

0N 34 KNP # 1y LP

P2 i PHPuMPC

PRINT 42, AMP%JI<  »FRFQ%JML 2 PHPINPC
FOKMAT %lasTXs 11IUAMPILITUNE #, FO.2s 1IHFRPEQUENCY #

F022s5X,19H PHASE LAG DEGRFE #» FB8e2 <

PRIMT 46 s AM?

FORMAT %/ FLOW ﬂISTURRA”CE AMPLITUOE #-9d»
FHhe2 < -

AFs  # 1,0

0l # AM2 /¥ |

Ola 4 Qlx % AFS = AS <

w2 # Qv '

Q6 # 0 % AS

P H % 2,0% 3,141592T% P2 < / % 360 0 <
PL 7 P2 -/ 36040 <

PRIMT 44 _ . _
FORMAT%/3 . 01 . Q1A B Q2 a<
DELTT # DELTTI '
YL # 0,0
d o
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FIPTOAT TVILT? SHURCE FPOseAn PATHANL PO OGRAMN

:-), . Y I I " r .(1 o i
B0 FLor o TiIv
57 P CrLTen
S5 Pk, T &
He Ao FIYEAT 227 T0X s THT IV E%HN S, 10¥» 15HCNNC%*ULES/CUFTZC
hA ODRTIT %0 Qly GIA» w2 '
57 5  FIW"AT, Ar12.6/1/71/<
H AT S B TIMEsY1
Ho T FMMATZ /777X, FO43s 10Ky E15,5 //<
6 Yiy # Y71
6Y o YN K YD
6 BY.L1< 7 0.0
63 b R Kk 1y 7
66 N 19 H # 2s b
L% GOV T YY1, 12, 13, 12, 13 < » N
(4] 12 TIKFE # TIME E% OFLTT/2.0 <
07 12 Y # YT & 4ny¥pnN=1< /2,0 (£
6n lr' %NOLEo I’( (L1 Tn119
6N Y # Y L % DY BN=] </ 2,0 <
n 119 APy 1.0
A IF % Pl JLE. 0,0 <€ GO TN 115
72 T1F 7 Pl GLke4e/B.< GO TN 116
772 IF Y Pl oLE«Bs/Re< 60 TN 115
T4 115 ARGYH 1,0
75 ch TU 117
S 116 ARG 4 =10
77 6N TU 117
A 117 CORTINUE
AL 190 LY.MS # % % QLA % APGL € & % % Q2 & % Ol%* ARGl < <*
BN 1 %% AMRARGC = Y< =" %% RK* Y % %% 2.0%A8< &
b1 2 Y<< < % DELTT '
82 YID # %)Le/06,0<%%0Y%2<RY% 2%%DY%3< & DY%4<<¢< & DY%5¢ <
[{%e] Y1 # YI & YID
B4 YRuZKS  # YT
g% YN # YA & YPZ%KL
g PRINT 9, TINEs, YI
87 180 OYFY%K< # 2 QLA % APGYL ¢ & % % Q2 & % Q1% ARGl < <*
g 1 %4 AMRARGC = YR%KCCE = %% RK#YRIKCE % %% 2,0%AS5< &
Bo 2 YR4KC << S ‘
9N Yool # DYF%IL .
91 Ypu?2 # DYF%2<
92 YOU3 H DYF%3<
913 O ¥YDL M YRz1C
94 YhZ H# YR%2<
9= YD3 # YR%IL A
94 PRINT 8 ' L - .
97 08 FNRMAT %//a THF FOLLOWING VALUES CALCULATED AY
9R 1 HAMMING EQUATIOM @ < = - . - ,
99 . TINE it 4,0%DELTT
100 - ¥YD3P . #YD3

‘ Q . T ‘:. ’ o

R~ 2

(<]
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TONTT AN TVOLT SUMRCE PRIGRKAR RALHANK PPUGRAM

1o ynie d o yp2

) s Yy ~

17 ITSLE A

104 KU 8

tos LY N

190 QAL H QW0

107 QA7 0.0

17 YAL 0.0

len YAZ 4 040

11» PAL  # 0.0

111 FAZ Y 040

117 o 31 1 1 5, 20000 :

117 100 YD4P# YD £L%44/3.5%%2.,4YDDIC= YO0D2 & %2, *Y003 (<*
114 1 RELTT <« »
115 Yhaett  §f YD4P —nll? /121.,< %*%YD3p —YDBC<

114 T1 #i > 2.0% 3,1415927 € / ¥

117 pno 129 HS # 1 ,» 10

111 sSHo @t ms

11" SHEL % SNxT]

120 IF % TIME .1 T. SNY < GO 1h 121

121 129 CONTItHIUF
122 121 CONTINUF

123 uN # SN = 1,0

124 IF % Pl JLEenD.N < < GU TO 130

125 IF % Pl JLE.%1.0/8,0< < GO TO- 131

124 IF % PL JLE.%2.0/8,0< < GO TN 132

127 IF % Pl JLE.%3.n/B.,0< < GO TO 133 -

123 [F % PL JLE«%4,n/8,0< < GU TO 134

127 IF % PL JLE.%5.n/8,0< < 6y TOL 135

130 IF % PL LLE.%6.,n/8,0< < GU TO 136

1 IF % PL (LE.%7.0/8,0 < GU TN 137

132 IF % Pl LE.%B.,0/8,0< < GU TN 138

133 130 (OINTINMUF .

134 IF % TIME JLF. % T1%% AN &% 44/ 8, <K< < 61 Tu 14¢

135 IF % TIME JLE. % T1%% ON §% 8,/ 8, <<< < ¢N TOU 144

134 131 CONTINUFR ' )

137 IF % TIME WJLE. % TUR% ON 6% ./ 8, <L < 6N Tu 141

13n IF % TIME oLF. % T1%% ON 4% 4./ 8, << < 6N T 142

137 IF % TIME JLE., % VT1%% NN &% 54/ 8. << < 6N TU 143

140 IF % TIME LLE. % T1%% ON &% 8,7 B, <<< < 6N Tu 144

141 132  CONTINUF e, . )

142 IF % TIME JLE. % T1%% ON &% 2./ B, <<< < N Tu 14}

143 IF % TIME oLFe % TI%% ON &% 4,/ 8, <<< < N TU 142

144 ©OIF % TIVE  GJLE. % TI%% ON 6% 64/ B, €<< < 6N TU 143

145 IF % TIME oLFe % TI%*% NN L% B4/ 8, <<< < 61 TU 144

146 133 COnTIMUF ‘ A '

147 IF % TIME oLE.. % T1%2 OM &% 3,/ 8, << < 6N Ty 14)

140 IF % TINE oLE. 2% T1%% ON &% 4,/ B, << < 6N Tu 142

149 IF % TIME sLEe % T1%% ON &% T4/ B, <K< <€ 6N Tu 143
8./ < 60 TO 144

150 IF % TIME JLE, % T1%% ON &% 8, <<«



TRy Al

14)
1H2
157
1584
165"
15~
157
1hr
1H"
160
161
167?
161
104
165
1656
167
107
16"
170
171
172
172
174
175
174
177
17n
179
180
181
1e?
1613
184
185
18’1
187
181
189
190
191
19?2
197
194
165
196
197
19n
199
200
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TVOLT SHURCL pririzAn PALHAR PIOGRAMNM

134

136

137

138

141

142

143

144

151

O N~

N - C

64

CNaTLagr : . :
FFY TIVE ol Fe % TI%Y ON &% 4,/ R, << < 6N Ty 161
IF » T1b oLFe % 11%% Ol &% 3,/ 8, <<< < 0N Ty 143
CngTIvwur

IF 7 TIYE JlLFe % T1EY Ny % 1,7 R, <<€ € 6N Ty 142
IF % TINE JLF.e % T1%% 0N &% 6,/ B, <4< < 6N TO 141}
IF 0 TIME  aLFe % T1%% OGN 6% 5.7 B. <4< < 6N TU 144
1F % TIVE JLFe % TI%% 0N &% N4/ By <K < 6N TU 143
conatTinur '

IF % FTIME  oLFe % 1T1%% O £% 247 B, <K< < 6N TU 142
IF % TINE «LFe % TI1%% ON 4% 4o/ 8, << < 61 TU 141
IF % TINE  CLFe % T1%Y% ON &% 6,/ 8, << < G TU L44
IF % TIME  oLFe % TI1%% PN &% B,/ B, <LK < 61 TU 143
CNKTI HUF

IF % TIME  JLF. % T1%% 0N &% 3./ B, <4< < 6P Tu 142
IF % TIME LFe % TIX%Z N 6% 4,/ B, <L < ot TU L&)
IF 2 TIME JLFe % TL%% NN &% 7./ B, <K € 4 TU 144
IF % TIVYE JLFe % T1%% 0N 6% B,/ By 4K € (M TUY 143
CNNTINUE '

IF % TIMF  JLFe % T1%% NN &% 4./ 8, <€ € 6N Ty 142
IF % TINE JLEe % T1%% ON &% RBe/ 8, <€ € GN TU 144
ARG # 1.0 ' . :

ARG ## =1.0

G0 TU 1R}

AR, # 1,0

ARGl # 1,0

Gl TO 1K}

ARG # =1.0 ‘
ARGY # 1,0

GO TU 151}

AQb ” -100

ARGI # -lln

GO TO 181

CMNTINUF

Y|D4 Y% Q1A % ARGL <€ & % % Q2 & % 0Ol% ARGl € <*
B AM*ARG( - YD&WNLL = %% RK* Y04 % %% 20%AS5K &
YhgM <<
YND4C i % 4125< %*%%9.¥YN3L -Ynl & %% BJFDELTTCR%YNDSG £
%2:%YNDD3 < - YDON2 € € <
YD4aF  #  YDAC & %9./121.< %2YD4p = YD4(C <
Yunhe # % QLA % ARGL < - &L % % Q2 £ % 01l% ARGl < <*
%% AMERARGE =  YD4FLK = %% RK% YD4FS % %% 2,0%A5< A
YD4F € < ’ :
AMg  H AMZ % APGL
AUS #  Q & ApMa4
YDaFA 4 QIS % YD4F
QUSL #F QUS % % AS & YD&F ¢
IF % TIME JLE, % S,/ < <& 60 Tn 23
IF % QUS1 =~ Q6 < 64y 65’ 65
KU # 5
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FORYEA JTVNYLT SUIIRCL PPH’th' RALHAN PPRIJGRANM

201 IF %X = H ¢ 23 125 273

an? 65 IF " KUY =« 5% ¢ 22571y 23

2070 71 JF % ¥S = 2 & 75 75, 17

2k 7% IF 2 VP o~ 0 & 1l T6y T4

2008 76 PPMINT L4, TIME » YD4F » QUSY

204 74 PA2 i PA2 & YN4F

a7 WAeZ Qa2 & (I AR!

200 KPo# ovp 61 /

207 KX # = /

21" GO TN 23 /

211 77 PAL K PAL & YDN4F S

217 QAL ¢ Al & QlIst ’ /’

212 KS # KS & 1 qo

216 Gh T 23 ,

215 T3 SK 1 «§

2145 PK L S '

217 PAVG  # % PAL & PA2 </ % SK & pPK <
218 QAVG  # % QAL & NA2 </ % SK & PK <
21° PRIMT 14, TIME » YDAF » 0US]

22N 14 FORMAT%//10XsF3.3510XsE10,5, TXo ELS5.7 /. <

221 PRIMT 85, PAVS )
. 227 95  FNUMAT “/35X, @ AVG. CUNC, ALONE fHasr ELBGT //<

223 PRIMT 79, QAVH . : :
7224 79  FORMAT *%/35%, @ AVERAGE % CNNCx0S< #e ELS5.7 /<
2258 COPRIMT 93, QAls QA2 .

225 913 FORMAT %/ E15.5s TXs E15.5/¢

227 PRINT 17, SK» PK

227 17 FORMAT % 2Xs AN, UF PTSe #3 » FlOe4» 10X, F1l0.4/<
229 KPP # 1 ' . '

23n "KS  #Q

23 QAL # 0,0

237 QA2 fi qus1

237 PAL # 0,40

230 PAZ2 #  YD4F

235 YAL i 0,0

23h YA2 1 YD4FA

237 Gh TN 23 .

230 23 IF % TIME = TPR € 26y 25 25

237 25 PRIMTO1,TIHE, YN4F » NUS s QUS1 s YDa4FA'
24N 910 FDOKMAT % 10X, F9,3, 10Xs FE15,5 » 10¥» EL15,5»
241 1 10Xs F1l5.5 » 10Xs, ElSe5 <

242 9 FORKMAT % 10X, F9.,3, 10Xs FE15,5 <

243 27 1PK # TPR & ODELTPR :

244 26 IF % TIME = % % 63/ W € * 644 < < 20, 21 21

245 20 A #H 1

2416 TIHE H  AXDELTT

247 Y0 - # vyD1

2410 YL # vD?

249 - ¥YD2 # vYD3

250 YD3 # YD4F



/

FURTTA

4y 1
757
2n7
254
256
254
257
250
250
260
261
267
267
264
205
264
2067
Z26R
260
27N
2N
272
2713
274
275

31

6G7
21

22

240

11
34

Y

33

110.

TVOL7 SUMRCE BPUCRAM  RATHAHA PROGRAM

YOAr ot ovpagp

YhatC o viynC

Yyl #ooYDN2

Y02 o YUD3

Y3 i YiDg

¢l TINyr

PrEMT 43 '
FORMATS /70 AVG, CHANGE IN CONC, 157<
IF 7% DFLTT eGF o N,11n < GN TN 22
1F % DFLTT oLF e N,11n < 6O TN 11

L0 T 11

DELTT # " DFLTT/2.0
TIngE #  TIMEL
PRINT 24 s DELTT

FORMAT %/ /7 AN”THEP CASE WITH DIFFERENT DELTT #9

F5,2 <

G TN 1

CrhTINUFE

CNiWTINUF

DFLTT ¥ DFLTTY

TIME # TIMEL

CONTINUE

CONTINUE : .

sTOP
END

2
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COMPUTER PROGRAM 4

Computer Program for Simulation of Series of Periodic Tank

Reactors under Forced Concentration Disturbance Conditions.

SYMBOL

NR
Lw

LA
TIMELl"

DELTT1
DELTPR
Q

RK

v (
FREQ
AMP

as (
YI (
Qla (

Q2 (
DELTT

DEF IN ITION

Number of reactors connected in series.

Number of frequencies for which computation is
performed.

Number of amplitudes for which computation is
performed.

Initial time at which the disturbance is
forced,

Initial step size.

Interval at which the results are printed.
Inlet volumetric flow rate.

Specific rate constant.

Volume of the individual reactors.
Frequency of the disturbance,

Amplitude of the disturbance

Steady state reactant A exit concentration
for each reactor.

Change in reactant A exit concentration from the
steady state for each reactor.

Dummy variables.

Additional step size for which the computation
can be repeated.



SYMBOL

TIME

TPR
DY (

YID

Nt N N

112.

DEF INITION

Total time at a particular instance since the
initial forcing of the disturbance.

Time at which the results are printed.
L values in the Runge-Kutta equation.

Difference between YI ( ) values at time t
and time t plus delta t.

Concentration change of A as represented by
YI ( ) plus some value of L in the Runge-
Kutta equation for each reactor.

Dummy variables.

First three final values of the differential
equation (Equations 53, 57, 58) as calculated
by the Runge-Kutta method.

Final value of the differential equation
(Equations 53, 57, 58) at the points i-2,
i-1l, and i respectively as calculated by the
Milne-~-Hamming method for each reactor.

Final values of YI at the points, i-2, i~-1
and i respectively as calculated by Milne-
Hamming for each reactor.

Predicted and corrected values respectively
of Y1 at the point 1i.

Value of the concentration change at the point
i~-3 for each reactor.

Summation of the positive values of Y1 ( )
in a cycle for each reactor,

summation of the negative values of YI ( )
in a cycle of each reactor.

Number of steps representing negative values
of YI in a cycle for the first reactor.

Number of steps representing positive values
- of YI in a cycle for the first reactor.

[



SYMBOL

YD4Pp
YD4M
¥YD4C
Tl

SN1l
D4F (1)

YARG

YDD4 (

YD4F (

YAVG (

)

)

113.

DEF INITION

Predicted, modified and corrected values
respectively of Y1 at the point i + 1 for each
reactor.

Time for completion of one cycle of the
disturbance.

Time for completion of integral number of cycles.

Step function of concentration disturbance into
the first reactor.

Magnitude of the concentratlon disturbance into
the first reactor. .

Value of the differential equation (Equations 53,
57, 58) based on the modified and the final
values of Y1 at the point i + 1 for each reactor.

Final value of YI at the point i1 + 1 for each
reactor.

Average value of exit concentration change of
reactant A per cycle for each reactor.
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L
10
1
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17T

lﬂ
Q)
2
A
27
21
24

BT S
27
2P
20
3N
31
32
31
3h
35

36

37
3n
39
40
4
47?
4
A
45
O
47
41
49
50
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7/ 114.

TVYNLT SOVRCE PROGKAY

PRUICEAY PALIIANL

I'"PLICLT REMLERYA=llpli=ZC

BTHFHSINE FREFLUTIOL » ATEYLINC

CTEFHSIOE pYeag » Y79< 5 DARGY9< » DYF#9<K
DILENSION VY9¢ 5 ASY9<C 5, DLAZ9C » Q2%9<
PBIOFHNSTOR Y120 » YN%U9K » YIP%OC

BT PHSINON ¥yN1%0< » Y0249<€ » YDR3ZYL

FILFHSION YOD1%9< o YRD?2%9< » YND3%9<  » YUNG%9C
DTLFNSTIPN ¥YN3P59¢ 5 YN4N%I< » YN3C%9< » YD4C%O9C
BICFNSINN YAL%9<C » YA2%9€ » YAVRZ9Z

DEAFNSINNG YPR4MLOK 57 YN4F%9K » D4F%9<

SECPHD MRNOEP TRPEVERSIBLE RFACTION

SERTES PF STIPRFED TANK PEACTORS

DATA PRINTED Tk RFAD ODRDER

SOCUARE WELL TYPF DIST. NN FFED CONC.

MUIPER NF KFACTNRS IR SFRIES IS REPRESENTEU BY MR
HFFFR JAMES » SUITH » WOLFORD » PP 3RO

CMNuCe RFPRESENTS VARIATIOMN FROM STEADY STATFE VALUE
KEAD 1 MR

READ Z» LW » LA

FORMAT 4 12<

FAUMAT %2712<

RFAPN 3, TINF1s, NDELTTLl, PELTPR

KEAD 45 Q» PRk

FNKMAT % 3F10,4<

FNMATS 2F 1N, 4<

NReg  H MR A1

RFAD B % VZNVYC » NV # 1p DMR L

READ S» % FRENZMW<, NW # 1, LW <

READ 5, % AMPYNC » M # 1, LAL

KEAD Gs % AS%NSE » NS 18 2, NRZ2 <

FOKMAT % TF1044 <

PRINT 1, MR

PRIMT 2, Lws LA

PRINT 3, TIMEl » DELTTLl, DELTPR

PRINT 4, 0 , RK

PRINT &6, % ASY%HNSE » NS # 2, NRZ2 <

PRINT 0p % VENVLC » NV # 1, NR <

FORMAT % / TF10,4 / <

N 10 Jw # 1, LW

W H FREQ%JWKL

D1 JA # 1, LA

AN @ AMP%JAL

PRINT T, MR ‘ :
Fﬂk:AT % a1m » 20Xs @ NUMBEP OF REACTORS In SERIES #a
» 172 L ' '

PRIMNT 8, AMP%JAC » FREQ%JWC ' '
FORMAT %/ 77X, dAMPLITUDE HasF6e2s TXs AFRENUENCY #dy
F6,2 < ' :
YI%1< # 0.0

X
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FORTUAN TVOLT7? SHIRCE PRFOGRAM  PALHAM PROGRAM

51 Nt 12 1 K 72, NP2
50 YI,.0< 1 0.0
57 la"Jd=1¢ # %0%r1i< [/ ViJ=1< ,
Hh 12 0?2+J0< % Q/VZI=1< € & % 2.,0%RK% AS%JIL <
He PRINMT 9, % 01A%I=1< » J # 2» MNR2 <
of PIOIMT 13, % Q2%J< o2 J # 25 MR2 <
57 9  FNAMAT % /A 01A=S #7» RELS.4 <
5o 13 FORMAT %~/ 2 02=5 #M» 5FL15.4 <
Ho DELTT 4 pELTTL
HN 67 TIKE # TIMEL
61 TP # ODFLTPR
62 PRANT 14
63 140 FURMAT % /77 10Xs 9HTIMFSHRSK:e 10X,
64 1 2 CONCOHMULFS/CUGFTAE 2 <
65 PRINT 19, TINE , % YI%J< » J # 25 NR2 <
) 15 FARMAT % //10Xs F9.3» 10X, 4% E15.5 » 5X ¢ <
67 DIV 20 K 4 1, 3
68 nn 21 J # 2, HNR2
6" . IF %“K=1< 22, 22, 23
70 22 TIHFE # TIMEL
mn YInd< # QN
12 DY41< # 040
72 YIDO # 0,0
T4 23 it 24 N # 25 5
75 GN TO % 100s 26s 27s 265 27 <oN
T 27 TIwmE H:' TIHE & %DELTT/2,0 <
77 26  YIUNC H YI%JC & %DY%N=1<¢/2,0<
TR IF 4 N LE. 4 < GD TO 28
79 YENC H  Y%PHN<C & % DY%N~1<¢/2,0 £
gn 28  CONTINMUE
81 IF %J=2< 29,29, 24
8?2 29 DARGZ3C §# 1.0
g1 DARG%A4< # 1.0
04 DARGZ5<C # 1.0
85 C JTHE ARQVE THRFE VALUES nF DARG VARY DEPFNDING ON TYPE
6~ C 1 ‘GF DISTURBANCE
87 IF %K=1< 30, 30, 31 S
8n .30 DARGA2S # 0,L0
IY:) 6N TO 24
9N 31 DARGA2< #1,.,0
91 ¢~ Q0 THE ARBUVE TWO VALUES 0OF DARG VARY DEPENDING ON TYPE
9?2 C 1 OF DISTURHBANCE :
91 GO TO 24 '
94 240 0YAMNS #4% QLA%d= 1<*DARG%N<<»- % RK*YAN(*Y%N( <
95 1 =% Q2%JCkY%INCC < % DELTT
96 O YID # %14/76,0<% % DY%2C & % 240 * %DY%B( & nY%4< < (
97 1 & NY%5< <
9A YIZIK # YI%J< & YID
96 . DARGR2S  # Y%2<

100 DARG%3<  # Y%3<



FLUPT™AY

101
107
oA
1044
A NARS
10N
107
1"
Lan
11N

11

112
11"
114
115
116
L0 O
1in
11"
120
121
12?2

123

124
125
126
127
129
129
13n
13

132
133
134
1358
134
137
137
130
140
141
142
143
144
145
146
147
1419
149
150

oLz

32

33

34

35

36

37

33

21
20

V]

390

40

—Cc N C

116. '
SUNRCE PPOGRAN  RALHAM  PROGRAM

DARSGE K YYhE

BARRSSE  Y%5¢

IF ~ J=2 ¢ 325 325 33

YIp”d=1¢ i 140 .

THe AROVE THREE VALYIES NF DARG VARY DEPENDING UN TYPE

UF DISTHRRAMCE < o

6N TO 34 ‘

Y1p%d=1< 4 Y1%J=-1<

G TU 34 ' '

DYF®KS  # % OLAZJ=1<CRYTP%I=1< € = % RK*YIZI<HYI%IK <
- % N2BJC % YI%IC <

G TO % 35, 36, 37 <sK

YDUl%J< # DYFZ1<

YN12d<  # YI%J< :

GR TO 38 ' -

YNU2%Jd<  # DYF%2<

YN2®I<  # YI1%I<

GN T 3n

YDU3%IK # DYF%3L

YD3%J< # YI%J<

GN TO 3n A '

B # K

TINE  #  BK* DELTT _

PRIMT 15, TIMFs, % YI%J< », J # 25 NR2 «

COMTINYE '

PRINT 30 : _ _

FORMAT % // @ THF FOLLOWING VALUES CALCD, BY

HAMMING EQUATIUM @ <

TINF # 4,0 % DELTT

1 40 J ] 2 NR2

YN3P4J< #  YD3%JL

YN3C%IC #  yD3%JIL

YD%IK # 0 '

L
YALYZIL # 0,0 .
YA2ZJI< # 040
KS # 0 :
KPP # 0 |

on 41 1 5, 20000
na 42 g # 2, NR2 S
YD4P%I< H YD%IK & % %440/3404 % % %2.0%YDDL1%IC <
- YhB27%I0<
& % 2,0%YDD3%J< < < KNELTT <
YO4M%I< I YD4APZIK = % %112,0/121.0< ¥ %4YD3P%JI<
- YN3C%JIK < < :
TY # % 2,0% 3,1415927 < / W
DO 44 NS # 1 » 10
SN # NS

CSNL O SNXT]

IF % TIME LT, SNL < GN TU 45
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FOPE=Ar Tvonl? SIRCE PROGRAM  PALHAM PPUOGRAM

151 44 (PRTINUE
157 45 ChetTINNIE
152 DMC# SN = 1.0
15% IF % TIVE JLTe % TLl%% QM & %)1e/4.<<<<HB0 TO 46
158 IF % TIME JLEe 7 TL*% QM & %14/2.<<<LK60 TO 46
156 IF " TIYE JLTe % TL%% QN & %3,/4,4<<<60 TO 47
157 IF ¥ TIME JLE. % TLl*% QN & %4,4/4.<<<L<K6G0 TO 47
159 46 DaF%1<  # 1.0 , /
150 YARG @ DOF%L<%AN S
160 GIl TO 49 ‘ }/
161 47 N4F%1<  # =1,0 S
162 ' YARE K - DOAFZAL<RAM ,
163 | 6N TO 48 e
164 48 (N TINUF
165 430 YNULABIC 17 QYA%I=1<% DAP%J=1< < = % RKXYD4M%Y<k
16n 1 Yarzac <
167 2 = % 027J< K YDAN%BIL <
160 0 Yu4C#I< 4 %04125 < % % % 9.0 % YN3%JI< < = ¥YDL%y<
169 1 & %% 3e% DELTT < ' :
170 2 % % YDD4%IC & % 2.0%YND3%IE < = YDD2%JI<K<¢ <
1 0 YN4F%I< #  YDAC%IC & % %9,/12).< % %YD4P% <
172 1 ~ YD&C%J<<<
1732 0 YDU4%IK # % QLA%Jg=1< % D4F%JI=1< € = % RKXYD4F%J<
174 1 % YD&F%JC < = S
175 2 % N2%J<¢ ¥ YP4F%Y< < ' ,
L1TA [F. 7 TIYE LE. % B,1/W ¢ < GO TO 50
177 IF % YD4F%2< = 0.0 < 49, 51, 51
178 51 1F % KP = 2 < 50,52, 52
179 49 IF 72 KS = 1 < S4s 54 » 53
180 54 IF % J .GE. 3 < GO TO 55
141 KP # vp & 1 ’
187 55 YARZJIC # YA2%J< & YDAF%JI<L
153 6N TU 50
184 52 IF % J .GE. 3 < 6D TO %6
135 KS # XS & 1
106 56 YAL%JC # YA1%J< & YD4F%J<
187 N TN 50 .
BEL 53 IF % J +GE.3< GN TN 57
187 SK  # KS
190 P f## KPP .
191 57 YAVG%JIS # % YAL%JI<C & YA2%JE </ % SK & Pr <
192 JY # ) =1
199 PRIMT S8, TIMEs YD4F%J<s YALZU<s YA2L%J<L»  YAVGHILs JY
194 580 FORMAT % /7 10Xs F943s NXs Fl5,5, 5%» Elled, IXs
195 1 ElLl.4 » TX» I
194 , 2 @ AVERAGE CCMNCa. #22E15,70 A IN REACTOR NUIMBER a;-IZ <
197 YAL%JE # 0,0 ' : ‘ . .
19n YAR%JIL #  YDaF%JI<L
199 AF % J LLT, NMRZ2 <€ GO TO 50 .

200 PRINT 59, SKs PK
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EORTOAN TVOYL7? SOVRCE PROGRAG RALITAY PROGRAM

200 59 FORMAT ™/ 2xs ™l OF PUINTS # as FLOe4, LOXsFL1044<
70? K fi 1 ' o
AR KRS #N

2 50 (OnT LUK

705 Yhad< # YD14C

7 Ynitd< # Yp2au<

207 YN2rJd< i YD3%IL

2070 Yhstg<d B YD4arRIL

20N Yhar%d< #f YDAPZIL

210 YR3C%HIK # YPeCRI<

21 YhulZd< #  YNPRAJIL

?21? Yiuzis.l< i YDhD3%JKL

21" YDhu3nd< 4 yhpasIL

216 DAFZIC  # YDAFY4 YL

215 42 (P TIWUF

2 1A IF7% TIMF « TPR < 61, 060y 6N :

217 67 PRIMNT 62, TIME » YAPG 2 % YNGF%I< 5 0 B 2 » NR2LZ
21n 62  FNRMAT % 10X, F9.3, 5X» E15,5 » 5% 5X» El5.5 < <

219 - TPR # TPR & DELTPR

220 61 IF % TIME = % % 6.3/W<%H,9< € 63s 64» 64

220 63 4 # 1 : , ' o

222 - TInE  # A % DELTT

227 41 CONT INUFE ' ‘

2246 64 IF % DELTYT +GF. 06110 < GO TO 65

225 IF % DELTT JLE, 04110 < GO 7O 100

722K GO T 1n0 :

227 65 DELTT # DELTT / 2,0

229 TIME #  TIMEL ‘

22° PRIMT 66, DELTT , .

23n 660 FORMAT 2 /// ANOTHER CASE WITH DIFFERENY DELTT #a
-2 1 » FB 3 ¢ o - ' . '
232 G TO 67

733 100 CNT INUF

234 11 CNWT INUF

235 WELTT # DELTTY

236 TIME # TIMEL

237 10 CONTINUE o R

23R sTNP '

239 END
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