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ABSTRACT

In this study theoretical and experimental transient response data for
a multible feed recycle reactor are presented. The reaction used is the
irreversible second order homogeneous liquid phase saponifacation of methyl
acetate with sodium hydroxide,

| A theoretical model solving the partial differential equations using

finite difference technique is used. The predicted dynamic response data by
the theoretical model for simul.taneous upsets are in good agreement with the
experimental data,
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INTRODUCTION

Although highly theoretical work has been done on the design and operation
of chemical reactors, little experimentally verified research has been done on
the dynamics of chemical reactors., The CFSTR (continuous flow stirred tank
reactor) is the most completely studied chemical reactor, but very little work
has been done with the tubular reactor.

The purpose of this research was to conduct transient response studies on
a multiple feed recycle reacto?band to develop a theoretical model to pre?ict
the response, The experimental system was a multiple feed tubular reactor with
recycle, and it was operated in the laminar region under isothermal conditions,
The reaction used was the homogeneous liquid phase saponification of methyl
acetate with sodium hydroxide. This reaction was used because it is an irreversible
second order reaction with a high reaction rate constant at the temperature of
study,

The system can be represented by a set of non-linear differential equations,
Since these equations were unsolvable by analytical techniques, a lumped parameter
model, that can be used in a digital computer, was developed to describe the
dynamic response of the system.

This thesis covers a literature survey on related studies, a description of
the experimental work, a derivation of the theoretical model, the interpretation

of results, and the conclusions,
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LITERATURE SURVEY

The experimental verification of the theory for tubular reactors with
recycle has been lacking in literature because of the comlexity of mathematies
involved, Recent work on tubular reactors was done by Ramaswamy (1), McKinstry
(2), and Dunn (3). Ramaswamy (1) and McKinstry (2) experimentally confirmed
the analytical methods and solutions for the dynamic nature of the tubular
reactor and the tubular reactor with recycle. Dunn (3), in his work, verified
the use of finite difference techniques in solving the dynamic equations for
a packed bed reactor with recycle,

Koppel (4,5,6), in his various publications, discusses several linearization
techniques employed in analytical solution to the dynamics of an isothermal,
homogeneous plug-flow tubular reactor with non-linear kinetics.

Denbigh (7) and Levenspiel (8) discuss many aspects of tubular reactor in
their books., According to Denbigh (7), the construction of the tubular reactor
in the form of a spiral, instead of a straight, tube gives closer performance
to plug flow, Levenspiel (8) correlates the longitudinal dispersion coefficients
of a non-plug flow regime to a finite number of ideal stirred tank reactors
placed in series,

McGovin and Perlmutter (9) investigated the individual effects of radial
gradients and axial mixing on the steady state and stability characteristiecs
of the tubular reactor-recycle system,

Bischoff and Levenspiel (10), in their article, discuss the method, for
packed and unpacked tubes, to find dispersion coefficients experimentally and
to correlate Reynold’s number to the dispersion coefficient,
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Ramaswamy, Stermole, and McKinstry (11) presented a method for relating
the tubular reactor equations to batch reactor equations and solving the
dynamic response of a tubular reactor to flow upsets,

Deans and Lapidus (12), in their article, discuss the method to solve

dynamic equations by using finite difference techniques.
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EXPERIMENTAL STUDY

In this section the reaction kinetics, description of the equipment,
the operation of the equipment, and an outline of the experimental data is

presented,

Kinetics

In this study the reaction used was the saponification of methyl acetate
with sodium hydroxide and it is given by

CH COOCHB + NaCH —-» CH30H + CH3COONa

3
The liquid-phase reaction had an irreversible second-order kinetics with
& high rate constant at the temperature of study. In the concentration range
studied there was no appreciable heat of mixing.
The rate constant data was obtained from previous studies and a value of

24,0 liter/mole-min was used.

Apparatus

Equipment

The experimental system is shown schematically in Figure 1. The main

reactor was 15 ft (457.2 cm) long 4-in.-diameter copper tube in the form of
spiral, The recycle line was 22 in, (55.88 em) long i-in.-diameter copper
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tube and reaction was assumed in the reycyle line, A1l the flow lines to the
reactor system were Imperial-Eastman $-in, polyflow tubing. The sodium hydroxide
reactants were stored in tanks 18 and 19, and the methyl acetate reactants were
stored in tanks 20 and 21, as shown in Figure 1. They were pumped to the reactor
by air. The air pressure was controlled by regulators 22 and 23 and measured by
manometers 24 and 25, and were operated at about 12 inches of mercury.

The reactants were pumped through preheaters 1,2,3,4, and 5 of 10-ft coils
of 0,482-cm-diameter copper tube immersed in a thermostatic bath which was
maintained at 40° C. The preheated reactants were selected by the three-way
Teflon valves 10 and 11, and their flow was metered with rotameters 6 and 7. The
flow was controlled with 4=-in, needle valves 15 and 16, The flow rate of the
side feed reactant was controlled with needle valve ik and metered with
rotameter 8,

The metered streams of reactants then entered the reactor, which was kept
at the same temperature as the preheaters by immersing in the same thermostatic
bath maintained at 40° C; therefore an essentially isothermal operation was
provided. The outlet concentration of the reactor was fed back to the inlet of
the main reactor through the recycle line by means of a small centrifugal pump 27
and the recycle flow was controlled by a 1/8-in. vernier needle valve 17, A
bypass line, with a rotameter 9, was used to monitor the recycle flow rate.

The effluent from the reactor passed through a flow cell, where the
concentration was monitored with a Sargent/Jena combination electrode (range
0 to 14 pH) coupled with a Leeds and North..up Model 7401 pH meter. The pH was

recorded on a Mosely strip-chart recorder,
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Operation of the Equipment

The reactants were prepared with reagent grade sodium hydroxide pellets
(97.0 percent) and reagent grade methyl acetate (99.9 percent, anhyd., max. 0.1
percent alc.). The concentrations of approximately 0.25 N and 0,125 N were
prepared by using standard titration techniques.

The system was pressurized with all valves closed. The desired concentrations
of reactants were chosen by the three-way valves 10 and 11, and the needle valves
14,15, and 16 were opened to establish the operating flow rates. Then the recycle
pump was operated and the desired flow rate established with the needle valve 17
and metered by the rotameter 9.

When the concentration reached steady state, several samples were collected
at the reactor outlet by quenching with excess hydrochloric acid in order to
stop the saponification reaction and the concentration of the reactant effluent
was obtalned by back titration. Then the upsets were made by the manipulation of
thg respeqtive valves, After the new steady state was reached, the sodium
hydroxide content was determined as mentioned before,

Experimental Data

The data were obtained from a 15-ft reactor with an inside diameter of
0.482 cms Three types of upsets were made. The types of upsets were:

(1) Methyl acetate concentration and side feed sodium hydroxide flow

(2) Methyl acetate flow and side feed sodium hydroxide flow

(3) Sodium hydroxide concentration and side feed sodium hydroxide flow
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The reactor and the recycle line were operated in the laminar region,

The data consisted of pH readings versus time which were converted to
sodium hydroxide concentration. The output results are tabulated in the
Appendix,

The system had an inherent response time lag which was determined to be
2.4 seconds, This time lag was used in the mathematical model by incorporating

into the response of the outlet concentration,
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MATHEMATICAL MODEL

This section discusses the. methods used to determine the steady state
of the miltiple feed recycle reactor and numerical solutions to the finite
difference approximation of the distributed parameter system usea in the
prediction of dynamic response. The mixing of fresh feeds are assumed to be

instantaneous and perfect,

Analysis of the Steady State

The plug-flow reactor at maximum conversion could be considered as an
infinite number of stirred tanks, However, at minimum conversion, only one
CFSTR could be considered, The tubular reactor usually lies in between these
two extremes and it can be represented by a finite nmumber of CFSTR, In this
case, the flow regime in the reactor was considered to be in the laminar range
vhere Re 2100, Since there is a concentration gradient in the reactor,
dispersion occurs, The dispersion causes the reactor to deviate from ideal
plug-flow and the conversion is less than the predicted from plug-flow reactor
equations, In the case for the flow in circular tubes, Levenspiel (13) has
correlated the Reynold's number and the effective dispersion coefficient with
the Schmidt number as a parameter. The following equation can be used to
predict the number of stirred tank reactors that will experimentally give the

correct outlet concentration for an effective dispersion coefficient:
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i 2D
1T ®

The nmumber of stirred tanks for the tubular reactor in the flow range
stodied was 40 for the main reactor, and 3 for the recycle line,

By using the steady state stirred tank equations (2) and (3), and
solving these equations N successive times, the steady state ocutlet concentration
of the tubular reactor could be determined. The following are based on material
baslances over a CFSTR at steady state:s

Cpo ¥V = Cy v = kVC)Cy = O (2)
Cpo v - Cg v - KVC)Cp = 0 (3)

Relating equations (2) and (3) by stoichiometry, the following equations can

be written:

Coo = Cao=¥p=Cg - Cy (%)
or

Cg =My +Cp (5)

Substitution of equation (5) into equation (2) and by subsoripting, the
following quadratic polynomial in cA results, and Ca could be solved directly

by the quadratic formula:
CA(D) = 30y + 7T) + 301y + o) + AT g3 (6)

Subscription of the equation (5) gives:
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Cy(I) = My + C, (1) (7)

Equation (6) and (7) were used for the main reactor before the side
feed, The outlet CA(NI) and CB(Ni) were used with side feed CASI and Cggy
to calculate the new entrance concentrations to the main reactor after the

side feed from:

Ca(N1) Q . Cpsy Fysy 8
Cps() = A—+—¢ ®)
cg(N1) @  Csi Fgsi
(1) = + (9
o) S Qs
Then equation (7) becomes:
Mo = ch(l) - CAS(l) (10)

Equation (6) was also used for the main reactor after the side feed by
using vg, Vg, Mgg, and CAS(I) ‘instead of v, V, Mg» CA(I). The material
balance for the recycle was of the same form as the main reactor except
v', V', Mgsy and Cor(I) were used in equation (6) instead of v, V, Mg, and
CA(I). The outlet Cpp(M) and Cgp(M) were used to recalculate the new emtrance

concentrations froms

Cp(1) = ——+ = (11)
F (M)
¢ (1) = Caon Bo , “mR . Qr (12)

Equation (6) indicates the necessity of an iterative technique to obtain

the steady state profile. The iteration was done by first assuming zero for
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CAR(M) and Cpp(M), and calculating the concentration profile down the reactor
and the recycle line, Then the recalculated CA(l) and CB(i) were compared with
their initial values, If they were not very near,the new values of CA(l) and

CB(l) were used to calculate the new profile, The iteration was repeated until

the new calculated values became very near the previous values of CA(l) and CB(i).

Analyéis of the Dynamic Response

The mass balance equations for a second order isothermal plug-flow system
could be written over a differential element of the reactor resulting in the

baslc equations describing the concentration history in the reactor:

DCA DCA
St Y Vix - kGG (13)
2Cg Gy
5t +v 5% ° ~kCxCq (14)

By lumping equations (13) and (14) in the space coordinate and approximating
the time by finite difference, the following equations could be obtained:
. - -
CA (1) CA(I) i vCA(I 1) ) vCA(I)

- L 2" - ke (1) (D) (15)
G (1) - Cy(I)  vCy(I-1)  vCy(E
) - %) TRl Tl e, g (16)

After rearranging eqnaiions (15) and (16), the outlet concentration from each
Ax segment could be calculated by the following:
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€, (1) = (1) (1.0 = BT - katcy(D) + .Yfffg{.l_‘_l.). (17)

vAtCAB’(‘I-l) (18)

Cy* (D) = ¢, (D) (1.0 - 5 - kate, (D)) +

Equations (17) and (18) were used for the main reactor before the side

feed, and the initial and boundary conditions for this part of the reactor are:

C,(0,t) =AC,(1%,1) + (1-3)C,, (19)
C,(x,0) = C,(x) (20)
CB(O.t) =?CB(1'.t) + (1-3\)030 (21)
C5(x,0) = Cz(x) (22)

The equations used for the main reactor after the side feed were obtained
by substituting g and 4xg for v and Ax in equations (17) and (18). The initial
and boundary conditions for the main reactor after the side feed are:

Cys5(0,t) =TCygq + (1-7)C, (1,¢) (23)
C,s(Xs00) = Cps(xs) (24)
Cps(0st) =% Cpgy + (1-7)Cp(1,t) (25)
CBS(xS.,O) = CBS(xS) (26)

The equations used for the recycle line were obtained by substituting
v' and Ax' for v and Ax in equations (17) and (18). The initial and boundary
conditions for the recycle line ares

Car(0st) = Cy5(1s) (27)
CAR(I'.O) = CAR(X') (28)
Cgr(01t) = Cyg(lg) (29)

CBR(X"O) = CBR(X.) (30)
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As seen in equations (17) and (18), the terms

(1.0 - B jate (1)) (31)
(1.0 - BE - xatc, (1)) (52)

mist not change sign in order to have a stable solution. This stability
eriteria was checked by calculating At values for the first and last cell of
the main reactor, the first and last cell of the recycle line, and the cells
before and after the side feed at the initial and final steady states for

eomponents A and B,
This was done by PDP-10 digital computer. The computer program which is

presented in the Appendix was designed to calculate the transient response for

any type of upset, concentration, flow, or both,
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INTERPRETATION OF RESULTS

In Tables 1 and 2, experimental conditions are listed. Table 1 gives the
dnitial inlet fresh feed concentrations and flow rates. Table 2 gives the
final fresh feed concentrations and flow rates,

Simultaneous upsets in methyl acetate concentration and side feed sodium
hydroxide flow are shown in Figures 3,4,7,8,17,18,21, and 22, In runs i,5,15,
and 19, the methyl acetate concentration was increased and the side feed sodium
hydroxide flow was decreased, The outlet sodium hydroxide concentration started
to decrease immediately after the upset. The decrease in the side feed flow
rate increased the residence time and produced an increase in reaction time
causing the sodium hydroxide concentration to decrease, This change in concentration
caused a noticeable decrease in the outlet sodium hydroxide concentration after
the first residence time of the second part of the reactor., Then the decrease
in concentration slowed down to its initial rate, After the second residence
time, for the second part of the reactor, the outlet sodium hydroxide concentration
started dropping to its final value., Since the reactor effluents were fed back
through the recycle line to be mixed with the fresh feed, another concentration
upset was produced at the inlet of the reactor. These were repeated after each
residpnce time of the reactor as step changes and their magnitude decreased with
each residence time due to mixing of fresh feed and recycle line effluent, At
higher flow rates the effect of decrease in side feed flow rate was not observed

clearly as shown in Figure 21, These effects were more significant when the fresh
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feed flow rates were low, Runs 1 and 15. The changes were not sharp due to
dispersion caused by laminar flow regime.

In Runs 2,6,16, and 20, the methyl acetate concentration was decreased
and side feed sodium hydroxide flow was increased, As a result, residence time,
for the second part of the reactor, decreased and also reaction time decreased,
causing less sodium hydroxide to react., This was observed as a slow increase of
outlet sodium hydroxide concentration on the response curve, After the first
residence time, of the second half of the reactor, the new concentration profile
reached the exit and the outlet sodium hydroxide concentration increased. The
increase in sodium hydroxide concentration slowed down to a rate lower than its
initial value for the second residence time, These slow changes were more
significant for the first residence time because, after the upset, the fluid
elements near the exit of the reactor were less affected than the fluid elements
at the entrance of the reactor. Then the outlet sodium hydroxide concentration
increased noticeably due to decrease in fresh feed methyl acetate concentration,
The final concentration was reached by non-linear curves produced by the effect
of mixing the fresh feed with the changing concentrations of the recycle line,
Since the change in side feed flow rate was small and the side feed sodium
hydroxide concentration was low, when compared with the fresh feed concentrations,
the effect of increase in side feed flow was not significant as in Run 20,
Figure 22,

Simultaneous upsets in sodium hydroxide concentration and side feed sodium
hydroxide flow were made and the results are shown in Figures 5,6,9,10,15,16,19,
and 20, The results were similar to the ones obtained by simultaneous upsets in
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methyl acetate concentration and side feed sodium hydroxide flow. The effect
of side feed flow for Runs 3,7,13, and 17 was observed as a slow decreaée in
outlet sodium hydroxide concentration due to the increased residence time,
Then a small sudden decrease was caused by the decrease in sodium hydroxide
concentration due to reduced side feed flow rate. After the second residence
time, of the second part of the reactor, the exit concentration of sodium
hydroxide decreased suddeniy because of the decrease in fresh feed sodium
hydroxide concentration. The final steady state concentration was reached by
smoother curves created by the effect of mixing of recycle line effluent and
the fresh feeds,

In Runs 4,8,14, and 18, the sodium hydroxide concentration and side feed
sodium hydroxide flow were increased., The results are shown in Figures 6,10,16,
and 20, and they were close to mirror image of Figures AS, 9,15, and 19, Again
the effect of change in side feed flow was not significant in Figures 19 and 20
because of the high fresh feed flow rates and concentration,

In Figures 11,12,13,14,23,24,25, and 26, the results are shown for
similta:eous upsets in methyl acetate flow and side feed sodium hydroxide flow.
Interesting response curves with maximum and minimum points were observed,

In Figures 11,13,24, and 26, the decrease in methyl acetate flow was
higher in magnitude than the increase in side feed sodium hydroxide flow and
as a result the residence time increased. This new residence time increased
the reaction time and caused the outlet sodium hydroxide concentration to
decrease during the first residence time of the second part of reactor. The
effect of increase in side feed flow increased the exit concentration suddenly,

The fresh feed concentrations used in Run 11 were lower than in Run 9, and this
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caused the effect of side feed to be greater in magnitude, as shown in Figures
11 and 13, During the second residence time, the concentration decreased
because the fluid elements in the reactor were not affected by the decrease
in methyl acetate flow., Then the outlet sodium hydroxide concentration
increased and reached its steady state valne after several residence times
of the main peactor. When the reactor was operated at high fresh feed
concentrations, the decrease in sodium hydroxide in the reactor effluent
was not observed during the second residence time for the second half of
the reactor,

In Figures 12,14,23, and 25, the results are shown for methyl acetate
flow (increase) and side feed sodium hydroxide flow (decrease). The change
in methyl acetate flow was more dominant than the side feed fiow. This
resulted in decreased residence time causing the outlet sodium hydroxide
concentration to increase during the first residence time of the second
part of the reactor. When the new concentration profile, produced by the
decrease in side feed flow, reached the probe, the exit concentration dropped
suddenly. The outlet sodium hydroxide concentration increased during the
second residence time for the second half of reactor in Runs 10 and 21, but
decreased in Runs 12 and 23, Since the fresh feed concentrations were higher
in Runs 10 and 21 than in Runs 12 and 23 the reaction rates were also high.
The increase in methyl acetate flow actually gave simultaneous upsets in
inlet concentration and residence time, The effect of change in residence time
was observed immediately after the upset but the upset in concentration become

effective after the first residence time as a decrease in the outlet sodium
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hydroxide concentration,

Many factors influenced the multiple feed recycle reactor outlet
concentration response, The important factors that determined the shape of
the response curves were the initial inlet conditions, the change in residence
time, and the changes in concentration of the fresh feed reactants at the
inlet of the reactor at the time of upset,
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Figure 3, Transient response of outlet sodium hydroxide concentration
to simultaneous upsets in methyl acetate concentration
(increase) and side feed sodium hydroxide flow (decrease)
for multiple feed recycle reactor (Run 1),

o} Experimental data

———— Numerical model



T 1464

Cpo moles/liter

«035

«030

«025

«020

<015

26




T 1464 27

Figure 4., Transient response of outlet sodium hydroxide concentration
to simltanedus upsets in methyl acetate concentration
(decrease) and side feed sodium hydroxide flow (increase)

for miltiple feed recycle reactor (Run 2),

o) Experimental data

———— Numerical model
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Figure 5. Transient response of outlet sodium hydroxide concentration
to simltanecus upsets in sodium hydroxide concentration
"(decrease) and side feed sodium hydroxide flow (decrease)
for miltiple feed recycle reactor (Run 3).

0 Experimental data
Numerical model
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Figure 6, Transient response of outlet sodium hydroxide concentration
to similtaneous upsets in sodium hydroxide concentration
(increase) and side feed sodium hydroxide flow (increase)

for multiple feed recycle reactor (Run 4).

(o) Experimental data

~—— Numerical model
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Figure 7. Transient response of outlet sodium hydroxide concentration
to similtaneous upsets in meihyl acetate concentration
(increase) and side feed sodium hydroxide flow (decrease)

for miltiple feed recycle reactor (Run 5).

o Experimental data

Numerical model
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Figure 8, Transient response of outlet sodium hydroxide concentration
to simultaneous upsets in methyl acetate concentration
(decrease) and side feed sodium hydroxide flow (increase)
for multiple feed recycle reactor (Run 6),.

o) Experimental data

Numerical model
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Figure 9. Transient response of outlet sodium hydroxide concentration
to similtaneous upsets in sodium hydroxide concentration
(decrease) and side feed sodium hydroxide flow (decrease)

for miltiple feed recycle reactor (Run 7).

o) Experimental data

Numerical model
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Figure 10, Transient response of outlet sodium hydroxide concentration
to similtaneous upsets in sodium hydroxide concentration
(increase) and side feed sodium hydroxide flow (increase)

for multiple feed recycle reactor (Run 8).

o Experimental data
———— Numerical model
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Figure 11, Transient response of outlet sodium hydroxide concentrastion
to simltaneous upsets in methyl ,acetate flow (decrease)
and side feed sodium hydroxide flow (increase)

for miltiple feed recycle reactor (Run 9).

o Experimental data
Nunerical model
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Figure 12, Transient response of outlet sodium hydroxide concentration
to simltaneous upsets in methyl acetate flow (increase)
and side feed sodium hydroxide flow (decrease)

for multiple feed recycle reactor (Run 10).

o) Experimental data

e Numerical model
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Figure 13, Transient response of outlet.sodium hydroxide concentration
to similtaneous upsets in methyl acetate flow (decrease)
and side feed sodium hydroxide flow (increase)
for mltiple feed recycle reactor (Run 11),

o Experimental data

——— Numerical model
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Figure 14, Transient response of outlet sodium hydroxide concentration
to simultaneous upsets in methyl acetate flow (increase)
‘and side feed sodium hydroxide flow (decrease)
for multiple feed recycle reactor (Run 12),

(o) Experimental data
———— Numerical model
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Figure 15. Transient response of outlet sodium hydroxide concentration
to simultaneous upsets in sodium hydroxide concentration
(decrease) and side feed sodium hydroxide flow (decrease)
for mltiple feed recycle reactor (Run 13).

0 Experimental data
——— Numerical model
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Figure 16, Transient response of outlet sodium hydroxide concentration
to similtaneous upsets in sodium hydroxide concentration
(increase) and side feed sodium hydroxide flow (increase)
for multiple feed recycle reactor (Run 14),

(o] Experimental data

~———— Numerical model
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Figure 17, Transient response of outlet sodium hydroxide concentration
to simltaneous upsets in methyl acetate concentration
(increase) and side feed sodium hydroxide flow (decrease)

for mltiple feed recycle reactor (Run 15).

o Experimental data
Numerical model
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Figure 18, Transient response of outlet sodium hydroxide concentration
to simltaneous upsets in methyl acetate concentration
"(decrease) and side feed sodium hydroxide flow (increase)
for mltiple feed recycle reactor (Run 16),.

o Experimental data
——— Numerical model
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Figure 19, Transient response of outlet sodium hydroxide concentration
to simltaneous upsets in sodium hydroxide concentration
(decrease) and side feed sodium hydroxide flow (decrease)

for multiple feed recycle reactor (Run 17),

o Experimental data
Numerical model
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Figure 20, Transient response of outlet sodium hydroxide concentration
to simultaneous upsets in sodium hydroxide concentration
(increase) and side feed sodium hydroxide flow (increase)

for miltiple feed recycle reactor (Run 18),

(o) Experimental data
~———— Numerical model
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Figure 21, Transient response of outlet sodium hydroxide concentration
to slmultanecus upsets in methyl acetate concentration
(4increase) and side feed sodium hydroxide flow (decrease)

for multiple feed recycle reactor (Run 19).

o Experimental data

Numerical model
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Figure 22, Transient response of cutlet sodium hydroxide concentration
to simltaneous upsets in methyl acetate concentration
(decrease) and side feed sodium hydroxide flow (increase)
for multiple feed recycle reactor (Run 20),.

o} Experimental data
~——— Numerical model
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Figure 23, Transient response of ocutlet sodium hydroxide concentration
to simltaneous upsets in methyl acetate flow (increase)
-and side feed sodium hydroxide flow (decrease)
for multiple feed recycle reactor (Run 21),

o] Experimental data

Numerical model
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Figure 24, Transient response of outlet sodium hydroxide concentration
‘to similtaneous upsets in methyl acetate flow (decrease)
ard side feed sodium hydroxide flow (increase)

for rmltiple feed recycle reactor (Run 22).

(o) Experimental data
Numerical model
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Figure 25, Transient response of outlet sodium hydroxide concentration
to simltaneous upsets in methyl acetate flow (increase)
and side feed sodium hydroxide flow (decrease)
for mltiple feed recycle reactor (Run 23).

o Experimental data
———— Numerilcal model
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Filgure 26, Transient response of outlet sodium hydroxide concentration
to simultaneous upsets in methyl acetate flow (decrease)
and side feed sodium hydroxide flow (increase)
for multiple feed recycle reactor (Run 24),

o Experimental data
———— Numerical model
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CONCLUSTONS

The experimental and theoretical results led 1::0 the following conclusions:

1. The numerical model was effective in predicting the dynamic response of
the multiple feed recycle reactor,

2, The dynamic response curves were magnified by thr upsets in side feed.

3. Since the side feed was operated at low flow rates and concentrations,
its effect was not significant when the high fresh feed flow rates and
concentrations were used for the multiple feed reeycle reactor.

4, A faster control of product concentration was achieved by the side
feed upsets.,

5. The agreement between the experimental data and the dynamic response
predicted by the mathematical model was good within 5%,

6. The deviations which occur between the numerical model and the experimental
data were probably caused by radial dispersion,
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Run 1

CAO =,1973
CBO = 1066
CAS]_ =, 0%

FAO =,019
FBO 3.0“'8
Fasy =.022

Fesi =.0
% =,021

Time (min)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
Ak
1.6
1.8
2,0
2.4
2,8
3.2
3.6
b.0
4.5
5.0
5¢5

CAQF =.1973
CBoF =.1885
CASIF =.0944
CBSiF =.0

Fap =019
Fgp =.048
FoSIF =010
FBSIF =.0

QF =.021

Cp (moles/liter)

0.0327
0,0324
0.,0295
0,0261
0.0227
0,0154
0.0149
0.0147
0,0144
0,0139
0.0133
0.0125
0,0123
0.,0122
0.0121
0.0119
0.0118
0.0118
0.0118

Table 3

Run 2

Cao =.1973
Cgo =-1885
CAS1 =.0944
CBs1 =.0

Fpo =.019
FBO =.048
Fas1 =.010

FBs1 =.0
QR =,021

Time (min)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2,0
2.4
2,8
3.2
3.6
4,0
4.5
5.0
545

CAOF =+1973
CBOF =+1066
CASIF =094
CBS1F =+0

Fap =019
FBr =.048
Fasip =.022
FBsiF =0

Qrp  =.021

Cp (moles/liter)

0.0118
0.0121
0.0170
0.0181
0.0220
0.0272
0.0275
0,0281
0.0286
0.0293
0.0304
0.0313
0.0317
0.0321
0.0323
0.0325
0.0326
0.0327
0.0327

75
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Cao =.1973

CA51 300944
CBsi =.0

Time (min)

0.0
0.2
0.4
0.6

0.8
1.0

1262
1.4
1.6
1.8
2,0
2.4
2.8
3.2
3.6
4,0
a.5
5.0
5¢5

CAOF =094
Cpop =.1066
CASIF =.0944
CpsiF =.0

Far =.019
Fgp =.048
Fasif =.010
Qrrp =021

Cp (moles/liter)

0.0327
0.0325
0,0291
0.0260
0,0222
0,0168
0.0164
0.0160
0,0157
0.0155
0.,0152
0.0143
0.0136
0.0134
0.0133
0,0132
0.0131
0.0130
0.,0130

Table &

C‘O =.0W‘
CBO =,1066
CASI =009uu

1.6
1.

2.8
3.2
3.6
4.0
b,5
5.0
5¢5

CAOF =.1973

CBoF
CASIF =.0%44
CBsS1F =.0

Fpop =019
Fgp =048
Fasip =.022
Qrp =.021

Ca (moles/liter)

0.0130
0.0131
0,0185
0.0198
0.0252
0.0292
0.,029%
0.0296
0.0299
0,0306
0.0314
0.0321
0.0322
0.0323
0.032%
0.0325
0,0326
0.0327
0.0327

=,1066

76
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Run 5

Cro =.1973
Cgo =.1066
Casy =e0944
Cpsi =.0

Fpo =4050
Fap =074
Fpsy =040

FBS1 =,0
Q@ =.021

Time (min)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.4
2.8
3.2
3.6
4.0
4,5
5.0
5¢5

CAoF =.1973
CBOF =.1885
CAS1F =094
Cps1p =0

FAF =050
Fgp =074

Fpsyp =+022

Fpsyr =0
QRF =,021

Cy (moles/liter)

0,0566
0,0560
0,0523
0.,0397
0.,0387
0,0382
0.0378
0.,0372
0,0367
0.0363
0,0361
0.0359
0,0358
0,0357
0.0357
0,0356
0,035
0,0356
0.0356

Run 6

CAO =,1973
Cg *.1885

CAS1 =094
Cgsi =«0

Fpo =.050
Fgo =.074
Fasy =.022

FBSi =.O
Qr =,021

Time (min)

0.0
0.2
0.4
0.6
0.8
2.0
1.2
14
1.6
1.8
2.0
2.4
2.8
3.2
346
4.0
b5
5.0
5e5

CaoF =.1973
CBOF =+1066
CpsiF =e094s
Cpstp =0
Fyp =050
Fgp =074
Fasqy =+040
Fpsip =+0

QRF =,021

Cy (moles/liter)

0.0356
0.0376
0.0411
0.0527
0.0536
0.0539
0.,0544
0.0551
0.0556
0,0558
0.,0560
0,0562
0.0567
0,0566
0.0565
0.0567
0.0567
0.0567
0.057

77
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Run 7

Cpo =+1973
Cpo =+1066
Cps1=+ 094
Cps1=+0
Fpp =+050
Fpo =,074
Fas1=.040
Fps1=.0

Qg =.021

Time (min)

0.0
0.2
0.4
0.6
0.8
1.0
1,2
1.4
1.5
1.8
2.0
2.4
2.8
3.2
3.6
4.0
4,5
5.0
55

Cpop =+O0FH
Cgop =+1066
CASIF =094l
CpsiF =40
Fap  =.050
Fgp o074
Fasip =.022

FgsiF =,0

QR? =,021

Cp (moles/liter)

0.0566
0.0560
0.0516
0.0330
0.0312
0.0310
0.0301
0.,0290
0.0286
0,028%
0.0282
0.0279
0,0278
0.0278
0.,0277
0.,0276
0.0277
0,0277
0.0277

Run 8

Cap =e09%
Cgo =.1066
Cpsy =094
Cpsg =.0
Fpo =+050
Fgo =.074
Fpgy =022

FBSi =,0

QR =,021
Time (min)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.4
2.8
3.2
3.6
4.0
4,5
5.0
5¢5

CAOF=.1973
CgoF = 1066
CAsiFp =.09%44
CBS1F =.0
Fpp  =.050
Fgp = =.074
Fpsip =-040
Fpsip =0

QRF =,021

Cp (moles/liter)

0,0277
0.0295
0.,0338
0,0526
0.,0530
0.0532
0.,0543
0,0552
0.0557
0.0559
0,0561
0.,0562
0,053
0.0564
0.,0565
0.0566
0.0567
0.0567
0.0567

78
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Table 7
Run 9 Run 10
Cao =.1973 CaOF =.1973 Cpo =+1973 CpoF =.1973
Cgo =.1885 CgoF =.1885 Cpo =.1885 CBOF =.1885
Casy =e.0944 CASIF =e0944 CAS1=.0944 CASIF =.0944
Cpsi =0 Cps1F =0 Cps1=.0 CBS1F =0
Fro = Fap =.044 Fpo =.044 FoAp =.044
FBO =.07l& FBF =,048 FBO = FBF =007L|'
Fpgq =+010 FpsiF =+022 Fos1=.022 FAS{F =+010
FBSI =.0 I‘BSIF =0 FBSi=.° FBS]_F =,0
Qr =.021 Qe =.021 Qg =.021 Qrr  =.021
Time (min) Cp (moles/liter) Time (min) Cp (moles/liter)
0.0 0,0260 0.0 0,0447
0.2 0.0257 0.2 0.0449
Okt 0,0292 Ol 0.,0412
0.6 0.0314 0.6 0,0310
0.8 0.0407 0.8 0,0282
i.0 0.0411 1.0 0,0280
1.2 0.0414 1.2 0.0278
10"’ 0.0’422 1.4 000271
1.6 0,0427 1.6 0.,0266
1.8 0,0432 1.8 0,0264
2,0 0.0436 2.0 0.0263
2.4 0.,0439 2.4 0.,0263
2.8 0.0441 2.8 0.0262
3.2 0.,0L43 3.2 0.,0262
3.6 0.0445 3.6 0.0261
4,0 0.0446 4,0 0.0260
4,5 0,0447 4.5 0.0260
5.0 0.0447 5.0 0.0260
5.5 0.0447 5.5 0,0260
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Time (min)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.4
2.8
3.2
3.6
4.0
ke5
5.0
545

CAOF =094
CBOF =.1066
CAS1F =.09%4
CpsiF =.0
FAF =044
Fgr =.048
FastiF =.022
FpsiF =+0
Qrp =021

Table 8

Cp (moles/liter)

0,0202
0.0200
0,0249
0,0263
0.0297
0.0310
0.0313
0.0319
0.0323
0.,0327
0.0330
0.0331
0.0332
0.0333
0,0332
0.0332
0.0333
0,0334
0.0334

Run 12
CAO "—"00%4 CAOF =.09W-lv
CBO =,1066 CBOF = 1066
Cast . =.0944 CASIF =.0%44
Cps1 =.0 CBsiF =0
Fpo = Fap  =.044
Fgo =.048 Fgr =.074
FASI =,022 FASlF =,010
Fpsy =0 Fpsip =0
Qg =.021 QRF =021
Time (min) Cy (moles/liter)
0.0 0.0334
0.2 0.0336
0.4 0.0291
0.6 0.0224
0.8 0.0217
1.0 0.0214
1.2 0.,0211
1.4 0.0209
1.6 0.0208
1,8 0.0207
2,0 0.0206
2.4 0,0205
2.8 0.0204
3.2 0.,0203
3.6 0.,0203
4,0 0.0203
5.0 0.0203
5.5 0.0203
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CAO =,2239 CAOF =,1121
Cpo =.1186 Cgor =.1186

Cps1 =40 CpsiF =0
Fpo =.032 FAF =032
Fgp =048  Fpp =.048
Fas1 =.022 FASiF =.010
Fpsy =.0 FpsiF =0

Qr =.,036 QrRF  =.036

Time (min) Cp (moles/liter)
0.0 0.,0562
0.2 0,0560
O.lt 0.0515
0.6 0,0462
0.8 0,0317
1.0 0,0312
1.2 0.0302
1.4 0,0290
1.6 0.0270
1.8 0.,0262
2,0 0,0257
2.4 0,0248
2.8 0,0242
3.2 0.0239
3.6 0,0237
4.0 0.0236
4,5 0,0237
5.0 0,0237
5.5 0,0237

Table 9

Run 14
Cpo =.1121 CAOF =+2239
Cro =,1186 CBOF =,1186 )
Casy =.1121 CasiF =.1121
Cpsy =0 CBS1F =«0
Fpo =.032 FaAp =.032
FBO =o0158 FBF =.048
FASl =,010 FAS]_F =,022
Fps1 =.0 FpsiF =.0
QR =0036 QRF =0036
Time (min) Ca (moles/liter)
0.0 0,0237
0.2 0.0239
0.4 0,0299
0.6 0,0370
0.8 0.0470
i,0 0,0480
1.2 0.,0495
1.4 0.0515
1.6 0.0532
1.8 0.,0542
2,0 0.0545
2.4 0.0551
2.8 0.0554
3.2 0.0557
3.6 0.0558
4,0 0,0559
4,5 0.0561
500 0.0562
505 000562
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DO 10 e o bt e
OCONPLEODOAFTNO®

\n

WwEEFWWN
z)o e o o o

5¢5

CAOF =.2239
Cpop =+2090
CAS1F =.1121
CsiF =0
Fop =032
Fpp  =.048
FpsiF =010
FpsiF =0
Qrp =.036

Cp (moles/liter)

0,0562
0.0561
0.0515
0,0485
0,0362
0.0350
0.0344
0,0333
0.031%
0.0305
0.,0299
0.02%
0.0291
0.0288
0,0287
0.0286
0.0284
0.0285
0.0285

Tablp 10

Run 16
cAO =,2239 CAOF =,2239
Cgo =+2090 CBOF =.1186
Casi =.1121 CASIF =.1121
Cgs1 =.0 CBSIF =.0
Fpo =.032 FaAp =.032
FBO -.01&8 FBF —.0“8
FASI_ =,010 FASlF =,022
Fpsy =0 Fpsir =«0
QR =.036 QRF =0036
Time (min) Cp (moles/liter)
0.0 0.0285
0.2 0.0287
0.4 0,0342
0.6 0.0385
0.8 0.0462
1.0 0.0477
1.2 0.0490
1.4 0.0507
106 000525
1.8 0.0533
2,0 0,0538
2.4 0.0550
2,8 0.0557
3.2 0.0557
3.6 0.0558
4,0 0.0559
b,5 0.0560
5.0 0.0561
505 0.0561
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Time

0.0
0.2
0.4
0.6
0.8
1.0
1.2

1.6
1.8
2,0
2.4
2,8
3.2
3.6
4,0
l&.5

55

Run 17
=,2239
=,1186
=,1121

=,050
=,074

=,0
=,036

(min)

=,1121
=,1186
CASIF =.1121
CesiF =0

=,050
=,074
Fosip =022
FpsiF =+0

QRF =. 036

Cp (moles/liter)

0,0644
0.0635
0.0588
0.0373
0,0367
0,0360
0.,0342
0.0335
0,0332
0.0330
0.0328
10,0326
0.0324
0.0324
0.0323
0,0322
0,0323
0.0322
0,0322

Table 11

Run 18
OAO =e 1121 CAOF =e 2239
CRo =.1186 CBOF =.1186
Casi =.1121 CAsir =.1121
Cps1 =.0 CBSiF =.0
FAO =o°5° FAF e 050
FBO =,074 Fgr = o74
Fpsg =0 Fpsir =+0
Qr =036 QrF =036
Time (min) Cp (moles/liter)
0.0 0,0322
0.2 0.,0348
0.4 0.0410
0.6 0,0592
0.8 0,0598
1.0 0,0610
1,2 0.,0623
1.4 0.0631
1.6 0,0634
1.8 0,0638
2,0 0,0640
2.4 0,0643
2,8 0.0642
32 0.0641
3.6 0.0643
4,0 0.,0644
u' 5 Oo 0614'“
5.0 0.0644
5.5 0.,0644
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2.8

5¢5

Caor =+2239
CBOF =.2090
CasiF =.1121
CBS1F =40

FAF =.050
Fpp =074

FASiF =,022

FpsiF =0
Qp =036

Table 12

Cp (moles/liter)

0.0644
0.0637
0,059
0,0451
0, O4hls
0,0434
0.0419
0,0412
0,0409
040407
0., 0404
00401
0,0399
0,03%8
0,0399
0.0400
040399
0.,0400
00400

Run 20
0351 =,0 CBSIF .0
FAO =o°50 FAF =0050
Fgo =074  Fpp =074
FASi =,022 FASiF =,040
FBSI -.0 FBS1F 5'.00
Qq =03 Qe =03
Time (min) C, (moles/liter)
0.0 0,0400
0.2 0.0426
0.4 0.0470
0.6 0,0587
0.8 0.0595
1.0 00608
1.2 0.0623
1.4 0.0628
1.6 0.0635
1.8 0.0640
2,0 0.0641
2.4 0,0642
2,8 0.0643
3.2 0. 0644
306 000646
4,0 0.,0645
4,5 0,064
5.0 0,0644
545 00644
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Run 21
Cap =e2239 CAOF =+2239
Cpo =.2090 CBOF =42090
Cast =.1121 CasiF =.1121

Cpsi =0 CpsiF =0
Fpg =eO4l Fap =044
Fgo =.048 Fgp =e074
Fpsy =022 Fpsip =+010
Fpgy =.0 Fpsip =0

Qg =.0% Qrr =036

Time (min) Cy (moles/liter)
060 0.0508
0.2 0.0515
0.4 0,0481
0.6 0.0355
0.8 00330
1.0 0.0325
1,2 0,0310
1.4 0,0302
1,6 0,0300
i.8 0,0297
2.0 0,0293
2.4 0,0289
2.8 0,0287
3.2 0,0286
346 0,0287
4,0 0,0288
b5 0,0288
500 0. 0288
5.5 000288

Table 13

Run 22
Cho =+2239  Cpop =42239
CBo =¢2090°  Cpgp =+2090
Casy =e1121  Casyp =.1i21

Cpsi =0 CBSIF =,0
FBO 8007"' FBF =,048
FAS’. =,010 FASi’ =,022
Fpsg =0 Fpsip =40

QR =0036 QRF =e 036

Time (min) Cp (moles/liter)
0.0 0,0288
0.2 00,0283
Oolt 0,0323
0.6 0.0393
0.8 0,0443
1.0 0,0450
1.2 0,0458
1.4 0.0476
1.6 0,0487
1.8 0,0491
2,0 0,0498
2.4 0.0503
2,8 0.0505
3.2 0.,0507
3.6 0.,0508
4,0 0.0509
ko5 0.0509
5.0 0.0509

5¢5 0.,0509
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Table 14
Run 23 Run 24
CA'O =,1121 CAOF = 1121 CAO =,1121 CAOF =,1121
Cgp =.1186 CBOF =.1186 CBo =. 1186 CBOF =.1186
cAsl~ =,1121 CasiF =.1121 Casy =.1121 CasiF =.1121
cBSi =,0 cBSiF =,0 CBSI =,0 CBSiF =,0
F‘o =.0M" FAF 8.041& FAO =00M FAF -‘-'.0‘414
Fgo = 048 Fgp = o774 Fgo = 074 Fgp = 048
FASl =,022 FAsip =,010 FAsi =,010 FASIF =,022
Fpsy =0 Fpsip =0 Fpsy =0 Fpsip =0
QR  =.036 Qrrp  =.036 Qp =.036 Qrp =036
Time (min) Ca (moles/liter) Time (min) Cy (moles/liter)
0.0 0.0393 0.0 0.0232
0s2 0,034 0.2 0.0230
0.4 0,0343 Oolt 0.,0283
0.6 00270 0.6 0.,0331
0.8 0.,0268 0.8 0.0353
i.0 0,0257 1.0 0.0357
1.2 0,0245 1.2 0.0365
i.4 0.0240 1.4 0.,0375
106 0.0239 1.6‘{: 000383
1.8 0,0237 1,8 0.0385
2,0 0.0236 240 0.0387
2.4 0.,0234 2.4 0.0390
3.2 0,0233 3.2 0.,0392
306 0.,0233 306 0,0392
4,0 0.,0232 4,0 0.0391
4.5 0.,0232 4,5 0.0391
5.0 0.,0232 5.0 0,0392
5.5 0,0232 5.5 0,0392
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APPENDIX 1II

Computer Program
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DIMENSTION cAC102),cBC0122),CAS(10:3),C88(112),CAR(123),CBR(122)
CIMENSIOQN CAF(l??).CBF(iCK)-CA‘F(l 2),CH3F(102),CARF (10€)
CIMENSTON cBRF(162),CAP(L22)CEP(L47),CASP(123),CBSP(100)
DIMENSION CARP(4122),CBRP(147)
7¢ READ(S.zz?) Z2,CA0,CAZF,CB#,CRAF,CASL,CASLF,CRSY, CBSIF
IF (#) 1?%6.1;w3.1*0
122 READ(54444) CRL,QRF,ReR1,ALPALLINL) N2 WM
READ<5.222>AK.FAz.FAF.Fa@.FgF.FAsl.FA31F.F881.F851F
222 FORMAT(SF) .
333 FORMAT (2%, 'FAZ=s" ,FA,4,4X,'F32%2" ,F8,4,4%X,'FASy=
1F6,4,4X,'851=2",F6,4,8%X,"0R=",F6, 4./)
444 FORMAT(6F,31)
555 FOQ“AT<2x.'r~r= 1F6.4,)4Xs 'FBFEY,F6,4,4X 'FASLFY,
1F6,4,3%,'FRSLF="1,F5,4,2X, '2RF=',F6, 40/)
666 FORMAT(2Y, 'Vu"'.FH b,gx.'voL1=',ra.5,2x.'v=',
AFB.4,2X, N3 ,FB,6,2X,'Viz",F8,6,7)
777 FORMAT(2X,'CAT=Y,F7.5,3Xs'CRUS",F7.5,3Xs"'CAS12,F7.5,
13X, '0881z"',F7.5,/)
888 FORMAT(ox, *INITIAL STFADY STATE COMCENTRATION=,F7,5,//)
999 FORM AT(?X.'”A’Fz'.F7 5,2X,'CBgF=',F7,5,2%X,'CASyF=",
1F7.5,2X,'Cn51F=",F7.5, /)
1111 FOQMAT(QX.'FIYAL STEADY STATE CONCENTRATICON=',F7,5,//7)
2222 FORMAT(2X,'DT=',F12.,10,//)
3333 FORMAT (3X,*TIMEY, 72X, "CONCESNTRATIONY)
8888 FORMAT(1k1,2X, ' TEST RESULTS FOR RUN NQ=',F5,2,//7)
9999 FORMAT(2X,6(F12,8,2%))
WRITE(6,0388)%2
AREA=3,1416%ReR
AREA1=3,1416%R1sR1
VOL3AL#AREA/125D,
VOL1=ALLsAREAL/L22D,
AN1sH1
ANZ23N2
AM=zM
VaVOL/Z(2,8AN3)
VSaVOL/Z(2,#AN2)
Vi=VOL1/40
WRITE(6,666)V0L,V0L1,V,VS,VY

INITIAL STEADY STATE CALCULATIONS

WRITE(4,777)CA%,C%,CA%1,C1251
NRITE(6.333)FAQ.FB':‘;.FASI,!FQNJ,;{\R
GeFAZ+FET+0R
6GS=Q+FAaS1+FRSY
CACL)=CAvaFAT/Q
CB(1)=CRUwFBU/Q
CL=,?
Czu/ (AK®VY)
CS=0S5/(akayq)
C1S=QR/(A<«Vy)
66 AMEsC3(1)=CA(1)
BsAM2+C
00 11 1=2,H1
CA(l)s=,540+,5450RT (BaB+4,#CA(1-1)%C)
11 CB(I1)=AMi+CALD)
CAS(l)“(G“CA(«1)¢FA51“CA913/QS
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B TN

CBS(1)=(0uCB(1)+FNRS14CRESL) /NS
AMZ1=CB8S8(1)=CAS(1)
BSsAMZ1+C3
B1S2AME1+01S
DO 22 l=z2,N2
CAS(])==~,5aB8S5¢,58SORT(RS#BS+4,4CAS(]-1)"CS)
22 CBS{I)=AM 1«CAS(])
CAR(1)=CAS(42)
CBR(1)=cpS(Ng)
DO 3T 1=z2,n
CAR(1) == ,54R15+ .583Q0RT(B1S#31S+4,#CAR(1~1)%C1S)
I3 CBR(1)=AMZ21+CAR(])
IFCABS(CAS(N2)-CL)=,22081)44+44,55
B85 CA(L)=cACHFAZ/Q+cAR(MINAR/G
CB(l)=CBQ%F8E/Q+CBR(M)°QR/3
CL=CAS(NZ2)
G0 TO 46
44 WRITE(6,8538)CAS(N2)

FINAL STEADY STATE CALCULATIONS

WRITE(6,999)CAAF ,CRaF,CASLF,CRSF
WRITE(5,555)FAF,FRF,FASLF,FRBSLF,RRF
GF=FAF+FRF+QRF
CSF=QF+FASIF+FURSLF
CAF(1)=CArFaFAF/OF
CBF (1)~ CFIFeFRF/GF
CL=,0
CF=qF/7(AK=aY)
CSF=0SF/(AkaV3)
 C4SF=dRF/(AK®YYL)
111 AMZF=CaF(1)=CAF(1)
BF=AM3F «CF
00 77 1=2,11
 CAF(I) == ,54BF+,54SORT(RF&BF+4 #CAF (1 ~1)#CF)
77 CBF(I)=AMAF+CAFL{])
CASF(1)=(GFaCaF (1) +FASIF#CASLF ) /23
CBSF (1) (FuChF (1) +FgS1FaCys1F)/asF
AMZ1F=CRSF(1)-CASF (1)
BSFaAMA{F«(5F
B1SFzAMHALF+015F
UO 88 I éa“a
ASF(1)z~,58E5F+,5430RT (RSF#ESF+4, uCASF(I 1)«CSF)
88 casr<1>-»~ *4F+CASF(])
CARF (1) =CASF(2)
CRBRF(1)=CaSF(n2)
'DO 99 I:Q.M
CARF(1)z-,54RB1SF+,5¢SQRT(BLSF#B1SF+4,8CARF(]-1)#C1SF)
99 CBRF (1)=& 'M1F+CARF (1)
IF(ARS(CASF (H2)=CL)Y =+ 2208101102
2 CAF(1)=CcaiF#FAF/QF 4+ CARF (M) #QRF/GF
CBF(1)=Cr " FuFBF/QF «CBRF (M) #IRF/GF
CL=CASF (n2)
GO 70O 111
1 WRITE(6,1111)CASF(12)
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QOO0

CALCULAT]ONS FOR THE STABILITY OF THE SYSTEM

K=1
TETAO=CAS(N2)

Cle,2

TAzV&ANL/D

TASaV3#ar2/Q3

TA13VOL1/7R

TB=VepAN1/0F

TBSsV3aal 2/70SF

TB12VOLL/IRF
WRITE(4,9999)TA,TAS,TAL, TR, TBS, TR
T=AMINL1(TA,TA3,TAL1,T8,T8S,TB1)
Di=1,/7(Q/7V+aK4CA(2))
D2=1,/(n/V+AKaCA(NL))
D3=1,/(Q/V+AKSCB(2))
Dda=1,/702/7Y+AKaCB(N1))

DS=1,/7(08S/VS+AKeCAS(2))

D6=1,/(QS/V3+AKaCAS(N2))
D7=1,/(08/y3+AK#CRS(2))
PB=1,/(2S/VS+AKaCRS(ND))
09=1,/(QR/VLI+*AK#CAR(R))
D12=1,/7(GR/VLI«AKsAR(M))

D11=1,/(CasviesaksCar(2))
01221, /7(0R/V1¢AKaCBR(M))
WRITE(6,9999)01.,D2,03,04,05,06

WRITE(6,9999)07,08,09,012,011,012

D1321,/7(0F/V+AKSCAF(2))

D14=1,/(OF/V+AK#CAF (N1))
01521,/ (GF/V+AK#CBF (2))
01621,/ (CF/¥+AK#CBF (N1))
D1721,/(05F/VS+AKECASF (2))

D18=1,/(OSF/VS+AK&CASF(N2))

D191, /(C3F/VS+AXuCRSF(2))
D2221,/(CSF/VS+AK#nBSF(N2))
02121 ,/(CRF/Vi+AK#CARF(2))
D22s51,/7(CrF/VitAKSCARF (M)
D231,/ (URF/VL+AKsCRRE(2))
D421,/ (CRF/VL+AKeCBRF(M))
WRITE(6,9999)513,014,01%5,016,5017,D138
WRITE(6,0999)019,022,021,022+023,024

DO1=AMINL(DL,02,03,04,05,(6,07,08,09,012,011,012)
DD2=AMINI(D13,014,015,046,017,018,D19,D20,021,022,023,024)

DY=AMINL(GDL,ND2)
OD=T/12,

OT=,9#0T
IF(OD,LT,OTI0T=0D
WRITE(s,2222)07

CALCULATIONS FOR THE TRANSIENT RESPONSE

WRITE(6,3333)

TlME‘Q\}

CCisAK®DT

CC2=0F=DT/V

CC3=0SFenT/VS

CC4=0ORFeDT/VL .
WRITE(6,4444)TIME,CAS(N2),TETAD

9
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9@
19

20

32

42

5g

62

8c

1ep2

CA(1)=CACFaFAF/OF+CAR (M) #QRF/0OF
CB(L)=CR¢FaFBF/OF+cBR =) 8GRF/ZQF
DO 18 I=2p;'41

CAP(D)=cA(I)e(Ll.~gc2-cCciecstI))ecc24cAa(l-1)

D0 22 1=2,14
CA(1)=CAF (1)
CB(1)=CRF (1)
CAS(1)=(Ch(h1)oQF «CASIFRFASIF)/QSF
CBS(1)=(CB(NL)aQF+CBSLFuFRSLF ) /QSF
D0 3@ I=s2,m2

CASP(I)=pAS(IY® (1, ~cC3~cCl®eRS(T)
CBsptl)-fug(l)a(le_cc3 CC14CAg(1))+CC
DO 47 l=z2,u2 .
CAS(1)=0a3P (1)
CBS(I)=Ccasp(l)

DO 52 1=2,M

CARP(I)zeAR(1)# (1, -gcd-cCl*car(])
CBRP(1)=CRQ(1)#(1.-CC4-CCL#CARILT)
DO 62 l=2,#

CAR(I)=CARP (]}

CBR(I)=CRap(])

CAR(1)=CAS(N2)

cgR{1)=cn3(n2)
TETASTETA2(1,-25,#DT)+25,DT4#CAS(N2)

TETAQ=TETA

IF(8, LT, TIMENGD T0 72
IF(TIME,LT,X#,1)60 TO 39

K=K+l

WRITE (6, 4144)T1qg CAS(M2), TETAQ
TIME=TIME+NT

CA(L)=CAPFaFAF/QF +CAR(M)#QRF /QF

CB(L)=CBeF#FBF/QF+CBR(M)®ORF/QF

GO TO 9¢
STOP

.END

Y+pcdsn
)+CC4«

c

Ch

A
3

T

Y+cc3I#cASII=-1)
)+CC38COG(1-1)

(1-1)
(1-1)
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Notation
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NOTATION

CA(x,t) Concentration of sodium hydroxide in the main reactor before side
feed (function of x and t), moles/liter

CB(x.t) Concentration of methyl acetate in the main reactor before side
feed (function of x and t), moles/liter

CAs(xs,t) Concentration of sodium hydroxide in the main reactor after side
feed (functicn of xg amd t), moles/liter

Cps(xget) Concentration of methyl acetate in the main reactor after side feed
(function of xg and t), moles/liter

cm(x',t) Concentration of sodium hydroxide in the recycle line (function of
x' and t), moles/liter

CBR(':t",gt) Concentration of methyl acetate in the recycle line (function of x*
and t), moles/liter 1
CA(I) Concentration of sodium hydroxide at jth

tank or position before
the side feed, moles/liter

CB (1) Concentration of methyl acetate at ith

tank or posion before the
side feed, moles/liter

CAS (1) Concentration of sodium hydroxide at 1th tank or position after -the
side feed, moles/liter

CBS(I) Concentration of methyl acetate at ith tank or position after the
side feed, moles/liter

Cpr(T) Concentration ofsodium hydroxide at gth

recycle line, moles/liter

tank or position in the
cBR(I) Concentration of methyl acetate at 1*® tank or position in the
recycle line, moles/liter

Ca0 Concentration of sodium hydroxide in stream A before upset,
moles/liter

Cro Concentration of methyl acetate in stream B before upset, moles/liter
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Concentration of sodium hydroxide in side stream A before upset,
moles/liter

Concentration of methyl acetate in side stream B before upset,
moles/liter

Concentration of sodium hydroxide in stream A after upset, moles/liter

Concentration of methyl acetate in stream B after upset, moles/liter

Concentration of sodium hydroxide in side stream A after upset,
moles/liter

Concentration of methyl acetate in side stream B after upset,
moles/liter

Flow rate of stream A before upset, liter/min,

Flow
Flow
Flow

rate
rate
rate
rate
rate
rate
rate
rate
rate
rate
rate
rate

rate

of stream B before upset, liter/min.

of side stream A before upset, liter/min,

of side stream B before upset, liter/min,

in the main reactor before side feed before upset, liter/min,
in the main reactor after side feed before upset, liter/min,
in the recycle line before upset, liter/min,

of stream A after upset, liter/min.

of stream B after upset, liter/min.

of side stream A after upset, liter/min,

of side stream B after upset, liter/min,

in the main reactor before side feed after upset, liter/min,
in the main reactor after side feed after upéet, liter/min,

in the recycle line after upset, liter/min,

velocity in the main reactor before side feed, meters/min,
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Flow velocity in the main reactor after side feed, meters/min.
Flow veloecity in the recycle line, meters/min,

Volume of element in the main reactor before side feed, liters
Volume of element in the main reactor after side feed, liters
Volunme of element in the recycle line, liters

Time variable, min,

Length variable of the main reactor before side feed, meters
Length variable of the main reactor after side feed, meters
Length variable of the recycle line, meters

Length of the main reactor before side feed, meters

Length of the main reactor after side feed, meters

Length of the recycle line, meters

Number of times the main reactor before side feed is divided
Number of times the main reactor after side feed is divided
Number of times the recycle line is divided

Number of CFSTR's

Tank or differentlal element

Concentration difference between A and B at entrance of the main
reactor, moles/liter

Concentration difference between A and B at entrance of the main
reactor after side feed, moles/liter

Reaction rate constant, liter/mole-min,
Effective dispersion coefficient, meter?/min,

Differential length in the main reactor before side feed, meters
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Axg
axt

at

Differential length in the main reactor after side feed, meters
Differential length in the recycle line, meters
Time increment, min,

* Flow rate in the recycle line/Flow rate in the main reactor before

side feed

Flow rate of side stream A and B/Flow rate in the main reactor after
gide feed
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