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Experimental and theoretical transient response data are presented for o tubular reactor
with recycle, illustrating the distributed nature of this feedback system. The transient con-
centration response of an isothermal tubular reactor with recycle was studied experimentally
ond theoretically for inlet concentration and flow upsets. The reaction studied experimentally
was the second order homogeneous liquid phase saponification of methyl acetate with sodium

hydroxide.

Theoretical models using residence time distribution (RTD) techniques have been developed.
The fact that the theoretical model (RTD) predicts the dynamic response data for the recycle
reactor with and without reaction in the recycle line for both single flow and concentration
upsets verifies that this model is satisfactory for simulation of recycle tubular reactor dynamics.

Tubular chemical reactors have received much attention
in the past decade, and many investigators have contrib-
uted to the literature existing on tubular reactors. Tubular
reactors with recycle, on the other hand, have been con-
sidered only to a limited degree. Most work has involved
analysis of steady state systems, and much of the work
that has been done in theoretical for both steady state and
unsteady state systems. To the authors’ knowledge, no
experimentally verified theory has been reported in the
literature for unsteady state tubular reactor system with
recycle.

The present work is an experimental and theoretical
study of an unsteady state isothermal plug-flow tubular
recycle reactor with and without reaction and a transporta-
tion lag in the recycle line. The objectives of this study
were to investigate the transient response of the recycle
reactor system to step changes for a short recycle line, as-
suming that no reaction occurs in the recycle line and for
a recycle line when reaction occurs.

The main purpose of this investigation was to verify
experimentally and to develop a theoretical model to pre-
dict the transient concentration response of a recycle re-
actor for upsets in flow rates and inlet concentration. The
system that was studied was a tubular recycle reactor
operated under isothermal conditions for a homogeneous
second-order liquid phase reaction. This system can be
represented by a set of nonlinear partial differential equa-
tions which have to be solved simultaneously.

One of the reasons why distributed parameter problems
of this nature have been studied very little may be the
complexity of the theoretical modeling because of the
nonlinear nature of the describing functions. This fre-
quently leads to the development of the lumped param-
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eter model, which is a technique used to simplify models
of distributed parameter systems. However, this paper
presents a residence time distribution solution technique
which the authors feel is superior to other simulation
models for tubular recycle reactors. This model gives good
agreement with experimental data. The equations devel-
oped for the tubular reactor with modifications will be
applied to the isothermal recycle reactor.

The reaction used in the experimental study was the
saponification of methyl acetate by sodium hydroxide,
given by

CH5COOCH; + NaOH - CH;OH + CH3COON,

This reaction was used because it is an irreversible second
order reaction with a relatively high reaction rate constant
at 40°C. The kinetics were obtained from a previous study

(1).

MATHEMATICAL MODEL

In the system studied, a fraction of the effluent stream
from a tubular reactor is returned through a recycle line
to mix with the fresh feed at the inlet. It is assumed that
the mixing between the recycle stream and the fresh feed
is instantaneous and perfect. Other assumptions used
throughout the analysis are that plug-flow exists in the
reactor and recycle line, that there is no axial dispersion of
mass, and that radial concentration gradients do not exist.

If one examines the design equation for a plug flow
tubular reactor (PFTR) Equation (1) and for a batch
reactor Equation (2) he can easily see that the length in
a PFTR corresponds to time in a batch reactor.

X (1

Batch, ¢t = Cao J‘
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Plug-flow reactor, + = Cag f (2)
This analogy between the batch and the tubular reactor
can be used for predicting the response of a plug-flow
tubular reactor.
From Equations (1) and (2), the solutions for the
k

second-order reaction, A + B = C -+ D, for single con-
centration and flow upsets are developed in the following
section for a plug-flow loop reactor shown schematically
in Figure L.
Single Concentration Upset in Inlet Reactant

Symbolically a single concentration upset in sodium
hydroxide can be given as

Car # Car, Co1i = Cpr, Fao = Aay, |
Fpo = Fp1, Qre = Qrer

Initially the recycle reactor is at a given steady state before
a concentration upset is made at ¢t = 0. Figure 1 shows
where the symbolic flow rates and concentrations occur
in the system.

For t < 0, the outlet steady state values are Cao; and
Cpo, and the effluent steady state values for the recycle
lines are Cag, and Cgr,. The corresponding reactor inlet
conditions without reaction in recycle line are

(1 — R)Fao
Cpig = ————(C RC 3
a0 = a1 + RCaq, (3)
(1 —R)Fpo
Cgip = ——— o~ C RC 4
Bip Fao T Froo 1 + RCpoy (4)

With reaction in recycle line, Equations (3) and (4) are
transformed to

(1= R)Fao
Cpip = —————C RC
Aig Faot Fou ar + RCap, (5)
(1 — R)Fgo
Cpyy=———C RC 6
Big Fao ot Foo a1 + RCpgr, (6)

At time ¢ = 0, a concentration upset is made in Cyar.
The new inlet concentration to the reactor without reac-
tion in recycle line based upon the total throughput for
the time zone 0 =t < 71 is

Cag = BB Ea g ke (7)
Ai] — FAl + FB]_ AF A0]
(1—R)Fp
Cpiy = ——————C RC 8
Biy Faik Fon sr + RCpoy (8)

Since the residence time of the reactor does not change
when a concentration upset is made, the concentrations at
the outlet of the reactor remain at the old steady state
value until one residence time lapses.

Thus, at t = 7;, there will be a concentration change
at the outlet of the reactor. Since it is assumed in this case
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Fig. 1. Schematic diagram of tubular reactor with recycle.
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that the recycle line has zero length, the material is in-
stantaneously returned in the recycle line, and a concen-
tration change will be felt every residence time r; at the
inlet of the reactor due to the change of the recycle con-
centration.

In general form, the inlet and outlet concentrations for
the time zone (n — 1) 7y = t < nry will be given by the
following equations

C _ M(n—l) (9)
A0p —
N-nexp[M@n—1kn]— 1.0
(1 —R)Fa
Cai, = —————C RC 10
tin = g Car + RCao, (10)

Thus, for single concentration upsets, Equations (83),
(4), (9), and (10) predict the response of a tubular re-
actor with recycle, and the outlet concentration will be
in the form of steps because of the residence time effect,
coupled with the effect caused by recycle.

At time t = 0, a concentration upset is made in Car
for the reactor system where reaction occurs in the recycle
line. The new inlet concentrations to the main reactor
based upon the total throughput for the time zone 0 =t <
7RI + 741 are

_ Cap(1— R)Fay

Caiy = + CaryR 11

au (Fa1 + Fgy) AR (n
Csr(l — R)Fp,

Cpy = ——————— + Cpr;R 12

Biy (FAI T FBI) BR} ( )

Since the residence time of either reactor does not
change when a concentration upset is made, the concen-
trations at the outlet of the main reactor remain the old
steady state value until the residence time 74 of the main
reactor lapses.

Since it is assumed in this case that reaction occurs in
the recycle line, the fluid elements are returned through
the recycle line with a transportation lag of the recycle
residence time rr;. A concentration change at the inlet of
the main reactor will be felt at the time of upset and will
change every 7g; + 741 due to the recycle, but the con-
centration change will not be seen at the outlet of the main
reactor for a residence time of 74;. The outlet concentration
will then change every 7y -+ 74: until the new steady
state is reached. Thus, at ¢ = 743, there will be a concen-
tration change at the outlet of the reactor.

Accordingly, the outlet concentration for time zone
ta1 = £ < 141 + (71 + 7a1) will be given by the follow-
ing equations

M,
Cag = - 18
402 Ny exp (Mikras)— 1.0 (13)
Cgoy = My + Cao, (14)

The inlet concentration to the main reactor for the time
zone TRy “+ 741 =t <2 (TRI -+ TAI) will be determined
from the outlet concentration Cag, and Cgo, and the resi-
dence time of the recycle line are given by the following
equations

M/
C =
AR2 Nll €xp (Mllknu) — 1.0 (15)
Cery = My + Cur, (16)
CarFai(1 — R)
Cppp = —————_" L+ RC 17
A2 (Fay + Fa1) AR an
CprFB1(1 — R)
Cpiyy = ———  + RC
B2 (Fa1 + Fgi1) + RCsrg (18)
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Similarly for the time zone 741 + (71 + 741) =t < 7a1 +
2 (vr1 + 7a1), Equations (13) and (14) can be used by
replacing subscripts 1 and 2 by 2 and 3, respectively.
Likewise, for the time zone 2 (rp; + 741) =t < 3 (rr1 +
ra1), Equations (15) to (18) can be used by replacing the
same subscripts. In a more general form, one could write
for a time zone 74; + (n — 1) (vp1 + 7a1) =t < 741 +
n (rg1 + 7a1) the following for the outlet concentration
of the main reactor.
M(n—l)

Caoy, = (19)
A Nt exp (Mn—1)kra1) — 1.0

Cgo, = M(n—-1y + Caoyp (20)

The inlet concentration for the main reactor for the time
zone (n — 1) (rp1 + 7a1) =t < n (vr1 + 7a1) can be
obtained from the following

Cana = M -1 (21)
N’ n-1) exp (M’ (n—pykrr1) — 1.0

CBRn = M’(n—l) + CARn (22)

Cain = Car(Fai + Fp1)}/Qs + QrerCar,/Qs (23)

Csi, = Cpr(Fa1 + Fp1)/Qs + QrerCar,/Q; (24)

(CBio - CAio)

Csom, = Cr19 — Caty + Cuaop (26)

where N = 4
m = block level, 0 to N

The concentration history of these four fluid elements are
followed for the entire dynamic response as well as the
fluid in the recycle line. The concentration of these four
fluid elements gives the outlet concentration of sodium
hydroxide. A fraction of each fluid element is returned to
the inlet by the recycle line depending upon the recycle
flow rate. Once time exceeds the new residence time TAL,
the entire transient concentration response is caused by the
upsetting of the concentration at the inlet of the main re-
actor by both the fluid elements initially in the recycle
line and the outlet efHuent that is returned by the recycle.
The fluid elements initially in the recycle line produce just
a concentration upset, and the outlet concentrations can
be obtained from the equations developed for the concen-
tration upset, but care must be taken to match the correct
time zone,

The outlet concentrations for the time zone 74y =< t <
a1 + 7r1 are obtained from Equations (13) and (14) with
the corresponding inlet conditions obtained from Equa-
tions (7) and (8). For the next time zone 74 + 71 =

Caop =

n—m
Cpiy/Caig exp[ (Cgig — Caig)k (

Thus, for single concentration upsets, Equations (11)
and (12) give the inlet concentration for the time zone
0 =t < rry + 741, and Equations (22) to (25) give the
inlet concentration after t > gy + 741. Equations (20)
and (21) predict the transient response of sodium hy-
droxide and methyl acetate at the outlet of the main reactor
for time t > r4;. The outlet concentration will be in the
form of steps occurring every rry + 7a; after 74; because
of the residence time effect of the recycle line, coupled
with the effect caused by the return of main reactor efftu-
ent. Simultaneous upsets in concentration can be handled
with these same equations.

Single Flow Upset of an Inlet Reactant Stream

Symbolically a single flow upset in sodium hydroxide
can be given as

Car = Car, Cpr = Cpp, Fag# Fay,
Fgo = Fp1, Qre = Qrer.

Even though only one flow rate was changed, a close look
at the actual concentrations will show more than one
change, namely, Cao =% Ca1, Cro 5% Cgi1, and 740 5% 7a1.
The residence time of the recycle line was not changed.
Since the fluid residence time in the main reactor before
upset is not the same as the residence time after upset,
the concentration response is not in the form of steps. The
response can be obtained from the equations developed in
the following paragraphs for both cases with and without
reaction in recycle line.

At time ¢t = 0, the effect due to a change in residence
time is seen at the outlet of the reactor as soon as the
upset is made. However, the effect due to the concentra-
tion change is not felt until the new residence time lapses.
From Equations (3) and (4) or (5) and (6), the inlet
conditions before upset are obtained; the outlet concen-
tration of sodium hydroxide for four fluid elements in the
main reactor for the time zone equivalent to the new resi-
dence time 0 = t = 7,; are obtained by
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m
) Ta0 + '—Z\']'TAI) ] — 1.0

(25)

t < ra1 + 7r1 + 7a1, the outlet concentration is affected
by the fluid elements returned from the effluent by the re-
cycle for 0 = ¢ < r41. As mentioned previously, the con-
centration of each fluid element is followed during the re-
sponse and Equations (21) and (22) are used to obtain
the effluent concentration of sodium hydroxide and methyl
acetate of the recycle line. The inlet concentrations to the
main reactor, obtained by Equations (23) and (24), are
used to find the transient response at the outlet by use of
Equations (17) and (18).

For the time zone 741 + (v + 7a1) < t < 7a1 + 2
(rr1 + 7a1) after t > 7a;, Equations (21) and (22),
(23) and (24), and (17) and (18) are used to determine
the outlet concentrations both for the fluid elements in
the recycle line and in the main reactor.

To summarize, Equations (3), (4), (19), and (20) are
used to determine the transient concentration response for
0 =t < ra1, and Equations (5) through (8) are used to
obtain the response from the fluid initially in the recycle
line at the time of upset for 74 = ¢ < 741 + 7r1. Equations
(21) and (22), (23) and (24), and (17) and (18) are
used for 74y + 7r1 = t < 7a1 + 71 + 7a1. For the time
t > 741 + 7r1 + 7a1, Equations (21) through (24), (17),
and (18) are repeated until the inlet conditions to the
main reactor Cy;, and Cgy, do not change. Again as in the
single concentration upset, step concentration changes
occur at the inlet every rr; + 7a1 because of the effect
due to the recycle; thus, step changes result at the outlet
of the main reactor. However, in the system where reac-
tion does not occur in the recycle line the time response
is £ = 71. In the single concentration upset, step concen-
tration changes result at the inlet of the tubular reactor
every ¢ = nr; because of the effect due to the recycle
where no reaction occurs,

Simultaneous upsets in inlet flow or concentration, and
combinations of these upsets, are predicted by using the
same equations. Recycle flow upsets can be handled by
using the same techniques, but the design of the physical
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Fig. 2. Flow diagram of experimental reactor system.

reactor system does not allow these equations to predict
the response. Results for the recycle flow upset were ob-
tained (2).

EXPERIMENTAL SECTION

A flow diagram of the experimental reactor system is given in
Figure 2. All flow lines used were ¥4-in. polyflow tubing. The
reactants as shown in Figure 2 were stored in tanks 10, 11, 12,
and 13. The reactants were pumped to the reactor with air
pressure controlled by the pressure regulators 18 and 19. The
pressures at the out{et of the regulators were measured by
manometers 16 and 17. A safety relief valve was introduced in
the air line before the regulators, so any excess back pressure
over 10 1Ib./sq. in. could be released.

The air from the regulators proceeded to the feed tanks. The
20-liter feed tanks had to be periodically filled. Tanks 10 and 11
contained sodium hydroxide; tanks 12 and 13 were used for
methyl acetate.

Reactants displaced from the feed tanks by air pressure
were preheated by preheaters 1, 2, 3, and 4. The preheaters
were immersed in a thermostatic bath which was maintained at
40°C. The preheaters were Y4-in. diam. copper tubing.

The preheated reactants then passed through the three-way
Teflon valves 14 and 15. The amount of reactants flowing was
metered with rotameters 8 and 9. Control of inlet flow rates
was obtained with the needle valves 6 and 7.

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. Thus, essentially iso-
thermal operation was assured. The main reactor was a 50-ft.
long, %-in. nominal diam. (0.482 — cm. I.D.) copper tube in
the form of a spiral.

The recycle flow was maintained by a centrifugal pump 22
and was controlled by a vernier needle valve 21. The case with
reaction in recycle line used a 20-ft. long 0.482-cm. diam.
copper tube for the line. A bypass was used to spot check the
recycle flow rate at steady state.

The effluent from the reactor passed through a flow cell,

where the concentration was monitored with a Jena/Sargent
combination electrode (range 0 to 14 pH). The pH was re-
corded on a Moseley strip-chart recorder.

The average time constant of the measurement lag of the
pH electrode was found to be 2.4 sec. (2) and was verified
(3), which affected the outlet response. Electrode response
studies were conducted at different conditions to determine
the effect of concentration and flow rate on measurement lag.
In the concentration range studied, the time constant of the
measurement lag is relatively steady and does not depend upon
the concentration or flow rate. The electrode lag was significant
and influenced experimental results. The electrode lag was
assumed to be a first order delay and the time consultant 7, was
included in the outlet response of sodium hydroxide concen-
tration. When a step change in the outlet concentration oc-
curred the response was obtained by

Ca = Caon—1 + (Caop — Caon—1) (1.0 — expt/Te) (27)

Thus, an exponential decay resulted and affected the experi-
mental results. One of the important factors which determines
the lag of the electrode is the way it is prepared before mea-
surement, Before a run was started the pH electrode used was
soaked in a 2N solution of sodium hydroxide for at least 6 hr.,
because it was found that this procedure gave optimum repro-
ducibility of the electrode response.

The concentration of solutions in tanks 10 and 12 was
approximately double the concentration in tanks 11 and 13. The
three-way valves 14 and 15 were used to make step changes
in the inlet concentration of either sodium hydroxide or
methyl acetate, or both. Inlet flow upsets, either single or
multiple, were made with needle valves 14 and 15. Recycle
flow upsets were made with needle valve 21.

The reactants used in this study were sodium hydroxide
and methyl acetate. The concentrations were approximately
0.25 and 0.125 N. The solutions of desired normality were
prepared with reagent grade chemicals. The concentrations of
the solutions prepared were obtained through standard titra-
tion techniques.

The system was started by closing all the valves except the
air valve. Then the air in the feed lines was purged by opening
valves 6 and 7. The position of the three-way valves 14 and 15
determined what concentrations were being fed to the reactor.
The concentration at the outlet of the reactor was monitored
with a pH meter, which was standardized with a buffer. The
flow in the recycle line was adjusted by needle valve 21 for the
initial conditions.

When the concentration reached steady state, a sample was
drawn at the outlet and titrated to obtain the sodium hy-
droxide concentration of the reactor effluent. The sample drawn
was quenched with excess hydrochloric acid in order to stop
the saponification reaction. Then the concentration of sodium
hydroxide which was present was obtained through back titra-
tion.

The upsets were then made by manipulating the respective
valves. The temperature at the outlet of the reactor was moni-
tored to insure that isothermal conditions would prevail during
the run.

When the new steady state was reached, the concentration of
sodium hydroxide in LKe exit stream was determined as men-
tioned before. The results were interpreted through a calibra-
tion curve of pH readings versus concentration. Data for both
single and simultaneous upsets in concentration and flow rate
were obtained (2).

TABLE 1, EXPERIMENTAL INLET RECYCLE REACTOR OPERATING CONDITIONS

Run* Car Cpr Fyo Fpy OrE
8 0.1151 0.2974 0.300 0.300 0.150

16 0.2776 0.1682 0.300 0.250 0.150
40 0.2380 0.3119 0.100 0.100 0.400
42 0.2380 0.3119 0.100 0.100 0.400
43 0.1017 0.3119 0.100 0.100 0.400
46 0.2380 0.1159 0.100 0.200 0.400
45 0.2380 0.3119 0.200 0.200 0.400

® Runs correspond to results obtained in (3).
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Car Cpr Fa Fp, ©Orer Figure
0.1151 0.0916 0.300 0.300 0.150 3
0.2776 0.1682 0.300 0.350 0.150 4
0.2380 0.1159 0.100 0.100 0.400 5
0.1017 0.3119 0.100 0.100 0.400 [¢]
0.1017 0.3119 0.100 0.200 0.400 7
0.1017 0.1159 0.100 0.100 0.400 8
0.2380 0.1159 0.100 0.200 0.400 9
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Fig. 3. Transient response of outlet sodium hydroxide concentration
to single concentration upset {(decrease) in methyl acetate (Run 8).

DISCUSSION OF RESULTS

Table 1 lists the experimental conditions. Figures 3
through 9 show experimental data and theoretical predic-
tions for typical results obtained (3). Included in the theo-
retical predictions shown on the graphs are results when
the electrode lag was neglected and results when the elec-
trode lag was included in the theoretical model. All figures
indicate that in general the experimental outlet concentra-
tion of sodium hydroxide is always slightly higher than the
RTD-model predicted because of the fact that the recycle
reactor was not in plug-flow and dispersion occurred in
the reactor.

For Figure 3, the methyl acetate concentration is de-
creased at the inlet. The initial steady state is seen for
the first residence time 7. When the methyl acetate con-
centration decreases, the outlet sodium hydroxide concen-
tration increases to a new pseudo steady state for the
second residence time because the reaction rate term
kC4Cpg decreases. Since the outlet concentration of A and B
at the second residence time is fed back instantaneously to
the inlet by the recycle line to be mixed with the fresh
feed, another methylacetate concentration decrease is
produced at the inlet of the reactor. The upset at the inlet
will be seen as another sodium hydroxide concentration
increase at the outlet during the third residence time. There
is a step change of inlet methyl acetate concentration after
each residence time due to step changes in the recycle
concentration, and the magnitude of these upsets attenu-
ates to zero as the new final steady state conditions are
approached. Thus, a series of step increases occur in outlet
concentration of sodium hydroxide. When discernible up-
sets no longer occur at the reactor inlet, the recycle reac-
tor reaches the final steady state.

Figure 4 shows the response for a single flow upset.
When an inlet flow upset is made, there is more than one
fresh feed condition change. First, there is a residence
time change; secondly, there is a concentration change. A
single flow upset actually gives a simultaneous upset. Fig-
ure 4 shows a flow increase in methyl acetate. As the
methyl acetate flow increased, the reactor residence time
decreased, the inlet concentration of methyl acetate in-
creased, and the inlet concentration of sodium hydroxide
decreased because of dilution from the larger methyl
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acetate stream. Since the residence time decreased, there
was less time for reaction, less sodium hydroxide used,
and the concentration of sodium hydroxide at the outlet
of the reactor increased. As soon as the new residence time
lapsed, the concentration effect from the inlet concentra-
tion upsets was seen at the outlet, and a step decrease in
outlet sodium hydroxide occurred. Due to recycle, the de-
crease of outlet sodium hydroxide concentration at the end
of the first residence time produced a decrease in sodium
hydroxide concentration during the second residence time;
the concentration upsets continued for each residence time
until the final steady state was reached.

For Figure 5, the methyl acetate concentration is de-
creased at the inlet. The initial steady state is seen for the
first residence time ra;. As the concentration of methyl
acetate was decreased, the reaction rate term decreased,
and less sodium hydroxide was used; hence, the concen-
tration of sodium hydroxide at the outlet of the reactor in-
creased to the first pseudo steady state concentration at the
second residence time, as can be seen in Figure 5. At the
time of the upset, the recycle and fresh feed mixed and

e

X ~—- RTD-mode!
0.09 ' ——— RTD - model with
\ electrode log

o Experimental dota
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Ca

) 1
Time, min.
Fig. 4. Transient response of outlet sodium

hydroxide concentration to single flow upset
(increase) in methyl acetate (Run 16).
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Fig. 5. Transient response of outlet sodium hydroxide concentration
to single concentration upset (decrease) in methyl acetate (Run 40).
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Fig. 7. Transient response of outlet sodium hydroxide concentration
to single flow upset (increase) in methyl acetate (Run 43).

produced a decrease of methyl acetate at the entrance of
the main reactor. The methyl acetate decrease caused the
increase of sodium hydroxide at the outlet after time r4;
for 7y + 741 min. At r4; the outlet concentration was re-
turned with a lag of 7r; to be mixed with fresh feed,
giving another methyl acetate concentration upset at the
entrance of the main reactor. This methyl acetate concen-
tration decrease was less severe than the previous one, and
a second pseudo steady state change was observed at time
ta1 + 7r1 + 7a1. The step decreases in methyl acetate
concentration continued until the decrease caused by the
mixing of the fresh feed and recycle damped out. Then,
the outlet sodium hydroxide reaches the new steady state.
For Figure 6 the inlet concentration of sodium hydroxide
was decreased. The sodium hydroxide concentration de-
crease in fresh feed produced a decrease in outlet sodium
hydroxide after time 7a;. The concentrations at the outlet
continued to decrease every rri + 741 min. until the
sodium hydroxide decrease at the entrance of the main
reactor caused by the mixing of recycle and fresh feed
damped out; then the new steady state was reached.
Figure 7 presents the response curve observed for a
single flow increase in methyl acetate similar to Figure 4
data but for a lower range. When a flow upset was made,
the residence time changed, and the concentration of the
inlet fresh feed changed. As the methyl acetate flow was
increased, the residence time of the main reactor fluid
was decreased, and the concentration of methyl acetate
at the fresh feed was increased; the concentration of so-
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dium hydroxide at the fresh feed decreased. Since the
residence time was decreased, there was less time for re-
action; hence, less sodium hydroxide was used, and the
concentration of sodium hydroxide at the outlet of the
reactor started increasing. But as soon as a time equiv-
alent to the new residence time 74 lapsed, the concen-
tration effect caused the sodium hydroxide concentration
to decrease due to the methyl acetate increase and the
decrease in the incoming sodium hydroxide concentration.
From the mixing of the recycle line and new fresh feed
couditions, the concentration of methyl acetate and sodium
hydroxide at the inlet of the main reactor changed to new
inlet concentrations. The concentration upset at the en-
trance of the main reactor occurred every rry + 741 min,,
and the response of the outlet sodium hydroxide would
result in a step decrease every g1 + 741 min,, after 74;.
When the inlet concentration upset damped out, the re-
sponse at the outlet reached the new steady state.

Simultaneous upsets in concentration and flow rate are
shown in Figures 8 and 9. When a flow rate and inlet
concentration were changed, the net result on the system
was a residence time change and a concentration change
of the reactants in the fresh feed.

For Figure 8, the sodium hydroxide concentration was
decreased, and the methyl acetate flow rate was also de-
creased. Since the flow rate was decreased, the residence
time 74; increased. This increase of residence time in-
creased the reaction time, and the concentration of sodium
hydroxide at the outlet of the reactor decreased. A decrease
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Fig. 8. Transient response of outlet sodium hydroxide concentration
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of sodium hydroxide concentration in the incoming stream
had a negative effect on sodium hydroxide at the inlet of
the main reactor; however, decreasing the flow rate of
methyl acetate had a positive effect. The effect due to the
sodium hydroxide concentration decrease was greater than
the effect due to methyl acetate flow rate decrease, and the
concentration of sodium hydroxide at the outlet dropped
every 7py + 741 until the upset at the inlet damped out.
Then the new steady state was reached.

Perhaps the most interesting response observed in the
entire study (2) is presented in Figure 9. The methyl
acetate concentration was decreased, and the flow rate of
sodium hydroxide was also decreased. Since the flow rate
was decreased, the residence time was increased. This in-
crease of residence time increased the amount of time
available for reaction and decreased the concentration of
sodium hydroxide at the outlet of the reactor for ¢ == 7,5,
The decrease of methyl acetate concentration in the incom-
ing stream had a positive effect on sodium hydroxide con-
centration at the inlet of the main reactor; however, de-
creasing the flow rate of sodium hydroxide had a negative
effect. The decrease of sodium hydroxide concentration at
the inlet of the main reactor from the mixing of the recycle
and fresh feed concentrations at the time of the upser was
greater than the decrease of methyl acetate at the same
time. This effect was seen as a net decrease in sodium
hydroxide concentration. Thus, after the first residence
time 741, the outlet sodium hydroxide decreased in a step.
The outlet continued to decrease at ray + 7r; because of
the outlet sodium hydroxide returned by the recycle con-
tinued to decrease the inlet sodium hydroxide concentra-
tion. For the time zone 741y < £ < 741 + 7r1 + 741, the
sodium hydroxide concentration at the inlet of the main
reactor increased and continued to increase the remainder
of the response, because of the relative changes in flow
rates, and the methyl acetate concentration at the inlet
continued to decrease. These two effects now complement
each other and the outlet concentration of sodium hydrox-
ide continued to increase every ra; -+ ra; after 7a; +
7Rt + 741 until the new steady state was reached.

Although plug-flow was assumed to develop the models
for this study, it is evident that from the experimental data
that dispersion existed in varying degrees for most runs.
However, the RTD-models still gave good agreement with
the dynamic response data for the system.

CONCLUSIONS

The principle results of this study are (1) the attain-
ment of experimental data showing the transient concen-
tration response of a second-order reaction in an isothermal
tubular recycle reactor with and without reaction in the
recycle line to step upsets in concentration and flow, and
(2) the proving of the adequacy of the residence time dis-
tribution (RTD) model for predicting the transient con-
centration response of a tubular recycle reactor with and
without reaction in the recycle line.

NOTATION

C4 = concentration of outlet sodium hydroxide of reac-
tor, mole/liter

Car = concentration of A entering reactor (based on
stream A) before upset, mole/liter

Cao = concentration of A entering mixing point of fresh
feed before upset, mole/liter

Cpr = concentration of B entering reactor (based on
stream B) before upset, mole/liter
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Cpo = concentration of B entering mixing point of fresh
feed before upset, mole/liter

Fap = flow rate of A before upset, liter/min.

Fgy = flow rate of B before upset, liter/min.

QOre = flow rate of recycle line before upset, liter/min.

Car = concentration of A entering reactor (based on

stream A) after upset, mole/liter

Car = concentration of A entering mixing point of fresh
feed after upset, mole/liter

Cpr = concentration of B entering reactor (based on
stream B) after upset, mole/liter

Cp: = concentration of B entering mixing point of fresh
feed after upset, mole/liter

Fa1 = flow rate of A after upset, liter/min.

Fp; = flow rate of B after upset, liter/min.

Qrer = flow rate of recycle line after upset, liter/min.

Vr = volume of main reactor, liter

V, == volume of recycle line, liter

Cai, = concentration of A at the inlet of the main reactor
at (n - 1) (TA1 + TRI) =t <n (TAI + TRI);
mole/liter

Cao0, = concentration of A at the outlet of the main reac-

torat (n — 1) (ra1 + mr1) =t < n (a1 + 7r1),
mole/liter

Car, = concentration of A at the outlet of the recycle line
at (n — 1) (ra1 + 7r1) =t < n (141 + 1),

mole/liter

Cgi, = concentration of B at the inlet of the main reactor
at (n — 1) (rar + wry) =t < n (141 + r1),
mole/liter

Cpo, = concentration of B at outlet of the main reactor
at (n — 1) (ra1 + 7r1) =t < n (ra1 + 7r1),
mole/liter

Cgr, = concentration of B at the outlet of Ehe recycle line

at (n — 1) (ra1 + 7r1) =t < n (ra1 + ™r1),

mole/liter

main reactor throughput before upset, liter/min.

¢y = main reactor throughput after upset, liter/min.

R = recycle ratio, recycle flow/reactor throughput

A0 = residence time of main reactor before upset, min.

Al = residence time of main reactor after upset, min.

RO = residence time of recycle line before upset, min.

Rl = residence time of recycle line after upset, min.

e = time constant for electrode, min.

M, = concentration difference between B and A at inlet
of main reactor at any time, mole/liter

N, = concentration ratio B/A at inlet of main reactor
at any time

M,’ = concentration difference between B and A at inlet
of recycle line at any time, mole/liter

N, == concentration ratio B/A at inlet of recycle line at
any time

t = time, min.

k = reaction rate constant, liter/mole-min.

N = number of fluid elements of response data for a
residence time

m = block level or fluid element from 0 to N

n = positive integer, 0, 1, 2, 3, . ..
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