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Abstract

Nonideal behaviour of a continous flow stirred tank reactor was investigated by observing the transient response
of the reactor to step changes in feed concentration. It was shown that the turbulence caused by inlet flow only
was sufficient for perfect mixing provided that the tank Reynolds number exceeded 17. For the tank Reynolds
number below 17, mechanical stirring was necessary and the Reynolds number based on the impeller diameter
for perfect mixing was correlated to the tank Reynolds number as follows:

Re,,=540 In (17/Re,)

It was also found that bypassing effects became more significant when the feedline and effluent line were
placed near the liquid levels. For nonideal flows, several mixed models described the flow patterns, namely
bypassing and dead space model, CSTR and PFR in series model, and dead space model.

*Present Address: Chemical Process Laboratory, Korea
Institute of Science and Technology, Seoul 131, Korea
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Introduction

For the prediction of the performance of a flow
reactor, two types of information are generally required,
namely flow pattern and the information on the rate
phenomena. If an ideal case of complete mixing or
perfect piston flow can be taken to describe the flow
behaviour with sufficient accuracy, the problem invol-
ving the flow pattern becomes simple. In other cases
it is possible by various methods to establish experim-
entally the distribution of residence times (RTD) of
the flowing material.

It was Danckwerts? who first introduced the concept
of residence time distribution. He made it clear that
it is essential to distinguish between “macromixing”
and “micromixing” phenomena, and that RTD studies
can contribute only to a better understanding of the
former. For a first-order reaction, the rates are not
affected by the interaction between™fluid]elements and
the reactor performance can be described by the macr-
omixing information alone. For the other kinetics, it
is necessary to obtain micromixing information for the
complete description of the flow behaviour. Zwietering®
determined thé two bounds for micromixing theoretic-
ally, namely “maximum mixedness” and “complete
segregation”. These bounds are often sufficiently narr-
ow® and the flow patterns of most industrial reactor
can be described by the macromixing information alone
for all practicality.

RTD curves for continuous flow stirred tank reactors
(CFSTR) can be experimentally obtained by observing
the transient response to a step input of a tracer
material. Such an attempt was first made by Cholette
and Cloutier? who obtained RTD curves at different
stirring rates with a conveniently designed CFSTR
for nonideal mixing. Other investigators reported RTD
information for different physical parameter such as
fluid viscosity, flow rate, tank geometry, impeller
diameter, etc. %%

In the present investigation, the region of ideal
mixing without mechanical stirring is first determined.
RTD curves at
different tank Reyolods numbers and impeller Reynolods

For the nonideal mixing region,
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numbers are obtained experimentally and their results
are correlated in an attempt for the broader knowledge-

on the mixing phenomena in a CFSTR.

Theory

Mixing in a CFSTR is caused by the following two-
factors: (1) the kinetic energy transported to the tank
with the inlet flow; and (2) the mechanical stirring
by the impeller. Most of the actual processes require:
the installation of impellers, because the process flow
rates are usually insufficient for the desired level of
mixing. Therefore, it is necessary to define separately
the degree of turbulence caused by the flow and that
caused by the impeller. The former can be expressed
by the modified Reynolds number based on the tank

diameter, Re,,

where G=

Qo
“zD2/4 W

where G denotes the mass velocity. Similarly,

Re,=-D:G_
7

another modified Reynolds number for the latter may
be defined as follows:
Re,= _Ndn’o 2)
2
The minimum value of Re, for perfect mixing, Re*,
was experimentally determined. The design of a
CFSTR with Re, above Re* becomes trivial because
the ideal mixing will be achieved in such a case. In
case when Re, is smaller than Re*, it is necessary
to find the minumum value of Re, for perfect mixing.
An empirical correlation between Re,* and Re, will
be useful for the preliminary design of a CFSTR:
Re,*=f(Re*/Re,) (3)
A logical procedure for the design of an imperfectly
mixed CFSTR is as follows;
(1) Determination of the residence time distribution
with the tracer experiments without reaction;
(2) Selection of a suitable mixed model that best
describes the flow pattern shown by the residence
time distribution;
(3) Prediction of the performance of the reactor
with reaction by the chosen mixed model.
The residence time distribution functions obtained from
the tracer experiments were compared with those of

three of the a priori mixed models. The internal
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residence time distribution function, I(#),

as 1(8) =_C=Cr

——F _ The theoretical tracer curves for
CO—CF

these models are listed below:”

1) Dead Region and Bypassing Model

G g2 Qa Vo, -,
o i R S PR
2) CFSTR and PFR in series Model

C=Cr __ V., V[ Va\ ,n
ot = ) ®

3) Partial mixing with Piston Flow and Shert Circuit

S [rp - gl Joxg 1)

(6)

Experimental

Figure 1 shows the schematic diagram for the
experimental system. The reactor used was an overflow
reactor of height 18. 3cm and internal diameter 15¢cm.
The material for the reactor was stainless steel. Init-
ially the tank was filled with 0.1N HCl solution. A
four-blade impeller of diameter 3.5c¢m was used for
stirring. After running the agitator for some time at
the desired speed to allow for the mixing pattern to
be fully developed, water or glycerine solution was
suddenly introduced through the constant head tank to
the reactor at the required flow rates. Samples were
drawn from the reactor effluent at regular time intervals
for pH/ measurements. The pH measurements were
made by a Fisher model 320 expanded scale pH meter.
A rotameter was used for the measurement of flow

rates that were regulated by a needle valve inserted in

the feed line. The feed and exit lines were %{— —in.

copper tubing. The stirring rate for the impeller was
regulated by the variable-speed motor and voltage
transformer, and measured by a rpm tachometer.

The experiments were carried out with the two
different feed positions.

In the first set of experiments the feed line was
placed at the bottom of the reactor and the impeller
position was at 8cm from the bottom of the reactor.
In the second set of experiments the feed line was
moved to lcm from the top of the reactor and the
impeller to 3em from the top.

is defined

L 4

x
~
.

(5)

(2)

El:'r
&

(1)

Y
Lo

(1) CSTR,
(3) voltage regulator,

(2) variable speed electrical motor..

(4) outlet stream storage,
(5) feed tank, (6) pump, (7) rotameter, (8) co
nstant head tank.

Fig. 1. Schematic diagram of the RTD experiments.

Results and discussion

Table 1 shows the summary of the experimental
results. Figures 2 through 8 are the residence time

distribution functions for the various experimental

conditions. Figure 2 shows that perfecr mixing is

obtained at Re, greater than 17 withour mechanical
stirring when water is used as the flowing material.
From this result, it may be concluded that little
mechanical agitation is required for perfect mixing
when the fluids with low viscosities are used for the
flowing materials. As we increase the viscosities of
the flowing material, more mechanical agitation will
be necessary for complete mixing. For the fluids of
higher viscosities, perfect mixing is attained if the:
tank Reynolds number exceeds 17 without mechanical
stirring as shown in Fig. 3. Figure 4 shows RTD
for perfect mixing attained at Re, smaller than 17 with
mechanical stirring. From the results of Fig. 4, 5,
and 6, the minimum value of Re,* for perfect mixing:
is related to the tank Reynolds number as follows:
Re,*=540 In (17/Re,) D
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Table 1. Summary of the experimental results.

‘ [ ’ |
Run }(ml/min) (g/gma)% (m-in) (c‘;)) (ré\m) Re, E Re,, ? Pattern of flow
10 531 576 1 0 78, 0 ideal
2 . 297 | 1 10530 1. | 0 4 | 0 | "
3 185 | 1 202 1 L | 0l 29l 0] "
4 ‘ 120 1 26.1 1 ( 0 , 16.9 1 0 E Bypass and dead region
5 1 8 | 1 36 0 1 | 0 123 0! nonideal
6 | 474 | 11 66 | 43| o 1m2, 0| ideal
7 324 | 1.1 9.66| 43 | 0 ! 1L7 0 '  Bypass and dead region
g1 w5 |11 128l a3z | 9! e o ‘ nonideal
9 180 1.1 17. 4 4.3 | 100 6.51 ! 507 } Bypass and dead region
10 3% | 11 9.5 | 4.3 | 122 12 619 | ideal
11, 330 | 11 9.5 | 43 | 140 12 710 ideal
12§ 417 1.1 7.5 7.2 0 6.25 0 E Bypass and dead region
13 40 | 113 7.65| 7.2 | 120 91 374 CSTR and PFR in series
14 420 113 0 745 7.2 1 164 932 511 ideal
15 . 3% | 113 95 | 7.2 | 164 7.32i 511 ! ideal
16 © 260 | 1.13 | 12 7.2 164 | 5771 511 f CSTR and PFR in series
17 i 220 1.13 }‘ 14. 2 6.85 | 98 5.14 321 Bypass and dciz\d 'regmr.l
18 230 | 1.13  13.6 685, 48 | 5.37| 164 | CSTRand PFR in series
19 | 230 | 113 | 136 i 6.85| 192 537 780 ‘ ideal
20 260 | 113 ¢ 12 | 68| 200 @ 577 750 | ideal
21 | 35 | 117 . 9650 16.7 a2 0| vonideal
92 | 335 .17 © 9.35 159 | 112 . 3.48|163.5 | CSTR and PFR in series
23 818 | 117 | 9.8 159 | 180 | 3.3 | 262 | 4
o4 | 202 | 117 | 10.06 | 17.46| 80 | 2.8 106 | "
25 815 | 117 | 9-95§ 16.2 130 .22 186 | ”
26 | 230 | 117 ' 136 = 185 8 | 2.06; 108 ! "
27 385 . 117 | 9.35 159 623 , 5.48) 910 ideal
8 | 315 | L17 | 9.95| 162 | 510 | S22, 730 | nomideal
41 " 475 { 1. ' 66 i 1. ‘ 0 67.2 } i Bypass and dead region
420 70 L 48 1L | 0 99 | | "
885 L 565 | 1 0 ' 785 ‘, "
4 15 I 1. 2.6 | 1. 0 | 205 | | "
15 460 [ 1. 6.8 : 1. 254  63. Dead region
46 68 ' 1. 6.8 i 1. 150 63. | Bypass and dead region
47 20 ¢ 1. 1.9 | 1 150 29.7 } | nonideal
8 20 11 149 1L 1590 = 20.7 | ' Dead region
49 0 310 0 117 | 9.85! 15.54 0 3.49 | : nonideal
50 . 330 I 1.17 t 9.85 ( 15.54 138 . 3.52 j Bypass and dead region

Note: The feed position for Run No. 1 through 28 is at the bottom of the tank.
The feed position for Run No. 41 through 50 is lem from the top.
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Fig. 3.

The results obtained by other investigators®® confirmed
the validity of the ideally mixed regions described by
the above equation.

Figures 5 through 8 are the residence time distrib-
ution functions for the case of nonideal mixing. As
shown by the intercepts in Fig. 5 severe bypassing
effects were shown when no mechanical agitation ias
applied. As we increase the stixring rate of the impe-

iler, the intercept approaches unity, i.e., ideal mixing

(.0
o.8
c.6 Run Na of Exp.
1 T o
o4y 5 ©
Q.3 27 &
e
c.2f
o.lf
oo8[
oQ6 Fe
1, (3 L - 1. X
1 e -]
Fig. 4. RTD function I(f) in the region Re,>17
and Rem >540 In 17 .
Re,
1.0 N
PO l
R2) Theoretical RTD_
Co6r - for perfect mixing
[ RunNo, of Exp.
8 O
0.4
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2 9 .
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0.0
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Fig. 5. RTD function (§) in the region of Re,<17

and Rem:<540ln._lz_ .
Re,

state is approached, as shown in IYig. 6. Comparing
these results with the residence time distribution func-
tions derived in the theory section, it may be stated
qualitatively that the bypass stream decreased with the
increase of the tank Reynolds number. Figure § shows
the plot of Re,*/Re, vs. Re, for various experiments.
As shown in the figure, ideal and nonideal mixing
regions are clearly divided by the line for Eq. (7).

Comparing the experimental results with the thoret-
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Fig. 7. RTD function I(f) for viscosities u=lcp
when the optimal geometry of the reactors

are not preserved.

ical residence time distribution functions, we get the
following representative models for the reactor adopted
in this study:
Experiment No. 9: Dead region and bypassing
model

Fraction bypassing: 0.2

Fraction of the dead space: 0.26
Experiment No. 24: CSTR and PFR in series model

Volume fraction of CSTR: 0.7
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Fig. 9. Experimental regions for ideal and non-

ideal mixing.

Volume fraction of PFR: 0.3
Experiment No. 45: Dead region without bypassing

Volum freaction of dead space: 0.165

Volume fraction of CSTR: 0. 835

Conclusion

1. The minimum value of the tank Reynolds number
for perfect mixing for the CFSTR used in the-
present work was found to be 17.

2. The tank Reynolds number and the impeller Rey-
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nolds number for perfect mixing were correlated

17

to be Re,=540 In ——.

Re,

For the non-ideal flows, the qualitative description

of the mixing patterns is possible with a priori

mixed models by comparing the results from the

tracer experiments with the theoretical RTD of the

mixed models.

C
CF

Co

D,

dm

Nomenclature

concentration
concentration of the feed
initial concentration
tank diameter

impeller diameter

I(8) internal residence time distribution

G

mass velocity

fraction of total volume which is perfectly mixed
fraction of feed entering the zone of pefect mixing
stirring rate of impeller

fraction of feed going to the stagnant zone
flow rate

flow rate entering the perfect mixing zone

tank volume

V, tank volume in perfvet mixing zone
Re, Reynolds number based on tank diameter

Re,, Reynolds number based on impeller diameter

Greek Symbols

o density
¢ viscosity
r mean residence time

¢ dimensionless time
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