Imperfect Mixing in Continuous Flow Stirred-Tank Reactors

Recently Patel (4) studied imperfect mixing in steady
state continuous flow stirred-tanks by feeding freshwater
into a tank initially filled with salt water and monitoring
the concentration of the exit stream. Patel’s data covered
the following ranges:

Type of agitator = six-blade paddle impeller and
marine propeller

Agitator diameter = 2.5 to 4.0 in.

Rotational speed = 0 to 100 r.p.m.

Dilution rate = 0.09 to 0.126 min.~ !

Hubbard and Patel (1) presented an extensive dimen-
sional analysis of imperfect mixing and so identified the
variables which influence the mixing process most strongly.

This communication shows how the Manning, Wolf,
and Keairns model can predict such imperfect mixing
processes.

Figure la shows a physical picture of Patel's mixing
tank, while Figure 1b shows the flow and mixing patterns
based on the Manning, Wolf, and Keairns model (2, 3).
This model divides the vessel into two zones: the micro-
mixer, or a small region surrounding the impeller, which
is characterized by violent agitation; and the remaining
tank volume where mixing is comparatively mild. The
mixing in the first zone is assumed perfect even down to
the microlevel, while only macroscale mixing occurs in
the second zone.

A material balance on the whole tank yields

Accumulation of salt = Flow input — Flow output
(1)
=FCr—-F Cexit
However, the fluid in the tank consists of fresh unmixed
feed which has not yet passed through the mixer and
recirculating fluid which has passed through the mixer.
The relative volumes of the feed and recirculating streams

are proportioned according to their flow rates in the macro-
mixer. If the micromixer volume is assumed negligible

F dCF Q deacro
T + Vr
F+Q dt F+Q dt
=F CF —F Cexit (2)
If the feed F is freshwater Cr = 0, Equation (2) becomes
ACrare . F F+0Q
ad ~  Vp Q

Figure 1b shows that the discharge stream Cmacro and
the vessel exit stream Ceyit concentrations are equal; there-

fore
dCexit F ( F + Q )
== Cexit,
dt Vr Q

Integrating between Cexit = Cip att = 0 and Ceyit =
Cexit at t = t, we get

Cexit F ( F )
I =——|=+1)t (5)
" Cin V’I‘ Q

The dilution ratio D, or reciprocal of average residence

\Z

Cexit (3)

(4)
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Fig. 1a. Physical picture.
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Fig. 1b. Flow and mixing patterns.

time, is defined by F/Vr; therefore

Coexit ( F )
In—>t__p|—
n - +1 )t (6)

If the entire tank were assumed to be completely micro-

mixed, a total material balance would yield
m St py (7)
in

Notice that Equations (6) and (7) differ by only the
factor F/Q + 1. When Q is large compared to F (that is,
vigorous mixing) the factor F/Q + 1 is nearly 1 and the
vessel behaves as if it were perfectly mixed.

If fresh water is fed into a CFST containing salt water,
the output stream concentration will not change instantane-
ously. A small time lag occurs before the fresh water
reaches the output port. This time lag may be estimated
by the time to circulate the fluid in the tank once, that
is, V1/0Q.

Patel's data (4) on impellers were fitted to the follow-
ing model:

exit VT
— =1 for 0=t<— (8)
Cin Q
and
Cexit ( F ) V'l'
In =~D|—=4+1}t for —<t (9)
Cin Q Q

In Patel's equipment the impeller discharge flows hori-
zontally and the fluid must therefore circulate through the
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TABLE 1. COMPARISON OF PATEL’s DATA AND THE MANNING, WOLF, KEATRNS MODEL

Agitator
diam-
Agitator eter, Agitator, Q,ml/
Run No. type in, r.p.m. min,

1 Impeller 2.5 50 5,900
2 Impeller 25 25 2,950
3 Impeller 2.5 10 1,180
4 Propeller 2.5 75 10,400
5 Propeller 2.5 50 6,930
7 Impeller 2.5 50 5,900
8 Impeller 2.5 25 2,950
9 Propeller 3.0 50 12,000
10 Propeller 3.0 25 6,000
11 Impeller 2.5 100 11,800
12 Impeller 2.5 50 5,900
13 Impeller 2.5 25 2,950
14 Propeller 2.5 100 24,000
15 Propeller 2.5 50 6,940
16 Propeller 2.5 25 3,470
17 Impeller 3.0 100 20,400
18 Impeller 3.0 50 10,200
19 Impeller 3.0 10 2,040
21 Propeller 3.0 100 24,000
22 Propeller 3.0 50 12,000
23 Propeller 3.0 25 6,000
25 Impeller 4.0 25 12,100
26 Impeller 4.0 10 4,850
27 Propeller 40 50 28,400
28 Propeller 4.0 25 14,200
29 Propeller 4.0 10 5,680
31 Impeller 4.0 50 24,200

Dilution

F/Q, ratio D, %
min,~1 Vo, ml min. 1 Hy,in. Hr,in. Model fit*
0.1128 5290 0.126 2.6 786 7.85
0.227 5290 0.127 2.6 7.6 10.0
0.565 5290 0.126 2.6 7.6 347
0.064 5290 0.126 2.6 76 115
0.0998 5290 0.125 2.6 7.6 9.0
0.1128 5290 0.126 3.6 76 78
0.225 5290 0.126 3.6 7.6 14.2
0.0552 5290 0.125 3.6 7.6 16.74
0.111 5290 0.126 3.6 76 12.18
0.0492 6280 0.0922 4.2 9.0 1.13
0.0984 6280 0.0922 4.2 9.0 10.3
0.1965 6280 0.0924 4.2 9.0 50.5
0.022 6280 0.0919 4.2 9.0 3.3
0.084 6280 0.0926 4.2 9.0 36.3
0.1665 6280 0.092 4.2 9.0 395
0.0285 6280 0.0926 4.2 9.0 3.2
0.057 6280 0.0924 4.2 9.0 7.6
0.283 6280 0.0917 4.2 9.0 39.0
0.022 6280 0.0919 4.2 9.0 4.7
0.0475 6280 0.0909 4.2 9.0 28.2
0.0935 6280 0.0892 4.2 9.0 32.4
0.0471 6280 0.0906 4.2 9.0 2.2
0.117 6280 0.0904 42 9.0 31.0
0.0201 6280 0.0908 4.2 9.0 6.8
0.0407 6280 0.0920 4.2 9.0 9.6
0.1018 6280 0.0920 4.2 9.0 60.4
0.0236 6280 0.0908 42 3.0 1.86

¢ The deviation between Patel’s exit concentration data and the Manning, Wolf, Keairns model predictions, [Z|(Cuwr — C»){/Cpl/n.

vessel before it reaches the exit port situated at the bottom
wall. However in Patel's data on propellers the propeller
discharge is aimed directly at the exit port, but the overall
recirculating flow patterns within the vessel exhibit a stag-
nation point at the exit port. This stagnation point accounts
for the time lag.

Table 1 summarizes the results of modeling Patel’s data
with Equations (9) and (10). Pumping capacities were
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Fig. 2. Typical comparison of the Manning, Wolf, and Keairns model
with Patel’s dota.
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estimated using Wolf and Manning’s correlations (5): for
flat-bladed turbine impellers Q = 2.3 N D?d, while for
standard marine propellers: Q = 0.54 N D3, Figure 2
shows a typical fit.

Comparison of Patel's data with the Manning, Wolf,
and Keairns model supports the following conclusions:

1. Model predictions agree closely with Patel's data
when F/Q is less than 0.2, that is, when the impeller dis-
charge dominates the mixing process.

2. Significant deviations occur at very low rotational
speeds, that is, when the inlet and exit flows to and from
the vessel control the circulation patterns. The Manning,
Wolf, and Keairns model does not apply to this model.

3. The Manning, Wolf, and Keairns model is very con-
venient. The only information required is design data such
as tank size, impeller type, size, and rotational speed. Be-
cause of these factors the Manning, Wolf, and Keairns
model can be used for design purposes such as scaleup.

NOTATION

Cr = feed concentration
Cexit = output stream concentration
Cmacro = impeller discharge concentration

Cr = recirculation stream concentration as it enters the
impeller

Cin = initial concentration in the tank

Cuwg = Cexit/Cin as predicted by Manning, Wolf, Keairns
model

Cp = Ceit/Cin as measured by Patel

D = dilution ratio = Q/Vz min,™!
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D; = diameter of the impeller

d = impeller blade width

F = feed flow rate

N = impeller speed

n = number of data points for any run

Q = impeller pumping capacity

t = time

Vr = volume of stirred tank

H; = height of impeller from the bottom of mixing tank
Hp = height of liquid level in the mixing tank
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Reduction of Thermal Stratification by Nonuniform Wall Heating
L. B. EVANS, E. S. MATULEVICIUS, and P. C. PAN

The phenomenon of thermal stratification, which occurs
when a confined fluid is heated through the sidewalls of
its enclosure, has been the subject of a number of recent
investigations (I to 6), and the fundamental mechanisms
are well understood. In a thermally stratified fluid an axial
temperature distribution is established in the bulk of the
fluid, and the temperature at the top can exceed the mixed-
mean temperature by a considerable amount. The axial
temperature distribution can be predicted (5, 6) with rea-
sonable confidence for well-defined geometries subjected to
a uniform sidewall heat flux.

In many engineering applications, particularly those in-
volving storage of cryogenic fluids, thermal stratification is
undesirable. A rocket propellant tank, for example, must
be designed to withstand the vapor pressure of the warm-
est liquid in the tank. The extent to which the temperature
of the warmest liquid at the surface exceeds the mixed-
mean temperature will depend upon the severity of thermal
stratification. Several studies (7 to 1) have been under-
taken in an effort to develop techniques for reducing ther-
mal stratification, but the methods reported have not bee
generally successful. :

The experiments described here were carried out to
determine the effect of a nonuniform sidewall heat flux
on the thermal stratification phenomena. A most remark-
able effect was observed which may have direct applica-
tion to the control of thermal stratification.

EXPERIMENTS

The experimental apparatus (6), shown schematically in
Figure 1, was a rectangular cavity 8 in. wide, and 2 ft. deep,
filled to a height of 2 ft. with water as the test fluid. The motion
of a dye tracer introduced into the water could be observed
through transparent front and rear walls. Each sidewall was a
Pyrex glass heater evenly coated with a thin electrically con-
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ducting film for resistive heating. Each of the sidewall heaters
was divided into three 8-in. vertical sections whose heating
rate could be adjusted independently. Thermocouples mea-
sured the axial temperatures at six vertical positions in the
center of the enclosure.

Heat losses from the system were held to a minimum by
providing 4 in. of polyurethane foam insulation at the sides
and bottom, by using double panes of glass for the front and
rear walls, and by coating the free liquid surface with a sur-
factant film of stearic acid to retard vaporization.

Two experiments will be reported. In the first, the heat
flux distribution in the three vertical segments was uniform
(with ratios of heat flux in each segment of 1:1:1). In the
second, the heat flux decreased with vertical distance up the
plate (with ratios of heat flux in each segment of 1:2:3 in the
order top:middle:bottom). The total rate of heat input to the
system was the same (4,920 B.t.u./hr. at each sidewall) for
both experiments. The experimental conditions corresponded
to a fluid Prandtl number of 7 and a modified Grashof number
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Fig. 1. Schematic diagram of experimental liquid enclosure,

May, 1971





