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Abstract: The present work is directed towards exploring the possibility of developing a
model for predicting the residence time distribution based on the actual flow and turbulence
fields present within the reactor. In view of this, experiments have been carried out to
characterize the mixing process in two different, equipments: jet mixer and stirred tank
reactor. CFD models have been developed to predict the mixing time and residence time
distribution in these equipments. In all the case, it is observed that the CFD predictions agree
well with the experimental measurements.

1. INTRODUCTION

Radiotracer techniques find numerous applications such as leak detection and
measurements of mixing time, flow rate and residence time distribution in industrial process
equipments. Radiotracer techniques have many advantages such as high detection sensitivity,
in-situ detection, availability of a wide range of compatible radiotracers for different phases,
rapid response, reliability and accuracy of results, etc. 'he quality of mixing may have a
considerable effect on the economy of different sub processes. The residence time
distribution helps in estimating the quality of mixing and also gives insight into the possible
system malfmctions such as channeling, bypassing, short-circuiting, existence of dead
volumes etc. Thus RTD measurements using radiotracer techniques provide a practical means
for studying the quality of mixing in pilot as well as full-scale industrial process equipment.

Conventionally, the RTD can be described by various models, for example, CSTR
with exchange volumes, CSTR with a dead zone, CSTR with a bypass, and so forth.
However these models contain many parameters like mean residence time, volume of te
dead zone, the exchange flow rate, the bypass flow rate, etc., that can be varied to fit the
experimental data. Many times it can also happen that the experimentally measured
residence time distribution data can be fitted with more than one type of model. In that case,
extracting reliable information becomes difficult. Moreover the models mentioned above do
not consider the flow field within the reactor, which results into non-ideal behavior in the first
place. Therefore, the aim of the present work was to explore the possibility of developing a
model for predicting the residence time distribution based on te actual flow and turbulence
fields present ithin the reactor, In view of this, i the present work, experiments have been
carried out to characterize the mixing process in two different equipments ie. a jet -mixer and
a stirred tank reactor. CFD models have been developed to predict the mixing time and
residence time distribution in these equipments.

2 EXPERIMENTAL AND CFD MODELING STRATEGY

In the case of jet mixer, experiments for mixing time measurements were conducted
in an acrylic flat bottom cylindrical tank of one 1.0 meter inner diameter, equipped with a
0.038 diameter axially downward jet. Process fluid was tap water with liquid hight equal
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to the tank diameter. Technetium-99m (Half life: 6 hours, Gamma energy:140 keV as
sodium pertechnate was used as a tracer to measure mixing times. The tracer was
instantaneously injected into the tank and its concentration was measured at three different
locations using collimated scintillation detectors. The experimental set-up is shown in Fig.l.
The other experimental details have been given previously by Patwardhan and Gaikwad [1]
and Patwardhan and Thatte 2 The CFD modeling strategy employed for simulating jet
mixers have been described in detail earlier by Patwardhan 3].

In the stirred tank reactor, TD measurements were conducted in a 03 meter (inner
diameter) flat cylindrical acrylic vessel agitated by a standard geometry pitched blade turbine.
Process fluid was tap water with liquid height equal to the tank diameter. The agitator speed
was varied from 50 rpm to 400 rpm and the continuous inflow and outflow rate was varied
from 3 to 16 liter/min. Bromine-82 as ammonium bromide was used as a tracer. The tracer
was instantaneously injected into the tank at the top and its concentration was measured at the
outlet (bottom) using a collimated scintillation detectors connected to a computer controlled
data acquisition system. 'Me experimental set-up has been depicted in Fig. 2 The CFD
modeling strategy employed for simulating stiffed tank reactors mixers have been described
in detail earlier by Patwardhan 3] and Patwardhan [5].
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Fig. 1. Jet Mixer Set-up Fig. 2 Stirred Tank Reactor Set-up

3. RESULTS AND DISCUSSIONS

The previous results on jet mixers had shown that the nozzle location in the tank is a
major factor in determining the ixing time. Hence, it was decided to conduct radiotracer
experiments and CFD simulations for two idely different radiotracer experiments, one
located very near the liquid surface and one located near the vessel bottom. It has been
reported earlier that keeping the nozzle near the surface reduces the mixing time. The
reasons for this have been investigated. Figure 3 shows a comparison between the mixing
curves obtained with the radiotracer experiments with the CFD simulations. From the figure,
it can be seen that the overall mixing time predicted with the CFD model agrees well with the
radiotracer measurements. However, when the actual mixing curve is compared, some
discrepancies are observed. The discrepancy between the CFD simulations and radiotracer
experiments aises primarilyjust after the injection of the tracer. The reason for this could be
that as soon as the radiotracer pulse is given, the detector, which is located in the pump
suction, could see (and detect) a part of the tracer, which is actually in the tank. As a result,
the experimentally observed response of the detector is higher and faster as compared to the
CFD simulations. However, the CFD simulations are able to predict the oscillations seen in
the mixing curve.
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Figure 4 'hows te effect of nozzle clearance on the concentration profiles as
measured in the ra'diotracer experiments. Form the Figure it can be seen that, when the
nozzle is located at the top, the mxing p Irocess is faster as indicated by a rapid crease in te
measured concentration. In fact the concentration profile goes tough a maximum
indicating re-circulation of the tracer. On he other hand, when the nozzle is located at the
bottom, the rise of concentration profile is much more slow, indicating poor region of mixing
at the top (where the tracer has been introduced),
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Fig. 3 Comparison between CFD and experiment Fig. 4 Effect of nozzle location

To further elucidate the effect of nozzle location, the CFD simulations have been"
carried it for the two nozzle locations an& the predic ted flow pattern a rising out of these two

geometri, have been shown in Fig. 5a and 5b.
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Fig. a. Flow Pattern Fig. 5b. Flow Pattern

Figure 5a shows that a single circulation cell is formed when the nozzle is located
near the top liquid level. In fact, te spread of the jet i the tank due to entrainment of the

surrounding liquid and the resulting reduction in te axial velocity can be clearly seen. As
the jet approaches the tank bottom, the velocities reduce and the jet starts spreading radially
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outward near the tank bottom. 'Me jet turns once again at the wall and an upflow region can
be observed, thus forming a circulation cell inside the tank. The eye of this circulation cell
thus formed is located at a distance of about 0% of the tank radius fi-om the axis of the tank
in the radial direction and at a distance of about 25% of the liquid height from the tank
bottom in the axial direction. When the tracer is introduced at the top liquid surface, the
tracer will be rapidly transported to the bottom of the tank and will circulate and mix within
the tank. In addition, since the pump suction is at the bottom, any tracer that reaches this
location gets re-introduced at the top liquid surface through the jet. This causes additional
liquid circulation from bottom of the tank to the top liquid surface. In contrast, when the
nozzle is located near the bottom (Fig. 5b), the high velocity jet impacts the tank bottom, as a
result, lot of the jet energy is dissipated locally. This Figure also shows that a circulation cell
is set-up but the magnitude of the velocities in this case is smaller. In fact, near the top liquid
surface a secondary circulation cell is formed. Figure 5b shows that radial wan jet is weak
and jet velocities are substantially lower in magnitude. The jet loses its identity quickly after
the point of impact. Thus, Fig, 5a and clearly reveal the better mixing achieved when the
nozzle is located at the top.

In the stirred tank reactor, the flow pattern produced by the pitched blade turbine
impeller is shown in Fig. 6 The flow patterns have been shown in the r-z plane passing
through the centre of the tank and midway between two baffles and only 2 of the flow
pattern is shown. From the Figure it can be seen that the impeller generates predominantly
downward flow, when the flow reaches the vessel bottom, it goes radially outward and near
the wall, upward flow is generated. Thus a single circulation loop is obtained with this type
of impeller. Detailed comparison of the velocity and turbulence field and validation of the
CFD model has been given by Patwardhan [5]. Figure 7 shows a typical result indicating the
comparison between the exit age distribution measured by the radiotracer experiments and
predicted by CFD simulations. It can be seen that te predicted exit age distribution from
CID simulations agree well with the experimental measurements.
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Table I shows comparison of the mean residence time calculated from the exit age
distribution. It can be seen that at all the cases, the CFD model predictions agree wen with
the experimental measurements.

Table 1. Comparison of mean residence time

Flow rate Speed Mean residence time calculated Mean residence time
OPM) (RPM) from radiotracer experiments calculated from CFD

(sec) simulations (sec)
3 400 335 368
3 50 424 337
16 100 72 74.3

4 CONCLUSIONS

In the present work mixing time and RTD measurements have been carried out with
the help of radiotracers. These experiments have been conducted for two different
geometries: jet mxers and stirred tank reactors. CFD simulations have been carried out for
both of these geometries. In the case of jet mixers it has been observed that an keeping the
nozzle near the top liquid level creates good circulation in the tank thereby producing faster
mixing. Further, the predictions from CFD simulations agree fairly well with the
experimental measurements. In the case of stirred tanks, RTD measurements have been
conducted at different impeller speeds and different liquid flow rates. In a te case, it is
observed that the CFD predictions agree well with the experimental measurements of exit age
distribution as well as mean residence time.
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