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ixing is a common operation in the process indus-

tries and is generally performed by a rotating im-

peller in a vessel. Products obtained from food,
petroleum, mining, pharmaceutical, pulp and paper, and
chemical industries would not be available without fluid mix-
ing equipment and technology. Mixing also plays a vital role
in industrial waste treatment and in environmental cleaning,
such as in sulfur dioxide absorption for treatment of acid
rain.!'?!

A wide range of mixing situations can be found in practice,
which may involve high- or low-viscosity fluids, suspending
solids in liquids, dispersing gas or solids in liquids, etc. Mix-
ing operations at the industrial level are increasingly carried
out at low to moderate Reynolds numbers, leading to segre-
gated or dead regions and resulting in long mixing times.
The simplest way used to improve mixing efficiency con-
sists of increasing the rotational speed, which unfortunately
leads to higher energy consumption. Mixing times in small-
scale stirred tanks are commonly measured by non-intrusive
techniques such as colorimetry. This technique also allows
observation of the aforementioned segregated regions and
how they tend to disappear as the impeller speed increases.

The objective of the mixing laboratory is to give students
practical experience in the fluid mechanics of mixing by ana-
lyzing power consumption and mixing times associated with
radial and axial flow impellers with Newtonian and non-
Newtonian fluids.

The mixing laboratory is part of an undergraduate unit op-
erations course offered by the Department of Chemical En-
gineering at Ecole Polytechnique of Montreal for senior-year
students. Groups composed of a maximum of three students
perform the required laboratory work in a period of four hours.
The group prepares a preliminary report after finishing the
experiments, and the students either hand over a full report

or give an oral presentation the following week. Both the full
reports and the oral presentations consist of a description of
the experiment’s objectives, its theoretical basis, the engi-
neering method used, the experimental setup, and the operat-
ing conditions. Then they present the experimental data, dis-
cuss the results, and make recommendations to improve the
laboratory.

EXPERIMENTAL SETUP

The mixing system used in all the experiments is a modi-
fied Turbotest (VMI Rayneri) laboratory mixer, shown in
Figure 1. It consists of a transparent polycarbonate vessel of
165-mm inner diameter and 230-mm height, with an open
top fixed to a rigid table for safe operation. Two classical
impellers are tested—a radial-flow impeller (6-blade Rushton
turbine) and an axial-flow impeller (marine propeller). The
impellers are mounted on a rigid shaft driven by a DC motor,
with the speed carefully regulated in a range from 10 to 2500
rpm by means of a DC controller. The motor is mounted on a
rigid structure that can be moved to adjust the vertical posi-
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The purpose of this experiment consists of determining the mixing time with two impellers
providing different flow patterns. The mixing time, defined as the time needed to reach
a specified degree of homogeneity, can be determined by various techniques . . .

tion of the impeller. As can be seen in Figure 1, a standard
mixing configuration is used as a starting point, with the im-
peller placed on the vessel centerline at 1/3 of the liquid height.
The agitation torque is measured by a non-contact type
torquemeter (range between 0.1 and 1.42 N.m) fitted between
the motor and the agitation shaft.

Newtonian fluids consist of aqueous solutions of corn syrup
having a viscosity of 1.5 Pa.s, while aqueous solutions of
carboxy methyl cellulose (CMC) are employed as non-New-
tonian fluids. The mixing times are measured with a colored
tracer consisting of Methylene Blue diluted in both solutions.
The two solutions, together with the tracer, are prepared prior
to the experiments and allowed to settle at least 24 hours in
order to eliminate air bubbles. The rheological properties of
the fluids are determined
by a Bohlin Visco 88V
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where P is the power in Watts, p is the fluid density in kg/m?,
D is the impeller diameter in m, and . is the dynamic viscos-
ity in Pa.s.

The laminar and transition regimes must be identified after
plotting Np as a function of Re on a log-log scale;®* the
constant K_for each impeller can be calculated by

K, =NpRe (3)

Mixing Times
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EXPERIMENTS
Power Consumption

This experiment consists of determining the power con-
sumption for both radial- and axial-flow impellers with New-
tonian fluids. For that purpose, the fluid under study must be
added to the H level of the tank (see Figure 1) and then the
mixer speed is set to zero rpm and the torquemeter to zero
N.m. The impeller speed is gradually changed from 15 to
700 rpm, and the torque reading for each speed is used to
calculate the power consumption by means of

P =2 muNT 1)

where r is the impeller radius in m, N is the rotational speed
in rps, and T is the torque in N.m.

The power consumption is correlated to the impeller speed
by means of the dimensionless power number (Np) and the
Reynolds number (Re), defined by
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Figure 1. Experimental setup.

etry technique is a quali-
tative method to deter-
mine the mixing time by
adding a small amount of a color tracer to the fluid that is
being mixed. The overall fluid color will change, and mixing
time corresponds to the time when the tracer is judged to
have completely dispersed within the fluid. The detailed pro-
cedure for measuring the mixing time is

1. Use the configuration shown in Figure 1 with the Rushton
turbine.

2. Add fluid (aqueous corn syrup or aqueous CMC) up to the H
level.

3. Prepare the color tracer solution by dissolving 10 mL of
Methylene Blue in 100 mL of fluid to be studied.

4. With the mixer at rest, add 15 mL of the color tracer solution
to the tank containing the fluid.

5. Set impeller speed at 100 rpm and switch the mixer on.

6. Measure the mixing time at this speed.

7. Repeat Steps 3 to 5, using different speeds. The speed range
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for this experiment is from 100 rpm to 600 rpm, with
increments of 100 rpm.

8. Repeat the experiment for the marine propeller.

As proposed by Moo-Young, et al.,”” mixing time can be
correlated with the impeller speed by means of a dimension-
less mixing time defined as

Nt,, = a(Re)? (4)

where t_ is the mixing time in s, N is the impeller speed in
ps, Re is the Reynolds number, and o and {3 are adjustable
parameters.

Shear Rate of non-Newtonian Fluids

The purpose of this experiment is to find out the effective
shear rate for non-Newtonian fluids in the vicinity of the im-
peller by the Metzner-Otto correlation.® They developed a
general relationship to correlate the impeller speed and the
shear rate of a non-Newtonian fluid in the laminar regime.
Based on the single knowledge of the power curve for
Newtonian fluids, this relationship can be used to interpret
and correlate power draw data for non-Newtonian fluids. This
method assumes that there exists an average mixer shear rate
developed in the vicinity of the impeller, which corresponds
to the power consumption. This shear rate is directly propor-
tional to the impeller speed through

‘.YA =kN (5 )
where Kk _is the mixer shear rate constant.

The average shear rate, ¥4, defines an apparent viscosity,
which is used in the definition of the Reynolds number for
power consumption prediction for non-Newtonian fluids. The
apparent viscosity is determined from viscometric measure-
ments at the appropriate shear rate and used directly for plot-
ting the power curve. The determination of the average shear
rate, Ya, involves the following steps (see Figure 2):

1. For a given impeller speed, a power number (Np’) is
calculated from the P vs. N for non-Newtonian fluids.

2. Using this power number, Np’, a Reynolds number (Re’)
is obtained from the power number-Reynolds number corre-
lation for Newtonian fluids.

3. Finally, the average shear rate can be determined from
the viscometric data and, using the impeller speed, the mixer
shear rate constant, k , can be calculated from Eq. (5).

The procedure for this experiment consists of the following
manipulations:
1. Mount the Rushton turbine at the end of the shaft and

locate it in the center of the vessel, as in the first
experiment.

2. Add the aqueous CMC to the H level.

3. Gradually change the speed, record the torque for
each speed, and calculate the impeller power con-
sumption from Eq. (1).

4. Plot the power consumption (P) vs. impeller speed
(N).

5. By using the viscometer with the same fluid, record
the apparent viscosity for each shear rate and plot the
L, VS. YA CUIVE.

6. Following the steps mentioned above, determine the

average shear and calculate the mixer shear rate
constant k_from the Metzner-Otto correlation (Eq. 5).

7. Repeat the experiment using the propeller.

FULL REPORT AND ORAL PRESENTATION

As mentioned before, students are asked to prepare a pre-
liminary report after finishing the experimental work. A week
later they must deliver a full report or give an oral presenta-
tion. The full reports must contain
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Figure 2. Determination of the shear rate constant k : a) non-Newtonian power consump-
tion, b) Newtonian power consumption, ¢) non-Newtonian viscometry.
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P An abstract, including the objectives, the methodology

used to achieve the objectives, and results and conclu-
sions in relation to the proposed objectives.

P The objectives must be clearly stated.

» A theoretical perspective different from the one presented

in the laboratory manual.

» Main results for discussion and analysis, including

graphs and tables. An example of a set of experimental
data obtained by students is shown in Figures 3 and 4.
The power curves in terms of the dimensionless power
number (Np) as a function of the Reynolds number (Re)
are shown in Figure 3. After performing linear regres-
sion with the experimental data, a good correlation can
be observed between Np and Re. It must be noted that a
slope of -1 should be obtained between Np and Re cor-
responding to the laminar region. An error of 5.47% and
0.53% in the slope is obtained for the Rushton turbine

Np
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Figure 3. Experimental power curves for the Rushton

turbine and the propeller.
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Figure 4. Dimensionless mixing time as a function of

the Reynolds number for Newtonian fluids.
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and the propeller, respectively. Figure 4 shows the di-
mensionless mixing time as a function of the Reynolds
number for both impellers with a Newtonian fluid. From
the linear regression results, it can be observed that the
larger coefficients « and B correspond to the Rushton
turbine, which is in good agreement with the results re-
ported in the literature.”

» Interpretation, analysis, and discussion. These elements

should be presented in great detail in a quantitative way,
including the experimental error encountered. In the case
of the experiments of power consumption and shear rate
of non-Newtonian fluids, the torque should be measured
at least three times in order to determine the experimen-
tal error.

P Recommendations. This feature is used as feedback chan-

nel, so the students should suggest another experiment
to perform or modifications to the experimental setup in
order to improve the experiments.

P Appendix. All the raw data must be presented so the re-

viewer can verify if the data were well processed.

On the other hand, the oral presentation is evaluated in terms
of the form and the content. The introduction and objectives,
presentation structure, illustrations, conclusions, and ques-
tions are all considered in the form. The subject knowledge,
theoretical basis, and references and analysis capability are
considered as parts of the presentation.

CONCLUSION

Because mixing is a unit operation involved in many in-
dustrial applications, a good understanding of this operation
is central for a successful process. The proposed experiments
give the students a general introduction to the fluid mechan-
ics of mixing with Newtonian and non-Newtonian fluids,
using impellers that provide different types of flow. In fluid
mixing technology, as in other process design areas, dimen-
sionless groups are used to correlate scale-up parameters. For
that reason, experimental results must be presented in terms
of these dimensionless numbers to be useful to the process
designers. The proposed mixing experiments enable engi-
neering students to gain excellent insight into the use of
dimensionless groups.
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