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Abstract—Velocity profiles are helpful for the confident design of mixing tanks and chemical reactors in mixing pro-
cesses. A fuzzy model and an artificial neural network have been presented for accurate prediction of velocity distribution
of Rushton turbine impeller (RTI) for the mixing of polymeric liquids in the lower transition region: 35<Re'<1800.
Local tangential and radial velocities were predicted along the discharge plane of the impeller. Experimental data were
used for training, validation, and testing the neuromorphic models. The presented models are very accurate and reliable
in predicting the velocity profiles over wide ranges of polymer concentrations and rotational speed. Comparison of the
suggested fuzzy model and the empirical correlations shows that the proposed model outperforms the other alternatives
both in accuracy and generality. The results show that the proposed neuromorphic models can successfully be used
for prediction of velocity distribution in agitated tanks for viscoelastic polymeric fluids.
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INTRODUCTION

Polymer processing in stirred tank reactors has received signifi-
cant interest in chemical industries. Metzner and Otto (MO) [1-4]
proposed that in an agitated vessel, including purely viscous fluids
with pseudoplastic properties, an average (effective) shear rate (dU/
dr),, could be considered, such that the corresponding apparent vis-
cosity was equal to the viscosity of the Newtonian fluid that would
show exactly the same power consumption under identical condi-
tions, at least in the laminar region. They assumed a linear relation
between the average shear rate and the rotational speed of the impel-
ler as the following:

(dU/dr),=kN (1)

where N is the rotational speed of the impeller in round per second
(rps) and k; is the MO coefficient. However, the significance of the
MO method to calculate the effective deformation rate is limited to
the laminar flow region and is not valid in the transition region [5-7].
There are, however, some doubts as to whether the MO method is
applicable to the transition region [6,8]. Considering many indus-
trial viscoelastic mixing processes with typical Rushton turbine im-
pellers in the transition region, the MO method needs further inves-
tigation [9,10].

The fluid motion caused by the rotating Rushton turbine impel-
ler is approximated by an equivalent flow produced in a coaxial
cylinder system with the inner cylinder rotating [5]. For a steady
and fully developed Couette flow, neglecting the end effects, we
can write [11]:
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where U is tangential velocity. Therefore, it can be determined the
local shear rate using tangential velocity data of this work for dif-
ferent viscoelastic liquid concentrations and impeller speeds. In fact,
tangential velocity provides important design information on flow
patterns, pumping capacity, power number, mixing time and so on
[3,7,8,12].

The Rushton turbine impeller induces a strong radial discharge
stream and variations in the radial velocity component with impeller
blade angle. Knowledge of flow pattern is very helpful for under-
standing the impeller performance, i.e., power input, the mixing
and circulation times, and the heat transfer rates across the vessel
walls [13]. Flow pattern strongly depends on the type and geometry
of the impeller [14]. It is difficult to specify an optimal, or some-
times even adequate, agitator configuration for a new application that
has unique properties not previously investigated. Experimental eval-
uation of many different agitator and vessel designs is prohibitively
time consuming and expensive. For many industrial materials, such
as viscoelastic polymeric liquids, and suspensions, it is impossible
or impractical to operate under turbulent mixing. One then has to
proceed in the laminar or at best in the transition region. Due to the
complexities and uncertainties of mixing in the transition region, it
is difficult to predict mixing performance and power requirement
for rheologically complex non-Newtonian fluids [15].

The influence of the complex non-Newtonian properties (in par-
ticular, viscoelasticity), secondary flow patterns and flow irregular-
ities are expected to be more and more pronounced as the inertial
forces become more and more important. This area of research is
still in an early exploring stage although some work has been carried
out in this field [12,16,17].

Different computational techniques for accurate and low cost design
methods have been emphasized for impellers. These methods, such
as the finite difference, finite element (based on numerical solution
of Navier-Stokes equations, e.g., CFD calculations) [18-24], empiri-
cal correlations, non-Newtonian viscosity-shear rate models [25-
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27], and tracer injection techniques [28,29], may be implemented
for agitated vessels. However, detailed methods are required to vali-
date the calculations.

A practical correlation for predicting the dimensionless mean
radial velocity in the vicinity of impeller tip and on its centerline is
as follows [30]:
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A similar correlation to Eq. (3) was derived for dimensionless tan-
gential velocity by introducing a constant related to the velocity pro-
file that depends on the solution properties [20]:
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Another tangential velocity correlation for different concentrations
of PAA solutions and impeller speeds in the lower transition region
(i.e., 35<Re'<1800) is [31]
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The validation of CFD as a predictive tool requires comparison of
the numerical results and experimental velocity data [20-22]. On
the other hand, CFD simulation of applications involving high Rey-
nolds number agitation or multiphase, non-Newtonian solutions can
require enormous computational capacity. Laser Doppler velocim-
etry has proven to be more accurate for the measurement of flow
fields in stirred tanks than other techniques such as Pitot probes and
hot-wire anemometers because:

(a) It provides flow information even in unsteady and highly tur-
bulent flow regions as well as in the return flow areas of the tank.

(b) It operates without disturbing the flow field [32].

Experimental studies have proved to be successful in measuring
the flow field accurately, but they are neither economical nor practi-
cal when a large number of the design and process variables is con-
sidered. Depending on the purpose of the operation carried out in
an agitated tank, the best choice for the geometry of the tank and
the impeller type can vary widely. Different materials require differ-
ent types of impellers and tank geometries to achieve the desired
product quality and reasonable operational costs. Other important
parameters like impeller clearance from the tank bottom, proximity
of the vessel walls, baffle length and number also affect the gener-
ated flow.

There are a few studies on the determination of tangential veloc-
ity profile for polymeric fluids at discharge plane of Rushton tur-
bine impeller in mixing tanks. Most of them, though, are concerned
with measurements of velocity profiles in water representing the
agitation of low viscous inelastic fluids.

Thus, there is a lack of experimental data for the velocity pro-
files of polymeric fluids in mixing processes. Since, performing
the mixing experiment for new tanks is costly and time consuming
and due to aforementioned shortcomings in empirical and analyti-
cal models, it is important to use reliable and accurate tools, which
are pertinent to the input-output relations of the concerned system.

The powerful function approximator properties of intelligent tech-
niques make them useful for representing nonlinear and complex
models [33,34]. Since evaluation of mixing patterns in stirred tanks

and transient mixing phenomena is of great practical interest, a fuzzy
model is presented for accurate prediction of tangential velocity in
mixing of polymeric viscoelastic liquids.

Furthermore, a three-layered feed forward neural network model
has been presented for accurate prediction of radial velocity in mixing
of polymeric viscoelastic liquids. In this work, the working fluids
were different concentrations of polyacrylamide (PAA) solutions
with rheological properties typical of those found in polymeric pro-
cesses. Also, the effects of concentration of PAA solutions, impeller
speeds and radial position on the mixing performance are studied.

EXPERIMENTAL

Measurements were performed in a cylindrical tank of Plexiglas
with an inside diameter of 0.276 m and wall thickness of 0.003 m.
The tank included four equally spaced baffles of width of 0.03 m.
The height of liquid was 0.188 m. The impeller was a typical Rushton
turbine with diameter of 0.104 m. The tank and turbine configurations
are shown in Fig, 1. The impeller was driven by a variable speed
electric motor. The entire tank and motor assembly was mounted
on an automated-controlled traversing mechanism, allowing the user
to conduct a complete scan of the mixing tank.

The LDA system (Dantec Measurement Technology) was oper-
ated in the back scatter mode with both receiving and transmitting
optics in the same module. The system consisted of a 5 W Spectra-
Physics argon-ion laser, two-color 55x modular optics, two burst
spectrum analyzers and a PC. The front focusing lens had a focal
length of 0.31 m and produced a beam angle of 9.92°. Additional
equipment included an automated three-axis traversing system. The
power of the emitted beam (blue-green) could be regulated up to
5 W. This beam was split by a modular optical system into four beams
in such a way that two of them were blue rays (488.0 nm) and two
others were green (514.5 nm).

Radial and tangential velocities could be obtained simultaneously
when the probe traversed along the radius of the mixing vessel. Tan-

Fig. 1. Setup of LDA and agitated vessel for mixing of polymeric

liquids.

1. Impeller 6. Tachometer

2. Agitated vessel 7. Traverse controller

3. Baffle 8. Burst spectrum analyzer

9. Laser and its accessory
10. Computer

4. Laser probe
5. Stepping motor
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Table 1. Physical properties of PAA solutions

Fluid Conc. (ppm) Density (kg/m®) 1, (kg/ms)
a 500 1114 0.011
b 750 1114.8 0.052
c 900 1120.4 0.0532
d 1350 1128.8 0.139

gential velocities were obtained through the use of green beams and
radial velocities by using blues.

Data acquisition and processing of the particle velocity informa-
tion were done using two Dantec burst spectrum analyzers (BSA).
The natural ingredients of PAA solutions were adequate for LDA
since for a total of 20k bursts, data rates up to over 1 kHz were easily
obtained with more than 60% validity and, therefore, no seeding
was required [35]. The total number of collected bursts at each point
was such that for any higher number of bursts, only variations less
than 0.01 m/s in velocity could be sensed. An oversized filter accepted
only the signals from the smallest particles. Calculated average val-
ues could be biased in such flows. Continuous-wave mode of meas-
urement took more data from slower-moving particles and in this
way reduced the bias error to less than 2 percent [36].

Several concentrations of PAA (Magnofloc LT27 polyacryla-
mide) solutions in 50/50 (wWt%) mixtures of glycerin/water were
used as typical viscoelastic polymeric liquids (Table 1). Steady and
oscillatory shear experiments were performed by means of a Haake
rheometer, RV100/CV100, fully controlled by computer. Rheomet-
ric data were measured at the same temperature as that encountered
in the mixing experiments.

MODEL DEVELOPMENT

One of the main objectives of polymer engineering research is
to increase the predictive capabilities with respect to the effect of
process variables. Although it is now recognized that close clear-
ance impellers are more effective for mixing rheologically complex
fluids, the classical Rushton turbine remains the most common im-
peller in industrial and research equipment particularly in the fer-
mentation industry [37]. A fuzzy system is a static nonlinear map-
ping between its inputs and outputs. The inputs and outputs are crisp,
not fuzzy sets. The fuzzification operator converts the crisp inputs
to fuzzy sets, the inference mechanism uses the fuzzy rules in the
rule-base to produce fuzzy conclusions, and the defuzzification opera-
tor converts these fuzzy conclusions into the crisp outputs. This rule
base may consist of a series of implications that are defined in the
following format, in which the antecedent part is characterized by
a logic connective “AND” and the consequence part is represented
by a linear equation. In this work, a first-order Takagi-Sugeno fuzzy
system was used as estimator. For a first-order Takagi-Sugeno fuzzy
model [38], a typical rule set can be expressed as:

Ifxis A Andyis B Then f=a,,+a,, u+...+a,,u, ©6)

Where f; is output from the i" rule and u; (=1, 2, ..., n) are inputs
and a;; are real fixed numbers referred to as consequent parameters,
and x and y are linguistic variables that describe u; and Y (output
from fuzzy system).

For the Takagi-Sugeno fuzzy system, we chose an appropriate
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operation for representing the premise (e.g., minimum or product),
and defuzzification can be obtained using center-average defuzzifi-
cation

Rt
Z firs;

v ™
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where Rt is total number of rules and represents the firing strength
of each rule defined as premise membership function:

H() = g, () X g (Up) X - X 1 (U,) ®

where A,, are fuzzy sets such as low, medium, high characterized
by appropriate membership function, which could be triangular,
trapezoidal, Gaussian functions or other shapes. In this study, the
Gaussian membership function defined below was utilized:

siy=exp~ (4] )
J

In consequent part of the rule we use a function f=g,(u) that is a
function of input variables, which in the case of the Takagi-Sugeno
fuzzy system can be written as

f=a,sta,, ut...+a,,u, (10)

Fuzzy systems have very strong interpretability. If properly con-
structed, they can capture the complex non-linear relationship be-
tween inputs and outputs. They are capable of handling complex,
nonlinear, and sometimes mathematically intangible dynamic sys-
tems. However, when fuzzy rules are extracted by traditional learn-
ing methods, there is often a lack of interpretability in the resulting
fuzzy rules. Consequently, two common problems are found: the
number of rules is usually larger than necessary, and the topology
of the fuzzy sets is inappropriate. Therefore, there is always a trade-
off between the interpretability and the accuracy of the fuzzy model
constructed from sampling data. Recently, attention has been increas-
ingly paid to improve the interpretability of fuzzy systems, and sev-
eral approaches have been proposed [39-42]. Levenberg-Marquardt
learning algorithm, stochastic genetic algorithm, and recursive least
square are the main techniques that have received a great deal of
attention owing to their fast rate of convergence without extra com-
putations. We applied an efficient approach to construct first-order
Takagi-Sugeno fuzzy model from data, considering both their accu-
racy and interpretability. First, we used the fuzzy C-means cluster-
ing method to preprocess the sampling data and to form the rule
antecedents of the model. We then used the genetic algorithm (GA)
to obtain an initial set of consequent parameters; next, mean least
square (MLS) method was used to determine the final rule conse-
quents. This is because GA can reach the region near an optimum
point and many function evaluations need to achieve an optimum
point. Thus, solution from GA is then used as an initial point for
another optimization solver that is faster and more efficient for local
search. The number of clusters found by C-means clustering ob-
tained is 15, which are defined by Gaussian membership function
for each of the three inputs to build the fuzzy system, which leads
to 15 if-then rules containing 90 non-linear parameters and 60 linear
parameters (the total parameters is 150) to be leamed. We used fuzzy
C-means clustering combined with GA and MLS method for training
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of a Takagi-Sugeno fuzzy system. The final fuzzy model was ob-
tained in two steps. First, we used the fuzzy C-means clustering
method [43,44] to determine the rule antecedents. We then used
the GA-MLS method to determine optimal consequent parameters.

Fuzzy clustering can be done using the input-output data, input
data only, or output data only. In our approach, we want to use all
of the available information. This technique starts to work with an
initial guess for the cluster centers. By iteratively updating the cluster
centers and the membership grades for each data point, fuzzy C-
means iteratively moves the cluster centers to the right location within
a data set. This iteration is based on minimizing a cost function that
represents the distance from any given data point to a cluster center
weighted by that data point’s membership grade

1= YK =c)s S =1 which 1<k<M (11
k=1i=1 i=1

Which must be minimized through a non-linear optimization tech-

nique that contains new values of the membership, and the center

at each iteration. 24, is the degree of membership of X in the cluster

ith.

The experimental data used for developing Takagi-Sugeno fuzzy
model are obtained from LDA measurements. The model was trained
and tested by using 80% and 20% of a set of 241 velocity points,
respectively. Eleven radial positions from the impeller tip to the vessel
wall were chosen in order to measure the mean velocity compo-
nents in mixing of PAA solutions. Local mean velocity and velocity
fluctuations at these points were measured for different rotational
speeds of the Rushton turbine impeller and various concentrations
of PAA solutions. The measured tangential and radial velocities of
different PAA concentration were used for training and testing the
proposed fuzzy model. The inputs to the fuzzy network are PAA
concentration, motor speed (rpm), and the dimensionless radial po-
sition, 1/R. The PAA concentrations are 500, 750, 900, and 1,350
ppm, the radial position, 1/R, spanned between 0.4-0.94 and motor
speeds are in the range of 23-100 rpm. The output from the model
is tangential velocity normalized by blade tip speed. The input and
output data points were normalized, so all data points have the same
order of magnitude.

The training performance of the proposed fuzzy model for pre-
diction of tangential velocity according to Gaussian-based MFs is
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Fig. 2. Fuzzy network training results for tangential velocity.
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Fig. 3. Fuzzy network testing results for tangential velocity.

displayed in Fig. 2. As shown, there is a very good agreement be-
tween the experimental data and the predicted points. The training
phase mean squared error is 4.4x10™, suggesting the accuracy of
the network training. The mean squared error (MSE) is defined as
below:

st (-4

where U is tangential velocity normalized by impeller tip speed V,
and M is total number of data points.

Fig. 3 represents the validation results of the fuzzy model, from
which it can be observed that the testing errors for all the testing
data set are nearly zero. This clearly indicates the effectiveness and
the reliability of the fuzzy model for tangential velocity predictions.
The testing phase mean squared error is 1.1x107%, which indicates
the generalizability of the proposed fuzzy model. The fuzzy net-
work modeling and measuring the network performance was im-
plemented under the MATLAB environment.

A similar approach was used to correlate the normalized radial
component velocities. In this way a three-layered neural network
model was developed for accurate prediction of the radial veloci-
ties. A trial-and-error approach was used to minimize the error in
order to determine the optimal combination of number of hidden

PAA conce.,

ppm C
Motor speed, ( )
rpm

VIV,

/R —b@

Fig. 4. Neural network architecture.
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Table 2. The optimum values of the three-layered neural net- tion, 99.9 rpm.
work
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in the input layer and the hidden layer, respectively, and one neuron in 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

the output layer is used. The inputs to the neural network model
are as before, while the output of the network is normalized radial
velocity.

The optimal network architecture for predicting the normalized
radial velocity (output of the network) as a function of state variables
(input of the network), namely, the PAA concentration (ppm), motor
speed (rpm) and radial position is shown in Fig. 4. The training result
of the proposed feedforward network is in Fig. 5. As shown, there
is a very good agreement between the experimental data and the
predicted points. The correlation coefficient (R-value) is 0.9927,
very close to 1, suggesting the accuracy of the network training.
The optimum calculated values of network parameters to be used
in simulations are given in Table 2.

RESULTS AND DISCUSSION

Predicted and measured velocity points are compared with empiri-
cal correlations at different radial locations for 1,350 ppm PAA solu-
tion in Fig. 6. As shown, the velocity profile reduces exponentially
along the radial distance from the impeller. This figure shows that
the dimensionless mean tangential velocity for non-Newtonian fluid
cannot exceed the impeller speed, U/V,<1.0, and this is contrary to
the findings of Stoots and Calabrese [45] for Newtonian liquids.

According to Fig. 6, the effect of radial position on the tangential
velocity is more severe in the range of 0.4<1/R<0.6. That decrease
in the tangential velocity occurs almost in this region. After point 1/
R=0.6, however, this is not the case, due to the presence of the baftle
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rR

Fig. 7. Comparison of Egs. (4), (5) and fuzzy model predictions for
dimensionless tangential velocities, S00 ppm PAA solution,
64 rpm.

which introduces a relative increase in the turbulence. The pro-
posed fuzzy model outperforms the existing correlations for all radial
positions, as shown in Fig. 6.

In Fig. 7 radial profiles of tangential mean velocities on the impel-
ler centerline are presented for 500 ppm PAA solution and at 64
rpm of motor speed. The predicted tangential velocity by newly
developed model correlates with the measured data well.

As shown in Figs. 6 and 7, for all PAA concentrations and rota-
tional speeds, Eq. (3) over-predicts the experimental data; while
deviation of correlations 4 and 5 from experimental data are lower
than Eq. (3). From Figs. 6 and 7 it is clear that Eq. (4) under-predicts
the experimental data for distances from 1/R=0.4 to 0.6 and over-
predicts the experimental data from 1/R=0.6 to 0.9. The prediction
results of the proposed fuzzy model show good agreement with ex-
perimental data for a wide range of operating conditions.

To compare the results of this study and experimental points, varia-
tion of tangential velocity against radial position for 900 ppm PAA
solution at 44.4 rpm is depicted in Fig. 8. As shown, the velocity is
decreased along the radial direction. When the flow reaches the tank
wall its velocity decreases rapidly. Near the wall the flow separates
into two streams and then it returns back to the impeller region after
circulating in the tank. As shown in Fig. 8, it is not possible to cover
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Fig. 8. Comparison of Egs. (4), (5) and fuzzy model predictions for
dimensionless tangential velocities, 900 ppm PAA solution,
44.4 rpm.
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Fig. 9. Comparison of Egs. (4), (5) and fuzzy model predictions for
dimensionless tangential velocities, 750 ppm PAA solution,
23.9 rpm.

all experimental data by the aforementioned correlations. Eq. (5) over-
predicts the experimental data until the radial position 1/R=0.6; while
Eq. (4) over-predicts the velocity points from position /R=0.5 to
0.9. The predicted tangential velocity points by the proposed fuzzy
model are in excellent agreement with measured datasets in all ranges
of radial position as shown in this figure.

In the experiments, the impeller clearance from the tank bottom was
kept constant at 0.2, so the flow field consisted of smoother circula-
tion when the impeller was placed closer to the tank bottom [46].

Fig. 9 show the velocities in the impeller region obtained via LDA
for 750 ppm PAA solution at 23.9 rpm. The normalized tangential
velocity profiles in PAA solution are higher than those obtained in
Newtonian fluids [16,22].

The presented fuzzy network model accurately predicts the nor-
malized tangential velocities as shown in Fig. 9. The predicted veloc-
ity curve (shown as a solid line in Fig. 9) clearly indicates the trend
of normalized tangential velocity variations against the radial position.

Fig. 10 shows the comparison between the normalized radial veloc-
ity predicted by the proposed three-layered neural network model
and experimental measurements vs. radial position for different con-
centration of PAA solutions and motor speeds. As can be seen from
Fig. 10, the profiles of V/V, data cannot exceed the blade tip speeds.
Also, like V/V, data, the latter result is not similar to the findings of
Stoots and Calabrese [45]. Fig. 10 further shows that the region in

06 o o 500 ppm, 80.8 rppm
a 750 ppm, 95.1
0.5 © 900 ppm, 99.4 rpm
o 1350 ppm, 99.9 rpm
0.4 —— Neural network model
§ 0.3 0 0 g
@
0.2
<
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<
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R

Fig. 10. Comparison of fuzzy model predictions and dimension-
less radial velocities.
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<
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0.2
0.1
0
0.35 0.45 0.55 0.65 0.75 0.85 0.95

R

Fig. 11. Comparison of Eqs. (13), (14) and fuzzy model predictions
for dimensionless radial velocities, 500 ppm and 900 ppm
PAA solutions.

which the profile of V/V, reaches a maximum, is in the range of
0.4<t/R<0.6. This behavior may be due to elastic effects in the vicinity
of impeller blade such as the Weissenberg effect [11].

For 1,350 ppm solution, at /R=0.75, the normalized radial veloc-
ity approaches zero and this causes the formation of a pseudo-cavern
[47]. This phenomenon is a cavern that does not have well-defined
boundaries between the stagnant and well-mixed regions. It can be
due to the low shear regions formed away from the impeller tip.
These results support previous observations by Metzner and Taylor
[2] that it is possible to have both laminar and turbulent regimes in
an agitated vessel at the same time.

A higher normalized radial velocity is obtained for 500 ppm solu-
tion. The peaks in each curve are in the range of 0.4<1/R<0.55, which
do not exist in Newtonian and inelastic non-Newtonian systems.

The predicted velocity points by the proposed neural network
model are in excellent agreement with measured radial velocity points
in all ranges of PAA concentrations and radial positions as shown in
Fig. 10. Furthermore, Fig. 11 compares the result of the three-layered
neural network model and empirical correlations for radial velocity,

\l//_, ~0.85 5,@% (13)
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Correlation (13) differs from correlation (3) by introducing a param-
eter £, which depends on the Re. The parameter £ decreases with
increasing elasticity of PAA solutions and decreasing of Re' num-
ber and & for PAA solutions is smaller than those for Newtonian
and inelastic non-Newtonian liquids.

As shown in Fig. 11, for 900 ppm solution, both correlations (13)
and (14) under-predict the experimental data significantly. For 500
ppm solution, it is not possible to cover all experimental data by
the aforementioned correlations.

Predicted radial velocities are compared with the set of experi-
mental data points, which are not used in the model development
in Fig. 12. The overall correlation coefficient (R-value) of 0.9919
indicates a very good agreement between experimental and pre-
dicted radial velocities.

The generalizability of the models is shown in Figs. 3 and 12.
The predicted velocities for the datasets that were not used in the
training phase (unseen to the models) indicate a very good agreement
between experimental and predicted velocities for testing datasets.
Effect of PAA concentration on normalized radial velocity is more
important at high radial positions, as shown in Fig. 13. At a low
radial position of 1/R=0.5, a decrease of PAA concentration from
1,350 to 500 ppm leads to an increase in radial velocity from 0.072
to 0.465, while at a higher radial position of /R=0.9, the same PAA
increment results in a considerable increase in radial velocity from

0.5

R=0.9919

Predicted, V/V;

0 0.1 0.2 0.3 0.4 0.5
Experimental, V/V,

Fig. 12. Comparison between the proposed model predictions for
measured normalized radial velocities, testing dataset.
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Fig. 13. Comparison of the predicted normalized radial velocity
for experimental data.
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0.009 to 0.17. For wide ranges of PAA concentrations and radial
positions, the presented neural network model accurately predicts
the normalized radial velocities as shown in Fig. 13.

CONCLUSIONS

Accurate prediction of tangential and radial velocities for viscoelas-
tic polyacrylamide (PAA) solutions through LDA velocity meas-
urements with a typical Rushton turbine has been presented in the
lower transition region: 35<Re<1800.

A fuzzy model and three-layer feedforward artificial neural net-
work with four neurons in the hidden layer and one neuron in the
output layer has been presented for predicting the normalized tangen-
tial and radial velocities in stirred tank reactors, respectively. The
fuzzy model was used for predicting the tangential velocity, while
the three-layer feedforward artificial neural network model was used
for predicting the radial velocity. Fuzzy C-means has been applied
for data clustering in the fuzzy model to obtain the antecedent param-
eters, and least square method was used for optimizing the conse-
quent parameters. The three-layer neural network was trained by
using the Levenberg-Marquardt back propagation algorithm and
the tan-sigmoid activation function was applied to calculate the output
values of the neurons of the hidden layer. The presented models
are very accurate and reliable for predicting the tangential and radial
velocities for viscoelastic polymeric solutions over wide ranges of
polymer concentrations and radial positions. At radial positions above
0.7, an increase in PAA concentration leads to a significant decrease
in radial velocity. The effect of radial position on tangential veloc-
ity is much more important at 0.4<t/R<0.6. The presented models
outperform the other available correlations regarding the prediction
of tangential and radial velocities. The predicted tangential and radial
velocities can be used to calculate local shear rates and power con-
sumption of the mixer as well as knowledge of mixing intensity in
the mixing tank. The predicted velocities are in excellent agreement
with experimental data, suggesting the accuracy of the proposed
models for proper design of stirred tanks in mixing processes.

NOMENCLATURE
a,b :constants defined in Eq. (14)
a,; :consequent parameter for j-th input and i-th rule
A,, :fuzzy sets
b,  :bias value of the j-th neuron
c : center value
D  :impeller diameter, m
exp :experimental

: output from the i-th rule
:i-th input
: objective function
: data-pair index
: number of datapoints
SE : mean square error
: number of inputs
: rotational speed, rev/s, rpm
pred : predicted
r : radial coordinate [m]
R :radius of agitated vessel [m]

ZB 22Rm =~
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Rt  :total number of rules

Re’ : zero shear rate Reynolds number=pND? 1,

u,  :j-thinput to the fuzzy system

U  :tangential velocity [m/s]

V  :radial velocity [m/s]

V, :impeller tip speed, 7DN [m/s]

w;  : weight value between i-th input and j-th neuron of the input

and hidden layers

wy : weight value between j-th hidden neuron and the k-th neu-
ron of the output layer

: input linguistic variable

: input-output data pairs

: output linguistic variable

: fuzzy system output

=< X

Greek Letters

& :van der Molen and van Maanens correlating constant for
radial velocity
& :van der Molen and van Maanens correlating constant for

tangential velocity
4 fire-strength of i-th rule
M, membership function of the i-th rule and for each fuzzy set
My - membership function defined in Eq. (11)
o :width value
1,  :zero shear rate viscosity [kg/ms]
4 :Newtonian viscosity [kg/ms]
p  :density [kg/m’]
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