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Computational and experimental investigation of laminar flow mixing

system in a pitched-blade turbine stirred tank
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Abstract: The flow distribution and mixing performance of the laminar flow in the PBT impeller-stirred tank were investigated
in this study. The variation along with mixing time of the flow distribution and concentration at the selected positions was
visualized by means of the CFD and experiment methods. The CFD simulations results had a good agreement with the
experimental results. In order to minish the Segregated Regions, the PBT impeller was optimally designed by means of
orthogonal factorial experiment with selecting the 659 mixing time as evaluation criteria. With the aim to increase the mixing
efficiency, the optimal design results were obtained with the geometrical parameters of impeller diameter of 0.084 m, discharge
angle of 45°, blade width of 0.018 m, and clearance of 0.05 m, and the mixing time of the optimal impeller-stirred flow was

about 180 s, so this optimal design PBT impeller is more proper for the agricultural industries.
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1 Introduction

Mixing process is widely used in chemical, biological,
agricultural industriest™). Increasing speed of the impeller can
improve mixing efficiency, however, this method is inconvenient
for shear-sensitive mixing media (such as fertilizer), so the laminar
flow generally tends to occur®®. In the laminar flow mixing
system, Segregated Regions (SRs) act as major barriers to obtain
good mixture homogeneity, so it is necessary to optimally design
the mixing system geometry (including the blade's geometry) to
minish the SRs!®®!,

In the mixing operation, an optimal design or select of the
stirring impeller with a suitable move mode is an effective way to
eliminate the SRs in the laminar flow. In the mixing industry,
pitched-blade turbine (PBT) impeller provides combination of both
axial flow and radial flow, with characteristics of high shear level,
simple design and easy cleanup®®®. To achieve the highest
product quality and lowest production cost, mixing process
efficiency and optimization are the main topics to be addressed!*".

With the rapid development of computer science,
Computational Fluid Dynamics (CFD) has been widely employed
to help in predicting flow distribution and mixing performance,
which greatly promotes advances of the mixing studiest*#,
Takahashi et al.**! conducted CFD simulation to study impacts of
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mixing paddles with different slopes on SRs and mixing time,
without the investigation the blade’s geometry. Qiao et al.*¥
studied effects of geometrical design and physical property on
mixing quality of floating solids in the up-pumping PBT stirred
tanks by using CFD technique qualitatively, didn't conduct the
blade's optimal design. Alfaro-Ayala et al.'® just evaluated the
optimal location of impellers on the central shaft in the
down-pumping PBT stirred tanks by using combination techniques
of CFD and Evolutionary Programming (EP).

For experimental technique, flow field visualization is an
effective way to obtain qualitative and quantitative information
about the flow pattern in the laminar flow. Bonnot et al.l!”
studied the impact of coaxial mixing paddle in co-rotating mode
and counter-rotating mode on SRs and mixing time using acid-base
neutralization experiment. Couerbe et al.l'® studied the flow
patterns of a carbopol solution in a stirred tank using Particle Image
Velocimetry (PIV). Zadghaffari et al.'® conducted velocity
measurement of liquid phase using PIV and concentration
measurements of the determining tracer in the liquid phase using
Planar Laser-induced Fluorescence (PLIF) technique.

The purpose of this study is to optimize the PBT impeller's
geometry utilizing the CFD and experiment methods to improve
the mixing efficiency. Three main objectives will be covered in
this study. Initially, CFD simulation was used to visualize the
flow distribution and concentration change at selected positions
with time, and the visualization was compared with the
experimental results. Secondly, orthogonal factorial experiment
design technique based on Taguchi methodology was applied to
evaluate effects of geometrical parameters of the PBT impeller on
the mixing performance, and the optimal design of the PBT
impeller was obtained. Finally, the mixing performance of the
optimal design PBT impeller was validated experimentally.

2 Materials and methods

2.1 Sample preparation
Corn syrup and quartz sand were used as the mixing materials
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to constitute a 2-phase mixture. Corn syrup is the primary liquid
phase with density p; of 1394 kg/m® and dynamic viscosity u of
3.0 Pa:s. Quartz sand is the secondary solid phase with density ps
of 2600 kg/m® and particle size ¢, of 0.3 mm, and the volume
fraction of the secondary phase «a is 1%.
2.2 Experimental setup

The experimental vessel includes a standard configuration
vertical, cylindrical, flat-bottomed tank with inner diameter D
0.14 m. The liquid level height A is 0.14 m. An evenly spaced,
concentric, four-blade PBT impeller with rotating speed N 300 rpm,
and the mixer is selected as DRAGONLAB 0S40-S, as shown in
Figure 1. The impeller is driven by a direct current motor with
maximum power output 100 W. The original impeller has
dimensions for the flow visualization as follows: impeller diameter
d 0.07 m, shaft diameter Dy, 0.008 m, blade width 5 0.018 m,
discharge angle 6 45° and clearance C 0.04 m. According to the
definition of Re number (Re=pNd?(60 1)), the current mixing
system Re=45.5. When Re is less than 2300, laminar flow
occurs???,
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Figure 1  Experimental setup of the four-blade PBT impeller
mixer

To evaluate the laminar flow mixing process in the stirred tank,
the front photographic images of the entire tank were taken at the
selected moment using a professional digital camera (Canon 500D),
and special care was taken to maintain the illumination quality and
the camera positions for all images. To obtain concentration of
the mixing slurry, slurry samples of 1.0 mL were taken using a
syringe at fixed sampling position, as shown in Figure 2. Solid
particles in all samples were numbered manually, and the variation
of solid particles' number indicated the concentration change of the
laminar flow in the stirred tank. The sampling intervals from 0-
60 s and 60-360 s were 10 s and 30 s, respectively.
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a. Sampling positions
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Figure 2 Sampling point inside mixing vessel of the particle
concentration
2.3 CFD simulation
Eulerian model was adopted for the CFD simulation. The
multiphase flow is described as interpenetrating continua

incorporating concept of volume fractions of each phase, denoted
by «a, and laws of conservation of mass and momentum are
satisfied by each phase individually®.  The conservation
equations pertaining to the liquid (continuous) phase are given as
follows (without considering mass transfer)!*®):

a j—
E(alﬁ) +V - (apu)=0 1)

d —
E(OWM) +V-(pul) =-a,Vp+V '(T|)+a|/’|g +F @

Continuity and momentum equations for the solid (dispersed)
phase are exactly the same and thus are not presented here.

The software ICEM and Fluent were used to draw the
geometry of stirred tank and to process the data for flow
distribution and concentration, respectively. As large aspect ratios
and sharp element angles exist on the impeller and the region
surrounding it, so the fluid flow is terribly complex in this region.
Unstructured mesh scheme, identified by irregular connectivity, has
better convenience and adaptability than structured mesh scheme to
deal with irregular shape geometry®®. The fluid zone in the
stirred tank is divided into two parts: one is the inner rotating zone,
namely the impeller and the region surrounding it, the other is the
outer non-rotating zone, as shown in Figure 3. An interface is
introduced for exchanging parameters in the governing equations of
liquid and solid particles between the inner and outer zones.
Multiple Reference Frame (MRF) approach is employed to model
the problem that involves both stationary and moving zones as it
provides accurate prediction and demands less computational
resource®!. The rotating reference frame is for the inner zone,
and the stationary frame is for the outer zone. Tetrahedron cells
were automatically generated by means of robust mesh method,
with mesh size of 2 mm on the impeller, 2.5 mm at the interface,
and 5 mm for the global domain. The computational cells
consisted of 685662 tetrahedrons.
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Figure 3  Mesh model of the four-blade PBT mixer

For the CFD simulation, Laminar Viscous Model was adopted.
The second order upwind was used for the spatial discretization,
and the pressure-velocity coupling was computed with the SIMPLE
(Semi-Implicit Method for Pressure Linked Equations) scheme.
The boundary conditions of wall function were defined as follows:
moving wall at the interface and impeller shaft, with absolute
rotational motion =300 r/min; moving wall on the turbine surface
of the impeller, with relative motion to adjacent cell zone;
stationary wall for others. The secondary phase of solid particles
with volume fraction 1% was patched to cell zone at the top of the
domain.

Mixing time generally refers to the time required for achieving
a predefined level of homogeneity of a flow tracer in a mixing
vessel. It is a key parameter for analyzing the performance and
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the hydrodynamics of a mixing system[?¥.  Levels of homogeneity
such 90%, 95%, and 99% of the final concentration are common in
the literature, and the corresponding mixing time terms are labeled
as Hqg, Hos and B, respectively™@. In this study, 99% mixing time
g9 Was used to analyze the performance and the hydrodynamics of
the flow in the stirred tank. Three points were selected as
monitoring positions for the solid particle concentration, as shown
in Figure 4. The mixing time of the flow system is defined as the
maximum value of mixing time at the three points, with a
concentration deviation less than 5%.
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Figure 4 Monitoring positions inside mixing vessel of particle
concentration

Orthogonal factorial experimental design technique based on
Taguchi methodology was applied to evaluate effects of
geometrical parameters of the PBT impeller on the mixing time.
For the orthogonal factorial experimental design, the dimensionless
number C, is defined as:

2
ey 2 ©
Y n
where, P, is mixing energy of unit volume, W/m?; 6y5 is mixing
time, s; 7 is viscosity of mixing materials, Pa-s; M is torque, N-m;
Vis volume, m%; w is angular velocity, rad/s.

Main control factors affecting the mixing time were defined as:
factor A: discharge angle of the impeller; factor B: impeller's
diameter; factor C: blade width of the impeller; factor D: clearance.
Levels of each control factors were shown in Table 1.
Experiments were designed in accordance with appropriate
orthogonal array L;(4%), a 4-level 5-factor array with 16 runs, and
their arrangements were shown in Table 2. The results of mixing
time values were obtained by means of CFD simulation for the
statistical analyses of range and variance.

Combination of different control factors’ levels with the lowest
value of mixing time, and combination with the highest value
within the 16 runs will be available after the CFD simulations.
The former is simplified as good comb., and the latter is simplified
as bad comb.

Range analysis of orthogonal factorial experiment result of
mixing time gives qualitative evaluation of main factors that affect
mixing efficiency, and the analysis of variance gives quantitative
evaluation of the control factors. The optimal levels of each
control factor and the optimal combination of levels of all control
factors can be also obtained by means of range analysis. The
optimal combination is simplified as optimal comb.

Then, three combinations can be obtained, namely, the good
comb., the bad comb., and the optimal comb. Consequently, for
the purpose of concentration validation of the laminar flow in the
stirred tank, three PBT impellers with geometrical parameters
determined by these combinations were manufactured using a 3-D

C.=0s- P In=

printer. The material of the impellers was Acrylonitrile Butadiene
Styrene.  The particle concentration is indirectly measured
through the number change of solid particle with time as mentioned
above (see Figure 4).

Table 1 Levels of each control factors

Level Factor A/(°) Factor B/m Factor C/m Factor D/m
1 30 48 12 20
2 45 60 15 30
3 60 70 18 40
4 75 84 20 50

Table 2 Experiment arrangements and values of mixing time

No. Factor A Factor B Factor C Blank column Factor D Mixing time 6go/s

1 1 1 1 1 1 362
2 1 2 2 2 2 318
3 1 3 3 3 3 264
4 1 4 4 4 4 188
5 2 1 2 3 4 290
6 2 2 1 4 3 316
7 2 3 4 1 2 286
8 2 4 3 2 1 180
9 3 1 3 4 2 344
10 3 2 4 3 1 324
11 3 3 1 2 4 312
12 3 4 2 1 3 260
13 4 1 4 2 3 364
14 4 2 3 1 4 282
15 4 3 2 4 1 384
16 4 4 1 3 2 366

3 Results and discussion

3.1 Mixing flow pattern

Figure 5 shows the flow pattern comparison between CFD
simulations and the experimental for the original PBT
impeller-stirred laminar system. Figure 6 shows the velocity
distribution in different planes of the laminar flow.

Initially, solid particles on the top of corn syrup move
downward along with a circle region parallel to the shaft wall of the
PBT impeller (the circle region having a certain distance off the
shaft wall), since this region has a high magnitude of velocity
compared with its neighbor regions, as shown in flow pattern at
10 s in Figure 5 and velocity magnitude in Figure 6d.  As the solid
particles reach region of turning blades, they are pumped outside
by the blades and divided into two parts near wall of the stirred
tank: one moving up, and the other moving down, as shown in flow
pattern at 60 s in Figure 5 and velocity magnitude in Figure 6a and
Figure 6b. As time increases, a toroidal region is clearly visible
above the impeller, marked by circles, as shown in flow pattern at
180 s in Figure 5. The segregated region (SR) remains apart from
the rest of the system, and it is difficult to mix well in this region.
In the same period, a pumping cone is visible below the impeller,
marked by a triangle in the figure, and it is formed by the
comprehensive function of complex velocity distribution in this
region, as shown in Figure 6b and Figure 6¢c. Since SRs act as
major barriers to obtain good mixture homogeneity, it takes quite a
long time to destroy the SRs in the laminar flow to finally obtain
the homogeneous mixture slurry, as shown in flow pattern at 360 s
in Figure 5.
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Figure 6 Velocity distribution

3.2 Mixing performance and impeller optimization

According to the experiment arrangements and the
corresponding levels of geometrical parameters of each control
factor, CFD simulations of laminar flow mixing were conducted to
obtain the values of mixing time g for each experiment run, as
shown in Table 2.

Statistical analyses of range and variance were performed to
obtain the impacts and their significance of each factor on mixing
time. Range analysis results were shown in Table 3. Results of
the variance analysis were shown in Table 4. The blank column
of the orthogonal array was treated as error column in the statistical
analyses.

For the range analysis, the values in the cells of each level of
the control factors in Table 3 represent the mean mixing time of the
corresponding levels and factors. The delta values of each factor
indicate the biggest change of mean mixing time of the factor,
namely the impact on the mean mixing time. The numbers in the
cells of rank row which indicate control factor has more impact on
mixing time. Range analysis show that: factor B has the most
impact on mixing time, and it is followed by factor A and factor C
sequentially, and the factor D has the least impact.

For the analysis of variance, an appropriately formed F-ratio
was computed for each control factor, and it was compared to a
critical value corresponding to a certain pre-selected probability,
namely critical F-ratio, that the observed “impacts” are purely due
to chance. The analysis results show that there is a same impact
order of significance as range analysis. The star mark “*” in
Table 4 indicates a 95% probability that factors A to D are purely
due to chance. To be exact, the probabilities are 98.4%, 98%,

97% and 95.1% for controls B, A, C and D, respectively!?®,

From the statistical analyses of mixing time, the optimal
combination of geometrical parameters of the PBT impeller was
obtained by selecting the level of each control factor with the
lowest mean mixing time in Table 3, and it is A,B,C3D, with
parameters as follows: impeller diameter 0.084 m, discharge angle
45° blade width 0.018 m, and clearance 0.05 m. The good
combination is of run No. 8, and the bad combination is of run No.
15, with the lowest mixing time and the highest mixing time,
respectively.

Table 3 Range analysis of mixing time

Level Factor A Factor B Factor C Blank column  Factor D
1 283 340 339 2975 3125
2 268 310 313 2935 3285
3 310 3115 267.5 311 301
4 349 2485 290.5 308 268

Delta 81 915 715 175 60.5

Rank 2 1 3 Error 4

Table 4 Analysis of variance of mixing time

Source of Degrees of Sumof Mean sum Fratio  Critical F-ratio
variance freedom squares  of squares
A 3 15156 5052 18.17*
B 3 17838 5946 21.39*
C 3 11246 3748.7 13.48*
Blank column 3 834 278 Error  Fo05(3,3)=9.28
D 3 7874 2624.7 9.44*  Fy:1(3,3)=29.46
Total 15 52948




116  July, 2018 Int J Agric & Biol Eng

Open Access at https://www.ijabe.org

Vol. 11 No.4

3.3 Concentration validation

The PBT impellers with parameters of the aforementioned
combinations were manufactured using a 3-D printer using material
Acrylonitrile Butadiene Styrene. The mixing experiments were
conducted for these impellers, and the samples of mixing slurry
were taken using a syringe for solid particle numbering to obtain
the concentration change of the laminar flow indirectly. Figure 7

shows the samples of slurry by impeller of the optimal combination.

Figure 8 shows curves of solid particle number with time.

Figure 7 Samples of slurry by impeller of the optimal

combination
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Figure 8 Curves of solid particle number with time

As shown in Figure 8, values of solid particle number of the
three impeller-stirred laminar systems increase with time. The
optimal combination is the first that reaches the +5% deviation
range of solid particle number, and it is followed by the good
combination and bad combination sequentially, with bad
combination lagging behind quite a lot. The mixing time gy is
about 180 s for the optimal combination and good combination
impeller-stirred laminar systems.

Compared with the good combination of impeller-stirred
laminar system, the optimal combination slightly decreases the
mixing time. The difference of these two combinations is the
level of control factor D, and factor D has the least impact among
factors A to D on the mixing time. As a result, the mixing
performance of the good combination impeller is close to that of
the optimal combination impeller, which coincides with the CFD
simulation and orthogonal factorial experiment result.

4 Conclusions

The computational and experimental investigation of laminar

system in a PBT impeller-stirred tank was carried out in this study.
The main conclusions are drawn as follows:

1) For the PBT impeller-stirred tank, the CFD simulations
results have good agreement with experiments.  Segregated
Regions were obviously viewed in the laminar flow space of the
PBT impeller-stirred tank, and each segregated region has a
different flow pattern and is functioning differently for the flow
mixing.

2) Control factor of impeller diameter of the PBT impeller has
the most impact on mixing time, and it is followed by factors of
discharge angle and blade width sequentially, and factor of
clearance has the least impact, with probabilities of 98.4%, 98%,
97%, and 95.1%, respectively, that these factors are purely due to
chance.

3) The optimal combination of geometrical parameters of the
PBT impeller has parameters of impeller diameter 0.084 m,
discharge angle 45°, blade width 0.018 m, and clearance 0.05 m,
and the mixing time yg for the laminar system is about 180 s.
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