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Abstract- Stirred tanks are widely used in many industrial
processes. The quality of mixing process generated by the
impellers can be determined using either experimental and
simulation methods by using computational fluid dynamics
(CFD) or both methods. In this study computational fluid
dynamics were performed to examine the flow characteristics of
six flat blades Rushton turbine type in cases of one impeller only
and two impellers in baffled tank, making an optimization design
for mixing tank. The Multiple Reference Frame (MRF)
approach was used to simulate the impeller rotation. ANSYS
Fluent 15.07 solver and the RNG turbulence model were used.

Index terms: Rushton turbine; Mixing; RNG Turbulence
model; Optimization design; Flow visualization

1- INTRODUCTION AND LITERATURE REVIEW

The mixing processes include the chemical,
petrochemical, oil and metallurgical industries. The details of
the flow and the extent of mixing in a stirred tank are of
interest in most industrial applications. CFD is being used as
an engineering tool to aid in the understanding and design of
process operations, while the motion of fluids in mixing is
obvious applications of CFD.Middleton et al [1] the first
researcher to present a fully three-dimensional numerical
simulation of the flow in mixing tanks developed with
Imperial College and based on the k — ¢ turbulence model.
The method in which empirical boundary conditions were
imposed at the impeller boundary was not described in detail.
Gosman et al [2] simulated two-phase (solid-liquid or gas-
liquid) flow in tanks stirred by Rushton turbines using the k
—e turbulence model and the two phases Implicit pressure-
velocity coupling algorithm. The circumferential velocity and
levels of k and & were imposed throughout the volume swept
by the impeller blades with reference to experimental data,
while all other variables were solved for within that volume
as in any other part of the flow.

Luo et al [3] observed that, the interface conditions
between inner and outer domain are generally unsteady, there
was a particular radial location at which, for all practical
purposes, steady flow conditions can be assumed. This fact
was exploited by the authors to compute the flow in the whole
tank without paying the price of fully time dependent
calculations; the steady-state governing equations were
solved in each reference frame, with interface coupling
performed by velocity transformation. This allowed a great
reduction in computing time as compared to the previous
transient simulations; results for the same reference geometry
compared well with the experimental data of Yianneskis et
al[4].Ranade [5] simulated turbulent flow generated by a
Rushton turbine (six blades with disc) and a down flow
pitched blade turbine (four blades, 45 inclined) using a
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computational snapshot approach. The approach was
implemented using a commercial CFD code, FLUENT
(Fluent Inc.,).Mean flow and turbulence characteristics were
computed by solving the Reynolds averaged Navier-Stokes
equations combined with the standard k-e turbulence model.
The predicted results were compared with the comprehensive
data set available in the literature. Simulated results show a
pair of trailing vortex.

Aubin et al [6] simulated with CFD Single phase
turbulent flow in a tank stirred by a down- and an up-pumping
pitched blade turbine and investigated The effect of the
modeling approach, discretization scheme and turbulence
model on mean velocities, turbulent kinetic energy and global
quantities, such as the power and circulation numbers. The
results have been validated by LDV data. Alcamoa et al[7]
computed the turbulent flow field generated in an un baffled
stirred tank by a Rushton turbine using large-eddy simulation
(LES). The computation was run with the help of a general
purpose CFD ANSYS-CFX4.4 which was appropriately
modified in order to allow the computation of the sub-grid
viscosity and to perform statistics on the computed results.
The numerical predictions were compared with the literature
results for comparable configurations and with experimental
data obtained using particle image velocimetry. Ghazi[8]
numerically investigated the division of the tank into two or
more compartments based on values of the dissipation rate of
the Kkinetic energy of turbulence €, The results obtained
include full field values of pressure, velocity, Kinetic energy
of turbulence, k, and its dissipation rate, €. The numerical
results are validated against the results. Adams [9] studied the
mixing inside of the cavern of a single phase non-Newtonian
fluid by applying an adapted (Planar Laser Induced
Fluorescence) PLIF technique and through the application of
CFD. An adapted planar laser induced fluorescence technique
showed that mixing inside of a shear thinning Herschel-
Bulkley fluid is very slow a toroidal cavern model provided
the best fit for single phase fluids but for the opaque fluids all
models drastically over predicted the cavern size, with the
cylindrical model only predicting cavern heights at high
Reynolds numbers.

In the present work the simulation model to study the
mixing in mechanically stirred tanks to predict the influence
of different operating parameters such as the number of
blades, diameter of impeller, length of impeller, the space
between blades on the mixing process in baffled stirred tank,
Making an optimization design for mixing tank. (GDO) is
performed to allow generating a new sample set with 10000
sample points and sort its sample in order to satisfy the good
mixing. There are three candidates chosen by the optimizer
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which are then verified using the CFD solver. It's clear that
candidate C with (3-stars) would expect to satisfy the required
design.

2- NUMERICAL MODEL OF THE PRESENT WORK
A. The Multiple Reference Frames (MRF) Model

A moadification of the rotating frame model is the multiple
reference frames (MRF) model Luo et al[3].The modification
is that more than one rotating (or nonrotating) reference frame
can be used simulation. This steady-state approach allows the
modeling of baffled stirred tanks and tanks with other
complex (rotating or stationary) internals. A rotating frame is
used for the region containing the rotating components while
a stationary frame is used for regions that are stationary

(Fig.1).
¥

Fig. 1. Outline of rotating reference frame region in a mixing tank

Rotating frame
containing the mpeller

7
=1

In the rotating frame containing an impeller. In the
stationary frame containing the tank walls and baffles, the
walls and baffles are at rest. The fact that multiple reference
frames can be used means that multiple impeller shafts in a
rectangular tank can each be modeled with separate rotating
frames (with separate rotation frequencies) while the
remaining space can be modeled with a stationary frame. The
grid used for an MRF solution must have a perfect surface of
revolution surrounding each rotating frame. The momentum
equations inside the rotating frame are solved in the frame of
the enclosed impeller while those outside the rotating frame
are solved in the stationary frame. A steady transfer of
information is made at the MRF interface as the solution
progresses. While the solution of the flow field in the rotating
frame in the region surrounding the impeller imparts the
impeller rotation to the region outside this frame, the impeller
itself does not move during this type of calculation. Its
position is static. If the impeller is mounted on a central shaft
in a baffled tank, this means that the orientation of the impeller
blades relative to the baffles does not change during the
solution.

B. Boundary Conditions

On the walls, no-slip conditions have been imposed, the
flow in the stirred tanks is fully turbulent, at fully turbulent
flow, the inertial forces due to the fluctuating velocity
overwhelm the viscous forces, so the flow field becomes
independent of the fluid viscosity (the viscous heating is
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negligible), the surface of the liquid is always considered as
flat plane, that is to say that the vortex phenomenon is
considered absent and the liquid surface is free.

C. Equations

Momentum equation:

9pU) 0 (Y= 9 0| (2Vi, 9Yi
a T x; (pU:U}) = dx; + dx; [M (6x]- + ax;

20U
—k5ij)] +pg; + F; (1)

3 dxy

In equation (1). the convection terms are on the left. The terms
on the right-hand side are the pressure gradient, a source term;
the divergence of the stress tensor, which is responsible for
the diffusion of momentum; the gravitational force, another
source term; and other generalized forces (source terms),
respectively.

D. The Standard k-¢ Model

The k-g model is one of a family of two-equation models
for which two additional transport equations must be solved
to compute the Reynolds stresses. It is a robust model,
meaning that it is computationally stable. It is applicable to a
wide variety of turbulent flows and has served the fluid
modeling. It is semi empirical, based in large part on
observations of high Reynolds-number flows. The two
transport equations that need to be solved for this model are
for the kinetic energy of turbulence, k, and the rate of
dissipation of turbulence, €:

a(pk)+6(Uk)—a<+Mt)ak+6 2
Jat E)xipi _Oxl-'u o,/ 0x; k= pe(2)
a(pe)

9 _ 0 () o L
22+ o (Vi) = s () 4 LGt G T (B

The quantities C1, C2, ok, and ¢ are empirical constants.
The quantity Gk appearing in both equations is a generation
term for turbulence. It contains products of velocity gradients
and also depends on the turbulent viscosity:

N CLUNAYY
k= He ax] ax,:

axi
2

He = pcu?

4

(5)

To summarize the solution process for the k- model,
transport equations are solved for the turbulent kinetic energy
and dissipation rate. The solutions for k and € are used to
compute the turbulent viscosity, ut. Using the results for ut
and k, the Reynolds stresses can be computed from the
Boussinesq hypothesis for substitution into the momentum
equations. Once the momentum equations have been solved,
the new velocity components are used to update the
turbulence generation term, Gk, and the process is repeated.

3- DESIGN EXPLORATION AND OPTIMIZATION

The optimization process is performed using the Design
Exploration algorithm described in Fig. (2). The optimization
is the process to choose the optimal input parameters that
achieve the desired performance of the system in an
automated manner. This performance is evaluated by means
of output parameters. There are several choices to examine the
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system performance using a certain output parameter such as

maximize its value, minimize its value, or seeking target value.

The complete analysis of an initial design has to be held
including drawing, meshing, solving the governing equations,
defining the input and output parameters.

ff e
H Design of
Experiment

Response Surface

Goal Driven
N Optimization
\ ﬂ
L I -
Optimized Design

Fig. 2: Design of Exploration flowchart

A. Mesh Generation

| Y —

Problem
Parameterization

The domain is meshed using an unstructured grid with an
average skewness factor of 0.227 and average orthogonality
of 0.857. The inflation layers are near the stirred-tank reactor
wall and on the impeller surface with mesh size growth rate
of 1.2. We have tried coarse, medium, fine and refinement
grids. Table 1 shows grid size in each case for one impeller.
Fig. 3 shows grid Figures in each case for one impeller.

A-1 Mesh independency

Figure 4 shows the mean radial velocity profiles at radial
positions of 20 cm from the centre line of tank using all
meshes. It can be seen that the solution is independent of the
grid size so in this section, Fine grid (412226 cells) was used
as the base grid for all cases in order to reduce the
computational time.

B. Problem Parameterization

The goal is to optimize the cross section of the impeller
geometry in order to make the circulation and
homogenization. The objective function is circulation flow
rate is defined as:

Q, =0

R
f 217 |(v,) e ldr
}

C. Design of Experiment (DOE)

In this step a test sample of the input parameters is
generated to cover the whole range of these parameters with
minimum number of design points, keeping this sample
efficiently represents the effects of the input parameters on the
output parameters. The ranges of input design parameters are
given in table 2. DOE technique tries to locate the sampling
points in the design space such that the space for random input
parameters is explored in most efficient way, or to obtain the
required information with a minimum of sampling points.
After generation of the test sample in the DOE table using one
of DOE methods, the update process is performed in which
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the optimizer repeats all the steps have been done in the initial
design (Drawing /meshing /solving /generating output
parameters) for all the design points in the DOE table. Fig.(6)
show the parameters parallel chart for 28 sample points with
input parameters.

Table 1. Grid size of one impeller mixing tank

no Grid type Cells

1 Coarse 287313
2 Medium 302165
3 Fine 412226
4 refinement 1743093
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Fig.(3-c): (1)

Fig.( 3-d): (4)

Fig. 3: Fine grid, Medium grid, Coarse grid and refinement grid of one

impeller mixing tank
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Fig. 4: velocity distribution with grid in each case
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Fig. (5-b): One impeller geometry Fig.(5-c): Two impeller
geometry

Table 2: The ranges of input design parameter

Input design parameter Lower Higher
value value
Height(T) 810 990
Blade length (L-blade) 153 187 —
Blade width (W-blade) 54 66
blade thickness (t-blade) 45 55
blade angle(8) (°) 30 50

4- RESULTS AND DISCUSSION

CFD simulation is performed using ANSYS FLUENT 15
to handle the axi-symmetric steady incompressible turbulent
flow. RNG turbulence model with enhanced wall treatments
implemented. Figures (8-a) and (9-a) show the velocity
magnitude contours through the mixing tank for one and two
impellers. It can be observed that the maximum velocity at
blades tips and flow is homogenous Fig (8-b and 9-b) show
the velocity magnitude contours on horizontal plan through
blades. Fig (9-c) shows the wake area characterized by the
maximum of the turbulent kinetic energy which is localized
around the mechanics source and at baffles. Fig (9-d) shows
the pressure distribution in a horizontal plane through the
impeller showing the region of high pressure in front and low
pressure behind each blade.

Fig. (8-a). Velocity distribution on vertical plan

38
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Fig. (8-b). Velocity distribution on horizontal plan

Fig. (9-c). Turbulent kinetic energy distribution on horizontal plan

Fig. (9-a). Velocity distribution on vertical plan

Fig. (9-b). Velocity distribution on horizontal plan

Figures (10 and 11) show the velocity vectors through the
mixing tank for one and two impeller. It can be observed that
the two circulation loops (lower and upper from impeller) and
the flow is homogenous for predicted results. The results
generated in DOE table is utilized to build a multidimensional
correlation. This correlation will be used to predict the
response or the behaviour of the system to any change of the
input parameters.
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Fig. (9-d). Pressure distribution on horizontal plan

4

]

Fig. (9-e). Turbulence eddy dissipation on horizontal plan

The predicted response surface is used to get the value of
the output variables to any combination of the input
parameters without the need to perform a complete simulation.
Figs. (12-a and 12-b) shows the 3-D response surface of
output parameter variation as a result of variation of two input
design parameters for one impeller. Figs. (12-c and 12-d)
shows the 3-D response surface of output parameter variation
as a result of variation of two input design parameters for two
impellers.
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Fig. 11. Velocity distribution by vectors (Two impeller)

The predicted response surface is utilized to choose the
optimal input parameters that achieve the desired performance
or characteristics of the tested system using a comparative
study by checking the output parameters to be maximized,
minimized, seeking target value. The initial design is setup.
The Design of Experiments (DOE) technique is used for
sampling. The Enhanced-Rotatable Central Composite
Design (CCD) is chosen for DOE that is a five-level sampling
design as the other three level sampling methods is
insufficient to describe the problem. DOE sample points have
sent to the CFD solver to update the value of the output
parameter. These values are used to generate the response
surface by fitting it using multidimensional regression
techniques.

Journal of Engineering Research (ERJ)

In the current study, the Non-Parametric Regression (NPR)
has been chosen as meta-modelling (surrogate) technique to
create the response surface to meet the highly nonlinear
behaviour of the relation between the output parameter and
input parameters. Once the response surface has been created
the so-called Goal Driven Optimization (GDO) is performed
based on screening method. The screening method allows
generating a new sample set with 10000 sample points and
sort its sample based on the objective that is set to seek the
impeller and tank geometries to satisfy the good mixing.

The design candidates chosen by the optimizer are then
verified using the CFD solver. Table (3-a) shows that there
are three candidates. It's clear that candidate C with (3-stars)
would expect to satisfy the required design while candidate B
is far from the expected answer. However, Candidate A
achieves the required design answer, but it has significant
error corresponding to candidate C. Note that Fig. (9) shows
candidates with blue colour. Table (3-b): The goals with
weights of parameters and the best three candidates with their
verifications, (one impeller). Candidates with their
verifications, (two impeller). Table (3-c) shows that there
shows that there are three candidates if we take in
consideration minimize the power consumption as output
parameter. It's clear that candidate Point 3 is the lowest power
consumption, Fig.(13) show the samples chart of all input
parameters and output parameters .all input parameters have a
history chart shoes the number of iteration used in CFD solver
through the rang e between Lower value and higher value.

5. CONCLUSIONS

Using CFD along with optimization tools can shorten the
design optimization cycle time. The use of CFD has increased
the flexibility of shape considered and allowed the use of
design exploration algorithm to optimize the mixing flow
through mixing tank in an automated manner. The different
design points were rated based on a goal-driven optimization
to choose the best design set and verified by the CFD solver
to define the profile. The predicted results based on RNG
turbulence model is in good agreement for one and two
impellers. Using two impellers gives more division to the flow
that double circulation achieving more homogeneity, in the
other hand it requires much more power.

Table (3-a). The three candidates chosen by the optimizer

Name P1-T(mm) P2:L- P3:W-Blade P4:t- Blade P5:Angle(d P6:Qc (m3/sec)
Blade(mm) (mm) (mm) egree) —
Parameter value Variation from
reference
Candidate point 1 900 154.76 56.43 5.273 49.692 * %(0.00033157 0.003%
Candidate point2 | 899.91 180.58 59.81 5.4973 * *(0.00033156 0.000%
36.316
Candidate point x2.985E-05 -91.268%
2(verified)
Candidate point 3 * % (0.00033156 0.000%
900 159.33 63.817 4.5069
39.173
Candidate point * % % (0.00049326 48.77%
3(verified)
40
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Table (3-b). The goals with weights of parameters and the best three

Schematic B4; Optinization , Candidate Paints TRY
A B 4 D E F G H I ] K
L P6 -Qclower (m*35%-1) 3 P7-Qcupper (n*3s™-) b/
2 Parameter Value | Variation from Reference | Parameter Value | Variation from Reference
3 o CanddateFont 1(0P5) | 810.09 15302 54006 45003 40.505 = 0,00022777 | 0.000 % = 19406605 | 0.000%
4
5
=

Reference Name v | P1-T(m) | P2-L Blade(vm) v | P3-W Blade(rm) ¥ | P4-tBlade (nm) ¥ | PS-Ange (deqree) ¥

O | CandatePot 2 B10.63 &5 55,38 5,100 #H357 = .00022777 | 0.000% = LS406E05 | 0.000%
O | CandidatePont3 838,71 186,09 §7.907 53501 47,185 = 000022777 | 0.000 % = 19406605 | 0.000%

Table (3-c). The three candidates chosen by the optimizer when power consumption is a gaol driven optimization

Candidate Point 1 Candidate Point 2 Candidate Point 3
P1-T (mm) 810 850.41 830.25
P2 - L_Blade (mm) 153 153.95 154.88
P3 - W_Blade (mm) 66 65.068 59.537
P4 - t_Blade (mm) 4505 5.4861 5.0125
P5 - Angle (degree) 40.5 41.344 40.9243250728863
P6 - Qc lower (m"3 s"-1) 0.00022776962 0.00022776962 0.00022776962
P7 - Qc upper (m"3 s"-1) 1.9405754E-05 1.9405754E-05 1.9405754E-05
P8 - power consumption (kg m"2 s”- * % % 0.056532 * % % (0.040665 * % % (0.035507
3)
Responso Chartfor P - Gc ANy ] Respome Owt b 76 -G Jari

Fig. (12-a). The 3-D response surface for T, W-blade and Q (one Fig. (12-b). The 3-D response surface for T, t-blade and Q (one
impeller). impeller).

41
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Fig. (12-c): The 3-D response surface for L-blade, W-blade and Q
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Fig. 13. The samples chart, (for two impeller) when power consumption is a gaol driven optimization

Funding:

This study was not funded by any organization.

Conflicts of Interest:

The authors do not have any conflict of interest.

(11

(2l

(31

REFERENCES

Middleton, J. C., Pierce, F. and Lynch, P.M; " Computation of flow
fields and complex reaction yield in turbulent stirred reactors and
comparison with experimental data” Chem. Eng. Res. Des,1986.
Gosman, A. D., Issa, R. I., Lekakou, C., Looney, M. K. and Politis, S.
"Multidimensional modelling of turbulent two-phase flow in stirred
vessels". AIChE J., (1992).

Luo, J. Y., Issa, R. I. and Gosman, A. D. "Prediction of impeller-
induced flows inmixing vessels using multiple frames of reference".
IChemE Symp. Ser(1994).

https://digitalcommons.aaru.edu.jo/erjeng/vol6/iss5/6

42

(41

(5]

(6]

[71

(8]

Yianneskis, M., Popiolek, Z. and Whitelaw, J. H. " An experimental
study of the steady and unsteady flow characteristics of stirred reactors".
J. Fluid Mech (1987).

Vivek . Ranade. V;" CFD predictions of flow near impeller blades in
baffled stirred vessels ", Chemical Engineering Division, National
Chemical Laboratory, Pune, India May 2001.

Aubin. J, Fletcher. D.F and Xuereb. C.; "modeling turbulent flow in
stirred tanks with CFD: the influence of the modeling approach,
turbulence model and numerical scheme "Department of Chemical
Engineering, University of Sydney, Australia Experimental, Thermal
and Fluid Science, 28, 431-445 (2004).

Alcamo, R., Micale, G., Grisafi, F., Brucato, A., and Ciofalo M. "Large-
eddy simulation of turbulent flow in an unbaffled stirred tank driven by
a Rushton turbine". Chem. Eng. Sci(2005).

Ghazi .H. AL." Investigations of Mixing in Mechanically Stirred Tank"
saudi arabia (2006).



eda Abd elaziz, Lotfy Sakr, Mohamed Gasoub Saafan ghasoub, Yassen Elsayed Yassen: Computational Treatment of Mixing Process in Stirred Tan
Vol. 6, No. 5, 2022 Journal of Engineering Research (ERJ)

[9] Adams.L. W;" experimental and computational study of non-turbulent
flow regimes and cavern formation of non-Newtonian fluids in a stirred
tank™ University of Birmingham ,2009.

[10] Udaya Bhaskar Reddy. R, Gopalakrishnan. S, Ramasamy .E; "CFD
analysis of turbulence effect on reaction in stirred tank reactors"
Department of Chemical Engineering, Coimbatore Institute of
Technology, Coimbatore- 641014, INDIA.

[11] Debangshu Guha, M.P. Dudukovic and P.A. Ramachandran;" CFD-
based compartmental modeling of single phase stirred tank reactors
"Chemical Reaction Engineering Laboratory, Washington University
in St.Louis, St. Louis, MO 63130.

[12] Chun-Chiao Chou;" experimental and numerical determination of fluid
velocity profiles and turbulence intensity in mixing vessels "A Faculty
of New Jersey Institute of Technology ,January 1995.

[13] (FAN lJianhua)a,b, WANG Yundonga (FEI Weiyang); "Large eddy
simulations of flow instabilities in a stirred tank generatedby a Rushton
turbine” Department of Civil Engineering, Technical University of
Denmark, Building 118, Brovej, DK-2800 Kegs. Lyngby,Denmark
2006.

[14] Alberini F. Liu. L. Stitt. E.H., Simmons M.J.H.."Comparison between
3-D-PTV and 2-D-PIV for determination ofhydrodynamics of complex
fluids in a stirred vessel ",Chemical Engineering, University of
Birmingham,2017.

[15] Debangshu Guha, M.P. Dudukovic and P.A. Ramachandran"CFD-
Based Compartmental Modeling of Single Phase Stirred"Tank Reactors,
Washington University in St.Louis, , MO 63130.

[16] Udaya Bhaskar Reddy R, Gopalakrishnan S, Ramasamy E"cfd analysis
of turbulence effect on reaction in stirred tank reactors"Coimbatore
Institute of Technology, Coimbatore- 641014, INDIA..

[17] Bart C.H. Venneker, Jos J. Derksen, Harry E.A. Van den Akker
"Turbulent flow of shear-thinning liquids in stirred tanks, The effects of
Reynolds number and flow index “Department of Multi-Scale Physics,
Delft University of Technology, The Netherlands,2010.

[18] Alexopoulosa .A. H.,. Maggioris. D,. Kiparissides .C "CFD analysis of
turbulence non-homogeneity in mixing vessels.A two-compartment
model" ,Department of Chemical Engineering, Aristotle University of
Thessaloniki,2002.

[19] Vasileios N. Vlachakis "Turbulent Characteristics in Stirring Vessels:A
Numerical Investigation" ,Blacksburg, Virginia, 2006.

[20] ] Dagadul.C. P, Stegowski .Z"Mixing Analysis in a Stirred Tank Using
Computational Fluid Dynamics" Journal of Applied Mathematics and
Physics, Krakow, Polan 2015 .

[21] ] Shivanand M. Teli, Viraj S. Pawar and Channamallikarjun Mathpati.

"experimental and computational studies of aerated stirred tank with dual
impeller ", india, 2020.

[22] Alcamo, R., Micale, G., Grisafi, F., Brucato, A., and Ciofalo M. "Large-
eddy simulation of turbulent flow in an unbaffled stirred tank driven by
a Rushton turbine". Chem. Eng. Sci(2005).

43

Published by Arab Journals Platform, 2022 9



	Computational Treatment of Mixing Process in Stirred Tank
	Recommended Citation

	Preparation of Papers in Two-Column Format for the Proceedings of the 2004 Sarnoff Symposium

