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ABSTRACT: This work compares the accuracy and calculation efficiency of various tetrahedral
and polyhedral meshes in a Computational Fluid Dynamic (CFD) simulation of a stirred tank.
The polyhedral mesh was found leading to much fewer mesh cells than the tetrahedral one without
missing the calculation accuracy. The CFD numerical simulation results of the polyhedral mesh
better agree to the experimental data comparing to the tetrahedral one at the same mesh cell number.
In addition, the results of polyhedral mesh were also found to be more accurate than the tetrahedral
one which was refined by adaptive meshing based on the velocity gradient.
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INTRODUCTION

Stirred tanks have been widely used in many fields,
such as chemical metallurgy, wastewater treatment,
pharmaceutical, biological industry and chemical
industry[1,2]. The scale-up of a mechanically agitated tank
largely depends on the limited empirical or semi-empirical
formulas derived from numerous experiments[3,4].
Understanding the flow field in the whole tank, under
operation conditions, is especially important for large scale
applications due to its complexity. However, building
and running large scale experimental setup is highly time
and money -consuming, besides it is not easy to accurately
monitor the whole flow field in large scale stirred tanks,
according to the current Laser Doppler Velocimetry (LDV)

and Particle Image Velocimetry (PIV) techniques.
The numerical simulation of an industrial scale stirred
tank, using Computational Fluid Dynamic (CFD) method,
provides a promising way for better understanding
on the flow and mixing in a tank beforehand. Semi-empirical
scale up correlation of a stirred tank based solely
on the CFD model has been found feasible[5]. However,
the CFD simulation of large scale stirred tank is still costly
due to huge computational time demand.

The computational mesh is critical for the time
required for a CFD simulation. Tetrahedral and hexahedral
meshes are most extensively adopted in many CFD
simulations with moving parts. Tetrahedral mesh can be used
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without any restriction due to its simplicity
as a volume element. Any geometry of a simulation domain
can be theoretically filled with tetrahedrons. Thus,
the tetrahedral meshes can be automatically generated easily
and quickly with almost all commercial CFD software
tools [6]. However, the disadvantage of tetrahedral mesh
is the huge mesh number and computational time required
to achieve the result with reasonable accuracy.
Its computing resources consumption is huge if there are
some subtle geometric structures, such as small gaps, long
channels, which dramatically increases the mesh number
due to its limited stretching capability. Hexahedral
meshing has also been tried in CFD simulations with
moving parts due to its high accuracy and high
computational efficiency [7]. However, meshing of
hexahedron is quite difficult particularly for those complex
geometries with moving parts. Fewer applications of
hexahedral mesh have been found in the simulation of
stirred tanks. Mixed mesh of tetrahedron and hexahedron
has also been adopted for the simulation of stirred tanks
with aim to take advantages of both meshes. Generally,
the rotating part with a complex geometry was meshed
with tetrahedron while the stationary part was meshed
with hexahedron [8-10]. However, this kind of mixed mesh
generally has larger errors in the conjunction area due to
the discontinuity at their interface. Thus, currently
the tetrahedral meshes have been more frequently used
in the CFD simulations with moving parts despite its huge
computational consumption[11-13].The increase of mesh
number is mainly due to the complexity of the impeller
in the simulation of stirred tank. Such increase in mesh
number leads to high demands on the memory and
computing time. Therefore, a mesh with high
computational efficiency and accuracy, can be
automatically and quickly generated, is desirable.

The polyhedron can also be used in automatic meshing
as tetrahedron, which has 1.5 times more neighbors than
the tetrahedron one. More neighbors can approximate
the gradient better than tetrahedral mesh. Spiegel et al. [14]
compared polyhedral and tetrahedral meshes in cerebral
hemodynamic simulation and the results show that
the polyhedral meshes have a better convergence, shorter
computation time and higher wall shear stress accuracy
compared to the tetrahedral ones. Diedrichs et al. [15]
found the arbitrary polyhedral cells is applicable
in the simulation of crosswind stability of high-speed train under
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various flow field conditions. Tritthart et al. [16] showed
that polyhedral meshes have the potential of offering even
more accurate simulation results in the recirculation zones
of a river than hexahedral meshes. The polyhedral mesh
has more faces than the hexahedral mesh, which can lead
to more optimal flow directions and the maximum accuracy
in a complex flow simulation. [6]. However, how the performance
of the polyhedral mesh in the numerical simulation of stirred
tank comparing to other meshes is still unclear. This work
compares the CFD simulation efficiency and accuracy of
various meshes in a numerical simulation of a stirred tank.
The results are helpful for large scale stirred tank simulation.

THEORITICAL SECTION
Mathematical model
Governing equations
For the simulations of single-phase flow, the governing
equations include continuity and momentum conservation

(Navier-Stokes, NS) equations. The equations
for incompressible flow are given by:

ap . —_

E +V (pu) =0 (1)
2P+ V- (puu) = —VP + V- () + pg + F )

Where P is the pressure, F is the external force, the ¢
is calculated by the formula T = u(Vu + u’) — EV ul,
where 1 is the unit tensor.

Turbulence model

The focus of this work is to understanding difference
in mesh forms for stirred tank simulation. The k —¢
turbulence model has been adopted due to its approved
robustness and validity in various scales of turbulent flow
simulation [7,10,17-19], although some other turbulence
models could be a better option for stirred tank
simulation[20-22]. The turbulence Kinetic energy, Kk,
and its rate of dissipation, €, in k — & model is defined
by Egs. (3) - (6)

k=~ [u? +u? + u?] 3)
and
_ ke (0w (0w
E=5 <ax,) <ax,) 4)
kZ
e = pCy— ()
C, =0.09 (6)

Where u' is the fluctuation term for velocity, u;
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is turbulent viscosity. The values of k and & were
calculated from the transport equations:

) [ Y ok |
(oK) + ——(pku,) = ——| | w+ |+ (7)
0 0X; Xi“ ijéxjj
G, +G, -pe
) P o I( "

(pe)+ ——(peu;) = — || w+ b ]y (8)
ot 0X; ax]“ GE)OXJJ

82
Gls_+(Gk+CSaGb)_C26p

Here the model constants had the following default values:
Ce = 144, Cp. =192, Cs. = tanh|y;/y|, o, =
1.3, o, = 1.0.

More details about k — & model can be found in
reference [23].

Geometry model and meshing
Geometric model

A typical stirred tank equipped with a six-blade
standard Rushton turbine and four radial baffles as Fig. 1
shown was set up in CFD simulation. The single-phase
flow in a stirred tank with both liquid height (H) and tank
diameter (T) of 300 mm were adopted according
to the reference [24,25]. An impeller with a diameter(D) of
100 mm (D = T/3) was installed with an off-bottom
clearance (C) of T/2. The width of baffle (b) is 0.1 T and
the height of each blade (w) is 0.2 D, the width (I) and
thickness of the blades are 0.25 D and 0.02 D, respectively.

Meshing

The tetrahedral mesh was generated by a commercial
software ICEM CFD 18.0 based on the octree method and
the meshes are refined in those large velocity gradient
areas. The polyhedral mesh was generated from tetrahedral
ones in the solver of Fluent 18.0. New edges were created
between the face centroid and the centroids of the edges of
such face in every faces of a tetrahedral cell (Fig. 2). Then,
these new edges are connected to the tetrahedral cell
centroid in order to create new faces, which establish the
boundaries within the cell. In this way, ANSYS Fluent
decomposes a tetrahedral cell into 4 sub-volumes called
“duals”. Each dual is associated with a node of the original
tetrahedron. A polyhedral cell is made up by the duals which
share a certain node (Fig.3). More details about the
conversion process can be found in Fluent Help Manual [26].
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Fig. 1: Schematic view of the stirred tank.
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Fig. 2: Connection between edge centroids and face centroids
in a tetrahedral cell [26].
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Fig. 3: A polyhedral cell [26]-
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Fig. 4: Views of the computational mesh for stirred tank before
and after conversion. left: tetrahedral mesh; right: polyhedral
mesh.

In this work, the polyhedral meshes were generated
as mentioned above. During the conversion process, only
the tetrahedral cells are converted, and the prism layer
mesh is not. Fig. 4 shows both tetrahedral and polyhedral
meshes of an impeller.

RESULTS AND DISCUSSION
Grid independence

The grid quality is one of the key factors which
determines the accuracy of the CFD simulation of a stirred
tank. Generally, smaller grid lead to more accurate results
at the expense of larger computational demands. However,
the small grid of a large industrial scale reactor will result
in a huge number of mesh cells. It is known that the mesh
shape could significantly affect the simulation consumption
and result. Generally, simulation of minimum computational
requirements and acceptable accuracy is desirable. Simulations
of a stirred tank at an impeller rotation speed of 200 rpm
were performed with various numbers of tetrahedral meshes.
Fig. 5 compares the axial profiles of non-dimensional axial,
radial and tangential velocities derived from mesh
numbers of 0.72 million, 1.0 million, 1.56 million and
2.51 million, respectively. The velocities were normalized

by blade tip velocity (Uy;, = TDN,W* = U/Ut- ), where N is
ip

the rotational speed (s'). The Y-axes were normalized
by the half of blade height (Z*=2z/W) and the radial coordinates

were normalized by the radius of impeller (r* = 2r/D ).
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Significant difference was observed between the
simulation results with the mesh cell number less than
1.0 million. The simulation results of non-dimensional
velocities were found consistent as the number of mesh
cells increased from 1.0 million to 2.51 million. Thus,
a grid cell number of 1.0 million is selected as the mesh
cell number criterion for the following simulations.

Comparison of the single-phase flow derived from
tetrahedral and polyhedral meshes

The previous tetrahedral mesh, with a cell number
of 1.0 million, was transformed into a polyhedral mesh
with a cell number of about 0.25 million by the aforementioned
method. In another case, the polyhedral meshes were
refined for the areas close to the impeller which led
to a grid cell number of 0.34 million. The axial profiles
of the non-dimensional axial, radial and tangential velocities
at impeller rotation speed of 200 rpm were calculated
with 1.0 million tetrahedral mesh, 0.25 million and 0.34 million
polyhedral mesh respectively. The calculation results
were compared to each other as well as to the experimental
LDA and PIV results in literatures [24] and [25] (Fig. 6) .

Fig. 6 shows that all simulation results well agree
with the experimental observations although the simulation
result of the 0.25 million polyhedral mesh showed slightly
larger deviation at the vicinity of impeller, particularly
the radial and tangential velocities. This is due to the large
velocity gradient around the impeller and no enough
polyhedral meshes in this area. Refining the vicinity
of the impeller with extra polyhedral meshes leads to a grid cell
number of 0.34 million. The simulation results with
the partly refined polyhedral mesh overlap with the ones from
the 1.0 million tetrahedral mesh. Fig. 6 clearly show that
the polyhedral mesh leads to more accurate results
in stirred tank simulation with less grid cell number than
tetrahedral one does. The relative computing time trcr
(Table 1) was adopted to compare the computing
performance of different meshes. The relative computing
time is defined as trct = t /to, where, trer is the relative
computing time, t is the computing time of each case, to is
the computing time of the 1.0 million tetrahedral mesh
case. Table 1 shows that the refined polyhedral mesh
requires much less computing time and resources
to achieve comparable sound simulation result.

On the other hand, Fig. 7 compares the simulation
results of both the tetrahedral and polyhedral meshes
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average radial velocities at r*=1.05 (c).
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Table 1: The relative computing times of different mesh forms.
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Fig. 7: Axial profiles of non-dimensional average axial (a) and tangential (b) velocities at r*=1.2; and non-dimensional average
radial velocities at r*=1.05 (c).

with 1.0 million mesh cells. The 1.0 million polyhedral
grid cells led to significant improvement in simulation
accuracy. The simulation results better agree with the
experimental results. The clouds of the flow field (Fig. 8)
and the kinetic energy (Fig. 9) show that the polyhedral
mesh led to much smoother clouds than the tetrahedral
one. The polyhedral mesh has slightly larger number
of mesh nodes than the tetrahedral one, which significantly
improve the prediction of high gradient area. This is likely
due to the larger number of neighbors for each node
in polyhedral meshes than that of the tetrahedral mesh,

316

which can approximate the gradient better. Less numerical
diffusion can be achieved since fluxes of momentum
in more coordinate directions can be calculated in polyhedral
meshes [18]. There are six optimal flow directions which
lead to the maximum accuracy for a polyhedron with 12 faces.

Adaptive  meshes are increasingly attracting
the attention of researchers in CFD simulations since it can
improve the simulation quality without completely
refining the mesh. This technique can modify the grid size
according to the research concern, such as the
velocity gradient, value of Y+ based on the initial results
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Fig. 8: Predicted radial and tangential velocity from different meshes with similar mesh number
on the horizontal axial of the impeller (T=300 mm, 200 rpm).
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Fig. 9: Predicted kinetic energy from different meshes (left: polyhedron, right: tetrahedron) with similar mesh number on the

horizontal axial of the impeller (T=300 mm, 200 rpm).

of the calculation. Fig. 10 shows that either the simulated
radial, tangential or axial velocities from the polyhedral mesh
of 1.0 million cell number better agrees to the experimental
ones than the adaptive tetrahedral mesh of 1.87 million cell
number although the adaptive tetrahedral mesh
was refined based on the velocity gradient. It approves that
the polyhedral mesh can lead to more accurate results
which are more closely consistent with the experimental
data compared to the adaptive tetrahedral one.

CONCLUSIONS

The performance of various tetrahedral and polyhedral
meshes in the single-phase flow simulations of a stirred

Research Article

tank were studied. The CFD simulation results
of polyhedral meshes can more closely approximate
the experimental findings measured by LDA and PIV method.
Converting a tetrahedral mesh into a polyhedral mesh
leads to about 66% less mesh cells without missing
the simulation accuracy. The polyhedral mesh is found
superior than the tetrahedral mesh, partially refine
tetrahedral mesh and adaptive tetrahedral mesh in stirred
tank simulation since it leads to higher accuracy and higher
computational efficiency. The polyhedral mesh also
requires less computational time and resources in flow
field simulation of a stirred tank to achieve the same
accuracy.
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