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ABSTRACT
Choosing the most suitable turbulence model has a fundamental role in CFD method implementation.
Currently the most widely used turbulence model is k-ε viscous model with its three forms: “Standard”,
“RNG” and “Realizable”. Another model recently acquires relevance namely k-ω model. In practice also are
used the Reynolds stress model (RSM), Large eddy simulation model (LES) and some others.
They all have a different features and are useful for specific cases. This work aims to analyze and
compare a several turbulent models applied to external high-Reynolds number flow around a flat object
(blade) in order to determine the most suitable model for stirred tank reactor case. The task is simplified to a
single blade to avoid another effects and to focus only on the differences between the models.
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INTRODUCTION
The aim of this study of preliminary research is to compare and reveal the differences
between six turbulence models applied to external high-Reynolds number flows around a single flat
blade – as important part of CFD analysis and design of stirred tank reactors with mixing impellers.
The simplification is carried out in order to avoid another effects and to focus on the computational
differences between the models only. The idea of using a single flat blade has been considered as
suitable because of construction of mixing turbines with several vertical flat blades inducing radial
distribution of the path lines. Comparing the flow behavior (in general: velocity magnitude and
shear rate) predicted with featured models with CFD approach would reveal some aspects of their
implementation and would direct the researchers and engineers to the most accurate choice between
them.
The group of k-ε models is the most widely used in practice. The most studied and
disseminated representatives of this group are: k-ε Standard model, k-ε RNG model and k-ε
Realizable model. All the three k-ε models are two-equation models. The first equation contains kvariable, referred to turbulent kinetic energy. In the second transport equation is located ε-variable –
the rate of dissipation of the turbulent kinetic energy. k-variable [m2/s2] describes the amount of
mechanical energy transformed into turbulent fluctuations, and the ε-variable [m2/s3] describes the
scale of this transformation. The fluctuations change the momentum, energy, and species
concentration, and cause the transported quantities to fluctuate as well. The induced fluctuations can
be too computationally expensive to simulate directly. For that reason the governing equations are
time-averaged in order to remove the small scales of turbulence, resulting in a modified set of
equations that are computationally less expensive to solve. The time-averaged equations contain
additional unknown variables, and turbulence models are needed to determine these variables in
terms of known quantities. The main differences between the three k-ε models are the method of
calculating turbulent viscosity (μt); the turbulent Prandtl numbers (Prt) governing the turbulent
diffusion of k and ε; and the generation and destruction terms in the second equation.

1)

The oldest k-ε model is the k-ε Standard model. It is semi-empirical and is valid only

Volume VI, 2016, Number 3: NATURAL AND MATHEMATICAL SCIENCE

95

Science & Technologies

for a fully turbulent flows [1]. The main form without user-defined source terms and
compressibility is:
𝜕
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The Gk term describes the productions of turbulence kinetic energy due to mean velocity
gradients and is defined as:
𝜕𝑢𝑗
′ ′
̅̅̅̅̅̅
𝐺𝑘 = −𝜌𝑢
(3)
𝑖 𝑢𝑗
𝜕𝑥𝑖
The generation of turbulence due to buoyancy is given by Gb (β - coefficient of thermal
expansion; Prt - turbulent Prandtl number ≈ 0,85; gi - component of the gravitational vector in the idirection):
𝜇𝑡 𝜕𝑇
𝐺𝑏 = 𝛽𝑔𝑖
(4)
𝑃𝑟𝑡 𝜕𝑥𝑖
The turbulent viscosity is modelled as:
𝑘2
𝜇𝑡 = 0,09𝜌
(5)
𝜀
The k-ε Standard model contains a several constants which have been determined from
experiments and have been found to work well for a wide range flows. It is simple, affordable, but
not accurate in the region close to no-slip walls where k and ε exhibit large peaks
2)
The second model from the k-ε group is known as RNG k-ε model. It is developed by
Yakhot [5] using Re-Normalization Group (RNG) technics in order to renormalize the NavierStokes equations to account for the effects of smaller scales of eddies. It includes additional term in
ε-equation, improving the accuracy for rapidly strained and swirling flows. In addition, RNG model
contains non-constant Prandtl number and can be used for low-Reynolds number flows.
𝜕
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(8)
𝑆𝑘
1 + 0,012 𝜀
The last equation is the mine difference between the RNG and Standard model. It has shown
improved results for modelling rotating cavities, but shown no improvements over the standard
model for predicting vortex evolution.
3)
The third model from the k-ε models is the Realizable k-ε model [4]. Its “realizability”
satisfies certain mathematical constraints on the Reynolds stresses, consistent with the physics of
turbulent flows. The Realizable k-ε model differs in two mine directions: a new formulation for the
turbulent viscosity and new transport ε-equation.
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𝜕
𝜕
𝜕
𝜇𝑡 𝜕𝑘
(𝜌𝑘) +
(𝜌𝑘𝑢𝑖 ) =
[(𝜇 + )
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀
(9)
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
1 𝜕𝑥𝑗
𝜕
𝜕
𝜕
𝜇𝑡 𝜕𝜀
𝜀2
𝜀
(𝜌𝜀) +
(𝜌𝜀𝑢𝑖 ) =
[(𝜇 +
)
] + 𝜌𝐶2 𝑆𝜀 − 1,9𝜌
− 0,475 𝐺𝑏 (10)
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
1,2 𝜕𝑥𝑗
𝑘
𝑘 + √𝜈𝜀
𝑆𝑘
1
𝑘2
𝜀 ] ; (11) 𝜇 = (
𝐶2 = 𝑚𝑎𝑥 [0,43;
)
𝜌
𝑡
𝑆𝑘
𝑘. 𝑓(𝑆, 𝑤)
𝜀
+
5
4,04 + √6 cos 𝜙
𝜀
𝜀

(12)

The turbulent viscosity in the Realizable k-ε model is formulated quite different from the
other two. The constant value of 0,09 is replaced with more complex formulation – a function of the
mean strain (S) and rotation rates, the angular velocity (w) of the system rotation, and the turbulence
fields (k and ε)
4)
Next generation [2] turbulence model considered is k-ω Standard turbulence model.
It is another two-equation model. The k-ω model was developed from the realization that most of
the problems experienced by k-ε-type models are due to the modeling of the ε equation which is
neither accurate or easy to solve (ε has a local extrema close to the wall). Mathematically this is
equivalent to a change of variables ω∼ε/k. It is semi-empirical model and the turbulence kinetic
energy (k), and the specific dissipation rate (ω), are obtained from the following transport
equations:
𝜕
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The new unknown ω (specific dissipation rate, 1/s) represents the ratio of the dissipation of
turbulence (ε) to the turbulence kinetic energy (k), which have improved the accuracy of the model
for predicting free shear flows. In this equations Gk represents the generation of turbulence kinetic
energy due to mean velocity gradients, Gω represents the generation of specific dissipation rate, Yk
and Yω represent the dissipation of k and ω do to turbulence. Another change is the way of
calculating of the eddy-viscosity.
5)
The last model considered in this work is the shear-stress transport (SST) k-ω
turbulence model [3, 6]. It was developed to be effective in the in the near-wall region, including
some refinements: the blending function is designed to be one in the near-wall region, which
activates the Standard k-ω model, and zero away from the surface, which activates the transformed
k-ε model; the turbulent viscosity is modified to account for the transport of the turbulent shear
stress; empirical constants are different.
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The turbulent Prandtl numbers which were constant in the standard model are equated and
incorporate the blending functions fk and fω. Blending functions have been added to the SST model
to ensure that the model equations behave appropriately in both near wall and far field zones.
SIMULATION DETAILS
In order to solve and compare the five turbulence models, the CFD (Computational Fluid
Dynamic) methodology was carried out. The governing equations have been solved with respect to
the specified boundary conditions using the finite volume method (FVM). FVM is numerical
method for solving partial differential equations that calculates the values at discrete places on a
computational grid. After the domain has been divided into discrete control volumes, the governing
equations are integrated over the individual control volumes forming surface integrals using Guass’
divergence theorem. These terms are evaluated as the fluxes at the surface of each finite volume and
the fluxes are conserved throughout the domain.
Geometrical model: Fig. 1 shows the mine geometrical formulation of the round tubular space
with a flat object opposite to the moving fluid stream. The diameter of the tube is Ø 0,14m with
length 0,37m. The blade is rectangular with dimensions 0,04m x 0,04m x 0,002m and is located in
the center of the diameter at a distance 0,1m from the inlet. The solution is improved by refining the
computational grid to better resolve the flow details. The grid adaption based on the vorticity
gradients in the specific regions is implemented. It contains 16.103 computational rectangular finite
elements.

Fig. 1 Computational grid with refinement based on the vorticity gradients
Boundary conditions: The working fluid is set to be water at 20°C. The fluid is passed
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through the Velocity inlet zone at a rate 1m/s, flows the blade, passes the tube length and exits via
the Pressure outlet zone. Following a second order upwind discretization scheme, the number of
iteration reached ca. 2000. Convergence criterion of 10-6 for the continuity and turbulence
characteristics (k, ε and ω) was assumed.
Means of comparison: All the five models are compared with the RSM model, which is the
most complex and accurate turbulence model [7]. In RSM, the eddy viscosity approach has been
discarded and the Reynolds stresses are directly computed.
RESULTS AND DISCUSSION
Fig. 1 and fig. 2 both reveal the pathlines and velocity distribution over the domain. The
characteristics zones above and after the blade are clearly visible. In order to analyze and compare a
computational data from all modeled cases, centerline surface normal to the blade is considered.
The velocity magnitude demonstrate a two local minima (~0,08 m/s) and a one local maximum
(~0,33 m/s). The distribution observed is completely expected and shows a vortex zone opposite to
the flow, which generates negative pressure gradients on the back surface of the blade.

Fig. 2 Pathlines profile behind the blade – summary view
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Fig. 3 Velocity magnitude zones of interest – summary view
The comparative velocity magnitude date is shown in fig. 4. The predicted local extrema are
visualized in x-y plot diagram over the centerline discussed above. All the models shows uniform
trends to the RSM model. The quantitative differences in some plot parts are: ~10% for the k-ε
group and ~25% for the k-ω group in comparison with the RSM. The major differences are
observed in the areas behind the blade. The flow starts with 1 m/s velocity, collides the blade
obtaining deceleration (first minima), then acquires a local maximum (do to reversed vortices);
follows a second minima and then gradually regained its initial values of 1 m/s. The zone before the
blade shows no differences between the compared models.

Fig. 4 Models comparison: local velocity magnitude along a centerline surface normal to the blade
Another comparative characteristic of interest with importance for the flow behavior is the
change of shearing deformation over time (strain rate). It is essential for some fluids mixed in
stirred reactors and must be reliably predicted using CFD methodology at the design stage.
Volume VI, 2016, Number 3: NATURAL AND MATHEMATICAL SCIENCE

100

Science & Technologies

Fig. 5 Field contours of strain rate
Fig. 5 shows the strain rate distribution contours over a central section of the domain. The
most shear-deformed zones with values >100 s-1 are the edges of the blade. Excluding that, the
comparison over the centerline demonstrates a two local extrema behind the blade, shown in fig. 6.
In contrast to the previous comparison in this case the group of k-ω models demonstrate more
similar predicted values compared to the RSM model. In order to obtain clearer comparison, the
mass-weighted average strain rate along the entire tube is calculated and is placed in table 1.

Fig. 6 Models comparison: local strain rate along a centerline normal to the blade (the aria
behind the blade)

Table 1 Models comparison: mass-weighted average strain rate along the entire tube
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Turbulence Model

Mass-Weighted Average
Strain rate, 1/s

k-epsilon Standard

29,42 (5,22%)

k-epsilon RNG

31,61 (1,80%)

k-epsilon Realizable

28,95 (6,73%)

k-omega Standard

31,72 (2,14%)

k-omega SST

33,08 (6,16%)

Reynolds Stress Model

31,04 (ref. value)

The table 1 data shows slight differences between the compared models. The RNG k-ε model
gives the closest result to the RSM model. Surprisingly the k-ω SST and k-ε Realizable models,
considered as the most accurate from the two-equation models group shows the biggest difference
(~6%) to the RSM model.
CONCLUSIONS
Aiming turbulence models comparison in particular case avoiding lateral effects, a fluid flows
in tube aria with flat object were studied in order to evaluate their performance. Five 2-equation
turbulence models has been described and discussed: k-ε Standard, k-ε RNG, k-ε Realizable, k-ω
Standard and k-ω SST. A geometrical model computational grid with near-wall mesh refinements
and vorticity-based adaptation was built. All cases were calculated with second-order upwind
discretization scheme and compared with the RSM model data. Velocity magnitude and strain rate
predictions were studied and visualized with contour diagrams and x-y plots. A similar trend of
distribution of the analyzed characteristics has been revealed with some significant quantitative
differences: the k-ω group shows a tendency to decrease velocity magnitude values (~25% in some
arias) but better overlapping of strain rate local and averaged data compared to RSM model.
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