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Abstract. This work discusses the suitability of different turbulence models for modeling circular bluff-body
configurations. Accordingly, the context in which the associated numerical simulations are carried out is initially
described. Next, different turbulence models are assessed using a Reynolds-averaged Navier—Stokes (RANS) approach.
Particular turbulence models accounted for include the standard k-¢, the k- SST, the quadratic k-¢ developed by Shih
etal. (1995), and the cubic k-¢ model developed by Lien et al. (1996). The numerical results obtained here are compared
to experimental data gathered previously (Cruz and Figueira da Silva, 2016). From the OpenF OAM-based numerical
simulations carried out, velocity profiles for axial and radial components, turbulent kinetic energy (TKE) components,
as well as contours for these variables, are computed. The main results indicate that the standard k-¢ and quadratic k-¢
models overestimate the recirculating bubble length and underestimate the TKE. The quadratic model shows better
results however regarding the TKE. The cubic k-¢ and k- SST models show in turn a better agreement with the
experimental data when the TKE and recirculating bubble length are accounted for. Using the cubic k-¢ model however,
the velocity gradients are underestimated similar to what was observed in the case of the velocity profiles. The obtained
numerical results encourage further research into Non-Linear Eddy Viscosity models (NLEVM) as an alternative to
Reynolds Stress Modelling (RSM) and Large Eddy Simulation (LES), for predicting the turbulent flow around circular
bluff-body configurations.
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1. INTRODUCTION

The correct modelling of turbulent flows remains challenging in modern day engineering. Throughout the years the
turbulent flow characterizing bluff-body configurations have been studied extensively, both experimentally (Esquiva-
Dano et al., 2001; Tang et al., 2013; Cruz and Figueira da Silva, 2016) and numerically (Ma and Harn, 1994; Meraner et
al., 2018). Burners based on the use of such configurations are representative of gas turbine combustors and industrial
combustors (Chen et al., 1990). Due to stricter environmental regulations burner designs have to be continuously
improved in order to both reduce pollutant emissions and achieve cleaner power generation. An intricate part of this
process involves predicting accurately the associated turbulent flow. Meraner et al. (2018) found for instance that both
the recirculation zone volume and the entrainment into the wall jet around the bluff-body have a strong impact on the
overall NOy emissions. Similarly, AlAdawy et al. (2017) determined that increasing the turbulence level increases NOy
formation in the flame zone. Therefore, it is paramount to model the associated turbulent flow as accurately as possible.

Previous studies (Lysenko et al., 2014; Meraner et al., 2018) have shown that Reynolds-Averaged Navier—Stokes
(RANS) turbulence models yield inadequate results in bluff-body-related flows, especially when these results are
compared to those obtained using scale-resolving models. Linear eddy viscosity turbulence models (LEVM) are typically
used in RANS-based approaches. These models assume isotropic turbulence (Pope, 2000) so their accuracy is limited
when the turbulent flow is expected to be anisotropic, as happens in bluff-body flows (Cruz and Figueira da Silva, 2016).
Although large eddy simulation (LES) should lead to more accurate results, the associated computational cost far exceeds
that characterizing RANS simulations. Indeed, LES not only requires much higher mesh resolution, but also higher quality
meshes. Recent studies (Meraner et al., 2018; Tong et al., 2018) have analyzed blended RANS-LES modelling in bluft-
body configurations in order to reduce the associated computational cost, without sacrificing the accuracy of the numerical
results so obtained. Note that delayed detached eddy simulation (DDES) has been used by Tong et al. (2018), whereas
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Stress-Blended Eddy Simulation (SBES) has been employed by Meraner et al. (2018). In these two referred works
satisfactory results were obtained.

Non-linear eddy viscosity turbulence models (NLEVM) have been developed in order to better represent the turbulent
flows anisotropy (Versteeg and Malalasekera, 2007). These models rely on the use of non-linear relationships between
the Reynolds stresses, strain and vorticity, in conjunction with two-equation turbulence models, mainly k-& (Lien et al.,
1996). It is worth noticing that the computational cost increase associated with the use of NLEVM is small because no
additional transport equations need to be solved. The results obtained using NLEVM are however comparable to those
obtained with Reynolds stress models (RSM) based simulations (Versteeg and Malalasekera, 2007). The main purpose
of this work is therefore to study the adequacy of NLEVM for modeling non-reacting turbulent flows around circular
bluff-body configurations. Accordingly, Section 2 describes the methodology followed here to carry out the intended
numerical simulations. The main results obtained from such simulations are presented and discussed in Section 3. Finally,
Section 4 summarizes the main conclusions drawn from the obtained results.

2. METHODOLOGY

In this section, the experimental data used for comparison purposes here is briefly described first. Afterwards, the
numerical approach followed to model the turbulent flow around the particular circular bluff-body configuration
accounted for is highlighted.

2.1. Experimental data

The experimental work carried out by Cruz and Figueira da Silva (2016), which focused on the near wake flow field
of a circular bluff-body burner, is used as reference for comparison purposes here. The burner configuration studied by
Cruz and Figueira da Silva (2016) features a 60 mm diameter bluff-body (Dy) located concentrically in a 200 mm duct.
A stereo particle image velocimetry (SPIV) based technique was used to study the near wake flow field of the bluff-body
burner. A uniform grid size of 1.15 mm was obtained with a typical uncertainty of 3.4% with respect to the local velocity.
The referred burner was experimentally studied at three different Reynolds numbers (Re), 15 000, 30 000 and 45 400. In
this work the latter case is analyzed only. The free-stream velocity for the Re 45 400 case is U,=11.8 m/s and the integral
length scale Dy/6. These parameters are used in this work to determine the inlet boundary conditions. All dimensions and
velocities are non-dimensionalized by Dy, and U., respectively, and the turbulent kinetic energy (k) and Reynolds stresses
by Us2.

2.2. Numerical approach

In this work NLEVM will be compared to LEVM. What differentiates these two categories of models is the
relationship between the turbulent viscosity (v;) and the Reynolds stresses, R. The Boussinesq hypothesis is typically
utilized in LEVM, which assumes isotropic turbulence and relates to the strain rate of the flow only. In the case of
NLEVM, a non-linear stress-strain relationship is formulated, which includes not only the strain rate but also the flow
vorticity. Stress-strain relationships up to cubic order will be studied. The non-linear stress-strain expansion is as follows
(Apsley, 2019; Craft et al., 1996),

A = 2C,fS
+ B (S 1/3*Tr{S ) + B2 ( QS - SQ ) + B3(Q2 - 1/3*Tr{Q2T)
-y*Tr{S%S — y2*Tr{Q}S — y3(Q2S — S2Q - Tr{Q2}S — 2/3*Tr{ QSO — 4(Q*S — S2Q) 1)

where A is the anisotropy tensor, S the strain rate tensor, and € the vorticity tensor. Tr{X} represents the trace of matrix
X. While C,, is usually a model constant in LEVM, non-linear models benefit from a variable C,.. This is done in order to
satisfy the realizability conditions in regions featuring large mean velocity gradients. If this parameter were constant the
normal stresses could become negative and the Schwarz’ shear stresses inequality could be violated (Shih et al., 1995).
In Eq. (1) the first line corresponds to the linear term. The second line including the B-terms corresponds in turn to the
quadratic expansion. Finally, the third line, or y-terms, corresponds to the cubic expansion. In the referred equation 3; and
vi are model constants. Notice that a damping function f, is also utilized for the linear term. All NLEVM studied in this
work assume that ys is null. It is clear from Eq. (1) that LEVM do not consider the effect of the vorticity and its interaction
with the strain rate on the Reynolds stresses. Regarding this aspect, Craft et al. (1996) indicate that even quadratic models
do not fully capture the nuances of the flow or have a wide range of applicability. These shortcomings could be, however,
overcome with a cubic expansion. Both quadratic and cubic expansion based models are studied here.

The computational domain simulated here is generated and discretized using the OpenFOAM blockMesh utility.

Figure 1 shows the discretized axisymmetric computational domain. The mesh resolution has been lowered and rotated
for sake of clarity. The smallest cells are near the bluff body top face and where separation of the boundary layer is
expected. These cells have a characteristic size of 0.1 mm. The expansion ratio between adjacent cells in the zones of
interest is, on average, 1.6%; whereas in the farther regions this ratio is set as 15% in order to reduce the cell count as
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much as possible while staying within the cell growth limits typically used in CFD studies. Upstream the bluff-body, the
expansion ratio applied is equal to 8%. In the radial direction, a 15 mm buffer region of limited growth (0.6% on average)
is utilized to maintain a mesh high resolution in a region where important strain rate values are expected. Fully developed
turbulent flow boundary conditions are utilized at the computational domain inlet. A portion of the 200 mm inlet duct is
simulated to eliminate numerical diffusion of the referred conditions. Independence of both computational domain and
grid resolution has been achieved but the associated results are not included here for the sake of brevity. Shortly, four
different meshes, each of them progressively more refined than its predecessor, have been studied, concluding that the
mesh resolution highlighted above provides results independent of the mesh. Domain independence was also analyzed by
testing a double-length domain, and finding out that the results described in this work are independent of the domain size.
The computational domain simulated here has been mapped to a periodic wedge, since an axisymmetric mean flow is
observed at the corresponding experiments (Cruz and Figueira da Silva, 2016). The grid has been thus reduced to two
dimensions (2D) using the wedge boundary condition. The computational costs saved by doing so, compared to a typical
15° periodic domain, is about 70%. Such grid reduction allows properly describing the associated flow separation coming
from the expected relatively high strain rate, while keeping the computational costs acceptably low. It is worth noticing
that a grid resolution sufficiently fine is need to properly describe the velocity gradients defining the strain rate.

outlet

duct wall

T~

inlet

bluff-body 7

Figure 1. Computational mesh generated in OpenFOAM.

Using the OpenFOAM simpleFoam solver, several steady-state simulations have been performed in this work. Second
order numerical schemes have been utilized to reduce numerical diffusion. A generalized geometric-algebraic multigrid
(GAMG) solver has been used to solve the pressure equation. Other equations, such as velocity, k£ and € transport
equations, have been solved using the Gauss-Seidel method. Default under relaxation factors have been utilized. Four
RANS turbulence models have been studied here, the standard k-& model, the &~ SST model, the quadratic k-& model
developed by Shih et al. (1995), and the cubic k-¢ model developed by Lien et al. (1996). All numerical results obtained
here are compared to the measurements carried out by Cruz and Figueira da Silva (2016). The main parameters analyzed
are the velocity components, turbulent kinetic energy (k) and Reynolds stresses. It is expected that LEVM overestimate k&
in the recirculation zone and struggle to capture the extra strains due to streamline curvature (Versteeg and Malalasekera,
2007).

3. Results and Discussion

As highlighted above, four RANS turbulence models are studied here, the standard k-¢, the k&~ SST, the quadratic .-
¢ developed by Shih et al. (1995), and the cubic k-¢ model developed by Lien et al. (1996). For each of these models,
particular properties analyzed in this section are the velocity and turbulent kinetic energy (TKE) fields, as well as the
Reynolds stresses. The referred numerical results are discussed in both qualitative and quantitative terms.

3.1. Qualitative aspects

Figure 2 shows the longitudinal velocity and the TKE contours for the experimental case and the four turbulence
models analyzed in this work.
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Figure 2. Longitudinal velocity (top) and turbulent kinetic energy (bottom) contours for: (a) Experimental results (Cruz
and Figueira da Silva, 2016). (b) Standard k- model. (c) k-@ SST model. (d) Quadratic k- model. (¢) Cubic k-€ model.

From Fig. 2 velocity contours it may be observed that all turbulence models overestimate the recirculation bubble
length at some degree. This implies that the associated vortices are more oval in shape, leading to regions with increased
du/ar values, which in turn increases the strain rate. The bubble length obtained using the cubic model (Fig. 2¢) is closer
to the experimental result than any other model. The turbulence model which deviates the most from the experimental
data is the quadratic model (Fig. 2d), with the longest recirculation zone, and the slowest internal velocity. Only this
model predicts the vortex centre incorrectly. The other three models studied here positioned the vortex center close to its
position determined experimentally, (x/Dy , #/Dp) = (0.45, 0.33) (Cruz and Figueira da Silva, 2016). Regarding the TKE
results, only the NLEVMs predict maximum & values near the stagnation point. Both the standard k-€ and k- SST models
incorrectly predict that the TKE diminishes between 7/D, = 0.3 towards the centerline. The model that qualitatively
produces the best TKE results, i.e., closest to the experimental ones, is the cubic model (Fig. 2e), featuring a TKE peak
value in the vicinity of the predicted stagnation point. Although the quadratic model (Fig. 2d) does yield a similar result
in qualitative terms, its TKE values seem to be more underestimated overall. No model reaches the peak measured value,
but the cubic model also appears to yield results quantitatively closer than the other ones.

3.2. Standard k-€ model

The evolution of the longitudinal velocity () along the bluff-body burner centerline for all turbulence models studied
here is shown Fig. 3. As may be observed in this figure, the recirculation bubble length is overestimated by about 15%
by the standard k-¢ turbulence model and the minimum u by 7%. In spite of this result, as shown in Fig. 4, the velocity
gradients at the axial positions agree relatively well with the experimental results for x/D, < 1.0 but stray off farther
downstream. This does not occur however in the case of the TKE, whose axial positions related profiles mostly disagree
with the experimental data (Fig. 4c). For instance, at the axial positions x/Dp = 0.2 and x/Dp = 0.6, the k gradients and
trends slightly resemble the experimental results. Nevertheless, the former is overestimated near the bluff body axis
whereas the latter is underestimated. For the remaining axial positions assessed (x/Ds > 1.0), the turbulent kinetic energy
predictions are more discrepant. The £ magnitudes are indeed significantly underestimated especially near the central
axis. Overall neither the measured TKE trends nor its magnitudes are correctly predicted with this model. This behavior
is also observed when analyzing the Reynolds stresses predicted by the model. Both normal components are overestimated
near the centerline at the vicinity of the bluff body. Similarly to the TKE however, these normal stresses are severely
under predicted farther downstream. It is worth emphasizing as well that the Reynolds stress radial component should
reach its maximum values along the centerline, which is not predicted at all by this model. The shortcomings observed in
the TKE are similar to those found in the Reynolds stress components because of the intrinsic relationship between these
flow properties.



0.6

0.4

25th ABCM International Congress of Mechanical Engineering

October 20-25, 2019, Uberlandia, MG, Brazil

I Standard k-e model 0095

L. = k-co SST model ooco?’

S Quadratic k-z model 8% .

[ Cubic k- model o°°,0/"" = -

- ° Experimental results O°°° K

[ TR T TR TN T N TN N SN SN N SN TN T N | i [ ; :\ |: I P I TR N TN S |
0 0.25 0.5 0.75 1 1.25 1.5 1.75

Figure 3. Comparison of longitudinal velocity along the centerline between numerical (lines) and experimental results
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Figure 4. Standard k-& model results. Radial profiles at fixed axial positions. (a) Longitudinal velocity, (b) radial
velocity, (c) turbulent kinetic energy. Reynolds stresses: (d) longitudinal stress, (e) radial stress and (f) shear stress.
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3.3. k-» SST model

According to Fig. 3 results, using the k-« SST turbulence model the recirculating bubble length is overestimated by
19%, and the magnitude of the longitudinal velocity minimum by 25%. The previously discussed model achieved more
accurate predictions in this regard. Despite these differences, the overall longitudinal velocity curve resembles more
closely to the measured values, as highlighted by the gradients matching more closely the experimental results. This is
especially noticeable by the sharper gradient farther downstream (x/D» = 1.25). As shown in Fig. 5b, the velocity radial
components closely match the experimental results. Regarding the & profiles, the results displayed in Fig. 5c show
improvements when compared to the corresponding standard k-¢ ones. However, they are still underestimated especially
near the centerline. The & gradient towards the centerline is again negative, opposite to what is measured experimentally.
Regarding the Reynolds stresses, the normal stresses match the experimental results more closely along the centerline
compared to the previous model but then are severely underestimated for all axial positions around »/Dj, = 0.3. The radial
component is overestimated at the vicinity of the bluff body only. In the farther regions this component is also
underestimated but not at the same degree as the normal one, i.e., the former amounts to 63% of the measured value
whereas the latter to 48% when compared to their maximum value at x/D, = 1.0. The model does not predict & correctly
due to its limitations in describing the strong anisotropic flow. Nevertheless the & field is significantly improved when
compared to the results obtained with the standard k- model. Indeed, the standard k-& model predicts values as much as
50% off of the measured TKE value, whereas the current model is within 30% of the expected results at the centerline for
x/Dp=1.0.
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Figure 5. k-0 SST model results. Radial profiles at fixed axial positions. (a) Longitudinal velocity, (b) radial velocity,
(c) turbulent kinetic energy. Reynolds stresses: (d) longitudinal stress, (e) radial stress and (f) shear stress.
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3.4. Quadratic k-& model

As it may be seen from Fig. 3, along the centerline there is little to no improvement regarding « through the use of
this quadratic k-¢ model. More specifically, the recirculating bubble length is slightly longer (25%), whereas the
magnitude and position of its negative maximum is not close at all to the experimental results. In this case, its value is
underestimated by 34%, the least accurate result obtained thus far. Further results obtained with the quadratic k-& model
are given in Fig. 6. From this figure it may be noticed that both velocity components (Fig. 6a and Fig. 6b) have worsened
compared to the previous models. The longitudinal velocity gradients appear flatter in the recirculating bubble (x/Dj <
1.3) leading to under prediction of the associated magnitudes. More specifically, at x/Dj = 0.2, u amounts to only 53% of
the measured value at the centerline, and v to 53% of that corresponding to /D, = 0.3. There are some improvements
however regarding the k profiles, as the trends obtained are qualitatively closer to the measured ones. The magnitude of
k in the centerline is nonetheless still underestimated. In particular, the £ maximum expected value is 32% lower and it is
found at x/D, = 1.8 instead of 1.0, due to its stagnation point being further downstream. This seems to come from Ry not
being a relatively constant value along the centerline as observed in the experimental results and the overall
underestimation of Ry.. The quadratic model overestimates the Ry, magnitude in the region x/D; < 0.8 and underestimates
it in x/Dp > 0.8. R, is also underestimated near the centerline to a much greater degree than Ry, the former differing by
29% on average off of the measured values, whereas the latter by 46% in the region where it is under predicted. In spite
of these findings, this is the only model that has successfully predicted so far the local maxima at the centerline for R
and the sharp increase of R« near /Dj = 0.3.
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Figure 6. Quadratic k- model results. Radial profiles at fixed axial positions. (a) Longitudinal velocity, (b) radial
velocity, (c) turbulent kinetic energy. Reynolds stresses: (d) longitudinal stress, (e) radial stress and (f) shear stress.
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3.5. Cubic k-€ model

According to Fig. 3, this turbulence model predicts the recirculating bubble length more accurately compared to the
other studied models, exceeding the measured value by 9% only. As shown in Fig. 7, when compared to the turbulence
models discussed previously, the corresponding predictions carried out using the cubic k-¢ model are improved.
Furthermore, the velocity components match the expected results much closer than when using the other models. This
can be particularly observed in the v profiles, where there are slight differences only between the numerical and
experimental results, except for the small overestimation of the negative peaks rising up to 12%. In addition, outside the
recirculating bubble (x/Dy > 1.05), velocity is much more accurately described, especially the u profiles (Fig. 7a). This is
the only model that successfully predicts the u profile for x/D, = 1.8 within reasonable expectations. Regarding the k
profiles, there are also improvements when compared to the previously shown results. Indeed, both the magnitudes and
trends are closer to the measured values than previous results but still struggles to properly capture & in /D, = 0.6. Overall,
the model struggled to predict correctly the TKE inside the recirculating bubble as it is severely underestimated at x/Dj =
0.6 (38%) and x/Dy = 1.0 (31%). The numerical results qualitatively follow however the measured ones, positioning the
maximum TKE values along the centerline correctly.
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Figure 7. Cubic k-¢ model results. Radial profiles at fixed axial positions. (a) Longitudinal velocity, (b) radial velocity,
(c) turbulent kinetic energy. Reynolds stresses: (d) longitudinal stress, (e) radial stress and (f) shear stress.

The predictions performed with the cubic k-€ model near »/D, = 0.5 are nevertheless discrepant. The experimental
data show that the & gradients should be smoother downstream the bluff-body. This is not properly predicted by the cubic
k-& model, as highlighted by the sharp & increases near r/Dj = 0.4 and the influence of the free stream TKE between 7/Dy
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= 0.4 and /D= 0.5. Even more important, notice that there are regions where the computed flow yields non-realizable
results, especially for Ry near the centerline. The rippling of the velocity and stress profiles is caused by the effects of the
non-realizability on the solution. Despite this fact, the results obtained with the use of the cubic k-& model could be argued
to be somewhat encouraging, because it allows properly capturing some of the physical phenomena characterizing bluft-
body configurations, while keeping relatively low the associated computational costs.

4. CONCLUSIONS

In this work, the performance of four different turbulence models were compared to experimental data gathered by
Cruz and Figueira da Silva (2016) regarding the characteristic flow around a circular bluff-body burmer configuration.
The main goal was to improve the anisotropic flow predictions using RANS approaches. NLEVM were particularly
studied as they are reported to better capture stress anisotropy-related effects thanks to the non-linear stress-strain
relationships employed in such models (Pope, 2000). Two NLEVM, the quadratic k-¢ model developed by Shih et al.
(1995) and the cubic k-¢ one developed by Lien et al (1996), were tested using OpenFOAM. For comparison purposes,
RANS simulations were also carried out with two commonly used turbulence models, the standard k-¢ model and the -
® SST one. From the obtained results overall, both NLEVM showed qualitatively improvements regarding the prediction
of turbulent variables, as they both calculated the peak TKE near the stagnation point. Regarding the velocity components
however, only the cubic model showed improvements while the quadratic model did not at all. The cubic model estimated
the recirculating bubble length within 9% of the measured value, closer than the other models analyzed here. All studied
models underestimated the TKE in the wake, however the one which yielded the most accurate results was the cubic
model. The cubic model indeed underestimated the peak value by 13% only, better than any other model tried in this
work. Both NLEVM also qualitatively improved the Reynolds stresses results, predicting correctly where each component
achieved its peak value, especially for R,.. Despite these improvements, near the stagnation point, where important strain
rate values are expected, the cubic model yielded non-realizable results as the stream-wise normal stress became negative.
The present work shows that NLEVM have the potential to become a useful alternative for modeling strong anisotropic
flows: Further research and development are need however to improve on their demonstrated shortcomings.
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