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This is the second part of a two-part paper focusing on the assessment of accuracy of turbulence-related data from CFD
simulations using effective numerical dissipation rate and effective numerical viscosity. Experimental setup has been dis-
cussed in the first part of this series. Here, the relevant solution data obtained via CFD are compared to the values from
laser Doppler anemometry measurements, and it is studied whether the accuracy of such data can be assessed using the

two mentioned quantities. The overall outcome is that although judging mesh quality generally is possible, alone the two

quantities are insufficient to draw conclusions regarding the actual solution data.
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1 Introduction

The first paper of this two-part series [1] discussed the
experimental setup involving the flow system from Fig. 1.
The present, second paper reports the actual results of the
study, i.e., it lists the relevant solution data exported from
the evaluated computational fluid dynamics (CFD) cases
and compares them to the reference data from laser
Doppler anemometry (LDA) measurements [2]. Due to the
limited space available, however, selected data are presented
as Supporting Information (SI).

Compared to the physical experiment presented in [2],
which involved a swirl generator, in the CFD cases dis-
cussed further the pipe inlet velocity was directly specified
using the corresponding velocity profile providing all three
velocity components (axial, radial, and tangential). More-
over, because the present paper focused on engineering
applications of CFD where a compromise between data
accuracy and computational demand is always sought, the
k-w SST SAS (shear stress transport scale-adaptive simula-
tion) [3] and WMLES (wall-modeled large eddy simulation)
[4] turbulence models were employed.

The CFD cases were evaluated in ANSYS Fluent 2019 R3
[5], used five different-quality hexahedral and polyhedral
meshes ranging from 0.950 million cells to 20.6 million
cells, and included the computation of effective numerical
dissipation rate and effective numerical viscosity at the indi-
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vidual cell level via the procedure proposed by Schranner
et al. [6]. To keep computational times manageable, the
WMLES-based cases featured a shorter pipe segment (1 m
instead of 5m, i.e., only up to L/D = 17.3). Refer to [1] for a
detailed description of the meshes, CFD setup, etc.

The normalized mean velocity profiles on the individual
interrogation line segments are discussed in Sect.2. The
plots of normalized mean distributions of the diagonal and
off-diagonal components of the Reynolds stress tensor are
shown in Sect. 3 and 4. Sect. 5. presents the mean effective
numerical dissipation rates and mean effective numerical
viscosity values yielded by the individual CFD simulations.
Conclusions of this study are summarized in Sect. 6.
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IP and ILS at L/D = 98.4 vided data of middling accuracy. As for the

finest (20.6 million cells) hexahedral mesh, it did

not seem to lead to any marked improvement

compared to the second-finest (2.64 million

cells) one in spite of the cell count being one

tripping order of magnitude larger.

ring

liPandILS at L/D = 3.0

y More detailed information together with the

‘\L plots of the normalized mean velocity profiles
X z

can be found in Sect. S1 of the SI. Also provided
are the plots of absolute errors with respect to
the reference data. Relative error plots were not

generated because of the issues arising from the

Figure 1. 3D visualization of the investigated flow system; IP and ILS denote in- reference values often being near or crossing the
terrogation plane and interrogation line segment, respectively. The measure- zero line.

ment locations were at L/D = 3.0, 10.0, 17.3, 37.3, 44.8, 52.3, 81.7, and 98.4,

where L denotes the downstream distance from the inlet and D the diameter of

the pipe. (Reprinted from [1])

2 Normalized Mean Velocity Profiles

The first step in analyzing the solution data was concerned
with the normalized mean velocity profiles. The corre-
sponding axial (streamwise), radial, and tangential compo-
nents obtained at the interrogation line segments were com-
pared to the reference data from LDA measurements [2].
Better accuracy generally was observed in the turbulent core
near the outlet of the modeled pipe segment where the flow
had partly stabilized. The near-wall predictions of models
employing the meshes without resolved boundary layers
obviously were of much lower quality. Of interest was the
fact the coarsest hexahedral mesh (0.950 million cells) per-
formed better in terms of the mean axial velocity profiles
than the slightly finer (1.35 million cells) one. The structure
of this second mesh also seemed to be responsible for the
observed dips and sharp corners in the profiles close to the
pipe inlet. The polyhedral (1.94 million cells) mesh pro-

3 Normalized Mean Distributions of the
Diagonal Components of the Reynolds
Stress Tensor

Figs. 2—-6 show the mean distributions of the diagonal com-
ponents of the Reynolds stress tensor, 7;;, normalized using
the overall mean flow velocity, u;, = 2.34ms"" (this corre-
sponds to the total mass flow rate of 3.8135kg st see [1]).
In the plots, R denotes the radius of the pipe, r/Re [—1, 1]
the normalized coordinate along the respective interroga-
tion line segment, L the downstream distance from the swirl
generator, and D the diameter of the pipe. Subscripts “a”,
“r”, and “t” denote the axial (streamwise), radial, and tan-
gential components, and “(ref.)” the reference values from
the paper by Pashtrapanska et al. [2].

The first set of plots (Fig. 2) pertains to the first CFD case,
which utilized the k- SST SAS turbulence model and the
coarsest hexahedral mesh (0.950 million cells). One can see
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Figure 2. Normalized mean distributions of the diagonal components of the Reynolds stress tensor on the respective interrogation line
segments exported from the first CFD case (hexahedral mesh, 0.950 million cells, k—w SST SAS turbulence model).
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that at L/D = 3.0 and 10.0, the predicted values were close
to zero across the entire interrogation line segments, i.e.,
they were very different from the reference data. Only from
L/D = 37.3 the axial-axial profile started to resemble the ref-
erence one, but the discrepancy was large, nonetheless. The
other two predicted profiles (radial-radial and tangential-
tangential) did not resemble the reference data at all.

The predicted normalized mean distributions of the diag-
onal components of the Reynolds stress tensor obtained
using the slightly finer hexahedral mesh (1.35 million cells)
are shown in Fig.3. Just as before, all three distributions
were near zero at L/D = 3.0 and L/D = 10.0. At higher L/D,
the predicted distributions generally were asymmetrical
even though the reference data featured relative symmetry
around r/R = 0. The best fit (trend-wise) could be observed
at L/D = 37.3; however, even there the absolute errors in the
radial-radial and tangential-tangential distributions re-

mained large. It was apparent that the CFD model, which
made use of the Boussinesq eddy viscosity approximation,
was not able to match the observed turbulence anisotropy
at all even when the respective finer structured hexahedral
mesh was employed.

When the polyhedral mesh consisting of 1.94 million cells
was used, the predicted distributions resembled the refer-
ence data much better (see Fig. 4). In this case, values signif-
icantly greater than zero were obtained except for the
radial-radial and tangential-tangential distributions at
L/D > 81.7. The axial-axial distribution again featured the
best fit, but some similarity could also be observed in the
other two distributions at L/D < 17.3. As for the near-wall
region, the predictions were of higher quality than before,
yet significant discrepancies were still present. This was
most likely due to the better predictive capability of k-
SST SAS on polyhedral meshes [7].
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Figure 3. Normalized mean distributions of the diagonal components of the Reynolds stress tensor on the respective interrogation line
segments exported from the second CFD case (hexahedral mesh, 1.35 million cells, k—w SST SAS turbulence model).
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Figure 4. Normalized mean distributions of the diagonal components of the Reynolds stress tensor on the respective interrogation line
segments exported from the third CFD case (polyhedral mesh, 1.94 million cells, k—w SST SAS turbulence model).
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The normalized mean distributions of the diagonal com-
ponents of the Reynolds stress tensor yielded by the first
CFD case utilizing the WMLES turbulence model can be
found in Fig.5. Here, the hexahedral mesh consisted of
2.64 million cells. Even though the discrepancies were non-
negligible, at least trend-wise the distributions mostly con-
formed to the reference data. What was more, one could
also see marked improvement in accuracy near the pipe
wall due to the region being resolved much better.

The normalized mean distributions of the diagonal com-
ponents of the Reynolds stress tensor obtained using the
finest hexahedral mesh (20.6 million cells) and the WMLES
turbulence model (see Fig.6) were very similar to those
obtained using the much smaller mesh and the otherwise
identical CFD setup. Although some trends featured slightly
better accuracy, it was obvious that such a large mesh was
far beyond the point of diminishing returns. See Sect. S2 for
the respective absolute error plots.

4 Normalized Mean Distributions of the
Off-Diagonal Components of the Reynolds
Stress Tensor

Analogously to the previous set of plots, the following set
(Figs. 7-11) provides the normalized mean distributions of
the off-diagonal components of the Reynolds stress tensor,

Tu From the results in Fig. 7, which were obtained using the
coarsest hexahedral mesh (0.950 million cells), it can be
seen that at L/D = 3.0 and L/D = 10.0 the predicted values
were close to zero across the entire interrogation line seg-
ments. A hint of similarity could only be observed between
the predicted and reference axial-radial and axial-tangential
distributions at L/D = 81.7. Considering the radial-tangen-
tial distributions at L/D > 37.3, these were missing in the
reference data set [2] and, therefore, could not be com-
pared.

With the hexahedral mesh consisting of 1.35 million cells,
the results, too, were very different from the reference data
(see Fig.8). Moreover, the predicted off-diagonal compo-
nents of the Reynolds stress tensor at L/D = 3.0 and 10.0
were again close to zero.

When the polyhedral mesh (1.94 million cells) was used,
the predicted normalized off-diagonal components of the
Reynolds stress tensor were as shown in Fig. 9. Although
the obtained trends generally were different from the refer-
ence ones, some similarity could be seen in the axial-radial
component at L/D > 81.7, axial-tangential component at
L/D = 81.7, and radial-tangential component at L/D < 17.3
(reference radial-tangential data for further locations were
not available in [2]).

Fig.10 shows the normalized data yielded by the
WMLES-based model utilizing the coarser mesh
(2.64 million cells). At L/D = 3.0, none of the three trends
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Figure 5. Normalized mean distributions of the diagonal components of the Reynolds stress tensor on the re-
spective interrogation line segments exported from the fourth CFD case (hexahedral mesh, 2.64 million cells,

WMLES turbulence model).
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Figure 6. Normalized mean distributions of the diagonal components of the Reynolds stress tensor on the re-
spective interrogation line segments exported from the fifth CFD case (hexahedral mesh, 20.6 million cells,

WMLES turbulence model).
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Figure 7. Normalized mean distributions of the off-diagonal components of the Reynolds stress tensor on the respective interrogation
line segments exported from the first CFD case (hexahedral mesh, 0.950 million cells, k-w SST SAS turbulence model). Please note that

there were no reference data in [2] for normalized 7, at L/D > 37.3.
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Figure 8. Normalized mean distributions of the off-diagonal components of the Reynolds stress tensor on the respective interrogation
line segments exported from the second CFD case (hexahedral mesh, 1.35 million cells, k-w SST SAS turbulence model). Please note that

there were no reference data in [2] for normalized 7, at L/D > 37.3.

corresponded to the reference data. If the small peaks
around /R = 0.0 were disregarded in the plot for
L/D = 10.0, then there the predicted data were relatively
close to the reference values. At L/D = 17.3, the radial-
tangential component matched the reference data quite well
while the remaining two components featured larger dis-
crepancies. This most likely was a consequence of the tur-
bulence anisotropy observed in the reference data, which
started to increase at around L/D = 17.3 (see Sect. 3) in
combination with the CFD model employing the Boussi-
nesq approximation.

In the last CFD case utilizing the finest mesh (20.6 mil-
lion cells) and the WMLES turbulence model, the results
(shown in Fig. 11) were akin to those from Fig. 10. In other
words, one could observe no similarity between the pre-

www.cit-journal.com
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dicted and reference trends at L/D = 3.0, at L/D = 10.0 all
trends matched reasonably well except for the small central
peaks, and at L/D = 17.3 only the radial-tangential data
were relatively close to the reference values. Again, it was
clear that using such a large mesh brought no advantage
whatsoever. The corresponding absolute error plots are pro-
vided in the SI in Sect. S3.

5 Mean Effective Numerical Dissipation Rate
and Mean Effective Numerical Viscosity
Mean effective numerical dissipation rate, ¢,, and mean

effective numerical viscosity, v,, data obtained using the
procedure proposed by Schranner et al. [6] were exported
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Figure 9. Normalized mean distributions of the off-diagonal components of the Reynolds stress tensor on the respective interrogation

line segments exported from the third CFD case (polyhedral mes|

h, 1.94 million cells, k-w SST SAS turbulence model). Please note that

there were no reference data in [2] for normalized rn atL/D > 37.3.
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Figure 10. Normalized mean distributions of the off-diagonal components of the Reynolds stress tensor on the
respective interrogation line segments exported from the fourth CFD case (hexahedral mesh, 2.64 million cells,

WMILES turbulence model).
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Figure 11. Normalized mean distributions of the off-diagonal components of the Reynolds stress tensor on the
respective interrogation line segments exported from the fifth CFD case (hexahedral mesh, 20.6 million cells,

WMLES turbulence model).

from the CFD cases for the entire interrogation planes (see
Fig. 1) instead of the interrogation line segments used previ-
ously. When &, > 0, the rate of dissipation of kinetic energy
was greater than expected given the changes in the other
quantities. Otherwise, when ¢, < 0, the rate of dissipation
was smaller than expected. Effective numerical viscosity, on
the other hand, represented a measure of change in effective

Chem. Ing. Tech. 2023, 95, No. 9, 1448-1456 © 2022 The Authors. Ch

viscosity of the fluid caused by discretization. Please note
that the effective numerical viscosity, as defined in [6], was
not a direct equivalent to the physical viscosity.

The observed values of mean effective numerical dissipa-
tion rate decreased in absolute size towards the pipe outlet,
but with all hexahedral meshes except the finest one their
underlying cell structures could easily be seen in the plots

emie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com
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for L/D < 17.3. The plots corresponding to the polyhedral
mesh did not feature any distinct pattern. As for mean
effective numerical viscosity, largest values (in absolute size)
were reported in the core of the flow and generally
increased from the pipe inlet towards its other end. In the
near-wall regions, the discussed quantity remained close to
zero. Although the underlying cell structure was only appa-
rent in the plots obtained using the 2.64 million cell hexa-
hedral mesh, in all five CFD cases there were multiple cell
regions where negative numerical viscosity was reported,
which could have had adverse effect on the stability of the
employed numerical schemes. Overall, from the data it was
obvious that the hexahedral meshes were not suitable due
to poor cell alignment with the flow. Please refer to Sect. S4
for the contour plots in question as well as a brief discussion
regarding the data.

It is obvious that the solution data presented in Sects. 2-4
and as part of the Supporting Information were influenced
by the cumulative effect of the discretization-induced
numerical errors all the way from the pipe inlet to the actual
interrogation line segments. Therefore, it made more sense
to consider as decision parameters the aggregate values of
mean effective numerical dissipation rate and mean effec-
tive numerical viscosity per the entire computational
domain. These are listed in Tab. 1, in which an overall mean
value corresponds to the sum over the entire computational
domain of the time-averaged cell values. A cell mean value,
on the other hand, is a time and volume-weighted average
value per one cell. The obtained cell mean values were most
important because they did not depend on the total number
of cells or the physical size of the computational domain.

With respect to how effective numerical dissipation rate
and effective numerical viscosity were defined in the paper
by Schranner et al. [6], lower absolute values of both these
metrics should indicate lower induced numerical errors
(i.e., higher-quality mesh). This correlated with the decreas-
ing absolute errors in the observed quantities presented ear-
lier when moving between the hexahedral meshes (cases 1,
2, 4, and 5). However, it also is apparent from Tab. 1 that
the lowest values of the two discussed metrics were obtained
using the polyhedral mesh consisting of just 1.94 million
cells (case 3), yet there the solution data accuracy generally
was lower than when the finer hexahedral meshes were
employed. This provided the answer to the research

hypothesis (“Can €,, and v,, be used to assess the accuracy of
the obtained turbulence-related data?”) without having to
evaluate further CFD cases involving, e.g., tetrahedral
meshes. It also meant that the utilized cell type had signifi-
cant influence on the values of the two metrics even when
the respective mesh cell counts were similar.

6 Conclusions

Five different CFD cases with meshes ranging from
0.950 million cells to 20.6 million cells were evaluated to
determine whether effective numerical dissipation rate, &,
and effective numerical viscosity, v,,, could be used to assess
the accuracy of the obtained turbulence-related data. Both
structured and unstructured hexahedral and polyhedral
meshes were considered to establish whether the cell type
significantly influenced the obtained values of ¢, and v,,.
Two turbulence models most commonly used in process
and power engineering simulations, namely k-w SST SAS
and WMLES, were utilized in the evaluated CFD cases.

The first step in the analysis of solution data from the
CFD simulations comprised the comparison of normalized
mean axial, radial, and tangential velocity profiles to the
LDA data from literature. Here, it was found that the agree-
ment between the velocity profiles was gradually improving
from the instability-generating tripping ring towards the
outlet of the modeled pipe segment, that is, the models were
able to better predict the flow only once the fluid motion had
partly stabilized. The axial profiles generally were predicted
with better accuracy than the radial and tangential ones. It al-
so was of note that although the axial profiles from LDA were
relatively symmetrical along the entire pipe segment, the pro-
files predicted using the coarser hexahedral meshes featured
at multiple locations non-negligible asymmetry.

The primary focus of this study was the prediction of nor-
malized mean distributions of the Reynolds stress tensor
components in relation to the two metrics (¢, and v,,) men-
tioned above. Data obtained using the two coarsest hexa-
hedral meshes — of which the finer one contained a bound-
ary cell layer - generally were very different from the
reference values from LDA measurements. The diagonal
profiles also were largely asymmetrical despite the reference
data featuring relative symmetry. In the two corresponding

Table 1. Overall mean (time-averaged cell values summed over the entire computational domain) and cell mean (time and volume-
weighted average per cell) effective numerical dissipation rates (¢,,) and effective numerical viscosities (v,,).

Case No. Overall mean ¢,, (kg m’s7] Cell mean ¢, [kg m?s~) Overall mean v,, [m*s™'] Cell mean v, [m?*s™']
1 -1.384-10° -1.483-10" -1.426 - 10 -1.252-10"

2 -1.462-10° -1.198-107" -1.419-107 -1.126 - 10"

3 1.222-10° 5736107 3.214-10° 1.670-107"

4 16.013 - 10° 6.621-107 13.862 - 10° 5.081-10"

5 -16.122-10° -9.625-10* -5.909 - 10° -3.380-10""
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CFD cases, the cell mean effective numerical dissipation
rates were of the order of 10 kgm?s™ and the cell mean
effective numerical viscosities of the order of 10’ m?s™" (with
the values being smaller in absolute size when the finer
mesh was employed). On the other end of the fineness spec-
trum were the remaining two hexahedral meshes. With
these, prediction accuracy improved significantly, but many
profiles still matched the reference data only trend-wise (if at
all). As for the two metrics, here the cell mean effective nu-
merical dissipation rates were of the order of 10~ kgm?s™
and 10*kgm’s™ (values smaller in absolute size were ob-
tained using the very fine, 20.6 million cell mesh) and the cell
mean effective numerical viscosities of the order of 10~ m’s™
(in both cases). In other words, the gradual improvements in
solution data accuracy across the four hexahedral meshes
correlated with the decreasing absolute sizes of the two moni-
tored metrics. However, with the relatively coarse polyhedral
mesh, which led to solution data of middling accuracy, the
cell mean effective numerical dissipation rate and cell mean
effective numerical viscosity were the lowest overall (in abso-
lute size), although still of the orders identical to the ones
observed with the most detailed, 20.6 million cell mesh. The
respective variability effectively led to omitting the evaluation
of tetrahedral meshes, because the answer to the research
hypothesis was clear without the need for any such CFD
cases.

The contour plots of mean effective numerical dissipation
rate and mean effective numerical viscosity revealed that
the hexahedral meshes could not cope with the swirling
nature of the flow as well as the polyhedral mesh due to
problematic alignment of the cells with the flow. Moreover,
the mean effective numerical viscosity being in some cell
regions negative and large in absolute size suggested that
there the stability of the employed numerical schemes may
have been decreased. Also of interest was the fact that
meshes of similar sizes (in terms of cell count) but with dif-
ferent topologies led to markedly different results.

The only explanation for the variation in the presented
metrics with respect to solution data accuracy was that the
hexahedral meshes were unsuitable due to problematic
alignment with the modeled swirling pipe flow. Cells in the
polyhedral mesh, on the other hand, were much more simi-
lar to the ideal cell (a sphere), and, consequently, the
induced numerical errors were lower even if the total num-
ber of cells in the domain was one order of magnitude lower
(1.94 million vs. 20.6 million). In other words, although
some accuracy was gained in cases 4 & 5 by better resolving
the near-wall region etc., some of it also was lost (compared
to case 3) because of poor cell alignment with the flow.
Moreover, this effect was compounded in case 3 by utilizing
the k-w SST SAS turbulence model known to perform very
well on polyhedral meshes.

The overall conclusion, therefore, is that the two metrics
proposed by Schranner et al. [6] can be used to assess mesh
quality but alone are not sufficient when it comes to assess-
ing the quality of the obtained solution data.

Chem. Ing. Tech. 2023, 95, No. 9, 1448-1456
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It is important to note that the employed CFD models
were based on the Boussinesq approach, which assumes the
turbulent viscosity to be an isotropic scalar quantity.
Although this simplification is very often used in engineer-
ing applications of CFD, making use of the Reynolds Stress
Model (RSM) [8], which solves transport equations for each
component of the Reynolds stress tensor, would obviously
lead to better-quality data. Therefore, RSM is one of the
possible future research avenues considering the turbulence
anisotropy commonly observed in swirling pipe flows. Simi-
larly, given the asymmetry of the data from CFD simula-
tions presented in this paper, it would be interesting to
compare the performance of the models if both temporal
and spatial (over concentric rings of suitable widths) aver-
aging were employed. This, however, would require a refer-
ence data set different from the one used here.

Another possible future research direction is finding oth-
er metrics which, when considered together with effective
numerical dissipation rate and effective numerical viscosity,
could be used for the mentioned purpose.
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I Symbols used

D [m] diameter of the pipe

k [m%s7?] turbulence kinetic energy

L [m] downstream distance from the swirl
generator

R [m] radius of the pipe

r [m] radial location on an interrogation
line segment, m

u [ms™] mean flow velocity

U, [ms™] overall mean flow velocity

X0z [-] directions in the coordinate system

I Greek letters

& kg m?s™] effective numerical dissipation rate
Va [m%s™] effective numerical viscosity
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7" [m%s7 component of the Reynolds stress I References
tensor
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I Sub- and Superscripts

a axial component

CFD value obtained using a CFD model
i, j indices of components

r radial component

ref. reference value

t tangential component

I Abbreviations

CFD Computational Fluid Dynamics

ILS interrogation line segment

IP interrogation plane

LDA Laser Doppler Anemometry

RSM Reynolds Stress Model

SAS Scale-Adaptive Simulation

SST Shear Stress Transport

WMLES Wall-Modeled Large Eddy Simulation
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