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This is the first part of a two-part paper focusing on the assessment of accuracy of turbulence-related data from computa-

tional fluid dynamics (CFD) simulations using effective numerical dissipation rate and effective numerical viscosity. Setup

of the CFD cases replicating a swirling pipe flow experiment from literature, for which turbulence-related data measured

via laser Doppler anemometry (LDA) had been reported, is presented. The way effective numerical dissipation rate and

effective numerical viscosity were obtained for each mesh cell is also discussed. The results of the study are presented in

the second part of this series.

Keywords: Computational fluid dynamics, Numerical dissipation, Numerical viscosity, Reynolds stress tensor

Received: April 11, 2022; revised: June 22, 2022; accepted: August 30, 2022

1 Introduction

Despite the advances in computer hardware and the in-
creasing availability of computational power, direct numeri-
cal simulation (DNS) [1] of fluid flow in many cases still is
not feasible. Computational fluid dynamics (CFD) models
of fluid flow therefore often utilize large eddy simulation
(LES) [2] or adaptive methods such as detached eddy simu-
lation (DES) [3] or scale-adaptive simulation (SAS) [4].
Moreover, in engineering, the most common still are (un-
steady) Reynolds-averaged Navier-Stokes ((U)RANS) simu-
lations, in which the main source of errors are the utilized
turbulence models [5]. This approach is least accurate; how-
ever, its popularity stems from it also being least demanding
in terms of computational power.

Numerical dissipation in CFD models originates from the
discretization of the corresponding partial differential equa-
tions and influences the accuracy of the obtained solution
data. The errors introduced in this manner into the compu-
tation tend to be significant irrespective of the actual order
(i.e., formal accuracy) of the utilized numerical methods.
The main manifestation of numerical dissipation is numeri-
cal viscosity, i.e., artificial change in effective viscosity due
to the fact that in each control volume (i.e., cell), the solu-
tion is considered to be constant. Another important factor
also is how well the cells are ‘‘aligned’’ with the flow [6].
Obviously, estimating the numerical dissipation rate is most
important in commercially used URANS simulations which
employ low-order methods.

The corresponding research dates back to the early 2000s
[7] but recently the topic has gained considerable momen-

tum [8]. The three-dimensional Taylor-Green vortex flow is
usually taken as a benchmark (see, e.g., Schranner et al. [9])
because for it there exists the exact analytical solution. Dif-
ferent vortices are sometimes used as well if the necessary
data are available [10]. One can also easily find many other
studies focusing on numerical dissipation in LES [11] and
implicit LES (ILES) [12] models, ILES simulations using
adaptive filtering [13], various simplified methods based on
DNS [14], or in different numerical solution and velocity
interpolation methods [15]. Various studies are, too, avail-
able that discuss specific numerical schemes [16] or even the
case when completely arbitrary partial differential equations
are used [17]. Some of the proposed numerical schemes also
provide adaptive numerical dissipation control [18].

Apart from that, one can encounter papers dealing with
related topics such as the estimation of round-off errors
[19] or the grid-independent solution via Richardson
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extrapolation [20]. Other studies discuss methods for the
evaluation of mesh resolution of LES models [21], explicit
filtering in these models when used for grid- and discretiza-
tion-order-independent prediction of a conserved scalar
[22], flow feature aligned mesh generation and adaptation
[23], etc. Moreover, the published works are not strictly lim-
ited to fluid flow but regularly apply to other fields involv-
ing numerical simulations such as linear [24] or nonlinear
[25] structural dynamics.

A great disadvantage of many methods for the estimation
of numerical dissipation rate is that they require access into
the actual CFD solver, which significantly limits their ap-
plicability. In contrast, the method proposed by Schranner
et al. [9] (see also the follow-up publication [26] providing
additional information on the implementation of this meth-
od) treats the CFD solver as a black box from which it only
takes selected data. The effective numerical dissipation rate
is then obtained for each individual cell as the residual of
the discretized integral kinetic energy equation. The effec-
tive numerical viscosity is computed as well using the same
data extracted from the CFD solver.

One of the earlier studies [27] had shown that quantita-
tive knowledge of the numerical dissipation could be em-
ployed to better understand results from dissipative CFD
codes. The aim of the present paper was to narrow this
hypothesis and determine whether the accuracy of solely
the turbulence-related solution data could be assessed using
effective numerical dissipation rate and effective numerical
viscosity. These two metrics were calculated via the proce-
dure described in the abovementioned paper by Schranner
et al. [9]. Reference experimental data from laser Doppler
anemometry (LDA) measurements of swirling pipe flow
were taken from the study by Pashtrapanska et al. [28]. Be-
cause the present paper focuses on engineering applications
of CFD (e.g., simulations of various process and power
industry equipment), adequate SAS and LES models com-
monly used in such industries were employed. Utilizing the
Reynolds stress model (RSM) [29], which would be able to
properly handle the turbulence anisotropy often observed
in swirling pipe flows, was not considered because of its
prohibitively high (in terms of typical engineering CFD
simulations) computational demand.

A brief description of the modeled flow system is pro-
vided in Sect. 2, while Sect. 3 discusses the meshes utilized
in the individual CFD cases as well as the setup of these
cases. The quantities that were exported from each CFD
case are listed in Sect. 4. The actual solution data are not
part of this paper but are presented in the second part of
this series [30].

2 Modeled Flow System

The flow system studied by Pashtrapanska et al. [28] com-
prised a swirl generator and a straight pipe segment with a
tripping ring which enhanced turbulence and reduced the

development length of the flow (refer to the respective
paper for details as well as the description of the LDA mea-
surement procedure). In the present work, five CFD cases
corresponding to the mentioned flow system and featuring
different quality meshes were evaluated in ANSYS Fluent
2019 R3 [31]. These also included the computation of effec-
tive numerical dissipation rate, en, and effective numerical
viscosity, nn, at the individual cell level using the procedure
proposed by Schranner et al. [9].

The flow velocity and Reynolds stress data yielded by the
CFD cases were compared to the values reported in [28],
and it was investigated whether the relative changes in the
discrepancies in these data could be explained by the rela-
tive changes in en and nn (i.e., the errors introduced by the
discretization) when switching from one mesh to another.
There were only two notable differences between the eval-
uated CFD cases and the physical experiment from [28];
namely:
1) Instead of modeling the actual swirl generator together

with the pipe segment, the pipe inlet velocity profile
providing all three velocity components (axial, radial,
and tangential) was directly specified and corresponded
to the ratio of the outer circumferential velocity of the
swirl generator, ut,wall, to the mean flow velocity, um, of
N = ut,wall/um = 1 (see [28] for details). Mean turbulent
intensity at the pipe inlet (10.48 %) was obtained via a
separate CFD simulation of just the swirl generator (see
[32] for information on the respective CFD model).

2) The WMLES-based CFD cases (see further) featured a
shorter pipe segment – 1 m instead of 5 m – to keep
computational times manageable.

To make data comparison possible, interrogation line seg-
ments (ILS; see Fig. 1) from (x1, y1, z1,L) = (–D/2, 0, L) to
(x2, y2, z2,L) = (D/2, 0, L) corresponding to the LDA mea-
surement locations 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 inlet and D the diameter of the pipe, were added to
the CFD models. Interrogation planes (IP; also shown in
Fig. 1) were added as well.

3 Mesh Parameters and CFD Setup

Mesh parameters and CFD setup of each case are listed in
Tabs. 1 and 2, respectively. The corresponding mesh cross
sections are shown in Fig. 2. Because this work focused on
engineering applications of CFD where a compromise be-
tween data accuracy and computational demand is always
sought, k–w SST SAS (shear stress transport scale-adaptive
simulation) [4] and WMLES (wall-modeled large eddy sim-
ulation) [33] turbulence models were employed. The former
is an advanced scale resolving model with moderate CPU
requirements and, according to our experience, is used very
often in practice. As for the latter model, it tends to be used
in engineering instead of the computationally very intensive
LES when greater accuracy than SAS can offer is needed.
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All model constants have been kept at their default values
used by ANSYS Fluent. Repeating here the equations solved
by the two utilized models would be of limited benefit and,
therefore, the reader is kindly referred to the cited articles
[4, 33] or ANSYS Fluent Theory Guide [34] where the equa-
tions can easily be found including their derivation and
other relevant details.

From Tab. 1 and Fig. 2 it is obvious that no tetrahedral
meshes were evaluated. The reason for not considering
them was twofold. First, these meshes are more demanding
in terms of spatial resolution than hexahedral or polyhedral
ones if equivalent accuracy is to be reached. Therefore, in
process and power engineering applications of CFD, which
often involve simulations of physical phenomena in very
large heat exchangers, fired heaters, etc., the general idea is

to avoid tetrahedral meshes whenever
possible. Second, evaluation of the CFD
cases was time-intensive due to the need
to collect large amounts of time-depen-
dent data (several weeks to several
months of wallclock time per case on a
powerful cluster) and, hence, CFD cases
not strictly needed to answer the re-
search hypothesis stated in Sect. 1 were
not evaluated.

Note that the aim was not to obtain
the most accurate solution data possible,
but to evaluate the dependence of solu-
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Figure 1. 3D visualization of the investigated flow system; IP
and ILS denote interrogation plane and interrogation line seg-
ment, respectively. Please note that in the two WMLES-based
CFD cases, the computational domains included only the first
three interrogation planes and line segments, i.e., only up to
L/D = 17.3.

Table 1. Meshes utilized in the individual CFD cases.

Case No. Cell type Cell count Minimum cell
orthogonal quality [–]

Maximum cell
aspect ratio [–]

1 hexahedral 0.950 million 0.789 3.04

2 hexahedral 1.35 million 0.775 3.20

3 polyhedral 1.94 million 0.241 5.78

4 hexahedral 2.64 million 0.747 3.57

5 hexahedral 20.6 million 0.741 3.93

Table 2. Main parameters of the evaluated CFD cases.

Parameter Value (cases 1–3) Value (cases 4 & 5)

Solver Pressure-based, transient Pressure-based, transient

Pressure-velocity coupling SIMPLECa) SIMPLEC

Turbulence model k–w SST SAS WMLESb)

Gradient Least squares cell based Least squares cell based

Spatial discretization Pressure: 2nd order; momentum: bounded central differencing; turbulent kinetic
energy & specific dissipation rate: 2nd order upwind

Pressure: 2nd order; momen-
tum: bounded central differenc-
ing

Transient formulation Bounded 2nd order implicit Bounded 2nd order implicit

Time step 2 � 10–4 s 5 � 10–5 s

Scaled residual limits 10–3 (all equations) 10–3 (all equations)

Walls No slip, smooth No slip, smooth

Inletc) Mass flow inlet Velocity inlet

Outlet Pressure outlet Outflow

Fluid Diesel oil (physical properties set as per [28]) Diesel oil (physical properties
set as per [28])

a) Semi-implicit method for pressure-linked equations (SIMPLE) consistent [35]; b) the WMLES implementation in the utilized version of
ANSYS Fluent combines a mixing length model with a modified Smagorinsky model and the wall damping function of Piomelli [34];
c) as mentioned earlier, the axial (streamwise), radial, and tangential components were set via an inlet profile to match the flow field at
the outlet from the swirl generator at N = ut,wall/um = 1, while the mean turbulent intensity was set to 10.48 %.
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tion data accuracy on effective numerical dissipation rate
and effective numerical viscosity. That is why some of the
meshes were intentionally made coarser. For the same rea-
son, no attempt was made to properly resolve the boundary
layer in each mesh – especially in case 1 (hexahedral mesh)

and case 3 (polyhedral mesh). As for case 3 in
particular, it was evaluated primarily to confirm
that cell type had significant influence on the
values of effective numerical dissipation rate and
effective numerical viscosity even if the actual
cell count was kept similar.

The effect of the mesh boundary layer itself (i.e.,
the height of the first cell layer and the corre-
sponding cell growth factor) also was not studied,
because it would not help to answer the research
hypothesis. Although having well-resolved bound-
ary layers might have led to a slight improvement
in data accuracy, it would not significantly change
the character of the turbulent flow core. Moreover,
according to Menter [36], the k–w SST SAS model
is not sensitive to y+ while the maximum cell edge
length should be at most 0.05D, where D denotes
the characteristic diameter (i.e., the diameter of
the pipe). All three meshes used with the respec-
tive turbulence model have satisfied this condition.
Considering WMLES, ANSYS Fluent Theory
Guide states that the required resolution in the
wall normal direction is 30–40 cells across half
channel height (that is, half the diameter of the
pipe). This requirement has been satisfied by both
meshes used with WMLES. For the sake of com-
pleteness, however, the corresponding condensed
y+ histograms are presented in Fig. 3. Again, note
that the meshes intentionally were of lower quality

to facilitate data accuracy comparison.
It should also be pointed out that only the flow-related

equations were solved, i.e., the continuity and momentum
equations plus any other equation required by the utilized
turbulence model. Since the influence of viscous dissipation

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2023, 95, No. 9, 1441–1447

Figure 2. Mesh cross sections in the five evaluated CFD cases. In case 1, the mesh
cross section consisted of five structured blocks, while in cases 2 and 4 it con-
sisted of nine structured blocks. Case 3 used unstructured polyhedral mesh with
a single block spanning the entire cross section. In the last case (case 5), mesh
cross section was composed of four structured blocks in the perimeter and one
unstructured (paved hexahedral) block in the core. Only conformal mesh inter-
faces were used whenever the cross section consisted of more than one block.
Please note that the central hexahedral block in case 4 was rotated by 45� com-
pared to cases 1 & 2 to better understand the effect of the core hexahedral cells
alignment with the interrogation line segments on the measured quantities.

Figure 3. Condensed histograms of y+ values for wall-adjacent cells in the individual CFD cases.

1444 Research Article
Chemie
Ingenieur
Technik

 15222640, 2023, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cite.202200044 by C

ochrane C
zech R

epublic, W
iley O

nline L
ibrary on [25/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



on flow field was expected to be negligible and the fluid
properties were set as constant (i.e., independent of temper-
ature), the energy equation was disabled.

4 Evaluated Quantities

The time-averaged quantities exported from the evaluated
CFD cases at each interrogation line segment or interroga-
tion plane corresponded to those available in the paper by
Pashtrapanska et al. [28] and were as follows:
– normalized mean velocity profiles (exported at each ILS),
– normalized mean distributions of the diagonal and off-

diagonal components of the Reynolds stress tensor
(exported at each ILS),

– mean distributions of the effective numerical dissipation
rate and effective numerical viscosity (exported at each
IP).
Apart from that, also the time-averaged total effective

numerical dissipation rates and effective numerical viscosi-
ties per the entire computational domains and the corre-
sponding volume-weighted means of time-averaged cell val-
ues were considered as potential error level indicators.

In each CFD computation, the initialization period of
three residence times (ca. 6.4 s) was followed by a measure-
ment period, during which the averaged quantities were
obtained. The length of the measurement period was seven
residence times (ca. 15.0 s) in cases 1–4 or three residence
times in the last case involving the most detailed mesh.
That corresponded to measurement periods consisting of
74 760 time steps or 128 160 time steps, respectively.

Because the density of the fluid was assumed constant,
components of the Reynolds stress tensors in the cases
involving the k–w SST SAS turbulence model (1–3) were
calculated using

t ¢ ¢
ij ¼ u ¢

iu
¢
j (1)

where i, j denote the axial (streamwise, ‘‘a’’), radial (‘‘r’’), and
tangential (‘‘t’’) components of the velocity vector, ðÞ time
averaging, and u ¢

i ¼ ui � ui velocity fluctuations (i.e., the
differences between the instantaneous velocities, ui, and
their average values, ui). In the cases utilizing the WMLES
model (case 4 & 5), the components of the Reynolds stress
tensors were obtained as suggested by Bae and Lozano-Du-
rán [37] via

t ¢ ¢
ij ¼ u ¢

iu
¢
j þ tSGS

ij ¼ u ¢
iu

¢
j � nt

¶~ui

¶xj
þ

¶~uj

¶xi

 !
(2)

in which tSGS
ij denotes the deviatoric part of the subgrid-

scale (SGS) stress tensor approximated using the anisotrop-
ic minimum dissipation (AMD) model [38], nt the eddy vis-
cosity, eðÞ filtered velocities, and xi the respective axial
(streamwise), radial, and tangential directions. The actual

time averaging was carried out internally in ANSYS Fluent
through its data sampling capability.

Computation of both the instantaneous and mean effec-
tive numerical dissipation rate and effective numerical vis-
cosity for each cell was done via user-defined functions
(UDF), which implemented the procedure proposed by
Schranner et al. [9]. Please note that neither the source
codes of the utilized UDF nor the ANSYS Fluent case and
data files are publicly available.

5 Conclusions

In this first part of the two-part series, the studied flow sys-
tem was presented together with the setup of the respective
CFD cases. Reasons were provided regarding the quality of
the meshes and the utilized cell types as well as the selection
of numerical methods and turbulence models. The way the
two considered metrics, effective numerical dissipation rate
and effective numerical viscosity, were obtained also was
briefly discussed, and references to the papers where the
corresponding procedure is described in detail were pro-
vided. For the results of this study, the reader is kindly
referred to the second paper of the series [30].
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Symbols used

D [m] diameter of the pipe
k [m2s–2] turbulence kinetic energy
L [m] downstream distance from the

swirl generator
N [–] ratio of the outer circumferential

velocity of the swirl generator to
the mean flow velocity

u [m s–1] instantaneous flow velocity
u¢ [m s–1] flow velocity fluctuation
�u [m s–1] mean flow velocity
~u [m s–1] filtered velocity
um [m s–1] overall mean flow velocity
ut,wall [m s–1] outer circumferential velocity of

the swirl generator
x, y, z [–, m] directions in the coordinate

system, spatial coordinates
y+ [–] non-dimensional wall distance
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Greek letters

en [kg m2s–3] effective numerical dissipation
rate

nn [m2s–1] effective numerical viscosity
nt [m2s–1] eddy viscosity
t† [m2s–2] component of the Reynolds stress

tensor
tSGS

ij [m2s–2] deviatoric part of the subgrid-
scale (SGS) stress tensor

w [s–1] turbulence eddy frequency

Sub- and Superscripts

a axial component
i, j indices of components
L at the downstream distance L from the swirl

generator
r radial component
t tangential component

Abbreviations

AMD Anisotropic Minimum Dissipation model
CFD Computational Fluid Dynamics
CPU Central Processing Unit
DES Detached Eddy Simulation
DNS Direct Numerical Simulation
(I)LES (Implicit) Large Eddy Simulation
ILS interrogation line segment
IP interrogation plane
LDA Laser-Doppler Anemometry
RSM Reynolds Stress Model
SAS Scale-Adaptive Simulation
SGS subgrid-scale
SST Shear Stress Transport
UDF User-Defined Functions
(U)RANS (Unsteady) Reynolds-Averaged Navier-Stokes

simulation
WMLES Wall-Modeled Large Eddy Simulation
SIMPLEC Semi-Implicit Method for Pressure-Linked

Equations (SIMPLE) Consistent
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