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 A B S T R A C T

The present study examines a round jet exiting a circular tube at a diameter-based Reynolds number of 
𝑅𝑒𝑏 = 10000, impinging perpendicularly on a smooth wall. In addition to Particle Image Velocimetry (PIV) 
measurements and Direct Numerical Simulation (DNS) based on the spectral element method, a sensitized eddy-
resolving RANS (Reynolds-Averaged Navier Stokes) approach with a differential Reynolds stress model (RSM) 
mimicking a subscale model was applied to generate a flow database comparable across multiple methods. 
Within the framework of the scale-resolving RANS–RSM, the turbulent correlations governing the dynamics 
of the entire subscale stress tensor are obtained as solutions to an appropriately extended set of RANS-based 
model equations that describe the evolution of the corresponding turbulence quantities. The representative 
subscale turbulent length and time scales that constitute the relationships entering the relevant equations of 
motion are determined by using the unresolved residual part of the turbulence kinetic energy and its viscous 
dissipation rate. The detailed mean flow and associated turbulence correlations, evaluated together with some 
global characteristics (e.g., wall shear stress), enabled a deeper insight into the topological flow properties and 
facilitated a critical assessment of the modeling approach through direct comparison with the complementary 
experiment and direct numerical simulation. Additionally, the study contributes to turbulence anisotropy 
characterization based on three-dimensional mapping of Reynolds stress anisotropy properties using Lumley’s 
classical representation of anisotropy invariants as well as barycentric coloring. The two-component invariant 
parameter field exhibits fairly high, close-to-unity values, indicating a weak level of anisotropy consistent with 
the conditions that characterize the destabilizing effect of strong local streamwise curvature in flows subjected 
to stagnation. The turbulence structure is constrained within the range between the three-component and 
two-component isotropic bounds, which underlies the axisymmetric contraction state of turbulence, consistent 
with the negative values of the third invariant of Reynolds stress anisotropy.
1. Introduction

Wall-impinging flows represent a fundamental configuration in fluid 
dynamics, combining intricate flow physics with broad engineering 
relevance. From a fluid mechanics perspective, wall-normal impinging 
jets exhibit highly complex straining with variable directional orienta-
tion, driven by alternating deceleration and acceleration as the free jet 
impacts the wall, bends, and transitions into a wall-attached jet. This 
process involves a sign change in the velocity gradient and pronounced 
streamline curvature, both of which promote intense turbulence gener-
ation and strongly non-equilibrium flow behavior. A notable feature 
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of this configuration is the transformation of the streamwise Reynolds 
stress component in the incoming jet into a wall-normal component 
within the impingement region. The structural properties of an imping-
ing jet are governed by several operating parameters, most notably the 
Reynolds number of the incoming jet, the velocity profile form at the 
pipe exit and the associated turbulence quantities, as well as the nozzle-
to-wall distance. These distinctive characteristics, combined with the 
geometric simplicity of the setup, make the perpendicular impinging jet 
an exceptionally suitable benchmark for turbulence model validation.
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Consequently, a substantial body of experimental and computa-
tional studies has been reported in the literature. Computational in-
vestigations, in particular, have examined the predictive performance 
of turbulence modeling schemes within the Reynolds-averaged Navier–
Stokes (RANS) framework. One of the most frequently studied bench-
mark cases — representing a round jet impinging perpendicularly onto 
a wall operating at different Reynolds numbers (𝑅𝑒𝐷 = 23000 and 
70000) and nozzle-to-wall distances (𝑧∕𝐷 = 2 and 6, respectively) — 
is the early experimental work of Cooper et al. [1], which provides 
profiles of mean velocity and Reynolds stress components in the central 
vertical plane at selected locations within the immediate impact region 
and the wall jet. Complementing these experiments, an extensive RANS 
model validation study, including both eddy-viscosity models and dif-
ferential Reynolds stress models, was conducted by Craft et al. [2]. A 
comprehensive overview of turbulence modeling strategies applied to 
various impingement configurations is provided by Bopp et al. [3].

The shear layer between the free jet emerging from the pipe-like 
nozzle, the impingement zone, and the developing wall jet interacting 
with the entraining ambient fluid exhibits pronounced unsteadiness. 
While, for example, turbulent length scales in globally stable, wall-
parallel flows are typically assumed to be proportional to the dis-
tance from the wall, in the near-wall region of an impinging jet, 
these scales are significantly affected by those generated during the 
highly unsteady impingement process. This complexity makes scale-
resolving simulation techniques particularly well suited for capturing 
both transient turbulent fluctuations and the mean flow characteristics 
obtained through time averaging. Accordingly, Large-Eddy Simulation 
(LES) and Direct Numerical Simulation (DNS), resolving adequately 
the fluctuating flow dynamics and associated processes of impinging 
jet configurations, are generally more suitable than Reynolds-averaged 
Navier–Stokes (RANS) models for accurately reproducing the time-
averaged flow field, as RANS approaches often suffer from excessive 
turbulence production in the immediate impingement region due to 
incorrect reproduction of the effects associated with the turbulence-
enhancing streamline curvature effects (cf. [3]). For a comprehensive 
understanding of the underlying flow characteristics, including vortical 
structures and turbulence statistics, the LES studies by Hadžiabdić and 
Hanjalić [4], which simulate the lower-Reynolds-number case inves-
tigated experimentally by [1], as well as by Dairay et al. [5] may 
be consulted. In addition, DNS studies by Hattori and Nagano [6] 
and Dairay et al. [7] provide further insight, although they are based 
on comparatively moderate flow Reynolds numbers (on the order of 
10000). The work of Hattori and Nagano [6], in particular, considers 
a slot jet impingement configuration examined at different nozzle-to-
plate distances. Despite the considerable number of published studies 
on impinging jets, relatively few provide a comprehensive mapping of 
the full three-dimensional flow topology.

In this context, the present study conducts a comparative evalua-
tion of the predictive performance of two computational approaches 
— Direct Numerical Simulation (DNS) and a novel scale-resolving, 
sensitized extension of a differential, near-wall Reynolds stress model 
— supplemented by a complementary reference experiment, thereby 
enriching the currently available data sets. Accordingly, the objective 
of the present study can be summarized as follows:

• A comprehensive three-dimensional representation of the flow pat-
tern, focusing on the development of the mean velocity field and the 
corresponding Reynolds stress components, with particular emphasis 
on the characterization of Reynolds stress anisotropy. This is achieved 
through the representation of characteristic turbulence states in terms 
of anisotropy invariants. Both the classical Lumley anisotropy invari-
ant theory, [8], and the barycentric coloring method — generally 
based on the eigenvalues of the Reynolds stress tensor [9,10] — 
are employed. This approach enables the projection of characteris-
tic turbulent states from the anisotropy triangle directly onto the 
flow domain. This constitutes an important outcome of the present 
study, as it provides insight into turbulence anisotropy based on the 
fundamental physics of the flow under consideration.
2 
Fig. 1. Schematic of the considered axisymmetric impinging jet setup, show-
ing its layout in the central vertical 𝑟 − 𝑧 plane.

• Advancement of a RANS-based, scale-resolving turbulence model 
through systematic validation, supported by results from comple-
mentary experimental investigations and direct numerical simulations 
(DNS), with particular emphasis on accurately representing near-wall 
effects. The turbulence model employed in this work represents a 
novel eddy-resolving unsteady RANS approach and can be character-
ized as a ’sensitized RANS’ methodology. The underlying formulation 
is based on a near-wall Reynolds stress closure, combined with 
an exact asymptotic representation of the two-component limiting 
behavior of turbulence quantities near solid boundaries.

2. Configuration description

The flow configuration investigated presently by means of the Parti-
cle Image Velocimetry, Direct Numerical Simulation and a RANS-based 
turbulent fluctuations-resolving model, represents an incompressible, 
axisymmetric jet impinging perpendicularly onto a smooth wall, Fig. 
1.

Fig.  1 shows an overview of the flow configuration. All investiga-
tions are performed with a fully-developed turbulent airflow at a bulk 
Reynolds number of Re = 𝑈b𝐷∕𝜈 = 10000,1 exiting a circular inlet pipe 
with a diameter 𝐷 and a bulk inlet velocity of 𝑈b, at ambient pressure. 
The impingement plate is located at a distance of 2𝐷 from the nozzle 
exit, with a radial extent of at least 6𝐷 in radial direction. The exact 
size of the radially extended domain varies between numerical and 
experimental methods, and the differences are detailed in the following 
sections. To facilitate the computational effort associated with possible 
low-intensity air entrainment, a confinement plate is placed in the 
plane of the pipe exit in all simulations. Given the rather large distance 
between the nozzle and the impact wall, this certainly does not affect 
the flow in the impingement area of interest. The good agreement 
between the computational and experimental results at the (𝑟, 𝑧 = 2𝐷) 
plane confirms this assumption (see Section 4).

The coordinate origin is placed at the center of the impingement 
plate, with the 𝑧-axis pointing away from the wall toward the nozzle 
exit. Fig.  1 uses the flow configuration representation commonly found 
in the literature, in which the jet hits the impingement plate from 
above. In any case, the numerical simulations do not consider thermal 

1 The flow Reynolds number is likewise representative of conditions en-
countered at the piston surface during the compression stroke of a motored 
internal combustion (IC) engine, characterized by a qualitatively similar flow 
pattern that includes streamline curvature effects, varying pressure gradients, 
and, consequently, non-fully developed, wall-jet-like boundary layers (see, 
e.g., Fig. 1 in [11]). It is recalled that Reynolds numbers associated with piston 
speeds — representing the effective flow velocity within the cylinder — are 
typically on the order of 104 for engine speeds between 400 and 800 𝑟𝑝𝑚 (see, 
e.g., [12]).
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Fig. 2. Schematic overview of the experimental setup for the PIV measure-
ments. The actual test setup used is shown here, with the jet hitting the 
impingement plate from below, in contrast to the usual representation of the 
impinging jet setup shown in Fig.  1. No confinement plate is used at the nozzle 
exit to facilitate optical access to both the nozzle exit and the near-wall area 
with the same Scheimpflug orientation (see the text for details).

fields or potential buoyancy forces; therefore, the actual orientation has 
no influence on the results. In the following analysis, only flow fields 
and their statistics that are averaged in time and spatially over the 
circumferential coordinate are considered; thus, the radial coordinate 
𝑟 is used to denote the radial direction. However, all simulations are 
performed on a three-dimensional, appropriately meshed flow domain, 
without exploiting the rotational symmetry of the configuration.

3. Methodology

3.1. Particle Image Velocimetry (PIV)

The experimental setup of the axially symmetric impingement jet 
configuration is shown in Fig.  2. The nozzle is a circular, seamless 
stainless-steel tube with an inner diameter of 𝐷 = 25mm (±0.25mm) 
and a length of 𝐿 = 1300mm ≈ 52𝐷. The inlet tube length ensures fully 
developed turbulent pipe flow at the jet exit, thereby providing well-
defined inlet conditions for the axisymmetric jet. The air temperature 
is maintained at 293K. The air mass flow rate is regulated using a 
thermal mass flow controller (Bronkhorst F-203AV or MKS G250 A). 
A perforated plate with an open area ratio of 50% is installed at the 
nozzle inlet to rectify the flow. No confinement plate is placed at the 
nozzle exit, allowing unobstructed optical access to the nozzle-exit and 
near-wall region without altering the camera arrangement. This con-
figuration enables control of the outlet conditions immediately before 
or during each measurement series near the wall, thereby ensuring 
the reproducibility of the inlet conditions. Downstream of the nozzle 
exit, the jet develops freely and impinges on the target plate after a 
distance of 2𝐷 = 50mm. The impingement plate, with a diameter of 
12𝐷 (= 300mm), is made of aluminum and maintained at the same 
temperature as the air jet. The entire setup is mounted on an 𝑥𝑦𝑧
translation stage, allowing high-resolution imaging of different regions 
of the impinging jet while keeping the laser sheet and camera fixed.

Velocity fields are measured using particle imaging velocimetry 
(PIV) [13]. The illumination is provided by a frequency-doubled, 
double-cavity Nd:YAG laser (Spectra Physics PIV 100), which emits two 
pulses with a variable delay 𝛥𝑡 at a repetition rate of 10Hz. The laser 
light sheet is formed by a cylindrical lens system, yielding a height of 
3 
Table 1
Field of view (FOV), time delay 𝛥𝑡 between PIV double images, final 
correlation window size, and resulting vector resolution used in the PIV 
measurements.
 FOV 𝛥𝑡 window size vector res. 
 [mm2] [μs] [–] [μm]  
 37.8 × 32.2 25, 35 24 × 24 89  
 20.7 × 17.7 15 32 × 32 65  
 17.9 × 15.2 15 32 × 32 56  

≈ 40mm and a thickness of ≈ 65 μm (defined at the 1∕𝑒2 radius) at the 
waist. The air stream is seeded with di-ethyl-hexyl-sebacate (DEHS) oil 
droplets generated by a seeding unit (Palas AFG 10), producing droplets 
with an averaged mean diameter of 0.5 μm and a size selectivity of 
< 10 μm. The scattered light is recorded by an sCMOS camera (LaVision 
sCMOS Imager) with 2560 × 2160 pixels and a 16-bit analog-to-digital 
converter. A Nikon 105 mm 𝑓∕1.8 objective lens is used for imaging, 
with extension rings of 12 mm, 36 mm, and 48 mm applied to achieve 
different spatial resolutions and fields of view. The camera and laser 
sheet are arranged in a Scheimpflug configuration (viewing angle ≈
2–3◦) to minimize spatial clipping of the scattered light by the wall 
and to enable measurements very close to the wall.

Commercial software (LaVision DaVis 10) is employed for image 
acquisition, parameter setting, perspective correction, and image cor-
relation. The time delay between double-frame images is adjusted 
according to the chosen correlation window size and the velocity range 
observed in the experiment. Table  1 summarizes the combinations of 
field of view (FOV), inter-frame time delay 𝛥𝑡, final correlation window 
size, and resulting vector resolution used in the measurements. Image 
correlation is carried out in four passes, with the initial window size set 
to twice the final size and a window overlap of 75%. The independence 
of the resulting velocity fields from interrogation window size and 
inter-frame time delay 𝛥𝑡 was verified in preliminary tests.

Due to factors such as out-of-plane particle motion or non-uniform 
particle scattering, the image correlation technique inevitably produces 
erroneous vectors, see e.g. [14]. This must be considered when evaluat-
ing the Reynolds stress components, since variance and covariance are 
not robust measures of distribution width from a statistical perspec-
tive and are strongly affected by outliers [15]. To avoid introducing 
bias into the data set, no digital image filters or correction routines 
(e.g., vector interpolation [16]) available in the DaVis software are 
applied. Instead, erroneous vectors are treated as outliers and removed 
entirely from the data set by calculating pixel-wise statistics for each 
series of vector images. Fig.  3 (upper) shows a sample time trace of 
the 𝑢𝑧 component along the nozzle axis at 1 mm above the nozzle exit, 
where outliers are marked with red circles. Outlier detection is based 
on the robust and widely used interquartile range (IQR), defined as the 
difference between the 25th (𝑞25) and 75th (𝑞75) percentiles [17]. If 
any vector component deviates from 𝑞25 or 𝑞75 by more than 1.5 × IQR
(gray-shaded area), the entire vector is classified as an outlier and 
removed.

To illustrate the bias introduced by erroneous vectors, Fig.  3 (lower) 
presents the variance of the wall-normal velocity component at the 
nozzle exit, calculated both with outliers included (red points) and after 
their removal (black points). The spread in the computed variances 
is markedly reduced once outliers are excluded. As outliers invariably 
increase variance, the values obtained without them, as expected, lie 
at the lower bound of the scatter range observed when outliers are 
included.

Each measurement series typically consists of 1000 vector fields, 
and in some cases up to 2000. The PIV data presented in this paper 
comprise eight independent measurement sets, which differ in field of 
view, inter-frame delay 𝛥𝑡, the mass flow controller used, and multiple 
re-alignments of the optical setup to assess systematic errors. The bulk 
velocity 𝑈𝑏 is determined individually for each measurement by inte-
grating the outlet velocity profile and varies by less than 3.5% across 



M. Bopp et al. European Journal of Mechanics / B Fluids 120 (2026) 204592 
Fig. 3. Upper: Definition and illustration of outliers using a PIV time series at 
a single point near the pipe exit (𝑟∕𝐷 = 0). Outliers are identified as velocity 
vectors whose components deviate from the median by more than 1.5 × IQR, 
where IQR = 𝑞75 − 𝑞25 is the interquartile range defined by the lower (𝑞25) and 
upper (𝑞75) quartiles. Lower: Effect of outliers on the variance, exemplified by 
the axial velocity component 𝑢′𝑧𝑢′𝑧∕𝑈 2

𝑏 . Excluding outliers markedly reduces the 
uncertainty of the statistical quantities.

all cases, consistent with the accuracy of the mass flow controllers. 
All velocities reported hereafter are normalized by the respective bulk 
velocity. Based on statistical analysis at the nozzle exit, the confidence 
interval of the mean velocity component is below 1.5% (depending on 
turbulence level), while the root-mean-square values exhibit confidence 
intervals between −7 and +15% at a 99% confidence level.

3.2. Eddy-resolving RANS framework

The Reynolds-Averaged Navier–Stokes equations, employed within 
a time-accurate computational framework governing the flow in the jet 
impingement configuration underlying the sensitized, eddy-resolving 
modeling approach, are expressed in Cartesian coordinates as follows:: 

𝜕𝑈𝑖
𝜕𝑡

+
𝜕(𝑈𝑖𝑈𝑗 )
𝜕𝑥𝑗

= −1
𝜌
𝜕𝑝
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

[

𝜈
(

𝜕𝑈𝑖
𝜕𝑥𝑗

)

− 𝑢′𝑖𝑢
′
𝑗

]

(1)

The momentum equation presented above corresponds to a RANS-
type formulation, but it governs the instantaneous velocity field (𝑈𝑖 →

𝑓 (𝑥𝑖, 𝑡); it applies also to the pressure field) rather than the conventional 
time-averaged one. In the standard, inherently steady RANS frame-
work, the Reynolds stress tensor 𝑢′𝑖𝑢′𝑗 fully represents the turbulence 
spectrum and is a time-averaged quantity by definition. In the presently 
used turbulence sensitization procedure, however, this tensor, now 
depending on time (𝑢′𝑖𝑢′𝑗 → 𝑓 (𝑥𝑖, 𝑡)), is redefined: it no longer captures 
the total (fully modeled) turbulence but instead describes only the dy-
namics of the unresolved turbulent motions. The dominant turbulence 
contribution — originating from convective transport in the momentum 
equation — is explicitly resolved. As a result, the instantaneous velocity 
field can be decomposed into resolved and fluctuating components in 
a manner similar to Large Eddy Simulation (LES). A key advantage 
over a conventional Smagorinsky-type LES and eddy-viscosity-based 
4 
hybrid RANS/LES models is that the modeled fluctuating contributions 
to all six turbulent stress components are computed directly from the 
corresponding transport equations governing the residual turbulence 
stress tensor: 
D𝑢′𝑖𝑢

′
𝑗

D𝑡
= 𝑃𝑖𝑗 +𝛷𝑖𝑗 − 𝜀h𝑖𝑗 + 0.5𝐷𝜈

𝑖𝑗 +𝐷𝑝′
𝑖𝑗 +𝐷𝑢′

𝑖𝑗 (2)

Within this framework, the individual contributions of fine-scale stress 
components to the unresolved turbulent kinetic energy are explic-
itly captured by solving their respective evolution equations, thereby 
accounting for the distinct effects on turbulence anisotropy to be rep-
resented in a selective and physically consistent manner. The model is 
formulated as a near-wall approach, implying that the structural prop-
erties of the model terms ensure an asymptotically correct representa-
tion of near-wall behavior of the mean flow and turbulence quantities. 
This enables an accurate resolution of the viscosity-affected near-wall 
region. The formulation is consistent with the well-established under-
standing that solid walls influence turbulence through non-uniform 
damping and wall-blocking effects, which act differently on each com-
ponent of the stress tensor, as reflected in the distributions of the 
individual stress components (cf. [18]). On the right-hand side of the 
stress transport equation, the source terms represent several distinct 
physical processes: the exactly treated production rate 𝑃𝑖𝑗 , the redistri-
bution term 𝛷𝑖𝑗 , the homogeneous viscous stress-dissipation correlation 
𝜀ℎ𝑖𝑗 , and various diffusion contributions arising from viscous effects, as 
well as pressure (𝑝′) and velocity (𝑢′) fluctuations, 𝐷(𝜈+𝑝′+𝑢′)

𝑖𝑗 . Among 
these, the molecular diffusion 𝐷𝜈

𝑖𝑗 , and the production rate are com-
puted without modeling approximations. All remaining processes must 
be represented through suitable turbulence models. In contrast to a 
conventional RANS Reynolds stress model — which cannot resolve 
the spectral dynamics of turbulence — the present IISRSM approach, 
termed as the Improved Instability-Sensitive Reynolds Stress Model, 
constitutes a scale-resolving formulation. This enhancement enables it 
to more faithfully capture turbulent fluctuations across relevant scales. 
The sensitized RANS model yields an accurately resolved instantaneous 
flow field, from which time-averaging is subsequently applied to extract 
the mean flow properties. Consequently, the Reynolds stress compo-
nents emerging from this modeling approach (see Section 4) contain 
both the resolved and modeled parts, in contrast to LES, which accounts 
only for the resolved portion.

The scale-resolving capability of the model is incorporated in con-
junction with the Scale-Adaptive Simulation (SAS) methodology pro-
posed by Menter and Egorov [19]. Within this framework, an additional 
production term 𝑃IISRSM is introduced into the transport equation gov-
erning the homogeneous part of the specific dissipation rate 𝜔h = 𝜀h∕𝑘, 
where the homogeneous dissipation is defined as 𝜀h = 𝜀 − 0.5𝐷𝜈

k and 
the turbulent kinetic energy is 𝑘 = 0.5𝑢′𝑖𝑢

′
𝑖 : 

(

D𝜔h

D𝑡

)

IISRSM
=
(

D𝜔h

D𝑡

)

RSM
+ 𝑃IISRSM (3)

with

𝑃IISRSM = 0.12max
(

1.755𝜅
√

𝑘||
|

∇2U||
|

− 𝑇2, 0
)

;

𝑇2 = 3 𝑘 max

[

1
𝑘2

(∇𝑘)2, 1
𝜔2
ℎ

(∇𝜔ℎ)2
]

(4)

and ||
|

∇2U||
|

≡
[

𝜕2𝑈𝑖∕(𝜕𝑥𝑙𝜕𝑥𝑘) 𝜕2𝑈𝑖∕(𝜕𝑥𝑙𝜕𝑥𝑘)
]1∕2 representing the mag-

nitude of the Laplacian operator applied to the underlying velocity 
field.

A key feature of the model — functioning effectively as a subscale 
model across the entire solution domain — is its ability to self-adapt to 
the turbulence scales contained within the unresolved subscale motion, 
in direct dynamic interplay with the underlying grid resolution. This 
adaptability facilitates the natural development of turbulent fluctua-
tions. The characteristic length of the subscale structures is implicitly 
embedded within the solution of the transport equations.  Unlike large 
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eddy simulation and other hybrid RANS/LES models, where grid spac-
ing is a key modeling parameter, the present grid-spacing-free formu-
lation does not rely on grid-dependent assumptions. The explicit inde-
pendence of the model formulation from the grid spacing is particularly 
advantageous for highly non-uniform, anisotropic grid arrangements 
with an arbitrary cell topology. As a result, although the approach can 
formally be categorized within the hybrid LES/RANS framework, it is 
more accurately described as a time-accurate, sensitized RANS method. 
Consequently, the extent of the model’s scale-resolving capability is in-
herently determined by the computed turbulence quantities associated 
with the residual motion. In contrast to the original SAS formulation, 
which used the von Kármán length scale 𝐿vK (𝐿vK ∝ ∇U∕∇2U) as a 
trigger to activate the resolving mode, the current approach defines the 
triggering mechanism solely through the second derivative of velocity, 
as derived initially from the equation governing the integral length 
scale [20]. In line with the previously noted explicit independence 
of the turbulence model formulation from grid spacing, any residual 
dependence of the solution on the computational mesh is implicit and 
generally weaker, as demonstrated in prior studies (e.g. [21,22]). More-
over, the set of equations governing the evolution of the full residual 
stress tensor exhibits strong correlations among the various turbulent 
quantities, reflecting a high degree of internal coherence consistent 
with the underlying RANS methodology; it is recalled that the only 
difference between the baseline RANS-RSM formulation and its eddy-
resolving extension is the inclusion of an additional production term 
in the transport equation for the inverse timescale, 𝜔ℎ (Eq. (4)). Over-
all, this methodology for determining characteristic turbulence scales 
incorporates inherently an increased level of physical fidelity, which 
generally allows for the use of comparatively coarser grid resolutions 
without significant loss of accuracy.

For brevity, the full specification of the turbulence model are not 
reproduced here. Interested readers are referred to [18,23,24] for a 
comprehensive presentation of its structural properties and detailed 
model formulation. The model’s predictive reliability has been exten-
sively validated across a wide range of flow scenarios influenced by 
streamline curvature in configurations of varying physical and geomet-
ric complexity, including boundary-layer separation over sharp-edged 
and smoothly contoured surfaces, flows over transversely curved walls, 
and branch jet deflection in crossflow within T-shaped junctions; see 
e.g. [3,21,25–30].

3.2.1. Numerical method, solution domain, grid resolution
The eddy-resolving RANS model simulations are performed us-

ing the finite-volume-based, open-source toolbox OpenFOAM® (Open 
Source Field Operation and Manipulation), in which all relevant trans-
port equations and supplementary functional relationships have been 
implemented. The Improved Instability-Sensitive Reynolds Stress Model 
(IISRSM) is applied within the time-accurate RANS framework [23], 
with a controlled, adaptive time-stepping strategy ensuring a Courant 
number consistently below one throughout the entire solution do-
main. Spatial discretization employs a second-order Central Differenc-
ing Scheme (CDS) for the convective terms of the momentum equa-
tions, while temporal derivatives are approximated using a second-
order Backward Differencing Scheme (BDS). The implementation of the 
present near-wall formulation of the Reynolds stress equations (Eq. (2)) 
in the OpenFOAM® code builds upon on the high-Reynolds-number 
Reynolds stress model proposed by Gibson and Launder [31], which 
provides a bridge to the near-wall region. All additional terms and 
functions of the computational model — responsible for integrating 
the governing equations down to the wall and for modeling the effects 
of wall proximity on the mean flow and turbulence — are handled 
through corresponding numerical algorithmic implementations. In this 
context, the implementation of the stress dissipation correlation, 𝜀ℎ𝑖𝑗 , is 
of particular importance, which is represented by a blended expression 
combining an anisotropic model term — consistent with near-wall 
5 
asymptotic behavior — with a complementary off-wall isotropic for-
mulation. The pressure–strain model term 𝛷𝑖𝑗 is implemented as a 
general multi-term expression of the form 𝑓 (𝑎𝑖𝑗 , 𝑆𝑖𝑗 ,𝑊𝑖𝑗 ), as presented, 
for example, in [32]; the functional dependencies in the model coeffi-
cients ensure the vanishing of all 𝛷𝑖𝑗 components as the solid wall is 
approached.

The round jet entering the computational domain is generated 
through a separate simulation of a 𝐿 = 3𝐷 long pipe segment em-
ploying periodic inlet–outlet boundary conditions. The resulting fully-
developed flow field is mapped directly onto the main-domain inlet. 
The computational domain retains a cylindrical geometry, bounded in 
the normal direction by the lower impingement wall and an upper 
bounding plate (see Fig.  4), and extending radially to 𝑅 = 12𝐷. The 
computational mesh is generated via OpenFOAM’s blockMesh utility 
and refined through a comparative grid study, resulting in a fully 
hexahedral mesh. The radial domain extent is discretized with 𝑁𝑟 =
46400 cells, while the normal (𝑧) direction contains 𝑁𝑧 = 138 cells, 
yielding a total of 6.4 million cells. Since the underlying sub-scale 
turbulence model is formulated for low Reynolds number, wall-resolved 
conditions, the required grid resolution must always be correspondingly 
fine. Consequently, mesh grading toward solid boundaries ensures that 
the first off-wall node lies well within the viscous sublayer, with a 
dimensionless wall distance 𝑧+ significantly smaller than one (recall 
that the wall distance is normalized by the viscous length, 𝐿𝜈 = 𝜈∕𝑈𝜏 , 
where 𝑈𝜏 =

√

𝜏𝑤∕𝜌 denotes the local wall shear velocity). Accord-
ingly, the wall-normal cell height across the entire domain ranges 
from 𝛥𝑧+ = 0.06 in the immediate impingement region to 𝛥𝑧+ =
0.94 near the outlet of the impingement channel. Such a high level 
of grid resolution near the wall is essential for accurately resolving 
the boundary layer under present highly non-equilibrium conditions, 
enabling precise evaluation of wall shear stress through the near-wall 
velocity gradient. The integration of the governing equation down to 
the wall, while accounting for the exact wall-boundary conditions based 
on the asymptotic behavior of turbulence quantities near the solid sur-
face, is of decisive importance in the eddy-resolving RANS framework 
for accurately capturing their steep wall-proximity gradients. Radial 
resolution varies analogously, from 𝛥𝑟+ = 4.76 at the jet center to 
𝛥𝑟+ = 139.54 at the configuration outlet. The sensitized RANS-RSM 
simulation using up to 96 processors required approximately 19000 
core hours per coupled simulation. This includes simulating the fully 
developed flow in the pipe-like nozzle and the impingement channel 
flow with up to 20 initial flow-through times and up to 90 subsequent 
flow-through times for time averaging.

3.3. Direct numerical simulations setup

Direct numerical simulations (DNS) are performed for the circular 
impinging jet configuration. The computational domain adopted in the 
DNS closely corresponds to that used in the eddy-resolving RANS ap-
proach, as shown in Fig.  4. Fully developed inflow boundary conditions 
are prescribed at the jet inlet section using a precursor simulation of a 
fully developed turbulent flow in a 𝐿 = 12𝐷 long pipe segment with 
periodic streamwise boundaries. To prevent entrainment of flow from 
the sides of the jet inlet section, a confinement plate, as practiced also 
in conjunction with the IISRSM simulations, is used. No slip boundary 
conditions are applied at the impingement plate for the velocity field, 
while at the lateral surfaces of the computational domain, the open 
boundary condition presented in [33] is imposed. The radial extent of 
the domain, measured from the impacting jet centerline, corresponds 
to 𝑅 = 10𝐷. The incompressible flow under consideration is free from 
external volume forces. Fluid properties are considered constant. The 
equations governing the instantaneous flow field are the Navier–Stokes 
equations:

𝜕𝑢𝑖 + 𝑢𝑗
𝜕𝑢𝑖 +

𝜕𝑝
− 1 𝜕2𝑢𝑖 = 0 (5)
𝜕𝑡 𝜕𝑥𝑗 𝜕𝑥𝑖 Re 𝜕𝑥𝑗𝜕𝑥𝑗
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Fig. 4. Schematic representation of the solution domain for round-jet impinge-
ment adopted for the DNS and IISRSM simulations.

𝜕𝑢𝑖
𝜕𝑥𝑖

= 0

where 𝑢𝑖 (𝑖 = 1, 2, 3) are the velocity components in the coordinate 
directions 𝑥𝑖 (𝑖 = 1, 2, 3), 𝑡 is the time and 𝑝 is the pressure field. Eq. (5) 
is made dimensionless using the bulk mean velocity 𝑈𝑏 in the jet and 
the pipe diameter 𝐷. Consequently, the Reynolds number appearing in 
the equations is 𝑅𝑒 = 𝑈𝑏𝐷∕𝜈, where 𝜈 is the kinematic viscosity of the 
fluid.

Eqs. (5) are integrated numerically using the flow solver Nek5000
[34]. The numerical code is based on the spectral element method 
(SEM) presented in [35] and is well-known for its very high-order 
spectral accuracy. In the SEM approach, the spatial discretization of 
the weak form of the governing equations is obtained by approximating 
the solution and test functions with Lagrange polynomials of degree 𝑁
based on Gauss–Legendre-Lobatto (GLL) points. A P𝑁 −P𝑁  formulation 
is adopted, in which the velocity and pressure spaces are approximated 
using polynomials of equal degree. The linear terms of the resulting 
space-discretized problem are advanced in time using a third-order 
backward differencing scheme, while non linear terms are advanced 
using the operator-integration-factor scheme [36].

In the framework of Nek5000, Eqs. (5) are numerically integrated 
using a Cartesian coordinate system, with the origin located at the 
intersection of the jet axis and the impingement plate. The 𝑥3-axis 
coincides with the jet axis (𝑧 coordinate, Fig.  4) and is oriented to 
measure the distance from the wall, while the 𝑥1− and 𝑥2−axes lie on 
the plane of the impingement plate (𝑟, 𝑧 = 0) . The DNS computational 
mesh consists of 𝐸 = 2034995 spectral elements, with the polynomial 
degree of 𝑁 = 7 used to approximate the solution (for reference, the 
precursor pipe DNS employed 608175 spectral elements). The total 
number of degrees of freedom (DOF) in the computational grid is 
therefore 𝐷𝑂𝐹 = 𝐸(𝑁 + 1)3 = 1041917440 (for the precursor pipe flow 
simulation 𝐷𝑂𝐹 = 311385600). The computational time required to 
obtain converged flow statistics in DNS amounts to approximately two 
million core hours (run on 16384 cores). This includes the pipe flow 
simulation necessary to achieve fully developed pipe flow conditions 
at the nozzle outlet, as well as the initial flow field transients of the 
impinging jet, which are not included in the flow statistics. During 
post-processing, the solution and all statistical quantities accumulated 
during run-time are interpolated onto a cylindrical coordinates mesh 
whose coordinate system has the origin and 𝑧-axis coinciding with the 
original Cartesian coordinate system. Within the cylindrical coordinate 
system, 𝑟 denotes radial locations, 𝜃 represents rotation, and 𝑧 measures 
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the distance from the impingement plate. The vector velocity field is 
denoted by the radial component 𝑢𝑟, the azimuthal component 𝑢𝜃 , and 
the axial component 𝑢𝑧.

4. Results and discussion

This section presents a selection of results from the comparative 
evaluation of the experimental and computational methodological ap-
proaches introduced earlier, focusing on the mean flow, the correspond-
ing turbulent Reynolds stress correlations, as well as their anisotropic 
relationships and associated structural properties.

To provide an initial overview of the fundamental structural fea-
tures of the flow configuration under consideration, Fig.  5 illustrates 
iso-contours of the mean velocity field together with those of the tur-
bulence kinetic energy obtained from the DNS and IISRSM simulations, 
illustrating good qualitative and quantitative agreement. The snapshot 
of the IISRSM-related instantaneous velocity field is shown only to 
demonstrate the eddy-resolving capability of the model. The mean flow 
pattern displays the distinctive features of an impinging jet: a sharp 
velocity gradient variation beginning with prompt jet deceleration in 
the impingement zone, followed by a sudden 90-degree deflection that 
redirects the flow into the wall-jet region, where it undergoes rapid 
acceleration before gradually relaxing downstream. The visualization 
of the mean flow topology is intended to highlight the key flow regions 
within the impingement and wall-jet zones, providing a clearer basis for 
discussion. Mean streamlines traced from the inlet pipe reveal the struc-
ture around the stagnation region, where the incoming jet undergoes 
a right-angle bifurcation marked by strong curvature. This topological 
pattern reflects the rapid shift from flow deceleration during impinge-
ment to immediate acceleration downstream of the stagnation point 
(𝑟∕𝐷 = 0.0). The deceleration of the vertical free jet and the subsequent 
acceleration of the horizontal wall-jet are directly linked to alternating 
pressure gradients in the stagnation zone. After impingement, the wall-
jet spreads radially over the surface as streamlines are displaced and the 
near-wall flow widens, representing a process going along with gradual 
flow relaxation in the post-acceleration zone. In addition to the complex 
flow straining present in the vertical 𝑟 − 𝑧 plane, the flow experiences 
transverse shear of varying intensity in the azimuthal direction, which 
decreases slightly with radial distance from the impingement center. 
Consequently, the circular redistribution of mass flow across the plate 
produces a relatively thin wall-jet layer that extends vertically up to 
𝑧∕𝐷 ≈ 0.3− 0.5 occupying not more than a quarter of the impingement 
channel height (recall that the point along a streamline in Fig.  5, 
corresponding to its extremum indicated by the strongest bending and 
coinciding with the zero gradient of the stream function, represents 
the location of zero velocity; this is also visible in Fig.  8); this is 
consistent with the previous argument that the upper confinement 
plate, which was not present in the experiment, does not noticeably 
influence the wall-jet flow. The dominant flow structures, composed 
of a vertically downward inflow and a wall-bounded jet, following the 
impingement region, interact with a surrounding low-intensity velocity 
field. Between the wall-jet and the upper wall, a weak backflow region 
emerges, as indicated by negative axial velocities in the velocity plots, 
signifying localized flow reversal.

The shear layer separating the high-velocity stream from the low-
velocity region exhibits strong variability in its velocity gradients for 
both the free jet and the wall-confined jet. These steep gradients 
generate complex strain fields, which act as sources of enhanced tur-
bulence, as clearly highlighted in the iso-contours of turbulence kinetic 
energy. Turbulence intensification is particularly pronounced in the 
near-impingement region (𝑟∕𝐷 = 0.0 − 1.0), where it is driven by 
streamline curvature effects. This mechanism arises from the inter-
action of oppositely oriented spanwise (i.e., circumferential) vorticity 
components, which promotes an enhanced destabilizing effect on tur-
bulence: a positive (anticlockwise) vorticity aligned with the global 
flow direction along a concavely deflected streamline in the flow 
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Fig. 5. Time-averaged DNS-related (upper) and instantaneous IISRSM-related (lower) isocontours of the velocity fields, along with their respective mean 
streamlines (right), and the corresponding time-averaged turbulence kinetic energy (left) in the central (𝑟 − 𝑧) vertical plane of the round-jet impingement 
configuration, as obtained from the DNS and IISRSM simulations.
stagnation zone (𝛺3𝑒3 > 0, where 𝛺3 denotes the circumferential 
component of the angular velocity vector 𝛺⃗, referred to as the system 
vorticity) and a negative, wall-bounded, mean shear-related vorticity 
(𝜔3 = −0.5(𝜕𝑢𝑟∕𝜕𝑥𝑧)𝑧=0 < 0). The destabilizing effect of concavely 
progressing streamline curvature, manifested as an enhancement of 
turbulence intensity, was reported, for example, by Hoffmann et al. 
[37],Moser and Moin [38].

4.1. Free jet characteristics

The first quantitative comparison examines the development of the 
mean velocity profile of the downward free jet, normalized by the 
bulk velocity 𝑈b, at various normalized distances from the nozzle exit 
(𝑧∕𝐷 = 0.1, 0.2, 0.4) measured from the coordinate origin at the center 
of the impingement plate, as well as very close to the nozzle exit 
(𝑧∕𝐷 = 1.96), see Fig.  6. The PIV experiments are shown as individual 
points, each corresponding to the measured velocity of a single pixel 
across all independent measurement series. This representation makes 
the low scatter of the measured values immediately apparent. For the 
mean axial velocities in Fig.  6, the data points are so densely clustered 
that they appear as a continuous band. The profile development clearly 
indicates the radial spreading of the free jet as it approaches the 
impingement plate. Overall, the PIV measurements and DNS results 
show close agreement across all vertical locations. The IISRSM results, 
however, display a somewhat flattened profile along the jet axis and 
slightly higher velocity values in the jet shear layer. This behavior is 
correlated with increased turbulent activity, which is further illustrated 
in the subsequent results sections.

The next step is the comparison of the corresponding Reynolds 
stress components 𝑢′𝑖𝑢′𝑗 at similar distances from the nozzle exit. The 
correlations 𝑢′𝑧𝑢′𝑧, 𝑢′𝑟𝑢′𝑧, and 𝑢′𝑟𝑢′𝑟, representing the velocity fluctuations 
in the axial (𝑢′𝑧) and radial (𝑢′𝑟) directions at 𝑧∕𝐷 = 1.96 — immediately 
after the nozzle exit — are shown in Fig.  7, again normalized by the 
bulk velocity. These results closely match the fully developed pipe-flow 
characteristics, consistent with the inflow into the impingement chan-
nel domain. When comparing experimental and numerical results, good 
agreement is observed for the vertically and radially directed stress 
7 
Fig. 6. Radial distribution of the mean velocity of the downward jet from the 
nozzle exit to the impingement plate.

components, 𝑢′𝑧𝑢′𝑧 and 𝑢′𝑟𝑢′𝑟, respectively, as well as for the shear stress 
component 𝑢′𝑟𝑢′𝑧. Slight deviations are notable in the IISRSM results, 
which show somewhat enhanced and shifted profile maxima toward the 
jet center. This behavior is associated with a correspondingly stronger 
velocity gradient in the shear layer of the exiting pipe-like nozzle jet.

As before, each experimental data point corresponds to the correla-
tion obtained at a single image point. It is worth noting that the DNS 
data represent a lower bound for the normal stresses compared to the 
PIV measurements. This is most evident for 𝑢′𝑟𝑢′𝑟 and is expected if the 
DNS simulation is viewed as the ’noise-free’ counterpart to the exper-
iment, since any measurement noise can only increase the variances 
𝑢′𝑧𝑢′𝑧 and 𝑢′𝑟𝑢′𝑟 relative to the noise-free case. For the cross-correlation 
term 𝑢′𝑟𝑢′𝑧, the situation is reversed: additional, independent noise in 
the individual components 𝑢′  and 𝑢′ weakens the correlation. Thus, 
𝑧 𝑟
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Fig. 7. Radial distribution of the Reynolds stress components close near the 
pipe exit (𝑧∕𝐷 = 1.96). Comparison between PIV measurements and simulation.

on average, the DNS results provide the upper bound (in magnitude) 
of the PIV data, which is exactly what the experiment shows. At the 
nozzle outlet, where artifacts due to out-of-plane tracer-particle motion 
are not expected, two conclusions follow: (1) the experimental data 
are limited only by statistical noise, with no systematic errors biasing 
the derived mean flow fields and Reynolds stress components, and (2) 
the experimental setup provides inlet conditions that closely resemble 
fully-developed turbulent flow, thereby enabling a reliable near-wall 
comparison between experiment and simulation.

4.2. Impingement channel: velocity and Reynolds stress profile develop-
ments

To provide quantitative support for the experimental and compu-
tational findings, profiles of the mean flow and associated turbulence 
variables are directly compared at selected cross-sections. The evalu-
ation locations, marked by dashed lines in Fig.  5, span three charac-
teristic flow regions: the immediate impingement zone (𝑟∕𝐷 = 0.5), 
the transition region characterized by alternating velocity gradients 
and wall-jet formation (𝑟∕𝐷 = 1.0), and the developing wall-jet region 
(𝑟∕𝐷 = 2.0, 3.0, 4.0). The flow quantities analyzed include the radial 
(streamwise) velocity component (𝑢𝑟; Fig.  8), the distribution of wall 
shear stress along the bottom wall (Fig.  9), and the streamwise (𝑢′𝑟𝑢′𝑟), 
wall-normal (𝑢′𝑧𝑢′𝑧), and shear (𝑢′𝑟𝑢′𝑧) Reynolds stress components (Fig. 
10), all appropriately normalized by the bulk velocity of the inflow pipe 
(𝑈𝑏).

4.2.1. Velocity profile development
Fig.  8 shows the evolution of the mean velocity (𝑢r) profiles in the 

radial direction of the outflowing impingement channel. The dimen-
sionless wall-normal coordinate 𝑧∕𝐷 is plotted on a logarithmic scale 
8 
to magnify the immediate wall vicinity region and enable a closer look 
into the near-wall behavior.

The profiles reveal an intensification of flow momentum during 
impingement, as evidenced by flow acceleration (𝑟∕𝐷 = 0.5–1.0), 
followed by a transition to the wall jet (𝑟∕𝐷 ≥ 1.0) and a subsequent 
momentum weakening. As noted earlier, the axial velocity profiles in 
the upper part of the flow field — outside the free-jet and wall-jet 
regions (blue-shaded area in Fig.  5-right) — exhibit very low negative 
values, indicating weak flow reversal. The velocity plots demonstrate 
very good overall agreement between the present experimental and 
computational results regarding the shape of the profiles, in terms of 
their maxima and corresponding wall distances. While the DNS data 
match the measurements almost exactly, the modeled results exhibit 
some deviations from the experimental reference. In particular, the 
development of the wall jet region in terms of spreading intensity — 
characterized by slightly lower velocity maxima at a somewhat greater 
wall distance and correspondingly lower velocity values in the imme-
diate wall vicinity, in accordance with the continuity conditions — 
appears distinctly different. Nevertheless, the model correctly predicts 
the extent of the upper-wall-related recirculation zone, as confirmed 
by the position of the velocity profiles intersection with the zero line. 
Since the mean flow intensity governs turbulent transport dynamics — 
controlling momentum exchange and, in turn, the size of the reversal 
region — its reduction in the backflow zone corresponds to weak 
turbulence activity, as also evident in Fig.  10. The velocity profiles 
furthermore reveal strong gradients in both wall-normal and wall-
parallel directions, reflecting variable acceleration intensities within 
the developing wall jet. The strongest relative acceleration, associated 
with the maximum wall shear stress and the steepest near-wall velocity 
gradient occurring at 𝑟∕𝐷 = 0.5 − 1.0, is subsequently followed by a 
rapid global flow deceleration within the region 1 < 𝑟∕𝐷 ≤ 2. At the 
same time, this implies a thickening of the wall jet, characterized by 
an increased velocity gradient within its shear layer, which contributes 
to enhanced turbulence production, as reflected in the correspondingly 
amplified Reynolds-stress components at 𝑟∕𝐷 = 2.0 (see Fig.  10); this is 
especially pronounced with respect to the impingement wall-parallel 
stress component 𝑢′𝑟𝑢′𝑟. Subsequently, the flow deceleration proceeds 
monotonically, accompanied by a slight weakening of the mean veloc-
ity gradient and a corresponding decrease in turbulence intensity. These 
features are in a close mutual agreement among all three result sets. The 
discrepancies in the modeled results are primarily confined to the very 
near-wall region (𝑧∕𝐷 < 0.1), where velocity amplitudes differ slightly 
from experimental data, although the associated wall-normal gradients 
remain well captured. This consistency is reflected in the distribution 
of wall shear stress at the bottom wall (Fig.  9).

4.2.2. Wall shear stress distribution
Fig.  9 shows the non-dimensionalized wall shear stress

(𝐷∕𝑈𝑏)(𝑑𝑢𝑟∕𝑑𝑧) over the dimensionless radius, 𝑟∕𝐷, of the impingement 
plate at 𝑧 = 0. For the PIV measurements, the wall shear stress is 
computed from the slope of the mean radial velocity profiles at the 
wall (see Fig.  8). The latter is estimated using a polynomial fit of the 
radial velocity profile close to the wall, which is forced to be zero at the 
position of the wall. Error bars represent the 3𝜎-standard deviation of 
the fit coefficient. The computational results were obtained by directly 
calculating the velocity gradient between the velocity value of the grid 
cell closest to the wall and the zero wall velocity enforced by the no-
slip boundary condition at the wall surface. For both computational 
methods, the cell closest to the wall is well within the viscous sublayer 
at 𝑧+ = 𝑧𝑢𝜏∕𝜈 < 1, allowing the use of a simple difference quotient to 
approximate the wall shear stress.

The variation in the friction coefficient along the bottom impinge-
ment wall directly corresponds to the development of velocity profiles. 
The wall shear stress distribution exhibits a sharply pronounced peak 
near the stagnation point at the impingement center at 𝑟∕𝐷 ≈ 0.8, 
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Fig. 8. Wall-normal profiles of the mean radial velocity 𝑢𝑟∕𝑈𝑏 close to the wall and at different radial positions 𝑟∕𝐷 = 0.5, 1, 2, 3&4; the location 𝑟∕𝐷 = 0.5
corresponds to the nozzle exit. The wall-normal coordinate is plotted on a logarithmic scale to magnify the relevant near-wall region.
Fig. 9. Dimensionless wall shear stress as a function of the radial position. 
Error bars correspond to the 3𝜎 standard deviation from extrapolation of the 
experimental velocity profiles to the wall surface.

followed by a continuous, monotonic decay throughout the down-
stream wall-jet region. This peak clearly arises from the abrupt local 
flow acceleration at the transition toward the wall-jet regime, which is 
directly visible in the velocity profiles at radial locations between 𝑟∕𝐷 =
0.5 and 𝑟∕𝐷 = 1.0, Fig.  8 (clearly observable in Fig.  5-right). The wall 
shear stress distribution follows a trend consistently reproduced in both 
experiments and computations. A notable deviation occurs, however, 
where the IISRSM fails to capture the distinctive plateau-like behavior 
observed at a dimensionless distance of 𝑟∕𝐷 ≈ 2 from the stagnation 
point. This trend in the wall shear stress distribution is directly linked 
to the well-documented secondary maximum in the Nusselt number 
distribution, which represents a feature that is not currently addressed 
but has been firmly established in prior studies as originating from 
the reorientation of fluctuating velocity components at this precise 
location, as discussed in [4]. Considering that IISRSM is designed to 
resolve spectral dynamics through turbulence transport equations at a 
level of detail corresponding to a given spatial resolution, the evidence 
suggests that the current numerical grid may not be sufficiently fine 
at this specific locality to accurately resolve the wall-proximity related 
secondary flow structures.

4.2.3. Reynolds stress profile developments
Fig.  10 presents the profiles of the Reynolds stress components 𝑢′𝑧𝑢′𝑧, 

𝑢′𝑢′ , and 𝑢′𝑢′  at the same radial positions, normalized appropriately by 
𝑟 𝑟 𝑟 𝑧
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the inlet bulk velocity 𝑈𝑏. The wall-normal coordinate 𝑧∕𝐷 is shown on 
a logarithmic scale to highlight near-wall behavior.

The agreement between PIV (dots) and DNS (solid lines) results is 
very good at all radial positions, both in terms of shape and magnitude 
of the stress components. Nevertheless, in contrast to the nozzle exit 
(Fig.  7), there are very small systematic deviations that are not simply 
due to statistical noise. For instance, the DNS is no longer the lower 
bound for the normal stresses 𝑢′𝑧𝑢′𝑧 and 𝑢′𝑟𝑢′𝑟 from the PIV, as it was the 
case at the nozzle exit. Near the wall, cross-correlation of PIV images 
is more prone to artifacts, as e.g., due to particles moving out of the 
laser sheet between images (out-of-plane motion), lower tracer particle 
density, small imperfections in wall alignment, or partial shadowing 
of scattered light from the particles by the wall. The latter is partially 
compensated by the Scheimpflug alignment of the camera with respect 
to the laser light sheet. These uncertainties are not statistical and are 
only partly reflected by the larger scatter of the experimental data 
points compared to those at the nozzle outlet. It is widely recognized 
that standard cross-correlation PIV techniques may introduce spurious 
velocity fluctuations and consequently overestimate turbulence inten-
sities in the near-wall region, due to their limited ability to resolve 
small-scale motions close to the wall (see, e.g., [39,40]). Considering 
these uncertainties, however, the agreement with the DNS simulation 
can be considered as very close. Overall, the IISRSM predictions demon-
strate good agreement with experimental and DNS data, in terms of 
both profile shape and magnitude, across nearly all radial locations. 
A notable discrepancy lies in the excessively amplified radial stress 
component (𝑢′𝑟𝑢′𝑟) parallel to the impinging plate within the wall-jet 
development region as distance from the immediate impingement area 
increases (𝑟∕𝐷 ≥ 2). This is consistent with a correspondingly higher 
spreading rate of the wall jet layer in the IISRSM simulations, as already 
observed for the radial velocity profiles in Fig.  8.

At 𝑟∕𝐷 = 0.5, corresponding to the immediate pipe exit, the 
peak intensities of all stress components clearly stem from the near-
wall turbulence within the inflow pipe itself. Moving downstream, 
the Reynolds stress evolution reveals a sharp increase in turbulence 
production triggered at and beyond the pipe edge, where a free shear 
layer rapidly forms between the jet core and the surrounding low-
velocity fluid. Accordingly, the immediate impingement region and 
the shear layer zone, aligned with the streamline separating the wall-
bounded jet from the low-velocity flow region, acts as a hotspot of 
turbulence amplification, with all stress components attaining their 
maxima precisely at this wall distance across all radial locations. This 
behavior reflects the destabilizing effect of streamwise curvature-driven 
turbulence production, directly tied to the directional misalignment 
between global and local spanwise (azimuthal) vorticities. Within the 
horizontal, radially expanding channel, all Reynolds stress components 
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Fig. 10. Wall-normal profiles of the normalized Reynolds stress components 𝑢′𝑖𝑢′𝑗∕𝑈 2
𝑏  close to the wall and at different radial positions 𝑟∕𝐷 = 0.5, 1, 2, 3&4; the 

location 𝑟∕𝐷 = 0.5 corresponds to the nozzle exit. The wall normal coordinate is plotted on a logarithmic scale to highlight the area near the wall.
progressively intensify, reaching their peak turbulence levels at approx-
imately 𝑟∕𝐷 = 2.0. This location is marked by a localized steepening 
of the velocity gradient near the free wall-jet boundary and across the 
associated shear layer (see Fig.  8). Beyond this point, the turbulence 
intensity gradually relaxes as the flow approaches the outlet.

As the flow bends 90◦ from a downward free jet into a radially ex-
panding wall jet, the stress tensor components undergo a fundamental 
redistribution: the free-jet streamwise stress component 𝑢′𝑧𝑢′𝑧 transforms 
into the wall-normal stress component at impingement, while the free-
jet normal stress reorients into the radial component 𝑢′𝑟𝑢′𝑟 along the 
wall-parallel wall jet. This transformation is clearly demonstrated by 
the significant decrease in the value of 𝑢′𝑧𝑢′𝑧 from a high near-outlet 
maximum (𝑧∕𝐷 ≈ 1.96, 𝑟∕𝐷 = 0.5) down to a near-wall peak of very 
small magnitude at 𝑧∕𝐷 ≈ 0.02. This strong attenuation is a direct 
signature of the wall-induced kinematic wall blockage effect and is 
correctly reproduced by all methodologies applied. Within the wall 
jet itself, the 𝑢′𝑟𝑢′𝑟 profile exhibits a characteristic double-maximum 
structure: a near-wall peak at 𝑧∕𝐷 ≈ 0.03 driven by intense wall 
shear, and an off-wall peak at 𝑧∕𝐷 ≈ 0.3 coinciding with the wall-
jet-related shear layer, characterized by a high velocity gradient. This 
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dual behavior, clearly observed for 0.5 ≤ 𝑟∕𝐷 ≤ 2.0, is accurately 
captured across methods. Beyond 𝑟∕𝐷 ≥ 2.0, however, the off-wall 
maximum consistently dominates over the near-wall one, underscoring 
the shifting turbulence dynamics in the outer wall-jet region.

In the wall-jet region, 𝑢′𝑟𝑢′𝑟 represents the streamwise stress com-
ponent and contributes predominantly to the turbulent kinetic energy 
(cf. Fig.  5-left). The significant increase in the magnitude of the radial 
turbulent stress component 𝑢′𝑟𝑢′𝑟 at 𝑟∕𝐷 = 2.0, relative to its value at 
𝑟∕𝐷 = 1.0, can be understood by analytically examining the correspond-
ing production rate: 𝑃𝑟𝑟 → −𝑢′𝑟𝑢′𝑟 𝜕𝑈𝑟∕𝜕𝑟 − 𝑢′𝑟𝑢′𝑧 𝜕𝑈𝑟∕𝜕𝑧. In this region, 
both 𝑢′𝑟𝑢′𝑟 and the wall-normal velocity gradient 𝜕𝑈𝑟∕𝜕𝑧 are positive, 
whereas the shear stress 𝑢′𝑟𝑢′𝑧 is consistently negative, as is the radial 
velocity gradient 𝜕𝑈𝑟∕𝜕𝑟 between 𝑟∕𝐷 = 1.0 and 2.0. As a result, all 
terms in the production expression are positive, leading to an increased 
production rate 𝑃𝑟𝑟. 

Finally, it must be emphasized that, in impinging jet configura-
tions, particularly in the wall jet zone, the wall-normal stress compo-
nent, 𝑢′𝑧𝑢′𝑧, is crucial for turbulence models that use gradient diffusion 
hypothesis-based closures for turbulent heat fluxes, as it appears in 
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Fig. 11. Profile development of the two-component anisotropy parameter 𝐴 within the impingement channel, as obtained by DNS and IISRSM. The wall normal 
coordinate is plotted on a logarithmic scale to highlight the area near the bottom wall.
the corresponding model coefficient. Its correct prediction is a deci-
sive prerequisite for faithfully representing convective heat transfer. 
The characteristic sign reversal of the shear stress component 𝑢′𝑟𝑢′𝑧 is 
captured with high fidelity, both in terms of the precise location of 
the change and the associated magnitude. This reversal is a direct 
consequence of the intense local streamline curvature, which acts in 
a strongly destabilizing fashion and drives a marked amplification of 
turbulence levels. At the same time, it must be emphasized that the 
dominant mechanism shaping the overall topology of the mean velocity 
field is not the Reynolds stress gradient, but the mean pressure gradient. 
The latter exerts overwhelming control in the momentum balance 
within the impingement region, decisively surpassing the influence of 
Reynolds stress variations and governing the global flow topology.

5. Reynolds stress anisotropy

This section focuses on representing the characteristic states of tur-
bulence in terms of their anisotropic properties. The relevant analysis 
is conducted with reference to the results presented in Figs.  12–14. 
Specifically, the section evaluates the variation of the Reynolds stress 
anisotropy tensor, 𝑎𝑖𝑗 = 𝑢′𝑖𝑢

′
𝑗∕𝑘 − 2𝛿𝑖𝑗∕3, along with the corresponding 

second and third invariants, −𝐼𝐼𝑎 = 𝑎𝑖𝑗𝑎𝑗𝑖∕8 = 𝐴2∕8 and 𝐼𝐼𝐼𝑎 =
𝑎𝑖𝑗𝑎𝑗𝑘𝑎𝑘𝑖∕24 = 𝐴3∕24, and the two-componentality parameter, 𝐴 = 1 −
9(𝐴2−𝐴3)∕8; it is recalled that the two-component anisotropy parameter 
𝐴 takes the value 1 for strict turbulence isotropy and the value 0 
for the strongest level of anisotropy (the profiles of the 𝐴 parameter 
across the impingement channel and its entire field are illustrated in 
Fig.  11 and Fig.  13-left). These quantities are obtained from the three-
dimensional flow fields computed by DNS and IISRSM, following the 
framework of Lumley and Newman [8] and Choi and Lumley [41]. 
Since the circumferential Reynolds stress component (𝑢′𝜃𝑢′𝜃) was not 
measured in the 2D PIV experiments, its contribution to the turbulence 
anisotropy analysis cannot be included in the present interpretation. 
Nevertheless, a comparative assessment of all three methodologies has 
been carried out by considering only the Reynolds stress anisotropy 
components active in the vertical 𝑟–𝑧 plane, namely 𝑎𝑟𝑟, 𝑎𝑧𝑧, and 𝑎𝑟𝑧
(with 𝑎𝜃𝜃 = 0 and 𝑎𝑟𝑟 + 𝑎𝑧𝑧 = 0, due to the zero trace of the 2D tensor). 
As shown in the Appendix, this comparison demonstrates a high degree 
of agreement (cf. Fig.  A.15).
11 
In addition, the functional dependency between the second and 
third invariants of the Reynolds stress anisotropy can be conveniently 
represented on an anisotropy invariant map, which forms a triangular 
domain in the invariant (𝐼𝐼𝐼𝑎,−𝐼𝐼𝑎) space (Fig.  12-upper). Its corner 
points correspond to three limiting turbulence states: three-component 
isotropic (3𝐶 or 𝑋3𝐶 ), two-component isotropic (2𝐶 or 𝑋2𝐶 ), and 
one-component (1𝐶 or 𝑋1𝐶 ) limits. The triangle edges represent the 
associated limiting processes — axisymmetric contraction (3𝐶 → 2𝐶), 
axisymmetric expansion (3𝐶 → 1𝐶), and two-component anisotropic 
turbulence (2𝐶 → 1𝐶). The three-component isotropic state (3𝐶) 
exactly complies with the two-component parameter value 𝐴 = 1, and 
the value of 𝐴 = 0 typically characterizes the flow areas immediately 
adjacent to the solid wall, represented by the turbulence states connect-
ing the 2𝐶 and 1𝐶 vertices. An alternative but equivalent representation 
is the barycentric map (Fig.  12-lower), introduced by Banerjee et al. 
[9] (see also [10]), which is constructed from the ordered eigenvalues 
(𝜆1 ≥ 𝜆2 ≥ 𝜆3), arising from the diagonalization of the anisotropy tensor 
𝑎𝑖𝑗 . These eigenvalues quantify the relative weighting of velocity fluctu-
ation correlations, analogous to the invariants −𝐼𝐼𝑎 and 𝐼𝐼𝐼𝑎, thereby 
defining the turbulence componentality. The vertices of the barycentric 
triangle, 𝑋1𝐶 = (0, 1), 𝑋2𝐶 = (0, 0), 𝑋3𝐶 = (1∕2,

√

3∕2), and the 
connecting edges represent the same limiting states as in Lumley’s map, 
but here each boundary state is assigned equal weight. The invariant 
coordinates (𝐼𝐼𝐼𝑎,−𝐼𝐼𝑎) are accordingly projected onto the barycentric 
coordinates (𝑥𝐵 , 𝑦𝐵), defined as functions of the eigenvalues 𝜆𝑖. It is 
important to emphasize that all realizable turbulence states are con-
fined within these triangular domains and along their boundaries. Both 
evaluation tools for representing Reynolds stress anisotropy — Lumley’s 
anisotropic map and the equilateral barycentric map — offer distinct 
advantages. The nonlinear triangular domain of Lumley’s map allows 
turbulence states to be conveniently quantified in direct dependence on 
the second and third anisotropy invariants. Complementary to this, the 
linear barycentric domain facilitates an additional application of the 
underlying analytical rationale, as the barycentric coordinates (𝑥𝐵 , 𝑦𝐵) 
can be used to directly remap the anisotropic turbulent states onto the 
actual physical flow domain, as shown in Fig.  13-right. The following 
discussion will refer simultaneously to all turbulence anisotropy-related 
results shown in Figs.  12–14.

The turbulent states within the central region of the free jet, the 
immediate impingement zone, and most of the outflowing impingement 
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Fig. 12. The Lumley’s anisotropy map with second 𝐼𝐼𝑎 and third 𝐼𝐼𝐼𝑎 anisotropy invariants (upper; note that −𝐼𝐼𝑎 is merely a notation; the second invariant 
itself cannot take negative values) and the corresponding barycentric turbulence anisotropy map (lower), as obtained by DNS and IISRSM.
channel — particularly the regions bordering the free and the wall jets 
— are characterized by a weak anisotropy, as evidenced by the corre-
spondingly high values of the two-component parameter 𝐴. Throughout 
most of the flow domain, the parameter 𝐴, which serves as a measure 
of the anisotropy level of the underlying Reynolds stress field, attains 
values of 0.7 or higher (see Figs.  11 and 13-left), clearly indicating 
a low degree of anisotropy. This observation is consistent with the 
globally present adverse pressure-gradient effects typically associated 
with impinging jet configurations, where the free jet undergoes strong 
deceleration upon impact, complying with a strongly curved local mean 
flow within the resulting stagnation zone. This finding is further sup-
ported by interpreting the characteristic states of turbulence in terms of 
both the functional dependence between the second and third invari-
ants within Lumley’s invariant map and the barycentric coordinates in 
the associated equilateral triangular space, as shown in Fig.  12. Each 
individual point in the two corresponding anisotropy domain spaces 
represents the computational result referring to all grid cells in the flow 
domain. As expected, the general realizability of the turbulent struc-
ture predicted by both computational approaches is fulfilled without 
exception, with all results lying within the interiors of the triangles. 
This interpretation also provides a clear identification of the overall 
turbulence states in terms of their anisotropic properties. Accordingly, 
both DNS- and IISRSM-based results are primarily bounded by the 3𝐶
(𝑋3𝐶 ) and 2𝐶 (𝑋2𝐶 ) isotropic states, indicating that the turbulence 
state existing in the largest portion of the flow domain is characterized 
by negative values of the third anisotropy invariant 𝐼𝐼𝐼𝑎; these states 
lie predominantly between the left boundary of the invariant triangle 
(spanning the 3𝐶 and 2𝐶 states), which corresponds to the previously 
introduced axisymmetric contraction process of turbulent structuring, 
12 
and the turbulent state defined by (𝐼𝐼𝐼𝑎 = 0,−𝐼𝐼𝑎), denoting the so 
called plane-strain event of turbulence.

By utilizing the properties of the barycentric anisotropy map in 
Fig.  12 and transferring its information back into the physical domain 
through color-coding of the turbulent states, the isocontours generated 
in Fig.  13-right (the color-coded barycentric triangle shown enables 
exact assignment of a specific color to a corresponding turbulent state) 
provide improved insight into the anisotropic turbulent state of the 
round jet impingement. When directly comparing the images of the 
two-component parameter 𝐴 (Fig.  13-left) and the color-coded barycen-
tric coordinate fields in Fig.  13-right, it is important to note that 
the values within the fields of the two-component parameter 𝐴 align 
perfectly with the color coding of the barycentric field diagrams. For 
example, the dark red regions labeled 𝐴 ≈ 1 in 13-left coincide exactly 
with the corresponding dark blue regions in 13-right, demonstrating 
that both approaches for the anisotropy characterization reliably iden-
tify areas of three-component isotropic turbulence (3𝐶). Accordingly, 
the close-to-unity values of the 𝐴-parameter fields obtained by DNS and 
IISRSM are strongly concentrated in the narrow regions of the shear 
layers bounding the free jet and the wall jet with the immediate sur-
roundings, characterized by the highest turbulence production, which 
coincide precisely with the maxima of turbulence intensities (cf. Fig. 
10). The enhancement of turbulence production, generally correlated 
with a significant weakening of anisotropy, is also closely related to 
flow stagnation and the subsequent effects of streamline curvature.

Towards the lower and upper impingement channel walls, the 
𝐴 values exhibit a continuous decrease, indicating correspondingly 
strengthen anisotropy. This behavior is evident in the blue regions 
of the 𝐴-parameter field (note also the tendency of the 𝐴 profiles 
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Fig. 13. Fields of the two-component anisotropy parameter 𝐴 (left) and the barycentric turbulence coloring (right), illustrating different turbulence states bounded 
between the three-component isotropic (3C), two-component isotropic (2C), and one-component (1C) limits, as obtained by DNS and IISRSM.
to decrease toward zero at the walls in Fig.  11), as well as in the 
corresponding yellow-to-green regions at both the impingement wall 
and the upper confinement wall in the barycentric coordinate field (Fig. 
13-right). These regions denote the turbulence state bounded by the 
transition from the yellow segment of the barycentric triangle (see the 
barycentric triangle in Fig.  13-right), which occurs immediately after 
the 1𝐶 limit toward the green-colored two-component isotropic limit 
(2𝐶). Regarding the latter, it is instructive to examine the very narrow 
(blue-colored) area immediately outside the pipe (𝑧∕𝐷 = 2, 𝑟∕𝐷 = 0.5). 
It is well known that the turbulence state in the core region of fully-
developed pipe flow corresponds to very weak anisotropy, with 𝐴 ≈ 1, 
whereas the highest level of anisotropy occurs in the immediate vicinity 
of the wall; the wall itself is characterized by 𝐴 = 0. This narrow 
region of high anisotropy undergoes a rapid transition to a weakly 
anisotropic state in the area immediately above the free-jet shear layer. 
Furthermore, it is noteworthy to analyze the flow conditions at the jet’s 
immediate impact location (𝑧∕𝐷 → 0, 𝑟∕𝐷 = 0). At this location, the 𝐴
values obtained from DNS and IIS-RSM exceed 0.9 (see Fig.  13-left, as 
well as Fig.  11; in particular the 𝐴 profile at the radial location 𝑟∕𝐷 =
0.5 reaches values ≥ 0.9 at the wall-normal distance of 𝑧∕𝐷 = 0.07). This 
corresponds to a turbulence state resembling the axisymmetric contrac-
tion found between 3𝐶 and 2𝐶 (light-blue area at the impact point, for 
𝑧∕𝐷 ≈ 0.05 − 0.07 and 𝑟∕𝐷 = 0.0 − 0.9 in Fig.  13-right). The turbulent 
state in the region outside the free and wall jets is likewise dominated 
by axisymmetric contraction (3𝐶-2𝐶), characterized by negative values 
of the third anisotropy invariant (dark-to-light blue regions in Fig. 
13-right). In these regions, 𝐴 parameter exceeds approximately 0.75, 
corresponding to the red areas in Fig.  13-left, which in turn precede 
the yellow regions where 𝐴 ≈ 0.6. These zones, spanning 𝑧∕𝐷 ≈ 0.3–2.0
and 𝑟∕𝐷 = 1.0–4.0, are characterized by low momentum transport (see 
the velocity profiles in Fig.  8, which exhibit small negative values) and, 
consequently, very low turbulence intensities, with the Reynolds stress 
components following each other closely at this uniformly low level 
(see Fig.  10); note that a logarithmic scaling of the wall coordinate is 
used in both figures.
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Fig.  14 illustrates the trajectories of the Reynolds stress anisotropy 
in an equilateral barycentric anisotropy map at locations ranging from 
the immediate impact region (𝑟∕𝐷 = 0.5) to the far-wall jet region 
(𝑟∕𝐷 = 4.0). The trajectories originate at the bottom impingement 
wall (𝑧∕𝐷 = 0), represented by the horizontal line connecting the 𝑋2𝐶
and 𝑋1𝐶 map corners, which characterizes two-component anisotropic 
turbulence, and extend over the entire cross-sectional extent up to the 
upper confinement wall (𝑧∕𝐷 = 2).

In the immediate impingement region at 𝑟∕𝐷 = 0.5, which is af-
fected by the simultaneous action of complex flow straining underlying 
the strong, right-angled flow skewing, the turbulence state lies close to 
the 𝑋2𝐶 -related state (i.e., on the transition from 2𝐶 to 3𝐶, between 
the green-coded and light-to-dark blue segments of the barycentric 
triangle). This indicates a steep increase from the strongest anisotropy 
level, corresponding to 𝐴 ≈ 0 at the wall itself (𝑧∕𝐷 = 0.0), to a near-
unity value of the two-component parameter 𝐴 at 𝑧∕𝐷 ≈ 0.07 − 0.08, 
which denotes a strict isotropic state (see also the corresponding 𝐴
profile in Fig.  11). As the trajectory moves away from the wall, it 
progresses almost parallel to the 2𝐶 → 3𝐶 map boundary, associated 
with negative 𝐼𝐼𝐼𝑎 values (recall that the so-called plane strain state 
of turbulence is denoted by 𝐼𝐼𝐼𝑎 = 0, as indicated by the red dashed 
line in the barycentric triangle). The sparsely distributed data points 
forming the trajectory progression toward the 3𝐶 limit correspond to 
the thin near-wall region extending to the end of the downward jet 
shear layer at 𝑧∕𝐷 ≈ 0.1 − 0.2 (see also Fig.  5). This narrow region 
is indicated by consecutively arranged green, light blue, and dark blue 
stripes in the immediate impingement area at 𝑟∕𝐷 = 0.5 in Fig.  13-right, 
with the dark blue stripe corresponding to the dark-red stripe in the 𝐴-
parameter field in Fig.  13-left, denoting the flow structure underlying 
the isotropic state of turbulence with 𝐴 ≈ 1. The region immediately 
adjacent to the impingement wall within the central impact zone is 
subject to the combined influences of wall proximity, flow stagnation, 
and the destabilizing effect of streamline curvature. All these phenom-
ena contribute, to varying degrees, to the intensification of turbulence, 
which begins at 𝑧∕𝐷 ≈ 0.1, consistent with the minimum in the 𝑢′𝑢′
𝑟 𝑟
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Fig. 14. Reynolds stress anisotropy trajectories within the barycentric turbulence anisotropy map at five selected positions in the impingement channel, as 
obtained by DNS and IISRSM; the red dashed line denotes the so called plane-strain state of turbulence with 𝐼𝐼𝐼𝑎 = 0.
profile and reaches its highest value at 𝑧∕𝐷 ≈ 0.015 (see the formation 
of the wall-related turbulence intensity maximum in the 𝑢′𝑟𝑢′𝑟 profile 
in Fig.  10). As the distance from the wall increases, the trajectory 
crosses the free-jet shear layer at a wall distance of 𝑧∕𝐷 ≈ 0.1, a region 
characterized by the strongest streamline curvature (cf. Fig.  5), corre-
sponding to the magenta-colored region in the barycentric coordinate 
field. Accordingly, the trajectory deviates from the 2𝐶 → 3𝐶 map edge 
and bends toward the map boundary between 3𝐶 and 1𝐶, which is 
associated with positive 𝐼𝐼𝐼𝑎 values. In this region, the otherwise weak 
anisotropy slightly strengthens with distance from the impingement 
wall, entering the shear layer of the free jet at 𝑧∕𝐷 ≈ 0.3 − 0.4. The 
magenta color-coding in the barycentric coordinate field corresponds 
to the red–yellow region along the ordinate 𝑟∕𝐷 = 0.5 in the 𝐴-
parameter field up to 𝑧∕𝐷 ≈ 0.3−0.4, with 𝐴 taking the values between 
0.6 − 0.7. Subsequently, the trajectory point marking the sharp, right-
angled change in trend — from the map boundary 3𝐶 → 1𝐶 toward 
the center of the barycentric triangle — corresponds to a light-blue 
region denoting the DNS-related barycentric field aligned with the free-
jet shear layer as a whole (the IISRSM-related result at this location is 
color-coded light-magenta). The corresponding DNS/IISRSM trajectory 
data point lies exactly on the plane strain line characterized by 𝐼𝐼𝐼𝑎 =
0. Finally, the trajectory bends back toward the 3𝐶 → 1𝐶 boundary, 
approaching the red-colored segment at the 1𝐶 triangle vertex as the 
inflow pipe wall is reached at the exit plane. The pipe-jet release into 
the impingement channel is characterized by high turbulence-intensity 
components originating from the inner-wall region of the pipe (cf. Fig. 
10), which contribute significantly to the pronounced enhancement of 
anisotropy as 𝐴 approaches zero (cf. Fig.  11). Accordingly, the dark-
blue region in Fig.  13-left corresponds to the red-colored region at the 
pipe-wall edge in the barycentric coordinate field at 𝑟∕𝐷 = 0.5 in Fig. 
13-right. The correspondingly stronger anisotropy is consistent with 
the increasing differences among the Reynolds stress components at 
𝑟∕𝐷 = 0.5 (cf. Fig.  10).

At the onset of the wall jet region (𝑟∕𝐷 = 1.0), the starting ’wall-
bounded’ data point remains at the same map boundary (2𝐶 → 1𝐶); 
however, the wall point shifts toward the 1𝐶 limit. The shift of the 
wall-related trajectory point from the immediate impingement location 
at 𝑟∕𝐷 = 0.5, marked by a tiny green strip in Fig.  13-right, to the 
location 𝑟∕𝐷 ≥ 1.0, indicated by a yellow strip in the same figure 
(see also the corresponding colors in the barycentric triangle), is clearly 
correlated with the strong local flow acceleration observed in the near-
wall region between 𝑟∕𝐷 = 0.5 and 1.0 (see Fig.  5-right and Fig. 
8), which marks the transition from the central impact zone to the 
wall-jet region. The initial trajectory trend at 𝑟∕𝐷 = 1.0, composed 
of a set of sparsely distributed data points in the immediate vicinity 
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of the impingement plate, gradually inclines and shortly crosses the 
𝐼𝐼𝐼𝑎 = 0-related turbulence state. It remains within the yellow-coded 
region of the barycentric triangle, corresponding to the inner boundary 
of the wall-jet shear layer at 𝑧∕𝐷 ≈ 0.01. This region is characterized 
by a near-wall maximum of the radial Reynolds stress component 
𝑢′𝑟𝑢′𝑟 and comparatively low values of the remaining stress components 
(cf. Fig.  10), resulting in an enhanced level of turbulence anisotropy. 
This is evidenced by the onset of a narrow, blue-colored region that 
locally expands at the impingement wall up to 𝑧∕𝐷 ≈ 0.05, indicating 
correspondingly lower values of the parameter 𝐴 (𝐴 ≤ 0.5, cf. Fig.  11). 
Subsequently, the (𝑥𝐵 , 𝑦𝐵) trajectory within the barycentric triangle 
deviates from this path and progresses toward the interior of the map, 
which is characterized by positive 𝐼𝐼𝐼𝑎 values (indicated consecutively 
by the magenta and blue regions in Fig.  13-right). After reaching the 
dark-blue region surrounding the 3𝐶 turbulence state — where the 
impinging jet still exhibits a noticeable streamline curvature effect upon 
impact at 𝑧∕𝐷 ≈ 0.4 (corresponding to the outer boundary of the wall-
jet shear layer, where the Reynolds stress components are significantly 
suppressed; see Fig.  10) — the trajectory turns left and returns toward 
the 2𝐶–3𝐶 boundary. The subsequent downward progression of the 
trajectory along the 3𝐶 → 2𝐶 edge of the map indicates a low-
momentum flow field outside the wall-jet region. This state corresponds 
to the light-blue region in Fig.  13-right and is characterized by negative 
𝐼𝐼𝐼𝑎 values and a high 𝐴 parameter (cf. the light-to-dark red region 
in Fig.  13-left with 𝐴 ≥ 0.8; see also Fig.  11). Finally, the trajectory 
terminates at the upper wall, corresponding to the 2𝐶 turbulence state. 
This state reflects the kinematic blocking effect of the immediate wall 
vicinity on the Reynolds stress field, with the 𝐴 parameter approaching 
zero. This behavior is consistent with the suppression of turbulence 
intensity toward zero as the upper plate is approached (see Fig.  10). 
The state is indicated in green in Fig.  13-right and corresponds to the 
consecutive green and light-to-dark blue regions in Fig.  13-left.

It is furthermore interesting to analyze the immediate near-wall 
region of the wall jet between the radial locations 𝑟∕𝐷 = 1 and 2. 
As can be seen from the Reynolds stress component distribution in 
Fig.  10, there is a clear increase in the near-wall maximum of the 
wall-parallel stress component 𝑢′𝑟𝑢′𝑟 at 𝑧∕𝐷 ≈ 0.02 (see the associated 
discussion for the flow physics underlying this phenomenon), while the 
remaining components retain comparatively low values. This growing 
disparity between the individual stress components directly contributes 
to the strengthening of anisotropy. The yellow-coded region in the wall 
vicinity in the barycentric coordinate field in Fig.  13-right corresponds 
to the lower bound of the barycentric anisotropy triangle, connecting 
the 2𝐶 and 1𝐶 vertices and characterizing a two-component anisotropic 
turbulence state. The associated enhancement of the anisotropy level is 
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further reflected by the complementary blue region in the immediate 
vicinity of the wall in Fig.  13-left, which is characterized by lower 
𝐴-parameter value of 𝐴 ≤ 0.4 (cf. Fig.  11).

Considering the next three cross-sections at radial locations 𝑟∕𝐷 ≥
2.0, which intersect the developing wall jet, the Reynolds stress
anisotropy trajectories exhibit a qualitatively similar progression to the 
previously analyzed variation in turbulence anisotropy, as observed in 
both the DNS- and IISRSM-based flow fields. However, the upward 
and downward trajectory branches, which cross the plane-strain tur-
bulence state denoted by 𝐼𝐼𝐼𝑎 = 0 multiple times while progressing 
centrally through the barycentric triangle, shift closer to each other. 
After originating at the bottom wall, which typically represents the 
two-component turbulence state (colored green–yellow), the trajectory 
crosses a region in the barycentric anisotropy triangle characterized 
by a progressively varying mixture of magenta, and light-blue. This 
region represents the vertical extent of the wall jet as projected onto the 
barycentric coordinate field in Fig.  13-right. It lies near the center of 
the barycentric map interior, with the 𝐴-parameter value progressively 
increasing to ≈ 0.75 − 0.8, as shown in Fig.  13-left. Subsequently, the 
trajectory continues upward along the 𝐼𝐼𝐼𝑎 = 0-related turbulence 
anisotropy state, ultimately entering the dark-blue-colored region of 
the barycentric triangle. This region corresponds to the low-momentum 
flow outside the wall jet in Fig.  13-right and indicates a turbulence 
anisotropy state approaching the three-component isotropic turbulence 
limit → 3𝐶. The anisotropy trajectory then turns downward in the 
barycentric triangle, exhibiting a similar trend parallel to, but at some 
distance from, the 3𝐶 − 2𝐶 map boundary, and moving across the 
light-blue regions toward the horizontal line corresponding to the 2𝐶
anisotropic turbulence state. This behavior coincides with the vicinity 
of the upper channel wall, as indicated by the green-coded barycentric 
representation of turbulence anisotropy (Fig.  13-right). This clearly 
indicates a turbulence state corresponding to an 𝐴-parameter value of 
approximately ≤ 0.6, as reflected by the narrow region coded consec-
utively by green and light-to-dark blue along the upper wall in Fig. 
13-left. As noted above, the anisotropy representation at all three radial 
locations is qualitatively similar; the main differences lie in the fact that 
the specifically colored regions become wider with increasing radial 
distance from the impingement region toward the channel outlet. The 
dark-blue-colored, horizontally extending plume-like region gradually 
occupies a larger portion of the channel cross-sectional area in Fig.  13-
right. The corresponding turbulence state in this region is consistent 
with the area near the upper apex of the barycentric triangle, indicating 
proximity to the 3𝐶 isotropic turbulence state. This region of the 
flow field exhibits a certain degree of relaxation, characterized by an 
increasing asymmetry of the velocity profile, a decreasing wall-related 
velocity gradient, and low-intensity flow reversal above the wall-jet 
region (cf. Fig.  8). A systematic reduction in turbulence intensity, 
following its maximum at 𝑟∕𝐷 = 2.0, is also observed (cf. Fig.  5-left). 
The corresponding Reynolds stress component distributions shown in 
Fig.  10 follow this trend, with all components decreasing systematically 
at approximately the same rate. This behavior leads to the preservation 
of consistently high values of the two-component anisotropy factor 𝐴, 
as indicated by the progressively widening red-colored region in Fig. 
13-left (see also the near-unity maxima in the 𝐴 profiles in Fig.  11). 
An exception occurs in the immediate vicinity of both the bottom and 
upper walls — highlighted in blue — where anisotropy strengthening 
further occurs.

Despite some evident deviations, the agreement between the DNS 
and IISRSM results is satisfactory, considering the high sensitivity of 
interpreting the turbulence states through barycentric coloring and 
tracking of Reynolds stress anisotropy trajectories within the flow 
domain. Even small discrepancies in the Reynolds stress distribution 
(see Fig.  10) can lead to significant deviations in anisotropy-related 
parameters.
15 
6. Conclusions

A complementary experimental and computational study of a round 
jet impinging perpendicularly onto a smooth wall is performed, in-
volving PIV measurements, DNS, and RANS-based eddy-resolving tur-
bulence modeling. The study examines the mean flow topology and 
the associated turbulence correlations in terms of the Reynolds stress 
components. The experimentally and computationally obtained results 
exhibit a high level of mutual agreement. The study captures a pro-
nounced increase in turbulence level during the impingement process, 
driven by the destabilizing effect of local streamline curvature result-
ing from the 90-degree deflection of the downward free jet into the 
radially spreading wall jet. The directional change of the flow stream 
causes the streamwise turbulence intensity component of the free jet to 
transfer into the wall-normal component within the impingement zone, 
thereby redistributing the turbulent kinetic energy into the streamwise 
Reynolds stress component in the wall-jet formation region. In the early 
development of the wall jet, the flow acceleration at its onset leads to an 
enhanced velocity gradient in the shear layer zone, which further inten-
sifies turbulence activity; subsequently, the turbulence levels associated 
with both the near-wall and shear-layer maxima exhibit a gradual 
decay. Although the results obtained at a Reynolds number of 10000 
and a nozzle-to-wall distance of 𝑧∕𝐷 = 2 may appear case-specific, the 
underlying flow physics and associated modeling challenges are repre-
sentative of a broader range of Reynolds numbers and nozzle-to-plate 
distances. In particular, the global flow characteristics — especially the 
intensity of the acceleration and deceleration processes in the immedi-
ate impingement region — remain similar, as they are governed by the 
curvature of the streamlines induced by jet deflection. This observation 
is consistent with the findings of complementary experimental and 
numerical studies by Cooper et al. (1993) and Craft et al. (1993), 
which demonstrate a high degree of qualitative similarity in the profiles 
of normalized mean velocity and turbulent quantities for round jet 
impingement configurations operating at different Reynolds numbers 
and nozzle-to-wall distances.

A substantial part of the study is devoted to the representation of 
Reynolds stress anisotropy using both Lumley’s anisotropy invariant 
theory and its barycentric mapping, thereby highlighting the character-
ization of turbulence states in terms of anisotropy parameterization. In 
addition to the spatial reproduction of the two-component parameter 𝐴
across its full value range within the computational domain, character-
istic anisotropy-dependent turbulence states are directly projected onto 
the physical flow field using the corresponding barycentric coloring. 
Accordingly, high close-to-unity values of the 𝐴 parameter, indicating 
weak anisotropy, are characteristic of immediate impingement zone as 
well as the shear layer regions separating the free and wall jets from the 
low-momentum surrounding flow. In general, the turbulence structure 
remains narrowly bounded between the two-component isotropic limit 
2𝐶 and the three-component, fully isotropic state 3𝐶, with most com-
putational data points clustered along the left boundary of the Reynolds 
stress anisotropy invariant map. This behavior reflects the axisymmetric 
contraction state of turbulence and is consistent with the negative val-
ues of the third invariant of the Reynolds stress anisotropy tensor. The 
growing imbalance among the individual Reynolds stress components 
from the wall-jet onset location at 𝑟∕𝐷 = 1 to the downstream position 
at 𝑟∕𝐷 = 2, within the near field of wall-jet development, is accompa-
nied by a pronounced increase in the near-wall peak of the wall-parallel 
stress component at a wall distance of 𝑧∕𝐷 ≈ 0.01 − 0.02, whereas 
the other components remain negligibly small. This evolution enhances 
the degree of anisotropy and reflects a turbulence state approaching 
the lower edge of the barycentric anisotropy triangle, which connects 
the 2𝐶 and 1𝐶 limiting states, thereby indicating a predominantly 
two-component anisotropic turbulence state in this region.
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Appendix. 2D interpretation of turbulence anisotropy

With reference to the discussion about considering the experimen-
tally determined flow fields in the turbulence anisotropy representation 
at the beginning of Section 5, this appendix presents a result related to 
the two-component anisotropy parameter 𝐴, which was obtained by 
taking into account the results of all three methods used. Accordingly, 
Fig.  A.15 shows the field of the quantity 1 − ‖𝑎𝑖𝑗‖𝐹 , where ‖𝑎𝑖𝑗‖𝐹
denotes the Frobenius norm of the two-dimensional Reynolds stress 
anisotropy tensor field (𝑎𝑖𝑗 )2𝐷. The corresponding 2D matrix comprises 
only the components active in the central vertical plane 𝑟 − 𝑧, namely 
𝑎𝑟𝑟, 𝑎𝑧𝑧, and 𝑎𝑟𝑧 (with 𝑎𝜃𝜃 = 0 and 𝑎𝑟𝑟 + 𝑎𝑧𝑧 = 0, resulting from 
the zero trace of the corresponding 2D matrix). It is recalled that, in 
the PIV data, regions of the flow field where reliable measurements 
cannot be obtained are masked out. This is due to the fact that only 
the jet itself is seeded with particles, and the flow structure at the 
nozzle exit is not confined by a plate, unlike in the simulations. The 
fields obtained using the different methods show a high level of mutual 
agreement and are consistent with the two-dimensional interpretation 
of the two-component anisotropy parameter 𝐴2𝐷, which qualitatively 
closely follows the result obtained when accounting for the three-
dimensional Reynolds stress anisotropy variation, as illustrated in Fig. 
13-left.
16 
Fig. A.15. This figure relates to the 𝐴2𝐷 two-component anisotropy parameter 
field, which is consistent with the corresponding variation of the Frobenius 
norm, 1 − ‖𝑎𝑖𝑗‖𝐹 , of the two-dimensional Reynolds stress anisotropy tensor 
field (𝑎𝑖𝑗 )2𝐷.
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Data will be made available on request.
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