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h i g h l i g h t s

• Detailed validation study of RANS turbulence models for impinging jets is performed.
• Reduced-scale particle image velocimetry measurements are used for comparison.
• Best overall performance for velocities is provided by realisable k − ε model.
• Best predictions of potential core length are shown by realisable and RNG k − ε model.
• The standard k − ε model provides the most accurate estimation of jet decay rate.
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a b s t r a c t

The numerical modelling of impinging jet flows is not straightforward as it should not only solve the
shear layer development in the free jet region, but also the near-wall behaviour (streamline curvature)
and the resulting wall jets after impingement. This study presents a validation study of steady Reynolds-
averaged Navier–Stokes turbulence models for predicting isothermal plane turbulent impinging jets at
two different slot Reynolds numbers, i.e. Re = 8,000 (case I) and Re = 13,000 (case II), based on 2D particle
image velocimetry measurements. In addition, an in-depth analysis of the results provided by the five
different turbulence models: standard k − ε (SKE), realisable k − ε (RKE), RNG k − ε, SST k − ω, and a
Reynolds stress model (RSM), is performed. The results show that: (1) for both Reynolds numbers the
best agreement with measured velocities and turbulent kinetic energy in the region near the jet nozzle
is achieved with SST; (2) the best predictions of potential core length are provided by RNG (case I) and
RKE (case II); (3) centreline distributions of velocities and turbulent kinetic energy are most accurately
predicted by RNG and RKE for case I, while for case II the best agreement with experimental data is
obtained by SKE and RNG; (4) the best overall performance for both cases in predicting velocities is
provided by RKE, and by RKE and RNG when considering turbulent kinetic energy; (5) all models more
accurately predict the jet spreading rate in the intermediate region than in the potential core region; (6)
for both Reynolds numbers SKE provides the most accurate estimation of jet decay rate.

© 2018 ElsevierMasson SAS. All rights reserved.

1. Introduction

Air curtains are used in many practical applications to separate
two environments in terms of heat andmass transfer, for example,
at entrances of buildings to reduce heat losses (e.g. [1–3]), in clean-
rooms and hospitals to prevent pollutant spreading (e.g. [4,5]),
inside buildings (e.g. [6]) and tunnels (e.g. [7]) to prevent smoke
propagation between two or more zones.

An air curtain can be represented by a plane turbulent imping-
ing jet (PTIJ) as schematically shown in Fig. 1. The jet consists

∗ Corresponding author.
E-mail address: a.khayrullina@tue.nl (A. Khayrullina).

of the following three distinctive flow regions (e.g. [8–10]): (1)
the potential core region with a centreline velocity more than or
equal to 98% of the inlet jet velocity (length of the potential core
region (hp) is generally 3wjet ≤ hp ≤ 8wjet , with wjet the width
of the nozzle from which the jet is issued), (2) the intermediate
region with decaying centreline velocity, including the transition
region from the potential core to the developed region, with self-
similar profiles for mean velocity and turbulence intensity, (3) the
impingement region, where the flow is influenced by the pressure
gradient created by the opposing impingement plate (height of the
impingement region hi ≈ (0.10–0.13)hjet , with hjet the distance
from the nozzle to the floor). The length of the potential core
(hp) is influenced by the turbulence intensity at the jet nozzle,
jet Reynolds number (Re), the shape of the jet nozzle and its

https://doi.org/10.1016/j.euromechflu.2018.10.003
0997-7546/© 2018 Elsevier Masson SAS. All rights reserved.
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Fig. 1. Structure of turbulent impinging jet.

aspect ratio (AR, which is the ratio of nozzle depth to width wjet )
(e.g. [9,10]). The height of the impingement region hi is found to be
slightly dependent on jet Reynolds number (e.g., [10]). However,
Maurel and Solliec [9] stated that the jet behaviour did not vary
with Reynolds number or jet height. A number of studies provided
correlations for jet velocity distributions within the intermediate
region (e.g. [11,12]) and near the impingement plate (e.g. [9]).

The scientific literature available on air curtains and plane im-
pinging jets can be divided into two categories: (1) application-
oriented studies on air curtains and (2) basic studies on plane
impinging air jets. Applied and basic studies can both be per-
formed experimentally (at full or reduced scale, on-site or in a
laboratory) and numerically, i.e. using computational fluid dynam-
ics (CFD). Application-oriented studies are generally focused on
the dimensioning of air curtains, determination of the air-curtain
efficiency by development of empirical formulae, and defining
the most influential parameters with respect to the air curtain
separation efficiency. Basic studies generally analyse the structure
of the jet, turbulence levels and vortical structures by means of
different measurement, visualisation and numerical techniques.
This paper focuses on the capability of steady Reynolds-averaged
Navier–Stokes (RANS) CFD simulations to predict plane turbulent
impinging jet flows. Table 1 provides a non-exhaustive overview
of previous numerical validation studies with the steady RANS
approach on PTIJs. This overview is used to define the novel con-
tribution of the present paper.

Modelling PTIJ involves solving the free shear layer within the
jet potential core and intermediate region, and the jet near-wall
behaviour in the impingement region. Seyedein et al. [13], Hey-
erichs and Pollard [14], Shi et al. [16], Habli et al. [29], Achari and
Das [26] and Moureh and Yataghene [28] and others questioned
the performance of the standard k−ε model (SKE) for PTIJ, while a
number of validation studies for free plane turbulent jets (i.e. with-
out impingement) showed a sufficient performance of steadyRANS
in combination with SKE (e.g. [20,30,31]). According to Le Song
and Prud’homme [19], Rhea et al. [22] and Kubacki et al. [32], the
Boussinesq relationship that uses the turbulent viscosity to relate
turbulent shear stresses and mean strain rate is responsible for
the inability of RANS models to accurately predict the turbulence
quantities in the free jet region and specifically close to the wall.
However, the performance of turbulence models can differ per
characteristic zone of a PTIJ (e.g. [33]). In addition, one turbulence
model can provide accurate predictions for one flow variablewhile

lacking accuracy in predicting another. For example, Aziz et al.
[31] found a better performance of SKE than RNG in predicting
the jet spreading rate, jet decay rate and velocity profiles of a free
plane turbulent jet, while the turbulent kinetic energy was only
accurately predicted by RNG. Angioletti et al. [18], Jaramillo et al.
[21] and Dutta et al. [25] indicated the absence of generality in
results for different studied cases of PTIJ due to different boundary
conditions and computational settings.

In spite of the rather large number of numerical studies on
PTIJs performed in the past, there is still a scarcity of validation
studies for PTIJ at moderate Reynolds numbers (i.e. 5000 < Re <
15,000) for a jet height larger than 10 jet nozzle widths, including
an evaluation of both mean velocity and turbulence intensity (see
Table 1). Moreover, most of the numerical studies on PTIJs only
focused on the jet impingement region. Furthermore, there is an
evident inconsistency in conclusions of validation studies on PTIJs.
Therefore, the aim of the present study is to validate steady RANS
CFD simulations of PTIJ flows with a jet height to width ratio of
hjet/wjet = 22.5 at twomoderate Reynolds numbers, i.e. Re= 8000
and Re= 13,000, based on 2Dparticle image velocimetry (PIV) data
for the whole vertical centreplane of the PTIJ. Section 2 provides
a short description of the experimental set-up. Section 3 contains
an overview of the computational model. The results of the CFD
simulations are presented in Section 4. Section 5 (discussion) and
Section 6 (conclusions) conclude this paper.

2. Reduced-scale PIV measurements

For validation purposes, isothermal reduced-scale experiments
of PTIJ flow are performed in a water channel, where a plane
jet is issued from a smoothly-shaped nozzle (Fig. 2). Hydrostatic
pressure is created by a water column and upstream of the noz-
zle, water flows through a conditioning section consisting of one
honeycomb and two screens in order to reduce lateral and longi-
tudinal turbulence intensity and themean velocity gradients (more
uniform flow). The Reynolds number is defined based on themean
streamwise velocity at the jet exit V0 and the jet nozzle widthwjet;

Re = (V0wjet )/ν, with ν the kinematic viscosity. In the experiment,
V0 is equal to 0.50 m/s and 0.81 m/s, corresponding to Re = 8000
and Re = 13,000, respectively. The jet is issued vertically on a
horizontal plate at a distance of hjet = 360 mm from the jet inlet.
The value ofwjet is equal to 16mm resulting in hjet/wjet = 22.5 and
the nozzle depth (dimension in spanwise direction; z direction) is
300 mm, resulting in a nozzle aspect ratio AR of 18.75.

For the PIVmeasurements, a 2D PIV system is used consisting of
a solid-state frequency-doubled Nd:Yag laser (wavelength 532 nm
and repetition rate 15 Hz) as a light source, and a charge coupled
device (CCD) camera (1600 x 1200 pixels resolution, up to 30
frames/s) for image recordings. The light sheet is delivered at the
bottom of the water channel by a set of mirrors and cylindrical
and spherical lenses. Seeding is provided by polyamide particles
(D = 50 µm, density ρs = 1030 kg/m3) added to the water.
Three sets ofmeasurements are performed,which focus on (Fig. 2):
(1) ROI1 — the entire measurement plane of (W x H = 192 x
360 mm2) (2) ROI2 — the region close to the jet nozzle (W x
H = 128 x 192mm2), and (3) ROI3— the impingement region (W x
H = 128 x 176 mm2). The PIV measurements provide information
on the mean velocities and turbulence intensities in the vertical
centreplane. More information on the experimental set-up and
measurement results can be found in Khayrullina et al. [34].

3. CFD simulations

3.1. Computational geometry and grid

The computational geometry (L x H x D = 1.0 × 0.36 x 0.15
m3) replicates one-fourth of the experimental setup described in
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Table 1
Overview of CFD studies with RANS on PTIJ.
Authors hjet /wjet Re Turb. model Inlet boundary condition Validation

parameters
Provided results

Jet region Impingement region

Seyedein et al. [13] 2.5–7.5 5000–10,000 LRKELS ,
LRKEC ,
LRKELB

Vel, k, ε P, Nu Vel P, Nu

Heyerichs and Pollard [14] 2.6 10,000 SKE, LRKE,
SKO

Vel, k, ε Nu Nu, C f

Chen et al. [15] 2–8 250–20,000 SKO Vel, k, ω Nu, Vel Vel Nu, Sh
Shi et al. [16] 2, 6, 12 1500–71,300 SKE, RSML Vel, I, l Nu Vel Nu

Park et al. [17] 0.5–4
9800

SKO Vel, k, ω Nu, Vel Vel Nu, C f16,400
25,100

Angioletti et al. [18] 4.5 1000–4000 RNG, RSML ,
SST

Vel, I Vel, Nu Vel Nu

Le Song and Prud’homme [19] 10 6000 URANS LRKE Vel, k, ε Vel, RMS Vel, k Vel, k
Isman et al. [20] 4–10 4000–12,000 SKE, RNG Vel, k, ε Nu k, ε, Nu
Jaramillo et al. [21] 4, 9.2 20,000 SKO, SKE Vel, k, ε Vel, RMS, Nu Vel, RMS Nu
Rhea et al. [22] 8 10,000 RSMD Vel, l Vel, RMS, Re

stresses
Vel, RMS Vel, RMS

Koseoglu and Baskaya [23] 2, 6, 12 10,000 LRKE Vel, k, ε Nu Nu

Kubacki and Dick [24] 4, 9.2, 10 13,500 WKO Vel, k, ω Vel, RMS, Re
stresses, C f , Nu

Vel, I, Re stresses Cf , Nu, Vel, k20,000

Dutta et al. [25] 4, 9.2 20,000 LRKE, RNG,
RKE, SKE,
SKO, SST, v2f

Vel, k, ε, ω, RMS Vel, RMS, Nu Vel, I Nu, Vel, I

Achari and Das [26] 4, 9.2 20,000 LRKE, SKE,
SKO

Vel, k, ε, ω Vel, RMS, I, P,
C f , Nu, T

Vel, RMS P, Cf , Nu

Benmouhoub and Mataoui [27] 8 10,000–25,000 RSML Vel, k, ε Vel, Nu Vel, T Nu
Moureh and Yataghene [28] 10 8000 SKE, RSMLR Vel, I, Re stresses Vel, RMS Vel, I, T

Table legend: WKO — k− ω byWilcox, LRKEC — Chien Low-Re k− ε, LRKELS — Launder and Sharma Low-Re k− ε, LRKELB — Lam–Bremhorst Low-Re k− ε, RSML — Launder
Reynolds stress model (RSM), RSMLR — Wilcox RSM, RSMD — Dianat RSM, v2f — normal velocity relaxation model of Durbin, Cf — skin friction coefficient, I — turbulence
intensity, l— turbulence length scale, k— turbulent kinetic energy, Nu— Nusselt number, P — surface pressure, RMS — RMS velocity distributions, Sh— Sherwood number,
T — temperature distributions, Vel — velocity distributions, ε — turbulence dissipation rate, ω — specific turbulence dissipation rate.

Fig. 2. Experimental set-up with indication of measurement regions of interest
(ROI) [34].

Khayrullina et al. [34] (Fig. 3). A symmetry boundary condition
with zero normal velocities and zero normal gradients of all vari-
ables is used to limit the computational costs, as the geometry
and time-averaged flow pattern are regarded to be symmetri-
cal. This assumption is successfully verified by comparison of the

results with those obtained from a simulation with the full do-
main (dimensions equal to experimental set-up). In addition, a 3D
computational geometry is chosen for this validation study, since
small but noticeable differences are observed between the results
from 3D and 2D simulations. The computational grid is created
by the surface-grid extrusion technique (e.g. [35]) resulting in a
structured hexahedral mesh for the water channel section and an
unstructured hexahedral mesh for the smoothly shaped nozzle. A
high spatial resolution is applied for the boundary layers (near the
nozzle surfaces and the impingement plate), in regions with high
velocity gradients at the jet nozzle (y = 0), and at the outlet of
the domain. The grid resolution is obtained from a grid-sensitivity
analysis using three different grids (see Section 3.4 for results)
with a grid-refinement factor of

√
2 in each direction; coarse

grid (1,003,696 cells), basic grid (2,809,800 cells) and fine grid
(7,915,275 cells). Across the computational inlet (half of the nozzle
width) 14, 20 and 28 cells are used for coarse, basic and fine grids,
respectively (Fig. 4). The dimensionless wall distances (y∗, average
values) for the coarse, basic and fine grids in the jet nozzle are equal
to 4, 2.5 and 1, respectively, while at the impingement plate they
are equal to 5, 1.25 and 0.5, respectively. The value of y∗ is defined
as y∗

= ρC1/4
µ k1/2P yP/µ with ρ the density of the fluid (water),

µ the dynamic viscosity, kP the turbulent kinetic energy in the
centre point P of the wall-adjacent cell, yP the distance from point
P to the wall, Cµ the model constant generally equal to 0.09 (exact
value depends on the used turbulence model). The low values of
y∗ (below 5) enable the use of low-Reynolds number modelling,
which implies resolving the flow in the immediate vicinity of the
wall including the thin viscous sublayer.

3.2. Boundary conditions

At the inlet of the computational domain a uniform jet exit
velocity in vertical direction of V0 = 0.085m/s and V0 = 0.138m/s
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Fig. 3. (a) Computational geometry with indication of boundary conditions. (b–d)
Computational grid near the: (b) smoothly-shaped nozzle; (c) impingement plate;
(d) outlet.

Fig. 4. Configurations of the computational grid with indication of the boundary
conditions and the number of cells over the half of the contraction width: coarse
(14 cells per inlet), middle (20 cells) and fine (28 cells).

is imposed, which lead to Re = 8000 (case I) and Re = 13,000 (case
II) at the nozzle exit, respectively. The turbulence intensity is set to
15%, which resulted in a turbulence intensity on the jet centreline
near the jet nozzle that corresponded to the measured values, and

the turbulence length scale l (= 0.07Lgap/C
3/4
µ ) is calculated based

on the opening size (Lgap = 1 mm) in the finest screen in the
conditioning section with Cµ equal to 0.09 [36]. At the outlet, zero
static gauge pressure is applied, whereas zero normal velocities
and zero normal gradients of all the variables are imposed at the
two symmetry planes. The remaining surfaces are modelled as no-
slip walls.

3.3. Solver settings

The 3D steady RANS equations are solvedwith ANSYS Fluent 16
[36] using five different turbulence models to provide closure: (1)
standard k − ε model (SKE) [37]; (2) realisable k − ε model (RKE)
[38]; (3) renormalisation group k − ε model (RNG) [39]; (4) shear
stress transport k−ωmodel (SST) [40]with low-Re corrections and
a limiter applied to the production of turbulent kinetic energy [41];
(5) linear pressure–strain Reynolds stress model (RSM) [42]. These
models are chosen due to their good performance in previous
PTIJ studies (see Section 1) and their common use in engineering
applications due to their good balance between computational
demand and accuracy (e.g. [43]). Moreover, these turbulencemod-
els represent models from two different groups: (1) first-order
closuremodels based on the Boussinesq eddy-viscosity hypothesis
(k − ε and k − ω models); and (2) second-order closure models;
i.e. Reynolds stress models (RSM).

All models utilise low-Re number modelling for near-wall re-
gions, which is possible due to the sufficiently low dimensionless
wall distances that are present (y∗ < 5, see Section 3.1).

Second-order upwind discretisation schemes are used for both
the convection and viscous terms of the governing equations,
pressure–velocity coupling is performed by the SIMPLEC algo-
rithm, and pressure interpolation is second order. Oscillatory con-
vergence of the scaled residuals is observed for RKE, RNG, SST and
RSM. Due to oscillations of the velocity magnitude observed at a
reference point on the jet centreline at y/hjet = 0.9 (see Fig. 5a),
the results of RKE, RNG, SST presented in the remainder of the
paper are averaged over a sufficient number of iterations (70,000–
100,000 iterations). The values of the cumulative moving average
(CMA) of velocitymagnitude in Fig. 5b show a steady behaviour for
all models meaning that the results are averaged over a sufficient
number of iterations.

3.4. Grid-sensitivity analysis

The grid-sensitivity analysis is conducted with RKE and SST for
case I (Re = 8000) with coarse (1,003,696 cells), basic (2,809,800
cells) and fine (7,915,275 cells) grids. The results of the grid-
sensitivity analysis are provided in Fig. 6; i.e. the centreline profiles
(x = 0, z = 0) of normalised jet velocity in the vertical direction
(V/V0). The grid-convergence index (GCI) by Roache [44,45] is
calculated for the basic grid, which is shown by shaded bounds in
Fig. 6, using:

GCIVbasic = FS

⏐⏐⏐⏐⏐⏐
rp

(
V basic

V0
−

V fine

V0

)
1 − rp

⏐⏐⏐⏐⏐⏐ (3.1)

with FS the safety factor equal to the recommended value of 1.25
when at least three grids are analysed, r the linear grid refinement
factor equal to

√
2, p the formal order of accuracy,which is assigned

the value of 2 as second-order discretisation schemes are used for
the simulations [45]. The requirement regarding theminimumgrid
refinement factor is not straightforward. Guidelines by Casey and
Wintergerste [46] stated the grid should be doubled twice in each
direction for grid-sensitivity analyses, resulting in r = 2. How-
ever, Roache [47] and Celik et al. [48] stated that for engineering
applications, an appropriate grid refinement factor should be at
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Fig. 5. (a) Velocity magnitude |V | monitored over number of iterations on the jet centreline at y/hjet = 0.9 for different turbulence models. (b) Cumulative moving average
of velocity magnitude at the same point. Note that the zeroth iteration corresponds to the iteration where the scaled residuals levelled off and started to oscillate.

least 1.3 and 1.1, respectively. In order to limit the increase in
computational demand per grid refinement, and to be in line with
the different aforementioned guidelines, the grid refinement factor
in this study is r =

√
2.

Fig. 6 shows that the results of the grid-sensitivity study vary
per turbulence model. The prediction of velocities by RKE is sen-
sitive to the grid resolution within the intermediate (0.2 < y/hjet
< 0.87) and the impingement (y/hjet ≥ 0.87) regions. However,
the results obtained with the basic and the fine grids are very
close to each other. The solution provided by SST shows a higher
sensitivity to the grid resolution for basic and fine grids in the
intermediate (0.35 < y/hjet < 0.87) jet region. The average values
of GCIV basic along the jet centreline are 1.0% and 4.3% for RKE and
SST, respectively. The maximum values of GCIV basic are 2.2% at
y/hjet = 0.55 for RKE and 9.7% at y/hjet = 0.89 for SST. Based
on this analysis it is concluded that the basic grid provides nearly
grid-independent results and it is therefore used in the remainder
of this study.

4. Results

4.1. Validation metrics

In order to provide a quantitative assessment of the perfor-
mance of different turbulence models the following validation
metrics are applied: the factor of 1.1 and 1.5 of the observations
(FAC1.1 and FAC1.5, respectively) and the correlation factor (R).
These metrics are calculated as follows:

FAC1.1 =
1
n

n∑
i=1

Ni with Ni =

{
1 for 0.91 ≤

Pi
Oi

≤ 1.1

0 else

}
(4.1)

FAC1.5 =
1
n

n∑
i=1

Ni with Ni =

{
1 for 0.67 ≤

Pi
Oi

≤ 1.5

0 else

}
(4.2)

R =

1
n

∑n
i=1 (Oi − [O]) (Pi − [P])

σPσO
(4.3)

with Pi and Oi the time-averaged values obtained from CFD sim-
ulations and PIV experiments, respectively, n the number of mea-
surement data points, σP and σO the standard deviation of Pi andOi,

respectively. The square brackets indicate averaging over all data
points. This study provides an analysis of 150 data points along the
jet centreline and50 cross-jet values per line (three lines), resulting
in a total number of 300 data points used in the analysis, which is
considered to be sufficient for this particular case. The number of
required data points depends on the flow pattern, flow complexity,
and aim of the study.

The values of FAC1.1 and FAC1.5 show the fraction of considered
data points, where the simulation results fall within a factor of
1.1 and 1.5 of the experimentally obtained values, respectively.
FAC1.1 and FAC1.5 provide a clear picture of randomly occurring
high or low differences betweenmeasured and predicted values of
characteristic flow quantities [49]. The values of R reflect the lin-
ear relationship between experimental and numerical results and
provide an overall assessment of model performance. However, it
can be influenced by a few either low or high outliers To the best
knowledge of the authors, the quantitative requirements regarding
model validation are available only for prediction of pollution
dispersion cases, e.g. Chang and Hanna [50] and Schatzmann et al.
[49], who used a threshold of FAC2 > 0.5 in the model assessment
for pollution dispersion predictions. In the present study, FAC 1.1
and FAC 1.5 are used in order to clearly illustrate the performance
differences between different RANS models.

4.2. Mean velocity and turbulent kinetic energy distributions near the
jet nozzle

Fig. 7 shows normalised time-averaged velocity magnitude
(|V |/V0) and turbulent kinetic energy (TKE; k/V 2

0 ) profiles near the
jet nozzle from the PIV measurements [34] and CFD simulations
of case I (Fig. 7a, b; Re = 8000) and case II (Fig. 7c, d; Re =

13,000). The distributions are taken at a distance of y = 2wjet
from the jet inlet. Note that the simulations are performed with
symmetry boundary conditions, therefore the results are reflected
in the jet centreline (x/wjet = 0). In the remainder of the paper, all
results will consist of the time-averaged measurement data from
PIV and the mean values from the steady RANS CFD simulations.
A quantitative comparison is made in Table 2 using the validation
metrics from Section 4.1.

Based on the velocity distributions provided in Fig. 7a, c and the
validation metrics provided in Table 2 the following observations
are made:

– For both cases, the distributions of velocities predicted by
the numerical simulations generally show a less clear top-hat
shape profile compared to the measured profiles, except for
the results from SST that most clearly represent the top-hat
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Fig. 6. Results of grid-sensitivity analysis: V/V0 along jet centreline. (a) RKE; (b) SST. Grey bounds indicate GCI index calculated for the basic grid.

Table 2
Validation metrics defined for cross-jet velocity distributions near the jet inlet at y = 2wjet .

Model Velocity magnitude at y = 2wjet Turbulent kinetic energy at y = 2wjet

Case I Case II Case I Case II

R FAC1.1 R FAC1.1 R FAC1.5 R FAC1.5

SKE 0.909 0.32 0.923 0.40 0.634 0.08 0.710 0.16
RKE 0.918 0.40 0.929 0.44 0.659 0.08 0.724 0.32
RNG 0.919 0.40 0.930 0.44 0.636 0.08 0.701 0.28
SST 0.947 0.36 0.951 0.36 0.741 0.40 0.800 0.44
RSM 0.919 0.32 0.929 0.32 0.662 0.08 0.720 0.20

Perfect performance 1 1 1 1 1 1 1 1

Fig. 7. Comparison of PIV results with results of steady RANS CFD simulations. Cross-jet profiles of: (a,c) normalised jet velocity magnitude (|V |/V0); (b,d) normalised
turbulent kinetic energy (k/V 2

0 ). (a,b) Case I (c,d) Case II. x/wjet = 0 corresponds to the jet centreline.

profile. The results of the validation studies by Berg et al. [30]
and Rhea et al. [22], who investigated SKE and RSM models,
respectively, are in line with this finding. The best agreement

with the measured velocities in this initial region based on R
is achieved with SST (R = 0.947 and 0.951 for cases I and II,
respectively) and the worst with SKE (R = 0.909 and 0.923
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for cases I and II, respectively). When considering FAC1.1, the
best agreement is obtainedwith RKE and RNG; FAC1.1= 0.40
and 0.44 for case I and case II, respectively, while the worst
agreement is for case I is obtained with SKE and RSM, and for
case II with RSM.

– For both cases the velocities in the outer jet region (0.5 <

|x|/wjet < 1) are overestimated by all the turbulence models.
– The ambient fluid starts to entrain the jet potential core at a

distance |x|/wjet from the jet centreline,where |V |/V0 = 0.98
[51]. In case I, |x|/wjet = 0.15 for SKE, |x|/wjet = 0.20 for RKE
and RNG, |x|/wjet = 0.30 for SST and |x|/wjet = 0.18 for RSM.
Note that in Fig. 7a the line for SKE overlaps with that of RKE
and RSM for |x|/wjet < 0.5. In case II, |x|/wjet = 0.23 for RKE
and RNG, |x|/wjet = 0.20 for SKE, |x|/wjet = 0.30 for SST and
|x|/wjet = 0.23 for RSM. The value obtained from PIV is equal
to |x|/wjet = 0.33 and 0.32 for cases I and II, respectively.

Fig. 7b, d shows three profiles of k/V0
2 (PIV-1, PIV-2, PIV-3) calcu-

lated using:

k/V 2
0 = 0.5(uRMS

2
+ vRMS

2
+ wRMS

2)/V0
2 (4.4)

with uRMS, vRMS, wRMS the lateral, streamwise and spanwise RMS
velocities, respectively. Due to the absence of the spanwise compo-
nent (wRMS

2) in the 2D PIV experiments by Khayrullina et al. [34],
its value needs to be estimated, which is done using the assump-
tions described in Table 3. The profile of PIV-1 uses the relation
between the centreline profiles of uRMS

2 and wRMS
2 provided by

Gutmark et al. [52];uRMS
2

= wRMS
2 on the jet centreline for y/hjet ≤

0.85. For y/hjet > 0.85 the values of wRMS
2 become slightly higher

than uRMS
2 (factor a is larger than 1), which can be explained by

vortex stretching along the impingement plate, which enhances
spanwise (wRMS) and streamwise (vRMS) velocity fluctuations. For
PIV-2, the spanwise component is equal to zero; for PIV-3 wRMS

2 is
assumed to be equal to the average of the lateral and streamwise
RMS velocities. Fig. 7b, d shows that:

– The CFD profiles of k/V 2
0 near the jet inlet correspond best

to the profile with the assumption that wRMS
2 is zero (PIV-

2). Therefore, only the results of PIV-2 are provided in the
remainder of the paper.

– SST provides the closest agreement (R = 0.741 and 0.8, and
FAC1.5 = 0.40 and 0.44 for cases I and II, respectively), es-
pecially within the jet potential core |x|/wjet < 0.3. SKE,
RKE, RNG and RSM underestimate k/V 2

0 in the shear layer
(0.3 < |x|/wjet < 0.75) and overestimate k/V 2

0 close to the
jet centreline (x/wjet = 0).

– The values of k/V 2
0 near the jet nozzle in the shear layer

are underestimated by CFD simulation compared to that of
experiments for both cases. For example, for case I (Fig. 7b)
SST provides a maximum value of k/V 2

0 = 0.028, while ex-
perimental data (PIV-2) shows a maximum of k/V 2

0 = 0.068.
Similarly, Rhea et al. [22] and Achari and Das [26] observed
underestimations of turbulent kinetic energy by k−ε models
in the shear layer, especially close to the inlet. Achari and Das
[26] demonstrated that the standard k − ω model provided
better predictions of turbulent kinetic energy near the inlet;
however, this turbulence model is not tested in the present
study.

– In both cases SKE shows the largest overestimation of k/V 2
0

within the jet potential core. For example, for case I (Fig. 7b),
SKE provides a maximum value of k/V 2

0 = 0.012, while the
experimental data show that k/V 2

0 approaches zero (k/V 2
0 ≈

0.0005) near the jet centreline (x/wjet = 0).

Table 3
Spanwise component wRMS

2 for TKE.
Profile name Spanwise component wRMS

2

PIV-1 y/hjet > 0.85: wRMS
2

= a(y)uRMS
2 a(y) — variable defined from

Gutmark et al. [52]y/hjet ≤ 0.85 : wRMS
2

= uRMS
2

PIV-2 wRMS
2

= 0

PIV-3 wRMS
2

= 0.5(uRMS
2
+ vRMS

2)

4.3. Centreline mean velocity and turbulent kinetic energy distribu-
tions

Fig. 8 shows V/V0 and k/V 2
0 along the jet centreline obtained

with different turbulence models.
For case I (Fig. 8a, b) the following observations are made:

– RNG and RKE accurately predict V/V0 along the jet centreline.
SKE underestimates V/V0 in the potential core and the be-
ginning of the intermediate jet region (0 < y/hjet < 0.5), and
accurately predicts V/V0 for y/hjet > 0.5. RSM is consistent
with the experimental data within 0 < y/hjet < 0.4, while it
overestimates V/V0 further downstream (y/hjet > 0.4). SST
overestimates V/V0 for y/hjet > 0.2.

– Values of k/V 2
0 within the jet potential core (0 < y/hjet <

0.2) are overestimated by SKE, RNG and RKE compared to the
experimental values.

– At the beginning of the intermediate jet region (0.2 < y/hjet
< 0.4), profiles of k/V 2

0 by RKE and RSM correspond well to
the experimental data.

– Within 0.60 < y/hjet < 1 all turbulence models overestimate
values of k/V 2

0 . In contrast, Rhea et al. [22] revealed some un-
derpredictions, particularly by RSM, of turbulence quantities
in the free and wall jet regions.

– The maximum experimentally obtained value of k/V 2
0 at the

centreline within the intermediate jet region occurs at y/hjet
≈ 0.53 and reaches k/V 2

0 ≈ 0.023. The location of this peak is
accurately predicted by RKE and RSM (y/hjet ≈ 0.52 and 0.53,
respectively), and their predicted values (k/V 2

0 = 0.019 and
0.018, respectively) provide the closest agreement with the
experimental data.

– The maximum experimentally obtained TKE in the jet im-
pingement region occurs at y/hjet ≈ 0.98 and is equal to
k/V 2

0 ≈ 0.020. SST estimates the maximum TKE near the
impingement region to be k/V 2

0 ≈ 0.024 at y/hjet ≈ 0.98,
which is close to the experimental data. The other models
overestimate the maximum value of TKE in the impingement
region.

A slightly different performance of the turbulence models is ob-
served for case II (Fig. 8c, d):

– RNG and SKE predict mean velocities that are consistent with
the experimental data, while RKE, SST and RSM overestimate
V/V0 in the intermediate jet region (0.3 < y/hjet < 0.9).

– Themaximummeasured value of k/V 2
0 at the centreline in the

intermediate region reaches k/V 2
0 ≈ 0.021 at y/hjet ≈ 0.55.

The location and magnitude of this peak is quite accurately
predicted by RNG, showing k/V 2

0 ≈ 0.021 at y/hjet ≈ 0.53.
– The maximum measured value of k/V 2

0 in the jet impinge-
ment region occurs at y/hjet ≈ 0.99 and is equal to k/V 2

0 ≈

0.022. The maximum value of k/V 2
0 near the impingement

region by SST is k/V 2
0 ≈ 0.024 at y/hjet ≈ 0.98, which

corresponds well to the value from PIV. The other models
again overpredict k/V 2

0 in the impingement region. Heyerichs
and Pollard [14] and Chen et al. [15] found that the standard
k − ω model could adequately predict turbulence levels in
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Table 4
Validation metrics for centreline distributions of velocity and turbulent kinetic
energy.
Model Centreline velocity Turbulent kinetic energy

Case I Case II Case I Case II

R FAC1.1 R FAC1.1 R FAC1.5 R FAC1.5

SKE 0.98 0.93 0.98 0.96 0.70 0.63 0.79 0.66
RKE 0.98 0.96 0.97 0.72 0.91 0.89 0.88 0.72
RNG 0.98 0.91 0.98 0.94 0.94 0.80 0.92 0.83
SST 0.96 0.37 0.96 0.36 0.68 0.53 0.81 0.51
RSM 0.97 0.72 0.97 0.55 0.78 0.91 0.79 0.64

Perfect performance 1 1 1 1 1 1 1 1

Table 5
Normalised length of the jet potential core hp/wjet .

Case I Case II

hp/wjet % difference hp/wjet % difference

PIV 4.85 4.85
SKE 2.76 −43 3.67 −24
RKE 3.80 −21 4.48 −8
RNG 4.48 −8 5.33 +10
SST 8.74 +80 8.41 +73
RSM 4.34 −10 5.91 +22

the stagnation zone.Moreover, Angioletti et al. [18] andDutta
et al. [25] stated that SST provided more reliable predictions
of turbulent kinetic energy in the stagnation region in their
particular case.

Table 4 shows the validation metrics for velocities and TKE
along the jet centreline, from which it can be concluded that RKE
and RNG show the best performance for predicting centreline
velocities for case I, while SKE and RNG show the best performance
for case II. RNG and RKE show the best agreement of centreline
distributions of k/V 2

0 for case I and case II.
The measured and predicted normalised length of the jet po-

tential core (hp/wjet ) for both cases are provided in Table 5. For
case I the best agreementwith experiments is provided byRNGand
RSM, resulting in an underestimation by 8% and 10%, respectively.
For case II, RKE underestimates the jet potential core length by 8%.
For both cases, SKE fails to predict the length of the potential core
due to excessive levels of TKE along the jet centreline and in the
shear layer near the jet nozzle, as shown in Figs. 7b, d and 8b, d. The
opposite behaviour is shown by SST, which underestimates values
of TKE on the jet centreline resulting in a substantially longer
potential core (+ 80% and+ 73% for case I and case II, respectively).
This finding is in line with the results from the study of Achari
and Das [26]. In contrast, Achari and Das [26] and Moureh and
Yataghene [28] revealed an overestimation of jet potential core by
SKE model, while the present study indicates an underestimation
of the potential core length (−43% and −24% for case I and case II,
respectively).

4.4. Cross-jetmean velocity and turbulent kinetic energy distributions

4.4.1. Case I
The cross-jet distributions of V/V0 and k/V 2

0 for case I are com-
pared at three different distances from the jet nozzle: y/wjet = 4,
y/wjet = 11.3 and y/wjet = 19.3. The validation metrics averaged
over these three distances are provided in Table 6 that indicates
that the results of RKE show overall the closest agreement with
the experimental data (R = 0.98 and FAC1.1 = 0.62 for velocities;
R = 0.95 and FAC1.5 = 0.75 for TKE).

Fig. 9a, b shows the cross-jet velocity and TKE profiles at y/wjet
= 4. The velocity profile of SST, which provides a close correspon-
dence to experimental data (R = 0.98 and FAC1.1 = 0.62), shows

Table 6
Validation metrics for cross-jet distributions of velocity and TKE for case I.
Model V /V0 k/V 2

0

R FAC1.1 R FAC1.5

SKE 0.97 0.56 0.92 0.52
RKE 0.98 0.62 0.95 0.75
RNG 0.97 0.56 0.94 0.66
SST 0.98 0.62 0.94 0.63
RSM 0.98 0.51 0.94 0.62

Perfect performance 1 1 1 1

Table 7
Validation metrics for cross-jet distributions of velocity and TKE for case II.
Model V /V0 k/V 2

0

R FAC1.1 R FAC1.5

SKE 0.97 0.42 0.92 0.64
RKE 0.97 0.43 0.94 0.68
RNG 0.97 0.42 0.91 0.71
SST 0.97 0.45 0.93 0.67
RSM 0.96 0.40 0.92 0.66

Perfect performance 1 1 1 1

less spreading of the jet than the other models (Fig. 9a). This is due
to the lower predicted levels of TKE by SST near the jet centreline
and in the shear layer, and therefore less intensive entrainment of
ambient fluid compared to the other models. The velocity profiles
of RKE, RNG and RSM are nearly identical. The jet potential core
predicted by SST runs until |x|/wjet = 0.2. RKE, RNG and RSM
provide a fairly accurate prediction of TKE within |x|/wjet < 0.3
(Fig. 9b),with a total average deviation of 38%, 22% and37%, respec-
tively. Fig. 9b also shows that SKE predicts the highest turbulence
levels among all the models within |x|/wjet < 1. The maximum
values of TKE in the shear layer reach k/V 2

0 ≈ 0.040 for SKE, which
correspondswell to the experimental value (k/V 2

0 ≈ 0.044). Fig. 9c,
d indicates that at y/wjet = 11.3 the cross-jet velocity profiles of
RKE nearly overlap with the measurement data for |x|/wjet < 1.
Fig. 9d shows that SKE provides the best correspondence to the
measured TKE profile for |x|/wjet < 1, while RKE provides the best
agreement for |x|/wjet > 1. The highest values in jet shear layer
(k/V 2

0 ≈ 0.032) are predicted by SST. Finally, Fig. 9e, f shows the
profiles at y/wjet = 19.3, which is at the end of the intermediate jet
region and at the beginning of the impingement region. The cross-
jet velocity profiles show a good overall correspondence to the PIV
measurements. The best agreement appears to be present for SKE
and RNG, followed by RKE (Fig. 9e). All models overestimate the
values of TKE, with a maximum value of k/V 2

0 ≈ 0.021 (SST), while
the measured maximum value is k/V 2

0 ≈ 0.016 (Fig. 9f).

4.4.2. Case II
The cross-jet distributions of V/V0 and k/V 2

0 for case II are
compared in this section. The results in Table 7 show that SST
provides the best agreement with experimental data for velocity
distributions (R = 0.97 and FAC1.1 = 0.45), while RKE shows the
best agreement with experimental data for TKE (R = 0.94 and
FAC1.5 = 0.68).

Fig. 10a, b shows the cross-jet profiles at y/wjet = 4. Again, SST
provides the best agreement with PIV experiments for the cross-
jet velocity distribution close to the inlet. All models overestimate
the values of k/V 2

0 , with maximum differences of 21% (SST) to 28%
(SKE). Themaximum values of TKE in the shear layer reach k/V 2

0 ≈

0.036 for SKE, which predicts the highest turbulence level among
all the models and deviates most from the experimental data
(maximum k/V 2

0 ≈ 0.028). Fig. 10c, d depicts the cross-jet profiles
of V/V 2

0 and k/V 2
0 aty/wjet = 11.3. The numerically obtained

cross-jet profiles of velocity do not show very large differences. As
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Fig. 8. Comparison of PIV results with results of steady RANS CFD simulations obtained along the jet centreline (x/wjet = 0): (a,c) normalised centreline velocity (V/V0);
(b,d) normalised turbulent kinetic energy (k/V 2

0 ). (a,b) Case I. (c,d) Case II. y/wjet = 0 corresponds to the jet nozzle.

for TKE, SST again provides the highest values in the shear layer
(maximum k/V 2

0 ≈ 0.030) and overestimates the experimentally
obtained values (maximum k/V 2

0 ≈ 0.025) by 20% in this region.
Finally, cross-jet profiles at y/wjet = 19.3 are shown in Fig. 10e,

f. SKE and RNG appear to provide the best agreement with the
measured velocity profile (Fig. 10e). SST and RNG provide the
highest values for TKE (maximum k/V 2

0 ≈ 0.02) and overestimate
the experimentally obtained values (maximum k/V 2

0 ≈ 0.018) by
11%, while SKE, RKE and RSM show a very good agreement (within
3%) (Fig. 10f).

4.5. Overall performance

As shown in previous sections, no single model shows the
best performance in predicting both mean velocities and TKE at
different distances from the jet inlet. The overall performance
(along jet centreline and three cross-jet profiles; in total 300 data
points) is provided in Table 8. The values provided are calculated
as mean values of R, FAC1.1 and FAC1.5 as provided in Tables 2, 4,
6 and 7. The values for case I and II are combined in these mean
values, however, separate values for mean velocities and TKE are
calculated, resulting in four values per model (R and FAC1.1 for
velocity and R and FAC1.5 for TKE).

The results show that SST provides the best agreement with
experimental data for mean velocity distributions when consider-
ing the R value (R = 0.966), although differences in R values with
the other models are small. However, SST predicts only 46.6% of
the considered mean velocities within a factor of 1.1 (FAC1.1 =

0.468). Hence, based on both R and FAC1.1, RKE provides the best
agreement with experimental data for mean velocities (R = 0.964

Table 8
Overall validation metrics for distributions of velocity and TKE (cases I and II
combined).
Model Velocity Turbulent kinetic energy

R FAC1.1 R FAC1.5

SKE 0.961 0.553 0.833 0.502
RKE 0.964 0.567 0.883 0.554
RNG 0.963 0.564 0.873 0.612
SST 0.966 0.468 0.863 0.545
RSM 0.961 0.464 0.851 0.486

Perfect performance 1 1 1 1

and FAC1.1 = 0.567). RKE and RNG provide the best agreement
with the measured TKE (R = 0.883 and FAC1.1 = 0.554 for RKE,
R = 0.873 and FAC1.1 = 0.612 for RNG). Note that the differences
in performance between the models are small.

4.6. Spatial distribution of mean velocity and vector plots

Figs. 11 and 12 show spatial distribution of |V |/V0 and themean
velocity vectors in the vertical centreplane for case I and case II,
respectively. Thewhite areas at the top and bottomparts of Fig. 11a
and Fig. 12a indicate zones where erroneous measurement data
due to obstructions and reflections are omitted. The development
of the jet half-width is indicated by dashed white lines. The slope
of these lines is used to characterise the jet spreading rate Ky =

dδ0.5/dy [53]. The values of Ky are defined separately for the poten-
tial core and the intermediate jet regions and are listed in Table 9.
Fig. 10e clearly shows less intensive jet spreading for SST compared
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Fig. 9. Cross-jet profiles for case I of normalised streamwise velocity V/V0 (a,c,e) and turbulent kinetic energy k/V 2
0 (b,d,f) at: (a,b) y/wjet = 4; (c,d) y/wjet = 11.3; (e,f) y/wjet

= 19.3.

to the other models. However, the jet spreading rate within the in-
termediate region for SST differs only by 2% and 7% from the value
from the PIV experiments for cases I and II, respectively (Table 9).
However, note that the spreading rate in the intermediate region
canbe similarwhile the localwidth of the jet at the beginning of the
intermediate region is different due to different jet spreading rates
in the potential core region. The substantial difference between
the values of jet spreading rate for the potential core region and
the intermediate jet region for SST (Table 9) is caused by a steep
growth of TKE at y/hjet > 0.35,which is depicted in Fig. 8b, d, due to
the entrainment of ambient fluid into the jet. The experimentally
obtained values for the potential core region are Ky = 0.05 and
Ky = 0.04, for case I and case II, respectively. SKE provides the
closest agreement for jet spreading rate within the jet potential
core for both cases (Ky = 0.04 and 0.03, corresponding to a 22%
and 20% difference, for case I and II, respectively). Similarly, Aziz
et al. [31] showed that SKE outperformed RNG in predicting jet
spreading rate. The spreading rate within the jet potential core for
case II predicted by the other models differs with 33% to 58% from
the experimental data. All the models provide a good agreement
with the experiments within the intermediate jet region for both
cases(Ky = 0.10). Largest differences are present for RSM and RNG
for case I, with predictions that deviate by 16% and 21% (Table 9).

Experimental studies for free plane turbulent jets with side-
walls in the range of Re = 6000–16,000 (e.g. [51,54–59]) reported
values of Ky in the range from0.05 to 0.11 for the potential core and
intermediate jet regions. The jet spreading rates in the potential

core region as calculated by the steady RANS CFD simulations
are lower than those from the PIV measurements (case I: 0.05,
case II: 0.04), and thus also lower than the values reported in
other experimental studies. Achari and Das [26] attributed the
underestimation of jet spreading rate as predicted by k− ε models
to a lower entrainment from surrounding stagnant fluid towards
the jet centreline compared towhat was found in the experiments.

Table 10 shows the values of the jet decay rate Ku, defined as
Ku = (V0/V )2/((y−y0)/wjet ), with y0 the vertical distance between
jet nozzle and the kinematic virtual jet origin. The experimentally
obtained values are Ku = 0.15 and Ku = 0.14, for case I and case
II, respectively. For case I, SKE and RNG accurately predict the jet
decay rate within the intermediate jet region (Ku = 0.15), and for
case II SKE provides an accurate prediction as well (Ku = 0.14).
This observation is in line with Aziz et al. [31], who found that SKE
predicted jet decay rate more accurately than RNG. For both cases
the values of jet decay rate are significantly overestimated by SST
(Ku = 0.18), and underestimated by RSM (Ku = 0.12 and Ku = 0.10
for case I and case II, respectively). The overestimation of Ku by SST
can also be observed in Fig. 8, in which large velocity gradients in
the streamwise direction are present for y/hjet > 0.4. In previous
experimental studies of free plane turbulent jets with sidewalls,
with Re = 6000–16,000 (e.g. [51,54–57,59,60]), a range of values
of Ku from 0.11 to 0.22 was reported, which encompasses both the
experimental and numerical values obtained in the present study.
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Fig. 10. Cross-jet profiles for case II of normalised streamwise velocity V/V0 (a,c,e) and turbulent kinetic energy k/V 2
0 (b,d,f) at: (a,b) y/wjet = 4; (c,d) y/wjet = 11.3; (e,f)

y/wjet = 19.3.

Table 9
Spreading rates Ky for the potential core region and intermediate region.

Case I Case II

Potential core region % difference Intermediate region % difference Potential core region % difference Intermediate region % difference

PIV 0.05 0.10 0.04 0.10
SKE 0.04 −22 0.11 +9 0.03 −20 0.10 +4
RKE 0.03 −46 0.09 −8 0.02 −40 0.10 −3
RNG 0.03 −48 0.12 +16 0.02 −43 0.11 +8
SST 0.01 −72 0.10 −2 0.02 −58 0.09 −7
RSM 0.03 −40 0.08 −21 0.03 −33 0.10 +4

Table 10
The jet decay rate Ku for intermediate jet region.

Case I Case II

Intermediate % difference Intermediate % difference

PIV 0.15 0.14
SKE 0.15 0 0.14 −2
RKE 0.18 +19 0.13 −9
RNG 0.15 +1 0.17 +20
SST 0.18 +23 0.18 +30
RSM 0.12 −21 0.10 −31

4.7. Production of turbulent kinetic energy

In order to support the discussion on differences between re-
sults provided by the different turbulence models, cross-jet pro-
files of the production of turbulent kinetic energy per unit volume
(Gk = ρPk, with ρ the density and Pk the production of turbulent
kinetic energy per unit mass) are depicted at two distances from
the jet nozzle; i.e. at y/wjet = 0.1 and y/wjet = 2, for cases I and
II in Fig. 13. At y/wjet = 0.1, there is a clear difference in predicted
values of Gk in the shear layer of the jet; the highest levels are
predicted by SKE, RKE and RNG and the lowest levels are present
for SST. The maximum values of Gk for case I are located in the
shear layer and range from 250 kg/ms3 for SST to 2510 kg/ms3 for
SKE (Fig. 13a) at y/wjet = 0.1, while they are reduced to about
210 kg/ms3 for SST and around 190 kg/ms3 for the other models at
y/wjet = 2 (Fig. 13b). For case II, the maximum values in the shear
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Fig. 11. Spatial distributions of dimensionless velocity magnitude (|V |/V0) for case I (Re = 8000): (a) PIV measurements; (b–f) steady RANS CFD simulations: (b) SKE; (c)
RKE; (d) RNG; (e) SST; (f) RSM.

layer range from 1160 kg/ms3 for SST to 10,340 kg/ms3 for SKE
(Fig. 13c). At y/wjet = 2, the values of Gk for all models decreased
to around 800 kg/ms3 in the shear layer with the highest values for
SST (980 kg/ms3) (Fig. 13d).

The excessive production of TKE in the initial shear layer by
SKE explains the highest entrainment and largest jet spreading rate
within the jet potential core, resulting in a shorter potential core
region (see Table 4). On the contrary, near the jet nozzle, the lowest
levels of Gk are present for SST, resulting in a lower spreading
rate within the jet potential core region and an extended potential
core length (see Table 4). The production term can be regarded as
an important factor in the prediction of the mean velocities and
turbulence levels in impinging jets by steady RANS, as studied in
this paper.

5. Discussion and future work

This paper presented the results of a validation study of a PTIJ at
Re= 8000 and Re= 13,000. The results obtained from steady RANS
CFD simulations with the SKE, RKE, RNG, SST and RSM turbulence
models were compared with experimental data of Khayrullina
et al. [34].

5.1. Differences in turbulence model performance

The substantial differences in turbulence model performance
as described in Section 4 are – among others – caused by dif-
ferent formulations for the eddy viscosity µt . The k − ε models
utilise the equation relating µt to turbulent kinetic energy k and
its dissipation rate ε, and applying a model constant or variable
Cµ representing an empirical ratio of Reynolds shear stresses to
turbulent kinetic energy (e.g. [61]).While SKE andRNGuse amodel
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Fig. 12. Spatial distributions of dimensionless velocity magnitude (|V |/V0) for case II (Re = 13,000): (a) PIV measurements; (b–f) steady RANS CFD simulations: (b) SKE; (c)
RKE; (d) RNG; (e) SST; (f) RSM.

constant Cµ, RKE uses a model variable Cµ, which depends on the
deformation of mean flow (strain) and turbulent kinetic energy
and its dissipation in the flow (terms k and ε). The SST model
employed uses a modified eddy-viscosity formulation to account
for transport effects of the turbulent shear stress near walls by
applying a limiter to the eddy-viscosity formulation. In addition,
a turbulence damping term is introduced in the ω equation. Please
note that SST also utilises a limiter applied to the production of
turbulent kinetic energy, as mentioned in Section 3.3.

Furthermore, the production termGk is treateddifferently in the
transport equations of different turbulence models. The values of
Gk near the jet nozzle are presented in Section 4.7. SKE, RKE and
RNG utilise a simplified production term based on the Boussinesq
relationship, which relates the Reynolds (turbulent shear) stresses
to the mean strain rate using the turbulent viscosity, resulting
in the inability to accurately predict an anisotropic distribution
of Reynolds stresses due to the assumption that the turbulence

viscosity is an isotropic scalar quantity, which is not always the
case. The Boussinesq relationship is known for overestimation of k
in the impingement jet region (e.g., [61–64]). In the current study,
too high levels of turbulence are exhibited in the impingement
region by the k − ε models, as expected based on literature.
The lower values of turbulent kinetic energy in the impingement
region obtained with SST, compared to the results of other eddy-
viscosity models, can be explained by the limiting term applied in
the equation for the production of turbulent kinetic energy. As for
RSM, the linear pressure–strain model used in this study is known
for the overestimation of k in the impingement region due to the
erroneous redistribution of normal stresses in the impingement
regions by the wall-reflection term applied to the pressure–strain
equation (e.g., [62,63]).
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Fig. 13. Production of turbulent kinetic energy Gk at: (a,c) y/wjet = 0.1; (b,d) y/wjet = 2. (a,b) Case I (c,d) Case II.

5.2. Applicability of considered RANS models in application studies

As mentioned before, RANS models are commonly used in en-
gineering applications due to their good balance between compu-
tational demand and accuracy. The current paper showed that RKE
and RNGmodels accurately predicted the general jet flow patterns
and characteristics. Therefore, it is expected that moderate errors
from these predictions will not have a significant impact on appli-
cation case results. However, if the focus of engineering studies lies
in the impingement region (e.g., heat or mass transfer particularly
in this region) some discrepancies near the impingement plate are
expected. Furthermore, realistic cases involve a large number of
external processes influencing the jet flow, e.g. pressure gradient
across the jet due to, for example, wind and temperature differ-
ences between two sides of the jet. Here, turbulencemodels should
be able to accurately predict these physical processes aswell as the
jet flow.

5.3. Future work

The current study showed that RANS was not able to accurately
predict turbulence levels in the shear layer, especially near the inlet
region and in the impingement region. The latter is known to be a
complex flow region, where the effect of anisotropy of turbulent
fluctuations and streamline curvature are pronounced (e.g. [28]).
The accuracy of numerical predictions in these regions will benefit
fromLES (e.g. [32]).Moreover, temporal flow features, including jet
flapping, development of vortical structures in the shear layers, etc.
can be solved by LES (e.g. [19,65]). However, LES will require high-
resolution grids throughout the flow domain, which would in-
crease the computational demand substantially; a hybrid unsteady
RANS–LES (URANS–LES) approach might therefore be a good com-
promise between computational demand and increased prediction
accuracy. Hybrid URANS–LES can couple a URANS model in the
near-wall region with LES for the outer flow, reducing the need for
a very fine near-wall grid to resolve the small-scale eddies near
the wall when a full LES would be performed (e.g. [66]). Therefore,
future work will include an elaboration of hybrid URANS–LES
models.

In addition, the observed oscillatory convergence of the resid-
uals and resolved parameters near the impingement plate could
suggest the application of URANS, LES, and hybrid URANS–LES
models. Furthermore, the present study can be extended by
analysing the development of the wall jet near the impingement
plate. Finally, the application of non-linear eddy-viscosity models
and, for example, the v2

− f model, which utilises a depen-
dency of turbulent viscosity on the velocity scale v2 and over-
comes the problem of inaccurate prediction of near-wall turbu-
lence anisotropy by the linear eddy-viscosity models (i.e. k − ε

and k − ω models), can be worthwhile to improve the prediction
accuracy in the impingement region [67,68], without having to
resort to LES or hybrid RANS–LES methods.

6. Conclusions and recommendations

The aim of the present study is the validation of steady RANS
CFD simulations of PTIJ flows with a jet height to width ratio of
hjet/wjet = 22.5 at Re = 8000 and 13,000 based on 2D PIV experi-
mental data for the whole vertical centreplane of the PTIJ. Previous
numerical studies on PTIJ showed inconsistencies in conclusions
regarding the performance of turbulence models. Moreover, there
is still a scarcity of basic studies on PTIJ at moderate Reynolds
numbers for a jet height larger than 10 jet nozzle widths, including
an evaluation of mean velocity and turbulence intensity over the
entire height of the impinging jet.

Numerically predicted distributions of mean velocity and tur-
bulent kinetic energy were compared with experimental data
along both the jet centreline and several cross-jet lines in lateral
direction. Furthermore, the production of turbulent kinetic energy
in the jet potential core region near the jet nozzle was analysed.

Themost important findings of this study regarding the applica-
bility of steady RANSmodels to predict isothermal plane turbulent
jets at Re = 8000 (case I) and 13,000 (case II) are:

– For both cases the best agreement with measured mean ve-
locity and turbulent kinetic energy in the region near the jet
nozzle is achieved with SST.

– For case I, the best correspondence in potential core length
is provided by RNG, which underestimates the experimental
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value by 8%. For case II, RKE underestimates the experimental
jet potential core length by 8%, providing the closest agree-
ment with experimental data.

– Validationmetrics show that centreline distributions ofmean
velocity and turbulent kinetic energy are most accurately
predicted by RNG and RKE for case I, while for case II the best
agreement with experimental data is obtained by SKE and
RNG. For both cases, the peaks of TKE in the jet impingement
region are most accurately predicted by SST.

– Based on the overall validation metrics the best performance
in predicting mean velocity for both cases is provided by RKE
and in predicting turbulent kinetic energy by RKE and RNG.

– All the models, except RSM, provide a good agreement with
the experimental values of jet spreading rate within the in-
termediate jet region for both cases.

– For case I, SKE and RNG accurately predict the jet decay rate
within the intermediate region and for case II SKE provides
the most accurate estimation as well.

– For several of the lines of analysis considered, the differ-
ences in validation metrics between the considered turbu-
lence models are negligibly small. Therefore, based on these
metrics, it is difficult to draw general straightforward conclu-
sions regarding the best performing RANS turbulence model
for predicting PTIJs.

Based on the results of this study the following recommenda-
tions can be made with respect to the performance of the different
RANS turbulence models:

– RKE and RNG are suitable for the prediction of jet flow in
general. SKE should not be used due to erroneous profiles of
turbulent kinetic energy on the jet centreline, especially near
the jet nozzle.

– SKE is able to quantify the jet decay rate.
– SST is able to quantify jet spreading rate in the jet intermedi-

ate region.
– RNG and RKE are able to quantify the potential core lengths.

SST should not be used due to overestimation of this length.
– Only SST is able to fairly accurately predict turbulent kinetic

energy in the impingement zone.

Overall, RANS models are suitable to assess general flow charac-
teristics such as jet spreading rate, jet decay rate and estimating of
potential core region. These quantities are relevant, for example, in
prediction of heat andmass transfer through air curtains. However,
steady RANS models are not suitable for basic research focusing
on the effect of transient flow features (jet flapping, development
and advection of vertical structures, etc.), and are in general less
suitable for a detailed analysis of the impingement region.
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