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obtained on the jet dynamics, the data will be useful for the 
validation of numerical simulations.

1  Introduction

Plane impinging jets at moderate-to-high Reynolds num-
bers (i.e., turbulent jets) are used in a wide range of appli-
cations. A typical example in building engineering is an air 
curtain, which can be used to separate two environments in 
terms of heat and mass transfer, for example, in laborato-
ries to reduce contamination hazard or in operating thea-
tres. The separation efficiency of plane turbulent impinging 
jets (PTIJs) when used as an air curtain depends on a wide 
range of parameters. On the one hand, these include the 
environmental parameters such as air temperature differ-
ences and pressure differences over the air curtain. On the 
other hand, they include the jet parameters that influence 
the vortex structures in the jet and the entrainment process, 
such as the jet Reynolds number, the turbulence intensity, 
and the jet temperature relative to the ambient temperature.

The existing literature on PTIJs and air curtains can be 
divided into two clear categories: (1) basic studies on PTIJs 
and (2) application-oriented studies on air curtains, both 
of which can be performed experimentally and numeri-
cally [e.g., using computational fluid dynamics (CFD)]. 
Basic studies on PTIJs are important to gain a better basic 
understanding of the jet dynamics, which can then be uti-
lised to improve their performance in applications such as 
air curtains.

A range of basic experimental studies on PTIJs have 
been published in the past decades. These studies generally 
analyse the structure of the jet and the behaviour of turbu-
lent vortical structures by means of different measurement 
and visualisation techniques. In the following, an overview 
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of previous experimental studies is provided, from which 
the objectives of the present study are derived.

An extensive body of the literature exists on the jet 
dynamics in the impingement region of the jet. Gardon and 
Akfirat (1965) applied a transducer based on the operating 
principle of thermocouples to investigate heat transfer at a 
plane subjected to a plane impinging jet. They also provided 
velocities and turbulence intensities along the centreline of 
the jet for Re = 5500 obtained by hot-wire anemometry. 
The focus of their work was on characterising the Nusselt 
numbers and pressure coefficients (measured by pressure 
taps) at the impingement plane for Re ranging from 450 to 
28,000 and jet height-to-width ratios γ = hjet/wjet ranging 
from γ = 2–80, with hjet the jet height and wjet the jet width. 
They showed the influence of inlet jet velocity and turbu-
lence intensity on heat transfer at the impingement plane. 
Gardon and Akfirat (1965) suggested that the nozzle con-
figuration becomes less influential for jet heights larger than 
8 jet widths. Korger and Krizek (1966) used naphthalene 
sublimation to study jet impingement for Re between 6000 
and 37,800 and γ = 0.25–40. Their experiments provided 
values for the mass transfer coefficients at the impinge-
ment plane. The maximum mass transfer coefficients on 
the jet centreline occurred for jets with γ = 8–9. Cartwright 
and Russell (1967) employed thermocouples to analyse the 
evolution of the wall jet along the impingement plane and 
provided pressure distributions and heat transfer character-
istics on the impingement plane for jets with Re between 
25,000 and 110,000 and γ = 8–47. They also showed that 
maximum heat transfer for jets with Re ≤ 51,000 occurred 
at the stagnation point, while for Re > 51,000 the maximum 
heat transfer lied at some distance from stagnation point. 
They analysed existing correlations for wall jet heat transfer 
and assessed their applicability based on the measurement 
results. This analysis showed that these correlations were 
accurate for the developed wall jet formed after jet impinge-
ment. However, it failed to accurately predict heat transfer 
near the stagnation point due to the high level of turbulence 
in this region. They also emphasised the influence of jet 
turbulence on augmented heat transfer in the impingement 
region. Ashforth-Frost et al. (1997) used hot-wire anemom-
etry to analyse PTIJs with Re = 20,000 and γ up to 9.2 with 
focus on the near-wall region. They compared the results 
for an unconfined configuration with a semi-confined con-
figuration and revealed the influence of the horizontal con-
fining plane adjacent to the jet nozzle. The results showed a 
decrease in entrainment and jet spreading, and an increase 
of the potential core length for the semi-confined configu-
ration. Beitelmal et al. (2000, 2006) employed thermocou-
ples to study the heat transfer in the impingement region for 
Re between 4000 and 12,000 and γ = 2–12. By comparing 
their experimental data with other studies on heat transfer 
at the impingement plane, they noted the importance of 

inlet turbulence parameters at the jet nozzle on the results. 
Zhou and Lee (2007) used thermocouples for PTIJ at Re 
ranging from 2715 to 25,005 and γ = 1–30 to analyse the 
influence of Re and hjet on heat transfer at the impingement 
plane. They showed that for situations where the impinge-
ment plane is situated beyond the potential core region, the 
heat transfer between the impinging jet and the impinge-
ment plane appeared to be mainly governed by the turbu-
lence intensity.

Another group of studies examined the whole jet flow 
field, i.e., over the entire height of the jet. Gutmark et  al. 
(1978) applied hot-wire anemometry at the centreline of a 
PTIJ at Re = 30,000 and γ = 100. They observed an influence 
of the impingement plane on the jet development starting at 
a distance of 0.75hjet from the nozzle. Yoshida et al. (1990) 
examined the turbulence characteristics and heat transfer of 
a PTIJ with Re = 10,000 using laser Doppler anemometry 
(LDA) and thermocouples for γ = 8. They observed a steep 
increase in turbulence intensity and heat transfer near the 
stagnation point. Guyonnaud et  al. (2000) used hot-wire 
anemometers, pressure sensors, and smoke visualisations 
for an analysis of a bending PTIJ (33,000 ≤ Re ≤ 66,000, 
γ = 12) separating environments with different ambient 
pressures. The authors provided a detailed description 
of the physics of the jet and its general structure. Maurel 
and Solliec (2001) performed experiments on PTIJs with 
Re = 13,500 and Re = 27,000 and γ = 5–50, impinging per-
pendicularly on a flat plate from a variable distance. The 
structure of the jet was analysed by LDA along the whole 
jet height and by particle image velocimetry (PIV) in the 
impingement region. The study provided centreline velocity 
distributions, instantaneous velocity and vorticity fields and 
Reynolds stresses along the jet centreline and along vertical 
lines at some distance from the centreline. They concluded 
that the height of the impingement region constitutes 
12–13% of the total jet height, regardless of Reynolds num-
ber, nozzle width or jet height. They defined velocity laws 
for each of the three characteristic jet regions: the potential 
core, with length of about 3–4 jet widths, the intermediate 
region and the impingement region. The study of Sakak-
ibara et al. (2001) provided an extensive analysis of vortical 
structures occurring in a periodically forced impinging jet 
at Re = 2000 and γ = 8 using digital PIV (DPIV). The study 
showed the presence of ‘wall ribs’, organised vortices along 
the impingement plane in the lateral direction of the jet. 
They questioned whether these wall ribs are formed in the 
boundary layer close to the impingement plane or already 
upstream of the impingement plane. They highlighted that 
these wall ribs are enhanced and might be sustained by 
vorticity upstream of the impingement region. Moreover, 
the authors observed so-called ‘cross ribs’, existing only in 
forced impinging jets that are responsible for an increase 
of the intensity of wall ribs. Loubière and Pavageau 
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(2008) investigated the vortical structures occurring in 
a double PTIJ formed by a splitting plate at the nozzle 
(Re = 20,000–140,000, γ = 10) using PIV with focus on the 
impingement region. They showed that these vortical struc-
tures are responsible for significant mass transfer across 
the jet stream. It was found that most of the vortical struc-
tures were concentrated in the impingement region, and the 
authors suggested that shape and size of these structures 
are primarily influenced by flow curvature caused by the 
impingement plane, and that this curvature is mainly deter-
mined by the jet height. The study by Koched et al. (2011) 
focused on wall ribs in the impingement region for water 
jets with 3000 ≤ Re ≤ 16,000 and γ = 10. They found that 
the length of the potential core depends on Re and reaches 
a maximum of three jet widths, which complies with previ-
ous studies. The impingement region height is found to be 
slightly dependent on Re and equal to 10 and 13% of the 
total jet height for Re = 3000 and Re = 16,000, respectively. 
The amount and size of the observed vortical structures are 
also slightly dependent on Re; they occur in a wide range 
of length scales and their shape is mainly elliptical, and the 
amount of clockwise vortices is proportional to the amount 
of counterclockwise vortices.

The aforementioned studies all highlighted the exist-
ence of vortical structures in the jet flow, their role in the 
dissipation of jet energy to the ambient environment, and 
the existence of 3D vortices in the impingement region, in 
which thermal energy can be exchanged between the jet 
and the impingement surface.

In spite of this rather large number of experimen-
tal studies on PTIJs performed in the past, there is still a 
scarcity of detailed and high-quality experimental data 
on PTIJs at moderate Reynolds numbers and a jet height 
larger than 10 jet widths, including an evaluation of mean 
and instantaneous velocity, turbulence intensity, Reynolds 
shear stress, and vorticity. Although Maurel and Solliec 
(2001) performed a similar study for a large extent of jet 
heights (5–50 jet widths), their experiments only provided 
point measurements of velocities and Reynolds stresses 
for Re = 13,500 and 27,000; while their PIV measure-
ments were only conducted near the impingement region 
and were used to describe the vorticity field in this region. 
Therefore, the aim of the present study is to provide experi-
mental data based on 2D PIV for the whole vertical centre-
plane of the PTIJ. The jet Reynolds number ranges from 
7200 to 13,500 and two different jet widths are studied: (1) 
jet width of 16 mm and γ = hjet/wjet = 22.5 and (2) jet width 
of 8 mm and γ = 45. Both instantaneous and time-averaged 
results are presented. Section 2 provides a short description 
of the experimental set-up, Sect.  3 contains results of the 
flow visualisations and the results of the PIV measurements 
are presented in Sect. 4. Section 5 (discussion) and Sect. 6 
(conclusions) conclude this paper.

2 � Experimental setup

The isothermal PTIJ is generated in a water channel by issu-
ing from a smoothly-shaped nozzle with a rectangular sec-
tion upstream of the jet inlet (Fig. 1). The hydrostatic pres-
sure driving the flow is exerted by a water column with a 
conditioning section consisting of one honeycomb and two 
screens to reduce lateral and longitudinal turbulence inten-
sity. Water was chosen as working fluid, because it allowed 
to reach the moderate Reynolds numbers under study with-
out a too large setup and the related required large field of 
view for the PIV measurements. The water jet is dynami-
cally similar (equal Reynolds number) with air curtains in 
full scale. The streamwise inlet velocity V0 at the end of 
the rectangular section downstream of the smoothly-shaped 
contraction and the jet width wjet at the inlet determine the 
jet Reynolds number (Re = V0wjet/ν, with ν the kinematic 
viscosity). In this experiment, the jet inlet velocity corre-
sponds to jet Reynolds numbers Re = 7200–13,500. The 
jet is issued vertically on a horizontal plate at a distance of 
hjet = 360 mm. The jet width wjet is equal to 8 and 16 mm 
and the nozzle depth (dimension in spanwise direction) is 
300  mm, resulting in nozzle aspect ratios (AR, which is 
the ratio of nozzle depth to width wjet) of 37.50 and 18.75, 
respectively. Due to the obstructing horizontal beam of the 
water channel, the visible part of the jet is limited to h′jet = 
320 mm, with the missing part close to the jet inlet.

The following notations are used for the geometric 
parameters: x, y, z for the lateral, the streamwise and the 
spanwise (i.e. out-of-plane) directions, respectively. The 
flow parameters are u, v, w—the instantaneous lateral, 
streamwise and spanwise velocity components; U, V, W—
the mean lateral, streamwise and spanwise velocity compo-
nents, |v| and |V|—the instantaneous and the mean velocity 
magnitude, V0—the mean jet inlet velocity; 
|vRMS|(=

√
u2
RMS

+ v2
RMS

∕V0), uRMS, vRMS—root mean 

square values of the measured velocity magnitude and 
velocity components; ωz and Ωz—the instantaneous and the 
mean z-vorticity; Iv and Iuv—turbulence intensity based on 
only streamwise and both streamwise and lateral velocity 
fluctuations, respectively. The jet half-width δ0.5 at a certain 
downstream position y (Fig. 1b) is the horizontal distance 
between the jet centreline and the point, where the mean 
streamwise velocity is equal to half the local jet mean cen-
treline velocity V0,y.

Prior to the PIV measurements, flow visualisations with 
fluorescent dye are performed to reveal the flow pattern. 
The dye is injected in the flow field at y = −35 mm using 
an injection needle with an outer diameter of 0.8 mm and 
a length of 80 mm, enabling injection in the centre of the 
jet. It is illuminated in the centreplane of the test section 
by a slide projector mounted below the water channel. The 
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obtained flow patterns are recorded with a digital photo and 
video camera positioned perpendicular to the measurement 
plane.

For the PIV measurements, 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) cam-
era (1600 × 1200 pixels resolution, up to 30 frames/s) for 
image recordings. The light sheet is delivered at the bot-
tom of the water channel by a set of mirrors and cylindri-
cal and spherical lenses. Seeding is provided by polyamide 
particles (D = 50 μm, density ρs = 1030 kg/m3) added to the 
water. Each measurement set consists of 5000 uncorrelated 
samples.

Three sets of measurements are performed, which 
focus on (Fig.  1a): (1) ROI1—the entire measurement 
plane of W × H = 192 × 360 mm2; (2) ROI2—the region 
close to the jet inlet (W × H = 128 × 192 mm2); and (3) 
ROI3—the impingement region (W × H = 128 × 176 
mm2). The two latter sets provide measurement data at a 
higher resolution. The instantaneous PIV images are pro-
cessed in five passes from 32 × 24 pixels to 16 × 12 pixels 
(for ROI1 and ROI2) and 48 × 32 pixels to 24 × 16 pixels 
(ROI3) with 50% overlap. Correlation peaks are fitted by 
a three-point Gauss fit algorithm advised by Forliti et al. 
(2000). Filters for outlier detection are applied for maxi-
mum and normalised median displacements. The correla-
tion peak ratio is set to 1.3 to disable erroneous vectors 
resulting from insufficient seeding and background noise. 

The time separation between pulses is chosen according 
to the general guideline for particle displacement, which 
states that the particle displacement should be limited to 
25% of the interrogation area (Prasad 2000).

3 � Flow visualisation results

Figure  2 shows snapshots of the dye-visualised jet for 
Re = 7200 and wjet = 8  mm, corresponding to an inlet 
velocity V0 of 0.9  m/s. The image indicates a growing 
shear layer and spreading of the jet after injection into 
the ambient fluid starting at a certain distance from the 
jet inlet. The indistinct jet boundaries exhibit turbulent 
behaviour with spanwise vortices developing in the outer 
region of the jet (Fig. 2a). The visualisation also indicates 
jet flapping as the jet is moving from side-to-side in the 
region close to the impingement plane: at time T1, the jet 
is perpendicular to the impingement plane (Fig. 2a), how-
ever, 2 s later at T2 it is slightly bent to the left (Fig. 2b), 
and 4 s later at T4, it is bent to the right (Fig. 2d). At time 
T6 (Fig. 2f), the jet again impinges perpendicularly on the 
surface. The jet flapping was also reported and analysed 
in earlier studies, such as Goldschmidt and Bradshaw 
(1973) and Antonia et  al. (1983). It plays an important 
role in heat transfer between the jet and the impingement 
plane (e.g., Camci and Herr 2002; Chiriac and Ortega 
2002; Varieras et al. 2007).

Fig. 1   a PIV experimental setup. The measurement planes are indicated with ROI1, ROI2, and ROI3. b Schematic representation of impinging 
jet
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4 � PIV measurement results

4.1 � Main jet flow characteristics

Figure 3a, b shows cross-jet profiles of the dimensionless 
time-averaged velocity magnitude (|V|/V0) and of the turbu-
lence intensity (Iuv = |vRMS|∕V0 =

√
u2
RMS

+ v2
RMS

∕V0) 

obtained from the PIV measurements in ROI2. The values 
are obtained in the vertical centreplane for Re = 7200 to 
13,500 at two different downstream locations: y = 4wjet for 
wjet = 8 mm and y = 2wjet for wjet = 16 mm. These locations 
are chosen to provide information on flow conditions as 
close as possible to the inlet while avoiding erroneous data 
caused by reflections and visual obstruction by the top front 
beam of the water channel.

Figure 3a shows that the time-averaged profiles for the 
velocity magnitude clearly resemble a top-hat distribu-
tion. The velocity profiles for different Re values for wjet = 
16 mm show good agreement among each other, which is 
also the case for the profiles of wjet = 8 mm. However, the 
velocity profiles for different jet widths do show some dif-
ferences near the edges of the jet (|x|/wjet = 0.5), with larger 
gradients �(|V|∕V0)∕�(x∕wjet) for wjet = 16  mm, while 
the actual gradients � (|V|)∕�x are larger for wjet = 8 mm. 
Figure  3b shows that the turbulence intensity is highest 
in the shear layer due to the high velocity gradients (high 
turbulence production) in this area. The maximum values 
are equal to Iuv ≈ 0.4 for wjet = 16 mm and Iuv ≈ 0.44 for 
wjet = 8 mm. The turbulence intensities in the core of the 
jet reach Iuv ≈ 0.05 for wjet = 16  mm and Iuv ≈ 0.06 for 
wjet = 8  mm. There is no clear tendency visible in terms 

Fig. 2   Visualisation of the jet in the vertical centreplane with Re = 7200 and wjet = 8 mm. Time interval between consecutive images is 2 s
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of different Re; however, the turbulence intensities in the 
central and shear layer regions are slightly higher for wjet 
= 8 mm (AR = 37.50) than for wjet = 16 mm (AR = 18.75), 
which is partly attributed to the higher actual gradients for 
wjet = 8 mm.

To indicate whether the flow has laminar, turbulent or 
transitional conditions near the jet inlet at the beginning of 
the potential core, the boundary layer displacement thick-
ness δ* and momentum thickness θ are calculated as fol-
lows (Deo et al. 2007a):

The displacement thickness δ* for wjet = 16  mm is 
about 0.05wjet to 0.06wjet, while the momentum thickness 

(1)�
∗ =

0.5wjet

∫
0

(
1 −

V

V0,y

)
dx

(2)� =

0.5wjet

∫
0

(
1 −

V

V0,y

)
V

V0,y

dx.

Fig. 3   a Dimensionless mean velocity magnitude (|V|/V0) and b tur-
bulence intensity Iuv near jet inlet (at y = 2wjet for wjet = 16  mm, at 
y = 4wjet for wjet = 8  mm). c Dimensionless mean velocity magni-
tude (|V|/V0) and d streamwise turbulence intensity Iv near jet inlet 

(at y = 2wjet for Re = 13,000, at y = 4wjet for Re = 13,500) compared to 
other studies. e Dimensionless mean velocity magnitude (|V|/V0) and f 
turbulence intensity near jet inlet at yʹ = 2.8wjet
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θ ≈ 0.03wjet. This results in a shape factor H = δ*/θ ≈ 1.6–2, 
indicative of turbulent flow. Note that the characteristic 
values of the shape factor for laminar and turbulent bound-
ary layers are H = 2.3–3.5 and H = 1.3–2.2, respectively 
(Schlichting 1979). For wjet = 8 mm, the displacement and 
momentum thicknesses are δ* ≈ 0.06wjet to 0.07wjet and 
θ ≈ 0.03wjet to 0.04wjet, respectively, yielding a shape factor 
of around H ≈ 1.7–1.8. That means that the measured flow 
conditions near the inlet are turbulent.

Figure  3c, d compares the measured profiles of 
mean velocity and turbulence intensity (wjet = 16 mm: 
AR = 18.75, Re = 13,000; wjet = 8 mm: AR = 37.50, 
Re = 13,500) with those by Deo et  al. (2007a) (AR = 20 
and 30; Re = 18,000), Maurel and Solliec (2001) 
(AR = 18; Re = 27,000) and Koched et al. (2011) (AR = 20; 
Re = 11,000). Note that Deo et  al. (2007a) provided the 
inlet distributions of the mean velocity and the turbulence 
intensity at a distance y = 0.2wjet from the jet inlet; Mau-
rel and Solliec (2001) and Koched et al. (2011) measured 
the profiles at the jet inlet (y = 0). Figure 3c shows that the 
mean velocity profiles of Deo et al. (2007a) and Maurel and 
Solliec (2001) have a more pronounced top-hat distribution 
than our experimental data. This can be explained by the 
fact that our profiles were taken at a certain distance down-
stream of the nozzle, where the jet shear layer has already 
grown to some extent and consumed part of the jet poten-
tial core. In addition, the geometrical configurations of the 
contractions in the aforementioned studies differ from each 
other. Deo et  al. (2007a) used a radially-shaped contrac-
tion, Maurel and Solliec (2001) used a bell-shaped con-
traction with a long converging section, and Koched et al. 
(2011) used a long sharp-edged nozzle. This results in vari-
ations of the boundary layer development upstream of the 
inlet, causing dissimilarity of the inlet conditions, which 
can explain the differences found here. Figure  3d shows 
a comparison of the profiles of the streamwise turbulence 
intensity (Iv) with those from literature. Maurel and Solliec 
(2001) did not provide turbulence intensity profiles near the 
inlet, but only its range from 1.6 to 2.8% for different Re, 
assuming a uniform distribution. Note that in the remainder 
of the paper Iuv is used, based on the turbulent fluctuations 
in both the streamwise and lateral directions. The values 
reported in the mentioned studies lie below Iv = 0.2 and are 
lower than the values measured in our experiments. This is 
again attributed to differences in nozzle geometries, Re at 
the jet inlet and different downstream sampling positions.

The centreline velocity of plane jets varies as a function 
of 1∕

√
y, where y is the downstream distance from the jet 

inlet (e.g., Scorer 1987; Pope 2000). Based on these cen-
treline velocity distributions in the vertical centreplane, the 
vertical distances y0 between jet inlet (y = 0) and the kin-
ematic virtual jet origins (yʹ = 0) are defined. The virtual 
origin lies at y0 ≈ 2.3wjet for wjet = 8 mm, and y0 ≈ −0.8wjet 

for wjet = 16 mm. That means that the values for the pro-
files presented in Fig. 3a–d are taken at yʹ ≈ 1.7wjet for wjet 
= 8 mm, and yʹ ≈ 2.8wjet for wjet = 16 mm, where yʹ is the 
downstream distance from the kinematic virtual jet origin. 
To provide a clear comparison of the flow development 
at the beginning of the potential core between two differ-
ent ARs, Fig. 3e, f compares cross-jet profiles of the mean 
velocity and the turbulence intensity near the jet inlet taken 
at the same distance from the virtual jet origin, i.e., yʹ ≈ 
2.8wjet. The mean velocity profiles for wjet = 8 mm resem-
ble rather parabolic than top-hat profiles, meaning that 
the jet spreads faster laterally and that ambient fluid has 
entrained the jet to a larger extent resulting in more devel-
oped shear layers than for wjet = 16 mm.

Figure  4a shows the dimensionless mean streamwise 
velocity along the jet centreline. From the mean veloc-
ity decay, the length of the potential core (hp) is defined 
as the distance from the jet nozzle where the local centre-
line mean velocity remains more than or equal to 98% of 
the inlet mean jet velocity, i.e., V0,y/V0 ≥ 0.98 (Deo et  al. 
2007a). The length of the potential core measured starting 
from the jet inlet is hp ≈ 4.8wjet for wjet = 16 mm, whereas 
it is hp ≈ (6.1–7.0)wjet for wjet = 8 mm. This is caused by 
differences in the jet inlet conditions, i.e., nozzle AR and 
velocity at the jet inlet. Note that these distances do not 
take into account the positions of the virtual jet origins. 
Deo et al. (2007a) showed that the ratio hp/wjet for jets with 
equal Re increases with AR of the nozzle, which is in line 
with the present results. The centreline velocity decreases 
to the half of its inlet value V0 at y ≈ 0.85hjet (= 19wjet) for 
wjet = 16 mm and at y ≈ 0.55hjet (= 25wjet) for wjet = 8 mm.

Figure 4b shows the decay of the inverse of the dimen-
sionless mean centreline velocity squared as a function 
of y. The jet decay rate Ku is defined as Ku = (V0/V0,y)2/
((y−y0)/wjet), with y0 the vertical distance between jet inlet 
and the kinematic virtual jet origin. It can be quantified 
as the slope of the velocity distribution in Fig.  4b where 
near-linear behaviour is observed. The jet with wjet = 8 mm 
(AR = 37.50) has a higher decay rate than the jet with wjet = 
16 mm (AR = 18.75), which is also in line with the findings 
of Deo et al. (2007a) regarding the influence of nozzle AR. 
The values for wjet = 16 mm are about Ku ≈ 0.14–0.15, and 
for wjet = 8 mm Ku ≈ 0.17–0.18 meaning that entrainment 
rate of the ambient fluid within this region is higher for wjet 
= 8 mm (i.e. for higher AR). In previous experimental stud-
ies of free plane turbulent jets with sidewalls in the range of 
Re = 6000–16,000, e.g., Jenkins and Goldschmidt (1973), 
Browne et al. (1983), Thomas and Chu (1989), Sakai et al. 
(2006), Deo et al. (2007a), Suresh et al. (2008) and Alnah-
hal and Panidis (2009), a range of values of Ku from 0.11 to 
0.22 was reported, which encompasses the values found in 
the present study.
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The impingement region can be identified as the region 
in the vicinity of the impingement plane with a linear 
decrease of the centreline velocity (see Fig. 4a), the height 
of which can be denoted with hi. Figure 4a shows that hi ≈ 
0.12hjet for wjet = 16 mm and hi ≈ 0.13hjet for wjet = 8 mm. 
These heights correspond well with the values by Maurel 
and Solliec (2001) and Koched et  al. (2011), who report 
impingement region heights of hi = (0.12–0.13)hjet and hi 
= (0.10–0.13)hjet, respectively. For a better estimation of 
the impingement height, additional flow quantities, such as 
centreline distribution of turbulence intensity and Reynolds 
shear stress in the vertical centreplane, will be analysed and 
described later.

The linear distribution in Fig.  4b indicates the self-simi-
larity of normalised mean velocity in the region 0.35 ≤ y/hjet 
≤ 0.75 for wjet = 16  mm and 0.20 ≤ y/hjet ≤ 0.75 for wjet 
= 8  mm. When converted to wjet, these values result in 
7.5 ≤ y/wjet ≤ 17 for wjet = 16  mm and 9 ≤ y/wjet ≤ 33 for 
wjet = 8 mm. Beyond y/hjet > 0.75, the jet is influenced by 
strong three-dimensional effects which occur due to the pres-
ence of the impingement wall and sidewalls that prevent 
the jet to spread in the spanwise direction. To further inves-
tigate the existence of self-similarity in the flow, the cross-
jet profiles along the jet height are examined and compared 
with a Gaussian distribution: Vy/V0,y = exp(a(x/δ0.5)2), where 
a = −0.693 (Rajaratnam 1976). This equation was used by, 
among others, Namer and Otugen (1988), Deo et al. (2007a) 
and Suresh et al. (2008). As jets with the same wjet result in 
identical distributions for the investigated range of Reynolds 
numbers, only results for cases I and II, the parameters of 
which are specified in Table 1, are reported in Fig. 5. Note 

that the profiles are provided at distances yʹ from the virtual 
jet origins. From Fig. 5, it can be concluded that the veloc-
ity profiles resemble a Gaussian distribution for 5.9 ≤ yʹ/wjet 
≤ 20.1 for wjet = 16 mm and 4.8 ≤ yʹ/wjet ≤ 35.1 for wjet = 
8 mm.

Figure  6 presents the turbulence intensity along the jet 
centreline for the two jet widths and for different Re values. 
The data from measurement sets at ROI2 and ROI3 are com-
bined. A slight mismatch is observed around y/hjet ≈ 0.5–0.65 
for wjet = 16 mm and y/hjet ≈ 0.5–0.6 for wjet = 8 mm. This 
relatively small mismatch (6%) is likely to be caused by dif-
ferences in interrogation area size between ROI2 and ROI3 
due to different velocity magnitudes in these regions. Inter-
rogation area size acts as a different spatial filter on the PIV 
data possibly leading to different turbulence statistics (e.g., 
Keane and Adrian 1990; Forliti et al. 2000). The shapes of the 
turbulence intensity profiles for the two jet widths are differ-
ent due to different nozzle ARs and velocities at the jet inlet. 
The maximum turbulence intensity at the centreline reaches 
Iuv ≈ 0.21 at y/hjet ≈ 0.55 (equivalent to y/wjet ≈ 12.4) and Iuv 
≈ 0.19 at y/hjet ≈ 0.25 (equivalent to y/wjet ≈ 11.3) for wjet = 
16 and 8 mm, respectively. This gradual increase of the tur-
bulence intensity downstream of the jet inlet can be attributed 
to the growth of vorticity in the shear layer, which consumes 
the potential core and causes higher velocity fluctuations 

Fig. 4   a Dimensionless mean streamwise velocity along jet centre-
line (V0,y/V0). Orange dashed lines indicate impingement region. b 
Ratio (V0/V0,y)2 along jet centreline. Orange dashed lines indicate 

regions with close-to-linear distribution to define the jet decay rate. 
Note the double scale for y/wjet on the right of Fig. 4a, b: in black for 
wjet = 8 mm and in cyan for wjet = 16 mm

Table 1   Parameters for cases I 
and II

Case Re wjet (mm)

Case I 8000 16
Case II 7200 8
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along the centreline of the jet. At the same time, the local 
jet velocity downstream of the jet inlet is decreasing, result-
ing in higher turbulence intensities. The same behaviour of 
centreline turbulence intensity was observed by e.g. Browne 
et  al. (1983) and Deo et  al. (2007a). Slightly higher values 
of turbulence intensity for wjet = 16  mm can be explained 
by smaller AR compared to wjet = 8 mm that causes stronger 
influence of sidewalls and enhances velocity fluctuations 
(Deo et al. 2007a). Downstream of the locations of maximum 
turbulence intensities a linear decrease is present until Iuv ≈ 

0.16 and Iuv ≈ 0.13 for wjet = 16 and 8 mm, respectively. This 
linear decrease is present until the jet impingement region. In 
the impingement region, the shape of the turbulence intensity 
profiles for the two different jet widths is similar, and the tur-
bulence intensities show an increase to Iuv ≈ 0.21 and Iuv ≈ 
0.16 for wjet = 16 and 8 mm, respectively. Maximum values 
are reached at y/hjet ≈ 0.99 for wjet = 16 mm and y/hjet ≈ 0.97 
for wjet = 8 mm. This increase is caused by the compression 
of the vortices in the streamwise direction due to the presence 
of the impingement plane causing stretching of the vortices in 
the lateral direction. The jet flow near the impingement plane 
diverges to two opposite lateral directions and forms so-
called stretching wall vortices (e.g., Sakakibara et  al. 2001) 
enhanced by vorticity from upstream of the impinging jet and 
by the high pressure at the stagnation zone (e.g., Tsubokura 
et al. 2003).

Figure 7 shows the cross-jet profiles of turbulence inten-
sity for case I (Fig.  7a) and case II (Fig.  7b). The distri-
bution of Iuv near the jet centreline downstream of yʹ/wjet 
= 5.9 smoothens out to about 0.2 for case I and to about 
0.15 for case II due to entrainment of the ambient fluid 
and shear layer growth, which also results in a decrease of 
bulk jet velocity. Within 2.8 ≤ yʹ/wjet ≤ 7.9, the turbulence 
intensities at the jet centreline and shear layer for case II 
are slightly higher than for case I at the same relative 
downstream distances. The opposite is valid when the flow 
approaches the impingement plane (yʹ/wjet ≥ 12.1), where 
turbulence intensities for case I are slightly higher. To 
determine at which regions of the jet the turbulence inten-
sity achieves self-similarity, the cross-jet profiles of turbu-
lence intensity along the jet have been analysed at more 
lines than depicted in Fig. 7 (not all profiles are included in 
Fig. 7 for clarity). It appears that the profiles of the turbu-
lence intensity tend to exhibit self-similar behaviour within 
regions of 12.1 ≤ yʹ/wjet ≤ 18.4 for case I and 12.1 ≤ yʹ/wjet 

Fig. 5   Cross-jet profiles of dimensionless mean streamwise velocity (V/V0,y) for a case I (Re = 8000, wjet = 16 mm); b case II (Re = 7200, wjet = 
8 mm). Orange dashed lines denote fitted Gaussian distributions

Fig. 6   Turbulence intensity (Iuv) along vertical centreline
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≤ 20.1 for case II, which partially comprise the regions of 
self-similar behaviour found for cross-jet velocity profiles.

4.2 � Velocity contours and velocity vectors

Figure 8 shows contours of the dimensionless mean stream-
wise velocity and the mean velocity vectors in the vertical 
centreplane for case I (Fig. 8a, c) and case II (Fig. 8b, d). 
The white areas at the top and bottom parts of the figure 
indicate zones where erroneous measurement data due to 
obstructions by the structural beam of the water channel 
and reflections from the surfaces of the water channel are 
excluded.

The jet half-width δ0.5 and the nominal jet bounda-
ries 2δ0.5 (e.g. Fan 1967; Jirka 2004; Socolofsky et  al. 
2013) are indicated by the dashed and dotted white 
lines, respectively. The near-linear variation of the jet 
half-width δ0.5 along jet centreline within the intermedi-
ate jet region characterises the spreading rate of the jet 
Ky= dδ0.5/dy (Pope 2000), which is equal to Ky = 0.10 
for case I and Ky = 0.12 for case II. Experimental studies 
for free plane turbulent jets with sidewalls in the range 
of Re = 6000–16,000, e.g., Jenkins and Goldschmidt 
(1973), Browne et  al. (1983), Thomas and Chu (1989), 
Sakai et al. (2006), Deo et al. (2007a,b) and Suresh et al. 
(2008), reported values of Ky in the range from 0.05 to 
0.11. The jet spreading rate for case I lies within the 
range from literature, while the spreading rate for case II 
falls just outside this range. A possible explanation could 
be that although the jets considered in the aforemen-
tioned studies have an Re range (6000–16,000) and an AR 
range (20–35) similar to the values in our experiments, 
there are some differences in the contractions used in 
various studies. Jenkins and Goldschmidt (1973), Browne 
et  al. (1983), Thomas and Chu (1989) and Suresh et  al. 
(2008) conducted experiments with a gradually converg-
ing contraction; Sakai et  al. (2006) applied a gradually 

converging contraction but without a rectangular section 
upstream of the jet inlet; and Deo et al. (2007a, b) used a 
contraction with radially-shaped edges but without a con-
ditioning section.

The nominal jet boundaries are determined based on 
the distance of two jet half-widths δ0.5 from the jet cen-
treline (2δ0.5) along the jet height. The angles between 
the jet boundaries and jet axis in the intermediate jet 
region are about 11°–12° for case I and about 12°–12.5° 
for case II. The slope of the jet boundaries indicates the 
jet entrainment rate. Thus, entrainment of ambient fluid 
is slightly more intensive for case II than for case I. The 
larger opening angle, and thus the more intensive entrain-
ment and jet spreading can be caused by the higher tur-
bulence intensities in the shear layer close to the jet inlet 
for wjet = 8 mm (case II) compared to wjet = 16 mm (case 
I) (as shown in Fig. 3b). Note that the development of the 
jet half-width δ0.5 and the nominal jet boundaries 2δ0.5 is 
identical for jets with the same wjet but different Reynolds 
numbers.

Figure  9 provides contours of the dimensionless abso-
lute mean lateral velocity (abs(U)/V0) in the vertical cen-
treplane and indicates the lines where the lateral velocity 
component U = 0 and changes its direction. The plots indi-
cate the growth of the lateral component of velocity near 
the jet centreline at the height y/hjet ≈ 0.7–0.75 due to the 
influence of the impingement plane. Recirculation occurs at 
the top part of the water channel, where the lateral velocity 
component reaches abs(U) = 0.08V0.

4.3 � Instantaneous velocity, vorticity ωZ, 
and Okubo‑Weiss function Q

Contours of the dimensionless instantaneous velocity 
magnitude (|v|/V0) from the measurements in ROI2 for 
cases I and II are depicted in Fig.  10 and indicate wid-
ening of the jet and growing of its shear layer due to 

Fig. 7   Cross-jet profiles of the turbulence intensity (Iuv) for a case I; b case II
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entrainment of ambient fluid on either side of the jet. This 
entrainment is caused by vorticity induced in the jet shear 
layer due to high velocity gradients. At this Re value the 
flow is highly turbulent and it is difficult to clearly distin-
guish individual vortices in the jet with the present meas-
urement resolution of 16 × 12 pixels per interrogation 
area of 1.8 × 1.4 mm2.

The distributions of the instantaneous vorticity for cases 
I and II (Fig. 11a, c) indicate that the highest levels of vor-
ticity occur close to the inlet induced by the shear layer. 
The absolute maximum values of vorticity reach Ωz ≈ 160 
μs− 1 for case I and Ωz ≈ 400 μs− 1 for case II. Although 
not presented here, it is worth mentioning that for the 
nozzle with wjet = 16  mm and Re = 13,000, the vorticity 

reaches Ωz ≈ 250 μs− 1, while for the nozzle with wjet = 
8  mm and Re = 13,500 the value reaches Ωz ≈ 650 μs− 1. 
So, for a similar range of Reynolds numbers the vorticity 
for the jet width wjet = 8 mm is at least two times higher 
than for the jet width wjet = 16 mm, which can be attrib-
uted to the higher velocities (same Re and smaller width) 
and higher mean velocity gradients at the jet inlet for wjet = 
8 mm. Note that the gradients �(|V|∕V0)∕�(x∕wjet) at the jet 
inlet are larger for wjet = 16 mm, while the actual gradients 
�(|V|)∕�x are larger for wjet = 8 mm.

To analyse the presence of vortical structures in the flow 
domain the Okubo–Weiss function is used. The Okubo-
Weiss function was independently defined by Okubo 
(1970) and Weiss (1991). Based on the Okubo–Weiss 

Fig. 8   Contours of dimension-
less mean streamwise velocity 
(V/V0) and mean velocity vec-
tors in the vertical centreplane 
for a, c case I; b, d case II
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function, the Q criterion for the vertical centreplane (z = 0) 
can be defined as follows:

In this equation, the first two terms denote the nor-
mal and shear strain component, respectively, and the 
last term represents the vorticity ωz. The strain-dom-
inated regions can be identified by Q > 0, while rota-
tion-dominated regions can be identified by Q < 0. The 
Okubo–Weiss function is valid for two-dimensional flow 
and has been successfully used by, among others, Vos-
beek et al. (1997), Isern-Fontanet et al. (2004), Molenaar 
et  al. (2004), Cieślik et  al. (2010) and van Hooff et  al. 
(2012). Figure 11b, d shows distributions of Q for cases 

(3)
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I and II, respectively, which reveal that along the jet cen-
treline within the potential core region, the Q values lie 
around 0, which is also the case in the background flow 
on both sides of the jet. The values Q < 0 indicate tur-
bulent eddy cores surrounded by circulation areas, while 
the regions with Q > 0 indicate the strain dominated 
regions.

4.4 � Reynolds shear stress

Figure  12 shows the distribution of the dimensionless 
Reynolds shear stress (uʹvʹ/V0

2) in the vertical centre-
plane for cases I and II. These data are analysed for each 
measurement set and are used to define the impinge-
ment region height. The Reynolds shear stress reaches 
its maximum value in the shear layer where velocity 

Fig. 9   Contours of dimen-
sionless absolute mean lateral 
velocity (abs(U)/V0) with mean 
velocity vectors in the vertical 
centreplane for a case I; b case 
II

Fig. 10   Contours of dimen-
sionless instantaneous velocity 
magnitude and instantaneous 
velocity vectors in the vertical 
centreplane for a case I; b case 
II. Note that the Fig. 10b pro-
vides only part of the data for 
the measurement region ROI2
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gradients and turbulence intensity are high. The change 
in sign of the Reynolds stresses occurs at the centreline 
of the jet due to symmetry of the time-averaged flow, and 
at the transition region from the jet to a wall jet, which 
defines the impingement region. For both jet widths, the 
impingement height is defined based on the Reynolds 
shear stress and is about 0.1hjet. This value corresponds 
with the impingement region height based on the dimen-
sionless centreline velocity magnitudes in Fig. 4 of this 
paper, and also with the values reported in other studies 
(Maurel and Solliec 2001; Koched et al. 2011).

5 � Discussion

In this study, 2D particle image velocimetry (PIV) meas-
urements are performed for the analysis of plane turbu-
lent impinging jets (PTIJs) at moderate Reynolds numbers 
(Re = 7200–13,500). Two jet configurations are consid-
ered: (1) wjet = 8  mm (AR = 37.50) and jet height hjet = 
45wjet, (2) wjet = 16 mm (AR = 18.75) and jet height hjet = 
22.5wjet. Note that the absolute jet height for both configu-
rations is hjet = 360 mm. In addition, flow visualisations are 

Fig. 11   Contours of a instantaneous vorticity; b Okubo-Weiss function in vertical centreplane for case (I). c, d Same for case (II). Note that the 
figure provides only part of the data for the measurement region ROI2
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performed to analyse the flow pattern, which shows cyclic 
jet flapping.

Based on the centreline and cross-jet velocity and the 
turbulence intensity profiles, the present study shows that 
PTIJs behave as a free plane turbulent jet up to at least y/hjet 
≈ 0.75 for the two jet widths, which is in line with the study 
of Gutmark et al. (1978).

The jet decay rate Ku was quantified by analysing the 
centreline velocity distribution and the following values 
were obtained: Ku ≈ 0.14–0.15 for wjet = 16 mm and Ku ≈ 
0.17–0.18 for wjet = 8 mm. These values from the current 

experimental study of PTIJs are within the range of jet 
decay rates for free jets as reported in the literature. In addi-
tion, the spreading rate of the jet Ky was defined by exam-
ining the development of the jet half-width δ0.5 along the 
jet height: Ky ≈ 0.10 for wjet = 16 mm and Ky ≈ 0.12 for 
wjet = 8 mm. These comparisons indicate that for jet flows 
with the same Reynolds number decay of the centreline 
velocities and entrainment of ambient fluid by the jet is 
more intensive for wjet = 8 mm (AR = 37.50) than for wjet = 
16 mm (AR = 18.75). A comparison with values from previ-
ous experimental studies shows that the jet spreading rate 

Fig. 12   Contours of dimensionless Reynolds shear stress (uʹvʹ/V0
2) in the vertical centreplane for a, b case I (Re = 8000 and wjet = 16 mm): a 

ROI1; b ROI3. c, d Same for case II (Re = 7200 and wjet = 8 mm)
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for wjet = 16 mm lies within the range reported in the litera-
ture, whereas the spreading rate for wjet = 8 mm falls just 
outside this range. This difference can be explained by the 
variation of the jet inlet conditions between these experi-
ments, namely the configurations of the contractions used.

Future research of the authors will include experiments 
for an extended Reynolds number range, i.e. higher Re val-
ues (higher velocities). Moreover, 3D PIV measurements 
will be performed to address the influence of sidewalls on 
the flow development within the potential, intermediate 
and impingement regions of the current jet configuration, 
as was done in studies of Alnahhal and Panidis (2009) and 
Deo et al. (2007b). Finally, the experimental results will be 
applied for turbulence model validation in CFD simulations 
of PTIJs, including Reynolds-averaged Navier–Stokes and 
large eddy simulations.

6 � Conclusions

This paper provides a detailed experimental analysis 
of plane turbulent impinging jets (PTIJs) with two jet 
widths (8 and 16  mm) at moderate Reynolds numbers 
(7200–13,500) issued on a horizontal plane at a fixed rela-
tive distance of 22.5 and 45 jet widths. There is a clear scar-
city on similar experimental studies that aim at understand-
ing the flow and to provide a database for comparison with 
numerical models. Prior to the PIV measurements, flow 
visualisations are performed to analyse the flow pattern.

For each jet width and for a range of Reynolds numbers, 
three sets of measurement data are obtained and examined: 
(1) the entire measurement region (ROI1); (2) the region 
close to the inlet (ROI2); and (3) the region close to the 
impingement plane (ROI3) to increase the measurement 
resolution in this area. The measurement data include time-
averaged quantities of velocity, turbulence intensity and 
Reynolds shear stress measured in the vertical centreplane. 
In addition, instantaneous fields of velocity and vorticity 
have been analysed.

From the obtained results the following conclusions can 
be drawn:

•	 The flow visualisations show the presence of cyclic 
flapping of the impinging jet.

•	 The following regions of the jet are distinguished: (1) 
the potential core region with the centreline velocity 
more than or equal to 98% of the inlet jet velocity (hp 
= 4.8wjet for wjet = 16 mm, hp = (6.1–7.0)wjet for wjet = 
8 mm); (2) the intermediate region with decaying cen-
treline velocity comprising the transition region from 
the potential core to the developed region with largely 
self-similar profiles for mean velocity and turbulence 
intensity; and (3) the impingement region, where the 

flow is influenced by the pressure created by the oppos-
ing impingement plane (hi ≈ (0.10 − 0.13)hjet).

•	 Calculation of the shape factor (H = δ*/θ) near the inlet 
indicated that the flow near the jet inlet was turbulent.

•	 The profiles of centreline mean velocity, cross-jet mean 
velocity and turbulence intensity show that the PTIJs 
considered in the present study behave as a free plane 
turbulent jet until y/hjet ≈ 0.7–0.75.

•	 The self-similarity and self-preservation of the jet is 
shown by fitting the actual velocity profiles with theo-
retical profiles of a Gaussian distribution and analysing 
the cross-jet profiles of the turbulence intensity depend-
ing on the jet half-width. The investigated jet configura-
tions exhibit self-similar behaviour of cross-jet velocity 
profiles between 5.9 ≤ y′/wjet ≤ 20.1 for wjet = 16 mm, 
and between 4.8 ≤ yʹ/wjet ≤ 35.1 for wjet = 8  mm. The 
profiles of turbulence intensity tend to achieve self-sim-
ilarity between 12.1 ≤ yʹ/wjet ≤ 18.4 for wjet = 16 mm, 
and between 12.1 ≤ yʹ/wjet ≤ 20.1 for wjet = 8 mm.

•	 The jet decay rate Ku is quantified by analysing the cen-
treline velocity distribution and the following values are 
obtained: Ku ≈ 0.14–0.15 for wjet = 16  mm and Ku ≈ 
0.17–0.18 for wjet = 8 mm.

•	 The spreading rate Ky of the jet is defined by examining 
the development of the jet half-width δ0.5 along the jet 
height: Ky ≈ 0.10 for wjet = 16 mm and Ky ≈ 0.12 for wjet 
= 8 mm.

•	 A distinct influence of the nozzle aspect ratio on the 
development of the profiles of the centreline mean 
velocity and the turbulence intensity in the streamwise 
direction was found. Jet nozzles with a higher aspect 
ratio showed more intensive entrainment and a faster 
decay of the centreline velocity for the same value of 
the jet Reynolds number. This is caused by the higher 
inlet jet velocity, resulting in higher mean velocity gra-
dients, higher turbulence intensity and higher vorticity 
in the shear layer.
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