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Evolution of coherent structures in a two-dimensional impinging jet
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ABSTRACT
This paper reports the results of an experimental investigation

of a normally impinging slot jet created by a nozzle of high aspect
ratio. Time resolved planar particle image velocimetry is used to
characterize the jet development at Reynolds numbers of 3000 and
6000, with a nozzle-to-plate distance of 4 nozzle widths. Primary
vortices form due to the Kelvin-Helmholtz instability in the jet shear
layer prior to flow impingement. Frequency and spatial energy dis-
tributions of the coherent structures are analyzed. The primary vor-
tices are shed at a Strouhal number of 0.5, and are convected down-
stream at a velocity of 50% and 62% of the jet centerline velocity for
Reynolds numbers of 3000 and 6000, respectively. Vortex merging
occurs in the vicinity of the impingement zone. Secondary vortices
form at a quarter of the primary vortex shedding frequency, orig-
inating from the interaction between the merged primary vortices
and the wall.

INTRODUCTION
Impinging jets are encountered in various engineering applica-

tions, particularly where relatively high rates of heat and/or mass
transfer from a surface are required. Consequently, these flows
have been investigated extensively, with previous studies focus-
ing primarily on the thermo-fluids aspects of the flow (e.g., Mar-
tin & Buchlin, 2011; Kristiawan et al., 2012; Ianiro et al., 2012).
In comparison, fewer investigations have given detailed attention
to the development of turbulent coherent structures in impinging
jets that have been shown to play a key role in transport processes
(O’Donovan & Murray, 2007).

In impinging jet flows, vortical structures form in the shear lay-
ers due to the Kelvin-Helmholtz (K-H) instability. The characteris-
tic Strouhal number (St) of these structures has been shown to de-
pend on the flow conditions at the jet exit (Reynolds number and
spectrum of fluctuations at the jet exit) and the jet configuration
(e.g., nozzle geometry and distance between the nozzle exit and the
wall). Thus, a range of Strouhal numbers have been reported in the
literature, as summarized by Hadžiabdić & Hanjalić (2008). The
K-H vortices enhance the entrainment of ambient air into the main
stream, particularly within the impingement zone, and break down
in the wall jet region.

The majority of the previous investigations have focused on
round impinging jets. In contrast, far fewer studies have considered
the two-dimensional jet configuration. Furthermore, exploration of
the complex spatio-temporal dynamics of these flows is only en-
abled by recent advancements in time-resolved velocity field mea-
surements. Notably, Violato et al. (2012) and Sodjavi et al. (2016)
have captured the flow field of both round and chevron-shaped im-
pinging jets using time-resolved tomographic (TR-TOMO) particle
image velocimetry (PIV). It is also of interest to quantitatively char-
acterize spatio-temporal flow development, in particular the devel-
opment of coherent structures in a two-dimensional jet because the
impingement of these coherent structures on the wall distinguish the
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Figure 1: Experimental setup and relevant parameters.

near-wall flow behaviour of the wall jet region from a turbulent wall
jet. For instance, unsteady boundary layer separation is triggered by
the passage of K-H vortices (Didden & Ho, 1985) affecting the local
heat and mass transfer.

The present work studies the formation, evolution, and inter-
action of the vortical structures in an impinging jet issued from
a slot with a large aspect ratio, approximating a two-dimensional
jet. Time-resolved planar PIV (2D TR-PIV) is used to capture the
instantaneous velocity fields with high spatio-temporal resolution.
The results provide insight into the comparability of the vortex dy-
namics of the two-dimensional jet to that of the axi-symmetric jet,
which will facilitate the design of the configurations of plane jet
impingement in related engineering scenarios, such as advanced air
drying and aircraft de-icing systems.

EXPERIMENTAL METHOD
The impinging jet flow is created using a custom facility con-

structed at the University of Waterloo. The nozzle used to create
the planar impinging jet has a width (B) of 10 mm, a span (L) of
200 mm, and a contraction ratio of 9:1. The jet facility is capable of
producing flow velocities up to 30 ms−1 in the jet core with mean
flow uniformity of 1% across the nozzle exit. The flow is condi-
tioned using a honeycomb and four mesh screens upstream of the
contraction. The impingement surface is a black aluminum plate
measuring 50B×63B.

Planar TR-PIV is used to for measurements. A Photonics
DM20-527 Nd-YLF pulsed laser is used for illumination and the
flow is seeded with a water-glycol based mixture consisting of
droplets with mean diameters of 1 µm. The laser sheet is pro-
jected across the mid-span of the jet exit with a thickness of ap-
proximately 1 mm. Figure 1 shows a schematic of the nozzle, plate,
and laser sheet arrangement, along with the field of view (FOV) of
interest. Particle images are captured using two Photron SA4 high-
speed cameras with sensor sizes of 1024×1024 px2. Each camera is
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Figure 2: Contours of (a) mean velocity magnitude, (b) turbulent kinetic energy, and (c) Reynolds shear stress for Re = 3000. The
nozzle exit is shown in black.
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Figure 3: Contours of (a) mean velocity magnitude, (b) turbulent kinetic energy, and (c) Reynolds shear stress for Re = 6000. The
nozzle exit is shown in black.

equipped with a 105 mm lens with a numerical aperture of f# = 2.8
and a magnification factor of M = 0.32, to image a combined FOV
of 75×40 mm2. Each camera sensor is cropped to 640×640 px2

corresponding to a FOV of 40×40 mm2 per camera. Particle im-
ages are acquired in double frame mode at a frequency of 125 Hz
to achieve statistical convergence of time-averaged properties and
3200 Hz for high temporal resolution.

The illumination and imaging systems are synchronized using
a LaVision High Speed Controller and DaVis 8 software, with the
latter also being used for image processing. The particle images are
processed using a multi-pass, sequential cross correlation algorithm
in DaVis 8 to calculate velocity vector fields. The final interrogation
window is 16×16 px2 with 75% overlap, resulting in a vector pitch
of 0.25 mm.

RESULTS
In the present study, jets at Reynolds numbers (Re = UcB/ν)

3000 and 6000 impinging on a plate at a nozzle-to-plate spac-
ing (H/B) of 4 are investigated. Figures 2 and 3 show non-
dimensionalized mean velocity magnitude (V/Uc), turbulent kinetic
energy (K/U2

c ) and Reynolds shear stress (u′v′/U2
c ) contours for

Re = 3000 and 6000, respectively. In both cases, significant decel-
eration of the flow is observed at y/B ≈ 1, where the shear layers
are deflected outward around the stagnation region. This region
is characterized by both low velocity magnitude and fluctuations,

and extends up to x/B ≈ 0.5 and y/B ≈ 0.5. As the jet develops
downstream of the nozzle, amplification of the velocity fluctuations
takes place in the shear layers, reaching a maximum at x/B≈ 1 and
y/B ≈ 1. This is attributed to the development of primary vortices
(PV) driven by the K-H instability in the jet shear layer. A higher
magnitude in the velocity fluctuations observed for Re = 6000 indi-
cates a higher energy content in the vortical structures, which in turn
enhances the momentum flux in the mixing layer (Medina et al.,
2013).

The wall jet region originates at x/B ≈ 1, with a reoriented
potential core of high velocity magnitude. Notable differences are
observed in the wall jet between the two Reynolds numbers. For
Re = 3000, deceleration of the fluid in the potential core starts
at x/B ≈ 3, with high turbulent kinetic energy (TKE) distributed
across the entire jet region, and the jet is deflected away from the
surface. In contrast, for Re = 6000, the TKE is more concentrated
along the outer shear layer, and the wall jet core remains nearly
parallel to the surface.

The results indicate that turbulence is produced in the shear
layers of the jet prior to impingement and within the wall jet (figs. 2c
and 3c). As the Reynolds number increases, the Reynolds shear
stress increases in the free jet shear layer while decreasing in the
wall jet shear layer. Generally, low magnitude values are ob-
served in the shear layer of the free jet (negative) and above the
stagnation region (positive) prior to the wall jet. A minimum of
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Figure 4: Instantaneous vorticity contours overlayed with λ2 criterion contours for (a) Re = 3000 and (b) Re = 6000. Each
consecutive image is separated by (a) t∗ = 0.13 and (b) t∗ = 0.15. The nozzle exit is shown in black.
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Figure 5: Probability density distribution of vortices identified
using λ2 criterion for (a) Re = 3000 and (b) Re = 6000. Ci is
the number of vortices in each bin, Ai is the bin area, and Ntot
is the total number of vortices identified. The nozzle exit is
shown in black.

u′v′/U2
c = −0.01 is observed, located in the shear layers of the jet

prior to impingement for both Reynolds numbers. A maximum in
the Reynolds shear stress is observed in the wall jet shear layer at
x/B≈ 5 and y/B≈ 0.5 for both Re = 3000 and 6000, with values of
0.04 and 0.024, respectively. Combined with the opposing sign of
the mean velocity gradient, turbulent production is expected to be
weak in the shear layers just downstream of the nozzle and intensify
in the shear layers of the wall jet region.

The spatio-temporal development of the coherent structures is
illustrated in fig. 4 using a time sequence of vorticity and λ2 cri-
terion contours (Jeong & Hussain, 1995). The time separation be-

tween each consecutive image is t∗ = tuc/H = 0.13 and 0.15 for
Re = 3000 and 6000, respectively, where uc is the average vor-
tex convective velocity in the jet prior to impingement. Primary
vortices are formed in the shear layers of the jet due to K-H insta-
bilities directly downstream of the jet exit and are then convected
downstream. The shedding of the PVs is expected to shift upstream
with an increase in Re due to the growth of the K-H instability. A
minor shift of vortex formation is observed, with vortices shedding
at y/B ≈ 2 and 2.5 for Re = 3000 and 6000, respectively. The
vortex shedding is characterized by an increase in the velocity fluc-
tuations as seen in figs. 2 and 3. The shedding frequency for both
Re is St ≈ 0.5, while uc increases from 0.5Uc to 0.62Uc with an
increase in Re, which agrees with the convective velocities reported
by Didden & Ho (1985). The passing of the PVs in the wall jet
region induces the formation of secondary vortices (SV), at the im-
pingement surface. The formation process is attributed to the strong
pressure gradients caused by the passage of PVs, which decelerates
a thin layer of fluid near the wall that subsequently rolls up to form
coherent structures (Hadžiabdić & Hanjalić, 2008). This SV forma-
tion has been reported in several previous studies for both round and
slot jets (e.g., El Hassan et al., 2012; Tummers et al., 2011; Didden
& Ho, 1985).

Figure 4a shows a shedding cycle of a SV (labelled C) and the
passing of two PVs (labelled A and B) for Re = 3000. Vortices
A and B begin to merge at x/B ≈ 3, in the wall jet region, where
vortex C of opposite vorticity forms at the surface. As vortices A
and B complete merging, vortex C is formed at the wall, producing
a vortex pair with the merged vortex AB. Vortices AB and C con-
vect downstream and move away from the surface. The formation
and development of the vortex pair correspond with the low veloc-
ity magnitude and high velocity fluctuation peak seen in figs. 2a
and 2b, respectively. The SV formation process is less pronounced
for Re = 6000. As PVs labelled D and E merge, a comparatively
smaller SV, labelled F, is observed. The merged vortex DE and F
convect parallel to the surface. The deflection away from the surface
observed for Re= 3000 is not observed for Re= 6000, as the core of
the wall jet is more energetic and reduces the deflection of the SV. In
the first frame of fig. 4b, a PV and SV pair break down in the region
x/B > 5.5. This vortex breakdown process corresponds to the high
magnitude in the mean velocity and low magnitude in the velocity
fluctuations in the region of SV formation for Re = 6000. Further-
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Figure 6: Frequency spectra of stream normal fluctuating ve-
locity for Re = 3000 at several locations along (a) primary
vortex trajectory and (b) secondary vortex trajectory shown
in the inset image. Each spectrum is stepped by two orders
of magnitude. Vertical lines correspond to St = 0.5 (−−),
St = 0.25 (−·) and St = 0.125 (· · · ).

more, beyond x/B = 5, the decrease in the two-dimensional veloc-
ity fluctuations indicates transition to a turbulent regime, where the
flow is essentially three-dimensional.

Figure 5 shows the probability density distribution (PDD) of
vortex core locations obtained via a λ2 criterion based vortex iden-
tification routine. For both Re, a peak in the PDD is observed around
x/B = 0.5 and y/B = 2.5 indicating the localized PV formation in
the shear layers of the jet. In comparison with the Re = 3000 case,
for Re= 6000 the PVs penetrate further through the jet core towards
the wall since the large eddies in the jet shear layer are more ener-
getic at higher Reynolds numbers; this is corroborated by the larger
TKE values in the jet shear layer. The flow at Re = 3000 presents
a distinct bi-modal distribution in vortex trajectories for x/B > 2.2,
with one near-wall peak and another peak located in the shear layer
of the wall jet region. The latter remains discernible until x/B≈ 5.
The bimodal distribution of vortices initiates at x/B ≈ 2.5, directly
upstream of the location where the a significant increase in TKE
is observed (fig. 2b). At x/B ≈ 3, local maxima in TKE are ob-
served in three distinct transverse locations, y/B ≈ 0.7, 0.3 and 0,
respectively, attributed to the shedding and growth of SVs due to
the passage of PVs. This bi-modal distribution is not observed for
Re = 6000, indicating a quicker decay in jet potential core and an
earlier onset of a turbulent wall jet, resulting from the strong mix-
ing of more energetic large eddies in flows at this higher Reynolds
number.

The evolution of the coherent structures is analyzed using
power spectra of velocity fluctuation presented in figs. 6 and 7 for
Re = 3000 and 6000, respectively. The spectra were computed us-
ing Welch’s method (Welch, 1967) and pertain to several locations
along the trajectories of PV and SV, indicated in figure insets as
points P and S, respectively. Figure 6a features broad peaks for
P1 centred at approximately St = 0.44. As the flow develops down-
stream, a subharmonic growth is observed at St ≈ 0.27, attributed to
periodic vortex merging. Figure 6b features a broad energy content
between 0.1 < St < 0.95, reflecting velocity fluctuations induced by
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Figure 7: Frequency spectra of stream normal fluctuating ve-
locity for Re = 6000 at several locations along (a) primary
vortex trajectory and (b) secondary vortex trajectory shown
in the inset image. Each spectrum is stepped by two orders
of magnitude. Vertical lines correspond to St = 0.5 (−−),
St = 0.25 (−·) and St = 0.125 (· · · ).

both PV and SV structures in the near-wall region.
For Re = 6000, more narrow peaks are observed in the power

spectra at P1 centred at St = 0.5 and 0.25 (fig. 7a) indicating lower
cycle-to-cycle variations in vortex shedding and merging compared
to those for Re = 3000. The earlier emergence of the subharmonic
peak is attributed to the earlier onset of vortex merging produced
due to the earlier shear layer roll-up expected for the higher Re.
As the flow develops downstream, the subharmonic energy content
increases, while that of the fundamental frequency decays. Even-
tually, a broad energy distribution is observed for P7 and P8, sim-
ilar to the spectra of developing turbulent shear flows. This indi-
cates earlier vortex breakdown for Re = 6000 compared to that for
Re = 3000, which is expected for the higher Reynolds number and
is consistent with the observation from instantaneous vorticity se-
quence (fig. 4) and PDD (fig. 5). Comparing the spectra pertaining
to the near wall region (figs. 6b and 7b) shows that the energy dis-
tribution is more broadband for Re = 6000 with a slight peak ob-
served at St = 0.125, indicating that the formation of the SV has a
characteristic frequency equal to the second subharmonic of the PV
formation frequency.

Figures 8 and 9 show the spatial distribution of the fluctuat-
ing velocity components u and v, respectively, pertaining to specific
frequency bands of interest. Velocity fluctuations are filtered us-
ing a centred bandwidth of St = 0.02 at St = 0.5, 0.25 and 0.125.
The u-component of velocity fluctuations related to the frequency
peak St = 0.5 is localized in the shear layers of the jet prior to im-
pingement. The maxima in u-component of velocity fluctuations re-
lated to this frequency is located at x/B≈ 0.5 and y/B≈ 2.5, which
corresponds to the location of PV formation observed in instanta-
neous vorticity fields. At St = 0.5, the v-component fluctuations
are distributed over a larger area near the flow reorientation region
encompassing the stagnation zone and in the wall jet region; how-
ever, the magnitude of these fluctuations are relatively small since
the passage of PVs causes larger velocity fluctuations normal to the
direction of vortex propagation.
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Figure 8: Band-pass spectral energy contours of fluctuating u-component velocity (a-c) Re = 3000 and (d-f) Re = 6000 centred
at St = 0.5, 0.25 and 0.125 using a band width of St =±0.01.
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Figure 9: Band-pass spectral energy contours of fluctuating v-component velocity (a-c) Re = 3000 and (d-f) Re = 6000 centred
at St = 0.5, 0.25 and 0.125 using a band width of St =±0.01.

The u-component fluctuations filtered at St = 0.25 are widely
distributed over the shear layer prior to impingements with peak
fluctuations at x/B = 0.75 and y/B = 1. Comparatively, the v-
component fluctuations are distributed mainly in the shear layer of
the wall jet region (x/B > 1), being associated with vortex merging.
The extension of v-component fluctuations into the jet core prior

to impingement at this frequency band infers the interaction of the
merging events and upstream vortex formation.

The energy content distribution at St = 0.125 reflects sec-
ondary vortex formation in the u-component fluctuations (figs. 8c
and 8f). For Re = 3000, the peaks in the fluctuations are observed
in both the wall jet shear layer and in the near wall region beyond
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x/B > 3, confirming the bimodal trajectories observed in the prob-
ability density distribution. In contrast, for Re = 6000, the fluctu-
ations associated with St = 0.125 are less localized and the mag-
nitude is lower in the near wall region, indicating that the SVs are
less coherent. Beyond x/B = 5, the PVs and SVs for both Reynolds
numbers undergo breakdown, as characterized by the sharp drop in
the energy content of band filtered two-dimensional velocity fluctu-
ations.

The spatial distribution of band-pass filtered frequency content
shows notable spatial overlaps of the three frequency bands, im-
plying the interaction between the downstream merging events and
upstream vortex formation. A feedback loop was suggested by Ho
& Nosseir (1981) and Didden & Ho (1985), where the pressure fluc-
tuations produced due to formation of the SV at the wall propagate
upstream, affecting the PV formation in the shear layers prior to
impingement.

CONCLUSIONS
Coherent structures in a normally impinging, high aspect ratio

slot jet are captured using time resolved planar particle image ve-
locimetry for Re = 3000 and 6000, and a nozzle-to-plate spacing of
H/B = 4. Instantaneous vorticity fields show the formation of pri-
mary Kelvin-Helmholtz vortices in the shear layers of the jet prior to
impingement, which are convected downstream. The primary vor-
tices merge and interact with the impingement surface in the wall
jet region, inducing the roll-up and shedding of secondary vortices.
The behaviour of secondary vortices is dependent on the Reynolds
number, with more coherent secondary vortex shedding observed at
the lower Reynolds number. The shedding frequency of the primary
vortex was found to be St = 0.5 for both Reynolds numbers, with
a more distinct peak observed in the velocity fluctuation spectra for
a Reynolds number of 6000. The secondary vortex shedding fre-
quency was found to be a quarter of the primary vortex shedding
frequency. The analysis of spatial distribution of the energy content
associated with the characteristic frequencies of the detected coher-
ent structures revealed that the energy content of the velocity fluctu-
ations associated with the formation of primary vortices is localized
in the shear layers of the free jet. The energy content at other fre-
quency bands overlap spatially. This suggests that secondary vortex
formation affects the flow upstream of the stagnation region.
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