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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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