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Abstract The wall shear stress and the vortex dynamics in
a circular impinging jet are investigated experimentally for
Re = 1,260 and 2,450. The wall shear stress is obtained at dif-
ferent radial locations from the stagnation point using the
polarographic method. The velocity field is given from the time
resolved particle image velocimetry (TR-PIV) technique in both
the free jet region and near the wall in the impinging region. The
distribution of the momentum thickness is also inspected from
the jet exit toward the impinged wall. It is found that the wall
shear stress is correlated with the large-scale vortex passing.
Both the primary vortices and the secondary structures strongly
affect the variation of the wall shear stress. The maximum mean
wall shear stress is obtained just upstream from the secondary
vortex generation where the primary structures impinge the wall.
Spectral analysis and cross-correlations between the wall shear
stress fluctuations show that the vortex passing influences the
wall shear stress at different locations simultaneously. Analysis
of cross-correlations between temporal fluctuations of the wall
shear stress and the transverse vorticity brings out the role of
different vortical structures on the wall shear stress distribution
for the two Reynolds numbers.

1 Introduction

Impinging jets have been widely studied during the last 5
decades because of their multiple industrial applications.
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Several studies have been conducted on the physics of the
impinging jet flow in order to understand the influence of
different flow parameters, such as the Reynolds number,
the wall to the jet exit distance and the jet nozzle geometry
on the mass and heat transfer rates. Most of the previous
studies dealt with heat transfer as discussed in the review
papers of Martin (1977), Downs and James (1987), Hrycak
(1981), Jambunathan et al. (1992) and Lee and Lee (2000).
It should be mentioned that few studies quantified experi-
mentally the wall shear stress at the impinged wall. The
impinging jets can be used to extract particles from sur-
faces or as a method of cleaning or taking samples for
chemical analysis, for example, for the detection of
explosives (Phares et al. 2000a).

Theoretically, two approaches were proposed to solve
the problem of the impinging jet: the first approach consists
in solving the Navier-Stokes equations considering the jet
as one region (Deshpande and Vaishnav 1982; Looney and
Walsh 1984; Bouainouche et al. 1997). The second
approach divides the jet into separate regions (suggested by
Bradshaw and Love 1961); different approximations for the
Navier Stokes equations are taken for each zone (Strand
1964; Scholtz and Trass 1970; Rubel 1980, 1983). Gen-
erally, an impinging jet has been separated into three dis-
tinct zones of evolution: the free jet, the stagnation zone
and the radial wall-jet region, and each one is characterized
by its proper flow dynamics. The zone of interaction
between the vortices and the wall was described by Walker
et al. (1987) in an experimental study and Orlandi and
Verzicco (1993) in a numerical simulation. The impinging
jets are generally dominated by vortices, which interact
with the impinged wall and are responsible for surface
pressure fluctuations and variations of the wall shear stress.
Therefore, the understanding of the vortex dynamics in
different regions of the impinging jet is of high interest
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fundamentally and for practical purposes. Some studies
have investigated the flow field associated with the colli-
sion of the jet on a flat surface. Among the most notable,
we can mention Cerra and Smith (1983), Orlandi and
Verzicco (1993) and Fabris et al. (1996). Ho and Nosseir
(1981) revealed a feedback phenomenon, which can con-
trol the jet at the nozzle exit for high-speed subsonic
impinging jets. Naguib and Koochesfahani (2004) investi-
gated the physics of the wall-pressure generation process as
well as the nature of the wall-pressure flow sources asso-
ciated with the vortex ring/wall interaction. They found
that in the vortex-wall interaction, positive pressure is
produced by intensification of the field of strain rate by the
vortex near the wall and generates a region of high strain
rate due to the separation of the boundary layer under the
influence of the incident primary vortex. Poreh et al.
(1967) considered an impinging circular jet on a flat plate.
They found that the velocity decreases with distance from
the stagnation point and that the turbulence intensities were
higher near the wall than the other regions. However, no
correlation was observed between the turbulent shear stress
and the local gradient of the mean velocities. Yokobori
et al. (1983) considered the plane impinging jet and
detected counter-rotating vortex pairs along the wall.
Sakakibara et al. (1997, 2001) also observed that the
counter-rotating vortex pairs are convected from an
upstream location and stretched in the vicinity of the wall.
Nishino et al. (1997) performed measurements using the
particle-tracking velocimetry technique on an impinging jet
flow. Their investigation showed that the radial velocity
magnitude increases highly as the impinged wall is
approached. The axial turbulent intensity first grows
toward the wall with the development of the jet, and then, it
decreases sharply near the wall after a peak at Y/D = 0.25.
The radial turbulent intensity rises near the wall and
exceeds the axial one for Y/D < 0.1. The turbulent kinetic
energy exhibits an increase similar to that of the radial
component near the wall. Kataoka and Mizushina (1974),
Alekseenko et al. (1997, 2002) and Vejrazka et al. (2005)
studied the effect of the instabilities in the shear layer of
the impinging jet on the flow structure and transfer rates.
Hadziabdic and Hanjalic (2008) performed a large-eddy
simulation on a circular impinging jet in order to better
understand the vortex dynamics. They found that the
dominant event that governs the flow is the roll-up of
vortices, which appear in the shear layer and then travel
downstream; the large-scale structures hitting the wall are
neither circular nor parallel to the wall, but angled and
fragmented into segments. The radial flow propagation
leads to vortex stretching in the azimuthal direction that
enhances their rotation. Consequently, counter-rotating
vortices are formed very close to the wall. These vortices
attached to the wall, taking place as recirculation bubbles
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are further stretched before they are destroyed, and driven
into the turbulent wall-jet. The presence of these vortices
increases the level of turbulence in this region. Harvey and
Perry (1971) were the first who observed the process of
wall separation and the generation of secondary vortex
downstream of the associated primary vortex. Later, flow
visualization studies corroborated these findings in vortex
ring impinging flow (e.g., Popiel and Trass 1991; Liang
et al. 1983; Cerra and Smith 1983). Doligalski (1994)
stated that in general the turbulent horseshoe vortex indu-
ces the generation of secondary vortices. These vortices
grow and are ejected from the surface in a strong, narrow-
band eruption of surface fluid. Janetzke and Nitsche (2009)
investigated the effects of jet pulsation on flow field and
wall shear stress of an impingement jet. They found that
the occurrence of secondary vortices at the wall is induced
by the impinging primary vortices. They also observed that
the boundary layer at the wall is periodically disrupted and
regenerated, which results in very high transient wall shear
stress due to the high vortex strength. Among the studies
that investigated the wall shear stress, Zhe and Modi (2001)
estimated the mean wall shear stress on the impingement
surface using hot-wire anemometry measurements. They
found that the skin friction at the target surface depends
upon the distance of the target surface from the slot.
However, the variation among the three nozzle-to-wall
distances investigated (2, 3 and 4 jet diameters) was found
to be small. They also evidenced that the skin friction
coefficient is Reynolds number independent for Reynolds
numbers between 10,000 and 20,000. Loureiro and Freire
(2009) used two different ways to quantify the wall shear
stress using a Micro-sensor (an optical MEMS-based
velocity gradient sensor) from Measurement Science
Enterprise Inc. (Fourguette et al. 2001; Gharib et al. 2002)
and the slope of the velocity distribution in the logarithmic
sublayer (Clauser 1956). Smedley et al. (1999) described
an experimental study of the removal of fine (8.3 um)
polystyrene particles from a glass substrate using a gas
impinging jet. Results suggest that the particles act as
nearly quantized shear stress sensors that provide a direct,
though as yet uncalibrated, measure of the surface shear
stress. Yapici et al. (1999) measured the surface local mean
shear stress for a round submerged jet, with a fully
developed turbulent velocity profile, impinging on a flat
surface, using the electrochemical technique for Reynolds
numbers ranging from 9,200 to 73,500, and nozzle-to-plate
distances from 2 to 10 jet diameters. Their results showed
that the non-dimensional local shear stress values decrease
with increasing Reynolds number and becomes almost
constant at higher Reynolds numbers. They also found that
the highest peak in the radial distribution of the wall shear
stress was obtained for the dimensionless nozzle to
impingement surface of 4 and the height of the peak
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reduced with increasing H/D. Although the wall shear
stress was obtained experimentally using different tech-
niques, many difficulties were encountered by authors
regarding an accurate measurement. Despite the invested
efforts in laser methods, the errors persist and the various
techniques remain under development. In addition, the
measurements taken using the Preston tube may induce
many errors. Phares et al. (2000b) compared several data
of wall shear stress measurements found in the literature
with theoretical predictions. They found that the Preston
tube induces errors, particularly when the logarithmic
region of the boundary layer is not well defined. They also
stated that the electrochemical method is the most precise
of any indirect method for the impingement-region wall
shear stress measurements. To our knowledge, there is no
experimental study that associates both PIV and electro-
chemical techniques to investigate the parietal wall shear
coupled with the vortices field of an axisymmetric jet. The
present work is an experimental investigation focusing on
the relation between the vortex dynamics in different
regions of a circular impinging jet and the wall shear stress
at the impinged wall. PIV measurements associated with
the velocity gradient at the wall using electrodiffusion
probes are presented. Results are shown and discussed for
two Reynolds numbers.

2 Experimental apparatus and procedures
2.1 Jet flow facility

Figure 1 shows the experimental device designed to allow
simultaneous measurements of 2D velocity field and wall
shear rate in an impinging jet using the PIV and the
polarographic method, respectively. A gear pump draws its
supply from the reservoir and delivers the electrolyte to the
nozzle. The fluid impinges the circular target disk equipped
with electrodes. The temperature of the fluid is controlled

==z Al ((s'e

e 1 e 4 M

-~
S

by the cooling coil within £0.2°C. The nozzle is screwed
to a 200-mm length stainless steel tube with the inner and
outer diameters of 15 and 20 mm, respectively. A honey-
comb manufactured of 7-mm-thick disk by drilling 17
holes with a diameter of 2 mm was fitted in the tube inlet.
The nozzle assembly is located in a support, which allowed
vertical movement for accurate alignment of the nozzle
axis with the target disk center. The reservoir is placed on
the sliding compound table (Proxxon KT 150), which
permitted movement in the direction along of and per-
pendicular to the tube axis with a precision of 0.05 mm. A
transparent plate was used in the region where the laser
penetrates the electrochemical solution to avoid the fluc-
tuating surface waves. The entire piping system was made
using inert component to electrochemical solution.

The target is manufactured of a Plexiglas disk with
diameter 100 mm and thickness 17 mm by first drilling the
holes to accommodate the electrodes. Then, a platinum foil
with a diameter of 50 mm and thickness 50 pm was
assembled centrally with Plexiglas disk using Neoprene
glue. Holes with a diameter 0.7 mm were drilled through the
platinum foil as the continuation of the holes in the Plexiglas
disk. The electrodes were fabricated of a 0.5-mm platinum
wire, which was coated electrophoretically with a deposit of
a polymeric paint. After soldering connecting cables, the
electrodes were glued with an epoxy resin into the Plexiglas
disk, so that the tops of the platinum wires just projected
above the platinum foil. The wires were then rubbed down
flush with the surface of the platinum foil using progres-
sively finer grades of emery paper. The last emery paper had
a grit size 10 um. The whole surface was then polished. The
platinum wires were used for the measurements of wall
shear rate and the platinum foil as anode. The electrode
positions in the target disk are shown in Fig. 2.

The test fluid is a 20 mol/m® equimolar aqueous solution
of potassium ferri/ferrocyanide with 1.5% K,SO, by
weight as supporting electrolyte. The density of the solu-
tion was 1,007 kg/m’, kinematic viscosity 1.065 x 107°
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Fig. 1 a Jet facility sketch: (/) circular target disk; (2) cylindrical tube; (3) pump; (4) reservoir; (5) laser source; (6) high-speed camera; (7)
support; (8) cooling coil. b Jet exit geometry: (/) circular nozzle; (2) upstream tube
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Fig. 2 Position of the polarographic probes on the impinged wall
(dimensions are in mm)

m%/s and diffusivity 7.5 x 107'° m%*s at 20°C. The
resulting Schmidt number was 1,333. The used convergent
nozzle had an outlet diameter of 7.8 mm with an area
contraction 4:1 on a length of 17 mm. The distance from
the impinged surface to the exit of the convergent is denote
L. We can define a dimensionless distance L/D, which
characterizes the distance from the disk, where D is the
diameter of the nozzle at the exit. In this paper, L/D = 2.08
for all measurements. The studied Reynolds numbers,
based on the diameter of the jet (D) and the exit velocity,
are Re = 1,260 and Re = 2,450.

2.2 Time-resolved particle image velocimetry
measurements

The time-resolved PIV system used for this study is com-
posed of one Phantom V9 camera of 1,200 x 1,632 pix-
els?, and a Nd : YLF NewWave Pegasus laser of 10 mJ
energy and 527 nm wavelength, the laser sheet obtained by
a system of lenses has a minimal thickness of 0.5 mm in
the measurement section. The acquisition frequency of the
PIV system is 500 Hz for a maximal image window. A
number of 500 image pairs were acquired. Small glass
spheres, 9 to 13 um in diameter, are used as tracer for the
PIV measurements. The camera is mounted on a traversing
system in the normal direction of the light sheet plane of
the laser. The synchronization between the laser and the
camera is controlled by a LaVision High-Speed Controller,
and the data acquisition is performed with DaVis 7.4
software, a CCD image acquisition and processing algo-
rithm developed by LaVision. The time delay between two
images in an image pair is 600 and 400 ps for Re = 1,260
and 2,450, respectively. The calculation of the two velocity
components was obtained using a cross-correlation

@ Springer

between two views of the calibration target. The calibrated
images provide a spatial resolution of 33.1 um per pixel
corresponding to a 52 x 38 mm? field of view. The images
are processed by an adaptive multigrid algorithm correlation
handling the distortion window and the subpixel window
displacement. The prediction-correction method is validated
for each size of the grid when the signal-to-noise ratio of the
correlation is above a threshold of 1.1. On average, less than
2% of the vectors are detected as incorrect. These vectors
are corrected by using a bilinear interpolation scheme. The
final grid is composed of 32 x 32 pixels size interrogation
windows with 50% overlap leading to a vector spacing of
13.5 pixels, which represents a spatial resolution of
0.65 mm. Holes are completed using a bilinear interpolation.

The average size of the particle image is 3 x 3 pixels,
which is adequately resolved according to Prasad et al.
(1992) with the absence of the peak locking phenomenon
(Westerweel 1993). The accumulation of the rms error and
the bias error gives a total error of about 3.7% of the mean
axial velocity. The theoretical analysis of Westerweel
(1993) is used to estimate the error on the particle image
displacement. The maximal displacement error is equal to
1.5 and 2.3% for the longitudinal and the vertical velocity
components.

2.3 The polarographic method

The polarographic (electrodiffusion) method is based on
the measurement of limiting diffusion current on a working
electrode (probe). For the total current I; through a circular
electrode in a viscosimetric flow with parallel streamlines
and uniform wall shear rate y, the formula corresponding to
the Leveque’s equivalent formula for heat transfer was
established by Reiss and Hanratty (1962)

0.884r

_ Fel3pD23RS/3 1
315T(4/3)" (1)

L
where I is the gamma function, n the number of electrons
involved in the electrochemical reaction (n = 1 for the
potassium ferro- and ferricyanide system), F' the Faraday
constant, ¢ the bulk concentration, D the diffusivity of the
active ions and R the radius of the electrode.

In the case of an impinging circular jet, the streamlines in
the wall vicinity spread radially from the stagnation point.
Due to the velocity component normal to the wall, the wall
shear rate is not uniform and Eq. 1 does not hold exactly.
This velocity component and its effect diminish with
increasing distance from the stagnation point. Kristiawan
et al. (2012) have shown that using Eq. 1 for an electrode
with R = 0.25 mm at a distance x = 1 mm causes 2.1% error
in wall shear rate. Taking this error as acceptable limiting
value, we shall use Eq. 1 for the wall shear rate calculations
atx > 1 mm.
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The above given method, Eq. 1, can be used for the wall

shear rate calculation from the measured limiting diffusion
currents for steady and quasi-steady flows. If the flow is not
steady, the inertia of diffusion boundary layer on the
working electrode manifests itself as a filter, which
diminishes amplitude and causes phase shift of the mea-
sured current. A simple method based on the integral bal-
ance for the calculation of the corrected values y.o, Was
proposed by Sobolik et al. (1987):
Yeorr = 7|1+ O.45D’1/3R2/3y’5/3% (2)
where y is the wall shear rate calculated from measured
currents using the Eq. 1 (Rehimi et al. 2006) verified this
method by numerical simulations.

The wall shear stress is calculated from wall shear rate
using the Newton law:

(3)

where the dynamic viscosity had a value of 1.07 x 107>
Pas.

T= M’YCOIT

3 Results
3.1 The initial conditions

It is known that the development of the jet is strongly
dependent on the initial conditions such as the jet geometry
and the exit velocity and turbulence intensity distributions.
The mean streamwise velocity and the mean longitudinal
turbulence intensity profiles near the jet exit (at Y/D = 0.1)
are given in the Fig. 3.

The coordinate origin is taken at the nozzle exit and the
y-axis is along the axis of the pipe. U, and U, are the mean

0,4 =
—O— Re =1260
—&— Re = 2450

03+F

0,2

U, (m/s)

-0,25 0,00

X/D

V' e (M)

velocity components along the x-axis and the y-axis,
respectively. u, . and v/ (respectively u’ and V') are the
velocity root-mean-squares (respectively, the velocity
fluctuating components) in the x and the y directions. In the
free jet region, the streamwise direction is considered along
the y-axis.

Figure 3a shows that the velocity profile in the jet core
region is flat for both the Reynolds numbers; the velocity
drops to almost zero at X greater than the edge of the jet.
The turbulence intensity (Fig. 3b) presents a flat distribu-
tion in the region of the jet core with value around 2% of
the maximum outlet velocity. In the shear region, v,
presents a peak, which corresponds to the inflexion location
in the velocity profile. The peaks amplitude is around 6%
of the maximum outlet velocity for Re = 1,260 and around
8% for Re = 2,450. Similar turbulence intensity distribu-
tion was found by El Hassan and Meslem (2010) near the
exit of a circular orifice jet for a Reynolds number of 3,600.
A conical convergent geometry, similar to that of the
present study, was used by the authors. However, the
maximum turbulence intensity of their circular jet was
around 6%, which is lower than the present value when the
Reynolds number is considered. This difference can be
attributed to the influence of the jet exit and the nozzle
geometries on the turbulence intensity distribution. Con-
sequently, the exit velocity profile of El Hassan et al. study
was saddle-backed with a vena contracta effect near the
circular jet edges.

3.2 Downstream evolution of the K-H instability
upstream from the impinged wall

The jet dynamics is characterized by the amplification of the
primary instability, formed at the exit, when traveling
downstream along the jet axis. The roll-up of the shear layer

—O— Re =1260 4
—&— Re = 2450

0,030

0,025 |

0,020

0,015
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0,00
X/D

0,25 0,50

Fig. 3 Mean streamwise velocity (a) and longitudinal root-mean-square velocity (b) distributions near the jet exit (at 0.1 D) for Re = 1,260 and

2,450
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is responsible for the generation of azimuthal large-scale
structures, called Kelvin-Helmholtz (K-H) vortices. The
downstream evolution of the momentum thickness is given
to characterize the expansion of the free jet region in the
longitudinal direction. The momentum thickness is calcu-
lated from the mean streamwise velocity profiles as follows

KUpin
9:/ ﬂ(l—ﬂ)dx (4)
o UOy UOy

Where Xxymin corresponds to the edge of the jet and Uy,
is the maximum streamwise velocity at the studied
longitudinal location. The edge of the jet is defined using
the criterion proposed by El Hassan et al. (2011). Using
this criterion, the minimum velocity is taken equal to 1.5%
of the maximum mean streamwise velocity at the jet exit.

The momentum thickness calculation is only valid in the
free jet region, upstream from the location where the flow turns
from the wall normal to wall parallel and when most of the
momentum is diverted to the radial direction due to the wall.

Figure 4 shows the downstream evolution of the
momentum thickness in the free jet region and in the
upstream part of the impinging region. The initial momen-
tum thickness 6, calculated at ¥/D = 0.1, is 0.47 and 0.925
for Re = 1,260 and 2,450, respectively. It is seen in the
Fig. 4 that the momentum thickness increases downstream
from the jet exit with an expansion rate higher for the lower
Reynolds number. The expansion rate shows a decrease
from Y/D = 1.1 for both the plots (Fig. 4). The momentum
thickness reaches its maximum value at ¥/D = 1.2 then 0
becomes almost constant for ¥/D between 1.2 and 1.35. The
maximum value of the momentum thickness is equal to 0.51
for Re = 1260 and to 1 for Re = 2450. The presence of the
impinged wall is responsible for the decrease in both the
expansion rate and the momentum thickness when the wall
is approached. The presence of the impinged wall is
responsible for the decrease in both the expansion rate and
the momentum thickness when the wall is approached.
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Fig. 4 Longitudinal distribution of the momentum thickness
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3.3 Mean streamwise velocity, turbulence intensity
and skin friction coefficient distributions

The distribution of the mean longitudinal turbulence intensity
is shown with the iso-values of the mean x-component of the
velocity (U,) in the Figs. 5 and 6 for Re = 1,260 and 2,450,
respectively. The location of different polarographic probes
(P1-P5) is shown in the same figures. Both the skin friction
coefficient amplitude measured by the electrochemical probes
and the corresponding root-mean-square are also given. It is
seen that the zones where the azimuthal vortices develop are
characterized by high turbulence intensity values. Indeed,
when traveling from the jet exit toward the impinging wall,
the turbulence intensity increases in the shear regions.
Figure 5 shows that the velocity U, has a peak between
the probe P1 and P2, at around 1.5 mm from the wall
(Y = 14.5 cm). It can be observed that the absolute value of
U, reaches a maximum between P1 and P2 and then
decreases in the radial direction with a separation shape of the
iso-velocity contours from the wall between P2 and P3. The
highest values of the turbulence intensity in the wall region
correspond to the impact region of the transverse structures.
As the radial distance increases, the turbulence intensity
decreases near the wall particularly downstream from the
separation of the boundary layer, upstream from P3. When
the Reynolds number increases (Fig. 6), the velocity and the
turbulence intensity peaks remain between P1 and P2.
Figures 5 and 6 also show a decay in the wall shear
stress when the radial distance increases, from the probe
P1-P5; the maximum skin friction coefficient amplitude is
reached at P1 for the two regimes (C, = 0.063 and 0.039 for
Re = 1,260 and 2,450, respectively). The exact position of
the maximum skin friction coefficient value can be located
between the probes P1 and P2. Additional polarographic
measurements were taken for a better localization of the
maximum wall shear stress and that of its fluctuations. It is
interesting to note (Figs. 5 and 6) that the wall shear stress
fluctuations are higher at the probe P2, while the mean skin
friction coefficient is lower at this probe as compared to the
probe P1. This behavior is related to the dynamics of the
separated flow and the impact of the K-H vortical struc-
tures near the probe P2. Indeed, the impact of the trans-
verse structures on the wall results in high local shear stress
values, whereas the shear stress fluctuations increase as the
vortices interact with the wall resulting in the birth of
secondary vortices. This phenomenon seems to be more
pronounced when increasing the Reynolds number.

3.4 Mean wall shear stress distribution and vortex
dynamics

More details about the variation of the shear stress at the
impinged wall were obtained by moving the impinged
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target in the radial direction. Figure 7 shows the distribu-
tion of the mean skin friction coefficient for Re = 1,260 and
2,450. The skin friction coefficient values obtained simul-
taneously with the PIV measurements are shown in the

same figure for comparison and as indication of the
polarographic probe positions. It is clear that the average
skin friction coefficient presents a symmetrical distribution.
The maximum mean skin friction coefficient, equal to 0.07
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Fig. 7 Mean skin friction coefficient distribution at the impinged wall for Re = 1,260 and 2,450, respectively

and 0.046, is located between the probes P1 and P2 at
around 0.64D and 0.72D for Re = 1,260 and 2,450,
respectively. At the stagnation point, the skin friction
coefficient is very low for the two studied Reynolds
numbers. The vortex dynamics near the impinged wall is
investigated for a better understanding of the skin friction
coefficient variations at the wall. Four phases of the flow
are shown in Figs. 8 and 9 for both Reynolds numbers; the
time delay between two consecutive phases is 10 ms. The
Ay-criterion, based on the minimum local pressure, is used
for the detection of the vortices (Jeong and Hussain 1995).
It can be seen (Figs. 8 and 9) that the K-H vortices, which
develop in the jet shear layer, separate in transverse large-
scale structures in front of the probe P1; the transverse
vortices impinge the wall between P1 and P2. The peak in
the skin friction coefficient (Fig. 7) corresponds to the

YD

region where the primary structures impinge the wall. It is
interesting to note the presence of secondary vortices close
to P2 (Fig. 8a) just downstream from the location of the
primary structures impact. These vortices are generated due
to the effect of the primary vortices on the fluid between
the vortex ring and the impinged wall. This results in an
ejection of rotating fluid from the wall and consequently
affects the downstream evolution of the primary vortex,
which also detaches from the wall near the probe P2
(Fig. 8c, d). The sudden decrease in the mean skin friction
coefficient downstream from the peak location is mostly
due to both the generation of the secondary vortex and the
detachment of the vortices just downstream from P2.
Similar behavior can be observed for the higher Reynolds
number (Fig. 9) with two slight differences. First, despite
that the secondary structure is formed at similar radial

Fig. 8 Vortex dynamics in the impinging region for Re = 1,260; the color iso-contours are indicative of the vortex centers
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Fig. 9 Vortex dynamics in the impinging region for Re = 2,450; the color iso-contours are indicative of the vortex centers

location (close to P2), its detachment occurs further down-
stream (Fig. 9d) for Re = 2,450 when compared to the
Re = 1,260 case. Second, the detached structures seem to
develop closer to the wall near P3 for Re = 1,260. The latter
phenomenon could explain the slightly slower decrease in
the mean skin friction coefficient for Re = 2,450 down-
stream from P3 (cf. Fig. 7). In addition, this vortex
dynamics could explain the difference in the skin friction
coefficient distribution between the probes P3 and P4.
Landreth and Adrian (1990) used PIV measurements to
characterize the velocity field of a circular impinging jet at
a Reynolds number of 6564. They evidenced the presence
of a secondary vortex at a separation point located below
and downstream of the primary vortex, which appears to
have lifted away from the boundary layer. Didden and Ho
(1985) explained the rise in the magnitude of the fluctu-
ating pressure at the wall-jet region by the formation of
secondary vortices. Further downstream, they suggested
that the decrease in the pressure fluctuations is due to the
ejection or lifting of the secondary vortices. Hall and
Ewing (2006) found that the average convection velocity
decreased from U.= 0.73 U, in the region between
r/D = 1.0 and 1.5 to 0.6U, for r/D = 1.5 and 2.0. They
explained this variation by the separation in this region of
the secondary vortices from the wall. In their numerical
study, Hadziabdic and Hanjalic (2008) found that strong
azimuthal rotation of the toroidal vortices affects the flow
in the near-wall region of the impinging circular jet. The
formation of a counter-rotating wall-attached bubble with
internal recirculation, namely “secondary vortex”, was
localized between the plate surface and the large-scale
toroidal vortex at the wall-jet edge shear layer. The large-
eddy simulations of Olsson and Fuchs (1999) of a forced

semiconfined circular impinging jet showed the presence of
secondary vortices near the impinged wall only for radial
distances higher than 1.19 D from the stagnation point. It
was also found that the secondary vortices from down-
stream of the primary vortices and that the rotation of the
secondary vortices affects the flow near the wall by intro-
duction of a wall normal motion and a subsequent lift up.

3.5 Energy spectra and cross-correlations of the wall
shear stress

The frequency content of the polarographic signals is
obtained from studying the energy spectra at different
probes. The most energetic sharp frequency peaks are
observed at the probes P1, P2 and P3 for the two studied
regimes (Fig. 10a, b). The main peak occurs at a frequency
of 13.2 Hz for Re = 1,260 and 26.5 Hz for Re = 2,450.
The higher frequency peaks are harmonics of the main one.
Although a low frequency peak can be distinguished at the
probes P4 for Re = 1,260, a single frequency peak of
26.5 Hz is present at the probe P4 for Re = 2,450. This
difference is explained by the interaction between the
primary and the secondary vortices, which results in lower
frequency tertiary structures for Re = 1,260. For the higher
Reynolds number (Re = 2,450), both the tertiary structures
and the vortices with higher frequency seem to influence
the variation of the wall shear stress.

In this study, the cross-correlation coefficient between
two temporal signals a(f) and b(¢) is defined by

a(t)b(t+T)

Raw(T) = RMS(a') x RMS(b')

(5)

where T is the time delay between the signals.
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Figure 11a, b show the distribution of the cross-corre-
lation coefficient, calculated between different polaro-
graphic signals, for Re = 1,260 and 2,450, respectively.
Most of the correlation plots are periodic with a frequency
of about 13.2 Hz for Re = 1,260 and about 26.5 Hz for
Re = 2,450, which corresponds to the transverse vortex
passing. This distribution indicates that the transverse
large-scale structures are the main features, which affect
the wall shear stress. The correlation between P1 and P2
shows strong dependency between the events that affect the
wall shear stress at the two probes. The high amplitude of
the correlation peak between P1 and P2 suggests that the
transverse vortex passing is the main physical phenomenon
responsible for the velocity gradient variation at the wall
for these probes. On the other hand, the generation of
secondary vortices near P2 and the interactions between the

a — PPz —— — P2P3
P1P3 — — — P2-P4
P1-P4 P3-P4

b 1e-1

Arbitrary scale

—— PS5
1e-9 -

F (Hz)

10 Energy spectra of the wall shear stress fluctuations for Re = 1,260 and 2,450, respectively

primary and the secondary vortices, when the radial dis-
tance increases, could explain the lower cross-correlation
amplitude between P1 and P3. Similar phenomena can
explain the cross-correlation amplitude between P2 and P3.
The low amplitude of the P1-P3 and P2-P3 cross-corre-
lations for Re = 2,450 as compared to Re = 1,260 is
related to stronger interaction between the secondary vor-
tices and the impinged wall, whereas these structures
detached just downstream from their generation location
for Re = 1,260. The global effect of the primary vortices
on the flow dynamics at different probes can explain the
periodicity of the P1-P4 and P2-P4 correlations, despite
their low amplitude. Finally, the advection of bigger
structures that result from the interaction between primary
and secondary vortices could explain the particular P3—P4
cross-correlation shape.

b ——————pP1P2 —— — P2-P3
P1P3 — — — P2-P4
P1-P4 — —P3-P4

't

"100 -50 0 50 100
T (ms)

Fig. 11 Cross-correlations between the wall shear stress fluctuations for Re = 1,260 and 2,450, respectively
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3.6 Wall shear stress dependency on the streamwise
velocity and the transverse vorticity

From the above results, it is evident that the wall shear
stress is strongly dependent on the large-scale vortical
structures dynamics. The cross-correlation coefficients of
the wall shear stress with the x-component of the velocity
(Rv.s) and the transverse vorticity (Ry.y) are calculated for
deeper investigation of the relation between the vortex
dynamics and the wall shear stress variations for the two
Reynolds numbers. The vorticity signals are extracted from
the PIV measurements at different vertical positions from
the wall. Figure 12 shows two main differences between
the distribution of R,/ and Ry First, while both cross-
correlations present high amplitude near the wall, a
decrease followed by an increase presents near the wall
occurs farther from the wall for R, as compared to Ry
Second, Ry, becomes negligible at around 4 mm from the
wall, while R, gradually decreases when the vertical
position increases and the wall shear stress still correlates
the velocity farther from the wall. These differences are
related to the influence of the vortex passing on the velocity
field near the wall but also far from the wall. The
entrainment of the surrounding flow is strongly influenced
by the passage of the K-H structures (El Hassan and
Meslem 2010; El Hassan et al. 2011). Therefore, the
presence of important cross-correlation between the
velocity and the wall shear stress far from the wall is due to
the influence of the transverse structures on the surrounding
fluid where no vortical structures can be detected. Near the
wall, a phase jump is observed for both Ry, and Ry, but
its vertical location is different for the two cross-correlation
coefficients. This jump, better illustrated in Fig. 13, occurs
at a vertical position between 1.7 and 2.1 mm from the wall
for Ry, and between 0.1 and 0.4 mm for Rv,. The latter
indicates that the wall shear stress highly correlates with

Fig. 12 Planar representation a
of the cross-correlations
between the wall shear stress
and, respectively, the velocity
and the transverse vorticity for
Re = 1,260 at the probe P2

the K-H structures after their separation but also with the
secondary vortices. The jump in R, indicates the transi-
tion from the direct influence of the large-scale transverse
vortices on the wall shear stress to an indirect relation
between the x-component of the velocity and the wall shear
stress due to the influence of the vortices on the sur-
rounding flow.

It can be concluded that the cross-correlation between
the wall shear stress and the transverse vorticity is of high
interest for studying the relation between the dynamics of
the primary and the secondary vortices and the wall shear
stress. In the next paragraph, R, is calculated between the
vorticity signals and the wall shear stress variations for
different polarographic probes.

3.7 Wall shear stress and transverse vorticity
cross-correlations

The cross-correlations between the wall shear stress and
the transverse vorticity fluctuations are presented at dif-
ferent polarographic probes and the two regimes in
Figs. 14 and 15. The periodicity of the cross-correlations
and the high amplitude of the correlation coefficient con-
firm that the wall shear stress is strongly dependent on the
dynamics of the large-scale transverse vortical structures. It
is shown that near the wall, no time delay exists between
the vortical passing and their influence on the wall shear
stress for the probe P1. Two regions can be distinguished
(near the wall): the zone close to the wall and the primary
vortices passing region. The presence of these two regions
suggested that although the secondary vortices are not
formed at this radial position, a like-ejection effect seems
to exist due to the passing of the primary large-scale
structures. Therefore, negative value of Rf/a,«Z is observed
for T=0, and positive values characterize the region
where the primary vortices develop. The cross-correlation
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Fig. 13 2D representation of the cross-correlations between the wall shear stress and, respectively, a the velocity and b the transverse vorticity
for Re = 1,260 at the probe P2; the origin is taken at the impinging wall (at P2) and different distances from the wall are considered

distributions are quite similar for the two studied Rey-
nolds numbers; the frequency peaks correspond to the
transverse vortices passing (13.2 Hz for Re = 1,260 and
26.5 Hz for Re = 2,450). The same explanation con-
cerning the influence of the vortices passing on the wall
shear stress is still valid for P2 (Fig. 14c, d). However,
the negative values at T = 0 are due to the effect of the
secondary vortices, which are generated near P2. For the
higher Reynolds number, the cross-correlation values
remain higher farther away from the impinged wall as
compared to the Re = 1,260 case.

For the probe P3, although the cross-correlation shape is
different from that at the probes P1 and P2, its periodicity
for the two Reynolds numbers (Fig. 14e, f) suggests that
the wall shear stress is still strongly dependent on the
vortical structures passing. However, the larger period
observed for this probe is due to the influence of tertiary
structures, which result from the interaction between the
primary and the secondary vortices before their detachment
near the probe P3.

Figure 15a—d show that the cross-correlation distribu-
tion is not periodic for the probes P4 and P5. It is also
shown that cross-correlation amplitudes between the wall
shear stress and the transverse vorticity are high closer to
the wall for the higher Reynolds number. However, the
maximum cross-correlation amplitude is higher for the
smaller Reynolds number. One can note that the cross-
correlation near the wall is negligible for Re = 1,260 at P5,
whereas high correlation amplitude is present far from the
wall. One could suggest that the wall shear stress is influ-
enced by the large-scale vortices even after their detach-
ment far from the impinged wall.

@ Springer

4 Conclusion

The wall shear stress is investigated experimentally using the
polarographic method in a circular impinging jet for Reynolds
numbers of 1,260 and 2,450. The velocity field and the vortex
dynamics are obtained thanks to time-resolved PIV measure-
ments. The simultaneous measurements of the wall shear stress
and the velocity field are used to bring out the role of different
large-scale vortical structures on the wall shear stress distri-
bution on the impinged wall. The main conclusions of the
present study can be summarized as follows.

1. The momentum thickness increases downstream from
the jet exit until X/D = 0.77 with an expansion rate
higher for the lower Reynolds number. Further down-
stream (X/D > 1.2), the momentum thickness becomes
almost constant.

2. High turbulence intensity values exist in the free jet
and the impinging regions where the azimuthal
vortices develop; the maximum turbulence intensity
values correspond to the impact region of the trans-
verse structures. The location of the peak in the U,
distribution (between P1 and P2) is different from that
of the corresponding turbulence intensity. This spatial
distribution is related to the fact that the secondary
vortices are generated downstream from the impinging
region of the primary structures.

3. The distribution of the mean skin friction coefficient
presents a peak in the region where the primary large-
scale structures impinge the wall. This maximum is
followed by a decrease of the skin friction coefficient,
which corresponds to the location of the detachment of
the large-scale vortices from the wall.
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Fig. 14 Cross-correlations
between the wall shear stress
and the transverse vorticity for
different vertical distances from
the impinged wall; the top,
middle and bottom figures
correspond to P1, P2 and P3,
respectively; a, ¢, e: Re = 1,260;
b.d, f: Re = 2,450

Y (mm)

4. The frequency content of the energy spectra of the wall
shear stress suggests that vortices with lower fre-
quency (tertiary vortices) influence the variation of the
wall shear stress when the radial distance increases.
When the Reynolds number increases, both the
vortices with high and lower frequencies affect the
variation of the wall shear stress.
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The wall shear stress cross-correlations confirm the
important role of different large-scale vortical
structures on the wall shear stress distribution. It is
found that similar vortex dynamics influences the
velocity gradient at the wall for the probes P1 and
P2, whereas both the generation of the secondary
vortices and the separation of the boundary layer
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Fig. 15 Cross-correlations a

between the wall shear stress
and the transverse vorticity for
different vertical distances from
the impinged wall; the rop and
bottom figures correspond to
P4 and PS5, respectively;

a, ¢: Re = 1,260;

b, d: Re = 2,450
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from the impinged wall affect the wall shear stress
for the other probes.

6. Cross-correlations between the wall shear stress and
the transverse vorticity fluctuations are used for deeper
investigating the role of the vortical structures on the
wall shear stress. High cross-correlation amplitudes are
observed near the wall where the transverse structures
develop. No time delay exists between the primary
vortex passing and their influence on the wall shear
stress at the probes P1 and P2. Close to the wall, the
secondary structures correlate the wall shear stress.
Negative cross-correlation values result for 7 = 0 and
positive values are present in the region where the
primary vortices develop. For P3, tertiary vortices that
result from the interaction between primary and
secondary structures strongly correlate the wall shear
stress. The non-periodicity of the cross-correlation
distribution at the probes P4 and PS5 is related to the
detachment of the vortices upstream from these
probes. However, the influence of the large-scale
structures is still observed at these probes, particularly
near the wall for P4 and far from the wall for P5 at the
lower Reynolds number.
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