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Abstract

A stereo PIV technique using advanced pre- and post-processing algorithms is implemented for the experimental study of the local
structure of turbulent swirling impinging jets. The main emphasis of the present work is the analysis of the influence of swirl rate on the
flow structure. During measurements, the Reynolds number was 8900, the nozzle-to-plate distance was equal to three nozzle diameters
and the swirl rate was varied from 0 to 1.0. For the studied flows, spatial distributions of the mean velocity and statistical moments
(including triple moments) of turbulent pulsations were measured.

The influence of the PIV finite spatial resolution on the measured dissipation rate and velocity moments was analyzed and compared
with theoretical predictions. For this purpose, a special series of 2D PIV measurements was carried out with vector spacing up to several
Kolmogorov lengthscales.

All terms of the axial mean momentum and the turbulent kinetic energy budget equations were obtained for the cross-section located
one nozzle diameter from the impinging plate. For the TKE budget, the dissipation term was directly calculated from the instantaneous
velocity fields, thereby allowing the pressure diffusion term to be found as a residual one. It was found that the magnitude of pressure
diffusion decreased with the growth of the swirl rate. In general, the studied swirling impinging jets had a greater spread rate and a more
rapid decay in absolute velocity when compared to the non-swirling jet.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Impinging jets are widespread in industrial applications,
as they have the highest heat and mass transfer rates in the
impingement region, and because the transfer coefficients
can be effectively controlled by a variety of parameters:
nozzle-to-plate distances, Reynolds number of flow, jet
array assembly using multiple jet configurations, nozzle
shape, external forcing, imposed swirl, etc. The areas of
application for impinging jets include paper and fabric dry-
ing, local cooling of turbine blades and high-power elec-
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tronics, material coating, metal solidification, and many
others. Some authors also emphasize the importance of
impingement study in connection with environment protec-
tion from the vertical take-off and landing aircrafts.

Moreover, impinging jets are the objects with a number
of physical effects, making them a universal test for CFD
modeling. In different flow regions, both free and wall
shear layers can be observed, as well as large-scale vortex
structures (LSVS) developing in the free jet region and
interacting with the impingement surface, a sharp curva-
ture of streamlines in the vicinity of the jet turn, and as a
consequence, the appearance of Görtler instability. The
PDF of turbulent fluctuations in impinging jet flow is far
from the Gaussian distribution due to the presence of
LSVS, and anisotropy of pulsations in the near-wall region
is quite different from the one at normal boundary layer
conditions. Despite the large number of works (starting
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Notations

Re Reynolds number
S swirl rate
TKE turbulent kinetic energy
D final interrogation area size [m]
x, y, z Cartesian coordinates in a measurement volume

[m]
r, h, z radial, azimuthal, and axial directions in a cylin-

drical coordinate system in a measurement vol-
ume

t, w, u radial, azimuthal, and axial components of fluc-
tuating velocity [m/s]

t 0, w 0, u 0 intensities of radial, azimuthal, and axial veloc-
ity fluctuations [m/s]

ux, uy, uz components of fluctuating velocity in a Carte-
sian coordinate system [m/s]

U = (V,W,U) radial, azimuthal, and axial components
of mean velocity [m/s]

U0 mean flow rate velocity [m/s]
d nozzle exit diameter [m]
d1 centerbody diameter [m]
d2 external diameter of swirler [m]
u blade angle [rad]
H nozzle to impinging plate distance [m]
hi ensemble averaging operator
m fluid kinematic viscosity [m2/c]
e turbulent kinetic energy dissipation rate [m2/c3]
g Kolmogorov lengthscale [m]
L integral lengthscale [m]
f underestimation coefficient
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from Gardon and Akfirat, 1965 and Donaldson et al.,
1971) devoted to the investigation of heat-mass transfer
during turbulent jet impingement, there are only a few
experimental studies of impinging jet hydrodynamics which
consider the turbulent flow structure in detail. More com-
plete information on the main turbulent characteristics
was presented in a paper by Cooper et al. (1993) where
the authors performed hot-wire measurements of the aver-
age velocity components, RMS pulsations, and the Rey-
nolds stresses for the jet issuing from a round tube and
impinging normally onto an obstacle. Landreth and
Adrian (1990) presented data on the particle image veloci-
metry (PIV) measurements of the impinging jet characteris-
tics for the first time. Their results contained distributions
of instantaneous velocity and vorticity in the central
cross-section of the jet, and also the averaged velocity field
near the stagnation point. The mean velocity, Reynolds
stresses, and triple correlations were measured with the
aid of particle tracking velocimetry (PTV) in the work of
Nishino et al. (1996), where the terms of the turbulent
kinetic energy balance equation were also obtained.

The development of instabilities in the shear layer of the
impinging jet and their effect on the flow structure and
transfer coefficients was studied by Didden and Ho
(1985), Kataoka et al. (1987), Liu and Sullivan (1996), Ale-
kseenko et al. (1997, 2002) and in the recent work by Vej-
razka et al. (2005).

The turbulent structure of jet flow changes significantly
under the conditions of a swirl superimposition (see recent
works by: Billant et al., 1998; Liang and Maxworthy,
2005). The bases of swirling flows can be found in books
by Gupta et al. (1984) and Alekseenko et al. (2003).
Depending on the swirl rate and on the manner in which
the swirl is applied, substantially different flow regimes
can be observed: vortex rings for non-swirling and weakly
swirling jets; helical waves with different wavenumbers for
strongly swirling jets (Alekseenko et al., 1999). Finally,
vortex breakdown appears for high enough swirl rates
and is known to have different states: spiral, bubble, or
conical, where the last two can be either symmetric or
asymmetric (Billant et al., 1998). Superimposition of the
external swirl is widely considered as one of the most effec-
tive passive ways of flow control. In different kinds of
industrial jet devices, the application of swirl induces a
reverse flow near the nozzle and leads to a greater spread-
ing rate of the jets, providing larger entrainment of the
surrounding media that plays a major role during optimi-
zation. In combustion systems, the presence of the recircu-
lation zone caused by a relatively high swirl rate is often
used for reliable stabilization of the flame.

There are only a few papers presenting experimental and
numerical results on the structure of swirling impinging
jets. Some of the authors report a decrease of the transfer
coefficients compared to the non-swirling impinging jet
flow (Owsenek et al., 1997; Huang and El-Genk, 1998).
Azevedo et al. (1997) applied the naphthalene sublimation
technique to study the influence of flow parameters on the
mass transfer coefficients and determined their overall
decrease in the swirling impinging jet for Re = 9000–
45,000, H/D = 2–8 and S = 0–0.74. Volchkov et al.
(1996) reported that heat transfer coefficients on the surface
generally decreased in proportion to the swirl intensity and
the impinging distance. However, for an impinging dis-
tance less than two nozzle diameters, heat transfer of a
swirling impinging jet is enhanced as compared to a con-
ventional circular jet. Recently, Abrantes and Azevedo
(2006) performed 2D PIV and LDA measurements in the
swirling impinging jets at Re = 21,000 and confirmed that
the presence of a swirl significantly intensified heat transfer
from the wall at very small nozzle-to-plate distances, H/
D = 0.25. In the work of Nozaki et al. (2003), the heat
transfer characteristics of the swirling impinging jet at the
low Reynolds number of 4,000 were experimentally exam-
ined using a combined PIV and planar laser-induced fluo-
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rescence (PLIF) technique for simultaneous measurements
of velocity and temperature fields. PIV measurements per-
formed at swirl numbers S = 0.30 and S = 0.43 clearly
showed the existence of the recirculation zone in the stag-
nation region. Authors have shown that the dynamic
behavior of recirculation zones mainly affects the turbulent
heat transfer at the stagnation region.

On the basis of previous studies, it can be concluded that
the application of a swirl is the key for controlling distribu-
tions of heat-mass transfer coefficients, especially for jet
arrays. On the other hand, an imposed swirl can essentially
enhance mixing processes in chemical reactors, burners and
mixing devices utilizing confined jet configurations.

The PIV technique allows direct measurement of terms
such as the spatial velocity derivatives, the terms of the dis-
sipation rate, spatial spectra, and two-point correlations.
However, it is necessary to elaborate a number of complex
pre- and post-processing PIV algorithms before calculating
the above-mentioned characteristics. ‘‘Outliers’’ linked
with the wrong determination of particle displacement
are inherent in any PIV processing method. Therefore,
the stages of raw velocity field validation, false vector
removal (Westerweel, 1994) and ‘‘empty holes’’ interpola-
tion (Foucaut et al., 2000) are needed before further
post-processing steps. For accurate calculation of instanta-
neous velocity gradients, a proper derivative filter should
be implemented (Foucaut and Stanislas, 2002). Heinz
et al. (2004) demonstrated that the presence of outliers
essentially affected the accuracy of the high order statistical
moments calculation and proposed a statistical validation
algorithm based on the PDF of velocity fluctuations mod-
eling. Piirto et al. (2003) have shown that the statistical
characteristics of turbulence measured by PIV are under-
estimated for a low spatial resolution, especially for the
dissipation rate. In the present paper the correction of
dissipation was proposed using Pao’s model for the TKE
spectrum function.

The objective of the present work is to study, with the
aid of PIV and Stereo PIV, the hydrodynamic structure
of impinging jet flow with superimposed swirl. The main
emphasis was on obtaining spatial distributions of statisti-
cal characteristics and a calculation of the turbulent kinetic
energy budget.
Fig. 1. Sketch of experimental setup. (a) Non-swirli
2. Experimental setup, apparatus and data processing

The experimental setup represented a hydrodynamic
loop equipped with a pump, a flowmeter, and a tempera-
ture stabilizing device. The jet flow was organized in a
transparent rectangular working section (40 cm height,
20 cm width, 20 cm length). A circular nozzle with a Vito-
shinsky profile (contraction 1:16 in area) and an exit diam-
eter of d = 15 mm was mounted at the bottom of the
working section (see Fig. 1). An axisymmetric jet flow
issued upwards from the nozzle and impinged on a flat
plate. The distance between the nozzle exit and the
impingement plate was H = 45 mm, corresponding to the
ratio H/d = 3. Water flow was driven by a pump which
had a rotation speed precisely controlled by an inverter.
The Reynolds number, defined on the basis of mean flow
rate velocity U0 = 0.52 m/s and nozzle diameter, was equal
to 8900. A thermostat was used to maintain a constant
water temperature of 26 �C with an accuracy of ± 0.2 �C.
The choice of these flow conditions was due to peculiarities
of the impinging jet flow configuration. The present Rey-
nolds number and the nozzle-to-plate distance provide a
transitional flow regime where large scale vortex structures
developing in the jet shear layer are clearly pronounced and
reach the impinging plate before their break-up in a non-
swirled jet (see Alekseenko et al., 2002).

The present work studies non-swirling (referred to below
as ‘‘conventional’’) and swirling impinging jets where the
measurement plane (r,z) contains the jet axis. The schemes
of the studied flows and the measurement zones locations
are shown in Fig. 2. The ‘‘PIV-IT’’ Stereo PIV system
developed at the Institute of Thermophysics was used for
the measurements. The system consisted of a double cavity
Nd:YAG pulsed laser (50 mJ), couple of CCD (1240 · 1024
pix2) cameras and a synchronizing processor. A laser sheet
was formed by a cylindrical lens and had a minimal thick-
ness of 0.5 mm in the measurement section, controlled
using a focusing lens. Depending on the measurement area
size, polyamide particles or silver-coated hollow glass
spheres with different mean diameters (20, 10 or 5 lm) were
used for flow seeding. During the experiments, the system
was operated by a computer with ‘‘ActualFlow’’ software.
The software exploits algorithms presented at the previous
ng impinging jet and (b) swirling impinging jet.



Fig. 2. Schemes and measurement areas locations for non-swirling (a) and
swirling (b) impinging jet and (c) sketch of swirler arrangement.

S.V. Alekseenko et al. / Int. J. Heat and Fluid Flow 28 (2007) 1340–1359 1343
two ‘‘PIV Challenge’’ Symposia in 2003 and 2005 by the
‘‘IOT’’ team. Detailed information about the proceeding
algorithms can be found in Stanislas et al. (2005, in press).

In the first stage of the measurements, the conventional
impinging jet was studied using 2D2C PIV. A top-hat exit
velocity profile with a momentum thickness of 0.25 mm
was organized by the nozzle. Two smoothing grids were
mounted in the plenum chamber of the nozzle. In order
to provide a high enough spatial resolution (up to
0.26 mm/vector), the whole measurement area was sepa-
rated into five elementary zones (see Fig. 2a) where the
measurements were performed independently. For each
zone, 1500 image pairs were captured and processed by
an iterative cross-correlation algorithm with image defor-
mation. During processing, the final interrogation area
(IA) size was 32 · 32 pixels with 50% overlap. In addition,
a set of PIV measurements was carried out in which the
flow was studied with various spatial resolutions. This
was done in order to study the influence of the ratio of
the IA size and the Kolmogorov lengthscale on measured
turbulence characteristics. In this case, independent mea-
surements were performed in the elementary zones shown
in Fig. 2a at the distance z = 2d from the nozzle exit, and
3000 image pairs were captured for each zone. A summary
of the experimental conditions is presented in Table 1.

At the second stage, swirling impinging jets were studied
with the aid of the Stereo PIV technique. For the organiza-
tion of the swirling jet flow, swirl generators with different
blade angles were put into the plenum chamber before the
convergent nozzle exit (see Fig. 2c). The definition of a
swirl rate (1), following Gupta et al. (1984), was based on
geometric parameters:

S ¼ 2

3

1� ðd1=d2Þ3

1� ðd1=d2Þ2

 !
tanðuÞ ð1Þ
Table 1
Conditions of image acquisition during the measurements, spatial reso-
lutions and correction coefficients for the studied flows

Swirl
rate

Measurement area
size [mm2]

# of
areas

# image
pairs

D
[mm]

D/g 1/fe

S = 0 15.9 · 15.9 5 1500 0.52 13.9 2.86
S = 0 29.7 · 22.47 1 3000 0.76 20.2 5.2
S = 0 9.9 · 7.87 2 3000 0.25 6.8 1.0
S = 0.41 24.5 · 19.0 4 3000 0.68 13.7 2.9
S = 0.70 24.5 · 19.0 4 3000 0.68 14 –
S = 1.0 24.5 · 19.0 4 3000 0.68 15.4 3.6
Here, d1 = 7 mm is the diameter of the centerbody support-
ing the blades, d2 = 27 mm is the external diameter of the
swirler, and u is the blade inclination angle. During the
experiments, the swirl number was varied from 0.41 to
1.0 by using the swirlers with different blade angles. The
whole measurement area was separated into four elemen-
tary zones (see Fig. 2b), for which 3000 image pairs were
captured by each of two cameras. For image processing,
the above-mentioned iterative cross-correlation algorithm
was used. The angle between the optical axis of each
camera (see Fig. 2b) and the measurement plane normal
was 26�. A plane calibration target with the size of 25 ·
25 mm2 was employed for a stereo calibration. During
the calibration, a third-order polynomial transform was
used to minimize non-linear optical distortions.

For all studied cases, a number of post-processing pro-
cedures were implemented. Instantaneous velocity fields
were validated and ‘‘outliers’’ were removed using the
adaptive median filter (Westerweel and Scarano, 2005)
and signal-to-noise ratio (SNR) criteria for cross-correla-
tion maxima. Before the stereo reconstruction or spatial
derivatives calculation, a third-order 3 · 3 linear interpo-
lation filter was used for the ‘‘holes’’ interpolation. In
the present work for the derivatives estimation, the sec-
ond-order centered difference scheme was used, which is
considered as the optimal one in the case of a 50% IA
overlap (according to Raffel et al., 1998; Foucaut and
Stanislas, 2002). A statistical filtering procedure (Heinz
et al., 2004) based on the model PDF of fluctuating veloc-
ity was implemented in order to achieve an accurate high-
order moments calculation. In general, sources of PIV
measurement uncertainty can be separated into several
main groups. The first one arises from the unavoidable
imperfections of the experimental setup: optical distor-
tions, misalignment of the laser sheet and calibration
target planes during stereo measurements, quality of flow
seeding, out-of-plane motion effects, etc. The second
source of error is a general processing error associated
with the camera noise, effects of sampling (e.g. peak-lock-
ing effect), high frequency data noise from the FFT of
non-periodic IA, and others. The numerous tests of adap-
tive processing algorithms based on synthetic images show
this error to be below 0.1 pix, which corresponds to about
2% for a particle displacement of 5 pix. The third source
of error is connected with the averaging over IA when the
cross-correlation function is being calculated. When
studying turbulent flows at a high Re number, limited spa-
tial resolution of PIV leads to an underestimation of tur-
bulent characteristics. As shown in Section 3.3 of the
present paper, this error can be up to 30% and 50% for
the second- and third-order moments, respectively, and
up to 100% for the dissipation rate. In this paper, the first
and second types of errors will be estimated by the mag-
nitude of the RMS velocity fluctuations in the regions
where the flow is almost absent. Additional attention will
be drawn to the spatial resolution of the PIV in Section
3.3.
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3. Results and discussion

3.1. Governing equations

The studied impinging jets have a general axial symme-
try, and thus can be described using a cylindrical coordi-
nate system where all derivatives in the azimuthal
direction can be assumed to be zero. The coordinates
(r,h,z) denote the radial, azimuthal, and axial directions,
respectively. Correspondingly, (V,W,U) and (t,w,u) are
the radial, azimuthal, and axial components of the mean
and fluctuating velocity. Using the axisymmetric conditions
for the incompressible stationary flow, the axial mean
momentum (AMM) transport equation is given by (2):

ð2Þ

Here, q denotes flow density, P is the mean pressure, m is
the kinematic viscosity and hi indicates ensemble averag-
ing. The eliminated terms in (2) appear to be zero due to
the rotational symmetry of the flow. The first and second
bracketed terms in the left-hand side of Eq. (2) correspond
to convection and turbulent diffusion, while the third and
fourth bracketed terms correspond to transport by the
mean pressure gradient and viscous diffusion, respectively.
The turbulent kinetic energy (TKE) budget equation is
given by (3):

ð3Þ

where q2 = (t2 + w2 + u2)/2 is the turbulent kinetic energy.
Similar to the AMM transport Eq. (2), the crossed terms
vanish for the axisymmetric flow. The underlined terms
in (3) appear for swirling jets only, i.e., when W 5 0. The
first and second bracketed terms on the left-hand side of
(3) correspond to convection and turbulent diffusion. The
third and fourth bracketed terms represent pressure and
viscous diffusion. The fifth and sixth bracketed terms indi-
cate shear production and the TKE dissipation rate (e). The
dissipation rate is the most challenging part to estimate in
the balance equation because all spatial derivatives should
be calculated and a high spatial resolution should be pro-
vided during the measurements. When the dissipation rate
is presented in the cylindrical coordinate system, terms con-
taining a negative power of r (e.g. 2mh ow

or � w
r

� �
ou
roh

� �
iÞ will
appear in the equation, leading to a high uncertainty near
r = 0 during calculations using raw experimental data. To
avoid this problem, the complete equation for the dissipa-
tion rate is used in Cartesian coordinates:

e ¼ m 2
oux

ox
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þ 2
ouz

oz
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ouy
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ox
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Here, coordinates (x,y,z) and the components of the fluc-
tuating velocity (ux,uy,uz) are codirectional with (r,h,z)
and (t,w,u), corresponding to the plane coincident with
the jet axis. The underlined terms in (4), corresponding to
the derivatives in the normal-to-plane direction, cannot
be measured directly using the one-plane Stereo PIV ap-
proach. Alekseenko et al. (submitted for publication) have
shown that Eq. (5) is quite appropriate for estimating the
dissipation in the free round jet.

e � m 4
oux

ox

� �2

þ 2
ouz

oz
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þ 3
oux
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ox
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* +

ð5Þ

In approximation (5), several conditions were used which
result from the axial symmetry over the z axis. (5) does
not use the assumption of local flow homogeneity, which
appears in the local axisymmetry condition introduced by
George and Hussein (1991) and in the local isotropy
condition.
3.2. Mean velocity, second- and third-order moments

This section of the work presents the measured turbu-
lence statistics for the impinging jets. On the basis of the
estimated 3C velocity fields, the spatial distributions of
the statistical moments of fluctuating velocity were calcu-
lated for the studied flows. Inflow conditions strongly
depend on the type of swirl generator used (rotating pipe
with or without contraction nozzle, swirlers). Distributions
of the axial and azimuthal mean velocity are presented in
Fig. 3 for the cross-section close to the nozzle exit (z/
d � 0.01). The magnitude of the radial mean velocity was
found to be rather small (about 15 times less than U0)
and is not plotted. It can be seen that the values of U for
the swirling jets reach almost zero at r = 0. The intensities
of the axial, radial, and azimuthal velocity fluctuations
near the nozzle exit are presented in Fig. 4. For a conven-
tional jet, the turbulence intensities in the radial and axial
directions are 9.2% and 2.3% of U0 at the jet axis, respec-
tively. The swirling jet flows have significantly larger mag-
nitudes and reach 50% because of the swirler arranged
inside the nozzle. In order to obtain an upper estimate of
the error connected with the accuracy of processing algo-
rithms and the optical system arrangement, the RMS of
the velocity components were calculated for the range of
r > 1.5d at z/d � 0.01, where the flow was assumed to be
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negligible. For the S = 0 case, the RMS velocity was
around 3% of U0. The RMS values of the in-plane velocity
for the S = 0.41, S = 0.70, and S = 1.0 cases were 3.5%,
4.5%, and 4.7% of U0, respectively. The RMS values of
the out-of-plane velocity were found to be 5.2%, 5.8%,
and 7.3% for the S = 0.41, S = 0.70, and S = 1.0 cases.
These results are in general agreement with theoretical
analysis by Lawson and Wu (1997), which showed that in
the stereo PIV experiment, the error in out-of-plane veloc-
ity estimation is expected to be higher than that for in-
plane velocity. As was shown by Heinz et al. (2004), the
main source of error in measurements of the high-order
moments by PIV is the presence of unfiltered outliers. In
the present work, this issue was removed by the application
of proper validation procedures. Total error also includes
the effect of the spatial averaging, which is discussed in Sec-
tion 3.3.

In Fig. 5, the examples of instantaneous velocity and
vorticity fields for the impinging jet at S = 0 and
S = 0.70 are shown. For the conventional jet, ring-like
large-scale vortex structures develop in the jet’s mixing
layer according to the Kelvin–Helmholtz instability sce-
nario, and represent the result of several events of smaller
vortex pairing. For the jet at S = 0.70, intense vortex
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spirals are observed and the breakdown of the flow symme-
try directly from the origin takes place. During the study of
the swirling impinging jet at S = 0.70 and S = 1.0, the
recirculation zone was clearly observed near the nozzle exit.
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Hereafter, the cases with S = 0.41, S = 0.70, and S = 1.0
will be referred to as flows with low, intermediate, and high
swirl rates, respectively.

In Figs. 6–12, spatial distributions of the mean velocity,
second-, and third-order moments of velocity fluctuations
are presented. No data smoothing or approximation was
performed. It must be underlined that r/d is mainly nega-
tive in the plots (that is not typical of the cylindrical coor-
dinate system), therefore the statistical moments are
presented in consideration of the following conditions:
t(r) = � t(�r), w(r) = � w(�r), u(r) = u(�r). Fig. 6 shows
the spatial distributions of the normalized axial component
of mean velocity. For the conventional impinging jet, the
potential core is observed up to z = 2d from the nozzle exit.
For the swirling flows, a maximal value of the axial velocity
was found to be larger than the mean flow rate velocity U0,
and a significantly greater spreading rate was observed. For
the jet at the low swirl rate of S = 0.41, a peculiarity was
found in the lengthy recirculation zone characterized by
the negative value of the axial mean velocity. As can be
seen from Fig. 6b, the recirculation zone develops directly
from the impinging plate towards the nozzle exit. The axial
velocity at the jet centerline maintains an almost constant
small negative value in the range of z/d = 0.5–2.5. A similar
behavior was reported by Nozaki et al. (2003) for the swirl-
ing impinging jet with Re = 4,000, H/d = 2 and S = 0.43.
For the impinging jet flows at intermediate and high swirl
rates, the size of the recirculation zone is smaller (Fig. 6c
and d) and the axial velocity has a minimum at about
z = 0.7d from the nozzle exit. The spatial distributions of
normalized mean velocity are presented in Fig. 7. For the
conventional impinging jet, the magnitude of the mean
velocity is significantly higher near the impinging plate as
compared to the swirling jet cases. Similarly to the axial
mean velocity distributions, the absolute velocity patterns
are congruent for the flows with intermediate and high
swirling rates. For all swirling jet cases, the value of the
absolute mean velocity rapidly decays downstream in con-
trast to the non-swirling impinging jet. Similar behavior
was also reported by Abrantes and Azevedo (2006). The
spatial distributions of the radial and axial components
of the turbulent kinetic energy (TKE) are presented in
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Figs. 8 and 9, respectively. For conventional jet flow, the
highest values of ht2i and hu2i correspond to the mixing
layer, and maximum of the streamwise component of the
TKE is greater than those for the transversal component
ht2i. For the low swirl rate, the distributions of the TKE
components have high magnitudes in the area of the inner
mixing layer, and they reach their maximum values close to
the nozzle exit. For the flows at S = 0.70 and S = 1.0, the
maximum values of the TKE components are significantly
higher in comparison to the flows at S = 0 and S = 0.41.
The local maxima of ht2i are observed directly in the vicin-
ity of the nozzle exit and in the region near z = 0.7d and
r = 0.5d, while hu2i reaches its maximum at the edge of
the recirculation zone.

Distributions of the Reynolds stress huti are presented
in Fig. 10. In Figs. 10c and d, the color scale contains a
rainbow interval which has the same values used in
Fig. 10a and b to allow direct comparison with the S = 0
and S = 0.41 cases in the range of z/d > 1. The edges of
the color scale are extended by sky blue and pink colors
in order to cover the significantly higher values for
S = 0.70 and S = 1.0 in the interval of z/d < 1. Near the
impinging plate, the magnitudes of the Reynolds stress huti
are significantly higher for the conventional jet as com-
pared to the swirling jet cases. For the cases with interme-
diate and high swirl rates (Figs. 10c and d), huti reaches a
significantly high magnitude near the nozzle exit (about 5
times higher than for the S = 0 and S = 0.41 cases, as
can be seen from the color scale). Spatial distributions of
the third-order moments hu2ti and hu3i are presented in
Figs. 11 and 12, respectively. Similarly to the off-diagonal
Reynolds stresses, the color bar for the S = 0.71 and
S = 1.0 cases is extended, and its core coincides with the
bars for the cases S = 0 and S = 0.41. For S = 0, the distri-
bution of hu2ti has areas of negative and positive values in
the jet mixing layer, where the positive value is closer to the
jet core. From Fig. 11b, it can be seen that the distributions
of hu2ti for S = 0.41 have a more complicated sign-alter-
nating structure and contain two zones of positive and
two zones of negative values in the mixing layers. Concern-
ing cases with intermediate and high swirl rates, especially
near the nozzle exit, a significant difference between the
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distributions is found. For the S = 1.0 case, a region of
large positive values of hu2ti is observed near the jet axis,
and a region of negative values is seen for r/d < 0.4. Addi-
tionally, a distinct positive peak is found near z/d = 0.3 and
r/d = 0.5. In the case of the intermediate swirl rate, the dis-
tribution of hu2ti is much more complicated near the recir-
culation zone. Thus, significant negative values are
observed close to the nozzle exit at r/d � 0.2. Similar to
the S = 1.0 case, a large zone of negative values of hu2ti
is observed. Analyzing the spatial distribution of the axial
flux hu3i of the axial component of the turbulent kinetic
energy (Fig. 12) for the S = 0 cases extensive zones of posi-
tive and negative values are observed in the jet mixing
layer, where the negative zone is closer to the jet axis.
For the S = 0.41 case, a large area of positive values of
hu3i is located in the recirculation bubble, bounded by a
lengthy area of negative values. For the S = 0.70 and
S = 1.0 cases, the distributions of hu3i are more compli-
cated than those in the S = 0 and S = 0.41 cases. Extensive
areas of large negative values are situated around the recir-
culation bubble. For the jet at S = 1.0, a large area with
positive values of hu3i is observed close to the jet axis for
z/d > 0.3. In summary, the distributions of the statistical
moments (especially of the third-order moments) substan-
tially differ with swirl rate variation, especially for flow
regimes with vortex breakdown.

In Figs. 13–17, the distributions of the axial and radial
components of mean velocity and several second- and
third-order moments are presented for the z = 2d cross-sec-
tion (one diameter from the impinging plate). Together
with the spatial distributions discussed above, these plots
show the evolution of the moments with increasing swirl
number and can give additional quantitative information,
which will be used during the estimation of the terms of
balance equations. All presented profiles are the approxi-
mations of experimental data by fit functions. As an exam-
ple, raw experimental points are shown in Figs. 15b and
17a in order to demonstrate the data scatter. Hereafter,
the cases with S = 0 (case with the highest spatial resolu-
tion), S = 0.41, and S = 1.0 are considered as the most rep-
resentative. Thus, results for the S = 0.70 case are only
presented in Figs. 13a, 15a and b, 16a and b in order to
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precisely demonstrate the flow structure evolution. Note
that the case with S = 0.70 can be described as a transi-
tional state between low and high swirl rate cases, and thus
the distributions of the moments often demonstrate non-
monotonous behavior. For the swirling jets, the axial com-
ponent of the mean velocity (Fig. 13a) significantly differs
from the conventional jet case and has a negative value
at the jet axis because of the presence of the recirculation
zone. Variations of the radial component of the mean
velocity across the jets are presented in Fig. 13b. For the
swirling jets, a radial velocity several times higher in mag-
nitude is observed which corresponds to a significantly
greater spreading rate.

For the distributions of Reynolds stress huti (Fig. 14),
when the swirl is introduced, the local minimum appears
in the region of r/d = 0.5, and the location of the maximum
shifts to larger values of r with the growth of S. For the
selected cross-section, the shapes of the radial and axial
TKE component distributions are similar for all cases
and have an off-axis maximum (see Fig. 15), except in the
S = 0.70 case, where two local maxima of hu2i are
observed. It should be noted that for swirling jets, the value
of ht2i reaches its maximum in the outer mixing layer,
whereas for hu2i, the location of the maximum corresponds
to the inner layer (except of S = 0.70 case). In general, the
profiles of the radial and axial components of the TKE
become higher and wider with increased swirl rate. Varia-
tions of the third-order moments of fluctuating velocity
across the jet are presented in Figs. 16 and 17. For ht3i,
corresponding to the radial flux of the radial component
of the TKE, the swirl leads to a maximum several times
higher in value than in the outer mixing layer. In contrast
to the presented radial fluxes, the axial fluxes hu3i and hut2i
for S = 0.41 and S = 1.0 become positive in the near axis
region corresponding to the recirculation zone. Comparing
the S = 0.41 and S = 0.70 cases, it can be concluded that
for the second one the distribution of ht3i is closer to the
S = 1.0 case. However, the difference between the distribu-
tions of hu3i for the S = 1.0 and S = 0.70 cases is greater
than the difference for the S = 1.0 and S = 0.41 cases
(Fig. 16b).

In order to demonstrate the evolution of the second
and third order moments with z/d, the distributions of
ht2i, hu2i and hu3i for the S = 0.41 and S = 1.0 cases are
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presented in Figs. 18–20 for z/d = {0.5;1.0; 1.5;2.0} cross-
sections. Concerning the S = 0.41 case, distributions of
the TKE components decrease monotonously with z/d,
and a decay of the second local maximum takes place.
For the S = 1.0 case, the distributions of the TKE compo-
nents become more smooth with the increase of z/d, and
their magnitude decreases more rapidly (by 5 times) while
z/d is changing from 0.5 to 2.0. Similarly to the second-
order moments, the third-order moment hu3i (Fig. 20)
becomes more smooth with z/d growth, and its magnitude
decreases monotonously in the case of a low swirl rate
(S = 0.41, Fig. 20a). For the impinging jet flow at
S = 1.0, the magnitude of hu3i decays several times for
the range 0.5 < z/d < 1.0, whereas in the z/d = 1.5 and
2.0 cross-sections, the distributions of hu3i are very
similar.

During the conventional impinging jet study, the stan-
dard 2D2C PIV technique was used instead of the Stereo
PIV. Therefore, the azimuthal component of TKE hw2i
was not measured, and neither were the non-zero third-
order moments huw2i and htw2i corresponding to the
hw2i fluxes. The second-order moment hw2i appeared in
the convection, viscous diffusion, and production terms
of the TKE budget Eq. (3), while the third order-moments
contribute to turbulent diffusion. In the work of Nishino
et al. (1996), where the axisymmetric impinging jet was
studied by PTV, the authors reported that intensities of
axial and radial velocity fluctuations were almost identical
for the distance from the impinging plate less than 1.5d.
They also stated that the assumptions of huw2i � hut2i
and htw2i � ht3i were appropriate for the round impinging
jet flow. The last relation was also used by Panchapakesan
and Lumley (1993) during their estimation of the TKE
budget in the free round jet. Later, Bogey and Bailly
(2005) demonstrated that the assumption of htw2i � 0.5ht3i
was more appropriate for a free turbulent jet. Fig. 21 dem-
onstrates the comparison of the distributions of third-order
moments ht3i and htw2i obtained by Nishino et al. (1996),
with the experimental points approximated by the curves.
It is clearly seen that the last assumption is more appropri-
ate. Hereinafter, during the estimation of the TKE budget
for conventional impinging jet flow, the following assump-
tions will be used: htw2i � 0.5ht3i,huw2i � hut2i and
hw2i � ht2i.
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3.3. Spatial resolution

When high-Re-number flows are studied experimentally,
the limited spatial resolution of any experimental technique
affects the magnitude of the measured second- and third-
order moments, especially of the estimated dissipation rate.
In this section, the effect of the PIV spatial resolution on
the error of these quantities estimation is studied experi-
mentally for the tested impinging jet configuration. Addi-
tionally, comparison with inexact theoretical analysis is
performed. According to Willert and Gharib (1991) and
Foucaut et al. (2004), the highest resolved wavenumber
for PIV is determined by the interrogation area size D
and can be found as kmax = p/D. To analyze the influence
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of the spatial resolution, Helland’s model (6) is considered
for the three-dimensional energy spectrum function (Ewing
and George, 1994), which is similar to Pao’s spectrum (7)
for high wavenumbers. Further, the condition of homoge-
nous isotropic turbulence is used.

EðkÞ ¼ ae2=3ðLÞ5=3 kLð Þ4
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Here, the parameter a = 1.6, b is taken to be equal to a, L is
the integral lengthscale and g is the Kolmogorov length-
scale, which can be estimated as follows: g = (m3/e)1/4.
The following relation was used to estimate the integral
lengthscale: L � u 03/e, where u 02 = ht2 + w2 + u2i/3. In or-
der to evaluate the lengthscales for the conventional
impinging jet flow, the magnitude of the dissipation rate e
was assumed to be of the order of the production term in
the TKE budget equation. Considering the transfer func-
tion of PIV as a sharp cut-off filter with the highest resolved
wavenumber kmax, the analytical ratios between the magni-
tudes of the estimated and true statistical characteristics are
as follows:

fq2ðkmaxÞ ¼
q2

meas

q2
true

ðkmaxÞ ¼
Z kmax

0

Eðk0Þdk0=
Z 1

0

Eðk0Þdk0 ð8Þ

fq3ðkmaxÞ ¼
q3

meas

q3
true

ðkmaxÞ ¼
Z kmax

0

W ðk0Þdk0=
Z 1

0

W ðk0Þdk0 ð9Þ

feðkmaxÞ ¼
emeas

etrue

ðkmaxÞ ¼
Z kmax

0

Dðk0Þdk0=
Z 1

0

Dðk0Þdk0 ð10Þ

Here, W(k) = � mkE(k), D(k) = 2mk2E(k) and in terms of
the used functions; q3 = hu2t + u2w + ut2 + t2w + uw2 +
tw2i, q2 = ht2 + w2 + u2i. Complete derivation of these
relations can be found in Alekseenko et al. (submitted for
publication). For Pao’s spectrum model, an analytical
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Fig. 18. Distributions of the radial component of the turbulent kinetic energy in the various cross-sections of the impinging jets. (a) S = 0.41; (b) S = 1.0.
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Fig. 19. Distributions of the axial component of the turbulent kinetic energy in the various cross-sections of the impinging jets. (a) S = 0.41; (b) S = 1.0.
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Fig. 17. Distributions of the mixed third-order moments of the fluctuating velocity across the impinging jets, z/d = 2.
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expression (11) of the dissipation underestimation (scaling)
coefficient (10) can be obtained.

fe ¼ 1� exp � 3

2
aðkmaxgÞ4=3

� �

¼ 1� exp � 3

2
aðpg=DÞ4=3

� �
ð11Þ

In Fig. 22a, the underestimation coefficients of dissipation
in the case of the conventional impinging jet are presented
for the different spatial resolution tested. The coefficient
values are compared with prediction by (11) and with the
fit function (12) reported by Alekseenko et al. (submitted
for publication).

fe ¼ 1� exp �a
3

2

pg
D

� �4=3

þ pg
D� 5:87g

� �3:15
 ! !

;

where D > 5:87g ð12Þ

During the estimation of the correction coefficients for
the impinging jet, emeas was taken as equivalent to the
maximum of the absolute magnitude of the dissipation
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calculated using (5) (see Fig. 23b) at the studied cross-sec-
tion z = 2d. The value of etrue was found in the following
iterative way. At the first stage fe was taken to be equal to
unity and approximate value of g was found from g = (m3

fe/emeas)
1/4. At the next steps fe was estimated from (12)

and then g was recalculated. Typically, for the cases with
low spatial resolution (i.e. cases with D = 0.79 and 0.52 in
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Fig. 22. The underestimation coefficients for dissipation (a) and for the second-
S = 0; z/d = 2.
Table 1), about five iterations are enough for a good conver-
gence. In the case of the highest spatial resolution, second
iteration predicted fe = 1 as it was assumed at the first
one. For all cases of spatial resolution, the estimated value
of etrue was found to be close to each other and to the max-
imum value of the production term. The obtained final val-
ues of fe are in good agreement with the measurements in
the free jet at Re 25,000 by Alekseenko et al. (submitted
for publication), and they similarly show a faster growth
of the correction coefficient at high wavenumbers (D/
g < 15) compared to Pao’s model function. In spite of the
restrictive conditions used (i.e. local isotropy assumption,
model spectrum that is expected to significantly differ from
the real one) for sufficiently non-homogenous impinging jet
flow, the chosen approach is found to be applicable for the
range of 10 < D/g 6 20. This can be explained by the fact
that fluctuations at high wavenumbers, where the energy
is mostly dissipated, tend to be isotropic due to the energy
transfer mechanism that erases information about mean
flow properties. Thus, for high Re flows, micro-scale fluctu-
ations are expected to obey the locally isotropic turbulence
regularities. In Table 1, the spatial resolutions and the cor-
rection coefficients by (12) for the present set of measure-
ments are listed. Helland’s spectrum model was used to
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determine the underestimation coefficient of the TKE. In
Fig. 22b, the underestimation coefficient (8) is plotted along
with the experimental points for the second-order moments.
During the estimation of correction coefficients, the abso-
lute maximum values of the profiles (see Figs. 14 and 15)
were used. The data with the highest spatial resolutions
were considered to be true. The ratio L = 40g was found
for the considered cross-section of the non-swirling jet,
and function (8) was calculated numerically. The underesti-
mation coefficients for the third-order moments are pre-
sented in Fig. 23a. Similarly to the second-order
moments, the absolute maximum and minimum values of
the triple moments (see Figs. 16 and 17) were used for the
estimation of experimental points and the values for the
case with the highest spatial resolution were considered to
be true. A significant difference is observed, indicating that
the use of the isotropy assumption and the model spectrum
is unsuitable for prediction of the second- and third-order
moment underestimations. Nevertheless, the theoretical
prediction and the experimental data of the conventional
jet study with different spatial resolution demonstrates that
the error of second- and third-order moment estimations
are higher than 20% and 40%, respectively, if D/L > 1 and
is significantly higher for the dissipation rate.

For the studied swirling impinging jet flows, the ratio of
the integral and Kolmogorov lengthscales is equal to about
135 at z/d = 2 cross-section, leading to the following rela-
tion: D/L � 0.1. According to the prediction by Helland’s
spectrum model for L/g = 135, this order of spatial resolu-
tion leads to an underestimation error less than 5% and
10% for the second- and third-order moments, respectively.
However, the dissipation rate is significantly underresolved
for the tested swirling jet cases, for which the spatial reso-
lution was around D/g � 14 (see Table 1). Thus, for the
swirling jets, the TKE dissipation rate was found using
(5) and was then scaled by the underestimation coefficient
(12) in the following way:

e� ¼ emeas=fe ð13Þ
The values of scaling coefficients estimated by using the
iterative procedure described above are presented in Table
1. The example of dissipation scaling for the conventional
impinging jet at the studied cross-section is presented in
Fig. 23b. For the spatial resolution D/g = 20, Eq. (12) pre-
dicts the scaling coefficient to be equal to 1/fe = 5.2. For the
highest spatial resolution, there is no need for the dissipa-
tion correction (see Table 1). It should be noted that the
corrected profile (dashed line) is very close to the dissipa-
tion profile for the highest resolution (solid line) in the
whole range of r/d. The next section presents the results
of the estimation of the terms of the AMM and TKE bal-
ance equations.
3.4. Terms of conservation equations

For the studied impinging jets at S = 0, S = 0.41, and
S = 1.0, all the terms of the AMM transport equation were
obtained for the z = 2d cross-section. The estimated terms
are presented in Fig. 24. Transport by mean pressure was
found as a residual term of the AMM transport equation.
The viscous terms were found to be negligible in compari-
son to the others, and are therefore not plotted. For
conventional jet flow, the convection term has an almost
constant positive value near the jet axis. For the swirling
impinging jets, convection has a positive peak at
r/d � 0.8 where the maximum of the axial mean velocity
is observed, and is rather small near the jet axis. In contrast
to flow with S = 0, turbulent diffusion has a significantly
greater magnitude for the swirling jet conditions, and it
reaches a high positive value in the recirculation zone.
An interesting peculiarity is observed for the swirling jets:
turbulent diffusion is negative in the outer mixing layer,
unlike the non-swirling jet case. In general, the term corre-
sponding to transport by the mean pressure gradient
becomes greater and its profile widens with an increased
swirl rate.

All the terms of the TKE budget equation estimated for
the z = 2d cross-section of the studied impinging jets are
presented in Fig. 25. The viscous diffusion term in the
TKE budget was found to be negligible in comparison to
the other terms. The dissipation term for the swirling jets
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was estimated using correction procedure. Pressure diffu-
sion was found as a residual term of the budget equation.
In general, the same budget terms for the swirling imping-
ing jets at S = 0.41 and S = 1.0 differ in shape, and for
S = 1.0, they have a higher magnitude with the exception
of the production and pressure diffusion terms. For the
conventional impinging jet, the maximum magnitudes of
dissipation, pressure diffusion and shear stress production
are observed near r/d � 0.5, which corresponds to the mix-
ing layer region. Two local maxima of the production term
and two minima for turbulent diffusion are clearly seen for
the swirling jets. The maxima of production correspond to
the inner and outer mixing layers. Similarly to the AMM
transport equation, turbulent diffusion has significant posi-
tive values near the jet axis. The dissipation term becomes
significantly broader and has a lesser maximum absolute
value when the swirl is applied. The convection term and
turbulent diffusion are observed to have opposite signs
throughout the whole tested cross-section. The pressure
diffusion term has an alternating-sign form for swirling jets,
and its magnitude decreases with the growth of swirl rate.

4. Conclusions

A swirling impinging turbulent jet at Re = 8900 was
studied experimentally using the PIV and Stereo PIV tech-
niques. The nozzle-to-plate distance was equal to three
nozzle diameters, and the swirl rate S was varied from 0
to 1.0. Spatial distributions of the complete set of statistical
moments (up to the third-order) of velocity fluctuations
were measured for the studied flow conditions. Addition-
ally, a special set of measurements was carried out to exam-
ine the contribution of limited PIV spatial resolution to the
total measurement error. The error resulting from spatial
averaging was analyzed from both the theoretical and
experimental points of view.

By analyzing the spatial distributions of mean velocity,
it was found that for the impinging jet at S = 0.41, a
lengthy recirculation zone is located between the nozzle exit
and the impinging plate. For the impinging jets at S = 0.70
and S = 1.0, a vortex breakdown was clearly observed and
the recirculation zone was smaller (0 < z/d < 1.5). The vor-
tex breakdown led to the intense generation of turbulence
in the initial region of the jet and resulted to high values
of the turbulence kinetic energy at the local regions, and
hence to significantly large values of the third-order
moments determining the turbulent diffusion of the energy.
The Reynolds stress huti and third-order moments
were observed to have about 5 times higher values in the
region of vortex breakdown than in the rest of the flow
domain, where the values are close to the S = 0 and
S = 0.41 cases.

For the cross-section at one nozzle distance from the
impinging wall, the terms of the axial mean momentum
(AMM) transport equation were obtained for the jets at
S = 0, 0.41, and 1.0. The terms of the AMM balance were
found to be quite similar in shape for jets with swirl, but
they significantly differ from the non-swirling jet case.
The major distinctions are caused by the distributions of
the mean flow velocity. All the terms of the turbulent
kinetic energy budget (TKE) equation were obtained for
the above mentioned cross-section, where the dissipation
term was estimated from the ensemble of instantaneous
velocity fields, thereby allowing pressure diffusion to be
found as the residual term. In terms of the TKE budget,
the non-swirling jet represents a sufficiently different case
from the swirling jets, as in the non-swirling case, the sig-
nificant values of the TKE balance terms are only in the
mixing layer. As was shown for all jet cases, the production
terms have local maxima in the mixing regions; the convec-
tion term and turbulent diffusion are observed to have
opposite signs over the whole tested cross-section. The
magnitude of the pressure diffusion term decreases with
the growth of swirl rate.
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