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ABSTRACT

The role of streamwise and spanwise vortex structures in
the near-field entrainment of a circular and a daisy-shaped
orifice jet is investigated experimentally in this paper. Time-
resolved stereoscopic PIV measurements are performed in
several cross sections perpendicular to the jet axis. Three-
dimensional flow field reconstruction based on the stereoscopic
PIV results gives better understanding of the three-dimensional
features and the different development stages of the jet. The
variation of the entrainment rate along the jet axis has been
evaluated from the mean velocity field. A higher entrainment is
observed in the daisy shaped jet as compared to that of the
circular jet. This is due to large-scale streamwise vortical
structures generated by the lobed geometry. Strong correlation
exists between the entrainment rate and the Kelvin-Helmholtz
(K-H) vortices passing for the circular jet. The instantaneous
entrainment rate in the daisy jet presents small amplitude
variations and is affected by the dynamics of both the azimuthal
and the streamwise vortices. The longitudinal development of
the mean streamwise vorticity is quite different between the
circular and the lobed jets. In the circular jet, the streamwise
vorticity becomes more important when traveling downstream
along the jet axis and their trajectory is not necessarily linear.
The expansion rate of the jet is higher in the minor plane as
compared to the major plane in the region of the axis-switching
for the daisy jet.

NOMENCLATURE

PIV Particle Image Velocimetry

POD Proper Orthogonal Decomposition
K-H Kelvin-Helmholtz

De [m] Equivalent diameter of the jet

Uom [m/s] Centreline velocity at the jet exit

U [m/s] Streamwise velocity amplitude
u [m/s] Streamwise velocity fluctuations
0, [m%/s] Initial volumetric flow rate
(0] [m%/s] Volumetric flow rate at a given axial position
X [m] Cartesian axis direction : longitudinal
y [m] Cartesian axis direction : transversal
z [m] Cartesian axis direction : vertical
o, s! Streamwise vorticity
B ) -
o, and @, s_1 Azimuthal components of the vorticity
S In-plane vorticity
wYZ
INTRODUCTION

A quicker and better mixing of the initial region of the jet
flow with its ambiance is of considerable interest from practical
point of view. The entrainment of ambient air plays an
important role in the enhancement of the mixing phenomenon.

Different control strategies have been studied in the
literature to enhance the mixing of the jet core with its
ambiance. Passive control using non-circular jets was widely
proposed to increase the entrainment rate relative to a
conventional circular jet. The geometrical modifications of the
jet nozzle alter the flow development downstream of the nozzle
and seek to enhance the three-dimensionality of the flow, and
thus entrainment and mixing, by manipulating the natural
development of coherent structures and their breakdown into
turbulence [1].

The smooth contraction nozzles [2-7] and the long pipe
nozzles [8-11] were the priority of researchers to generate an
axisymmetric jet. However, the sharp edged orifice plate [10,
12-15] has received very little attention. Free six-lobed (daisy
shaped) and circular orifice jets are investigated in the present
study.
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In some non-circular jet configurations, the cross-section
regularly evolves after a certain distance from the nozzle
through shapes similar to those of the jet nozzle but with axes
successively rotated at angles characteristic of the jet geometry.
In fact, the jet cross-section expands in the direction of the
minor axis and contracts in the direction of the major axis, and
thereby a 90° switch takes place after a downstream distance
[16]. This mechanism, denoted as the axis-switching
phenomenon, was observed in elliptic jets [17-21], rectangular
jets [22] and lobed jets [23].

The coexistence between the three-dimensional streamwise
vortices and the primary two-dimensional vortical structures in
jet flows was observed by many authors [24, 25]. The birth and
evolution of the streamwise structures depends on both the
three-dimensionality of the flow in the jet near-field and the jet
exit conditions [25, 26]. Foss [27] suggested that the increase in
the pressure hill, formed upstream from a tab placed at the jet
exit is believed to be the dominant source of the streamwise
vorticity. This mechanism can also explain the streamwise
vorticity generation in a lobed orifice jet.

It is known that the azimuthal coherent vortex rings and
their merging dominate the shear-layer growth and entrainment
in axisymmetric jet configurations [2]. It was also shown in the
literature the important role of the streamwise vortices in
entraining fluid from the surrounding at longitudinal distances
where three-dimensionality becomes the crucial feature of the
jet structure [25]. It was noted by Liepmann & Gharib [25] that
the streamwise vortex pairs which evolve and amplify in the
braid region between primary vortical structures, are shown to
drastically alter the entrainment process in the near field and to
increase the rate at which the fluid is entrained into the jet.
Toyoda and Hiramoto [28] suggested that the entrainment
significantly increased by the enhancement of axisymmetric
and streamwise vortices. These authors found a low
entrainment rate in the braid region and high in the region
where streamwise and spanwise vortices interact with each
other. The experimental study of McCornick and Bannett [29],
on the vortical and turbulent structure in a free shear layer
downstream of a lobed mixer, showed that the K-H instability
plays a major part in the enhanced mixing process. Mi et al [30]
noted that the initial structure of a sharp-edged orifice plate jet
is more three-dimensional as compared to the smooth
contraction jet.

Although previous studies proved that the large-scale
vortical structures play an important role on the entrainment in
jet flows, the individual role played by these structures is still
unclear and needs to be deeply analyzed. The role played by
both the azimuthal and the streamwise vortices is studied in the
present work using time-resolved stereoscopic PIV
measurements. This technique provides a complete description
of the jet flow with high temporal resolution. Thus, the
influence of the vortical structures on the entrainment rate for
different phases of the vortex passage is obtained. PIV
measurements are performed in different longitudinal locations
for both the circular and the lobed jets. The global evolution of
the circular jet and the axis-switching phenomenon for the
daisy lobed jet are explored in the present study.
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EXPERIMENTAL PROCEDURE
Air jet facility and orifice jet geometries

Two air jets considered in the present investigation are
generated using a circular orifice (figure 1(b)) and a six-lobed
daisy orifice (figure 1(c)). These orifices have the same
equivalent diameter (De = 16mm) based on the exit area, and
are built-up from 1.5mm thick aluminium sheet. The air jet
experimental facility consists of an axial miniature fan placed
inside a one meter long metallic pipe of 0.16m diameter (figure
1). A convergent duct placed at the end of the pipe ensures the
reduction of the turbulence level at the jet exit. A honeycomb
structure is positioned just upstream of the convergent duct.
The flow rate measured 4 mm downstream from the jet exit is
49 x 10 m’/s for the two jets. The initial Reynolds number
based on the centerline exit velocity Uy, and on the equivalent
diameter De is 3600 for both the jets.

Figure 1 Air jet facility sketch and orifice’s geometries

Time resolved PIV measurements

For the vortex dynamics analysis of the studied jets, time-
resolved stereoscopic PIV measurements were performed. The
instantaneous spatial distribution of the in-plane velocity in the
transverse planes at the initial regions of the jets are obtained.
The principle of the stereoscopic PIV method was widely
discussed in the literature as in articles by Prasad and Adrian
[31], Arroyo and Greated [32], Sinha and Kuhlman [33] or the
review paper of Prasad [34] among others. The time resolved
stereoscopic PIV system used for this study (figure 2) is
composed of two Phantom V9 cameras of 1200 x 1632 pixels’
and a Nd : YLF NewWave Pegasus laser of 10mJ energy and
527nm wavelength. The acquisition frequency of the PIV
system is 500Hz for a maximal image window. In each plane, a
number of 1000 image couples were acquired. The two cameras
are mounted on a traversing system with an angle of 45° to the



normal position of the light sheet plane of the laser. The lenses
are separated from the camera in order to shift the CCD-chip
plane with respect to the lens plane, in a way that the
Scheimpflug conditions are satisfied. The stereo reconstruction
used in order to obtain the three components of the velocity is
an empirical 3D reconstruction [35] based on cross-correlating
the two views of the calibration target. The calibrated images
give a spatial resolution of 47.1um per pixel which corresponds
to a 77 x 59 mm? field of view. Images are processed through
an adaptive multi-grid correlation algorithm handling the
window distortion and the sub-pixel window displacement. The
prediction-correction method is validated for each grid size
when the signal to noise ratio of the correlation is above a
threshold of 1.1. In average, less than 2% of the vectors are
detected as incorrect. These incorrect vectors are corrected by
using a bi-linear interpolation scheme. The final grid is
composed of 32 x 32 pixels® size interrogation windows with
50% overlapping leading to a vector spacing of 13.5 pixels
which represents a spatial resolution of 0.65 mm. In all the
cases, the air jet flows were seeded with small olive oil
droplets, 1 to 2 um in diameter, provided by a liquid seeding
generator.
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Figure 2 The schematic of the TR stereoscopic PIV system

RESULTS

Role of the azimuthal and streamwise vortices on the
entrainment

The entrainment rate in the near field of the circular jet and
the daisy-shaped lobed jet is calculated using the following
equation:

Q19 _

2
&jrurdﬁ (1)
d(X/De) 0,1

Where Qo is the initial volumetric flow rate, Q is the
volumetric flow rate at the axial distance X from the jet exit
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plane, De is the jet equivalent diameter, r is the radial distance
and U is the radial velocity.

A spatial criterion which corresponds to a minimum radial
distance of integration is defined for the calculation of the
instantaneous entrainment rate. This radial distance corresponds
to the convergence of the mean entrainment rate and depends
on the axial position [23].

At X/De = 1, it is found that the mean entrainment rate is equal
to 0.15 for the circular jet and 0.19 for the lobed jet. On the
other hand, the temporal evolution of the entrainment rate
shows a higher variation of the entrainment amplitude of the
circular jet when compared to the daisy jet (figure 3). The
higher mean entrainment rate of the daisy jet as compared to
that of the circular jet is related to the presence of large scale
streamwise structures in the daisy jet. The dominant feature at
the studied longitudinal position (X/De = 1) of the circular jet is
the Kelvin-Helmholtz vortex ring. The dynamics of the K-H
vortices and their role on the entrainment mechanism could
explain the higher variations in the entrainment rate of the
circular jet. Therefore, the analysis of the instantaneous
velocity fields and the corresponding entrainment rates is
necessary to understand the individual role of different vortical
structures on the entrainment.

0.30 T T T T T
—&— Circular jet
—&— Daisy jet

Entrainment rate

0 2 4 6 8 10 12 14

t (ms)

Figure 3 The normalized radial entrainment rate as function of
time for the circular jet and the daisy jet at X/De = 1

The vorticity magnitude calculated in the cross-plane (by
neglecting the axial derivation of the velocity components) is
shown with the three-components of the velocity in the figure
4. For the daisy jet, the instantancous streamwise vorticity
fields illustrate the spatio-temporal evolution of the streamwise
vortices (figure 5).

During the K-H ring passing, the velocity distribution near
the jet core of the circular jet is highly affected (figure 4). In
fact, the front part of the K-H vortex (figure 4 b) expands the
flow from the jet center outwards. Similar phenomenon is
observed in the downstream part of the K-H vortex ring. In the
upstream part of the K-H ring (figure 4 d) and in the braid
region (figure 4 a), the flow around the jet core is sucked
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inward towards the jet center. This flow dynamics results in
variations of the instantaneous entrainment rate. Figure 3 shows
an increase of the entrainment rate in the upstream part of the
K-H ring and in the braid region. However, the decrease of the
entrainment rate is observed for the phases 2 and 3 with a more
pronounced decrease being for the phase 3. The time delay
between the most expanding zone of the jet flow and the
occurrence of the lowest entrainment rate during the K-H
passing suggests that the influence of the K-H vortex front part
on the ambiance is mainly located just upstream from its
location. It should be noted that the streamwise velocity values
in the jet core are lower for the phase of the K-H front part as
compared to the braid region and the other phases of the K-H
vortex passing.

For the daisy jet, the flow dynamics is highly complex at the
longitudinal studied position (X/De = 1). At this location, an
axis-switching of the flow is present with a strong interaction
between the azimuthal and the streamwise vortices. Therefore,
the understanding of the role played by these large-scale
structures is problematic. In this paper, the analysis of the
instantaneous velocity fields and the entrainment rate clearly
shows the important role played by the streamwise vortices in
the entrainment. In fact, for different phases (figure 5), the
streamlines are sucked towards the streamwise structures
present around the jet core. Although the variation of the
entrainment amplitude is lower in the daisy jet as compared to
the circular jet, one should not neglect the phase dependency of
the entrainment rate. For example, the phase g on the figure 3 is
characterized by a decrease of the entrainment rate. An adverse
effect of a K-H vortex could explain the decrease in the
entrainment. Such a behavior is confirmed from the snapshot
POD (proper orthogonal decomposition) analysis performed by
El Hassan and Meslem [23] for the same flow.
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Figure 4 Instantaneous velocity fields and the corresponding
flow image in the cross-plane of the circular jet at X/De = 1;
respectively phases 1, 2, 3 and 4 of the figure 3

Figure 5 Instantaneous streamwise vorticity and three-
components velocity fields in the cross-plane of the daisy jet at
X/De = 1; respectively phases e, f, g and h of the figure 3

Three-dimensional reconstruction of the jet flow

The distributions of the three-component ensemble-averaged
velocity vectors in the near-field (X/De < 4) of the circular jet
are presented in figure 6. The streamwise velocity iso-surfaces
and the vorticity magnitude (as colour of the vectors) are also
shown on the same figure. It should be noted that the vorticity
magnitude is calculated from the in-plane three components of
the velocity and thus the out of plane derivation parts were
neglected. The representation in the figure 6 is helpful for



showing the downstream evolution of the circular jet. The
velocity iso-surfaces illustrate the expansion of the jet and the
role of large-scale structures on the evolution of the jet shape.
For example, the non-circular shape observed from X/De = 1
results from the development of the streamwise vortices which
turns bigger and strengthens when travelling downstream. The
vorticity magnitude decreases downstream and is higher around
the jet core where the K-H vortex rings develop. Due to
interactions of the streamwise vortices between each other, the
longitudinal development of these vortices is not necessarily
linear [23].

Figure 6 Three-dimensional ensemble-averaged velocity field
in the near-field of the circular jet

The flow in the region of the axis-switching is reconstructed
from the mean velocity results in 5 cross-planes corresponding
to X/De = 0.5, 0.75, 1, 1.5 and 2. Iso-values of the streamwise
vorticity and the in-plane vorticity are shown in figure 7. The
in-plane vorticity is calculated from the following equation:

o, = (& + ;)

Where @, and @, are the azimuthal components of the
vorticity.

It is shown from the figure 7 that the streamwise vortical
structures emanate from the troughs of the jet orifice and have a
linear evolution in the longitudinal direction. The in-plane
vorticity mainly represents the azimuthal K-H vortices.
Therefore, the shape evolution of the iso-value shown on the
figure 7 suggests a deformation of the K-H vortices in the
region of the axis-switching. The Biot-Savart deformation of
the vortex rings, previously observed for elliptic [19, 20] and
rectangular [16] jets, is observed in the present study. In this
mechanism, the portions of the vortex with small radius of
curvature will move downstream faster than the rest, leading to
their deformation. The longitudinal evolution of the momentum
thickness, for both the major and the minor planes, in the region
of the axis-switching is presented in figure 8. An important
expansion rate is observed in the minor plane for 0.5 < X/De <
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1 whereas the jet expansion is very low in the major plane.
Further downstream, the lobed jet expansion becomes similar in
both the minor and the major planes.

Figure 7 Three-dimensional reconstruction of the lobed jet
flow in the region of the axis-switching

Figure 8 Momentum thickness distribution in the major and
minor planes in the region of the axis-switching of the daisy jet

CONCLUSION

The entrainment phenomenon and the flow characteristics
are investigated in the present paper. The main objective is to
study the influence of the large-scale vortical structures on the
entrainment at the longitudinal position X/De = 1 for a circular
orifice jet and a daisy-shaped lobed orifice jet. This has been
achieved using time-resolved stereoscopic PIV measurements.
For the circular jet, it is found that the entrainment of the flow
from the surrounding towards the jet mainly occurs in the
upstream part of the K-H vortex ring and in the braid region. In
the downstream part of the K-H vortex, the flow in the circular
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jet core and in the K-H location expands outward. At the
studied longitudinal position (X/De = 1), the entrainment
mainly depends on the dynamics of the K-H vortex ring. The
entrainment rate in the daisy jet is higher than in the circular jet,
but its amplitude variations are lower in the daisy jet. For the
daisy jet, the flow at X/De = 1 is highly complex with strong
three-dimensionality and interactions between the azimuthal
and the streamwise vortices. The streamwise vortices play a
main role in the entrainment of the flow towards the daisy jet
core. In addition, the K-H vortex clearly affects the entrainment
in the daisy jet. The longitudinal evolution of the streamwise
vortices affects the shape of the circular jet in different cross-
planes. In the region of the axis-switching, it is seen that the
expansion rate is higher in the minor plane as compared to the
major plane of the daisy jet.
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