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Abstract An experimental investigation was carried out to study the structure of the flow field resulting
from the interaction of an inclined round jet with a cross flow. The study of the flow field was conducted in a
wind tunnel test by means of PIV system. The jet being discharged with a 60° angle, the resulting flow has
been found to be quite complex owing to its three-dimensional nature and the interactions between several
flow regions. The present paper describes some structural characteristics of the flow. The results showed the
dependence of the emerging jet flow structure on its ratio velocity and the Reynolds number. Extensive wind
tunnel experimental results are presented; they concern the Kelvin-Helmholtz vortex structures and the effect
of the height of the jet.

1. Introduction
The introduction of a jet of fluid transversely into a moving stream is a basic configuration which
finds application in many engineering fields. Examples include vertical takeoff and lading
engineering, film cooling of gas turbine blades and environmental problems such as pollutant
dispersion from chimneys or the discharge of effluents into the ocean. Enhancement of the mixing
rate between jet and crossflow can lead to significant improvements in many performance aspects.
Because of the great practical significance, numerous experimental and theoretical studies have
been carried out on the jet -in-a-crossflow problem.
The jet in a crossflow is a flow with a wide range of applications owing to its ability to mix two
streams of fluid efficiently. It is characterized by a strong three-dimensional flow field, complex
interactions between two streams of fluids (i.e. jet fluid and crossflow fluid) and several interacting
flow regions (i.e. the crossflow, the jet, the wake behind the jet, the pipe/ orifice flow and the wall
boundary layer).
Nozzle geometry has also been used to control the vortex dynamics in jets. In some cases, the
control objective has been to accelerate the breakdown of large structures into smaller scales. For
example, tabs that project into the flow near the nozzle lip generate longitudinal structures that
enhance mixing and accelerate the breakdown of axisymmetric vortex rings. Jets from elliptic
nozzles have also been studied and were found to significantly increase the mass entrainment due to
the nonaxisymmetric vortex ring formation [1], [2].
The longitudinal structures associated with nozzle discontinuities are unlikely to occur. In previous
work, Wlezien et al. [3] and Kibens et al. [4] found a nonaxisymmetric increase in jet spreading that
was amplified by acoustical excitations. Their flow visualization photographs revealed two basic
instability types in the near field of jets from inclined nozzles. In the case of relatively long
instability wavelengths compared to the incline length, the shear layer rolled up parallel to the
nozzle lip thus leading to continuous inclined vortex rings. Although some variation was observed,
the inclined rings tended to evolve downstream into an axisymmetric orientation.
The interference characteristics of a turbulent inclined jet exhausting into a turbulent subsonic
crosswind were investigated by taylor et al. [5]. Results are presented of the variation in jet paths
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(based on the maximum total pressure), the lift loss, and the pressure distribution on a flat plate
through which the jet exhausts. The angle of inclination of the jet to the crosswind direction has
varied from 90 to 15 deg. It was found that the lift loss, the jet deflection, the jet penetration, and
the rate of total pressure decay along the jet path decreased as the jet inclination was reduced from
the position normal to the crosswind. The center of pressure moved downstream. A jet exhausting at
an angle of 15 deg to the crosswind has received considerable attention recently and results are
presented of the variation with increasing momentum ratio of the pressure distribution on the flat
plate through which the jet exhausts, the lift loss, the jet paths, and surface oil flow. Similarity laws
are applied to the lift loss, jet path, and center of pressure as a function of momentum ratio,
geometry, and angle of inclination.
A flow visualization was studied by Frederick et al. [6], using neutrally buoyant, helium-filled soap
bubbles, to determine the effect of injection hole geometry on the trajectory of an air jet in a
crossflow and to investigate the mechanisms involved in jet deflection. Experimental variables were
the blowing rate, and the injection hole geometry cusp facing upstream (CUS), cusp facing
downstream (CDS), round, swirl passage, and oblong. It is indicated that jet deflection is governed
by both the pressure drag forces and the entrainment of free-stream fluid into the jet flow.
Webster et al. [7] studied the effects of incline angle, forcing frequency, and forcing amplitude on
the near-field vortex ring formation and propagation. Of particular interest is the influence of flow
parameters on vortex ring orientation, interaction, and pairing. They were also interested in the
effect of the vortex structure on radial spreading and entrainment.
Measurements were made, by Zhang et al. [8], on the mean flowfield created through the interaction
between a two-dimensional flat plate turbulent boundary layer on a flat plate and an inclined jet.
The jet was generated by a nozzle of rectangular exit and was pitched and skewed to the oncoming
flow. A total of three pitch angles and two jet velocity ratios were tested. The measurements were
performed with a three-component laser Doppler anemometer system in a low speed wind tunnel.
The dominant feature of the flow physics is a single longitudinal vortex produced as a result of
jet/boundary layer interaction, with additional induced secondary features in the near-wall area in
the spanwise direction.
Later, Nakabe et al. [9] carried out flow velocity measurements for a jet obliquely discharged into a
crossflow in a duct. The flow measurements were made with optical fiber laser Doppler
velocimetry. The obtained velocity data revealed that the inclined jet is effective in generating
longitudinal vortices in the crossflow.
Guo X. et al. [10] also used the LES to simulate the behavior of the film cooling flows; they also
examined the effect of the inclination angle but they added the impact of the blowing ratio on the
cooling performance and then on the cooling efficiency. They concluded that bigger blowing ratios
and injection angles worsen it.
Yue-Tzu Tan et al. [11] carried out a three-dimensional numerical simulation of an inclined jet with
a crossflow. They particularly focused on the impinging of the jet on a heating plate. For that they
made use of the k-ε turbulence model and its associate wall function in addition to a controlvolume-based finite-difference method with power-law scheme.
In order to understand the flow patterns of a plume issued from an inclined jet into a crossflow at
large plume-to-wind velocity ratios, we conducted a series of experiments using a Particle Image
Velocimetry (PIV) technique. The visualized flow patterns and measured velocities on the vertical
symmetric plane are presented to illuminate the interactions between the crossflow, plume, and an
inclined jet. The results may offer engineers an extra consideration for practical application of an
inclined jet. The ultimate objective of this work is to study the effects of different velocity ratios
and Reynolds numbers. The jet was injected at different velocity. A topological map of the flow
field is presented.
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2. EXPERIMENTAL SET-UP

Measurements were carried out in a wind tunnel. This tunnel had a test section with a speed
range of about 0 m s-1 to 16 m s-1. The jet was produced by means of a smooth pipe with a variable
length (h), 12 mm external diameter and 10 mm internal diameter (d) through which air at constant
temperature was discharged. The airflow was seeded with glycerin particles. The pipe was
positioned at the upstream end (20 cm from the tunnel nozzle) and along the centerline of the tunnel
oriented at an angle of 60° to the crossflow. The turbulence intensity level of the crossflow was less
u∞HT
) were in
υ
v d
( Re = 0 ) were in the
υ

than 0.2%. The Reynolds numbers for flow at the entry of the wind tunnel ( Re F =
the range 2.7 × 104 to 2.2 × 105 while within the jet the Reynolds numbers

range 1.1× 103 to 6 × 103.
The Particle Image Velocimetry system (Figure 1) is based upon a TSI PowerView system,
including a 50 mJ dual YAG laser, a PowerView 4MP high resolution cross-correlation camera (2 k
× 2 k resolution, 12 bits), a synchronizer and “Insight3G” Windows XP - based software for
acquisition, processing and post-processing. This software allows the synchronization of pulsations
according to the observed phenomena, and the adjustment of the time step between two images.
This time step was 70 μs. In order to avoid errors, the velocity vectors were calibrated at 130
μm/pixel and limited to the representation of the velocity field in the regions where the luminance
was strong enough. The final fields were averages performed with 50 successive acquisitions. For
each point, experimental uncertainties were estimated as follows:

Vmax − Vmin
Vav

where Vmax, Vmin and Vav are, respectively, the maximum velocity, the minimum velocity and the
average velocity measured over the whole process. The light sheet was brought from the top of the
wind tunnel using a 45° mirror. Because of this arrangement, a shadow area upstream from the jet
was created where it was impossible to take measurements.
The velocity profile of the main flow was measured with a hot wire anemometer. Figure 2 shows
the mean velocity of crossflow at the entrance of the test section (10 cm). The figure also shows that
the boundary layer thickness of the main flow was about 10 mm.

3. Results and Discussion
In order to understand the flow patterns of a plume issued from an inclined jet into a crossflow at
large plume-to-wind velocity ratios, we conducted a series of experiments using a Particle Image
Velocimetry (PIV) technique. The visualized flow patterns and measured velocities on the vertical
symmetric plane are presented to illuminate the interactions between the crossflow, plume, and
inclined jet.
For each flow setting, PIV measurements were conducted on cross plane at z = 0.
The injection ducts are circular pipes with diameter equal to d = 10 mm. The injection hole formed
by the intersection of the injection pipe with the wind tunnel is an ellipse with the minor and the
major axes d and D=d/(sin α), respectively.
Figure 3 represents the evolution of an inclined jet emerging from a pipe at v0 = 9 m s-1 and of
Reynolds number equal to 6000 at rest flow. Also the contours of the vorticity along the center
plane of the jet ( z = 0 ) are shown.
For better understanding of the simulations, the jet flowfield can be divided into three areas: (i) The
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central jet, (ii) the near jet and (iii) the outside region. The jets coming out of the pipe appear to the
incoming tunnel flow as “solid”.
The prominent feature of the flowfield is that the jet fluid is deflected in the direction of the
crossflow as its cross section quickly assumes a kidney shape, dominated by a pair of counterrotating vortices. A mixing layer develops on the periphery of the jet as the potential core of the jet
ends as a cone, slightly bent in the direction of the crossflow.
Figure 4 shows a map illustrating the various structures generated when a jet is injected at an angle
into an unbounded crossflow. Unlike a rigid cylinder in crossflow, the boundaries of the jet are
compliant and entraining, causing the jet to bend over. Periodic shedding of wake vortices has been
observed particularly when the jet blowing ratio (v0/ u∞) is greater than 1. Considerable effort has
gone into determining the origin of the wake vortices, and there is now experimental and
computational evidence that the wake vortices are initiated by the entrainment of the crossflow
boundary layer into the wake, and the upward reorientation of the entrained flow into the wake
structures. The jet structure itself is dominated by a pair of kidney shaped counter-rotating vortex
pair (CVP), and both the shearing between the jet and the crossflow and the vorticity issuing from
the jet exit has been attributed to be the source of the CVP. There is however different mechanisms
proposed on the reorientation of the jet-hole vorticity into the CVP structure. Upstream of the jet,
due to the adverse pressure gradients, a horse-shoe vortex system is formed, which wraps around
the base of the jet travelling downstream with vorticity counter to the CVP. Shear layer vortices on
the leeward and windward edges of the jet have also been observed, and have been attributed to
Kelvin-Helmholtz type instabilities. These and other studies provide unambiguous evidence of the
importance of the coherent structures and their dynamics in the near field of the injected inclined
jet. Clearly, any predictive model must embody the physics of the coherent structures to accurately
predict the near-field inclined jet behaviour.
Streamlines on the symmetry plane are shown in figure 4. The jet fluid decelerates, away from the
jet- exit as observed in the figure. Also shown is a mean centerline streamline, representing the path
taken by the jet fluid as it interacts with the crossflow. Note that the jet is not symmetric about the
mean streamline. The jet appears thinner on the upstream side of the streamline and thicker on the
downstream side.
The vorticity contours and velocity vectors along the jet centerplane are also shown in this Figure.
The spatial perturbations in the freestream velocity is evident in the vorticity contour and the
velocity vectors. Vortices on the leeward edge of the jet are observed, and the highest velocity
gradients is associated with these vortical structures.
Figure 5 present the evolution of a jet issuing at an angle of 60°, deflected in the direction of the
crossflow. In the periphery of the jet, as the potential core of the jet ends as a cone a mixing layer
develops, slightly bent in the direction of the crossflow. The resulting flowfield is quite complex,
and accurate predictions of the flow have been difficult to obtain, particularly in the near field of the
injected jet. The flowfield is characterized by a spectrum of vortical structures including the
dominant kidney vortex, the horse-shoe vortex, the wake vortices and the shear layer vortices. A
sharp velocity gradient is formed upstream of the jet while a “wake” region develops downstream
of the jet.
Flow visualization are presented for various velocity ratios and Reynolds numbers of an inclined jet
issuing form a developing pipe flow into a crossflow.
In cases where the jet velocity v0 is much higher than the cross-stream velocity u∞, the near field is
controlled largely by complex inviscid dynamics so that the influence of turbulence on the flow
development is rather limited. However, the flow downstream is always influenced by turbulence
and at small velocity ratios R, where R = v 0 u ∞ , even the near field is turbulence dominated.
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This figure describes the velocity field in the symmetry plane for the streamwise inclined case. It is
evident that at R = 0.75 no intensive interaction between the jet flow and the approaching boundary
layer can be identified in the upstream region of the jet hole.
The jet flow penetrates smoothly into the cross-flow and is bent immediately after exiting the hole.
Downstream of the exit a rather small reverse flow region can be observed. At R = 1.5 the
interaction between the jet flow and the cross-flow is intensified due to the higher jet velocity. The
oncoming boundary layer separates just at the edge of the jet exit where a tiny vortex is formed. The
jet strongly penetrates into the cross-stream and on the leeward side of the exit a pronounced
recirculation region is located under the jet flow.
Figure 6 reveals the existence of large scale structures in the flow of a jet in a crossflow. It shows
some pictures of the downstream development of the flow at various velocity ratios and Reynolds
numbers. The present flow depends strongly on initial conditions and Reynolds number. Therefore
the flow visualization covers different Reynolds numbers and velocity ratios.
At higher Reynolds numbers, high concentration gradients are evident very close to the wall at all
velocity ratios investigated. However, the main characteristic of the case at low Reynolds numbers
is the regular appearance of large scale structures with some coherence in their behaviour.
These structures are sometimes well organized and sometimes not, depending basically on the
Reynolds number and the velocity ratio R. As the velocity ratio R decreases the organization of
these large structures reduces, but still there is a periodicity in their appearance.
Figure 7 shows the influence of the wind velocity on the plume ejected by an inclined jet. When the
velocity of the wind tunnel increases, the jet plume curves until it becomes almost horizontal to the
ground. When the wind tunnel has a velocity (u∞ = 0 m s-1, 6m s-1, 9m s-1, 12 m s-1) lower than or
equal to the plume’s velocity (v0 = 9 m s-1), the plume spreads out in the shape of a cone, and this
cone tends to bend down more quickly as the velocity of the wind tunnel increases (u∞ = 12 m s-1).
For the higher crossflow velocity, the recirculation region behind the jet is substantially smaller due
to the stronger crossflow entrainment in the near jet region. The region of shear stresses, associated
with the jet region, is much closer to the wall, reflecting the much greater mixing between the jet
and the wake.
The flow structures of a 60° streamwise inclined jet at three different velocities ratio and different
jet height are analyzed in Figure 8 and compared with each other to study the effects of the high of
the pipe and the blowing ratio R on the flow field. The jet exits from a rigidly mounted pipe
projecting variable distant from the floor of a tunnel carrying a steady stream of air.
At the exit of the jet, we observe a typical turbulent pattern called Kelvin-Helmholtz instabilities.
This phenomenon appears when the flow is subjected to shearing between two fluids, which slip
one over the other at different velocities. This instability leads to the formation of a "swirling sheet"
within the mixing-zone between the two fluids. Depending on wind velocity, these patterns turn
clockwise or counter-clockwise. In fact, the rotational direction depends on the R factor. This is
definitely visible in Figure 8, the value of the velocity ratio being 0.75 (R<1), 1 (R=1) and 1.5
(R>1) for u∞ = 6 m s-1, u∞ = 9 m s-1 and 12 m s-1, respectively.
This Figure demonstrates a rolling up of the shear layer, particularly evident in the upstream
boundary of the jet, where the velocity ratio was relatively high, R = 2, and the Reynolds number
Re =6000. This rolling up starts to take place near the exit and persists to about 4D downstream
along the jet path.
The vortical rings so formed are, with respect to the jet axis, subjected to asymmetrical stretching,
transport and tilting due to the crossflow.
The windward side of the jet is decelerated with respect to the lee side in the very near field and
these results in a stretching of the vortex lines. Further downstream, and in particular after the
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bending over of the jet, the upper side of the jet is accelerated with respect to the lower side,
resulting in a compression of vortex lines.
In Figure 9, we present for different jet heights (2, 5 and 7 cm) and a 6 m s-1 wind velocity, the
evolution of the plume jet emerging from a pipe with a velocity equal to 9 m s-1. It has to be noted
that the effect of the ground is observed for the lower jet (h = 2cm). We can also observe that the
touchdown of the plume jet on the ground occurs at a shorter distance when the jet is lower. When
the jet is high, the ground has no effect on the evolution of the plume jet.

4. Conclusion
The objective of this paper is to experimentally study the effect of the jet inclination angle on the
various flow structures. The inclination angle of the jet is an important parameter that controls the
development of the flow structures and the penetration and spreading of the jet.
The paper presents a three-dimensional experimental study of inclined circular turbulent jet issuing
transversely into a uniform air stream. The dynamic field of a turbulent jet issuing transversely with
velocity v0 into a uniform air flow with velocity u∞ are examined as functions of the ratio R = v0/u∞.
We examined the behavior of the flow in its various regions.
The complex geometry of these structures in the wake of the plume as well as their interaction with
the plume as it bends over after emission is discussed. In this paper we describe the KelvinHelmholtz vortex structures. According to R values, the development of Kelvin-Helmholtz
peripheral instabilities is noticed. The spacing between vortices can be regular. The pattern’s
rotational direction is imposed by the value of R.

Nomenclature
d
internal diameter of the pipe
h
pipe height
R
velocity ratio v 0 u ∞
Re
Reynolds number v 0 d υ
Reynolds number u ∞ H T υ
ReF
~
~
~
u , v , w velocity components along x, y and z directions

1

m
m

ms-

x, y, z
coordinates
m
Subscripts
∞
condition in crossflow
o
jet exit
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Figure 1. Experimental setup : PIV
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Figure 6. The effects of the Reynolds number
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Figure 7. Wind velocity effects
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