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Abstract: We have performed an experimental study on the influence of the densimetric
Froude number on the statistics of the velocity fields of jets issuing from a round, sharp-
edged orifice, by means of a novel technique, namely Feature Tracking Velocimetry
(FTV). The velocity and turbulent kinetic energy profiles orthogonal to the jet axis, the
mean streamwise centreline velocity decay, and the integral turbulent kinetic energy
along the jet axis have been measured and analyzed.
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1. Introduction

The mixing properties of simple jets have been extensively investigated in the
last decades: on most of the experimental set-ups, a free jet issuing from a long
pipe or a convergent nozzle was employed. As a matter of fact, Deo et al. (2007)
[2] states that there are very few studies using a plane jet issuing from a sharp-
edged orifice-plate, perhaps due to its initial and near-field flow structure being
far more complex (e.g. the existence of a vena contracta). Quinn & Militzer
(1988) [12] experimentally and numerically studied a turbulent air jet from a
sharp-edged square slot, measuring the mean velocity along the centerline, the
turbulent normal and shear stresses (by means of hot-wire anemometry) and the
mean static pressure (by means of a pitot-static tube) and found a pronounced
mean streamwise velocity off-center peaks in the very near field. Afterwards,
Quinn (1989) [13] experimentally compared jets of air issuing from a sharp-
edged dlliptical and round slot and from a contoured nozzle, finding that sharp-
edged slot jets have higher mean streamwise velocity decay rates than contoured
nozzle jets, implying higher entrainment and better mixing. Mi et al. (2001) [9]
compared mixing performances of three types of nozzle, namely a smooth
contraction nozzle, a long pipe and a sharp-edged orifice, with jets of air with
Reynolds number Re = 16,000, finding that the last one provides the greatest
rate of mixing. In spite of this performance, they underlined that investigations
on circular jets issuing from orifice plates are very limited, possibly because the
initial velocity profile and the near-field flow structure are more complex, and
that, consequently, further investigations were needed to quantify the link
between the higher mixing rate of the orifice jet and the enhanced three-
dimensionality of the initial underlying structure in round jets from sharp-edged
orifice. A better mixing in a sharp-edged orifice (round and elliptical) jet rather
than in a jet from contoured nozzle was found also by Quinn (2006 [14] and
2007 [15]), in his experimental investigation via hot-wire anemometry on jets of



air at Re[1180,000. Mi et al. (2007) [10] measured planar velocity using
Particle Image Velocimetry (PIV) on a turbulent air jet (Re= 72,000) issuing
from a round sharp-edged orifice plate, focusing their efforts on the coherent
structures that develop in the near field. Hence, many authors indicate that the
sharp-edged orifice is the most effective exit configuration for improving
mixing however, those studies were performed at very high Re in order to have
unambiguous asymptotic conditions. Indeed, only few studies can be found in
literature regarding low Re and/or focusing on the regime of transition to
turbulence. Russ and Strykowski (1993) [16] investigated the turbulent structure
in the near field of heated jets from a round nozzle as the exit conditions
changed from laminar to turbulent. Malmstr m et a. (1997) [7] measured the
streamwise velocity profiles of low-velocity jets from round nozzles of different
diameters to examine the dependence of the diffusion of the jet on the outlet
conditions.

All the quoted investigations were performed on simple jets, i.e. the
phenomenon that develops when a fluid is released into an ambient fluid with
the same density. When a fluid heavier than the ambient fluid is released
upward (or, vice versa, when a lighter one is released downward), a so-called
Negatively Buoyant Jet (NBJ) develops. There are many practical applications
involving NBJs: among the others, the discharges into the sea of brine from
desalination plants (e.g. Lai &Lee 2012 [5]), the improvement of water quality
by forced mixing in reservairs, small lakes and harbors (e.g. McClimans &
Eidnes 2000 [8]), the forced heating or cooling of large structures such as
aircraft hangars, buildings or rooms (e.g. Baines et al. 1989 [1]), etc; see Ferrari
& Querzoli (2010) [3] for adetailed list.

As, to the best of authors knowledge, the only study on NBJs from a sharp-
edged orifice is Ferrari & Querzoli (2010) [3], we present here an experimental
investigation on the influence of the densimetric Froude number (the most
relevant non-dimensional parameter for NBJs, see chapter 2) on the statistics of
velocity fields of sharp-edged orifice jets, by means of a novel non-intrusive
image analysis technique, namely Feature Tracking Velocimetry (FTV).

2. Characteristic non-dimensional parameters

In a negatively buoyant jet the flow is driven from two sources, one of
momentum and one of buoyancy: the first region of the jet is driven mostly by
the momentum (so it behaves similarly to a simple jet released with the same
angle); far from the outlet, there is a second region where the buoyancy acts to
bend the axis down (so the jet behaves similarly to a plume) (List, 1979 [6]).
The most relevant non-dimensional parameter for the classification of buoyant
jetsisthe densimetric Froude number, Fr:
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where Uy is the mean initial jet velocity, g the gravitational acceleration, pisc
the discharged fluid density, rec the receiving fluid density and D the outlet
diameter. Fr has low values for heavy jets and it grows as buoyancy decreases,
up to an infinite value for smple jets.

The other relevant non-dimensional parameters controlling the behavior of
inclined negatively buoyant jets are the Reynolds number, Re=UD /v (v is
the kinematic viscosity of the discharged fluid), and the angle to the horizontal,
0: asthislast parameter controls the misalignment between the flux of buoyancy
and the initial flux of momentum, a negatively buoyant jet is axisymmetric only
asfarasBis90.

3. Methods and materials

The experimental setup simulates a standard configuration of sea discharge, i.e.
a portion of a pipe laid down the sea bottom, with orifices on its lateral wall
employed as diffusers. The experiments were carried out in a 30 cm wide, 21 m
long flume with glass walls, filled with water, where a solution of water,
sodium-sulphate (to increase the density of the solution) and pine pollen
particles (for the visualization of the jet) was released; the jet middle vertical
section was lighted by a light sheet generated by a laser with a cylindrical lens.
The pine pollen particles were employed to perform experiments with a non-
intrusive image analysis technique, FTV (Feature Tracking Velocimetry)
technique (see below). The release was in still water, to simulate a stagnant
receiving body. The discharged solution came, through a pipe, from a constant
head tank, supplied by a closed hydraulic circuit, to a cylindrical vessel with an
orifice on its lateral wall. The experiments were performed with a constant flow
rate (and high enough to have Re = 1500, larger than its critical value for the
apparatus), Fr=14 372, 6=65. A smple jet (Re=1500) was
experimentally simulated as well for comparison.

Velocity fields were obtained, from each couple of images, using a novel
algorithm, namely Feature Tracking Velocimetry (FTV), which is less sensitive
to the appearance and disappearance of particles, and to high velocity gradients
than classical Particle Image Velocimetry (PIV). PIV algorithms obtain fields
comparing windows of successive frame on a regular grid in al the image and
maximizing the correlation of the light intensity function to obtain their
displacement. The idea of FTV isto compare windows only where the motion
detection may be successful, that is where there are high luminosity gradients.
The FTV adgorithm is suitable in presence of different seeding density, for
example between the jet and the external fluid, where other techniques produce
significant errors, due to the non-homogeneous seeding at the boundary. The
procedure of analysis consist of:

- identification of the features using the Harris corner detection (a corner
is a region with high luminosity gradients along the x and y direction)
(Harris & Stephens, 1988 [4]);

- ordering of the features according to their corneress (the value of the
Harris formula), and choice of the best features;






